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Preface

This is the fourth volume of the collection of essays entitled Applications of Chaos
and Nonlinear Dynamics in Science and Engineering, which has been addressed to
Master and Ph.D. Students, as well as to specialists of disciplines other than the hard
sciences, in order to help them familiarize with the theory and the applications of
nonlinearity, and its use in describing complex phenomena.

As illustrated in the previous volumes, terms such as nonlinear dynamics,
chaos and complexity have pervaded the vocabulary of almost all fields of sci-
ence and technology. As a matter of fact, current mathematical descriptions of
evolving phenomena consist of nonlinear ordinary or partial differential equations,
of various kinds of stochastic processes and of nonlinear space and time discrete
iterative schemes. In the deterministic cases, a typical situation is that in which
the propagation of uncertainties is exponential in time, a phenomenon known as
sensitive dependence on initial conditions, and concisely and suggestively called
deterministic chaos.

To understand the reasons why certain terms have become common in many
different fields, it suffices to observe that nonlinearities appear in feedback phenom-
ena, which are ubiquitous in nature, and generically in the evolution equations of
systems consisting of interacting parts or interacting with an external environment.
Furthermore, any measurement one may perform, like any estimate of the initial
state of any material object, is bound to be affected by uncertainties, which
propagate in time leading to the conclusion that a degree of unpredictability is
intrinsic, in practice as well as in principle, to all time dependent phenomena. For
this reason, the study of nonlinear evolutions is commonly associated with statistical
concepts, and relies on measures such as the Lyapunov exponents and various kinds
of dynamical entropies.

In the previous volumes, we have presented a vast collection of examples,
treated explicitly and in moderately technical terms. Indeed, these concepts have
in the past decades turned useful in countless practical applications—beyond the
mathematical and physical literature in which they have been mostly developed—
ranging from engineering to biology, medicine, computer and telecommunication
sciences, etc. We have thus followed an approach which we deem suitable to a vast
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readership, proposing essays written in the form of tutorials. In this last volume, we
complete our survey and introduction to nonlinear, chaotic and complex phenomena,
considering some issues of higher theoretical content than in the previous volumes,
but preserving the mildly technical style of the previous volumes.

Part I concerns nonlinearities in transport of energy and matter, with one
contribution by L. Stricker and L. Rondoni on models of heat transport and their
mechanical properties, one contribution on the general theory of diffusion, by G.
Boffetta, G. Lacorata and A. Vulpiani, and one contribution by M. Colangeli on the
relation between the Boltzmann equation and hydrodynamics.

In Part II, we have three contributions on chaos and synchronization in complex
networks: one by J. Stroud, M. Barahona and T. Pereira on modular networks, one
by P. Carl on the evolution of climate, and one by A. Tai and S. Jalan on the use of
random matrices. The chapters are well illustrated with recent developments on the
subject area and possible practical applications.

Part III has two contributions on phase space reconstruction and on biological
patterns, respectively, by S. K. Palit, S. Mukherjee, S. Banerjee, M.R.K. Ariffin
and D. K. Bhattacharya, and by M. Banerjee. The theories are well illustrated and
supported with analytical and numerical results.

Part IV concerns the use of chaos in field programmable gate arrays. This chapter
is very useful as an introduction to the subject area.

We hope that this collection of examples, combined with those reported in the
previous three volumes have covered a sufficiently wide spectrum of subjects, in
terms suitable to a wide audience, interested in importing dynamical concepts in
their disciplines, without recourse to sophisticated mathematical tools. The concepts
of nonlinear dynamics are indeed proving more and more useful in all fields of
research.

Serdang, Malaysia S. Banerjee
Torino, Italy L. Rondoni
26 January 2015
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Chapter 1

Microscopic Models for Vibrations

in Mechanical Systems Under Equilibrium
and Non-equilibrium Conditions

Laura Stricker and Lamberto Rondoni

Abstract Equilibrium Thermodynamics studies states of macroscopic objects that
do not change in time when isolated from their environment. This requires chemical,
mechanical and thermal equilibrium which together amount to thermodynamic
equilibrium. A non-equilibrium state can be established putting the system in
contact with more than one reservoir of heat, mass, or other physical quantities. The
dynamical evolution of a system of particles representing a macroscopic bar in both
equilibrium and non-equilibrium conditions is illustrated by means of a simple one-
dimensional molecular dynamics model, illustrating how macroscopic phenomena
may be qualitatively understood with microscopic toy models. In particular, a
system of hard point-particles undergoing only binary collisions is considered. A
conservative force is applied on one of the end particles to reproduce the cohesion
of the bar. Non-equilibrium conditions are obtained by adding two deterministic
thermostats acting on the first and on the last particle of the bar. In the equilibrium
case, we determine the values of macroscopic and microscopic proprieties of the
system, such as length, linear density, specific kinetic energy, average energy per
particle, and position of the centre of mass of control groups located in different
parts of the bar. In the non-equilibrium case, we focus on length oscillations, and we
demonstrate their dependence on the characteristic parameters of the thermostats.
Although highly idealized, this model reproduces an important qualitative aspect of
metal bars: hardening.

L. Stricker
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4 L. Stricker and L. Rondoni
1.1 Introduction: Thermal Baths

Chains of oscillators constitute a very popular kind of models, used to understand
the behaviour of macroscopic objects from the point of view of their microscopic
constituents. The first of these models is the Fermi—Pasta—Ulam model [9], which
consists of a linear chain of interacting particles providing a minimal framework
for studies of ergodicity, dynamical relaxation and diffusion laws, with given
interparticle interaction potentials, initial and boundary conditions [3, 10, 13]. In this
tutorial, we demonstrate that the conceptually simple framework of one-dimensional
N-particle systems can be consistently used to model the qualitative thermo-
mechanical behaviour of solids. In particular, we consider a chain of particles, with
one fixed and one free end, to study the variations of length, in response to external
forces or to temperature changes. We provide both theoretical considerations and
numerical results from molecular dynamics simulations, which allow direct access
to any quantity of interest. These kinds of chains have been considered mostly to
study heat conduction, cf. [3, 10, 13] for recent reviews on the subject, and [4—6]
for some of the few works on thermo-mechanical properties.

In the theoretical study of statistical mechanics, a proper modelling of the
interaction with thermal reservoirs has a crucial role. At equilibrium, this is
usually done by means of well-established methods, such as the micro-canonical
molecular dynamics and Monte Carlo simulations. Out of equilibrium, the lack of a
general theoretical framework enforces the definition of the interaction with thermal
baths. From a conceptual point of view, the procedure requires considering non-
equilibrium states in the infinite system limit. For example, one could imagine to
have an infinite chain of particles, with initial conditions such that all the atoms on
the right and those on the left of a certain finite subset are in equilibrium at different
temperatures. The subset defines the system that we want to study. However, the
only case in which the above mentioned approach can be fully worked out is the case
of harmonic chains [14-17]. In such a system, it is possible to derive the degrees
of freedom corresponding to the reservoirs’ dynamics. Therefore the existence of
stationary non-equilibrium states of the system can be proved at the cost of dealing,
however, with arbitrarily large energy fluctuations. In general, when non-linear
effects appear, the evolution of the heat baths cannot be described anymore by means
of standard techniques. However, non-linear chains can still be studied, by assuming
that the non-linearity is restrained to the system of interest, while the semi-infinite
particle chains (i.e. the two reservoirs) can undergo only linear interactions [1].

Following this approach, the existence of an invariant measure (not explicitly
know) has been proved for non-equilibrium systems, in chains of highly non linear
coupled oscillators undergoing large temperature gradients [8]. This is analogous to
energy conservation in equilibrium systems.
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1.1.1 Stochastic Baths

A traditional way to implement the interaction with reservoirs is the introduction
of simultaneous random forces and dissipation, in agreement with the fluctuation-
dissipation theorem. Hence, the reservoirs are not influenced by the dynamics of
the system. For instance, in the case of a chain of particles with equal mass m, the
following system of Langevin equations is derived:

mdi = F (¢i — qi—q) — F(qit1 — qi) + E+ — 2140) 8 + (6= — A-4i) Sin
(1.1)

where (§4 — A44¢;) 81, (&~ —A_q;)§;n are the forces acting respectively on the
first and the Nth particle.

A_ and Ay are the dissipation coefficients producing the slowing down forces
—A4+4ibi1, —A—q;0;n. E— and &4 are the independent Wiener processes (stochastic
forces) with vanishing average, and variance 2A4kpTy, with T the absolute
temperature and kp the Boltzmann constant. For non-linear forces, this model can
be treated only numerically.

Once the non-equilibrium steady state condition is reached, the average heat flux
can be derived from the temperature profile. The average energy exchanged between
the first particle and the adjacent reservoir is the heat flux j

) A
JLN) =25 (Ty —T)
m

Similarly at the other extreme of the system of interest. Then, at the microscopic
level one commonly considers each reservoir as an ideal one-dimensional gas of
particles with mass M, interacting with the chain through elastic collisions [18]. A
simple strategy consists in selecting a random sequence of instants #;, in which every
thermostated atom collides with a particle of the corresponding reservoir. A natural
choice for the distribution W(7) of the intervals T among consecutive collisions is
the Poissonian distribution

e

z
T

W(r) =

Q| o=

with T the average collision time. If we consider the reservoir positioned on the left
of the system of interest, the velocity of the first particle changes due to collisions
from ¢, (before collision) to ¢, 4 (after collision)

. ) 2M .
qia =418 + m (v—q1)
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where the gas particles velocity v is a random variable with a Maxwellian probability
distribution P(v)

_ [ M
P+(V)_ 27TkBT+ ¢ !
When My = m, the procedure simplifies and it amounts to equating the particle
velocity after collision to the random variable v, so that the colliding particles
merely exchange their velocities. In the limit case M4+ << m, the interaction
with the heat baths become of Langevin kind, as in (1.1), with AL = 2M4 /7.
This method is computationally easier, because it does not imply dealing with
stochastic differential equations and integration can be performed with conventional
algorithms. Moreover, it is physically consistent, because damping is not imposed
a priori in the model, but is intrinsically generated by the dynamics. A similar
approach, consists in determining the collision times for the interaction with
“thermal walls” located at the two extremes of the particle chain. This method has
the advantage of allowing the inclusion of pressure effects. In this case, the velocity
of the thermostated particles is randomized at every collision with the wall. The
sign of the component of the velocity normal to the wall has be inverted, while its
absolute value must be distributed following a Maxwellian distribution centered on
the wall temperature [19].

1.1.2 Deterministic Baths

Different kinds of deterministic heat baths are commonly used [7, 11] in order to
give a self-consistent description of non-equilibrium processes and to overcome the
difficulties related to stochastic processes. Two possible modelling strategies are the
application of the thermostating forces only to the extremes of the particles chain or
to the whole chain.

1.1.2.1 Application of Forces to the Extremes of the Particle Chain

Non-equilibrium conditions are reached by applying two forces at the extremes of
the particles chain. The most popular scheme in the molecular dynamics community
is the Nose—Hoover thermostat [7]. With this thermostat, the evolution of the
particles in contact with the thermal bath « is governed by the equation:

§+qi if 1 €8y
mg; = F(gi —qi—1) — F(qi+1 — qi) — (1.2)
C i if i€S-
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where S4 are two groups of N4 particles in contact with the reservoir, respectively
at the beginning and at the end of the chain; F(gq; — g;—1) and F(g;+1 — g;) are the
internal forces within the particle of the chain; {1¢g; express the interaction of the
particles at the two extremes of the chain with the baths. {1 are the thermal bath
variables, i.e. the two auxiliary variables modelling the microscopic action of the
thermostat. The dynamics of {4 is governed by the equations

. 1 1 )

S I 52 1 1.3

{+ o kBT:I:N:I:.§ mq; (1.3)
+ i€Sy

where kg Ty N1 are the reference kinetic energies and @ are the response times
of the thermostats. If the kinetic temperature of the particles belonging to S4 is
higher than T, then {4 increases, thus producing a dissipation in (1.2). Vice versa,
energy is fed into the system if the kinetic temperature becomes lower than 7.
Therefore, {4 introduces a stabilizing feedback around the prescribed temperature
T+. It has been demonstrated that in equilibrium this approach reproduces the
canonical distribution.

In the ® — 0 limit, the Nose—Hoover thermostat reduces to the isokinetic
(or Gaussian) thermostat. Here the energy is conserved in an exact-fashion and
the action of the thermal bath can be described without introducing any further
dynamical variable, because {1+ becomes an explicit function of §:

Z qi [F(qi —qi—1) — F(gi+1 — qi)]
é':t _ i€Sy (14)

> 0§

i€Sy

This model can be derived from variational methods, by imposing kinetic energy
conservation by means of non-holonomous constraints [12]

The dynamic equations of the Nosé—Hoover class of deterministic thermostats
have an Hamiltonian structure in a properly enlarged phase space, and a simple
analysis shows that they are invariant respect to time reversal, since §; — —¢; for
i =1,...,N and {+ — —(4. This property is one of the main reasons of the
large success of this class of thermostats, since dissipation is not included a priori
but emerges from the dynamical evolution. In particular, at equilibrium, ({+) = 0,
hence the bath does not destroy the microscopic reversibility. Conversely, out of
equilibrium conditions ({4 ) + (¢—) > 0 and this value can be related to the entropy
production [7, 11]

1.1.2.2 Application of an External Field to the Whole Particles System

In order to keep the system in a stationary nonequilibrium state, a fictitious external
field can be applied, acting on all the system [7], the main advantage of this approach
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being the possibility to work with homogeneous systems with, e.g. a uniform
temperature along the whole sample, although one intends to represent e.g. a thermal
gradient. With this approach, periodic boundaries conditions at the two extremes can
be applied, in order to reduce the effects of the finite dimensionality of the system.
Such procedure is usually referred to as the “Evans’ algorithm of heat flux” and has
been applied to the problem of heat conduction in a one-dimensional lattice [7, 20].

In order to implement this kind of thermostat, a fictitious force is applied to every
particle i. In order to stabilize the dynamics at a prescribed temperature, a thermostat
rule is also enforced. The equation of motion of the i-th particle then becomes:

mg; = F(qi —qi—1) — F(qi+1—¢i) + FeDi —{q; (1.5)

where F,D; represents the fictitious heat flux and D; can be defined as [7]:

N
1 1
D; = 3 [F(qi+1—4qi) + F(gi —qi-1)] — NZ F(qj+1—4;) (1.6)
=
If we consider a Gaussian thermostat,
L
= Z_K()Zq.j [F(gi — qi—1) — F(qi+1 — qi) + F.D;]
=1
m
2
KO—EZ%’
=1

1.1.3 Control Parameter of a Thermostat

In all the models employed to describe a thermal bath, there is at least one parameter
controlling the force acting on the particle that interacts with the bath. This
parameter can be, e.g. the time between consecutive collisions or the dissipation
velocity A in the Langevin equation, or the inverse of the time constant ® in the
Nose—Hoover model. Fixing the control parameter is a practical matter generally
approached empirically, taking care that different choices do not substantially
modify the simulation results. As a general approach, the control parameter should
be chosen of the order of some characteristic frequencies of the system [7]. The heat
flux through the system is generally depending on this choice.

For Nose—Hoover thermostats, the heat flux vanishes when the response time
©® tends to zero. This is the limit case of a strictly isokinetic bath. Therefore, this
kind of bath is not suitable to describe heat transport. In the opposite limit case,
for ® — oo, the heat flux does not vanish although the action of the thermal baths
becomes irrelevant. One explanation of this behavior is given by the fact that the
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variable £, though slowly, reaches the same asymptotic values, for time constants
® arbitrary big. By plotting the values of {, i.e. its probability distribution function
(PDF) for different values of ®, it can be seen that all the curves have a Gaussian
profile centred around the same mean value, but with different standard deviations.
In particular, the standard deviations differ among them by the same factor as
the time constants. Hence, in the limit case of ® — 0, the PDF of ¢ becomes
a Dirac delta function centred at a fixed dissipation value depending only on the
chain length, the energy and the temperature gradient. This may seem to contrast
with the fluctuation-dissipation theorem, suggesting that, for ® — 0, fluctuations
disappear, the dissipation remaining finite. However, in order to obtain a correct
measure of the fluctuations, for finite ® the integration must be performed on a
time sufficiently long that the correlations decay and the validity of the fluctuation-
dissipation theorem is recovered. We conclude that, when one uses the natural units
for the description of the system, ® should be taken of order 1, for numerical
simulations. Small values of ® imply a small heat flux, while large values of ®
require a long simulation time, in order to guarantee the decay of correlations.
Clearly, the ® = 0 case is singular, and should not be considered in this context.

1.2 Model

Our model consists of N identical particles in one line, interacting with each other’s
nearest-neighbours via hard core collisions and obeying Newtonian dynamics
(Fig. 1.1).

In other words, collisions take place instantaneously and particles do not deform,
thus leading to momentum conservation. Also, we limit the nature of collisions
to binary events, i.e. events involving only two particles at a time. The collection
of these particles, which may be thought of as an ensemble of point particles on
a straight line, localized by their x coordinate and endowed with velocity v, is
considered in order to represent a solid bar.

Fig. 1.1 Schematic
representation of particles
collisions, which are only of
the head-on kind
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For the simulations, we consider event-driven evolutions: proceeding in time by
steps of different duration, targeted by the instants when collisions occur. A collision
is identified by the condition:

|xi (2) = xix1(D)| = ri + rix (1.7)

where x;(¢), x;+1(¢) indicate the coordinates of particle i and its adjacent particle
at time ¢ and r;, r; 4+ are the respective radii of the two particles. The point-particle
hypothesis (r; = r;+; = 0) simplifies (1.7) into:

xi(t) = x;£1() ,i=2,N
x1(t) =0

By solving these equations with respect to z, we find 7, the instant when collision
occurs. In particular, for 7 > 0, collision will occur in the future, for 7 = 0
collision is taking place in the present instant and for 7 < 0 collision has already
occurred. Momentum and energy conservation, determine the dynamic conditions
of the particles immediately after collision:

VG = Vg’ (1.8)
Virel = —V/
Jrel — 1,rel
~ e (1.9)
Varel = V3 1ol

where v, v are the velocities of the centre of mass, before and after the collision,
Virel» V], are the relative velocity of particle 1 in the reference frame of the centre

of mass, before and after collision and similarly v; ., v/2,rel for particle 2. In order to
model both the air pressure and, especially, the cohesion of the bar, we introduce a
constant force F, acting on the last particle (Fig. 1.2).

In the equilibrium case, the dynamics of the system consists of uniformly
accelerated motion for the last particles and uniform motion for the other particles:

xi () = x;i(to) + x; (20)? , i =1,(N-1)

. 1 F
xy(t) = xn(to) + xXn(to)t — 5—12
my

Fig. 1.2 A schematic
representation of the
microscopic structure of the
bar

O
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Fig. 1.3 Model of the system ) 7
of particles in % 'k)

non-equilibrium conditions

which can be discretized as:

x’(j) _ Xi(j—l) +).Ci(j_l)Atct)ll s l = 1,(N —_ 1)
' - o 1 F
x}j) :xj(vj U—i—xj\f I)Alcozl—zm_Alz
N

coll

where index i refers to the particle, j to the time instant and At.,; = t©) — G~V
is the time to collision. The conservative nature of F' and the absence of dissipation
in both the motion and the collision of particles ensure the total conservation of
energy. Then, the system’s invariant state is said to represent a “thermodynamic
equilibrium” state.

In the non-equilibrium case, we study the effects of a temperature gradient by
applying two simple deterministic thermostats, of the kind known as Berendsen
thermostat [11], at the two ends of the bar (Fig. 1.3).

Deterministic thermostats are mathematical objects used to enforce mechanical
constraints on particles systems, when these constraints are meant to enforce certain
thermodynamic conditions. This can be achieved in many different ways [11]. For
instance, the Gaussian isokinetic thermostat enforces the instantaneous conservation
of the kinetic energy K = p?, where p is the magnitude of the momentum of the
particle it is applied to.

The general form of the corresponding dynamics is expressed by the equation of
motion for momentum:

>

P, = F —ap; (1.10)

where p; = p;(t) = mV; is the momentum of particle i, F. is the external force
applied to particle i, and (—oc ﬁ,) is the force applied by the thermostat to particle
i with o a kind of dynamical viscosity, which however gives energy to the system
if this is slowing down, in order to keep K fixed. In the one-dimensional case the
constraint that K be constant in time means:

2pipi =0 (1.11)

which leads to:

o= 20 (1.12)
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In the one-dimensional case, the general formulation reduces to a trivial expression:
the only way to ensure the conservation of the momentum magnitude of a particle,
is to preserve the momentum itself. In order to do so, the resulting force applied to
the particle must be null. Therefore the thermostat should apply a force (—a ﬁ,)
equal and opposite to the external force F. As mentioned above, below we
demonstrate that the Gaussian isokinetic thermostat is a limit case of the Nosé—
Hoover thermostat.

1.2.1 Nose-Hoover Thermostat

This kind of thermostats enforces conservation of the average of the kinetic energy,
rather than its instantaneous value. Let this quantity be denoted by (K) = ( pz),
where p is the momentum modulus of the particle the thermostat is applied to, and
the symbol () represents a time average. The general formulation of the equations
of motion for the momentum is given by:

Di =Fi—£17i (1.13)
mi
where mil pi is the bath term and ¢ is the thermal bath variable, following the
equation:

1 1 i
§_§<kBTN;m_i —1) (1.14)

where kgTN is the reference kinetic energy K., 0 is the response time of the
thermostat and N is the number of groups of S particles in contact with the thermal
bath. If the thermostat is applied only to one particle, (1.14) becomes :

. 1 2
¢ = ﬁ(%—l) (1.15)

1.2.2 Berendsen Thermostat

A simplified version of the Nose—Hoover thermostat can be derived imposing the
i-th particle itself as thermal bath, therefore { = p;. When this thermostat is applied
to a particle having momentum p, it enforces convergence of p> to the value Ko
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over a time scale 0, while the sign of p is left unperturbed. Its general formulation
is given by:

. 1(p?
Pi=Fi—5 Kf_l Di (1.16)

where K, is the reference kinetic energy pfef and 6 is the characteristic relaxation
time, i.e. the time scale to reach K, and F; is the external force applied to the

. 2 .
particle. The term —% ( ﬁ"f - 1) pi represents the force that the thermostat applies

to the particle. For a better understanding of the physical meaning of (1.16), let’s
neglect F;. Through dimensional analysis, we deduce that 6 represents a time scale,
while — (1%« - 1) pi = Ap; is the momentum change enforced by the thermostat,

during this time interval. Different cases can be evidenced:

- pr,-ZZKref ie. Ipi|= ,/Kref
Api=0 = pi=0 — p; =const

The quantity /K, is a limit value for |p;|. When this threshold is reached, the
first derivative p; goes to zero and p; becomes a constant.

— prlz > Kref i.e. |p,| > 4/ Kref
e pi>0 > Ap;i<0 = pi<0 —> pi|
e pi<0 - Ap;i>0 = pi>0 —- p 1
e pi=0 - Ap;=0 = p;i=0 — p;, =const

— pr’2 < Kref i.e. |p,| < w/Kref

® |P:| < vV Kref

* pi<0 —- Ap;i<0 = pi<0 — pi|

e pi=0 — Api=0 = pi=0 — p; =const
The monotonic trend of Ap; ensures that the sign of p; is not modified by the
thermostat (Figs. 1.4 and 1.5).

The time scale 6 represents the characteristic time needed for p? to converge to
K,efl

01+ = |p|l = p2—>K,ef slower

0y = |p|t = p2—>K,ef faster
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Fig. 1.4 Time evolution of p when | p;| > \/K,s (A=0.5)

In the 0 to zero limit, the Nosée—Hoover thermostat can be regarded as a Gauss
thermostat

0—>0 = |p|l>x0 = p2 — K, instantaneous

A major problem connected with the use of thermostats in our one-dimensional
framework, is that they can do an infinite amount of work, balancing the force F,
and eventually leading the system length to diverge. Consider indeed the Berendsen
thermostat, applied on the Nth particle, (1.16) becomes

Now, impose the condition py = O i.e.

1 PN2
Fyv——-(=—/— -1 =0 1.17
0 (Kref )PN (1.17)
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Fig. 1.5 Time evolution of p when | p;| < \/K,s (A=—10)

Equation (1.17) admits three possible solutions p,, p,, p3. Once one of these values
is reached, py will not change anymore, as py = 0. If this value of py is positive,
the length of the bar will increase indefinitely, because the force that the thermostat
applies to the particle will never be balanced by external force F.

If:

then: xy — o0
Therefore, the potential energy associated with the N-th particle will grow
without bounds.

(Epot)y =xn - F —> 00
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1.2.2.1 Remedies

In order to avoid the divergence of the system, two approaches at least are possible:

— Introduction of a containing wall, limiting the free movement of the last particle
(Fig. 1.6)

— Different masses (e.g. m, M = m/3) in such a way that, next to the last
thermostatted particle, there is an other one with higher mass, simulating the
effect of a containing wall (Fig. 1.7)

In our simulations, we adopted the second approach, in order to be able
to compare the non-equilibrium and the equilibrium cases. As a precautionary
measure, we also decided to apply the second thermostat to a particle situated
Npariicles before the end of the bar (N,,artides = 10). The equations of motion of the
thermostated particles now take the form:

) 1 ([ p?
p=F-5 Kf—l » (1.18)

where F' = 0. This leads to:

pz(t) [PZ(IO) - Kref] _ 2 _
) [P0 —Kny] 8T

and setting

2 - Kre .
%:A(zo) (1.19)

we find:

A(tO)pz(t) _ e%(t—to)

_ 1.20
pz(t) - Kref ( )

Fig. 1.6 Model with
thermostats and containing

wall oo 000 00 o o

Fig. 1.7 Model with
thermostats and alternated
masses
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The sign of [ pi(t) — K,ef] doesn’t change when the value of ¢ increases, because
Alto) is constant, p?(¢) > 0, ¢2(=)/¢ > 0 for V. Thus, K, represents a limit value
for p*(f) since:

t—>o00 = pz(t)—Kmfz 0
An explicit expression for p can be derived from (1.20):

Kref : e(’_t‘))/e
. 1.21
p(1) e2=10)/8 — A(to) -

As the thermostat cannot modify the sign of p(#), the sign + in (1.21) holds for
p(t) > 0, while the sign — holds for p(z)) < 0. From (1.24), using the definition
of momentum p(t) = mx(¢), we get:

Ko elt—10)/0
e2(t—t0)/0 _ A(to)

x(1) =+ (1.22)

where the sign + holds for x(fy) > 0, while the sign — holds for x(#) < 0.
Equation (1.22) is valid for

e _ (1) > 0 = At) < i )
Ast > ty, we have ¢2!~0)/% > 1 Hence:

pz(tO) - Kref

Al) = (%)

(1.23)
If (1.23) did not hold, we would get p?(t9) — K.y > p*(to), which is impossible
since K,.; > 0. Therefore x(¢) is always defined and, integrating by separation of
variables, we find:

X(0) = x(tp) £ L |:10g (e’e’°+\/e2(’ef°)—A(z0) )
(1.24)

—log (1+m):|

where the + sign holds for x(#p) > 0 and the — sign holds for x(¢y) < 0.

The equations of collision for the thermostated particles are derived, in analogy
with the equations of collision of the other particles, by equating the position of the
two colliding particles

-xi_thermo(t) = xi_thermo:l:l(t) lf irhermo =2, N
xi_rhermo(t) =0 lf ithermo =1
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In particular, one can take ijnermo1 = 1, ihermo2 = N — 10, which yields:

0, /Kref,l log elt—t0)/61 4 \/eZ(I—to)/Gl — Ai1(tp)
14+ /1= A1(t)

xi_thermol (tO) +
M _thermol

) =0 (1.25)

xi_thermol (tO) +

01 A/ Kref 1 10g (e(t—t())/91 41/ e2(t—10)/601 —Al(to))

Mj_thermol 1+\/1_A1(t0) (1.26)
= xi_thermol-l—l(tO) + xi_thermol+l(t0) (t - Z‘O)
624/ Kres2 e1710)/%2 4 /€20 —10)/% — 45 (1)
xi_thermoZ(IO) + Mi_thermo2 1Og ( 1++/1—42(10) (127)

= Xi_thermo2+1(t0) + Xi_shermo2£1(t0) (t — o)

The sign + holds for x;(fp) > O, the sign — holds for x;(fp) < 0 with
j=1i_thermol, i_thermo2. Equation (1.25) has an analytic solution, which can be
found by rewriting it as:

Ci—e* =+ e — Al(l‘()) (1.28)
X ”ll
Ci= [1 + 1 - Al(to)] AN T

2=A1/6,

If X (#9) > 0, the sign — holds in the expression of C; while, if x;(f) < 0, the sign
+ holds. Equation (1.27) can be rewritten as:

- mp
[\/1 — A1(t) + 1] e VT = Vexr—Ai(ty) + e if xi(to) >0

<1
( ) ”11
[VT= A1) + 1] " TV = A1) + ¢ if i) <0

>1

At the initial instant:

=0 — [,/1—A1(z0)+1]= 0% Ay (to) + € (1.29)

As we proceed in time, the right hand side of (1.27) increases, the left hand side
remaining constant, and therefore

—x _m

[./1—A1(z0)+1]e WO R < [./1—A1(z0)+ 1] if %1(to) > 0
¥ my

[,/1 A1) + l]e O Rt > [,/1 “ A (o) + 1] if %1(to) <0
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If we continue to increase z, we get:

Foha)>0 o 3 osa WA e o A
‘1(’0)L
i %5()>0 — 3 sa [,ll—AliinH]e Wkt - [~ A1)+ €

For x(#p) > 0 a positive solution for (1.27) cannot be found, while for x; (¢#y) < 0 it
always exists (in the limit case it’s given by 7 — o0). These theoretical results
confirm the physical constraint that the thermostat cannot change the velocity
direction of its application particle. As the wall is positioned on the left side of the
system, a particle with initially rightward-oriented velocity will never hit it, while
a particle with leftward-oriented velocity, will necessary collide with the wall at
some instant. By solving Eq. (1.28) with respect to z, and substituting z = At/6,,
an expression is derived for the time that the first thermostated particle will take to
impact against the wall:

(1.30)

C\*> + Ai(to)
Ateo); = 011 —_—
(Ateon); 1 0g|: 2C

where

e + \eX — A (tg) = Dye"" (1.31)

_Em _
Dli[l + I_Al(to)]eelm[xz(to) x1(t0)]

E = /_Klref.l X2 (o)
ZZAL/6,

With these expressions, and considering the various cases that can be realized in
time, one may now perform the numerical simulations.

1.3 Results

1.3.1 Egquilibrium

We investigate the time evolution of several macroscopic and microscopic properties
of the bar, by considering their average values and their standard deviations, both
instantaneously, at each time j, and averaging over sets of 500 time steps, to
mimic the temporal resolution of the measurement instrument. A macroscopic
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measurement, indeed, amounts to averaging over very many microscopic times,
because the instrument needs time to equilibrate with the measured object. Anal-
ogously, calculating spatial averages over longitudinal portions of the bar provides
us with a method to model the space resolution of the measurement instrument:
the readings given by the measurement tools are averages also over definite spatial
scales, which depend on the resolution of the measurement tool. In the following,
we consider the following quantities:

* Macroscopic properties
— Total length of the bar: position of the last particle xy

N
>_mi

— Linear density: p = % _ Mmrork

Aly

Ni
1
— Specific kinetic energy: (exin);, = AleZ (Em,xlz)
i=1

Here, k is the index of the longitudinal element of space, which is occupied
by the bar; its length is Aly; Ny is the number of particles that it includes. We
take all length elements to be equal, so that we can write: Al = dx for all k.

* Microscopic properties

Ni
_ 1
— Average kinetic energy: (Eyin), = NL,( E (Em,xlz)
i=1

— Position of the centre of mass of groups of Ng particles, which are located at
the ends and of the bar):

E m;Xx;

i=1
XGg =

where G is the index of the group of particles under consideration.

We considered different scenarios, for N =200 and N = 300. For the initial
conditions, we adopt three different possibilities:

1. random uniform distribution over a reference length (l);; = 10 natural units
of the system with fixed total energy (E,,);c1.- We found that this initial condition
corresponds to an elongation of Axy = 2, compared to the stationary length,
i.e. the average of the position xy, which is the effective length of the bar.

2. random uniform distribution over a reference length (Iy);c> shorter than in case 1:

1
(lo)jc2 = 5(10)1c1§ (Ew)1c2 = (Eio) e
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Fig. 1.8 Convergence of the average value and standard deviation of the total length of the bar
XN, With time (j = time step). Parameters: 200 particles, total time = 1,000, F' = 10, alternating
masses, initial condition 1 (elongation)

with total energy equal to case 1, and with initial condition corresponding to a
compression of Axy = —5 compared to the stationary average of xy.

3. random uniform distribution as in case 2, but with an initial condition corre-
sponding to an elongation of, Axy = 2 compared to the stationary average
value of xy.

Concerning the masses of the particles, we studied the cases of all equal
masses, my = 1, and the case of alternating masses, of values myy and my/3.
For the values of the forces applied forces on the last particle, we took: F = 10 as
the cohesion force, and F =2.5,5, 7.5, 12.5, 15, 17.5, 20, 22.5 in order to study
elasticity. Here, a force smaller than 10 amounts to pulling the bar, and a force
large than 10 amounts to compressing it.

To test whether the system reaches a steady state, we considered the time
evolution of the averages and of the standard deviations of various properties of
the bar, realizing that the length of the bar settles rather rapidly on an apparently
stationary value, as illustrated for one case by Fig. 1.8.

The system is microscopically (i.e. mechanically) conservative, because there
is no dissipation. By construction, there is no exchange of energy with any
environment, and collisions are elastic. Nevertheless, the system appears to be
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Fig. 1.9 Comparison between simulations with 200 and 300 particles: bar length. Parameters:
total time = 1,000, F = constant, alternated masses, initial condition = elongation

macroscopically (collectively) irreversible, because it evolves towards a condition
of statistical dynamic equilibrium. This condition depends neither on the type
(1, 2 or 3) of initial condition, nor on its quantitative realization, which involves
the magnitude of the initial difference between the initial and the final length of the
bar. The only parameters that affect it appear to be the number of particles N and
the total energy of the system E,,,. Of course, this kind of system is bound to recur
in the long time limit, i.e. to return arbitrarily close to its initial condition, but that
is possible only in principle, as in practice recurrence would take many lifetimes of
the universe to be verified.

When the number of particles N increases, the model fits better the physics of a
macroscopic object, in the sense the standard deviations of the fluctuations of the
different properties decreases with respect to the mean values. For example, consid-
ering the total length of the bar, given the same reference value [y, rising the number
of particles from 200 to 300, we get the behaviour of Fig. 1.9, corresponding to:

(XN )200_pp < (XN)300_pp < 1o

(Oxy )200_pp = (GXN)3OO_pp
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(GXN)ZOO_pp (UXN)300_pp

(xN>200_pp (xn )300_pp

It is easy to see that there is a correlation between the kinetic energy per particle and
the kinetic energy per unit length, for large N. This relation can be expressed by:

((exin)i) = Ci - ((Fki”)k>

a(ekill)k = Ck : G(Eki,,)k

where (exin)r 1S the specific kinetic energy averaged over the length of the kth
bar segment, (E )¢ is the average kinetic energy averaged over the number of
particles of the kth bar segment, N; and Cy is a constant depending on N;. Indeed,
by definition one has:

(Ex) E
(Egin), = l_kk (€xin) = <Fi>

We now define the specific number of particle per bar interval k as ny = (Ni) / Ik
and we notice that simulations show that n; & const. Therefore, we can write:

_ ({Ex)
(ka)k = mnk

If we assume, as supported by our simulations, that the distributions of the various
properties are Gaussian, we have:

_Ee\ _ [ {IN@®) @ran)i + VN @rin)i (1)
(ekin)y =\~ ) =

Ni (N)+ VN
Then, for large N, +/N can be neglected with respect to N, so that

(exn)y = (N(@) ((Crin)k)) _ (Ek) _ (Fkin)k
kin) k (N) (N> o

And, in particular:

As time passes, the density gradient at the end of the bar diminishes, in agreement
with the physics of the problem, as there is no wall at the end of the bar. Figure 1.10
shows the time evolution of the density distribution along the bar, averaged over
time, from the beginning of the simulation to the current instant, for both elongation
and compression initial conditions. Three times are examined: the beginning of the
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Initial condition: elongation
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Initial condition: compression
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Fig. 1.10 Density distribution along the bar, in three different moments: at the beginning (fop),
during the transient (middle), in stationary conditions (bottom). The band gives the range of the
possible oscillations in time and its limits are given by (p) % o,. Parameters: 200 particles,
F = constant, equal masses

simulation, one time along the transient, and when steady state is reached. At the
beginning, the density is constant along the bar, because we took a uniform particle
distribution as initial condition. Consequently, at the end of the bar, the density
gradient is initially very steep, because the borders of the physical object are sharply
defined. As expected, when initial elongation is considered, the density in the centre
of the bar, (p) = 2, is lower than the stationary one. Conversely, when we start with
compression, the initial density (p) = 6 is higher than the stationary one. In the
steady state, the two initial conditions have converged to the same density profile,
about the average value (p) = 2.75 with o, = 0.5. However, major differences
appear during the transient. With an initial elongation Axy = 2, the oscillations
in the transient states are much wider than those concerning the initial compression
Axy = —5. During the transient, the average density is not uniform along the bar. In
particular, the transient gradient at the end of the bar is lower than the initial and final
gradients. This happens because oscillations in time cause a rarefaction at the free
extreme, therefore the borders of the bar are not sharply defined during the transient.

Interestingly, our model has a stress-strain behaviour qualitatively similar to
those of real bars undergoing tensile testing, as demonstrated by our results for
a range of forces between 2.5 and 22.5. As our model needs the application of
a compressive force, while experimental tensile results are generally referred to
traction tests, in order to be able to compare the curves, we considered as the
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Tab}e 1.1 Load test cycle in F () s e

equilibrium conditions of the

bar 25 |12.6 |0.888888889 |0.726027397
5 9.6 |0.777777778 | 0.315068493
7.5 8.6 |0.666666667 | 0.178082192
10 8 0.555555556 | 0.095890411
12.5 | 7.8 ]0.444444444 | 0.068493151
15 7.6 0.333333333 | 0.04109589
17.5 | 7.5 ]0.222222222 |0.02739726
20 7.4 |0.111111111 |0.01369863
225 | 73 |0 0

F is the applied constant force, (xy) is the
average length of the bar at steady state, s is
the stress and e is the strain. All these values
are expressed in natural units

Load test : equilibrium case

0.8 B —

0:2 /

Fig. 1.11 Stress-strain curve looks like the typical experimental curves for metallic materials. The
curve from simulations qualitatively reproduces the trend of the real ones, presenting a first part
where the strain increases linearly with the applied stress, followed by a part where a power law
holds

unloaded condition of the bar the case when we had the maximum applied force
(Fyp=22.5). Therefore the other forces could be considered as traction forces
(Table 1.1).

Following the classical definitions, the stress of the bar s and the corresponding
deformation e are calculated as

F—F
Fo

(xn) = (xn)o

L= [ =1
(xn)o

’ lo

-

where Fy and [y were respectively the restraining force and the length of the bar
corresponding to the unloaded condition. The curve that we found (Fig. 1.11) is
strikingly similar to the real curves of metallic materials. In particular, we observe a
part with elastic behaviour, and a section where plastic deformation appears.
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1.3.2 Non-equilibrium

Here, we consider the total length of the bar, in non-equilibrium conditions imposed
by a temperature gradient, caused by different temperatures at the ends of the chain.
We found that the following parameters affect mean and standard deviations of this
quantity:

* Average reference kinetic energy of the thermostats, i.e. average temperature of
the bar

= _ (Exin)ger_1 + (Exin)rer_2
( ki")REF - 2

The final average bar length (xy) increases with the average reference kinetic
energy of the thermostats (E xin)REF- As the kinetic energy is related to the
temperature, this means that the bar length increases when the temperature rises,
which is in agreement with the physics of the system.
e Relaxation constants 01 ;65
If we decrease the relaxation constants, the average value and the standard

deviation of the bar length converge to higher values.

(Exin)rer,1 = 0.25, (Exin)rer,2 = 0.25 (Exin)rer,1 = 0.5, (Egin)rer,2=0.5
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Fig. 1.12 Dependence of the average length of the bar on its imposed temperature. We imposed a
temperature gradient AT = 0 between the thermostats and an increasing average temperature 7.
The length of the bar increases with the temperature. j is the index of the time instant
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. 1.13 Dependence of the standard deviation of the length of the bar on the thermostats

temperatures, with vanishing temperature gradient, AT = 0. Unlike the average length, the
standard deviation always converges, but it doesn’t have a monotonic trend when the temperature

rise

s. The fastest convergence is found with the lowest temperatures, while the slowest convergence

is found for the highest ones

In analogy with the equilibrium case, we run several simulations with different
applied forces F at the end of the bar. When we heated up the bar by setting a
temperature gradient between its two ends, we found stress-strain curves with
the same qualitative characteristics as the experimental curves of most common
metallic materials. When a plastic material is deformed, accumulation of dis-
locations produces hardening, which opposes further deformation. However, if
some heat is given to the material, dislocations can move again and the material
can deform. The curves that we found from our simulations, prove that these
mechanisms are shared by our particles systems as well. Even in a simple one-
dimensional model, localized agglomerates can originate and be redistributed by
means of heat flows, thus allowing further deformation. Figures 1.12 and 1.13
illustrate cases with equal temperatures at the borders of the bar, in order to show
how equilibrium is reached in the presence of thermostats. Table 1.2 and Fig. 1.14
demonstrate the hardening due to the temperature variations.
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Table 1.'2. Load test m F (o) |s e
non-equilibrium conditions

: _ _ 2.5 |27 0.888888889 |5.75
with Vrep1 = Vrer2 = 1.4,
corresponding to 5 15 0.777777778 |2.75
(Exin)rer = 75 |11 |0.666666667 |1.75
0.98, (Exin)gero = 0.32 10 |85 |0.555555556 | 1.125

12.5 |7 0.444444444 10.75
15 6 0.333333333 | 0.5
17.5 |5 0.222222222 |0.25
20 45 |0.111111111 |0.125
225 |4 0 0

F is the constant force, (xy) is steady
state bar length, s is the stress and e is

the strain
Fig. 1.14 Stress-strain Load test: disequilibrium case
curves look like those of 19 =
metallic materials, for rising 0.8 2 -
temperatures ff -
06 -
s 0.4 - —— Equilibrium
x #— Disequilibrium
0.2 X
b
0 T T T T T 1
0 1 2 3 4 5 6 7
@

1.4 Conclusions

Simulations of the equilibrium conditions of a bar made of hard point particles
prove that even very simple models may qualitatively reproduce the macroscopic
physical behaviour of solid bars. This is typical in statistical physics, which
has provided understanding of an incredible variety of phenomena by means of
explicitly treatable idealized models.

In our investigation, both the bar and the thermostats are described by over-
simplified interacting particles and mechanical forces. Nevertheless, the fact that
macroscopic systems are observed on a very coarse grained scale, which makes
largely irrelevant the details of the myriad of microscopic degrees of freedom
[2], allows us to obtain sensible results. In particular, we found that the average
values and standard deviations of the main macroscopic and microscopic collective
properties of our particle systems converge in relatively short times to the relevant
stationary values. Although the equilibrium model is microscopically reversible,
it results macroscopically irreversible: different initial conditions evolve into the
same equilibrium state, which depends only on the number of particles and on their
total energy. Consistently with equilibrium statistical mechanics, the probability
distribution of the fluctuations of the various observables are Gaussian, with
decreasing relative variance for growing number of particles.
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In non-equilibrium conditions, we found that our systems reach a steady state
only for a certain range of average temperatures, beyond which the bar length
indefinitely diverges or collapses. Similar kinds of instabilities are known. Here the
problem is that the thermostats which we have adopted manifest their unphysical
peculiarities when the dissipation is too strong. This is another common feature
of statistical mechanical models and, indeed, of mathematical models of real
phenomena in general. A mathematical model is constructed with the intent to
understand the role of various elements contributing to a phenomenon of interest.
For this reason and also for the practical need to let the model be amenable to
detailed study, mathematical models are necessarily incomplete, and are desired
to be so. Therefore, their applicability is always restricted to a certain range of
parameters and phenomena. Better models apply more extensively than others, but
outside a certain range of applicability, they are all bound to fail.

Within the applicability range of our model, we found that the stationary bar
length depends on the average of the thermostats reference temperatures, and the
temperatures standard deviations. In particular, we obtained that a lower average
temperature corresponds to lower final length and smaller oscillations of the bar,
as physically expected. At equal average temperatures, the convergence velocity
is influenced by the absolute value of the temperature difference of the two
thermostats. Regardless of their sign, lower gradients result in a faster convergence
both of average values and standard deviations of the bar length, thus stabilizing the
system, in agreement with its physical behaviour.

The convergence velocity is also affected by the relaxation constants of the
thermostats, which represent the efficiency of the energy exchange between bar and
thermostats. When they are equal, their increase produces a slower convergence, as
expected from the analysis of the thermostats equations. In fact, higher values of
these constants correspond to lower efficiency of the thermostats. However, when
the relaxation constants differ, the relation between their value and the convergence
velocity still needs to be clarified.

Particularly interesting are the results obtained by changing the force at the free
ends of the bar, both in equilibrium and in non-equilibrium conditions, as they
qualitatively reproduced the typical experimental stress-strain curves of metallic
materials. Such analogy is also extended to the way these curves change when the
temperature increases.

We are aware of no simpler microscopic mechanical system capable of repro-
ducing such thermo-mechanical features as the hardening phenomenon, under a
temperature gradient.
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Chapter 2
Chaos, Transport and Diffusion

Guido Boffetta, Guglielmo Lacorata, and Angelo Vulpiani

Abstract This chapter presents basic elements of chaotic dynamical system theory.
The concept of Lyapunov exponent, predictability time and Lagrangian chaos are
introduced together with examples. The second part is devoted to the discussion of
Lagrangian chaos, in particular in two dimensions, and its relation with Eulerian
properties of the flow. The last part of the chapter contains an introduction to
diffusion and transport processes, with particular emphasis on the treatment of
non-ideal cases.

2.1 Some Basic Elements of Dynamical Systems

A dynamical system may be defined as a deterministic rule for the time evolution
of state observables. Well known examples are the ordinary differential equations
(ODE) in which time is continuous:

dx(t
X _ f(x(1)), x.feRY; 2.1
dt
and maps in which time is discrete:
x(t + 1) = g(x()), x,geR". (2.2)
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In the case of maps, the evolution law is straightforward: from x(0) one computes
x(1), and then x(2) and so on. For ODE’s, under rather general assumptions on
f, from an initial condition x(0) one has a unique trajectory x(¢) for t > 0 [50].
Typically, exception made for the linear case and other few situations (integrable
systems), it is not possible to find an explicit solution x(¢). On the other hand, via the
qualitative analysis, sometimes it is possible to obtain some features of the system,
for instance the stability of fixed points or the existence of periodic orbits. Examples
of regular behaviors are shown in Fig. 2.1.

A rather natural question is the possible existence of less regular behaviors
i.e. different from stable fixed points, periodic or quasi-periodic motion. After the
seminal works by Lorenz, Hénon and Chirikov (to mention just the most eminent
scientists of Chaos) it is now well established that deterministic systems can have
an irregular and unpredictable behavior. As a relevant system, originated in a

2 s s s
-2 -1 0 1 2

Fig. 2.1 Examples of regular attractors: fixed point (above) and limit cycle (below)
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geophysical context, we mention the celebrated Lorenz model [44]:

dx

=0 =)

d

d_)t) =-—xz+rm—y 2.3)
dz

= ww—b

dt R

This system is related to the Rayleigh-Benard convection under very crude approx-
imations. The quantity x is proportional the circulatory fluid particle velocity; the
quantities y and z are related to the temperature profile; o, b and r are dimensionless
parameters. Lorenz studied the case with 0 = 10 and b = 8/3 at varying r (which
is proportional to the Rayleigh number). It is easy to see by linear analysis that the
fixed point (0, 0, 0) is stable for r < 1. For r > 1 it becomes unstable and two new
fixed points appear:

Ci_ = (£Vb(r—1),£/b(r—1),r—1), (2.4)

these are stable for r < r, = 24.74. A nontrivial behavior, i.e. non periodic, is
present for r > r,, as is shown in Fig. 2.2.

In this “strange”, chaotic regime one has the so called sensitive dependence on
initial conditions. Consider two trajectories, x(¢) and x'(¢), initially very close and
denote with A(¢) = ||x/(¢) — x(¢)|] their separation. Chaotic behavior means that if
A(0) — 0, then as t — oo one has A(¢) ~ A(0) exp A1z, with A; > 0, see Fig.2.3.

20

15 1
10 | 1

-5 i
-10 i
-15 i

-20 . . . . . . .
0 5 10 15 20 25 30 35 40

t

Fig. 2.2 Example of aperiodic signal: the x variable of the Lorenz system (2.3) as function of time
t,forr =28
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Fig. 2.3 The growth of a generic infinitesimal perturbation A(¢) in the Lorenz model (2.3) as
function of time 7, for = 28. The dashed line represent the exponential growth A(0) exp A;¢

Let us notice that, because of its chaotic behavior and its dissipative nature, i.e.

ox dy 0z

ax + dy + 0z <0 @
the attractor of the Lorenz system cannot be a smooth surface. Indeed the attractor
has a self-similar structure with a fractal dimension between 2 and 3. The Lorenz
model (which had an important historical relevance in the development of chaos
theory) is now considered a paradigmatic example of a chaotic system.

The main mark of the so-called deterministic chaos is the sensitive dependence
on initial conditions: arbitrarily small initial errors are fastly amplified. The mean
growth rate of the trajectory separation is measured by the first (or maximum)
Lyapunov exponent, defined as

1AW
Ar= lim lim -1In (2.6)
1—00 A(0)—0 ¢ A(O)

As long as A(¢) remains sufficiently small (i.e. infinitesimal, strictly speaking), one
can regard the separation as a tangent vector z(¢) whose time evolution is

d
dz,
Z ai o 27 @.7)

and, therefore,

|lz(0)]]
20|

1
A1 = lim ;ln (2.8)

=00
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In principle, A; may depend on the initial condition x(0), but this dependence
disappears for ergodic systems. In general there exist as many Lyapunov exponents,
conventionally written in decreasing order A; > A, > A3 > ..., as the independent
coordinates of the phase space [7]. Without entering the details, one can define
the sum of the first k Lyapunov exponents as the growth rate of an infinitesimal
k-dimensional volume in the phase space. In particular, A; is the growth rate of
material lines, A1 + A, is the growth rate of 2D surfaces, and so on. A numerical
widely used efficient method is due to Benettin et al. [7].

It must be observed that, after a transient, the growth rate of any generic small
perturbation (i.e. distance between two initially close trajectories) is measured by
the first (maximum) Lyapunov exponent A{, and A; > 0 means chaos. In such a
case, the state of the system is unpredictable on long times. Indeed, if we want to
predict the state with a certain tolerance A then our forecast cannot be pushed over
a certain time interval Tp, called predictability time, given by:

Tp~ 2
~ —1In .
P A©0)

2.9)

The above relation shows that 7p is basically determined by 1/1,, seen its weak
dependence on the ratio A /A(0). To be precise one must state that, for a series of
reasons, relation (2.9) is too simple to be of actual relevance [14].

2.2 Lagrangian Chaos

A problem of great interest concerns the study of the spatial and temporal structure
of the so-called passive fields, indicating by this term passively quantities driven by
the flow, such as the temperature under certain conditions [48]. The equation for the
evolution of a passive scalar field 6(x, 1), advected by a velocity field v(x, t), is

0,0 +V.-(vh) =y V36 (2.10)

where v(x, t) is a given velocity field and y is the molecular diffusion coefficient.
The problem (2.10) can be studied through two different approaches. Either one
deals at any time with the field 6 in the space domain covered by the fluid, or one
deals with the trajectory of each fluid particle. The two approaches are usually
designed as “Eulerian”’and “Lagrangian”, although both of them are due to Euler
[40]. The two points of view are in principle equivalent.
The motion of a fluid particle is determined by the differential equation

dx
i v(x,t) 2.11)
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which also describes the motion of test particles, for example a powder embedded in
the fluid, provided that the particles are neutral and small enough not to perturb the
velocity field, although large enough not to perform a Brownian motion. Particles of
this type are commonly used for flow visualization in fluid mechanics experiments,
see [55]. Let us note that the true equation for the motion of a material particle in a
fluid can be rather complicated [47].

It is now well established that even in regular velocity field the motion of fluid
particles can be very irregular [2, 29]. In this case initially nearby trajectories diverge
exponentially and one speaks of Lagrangian chaos. In general, chaotic behaviors
can arise in two-dimensional flow only for time dependent velocity fields in two
dimensions, while it can be present even for stationary velocity fields in three
dimensions.

If x = 0, it is easy to realize that (2.10) is equivalent to (2.11). In fact, we can
write

0(x,1) = 6,(T"'x) 2.12)

where 6,(x) = 6(x,¢ = 0) and T is the formal evolution operator of (2.11) ,

x(t) = T'x(0). (2.13)

Taking into account the molecular diffusion y, (2.10) is the Fokker-Planck
equation of the Langevin equation [20]

X ) +n0) (2.14)

where 7 is a Gaussian process with zero mean and variance
(ni()yn; (t")) =2x8;8( —1"). (2.15)
In the following we will consider only incompressible flow
V.v=0 (2.16)

for which the dynamical system (2.11) is conservative. In two dimensions, the
constraint (2.16) is automatically satisfied assuming

v v

V1 = —
8x2’ 8x1

vy = (2.17)

where ¥ (x,t) is the stream function. Inserting (2.17) into (2.11) the evolution
equations become

dxl 81# de _ 81#

m_oyo o dn W 2.18
dt dx, dt daxy ( )
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Formally (2.18) is a Hamiltonian system with the Hamiltonian given by the stream
function .

2.2.1 Examples of Lagrangian Chaos

As a first example we consider a 3d stationary velocity field, the so-called ABC
flow

v=(Asinz+ Ccosy, Bsinx + Acosz, Csiny + Bcosx) (2.19)

where A, B and C are non zero real parameters. Because of the incompressibility
condition, the evolution x(0) — x(¢) defines a volume preserving, dynamics.

Arnold [4] argued that (2.19) is a good candidate for chaotic motion. Let us
briefly repeat his elegant argument. For a steady state solution of the 3d Euler
equation one has:

V.v=0
vx(Vxv)=Va (2.20)
P+V2
a=—+—=
P 2

where P is the pressure and p the density. As a consequence of the Bernoulli
theorem [41], ¢(x) is constant along a streamline—that is a Lagrangian trajectory
x(¢). One can easily verify that chaotic motion can appear only if «(x) is constant
(i.e. Va(x) = 0) in a part of the space. Otherwise the trajectory would be
confined on a 2d surface «(x) = constant, where the motion must be regular
as a consequence of general arguments [50]. In order to satisfy such a constraint,
from (2.20) one has the Beltrami condition:

Vxv=yXx)yVv. (2.21)

The reader can easily verify that the field v given by (2.19) satisfy (2.21) (in this case
y(x) = constant). Indeed, numerical experiments by Hénon [29] provided evidence
that Lagrangian motion under velocity (2.19) is chaotic for typical values of the
parameters A, B, and C (see an example in Fig.2.4).

In a two-dimensional incompressible stationary flows the motion of fluid parti-
cles is given by a time independent Hamiltonian system with one degree of freedom
and, since trajectories follow iso-y lines, it is impossible to have chaos. However,
for explicit time dependent stream function ¥ the system (2.19) can exhibit chaotic
motion [50].

In the particular case of time periodic velocity fields, v(x,t + T) = v(x,?),
the trajectory of (2.11) can be studied in terms of discrete dynamical systems: the
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Fig. 2.4 Intersections with the Poincaré section, plane z = 0, of eight trajectories of the ABC
flow with parameters 4 = 2.0, B = 1.70, C = 1.50

position x(¢ + T') is determined in terms of x(¢). The map x(¢) — x(¢ 4+ 7") will not
depend on ¢ thus (2.11) can be written in the form

x(n + 1) = Fx(n)], (2.22)

where now the time is measured in units of the period 7. Because of incompress-

ibility, the map (2.22) is conservative:

9F; [x]
ox j

|det A[x]| =1, where  Ay[x] = ) (2.23)

An explicit deduction of the form of F for a general 2d or 3d flow is usually very
difficult. However, in some simple model of can be deduced on the basis of physical
features [3, 19].

2.2.2 Eulerian Properties and Lagrangian Chaos

In principle, the evolution of the velocity field v is described by partial differential
equations, e.g. Navier-Stokes or Boussinesq equations. However, often in weakly
turbulent situations, a good approximation of the flow can be obtained by using
a Galerkin approach, and reducing the Eulerian problem to a (small) system of
F ordinary differential equations [15, 42]. The motion of a fluid particle is then
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described by the (d 4+ F')-dimensional dynamical system

‘2—? =£(Q.,r) withQ, f e RF (2.24)
dx . d
o v(x,Q) withx, ve R (2.25)

where d is the space dimensionality and Q = (Q,... Q) are the F variables,
usually normal modes, which are a representation of the velocity field v. Note that
the Eulerian equations (2.24) do not depend on the Lagrangian part (2.25) and can
be solved independently.

In order to characterize the degree of chaos, three different Lyapunov exponents
can be defined [24]:

¢ (a) Ag for the Eulerian part (2.24);

¢ (b) A for the Lagrangian part (2.25), where the evolution of the velocity field is
assumed to be known;

* (c) At per for the total system of the d + F equations.

These Lyapunov exponents are defined as:

AgLr = lim llnm (2.26)
BLT T S0 1 |2(0)ELD) '

where the evolution of the three tangent vectors z are given by the linearized stability
equations for the Eulerian part, for the Lagrangian part and for the total system,
respectively:

P & o
Y Z ai 7;®, 2® eRF (2.27)
dt = 09 lgqu)
e
_Zt =y 7” ™, 2V erd (2.28)
j=1 J 1x(t)
(T) d+F
d i ai Z; (T), z(T) c ]RF+d (2.29)
dt j=1 95 lyay

andy = (Q1,...,QF.X1,...,xg)and G = (f1,..., fr,V1,...,vq). The meaning
of these Lyapunov exponents is evident:

e (a) Ag is the mean exponential rate of the increasing of the uncertainty in the
knowledge of the velocity field (which is, by definition, independent on the
Lagrangian motion);
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e (b) AL estimates the rate at which the distance §x(¢) between two fluid particles
initially close increases with time, when the velocity field is given, i.e. a particle
pair in the same Eulerian realization;

e (c) Ay is the rate of growth of the distance between initially close particle pairs,
when the velocity field is not known with infinite precision.

There is no general relation between Ag and A.. One could expect that in presence
of a chaotic velocity field the particle motion has to be chaotic. However, the
inequality A, > Ag—even though typically valid—sometimes does not hold, e.g.
in some systems like the Lorenz model [24] and in generic 2d flows when the
Lagrangian motion happens around well defined vortex structures [6] as discussed
in the following. On the contrary, one has [22]

A,T = max (A,E,AL) (230)

2.2.3 Lagrangian Chaos in Two Dimensional Flows

Let us now consider the two-dimensional Navier-Stokes equations with periodic
boundary conditions at low Reynolds numbers, for which we can expand the stream
function ¥ in Fourier series and takes into account only the first F terms [15, 42],

F
Vo=—i Z k7' e + e, (2.31)
j=1
where c.c. indicates the complex conjugate term and Q = (Q1,..., QF) are the

Fourier coefficients. Inserting (2.31) into the Navier-Stokes equations and by an
appropriate time rescaling, we obtain the system of F' ordinary differential equations

dQ

=L =k} 0y + Y A QiCn + f;. (2.32)
I.m

in which f; represents an external forcing.

Franceschini and coworkers have studied this truncated model with F = 5 and
F = 7 [15, 42]. The forcing were restricted to the 3" mode fi = Red;s [42].
For I:" = 5and Re < Re; = 22.85..., there are four stable stationary solutions,
say Q, and Ag < 0. At Re = Re, these solutions become unstable, via a Hopf
bifurcation [46], and four stable periodic orbits appear, still implying Ag = 0. For
Re; < Re < Re; = 28.41 ..., one thus finds the stable limit cycles:

Q(t) = Q + (Re — Re )/28Q(¢) + O(Re — Rey) (2.33)
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Fig. 2.5 Structure of the separatrices in the 5-mode model (2.31) with Re = Re; — 0.05

where §Q(¢) is periodic with period
T(Re) = To + O(Re —Rey) Tp = 0.7328... (2.34)

At Re = Re,, these limit cycles lose stability and there is a period doubling cascade
toward Eulerian chaos.

Let us now discuss the Lagrangian behavior of a fluid particle. For Re < Re;,
the stream function is asymptotically stationary, ¥ (x,?) — 12/(x), and the corre-
sponding one-dimensional Hamiltonian is time-independent, therefore Lagrangian
trajectories are regular. For Re = Re; + € the stream function becomes time
dependent

VX, 1) = U(X) + VeSY(x,1) + O(e), (2.35)

where @(x) is given by Q and §y is periodic in X and in ¢ with period 7'. The
region of phase space, here the real two-dimensional space, adjacent to a separatrix
is very sensitive to perturbations, even of very weak intensity. Figure 2.5 shows the
structure of the separatrices, i.e. the orbits of infinite periods at Re = Re; — 0.05.
Indeed, generically in one-dimensional Hamiltonian systems, a periodic pertur-
bation gives origin to stochastic layers around the separatrices where the motion
is chaotic, as consequence of unfolding and crossing of the stable and unstable
manifolds in domains centered at the hyperbolic fixed points [21, 50]. One has
strong numerical evidence for the existence of the chaotic regions, see Fig.2.6.
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Chaotic and regular motion for small € = Re;—Re can be studied by the Poincaré
map

x(nT) — x(nT + T). (2.36)

The period T (¢) is computed numerically. The size of the stochastic layers rapidly
increase with €. At € = €. ~ (.7 they overlap and it is practically impossible to
distinguish between regular and chaotic zones. At € > ¢, there is always diffusive
motion.

We stress that this scenario for the onset of Lagrangian chaos in two-dimensional
fluids is generic and does not depend on the particular truncated model. In fact,
it is only related to the appearance of stochastic layers under the effects of small
time-dependent perturbations in one-dimensional integrable Hamiltonian systems.
As consequence of a general features of one-dimensional Hamiltonian systems we
expect that a stationary stream function becomes time periodic through a Hopf
bifurcation as occurs for all known truncated models of Navier-Stokes equations.

We have seen that there is no simple relation between Eulerian and Lagrangian
behaviors. In the following, we shall discuss two important points:

* (i) what are the effects on the Lagrangian chaos of the transition to Eulerian
chaos, i.e. from Ag = 0 to Ag > 0.

* (ii) whether a chaotic velocity field (Ag > 0) always implies an erratic motion of
fluid particles.

The first point can be studied again within the /' = 5 modes model (2.32).
Increasing Re, the limit cycles bifurcate to new double period orbits followed by a
period doubling transition to chaos and a strange attractor appears at Re, ~ 28.73,
where Ag becomes positive. These transitions have no signature on Lagrangian
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Fig. 2.7 Lyapunov 3
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behavior, as it is shown in Fig. 2.7, i.e. the onset of Eulerian chaos has no influence
on Lagrangian properties.

This feature should be valid in most situations, since it is natural to expect that
in generic cases there is a strong separation of the characteristic times for Eulerian
and Lagrangian behaviors.

The second point—the conjecture that a chaotic velocity field always implies
chaotic motion of particles—looks very reasonable. Indeed, it appears to hold in
many systems [22]. Nevertheless, one can find a class of systems where it is false,
e.g. Egs. (2.24), (2.25) may exhibit Eulerian chaoticity Ag > 0, even if A, = 0 [6].

Consider for example the motion of N point vortices in the plane with circula-
tions I'; and positions (x; (), y;(¢)) ( = 1,..N) [1]:

dx; 0H
2 (2.37)
dt 8y,~
dy; oH
P Rl 2.38
dt ax; ( )
where
1
H = _Eézr,-rj Inr; (2.39)
17]

and rj = (x; — x;)* + (i — y;)*

The motion of N point vortices is described in an Eulerian phase space with
2N dimensions. Because of the presence of global conserved quantities, a system
of three vortices is integrable and there is no exponential divergence of nearby
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trajectories in phase space. For N > 4, apart from non generic initial conditions
and/or values of the parameters I';, the system is chaotic [1].

The motion of a passively advected particle located in (x(¢), y(¢)) in the velocity
field defined by (2.37)—(2.38) is given

dx Fi y_yi

“ —t2 gt 2.40
dt Xl: 21 Rl.2 ( )
dy I x —x;
A —t 2.41
dt Z 2n R? (2.41)

i

where R? = (x — x;)* + (y — yi)*.

Let us first consider the motion of advected particles in a three-vortices
(integrable) system in which Az = 0. In this case, the stream function for the
advected particle is periodic in time and the expectation is that the advected particles
may display chaotic behavior. The typical trajectories of passive particles which
have initially been placed respectively in close proximity of a vortex center or in the
background field between the vortices display a very different behavior. The particle
seeded close to the vortex center displays a regular motion around the vortex and
thus A, = 0; by contrast, the particle in the background field undergoes an irregular
and aperiodic trajectory, and A, is positive.

We now discuss a case where the Eulerian flow is chaotic i.e. N = 4 point
vortices. Let us consider again the trajectory of a passive particle deployed in prox-
imity of a vortex center. As before, the particle rotates around the moving vortex.
The vortex motion is chaotic; consequently, the particle position is unpredictable
on large times as is the vortex position. Nevertheless, the Lagrangian Lyapunov
exponent for this trajectory is zero (i.e. two initially close particles around the vortex
remain close), even if the Eulerian Lyapunov exponent is positive, see Fig. 2.8.

30 60

20 o

-30

-30

Fig. 2.8 Particle trajectories in the four-vortex system. Eulerian dynamics in this case is chaotic.
The left panel shows a regular Lagrangian trajectory while the right panel shows a chaotic
Lagrangian trajectory. The different behavior of the two particles is due to different initial
conditions
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This result indicates once more that there is no strict link between Eulerian and
Lagrangian chaoticity.

One may wonder whether a much more complex Eulerian flow, such as 2d
turbulence, may give the same scenario for particle advection: i.e. regular trajec-
tories close to the vortices and chaotic behavior between the vortices. It has been
shown that this is indeed the case [6] and that the chaotic nature of the trajectories
of advected particles is not strictly determined by the complex time evolution of the
turbulent flow.

We have seen that there is no general relation between Lagrangian and Eulerian
chaos. In the typical situation Lagrangian chaos may appear also for regular velocity
fields. However, it is also possible to have the opposite situation, with A1, = 0 in
presence of Eulerian chaos, as in the example of Lagrangian motion inside vortex
structures. As an important consequence of this discussion we remark that it is not
possible to separate Lagrangian and Eulerian properties in a measured trajectory,
e.g. a buoy in the oceanic currents [49]. Indeed, using the standard methods for data
analysis [27], from Lagrangian trajectories one extracts the total Lyapunov exponent
At and not A, or Ag.

2.3 Transport and Diffusion

2.3.1 The Random Walk Model for Brownian Motion

The simplest model of diffusion is the one-dimensional random walk. The walker
moves on a line making discrete jumps v; = =*1 at discrete times. The position of
the walker, started at the origin at = 0, will be

Rty =) v (2.42)
i=1

Assuming equiprobability for left and right jumps (no mean motion), the probability
that at time ¢ the walker is in position x will be

=X steps — 1 1 t
R=x)=prob| 2.° = 2.43
pt( )C) pro I:H-szteps+l:| 2[ (H‘TX) ( )

For large ¢ and x (i.e. after many microscopic steps) we can use Stirling approxima-
tion and get

t r+x_. t+x r—x_ t—Xx
= [—— exp|-— I - 1 2.44
pi(x) \ 22 =) eXp[ 2 "2 2 T2 } (244)
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Fig. 2.9 Probability distribution function of the one-dimensional random walk after + = 100
steps. The dashed line is the Gaussian distribution

The core of the distribution recovers the well known Gaussian form, i.e. for x < ¢

from (2.44) we get
[1 x?
N _ 2.4
P 271 P ( 2t) (243)

From (2.45) one obtains that the variance of the displacement follows diffusive
behavior, i.e.

(x*(t)) =2t (2.46)

We stress that (2.45) is valid only asymptotically (i.e. for ¢ — oo). This is a
consequence of central limit theorem which assures Gaussian distributions and
diffusive behavior in the limit of many independent jumps. In Fig.2.9 we show the
pdf p:(x) at step t = 100 compared with the Gaussian approximation. Deviations
are evident in the tails.

The Gaussian distribution (2.45) can be obtained as the solution of the diffusion
equation which governs the evolution of the probability in time. This is the Fokker-
Planck equation for the particular stochastic process. A direct way to relate the one-
dimensional random walk to the diffusion equation is obtained by introducing the
master equation, i.e. the time evolution of the probability [26]:

1 1
Pit1(x) = EPt(x -+ Ept(x +1). (2.47)
In order to get a continuous limit, we introduce explicitly the steps Ax and A¢ and

write

pirar(x) = pi(x)  (Ax)? pi(x + Ax) + pi(x — Ax) —2p;(x)
At C2At (Ax)? '

(2.48)
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Now, taking the limit Ax, At — 0 in such a way that (Ax)?/At — 2D (the factor
2 is purely conventional) we obtain the diffusion equation

ap(x,1) Dazp(x,t)
a oxz

The way the limit Ax, At — 0 is taken reflects the scaling invariance property of
diffusion equation. The solution to (2.49) is readily obtained as

(2.49)

1 x?
p(x,t) = mexp (_4_Dt) . (2.50)

Diffusion equation (2.49) is here written for the probability p(x, ¢) of observing
a marked particle (a tracer) in position x at time #. The same equation can have
another interpretation, in which p(x,¢) = 8(x,t) represents the concentration of a
scalar quantity (marked fluid, temperature, pollutant) as function of time. The only
difference is, of course, in the normalization.

2.3.2 Less Simple Transport Processes

As already stated time decorrelation is the key ingredient for diffusion. In the
random walker model it is a consequence of randomness: the steps v; are random
uncorrelated variables and this assures the applicability of central limit theorem. But
we can have a finite time correlation and thus diffusion also without randomness.
To be more specific, let us consider the following deterministic model (standard map

[21]):

Jt+1) = J(t) + K sin0(t) 2.51)
0t +1) =0@)+ J( + 1) mod2rw '

The map is known to display large-scale chaotic behavior for K > K, ~ 0.9716
and, as a consequence of deterministic chaos, J(¢) has diffusive behavior. For large
times, J(¢) is large and thus the angle 6(¢) rotates rapidly. In this limit, we can
assume that at each step 6(¢) decorrelates and thus write

(J()*) = K*()_sin6("))* ~ K*(sin> 6)t = 2Dt (2.52)

t'=1

The diffusion coefficient D, in the random phase approximation, i.e. assuming that
sin@(t) is not correlated with sin6(¢’) fort # t’, is obtained by the above expression
as Dgrpa = K?/4.In Fig.2.10 we plot a numerical simulation obtained with the
standard map. Diffusive behavior is clearly visible at long time.
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Fig. 2.10 Square dispersion (J(¢)?) for the standard map at K = 10.5. The dashed line is the
RPA prediction

The two examples discussed above are in completely different classes: stochastic
for the random walk (2.42) and deterministic for the standard map (2.51). Despite
this difference in the microscopic dynamics, both lead to a macroscopic diffusion
equation and Gaussian distribution. This demonstrates how diffusion equation is of
general applicability.

2.3.3 Advection-Diffusion

Let us now consider the more complex situation of dispersion in a non-steady fluid
with velocity field v(x, ). For simplicity will we consider incompressible flow (i.e.
for which V - v = 0) which can be laminar or turbulent, solution of Navier-Stokes
equation or synthetically generated according to a given algorithm. In presence
of v(x, t), the diffusion equation (2.49) becomes the advection-diffusion equation
for the concentration 6(x, ¢) (2.10). This equation is linear in 6 but nevertheless it
can display very interesting and non trivial properties even in presence of simple
velocity fields, as a consequence of Lagrangian chaos. In the following we will
consider a very simple example of diffusion in presence of an array of vortices.
The example will illustrate in a nice way the basic mechanisms and effects of
interaction between deterministic (v) and stochastic (D) components.

Let us remark that we will not consider here the problem of transport in
turbulent velocity field. This is a very classical problem, with obvious and important
applications, which has recently attracted a renewal theoretical interest as a model
for understanding the basic properties of turbulence [52].
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Before going into the example, let us make some general consideration. We have
seen that in physical systems the molecular diffusivity is typically very small. Thus
in (2.10) the advection term dominates over diffusion. This is quantified by the
Peclet number, which is the ratio of the typical value of the advection term to the
diffusive term

I
pe = 200 (2.53)
D

where vy is the typical velocity at the typical scale of the flow /o. With 7y =~ ly/vo
we will denote the typical correlation time of the velocity.

The central point in the following discussion is the concept of eddy diffusivity.
The idea is rather simple and dates back to the classical work of Taylor [54].
To illustrate this concept, let us consider a Lagrangian description of dispersion
in which the trajectory of a tracer x(¢) is given by (2.11). Being interested in the
limit Pe — 00, in the following we will neglect, just for simplicity, the molecular
diffusivity D, which is generally much lesser that the effective dynamical diffusion
coefficient.

Starting from the origin, x(0) = 0, and assuming (v) = 0 we have (x(¢)) = 0
for ever. The square displacement, on the other hand, grows according to

1 t

GEx0) = KO w0 = [ ol s
0

where we have introduced, for simplicity of notation, the Lagrangian velocity

v (t) = v(x(?), t). Define the Lagrangian correlation time 7, from

/0 (vi(5) - v (0))ds = (v.(0)%)7s (2.55)

and assume that the integral converge so that 7, is finite. From (2.54), for ¢ > 1,
we get

(x(t)%) = 2r.(vi)t (2.56)

i.e. diffusive behavior with diffusion coefficient (eddy diffusivity) D* = 7 (v2).

This simple derivation shows, once more, that diffusion has to be expected in
general in presence of a finite correlation time 7. Coming back to the advection-
diffusion equation (2.10), the above argument means that for r >> t; we expect that
the evolution of the concentration, for scales larger than /y, can be described by an
effective diffusion equation, i.e.

ey _ p 9%(6)
o Dij 0x; an @57)
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Fig. 2.11 Cellular flow model. [, is the size of vortices, § is the thickness of the boundary layer

The computation of the eddy diffusivity for a given Eulerian flow is not an easy
task. It can be done explicitly only in the case of simple flows, for example by
means of homogenization theory [9, 45]. In the general case it is relatively simple
[9] to give some bounds, the simplest one being DX > D, i.e. the presence of a
(incompressible) velocity field enhances large-scale transport. To be more specific,
let us now consider the example of transport in a one-dimensional array of vortices
(cellular flow) sketched in Fig. 2.11. This simple two-dimensional flow is useful for
illustrating the transport across barrier. Moreover, it naturally arises in several fluid
dynamics contexts, such as, for example, convective patterns [53].

Let us denote by vy the typical velocity inside the cell of size /; and let D the
molecular diffusivity. Because of the cellular structure, particles inside a vortex can
exit only as a consequence of molecular diffusion. In a characteristic vortex time
79 ~ lo/vo, only the particles in the boundary layer of thickness § can cross the
separatrix where

I
82~ Dty ~ D2, (2.58)
Vo

These particles are ballistically advected by the velocity field across the vortex so
they see a “diffusion coefficient” lg /to. Taking into account that this fraction of
particles is §/ [y we obtain an estimation for the effective diffusion coefficient as

812
DE ~ l__o ~ +/Dlyvg ~ DPe'/? (2.59)
0 To

The above result, which can be made more rigorous, was confirmed by nice
experiments made by Solomon and Gollub [53]. Because, as already stressed above,
typically Pe >> 1, one has from (2.59) that DZ > D. On the other hand, this result
do not mean that molecular diffusion D plays no role in the dispersion process.
Indeed, if D = 0 there is not mechanism for the particles to exit from vortices.

Diffusion equation (2.57) is the typical long-time behavior in generic flow.
There exist also the possibility of the so-called anomalous diffusion, i.e. when the
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Fig. 2.12 Random shear of vy velocity in strips of size §

spreading of particle do not grow linearly in time, but with a power law
(x*(0)) ~ 1> (2.60)

with v # 1/2. The case v > 1/2 (formally Df = o0) is called super-diffusion;
sub-diffusion, i.e. v < 1/2 (formally D¥ = 0), is possible only for compressible
velocity fields.

Super-diffusion arises when the Taylor argument for deriving (2.56) fails and
formally D¥ — oo. This can be due to one of the following mechanisms:

(a) the divergence of (v%) (which is the case of Lévy flights), or

(b) the lack of decorrelation and thus 7; — oo (Lévy walks). The second case
is more physical and it is related to the existence of strong correlations in the
dynamics, even at large times and scales.

One of the simplest examples of Lévy walks is the dispersion in a quenched
random shear flow [16, 32]. The flow, sketched in Fig.2.12, is a super-position of
strips of size § of constant velocity vy with random directions.

Let us now consider a particle which moves according to the flow of Fig.2.12.
Because the velocity field is in the x direction only, in a time ¢ the typical
displacement in the y direction is due to molecular diffusion only

8y ~ v/Di 261)

and thus in this time the walker visits N = §y/§ strips. Because of the random
distribution of the velocity in the strips, the mean velocity in the N strips is zero,
but we may expect about ~/N unbalanced strips (say in the right direction). The
fraction of time ¢ spent in the unbalanced strips is £+/N /N and thus we expect a
displacement

t
Ox ~ vg——. (2.62
om )
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Fig. 2.13 Square dispersion {J(¢)?) for the standard map at K = 6.91 .. .. The dashed line is t '

From (2.61) we have N ~ +/Dt/§ and finally
2
8
(8x2) ~ %ﬁ/z (2.63)

i.e. a super-diffusive behavior with exponent v = 3/4.

The origin of the anomalous behavior in the above example is in the quenched
nature of the shear and in the presence of large stripes with positive (or negative)
velocity in the x direction. This leads to an infinite decorrelation time for Lagrangian
tracers and thus to a singularity in (2.56). We conclude this example by observing
that for D — 0 (2.63) gives (§x%) — oo. This is not a surprise because in this case
the motion is ballistic and the correct exponent becomes v = 1.

As it was in the case of standard diffusion, also in the case of anomalous diffusion
the key ingredient is not randomness. Again, the standard map model (2.51) is
known to show anomalous behavior for particular values of K [56]. An example
is plotted in Fig. 2.13 for K = 6.91 ... in which one find {J(¢)?) ~ ¢!33.

The qualitative mechanism for anomalous dispersion in the standard map can
be easily understood: a trajectory of (2.51) for which Ksin6* = 2xm with m
integer, corresponds to a fixed point for 6 (because the angle is defined modulo 27)
and linear growth for J(¢) (ballistic behavior). It can be shown that the stability
region of these trajectories in phase space decreases as 1/K [31, 56] and, for
intermediate value of K, they play a important role in transport: particles close to
these trajectories feel very long correlation times and perform very long jumps. The
contribution of these trajectory, as a whole, gives the observed anomalous behavior.

Now, let us consider the cellular flow of Fig.2.11 as an example of sub-diffusive
transport. We have seen that asymptotically (i.e. for ¢ 3> [3/D) the transport is
diffusive with effective diffusion coefficient which scales according to (2.59). For
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Fig. 2.14 The comb model geometry

intermediate times /y/v) K t K 13 /D, when the boundary layer structure has set
in, one expects anomalous sub-diffusive behavior as a consequence of fraction of
particles which are trapped inside vortices [58]. A simple model for this problem is
the comb model [28, 32]: a random walk on a lattice with comb-like geometry. The
base of the comb represents the boundary layer of size § around vortices and the
teeth, of length [, represent the inner area of the convective cells. For the analogy
with the flow of Fig.2.11 the teeth are placed at the distance § ~ /Dly/vp (2.58)
(Fig.2.14).

A spot of random walker (dye) is placed, at time ¢ = 0, at the base of the comb.
In their walk on the x direction, the walkers can be trapped into the teeth (vortices)
of dimension [y. For times ly/vg < t < 13 / D, the dye invades a distance of order
(D1)'/? along the teeth. The fraction F(¢) of active dye on the base (i.e. on the
separatrix) decreases with time as

8

F@t)~ ——— 2.64
O~ o (2.64)

and thus the effective dispersion along the base coordinate b is
(b%(1)) ~ F(t)Dt ~ 8(Dr)/? (2.65)

In the physical space the corresponding displacement will be
l

(P 0) ~ (BH0) 5 ~ lo(PeDD)'? (2.66)

i.e. we obtain a sub-diffusive behavior with v = 1/4.

The above argument is correct only for the case of free-slip boundary conditions.
In the physical case of no-slip boundaries, one obtains a different exponentv = 1/3
[58]. The latter behavior has been indeed observed in experiments [18].
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2.3.4 Beyond the Diffusion Coefficient

From the above discussion it is now evident that diffusion, being an asymptotic
behavior, needs large scale separation in order to be observed. In other words,
diffusion arises only if the Lagrangian correlation time 77, (2.55) is finite and the
observation time is ¢ > 1, or, according to (2.57), if the dispersion is evaluated on
scales much larger than /.

On the other hand, there are many physical and engineering applications in which
such a scale separation is not achievable. A typical example is the presence of
boundaries which limit the scale of motion on scales L ~ [y. In these cases, it
is necessary to introduce non-asymptotic quantities in order to correctly describe
dispersion. Before discussing the non-asymptotic statistics let us show, with an
example, how it can be dangerous to apply the standard analysis in non-asymptotic
situation. We consider the motion of tracers advected by the two-dimensional flow
generated by 4 point vortices in a disk. The evolution equation is given by (2.37)
and (2.39) but now in (2.39), instead of In r;;, one has to consider the Green function
G(r;j) on the disk [43].

A set of 10,000 tracers are initially placed in a very small cloud in the center
of the disk. Because of the chaotic advection induced by the vortices, at large time
we observe the tracers dispersed in all the disk. In the following we will consider
relative dispersion, i.e. the mean size of a cluster of particles

R*(1) = (|x(t) — (x())|*) (2.67)

Of course, for separation larger than the typical scale of the flow, [y, the particles
move independently and thus we expect again the asymptotic behavior

R%(t) ~ 2Dt it RX0)V*>> 1 (2.68)

For very small separation we expect, assuming that the Lagrangian motion is
chaotic,

R%(1) ~ R*(0)e™ it RYX0)'? <« I (2.69)

where A is the Lagrangian Lyapunov exponent [22].

The computation of the standard dispersion for the tracers in the point vortex
model is plotted in Fig. 2.15. At very long time R?(t) reaches the saturation value
due to the boundary.

For intermediate times a power-law behavior with an anomalous exponent v =
1.8 is clearly observable. Of course the anomalous behavior is spurious: after the
discussion of the previous section, we do not see any reason for observing super-
diffusion in the point vortex system. The apparent anomaly is simply due to the lack
of scale separation and thus to the crossover from the exponential regime (2.69) to
the saturation value.
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Fig. 2.15 R?(t) computed for the four point vortex system. The dashed line is the power law
(R*0)) ~1'*

To partially avoid this kind of problem, it has been introduced a new indicator
based on fixed scale analysis [5, 12]. The idea is very simple and it is based on
exit time statistics. Given a set of thresholds 8, = §yr", one measures the exit time
T;(8,) it takes for the separation R;(t) to grow from §, to §,+1. The factor r may
be any value > 1, but it should be not too large in order to have a good separation
between the scales of motion.

Performing the exit time experiment over N particle pairs, from the average
doubling time (7'(8)) = 1/N ), T;(6), one defines the Finite Size Lyapunov
Exponent (FSLE) as

Inr
A) = —— (2.70)
(T(6))
which recovers the standard Lagrangian Lyapunov exponent in the limit of very
small separations A = lims—o A(3).
The finite size diffusion coefficient D(8) is defined, within this framework, as

D(8) = §2A(5) (2.71)

For standard diffusion D(8) approaches the diffusion coefficient D (see (2.68)) in
the limit of very large separations (§ >> /). This result stems from the scaling of
the doubling times (7'(§)) ~ 82 for normal diffusion.

Thus, according to (2.68)—(2.69), the asymptotic behaviors of the FSLE are

A if §<Kly

A@) ~ D/§? it 8> I

(2.72)
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Fig. 2.16 FSLE A(8) for the tracers advected by the point vortex system. The horizontal line
represent the Lagrangian Lyapunov exponent (A =~ 0.14). The dashed curve is the saturation
regime with §,,,, = 0.76

In presence of boundary at scales L ~ [, the second regime is not observable.
For separation very close to the saturation value §,,,» =~ L one expects the following
behavior to hold for a broad class of systems [5]:

A(8) w (2.73)

Let us now come back to the point vortex system. The FSLE for this problem is
plotted in Fig. 2.16.

With the finite scale analysis one clearly see that only two regime survive:
exponential at small scales (chaotic advection) and saturation at large scale. The
apparent anomalous regime of Fig.2.15 is a spurious effect induced by taking the
average at fixed time.

The finite scale method can be easily applied to the analysis of experimental data
[11]. An example is the study of Lagrangian dispersion in a experimental convective
cell. The cell is a rectangular tank filled with water and heated by a linear heat
source placed on the bottom. The heater generates a vertical plume which induces
a general two-dimensional circulation of two counter-rotating vortices. For high
values of the Rayleigh number (i.e. heater temperature) the flow is not stationary
and the plume oscillates periodically. In these conditions, Lagrangian tracers can
jump from one side to the other of the plume as a consequence of chaotic advection
(Fig.2.17).
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Fig. 2.17 An example of trajectories obtained by PTV technique in the convective cell at Ra =
2.39 x 10%. The vertical thermal plume is clearly observable. The dark circle on the bottom
represents the heat source
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Fig. 2.18 FSLE A(8) computed for the convective cell at different initial separations (different
symbols). The straight line is the Lyapunov exponent and the dashed curve represents the saturation
regime

The study of Lagrangian dispersion has been done by means of the FSLE [11].
In Fig. 2.18 we plot the result for Ra = 2.39 x 108, Again, because there is no scale
separation between the Eulerian characteristic scale [y (vortex size) and the basin
scale L we cannot expect diffusion behavior. Indeed, the FSLE analysis reveals the
chaotic regime A(§) = A at small scales and the saturation regime (2.73) at larger
scale.
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2.4 Barriers to Transport and Local Mixing Maps

The finite-scale Lyapunov exponent technique has been successfully applied to
many other numerical and experimental situations, from the pair dispersion in fully
developed turbulence [10], to the analysis of tracer motion in ocean and atmosphere
[8, 35, 36, 38, 39], to laboratory experiments [37]. It has by now become a standard
tool in the analysis of Lagrangian dispersion. Here we want briefly recall some
applications of this methodology to cases in which a local, rather than global,
description of the Lagrangian dispersion properties can have relevance to issues
like the non homogeneous mixing of tracers inside a fluid, existence of persistent
coherent structures in the velocity field, inhibition of mixing due to barrier effects
between dynamically different regions of the flow. In this regard, the FSLE turns
out to be the optimal indicator of the local mixing rate, and, more in general, a
diagnostic tool of the ergodic properties of the flow.

Let us consider a 2D meandering jet model, Fig. 2.19, as prototype of energetic
non linear currents like the Gulf Stream of the Polar Vortex. The flow is defined by
a stream-function W of the form [17, 51]:

W A tanh k[y — By cos(kox)]
\/ | + B2kZ sin? (kox)

—cy, 2.74)

k

where x and y are the spatial coordinates of a fluid particle; A and k are velocity
scale of the jet and cross-stream wavenumber, respectively; ko = 2m//ly and [
are wavenumber and spatial wavelength of the meanders, respectively; By gives the
amplitude of the meanders; the denominator defines the width of the jet and, last,

yly

0 0.25 0.5 0.75 1
x/y

Fig. 2.19 Meandering jet model: (J) region of open streamlines (jet), in which fluid particles
move from left to right; (G1) and (G2) regions of closed streamlines (gyres) with, respectively,
anti-clockwise and clockwise rotation. In this plot the ratio between down-stream and cross-
stream wavenumbers is ko/k =~ 0.8, and the ratio between meander amplitude and down-stream
wavelength is By/ [y = 0.16
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¢ is a counter-stream velocity of the retrograde flow in the far field away from the
central jet. Lagrangian trajectories are integrated according to (2.17) and (2.18),
with W given by (2.74).

In absence of an explicit time dependence in the stream-function, the flow is
steady and particle trajectories coincide with the W-isolines. In steady conditions,
the initial positions of a set of particles completely determine the transport prop-
erties: tracers initially located inside the jet (open streamlines) travel downstream
without bound, while tracers initially located inside a lateral vortex (closed stream-
lines) remain confined there all the time. Chaotic trajectories can be generated, for
example, by replacing By with B(t) defined as:

B(t) = By + ¢ - cos(wt) . (2.75)

This term induces a periodic oscillation of the meanders, with period T, = 27/
and amplitude e, around the mean value By. The values of the perturbation
parameters,  and ¢, control the width of the chaotic layer inside which Lagrangian
trajectories display strong sensitivity to small perturbations [50]. In particular,
keeping w fixed, the amplitude ¢ can be varied to pass from a weakly chaotic regime,
in which chaos is confined in a thin layer around the separatrices of the flow, to a
strong chaotic regime, in which any subset of the spatial domain contains chaotic
motions, i.e. in conditions of overlap of the resonances [21]. Let us observe that in
actual geophysical systems there can be natural transitions between these two limit
cases, e.g. in presence of a periodic forcing that modulates the amplitude of the time-
dependent term in the stream-function. In order to evaluate the spatial distribution
of the local mixing rate on finite scales, the local FSLE can be defined as:

1 A
Asr(x,y) = m In 5 (2.76)

where T (x, y) is the time taken by a perturbation (i.e. trajectory separation) having
size § in (x, y) to grow up to size A = r-§, with 7 > 1. In practical applications, the
growth factor r can be even several orders of magnitude larger than O(1), depending
on the resolution of the trajectories, in order to distinguish regions with different
dynamical properties, e.g. chaotic/non chaotic, from each other. The logic behind
the use of this diagnostic tool is to set the final distance A, i.e. setting r at fixed
8, at a value comparable with the size of the hypothetical coherent structures in
the velocity field. If the coherent structures last for a sufficiently long time, then
their effects to tracer transport across the domain can be detected qualitatively and
quantitatively by the local FSLE mapping.

In Fig. 2.20 we show the local mixing rates for the meandering jet model in the
two cases: weak perturbed conditions, with a chaotic layer confined around the
separatrices (upper panel) and strong perturbed conditions, with the chaotic layer
extended to all the available space (lower panel). In the first case, black spots in
the FSLE field correspond to no dispersion beyond a certain separation scale, in the
middle of the gyres and in the center of the jet, i.e. far from the separatrices; in the
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Fig. 2.20 FSLE maps for the
meandering jet model: weak
chaos, central barrier (upper
panel); strong chaos, no
barrier (lower panel). Spatial
coordinates are measured in
unit of the stream wavelength
lo; the local FSLE A, (x, y)
is measured in unit of the
inverse characteristic time
77! of the jet. Parameters set
up: 8/ 1y ~ 1073; r =~ 10%;
By/lp = 0.16; ¢/By ~ 0.15
(upper panel) and

e/ By =~ 0.3 (lower panel)

G. Boffetta et al.
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second case, every point of the domain is “turned on”, meaning that every region
of the flow results to be accessible to any trajectory starting from arbitrary initial
conditions (ergodic property).

This technique was applied for the first time to geophysical data in the work by
Boffetta et al. [13], where the barrier effect of the Antarctic Polar Vortex against
tracer mixing between high and low latitudes was analyzed and discussed. Other
authors have later adopted this type of strategy in various atmospheric and oceanic
systems [23, 25, 30, 33, 34, 57], where the role of coherent Lagrangian structures
is assumed to characterize mixing and transport properties in non asymptotic

conditions.
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2.5 Conclusions

In this chapter we have reviewed some basic concepts of chaotic dynamical systems,
related in particular to the predictability properties of trajectories in the phase
space. We have considered the physically relevant example of Lagrangian chaos
in which the phase space coincides with the physical space. By considering some
specific examples, we have discussed the relation between Lagrangian chaos and
the Eulerian properties of the advecting flow, showing that Lagrangian chaos can
be present even in period of stationary flow. In the last part of the chapter we have
shown how concepts and techniques of stochastic processes can be used to describe
transport properties in chaotic systems. We discussed the generic appearance of
diffusive behavior and the conditions under which anomalous diffusion can be
expected. Realistic limitations, such as the presence of boundaries, and their effects
on the asymptotic properties of transport have been discussed. At last, recent
analysis techniques based on the measure of the Finite-Scale Lyapunov Exponent,
i.e. the generalization of the maximum Lyapunov exponent to non infinitesimal
perturbations, have been described and discussed as established indicators of both
global and local properties of relative dispersion.
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Chapter 3
Small Scale Hydrodynamics

Matteo Colangeli

Abstract The purpose of this work is to offer a brief survey of some of the
mathematical methods useful to bridge different levels of description, i.e. from the
set-up of classical kinetic theory of gases to hydrodynamics. Most of the standard
mathematical techniques, in this field, stem from the seminal Chapman—Enskog
expansion, which constitutes an important success in kinetic theory, as it made
possible to formally derive the Navier-Stokes hydrodynamics from the Boltzmann
equation. Yet, almost a century of effort to extend the hydrodynamic description
beyond the Navier-Stokes-Fourier approximation failed even in the case of small
deviations around the equilibrium, due to the onset of instabilities which also cause
the violation of the H-Theorem. A different route, in kinetic theory, is represented
by the recent Invariant Manifold method. The latter technique allows one to restore
stability in the hydrodynamic equations, which remain thus applicable even at short
length scales, under the hypothesis of validity of the Local Equilibrium condition.

3.1 Introduction

A certain number of techniques have been designed, in kinetic theory of gases, to
derive macroscopic time evolution equations from the Boltzmann equation. Most of
these methods require the single-particle distribution function to be parameterized
by a set of distinguished fields, such as the standard hydrodynamic ones: the
number (or mass) density, momentum vector, and temperature. This stands as a
plausible assumption as long as the microscopic dynamics enjoys a vast separation
of time and length scales, and provided that the condition of Local Equilibrium is
granted. Furthermore, the derivation of hydrodynamics from kinetic theory is often
understood in terms of the so-called hydrodynamic limit of the Boltzmann equation.
Loosely speaking, one is interested, typically, in the scaling of the Boltzmann
equation with respect to some reference macroscopic length and time scales, which
are expected to largely dominate the intrinsic kinetic scales. Nonetheless, it makes
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sense to consider the extension of the hydrodynamic description even beyond
the purely hydrodynamic limit, so as to take into account reference scales which
may happen to be comparable with the kinetic ones. This is the subject dealt
with by the theory of generalized hydrodynamics [1-4]. There are several delicate
aspects hindering this line of investigation. A first, natural, objection points to the
fact that, below a certain length scale, the notion itself of “Local Equilibrium”,
which is brought about by a sufficiently large number of particle collisions, is
questionable. Moreover, from the technical side, one typically deals, in this context,
with perturbative methods, such as Hilbert’s procedure or the Chapman—Enskog
(CE) technique, which, at a certain order of truncation, may give rise to artificial
instabilities [5, 6]. In particular, the CE method introduces an expansion of the
distribution function in terms of a parameter, the Knudsen number, defined as the
ratio of the mean free path to a representative macroscopic length. For small values
of the Knudsen number, the CE method recovers the standard Navier-Stokes-Fourier
(NSF) equations of hydrodynamics. In more refined approximations, referred to as
the Burnett and super-Burnett hydrodynamics, the hydrodynamic modes become
polynomials of higher order in the wavevector. In such an extension, the resulting
hydrodynamic equations may become unstable and violate the H-Theorem, as first
shown by Bobylev [5] for a particular case of Maxwell molecules. This indicates that
the CE theory can not be immediately trusted, away from the hydrodynamic limit.
Thus, while the mathematical framework concerning the hydrodynamic limit of the
Boltzmann equation is well-established [7, 8], there is no consolidated counterpart
addressing the short scales domain. Thus, developing a theory of Microfluidics, is
a novel challenge for theorists, and has also been fostered by recent technological
trends [9, 10], which call for an extension of the hydrodynamic description to the
regime of finite Knudsen numbers. In this work we describe the application of the
Invariant Manifold theory, which makes it possible to derive the equations of exact
linear hydrodynamics from the Boltzmann equation. The adjective “exact” refers
to the fact that the method allows one to perform an exact summation of all the
contributions of the CE expansion. We will show, through the analysis of some
solvable model, that the divergences of the hydrodynamic modes can be actually
removed by taking into account also the very remote terms of the expansion. This is
made possible by solving a closed integral equation, called invariance equation,
which connects the microscopic evolution of the distribution function with its
“projected” (in a sense to be specified below) dynamics, triggered by the set of
hydrodynamic fields.

This work is structured as follows. In Sect.3.2 we will outline some stan-
dard model reduction techniques, which allow to derive hydrodynamics from the
Boltzmann equation. In Sect. 3.3 we will derive the equations of linear hydrody-
namics from certain kinetic models of the Boltzmann equation, thus providing the
desired bridge between the kinetic and the hydrodynamic descriptions, valid even at
short length scales. Conclusions will be drawn in Sect. 3.4.
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3.2 Bridging Time and Length Scales: From Kinetic Theory
to Hydrodynamics

In this section we will offer a bird’s eye view on some of the analytical methods
which yield approximate solutions of the Boltzmann equation. In particular, we will
outline the structure of the Hilbert and Chapman—Enskog perturbation techniques
and will also comment on the essential features of the Invariant Manifold method
[1, 2], which is based on the assumption of time scale separation and applies also
beyond the strict hydrodynamic limit.

Before introducing the wealth of different techniques, we shortly review the
notion of hydrodynamic limit of the Boltzmann equation, and shed also light on
the role of the (often invoked) time scale separation, which is one of the main
ingredients underpinning the onset of a collective behavior in a many-particle
system.

3.2.1 Hpydrodynamic Limit of the Boltzmann Equation

Let f(r,v,t) denote the single-particle distribution function, depending on the
position r, on the velocity v and on time ¢, which describes the statistics of a
dilute gas made of N particles of mass m, inside a box A, with volume V. In
absence of external forces, we assume that the distribution f* obeys the Boltzmann
equation [8]

d
IS Fv L =00 3.1)

where Q(f, f) denotes a nonlinear integral collision operator whose detailed
analytical structure is not relevant here. We just need to recall that Q(f, f)
vanishes when the distribution function attains the so-called local Maxwellian
structure:

_ m(v—u(r.t))2

XpTCD) (3.2)

M _ m ?
S =m0 (27rkBT(r,t)) ¢

which is parameterized by the fields » (number density, i.e. number of particles
per unit volume), u (bulk velocity of the fluid), and T (temperature). A point of
remarkable interest, in kinetic theory, concerns the study of the scaling properties of
the Boltzmann equation (3.1). In particular, one may investigate the structure of the
solutions of the Boltzmann equation in the so-called hydrodynamic limit, which is
obtained by taking the limits N — oo, V' — oo, with N/ V finite. Following [7], we
introduce a small parameter ¢, and let the side of the box A, be proportional to ¢!,

We assume, then, that the total number of particles contained in the box, obtained
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by integrating f over A, and over the whole velocity space, is proportional to the
volume of the box itself:

/ f@,v,t)drdv=¢"> | (3.3)
A XR3

and introduce the following scaling:
r=e¢er, 1T=2t |, (3.4)
witht € A = [0, 1], and
f@E v, 1) = f@r,v,1) . (3.5)

It is readily seen that the rescaled distribution f (F,v, 7) describes the statistics of
particle system on the scale of the box, and is normalized to unity:

f@Evdidv=1 . (3.6)

AXR3

While the description afforded in terms of the distribution f is called mesoscopic
(or kinetic), the description provided by the rescaled distribution f can be thought
of as a macroscopic one, because it describes the particle system in the limit of large
length and time scales. Using (3.4) and (3.5), the Boltzmann equation, in the absence
of external forces, can be shown to attain the following rescaled structure [8]

" A 01 a4

al—f(l',V,T)-FV'Vf-f:gQ(f,f) ’ (37)

which will be the starting point of the methods of reduced description to be
described below.

3.2.2 The Bogoliubov Hypothesis and Macroscopic Equations

Let us denote by My = [M;, M, M3] the lower-order moments of the distribution
function f, defined as:

M0 = [ b fEvndy (3:8)
where ¥ (v) are known as the collisional invariants:

V() =[V1. ¥, 93] (3.9)
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with
m s
Yi=m, Y,=myv, Y3=_—-v" |, (3.10)

and v = |v|. Thus, by integrating, one finds:
M, = p(r,t) = /mf(r,v,t)dv ,
M; = p(r,H)u(r,t) = /mvf(r, v,t)dv
1 2 m s
My = Sp.0u + pe.ne(r.n) = [ Zvfevandy . (1D
where p(r, t) = mn(r, t) is the mass density, and

3k
e(r,t) = EZBT(r,t) ,

denotes the internal energy per unit mass, which is related, via the equipartition
theorem, to the temperature 7. The hydrodynamic fields [p, u, T'] are thus related to
the moments M 7 via:

_ 2m
© 3kgM,

1
p=M, u=M"M,, T (M3 — EMl_le -Mz) . (3.12)

We consider, from here onwards, a special class of distribution functions called
normal solutions of the Boltzmann equation [8]. These are distribution functions
whose dependence on the variables (r, ) is parameterized by a set of fields x(r, ¢),
which may correspond to the hydrodynamic fields themselves, but in certain models
may also include higher-order moments of the distribution function [11-13]. Thus,
we start writing the single-particle distribution function in the form:

f,v,t) = f(x(r,1),v) . (3.13)

A physical rationale behind Eq.(3.13) can be traced back to the Bogoliubov
hypothesis [14—16]. In his seminal work, Bogoliubov introduced three different time
scales, labeled Ty, T, and Tyqcro: the time interval 7, is the time during which
two molecules are in each other’s interaction domain, 7,,s denotes the mean time
between collisions, and t,,,.,, corresponds to the average time needed for a molecule
to traverse the container in which the gas is confined. The Bogoliubov hypothesis
thus states that the existence of a vast time scale separation

Tint < ‘Cmf < Tmacro (3.14)
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Table 3.1 Bogoliubov length and time intervals for a gas with mean molecular speed of 300 m/s
at standard conditions (container edge length 2,400 = 3 cm), cf. [15]

Aim‘ )me Amacru
cm 3x1078 3x 107 3

Tint Tinf Tmacro
s 10712 107° 10~
Table 3.2 Epochs in the [ < T Initial stage

Bogoliubov hypothesis .
& yp Tim <1 < T, | Kinetic stage

t ~ Tmacro Hydrodynamic stage
When describing the particle system
on time intervals ¢t < Tt;,, the full
phase space description is required. If
the description is confined between t;,,,
and 7,7, one can employ the framework
of kinetic theory and the Boltzmann
equation provides an efficient statistical
description of the dynamics of a suffi-
ciently dilute particle system. Finally,
for t =~ Tuuc0, the dynamics of the
distribution function is driven by the
evolution of the hydrodynamic fields

is a prerequisite underpinning the relaxation of a gas towards equilibrium and the
onset of a hydrodynamic behavior. In a similar fashion, it is possible to introduce
three corresponding displacements, denoted as Aiu, Amf, Amacro. The displacement
A corresponds the range of particle interaction, A, is the mean free path and
Amacro denotes a macroscopic reference length, such as the edge length of the
confining container. Typical values of these parameters are listed in Table 3.1.

The Bogoliubov hypothesis addresses the structural form of the phase space
density F(zi,...,Zy,t) (we used the shorthand notation z = (r,v)) pertaining
to three different stages during the relaxation of the gas to equilibrium, cf. also
Table 3.2.

In the initial interval there is no collisional exchange between the particles, and
the gas experiences no equilibrating force. Therefore, Bogoliubov conjectured that,
in such initial stage, the full N-particle density is required to properly describe
the state of the gas. In the kinetic stage, the molecules experience a sequence of
collisions, which give rise to the onset of Local Equilibrium in the gas. According to
Bogoliubov’s hypothesis, during this stage all s-particle marginals may be expressed
as functionals of the single-particle density, i.e.

FY:FY(ZI""’ZS’F(Z17I)) ’ (315)
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where the time dependence of Fj is entirely contained in F(z;, ¢). For instance, if
the particles are statistically independent from each other, F; factorizes as follows:

F, = nFl(Z,‘,I) . (3.16)

i=1

Finally, in the hydrodynamic stage, the relevant time scale i Tjacr, Which charac-
terizes the time evolution of the macroscopic variables x(r, 7). It is worth noticing
that, in the course of the relaxation, a crucial loss of information occurs [15]: while,
in the initial stage, the microscopic state of the particle system is described by the
full phase space density, close to equilibrium the statistical description is suitably
afforded only in terms of the single-particle distribution function, parameterized by
the variables x.

We also remark that the condition 7;,;, << T, is essential in order to write the
Boltzmann equation in the form (3.1). The distribution function f(r,v,?) must be
regarded as an average of the single-particle distribution in a time interval d¢, with

T < dt < Tpyp . (3.17)

This condition, in fact, allows one to disregard the variation experienced by the
distribution function of the hitting particle, f(r,v;,?), during the time t;, of
interaction with the target particle. If the condition (3.17) does not hold, one
should use, in Eq. (3.1), the distribution function f(r,v;,t — t;,) evaluated at an
earlier time and the rate of change of f at time ¢ would depend not only on
the instantaneous value of f, but also on its previous history [17]. This would
make the Boltzmann equation a non-markovian process. We see, hence, that the
separation between t;,; and 1,y makes it possible to identify an intermediate
scale dt, which guarantees the markovian character of the Boltzmann equation.
We can also conceive one further time scale, which we denote by Az, which
corresponds to the characteristic “mesoscopic” time scale characterizing the onset
of Local Equilibrium. A macroscopic description of a particle system, based on the
hydrodynamic fields x(r, ), can be obtained by confining the description to time
scales not shorter than Az, which is typically intermediate between 7, and Tyqcro-
The role of the time scale At can be better evinced by introducing a partition of the
volume of the gas into mesoscopic cells of linear size £,,,, as portrayed in Fig. 3.1.
Local equilibrium is reached, within each cell, after the time interval A¢. Therefore,
although the hydrodynamic variables may vary over macroscopic length and time
scales, within each cell they obey, after the time interval Az, the usual relations of
equilibrium thermodynamics [18].

The dimensionless parameter ¢ is the Knudsen number [8, 19] and is defined as
the ratio of A,y t0 Aucro. The aim of a generalized hydrodynamic theory is, hence,
to extend the macroscopic description to finite Knudsen numbers, well beyond the
standard hydrodynamic limit (corresponding to ¢ <« 1). This, in turn, requires a
proper estimate, for the model under consideration, of the magnitude of the length
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Tinf

Fig. 3.1 The onset of Local Equilibrium in mesoscopic cells of size £,,.,, taking place after a
time interval Az. Local Equilibrium results from a large number of collisions, occurring on time
scales of the order of 7,,,. The hydrodynamic fields attain a local value within each of the cells, and
evolve on a time scale T,,4¢1, (N0t shown in the picture) much larger than A¢, according to the time
scale separation hypothesis

scale £,,.50, below which Local Equilibrium no longer holds. Thus, if we consider
macroscopic length and time scales compatible, respectively, with £,,.5, and At, it
makes sense to discuss the derivation of macroscopic equations from the Boltzmann
equation and to investigate their properties. To this aim, we integrate Eq.(3.1),
multiplied by the collision invariants (3.9), over the velocity space, and obtain:

dp = —Ve(pu)
9 (pu) = Vy - (puu+P)

0y [p (%u2 +e):| =-V;- |:,0u (%u2 + e) +P-u+ q} , (3.18)

where the non-hydrodynamic fields P and q, called pressure tensor and heat flux,
are defined as:

P=/m(v—u)(v—u)f(r,v,t)dv , (3.19)
q= /m(v—u)(v2—2V-u+u2)f(r,v,t)dv ) (3.20)

The pressure tensor can be written as P = pI 4 o, where I is the identity matrix,
the scalar p, defined as:

1 2
p =3[Pl =nksT = Spe . (3.21)

corresponds to the hydrostatic pressure and o is a symmetric tensor (it is also,
typically, a traceless one, depending on the magnitude of the bulk viscosity, defined
below). A visible feature of Eq. (3.18) is that the equations are not closed, because of
the presence of the non-hydrodynamicfields o and q. As discussed by C. Cercignani
in [8], [Eq. (3.18)] “constitute an empty scheme, since there are 5 equation for 13
quantities. In order to have useful equations, one must have some expressions for
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o and q in terms of p, u and e. Otherwise, one has to go back to the Boltzmann
equation (3.1) and solve it; and once it has been done, everything is done, and
Eq. (3.18) are useless!”. This corresponds to the well known problem of seeking a
suitable closure to the macroscopic equations. This problem can be tackled either
from the kinetic theory standpoint, i.e. by employing some model reduction or
coarse-graining techniques [11], or from a purely macroscopic perspective, i.e. by
employing macroscopic balance or phenomenological relations which disregard
the underlying particle-like picture. In particular, the following set of constitutive
equations, written in component notation,

g;; =0 , (3.22)

g =0, (3.23)

with i, j = 1,2, 3, yields the so-called Euler equations of inviscid hydrodynamics,
which can be also derived from the Boltzmann equation by retaining only the

Maxwellian contribution to the distribution function. The Navier-Stokes-Fourier
(NSF) equations, instead, are obtained from the following constitutive equations:

ou; ouj 2 ouy
ii=-n— 4+ —= -n—C ) —36; |, 24
TiJ "(arj + Br,-)_'_(3,7 C) ark8/ (3.24)
oT
qgi = —A— ., (3.25)
Bri

where we used the repeated index summation convention and 7, {, A correspond to
the transport coefficients called, respectively, shear viscosity, bulk viscosity (usually
negligible) and thermal conductivity. The NSF equations deserve a special mention
in fluid dynamics, because Egs. (3.24) and (3.25) may be derived not only from the
macroscopic principles of conservation of mass, momentum, and energy, but also,
rigorously, from kinetic theory [8, 19, 20]. The latter derivation can be performed by
using some perturbative schemes, such as those discussed in the next section, which
refer to the hydrodynamic limit of the Boltzmann equation.

3.2.3 The Hilbert and the Chapman—-Enskog Methods

We provide, here, an overview about the Hilbert and the Chapman—Enskog (CE)
methods of solution of the Boltzmann equation in the hydrodynamic limit. The
reader is referred to [2, 8] for an exhaustive treatment of the subject. To simplify
the notation, we omit, hereafter in this section, the hat over the single-particle
distribution referring to a rescaled Boltzmann equation of the form (3.7), introduced
in Sect. 3.2.1.
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In the Hilbert method, the normal solutions are expanded in powers of the
Knudsen number ¢, i.e.:

o0
=Y €efo . (3.26)
i=0
which, substituted in Eq. (3.7), yields a sequence of integral equations
0 (f(O)’ f(O)) =0 , (3.27)
LfY=@+v-Vo)fo | (3.28)
LfP=@+v-V)f"=20(1") . (3.29)

to be solved order by order. Here L denotes the linearization of collision integral O
in (3.1). From Eq.(3.27) it follows that f© corresponds to the local Maxwellian
distribution [19]. The Fredholm alternative, applied to (3.28), results in [2]:

* Solvability condition,

/(a, +v-Vo) fOyw)dv=0 |, (3.30)

which corresponds to the Euler equations described by Eqgs. (3.22) and (3.23);

* General solution f = fM1 4 FD2" where f(1-1 denotes the special
solution to the linear integral equation (3.28) and f (V-2 a yet undetermined linear
combination of the summational invariants;

+ Solvability condition, when applied to Eq. (3.29), yields V-2 which is obtained
from solving the linear hyperbolic differential equations

/(a, +v- Vo) (S + SO g (vdv=0 . (3.31)

Hilbert showed that this procedure can be applied up to an arbitrary order n, so
that the function £ is determined from the solvability condition applied at the
(n + 1)-th order [2]. Loosely speaking, the description provided by the Hilbert
method is essentially in terms of the Euler equations, but it is supplemented by
corrections which can by computed by solving linearized equations [8]. It is also
worth remarking that the Hilbert method can not provide uniformly valid solutions,
as it can be evinced by noticing the singular manner in which the Knudsen number
enters the rescaled Boltzmann equation (3.7). Nevertheless, a truncated Hilbert
expansion can reproduce, with arbitrary accuracy, the solution of the Boltzmann
equation in a properly chosen region of time-space, provided that ¢ is sufficiently
small.
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The CE approach, developed by D. Enskog and S. Chapman, is based, instead,
on an expansion of the time derivatives of the hydrodynamic variables, rather than
seeking the time-space dependence of these functions, as in the Hilbert method. Also
the CE method starts with the singularly perturbed Boltzmann equation (3.7), and
with the expansion (3.26). Nevertheless, the procedure of evaluation of the functions
@ is different, and reads as follows:

0 (f(O)’ f(O)) =0, (3.32)
LfO=—0 (s ro) (a;0> +v- Vr) Fo (3.33)

Equation (3.32) implies, as in the Hilbert method, that the function f ©) is the local
Maxwellian. The operator 3;0) is defined from the expansion of the right hand side
of the hydrodynamic equations,

0OM; = — / v)v-V, fOdy . (3.34)

Equation (3.34) correspond to the inviscid Euler equations, and 3;0) acts on various
functions g(p, pu, €) according to the chain rule

g0 = g0, 9 yo .. %0, (3.35)
ap d(pu) de

whereas the time derivatives 850) of the hydrodynamic fields are expressed using

the right hand side of (3.34). Finally, the method requires that the hydrodynamic

variables, obtained by integrating over the velocity space the function f© 4 g1,

coincide with the parameters of the local Maxwellian f(©):

/llf(v)f(l)dv =0 . (3.36)
Thus, one finds that the first correction, (1), adds the terms

M, = —/tlr(v)v-Vrf“)dV (3.37)

to the time derivatives of the hydrodynamic fields. These novel terms yield the
dissipative NSF hydrodynamics. However, higher-order corrections of the CE
method, which result in hydrodynamic equations with higher derivatives (the so-
called Burnett and super-Burnett hydrodynamics) are affected by severe difficulties,
mainly related to the onset of instabilities of the solutions [5, 21, 22].
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3.2.4 The Grad’s Moment Method

An alternative technique to solve the Boltzmann equation was proposed by H. Grad,
and is known as the Grad’s moment method [12]. The essence of the method relies
on the time scale separation hypothesis, introduced in Sect. 3.2.2:

* During the fast evolution, which occurs on a time scale of the order of the
mesoscopic time scale At, a set of distinguished moments x, cf. Sect. 3.2.2, does
not change significantly in comparison to the rest of higher-order “fast” moments
of f, denoted as y.

* Towards the end of the fast evolution, the values of the moments y become
determined by the values of the distinguished moments X.

* During a time interval of the order of 4., the dynamics of the distribution
function is governed by the dynamics of the distinguished moments, while the
rest of moments remain to be determined by the distinguished moments [2].

In the Grad’s moment method, the distribution function is expanded as:

N
fxv) = f*p.ue,v) [1 + ) ar () Hi(v - U)] : (3.38)

k=1

where H (v — u) are Hermite tensor polynomials, orthogonal with respect to a
weight given by the Maxwellian distribution 7Y, whereas the coefficients a; are
known functions of the distinguished moments x. The fast moments y are assumed
to be functions of x, i.e. y = y(x). By inserting Eq. (3.38) into the Boltzmann equa-
tion (3.1) and by using the orthogonality of the Hermite polynomials with respect
to the Maxwellian distribution /™, one can determine the time evolution of the set
of distinguished moments x. According to Grad’s argument, this approximation can
be refined by extending the set of distinguished moments X, as done, for instance in
the Grad’s 13 moment approximation [12], which set the stage to the development
of the theory of Extended Irreversible Thermodynamics [2, 11, 13].

3.2.5 The Invariant Manifold Theory

The Invariant Manifold method can be considered as a generalization of the theory
of normal solutions, which is inherent in the Hilbert and CE expansions [2]. The
method is based on a projector operator formalism [23-25], which confines the
dynamics onto a manifold of slow motion and disregards the fluctuations of the fast
variables. The same approach is also at the basis of Haken’s slaving principle and
of the procedure of adiabatic elimination of fast variables in stochastic processes
[26, 27]. The description of the time evolution of the system resembles the picture
given in Sect.3.2.4: from the initial condition, the system quickly approaches a
small neighbourhood of the invariant manifold, and, from then onwards, it proceeds
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dx/dt

Fig. 3.2 The geometrical structures of the Invariant Manifold method: U is the space of
distribution functions, J(w) is the vector field of the system under consideration, 2 is an ansatz
manifold, X is the space of macroscopic variables (coordinates on the manifold), the map F maps
points X € X into the corresponding points w = F(x), T,, is the tangent space to the manifold 2
at the point w, PJ(w) is the projection of the vector J(w) onto tangent space 7,,, dx/dt describes
the induced dynamics on X, A is the defect of invariance, and the affine subspace w + ker P is the
plain of fast motions [2]

slowly along such manifold with a characteristic time scale of the order of T,cr,-
The main geometrical structures which characterize the Invariant Manifold theory
are illustrated in Fig. 3.2.

We summarize, below, the essential mathematical framework of the method. Let
U be the phase space, and 2 C U an ansatz manifold, which corresponds to the
current approximation to the invariant manifold to be sought. We denote by J(w)
the vector field

d
;§=me weU, (3.39)

which generates the dynamics in U. Let X be the linear space of the macroscopic
variables x, which act as coordinates on the manifold €2, described as the image of
the map F : X — U. We remark that the choice of the space X of macroscopic
variables is a crucial step of the method: the corrections of the current ansatz
manifold correspond to the images of various maps F for a given X. Let us also
denote by

aw
DyF = — |, =F«x 3.40
P lw=Fx) (3.40)

the derivative of the map F with respect to the set of distinguished variables. We
indicate by IT : U — X aregular map which fulfills the condition

MoF=1 , (3.41)
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with 1 the identity operator, and by D, II the functional derivative of the map
x = [1(w) computed at the point w. Thus, the time evolution of the distinguished
variables x reads:

d

71‘ — D, TIJ(F(X) , (3.42)
where dx/dt is an element of the tangent space to X . Therefore, joining Egs. (3.40)
and (3.42), one obtains:

b = DX < (D F o DyI(F ) = PIFR) . (349

where the operator
P = DyF o DyI1

projects J(f) onto T,,, which denotes the tangent space to the manifold €2 at the
point w. In particular, the projector P determines a decomposition of the motion
near 2: w + ker[ P] is the plane of fast motion and 7;, the plane of slow motion. We
call slow invariant manifolds those maps F which fulfill the condition (3.41) and
solve the invariance equation:

A(F)=(1—-P)J(F)=0 |, (3.44)

which is a differential equation for the unknown map F. The solutions of Eq. (3.44)
are “invariant” in the sense that the vector field J(F') is tangent to the manifold
Q = F(X) for each point w € 2. A crucial aspect of the method concerns the
definition of the projector P. Gorban et al. introduced, in [2], the Thermodynamic
Projector, which characterizes, in a thermodynamic sense, the plane of fast motion
w + kerP: the physical entropy grows during the fast motion and the point w is the
point of entropy maximum along the plane w + kerP.

The geometrical setting described above can be readily adapted to the Boltzmann
equation theory. To this aim, one identifies w with the single-particle distribution
function f, x = TI(f) denotes a set of distinguished fields which parameterize
f and F becomes a “closure”, i.e. a distribution function parameterized by the
variables x. Moreover, the vector field J( f) attains the form:

J(f)==v-Vef +0(L 1) .

whereas D ¢TI reads:

DT[] = / YO .
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with ¥ (v) defined in (3.10). Therefore, the Thermodynamic Projector P, which
depends on f, attains, in this case, the structure:

rii=2 [yt . (3.45)

The invariance equation (3.44) constrains the kinetic evolution of the distribution
function to coincide with its “macroscopic” evolution, ruled by the projector
P (3.45) and driven by the dynamics of the distinguished variables x. It should
be noticed that the method does not require the smallness of the parameter &, hence
it is not restricted to the strict hydrodynamic limit. A straightforward application of
the formalism described above is obtained by considering an ansatz manifold, €21y,
given by the locally five-dimensional manifold of local Maxwellians (3.2). We take,
hence, the set My of moments (3.11) as the coordinates x on this manifold. The
manifold €2y, is commonly referred to as the quasi-equilibrium manifold for the
set of moments x, because 1Y corresponds to the unique solution of the variational
problem:

H(f) —> min

with H(f) = [ f log fdv denoting the celebrated H-function. We thus define the
projector P,ux onto the tangent space T'siv as:

P LM
Prund (f™M) = aljia_f . / YOIy (3.46)

Returning to the hydrodynamic variables [p,u, T'] via the transformations (3.12),
one obtains [2]:

m(v—u)? 5

A (fLM (o, u, T)) = ™M (p,u,T) [( T E) v—u) Vi(InT)+

m 1 5
+kB_T ((V —u)(v—u) — 3 (v—u) I) Vrui| (3.47)

Equation (3.47) reveals that the quasi-equilibrium manifold is not an invariant
manifold of the Boltzmann equation, because temperature and bulk velocity It is
worth remarking that, strictly speaking, the statistics of the many-particle system is
actually not driven towards the local Maxwellian distribution, or, if it accidentally

starts in that state, it moves away from it, due to the flow term (v' % f ) in

the Boltzmann equation. The effect of the latter term is, in fact, to smooth out
the spatial inhomogeneities [17]. Nevertheless, for small Knudsen numbers, such
term acts over time scales much larger than the collisions. Consequently, at all
times, the instantaneous single-particle distribution function is very close to the
local Maxwellian one, described by Eq.(3.2). The latter may, hence, be regarded
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as the standard reference distribution when relying on perturbation theories which
are concerned with the hydrodynamic limit of the Boltzmann equation.

3.3 Linear Hydrodynamics from the Boltzmann Equation

Several solution techniques have been introduced in the literature to obtain approxi-
mate solutions of the Boltzmann equation. In particular, the CE method extends the
hydrodynamics beyond the NSF approximation in such a way that the decay rate
of the next order approximations (Burnett and super-Burnett) are polynomials of
higher orderin k [2, 21, 22]. In such an extension, relaxation rates may become com-
pletely unphysical (amplification instead of attenuation), as first shown by Bobylev
[5] for a particular case of Maxwell molecules. Therefore, several regularization
techniques have been proposed to restore the thermodynamic admissibility of the
generalized hydrodynamic equations [28-30]. A promising route, in particular, is
based on the notion of Invariant Manifold [2], introduced in Sect. 3.2.5. The method
requires a neat separation between hydrodynamic and kinetic (time and length)
scales, and postulates the existence of a stable Invariant Manifold in the space
of distribution functions, parameterized by the values of the hydrodynamic fields.
Following the approach traced in [31], we will employ, here, the Invariant Manifold
technique to determine the hydrodynamic modes and the transport coefficients
beyond the standard hydrodynamic regime. In particular, we expect to recover the
asymptotic form of the dynamic structure factor in the free-particle regime and
to shed light on the properties of the hydrodynamic equations in the intermediate
regime of finite Knudsen numbers.

This section is structured as follows.

We will review, in Sect.3.3.1, the eigenvalue problem associated with the
linearized Boltzmann equation. In Sect. 3.3.2, we will derive the invariance equation
for the Boltzmann equation equipped with an arbitrary linearized collision operator.
In Sect.3.3.3 we will introduce a suitable coordinate system which allows one to
highlight the symmetries of the solutions of the invariance equation. In Sect.3.3.4
we will, then, solve the invariance equation for the linearized BGK model [32].
In Sect.3.3.5 we will investigate the properties of the solution of the invariance
equation for a gas of Maxwell molecules. We will, hence, comment on the structure
of the obtained hydrodynamic modes and cast the generalized transport coefficients
in the Green-Kubo formalism [33]. We will, finally, determine the spectrum of
the density fluctuations and discuss some relevant features of the resulting short
wavelength hydrodynamics.

3.3.1 Eigenfrequencies of the Boltzmann Equation

In this section we consider the eigenvalue problem for the linearized Boltzmann
equation. Namely, for a inhomogeneous gas, the eigenvalues correspond to k-
dependent frequencies (i.e. inverse of characteristic collision rates). The connection
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between the fluctuations of the macroscopic variables and the underlying charac-
teristic kinetic rates is a central problem in statistical mechanics [34, 35] which
still demands a conclusive understanding. In order to appreciate the problem, we
recall that in the NSF approximations, the hydrodynamic modes are quadratic
in the wave vector [36] and are unbounded. On the other hand, Boltzmann’s
collision term features equilibration with finite characteristic rates. Hence, such
“finite collision frequency” is at variance with the arbitrary decay rates in the NSF
approximation: intuitively, the hydrodynamic modes at large k cannot relax faster
than the collision frequencies. In his seminal work [37] on the eigenfrequencies
of the Boltzmann equation, Resibois provided an explicit connection between the
generalized frequencies of the linearized Boltzmann equation and the decay rate of
the hydrodynamic fluctuations. He tackled the problem by solving, perturbatively,
the eigenvalue problem associated to the Boltzmann equation and to the NSF
equations of hydrodynamics.
Let us rewrite the Boltzmann equation (3.1):

0f=—v-VE+0(,]) . (3.48)

We introduce the dimensionless peculiar velocity ¢ = (v — up)/vr and the equi-
librium values of hydrodynamic fields: equilibrium particle number ny, equilibrium
mean velocity up = 0, and equilibrium temperature 7y. The global Maxwellian
reads: fM = (no/v3) fo(c) where fy(c) = 73/2¢~ is a Gaussian in the velocity
space (¢ = |c|). We linearize (3.48) by considering only small disturbances from
the global equilibrium. Moreover, we write the nonequilibrium distribution function
(cf. also Table 3.3) as:

fre.0) = f™M468f, (3.49)
where f™ denotes the local Maxwellian to be made precise in Sect.3.3.2, and

8f the deviation from local equilibrium. An alternative notation is introduced via
8f = fOM§p. We also consider a reference frame moving with the flow velocity

Table 3.3 Notation used in this manuscript

fo= f™ + 8f
= fM 4 F Mo + f Mg
= fOoM 4 fOMXO . x + FOMEX - x
= fGM + fGMAX - X
= fM + Af

Terms have been grouped and abbreviated as depicted in this table. fS™ and f™™ denote global
and local Maxwellian, respectively, and A f and §f their “distance” from f'. The third row informs
about the closure discussed in this manuscript, while x is a set of distinguished (lower-order)
moments of f
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and linearize the collision operator around global equilibrium. When passing over
to Fourier space, we seek solutions of the form:

fre,t) =e” ™ f(k,c,0)

where w is a complex-valued frequency and & is a real-valued wavevector. Thus, the
Boltzmann equation (3.48) reduces to:

1 A A 1
—d; f(k,c,w) = —ik-cf + Léf(k,c,w) , L=—L |, (3.50)
vr vr

where we made use of the fact that L™ = 0. In the sequel of this section, we will
investigate the spectrum of the operator A = L — ik - ¢, which determines the time
evolution of the single-particle distribution function [38]. This is readily seen by
inspection of the inverse Laplace transform:

1 er
f(k, C, I) = [% ¢ de} f(k, C, 0) s (351)

where the closed path encircles the poles of the function inside the integral.
According to the Spectral Theorem, these poles correspond to the spectrum of A.
The flow term —ik- ¢ f is treated, here, as a small perturbation [17] (this amounts to
considering small gradients in the real space). Equation (3.50) can be, hence, written
in the form:

Af =of . (3.52)

The investigation of the spectrum of the operator A, in Eq. (3.52), is a formidable
mathematical problem, which can be tackled by considering, first, the hydrodynamic
limit & — 0. In this limit, Eq. (3.52) reads:

LWi(c) = A ¥i(c) . (3.53)

The linear operator L can be shown to be self-adjoint with respect to a suitably
defined scalar product [1], hence the corresponding eigenfunctions are (or can be
made) orthogonal and constitute a complete set. In particular, a subset of them is
related to the fivefold degenerate zero eigenvalue. These functions correspond to
the collision invariants fMX© with X(© denoting a set of lower-order Sonine (or
associated Laguerre) polynomials:

X0 = [1, 2¢, (cz — 2)} . (3.54)

One, also, typically assumes that the eigenvalues of L other than 0 have no accu-
mulation point at the origin. This assumption is always implicit in any calculation
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of transport coefficients based on kinetic theory. Physically, it corresponds to
invoking a separation between the kinetic time scale A;!, and the hydrodynamic
time scale (v,k)~', as discussed in Sect.3.2.2. For finite values of k, there will
be a set of eigenvalues of A, denoted by w,, with « = 1,...,5, which, in the
k — 0 limit, reduce to the aforementioned degenerate zero eigenvalue. Hence, we
shortly review, here, the results of a perturbative method, outlined in [37], which
allows one to determine the dependence of the set w, from k. Denoting by ¥, (k)
the eigenfunctions corresponding to w,(k), the yet unknown eigenfunctions and
eigenvalues can be expanded in powers of the wavevector k:

Wy = WO 4wV 4 20D
wy = 0 + kol + K0P +... | (3.55)

where \I/((XO) are linear combinations of the collision invariants (3.54), whose detailed
expression is not relevant here (cf. [39] for details). The use of a Rayleigh-
Schodinger perturbation theory leads to the following polynomial expression for
the set {wy }:

1
) = icok — k? <\IJ§0) ((CX - co)z(é’x - Co)) “I"§0)> J
1
w, = —icok — k? <\I/;O) ((Cx + CO)E(CX + Co)) \IJ;O)> J

1

wy = —k? <\IJ§0) (chcx) \P§0)> :
L
1

wy = —k? <\1"§0) (szcx) w§0)> ’

1
ws = —k2<xp§°) (cxzcx) xp§°)> , (3.56)

where ¢y denotes the speed of sound.
On the other hand, in Fourier space, the linearized NSF equations read:

wn; = —ing (K-uy)
1
ou; = —nkuy — (gn + z) (k- w) k —icgy ™ pg 'k —icgy 'Ky
) —1
0Ty = —— 12T —i L (kwy) (3.57)
PoCy o

The condition of a non-trivial solvability of the linear system (3.57) with respect
to the variables [y (), ux (w), Tr(w)], yields the dispersion relation w(k), i.e. the
normal mode frequencies of the system. It can be shown, in particular, that the real
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part of these modes is quadratic in the wavevector [2, 37, 39]:
Re(w) x —k*

which can be regarded, in fact, as the hallmark of the NSF approximation.
By requiring the equivalence of the hydrodynamic frequencies with the set of
kinetic frequencies w,, given in Eq.(3.56), leads to approximate expressions for
the transport coefficients, which can be shown to be equivalent to the reduced
expressions determined by many-body autocorrelation functions [37]. As also
pointed out in [17], the results obtained by Resibois, based on the correspondence
between hydrodynamic modes and kinetic frequencies, reveals that, in the limit of
long wavelengths, the possible modes of motion of the gas correspond to rather
ordered motions, such as a sound wave propagation. These modes are referred to,
in the literature, as collective modes, because they involve the coordinate action of
a huge number of particles. The onset of such an ordered motion as a result of the
underlying chaoticity of the individual motion of the particles is a striking feature
of statistical mechanics. The reason of this can be traced back to the effect of the
collisions, which drive very quickly the system towards the local equilibrium state,
that is a highly organized one. From then onwards, the flow term produces slow
variations in space and time of this basic state, which reduce the local gradients of
the hydrodynamic fields. In the sequel of this section, we will employ the Invariant
Manifold theory to obtain a generalization of the pioneering approach developed by
Resibois.

3.3.2 The Invariant Manifold Technique

Following the notation of Sect. 3.2, we denote by U and x(r, t), respectively, the
space of single-particle distribution functions and a set of distinguished moments of
the latter. We then introduce the locally finite-dimensional manifold 2 C U as the
set of functions f(x(r,?),c) whose dependence on the space-time variables (r, ?)
is parameterized through x(r, 7). In this section, we will identify the distinguished
moments X(r, #) with the hydrodynamic fields. Moreover, P is the Thermodynamic
Projection operator which, as discussed in Sect.3.2.5, allows to decompose the
dynamics into a fast motion on the affine subspace f + ker[P] and a slow motion,
which occurs along the tangent space T'r. The use of the Thermodynamic Projector
guarantees the persistence of dissipation: it can be shown [2] that the entropy
production rate is unaltered when the dynamic is projected along the manifold of
slow motion.
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In order to derive exact hydrodynamic equations from the general eigenvalue
problem (3.50), we proceed as follows:

1. We determine the invariant manifold, i.e. the distribution function solving the
invariance equation

(1—-P)AAF =0 (3.58)

where A f = f — fOM (cf. also Table 3.3).

2. We derive the equations of linear hydrodynamics by integrating the kinetic
equation (3.50), with f given by the solution of Eq. (3.58). By construction, the
hydrodynamic modes coincide, then, with the set w, of eigenfrequencies of the
Boltzmann equation, which vanish in the limit k — 0.

We also denote by x; the Fourier components of the dimensionless hydrodynamic
fluctuations [, @, 7): 7 = (n — ng)/no = (particle number perturbation), it =
u/vr = (velocity perturbation) and T = (T —Ty) / Ty (temperature perturbation).
Further, we split the mean velocity @ uniquely as i = u”e” + utey, where the
unit vector e is parallel to k, and e orthonormal to ey, i.e., eL lies in the plane
perpendicular to k. Due to isotropy, ™ alone fully represents the twice degenerated
(shear) dynamics. By linearizing around the global equilibrium, we write the local
Maxwellian contribution to f in (3.49) as f'M = fOM(1 + ¢,) where ¢, takes a
simple form, gy = X - x (linear quasi equilibrium manifold), where X (c) was
defined in Eq. (3.54). It is conveniently considered as four-dimensional vector using
the four-dimensional version x; = [iig, u”, Tk, uJ-], and is then given by (3.68).
It proves convenient to introduce a vector of velocity polynomials, & (¢), which is
similar to X° and defined below in Eq. (3.69), such that:

()XY =8,

Hence, the fields x; are obtained as (§(c)) ;v = X, where averages are defined,
here, as:

(©), = nio / £©f@©dv . (3.59)

We introduce yet unknown fields §X(c, k) which characterize the part §f of the
distribution function. As long as deviations from the local Maxwellian are small,
we seek a nonequilibrium manifold which is also linear in the hydrodynamic fields
x themselves. Therefore, we set:

8o =06X-x¢ . (3.60)
The “eigen”-closure (3.60), which formally and very generally addresses the

fact that we wish to not include other than hydrodynamic variables, implies
a closure between moments of the distribution function, to be worked out in
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detail below. By using the above form (3.60) for §f = fSM§p, with LS f =
fOML[5X]-xy, and the canonical abbreviations AX = X°(¢) + §X(c, k), Eq. (3.52)
reads:

of MAX - x; = AAf = —ik-c/fMAX - x; + fOMLSX - xc . (3.61)

The microscopic projected dynamics is obtained through the projector P, which,
when acting upon the vector field J(f) = AAf, gives:

PAAf = Dy Af - / E()AAfdv (3.62)

where Dy, A f = 0A f/0x; and the quantity inside the integral in (3.62) represents
the time evolution equations for the moments x;. These are readily obtained by
integration of the weighted (3.52) as

w(&(0)y = —ik- (§(c)e)y + (§(0)) 75, - (3.63)

Due to the eigen-closure (3.60), cf. also Table 3.3, one finds Dy, Af = fMAX,
whereas (3.63) is linear in x; and can be written as:

WX, = M- Xr . (3.64)

Equation (3.64) defines the matrix M of hydrodynamic coefficients, whose explicit
structure will be made clear in Eq. (3.74). Using (3.64), Eq. (3.62) can be cast in the
form:

PAAf = fOMAX -M-x; . (3.65)

In the derivation of (3.65), one needs to take into account the constraints
(&(c))sy =0 (because the fields x; are defined through the local Maxwellian part
of the distribution function only) and (&(c)) iy = 0 (conservation laws). The
dependence of the matrix elements of M upon moments of §f is explicitly given
in Table 3.4. Combining (3.61) and (3.65), and requiring that the result holds for
any X, (invariance condition), we obtain a closed, singular integral equation (the
invariance equation) for complex-valued 6X,

AX-M = —ik-cAX + L8X . (3.66)

Notice that §X = AX — X vanishes for k = 0, which implies that, in the limit
k — 0, the invariant manifold is given by the set of local Maxwellians f™™. The
implicit equation (3.66) for §X (or AX, as X is known) is identical with the eigen-
closure (3.60), and is our main and practically useful result.
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Table 3.4 Symmetry ol 02” 03” 04
1

adapted components of " i !

(nonequilibrium) stress tensor (ANsxy) | (AN6X,) | (AN6X3) | (cperéYs)

o and heat flux q, —k*B ikA —k*C ikD

introduced in (3.72) Real, ® |Imag., @ Real, ® |Imag., ©

and (3.73) i i 1
qi 4> q3 q4
(lsx) | (r18X) | (y16X5) | (( — HeLsYs)
ikX —k2Z | iky —k2U

Imag., © |Real, © |Imag., © |Real, ®

Row 2: Microscopic expression of these components
(averaging with the global Maxwellian). Short-hand
notation used: Al = cﬁ — % and yll = (¢2 — %)c”.
Row 3: Expression of the components in terms of
(as we show, real-valued) functions A-Z (see text).
Row 4: Parity with respect to z—symmetric (&) or
antisymmetric (©)—of the part of the corresponding
38X entering the averaging in row 2, and whether this
part is imaginary or real-valued (see Fig.3.7). Row 3
is an immediate consequence of row 4

3.3.3 Coordinate Representation and Symmetries

In order to calculate the averages occurring in Sect. 3.3.2, we switch to spherical
coordinates. For each (at present arbitrary) wave vector k = ke, we choose the
coordinate system in such a way that its (vertical) z-direction aligns with e and that
its x—direction aligns with e . The velocity vector we had been decomposed earlier
as = ul e+ ute, . We can then express ¢, over which we are going to perform all
integrals, in terms of its norm ¢, a vertical variable z and plane vector e (azimuthal
angle ey - €1 = cos ¢; the plane contains e ) for the present purpose as:

c/c=+V1-22e; +2z¢) (3.67)

as shown in Fig. 3.3.

The local Maxwellian, linearized around global equilibrium, takes the form:
M/ FOM — 1 4 gy = 1 + X© . x;, where the four-dimensional X, and the
related vector &, employing four-dimensional x; = [fig, ul, Tk, ul], are given by
the expressions

XO(c) = (1,2c”, (c* - %),2q) , (3.68)

Ee) = (Lcué(cz— %m) . (3.69)
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Fig. 3.3 Schematic drawing introducing a orthonormal frame e, e ; , and e | X e which is defined
by the wavevector k || e and the heat flux q (not shown), which lies in the e;—e_ —plane. Shown
is the velocity vector ¢ (3.67) relative to this frame (characterized by length ¢, coordinate z, and
angle ¢) and its various components. The integration over de = c2dcdzd¢ is done in spherical
coordinates with respect to the local orthonormal basis

Here, we introduced, for later use, the abbreviations

cp=c-e, c1 =c-ej, Cp=C-e5 = , (3.70)

such that ik - ¢ = ikc. We can then rewrite (3.67) as ¢ = cgey + cj ¢ with ¢ =
czand ¢g = c/1— z2. The latter two components, contrasted by ¢ (and €s),
do not depend on the azimuthal angle. We further introduced yet unknown fields
6X(c, k) which characterize the nonequilibrium part of the distribution function,
8¢ = 8f/fM.

By analogy with the structure of the local Maxwellian, we postulate that, close
to equilibrium, §¢ depends linearly on the hydrodynamic fields x; themselves.
Equation (3.60) can, hence, be cast in the form:

S = 8X - xp = 8X1iix + 8Xoul + 8X3Ty + $Xqut . (3.71)

The functions §X » 3, which are associated to the longitudinal fields, inherit the full
rotational symmetry of the corresponding Maxwellian components, i.e. §X 23 =
§X123(c, 2), whereas § X4 factorizes as §X4(c, z, ¢) = 28Ya(c,2) Dy Yim COSIMP.
In this context it is an important technical aspect of our derivation to work with a
suitable orthogonal set of basis functions to represent §f uniquely. The matrix M
in (3.65) contains the non-hydrodynamic fields: the heat flux q; = (c(c?— %)) r and
the stress tensor o = ('cc ) r» where s’ denotes the symmetric traceless part of a
tensor s [40], s = %(s +s7) — %tr(s)l, where I is the identity matrix. Using (3.60)
and the above mentioned angular dependence of the §X functions (the only term in
8X4 playing a role in our calculations is the first order term cos ¢, with y; = 1),
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constraints, such as the required decoupling between longitudinal and transversal
dynamics of the hydrodynamic fields, are automatically dealt with correctly when
performing integrals over ¢.

More explicitly, the stress tensor and heat flux uniquely decompose as follows:

3 1 1
Ok :Ullze”e” +O'J'2€||eJ_ , (3.72)
— 4l 1

G =q'e +q ey, (3.73)
with the moments ol = (01”,02”,03”) - (ny, ull| Tk) and 01 = oyut, and similarly
for qx (see Row 2 of Table 3.4).

The prefactors arise from the identities eje; : eje; = % and ejeL

eeL = % We note in passing that, while the stress tensor has, in general, three

different eigenvalues, in the present symmetry adapted coordinate system it exhibits
a vanishing first normal stress difference. Since the integral kernels of all moments
in (3.72) do not depend on the azimuthal angle, these are actually two-dimensional
integrals over ¢ € [0,00] and z € [—1,1], each weighted by a component of
2mc? fOMSX.

Stress tensor and heat flux can yet be written in an alternative form, defined by
Row 3 of Table 3.4, in terms of the functions A-Z, which correspond to moments of
the nonequilibrium distribution function and are related to the generalized transport
coefficients, see [4, 31, 36] and below.

Due to fundamental symmetry considerations, the hereby introduced generalized
transport coefficients A—Z are real-valued. To show this, we use the functions A-Z
to split M into parts as M = Re(M) — i Im(M),

0000 0100
0400 B0oCO

M = k2 — ik ‘ , 3.74
2xo02vo | "loZzoo G79
000D 0000

with abbreviations B = % —k*B,C = % —k*C,and Z = %(1 — k*>Z). The
checkerboard structure of the matrix M (3.74) is particularly useful for studying
properties of the hydrodynamic equations (3.65), such as hyperbolicity and stability
[21, 22], once the functions A-Z are explicitly evaluated. Moreover, we remind the
reader that we use orthogonal basis functions (irreducible moments, cf. Table 3.4)
to solve (3.66). In order to show how the above functions enter the definition of the
M matrix, we first notice that its elements are—a priori—complex valued. We wish,
then, to make use of the fact that all integrals over z vanish for odd integrands. To
this end we introduce abbreviations & (©) for a real-valued quantity which is even
(odd) with respect to the transformation z — —z. One notices X0 = (B,8,,9),
and we recall that A—Z are integrals over either even or odd functions in z, times
a component of §X (see Table 3.4). Let us prove the consistency of the specified
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symmetry of M and the invariance condition: start by assuming A—Z to be real-
valued functions. Then M, = & if u + v is even, and M, = i &® otherwise. This
implies$X| = ®+i6,0X, =6 +id, X3 =D +i0,andsXs =D +i6,ie.,
different symmetry properties for real and imaginary parts. With these “symmetry”
expressions for X¥, §X, and M at hand, and by noticing that symmetry properties
for §X take over to I:((SX) because the v,.; are (i) symmetric (antisymmetric) in
z for even (odd) / and (ii) eigenfunctions of I:, we can insert into the right hand
side of the equation, L(§X) = (X© + §X) - (M + i © I), which is identical with
the invariance equation (3.66). There are only two cases to consider, because M
has a checkerboard structure, i.e., only two types of columns: Columns ¢ = 1 and
u=3:8X,=@+i0because M| 34 = 0; Columns u € {2,4}:5X, =D +iO
if M, 1—3 = 0 (which is the case for column 4) and © + i@ if M, 4 = 0 (which is
the case for column 2). These observations complete the proof.

3.3.4 The BGK Kinetic Model

The solution of the invariance equation (3.66) can be obtained in some simple cases
amenable to an analytic or numerical treatment. In this section we focus on the
linearized version of the BGK kinetic model, which remains popular in applications
[8] and is characterized by a single collision frequency. The invariance equation
for this model is readily obtained from Eq. (3.66) by using £(8X) = —6X, which,
hence, yields:

§X = XO . (M + [ikey + 1]1) 7 = X©, (3.75)

Notice that §X vanishes for k = 0, and that (3.75) is supplemented with the
basic constraint (§)ss = 0, which, however, is automatically dealt with if we only
evaluate anisotropic (irreducible) moments with § /', such as those listed in Table 3.4.

The non-perturbative derivation is made possible with an optimal combination
of analytical and numerical approaches to solve the invariance equation. The result
for the hydrodynamic modes is demonstrated in Fig.3.4. It is clear from Fig. 3.4
that the relaxation of none of the hydrodynamic modes is faster than w = —1
which is the collision frequency in the units adopted in this section. Thus, the result
for the exact hydrodynamics indeed corresponds to the following intuitive picture:
the hydrodynamic modes, at large k, cannot relax faster than the (single) collision
frequency itself.

We iteratively calculated (i) §X directly from (3.75) for each k in terms of M,
(ii) subsequently calculate moments from §X by either symbolical or numerical
integration (both approaches produce same results within machine precision, we
found simple numerical integration on a regular 500x 100 grid in ¢, z-space with grid
spacing 0.01 on both axes sufficient to reproduce analytical results). Importantly, the
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Fig. 3.4 Exact hydrodynamic modes w of the Boltzmann-BGK kinetic equation as a function of
wave number k (two complex-conjugated acoustic modes w,., twice degenerated shear mode @gpear
and thermal diffusion mode wg;r). The non-positive decay rates Re(w) attain the limit of collision
frequency (—1) in the k > 1 regime
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Fig. 3.5 Sample distribution function f(c,k) at k = 1, fully characterized by the four quantities
6X1.2.3(c,z) and 8Y4(c, z). Shown here are both their real (left) and imaginary parts (right column).
In order to improve contrast, we actually plot In|1 + f™§X,, | multiplied by the sign of §X,,.
Same color code for all plots, ranging from —0.2 (red) to +0.2 (blue)

fix point of the iteration (i)—(ii)—(i)-.. is unique for each k, i.e., does not depend on
the initial values for moments A-Z.

In addition, two other computational strategies were implemented: First, we used
continuation of functions A—Z from their values at k = 0 to solve (3.75) with an
incremental increase of k, where the solution at k was used as the initial guess for
k + dk. Second, we used also a continuation “backwards” in which the solution at
some k (obtained by convergent iterations with a random initial condition) was used
as the initial guess for a solution at k — dk. Both these strategies returned the same
values of functions A—Z as computed by iterations from arbitrary initial condition.

The solution §X allows one to calculate the whole distribution function f
via (3.60) as illustrated by Fig.3.5. For the resulting moments A-Z, for a wide
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Fig. 3.6 Moments A-Z vs. wave number k obtained with the solution of (3.75)

range of k-values, see Fig.3.6. With the result for the functions A-Z at hand, the
extended hydrodynamic equations are closed.

Let us briefly discuss the pertinent properties of this system. First, the generalized
transport coefficients are given by the nontrivial eigenvalues of —k —2Re(M): A, =
—A (elongation viscosity), A3 = —%Y (thermal diffusivity), and A4 = —D
(shear viscosity). All these generalized transport coefficients are non-negative (see
Fig.3.6). Second, computing the eigenvalues of matrix M, we obtain the dispersion
relation w(k) of the corresponding hydrodynamic modes already presented in
Fig.3.4. Third, a suitable transform of the hydrodynamic fields, zx = T - xg,
where T is a real-valued matrix, can be established such that the transformed
hydrodynamic equations read d,zx = M’ -z, where M’ = T-M-T~! is manifestly
hyperbolic and stable; Im(M') is symmetric, Re(M’) is symmetric and non-positive
semidefinite. The corresponding transformation matrix T can be easily read off
the results obtained in [21] for Grad’s systems since the structure of the matrix
M (3.74) is identical to the one studied in [21, 22]. It can be explicitly verified that
matrix T with the functions A—Z derived herein is real-valued and thus render the
transformed hydrodynamic equations manifestly hyperbolic and stable.

We note that this result—hyperbolicity of exact hydrodynamic equations—
strongly supports a recent suggestion by Bobylev to consider a hyperbolic regu-
larization of the Burnett approximation [30]. Similarly, using the hyperbolicity, an
H -theorem is elementary proven as in [22, 30]. Finally, using the accurate data
for functions A-Z, we can write analytic approximations for the corresponding
hydrodynamic equations in such a way that hyperbolicity and stability is not
destroyed in such an approximation [21].

In conclusion, we derived exact hydrodynamic equations from the linearized
Boltzmann-BGK equation [36]. The main novelty is the numerical non-perturbative
procedure to solve the invariance equation. In turn, the highly efficient approach
is made possible by choosing a convenient coordinate system and establishing
symmetries of the invariance equation. The invariant manifold in the space of
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distribution functions is thereby completely characterized, that is, not only equations
of hydrodynamics are obtained but also the corresponding distribution function is
made available.

The predicted smoothness and extendibility of the spectrum to all k is expected
to have some implications for micro-resonators where the quality of the resonator
becomes better at very high frequency: that is compatible with our prediction. The
damping of all the modes saturates while the imaginary part of the acoustic modes
frequency grows. The pertinent data can be used, in particular, as a much needed
benchmark for computation-oriented kinetic theories such as lattice Boltzmann
models, as well as for constructing novel models [41].

It is worth remarking that the above derivation of hydrodynamics is done under
the standard assumption of local equilibrium, however the assumption itself is open
to further study [42].

3.3.5 The Maxwell Molecules Gas

In this section we investigate another kinetic model for which an exact solution of
the invariance equation (3.66) can be obtained: the Maxwell molecules gas, i.e. a
gas constituted by particles repelling each other with a force proportional to the
inverse fifth power of the distance. Wang Chang and Uhlenbeck [43] provided an
analytical solution to the eigenvalue problem for the linearized collision operator L
pertaining to this case. For the Maxwell molecules gas, the collision probability per
unit time, go (g, 0), is independent of the magnitude of the relative velocity g. Since
the collision operator is spherically symmetric in the velocity space, the dependence
of the eigenfunctions upon the direction of ¢ is expected to be spherically harmonic.
Indeed, the eigenvalue problem admits the following solutions:

Liyri(e, ] = Aavi(c,2)

ri( + %)\/ﬁ ; )
1(c,2) = | ——2=—c'Pi(2)S" (P . 3.76
i) =\ [y ¢ S (3.76)
where S,(:_)l /2(x) are Sonine polynomials, and P;(z) are Legendre polynomials

which act on the azimuthal component of the peculiar velocity ¢. The Legendre
and Sonine polynomials are each orthogonal sets, i.e.:

1
2
'LH®H@&—E:ﬁm,

JT(Z+%+F)!

r' p

o0
2,—c* 20 () 2y o(P) (.2 _
271/0 c’e cSH%(c)SH%(C)dc—
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Accordingly, the ¥, ; are normalized to unity with the weight factor fy(c):

1 o]
8y = 27~ 1/2 / / Cze_czlﬁr,z(c’, )V (e, 2) dedz
—1J0

= 72 / @Y © de | 3.77)

The corresponding eigenvalues for Maxwell molecules are given by:

Ans =21 / " (@) F(O)Tu(0)
0

0 0 0 0
cos? t! (5) P, (cos 5) + sin?+! (5) P (Sin 5) — (1 4 8-0810)

The collision operator Lis negative semidefinite, i.e. all eigenvalues are negative
except Ag 0, 40,1, and A1 ¢ which are zero and correspond to the elementary collision
invariants. As shown by Wang Chang and Uhlenbeck [43], the spectrum of L for
Maxwell molecules is discrete and, for » — oo, the eigenvalues A,; tend to —oo.
Chang and Uhlenbeck’s investigation on the dispersion of sound in a Maxwell
molecules gas was based upon writing the deviation from the global equilibrium as:

Trl(e)

[e.]

(po+38p)= Y a"™y© (3.78)

{r.[}=0
so that (3.52) reduces to an algebraic equation for the coefficients a":
o0
0a™ = —ik- 3 Cupra!) 4 dga (3.79)
{r’1’}=0

with:

Q:r,l,r’,l’ = <Wr,l|c 1pr’,l’)

The hydrodynamic modes for the Maxwell-molecules gas are determined, as seen in
Sect. 3.3.1, from the condition of non-trivial solvability of the linear system (3.79).
This approach allows to solve the eigenvalue problem (3.50) for an arbitrary number
of modes, which is made possible just by tuning the number of eigenfunctions taken
into account in (3.78).
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Another approach [31] is based, instead, on the expansion of the functions
[X© §X] in terms of the orthonormal basis V,.; = ¥,.;(c, z):

N

X0%,2) =) aP" (e, (3.80)
rl
N

8Xuk.c.2) =Y a"()ri(c.2) . (3.81)

r.l
The equilibrium coefficients a/(LO) are known, and can be determined, by taking
advantage of the orthogonality of the eigenfunctions, as follows:

a0 = 2 / e—czw,,,(c,z)xlgm(c,z)dc . (3.82)

Inserting (3.80) and (3.81) into the invariance equation (3.66), we obtain the
following nonlinear set of algebraic equations for the unknown coefficients

ay™ (k):

N N
b My = =ik Y b€y + ) al Sy (3.83)

r/’[/ r/’l/

with, ¥,.,.0, bl = (af?" + ™), and

Loty = WrilL Yo )

For any order of expansion, the solutions of (3.83) characterize an invariant manifold
in the phase space. The matrix elements £(,;,;/ can be easily evaluated in few
kinetic models, such as the linearized BGK model [36] and Maxwell molecules
[31]. In particular, the Maxwell molecules case is recovered by setting:

£(r,l,r’,l’) = Ar,l Sr,r’gl,l’

whereas the linearized BGK model is recovered by setting all nonvanishing
eigenvalues equal to A = —1. The calculation of the coefficients a*), via
the reformulated invariance equation (3.83), is easily achieved. Through these
coefficients, the invariant manifold is fully characterized: the distribution function
is determined and the corresponding matrix M of linear hydrodynamics as well as
moments A—Z, are made accessible.

Solving the invariance equation (3.66) and thus obtaining the distribution
function via the coefficients a”-!), cf. Fig.3.7, required minor computational effort
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Fig. 3.7 All contributions §X;—4(¢c, k) vs. ¢ (horizontal, ¢ = |¢|) and z € [—1, 1] (vertical axis,
z is the cosine of the angle between k and peculiar velocity ¢) to the nonequilibrium distribution
function §f = fOM§X - x; (3.60) at k = 1, obtained with the fourth order expansion, N = 4.
Shown here are both their real (fop) and imaginary parts (bottom row)

[31]. The components A-Z of M are related to the coefficients a”) by the
expressions:

l aéO ,2) (0 2) agO,Z)
VT ka’ VT2
Y = z«/_a(1 D v — z«/_a(1 D 7 _ «/gaél’l)
T % T 2% B 2k2 ’
i ) Us onff2 5
"k Za4 {cyegl¥rn) , U = e a, c = ) cLl¥r
r.l r.l

(3.84)

In the regime of large Knudsen numbers the coefficients a’!) may be used to, e.g.,
directly calculate phoretic accelerations onto moving and rotating convex particles
[44], while in the opposite limit of small k we recover the classical hydrodynamic
equations.

3.3.6 Hydrodynamic Modes and Transport Coefficients

With M at hand, the hydrodynamic modes are obtained from the condition of non-
trivial solvability of the linear system (3.64). Figure 3.8 illustrates the damping rates
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Fig. 3.8 Hydrodynamic modes @ of the Boltzmann kinetic equation with Maxwell molecules
collision operator as a function of wave number k. Shown are two complex conjugated acoustic
modes w,, twice degenerated shear mode wy, and a thermal diffusion mode wgjf

of the fluctuations given by the real part of the hydrodynamic modes, obtained by
truncating the series (3.80) and (3.81) at the fourth order. The picture does not
qualitatively change upon further increase of the order N. For any given order of
expansion, the modes extend smoothly over all the wavevector domain and, for
large k, they attain an asymptotic value, which is clearly in agreement with the
asymptotic behavior of the hydrodynamic modes obtained for the linearized BGK
model discussed in Sect. 3.3.4.

The generalized transport coefficients are obtained by the nontrivial eigenvalues
of —k’Re(M): A, = —A (elongation viscosity), A3 = —%Y (thermal diffusivity)
and A4 = —D (shear viscosity). In the limit k — 0, one recovers the hydrodynamic
limit. This limit had been worked out in detail in [21, 22]. In that limit, the
generalized transport coefficients A—Z become the classical transport coefficients.
As can be seen from Fig. 3.9, and by also inspecting the invariance equation (3.66),
in the limit of small k, all moments A—Z approach constant values in the limit of
small k. These constants are compatible with those obtained in [21, 22] for the case
of Navier-Stokes equations and the Burnett correction [45].

The stress tensor and heat flux are given in terms of these moments in Table 3.4.
For example, the parallel component of the stress tensor related to density fluctua-
tions, O'l”, cf. Eq. (3.72), is given by —k2B, so that it approaches —k? for small k, as
it results from the Burnett approximation [2].

Moreover, under suitable assumptions, one may also cast the matrix of hydrody-
namic coefficients M in the structure of a Green-Kubo formula [33]. We summarize
below the main steps of the proof given in [46], to which we refer the reader for
an exhaustive derivation. From Eqgs. (3.64) and (3.66), the time evolution of the
hydrodynamic fields can be formally written as:

xi(7) = eMx (0) = <E

eAfé’X> x(0) (3.85)
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Fig. 3.9 Moments A-Z of the distribution function (see Table 3.4 and Eq. (3.84)) vs. wave number
k obtained with the solution of (3.66). Non-triangles (black symbols): Moments entering only the
longitudinal component of hydrodynamic equations. Triangles (blue symbols): Moments entering
the transverse component of hydrodynamic equations

where we skipped, for brevity, the spatial dependence of the fields. In Eq. (3.85) the
time 7 is of the order of t,,,.,,, Which denotes a characteristic time scale related to
the evolution of the hydrodynamic fields. As discussed in Sect. 3.2.2, the presence of
a definite time scale separation, in a particle system, entails that 7,,4cr, > Ty, where
7,y denotes a kinetic time scale (i.e. the mean time between collisions). Hence, by
invoking the Bogoliubov hypothesis of time scale separation, the time T becomes
large with respect to the characteristic time scale of the dynamics of the distribution
function (r.h.s. of the second equality in (3.85)). Thus, from Eq. (3.85), we can write
the matrix of hydrodynamic coefficients in the form:

1
M = lim —10g<§ eAf5x> (3.86)
T—00 T
Next, we use the operator identity:
1 T
M =14+ A+ At |:—/ (t — t)emdt:| A (3.87)
T Jo

and make the following assumptions:

(1) The underlying kinetic evolution is such that the term between square brackets,
in Eq. (3.87), can be approximated, for large 7, by f0°° elMdt.
(i) The expansion of the logarithm to first order in 7 is a valid approximation before
the limit 7 — oo is taken.

Thus, using the symmetry of the operator A, and neglecting, for simplicity,
kinematic contributions [46] of the form (£ (0)|A5X (0)), Eq.(3.86) can be finally
written in the form:

M = /0 oo(é(@S'X(z))fGM dr . (3.88)
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Equation (3.88) allows one to extend the Green-Kubo formalism, which relates the
response function to a suitable time correlation function, to the short wavelength
domain. Moreover, it can be evinced from an inspection of Fig. 3.9 that in the free-
particle regime, k — oo, the transport coefficients vanish and dissipative effects
fade off. This observation finds a sound confirmation in [18]: “Operationally, of
course, transport coefficients cannot even be defined for a gas of non-interacting
particles. A measurement of the thermal conductivity, for example, is only possible
if we can apply, quasi-statically, a temperature gradient and maintain it while
we measure the heat current. However, only for a system with a finite mean free
path can a temperature gradient be maintained quasi-statically. A free gas would
“run away”, and the standard measurements of transport coefficients cannot be
performed. Still, it may be satisfying for some that, in this case, the Kubo expressions
give the most sensible result: zero.”

3.3.7 Short Wavelengths Hydrodynamics

The existence of collective modes at short wavelengths, in real fluids, is a long-
standing issue in fluid dynamics [48, 49]. In their seminal work [50], Ford et al.
illustrated, on the basis of a model kinetic equation approximating the linearized
Boltzmann equation, that the sound modes extended to length scales comparable
with the mean free path in the gas. Similarly, our analysis showed that hydrodynamic
modes and the generalized transport coefficients extend smoothly over the whole k
domain. Therefore, the Invariant Manifold technique allows to refine the hydro-
dynamic description beyond the strictly hydrodynamic regime. Our results also
strengthen those previously reported in [3, 51, 52] on dense fluids, which revealed
that the hydrodynamic laws provide a sensible description of fluids even at length
scales comparable with A,,.

It would be interesting, hence, to investigate the features of the equations of
generalized hydrodynamics we obtained in the regime of finite frequencies and
wavevectors. In Fig. 3.10a comparison is shown about inverse phase velocity and
damping for acoustic waves between our results, former approaches [12, 29] and
experimental data performed by Meyer and Sessler [47]. As it is seen, our results are
very close to the predictions of the regularized 13 (Regl3) moments method [29]
and closer to experimental data than (Regl3) concerning the phase spectrum. Our
theory also predicts a phase speed which remains finite also at high frequencies, a
property which is not enjoyed by any hydrodynamics derived from the CE expansion
[28].

A further clue about the features of our model at finite frequencies and wavevec-
tors can be achieved by investigating the spectrum of density fluctuations, S 7 [4]
From the knowledge of the functions A—Z, it is possible to compute the coefficients
D7 and I, related to the damping, respectively, of thermal and pressure fluctuations
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Fig. 3.10 (a) Damping spectrum, i.e., the negative imaginary part of k divided by frequency
o vs. the negative logarithm of w. Results obtained in this work (by solving Eq.(3.66), and
subsequently Eq. (3.65) for w(k) with complex-valued k and real-valued w) are compared with
previous approaches including Navier Stokes (NS), regularized 13 moment (Reg13) [29], Grad’s
13 moment (Grad13), and experimental data presented in [47]. (b) Phase spectrum, i.e, real part of

k times velocity of sound ¢y and divided by @ vs. the negative logarithm of w. Again, we compare
with reference results

in fluids. In the limit of small k, and following standard textbooks [39], they
read:

2
Dr=z(X-Y) .

1A + 1X + 2 Y

2 5 15
It is worth pointing out that, unlike standard treatments of hydrodynamic fluctua-
tions, the generalized transport coefficient X enters the expression of the coefficients

Dr and I', even though its contribution, as it is evident from Fig. 3.9 is fairly small.

The calculation of Sj ; is a standard textbook exercise [39, 53]. We give, hence, the
final result:

r

1 2
Si7(k. ) = 2-S77(8) [g

2Drk? 3 2Tk i|

w2+ (D7k2)? " 10 (@ % cok)? + (Tk2)2
(3.89)

Representative plots of S(k, w) are shown in Fig. 3.11a, b. For small k (hydrody-
namic limit), the obtained spectrum recovers the usual results of neutron (or light)
scattering experiments and consists of the three Lorentzian peaks. The one centered
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Fig. 3.11 (a) Dynamic structure factor Sy ;; (k, @) vs. @ for a small k = 0.4 and (b) large k£ = 100.
ws = cok denotes the hydrodynamic predicted sound mode of the spectrum, and the widths are
related to the moments A-Z (see Fig.3.9). For small k, these are given by Dy = %(X —-7Y)
and ' = —( %A + éX + %Y ), where A is the generalized longitudinal kinetic viscosity, ¥ the

generalized thermal diffusion coefficient and X is a cross-coupling transport coefficient, relating
heat flux to density gradients. (¢) Width D3, of the Rayleigh peak vs. k (double-logarithmic). At
small k, D%k o k2 as all moments A-Z, except X, reach a finite value in this limit. The inflection
point at k = k*(N) > 1 (shown to be increasing with the order of expansion N) denotes the
onset of departure from the ideal Maxwellian behavior, where the width of the peak starts to behave
sublinearly in k, and is used to quantify the range of validity for results obtained at finite order

in w = 0 is the Rayleigh peak, which corresponds to the diffusive thermal mode.
The two side peaks centered in w £ cok are the Brillouin peaks, and represent the
two propagating sound waves.

By increasing the wave-vector, one enters an “intermediate” regime, in which
the structure of (3.89) is unchanged, except that the generalized coefficients Dr
and I must then be replaced by more complicate expressions [31]. The net effect
observed is that sound waves get damped and disappear, whereas the central
Rayleigh peak decreases and broadens. Density fluctuations are, therefore, driven
only by a diffusive thermal mode for large enough k. A deeper look about the
behavior of the width at half maximum of the central Rayleigh peak with increasing
wavevectors allows us to bridge, hence, the gap between the hydrodynamic and the
free-particle regimes. For k < 1 the width of the central peak increases with the
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square wavevector, o k2, whereas, in the opposite regime, k > 1 the width of the
central peak is expected to grow up linearly in k.

Our results, see Fig.3.11, predict a width which is truly quadratic for small
enough k, reaches the regime of linear behavior for large k and terminates, for
some large k, with a sub-linear dependence on k. The onset of the terminal regime
at k = k*(N) marks the range of validity which can be accessed at a given finite
order of expansion N. Increasing N does not alter the overall picture obtained at a
moderate order of expansion, and, more generally, results obtained with N + 1 will
not change those obtained with N below k*(N), cf. Fig.3.11c.

By varying the parameter N in the expansions (3.80) and (3.81) one is able to
tune the number of nonequilibrium contributions to be included into the distribution
function, thus refining the hydrodynamic description to an arbitrary level of
accuracy.

The onset of a critical length scale marking the limit of the hydrodynamic
description is reminiscent of the discussion made in Sect. 3.2. Namely, we know that
hydrodynamics is founded on the notion of Local Equilibrium. Thus, for a given N,
one may be tempted to link the length scale at which hydrodynamics breaks down,
[k*(N)]~", with the mesoscopic scale £,,.s. Further investigation is called for to
shed light on this proposal: should such connection be true, this would then endow
the generalized hydrodynamic equations obtained via the Invariant Manifold theory
with a deeper thermodynamic content.

3.4 Conclusions

In this work, we described the use of the Invariant Manifold technique to derive
closed hydrodynamic equations from some kinetic models. The main novelty of
our approach stems from the use of a non-perturbative technique, which makes it
possible to sum up exactly the classical Chapman—Enskog expansion. The method
postulates a separation between slow and fast moments, and allows one to extract
the slow invariant manifold in the space of distribution functions.

The obtained equations of exact hydrodynamics, derived by solving the invari-
ance equation, are hyperbolic and admit a H-Theorem. Our solution of the invari-
ance equation was considerably simplified by considering linear deviations from
global equilibrium.

The generalized transport coefficients have been numerically determined and
settled into expressions which recover the Green-Kubo formulae. Finally, by also
comparing with available experimental data and previous approaches, we discussed
the range of validity of our approach, which turned out to be amenable of extending
the hydrodynamic scenario to length scales comparable with the mean free path.
Our approach may help shedding new light on the investigation about the transition
between the kinetic, particle-like, description of matter and the macroscopic,
“continuum’, one.
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Chaos, Synchronization and Complex
Networks



Chapter 4

Dynamics of Cluster Synchronisation
in Modular Networks: Implications

for Structural and Functional Networks

Jake Stroud, Mauricio Barahona, and Tiago Pereira

Abstract Experimental results often do not assess network structure; rather, the
network structure is inferred by the dynamics of the nodes. From the dynamics of the
nodes one then constructs a network of functional relations, termed the functional
network. A fundamental question in the analysis of complex systems concerns the
relation between functional and structural networks. Using synchronisation as a
paradigm for network functionality, we study the dynamics of cluster formation
in functional networks. We show that the functional network can drastically differ
from the structural network. We uncover the mechanism driving these bifurcations
by obtaining necessary conditions for modular synchronisation.

4.1 Introduction

When using methods from network science to study real-world complex systems,
one is faced with the choice of constructing either a structural or functional
network that describes the relationship between the interacting components of the
system. Sometimes it is more achievable or desirable to measure the dynamics of
components and posit that if two components display similar activity, they are in
some way dynamically linked. This gives rise to data-driven functional networks [4].
Conversely, in other situations, we may have access to structural networks repre-
senting known physical links between components. The focus of much research
in complex network theory is towards gaining a greater understanding of how
functional and structural networks relate to each other [12].
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To this end, much analysis has been conducted into network architecture and
organisation. Recent results have shown that both functional and structural network
representations of real world systems typically display a modular architecture
[5, 9, 10, 16, 18, 30, 32]. A network with a modular organization could be
described as a network consisting predominantly of highly connected sub-graphs
which have comparatively fewer connections to nodes outside the module. We are
particularly interested in how functional modules relate to the structural modules of
a network.

Synchronisation is a typical paradigm of dynamical network function. Such
group collective behaviour appears with ubiquity in nature. Human hearts beat
rhythmically because thousands of cells synchronise their activity [27], and the
collective behaviour of neurons in the brain has been shown to be linked to
Parkinson’s disease [28] and epileptic seizures [17]. However, synchronisation does
not have to be global, and can occur in particular subgroups or modules.

Over recent decades, synchronisation analysis has benefited from methods in the
fields of graph theory and dynamical systems, and theories for global synchroni-
sation have been established in terms of the network structure [1, 3, 11, 13]. Of
particular interest is the stability of the synchronised state. If global synchronisation
can be maintained, this amounts to a coherent state, while if the synchronised state
becomes unstable it can serve to predict a transition in the organisation of the
complex system [2, 7, 13, 19, 20, 31].

In this chapter, we will study cluster synchronisation within modular networks of
diffusively coupled oscillators. We predict the onset of stable and unstable module
synchronisation by obtaining stability conditions within a densely connected mod-
ule. Our model is based on the following assumptions:

e The network has a modular structure such that nodes in one module have
few connections to nodes outside the module.

* Within modules, nodes have a high mean degree and share many common
neighbours.

Under these assumptions, we can perform a stability analysis independently for
each module, thereby avoiding a spectral decomposition of the network adjacency
matrix which poses a significant challenge for large networks. Typically, we would
have to analyse as many equations as the number of nodes in a module, but because
nodes within modules have a large number of common neighbours, we are able
to reduce the analysis to a single equation describing the synchronisation of each
module by bounding the dynamics of the external modules. Hence our analysis
allows us to tackle the stability of each module independently, yet taking into
account their influence on each other.
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From our study of the local stability of synchronisation, we establish conditions
for the persistence of stability under non-linear and linear perturbations. The
stability of module synchronisation is determined as a function of: (1) the module
mean degree and matching index (defined in Sect.4.2.2), and (2) the isolated
dynamics and coupling function. This analysis allows us to predict the formation
and disintegration of functional modules depending upon the nature of the diffusive
coupling between the components of the network. Our results reveal that:

* The mean degree of the module dictates the onset of synchronisation.
* Functional modules may not reflect fully the structural modules of a
network.

As a consequence, the functional representation of a network can sometimes
drastically differ from the underlying topological structure. Through the use of
simulations we validate our analytical results and conclude with a discussion on
how the functional network representation of a modular network relates to the
underlying topological structure. The remainder of this chapter is organised as
follows. Our model assumptions are formalised in Sect. 4.2. Both our analytical and
numerical results are presented in Sect. 4.3. The derivation of our analytical results
is then presented in Sect.4.4. Finally we provide a conclusion and discussion in
Sect. 4.5.

4.2 The Model

In this section we formalise our model setup. Initially we formalise some basic
graph definitions we make use of as well as describing the network class we intend
to study. We then present the dynamical model describing the interaction between
the components of the network. See Sect.4.2.1 for remarks regarding notation we
adopt throughout the chapter.

4.2.1 Notation

The Jacobian matrix of a function f : R” — R™ at the point x is denoted by
D f(x).

When discussing synchronisation in this chapter, we imply a §-synchronisation;
that is, given two trajectories x () and y () we say that they are §-synchronised if
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the difference in their state vectors are within a neighbourhood of radius § < 1 at
all large times ¢

[x(@)—y@®I <8 Vt>T(@).

The small parameter § measures the quality of synchronisation, and depends on both
the isolated dynamics and coupling function as well as the network structure. This is
particularly evident in the numerical simulations. To simplify the notation, we will
omit the symbol § when discussing §-synchronisation.

We use the small ‘0’ and big ‘O’ notation to describe asymptotic behaviour. We
write f(x) = o(x) if f(x)/x goes to zero as x tends to infinity, and we write
f(x) = O(x) if | f(x)/x| is bounded by a positive constant as x tends to infinity.

4.2.2 Graphs: Basic Definitions

A graph G is a set of N nodes (or vertices) connected by a set of E edges. Here, we
will only consider simple, unweighted and undirected graphs; that is, graphs with no
loops and where there is no order associated with the two vertices of each edge. We
will also use the words ‘graph’ and ‘network’ interchangeably although a network
commonly denotes a graph structure where some form of dynamics takes place on
the nodes.

The adjacency matrix A encodes the topology of the graph, with A; = 1if i
and j are connected and 0 otherwise. Clearly, A = A7 for undirected graphs. The
degree of node i is the number of connections it receives, that is

N
ki =) Ay.
J
The mean degree for a set of nodes S with cardinality | S| = n is then:
1
(k)s == k.
nies

We now define the matching index of a graph [32], which will play an important
partin our analysis. The neighbourhood of node i is the set of nodes it shares an edge
with: I'(i) = {j|A; = 1}. Clearly, for simple graphs |I'(i)| = k;. The matching
index of nodes i and / is the overlap of their neighbourhoods:

N
ILi=PONTD)| =Au+ Y AnAw = (A + Ay

nm=1
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Fig. 4.1 Here we display four graphs, G, G,, G3 and G4 with decreasing matching index and
mean degree

The normalised matching index is then:

- TONTOI _ (i) NT()] _ (A+A4%),

TTOUTO] TGO +ITO=T @ N T ki + ki — (A+A2izl‘)
It follows that /; = 1 if and only if i and / are connected to exactly the same
nodes, i.e., '(i) = I'(/); whereas I;; = 0 if nodes i and / have no common
neighbours [32]. The mean matching index for a set of nodes S with |S| = n is
then:

~ 1 ~
(”s =— § : 1.
nn—1) ij€Ss
i#)

Figure 4.1 shows graphs with different mean degrees and matching indices.

4.2.3 The Modular Network

A subgraph C of a graph G is a set of nodes and edges of G that connect any two
nodes in C. A structural module (or cluster) is rather loosely defined as a highly
connected sub-graph with comparatively fewer connections to nodes outside the
module [10]. Conversely, by taking a dynamical perspective, popularised within the
community detection literature, a module (or community) corresponds to a set of
nodes and edges were a random walker is likely to become transiently trapped for
a longer period of time than that expected at random [8, 9, 26, 33]. A prototypical
example of a module would be a complete graph (or clique), where every node
is connected to every other node, which is only weakly connected to other nodes.
Figure 4.2 provides an example of such a modular network.
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Fig. 4.2 Example of a modular network with modules denoted by dotted grey lines

To make this notion more precise, we consider the mismatch index between a
pair of nodes i and /, which corresponds to the complement of the matching index
defined in Eq. (4.1):

pi =FOULO|=TCONTO]=ITEUTD] -1y (4.2)
While the matching index counts all nodes that i and / share, the mismatch index
counts all nodes that i and / do not share. Hence the normalised mismatch index is:

~ _POULOI=TONTO] _

‘= BOIXG] i

Clearly iy = O if nodes i and / share exactly the same neighbours (as well as
potentially being linked themselves), and [i; = 1 if nodes i and [ share no common
neighbours.

The theory we present in this chapter holds for all modules C of a network G
such that

Mil 1 ) .
— =0|——), Vi,leC 4.3
e (<k>c hie @3

along with the homogeneity condition
ki ~ (k). VieC. 4.4)

(continued)
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This final relation also implies that

ki —ki| 1 y
" ‘0(<k>c)’ viieC

Therefore from our first relation [Eq. (4.3)], a module will have a high matching
index, that is, nodes within a module will have a large number of common
neighbours. Our second relation [Eq. (4.4)], allows us to approximate the degree
of each node in C by the module mean degree and, certainly for small networks,
excludes the possibility of any hubs (highly connected nodes) occurring in a module.
As a consequence, module C can be described by the number of nodes it contains g
and its mean degree: C = C(q, (k)¢).

We note that the matching index does not distinguish between a lack of common
neighbours within the module and additional (unshared) links to nodes outside the
module. Therefore, a high matching index not only guarantees that nodes within a
module share similar neighbours but that they also have a comparatively low number
of links to nodes outside the module. In [15], the edges of a graph were decomposed
into inter-module and intra-module edges. They showed that this classification of
edges distinguishes the formation of functional modules.

4.2.4 The Dynamical Model: Network of Diffusively-Coupled
Bounded Systems

We now introduce some dynamics on each node of the graph. The dynamics of each
node is governed by m-dimensional dynamics:

dx

where f : R” — R is a smooth vector field, and we also assume that the solutions
of this isolated system are bounded, i.e., for all ¢ there exists a K such that ||x (¢)|| <
K. The boundedness of the dynamics of the nodes encompasses a wide variety of
stationary and oscillatory (periodic and chaotic) systems [29].

The influence that neighbour j exerts on the dynamics of node i is assumed to
depend on the difference of their state vectors: x ; () — x; (¢). This type of coupling
tries to equalise all states of the nodes and it is in this sense that it is called a diffusive
coupling. The model accounts for the influence of all neighbours in a network G
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with adjacency matrix A, which is assumed to be given. The dynamics of node i in
anetwork of N diffusively coupled elements is then given by:

dx; al .

—=fx) +ozj2=:1Aij [H(x;)-H(x)], i=1,....N (46
where @ € R is the overall coupling strength and H : R” — R™ is the coupling
function. Hence the coupling between elements is given in terms of the adjacency
matrix and o modulates the influence between connected nodes. Note that we
assume identical elements, i.e., in our model, the dynamics f and coupling H are
identical for all nodes.

4.3 Results

In this section, we first state briefly our main analytical results, which are derived in
detail in Sect. 4.4. We then provide extensive numerical simulations to illustrate our
findings.

4.3.1 Summary of Analytical Results

Firstly, we state our assumptions regarding the dynamics of the system.

Al: The coupled node dynamics in Eq.(4.6) are bounded: there is a constant K,
such that

i (O] < Ky, Vi.
A2: The variational equation
E=[Df(s(t) —oDH(s(1))]&, 4.7

where s(¢) is the trajectory of any node, admits a uniformly asymptotic trivial
solution for ¢ € (A, A), where the both the upper and lower bounds depend
on the dynamics and coupling functions: A = A(f, H) and A = A(f, H).!
That is, the solution of the variational equation is a contraction:

E@)=T(,s)E(s) fort>s

'We see the equation as a parametric equation in the same spirit as the master stability function
approach [3, 21, 24], hence we omit the subindex that explicitly shows the dependence on the node.
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with
IT (2, 5)]| < Ke™"™)

where n = n(o) > 0 uniformly and K € R.

Assumption Al is natural in applications. In particular, if a Lyapunov function
exists for the isolated dynamics (4.5) with an absorbing domain, it is possible to
show that the network solution satisfies A1 [23]. Assumption A2 is similar to the
master stability function approach [21]. The main difference is that in the master
stability function, the trajectory s(¢) corresponds to the a modified (perturbed)
solution of the uncoupled dynamics, whereas here it corresponds to the trajectory of
a coupled node. Depending on the structure of the coupling function this difference
is immaterial [25]. Our numerical analysis shows that the values of A and A from
the master stability function provide a good approximation.

Remark 1 1If the coupling function H is a positive definite matrix, then the results
of [25] demonstrate that A = A(f, H) and A — oo. Moreover, the contraction
exponent is given by

n=pPfo—A

where f is the smallest eigenvalue of H .

Using these two assumptions in combination with the modular structure of the
network, we derive, in Sect.4.4, a stability condition for the synchronisation of
modules which does not require a spectral analysis of the network adjacency matrix.
This is a consequence of the high matching index within modules. Our results enable
the prediction of functional module formation and disintegration depending on the
structural properties of the module and the dynamical properties of the nodes.

Our main finding is the following:

Consider the modular network G containing a module C = C(q, (k).)
with ¢ > 1 nodes and mean degree (k). Assume that Al and A2 hold,
such that the system in Eq.(4.7) is a contraction for (A, A). If the matching

index of the module (I )¢ is high, then the critical coupling strengths oy for
synchronisation and oeg for desynchronisation are given by

A

o (1 +¢) and af = i(1 + €4), (4.3)
c

{k)c

op =

(continued)
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where €54 = O(1/(k)¢). Hence, for a € (cx’c,cxg), AT € R such that Vt >
T, the nodes in C exhibit stable synchronised dynamics

lli (1) = x:1 (D) < O(ﬁ),‘v’i,lec. (4.9)

This result shows that, under these assumptions, the average degree of the
module has an effect on the coupling interval that guarantees synchronisation in
the module: only if the coupling « is such that af, < o < aé the functional
and structural modules coincide. If the coupling strength is too large (o > af’;)
or too small (¢ < af,), the functional module disintegrates and no longer reflects
the structural module. We call this change the bifurcation between functional and
structural modules. Importantly, the intervals in which synchronisation is stable will
be different for different modules, depending on their mean degree.

Remark 2 If the coupling function H is a positive definite matrix, then ag — 00.

Therefore for this class of coupling function and large enough values of the coupling
o > max{o}, the functional modules mirror all the structural modules in the
network. On the other hand, if & < min{«y¢. } no functional modules will be apparent.
In between those two limits, only some of the structural modules will be reflected
as functional modules. This is the case of the coupling H = I.

Note also that the solutions x; under cluster synchronisation may not be similar
to the solutions of the invariant synchronisation manifold S of the whole network

S ={x;(t) = s(t)wheres = f(s),Vi=1,...,N}.

Therefore the dynamics of nodes in different modules can be very different to each
other and, in particular, to the global synchronous dynamics of the network. In our
analysis, we effectively decompose a modular network into individual modules with
low inter-module connectivity and predict the onset of stable synchronisation based
upon the mean degree within a module. For the derivation of our analytical results,
see Sect. 4.4.

4.3.2 Numerical Simulations

To illustrate our analytical results we consider numerical simulations of the paradig-
matic example of a network of diffusively coupled identical Rossler oscillators. The
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isolated dynamics of each oscillator i is described by the system of differential
equations

. —(yi +2z)
X=X, 9,2) = f(x;)= X; + ay; ,
b+zi(xi—c)
with the standard parameter values a = 0.2,h = 0.2 and ¢ = 9. For these

values, we know the system exhibits a chaotic attractor and that all trajectories
eventually enter a compact set, thereby satisfying our assumptions regarding f from
Sect. 4.2.4.

For a network of N diffusively coupled Rossler oscillators, the dynamics of a
node i are governed by the diffusive model [Eq. (4.6)], repeated here for clarity

N

%=f(x,)+OéZAU[H(x])—H(x,)], i=1,...,N, (4.10)
j=1

where a € R is the global coupling strength, H € R**3 is the inner coupling matrix,

and A € RV*N encodes the graph topology.

To numerically determine the stability of synchronisation for a system of coupled
oscillators, we construct a correlation matrix p(a) € RV*V for a particular coupling
strength «. This correlation matrix describes the pairwise similarity between the
dynamics of all oscillators in the system averaged over some large time 7'

R(x)
=1-—2,
p(a) 7

where the elements of the matrix R () are defined as:

1 T
Rj(@) = = 3 llxi0) = x; @)l
t=0

for nodes i and j and

A

R = max R;(a).
i,j.0

Using this notation, we also define the mean correlation between the dynamics of a
set S of n nodes

Pij
(phs =), ——.
ek nn—1)
i#]j
We integrated Eq. (4.10) using an Adams-Bashforth multi-step scheme together
with an initial fourth order Runge-Kutta algorithm using a step size of 0.001. The
initial states of the oscillators were randomised between 0 and 0.05.
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We calculated the correlation matrix p for a network with a modular structure,
varying coupling strengths o and for two coupling schemes: H = I and H = E,
where

100
E=]|000
000

The case H = I corresponds to each variable x, y and z being coupled to the same
variable of all its neighbours, while H = E corresponds to only the x variable
being coupled to its neighbouring nodes.

4.3.2.1 Dynamics Within a Modular Network

We first present the numerical results of the simulations of the modular network G
shown in Fig. 4.3. The network has two modules C; and C, generated according to

A~

an Erdos-Rényi architecture: Cy contains 60 nodes with (1), = 0.95 and (k)¢, =

A~

58; C, contains 40 nodes with (I), = 0.6 and (k), = 30. The inter-module
connections are low compared with the intra-module links, as implied by the high
module matching indices. In these simulations, we use the x-coupling: H = E.
The results of the functional analysis are presented in Fig. 4.4.

Figure 4.4a—e display heat map representations of the correlation matrix p for
increasing coupling strengths «. Darker regions correspond to higher correlation
between node dynamics. From the analysis of the master stability function of the
Rossler system with these parameters and x-coupling, it has been found that the
region of stable synchronisation are bounded by A = 0.186 and A = 4.164 [13].
We can then use these numbers to approximate the regions of stable synchronisation
for modules Cy and Cy: o, ~ 0.186/58 = 3.2 x 107 and af, ~ 4.164/58 =

Fig. 4.3 Adjacency matrix (spy (A)) and graph visualisation of the network G; which contains
two weakly connected Erdds-Rényi modules C; (blue) and C, (red) with 60 and 40 nodes
respectively
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a =0 b 0=35x10"3 c o0=2x10"2

Fig. 4.4 (a)—(e) display the functional correlation matrix p for increasing coupling strengths o of
the network G| when only the x component of the dynamics is coupled (H = E). Darker coloured
areas correspond to regions of synchronisation. The inset illustrates the different synchronisation

regions for modules C; and C, as expected from our analysis. The letter labellings correspond to

those in (a)~(e). Note that of,, &~ 3.2x 1073 < af, & 62X 107° <ol ~72x1072 <ol ~

1.39 x 10™!, thus giving rise to distinct regions for the functional network

7.2 x 1072 for C,; whereas oz%z A~ 6.2x 1073 and agz ~ 1.39x 107! for C,. These
regions are indicated by the illustration inset in Fig. 4.4.

Our numerics show that when @ = 0 there is no correlation between the
dynamics of the nodes. This is expected since there is no interaction between the
oscillators. For &« = 3.5 x 1073, C; has synchronised and some nodes in C, are
beginning to show cohesive dynamics. This is expected since the coupling strength
has entered the predicted stable synchronisation region for C; but not for C,. For
a = 2x1072, both modules have synchronised, but the dynamics of the two modules
are uncorrelated as indicated by the pale off-diagonal regions. This is a result of
the low inter-module connectivity.? For & = 1 x 107" (Fig.4.4d), module C; has

2Under certain conditions, it is possible for two modules to synchronise and this is explored
elsewhere such as [14].
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Fig. 4.5 Time evolution of the x component of the dynamics for two oscillators in module C; over
the time window 125-200. (a) For « = 0, the dynamics of the two oscillators are uncorrelated.
(b) When the coupling strength is increased to 3.5 X 1073, the two oscillators enter a stable
synchronised state. (¢) As the coupling strength is increased further to 1 X 10~!, the oscillators
initially synchronise for small times before their trajectories diverge and then remain uncorrelated
thereafter

already desynchronised, while C, remains synchronised. As the coupling strength
is increased further, C, also desynchronises.

The dynamical behaviour of the clusters is perhaps expressed more clearly when
analysing the time evolution of the oscillators. Figure 4.5 displays the evolution of
the x variable of two oscillators in module C,; for increasing coupling strengths.
In Fig.4.5a, where « = 0, we observe, as expected, that the dynamics of the two
oscillators are uncorrelated. For & = 3.5 x 107 in Fig.4.5b, the two oscillators
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synchronise. The inset in this figure demonstrates that the two oscillators have
differing but close initial conditions and due to the coupling strength, soon achieve
stable synchronisation. Finally, for @ = 1 x 10~! (Fig. 4.5c), the oscillators initially
synchronise before diverging after a short time and then remain uncorrelated
thereafter.

4.3.2.2 Relation Between the Critical Coupling Strength
and the Module Mean Degree

We now examine how the critical coupling strength required for stable synchroni-
sation within a module depends upon its mean degree. To this end we simulated a
network G, of 100 nodes for varying matching indices between 0.7 and 1 which
will act as a paradigmatic example of a module with no inter-module links, thereby
removing any external perturbations from other modules. We then determined the
coupling strength « such that (p);, = 0.99 forboth H = I and H = E. We
repeated simulations five times for varying network adjacency matrices.

Along with the simulations, we indicate the predicted critical coupling strength
which depends inversely upon the mean degree of the module as determined by our
methodology. We demonstrate this by fitting the simulation results to an expression
of the form

d a

CT U+

ol (4.11)

where a and b are fitting parameters.

Remark 3 The precise bounds for the critical coupling strength depends on the
actual node degrees and not only the mean degree (see the derivation of the results
in Sect. 4.4 for details). However, since node degrees are close to the mean degree
we can approximate k; = (k) + b, where b is treated as a free parameter. The
parameter b effectively allows for inhomogeneities within the module structure to
produce a small perturbation to the critical coupling strength required for stable
synchronisation, details on these perturbations can be found in Sect. 4.4.4.

Figure 4.6 displays the results when coupling all components of the dynamics
with H = I. As expected, all nodes in the module will synchronise given a strong
enough coupling strength and the module will remain synchronised as the coupling
strength is increased thereafter. The simulations follow an inverse dependence upon
the mean degree of the module [Eq. (4.11)], as expected from our results.

Figure 4.7 displays the results when coupling only the x component of the
dynamics, corresponding to H = E. We see that for a module with a high
matching index, all nodes will synchronise above a coupling strength and will
then desynchronise as the coupling strength is increased further. Again, from
the fitted curves, the critical coupling strengths required for synchronisation and
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Fig. 4.6 Ceritical coupling strength required for stable synchronisation for a module of 100 nodes
with a varying high matching index plotted against the module mean degree. Simulations were
repeated five times with the coupling H = I. We also display the fitting curve [Eq. (4.11)], which
depends inversely upon the module mean degree
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Fig. 4.7 Critical coupling strengths required for stable synchronisation of a module of 100 nodes
with varying high matching index plotted against the module mean degree. Simulations were
repeated five times with the coupling function H = E. We also display the fitting curves,
[Eq. (4.11)] which depend inversely upon the module mean degree. Note the different scales on
the y-axes, with blue corresponding to synchronisation and black to desynchronisation

desynchronisation display an inverse dependence upon the module mean degree in
line with our results.

Remark 4 When setting b = 0 in the curve fitting (corresponding to perfectly
homogeneous node degrees), we can directly compare our results with those
obtained in the literature from analysing the master stability function, which have
shown A = 0.186 and A = 4.614 for this system [13]. From our fits, allowing

for a stable synchronisation region to be given by (p);, > 0.99, we obtain
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ag (k) = 0.202 and aé (k) = 4.750 in close agreement with the master stability
function bounds, as expected from our analytical results.

4.4 Derivation of Our Analytical Results

Before detailing the derivation of our results below, we briefly outline our strategy.
Starting from Eq. (4.6), we define

z(t) = x;(t) — x;(¢), foranyi,1 € C, 4.12)

where C is a module, and analyse the dynamics of z. To this end, we take the
following four steps.

1. First, for z sufficiently small, we obtain the linearised equation for z(¢):

& b0z + 0z ) “.13)

where g and A are to be determined and depend on both the node dynamics and
network structure. By Taylor’s Theorem, the remainder is O(||z(¢)||?) and it can
be dealt with in step 2.

2. We then analyse the associated homogeneous equation

dy
= h(a,1)y,
7 (a,1)y

and, by Eq. (4.7), represent y (¢) in terms of its associated evolution operator
Y@y =T, 5)y(s).

Our assumption A2 guarantees that the trivial solution of the above equation is
uniformly asymptotically stable, that is, for some 1 > 0,

ly @) < Ke™ ||y ()|, fort > 5.

3. We then solve Eq. (4.13) using the method of variation of parameters

z(t) = T (¢, s)z(s) +a/tT(t,u)g(u) du,

S

and by defining ||g|| = sup, ||g ()|, from the triangle inequality we obtain

Ko
20l < ke e (s)) + 2]
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4. Then for large times and using Eq. (4.12), we obtain

where

N —n(t—s)
K:K(ne =) +1)‘
allgll

Under our network assumptions, Egs. (4.3) and (4.4), we can obtain bounds for

gl as
el (1
e = (<k>c)'

We now explain these steps in more detail.

4.4.1 Obtaining the Variational Equation
To obtain the first variational equation for z(¢) = x; () — x;(¢) we write
=X, — X
= fa+x) - fx)+a {Z (Ag — APH (x)) + Y [AyH (x)) - A,-,-H(xf)l} ,
J J

by Eq. (4.6).
For some ¢ such that ||z(¢)|| is sufficiently small, we can expand as a Taylor series,
and after some manipulations we obtain

= Df(XI)Z—OtAﬂDH(Z) + o {k}H(xl)—k,-H(x,-) + Z (Aij—Alj)H(xj)}
JFLL

where k; is the degree of node i as given in Sect. 4.2.2. Without loss of generality,
we assume k; > k; and set k; = k; + A;; to obtain

z(t) = h(a, 1)z + ag(t), (4.14)
where

h(a,t) = D f (x;(t)) —ak; DH (4.15)
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and

g(t) = (ki — k) H (x1(0)) + Y (Ay— Ay H (x (1)) (4.16)
J#iLl

This is the first variational equation. Note, we truncated our Taylor expansion
in z up to first order and by Taylor’s Theorem we know the remainder satisfies

IR = Olz®)]?).

4.4.2 The Homogeneous Equation

We now consider the homogeneous part of Eq. (4.14)
y=h(a,1)y. (4.17)

Notice the rescaling aki = o brings the above equation [Eq. (4.17)] to Eq. (4.7).
Therefore, if

A< ozlgi < A,
Eq. (4.17) has an evolution operator satisfying
1T, 9)| < Ke 7. (4.18)

Now, since modules will have a large number connections and nodes will share
many common neighbours, k; will be close to the mean degree (k)- (see our
network assumptions Egs. (4.3) and (4.4)). This means that in leading order in (k) ,
the stability condition is given by

A <a((k)e +68) <A,

where |§| = o({k).) takes into account the fluctuation between k; and the mean
degree (k). After some rearrangements we obtain
A (1 5 ) <a< A (1 5 ) (4.19)
— 1 - — a<—1-——]. .
(k)c (k)c (k)c (k)c

Then for (k). large we see that Eq.(4.19) resembles Eq.(4.8). Furthermore,
according to Remark 1, if H is positive definite, we obtain A — oo and

n=af(k)c+8—A. (4.20)

Then for « satisfying n > 0 in Eq.(4.20), we obtain a uniform contraction. It
remains to show that the perturbations will not destroy the synchronisation property.
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4.4.3 The Perturbed Equation

We now turn our attention to the inhomogeneous Eq. (4.14). Using the method of
variation of parameters we obtain

z(t) = T (¢, 5)z(s) +0{/ T (t,u)g(u)du,

s

and by virtue of the triangle inequality we find

Iz < 1T (. 5)] lz(s) +06/ IT (2, W]l g @] du.

Then, using the bounds for the evolution operator from Eq. (4.18) we obtain

t
=)l < Ke™ ™ |lz(s)]| + 06/ Ke™ ™| g | du

N

i) 1 — e N0—9)
= Ke™"" "V lz(s)[| + aKlg]l [T} :

For ¢ large we obtain

ey < Xedel

where

N —n(t—s)
P K(ne =zl 1)
allgll

=K+ o(1).

Now, under the stability condition Eq. (4.19) for o, we obtain

KA|g|
lzOl = —7——- (4.21)
{k)en
If H is positive definite then from Remark 1
Ka|g||
lz(®)] < . (4.22)
ik} —

We must now analyse the bounds for g within a module.
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4.4.4 Bounds for the Perturbation

We give the argument for Eq. (4.21). The argument for Eq. (4.22) is similar. We first
recall the mismatch index Eq. (4.2):

N
Wit = Z |4 — Ayl — 245

Jj=1

Then since the trajectories are bounded and the coupling function is smooth, we can
bound

IH (xi)| < Kb

for a positive constant K, and since

g) = (ky —k)H (x;(1) + Y (Aj— Ay H(x;(1)).

j#id
from Eq. (4.16), we obtain
g @l 1
< —Kjp(k; — ki + pip). (4.23)
ke — (ke " l

Then, motivated by the matching index notation in Eq. (4.1), we can introduce

K,
Ki = (ki + ki — (A + A%)y)
(k)¢
to obtain
lg@l _ ki — k| .
< K, + (1-1)K;. (4.24)
(k) ke oo

Therefore, for the perturbation to be small, we require:

» The difference in node degrees within a module to be low.
* Nodes to share many common neighbours within a module.
* Nodes to have comparatively fewer connections to nodes outside the module.

The final two requirements emerge via the matching index in Eq. (4.24) since Iy
penalises for not only a lack of shared nodes within a module but also for additional
(unshared) connections to nodes outside the module. Then, from our network
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assumptions (Egs. (4.3) and (4.4)) along with « satisfying the stability condition
Eq. (4.19), by Eqgs. (4.21) and (4.23), we obtain

l2(0)]l < 0 (ﬁ)

Therefore the stability of module synchronisation depends upon the module
mean degree and the extent to which synchronisation can be achieved depends upon
the matching index within a module. These conditions will clearly vary between
modules and our conditions only guarantee individual modules to synchronise
independently as opposed to global network synchronisation.

4.5 Conclusion and Discussion

We have shown that the stability of module synchronisation in complex modular
networks can be predicted based upon the module mean degree given certain
assumptions on the component dynamics and network structure. Our key assump-
tion on the modular structure is that nodes within modules share many common
neighbours and inter-module connections are weak in comparison.

Our analysis revealed two basic scenarios for module synchronisation. If the
coupling function is linear and positive definite, we showed that the functional
modules reflect the structural modules. In this case, as the coupling strength is
increased, the module with the largest mean degree synchronizes first, then more and
more modules achieve synchronisation. In this case, the dynamics of the network
mirror the structural properties of the network.

However, for more general couplings, typically our stability criterion A2 is
satisfied, see [13]. In this case, we observe interesting dynamical behaviour as the
coupling parameter is increased where, in a first stage, modules of synchronised
nodes can form and reflect the structural organization, but for large couplings the
synchronisation becomes unstable and functional modules disintegrate. This sce-
nario corresponds to bifurcations between the functional and structural properties.

Our assumptions on the structure of the modules allowed for an analytical
treatment of these scenarios and enabled us to determine the critical coupling
strengths for synchronisation and desynchronisation. Additionally, we showed that
the module matching index dictates the quality of synchronisation. Moreover, our
present approach can be used to explain the synchronised dynamics of groups of
nodes not necessarily forming modules such as hub synchronization [6, 22], since
their matching index may be high and the degrees similar.

These results can be of importance for functional network analysis and enhance
our understanding of the relation between the functional and structural network.
Indeed, even though a module may possess the structural properties required for
synchronisation, the functional modules may not reflect the structural modules of a
network.
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Chapter 5
Synchronous Motions Across the Instrumental
Climate Record

Peter Carl

Abstract The Earth’s climate system bears a rich variety of feedback mechanisms
that may give rise to complex, evolving modal structures under internal and external
control. Various types of synchronization may be identified in the system’s motion
when looking at representative time series of the instrumental period through the
glasses of an advanced technique of sparse data approximation, the Matching
Pursuit (MP) approach. To disentangle the emerging network of oscillatory modes
to the degree that climate dynamics turns out to be separable, a large dictionary
of “Gaussian logons,” i.e. frequency modulated (FM) Gabor atoms, is applied.
Though the extracted modes make up linear decompositions, this flexible analyzing
signal matches highly nonlinear waveforms. Univariate analyses over the period
1870-1997 are presented of a set of customary time series in annual resolution,
comprising global and regional climate, central European synoptic systems, German
precipitation, and runoff of the Elbe river near Dresden. All the evidence from this
first-generation MP-FM study, obtained in subsequent multivariate syntheses, points
to dynamically excited regimes of an organized yet complex climate system under
permanent change—perhaps a (pre)chaotic one at centennial timescales, suggesting
a “chaos control” perspective on global climate dynamics and change. Findings and
conclusions include, among others, internal structure of reconstructed insolation, the
episodic nature of global warming as reflected in multidecadal temperature modes,
their swarm of “interdomain” companions across the whole system that unveils an
unknown regime character of interannual climate dynamics, and the apparent onset
early in the 1990s of the present thermal stagnation.

5.1 Introduction

The Earth’s climate is fundamentally shaped by the very fact that phase transitions
of water are within reach of normal atmospheric to subsurface conditions. Changes
in the water cycle, as a major mediator of the effects of climate and weather on
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landscapes, biota and man’s society, are often viewed as one-way processes, though
(e.g., [51]). Also, a traditional (midlatitude) perspective on climate variability and
change is based on the understanding that slow(er) subsystems exert the decisive,
solid control. To such a (quasi-equilibrium) view there fits the notion of a hydrologic
cycle that merely responds to climate change. It tends to diaphragm out the
constitutive impact of atmospheric water on tropic/subtropical climate dynamics
and the interactive nature of climatic subsystems across the spatio-temporal scales,
including those of astronomical forcing (e.g., [109]).

Latent heat uptake and release in the Tropics and subtropics substantially
contribute in driving atmospheric motions. Subtle changes in these motions may
result in worldwide hydrologic transformations that feed back on the circulation,
and thus on climate and weather; that is, water cycle interactions are integral parts
of climate variability and change—and may even take the lead (e.g., [78, 110, 111]).
Climatic feedbacks may constitute free oscillations at timescales from intraseasonal
to centennial and beyond (e.g., [65, 71, 88]). Such “anomalistic” (not astronomically
controlled) oscillatory regimes under active participation of the water cycle are
borne in the monsoons (e.g., [62]), the El Nifio-Southern Oscillation (ENSO)
system (e.g., [47]), and perhaps also in the annular modes of both hemispheres (e.g.,
[106]). Typically, they show complex, irregular spatiotemporal behaviour and are
basically recurrent but difficult to predict. Not only are their quantitative rules of
recurrence unknown; qualitative dynamics of the subsystems in the back, and of the
whole climate system, are obscure and may well comprise (pre)chaotic regimes at a
wide range of scales (e.g., [12, 13, 57, 58, 69, 95, 100, 114]).

Low-dimensional aspects of climate dynamics, as addressed in diverse modelling
studies including a “small” yet physically resolved General Circulation Model
(GCM) [19], provide reasoning in favour of synchronies in representative data of
the real system. Namely, in a high-dimensional dynamic system, low-dimensional
behaviour is peremptorily bound to internal dynamic organization as reflected in
synchronous, degenerate motions along otherwise largely independent (although
not necessarily orthogonal) phase space, resp. signal space, directions. Notably
in (pre)chaotic regimes, unstable periodic orbits may become manifest in the data
due to episodic or persistent, internal or external synchronization. All this calls for
clarification of the role that nonlinear qualitative dynamics may play in the real
climate. That the system’s dynamical status is largely unknown (as is that of its
elaborated GCMs) poses challenges when grasping its past and future evolution.

Time series studies are an established approach toward structural understanding
of nonlinear dynamics, not to the least when translating these into geometry
[1]. Here the perspective and task have been adopted of unveiling structure in
a complex yet organized, dynamically excited system. That is, climate dynamics
are empirically addressed which are not primarily “hidden in noise,” but are
obscured due to their intrinsic complexity. Nonstationary, nonlinear signals are to
be coped with to this end—without giving preference by the choice of method to
any other notion over the quasi-equilibrium view and its linear implications. Non-
probabilistic, dynamic modes are targeted of time series x(¢) which are viewed as
complex yet separable composites, fed by multiple, distributed sources of diverse
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signal structure, temporal location, scale etc., i.e. signal space occupation. Accord-
ingly, univariate blind decomposition 7 is seeked into a hierarchy of empirical
modes i (1), x(t) ~ 2 k() = 2 T{Rk—1{x}}(1), where Ry—1{x}(1) is the
time series residue at level k — 1 (Ro{x}(t) = x(¢)). This “greedy” univariate
analysis does not necessarily have to bear orthogonality among the extracted modes.
Multivariate synthesis to detect mutual dynamic information searches for relations
then of the kind Py, x ., (1) ~ Py, x.; (¢), or

Py TARi—1{xu3} (1) ~ Py, TR j—1{x0 33 () (5.1)

among modes x ; (1), xv; (), ... of time series y,(¢), xv(7), ... indata set X' (1) =
{x«()}. Py, and P,, represent projections on subspaces y,, ¥, of a signal space
with index y; time is left as independent coordinate.

Sparse approximation is achieved this way if superposition of few leading modes
Xk (¢) approximates y(¢) to “sufficient” accuracy. The system’s motion as displayed
by these data turns out to be separable then and may be followed (or “shadowed”)
in a tractable number of signal subspace projections. Low-dimensional behaviour,
lately, comes to the fore if Eq. (5.1) holds among the leading modes of the data
set. Note that (5.1) does not dictate the specific form of synchrony within the
modal structure {{y,, }} = {T{Rk-1{x«}}}, and that “interdomain” synthesis across
different signal space projections (y, # y») goes beyond multivariate analysis with
its methodological stays to the anticipated structure and interaction of data.

The present study comprises global climate time series (insolation, temperatures,
precipitation, dynamic indices), central European surface air temperature and
synoptic data, aggregate German rainfall, and runoff of the Elbe mainstream, all in
annual resolution. Daily discharge data are preprocessed in a blind, inverse operation
termed Functional Streamflow Disaggregation (FSD; [21, 22]), aimed at reducing
total runoff at catchment outlet to flow components that are conceptualized to reflect
different pathways of water until it forms the river. To take into account possible
selective climatic impacts on the water body, both total runoff and its components
enter the data set of the study. The method of sparse time series approximation of
which the bearings are taken, Matching Pursuit (MP) [73], aims to identify then a
set of phase space flows, or modes, for each series that enters the study.

Section 5.2 introduces either method and the Gaussian logon used as analyzing
waveform which allows for deep frequency modulation (FM) here. Section 5.3
briefly quotes the data sources. Time series analyses of the global climate system
are detailed in Sect. 5.4, and their multivariate global-scale (“horizontal”) synthesis
is completed in Sect. 5.5. Extending beyond the presentation in [18], Sect. 5.6
demonstrates a “vertical” search for synchronies from the global system via central
Europe down to the river basin scale of the middle Elbe. A summary is given in
Sect. 5.7, and conclusions are drawn in Sect. 5.8. MP-FM details are sketched in the
Appendix, where also the performance of the tool is briefly contrasted to a set of
other time—frequency (TF) methods and to Singular-System Analysis (SSA) [102].
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5.2 Methods

5.2.1 Adaptive Data Modelling

In structural time series analysis one traditionally searches for trends, outliers
and harmonic or polynomial components of which significance is tested against a
hypothesis about background statistics (e.g., [103]). Though broadband spectra are
also typical for chaotic systems, and even a single, localized event generates a white
Fourier spectrum, the notion of stationary statistics (Gaussian “white noise”) in
conjunction with (quasi)equilibrium dynamics bears considerable inertia. A related
view appears to be held when searching for covariance in the time domain in
testing against the functional shape of time-dependent forcing. A system close to
equilibrium or (cyclo)stationarity, maybe traversing such a state during a laminar
phase of its forced evolution (e.g., [44]), might obediently follow external forcing—
in which case it may be linearized about a reference state. However, as outlined
here, such a general dynamical status may be posed into question for the present-day
climate, which may bear fluctuations that are structurally borne in a geometrically
more complex (yet certainly discernible, e.g., [19]) phase space topology.

Evolving modal structures can be (re)constructed in a variety of ways from
time series which fluctuate about a mean. Classical methods (Short-Time Fourier
Transform, STFT [3]; Wigner—Ville Distribution, WVD [27]; Maximum Entropy
Spectral Analysis, MESA [35]) gave way today to the Wavelet Transform (WT)
(e.g.,[30]) and the SSA. SSA components are built from eigenvectors and projection
coefficients drawn from the data without a functional template or data model.
This desirable data-adaptive nature notwithstanding, SSA modal structures are not
easily reduced to the sort of tractable parameter sets one needs when tracing,
mapping, quantifying and post-processing (synthesizing) the system’s trajectories.
The WT, on the other hand, yields signal energy distributions in the TF plane which
unfortunately obscure details of modal interaction, and a fixed scale—frequency
relationship predetermines the TF resolution, irrespective of the demands of the
actual time series. Though the analyzing-wavelet approach of the WT would support
parameterization of the modal structure, its “tiling” of the TF plane runs counter to
this advantage due to high temporal but low frequency resolution in the short-period
range, and vice versa for long periods.

More recent data-adaptive methods and tools include the Empirical Mode
Decomposition (EMD) [54] and the Matching Pursuit. Both methods overcome the
WT shortage of range-dependent TF resolution. EMD exploits the Hilbert transform
to construct spectrograms from bandlimited “intrinsic mode functions” (IMFs),
which are thought to be analytic signals by construction (AS; cf. Appendix). Its
greedy procedure starts with the highest-frequency modes and leaves the slowest
one as residue (sparse approximation not being a natural option of EMD). As with
the SSA, EMD also misses the means to easily parameterize the modal structures
obtained. MP, in contrast, uses an explicit data model, or more than one, and may
provide thus concise, tractable “structure books” from the waveform parameters
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of each individual mode. The MP selection criterion and ranking are based on the
signal energy captured, i.e. how much of the time series (residue) a mode “explains.”
In the MP version used here throughout, the AS property is technically exploited in
addition, but not directly imposed to the waveforms—which even may exhibit deep
FM and thus are not necessarily bandlimited.

Projection [55], Basis [24], and Matching Pursuit ideas emerged in the context
of sparse data problems, i.e. “almost empty” signal spaces. The sparsity issue and
related conceptions are still under discussion (e.g., [32, 97, 98]); for a review cf.
[11]. MP seems to have been used only twice as yet in a climatic context. Wang and
Wang [108] studied the modal structure of the Southern Oscillation, and the present
author addressed the interannual organization of the global climate system [15-17].
This latter work is presented here in more detail than before [18], and is extended
“down to the river side,” beyond the global climate perspective.

Total streamflow, a temporally convoluted, spatial and functional aggregate, is a
key quantity of the terrestrial water balance. Intrinsic data problems notwithstand-
ing, the “integrative capacity” of water mass transduction .4 yields an areal measure
of part of the hydrologic cycle, in temporal resolution, which cannot be obtained as
yet with comparable ease from areal precipitation into basin X ; (coordinates x;) or
from atmospheric water. Transformation of precipitable water w into discharge g at
station j (river network coordinates r;) may be thought to proceed in three major
stages:

g(rj. 1) = ALf(x;.1)} = GBC{w(X;,1)} . (5.2)

Here, rectifier C imprints synoptic features on (sub)surface hydrology via (effective)
rainfall f(x;,t) := C{w(X;,t)}, comprising convective, cloud and near-surface
processes within the basin’s atmospheric reach X ; (coordinates X;), and moisture
advection across the boundaries. B represents the impact on flow concentra-
tion of geomorphology and anthropogenic impress of the basin, g(x;,t) =
g(c(x;), f(x;,1)) = B{f(x;,t)}, where g(x;,¢) is the vector of progressively
concentrated, parallel surface and subsurface flows (a conceptual entity [112]),
and c(x;) is the material carrier of infiltration, flow concentration etc. G stands
for final lateral aggregations within range of the river bank (P, ) and downstream
convolution along the network (P)) into runoff at catchment outlet, g(r;,7) =
Glg(x;.0)} = PPLig(x;, 1)} [21].

Classical conceptual discharge components, like base flow g;(r;, 1), interflow
gi(rj,t), and overland flow g, (r;,?) (e.g., [76]), are thought to represent distinct
pathways and response times of surface and subsurface waters. They might thus
individually carry the signs of distributed sources and media of flow generation, be
it natural or anthropogenic. Consistent inverse (re)construction of such a component
structure of historical streamflow should not resort to meteorological data if the
results are aimed to unveil the signatures of climate and weather. The FSD strategy
performs such an empirical, blind inversion of the (reducible) operator G,

Tigx;.0)} =[G {g(r;.0)}] = g(r;.1), (5.3)
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that infers on a conceptual linear parallel flow aggregation at catchment outlet
from the signal structure alone, g(¢) = Y, g« (t) := Y, Tkig}(t) (r; suppressed
heretoforth), has only recourse to elementary constraints, and does neither exploit
meteorological information nor require calibration.

5.2.2 Functional Streamflow Disaggregation (FSD)

FSD is a hydrologically well-motivated and theoretically founded algorithmic con-
struct based on first principles. The method and tool [21] have been demonstrated
first for German and Austrian headwater catchments to reasonably compare with
results of distributed hydrologic modelling [22]. More recently, it could be shown
that it also provides a natural solution to the intermittency problem; that is, after only
a minor technical adaptation, prior (or extra) data treatments are no longer required
for ephemeral rivers or time series with data gaps (and/or negatives). In the present
application to mainstream data, the version used is that of the original publications.

SSA [102] provides a first guess of slow runoff variations to initialize construc-
tion of lower envelopes to the hydrograph via iterative cubic spline interpolation,
where the knot selection rules exploit elementary constraints alone (nonnegativity,
causality). The utmost envelope separates the fast FSD component, g (¢), that
estimates overland flow g, (). The slowest one, attributed in [22] to the classical
baseflow g,(7), is a sort of minimal convolution [74] termed “instantaneous low
flow” (g¢(¢); mode label ilf)—a smoothed running fit from below, using the window
and leading eigenvector of the SSA.

A shortcut FSD version leaves the transient component as residue, g;(¢f) =
g(t)—gr(t)—ge(t). Inamore involved greedy FSD, a hierarchy of lower envelopes
is constructed (bounded from below by g¢(¢)) which converges into another slow
component, g(¢), that turned out to differ from g,(¢) during periods of enhanced
runoff. The shortcut transient component thus splits into two subcomponents,
8u(t) = gt) — gr() — gs(t) and gy(t) = gs(t) — g¢(?), coined “driven” and
“free” transient, respectively (mode labels dtrans, ftrans; g, (t) = ga(¢)+ g (¢)). As
a hydrologically active medium [37], the vadose zone may bear structured interflow
gi (1) indeed—to which g;(¢) has been attributed in [22]. As a result of operator
iteration, however, the driven-transient subcomponent g,,(¢) is a (statistically) self-
similar construct that might deserve special conceptual attention with a view on
the effects of nonlinear dynamics and chaos in hydrologic time series (e.g., [90]).
The formulae of the FSD strategy of hydrologic data transformation may be found
in [21].
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5.2.3 Matching Pursuits with Gaussian logons

MP utilizes projections on elementary functions 1/ (¢) to pursue the best decompo-
sition of a time series y(¢) in the sense of filtered signal energy, @ = < y, ¥ >
= (O (t) dt, where /() is the complex conjugate of v/ (¢). Use is made here
of a redundant dictionary of variable waveforms, and the resulting mode-by-mode
(greedy) decomposition is “slightly” non-orthogonal in fact, orthogonal methods
being less adequate for nonstationary data. To capture complex (quasi)cycles and
synchronies that may be drifting and/or appear episodically, high resolution is
required in both time and frequency, whatever the location in the TF plane. Besides
overcompleteness of the dictionary (which thus extends beyond a basis) and the
greedy approach, superresolution near the low-frequency margin of the TF plane and
(deep) FM make up essential features of the specific (MP-FM) version used. Here
details are given of the analyzing waveform, the Gaussian logon, and its structure
book parameters; in the Appendix, the analytic signal is briefly introduced, and both
design and performance of the MP-FM tool are outlined.

To assess (quasi)cyclic motions in time series, and their mutual “coalitions” at a
variety of scales, the Gabor atom [42]

1 —
Yy (1) == 7 g (tTM) exp (i[w.t + ¢]) , (5.4)

may be generalized to include harmonic phase (or frequency) modulations, yielding
the “Gaussian logon” 5 (¢) := ¥, (¢) exp(i(t)), or as a real signal:

1 —u
Y5(t) = ﬁ g (IT) cos (a)c(t —u)+ ¢ + ¢t — u)) . (5.5

Signal space index y = (s,u,w.,¢) of the Gabor atom comprises scale s,
translation u, angular frequency w. := 2nf. and phase constant ¢ of the carrier
mode, and the Gaussian time-window is shaped as g(t) := ~/2exp(—mt?).
Harmonic phase modulation @(t) := f sin (@t + ¢') extends this signal space by
three dimensions: § = (s, u, ., ¢, B. @, ¢). Index B := Sw /@ [101] measures the
modulation depth (§w := 27 f is peak deviation from carrier frequency w.), ¢ and
@ = 27 f are modulation phase and frequency, respectively.

Phase constants ¢’ := ¢ + w.u and ¢’ = ¢ + du refer to the location u
of maximum signal energy, not to the time origin; contributions w.u and @u are
kept explicit to earmark their physical estate. Phase constants also appear in the
corresponding complex element V5, not only for v, := N{y5} = 0.5 (Y5 + c.c.)
to hold—they are maintained as independent parameters in order to untie a signal’s
phase from its maximum-energy localization.
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5.3 Data

The data types, sources, and periods of availability for the present study are
summarized in Table 5.1. Global and hemispheric surface air temperatures (SAT)
[59] and sea surface temperatures (SST) [80], Central England SAT (CET; [80]),
indices of the North Atlantic and Southern Oscillations (NAO [56, 60]; SO [2]),
as well as the sea level pressure (SLP) series of their respective centers of action
(Iceland, Azores, Tahiti, Darwin), may be found at the website of the Climate
Research Unit (CRU) of the University of East Anglia. The Nifio3 SST! record
has been provided by [96], All-India summer monsoon rainfall is tabulated in [94]
(AIR-S) for 1844-1992, a second assessment that starts 1871 is given in [81]
(AIR-P). Reconstructed solar irradiance (SRAD) [66] has once been found at the
website of the Geophysical Data Center (NGDC) of the U.S. National Oceanic and
Atmospheric Administration (NOAA). Though this series has been retracted for
astronomical reasons [67], the criticism concerns the ranking of its slow secular
mode in effect (e.g., [38]), whereas waveforms are of primary interest here. There
is due justification to refer to this series, but separate analyses are also given of
two related time series: Wolf’s sunspot number (SSN) [75] and the cosmogenic
Beryllium 10 isotope (Bel0) in Greenland ice cores [29]. High-quality Indian
summer and winter monsoon (ISM, IWM) onset and retreat dates from peninsular
India (MOSK/MONK for ISM onset over South/North Kerala, MRAP for ISM
retreat over Andhra Pradesh, NEMO/NEMR for IWM onset/retreat over Tamil
Nadu) are published in [4, 5, 82, 83] and [93] for different periods between 1870
and 1990.

Weather regimes (grosswetterlagen, GWLn) over central Europe after Hess &
Brezowsky [50] comprise 29 cases [43]. Annual frequencies of occurrence (1881—
1997) are used here of four dominating GWLn: High Middle Europe (HM), Ridge
Middle Europe (BM), Westerly Cyclonic and Westerly Anticyclonic (WZ, WA).
German precipitation and central European SAT are compiled according to Baur
[7]. For the Middle Elbe there are daily runoff data of the Dresden gauge available
for the whole period, 1870-1997.

5.4 Global Analysis

5.4.1 Structured Insolation

Irradiation at top of the atmosphere carries information from a largely undisturbed,
complex dynamic system. Figures 5.1 (left panel) and 5.2 show approximations
of the reconstructed insolation [66] and of the BelO record by their respective

! Average over a 5°N/5°S equatorial latitude strip between 150°W and 90°W.
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Table 5.1 Data sets, their references and sources (period of interest: 1870-1997)

Parameter Area/location Period ‘ Reference ‘ Websource

References to global climate dynamics

Insolation
SRAD Global 1870-1997 | [66] http://www.ngdc.noaa.gov
SSN Global 1870-1997 | [75] http://www.ngdc.noaa.gov
BelO Global 1870-1997 | [29] http://www.ngdc.noaa.gov
Global climate
SAT Global, NH, SH | 1870-1997 | [59] http://www.cru.uea.ac.uk/cru/data
SST Global 1870-1995 | [80] http://www.cru.uea.ac.uk/ cru/data
Nifno3 1871-1996 | [96]
NAO Index North Atlantic 1870-1997 | [60] http://www.cru.uea.ac.uk/ cru/data
Winter NAOI | North Atlantic 1870-1997 | [56] http://www.cru.uea.ac.uk/ cru/data
SO Index Tropical Pacific | 1870-1997 | [2] http://www.cru.uea.ac.uk/cru/data
SLP Tahiti, Darwin 1870-1997 | [2] http://www.cru.uea.ac.uk/cru/data
Indian monsoon
ISM rainfall | All India 1870-1992 | [94]
1871-1997 | [81] http://www.cpc.ncep.noaa.gov/
data/india
ISM onset South Kerala 1901-1980 | [4]
1891-1900 | [5]
1971-1990 | [93]
North Kerala 1901-1980 | [4]
1870-1900 | [5]
ISM retreat | Andhra Pradesh | 1952-1990 | [82]
IWM onset Tamil Nadu 1901-1990 | [82]
IWM retreat | Tamil Nadu 1901-1990 | [83]
References to European climate and weather
SLP Azores, Iceland | 1870-1997 | [60] http://www.cru.uea.ac.uk/ cru/data
GWL Central Europe | 1881-1997 | [43]
Precipitation | Germany 1881-1997 | [7]
SAT Central Europe | 1881-1997 | [7]
Central England | 1870-1997 | [79] http://www.cru.uea.ac.uk/ cru/data
Central European streamflow
Runoff | Dresden, Elbe | 1870-1997 | | Courtesy PIK

leading five MP-FM modes. If the method is suited to uncover organized dynamics
in complex data by means of sparse approximation, the solar input should provide
a good test case to demonstrate just this. The structure books (Table 5.2) document
sparse approximations indeed in terms of captured signal energy: 97.4 % by the
modes #1-5 each. Given the great similarity of both time series (save scaling), their
modal structures represent alternative, likewise probable pathways in fact of the
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Fig. 5.1 MP-FM analysis, annual SRAD, BelO and SSN (anomalies), 1870-1997; left panel:
leading five SRAD and Bel0 modes; right panel: SSN modes #1-10
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Fig. 5.2 MP-FM analysis 1870-1997, annual SRAD (left panel) and BelO (right panel) anoma-
lies: reconstructions by modes #1-5

greedy algorithm. For reasons that will become plausible, the SRAD decomposition
is preferred, and that of Be10 is taken to provide supplementary information.

That internal structure in these series has not fully been realized before is small
wonder, given this sensitive MP-FM response. Carrier periods (1/f.) of SRAD #2
and #3 relate to one another like 1 : 2—that is, SRAD #3 might bear a “Hale
cycle” [52]. Both modes differ in modulation frequency f and index §, however,
and traverse different FM phases. In combination with mode #4, some irregular
Hale cycle may be inferred indeed (Fig. 5.2, left panel), which appears to perform a
period doubling transition (a sort of period doubling is captured by only one mode
(#4) in the BelO decomposition). In relation to the Schwabe cycle, SRAD #2, it
runs from a two-cycle pace at lower insolation into a three-cycle one toward the end
of the record. This transition is mediated by SRAD #4, which might reflect motion
on a “bumpy” torus, some hardly ever studied type of modulational instability (MI;
e.g., [113]), or bear the signs of an unstable periodic orbit (UPO; e.g., [91]). SRAD
#2 is parameterized as a mode that passes a phase of its multicentennial modulation
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Table 5.2 MP-FM structure books of annual insolation [15] and related time series, 1870-1997:
anomaly modes #(k) and signal energy captured by modes #1-5/#1-10*

~

ko o Sk ug e i fi B b
SRAD, in W/m? (97.4 %/99.3 % signal energy)

1 —7.900 | 1024 23 0.00629 | —0.184 |0.001065 0.35 2.749
2 2.411 128 105 0.06816 | —0.120 |0.001715 |16.14 0.196
3 2.384 256 115 0.03408 | —0.130 |0.005769 1.85 | —2.553
4 1.200 64 88 0.11463 1.976 |0.005290 |14.73 | —2.945
5 0.868 256 32 0.08339 0.104 | 0.009291 5.00 3.142
7 0.607 | 1024 14 0.04232 3.070 |0.003285 6.77 1.963
13 0.227 32 14 0.01433 0.239 | 0.000000 0.00 0.000

SSN (91.9 %/97.7 % signal energy)
1 411.729 256 106 0.05731 —0.931 0.001642 |23.71 0.196

2 200.532 1024 99 0.02866 —2.909 0.001213 18.26 | —2.945
3 138.301 256 97 0.10977 0.904 |0.008158 1.71 —0.196
4 103.574 32 95 0.21953 2.547 10.006570 |29.38 2.945
5 85.162 256 51 0.05033 —1.768 | 0.002762 14.08 | —0.982
7 57.652 256 37 0.09639 | —1.553 | 0.005290 14.08 2.160
Bel0, scaled (97.4 %/99.1 % signal energy)

1 1.567 1024 43 0.01372 2.588 0.001213 6.76 2.945
2 0.484 32 106 0.20131 1.487 10.006024 2938 | —2.553
3 0.405 128 94 0.06527 3.113 | 0.006291 6.20 1.178
4 0.319 256 44 0.10066 —2.952  0.002645 |29.41 2.356
5 0.204 256 48 0.07117 1.174  ]0.005524 8.76 | —0.785

2 SRAD #7,13 are referred to in Sect. 5.4.2, Fig. 5.7, SSN #7 in Sect. 5.4.2 (text)
® In the structure books heretoforth carrier frequency f, of component k is written f;

which beneath the given time window just moves it through the carrier period range
of SRAD #5 (11.3 years). It shows the well-known drift toward the shorter-period
edge of the 10---12 years Schwabe cycle [40].

Together with marked terrestrial responses to the signal energy of SRAD #4
(envelope synchronization), this Schwabe cycle behaviour lends credence to the
SRAD decomposition, the more so since that of BelO misses the perhaps most
striking SRAD feature: interdomain synchrony between modes #1 and #3. FM of the
latter leads the time domain evolution of the former by just about one sunspot cycle
length (~11 years) and almost perfectly matches its functional shape (“internal
interdomain” [15]; cf. Sect. 5.5, Fig. 5.17). Considering signal energy expenses,
the secular change of insolation does certainly drive the frequency drift of SRAD
#3—of which also the multidecadal evolution deserves scrutiny. Possible changes
notwithstanding for data periods that differ in length and/or are shifted along the
time axis (“cross validation” problem), the internal SRAD structure found indicates
that the method is capable of unveiling organized dynamics in complex modal
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webs—sensitivity of MP-FM response to these data notwithstanding. The SRAD
time series itself bears valuable information and should not be shelved.

Structure books (Table 5.2) do not unveil at a glance that SRAD #1 and Bel0
#1 are nearly identical in both functional shape and phase, a correspondence that
lends further realism to SRAD #1 (yet not necessarily to its leading rank). Be10
#1 and SSN #2 coincide in scale s and modulation frequency f. A (bi- to multi-)
decadal mode like SRAD #3 or Bel0 #4 is missing in SSN, however (Fig. 5.1, right
panel): the Schwabe cycle dominates this modal structure, and the slow secular
mode (here at rank #2) has a shorter period. Bel0 #2 appears to reflect response
to, or continuation of, a similarly localized mode in SSN (rank #4). Envelope
maxima of both are depart from each other just by one Schwabe cycle length again
(parameter u in Table 5.2). Either localized mode contributes in shaping one of the
strong solar cycles #19 and #21 with maxima around 1957-1958 and 1979-1980,
respectively. SRAD #4 appears to comprise both signals; these in turn may provide
hints at different mechanisms behind its growth and decay—and thus perhaps lend
weight to UPO interpretation of SRAD #4.

5.4.2 Thermal Evolution: Into Another Stagnation

The entire MP-FM structure of customary temperature series of the global climate
system bears intriguing features in its leading phase space flows. Modes #1-5 each
of global and hemispheric SAT and global SST are presented in Fig. 5.3, and
corresponding spectrograms are shown in Fig. 5.4. Secular warming expectedly
occupies SAT and SST at rank #1. Their functional shapes are more stretched than
those of the slow insolation mode—a fact that offers a certain chance to separate
centennial direct solar from thermal effects [15]. Table 5.3 displays the structure
books of either global series, Table 5.4 presents those of hemispheric SAT.

global SAT, MP-FM #1-6 & envelopes global SST, MP-FM #1-5 & envelopes NH SAT, MP-FM #1-5 & envelopes SH SAT, MP-FM #1-5 & envelopes
o 03
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Fig. 5.3 MP-FM analysis (leading five anomaly modes each) of annually aggregated tempera-
tures; left panel: global SAT/SST; right panel: northern/southern hemispheric SAT
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Fig. 5.4 MP-FM spectrograms (leading ten anomaly modes each) of annually aggregated global
SAT (left panel, 1870-1997 [17]) and global SST (right panel, 1870-1995)

Table 5.3 MP-FM structure books of annual mean global SAT and SST (in K); anomaly modes
#(k), signal energy captured by modes #1-5/#1-10, and periods of analysis?

ko sk g | fi o fr B b
Global SAT (86.1 %/93.3 % signal energy), 1870-1997

1 1.923 1024 18 0.00507 2.983 0.001112 0.30 2.749
2 0.909 256 126 0.03881 1.602 | 0.002533 9.15 | —2.160
3 0.563 256 74 0.16210 2.355 | 0.006024 9.61 1.963
4 0.462 256 51 0.03408 0.122 | 0.004448 3.54 0.000
5 0.433 256 30 0.20131 —3.038 | 0.004260 |21.83 —2.749
12 0.221 16 30 0.27263 2.961 0.013139 | 16.74 2.945
14 0.158 1024 1 0.00000 0.000 | 0.000000 0.00 0.000
15 0.149 32 80 0.25000 | —2.370 |0.007481 29.41 2.749
Global SST (87.8 %/95.4 % signal energy), 1870-1995

1 —1.788 1024 18 0.00577 —0.134 | 0.001112 0.27 | —2.553
2 0.830 | 1024 70 0.02516 | —0.294 | 0.002426 2.86 3.142
3 0.546 128 74 0.13631 2.639 0.013139 3.26 1.178
4 0.410 64 86 0.19278 0.600 | 0.022097 4.58 —1.767
5 0.387 256 61 0.02993 —1.408 | 0.002323 8.76 0.589
11 0.167 128 61 0.04819 | —0.677 | 0.005290 4.79 0.393
12 0.160 128 93 0.00000 0.000 | 0.000000 0.00 0.000
17 0.096 128 35 0.12500 2.684 | 0.003741 29.38 2.160

2 SAT #12,14,15 and SST #11,12,17 are residual slow components (SAT #14 is a highly stretched
half-Gaussion that emulates a constant offset, SST #12 is a Gaussian centered 1962)

Modes #3 and #5 of global SAT, both with carriers in the El Nifio-Southern
Oscillation (ENSO) range of period (~3-7 years), show secular frequency drifts in
nearly perfect (#3, FM inverted) or approximate (#5) interdomain synchrony with
rank #1 solar and thermal modes, respectively (cf. also Sect. 5.5, Fig. 5.17, left
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Table 5.4 MP-FM structure books of annual mean hemispheric SAT (in K); 1870-1997; anomaly
modes #1-5 and signal energy captured by #1-5/4#1-10%

= ~

k o Sk ug Jx (2 Jx B (28
NH SAT (82.9 %/92.7 % signal energy)
1 1.883 1024 11 0.00465 3.002 0.001020 0.24 —0.393

2 1.071 128 99 0.03716 1.216 0.002533 8.77 —2.553
3 0.698 256 74 0.16210 2.308 0.006024 9.61 1.963
4 0.560 64 27 0.14235 —0.820 0.004260 29.38 2.160
5 0.464 256 77 0.13053 2.316 0.011538 6.76 —0.785
8 0.367 64 90 0.25000 —2.079 0.007481 29.41 —2.945
10 0.285 16 12 0.15523 0.627 0.007812 15.36 —2.749

15 0.184 256 84 0.04615 —0.564 0.001381 29.38 2.749
SH SAT (85.1 %/92.8 % signal energy)

1 1.945 512 91 0.03716 —1.695 0.001112 29.38 —2.945
2 0.746 256 71 0.06250 0.378 0.001870 29.38 2.160
3 0.540 64 86 0.19278 3.108 0.017039 6.76 —1.767
4 0.518 64 72 0.14865 —0.444 0.004448 29.38 —2.749
5 0.437 128 49 0.21022 —0.005 0.019404 4.40 —2.553
6 0.378 512 80 .03263 —2.960 .001791 12.38 —2.160
8 0.301 128 49 10511 2.026 .003285 24.73 —2.749
12 0.204 64 54 .00265 0.016 .000000 0.00 0.000

4 NH SAT #8,10,15 and SH SAT #6,8,12 are referred to in Fig. 5.6

panel). Perfect coincidence of NH and global SAT modes #3 (Tables 5.3 and 5.4)
hints at the geographic source of this interdomain companion of SRAD #1. This
might be taken as endorsing both existence of robust signals here and reliability of
the MP-FM method. SST #3 appears to integrate the slower parts of SAT #3 and #5,
introducing another modulation period this way—an interpretation that is supported
by nearly perfect phase and amplitude coincidence around 1930 of SST #3 with
the sum of SAT #3 and #5 [15] (Fig. 5.5, left panel). The two SAT modes just ran
into quadrature and were crossing one another at that period (cf. Fig. 5.4, left panel),
thus together matching SST #3 there with remarkable precision [15]. The right panel
of Fig. 5.5 shows the concurrent evolution of hemispheric SAT #4 modes (cf. also
right panel of Fig. 5.3), representing a thermal wave that changes the hemispheres,
thereby exhibiting a common “bump” just around 1930 (not rescaled to global in
the figure). Notice the remarkable similarity until the 1970s of the sunspot mode
SSN #7 (Fig. 5.1, rightmost column) with this combined thermal wave effect. Given
distinct growth and decay paths again, the question arises if this might not hint at
the terrestrial manifestation of another solar UPO.

The ~12-15 years in question coincide with the core period of the first global
warming shove of the twentieth century (Fig. 5.6) which “kicked” the system from
one oscillatory regime into another one at generally higher thermal level. How the
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global SST mode #3 vs. global SAT modes #3, #5 and #3+5 interhemispheric MP-FM #4 dynamics around 1930
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Fig. 5.5 Evolution of MP-FM thermal anomaly modes (in K) around the first twentieth century
global warming episode; left panel: global SST #3 (grey shaded) vs. global SAT #3,5 and their
sum, shown for 1900-1960; right panel: unstable hemispheric SAT #4 modes (1870-1997) and
their common effect (not rescaled to global) during the warming period
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Fig. 5.6 NH vs. SH warming (1870-1997, in K) in terms of the slow MP-FM anomaly modes
#1,2,4,10,15 (NH) and #1,2,4,6,8,12 (SH) of hemispheric SAT, and linear regression (left panel);
inclusion of NH SAT #8 modifies the picture, mainly during the mid-century period of recurrence
oscillations (dashed black line, opaque circles vs. full green line, filled circles)

climate system is dynamically organized within these regimes is looked at in the
sections to follow. Among the thermal features, global multidecadal (SAT & SST
#2) and bidecadal modes (SAT #4, SST #5, which bear close resemblance to one
another) as well as hemispheric SAT modes #2 (cf. Fig. 5.3) are of special interest.

The stagnation period in all bidecadal-to-centennial temperature modes toward
the end of the twentieth century (Figs. 5.3 and 5.6) was unexpected at its discovery
around the turn of the century [14, 15]. Coincidentally, the data set does not include
the strong El Nifio year 1998 with its marked warming pulse (starting with monsoon
data of 1870, the 128 year window chosen for technical reasons ends 1997), thus
leaving uncertainty about potential boundary effects of the method—the more since
“officially” global warming appeared to continue [92]. Only recently, a heated
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debate evolved about the “hiatus”, the pause in global warming lasting now for
15-20 years, and its absence in GCM based projections [6, 36, 41, 68, 104]. The
MP-FM analysis here hints at such a hiatus since the early 1990s, thus supporting
the conclusion in [41].

The north-south distribution of slow global warming (Fig. 5.6) shows a dominant
NH effect since the beginning of the 1970s. More close inspection (inclusion of
NH SAT #8) makes the curve more restless and modifies the shape of oscillations
between the mid-1930s and the beginning of the 1980s, thus unveiling a common
warming fluctuation of the early 1940s at both hemispheres. The early 1970s, in
contrast, have seen a marked “cool NH” excursion, Southern Hemisphere (SH)
warming notwithstanding. At the beginning of the 1970s, the NH was as cool as in
the late 1920s. The warm NH SAT of the early 1940s, in turn, was reached again not
before the mid-1980s, halfway NH warming of this decade. From the early 1930s to
the mid-1970s, “global” warming was an SH phenomenon in effect, accompanied
by strong fluctuations. Since the 1980s, in contrast, gradual SAT stagnation in the
South is accompanied by shorter-scale fluctuations in the North.

Centennial thermal modes #1 most directly fit the idea of “global warming”
during the past century, and the multidecadal modes at rank #2 are major carriers of
the episodic nature of the process (SH SAT has a weaker multidecadal component
at rank #6). A “swarm” of interdomain companions (Sect. 5.5, Fig. 5.17, right
panel) bears strong indication of a regime character across the climate system of
these dynamics. The oscillatory SAT regime until about 1910 is largely carried by
the interplay of bi- and multidecadal modes (Fig. 5.6). The substantial growth of
multidecadal signal energy in global SAT, which appears to be borne in the growing
NH mode but might have even deeper roots (e.g., the evolving structured solar
forcing; Sects. 5.4.1 and 5.5), gradually adopts the lead. It fully dominates since
the 1970s until the end of the record, whereby the system is dissolved from the
regime of yeasty oscillations around solar cycle #19 (the strongest on record), i.e.
from its second oscillatory regime, to run into the present stagnation. Note already
here that European SAT does not show any multidecadal mode (Sect. 5.6.1), which
hints at a tropic/subtropical origin (cf. also [87]).

That leading slow global SST modes do not exhibit growing signal energy (their
Gaussian envelopes show maximum “allowed” spread), might mean the oceans have
not “taken over” until the end of the twentieth century to set the global warming
rules, including the important multidecadal pace. Centennial modes #1 are least
certain under the 1870-1997 time window (showing up only half-periods), but
for global SAT and SST #1 identical modulation frequencies f and very similar
modulation depths §f have been found, and their carriers f, are within range of
mutual modulation depths.

Figure 5.7 shows slow-mode phase plots of global SAT vs. SST (left panel; data
until 1995) and global SAT vs. SRAD (right panel). The left panel also does not
hint at a leading role of ocean warming as compared with that of the surface—
near atmosphere. The phase plot of modes #1 alone (turquoise) approaches the
regression line of balanced SAT/SST evolution and bears almost precise recurrence
since the mid-1980s along the warming route, with a state in 1995 very close
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regression slope: 1.0391 (all slow) / 1.0248 (modes #1 each) full slow mode MP-FM analysis (regression: 0.2335 K per W/m2)
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Fig. 5.7 Global warming, slow MP-FM anomalies; left panel: global SAT vs. SST modes #1
(turqouise) and SAT #1,2,4,12,14,15 vs. SST #1,2,5,11,12,17 (black with opaque circles), plus
respective linear regressions (1870-1995, in K; right panel: global SAT (full slow-mode data, cf.
left panel) vs. SRAD #1,3,4,7,13 (1870-1997, in W/m?)

to that of 1973. Altogether, this means that multidecadal NH SAT has taken
over. Note that stagnation until 1997 in global warming, as represented by SAT,
commenced with decreasing slow insolation since 1991 (turning point in the right
panel, SAT vs. SRAD). The cyclic mid-century SAT/SRAD excursion calls for
further clarification with respect to the potential UPO manifestation in the climate
record (forcing/response; recall Sect. 5.4.1). The SAT/SRAD state in 1997 is in line
with the discernible trend of the 15 year period 1927-1942. The combined solar—
terrestrial system became attracted and temporarily captured then for 40 (or even
55) years by some phase space object (the figure reminds of a homoclinic orbit).

5.4.3 Dynamic Indices

Persistent SLP gradients may drive climatic subsystems and are thus taken as indices
to grasp their dynamics in terms of single time series. A customary NAO index is
the normalized SLP difference between Azores High (station Ponto Delgada) and
Iceland Low (Stykkisholmur). The winter NAO (NAOW; December—March) refers
to Lisbon, Portugal, to represent the Azores High [56]. The north—south seesaw
of the NAO controls the tracks across central Europe of cyclonic weather systems
and is therefore relevant to the hydrology of the region. The east-west seesaw
of the SO represents the atmospheric branch of the tropical ENSO system. The
SO index (SOI), a normalized SLP difference between Tahiti and Darwin (North
Australia), indicates the appearance and strength of El Nifio (negative SOI) and
La Nifia (positive SOI) events which leave their marks in worldwide weather and
hydrology (e.g., [84]). Figure 5.8 shows MP-FM spectrograms of either index. The
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Fig. 5.8 MP-FM spectrograms (leading ten anomaly modes each) of annually aggregated time
series of (left panel) NAO index [17] and (right panel) SO index; 1870-1997 [15]

smoothest one obtained as yet is just that of the NAO—to which slow signatures of
other subsystems appear to be imprinted (cf. Fig. 5.10, right panel).

To what extent the NAO is part of a larger system is subject to conceptual
debate (e.g., [25, 105, 107]). Accordingly, the pathways remain unclear how the
NAO may be affected by other dynamic subsystems (e.g., [70]). Atlantic—Pacific
teleconnections are studied for long with a view on NH stormtracks and midlatitude
blocking phenomena (e.g., [23, 34]), both in the search for a possible ENSO impact
on Europe at interannual to decadal scales (e.g., [39, 45, 46]) and in order to
understand the degree and mechanisms of NAO/SO interaction (e.g., [53, 86]). Time
domain relationships might episodically exist and be controlled in part by Eastern
Pacific equatorial SSTs [53]. A customary measure of the latter is their average over
the “Nifio-3” area. Table 5.5 presents MP-FM structure books of these three time
series.

Systematic FM relationships between NAO #1, SOI #2 and Nifio-3 modes #3,4
are shown in Fig. 5.9, as they are found in the TF plane (left panel; cf. also
Fig. 5.8) and as normalized departures from their respective carrier modes (right
panel). Excepting the initial period, NAO #1 and Nifio-3 #3 are interdomain (FM)
companions of the slow time domain evolution of NAO #5 (Fig. 5.10, left panel).
NAO #1 appertains to a triplet of NAO modes (#1,7,9) with common FM (Table 5.5).
Also, FM of NAOW #1 (Table 5.6) approximately fits the multidecadal FM pace of
SOI #2 and Nifio-3 #4, which are part of the larger set of interdomain companions of
the rank #2 thermal modes that have taken over to rule the pace of global warming
since the 1970s (cf. Sect. 5.5, Fig. 5.17, right panel). SOI #2 belongs also to a triplet
of SOI modes (#2,6,9) with common carrier frequency—throwing another bridge to
the monsoon system (Sect. 5.4.4).

Counterintuitive, however, is the fact that a direct rational relationship between
the two FMs that make up Fig. 5.9 does not appear to exist; the obvious systematic
emerges from a combined ( f, q;) effect. A close FM companion to NAO #1, namely
NAO #4 (cf. Fig. 5.10, right panel), shows FM relationships to Europe (Iceland SLP
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Table 5.5 MP-FM structure books of annual NAO and SO indices and Nifio 3 SSTs; anomaly
modes #(k), signal energy captured by #1-5/#1-10, and data periods

~

k o Sk U Ji bk fi Bk i
NAOI (61.2 %/85.5 % signal energy), 1870—-1997

1 2.421 256 60 0.15523 0.630 0.007481 6.51 0.000
2 2.326 128 73 0.26107 —0.779 0.012049 11.62 —0.785
3 1.643 128 31 0.22925 —1.447 0.005524 28.20 1.178
4 1.610 256 73 0.31046 1.230 0.007812 15.36 —0.196
5 1.471 512 34 0.02993 0.128 0.001506 15.36 2.749
7 1.272 256 60 0.35355 —2.485 0.007481 12.03 2.160
9 1.130 256 115 0.06250 —1.225 0.007481 2.98 3.142
10 0.988 256 73 0.17678 0.180 0.006024 13.55 —1.571
Niiio 3 SST, in K (61.9 %/84.6 % signal energy), 1871-1996

1 2.945 512 111 0.18460 0.800 0.004079 23.77 —0.196
2 2.419 128 42 0.23940 —0.575 0.013139 9.57 1.178
3 2.160 256 31 0.16210 2.710 0.007481 16.75 —2.553
4 1.894 128 77 0.22925 —1.863 0.017794 8.76 —2.945
5 1.700 128 37 0.32421 2.963 0.008158 13.48 3.142
10 1.120 64 28 0.32421 2.451 0.018581 4.84 2.749
SOI (62.4 %/85.6 % signal energy), 1870—-1997

1 3.863 128 45 0.19278 —2.754 0.010132 9.99 2.356
2 3.068 256 66 0.29730 —1.380 0.017794 11.24 —2.356
3 2.854 128 82 0.21953 —1.267 0.006024 24.76 1.963
4 2.334 64 18 0.28470 —1.743 0.022097 8.60 1.767
5 2.286 64 105 0.32421 —0.880 0.022097 6.34 1.963
6 2.058 64 25 0.29730 1.355 0.015625 12.80 —0.589
9 1.523 128 63 0.29730 —0.095 0.013721 13.12 2.160

& CET #6, Baur’s SAT #5, GWL NWZ #4; cf. Tables 5.12, 5.14 and 5.16), but
these are links to be expected. It remains thus to decode the time domain behaviour
of the leading slow NAO mode #5. In the extreme modulation phase it attains,
the mode reaches (below the given time window) an apparent carrier frequency
(fe — fB =) 0.00680, i.e. a ~147 year period. The secular decline of the NAO
during the twentieth century [86] is grasped by this mode as a slow oscillation that
evolves into its extreme FM phase with little frequency drift (Table 5.5)—though
at the beginning of the record it misfits harmonic FM (Fig. 5.9, right panel). Of the
system’s slow forcing modes, this matches only the actual apparent carrier period
of SSN #2, which in its extreme (slowest) modulation phase here may reach a
~154 year period. Since about 1900, both modes keep distance to one another in
the time domain by about one Schwabe cycle length (Fig. 5.9, right panel; SSN



150 P. Carl

NAO - SO - Nino3 FM relationships NAO-SO-Nino3 FM relation to secular changes in NAO and SSN
05 S /N [—-—NACH#I FM 2
| —— Nino3 #3 FM

Nino3 #4 FM ’w‘%/' N //'.N
---- SOI#2FM N N
08 . ;
0.4 \ [ N \
\
\

/ \
/ A /
I A ! /
ki T v
i 1 / \ ¥ \
/ 4 / 4 I =-=NAO# FM
! \ ! A 0.4 £ 4 —— Nino3 #3 FM
i \ i \ i Nino3 #4 FM
0.3 H v ---- SOl #2 FM
it \ ' o——o NAO #5 / env
(SSN #2/env) inv
N
\ i
/

\ '
\

'
\ /

; ;
N
[
0.0 ——
/
\ \
\ ' \ ! [
02 i PR PN \ / |
' s \ ~iL \ 1 04 il
E7 \_/ L] h
0.1 [ N Nwas o3 ¥

0.0 -1.2 -
1870 1890 1910 1930 1950 1970 1990 1870 1890 1910 1930 1950 1970 1990

(normalized)

frequency / cycles per year

time / years time / years

Fig. 5.9 Systematic FM phase relationships between leading anomaly modes of the annual NAO
index (#1), Nifio 3 modes #3 and #4, and SOI #2; left panel: carrier mode position in the TF plane
unchanged; right panel: normalized fluctuations relative to each carrier mode [17], supplemented
by the time evolutions of NAO #5 and inverted SSN #2 (both normalized by their own envelopes;
Nifio-3 SSTs 1871-1996)

NAOI, MP-FM #1-5 & envelopes SO, MP-FM #1-5 & envelopes NAO FM (lagged, FM, interdomain) relationships

04 08
02 04 2 j j T [——#Fm
00 1 o0 N ! N || —— #2FMm
0z 04 WY ! UNGTTRR | —— #minvFm
\ AR —-—
04 08 08 ; : ) #4 FM lag 18

#7inv FM lag 21

#8 FM lag 21
—== #9 FMlag -11
#10 FM lag 30
o—o SRAD #1 lag 23
»—0 SST #1 lag 30
SOl #1 FM lag 17
AIR-S #1inv FM lag 6

(anomaly)
(normalized)
°
B

=
=
=]
=
=

3 &
01 03
00— N ] oo
01 03
-1.2

02 06
1870 1890 1910 1930 1950 1970 1990 1880 1900 1920 1940 1960 1980 2000 -30 0 30 60 920 120 150 180 210
time / years

years after 1870 (cf. lags)
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#2 inverted), but toward the end of the record they tend to further synchronize (in
counterphase). If NAO #5 is not a robust, genuine European (/North Atlantic) mode,
it might thus be increasingly controlled, with growing insolation, by (structured)
solar forcing.

Inconclusive observational evidence of NAO-SO relationships notwithstanding,
a “small-world” network of modal interactions does exist. “Third-party” mediation
as suggested by [53] (cf. also Fig. 5.9), and by [34] in a different context, may
be borne in the role that either subsystem plays with respect to the global water
cycle. Figure 5.10 (right panel) provides such a hint in showing, among others,
lagged FM synchrony between NAO #2 and All-India rainfall (AIR-S) #1 (cf.
Sect. 5.4.4). Considering intrinsic uncertainty in period identification of centennial
modes beneath a 128-year window, FM of NAO #3 and #10 may also resemble
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Table 5.6 MP-FM structure book of the winter NAO (NAOW) index, 1870-1997; anomaly
modes #(k) and signal energy captured by modes #1-5/#1-10°

=~ ~

k o Sk uy Ji bk Ji B Pk
NAOW (61.8 %/83.1 % signal energy)

1 9.321 128 84 0.20131 —2.630 0.017039 4.80 0.589
2 8.507 128 114 0.05488 —2.692 0.003582 10.41 2.945
3 7.977 256 47 0.42045 —0.373 0.002762 21.72 1.767
4 6.767 512 128 0.10977 1.358 0.006291 11.86 3.142
5 5.736 128 42 0.38555 —2.231 0.028656 3.84 0.000
6 5.374 128 80 0.28470 2.593 0.022097 8.60 —1.571
12 3.211 32 83 0.14865 —3.013 0.004448 29.38 2.945

4 NAOW #12 is referred to in Sect. 5.6.1, Fig. 5.18 (left panel)
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Fig. 5.11 Asin Fig. 5.9, but for FM of anomaly modes NAOW #6, SOI #4,5, and global SST #4
(ranges of existence not displayed again; cf. text)

the phase evolutions of SST #1 and SRAD #1, respectively (lagged interdomain
synchrony).

Figure 5.10 (left panel) and Table 5.5 show SOI #5 as a continuation of SOI #4,
with identical f but changed f, and §f (cf. also Fig. 5.8). The shift appears around
1930 again. These two SOI modes set the trace to a remarkable weak-coupling link
to the NAO in boreal winter (NAOW; cf. Table 5.6), where its strongest signal is
found in general. Figure 5.11 shows FM phase relationships between SOI #4,5,
NAOW #6, and global SST #4; a clear time domain companion has not been found.
NAOW #6 and SOI #4 exactly coincide in all frequency parameters ( f, §f, f.) and
share their carrier with the leading triplet in ISM onset over South Kerala (MOSK),
a key phenomenon and time series of the global water cycle (Sect. 5.4.4, Table 5.7).
This extremely improbable coincidence is lost around 1930 with the fading of SOI
#4, but the replacement mode SOI #5 fully synchronizes FM phase with NAOW #6
(which overarches SOI #4,5 in their range of existence).
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5.4.4 Atmospheric Water Cycle: Asian Monsoons

Representing critical transitions in the seasonal march (e.g., [19]), monsoon onsets
and retreats bear sensitive indices of the interannual climatic evolution—most
directly and simplest by the Julian days of their occurrence. They represent thus
a sort of Poincaré maps of global climate dynamics. Remarkably, 1918, the year
of the earliest MOSK on record, coincides with startup of the first global warming
episode of the twentieth century. Further, the localized MOSK #4 signal and its
MONK #3 companion (Fig. 5.12, left panel)—the spot or patch in the spectrograms
of Fig. 5.13 which signify an exceptional period of early ISM onset—relate to a
phase of reorganized NH circulation [64]. Monsoon anomalies are known to extend
to planetary scale (e.g., [110]).

Table 5.7 shows MP-FM structure books of the MOSK, MONK and NEMO
series. A prominent feature is the leading MOSK triplet with identical carrier
frequency. It also appears as a carrier in other monsoon onset and retreat data
(MONK #5, NEMO #6, NEMR #7,10), in All-India rainfall (AIR-S #5), the winter
NAO (NAOW #6), the Southern Oscillation (SOI #4; Tahiti SLP #3) and elsewhere.
FMs of the leading MOSK pair, though, are solitary among the leading ten modes
each across the whole data set analyzed as yet. This is surprising, given the fact
that the deep MOSK oscillations (Fig. 5.13, left panel) are most intense during
the period of global thermal oscillations (Figs. 5.6 and 5.7) around the height of
Schwabe cycle #19. Though signal structures turn out to be more complex there,
it is also not unplausible that for technical reasons (limitations to f/f and §f'; cf.
Appendix) the sparsest approximations have not been reached here.

The localized MOSK/MONK signal of Figs. 5.12 and 5.13 is shown in the left
panel of Fig. 5.14 to commence just when the unstable SRAD #4 mode reaches
its maximum—at solar cycle #19. It does thus certainly reflect a forcing—response
relationship. A related solar connection concerns the leading MOSK pair (right
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Fig. 5.12 MP-FM analysis (leading five anomaly modes each) of monsoon onset and retreat series
over peninsular India [15]; left panel: MOSK & MONK; right panel: NEMO & NEMR; data
periods between 1870 and 1990
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Table 5.7 MP-FM structure books of onset dates of the Indian summer and winter monsoons,
ISM and IWM (Julian days; leap-years considered); anomaly modes #(k ), signal energy captured
by #1-5/#1-10, and periods of analysis®

ko sk | i ¢ i Br |
MOSK (69.5 %/89.9 % signal energy), 1891—1990
1 41.249 64 66 0.28470 0.352  |0.026278 4.95 0.196

2 35.672 64 57 0.28470 —0.902 0.024097 7.47 0.393
3 28.890 128 34 0.28470 —2.701 0.018581 10.76 1.178
4 27.792 16 71 0.02993 —2.571 0.000000 0.00 0.000
5 23.520 128 58 0.31046 2.488 0.012049 14.11 —0.589

7 19.430 64 19 0.15523 —0.465 0.004645 29.38 —2.749
10 12.195 256 83 0.11970 —2.994 0.004645 17.51 —2.749
MONK (67.7 %/90.3 % signal energy), 1870—1980
42.586 64 83 0.27263 1.722 0.010580 11.34 —2.945
36.287 32 76 0.36921 0.224 0.065267 1.07 1.963
30.928 16 93 0.27263 —2.227 0.013139 16.74 —2.749
26.510 64 21 0.23940 —0.820 0.007164 29.38 2.553
24.898 256 65 0.28470 2.576 0.008520 17.61 —2.160

N A~ Wi =

9 [17360 [512  [36  [0.04232 | —2.940 [0.002130 [1536 | 2.945
NEMO (77.8 %/94.2 % signal energy), 1901-1990

38.259 128 44 0.32421 3.057 0.010580 13.23 0.196
27.892 128 47 0.33856 —2.081 0.014328 7.68 1.963
25.565 256 61 0.15523 2.455 0.010132 8.05 1.767

20.735 128 59 0.09230 0.735 0.003906 18.26 2.356
19.550 128 34 0.35355 2.240 0.028656 3.49 —2.160
15.801 128 46 0.28470 —2.011 0.011538 18.20 2.356

2 MOSK #7,10 and MONK #9 are referred to in Sects. 5.4.3, 5.5 and 5.6.1
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Fig. 5.13 MP-FM spectrograms (leading ten anomaly modes each); left panel: MOSK, 1890-
1990 [17]; right panel: MONK, 1870-1980
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Fig. 5.14 MP-FM based synthesis; left panel: annual mean SRAD anomaly mode #4 vs. ISM
event around 1960 (MOSK #4 & MONK #3); right panel: normalized amplitude and frequency
modulations of the leading MOSK pair, in synchrony with SRAD #3 and (envelopes of) SH SAT
#3 as well as SRAD & global SST modes #4

panel) which contributes to a signal that comprises interdomain, quadrature, and
envelope synchronies at once: Beneath signal envelopes which mirror those of
SRAD #4, SST #4 and SH SAT #3, the leading MOSK pair runs into mutual
FM quadrature, thereby flanking as interdomain companions the time domain
evolution of the (growing, multidecadal) mode SRAD #3. If the MOSK spectrogram
(Fig. 5.13, left panel) offers a glance at a real-world UPO manifestation in terms of
its signal energy distribution, Fig. 5.14 gives detailed phase information how the
solar impact on the terrestrial water cycle might be organized in such a case.

When adopting this suggestive view of marked solar signals in the hydrologic
cycle, one may be wondering about one missing signal, the Schwabe cycle
mode(s) SRAD #2,5. The issue is difficult to appraise due to technical reasons
(cf. Appendix): The solar cycle may have been identified as a combination of two
SRAD modes (recall Table 5.2) since MP-FM is not prepared for two simultaneous
frequency modulations. That FM is subject here to further technical restrictions,
may be relaxed in a second-generation study. A problem that concerns the signal
space dimension due to higher-order nonlinearity, however, is more difficult to
handle.

All-India rainfall and IWM retreat (AIR-S, NEMR; Table 5.8, Fig. 5.15) also
show the signs of higher-order modulations: AIR-S #3,4,6,7,8 form a web of
splitting, joining and drifting modes which reflect a complex situation that the
present MP-FM does not appear to cope with in sparsest approximation (Fig. 5.15,
left panel). The disturbed NEMR spectrogram (right panel) may signify FM drift,
i.e. higher order FM as well, carried by modes #2,1,10 (in this sequence; cf. also
Fig. 5.12, right panel), of which the latter one mirrors NEMR #1 in FM quadrature,
with only slightly differing modulation depths. The accompanying change of carrier
frequencies lately falls into the prominent one of the leading MOSK triplet. This
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Table 5.8 MP-FM structure books of All-India rainfall (AIR-S; in mm), and monsoon retreat
dates (MRAP and NEMR); anomaly modes #(k ), signal energy as captured by #1-5/#1-10, and
periods of analysis®

k o Sk uj Ji Pk Ji B Pk
AIR-S (63.0 %/87.0 % signal energy), 1870~1992

1 374.795 128 86 0.38555 —1.869 | 0.012049 3.32 2.945
2 336.587 128 65 0.08839 2.738 | 0.006291 9.55 —1.767
3 296.894 256 18 0.26107 1.434 | 0.010580 18.90 2.356
4 269.674 64 34 0.26107 —1.444 |0.017039 7.63 —0.785
5 268.657 128 46 0.28470 0.762 | 0.008897 | 23.60 0.589
6 253.651 64 95 0.31046 0.165 | 0.027441 5.47 —1.374
7 203.727 32 51 0.21953 —1.698 | 0.021160 6.20 2.160
8 183.694 64 95 0.36921 —1.921 0.019404 6.18 0.982

11 132.372 128 54 0.01013 —2.311 0.001953 1.11 0.000
MRAP (97.1 %/99.6 % signal energy), 1952—1990

1 26.346 64 19 0.29730 0.604 | 0.028656 4.89 2.749
2 23.238 32 13 0.12500 —0.090 | 0.010580 6.21 2.749
3 17.743 32 25 0.36921 —1.773 0.038808 3.35 —2.356
4 9.012 16 25 0.32421 0.542 | 0.037163 4.57 1.374
5 6.267 128 15 0.32421 1.759 1 0.023075 4.77 —2.356
NEMR (69.3 %/92.6 % signal energy), 1901-1990

1 63.891 32 47 0.29730 —2.383 0.035587 4.22 2.553
2 52.733 32 21 0.27263 —0.927 |0.015625 13.44 —2.749
3 43.878 1024 8 0.04819 2.110 | 0.003285 7.71 —0.785
4 40.245 128 33 0.32421 —1.321 0.020263 8.39 2.356
5 36.508 256 53 0.23940 2.124 | 0.017039 9.55 —2.945
7 31.540 256 26 0.28470 —0.777 0.010132 19.74 —2.945
10 22.449 64 70 0.28470 1.262 | 0.035587 3.93 0.196

2 AIR-S #11 is referred to in Sect. 5.6.1

might indicate completion of a dynamic regime transition, which both for sparse
approximation and the present MP-FM version was most challenging.

The terrestrial water cycle, as represented by the monsoon systems here, exhibits
most active dynamics across the data set. Its potential (pre)chaotic organization at
planetary scale [19] would offer a sea of UPOs on Earth which may be stabilized
by even weak external control. “Collision” of solar and terrestrial UPOs might have
produced the mid-century recurrence oscillations and their signature notably in the
MOSK series.
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Fig. 5.15 MP-FM spectrograms (leading ten anomaly modes each) of the AIR-S (left panel, 1870-
1992) and NEMR series (right panel, 1901-1990)

5.5 Global Cross-Connections: Dynamic Regimes

Though one might not be inclined to lend too much credit to the short series of ISM
retreat over Andhra Pradesh (MRAP) and its decomposition (Fig. 5.16, left panel;
Table 5.8), just these data may bear the most direct real-world signature of topology-
conditioned interannual climate variability rooted in the atmospheric hydrologic
cycle. As found in the GCM study [19], roughly three retreat categories of the boreal
summer monsoon may exist, which besides different circulation regimes also bear
variable retreat dates (“breathing” seasonal cycle). The MRAP data period centers
around the early 1970s, and MRAP #1 shows a deep TF fluctuation shadowed by
MRAP #3, with their common turning points just at the height of the “cool NH”
excursion (cf. Fig. 5.6). Systematic phase effects in the boreal summer-to-autumn
transition (the variable MRAP dates) thus accompanied a marked excursion of the
climate system. Note that both MRAP #1 and NEMR #1 fluctuate around a carrier
that appears almost as frequently as that of the leading MOSK triplet, notably in
the water cycle as well. FM connections to other leading monsoon modes (NEMO
and MONK #1, AIR-S #3) also exist for MRAP #2, the low-frequency TF “scar” in
Fig. 5.16 (left panel).

Before turning to the right panel of the figure, notice almost perfectly syn-
chronized interdomain motions in Fig. 5.17 of leading insolation (SRAD #1; left
panel) and thermal modes of the system (SAT & SST #2; right panel) in the time
domain, with leading modes of insolation, temperatures, dynamic indices and the
hydrologic cycle in the frequency domain. Whereas the left panel may bear another
substantiation of the reality of control by relatively weak irradiance variations of the
system’s free oscillators, the right panel displays a large “swarm” across the whole
climate system of interdomain companions to the important rank #2 multidecadal
thermal modes. This may be taken as a clear sign of a regime character of present-
day climate dynamics, including modes of the water cycle as integral parts.

SAT and SST #1 do not show likewise broad and perfect global-scale interdomain
synchronies, but there is an important exception. MOSK #7 (the “scar” in Fig. 5.13,
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Fig. 5.16 MP-FM spectrogram (leading ten anomaly modes) of the MRAP series (left panel,
1952-1990) and episodic time domain synchronies (right panel) of SRAD #3, in company with
SAT & SST #2 and monsoonal components to shape the exceptional episodes around 1918 and
since the 1970s (arrows at the upper and lower margins of figure)
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Fig. 5.17 MP-FM based synthesis [15, 17] showing normalized interdomain evolutions; left panel:
SRAD #1 vs. FM in AIR-S #2 and (inverted) in modes #3 of SRAD itself, global & NH SAT, SOI,
as well as in NAOW #4; right panel: global SAT & SST #2 vs. FM in the monsoons, ENSO,
NAOW and SH SAT

left panel) is a fading decadal mode that evolves in time domain synchrony
with AIR-S #2 and SRAD #3 (which are interdomain companions of SRAD #1;
Fig. 5.17, left panel) since the turn of the nineteenth century until the mid-1920s
[15] (Fig. 5.16, right panel). Decadal MOSK modes #7,10 with identical modulation
frequency thereby form the earliest MOSK on record, 1918 (MOSK #10 not shown).
SOI #3, and global & NH SAT #3 are interdomain companions of SRAD #1 as well
(Fig. 5.17, left panel). FM of MOSK #7, in contrast, fits the time domain evolution
of global SAT #1 (Sect. 5.6.1, Fig. 5.23) until it fades away during the 1960s. That
is, there was an interdomain link via the water cycle between centennial insolation
and thermal modes which has been lost only in the 1960s.

A replacement connection emerges in the 1970s, however, now at multidecadal
scale: Time domain synchrony with SRAD #3 and interdomain company by MRAP
#1 FM characterize the second warming episode of the study period (Fig. 5.16,
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right panel). The solid background regime of this episode displayed in Fig. 5.17
(right panel) includes: NAOW & Darwin SLP #1, SOI #2, MOSK & SH SAT
#3, Nino 3 & AIR-S #4, NEMR & SH SAT #5. Whether or not the SRAD #3
synchronization also contributed to growing signal energy in global and NH SAT #2,
awaits clarification. Though multidecadal signal energy grows strongest in NH SAT
#2, there is no corresponding European SAT signature (Sect. 5.6.1). The centennial-
scale multidecadal climate regime hints at a prominent role of the Tropics/subtropics
in either warming shove of the twentieth century indeed.

5.6 European “Vertical” Climate Signal Tracing

Tropic/subtropical impacts on European climate and weather might be mediated via
teleconnections like the Pacific—North American (PNA) pattern with its eastward
extension to the North Atlantic, and a Mediterranean link appears to exist to the
South Asian monsoon in boreal summer (e.g., [85]). European floods increased
attention to such links (e.g., [26, 77]). Robust connections have been found for
paleoclimatic timescales (e.g., [89]), but mechanisms may differ from those of
present-day. Recently, quasi-resonant states of circumglobal planetary waves have
been detected that may be blamed for extreme hydrologic events in northern
midlatitudes [28]. Tropic/subtropical links of these patterns may exist but have
apparently not yet been addressed. Here a general low-latitude perspective is
adopted with a view on European climate and weather regimes and their hydrologic
signatures.

5.6.1 Central European Climate and Weather Regimes

The marked reorganization of NH circulation in concert with the exceptional
period of early MOSK around 1960 [64] (Sect. 5.4.4) provides another test for
both existence of such a cross-connection in the data and the quality of MP-FM
based data modelling. Figure 5.18 (left panel) shows a localized NAOW signal
(#12, cf. Table 5.6) which precedes and accompanies the “bump” of MOSK #4.
It modifies the growing (bi)decadal NAOW #2 mode, just toward perfect in-phase
evolution with MOSK #4 at its foreflank—thereby directly shaping its upcoming
multidecadal pace that is about to synchronize with SRAD #3. Combined NAOW
#2+12 continues to match the MOSK #4 envelope until the signal terminates.
Altogether, this substantiates reality of monsoon/NAO phase interactions and a
potential solar influence; recall also the link to sunspot cycle #19 (Sect. 5.4.4,
Fig. 5.14).

With positive (negative) NAO index, cyclone tracks are shifted northward
(southward), thus reducing (enhancing) precipitation over central and southern
Europe [61]. Figure 5.19 (left panel) and Table 5.9 show SLP modal structures at
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Fig. 5.18 MP-FM based synthesis, left panel: NAOW (#2 & #12) coincidence with the MOSK #4
event; right panel: slow Azores SLP (#4), MONK (#9), AIR-S (#11) modes and FM companions
(Azores SLP, Tahiti SLP, SOI, AIR-S #1, NAO #2, MOSK #5)
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Fig. 5.19 MP-FM analysis (leading five anomaly modes each); left panel: annual mean Azores
and Iceland SLP (1870-1997, in hPa); right panel: Baur’s (1881-1997) central European SAT, in
K, and German precipitation, in mm/d

the NAO centers of action. Azores SLP #1 and annual NAO #2 are connected with
AIR-S #1 via common slow FM. All three are interdomain companions of the slow
mode AIR-S #11 (Fig. 5.18, right panel). To further decode functional shapes of the
slow modes NAO #5, Azores SLP #4 and MONK #9, note that the latter two show
identical bidecadal carrier periods and modulation depths §f, as well as closely
neighbouring multicentennial FM. NOA #35, in turn, shares its modulation index S
with MONK #9, and both carrier and modulation frequencies of the two relate to
one another by a factor of +/2. Recall also that NAO #5 has NAO #1 and Nifio-3 #3
as interdomain companions (Fig. 5.9, right panel).

Slow evolutions in the atmospheric part of the global water cycle thus might
exert control over one of the NAO centers of action, the Azores High. Iceland SLP
adds a carrier triplet at ranks #1,3,6 which shares the common carrier of retreat
modes #1 of ISM (MRAP) and IWM (NEMR), and of the SOI triplet (#2,6,9)—
a dominating carrier mode within the global climate system. This network further
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Table 5.9 MP-FM structure books of annual mean SLP at NAO centers of action (1870-1997, in
hPa); anomaly modes #(k) and signal energy captured by modes #1-5/#1-10

k ‘Otk ‘Sk ‘uk ‘fk “Pk ‘f;c ‘ﬂk \fﬁiﬁ
Azores (59.0 %/82.8 % signal energy)

1 60.772 128 31 0.33856 0.832 0.012049 4.98 —2.945
2 57.383 128 67 0.19278 —1.284 0.009291 16.04 —1.374
3 45.269 256 43 0.22925 0.607 0.008520 16.08 —0.982
4 43.038 128 26 0.04232 —1.068 0.002224 14.71 2.749
5 40.953 128 74 0.32421 0.527 0.011049 15.39 —2.553
Iceland (58.1 %/84.1 % signal energy)

1 94.907 128 71 0.29730 2.577 0.016317 7.97 2.749
2 86.862 256 84 0.25000 2.117 0.006860 18.95 0.000
3 81.507 512 75 0.29730 3.095 0.010580 18.90 —0.393
4 69.165 256 110 0.17678 —2.478 0.006291 21.72 2.749
5 64.986 128 69 0.06527 2.039 0.005066 8.76 1.571
6 60.743 128 91 0.29730 2.028 0.007812 24.32 —1.178
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Fig. 5.20 MP-FM spectrograms (leading ten modes each) of annually aggregated Baur’s central
European SAT (left panel) and German precipitation (right panel), 1881-1997

extends via common FM of Iceland SLP #3 and leading monsoon modes, which
altogether might mark an Arctic Oscillation pathway of monsoon impact on Europe
(not shown in detail).

Synoptic systems that accompany circulation types bear typical thermal and pre-
cipitation patterns [43]. German precipitation and central European SAT according
to Baur [7] (Fig. 5.19, right panel; Table 5.10) thus relate to the temporal succession
of weather regimes and its variability and evolution in concert with climate change.
There is no central European multidecadal SAT mode, though, that would contribute
to global and NH SAT #2 (cf. Sect. 5.5). The same holds for the central England
temperature (CET [79]) not discussed here.

Figure 5.20 shows MP-FM spectrograms of Baur’s data sets [7]. There are two
drifting modulations in the SAT series which the present MP-FM version cannot
directly capture, thus selecting two modes each (left panel): Mode #2 has a precursor
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Table 5.10 MP-FM structure books of annual mean Baur’s central European SAT and German
precipitation, 1881-1997; anomaly modes #(k) and signal energy captured by modes #1-5/#1-10

~

ko Sk U Ji bk fi B bk

SAT, in K (69.1 %/89.4 % signal energy)

1 3.546 1024 26 0.02026 0.529 | 0.001020 15.36 2.945
2 2.932 64 78 0.10977 0.937 | 0.018581 1.85 —1.767
3 2.469 64 47 0.43906 1.730 | 0.013139 3.81 —1.571
4 2.306 128 73 0.25000 1.921 0.024097 3.73 —1.767
5 1.919 256 91 0.25000 —0.397 ]0.007812 19.20 | —1.767
8 1.441 64 38 0.14865 0.359 | 0.017039 1.11 0.785
9 1.437 32 106 0.42045 0.866 | 0.035587 1.97 0.196
precipitation, in mm/d (68.8 %/89.0 % signal energy)

1 4.158 128 65 0.26107 —1.925 ]0.010580 7.56 2.945
2 2.889 128 93 0.29730 0.265 | 0.017039 10.56 1.767
3 2.669 64 79 0.31046 2.177 ]0.023075 7.80 1.767
4 2.512 128 34 0.25000 —1.265 |0.012049 15.77 2.160
5 2.328 64 95 0.26107 —0.604 |0.009702 |22.68 2.945
7 —1.797 512 14 0.00552 —0.010 |0.001112 0.72 2.356

(#8) with smaller modulation depth and higher carrier frequency, whereas mode #3
is followed by a signal (#9) with substantially shorter FM period. These thermal
transitions occur just around 1930 and 1970 again. There is also a bifurcation around
1930 of deeply fluctuating modes in Baur’s precipitation (right panel). A variety of
further links and modal networks exists, notably of this series. Together with Iceland
SLP #3 and GWL WA #2, FM of its leading mode joins a group including leading
monsoon onset modes (MONK, NEMO #1) and AIR-S #3. Baur’s precipitation
#2 joins another prominent group of carriers: the leading monsoon retreat modes
(MRAP, NEMR #1) and the SOI triplet (#2,6,9)—plus even a quadruple (#3,4,5,10)
of GWL Northwesterly Cyclonic (NWZ; not shown).?

Central European weather regimes as represented by four of the leading GWLn
here exhibit MP-FM modal structures as shown in Figs. 5.21 and 5.22. The eye-
catching behaviour of HM #1 and BM #3 marks a centennial exchange of the
dominating patterns (cf. e.g. [43]) of high pressure conditions over the region. The
functional shape of (inverted) HM #1 settles between that of global SAT #1 and
SST #1; BM #3 is more stretched. The multidecadal mode BM #4 is an interdomain
companion of HM #1, and thus an approximate one as well of these two major
global warming modes.

2To save space, MP-FM structure books are no longer displayed heretoforth; for frequencies f, f
consult the summarizing tables in Sect. 5.7. A complete set of structure books of the study may be
obtained from the author on request.



162 P. Carl

GWL HM, MP-FM #1-5 & envelopes GWL BM, MP-FM #1-5 & envelopes GWL WZ, MP-FM #1-5 & envelopes GWL WA, MP-FM #1-5 & envelopes
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Fig. 5.21 MP-FM analysis (leading five anomaly modes each): annual frequencies of GWL
occurrence over central Europe, 1881-1997; left panel: High Middle Europe (HM) and Bridge
Middle Europe (BM); right panel: Westerly Cyclonic (WZ) and Anticyclonic (WA)
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Fig. 5.22 MP-FM spectrograms (leading ten anomaly modes each) of annual GWL occurrences,
1881-1997; top: HM (left) and BM (right); bottom: WZ (left) and WA (right)

At neighbouring carriers, HM #5,6 exhibit identical modulation frequencies and
the same modulation depth §f . These modes are arranged in the TF plane so as to
support, by their FM phase lags, emergence of HM #2 as a shadowing, apparently
resonant enhancement of the signal energy distribution in the TF plane around HM
#5,6 until the 1960s (Fig. 5.22, top left panel). HM #6 shares its carrier frequency
with the fading mode MONK #4, at even identical modulation frequency and index
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B, but different FM phase. During its period of pronounced existence, HM #2 FM
fits FM of Azores SLP #1 as well, and thus of AIR-S #1 and NAO #2 in their
interdomain relationships with Azores SLP #4, NAO #5, and MONK #9.

For the BM #1 event around 1990 (Fig. 5.22, top right panel) there is no precursor
or companion, but an apparent response in WZ #5 (bottom left panel). Given its
maximum in 1991, Mt. Pinatubo’s eruption in June could have played a role, but
recall also the 1991 turning point in the slow motions of global SAT vs. SRAD
(Fig. 5.7, right panel). Other exceptional situations in 1991 include Kuwaiti oil
well fires and violent East Asian monsoon dynamics [20]. An apparent monsoon
response (or common response to solar cycle #19) is also found in a WZ “bump” at
rank #14 (not shown) which almost perfectly fits the MOSK #4 signal. The leading
WZ patch (#1) follows a common event in WZ #7 and global SAT #12.

In contrast to the patchy WZ modal structure, GWL WA shows a more smooth
one. At rank #4 a nearly persistent mode coincides in both carrier and modulation
frequencies with NEMR #7, and thus with the leading MOSK carrier triplet (#1-3)
at the one hand, and with FM in SOI #1 at the other one. Coincidence with NEMR
#7 even extends to scale and translation (lag 2), but not to the phase constant of
modulation.

Finally, Fig. 5.23 (left panel) shows clear time domain synchrony over the whole
record of the basic modes of global, hemispheric and European centennial warming
with the leading slow mode (#7) of Baur’s precipitation. Note that this is the
only direct signature found as yet of the system’s centennial thermal evolutions
which serves the traditional view of dynamic correspondence, namely time domain
coevolution. Interdomain companions include BM #4, WZ #4—and MOSK #7,10
as noticed in Sect. 5.5.

global & Baur's SAT, PREC: leading slow modes & companions MONK #9, Baur's precipitation #1 FM & companions
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Fig. 5.23 MP-FM synthesis global-regional, left panel: normalized global SAT #1 in parallel to
hemispheric and central European SAT #1, Baur’s German precipitation (#7), plus interdomain
companions (GWL BM and WZ #4, MOSK #7,10); right panel: normalized MONK #9 and
another group of approximate interdomain companions (cf. Fig. 5.18, right panel), including Baur’s
precipitation #1, GWL WA #2, Iceland SLP #3, MONK and NEMO #1, AIR-S #3, as well as
MP-FM modes #2,4 of the driven-transient FSD component of the Elbe river (Dresden gauge; cf.
Sect. 5.6.2); centered analyses
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Further “vertical” tracing (Sect. 5.6.2) is motivated in the right panel of Fig. 5.23
which shows European and global climate modes as interdomain companions of
the slow mode MONK #9 again (cf. also Fig. 5.18, right panel), in concert with
modulations found in two MP-FM modes of the driven-transient FSD component
of the Elbe mainstream near Dresden. Even SOI #1 FM and its “relatives” (NEMO
#3 FM, GWL WA #4 and BM #5, NEMR #7) closely neighbour the modulations
shown, and either MP-FM mode of the runoff component bears the rare coincidence
in both carrier and modulation frequency with two leading rainfall modes: Baur’s
German precipitation #1 and AIR-S #3. It makes sense indeed to look further
downward.

5.6.2 Runoff of the Elbe Mainstream Near Dresden

As with the climate and weather time series, total runoff and its FSD components
are treated as complex composites fed by multiple, distributed sources. Figure 5.24
displays the observed daily runoff of the Elbe river near Dresden (left panel). FSD
has been applied to overlapping 11-year segments, and the resulting component
structures have temporally been aggregated to yield the respective annual time
series for the period 1870-1997 (right panel). The combined FSD/MP-FM analysis
(Fig. 5.25) of this long daily record has been motivated by a first hint obtained in
[22] at possible selective responses in conceptual FSD components to weather and
climate variability.

MP-FM modal structures of total runoff g(¢) and its fast, driven transient, and
slow FSD components (g (), g« (t), gs(t)) as displayed in the figure show close
relationships between total and slow runoff in their respective modes #1-4. The
highly persistent mode #5 of total flow, in contrast, appears to run into a high-
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Fig. 5.24 Dresden gauge of the Middle Elbe river mainstream, runoff im m3/s; daily total flow
(g(t), left panel) and its annually aggregated FSD component structure (right panel): fast (g,
black), driven-transient (g4, green), slow (g, red) and ilf (g¢, dashed)
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Fig. 5.25 Dresden gauge of the Middle Elbe, MP-FM analysis (leading five anomaly modes each)
of annual runoff and its FSD components (1870-1997, in m3/s); left panel: total flow and fast
component (g, g y); right: driven transient and slow components (g4, &5)
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Fig. 5.26 Dresden gauge, MP-FM spectrograms (leading ten anomaly modes each) of annual
runoff (1870-1997): total flow (g, left panel) and its fast FSD component (g ¢, right panel)

frequency singularity (modelled as part of a slow, deep harmonic FM) just during
the exceptional climate period around 1930. A similar feature in modes #2,4 of the
fast component centers around 1918, the year of earliest MOSK on record. MP-FM
spectrograms of total runoff and its fast FSD component are given in Fig. 5.26.
During the first half of the record, the fast component, which should comprise
any singular contents of total runoff, naturally occupies the high-frequency range
of the spectrogram (Fig. 5.26, right panel). Increasing water management since the
1930s at the Czech part of the Elbe mainstream may be blamed for reduced high-
frequency activity and should also result in modifications to climatic signatures in
the fast and driven-transient components. The solitary rank #1 peak of the latter
(the localized scar across the whole frequency range of the spectrogram; Fig. 5.27,
left panel) signifies a severe hydrologic event in 1941-1942 (cf. right panel in daily
resolution) that coincides with a global climatic anomaly which included a marked
El Nifio [46], three of the coldest European surface winters of the twentieth century,
and midwinter stratospheric warmings in conjunction with an extreme ozone excess
anomaly over the continent [ 10]. Recall also entrance in the early 1940s of the global
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Fig. 5.27 Dresden gauge, MP-FM spectrogram (leading ten anomaly modes) of the annual
mean driven-transient FSD component (g4, 1870-1997; left panel) and the 194142 daily FSD
component structure (right panel; as in Fig. 5.24, right panel)
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Fig. 5.28 Dresden gauge, 1870-1997; left panel: leading slow anomaly MP-FM modes (at rank #7
each) of FSD components fast (g ) and driven-transient (g;) in mirror antisymmetry around 1939,
flanking the slow NAO mode #5; right panel: runoff, GWL and SLP interdomain companions of
the slow modes MONK #9 (& AIR-S #11); cf. also Fig. 5.23

climate system into its second (“UPO shaped”?) period of thermal oscillations
(turning points in Figs. 5.6 and 5.7).

Fast and driven-transient FSD components are complementary in that the former
comprises all data contents not grasped by a smooth (lower envelope) approxi-
mation, whereas the latter results from an iterate of just this envelope operator.
Leading slow MP-FM modes of both, at rank #7 in either case, exhibit mirror
(anti-)symmetry across the data period, with its reflection point 1939 close to the
1941-1942 runoff anomaly (Fig. 5.28, left panel). Anti-symmetric synchrony in
slow evolutions of these two components, the dominant singular and the regular
but (statistically) self-similar one (operator iterate), either might have to do with
crossing the basin boundary of the attractor that is going to capture the climate
trajectory, may hint at some unknown fundamental interplay at the regular/singular
borderline of runoff, may reflect a selective impact of the NAO—or may have
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Fig. 5.29 Dresden gauge, 1870-1997; left panel: MP-FM spectrogram (leading ten anomaly
modes) of the annual ilf component g;; right panel: MP-FM modes #1—4 (top to bottom) of total
runoff g and its FSD components slow g, ilf g, and subsurface (g, + g;), respectively

appeared just by chance. The first three cases would deserve scrutiny, though this
goes with the risk of falling into speculation. The fact is just noticed here.

Whereas hidden time domain synchronies like this are difficult to carve out,
interdomain companions galore are found via structure book screening, notably
again with respect to the slow modes MONK #9 and AIR-S #11 (Fig. 5.28, right
panel; cf. also Fig. 5.23, right panel). Identical FM of total, slow and subsurface
(ilff+transient) MP-FM modes #4 reflects the dominance of slow runoff in the
mainstream, as expected. Figure 5.29 (left panel) shows the ilf spectrogram, whereas
the right panel displays the leading four MP-FM modes of total, slow, ilf and
subsurface runoff. Their only qualitative distinction appears as an isolated “bump”
of ilf #4, centered around 1982/1983, the years of an extreme El Nifio event. The
slow FSD component, in contrast, integrates this hydrologic signature into its deeply
modulating mode #5 (Fig. 5.25, rightmost column).

The bidecadal mode #3 of the fast component (Fig. 5.25, second column) is
shown in Fig. 5.30 (left panel) to enter for half a century the time domain coalition
of global SAT #4 and SST #5 which is accompanied in the frequency domain by
GWL BM #2. It leaves this global connection together with the central European
interdomain GWL companion in the 1960s—just when the leading slow monsoonal
mode MOSK #7 is fading, thus dissolving the global water cycle from its dynamic
link to centennial warming (Sect. 5.5).

Finally, another rare coincidence of identical carrier and modulation frequencies
as well as modulation indices 8 (and thus also depths §f in this case) is shown
in the time domain evolution in Fig. 5.30 (right panel): Baur’s precipitation mode
#5, which coincides in these parameters with the largely identical runoff modes
subsurface #6 and slow #7, grows up since the 1920s and episodically matches them
rather well (perfect matching would require identical phase constants). Localized
modes NH SAT #10 and GWL WZ #7 show up further episodic time domain
synchrony with these latter two modes at the beginning of the record. There is also
a couple of frequency domain companions (not shown) to the precipitation mode,
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temporary time domain synchronies of FSD flow components
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Fig. 5.30 Dresden gauge, normalized time domain evolutions; left panel: MP-FM anomaly mode
#3 of the fast FSD component, together with global SAT #4 and SST #5, and FM of GWL BM
#2; right panel: subsurface #6 and slow #7 modes in episodic synchrony with Baur’s precipitation
mode #5 and localized modes NH SAT #10, GWL WZ #7

including GWL NWZ #1, WA & HM #3, and FSD fast #3 again of which the time
domain behaviour has been displayed in the left panel.

Breaking news are not apparent from the present exploratory “vertical” signal
tracing down to the river basin scale, but incorporation of this scale into a “small
world” network of weakly coupled MP-FM modes has been demonstrated. Borne in
prior FSD application, this fact supports the idea of selective hydrologic signatures
of regionally external signals. Central Europe is not a core region of the global
water cycle, but slow-mode links to Asian summer monsoon dynamics have been
identified. Recall that this exploratory study did not focus on extreme events.
That the combined FSD/MP-FM procedure is sufficiently robust has been shown
in a number of cases. The suspicion has also been substantiated that transient
(sub)components may become predicated targets and carriers of selective hydro-
logic response [22]—a certainly convincing example is the driven-transient runoff
response to the leading precipitation mode over Germany (Fig. 5.23, right panel).
Lately, it became plausible that FSD is reasonably applied not only to headwater
catchments (which use has been made of in its development [21, 22]).

5.7 Summary and Discussion

The present second part of a conceptual modelling and observational data study into
the global climate system’s “geometry of behaviour” [1] addressed synchronous
motions at planetary scale across the instrumental record (1870-1997) and traced
their signatures down to the Elbe river basin via the European climatic and synoptic
scene. Guided by the GCM study outlined in [19], the search for synchronies
(of any kind) aims to uncover hints at potential low-dimensional contributions
to climate dynamics. In order to behave low-dimensionally, a high-dimensional



5 Synchronous Climatic Motions 169

dynamic system like the global climate must undergo substantial synchronizations
which to unveil improves the knowledge of its dynamical status and potential
evolution.

Data analyses should not prejudice by the choice of method any notion of debate.
Accordingly, to provide adequate targets for a broad range of signal types, the
dictionary of analyzing signals (Gaussian logons that allow for deep frequency
modulation, FM), used here in the sense of best fit, is highly overcomplete, not
necessarily orthogonal, and applied in superresolution. It comprises harmonic bases
of both Fourier and Wavelet Transforms. Univariate sparse approximations of
customary climate time series have been presented first, using a Matching Pursuit
approach [73]. Tables 5.11 and 5.12 summarize carrier and modulation frequencies,
respectively, of the leading ten MP-FM modes each of the 20 time series analyzed
(cf. also Table 5.18).

A multivariate perspective, dismissed in the analysis stage, is provided by
subsequent synthesis. “Structure books” of the set of signal parameters provide
quantitative support, though visual inspection cannot be dispensed with. A network
of leading MP-FM modes has been identified at global scale. Based on this
approximation of observed global climate dynamics, European climate and weather
data (Tables 5.13 and 5.14) and basin scale hydrology as exemplified by runoff of
the Elbe mainstream near Dresden (Tables 5.15 and 5.16) have been investigated
for climatic signatures. In contrast to the Indian monsoon region, which has early
been perceived as a source, or “nodal,” region of global climate dynamics (e.g.,
[78]), European climate has been viewed here as a non-nodal region, a notion that
is largely confirmed by the results.

Six types of synchrony or correspondence may be found in the climate system’s
motion: (1) phase coherence in the time domain, (2) phase—frequency (“interdo-
main”) synchrony, (3) signal envelope synchrony, (4) quadrature and other phase
relationships, (5) rational frequency relationships, and (6) general concurrence
in signal parameters (pairs, triplets, quadruples etc. of modes which share cer-
tain parameters or their combinations). Phase coherence makes up synchronized
motion in the time domain and customary statistical correlation in one. It occurs
only temporarily here in most cases, but displays remarkable signals, notably
in monsoon—-NAO relationships and in changing synchronies to insolation mode
SRAD #3. Interdomain synchrony, i.e. frequency drift of one oscillator in parallel to
the phase evolution of another one here (maybe lagged), is the dominating type
of synchronous motion found—though not normally recognized when applying
traditional tools of signal analysis. This sort of synchrony occurs both internally
(between different MP-FM modes of one and the same time series, like SRAD
#1/#3) and as coevolution between modes of different time series (e.g., SRAD #1
and its centennial companions). Envelope synchrony may uncover kinship between
signals that exist in distinct ranges of the TF plane, like those related to the MOSK
mode #4. Coincidence in signal parameters scale s and translation ¥ means perfect
envelope synchrony, but there are physically justified lags in general.

Though arbitrary phase lags may occur in purely empirical analyses, notably in
the frequency domain, quadrature relationships might hint at a specific data type, the
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analytic signal. Decoding the complex terrestrial signal(s) around Schwabe cycle
#19 is a related challenge. Archetypal of internal structure that hints at organized
dynamics are low rational frequency relationships as well, and hidden structure may
also be found via dyadic exponents that emerge in the definition of the present MP-
FM dictionary (cf. Appendix). Generally, given the high signal space resolution
used, coincidence in more than one signal parameter between two or more MP-FM
modes may rarely occur just by chance and hints thus at potential kinship.

Conceptual background of the “vertical” search for climate signals, via Europe
down to the river basin scale, is the notion of a regime character of climate variability
and change (e.g., [44]). Of the six types of synchrony or parameter coincidence
found to apply at global scale, phase coherence (type 1) bears one of the rare
persistent time domain effects throughout the analysis period, the (lagged) parallel
evolution of the slow mode #7 of Baur’s precipitation for Germany [7] with secular
warming as represented by global and European SAT #1. Interdomain (type 2)
synchrony is not that dominant over Europe as it is at global scale, but global SAT
#1, for example, is accompanied by secular frequency drifts in modes #4 of the
central European weather regimes (GWLn) BM and WZ. Such type connection to
centennial global warming is largely missing at planetary scale, where multidecadal
modes have taken the lead since the 1970s. Signal envelope (type 3) synchrony is
regionally encountered in slightly lagged localized signals again. GWL WZ #14, for
example, reflects the changing NH circulation around 1959 [64], in company with
changes in the boreal summer monsoon and the winter NAO (same scale and time
location, but much differing variability).

Among such more general signal parameter coincidences (type 6), perhaps
most noticeable with a view on the water cycle are solid links between the
Indian monsoon and German precipitation. European climate and weather regimes
expectedly show clear signatures of the global climatic evolution. Encouraging
with a view on further hydrologic downscaling was the comparably high internal
organization and external integration of Baur’s precipitation series for Germany,
which provides the strongest links to basin-scale hydrology, as demonstrated for the
middle Elbe gauging station near Dresden. To identify potential selective response
of the water body, a functional streamflow disaggregation technique (FSD [21]) has
been applied to generate a set of conceptual flow components which are thought to
represent distinct sources and response times of (sub)surface hydrology. Links may
be traced down indeed from Indian monsoon rainfall via Baur’s precipitation to
both driven-transient and slow FSD components of the middle Elbe mainstream.
It is certainly remarkable that the most convincing “vertical” connections are
found in runoff components that belong to the greedy FSD version, as compared
to those of the shortcut one which tended to provide analogues to the classical
conceptual components overland flow, interflow, and baseflow [22]. The MP-FM
modal structure of FSD components of whatever combination, though, is rather
robust. The combination of both methods thus appears to provide an adequate
strategy of objective analysis to grasp the signatures of climate variability and
change at river basin scale.
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The study was exploratory in various aspects:

(1) Existence of sparse approximation of climate dynamics was uncertain, though

GCM results indicated substantial low-dimensional shares [19].

(i) A generic method to obtain the “sparsest” approximation, i.e. to minimize the

£° norm (number of modes) does not exist as yet (e.g., [11]).

(iii) An established method (and tool) is still missing to efficiently search for

diverse types of synchrony in a data base of MP-FM structure books (adding
to the fact that structure book screening alone does not suffice).

(iv) Archetypal signs in data structures that point to organized dynamics are low

rational frequency relationships at top of the Farey tree of rational numbers
[63] (Table 5.17), but the dyadic scheme of the dictionary used (though a
reasonable choice) does not directly match Farey’s construction rule.

(v) The choice of adequate signal space resolutions, also in scale s and modula-

tion phase constant ¢, requires experience.

(vi) Stability of MP-FM modal structures against shifted/varied time windows

(cross validation) is an issue that calls for extensive studies.

(vii) There was no prior information about the robustness of the combined

FSD/MP-FM approach.

(viii) Though motion across the basin is ruled by the respective attractor, it is

not clear how the varying distance of a trajectory from the inertial manifold
influences dynamic synchronizations and their visibility.

(ix) Unstable periodic orbits are difficult to identify in time series of natural

systems (it is thus of basic interest to learn how their signs may look like).

(x) Allowance for deep FM in the MP dictionary evolved from previous weaker-

FM dictionaries which did not show ““sparse enough” modal structures.

Major non-technical global scale issues and results of the study include

(a)
(b)

()

(d)
(e)

®

the fundamental role of FM, even deep FM, for interdomain synchrony;
structured insolation that is basically composed of five MP-FM modes and
appears to have been found in “almost sparsest” approximation;
the interplay of centennial, multi- and bidecadal thermal modes to shape
the global warming process in an episodic manner, with discernible regimes,
marked turning points that signify climatically exceptional situations, and lately
unexpected stagnation (“hiatus”) near the end of the twentieth century;
systematic FM phase relationships, partly in interdomain synchrony, between
NAO and SO, accompanied by SST and monsoonal modes;
complex signals of monsoon response to leading insolation modes, including
apparent UPO manifestation which feeds forward to the system’s thermal
evolution at the height of solar cycles #19 and #21 at least;
centennial scale solar—terrestrial interdomain synchrony between SRAD #1 and
top-rank monsoonal, thermal, and (EN)SO modes.

“Vertical” signal tracing via European climate and weather systems down
to the Elbe river mainstream near Dresden uncovers inclusion of a network of
regional MP-FM modes into globally organized dynamics. Above all,
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(g) global centennial warming is found in like manner as leading mode of European
SAT, but there is no analogue across Europe of the growing multidecadal
modes—which thus appear to be of tropic/subtropical origin.

Remarkably however,

(h) the only persistent time domain companion of centennial warming found as yet
is the leading slow mode (#7) of German precipitation as compiled according
to Baur [7];

(i) leading slow monsoonal modes also occupy only lower ranks (MONK #9, AIR-
S #11) but nevertheless appear to guide a variety of interdomain companions
across the climate system, including leading monsoon modes itself (internal
interdomain), those of NAO and SO, of European weather regimes, of German
precipitation (#1 FM), and of FSD runoff components at the Dresden gauge
(total & fast #1, dtrans #2,4,5, among others);

(j) selective global and regional climate and weather signatures in runoff compo-
nents of the middle Elbe both qualify the river as integral part of the global
water cycle and hint at preferred pathways of potential impacts.

5.8 Conclusions

5.8.1 Some Rudimentary Statistics

Though structure book screening is only part of the “track securing” here, this
concise quantification of modal structures provided by MP is a unique feature of
the method that calls for more extended use. Besides convenient exchange of the
results of MP based TF analyses and syntheses in terms of only few numbers
(in place of full TF plane distributions), some statistics might be based on these
tables. Figure 5.31 shows for both global (left panel) and European data sets (right
panel) the distribution of frequencies f. (top row) and f (bottom row) in the
left part each of panel. The right parts display corresponding mappings on the
Farey tree of rational numbers (Table 5.17) in terms of (negative, inverse) dyadic
exponents —1/log, f. and —1/log, f (recall the dyadic scheme used in the MP-
FM code, and cf. Table 5.18). Shown are the number of occurrences among the
leading 10 MP-FM modes each, the corresponding rank-weighted numbers (weights
(11 — rank)/5.5), and the total signal energy ratio captured by each frequency,
normalized by the average signal energy (90.995% global/86.740 % Europe) as
grasped by the ten leading modes each of all (20/10) time series incorporated.
Whereas rank weighting does not much change these distributions, signal energy
weighting expectedly accents the leading slow (thermal and insolation) modes.
Weighting aside, the two dominating carrier frequencies at global scale (left
panel) are 0.2847 cpy (period ~3.52 years; MOSK #1-3, Tahiti SLP #3, SOI #4,
MONK & AIR-S #5, etc.) and 0.2973 cpy (period ~3.36 years; MRAP & NEMR
#1, SOI #2,6,9, etc.). Variables of the water cycle also contribute in shaping either
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Fig. 5.31 Left panel: carrier (top) and modulation (bottom) frequency distributions (/eft) and their
hidden Farey tree occupations (right) of modes #1-10 each of 20 global climate time series: number
of occurrences (shaded), rank-weighted number (normalized; opaque circles with or without dotted
line), and signal energy captured (normalized; dashed line with filled circles); right panel: the same
for ten European climate and weather time series

first sideband of this central bulk. Excepting solar and thermal slow-mode peaks, the
modulation frequency distribution exhibits one dominant centennial peak, made up
of leading monsoon modes as well (MONK & NEMO #1, MRAP #2, AIR-S #3).
In the Farey tree representation, the central peaks become more slim with signal
energy weighting, and sidebands at higher levels (which are exclusively occupied
by slow modes) grow up. Farey level 8 dominates among the carrier frequencies,
and pronounced sidebands are found at levels 4-5,11,13. Modulation frequencies
settle around level 12, with only one substantial (slow mode) sideband at level 16.

For the European time series (right panel), the carrier frequency distribution loses
the sidebands of its central peak which itself is located at frequency 0.2973 cpy
as well (NWZ quadruple, e.g.). The globally dominating carrier of the MOSK
triplet does not play a substantial role regionally, and slow, secular modes do not
gain too much relative weight here in terms of captured signal energy. Weighting
has practically no effect on the carrier distribution in terms of hidden Farey tree
occupations. If compared with the global scene, the regional distribution accents
Farey levels 4 and 8, both making up the left (upper) edge of the two broader peaks
found for global climate data. Slow-mode (carrier) peak enhancement due to signal
energy weighting, as seen at global scale, does not emerge in the European case.
As for modulation frequencies, weighting accents the 80 - - - 100 years range of FM
periods, out of a broader (structured) “bulk” of modulations. In contrast to the global
data set, the hidden Farey tree occupation shows a broader peak at levels 12—13, and
weighting induces certain growth of a sideband at levels 9—10. Broader (sharper)
features of carrier (modulation) frequency distributions in the global data set might
reflect the dominance of interdomain effects in its dynamic organization, in contrast
to the regional scale.
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Signal distributions of the type presented in Fig. 5.31 have also been constructed
for parameters scale s and translation u, and have been followed in their temporal
evolution (not shown) in order to find statistics that make appropriate use of structure
book collections. Statistically unsettled tendencies have been noticed toward higher
frequencies and shorter scales globally, as could be expected for a dynamic system
under increasing forcing strength, either internally or externally. Locations u of
maximum signal energy over Europe favour the 1940s and 1950s, i.e. the period
of dynamic reorganization that followed the first warming episode of the twentieth
century.

A set of related standard diagnostics may be developed, not to the least in order to
objectively evaluate next-generation analyses. When subspace zooming is applied,
Diophantine approximation (rational approximation of irrational numbers) to the
system’s frequencies, perhaps just using Farey’s construction rule [63], might gain
even more weight. Rational frequency relationships have only very scarcely been
addressed here but may contain additional invaluable information—as might be
inferred from Tables 5.11, 5.12, 5.13, 5.14, 5.15, and 5.16. Closer scrutiny is also
indicated of phase (or modulation phase) lags; specifically, quadrature relationships
may hint at hidden analytic signals.

5.8.2 Final Remarks on Climate Dynamics

An organized global climate system is seen in MP-FM based sparse approximation
of its interannual dynamics in terms of representative time series of the instrumental
period. Its behaviour hardly indicates that the Earth’s climate might obediently fol-
low any forcing scenario: It follows its own dynamic rules governed by a rich variety
of internal feedbacks, though in conjunction with the actual degree of forcing. Direct
comparison to the GCM study [19], where the focus was on intraseasonal aspects,
could not be provided here. A general consequence of low-dimensional behaviour,
however, namely a substantial degree of internal synchronization that the (high-
dimensional) system necessarily displays, has been uncovered.

A complex, dynamically excited system may act as a sensitive receiver, not to the
least in generating a variety of unstable periodic orbits (UPOs) on which it may be
temporarily stabilized by external control. It is thus not surprising that relatively
weak solar signatures are manifest in the climate record. Paradoxically, if ever
higher dynamic excitation parallels increasing anthropogenic forcing, this should
increase the system’s sensitivity and might thus engrave ever weaker external (e.g.,
solar) signals into the records—thus perhaps confusing the observer about the very
cause of climate change.

Considering projections of the hydrologic cycle, the structured solar input has
been found indeed to play an important role. As a straightforward mechanism,
uptake of water vapour over large oceanic areas (“solar collector surfaces” in this
respect) by the low-level monsoonal circulations, and release of its latent energy in
the subsystem’s deep convections, may be blamed for these signatures. In addition
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to scenarios of anthropogenic impacts, those of insolation might thus be needed
as well. Given the “almost sparsest” approximation obtained here for the 128 year
insolation series, at enhanced projective power of the method (notably by raising
internal restrictions, by subspace zooming, etc.) such solar scenarios might be
constructed for the short term, i.e. over a sunspot cycle or two in advance.

That global warming proceeds in an episodic manner bears no surprise if one
sheds a glance at the instrumental climate record. What is new and very important,
however, is the evolution toward dominance of shorter timescales, notably the
apparent takeover by multidecadal modes of the process of global warming.
Growing signal energy in corresponding SAT modes appears to be borne in the
lower latitudes, under active participation of the tropic/subtropical water cycle. A
fundamental question arises about the pathway that climate change has adopted: Is
a route to planetary-scale turbulence (rather than obedience to forcing scenarios)
imaginable? Whether this would be good or bad news remains an open issue, but
couldn’t it even undermine a general oceanic takeover (and thus excitation of much
longer time scales of climatic change)? Altogether at least, a “chaos control” notion
of present-day climate dynamics, variability and change appears to be indicated.
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Appendix
Analytic Signal

A deep-rooting question concerns the nature of complex elements like ¥, or ¥;.
The “analytic signal” (AS), a specific complex extension of a real signal (from a
sea of possible ones), is defined by a single-sideband (SSB), nonnegative-frequency
Fourier spectrum [42]. A sufficient condition for a complex signal ¥ (¢) to exhibit
the SSB property, the quadrature relationship between real and imaginary parts (as is
the case with the complex exponential), is guaranteed for Hilbert pairs, I{y(¢)} =
H{Y, ()}; ¥r(t) = R{Y(z)}, where H denotes the Hilbert transform (HT)

3]

o E—1

My 1)) =+ d (5.6)
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(# is Cauchy’s principal value).? The linear operator

AS{Yr (1)} = Yas) = ¥, (1) +1 H{y, (1)} (5.7

is often (but nevertheless incorrectly) adopted as definition of the AS, though this
discards one degree of freedom at least, borne in zero frequency components of the
SSB. Whereas extension to harmonic FM does not destroy the AS feature of the
complex exponential (the adverse statement in [49] notwithstanding), the Gaussian
envelope does so, thus making the Gabor atom only “approximately analytic” [72].
A “true” AS not yet exploited in the present context is the common harmonically
amplitude- and frequency-modulated (AM-FM) complex exponential [8].

That the AS of a real signal v, (f) may be obtained without direct computation of
the time domain transform H{v,(¢)} is technically interesting. The Fourier Trans-
form (FT) 1/},. (w) = Fy, ()} w) = ffzo ¥, (t)e™'“'dt and its backtransform
V() = F Uy ()}(r) = %ff‘o}o U, (w)ei® dw offer a convenient way to
construct a complex SSB signal: interpreting H{v, ()} as convolution of ¥, (¢) with
the Hilbert kernel i(¢t) = 1/nt, i.e. H{¥,(t} = h(t) * ¥, (¢), yields the Fourier
domain relations (e.g., [49])

A (@)} = h@) Jr (@) = ~i sgn(©) ¥ () (5:8)
and
AS (@)} = (1 + sgn()) Pir(@) . (5.9)
AS construction via the Fourier domain thus simply reads
Yas() = FLASF{y, (0} (5.10)
From a discussion around Bedrosian’s product theorem for the HT [9], there
remained a notion of this Fourier domain tour being valid only for narrow-band

signals. To the best of the author’s knowledge, the narrow-band condition is a
sufficient one that can be relaxed.

Design of the MP-FM Tool

The analytic signal regularizes the otherwise ill-posed task of ¢ determination
(having dissolved by definition the signal’s phase from its energy localization,
an implicit regularization has been raised). From v 45(¢), phase constant ¢ may

SHT definitions in mathematical and signal processing contexts may differ by sign.
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be determined, thus reducing the “active” signal space dimensions by one. To
relax potential bandwidth restrictions, however, transition to the complex plane is
postponed here until the analyzing signal and its translations are projected to the
time series (residue). This “convolved inner product” bears a convenient way, again
in the Fourier domain, to get the full set of projections in the translation dimension
(u) at once with sampling accuracy [96]. It saves explicit exploration of another
signal space dimension.

The remaining 5D space has to be traced in high resolution, however, to find
the best-matching element .5, (¢). This is done “by brute force” as yet; intelligent
searching strategies like subspace zooming, or parallel evaluation of alternative
pathways of this greedy algorithm in order to minimize the £° norm [11], have
not been applied thus far. Dyadic f. and f spacings with 16 tones per octave
result in resolutions of 1/128 along either frequency axis. A maximum of 26 FM
depths §f is traced, the range 27 of modulation phase constants $ is divided into
32 equidistant angles, and 11 (dyadic) scales are used for the width of the Gaussian
window (s = 2°... 219). For a time series length of < 128 entries, this signal space
resolution bears a web of analyzing wavelets of the order of 10'° elements, of which
about 108 are included in the explicit search. In the frequency plane ( £, f) a dyadic
web is spanned, based on 8 families which relate to one another as seen in Table 5.18
(this “coherence” of the dictionary is not exploited in the matching process itself and
does not introduce artificial coherence to the data target of the study).

The resulting MP decomposition of a time series, x(1) =~ Y, yx(t) =
Yok by () (wWhere & = ax/ || Y5, (t) || and || - | is the £2 norm, i.e. the
signal energy), is fixed then in a structure book of eight numbers for each mode
k, comprising 7D signal space locations and the projection coefficient o. As a
rule, ¢ is chosen so as to make « positive, but this is occasionally violated due to
a minor software blemish (that affects ¢ but does not bear further consequences).
Concise quantification of modal structures is a prominent MP feature, in contrast
to other TF methods. Interdomain effects might be studied for any y, C 7 on
principle, but explicit time dependence is provided in the Gaussian logon only for
phase and frequency. Discussion of interdomain synchronies thus focused on time
and frequency domains here, where highest resolution applies. In this case, relation
(5.1) specifies as y,, () ~ P(@,&,u){)(w}(t)-

Overcompleteness of the (homogeneous) dictionary, i.e. its extension beyond a
basis, is essential for both sparse approximation and treatment of nonstationary data,
but due to a latitude of possible parameterizations synchronies may be obscured
then in the structure books. Those redundancies include cases of extreme phase
of a slow FM, for example, which beneath the actual time window may pretend
different carrier modes. The full tableau of synchronous modal interactions across
the data set is thus hardly recognized by structure book screening alone. Visual
inspection is also indicated due to technical limitations: At its present state of
development, the method is neither well-prepared for two or more simultaneous
frequency modulations, nor may it directly cope with a “modulation of modulation.”
FM itself hgs been restricted to f < 4 f,, in reminiscence of the radio broadcasting
condition f <« f. (which allows to clearly grasp the carrier frequency of an FM
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signal), and the modulation depth §f is accordingly limited. Finally, by construction
of the method (by definition of the analyzing waveform and its signal space),
harmonic FM may directly match only those evolutions in the time domain which
are largely harmonic; that is, interdomain synchrony between time and frequency
domains may best be recognized for MP-FM modes with only small frequency drift
beneath the actual time window.

The probability of a specific parameter combination is <0.001 for (s,u) and
<0.0001 for (f., f); envelope synchrony thus may appear by chance with a prob-
ability of <107°, frequency domain coincidence with <1078, and for (£, f,8f)
a probability <107'° holds. Searching through the five leading modes each, say,
of a set of 20 independent time series, raises all probabilities of coincidence
by two orders of magnitude. Since explicit time dependence is provided only
for phase and frequency, the system’s trajectories may be evaluated for mutual
synchronies in three dynamic projections: phase—phase, phase—frequency, and
frequency—frequency. For the first case, either phase constant (¢, <;3) is equally
important—which makes time domain (phase—phase) synchronies even less prob-
able and more difficult to find empirically. Time delays and otherwise conditioned
phase shifts (including shifts in modulation phases), however, do not bear concep-
tual problems for a purely empirical analysis (and synthesis), like the present one
is.

Even if perhaps not the “sparsest” approximations, all MP-FM decompositions
here are valid in the sense of proven convergence of the greedy, stepwise extraction
of maximum signal energy (e.g., [11, 31, 73, 97]), and de facto exponential conver-
gence of each analysis (e.g., [48]). Given low probability of synchronous motion in
the extremely sparse data problem chosen, fake synchronies are highly improbable,
and the organized motions found should thus be understood as representing a lower
margin of the level of dynamic organization present in the data. Any synchronous
motion may add authenticity (and thus should be taken seriously as a potential brick
that fits) to an emerging mosaic of low-dimensional climate dynamics.

A technical advantage of using elementary signals like (5.5) rests in the fact
that their Wigner—Ville distribution (WVD) [27] is analytically solvable. This may
be exploited to build MP-FM spectrograms without masking effects [73]. Due to
an “uncertainty principle” (e.g., [72]), though, the temporal extension of a signal
relates inversely to the thickness of the WVD trace which represents it: sharp, thin
lines mark highly persistent modes, whereas broader “scars” represent signals with
shorter timescale. Concerning the graphical resolution, traces in form of sequences
of spots should be read as continuous lines.

MP-FM Performance: A Sketch

Structure books of a 128-entries test signal made up of five components, and its MP-
FM reconstructions for two types of resolution in §f (fully equidistant, or dyadic
over half the frequency axis), are given in Table 5.19. As shown in Fig. 5.32,
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Table 5.19 Structure book of the test series and of its (uncentered) MP-FM analyses using either

equidistant or (half-) dyadic resolution of modulation depth §f

k| s wm A KA i B &
Test signal components (100 % signal energy)

(1) (100) 32 64 0.0000 0.000 0.00000 0.00 0.000
2) (100) 128 16 0.2109 0.785 0.00000 0.00 0.000
3) (100) 512 32 0.3047 1.571 0.00000 0.00 0.000
“) (100) 2048 95 0.2500 0.000 0.03125 2.40 0.000
5) (100) 2048 95 0.4375 1.963 0.05469 0.80 0.982
MP-FM equidistant (99.1 % signal energy)

1 100.00 32 64 0.0000 0.000 0.00000 0.00 0.000
2 58.04 128 28 0.2109 —2.150 0.00000 0.00 0.000
3 41.38 512 5 0.3047 0.139 0.02410 0.41 —1.178
4 21.62 512 85 0.4375 —0.413 0.05488 0.91 —2.356
5 18.26 256 33 0.2500 3.104 0.03125 2.56 0.393
MP-FM (half-)dyadic (99.1 % signal energy)

1 100.00 32 64 0.0000 0.000 0.00000 0.00 0.000
2 57.78 128 31 0.2102 1.826 0.00000 0.00 0.000
3 41.30 1024 81 0.3242 1.115 0.00098 20.48 3.142
4 21.68 256 36 0.2500 1.393 0.03125 2.24 0.982
5 19.26 256 35 0.4391 0.387 0.05488 0.73 —0.785
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Fig. 5.32 MP-FM reconstruction with half-dyadic resolution of §f spacing: time—frequency view
of the test signal (contour) and its reconstruction (modes #1-5, coloured)
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Fig. 5.33 MP-FM vs. SSA test case reconstructions; left panel: MP-FM based component
reconstructions with half-dyadic (leff) and equidistant (right) §f spacing; right panel: SSA
reconstruction (window 25, modes #1-10) comprising 98.1 % of signal energy
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Fig. 5.34 As in Fig.5.32, but reconstructions via WVD (top left), STFT (top right; window 25),
ST-MESA (bottom left; window 25, order 12) and WT (bottom right; Morlet)

the linear composition of one Gaussian “bump,” two unmodulated components
(one decreasing, one nearly persistent), and two persistent FM modes may almost
precisely be reconstructed—though in the structure book this is less obvious for the
second case than for the first one.

MP-FM reconstruction is contrasted in Fig. 5.33 with results of the SSA, and in
Fig. 5.34 with those of customary time—frequency methods, including the WVD,
the Short-Time (windowed) FT (STFT; [3]), the evolutionary Maximum Entropy
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Spectral Analysis (ST-MESA; [35]), and the Wavelet Transform (WT; [30]) with a
“Morlet” as analyzing wavelet. MP-FM clearly outperforms these representations
which all do not properly capture FM—though it may be an ubiquitous feature of
oscillatory complex systems. The method in its present version (without advanced
zooming etc.) may fail if too coarse a resolution has been chosen, or due to
other internal restrictions. MP-FM appears to be suited, however, to approach
“sparsest” approximations with a further extended signal space (at massively
parallel computation).
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Chapter 6
Application of Random Matrix Theory
to Complex Networks

Aparna Rai and Sarika Jalan

Abstract The present article provides an overview of recent developments in
spectral analysis of complex networks under random matrix theory framework.
Adjacency matrix of unweighted networks, reviewed here, differ drastically from
a random matrix, as former have only binary entries. Remarkably, short range cor-
relations in corresponding eigenvalues of such matrices exhibit Gaussian orthogonal
statistics of RMT and thus bring them into the universality class. Spectral rigidity of
spectra provides measure of randomness in underlying networks. We will consider
several examples of model networks vastly studied in last two decades. To the end
we would provide potential of RMT framework and obtained results to understand
and predict behavior of complex systems with underlying network structure.

6.1 Introduction

6.1.1 Complex Networks

Last two decades have been an era of complex systems analyzed in complex network
framework. Each complex system can be assumed as a collection of interacting
units, and hence can be represented in term of a network where nodes correspond
to units of the complex system and links between nodes denoting interactions. This
complex networks framework has demonstrated remarkable success in predicting
and controlling functional behavior of corresponding complex system [1, 2]. The
network concept has been applied to real systems coming from various differ-
ent fields such as biology (e.g. food-web, nervous system, cellular metabolism,
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protein-protein interaction network, gene regulatory networks), social systems (e.g.
scientific collaboration, citation), linguistic networks, and technological systems
(e.g. Internet, power-grid) etc. (for reviews, see, e.g., [1]).

The first step towards the success of network framework was the detection of
universal features in systems as diverse as human brain and world-wide-web, and
its ability to propose simple models capturing these universalities. These network
models are based on very simple rules, and contain basic information governing
behavior and evolution of corresponding systems.

Traditionally, networks have been studied under graph theory. Random graphs
were studied by Erdos and Rényi in a series of papers during late 1950s [3].
According to the random graph model, a complex system can be denoted by nodes
N and links, where every pair of nodes are connected with a probability p, and thus
creating a graph with approximately pN? edges distributed randomly. For about
40 years, the model was a huge success in describing various phenomena. And
then came a huge transition, brought by two different groups of A.-L. Barabasi
and S. Strogatz, which demonstrated that real world systems may not have only
random interactions, and indeed they exhibit some universal properties such as
scale-free and small-world. Barabdsi et al. proposed a very simple model based
on some physical principles leading to the emergence of scale-free nature of a
growing network [4]. According to this model a new node gets attached to a
previously existing node based on a preferential attachment. This rule leads to
a power law degree distribution, where only few nodes are responsible to carry
the whole network and hence are very important. Watts and Strogatz proposed an
algorithm to generate popularly known as small-world network [5]. This model
captures randomness characterized by small diameter, and regularity characterized
by clustering of real-world networks. This model emphasizes on the importance of
random connections in networks. Following this came spurt of activities in complex
system studies under network framework.

These works have mainly focused on following aspects: (1) direct studies of the
real-world networks and measuring their various structural properties such as degree
distribution, diameter, clustering coefficient etc., (2) proposing new random graph
models motivated by these studies, and (3) computer simulations of the new models
and measuring their properties [1, 2].

6.1.2 Structural Properties of Various Model Networks

As discussed above, investigations done by Barabasi et al. for various real world
systems reveal that they are scale-free, which means that the degree distribution
p(k), fraction of nodes that have kK number of connections with other nodes, decays
as power law, i.e. p(k) o< k=7, where exponent y depends on the topology of the
networks. The scale-free nature of networks suggests that there exist few nodes
with very high degree. Some other analysis, by Newman and others, of real-world
networks reveal that complex networks have community or module structures [6, 7].
According to these studies, there exists few nodes with very high betweenness,
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and are responsible to connect different communities. This direction of looking
at the networks focuses on the importance of nodes based on its position in the
network. On the other hand, Erdos-Rényi (ER) and Watts-Strogatz (SW) models
emphasize on random connections in the networks. In ER model any two nodes
are connected with probability p. One of the most interesting characteristics of ER
model is a sudden emergence of various global properties; most important one being
emergence of giant cluster. Fora p > p., while number of nodes in the graph remain
constant, giant cluster emerges through a phase transition. Further, Watts-Strogatz
model exhibits the small-world transition with fine tuning of the number of random
connections.

6.1.3 Spectral Properties of Model Networks

Apart from the above mentioned investigations which focus on direct measurements
of structural properties of networks, there exists a vast literature demonstrating that
properties of networks or graphs could be well characterized by the spectrum of
associated adjacency and Laplacian matrix [8]. For an unweighted graph, adjacency
matrix is defined in following way: A; = 1, if i and j nodes are connected and zero
otherwise. For undirected networks, adjacency and Laplacian both are symmetric
matrices and consequently have real eigenvalues. Eigenvalues of graph are called
graph spectra and they provide information about some basic topological properties
of underlying network [8, 9]. Recently, in order to characterize networks, it was
proposed to study spectra of eigenvalues of the adjacency matrices as a fingerprint of
the networks [10]. The rich information about the topological structure and diffusion
processes can be extracted from the spectral analysis of the networks. Studies of
spectral properties of the complex networks may also be of a general theoretical
interest.

During last 20 years several important applications of the spectral graph theory
in physics and chemistry problems have been discovered [8, 9]. For example liquid
flowing through a system of communicating pipes are described by a system of
linear differential equations. The corresponding matrix appears to be the Laplacian
of the underlying graph. Speed of convergence of the liquid flowing process towards
an equilibrium state is measured by the second smallest eigenvalue of graph
Laplacian [8]. Second smallest eigenvalue of graph Laplacian is called the algebraic
connectivity of a graph and is used to understand behavior of dynamical processes
on the underlying networks as well [11, 12]. Particularly, Laplacian spectra of
networks have been investigated enormously to understand synchronization of
coupled dynamics on networks [13, 14]. Extremal eigenvalues of the Laplacian have
been shown to exhibit high influence on the synchronizability of a network [15].
Similarly, multiplicity of eigenvalues, particularly at O and 1, have direct relations
with properties of graphs [16, 17].
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6.1.4 Random Matrix Theory

Random matrix theory (RMT) was proposed by Wigner to explain statistical
properties of nuclear spectra [18]. Later this theory was successfully applied for
studying of spectra of different complex systems including disordered systems,
quantum chaotic systems, spectra of large complex atoms etc. [19]. RMT is also
shown to be of great interest in understanding the statistical structure of the
empirical cross-correlation matrices appearing in the study of multivariate time
series. The classical complex systems where RMT has been successfully applied
are stock market (cross-correlation matrix is formed by using the time series of price
fluctuations of different stock) [20]; brain (matrix is constructed by using EEG data
at different locations) [21]; patterns of atmospheric variability (cross-correlations
matrix is generated by using temporal variation of various atmospheric parameters)
[22], etc.

In the following we describe main RMT tools which have been used to

analyze network spectra. Recently there has been considerable amount of work
done in the context of random matrix analysis of complex networks. These
works have mainly used two most popular tools of RMT, i.e. eigenvalue fluc-
tuations in terms of short range correlations, and spectral rigidity to probe long
range correlations in eigenvalues. For completeness we describe these aspects
of RMT which have been used to study network spectra. In the random matrix
analysis of eigenvalues spectra, one has to consider two kinds of properties:
(1) global properties, like spectral density or distribution of eigenvalues p(1),
and (2) local properties, among which eigenvalue fluctuations around p(1) is
the most popular one. Spectral density of random matrices, whose elements
are Gaussian distributed random numbers, follows Wigner’s semicircular law
[18].
Nearest Neighbor Spacing distribution: We denote the eigenvalues of networks by
Ai, i =1,..., N, where N is the size of the network. The eigenvalue fluctuations
are generally obtained from the nearest neighbour spacing distribution (NNSD)
of the eigenvalues. In order to get universal properties of the fluctuations of the
eigenvalues, it is customary in RMT to unfold the eigenvalues by a transformation
A= N(A;), where N is the averaged integrated eigenvalue density [18]. Since
we do not have any analytical form for N, we numerically unfold the spectrum
by polynomial curve fitting. After the unfolding, the average spacing will be unity,
which is independent of the system. Using the unfolded spectra, we calculate the
spacing as

sO = Aig1 =i ©6.1)
and due to the above unfolding, the average nearest-neighbor spacing (s) becomes

unity being independent of the system. The NNSD (P(s)) is defined as the
probability distribution of these s'’s. In case of Poisson statistics, P(s) = exp(—s),
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whereas for GOE, P(s) = Zsexp (—”Tsz) For the intermediate cases, the spacing

distribution is described by Brody distribution [23];
Py(s) = AsP exp (—as?t!), (6.2)

where

B+1
A=(1+paanda = |:F (%)}

This is a semiempirical formula characterized by the parameter 8. As 8 goes from
0 to 1, the Brody distribution smoothly changes from Poisson to GOE. We fit the
spacing distributions of different networks by the Brody distribution Pg(s). This
fitting gives an estimation of f, and consequently identifies whether the spacing
distribution of a given network is Poisson or GOE or intermediate of these two.
The NNSD reflects only local correlations among the eigenvalues. The spectral
rigidity, measured by the Aj-statistic of RMT, gives information about the long-
range correlations among the eigenvalues and is more sensitive test for RMT
properties of the matrix under investigation [18, 24]. Following we describe the
procedure to calculate this quantity.
Aj statistics: It measures the least-square deviation of the spectral staircase function
representing the cumulative density N (1) from the best straight line fitting for a
finite interval L of the spectrum, i.e.,

x+L

Ay(L;x) = %mibn/ [N(X) —ai—b]z dx (6.3)

X

where a and b are obtained from a least-square fit. Average over several choices
of x gives the spectral rigidity Az(L). The most rigid spectrum is the “picket
fence” with all spacings equal (e.g., 1-D harmonic oscillator), therefore maximally
correlated with constant A3(L) (= 1/12). At another extreme, for the uncorrelated
eigenvalues, A3(L) = L/15, reflecting strong fluctuations around the spectral
density p(1). The GOE case is intermediate of these two extremes. Here Az(L)
depends logarithmically on L, i.e.,

1
As(L) ~ —InL. (6.4)

The article is arranged as follows: after the first introductory section about
importance and excitement of network theory, we introduce various RMT tools
used to analyze complex networks. The next section provides a short introduction
to spectral density of networks. Section 6.3 considers different model networks,
viz. random, scale-free, small-world and modular networks one by one, and explain
random matrix results for their spectra. Last section lists down major results
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of random matrix analysis of networks and discusses future prospective of this
framework.

6.2 Spectral Density of Networks

First of all we would review known properties of spectral density of various model
networks. The spectral density of the adjacency matrix of ER random graphs,
whose elements are randomly O or 1, tend to have the asymptotic spectral density
with the semicircle shape in accordance with the Wigner theorem which is a
classical result of RMT [18]. However, Rodgers and Bray have demonstrated that
the density of eigenvalues of a sparse random matrix deviates from the Wigner
semicircular distribution and has a tail at large eigenvalues [25, 26]. With the
increasing availability of large maps of real-world networks, the analysis of spectral
densities of adjacency matrix of real-world networks and model networks having
real-world properties have also begun [27-29]. These analyses elucidate that the
spectral densities of model networks and real-world networks are not semicircular,
instead they have some specific features depending on the minute details of the
corresponding models. Spectral density of scale-free model networks exhibits
triangular distribution [27, 29] with the tail exhibiting a power law behavior. This
power law behavior was analytically confirmed by Dorogovtsev et al. for tree-like
scale-free graphs [28, 30]. Explicit solutions reveal that the spectral density of scale-
free networks decay as a power law with the decay exponent 0, = 2y —1[31]. Using
replica method Rodgers et al. found a similar power law for Goh, Kahng and Kim’s
static model in the limit p — oo [32]. Spectral density of weighted Laplacian and
weighted adjacency matrices for scale-free networks in limit of large mean degree
has been derived by Kim and Kahng [33]. Small-world model networks have very
complex spectral density with many sharp peaks, while the spectral density of scale-
free model networks exhibits triangular distribution [27, 29]. Real world networks
exhibit very different spectral density than exhibited by any of the model networks
discussed above [34, 35]. In general, they have a very high peak at zero eigenvalue
of the adjacency matrix [17, 29, 35].

6.3 Random Matrix Analysis of Network Spectra

One of the most celebrated techniques in RMT is nearest neighbor spacing
distribution p(s) of eigenvalues. For matrix having Gaussian distributed random
numbers, it follows GOE statistics of RMT, as described in Sect. 6.1.4. As seen from
the previous section describing spectral density of adjacency matrix of networks,
one can notice that network spectra have very different properties than exhibited
by those of random matrices. Even spectra of random networks also deviate from
Wigner’s prediction towards the tail.
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Before proceeding further we would like to note few basic differences of
adjacency matrix generated for unweighted networks and random matrices. The
first most important difference is that the entries in adjacency matrices are 0
and 1. Other differences follow from different types of networks, and networks
model based on properties of real world systems. Scale-free networks lead to
matrices having very large entries of 1 in few rows and most of the rows
having as few as only one non-zero entry. Modular networks have patches of
dense 1 entries. Since real world networks are sparse, i.e. they have very less
average degree, which leads to most of zeros in corresponding adjacency matrix.
Because of all these properties of adjacency matrix of networks, it is but natural
to expect that spectral density would differ considerably than that of random
matrices, and hardly we get surprised by observing deviation from Wigner’s
semicircular law and typical structural characteristic being reflected in density
distribution.

Upon applying other tools of RMT to network spectra, Jalan and coauthor
found that though spectral density deviates from RMT predicted results, eigenvalue
fluctuations characterized by nearest neighbor spacing density and spectral rigidity
of network spectra do follow GOE statistics of RMT [35]. Furthermore they
demonstrated that spectra rigidity test performed by Aj statistics provide a measure
for randomness in random networks [36]. In the following we review all the results
obtained for network spectra under RMT framework.

6.3.1 Random Networks

First we consider an ensemble of random networks generated by using Erdos-Rényi
algorithm. Starting with N nodes, random connections between pairs of nodes are
made with probability p. The average degree of the graph is k = 2N./N =
p(N —1) ~ pN. There exists a critical probability p.(N) for which one gets a large
connected component. The degree distribution of this random graph is a binomial
distribution

P(k) =GP —p)" 1

The corresponding adjacent matrix would have 2pN? entries with 1 and rest (1 —
2p)N? entries zero, with summation of row entries depicting binomial distribution
as stated in the previous line. For N = 2,000, value of p = 0.01 yields a connected
network with average degree p x N = 20. We can see that for such a small value
of p, only 1 % entries in the adjacency matrix are nonzero, and rest entries are zero.
The motivation behind such a small p values are sparseness observed in real world
networks [1].

First, eigenvalue spectrum of the network generated using the above algorithm
is calculated. These eigenvalues are unfolded using the technique described in
Sect. 6.1.4. This method yields eigenvalues with constant spectral density on the
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Fig. 6.1 (a) Density distribution, (b) NNSD and (c¢) Aj; statistics for random network with size
N = 2,000 and average degree (k) = 20. In middle panel, the histograms are numerical results
and the solid lines represent fitted Brody distribution. For last panel, the circles are numerical
results and the solid curve is the GOE prediction of RMT. Inset plots the A3(L) in semi-logarithmic
scale, in this scale it has the slope 0.0975. All figures are plotted for the average over ten
realizations of the networks

average. These unfolded eigenvalues are used to calculate NNSD. The same
procedure is repeated for an ensemble of the networks generated for different
random realizations. Figure 6.1 plots ensemble average spacing distribution NNSD
and Aj; statistics [35]. By fitting this ensemble averaged NNSD with the Brody
formula given in Eq.(6.2) provides an estimate of the Brody parameter. The
estimated value of Brody parameter noted in the figure clearly indicates that NNSD
follows GOE prediction of RMT. As explained in the introduction that NNSD
only tells about the short range correlations among the eigenvalues. Therefore, to
probe for the long range correlations A3(L) statistic is used. A3(L) is calculated
following Eq.(6.3). Figure 6.1 plots this statistics for the same ensemble as
used for the NNSD calculations above [37]. It can be seen that As(L) statistic
agrees very well with the RMT prediction, given by Eq.(6.4), up to very large
value of L, i.e., L ~ 300. Inset of this figure exhibits the same in semi-
logarithmic scale. Here one can see the expected linear behavior of A3(L) with
slope of 0.0978 which is very close to the RMT predicted value 1/72 =~
0.1013.

All results discussed here are for ensemble average. Each individual network in
the ensemble follows random matrix predictions with very good accuracy, however
to make the statistical analysis more credible, one considers results for an ensemble.
For smaller network size one needs to take more realization in an ensemble in order
to get good accuracy.

6.3.2 Scale-Free Networks

Scale-free networks are mostly modeled using algorithm provided by Barabdsi
and Albert [1]. Starting with a small number, mo of the nodes, a new node
with m < mg connections is added at each time step. This new node connects
with an already existing node i with probability w(k;) o k;, where k; is the
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Fig. 6.2 (a) Density distribution, (b) NNSD and (c¢) A3 statistics for scale-free network with N =
2,000 and (k) = 20

degree of the node i. After 7 time steps the model leads to a network with
N = t + mg nodes and mt connections [38]. This model generates a scale-free
network, i.e., the probability P (k), that a node has degree k decays as a power law;

Pk) ~ k7,

where y is a constant and for the type of probability m(k) used here y =3.
Other forms for the probability 7 (k) are also possible which give different
values of y. However, nature of spectral density and correlations in eigenvalues
are independent of the value of y. Figure 6.2 presents spectral density, NNSD
and Aj statistics plots for network parameters N = 2,000 and (k) = 20
[35, 37]. NNSD and Aj statistics are calculated following same procedure as
described for random networks. Figure 6.2a demonstrates that spectral density
follows typical triangular shape with peak at zero. Figure 6.2b demonstrates
that NNSD of scale-free network follows GOE statistics with Brody parame-
ter close to B8 ~ 1. Figure 6.2c depicts that Aj statistics for scale-free net-
work agrees very well with the RMT prediction for very large value of L.
Inset of this sub-figure depicts the expected linear behavior of A3(L) in semi-
logarithmic scale for this range with slope very close to the RMT predicted value of
1/n2.

Universality of NNSD for random and scale-free networks seems to give the
impression that these networks have same amount of randomness but A3 results tell
that the scale-free network is not as much random as the random network. This is
obvious from their construction algorithms as well, but Aj statistics captures this
property which is a very important result. The finding also suggests that scale-free
networks have some specific features that cannot be modeled by RMT. It may be
noted that one can generate scale-free networks by using other algorithms as well
[39, 40], for these networks also spacing distributions and spectral rigidity results
will have qualitatively similar behaviors, except that the range of agreement of L
with the random matrix prediction would depend upon the amount of randomness
in the networks.
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Fig. 6.3 For small-world network with N = 2,000 and (k) = 20. (a) illustrates the density
distribution depicting multi-peak structure. (b) depicts that nearest-neighbor spacing distribution
(NNSD) P(s) of the adjacency matrices of small-world network follows GOE statistics. The
histograms are numerical results and the solid lines represent fitted Brody distribution. (¢) plots
A;(L) statistics for eigenvalues spectra of the random network. The circles are numerical results
and the solid curve is GOE prediction of RMT. Inset shows the A3(L) in semi-logarithmic scale

6.3.3 Small-World Networks

Small-world networks are constructed using the following algorithm of Watts and
Strogatz [5]. Starting with an one-dimensional ring lattice of N nodes in which
every node is connected to its k /2 nearest neighbors, each connection of the lattice
is rewired randomly with the probability p such that self-connections and multiple
connections are excluded. Thus p = 0 gives a regular network and p = 1 gives a
completely random network. For N = 2,000 and (k) = 20, the typical small-world
behavior is observed around p = 0.005 [36]. Figure 6.3 plots density distribution,
NNSD and Aj statistics for ensemble average of networks generated with above
parameters. Same procedure as described in Sect. 6.1.4 has been used to calculate
NNSD and Aj statistics for the spectra. Figure 6.3a indicate that density distribution
is complicated with several peaks. One peak is always at A = 0. For different
network parameters, the exact positions of other peaks may vary but overall form
of spectral density remains similar. Figure 6.3b demonstrates that NNSD of this
network follows GOE statistics with B very close to 1. Figure 6.3c plots the A3(L)
statistic for the spectrum of adjacency matrix corresponding to the small-world
network with p = 0.005. Inset of this figure shows the expected linear behavior
of A3(L) in semi-logarithmic scale for L ~ 30 with slope of very close to the RMT
predicted value 1/72. A3(L) statistics for the small-world network agrees very well
with the RMT prediction for sufficiently large L, (i.e., L ~ 30 for these network
parameters), but much less than the same for random and scale-free networks,
implying that besides randomness, small-world network has specific features also.
This again suggests that the behavior of Aj statistics can be used to understand the
amount of randomness in the networks. More specifically deviation from the GOE
predicted behavior corresponds to the system specific features in the network [36].
All simulations here are quoted for average degree 20. For sparser ({(k) < 20)
and denser networks ({(k) > 20 to (k) ~ N), same universal behavior are found as
far as there exists a certain amount of randomness. Problems exist with very sparse
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networks, such as degree fwo, and very dense networks such as degree ~ N. For
sparse networks one gets several degenerate eigenvalues [41]. In those cases, one
has to first get rid of the degeneracy to conclude anything under RMT framework.
Similarly for dense networks, universal spacing distribution is observed till very
large value of average degree. For (k) ~ N, largest eigenvalue has very high value
than the rest of N — 1 eigenvalues which are very close to each other, becoming
equal in the limiting case of all to all connections (k) = N — 1. For example,
random networks with p = 0.95 (which means that the network has 95 % of
maximum possible connections), also follow RMT predictions of universal spacing
distributions till very large scale. As the number of connections is increased further,
one starts getting degenerate eigenvalues and for p = 0.999 high degeneracy at
various values (such as A = —1,0, 1) are observed keeping it trivially out from the
RMT studies.

6.3.4 Modular Networks

In this section we would present results for spectral behavior of networks having
community structure under the framework of RMT. The study of community
structure helps to elucidate the organization of networks, and eventually could be
related to the functionality of groups of nodes [6, 7]. Regardless of the type of
real world networks in terms of the degree and other structural properties [1], it
is possible to distinguish communities in the whole networks [6]. However, the
question of definition of the community is problematic, and usually community is
assigned to the nodes which are connected densely among themselves, and are only
sparsely connected with other nodes outside the community. This simple approach
considers more densely connected nodes as a definition of community, and does not
pay attention to the detailed structure of the connections [7].

RMT analysis of network spectra demonstrates that spectra carries signature
of community structure. NNSD detects even a small mixing of communities in a
network, whereas spectral rigidity test performed by Aj statistics provides signature
for larger mixing, which is, in general observed in real world networks.

Let us assume, for simplicity, that communities are modeled by random net-
works. Random matrices corresponding to unweighted random networks have
entries 0 and 1, where number of 1’s in a row follows a Gaussian distribution with
mean p and variance p(1 — p). This type of matrix is very well studied within the
RMT framework [18, 42] and as explained in Sect.6.3.1. Let us turn our attention
to the following structure: (1) Take m random networks with connection probability
p; the spectral behavior of the matrix corresponding to each of these sub-networks
(blocks) separately follows GOE statistics. The matrix corresponding to the full
network would be a m block diagonal matrix. (2) Introduce random connections
among these sub-networks with probability g. This configuration leads to m block
matrix, with blocks having entries one with portability p, and off diagonal blocks
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having entries one with probability g. The above networks can be casted in the
following form [43]:

A= Ao+ A, (6.5)

Ao is a m blocks diagonal random matrix, where each block represents one
community, and the off-diagonal block matrix 4, denotes the interactions among
the communities. Each block in A, is a random matrix, which for large N has
mean ¢ and deviation ¢(1 — ¢). The ratio g/ p, which can be considered as the
relative strength of A, and Ao, measures the deformation from the block-diagonal
form of the matrix, or from the perfect structured network. The value ¢/p = 1,
which corresponds to equal strength of inter and intra-community connections,
yields complete random network.

Left panel of Fig. 6.4 plots the spectral density for m = 2 block matrices having
gN? non-zero off diagonal entries, corresponding to the two sub-networks connected
with probability g. As discussed earlier g varies from ¢ = 0, which corresponds to
the two completely disconnected sub-networks (4 = Ay), to ¢ = p leading to a
single random network. The cases for 0 < ¢ << p correspond to the configurations
when the initial community structure is almost preserved. Increase in the value of
q leads more entries of one in the matrix A, [Eq.(6.5)]. Finally the ¢ = p case
destroys the community structure completely, and the network can be treated as one
single random network. Left panel of Fig. 6.4 presents the density distribution of
eigenvalues for various values of ¢g. The eigenvalues are scaled with respect to the
spectra of the network for ¢/p = 1. With this scaling, the density distributions
are not semicircular for values of ¢ < p. As the coupling between the two blocks
increases (¢ > 0), the density distribution manifest a transition to the semicircular

form at g = p:
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Fig. 6.4 Density distribution (left panel), NNSD (middle panel), A5 statistics (right panel) of the
two random sub-networks connecting each other with probability (a) ¢ = 0 and ¢/p = 0; (b)
g = 0.001 and hence ¢/p = 0.1; (c) ¢ = 0.005, hence ¢/p = 0.5 and (d) ¢/p = 1 which
corresponds to g = 0.01 . Each block (random network) has size N = 500. The axes are scaled
in such a way that the semicircle corresponding to ¢ = p has unit radius (see text). All graphs are
plotted for 20 realizations of random sets of connections among the two sub-networks
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where A is the radius of the semicircular distribution for ¢ = p calculated from
the spectra of network as Ag = (Ayax — Amin) /2, Amax and A, being the highest
and the lowest eigenvalue. Now we turn our attention to the statistics of eigenvalue
fluctuations.

As can be seen from the middle panel of Fig. 6.4, for g/p ~ 0.001(g ~ 107°),
the value of the Brody parameter 8 ~ 0.2, which suggests that distribution is very
close to the Poisson [P(s) = exp(—s)] denoted by the dotted curve in the figure.
As the value of ¢ increases, 8 also increases, and it is of the order of 1 for the value
of ¢/ p ~ 0.01 (which corresponds to the value of g as less as 10™*), and becomes
insensitive for a further increase in g. For larger values of ¢, we analyze the spectra
using the spectral rigidity test of RMT.

As seen from the last panel of Fig.6.4, the A3(L) statistics follows RMT
predictions of GOE [Eq.(6.4)] up to a certain L. It has a linear behavior in semi-
logarithmic scale with the slope of ~1/m2. The value of L for which it follows
GOE statistics depends upon ¢. For small values of ¢ such as ¢/p = 0.01 and
q/p = 0.05, Az follows RMT prediction till very small range of L ~ 5 and
L ~ 20, respectively. As g increases, the value of L for which Aj; follows the
GOE statistics also increases. For ¢/ p = 0.1, it agrees with the RMT predictions of
GOE behavior for L ~ 75, and after this value, deviation from the RMT prediction
is seen. This deviation corresponds to the existence of community structure in the
network. As the value of ¢ increases, the communities have more and more random
connections between them. For ¢ = p the community structure is destroyed fully,
and the network is a complete random network. This fact is reflected in the Aj
statistics corresponding to ¢/ p = 1. At this value of ¢, it follows RMT prediction
up to a very long-range L ~ 150. After this value of L, for the network of size
N xm = 1,000 we do not have a meaningful calculation of the Aj statistics [24].
For ¢ = 0.005 (g/p = 0.5), where the strength of inter-community is as large
as ~50 % of the intra-community connections strength, the Aj statistics correctly
reflects the deviation from complete random matrices, suggesting the existence of
communities in the network.

6.4 Conclusion and Discussion

In summary, RMT analysis of complex networks demonstrates that these networks
follow the universal GOE statistics. These results tell that we can apply random
matrix theory, a very well developed branch of Physics, to study and analyze
complex networks.

Though the spectral densities of the random, the scale-free and the small-world
networks are different, their eigenvalues spacing distributions are same and follow
GOE statistics. This universal GOE behavior of NNSD tells that the networks
are sufficiently random, or there exists minimal amount of randomness in the
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network required to introduce the correlations among the neighboring eigenvalues.
A3 analysis seems to characterize the level of randomness in the networks based on
the range of the correlations among the eigenvalues. Az analysis of the random
network follows RMT prediction for very long range of L, which is not very
surprising as random network follows RMT at each level starting from semi-circular
density distributions. However interestingly scale-free and small-world networks
also follow RMT for sufficiently large value of L. Beyond this value of L, deviation
in the spectral rigidity is seen, indicating a possible breakdown of universality. This
is quite understandable as small-world network is highly clustered and scale-free
network also has specific features like hubs, so it is natural that they are not as
random as the random network. Particularly small-world network is generated using
Watts and Strogatz algorithm which generates networks with very high clustering
coefficient and very less number of random connections. This very small number of
random connections makes network sufficiently random to introduce the short range
correlations among the eigenvalues.

Next, NNSD exhibits transition from Poisson statistics to GOE as network is
deformed from perfect community structure to a random one. Poisson to GOE
transition is found for many different systems, for example spectra of insulator-
metal transition, order-chaos transition etc. [19]. The Aj statistics, which measures
long-range correlations among the eigenvalues, detects deformation from a network
having two coupled sub-networks, to a single random network. More deformation
of the network from community structure, leads to a larger range of L for which
As follows the GOE statistics. Note that, for the case of sub-networks being
completely random, the spacing and the Aj statistics of each of them follows RMT
prediction. Therefore, any deviation from GOE statistics is due to the community
structure these two sub-networks form when considered as a single network. These
indicate that very small random interaction between communities is enough to
introduce short-range correlations among them, spreading the randomness in the
whole network. Second, further increase in coupling among the sub-networks is
reflected by long-range correlations among eigenvalues. For networks having some
structure, Aj statistics follows RMT prediction of GOE for very long range of
L. Beyond this value of L deviation in the spectral rigidity is seen, indicating a
possible breakdown of universality. This means the network under consideration has
sufficient randomness which may be due to robustness of the systems with regularity
which may be to perform some functional task.

Mixture of random connections and regular structure have been emphasized at
various places, for instance information processing in the brain is considered to
be random connections among different modular structure [44]. According to the
many recent studies, randomness in the connection is one of the most important and
desirable ingredients for the proper functionality or the efficient performance of the
systems having underlying network structures. Based on above results one can study
the role of random connections in behavior and evolution of such systems in a better
way under [45]. The RMT approach may be used to detect the connections most
responsible to increase the complexity of networks. For example effect of oxygen
molecule on biochemical networks is recently studied and is shown to increase the
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complexity of networks leading to a major transition in the history of life [46].
Furthermore, deviation from the universal RMT predictions can be used to identify
system-specific, non-random properties of system under consideration, and it might
provide clues about important interactions [45, 47]. Moreover, A3 statistics may be
used to address complexity of the systems [48] having network structures under the
RMT framework, and thus helping to understand the dynamical behavior [49] and
robustness of such systems better.

Results on spectral properties of network with the community structure, on one
hand advances the studies of spectral properties of modular networks under the
universal RMT framework; on the other hand, variations in the correlations among
eigenvalues shed light on the coupling among communities. For the simulations, the
community structure in network is modeled by the very simple random or scale-
free sub-networks, and the interactions among these sub-networks are considered
random, whereas real world networks have richer structure [7]. However, the
results achieved so far provide a platform to investigate the community structure
of networks using a well developed theory of random matrices; the further investi-
gations in this direction should deal with real world networks with richer and more
complicated structure under the deformed random matrix framework [50].

Overall, work reviewed here demonstrates applicability of random matrix theory
to complex network spectra, and hence opening a new platform for complex system
research. To give an example, we discuss here importance of these RMT results
for real world systems, particularly to biological systems. Several studies have
revealed that the development of multi-target drugs might give better results than the
traditional methods targeting a single protein. Single-target design might not always
give satisfactory results, as there might be a backup system, which replaces the
function of the inhibited target protein. By using multi-target drugs one can decrease
the functionality of entire protein cascades producing more effective results. Multi-
target drugs attacking hubs of the protein-protein interaction network, ‘hub-links’
(links connecting hubs), bridges (inter-modular links having high ‘betweenness
centrality’) or nodes in the overlap of numerous network modules, might give better
results [51, 52]. Similarly, targeting genes corresponding to the non-universal part
of the spectra may lead to important effect as well.

This review article is restricted only to undirected networks which lead to
symmetric matrices. Corresponding spectra has all real eigenvalues. Further new
challenges arise when one considers directed networks leading to asymmetric
matrices, and hence corresponding spectra may have complex eigenvalues [53].
So far there exist considerably very less understanding of spectral properties of
such networks under RMT framework [54-56] though substantial part of real
world systems have underlying network structure which are directed. Applicability
of RMT framework for undirected networks sets up future directions to analyze
directed networks as well under this framework.



210 A. Rai and S. Jalan

Acknowledgements SJ thanks DST and CSIR for financial support, as well acknowledges
MPI-PKS for arranging vibrant international conferences ideal for interactions. It is a pleasure
to acknowledge discussions on various aspects of random matrix theory with Mahir Hussian,
Jayendra N. Bandyopadhyay, M.S. Santhanam and Arul Lakshminarayan. Discussions with T.
Kruger on various aspects of graph theory has always been very informative.

References

1. Albert, R., Barabasi, A.-L.: Statistical mechanics of complex networks. Rev. Mod. Phys. 74,
47-97 (2002) and references therein

2. Boccaletti, S., Latora, V., Moreno, Y., Chavez, M., Hwang, D.-U.: Complex networks: structure
and dynamics. Phys. Rep. 424, 175-308 (2006)

3. Erdos, P., Rényi, A.: On the evolution of random graphs. Publ. Math. Inst. Hungar. Acad. Sci.
5, 17-61 (1960)

4. Barabasi, A.-L., Albert, R., Jeong, H., Bianconi, G.: Power-law distribution of the World Wide
Web. Science 287, 2115 (2000)

5. Watts, D.J., Strogatz, S.H.: Collective dynamics of ‘small-world’ networks. Nature 393, 440—
442 (1998)

6. Girvan, M., Newman, M.E.J.: Community structure in social and biological network. Proc.
Natl. Acad. Sci. USA 99, 7821-7826 (2002); Newman, M.E.J.: A measure of betweenness
centrality based on random walks. Soc. Netw. 27, 39-54 (2005); Newman, M.E.J.: Modularity
and community structure in networks. Proc. Natl. Acad. Sci. USA 103, 8577-8582 (2006)

7. Ravsaz, E., Ravasz, E., Somera, A.L., Mongru, D.A., Oltvai, Z.N., Barabasi, A.-L., et al.:
Hierarchical organization of modularity in metabolic networks. Science 297, 1551-1555
(2002) ; Guimera, R., Amaral, L.A.N.: Functional cartography of complex metabolic networks.
Nature 433, 895-900 (2005)

8. Chung, FR.K.: Spectral Graph Theory. American Mathematical Society, Providence, RI (1997)

9. Cvetkovi¢, D.M., Doob, M., Sachs, H.: Spectra of Graphs: Theory and Applications, 3rd
revised edn. Academic, New York (1997)

10. Faloutsos, M., Faloutsos, P., Faloutsos, C.: On power-law relationships of the internet topology.
Comput. Commun. Rev. 29, 251-262 (1999)

11. Pecora, L.M., Carroll, T.L.: Master stability functions for synchronized coupled systems. Phys.
Rev. Lett. 80, 2109-2112 (1998)

12. Zhou, C., Motter, A.E., Kurths, J.: Universality in the synchronization of weighted random
networks. Phys. Rev. Lett. 96, 034101 (2006)

13. Atay, EM., Biyikoglu, T., Jost, J.: Synchronization of networks with prescribed degree
distributions. IEEE Trans. Circuits Syst. I 53, 92-98 (2006); Network synchronization: spectral
versus statistical propertie. Physica D 224, 35-41 (2006)

14. McGraw, P.N., Menzinger, M.: Analysis of nonlinear synchronization dynamics of oscillator
networks by Laplacian spectral methods. Phys. Rev. E 75, 027104 (2007)

15. Kim, D.-H., Motter, A.D.: Ensemble averageability in network spectra. Phys. Rev. Lett. 98,
248701 (2007)

16. Grone, R., Merris, R., Sunder, V.S.: The Laplacean spectrum of a graph. SIAM J. Matrix Anal.
Appl. 11, 218-238 (1990)

17. Banerjee, A., Jost, J.: Spectral plots and the representation and interpretation of biological data.
Theory Biosci. 126, 15-21 (2007)

18. Mehta, M.L.: Random Matrices, 3rd edn. Elsevier Academic Press, Amsterdam (2004)

19. Guhr, T., Muller-Groeling, A., Weidenmuller, H.A.: Random matrix theories in quantum
physics: common concepts. Phys. Rep. 299, 190-425 (1998)

20. Pleron, V., Gopikrishnan, P., Rosenow, B., Amaral, L.A.N., Stanley, H.E., et al.: Universal
and nonuniversal properties of cross correlations in financial time series. Phys. Rev. Lett. 83,
1471-1474 (1999)



21.
22.

23.

24.

25.

26.

217.

28.

29.

30.

3

—_

32.
33.
34.
35.

36.
37.

38.

39.

40.
41.

42.

43

45.

46.

47.

48.

49.

50.

Application of Random Matrix Theory to Complex Networks 211

Seba, P.: Random matrix analysis of human EEG data. Phys. Rev. Lett. 91, 198104 (2003)
Santhanam, M.S., Patra, P.K.: Statistics of atmospheric correlations. Phys. Rev. E 64, 016102
(2001)

Brody, T.A.: A statistical measure for the repulsion of energy levels. Lett. Nuovo Cimento 7,
482 (1973)

Bohigas, O., Giannoni, M.-J., Schmidt, C.: In: Casati, G. (ed.) Chaotic Behaviour in Quantum
Systems, p. 103. Plenum Press, New York (1985)

Rodgers, G.J., Bray, A.J.: Density of states of a sparse random matrix. Phys. Rev. B 37, 3557-
3562 (1998)

Semerjian, G., Cugliandolo, L.F.: Sparse random matrices: the eigenvalue spectrum revisited.
J. Phys. A 35, 4837 (2002)

Farkas, 1.J., Derényi, 1., Barabasi, A.-L., Vicsek, T., et al.: Spectra of “real-world” graphs:
beyond the semicircle law. Phys. Rev. E 64, 026704 (2001)

Dorogovtsev, S.N., Goltsev, A.V., Mendes, J.EF., Samukhin, A.N.: Spectra of complex
networks. Phys. Rev. E 68, 046109 (2003)

de Aguiar, M.A.M., Bar-Yam, Y.: Spectral analysis and the dynamic response of complex
networks. Phys. Rev. E 71, 016106 (2005)

Dorogovtsev, S.N., Goltsev, A.V., Mendes, J.F.F., Samukhin, A.N.: Random networks: eigen-
value spectra. Physica A 338, 76-83 (2004)

. Chung, F, Lu, L., Vu, V.: Spectra of random graphs with given expected degrees. Proc. Natl.

Acad. Sci. USA 100, 6313-6318 (2003)

Rodgers, G.J., Austin, K., Kahng, B., Kim, D.: Eigenvalue spectra of complex networks. J.
Phys. A 38, 9431-9437 (2005)

Kim, D., Kahng, B.: Spectral densities of scale-free networks. Chaos 17(2), 026115 (2007)
Palla, G., Vattay, G.: Spectral transitions in networks. New J. Phys. 8, 307 (2006)
Bandyopadhyay, J.N., Jalan, S.: Universality in complex networks: random matrix analysis.
Phys. Rev. E 76, 026109 (2007)

Jalan, S., Bandyopadhyay, J.N.: Randomness in random networks. EPL 87, 48010 (2009)
Jalan, S., Bandyopadhyay, J.N.: Random matrix analysis of complex networks. Phys. Rev. E
76, 046107 (2007)

Barabasi, A.-L., Albert, R., Jeong, H.: Mean-field theory for scale-free random networks.
Physica A 272, 173-87 (1999)

Goh, K.-1., Kahng, B., Kim, D.: Universal behavior of load distribution in scale-free networks.
Phys. Rev. Lett. 87, 278701 (2001)

Dorogovtsev, S.N., Mendes, J.E.F.: Evolution of networks. Adv. Phys. 51, 1079-1187 (2002)
Fyodorov, Y.V., Mirlin, A.D.: Universality of level correlation function of sparse random
matrices. J. Phys. A 24, 2273 (1991)

Evangelou, S.N.: A numerical study of sparse random matrices. J. Stat. Phys. 69, 361-383
(1992)

. Jalan, S.: Spectral analysis of deformed random networks. Phys. Rev. E 80, 046101 (2009)
44.

Cohen, J.D., Tong , F.: Modular vs. distributed representations in the brain. Science 293, 2405—
2407 (2001)

Jalan, S., Ung, C.Y,, Li, B., et al.: Spectral analysis of Gene co-expression network of Zebrafish.
EPL 99, 48004 (2012)

Raymond, J., Segré, D.: Oxygen on biochemical networks and the evolution of complex life.
Science 311, 1764-1767 (2006)

Jalan, S., Solymosi, N., Vatty, G., Li, B.: Random matrix analysis of localization properties of
gene coexpression network. Phys. Rev. E 81, 046118 (2010)

May, R.M.: Stability and Complexity in Model Ecosystems. Princeton University Press,
Princeton (1973)

Pikovsky, A., Rosenblum, M., Kurths, J.: Synchronization: A Universal Concept in Nonlinear
Dynamics. Cambridge University Press, Cambridge (2001)

de Carvalho, J.X., Jalan, S., Hussein, M.S.: Deformed Gaussian-orthogonal-ensemble descrip-
tion of small-world networks. Phys. Rev. E 79, 056222 (2009)



212 A. Rai and S. Jalan

51. Csemely, P, Agoston, V., Pongor, S.: The efficiency of multi-target drugs: the network
approach might help drug design. Trends Pharmacol. Sci. 26, 178 (2005); Csemely, P.: Creative
elements: network-based predictions of active centres in proteins and cellular and social
networks. Trends Biochem. Sci. 33, 569 (2008)

52. Gyurko6, D., Veres, D.V., Nanasi, T., Csermely, P.: Network strategies to understand the aging
process and help age-related drug design. Genome Med. 1, 90 (2009)

53. Girko, V.L.: Circular law. Theory Probab. Appl. 29, 694-706 (1984)

54. Giraud, O., Georgeot, B., Shepelyansky, D.L.: Delocalization transition for the Google matrix.
Phys. Rev. E 80, 026107 (2009)

55. Georgeot, B., Giraud, O., Shepelyansky, D.L.: Spectral properties of the Google matrix of the
World Wide Web and other directed networks. Phys. Rev. E 81, 056109 (2010)

56. Jalan, S., Zhu, G., Li, B.: Spectral properties of directed random networks with modular
structure. Phys. Rev. E 84, 046107 (2011)



Part I11
Attractor Reconstructions
and Ecology/Biological Patterns



Chapter 7
Some Time-Delay Finding Measures
and Attractor Reconstruction

Sanjay Kumar Palit, Sayan Mukherjee, Santo Banerjee, M.R.K. Ariffin,
and D.K. Bhattacharya

Abstract Topologically equivalent attractor reconstruction is one of the major
issues in nonlinear analysis. This is because of the fact that the underlying dynamical
model of some nonlinear phenomena may not be known and thus it is necessary
to retrieve the dynamics from the data it generates. One way to achieve this
is the reconstruction of the attractor. The basis of such reconstruction is the
famous Taken’s embedding theorem, which asserts that an equivalent phase space
trajectory,preserving the topological structures of the original phase space trajectory,
can be reconstructed by using only one observation of the time series. However, in
some cases topologically equivalent attractor reconstructions can also be done by
using multiple observations. All these things involve the choice of suitable time-
delay(s) and embedding dimension. Various measures are available to find out
the suitable time-delay(s). Among them, linear auto-correlation, Average mutual
information, higher dimensional mutual information are mostly used measures for
the reconstruction of the attractors. Every measures have certain limitations in the
sense that they are not always useful in finding suitable time-delay(s). Thus it is
necessary to introduce few more nonlinear measures, which may be useful if the
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aforesaid measures fail to produce suitable time-delay/time-delays. In this chapter,
some comparatively new nonlinear measures namely generalized auto-correlation,
Cross auto-correlation and a new type of nonlinear auto-correlation of bivariate data
for finding suitable time-delay(s) have been discussed. To establish their usefulness,
attractors of some known dynamical systems have been reconstructed from their
solution components with suitable time-delay(s) obtained by each of the measures.
These attractors are then compared with their corresponding original attractor by
a shape distortion parameter Sd. This shape distortion parameter actually checks
how much distorted the reconstructed attractor is from its corresponding original
attractor. The main objective of this chapter is to address the problem of recon-
struction of a least distorted topologically equivalent attractor. The reason is that if
the reconstructed attractor is least distorted from its original one, the dynamics of
the system can be retrieved more accurately from it. This would help in identifying
the dynamics of the corresponding system, even when the dynamical model is not
known. Out of the three measures discussed in this chapter, the generalized and cross
auto-correlation measures produce least distorted topologically equivalent attractor
only by consideration of multiple solution components of the dynamical system.
On the other hand, by using the measure—new type of nonlinear auto-correlation
of bivariate data, one can reconstruct a least distorted topologically attractor from
single solution component of the dynamical system. Various numerical results on
Lorenz system, Neuro-dynamical system and also on two real life signals are
presented to prove the effectiveness of the aforesaid three comparatively new
nonlinear time-delay finding measures. Finding of suitable embedding dimension
is another important issue for attractor reconstruction. However, this issue has not
been highlighted in this chapter because we have restricted this discussion only to
three dimensional attractor reconstruction.

7.1 Introduction

Real life phenomena can be broadly classified into two categories—deterministic
and stochastic. Deterministic phenomena are generally studied in two ways. The
widely used way is to consider a dynamical system as a model of real life
phenomena, to develop its qualitative theory to inquire about the behavior of its
solutions including its chaotic behavior. The other one is the dual approach, where
the nature of the real life phenomenon are explored directly from the output data
it generates, by considering its phase space reconstruction [1-16]. Since in most
of the cases, the dynamical models fail to reveal the true characteristics of the
corresponding phenomena, the dual approach is a better alternative as the phase
space that reveals the long term dynamics is reconstructed directly from the data.
Phase space is basically a flow or solution space of the underlying dynamical models
described by differential equation with initial conditions in continuous case. In this
context, a solution with an initial condition of the dynamical model is like a path
of a fixed point which is dropped in that flow. This path is called trajectory in
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the phase space. Sometimes, it may happen that, whatever the movement of the
trajectory, they always [11] converge to a region. The region is called attractor
[17]. There are three types of attractor—regular, strange non-chaotic and chaotic
[17]. As the dynamical models we have considered in this discussion are all
chaotic in nature, we confine our discussion to strange chaotic attractors only.
By chaotic attractor [13] we mean, a bounded region with fractal dimension [1],
where all the trajectories converge in erratic manner. More precisely, whenever
the solution (y;(¢), y2(¢), y3(t),...... , yu(t)) € R”" of the respective dynamical
model with their initial conditions: (y;(ay), y2(az), y3(az),...... , yu(ay,)) goes to
another position and moves in an eccentric manner with the change of ¢ in the
phase space, chaos may occur for the said model. This type of chaos is actually
known as deterministic chaos [17]. In this case, trajectories of the system move in a
bounded region and form a dense orbit, called chaotic attractor [17]. The existence
of chaos can be measured by Largest Lyapunov exponent (LLE) [18]. It plays a
very important role in the analysis of a possibly chaotic system, since Lyapunov
exponents not only show qualitatively the sensitive dependence on initial conditions
but also give a quantitative measure of the average rate of separation or attraction of
nearby trajectories on the attractor. Various algorithms are available for calculating
Lyapunov exponent details of which are available in [19-29].

The basic problem in formulation of the dynamics from the data is that
when analyzing time series, we almost always get only incomplete information.
Although more and more multiprobe measurements are being carried out, still
the vast majority of time series are single-valued. Even if multiple simultaneous
measurements are available, they will not typically cover all the degrees of freedom
of the system. However, the missing information can be recovered from time
delayed copies of the available data, if certain requirements are fulfilled. The idea
of connecting the phase space or state space vector y(¢) of dynamical variables of
the physical system to the measured time series x (¢) was first addressed by Packard
et al. [30] in 1980. They proved that reconstruction of a higher dimensional state-
space vector was possible by using time delays with the measured scalar time series
x(t). Thus, a surrogate vector z(¢t) = (x(¢), x(t + 1), x(t +27), .....) for y(t)could
be formed from scalar measurements. These surrogate vectors actually constitute the
reconstructed attractor of the said physical system. At this point, the natural query
is—Does this reconstructed attractor resemble the original one? The theoretical
framework for this approach is set by a number of theorems, all of which specify
the precise conditions when an attractor in delay coordinate space is equivalent to
the original attractor of a dynamical system in phase space. In fact, it is enough
to study the attractor of the phase space instead of studying the entire phase space
because most of the important and relevant information of the phase spaces are
concentrated on this attractor. Thanks to the celebrated Taken’s theorem [11] which
ensures such attractor reconstruction from a single time series. It states that “an
equivalent phase space trajectory, which preserves the topological structures of the
original phase space trajectory, can be reconstructed by using only one observation
of the time series respectively”. Later on, this study was extended by Sauer et al.
[12] in 1991. This reconstruction [1-16] of the dynamics of the system on the
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basis of the given data is of paramount importance, as it ensures that under certain
generic conditions, such a reconstruction is equivalent to the original attractor. This
equivalence ensures that differential information is preserved and it also allows us
to consider both qualitative and quantitative analysis. Since its inception Taken’ s
embedding theorem [11] has been applied in time series analysis of different fields
ranging from system characterization and approximation of invariant quantities
to noise-filtering and prediction. The embedding theorem asserts that for some
systems the true dynamics may not be known, while the equivalent dynamics can
be obtained under suitable conditions with the use of time delays of a single time
series, treated as a one-dimensional projection of the system trajectory. Thus most of
the applications related to embedding theorem are based on uni-variate time series,
although measurements of two or more quantities for the same system are often
available. One of the first applications of multivariate embedding was in the context
of spatially extended systems, where embedding vectors were constructed from
data representing the same quantity measured simultaneously at different locations
[31-33]. In nonlinear multivariate prediction, the prediction with local models on
a space reconstructed from a different time series of the same system was studied
in [16, 31]. This study was extended in [34] by having the reconstruction utilizing
all the observed time series. Multivariate embedding with the use of independent
components analysis was considered in [35] and after that multivariate embedding
with varying delay times was studied in [36, 37]. In fact, the time-delay along
with the embedding dimension play the vital role in attractor reconstruction, or
embedding [12] of a time series. This is because, when time-delay is too short,
the attractor will be very narrow or squeezing in nature and when time delay is
large, the attractor will be of circular or elliptical nature. Thus for a topologically
equivalent attractor reconstruction, it is better to have a moderate time-delay.The
state vectors/attractors contain all the information available about the state of the
process at a given time and provide the most valuable information in order to
forecast the next state of the process. Since the publication of theoretical results
about the dimension needed to reconstruct the structure of a series through an
embedding in its phase space [11, 12], many methods have been developed for
estimating this dimension, such as Correlation dimension [38], False neighbors [36],
Box-Counting [12] and minimum dimension [39, 40]. Regarding the time-delay
selection [41-47], the common approaches are to use of the auto-correlation (AC)
of the series [42, 43], or the Average mutual information (AMI) [44, 45]. The idea of
these measures is to select variables as attractor components that are as uncorrelated
or independent as possible. However, the AC is a linear measure of dependency.
It is only applied in a linear context. The AMI is a non-parametric measure of
dependency between variables and is applicable in both linear and nonlinear cases.
Though AMI is commonly used for delay selection, it has two major limitations.
The first one is that AMI is generally computed between two variables only and
hence it can detect only the relations between two attractor values properly, but
it cannot provide the information about high-dimensional relationships between
all attractor values. The second limitation is that in this process only a unique
delay is selected. The attractors are constructed using variables that are equally
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distributed in time (as multiples of the chosen delay). This approach artificially
limits the attractors in the sense that the delay selection is based on two-dimensional
information, while the attractors themselves may be higher dimensional. A more
general approach would be to select different delays for the various variables taken
into account in the reconstruction of the attractors. The selection of these delays
should ideally be performed in a space having dimension equal to that of the
attractors. A high-dimensional Mutual information (MI) estimator [46] is one such
attempt that addresses this more general problem. In [47], the high-dimensional MI
estimator was used for better phase space reconstruction with multiple components
of the solution vector of Lorenz [48] and Rossler system [49]. Since Rossler system
[49] is a particular case of Lorenz system, so in this case the study was practically
concentrated to Lorenz system only. Since MI is not a system dependent nonlinear
measure, it cannot vary with different choices of dynamical systems. Hence it may
not work for attractor reconstruction of any dynamical systems, in general. As a
matter of fact the results, which are found to be true for Lorenz [48] or RGssler
dynamical system [49] under the use of high dimensional MI estimator, may not
hold good for other systems.

The basic motivation of this chapter is to point out the necessity of modifying the
earlier tools for finding time-delay by developing newer and newer sophisticated
and finer tools and formulae. This is because it is not possible to reconstruct the
topologically equivalent attractor from the data unless we get a proper time-delay.
Even when a topologically equivalent attractor is reconstructed, the similarity of
this attractor with the original attractor (the attractor that is constructed from the
dynamical model which generates the data) needs to be verified. This is done by
shape distortion measure introduced in [50]. This similarity checking is important as
more similar is the reconstructed attractor with the original attractor, more accurate
will be our interpretation of the dynamics from this reconstructed attractor. This
would help in better understanding of some real phenomena from its reconstructed
attractor without knowing its underlying dynamical model and hence the original
attractor. Since the shape of the attractor with its trajectories can be best viewed and
can also be geometrically differentiated only up to three dimensional spaces, we
restrict the embedding dimension to three in this discussion.

The whole chapter is organized in the following manner. In broader sense, this
chapter has two major parts. The first part deals with an improved measure for
finding time-delay, which successfully reconstruct the best possible attractor from a
single time series. This measure is basically a new type of nonlinear auto-correlation
of bivariate data [51] and it produces the best possible reconstructed attractor,
which is topologically equivalent to the original attractor. Therefore, when only
one measurement of the real data is available, this measure may be used towards
getting the reconstructed attractor. In fact, this observation has been confirmed by
means of two suitable real life examples. In the next part, topologically equivalent
attractors are reconstructed from multiple solution components of the underlying
dynamical systems. In this section, the limitations of the mostly used delay finding
measures have been highlighted and a comparatively new nonlinear measure namely
Generalized Auto Correlation (GAC) with single and different time-delays [52]
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have been introduced and validated with suitable examples. The supremacy of this
method has also been established by comparing it with the existing delay finding
measures. Next, the limitation of GAC with single and multiple delays have also
been pointed out with suitable examples and as a remedy to this problem, another
much more improved nonlinear measure called Cross Auto Correlation (CAC) [53]
has been introduced. The use of multiple solution components for proper attractor
reconstruction as mentioned in [47] has also been established in both cases. In
fact, the second measure is more useful for finding proper time-delay for attractor
reconstruction in almost all cases by including multiple solution components of the
original dynamical system. Thus, if multiple measurements of some real data are
available, then the aforesaid measures for finding time-delay, more specifically the
second measure, stand as most powerful tools. The entire discussion is summarized
and concluded in the conclusion section.

7.2 Attractor Reconstruction and Verification of Topological
Equivalence

An attractor is a set in which all neighboring trajectories converge. For a scalar time
series {x; £V=1 , the attractor can be reconstructed by using the method of delays. The
basic idea in the method of delays is that the evolution of any single variable of a
system is determined by the other variables with which it interacts. Information
about the relevant variables is thus implicitly contained in the history of any
single variable. On the basis of this an equivalent attractor can be reconstructed by
assigning an element of the time series x; and its successive delays as coordinates of
a new vector time series y; = {X;, X;4r, X/42¢, - - ., Xi+(m—1)rJ » Where t is referred
to as the time-delay. Different measures are available for finding the suitable time-
delay for the reconstruction of the attractors of some dynamical systems. However
the measures that are more frequently used for this purpose is the linear auto-
correlation (AC) and the Average mutual information (AMI)—a general measure.

Once the attractor is reconstructed, the topological equivalence of this attractor
with its original one needs to be verified. One way of verification is to make use
of the shape distortion parameter Sd [50]. Sd measures, how much similar is the
reconstructed attractor of some dynamical system with its corresponding original
attractor. Let us describe the Sd measure in brief.

Let A be the original attractor and A be the reconstructed attractor. The shape
distortion is measured with Mutual False Nearest Neighbors [54-56]. Let y, be a
point on A with y,, as its nearest neighbor and x,, be the corresponding point on A
with nearest neighbor x,, . The shape distortion (Sd) [50] is given by

og o L =yl = x|
%0 = gl 113 = v, |

(7.1)
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where < . > denotes the average of all points and ||.|| denotes the Euclidean norm.
Larger is the Sd, lesser is the distortion on the shape of the dynamics of the attractor.
The dynamics may be preserved though the reconstructed attractor is a stretched
or squeezed (or both) version of the original attractor. But the preservation of the
shape guarantees the preservation of the dynamics, since the shape of the attractor
is formed by its dynamics.

7.3 Some Time-Delay Finding Measures for Attractor
Reconstruction

One of the most important tasks for the reconstruction of attractors is the choice of
suitable time-delay(s). Various time-delay finding measures are available. However,
the measures that are most frequently used are linear auto-correlation (AC) [42, 43],
Average mutual information (AMI) [44, 45] and higher dimensional mutual infor-
mation (MI) with same and different time-delays [46, 47]. Some of the measures
are useful if the reconstruction is done from either single or multiple time series,
while some of them can be used in both cases. In this section, we revisit the
aforesaid frequently used measures, discuss their shortfalls and also discuss some
comparatively new nonlinear measures for time-delay selection.

We make the entire discussion in two subsections. First one is for the reconstruc-
tion of attractor from a single time series and the second one for multiple time-series.

7.3.1 For Single Time Series
7.3.1.1 Auto-Correlation (AC)

Auto-correlation [42, 43] is the correlation of a signal with itself. It refers to the
correlation of a time series with its own past and future values. Auto-correlation
is sometimes called lagged correlation or serial correlation, as it refers to the
correlation between members of a series of numbers arranged in time. Informally,
auto-correlation is the similarity between observations as a function of the time
separation between them. It is a mathematical tool for finding repeating patterns. It
is often used in signal processing for analyzing functions or series of values, such as
time domain signals. In statistics, the auto-correlation of a random process describes
the correlation between values of the process at different points in time, as a function
of the two times or of the time difference. Let X be some repeatable process, and
¢t be some point in time after the start of that process (# may be an integer for a
discrete-time process or a real number for a continuous-time process). Then X, is
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the value (or realization) produced by a given run of the process at time . Let the
process have mean , and variance o7 for all times ¢. Then the definition of the
auto-correlation between any two time ¢ and ¢, is given by

E[(Xt - Mt)(th — lu“tl)]
U,th

R(l, Zl) =

(7.2)

where E is the expected value operator. Note that this expression is not well-defined
for all time series or processes, because the variance may be zero (for a constant
process) or infinite. If the function R is well-defined, its value must lie in the
range [—1, 1], with 1 indicating perfect correlation and —1 indicating perfect anti-
correlation. However, if X, is a second-order stationary process then the mean p, and
variance o/ are time-independent, and further the auto-correlation depends only on
the difference between ¢ and ¢; . This actually implies that the auto-correlation can
be expressed as a function of the time-delay, and this would be an even function of

the delay t = ¢ — #; . Thus for a stationary process, (7.2) reduces to

_ ElX = W) (Xige — )]
= =

R(7) (7.3)

So, one can think that auto-correlation for a stationary process is the ratio of
auto-covariance and variance.

For the reconstruction of attractors from a single time series x(¢), the auto-
correlation between x(¢) and x (¢ 4 t) is calculated for different values of 7. These
are then plotted against t to form a correlogram diagram. The suitable value of the
time-delay t is one for which the auto-correlation attains its positive minimum for
the first time.

7.3.1.2 Average Mutual Information (AMI)

Though the most known measure of dependence between two random variables
is the coefficient of linear correlation, yet its application requires a pure linear
relationship, or at least a linear transformed relationship. This is because of the fact
that this correlation is nothing but a normalized covariance, which is measured only
for linear relationships. However, this statistics may not be helpful in determining
serial dependence if there is some kind of non-linearity in the data. In this context,
a measure of global dependence is sought, that is, some measure that captures
linear and nonlinear dependencies, without requiring the specification of any kind
of model of dependence. Mutual Information is one such measure of general
dependence of two variables. It is an information theoretic approach, where the
famous Shannon’s entropy, which provides formalism for quantifying the concepts
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of spreading and new information is used. The basic requirement for the use of
information theory is that the probabilities of the messages under consideration
must exist and are accessible. Strange attractors are ergodic and have well-defined
asymptotic probability distributions. Since the information theory is being applied
to the strange attractors and the messages under consideration are the values in
which the measurements of the strange attractor might take, the probabilities of
the messages under consideration must exist and their long time averages converge
to the probabilities. The pioneering and most important contributions towards the
development and application of mutual information were made by Fraser and
Swinney [44].

In this context, Average mutual information (AMI) [44, 45] is a particular type
of MI [46] between the signal itself. For a time series x(¢),t = 1,2,....., N, AMI
[44, 45] is calculated by

N—t
AMI(t) = ) Prob[x(t). x(t + 7))log(

t=1

Prob[x(t), x(t + 7)]
Prob[x(t)]Prob[x(t + 1)]

) (7.4)

t=1,2,3,..., N — 1, where Probl[.] denotes the probability.

For estimation of 7, two criteria are important. First, 7 has to be large enough so
that the AMI [44, 45] at time 7 + 7 is significantly different from the AMI [44, 45] at
time ¢ . Then it will be possible to gather enough information about all other system
variables that influence the value of x to reconstruct the whole attractor. Second,
7 should not be larger than the typical time for which the system loses memory
of its initial state. We must be conscious about the second criteria, because chaotic
systems are unpredictable or lose memory of its initial state as time goes forward.
In [44], it is stated that the optimum time-delay is obtained, where the AMI [44, 45]
attains its first minimum value. Since, AMI [44, 45] is a nonlinear version of auto-
correlation, so this method is strongly recommended to apply on nonlinear signals
for finding suitable time-delay.

7.3.1.3 Nonlinear Auto-Correlation of Bivariate Data

Most of the time series encountered from real life phenomena are nonlinear with
different types of non-linearity. The goal is to find a proper time-delay of moderate
magnitude for the reconstruction of attractor [1-16] and so there is no loss of
generality in considering a small segment (length varies from 150 to 500) of the
given time series. This small segment of the time series is then approximated with
a nonlinear curve f that gives the best fit. Thus we get two data series, one is the
smaller segment of the time series and the other one is what is generated through
the nonlinear curve f.
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With these two data sets, we now define new type of nonlinear auto-correlation
of bivariate data [51] as follows:

Definition 1 Let X = {x(#)}, and Y = {y()}", be two time series and f(¢)
be the function that approximates y(¢) from x(¢),t = 1,2,3,....,N. Let Y’ =
{f(x (Z))} 1~ Then the nonlinear correlation between X and Y, denoted by ry y is
defined as the linear correlation between ¥ = { y(t)}, yand Y = {f (x(t))}[ s
which is given by

YL @) =y (S (0) = F(1))
VI 00 -y YL () - TE0)?

ryy(t) = (7.5)

where y () and f(x(t)) are the means of the time series Y = {y(r)}¥_, and Y’ =
{f(x(1))}N_, respectively.

Definition 2 Let X = {x(¢)}/_, be a time series and {f(x(¢))}\_, be its best
nonlinear curve fit. Then the nonlinear auto-correlation rx(t) between X =
{x (O and Y = {x(r + 1)}V, is deﬁned as the linear auto-correlation between

={x@+ o and Y = {f(x(0)},,i

SN+ 1)~ 30 F D)) — FEE)
IS G+ o) =X+ 0P SIS (G (0) ~ FERO))

rx(7) = (7.6)

where x (¢ + 7) and f(x(¢)) are the means of the time series Y = {x(t + r)} and
Y’ = {f(x (1))} respectivelyand 1 < 7 < %, if Nisevenand 1 <t < —,if
N is odd.

If no such best nonlinear fit is available for the smaller segment of the time series,
then determination of the suitable moderate time-delay by Eq.(7.6) for attractor
reconstruction [1-16] is not possible. This may happen if the time series is highly
non-stationary. But this is a very rare case.

Suppose that there exists a nonlinear curve of best fit for the given nonlinear
time series. The new nonlinear auto-correlation of bivariate data [51] given by (7.6)
is determined between two groups {x(¢)}/Z% J{x (¢ + 7)}/Z%, 150 < ¢ < 500, by
considering a smaller segment {x(#)}/_, of the time series {x(¢)}"_,. The time-
delay t is determined from the two dimensional correlogram diagram.Thus we get
the independent coordinates (x(¢), x(t + t), x(t + 27)),t =1,2,3,....., N —21.
The attractor is finally reconstructed with these independent coordinates.
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7.3.1.4 Numerical Examples and Discussions

To validate the above new type of nonlinear auto-correlation of bivariate data [51],
let us consider the three dimensional Lorenz system [48] described by the following
differential equations:

dx1

ar s(x2 —x1),

d)C2

E = x1(r — x3) — x2,

dX3

@ _ — bxs, 7.7
7 X1X2 X3 ( )

with the initial condition x;(1) = 8, x»(1) = 9, x3(1) = 2 and the parameter values
s=10,r =28,b=4%.

The above Lorenz system given by (7.7) with the given initial condition gives
rise to a chaotic solution, which is shown by the attractor of the system given in
Fig.7.1a.

For the purpose of reconstruction of the above attractor, we have considered
5,000 values of the solution vector (x;(¢), x2(¢), x3(¢)) of the aforesaid Lorenz
system given by (7.7). Let us first consider the solution component {x,(#)}?%? and
find a suitable time-delay 7 under the new type of nonlinear auto-correlation of
bivariate data.

Since the solution component {xg(t)}fg)lo of the aforesaid Lorenz system is
nonlinear, this nonlinear measure may be applied. For this purpose, we first take
a smaller segment of length 200 and find a best possible nonlinear curve fit f for it.

-10 -15 -20

20 15 10 5 0o -5

" . . . .
0 50 100 150 200

Fig. 7.1 (a) Attractor of the Lorenz system given by (7.7), (b) best nonlinear curve fit for a smaller

segment of the solution component {x,(#)}:°% of the Lorenz system
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This is given by

f(t) = aop + aj cos(wt) + by sin(wt) + a, cos(2wt) + b, sin(2wt) + aj cos(3wr)

+ b3 sin(3wt) + a4 cos(dwt) + by sin(4wt) + as cos(5wt) + bs sin(5wt)
(7.8)

where a9 = 8.44,a; = 0.05261,h; = —0.04536,a; = —0.02356,b, =
—0.09461,a3 = —0.1507,b3 = —0.07338,a4y = —0.4175,by = 1.353,a5 =
0.03087, bs = —0.04881, w = 0.02525.

The above best possible curve fit given by Eq. (7.8) is shown by Fig. 7.1b.

Equation (7.5) is then used to determine the nonlinear auto-correlation rx ()
between X = {x2(1)}?%, and Y = {x2(t + 7)}?%,. This is actually the linear AC
[42, 43] between ¥ = {x2(t + 7)}*% and Y/ = {f(x2(1))}*%,, where f is the
best nonlinear fit available for a smaller part of one of the solution components
{x2 (t)}fg)lo of the aforesaid Lorenz system [48]. Thus ry () is obtained for different
values of the time-delay t and the suitable time-delay t is determined from the two
dimensional correlogram diagram [1] given by Fig.7.2a.

It is evident from Fig. 7.2a that ry (7) comes nearer to zero for the first time, when
T = 15. Thus we get the suitable time-delay and corresponding to this time-delay
the attractor of the Lorenz system is reconstructed, which is shown in Fig. 7.2b.

In a similar manner we have also reconstructed the attractor from the other
two solution components of the Lorenz system. However, when the Sd value is
calculated, it is found that the attractor reconstructed from {x,(1)}3°% is least
distorted from the original attractor. So we have not presented the later attractors.

Next, we try to use the linear AC [42, 43] and AMI [44, 45] to reconstruct the
attractor of the Lorenz system. Since AC is a linear measure, but the solution com-

ponents of the aforesaid Lorenz system are highly nonlinear it is quite impossible

X(t+2m)

x15 !
% v.ooe77 /
Rx(m) 0 [ ]

—0.2 \
\

; PERETRR, WO ;
0 5 10 15 20 25 30 35 40 45 50
time-delay (m)

x(t)

Fig. 7.2 (a) Two dimensional correlogram diagram, (b) reconstructed attractor of the Lorenz
system with time-delay ¢ = 15 under new type of nonlinear auto-correlation of bivariate data
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Fig. 7.3 Plot of (a) AC versus time-delay, (b) AMI versus time-delay for the solution component
{62(6) 2% of Lorenz system given by (7.7). In (a), the suitable time-delay is obtained, when AC
attains its positive minimum for the first time. In (b), the suitable time-delay is obtained, when

AMI comes nearer to zero for the first time
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—40 -40

Fig. 7.4 Reconstructed attractor of the Lorenz system (7.7) (a) with t = 63 obtained by AC
measure, (b) with t = 16 obtained by AMI measure

to get the proper value of for the reconstruction of the attractor. Figure 7.3a,b show
the plot of AC Ry, () versus time-delay 7 and the plot of AMI versus time-delay .

It is evident from the above figure that the auto-correlation attains its positive
minimum for the first time, when t = 63 and AMI [44, 45] comes nearer to zero
for the first time, when t = 16. The reconstructed attractor for the above Lorenz
system for t = 63 and T = 16 are given by Fig. 7.4a, b respectively.

We have also tried to reconstruct the attractor from the other two components
of the Lorenz system [48] but both of them were found to be even worsen than the
attractors given by Fig. 7.4a, b.
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Remarks Obviously, the reconstructed attractor given by Fig.7.2b looks like the
original attractor of the Lorenz system given by Fig. 7.1a. In fact, Sd value of this
reconstructed attractor is more than that of the same reconstructed under linear
AC and AMI. Thus it is established that by using new type of nonlinear auto-
correlation of bivariate data, it is possible to reconstruct the attractor of the Lorenz
system properly and the attractor is even better and lesser distorted than the same
reconstructed under the other measures. Thus this new type of nonlinear auto-
correlation of bivariate data can be more effective for attractor reconstruction from
a single time series data.

7.3.1.5 Application on Real Data

Since this new nonlinear measure is found to be very effective on Lorenz dynamical
system, it is expected to work on real data in getting the least distorted reconstructed
attractor out of it. So, we present few applications of this comparatively new
measure on some real continuous signals, where the dynamical models behind the
generation of the signals are not known. In this context, we have chosen two music
signals—both of them are Indian classical Sarod recitals, one is of raga ‘Anandi’ and
the other is of raga ‘Bhairavi ’. Both of them were played by one of the renowned
Sarod player Ustad. Amjad Ali Khan and they were recorded at 16 bits per sample
with sample rate 44,100 by using Adobe Audition 1.5 software. None of them were
normalized. The reason of choosing music signals is that they are easier to collect
by available software, and more importantly the music signals are basically non-
stationary and are always found to possess different types of non-linearity. Though
these music signals are basically non-stationary as a whole, yet the smaller segments
(length varies between 150 and 500) of those signals have some definite form
in most of the cases. At this point, one may raise question regarding the loss of
generality for choosing such a smaller segment of the music signals. However, when
the auto-correlation of a signal is considered, it is basically the correlation between
two segments of the signal of finite length differing by one unit only. So, there is no
question of making an attempt for a nonlinear fit with the whole signal.

A. Test for Non-stationarity: Q-Q Plot

By non-stationary signal we mean a signal where the pattern of probability
distributions of different segments are not equal at all. To test the non-stationarity of
the signal, Quantile-Quantile plot (Q-Q plot) [57] is used. Basically it is a graphical
technique to determine whether or not two data sets come from populations with a
common distribution. More precisely, it is a plot of the quantiles of the first data set
against the quantiles of the second data set. If the two sets come from a population
with the same distribution, the points must fall approximately along the reference
line y = x. The greater is the departure from this reference line, the greater is the
evidence for the conclusion that the two data sets have come from populations with
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Fig. 7.5 Q-Q plots for the music signal of raga (a) ‘Anandi’ and (b) ‘Bhairavi’. In both the figures,
the points do not fall approximately along the reference line y = x and hence both the signals are
non-stationary

different distributions. This proves that the statistical parameters of the segments of
equal length are always different. In other words, signal is non-stationary.

Thus for the music signals based on raga ‘Anandi’ and raga ‘Bhairavi’, Q-Q
plots [57] are drawn (Fig. 7.5a, b) and non-stationarity of both the signals have been
established.

B. Test for Non-linearity: Surrogate Data Method

The existence of non-linearity in the underlying experimental data is generally
investigated by Surrogate data method, initially introduced by Theiler et al. [58]. In
this method, a null hypothesis is formed for a specific process class and the system
output is compared with this hypothesis at a level of significance «. In order to do
this, (% -1) - al surrogates are first generated for a one side (two-side) test. A
suitable statistic is then chosen and its value for the original data is compared to the
same of the surrogates. If the value of the statistic of the data deviates from that of
the surrogates, then the null hypothesis is rejected. In this concern, Schreiber and
Schmitz introduced an improved surrogate data method [59] which is used to test
non-linearity for all types of stationary and non-stationary signals. In this method,
the testing is done with significance level 0.01 in three steps. In the first step 99
surrogate data are generated by Iterative Amplitude Adjusted Truncated Fourier
Transform (IAATFT) [59] from the observed data, in the second step the nonlinear
version of auto-correlation statistics—Average Mutual Information (AMI)(z = 1)
is considered as discriminate statistics and finally a null hypothesis is formed against
which observations are tested.
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Fig. 7.6 Surrogate data test for the music signal of raga (a) ‘Anandi’ and (b) ‘Bhairavi’ under
AMI with t = 1. The surrogates are represented by the indices 1-99 and the index number 100
represents the original signal measured along X-axis. Y-axis represents the corresponding value of
AMI(t = 1). In both the figures, the value of AMI(tr = 1) of the music signal is greater than the
same of their respective 99 surrogates and hence both the signals are nonlinear

In this connection, the null hypothesis (Hy) is taken as Hy : AMI xperimentaisignal
(t = 1) = AMIgyr(experimentaisignary(t = 1). The discriminating statistic AMI [44,
45] is basically a number that quantifies some aspect of the time series. If the value
of AMI (r = 1) for the experimental signal is different from all of its surrogates,
then the null hypothesis can be rejected with the given level of significance. If the
null hypothesis is rejected, the experimental signal must be nonlinear.

The Surrogate data test [59] with significance level 0.01 and the statistical
parameter AMI (r = 1) of the music signals of raga ‘Anandi’ and ‘Bhairavi’ are
given in Fig. 7.6a, b.

It is observed from Fig. 7.6a, b that the AMI of surrogate data series is not equal
to AMI of the given signals. Hence the null hypotheses Hy : AMIgnanai(t = 1) =
AMIsyrananaiy(t = 1) and Ho 1 AMIpgirapi(t = 1) = AMIsyrBhairabiy(t = 1)
are rejected and thus the non-linearity of the music signal of raga ‘Anandi’
and‘Bhairavi’ are established by Surrogate data test [59].

C. Test for Chaos: Lyapunov Exponent

Since both the music signal of raga ‘Anandi’ and raga ‘Bhairavi’ are nonlinear, the
largest Lyapunov exponent (LLE) [18, 21, 29] of these signal is computed to test
the existence of deterministic chaos. This largest Lyapunov exponents [18, 21, 29]
quantify the exponential divergence of initially close state-space trajectories and
estimate the amount of chaos in a system. Several methods of finding this Lyapunov
exponent are available but in this case a comparatively new method [18, 21, 29]
has been used. The method follows directly from the definition of the LLE and is
accurate because it takes advantage of all the available data. The algorithm is fast,
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Fig. 7.7 Straight lines, fitted on the linear region of < In(divergence) > for the music signal of
raga (a) ‘Anandi’ and (b) ‘Bhairavi’

easy to implement, and robust to changes in the following quantities: embedding
dimension, size of data set, reconstruction delay, and noise level. The LLE is easily
and accurately calculated by using a least-squares fit to the ‘average’ line defined by
y(@i) = % < In(d;(i)) >, where < . > denotes the average over all values of j and
d; (i) is the distance between the jth pair of nearest neighbors after i discrete-time
steps, i.e., I At seconds.

To find the LLE of both the music signals, straight lines are fitted on the average
of log(divergence) of the music signals of raga ‘Anandi’ and raga ‘Bhairavi’. The
coefficients a and b of the fitted straight lines x = at + b are given by a =
0.0044,b = 8.6947 for the music signal of raga ‘Anandi’ and a = 0.00064,» =
7.6042 for the music signal of raga ‘Bhairavi’. These are shown by Fig.7.7a, b
respectively.

The LLE for the music signals of raga ‘Anandi’ and raga ‘Bhairavi’ are calculated
from the slope of the fitted straight lines in Fig.7.7a, b. The values are found to be
0.88 and 0.128 respectively (by considering the sampling frequency as 200 Hz).
Thus the LLE for both the music signals are found to be positive. This indicates that
both the signals possess chaotic attractor.

D. Reconstruction of the Attractors

Let {x4(1)}2° and {x5(1)}'% be 10,000 samples of the recorded north Indian
Classical Music (Sarod) based on raga ‘Anandi’ and ‘Bhairavi’ respectively. The
time series plots of these signals are given by Fig. 7.8a, b respectively.

A best nonlinear curve fit for the smaller segment of length 200 of the music
signal based on raga ‘Anandi’ is then obtained. Similarly another best nonlinear
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Fig. 7.8 Time series plot of the music signals based on raga (a) ‘Anandi’, (b) ‘Bhairavi’

curve fit for the smaller segment of length 150 of the music signal based on raga
‘Bhairavi’ is obtained. These are respectively given by Eqs. (7.9) and (7.10).

f(t) = arexp(—((t — b1)/c1)?) + az exp(—((t — b2)/c2)*) + azexp(—((t — b3)/c3)*)
tasexp(—((t — ba)/cs)®) + asexp(—((t — bs)/c5)*) + asexp(—((t — bg)/c6)?)

+a7 exp(—((t — b7)/c7)%)
(7.9)

where a; = 5,109,b; = 172.5,¢; = 2.314,a, = 4,881,b, = 182.8,¢c, = 1.539,
as = 14,430,b3 = 72.76,c3 = 10.7, a4 = —42,800, by = 226,c4 = 150.5,a5 =
44,280,b5 = 178.9,c5 = 47.44,a¢ = 20,420,bs = 102.3,¢c6 = 24.66,a; =
15,340, b7 = 48.09, ¢; = 15.19.

f(t) = ao + ay cos(wt) + by sin(wt) + a; cos(2wt) + bs sin(3wt) + a4 cos(4wt)
+ b5 sin(5wt) + ag cos(6wt) + b sin(6wt) + a7 cos(7wt) + b7 sin(Twt)

~+ ag cos(8wt) + bg sin(8wt)
(7.10)

where ag = —5.015x 1013, b = —4.742x 10", ay = 8,754 x 10'3, b3 = 4.242 x
10%, a4 = —6.004 x 103, b5 = —4.933 x 10", as = 4.397 x 10'3, bg = 4.319 x
101, a7 = —2.616 x 10'3,h; = —1.569 x 10'%, a3 = 4.83 x 10'2, by = 2.189 x
10", w = 0.0816.

The above curves of best fit for the music signals of raga ‘Anandi’ (Eq.7.9) and
raga ‘Bhairavi’ are (Eq. 7.10) are shown by Fig. 7.9a, b respectively.
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Fig. 7.10 (a) Two dimensional correlogram diagram for the music signal based on raga * Anandi’
under new type of nonlinear auto-correlation of bivariate data, (b) reconstructed three dimensional
attractor of the music signal based on raga ‘Anandi’ with time-delay t = 6 obtained from the
correlogram diagram

We now reconstruct the underlying dynamics of both the music signals under the
notion of new type of auto-correlation of bivariate data [51] one by one. Let us first
consider the music signal of raga ‘Anandi’.

In this case, the new type of nonlinear auto-correlation ry (t) between {x(t +
7)}2%977 and { f(x(¢))}?%,, given by Eq.(7.6) is first computed for different values
of 7, where f is the best nonlinear fit of the music signal ‘Anandi’ given by Eq. (7.9).
This ry () is then plotted against 7 to form the two dimensional correlogram
diagram. This is shown by Fig.7.10a. The suitable value of the time-delay 7 = 6
is obtained from this correlogram diagram. The three dimensional attractor is
finally reconstructed with the coordinates (x4(f),x4(t + 7),x4(t + 27)),t =
1,2,...,(10000 — 27). This is given by Fig. 7.10b.

We next reconstruct the attractor of the other music signal based on raga
‘Bhairavi’.
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To reconstruct the attractor of the aforesaid music signal based on raga
‘Bhairavi’, Eq. (7.6) is first used to determine the nonlinear auto-correlation [51]
rx(t) between {x(r + 7)}}2%" and { f(x(1))}!2%, where f is the best nonlinear
fit available for a smaller segment of this music signal, given by Eq.(7.10). The
suitable value of 7 is obtained from the corresponding two dimensional correlogram
diagram as discussed in Sect. 7.3.1.1. In this case, the value of 7 is found to be three.
Finally, the three dimensional attractor is reconstructed with time-delay t = 3,
which is given by Fig. 7.11.

On the other hand, the linear AC measure is not applicable as both the signals
are perfectly nonlinear. However the general measure AMI may be used in these
cases. The plot of AMI(r)against the time-delay t for the music signals based on
raga ‘Anandi’ and ‘Bhairavi’ are shown by Fig.7.12a, b.

It is evident from the above figures that the suitable time-delay for the music sig-

nals of raga‘Anandi’ and ‘Bhairavi’ are found to be 18. The respective reconstructed
attractors are given by Fig. 7.13a, b.
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Fig. 7.11 Reconstructed three dimensional attractor of the music signal based on raga ‘Bhairavi’
with T = 3 under the new type of nonlinear auto-correlation of bivariate data
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Fig. 7.12 Plot of AMI against time-delay for the music signals of raga (a) ‘Anandi’ and
(b) ‘Bhairavi’
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Fig. 7.13 Reconstructed three dimensional attractor of the music signal based on raga (a) ‘Anandi’
and (b) ‘Bhairavi’ with t = 18 obtained under AMI measure

7.3.1.6 Remarks

Three dimensional reconstructed attractor under AMI measure [44, 45] of the
music signals of raga ‘Anandi’ and ‘Bhairavi’ given by Fig.7.13a, b respectively,
show lack of density in the orbits and hence they can not be considered as
attractors in the proper sense of the term. In fact, the attractor given by Fig.7.13b
possesses many outliers also. However, the three dimensional attractors of both the
signals reconstructed under new type of nonlinear auto-correlation of bivariate data,
given by Figs.7.10b and 7.11 show significant improvement over their respective
attractors reconstructed under AMI. The three dimensional attractors of Figs. 7.10b
and 7.11 reconstructed under this measure exhibit orbits, which are almost dense
except for very few outliers. So these attractors are supposed to be the least
distorted reconstructed attractor for the music signal of raga ‘Anandi’ and ‘Bhairavi’
respectively. This not only establishes the applicability of this new type of nonlinear
auto-correlation measure, but also it claims the superiority of attractor reconstruc-
tion under this new type of nonlinear auto-correlation of bivariate data [51] over
those reconstructed under the AMI measure.

7.3.2 For Multiple Time Series

Let us first generalize the procedure for attractor reconstruction from a single
component of the solution vector of a system of differential equations such that
it is possible to reconstruct the attractor by utilizing multiple components of the
solution vector. Since the given Lorenz system [48] consists of three differential
equations, the solution vector of the Lorenz system has three components. Let
(x1(2), x2(2), x3(¢) be the solution vector of the given system. The independent
coordinates can be taken as (u(t), u(t + t), u(t +21)),t =1,2,3,...., N — 21, for
the time-delay t, where u, v, w are chosen from x1, x,, x3. The suitable time-delay



236 S.K. Palit et al.

t is determined from the two dimensional correlogram as described earlier. Finally,
the attractors are reconstructed in three dimensions with these points.

In case of different time-delays, the independent coordinates are taken as
@), u(t + 1), ut + 71 +mn)),t=1,2,3,...., N— (11 + 1), for the time-delays
71, Ty, where u, v, w are chosen from x|, x,, x3. The suitable time-delays t;, 7, are
determined from three dimensional correlogram diagram. This is basically a three
dimensional plot of the time-delays 7, 7, against the respective correlation measure.
The three dimensional attractors are then reconstructed with these independent
coordinates.

7.3.2.1 Higher Dimensional MI

One of the major limitation of AMI [44, 45] discussed in Sect.7.3.1 is that it was
computed between two variables x(¢) and x(¢t — 7) only, where 7 is the time-
delay. This actually constrains the higher dimensional attractor in the sense that the
variables x ( —27),x(¢—37), . .. .. etc. are selected automatically, without care of the
information content added by these variables to the information already contained in
x(t) and x (¢ — 7). This problem can be solved in two ways. One way is to evaluate
the information contained as a whole by all variables involved in the reconstruction
of attractors. The other way is to allow more freedom by removing the constraint
that time-delays are multiple one from another. In other words, instead of same
time-delay (t) repeated, different time-delays ty, 12, 73, . . . .. may be used. Thus, a
multidimensional criterion needs to be incorporated with the notion of MI. From
this view point, the notion of higher dimensional MI [46, 47] was introduced. In
this section, we briefly discuss this measure under same time-delay repeated and
different time-delays.

A. Same Time-Delay Repeated

Let the attractor to be reconstructed is m dimensional. We define the required m
variables as follows: X1 = x(¢),X; = x(t — 1), X3 = x(t —21),...., Xy =
x(t—(m—1Dr).

Equation (7.4) is then generalized to obtain m-dimensional MI given by
Eq.(7.11).

MI(X1, Xa, ..., Xm)

Prob[Xl, Xz, ey Xm]
Prob[X|Prob[X;] .....Prob[X,]

=Y Prob[X1. Xa. ... Xu)log( ). (7.11)

Thus, MI is a measure of the discrepancy between the probability density of the
joint variables and the product of the marginal densities.
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The suitable time-delay t is obtained in exactly the same way as it was obtained
for AMI [44, 45].

However, it is very difficult to estimate this higher dimensional MI in practice.
This is because, the unknown probability densities cannot be estimated accurately
in a high-dimensional space. Thus, it is estimated in an alternative way proposed by
Kraskov et al. [46]. This idea is based on a K-NN estimator [46].

B. Different Time-Delays

Higher dimensional MI with different time-delays 11, 12, 73, ... ., T—1is a further
generalization of the higher dimensional MI with same time-delay repeated [46].
This measure is determined by similar technique as discussed in the previous section
with the exception that the m-variables X, X», ... ., X, are taken as x(¢), x(t —
71),x(t — 12),...,x(t — T—1) respectively.

7.3.2.2 Generalized Auto-Correlation (GAC)

It has already been highlighted in the introduction section that the best possible
approach for understanding real life nonlinear phenomena is to reconstruct the
dynamics of the system from the data itself, which involves choice of proper time-
delay and proper embedding space. However, most of the real life nonlinear data
are non-stationary and thus the linear AC measure and even the AMI measure fail
to produce the proper time-delay for phase space reconstruction in such cases. As
a remedy to this problem, the earlier strategy was to first make the time series
stationary and then to apply the known methods of analysis of stationary time series.
But in this process, some important information might be lost. In this section, our
purpose is to modify the auto-correlation measure in such a way that it is applicable
to any signal (time series), whether stationary or non-stationary. Let {x (1)}, be
such a non-stationary time series. It is known [42, 43] that the time-delay t for which
x(t) and x(¢ + t) are linearly independent, is the first value of v corresponding
to which the auto-correlation coefficient is positive minimum in the correlogram
diagram. Obviously in this case x(¢), x(t + 7),x(t + 27),..... are also linearly
independent. At this point, the following limitations may be noted:

1. The very definition of auto-correlation demands that the time series must be
stationary, as the means and the variances are taken to be the same in all stages
of the signal. Naturally the investigations are not applicable to non-stationary
signals;

2. It is not possible to find out the independent coordinates with different delay of
the form (x(¢), x(t + 7)), x(t + 1 + ).+ ... ), although there is no specific
reason in choosing same 7 in determining the m linearly independent coordinates
(x@),x(t +71),x(t+27),.....x(0 + (n—1D1)).
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With a view to overcoming such shortfalls in the earlier discussions, we consider
generalizations of auto-correlation functions. Obviously to compare two and three
stages of a non-stationary signal, our modified definition of auto-correlation works.
Moreover, our generalized definition of auto-correlation [52] works well for any
finite dimensional attractor reconstruction [1-16].

A. Different Time-Delays

Let {x(#)}_, be the given time series. The generalized auto-correlation [52] of the
given time series with respect to different time-delays 7y, 7, is defined by

(N—11—12)
R.(11. 1) = et i Citntn (7.12)
N Nt N—ti—
VoS Aral Y0 S RY) Pl <
(x(0) = x(0). bigr, = @+ 1) = x( + 1) Cigrier

=x(t+1u+n)—xt+1+1n)

&

where x(7),x(t + t1) and x(¢ + 71 + 7o) are the means of the time series
O3 (32 and {x ()} 4 4, Tespectivelyand 1 < 77,7 <
if Nisevenand 1 < 1,1 < M ,if N is odd.

The suitable time-delay (z, ‘1,'2) is one, where GAC with different time-delays
[52] R, (1, 72) given by (7.12) comes nearer to zero for the first time in the three

dimensional correlogram diagram.

N
2

B. Same Time-Delay Repeated

In particular, when 7, = 1, = 7, Eq. (7.12) reduces to

(N—=27)
Rx(‘lf) — Zt §l§t+l’§t+2‘[ (713)
VI 2R g o
() = x(0), Gi4e = (0t + ) = X + ). G2

= (x(t +27t) — x(t + 271))

&

where x(l) x(t + 7) and x (¢ + 27) are the means of the time series {x ()} 7",

{x(t)}, 1+r and {x(l)},zH2r respectively and 1 < 7 < ﬂ if Nisevenand 1 <

r<— if N is odd.
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The suitable time-delay t is one, where GAC with same time-delay repeated [52]
(R (7)) given by (7.13) comes nearer to zero for the first time in the two dimensional
correlogram diagram.

7.3.2.3 Cross Auto-Correlation (CAC)

Cross auto-correlation (CAC) [53] is a measure, which basically fits a nonlinear
curved surface trend. The problem of attractor reconstruction [1-16] still depends
on finding proper time-delay and embedding dimensions [11, 12]. The newly
introduced concept of nonlinear method gives better result in determining the
suitable time-delay and hence indirectly helping in attractor reconstruction. For
geometrical clarity, once again we like to consider the embedding dimension to
be three. We first define CAC [53] step by step.

A. Total Correlation

In determining linear regression coefficients, a line of best fit is tried for the given
two dimensional points by the method of least squares. In case of two dimensional
nonlinear points, the points do not lie on a line or more precisely they cannot
be approximated by a line of best fit. Thus to find the corresponding nonlinear
regression coefficients, a curve of best fit is tried with the given two dimensional
nonlinear points by the method of least squares. Since the points have a nonlinear
trend, the method of nonlinear correlation needs to be applied. However, when two
sets of data points have nonlinear trend, ultimately by proper substitution, two sets of
data points with linear trend are obtained and the same correlation formula for linear
trend is used to compute the correlation coefficient even in this case of nonlinear
trend.

The difficulty arises when three time series of any suitable size is considered.
If the points have a planar trend, then plane of regression may be tried. But
this precisely means that variable corresponds to one of the time series must be
related with the two other variables correspond to two other time series by a linear
function. Thus, a new data set of the approximated time series is obtained. Naturally
correlation formula for these two series—one is the given time series and the other
one is the approximated time series is calculated, which is defined as the rotal
correlation [60] of the given three time series having planar trend.

When 7 time series are compared simultaneously a hyper-plane of best fit of
the form w = aju; + aur + azuz + ...... + ap—1uyn—1 + a, is tried with
the n-dimensional non-planer points (x(¢), x2(¢), x3(¢), ... .., x,(¢)) to find total
correlation coefficient. By applying the method of least squares and using these
given n dimensional points, values of a,a»,as, ...... ,a, are determined. Thus, a
plane of the form w = f(uj, us,us,.....,u,—1) is obtained, where f is a known
linear function of uy, uy, us, ... .., u,—1. We call this new data set as {w’}. The total
correlation coefficient [60] is defined as the linear correlation coefficient between
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{w'} and the set {w”} , which is given by the nth component of the n-dimensional
points (x1(¢), x2(¢), x3(t), . .. .., x,(2)).

B. Cross Correlation

Suppose the three time series have a curved surface trend instead of a planar
trend. In this case, it is not possible to get two time series with linear trend by
proper substitution as done in the two dimensional case. So the correlation of three
time series with linear trend is extended to correlation of three time series with
nonlinear trend. We call it cross-correlation in general and cross-auto-correlation
in particular. Obviously in this case, the points on the attractor lie on a fractal set
consisting of different non-planar, non-smooth points. As a matter of fact, these non-
planar points cannot be approximated by plane of best fit. Rather, these points can
be better approximated by a smooth hyper-surface, which we call a hyper-surface
of best fit. Even when more than three time series are compared simultaneously, the
same procedure is followed. In this process, the actual non-planar n-dimensional
points (x;(z), x2(¢), x3(¢),.....,x,(t)), where each x;(¢t),i = 1,2,3,...... N
is a time series, are approximated by fitting a smooth hyper-paraboloid of the
formw = aud™' + auld ™ + a4+ + ayp— 1"~} + a, and then the
method of least square is applied to obtain the hyper-surface of best fit given by
w=au! " aui  azui L +ay— 1"t +a, ,whereay,az,as, ... ... dn
are determined from the following equations:

E w=a; E uy~ '4a, E ug_l + ...t a,— E u’,::{ + na,,
n—I1 — 2n—2 n—1_ n—1 n—l rl—l n—I1
E u, w=ada E uy +ay E w, uy,  +....taz— E u,_, +a E u,
1 on—1 2n—2 1 1
E i 'w = a, E W u T as E "+t ap— E BT+ a, g w,

n—1_ . __ n—I1 n 1 n—I1 n 1 2n—2 n—I1
E u,_|w=a E Uy U +a2§ U, Uy oot ag— E w,” +a,,§ u,_ |,

(7.14)
Thus a hyper-surface of the form w = f(uy,us,us,.....,u,—1) is obtained,
where f is a nonlinear function of uy, us, us, .....,u,—. Let us denote this new

data set as {w'}. The cross correlation coefficient is defined as the linear correlation
coefficient between {w’} and the set {w”}, which is given by the nth component
of the n-dimensional points (x;(¢), x2(¢), x3(¢), ... .., x,(¢)). Since the equation of
the hyper-paraboloid contains one linear term and n — 1 nonlinear terms, while
the other surfaces like hyper-ellipsoid or hyper-hyperboloid contain n nonlinear
terms, the calculation becomes more complex and unmanageable and takes more
computational time in the later cases. For this reason, only a hyper-paraboloid
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w= alu’f_l + azu’z’_1 + a3u’3’_1 +.. + an_lu’;j + a, is fitted to the given non-
planar points, which definitely minimizes the computation time. Moreover, there
is no loss of generality in choosing such a simpler form of hyper-surface, because
only small segments of the time series have been taken for considering non-linearity
of the time series and hence it makes no difference whether we consider a hyper-
paraboloid or a hyper-ellipsoid or a hyper-hyperboloid as a hyper-surface of best fit.

C. Cross Auto-Correlation

It is a particular case of cross correlation. Cross-correlation was developed for
comparing n time series simultaneously. But when a single time series is considered,
cross-correlation becomes cross-auto-correlation (CAC) [53].

Let xi(¢),x2(¢), x3(t),.....,x,(t) be the solution component of some n-
dimensional dynamical system. To define CAC for a single solution component
{x(t)}_, of the dynamical system with copies under same time-delay repeated and
different time-delays, we proceed as follows:

Let us first consider single time series with copies under same time-delay

repeated [53].
In this case, we first find the n independent coordinates (x(¢), x(¢ + ), x(t +
27),....,x(t +n — 17)) with time-delay 7 as follows: Firstly, the time series is par-

titioned into n groups, viz. {x(t)}f\:l("_l)r, {x(t)}i\[:_l(::z)r, {x(t)}i\[:_l(:f;)r, e
{x(t)}fv=1+(n—1)z- Thus we have n sets of data in n-dimensional spaces given
by w1, Ui U3, ... Uy, Where u,y = x(t),up = x(t + 1), U3 =
x(t + 27),....... Uy = x(t + @ —Dr),t = 1,2,3,...,.N — (n — Dr.
U1, Ur2, Us 3,y ..., U n—1 are then substituted for u;, us,...,u,—; in the equation
w= alu’f_l + azug_l + a3M’31_1 + ... + an_luﬁj + a, of the best fitted hyper-
surface to obtain a new time series {w; }fvz_l("_l) *. The cross auto-correlation between
these n time series u; ] = x(t), ;0 = x(t + 1), ;3 = x(t +27),....... JUpy =
x(t + (n — 1)7) denoted by r,.(7), is defined as the correlation between

(w3 and {uy,, 3" D" with respect to the time-delay  and is given by

N—mn—1)t — —
Ri(7) = =1 ) (.0 — U ) (W —Wr) (7.15)

N—(n—1 J— N—(n—1 —
\/Zt=1(n )T(ur,n —ur,n)z\/2t=l(n )T(Wr —Wr)2

where u;, and w; are the means of the time series u,, and w; respectively and
t=123,....N—1.

The suitable time-delay t for the reconstruction of attractor is obtained from the
two dimensional correlogram diagram exactly in a similar manner as it was obtained
under GAC with same time-delay repeated [52].

We next consider single time series under different time-delays [53].
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To find the n independent coordinates (x(¢),x(t + 7)), x(t + © +

123 P xit+n+nt...... + 7,—1)) for attractor reconstruction with different
time-delays 11, 1,.....,Ty—1, the time series is sub-divided into n groups—
{x(t)}N (n+o+... +‘L',171), {x(t)}iv:—l(f:- ..... +f,1,1) {x(t)}t S
Proceedmg similarly as above, the CAC [53] between the time series u;; =
x(t),up = x(t +11)up3 = x@C+104+7)nnn.. Uy = x(t+ 1+ 10+
et Tm),t =1,2,3,...,N—(t1 + o+ ..... + 1,—1) is defined with respect
to the time-delays ty, 75, 73, . . . .., Ty—1, denoted by r,, (T, 7, 13, .. ., Ty—1) as the

correlation between {u; » },—, ~V, given by

SES ) vy — 7))

\/Zt = l(“tn_utn) \/Zt = I(Wt—wt)z
(7.16)

Rx,n (le T2y T3y e v v eny Tn—l) =

where u;,, and w; are the means of the time series u;, and w,respectively and
T1, 72, T3, e oo ey Tp—1 = 1,2,3,....,N—1.

To find the suitable time-delays 7y, 12, 73, ... .., T,—1 for the reconstruction of
attractor, Ry ,(t1, 72, 73, ... .., T—1) is plotted against 11, 72, 73, . . . .., T,—1 to form
the n-dimensional correlogram diagram. This is just an extension of the three dimen-
sional correlogram diagram and so the suitable time-delays 11, 75, 73, . . . .., Ty—] are
obtained similarly as obtained under GAC with different time-delays [52].

For multiple time series with copies under same time-delay repeated, the
independent coordinates are taken as (x(t),x(t + t),x(t + 27),...... ,x(t +
n — 171)), under single time-delay 7, such that x(t) = x;, (¢),x(t + 7) = x;,(t +
), x(t +21) = x;,(t + 27),...... x(t +n—-1t) = x;,(t + n—1t) where
I1,02,03,000.. i, € {1,2,3,..., N}. The CAC between these n time series is
then obtained by using Eq. (7.15) and suitable time-delay t is obtained in a similar
manner as described earlier for CAC with same time-delay repeated [53].

In case of multiple time series with different time-delays 1y, 12, 73, . . . .., Ty—1, the
independent coordinates are taken as (x(t), x(t + 1), x(t + 1+ 12), ... ... ,x(t+
T+ T 4+ 1) ot = 1,2,3,.....,N = Y721 t; such that (x(t) =
xXi, (@), x(t + 1) = x;,(t + ‘Cl) xt+u+n)=xt+u+10),...... Lx(t +
STl = x,(t + Y21 w), where ipL iy is,...... i, € {1,2,3,...,N}.
The CAC [53] between these n time series is obtained by using Eq.(7.16) and
suitable time-delays 7, 72, 73, .. ..., T—; are obtained in a similar manner from
n-dimensional correlogram as described earlier in case of CAC with different time-
delays.

It is evident from the above definitions that CAC [53] is a nonlinear
measure. Also since w = ayuf ™' + ad ™ + azuli 4+ oL+ apmu'Z) + ay
represents a family of hyper-paraboloid, so for different sets of values of
ai,az,as,....,a, we get different members of the family. Again different sets
of values of ay,as,....,a, are found from the equations given by (7.12) for
different set of points (xj(¢), x2(¢), x3(t),......,x,(t)), which are points on the
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attractor itself. As the dynamical systems vary, their attractors satisfy different
(x1(2), x2(2), x3(t),.....,x,(t)) and so the values of a,a,,as,....,a, are also
found to be different. Thus this nonlinear measure varies from dynamical system to
dynamical system. In other words, CAC [53] is actually system dependent.

7.3.2.4 Experimental Results and Discussion

Let us first consider the Lorenz system given by Eq. (7.7) (Sect. 7.3.1.4).

We have already taken a wrong attempt of reconstructing the attractor of the
Lorenz system [48] from each of its solution components separately under the
notion of linear AC [42, 43] and AMI [44, 45] (Sect.7.3.1.4). Therefore, we first
try attractor reconstruction of the Lorenz system [48] from a single component of
its solution vector under GAC with same time-delay repeated and different time-
delays [52].

We apply GAC with same time-delay repeated [52] on the solution component
{x2 (t)}fg)lo to find a suitable t for the reconstruction of the attractor for the aforesaid
Lorenz system given by (7.7). In this case, the suitable value of 7 is obtained from
the two dimensional correlogram, where the GAC R,, () for different values of t
are calculated by using Eq. (7.13). This is shown in Fig. 7.14a. It is evident from the
above figure that the GAC [52] comes nearer to zero for the first time, when 7 = 32.
The attractor reconstructed with this value of t is given by Fig. 7.14b.

In a similar manner, we reconstruct the attractor from the other two components
{x1(2) 52)10 and {x3(t) 52)10 of the solution vector by using GAC measure. The three
dimensional attractors thus reconstructed are given by Fig.7.15a, b respectively.

It is observed that the use of GAC with same time-delay repeated [52] is unable
to give the proper value of time-delay towards reconstruction of the best attractor
for the Lorenz system [48] by using its single solution component. However, the
reconstructed attractors have improved a bit over that reconstructed under the

xa2
¥ -0.002386.
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T

Fig. 7.14 (a) Two dimensional correlogram for the solution component {x; (t)}fi)? of the Lorenz

system under the notion GAC with same time-delay repeated, (b) three dimensional reconstructed
attractor of the Lorenz system with time-delay ¢ = 32 under the same measure
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x(t+2m)
x(t+2m)

Fig. 7.15 Three dimensional reconstructed attractor of the above Lorenz system from the solution

component (a) {x;(#)}%% and (b) {x3(t)}?°% under the notion of GAC with same time-delay

repeated

X (t+2m)

-30 o x4(t)

Fig. 7.16 Best form of the reconstructed attractors of the aforesaid Lorenz system with different
combinations of the solution components [(x3(¢), x2(f + 7), x;(t + 27))] under GAC with same
time-delay T = 2 repeated

standard auto-correlation function, with the use of this newly proposed notion. This
motivates us to use this notion with multiple solution components of the Lorenz
system.

Thus we next consider multiple solution components to reconstruct the attractor
of the Lorenz system. One of the best reconstructed attractors using three compo-
nents and suitable time-delay is shown in Fig. 7.16.

Actually, most of the reconstructed attractors for the aforesaid Lorenz system
[48] show lack of density in the orbits and similarity to the original attractor
(Fig.7.1a). Hence they cannot be considered as attractors in the proper sense of the
term. Some of them exhibit orbits, which are almost dense except for some outliers.
Hence they may be considered as approximate attractors for the aforesaid Lorenz
system. However, the reconstructed attractors given by Fig.7.16 exhibits complete
dense orbits and it may be considered as the least distorted forms of attractors,
reconstructed for the Lorenz system. In fact, this attractor reconstructed with the
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independent coordinates (x3(¢), xo(t + t), x1(t + 27)),t = 1,2,3,....., N — 21,
with t = 2 looks almost similar to the original attractor of the Lorenz system given
by Fig.7.1a.

So we finally consider GAC with different time-delays [52] to reconstruct the
attractor of the Lorenz system from its multiple solution components. Obviously
the reason is to get an attractor, whose distortion from the original attractor is
even lesser than that least distorted attractor reconstructed under GAC with same
time-delay repeated [52]. In this context, it may be noted that under the notion
of GAC with different time-delays [52], it is not possible to obtain proper time-
delays for all combinations of the solution components xj, X, x3. This actually
reveals that not all combinations of the solution components are useful for the
reconstruction of the attractor of the aforesaid Lorenz system. However, most of
the attractors reconstructed under the notion of GAC with different time-delays [52]
are almost similar to the actual attractor of the Lorenz system [48]. Among those, the
attractors reconstructed with the combinations (x(z), x3(t +71), x3(t +71 +12)) and
(x3(2), x1(t + t1), x3(¢ + 71 + 12)) look exactly same (and obviously topologically
equivalent) as the original attractor of the Lorenz system given by Fig. 7.1a. These
are shown by Fig.7.17a, b respectively.

Thus, by the use of GAC with different time-delays [52], it is possible to recon-
struct topologically equivalent attractor, which is least distorted from the original
attractor of the Lorenz dynamical system [48]. In fact, this new measure can also be
used to find proper time-delay for the best possible topologically equivalent attractor
reconstruction from multiple time series. This not only establishes the superiority
of attractor reconstruction with different time-delays but it also highlights that
consideration of a single component of the solution vector of the dynamical system
is not always sufficient to reconstruct the best possible attractor for it. However,
if the time series data is highly nonlinear, the aforesaid measure may not be
workable. One such counter example is a known Neuro-dynamical system [61],

Fig. 7.17 Best forms of the reconstructed attractors of the aforesaid Lorenz system with dif-
ferent combinations of the solution components (a) (x;(¢), x3(t + t1),x3(/ + 71 + o)) and
(b) (x3(1), x1(t + t1), x3(t + 71 + 12)) under GAC with different time-delays
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where this GAC measure with same time-delay repeated or different time-delays
[52] do not work properly even by considering multiple solution components. In
this connection, we first highlight the inadequacy of the GAC measure [52].

For this purpose, let us consider the Neuro-dynamical system [61] described by
the following differential equations:

d

% = [1 + exp{—B1(wa1x2 + w31x3 — )]~ — oy xy,

d

% = [1 4+ exp{—PBa(x1 — B)}]"" — 22,

d

§ = [1 + exp{—B3(x1 — 63)}] " — ez, (7.17)

with the initial condition x; (1) = 0.8, x2(1) = 0.5, x3(1) = 0.1 and the parameter
values wWp = 1, w3 = —6.2,0[1 = 0.62,0[2 = 0.42, o3 = 0.1, /31 = 7, /32 =
7,81 =13,0, =0.5,6, =0.3,6; =0.7.

Under these values of the parameters, the system gives a chaotic attractor shown
by Fig.7.18.

Solving the above Neuro-dynamical system for xj, x», X3, we have three time
series {x1 (1)}, {x (1)} and {x3(2)}/2°° as solutions. We try for attractor
reconstruction for the aforesaid Neuro-dynamical system [61] by using the notion
of GAC under same time-delay repeated and different time delays [52]. For this,
we make use of single as well as multiple components of the solution vector of the
Neuro-dynamical system [61]. The procedure is discussed in details in Sect. 7.3.2.2.
Most of the attractors thus reconstructed under same time-delay repeated and
different time-delays are not at all well-formed and they cannot be called attractor

0.8
0.6
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0 0.2 0.4 0.6 0.8 1

Fig. 7.18 Chaotic Attractor for the aforesaid Neuro-dynamical system given by (7.17)
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Fig. 7.19 Reconstructed attractors of the Neuro-dynamical system with different combinations of
the components of its solution vector under GAC with (a) (x2(¢), x;(t + ©), x3(t + 27) [under
same time-delay repeated], (b) (x3(¢), x1(t 4+ t1), x3(f + 71 + 12)) [under different time-delays]

in the proper sense of the term. However, few of them are quite well-formed and
among those two best forms of the reconstructed attractors, one under the notion
of GAC [52] with same time-delay repeated and the other under different time-
delays are given by Fig.7.19a, b respectively. However, even these best forms of
the reconstructed attractors are not at all comparable with the original attractor of
the aforesaid Neuro-dynamical system [61]. Thus it is seen that under the notion of
GAC [52] it is impossible to find proper time-delay(s) towards better (topologically
equivalent) attractor reconstruction for this dynamical system from its single or
multiple solution components with same time-delay repeated or different time-
delays. Therefore, a new measure is sought in order to resolve this problem.

We next highlight the inadequacy of the other time-delay finding measures viz.
AMI [44, 45] and higher dimensional Mutual information (MI) [46, 47] in the
reconstruction of the least distorted attractor of the aforesaid Neuro-dynamical
system [61].

Note that we have not even considered the linear AC measure [42, 43] as the
solution components of the Neuro-dynamical system [61] are non-stationary and
highly nonlinear.

Consider the solution component {x3(1)}!% of the above Neuro-dynamical
system [61] for the reconstruction of its three dimensional attractor. The plot of
AMI [44, 45] against time-delay 7 is given by Fig. 7.20a. It is seen from Fig. 7.20a
that AMI [44, 45] comes nearer to zero for the first time, when 7 = 30 . The
corresponding three dimensional reconstructed attractor is given by Fig. 7.20b.

It is clear from Fig.7.20b that it is not at all attractor in the proper sense of
the term. The method is then applied for the solution components {x;(¢)}}% and
{x2(1)}12° of the Neuro-dynamical system [61], but the attractor reconstruction
does not improve. In fact, in the later cases the reconstructed attractors [1-16] are
even worse than the present one.

We now use higher dimensional MI [46, 47] with same time-delay repeated
to find suitable time-delay to reconstruct the attractor of the Neuro-dynamical
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Fig. 7.20 (a) Plot of AMI against time-delay for the solution component {x3(¢)}!%%° of the

Neuro-dynamical system, (b) three dimensional reconstructed attractor of the Neuro-dynamical
system with 7 = 30 obtained under AMI
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Fig. 7.21 The best form of reconstructed attractor with different combinations of solution
components under higher dimensional MI with same time-delay repeated

system [61] from multiple components of its solution vector. The attractors are
reconstructed from all possible combinations of the solution component with same
time-delay repeated. All the attractors, when judged visually, show that their best
form is given as in Fig. 7.21.

Though Fig. 7.21 shows a bit improvement over Fig. 7.20b in the sense that in
the present case we get a better dense region with lesser number of outliers but the
improvement is not at all remarkable.

We next use higher dimensional Mutual Information with different time-delays
[47] to find proper time-delays for reconstruction of the attractor for the Neuro-
dynamical system from multiple components of its solution vector. All the attractors
reconstructed under higher dimensional MI [47], when judged visually, show that
their best form is given as in Fig. 7.22.
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Fig. 7.22 The best form of 1.8
reconstructed attractors with
different combinations of
solution components under
higher dimensional MI with
different time-delays

Figure 7.22 shows a comparatively better dense region with lesser number of
outliers as compared to the previous ones. But it still differs much from the original
attractor given by Fig.7.18. As our intention is to reconstruct not only topologically
equivalent attractor but also a least distorted attractor, more improvements remain to
be achieved. But this cannot be done by existing methods as mentioned above. We
now illustrate another nonlinear measure—CAC [53] by means of two examples.
One is the aforesaid Neuro-dynamical system [61] for which least distortion
attractor cannot be reconstructed by AC [42, 43], AMI [44, 45], higher dimensional
MI with same time-delay repeated and different time-delays [46, 47] and even by
GAC with same time-delay repeated and different time-delays [52]. The other is the
Lorenz system, where our intention is to observe some further improvement in the
form of the reconstructed attractor [1-16].

We first reconstruct the attractor of the Neuro-dynamical system [61] under CAC
from single component of its solution vector with same time-delay repeated [53].
We consider each of the solution components separately and try to reconstruct the
attractors. None of them are found to be satisfactory except one that is reconstructed
from the solution component {x, (t)}}g)loo. Since the Neuro-dynamical system [61]
is three dimensional, CAC [53] r, x,(7) given by Eq.(7.2) with n = 3 is used to
find the independent coordinates (x2(?), x2(t + 1), x2(¢ + 27)). The time-delay t
is obtained by plotting r, \,(7) against t as given by Fig. 7.23a. The value of t is
found to be 7 and the attractor reconstructed with this 7 is shown by Fig. 7.23b.

Obviously, the attractor given by Fig. 7.23b exhibits orbits and it is almost dense
and even better than those obtained even under higher dimensional MI with same
time-delay repeated and different time-delays [47]. But it does not resemble the
original attractor of the Neuro-dynamical system [61].

We next reconstruct the attractors under CAC [53] from single component of the
solution vector with different time-delays.

For this purpose, we consider the same solution component {xz(t)}l{\'=1 of the
solution vector of the Neuro-dynamical system [61] under different time-delays t;
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0.5

0 16 2‘0 3‘0 4‘0 50
Fig. 7.23 (a) Two dimensional correlogram diagram for the solution component {xz(t)}}i)?o
of Neuro-dynamical system under CAC with same time-delay repeated, (b) three dimensional
reconstructed attractor of the Neuro-dynamical system with 7 = 7 obtained from the correlogram
diagram

a

30

Fig. 7.24 (a) Three dimensional Correlogram for the solution component {x,(¢)}!2 of the
Neuro-dynamical system under CAC with different time-delays, (b) three dimensional recon-
structed attractor of the Neuro-dynamical system with t; = 1,7, = 6 obtained from the
correlogram diagram

and 1, and calculate the CAC 7, , (71, 72) given by (7.14) for different values of
71 and 1. These values of CAC are then plotted against 77, 7, to form the three
dimensional correlogram given by Fig.7.24a. It is found from Fig. 7.24a that the
value of the CAC r, , (71, 72) comes nearer to zero for the first time when 7 =
1, 7 = 6. The reconstructed attractor is shown in Fig. 7.24b.

A further improvement in the quality of the reconstructed attractor is observed
in Fig. 7.24b. In fact, the orbits of this attractor reconstructed by CAC [53] measure
with different time-delays are much denser even than the previous one reconstructed
under same time-delay repeated. Thus so far as reconstruction is concerned from
single component, this measure is even better than higher dimensional MI with same
time-delay repeated and different time-delays [47]. But still this attractor does not
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Fig. 7.25 A comparatively 1.8
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resemble the original attractor given by Fig.7.18. So we try to improve the quality
of this reconstructed attractor by considering multiple solution components of the
Neuro-dynamical system [61].

For reconstructing the attractor of the above Neuro-dynamical system [61] from
multiple solution components with same time-delay repeated, we first obtain the
independent coordinates (x(¢), x(¢ + t), x(t + 21)), where t is the time-delay and
x(@) =x;, @), x(t + 1) =x;,(t + 1), x(t +27) = x;5(t +27),01, 12,03 € {1,2,3}.

However not all of them are attractors in the proper sense of the term. Among all
of those attractors, the least distorted form is shown by Fig.7.25.

Definitely, this attractor reconstructed with the combinations x;, x3, X, can be
considered as a much improved form of the attractor for the Neuro-dynamical
system [61], as it exhibits complete dense orbits. Also this reconstructed attractor is
less distorted from the original attractor of the Neuro-dynamical system [61] given
by Fig.7.18.

Finally, we reconstruct attractors for the Neuro-dynamical system [61] from its
multiple solution components by choosing the independent coordinates (x (¢), x (¢ +
71), x(t + 11 + 12)) , for two different time-delays 7y, 7o, where x(¢) = x;, (¢), x(t +
) =x,(t + 1), x(t + 11 + ) = x5t + 11 + 1), 11, 02,13 € {1,2,3}.

The least distorted form among those reconstructed attractors is presented in
Fig.7.26.

Actually, the reconstructed attractor with the combination X3, Xx7,x; under
different time-delays has remarkably improved compared to that obtained for same
time-delay repeated (Fig.7.25) in the sense that this attractor (Fig.7.26) contains
lesser number of outliers and also a better dense orbit as compared to those obtained
under same time-delay repeated (Fig.7.25). Also it is least distorted to the original
attractor of the Neuro-dynamical system given by Fig. 7.18.

In a similar manner, we obtain reconstructed attractors of Lorenz system [48]
under CAC [53] measure.
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Fig. 7.26 The least distorted reconstructed attractor of the Neuro-dynamical system with different
combinations of the components of its solution vector under different time-delays [(x3(¢), x2(¢ +
71),x1(t + 11 + 12)) with 7y = 1, 1, = 3] under CAC

We now compute the value of the shape distortion parameter (Sd) [50] in each
case under all of the time-delay finding measures discussed above for the Neuro-
dynamical system [61] and the Lorenz system [48].

The calculation shows that the value of Sd [50] is 0.0014 for the attractor
reconstructed with (x3(¢), x3(t 4+ 7),x3(¢ + 27)) under AMI [44, 45] measure,
0.0125 for the attractor reconstructed with (x;(¢), x3(t + ), x1(t + 27)) under
higher dimensional MI with same time-delay repeated [47], 0.165003 for the same
reconstructed with (x2(¢), x;(# 4+ 71), X2(f + 72)) under higher dimensional MI with
different time-delays [47], 0.367 for the attractor reconstructed with (x,(¢), x3(t +
7), X2(¢ 4+ 27)) under CAC with same time-delay repeated [53] and 0.4242 for the
same reconstructed with (x3(¢), x2(¢ +11), X1 (¢ + 71 +72)) under CAC with different
time-delays [53] for the Neuro-dynamical system [61].

For the Lorenz system [48] the value of Sd [50] is 0.5838 for the attractor
reconstructed with (x;(¢),x1(t 4+ 7),x1(¢ + 27)) under AMI [44, 45] measure,
0.6298 for the attractor reconstructed with (x3(¢),x;(t + ), x2(t + 27)) under
higher dimensional MI with same time-delay repeated [47], 0.8896 for the same
reconstructed with (x3(¢), x; (¢ + 71), X1 (f + 72)) under higher dimensional MI with
different time-delays [47], 0.7625 for the attractor reconstructed with (x3(¢), x1(t +
7), X2(¢ 4+ 27)) under CAC with same time-delay repeated [53] and 0.8994 for the
same reconstructed with (x3(¢), x1 (¢ +11), X1 (¢ + 71 +72)) under CAC with different
time-delays [53].

Thus, it is evident from the above results that the largest Sd value [50] occurs for
CAC measures with different time-delays [53] in both cases. Hence the dynamics
is best preserved in these cases. However, in both cases consideration of multiple
solution components is mandatory. Thus CAC with different time-delays [53] stands
as a best tool for attractor reconstruction, when multiple time-series are considered.
Note that we have not calculated the value of Sd [50] under GAC [52] measure as
for Neuro-dynamical system [61] the attractors reconstructed under this measure are
not at all well-formed.
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7.4 Conclusions

One of the two important factors in attractor reconstruction [1-16] is the proper
selection of the time-delay. The attractor reconstructed from one or multiple ensem-
bles will be topologically equivalent to the original attractor of the corresponding
system only when proper time-delay and embedding dimension are chosen. If the
time-delay is selected properly, the topological properties are preserved even if the
attractor is reconstructed in lesser embedding dimension. Amongst the available
time-delay finding measures, the widely accepted and mostly used measures are the
AMI [44, 45] and higher dimensional mutual information (MI) [47] for attractor
reconstruction from single and multiple observations respectively. The linear AC
measure [42, 43] is sometimes found to be handy but as most of the real life
phenomena are nonlinear and non-stationary, it is not much useful in most of the
cases. In almost all cases the attractors reconstructed under the former two measures
are found to be topologically equivalent to its original attractor. However, it is not
at all desirable to constrain the study up to this topologically equivalent attractor
reconstruction. Rather, it is encouraged to develop newer and newer sophisticated
measures for finding proper time-delay(s) in order to get the reconstructed attractor
as least distorted from the original one. If this can be done, then more precise
information regarding the dynamics behind the generation of the data can be
retrieved from its reconstructed attractor. Keeping in view of the above fact, some
comparatively newer time-delay finding measures [51-53] have also been presented
in this chapter. The basic motivation is not only to reconstruct topologically
equivalent attractors [1-16], but also to reconstruct least distorted attractors as much
as possible.

Towards this goal, a nonlinear measure—GAC [52] with same time-delay
repeated and with different time-delays have been introduced and validated for
Lorenz system [48]. It has been observed that it produces a lesser distorted recon-
structed attractor of Lorenz system [48] compared to the other time-delay finding
measures, especially when multiple solution components of the Lorenz system
are considered. However, this measure fails to produce a topologically equivalent
attractor of some known three dimensional Neuro-dynamical system [61], even
by considering its multiple solution components. As a remedy to this problem, a
system dependent nonlinear measure—CAC [53] with same time-delay repeated
and different time-delays have also been presented and a remarkable improvement
has been achieved. In fact, the attractor reconstructed under this measure especially
with different time-delays produces the best possible reconstructed attractor of
both Lorenz [48] and Neuro-dynamical system [61], when the multiple solution
components of the respective systems are considered. The comparison of all of
these reconstructed attractors with their original attractors have been made by a
shape distortion measure (Sd) [50], which determines, how much distorted are the
reconstructed attractors from their original attractors. Because of its dependency on
the underlying dynamical systems, the CAC measure [53] especially with different
time-delays is expected to work for a least distorted attractor reconstruction in
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almost all cases. Thus, the major scope of application of this measure in real world is
limited to attractor reconstruction from multiple copies of the real data. Naturally, a
similar type of nonlinear measure, which can produce a best possible reconstructed
attractor from a single observation of real data is sought for. For this reason,
another time-delay finding measure called new type of nonlinear auto-correlation
of bivariate data [51] is presented. The beauty of this measure lies in the fact that
it takes care off different type of non-linearity present in different data and hence
in almost all cases, it produces most suitable time-delay for a best possible attractor
reconstruction. This measure is first successfully validated for Lorenz system by
the Sd measure [50]. Further, some real life applications of this measure have been
presented. It has been found that the attractor reconstructed from the music signals
of two different ragas—‘Anandi’ and ‘Bhairavi’ under this new type of nonlinear
auto-correlation is much better than those reconstructed under other measures.

In a nutshell, this chapter highlights the importance of finding suitable time-
delay for a more similar attractor reconstruction of the dynamical systems. For
this purpose, it presents three comparatively new nonlinear measures and proves
that these methods are also useful. One of the measures—CAC [53] produces
least distorted topologically equivalent attractors by considering multiple solution
components of the respective dynamical system compared to that reconstructed
under the mostly used measures in almost all cases. Thus, this measure may be used
in attractor reconstruction from multiple copies of real data. Another measure—
new type of nonlinear auto-correlation of bivariate data [51] does the same thing
from a single solution component of the dynamical systems and so it may be used
for attractor reconstruction from a single observation of real data. This type of
attempt is extremely necessary as topological equivalence is the minimum criterion
for retrieving the dynamics from the reconstructed attractor and so lesser and lesser
distorted attractor we can reconstruct, more and more accurately we can retrieve the
dynamics responsible behind the generation of the real data. Future scopes of this
article includes but not limited to the least distorted attractor reconstruction from
multiple ensembles of real data by CAC especially with different time-delays [53].
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Chapter 8
Turing and Non-Turing Patterns
in Two-Dimensional Prey-Predator Models

Malay Banerjee

Abstract Spatial patterns are ubiquitous in nature, and study of spatio-temporal
pattern formation for prey-predator models are initiated based upon the seminal
work of Turing on morphogenesis (Turing, Philos Trans R Soc Lond B 237:37-
72, 1952). Interactions between individuals of different species over a wide range
of spatial and temporal scales often modify the temporal dynamics as well as
stability properties of the population distributed over natural landscape. Segel and
Jackson (J Theor Biol 37:545-559, 1972) first used reaction-diffusion systems to
explain ecological pattern formation by interacting populations. This idea used
afterwards to explain pattern formation in plankton systems, semiarid vegetation
patterns, invasion by exotic species and distribution of prey-predator distribution
over homogeneous space. After the seminal works by Segel and Jackson (J Theor
Biol 37:545-559, 1972) and Levin and Segel (Nature 259:659, 1976), researchers
were interested to study the Turing-type pattern formation, but now a days it
shifted towards non-Turing patterns and spatio-temporal chaos. Empirical evidence
in support of spatio-temporal chaotic patterns in interacting populations remain in
vein but the resulting patterns have similarity with the irregular distribution over
spatial domain. Further, the formation of spatio-temporal chaotic patterns within
Turing-Hopf domain remains a controversial issue, whether it arises near the Turing-
Hopf boundary or away from it. This article aims to review the recent development
of Turing and non-Turing pattern formations in prey-predator models having
prey-dependent and ratio-dependent functional response with special emphasis on
spatio-temporal chaos.

8.1 Introduction

The spatio-temporal models of predator-prey interaction are studied to understand
the role of random mobility of the species, within their habitat, on the stability
and persistence of interacting species. Investigation on spatio-temporal models of
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interacting population reveal that the movement of the individuals of one or more
species some time act as a stabilizing factor and in some cases they are capable
to induce some destabilization. Interestingly, destabilization of homogeneous dis-
tribution of population is not a threat towards the survival of population rather it
may settle down to inhomogeneous distribution of individuals over their habitats
producing localized patches. These localized patches may be time invariant or may
not be. Diffusivity of individuals has power to stabilize as well as destabilize the
coexistence scenario. As a result, researchers are interested to study various types
of stationary and non-stationary spatio-temporal pattern formation by the interacting
populations. Mathematical analysis and numerical simulation of spatio-temporal
models provide the idea that how individuals of certain species are distributed
over two dimensional landscapes or within the aquatic environment. In reality,
the distribution of plant and animal populations is not homogeneous rather they
are packed in localized patches. These localized patches either remain fixed or
change with time [21]. Time invariant patches and the patches moving with time
correspond to stationary and non-stationary patterns. Non-stationary patterns may
be oscillatory, quasi-periodic or chaotic. Various types of resulting patterns can be
classified as spot pattern, labyrinthine pattern, stripe pattern, target pattern, spiral
pattern, tip-splitting pattern and interacting spiral pattern [7, 18].

Significance and importance of spatial aspect towards the stabilization and long
term existence of certain species was first observed by Gause [24]. His observation
was based upon the laboratory experiments to study growth of paramecium and
didinum [9]. Effect of spatial distribution on stability of population and persistence
or extinction properties was studied by Luckinbill [39, 40]. A detailed discussion
on the role of space and mobility of individuals on the interaction of ecological
species are available in the book by Okubo and Levin [48]. All the research works
on spatio-temporal pattern formation due to small perturbation to the homogeneous
distribution of population are based upon the seminal work of Turing [63]. Turing’s
idea of pattern formation in reaction-diffusion system was first applied to justify
ecological pattern formation by Segel and Jackson [57]. The same idea was carried
out to explain to explain patchy distribution in plankton community by Levin
and Segel [37] and for semiarid vegetation patterns by Klausmeier [32]. Now a
days the literature on pattern formation by interacting populations is very rich
as huge number of articles is published in this direction and a wide variety of
spatial patterns are reported [2, 8,9, 11, 12, 15, 16, 21, 23, 30, 32, 41, 4446, 51—
53, 58, 59, 66]. Initially the works in this direction was focused on the Turing
patterns only. Recently, attempts are made to study the non-Turing patterns with
special emphasis on spatio-temporal chaos. Few recent works demonstrated the
mechanism of spatio-temporal chaotic patterns which are biologically realistic to
some extent. But empirical evidence and field data supporting spatio-temporal chaos
are not abundant. Rather, existence of chaos in ecological system still remains a
controversial issue. However, spatio-temporal chaotic patterns are able to explain
the irregular distribution of population which is frequently observed in nature.

Majority of literature on spatio-temporal pattern formation in the spatially
extended prey-predator models are focused with the models having prey-dependent
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functional response and death rate of the predators is directly proportional to their
density [23, 41, 51]. These types of models are unable to produce Turing patterns.
But the consideration of prey-predator models with nonlinear death rate for predator
are capable to exhibit Turing patterns [12, 44, 64]. But Turing and non-Turing
pattern formation in case of spatially distributed populations with ratio-dependent
functional response are now getting attention from the researchers [2, 6, 8, 9, 68].
As the temporal models of prey-predator interaction with ratio-dependent functional
response produce much richer dynamics (see [5, 29, 31, 34, 35, 70] and references
cited therein) compared to the models with prey-dependent functional response so
it is expected that the spatial extension of ratio-dependent prey-predator model
will produce a wide variety of patterns. Initially the ratio-dependent functional
response faced strong criticism as it is undefined at the origin [1, 3, 4, 25]. Arditi and
Ginzburg [4] argued that the functional response could be a function of the prey-
to-predator ratio when interaction is characterized by the heterogeneity of space
and time. Further, the dependence of the functional responses upon the densities
of prey and predators are now established by the theoretical biologists. The ratio-
dependent functional response is more suitable when predators have to search for
prey individuals and hence they have to compete among themselves.

Formation of spatio-temporal patterns are obtained by analyzing the partial
differential equation models of prey-predator interaction. Most of the models are
extension of ordinary differential equation models by incorporating diffusion terms
to model the mobility of the individuals of each species. Classical Gause type prey-
predator system is governed by the system of coupled ordinary differential equations

dN

a7 = O(N,K)N —R(N. P)P,

dpP

T = eR(N.P)P = M(P)P. @.1)

subjected to non-negative initial conditions [22]. In above formulation, N = N(T)
and P = P(T) denote the prey and predator population densities respectively at
any instant of time ‘7. Q(N, K) is the density-dependent per capita growth rate of
prey in absence of predator and the positive constant K stands for the environmental
carrying capacity for the prey. Q (N, K) satisfies some basic properties: Q (K, K) =
0’ Q(Ov K) > O’ Kh—I>noo Q(Ov K) < 09, QN(Nv K) < O’ QK(Nv K) = O,

Klim On(N,K) = 0and Qnk(N,K) > 0. The sole link between the growth
—00

of prey and predator populations is the functional response R(N, P), which is a
function of both the prey and predator population and stands for the amount of prey
biomass consumed by per predator per unit of time. Further, it is assumed for a
wide range of prey-predator models that the growth rate of the predators due to prey
consumption is simply proportional to the functional response. The proportionality
constant is ¢ (0 < e < 1) and is known as the conversion efficiency. Several
authors have considered the fact that the consumption of prey biomass by their
predators is solely depend upon the abundance of prey biomass only and hence
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the functional response is a function of prey population only, Q(N, P) = Q(N).
This type of functional response in known as prey-dependent functional response.
Q(N) always satisfies two properties, Q(N) > Oforall N > 0Oand Q(0) = 0
and monotonic prey-dependent functional response satisfies additional condition
On(N) > 0 [19]. There are some non-monotonic functional responses, namely
Holling type-IV [33] and Monod-Haldane type functional response [10, 26, 49].
The ratio-dependent functional response can be obtained from the prey dependent
functional response, replacing N by N/ P. The ratio-dependent functional response,

given by Q(N/P), satisfy additional condition lim PQ(N/P) = 0 [34].
(N,P)=>(0,0)

There are several evidences like field data, laboratory experiments etc. towards
the consideration of functional response as a function of both the prey and the
predator population densities. Beddington-DeAngelis functional response [62],
ratio-dependent functional response [3, 4] are examples of the functional response
involving predator population density also. M (P) is the per capita intrinsic death
rate for the predator and mostly it is assumed to be a constant. The Gause type prey-
predator model is capable to describe the dynamic behavior of specialist predator’s
only as the growth rate of predator population is zero in the absence of the prey [13].

Here we first recall the mathematical criteria for the Turing pattern formation
for spatio-temporal prey-predator model where individuals are assumed to be dis-
tributed over two-dimensional bounded domain. Mathematical model is described
in terms of non-homogeneous parabolic partial differential equations subjected to
positive initial conditions and no-flux boundary conditions. Then we look at the
pattern formation for the models having ratio-dependent functional response terms.
The spatial extension of classical Holling-Tanner model is revisited to show the
transition in pattern formation and sensitivity of patterns to initial conditions. Most
of the results discussed here are already available in literature [8, 9, 65]. Results are
recollected here to ensemble the varieties of patterns produced by the interacting
prey-predator models whose temporal counterpart exhibit very rich dynamics. The
role of temporal instability and spatial instability to induce spatio-temporal chaotic
pattern is discussed in the concluding section.

8.2 Basic Spatio-Temporal Model

A general spatio-temporal prey-predator model is governed by the following system
of two nonlinear coupled partial differential equations

ON(T, X, Y) 0°N N

7 = NF(N, P)+ Dy (Wﬁ-m)

OP(T,X,Y) ?P 3P

— 7 = PG(N,P)+ Dp (m—f-m) (8.2)
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subjected to known non-negative initial distribution of populations,
N, X,Y) = No(X,Y) = 0, P(0.X.Y) = Po(X.Y), (X.Y) e I, (83)
and zero-flux boundary conditions

P
oN - aw =0, (T,X,Y) € (0,00) x aT. (8.4)
av adv

N = N(T,X,Y)and P = P(T, X, Y) denote the density of the prey and the
predators respectively at any instant of time‘7" and at the position (X, Y) within the
square bounded domain I" having boundary oI". F (N, P) and G(N, P) are the per
capita growth rates of the prey and predator population respectively and Dy, Dp
are their rate of diffusions. The governing system (8.2) can be written in terms of
dimensionless variables as follows [47]

on(t,x,y) ?n  *n
—a o enT (W T
- pg(n,p) +d (_ax2 + P (8.5)

subjected to the initial conditions,

n(0,x,y) = no(x,y) 2 0, p(0,x,y) = po(x,y), (x,y) € &, (8.6
and boundary conditions

n _ 9 _ 0, (t,x,y) € (0,00) x 9L2. (8.7
v v

Here n, p are dimensionless population densities, 7, x, y are dimensionless
independent variables and d (= Dp/Dy) is the ratio of diffusivities. Majority
of the research works are based upon the dimensionless versions of the nonlinear
coupled partial differential equations as they contain less number of parameters.
The temporal model corresponding to the spatio-temporal model (8.5) is a system
of two nonlinear coupled ordinary differential equations

di
"~ wfon. p),
d,
% = pg(n. p). (8.8)

with non-negative initial conditions n(0), p(0) > 0. This type of system admits a
trivial equilibrium point (0, 0) (provided f(.) and g(.) are defined at (0, 0)), one or
two axial equilibrium points and coexisting equilibrium point(s) is(are) solution(s)
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of the system of algebraic equations f(n, p) = 0 = g(n, p) [22, 33]. The number
of axial and interior equilibrium point solely depends upon the functional forms
of f(n, p) and g(n, p). Let E«(n«, p«) denotes interior equilibrium point and for
Turing-instability conditions we need the local asymptotic stability condition of E
only. The Jacobian matrix for the system (8.8) evaluated at E is given by

Jo = Jn.p)lg, = [’.“ ’.“] (8.9)
J21 J22
where
N B . og| . g
Ji1r = n E*, Ji2 = 8p E*, J21 = Pan E*, J22 = pap E*.

Interior equilibrium point E, is locally asymptotically stable whenever the
following conditions are satisfied,

Te(Js) = ju+ji2 <0, (8.10)
Det(Jx) = jija2 — jizja > 0. (8.11)

According to the Routh—-Hurwitz criteria [47], Tr(J«) < 0 and Tr(J«) > O
ensure that the two eigenvalues of J, are negative or having negative real parts.
The interior equilibrium point looses stability through Hopf-bifurcation [28] when
Tr(Jx) = 0. Solving the equation Tr(J«) = 0 in terms any parameter ‘«’ (say)
involved with the system we can find the Hopf-bifurcation threshold (denoted by
ap, for convenience) and instability of interior equilibrium point is ensured when
the transversality condition for the Hopf-bifurcation is satisfied. This transversality

d

condition is d—Tr(J*) # 0. Small amplitude periodic solution arises
o o=u

through Hopf-bifurcation ang interior equilibrium point is surrounded by a limit-

cycle. The stability or instability of the limit-cycle is determined through the sign of
first Lyapunov number [36, 50].

The components of interior equilibrium point define a homogeneous steady-state
for the reaction-diffusion system. n(t,x,y) = ns and p(f,x,y) = ps« satisfy
the system of partial differential equations (8.5) along with the initial and boundary
conditions. The condition under which a small heterogeneous perturbation around
the homogeneous steady-state develop with the advancement of time is known as the
Turing instability condition. The development of small inhomogeneous perturbation
leads to spatio-temporal pattern formation.

To obtain the Turing instability condition, the perturbation around the homoge-
neous steady-state is defined by

n([vxvy) = Nx +M(vavy)s p(tsxsy) = P*‘*‘U(fsst), (812)
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where u = €€ cos(kyx)cos(k,y) and v = €€ cos(kyx)cos(kyy). € and
€, are two small non-zero real numbers and k = ,/k? + k3 is the wave number.

Substituting (8.12) into (8.5) and then linearizing the system about (74, px) we get
the following characteristic equation

[Jk —AL| = 0, (8.13)

where

_ 2. =k ji
T = Jo—K2diag(l,d) I, = | T )1 (8.14)
Jau jn—dk

For Turing instability requires that at least one eigenvalue of the matrix J; must
have positive real root. Violation of at least one of the following two inequalities
imply the onset of Turing instability,

ju+j—0+dk* <0, (8.15)
h(k?) = d(k*)? = (dj;; + j2)k* + ji2ja1 — ji2ja1 > 0. (8.16)

The condition (8.15) is always satisfied when interior equilibrium point of the
temporal model is locally asymptotically stable and d, k> > 0. The only relevant
instability condition can be achieved through the violation of the inequality (8.16)
for a range of values of k. h(k?) attains its minimum at k> = k%, where

di + jn

k2 =
T 2d

> 0. (8.17)

As ji1 + j2» < 0and k7 is a real quantity, the feasible existence of k7 demands
that jj; and j,; must be of opposite sign. The models for which jj; j,» > 0, one can
not find any Turing pattern. As ‘d” is a positive parameter, the conditions ji1+j2 <
0 and % > 0 are satisfied simultaneously whenever j|; and j,, are of opposite
sign, that is, ji; j»» < 0. Substituting k = k7 in the expression of /(k?), we find a
sufficient condition for Turing instability,

0 < 2vd \/jiojo1 — jizjo1 < djiy + joo. (8.18)

Turing bifurcation curve is given by h(k%) = 0 which defines a boundary in
the parametric space. Turing instability cannot occur in the case of equal diffusivity
(i.e. d = 1). For prey-predator models, in general, j,» < 0 and again one can
not find the situation of Turing instability whenever j,» = 0. For j,» < O,
the occurrence of Turing instability demands the satisfaction of the restriction

d > -2 > 1.
Ji1
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Now £ (k?) is a continuous function of k2, which is a parabola, and for Turing
instability we need h(k2) < 0. In this case we find two values of k* (by
solving (8.16) for k2) which are given by

diyy + jo2 F V(djy + j22)? — 4d(ji1j22 — jizja1)
2d ’

K2, = (8.19)

such that #(k?) < O whenever k> € (k?, k3). This interval gives us range of
unstable wave numbers.

8.3 Turing and Non-Turing Patterns

In this section we explore the structure of Turing bifurcation domains and various
types of stationary and non-stationary patterns exhibited by two dimensional prey
predator models with ratio dependent and prey dependent functional responses. The
classical Gauss type prey-predator models with prey dependent function response
fail to produce any Turing patterns. Temporal dynamics of those models are
governed by the system of nonlinear coupled ordinary differential equations

dn
o = na(m) = r()p.

d_p = er(n)p —mp, (8.20)
dt

subjected to positive initial conditions. g(n) is per capita growth rate of prey in
the absence of predators, r(n) denotes the rate of grazing by the predators, e
(0 < e < 1) is the conversion efficiency and ‘m’ is the intrinsic death rate
for predators. Spatio-temporal models with these type of temporal counterpart are
unable to produce Turing patterns as j,» = 0 and hence the condition ji;j < 0
can not be satisfied.

In the forthcoming subsections, we are going to discuss three different models
for prey-predator interactions which exhibit Turing as well as non-Turing patterns
for specific choices of parameter values. Two ratio-dependent prey-predator models
and Holling-Tanner model with prey-dependent functional response is considered
here as all of them exhibit Turing patterns. To obtain the spatio-temporal patterns,
numerical simulations are performed using the Euler scheme for the reaction part
and five point explicit finite difference scheme for the diffusion part. All the numeri-
cal simulation results presented here are obtained by considering zero-flux boundary
conditions and small amplitude random perturbation around homogeneous steady-
state (if not specified otherwise) [42]. The choices of the lattice size along with
temporal and spatial stepping are mentioned at relevant places. The domain of
integration, for all the simulation results presented here, are taken as square domain.
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8.3.1 Ratio-Dependent Prey-Predator Model

Dynamical interaction between prey and predator species with ratio-dependent
functional response is governed by the following system

on(t,x,y) —n(l—n)— anp (32_n+ aZn)

ot n+p oxz  dy?
dp(t,x,y) _ Pnp Pp  Pp
= — d|—+—, 8.21
ot n+p e+ dx? + dy? (8.21)

subjected to the initial and boundary conditions as described in the previous section.
The parameters «, 8, y and d are dimensionless positive parameters and detailed
description of the model can be found in [9]. In [9], we have obtained spatio-
temporal patterns within and outside the Turing domain for specific choices of
parameter values.

The temporal dynamics of the system (8.21) is governed by the following system
of equations

dn(t
n(r) —n(l—n)— 2P
dt n+p
dp(t) _ pnp
= —yp, 8.22
dt n+p P (8.22)
with the initial condition n(0)ny > 0 and p(0) po > 0. The function
is not defined at the origin but  lim n(l —n)— onp :| = 0 and
n+p (n.p)=>(0.0) n+p
lim |: Prp - )/p:| = 0. To maintain the continuity of the system in
(n.p)—00) |n + p
R}, = {(n.p) € R* : n,p > 0}, we can redefine [9] the temporal model
as follows
dn(t) anp  dp(t) Bnp
=n(l—-n)- , = —vyp, (n, 0,0),
o = n-n ntp di ntp yp. (n.p) # (0,0)
dn(t) dp(t)
—Z =22 =0, (n, = (0,0). 8.23
o o (n, p) = (0,0) (8.23)

In a similar fashion the spatio-temporal model (8.21) can be redefined easily.
The temporal steady-states for the system (8.23) are (0,0) (trivial equilibrium),
(1,0) (axial equilibrium) and unique interior equilibrium point (n«, px) =
(1 _a(B—y) (B—y)n«

By

). The feasibility conditions for the existence of
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interior equilibrium point are given by o < and y < pB. These two

conditions are automatically satisfied fora < 1.

Nature and stability properties of various equilibrium points are available in [9,
17, 35, 70] and references cited therein. Local asymptotic stability condition of E
is given by

a<a*5ﬁf_}/(y+ﬁ€y). (8.24)

The stability condition is automatically satisfied for « < 1 and in fact, E is
a global attractor. For « > 1, interior equilibrium point losses stability when o
crosses the threshold magnitude a4 and limit-cycle arises through Hopf-bifurcation.
Limit cycle encircling the interior equilibrium point is stable and unique [5].

We now discuss the spatio-temporal pattern formation by the model (8.21). To
obtain the Turing patterns, we have to identify the parameter values which satisfy
the conditions (8.10), (8.11) and (8.18). u(t, x, y) = uxand v(t, x,y) = vy define
a homogeneous steady-state for the system (8.21). Diffusive instability never sets in

2
fora < lasj; = (a—l)—% < Oand j;; = —M < 0B > 6
whenever E. is feasible). Note that the ratio of diffusivities is always positive and
hence the condition (8.17) can not be satisfied for « < 1. We find Turing patterns
for the model (8.21) only for @ > 1 and suitable choice of the parameter ‘d’.

Our next task is to determine the Turing bifurcation domain and obtain Turing
and non-Turing patterns for the model (8.21). The parameters § and y are fixed at
the values § = 1 and y = 0.6 (hypothetical parameter set [9]) and consider o and
d as bifurcation parameters. For chosen parameter set, the Turing bifurcation curve
and Hopf-bifurcation curves are shown in Fig.8.1. These two bifurcation curves

divide the domain into four parts and we obtain stationary as well as non-stationary

30

25 ¥ * |

20 Turing :

_l 151 Domain Turing—Hopf v |
Domain

10} ]
St \
0 L L Il % Il Il L
1.7 1.8 1.9 2 2.1 2.2 2.3 2.4

o —

Fig. 8.1 Bifurcation diagram is obtained for § = 1 and y = 0.6, blue curve is the Turing-
bifurcation curve and the vertical green line is Hopf-bifurcation curve. Red asterisks represent the
points in the & — d-parametric space corresponding to which the numerical simulations for the
model (8.23) are performed
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Fig. 8.2 Patterns exhibited by prey (left column) and predator (right column) for (o, d) =
(1.77, 25) (upper panel); (a, d) = (1.9375, 25) (middle panel); (@, d) = (2.2, 25) (lower
panel). All the patterns presented here are stationary patterns and obtained at # = 700

spatio-temporal patterns for parameter values taken from the Turing domain and
Turing Hopf-domain respectively.

We fix the ratio of diffusivity at d = 15 and take three different values of
o, namely ¢« = 1.77, 1.9375, 2.2 and correspondingly the three points lying in
the Turing domain, on the Hopf-bifurcation curve and in the Turing-Hopf domain
respectively of the parameter space (see Fig. 8.1). For these choices of parameter
values, the model (8.21) is simulated over a 400 x 400 lattices and taking At =
0.01 and Ax = Ay = 1. To ensure that the reported patterns are free from
numerical artifacts, the same model is simulated with smaller step sizes and the
simulation results remain invariant. Resulting patterns are presented in Fig. 8.2, the
reported patterns are observed at t = 700. For («, d) = (1.77, 25) we find
cold-spot pattern, these cold spots started coalescing at (o, d) = (1.9375, 25)
and ultimately leads to labyrinthine pattern when (o, d) = (2.2, 25). All these
patterns are stationary patterns as they remain unaltered with the further increase
in time. This stationary property is illustrated in Fig. 8.3, where spatial average of
population densities are plotted against time. The labyrinthine pattern sustain for
d = 25 whenever < 2.5. There is no feasible homogeneous steady-state for
a > 2.5 It is important to note here that the temporal steady-state is unstable
and started oscillating for « > 1.9375 (the Hopf-bifurcation threshold for 8 = 1
and § = 0.6) but stationary distribution for both the species are obtained here.
One natural question arises here, whether we always get stationary patterns for all
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Fig. 8.3 Plot of spatial averages for prey and predator population for « = 1.77 (blue curve);
o = 1.9375 (green curve); « = 2.2 (red curve) and d = 25

parameter values within the Turing-Hopf domain where the system loses its stability
behavior under small amount temporal and spatial perturbation to the homogeneous
steady-state. To answer this question we have to examine the patterns for other
choices of parameter sets within the Turing-Hopf domain.

There is no mechanism by which one can choose the parameter values within
the Turing-Hopf domain for which we find non-stationary patterns. To illustrate
such pattern, we choose ¢ = 2.35 and d = 15. Numerical simulations with this
choice of parameter values reveal spatio-temporal chaos and resulting patterns never
settle down to any stationary inhomogeneous distribution. Rather they continue to
develop irregular patterns which can be classified as spatio-temporal chaotic pattern.
In Fig. 8.4 the spatial distribution of prey and predator species is presented at f =
1,500 along with the spatial average of the two species against time. Phase portrait
for the population density of prey verses predator at the location (200, 200) is also
plotted in the same figure. The illustrations at the lower panel clearly indicates the
chaotic nature of population distributions.

The spatio-temporal patterns we discussed so far for the model (8.21) are
obtained for the choice of parameter values inside the Turing domain. Now we can
see that the inhomogeneous spatial distribution of prey and predator species can
be obtained for the choice of parameter values outside the Turing domain. For this
purpose, we choose « = 2.05 and d = 1. Numerical simulation reveals that the
resulting pattern is chaotic. From the sake of brevity the spatio-temporal chaotic
nature is not illustrated here. This chaotic nature can be verified in a similar manner
as explained in the last paragraph. In Fig. 8.5, the spatial distributions of prey species
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Fig. 8.4 Upper panel: Spatial distribution of prey (left) and predator (right) at t = 1,500 for
a = 2.35and d = 15. Lower panel: Plot of u(200,200) against v(200, 200) (left) and time

evolution of spatial averages of prey and predator density (right)

Fig. 8.5 Spatio-temporal chaotic pattern is observed for « = 2.05 and d = 1. Spatial
distribution for prey population at ¢ = 500 (upper-left); t = 600 (upper-right); t = 700
(lower-left) and t = 800 (lower-right). It is a dynamic pattern
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at different time is presented to show the continuous change in the distribution of
species. Patterns are presented here for the latest time t = 800, but the existence
of similar patterns are verified with long time simulations. This type of pattern is
classified as interacting spiral pattern and it is a non-Turing pattern.

8.3.2 Ratio-Dependent Holling-Tanner Model

Classical Holling-Tanner type prey-predator was developed to describe the interac-
tion between generalist predator and their most favorable food as prey. Holling-
Tanner type prey-predator model with ratio-dependent functional response was
proposed and analyzed by Liang and Pan [38]. Recently, we have studied the sta-
tionary and non-stationary pattern formation for the spatio-temporal Holling-Tanner
model with ratio-dependent functional response [8]. Spatio-temporal dynamics
of the Holling-Tanner type prey-predator model with ratio-dependent functional
response is governed by the following system of nonlinear coupled parabolic partial
differential equations

on(t,x,y) np ’n  0%n
) u(l—n) — bl
ot n(l=n) n+é8p + dx2 + dy?
Ip(t.x.y) ( p) Fp  Fp
—_— = - = dl—+—], 8.25
ot s\ n) P + dx2 + ay? (8:23)
subjected to known positive initial conditions ny(x, ), po(x,y) > 0,(x, y) € T
0
and zero-flux boundary conditions @ 0 for (¢, x, y) € (0, oo0) x dT".

v v
This model is also undefined at the origin and the reaction kinetics at the origin can
be defined in a similar fashion as described in the previous subsection. The non-zero

homogeneous steady-state is (nx, px) = (1 - SL—i—l nn*) and the feasibility
n

conditionis n < né + 1.

Before going to the pattern formation, here we discuss briefly the local asymp-
totic stability property of interior equilibrium point E.(n«, p«) for the temporal
model corresponding to the spatio-temporal model (8.25). Calculating the quantities
Jrss ¥y s = 1, 2 we find,

s =8)+2m(1 =61 . 1 .
Ji1 = (5'7+1)2 » J12 = (577+1)27121

=’k jo = —nk.

From these expression one can easily verify that the interior equilibrium point
E. is always locally asymptotically stable for § > 1 and we are unable to find any
Turing pattern for the associated spatio-temporal model as jj; j,» > 0.For§ < 1,
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Fig. 8.6 Turing (blue coloured) and Hopf-bifurcation (green coloured) curves are drawn for
(o, d) = (0.4, 25) (left panel) and (o, d) = (0.4, 10) (right panel) respectively. Hopf-
bifurcation curve divides the Turing domain lying above the Turing domain into two regions.
Parameter values for which numerical simulations are performed are marked with red coloured
stars

) 2 1
E. is locally asymptotically stable if £ > ( n+ —) and small amplitude

Gn+1)2 7
periodic solution bifurcates from the coexisting equilibrium point through Hopf-
bifurcation [8, 28]. Clearly, we will look at the Turing patterns for § < 1.

In the previous subsection, we have considered the ratio of diffusivity as
bifurcation parameter and described various types of pattern formation by taking
different values for d. Here we consider § and d at some fixed values and consider
n and & as bifurcation parameters. In other words, firstly we have to identify Turing
and Turing-Hopf domain in the n — & parameter space and then look at the various
stationary and non-stationary patterns for the specific choices of parameter values.
In Fig. 8.6 the Turing bifurcation curve and Hopf-bifurcation curve are plotted for
a = 04andd = 25and d = 10 respectively. Numerical simulations are
performed for the parameter values within Turing domain and chosen parameter
values are marked with red coloured stars in the bifurcation diagram. For the
Holling-Tanner model with ratio-dependent functional response we find clod spot
pattern and labyrinthine pattern for parameter values taken from Turing domain and
Turing-Hopf domain respectively. These two patterns are obtained for (¢, n) =
(0.3, 0.9) and (&, n) = (0.3, 1.3) respectively and both the patterns presented in
Fig. 8.7 are stationary patterns. Numerical simulations are performed with Az =
0.01, Ax = 1 = Ay and over 400 x 400 lattice and using zero flux boundary
condition and small random perturbation around homogeneous steady-state as initial
conditions.



272 M. Banerjee

0.32

Fig. 8.7 Cold spot (upper panel) and labyrinthine pattern (lower panel) produced by prey (left
column) and predator (right column) species, involved with the ratio-dependent Holling-Tanner
model, at # = 400. Both of these patterns are obtained for fixedw = 0.4, = 0.3,d = 25and
n = 0.9and n = 1.3 respectively

In the previous subsection we have considered the ratio of diffusivities as bifur-
cation parameter and illustrated how spatio-temporal chaos emerges for parameter
values within and outside the Turing domain. Here it is important to note that the
model under consideration in this subsection is unable to produce chaotic pattern
when d = 25. Spatio-temporal chaotic pattern is obtained for the model (8.25)
when d < 12, (for¢ = 0.4) and some specific choices of £ and 7 in the Turing-
Hopf domain. Spatio-temporal chaotic pattern presented in Fig. 8.8 is obtained for
a =04, = 0.3,n = 1.6andd = 10. This spatio-temporal chaos is a dynamic
pattern as the distribution of prey and predators over two dimensional space changes
continuously with the advancement of time. Patterns are checked for longer times
also and it is observed that they never settle down to any stationary level. This model
is also capable to produce interacting spiral type spatio-temporal chaotic pattern for
d = 1 and not presented here to avoid repetitions.

8.3.3 Holling-Tanner Model

In the previous two subsections we have observed spatio-temporal patterns produced
by prey-predator models with ratio-dependent functional response. Both the models
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Fig. 8.8 Spatio-temporal chaotic pattern produced by prey (left column) and predator (right
column) for the parameter values « = 0.4, & = 03,n = 1.6 and d = 10. Patterns are
obtained at t = 1,000 (upper panel); t = 1,250 (lower panel) and t = 1,500 (lower panel)
respectively

produce cold spot and labyrinthine patterns as stationary patterns. Here we consider
the spatio-temporal version of classical Holling-Tanner type prey-predator model to
show the transition of Turing pattern from cold spot to hot spot through labyrinthine
pattern and this transition takes place with gradual change in one parameter value.
Turing and travelling wave patterns for this Holling-tanner model is recently
investigated by Upadhyay et al. [65]. Spatio-temporal model for Holling-Tanner
type prey-predator interaction is given by

an(t, x, n ?n 0%n
ot = =n(1_n)_n—fv +(8x2 + 8y2)’
ap(t.x.y) ¢p Fp  p
=01 ) rrd(GE5s ) (8.26)

subjected to the positive initial condition and no-flux boundary condition. Spatio-
temporal pattern formation for this model is investigated in details by Upadhyay
etal. [65] but the populations are labeled as phytoplankton and zooplankton respec-
tively. The dynamical behavior of the temporal counterpart of the model (8.26) is
well-known and available in the literature [43, 47, 62].
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To show the transition if spatio-temporal pattern produced by the system (8.26),
we consider the fixed parameter set v = 0.1, 6 = 0.25 and consider ¢ as free
parameter. For the chosen parameter set, we find the co-existing homogeneous
steady-state Ex(nx, p«) where

9¢ — 10 4 /1212 — 180¢ + 100
2022 ‘

Ny = é’p*, Px =

The condition for local asymptotic stability of co-existing equilibrium point for the
associated temporal model can be obtained in terms of {. One important observation
is that the equilibrium point loses its stability through Hopf-bifurcation at g =
0.3227 and regains its stability through another Hopf-bifurcation at £, = 1.0244.
Hopf-bifurcating limit cycle exist for {1 < ¢ < Cmo.

The model (8.26) is simulated numerically keeping fixed the parameters v =
0.1, 8 = 0.25and d = 25. Three different stationary patterns are obtained for
¢ = 0.28,¢ = 0.7and ¢ = 1.15. Numerical simulations are performed with the
same set up as explained in the previous subsections. Three different Turing patterns
are presented in Fig. 8.9.

For the chosen set of parameter values and considering ¢ as parameter we
find that the interior equilibrium point loses and regains the stability through two
consecutive Hopf-bifurcations. The occurrence two successive Hopf-bifurcation

0.3
0.25

0.2

0.3

0.28
0.26
0.24
0.22

03

0.29
0.28
0.27
0.26
0.25

Fig. 8.9 Hot spot (upper panel; ¢ = 0.28), Labyrinthine (middle panel; { = 0.7) and cold spot
(lower panel; { = 1.15) patterns are obtained through numerical simulation for varying ¢ and
keeping other parameters fixed at v = 0.1, = 0.25 and d = 25. These stationary patterns are
obtained at = 600
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Fig. 8.10 Distribution of prey species over two dimensional landscape for { = 0.5 (left column)
and ¢ = 0.9 (right column) at t = 500, withv = 0.1, = 0.25and d = 25. Patterns
presented in the upper panel are obtained with small random perturbation around homogeneous
steady-state as initial condition and zero flux boundary condition. Patterns presented in the lower
panel are obtained with the pattern obtained at { = 0.9 and { = 0.5 as initial conditions

is here responsible to generate hot spot and cold spot type Turing patterns.
Labyrinthine pattern is observed for the parameter values lying in the Turing-Hopf
domain. There is no spatio-temporal chaotic pattern exhibited by the model (8.26)
for chosen set of parameter values.

An interesting phenomena for pattern formation takes place for this Holling-
Tanner model when parameter values are inside the Turing-Hopf domain. Patterns
produced by the prey and predator population are sensitive to initial conditions.
Sensitivity of spatial pattern is presented in Fig 8.10. At the upper panel, patterns
are obtained for two different values of the parameter { keeping other parameters
fixed at the level as described above and with small random perturbation around the
homogeneous steady-states as the initial conditions. The patterns are obtained for
¢ = 0.5and ¢ = 0.9, they are stationary patterns. In order to check the sensitivity
of initial condition, the stationary pattern obtained at = 0.9 is used as the initial
condition and the spatio-temporal model is simulated numerically with = 0.5 and
the stationary pattern obtained at t = 500 is presented at the left of lower panel in
Fig. 8.10. Similarly, the pattern obtained for { = 0.5 is used as initial condition to
obtain the pattern when { = 0.9 and we have obtained a different pattern compared
to that was obtained with the usual initial condition used here.
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8.4 Discussion

Autonomous temporal models of prey-predator interaction always results in either
stable stationary coexistence or oscillatory coexistence or extinction of one or both
the species. Spatio-temporal models are developed to take care of the mobility of
individuals over their habitats. Individuals of various species attempt to find out
most favorable habitat as well as patches where availability of their essential foods
is abundant. Again carnivorous predators have to chase their prey to get the food and
hence they have to run faster from their predators. Similarly, the swimming speed of
zooplankton within aquatic environment should be greater than the moving speed
of phytoplankton due to water current within the aquatic environment. All these
requirements are reflected through the condition d > 1, where d is the ratio of
diffusivities of the prey and their predators. At the initial stages of the research on
pattern formation, it was believed that the inequality in the ratio of diffusivity is
essential for spatio-temporal pattern formation. Afterwards, it is revealed that the
spatio-temporal patterns can emerge in case of equal diffusivities also [23, 41, 51].
Most important and interesting cases of pattern formation with equal diffusivities
are biological invasions and travelling wave-train [42, 45, 46, 58, 59, 61, 66, 67].
Recently, few authors have paid their attention towards the spatio-temporal chaotic
pattern formation due to wave of chaos. This scenario arises in most of the cases for
d = 1, (see [51, 64] and references cited therein).

In this chapter we have discussed pattern formation in prey-predator models
within Turing and Turing-Hopf domain with special emphasis on ratio-dependent
functional response. Prey-predator models with prey-dependent functional response
and intrinsic constant per capita death rate for predators are unable to produce
Turing patterns. Three models are considered here, ratio-dependent prey-predator
model, Holling-Tanner model with ratio-dependent functional response and classi-
cal Holling-Tanner model. The classical Holling-Tanner model is also known as
semi-ratio dependent model as the growth equation of the predators contains a
term which is proportional to the ratio of predator to prey. For fist two models,
we have observed that the stationary Turing patterns are cold spot patterns which
indicate the existence of circular patches with lower concentration of prey and
predators. In contrary, the stationary Turing patterns observed for the classical
Holling-Tanner model are of two types, hot spot pattern and cold spot pattern. Hot
spots are generated through the localized circular patches with high concentration of
population density. The labyrinthine pattern is observed for some particular choices
of parameter values within the Turing-Hopf domain. In the first two models, the
stationary cold spot pattern changed to labyrinthine pattern due to coalesce of nearby
circular patches with low concentration of population. This transition takes place as
parameter moves from Turing domain to Turing-Hopf domain. But the generation of
labyrinthine pattern in case of spatio-temporal Holling-Tanner model with Holling
type-1I functional response can be explained in two ways. If we consider the increase
in the magnitude of ¢ then labyrinthine pattern is generated by the coalescing of hot
spots and the same can be generated due the merging of nearby cold spots due
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to decrease in the magnitude of {. The three models considered here are capable
to generate another kind of stationary patterns which is a mixture of spot and
labyrinthine pattern. The stationary patterns obtained for the first two models are
independent of initial condition, we have checked this independence numerically
but the results are not presented here. The sensitivity of resulting pattern, or in
other words the dependence of stationary pattern on the choice of initial condition
is illustrated for the spatially extended classical Holling-Tanner model. We have
reported here the spatio-temporal chaotic patterns for parameter values within and
outside the Turing domain. Obviously the spatio-temporal chaotic patterns are not
stationary patterns rather they changes continuously with time and never settle down
to any stationary state.

In reality the spot and labyrinthine patterns obtained within Turing domain
are not realistic for the distribution of prey and predators distributed over two
dimensional landscapes but can be observed for vegetation patterns generated
through the interaction between autotroph and their herbivores. Again the patchy
patterns resulting from spatio-temporal chaos and labyrinthine type distributions
are observed for the vegetation patterns in semiarid regions [8, 14, 45, 69]. Spatio-
temporal chaotic patterns are also observed for the distribution of various plankton
biomass within aquatic environment. The discrepancy in the observed patterns
are either due to the over simplification in the modeling approach or due to the
consideration of distribution of individuals over two dimensional domain as a
continuum media. The patterns obtained for the models under consideration give
us the idea of size and rough shape of stationary patches for the distribution of prey
and predator species. Some times they give indication of colony formation by the
bacterial species and their predators. Apart from this distribution, the stationarity of
patterns provide the information regarding the time invariant distribution of species
over their spatial habitat.

Finally, we have addressed the issue of spatio-temporal chaotic patterns produced
by prey-predator model with ratio-dependent functional response terms. Spatio-
temporal chaotic pattern exists for parameter values within the Turing-Hopf domain
as well as outside the Turing domain. Emergence of spatio-temporal chaos for
parameter values above and below the Turing bifurcation curve ensures that the
interaction between temporal instability and spatial instability is not essential for
the onset of spatio-temporal chaos. Again, we have observed the existence of
stationary patterns for the parameter values within Turing-Hopf domain, it means
the coexistence steady-state of the reaction kinetics is unstable and local kinetics
is oscillatory. These observations ensure the fact that the interaction between the
temporal and spatial instability are unable to drive the system towards spatial and
temporal irregularity under any circumstances. Rather the existence of irregular
distribution of population over space and its continuous change with time depend
upon the complex interaction is taking place over spatial and temporal scale.
There are no unified criteria for the existence of spatio-temporal chaos. Further
the mobility of individuals within their habitat has some role towards the patchy
distribution of interacting populations. Recent works on continuous spatio-temporal
models for interacting populations and vegetation distribution indicate the existence
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of spatio-temporal chaos but the conclusive evidence in favor of chaotic patterns in
realistic ecosystems are not abundant [20, 27, 46, 52, 54-56, 60]. Effect of cross-
diffusion, periodic changes in essential resources, random environmental condition
on the pattern formation for interacting population models with rich temporal
dynamics needs appropriate attention to understand the complex dynamical behav-
ior associated with the spatio-temporal pattern formation. Derivation of necessary
and sufficient analytical conditions for the appearance of spatio-temporal chaotic
patterns remain an open as well as challenging problem.
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Part IV
Chaos and Field Programmable
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Chapter 9
Realizing Chaotic Systems on Field
Programmable Gate Arrays: An Introduction

Bharathwaj Muthuswamy and Santo Banerjee

Abstract In this chapter, we discuss an overview and give examples of how
one could leverage the functionality of twenty-first century Field-Programmable
Gate Arrays (FPGAs) for implementing nonlinear dynamical systems that exhibit
chaotic behaviour. An FPGA is basically a “blank-slate” of hardware that can
be “programmed” to emulate a plethora of digital systems. The purpose of this
chapter is to expose this exciting engineering product for investigating scientific
phenomenon. As a result, this chapter is a guide line on how to implement chaotic
systems on an FPGA (the Altera Cyclone IV on a DE2-115 board).

9.1 Overview

In this chapter, we will explore how we can use Field Programmable Gate Arrays
or FPGAs to implement nonlinear ordinary differential equations or ODEs (that
exhibit chaotic behaviour). To illustrate the robustness of FPGAs, these differential
equations could also include time delay(s). There are a myriad of references on
chaos theory. Therefore this chapter will primarily focus on FPGAs, as used to
realize nonlinear dynamics.

The FPGA industry originated from the programmable read-only memory and
programmable logic devices industry of the 1970s [2]. Xilinx co-founders Ross
Freeman and Bernard Vonderschmitt invented the first commercially viable FPGA
in 1985—the XC2064 [2].

Over the last three decades, the FPGA industry has evolved rapidly. Hence, in
the twenty-first century, FPGA development platforms have a variety of on-board
peripherals—from gigabit ethernet to audio codec (coder/decoder). In this chapter
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we will utilize the audio codec’s digital-to-analog converter (DAC) to help visualize
chaotic trajectories as analog voltage waveforms.

Because FPGA technology evolves rapidly, this chapter can only provide a high
level overview, with an example for illustrative purposes. It is up to the interested
reader to pursue this exciting topic further!

The chapter is organized as follows: we will first discuss the big picture behind
implementing ODEs on FPGAs. Next we will discuss an example of implementing
the Ikeda Delay Differential Equation (DDE) on the FPGA, by highlighting the
important steps involved in realizing an ODE on an FPGA.

For notation used in this chapter: key ideas and steps will be highlighted in bold.
The mathematical notation used is standard. For example, ¢ represents time, x ()
(or x) represents the state variable with x (boldface) invariably reserved for vectors.
X is ‘é—’t‘. 7 would represent time delay.

9.2 Implementing Ordinary Differential Equations
on FPGAs: The Big Picture

Consider Egs. (9.1) through (9.3).

)C'l :fl(xl,...,xn) (91)
)52 = fz(Xz,...,xn) (9.2)
Xn = fu(x1,...,X0) (9.3)

We can use forward-Euler’s method! [5] and rewrite Egs.(9.1) through (9.3) as
Egs. (9.4) through (9.6).

x1(t +6t) = x1(t) + fi(x1(2),...,x,(t)) At (9.4)
Xo(t +81) = x2(t) + fo(x1(2), ..., xa(2)) At 9.5)
Xp(t +8t) = x,(t) + fru(x1(2), ..., x,(2)) At (9.6)

But let us generalize Eqgs. (9.1) through (9.3) to include time delay. Hence the
system of equations that we will discuss in this chapter is given by Eq. (9.7).

x = £(1. x(t). x(t — 7)) 9.7)

'For a very brief discussion on FPGA numerical methods, refer to Sect. 9.3.
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Again utilizing forward-Euler method, we get Eq. (9.8).
x(t + 6t) = x(¢t) + f(x(¢),x(t — N;)) At (9.8)

In Eq. (9.8), we have slightly abused our notation and have used continuous time #
whereas the equation is actually discrete.

When implementing Eq. (9.8) on an FPGA, we define for the n-th time delay
ODE:

xNNew 2 Xn () + fu(x1(®), ..., x,(t — N;))At (9.9)
XN £ x,(t + 81) 9.10)

In Egs.(9.9) and (9.10), xNNew and xN are VHDL? signals with N =
1,2,---,n. At is the step-size in Euler’s method. §¢ is the clock period for the
D flip-flop that results in synchronized x N. The delay N; is related to At and 7; by

N Nf"_l (refer to Sect. 9.6).
A block diagram representation of Egs. (9.9) and (9.10) is shown in Fig. 9.1.
The block diagram in Fig.9.1 will utilize a combination of Altera’s Simulink

(MATLAB) library—DSP Builder Advanced Block Set (blocks highlighted in

yellow) and VHDL. Although the entire design can be implemented within the

FPGA software framework provided by the FPGA vendor, utilizing Simulink will

illustrate the power of abstraction, that has become so prevalent in twenty-first

century FPGA designs.

reset

reset

£(x(t), x(t = N:)) X

r l 1

SIPRI reset g
Global Global clock
clock  peger Shift Register —o

‘f x(t — N;)

Clock ‘ i
Divider

FButer = %

Fig. 9.1 Hardware block diagram for specifying nonlinear ODEs using forward-Euler’s method
[2]. We have highlighted the vector nature of x N New and xN from Egs. (9.9) and (9.10) as
xNNew and xN resp

2A detailed description of VHDL (Very high speed integrated circuit Hardware Description
Language), FPGA software tools and the underlying FPGA hardware is beyond the scope of this
chapter. For details, please refer to our book [2].
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In Fig.9.1 the shift register is unnecessary for non-delay systems. The clock
divider block is configured to divide the global clock (usually obtained from the
FPGA board clock) so propagation delays associated with the various sub-modules
(such as the shift register) can be accommodated. Hence the clock divider output
clock (with frequency fruer = %) is used as clock input for the shift register and
the D flip-flop synchronizer. Since the overall design is synchronous, all sequential
logic components have a well-defined reset state. XN (x(¢ + 8¢)) and x(¢ — N;) also
serve as inputs to the audio codec DAC.

To complete the implementation of a nonlinear (chaotic) differential equation on
an FPGA, the following steps are required:

1. Thoroughly understand the hardware requirements for implementing the nonlin-
ear differential equation.

. Discretize the system and simulate in Simulink to verify functionality.

. Specify the necessary subsystems in DSP Builder Advanced Blockset.

. Complete Euler’s method in VHDL.

. Simulate design in ModelSim to verify VHDL functionality.

. Fully synthesize the design (along with the necessary external audio codec
interface) onto the FPGA.

AN AW N

The next few section(s) will illustrate the steps above, using the Ikeda DDE [2] as
an example:

X = psin(x(t — 1)) —ax(t) 9.11)

Parameter values are: p = 6,7 = 1,0 = 1.

9.3 Hardware Requirements for the Ikeda DDE

The hardware platform that we will use in this chapter is a DE2-115 board from
Terasic corporation that incorporates a Cyclone IV FPGA from Altera [2]. This
platform highlights the hardware requirements for implementing nonlinear ODEs: a
modern FPGA that has on-chip peripherals such as Phase-Locked Loops (PLLs),
multipliers and RAM blocks. Moreover the associated board has our requisite
Wolfson WM8731 audio codec.

Note however that we are implementing a numerical algorithm on a discrete
platform (FPGA) for solving a continuous-time differential equations. Hence a
sound understanding of the numerical algorithm and the underlying FPGA archi-
tecture is a must. In this chapter, we chose to use Euler’s method. Although we
can implement more complicated numerical methods (such as 4th order Runge-
Kutta), these methods will also have issues converging to the correct solution, if
a sufficiently large step size is taken [4]. Thus we chose to use Euler’s method for
simplicity. As a rule of thumb, one should use a sufficiently small step size to ensure
that the numerical algorithm converges to the correct solution.
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We should also take into consideration the amount of memory required for
implementing the ODE. In this chapter, we will utilize only on-chip FPGA memory
for design simplicity. The on-chip memory requirements are dominated by the shift
register. Therefore when implementing a DDE, we can use the fact: At = 5
(for the Ikeda DDE, t; = t, N; = N). Suppose we choose At = 0.001. For the
Ikeda DDE, we chose parameter t = 1. Thus N = 1,001. Hence we need 1001 D
flip-flops with a 32-bit datapath. This is not too stringent of a requirement for the
Cyclone IV.

A further detailed discussion of FPGA architecture,’ effects of sampling clock
and data path quantization is beyond the scope of this chapter, for details, please
refer to [2]. We can however continue to the next step: simulating the discretized
Ikeda DDE. A discrete system simulation is a must because we can quickly
determine if our step-size is too large or if our on-chip FPGA memory requirements
are too small.

9.4 Discrete System Simulation

The general discretized system equations were discussed in Sect.9.2, an elegant
block diagram representation is in Fig. 9.2.

A specific block diagram for the Ikeda DDE is shown in Fig. 9.3. The discrete-
time integrator and delay blocks can be found under the Discrete library in Simulink.
The Trigonometric function, Gain and Sum blocks can be found under Math
Operations. The Constant block can be found in the Sources library.

Simulation results are shown in Fig. 9.4.

The complete reference design (including the Simulink .mdl file for this
section and all files for subsequent sections) can be downloaded from http://
www.harpgroup.org/muthuswamy/pubs/code/2014/DDEs/DE2ChaoticDDEs.zip.

Fig. 9.2 Simulating a DDE
in Simulink, block diagram
adopted from [2]. We utilize

the discrete-time integrator z KT z
but inherit the sample time = flzz(t-N) 7—1 ®

from the fixed-point
simulation period

—Ni

3The discussion so far should also highlight the advantages of an FPGA as compared to a micro-
controller: a dedicated truly-parallel datapath for implementing nonlinear ODEs. The disadvantage
of an FPGA is the necessity to visualize the underlying hardware from the specification (VHDL)
in FPGA software.


http://www.harpgroup.org/muthuswamy/pubs/code/2014/DDEs/DE2ChaoticDDEs.zip
http://www.harpgroup.org/muthuswamy/pubs/code/2014/DDEs/DE2ChaoticDDEs.zip
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[x]
From1
[xDelayed]
From2 ikeda_Discrete
K=1, Ts= -1 x]
] X
— | sin —}I>—> KTs | Goto1
Trigonometric mu Yoz
Function 0.1 Discrete-Time
x0_discrete Integrator
1000*1e-3 =1
z1000  |g
Delay

Fig. 9.3 Block diagram from Fig. 9.2, adopted to the Ikeda DDE. We have used Goto and From
blocks (Simulink signal routing library) for clarity

XY Plot
5 .
&
<0 1
>
-5 L
-5 0 5

Fig. 9.4 Ikeda DDE phase plot, simulation time is 500 units. x-axis is x(¢), y-axis is x(t — 1)

The large file size is because the reference design is fully synthesized for Quartus
version 12.0. and the design also implements other DDEs (refer to Sect. 9.9).

Now that we have verified our discretization is functionally correct, the next step
would be to implement the appropriate modules using DSP builder, the topic of

Sect.9.5.
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W Simulink Library Browser [ESSHCE™ <
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0 g¢ »  Entersearchierm -8
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Fig. 9.5 The Base blocks library in the DSP builder advanced blockset

9.5 DSP Builder Advanced Blockset Subsystems

The concept behind DSP builder is to create a synthesizable subsystem that
incorporates our mathematical abstraction. The detailed steps are:

1.

2.

We first access the Altera DSP Builder Advanced Blockset* library from

Simulink, as shown in Fig. 9.5.

We create a new Simulink model and then place the Control and Signals

block from the Base Blocks library in Fig.9.5. Figures 9.6 and 9.7 show

the configuration parameters for these blocks. These parameters should be
satisfactory for practically all nonlinear ODEs.

. We next set the solver configurations as shown in Fig.9.8. The completed top
level is shown in Fig. 9.9. We have created a subsystem at the top level. Within
this subsystem, we will realize the nonlinear synthesizable subsystem.

. Within the nonlinear subsystem, we place a Device block from the Base Blocks
library and configure the Device block as shown in Fig. 9.10. Figure 9.11 shows
the subsystem from the top level that incorporates the Device Block.

. Inside the nonlinear synthesizable subsystem from Fig.9.11, we specify our
design mathematically. In order to do this, we will use blocks from the Mod-
elPrim library, shown in Fig. 9.12.

. There are two main blocks that should be part of any nonlinear synthesizable
subsystem: the Convert block shown in Fig.9.13 and the SynthesisInfo block
shown in Fig. 9.14.

. We finally enable port data types as shown in Fig.9.15 as a visual debugging

tool, in case of errors.

Once we Run our top level in Simulink, DSP builder should generate the

appropriate hardware in the directory specified via the Control block (Fig.9.6).
Make sure the constant input(s) from the Source library at the top level have single
as the output data type. The default is double and will generate 64-bit bus widths.

4 Altera recommends the use of Advanced Blockset instead of Standard Blockset for newer designs.
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Use this block to control global options |

Parameters

[V] Generate Hardware

Hardware Destination Directory:
C:/DE2ChaosEngine/dspbuilder/lorenzSystem/dsba_rtl
[7] Create Automatic Testbenches
Signal View Depth:
2

m

["] Turn on coverage in Testbenches

System Address Width: [16 v]
System Data Width: [16 v]
System Bus is: [Big Endian v]

Delay: Register / RAM Block Threshold (bits, <0 use default):
-1

DualMem: Small / Med Threshold (bits, <0 use default):

< | m {

Lok J[ cancel J[ nelp ][ appy |

Fig. 9.6 In the control block, make sure generate hardware is checked and use an absolute path
for the hardware destination directory. Turn off automatic test benches. Set both address and data
width to 16-bits

We will next complete in Sect.9.6 the shift register and the D flip-flop from
Fig.9.1.

9.6 Completing Euler’s Method in VHDL

Listing 9.1 shows one approach to implement the shift register from Fig. 9.1 using
parameterization (generic keyword in VHDL) and the for keyword. Also, Line 22
in Listing 9.1 declares the internal delay lines to be 32 bits wide. However, we need
an array of these internal delay lines and hence we have declared it as “memory”.
Hence Listing 9.1 specifies a tapped delay line in VHDL.
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2

DSP Builder Advanced Blockset Signals Block (mask) (link)

The Signals block specifies information about the clock, reset, and memory bus
signals used by the simulation model and the hardware generation

Parameters

Clock

clk

Clock Frequency (MHz)
50

Clock Margin (MHz)

0

Reset

areset

Reset Active |High 3

Bus Name

bus

[”] Separate Bus Clock

Bus Clock Frequency (MHz)
50

[ ok || concel |[ Help || apply

m
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Fig. 9.7 In the signals block configuration, set the clock frequency to 50 MHz (the DE2 board

clock). There is no need to use a separate bus clock. Make sure the reset is active high

Listing 9.1 Realization of VHDL delay

library ieee;
use ieee.std_logic_1164.all;
use ieee.numeric_std.all;

entity addressableShiftRegister is

generic (numberOfFlipFlops : integer := 0;

delay : integer := 0);
port (
clk,areset : in std_logic;
In_x : in std_logic_vector (31 downto 0);

Out_xDelayed : out std logic_vector (31l downto 0));

end addressableShiftRegister;

architecture behavioral of addressableShiftRegister is

component dFlipFlopWithAsyncReset is port (
clock,reset : in std_logic;
d : in std_logic_vector(31 downto 0);
q : out std_logic_vector (31 downto 0));
end component;
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33
34
35

Stop time: 10..0
Solver options.
Type: |Foced-step = | Solver: |discrete (no states) -
- Simulation Target Fived-step size (fundamental sample time): auto
- Code Generation
Tasking and sample time options =
Periodic sample time constraint: [ d -
Tasking mode for periodic sample times: Auto -
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[7] Automatically handle rate transition for data transfer
[Z] Higher priority value indicates higher task priority

Fig. 9.8 The solver should be configured as fixed-step and with no discrete states

Fig.

‘Hardware Generation is on

clk @ 50.00 MHz

Control Signals

—— ]

Constant Display
NonlinearSubsystem

h 4

1 pxin yout

9.9 The top level of our design. According to DSP Builder syntax, the synthesizable portion

of our design must be specified as a subsystem within the top level

type memory is array(0 to numberOfFlipFlops) of std logic_vector (31 downto 0);
signal internalDataArray : memory;

begin

internalDataArray(0) <= In_x;
generateFlipFlops:
for i IN 0 to numberOfFlipFlops-1 generate
nFlipFlops : dFlipFlopWithAsyncReset port map (
clock => clk,
reset => areset,
d => internalDataArray (i),
g => internalDataArray(i+1));
end generate;
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W sosrsmnescee T 0

DSP Builder Advanced Blockset Device Block (mask) (link)

Marks a particular Simulink Subsystem as the top level of an FPGA
device and sets up device options.

Parameters

Device Family | Cyclone IV E v
Family Member
AUTO

Speed Grade 1-7 -

[7] HardCopy Compatibility

Lok J[ cancel [[ relp [ Apply |

Fig. 9.10 Device block configuration. We don’t have to explicitly set the Cyclone IV part number

since we are only going to be synthesizing a subsystem, not a stand-alone FPGA project from DSP
builder

xin yOut

Fig. 9.11 The device block must be placed within a subsystem, not at the top level that has the
control and signals blocks

36

37 Out_xDelayed <= internalDataArray(delay-1);
38 end behavioral;

Listing 9.2 is a simple D flip-flop in VHDL.
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Fig. 9.12 The ModelPrim library from the DSP builder advanced blockset

DSP Buulder Advanoed Blockset pnmttrve (mask) (link)
Perform a type conversion of the input and output the new data type.

Optional rounding and saturation may be performed if the output data

type is smaller than the input.

An optional 'Clip Detect' output will be high ('1") when the output has

been saturated.

LSB must be a value within the bit-width of the input type.

Parameters

Libraries Library: ARera DSP Buiider Advanced Biockset/ModePrim

|2 . BiExvac . BiReverse

Channalln

Output data type mode: |single

Rounding method [Unbiased

Saturation method [None

ok |[ cancel || Help ||

Apply

Fig. 9.13 This block is used to convert inputs and outputs to single precision (32-bit) floating

point
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Synthesisinfo

R e

ConvertOut ¥

Block diagram specification

Fig. 9.14 We need a SynthesisInfo block for controlling synthesis flow. By using the default
option of scheduled, we let DSP builder use a pipelining and delay distribution algorithm that
create fast hardware implementations from an easily described untimed block diagram

|Format| Tools DSP Builder Help

Font... Nomal ~|| 3 £ @&y
Text Alignment »

Enable TeX Commands

Hide Name
Show Drop Shadow
Show Port Labels »

clk @ 50.00 MHz
Foreground Color » areset (active High)
Background Color > ok el
Screen Color » Shonats

v Show Smart Guides

v Linearization Indicators
Align Blocks » Port Data Types
Distribute Blocks 3 il e
peenSucks ! Storage Class
£V Siuoe | ¥ | Testpoint/Logging Indicators
Ehp Sk 2 v Signal Resolution Indicators
Rotohe Block "| v Viewer Indicators
Port/Signal Displays ’| Wide Nonscalar Lines
Block Displays »
Library Link Display »
Sample Time Display » i ]

Fig. 9.15 Enable port data types helps us debug the design more easily. In our experience, the most
common error is incorrect data types. In the case of incorrect data types, functionally speaking, we
have domain and range errors
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Listing 9.2 VHDL specification of D flip-flop with asynchronous reset

library ieee;
use leee.std logic 1164 .all;

entity dFlipFlopWithAsyncReset is port (
clock,reset : in std logic;
d : in std logic_vector (31 downto O0);
g : out std logic_vector (31 downto 0));
end dFlipFlopWithAsyncReset ;

architecture structuralDFlipFlop of dFlipFlopWithAsyncReset is

begin
process (clock, reset)
begin
if reset = 'l' then
q <= X"00000000";
else
if rising edge (clock) then
q <= d;
end if;
end if;

end process;
end structuralDFlipFlop;

Listing 9.3 shows the Ikeda DDE specification in VHDL that also incorporates
the Altera DSP builder advanced block set as a subsystem.

Listing 9.3 VHDL specification of the Ikeda DDE

-- This subsystem includes synchronization
-- but we do not use it in this chapter.

library ieee;
use ieee.std_logic_1164.all;
use ieee.std_logic_signed.all;

entity ikedaDDESystem is port (
resetn, clockIn : in std_logic;
xFloatOut,xDelayedFloatOut : out std logic_vector (31 downto 0);
xOut, xDelayedOut : out std_logic_vector (15 downto 0);
syncIn : in std logic_vector (31 downto 0);
syncClock : out std logic);
end ikedaDDESystem;

architecture behavioral of ikedaDDESystem is

signal reset : std logic;

-- constants

signal dt : std logic_vector (31 downto 0);

-- state variables

signal x,xDelayed,xNew,xFixed,xDelayedFixed : std_logic_vector (31 downto 0);
-- prescalar

signal count: integer range 0 to 64;

signal addressableShiftRegisterCount : integer range 0 to 128;

signal addressableShiftRegisterClock : std_logic;
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signal internalSyncClockCount : integer range 0 to 2048;
signal internalSyncClock : std_logic;

-- DSP builder top level. Add both the nonlinear subsystem and nonlinear
-- synthesizable
-- subsystem VHDL files to project.
component ikedaDDE_NonlinearSubsystem is
port (
In dt : in std_logic_vector (31 downto 0);
In_sync : in std_logic_vector (31 downto 0);
In x : in std logic_vector (31 downto 0);
In xDelayed : in std_logic_vector (31 downto 0);
y : out std_logic_vector (31 downto 0);
clk : in std_logic;
areset : in std_logic;
h areset : in std_logic);
end component ;
-- END DSP builder top level.

component addressableShiftRegister is

generic (numberOfFlipFlops : integer := 0;
delay : integer := 0);
port (
clk,areset : in std_logic;

In x : in std logic_vector (31 downto 0);
Out_xDelayed : out std logic_vector (31 downto 0));
end component ;

-- latency : 6 clock cycles
component floatingPointToFixed IS
PORT
(
aclr : IN STD_LOGIC ;
clock : IN STD_LOGIC ;
dataa : IN STD_LOGIC_VECTOR (31 DOWNTO 0) ;
result : OUT STD_LOGIC_VECTOR (31 DOWNTO 0)

)i
END component ;

begin

reset <= not resetn;

-- Euler's method

-- We first synchronously update state variables at 781.250 KHz
-- (64 counts of 50 MHz clock)

-- Since dt = 1/1024, time scale is actually (781.250e3/1024) = 762 Hz
-- (approximately)

-- state memory

process (clockIn, resetn)

begin
-- constants (place outside reset and clock to avoid latches)
dt <= X"3A800000"; -- 1/1024
if resetn = '0' then

-- initial state
X <= X"3DCCccee";-- 0.1
count <= 0;
addressableShiftRegisterCount <= 0;
addressableShiftRegisterClock <= '0';
else
if rising edge (clockIn) then

if count = 64 then
count <= 0;

297
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end
end if;
end proc

-- this desi

else
count <= count + 1;
end if;

if count = 63 then
x <= xNew;
end if;

if addressablesShiftRegisterCount = 128 then
addressableshiftRegisterCount <= 0;
else

B. Muthuswamy and S. Banerjee

addressableShiftRegisterCount <= addressableShiftRegisterCount + 1;

end if;

if addressableShiftRegisterCount >= 63 then
addressableshiftRegisterClock <= '1';
else
addressableShiftRegisterClock <= '0';
end if;

-- for synchronizer period

if internalSyncClockCount = 2048 then
internalSyncClockCount <= 0;

else

internalSyncClockCount <= internalSyncClockCount + 1;

end if;

if internalSyncClockCount >= 1023 then
internalSyncClock <= '1';

else
internalSyncClock <= '0';

end if;

if;

ess;

gn also includes synchronization

-- since y(t+dt)=y(t)+(-alphary+mussin(y(t-tau))+k(t) (x(t)-y(t)))=dt,
-- we also send in the sync signal into the DSP builder nonlinear subsystem.

staticNonlinearities

In
In_sync =>
In
In
Y
cl
ar

h_

delay : addr
port map

-- END Euler

--state outp

-- 5.27 fixe

xOutFinal
aclr

_dt => dt,
syncIn,
X => X,

_xDelayed => xDelayed,

=> xNew,

k => clockIn,
eset => reset,
areset => reset);

essableShiftRegister generic map (numberOfFlipFlops

(
In x => X,
Out_xDelayed => xDelayed,
clk => addressableShiftRegisterClock,
areset => reset);
's method

ikedaDDE_NonlinearSubsystem port map (

uts : convert scaled floating point variables to

d point format DAC (no latency)
floatingPointToFixed port map (
=> reset,

=>

2048, delay =>

1024)
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clock => clockIn,
dataa => x,
result => xFixed);
xDelayedOutFinal : floatingPointToFixed port map (
aclr => reset,
clock => clockIn,
dataa => xDelayed,
result => xDelayedFixed) ;

xOut <= xFixed (31 downto 16);
xDelayedOut <= xDelayedFixed (31 downto 16);

xFloatOut <= x;
xDelayedFloatOut <= xDelayed;

syncClock <= internalSyncClock;
end behavioral;

Once we complete the VHDL specification of our nonlinear ODE, we
should include the VHDL audio codec interface and perform a functional
simulation using an industry standard tool such as ModelSim. This is the topic of
Sect.9.7.

9.7 Functional Simulation

The idea of functional simulation is a natural followup to the Simulink discrete
simulation from Sect. 9.4. Functional simulation simply answers the question: does
the hardware perform as it is supposed to?

In the case of chaotic systems, a functional simulation will tell us if our design
functionally reproduces chaotic behavior. Functional simulation can also tell us how
the signals propagate within our hardware system. Hence a functional simulation
tests the fundamental correctness of our digital circuit. We will use the industry
standard ModelSim simulator for illustrating functional simulation.

First we need to design a VHDL file called as a “test bench” that mimics a
physical lab bench. The test bench for the Ikeda DDE is shown in Listing 9.4.

Listing 9.4 VHDL test bench for the Ikeda DDE

-- testbench for ikeda system

library ieee;
use ieee.std logic 1164 .all;
use ieee.numeric_std.all;

entity ikedaSystemtb is
end ikedaSystemtb;

architecture testbench of ikedaSystemtb is
signal clock, reset, resetn, trigger, increment,pulselut,
syncClock : std logic := '0';
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signal xFloatOut,xDelayedFloatOut, syncIn : std logic_vector
(31 downto 0) ;
signal xOut,xDelayedOut : std logic_vector (15 downto 0) ;
component ikedaDDESystem is port (
resetn, clockIn : in std logic;
xFloatOut,xDelayedFloatOut : out std logic_vector (31
downto 0) ;
xOut ,xDelayedOut : out std logic vector (15 downto 0);
syncIn : in std_logic_vector (31 downto 0);
syncClock : out std logic) ;
end component ;
begin

ikedaDDESystemInstance : ikedaDDESystem port map (
resetn => resetn,
clockIn => clock,
xFloatOut => xFloatOut,
xDelayedFloatOut => xDelayedFloatOut,
xOut => xOut,
xDelayedOut => xDelayedOut,
syncIn => syncln,
syncClock => syncClock) ;

clock50MHzProcess : process
begin

clock <= not clock;

wait for 10 ns;
end process clock50MHzProcess ;

stimulus : process
begin
resetn <= '0';
syncIn <= X"00000000"; -- no synchronization
wait for 55 ns;
resetn <= '1'; -- unreset after 55 ns
wait; -- prevent process from being executed again

end process stimulus;

end testbench;

The salient features of the test bench are:

. The entity statement has no input and/or output ports. This makes sense since the
test bench is a virtual environment that cannot be synthesized.

. We have to generate a board (50 MHz) clock. This is done using the process
statement shown.

. We then provide stimulus inputs to our module under test. Notice that since
VHDL processes execute concurrently, our stimulus process has a wait as the
last statement to prevent repeated process execution.

ModelSim commands can also be scripted and placed in a .do file, shown in

Listing 9.5.
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Listing 9.5 ModelSim script file for Ikeda DDE

# do vlib work only once!
# vlib work

vmap work work

# compile DSP builder advanced blockset source

vecom D:/altera/12.0/quartus/dspba/Libraries/vhdl/fpc/math package
.vhd

vcom D:/altera/12.0/quartus/dspba/Libraries/vhdl/fpc/
math implementation.vhd

vecom D:/altera/12.0/quartus/dspba/Libraries/vhdl/fpc/hcc package.
vhd

vcom D:/altera/12.0/quartus/dspba/Libraries/vhdl/fpc/
hcc implementation.vhd

vcom D:/altera/12.0/quartus/dspba/Libraries/vhdl/fpc/
fpc library package.vhd

vecom D:/altera/12.0/quartus/dspba/Libraries/vhdl/fpc/fpc library.
vhd

# compile DSP builder advanced blockset nonlinearities

vecom ../../dspBuilder/ikedaDDE/dspba rtl/ikedaDDE/
NonlinearSubsystem/ikedaDDE NonlinearSubsystem.vhd

vecom ../../dspBuilder/ikedaDDE/dspba rtl/ikedaDDE/
NonlinearSubsystem/NonlinearSynthesizableSubsystem/
ikedaDDE NonlinearSubsystem NonlinearSynthesizableSubsystem.
vhd

# compile source

vcom ../../floatingPointMultiplyDedicated .vhd
vcom ../../floatingPointToFixed.vhd

vecom ../../ikedaDDESystem.vhd

vcecom ../../addressableShiftRegister .vhd

vcom ../../dFlipFlopWithAsyncReset .vhd

vcom ikedaSystemtb.vhd

vsim ikedaSystemtb

# configure wave window to have a white background color

configure wave -background white -foreground red -textcolor blue
-timecolor blue -vectorcolor red -wavebackground white -
cursorcolor black

add wave -divider "Clock and Reset"

add wave clock

add wave -label delayClock sim:/ikedasystemtb/
ikedaDDESystemInstance /addressableShiftRegisterClock

add wave resetn

add wave -divider "Outputs from the ikeda DDE model"

# obtained switch information below by using analog (automatic)
formatting in ModelSim

add wave -format analog-step -min -1662 -max 2030 -height 74 xOut
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wave -format analog-step -min -1662 -max 2030 -height 74
xDelayedOut

#add wave -divider "ikeda DDE System Module Internal Signals"

add

add

add

add

add

add

add

add

wave -label dt -hex sim:/ikedaSystemtb/ikedaDDESystemInstance
/dt

wave -label count -hex sim:/ikedaSystemtb/
ikedaDDESystemInstance /count

wave -label addressableShiftRegisterCount sim:/ikedasystemtb/
ikedaDDESystemInstance /addressableShiftRegisterCount

wave -label xPlus fl -hex sim:/ikedaSystemtb/
ikedaDDESystemInstance /xNew

wave -label x -hex sim:/ikedaSystemtb/ikedaDDESystemInstance/
b4

wave -label xDelayed -hex sim:/ikedaSystemtb/
ikedaDDESystemInstance /xDelayed

wave -label xFixed -hex sim:/ikedaSystemtb/
ikedaDDESystemInstance /xFixed

wave -label yFixed -hex sim:/ikedaSystemtb/
ikedaDDESystemInstance /xDelayedFixed

# run 10ms

Functional simulation results from the script file in Listing 9.5 is shown in
Fig.9.16. Note the waveforms do seem to exhibit chaotic behaviour. We can now
move on to implementation results in Sect. 9.8.
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Fig. 9.16 ModelSim wave window results. The simulation has been run for 60 ms and then analog
waveforms have been autoscaled after simulation completion
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Fig. 9.17 x(t —t) vs. x(¢)
for the Ikeda DDE in

Eq. (9.11). Oscilloscope
scales are 0.5 V/div for both
axis

9.8 Implementation Results

The result of implementing the Ikeda DDE on the DE2-115 and using the audio
codec output is shown in Fig.9.17.

9.9 Conclusion

In this chapter, we showed a glimpse of the robustness of FPGAs in realizing
nonlinear (chaotic) differential equations. Understand that utilizing FPGAs for this
task involves a lot of engineering—both in hardware and software. However, the
results are exceptional. Hence as a concluding note, we show various chaotic ODEs
and DDE:s in Fig. 9.18 that have been realized on FPGAs [2], to serve as motivation
for the reader to pursue this exciting topic further.
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Fig. 9.18 Various chaotic attractors obtained from the DE2-115 board (clockwise from top-left):
the classic Lorenz butterfly [1], the highly complex attractor system [3] with a hyperbolic tangent
nonlinearity, time-delay system with sigmoid nonlinearity [5] and time-delay system with signum
nonlinearity [5]
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