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Abstract

In this work the relaxation of a two-dimensional Bose-gas from a non-equilibrium
initial condition consisting of vortices is studied. To focus on the role of the vortex
excitations on the time evolution of the system, a point vortex model is used. The
relaxation of the vortex gas is seen to lead to clustering of like-signed vortices that
can be explained in terms of negative temperature states. The nature of the Coulomb
interactions between vortices, precludes a well-defined thermodynamic limit. The large
scale flow structures, therefore strongly depend on the shape of the geometry. These
structures can be explained in terms of a maximum entropy principle for the vortex
gas that leads to the Boltzmann-Poisson equation. For a square region the maximum
entropy configuration corresponds to a monopole. This configuration results in the
spontaneous acquisition of angular momentum by the flow. However, by stretching
the square domain into a rectangle, the configuration which maximises the entropy
switched to a dipole where like-signed vortices tend to equally occupy the two halves
of the domain. In this case, the mean flow has zero angular momentum. A direct qual-
itative and quantitative comparison between the predictions of the mean-field theory
and dynamical simulations of a point vortex model are presented. In particular, we
show that vortex-antivortex annihilation results in evaporative heating of the vortex
gas and the subsequent migration of the system into the negative temperature regime.
Moreover, the study is extended to the dynamics of quantised vortices in the same
confined geometries in a two-dimensional Bose-FEinstein condensate described by the
Gross-Pitaevskii equation. Despite the coexistence of phonons with vortex excitations
that interact together, the above predictions continue to apply in this more realistic

model of a two-dimensional superfluid.
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Chapter 1

Introduction

1.1 Superfluidity and Bose-Einstein Condensates

In 1908 *He was liquefied by K. Onnes in his laboratory in Leiden at the temperature
of 4.125K and pressure of 1 atm. Moreover, he tried to solidify *He by lowering the
temperature keeping the external pressure at 1 atm. After attempting to do so over
a three years period, he was not able to achieve the solid phase of *He. However,
during the experiments he noticed that the liquid helium had a strange behaviour
when the temperature was lowered below Ty = 2.18K called the lambda point. When
the temperature was just above T) the liquid helium was boiling like the water near
to its boiling point. When the temperature was exactly T, the bubbling immediately
stopped and the surface of the liquid was still even if the temperature was lowered
further towards the absolute zero. The experiments showed the presence of two different
liquid phases which were called He-I, above T}, and He-II, below T). Around the lambda
point, analysis of the density and the heat capacity of the liquid helium showed even
stranger results. As the temperature was lowered, the density increased as expected.
However, what was unexpected, was that below T the density started to decrease.
Even more surprisingly, around T}, the heat capacity assumed very large values. The
dramatic changes in the properties of liquid helium in the passage from He-I to He-
IT are now understood and they can be explained in terms of a second order phase
transition [55]. In 1937 two independent groups, one in Cambridge led by J.F. Allen
and D. Misner, and the other one in Moscow led by P. Kapitza, revealed the amazing
property that He-IT can flow without friction [3]. This peculiar characteristic convinced
Kapitza to coin the term superfluidity and to call the second liquid phase of helium, the
superflurd phase. Therefore, if T' > T}, liquid helium is in a normal fluid with viscosity
and if T < T) it is a superfluid with a viscosity which is of the order of 1072 P1 [49].

1



1.2. THE ROLE OF THE DIMENSIONALITY IN BOSE-EINSTEIN
CONDENSATES

The very first progress in the understanding of superfluidity dates back to 1938 when
F. London had the revolutionary idea to focus on the constituents of *He. Each atom of
4He is made of two electrons, two protons and two neutrons and therefore, it is a boson.
London had the idea to associate the superfluidity to the Bose-Einstein condensation
(BEC) theorized in 1924 by S. Bose [17] and A. Einstein [41]. Although liquid helium
and BECs are very different, London tried to connect them. An important difference
between them is that the latter involves weakly interacting gases while the former is a
strongly correlated system. An exhaustive theory to describe these strong interactions
is missing and, at the moment, there are only phenomenological models [35]. In 1995,
after seventy years from its prediction, the first BEC was created by E.A. Cornell, E.
Wieman [5] and W. Ketterle [36] who used a gas of Rb atoms cooled down to 170
nK (InK=10"°K). Around the same year the existence of a condensate in superfluid
helium by neutron scattering [52] confirmed the idea proposed by London. This result
fully established an intimate connection between superfluidity and BECs. After the
first realisation of BEC with 8"Rb atoms, other atoms such ®Rb [34], 'K [81], “He
[99], '™Yb [113], 133Cs [118], 52Cr [51], 84Sr [I11], ®6Sr [110], “°Ca [64], %Dy [70] have
been used to achieve the condensation. In general, the phenomenon of the BEC is a
phase transition which can occur with different species of atoms with integer spin when

they are cooled below a critical temperature T¢.

1.2 The role of the dimensionality in Bose-Einstein

Condensates

In general, in a three dimensional system, a phase transition is associated with
the emergence of a long-range order (LRO) below a critical temperature Tz > 0: this
corresponds to the emergence of an order parameter due to a spontaneous breaking of
some continuous symmetry of the Hamiltonian [55]. Examples of such phase transitions
are given by the spin chains [88] and BECs [89]. In the first example, below a critical
temperature T all the spins tend to be aligned along the same direction and, as a
consequence, the system acquires a non-zero value of the magnetisation. In the second
case, the order parameter, given by the macroscopic complex wave function for the
condensate ¢ [126], appears when bosons are cooled below the critical temperature
Tsrc which is the highest temperature at which a macroscopic number of bosons will
occupy the lowest energy level. This temperature can be evaluated by considering the

total number of bosons N with mass m distributed over the energy states e with the
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chemical potential ¢ = 0 [91],

N:/O oon(e)gg(e)de, (1.1)

where g3(¢€) is the density of states in a three dimensional box with sides L and n(e) is

the Bose-Einstein distribution

1

T Bl — 1 (12)

I\3

m(e) =2r () Ve alo
wh

where 3 is the inverse temperature of the system, h = 6.626070040(81) x 10734 Js is

the Planck’s constant and h = h/27 is the reduced Planck’s constant. By substituting

Egs. (1.2) into Eq. (1.1]), it is possible to find that the temperature Tppc at which the

condensation occurs is given by

h2 N 3/2
T ~ , 1.3
BEC ™ omrky (vg (;)) (13)

where kp = 1.3806488(13).JK ! is the Boltzmann constant, ((3/2) ~ 2.612 is the values
of the Riemann zeta function ((z) for z = 3/2, and N is the total number of particles
in the volume V. It has to be noticed that in Eq. a key role is played by the
density of states gs(€) which depends on the dimensionality of the considered space.
In general, the dimensionality of a system is very important to a phase transition to
occur: a phase transition which involves a spontaneous symmetry breaking is impossible
in the thermodynamic limit in one and two-dimensional infinite systems with short
range interactions at any non-zero temperature [78]. Therefore, in 1D and 2D, true
LRO does not occur in the ideal Bose gas, where there are no interactions between
the particles, or weakly interacting infinite uniform Bose gases. However, BECs are
created in laboratories in a confined region of the space and this is the reason why
the above results do not hold and they can exist in lower spatial dimensions. The
trapping potential changes the shape of the density of states and hence, condensation
can occur. In particular, it has been shown by Bagnato [9] that an ideal BEC can occur
in one dimensional systems if the confining potential U(x) ~ 2™ and n < 2, and in two

1

dimensions if U(z,y) ~ 2" +y™ and n~! + m™! is finite. In addition, the condensation

can occur in low dimensions also for a weakly interacting Bose gas [10].



1.3. FLUID-DYNAMICS APPROACH TO BOSE-EINSTEIN CONDENSATES

1.3 Fluid-Dynamics Approach to Bose-Einstein Con-

densates

When all the bosons are in the condensed state, it is possible to adopt the Hartree
or mean-field approximation which permits to write the N-body wavefunction which
describes all the bosons as a product of N single-particle wavefunction [91]. This single-
particle wavefunction is called the condensate wavefunction or macroscopic wavefunc-
tion and is indicated by ¢(x) where x is the position vector. Moreover, in this approxi-
mation the dynamics of a BECs is well described by the so called Gross-Pitaevskii (GP)
equation [53] given by

IP(x,1) h?

i = =0 =V20(x, 1) + Vear(x, )0 (x. 1) + glo(x DPo(x. 1), (L4)

where x is the position vector, V..;(x,t) is a confining external potential which can
depend on both space x and time ¢, and g = 4whas/m is the coupling constant pro-
portional to the scattering length a, of two interacting bosons. The presence of the
above equation makes atomic BECs easier to investigate than liquid helium. As pre-
viously said, the external potential is an essential ingredient for the condensation, but
in the following it will be set to zero. The physical content of Eq. is revealed by

considering the Madelung transformation [92]

o(x,t) = /n(x, t)eia(x’t), (1.5)

which maps the dynamics of a condensate into the continuity equation

9p

h
BT +V - (pv) =0, v = EVG(X, t), p =mn(x,t), (1.6)

and a classical Euler equation for an inviscid and irrotational fluid

ov g h? V2/p
E—F(V-V)V——mVanQmQV { 7p ] , (1.7)

where the additional last term, called quantum pressure, reveals the quantum nature

of the system. It follows that the dynamics of a condensate can be expressed in terms
of the local condensate density p and the superfluid velocity, v. This representation
provides a hydrodynamical formulation of BECs and allows connections to be made
between classical fluids and quantum fluids. In particular, one of the problems of

key interest is the analogy between turbulence in classical fluids and quantum fluids.
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Therefore, in the following, a briefly review on the key features of classical turbulence

will be given before discussing open problems in quantum turbulence.

1.4 Three-Dimensional and Two-Dimensional Clas-

sical Turbulence

Turbulence was recognised as an important behaviour of fluids more than five hun-

dred years ago by Leonardo da Vinci. He described it as follows

“...the smallest eddies are almost numberless, and large things are rotated only by
large eddies and not by small ones, and small things are turned by small eddies and

large.”

Since then, there seems to have been no substantial progresses in the understanding
of turbulence until the first half of the 19" Century when C. L. Navier and G. G.
Stokes presented an equation, the Navier-Stokes equation [11], for the dynamics of all
fluid flows including those that are in a turbulent state. This system of non-linear
partial differential equation admits few exact solutions under some hypothesis which
sometimes can oversimplify the problem. In 1922, L.F. Richardson [97] provided an

intuitive characterisation of turbulence

“Big whorls have little whorls, which feed on their velocity; and little whorls have

lesser whorls, and so on to viscosity.”

In a physical description, if energy is injected in a three dimensional system, it spon-
taneously flows towards the small scales (large wave numbers). At sufficiently small
scales, viscosity becomes important and it dissipates the energy into heat. This mecha-
nism, called Richardson cascade, is also known as a direct cascade and, in homogeneous
systems, is associated with the conservation of the energy on intermediate scale, the
inertial range.

Important progress in the understanding of classical turbulence was made by A.N.
Kolmogorov in 1941 [109] who proposed a method to evaluate the energy spectrum
of a turbulent flow. His result is based on a dimensional analysis and it leads to the
conclusion that the energy spectrum in the inertial range is given by E(k) ~ k=°/3,
where £ is the magnitude of the three-dimensional wavenumber vector k. On the other
hand, two-dimensional systems have been widely investigated by R. H. Kraichnan [65]
and G. K. Batchelor [11] and they exhibit a different behaviour. When the energy is

injected at intermediate scale, it flows towards larger scales (small wave numbers) and
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leads to the formation of large eddies. This flow of energy is opposite to the three-
dimensional case and is called an inverse energy cascade. The contrasting behaviour
between 2D and 3D arises because for an ideal inviscid fluid in 2D there is an additional

invariant (constant of motion) called the enstrophy that is defined as

1
2= 5/\w|2d2x. (1.8)

The presence of an additional invariant associated with the enstrophy, also leads to
a direct cascade for the enstrophy which exhibits a spectrum given by E(k) ~ k=3
and it is associated with the stretching of the large patches of vortices. Experimental
evidences of these cascades have been reported in [23]. From now on, if not explicitly

specified, a two-dimensional system is considered.

1.5 Statistical Mechanics of Point Vortices

The first explanation on the formation of large clusters in two-dimensional fluid
dynamics was given by Onsager in 1949 [90] when he published a seminal work on the
study on two-dimensional hydrodynamic turbulence by using a statistical mechanical
approach. In his work, he used the so called point vortez model [86] (PVM) which was
introduced by H. L. F. von Helmholtz in 1858. In this model, a vortex located at xg
has vorticity given by

w(x) = yd(x — xo), (1.9)

where + is its circulation which is defined as

szv-dl, (1.10)
c

where C' is a closed path which encloses the vortex, v is the velocity field generated by
the vortex and dl is the infinitesimal displacement along the path C'. Onsager noticed
that a two-dimensional system composed by point vortices (PVs) in a bounded domain
D can admit a negative absolute temperature. From a statistical mechanical point of

view, the temperature of a system is defined as

1 oS
== 1.11
where S is the entropy of the system, F its energy and the subscript D means that

the partial differentiation is performed keeping the area D constant. If the entropy
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of a system is an increasing function of the energy, then the temperature is always
positive. However, in the case of PVs, the entropy can be a decreasing function of
the energy F and in this case the PVs with same circulation tend to cluster together
forming large coherent structures. This is exactly the scenario described by the inverse
energy cascade: the energy flows from small scales, when vortices are separated, to
large scales, where vortices of the same sense of rotation tend to gather together. The
formation of these eddies, in Onsager’s model, is a direct consequence of the fact that
a two-dimensional confined system with area D has a finite phase space. This can be
immediately seen by looking at the equation of motions for a system composed of N
point vortices with circulation vy, k =1,..., N, given by [86]

L oA I = —iﬁ—H (1.12)

T o T oy

where H is the Hamiltonian (interaction energy) of the system. Clearly these equations
are written in Hamiltonian form, and it is immediate to conclude that the phase space
is finite and it is given by D¥. This profound connection between statistical mechanics
and hydrodynamics suggested that a fully and consistent theory based on statistical
mechanics was necessary to describe the two-dimensional turbulence. In 1973, G. Joyce
and D. Montgomery [60] developed a statistical theory for a two-dimensional electro-
static guiding plasma based on the maximum entropy principle. The possibility of using
this theory for the PVM is given by the fact that the Hamiltonian in both systems is
of the same form [86]. They found that the configurations which maximise the entropy
(statistical equilibrium) correspond to solutions of the so called Boltzmann-Poisson
(BP) equation. This is a second order non-linear differential equation for the stream-
function ¥ (x) of the flow related to the vorticity by V%*)(x) = —w(x). Moreover, in
perfect agreement with Onsager, they found that the BP equation has non-trivial solu-
tions only if the temperature of the system is negative and these solutions correspond

to configurations in which PVs cluster together and form large eddies.

The statistical theory of point vortices in confined geometries was fully developed
by Y. B. Pointin and S. Lundgren [93], [71] in 1976 and 1977. Their main aim was to
understand how the geometry modifies the formation of the large coherent structures
and for this reason they investigated the circular domain and the square. In particular,
they wanted to establish if the configurations which maximise the entropy depended on
the shape of the domain. They noticed that in the circular domain, the positive and
negative vortices tend to cluster in two separate clusters forming a dipole. In the case

of the square, the most probable configuration corresponds to vortices with one charge
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occupying the centre of the domain and the vortices of the other charge occupying the
four corners. Moreover, they also investigated the most probable configuration in a
rectangular geometry [71] and they found that for values of the aspect ratio A = L, /L,
greater than a critical value A¢ = 1.122 the most probable configuration is no longer
the monopole but the dipole. In this second scenario, the vortices will share equally the
rectangular domain by forming two large eddies. Their work fully established that the
statistical equilibrium is determined by the shape of the container. A deeper insight
about the differences between the circular domain and the square/rectangle is that in
the circular geometry the total angular momentum L of the system is a constant of
motion. The conservation of the angular momentum imposes a strong constraint on
the vortex dynamics. However, the angular momentum is not a constant of motion if

the PVs are confined in a square or, more in general, in a rectangular geometry.

A possible way to test these assertions is to investigate the dynamics of PVs with
the PVM in a confined geometry. This can be done by solving the equation of motion
(1.12)), where the Hamiltonian H needs to be specified for the respective geometries.
A possible method to evaluate the Hamiltonian for the PVM in bounded geometries is
the so called method of images [86]: in this method, the PVs are placed in strategic
positions outside the domain in order to ensure that a zero normal velocity is satisfied at
the boundary. In 1941 C.C. Lin [69] showed that using such an approach any connected
domain D can be simulated. In the case of a circular geometry the Hamiltonian H can
be easily derived [86] and the dynamics in such a geometry has been studied by Y. B.
Pointin [93] and it agrees with the prediction given of the statistical theory. However,
the study of the vortex dynamics in the square and in the rectangle was not considered
since the Hamiltonian for such domains was only derived in 1989 by L. J. Campbell [24].
A numerical method to solve the Euler equations was developed by J. P. Christensen
[32] in 1969 and he revealed that in the square the statistical equilibrium is associated
to the monopole while for the rectangle with aspect ratio A > Ag the dipole is the
maximum entropy configuration. Although in 1990 the Hamiltonian in the rectangle
and in the square was known, L.J. Campbell and K. O’Neil [25] investigated the vortex
dynamics in these geometries by using the random walk method. They also noticed
that a possible mechanism to increase the energy of the system was to introduce in the
dynamics an annihilation parameter between the positive and the negative vortices.

Their motivation was to use this to represent the effects of diffusion.

The realisation that statistical mechanical approaches could be applied to fluid dy-
namics through the PVM stimulated interest in decaying turbulence in classical fluids

and in particular in two-dimensional Navier-Stokes flows in confined geometries [33],
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[21], [74], [27], [104], [61], [82], [62], [30]. A striking result has been obtained by H. C.
Clercx et al. [33] in 1998: by studying the two-dimensional turbulence in a squared
container with rigid boundaries, they discovered that the high entropy state is given
by the monopole and which has a non-zero angular momentum. In other words, a
two-dimensional classical fluid in a squared container whose dynamics is governed by
the Navier-Stokes equations will spontaneously evolve towards a monopole configura-
tion which carries a non-zero angular momentum. On the other hand, as a direct
consequence of the results obtained by S. Lundgren [71], the dynamics in a rectangular
container must evolve towards the maximum entropy configuration, the dipole, which
has zero angular momentum. In 2009, J. B. Taylor et al. [I14] numerically solved the
Boltzmann-Poisson equation in the square and in two different rectangular geometries
with different aspect ratio showing the maximum entropy configurations in these ge-
ometries. Moreover, in the case of the square, the associated emergence of non-zero
angular momentum is driven by the shape of the container rather than the energy of
the system: this reinforces the fact that the acquisition of angular momentum by a
system can be understood in terms of the statistical theory of PVs in two dimensions.
Similarly conclusions were obtained by Esler et al. in 2015 [43] in more complicated
geometries such as the Neumann ovals. These studies demonstrate the role played by
the geometry in the dynamics of PVs and the importance of a statistical approach in
the description of these systems. The sensitivity of the emergent flows to the shape
of the domain is due to the lack of a well-defined thermodynamic limit. This limit, in
which the number of constituents N and the area of the domain D go to infinity while
their ratio N/D is held constant, is a standard assumption in statistical mechanics in
order to obtain quantities which do not depend on the number of constituents or on
the shape of the container. However, due to the long range interaction for the PVM,

the influence of the domain is an inescapable characteristic as N — oo [43].

Although the statistical properties of hydrodynamic turbulence can be described by
using the PVM, classical fluids do not represent the natural application of the PVM.
When a vortex in a superfluid is considered, it has a vorticity of the form given by Eq.
and a circulation as given by Eq. (2.37). A peculiarity of vortices in superfluids
is that their circulation is quantised [47], [90] and is given by v = h/m [92] where m
is the mass of the single condensate boson. This peculiar property makes a vortex in a
superfluid a well-defined object with a well-defined circulation. Vortices in superfluids
represent the most appropriate system in which the PVM can be applied. Quantised
vortices have been experimentally detected and recorded with a photographic technique
in liquid helium by E. J. Yarmchuk et al. in 1979 [121] and, in BECs, by Neely et al.
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in 2010 [85).

1.6 Three-Dimensional and Two-Dimensional Quan-

tum Turbulence

While CT is associated with continuous distributions of vorticity, QT deals with
a collection of vortices with quantised circulation that closely resemble point vortices
[92]. In three dimensions, these structures are vortex lines and in two dimensions,
they are point vortices. Before the realisation of BEC in 1995 [73], liquid helium was
the only quantum fluid in which it was possible to study QT. Although both support
superfluidity, the vortices in these two systems have different sizes: a vortex in superfluid
*He has a characteristic radius rg. ~ A [39], while in a BEC rgpc ~ um [59]. As a
consequence, it is easier to detect a vortex during an experiment in a BEC rather than
in liquid helium. Moreover, from an experimental point of view, *He does not offer the
possibility to change parameters such as the interaction strength between the atoms of
helium nor its density.

All these problems are absent in BECs: they provide very flexible systems to work
with due to their compressibility, to the tunable interatomic interactions, to the large
number of experimental methods to generate superfluid flows and furthermore, due to
the presence of a well established microscopic theory. In fact, all the the dynamics of a
BEC at zero temperature can be well described by the GP equation presented in Chap-
ter 2. Therefore, QT can be studied by creating vortex lines in three-dimensional BECs
and quantum vortices in two-dimensional BECs and investigating their dynamics, their
mutual interactions and their interactions with the condensate. All these interactions
are well modelled by the GP equation in the limit of zero temperature. However, if
the condensate is at non-zero temperature, other models are necessary [13], [94]. These
models are important since the incompressible energy of a BEC is radiated by emission
of sound and then dissipated with the interactions with the thermal cloud [I].

All these considerations seem to lead to the conclusion that BECs provide a suitable
environment in which QT can be studied. However, the most natural questions to raise
at this stage are the following: "how can quantum vortices be created and detected
in a BEC?” Quantum vortices can be created in a BEC by phase imprinting [67], [54],
by transfer of orbital angular momentum to the condensate [120] or by laser stirring
[85]. As to their detection, interferometric techniques have been used to detect the

position and the winding number of the vortices [75], [31], [58] while sequential images
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taken during their dynamics [4], [85], [48], [79] have also been used. Therefore, all the
ingredients for the study of QT are present and the immediate comparison between CT
and QT is to find the presence of a direct cascade in a three dimensional BEC. Evidence
of a direct energy cascade was found by J. Maurer [76] in 1998 and by M. Kobayashi
[72] in 2005. Such direct cascade was also found in other quantum fluids like “He by T.
Araki [112] in 2002 and in *He by D. I. Bradley [19] in 2006.

Regarding two-dimensional systems, various attempts have been made to make a
connection between CT and QT from a numerical point of view. The energy flux from
small scales to large scales have been demonstrated by Yatsuynagi et al. [122] in 2005
but, in 2009, R. Numasato et al. [87] concluded that an inverse energy cascade is
not a necessary feature of two-dimensional QT. However, the presence of an inverse
energy cascade in BECs has been found in various geometries [84], [6],[108],[95]. In
all these works, the authors focused on the analysis of the energy spectrum during the
decay of quantum turbulence, but other possible ways to quantify the clustering in a
BEC based on the Ripley’s function [98] have been proposed by A. White [I19]. Only
recently A.S. Bradley and B.P. Anderson in 2012 [18] fully established a link between

the two-dimensional CT and two-dimensional QT.

In order to compare CT to QT, the role of the annihilation of quantum vortices with
opposite circulation needs to be understood: this mechanism has been investigated in
detail by several authors [83], [66]. An important progress in the modelling of the
dynamics of quantum vortices in BECs has been made by Simula et al. [I07] in 2014
by using the PVM and adding to it an annihilation parameter 9,,,: PVs with oppo-
site circulation whose mutual distance is less than §,,, are removed from the system.
This artefact mimics the pair annihilation which is naturally present in a BEC but is
absent in the PVM since this model conserves the total number of vortices. A similar
approach has been used by T. Billam et al. [I4] in a doubly periodic domain. The
idea of introducing an annihilation parameter, dates back to 1990 when L.J. Campbell
and K. O’Neil [25] noticed that this mechanism can increase the energy per vortex of
the system and leads to clustering. It results in evaporative heating (the inverse of
evaporative cooling) in which coldest constituents are removed from the system, and
these constituents are represented by the vortex-antivortex pairs. Since the annihilation
process increases the energy per vortex, the systems migates into the negative temper-
ature regime, and Onsager’s statistical theory could now be applied to the quantised
vortex gas. More recently, in 2016, X. Yu et al. [125] successfully applied a statistical
theory based on point vortices to describe the formation of large coherent structures in

a circular domain. In the case of a finite temperature BEC, the vortex dynamics can

11
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be modelled by using the so called dissipative PVM [7], which takes into account the
interactions between the vortices and the condensate. However, these works focused
on the doubly periodic domain or on the circular region in which the total angular
momentum is a constant of motion. As already pointed out in the case of CT, the role
played by the geometry is fundamental in the long term dynamics of the system. In
particular, the differences in the long term dynamics of quantum vortices in the square

and the rectangle, for our knowledge, have never been investigated with the PVM.

1.7 Statical Mechanics of Quantised Point Vortices

It is clear that the dynamics of quantised vortices in a BEC can be investigated
with the PVM. However, a systematic description in the square and the rectangle are
missing and this is the first aim of this thesis: to investigate in depth the dynamics of
PVs in these confining geometries in which, due to the absence on the constraint on
the angular momentum, a spontaneous acquisition of angular momentum could occur.
Moreover, due to the nature of quantised vortices, it is natural to apply statistical
theories based on the PVM to the study of QT.

The problem of applying statistical methods to the analysis of a BEC in real experi-
ments has been carried out in 2011 by Yefsah et al. [123]. However, a mean-field theory
based on the PVM is missing in the literature: this theory is the key to understand and
to predict the formation of large coherent structures in two-dimensional QT. Therefore,
the second aim of the thesis is to develop a mean-field theory of quantised point vortices
in a two-dimensional system and to compare the results obtained from the dynamical
descriptions of the system with the PVM. In particular, a mean-field theory based on
the microcanonical approach will be developed in a generic confined domain D and
applied to a squared and rectangular domain. The choice of these geometries is also
reinforced by the possibility of creating BECs in uniform potential optical traps which
allow the study of the dynamics of quantised vortices in geometries like the square and
the rectangle [50]. This fact emphasizes the utility of using the PVM to model the
dynamics of quantised vortices in such domain. An additional aim of this thesis, is
to make a quantitative connection between the mean-field theory and the dynamics
described with the PVM. Indeed, such detailed comparisons are completely missing in
the literature even in studies motivated by CT. Finally, testing these theories against
predictions obtained with the GP model of a superfluid has not been considered to
date. We will therefore culminate the findings of our results with the PVM and the

statistical approach to compare these against a more realistic microscopic model in the
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form of the GP equation.

Summarising, this thesis will investigate the dynamics of point vortices in the square
and the rectangle, will show how to develop and apply a mean-field theory to such
systems and how it is possible to make a quantitative comparison between these two

approaches.

1.8 Thesis Outline

This thesis is organised into six Chapters and a brief description on the contents
of each Chapter is given below. In Chapter 2, a brief introduction to BECs and the
derivation of the GP equation will be provided. Moreover, the hydrodynamic approach
to BECs will be given and, the PVM will be presented as a possible way to describe the
dynamics of quantised vortices in BECs. The PVM will be fully developed in the case
of unbounded and bounded domains. In Chapter 3 a review of classical and statistical
thermodynamics will be given and in particular, the concept of the negative tempera-
tures will be discussed in the context of the point vortex model and fully explained. By
applying the maximum entropy principle to a system composed of point vortices, the
BP equation will be derived. In Chapter 4 the BP equation for a neutral system of point
vortices is solved numerically in a square and a rectangle and the solutions obtained are
classified in terms of their energy and entropy. This will allow the classification of the
configurations of point vortices according to weather they correspond to local or global
maxima of the entropy in both geometries. In Chapter 5 the dynamics of point vortices
in the square and the rectangle will be investigated in depth. In particular, several
aspects of the dynamics will be considered. In the first part, a qualitative analysis of
the dynamics of point vortices is presented. This will reveal good agreement with the
statistical predictions presented in Chapter 4. A description of the dynamics based
on the analysis of the angular momentum is also given. In this Chapter, a method
that allows direct quantitative comparison between predictions of the PVM and the
statistical theory of Chapter 4, is also developed. To our knowledge such a thorough
validation between direct dynamical simulations and results of the BP equation has not
been performed before. In Chapter 6 the dynamics of quantised vortices is investigated
by numerically solve the GP equation in a squared domain and in a rectangle. This

study will show good agreement with the results presented in Chapter 5.
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Chapter 2

Gross-Pitaevskii Theory and Point
Vortex Model

In this Chapter an introduction to the Gross-Pitaevskii theory and to the point
vortex model will be given. More details about the Gross-Pitaesvkii theory can be

found in [52] and [92] whereas the point vortex model is discussed in [86].

2.1 Weakly Interacting Bose Gas

In nature there are two kind of particles: bosons and fermions. If a system is com-
posed of N identical particles each of mass m then, according to Quantum Mechanics,

it is described by the N body wave function
U(x1,Xa,...XN), (2.1)

where x; is the position of the i-th particle, : = 1,2,..., N. The wave functions which
describe bosons and fermions have different behaviour if two particles are swapped. In
particular for bosons the wave function has to be symmetric under permutation of any

two identical particles

\I/(...XZ',...,XJ',...):\I/(...Xj7...,Xi7...), (22)

\I/<...XZ‘,...,X]',...):—\I]<...Xj,...,XZ',...>. (23)
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In this work the former kind of particles are considered and, hereafter, it will be un-
derstood that the particles which are being studied are bosons. The wave function

U(x1,Xa,...Xy) satisfies the Schrédinger equation

A~

HY(x1,%9,...xy5) = EV(x1,Xs,...Xy), (2.4)
where

A R N L1 N

H = —% Zzlvl + §ZJZI th(Xi — Xj), (25)

is the Hamiltonian operator of the system and V;,;(x; — x;) is the interaction potential
between particles. In Eq. the factor 1/2 in the second summation avoids the
over counting of interaction between pairs. When the number of particles is large,
solving the Schrodinger equation for all particles with a suitable initial condition, is very
complicated and for this reason a quantum field theory approach is more suitable. In a
second quantization framework [[| the wave function is replaced by the field operators
Uf(x) and ¥(x) which create and annihilate a particle at position x respectively and

which satisfy the following commutation rules at equal time
(), U] =ox—x), )W) = [Bx), Bx)| =0 (26)

where [fl, B] = AB — BA, and ¢ is the Dirac delta function. The Hamiltonian operator
(2.5), in the second quantisation formalism, becomes [92]
. . 72
H= /d?’X\l/T(X, t) [—Q—VQ + Veur (x, t)} U(x,t)
m
1 A ~ ~ ~
+; / dx / B (x, )BT (!, ) Vi (5, %) B (x, ) B (). (2.7)
where V,,;(x,t) is an external potential and d®x = dxdydz. If the considered system

consists of a dilute gas then the interactions between bosons are dominated by two-body

collisions and hence, the interaction potential can be written as [92]

Arh2a

m

Vint(x,X') = gd(x — x') = d(x —x'), (2.8)
where ¢ is the coupling constant and ag is the s-wave scattering length. In a d-

dimensional space the units of the field operators ¥ and U! can be obtained from
Eq. (2.6) and are given by [\il] = [\PT] — (~%2 which reduces to [\ij] - [@T] — ¢-3/2

'For a complete and formal definition see [45].
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in the three dimensional case. Replacing the interaction potential (2.8)) into Eq. ([2.7))

gives
.\ A h? N
H= /d3x\lﬁ(x, t) [—Q—VQ + Veur (%, t)] U(x,t)
m

+2 / Pt (x, )V (x, )T (x, ) (. 1). (2.9)

The time evolution of the operator WU is governed by the Heisenberg equation [45]

ih% _ [\if(x, t),]fl} , (2.10)

and by using the commutation relations ([2.6))

. . R .
[W(X,t),H} = _%VQIII()QH+‘/;mt(xvt)qj(xvt>

+ g / &’ [@(x, t),\wx',t)\iﬂ(x',t)xi:(x',t)\ir(x',t)]

- [_%vuvm(x,t)+g@f(x,t)\if(x,t)] U(x,t). (211

Therefore, the time derivative of the operator \il(x7 t) given by Eq. (2.10]) becomes

L OU(x, 1)
zh—at

2m

— { e V2 4 Vi (x, 1) + g¥T (x, 1)U (x, t)] W(x,t). (2.12)

If the temperature of the system is sufficiently low, by using the Bogoliubov ansatz [15]

~ ~

U(x,t) = o(x,t) + do(x,1), (2.13)

the wave function can be split into a mean-field term which has non zero mean value
(¢(x,t)) # 0 which represents the vacuum expectation values of the operator W(x, t)
and a term which has a zero mean value (§¢(x,t)) = 0 and it represents the quantum
fluctuations. This assumption is justified if the lowest energy states are macroscopically
occupied and hence the system can be described by the classical field ¢(x,t) and the
fluctuations around it. By substituting into Eq. , the Hamiltonian H can
be decomposed into five terms [94]: a leading order term Hy which involves only the
complex wave function ¢(x,t) and other four terms which involve both ¢(x,t) and the

operator 5$(X, t). In the 7" = 0 limit, the non condensate contribution (5& can be set
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equal to zero and hence H ~ Hy, and hence, Eq. (2.12) becomes

0 h?
Qﬁ’ ) _ —%V%(X?t) + Ve d(x, 1) + glo(x, 1) [P0 (x, 1), (2.14)

g

which in known as Gross-Pitaevskii equation. Hereafter, the Gross-Pitaevskii equation
will be referred as GP equation. The normalization condition on the wave function is

given by
[ 1otx px = x. (2.15)

where N is the total number of bosons in the condensate.

2.2 Vortex Solutions

In this section a gas in an unbounded domain is considered, hence in the GP equation
V.2t = 0 and a particular solution of the equation will be investigated. Therefore
a coordinate system (r, 6, z) can be used and and it will be assumed that the solution
does no depend on the z - coordinate. This assumption is justified since a ground
states solution, corresponding to a straight vortex line, is considered. The GP equation
assumes a simple form if the time and spatial dependence of the wavefunction can be
factorized as [92]

p(x,t) = (x) exp (_;“ t) ; (2.16)

where p is the chemical potential, which represents the energy associated with the
addition of one boson to the condensate. By substituting (2.16]) into Eq. (2.14) the

following time-independent GP can be obtained

2
(50 7% = 1+ gl o) =0, (2.17)

In cylindrical coordinates the wavefunction ¢(x) can be written as
o(r,0) = e F(r), k=+1,42, ..., (2.18)

and hence, Eq. (2.17) becomes

h21d(dF) n? k2

2mrdr

roo )t ——F(r)+gF*(r) — pF(r) = 0. (2.19)

2mr
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At a point located far away from the vortex line, the density must be equal to the
uniform value n., while at the centre of the vortex line it must approach to zero. This
is due to the fact that the second term of Eq. is singular in 7 = 0 and hence
F(r) = 0 if r = 0 avoids singularities in Eq. (2.19). Therefore,

F(r) = y/ne if r— 400, F(r)y—=0 if r—0 (2.20)

and the wave function can be written as F'(r) = /nef(r), and Eq. (2.19) becomes

2 2 1.2

As r — +o0 the first two terms of the above equation vanish, leading to

U= gNeo, (2.22)

which gives the relation between the chemical potential u, the density of particles n.,
and the coupling constant g. Equation (2.21)) reduces to

1d df ) < kz) 3
——\n=)+|1—=) f(n)—f(n) =0, 2.23
(o ) f0) - £ (223)
if the following dimensionless quantities are introduced

h
V2mgne,

where ¢ is called the healing length. The healing length is the characteristic length

S

(2.24)

=
Il
M3

where the kinetic term and the non linear term of the GP equation compete,

hZ

W = gNoos (2.25)

and it represents the distance over which the wave function tends to its bulk value
when a localized perturbation occurs. Fig. shows the vortex profile f(n) written
in terms of a Pade approximation [I12] for £k = 1. At this stage, a vortex in a BEC
seems to be only characterised by a region of the space where the density goes to zero.
This is not the full story and, in order to understand the real nature of a vortex in a

BEC, it is convenient to write the so called hydrodynamic formulation of a BEC.
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Figure 2.1: Pade approximation of a vortex profile f(n) solution of Eq. ([2.23)) for
k=1.

2.3 Hydrodynamic Formulation of Bose-Einstein Con-

densates

In this section, the hydrodynamics approach to BECs will be explained. In the
following, for simplicity the spatial and time dependence (x, t) of the wave function will
be understood. By multiplying the GP equation (2.14)) by ¢* and by considering the

complex conjugate of this quantity the following equations can be obtained

. *agb _ h2 * 72 2 4
Zh¢ E - _%¢ v ¢+‘/ext|¢| +g|¢(X,t)| )
Line?” = e e+ gleta ) (2.26)
ot 2m et g ’ ’ '
Subtracting them
- *a¢ a¢* _ h2 *v72 1 2 %
(075 05 ) = g (07V%0 - 0V (2.27)
which assumes the form 9
8—7: LV (av) = 0, (2.28)
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where the particle density n, and the velocity field of the condensate v are given by

n=¢d" =0,  v=

f (¢*V¢ — ¢V¢*> . (2.29)

2mi ||

Instead of using the density of particles n, it is useful to define the mass density p =

m|¢|? for which Eq. (2.28) becomes

dp B
o +V-(pv)=0. (2.30)

Hence the GP equation has the form of a continuity equation for the mass density p.
The total mass M of the condensate is simply given by integrating the mass density

over the total volume
/pd3x = /m|¢|2d3x = m/ |9|?d*x = mN = M. (2.31)

A complete description of a BEC from a fluid dynamics point of view is obtained by

writing the complex function ¢ in the magnitude-phase representation

B(x,t) = /n(x,t)e?*D, (2.32)

also known as Madelung transformation. Since

Vo = Vine? + niVpe,
Vo* = Vine ™ —\/niVee ¢, (2.33)

the velocity field becomes

h [(6'Vé— oV h 2miVe R
2mi ( B2 ) 2mi  n ngo, (2:34)

which reveals an interesting property of condensates: V x v = 0. Hence, the flow
is irrotational which is a typical characteristic of superfluids. It is now possible to
deeply understand the nature of a vortex in a BEC and in a superluid by evaluating

the integrated change in the phase

Ap = Ja{ V- dl, (2.35)
C
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where dl = dru, + rdfuy is the infinitesimal displacement along the curve C' which
encloses a vortex. Assuming the values of the wavefunction ¢;, and ¢, at the initial
and final points of the curve C;, = Cj;p, to be equal (single-valued wavefunction), it
implies

Ay = 2rk, kE=+1,+2... (2.36)

Therefore, a vortex in a BEC is not only a region in which the density goes to zero,
but most importantly, it is a phase defect of the condensate. The evaluation of the

circulation is straightforward and is given by

m

h
fy:fv.dlz—k, k=412, .. (2.37)
C

where C' is a curve which encloses the singularity and v is given by Eq. (2.34). If the

curve C' does not enclose any singularity, then Stoke’s theorem can be applied and

yz%v-dl:/va-dA, (2.38)
c A

where A is a surface with boundary C' and dA is the surface normal. Since the flow is
irrotational, the circulation is identically zero. However, Stoke’s theorem does not hold
if C' encloses a vortex and hence, a fluid can be irrotational and still carry circulation:
in this case the velocity field is irrotational except at the position of the vortex in
which all the circulation is squeezed. Equation ([2.37)) reveals an important property of
quantum fluids: the circulation is quantized and the quantum of circulation is given by
h/m. This property is not true in classical fluids where the circulation can assume any

continuous value. If the velocity field generated by a single vortex v = v,u, + vguy has
no component along u,, Eq. (2.37) gives

= -dl =2 = — 2.39
v %CV TrUg, Vg Sy ( )

which is the azimuthal velocity around the singularity which is singular at the posi-
tion of the vortex. To conclude the hydrodynamic formulation of BEC, the Madelung
transformation is now substituted into the GP equation (2.14]) where, without
loss of generality, the external potential V,,; is set equal to zero. Equating both the

real and the imaginary parts of the left and right hand sides, leads to the following two
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equations

Re : —h \/_———VQ\/_+—\/_|VQO|2+gn\/_ (2.40)

Sm M = ——\/ﬁv%o — —V\/ﬁ V. (2.41)
ot 2m m

For points where n # 0, the gradient of Eq. (2.40) gives

ov viyn] 1 )
—mg = 2mV [ T ] + §V|v| + gVn, (2.42)

where Eq. (2.34) has been used. The second term on the right hand side can be written
by using the following vectorial identity V|v|? = 2v x (V x v) + 2(v - V)v which gives

ov R _ [V3/n
. V[ NG

ot 2m
and since v = V, the second term on the right hand side of the above equation is
identically zero. Therefore, Eq. (2.43]) becomes

} +vXx(Vxv)+(v:-V)v+gVn, (2.43)

ov h?
E‘i‘ (V V) = ——Vp+

] "

where p = mn(x,t) is the mass density. If the last term in the above equation is
neglected, the above equation is similar to the Euler equation for an ideal fluid. It
should be noticed that the Euler equation contains the term v x (V x v) which in
this case is identically zero. The last term is the quantum pressure which reveals the
quantum nature of the system and it vanishes if A — 0. If the imaginary part is

considered, by writing

10n h s h 1
and noting that
Vn= Vi)Y = 2vavvi . 2o mr—amdY o)
ot 0t ot

the continuity equation ([2.28])
on
- = A4
5 +V-(nv)=0, (2.47)
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is recovered which can be multiplied by the mass of each boson m in order to obtain
Eq. (2.30). This shows that the GP equation contains two fundamental equations of
fluid dynamics: the continuity equation (2.47)) and the Euler equation ({2.44)) except for

the quantum pressure term.

2.4 Two Dimensional Flows in Unbounded Domains

In this section a brief introduction on two dimensional fluid dynamics will be given. A

two-dimensional flow is described by a velocity field
u = u(x,t) = ui+ vj, (2.48)

where the component w along the k direction is zero. The density of the fluid p(x,?)
will in general be a function of space and time and the conservation of the mass implies
that the density must satisfy the continuity equation (2.30). If the density does not
change in time and space the flow is said to be incompressible and hence, the continuity

equation (2.30) becomes
V-ou=0. (2.49)

Hereafter, the density will be assumed to be constant in space and time. The vorticity
field w is defined ad the curl of the velocity field u

w=V xu, (2.50)

whose magnitude acts as a measure of the local rotation of fluid elements. It has to
be emphasized that the vorticity has nothing directly to do with any global rotation
of the fluid: in fact a fluid can undergo rigid rotation but have zero vorticity. The
incompressibility condition given by imposes the existence of a function 1) called
vector potential, such that

u=V X, (2.51)

where the dependence of the spatial variables is understood. By inserting (2.51)) into
(2.50)), the vorticity becomes

w= -V +V(V- ). (2.52)

The vector potential is not unique: in fact, for any smooth scalar field (, it is possible
to define ¥’ = v + V¢ which still satisfy Eq. (2.49). This gauge freedom can be used
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to fix the gauge V - ¢ = 0 which will simplify Eq. (2.52)) into
w = —V?1. (2.53)

In a two dimensional flow, the vorticity (2.50) has a non-zero component only along k
and hence also the vector potential is non-zero only along the same direction and it can
be written 1 = ¥k. As a consequence, Eq. (2.53)) reduces to a scalar equation

w= -V, (2.54)

where ) is called streamfunction. Moreover, by inserting ¢ = ¥k into (2.51f), the

velocity becomes

u:Vx¢:V¢xk+¢kaszxk:a—¢i—8—¢j, (2.55)
dy ox
and hence, by comparison with Eq. (2.48))
oY o
. =, 2.
u dy’ v e (2.56)

In order to understand the importance of the streamfunction, the concept of a streamline
needs to be introduced. A streamline is defined as a line that is everywhere tangent to
the instantaneous velocity field. Hence, if dx = dxi—+ dyj is the element of length along

the streamline, then the cross product between dx and u must vanish,
u X dx = (udr — vdy)k = 0, (2.57)

which defines the equation of a streamline. The variation of the streamfunction dy)(x, y)
along a streamline is given by

0 0

dip = —wdx + —wdy = —vdzx 4+ udy = 0, (2.58)

ox oy
where in the last equality Eq. (2.57]) has been used. This shows the important property
that along a streamline the streamfunction is constant.
For a fluid with constant density p, described by a velocity field u, it is possible to
define its kinetic energy by

B =" / [u’®x, (2.50)
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where d*x = dxdy, and the integral is extended to the unbounded domain. Integrating
by parts and assuming that the streamfunction goes to zero at infinity, Eq. (2.59)

becomes

Bun = § [ 1901190l = = [ovPux (2.60)

Recalling Eq. (2.54]), the final expression for the kinetic energy is given by

P 2
Ein, = 3 /w(x)w(x)d X. (2.61)

Another important physical quantity related to a fluid is given by the the angular

momentum L: for a fluid with density p it is given by

L= / (x — x.) X pud’x, (2.62)

where x,. is the reference position about which the angular momentum needs to be
evaluated and the integral is extended to the considered domain. It is clear that the
angular momentum has a non-zero component only along the k direction since x — x..
and u do not have component along k.

Sometimes, it is useful to express the velocity and the vorticity fields in polar coordinates

(r,0) and, in this case, the radial and azimuthal components of the velocity are given

by

10¢ o
== - 2
“ r 060 1o or (2:63)
Expressing Eq. (2.54]) in polar coordinates, the vorticity is given by
10 [ oY 1 0%
S (A I 2.64
“ ror <T8r> r2 00? (2.64)

2.4.1 Point Vortex Decomposition

In the previous section a description of a fluid flow in terms of the velocity field
has been provided and important physical quantities such as the kinetic energy and
the angular momentum have been introduced. The velocity field u generated by a
distribution of vortices can be obtained once the vorticity field w is given and therefore,
the first step is to define the vorticity field w for the flow.

The simplest model for a flow containing vorticity is the so called point vortex model
and it was introduced by Helmholtz [56] in 1858: in this model, the vorticity of a single

vortex with circulation vy located at the point x = xq, is represented by the Dirac’s
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delta function
wo(x) = Y00(x — Xo). (2.65)

In other words, the vorticity source is concentrated at the point x = X, it has infinite
intensity but a finite circulation. Since the Eq. (2.54)) is linear, for a distribution of
N vortices it is possible to invoke the principle of superposition. Hence, labelling each

point vortex by a subscript 7, the total vorticity for such a system is given by

W) = 3 wilx) = Y 0lx - x,), (2.60)

where x; and 7; are the position and the circulation of the j-th vortex, respectively.

The streamfunction for a single vortex with strength vy placed at x = xq can be

evaluated by solving Eq. (2.54]) with (2.65]) on the left hand side,
Vg = —06(x — Xo), (2.67)
whose solution E| is given by
"o
Yo(x) = Ton log [x — xq. (2.68)
™

The presence of a single vortex generates a velocity field whose components are given

by (250

L. () Y — Yo
oY = Gy T T )  wl (209
wley) = - T (2.70)

or %(x—l‘o)Q‘F(?J—yO)Q'

Notice that the velocity field is undefined at (x,y) = (x¢, yo) where the vortex is located
and since a point vortex does not induce velocity on itself, the position of an isolated
point vortex does not change in time. For a distribution of N vortices located at x; with
strength ~;, the principle of superposition can be invoked. Therefore, the streamfunction

is given by

N | N
(x) = Z%’(X) T Ton Z% log |x — x], (2.71)
i=1 i=1

2For details see Appendix §
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and the components of the velocity are given by

N N
u(x,y) = ZZI wi(z,y) = 2 ;—; (= xl)yz;y(ly EEEL (2.72)
N N ’, R
for (z,y) # (zi,y;), i = 1,--- ,N. In this case, the velocity field is not defined in all
the positions (z,y) = (z;,v:), ¢ = 1,--- , N in which vortices are located. If N vortices

are present in a flow, the velocity at the position (z;,y;) where a vortex is located, is
given by evaluating the velocity field generated by the N-1 vortices except from the
j-th vortex at the position (x,y) = (x;,y;), hence

N
_ i Yi — Yi

=l ) = 2.74
uj u('rjv yj) 27T ( . xz) 4 (y] . ,%)2’ ( )

#J

Ti— T;
U]'Ev<xj7yj> = _Z j+(y _y) (275>
j %
wé]

where the terms j = i have been removed in order to avoid the contribution of the
j-th vortex. Since the velocity of a single vortex evaluated at the position of the vortex
is not defined, hence, also its kinetic energy is singular: in fact, assuming a constant
density p, the kinetic energy is given by substituting Eq. and Eq. into
Eq. (2.61]

Egin = /% X)wo (X)d?x = pég: /log\x— Xo|d(x — xo)d*x, (2.76)

which diverges since the presence of Dirac’s delta function imposes x = xq. This di-
vergent quantity is called the selfinteraction and, in this model, it is not a well defined
quantity. For a distribution of IV vortices, the kinetic energy will be given by two contri-
butions: the first is given by all the selfinteractions terms and the second contribution
is given by all the interactions between all the other vortices. The selfinteraction terms
will be neglected and the term which involves all the interactions between the vortices
will be called Hamiltonian and it will be denoted by the letter H. Therefore, when a
distribution of N vortices is considered, the kinetic energy is given by inserting
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and ((2.66) into (2.61)

N,N

p
Byin = =7 S vilog |xi — x| = H + Mo, (2.77)

ij=1

where a factor 1/2 has been introduced in order not to double count the interactions.

‘H represents the regular part and H., the self interaction terms

N,N N

p p ..

M= _E”Z:l yloglxi = x5l Heo = —515%2173 log [e]. (2.78)
i

By knowing the Hamiltonian of the system, the components of the velocity can be

recovered by evaluating the following terms

Tj = ia—H, U = _18_7-[ (2.79)

75 9Y; " 0
At this stage it is useful to notice that in the above equations the position coordinates
play the role of canonically conjugate coordinates for the Hamiltonian system given by
H as defined in (2.78). This is a crucial property of a two dimensional system: the phase
space coincides with the physical space and this important fact plays a fundamental
role in the study of these systems using a statistical mechanical approach. More details

are given in Chapter [3]

2.4.2 Point Vortex Approximation of the Gross-Pitaevskii Equa-

tion

The GP equation (2.14)) can also be derived [92] by evaluating

,0¢ OHgp
ih T 7 (2.80)
where Hgp is the energy functional defined as
_ 3 5 2 2, 4 4
HGP = d’x %\Vﬂx, t)’ + Veth(x, t)‘ + §|¢(X, t)’ . (281)
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Following [18], the two dimensional GP energy functional Hgp can be decomposed as

the sum of the following four terms

Be = 5 [ sxolvexO)Pdx (2.82)
By = —/ (%, ) Vi (x, 1)) dPx (2.83)
E = 2m2/p (x,t)d*x (2.84)

h2
By = o / V/px 8 [2dx. (2.85)

where p(x,t) = mn(x,t) is the density, V., is the external potential and g is the coupling
constant defined by Eq. . These terms are the component of the total energy H
decomposed into the kinetic energy E, the potential energy Ey ., the interaction energy
E; and the quantum pressure energy Eg. When the flow is described on lengthscales
larger than the healing length, the density can be approximated as p(x,t) ~ py+€p(x, t)
where € < 1. Then at leading order E; is constant and Eg is zero. If the external
potential is zero, then also Ey is zero and the relevant term in the energy functional
Hgp is the kinetic energy term Ex. A three-dimensional system containing N straight
vertical vortex lines can be reduced to a planar distribution of N point vortices if the
variable along the k direction is set to be constant. In this case, the kinetic energy E

of a planar distribution of vortices becomes

Ex = %/p(x, t)|v(x,t))|d*x, (2.86)

and it presents both infrared and ultraviolet divergence. In order to regularised E,
a multiply connected domain A which contains N vortices each with circulation -y is
considered. The domain A is assumed to be bounded by a circle with radius R in which
small circles Cj, with radius ry (k= 1,...,N) around each vortex have been removed.
The radius r; of each circle is small but still large compared to the healing length ¢
defined by Eq. . At leading order, the kinetic term E can be written as follows

Ex =2 / v = £ / (v x Vo) - kd’x, (287)
2 A 2 A

where 1 is the streamfunction given by Eq. (2.71) related to the components of the
velocity v by Eq. (2.56]). Since V x (vi)) = )V xv+vx V), and the fluid is irrotational
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in the multiple connected domain, the above equation becomes

EK_@/VX(V¢).dS_@]{¢V-dI+@ v - dly, (2.88)
2 A 2 C 2 Ck

where dS = kd*x and the Stokes’ theorem has been applied. In Eq. dly =
(dry,rpdf) is the infinitesimal displacement along each curve Cj and dl = (dr,rdf)
along C. Along the curve C distant R from the vortices, the velocity field and the
streamfunction 1 can be approximated by replacing all the vortices by a single vortex

with circulation equal to the sum of the circulations of all vortices, hence

Vtot
Vp —

 27rR’

N
_ Ttot .
¢(R) - o lOg R7 VYtot = ;f)ﬁm (289)

where Eqgs. (2.39) and (2.71)) have been used. Substituting these two quantities into
the integral along C in Eq. (2.88)) gives

Po P
b 7{ Yv-dl = —E’yfot log R. (2.90)

The second integral of (2.88) along the curves C} can be regularised by assuming that
on the circle the streamfunction given by Eq. (2.71)) is nearly constant and it is given
by

N
1
Yx) = —5- > yjlog lxi — xy. (2.91)
=1
Tk
In fact, since the velocity around each circle Cy, is given by vg = /271y, the last term

of Eq. (2.88]) becomes

N,N

% jgk v - dl, = —Z—;j;l vy log | Xk, — X, (2.92)

J#k

which is the regularised interaction energy. The first integral given by Eq. is
constant and it does not contribute to the dynamics. On the other hand, the integral
given by depends on the mutual distance |x; — x;| and it contributes to the
dynamics. The term of the kinetic energy Fx given by Eq. is equivalent to the
regular term of the Hamiltonian H for the point vortex model given by Eq. .
This ensures the possibility of studying the dynamics of quantum vortices in a BEC
described by the GP equation by using the point vortex model approach where
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the equation of motions are given by Eq. (2.79).

2.4.3 Lamb-0Oseen Vortex

The vorticity field associated with the vortex model suffers from having a singular
distribution. In order to allow comparisons with the smoothed coarse-grained vorticity
fields to be obtained from our mean-field theory to be presented later, we will aim to
reconstruct smoothed form of the vorticity field from our distribution of point vortices.
A natural way to recover such a smooth representation of vorticity from superfluid
point vortices is to adopt the so called Lamb-Oseen vortex which is an exact solution
of the Navier-Stokes equation. We emphasise that this solution is merely used as a
way of choosing an appropriate smooth kernel for the vorticity and the connection with
the Navier-Stokes equation does not have any physical significance for our purposes.
Since this vorticity field arises as an exact solution of the Navier-Stokes equation for
the vorticity, a brief introduction to the Navier-Stokes equation for an incompressible
fluid in three spatial dimensions will be given, and sub-sequentially the two dimensional

case is considered.

The Navier-Stokes equation for a three dimensional velocity field u with density p

is given by [86]

1
E;—ltl +(u-V)u= —;Vp + vV?u, (2.93)
where p is the pressure field and v is the viscosity of the fluid. By using the following
identities
1 2
(u-V)u = §V|u| —ux (V xu), (2.94)
Viu = -V xVxu+V(V-u), (2.95)

Eq. (2.93)) can be written as

0 1 1
a—ltl + §V|u|2 +wxu= —;Vp — vV x V X u, (2.96)

where the incompressibility condition (2.49) has been applied. Taking the curl of this

equation and noticing that the divergence of a curl and the curl of a gradient are trivially

zero, gives
%—j +V X (wxu) =vViw, (2.97)
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By using the following identity
Vx(wxu)=u-Vw—(w-Vut+w(V-u) —ulV- w), (2.98)

and noticing that the last two terms vanish, the Navier-Stokes equation for the vorticity

finally becomes

%_‘: +(u-Vw— (w-V)u=rViw. (2.99)

This equation holds for a three dimensional flow, and if a two dimensional flow is

considered, it can be simplified since the last term on the left hand side vanishes

%—j + (u-V)w = vViw. (2.100)

In addition, for a two dimensional flow, the vorticity w becomes a scalar function
perpendicular to the plane where the dynamics occurs so that w = (0,0, w(z,y)). Hence,

the above vectorial equation becomes

%—j + (u- V)w = vV3uw. (2.101)

By using a polar coordinate system and by assuming u = (0, ug, 0) and w = (0,0, w(r))

the Navier-Stokes equation becomes the heat equation for the vorticity w

aa—j = vViw. (2.102)

Equation is a diffusive equation which depends on the viscosity v which deter-
mines the size of the viscous vortex core. Before solving Eq. it is important
to clarify what Eq. represents. If a single vortex with strength v, is placed
somewhere in a two dimensional space the above equation represents the evolution in
time of the vorticity field due to the viscosity represented by the parameter v. If the
vortex is assumed to be placed at the origin, at some initial time, the vorticity is given
by

w(x,t=0) = v0(x), (2.103)

which is the required initial condition. By inserting the inverse Fourier transform of
the vorticity field

1 “+o00 “+oo ]
wix, 1) = o / / ok, e dk,dk,, k= (k, k), (2.104)
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into Eq. (2.102) the problem is reduced to solving

0w
= —v|k|*®, 2.105
o = —vlkPa (2.105)
which can be integrated to obtain
@k, t) = Ae VKt (2.106)

where A needs to be determined by imposing the initial condition described in ([2.103)).

In particular, the Fourier transform of the initial condition is given by

“+oo —+00
A=k t=0)= / / 00 (x 1k'xdxdy:;—7i. (2.107)

The vorticity field is therefore given by evaluating the inverse Fourier transform of the

=13 / / e VIKPtetex g (2.108)
m

which is a Gaussian integral of the form

+oo +oo 2 T 2
/ / oalkP+8k g — T 181/ (2.109)
B (67

above quantity

By comparison a = vt and 8 = ix, and finally the vorticity is

w(x, t) = ﬁ el /4t (2.110)

which can be written as a function of the distance r,

wir,t) = %e*’ﬂ/‘m. (2.111)

In the case of a point vortex the value of the circulation in a circle of radius » > 0
is always 7: in the Lamb-Oseen vortex, this is not valid anymore. The value of the

circulation in a circle of radius r and at time t is given by

Yo(r,t) = / Tw@,t)mdg:%{ e g (1— e, (2.112)

therefore, the value of the circulation depends on the distance r at which the integral
(2.112)) is evaluated and on time t. For a point vortex, the radial and the azimuthal
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Figure 2.2: Vorticity and velocity profile for a Lamb-Oseen vortex.

component of the velocity are given by substituting (2.68)) into (2.63]) with xo = (0,0)

Y0
u, =0, Ug = ——

= 2.113
2mr’ ( )

and hence, the velocity profile of the Lamb-Oseen vortex is given by substituting vy in

the (2.113) with ~o(r,t) given by (2.112))

ug(r,t) = % (1 - e_r2/4”t) : (2.114)

The velocity and vorticity profiles for a Lamb-Oseen vortex as a function of the distance
r from the core of the vortex are shown in Fig.(2.2): in this case vy = 1 and v = 0.1.
Fig.(2.2]) shows also that for the Lamb-Oseen vortex, the velocity field is not singular,

and this allows also the evaluation of the kinetic energy for a single vortex.

2.5 Domains with Boundaries

In the previous section a flow in an unbounded case has been described. However,
experiments and physical systems are typically bounded, hence it is extremely impor-

tant to develop a theory for finite size systems. Since the velocity field generated by a

34



CHAPTER 2. GROSS-PITAEVSKII THEORY AND POINT VORTEX MODEL

distribution of point vortices requires the knowledge of the streamfunction 1, its role
is crucial to investigate their dynamics. The Eq. for the streamfunction is valid
when an unbounded domain is considered, but its validity ceases in the presence of a
finite domain of a solid boundary. Hereafter, a general domain D with boundary 0D
will be considered. The domain D could be a closed, simply or multiply connected
region in the plane, or it could be an unbounded region with a solid boundary.
Intuitively, a solid boundary does not allow the fluid to penetrate it: this condition

is satisfied if the normal component of velocity is zero on the boundary
u-n|,, =0, (2.115)

where n is the normal to the boundary. An example is shown in Fig. where a
vertical solid wall is considered: the normal n to the boundary has component (—1,0)
and the condition imposes the component of the velocity in the z-direction to
be zero, and the velocity can be only tangential to the boundary. In the presence of a
boundary it is possible to define two kinds of Green’s function, depending on weather
the boundary condition is imposed on the function G or on its derivative. The Green’s

function of the first kind is defined as the solution of the following boundary problem

ViG(x,x;) = —0(x—x;), x € D, (2.116)
G](X, Xi) = 0, x € JD. (2117)

hence, the boundary conditions apply to the function G (Dirichlet boundary condition).

The Green’s function of the second kind is defined as the solution of the following

boundary problem

VG (%,%x) = —6(x—x;), x €D, (2.118)
oG B
on (x,x;) = 0, x € 0D. (2.119)

As already stated, in the presence of a solid boundary the fluid cannot penetrate it,
and hence, the velocity of the fluid must be parallel to the boundary. This condition
implies that the boundary is a streamline for the flow as explained in §, and it
requires a constant value of the streamfunction on 9D. As a consequence, the most
natural choice is the Green’s function of the first kind Gj.

As a first step, Gf can be decomposed into the sum of the fundamental solution G(x, x;)

in the unbounded plane and an additional function G which is harmonic in D but can
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u= (u,v)

n=(-1,0) o

A
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Figure 2.3: The grey area represents the domain D. Along the boundary 0D the u
component must vanish.

have an unknown number of singularities, labelled by «, outside D
Gi(x) =) G(x,xi) + Y _ Gu(x,Xa). (2.120)

The purpose of this additional function is to impose the right boundary conditions,
since they are not satisfied by the fundamental solution. The number of singularities is
not known a priori and it depends on the specific boundary conditions. Since Gj(x,X;)

has to be zero on the boundary, then
d Gxx)=-)> Gux,X,), x€aD. (2.121)

This method is called method of images and the singularities are vortices with vari-
ous strengths placed in particular positions outside the domain in order to satisfy the
boundary conditions. It has to be noticed that finding ) . G(x, x;) is not simple, but it
has been shown by Lin [69] that such a function always exits. In particular, for domains
with certain symmetries, it is straightforward to construct the additional function G.
In the following, two examples are presented: the first one is the procedure to construct
the streamfunction for a single vortex in the vicinity of a corner (see §(2.5.1)). This

example is preparatory for the case of a system of vortices contained in a box with sides

L, and L, (see §(2.5.2)).
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CHAPTER 2. GROSS-PITAEVSKII THEORY AND POINT VORTEX MODEL

2.5.1 Vortex near a corner

The first example is given by a single vortex of strength ~ located at (z1,y;) near
two hard walls which form a corner as shown in Fig.(2.4). The boundary conditions

oD

va(—21,91) \ vi (21, 91)
° L]

D

; N

oD

L] ! L]
va(=21, —y1) : vs(z1, —y1)

Figure 2.4: The system composed by a vortex in proximity of a corner: the shaded
area is the domain where the real vortex is placed while the other vortices outside the
domain are the images. The red vortices have positive circulation while the blue have
negative circulation.

which need to be imposed are such that the Green’s function of the first kind is zero if
evaluated along the walls and at the corner which is the origin. It is easy to show [80]

that GG which satisfies the required boundary conditions is given by

Gr(x) = G(x,x1)+ZGH(x,xa)
1

= ——1 —
o og|x X1|

1 1 1
+ %log\x —x1"| + %log |x +x17] — %log |x + x4, (2.122)

where the first term represents the fundamental solution G(x,x;) and the other three
terms represent Gy (X,X,), @ = 1,2,3. The fundamental solution is the contribution
in the absence of the boundary and the other three terms ensure the Green’s function
G(x)to vanish along the two walls. The fundamental solution represent a vortex lo-
cated at (x1,y;) which is the only singularity in the domain D. Outside the domain,
three images are required to represent the effect of the corner: the first two are placed
at (—z1,y1) and (z1, —y;) with opposite circulation —v, and the third image is placed

at (—x1, —y1) with the same circulation . The streamfunction is obtained by simply
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2.5. DOMAINS WITH BOUNDARIES

multiplying each term by the respective circulation and hence,

i) = — g-loglx —xil

- %log |x —x1*| + %log\x—l—xl*] — %log Ix +x1].  (2.123)

2.5.2 Vortex in a box

The previous example provides a starting point to understand how to model a sys-
tem composed by vortices in a generic rectangular domain. If a single vortex is in

the box, each corner is emulated by the presence of three vortices as described in the
previous example (see Fig.(2.4])).

Cy Cy, Cs

7777777777777777777 Cs ol G
[ ] [ ) [ ]

7777777777777777777 Cy| cs

Figure 2.5: Each corner can be represented by adding three images per each corner:
however, this is not sufficient to ensure the streamfunction to be constant along the
walls and on each of the four corners. If Cy is the reference cell which needs to be mimic
then other cells C;, j = 1,...,8, which contain the images, must be placed around C.

The bottom right corner can be represented by the images located in the cells Cg, C;
and Cy. The upper left corner by the images in the cells Cg, C; and C5. The upper right
corner by the images in the cells Cs, C3 and Cy and finally the lower right corner by
the images in the cells Cy, C5 and Cs. However, the presence of the additional charges
for each corner do not impose the right boundary conditions for the other corners. This

problem can be solved only by adding an infinite set of images along both directions
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CHAPTER 2. GROSS-PITAEVSKII THEORY AND POINT VORTEX MODEL

as shown in Fig.(2.6). This fact has an immediate consequence: an infinite number of
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Figure 2.6: Only an infinite set of images can mimic the presence of a box (shaded
area) with impenetrable walls.

terms are required to construct the streamfunction for a single vortex in the box. By
considering Eq. it immediately follows that an infinite set of vortices will have
an infinite amount of energy. However, the infinite summation of all the interactions
can be regularised and it will give a compact form for the Hamiltonian H. In particular
the Hamiltonian for N vortices with circulation ; located at (z;,y;) in a box with sides

L, and L,, and aspect ratio A = L, /L, is given by

N N-1 N
p
H = o Z%‘Qb(ﬂﬁmyz‘;/\) + Z Z Yy, i, v,y A) | (2.124)
= i=1 j=i+1
where the two functions h(z;, z;, v, y;; A) and b(z;, y;; A) are defined as

Wi, x5, v,y 8) = f(les — 25, lvi —yili A) — f(|los — 24, Ly — yi — yj5 A)
- f(Lx_xz_xj7|y7,_yjlvA)+f(Lx_xz_$jaLy_yz_yjaA)a

b(xz'; Yis A) [_f(QLx — 224, 0; A)

1
2
f(2L, — 2x;,2L, — 2y;; A) — f(0,2L, — 2y;; A)],  (2.125)
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and the additional function f(z,y;A) is given by

2 ly (v 1 =
A= L (L )12 .8, A 2.12
i) =3 [Ly (Ly )+6] Ogﬂl__[mx<x’y’ﬂ’ : (2420
where 5
X(,y; 8,A) = 1 = 2cos ( 296) R (2.127)

For a complete derivation, see Appendix The Hamiltonian (2.124]) relies on
the knowledge of the energy of two infinite arrays of vortices, along the x and the y
directions which has been derived by Campbell [24] in 1989. Due to Eq. (2.61)), the

streamfunction is given by
P al Vi
P 13 . .
blz,y) = o ;:1 5 1@ 25y, 453 ), (2.128)

where h(x,x;,y,y;;A) is given by Eq. (2.125)).

2.5.3 Angular Momentum

The angular momentum of a fluid with constant density p measured with respect

to a point x, = (z.,y.) is defined as [102]

L=, / (x — x.) x udady, (2.129)
D

where x is the position vector, u is the velocity field and D is the surface of the system
delimited by a regular curve 0D. The angular momentum is perpendicular to the
plane where the dynamics occurs, therefore from now on only its magnitude L will be
considered. The magnitude of L can be evaluated by using

_ _ (oY O _

u = (U,?}) - (8y7 al‘) 9 X XC - (l’ 'Tc7y yc) Y (2130)

for which o0 oy
L=— — o) — —y.) — | dxdy, 2.131
[ @ o0 G+ =) 5o oy (2.131)

which can be written as
L= —%/ V4 - Vhdady, (2.132)
D
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CHAPTER 2. GROSS-PITAEVSKII THEORY AND POINT VORTEX MODEL

where h(x,y) = (z — z.)> + (y — y.)?. For any smooth functions f and g, V - [fVg| =
Vf-Vg+ fV?g and the above becomes

L=t / V- (1Y) dedy + 2 / WV2pdedy = Ly + Ly, (2.133)
D D

Therefore, the angular momentum with respect to the point (xg, 1) of a fluid in a
bounded domain D, is given by the sum of two terms: a volume term Ly which involves
the vorticity w = —V?¢ of the distribution and a boundary term Lp which involves

the value of the velocity field on the boundaries. These two terms are respectively

Ly = —g /Dw [(z — 2)” + (y — ye)?] dady, (2.134)

and, after applying the divergence theorem,

Lo==5 ¢ [@=o+ (=] (0.0 dn, (2135)

where dn is the normal vector to the boundary D. The vorticity in the point vortex
model is given by (2.65)) and hence the volume term Ly simply becomes

Ly =-2 > [ = 20)® + (i = we)?]. (2.136)

where (z;,y;) and ; are the position and the circulation of the i-th vortex. It is evident
that the boundary term Lp depends on the considered geometry: it can be evaluated
by knowing a parametrisation for the boundary 0D and the components u and v of the

velocity field on 0D. However, the total angular momentum can be evaluated indirectly
by inserting Eq. (2.56) into (2.129)

_ _ S AT
L= /Dp|(x—xc) X v|dxdy = p/D [(:r Te) o + (¥ —ye) 3y dxdy.  (2.137)

integrating by parts once, with the boundary condition ¢ = 0 on 9D, gives

L= 2/)/ pdxdy. (2.138)
D

Hence the boundary term can be evaluated from

L= 2,0/ Ydxdy — Ly, (2.139)
D
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where Lp is given by . It is useful to normalise the angular momentum L with

the maximum angular momentum L,,,, which the system will have if it rotates as a

solid body. In particular, the moment of inertia Z of a rectangular body with density

pis

L,L,(L2+ Lz)
12 ’

and, assuming that the system rotates ad angular velocity 2 and its total energy E is

I=p (2.140)

purely rotational, then

E = %IQQ, (2.141)

2F
0= \/; (2.142)

Therefore, the maximum angular momentum is given by

from which

Lunas = IQ = V2ET. (2.143)
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Chapter 3

Statistical Mechanics of point

vortices

“The formation of large, isolated
vortices is an extremely common, yet
spectacular phenomenon in unsteady
flow. Its ubiquity suggests an

explanation on statistical grounds.”

Onsager, 1949

Anyone who wants to analyse the properties of matter in a real problem might want
to start by writing down the fundamental equations and then try to solve them mathe-
matically. Although there are people who try to use such an approach, these people are
the failures in this field...

With these words, in 1963, Richard Feynman [46] was referring to the necessity of
using a statistical approach when systems composed of a large number of constituents
(atoms, molecules, ...) are considered. In particular, for such a system, it is dif-
ficult to apply the traditional approach in order to determine the dynamics of each
constituent: solving the equation of motion with the appropriate boundary conditions
will be impossible for a system which consists of a number of particles of the order of
Avogadro’s number (~ 10%3) such as a liquid or a gas. Rather than focusing on the
individual motion of particles a statistical mechanical approach aims to make predic-
tions about emergent macroscopic measures that arise from the collective behaviour of
the constituents particles. Since the system is composed of large number of particles,
statistical arguments become very effective. In this chapter a brief overview on thermo-

dynamics and statistical mechanics will be given. For a complete and more exhaustive
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3.1. ESSENTIALS OF THERMODYNAMICS

approach see [96] or [§]. In particular in §(3.1)) the concept of temperature and entropy
will be introduced. Moreover, considerations will be given on how particular systems
can admit negative temperature states. The concept of negative temperature has a
particular interpretation which will be explained in detail. In § the entropy will
be re-interpreted in a statistical sense: this will provide the possibility to investigate
systems composed of point vortices and to determine the range of energies for which
positive and negative temperatures occur. Finally, in § an important equation,
called the multi-species Boltzmann-Poisson equation, for a system composed of a total
of N constituents will be derived. This is a time independent, second order, non linear,
partial differential equation that describes maximum entropy states of a system. More-
over, the expression for the entropy S as a function of the N constituents, the domain
D and the energy E will be given explicitly. Knowledge of the expression for .S provides
the possibility to classify different solutions of the Boltzmann-Poisson equation, but this

task will be discussed in the next chapter when the equation will be solved numerically.

3.1 Essentials of Thermodynamics

A thermodynamic system is a region of the universe characterised by a set of thermo-
dynamic variables which are experimentally measurable ﬂ The set of thermodynamic
variables is divided into two subsets: eztensive and intensive. Extensive variables (e.g.,
volume V| total mass m, total internal energy E, ...) depend on the size of the system,
while intensive variables (e.g., temperature T, pressure p, density p, specific heat C,
etc.) do not scale with the size of the system. If all thermodynamic variables are con-
stant in time an equilibrium state emerges. In order for equilibrium to be established,

three conditions must be satisfied:
e mechanical equilibrium: there are no moments or external forces,
e thermal equilibrium: there are no heat fluxes,
e chemical equilibrium: there are no chemical reactions.

The evolution of a system from an initial equilibrium state to a final equilibrium state

is called a transformation and it is governed by the following laws of thermodynamics:

e Jeroth Law

'For a more complete and exhaustive introduction see [96]
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CHAPTER 3. STATISTICAL MECHANICS OF POINT VORTICES

Any thermodynamic system has a state function called absolute temperature T.
If two systems are in thermal equilibrium with a third system, they must be in

thermal equilibrium with each other and have the same temperature T,

o First Law

Any thermodynamic system in equilibrium has a state function called internal
energy E which is constant if the system is isolated. If the system interacts with
another system then the variation of internal energy must satisfy the following

conservation law

dE = 5Q — W, (3.1)

where 6@ is the heat added to (or absorbed by) the system and 6W is the work
done by the system,

e Second Law

In any thermodynamic system there exists a state function called entropy S with

the following properties

— if an isolated system reaches equilibrium, then

ds > 0. (3.2)

— if the system is not isolated and a transformation at temperature 1" occurs,

then
_ 9@
==

where 0@ is the infinitesimal heat exchanged during the transformation.

ds (3.3)

e Third Law
It is impossible for any process to reduce the temperature 7" of a system to a zero

value in a finite number of operations.

The work done by the system, due to a change in its volume V' is given by éW = pdV

where p is the pressure, therefore the entropy is

_6Q  dE+W  dE +pdV

as T T T ’

(3.4)
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If an isochoric process is considered, so that the volume V remains constant, then it is

possible to define the temperature as follows

G,
where the subscript V' means that the partial differentiation has been evaluated at con-
stant volume. The entropy can be any function of the internal energy E: in particular
the definition does not require S to increase monotonically with respect to E and it can
also decrease as E increases. It is clear from the second law of thermodynamics that
the change in entropy can be defined when a transformation occurs, however, there are
different ways to define it. Historically Boltzmann associated entorpy to the logarithm
of the number of possible configurations that the constituents of a given system can
be arranged into. In what follows, the idea of Boltzmann will be introduced and ex-
plained with an example. For this purpose, a system composed of N magnets will be
considered. Each magnet can have two possible configurations with respect to the ori-
entation of its magnetic moment, each one with different energies E; and £, such that
E; > E|. In the presence of a strong magnetic field all the magnets will point in the
same direction. Clearly, the configuration where all the magnets are pointing down ()
has lower energy than the configuration where all magnets are pointing up (1). In the
case of a magnetic field pointing down, there is only one possible configuration and the
energy is fixed to NE|. By switching off the magnetic field, some magnets will switch
orientation and the energy of the system will increase. As a consequence, also so of
configurations in which the system can be arranged for a given energy increases. If the
external magnetic field is now switched on and it points to the north, all the magnets
will orientate along the same direction. The energy of the system reaches its maximum
value NE; > NE| and in this case there is only one possible configuration in which the
system can be found. The configurations where all the magnets have the same direction
can be obtained in only one arrangement: all the magnets are pointing up or down (see
Fig. ) According to the idea of Boltzmann, the entropy is proportional to the

R T o o e O M P

TV VO

S=0 S>0 S=0

Figure 3.1: The configurations on the sides have same entropy but different energies.
There must exist a configuration at intermediate energy which maximises the entropy

S.
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logarithm of the number arrangements W, therefore
W=1"=1, S~logW =0. (3.6)

If the magnets are pointing randomly, then the total number of arrangements W and

the entropy of the system are given by
W=2"  S~logW >0. (3.7)

Therefore, there must be a value of the energy E = E at which the entropy reaches its
maximum and then it diminishes as E increases. For energies F < E the temperature
of the system is positive since S/0F > 0 while for configurations for which £ > E the
temperature is negative since 0S/JFE < 0. It has to be noticed that the critical energy
E for which 85 /OE = 0 corresponds to an infinite temperature. This example suggests
that there is a connection between the total number of arrangements of all the con-
stituents and the probability of the system to be found in that particular configuration,
and this will be discussed later in §3.2] It suggests that there is a connection between
disorder and entropy: more precisely if a system reaches an equilibrium configuration,
then the entropy reaches a maximum which is not necessarily a global maximum. In
what follows, the same idea will be applied to a system composed of point vortices: as
a first step it is important to investigate the Hamiltonian of the system and understand
which are the configuration of vortices with higher and lower energies. In the point
vortex model, as discussed in §, the energy depends on the mutual distance between
the vortices. Moreover, in the presence of boundaries, the energy depends also on the
distance between the vortices and their images. The interaction energy (Hamiltonian

H) between point vortices in an unbounded domain is given by

| NN
H = I Z V75 log [x; — %], (3.8)

jri=1

J#i
and it is clear that —log |x; — x;| — 400 when |x; — x;| — 0. Hence, the product ~;7;
determines the lower and higher energy configurations. Lower energy configurations
are realized when vortices with opposite value of the circulation are close, and higher
energy configurations are achieved when vortices with the same circulation cluster to-
gether. Since bounded domains are considered in this work, the first configuration can
be obtained in two different ways: the first one is when vortices are close to their im-

ages which replicate the presence of the boundaries while the second is when vortices
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° oo ] [ °
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a) b) c)

Figure 3.2: In the configuration on the left (a)), vortices are close to their images:
this configuration has a lower energy with respect to the one on the right (¢)) where
point vortices with the same circulation cluster together. The energy of the system
represented in the centre, lies in between the energies of the previous two configurations.
The reference cell is surrounded by copies of it which contain the images.

with opposite circulation are close together. On the other hand, high energy states,
correspond to configurations where the point vortices are clustered together (see Fig.
(3-2)). The configurations where vortices are perfectly mixed and not too close to the
boundary are the intermediate energy states. Of course this types of configuration can
be recovered in far more ways than the other two cases. Therefore, an analogous be-
haviour observed in the magnets is recovered: low and high energy states correspond
to minima of the entropy while intermediate states correspond to configurations with
higher entropy. An example of a possible graph of the temperature 7" and the inverse
temperature § as a function of energy E for the system above described is given by
Fig. (3.3). The inverse temperature [ lies in the range +00 < < —oo and concepts
such as hotter and colder configurations can also be extended to negative temperature
regimes: a body A at temperature T4 is hotter than a body B at temperature Tp if
the heat flows from A to B if they are brought into thermal contact. A body A at
temperature T4 is colder than a body B at temperature Tg if the heat flows from B to
A if they are brought into thermal contact. With this convention the first and the sec-
ond law of thermodynamics can be used for system with absolute positive and negative

temperature while the third law needs to be modified as follows:

e modified Third Law[906]

It is impossible for any process to reduce the temperature of a system to absolute
zero for positive temperature or to raise the temperature of a system to absolute

zero for negative temperature in a finite number of operations.
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50 T T T T T T

40k —kpB=1/T 7
30 -

20 -

Figure 3.3: Temperature T' and inverse temperature 3 in unit of the Bolzmann constant
kg as a function of the energy F for a system of point vortices in a box.

3.2 Entropy from Statistical Mechanics

The outcome of an uncertain experiment that depends on an inherent random el-
ements is given in terms of the probability of occurrence of a particular outcome. For
example, in the case of fair die, the prediction that a particular outcome is observed
can be based on the assumption of equal a priori probability postulate is assumed:
namely, the probability that any of the six faces of a die land uppermost is equally
likely. This postulate does not contradict the laws of physics and is the basic assump-
tion to Statistical Thermodynamics. Now consider any system with N constituents
(atoms, electrons, vortices,...) which can be described by specifying some macroscop-
ically measurable independent parameters like the volume V| the total internal energy
E. the pressure p, and other physical quantities. A macroscopic state or macrostate
can be defined by specifying the values of these parameters and any other conditions to
which the system is subject. For example, for an isolated system, a macrostate is de-
fined by fixing the total volume V" and the total internal energy E. From a microscopic
point of view there are many different configurations of the N constituents which do

not change the macrostate. These different configurations are called microstates. All
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microstates appear as all different possible ways the system can achieve a particular
macrostate (see Fig. . The key assumption of Statistical Thermodynamics is the
“equal a priori probability”: in other words, all microstates are equally probable. On
the other hand, this assumption does not hold for the macrostates. In particular the
probability to find a system in a particular macrostate is proportional to the number of
microstates which can give rise to it. It is a common experience that isolated systems
can evolve in time until they reach the macrostate which corresponds to the equilib-
rium: this macrostate corresponds to microstates with the highest number of possible

configurations that coincide with a given macrostate.

(w2, y2) (z1,91)
° °

(r3,y3) (z1,y1) (x3,93) (z2,Y2)

Figure 3.4: Three particles in a box: the macrostate is defined by saying that two
particles in the box are red and one is blue. Each particle is located in a specific position
in the box: this identifies the microstate. If the two red particles are swapped (figure
on the right), the macrostate is the same. However, the microstate has changed.

The above definition can now be applied to a system A composed of N4 particles and
occupying a volume V4 and a system B with Np constituents and volume Vz. In the
following, W(E4) denotes the number of microstates of A in the range [Ea, Ea + JFE 4]
and Wg(Ep) the number of microstates of B in the range [Fg, Ep + 0 Eg]. If brought
into thermal contact, the systems will exchange energy until they reach equilibrium.

The system composed of the two systems is isolated, therefore the total energy
E=FEjs+ Ep, (3.9)
is constant. For this latter system, the number of microstates is given by
W(E) = Wa(EA)Wg(ER) = Wa(EA)Wg(E — Ey), (3.10)

which achieves a maximum when

ow OW 4

OE, Ws(Ep) O,

oW,
— Wa(E,) an =0, (3.11)
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or similarly

B(Ea) = B(EB), (3.12)
where we have introduced
o 3log Wj .
B(E;) = 8—Ej’ J=4A,B. (3.13)

The above quantity has the dimension of a reciprocal energy, therefore Eq. (3.5)) is
recovered by defining the entropy

S = kglogW(E, N, V), (3.14)

where the log is the natural logarithm in base e. Equation(3.14) is called Boltzmann’s
relation and it represents the connection between thermodynamics and statistical me-
chanics. There are three different ensembles which can be used to describe the dynamics
of a system by using the Statistic Thermodynamics: the difference between them is re-
lated to the quantities which are conserved by the system. They are the Microcanonical,
the Canonical and the Grand Canonical ensemble. In the Grand Canonical ensemble
both energy £ and number of particles N can change. The Canonical ensemble ap-
proach can be used if the energy can vary but the total number of particles is fixed:
this approach is useful to describe system which are in thermal equilibrium with a heat
bath and the energy between them can be exchanged. Finally the Microcanonical en-
semble applies when the total number of the particle and the energy of the system are
both constant. The choice of ensemble is a delicate matter for systems with long-range
interaction like the point vortex model because it can lead to ensemble inequivalence
[42], [22]. Therefore, in the following a microcanonical ensemble approach where the
total energy E, the total number of constituent N and the volume V' are fixed will be
considered. Moreover, since two dimensional systems are are investigated, the area D

will be used instead of the volume V.

3.2.1 Microcanonical Ensemble and Negative Temperature

As pointed out at the end of the last section, the most suitable ensemble for the
point vortex model from a statistical point of view, is the microcanonical ensemble. The
reason is because this ensemble describes systems where the number of constituent N
and the total energy E are constant in time. This is certainly the case of the point vortex
model which has been introduced in the previous chapter. As was discussed in §3.1]

the point vortex has the property that the entropy decreases as the system increases
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its energy, and hence the temperature of the vortex distribution can be negative in
the sense discussed in section §3.11 However, a more rigorous approach to define a
system which admits negative temperature states will now be explained. This is based
on a seminal work done by Onsager in 1949 [90] in where the main ingredient is the
boundedness of the phase space.

As described in §2| the equation of motion for a two dimensional system composed by
N point vortices each with circulation v;, £ = 1... N, are given by the Hamilton’s

equation
OH OH
— e = —— 1

where H is the Hamiltonian which, in the point vortex model, depends on the mutual

ViTr =

distance between vortices and on the particular considered geometry. The position
coordinates (x1,Z2,... TN, Y1,Y2 - .- Yn) act as the canonically conjugated variables, and
define the so called phase space which, for the point vortex system, coincides with the
two-dimensional physical space. It follows that, for unbounded geometries, the phase
space will in general be unbounded. However, in particular circumstances the phase
space can be bounded even if the physical space is unbounded. This arises, for example,
when all vortices have the same circulation. In particular for two point vortices with
equal circulation, the vortices rotate around each other and in this case, although
the physical space is unbounded, the phase space remains bounded. The dynamics
of N point vortices vortices is described by the equations of motion . Hence the
dynamics occurs on a isosurface where the energy is constant. Let us denote Q(E, N, D)
the portion of the phase space which corresponds to all positions that /N point vortices
can occupy with energy less than E within a domain D

E ~ ~

Q(E,N,D) = / Q'(E,N,D)dE. (3.16)

—o0

The function Q(E, N, D) is also known as the structure function[63]. This is a mono-

tonically increasing function of the energy such that

lim Q(E,N,D) =0, lim Q(E,N,D) =D, (3.17)
E——oco E—+4o00
and hence, the function Q'(F, N, D) > 0. The constraints (3.17) impose the following
condition on ' (E, N, D)
lim Q(E,N,D)=0". (3.18)

E—*+oo
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CHAPTER 3. STATISTICAL MECHANICS OF POINT VORTICES

Combining this with the fact that the function ' is positive, imposes that it has at

least one maximum at some value &£, or in other words
Q"(E,N,D) =0. (3.19)

Once these quantities are known, the temperature 7" of the system can be immediately

defined | Q(E.N.D) 5
—=—""1"7 2= logO(E,N,D 2
T Q/(E,N, D) (?E 0og ( ) ) )7 (3 O)

and by comparison with Eq. (3.14)) it follows that the structure function is proportional

to the number of microstates [§]

'(E,N,D) ~W(E,N,D). (3.21)

The number of maxima of 2’ is an important issue: Fig. shows a distribution with
two maxima and, as a consequence, it is not possible to see a similar trend in the graph
of the temperature as a function of the energy E as the one presented in Fig. (3.3)).
In this specific case, there are two intervals in which the temperature of the system is

negative. However, we are unaware of systems in which this scenario occurs.

A similar graph for the temperature to the one presented in Fig. can be ob-
tained if the function Q'(E, N, D) has a unique maximum and this is the case shown
in Fig. . The presence of a single maximum in the entropy is the case of a system
composed by point vortices. In order to demonstrate this peculiarity, in the following,
focus will be given to two specific domains: a square with sides L, = L, = 2 and a rect-
angular region, with the same area of the previous one, characterised by an aspect ratio
A =1L,/L, =15. Moreover, a neutral gas composed by an equal number of vortices
(positive charge) and antivortices (negative charge) will be considered. The existence
of negative temperature states in the case of point vortices can be demonstrated nu-
merically by noticing that the curve W (F) represents the distribution of configurations
as a function of the energy F. Therefore, the curves can be generated by evaluating
the energy of a large number of random neutral configurations of N vortices and con-
structing the related histograms. The energy E and the energy per vortex E/N of the
system are evaluated by using Eq. . The weight functions are then evaluated
from the histograms {W;} by using a normalised Gaussian fit, called Gaussian kernel
[106], such that

W(E) = % Z \/VQK;U exp(—(E — E;)?/20?), (3.22)
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3.2. ENTROPY FROM STATISTICAL MECHANICS

Figure 3.5:  Figure (a) on the left: structure function Q'(E, N,D) (blue) and the
portion of the phase space Q(FE, N, D) (green) defined by Eq. (3.17). Figure (b) on
the right: temperature T as a function of the energy E. The trend of the graph of the
temperature here presented is different from the graph presented in Fig. due to
the presence of two maxima in the structure function.
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CHAPTER 3. STATISTICAL MECHANICS OF POINT VORTICES

0.8f

0.4F

Figure 3.6: Figure (a) on the left: structure function Q'(E, N,D) (blue) and the
portion of the phase space Q(E, N, D) (green) defined by Eq. (3.17). Figure (b) on
the right: temperature T" as a function of the energy E. The trend of the graph of the
temperature presented is similar to the one presented in Fig. due to the presence
of a single maximum in the structure function.
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3.2. ENTROPY FROM STATISTICAL MECHANICS

where o is the kernel width, N, = 50 is the total number of bins and W; is the number
of realization with energy lying within the interval (F, E + AFE). The value of the
kernel width o needs to be imposed in order to obtain smooth statistical weights. For
the distribution generated by considering the total energy E and the energy per vortex
E/N the values of the kernel width are ¢ = 0.35 and o = 0.01, respectively. A total
of M = 100000 are used. A Gaussian kernel is considered in order to approximate
the statistical weight with a smooth function. The results are shown in Fig. for
systems composed of different numbers of vortices N = 10, 20, 40,80 and 160. Plots
showing the dependence on both the total energy (left) and interaction energy per

vortex (right) are included. In both cases the distributions show a single maximum and

0.9 T T T T T 14

10 —N=10
—N=20 —N=20
—N =140 —N =140
o8r —N =80 —N =80
—N =160 12 — N =160
0.7F 1
10f
0.6
=
~— 8.
I 0.5 g
g <
0.4 E ok
0.3
4.
0.2}
2.
0.1
—%O —2I0 —1I0 0 1I0 2I0 SIO 40 —8.3 -0.2 —0:1 0 0:1 0.2
H H/N

Figure 3.7: Statistical weights in the square: dependence on the total energy and total
energy per vortex are considered on the left and the right panels respectively.

hence the existence of negative temperature states. When the dependence on energy
E is considered, the maxima of the statistical weights are shifted to lower energies
with increasing number of vortices: in terms of the statistical thermodynamics, this is
equivalent to saying that more macrostates are accessible. In contrast, the distributions
showing the dependence on the energy per vortex E/N, tend to converge to a limiting
distribution: this feature has already been pointed out by Campbell et al. [25] also
for a non neutral distribution of vortices and by Esler et al. [44] in different confining
geometries. In particular, in [44] an explicit expression for the limiting distribution was
obtained. Figure shows the existence of negative temperature states for which the
temperature presents the same features shown in Fig. since all the distributions

have a single maximum. Due to physical reasons that will be widely discussed in §,
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CHAPTER 3. STATISTICAL MECHANICS OF POINT VORTICES

the statistical weights have also been generated by imposing two additional constraints
Oy and dp on the position of vortices: the first one imposes a minimum distance between
vortices within the domain and the second one imposes a minimum distance between
vortices and the boundaries. Imposing a minimum distance between vortices within
the domain prevents configurations where the energy will be too high or too low due to
clustering of opposite signed or like-signed vortices (see Fig. on the right). The
constraint on the boundary, on the other hand, excludes very low energy contributions
from vortices and their images (see Fig. (3.8 on the left). As a consequence, the
difference between the distributions where vortices are free to occupy any positions and

these cases is given by a reduced range of energies and more peaked distributions.

1 1 1 1 I 5v
|
55 i
@ (b)

Figure 3.8: Constraints on the positions of point vortices: Fig. a) on the left iz (green
shaded region) imposes a minimum distance between a vortex and its closest images
with opposite circulation. In Fig. b) on the right the constraint §y can affect also
vortices with same circulation within the considered domain (upper right).

This analysis has been carried out in the square and in the rectangle with aspect
ratio A = 1.5 and the results are shown in Figs. and , respectively. One can
see that in both cases the effects of the constraints are more important when a large
number of vortices is considered since the constraints introduce an effective packing
factor in the problem. Although the distributions have different behaviours from those
presented in Fig. , the qualitative features persist and it is still possible to define
the regions where the tangent to the curves is positive and negative.

These preliminary results are important to determine when a given configuration of
point vortices is in the positive or negative temperature regime. This will be relevant in

Chapter when the dynamics of point vortices will be studied and the transition be-
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Figure 3.9: Statistical weights in the square with sides L, = L, = 2 for different values
of g and dy as indicated above each figure.
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Figure 3.10: Statistical weights in the rectangle with aspect ratioA = 1.5 for different
values of dp and dy as indicated above each figure.
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3.3. MAXIMUM ENTROPY PRINCIPLE AND BOLTZMANN-POISSON
EQUATION

tween positive and negative states investigated. In the next section a mean-field theory
based on a statistical approach will be presented and the multi-species Boltzmann-
Poisson equation will be derived. This is a fundamental equation which connects the
fluid dynamics to the Statistical Mechanics since its solutions represent configuration

of point vortices which maximise the entropy of the system.

3.3 Maximum Entropy Principle and Boltzmann-

Poisson Equation

In this section the most probable vorticity distribution in a generic planar domain
with area D, subject to some constraints, will be derived following a statistical approach.
This derivation follows the approach presented by Chavanis in [30]. Consider a system of
N point vortices divided in species with different circulations ++,, where the subscript
a will be used to denote the different species of vortices. If N, represents the number
of vortices of each species, then the total number of vortices, the total circulation and

the total vorticity are given by
N=3"N, T=>T,=Y N wlxy) =D wi,y) (3.23)

where I';, and w,(x,y) represent the total circulation and the total vorticity given by

all the vortices of species a. The total circulation can be expressed as follows

F:/Dw(x,y)dxdy:Z/Dwa(x,y)dxdy, (3.24)

or

I'= Z Na’Ya = Z/ Vana(xa y>dxdy7 (325)
a a YD

where n,(z,y) is the number density of vortices of species a. Combining Eqs. (3.24)
and (3.25]), the vorticity of each species can be expressed as

Wa (T, Y) = YaNa (T, Y)- (3.26)

For brevity, explicit dependence on the arguments z and y will be dropped. The PVM,
as already mentioned, is a model which conserves the total energy given by Eq. ([2.124))
and the number of vortices of each species N,. The latter can be expressed in terms of

the conservation of the total circulation or the circulation of each species a. Therefore,
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CHAPTER 3. STATISTICAL MECHANICS OF POINT VORTICES

the following two quantities are conserved

E = [—)/ Wdxdy, r, = / NaYadrdy = / wedzdy, (3.27)
2 Jp D D

where ¥ (x, y) is the streamfunction associated with the vorticity field. It is important to

note that there can be other conserved quantities depending on the considered domain

D. For example in [93] and [107], a circular geometry was considered and in this case

the angular momentum L is an additional conserved quantity.

The domain D is now divided into a very large number of small cells (each of size
h? say) which can contain an arbitrary large number of point vortices and each of these
cells is labelled by the index i. For a given distribution of point vortices in the total
domain D, a microstate is defined when the positions of all point vortices in each cell
are defined, while a macrostate is specified by the number of point vortices of each
species in each cell. Swapping the positions of two point vortices of the same species
will change the microstate, but will not change the macrostate (see Fig. (3.4)). Given
the above definition for the macrostate, the set of numbers of vortices of species a in
each cel will be denoted by {N;,}. The vorticity of each species a in the i — th cell,

due to the IV, , point vortices, is then given by

Ni a
Wia = Yalia = Va hé . (328>

The total number of configurations, or microstates, corresponding to the macrostate
{Ni.} is given by [55]

wNiah) =111 ]]VV', (3.29)

where N, is the number of vortices of each species a. This can be obtained by remem-

bering that the possible ways of choosing k objects out of m is given by the binomial

m m!
k) klm—Ek) 5
(1) = mom (3:30)

In the considered case, k = N; , represents the number of vortices in the ¢ —th cell, and

coeflicient

m =Y. N;, = N, is the total number of vortices of species a. Therefore, the number
of ways of putting /V; , vortices in the first cell, Ny, in the second cell, N3, in the third

cell,.. ., with the constraint

ZNi,a = Naa (331)
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EQUATION
is given by
Na Na_Nla)(Na_Nla_N2a> (Na_Nla---Nila)
W({Na}) = / S ’ |
({Mea}) <N1,a> ( Nog N3 Ni.q
_ No! (N, — N1,)!
N Nl,a!(Na_Nl,a)!N2,a!(Na_Nl,a_NZ,a)!
N,! N,!
= =15 (3.32)

NialNoo/Nsol . Niol — LI

Finally, since the system is composed of a species of point vortices, the final result is

Wi} = [T11 ]]VV', (3.33)

By using the Boltzmann relation given by Eq. (3.14]), the entropy S is related to the

number of microstates by the following
Slwa] = kplogW({N;.}). (3.34)
Substituting Eq. (3.33)) into Eq. (3.34) gives
N,! 1
kplog HH NI = kBZIOgNa! + kBZIOgH NI
= kp» logN, —kp ) > logNj,l. (3.35)

Using the Stirling approximation

S = kpY logN,—kp Y > logNi,!

~ kg Y {NalogNy— No} —kp > > {NiglogNig— Nia}

S

= kp» NologN,—kz» > NialogNi,. (3.36)
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By inserting Eq. (3.28) in the above equation, the entropy becomes

Wia ;9 wiah2
S = kY NydogN,—kp> S h log( : ) (3.37)

Ya

_ kBZNalogNa—kBZZ‘*i:ﬂmog(wm )_kBZZ‘*’”h?lg
_ kBZNlogN —kBZZ“’”hZ (WZ“D)—kB;?:h21og%,

v

where D has been added in order to ensure dimensionless quantities in the logarithmic

terms. If the continuum limit is considered

h—>0 e /dxdy, (3.38)
by neglecting the last divergent term, the above equation can be written as
S = k:BZNlogN ks hz/—hQ (
Nyw,D
= k;BZN log N, — kBZ h2/ ( N )da:dy. (3.39)

a

) dxdy

The last term of he above Eq. can be manipulated as follows

—k:BZIOgN /—dxdy k;BZ/—lo (

) dxdy,

which gives

—kBZN log N, —kBZ/ 2 og (

where Eq. (3.26) has been used. Finally, by inserting Eq. (3.40) into (3.39)), the
Boltzmann entropy as a function of the vorticity of each species a is given by

S [wa _—k:BZ/ —2log (% > dxdy. (3.41)

The next step is to find the most probable vorticity. This corresponds to the vorticity

) dxdy, (3.40)

distribution which maximises the entropy subject to the constraints that the total
number of vortices N and the total energy E are conserved. The first condition is

equivalent to the conservation of the total circulation for each specie of vortices. This
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is a maximization problem which can be solved with the Lagrange multipliers method:
in this case the Lagrange multipliers are the inverse temperature § and the chemical
potentials p, of each species of vortices. The critical points of the Boltzmann entropy

are determined by solving the following equation

08 — BOE = 10T, =0, (3.42)

with respect to w,. Inserting the variations of the entropy (3.41)), the energy and the
total circulation for each specie of vortices (3.27)), gives

1 D 1
— / > [— log (“ ) + — A+ g + pﬁzﬁ} Swadzdy = 0. (3.43)
D a Ya Na'ya Va

and hence, the vorticity which maximize the entropy is given by

N,
Wy = 5%/1(16_957‘”, (3.44)

where the quantity A, = exp(—1 — 147,) must be determined by the conservation of

the total circulation of each species I',. Imposing this constraint leads to
1
[y = Ny, = / wodzrdy = —/ NovaAge PPr% dady, (3.45)
D D Jp

and hence .
A, =D </ e‘pﬁva’ﬁdxdy) : (3.46)
D

The terms A, represent the spatial distribution of vortices. Finally, the total vorticity

is given by

N, _
w= Zwa(x,y) = Z 5’)/&14[16 PPy (3.47)

a

where A, is given by (§3.46). On the other hand, the vorticity must satisfy Eq. (2.54)),
therefore the streamfunction and the vorticity are related by the so called multi-species

Boltzmann-Poisson (MSBP) equation

N, _
Vi == yade e (3.48)

If in the above equation two species of vortices with circulation v+ = 47 and the
terms A, and A_ are considered equal, then Eq. (3.48) reduces to the Sinh-Poisson
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equation which has been studied by many authors [60], [IT5], [77] [124]. However, there
is no fundamental reason in the assumption A, = A_ and hence, it is important to
study the full MSBP equation [30]. A numerical analysis on the solutions of the Sinh-
Poisson equation can be found in [16] and [77], while analytic solutions can be found in
[T15]. If the inverse temperature (3 is positive, then the only real solution to the MSBP
equation is given by ¢ (x,y) = const. and therefore, the solution is given by a uniform
spatial distribution [IT15]. This means that for states with positive temperature the
most probable configurations have uniform spatial distribution of vortices. Systems for
which 5 > 0 have been widely studied by Hiickel and Debye [38]. However, if § < 0
different type of solutions can be found [28], [I14]. These solutions have a nonuniform
spatial distribution and this is a peculiarity of negative temperature states. Therefore,
the nontrivial solutions to the MSBP equation are related to the emergence
of nontrivial flows associated to the formation of large clusters of vortices. In two-
dimensional systems, the equation implies a Coulomb type interactions given
by Eq. (3.8)). Because of the long-range interaction between vortices, the equilibrium
states are strongly influenced by the confining geometry and this causes different spatial
distribution of vortices which depends on the shape of the container [44], [25], [93]. For a
complete and exhaustive description on the thermodynamics of long-range interactions
systems see [29]. Moreover, the MSBP equation is based on the principle of maximum
entropy, which is a general and universal law, and for this reason it arises in other fields
such as biophysics [37], chemistry [38], eletrochemistry [116] and stellar systems [29]

where systems are composed of a large number of constituents. Finally, the entropy S
is therefore given by substituting Eq. (3.44]) into Eq. (3.41)

S = —k:BZ/—log (Aue™P5%) dady
= —kBZIOgAa/nad:cdy—l—kBZ/wapﬁwdxdy
a D a D

= —kp»_ Nglog A, + 2kpPE, (3.49)

where A, is given by Eq. (| - It should be noted that Eqs. (3.48) and (3.49) are valid
for any generic domain D. However, as mentioned in §-, in this Work a neutral
system of point vortices in two particular geometries will be investigated: a square
with sides L, = L, = 2 and a rectangular region with aspect ratio A = L, /L, = 1.5.
Therefore, the MSBP equation in the case of two species of vortices will be considered

and numerically solved in these regions. Moreover, these solutions will be classified by
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their energy E and entropy S. Details as such an analysis are presented in the next
Chapter.
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Chapter 4

Mean-Field Theory of Vortex (Gas

in Bounded Geometries

In the previous chapter the vorticity which maximises the entropy and the multi-
species Boltzmann-Poisson (MSBP) equation have been derived for a system composed
of different species of point vortices in a generic domain D. The MSBP equation
is a second order, time independent, non linear partial differential equation for the
streamfunction ¢, whose solutions represent stationary configurations for the entropy
S. In general, for a given value of § < 0 several solutions can exist for ¢). Physically
this is because the equation admits solutions that are all local entropy maximisers.
However, a solution v can correspond to a global maximum of the entropy. Moreover,
because of the long-range nature of the Coulomb interactions, these solutions can also
depend on the geometry D. In this chapter and in the rest of the work the case of
systems composed of two species of vortices will be considered: the resulting MSBP
equation will be simply called Boltzmann-Poisson (BP) equation where the fact that it
is written for two species will be understood. The aims of this chapter are to provide a
procedure which allows for the classification of the solutions of the BP equation in terms
of their energy and entropy and to develop an iterative algorithm to find the solutions
of the BP equation. The last part of the chapter will focus on the classification of
the solutions in two specific domains: a squared region and a rectangular domain with
aspect ratio A = 1.5. This classification has been presented by Pointin et al. in [93]
and lately by Cavanis et al. in [28]. However, it is important to stress that in [71]
and [28] the aim of the authors was to approximate a continuous Euler system with a
continuous vorticity by a large number of point vortices with a discrete vorticity. This
approach, as pointed out by Robert, Miller and Sommeria [100], [80],[I01], presents

several difficulties. However, as mentioned in §(2.3), point vortices are realised in Bose-
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Einstein Condensate and therefore, the point vortex model is the most natural approach
to study their dynamics. Finally, the role of the angular momentum of the system in

these geometries will be discussed.

In the MSBPE will be written for a system of two species of point vortices,
and a procedure to classify the solutions of the BP equation will be provided. This
procedure requires knowledge of the solution ¢ of the BP equation and one important
quantity which can be determined from it: the non-dimensional energy from which also
the non-dimensional entropy can be derived. In the linear analysis to the BPE
will be performed. This analysis will reveal the presence of two important classes of
solutions: the first class is composed by the functions whose mean value is non-zero
while the solutions in the second class have zero mean value. In the same section
the peculiar behaviour of the entropy of these two classes with respect to the aspect
ratio A of the rectangular domain D will be explained. In an iterative algorithm
which converges to non-trivial solutions of the BPE will be described. In and
classification for the solutions of the BP equation in the square and the rectangle with
aspect ratio A = 1.5 will be presented. This classification improves the work done by
Taylor et al. [114] and gives predictions on the dynamics of point vortices which will be
presented in . In fact in [114] only two type of solutions to the BP equation have been
considered, the so called monopole and dipole. However, an important type of solution
is given by the diagonal dipole. This type of solution will be considered in §4.4] and
this will give the possibility to explain the behaviour of the dynamics of point vortices
which will be presented in the next Chapter. Finally, in §4.7] the ability of a neutral

vortex gas to spontaneously acquire a nonzero angular momentum L will be discussed.

4.1 Boltzmann-Poisson Equation of Two-Species Neu-
tral Vortex Gas

In the previous chapter the MSBP equation has been derived by imposing the max-
imum entropy principle. The solution of this equation is the streamfunction ¢ which
is related to the distribution of different species of point vortices, where each species
is identified by the value of the circulation of the vortices. Motivated by applications
to quantum fluids where stable vortices typically have a quantised circulation that is
equal in magnitude an opposite in sign, from now on a system composed of two species
of vortices with circulation £+ will be considered. In this section, a method to clas-

sify the solutions of the BP equation in terms of the non-dimensional energy E and
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the non-dimensional entropy per vortex S will be presented. These two quantities can
both be determined from knowledge of the solution 1 of the BP equation which can be
obtained by applying the algorithm developed in §4.3]

Introducing the spatial average over the domain D of a generic scalar function f

defined on D

1
{(f) = 1—)/ [z, y)dady, (4.1)
D
the MSBP equation (3.48)) can be written as follows
N B*Pﬁ%ﬂﬁ
2 = — _a
V ’(/} - Z D f)/(l <6_pﬂ7a'¢’>7 (42)

a

where 1 is the streamfunction that is related to the vorticity according to Eq. (2.54). In
particular, for a neutral gas composed of N, = N_ = N/2 vortices each with circulation
+v and —7 respectively, the above equation becomes

Vi = 2D (e By (erPr¥) | (4.3)

and the entropy given by Eq. (3.49) reduces to

_ Nkgp

5=

log (AL A_) + 2kpSE, (4.4)

where the averaged terms A, are given by

-1
AL =D </ e:Fpﬁdedy> ) (4.5)
D

and the energy F is given by Eq. . Therefore, in order to evaluate the entropy
S and the energy FE for a distribution of N vortices in a domain D, the streamfunction
1, and the correspondent inverse temperature [ are needed. The streamfunction v can
be determined by solving the BP equation as will be discussed in §4.3] The value of
the inverse temperature § can be expressed as a function of the energy E: for example
Edwards et al. [40] obtained a useful approximation for £ in terms of E for a doubly
periodic domain while Esler et al. [44] considered the von Neumann oval. Rather, in this

work the BP equation is solved numerically. To proceed a dimensionless streamfunction
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VORTEX GAS
U = pBvy1 is defined for which Eq. (4.3) becomes
N’YQPB e—\Il e\If
U= — - . 4.6
VT e T o)

In the next section it will be shown that, in order to have non trivial solutions, the
inverse temperature § is a non-positive quantity and hence, it is possible to define a

positive constant A\
N~*pp

A2 = —
D )

(4.7)

from which the BPE becomes

VA = —%2 {é—; - %} : (4.8)

In terms of the new dimensionless streamfunction ¥, the averaged terms Ay are simply

A, =D ( /D e:F\I’d:chy)l : (4.9)

The expression for the energy becomes

given by

p_1 / 2
= ————— [ YV VWdady = ——, 4.10
2p°3%y* Jp pB*y? (410
where E is a dimensionless energy such that
. 1 )
E=—— [ UV*Udzdy. (4.11)
2 Jp
The entropy 5, evaluated with the nondimensional streamfunction ¥, becomes
Nk E
S=—"Llog (A, A_) + 2kg (4.12)

2 pBY?

The expression for the energy in Eq. (4.11)) does not depend on the number of vortices,
however, the entropy S still contains the dependence on the number N. When N is

sufficiently large, it can be shown [03], that the energy is proportional to the square

2

of the number of vortices, E ~ pN?~% Therefore, an alternative expression for the

dimensionless energy, denoted E and also used by Taylor et al. [114], can be defined by
E BE

E= = . 4.13
4pN2~2 ANDN? (4.13)
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Substituting Eq. (4.10]) into the above expression and by using the definition of \? gives

) E E
Bo_ _ 4.14
ANDpBy2N2 ~ 4D\ (4.14)

which can be substituted into Eq. (4.12) to obtain

Nkg 4D\

S = 5 log (AyA_) + 2kgp PE E. (4.15)

Finally, by using the definition of A\? given by Eq. (4.7) a nondimensional entropy per
vortex S can be defined as follows
SED2N* 1

N 1 -
§=—glog(A_Ay) — — 15— = —7log(AA_) — 8DANE. (4.16)

S
Nkg

All these quantities can be evaluated by knowing the streamfunction W and the cor-
respondent inverse temperature A\2. Therefore, by starting from the BP equation, the
following steps can be applied to classify its solutions in terms of the energy and entropy

in a generic domain D:
e Fix a value for the positive constant \2.

Solve the BPE

V20 + %2 {é—z) — %] =0, (4.17)

for the specific value of A\? and obtain the solution W.

Evaluate the averaged terms

-1
A, =D ( / e”da:dy) : (4.18)
D

Evaluate the energy E and E

_ )2 eV eV - E
E=— | U — dxd F=— 4.19
¢ [y ] e o
e Evaluate the entropy per vortex S in unit of kp
A 1 .
S = -3 log(AyA_) — 8DANE. (4.20)
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This procedure requires the solution ¥ to the BP equation for a given value of the
parameter A2, and this is the aim of . Therefore, before considering the BP equation
it is useful to first considering the linearised Boltzmann-Poisson equation, which is the

result of the linearisation of the BP equation.

4.2 Linear Theory

In the previous section, a procedure for classifying the solutions W of the BP equation
in terms of energy and entropy has been explained for a given value of the parameter
A2, In this section the BP equation given by Eq. will be linearised about
the state with zero mean flow i.e. ¥ = 0 and the linearised theory will be studied.
The linear theory is valid for small values of § which means that the energy of the
system corresponds to the maximum of the statistical weights shown in Fig. and
(3.10). This will reveal that in the BP equation the inverse temperature § is negative.
Moreover, it will reveal the presence of two distinct families of solutions W: those for
which (¥) = 0 and those for which (V) # 0. The distinction between the two cases
depends on the fact that the former correspond to solutions with a vanishing net angular
momentum whereas the latter have a non-zero angular momentum. The importance of
these two classes of solution is due to the fact that, depending on the aspect ratio A of
the rectangular region, either one can be a global maximiser of the entropy. The linear
analysis of the BP equation has been previously performed by Chavanis et al. in [28]
where the authors studied the linear theory in bounded geometries with and without
constraints on the angular momentum L and on the total circulation of the system. In
particular the authors investigated the squared and rectangular geometry characterised
by the aspect ratio A. They confirmed the prediction given by Lundgren et al. [71] on
the presence of a critical aspect ratio A ~ 1.122 such that the high entropy states for
A < A, are achieved by a configuration in which vortices of one sign are in the centre
and the vortices with opposite sign are near the corners. However, for aspect ratio
A > A. the most probable configuration consist in a configuration where the vortices
occupy the one half of the rectangle. The linear analysis which is now performed is a
particular case of the more general approach presented by Chavanis et al. in [28].

The sign of the factor in front of the squared brackets in Eq. depends on the
inverse temperature . Since the linearisation is around ¥ = 0, the following Taylor

expansions for the dimensionless streamfunction ¥ is considered

exp(el) ~ 1 £ e¥ + O(e?), (exp(Fe¥) ~ 1 £ (W) + O(e?), (4.21)
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where € < 1, can be substitute in the BP equation. Considering the leading order

terms, leads to

~ Ny*pB
D

which is the linearized Boltzman-Poisson equation. Multiplying both sides by —W /2

V20U =

(V) — ), (4.22)

and integrating over the domain D gives

1 NA?
- / O Udrdy = P [(\I'> / Wdady — / \Il2dxdy}
2 D D D

2D
_ NVS,O/B (02 — (9%)] = ~Ny*pB

Var(¥),  (4.23)

where Var(¥) = (0?) — (U)? is the variance of W. The left hand side of the above
equation is the energy of the system given by Eq. where the density p = 1. Since
the energy and Var(W) are a non-negative quantities, the inverse temperature § must
be negative. If the inverse temperature is positive, then the only possible solution is
given by the trivial case ¥(x,y) = 0 everywhere. This shows that non trivial solutions
to the BP equation exist if the temperature of the system is negative. Hence, it is
possible to define a positive quantity
Nv*p8

e — 4.24
A o (4.24)

from which Eq. (4.22)) becomes
V20 + A0 = \3(T). (4.25)
The averaged terms A. in the linear approximation (4.21]) become
-1
Ay ~D (/ [1+e¥ + O(e%)] dxdy) ~ 1, (4.26)
D

and therefore, the entropy given by Eq. (4.4) simplifies to [114]

2
D
AP g (4.27)

= 2kgfE = -2k )
S = 2k s

The above equation reveals an important property: in the linear approximation, the
parameter \? is a direct measure of the relative entropy of different solutions the linear
BP equation with the same energy E. This is true only for the linearised BPE: for the
full nonlinear BP equation the expression for the entropy given by Eq. needs to

73



4.2. LINEAR THEORY

be considered.

In the following the linear equation (4.25)) will be solved and, since the linear theory
is being considered, knowledge of A% leads to the evaluation of the entropy for solutions
of the linearised BP equation. In order to solve the inhomogeneous linear BP equation

(4.25) it is convenient to find the solutions to the homogeneous problem
VAU + AU = 0, (4.28)

in the rectangular domain given by 0 < 2 < L, and 0 < y < L, with ¥ = 0 on the
boundaries in order to satisfy the boundary conditions (2.115)). By using the method of
separation of variables, the eigenfunctions and the eigenvalues of Eq. (4.28) are given

by 2 2
U, m(z,y) = sin (Z—Wx) sin (?y) , Mgy =10 (% + %) , (4.29)

€z Yy x
where n, m are positive integers. The eigenfunctions and the eigenvalues in a generic

rectangular domain with aspect ratio A = L, /L, > 1 are given by

_ nm [ maVA ) , [ n*  Am?
U, m(z,y; A) = sin (\/Kwa) sin ( I, y) y A =T (A_L?C + 2 ) (4.30)

where the sides L, and L, are changed into VAL, and L,/ VA, respectively. The case

A = 1 reduces to a square and if A > 1 the square is stretched into a rectangle for

which L, > L,. This transformation changes the shape of the domain keeping the area
D = L,L, constant. The number of zeros of the above function along both directions
x and y depends on the integers n and m respectively: in order to have (V) = 0, n
and m can not be both odd. Figure shows contour plots of the streamfunction
Uy, (Fig. a)) called dipole, Uyo (Fig. b)) called quadrupole and for the superposition
Uy + Uy (Fig. ¢)) called diagonal dipole. The general solution to the homogeneous
linear BP equation is then given by the principle of superposition

Uz, A) =YY Agsin (%x) sin <m2/Ky> , (4.31)

m=1 n=1

where A,,, are normalization constants. The solution to the inhomogeneous equation
(4.25) can now be found by finding the constants A, ,, such that the inhomogeneous
BP equation (4.25)) is satisfied. Inserting Eq. (4.31)) into the left hand side of Eq. (4.25))
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(a) (o) ()

Figure 4.1: Contour plots for the solutions ¥ (Fig. a)), Uy4 (Fig. b)) and ¥o;+ Vs,
(Fig. ¢)) of the homogeneous Helmholtz equation in the square: they will be
called monopole, quadrupole and diagonal dipole respectively. The blue and the red
lines correspond to negative and positive values of the streamfunction.

gives

n27r2 m2m?A nm mrv/ A
Amn [ — — ] sin (—x) sin Y. (4.32)

Multiplying the above quantity by two generic elements of the basis sin (n’ Tx/ \/KLQC>
identified by an index n’ and sin (m’ m™/Ay/ Ly> identified by an index m’ and integrat-

ing with respect to x and y gives

(4.33)

AL {)\2 _ nr? m’2A7T21 L.L,

ALZ L2 47

where the following property has been used

L !
L
/0 sin (%x) sin (%x) dx = Eén’n,'

The right hand side of Eq. (4.25) becomes

/fo /Ly/f Sm(\/”_z ) (mz/xy) dxdy, (4.34)

which is
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due to the equality

[ (B = - [ ] (436)

Therefore, in order to have a non-zero value, the integers m’ and n’ must be odd.

Combining Eqgs. and gives

n?m?  m2m*A] L,L 4L, L
A 2 o THY 42 U iy A
e {)\ AL2 L2 } 4 A >mn7r2 ’ (4.37)
which allows for the evaluation of the coefficients A,, ,, given by
1 1
A = N2 (0)—2 (4.38)

mnm? \* —n?r? [ALZ — m?m2A /L2

This expression for the coefficients can be substituted into Eq. (4.31]) to obtain the
general solution to the inhomogeneous Helmholtz equation (4.25) for which (¥) # 0

400  +oo

16)\2 mrx/\/_L ) sin(mmav/Ay/L,)
2:: ; —n?n?/AL2 — m2n2A\/L2)’

U(z,y; A (4.39)

where the summations with the apostrophe mean that only the odd integers are con-

sidered. The integral of the streamfunction W over the domain D is given by

400 +oo

VAL: - rLy/VA 1672(¥ AL, L
[ ey - ST S L >
0 0 T e m?n?(\2 — n2n? [ALZ — m2m2 A/ L2)
(4.40)
where the equality (4.36) has been used. Therefore, by using the definition of spatial

average (4.1)), the parameter A> must satisfy the following equation
f(A%n,m,A) =0, (4.41)

where the function f(A\%;n,m, ) is defined as follows

400 oo

F(A%n,m, A) 64A2Z Z = —1.  (4.42)
m2n2(\? — n?n2 /AL2 —m2n2A/L2) '

n=1 m=1

The number of zeros of the solution ¥ given by Eq. (4.39)), are related to the solution
of the Eq. (4.41). Figure (4.2) a) shows the graph of the function f(\%;n,m,1) for the

particular case A = 1: it can be noted that the function does not have zeros for negative
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values of A? but only for positive values of A\%. The zeros of the function f(A\%*n,m,1)

10 T T T T r 1

—A=1

o 08k —A=12
o ] —A=14
—A=16
0.6 —A=18

A=2

| =
Eﬁ 0.4}
5
o
0

% 20 0 20 20 80 9 10 11 12 13 14
2 (@ A2 ®)

Figure 4.2:  On the left the function f(A%;n,m,1) given by Eq. for the particular
case of Ly, = L, = 2 and A = 1: among all zeros, the most relevant is the first one
which corresponds to A? ~ 11.5. On the right, the trend of the function f(A\* n,m,A)
in the vicinity of the first zero for different values of the aspect ratio A indicated in the
legend.

have been numerically evaluated by solving Eq. and the first three are given by
A2 = 11.5287, \2 = 38.634 and \? = 47.177. For these values of A2, the solutions ¥
given by Eq. in the case of A = 1, are presented in Fig. . Since the entropy
S ~ —\2, the higher entropy is achieved for small values of the parameter A\* and hence,
the relevant zero is the first one about A? ~ 11.5287. This value of A\? corresponds to
a streamfunction ¥ with the fewer number of zeros as shown in Fig. (4.3). For larger
values of the parameter A\ the streamfunction ¥ presents more zeros (see Fig b)
and c)) and these configurations have lower entropy. Figure on the right, shows
the trend of the function f(A?;n,m,A) in the vicinity of the first zero as a function of
A: the value of the first zero is shifted to the right as A increases. As a consequence,
for these family of solutions, the entropy S decreases as A increases. The linearised
BP equation allows the identification of two different types of solution: the first
type is composed of solutions for which (¥) = 0 given by Eq. and the second for
which () # 0 given by (4.39). The relation between the parameter A? and the entropy
S of these two types will be investigated by comparing the zeros of f(\%;n,m, ) given
by Eq. and the values of Ai,m given by the second of Eq. for the dipole,

the diagonal dipole and the quadrupole. The zeros of f(A\%;n,m,A) are numerically
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A? =11.5287 A\ =38.634

Figure 4.3: Contour plots of the streamfunction ¥ given by Eq. (4.41]) for values of \?
which correspond to the first three zeros of f(A%;n,m,1) indicated in Fig.(4.2)) on the
left. The values of A\? are indicated above each figure.

evaluated by using the software Mathematica. The eigenvalues for the dipole and the

quadrupole are given by

4 A 1 A
A3 1(A) = <AL2 + ﬁ) : Aso(A) = 4r” (AL2 + ﬁ) , (4.43)
x Yy x )

and for the diagonal dipole
4 A 1 4\
2 2 _ 2 2
Aoa(A) + A(A) =7 (A_Li + L_f,) + (A_Lg% + L_f,) . (4.44)

Figure shows how the entropy (\?) for the different types of flow varies as a
function of the aspect ratio A. The four curves correspond to a monopole, dipole,
diagonal dipole and quadrupole. The inset figures show the streamfunction for these
four kind of solutions in the square (A = 1) and in the rectangle with aspect ratio
A = 1.5. The configurations which play an important role are the dipole and the
monopole: the quadrupole and the diagonal dipole have a very low entropy compared
with the other two configurations. The linear theory shows that for low aspect ratio,
the monopole configuration has higher entropy while for high aspect ratio the dipole
has higher entropy. The critical value of the aspect ratio has been evaluated by [71]
and it is A, = 1.122.
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-o-Monopole
-e-Dipole
-s-Dipole
-=-Quadrupole

! N—i

Figure 4.4: Comparison of the linear entropy given by Eq. for different solutions
of the linearised BP equation (4.22]). By increasing the aspect ratio of the domain,
the entropy of the monopole decreases while the entropy of the dipole increases. For
small values of the aspect ratio A the monopole is dominant but for larger values of
A the dipole configuration has a higher entropy. The entropies of the quadrupole and
the diagonal dipole are not relevant for this linear analysis. The inset figures are the
streamfunction for the monopole, dipole, diagonal dipole and quadrupole for A = 1 and
A = 1.5. The blue and red contour lines represent the negative and the positive values
of the streamfunction respectively.
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4.3 Non-Trivial Solutions Of The Boltzmann-Poisson

Equation

The BP equation is a non-linear, second order, partial differential equation which
admits U = 0 as a trivial solution. In §(4.2) it was shown that non-trivial solutions
exist if the inverse temperature 3 is negative. In this section an iterative algorithm
which converges to a non trivial solutions ¥ of the equation

/\2 6\1/ -

V2\If+—{< c

2 [{e") (™)

} =0, V=0, on 0D, (4.45)

will be presented. The algorithm is an extension of the method developed by McDonald
[77] for solving the Sinh-Poisson equation. To enhance the numerical stability of the

iterative algorithm the above form of the BP equation is rewritten in the form

V0 + N2 [ Z—_eq’ — 4 /Z—Jre_\y} =0, (4.46)
+ —

2\
T ar = (e*7).

The fist step of the algorithm is to start with an initial guess ¢(x, y) which approximates

where

A=

(4.47)

the exact solution W of the BP equation. A residual function R(z,y) can be defined as

R(z,y) = (v% + )\ {\/%ew - \/Z:fe—wD /(. 9), (4.48)

where (f,g) is the inner product of two real functions f and g defined by

(f.9) = /Df(rr, y)g(x,y)dzdy. (4.49)

The residual function R(z,y) represents the discrepancy between the exact solution W
and the trial solution . Following McDonald, the denominator (¢, ) is included in
the definition of R(z,y) to ensure the algorithm converges to a non-trivial solution for
the streamfunction W. A variation in the trial function ¢(x,y) corresponds to a change

in R(x,y) given by

_ V2o + X2 [...] — 2(6p, ©)R(x, )

OBz ) (¢, ©) ’

(4.50)
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where 6(p, ) = (dp, @) + (¢, dp) = 2(dp, ¢) and [...] corresponds to the terms in the
squared brackets in Eq. (4.48)). Since

a; 1 [a; [a;da; — a;da; . ,
o = e[ e
J . J
bar = 6(e*?) = £(e*¥5p), (4.51)

the variation of the terms contained in the square brackets becomes

d, /—e‘P + 4 /—e“’&p 0y /—6_(‘0 + 4 / % e Fop
a/+ a4
@ @
= ,/ <6 5904— 6590)6“’—1—,/@ efop
2\ a a4 a? a4
_1 ja <<6¢5S0> n a+<62¢590>> ey |2t e 5
2\ ay a_ az a_

= L[p,d0] + h(p)ogp, (4.52)

where the operator £, which depends on the functions ¢ and d¢, is given by

1 (e ?dp) 1 Ja-

- _ Z _ 14
L, 0] s i C 2\ —(e¥dp)e?
<e‘p(5g0> e ¥ 1 Q. —¢ —p
— - & 4.
2 /—a+a7 2a7 a_ <6 590>6 ? ( 53)

and

\/Zeso N \/T . (4.54)

Inserting these quantities into Eq. (| gives

V28 + N2h(p)dp — N2L [0, 8] — 2(50, 0) R(,y)

OR(x,y) = 4.55
(=:9) (¢, ) (4.55)

Hence, d¢ is evaluated by requiring 0 R = — R such that
V250 + Nh()dp — NL [, 6] — 2(6p, 0)R(x,y) = —(, 0) R(z,y). (4.56)

Writing the variation d¢ as a product of a constant a and an unknown function v(z, y)

which goes to zero on the boundary

dp(r,y) = av(r,y), a= (. 2) (4.57)
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will simplify the fourth term of the above equation. Therefore, by inserting (¢, ¢)R(z,y) =
2aR(z,y)(v, ) — ale, ¢)R(z,y) into Eq. (4.56) gives

V2u(z,y) + Nh(e)v(z,y) — XL [p,v] = (0, 9)R(z,y). (4.58)

Since the operator L is linear, it is possible to introduce a new operator F such that

L [p,v] = F[p]v(z,y) and hence, Eq. becomes
V2 + () = X2F [ o(z.y) = (. 0) Rl ). (4.59)
By defining Z the operator in the square brackets,
Z=V? 4 Nh(p) — N2F [y, (4.60)

then the function v(x,y) is given by the product of its inverse and the right hand side

of the above equation
v(z,y) = Z e, p)R(z,y). (4.61)

With this approach it is possible to construct an iterative algorithm which converges

to the solution ¥ of the BPE by applying the following procedure:
e Make an initial guess ¢ such that ¥ = ¢ + dp.

Evaluate the residual function

Rlo) = (Vo 4 3 {\/: - \FD (o0, (162)

Construct the operator Z

Z =V2 4+ 2h(p) — N L(p,...), (4.63)

Invert the operator Z and evaluate

v(z,y) = Z (¢, ¢)R(x,y), (4.64)

Find the constant a by evaluating

N 10 (4.65)
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e Evaluate the variation dp = av(x,y) and update the initial guess ¢ + dep.

All the above steps have been iterated until the energy F of the system saturated.
This iterative procedure allows a solution to the nonlinear BP equation to be found.
However, two things are still missing: the first one is how to choose judiciously the
initial guess ¢ at the beginning of the iterative cycle, and the second is to find a way

to write L [p,v] = F [¢]v(z,y).

The trial function ¢ can be chosen by considering the type of solution that needs
to be obtained. Therefore, if the dipole/monpole/diagonal dipole solution to the
BP equation is being sought, then the most natural initial guess is given by the
dipole/monopole/diagonal dipole solution of the linearised BP equation. While the
first two type have been described by Taylor et al. in [114], the diagonal dipole has not
been taken into account. This class of solutions plays an important role in the dynamics
of point vortices which will be investigated in the next Chapter. The BP equation will
be solved in the domain [—v/A, v/A] x [~1/+/A, 1/v/A] which reduces to [~1,1] x [-1, 1]

in the case of the square. Explicitly, for the monopole the initial guess is given by

g to

16AN / sin (nX ) sin (mYyy)
= 4.
(@) = =5 D e at AL PEETVIZ (4.66)

n,m=1

where

XM:L%@—\/K), YMzgy(—%), (4.67)

and A = 0.02 is a constant which fixes the maximum amplitude of the initial guess and

L, = L, = 2. For the dipole, the initial guess is given by

op(x,y) = Asin (Xp)sin (Yp), (4.68)
where
ey ™
Xp="Tm Yo=j (\/Ky _ 1) , (4.69)

and for the diagonal dipole

¢pp(r,y) = ¢p(x,y) + Asin (Xpp)sin (Ypp), (4.70)
where
XDDZZ (i—1> y YDD:W\/K:I./. (471)
2 \VA
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In the following the attention is given on writing the new operator F|p] such that

Llp,v] = Flp]v(z,y).
Each term of L [p,v], apart from the constant term, is of the form

(f,v)g(z,y

T, 7)dzdy (4.72)

Numerically, the integral of the above quantity is evaluated by replacing the double

integral by a double summation over the nodes z; and y;, 4,7 =0..., N
N N
~ OOl yolas, yy)wew,, = szw“w s (4.73)
=0 5=0 =1 j5=1

where w,, and w,; are the weights associated to each node and for brevity W ; = wg,w,,.

The quantity given by Eq. (4.72]) can be written in terms of a matrix product as follows

f1,1W1,191,1 fl,NW1,N91,1 f2,1W2,191,1 fN,NWN,N91,1 V11
f1,1W1,191,2 fl,NWI,Ngl,Q f2,1W2,191,2 fN,NWN,Ngl,z

: : : : V1N
fiiWiaigin finWingin  faaWa 91N INNWNNGILN V2,1
fiaWi162.1 finWingza  faiWai192.1 INNWN NG21
JiuWiign, N finWingn oy foaWaign,n INNWNNIN N UNN

By writing each term of the operator L [p, v] in this form, it is possible to write
Eq. as Eq. and find the solution v(z,y). The BP equation is then solved
on a Chebyshev grid consisting of 33 x 33 points. The use of a Chebyshev grid has
the advantage that it alleviates the so called Runge phenomenon [117] which results in
spurious oscillations of smooth functions near boundaries. The Chebyshev grid resolves
this problem by using a non-uniform grid [I17]. For a given number of points N the

Chebyshev nodes are defined on the interval [—1, 1] by the following relation
x; = cos (2_7r)7 1=0...N (4.74)

and they can be visualized as the projection of equispaced points on the upper half
of the unit circle onto the interval [—1,1] (see Fig. (4.5)). Numerical details on the
construction of the discrete Laplace operator on a Chebyshev grid used in Eq. ,
and on the weights w,, and w,, used in Eq. can be found in [117].
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z7=—-1 @ 5 Ty T3 T3 1 xp=+1

Figure 4.5:  Chebyshev nodes in the interval [—1,1]: the nodes are more dense near
the endpoints.

4.4 Solutions of the Boltzmann-Poisson Equation in

the Squared Domain

In the previous section a solution procedure was presented for finding solutions of
the BP equation. In this section the solutions obtained in a squared domain will be
presented. The BP equation was solved in a squared domain for different values of
the parameter A2 for the following families of solutions: monopole, dipole and diagonal
dipole. Results are presented in Fig. where the energy E given by Eq. an
the entropy per vortex S given by are evaluated for each solution in each family.
For the three type of solutions, the parameter A2 runs between A2 = 3 and A2 = 11.5
with steps of 0.5. According to the mean-field theory, all the solutions presented are
local maxima of the entropy. The classification shown in Fig. reveals that in the
squared domain, the global maxima corresponds to the monopole, for any value of the
non dimensional energy E. This result, which was predicted in the linear theory ,
is still valid in the full non linear theory. An important result, which improves the
result given by Taylor et al. [I14], is given by the comparison between the dipole (blue
curve) and diagonal dipole (red curve): the diagonal dipole is more favourable than the
dipole. This result will turn out to be crucial in understanding the dynamics of point
vortices which will be assessed in the next chapter.

Examples of streamfunctions solutions of the BP equation in the square are given
in Fig. (4.7). In the dipole and diagonal dipole cases, the streamfunction is symmetric

whereas for the monopole is asymmetric: negative vortices are located in the center of
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Figure 4.6: Branches related to the solutions of Eq. for different values of A2
in the square with L, = L, = 2. The monopole (green curve) has the highest entropy
followed by the diagonal dipole (red curve). Values of A2 are indicated at the beginning
and at the end of each branch and each circle refers to an increment of 0.5 in its value.
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the domain surrounded by the positive vortices which tend to occupy the four corners of
the domain. It should be remarked that if the doubly period domain would have been
considered, the maximum entropy configuration would have been the dipole as shown
in [124] and [71]. The particular range of values of A? considered in Fig. have been

Figure 4.7  Contour plots of streamfunctions, solutions of the BP equation: the
dipole a), the diagonal dipole b), and for the monopole ¢). These solutions have been
obtained by solving the BP equation for A2 = 9: the blue line corresponds to a region
where the streamfunction is negative while the red lines represent a region where the
streamfunction is positive.

selected for two main reasons. The first reason is related to the number of Chebyshev
nodes used during the numerical evaluation of the solutions of the BP equation. Small
values of the parameter A2 correspond to highly localised vorticity distributions. In
fact, for values smaller than A2 = 3, the localisation of the vorticity field degraded the
numerical accuracy of the solution unless the resolution is increased. The trend of the
error as a function of the parameter A2 is shown in Fig. where the error increases
as A2 decreases. The error has been evaluated by considering the degree of convergence
that can be achieved with the iterative method. In particular the following norm is

evaluated

AT e¥ e v
Error =[P+ |15~ | i

where VU is the numerical solution obtained.

The second reason is related to the fact that for large values of A2, the final configu-
rations corresponds to streamfunctions with a high number of zeros as in the case of the
monopole solutions for the linear BP equation presented in Fig. . It can be shown
[16] that these configurations have higher energies and therefore, are less favourable.
As a consequence, their entropy is lower than the entropies of the solutions with fewer

zeros and for this reason values of \2 > 12 have not been considered.
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Figure 4.8:  Variation of error as a function of A2 for different solution branches in
the squared domain. The error increases as A decreases: this is due to the localised
solution to the BP equation for small values of \2.

4.5 Solutions of the Boltzmann-Poisson Equation in

the Rectangular Domain

In the previous section, the entropy S for the monopole, dipole and diagonal dipole
was evaluated in the square. According to the linear theory high entropy states cor-
respond to the monopole configuration. Motivated by the linear analysis that shows
that as the aspect ratio is increased the different solution branches cross at around
A, ~ 1.122, the same analysis has been performed in the rectangle with an aspect ratio
A = 1.5, keeping the area fixed. The branches for this geometry are shown in Fig.
. The first difference between the square and the rectangle, is the absence of
the branch related to the diagonal dipole. In fact by starting the initial guess that cor-
responds to the diagonal dipole the algorithm always converged to a dipole. It suggests
that for this particular geometry, the diagonal dipole is no longer a stationary point for
the entropy. The other difference is given by the role of the dipole and the monopole
solutions. In this case the dipole configurations are global maxima for the entropy
whereby the monopole structures are local maxima so the roles of these two families
have been interchanged. The results are consistent with the predictions obtained by

Lundgren [71], by Chavanis [28] and by Taylor [114]. In particular, by changing the
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aspect ratio of the domain a bifurcation occurs at A ~ 1.122 as already discussed in

ED.

-160
' ' —e—Dipole ——Monopole ' '

-165

-170F

-175

-180
N
-185

-190F

-195

-200

1 1 1
_2050 1 2 3

tlj>-l> -
=
-
oI
«w

Figure 4.9: Branches related to the solutions of the Eq. (4.46|) for different values of 22
in the rectangle with aspect ratio A = 1.5 : the higher value for the entropy is achieved
by the dipole (blue curve).

For reasons similar to these discussed for the square, the range of the values of the
parameter A2 is has been restricted to be between A2 = 3 and A2 = 10 for the dipole
and A2 = 3 and A2 = 11 for the monopole. As with Fig. (4.8), norm of the error for
the solutions in the rectangular domain presented in Fig. shows that for small

values of the parameter A\? the error increases.

4.6 Solutions of the Boltzmann-Poisson as a Func-

tion of the Aspect Ratio

The analysis performed in the previous two sections showed that the values of the
entropy S depends on the aspect ratio A. In order to complete this analysis, the BP
equation has been solved for different values of the aspect ratio A and the same analysis
on the solutions has been performed. Figure shows the variation of the entropy
S for the dipole and the monopole as a function of the aspect ratio A. Figure
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Figure 4.10:  Variation of error as a function of A2 for different solution branches in
the rectangular domain. The error increases as A2 decreases: this is due to the localised
solution to the BPE for small values of \2.

a) shows branches of the dipolar solutions as a function of the aspect ratio A. As the
aspect ratio increases, the entropy of these type of solutions increases. Figure b)
shows branches of the monopolar solutions as a function of the aspect ratio A and in
this case the entropy decreases as the aspect ratio increases. Figure (4.11)) ¢) combines
all the branches for the two types of solutions for different values of the aspect ratio
A. In this analysis the numerical values of the parameter A2 have been restricted to be
between A2 = 3 and A2 = 9.

4.7 Role of the Angular Momentum

The classification of solutions of the BP equation presented in and revealed
the crucial role of the geometry with respect to the configuration with higher entropy.
In the squared domain the monopole is the solution which is the global maxima for
the entropy, followed by the diagonal dipole and by the dipole. On the other hand,
by changing the domain into a rectangle with aspect ratio A = 1.5, the maximum
entropy is achieved by the dipole configuration while the monopole corresponds to a

local maxima. This feature has an important effect to a measurable quantity which
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Figure 4.11: Branches related to the solutions of the BP equation (4.17)) as a function
of the aspect ratio A for the dipole a) and for the monopole b) for different values of
the parameter A\%. In Fig. ¢) the graphs presented in a) and b) are compared.

is the angular momentum: in fact, the angular momentum L of a flow described by a

streamfunction W is given by (see Eq. (2.138)]))
L=2 / Wdzdy — 2D (W), (4.76)
D

where the density p = 1. In the rectangular geometry the higher entropy state is
associated with a configuration described by a streamfunction ¥ such that (V) = 0
hence, to a zero value of the angular momentum L. On the other hand, in the squared
geometry, the maximum entropy state is achieved by the monopole. In this case the
streamfunction W is such that (¥) # 0 and, as a consequence, it is possible to associate
to this configuration a nonzero angular momentum.

The acquisition of an angular momentum in the case of a non-neutral configuration
of point vortices is not surprising: however, the studied system is composed of an equal
number of positive and negative point vortices. This spontaneous acquisition of an
angular momentum by a neutral vortex gas it has been investigated in classical fluid
in [33]. This behaviour is predicted by the mean-field theory but for our knowledge
has never been demonstrated directly by considering the dynamics of point vortices.

In the next chapter, the dynamics for a system composed by an equal number of point
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vortices in a squared and rectangular domain will be described. The aim will be to test
to what extent the predictions of the theory that have been obtained assuming large N
apply to a dynamical simulation consisting of around 100 vortices which is achievable

in current experiments on Bose-Einstein condensates.
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Chapter 5

Point Vortex Dynamics in the

Square and the Rectangle

In the previous Chapter the solutions to the Boltzmann-Poisson (BP) equation for
the streamfunction v for a neutral vortex gas consisting of two species of vortices have
been considered. Solutions for both a squared domain with sides L, = L, = 2 and in
a rectangle with sides L, = 2v/A and L,= 2/\/K where A = L, /L, = 1.5 have been
presented. In particular, two type of solutions have been investigated and classified in
terms of their energy and entropy: the solutions for which ¢ has a zero mean value
and those for which their mean value is non-zero. Example of the first kind of solutions
are given by the dipole and the diagonal dipole and in the second case an example is
given by the monopole. This analysis revealed the presence of two configurations which
maximise the entropy of the system: the monopole in the square and the dipole in the
rectangle.

Since the BP equation has been derived in the framework of a microcanonical ap-
proach, and since the in the point vortex model (PVM) the total number of vortices and
and the total energy H are conserved, it will be interesting to confirm the predictions
given from the mean-field-theory to see whether for which the long term dynamics of
point vortices in the square reveals a monopole structure but a dipole configuration in
the rectangle.

Another interesting aspect to study is the transition of the vortex gas from the
positive temperature to the negative temperature regime and the formation of large
coherent structures as the system evolves deeply into the negative temperature regime.
Unfortunately, the PVM does not allow this scenario to occur: the reason lies in the
fact that in the transition from the positive to the negative temperature regime, the

energy of the system must increase but in this model the energy is a constant of motion.
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Therefore, without modelling additional physical processes that prevent the energy to
change, the energy can not vary and the clustering can never occur, unless the vortices
are initialised from the beginning to correspond to a negative temperature state. This
problem can be resolved by adopting a proposal put forward in [I07] by T. Simula et al.,
whereby an annihilation parameter ¢ is introduced to remove vortices with opposite sign
in the dynamics. The physical motivation for introducing this annihilation mechanism is
that in superfluids, vortices are topologically stable excitations that can annihilate with
antivortices when they pass near one another. The annihilation of vortices with opposite
sign reduces the number of vortices, it keeps the system neutral, and it increases the
energy per vortex of the vortex gas. As a consequence, the system migrates into the
negative temperature regime and the study of the transition between these two regimes
can be performed. This mechanism permits the study of how clustering of vortices
spontaneously occurs and it helps in understanding the role played by the geometry
in the dynamics and in the formation of coherent structures. The starting point to
describe the dynamics of point vortices is to derive the Hamiltonian for the considered
geometry: as already discussed in the derivation of the Hamiltonian H in the
presence of boundaries can be very complicated. This Chapter, is organised as follows.
In §5.1] the dynamics of a neutral vortex gas and the transition between the positive
and the negative temperature regime is investigated in two geometries: the square and
the rectangle. The idea is to confirm the results given by the energy-entropy analysis in
the square and the rectangle given in §4.4] and §4.5] respectively . In particular, it will
be shown that in the square the vortices tend to gather together forming a monopole
and in the rectangle they form a dipole. In §5.2| a qualitative analysis of the angular
momentum in the square and the rectangle will be presented. In will be presented
a thorough comparison between results from point vortex dynamics and solutions of
the BP equation. This will involve the construction of smooth vorticity fields from the
discrete representation provided by point vortices. These results will bridge the gap
between the statistical mechanical and dynamical approach to the problem. In §5.4] a
quantitative analysis on the angular momentum will be given. Finally, in section
the analysis on the dynamics of point vortices in the square and the rectangle where
annihilations on the boundaries can occur will be presented. This additional type of
annihilation allows the system to become non neutral and hence, it will be shown that

in both geometries the system naturally evolves towards a monopole configuration.
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CHAPTER 5. POINT VORTEX DYNAMICS IN THE SQUARE AND THE
RECTANGLE

5.1 Point Vortex Dynamics

The aim of this section is to investigate the dynamics of a neutral system composed
of point vortices in the square and in the rectangle with aspect ratio A = L, /L, = 1.5:
the first case is studied in while the second is investigated in §5.1.2] In these two
geometries random initial configurations are generated and the long term dynamics is
studied by integrating the equation of motion ([2.79) where the Hamiltonian H is given
by Eq. and adding an annihilation parameter between vortices with opposite
circulation to the dynamics. Particular attention will be given to the structures in
which the vortices can arrange themselves and if they coincide with the structures
which have been presented in §4.4] and based on the BP equation. If this is the
case, then the behaviour of the vortices can be explained in terms of maximum entropy
principle which produces different outcomes in the square and in the rectangle as already
discussed in the previous Chapter. Analysis on the results will be performed by invoking
ergodicity thereby allowing ensemble averages to be replaced by time averages. Hence,
a time average of point vortex positions is then generated from intervals of the same
length during the dynamical runs for both geometries. An example on how this time
averaging allows more well desired structures to be calculated is illustrated in Fig. .
This shows how superpositions of point vortices from two instantaneous, not necessary

consecutive, configurations leads to more well desired clusters. This approach can
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Figure 5.1: Figures a) and b) show two configurations at 71 and 75 respectively and the
resulting ensemble is given by Fig. ¢) on the right: the red and blue circles represent
the vortices with positive and negative circulation respectively.

be easily extended to an arbitrary number of configurations, giving the possibility of
creating ensembles with a large number of point vortices. The method which will be

adopted to study the vortex dynamics in a statistical sense, is to generate ensembles
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from the dynamics and to evaluate their time-averaged streamfunction .

5.1.1 Dynamics in the Square

In this subsection the dynamics of a neutral vortex gas in the square with sides
L, = L, = 2 is investigated. In order to do so, the equations of motion (2.79)) where
the Hamiltonian is given by Eq. for a system composed of N* = 60 and
N~ = 60 vortices with circulation v = £1 are numerically solved with the built-
in ODE45 MATLAB function [105] based on an adaptive 4th-5th order Runge-Kutta
scheme with a maximum time step 7 = 0.005. An annihilation parameter 6 = 0.01
is added to the dynamics: when the distance between vortices of opposite circulation
becomes less than 9, a pair will be removed from the system. The statistical weight
analysis performed in helps in generating an initial condition whose energy lies
in the positive temperature regime. Figure shows the statistical weights in the
square for neutral configurations of point vortices composed by a different number of
vortices N indicated in the legend. The statistical weights immediately identify the
regions for which the temperature of the vortex gas is positive or negative, depending
on the slope of the tangent to the graphs (see Eq. (3.9))).

The initial configuration has been randomly generated and its energy is evaluated by
using Eq. and it is given by H;, = —0.13: this value corresponds to an energy
of a vortex gas with a positive temperature. The energy of the initial configuration is
represented by the vertical dotted line in Fig. (5.2)). The inset figure shows the posi-
tions of the initial configuration with vortices with positive circulation (red circles) and
negative circulation (blue circles) and its corresponding streamfunction normalised by
the number of vortices ¢//N. By looking at the contour plot the absence of clusters of
like signed vortices becomes evident and it is the signature of a perfectly mixed config-
uration, typical of a a system in a positive temperature regime. The streamfunction 1
has been generated from knowledge of the instantaneous positions of the vortices and by
using Eq. . The configuration has been generated by imposing two constraints
Oy = 0.08 and g = 0.12 on the positions of vortices. The reason for the first constraint
lies in the fact that if vortices are too close at the beginning of the simulation, a large
number of pairs will be removed due to the annihilation parameter §. By imposing
this constraint this possibility is avoided and allows the system to smoothly migrate
into the negative temperature regime due to the chaotic vortex dynamics. The second
constraint dg prevents the initial vortex positions from being unrealistically close to the
boundaries. These constraints help in generating realistic initial configurations for the

study of the dynamics of a vortex gas in two-dimensional Bose-Einstein condensates
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[103] where annihilation on the boundaries can also occur. This problem will be investi-
gated in more details in Chatper By solving the equation of motions together
with the annihilation parameter 0 imposed between pairs with opposite circulation,
the total number of vortices in the system is gradually lost whilst remaining neutral.
However, the energy per vortex is seen to increase. Figure shows the number of

vortices as a function of time 7 during the dynamics. It can be seen that the number

20 T T T T T T T
1
i - N —
N* =60, N~ =60,7=0 i N=10
1
o o 0o 0,0 - —_ —
o°° Oog°%°°:° i N=20
) %60 R
o°°o°g °0 " 5o i N =40
o © 02000 4 © 500 !
Ooogoo 000 ; N =80
0% 0g o0 °9° ! I
o.° o 0% oo !
[} o o ] ) 1 —N =160
% Oo%o © 00 o 1
00°% o0 0% ° ' e H = —0.13
0 0000 © ! " '
- 000 ©Oo ©0p0g O 1
1
= :
1
Iﬂ)_ 0.05 1 T
1
= @
1
1
1
1
1
1
1
1
1
1
1 1
-0.25 -0.2 0.05

Figure 5.2:  Statistical weights in the square for neutral systems of point vortices
composed of a different total number of vortices N: the vertical dotted line represents
the energy of the initial configuration. On the left the configuration (upper figure) in
which the red and the blue circles represent the vortices with positive and negative
circulation respectively. The figure below is the corresponding contour plot for the
streamfunction per vortex t)/N. All the random configurations have been generated by
imposing a minimum distance dy = 0.08 between each vortex and a minimum distance
0 = 0.12 between the vortices and the boundaries.

of vortices reduces from N = 120 to N = 42 in the total running time (7 = 25 which
corresponds to 50,000 iterations) and by 7 ~ 5 the initial number of vortices is halved.
In addition, after 7 = 13.2 the process of annihilation slows down dramatically and it
can be inferred that the system is reaching a quasi-equilibrium regime.

During the entire dynamics short time intervals have been considered and in these
windows different time-averaged streamfunctions per vortex ¢/N have been evaluated:

examples of the streamfunction over three time intervals are shown in Fig. (5.3)) (in-

97



5.1. POINT VORTEX DYNAMICS

120

110 N* =264, N~ =264 N*T=264,N" =264 N =252, N =252 -

—

7\
/s

N

100

90

Z -0.05
T=[15—15.3] T =[15.6 — 15.9] T = [24.6 — 24.9]

70+ -
60 4
50 -

N

| | | |

0 5 JEEE 15 17.7 25

Figure 5.3: Number of vortices as a function of time in the square. The contour plots
represent the streamfunction per vortex ¢)/N for three different time intervals during
the dynamics. Indicated below each inset is the interval used to generate the averaged
streamfunctions while the number of positive and negative vortices used in the averaging
is indicated above each inset.

set figures). This shows the presence of different structures at different stages in the
dynamics which correspond to the same structures predicted in §4.2} the dipole, the
diagonal dipole and the monopole. This idea of generating time-averaged streamfunc-
tions over certain intervals can be performed systematically. Starting from 7 = 13.2,
when annihilations almost stop, the averaged streamfunctions are evaluated over time
intervals of A7 = 0.3 in duration. The results of this analysis are presented in Fig.
(5.4) where each figure represents the averaged streamfunction per vortex 1»/N. The
colors refer to the same colorbar of Fig. (5.3) and Fig. (5.2)). Since the number of
vortices does not change in time each averaged streamfunction was evaluated from a

total of N=528 vortex positions.

By looking at Fig. , it is possible to identify time intervals in which the vortices
form a dipole (7 = [15.6 — 15.9] for example), diagonal dipole (7 = [16.8 — 17.1] for
example), and monopole (7 = [17.7—18] for example). These configurations correspond
to the flows studied in §4 and classified in terms of their energy and entropy in §4.4]
Figure shows also another interesting fact: although the entropy of the dipole is
lower than the entropy of the diagonal dipole (Fig. (4.6)) the system bounces between
these two configurations. For example the system can be found in the diagonal dipole

configuration in the interval AT = [14.1 — 14.4], then in a lower entropy configuration
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Figure 5.4: Contour plots of the streamfunction per vortex ¢ /N evaluated over dif-
ferent time intervals in the square: the total number of vortices used in the averaging
in each case and the interval from which the plots have been evaluated are indicated
above each figure. All plots were generated from a total of N* = N~ = 264 vortices.

The colors of the contour plots refer to the same colorbar as in Fig. (5.3) and Fig.
(5-2).
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Figure 5.5: Contour plots of the streamfunction per vortex ¢ /N evaluated over dif-
ferent time intervals in last part of the dynamics in the square: the total number of
vortices used in the averaging in each case and the interval from which the plots have
been evaluated are indicated above each figure. All plots were generated from a total
of Nt = N~ = 252 vortices. The colors of the contour plots refer to the same colorbar

as in Fig. (5.3) and Fig. (5.2]).

in the interval A7 = [14.4 — 14.7] and then again in a higher entropy configuration in
the interval A7 = [15—15.3] and so on. In other words, the system is free to explore all
the possible configurations in this particular stage of the dynamics. However, among
all the possible configurations, the monopole has the highest entropy in the square and
it is achieved for the very first time at 7 = 17.7 (see last contour plot of Fig. (5.4)):
the negative charges occupy the centre of the domain and the positive charges occupy
the four corners. This configuration, which first appears at 7 = 17.7, lasts until the end
of the simulation at 7 = 25. Figure provides four contour plots of four different
averaged streamfunctions evaluated over different time intervals (indicated above each
figure) during the latter stages of the simulation. It should be noted that the time
averaging presented in Fig. has been performed after the annihilation process
ceased (see Fig. ) Therefore, the system was assumed to be in a quasi-equilibrium
state, allowing us to claim that the final configuration corresponded to a maximum
entropy state for the dynamics of point vortices in the square.While the annihilation
process does play an important role at the beginning of the simulation where a large
number of annihilations occur, at later times once the clusters are formed, this mech-
anism is strongly suppressed. Then the probability of annihilation between positive
and negative charges reduces and it becomes proportional to the interfering perime-
ter between the clusters. We note that time averaging can not be be performed for
exceeding large intervals of time. This is because a distribution of positive and neg-
ative vorticity can undergo a sudden exchange as a consequence of having degenerate
maximum entropy configurations. Averaging over intervals traversing this switching of

states would clearly result in a cancellation of the vorticity fields. As a consequence,
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very long time averaging will produce zero averaged quantities and therefore, in choos-
ing our intervals we ensure that we circumvent these scenarios. It has to be remarked
that during the whole dynamics, it has not been possible to find any other structure
(for example the quadrupole). According to the linear study performed in , the
corresponding streamfunctions have many zeros and a lower entropy and therefore they
are less favourable. This first qualitative analysis confirms the predictions of the mean-
field theory. When the system is not deeply into the negative temperature regime, it
explores all possible microstates which can be local maxima for the entropy. However,
the long term dynamics is governed by the maximum entropy principle which causes the
vortices of the same charge to gather together and to occupy the centre of the square

while the charges with opposite circulation tend to occupy the four corners.

5.1.2 Dynamics in the Rectangle

The squared domain is now stretched into a rectangle with sides L, = 2v/A and
L,=2/ VA where A = L,/ L, = 1.5 is the aspect ratio. This choice modifies the shape
of the domain but it preserves its volume. Since the phase space of a two dimensional
vortex gas coincides with the physical space, the phase space of the rectangle is equal to
the phase space of the square. The initial configuration has been randomly generated
and its energy is evaluated by using and it is given by H;, = —0.14: this
value corresponds to an energy of a vortex gas with a positive temperature. The
energy of the initial configuration is represented by the vertical dotted line in Fig.
. The inset figures show the positions of the initial configuration with vortices
with positive circulation (red circles) and negative circulation (blue circles) and its
corresponding instantaneous streamfunction per number of vortices ¥)/N. As before
the contour plot demonstrates the lack of clustering of like signed vortices in the initial
condition which is the signature of a perfect mixed configuration, typical of a a system
in a positive temperature regime. Once the dynamics starts, the system is smoothly
driven into the negative temperature regime due to annihilations. The number of
vortices as a function of time is presented in Fig. (5.7). The decaying rate of the
vortices is compatible with the result for the square. Figure also shows four
contour plots for the streamfunction per vortex /N of four averaged streamfunctions
generated over different time intervals during the dynamics: in particular intervals in
which the system is in the diagonal dipole, monopole and dipole configuration have
been found. The diagonal dipole has been found in a single interval A7 = 0.25 and

it has not been possible to find any other interval in which the system is in the same
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Figure 5.6: Statistical weights in the rectangle for neutral systems composed of differ-
ent number of vortices N: the vertical dotted line represents the energy of the initial
configuration. On the left the configuration (upper figure) in which the red and the blue
circles represent the positive and negative vortices. The figure below is the correspond-
ing contour plot for the streamfunction per vortex ¢/N. All the random configurations
have been generated by imposing a minimum distance dy = 0.08 between each vortex
and a minimum distance g = 0.12 between the vortices and the boundaries.
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Figure 5.7:  Number of vortices as a function of time in the rectangle. The contour
plots represent the streamfunction per vortex ¥/N for four different time intervals
during the dynamics. Indicated below each inset is the interval used to generate the
averaged streamfunctions while the number of positive and negative vortices used in
the averaging is indicated above each inset.
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configuration. This is consistent with the fact that in the rectangle it was not possible
to find diagonal dipole solutions to the BP equation as shown in Fig. . The other
inset figures show a dipole and two monopole configurations where negative vortices
occupy the centre of the domain (interval 7 = [19.4 — 19.55]) or where positive vortices

are in the centre of the rectangle (interval 7 = [22.4 — 22.55]).

Starting from the beginning of the simulation, averaged streamfunctions constructed
over time intervals A7 = 0.3 from a different total number of vortices have been gen-
erated during the dynamics. Figure shows contour plots of these streamfunctions
over the duration of the simulation. Above each figure is indicated the window in which
the plot has been generated. Since the annihilations do not stop during the dynamics,
different number of vortices have been used within each time interval which are shown
above each contour plot. In this set of possible configurations the monopole does not
seem to occur so often and, if it occurs, it does not last for long time intervals. The
reason is due to the fact that in the considered rectangle, the value of the aspect ratio
is much greater than the critical value Ac = 1.122 [71] and therefore, the monopole is
strongly suppressed. In the early stage of the dynamics the system can be found in a
monopole configuration which is a local maximum for the entropy. However, when the
point vortices arrange themselves in a dipole configuration, the global maximum for
the entropy is achieved and therefore the dipole configuration persists until the end of
the simulation at 7 = 25, as shown in Fig. . Hence, the predictions of the theory

given by the BP equation have also been confirmed for the rectangle.

The conclusions at this stage are that the predictions of the mean-field theory are
confirmed for both the considered geometries. When the system of point vortices is
driven into the negative temperature regime there are two possible outcomes, depending
on the considered geometry: in the case of the square, the vortices tend to form a
monopole structure while for the rectangular domain the dipole is the most probable
configuration. As already pointed out in the streamfunction v related to a possible
configuration of point vortices can be either (/) # 0 or (¢0) = 0, where (...) denotes the
spatial average. Since the angular momentum L of the system is given by Eq. ,
by changing the geometry from a rectangle to a square, the system spontaneously
acquires a non zero value for the angular momentum L. This concludes the analysis
of the dynamics of a neutral system composed of point vortices in the square and
the rectangle. During their dynamics the point vortices are free to explore all the
possible configurations subjects to the instantaneous energy constraint imposed by the
Hamiltonian of the system. Some configurations are local maxima for the entropy while

others are global maxima for the entropy. It has been shown that the long time dynamics
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Figure 5.8: Contour plots of the streamfunction per vortex 1)/N evaluated over differ-
ent time intervals in the rectangle: the total number of vortices used in the averaging
in each case and the interval from which the plots have been evaluated are indicated
above each figure. The colors of the contour plots refer to the same colorbar as in Fig.

and Fig. .
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is such that the configurations which maximise the entropy are always achieved. In the
case of the square this configuration is given by the monopole and in the case of the
rectangle it is given by the dipole. In the next section the qualitative analysis of the

angular momentum in both geometries is presented.

5.2 Angular Momentum

In §2.5.3]it has been shown that the angular momentum L evaluated with respect to
the point (z¢,yo) of a distribution of NV point vortices each with circulation v; located
at (z;,v;), 1 =1,...N in a bounded domain D is given by the sum of a volume term,

indicated with Ly, given by

Ly =—

N

D [ = w0)? + (s = w0)?] (5.1)

and a boundary term Lg, given by

Lp = —g ng [(z — 20)* + (y — y0)?] (—v,u) - dn, (5.2)

where dn is the normal vector to the boundary 0D. The volume term Ly depends ex-
clusively on the positions of the vortices and their circulation, while the boundary term
Lg requires the knowledge of the value of the components of the velocity Eq.
on the boundary 0D. However, the boundary term Lp can be evaluated indirectly
since the total angular momentum is related to the streamfunction of the distribution

of vortices, via

L= Qp/pwda:dy, (5.3)

and therefore,

where (...) represents the spatial average and p = 1 is taken as the superfluid density.

Hereafter, the point (xg,yo) is chosen to be the center of the domain for the square
and the rectangle. Before describing the trend of the angular momentum in the square
and in the rectangle, it is important to note that in the case of a perfectly symmetric
configuration the total angular momentum is identically zero. This is immediate by
looking at Eq. (5.3). This fact can be used to describe and characterise the spatial
configuration of a distribution of point vortices by looking at the graph of the total

angular momentum L as a function of time. If it presents a large number of zeros then
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the system is passing through symmetric configurations which can be either a dipole,
a diagonal dipole, a quadrupole, etc... On the other hand, the lack of zeros in the
values of L reflects an asymmetric configurations such as the monopole. In the next
two subsections, the qualitative analysis of the angular momentum in the square and

in the rectangle will be presented.

5.2.1 Angular Momentum in the Square

By considering the positions of the point vortices during their dynamics in the
square, it is possible to evaluate the angular momentum as a function of time during
the whole dynamics. Figure (5.9) shows the total angular momentum L, the volume

term Ly and the boundary term Lg given by Egs. (5.3)), (5.1), and (5.4)), respectively as
a function of time for the dynamics in the square. Aside from the initial time, the graph

10 1 1 1 1

Figure 5.9: From the top to the bottom: total angular momentum L, volume term Ly
and boundary term Lpg evaluated in the square during the dynamics. The red dotted
line represents the zero.

of the angular momentum L (upper figure) in Fig. (5.9)) clearly shows very few zeros:

this is a signature of an asymmetric configuration such as a monopole. Fig. (5.10]) shows
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L as a function of time and also four contour plots for the averaged streamfunction over

four different time intervals generated during the dynamics.

10 T T T
7=[11.75-12.075]

7=[16.5-16 8] T 7=[24.3-24.48]

8l 0.05

-0.05
-0.05

7=[15.2-15.44]
_ak 0.05

Figure 5.10: Graph of the total angular momentum L as a function of time in the
square: the inset figures are the streamfunction per vortex /N for different time
intervals generated during the dynamics. The interval from which the plots have been
evaluated are indicated above each figure. The red dotted line represents the zero.

The contour plots have been generated in the interval indicated above each figure.
The presence of different structures during the dynamics has been widely described
in and Fig. shows how these different configurations are associated with
different values of L. When L = 0 then (¢) = 0 and L # 0 implies (¢)) # 0 where
(...) denotes the usual spatial average. It should be remarked that some of these

configurations can last for only short time intervals.

5.2.2 Angular Momentum in the Rectangle

By changing the aspect ratio of the domain to A = 1.5, the maximum entropy
state is achieved by a symmetric configuration and hence, the trend of the angular
momentum L as a function of time is expected to coincide with zero. In the case of
the rectangle, the graph of the the total angular momentum L, the volume term Ly
and the boundary term Lp given by Egs. , , and , respectively as a
function of time are shown in Fig. (5.11]). The trend of the total angular momentum
during the dynamics of the point vortices in the rectangle reveals the expected trend.
The behaviour is clearly completely different from the previous case: here the graph

oscillates throughout the simulation from positive to negative values of L but never
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deviates from extended periods from zero. Figure (5.12)) shows the plot of the total

angular momentum L in the rectangle with three example of averaged streamfunctions

per vortex ¢ /N for different time intervals. Two of them show configurations close to
a monopole although they are less well defined and they do not persist for very long.
The other one is a dipolar configuration. The monopoles are present in intervals where
the angular momentum has a peak while the dipoles can be found in intervals where

the values of L is close to zero.

The analysis of the angular momentum clearly shows two different behaviours whether
the square or the rectangle is considered. In the first case, the system naturally evolves
to a configuration with a non zero angular momentum and a consequent significant de-
viation from zero in the graph of L, while in the rectangle the system evolves towards
a dipolar configuration which can be revealed by the extended deviations during which

L is approximately zero

10 T T T
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Figure 5.11: From the top to the bottom: total angular momentum L, volume term
Ly and boundary term Lpg in the rectangle. The red dotted line represents the zero.
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7=[11-11.25] 7=[24-24.52)
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Figure 5.12:  Graph of the total angular momentum L as a function of time in the
rectangle: the inset figures are the streamfunction per vortex ¢/N for different time
intervals generated during the dynamics. The interval from which the plots have been
evaluated are indicated above each figure. The red dotted line represents the zero.

5.3 Entropy analysis for the point vortex dynamics

In the previous two sections a qualitative analysis to the dynamics of point vor-
tices and to the trend of the angular momentum in the square and the rectangle was
presented. Moreover, by using a time sequence of vortex positions within particular in-
tervals, the system was found in configurations where vortices arrange themselves into
a dipole, diagonal dipole or monopole in the square and in a monopole or dipole in the
rectangle. The aim of this section is to evaluate the non-dimensional energy E given
by Eq. and the non-dimensional entropy S given by Eq. for these config-
urations identified from the dynamical simulations. In other words, the main objective
of this section is to classify these structures based on their non-dimensional energy and
entropy as was previously done in and for the solutions of the BP equation.
The values of E and S computed from the dynamical run will also be compared with
the values already shown in Figs. and obtained from the solutions of the BP

equation.

In order to perform this analysis it is necessary to reconstruct, starting from the
positions of the vortices, the streamfunction i) and the positive and the negative vor-
ticity fields w® required to evaluate the entropy of each configuration. This section is
divided into four subsections which will culminate in the comparison of the entropies
of the solutions of the BP equation and the dynamical simulations of point vortices.
This section is organised as follows. In subsection the problem of generating the

ensembles for the dipole, the diagonal dipole and the monopole in the square and for
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the monopole and the dipole in the rectangle is discussed. In the subsection §5.3.2] a

mathematical method which allows for the construction of the smooth vorticity fields

w, and w_, corresponding to the vorticity fields generated by the positive and negative
vortices respectively, starting from the positions of the point vortices is presented .
Finally in subsection the comparison between the non-dimensional entropy com-
puted from the dynamical simulations of point vortices in the square and the rectangle

and the solutions of the BP equation will be presented.

5.3.1 Generating the ensembles
Ensembles in the square

Since the point vortices spend most of the time in the monopole configuration during
their dynamics, it is straightforward to identify a long enough time interval from which
an ensemble for the monopole is the square can be reconstructed based of the assump-
tion of ergodicity. The situation is different for the dipole and diagonal dipole since
they emerge over shorter time intervals. This can be seen by looking at the contour
plots presented in Fig. which sow fewer configurations in which the system can
be found in the dipole or diagonal dipole state. One of the main challenges associated
with generating an ensemble is to extract sufficiently many positions related to the
same macroscopic configuration during the dynamics. For example, the configurations
in the intervals 7 = [15.6 — 15.9] and 7 = [15.9 — 16.2] (see Fig. (5.4))) are both in
the dipole configuration but the first one has a vertical orientation and the second is
horizontally orientated. Although the two ensembles represent a dipole, it is not possi-
ble to consider all these configurations to generate an ensemble in which the dipole is
vertically oriented. However, this problem can be overcome by noticing that the system
is symmetric under rotations: the configurations in the interval 7 = [15.9 —16.2] can be
rotated by 90° clockwise and all the configurations in the whole interval 7 = [15.6 —16.2]
can be used to generate an ensemble for a vertically orientated dipole. Therefore, by
appropriately rotating the positions of the vortices extracted from the dynamics, a large
number of configurations where the system is in a dipole configuration with the negative
charges on the left and the positive charges on the right can be generated.

In the following a vertically orientated dipole will be generated and the time intervals
which have been used to generate it correspond to 7 = [13.2 —14.1], 7 = [14.1 — 14.7]%,
T = [14.7 — 15.6], 7 = [15.6 — 15.9], 7 = [15.9 — 16.2]" and 7 = [17.1 — 17.7]" where
the superscript R means that the vortex positions have been rotated. The number of

configurations in which the system can be found in a diagonal dipole and monopole
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are enough to generate an ensemble with a large number of vortices. In particular
for the diagonal dipole, the configurations are those in the intervals 7 = [14.8 — 15.3]
and 7 = [16.2 — 17.4] (see Fig. (5.4])). Finally, for the monopole, the positions are
taken from the final stages of the dynamics in the interval 7 = [20 — 25]. Figure
shows the superposition of all vortex positions within each ensemble corresponding to

dipole (left), the diagonal dipole (centre) and the monopole (right) in the square. The

iy g’iié‘&ik 228
LR
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Figure 5.13: Ensembles for the dipole (a), diagonal dipole (b) and monopole (c) in the
square: the number of vortices in each ensemble is N = 8580, N = 8360 and N = 8502
respectively. The red and the blue dots represent the vortices with positive and negative
circulation respectively.

ensemble for the dipole, the diagonal dipole and the monopole contains N = 8580,
N = 8360 and N = 8502 vortices, respectively.

Before proceeding, it is important to establish if the ensembles which have been
generated can be used and studied in a statistical sense. In particular, it is important
that the generated ensembles do not contain strong local spatial correlations: an ex-
ample is given by Fig. and Fig. . The frame on the left is taken at
71 = 20, the frame in the centre after 10 iterations at 7 = 20.005 and the resulting
ensemble is given on the right. In the first two frames the position of a positive vortex
is indicated with a yellow circle: the distance travelled by the vortex is not enough to
avoid small scale correlations in the resulting vorticity field w™ generated by considering
the resulting ensemble (figure on the left). The same problem can also be noticed for
the negative charges indicated by the orange circles. These correlations are not seen
in Fig. (5.14(b)|) where the time interval between the two configuration is A7 = 0.025
which corresponds to 50 iterations. In this case the positive and negative vortices are
well separated and from the ensemble it is not possible to deduct any correlation in the

vortex positions.
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These considerations lead to the conclusion that for an ensemble generated over

smaller time intervals, the individual instantaneous vortex configurations can be more
strongly correlated and the problem discussed above can become more pronounced .
Therefore, the ensemble corresponding to the monopole in the square or the ensemble
corresponding to the dipole in the rectangle which are generated from a large number

of time intervals are less susceptible to this problem.
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Figure 5.14:  On the left, positions of the vortices at initial time 7 = 20: the yellow
and orange circles represent a positive and two negative vortices respectively. In the
centre, the position of the vortices after A7 = 0.005 (upper figure) and after A7 = 0.025
(lower figure). On the right, the resulting ensembles: in the lower image the separation
between the vortices at time 7 and 7 is enough to avoid spatial correlations which will
affect the resulting vorticity fields. In the upper image the separation of the vortices is
not enough to avoid any spatial correlation.

In order to understand the problem, imagine that the available set of data consists
on N¢ configurations during the dynamics at time 79,79, ,7n, and the number of
vortices at each time is N,(7;). Hence, it is possible to generate an ensemble with
N = >N N,(r;) vortices. However, by considering all the positions, the vortices will
not have travelled enough in order to guarantee a good separation between the positions
at any time 7; and 7,11 (see Fig. (5.14])). This raises the following questions: ”what

is the mean separation of all vortices in the ensembles given in Fig. (5.13))7”, "Is this
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Figure 5.15: Mean distance between two instantaneous configurations of vortices for
the dipole, diagonal dipole and monopole in the square: each dot in the above figures
represents the separation |Az| of each vortex after an amount of time A7. In the case
of the dipole this separation is given by A7 = 0.009, for the diagonal dipole is given by
A7 = 0.0185 and for the monopole is given by A7 = 0.025. The red and the blue dots
represent the positive and negative vortices respectively.

distance enough to ensure the absence of spatial correlations in the ensemble?”. In
the case of the diagonal dipole in the square, the set of data consists of No = 3402
configurations and in order to have an ensemble with N ~ 8000 vortices a maximum
time interval of A7 = 0.009 is required. By considering two configurations separated
by this interval, it is possible to consider the separation of the i-th vortex at time 7

and time 75, indicated by |Az;]|, which is given by
|Azi| = |zi(m2) — zi(m1)], (5.5)

where z;(71) and z;(72) are the positions of the i-th vortex after an interval A7 = 0.009.

The mean separation between all vortices in the sample is given by

N,
1 v
voi=1

which, in the case of the diagonal dipole gives |Az| ~ 0.29, roughly a seventh of the
side of the squared domain. The result of this analysis for the diagonal dipole is shown
in Fig. (figure in the centre). In this analysis only two configurations separated
by A7 = 0.009 have been considered. In each figure the z-axe refers to a particular

vortex (the first 22 red are those with positive circulation and the last 22 blue are those
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with negative circulation) and the dots represent the separation of the i-th vortex after
the time A7. In the case of the dipole A7 = 0.009, for the diagonal dipole A7 = 0.0185
and for the monopole A7 = 0.025. The horizontal dotted line indicates the mean value
given by Eq. of the separation of all the vortices. These results show that the

minimum separation occurs for the diagonal dipole and it is Az ~ 0.29.

This suggests that the distance travelled by vortices is a function of the scale of
the large structures (assumed to be of the order of the domain size); it is nevertheless
sufficiently large when an ensemble consisting of many instantaneous configurations is

used.

In the case of the dipole and the monopole, the set of data consists in No = 7502 and
N¢ = 10000 configurations respectively. In order to have an ensemble with N ~ 8000
vortices a maximum time interval of A7 = 0.0185 for the dipole and A7 = 0.025 for the
monopole are required. The separation given by Eq. between two configurations
for the dipole is given by |Az| ~ 0.399 and for the monopole by |Az| ~ 0.505 (see Fig.
(5.14]))).

Ensembles in the rectangle

In the case of the rectangle, the symmetry argument does not hold any more, and
hence, the only possibility is to find the system in the appropriate configuration and
construct the ensemble. In the case of the dipole, the configurations have been con-
sidered in the interval 7 = [20 — 25]. Regarding the monopole the following intervals
have been chosen: A7 = [11.5 — 12.5] and 7 = [19.25 — 19.6]. Using these intervals it
has been possible to crate two ensembles (for the monopole and the dipole shown in
Fig. (5.16)) containing more than N = 8000 vortices. The mean separation analysis
about the mean separation between all vortices given by Eq. was repeated for the
rectangle and can be visualised in Fig. for both ensembles of Fig. . For the
monopole the number of configurations correspond to Ngo = 2700 while N = 10000 for
the dipole. A time interval of A7 = 0.012 between the two configurations is required to
generate an ensemble which contains around N ~ 8000 vortices for the monopole, while
for the dipole the interval is given by A7 = 0.025. For these values, the minimum mean
separation between all vortices occurs for the the monopole and it is Az ~ 0.211. The
fact that the minimum mean distance occurs for the monopole is perfectly reasonable

due to the limited number of configurations.
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Figure 5.16:  Ensembles for the monopole (a) and the dipole (b) in the rectangle:
the number of vortices in each ensemble are N = 8022 and N = 8086 respectively.
The red and the blue dots represent the vortices with positive and negative circulation
respectively.
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Figure 5.17: Mean separation between two instantaneous configurations of vortices for
the monopole and the dipole in the rectangle: each dot in the above figures represents
the separation |Az| of each vortex after an amount of time Ar. In the case of the
monopole A7 = 0.012 and for the dipole A7 = 0.025. The red and the blue dots
represent the positive and negative vortices respectively.
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5.3.2 Lamb-Oseen Vortex in a Box

The main result of the previous subsection is given by the ensembles in the square
and the rectangle: in particular ensembles for the dipole, the diagonal dipole and the
monopole in the square and for the monopole and the dipole in the rectangle have been
generated and they are shown in Fig. (5.13) and Fig. (5.16)), respectively. In this
subsection the problem of recovering a smooth vorticity field from these ensembles will

be presented.

In the framework of the statistical mechanics, if a domain D is divided into a large
number of cells with size A2, an important concept is played by the macrostate which
has been introduced in §3.2] In the case of point vortices, the macrostate is defined
by the number of positive and negative vortices in each cell. This uncertainty can be
represented by smearing the vorticity of each vortex using a characteristic ”core size”
that is of the order of the side of the cell and hence, only the information about the
distribution of vortices in each cell h. Therefore, the vorticity field generated by a point
vortex given by Eq. can be approximated by a smooth two dimensional Gaussian
distribution with standard deviation o given by Eq. . This smearing procedure
is similar to that adopted in when the statistical weights for different number of
vortices were generated. In that case, the statistical weights were approximated by a
one dimensional Gaussian kernel given by Eq. . Now a two dimensional Gaussian

kernel is required and it is given by

1 r2
e 27, (5.7)

GKyp(r;o) = 52
where the parameter ¢ is the standard deviation and r = \/ﬁy2 is the distance
between the point vortex position and a generic point in the domain. This expression
is analogous to the expression for the vorticity field corresponding to the Lamb-Oseen
vortex [102] located at the centre of an infinite domain for which the vorticity field is
given by

w(r,t) = %6_’2/4”, (5.8)

where 0 = v/2vt and ~ is the circulation of the point vortex. This vorticity profile arises
as an exact solution of the Navier-Stokes equation with an initial vorticity corresponding

to that of a point vortex in the presence of a dissipative term v

Frin vViw, w(r;t =0) = yd(r). (5.9)
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Comparing Eqgs. (5.8)) and (5.7)), the standard deviation of a two dimensional Gaussian

kernel can be associated with the viscous term such that v = o2 /2t.

When a bounded domain is considered, these results that hold for an unbounded
domain need to be modified. In a bounded region the solution to Eq. is no
longer given by Eq. . In addition, in a bounded domain, the initial condition
w(r;t = 0) = vd(r) needs to be modified. In other words the representation of the

Dirac delta function as having the property

[ st vy = s, (5.10)

must be modified for the particular type of boundary conditions to be used. For these
reasons, in the following the solution of Eq. (5.9) in a rectangular region will be derived

and a representation of the Dirac delta function in a bounded domain will be given.

The starting point will be to consider a rectangular region with sides L, and L, in
which a single vortex with circulation vy is placed at (xg, yo). The vorticity field w(x,y)

is required to satisfy the following boundary conditions

(5.11)

The equation (5.9) can be solved by using the method of separation of variables and

hence, the vorticity field is assumed to take the form
w(@,y,t) = X(2)Y (5)T(0). (5.12)

Substituting Eq. (5.12)) into Eq. (5.9)), and dividing both sides by X (2)Y (y)7T'(t), gives

Yy X"x) Y'(y)

=y + v , 5.13
0 X V) >19)

which can be split into three ordinary differential equations
X// - >\1X = 0, Y// - )\QY = 0, T/ - V<>\1 + )\Q)T = O, (514)

where two constants A; and Ay have been introduced. The first two equations for X (x)

and Y (y) have the same form and, hence, only one needs to be solved and then the
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result can be immediately applied to the other. The equation for the function X (z) is
X" \MX =0, (5.15)

and, depending on the sign of the eigenvalue A, it admits three different types of
solution.

If Ay = 0 the equation simply becomes
X" =0, (5.16)

and its solution is given by X(x) = Az + B. By imposing the boundary conditions
(5.11)) the only possible solution is the constant zero solution which has no physical
meaning.

If a®> = A\; > 0 then the solution to Eq. (5.15) is given by
X(z) = Acosh(az) 4+ Bsinh(az), (5.17)

In this case, the boundary conditions (5.11)) at z = 0 and = = L,, imply A = 0 and
B = 0 respectively which gives rise to a trivial solution. Hence, the last possibility is
a* = —\; > 0 for which the solution to Eq. ((5.15) is given by

X(z) = Acos(ax) + Bsin(azx). (5.18)
Applying the boundary conditions (5.11]) at z =10

= Acos(ax) + Bsin(ax) = A, (5.19)

=0

which imposes A = 0. The other boundary condition at x = L, is given by

X(z) = Bsin(ax) = Bsin(aL,) =0, (5.20)

z=L, z=L,

which implies the existence of an infinite set of eigenvalues and eigenfunctions given by

a= Z—:, sin (n;f) . (5.21)
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Recalling a? = —\; > 0, the final results for X (z) and Y (y) are given by

2. 2
Al,n = —%, Xn(l') = sin <n£;z> s
\ m2n? . [ mny
om = — % , Y, (y) = sin I, ) (5.22)

The solution to the differential equation for the function 7'(¢) is straightforward to

obtain and is given by

T(t) = et Orntramlt = gmvtn®e?/Lifm?e /L) (5.23)

The final solution to Eq. (5.9) is therefore given by Eq. (5.12)) in terms of a double

infinite series due to the two sets of eigenfunctions and eigenvalues

+o0
(@ yit) = 3 Cppe 0 et 1) iy (n;x) i (mey) | (5.24)
n,m=1 x y

where the coefficients C,, ,,, need to be evaluated by considering the initial condition.
The first step to evaluating the coefficients C,, ,,, in Eq. (5.24)), is to consider the solution
(5.24) at the initial time ¢t = 0, multiplying it by sin (n'rz/L,) and sin (m’my/L,) where

n’,m’ are non zero integers, and integrating it over the domain L,, L,. By using the

L, / L
/0 sin <n;f> sin (nLﬂj) dr = f%,n/, (5.25)

the integration of the right hand side of Eq. (5.24)) gives

following property

L.L,

On/ m/
' 4

(5.26)

It is important to notice that the boundary conditions (5.11)) are equivalent to the
configuration described in §2.5.2| where the presence of two infinite sets of images mimics
the walls of the rectangular box with sides L, and L,. Therefore, the configuration in
which a single vortex is placed in a box, is equivalent of a doubly infinite set of periodic
images along the z and the y axes (with periodicity 2L, and 2L,) with the circulations
equivalent to that discussed in §2.5.2]

The periodic distribution of vortices which needs to be considered is shown in Fig.
(5.18) in complete analogy to the arguments presented in §2.5.2| This fact is extremely
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2L,

vy = (20,2Ly — yo)

[ ]
v3 = (2L, — x0,2Ly, — yo)

v = (931)71,/(1)

Uy = (2L1 - 1707210)
[

L, 2L,

Figure 5.18: Configuration which automatically satisfies the boundary conditions given
by : the real vortex v; and its three images vy, v3 and v, which made up a periodic
cell. The two sets of images continue along the x and the y directions by periodically
repeating this periodic cell. If v; has positive circulation then so does the image v
while the other two vortices have a negative circulation.

useful because there exists a periodic representation of Dirac’s delta function, the so

called Dirac’s comb [68] given by

“+oo

Z 0(x —xp —2my L) =

m1=—00

S (1)

where 2L is the period along x and xq is the position of the charge. This representation

can be easily extended in two dimensions. Therefore, the initial condition associated

with the vorticity field generated by the configuration of point vortices shown in Fig.
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(5.18) (which continues periodically along x and y) can be described by

“+o00
Oyt =0) = v Y. 6@ —xz0+2m1L)o(y — yo + 2maL,)

mi]=—0o0
mo=—00

+oo
- Y Z d(x — (2L, — o) + 2my Ly)0(y — yo + 2maLy)

mi]=—o0
mo=—00

+oo
+ Z 6(z — (2Ly — mo) + 2m1 Ly)0(y — (2Ly — yo) + 2maLy)

+oo
- Y Z dx —xo+2miL,)0(y — (2Ly — yo) + 2moL,).  (5.28)
mi=—o0
mo=—00

Now the vorticity @(z,y), which represents the condition at initial time, must be mul-
tiplied by sin (n'7mz/L,) and sin (m'my/L,) where n’,m’ are non zero integers, and
integrated over the domain with sides L, and L,. Hence, the contributions given by
the charges vq, v3 and vy indicated in Fig. must be taken into account. In order

to do so, it is useful to consider the following integral

% fle n'mx
0

mip=—o0 z

where n/ is any non-zero integer. By performing the change of variable & = 2L, — x, [

becomes

xT

400 2L, [
I=% Y / §(—% + o + 2my L) sin <2n'7r - "L”) dz,  (5.30)

mip=—00

and since the Dirac delta function is an even function, 6(z) = d(—=z), the integral

becomes
+o00

2La n'mx
I=—v Z /Ll d(z — xo + 2my L, ) sin < 7 ) dz. (5.31)

T
mij=—00

This property shows that the integral over the domain [0, L,] x [0, L,] of the second term
of Eq. multiplied by sin (n'7z/L,) and sin (m'7y/L,) is equivalent to integrating
the first term of multiplied by sin (n'7z/L,) and sin (m'nwy/L,) over the interval
[L,,2L,] x [0, L,]. By applying the same property to the other terms, the integral of

122



CHAPTER 5. POINT VORTEX DYNAMICS IN THE SQUARE AND THE
RECTANGLE

the vorticity at the initial time &(x,y) given by ([5.28) is given by

Ly Ly 1 /
_ - . (n'tx\ . (m/my
I; = / / w(z,y) sm( I >sm( I, )dmdy,
+oo
- Z / x—:po—l—ZmlL)sm(L )da:x

) dy, (5.32)

+oo
X Z/ Sy — yo—|—2m2L)sm(L

mo=—00

where n/,m’ # 0. Inserting in the above expression the representation of the Dirac
delta function (5.27) along both x and y directions and using

2L +<>0 / /
- nm(x —x0)\ . [(n'mx . (n'mwg
_ / ( I ) sin < I ) dxdy = sin ( I ) )
/ mW(?/ Yo) i m'my dedy — i m'myo (5.33)
» in L, xdy = sin L, ) .

gives the final result

!/ !/
Iz = 7o sin (nzjo) sin <mL7;y0) . (5.34)
Finally the coefficients can be evaluated by equating Eqs. (5.34)) and (5.26)) and they
are given by
4 / /
Cn/’ﬂ’u = L::[(jy sin <nzjo> sin (m[,j;yo> 5 (535>

which can be substituted into Eq. (5.24)) in order to obtain the final solution for a single
vortex with circulation g located at (xg, o). If there are N* charges of strength 7.,

then the positive and the negative vorticity for this distribution is given by

+oo
nmwx m
at) = Y Gl ) i (M) i (),

n,m=1 x Y

+oo
Wlayit) =Y e ML) gy <n[7;x>sin (”"L”y), (5.36)

n,m=1 Yy

where the coefficients are given by

nm—L L 27181n<

) i (”Zyl’) . (5.37)
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From the positive and negative vorticity, it is also possible to derive the streamfunction

for the distribution of vortices. In fact, the streamfunction can be decomposed as

(x,y;t Z A m SIN <n7m) sin (nzﬂ'y) , (5.38)

n,m=1 x Y

follows

and differentiating the above quantity twice with respect to x and y gives

2% oo 2,2
T = = 2 s (M ) ().
x b
n,m=1 r x Y
O o3 L mPr? . (nmz . [(mmy
—8y2 = —n;ﬁAn’m 7 sm( I )sm( I, > .

(5.39)

By using the relation between the vorticity and the equation for the streamfunction
(2.54)), the positive and negative vorticity contributions to the streamfunction are given
by Eq. (5.38)) where the coefficients are

Cfme—l/t(nzﬂ'Q/Li—i—m%ﬁ/Lg)
n,m (nzwz I m27r2> ’
L2 L2

and the coefficients C'Y, are given by Eq. (5.37)). The vorticity fields given by Eq. (5.36)
and the streamfunction given by Eq. (5.38) can be readily generated from knowledge

(5.40)

of the positions of the vortices: therefore, once this quantity has been calculated, Eq.
for the entropy S and Eq. for the energy FE are straightforward to calculate.
However, two important points regarding the results need to be considered: firstly the
vorticity fields given by Eq. and the relative streamfunctions given by Eq.
depend on a free parameter o (the core size), secondly the solutions are expressed in
terms of a double summation over the indices n and m. These two observations give
raise the following questions: "What is the right value for 07”7 How many terms in the

double summation need to be retained to obtain an accurate approximation?”

An answer to the first question necessitates a more systematic study and it will de-
ferred to the next subsection §5.3.1 Regarding the other question a numerical analysis
can be performed and it will be explained in the following.

The first task is to determine an appropriate number of meshgrid points for the vortic-
ity and the streamfunctions: for this purpose meshgrids with 64 x 64, 128 x 128 and

256 x 256 points are now considered. The number of points should be enough to solve
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the vortex core. Since in the square with sides L, = L, = 2, the minimum value for

the vortex core can be estimated approximately by o = L,/64 ~ 0.03, for this analy-
sis a value of ¢ = 0.05 is chosen. By fixing the value of o, the positive and negative
vorticity fields given by Eq. are constructed and their integral over the domain
are evaluated. For a distribution consisting of N vortices with circulation v, = +1
and N~ vortices with circulation v_ = —1 these integrals are equal to the total positive
and total negative circulation given by NT~, and N~ ~_, respectively. Figure
shows the value of the total positive (figure on the left) and negative (figure on the
right) circulation for the initial configuration in the square as a function of the number

of modes for three different meshgrids indicated in the legend.

o =0.05 o = 0.05
60.6 - -59.2 - -
——64 Points ——64 Points
—hi B =l s
=29 o1nts 2z o1mnts]
560'4 - - Theory g -59.4 == Theory
e =
2602 = 596
g S
] e IR LI I LI .5 _50.8
@) o
259.8":_& S| R | P i
859.6 a0 -60.2
5}
A Z
59.4 -60.4
59.2 -60.6
10 20 30 40 50 60 10 20 30 40 50 60

Number of modes Number of modes

Figure 5.19: Positive (left) and negative (right) circulation for the initial condition as
a function of the number of modes m and n and for different meshgrids indicated in
the legend. The size of the Gaussian kernel is ¢ = 0.05.

This analysis shows that the circulation does not vary significantly when the number
of modes is greater than n = m = 40 and that there is not much to gain by increasing
the resolution from a grid of 128 x 128 points to a grid of 256 x 256 points. For this reason
in the following the vorticity fields and the streamfunctions given by Egs. (5.36) and
(5.38) will be evaluated with n = m = 50 modes on a 128 x 128 equispaced meshgrid.
Figure (5.19) also shows that the total circulation is not conserved: this is due to the
fact that the parameter o = v/2vt, which represents the width of the Gaussian curve,
is equivalent to the effect of a diffusive process in time.

Clearly, the values for the positive and negative circulation shown in Fig. are
not the expected values which are given by £60. This situation worsen when vortices of
one charge are near the boundaries as in the case of the monopole shown in Fig.

on the right. The evaluation of the total positive and negative circulation for different
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Figure 5.20: Configuration at initial time (on the left) and at later time 7 = 20 (on the
right): the asymmetric distribution of vortices in the latter configuration causes more
loss in the positive circulation (see Fig. ((5.21]) on the right) due to the positions of the

positive vortices near the boundary.

lation

rcu

C

— Positive Circulation
—— Negative Circulation
-=-=-Theory

0.05 0.1

Circulation

— Positive Circulation
—— Negative Circulation
-=-=-Theory

0.05 0.1

Figure 5.21: Positive and negative circulation for the initial condition (on the left) and
at later time 7 = 20 (on the right) as a function of the radius o. The positive circulation
in the figure on the right decreases more rapidly as ¢ increases, due to the positions of
the positive vortices being located close to the boundaries. The configurations at the
initial time and at 7 = 20 are shown in Fig. .
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values of the parameter o is presented in Fig. : the loss in the positive circulation
is bigger than the loss in the negative circulation since the positive vortices are closer
to the boundaries (Fig. ) To overcome this problem, the vorticity fields given by
Eq. are normalised such that their integral over the domain D is always equal to
NT~, for the positive component and N~ v_ for the negative component.

In conclusion, for a given ensemble, the positive and negative vorticity fields will be
generated by using Eq. where the coefficients are given by Eq. . These

vorticity fields are then normalised such that
/widxdy = N*q,. (5.41)

This provides a smoothed vorticity field which decays to zero on the boundaries but for
which the circulation of both the positive and negative charges is always conserved. In
the following subsection a method to identify an optimal value of the parameter o for

the ensembles in the square and the rectangle will be discussed.

5.3.3 Entropy Evaluation

In the previous subsection the derivation of the smooth vorticity fields and the
streamfunction given by Egs. and for a distribution of point vortices has
been presented. It has been also pointed out respectively that these quantities depend
on a free parameter ¢ which represents the size of the vortex core. In this subsection it
will be shown that the optimal value for the parameter o is related to the total number
of vortices contained in the ensemble.

In the entropy for a system composed of N, point vortices with positive circu-

lation v, and N_ point vortices with negative circulation vy_ in a domain D was derived

D
S[wa} = —k’B Z /D %log (waN ) dxdy (542)
a=% a

/Ya a

and is given by

where w, are the positive and negative vorticity fields. In order to understand the
role of the parameter o, a system composed of vortices with opposite circulation is
considered. If the vortices have opposite circulation and they are close enough and
their vorticity field is approximated with a large value of ¢ (much larger than the
mutual distance between the two vortices) the net result is that the region in which
the vortices are located has zero total vorticity. On the other hand, if they have the
same circulation, then the vorticity in the region will be doubled. Now if instead

of two vortices, an ensemble is considered, it is clear that for a very large value of

127



5.3. ENTROPY ANALYSIS FOR THE POINT VORTEX DYNAMICS

o all the vortices will overlap creating a neat zero vorticity in the domain. On the
other hand, for a very small value of o the vorticity fields resemble more closely to a
superposition of Dirac delta functions, thereby reducing mixing from occurring between
vortices. It is reasonable that a good range of values for o must allow the vortices of
the same circulation to overlap enough but not too much: enough to create regions
where vortices form coherent structures, but not too much otherwise the positive and
negative large structures will cancel each other. The most appropriate values of o are
therefore expected to correspond to a range in which the positive and negative vorticity
fields are not too sensitive to the value of o chosen. In other words, an intermediate
range of scales are sought, small enough not to affect the large scale structures but large
enough such that the vorticity fields are sufficiently smooth. Such a range is expected
to be identifiable in the case of an ensemble with a very large total number of vortices.
For this reason different ensembles, each with a different total number of vortices, have
been generated for the dipole, the diagonal dipole, and the monopole in the square, and
for the monopole and dipole in the rectangle. The positive and negative vorticity fields
were then generated by using Eq. and then the total entropy per vortex |S/N|
was evaluated where S is given by Eq. . The results of this analysis is presented

below.

Entropy evaluation for the ensembles in the square

In the case of the dipole in the square, ensembles with N = 44, N = 220, N = 836,
N = 2156, N = 4532 and N = 8580 vortices have been created, and the absolute
value of the entropy per vortex |S/N| of all these ensembles has been evaluated. The
results are shown in Fig. on a loglog scale: on the left it is possible to notice
that the curves tend to converge to a flatten region as the number of vortices increases.
On the right, a zoom in the region where the curves tends to a straight horizontal line
is shown.  The linear interpolation of |S/N| for N = 8580 and 0.035 < ¢ < 0.07
gives a slope of 0.094 which confirms that the entropy for this range of values does not
change significantly. The range of values for ¢ has been determined by considering the
slope of the interpolant of |S/N| for different ranges of o and considering the range
which corresponds to the lowest value of the slope. These results illustrate that as the
number of vortices in the ensemble is increased a well-defined intermediate range can
be identified such that the evaluation of the entropy becomes essentially independent
of o.

The same analyses has been performed for the diagonal dipole and the monopole in
the square and the results are shown in Figs. (5.23)) and ([5.24)).
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Figure 5.22:  On the left, the absolute value of the entropy per number of vortices
|S/N| as a function of . Results correspond to the dipole in the square generated from
different ensembles (each with different amount of vortices indicated in the legend)
presented in a loglog scale. On the right the results are presented for the range of the
values of the parameter ¢ for which the entropy remains almost constant.
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Figure 5.23:  On the left, the absolute value of the entropy per number of vortices |S/N|
as a function of 0. Results correspond to the diagonal dipole in the square generated
from different ensembles (each with different amount of vortices indicated in the legend)
presented in a loglog scale. On the right the results are presented for the range of the
values of the parameter o for which the entropy remains almost constant.
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Figure 5.24: On the left, the absolute value of the entropy per number of vortices
|S/N| as a function of o. Results correspond to the monopole in the square generated
from different ensembles (each with different amount of vortices indicated in the legend)
presented in a loglog scale. On the right the results are presented for the range of the
values of the parameter o for which the entropy remains almost constant.

For the diagonal dipole configuration, the interval of the radius is 0.035 < o < 0.07
and for the monopole it is 0.045 < ¢ < 0.095. For both cases, ensembles up to N ~ 8000
have been used as shown in Figs. and . The linear interpolation of the
absolute value of the entropy per vortex |S/N| give the values for the slope of —0.014
for the diagonal dipole and —0.44 for the monopole.

This concludes the entropy analysis in the square for the dipole, the diagonal dipole
and the monopole: in all cases it has been possible to identify a range of values for the

free parameter o for which the entropy does not vary significantly.

Entropy evaluation for the ensembles in the rectangle

In the case of the rectangle the same procedure has been performed for the monopole
and the dipole and the results are shown in Figs. (5.25) and (5.26)). In both figures,

the absolute value of the entropy per vortex |S/N| for ensembles made of different

numbers of vortices (figure on the left) and the region in which |S/N| does not change
significantly (figure on the right) are plotted.

For the monopole, ensembles with N = 56, N = 504, N = 1006, N = 2578, N =
3888 and N = 8022 vortices have been considered. For the ensemble with N = 8022

vortices, the range of o for which the entropy |S/N| does not change significantly is
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Figure 5.25:  On the left, the absolute value of the entropy per number of vortices |S/N|
as a function of o. Results correspond to the monopole in the rectangle for different
ensembles (each with different amount of vortices indicated in the legend) in a loglog
scale. On the right the values of the parameter o for which the entropy remains almost
constant.

given by 0.035 < ¢ < 0.105 and for this set of values the slope of the interpolant of
|S/N]| is given by 0.035. For the dipole, ensembles with N = 40, N = 282, N = 844,
N = 2050, N = 4062 and N = 8086 vortices have been considered. For the ensemble
with N = 8086 vortices, the range of ¢ is given by 0.04 < ¢ < 0.085 and for this set of
values the slope of the interpolant of |S/N| is given by —0.022.

The analysis of the entropy for the monopole and the dipole in the rectangle con-
cludes the analysis of the entropy. For all the ensembles in the square (Fig. (/5.13]))
and in the rectangle (Fig. (5.16)) an interval of values for the free parameter o has
been found. In the following subsections, a quantitative analysis of the entropy for the
dipole, the diagonal dipole and the monopole in the square and for the monopole and
the dipole in the rectangle will be presented. Moreover, the comparison between these
values and the values obtained from the solutions of the BP equation in and

will be given.

5.3.4 Entropy Comparison

In the previous subsection, the values for the parameter ¢ = +/2vt for all the

ensembles in the square and the rectangle have been found. As a consequence, it
is now possible to use Egs. (5.36) and (5.38) and evaluate the smoothed vorticity
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Figure 5.26: On the left, the absolute value of the entropy per number of vortices
|S/N| as a function of 0. Results correspond to the dipole in the rectangle for different
ensembles (each with different amount of vortices indicated in the legend) in a loglog
scale. On the right the values of the parameter o for which the entropy remains almost
constant.

fields and the corresponding streamfunction. This allows the evaluation of the non-
dimensional entropy S and the non dimensional energy E for these configurations in
order to compare these results with the results presented in §4.4 and in obtained
from the BP equation.

In the following the vorticity fields are normalised according to
/ whdedy = £N*, (5.43)
D

where the number of positive and negative vortices has been arbitrarily chosen N* = 60.
The procedure to evaluate the non-dimensional entropy S for a configuration can then

be obtained as follows:

e Fix a value for the parameter ¢ and evaluate the streamfunction v, given by Eq.
(5.38)), and the positive and negative vorticity fields wF given by Eq. (5.8)) for the

configuration under examination.

e Evaluate the energy F, and the non-dimensional energy E,

Eo
4pN2~2°

1 .
E, = —/ Yewedrdy, E, = (5.44)
2 Jp
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e For that value of F, identify the value of A2 by looking at Fig. (4.6) for the
square or Fig. (4.9) for the rectangle which corresponds to the configuration

under investigation.

e Once )2 has been identified, consider the corresponding solution to the BP equa-

tion W, evaluate the terms a4 and the inverse temperature 3

1 [ Ly X2 D
_ 1 _ z 4
a4 D/e dxdy, I6] T NP (5.45)

e Consider the smoothed streamfunction 1, evaluated at the first step and generate

the non-dimensional stramfunction ¥, = pfSvy1, where p = 1.

e Evaluate the terms

-t 1 <,/ ada’
AL =D </ eﬂjf’dxdy) ; al = —/ etV dxdy, A=\ .
D D Jp 2
(5.46)
e Evaluate the non-dimensional entropy S,
~ 1 A
S, = -5 log (A7 A7) — 8ADE,. (5.47)

For each ensemble in the square and in the rectangle, a range of values of the parameters
o has been found and this will correspond to a range of values in the E-S plane. In
what follows, this analysis will be performed on the ensembles in the square and in the
rectangle which have been constructed in §5.3.1]

Entropy comparison in the square

Having established a suitable range of values for the parameter ¢ for the dipole,
the diagonal dipole and the monopole in the square and by following the procedure
previously explained it is possible to classify the ensembles based on their energy and
entropy. For the dipole, the diagonal dipole and the monopole in the square, the
different range of values of the parameter o are given by 0.035 < ¢ < 0.07, 0.035 <
o < 0.07, and 0.045 < o < 0.095 respectively. For each of these intervals the mean
value was chosen and, by using Eq. , the positive and negative vorticity fields
can be evaluated. The vorticity fields corresponding to each configuration presented
in Fig. are presented in Fig. . Moreover, following the aforementioned

procedure, the non-dimensional energy E of each configuration and for all the values
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Figure 5.27: Contourplot for the vorticity fields constructed from the ensembles and
corresponding to the dipole (a), the diagonal dipole (b) and for the monopole (c) pre-
sented in Fig. (5.13). The vorticity fields are generated by using Eqs. (5.36) with
a value o given by the average of the values of ¢ mentioned at the beginning of this
subsection. The colours of the contour plots refer to the same colorbar as in Fig.

and Fig. (5.3).

of o can be evaluated and the results are shown in Fig. (5.28)). In each figure, the blue
curve represents the non-dimensional energy E, and the red dotted line is the the mean

value £ whose numerical value is indicated in the legend.

These values can now be compared with respect to the solution branches of the BP
equation as illustrated in Fig. . The range of values of E for all the three ensembles
are compatible with the range of the energy of the solutions of the BP equation. For
the diagonal dipole and the monopole, the value of the mean energy lies in between the
values of A2 = 8.5 and A2 = 9. For the dipole, this value is very close to A2 = 10.5.

Having identified the values of 5\2, the inverse temperature 3 needs to be evaluated.
For the diagonal dipole and the monopole, the solutions ¥ to the BP equation for
A2 = 85 and A2 = 9 have been used to evaluate the terms ay in the expression for
the inverse temperature given by Eq. and then their mean value have been
considered. As for the dipole, this quantity has been evaluated by considering only the

solution U for A2 = 10.5. The values for the inverse temperature /3 are
Baipo = —0.4298, Baiago = —0.4242, Bmono = —0.3987. (5.48)

Knowledge of the inverse temperature 3 for all the ensembles, allows the non-dimensional
streamfunction ¥, = pB1), and the corresponding terms A%, a and A2, to be evalu-
ated for each value of the parameter o. The values of S, as given by Eq. (5.47) for

the dipole, the diagonal dipole and the monopole in the square are presented in Fig.
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Figure 5.28: Non dimensional energy E, (blue curve) as a function of the parameter
o and its mean value F (red dotted line) for the dipole (left), diagonal dipole (centre)
and the monopole (right) in the square.

. This provides a direct comparison between the non-dimensional entropy for the
solutions of the BP equation and the ensembles generated from the dynamics of point
vortices (indicated with PV in the legend). The figures b), ¢) and d) show the magnified
plots of the values of the non-dimensional energy and the non-dimensional entropy for
all the values of o per each ensemble.

[t can be seen from Fig. that the dipole and the diagonal dipole configurations
have a substantial difference in energy. However, their entropy is very similar. This
suggests that the ensemble for the dipole may not coincide with the equilibrium states
established at later time in the simulation. On the other hand, the important fact is
given by the difference in entropy between the diagonal dipole and the monopole. Both
configurations have a similar energy while the difference in their entropy is comparable
to that obtained from solutions of the BP equation. This reinforces the premise on
which the statistical mechanical approach is build on: the monopole observed during the
dynamical simulations corresponds to a higher entropy state. A quantitative comparison
of the values of the non-dimensional entropy for the dipole in the square obtained from

the solution of the BP equation and point vortex dynamics gives
Spp = —201.968,  Spy = —203.4001. (5.49)

Spp is the non-dimensional entropy for the solution found for A2 = 10.5 while the

second is the mean value of the non-dimensional entropy evaluated after averaging over
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Figure 5.29: Energy-entropy comparison between the results obtained from the solu-
tions of the BP equation and those obtained from the ensembles (PV) in the square.
Included on the right three magnified plots for the dipole d), the diagonal dipole ¢) and
the monopole b): in each figure each marker represents the energy E, and the entropy
S’U for each value of the parameter o.

all values of the parameter o for the dipole. The comparison between these two values
can be expressed in terms of the percentage error [59] defined by

|$BP xPV|

PE(Q?P\/,.Z'BP) X 100%, (550)

TBp

where the value xpp is the theoretical value obtained from the solution of the BP
equation and xpy is the value obtained from the point vortex dynamics. For the values

given by Eq. (5.49), the percentage error is given by
PEip, = —0.7%. (5.51)

In the case of the diagonal dipole, the values of the non-dimensional entropy are given
by
Spp = —200.9365,  Spy = —203.7106, (5.52)

where Spp is computed from the averaging over the values of S obtained from the

solution for A2 = 8.5 and A2 = 9. In this case, the percentage error is given by

PEgiago = —1.4%. (5.53)
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In the case of the monopole, the values of the non-dimensional entropy are given by
Spp = —188.1261,  Spy = —190.8353, (5.54)

where Spp is computed from the averaging over the values of S obtained from the

solution for A2 = 8.5 and A\2 = 9. In this case, the percentage error is given by
PE,ono = —1.4%. (5.55)

From this analysis it can be inferred that the difference in entropy between the results
obtained form the ensembles is compatible with the result obtained from the solutions
of the BP equation, with a maximum error of 1.4%.

These results concludes the analysis of the entropy for the dipole, diagonal dipole
and monopole in the square. In the following part, a similar analysis to the ensembles

in the rectangle will be presented.

Entropy comparison in the rectangle

In the case of the rectangle, the range of values of ¢ for the monopole and the dipole
are given by 0.035 < o < 0.105 and 0.04 < o < 0.085, respectively. For each of these
intervals the mean value was used in Eq. to evaluate the positive and negative
vorticity fields. The vorticity fields corresponding to each configuration presented in
Fig. (5.16) are shown in Fig. ([5.30). The procedure to classify the ensembles based
on their non-dimensional energy E and entropy S explained at the beginning of this
subsection is now applied to the ensembles in the rectangle shown in Fig. (5.16). The
non-dimensional energy E, as a function of the radius o has been evaluated for the
monopole and dipole in the rectangle and are shown in Fig. ([5.31). The blue line in
each figure represents the value of the energy as a function of ¢ and the red dotted
line is the mean value whose numerical value is indicated in the legend. The values of
energies for the two configurations are compatible with the range of energies obtained
from the solutions of the BP equation: by looking at Fig. it is clear that the
energy of the monopole is equivalent to the energy of the monopole solution of the BP
equation corresponding to A2 = 11 while for the dipole its energy corresponds to the
dipole solution of the BP equation with A2 = 8. The corresponding values for [ are
then given by

Bmono = —0.4004,  Baipo = —0.3565. (5.56)

A comparison of the non-dimensional entropy S, computed from the ensembles
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Figure 5.30: Contourplot for the vorticity fields constructed from the ensembles for
the monopole (a) and the dipole (b) presented in Fig. (5.16]). The vorticity fields are
generated by using Eqs. (5.36) with a value o given by the average of the values of o
mentioned at the beginning of this subsection. The colours of the contour plots refer
to the same colorbar as in Fig. and Fig. (5.3).
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Figure 5.31:  Non dimensional energy E, (blue curve) as a function of the parameter
o and its mean value E (red dotted line) for the monopole (left), and the dipole (right)
in the rectangle. In the legend the mean values are indicated.
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Figure 5.32: FEnergy-entropy comparison between the results obtained from the solu-
tions of the BP equation and those obtained from the ensembles (PV) in the rectangle.
On the right two magnified plots for the the monopole ¢) and the dipole b): in each
figure each marker represents the energy E, and the entropy S, for each value of the
parameter o.

(.32).

show magnified plots of the non-dimensional energy and non-dimensional entropy for

with solutions of the BP equation is shown in Fig. The figures on the right
different values of the core size o for the monopole ¢) and the dipole b). A expected
from the result of the dipole corresponds to a higher entropy configuration than
the monopole which is now also confimed by direct point vortex simulations. Now the
percentage error between the values of the entropy obtained from the solutions of the
BP equation and the values obtained from the ensembles is evaluated for the monopole

and the dipole. For the monopole these values are given by

Spp = —191.368,  Spy = —196.1323, (5.57)

where S gp is the non-dimensional entropy for the solution found for 22 = 11 while S PV
is the mean value of the non-dimensional entropy for all values of the parameter o for

the monopole. In this case the value of the percentage error is given by

PErono = —2.5%. (5.58)
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For the dipole the non-dimensional entropies are given by
Spp = —170.3366,  Spy = —170.8288, (5.59)

where Sgp is the non-dimensional entropy for the solution found for A2 = 8 and where
Spy the second is the mean value of the non-dimensional entropy for all values of the

parameter ¢ for the dipole. In this case the value of the percent error is given by
PEgipo = —0.3%. (5.60)

It can be concluded that the values obtained by analysing the ensembles are compatible
with the results obtained from the solutions of the BP equation with a maximum error
of 2.5%.

5.4 Analysis of the Angular Momentum

In the previous section the non-dimensional energy E and entropy S of ensembles in
the square and the rectangle have been evaluated. This analysis allowed the comparison
between the theoretical values given by the solutions of the BP equation and the en-
sembles generated from the dynamics of the point vortices. Moreover, good agreement
with the result obtained in has been found. In this section the comparison of the
values of the angular momentum associated to the solutions of the BP equation and to
the ensembles will be performed.

In the spontaneous acquisition of angular momentum by a flow was described
and it occurs when the vortices organise themselves in an asymmetric configuration for

which (1) # 0. The qualitative analysis on the trend of the angular momentum has

been presented in §5.2.1f and §5.2.2| for the square and the rectangle respectively. These

analyses confirmed that when the system is in a monopole configuration, the value of
L is non-zero and for any symmetric configuration (dipole or diagonal dipole) the value
of the angular momentum is close to zero.

In order to evaluate the normalised angular momentum , it is useful to recall the
non-dimensional linearised energy Ej;, given by Eq. introduced in and the
non-dimensional angular momentum L

~ \2D

B == (W) - ()], L=2D(v) (5.61)

The normalised angular momentum was introduced in §2.5.3| and it is the value of
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the angular momentum divided by the maximum value accessible for the system; this
corresponds to the angular momentum that the system will have if it would rotate as
a solid body. The normalised angular momentum is therefore given by Eq. (2.143])

L 2D(V)
LMax V Elinz’

where Z is the moment of inertia of a rectangular body given by Eq. ([2.140f). By sub-
stituting Eq. (2.140) into the above equation, the non-dimensional normalised angular

momentum becomes

-5 (z7%) ()] : (5.69)

It is clear from this formula that L vanishes if () = 0 while L # 0 when (¥) # 0.

With these definitions a comparison between the value of L associated to the solutions

L=

(5.62)

of the BP equation and to the ensembles in the square and the rectangle will now be

performed.

Angular momentum in the square

It has been shown that for the diagonal dipole and the monopole, the value of the
mean non-dimensional energy E lies in between the values of A2 = 8.5 and A2 = 9
and for the dipole, this value is very close to A2 = 10.5. In the case of the monopole,
starting from the solutions U of the BP equation for A2 = 8.5 and A2 = 9, it is possible to
evaluate \? by using Eq. and hence to evaluate the non-dimensional normalised
angular momentum L for these solutions. For the dipole and the diagonal dipole, the
theoretical values are zero due to the fact that in this case (V) = 0.

For any given ensemble in the square, a range of ¢ has been found in §5.3.3] More-
over, for each value of the parameter o, it is possible to consider the non-dimensional
streamfunction ¥, = ppvy1, where 1, can be evaluated by Eq. . Therefore, for
each streamfunction ¥,, the value of L can be evaluated: the results are shown in F ig.
(15.33)).

For all the plots in Fig. , the blue markers represent the values of L, obtained
from the ensembles (indicated with Ensembles PV in the legend) as a function of the
parameter o and the dotted blue line represents the mean value. In the case of the
monopole (figure on the right) there are also two dotted lines: the red and the green

lines correspond to the value of the L for the solution of the BP equation for A2 =9 and
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Figure 5.33: Non-dimensional normalised angular momentum associated to the ensem-
bles in the square: the dipole (left), the diagonal dipole (centre) and monopole (right).
The blue dotted lines represent the mean value of each configuration and the green
dotted line the values of L associated to the solutions of the BP equation. In the case
of the monopole there are two values: one related to the solution for A2 = 9 and the
other one for A2 = 8.5.

22 =85 respectively. The numerical mean values of the angular momentum obtained

from the ensembles are given by

A

f/dipo = 0.0596, ﬁdiago = 0.0629, Linono = 0.4324, (5.64)
while the values obtained from the solutions of the BP equation are given by

Laipo = Laiago =0, L% ~=04482  L° = 0.4536, (5.65)
where the superscripts 8.5 and 9 refer to the values of A2 for the monopole configuration.
In analogy to the errors computed for non-dimensional entropy S the percentage error
between the theoretical values (taken from the solutions of the BP equation) and the
values of L obtained from the ensembles in the square are evaluated. In particular for
L obtained from the solutions of the BP equation, the mean value of [:i;gno = 0.4482

and f)?nom = (0.4536 has been used and in this case the percentage difference between

this value and f/mono is given by

PEpono = 4.3%. (5.66)
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Unfortunately, for the dipole and the diagonal dipole the percent difference can not be
evaluated since the theoretical value is zero. However, the maximum absolute error in
this case is 6%.

From this analysis it can be inferred that the values found starting from the solutions
of the BP equation and the ensembles generated during the dynamics of the point

vortices, are in good agreement with a maximum error of 6%.

Angular momentum in the rectangle

The same analysis is now performed for the ensembles in the rectangle. In this
geometry, the two ensembles have a non-dimensional energy which corresponds to the
solutions of the BP equation for A2 = 11 for the monopole and A2 = 8 for the dipole.
The results for L as in the case for the square are shown in Fig. (5.34). The numerical

mean values of L obtained from the ensembles are given by
Limono = 0.3696,  Lagipo = 0.0298, (5.67)

while the values obtained from the solutions of the BP equation are given by

~

Linono = 0.3844,  Lgipo = 0. (5.68)
The percentage error in the case of the monopole is equal to
PE ono = 3.8%. (5.69)

For the dipole the absolute error is approximately 3.8%.
From this analysis it can be inferred that the values found starting from the solutions
of the BP equation and the ensembles generated during the dynamics of the point

vortices, are in good agreement with a maximum error of 4.3%.

5.5 Annihilation with the Boundaries

In the dynamics of point vortices has been studied in the square and the rect-
angle where annihilations between vortices with opposite circulation can occur. The
annihilation which has been manually introduced in the dynamics, allowed the system
to migrate into the negative temperature regime always preserving its neutrality. How-
ever, in physical systems such as a Bose-Einstein condensate, the point vortices can also

annihilate at the boundaries. This additional effect can cause the system to become
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Figure 5.34: Non-dimensional normalised angular momentum associated to the ensem-
bles in the rectangle: the monopole (left) and the dipole (right). The blue dotted lines
represent the mean value of each configuration and the green dotted line the values of
L associated to the solutions of the BP equation.

non-neutral resulting in an asymmetry in the number of charges. The result in the
long term dynamics is that the system can become polarised and this may favour the
emergence of a large monopole configuration. As a consequence, the angular momen-
tum can be altered by the polarised state of the vortices. The analysis of the angular
momentum for a system where the annihilation includes pairs of opposite circulation
as well as between vortices and the boundaries is now presented in the square and the

rectangular domain.

The same initial conditions used in for the dynamics of point vortices in the
square and the rectangle are now considered. In order to study the differences in the
dynamics of the vortices in these systems, the equation of motion are numerically
integrated and two annihilation parameters have been added to the dynamics. The
first one is the usual annihilation parameter between vortices with opposite circulation
0 = 0.01 and the second one is the parameter which takes into account the annihilation
between the vortices and the boundaries 0ppung = 9/2 = 0.005. The reason for this
choice of values lies in the fact that the boundary is generated by the presence of
an image of the opposite sign. Hence, this value is the analogue of the annihilation
parameter 0 between vortices of opposite sign inside the domain. In the case being
considered, the system develops a strong asymmetry in the number of vortices, due
to the annihilation of the vortices at the boundaries. For both the square and the
rectangle, majority of decay occurs with the negative vortices and therefore, the final

configurations present a large number of positive vortices which occupy the centre of
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the domain in a monopole configuration. The asymmetry in the number of vortices can

be quantified by evaluating the polarisation P defined as

Nt — N~

P(N*,N")=—" "
(N NT) = v

(5.70)
where N* are the number of positive and negative vortices. Figure shows the
graph of the number of positive (blue curve) and negative (green curve) vortices in the
square a) and in the rectangle b) as a function of time 7. The inset figures show the
vortex configurations when the system is polarised due to the annihilation between the
vortices and the boundaries. It is worth noticing that the process of polarisation takes
place earlier in the rectangle. This behaviour can be explained by noticing that the
value of the perimeter of the rectangle is larger than the perimeter of the square with
a consequent higher probability of annihilation between vortices and the boundaries in
the rectangle. As a consequence, for both the rectangle and the square, the system
acquires a positive value for the total angular momentum L. The evaluation of L by
using Eq. during the dynamical simulations for both the square and the rectangle
is presented in Fig. . As already discussed in , the graph of the angular
momentum as a function of time can be used to describe the configuration which the
system is exploring. At early times, when a large number of annihilations occur,
both systems seem to do not develop a strong asymmetry in the number of vortices as
shown in Fig. . This is also confirmed from the trend of the angular momentum
and, in particular, by the presence of few zeros in both graphs at the beginning of
the dynamics. The zeros of the angular momentum L correspond to symmetric spatial
configurations of positive and negative vortices, which can take place if the system is not
strongly polarised. However, if the long term dynamics is investigated, this asymmetry
becomes more pronounced: the systems become strongly polarised and they acquire a
well defined value of the angular momentum L. This fact follows by the lack of zeros
in the graph of the angular momentum shown in Fig. and it is confirmed by the
asymmetric vortex configurations presented in Fig. . The inset figures represent
the configuration and the corresponding contour plot of the streamfunction at 7 = 6 for
both the square and the rectangle: they both reveal the monopole configuration where

the positive charges tend to occupy the centre of the domain.

This brief analysis shows that when the system is non neutral, it will naturally evolve
towards a monopole configuration with a consequent acquisition of angular momentum
L. However, it can not be inferred that this is the only possible outcome: during

the dynamics the symmetry in the number of vortices can also be restored due to
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Figure 5.35:

Normalised number of positive (blue curve) and negative (green curve)

vortices in the square a) and in the rectangle b). The normalisation is given by the initial
number of vortices N* = 60. The red curve represents the polarisation P(N*, N~) and
the black dashed line represents the zero. The inset figures show the vortex positions
and the corresponding streamfunction . Above each configuration the number of
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the annihilation on the boundaries. In other words, the annihilation parameter dpound,
which is the cause of the asymmetry in the number of vortices, can act on the remaining
charges and push the system again in a neutral configuration. It has to be remarked
that this is a possibility which here has not been tested. A possible way to demonstrate
this scenario requires the study of a large number of simulations and determine the

number of cases in which the symmetry is naturally restored.
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Chapter 6

Gross-Pitaevskili Simulations in the

Square and the Rectangle

In the previous Chapter, the dynamics of point vortices in the square and the
rectangle was investigated by using the point vortex model (PVM). For both geometries,
the averaged streamfunctions correspond to the solutions of the Boltzmann-Poisson
(BP) equation found in and The aim of this Chapter is to demonstrate
that the same predictions apply to the dynamics of quantised vortices in Bose-Einstein
condensates (BEC). An important difference between the dynamics of point vortices
and the dynamics in the Gross-Pitaevskii (GP) model is given by the fact that in the
latter, the annihilation process is permitted to occur by the underlying macroscopic
theory without the need for any phenomenological modelling. Moreover, there are two
types of annihilation: annihilation between vortices and antivortices and annihilation of
vortices at the boundaries. As a consequence of the latter type, the system can develop
asymmetries in the number of positive and negative vortices and become polarised.
This process was investigated in §5.5 when the effects of the annihilation of vortices
at the boundaries were manually included in the dynamics of point vortices. In order
to describe the dynamics of quantised vortices in a two-dimensional BEC, the two
dimensional GP equation ([2.14)) presented in Will be numerically solved in the square,

and in the rectangle with aspect ratio A = 1.5.

6.1 Gross-Pitaevskii Equation in Two Dimensions

In the laboratories, BECs are trapped in confined regions of the space by using
trapped harmonic-oscillator potentials with frequencies w,, w,, and w,. If w, > w, =~ w,

and p < hw, then the dynamics along z-direction is frozen and the condensate is
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considered quasi two-dimensional. Motivated by [84] the condensate is assumed to
contain N = 5 x 10° atoms of 8"Rb (m = 1.4273 x 10~%kg) trapped along the 2-
direction with a tight harmonic oscillator trap with frequency w, = 27 x 1440 Hz. In

this case, the two-dimensional condensate wavefunction ¢(x,y) can be written as

272
2)e %z, a, =

Pz, y) =

= 2.84um. (6.1)
mw,

Therefore, by setting V,,; = 0, the three-dimensional GP equation given by Eq. ([2.14])
reduces to [92]

Op(x,y,1) h?
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where ¢op is the coupling constant in two spatial dimensions given by

mw, Arh2a,

p— 6-3
P g — (6.3)

92D = ¢g

and ag is the s-wave scattering length. For these parameters, the healing length £ at

z = 0 is given by
hL

V2mgap N

The extent of the square box potential along x and y is assumed to correspond to

&= = 0.284um. (6.4)

L? ~ 72um?. These values ensure the possibility of having a BEC which can contain
many well-separated vortices. Equation (6.2)) can be written in non-dimensional form

by scaling space, time, and the wavefunction as follows

2m L2 L L
P = = VN 6.5
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which can be inserted into Eq. (6.2)) in order to obtain

;09

iS5 = V20 +glol%. (6.6)

where § = 2mgopN/h* = 93367. The wavefunction ¢ has dimensions of [1/¢] and
therefore the last of Eq. becomes ¢ — 512v/N ¢/L. With this choice, the value
of the density ambient of the system is p,, = 1/512% and the value of the healing
length is estimated as & = (v/psog) ' ~ 1.7. The non-dimensional GP equation given
by Eq. is then numerically solved on a 512 x 512 grid with Az = 1 by using a
symmetric Strang splitting method of order 2 [57] with a timestep of At = 0.1. As in
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6.1. GROSS-PITAEVSKII EQUATION IN TWO DIMENSIONS

the previous Chapter, the sides of the rectangular domain are given by L, = 512v/A
and L, = 512/ VA in order to ensure the area remains constant. Typically, the most
relevant boundary condition for experiments is the vanishing condensate density at
the boundary. However, to circumvent the need to resolve the healing layers at the
boundaries and to capture the main physical effects we will employ zero flux boundary
conditions. Therefore, motivated also by [50], the condensate is assumed in an optical
square box potential which is simulated by imposing reflective boundary conditions on
the condensate wavefunction ¢(x,y,t). This condition is analogous to the one adopted
in § and § when the reflective boundary conditions for the point vortex
model in the square and the rectangular box were imposed by considering the images of
the point vortices contained in the domain where the dynamics occurs. These boundary
conditions are achieved by imposing a zero normal flow across the sides of the domain
and, in these numerical simulations, this condition is imposed by using a discrete cosine
transform in the Strang splitting method.

The initial condition for the GP simulation is generated by considering a particular
realisation of the position of the vortices used in for the square and in
for the rectangle. The phase field p(z,y) and the density field ¢(z,y) are generated as

follows
N=* o+ A
o) = £ Y arctan (L) o) = e, (6.7
where Nt = 60 and N~ = 60 are the number of vortices with positive and negative

circulation located at (xf, y,f) The density field is then relaxed through integration of
the GP equation in imaginary time to give the desired initial distribution of vortices.
During the dynamics, the position of the vortices are identified numerically by using
a method developed by Villois et al. in [2]. Information about the circulation of each
vortex can not be extracted by evaluating the vorticity field. In fact, for the GP model
w = V x v is identically zero apart from the core of the vortex where it is given by
a Dirac delta. Rather, the sense of circulation of each vortex can be identified by

considering the value of the pseudo-vorticity w,s defined by

1 h
wp =3V x4 §=pv =5 (7Y 6Ve), (6.5)

where ¢* is the complex conjugate of ¢, p = m|¢|* is the density, and v is given by Eq.
(2.30). This quantity, is finite at the position of each vortex but rapidly decays to zero
outside the healing layer. Moreover, its sign determines the sense of the circulation of

the vortex [26]. Knowledge on the positions of the vortices and their circulation are
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then used to generate the streamfunction ¢ of the flow by using Eq. (2.128). This

allows time averaged streamfunctions to be evaluated within the desired time intervals.

6.2 Dynamics in the Square

The same initial condition as the one presented in is now generated in a square
with sides L, = L, = 512 and it is shown in Fig. . Figure a) shows the density field
|¢|* where the vortices correspond to localised depletions in the density field. Figure
b) is the corresponding pseudo-vorticity field wys(x,y). The red and the blue dots
correspond to the positions of positive and negative circulation, respectively. The non-
dimensional GP equation is then integrated in time. As the annihilation processes
reduces the number of vortices the vortex gas migrates into the negative temperature
regime. The graph related to the number of vortices and antivortices as a function of
time is presented in Fig. . In contrast to the PVM, in this case annihilation can
also occur to the boundaries and therefore, the system can become polarized where the
polarisation of the system is given by Eq. . Figure (6.2)) shows the total number

Figure 6.1: Initial condition for the GP simulation in the square: Fig. a) is the density
field |¢|* and, b) is the corresponding pseudo-vorticity field w,s. The red and blue dots
represent the vortices and antivortices, respectively.

of vortices and antivortices (blue and green curve respectively) as a function of time 7 in
unit of ¢, = L?/|y| where L? = 5122 is the size of the domain and |y| = 4 is the value of
the circulation given by Eq. in terms of the non-dimensional units defined by Eqs.
(6.5). The red curve corresponds to the polarisation given by Eq. . The curves
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6.2. DYNAMICS IN THE SQUARE

are normalised by the initial number of positive and negative vortices. Knowledge of
the positions and the number of vortices and antivortices permits the evaluation of the
time-averaged streamfunction per vortex. The time-averaged streamfunctions of the
dipole, diagonal dipole and monopole found during the dynamics are presented in Fig.
(6.3). These configurations coincide with those found in and, therefore, they
can also be explained in terms of high entropy states. It is important to point out, as
observed in the point vortex simulation, that the monopole configuration appears at

later time when the system is deeply into the negative temperature regime. Once the
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Figure 6.2: Number of vortices (blue curve), antivortices (green curve) and polarisation
(red curve) as a function of time 7 in units of ¢, during the GP simulation in the square.
The discrepancy in the number of positive and negative vortices gives raise to a negative
polarisation P.

monopole configuration takes place, the positive vortices are closer to the boundaries
and therefore the system is more likely to become negatively polarised. In other words,
the process of the formation of the monopole can be divided into two stages. At
first, the monopole appears because the configuration maximises the entropy. After
this process takes place, the annihilation of the vortices closer to the boundaries will
increase the difference between vortices and antivortices as described in §5.5] Therefore,
at long times, the emergence of the monopole will favour the formation of a polarised
gas. The analysis of the angular momentum L given by Eq. is presented in

Fig. (6.8)). The green curve presents a similar behaviour to the curve presented in
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Figure 6.3: Averaged streamfunction per total number of vortices ¢/(Nt + N~) in
the square for three configurations in which the system is found during the dynamics.
For the dipole a) the averaging interval corresponds to 7 € [11.5¢, — 12.95¢,], for the
diagonal dipole b) it corresponds to 7 € [10.06t, — 10.49¢,], and for the monopole ¢) it
corresponds to 7 € [18.4¢, — 18.7t,].

Fig. (5.10). It is interesting the presence of few zeros around 7 ~ 10t, related to
symmetric configurations, followed by a slow process of developing a non-zero angular
momentum. In this case the system slowly evolves toward the monopole configuration
which maximises its entropy. These results lead to the conclusion that the predictions
of the mean-field BP theory apply also to a Bose gas governed by the GP equation. In
particular, all the structures investigated in §4.4] and revealed during the dynamics of
point vortices in have also been found in the context of the GP model in the early
stage of the dynamics. At later time, when the vortex gas becomes strongly polarised
due to the annihilations of vortices at the boundaries, the results are consistent with
the case studied in where the PVM with the additional annihilation parameter of

vortices at boundaries was considered.

6.3 Dynamics in the Rectangle

The square is now stretched into a rectangle with sides L, = 512v/A and L, =
512/ v/A. The same initial condition as the one presented in is generated and it is
shown in Fig. (6.4). Figure a) shows the density field |¢|> where the vortices correspond
to localised depletions in the density field. Figure b) is the corresponding pseudo-
vorticity field w,s(x,y). Similarly to the annihilation process reduces the number
of vortices and the vortex gas migrates into the negative temperature regime. The
number of positive and negative vortices during the dynamics is presented in Fig. .
The figure shows also the polarisation given by Eq. (red curve). In the first half

of the simulation, averaged streamfunctions reveal the presence of monopoles as shown
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6.3. DYNAMICS IN THE RECTANGLE

Figure 6.4: Initial condition for the GP simulation in the rectangle with aspect ratio

A =1.5:
field wy,

Fig. a) is the density field |¢|? and, b) is the corresponding pseudo-vorticity
. The red and blue dots represent the vortices and antivortices, respectively.

7 in unit of ¢,

Figure 6.5: Number of vortices (blue curve), antivortices (green curve) and polarisation
(red curve) as a function of time 7 in units of ¢, during the GP simulation in the
rectangle. The discrepancy in the number of positive and negative vortices gives raise
to a negative polarisation P.
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in Fig. (6.6). However, the system gradually evolves towards the maximum entropy
configuration as the vortices arrange themselves in a dipole as shown in Fig. (6.7)) a).
However, at later time the system can be found again the a monopole configuration as
shown in Fig. b). The occurrence of the monopole configuration at later time can
be understood in terms of the polarisation which is more important in the rectangle
rather than in the square. Since the rectangle has a larger perimeter than the square, the
system tends to annihilate more vortices at the boundaries which causes the system to
become more polarised. The difference in the number of positive and negative vortices
favours the formation of a monopole configuration as already discussed in the case of

a strongly polarised gas in §5.5l  The analysis of the angular momentum L given

0.1 0.1

-0.1 -0.1

Figure 6.6: Averaged streamfunctions per total number of vortices ¢//(N* 4+ N7) in
the rectangle during the first half of the GP simulation. Both images show the presence
of a monopole at different stage during the dynamics. The averaging interval of the
configuration a) corresponds to 7 € [2.44t, — 2.58t,] while for b) it corresponds to
T € [6.61t, — 6.84t,].

0.1

Figure 6.7: Averaged streamfunctions ¢//(N* 4+ N7) in the rectangle during the GP
simulations in the second half of the dynamics: on the left the dipole configuration and
on the right the monopole is caused by a strongly polarised system.The averaging inter-
val of the configuration a) corresponds to 7 € [8.77t, — 9.2t,] while for b) it corresponds
to T € [12.65.61t, — 13.23t,] when the system is strongly polarised.

by Eq. (5.3)) is presented in Fig. (6.8)). The blue curve presents the same oscillating
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6.3. DYNAMICS IN THE RECTANGLE

—Rectangle

—Square
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Figure 6.8: Graph of the total angular momentum L as a function of time 7 in unit
of ¢, in the square and in the rectangle: the inset figures are the streamfunction per
vortex ¢ /(N* + N7) for different instantaneous configurations during the dynamics.
Figures a) and ¢) show the streamfunction in the square of an asymmetric and sym-
metric configuration during the dynamics, respectively. Figures b) and d) show the
streamfunction of a symmetric and an asymmetric configuration in the rectangle, re-
spectively. The colors of the contour plots refer to the same colorbar shown in Fig.
and the red dotted line represents the zero.

156



CHAPTER 6. GROSS-PITAEVSKII SIMULATIONS IN THE SQUARE AND THE
RECTANGLE

behaviour described in §5.2.2|for the PVM. However, around 7 ~ 10t, the system which
is found in a monopole configuration (see inset Fig. d)) becomes strongly polarised

and the vortices rearrange themselves in a monopole configuration with a consequent
non-zero value of the angular momentum L. Therefore, it has been shown that the
results obtained by using the GP model are consistent with the theoretical predictions
given by the mean-field BP equation presented in §4.5 These results can therefore be
explained in terms of high entropy states. Moreover, in the long term dynamics, the
annihilation of vortices at the boundaries gives rise to a strongly polarised vortex gas
with a consequent formation of a large monopole structure in agreement with the result
presented in §5.1.2]

This concludes the analysis of the dynamics of quantum vortices in a BEC by using
the GP model. Numerical simulations in the square and in the rectangle with A = 1.5
revealed that the monopole in the square and the dipole in the rectangle represent
the maximum entropy states in good agreement with the solutions of the BP equation
presented in §4.4) and §4.5] Moreover, these results are in agreement with the results
which have been obtained in §5.1.1] and §5.1.2] by using the PVM . However, at later
time in the dynamics, the vortex gas becomes strongly polarised. Independently of the
geometry, according to the results presented in for the PVM, the system is then

found in a monopole configuration. The analysis of the angular momentum L in both

geometries provides an additional evidence on the similarities between the dynamics
of quantised vortices in the GP model and point vortices in the PVM. The analysis of
the angular momentum in the GP simulations are consistent with the results obtained
for the PVM in in the the early stage of the dynamics. Moreover, later in the
dynamics when the system becomes strongly polarised, the formation of a monopole
generates a nonzero angular momentum according to the results obtained in when

the effects of the annihilations at the boundaries were introduced in the PVM.
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Chapter 7
Conclusions

In this work the relaxation of a two two-dimensional Bose gas has been studied in
a squared and a rectangular domain by using both the point vortex model and the
Gross-Pitaevskii model. Moreover, in order to explain the obtained results from the
numerical simulations, a mean-field theory for a vortex gas has been developed.

In the first part of this work, attention was given in developing a mean-field theory
of a neutral vortex gas based on a statistical mechanical approach. By assuming the
maximum entropy principle, it was possible to derive the Boltzmann-Poisson equation
whose solutions represent all possible configurations of vortices which are maximiser of
the entropy. It was shown also that nontrivial solutions to this equation exist only if
the absolute temperature of the vortex gas is negative. These solutions correspond to
configurations in which point vortices with the same sign tend to cluster and form large
coherent structures. Moreover, due to the nature of the long-range interaction between
point vortices, these nontrivial configurations depend on the shape of the domain. The
Boltzmann-Poissoin equation was solved in the square and in the rectangle for two
specific families of solutions: those whose mean value is either zero or nonzero. Among
the former, emphasis was given to the dipole and the diagonal dipole while for the
latter emphasis was given to the monpole. The classification of these solutions in term
of their entropy and energy has been carried out showing that the maximum entropy
solutions in the square are given by the monopole and in the rectangle are given by the
dipole. A remarkable difference between these solutions is given by the property that
those whose mean value is nonzero are related to configurations with a nonzero angular
momentum.

The second part of this work focused on the study of the dynamics of a neutral
system composed by point vortices in the square and in the rectangle by using the

point vortex model. Since the predictions of the mean-field theory are valid in the neg-
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CHAPTER 7. CONCLUSIONS

ative temperature regime, the transition from the positive to the negative temperature
states was also investigated. Therefore, by starting from a vortex gas in the positive
temperature regime, and by adding to the dynamics a mechanism of annihilation be-
tween point vortices of opposite sign, the system migrates from the positive to the
negative temperature regime, allowing the study of the transition between these two
regimes. A study on the dynamics of point vortices in the square and the rectangle
revealed that their dynamics can be explained in terms of the mean-field theory pre-
viously developed. By assuming these systems to be ergodic, time averaging of vortex
positions during the numerical simulations revealed the presence of the dipole, the di-
agonal dipole, and the monopole in the square, and the monopole and the dipole in the
rectangle. In order to compare the difference in entropy between these states, ensembles
of point vortices for the dipole, diagonal dipole, and monopole in the square and for the
monopole and the dipole in the rectangle have been generated from the dynamical runs.
By constructing smooth vorticity fields of these ensembles, their energy and entropy
have been evaluated and compared with the theoretical values. This analysis showed
two important results. Firstly, in perfect agreement with the mean-field theory, in the
square and in the rectangle the high entropy states are given by the monopole and the
dipole, respectively. Secondly, the difference in entropy between for the configurations
in the square and the rectangle are compatible with the theoretical values. Therefore,
it has been shown that the dynamics of point vortices and the formation of clusters
of like-signed vortices can be explained in terms of high entropy states. Furthermore,
the values of the angular momentum for these ensembles have been evaluated and the
results compared with the theoretical predictions showing good agreement. In addi-
tion, the dynamics of point vortices has been investigated also for a non-neutral vortex
gas. In this case, an additional mechanism which allows vortices to annihilate at the
boundaries has been introduced to the point vortex model. With this additional mech-
anism, dynamical simulations showed that, independently of the geometry, the vortex
gas spontaneously evolves towards a monopole configuration with a consequent nonzero

value for the angular momentum.

In the last part, the relaxation of a system composed of quantised vortices in a
Bose-Einstein condensate has been investigated in the same geometries by using the
Gross-Pitaevskii model. In this model vortices can either annihilate with vortices of the
opposite sign or at the boundaries and therefore, the vortex gas can become polarised.
In order to compare the dynamics of such a system with the results obtained with the
point vortex model, the same initial configuration of vortices have been initialised in the

square and in the rectangle. For both geometries the dynamics showed two behaviours
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depending on the polarisation of the vortex gas. In the early stage of the dynamics,
when the polarisation of the system is negligible, time averaging of vortex positions in
both geometries revealed the presence of the same structures found in the point vortex
model and predicted by the mean-field theory for a neutral system. Remarkably, in
perfect agreement with the results found previously, the monopole in the square and
the dipole in the rectangle appeared later in the dynamics. Therefore, the formation
of the monopole in the square and the dipole in the rectangle, has been explained in
term of high entropy states. However, later in the dynamics when the polarisation
becomes more important, it was shown that independently of the geometry, the system
spontaneously evolves towards a monopole configuration with a consequent nonzero
value of the angular momentum. Moreover, it has been shown that the process of
polarisation appears earlier in the rectangle than in the square. Such a difference has
been explained in terms of the higher probability of annihilation of vortices at the

boundaries due in the rectangle to its larger perimeter.
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Appendix A

Point Vortex Hamiltonian for a

Rectangular Box

In the problem of describing a point vortex contained in a rectangular region
has been introduced. It was shown that, even for a single vortex, two infinite sets of
images are required in order to mimic the presence of the four enclosing walls. This
leads to a divergent value for the Hamiltonian H given by Eq. . The aim of this
appendix is to give a complete derivation for the Hamiltonian for a system composed
of N point vortices in a generic rectangular region with sides L, and L,. In order to do
so, the Hamiltonian for an infinite lattice of vortices is required and this derivation is a
particular case of the one presented by L.J. Campbell [24]. This appendix is organised
as follows. In the energy of a two dimensional infinite lattice of point vortices
will be given. In the Hamiltonian of N point vortices in a rectangular domain
with sides L, and L, will be presented and finally the equations of motion for N point

vortices in such a domain will be derived.

A.0.1 Two-Dimensional Lattice of Point Vortices

In this subsection the problem of evaluating the energy of two infinite lattices of
point vortices will be presented. This problem dates back to 1918 [20] when M. Born and
A. Land wanted to evaluate the energy of a sodium chloride crystal: they realised that
the summation of all the terms of the interaction energy was not convergent. In fact, the
ionic lattice is a typical system of an infinite distribution of charged objects for which
the evaluation of the interaction energy leads to a divergent quantity. Before considering
the two-dimensional system, the one-dimensional system will be first considered. The

system under examination is given by N aligned vortices on a segment [0, L,| which
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is periodic along the z-axis, as shown in F ig.. The segment from 0 to L, will
be denoted as reference cell. The infinite distribution of charges, can be obtained by
translating the reference cell along the positive and negative directions. For simplicity,
a distribution with charges with the same circulation is considered, but the result for

a configuration composed of charges with different strength can be easily obtained. It
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Figure A.1: One-dimensional infinite array of N vortices located at x;, 2 =1... N in
the reference cell with side L,. The positions of all the other vortices are shifted by
nl,, n € 7Z.

has been shown in §2.4.1|that the regular part of the kinetic energy given by Eq. (2.78)),

neglecting the self interaction terms H, is given by

N,N
Hiree = —ﬁj;l Vi log |z — x4, (A.1)

J#1
where p is the fluid density and |z; — z;| is the distance between the i-th and the j-th
vortex and the subscript free refers to the case with no boundaries. In the example
presented in Fig. there is an infinite number of point vortices and, therefore, the
Hamiltonian given by Eq. does not converge. However, the energy per vortex

and per cell, here indicated by H, converges and it is given by

(A.2)
where M is the total number of cells and N is the number of vortices in each cell.

The total energy, in units of p/4m, is given by considering all the interactions between

each vortex in the reference cell and the other vortices which are inside and outside the
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APPENDIX A. POINT VORTEX HAMILTONIAN FOR A RECTANGULAR BOX

reference cell. Hereafter, the following notation is adopted

Y=Y (A.3)

n=—oo n=—oo
n#0
For simplicity, the Hamiltonian for a system composed of four vortices as shown in
Fig.(A.2) will be evaluated and then the result will be extended to an arbitrary number

of point vortices. The four vortices have circulation 7;, ¢ = 1...4 and they are in the

U1 V2 V3 Uy .

1 1 1 1 1 1
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Figure A.2: The considered system is made of 4 vortices located at x;, 1 = 1...4 in
the reference cell with side L,. The positions of all the other vortices are shifted by
nly,, n € Z.

reference cell in the interval [0, L,| located at x1, x5, 3 and z4. The coordinates of all
the other vortices outside the reference cell are given by x; +nL, as shown in Fig.
where n € Z and ¢ = 1,2,3,4. The total Hamiltonian is given by considering all the
possible interactions between all the vortices and all the other images. In the following,
the vortex vy is considered and the term which corresponds to all the interactions
between v; and its copies outside the reference cell (see F ig.) is given by

“+o00 “+o00
/ /
7—[171 — —% Z_ 0GRk log ’3;1 — (;L'l + nLI)’ — —% Z_ Y11 log ’an| (A4)

If the system contains N vortices, then the generalisation is given by

“+oo N
!
M= _% SN viilognLyl. (A.5)

n=—oo =1

Moreover, there will be the contribution related to the interactions between the vortex

vy and the vortex vy in the reference cell, and the vortex v; with the copies of vy (see
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Figure A.3: Interactions between the first vortex (blue filled circle) in the reference
cell with its copies (red filled circles).

Fig.(A.4))) and this is given by

+oo
Hio=—2= Y wloglar — (@ +nLy)| (A.6)

n=—oo

The same considerations are applied to v; and the other vortices, and if the system is

U1 vy U3 Uy .
i i i i i i
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Figure A.4: Interactions between vy (blue filled circle) and vy and its copies (red filled
circles).

composed of N vortices the final result is given by

400 N
i
Hig=—5_ n:z_oo ; 1y log oy — (75 +nly)|. (A.7)

i#1
If the system contains N vortices, then all the interactions are given by

+o00 N,N

Hij = —ﬁ Z Z vivjlog |z, — (z; + nly)|. (A.8)
n=-—o00 %,j=1

J#
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The total Hamiltonian is therefore given by adding Eqgs. (A.5) and (A.8)

Mp £ Mp £28N
Hiree = i Z Z%% log [nL,| — T Z Z vivjlog |z, — x5 +nly|, (A.9)

n=—oo i=1 n=-—o00 j,i=1

J#i

where the factor M is needed since in the whole system there are M cells. The energy

per vortex N per cell M is given by (A.2))

_9 +o0 +00 N,N
_ P ! P 0
H = _En;m log [nLy| — e n:zoo le vivilog |zl + nLy|, (A.10)
i
where
1 N
7 = N;%’?’ 2% =, -, (A.11)

and the superscript 0 refers to the distance between vortices in the reference cell. The
generalization for a lattice where vortices are not along a straight line is obtained by

introducing the vector L,, ,, which depends on n and m such that
L., =nL,e, +mLye,, (A.12)

where e, and e, are unit vectors along the x and y axes, respectively. The energy per

vortex per cell for a reference cell with sides L, and L, is given by

072 oo, PR NN
_ P N .
" A n,m=—o00 10g |Ln7m| ArN n n;oo ijl R log ’rij + Ln,m|, (A13>
| ’ i
0 _ 0

where r). =r; — r(]]- is the distance between the vortices in the reference cell. The first

(]
term in Eq. (A.13]) does not depend on the position of the charges and it depends only
on the sides of the reference cell L, and L,. The second term depends on both, the
geometry and the position of the vortices. The Hamiltonian given by Eq. (A.13]) is now

written as follows

N,N

~ P .
H=H(N) + N Z; Vivi Hint (i g, Yijs A).- (A.14)
i
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The term H;ni(xi 5, yij; A), which depends on the position of vortices and it will con-
tribute to the dynamics, is now considered. Since hte sum over the indices n and m of
the logarithm appearing in Eq. (A.13]) is a periodic function, it can be represented in

the form of a Fourier series

+00 | . o too, ok Ko a B AL
_Z Og|r+nm| LxLyZW, —W(LL (A.15)

n,m=—00 a,f=—00

where «, 8 € Z and the apostrophe denotes that (a, ) # (0,0) in order to avoid
singularities. The indices o and 3 can be zero separately, but not simultaneously. The

interaction term H,;,; becomes

+oo lkro +00 Qﬁamiji 27r'uy,L-ji
2T N 2m /e La Ly
Hmt(%,j,yz‘,ﬁ/\) = 7T 7
—+o00 . .

A ’ aizy ,Bize
- = ‘£ ° (A.16)

27ra = a? + [2A?

where 5 5 5 5
Z1 = W(Ii _ xj) = ﬂ-xij, 29 = 7T(yz _ yj) = ﬂ-yij, (A17)
Lw L:E Ly Ly

and A = L,/L, is the aspect ratio of the rectangular domain. The above summation

can be written in terms of the following integral

+oo iz e,b’izz

A e 24A2B?) iaz +iB2o
= - (@ s gy, A8
27ra ;oo a? + [2A? 27T Z / ( )

since the integration on the variable ¢ is straightforward and it produces the left hand
side of Eq. (A.18)). The double summation over the indices a and /5 can be written as

follows

Z Z Z Z (A.19)

a—O
where, in the first summation, the index o = 0 is fixed and S varies, and in the second
summation, [ can assume any value and o # 0. A graphical representation of the
equality given by (A.19)) is given by Fig. (A.5). Therefore, Eq. (A.18)) can be written

as follows

A A [T
Hint(21, 22;A) = %T1(Z2; A)+ % S1(2z2,t; M) Sa (21, t; A)dt, (A.20)
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Figure A.5: Graphical representation of the double summation over the indices v and
S of Eq.(A.19): the first term involves the sum when o = 0 and any value 5 (figure on
the left) while in the second term « # 0 and all values of 3 are allowed (figure on the
right).

where
JrOO/ +oo 209
Ti(z2; ) = Z / e N etP2 gy (A.21)
B=—00 "0

+oo
Sl(ZQ,t;A) = Z 67tA2B2+zﬂZ27 (A22)

B=—00

+oo
So(zr,t;A) = Y ettt (A.23)

a=—00

The first term 77 (z2; A) can be integrated with respect to ¢ and it gives

— [t IA2B% B X iz
e e’ dt = : (A.24)
Py pog e
The term Si(z9,t; A) can be rewritten by using the Poisson summation method [?]
+oo +o0o 400
Si(za,t; A) = Y et = N / etz ok 2ming gy, (A.25)
B=—oo B=—o0 ¥ —o°

In the above equation the integral is a Gaussian integral of the form
+o00 2
/ e AT HBE gy — wlze%&, (A.26)
o A
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where A = tA? and B = i(z, + 273) and therefore,

Si(z9,t; A) f Z T (A.27)

Hence, inserting Eqs. (A.24) and (A.27) into Eq. (A.20)), gives

A , ez,BZQ +oo zaz1
in 3 7A = 5 ) 7 A28
Hint(21, 22, A) 2752_: A2 +a_z:oo BZ DN Z(22, A ( )
where the integral Z(zy, A) is given by
+o0 2ot+2m8)2
T(z9;A) = / 1120~ T —ta? gy (A.29)
0

The integral Z(zy; A) is a particular case of the following integral

/+°° g5l pt =t gy _ o (ﬂ)s I'(s+1/2)(28)* /+°° cos tdt (A.30)
0 4 VT o (24 52)”%7

for s =1/2, p=|a| and ¢ = |25 + 27 3| /2A7. In this case Z(29; A) becomes

T(oiA) = z(q”)m \/_/m COStdt:Q(@)l/2 Xreo,  (As1)

p 2 +&2 p T

where I is the Euler’s Gamma function and

+o00 d
1(¢) = / SR t-wm (A32)

The integral I(£) can be evaluated with the method of residues, and the result is given
by

B 0 cosndn T

Hence, Eq. (A.31)) becomes

qr \22—|—27r5’\/> —lelleziznl
T(z;N) =2 oz
s =2(2)" fpeemn [ EA T LA

(A.34)
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Inserting Eq. (A.34)) into Eq. (A.28]), gives

+0o zﬁzg wzzl

%int<zla ZQa - Z 2A2 Z Z

B=—00 oa*—oo B=

a|z2+27rﬁ|

=S+,  (A.35)

The two terms S; and Sy, are now evaluated separately. The first summation S; can

be written as follows

1 ¢f= 1

S, — _
™ 9Ar aﬁo Z 524—&2 a2

, (A.36)

where the summation is extended to all integers and 1/a? corresponds to the additional
contribution for 8 = 0. In order to evaluate the above summation, the following function

of complex variable ( is introduced

2mieics

f(Q) = (C + a?)(e2€ — 1)

(A.37)

This function has poles at ( = +ia and ( = n € Z. The sum of the residues corre-

sponding to the latter is given by

+oo 6inzg
> e (A.38)

In the limit as N — 400, the contour integral of f(¢) along the curve Cy shown in

Fig.(A.6) gives

Moreover, as N — oo, the integral on the left hand side of the above equation tends to

zero, hence

+0o0 einzz T o072 072
—_ = . A .40
n:ZOO n2 + CL2 a |:]_ _ 6—27ra + 627ra _ ]_:| ( )
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This result can be applied on the right hand side of (A.36)) and S; can be evaluated by

performing the following limit

1
S, = TAr Ll}_r}n f(z2;0a), (A.41)
where B .
T e—0%2 022
) = R A .42
f(z2’ CL) all—= 6—27ra + 627ra -1 a2 ( )

By inserting the following Taylor’s series

3 2 x?  xt

smh()~x+g—|—m—|—0( %), cosh()~1+?—l—ﬂ+o( Y, (A.43)

the function f(z9;a) becomes

7 [2sinh(a(2m — 22)) + 2sinh(azs) 1
f(z250) = — -
a 2 cosh(2ma) a
7 [16a?7* — 4007329 + 4072 (1 + a?23) — 20m29(6 + a?23) + 522(12 + a?23)
a 40(3 + a?n?)

The limit as @ — 0 can be evaluated and the summation (A.36)) becomes

1 1 [(n? 22
Sl 2A7T lim f(ZQ, ) m (E — M2 + 5) . (A44)

The second summation Sy of (|A.35)) can be rearranged as follows

+oo +oo zazl — 0 zazl
a\z 73| Q‘Z 7|
S = LYy e L g O g
a=1 f=— a——l,é’_—oo
= Z > + , (A.45)
a=1 f=—o0 o @
and using the following equality
Z - :—log (1—-2), |z|<1, (A.46)
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&l
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(=N -1, +N +1 (N+3,+N+3)
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™

N (vy1=N+1

¢ =—ia

Y

YN

S (V4N )

Figure A.6: Poles of the function f({) inside the path Cy.
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the summation over the index « in(A.45)) can be performed

1 ] syioml sptomgl
Sy = 3 Z {log (1 - e‘we”ﬁ + log (1 - 6_%72/”@‘12'1)}
B=—00
1 <X |29+276] 2|29+2m6|
= Z log (1 —2cos(z1)e” A +e & )
B=—00
1.
= _Elog H X(Zla'Z?;/BaA)a (A47)
B=—00
where
X(z1,22; B,A) =1— 2cos(zl)e’|22+A2Lm + 6*2‘221%@7 (A.48)

and z; = 2n(z; — x;)/L, and 2o = 27w(y; — y;)/L,. Inserting (A.47) and (A.44) into
(A.35) gives the final expression for interaction term of the Hamiltonian

1

Hint(21, 225 ) = — [

29 7T:| 1
A

—(22—27T)+— —5

+o0
4r 6 log [T x(z1,22:8,A). (A.49)

B=—00

The first term on the right hand side of Eq. (A.14) depends only on the geometry and

is given by

; M

The above summation can be written as follows

+oo
/
— > log Ly m| = —lim Z_Olog 2 + Ly | + lim |2 = Ly + Ly, (A.51)
where
+oo
Ly = —lim log |z + Ly, 1|, (A.52)
z—0 —

Ly, = limlog|z|. (A.53)

z—0
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The first term L; is the limit for z — 0 of the interaction Hamiltonian H,;,; given by

Eq.(A.49), and hence
. _2|27B|
lim OHmt(ZhZQ;A) = x5 Z log (1 — 2e” 5 A )

21,22—0,
= 611\ —Zlog (1 —26_¥ +€_%> — L

= 6A longOOBA)

where L, is a divergent constant related to the f = 0 term

L _lzal 2zl
Ly = 3 Zl,£2r3070 log [1 —2cos(z1)e” A +e A } . (A.54)
Therefore, H(A) becomes
y 7 .
A —1 A 1 1 . A.
A =T | % ong (0,0:8,4) = Lo+  lim  log |z!] (A.55)

The last term in the above equation can be written as

T2 2

212

T Y

lim log |z| = log |27
z—0

27 1
=1 = lim log(z®+ A*®). (A.56
og (L ) 5 o og(z” +A%y”).  (A.56)
This last term, in the limit (z,y) — (0,0) diverges and it has the same logarithmic
divergence of L., so that these infinities vanish. The first term of Eq. (A.56)) depends
on the side L, but since the other terms depend on the ratio A = L, /L, it is possible
to remove the dependence on L, in the second term. In fact, the density of vortices in

the reference cell can be set equal to 1 by rescaling the sides of the box such that

L, — AL,, L, — AL,. (A.57)
It follows that
N N
1= = A.58
NL,L, L.L,’ ( )
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and the first term of Eq. (A.56]) becomes

2w 2 Ly Ly \ 1
log (/\Lx) = log <L_x“ T) = log(2m) 5 log(NA). (A.59)

Finally the term H(A) is given by

1\ 12
o [ ——
()

Therefore, the Hamiltonian for a distribution of vortices in a rectangular domain with

5 =2
H(A) = % L tlog

6A

“+o0o
— lognx(0,0;ﬁ,A) ) (A.60)
B=1

aspect ratio A = L, /L, is given by
H = H(A) + Hine(21, 225 A), (A.61)

where

T
— + log

A.62
s S A

1 1/2 +o0
2”(N_0) ]—loggxm,o;ﬁ,m

and

N,N +o0
! 112 77 1
Hint(21, 22, A) = 47TLN Z Vi {X [ﬁ(zz —2m) + g} - 5108; H X(21722§67A)} ]
=

,]= ﬁ:—oo

where the dependence of z; ; and y; ; is given by 21 = 27 (z; — z;)/L, and 2z, = 27 (y; —

y;)/L,. By defining x = z; — x; and y = y; — y; this last term becomes

N,N

p 'Y 2T\ Yy ( Yig 1
Hznt(£l,]>yZ7J’A> 47TN - 2 { A |:Ly (Ly > " 6]
3,j=1
+00
2mx; 2Ty,
— log H X(L—j7 7 ]2571\)}
A= oo T Y
N,N
_ P Z/ ViV F@iyis ) (A.63)
47TN“‘:1 2 JrI
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where the auxiliary function

2|y [y 1 = 2 21y
[,y A) = A [L (L 1>+6} logﬁ![oox(Lz,L BN, (A.64)

Y Y Y

is introduced to simplify the notation. This concludes the evaluation of the Hamiltonian
for an infinite periodic set of vortices. In the next part, the Hamiltonian for a set of N

vortices in a box will be constructed starting from ;.

A.0.2 Hamiltonian in the box

In this section, the Hamiltonian for a system composed by N vortices in a rectangu-
lar domain will be derived by starting from the Hamiltonian for a periodic distribution
of vortices given by Eq.(A.63). The interaction Hamiltonian for N vortices in a periodic

box of sides L, and L, with aspect ratio A can be written as

Zl'i—l'j

NN
. p " Y5 N - _Y%TY
Hint = m”zzl 5 [(Xi,,Yi,A), Xi; = . Y= ,  (A.65)

Ly L,

where

o 1 s
f(Xij,Yig A) = {X [Y;,j (Yij— 1)+ 6} — log H X (X, Yig; kaA)} ,  (A.66)

k=—o00

and

Xk, X5, Y A) =1 — 2cos(2m X, ;)e™2mVua thI/A o p=dmlYig+hl/A (A.67)
In order to understand how to construct the Hamiltonian for any number of vortices in
a generic box, the example of two vortices v; and vy in a box is now considered. The
vortices have circulation 7, and 79, respectively and they are located at (z1,y;) and
(xg,y2). The coordinates are assumed to be such that 0 < z; < L, and 0 < y; < Ly,
1 = 1,2. In order to mimic the presence of hard walls, an infinite set of images needs
to be added along both x and y directions (see §) an example of the positions
of the nearest images to the vortices is given by Fig.. The colors red and blue
correspond to vortices with positive and negative circulation respectively. The system
consisting of the vortices in the reference cell (shaded in grey) and their images is not
periodic. Hence, the Hamiltonian given by Eq. can not be used since it requires
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Figure A.7: Two point vortices v; and vs in a rectangular region surrounded by a layer

of images.

. . . . . .
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Figure A.8: The system consisting of two vortices in the rectangle:

the reference cell which is periodic along both directions.
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a periodic distribution of charges. However, by looking at Fig., if a box with sides
2L, and 2L, is considered, the system composed of the vortices in the cell with sides
L, and L, and their images, represents a distribution which has a periodicity of 2L,
along x and 2L, along y. The two vortices v; and v, and their images located in the
highlighted region, form a periodic system along the x and y directions. Therefore,
the Hamiltonian for a system in a box with sides L, and L,, can be obtained by
considering the Hamiltonian of the vortices v; and vy and their images, in the box with
sides 2L, and 2L,. This defines the reference cell (Fig.(A.8) shaded region). Once the
reference cell is identified, it is necessary to consider the interactions between vortices
contained in the reference cell by using the result given by Eq. (A.65). Without loss
of generality, the vortex v, and vy are assumed to have circulation +v; and v, = —q,
respectively. The vortex vy is located at (z1,y;), and its three images are indicated by
vs = (2L, — x1,2L, — y1), v6 = (2L, — x1,y1) and vg = (21,2L, — y1) and the value of
their circulations are +7v;, —vy; and —~;, respectively. The second vortex vy is located
at (z2,y2) and its three images are indicated by vs = (29,2L, —y1), v4 = (2L, — 21, 11)
and v; = (2L, — 21,2L, — y1) and the value of their circulations are +7v,, +7, and

—9, respectively. The Hamiltonian for this system is therefore given by considering

oL,
vs v
[ ) [ )
v3 1
[ ) [ )
Ly
[ ) [ )
vy = (22,%2) V1
[ ) [ )
v = (21,91) Ys
0 L, 2L,

Figure A.9: Two point vortices in the domain where the dynamics occurs (bottom
left): the coordinates and the circulation of these two vortices are (z1,y;) and (x2,y2),
v1 and v, respectively. The other vortices are images in order to mimic the boundaries:
vs, Vg, Vg are the images of vy and vs, vy, v; are the images of vs.

the following terms

e The interactions between the vortex v; and v, in the box with sides L, and L.
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The interactions between the vortex v, and its three images vs, vg, vs.

The interactions between the vortex v, and its three images vs, vy, v7.

The interactions between the vortex v; and the images vs, vy, v7 of vs.
e The interactions between the vortex vy and the images vs, vg, vg of v;.

All these contributions are now considered and then, a general formula for an arbitrary
number N of point vortices in the domain with sides L, and L, will be given. For
simplicity, the interaction between a vortex v; = (z;,v;) and v; = (x;,y;) will be
indicated by v; = v;. The pre-factor p/47N in Eq. will be understood and then

added at the end. The contributions between v; and vy are given by

1
V] — U2 = 7172§f(|$1 — @2, ly1 — 2| A),

1
Vg — V] = ’72’V1§f(|372—$1’,\y2—y1|;A)a

where f(z,y;A) is given by Eq.(A.66). The next part is to evaluate the interactions

between the vortex v; and its three images
vs = (2Ly — x1,2Ly — 1), v = (2L, — x1,1), vg = (21,2L, —y1), (A.68)
are given by

1
V1 — Vs = ")/1")/1—](‘(2[195 — 2.271, 2Ly — 2y1, A),

2
1
V1 — Vg = —7171§f(2Lz —221,0; A),
1
vV — Vg = —7171§f(07 2Ly — 2y1; A),

Regarding the interaction between v; and the images of the second vortex
v3 = (22,2Ly — o), vy = (2L, — 2, Y2), vr = (2L, — x2,2L, — y2), (A.69)

the interactions are given by

1
V1 — V3 = —7172§f(’$1—332\,2[@—3/2—2/1;/\),
1
V] Uy = _’71’72§f(2Lx_$2_$1>|yl_y2|§A)7
1
vy = U = ’mz§f(2Lx—x2—x172Ly—y2—yl;/\),
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The interactions between the vortex vy and its three images are given by

1
Uy — U3 = _7272§f<07 2L, — 2ys; N),
1
Vg — Uy = —’}/272§f(2L$ — 219,0; A),
1
Uy = Uy = 7272§f(2L$ — 2x9,2L, — 2ys; A),

and for the interactions between vy and the images of v; are given by

1
Uy — U5 = '72'71§f<2Lz — 21 — X9, 2Ly, — y1 — Y23 A),
1
Vg — Vg = —7271§f(2Lx — X1 — Ta, ’?/2 - yl’§A)>
1
Vg = Vg = —7271§f(|f132 — 1], 2Ly — y1 — y2; A).

These are all the possible terms for the considered distribution of vortices shown in
Fig.(A.8). The interaction terms which involve a vortex with its own images can be
collected by defining a new function b(z;,y;) which depends only on the coordinates

(x;,y;) of a single vortex

[—f(2L, — 2x;,0; A) + f(2L, — 2x;, L, — 2y;; A) — f(0,2L, — 2y;; A)].

N |

The interaction between v; and its own images and between v, and its own images can

be written in a more compact form as follows
Vb1, y1s A) +93b(w2, y2s A). (A.70)

The interactions between the vortex v; and the images of vy and between the vor-
tex vy and the images of v; can be simplified by introducing an additional function

h(x;, z;,y;,y;) which depends on two sets of coordinates (x;,y;) and (x;, ;)

Wz, x5,y 8) = f(lzs — 250, |y — s A) — f(les — 25|, 20, — yi — yj3 A)
— fQLy —xi —x, lyi —yil; A) + f(2Ly — v — x5, 2Ly — y; — y;; N),

and hence, the interactions become

1 1
57271h(902, Z1,Y2,Y1s A) + §V1V2h(I1, x2,Y1,Y2; A)- (A-71)
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Finally, the Hamiltonian #,;,, for the system presented in Fig.(A.9)) is given by

1 1
H = 71b(w1, 913 A) + 5b(w2, 101 A) + 570712, 21, 92, 515 A) + 57179281, 22, 91, 923 A)-
(A.72)
The Hamiltonian in the presence of N vortices with circulation v; located at (z;,y;) is

given by

N N-1 N
Hpox = ZL’ZTLN Z%zb(%,yi;/\) + Z Z Vivih(wi, x5, i,y A) | - (A.73)
i=1

i=1 j=i+1

A.0.3 Equation of motions

The equations of motion for N point vortices contained in a box with sides L, and
L, are given by

dt v Oy dt v Ox;
where Hp,, is the Hamiltonian given by . The derivative of Hp,, requires
the evaluation of the derivative of the two additional functions h(x;, z;,y;,y;; A) and
b(x;, y;; A) which are linear combinations of the function f defined by Eq.(A.66). There-
fore, the partial derivatives of f(p(z),q(y); A), where p(x) and ¢(y) are two generic

dxi i af7LlBox dyz _i af7L[Box

(A.74)

function of the coordinates z; and y, of the point vortices, are now evaluated. The

function f(p(x),q(y); A) is given by

2 1 o rlg rlg
P8 =27 [l = 0+ ] ~tow T 1= 2eostemppe ™5 45, (a7
k=—o00
By defining L(p, q; A) as follows,
= oxlgtkl amlg ikl
L(p,q; A) = H 1 —2cos(2mp)e” & +e & | (A.76)
k=—0o0
the partial derivative with respect to x of Eq. (A.75)) is given by
af 1 > 2m|q+k| 4r|g-+k|
% = —m H |:2 sin(27rp)2ﬂ'ple* A +e A ] s (A77)
s Yy k——o00
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where p’ is the derivative of p with respect to x. The partial derivative of Eq. (A.75)
with respect to y gives

of 27, B B
8_y = Kq SgUQ[(2|CI| 1)]

+o00
1 A7, 2rq-+k| ar|q-+k|
- — —q sgn(q+ k) |cos(2mple” & 4e A } ,
— kr_[oo{Aq an(q + 1) [cos(2mp) }
where ¢’ is the derivative of ¢q. Therefore, the equations of motion of N point vortices

in the rectangular domain can be obtained by substituting (A.73)) into (A.74) and then

using (A7) and (A.79).
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Appendix B

Green’s Function for the Laplace

Operator in 2D

In §2.4.1] the point vortex model was introduced and, in particular, it was shown
that the streamfunction v for a point vortex located at (xo, o) whose vorticity is given
by Eq. (2.65) must satisfy the following equation

Vg = —706(x — Xo). (B.1)

The aim of this Appendix is to solve this equation and to find the Green’s function,
or fundamental solution for the Laplace operator in two spatial dimensions in an un-
bounded domain. For brevity we will drop the subscript 0 in the streamfunction v in

what follows.

Assuming the streamfunction to be axis-symmetric, that is, ¢ = ¢ (r) with r =

|x — x|, Eq. (B.1)) becomes
1
Yy + ;wr = —0(r). (B.2)

For r > 0, the above equation becomes

wrr + %wr = 07 <B3)

whose solution is given by

W(r) = Alogr + B, (B.4)

where A and B are constants of integration. Without loss of generality, the constant
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of integration B can be set to zero. In order to find A, Eq. (B.1) is integrated over a

disc of radius € centred at the origin of the domain
/SVQw(r)dS = —70/5(5(7")6%‘ = —o, (B.5)
where S is the surface of the disk. By applying the divergence theorem
/VQw(r)dS = Vi(r) - ndl, (B.6)
5 as

where 0S5 is the boundary of S given by a circle of circumference 2we. Combining the

previous two equations gives

A
— Y = 7{ Vi(r) - ndl = j{ 44 dl = ]{ —dl =27 A. (B.7)
Ve Ve 87" r=e Ve €
The final result is indeed
W(r) = _n log 7. (B.8)
27
In terms of x the solution is given by
70
Yo(x,%0) = o log [x — %o, (B.9)

where we have restored the subscript 0 to remind us that this solution is valid in the
presence of a single charge with strength vy located at the centre of the domain. The
Green’s function for the Laplace operator in the presence of N point vortices, can be

easily constructed by invoking the principle of superposition since Eq. (B.1]) is linear.
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E quindi uscimmo a riveder le stelle.
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Thence issuing we again beheld the stars.
Inferno, XXXIV, 133
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