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ABSTRACT

Nonlinear dispersive partial differential equations occur in a variety of areas within
mathematical physics and engineering. We study several classes of such equations, including
scalar complex partial differential equations, vector partial differential equations, and finally
non-local integro-differential equations. For physically interesting families of these equations,
we demonstrate the existence (and, when possible, stability) of specific solutions which are
relevant for applications. While multiple application areas are considered, the primary appli-
cation that runs through the work would be the nonlinear dynamics of vortex filaments under
a variety of physical models. For instance, we are able to determine the structure and time
evolution of several physical solutions, including the planar, helical, self-similar and soliton
vortex filament solutions in a quantum fluid. Properties of such solutions are determined
analytically and numerically through a variety of approaches. Starting with complex scalar
equations (often useful for studying two-dimensional motion), we progress through more
complicated models involving vector partial differential equations and non-local equations
(which permit motion in three dimensions). In many of the examples considered, the qual-
itative analytical results are used to verify behaviors previously observed only numerically

or experimentally.
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taken U; = 1 (left image) to demonstrate a radially symmetric solution and
Uy = 20 (right image) to demonstrate the structures that may develop when

the normal fluid velocity, Uy, becomes large. . . . . . . .. ... ... .... 164
Phase portrait of (y(z),z(z)) for = € [0,2000] given T" = 1K, o = 0.005,
o = 0.003, p'(0) = ¢’(0) = 0 p(0) = 0(0) = 0.1, U; =t = 1. We have
taken v = 0.001 (left image) and v = 100 (right image) to demonstrate the

spectrum of structures possible. . . . . . . ... oL 165
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5.8

5.9

5.10

5.11

Schematic of the problem geometry for a prototypical helical vortex filament.
The helical vortex filament is oriented along the z-axis, with amplitude A
and wave-number k. The angular frequency, w, will dictate the motion of this

helical vortex filament. . . . . . . . ...

Plot of the nonlinear dependence of the amplitude A given in Eq. (5.22) on
the wave number k& and the normal fluid velocity U. The permissible wave
numbers satisfy k& > U/7, and for the sake of demonstration we normalize
v = 1. As the normal fluid velocity increases, the permitted amplitude values
decrease, owing to the added instability induced by the normal fluid. We
observe a unique peak value in amplitude at some wave number k4 for each

fixed value of U. . . . . . . .

Plots of the nonlinear dispersion relation Eq. (5.23) for w(k) in the non-

degenerate case o # 0. When k = 0, w(0) = 0 while w > 0 for £ > 0.

Schematic of the problem geometry for a planar vortex filament. The planar
vortex filament is oriented along the z-axis, with radius A and x-period T'(A).
The angular frequency, w =« (by assumption (5.42)) determined the motion

of the vortex filament with time. The temporal period is then 27 /7.
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5.12

5.13

5.14

5.15

Plot of the approximation (5.54) to the space period T'(A) of the planar vortex
filament given by the method of multiple scales. Also plotted are the exact
numerical values for T'(A) that may be found by numerically integrating (5.44)
in order to construct a solution. Clearly, the multiple scales approximation

is a very good fit for small-amplitude solutions. Periodic solutions exist for

A<\ 273081649, . . .

Plot of the space periodic part of the planar vortex filament, for various values
of A. Solid lines denote the perturbation approximation (5.53) while the
dashed lines denote numerical simulations via RKF45 method of numerical
integration. We see remarkable agreement for small amplitude solutions. For
the large amplitude solutions, the numerics and analytics begin to go out of
phase for large x, due to the small error in the approximate period (5.54) and

the true period. . . . . . ..

Plot of small-amplitude solutions (5.93) corresponding to (4.13) over space
x € [0,15] given (a) t = 0.1, (b) t =1, and (c) t = 10. We fix v = 1; changes
in v would simply manifest as a dilation of the temporal variable ¢, thereby

altering (up to a scale) the temporal variation shown in (a) - (¢). . . .. ..

Plot of singular self-similar solutions r for (5.63)-(5.64). The red (lower)
solution denotes (o, ') = (0,0), the blue (middle) solution denotes («, ') =
(0.005,0.003), and the green (upper) solution denotes (a, ') = (0.073,0.018).

Here R(0) =1, R/(0) = ©/(0) =0, O(0) =2. . o oo
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5.16

5.17

5.18

5.19

5.20

Plot of self-similar solutions R(n) and ©(n) for (5.63)-(5.64) given (a) (o, /) =
(0,0), (b) (a, @) = (0.005,0.003), and (c) (a, ) = (0.073,0.018). When the
superfluid friction parameters are zero, the solution R(n) oscillates about a
fixed point. Yet, with the addition as even small superfluid friction parame-

ters, the solution R — oo as |n| — oo. Here R(0) = 1, R'(0) = ©'(0) = 0,

Plot of non-singular self-similar solutions t for (5.63)-(5.64) given (a) (a, ') =
(0,0), (b) (a,’) = (0.005,0.003), and (c¢) (o,’) = (0.073,0.018). Here
R(0) = e =1073, R(0) = ©’(0) = 0, ©(0) = 2. Taking ¢ = 1073 is sufficient
to numerically approximate the non-singular vortex filament solution.

The deformation of planar filaments due to superfluid friction as given ana-
lytically by (5.122). The black line represents a = o/ = 0, while the blue line

represents = 0.005,' = 0.003. . . . . .. ...
The self-similar solutions for & = o/ = 0 (black line), a = 0.005,«/ = 0.003

(blue line) corresponding to the fully nonlinear equation (5.124). . . . . ..

Helical solutions are plotted for U = 1,k = 2 (black line) and U = 1,k =5
(blue line). As the wave number k increases, the period increases while the

amplitude (in Cartesian coordinates) decreases. . . . . . . . ... ... ...
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5.21 Soliton solutions (5.134) are given in (d), for a = 0.005 (black line) and o =

6.1

6.2

0.073 (blue line) in the presence of a normal fluid (U = 1). The perturbation
size of these soliton excitations of the tangent filament is € = 0.01 (though

the corresponding value of the perturbation is much larger in the Cartesian

Plot of the numerical solution for u(t) governed by equation (6.20) along
with the small time asymptotic solution (6.29) and the large time asymptotic
solution (6.25). Parameter values are fixed at A = 0.5, k =U =1, v = 2. For
small time (¢ < o~ '), the approximation (6.29)) is a good fit to the numerical
solution, whereas when time is large (¢ > a~!), the approximation (6.25)
accurately describes the numerical solution. With this, we find that helical
perutrbations along the line vortex filament decay slowly on small time scales,

and then more rapidly for larger time scales. . . . . . . . . ... ... ...

Plot of the time evolution of a helical filament solution corresponding to A =
05,7y =2 k=1, T=1K (i.e., « = 0.005, &/ = 0.003) and U = 0. Times

referenced are (a) t =0, (b) ¢t =100, (c¢) t =300, (d) t =500. . .. ... ..
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6.3

6.4

6.5

6.6

Plot of the time evolution of a helical filament solution corresponding to A =
05, v =2, k=1, T=1K (i.e.,, « = 0.005, o’ = 0.003) and U = 1. Times
referenced are (a) t = 0, (b) ¢t = 100, (c) ¢t = 300, (d) ¢ = 500. Note that the
decay of the helical perturbations along the filament is markedly slower than

in the case of U = 0 (which was considered in Fig. 6.2). . ... ... .. ..

Plot of the (a) translation () of the z-coordiate (the translational motion
of the helical waves along the filament) and (b) the effective frequency w(t)/t
for a helical filament solution corresponding to A = 0.5, v = 2, k = 1,
for various temperatures and normal fluid velocity. The temperature T =
1K correspond to a = 0.005, o/ = 0.003, while T = 1.5K corresponds to

a=0.073,a/ =0.018. . . . ...

Plot of the deformed planar filament described by (6.58) when the temperature
of the superfluid is T=1K (a = 0.005, o/ = 0.003) and V' = 1. The filament

is given by numerically solving (6.59)-(6.60) subject to ¢(0) = 0.1, ¥(0) = 0,

Plot of the deformed planar filament described by (6.58) when the temperature
of the superfluid is T=1.5K (o = 0.073, o/ = 0.018) and V' = 1. The filament

is given by numerically solving (6.59)-(6.60) subject to ¢(0) = 0.1, ¥(0) = 0,
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6.7

6.8

6.9

6.10

Plot of the deformed planar filament described by (6.58) when the temperature
of the superfluid is T=1.5K (a = 0.073, o/ = 0.018) and V' = —1. The filament

is given by numerically solving (6.59)-(6.60) subject to ¢(0) = 0.1, ¥(0) = 0,

Plot of the deformed planar filament described by (6.58) when the temperature
of the superfluid is T=1.5K (o = 0.073, o/ = 0.018) and V = 0. The filament

is given by numerically solving (6.59)-(6.60) subject to ¢(0) = 0.1, ¥(0) = 0,

Comparison of the deformed planar filament described by (6.58) when the
temperature of the superfluid is T=1.5K (a = 0.073, o/ = 0.018) and V =1,
along with the classical planar filament corresponding to « = o/ = 0. In both
cases, the filaments are given by numerically solving (6.59)-(6.60) subject to
»(0) = 0.1, ¥(0) = 0, ¢'(0) = 0, ¢'(0) = 0. The blue curve represents the
T=1.5 deformed planar filament, while the black curve represents the classical

planar filament. . . . . .. ..o

Large-time plot of the deformed planar filament described by (6.58) when the
temperature of the superfluid is T=1.5K, with the same conditions given in
Fig. 6.7. Segments of the filament which continue to amplify are removed, to
show what might be expected experimentally after such segments dissipate or
disassociate with the rest of the filament. The filament is locally planar near

x = 0, while for large x the filament takes on a helical appearance. . . . . .
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6.11

6.12

7.1

7.2

Plot of the solution to the dynamical system (6.106) when o = 0.073, o/ =

0.018, n = 0.1. Initial conditions are F'(0) = 1, F'(0) = 0 and G(0) = 0.

Phase space plot of the solution to the dynamical system (6.106) when o =

0.073, o/ = 0.018, n = 0.1. Initial conditions are F'(0) = 1, F'(0) = 0 and

Numerical plots of the rotational velocity, w, and transverse velocity, (3, of
a helical vortex filament when non-local dynamics are accounted for. The
results use the LIA near the logrithmic singularlity, so these are the solutions
(7.51)-(7.52). Note that we set e = 107° in all plots. The precise value of ¢
is not important, since a change in the value of € results in a scaling of the
plots, therefore the value of € does not influence the qualitative features of the

SOLULIONS. . . . . o

Numerical plots and approximations to the integrand given in (7.53) for vari-
ous values of the physical parameters. We set e = 107° in all plots. For small
and intermediate values of k and A, the approximation to the integrand (7.53)
is very accurate, and hence the approximating formula (7.58) for the integral

term in (7.51) is accurate. . . . . . ... Lo
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7.3

7.4

Numerical plots and approximations to the integrand given in (7.54) for vari-
ous values of the physical parameters. We set ¢ = 107> in all plots. Ahain, for
small and intermediate values of k and A, the approximation to the integrand
(7.54) is very accurate, and hence the approximating formula (7.61) for the

integral term in (7.52) is accurate. . . . . . .. ...

Comparison of the numerical plots and approximate solutions for the rota-
tional velocity, w, and transverse velocity, 3, of a helical vortex filament when
non-local dynamics are accounted for. The numerical results use the LIA
near the logrithmic singularlity, so these are the solutions (7.51)-(7.52). Note
that we set € = 107 in all plots. We also take A = 0.1. The analytical ap-
proximations obtained in (7.62)-(7.63) are superior to the LIA (7.65) results
when £ is either small or in the intermediate range. Once k becomes large,
both approximations lose accuracy. This is due to the fact that, for large
k, the integral terms in (7.51)-(7.52) are rapidly oscillating. The approxima-
tions (7.62)-(7.63) are useful when the decay in the integrals dominates the
oscillations, which is not true for large k. In the regime where the approxima-
tions are useful, note that the LIA underestimates both velocities, while the

approximation (7.62)-(7.63) overestimates the velocities. . . . . .. ... ..
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CHAPTER 1

INTRODUCTION

We shall be concerned with a few particular families of nonlinear dispersive partial differential
equations. By dispersive, one means that waves of different wavelengths travel at different
phase velocities. Fairly common examples of such partial differential equations would be
the nonlinear Schrodinger (NLS) equation and the Korteweg-de Vries (KdV) equation. For
our purposes, the types of equations we consider often deal with curvature, so that the time
evolution of a solution curve is determined by structure of the curve. Such partial differential
equations naturally appear in studies of vortex dynamics, particularly vortex filaments, and
this will be the primary application we consider. While other applications will be discussed
when they fit the theme of a particular chapter, the motion of a vortex filament under a

variety of conditions will be an application common to all chapters.

The types of equations we shall be interested in will often take one of a few forms,
consisting of either a single scalar equation, vector equations, or non-local equation, and
the order of this investigation shall proceed in this general direction, with Chapters 2,3,4,5
considering scalar partial differential equations, Chapter 6 considering a vector partial dif-

ferential equation, and Chapter 7 dealing with a specific nonlocal equation.



In Chapter 2, we shall explore a class of periodic solutions to four specific equations
which are useful in mathematical physics. The first of these is the partial differential equation
governing the motion of a planar vortex filament under the local induction approximation

(LIA) in the Cartesian coordinate frame, which takes the form [98]

uwl’
Uy = ———————— | 1.1
LUy [+ w2372 (1.1)

For more general rotating filaments (those that happen too be strongly non-planar), it is

more appropriate to apply the partial differential equation [17]

, U L ug (ubtg, —uul,)
_ _ _ - z Tz 1.2
e L+ w22 27 1+ w2 (1.2)

where * denotes complex conjugation. For both models, planar filaments have been shown
to exist [99, 109] and correspond to one type of stationary solution. For the latter model,
helical stationary solutions also exist. The most interesting solutions are those which are
neither planar nor helical, yet are still essentially stationary states of the model. We find
that solutions of this equation can exhibit a wide variety of behaviors. If one considers the
arclength - tangent vector frame (which is derived treating the tangent vector to the filament

as the unknown quantity which must be solved for), one obtains an equation of the form [95]

*, 2
2utus

L 1.3
TP (1.3)

Wy = —U

This equation has the property that its planar solutions can be obtained in closed form, in
terms of an elliptic function. In contrast, planar solutions to the equations corresponding

to the Cartesian frame can, at best, be solved for implicitly. We end the chapter with a



discussion of periodic solutions to the Wadati-Konno-Ichikawa-Shimizu (WKIS) equation,
which is a type of integrable evolution equation inspired by the derivative NLS which has
been shown to have application in high energy physics [64]. The WKIS equation [101] takes

the form

: u

Ty = — (W) B . (1.4)
In Chapter 3, we consider the oribital stability of some of the periodic solutions to
models considered in Chapter 2. To do so, we invoke the Vakhitov-Kolokolov (VK) stability
criterion, which relates the orbital stability of a solution to the change in the integral of

motion
Plug(z,1)) = / o (2, 1) P (1.5)
with respect to a spectral parameter, w. Doing so, we are able to determine when the planar
filaments in both the Cartesian and arclength - tangent vector models are orbitally stable.
Similarly, we are able to determine when the space-periodic solutions to the WKIS model are
orbitally stable. The stability criterion is typically applied to situations where the solution
is a soliton which decays as * — d+00. However, the solutions studied here are periodic in
space, so we modify the method and define the quantity P over a single period, as opposed to
the real-line. In the limit where the period is taken to infinity, one may recover the standard
VK criterion. As a matter of fact, it is possible to apply the criterion to other types of
waves, and we demonstrate this by considering the orbital stability properties of a family of
Peregrine solitons (which are one possible model of rogue waves [73]). Provided the change

in P with respect to the spectral parameter is of constant sign and finite, we can consider



such situations where the modulus w is not time-constant. Our findings seem to suggest
that it will be possible to consider the orbital stability of a more broad class of nonlinear

dispersive equations, and this is commented on in the conclusions given in Chapter 8.

In Chapter 4, we take the local vortex filament models to the maximal extent of their
applicability in order to determine the structure of the vortex filaments upon self-intersection,
which allows us to form vortex loops. We first consider a type of scaling for the planar vortex
filaments. With this scaling, we are able to define piecewise continuous solutions to the LIA,
which we then use to construct self-intersecting vortex filaments. We do this using planar
filaments (corresponding to steady state solutions) and self-similar filaments (which give
unsteady vortex filament solutions). These types of solutions allow us to study situations
where there are sharp kinks in the vortex filaments. Self intersections and sharp kinks are two
vortex filament configurations which would physically destroy vortex filaments in standard

fluids, so these types of solutions give us insight into cases where vortexes may break apart.

Regarding the vortex models, the first three chapters essentially address the motion of
a vortex filament in a standard fluid, or the limit where superfluid effects become negligible.
In a superfluid, however, the requisite models will be more complicated. In Chapter 5, we
consider the motion of vortex filaments in a superfluid under the quantum form of the LIA.
This formulation accounts for superfluid friction and a normal fluid velocity impinging on
the vortex filament. The focus of Chapter 5 will be on potential forms of the quantum LIA.
By potential, we mean that these models involve an unknown complex potential field which

must be solved for, and hence these models are essentially two-dimensional. (The potential



function will often be written u(x,t) = y(z,t) + iz(x,t), where y and z denote coordinates
orthogonal to x.) Since one dimension is neglected, these models are best when the motion
of filaments is primarily rotational. In Cartesian coordinates, the potential approximation

to the LIA takes the form [102]
iy = aF (Jug|*)upr + bG(|ug| ), , (1.6)

where a and b are complex coefficients which shall depend on physical parameters. Under
a number of assumptions or reductions, we study a variety of solutions to this equation.
Planar solutions and their generalizations are first studied. We next consider a family of
helical solutions. The helical vortex filament solutions correspond to Kelvin waves [89] which
ride along the vortex filaments. While the potential models can accurately approximate
the rotational properties of these waves, they fail to account for the transverse velocity.
We address this point later when the vector equations are studied. As an example of the
unsteady types of solutions possible, we consider self-similar solutions for the potential form

of the Cartesian formulation of the quantum LIA.

Regarding Chapter 6, in this chapter we turn our attention to the exact vector form of
the quantum LIA. While the potential equations studied in Chapter 5 approximate the full
vector equations, the potential equations discussed in previous chapters essentially confine
the motion of the filament solutions (and any waves along the filament) to two spatial
dimensions. By considering the vector equations, we can study the full three-dimensional
motion of the filaments. We consider the quantum LIA, as opposed to the standard fluid

LIA, which omits certain parameters, since the standard LIA is simply the limit where all



superfluid parameters are taken to zero. We first study the decay of helical Kelvin waves on
a quantum vortex filament. We start with waves of constant amplitude, and show that these
correspond to a critical wave number. These solutions can be described in exact form. When
we consider other wave numbers, we find that the helical Kelvin waves either amplify (and
diverge at t — 00) or they decay (which is the physically reasonable case). The situation
where the helical filaments decay to line filaments, we are able to give a nice analytical
description of the problem. By assuming a helical filament solution with amplitude, phase,
and transverse velocity, all dependent on time, we reduce the vector form of the quantum
LIA into a system of three time-dependent ordinary differential equations. The analysis of
these equations then lends insight into the behavior of helical Kelvin waves on a quantum

vortex filament.

We are also able to study the planar filaments in the context of a quantum fluid.
There are two possibilities. First, in order for the planar filament to maintain its form,
the normal fluid velocity must take on a very specific (and space-variable) form. While this
gives a nice mathematical solution, due to the restriction on the type of normal fluid velocity
allowed, this case is not particularly interesting in terms of physical application. In the more
physically appealing case, where the normal fluid velocity is not confined, we show that a
filament which is planar in the standard fluid LIA should become deformed when superfluid
parameters are included. Interestingly, the deformed planar filaments demonstrate an in-
teresting amplification/de-amplification property when the normal fluid velocity is aligned

along the filament. The role of superfluid friction is to introduce torsional effects as the



filaments rotate. This has the effect of giving the deformed planar filaments a structure

which appears to be a hybrid of planar and helical shapes.

Our final investigation in Chapter 6 involves a generalization of the Hasimoto trans-
formation (which takes the standard fluid LIA and maps it into a cubic NLS equation [42])
whereby we take the quantum form of the LIA and map it into a type of complex Ginzburg-

Landau equation (a natural complex-coefficient generalization of NLS), [114]
iy = Qe + blul?u + c(u® — uw)u+ At)u, (1.7)

where a, b, and ¢ are complex-valued constants depending on the physical parameters and
A(t) is an arbitrary differentiable time-dependent function. To simplify the mathematics,
we take ¢ = 0, without loss of qualitative information in the cases we consider. From here,
we are able to consider Stokes waves and even solitons on a quantum vortex filament. We
also study a class of traveling wave solutions. The most important solutions here would be
the solitons, and the results here generalize the Hasimoto solitons found over forty years ago

for the standard fluid LIA to solitons under the quantum LIA for the first time.

Finally, in Chapter 7, we turn our attention to non-local equations governing the
motion of vortex filaments. The LIA itself is a local approximation to the non-local Biot-
Savart dynamics, so these results are a more general form of those considered in earlier
chapters. Hence, although it appears concise and rather elegant, this equation is quite
complicated to solve. In Chapter 7, we present two solutions to this model. First, we consider

planar filaments. The integro-differential equation is too hard to solve exactly, but we are able



to use the method of multiple scales in order to obtain an accurate analytical approximation
for the problem. The second class of solutions studied are the helical filaments. For these
solutions, we are able to exactly determine the rotational and translational velocities in
terms of the other model parameters. Therefore, we are able to determine the form and
motion of both planar and helical vortex filaments in a qualitative sense, under the non-local

Biot-Savart model.

Each of the chapters consists of material published or submitted for publication by the
author. The material has been organized in such as way that permits each chapter to be more
or less self contained. Therefore, one should be able to read the chapters independently. Some
of the studied equations will feature in more than one chapter, and are cross referenced where
needed. The actual analytical methods and approaches are self contained for each chapter,
so it will not be necessary to read one chapter in order to understand the mathematics of
another. Still, redundancies are kept to a minimum whenever possible. Chapters 2 through
4 constitute a study of potential forms for the simpler dispersion relations considered here.
Chapter 5 constitutes a generalization of some of these results to the more complicated
case where superfluid effects are added to the vortex filament dynamics, and this chapter
is completely self contained. Chapter 6 contains some results on the full three-dimensional
vortex dynamics under the quantum form of the LIA. Finally, Chapter 7 brings us back to
the study of the self-induced motion of a vortex filament in a standard fluid. Two specific

solution types are considered under this case, and each is compared to the corresponding



results under the LIA. There is a common reference list for all chapters, given in alphabetical

order, at the end of this document.



CHAPTER 2
PERIODIC SOLUTIONS OF SOME NONLINEAR

DISPERSIVE PDES

2.1 Integrable stationary solution for the fully nonlinear local

induction equation describing the motion of a vortex filament

We demonstrate an implicit exact stationary solution to the fully nonlinear local induction
equation describing the motion of a vortex filament. The solution, which is periodic in the
spatial variable, is governed by a second order nonlinear equation which has two exact first

integrals. These results were considered in Van Gorder [99].

2.1.1 Background

Recently Shivamoggi and van Heijst [84] reformulated the Da Rios-Betchov equations in
the extrinsic vortex filament coordinate space, and were able to find an exact solutions
to an approximate equation governing a localized stationary solution. The approximation

in the governing equation was due to the Shivamoggi and van Heijst’s consideration of a
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first order approximation of ‘;—”S” =1/ \/m Previously, an order zero approximation
to this equation was considered by Dmitriyev [26]. Such approximations result in exact
solutions, but these solutions may break down outside of specific parameter regimes; namely,
for all but very small value of the amplitude parameter. Herein, we avoid making the
simplifying assumption on Z—’g. Although this results in a far more representative governing
equations for large amplitudes, the governing equations are far more complicated. Such
governing equations were then solved with a perturbation technique (in Van Gorder [98])

which suggested oscillating solutions in the large amplitude regime.

We begin with a review of some of the derivations in [98], as these shall be essential
in both motivating the solutions as well as providing needed components with which to
actually perform the computations. The self-induced velocity of a vortex filament in the
LIA is given by (Da Rios [24], Arms and Hama [8]) v = yxt x n, where t and n are unit
tangent and unit normal vectors to the vortex filament, respectively, x is the curvature and
v is the strength of the vortex filament. Consider the vortex filament essentially aligned
along the z-axis and assume the deviations from the z-axis to be small (Dmitriyev [26]):

r = i, + y(z,t)i, + z(x, t)i,. We then have that

dr  drdx . . .\ dr . .
t= % - %E - (I:Jc T Yo ly + lez) % and v = Yly + 21z, (2'1)

where

o1 (2.2)

ds  \/T+y2+22
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We compute

L dt _dtde & (do\' dr (ddo)de
& ds dxds dx? \ ds dr \dx ds ) ds

= - (ya:ymx + Z:L"me) d_x 4 lx + (3/137 + Znyx - Z/meZm) d_x 4i (23)
ds N ds)
dz\*
2 o e .
+ (zxx + Y Zza ymzxym) (ds) 1.
Placing (2.1) and (2.3) into v = vkt X n, we obtain
da\° da\’ da\’
V = (YsZsz — Z2Yaz) (d—D iy — Yz (d—i) iy + VYo (d%) i, (2.4)
SO
dr\’ 2 | . 2\~3/2
and
da\* 2, 2\73/2
2= Wew | 72 ) = Ve (1492 +22) (2.6)
must hold. Defining ® = —(y +iz), (2.5) reduces to
i+ (1+2,%) " @, = 0. (2.7)
In order to recover y and z once a solution ® to (2.7) is known, note that y = —Re ¢ and
z = —ZIm ®. A first order approximation of the factor raised to the power —3/2 results

in Eq. (9) of Shivamoggi and van Heijst [84] after an appropriate transformation (since an

approximation was taken early in [84], the transformation ® — i® is needed to bring a first

order approximation of (2.7) into the form given in [84]). A zeroth order approximation

was considered earlier by Dmitriyev [26]. Note that equation (2.7) is very similar to the

equation 7v; + vgs — 20*02/(1 + |v|?) = 0 obtained by Umeki [95], where v denotes directly

12



the tangential vector of the filament. While both are obtained through different derivations,

both are equivalent to the localized induction approximation (LIA).

2.1.2 Stationary solution governed by an integrable equation

Observe that (2.7) is similar in form to the Schrodinger equation for a free particle, only
with a function of |®,| replacing the constant coefficient. Let us assume a solution of the

form ®(x,t) = e"4)(x) where 1 € R. Then (2.7) is reduced to

W+ (1 + (2//)2> e W' =0. (2.8)

Multiplying by 2¢’ and integrating, we obtain the first integral

P? — 2 C, (2.9)

L+ ()’
where C'is a constant of motion determined by any specified boundary or initial data. In the
case where ¥(0) = 0 and ¢/(0) = 1 (as in [84]; locally near |z| << 0), C = —/2. Algebraic
manipulation of (2.9) leads to (% — C)%)'* = 4 — (2 — C)). Separating variables ) and z,

we obtain the implicit relation

¥ 2 _ Pp?—C
tr+Cy= "= Cldg_ _ 1 Sde (2.10)

Ji—(®_CE 2 VC+H2+82-§)

If we perform the integration on (2.10), we obtain

__2 F( Y m)_E< Y m) if C 42,

c—2 V2+C \JC— V2+C’ JC—
o4 Cy= o : o : (2.11)
sgn(v) {tanh1 ( 42_¢2) — /4 - wQ} if C' =2,



where F' and E denote elliptic integrals of the first and second kind, respectively. In this
sense, 1 is akin to a composite Jacobi amplitude. We remark that a similar solution was
obtained by Hasimoto [41], through a different derivation. Hasimoto’s derivation started
with v = Yi,, as opposed to v = yi, + %i,. Assuming a stationary solution, Hasimoto’s
assumption leads to Y, + % (1+ Yf)g/ Y =0 (in our notation, as the coordinate system of
Hasimoto differs from ours). While similar in form to (2.8), there is some information loss
going from the solution ¢ (which, implicitly, contains y(z) and z(x)) to the solution Y (x)
of Hasimoto’s equation. Hasimoto presents a solution Y = Acn(¢, k) (where z = z(§), € is
a parametrization linking Y and x implicitly), which has initial conditions Y (0, k) = A and
Y’(0) = 0. Mapping these conditions into our solution for ¢, which obeys the same type
of ODE, we find these conditions imply C' = —2 (which can be obtained from (2.11) in the
limiting case C' — —2). Observe that we cannot, with the transformation given in Hasimoto
[41], recover the solutions satisfying initial data given in [84] (¢/(0) = 0 and ¢'(0) = 1).
Hence, our solution can be seen as a generalization of the implicit solution of Hasimoto,

which is equivalent to our solution in the C' = —2 case.

Exact inversion of relation (2.11) to obtain % is not possible given the appearance of
two distinct elliptic functions; however, we can numerically invert the relation to recover
for given initial data, which would determine C' and C; exactly. Note that we can just as
easily attempt to solve (2.8) numerically for such initial data, and we obtain the types of
solutions one would expect from the inversion of (2.11). Numerical integration yields the

expected periodic solutions for ¢ (see Fig. 2.1). The fact that the relation (2.11) depends
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on C (and thus, on the initial data) is shown in Fig. 2.2, where we see that the amplitude
and period are dependent on initial data. Note that the intercepts on the phase portraits

(Fig. 2.1) can be calculated exactly from (2.9): For instance, when ¢/(0) = 1, the v» = 0

intercepts are ¢ = %4/ % and the ¢" = 0 intercepts are ¢ = j:\/(l/z(())2 +2—+/2).

The oscillatory solutions should not be surprising, as (2.8) essentially defines a non-
linear oscillator. Suppose we were to define a solution ®(z,t) = e™y(z) where x(z) € R
(this differs from the above solution, as we have taken 4+ as opposed to —v in the exponen-

X. For non-negative

tial). The resulting stationary equation then reads x” = (1 -+ (X’)2)3/2
initial data, near x = 0 we have x” > x which suggests that, locally, x is bounded below by
a function y satisfying ¥” = x. Using initial data x(0) = 0, x’(0) = 1, x(z) = sinh(z). So,

x(z) grows at least as fast as sinh(z), suggesting that the ®(x,t) = e™*x(x) solution is not

reasonable.
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Figure 2.1: Phase portraits for ¢(x) when ¢(0) =0 (a), 0.5 (b), 1 (¢), 1.1 (d) while ¢/(0) = 1.
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Figure 2.2: Plots of ¥ (x) when ¥(0) = 0 (a), 1 (b), while ¢/(0) = 1.
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2.2 General rotating quantum vortex filaments under the 2D

local induction approximation (LIA)

In his study of superfluid turbulence in the low-temperature limit, Svistunov [92] derived
a Hamiltonian equation for the self-induced motion of a vortex filament. Under the local
induction approximation (LIA), the Svistunov formulation is equivalent to a nonlinear dis-
persive partial differential equation. In this section, we consider a family of rotating vortex
filament solutions for the LIA reduction of the Svistunov formulation, which we refer to as
the 2D LIA (since it permits a potential formulation in terms of two of the three Cartesian
coordinates). This class of solutions contains the well-known Hasimoto-type planar vortex
filament as one reduction and helical solutions as another. More generally, we obtain solu-
tions which are periodic in the space variable. A systematic analytical study of the behavior
of such solutions is carried out. In the case where vortex filaments have small deviations from
the axis of rotation, closed analytical forms of the filament solutions are given. A variety of
numerical simulations are provided to demonstrate the wide range of rotating filament be-
haviors possible. Doing so, we are able to determine a number of vortex filament structures
not previously studied. We find that the solution structure progresses from planar to helical,
and then to more intricate and complex filament structures, possibly indicating the onset of

superfluid turbulence. These results were presented in Van Gorder [109].
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2.2.1 Background

The self-induced velocity of the vortex in the reference frame moving with the superfluid
according to the local induction approximation (LIA) was given by Hall and Vinen [39, 40].
(This model is also referred to as the HVBK model, or Hall-Vinen-Bekarevich-Khalatnikov
model. See Bekarevich and Khalatnikov [13].) Under a local induction approximation (LIA),
the Biot-Savart law inherent in such models can be approximated, and Schwarz [81] obtained

a type of quantum LIA

v="kt Xxn+at x (U—vkt xn) —a't x (t x (U— vkt x n)). (2.12)

Here U is the dimensionless normal fluid velocity, t and n are the unit tangent and unit nor-
mal vectors to the vortex filament, « is the dimensionless average curvature, v = I'In(c¢/kay)
is a dimensionless composite parameter (I" is the dimensionless quantum of circulation, ¢ is
a scaling factor of order unity, ag ~ 1.3 x 10~%cm is the effective core radius of the vortex),
a and o/ are dimensionless friction coefficients which are small (except near the A-point; for
reference, the A-point is the temperature (which at atmospheric pressure is ~ 2.17K) below
which normal fluid Helium transitions to superfluid Helium[51]). Regarding reasonable val-
ues of a and o/, Table 1 of Schwarz[81] shows that at temperature 7' = 1K we have oz = 0.005
and o/ = 0.003, while at temperature T'= 1.5K we have o = 0.073 and o/ = 0.018. Thus, it

makes sense to consider these friction terms as small parameters.
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In the o,/ — 0 limit (the zero-temperature limit), the motion of vortex lines is

described by the standard Biot-Savart law

dr Kk [ (ro—r) xdry
—=— | ——. 2.13
dt 4w / lrg — r| (2.13)

Often the Biot-Savart law (2.13) is replaced by the LIA. In this case, self-induced velocity

of a vortex filament is approximated by [8, 24]
v =7kt X1, (2.14)

where k is the quantized curvature and ~ is the strength of the vortex filament. Hasimoto
[42] obtained a 1-soliton solution of the LIA in the curvature-torsion frame. Exact stationary
solutions to the LIA in extrinsic coordinate space have been discussed by Kida [49] in the
case of torus knots, planar solutions, and helices; some of these solutions are given by elliptic

integrals.

Hasimoto [41] considered a planar vortex filament in the curvature-torsion frame of
reference. This influential and often cited paper demonstrates the relation between the
curvature of a vortex filament and elastica. Such a solution was also considered by Kida
[49], who obtained results in terms of elliptic integrals in the moving (time-dependent) arc
length coordinate frame, with stability results for some filaments in this framework provided
later [50]. Fukumoto [33] considered the influence of background flows on such stationary
states. For the Cartesian frame, some preliminary results were determined in Van Gorder
[99], though only some special solutions were given. There is an alternate formulation, given

by Umeki [95, 96], which provides the LIA in an arc-length coordinate frame. The Hasimoto
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filament can be determined exactly in this frame (as is also true of the curvature-torsion
frame), and the results were worked out by Van Gorder [100]. However, the conversion be-
tween the arc-length and Cartesian solutions is not simple, so it is worthwhile to consider
the Cartesian case directly. Small amplitude space-periodic solutions of planar type were ob-
tained through a multiple scales analysis by Van Gorder [105]. Such solutions are valid in the
small-amplitude regime when the nonlinearity becomes sufficiently weak, though solutions

break down after that.

In the present section, we shall be interested in generalized rotating vortex filaments.
In order to describe such vortex filaments, we will employ the form of the LIA described
in Boffetta et al. [17] (which we refer to as the 2D LIA, for reasons outlined later) and
derived from the Svistunov model [92]. We show that the model contains both planar and
helical filaments (those most often studied in the literature), and that these are really two
narrow special cases of rotating planar vortex filaments. In particular, when the solutions
have constant amplitude and space-variable phase, they correspond to the helical filaments
of Sonin [89]. Meanwhile, when the phase is constant in space, and the amplitude varies,
we recover the planar vortex filaments of Hasimoto type. Each of these solutions is rather

narrow, and in general we will have solutions in between these two extremes.

We shall first provide a formulation of the 2D LIA of Boffetta et al. [17]. We
demonstrate why this model is useful for studying non-planar filaments (such as filaments
which may exhibit large spatial changes). The remainder of the section constitutes an

analytical and numerical study of the generalized rotating filaments. First, we determine the
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system of nonlinear differential equations governing the structure of such a vortex filament.
We show that, in general, the phase and amplitude of such a filament are strongly coupled.
The change in the phase can be given strictly in terms of the amplitude, which allows us to
write one equation for the amplitude which itself depends on two parameters. Studying this
equation, we demonstrate the existence of space-periodic filament solutions (in particular,
filaments that are periodic in the y and z components, y(x+T,t) = y(x,t) and z(z+T,t) =
z(z,t)). We show that the period T can be calculated in terms of the model parameters.
While the complexity of the differential equation governing the amplitude prevents exact
solutions, we can obtain approximate solutions which are perturbative in nature. One of
these types of solutions is like the planar filament, whereas the other is quite distinct. Finally,
numerical solutions are provided for a variety of cases, in order to demonstrate the range of

solutions possible.

The results indicate a wide variety of behaviors not previously demonstrated mathe-
matically, which hold both helical and planar solutions are rather narrow special cases. In
some of the more exotic solutions, we expect degeneracy into turbulence to occur. Hence,
some of the solutions discussed here may be useful in the study of the onset of superfluid
turbulence. So, these solutions are not a minor generalization of the exact planar or helical
filament solutions already known. Rather, consideration of this more general formulation
shows us that there are a wide variety of behaviors possible for rotating filaments in the

Svistunov model under the LIA.
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2.2.2 Formulation

First we consider the LIA (2.14) directly. Let us assume r(x,t) = (ri(x,t), ro(x,t), r3(z, 1)),
where the r’s are functions to be determined by the LIA. Calculating t and xn and taking

the cross product, we obtain the PDE system

(r1)s = v(r2)? (i) ((r)% + (r2) + (r3)2) ™% (2.15)

) (O 02 (216)

"2 ) ((r)? + (r2)2 + (r5)2) % . (2.17)
If the filament is aligned along the z-axis and includes a translational velocity term (which
means that the waves along a vortex filament are permitted to move along the reference axis,
in addition to the rotational motion), we take ri(z,t) = x + St. In this case, we identify 7y
and 73 with the y and z axes, as ro(z,t) = y(z,t) and r3(z,t) = z(x,t), respectively. As a
result, the system (2.15)-(2.17) becomes

YoZox — RalYzx

ST -

R I I I R (219

From (2.19), it makes sense to consider a potential function ®(z,t) = y(z,t)+iz(x,t), which
would put (2.18)-(2.19) into the form

7 O Py — PP,
— 5% (1‘|—|(I):C|2)3/2 )

8 (2.20)

d
O — = 0. 2.21
1 t+7(1+ ’q)x’2)3/2 ( )
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The best way to understand these conditions would be that (2.21) gives a potential formu-
lation of the LIA provided that the consistency condition (2.20) is satisfied. When g = 0,
there is no drift. In certain situations, it may suffice to find a solution ® to (2.21) such that
the right hand side of (2.20) is very small (though not zero), which results in an approximate

solution to the LIA.

The derivation outlined above has been used in many studies, as it is useful when
either the amplitude or wave-number are small. Shivamoggi and van Heijst [84] reformulated
the Da Rios-Betchov equations in the extrinsic vortex filament coordinate space and were
able to find an exact solutions to an approximate equation governing a localized stationary
solution. In doing so, they re-derived the Cartesian form of the LIA (refereed to as the
extrinsic form of the LIA), and obtained a truncated approximation - assuming a very small
amplitude. Van Gorder [98, 99] employed this formulation to study a number of special case
solutions. Limitations and benefits to this type of formulation can be seen in [106], where
(for the helical case) the direct approach using (2.21) (and extensions to the quantum case,
where a, o/ # 0) is most useful when perturbations along filaments are of sufficient bounded
variation. Of course, if ®;®,, — ®, P> is a constant, then we can calculate a parameter
which takes care of the translation. For more complicated scenarios, when ®;®,, — ¢, P> is
not a constant in x, the solution of (2.21) will be an approximation to the LIA, rather than

an exact solution.

In the case of a purely planar vortex filament, ®(z,t) = e “¢(z), where ¢(z) is

real-valued. In this case, ®X®,, — ®,P* = 0, so there is no drift, hence a (2.21) is exactly
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equivalent to the LIA. In the case where & ®,, —®,®? is small, though not identically zero,
(2.21) is still a reasonably good approximation to the LIA (which itself is an approximation
to the fully non-local vortex filament dynamics). However, in the case where ®*®,, — &, P
is not small, we evidently need a different formulation, as a solution to (2.21) will not

adequately approximate a solution of the LIA. This formulation should somehow involve

a term of the form ®;®,, — ¢,

Tx?

and should collapse down to (2.21) when the term
o d,, — O, P> vanishes. When this term does vanish, there is no translation of the waves

along the filament, and the only motion is rotation.

As it turns out, the formulation of Boffetta et al. [17], derived in a completely different
fashion, shall be of use to us here. In the context of superfluids in the low-temperature limit
(i.e., in the absence of superfluid friction parameters), the Cartesian form of the LIA was
previously derived by Svistunov in 1995 [92], where the Cartesian representation of the LIA
dynamics are represented as a Hamiltonian system for a single periodic vortex line along one
axis. Introducing potential ¥ (z,t) = y(x,t)+iz(x,t), Svistunov showed that the Biot-Savart

law (2.13) could be written in Hamiltonian form

J

_—
T S

H[uw], (2.22)

where

Lt RelW(e)Va(wa)] 0 0 2.23
47r//\/l’1—»’172 )? + [V (1) — U(z2)]? >
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This is a type of 2D Biot-Savart law. Introducing a cutoff at the vortex filament radius

a < |r —ro|, the Hamiltonian reduces to the LIA

H[U] = 2% In(¢/a) / V14 |V, (21)|2dzy = kyL[w], (2.24)

where v = 5-1In(¢/a) is the filament strength, ¢ is a characteristic length scale, and L{w]
is the total vortex line length. So, under the LIA, the Hamiltonian is just a scaling of the
total vortex length. In equation (4) of Boffetta et al. [17], it was shown that the equation

of motion for this Hamiltonian becomes

Wy + <L> =0, (2.25)
where here we have used a different scaling of ¢ to remove a factor of two from (2.25). It
shall be this equation that we are interested in. Symmetry properties of this model have
been discussed by Sonin [90]. Helical waves from the Cartesian form of the LIA (2.25) were
considered by Sonin [89]. For more on such Hamiltonian formulations, see Goldstein and
Petrich [37], Langer and Singer [52] and references therein. Fukumoto and Miyajima [34]
construct an integrable hierarchy for the localized induction equation, and determine Kida-
type solutions. One area of interest is vortex line reconnections. While a simplification of
the full Biot-Savart law which neglects global behavior in favor of local behavior, the LIA
has been shown to admit solutions which do permit self-crossings [81, 92, 105], so it can
qualitatively describe vortex line reconnection events in strong turbulence. In contrast, the
LIA is not very useful for the study of weak Kelvin wave turbulence, since resonant wave

interactions are not present in the simplified LIA model [17].
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Performing the differentiation in z on the second term in (2.25), we obtain exactly

the type of formulation needed:

Uor 70 (Ul — U, 03,
(LW 222 2 (1[0, 2)2

iUy 4y = 0. (2.26)

Note that when W W, — ¥, U* — 0, (2.26) reduces to (2.21) as required (so it accounts
for the planar case perfectly). On the other hand, (2.26) also accounts for situations where
U, — U, is large. Therefore, this equation is ideal for studying non-planar rotating

vortex filaments.

2.2.3 Analytical and numerical properties of the rotating filament solutions

We first outline properties of a general rotating filament under (2.25). Later, we shall examine
more explicit properties of such filaments, in order to construct analytical or numerical

solutions. To model a rotating filament, we assume a solution of the form

U(x,t) = e "p(x). (2.27)

In general, 1) must be complex-valued (in order to capture all possible physical behaviors).
This class of solution can describe a planar vortex filament when ) is real-valued; however,
when 1 is permitted to be complex-valued, a far wider range of solutions are possible. The
Hasimoto-type solutions derived previously move without change in form [49]. This is in

direct analogy to the solutions originally obtained by Hasimoto [41]. However, if we relax
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one condition, namely that ¢ be a real-valued function, we can obtain a more general class of

solutions. Such solutions will correspond to bending or twisting of the Hasimoto solutions.

Writing v in polar form will be more useful, so we consider functions real-valued R(x)
and O(z) such that ¢(z) = R(z)exp(iO(z)). Once such a solution is known, then by the

definition of W¥(x,t) we shall have the vortex filament

r(z,t) = (z,y(z.t), 2(2,1)) = (z, Re[e"""(2)], Im[e ™4 (z)])

(2.28)
= (x, R(z) cos(i {O(z) —~t}), R(z) sin(i {O(z) — t})).
Equation (2.26) then gives
R R' - RO” +i(2R'®' + RO") _ 0 (2.29)

(1+ R? + R202)*?
Since R and O are real-valued functions, we can separate real and imaginary parts. We

obtain the real-valued system

R" — RO"”
(1+R?+ R?07)

R+ =0 and 2R'©® +RO"=0. (2.30)

3/2

Solving the latter for ©', we find ©'(x) = ©;R?(x) where O, is a constant of integration.
If ©, = 0, we effectively have a reduction to the real-valued case considered when studying

a planar vortex filament moving without change in form. In such a case, one has

R//

e (1+ R?)*?

=0, (2.31)

which is exactly what one gets from (2.21) in the case of a planar filament. This directly
gives the Hasimoto planar filament in the Cartesian frame of reference. Various properties

of these planar filaments have been discussed previously [99, 105]. On the other hand, when
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R(z) is constant, say R(z) = Ry, we obtain a complex exponential solution corresponding to
a solution of the form ©(x) = ©12+0: V(z,t) = Ryexp(i[©12+600—t]). When placed back
into (2.28), this gives a helical solution. Hence, we may recover the helical solutions of [89]
in the constant R(x) case. We remark that in the case of the full Hall-Vinen model (2.12)
with non-zero friction parameters o > 0 and o' > 0, the motion of purely helical vortex
filaments have been described recently by Van Gorder [106], although the model considered
there used the form of the LIA corresponding to (2.21) in the case where Ak is sufficiently

small - and thus neglected any translational effects.

Both the planar and helical filaments are narrow special cases. For the more general

case where ©1 # 0 and R is not constant, the first equation in (2.30) becomes

R’ — ©R™®

R+
(1+R? +©1R2)*?

= 0. (2.32)
Note that (2.32) is equivalent to

d 1
—R? — =0, 2.33
dx { V1+ R+ OIR2 } (233)

so a first integral for (2.32) is given by

R? — ! =1 (2.34)
V1+R?+OIR2

where [ is an integration constant. The dynamics of (2.34) will therefore depend on two
explicit parameters, ©; and I, as well as on the amplitude of the filament at the origin, R(0).
It is possible to find bounded periodic solutions R(z) to (2.34). In order for such solutions

to exist, we should restrict 1,(01) < I < I*(©1), where I,(0;) and I*(©;) are constants that
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depends on the value of ©; taken. From the form of (2.34), we should have I,(6©;) > —1. On
the other hand, assume that we have a bounded periodic solution satisfying R, < R(z) < R*,

so that R’ = 0 when either R = R, or R = R*. Then, we must have

i I (2.35)

therefore I*(©,) < R2.

It is perhaps easiest to view the dependence of a solution R(x) on the constants ©4
and I by way of phase portraits, since these are useful for displaying periodic solutions. The
cases for ©; = 0 and ©; # 0 are qualitatively distinct. In particular, when ©; = 0, we
obtain planar filaments which correspond to periodic R(z) with Ry = — Ruyax, therefore
R(z) takes both positive and negative values - as seen in Fig. 2.3(a). In contrast, when
©; # 0, we cannot have R(z) = 0 for any z, else we have a division by zero. The result
is that R(z) remains positive for all z, and profiles for this case are demonstrated in Fig.
2.3(b). Note that there exists a single point at which R'(z) = 0 for all z and R(z) = Ry,
a constant. This point in the phase space corresponds directly to a helical filament with

amplitude Ry.
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Figure 2.3: Plots of the solutions R(z) to (2.34) in the phase space (R, R') when (a) ©; =0,
(b) ©1 = 0.1. The helical filament corresponds to (R, R') = (0.2517,0) and gives the minimal
possible values of J, namely J = —0.8660. The functions R(x) corresponding to planar
filaments are found in (a), while the functions R(z) which are always positive are found in
(b). This latter class of solutions corresponds to neither planar nor helical filaments; rather,

such solutions correspond to generalized rotating filaments.
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We should remark that it is possible to solve (2.34) implicitly by separating variables.

After appropriate manipulations, such a solution can be put into the implicit form

1 R(x)%-T1 fdf
=+3 : 2.36
' Q/Rz—f VA -@)(E+1) - ei¢ (2.36)

This solution is not particularly enlightening, so numerical results shall be considered later
for many different values of ©; and /. However, this formula does give one a way to calculate
the period of such a solution, assuming the upper and lower bounds on R(zx) are known. A
period T occurs when the solution trajectory goes from R, to R* and then back to R,.
Since the equation (2.34) depends only on R? and not on R explicitly, the solution should be
symmetric in the sense that exactly half of the period occurs when the trajectory goes from

R, to R*. Therefore, we obtain the following formula for the period 7" of the function R(z):

ReEt £de
T = . 37
/sz VoD _ow (237)

We make one final interesting point before moving on to some specific cases. Recall
that ©'(z) = ©;R(x)2. If R(z) is periodic with period T', then so is ©'(z). Further, one
may show that the integral of a periodic function is periodic (and the period is preserved),
therefore ©(x) is periodic with period 7. We then have that ¢ (z) is periodic whenever
its amplitude [¢(z)| is periodic. This in turn implies that the filament is periodic in the
space variable with respect to the y and z components, that is to say, y(x + T, t) = y(z,t)
and z(z + T,t) = z(x,t) for all x and all t. This makes sense, as the manner of motion is

rotational.
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2.2.4 Small amplitude perturbations along a filament

Let us introduce the functions ¢ = R'/R, £ = ©’. We obtain the coupled system

! 2 2
TR
(2.38)
£+ =0.
Assuming a small amplitude solution |¢)| = |R| << 1, say |R| =~ ¢ for a small parameter

e > 0, and noting that such an assumption does not imply that ( is small, we obtain the

simpler system

C/+€2_52: _17
(2.39)
€ +20£=0.

We find two classes of solutions to this transformed equation. The first family of

solutions is parametrized by an arbitrary constant a € R and reads
() =0 and ((z)= —tan(zx+a). (2.40)

Writing these in terms of R and © gives

€
N V/1+tan®(z + a)

R(x) and O(z)= 0. (2.41)

The profile for the vortex filament is then

B e cos(t — Oy) esin(t — Oy)

r(z,t) = (x VIt+tan2(@ +a) /1 +tan2(=’v+a>> |

Note that this solution depends on three parameters: a, € and ©y.

(2.42)
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The second class of solutions is also parametrized by an arbitrary constant a € R and
is given by

8 1¢(z) asin(2z)

) ST T TR T V@ T 6t acostza)

(2.43)

We find

R(x) = E\/\/ a? + 64+ acos(2z) and O(r) = Oy + tan* (% tan(m)) .
(2.44)

The vortex filament is then described in the asymptotic limit by the formula

r(z,t) = (x, 6\/\/ a? 4+ 64 + acos(2z) cos (@0 —t+tan™! (w tan(m))) :

8
) _
6\/\/ a? + 64 + a cos(2z) sin (@0 —t+tan™! (%4& tan(x)) )) :

Again, this is a three-parameter family of vortex filament solutions.

The analytical solution in the small amplitude regime given here are in good agree-
ment with numerical solutions, which shall be discussed in the next part of the section. The
first solution presented here corresponds to a rotation of the planar filament, due to the pa-
rameter ©y. The second solution, however, is quite distinct from this. In fact, the solution
(2.45) is a hybrid of the planar and helical solutions. The amplitude effectively behaves likes
a planar filament, but the phase is space-variable. This is in contrast to the planar filament,
which corresponds to space-independent phase. Meanwhile, the true helical filament has a
constant amplitude and a linear dependence of the phase on the space variable z. So, the

solution (2.45) is distinct from each of the two simpler cases. In terms of the phase portraits
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in Fig. 2.3, the family of solutions (2.41) behave like the solutions shown in Fig. 2.3(a),

whereas the family of solutions (2.45) behave like those shown in Fig. 2.3(b).

2.2.5 Numerical solutions and comparison with the analytical results

In order to capture the behavior of the filaments corresponding to w(z, t) with unconstrained
amplitude and phase, we resort to numerical simulations of the coupled system of ordinary
differential equations (2.29), obtaining numerical solutions for R(x) and ©(z). Taking the
initial conditions R(0) = Ry, R'(0) = 0 gives a periodic solution for R. Note that using
R'(0) # 0 does not change this fact: it simply translates the graph of R along the x-axis.
Likewise, we set ©(0) = Og, ©'(0) = ©;. The choice of O is not particularly interesting;
however, by varying ©1, we can obtain qualitatively different solutions. For ©; = 0, we obtain
planar vortex filaments. However, as ©; increases, these solutions give way to more complex
solution forms which become irregular in shape. As ©; increases further, the solutions
become more like the regular helical solution. So, it seems that the planar vortex filaments

and the helical vortex filaments are on two ends of a spectrum of solutions parametrized by

0.

In Fig. 2.4, we plot the filament solutions in the Cartesian reference frame for dis-
tinct model parameters. Note that (a) and (b) depict planar filaments, while (f) depicts a
perturbed helical filament. The filaments intermediate to these two are given in (c),(d) and

(e). In particular, (¢) demonstrates the bending of a planar filament when torsion increases.
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In (d) and (e), this planar filament gradually is deformed (through appropriate choice of
parameters) into a helical filament, though (d) and (e) exhibit less regularity than either a
planar or a helical filament. Finally, (g),(h) and (i) demonstrate more exotic behaviors which
occur at larger amplitudes. These larger-amplitude filaments likely give way to superfluid
turbulence. In Fig. 2.5, we provide a cross-section in the y — z-plane (directed along the

x-axis), so as to more clearly depict the structures present in Fig. 2.4.
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Figure 2.4: Plots of the vortex filament solutions (2.27), when R'(0) =0, ©(0) = 1, and (a)
R(0) =1, ©(0) = 0, (b) R(0) =3, ©(0) =0, (c) R(0) =1, ©'(0) = 0.05, (d) R(0) =1

’

©/'(0) = 0.5, (¢) R(0) = 1, ©'(0) = 1, (f) R(0) = 1, ©/(0) = 2.5, (g) R(0) = 2, ©(0) = 1.5,
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Figure 2.5: Cross sections of the vortex filament solutions (2.27) in the y-z plane, when
R'(0) =0,0(0) =1, and (a) R(0) =1, ©'(0) =0, (b) R(0) =3, ©'(0) =0, (c) R(0) =1,
©'(0) = 0.05, (d) R(0) =1, ©'(0) = 0.5, (e) R(0) =1, ©'(0) =1, (f) R(0) =1, ©'(0) = 2.5,
(g) R(0) =2, 0'(0) = 1.5, (h) R(0) =3, ©(0) = 1.5, (i) R(0) =3, ©'(0) = 5. Though the
three-dimensional plots of the filaments in Fig. 2.4 may appear unstructured in some cases,

this view directed along the x-axis shows that all solutions exhibit at least some symmetry.
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The numerical solution in the first panel is a planar vortex filament, with v real-
valued. Increasing ©1, we find that the phase ©(z) becomes increasingly linear, although
periodic oscillations appear added to this linear trend. These oscillations are smoothed as
©; increases further. As O increases, and O(z) exhibits more of a linear trend, the solutions
take on the form of helical filaments. For the pure helical filament, R(z) = R, for all z, i.e.
the amplitude is constant. As both amplitude and phase increase in value, the pure helical
structure gives way to a filament which creates more intricate shapes. While the structures

appear nearly chaotic, they actually are ordered, and exhibit certain symmetries.

The numerical results shown in panels (c¢) and (d) of 2.4, corresponding to those
solutions which lie in between the planar and helical filaments, show clear agreement with
the small amplitude results of the previous subsection, namely the small amplitude solution
(2.45). For this solution, the modulus of the potential function, |R(z)|, is strictly positive
yet periodic, while the phase, ©(z), is increasing yet exhibits an oscillatory behavior about a
linear trend. Indeed, from the small amplitude solution (2.45), it is clear that the amplitude

satisfies
0<ey/Va?+64—a< R(z)<e\yVa’>+64+a. (2.46)

This is in contrast to the planar filament, which changes signs on each period. Regarding

the phase, from (2.45) we have that

oy 02
O, = %4& or a= w (2.47)
1
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Hence, the arbitrary constant a in (2.45) is determined uniquely by the value of the parameter

©,. If we expand O(x) found in (2.45) in a Taylor series in z, and make use of (2.47), we

find

So, in the small amplitude case, ©; = 0 corresponds exactly to the planar filament (©(z) =
©p), while ©; = 1 corresponds to a helical case (O(z) = Oy + ). For 0 < ©; < 1, we obtain

the intermediate solutions shown numerically in parts (c)-(d) of Figs. 2.4-2.5.

When 1 takes the form of an amplitude function with constant phase, ¥(z) =
R(x)e™™, we obtain the planar vortex filament, along the lines studied by Hasimoto and
others [41, 49, 50, 105]. If the initial conditions for this type of solution are varied, we see
that the filaments will twist with increasing = (this is best seen in Fig. 2.4(c) and Fig.
2.5(c)). We begin to see the emergence of solutions which are intermediate to the purely
planar filaments (which rotate along the reference axis, yet remain on a plane) and the heli-
cal filaments (which form a rotating helical structure about the reference axis). Hence, the
solution shown in Fig. 2.4(c) is a deformation of the Hasimoto solution to the LIA. This
twisted planar filament is deformed further due to additional variations in the initial data,

and it eventually becomes more helical in appearance.

When 1 is a simple complex exponential (¢(z) = Ae™*%), we obtain filaments that
form a helix about the reference axis. This helix rotates in a cork-screw manner as time
increases. Such solutions were previously considered in the low temperature limit by Sonin

[89]. If such a 9 is perturbed, we obtain a nearly helical filament which has been deformed
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in a manner which changes the periodicity of the filament in space. Such filaments are seen
in the cross-section provided in Fig. 2.5 (d), (e) and (f). In particular, Fig. 2.4(f) represents
a helical filament under a slight perturbation. In contrast, Figs. 2.5(e) and (d) demonstrate

progressively greater deviations from the helical filament.

For larger amplitudes or sufficiently large initial change in in the phase of ¥, we
obtain solutions that become far more complicated in form. While many of these types
of solutions, as shown in Fig. 2.4(g), (h), and (i), appear almost chaotic in form, the
corresponding cross-sections in Fig. 2.5 demonstrate that these solutions do exhibit order.
Of course, unlike the planar or helical filaments, which have the possibility of being robust
and maintaining their form in the face of structural perturbations, it is not likely that
some of these more complicated structures would persist. More likely, vortex filaments with
initial profiles matching some of these more complicated forms would likely give way to more
complicated turbulence and reconnection events, due to excessive bending of the thin vortex.

In this regime, non-local effects from the full Biot-Savart law (2.13) are likely to be needed.

2.2.6 Discussion

Physically, our results correspond to rotating vortex filaments which are open (the filaments
do not cross) and remain within a finite distance from the reference axis. By varying two
parameters, we have shown that there are essentially four classes of solutions. The most tame

are planar and helical vortex filaments, and which can be exactly described analytically. Note
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that the planar filament is the unique filament with space-variable curvature and zero torsion,
while the pure helical filament has constant curvature and variable torsion. Intermediate
to these two types of filaments are a class of solutions which merge properties of both
types of filaments, and are essentially irregular helical filaments. These irregular helical
filaments have variable curvature and torsion, which makes them much more complicated
to solve analytically. In the small-amplitude regime, such filaments are approximated by
the expression (2.45). Overall, these filaments are rather well-behaved and appear likely to

persist.

Meanwhile, the fourth class of solutions occur at larger amplitudes or for more sharp
increases of the phase of the stationary solutions. These solutions are more complicated and
must be obtained numerically, since perturbation results are not useful in the intermediate
amplitude regime. Some of these solutions are highlighted in Fig. 2.4 (g),(h),(i). While the
solutions may appear disordered or chaotic, they actually do exhibit a form of regularity,
as see by inspecting Fig. 2.5. Such solutions give us insight into the transition to strong
turbulence in the Svistunov model we have considered here. Since the LIA approximates such
turbulence, the cost is that such solutions exhibit far more regularity than might be expected.
That said, these structures appear too intricate to persist in the case of superfluid friction
(such as that included in the Hall-Vinen model), and these filaments would likely give way to
turbulence in experiments. These filaments would also be likely candidates for single-filament
reconnection events. This would occur when the vortex filament curves sharply, breaks, and

the reconnects elsewhere along the filament. Of course, in terms of mathematics, such a
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solution would not be well-defined (it would be multivalued). To overcome this, one can
introduce an alternate scaling r(z,t) = (f(x),y(z,t), 2(x,t)). Picking f appropriately, one
could obtain solutions along a curve as opposed to a straight line, which would permit a
description of the intersecting filament solutions. This was considered for planar filaments

perturbatively in [105].

In addition to being useful for the study of the zero temperature limit of superfluid
turbulence, the solutions to the 2D LIA (both analytical and numerical) are useful as a
baseline of comparison for more complicated models. One such model is the full Biot-Savart
law (2.13), which is complicated enough to mandate numerical solutions alone. Of course,
the full Biot-Savart model of self-induced motion is non-local, whereas the LIA is a local
model. As has previously been discussed, the LIA is most useful (and, in most agreement
with the Biot-Savart law) in the case of strong turbulence. For weak turbulence [17], the
LIA is much less useful, and other models may be considered, such as a truncated LIA that
permits resonant wave interactions which are not present in the simplified LIA model [17].
Understanding the time evolution of a vortex filament solution to the 2D LIA is also useful in
that such a solution serves as a baseline of comparison for solution to the more complicated
models which include superfluid friction parameters. Indeed, for 1 >> a > o’ > 0, the
solutions can be viewed as perturbations to the solutions presented here (at least in the

rotating filament case).

Regarding other reference fames, since the motion of a self-induced vortex filament is

often described in terms of curvature and torsion, we shall note how to recover these quan-
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tities from the Cartesian representation here. Using the Cartesian representation r(x,t) =
(z, R(x) cos(O(z) — t), R(x) sin(O(z) — t)), one can obtain the curvature at a point C(z,t)
and the torsion at a point 7 (z,t) using the standard formulas

(rm X rwm) *Trrx
Ty X Ty |?

and T (z,t) = (2.49)

While these expressions are rather complicated for arbitrary R and ©, let us consider the
special cases of planar and helical filaments. For the planar filament, ©(z) = ©g, a constant,

so we find

| R ()|

C(z,t) = e G

and T (z,t)=0. (2.50)

This is in agreement with what we know of the planar filament, in that it has zero torsion.
As mentioned above, the deformation of the planar filament (obtained by perturbing the
condition ©(x) = ©g so that ©(x) has a small z-dependent contribution) twists the filament,
resulting in non-zero torsion. On the other hand, if instead we assume R(z) = Ry, the

constant amplitude solution results in

~ VRi©" + R0 + R2O”

C(x,t) (1 +R8@,2)3/2

: (2.51)
@/5 + 3@/@//2 . @/2@/// @//(2@/3 + @///)

Tt = "gar rerrer O )~ mar g o

5 sin(O(x) —t). (2.52)
In the case of a purely helical filament, ©(x) = kx, and we have

Rok?

C(z,t) = TR

and T (z,t) = cos(kx —t). (2.53)

k
1+ R3k?
We see that the purely helical filament has positive constant curvature. Torsion varies

depending on both z and ¢ in a manner consistent with a helical curve.
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It has been suggested [57] that chaos is possible in some parameter regimes for the
full HVBK model (including superfluid friction parameters). While this was for self-similar
solutions, the same comment could of course be made for the HVBK model without the
self-similarity restriction. Then, once the superfluid friction parameters are included (in the
“warmer” temperature regime of about 1K), it is possible that the larger amplitude solutions
here would give way to chaos. In principle, for small o and «’, the full HVBK model is a
perturbation of the low-temperature LIA considered here. It would make sense, then, to
consider a perturbation to the larger amplitude solutions, to account for o and o/, to first
order. Such an analysis would cast light onto the stability of such solutions under small
perturbations. Such small perturbations would likely either:

(i) cause instabilities that would grow into turbulence, or

(ii) case decay of the filament due to the drag terms.

In other words, we might expect the rotating filaments discussed here to either degen-
erate into a turbulent regime (non-integrable turbulence, more precisely) or to slowly decay
into a line filament (so that small perturbations along the filament die off as time grows).

This is a promising area of future work.
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2.3 Exact solution for the self-induced motion of a vortex

filament in the arclength representation of the LIA

We review two formulations of the fully nonlinear local induction equation approximating
the self-induced motion of the vortex filament (in the local induction approximation), cor-
responding to the Cartesian and arclength coordinate systems, respectively. The arclength
representation, put forth by Umeki, results in a type of 1+1 derivative nonlinear Schrédinger
(NLS) equation describing the motion of such a vortex filament. We obtain exact stationary
solutions to this derivative NLS equation; such exact solutions are a rarity. These solu-
tions are periodic in space and we determine the nonlinear dependence of the period on the

amplitude. The results here were obtained in the reference Van Gorder [100].

2.3.1 Background

While solutions under various approximations to the LIA are indeed useful for certain ap-
plications, the study of the fully nonlinear equations governing the self-induced motion of a
vortex filament in the LIA is itself with merit. The fully nonlinear equation governing the
self-induced motion of a vortex filament in the LIA was previously derived in Van Gorder
(98, 99] in the Cartesian coordinate space. To this end, consider the vortex filament essen-
tially aligned along the z-axis: r = zi, + y(z,t)i, + z(x,t)i,. We then have that

dr drdx ] . .
= = —— = (ip + yudy + 2,12)

_ = = 2.54
ds dxds (2.54)

ax
ds
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and v = yiy + zi,, where ‘;—”S” =1/4/14y2 + 22. From the governing equation v = yxt X n,

we compute the quantities

dz\* —3/2
Yt = —VZax (%) = =V Zzzx (1 + y?c + Zi) / )
(2.55)

dr\* -3/2
2t = VYza (%) = VYzx (1 + yg + Z:%) / )

and, upon defining ®(z,t) = y(z,t) + iz(x,t), it was shown in Van Gorder [99] that the
coupled system of real partial differential equations (2.55) reduces to the single complex

partial differential equation

)—3/2

i@+ (1+|®,[ Dy =0, (2.56)

Dmitriyev [26] considered the approximation i® + y®,, = 0, while Shivamoggi and van
Heijst [84] considered a quadratic approximation to the nonlinearity in (2.56). The full
nonlinear equation was obtained in [98]. In order to recover y and z once a solution &
to (2.56) is known, note that y = Re ® and z = Zm ®. Some mathematical properties
of equation (2.56) were discussed in Van Gorder [99] in the case where periodic stationary
solutions are possible, though a systematic study of all such stationary solutions was not
considered. Spatially-periodic solutions (2.56) were shown to be governed by an implicit
relation involving the sum of elliptic integrals of differing kinds. The amplitude of such

periodic solutions was shown to obey || < v/2.

The formulation (2.56), corresponding to the Cartesian coordinate system, is one
possible way to describe the fully nonlinear self-induced motion of a vortex filament in the

LIA. Umeki [95] obtained an alternate formulation, applying an arclength-based coordinate
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system as opposed to a Cartesian coordinate system. Umeki defines r = t x t,, where s is
the arclength element. Now, t; =t X t,,. Let us write t = (7,7, 7,). Then Umeki defines

the complex field v by

T + 1Ty 1 ETUP , Ty 1 _T_ :5:2 (2.57)
The relation t; =t X tg then implies
(7o +i7y)e = 1((To + 17y) 55Tz — (T + 9Ty Tass) (2.58)
27 = (7 + 07y )ss (e +imy) — (7 + 17 ) (T2 + 07y ss) - (2.59)
From here, Umeki [95] then found
vy + Vs — 20" 02 /(1 + |v]?) =0, (2.60)

where v denotes directly the tangential vector of the filament. While the Cartesian and
arc-length formulations are obtained through different derivations, both formulations are
equivalent to the localized induction equation (LIE). Umeki [96] showed that there exists a
transformation between solutions to (2.56) and solutions to (2.60). A plane wave solution to
(2.60) exists [96], and Umeki [96] was also able to show that the famous 1-soliton solution

of Hasimoto [42] is given by

v sech (k(s — ct))

v(s,t) = ) sech® (k(s — ct)) — 2 <tanh (k(s—ct)) — %) , (2.61)

v =2k*/(4k? + ¢*), 0 < v < 1/2 in the arclength representation.
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2.3.2 Stationary solutions

We now turn our attention to obtaining stationary solutions, which has not been done for

the local induction equation in the arclength representation. Let us consider the ansatz
(s, t) = e tg(as), (2.62)

where ¢ is assumed to be a real-valued function, which puts (2.60) into the form

2qq;
14+ ¢? N

q + qss — (263)

Hence, the solution (2.62) is invariant under o € R, so without loss of generality we shall
consider &« = 1 henceforth. We should remark that a factor of et in (2.62) results in

Y

unstable solutions, so the ‘=’ case in the exponent is what we limit our attention to. Also

note that (2.63) is essentially a nonlinear oscillator provided 2¢% < 1 + ¢*.

Our goal is to obtain an exact solution for (2.63), and defining a conserved quantity

will greatly help in constructing a second integral. To this end, let us define the quantity

2 2
¢ —q —1
— B Genra (2.64)

E € (0,1). Observe that the quantity is conserved:

dE 24, 2qq;
e~ _ s — s =0. 2.65

ds  (1+¢) (‘Hq 1+ ¢ (2.65)
For a fixed value of E, we find that

¢=01+¢)(1-(1+¢)E), (2.66)
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and, upon separating variables,

q dé¢
w VI+) Q- (1+)E)

= +(s — s0), (2.67)

where qo = q(sp) is a second arbitrary constant. Performing the required integration, we

obtain the expression

! F< vE Vl_Ez‘):i(s—g), (2.68)

VE \VI_E" VE
where § is a constant involving sy and qg. Here, F' is the elliptic integral of the first kind.

Inverting (2.68) to obtain ¢(s), we find that

q(s) =

Vi-E sn (:I:\/E(s —5), m) ,

Wi 7B i (2.69)

where sn(a,b) denotes the Jacobi elliptic function. While (2.69) is a closed form expression,
it involves the conserved quantity E, which is perhaps not so satisfying. Note that the
amplitude of ¢ may be found from (2.66); setting ¢; = 0, we find that the amplitude A =

A(FE) is given by
v1-FE

A= max lq(s)] = N (2.70)

It follows that £ = 1/(1 + A?), hence (2.69) becomes

1 N
q(s) = A sn <i\/ﬁ(s —5), Az) : (2.71)

With this we have obtained an exact stationary solution ¢(s) in terms of amplitude A. In
Fig. 2.6 we plot the phase portrait for ¢ versus ¢;, which demonstrates the exact periodic

solutions. In Fig. 2.7, we display solution profiles for various values of the amplitude A.
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Figure 2.6: Phase portrait in (g, g,) for the solution to the fully nonlinear oscillator equation

modelling the local induction equation under the arclength representation.
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Figure 2.7: Plots of the solution ¢(s) given in (2.71) for various values of the amplitude A.
Note that the period of the solutions is strongly influenced by the amplitude. The nonlinear

dependence of the period T" with the amplitude A is shown graphically in Fig. 2.8.
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We should remark that in the Cartesian case, solutions to models which are low-order
approximations to the fully nonlinear model agree well for small amplitudes, and we expect

the same will hold here (though we omit the details of any approximating models here).

A similar exact solution was obtained by Hasimoto [41], through a different deriva-
tion, for a two-dimensional model (recall that our model is three-dimensions). Hasimoto’s
derivation started with v = Yi,, as opposed to v = wi, + #i,. Assuming a stationary
solution, Hasimoto’s assumption leads to an equation Y, + % (1+ Yf)g/ >Y = 0. Hasimoto
finds a solution Y = Acn(¢, k) (where x = 2(€), £ is a parametrization linking Y and z im-
plicitly), which has initial conditions Y (0, k) = A and Y'(0) = 0. Hence, Hasimoto’s solution
for the two-dimensional problem is a direct analogy to the solution for the three-dimensional

problem we’ve found here under the arclength representation.

Observe the nonlinear dependence of the period on the amplitude. From this exact

relation, we see that the period 7' = T'(A) obeys the relation

T(4) =4 1+A2/ \/1—|—A2SIH (2.72)

(i)

where K is the elliptic quarter period. Recalling the asymptotic expansion

T 7 m? T m?
K N — 4 = - — 2.73
)~ S ST 61— (2.73)
which is a good approximation for m < 1/2, we have
T Al
T(A)~2m +—A2 - 22 2.74
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which in turn is a good approximation for the small-amplitude regime A < 1/4/3. The
large amplitude asymptotics are slightly less standard. For m > 2, there exists an accurate
asymptotic expansion

4K (1 _ i) ~ J(m), (2.75)

where

m  16m2  32m3

(1,1,
m  8m?2  24m3 )

When m > 2, the argument of K is less than or equal to 1/2. Thus,

J(m) =4 (1+l+i+ ! )ln(2¢%>
(2.76)

V1t A" ) (2.77)

TA~J| ——
(4) (\/ 1+A42-A
is a good approximation for A > 1/+/3.

In Fig. 2.8, we plot the the period T'(A) of the solution (2.71) versus the amplitude
A. The approximate asymptotic solutions are also included in their valid regions. Then, in
Fig. 2.9, we plot the relative error in these approximations, showing the agreement between
the exact and asymptotic solutions. For the A > 1/4/3 asymptotics, only retaining the loga-
rithmic term (as a lowest order approximation) is not completely sufficient, as demonstrated

in Fig. 2.9.
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Figure 2.8: Plot of the period T'(A) of the solution (2.71) versus the amplitude A. The
exact relation is found by numerically plotting (2.72). Note that both the A < 1//3 and

A > 1/+/3 asymptotic expansions are excellent fits to the exact relation.
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Figure 2.9: Relative error |T(A) — Tupprox|/|T(A)| of the approximations to T'(A). We also
include the lowest order approximation T(A) ~ 41n(2v/2m) for the A > 1/4/3 case. We
see the good agreement with the A < 1/4/3 asymptotics and A > 1/4/3 asymptotics where

needed.
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2.3.3 Discussion

We have found an exact stationary solution for the self-induced motion of a vortex filament
in the arclength representation of the LTA. Such a formula is interesting in both its simplicity
and its potential applications. Note that this representation is simpler than that found in the
Cartesian representation; in particular, the integral representation permits a clean inversion
so that we may obtain solutions in the form (2.71). In the Cartesian case, however, the
solutions were defined implicitly by a linear combination of elliptic integrals, which was
then inverted numerically. Umeki [96] gives a relation between the arclength and Cartesian
representations which can be used to map the arclength formula into a formula for the
Cartesian representation. This involves complicated mathematical expressions and we omit

the details of this inversion here.

2.4 Exact stationary solution method for the

Wadati-Konno-Ichikawa-Shimizu (WKIS) equation

We consider a method of obtaining exact implicit relations governing stationary solutions
to the Wadati-Konno-Ichikawa-Shimizu (WKIS) equation. After a suitable transform, we
put the WKIS equation into the form of a nonlinear ordinary differential equation. This
equation has exact first and second integrals of motion. From this second integral, the exact

equation governing the stationary solution to the WKIS equation is obtained. This relation
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may easily be inverted and plotted, to give the exact solution profiles. Furthermore, an
exact formula for the period of oscillation in terms of the model parameters is obtained. The

results presented in this section were considered in Van Gorder [101].

2.4.1 Background

The Wadati-Konno-Ichikawa-Shimizu (WKIS) equation [35]-[20] reads

U
Wy + | ———= =0. 2.78
(), -
Wadati, et al. [118] proposed a new scheme of the inverse scattering method, and applied
it, for example, to a type of derivative NSL. Shimizu and Wadati [82] extended this and

proposed a new integrable nonlinear evolution equation.

While the WKIS equation is an interesting integrable equation with desireable prop-
erties, it has not been frequently studied in the literature. Lakshmanan and Ganesan [53]
showed that a generalized version of Hirota’s equation with linear inhomogeneities is equiv-
alent to a generalized continuum Heisenberg ferromagnetic spin chain equation as well as
to a generalized WKIS-type equation. They showed this using both geometrical and gauge
methods. Then, Lakshmanan and Ganesan [54] considered the equivalence of generalized
versions of these equations through a moving helical space curve formalism and stereographic
representation. The scattering problem was considered and it was shown that an infinite

number of constants of motion can exist for these systems. Boiti, et al. [19] also consid-
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ered the spectral problem of the WKIS equation and certain nonlinear evolution equations
related to it. The Bécklund transformations (BTs) together with the completeness relations
of the eigenfunctions of the relevant generating operators were found. The elementary BTs
were found and it was shown that they can be cast into a form similar to that found by
Darboux for the Schrédinger spectral problem. The nonlinear superposition formulae are
also explicitly written. Ying, et al. [122] studied the nonlinearization of spectral problems

of the WKIS equation and presented its integrable decomposition.

In the present section, we shall study stationary solutions to the WKIS equation.
First, we derive a first integral governing the spatial part of the stationary solution. Then,
for certain parametric values, we show that the WKIS equation admits a closed-form implicit
representation for the stationary solution. In a subset of this parameter regime, we are
able to demonstrate the existence of periodic solutions in the space variable of the form
u(z,t) = e”*)(z). Tt is worthwhile to note that this was done recently for two equations
arising in vortex dynamics [99, 100] to which the WKIS equation is similar. Finally, we
provide an alternate formulation of the first integral of the WKIS equation, which nicely
demonstrates the oscillatory nature of these periodic solutions. The period, which depends

nonlinearly on the model parameters, may be computed in an exact manner.
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2.4.2 Stationary solutions

Let us assume a stationary solution of the form
u(w, t) = e p(x), (2.79)

where ¢(z) is a real field. We shall assume k # 0. When k = 0, we obtain the trivial solution

B Az +b
W(x) = \/m (2.80)

When k # 0, we obtain the ordinary differential equation

w "
kb + (W) =0. (2.81)

Equation (2.81) is integrable, though it may be hard to see from this form. Let us define a

new dependent variable ¢ by

— GO 2.89
Note that —1 < ¢(z) < 1 for all . Then, (2.81) is put into the form
" + _ke (2.83)

Ve

Multiplying by 2¢’ and performing one integration, we find that (2.83) becomes

¢ — 21— % = 2kI , (2.84)

where [ € R is a constant. We have taken the arbitrary constant of integration to take the
form 2k as it will lead to later simplifications in the solution form. Solving for ¢’, we find

that

¢ = i\/2k\/1—¢2+2k1. (2.85)
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Then, separating variables, we obtain the implicit integral relation

/¢ ad =+(z — x), (2.86)
o \f2h/T— € + 2k1

which fixes ¢. Here, ¢pg = ¢(xp) is a second arbitrary constant. Let us make the change of

variable v = /1 — &2. Then,

1-¢* vdy
(@ =20) =~ /ﬂ V- 02 (2kv + 2kD) x(@). (2.87)

Note that (2.83) is a dynamical problem

(/A _i
¢ = d¢U(¢), (2.88)

with potential U(¢) = —k+/1 — ¢?. Then, under the assumption of an oscillating solution
¢, we require the kinetic energy kI to satisfy min{U} < kI < 0, i.e., —k < kI < 0. With

k > 0, the constant of motion I satisfies —1 < I < 0.

From (2.87), we have (for —1 < I < 0)

20 +1) I+y/1-¢* 21
k I-1 T I+1
(2.89)
2 . I+\1-¢> y2—1
k(I +1) I—-1 T I+1 ’

where F' and E are elliptic integrals of the first and second kind, respectively. The solution

¢(z) is then governed by the implicit relation

I+1-¢* 121
I—1 T I+1

k
:EZ\/;(JJ —z)=VI+1E
(2.90)

L. I+1-¢* /727

JI+1 I—1 T+ 1
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We may convert the explicit relation (2.90) back into a relation for ¢). Note that

Noun i
JI+Vi—@ = |1+ sz % (2.91)

N,

. . Vit V12 =1
tiy/ oz — &) =T+ 1E
il =2 * -1 I+1

We then obtain

(2.92)
V19241
1 P Vit VI2—1

I+l I—-1 7 I+1

In Fig. 2.10, we provide a phase portrait describing solutions to (2.81). In Fig. 2.11,
we display several of these solutions as functions of x. As expected, the system is unstable

for k < 0, while oscillatory solutions are obtained for k > 0.
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Figure 2.10: Phase portraits for the space-periodic solutions 1 (z) to the WKIS equations,

which exist for —1 </ < 0. We fix k = 1.
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2.4.3 Alternate formulation

The formulation in §2 is one possibility. Here, we present an alternate formulation, which
gives us an equivalent yet different form for the first integrals. Let us define 0(z) by ¢(z) =
sin f(x). Without any loss of generality, we take —7 < 6 < 7. This way, cosf(x) > 0. Then
(2.83) becomes

0" + tan(6) (k: sec(f) — 9’2> =0. (2.93)
There exists a constant J such that

cos(0)0'
2k cos(0) + J

=1 (2.94)

for all z. Integrating this relation, it is clear that 6(x) satisfies the implicit relation

0=)  coséde

" m = :l:(,I' - ZIZ'()) y (295)

where 0y = 0(zo) and x, is a constant.

From this formulation, it is clear to see that the period T of any periodic solution is

given by
cos EdE
o V2kcosé+J

If we desire the period in terms of the representation given with I as opposed to J, note that

T =4 (2.96)

the maximal value of ¢ is given by ¢nax = V1 — I%2. Then, from (2.87) we have

1-12 1

4 v 1

T = _/ de vy (2.97)
V2k Jo

Jityi—e Wk JT=»20 -1
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Evaluation of the latter integral yields the exact formula

_ B (Y20l 4 (V2]
oS (YOS () g

where F and K denote elliptic integrals of the second and third kind, respectively.

In Fig. 2.12, we plot the period T" as a function of the integration constant I. The
period is bounded and increasing in I and decreasing in k, and we find that the extreme

values are given by

21
T— 22
Vk

1 V2 9.4306
ot (D) (L)1 e

at [ =-—1 (2.99)

and
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Figure 2.12: Plot of the period T of the space-periodic solutions ¢ (x) to the WKIS equation

for various values of the constant of motion I. Here, k = 1.
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2.4.4 Discussion

What we have done here is reformulate the WKIS equation as a nonlinear ordinary differential
equation. The governing equation has two integrals of motion, and the latter results in an
exact implicit relation connecting the solution to the space variable, x. From these implicit
relations, we may recover the exact solution. These solutions connect two steady states,
resulting in the observed oscillatory (space-periodic) stationary solutions. An alternate, yet
equivalent, formulation is provided as well. With these, we are able to construct an exact

nonlinear relation between the model parameters and the period of oscillation in space.

We see that when the integral of motion has a constant of motion —1 < I < 0, there
will always exist a space-periodic solution of finite period, and the dependence of the period
on the model parameters is given in (2.98). As I — —1", the amplitude of the solutions
tends to zero. Meanwhile, when I — 07, the solutions become singular on a finite domain.
This behavior is demonstrated in Figs. 2.10 and 2.11. We also find that solutions exist for
other regions (I < —1 and I > 0). However, these solutions are either singular at infinitely

many points or non-periodic.
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CHAPTER 3
STABILITY RESULTS FOR CERTAIN PERIODIC OR

LOCALIZED SOLUTIONS

3.1 Orbital stability for rotating planar vortex filaments in the
Cartesian and arclength forms of the local induction

approximation

The local induction approximation (LIA) is commonly used to study the motion of a vortex
filament in a fluid. The fully nonlinear form of the LIA is equivalent to a type of derivative
nonlinear Schrodinger (NLS) equation, and stationary solutions of this equation correspond
to rotating planar vortex filaments. Such solutions were first discussed in the plane by
Hasimoto [41], and have been described both in Cartesian three-space and in the arclength
formulation in subsequent works. Despite their interest, fully analytical stability results
have been elusive. In the present section, we present elegant and simple proofs of the
orbital stability for the stationary solutions to the derivative nonlinear Schrédinger equations
governing the self-induced motion of a vortex filament under the LIA, in both the extrinsic

(Cartesian) and intrinsic (arclength) coordinate representations. Such results constitute an
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exact criterion for the orbital stability of rotating planar vortex filament solutions for the
vortex filament problem under the LIA. The results presented in this section were originally

obtained in Van Gorder [103].

3.1.1 Introduction to the problem

We now consider orbital stability results for the solutions obtained in Sections 2.1 and 2.3.
While there have been some studies on the stability of a vortex filament in various physi-
cal situations, these studies often are numerical or approximate. Widnall [119] studied the
stability of helical vortex filaments; in particular, the stability of helical vortex filaments of
small pitch were considered using the so-called “cut-off approximation” and numerical inte-
gration. Tsai and Widnall [93] then studied the stability of short waves on a vortex filament
embedded in a strain field; see also Moore and Saffman [67] and Aref and E.P. Flinchem
[7]. Regarding the stability of multiple helical vortex filaments, Okulov [68] considered the
problem of N helical vortex arrays. There have been a number of simulations and numerical
analyses for stability of vortex dynamics in a variety of situations. For instance, Fenton and
Karma [30] discussed vortex filament stability in the context of a three-dimensional contin-
uous myocardium with fiber rotation. This illustrates the fact that, while vortex problems
are quite old and have been well-represented in the literature, there is still active interest in

the stability of vortex solutions to a variety of flows.
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Planar vortex filaments correspond to space-periodic stationary solutions of the LIA,
so it makes sense to apply the Vakhitov-Kolokolov (VK) stability criterion to determine
the orbital stability of such solutions. The governing equations are strongly nonlinear, so
we apply the method discussed in Van Gorder [104] for the integrable WKIS model, in
order to determine the orbital stability of these stationary solutions in an exact analytical
manner. That is to say, our results are completely analytical, and involve no numerical
approximations. In this way, the results are rather elegant and we show that the sign of the
spectral parameter of the filament solution completely determines the orbital stability of the
solutions. We remark that linear stability for related filaments (solitary waves and traveling

waves) were considered by Kida [50] through numerical approximations.

While there are multiple formulations of the LIA, corresponding to different refer-
ence frames, in the present section we shall consider two coordinate frames, namely the
Cartesian and arclength frames. The Cartesian frame allows us to visualize the vortex fila-
ments directly, and we shall be able to more easily determine the meaning of the stability
results in terms of the types of vortex motion. The arclength frame is also useful, since it
permits us to determine the vortex filament as an exact closed-form function of the single
arclength variable along which the filament resides in terms of the spectral parameter (in a
generalization of the exact solution given previously[100]). We do not consider the intrinsic

curvature-torsion frame here, although this analysis can be carried out along the same lines.
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3.1.2 Stability methods

In order to discuss the orbital stability of such a stationary solution, a useful tool is the
Vakhitov-Kolokolov (VK) stability criterion [97], which has been applied to discuss the sta-
bility of stationary solutions in one or many spectral parameters; see [61, 87, 58, 66| for some
applications. The criterion has been applied to a variety of nonlinear Schrédinger (NLS)-type
equations such as those governing optical solitons [72, 46], perturbed cubic NLS equations
[65], NLS quations governing solitons in self-induced transparent media [18], two-dimensional
NLS equations [79], and two-component lattice NLS equations [63], to name a few areas of
application. Therefore, it is reasonable to consider the criterion for the desired stationary
solutions to the type of derivative NLS equation which results from the fully nonlinear LTA

governing a planar vortex filament.

Consider the Vakhitov-Kolokolov (VK) stability criterion governing orbital stability
of a solution ®(x,t) = e, () to a derivative NLS equation such that ¢, (z+7T) = v, ().

Defining the integral of motion

P((I)(x,t)):/o |<I>(x,t)|2dx:/0 [V () 2dz (3.1)

the VK criterion state that the stationary solution is orbitally stable at some w = wy provided

that
L Ple) <0 (32)
— (T .
dw

for w = wy. Here we take the periodic form of the criterion, since we shall be interested in

spatially periodic solutions. As such, we define P over a single period T'. (If we were con-
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cerned with solitary wave solutions ¥, we would define P with an integration over the real
line.) For periodic ), this criterion is in analogue to Lyapunov stability. This criteria was
originally applied to the standard NLS equation, in the case of solitary wave solutions. Since
then, the criterion has been applied to a number of Hamiltonian systems (many exhibit-
ing U(1)-invariance, or even more general symmetries). Generalizations to non-integrable

situations are possible in some cases; see Yang [121].

3.1.3 The Cartesian problem

Van Gorder [98, 99] considered the Cartesian coordinate space r = (z,y, z) and transformed

the LIA v = vkt X n into the potential form

)—3/2

where ® = y + iz. This is a non-standard derivative nonlinear Schrodinger (NLS) equation.
Note that (3.3) is U(1)-invariant. Once a solution to (3.3) is known, the position of the
vortex filament is given by r(z,t) = (z, Re®(x,t),ImP(z,t)). A stationary solution to the
LIA takes the form ®(x,t) = e ") (z) (where w is the spectral parameter), and this puts

equation (3.3) into the form
wip + (1 4+ )32 =0, (3.4)
Here we assume real-valued 1, since this is consistent with planar vortex filaments. Space-

periodic solutions of this type were explored in [99]. This equation has periodic solutions for
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w > 0 corresponding to planar vortex filaments, which are therefore given by the formula
r(z,t) = (x, cos(wyt)y(x), — sin(wyt)y(x)). The period of such solutions depends strongly
on w. When w < 0, this equation has only ¢y = 0 as a periodic solution. Equation (3.4)
admits the first integral [98] wy? — 2(1 + ¢'*)~/2 = —E, where E is a constant. We find
that £ € (0,2) for w > 0 and £ > 2 when w < 0. It may be shown that any real-
valued space-periodic function 9 is bounded like —\/m <y < \/m In Fig.
3.1 we show a schematic diagram of the coordinate geometry with a sample planar vortex
filament imposed. In Fig. 3.2, we show the influence of the spectral parameter w on the
shape. Clearly, small values of the spectral parameter permit large amplitude solutions. The

spectral parameter w also strongly influences the period of the solutions.
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0N

Figure 3.1: Plot of the problem geometry for w > 0 in the Cartesian reference frame. The
curve represents the planar vortex filament. As time increases, the structure rotates about

the z-axis.
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Figure 3.2: Plot of the solution profiles 1 (x) with spectral parameter w and constant of
motion F. Clearly, both parameters strongly influence the amplitude and space-period
of the stationary solutions. Each stationary solution ¢ (x) corresponds to a planar vortex

filament as shown in Fig. 3.1.
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First, consider the case of w > 0. We have the period

L [VEr (E +wn’)di
T(Ew) = 4/0 VCZ—E—-wi)2+E+wp?) (3:5)

In order to determine the orbital stability of such periodic solutions, we shall look at the
influence of the spectrum on the quantity (3.2). We define P(E,w) over one closed orbit, so

for any fixed F we define (in accordance with the definition (3.1))

P(E,w) = /OT V*(z)dx

Lo [ Ee

3.6
_— V2 —FE—wn)2+ E+ wn?) (3.6)

_ /\/(Z—E)/w A(E + wi?)ndn

0 V2 —E—wn?)2+ E+wn?)
We have P(E,w) = w™3?u, (F), where we define
2
pvp—E

p(E) =2 (3.7)

dp .
E \(2=p)2+p)
We find that pu,(0) = 8K ¥2) — 4.9443 (where K denotes the elliptic integral of the
+ 3 2

third kind), x4 (2) = 0, and g (E) is monotone decreasing on E € (0,2). Then, for fixed

E € (0,2), we have
oP 3

R _Wﬂ-‘r(E) <0 (3.8)

for any fixed orbit corresponding to an £ € (0,2). By the VK stability criterion, the solutions

¥, () are orbitally stable.

For w < 0, a standard perturbation analysis shows that an unbounded solution v, (z)
where limj;| o [t (2)| = oo is unstable. We omit the details. We have established the

following result:
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Theorem 1: A non-zero stationary solution e~*%)(x) for the fully nonlinear partial differ-
ential equation (3.3) governing the self-induced motion of a vortex filament in the LIA is
stable if its spectrum is positive definite (it has no negative energy excited states, w > 0) and
it is unstable if its spectrum contains negative energy excitations (w < 0). Since w > 0 cor-
responds to space-periodic solutions, the space-periodic stationary solutions (corresponding

to the planar vortex filaments) are stable in the Cartesian frame of reference.

3.1.4 The arclength problem

Umeki [95] obtained an alternate formulation of the LIA, using the intrinsic arclength based
coordinate system as opposed to the extrinsic Cartesian coordinate system. Umeki defines
r =t x ty, where s is the arclength element. The LIA then takes the form t, = t x t.

Writing t = (7, 7, 7,), Umeki [95] defines the complex field v by
Tetim, =20 (L+ o)), = (1—oP) 1+ (3.9)
The relation t; =t X t s then implies
vy 4 Vg — 20%02 (14 [o?) ™ =0, (3.10)

Note that (3.10) is U(1)-invariant. A mapping between the intrinsic and extrinsic LIA
formulations was provided recently by Umeki [96]. Regarding planar vortex filaments, an
exact form for the stationary solution was given in the arclength representation in [100]. Due

to the difference in structure between the arclength and Cartesian systems, the amplitude
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of the exact stationary solutions was not bounded like was the case in the Cartesian frame
[100].

Under the assumption of a stationary solution e=*“%q(s), w # 0 (corresponding to a
planar vortex filament [100]), (3.10) reduces to

W+ s — 298> (1+¢%) " =0, (3.11)

When w = 0, (3.10) reduces to gss — 2¢q>(1 4+ ¢*)~! = 0. Constructing the first integral we
have q,/(1 + ¢?) = Iy, which admits the singular solution ¢(s) = tan(Iys + I;) for Iy # 0, or
a constant solution if Iy = 0. We shall therefore restrict our attention to w # 0.

For w # 0, we introduce the quantity I = (w(1 + ¢*) — ¢?)(1 + ¢*)~2. This quantity

is conserved:

dl 24, 2qq2

o . — s L. 3.12

ds  (1+ Q)2 {“Hq 1+q (3.12)
First consider the w > 0 case. If ¢, = 0, then w = (1 + ¢*)I, hence the maximal value of ¢ is

given by ¢uax = 1/ wT_I, where 0 < [ < w if w > 0, while ¢, takes the negative of this value.

Taking guax = A, it will be more useful to express I in terms of A. We have I = \/117. So,
=wl+q) (1—(1+¢)1+4%)7"). (3.13)

The period T(A,w) is then given by

142
(1+ §2 1 B 1+A2>

A w) . (3.14)
il Ww 1—31,21)
From (3.14), it is apparent that
r £2d¢
P(A,w):/o (s, )2 dx—\/_/ \/ -
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We then have P(A,w) = v(A)/y/w, where

V(A) = 4 {(1 + A2 (\/%) ~K (\/%) } . (3.16)

Here again K is the complete elliptic integral of the first kind, while £ is the complete elliptic
integral of the second kind. We find that v/(A) > 0 for all A > 0, while v(0) = 0, hence

v(A) > 0 for all positive A. Then,

dP v(A)

for all w > 0 and all A > 0. By the VK stability criterion outlined, the solutions ¢(z) are

orbitally stable when w > 0.

Consider next the case where w < 0. To get real and bounded solutions, if .y is a

_  lel=l] ||

local maximum, we have ¢uax = S where w < I < 0. Then, [I| = —2 > and
2= w1+ (1- LT ) <o (3.18)
’ L+ qax/ ~

with equality holding only when w = 0. Since we assume ¢ to be real, the only possibility is
¢s = 0 and w = 0. Hence, bounded real-valued solutions do not exist for w < 0. Consider the
solution ¢(s) = gmax, which is constant and satisfies (3.18). As we see from (3.11), the only
possible constant solution is the zero solution ¢(s) = 0. We have demonstrated the following

result:

Theorem 2: A bounded stationary solution e=*!¢(s) for the derivative nonlinear Schrodinger
equation (3.10) governing the self-induced motion of a vortex filament in the arclength repre-

sentation of the LIA exists and is stable if its spectrum is positive definite (w > 0). Bounded
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solutions do not exist for negative spectral parameters (w < 0). As w > 0 corresponds to
space-periodic solutions, the space-periodic stationary solutions (corresponding to the planar

vortex filaments) are stable in the arclength frame of reference.

In the case w = 1, the exact solution to (3.11) was given in equation (14) of Van
Gorder [100]. Modifying this solution to account for arbitrary w > 0, we obtain the new

exact solution

v(s,t) = e “q(s) = Ae ™" sn «/% (5 — s0), Az‘) : (3.19)

where sn denotes the appropriate Jacobi elliptic function, A is the amplitude, and sq is an

arbitrary constant.

3.1.5 Discussion

We have determined the orbital stability of stationary solutions for the self-induced motion
of a vortex filament under the LIA under both the Cartesian and arclength formulations.
While these formulations describe the same physical scenario, they result in structurally
distinct types of nonlinear dispersion equations. For both models, the stationary solutions
are orbitally stable provided that the spectrum is positive definite. This agreement should
be expected from the physics, since both models are describing the same phenomenon in
different frameworks. What this means is that the planar vortex filaments (described by the

space-periodic stationary solutions) in a standard fluid are stable under small perturbations
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or disturbances, when modeled under the LIA. Mathematically, the results are interesting
from the standpoint of their simplicity: The power integral P may be determined in an
exact analytical form for the spectral parameter w. Hence, we determine the orbital stability
exactly, without resorting to numerical simulations or even analytical approximations or

perturbations.

The Cartesian results are likely the most physically telling. Here the sign of w indi-
cates the direction of motion of the filament (i.e., the manner in which the planar filament
rotates), so the way in which the planar filament rotates influences the orbital stability of
the stationary state corresponding the the planar filament. As such, the manner of rotation
directly influences the persistence of a planar filament. The planar filament corresponding

to w > 0 persists, whereas for w < 0 the planar filament does not develop.

As mentioned before, the method employed here was applied to the integrable WKIS
model in [104] to determine the orbital stability of space-periodic stationary solutions arising
in that model. Compared to the nonlinear dispersion relations (3.3) and (3.10) considered,
we see that the WKIS model is also a member of such a family of equations. This high-
lights the fact that for some families of dispersion relations we may apply the analytical
method discussed here to deduce the orbital stability of space-periodic stationary solutions.
Indeed, the method is concise and can be applied to a number of other derivative nonlinear

Schrodinger (NLS) type equations admitting space-periodic stationary solutions.

On a final note, the orbital stability presented here is one type of stability. One could

also consider transverse stability of the space-periodic solutions. Due to the form of the
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stationary solution, we know that |®(x, )| is U(1)-invariant, which means that the modulus
|®(x,t)| is time-independent. For other types of solution, this is not the case, so a different
analysis would be called for. Such considerations are needed when we consider only locally
stationary states, such as traveling waves on the vortex filament, since these are not true

stationary states.

3.2 Orbital stability for stationary solutions of the

Wadati-Konno-Ichikawa-Schimizu (WKIS) equation

We determine the orbital stability properties of the space-periodic stationary solutions to
the Wadati-Konno-Ichikawa-Shimizu (WKIS) equation previously obtained in Section 2.4.
The stability result is completely analytic, whereas most results for similar equations are
numerical. The method is concise and can be applied to a number of other derivative
nonlinear Schrédinger (NLS) type equations admitting space-periodic stationary solutions.

The method presented here was published in Van Gorder [104].

3.2.1 Introduction to the problem

Very recently, the present author studied stationary solutions to the WKIS equation [101],

and these results were highlighted in Section 2.4. It was shown that there exist space-periodic
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solutions of the form u(z,t) = e *%)(x). Such space-periodic stationary solutions have
been found in related derivative NLS models of the form iu; = F(|ug|, |u|)u,,; for example,
such solutions describe the Hasimoto [41] planar vortex filament in variety of geometries
(98, 99, 100]. The period T of such solutions, which depends nonlinearly on the model

parameters, may be computed in an exact manner in terms of elliptic functions.

The space-periodic solutions for the integrable WKIS demonstrate the variety of
solutions possible for various types of derivative NLS equations. However, it is natural to
wonder if such solutions are orbitally stable or unstable. In the present section, we determine
the orbital stability of the space-periodic stationary solutions for the WKIS model. The
results are completely analytical, in contrast to mainly numerical results in the literature for

many types of derivative NLS equations.

3.2.2 Properties of the stationary solutions

Let us assume a stationary solution of the form
u(w, t) = e p(x), (3.20)

where () is a real field. We shall assume the spectral parameter k satisfies k& # 0. When
k = 0, we showed that the only finite solution is constant [101]. Using (3.20) in the WKIS

equation, it is clear that ¢ (x) satisfies
"
ki + L =0. (3.21)
VIt 02
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Equation (3.21) is integrable, though it may be hard to see from this form. Let us define a

new function ¢(x) by

(x)

o(x) = ——n) 3.22
"= (3.22)
Note that —1 < ¢(x) < 1 for all . Then, (3.21) is put into the form
k
o0 (3.23)
V1 ¢?
Now, (3.23) is a dynamical problem
§' =~ U() (3.24)
do ’ '

with potential U(¢) = —k/1 — ¢2. Assuming a space-periodic solution ¢(z), the kinetic
energy kI satisfies min {U} < kI <0, i.e., —k < kI < 0. So, the spectral parameter satisfies

k > 0 and the constant of motion satisfies —1 < I < 0.

A first and second integral for (3.23) was constructed [101], and it was found that

+ (v — 2o (3.25)

- [ —=
o0 \J2ky/T— € + 2k1
where ¢q is another constant of motion. The solution ¢(x) is then governed by the implicit

relation in terms of elliptic integrals F' and E:

I'+y1-¢* 1221
I-1 T I+1

k
ﬂ:l\/;($ —2)=VI+1E
(3.26)

1 e I++/1-¢* /721

VI+1 I—1 T+ 1
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Inverting the relation (3.22), an implicit relation for ¢ (z) reads

A 12+

. . Vit V12 —1
tiv/ S —2) =vVI T+ 1E
iy 5= 1) + -1 ' I+1

(3.27)
VIt
1 P Vit VI2—1

CVI+1 I—-1 7 I+1

Since ¢(x) is periodic, then so is ¥ (z). Furthermore, by (3.22), both must share the same

period. Let T'(k, I) denote this period. Then from (3.25), we have

¢Hlax
T(k,I) =2 / de
i \/zk,/1 24 okl

2\/’/ vi=r
4\/' C
U \/1—C2 (A

(3.28)

Integrating, we have

Tk, T) = %E (M) - %K (M) , (3.29)

where we correct a couple typos (note, for instance, that the square roots need to include
1 — |I] in equation (21) of Van Gorder [101]. Here E and K denote elliptic integrals of the

second and third kind, respectively.

From these formulas, it may still be hard to visualize the behavior of the solutions
(x). In Fig. 3.3, we plot solutions ¢ (x) for various amplitudes. In Fig. 3.4, we plot the

period T'(k, I') as a function of the spectral parameter k, for various values of /. The solutions
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show the space periodicity of ¥)(z). As k increases, the period of solutions decreases rapidly.

So, for large k, the solutions oscillate rapidly.

86



yx) 07

— y(0)=0.2,k=1—— y(0)=0.2,k =0.3
— y(0)=0.5,k =1 — — y(0)=0.5,k =2

Figure 3.3: Plots of the solutions ¢ (z) for various values of k£ and various amplitudes ¥ (0).
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Figure 3.4: Plot of the period T'(k,I) given in formula (3.29) as a function of k for various

values of I € (—1,0).

88



3.2.3 Stability result

In order to discuss the orbital stability of such a stationary solution, a useful tool is the
Vakhitov-Kolokolov (VK) stability criterion [97], which has been applied to discuss the sta-
bility of stationary solutions in one or many spectral parameters; see [61, 87, 58, 66| for some

applications.

Consider the Vakhitov-Kolokolov (VK) stability criterion governing orbital stability
of a solution ®(x,t) = e, () to a derivative NLS equation such that ¢, (z+T) = v, ().
We apply the method as outlined in the previous section. Returning to the present problem,

for a stationary solution (3.20), the power integral is defined by

1 (7 T(k,I)
Pk =5 /0 lu(z, £)Pdz = % /O V(x)de (3.30)

The implicit form of the integral will be far more useful, since we do not have an explicit
formula for 1 in terms of x. An integral in 1 is more complicated, so in keeping with
the notation of the previous section, we develop a formulation in terms of ¢. Note that

? = ¢?/(1 — ¢*). We then use the power integral given by

Pmax 52 d§
Pk, I) =
(k1) /qﬁm (1-¢) \/gk./1_§2+2k1
R e— o
Vk Jo (1 5%@
V2 1€
Vi i ¢/ (0= ¢)(C- )

Evaluating the integral, we find

dc .

Pk, 1) = &Q (3.32)

89



where we define the function u(I) by

M(]):2(1+|1|)H<_1—|1| \/2<1—u|>> _4E< 2(1—|f|>> (3.3

1] 2|1 2 2
where I denotes the incomplete elliptic integral of the third kind. We find that u(—1) =0,

lim; ,o- (1) = +o0, and p(I) is monotone increasing on I € (—1,0). Hence, (1) is positive

on I € (—1,0). Now,

or _ pu(I)
ok 2k3/2

<0 (3.34)

for all £ > 0 and all I € (—1,0). Space-periodic solutions 1(z) exist if and only if £ > 0
and I € (—1,0). Therefore, by the VK stability criterion, the stationary solution (3.20)
with space-periodic ¢ (x) is orbitally stable provided it exists. We have therefore show the

following stability result:

Theorem 3: A non-zero stationary solution e~/ (z) with space-periodic 1 (z) (meaning
—1 < 1 <0) to the WKIS equation is orbitally stable if its spectrum is positive definite (it

has no negative energy excited states, i.e. k> 0).

3.2.4 Discussion

Previously, it was shown that space-periodic stationary solutions exist for the WKIS equation
[101]. However, the stability of such solutions was unknown. Given a periodic solution ¢ (x)
to (3.21) (which exists for —1 < I < 0), we have been able to prove that a non-zero stationary

solution e~ (z) for the WKIS equation is orbitally stable if its spectrum is positive definite
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(it has no negative energy excited states, i.e. k > 0). Hence, the class of stationary solutions

with space-periodic behavior, such as those displayed in Fig. 3.3, are indeed orbitally stable.

Of interest, note that the stability result was completely analytic, as opposed to
numerical. Hence, we can view this as an exact as opposed to approximate result. The
method can likely be applied to a number of other types of derivative NLS equations, in
order to deduce orbital stability of space-periodic stationary solutions. Like in the present
case, we would expect many cases to exhibit exact results, likely in terms of elliptic functions

and integrals.

3.3 Stability for a localized soliton

The Peregrine soliton is one possible model of a rogue wave. Importantly, this type of soliton
corresponds nicely to rogue waves recently observed experimentally in a water tank [21] and
in an optical fiber [48]. Starting with a family of Peregrine solitons indexed by their spectral
parameter, we analytically demonstrate a type of instability in the Peregrine soliton through
a concise orbital stability analysis. This analysis is completely analytical, and to verify the
approach we also discuss a numerical linear instability analysis. We give the growth/decay
rate for these solitons as a function of the initial amplitude, which for each soliton shall
depend on the spectral parameter. The procedure outlined here follows that of Van Gorder

[110).
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3.3.1 Background

The generation of rogue waves has been a topic of much research and debate [70]. The
interaction of solitons with background waves or currents has been considered [69], and
generation of such waves through instabilities has been analytically modeled through the use
of Akhmediev breathers [27]. In the absence of wave-current interaction the Benjamin-Feir
(BF) or modulational instability [14] and an essentially linear space-time focusing [47] have
been considered as possible candidates for rogue wave formation. Physically, these rogue
wave have traditionally been considered in studies of freak ocean waves [28]. Recently, rogue
waves were observed experimentally in a water tank [21]. However, attention has also been

directed toward the role of rogue waves in optics [88].

The Peregrine soliton [73] is one type of rational solitary wave solution to the cubic
NLS ), + %%cx + [¥|?1 = 0. This type of soliton occurs as a degenerate limit of both
Kuznetsov-Ma and Akhmediev breathers [91]. The soliton is localized in both space and
time, and therefore it reproduces the transient nature of rogue waves in a qualitative man-
ner. Importantly, the Peregrine soliton corresponds nicely to rogue waves recently observed
experimentally in a water tank [21]. The Peregrine soliton has also been found experimen-
tally in optical fiber [48], and such solitons can also occur in superfluids and Bose-Einstein
condensates [16], as well as plasmas [9]. Mathematical properties of Peregrine solitons were
considered in [91]. A vector Peregrine solition is possible [12], as are so-called higher order

Peregrine solitons [43]. The structural stability under generalized forms of the standard NLS
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have been considered [4, 10]; such studies involve studying the effect of adding small terms
to the NLS has on the resulting rogue wave solitons. A linear modulation stability analysis
was recently considered for a class of rogue waves in the presence of an unstable condensate
[123]. Modulational instability of the PT-symmetric and anti-symmetric rogue waves have
also been considered [15]. Note that one may consider a Peregrine soliton on a fluctuating

background [83].

In this section, we shall study the orbital instability of a family of Peregrine solitons.
Members of this family are rational solitons which are parameterized by the spectral param-
eter w. After demonstrating the existence of this family for all w < 0, we demonstrate the
orbital instability of these Peregrine solitons through a concise analytical stability analysis.
This stability analysis is completely analytical and relatively straightforward. Still, to verify
the analytical method we shall also consider a numerical linear instability analysis, which is
shown to agree with the analytical results. Physically, we are able to provide the growth or
decay rate for these solitons as a function of the initial amplitude at ¢ = 0. It is noteworthy
that the amplitude of these solitons depends fundamentally on the spectral parameter, hence

the phase and amplitude of the solitons are closely related.

3.3.2 Parameterized family of rational solitons

We shall be interested in a family of such rational solitons, indexed by their spectral pa-

rameters. This type of scaling follows from symmetry properties of the NLS equation, and
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a special case was considered in [2] (see equation (7) of that paper). Assuming a ratio-
nal soliton ¥, (x,t) = p,(x,t)e” ™! where w < 0 is the spectral parameter, we find (after

calculations we omit here)

Vo (@, 1) = /|| (1 _ A1+ 2wfit) > et (3.35)

1 + 4f|w|x? + w2t?]
The standard Peregrine soliton corresponds to w = —1, so (3.35) constitutes a family of
such solitons, scaled by the spectral parameter. Solitons (3.35) have a maximum amplitude
A(t = 0) = 3y/|w|, which is three times the mean wave-height /|w|. (Note that the mean
or background waves are given by /|w|e”™".) Tt shall be most useful to define a shifted
solution 1, = ¥, — \/Jwle”™* to remove the background. (This shifting was done for
the spectrally transformed version of the soliton [1] where it was shown that the Peregrine
soliton has a triangular spectrum at every stage of its development, which points to a possible
application where one might identify the occurrence of such rogue waves by detecting their
spectral signatures.) Initial mass is conserved with respect to the spectral parameter, M =
ffooo [t (z,0)|dx = 2m. Yet, as |w| increases, A increases while M remains fixed, so larger
amplitude waves allocate a greater proportion of their mass near the origin. This suggests
that waves of greater amplitude may have greater decay rates, and indeed this is true. Let ¢,

be the time taken for the wave to decay to an amplitude A(t,) = a/|w|, where 1 < o < 3.

One finds that t, = ﬁ, / z;fj = %, / Z;f“i and hence the greater the initial amplitude,

the greater the rate of decay. For instance, the time taken for a soliton (3.35) to decay to

one-half the initial wave height (o = 1.5) is ¢, = 10.4571/A%. Since the solitons (3.35) are
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symmetric with respect to t = 0, this value is equivalent to the time it takes a wave to grow

(in particular, to double its height).

The time-evolution of one such soliton, corresponding to w = —0.2, is given in Fig.
3.5. The influence of the spectral parameter w on the envelope profiles is demonstrated in

Fig. 3.6.
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Figure 3.5: Time-evolution of the localized soliton (3.35) corresponding to w = —0.2.
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Figure 3.6: Influence of the spectral parameter, w < 0, on the wave envelopes. As |w|
increases, the amplitude increases like 3\/@ yet the mass of the wave remains fixed. Hence,
a greater proportion of mass is allocated near the center of the wave, in the case of large
amplitude solitons. Note that by amplitude, we refer to deviation of the mean wave-height

(which is /|w]|) - the total height of the wave, in this model, is 44/ |w].
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3.3.3 Orbital stability analysis

The inclusion of the spectral parameter has given us some indication how a Peregrine soliton
should behave depending on amplitude. While the wave naturally has a tendency to decay
asymptotically in time, one may wonder if the wave is robust against spectral perturbations,
and for this the inclusion of the spectral parameter in (3.35) is essential. To demonstrate
that the Peregrine soliton is orbitally unstable we apply the Vakhitov-Kolokolov stability
criterion [97], which has been applied to discuss the stability of stationary solutions in one
or many spectral parameters; see [61, 87, 58, 66] for some applications. The criterion has
been applied to a variety of integrable equations [63], and relates the change in the soliton

charge with respect to the spectral parameter to the orbital stability of that soliton.

Define the soliton charge or momentum by

Pw)= | " (). (3.36)

Since (3.35) includes a background, we use the shifted function ¢, (which results in the

charge relative to and not including the background). A straightforward calculation shows
P(1.,) = 27[Jw|(1 + dw?t?)] 712, (3.37)

When applicable, the Vakhitov-Kolokolov stability criterion implies that %P(uw) <0isa
necessary condition for linear stability of the orbit. On the other hand, if %P(uw) > 0,
then the solution is orbitally unstable (in such a case, the linear stability analysis shows the

existence of spectral values on the right half of the complex plane, implying linear instability).
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We find

P
Z— = 7(1 4 120%%)[|w|(1 + 4?t?)] 732 > 0 (3.38)
W

for finite ¢. So, we expect the family of solitons (3.35) to be orbitally unstable. Mathemati-
cally, this means that given a rogue wave solution (3.35), say v (z,t), the difference between
1 and a perturbation of this function, say ¥pey, will grow so that ¢ and e are drastically
different. (Contrast this to the orbitally stable case, where the two functions can be made
to remain arbitrarily close, under sufficiently small perturbations.) Regarding the specific
manner of instability, the waves must collapse under perturbations. This is consistent with
the fact that the Peregrine soliton is considered one possible model of rogue waves, and that
such structures are highly localized phenomenon which are highly sensitive to initial data

and hence perturbations.

The result is interesting since the VK-type criterion is usually applied to solitons with
the modulus || strictly a function of z. Often, a soliton with time-dependent modulus is
much harder to study in a spectral sense, because the spectrum becomes time-dependent.
Of course, the instability here could be determined by introducing a small perturbation to
the soliton (3.35), ¥ = (p,, + a(x,t) +ib(z,t))e” !, where |a|,|b] << 1 and p,, is the rational

factor of (3.35). The evolution of these small perturbations is governed by (see, e.g., )

a a
2 =J , where the operator matrix 7 is given by
b b
0 — 35 —w— |pul?
7= 20r . (3.39)
(38 —w - 3n.l?) 0
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The spectrum of J is in general time-dependent, since p,, depends not only on space (as is
often the case) but also on time. Still, for a desired value of w, we may numerically determine
the spectrum of the operator J [22], which upon calculation implies linear instability (when
w < 0) due to the small perturbation (a(z,t) + ib(x,t))e”™" at all finite times. Note that
this calculation is possible since p,, is well-behaved, even though it depends on time. Indeed,
we may show that w? < [p,|* < 9w? for all x € R and all ¢ > 0. It is also possible to study
the rate of soliton instability [45] by calculating the maximal eigenvalue of 7, though this is
complicated again by the appearance of the time variable in the operator 7. However, note

that the instability rate is not related to the magnitude of & [45].

3.3.4 Discussion

In summary, we have constructed a family of scaled Peregrine solitons, where the scaling
is due to a spectral parameter w < 0. The initial mass of the wave is invariant under this
spectral parameter, while the initial amplitude scales as the square of the spectral parameter,
A ~ w?. Therefore, large amplitude solitons of this type concentrate a greater percentage of
their mass near the origin. We calculate that the rate of decay of the solitons scales as A=,
so large-amplitude solitons decay quickly. The important contribution is that we were able to
show that a family of scaled Peregrine soltons are orbitally unstable using a concise analytical
approach. Such an approach (typically used for stationary solitons - solitons for which the

complex modulus is time-independent) was successful here since the temporal behavior of
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the solitons is rather tame. The analytical results are in agreement with a numerical linear

stability analysis, which suggests linear instability of the solitons under small perturbations.

While the eigenvalues of J are time-dependent, and hence the rate of instability
is too complicated for an analytical analysis, it is reasonable to say that larger amplitude
solitons are less stable than their small-amplitude counterparts. This is evident, since the
large-amplitude solitons have faster growth and decay rates (the time for such rogue waves
to form and dissipate is small, and scales as ~ A~2 with the amplitude A). Since the
amplitude of the rogue waves modeled by the Peregrine solitons are three times the ambient
wave-heights, this means that the Peregrine solitons exhibit a higher rate of instability in the
presence of large ambient wave-heights. On the other hand, when ambient wave-heights are
rather small, the Peregrine soliton survives longer (though not eternally like many solitons,

since it is still a localized phenomenon).
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CHAPTER 4
BREAKDOWN OF SINGLE VALUED SOLUTIONS AND

VORTEX COLLAPSE

4.1 Scaling laws and accurate small-amplitude stationary

solution for the LIA

We provide a formulation of the local induction approximation (LIA) for the motion of a
vortex filament in the Cartesian reference frame (the extrinsic coordinate system) which
allows for scaling of the reference coordinate. For general monotone scalings of the refer-
ence coordinate, we derive an equation for the planar solution to the derivative nonlinear
Schrodinger equation governing the LIA. We proceed to solve this equation perturbatively in
small amplitude through an application of multiple scales analysis, which allows for accurate
computation of the period of the planar vortex filament. The perturbation result is shown
to agree strongly with numerical simulations, and we also relate this solution back to the
solution obtained in the arclength reference frame (the intrinsic coordinate system). The
scaling laws and matched / self-intersecting solutions considered in this and the next section

were first considered in Van Gorder [105].
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4.1.1 Formulation and scaling the LIA

Alternate scaling of the LIA can be useful both for physical analysis and for computational
reasons. For instance, the infinite domain due to x € R can be mapped into a closed and
bounded interval, which can assist with analytical and numerical analysis. We first determine

the influence of such transforms. Let us consider the scaled position vector

r = f(x)i, + y(z, )i, + z(x, )i, , (4.1)

where f(x) denotes a general scaling of the z-coordinate. This is one of two possible equiv-

alent such scalings, with the other being

r =i, +y(f N (x), )i, + 2(f 1 (2), )i, (4.2)

provided f~!, the inverse map of f, exists. For this reason, we will often be interested in
monotone scalings f so that the inversion f~! is well-defined. We chose to work with (4.1)

as opposed to (4.2) since it gives more computationally tractable results. From (4.1), we

compute
dr drdx , dx
and v = (0, vy, ;) , where
1
do_ . (4.4)

ds /P2t 22
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dt _ dt do

We then have kn = & = &
ds dx ds

, giving

dx,
kn = [f”(yg% +22) = [ (Yol + zg;Zm)} Elm

+ |:yrzzaz — YzRaRrx + yzzf/2 - f,f,/ym] _Siy (45)

+ [meyi — Z2YaYza + erf/Q - flf”zx] %iz )

so that v = 7kt X n = 7t x (kn) becomes

3
drx\" .

dz\*
e (B »

+ (Y — ") dr 3i
T X ds VAN
Matching the two representation of v, we obtain the constraint v,z,, — Z:¥z. = 0 and the

real-valued system

/ " dx ’

Yy = _V(f Rgx — f Zac) (E) s (47)
dz\?

2 = V(Yo — ["Y2) (%) : (4.8)

Introducing the complex potential function
D(a,t) = y(o, 1) + i2(, 1), (1.9)
the PDE system reduces to
. / " 12 2 —3/2
i+ (O = £0) (174 10) T =0, (4.10)

Note that (4.10) is a complicated nonlinear Schrodinger equation with variable coefficients

(f" and f” in general depend on z). However, with the scaling ®(x,t) = W(u,t) where
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= f(z), we may reduce (4.10) to
. 2\ —3/2
W+ (1+[P,%) 77T, =0, (4.11)

for non-degenerate f. Hence, (4.10) yields solutions of the LIA. The transformed equation

(4.11) matches exactly that studied in [98, 99].

The form of (4.10) (and hence (4.11)) is U(1)-invariant, just like many of its derivative
NLS relatives, hence it makes sense to consider stationary solutions of the form ®(z,t) =
e~ tp(x) to (4.10) (and U (p,t) = e " (u) to (4.11)).

To summarize, the permitted scalings are that for which:

(i) the LIA is invariant under monotone scalings of the x coordinate;

(ii) the LIA is invariant under scalings of the form e~

Together, these conditions guarantee the existence of planar vortex filaments de-
scribed by U(x,t) = e ™)(u(z)). In the extrinsic three-dimensional Cartesian frame, the

position of the planar vortex filament at any time ¢ is then given by

r = pu(x)iy + cos(yt)y(p(x))iy — sin(v¢)y (u(@))iz (4.12)

To better visualize such vortex filaments, see Fig. 4.1, where we consider a periodic function
¥(p(x)). The vortex filament rotates about the z-axis as time increases. So, by determining
¥(p(x)), we determine the spatial structure of the planar vortex filament completely, the
i

inclusion of a factor e~ providing the motion of such a filament in time.
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N

Figure 4.1: Plot of the spatial geometry. The curve represents the planar vortex filament
described by ®(z,t) = e "'¢(u(x)) for periodic ¥ (u(x)). As time increases, the structure

rotates about the z-axis.
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4.1.2 Accurate perturbation approach for the stationary solution

Let us consider the stationary solution W(u,t) = Ae™"")(u) to the scaled equation (4.11),
where we let the parameter A > 0 be the amplitude and normalize maxy = 1. Then, we

obtain the ordinary differential equation

w+(Lh¥W3%@W:0. (4.13)

The simplest nonlinear approximation to equation (??) takes the form
3 2 112 "
o (1= S ) =0 (4.14)

As discussed in a forthcoming work, (4.14) has periodic real-valued solutions for
A < 1/v/3 =~ 0.577. For small A, (4.14) is a good approximation to (4.13). It then makes
sense to consider a perturbation solution, in terms of the small parameter A%, However,
standard perturbation will yield inaccurate solutions which fall out of resonance with the
true solution due to the appearance of secular terms. Hence, we shall be interested in
applying the method of multiple scales to (4.14). To proceed, assume there exists parameter
§(A?) such that d/dp = 6(A?)(d/dn) where n = §(A?)u. Then, we consider the perturbation
solution ¥(p) = 1h(n; A2) = vo(n; A2) + A% (m; A%) + O(AY), 5(A?) = Gy + A%6; + O(AY).
Equation (4.14) becomes
)+ 6 (1 - ;A%%ﬁg) Uy =0, (4.15)
giving

Sotbom + o =0, ¥o(0) =1, ,(0)=0, (4.16)
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3
53%,7;77 +Y = 553¢§,n(¢0)nn — 200010, (4.17)

$1(0) = 0 = (¥1)(0).

The quantities at 7 = 0 follow from the fact that we desire space-periodic 1) with amplitude
A. As we assume a solution W = Ay exp(—ivt), it follows that the amplitude of 1) must be
1 (then the amplitude of ¥ is A). Without loss of generality, we take n = 0 to correspond
to a peak (this can be translated by n — 1’ + o if need be). Thus, ¥, (z) = 0. Assuming
Y =1y + A%y + - - -, it follows that 1g(0) = 1, 1,(0) = 0, ¥1(0) = 1 and ¢;,(0) = 0.
Normalizing to get 2m-periodic solutions, we pick dg = 1, obtaining ¥y(n) = cos(n).

From here, we have

(Y1) + 1 = (251 — g) cos(n) + gcos(?)n) , (4.18)

so picking d; = 3/16 prevents any secular terms. We then obtain

n() = o con() = cos(3n) = & sin(r)cos(). (4.19)

Therefore, we have obtained the perturbation solution
3 12
() =cos | |1+ EA i

3 oo 3 0 3 0
+16A sin ([1+16A}M)COS([1+16A w .

Consider the standard case p(z) = z. From Eq. (4.20), we see that the approximate period

(4.20)

of small-amplitude solutions satisfies

3 L, 3 9
T(A) =~ 2n {1 - 1—6A2] A 2T — §A2 + 1—2%14. (4.21)
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In order to demonstrate the agreement between the solution (4.20) and the true solution,
we plot the numerical solution along with the perturbation solution in Fig. 4.2. Since the
perturbation and numerical results agree so nicely, the difference between the two is not

easily ascertainable, so we plot their errors separately, in Fig. 4.3.
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Figure 4.2: Plot of the perturbation solutions (4.20) for ¢)(x) obtained through the method of
multiple scales against numerical solutions obtained via the Runge-Kutta-Fehlberg method
(RKF45) [29]. The valid region for the approximation (4.14) is A < 1/4/3 ~ 0.577, and in
this region the results agree nicely. For larger A, the agreement breaks down, as the solutions

fall out of resonance with the true solutions.
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Figure 4.3: Plot of the absolute error between the perturbation solutions (4.20) for ¢ (z)
obtained through the method of multiple scales and the numerical solutions obtained via the
Runge-Kutta-Fehlberg method (RKF45) [29]. The agreement is strong for small amplitude

solutions, while the agreement gradually breaks down for larger amplitudes.
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4.1.3 Connection with arclength solution and implicit solution

In this section, take u(z) = xz, so that ®(x,t) = ¥(u,t). In Van Gorder [100], an exact

stationary solution for the arclength formulation of the LIA was given by

—1 —7 S — § .
’U(S,t) =e tq<3) = Be tsn (\/ﬁ,BZ) N (422)

where B is the amplitude (in the arclength frame), s is a constant, and s is the arclength

element. It was shown in [95] that the Cartesian quantity ®(z,¢) and the arclength quantity

v(s,t) are related by
2|v|? de  1—|v?

o =0 LT
. (1—oP)?*" ds  1+]o?

(4.23)

Noting that |®,| = ¢'(z) and |v] = ¢(s), we have that ¢> = 2¢*(1 — ¢*)~2. Separating

variables, and using the form of dx/ds given in (4.23), we obtain

V2 / Bsn o5 BZ) ds . (4.24)
s 14 B2sn2 (m Bz’)

Performing the integration exactly is not possible (in closed form). And then, one must still

contend with the arclength variable s(z). So, while this formula offers a connection between

the exact arclength solution to the planar vortex filament problem and that of the Cartesian

problem, it is not very practical. We can compare this formula to the direct solution for

o(z). A first integral of (4.13) (when p = x and hence ¥(u) = ¢(z)) is

¢* — 2 =-£. (4.25)

A24/1 + A2¢?
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If (0) =1, ¢/(0) = 0, then £ = (2 — A?)/A% > 0 since |A| < v/2 for any periodic solution.

Solving (4.25) for ¢’ and separating variables as needed,

dc . (4.26)

B 1 AS(cZ_i_g)
=t e

Changing variables to & = ¢ + &,

S §dg

T o V@ A0 7D

(4.27)

Eq. (4.27) is an implicit solution which is not easily inverted. However, we may still extract
information out of this relation more easily than is the case when dealing with (4.24). In
the previous section, we approximated the period of a space-periodic planar vortex filament
using perturbation. We shall now be interested in comparing that approximation with a
true exact relation between the period 7" and amplitude A for a space-periodic solution to

the vortex filament problem.

If we consider the phase portrait, a quarter-period T'(A)/4 occurs when ¢ goes from
¢»=0to0 ¢ =1, so from Eq. (4.27) we obtain the exact yet implicit relation

2/A2 gdg

A) =2A3 .
=2 e VI(E=8)(2 - A%)(2+ A%)

(4.28)

Now, in the valid region 0 < A < v/2, the definite integral (4.28) can be evaluated in terms

of elliptic integrals to give the relation
T(A) =8E(A/2) —4K (A/2) , (4.29)

where K is the complete elliptic integral of the first kind and E' is the complete elliptic integral

of the second kind. Recall that the period of the solutions in the arclength representation
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[100], the period of the space-periodic solution was a bit simpler, involving only the elliptic

integral K.

In order to extract more information from Eq. (4.29), we turn to the small-0 asymp-

totics
s 1 62 1 6
K@) =21+~ -~z 4.
() 2(+41—92 81—92)’ (4.30)
T 1 3
BO) =2 (1->62— 2¢*) . 4.31
() 2 ( 49 649) (4.31)
Using (4.30)-(4.31) in (4.29), and approximating where needed,
3T Tm
T(A) m2m — —A>— —A*. 4.32
(A)~2m =3 256 (4.32)

Note that the approximation (4.32) to the period T'(A) obtained through the fully nonlinear
relation (4.27) for ¢ is in extremely good agreement with the approximation obtained through
the method of multiple scales (4.21) for the period T'(A). In Fig. 4.4, we plot the exact period
T(A) found in (4.29), along with the approximations shown in (4.21) and (4.32). In Fig.

4.5, we plot the relative error between the approximations and the exact values.
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—
0 0.2 0.4 0.6 y 0.8 1 1.2 14

Exact form of7(A)
— Asymptotic approximation to 7(4)
— — Multiple scales perturbation approximation to 7(A4)

Figure 4.4: Plot of the x-period T(A) for the stationary solution z-dependence function
¢(z). In addition to the exact value (4.29), we plot two approximate quantities, namely
the approximation found through multiple scales (4.21) and the asymptotic approximation

(4.32) to the true result (4.29). We consider A € [0,v/2].
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0 0.2 0.4 0.6 y 0.8 1 1.2 1.4

Absolute error between true and asymptotic
approximations to 7(4)

__ __ Absolute error between true and multiple scales
perturbation approximation to 7(A)

Figure 4.5: We demonstrate the relative error between the approximations to the period
T(A) and the true solution (4.29). Both are extremely accurate for small A, and gradually
lose accuracy for larger A, though the asymptotic approximation (4.32) outperforms the
multiple scale approximation (4.21) nicely. That said, in its region of validity (A < 1/v/3),
the multiple scale approximation (4.21) is rather accurate for only a first order perturbation

result.
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4.1.4 Discussion

We have derived the fully nonlinear form of the local induction approximation (LIA) govern-
ing the motion of a vortex filament. Permitting a scaling of the free coordinate along which
the vortex is aligned (z, in our case) permits us to have greater flexibility in computing
solutions, both analytically and numerically. Such vortex solutions are a variation on the

theme of planar vortex filaments, and take the form

r = (f(x), cos(11)d(), — sin(v)(x)) . (4.33)

The main analytical benefit is that such a solution form can capture a greater range of phys-
ical behaviors (particularly when the scale is non-monotone), while numerical simulations
can be made easier by taking a scale f : R — Z where Z is a compact interval (numerical
integration on such a compact interval can often be simpler than on an unbounded domain

such as the real line).

In the case of monotone scalings f(z) = u, we have a very elegant way to determine
the planar contribution ¢(x) = ¥ () to the vortex filament structure, obtaining a nonlin-
ear ordinary differential equation (ODE) governing 1; see (4.13). For monotone scalings,
we therefore find that 1 is a strict function of p and therefore the ODE (4.13) has only
constant coefficients, making its solution possible. The planar solution is equivalent to a
stationary solution of the form ® = e ")(u). The main stationary solution of interest is
periodic for small amplitudes A, so this is the solution we focus on next. While numerical

solutions can be obtained, we compute a perturbation solution, scaling both the function and
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the variable by the amplitude A of solutions through a multiple scales approach. We com-
pare the perturbation solution to numerical solutions, finding that the perturbation solution
accurately captures the structure of the planar vortex filament (in particular, the spacial
period of oscillation for such solutions). We find that the spatial period T'(A) is given by

the approximation

—1
T(A) ~2m (1 + —A2) : (4.34)
for small A.

Properties of the planar vortex filament in the arclength system (the intrinsic coor-
dinate frame) were considered in [100], and we have compared the two formulations. The
primary benefit of the arclength frame is that it allows for exact solutions, in terms of elliptic
sn functions. The Cartesian framework, however, gives us a clearer view of exactly what
is going on with the structure of the vortex filament. While there is no exact solution, the
perturbation result does work nicely for small amplitude periodic solutions. Despite the fact
that there is no exact closed-form solution for ¥(u), we are able to derive an exact relation

for the period T'(A) in terms of elliptic integrals, obtaining
T(A) = 8E (A/2) — 4K (A/2) , (4.35)

which agrees nicely with the approximation found through perturbation for small A; see Fig.
4.4. This is also reminiscent of the period for the arclength representation of the planar
solution discussed in [100]. Note that there is a bound A < /2 on the amplitude A of

the space-periodic function v (u), as will be discussed in a forthcoming work. As such, the
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maximal period occurs with amplitude A = 0 and is 7(0) = 27 while the minimal period
solution occurs with amplitude A = /2 and is T(v/2) = 3.3886. Hence, the period T'(A)
of a space-periodic solution is related in an inverse manner to the amplitude A of such a

solution.

4.2 Non-monotone space scales and self-intersection of filaments

We now discuss non-monotone coordinate scalings and their application for finding self-
intersections of vortex filaments. These self-intersecting vortex filaments are likely unstable

and collapse into other structures or dissipate completely.

Up to this point we have considered only monotone scalings f(z) in (4.1), since these
permit well-behaved solutions to (4.11). As we’ve shown, such solutions can be studied
analytically, and in some cases exactly. However, in situations where f(x) is non-monotone,
we may still assume a stationary solution of the form ®(x,t) = e ¢(x). While (u)
from (4.13) was defined on the real p-axis in the case of monotone u = f(z), for non-
monotone f(x) it is possible that the domain of ¢(z) will be restricted. Assuming a solution
O(x,t) = e ¢(x), (4.10) reduces to

f/(b” _ f//¢/ 0

(1 +0%)7 "

The ordinary differential equation (4.36) is degenerate when f is not strictly monotone, i.e.

if there exists a point # = a at which f’(a) = 0. In order for a planar vortex filament
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to have self-intersections, there should exist points z, < x* such that f(z.) = f(z*) and
d(zy) = ¢(x*), but for z, < x1 < 29 < x*, f(z1) = f(x2) and ¢(z1) = ¢(x2) can not hold
simultaneously. If such x; and x4 exist, then there can be a loop (if not, then we just have
a constant valued function). Then from (4.1) we must have r(x,,t) = r(z*,t) for all ¢ > 0.
If we have such points x, < 1 < x5 < x*, there there is at least one loop formed. This loop

is parametrized by 6 € [z, 2*| as

r(0,t) = f(0)i, + cos(vt)p(0)iy, — sin(vt)p(6)i, , (4.37)

with the loop closing since r(z,,t) = r(z*,t). In Fig. 4.6 we provide a schematic of the planar
loop vortex filament. Now that we have some conditions on parametrized crossings and loop
strictures on a vortex filament, we provide some examples to show that these structures can

actually occur as solutions to the equation governing a vortex filament of planar type.
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Figure 4.6: Schematic of a self-intersection for the planar vortex filament governed by a
solution ¢(x) to equation (4.36). Self-intersection occurs at spatial coordinate f(x,) where
the parametrization = attains the value z* such that f(z.) = f(z*) and ¢(x,) = o(z*). It
is necessary for ¢(z1) # ¢(xz) for all z, < x1 < x5 < * in order to have a single loop. For

multiple loops, similar yet more complicated conditions must hold.
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4.2.1 Single loop case

As our first numerical case, we consider an example of a parametrized single loop on a vortex

filament. Let us consider the scaling f(x) = x?/2. We then have

PR ') (439)

(22 + ¢/ 2)3/2
Unlike in the simpler case of monotone f, here we cannot easily solve the differential equation
(4.38) analytically. So, we resort to numerical solutions. It is useful to assign a specific xy
as a numerical initial point. Picking zy = 0 is problematic, since (4.38) is degenerate at
that point. So, we shall take xy to be small yet positive. We find that loops are not
obtained for many parameter values. However, they can occur for our choice of f. Taking,
for instance, zy = 0.1, ¢(zn) = 0.6, ¢'(zy) = —0.1, we find that ¢(2.059) = ¢(—2.059)
while f(z) = f(—=x) by the form of f selected, so we pick z, = —2.059 and z* = 2.059.
To make sure the loop is closed, the derivatives should differ at each point. We calculate
¢'(x,) = 3.589 while ¢'(x*) = 0.857, so the loop does close. So, in the prescribed geometry,
we have found a closed filament loop. As mentioned above, the loop must remain closed for

all £ > 0. The resulting single loop planar vortex filament is displayed in Fig. 4.7.
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Figure 4.7: Plot of the numerical solution for a single loop vortex filament described by ¢(z)
when ¢(z) satisfies (4.38), ¢(0.1) = 0.6, ¢/(0.1) = —0.1. The z scaling is f(x) = 2*/2. The

space coordinate is parametrized by x € [—2.12,3.00].
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4.2.2 Double loop case

Let us now consider a double loop structure on a vortex filament. Let us take the scaling
f(z) = cos(x). We then have

—sin(z)¢” + cos(z)¢’ _

+
¢ (sin2($)+¢'2)3/2

(4.39)

Taking zy = 0.1, ¢(zy) = 0.5, ¢'(zxy) = —0.095, we numerically solve (4.39). Defining
ol =235 = o 2P = 389 2*@ = 2.395, we have that ¢(zl) = ¢(2*V) and
(b(:r:g?]) = ¢(z*?). Yet, since f(z) = cos(z), we have f(xL”) = f(z*1) and f(xg]) = f(z*B).
So, the conditions for crossing are satisfied at spatial coordinates cos(xg}]) = —0.70 and
cos(x[,?}) = —0.73. We verify that the derivatives differ at each point, so the loop structures
close off at the required points. (If the derivatives do not differ, then the filament my become
tangent to itself, and therefore not close to form a loop, at the required point.) Hence, we
have obtained a double loop structure on a vortex filament. The resulting double loop planar

vortex filament is displayed in Fig. 4.8.

One may continue with multi-loop structures, but these get progressively harder to
construct, since one must guess an appropriate transform of space variable f(z) and deduce
values of the crossings. Further, since this is done numerically (such analytical constructions
are very challenging), there is a bit of guess work involved in the initial conditions which

permit solutions ¢(x) which allow for the crossings.

124



E: LI B | I LI e | 1 Tr=p—r —|:|-':'|-
1 0.5 0 i 1
P

£(x)

Figure 4.8: Plot of the numerical solution for a double loop vortex filament described by ¢(z)
when ¢(z) satisfies (4.39), ¢(0.1) = 0.5, ¢/(0.1) = —0.095. The z scaling is f(x) = cos(x).

The space coordinate is parametrized by = € [—4.0,2.5].
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While these loop structures have been shown to exist numerically for appropriate
scales f and planar components ¢, in practice one would not expect these structures to
persist. A more physically relevant situation would be for a vortex filament to cross (or
come close to crossing, since physically the vortex core has non-trivial diameter), a loop
structure is monentarily formed, and then the filament is disrupted. Depending on the
ambient fluid, one could have that:

(i) the vortex filament sheds the loop, and realign as a non-crossing well-defined curve;
(ii) the loop collapses, with the filament stretching laterally to realign as a non-intersecting
curve;

(iii) the loop dominates, with the “tails” decaying, resulting in a vortex ring.

While the present results point toward either of those outcomes, note that one would
need to retain more structure than the LIA permits in order to fully model the dynamics
of such vortex filament crossings. In order to study such complicated dynamics, the full
integral form of the BiotSavart law would be required. At best, the LIA provides a sort of
first order approximation to such behavior, though it fails to pick up on the complicated
dynamics of these situations, which would lead from a vortex filament crossing to one of the
possible outcomes listed. That the LIA can pick up on the occurrence of such interactions,

given its simplicity relative to the full Biot-Savart law, is still beneficial.
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4.2.3 Analytical calculation

While numerical results are easiest for the case of self-intersections, we remark that analytical
approximations can be obtained, at a cost. Indeed, when f’(z¢) = 0 for some z(, then
(4.36) degenerates (the coefficient of ¢” vanishes, decreasing the order of the equation). To
counter this, we must have two solution branches, which we match at zy. However, while
the matching preserves continuity, it cannot preserve continuity of the first derivative (on
each side of xg, that is © < xy and = > xg, the slope of the branches must differ). Without
loss of generality, take o = 0. Then, in order to match a positive and negative branch, we

consider the following piecewise defined solution:

¢($) =30 T = 0’ (4.40)

e(f(@)  O<w<ar,

\

where 1(u) is a solution as was found in the monotone case and z, < 0 < z* such that
f(zs) = f(2*) = T/2 where T is the period of ¢. From the form of (4.36), if ¢ is a solution,
then so is —1). Hence, each branch is a solution (when f’ # 0). This representation is not
unique, as we could have reversed the signs in (4.40). To get both functions to match at
x = 0, we use a modified form of (4.20) where 1(0) = 0, ¥’(0) = 1 (which gives a sine, as
opposed to cosine, representation). This is equivalent to translation of the solution in (4.20)

by —m/2 on the z-axis. So, to lowest order (one can add higher order corrections, but we
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suppress them for brevity) (4.40) becomes

;

—sin ([1+ £A4?%] f(z)) 2. <2 <0,
¢($) = 0 T = 07 (4.41)

sin ([14 A% f(x)) O<z<a*.

\

Note that ¢(z.) = —¢(f(z.)) = —0(T/2) = 0 = ¢(T/2) = P(f(z")) = ¢(2") by construc-
tion, so ¢(z.) = ¢(z*).

For example, consider again the f(z) = 2?/2 case. We pick

=i 2] 1)

2(A) = \/ o {1 + 136,42} o (4.43)

We then get (to lowest order)

;
2

—sin([l—i— 3 A?] ‘%) 1. (A) <z <0,

¢(z) =10 r=0, (4.44)

sin([1+34715)  0<az<a(4).

\

Note that ¢(z.(A)) = —sin(n) = 0 = sin(7) = ¢(2*(A)). Furthermore, let

SR e

25(A) = \/ r [1 + %AZ} - (4.46)
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Figure 4.9: Plot of the analytical solution for a single loop vortex filament described by ¢(z)
when ¢(x) satisfies (4.44). The x scaling is f(z) = 2?/2, while the amplitude of the solution
is taken to be A = 0.25. The space coordinate is parametrized by = € [z.(A),2*(A)] while

on the loop.
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Then ¢(z1(A)) = —sin(n/2) = —1 # 1 = sin(n/2) = ¢(z2(A)). So, there exist
x1(A) and x2(A) such that z,(A) < z1(A) < x2(A) < 2*(A), d(x.(A)) = ¢(z*(A)), and
d(x1(A)) # P(x2(A)), so a loop is indeed formed. The solution (4.44) is shown in Fig. 4.9,

in the case of A = 0.25. The single-loop structure is prominent.

We remark that since ¢ is continuous on = € [—/7, /7], yet ¢' has a discontinuity

at a single point x = 0, the matched solution is a class of “weak” solution.

4.2.4 Discussion

For monotone scalings f we were able to obtain the nice analytical results discussed above.
We also discuss non-monotone coordinate scalings f and their application for finding self-
intersections of vortex filaments. An equation governing the stationary solution ¢(x) was
given in (4.36). This equation becomes singular at points where monotonicity of f fails,
yielding solutions which, in some cases, permit self-intersection of the curve r given in (4.1).
Such a self-intersection results in a vortex filament loop. While such a situation is not
tractable analytically, we provide numerical simulations to demonstrate that such results
are at the very least mathematically possible. We also outline some general criteria which
would permit a loop filament structure. These self-intersecting vortex filaments essentially
“break” the LIA formulation, meaning that once intersection occurs, the LIA is not sufficient
to study the dynamics of the loop solutions. Such solutions are likely unstable and collapse

into other structures or dissipate completely. These types of dynamics are quite interesting,
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and would certainly merit future work. Analytical results, under weaker conditions than
monotonicity, yet stronger conditions than just arbitrary non-monotone transforms, could
be possible, maybe in the case of the specific examples considered here. Some analytical
results were given for the non-monotone scalings, and it was shown that such solutions may
be constructed in a piecewise manner. These analytical solutions are continuous, yet fail to
have a continuous derivative. In this sense, we may view such solutions as weak solutions.

Nevertheless, these analytical results agree qualitatively with the numerical simulations.

4.3 Scaling laws and unsteady solutions under the integrable 2D

local induction approximation

We give a formulation of the 2D LIA (2.25) that accounts for functional scalings of the
spatial variable, as was done recently for stationary states of the LTA by Van Gorder [105]
(and this was shown in the previous two sections). In the present section, we focus on
scalings of unsteady vortex filaments, in particular rotating and self-similar vortex filaments.
Conditions for self-intersections of filaments under this formulation are given, which enables
us to study the formation of loops that arise when unsteady filaments intersect. Furthermore,
we are able to study the time evolution of kinks that may form along a vortex filament, and
we show that such kink solutions can persist in time. The results presented for unsteady

vortex filaments were considered in Van Gorder [111].
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4.3.1 Spatial scalings for the 2D LIA

The scaled position vector describing the vortex is
r = p(x)i, +y(x, 0)i, + 2(x, )i, (4.47)

where p(x) denotes a general scaling of the z-coordinate. This is one of two possible equiv-

alent such scalings, with the other being
r =i, +y(u H(2), )i, + 2(u(2), )i, (4.48)

provided =1, the inverse map of j, exists.

The form of p(z) strongly impacts the structure of the vortex filament. The unscaled
LIA corresponds to u(x) = z. For monotone scalings p/ > 0, the dual mapping (4.48) exists.

However, for non-monotone scaling, the situation becomes more complicated.

Introducing the complex potential function ®(x,t) = y(z,t) + iz(z,t) and taking the

2D LIA discussed in Chapter 2, one obtains the dispersion equation

,u,q)zm - M//q)x Y |(I)£L”|2(I)ME B (I)?cq):m -0 4.49
ARSI AT R, e )

Defining the function ¥ so that ®(z,t) = ¥(u,t), (4.10) reduces to

2 2\ *
0= i, + 5 2 e~ W, Wi
L [Pz 2 [L4 [0, 2122

(4.50)
Con\VIHE )

This gives a conservation law for W. Note that when pu(z) = z, (4.50) is the 2D LIA (2.25).
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In addition to these scalings, note that every solution to (4.11) is U(1)-invariant in
time (invariant under scalings W(u,t) — €“*W(u,t). Furthermore, solutions are invariant
under addition by complex constants, W(u,t) — ¥(u,t) + C. From both properties, we see
that if W(u,t) is a solution then so is C'— W(u,t). Physically, this means that there is a type
of superposition principle

r(z,t) =ro(z) + ro(z,t), (4.51)

where ro(z) is an arbitrary line filament and ry(z, t) is any filament solution to the potential

form of the LIA.

4.3.2 The scaled helix

To model helical vortex filaments, we take W(u,t) = Aexp(ku(xz) — wyt), where A is the
amplitude of the helical solution, k is the wave number, and w is the frequency. In terms of
the vortex filament, A represents the maximal deviation from the central axis of rotation,
while w gives the rotational motion. Hence, for the helical filament we have that the distance
between the filament and the central axis of rotation remains constant for all time. Under

such an assumption, we necessarily find that

/{52

hence we have the exact dispersion relation

/{2
(11 A2y~

0. (4.53)
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Then, for a choice of scaling p(x), we have the exact solution

O(z,t) = Aexp <z [ku(m) - GJT;—ZI;WD . (4.54)

The vortex filament (in Cartesian coordinates) is then given by

. k2t .
I'(ZL’, t) = M(l’)lx + Acos ]{Z/,L([L’) — m 1,
o (4.55)
: v i
+ Asin (kﬁﬂ(l‘) — m) 1,.

Such a solution is useful, since it permits us to study irregular helical filaments.
Indeed, by appropriately choosing the scaling p(z), one may obtain a variety of various
helical filaments. While such filaments always remain a fixed distance from the reference
axis, their spatial behaviors can vary wildly. Such filaments are the simplest time-dependent

filaments.

4.3.3 Self-similar filament structures

Let us turn our attention to self-similar vortex filament structures under the scaled LIA.
Unlike helical or planar filaments which exist at certain specific scales, the self-similar struc-
tures correspond to solutions with a type of scale independence (that is, solutions appear
the same at different scales). Such solutions are sometimes referred to as quasi-stationary
solutions, since they satisfy such a scaling property yet depend strongly on time at a fixed

spatial coordinate (unlike stationary states). We consider a solution of the form

Wipt) = VIS, 0= S (456)
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Equation (4.11) is then put into the form

i(¢—n¢)+ (ﬁ) =0. (4.57)

It is clear that (4.57) always admits a solution of the form ¢(n) = Cn, where C
is a complex-valued constant. In turn, this gives ®(z,t) = /27¢Cn = Cu(z). Hence, the
filament r(x,t) = (u(z), Re(C)p)z), Im(C)u(zx)) is a solution. In this case the solution is sta-
tionary. If pu(z) = x, this corresponds to a line filament, while for p(z) # x, more interesting
behaviors are possible. Note that this solution is time-independent, demonstrating what we
mean by quasi-steady solutions. In this particular case, the exact filament solution ends up
independent of time due to the self-similarity assumption. However, for more complicated

solutions, we do not expect completely time-independent filament motion.

As it turns out, this linear solution in p is an indicator of the average behavior
along a perturbed filament. It is possible to show numerically that solutions behave like
d(n) = Cn+ed(n), where the linear term gives something like the line filament, and the ¢()
perturbation gives deviations of a realistic filament from this more idealized linear trend.
Under such an assumption on the form of ¢(n), we find that (neglecting higher-order terms
in €)

i (qB - 7795') +(1+]CP) " =0, (4.58)
where prime denotes differentiation with respect to the similarity variable n. The solution

is found to be

(5(77) = exp ( (1 + ]C’|2)1/2 772) ) (4.59)

N| =
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In the small € limit, we therefore have

i
o(n) = Cn + eexp (5 1+ |C|2772> : (4.60)
Converting this back into the z,t coordinate system, we have

D(x,t) = U(p(x), 1)

= Cute) + e/t (SVITIOPEEL )

2 2yt

(4.61)

2

where we neglect order ¢ and higher terms. The self-similar filament is then given in

Cartesian coordinates by

r(z,t) = p(x)i,

+ [Re(C’)u(x) + ey/27t cos ( 1+ |C|2“(x)2)} i, (4.62)

it
+ | m(Cnto) + eyBnsin (VIFTCRAD ) i

when we neglect order €2 and higher perturbations.

The large-time dynamics of these filaments will depend strongly on the form of the
similarity function ¢. If ¢(0) = 0, then the filament remains bounded as t — oo provided
w(x)¢'(0) exists and is finite. If ¢/(0) = 0, then the solution converges to the zero solution
in the asymptotic time limit. This means that the self-similar solution does not persist, and
dissipates to the line filament oriented along the z axis. In other words, the self-similar

perturbations along such a filament gradually decay for large time.
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In the case where ¢/(0) # 0 yet is finite, and ¢(0) = 0, the vortex filament persists.

In the limit ¢ — 0, we must then have

lim /29t¢(n) = lim o(u(z)/o) = lim P(u(z)o”)

o—00 o*—0 o* (463)

= Tim p(z)¢ (p(x)o”) = u(x)¢'(0) .

o*—0

In this case, the self-similar filament persists and asymptotically approaches the line filament
r(z,t) = (u(x), Re(¢'(0))pu(z), Im(¢(0)) ().

In the case where ¢(0) # 0, we have |®(z,t)] — oo as t — oo. So, ¢(0) = 0 is
necessary condition for a self-similar filament to be bounded. This would give the kink-
type solutions previously studied for the quantum LIA in the presence of superfluid friction

parameters.

4.3.4 Self-intersection and vortex kinks

As was previously discussed in Van Gorder, vortex filaments which cross (self-intersect)
can be constructed as a limiting case of the LIA. The example used previously was an
approximation to the planar filaments (obtained using a multiple scales approach). It was
shown that, in the small-amplitude regime, certain scaled planar filaments can be constructed
which exhibit self-intersection. While solutions exist mathematically at and past the point
of intersection, physically we expect that the filament will break, with a vortex ring type

structure developing.
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In the present section, we shall study the self-intersection of these vortex filaments
without making the assumption of small amplitude filament solutions. Recall that small
amplitude solutions correspond to filaments which exhibit only small deviations from the
reference axis. In fact, vortex filament breakdown, reconnection, and self-intersection can
be in response to large deviations from the reference axis. Hence, it makes sense to consider

self-intersection of filaments which have non-small deviations from the reference axis.

Let Wy (p,t) and Wo(u,t) be distinct solutions to the scaled LIA. It then makes sense

to consider a weak solution

O(z,t) = B (4.64)

The function ®(z,t) is continuous for all  and ¢ provided that ®(0,t) = Wy (u(0),t) =

Uy (14(0),t). However, ® is not in general differentiable in x at = 0.

It is important to recall that the LIA permits a very useful property: if W(u,t) is
a solution to (4.11), then so is —W(u,t), W(—u,t) and —W(u,t). It makes sense to take
Uy, =W, ¥y = —U for some solution ¥ to the scaled LIA. Indeed, ¥,(u(0),t)u'(0) = 0 is
a required condition for ®,(0,¢) to be continuous. This can hold if either x'(0) = 0 or if
W, (u(0),t) = 0. If either of these conditions hold, we have a solution ® € C*(R x (0, 00))
with continuous partial derivatives. On the other hand, if W,(x(0),¢)u'(0) # 0 (which is
true in general, unless we pick very specific functional forms of 1), then we have a solution
® € C°(R x (0, 00)) which is continuous yet does not have continuous partial derivatives. To

enforce the existence of ®,,, we need additional conditions resulting in ®,, = 0 at x = 0. So,
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it is not feasible to have a classical solution with continuous second order partial derivatives

in z. Hence, (4.64) is a weak solution.

While a solution such as (4.64) loses regularity at = = 0, this should make physical
sense. At t = 0, we essentially make a sharp turn or kink in the vortex filament, which under

appropriate conditions will result in a self-intersection of the filament.

Note that the helical filaments, even with a rescaling of x, cannot self-intersect if we
take W, = ¥, Uy = —U, where ¥ is some helical solution. This lies in the fact that the
complex modulus of such solutions is always a positive constant, which simply means that a
purely helical filament will always remain at a constant positive distance from the reference

axis. Yet, recalling that solutions are preserved under the scaling ¥ — C' — W, let us define

Aexp(ilkp(z) — wt]), x>0,
Oz, 1) = (4.65)

2A — Aexp(i[kp(z) —wt]), x<0.
This is a weak solution to the scaled LIA. This function is continuous at x = 0 provided
t = 0. Then when t > 0, the function becomes discontinuous. This solution can be used
to model an event where two filament sections approach (¢ < 0), intersect (¢ = 0) and then
separate (¢ > 0). Interestingly, in this case at t = 0 a loop filament can be formed. To see
such a solution, in Figs. 4.10-4.11 we take u(x) = cos(z) and k = 27. At ¢t = 0, a loop
is formed when both parts of the vortex filament intersect at (—1, A4,0) and (1, A,0). The
filament sections are also tangent at the point (0, A,0). When ¢ > 0 in general, the two

filament sections do not agree at (—1, A,0) and (1, A, 0), so the loop breaks down.
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Figure 4.10: A vortex filament loop formed at ¢ = 0 by two scaled helical vortex filament
segments as defined in (4.65). Before ¢ = 0, the two filament sections do not form a closed
loop, and for ¢ > 0 the filaments separate and the loop is broken. Therefore, the loop is a
highly localized temporal event. The loop can redevelop at a later time. Here the scaling is
p(x) = cos(z), and to illustrate the results graphically we take k = 2, A = 1, v = 1. For

time, we take t = 0.
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Figure 4.11: A vortex filament loop formed at ¢ = 0 by two scaled helical vortex filament
segments as defined in (4.65). Before ¢ = 0, the two filament sections do not form a closed
loop, and for ¢ > 0 the filaments separate and the loop is broken. Therefore, the loop is a
highly localized temporal event. The loop can redevelop at a later time. Here the scaling is
p(x) = cos(z), and to illustrate the results graphically we take k = 2, A = 1, v = 1. For

time, we take t = 10.
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Due to the scaling function p(x) = cos(z), the vortex filament in Figs. 4.10-4.11 was
confined to the interval [—1,1] along the x-axis. In this case, the entire filament forms a
closed loop at t = 0. However, it is possible to have vortex filaments of arbitrary length which
still form a loop along part of their length. A general solution to the LIA will take values
on x € R, and even in infinite length vortex filaments can we construct loops. In fact, it is
possible to construct filaments with any number of loops in this manner. To demonstrate
this, we take the weak solution (4.65) with the scaling u(z) = |z| and plot the resulting
vortex filament in Fig. 4.12. At t = 0, this solution gives a vortex filament intersection when
x=0,1,2,.... When t increases, the filament no longer have self-intersections, so the loops

dissipate, as was the case in Figs. 4.10-4.11.
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Figure 4.12: A vortex filament loop formed at ¢ = 0 by two scaled helical vortex filament
segments as defined in (4.65). Before ¢t = 0, the two filament sections do not form a closed
loop, and for £ > 0 the filaments separate and the loop is broken. Therefore, the loop is a
highly localized temporal event. The loop can redevelop at a later time. Here the scaling is

p(x) = cos(z), and to illustrate the results graphically we take k = 2m, A =1, v = 1.
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4.3.5 Self-similar vortex filaments and kink solutions

In the case of a vortex filament which exhibits self-similarity, we can construct a kink so-
lution using the same method employed above to demonstrate self-intersecting filaments.
Let ®(x,t) = /27tp(n) denote a self-similar solution to (4.11). Then, there exists a weak

solution (4.64) with a kink at = 0 which we may construct from the formula

V2yte(u(x)/v29t), x>0,
P(z,t) = (4.66)

—V2yto(u@)/v29t), © <0,
provided that ¢(u(0)/1/27t) = 0 for all ¢ > 0. This makes sense only if 1(0) = 0, so we may

recast this solution as

V29to(n), 1 >0,
Oz, 1) = (4.67)

—V27té(n), n<0,

where ¢(0) = 0. The condition ¢(0) = 0 is not excessive. Indeed, as was shown earlier, this

condition is necessary for a self-similar vortex filament to remain bounded as t — oo.

So, in the t — oo limit, we have that the self-similar filament takes the form

lim ®(z,1) = () = - (4.68)
—¢'(0)u(z), =<0,

Hence, we have shown that a self-similar vortex filament with a kink will tend towards a

steady state solution in the asymptotic time limit. Since such a solution is distinct from

the zero solution (which itself is the line filament oriented along the z axis), the self-similar
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solution persists in time. This limiting solutions is in general discontinuous. However,
there are some exceptions. Clearly, when ¢/(0) = 0 the function ®(x) is zero and hence
continuous. This corresponds to a line filament. On the other hand, if z2(0) = 0, then ®(z)
is continuous. So, continuous asymptotic behavior of the kink solutions is possible provided

1 is appropriately selected.

In the case where ¢(0) # 0, such as what occurs when there are small oscillations
along a line filament (such as when we have a solution of the form (4.60)), the kink vortex
filament formed by the piecewise solution (4.67) is continuous at ¢ = 0 alone. For ¢ > 0,
such an initial kink solution breaks into two separate filaments. However, there is a way to

construct a kink filament which remains continuous. Let us define the function

Cplx) + ey/2ytd (5%) , x>0,

O(z,t) = (4.69)
—Cu(x) + e/2vte (%) , <0,
where ¢ is as defined in (4.59). For x > 0 the filament is aligned along
r(z) = (p(z), Re(C)u(z), Im(C)u(z)), (4.70)
while when z < 0 the filament is aligned along
r(z) = (u(z), —Re(C)u(z), -Im(C)u(z)). (4.71)

For pu(x) such that (0) = 0, we have that (4.69) maintains continuity for all ¢ > 0. (The
case of (4.67) would have included a — sign in front of the small e amplitude perturbations,

which would have broken continuity of ®(z,t) at x = 0 for all ¢ > 0.) One may verify that,
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in the limit t — oo,

tlg?o O(z,t) = (4.72)
—Cu(z), =<0.

In Figs. 4.13-4.15 we demonstrate one such vortex kink solution of the form (4.69). For
small time, the oscillations along the curve persist, while for large time the filament gradually

becomes linear, as suggested by (4.72).
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Figure 4.13: Time evolution of a vortex filament kink solution of the type described by
(4.69). We set t = 1, and we have taken C' = 1414, v = 1, € = 0.25. While oscillations
initially appear along the filament, these die off as time becomes large, and therefore the

filament tends to the limit (4.72) as time grows.
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Figure 4.14: Time evolution of a vortex filament kink solution of the type described by
(4.69). We set t = 10, and we have taken C' = 1+, v = 1, e = 0.25. While oscillations
initially appear along the filament, these die off as time becomes large, and therefore the

filament tends to the limit (4.72) as time grows.
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Figure 4.15: Time evolution of a vortex filament kink solution of the type described by
(4.69). We set t = 100, and we have taken C' = 1+, v = 1, ¢ = 0.25. While oscillations
initially appear along the filament, these die off as time becomes large, and therefore the

filament tends to the limit (4.72) as time grows.
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CHAPTER 5

POTENTIAL FORMULATIONS FOR SUPERFLUID MODELS

5.1 Potential equation describing the motion of a vortex filament

in superfluid “He in the Cartesian frame of reference

We obtain the fully nonlinear local induction equation describing the motion of a vortex
filament in superfluid “He. As the relevant friction parameters are small, we linearize terms
involving such parameters, while keeping the remaining nonlinearities, which accurately de-
scribe the curvature of the vortex filament, intact. The resulting equation is a type of
nonlinear Schrodinger equation, and, under an appropriate change of variables, this equa-
tion is shown to have a first integral. This is in direct analogy to the simpler equation
studied previously in Chapter 2. While this first integral is mathematically interesting, it is
not particularly useful for actually computing solutions to the nonlinear partial differential
equation which governs the vortex filament. As such, we introduce a new change of depen-
dent variable, which results in a nonlinear four-dimensional system that can be numerically
integrated. Integrating this system, we recover solutions to the fully nonlinear local induc-

tion equation describing the motion of a vortex filament in superfluid He. We find that the
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qualitative features of the solutions depend not only on the superfluid friction parameters,
but also strongly on the initial conditions taken, the curvature and the normal fluid velocity.

The formulation and results present in this section are due to Van Gorder [102].

5.1.1 Background

One current area of research interest lies in superfluids, a state of matter which behaves like
a fluid without viscosity and with extremely high thermal conductivity. Along these lines,
Shivamoggi [85] considered vortex motion in superfluid *He by reformulating the Hall-Vinen
equation in the extrinsic vortex filament coordinate space. As mentioned in Shivamoggi [85],
vortices in superfluids are perhaps better suited for applications of the LIE/LIA compared
with their ordinary fluid counterparts, as the thin cores of such vortices correspond more
readily to the asymptotic nature of the LIA; see also Schwarz [81]. In Shivamoggi [85],
a first-order approximation to the nonlinearities was considered. We shall now obtain the
fully nonlinear LIE for superfluid *He describing the motion of a vortex filament in such
a superfluid. As the relevant friction parameters are small, we linearize such terms, while
keeping the remaining nonlinearities, which accurately describe the curvature of the vortex
filament, intact. The resulting equation is a type of nonlinear Schrodinger equation, and,
under an appropriate change of variables, this equation is shown to have a first integral.
This is in direct analogy to the simpler equation studied in Van Gorder [99]; indeed, in the

limit where the superfluid parameters are taken to zero, we recover the results of Van Gorder

151



[99]. While this first integral is mathematically interesting, it is not particularly useful for
actually computing solutions to the nonlinear partial differential equation which governs the
vortex filament. As such, we introduce a new change of dependent variable, resulting in a
nonlinear four-dimentional system which can be numerically integrated. The influence of the

physical parameters on solutions to these equations can then be studied.

5.1.2 LIA for vortex filament in a superfluid

Including the effect of frictional force exerted the normal fluid on a vortex, recall that the self-
induced velocity of the vortex in the reference frame moving with the superfluid according

to the local induction equation is given in the non-dimensional form

v=9kt xn+at x (U—vkt xn) —a't x (t x (U—~kt xn)), (5.1)

where U is the dimensionless normal fluid velocity, t and n are the unit tangent and unit nor-
mal vectors to the vortex filament, « is the dimensionless average curvature, v = I'In(¢/kay)
is a dimensionless composite parameter (I" is the dimensionless quantum of circulation, ¢ is
a scaling factor of order unity, ag &~ 1.3 x 1078 is the effective core radius of the vortex),
a and o/ are dimensionless friction coefficients which are small (except near the A-point;
for reference, the A-point is the temperature (= 2.17K) below which normal fluid Helium

transitions to superfluid Helium (Landau and Lifshitz [51])).

152



If we consider the vortex to be aligned along the x axis and set U = Ui, (5.1)
reduces to

v=(1-a)yst x n+at x U+ aykn — 'Ust + o'Usi, , (5.2)

assuming the deviations along the x axis to be sufficiently bounded in variation. We assume
a solution of the form

r = zi, +y(z,t)i, + 2(z, t)i, . (5.3)

By bounded in variation, we mean that we only consider solutions which may be expressed in
the form (5.3). This means that solutions must be uniquely expressed in terms of functions of
x. In the case of a vortex filament which folds back on itself, clearly the resulting solutions
will be multi-valued in z, and hence cannot be expressed in the form (5.3). This also
excludes the possibility of singularities at finite . Thus, only single-branched non-singular
solutions are discussed under the present framework. That said, we are not required to
make any assumptions on the growth rate of ||r||, and such a solution is permitted to grow
fast provided it is of bounded variation. Note that this restriction also prevents the strong

bending or twisting of a vortex.

Employing the relations

dr . .
vV = i Yy + 24, (5.4)
dt dx
t = — = (ip + yaudy + 2:12) (5.5)

ds ds’
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dz .
KN = — (y:rymx + szxm)_la:

ds
dx dz
+ d (2 + 2220) dxi
Zex— — \FalYaYax TT 7tz
ds Yelf * ds
1
I — (5.7)
ds /14 y2 + 22
and making the change of dependent variable
D(x,1) = y(a,t) + ix(a,1). (5.8)
we find that (5.2) becomes
"U,D,
Y L L
(14 [@4]?)
(5.9)

Y 0 B O, =0
(1+]@,0%* (1 +[2.)?) ™

This is the fully nonlinear LIE describing the motion of a vortex filament in a superfluid.
In the (a,a’) — (0,0) limit, note that (5.9) becomes (2.7). As was shown in Chapter 2,
the nonlinear term in (2.7) plays a strong role in shaping solutions and hence should not be
neglected. However, o and o’ are small in value and hence nonlinear terms involving these
terms are negligible. Then, linearizing the terms with a and o' coefficients, we reduce (5.9)

into the more tractable equation

: N YPus
Z(I)t + (O/ + ’lOé) (ZUl(I)x + ’)/(I)xz) + W =0. (510)
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5.1.3 First integral

In Chapter 2, we showed that the a, o’ — 0 reduction had both first and second integrals,
which permitted implicit exact solutions in terms of elliptic integrals. Before proceeding
further, we should show that (5.10) has a similar, albeit more complicated and less physically
intuitive, first integral. To this end, map z into £ where £ = x — (o/ +ia)Ut and map ®(z, t)

into W(¢,t), giving a coordinate change

§=a— ( +ia)Uit,

(5.11)
U, t) =P (x— (o +ia)Uit,t) .
We then obtain from (5.10) the modified equation
iy + (0/4—2'04)4—; Uee =0 (5.12)
o (T w2y 7€ |

Equation (5.12) is in the form W, + vF (|U¢|) ¥¢e = 0, so as in Van Gorder (2011) let us
assume a solution of the form W(¢,t) = ¢ (£)e™*. Then, we obtain the ordinary differential
equation

Y+

1
(o/ + Zoz) + (1T/2)3/2] 1#” = 0 (513)

Multiplying (5.13) by 2¢ and integrating over an appropriate contour, we obtain the first

integral
W+ (o +ia? — —2 ¢ (5.14)
V1+y©
where C' € C is a constant of integration. From (5.14), we see that
P>V3+2(Q — P)PV? +(Q — P’V —4 =0, (5.15)
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where for simplicity we have taken P = o/ +ia, Q = 1?2 — C and V = 1 + ¢'>. Then, (5.15)
has three solutions Vi, V5, V5 in V| which are functions of ¢/ and system parameters. For
each V} there exist two solutions for 1/, namely v’ = :I:\/W. Hence, there are six
possible solutions to (5.14). However, in the P — 0 limit (i.e., the (a,a’) — (0,0) limit),
(5.15) becomes Q*V = 4, and hence we recover the solutions of Chapter 2, which satisfy the

nonlinear ordinary differential equation

4+ C —?

2
Y= 7 C (5.16)

5.1.4 4D dynamical system

The form of (5.14) suggests that, as in the simpler case (2.7), periodic solutions to (5.10)
should be possible, at the very least in the small a, o’ limits. To this end, let us assume
a more physically reasonable solution ®(z,t) = e * (p(x) + io(x)). Equation (5.10) then
yields the four dimensional ordinary differential system

" v la (Ui (a0’ —a'p') — o)
O{2+O{/2+20/ (1+p/2+0_,2)3/2+(1+p/2+0_/2)3

vt ((1 + p’2 + 0’2)3/2 + o/) (Uy (dd’ + ap') — p)
)3/2

_a2+a’2—|—20/ (1—|—p’2+cr’2 + (1—}—,0’2—1—0’2)3-
- . (5.17)

1 <(1 + 0%+ 0’2)3/2 + a’) (U (o’ —ap) — o)
)3/2

"

a4+ o' + 20/ (1—|—p’2+0’2 + (1+p’2+a’2)3
7' (U (a0’ +/p') = p)

a2 + o' + 20/ (1 + %+ 0’2)3/2

+ (14 0%+ 07’
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which can be integrated numerically.
We then recover the solutions

y(z,t) = Re(®) = p(x) cos(yt) + o () sin(yt)
(5.18)

z(x,t) = Im(P) = o(z) cos(yt) — p(z) sin(t) .
Clearly, these solutions are 2w-periodic in t. Note that, due to the form of (5.10), - is not
distributed among all terms other than the ®; term, hence we cannot simply assume that ¢
contains a factor of e=®*. This is why ~ still appears in the equations, despite the fact that

it can be scaled out of the simpler model for a standard fluid. As we shall see, v strongly

influences the form of the vortex filament.

Solving (5.17) numerically, we obtain the solutions (5.18). In order to do so, we shall
need reasonable values of the physical parameters. From Table 1 of Schwarz (1985) we obtain
reasonable value for o and o’: at temperature 7' = 1K we have o = 0.005 and o/ = 0.003,
while at temperature 7' = 1.5K we have a = 0.073 and o/ = 0.018. Note that that o' can
scale as order «, and hence it can have an important contribution. In Figs. 5.1-5.4, we
reconstruct the full solutions using (5.18). Note that the results display strong sensitivity to

initial conditions.

157



Figure 5.1: Vortex filament at temperature 7' = 1K where we have e = 0.005 and o/ = 0.003.

We set Uy =y =1t =1and p(0) = c(0) = 0.01, p/(0) = ¢’(0) = 0.
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Figure 5.2: Vortex filament at temperature 7' = 1K where we have a = 0.005 and o/ = 0.003.
We set Uy =y =1t =1and p(0) =0(0) = 0.1, p'(0) = ¢’(0) = 0. Note the influence of the

initial condition (compared with Fig. 5.1).
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Figure 5.3: Vortex filament at temperature T = 1.5K we have a = 0.073 and o/ = 0.018.

We set Uy =y =t =1and p(0) = c(0) = 0.01, p'(0) = ¢’(0) = 0.
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Figure 5.4: Vortex filament at temperature 7' = 1.5K we have o = 0.073 and o/ = 0.018. We
set Uy =y =t=1and p(0) =0c(0) =2, p(0) = 0’(0) = 0. Again, we see that the solutions
do depend strongly in the initial condition. Here the filament exhibits far less regularity in

structure than in the “small initial condition” case.
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In Fig. 5.5, we plot the modulus |®| = 1/p2 4 2. Observe the intermittent behavior
in the plots for cases II and III corresponding to T = 1.5K. Thus, at this higher thermal
level, the regular oscillatory behavior apparent at lower temperatures gives way to a more
complicated pattern. Similarly, the numerical findings suggest that an increase in the normal
fluid velocity can destabilize the circular form of the vortex filament (in the y — z-plane),
mirroring the effect seen in Fig. 5.4, where the solutions exhibit a far less uniform circular
structure. For large enough values of the normal fluid velocity, we find numerical solutions
that become asymmetric in the y — z-plane (see Fig. 5.6). Meanwhile, increasing the pa-
rameter 7 has the reverse effect: circular symmetry is maintained and even reinforced as ~y

is increased, whereas the solutions become asymmetric when v << 1 (Fig. 5.7).
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Figure 5.5: Plot of the modulus |®| = \/p? + 02 given I. T' = 1K, a = 0.005, o = 0.003,
p(0) = 0(0) = 0.1; II: T = 1.5K, a = 0.073, o/ = 0.018, p(0) = 0(0) = 0.1; II: T = 1.5K,
a = 0.073, o =0.018, p(0) = o(0) =0.5. Weset Uy =y =t=1, p/(0) =0'(0) =0 in all

plots. Note the intermittent behavior apparent in II and III.
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Figure 5.6: Phase portrait of (y(z),z(z)) for € [0,2000] given T" = 1K, a = 0.005,
o = 0.003, p'(0) = o’(0) = 0 p(0) = 0(0) = 0.1, v =t = 1. We have taken U; = 1
(left image) to demonstrate a radially symmetric solution and U = 20 (right image) to
demonstrate the structures that may develop when the normal fluid velocity, Uy, becomes

large.
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Figure 5.7: Phase portrait of (y(z),z(z)) for € [0,2000] given 7" = 1K, a = 0.005,

o’ = 0.003, p/(0) = o’ (0)

0(0) =0.1, U; =t = 1. We have taken v = 0.001 (left

image) and v = 100 (right image) to demonstrate the spectrum of structures possible.
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5.1.5 Discussion

We've derived the fully nonlinear local induction equation describing the motion of a vortex
filament in superfluid *He. Upon linearizing terms involving the two superfluid parameters,
a less nonlinear form of this equation was studied. The resulting equation is a type of
potential-less nonlinear Schrodinger equation, and, under an appropriate change of variables,
this equation is shown to have a first integral. This property is shared with the analogous
equation governing the motion of a vortex in a standard fluid, as was studied in Chapter
2. Indeed, in the limit where (a,a’) — (0,0), equation (5.10) reduces to the equation
studied in Chapter 2. In the limit (o,o’) — (0,0), the six possible formal solutions to
(5.10) reduce to the two solution branches found in Chapter 2. While this first integral
is mathematically interesting, it involves a plane-wave type function with a complex wave-
speed, and hence it is not particularly useful for actually computing solutions to the nonlinear
partial differential equation which governs the vortex filament. Introducing a new change of
dependent variable, ®(x,t) = e~ (p(x) + io(x)), we obtained a nonlinear four-dimentional
ODE system governing p(x) and o(z), which we were then able to numerically integrate.
Unlike the special exact solution in (Shivamoggi [85]), the present solutions are valid for a
far wider region of physical parameters: for instance, for large values of v and U. Integrating
this system, we recover solutions to the fully nonlinear local induction equation describing

the motion of a vortex filament in superfluid “He. We find that the qualitative features of
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the solutions depend not only on the superfluid parameters, but also strongly on the initial

conditions, the curvature, and the normal fluid velocity.

5.2 Motion of a helical vortex filament in superfluid ‘He under

the extrinsic potential form of the LIA

We study the motion of helical vortex filaments in superfluid *He under the exact fully
nonlinear LIA considered in potential form discussed in the previous section. Nonlinear
dispersion relations governing the helical Kelvin wave on such a vortex filament are derived
in exact form, from which we may exactly calculate the phase and group velocity of the
Kelvin wave. With this, we classify the motion of a helical Kelvin wave on a vortex filament
under the LIA. The dispersion relations and results which follow are exact in nature, in
contrast to most results in the literature, which are usually numerical approximations. As
such, our results accurately capture the qualitative behavior of the Kelvin waves under the
LIA. Extensions to other frameworks are discussed. The results on helical vortex filaments
under the potential form of the quantum LIA present in this section are due to Van Gorder

[106].
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5.2.1 Background

The superfluid regime is one in which the LIA can usefully be applied as a reasonable approx-
imation, due to zero viscosity which allows the persistence of vortex filament structures[39,
40]. In this setting, the LIA can be used to model Kelvin waves on a vortex filament in super-
fluid *He. In the present section, we study a vortex filaments under the Cartesian reference
frame (the extrinsic coordinate system[102]) for the LIA. Recently, a cubic approximation
to this model was considered[85]. The fully nonlinear form of the LIA, however, is required

in order to pick up the full qualitative features of the solutions under the LIA.

Kelvin waves have previously been considered in a number of settings [85] in order to
study superfluid turbulence. That said, exact solutions for either the fully nonlinear or the
approximate forms of the Hall-Vinen form of the LIA including superfluid friction parameters
are rare. However, classification of solutions to such models are useful, as they set the
foundation for numerical solutions under more complicated conditions, such as reconnection.
The approximate (some terms with «, o’ were dropped) solution presented by Shivamoggi
[85] was that of a propagating damped Kelvin kink on a vortex, which is reminiscent of
the soliton on a vortex filament studied by Hasimoto [42]. Some results for Hasimoto-type
[41] planar vortex filaments have also been given [100]. Helical waves are a useful type of
solution, and have been considered for the standard LIA [89] (corresponding to setting the

superfluid friction parameters to zero).
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It should be noted, however, that for non-zero values of the superfluid friction pa-
rameters, there are no helical solutions studied for any of the models in the literature, full
or approximate. Upon writing the LIA for a superfluid in potential form, we are able to
construct helical Kelvin wave solutions, and accordingly determine the relevant exact dis-
persion relations between the frequency w and wave number k. In the case where the friction
parameters are non-zero, the amplitude A of a helical Kelvin wave is bounded and depends
non-linearly on the wave number k. A degenerate case is also mentioned, which highlights a
qualitative difference in the two friction parameters introduced by Hall and Vinen[40]. Com-
parisons of the present results with those for approximating models [85, 55] related to the
fully nonlinear LIA are made; while such models agree with the fully nonlinear LTA for small
wave number solutions, the agreement breaks down for larger values of the wave number,
both quantitatively and qualitatively. We are able to determine the helical solutions exactly
in terms of the model parameters, and for each case we are able to determine the phase and
group velocity of the solutions in closed form. Therefore, we are able to completely classify
the motion of a helical filament in superfluid “He under the LIA. For the Laurie et al. [55]

model, we also give results for the planar vortex filament.

The present results allow us to see exactly how the inclusion of the superfluid fric-
tion parameters influences the qualitative behavior of filament solutions in general, and the
quantitative behavior of helical structures in particular. Such a solution is fundamental,

and serves as a baseline of comparison with other analytical solutions, and also for more
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complicated solutions which must be found numerically. For these reasons, the results here

further our understanding of solutions occurring at the onset of superfluid turbulence.

As discussed above, Van Gorder[102] determined the derivative NLS equation result-

ing from the LIA:

(1 _ O/)’Yq)zz
(L + 2.7

Uid, .,
i+ e T Gy, +

TP 1+ @) =0 (19

This describes the motion of a type of vortex filament which moves about the z-axis. Prop-
agation of a wave along the x-axis is made possible as the filament rotates in a corkscrew
manner: the filament rotates, with an excitation propagating in the z-direction. Again, this
formulation is useful if the filament is aligned along the z-axis, for which the above rela-
tions are well-defined. If the filament alignment deviates too much from this (for instance,
if the filament bends back on itself), then the formulation breaks down, and a full three-
dimensional simulation may be needed. Still, in the regime where this form of the LIA is

valid, exact solutions are possible, which are of course the most preferred.

5.2.2 Helical vortex filament

We shall now be interested in helix solutions to the LIA, of the form ®(z,t) = Aexp(i(kz —
wt + xg)). These can describe the propagation of a Kelvin wave on a helical vortex filament
under the LIA. Mapping the potential form of a solution into the Cartesian representation,

one obtains r = zi, + Acos(kx — wt + x0)i, + Asin(kz — wt + x)i.. Such a solution takes
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the form of a helix oriented along the z-axis which rotates in time; see Fig. 5.8. Assuming
such a helical solution, we arrive at necessary and sufficient conditions (separating real and

imaginary parts) on the model parameters:

o'Uk (1 —a')k?
_ = 2
w+ (1 +A2k2)1/2 + (1 +A2k2)3/2 07 (5 0)
. vk?

When these conditions are satisfied, a helical solution exists. In order to determine the precise
motion, one needs to determine the angular frequency as a function of the wave number and
the physical parameters. With this information, the position of the helix structure can be

determined at any time ?.

We have two cases, one degenerate and one non-degenerate, depending on «. In the
degenerate case where av = 0, it is condition (5.21) that degenerates, leaving the wave number
k and the amplitude A arbitrary (unlike in the av # 0 case, where they are related in a fixed
manner). However, since physically we should have a > o, then both friction parameters
should vanish in this case. Hence, we reduce to the standard LIA, which has been studied

elsewhere.

171



Figure 5.8: Schematic of the problem geometry for a prototypical helical vortex filament.
The helical vortex filament is oriented along the x-axis, with amplitude A and wave-number

k. The angular frequency, w, will dictate the motion of this helical vortex filament.
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If a # 0, condition (5.21) implies k(1 + A%k*)™? = U/~, a condition fixing A and k
in terms of one another. It is simpler to solve for amplitude in terms of wave number, and

thus this condition implies that the amplitude must satisfy the condition

A:

Vk/U =1, (5.22)

| =

provided k > U/~; such solutions do not exist for k¥ < U/v. Placing (5.22) into (5.20), we

find
/
w = U/ Ay VAP (i +(1—a 1) . 5.23
. G-/ (523
We then find that the phase velocity is
w _ o v
— D USANTVARYA [ 2 (1 — o) L 5.24
b= 2 = UMy T, (524
while the group velocity is
. — Ow _ B/ 3o/ + §<1 — ) T (5.25)
7 Ok 4E 4 Uu) '

From the condition (5.22), we see that for large wave numbers, the amplitude must be small.
Meanwhile, for large normal velocity flows, the wave number, obeying k£ > U/y must be

sufficiently large, leading to solutions of sufficiently small amplitude.

We plot the amplitude of a helical solution in the a # 0 regime in Fig. 5.9 for various
values of normal fluid velocity (normalizing v = 1). As expected, the increased instability
due to higher normal fluid velocities decreases the permitted size of the helical solutions (an
increase in U decreases the amplitude A). Interestingly, a maximal amplitude solution exists
16U

9U. This maximal value of A is given by Ay =
Y

3v3y

for wave number k,, where k, = 60
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The dispersion relation w(k) for the angular frequency given by (5.23) scales as k%4
for large k, so the phase and group velocities scale as k'/4. An increase in the superfluid
friction parameter « serves to increase the angular frequency, along with the phase and group

velocities. The dispersion relation w(k) is plotted in Fig. 5.10.

We should remark that, in the case where a # 0 yet U = 0, condition (5.21) implies
k = 0, so the only helical solution is a constant. In this case, the solution simply corresponds
to a line vortex filament r = (z,0,0) (a zero-curvature solution). This is reasonable: the
normal fluid velocity is driving the helical structure through the friction parameters, so
without the normal flow, a non-zero friction parameter makes no sense. Mathematically, the
degenerate case has the following properties.

First, the angular frequency is then given by

o'Uk (1 + o )k?
W= (1 + A2k2)1/2 + (1 + A2k2)3/2° (5.26)

The phase velocity in this case is

B a'U Y14 o)k
Up = (1 + A2k2)1/2 + (1+ A2k2)3/2° (5.27)
while the group velocity is
/ 1 / 2_A2 2
” o'U Y1+ a')( k*)k (5.28)

g = (1+ A2k2)3/2 + (1 + A2k2)5/2
Note that v, changes sign once as k increases from zero to infinity, so there exists a finite

wave number, say k*, at which w attains a unique maximum. Setting v,(k*) = 0, we find

that k* satisfies the complicated cubic expression

U 4291 — o )k* + dUA%K™? — y(1 — o/ ) A%k = 0. (5.29)
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— U=01""""U=05——U=1.0—"0U=2.0

Figure 5.9: Plot of the nonlinear dependence of the amplitude A given in Eq. (5.22) on
the wave number £ and the normal fluid velocity U. The permissible wave numbers satisfy
k > U/, and for the sake of demonstration we normalize v = 1. As the normal fluid velocity
increases, the permitted amplitude values decrease, owing to the added instability induced
by the normal fluid. We observe a unique peak value in amplitude at some wave number k4

for each fixed value of U.
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Figure 5.10: Plots of the nonlinear dispersion relation Eq. (5.23) for w(k) in the non-de-

generate case a # 0. When k£ =0, w(0) = 0 while w > 0 for £ > 0.
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Note that when o/ = 0, we have k* = /2 JA. So, since o is small, it makes sense to consider
a perturbation expansion for £* in o’. Doing so, we find that maximal amplitude solutions

correspond to the wave number given by

A 4~ 4y

. V2 3U , (3U 3V20U%A\ . 3
k = — + —a + 47 64—”)/2 (6] —|—O(Oz ) (530)

In the case of a = 0, the LIA model admits helical solutions with bounded angular
frequency w. Unlike in the o # 0 case, here the amplitude A is unrestricted, so large-
amplitude solutions are possible. Furthermore, there are no restrictions on the wave number,

so negative wave numbers are even possible.

Regarding the asymptotics of the dispersion relation, in the £ — 400 limit, we find

that
dU ~(1+4+d)1
~ — 31
YT FERS (5:31)
while in the k£ — —oo limit, we find
U 1 N1
wo XU 204 1 (5.32)

So, there is some negative wave number k_ < 0 at which w(k_) = 0.

5.2.3 Approximations to the LIA

In the present section, we shall consider two approximations to the fully nonlinear form of

the LIA used above. We highlight the utility and shortcomings of each reduced model.
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Taking an approximation to the LIA, Shivamoggi[85] obtained a linearized model,
which preserved up to cubic nonlinearity affiliated with the curvature of a vortex filament
while linearizing the superfluid friction terms « and «’. An approximate locally stationary

wave solution was then presented.

If one takes a cubic approximation of the nonlinear contribution due to arclength, and
drops nonlinear terms which are multiplied with superfluid friction parameters, we arrive at

the cubic derivative NLS equation
i® 4+ (i — ) UP, + (1 — o — i)y Py — 377|<1>m|2<1>m =0. (5.33)
Assuming a helical Kelvin wave, we obtain the conditions
w—a' Uk —(1—a)vk* + 377/121{4 =0, (5.34)

ai(—Uk +vk*) = 0. (5.35)

Here, a few features of the solutions are apparent. First, if o # 0, the wave number depends
only on U (the normal velocity) and ~ (the strength of the filament). If a = 0, the wave
number is arbitrarily determined. In either case, o does not enter into the helical solution.

Now, in the « # 0 case, k = U/, so the angular frequency is

U? 3A22
w:7{1— 7 } (5.36)

Some observations are in order. Note that there is no amplitude restriction on the solution.

Also, when U = 0 and « # 0, note that k = 0 necessarily, in which case ® = constant.
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In the case where a = 0, (5.35) becomes degenerate and the angular frequency reads
. Nog2 S 42,4
w—ozUk#—(l—oz)yk—?Ak. (5.37)

In contrast to the fully nonlinear LIA, note that for the cubic approximation to the LIA, the
angular frequency is unbounded in wave number k. For helical vortex filaments satisfying

(5.37), the phase velocity is given by
0 / 37 21.3
vp—ozU—i—(l—oz)yk—?Ak:, (5.38)
whereas the group velocity is given by

vy ='U+2(1 — o )yk — 6yA%K” . (5.39)

Laurie et al. [55] derived a local nonlinear equation (LNE) from the Biot-Savart law,
which was proposed as a simple model for the motion of Kelvin waves. The LNE is simpler
than the fully nonlinear LIA, yet permits energy exchange between Kelvin waves, unlike the

linearized LIA. The LNE of Laurie et al. [55] reads

0 1 -

Here 4 = k/(4m) > 0 (k is the quantum of velocity circulation) and A > 0 scales as the
natural logarithm of the mean intervortex distance over the vortex core radius. Nonlinearity
in this equation is responsible for the energy transfer among the Kelvin wave modes. Making
the change of variable ®(z,t) = (4A/5)"4¥(x,t), and letting v = 4A, we obtain the scaled
equation

i+ (1= [@4]") Pyp = 0. (5.41)
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Assuming a helical solution, w = vk? (1 — A*k*). Like in the case of the cubic approximation
to the LIA, the angular frequency is unbounded for the helix solution to the LNE. However,
like in the case of the full nonlinear LIA, there exists a maximum value of w (beyond this
value, w decays to —oo). The phase velocity is v, = vk (1 — A*k*), while the group velocity
is v, = 27k (1 — 3A**). Setting the group velocity to zero, we find that w attains a unique
maximum value at k* = 37Y/4/A, which is approximately half the value of k&* found for the
fully nonlinear LIA. Thus, while the LNE picks up the qualitative maximum, the quantitative

agreement is quite off.

5.2.4 Rotating planar filaments

For small-amplitude space-periodic planar vortex filaments, we shall now show that the LNE

(5.41) provides an accurate approximation.

Consider the stationary solution

(z,t) = Ae "g(x), (5.42)

for real-valued ¢(z), which describes a distinct structure from that of the helical Kelvin
waves discussed above: namely, it gives a rotating planar vortex filament; see Fig. 5.11
for the problem geometry. In particular, from the form of the time-dependence, Eq. (5.42)

describes a rotating planar vortex filament, which moves around the x-axis as time progresses.
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Figure 5.11: Schematic of the problem geometry for a planar vortex filament. The planar
vortex filament is oriented along the z-axis, with radius A and z-period T'(A). The angular
frequency, w = 7 (by assumption (5.42)) determined the motion of the vortex filament with

time. The temporal period is then 27 /.
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Both of the LIA models (5.33) and (5.19) do not permit real-fields ¢ due to the
appearance of « and o/, as previously discussed by Van Gorder [102]. Since the LNE was
derived differently than the LIA models, it can support such structures. With an assumption

(5.42), the planar vortex filament can be described in Cartesian coordinates as
r = xi, + Acos(yt)p(x)i, — Asin(yt)d(x)i, . (5.43)
Under the assumption of such a stationary solution (5.42), (5.41) gives

o+ (1-4'¢") 6" =0. (5.44)

Without loss of generality, consider ¢ normalized such that ¢(0) = 1, ¢/(0) = 0. A first
integral for (5.44) is then

4

o+ ¢ — %¢’6 —1. (5.45)
In order to have a helical solution of the form (5.42), we need ¢ to be periodic and continuous.
Then, there must exist some x € R at which ¢ = 0. At such a point, ¢'* — %4q5’ 6 — 1, which
is an algebraic equation for the derivative of ¢ at such a point. This condition is equivalent
to the existence of a positive root to %4#3 —pu+ 1 = 0, or, in transformed coordinates,
v — v+ é—% = 0. We find that a necessary and sufficient condition for the existence of
a positive root v > 0 is A < \/% Hence, A < \/m is a necessary condition for the

existence of a periodic solution ¢ for (5.44).

In order to directly solve (5.45), we would need to separate variables, which involves
solving a cubic for ¢'?, and then performing an integration over the positive branch. To

make matters worse, the integral cannot be evaluated in closed form (which is expected,
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from the non-integrability of the LNE (5.41); see [55]). We therefore bypass such an exact
method, and we instead seek a perturbation solution. Primitive perturbation theory does
not adequately capture the periodicity of the true solution, so we consider the method of

multiple scales. To do so, let us assume a solution of the form

o(x) = ¢(n, A*) = do(n) + A'n(n) + O(A%) (5.46)

where

n=0(AYr and J&(A*) =6+ A% + O(A%). (5.47)

Eq. (5.44) is then reduced to
&+ 0% (A")(1 — 6 (AYA' M)y = 0, (5.48)

which results in the terms

53(450)7777 + éo = 07
(5.49)

~ ~ ~

$0(0) = 1, (90)(0) = 0, do(n +27) = Go(n).

03 (41)mm + 01 = (58(950)2 - 25051> (60)m
(5.50)

$1(0) = 0, (61),(0) = 0, b1 (1 + 27) = 1 (n) ,

where the periodic condition is to ensure that the solutions are 27-periodic in 7 (and hence
27 /6(A%)-periodic in z). The periodicity requirement forces d, = 1, and thus the zeroth

order solution is found to be (1)) = cos(n).

Using this solution in Eq. (5.50), we have

. . 1 3 1
(D1)gy + 1 = (251 — g) cos(n) + 6 cos(3n) — 0 cos(5n) . (5.51)
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In order to remove secular contributions, we set d; = 1/16 so that §(A*) = 1+ A*/16+O(A®).

Then, using the initial conditions in (5.50), we obtain

) 1 3 1
S1(n) = % cos(1) — 155 €0s(3n) + 5o cos(on) (5.52)
= 33 510 (n) (5 — 2cos’(n)) cos(n).

From here, the perturbation solution reads

P(z) = {1+f—;sin2 ({Hf—g} x)

(5.53)
N ) A4 . A4
) all ).
X |5 cos + 6l* cos + 61~
The period T'(A) of the solution is then approximated as
T(A) ~2 1+A4 _1—2 STty T8 0(AR) (5.54)
ST T16) T TR T | '

Comparing the period T'(A) computed in Eq. (5.54) with an exact value is useful in deter-

mining the accuracy of the approximation (5.53). From Eq. (5.45), we find

¢I =V N(¢2 - 17 A)? (555>
where 23
44 {12A2g 4 JOATCE = 4}
) =
242 {12A2< 4 4y/9AICE 4}1/3

is the branch of the cubic ¢ + p — A*p3/3 = 1 giving real solutions for small A. Separating

(5.56)

n(¢, A

variables in (5.55) and integrating, we obtain

(5.57)

_ [ d€
—/(b V(e -1.4)
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Figure 5.12: Plot of the approximation (5.54) to the space period T'(A) of the planar vortex
filament given by the method of multiple scales. Also plotted are the exact numerical values
for T(A) that may be found by numerically integrating (5.44) in order to construct a solution.

Clearly, the multiple scales approximation is a very good fit for small-amplitude solutions.

Periodic solutions exist for A < 1/2/3 ~ 0.81649.
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Figure 5.13: Plot of the space periodic part of the planar vortex filament, for various values
of A. Solid lines denote the perturbation approximation (5.53) while the dashed lines de-
note numerical simulations via RKF45 method of numerical integration. We see remarkable
agreement for small amplitude solutions. For the large amplitude solutions, the numerics
and analytics begin to go out of phase for large x, due to the small error in the approximate

period (5.54) and the true period.
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Now, integrating over one quarter-period,

(5.58)

T(A) =4 / 1 de :
0o Vi€ —1,4)

The integral (5.58) is too complicated to evaluate exactly. However, it may certainly be
plotted numerically as a function of A. In Fig. 5.12, we plot the exact relation for the period
T(A) given in (5.58) along with the approximate value obtained by multiple scales analysis in
Eq. (5.54). As expected, for small A, the agreement between the approximate solution and
the exact relation is good. With this, we have enough information to accurately determine
the motion of a planar vortex filament. In Fig. 5.13, we plot the planar part (¢(z)) of such
a vortex filament, for various values of A. To recover the three-dimensional structure, one

would use ¢ in (5.43) to recover a structure like that shown in Fig. 5.11.

We have demonstrated that the LNE permits a planar vortex filament solution of the
Hasimoto type, in addition to the class of helical vortex filaments presented in the previous

section.

5.2.5 Discussion

Under the assumption of a helical vortex filament, we have determined the dispersion rela-
tions describing the motion of this helical vortex filament in superfluid *He under the fully
nonlinear form of the LIA (which is the most true form of the LIA to the Biot-Savart formu-

lation) corresponding to the Hall and Vinen [39, 40] formulation. With this we have been
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able to determine the phase and group velocities, effectively classifying all possible motions
of a helical vortex filament under the LIA. Our results include the effect of both superfluid
friction parameters, as well as normal fluid velocity, along the lines of the Hall and Vinen

(39, 40] framework.

The helical vortex filaments are free of o (yet depend on ') due to the orientation
of the filaments. However, as we’ve shown, there is a qualitative disconnect between the
a =0 and « # 0 solutions. This is in agreement with a finding of Shivamoggi [85], where
in the case of a Hasimoto-type 2D planar vortex solution[41], “the friction term associated
with o appears again to be able to change the vortex motion aspects in a qualitative way.”
The o« = 0 (zero temperature limit) has already been considered by Sonin [89]. While o/
enters into the helix solution explicitly, its effects are relatively minor. In the a # 0 and
o — 0 limit, we have w = U%*yY/2E5* and for small non-zero o we simply have a linear

perturbation of this quantity.

There are two sensible reductions of the fully nonlinear form of the LIA:
(i) an integrable cubic reduction preserving lowest order nonlinearity [85];

(ii) a non-integrable quintic reduction useful for studying Kelvin wave interactions [55].

For sake of comparison with the fully nonlinear LIA, we may determine the dispersion
relations (and other associated quantities) for these two reduced models. The three models
considered become exactly comparable in the limit a = o/ = U = 0, which corresponds to the
standard LIA. For small values of the wave number k£ the agreement between the angular

frequency, phase velocity, and group velocity all agree qualitatively in the case of helical
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Kelvin waves. However, for the cubic approximating model, there is a fixed wave number
k = U/~, while for the other models there is a continuous spectrum. For large values of the
wave number k, both approximating models break down, as they fail to capture enough of
the nonlinearity governing the vortex filament motion. For the two approximating models,
the angular frequency becomes unbounded for large £ in the v = 0 degenerate case, while
the fully nonlinear LIA (5.19) ensures bounded angular frequency for all &k in the degenerate
case. For very small k, the cubic approximation to the LIA is the best fit. However,
for intermediate k, the angular frequency from the local nonlinear equation produces the
qualitative peak observed in the full nonlinear LIA (5.19). Hence there is utility in each
model, though one must be mindful of the parameter regimes for which each simplified

model is used.

In summary, some qualitative results are:

e the fully nonlinear LIA demonstrates that the amplitude A of a helical wave is strongly

related to the wave number k;

e the approximating models lose the dependent of the amplitude A on the wave number

k;

e the cubic approximation is valid for the unique wave number k = U/~, while the fully

nonlinear LIA is valid for an unbounded continuous spectra of wave numbers k;

e in the £k — 0, U — 0 limit, the full and approximating models are in qualitative

agreement, while for k& — oo, only the fully nonlinear model is physically consistent;
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e the amplitude of a helical wave under the fully nomlinear model is always bounded,

and assumes a maximal value of A, . = % at wave number ky =

16U
9y

Rotating planar Kelvin waves have also been shown to exist for the LNE, and explicit
perturbation solutions have been developed for the small amplitude regime. This formulation
is much simpler than that given previously for the fully nonlinear LIA[102]. In particular, by
considering a multiple scales analysis, we have been able to accurately construct perturbation
solutions for these planar vortex filaments. Using the results, we can determine the nonlinear
dependence of the spatial period of such planar filaments on their amplitude. In the a;, o/ —
0 regime (i.e., the low-temperature regime), we have therefore obtained accurate planar
filaments. Unlike the helical filaments, the planar filaments lie on a plane which rotates

about the z-axis, along the same lines as the Hasimoto filament which was related to elastica

[41].

5.3 Self-similar vortex dynamics in superfluid *‘He under the

Cartesian representation of the quantum LIA

We determine conditions under which the fully nonlinear form of the local induction ap-
proximation (LIA) governing the motion of a vortex filament in superfluid *He (that is, the
Hall-Vinen model) in the Cartesian frame of reference permits the existence of self-similar

solutions, even in the presence of superfluid friction parameters. Writing the Cartesian Hall-

190



Vinen LIA in potential form for the motion of a vortex filament, we find that a necessary
condition for self-similarity is that the normal-fluid component vanishes (which makes sense
in the low temperature limit), and we reduce the potential form of the Hall-Vinen LIA to
a complex nonlinear ordinary differential equation governing the behavior of a similarity
solution. In the limit where superfluid friction parameters are negligible, we provide some
analytical and asymptotic results for various regimes. While such analytical results are useful
for determining the qualitative behavior of the vortex filament in the limit where superfluid
friction parameters vanish, numerical simulations are needed to determine the true behavior
of the filaments in the case of non-zero superfluid friction parameters. While the superfluid
friction parameters are small, the numerical results demonstrate that the influence of the su-
perfluid friction parameters on the self-similar vortex structures can be strong. We classify
two types of filaments from the numerical results: singular filaments (which demonstrate
growing oscillations and hold kink-type solutions as a special case) and bounded filaments
(whose behavior is a bounded function of x). We also comment on how to include the
case where there is a non-zero normal fluid, and we find a transformation of the self-similar
solutions into non-similar solutions that can account for this. The results considered here
on self-similar vortex dynamics under the potential form of the quantum LIA were first

published in Van Gorder [107].
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5.3.1 Background

We shall demonstrate that self-similar solutions exist to the vortex filament problem (2.12)
for superfluid *He, even in the presence of superfluid friction parameters, under the Hall-
Vinen model in the natural Cartesian coordinate frame (hereafter referred to as the Cartesian
form of the LIA, or the extrinsic coordinate model). We shall then explore various properties
of these vortex filament solutions. Previously, Lipniacki [56, 57] demonstrated self-similarity
for a version of the corresponding local induction equation where the dependent quantities
were curvature and torsion (this is the classical intrinsic coordinate frame). In both studies,
the normal fluid flow was taken to be zero, and the influence of the superfluid parameters on
the curvature and torsion was studied. Thus, while self-similar solutions have been shown for
the intrinsic coordinate system with curvature and torsion, self-similar solution have not been
considered for the extrinsic Cartesian form of the LIA. Such solutions for the extrinsic form
of the LIA would be useful, since the extrinsic frame of reference corresponds directly to the
physical geometry of the problem in Cartesian coordinates. For a mathematical treatment
of similarity solutions in the curvature-torsion reference frame, see [38]. The case studied
therein was for the standard fluid model, corresponding to the a, @ — 0 limit. Additionally,
note that the o, @’ — 0 limit corresponds to the zero temperature limit. Svistunov explored

this case in [92], and proposed a model in Cartesian coordinates.

We obtain the potential form of the Hall-Vinen model and reduce it, through an

appropriate similarity transformation, into a complex-valued ordinary differential equation
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with appropriate choice of similarity variable. To do so, we must assume that the normal
fluid velocity is zero, as way done by Lipniacki [56, 57] in the curvature-torsion frame. In the
case of very small superfluid friction, the parameters o and o’ drop out, and we may obtain
some analytical results corresponding to the temperature zero limit. These results allow us to
understand the qualitative features of some of the interesting solutions, and are highlighted
next in this section. Most interesting are the small amplitude solutions (which measure small
deviations of the vortex filament from its central axis of rotation) and asymptotic solutions,
valid for large values of the similarity variable. We then obtain numerical solutions for the
self-similar solutions in the presence of the superfluid friction parameters o and o’. These
solutions display a strong sensitivity to both initial conditions and the superfluid friction
parameters. These solutions are classified as either singular or non-singular, depending on
their behavior as time goes to infinity. The singular solutions can be used to construct vortex
filament kinks, while the non-singular solutions can exhibit more exotic behavior. Finally,
we discuss various aspects of the solutions obtained. We also discuss why it is necessary to

set the normal fluid velocity to zero for the self-similar filament solutions.
We shall again use the potential form of the quantum LIA

od'Ui®, ayi®,,
(L4 (022 (14 |D,[?)?

(1+a)yPy,
(1+ |@,[2)3/2

i®, + —aU®, + =0. (5.59)

In the general, the nonlinear equation (5.59) does not admit a self-similar solution
as may be verified; we revisit this point later in the discussions). However, in the slightl
Y y

less general case of U = 0, we have a similarity solution. While this may seem excessively
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restricting, note that superfluid turbulence in the absence of a normal-fluid component is
still of physical relevance [5]. It has been shown that bundle reconnections are possible (at
temperature 1.65K) in the case where the normal fluid velocity is zero [3]. Actually, the
U = 0 limit corresponds to the low temperature limit, where there is physically little or no
normal fluid influence [117]. Later, we shall discuss a way by which we may include the case
of non-zero normal fluid velocity. To do so, we will transform the self-similar solution into a

new solution, which breaks the self-similarity at larger time scales.

To see this, we introduce what can be verified as being a unique (up to multiplicative

scaling) similarity transformation

O(x,t) =/ytf(n)  where n= (5.60)

=
~

Despite the reduction U = 0, this solution still takes into account the superfluid friction
parameters o and o/, and hence is still of relevance. Invoking the similarity transformation

(5.60), we obtain from (5.59) the ordinary differential equation

) 1+a o
Z(f=nf — 3 =0, 5.61
i ((1+|f’!2)3/2 (1+|f’|2)2) d (561

where prime denotes differentiation with respect to 7. Next, writing f(n) in the form

f(n) = R(n) exp (i0(n)) , (5.62)

we obtain the coupled system

R" — RO™ RO" —2R'®’
3/2 +a 2 2 2
(1+ R?©” + R?) (1+ R?0” + R?)

gR@/ +(1+d) ~0, (5.63)
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RO" —2R'©®' R" — RO

R—nR)+ (1+d -
( nR') + ( )(1 | R2O? +ng)sﬂ (1 + R2072 4+ R/2)2

=0. (5.64)

N —

For space-time variables (z,t), solutions can be plotted in the Cartesian reference

frame r = (z,y, z) given by

et () oo () () o () o

5.3.2 Analytical properties in the o, o’ — 0 limit

The behavior of solutions to the standard and superfluid models are qualitatively similar,
with quantitative differences arising from the inclusion of the superfluid friction parameters.
To recover the standard fluid case, we set & = o/ = 0 in (5.63)-(5.64) to obtain

R" — RO” 1 RO" — 2R'©
"rRe + =0, =(R—nR)+ - =0. (5.66)
2 (1+ R2” + R?)" 2 (14 R20” + R?)?

Since the standard and superfluid solutions are qualitatively similar (since the derivative
NLS equation arising from the superfluid case is a type of structural perturbation of the
derivative NLS equation arising from the standard fluid case), and since the standard fluid
equations are amenable to analysis, we shall consider analytical properties of self-similar

solutions governed by (5.66).

We should note that self-similar solutions in the case where U = 0 have been studied
previously. Lipniacki [56, 57] has studied such self-similar solutions in the intrinsic formu-
lation of the LIA (the curvature-torsion frame). Svistunov [92] obtained a formulation for

Cartesian frame in the temperature zero limit, corresponding to the «, o’ — 0 limit.
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5.3.3 Constant phase solution yielding a linear filament

In the special case where the phase is constant, say ©(n) = O, we obtain the equations
R” =0 and R — nR' = 0. These equations are satisfied only for R(n) = Cn, where C' is an

arbitrary scaling constant. As such, we recover
f(T]) = CeZ@O?] = (Cl + ’iCQ)T], (567)

for appropriate real-valued constants C; and Cy. Mapping back to ®(x,t), we have

T

(I)({L‘,t) = \/%(Cl + ZCQ)W

= (C) +iCy)z, (5.68)

hence y(x,t) = Ciz and z(z,t) = Cyx. With this, we have shown that any constant phase
solution must be linear in 2 and constant in ¢. Note that this case corresponds to R(0) = 0.

Physically, this solution corresponds to the unperturbed line filament r = (x, Cix, cox).

5.3.4 Non-constant phase as a function of amplitude

From the form of (5.66), it is clear that the phase © and amplitude R of a solution (5.62)

are strongly coupled. From (5.66), we find

1RO 1 _ L(R-yR) 5.9
R" — RO? - (1 + R202 + R’2)3/2 T RO’ — 2RO :

Note that the middle term in (5.69) is always negative and finite (for any real-valued R and

©), and hence so are the left and right terms. Setting the left and right hand sides equal,
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and then manipulating the resulting equation (including multiplying the final expression by

2n), we have

2m?R*0'0" — 6°RR'O"” + 2nR*0"> = 2n(R — nR)R" . (5.70)

Observe that the left hand side of (5.70) is nearly a total derivative. Indeed, we find that

(5.70) is equivalent to

d 22 _ N I
R dn{ ©”R- }_2n(R—nR)R . (5.71)

Cross multiplying and integrating, we obtain

PO RS / 20 gg’)@)}%"(s) i (5.72)

Solving equation (5.72) for ©'* gives

2 R°(n) ["26(R(E) —ER(E))R"(E)
o= /O e e | (5.73)

which is an exact relation for the change of the phase © (in 7) as a function of the amplitude

R and its derivatives. We then have the local representation

_ 526 (R(Q) — CR(C))R(¢)
@(n)_@0+/ &)dé = 0 + / \/ 0 dcde.  (5.74)

For small 1, we write R(n) = R(0) + R'(0)n + ( ==n?+0(n (5.74) becomes

52<°R//( R” R//
@0+/\/52 0 R0) ) dcd - @0+/,/ ) g — O+ | ot (5:75)

Since this holds true in the small-n regime, it is clear, then, that

R//(O)
R(0) -

Q'(0) = (5.76)
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Hence the initial data R”(0), R(0) and ©’(0) are closely related. In particular, when R(0) # 0,
this relation allows us to determine R”(0) in terms of R(0) and ©’(0) alone. While this follows
from (5.75), it could have also been obtained from setting n = 0 in equation (5.66). As such,
we see that the local solution (5.74) is consistent with the system (5.66). Likewise, from
(5.66), we can determine ©”(0) as

©'(0)R'(0)
R(0)

3/2

0"(0) = 2 —2(1+ R(0)*0'(0)* + R'(0)*)™", (5.77)

and making use of (5.76), we see that ©”(0) can be completely described in terms of R and
its derivative at n = 0, to wit:

R'(0)/1"(0)/R(0)
R(0)

3/2

0"(0) =2 (5.78)

—2(1+ R(0)R"(0) + R'(0)?)

Therefore, we can completely determine the curvature of a filament at the origin n = 0 in

terms of the initial data R(0), R'(0), ©(0), and ©(0).

5.3.5 Constant modulus solution R(n) = R,

Let us now consider the case where f(n) = Ryexp(i©(n)), a constant modulus solution to
(5.61). (Of course, we pick Ry > 0 to avoid the zero solution.) Equation (5.70) then reduces

to

2n(ne®" +0") =0, (5.79)

which admits a solution

O(n) = 6y + Cln(|n|) (5.80)
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for n # 0. So, a constant amplitude solution f takes the form
f(n) = Roexp(i©g + iC'In(|n])) = Ry cos(Og + C'ln(|n])) + iRy sin(6Oy + C'ln(|n])). (5.81)

The R(n) = Ry solution then corresponds to a filament of the form

r= (m, Ro+/yt cos (90 +C'ln

) , Ro\/7t sin (@0 + C'ln

# ) e

5.3.6 Small oscillation solutions

The obtained self-similar solution f(7) scales as a linear function of 7 for large . About this
linear function appear oscillations, and in the present section we shall attempt to describe

this behavior analytically. Let us assume a solution of the form

f(n) =qn+ Ag(n), (5.83)

where ¢ is the coefficient of the linear dominating term for |n| — oo, g(n) is the function
holding the deviations from this linear function (in particular, the oscillations), and A the
the maximal magnitude of the deviations. As seen in the numerical simulations, the devia-
tions are small. So, it make quantitative sense to consider A as a perturbation parameter.

Assuming a solution of the form

g(n) = go(n) + Agi(n) + O(4?), (5.84)
we find

! ! 1 =0 5.85

§(go—ﬁgo)+m% =0, (5.85)
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i

2

1 3
_ / /I: * 1 586
(91 —ngh) + T 2(1+q)5/2<90+90)907 (5.86)

To solve (5.85), let us make the substitution G(n) = go(n) — ng4(n), which reduces (5.85) to
1
&) = L1+ " nGn). (5.57)

hence
1
Gl =exp (30 0P +ar) (5.59)

Then G(n) = go(n) — ngy(n) yields the solution

1 i
go(n) = c1n + can g o (1(1 + Q)3/2§2) d§
. . (5.89)
=S¢ — czﬂﬁerﬁ ﬁ(l L) = Zexp (L2 by
2 2 n 4
Since we want only the oscillatory contribution as n — oo, we compute the asymptotics
V=
go(n) = (01 + 5 G2 )7
. . (5.90)
L 32,2 ] _ 34y, 4 22 1 1
—i—exp(4(1+q) 77){ (1+(1+Q) )62+(1+q)9/4772+0 n :
Picking ¢; = —+/—imcy/2, we remove the linear growth term. The constant ¢, becomes a

scaling, so we take co = 2/vimé(q) (where ¢(q) is a scaling factor) to simplify the resulting

expression, obtaining

90(n) = é(q) {Z — erfi (V;(l + q)3/4n> } n— é(Q)\/g(l — i) exp (%(1 - CI)3/2712) . (5.91)

Observe that the linear growth rate, ¢, of these solutions strongly influences the manner of
oscillation. Picking ¢é(q) appropriately, the function go(n) has maximal modulus equal to

unity.
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Figure 5.14: Plot of small-amplitude solutions (5.93) corresponding to (4.13) over space
x € [0,15] given (a) t = 0.1, (b) t = 1, and (c¢) t = 10. We fix 7 = 1; changes in v would
simply manifest as a dilation of the temporal variable ¢, thereby altering (up to a scale) the

temporal variation shown in (a) - (c).

201



Using this perturbation result, up to order O(A?) we have that the vortex filament is

described by

r = (z,v/~t Re go(n), v/t Tm go(n))

=(1,Re ¢,Im q)z + (O,Re 9o <\/%) , Imgo (%)) AVt + O(A?%).

In order to get a better feeling for the oscillations, let us take ¢ = 0 to remove the linear

(5.92)

trend. Then we obtain

r= (2, AVAtRe go [ —— ), AVt Im go [ —— ) | + O(4?). (5.93)
Vit Vit

Taking ¢ = 0, we see that |go(n)| < |g0(0)] for all > 0. So, to normalize our expression, we

take ¢(0) = 1/go(0) = v/27(1 +i)/4. Then

go(n) = @ {l — erfi (g(l + C])3/477> } 1 — exp (%(1 + 61)3/2772) (5.94)

and go(n) has maximum modulus equal to unity on n > 0. Replacing n = x//7t, we can
plot the similarity solution (5.93), and we do so in Fig. 5.14. Note that we have scaled the
solution so that A = 1 in the latter two components, since we are only interested in the

qualitative shape of the vortex filament at this juncture.

5.3.7 Asymptotic solution for large n

1

Let us consider the asymptotics for the singular solution. We substitute R(n) = n~'r(n), and

keeping highest order contributions in (5.66) n (that is, we discard terms of order O(n~?))
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we find

'+ gr@ —r0% =0 and rO" - (g + 2@') r'+r=0. (5.95)

Defining ¢ = r'/r and £ = ©’, we have the coupled system of first order differential equations

g'+g2+(g—g>g:0 and € —206— 2 +1=0. (5.96)

We find the solution ((n) = 1/n and &(n) = n/2. Then, r(n) = ron so R(n) = 1o, a constant.
Meanwhile, ©(n) = Oy + 1%/4. So, in the large 7 limit, we have f(n) = 7o' exp(in?®/4).
Picking Oy = 0, we have f(n) = rycos(n?/4) + irgsin(n?/4). The solution in the large n

regime is then given as

£ = (AT (m) 7oA sin (ff_)) | (5.97)

4t
Note that this solution is in complete agreement with the complex exponential term which
gives oscillations to the small-amplitude solution (5.94). This makes complete sense for the
present case, as the solutions tend toward pure oscillations for large magnitudes |n|. Hence
this asymptotic result agrees completely with the large n limit of the small-amplitude case
when the linear trend is removed. We shall see that this also agrees with the numerical

solutions presented in the following section.

5.3.8 Numerical simulations

At this point, we solve the transformed version of the LIA (5.63)-(5.64). Instead of using

(5.65), however, note that if we consider the transformed coordinate system (7, 7) in place
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of (x,t), where 7 is the similarity variable and 7 is the transformed time 7 = /9 (under

which n reads n = z/7), we have the simpler expression

r = (1, R(n) cos ©(n), R(n) sin ©(n)) (5.98)

where T = r/7 is the time-normalized position vector. Thus, through a numerical simulation
of solutions R(n) and ©(n) to (5.63)-(5.64), we can recover the vortex structure r for the
superfluid “He case (and, if need be, convert the results back to the original coordinates
(x,t)). We shall therefore obtain numerical solutions to (5.63)-(5.64) and plot them in the

natural coordinates (5.98).
The influence of the superfluid friction parameters o and o’ will be of most inter-

est, since these were excluded from the analytical results. Although the superfluid friction

parameters are small, as we shall demonstrate, they are certainly not negligible.

Before we begin, let us take a look at the linearized system. We find that (5.63)-(5.64)

has a linearized form

1+ o aR R"
+M(R,R',0,0") =0, (5.99)
—a 1+aR| |O"

where M is a vector with entries consisting of R, R',© and ©'. We see that

1+a  aR
det =[®+ (1 + )R, (5.100)
—a l1+4+aR
so the system is non-degenerate for all & and o, provided that R # 0. If, however, R = 0 (for

instance, if we invoke the initial condition R(0) = 0), then the linearized system (5.99) for the
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nonlinear system (5.63)-(5.64) becomes degenerate. This must be taken into consideration
as we proceed, when we desire solutions satisfying R(0) = 0, as this condition is needed for

the non-singular solutions.

5.3.9 Singular solutions R(0) > 0

The first order of business is calibrating initial conditions. We should take R(0) > 0 for
singular solutions, but the remaining three condition can be selected somewhat arbitrarily.
We therefore take R(0) = 1 for the singular solutions, so that solutions become singular in

the ¢ — oo limit.

In Fig. 5.15, we provide solutions which oscillate for small  and in the limit n — +o0
tend toward a line. The solutions satisfy R'(0) = ©/(0) = 0 and ©(0) = 2. These are kink-
solutions: at n = 0 they alter their position (turning in the reverse direction). Note that the
solutions are very sensitive to the superfluid friction parameters. Both the (o, a’) = (0,0)
and (a, ) = (0.005,0.003) cases give rapid oscillations near the origin, yet they diverge from
one another, with the filaments ending up with drastically different orientations. Meanwhile,
for the (a,a’) = (0.073,0.018) case, the solutions oscillate far less rapidly and the vortex
filament rapidly diverges from the other two cases. Note that, in the small «, o’ limit, the
numerical results agree well with the analytical formula (5.75). In particular, note that for
small 7, the phase is accurately approximated by (5.75). On the other hand, in the large 7

case, the numerical solutions agree well with the asymptotic formula (5.97).
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Figure 5.15: Plot of singular self-similar solutions r for (5.63)-(5.64). The red (lower) solution
denotes (a, a’) = (0,0), the blue (middle) solution denotes («, o) = (0.005,0.003), and the
green (upper) solution denotes (o, a’) = (0.073,0.018). Here R(0) = 1, R'(0) = ©’(0) = 0,

0(0) = 2.
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Figure 5.16:

Plot of self-similar solutions R(n) and O(n) for (5.63)-(5.64) given (a)

(a,a) = (0,0), (b) (o,c) = (0.005,0.003), and (c¢) (a,’) = (0.073,0.018). When the

superfluid friction parameters are zero, the solution R(n) oscillates about a fixed point. Yet,

with the addition as even small superfluid friction parameters, the solution R — oo as

In| = oco. Here R(0) =1, R'(0) = ©'(0) =0, ©(0) = 2.
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The difference in these three vortex filaments lies in the behavior of R(n). To demon-
strate this, we plot R(n) and ©(n) in Fig. 5.16, for each parameter set in Fig. 5.15. Again,
we see the small 7 agreement with the formula (5.75) and the large 1 agreement with the
asymptotic formula (5.97). Compare these solutions with Figs. 3-4 of [56], where relatively
large values of the superfluid friction parameters were taken. For large values of «, the oscil-
lations along the mean curve die off, leaving a V-shaped filament. As « is made progressively
closer to zero, the oscillations increase in frequency, yielding the behavior we see in Fig. 5.15.
In the curvature-torsion model studied by Lipniacki, the filament becomes more wavy as «

is decreased toward zero.

5.3.10 Non-singular solutions R(0) =0

For the non-singular solutions, we require R(0) = 0 so that lim; . [v/7Lf(z//71)] < 0.
That is, so that ||(y(x,t),z(z,t))|]] < co as t — oo. As shown previously, the linearized
system (5.99) is degenerate at R = 0, which will naturally complicate the numerical solution
for the non-singular case since the needed initial condition results in such a degeneracy. To
get around this, we introduce a slight perturbation 0 < € << 1 so that R(0) = e. This will
permit us to approximate the non-singular vortex filament. We find that taking e = 1073
will suffice; for € < 1073, we notice no qualitative difference in the solutions. The other
initial conditions are again taken to be R'(0) = ©’(0) = 0 and ©(0) = 2, which provides us

with symmetric solutions.
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Figure 5.17: Plot of non-singular self-similar solutions r for (5.63)-(5.64) given (a)
(o, ) = (0,0), (b) (a,a’) = (0.005,0.003), and (c¢) (a,a’) = (0.073,0.018). Here
R(0) =e=1073, R'(0) = ©’(0) = 0, ©(0) = 2. Taking ¢ = 1072 is sufficient to numerically

approximate the non-singular vortex filament solution.
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In Fig. 5.17, we plot the non-singular solutions for various values of the superfluid
friction parameters. Note that these solutions appear similar to those in Fig. 5 of Lipniacki
[56]. The plots of Lipniacki appear more well-behaved, since a = 1 is taken. Since « scales
positively with temperature, this large value of a corresponds to warmer temperatures.
Indeed, we see that for small o << 1, the behavior of the solutions for the Cartesian model

similar: the solutions are bounded, and appear to have two attractive regions.

5.3.11 Discussion

After a series of reasonable assumptions and transformations, we have reduced the fully non-
linear local induction approximation (2.12) for the motion of a vortex filament in superfluid

“He derived in [102] to an ordinary differential equation of the form

i 14+ad Q@
Z(f=nf — 3 =0, 5.101
9 (f —=nf)+ ((1 n ’f”2)3/2 (1+ |f’|2)2) f ( )

where n = x/\/~t is a similarity variable. The vortex filament in the Cartesian frame is then
given by

r = (z,v/7t Re f(n),v~t Im f(n)) . (5.102)

From this formulation of the self-similar solution, we have been able to study various prop-
erties of the resulting vortex filament. Analytical solutions have been considered for the
a,a’ — 0 regime, which is the limit under which the superfluid model reduces to the stan-

dard fluid model. In this case, we have been able to study the filament solutions in a
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qualitative manner. Of course, in order to determine the influence of superfluid friction
parameters on the self-similar solutions, we need to consider numerical simulations. These
simulations demonstrate the existence of two classes of solutions, depending on whether the
solution is singular or not. (A singular solution is one in which f(0) # 0, since this implies

that the limit /¢ f(x/y/7t) is unbounded as t — 00).

The results corresponding to the a,a’ — 0 limit were considered, and effectively
describe self-similar solutions to the Cartesian form of the LIA for a standard fluid. This
model was previously considered in [98, 99] where planar and helical vortex filaments were
obtained by Van Gorder. The self-similar solutions obtained here are distinct from those
solutions. We were able to determine that solutions grow linearly in 7, the similarity variable.
The solutions are shown to oscillate about a linear curve of the form s = (n, An, Bn).
Note that s is the form of a constant-phase solution (©(n) = Oy). For the non-constant
phase solutions, an elegant representation for the phase ©(n) has been given in terms of the

amplitude R(n):

] 6 3 _ / 1"
o0 —n+ | \/Rg(f) [ 2A(R(Q) R%(O)R (© geae. (5.103)

In this case, we also find that the boundary data is related like ©'(0) = 1/ R"(0)/R(0).

The case of small-amplitude oscillations was considered perturbatively, and an ana-
lytic form of the oscillations (with the linear trend removed) was given to order O(A), where

A is the bound on the amplitude of the oscillations. We prove that the oscillations should
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go as
)
exp <4_L(1 + q)3/2772> (5.104)

once the linear trend is removed. While this analytic form of the oscillations was given in
the a,a’ — 0 limit, it agrees completely with what we see in the numerics for the o # 0,

o/ # 0 case.

In order to better understand this behavior, we consider an asymptotic approximation
of the solution in the  — 400 limit. The resulting asymptotic solutions (with linear trend

removed) take the form

2 2
r= (x,ro\/%cos (4x_t> ,Tov/ Yt sin (x_)) : (5.105)
fy

4t
which is in complete agreement with the O(A) perturbation result.

While our numerical study is far from exhaustive, we have shown that the solution to
the system (5.63)-(5.64) is very sensitive to the values of the superfluid friction parameters
a and o/. Furthermore, in the case of singular solutions (those solutions with R(n) > 0 as
n — 07, the normalized filament tends infinitely far from the origin as n — +o0o. In other
words, ||t|| = oo as n — too for the singular solutions. For the non-singular solutions (those
solutions with R — 0 as n — 07), we observe that |[(y(z,t),2(x,t))| < 0o as n — +oo.

Hence, the non-singular solutions are bounded for all 7.

We thus recover singular solutions, which grow as x becomes large, when f(0) # 0.
Kink-type solutions fall within this class [57]. Such solutions are strongly influenced by the

values of the superfluid friction parameters. Even a small increase in the superfluid friction
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parameters can lead to a drastic increase in where the filament is positioned at large x. These
are the solutions which agree qualitatively well with the analytical solutions in the o,/ — 0
limit. The difference in parameteric values of a and ' influences orientation as r — 4oo
and in the frequency of oscillations. In particular, as a and o’ increase, the frequency of

oscillations diminishes, owing to the increased friction and hence energy loss.

On the other hand, we recover a second class of solutions when f(0) = 0. For any
fixed x, this class of solutions remains bounded for all time. These solutions are of small
magnitude, and exhibit more exotic forms of oscillations than do the singular solutions:
the solutions exhibit small oscillatory excitations at some small positive value of 7, before
decaying back down toward zero. Such solutions are effectively small excitations of the
solution r = (z,0,0). Note that when « and o' are sufficiently large (such as in the 7' = 1.5 K
case), these solutions appear very similar in form to a class of solutions obtained by Lipniacki
[57], though those solutions were obtained in a different manner than the solutions presented

here.

Note that, in principle, there exists a correspondence between the curvature-torsion
solutions and the Cartesian solutions discussed here. Going from the Cartesian frame to the
curvature-torsion frame is relatively straightforward, since the curvature and torsion along
an arclength element can be calculated directly in terms of the Cartesian solutions. Going
int he reverse direction is more complicated. There is an additional frame, the tangent-
arclength frame proposed by Umeki [96], which can be seen as a natural bridge between the

two. Mapping from the curvature-torsion frame into the tangent-arclength frame is more
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straightforward. Then, one may use the maps provided by Umeki to connect the tangent-
arclength frame solutions to Cartesian solutions. While the solutions are more complicated
for the case where superfluid friction is considered (as opposed to the standard LIA), the

transformations between the various coordinate frames are identical.

5.3.12 Remark on self-similarity in other frames of reference

Solutions also exist in the literature for the arclength form of the LIA; helical solutions were
previously obtained by Umeki [95]-[96] while planar vortex filaments were constructed by Van
Gorder [100]. We are not aware of any self-similar solutions to the arclength formulation of
the LIA for either a standard fluid or a superfluid. The arclength frame is one of two extrinsic
real space frames (the other being the Cartesian frame discussed here). In the intrinsic frame,
in particular the related torsion-curvature framework, Lipniacki [56]-[56] demonstrated the
existence of self-similar solutions in a superfluid formulation of the LIA (retaining one of
the superfluid friction parameters). As such, we find it likely that self-similar solutions are

possible for the arclength form of the LIA for a superfluid.

Note that, for the Cartesian frame, the similarity transform used for the superfluid
was the same as that used for the regular fluid: ®(z,t) = /vtf(n) with n = z/\/4t. Tt

makes sense, then, to determine whether the arclength form of the LIA for a standard fluid
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permits self-similar solutions. Recall [95, 100] that the LIA in the arclength frame reads

*,,2
v Vs

i 5.106
Tr (5.106)

1y + Vgg —

where * denotes complex conjugation, v(s,t) : R x (0,00) — C, s is the arclength and ¢
remains the time. The assumption v(s,t) = g() where 7 = s/4/t leads to a similarity
solution, which is governed by the equation

* 12

29°9° _
1+ g/?

oy "
2”9"’9

(5.107)

Hence, the curvature-torsion form of the LIA, the Cartesian form of the LIA, and the
arclength form of the LIA all share the same similarity transform, which is simply that of
the heat equation: 7 = x/v/t. The differences in the outer scaling factors (the #” factor in
the similarity solution ¥ f(n)) are dependent on the frame taken. Clearly, the appearance of

self-similar solutions, such as those presented here, are intrinsic to the LIA and completely

independent of the reference frame taken.

Owing to the rather simple representation for a planar filament in the arclength frame
[100] compared to the more complicated result for the Cartesian frame, it may be possible
that some vortex filaments in superfluid *He may be more succinctly described in an arclength
coordinate frame. The derivation of the Hall-Vinen model in the arclength frame will yield
a generalization of (5.106), which shall account for superfluid friction parameters. This will

be taken up in a subsequent work.
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5.3.13 Remark on the destruction of similarity by a normal flow impinging on

the vortex

We mentioned that the normal fluid velocity must be zero in order to permit self-similarity;
indeed, including terms with U®, would remove the possibility of similarity for any transform
O(xz,t) = t¥ f(xt?). Tt is natural, then, to wonder what effect a small perturbation in U (i.e.,
|U| << 1) would have on destroying similarity. Assuming a solution (5.60) for (5.59) with
U # 0, we find that (5.61) becomes

14+ o « o

§<f_nf)+((1+|f’!2)3/2_i(1+|f’|2)2>f R o R I
(5.108)

What this shows is that deviations from the self-similar solution, for even small yet fixed
normal fluid velocity U, will deviate as v/t due to the addition of non-zero normal flow.
Hence, the normal flow destroys the self-similarity. If we view the term with U\/4t as a
structural perturbation to equation (5.61), the perturbation grows with order O(t*/2) in t.
So, there is no reasonable way to view such a term as a small perturbation of the self-similar

solution for all time, and similarity is destroyed with the introduction of U # 0.

With all of that said, there is a way to obtain solutions to the U # 0 problem, and,
in fact, we can describe such solutions in terms of the similarity solutions already obtained
in previous sections. Consider the o« > 0 and o/ = 0 case (which is physically relevant and is
considered in a number of studies. Instead of assuming a purely self-similar solution, let us

consider a solution with a self-similar contribution that is allowed to drift in time. To that
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end, let us assume a solution

O(x,t) = VAIF(0) where o= % —dw(t) = n — iw(t). (5.100)

Here, the new variable o modifies the pure similarity variable n by adding a drift term w()

(which itself takes the form of a Wick rotation). Then, in the place of (5.108), we obtain

7 , 1 . « n o
5 (F—0oF")+ ((1 MT=ITE - Z(l n ]F’\2)2> F"=0, (5.110)

where prime denotes differentiation with respect to o, while w(t) satisfies

d
w+ 27td—qf —2aUAL=0. (5.111)
The drift term must then read
2aU
w(t) = t. 5.112
(t) TV ( )

Here, terms in the derivative ®; has cancelled the contribution of the form 2aU+/~{®,.
Note that (5.110) is simply (5.61) under the replacement f — F' and n — o. Hence, one

may use the solutions derived above in order to obtain solutions to F'(o).
We may use this new transformation to determine the asymptotic behavior of a so-
lution F(o). Assume that f(n) = roexp(in?/4) asymptotically. Then, F(o) = rqexp(ic?/4)

asymptotically, and hence ®(z,t) goes as

B, 1) ~ roy/T exp (Z [ v ﬂt]) exp (ﬂx> | (5.113)

Ayt (147)? 1+7
asymptotically. Due to the fact that ¢ is the addition of a pure similarity variable and a

Wick rotation of a scaling of time, the asymptotic properties of this solution differ in a subtle
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yet significant way from the U = 0 case considered before. While the oscillatory behavior
is still present in the asymptotic result, there is now a real-values exponential, which makes
the filament arbitrarily large as x — co. However, this is not inconsistent with the numerical
results, where for the singular filaments, taking 7 — oo yielded unbounded limits. Therefore,
the addition of U # 0 has not altered the qualitative properties of the asymptotic behavior
of the vortex filaments. However, it has modified the type of solution. Instead of pure self-
similar solutions which are quasi-static, we obtain filaments which drift and deform at a rate

depending on the strength of the normal fluid flow U.

The actual manner in which U influences the filament can be seen through two effects.
First, there is a modification to the local behavior, such as the types of waves or oscillations
which form along the vortex filament. Since there is now a term which scales as %t
influencing the oscillations, large time scales and small time scales have strong effects on the
manner of oscillations. Previously, only small time scales had significant effects. The second
effect is what we alluded to above. The manner of growth of the singular vortex filament
away from the center axis of rotation was of the order v/¢ in the U = 0 case. Now, with the

inclusion of U # 0, the growth rate is more accurately approximated by /~texp <%x>

Hence, there is now growth in space and time.

These modifications are completely consistent with what one might expect from
(5.108). Indeed, in the limit where ¢ << 1, the results obtained here are essentially the

same as for the U = 0 case. So, the influence of the normal fluid on a similarity solution is
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felt at larger times, and the similarity breaks down for those times. The manner in which

similarity is lost is best seen through the function F(o) ans its asymptotics.

5.3.14 Physical Implications

The solutions obtained (through both the asymptotic and the numerical results) are in
agreement with the studies by Lipniacki and Svistunov in the o, o’ — 0 limit. What we
have done here is show that self-similarity is still inherent in vortex solutions to the LIA,
even when superfluid friction parameters are included. Hence, the Hall-Vinen formulation of
vortex dynamics in superfluid *He admits self-similarity of solutions when there is no normal
flow impinging on the vortex. Such a normal flow disrupts the vortex. Even when solutions
do exist in the presence of normal flow impinging on the vortex, the resulting solutions do
not maintain self-similarity. In other words, the behavior of the vortex filament may vary
strongly with the size of the length scale. In the no normal fluid case, the self-similarity
inherent in the obtained solutions physically implies that the solutions exhibit the same

general behavior at arbitrary length scales.

While the addition of the superfluid friction parameters complicated the form of the
nonlinear PDE we must solve, including such terms is necessary, as we have seen from the
numerical simulations that such parameters strongly influence the vortex filament solutions.
Indeed, as was shown in Figures 2-4, rather drastic quantitative changes can appear given

seemingly minor increases in the superfluid friction parameters. Since the parameters scale
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positively with temperature, what we have really done here is demonstrate the influence
of temperature on the self-similar motion of a vortex filament in superfluid *He. As the
temperature increases, the singular filaments take on a sharp V-shape (a kink-shape) toward
the z axis. Furthermore, the waves or oscillations on these vortex filament solutions diminish
for larger temperatures. In a way, this is in qualitative agreement with the finding in [94]
that for multiple vortex filaments, the vortex tangle is smoother for positive temperatures
than for the zero temperature case. For the non-singular solutions which are always bounded
in distance from the axis of orientation, the solutions appear as excitations near the origin,
and then tend toward the line filament r = (z,0,0) for larger z. The form of these local

excitations depends strongly on the superfluid friction parameters.

Many of the numerical plots agree with the results for the curvature-torsion model
studied by Lipniacki. While many of the solutions are given for the “warm” case of a = 1
(recall that « scales positively with temperature), many qualitative features remain. The
singular solutions feature kinks near the origin. As the filament travels away from the origin
on either side, the filament will develop waves or oscillations, depending on the size of the
superfluid friction parameter . Indeed, as « increases, the waves or oscillations tend to
dissipate. On the other hand, the non-singular vortex filament solutions remain confined to

a bounded region.

Since the Hall-Vinen model is an extension of the LIA which includes superfluid ef-
fects, it is natural to question whether the solutions are reasonable approximations to the

non-local model governing the vortex filaments. This point was discussed by Lipniacki [56],
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and it was argued that for increasing spatial scales, the similarity solutions are reasonable,
whereas for decreasing spatial scales, the similarity solutions fail to be accurate representa-
tions of the true vortex filament motions, and nonlinear effects are needed. More accurate
solutions in the decreasing scale case can be obtained through the simulation of a generalized
Biot-Savart law which accounts for superfluid friction. The comments hold for the Cartesian

case, as well.

Since the LIA, and therefore the Hall-Vinen model, are approximations to the true
motion of vortex filaments, the degree to which these self-similar solutions approximate the
true solutions is worth considering. In cases where the filaments are not tightly coiled, vortex
filament interactions would involve local crossings. While the full Biot-Savart law is needed
to understand arbitrary crossings, simple crossing can be approximated locally for this basic
case. For more complicated filaments, such as those with many waves or oscillations, or those
featuring many loops (as is true of some of the non-singular vortex filaments), interactions

may occur at a number of places, so LIA will not be as useful an approximation.

As remarked before, a normal fluid impinging on the vortex filament will destroy
self-similarity. This does not mean that the solution is completely destroyed, only that
it is modified. Indeed, the solution may simply be perturbed by some quantity. If this
perturbation or excitation is small, it is likely that the solution can, more-or-less, maintain
its form, modified only by a perturbation term. This would make sense in the context of
the stability results of Banica and Vega [11], who consider the standard (o = o = 0) model

under the curvature-torsion frame and determine that the kink-type similarity solutions are
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indeed stable under sufficiently small perturbations. While the proof for the a > 0, o/ > 0
case has never been considered, it is reasonable that, under small enough perturbations and
small enough superfluid friction parameters, the solutions will remain robust. For very large
perturbations (i.e., large normal fluid velocity) the similarity solutions likely break down,

but this is also physically reasonable.

As addressed in the previous subsection, if we introduce a new variable o which shifts
the similarity variable by a function of time alone, then we can study the influence of a
normal fluid impinging on the solutions. What we find is that the similarity solutions are
transformed into functions of this new variable. The greatest differences occur for large
values of time, whereas for small time, the solutions are essentially the same as the purely
self-similar ones. For large time, the singular solutions exhibit a faster rate of growth away
from the central axis along which the vortex is aligned. These effects are only in the presence

of superfluid friction; when o — 0, we have ¢ — 7, and the normal fluid influence is nil.

In the small temperature limit (under 1K), the normal fluid effects are negligible, as
stated previously. It has been shown experimentally that the vortex lines are able to decay
under these conditions [25]. It was assumed that occasional vortex reconnection gives rise
to kinks on the vortex line. These kinks were considered as superpositions of Kelvin waves.
Kelvin waves can lose energy by emitting sound (phonons), hence the observed decay even in
the absence of friction effects due to the normal fluid. For future work, it may be interesting
to study the dynamics of Kelvin waves related to such filament kinks. In principle, these

might best be modeled as the superposition of solitons on the filament (with the solitons

222



representing decaying Kelvin waves), which makes sense in light of the fact that the standard
LIA is integrable. This also has possible topological implications for the propagation of
Kelvin waves along vortex filaments which demonstrate breakdown and reconnection. In
particular, such solutions would break the similarity observed here. However, such similarity
breaking would be of a distinct kind from that observed when U becomes non-negligible. In
such a case, the addition of a drift term is not likely to be sufficient, and a more involved

approach to representing such solutions would be required.

5.4 Quantum vortex dynamics under the tangent representation

of the LIA

We derive the Local Induction Approximation (LIA) for a quantum vortex filament in the
arclength coordinate frame where the tangent vector is the unknown function. The equation
for the tangent vector to the filament is then converted to a potential form, which ends
up being a type of nonlinear Schrodinger equation that governs the tangential LIA model
(T-LIA). Such a formulation was previously derived by Umeki for the standard fluid model
(in the absence of superfluid friction terms). While it is challenging to generalize many of
the exact solutions found for the standard LIA to the quantum LIA model, we demonstrate
that the T-LIA model actually facilitates this generalization nicely. Indeed, under the T-

LIA model, we are able to construct a variety of solutions. The Hasimoto solution related to
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elastica is one of the fundamental solutions present for the standard fluid model; however,
using the T-LIA model, we are able to demonstrate the existence of such a solution, thereby
extending the Hasimoto solution to the superfluid case. In the zero temperature limit, purely
self-similar solutions are shown to exist for the T-LIA model. As the superfluid warms (so
that the influence of the normal flow is no longer negligible), the analogue to the self-similar
solution is a new class of solutions, which depend on the similarity variable as well as a time-
dependent additive scaling. In other words, the self-similar structures gradually deform as
the magnitude of the normal fluid velocity increases, which makes complete physical sense.
When dealing with small deviations from the central axis of alignment, we can describe such
solutions analytically. There exists a family of helical vortex filaments in the presence of a
normal fluid impinging on the vortex, in complete agreement with the previously studied
results for the LIA model. Finally, a number of soliton solutions are shown to exist in different
regimes of the T-LIA model. The present results for the T-LIA model were considered in

Van Gorder [108].

Perhaps the most standard form of the LIA and quantum LIA models would be the
curvature-torsion form, which is one type of intrinsic form. A natural extrinsic form would be
the Cartesian form of these models (Boffetta [17]; Van Gorder [98]), which has the advantage
of yielding vortex filament solutions which are easily viewed geometrically. A less studied
form of the LIA was derived by Umeki [95], who put the LIA into a form strictly involving
the tangent vector to a filament. The resulting vector PDE admits a natural potential

form, resulting in a new type of nonlinear Schrodinger equation (where the space variable is
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arclength). One very natural benefit to such an approach was that certain solutions become

much easier to represent, with even closed form solutions possible (Umeki [96]; Van Gorder

100)).

Due to the fact that this formulation appears very natural for the LIA, it is reasonable
to apply such a tangent-arclength formulation to the quantum LIA model, and this shall be
our focus. We derive two explicit potential forms of this Tangent-LIA (T-LIA) model. We
consider the low temperature limit when the influence of U is negligible, and demonstrate the
existence and properties of two very fundamental solutions: planar filaments (along the lines
of the Hasimoto solution related to elastica) and self-similar structures. Then, we include
the effects of the normal fluid velocity U, and demonstrate the existence of helical and
soliton solutions, which are driven by the normal fluid velocity. In addition, we determine
the manner in which self-similar structures are disrupted under the inclusion of the normal
fluid impinging on the quantum vortex. So, the T-LIA model is shown to be useful for

understanding the qualitative structure of a variety of quantum LIA solutions.

5.4.1 Formulation including normal and binormal friction

In the low temperature limit, the influence of the normal fluid impinging on the filament is
often neglected, so we set U — 0, where U is the magnitude of the normal fluid velocity
U. This condition is vacuously satisfied when «, o’ — 0, and this limit corresponds to the

zero temperature limit. Svistunov [92] explored this case, and Boffetta et al. [17] proposed
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a model in Cartesian coordinates. Many studies on specific structures in the quantum LIA
model have taken the normal fluid velocity to zero, as it permits one to study such structures

without the influence of drift or other distorting effects on the filaments [5, 3, 117].

Setting U = 0, differentiating with respect to the arclength variable s, and performing

several vector manipulations, we have that the quantum LIA model (2.12) becomes

t =1t Xty — afty X (t X t,) —t X (t X tg)]
+a[ts X (£ X (X ts)) +t X (ts X (£ X b))+t x (tx(tXts))]
=t X tgs — af(|ts]? Ft-to)t — (t-to)t, — [t]7ts] — /[2(t - t)t X by + [t]*t X t,]

' g {t x t; — af(t - t,)t — [t[*t,] + /|t x t,}
s
(5.114)

t = % {(1—a/|t])t x ty — al(t-t)t — [6]*t,]} . (5.115)

We have also rescaled relevant quantities to remove the v factor. Forcing t to be a unit

tangent vector, the equation simplifies slightly to

t = % (1—a)t x ty —af(t-t)t —t,]} . (5.116)

This gives us a representation of the quantum LIA dynamics strictly in terms of the tangent
vector to the filament, t. Next, we introduce the potential function v € C, where for

t(t,x) = (t1(z, t), ta(z, 1), t3(x, t)) we set

2v 1P

ity = ——— ty= —
PR =TT BT T

(5.117)
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This v is the same potential function used by Umeki in the standard fluid (o = o/ = 0) case.

We obtain (scaling t — (1 — a')t)

202 4ovvt
L+ w2 1—|v*

202p*
1+ |v|?

~

— a1 Vg —

Wy + Vg — =0, (5.118)

where & = a/(1 — /). This formulation is a clear generalization of the Umeki formulation
of the standard LIA (Umeki 2010). Indeed, taking a, o/ — 0, we recover that model. It was

shown that the Umeki formulation admits several exact solutions (Umeki 2013).

We should note that while a plane wave of the form v(s,t) = Ae'#5=“ exists for the
standard LIA (even in the arclength form; see Umeki [96]), such a simple solution cannot
exist for the model (5.118). The reason for this discrepancy is that such a helical solution’s
development is fundamentally associated with the normal fluid velocity (Van Gorder [106]).
We shall then show that including a non-zero magnitude for the normal fluid velocity grants

us the existence of a family of helical filaments.

5.4.2 Perturbation of the planar filament due to superfluid friction terms

A planar vortex filament is one of the important general forms of a vortex filament which
can be given analytically and was studied in Chapter 2. For the arclength-tangent frame,
Van Gorder [100] obtained an exact solution in the case corresponding to a,a’ = 0. Here

the results shall be extended to the non-zero «, o/ regime.
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A planar filament in the Umeki formulation takes the form of a stationary state
v(s,t) = e ™'q(s). In Chapter 2, it was shown that an exact solution exists for the & = 0

case and takes the form

w
14+ A2

v(s,t) = e g, (s) = Ae ™" sn ( (s — s0), Ai) . (5.119)

If we assume a first order perturbation solution, we find that the order one correction is

purely complex, that is v(s,t) = e g, (s) + iaQ(s)], where Q(s) satisfies

— 4y w/ 2/2w
€009 _ ) 2o ds (5.120)

2q’2
1! w
W@+ QT 1+¢2 R

The first order correction due to & then takes the form

d¢d¢c.  (5.121)

— e [0 [€490(9%6 ()7 + wau()(L — qu(§)")
Q) = ~ate) [ e [ e )

The modified form of the planar vortex filament due to the superfluid friction parameters is
then

v(s, t) = e g, (s)

[P+ 0u(OP? [ 490(6)%¢ () + wau (O (1 — gu(§)Y)
XP WA MGE A 1+ @(©?P(1 — a(6)?)

dgd¢|
(5.122)

where ¢, (s) is the Jacobi sn function defined in (5.119).

Some notes are in order. The qualitative change in the planar filament is primarily
due to o and not o', and o is often neglected and set to zero in the literature. We see
from the planar vortex filament that the first order correction due to « is rather drastic,

highlighting the complications in extending the LIA to the superfluid case.
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As A goes to zero, note that the first order correction (5.121) does not diverge. The
inner integral scales as A, the outer integral gives a contribution of at worst order A2,
so performing both integrations we have a term of order at worst A~!. The factor g,(s)
outside of the integral gives another multiplicative factor of A, and this the first order
correction (5.121) is (at worst) of order O(1) as A tends toward zero. Actually performing
the integrations for the appropriately defined q,(s), we find that the correction should go as
order A. This makes sense, as the correction should tend toward zero as the unperturbed
parent term goes to zero. Another way to more easily see this is to consider (5.120) directly
when A is small. This gives w@ + Q" = A¢’(s) + O(A?). The correction can be shown to

then take the form

A . "
Q) = 2= / sin(v/ils — €)1 (€)de (5.123)

Physically, the inclusion of superfluid friction parameters disrupts the planar filament
in such a way that the resulting filament curves or bends so that it no longer lies on a plane.
Indeed, while the unperturbed filament lies along a plane described by (cos(t), sin(¢)) for any
t (the plane itself rotates), the stationary part of the perturbed solution is complex (with

non-trivial real and imaginary parts) which means that the solution no longer lies on a plane.

It is natural to wonder if such filaments are spectrally stable. The planar filament
in the standard fluid LIA is orbitally stable (as was shown in Chapter 3), however this
deformation of the planar filament is not simply a perturbed solution to the same nonlinear
Schrodinger equation. Rather, the entire governing equation is changed (for a > 0), so we

are dealing with a structural perturbation of the problem as well. Hence, the question of
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stability is not as simple as treating the solution (5.119) as a perturbation of (5.122). Rather,
such a stability analysis should be performed on general perturbations of solutions to (5.118)

directly.

5.4.3 Purely self-similar filament structures

Similarity solutions (solutions which maintain their form independent of scale) have been
considered for the curvature-torsion and Cartesian reference frames in the absence of a normal
fluid impinging on the filament. These results are reviewed in the previous section. Here we

shall consider self-similar solution to the T-LIA model.

Let us take the similarity variable = s/+/t and the similarity solution v(s,t) = g(n).
The potential equation (5.118) reduces to

. 2 % 12 % /2

i,y ' N P 4glq'|

—=-ng +g — — — — =0, 5.124
21 T T T e M T TR T T g (5.124)

where prime denotes differentiation with respect to the similarity variable. From here one
can separate real and imaginary parts of g and solve numerically. In order to determine the
qualitative properties of the solution dependence on &, we shall consider a small-amplitude
solution (corresponding to a vortex filament with small deviation in s and t). Doing so, we

neglect terms of order two or higher, obtaining the linearized expression

- %ng' +(1—ai)g" = 0. (5.125)
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We find that

g (n) =cexp | — a n* ] < cos L + isin L (5.126)
1+ a2 1+a62 1+a2) /"’ '

where € is a small parameter of the order of magnitude of the small-amplitude solution. From

here, we recover the approximation to the small amplitude solution,

K v? av?
=9 - \d
g(n) 1+e/0 cos(1+d2)exp( 1—|—d2) v
, o v? av?
+2|:52+6/0 51n(1+&2)exp(—1+&2>dlj] ,

where 01, 9y are sufficiently small parameters. So, in the absence of the normal fluid, purely

(5.127)

self-similar filament structures can exist.

What we have therefore shown is that, in the absence of a normal fluid impinging
on the vortex, there exist filament structures which are completely self-similar in nature.
These self-similar structures are completely determined by (5.124). In the situation where
deviations of the filament from a reference axis are small, the self-similar filaments can be

approximated according to formula (5.127).

In terms of the physics of the problem, the existence of such solutions implies that, in
the low temperature limit where U — 0, well-organized structures are possible. The natural
scaling for the similarity goes as  ~ v/t. At large length and time scales, the solutions
mirror their own behavior at small time scales. For small deviations from a central axis, the
behaviors manifest as solutions which oscillate about this central axis, at all scales. This self-
similarity is rather idealized. In the following section, we shall see what is preserved of the

self-similarity when a non-zero normal fluid velocity is introduced. Fonda [32] demonstrate
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the agreement of the self-similar solutions obtained under LIA with experiments on Kelvin

waves (at a temperature of 1.98K).

5.4.4 Formulation including normal fluid flow

For larger temperatures, the normal fluid impinging on the vortex matters qualitatively,
and should be included. On the other hand, the friction parameter o does not influence
the behavior of the solutions strongly (much less so than «), and shall be neglected in this
section. One may write U = Ut + U,n+ Uyb where b is the binormal vector. As discussed in
Shivamoggi [86], the transverse velocity components U, and U, often result in an algebraic
rescaling of the Kelvin waves along the filament, while U (the velocity component along the
filament) influences the filament in a qualitative manner. Therefore, we consider consider
U # 0 and U, = U, = 0 to determine the qualitative features of the filament solutions to the
quantum LIA model. Umeki [96] developed a transformation between the Cartesian LIA and
the arclength LIA variables. Making use of this transformation, we can derive the arclength
form of the quantum LIA model including the normal fluid, through the Cartesian form of
the quantum LIA model. We find that, upon setting o’ = 0 and differentiating (2.12) with
respect to s, the quantum LIA model becomes (making use of the same potential function v

defined in (5.117))

, 202p* 2020 dvvgvt ] (1 + |v?
Wi + Vss — -

P e e B P PR 1 |of?

2
) v, =0, (5.128)
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where the final term is the influence due to the normal fluid impinging on the vortex. If
the magnitude of the normal fluid velocity is small, it is sufficient to consider the results of
the previous section. On the other hand, if the magnitude U is large, the final term is more
dominant than the term involving only «. The model is most useful when perturbations
along the vortex filament are small. When they are large, one may wish to use the full form

of the quantum LIA given in (2.12).

5.4.5 Helical filaments

Unlike in the zero normal flow case, when U # 0 there exists an exact planar wave solution
to (5.128). Such a solution manifests as a helical structure when plotted in the coordinate

frame (t1,t5). Assuming v(s,t) = Aexp(ilkz — wt]), we have

1+ A2\ 1+ A2\?
() (e) ¢

Separating real and imaginary parts, w = (;—’2;) k2 A= ,/’;jr—g, so w = kU. The solution

[k—U |,
’U(S7 t) = H—UQZk(m_Ut) . (5130)

Note that while this solution does not explicitly depend on the superfluid friction parameter,

2A2%k2
1+ A2

w—k*+ — ai =0. (5.129)

is then

«, it does require that a > 0, which yields a unique value of the amplitude A. This solution

also requires k£ > U. On the other hand, if a = 0, the amplitude would not be specified, so
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there would exist an infinite family of solutions, one for each value of A € (0,1). In that

case, the solution does not involve U.

The existence of such a helical structure is to be expected. Such solutions naturally
exist in the Cartesian frame of reference. In the zero-temperature limit of the Cartesian
frame, helical filaments were studied by Sonin [89]. More recently, helical filament solutions
for the positive temperature case (which includes o > 0 and o/ > 0) have also been studied
(Van Gorder [106]). Like in the Cartesian frame (Van Gorder [106]), there exists a relation
between the permitted region for the wave number and the magnitude of the normal fluid
velocity. In particular, if the magnitude of the normal fluid velocity is high, the vortex
filament exists only if the wave number is sufficiently large. In other words, there can be no

slowly rotating helical vortices in the presence of strong normal fluid flow.

The exact solution (5.130) also demonstrates that this rotating helix cannot exist for
U = 0. Indeed, in the absence of a normal fluid contribution, we would be left with a helix
v(s,t) = €. However, such a helix is time-independent (so there can be no rotation). Such
a standing solution would be highly unlikely for the physical problem. Hence, the rotation
helical solution is actually driven by the normal fluid flow. There is no explicit dependence
on «, in complete agreement with the Cartesian formulation (Van Gorder [106]). However,
the existence of this solution does depend on a > 0; from (5.129), if @ > 0, then we may
determine the exact form of the amplitude in terms of £ and U. Without such a specification,

the amplitude of the helix is undetermined.
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5.4.6 A soliton in the small-amplitude regime when the normal fluid flow dom-

inates

One of the more famous solutions for the standard fluid LIA is the Hasimito 1-soliton [42].
However, finding such a general soliton in the quantum LIA model in either the curvature-
torsion or Cartesian frames has not been done, due to the added complication of the highly
nonlinear terms associated with superfluid friction. If one is willing to linearize such equa-
tions, it is possible to obtain locally stationary structures which behave as solitary waves

(Shivamoggi [85, 86]).

Let us now consider a soliton in the small «, large U limit where (5.128) reduces to

202 1+ [o2\?
; P LY 5 o (i L N P 5.131
wy + v unE o (1_‘1}’2 v ( )

In particular, consider v(s,t) = e‘i“QQUQtp(S), where S = aUs. The resulting equation is
rather complicated to solve, even numerically. Under the assumption of a small-amplitude
solution, with € << 1 the maximal deviation of the filament from the reference axis, we find

(neglecting terms of nonlinearity order greater than three) that

d’p dp\’* dp
— —2p =) —(1+4*)-==0. 132
wp+dS2 p<d8> (+p)dS 0 (5.132)
The choice of w is ours, since we use it as a scaling parameter. In the case of w = —6, we

28

have p(S) = ee™*° as an exact solution. So, when deviations from the reference axis are

;27724 i 2172+ —
666204 U te 28 6ia U te 2aUs

small, we have soliton solutions which scale like v(s,t) = =ee for

s > 0. Such solutions have maximal amplitude at zero arclength and gradually decay as the
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arclength becomes large. Therefore, the time evolution of a small soliton-type perturbation
localized at s = 0 can be determined in the case where U dominates «, that is, for the case
of strong normal fluid flow. Note that, in the Cartesian geometry, one can view s = 0 as
occurring at a wall. As s increases and one moves away from the wall, the filament gradually

decays to a straight line filament.

5.4.7 A soliton in the intermediate regime

For the intermediate regime, where neither small a nor large U dominate, it is still possible
to seek a soliton solution. Assume v(s,t) = e~ @1 +2)o*V%( ) where S = alls. Note that
the time dependence is no longer only a phase contribution. For solutions to remain bounded
in time, it is necessary that w; > 0. We again assume small deviations from the reference
axis, of magnitude e << 1. The equation governing p then becomes

. N& L (dp\®  dp (dp\* d
(w2—zwl)er(l—az)d—SZ—Q(l—az)p (%) +4mp£ (%) —(1+4|p|2)£:0. (5.133)

It makes sense to seek a solution p(S) = eel1+2)S We obtain an algebraic system of four

equations for the four unknowns wy, we, 71 and 9, resulting in the solution

) 1 2 2 1 4502
v(s,t)=eexp< Giall [s+aU ra t])exp(— U {s—i—oﬁUMt}).

1+ 9a2 14+ 902 1+ 902 14 902

(5.134)
What we see is that, in the intermediate regime (where neither « nor U dominate), the

soliton solution decays both a arclength and time increase. This is in contrast to the soliton
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in the large U regime, where there is only decay for large s and persistence of a non-zero
perturbation for all time. Hence, in this intermediate case, the filament asymptotically
decays so that is has no deviation from the reference axis, as t — oo. Furthermore, due to

the damping term involving «, as « increases in value the soliton decays more rapidly.

5.4.8 Quasi-similarity solution with temporal drift

For non-zero U, there is not a pure similarity solution. The break-down of self-similarity in
the U # 0 case was previously highlighted in Van Gorder [107]. However, there does exist a
transformation which maps a pseudo-similarity solution into the similarity solution obtained
for the U = 0 case. Let us consider a solution of the form v(s,t) = h((), where ¢ = n+ x(?)
and 1 = s/+/t is the similarity variable introduced before. Neglecting terms of order two or

higher (valid for small deviations from the centralized axis),

— %ch’ + (1 — ai)h" + (%X’(t) +ix(t) — aU\/¥> N =0. (5.135)

When the rightmost term is zero, this equation reduces to an equation of the form (5.125).
This, in turn, means that the function y must satisfy the first order ODE £x/(¢) + ix(t) —

aUrt = 0, the solution of which reads

x(t) = —2iaU {\/E— V2F (\/g) } . where F(o)=e¢" /U e de (5.136)

is Dawson’s integral. Therefore, for filaments with small deviation from the centralized axis,

we have that h(¢) = ¢(¢), g is the function given in (5.126) (which will need to have real
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and imaginary parts regrouped) and

g:n—ziaU{\/%—\/EF <\/§>} :%—QiaU{\/Z—\/iF (@)} . (5.137)

Thus, we have obtained a variation of the pure similarity solution given in the previous
section, which includes the influence of the non-zero normal fluid velocity. The influence of
the normal fluid velocity is to induce a sort of drift term, which adds a temporal correction

to the similarity variable.

Since av << 1, and the correction to 7 is of the order v/¢, the similarity solutions are
disrupted for only large time scales. For the small time scales (when the solution is like that
of the purely self-similar case), the filaments remain bounded for all ¢t and all s. However,
for large time-scales, the similarity solutions give way to solutions involving the composite
variable (. If s is particularly large, the influence of the correction is small. However, for
time scales much larger than the arclength scale, the correction dominates. The growth of

this correction is like O(t*/2), while the decay of the similarity part of ¢ goes like O(t~1/2).

5.4.9 Discussion

We obtain the quantum LIA model in terms of the tangent vector to the vortex filament.
Under an appropriate transformation, this vector PDE is put into potential form, resulting in
a type of nonlinear Schrédinger equation (NLS). This is in analogy to the result of Umeki [95]

for the LIA. We demonstrate that this formulation is actually rather useful, as it permits us
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to construct a number of solutions analytically. Many of these solutions (the planar, helical,
and self-similar filaments) were known for the standard LIA, yet had not been analytically
extended to the quantum LIA model in the presence of superfluid friction or a normal fluid
impinging on the filament. Additionally, some solitary wave perturbations were constructed,
which model soliton Kelvin waves along the filament. Note that we considered two reductions
of the quantum LIA (2.12), namely (5.118) and (5.128), each of which models a qualitatively

distinct situation.

The primary utility in using the tangent form of the quantum LIA model developed
here lies in the fact that it permits one to construct solutions, either analytically or nu-
merically, with relative ease, since the quantum LIA model is put into a potential equation
which is a kind of NLS. Both the influence of superfluid friction and the normal fluid are
taken into account through such a model. The main drawback to this formulation is that
the solutions are given for the tangent vector to the filament, as opposed to a more obviously
useful quantity. However, using the transformation of Umeki [96], it is possible to map every
solution obtained here into a solution in the Cartesian reference frame. It is noteworthy that
this procedure is apparently simpler than attempting to obtain the solutions directly in the
Cartesian frame, as the potential equation obtained there (Van Gorder [102]) is not so simple
to solve in the case of some of the filaments obtained here (for instance, the deformations
of the planar filaments). In Figs. 5.18-5.21, we provide some of the solutions obtained here,

after they have been mapped back to the Cartesian frame of reference. We demonstrate the
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effect of the superfluid friction parameters on the planar filament, the self-similar filament,

the helical filament, and one of the soliton filaments.

One qualitative feature we notice is that solutions can essentially be separated into
two groups: those which exist in the low-temperature limit (U = 0), and those which require
U > 0. The former include the self-similar vortex filament; when U # 0, these filaments are
strongly perturbed by the oncoming flow, resulting in a loss of pure self-similarity. On the
other hand, the helical and soliton solutions are driven by this flow. This becomes very clear

when one considers the tangent form of the quantum LIA model.
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Figure 5.18: The deformation of planar filaments due to superfluid friction as given ana-
lytically by (5.122). The black line represents o = « = 0, while the blue line represents

a = 0.005,a" = 0.003.
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Figure 5.19: The self-similar solutions for & = o/ = 0 (black line), o = 0.005,a’ = 0.003

(blue line) corresponding to the fully nonlinear equation (5.124).
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Figure 5.20: Helical solutions are plotted for U = 1,k = 2 (black line) and U = 1,k = 5
(blue line). As the wave number k increases, the period increases while the amplitude (in

Cartesian coordinates) decreases.

243



Figure 5.21: Soliton solutions (5.134) are given in (d), for « = 0.005 (black line) and
a = 0.073 (blue line) in the presence of a normal fluid (U = 1). The perturbation size
of these soliton excitations of the tangent filament is ¢ = 0.01 (though the corresponding

value of the perturbation is much larger in the Cartesian frame).
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CHAPTER 6
SOLUTIONS UNDER THE EXACT (NON-POTENTIAL) 3D

VECTOR QUANTUM LIA

In the previous chapters, we have thus far studied potential formulations of vortex models,
which allow for the vortex filament solution to be recast as the solution of a scalar nonlinear
dispersive partial differential equation. As mentioned before, such an approach in general
neglects certain features of the true solutions. The most general approach to study quan-
tum LIA vortex filament solutions would then be to consider nonlinear dispersive partial
differential equation where the unknown function is a vector-valued function, rather than a

scalar-valued function. This shall be the focus of the present chapter.

6.1 Decay of helical Kelvin waves on a vortex filament under the

quantum LIA

We study helical Kelvin waves driven by a normal fluid moving along a vortex filament in the
quantum form of the local induction approximation (LIA) in vector form (without additional

simplifications, and including friction terms). The motion of such Kelvin waves is both
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translational (along a reference axis) and rotational (in the plane orthogonal to the reference
axis). We first present an exact closed form solution for the motion of these Kelvin wanes in
the case of a constant amplitude helix. Such solutions exist for a critical wave number and
correspond exactly to the Donnelly-Glaberson instability, so perturbations of such solutions
either decay to line filaments or blow-up (the latter is non-physical). This leads us to consider
helical Kelvin waves which decay to line filaments. Unlike in the case of constant amplitude
helical solutions, the dynamics are much more complicated for the decaying helical waves,
owing to the fact that the rate of decay of the helical perturbations along the vortex filament
is not constant in time. We give an analytical and numerical description of the motion
of decaying helical Kelvin waves, from which we are able to ascertain the influence of the
physical parameters on the temporal decay, translational motion along the filament, and
rotational motion, of these waves. The results presented here originate from Van Gorder

[112).

6.1.1 Background

We will now work with the vector equation
v=9kt xn+at x (U—vkt xn) —a't x (t x (U— vkt x n)) (6.1)

which was introduced earlier. We shall study the motion of helical Kelvin waves along a
quantum vortex filament under the Schwarz model (6.1). The time evolution of the vortex

filament will be described in the Cartesian reference frame, as this permits one to view the
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filaments directly. There are three main components of the time evolution for such nonlinear
waves: translation along a central axis, rotation about the central axis, and decay. In the
case of no decay (i.e., the amplitude of the waves remains constant in time, so the waves are
eternal), the filament can be described exactly - in closed form. This solution corresponds to
the critical wave number for the Donnelly-Glaberson instability [23, 36, 71]. When the Kelvin
waves are allowed to decay, which is more physically relevant yet much harder to investigate
mathematically, we are able to obtain a dynamical system which governs the time evolution
of the translational and rotational motion, in addition to the decay rate. Unlike what may be
inferred from the eternal solution, the decay of the Kelvin waves is not constant in time, and
we are able to demonstrate mathematically that the rate of decay should gradually increase
until the helical Kelvin waves dissipate, leaving a line filament. Numerical simulations verify
the analytical results. The influence of the normal fluid velocity, the superfluid friction
parameters, and the wave number of the Kelvin waves on the time evolution is discussed in

detail.

While a number of studies on helical filaments exist, they can gradually be split
into two groups. First, there are studies on helical filaments in the classical LIA (see for
instance Kida [49]; Sonin [89]), which correspond to the zero temperature limit (o, o’ = 0).
Of course, there is no dissipation in such limits, yet dissipative waves are the physically
interesting case. Secondly, there are a number of approximations to the full vector equation

(6.1). Assuming that translational effects are small (or negligible, through a change of the

spatial coordinate), one may define a potential form of the quantum LIA. This has been
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done for the Cartesian (Van Gorder [102]) and arclength-tangent (Van Gorder [108]) frames.
In such formulations, the filaments are assumed to satisfy some constraints (for instance,
they should be of sufficient bounded variation - see (Van Gorder [106])). The benefit of the
present study is that we consider the full vector equation (6.1) without making any such
simplifying assumptions. This allows us to take into account strong translation of Kelvin
waves along the filament. Furthermore, we are able to consider decay of the Kelvin waves
in time, which is not accessible under potential forms of the quantum LIA. As we shall see,
the translation and decay are not constant in time, so the approach taken here is required

in order to study such quantum vortex dynamics.

6.1.2 Propagation of a helical filament driven by the normal fluid

Assume that the filament is aligned on the same axis along which the normal fluid is directed.
Choosing our geometry in this way, we may write the normal fluid velocity as U = (U, 0, 0)
and the vortex filament as r = (x,y(z,t), 2(x,t)). A line filament will take the form ry =
(x,0,0). We shall show that under the Schwarz quantum LIA model (6.1), the normal fluid
velocity U induces helical perturbations in the line filament. To do so, we equivalently

demonstrate the existence of a helical filament of the form

r = (x4 ft, Acos(kx — wt + x¢), Asin(kz — wt + x0)) (6.2)
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to the Schwarz model. Here, A is the amplitude, [ is the translation of the central axis along
which the filament is aligned due to time, k is the wavenumber, w is the frequency, and x,

is some constant which may be calibrated subject to any helical initial condition

For simplicity, denote n = kx — wt + xo. We compute several quantities needed for

the right hand side of (6.1):
dx 1

dv 1 6.3
ds 1+ A%k? (6.3)
¢ — (1, — Ak sin(n), Ak cos(n)) i (0, —AKk? cos(n), —Ak?sin(n)) (6.4)
B V1 + A2)2 o (1+ A%k2) ’ '
_ (A%K?, AR?sin(n), — Ak? cos(n))
Kt X n = (11 A22)72 ; (6.5)
tx (kt xn)=—kn, tx[tx(ktxn)=—krtxn, (6.6)
(0, AkU cos(n), AkU sin(n))
tx U= , 6.7
V1+ A2k? (6:7)
(=AU, — AkU sin(n), AkU cos(n))
tx (t xU) = T A2 . (6.8)
On the other hand, the left hand side of (6.1) is given by
r; = (8, Awsin(n), —Aw cos(n)) . (6.9)

Placing these into (6.1), we obtain three equations, one for each of the x, y and z components.
Simplifying these, and noting that the z equation is equivalent to the y equation, we obtain

the three parameter restrictions

(1—a)yA%k o A%K*U

b= awpr T 1r A

(6.10)

(1 —a)yAK? o/ AkU

A pu—
w (14 A2k2)3/2 " 1+ A2k2°

(6.11)
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0— aAkU ay Ak? 6.12
VIt AR L+ A% (6.12)

Equation (6.10) gives the translation of the first coordinate. The remaining two conditions

determine the frequency w and the wave number k. Compared to helical solutions found in
Chapter 5, note that the result for the potential form of the quantum LIA accurately gave
the first term for w, but the second term involving U is off by a factor, since the term giving
this factor was approximated. From (6.12), we find that the wave number must take the

critical value

I (6.13)

Using (6.13) and (6.10) in (6.11), we find that

U2
w* = 3 v? — A202. (6.14)
Equation (6.10) should then read 8 = A?k*w* = A%2U3y~2. The constant-amplitude helical

filament driven by the normal fluid velocity U is then given by

r(z,t) = (:E + %t, Acos (1), Asin (n)) : (6.15)

where
B U U?
= /72_A2U2x+?

A necessary condition for the existence of such a helical vortex filament solution to the

V2= AUt + . (6.16)

quantum LIA is that A < v/|U|, so the amplitude of the helical perturbations to the line

filament must be bounded.

In either the small amplitude or small U limit, the vortex filament (6.16) collapses to a

line filament. So, it is clear that the helical perturbations that rise along the line filament are
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driven by the normal fluid impinging on the superfluid. The normal fluid flow also induces
a drift, which manifests in the t-dependence of the x-coordinate of (6.16). This drift is of
order U3, so if the magnitude of the velocity is small, the drift is very small, whereas if the

velocity is large, the translational motion greatly exceeds the rotational motion.

Note that such filaments solutions are eternal, in the sense that they do not decay.
These solutions correspond to the onset of the Donnelly-Glaberson instability of Kelvin waves
driven by the normal fluid flow. The critical value of & = k* therefore corresponds to the
critical wave number for this instability. Such helical structures, while eternal, should be
unstable. This means that, under small perturbations, the helical filaments will not maintain
their form. This makes sense, in light of the fact that there are dissipation effects (such as
the friction parameters) in contrast to the driving force due to the normal fluid flow. At
k = k*, these effects are balanced, whereas under a small perturbation one or the other

effects on the vortex filament may dominate.

Blow-up of this type of filament is non-physical, but the decay of such a filament into a
line filament (that is, the dissipation of the helical waves along the filament) is physically rel-
evant. Therefore, we should generalize the particular solution in this section (corresponding
to the critical wave number for the Donnelly-Glaberson instability) to account for dissipa-
tion. In order to obtain solutions which exhibit both translational and rotational motion in
addition to decay, a more complicated analysis is required, and we perform this analysis in

the next section.
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6.1.3 Constructing the decaying helical filament

The solution obtained in the previous section does not decay in time: the motion of the
helical vortex filament is rotational and translational, but there is no dissipation of the
helical waves. In order to account for the decay, it may be tempting to simply include terms
of the form exp(—rt), where r is some positive constant, to (6.15) (multiplying the sine
and cosine terms). Unfortunately, things are not so simple: doing so, one obtains factors of
exp(—2rt) in the expressions for w, implying that w is not a constant parameter. In order
to avoid such contradictions, we must assume that w is not a constant in time, nor do we
assume the decay rate is constant in time. To this effect, let us consider a filament solution

of the form

r(2,t) = (¢ + B(t), Aexp(—p(t)) cos(v(z, 1)), Aexp(—u(t)) sin(v(x, 1)), (6.17)

where v(z,t) = kx —w(t) + . Following similar derivations to those in the previous section,

we find that such a decaying vortex filament solution (6.17) exists provided that

g (1— o/ )yA%K? o A2K*U
at - {(1 AT exp(— 2D 1 F AR exp(—ap) § SR, (6.18)
1 _ / 2 /
dw _ (1—a)vk N o'kU | (6.19)
dt (14 A2k2exp(—2u(t)))?? 1+ A%k exp(—2u(t))
du ayk? akU (6.20)

dt 1+ A%R?exp(—=2u(t))  /1+ A2%2exp(—2u(t)
Equations (6.18)-(6.20) constitute a system of differential equations governing the transla-

tional (%), rotational (%), and decay (%) effects on the helix in the quantum LIA. The
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first two of these equations give us

B(t) = A%k /0 ‘fi—j(f)exp(—Qu(T))dT, (6.21)

_ [ (1 — a)yk? o kU
<o) = /o {(1 + A2E2 exp(—2u(t)))3/? Tt A exp(—2u(D) } dr . (6.22)

Hence, provided we can find p(t), the quantities 5(t) and w(t) are able to be calculated.

From (6.20), we can separate variables and obtain an implicit relation for u(t):

/u(t) 1+ A%k? exp(—2w) dw — ot (6.23)
0 vk | |

2 — kU+/1+ A2k? exp(—2w))
Note that when o = 0, the decay rate is zero. Therefore, the helical solutions to the

classical LIA do not decay.

In the case where the amplitude is very small, A << 1, we ignore the order A? terms,

obtaining f(t) = By (a constant, meaning that there is no translation),
w(t) ={(1—a)"k*+kU} t, (6.24)

and

wu(t) = ak(vk —U)t. (6.25)
From the latter, we see that a necessary condition for decay of the filament is k > U/~.
6.1.4 Properties of the decay term pu(t)

Assume that v > |U|. Then, (6.20) has an equilibrium p* which is given by the formula

1 U?
=1 . .2
i =g (i) (6:26)
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In order to pu* to exist and be positive, we must have the condition

2 2 2 2
L
on the initial amplitude A. As may be verified easily, the positive equilibrium p* is always

unstable.

Even without the condition v > |U|, the function p(t) can be shown to increase under
reasonable conditions. From the form of (6.20), if the right hand side of (6.20) is initially
positive, then it should remain positive for all time. Since we take p(0) = 0, this means that

we should have

ank? oy ivalent] kU (6.28)
— , or, equivalently, ——— > —. .
T+ %2 /1t AR a YOI AR o
For small time, we have that u(t) is approximately given by
vk — UV 1 A%RZ
t) ~ ak t. 6.29
u(t) =~ ( 1+ A2k2 ( )

Since pu(t) is increasing in time, we should have that exp(—2u(t)) — 0 as ¢t — oo.
This is equivalent to taking the amplitude to zero, so in this limit the solutions is equivalent
to (6.25). In Fig. 6.1, we plot a numerical solution to (6.20) in addition to the small-time
approximation (6.29) and the large-time approximation (6.25). We see that the approxima-
tion (6.29) is reasonable for ¢ < a~!, whereas the approximation (6.25) is a good fit to the
true solution provided ¢ > a~!. These solutions indicates an interesting facet of the decay of
the helical filament, namely, that the exponential rate of decay is not constant. Instead, the

filament decays more slowly for small time values and decays more rapidly for large time.
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This suggests that such vortex filaments would be observed on small time scales, before

decaying to line filaments when time increases.

6.1.5 The case of vanishing normal fluid velocity

In the small U limit, note that we obtain

d_,u B arvyk?
dt 14 A2k2 exp(—2u(t))

(6.30)
which admits the exact solution
1 1
p(t) = éLambertW (A%K* exp(A*K® — 20vk*t)) + ayk™t — §A2k52 . (6.31)

This function is approximately linear (as seen by plotting the first term), and an accurate

linear approximation is given by

avk?
t)~ ———=t. .32
)~ (6.32)
When U = 0, (6.19) reduces to
d 1 — o )vk? 1—o 1 d
Y = U —ao')y S s (6.33)

d (T AR exp(—2u(D)PR a1+ ATRE exp(—apu(t)) dt
Integrating both sides of this equation once, and performing relevant algebraic manipulations,

we find

14 /1+ A% exp(—QM(t))} . (6.34)

t) = t) + |
wt) = ——HO + = “{ T+ viT A2
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Figure 6.1: Plot of the numerical solution for u(t) governed by equation (6.20) along with
the small time asymptotic solution (6.29) and the large time asymptotic solution (6.25).
Parameter values are fixed at A = 0.5, k = U = 1, v = 2. For small time (t < a™!), the
approximation (6.29)) is a good fit to the numerical solution, whereas when time is large
(t > a~1'), the approximation (6.25) accurately describes the numerical solution. With this,
we find that helical perutrbations along the line vortex filament decay slowly on small time

scales, and then more rapidly for larger time scales.
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Obtaining the linear approximation like that of (6.32), we have

(1= a)yh?

w0~ eyt

(6.35)

which is completely consistent with the dispersion relation obtained under LIA for a standard

fluid when we set o = 0.

When U = 0, the translation effects (6.18) should be given by

dg 1 —o)yA%E3 1—ao  A’kexp(—2u(t d
b ___ (1-0) oy exp(=2p(t)) = C2l0)__dix - 36
dt (1 + A2k exp(—2u(t))) @ \/1+ A2k2 exp(—2pu(t)) dt
which gives a solution of the form
1 _ /
Blt) = —° (VI+A02 - T+ A2 exp(—2pu(0)) | (6.37)
Up to first order, this solution is approximated like
(1= )y A%E
B(t) ~ i A2k2)3/2t (6.38)
when ¢ is small enough. Setting o/ = 0, we again recover the expected result from the
standard fluid LIA. When ¢ is large, we should have exp(—2x(t)) — 0 and therefore
1 _ /
B(t) ~ ako‘ {\/1 AR - 1} . (6.39)

What we find is that, when the effects of the normal fluid velocity are negligible

(U = 0), we obtain the helical filament

N (1 — o)y A%E \ . ayk? (1—a)yk* .
r(z,t) =~ (x + W?ﬁ i, + Aexp —mt cos | kx — —(1 n A2k2)3/2t 1,

aryk? , (1—a)yk* .
+ Aexp (—mt) Sin (kx — mt 1,

(6.40)
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which gradually decays to a line filament with exponential rate of decay 1+a74—’§22 = O(a) as
time increases. Quantum vortex filaments in the U = 0 case are still physically relevant
(Vinen 2001; Araki, Tsubota & Nemirovskii 2002; Alamri, Youd & Barenghi 2008), and the
results here show that small helical excitations along such filaments should still decay despite

the absence of the normal fluid.

6.1.6 The role of normal fluid velocity on vortex motion and persistence

While exact solutions for u(t) are not forthcoming in the presence of a non-zero normal
fluid velocity, we observe that the solutions should be approximately linear, with the slope

gradually increasing as ¢ increases (as discussed above). For small ¢ (t < a™!), we obtain

A=Ak AR
B(t) ~ { (1+ A2k2)32 14 A2k2 [ (6.41)
=)k o'kU
0= { (APl 1y a2 (6.42)
avk akU
% _— .4
pt) {1 A% T /0 +A2k2}t’ (6.43)

while for large ¢ (t > a~!) we have the approximations 3(t) ~ Sy, w(t) ~ {(1 — o/)yk* + 'kU } t,
and u(t) =~ ak(yk — U)t (which is exactly what we found previously, in the small amplitude
limit).

Both attributes of the vortex motion, namely translation and rotation, are increased
when we increase the normal fluid velocity. Increasing the normal fluid velocity, we see that

solutions will decay more slowly, and therefore persist for longer periods of time. Both of
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these observations make sense in light of the fact that the normal fluid velocity is expected
to drive the vortex. Therefore, increasing the normal fluid velocity results in faster-moving

and longer-lasting helical vortex filaments.

In Fig. 6.2, we plot the time evolution of a helical vortex filament as described by the
solution of the system of nonlinear differential equations (6.18)-(6.20). We take the normal
fluid velocity to be zero. In Fig. 6.3 we do the same, while taking a non-zero normal fluid

velocity.

From Fig. 6.4, we see that the translational motion of the helical Kelvin waves
along the vortex filament is strongly influenced by both the normal fluid velocity and the
magnitude of the superfluid friction parameters. Naturally, in increase in the normal fluid
velocity results in an increase in the rate of propagation of a helical Kelvin wave along
the z-axis. On the other hand, an increase in the superfluid friction parameters slows the
propagation of such helical Kelvin waves. While these results are completely intuitive, an
analysis of the nonlinear system (6.18)-(6.20) is needed to justify these conclusions for a
filament in the LIA. Meanwhile, the effective frequency (w(t)/t) is not strongly influenced by
the normal fluid velocity, nor is it strongly influenced by the superfluid friction parameters.
This follows from the fact that the leading order term in the dispersion relation (6.19) does
not depends on either a;, o' or on U, and the only term involving U has the multiplication

a’U so that any effects of U are small.
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Figure 6.2: Plot of the time evolution of a helical filament solution corresponding to A = 0.5,
v=2,k=1,T=1K (i.e., « = 0.005, @/ = 0.003) and U = 0. Times referenced are (a) t = 0,

(b) ¢ =100, (c) ¢ = 300, (d) t = 500.
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Figure 6.3: Plot of the time evolution of a helical filament solution corresponding to A = 0.5,
v=2,k=1,T=1K (i.e., « = 0.005, o/ = 0.003) and U = 1. Times referenced are (a) t = 0,
(b) t =100, (c) t = 300, (d) t = 500. Note that the decay of the helical perturbations along
the filament is markedly slower than in the case of U = 0 (which was considered in Fig. 6.2).
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Figure 6.4: Plot of the (a) translation 5(¢) of the z-coordiate (the translational motion of the
helical waves along the filament) and (b) the effective frequency w(t)/t for a helical filament
solution corresponding to A = 0.5, v = 2, k = 1, for various temperatures and normal fluid
velocity. The temperature T = 1K correspond to a = 0.005, o/ = 0.003, while T = 1.5K

corresponds to a = 0.073, o = 0.018.
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6.1.7 Discussion

For the eternal solutions (which do not decay in time), there is a requirement that the wave
number is fixed. In other words, for fixed values of the parameters A,~, U there is a unique
wave number k = k* given by (6.13) such that a constant-amplitude helical filament solution
exists. This restriction in turn implies that the amplitude of such a helical filament must
be bounded like A < ~v/|U|. This still allows the amplitude to be large enough for the helix
to exhibit translational motion in addition to pure rotation, as is evident from the solution
form presented in (6.15). The dispersion relation is close to that obtained in Van Gorder
[106], though the dispersion relation w obtained here is exact, while that of Van Gorder [106]

was approximate (since an approximate potential form of the quantum LIA was assumed).

For the solutions which are permitted to decay in time, some observations are in
order. The rate of decay of the filament, u(t)/t, is not constant in time but rather varies
according to (6.20). We see from the asymptotics of p that the greatest rate of decay is for
large time, so the helical perturbations along the filament decay slowly at first and more
rapidly as time progresses. Since the translational effects are tied to the decay rate of the
filament through a term of the form exp(—2u(t)), the greatest translation of the filament
occurs for small time, while translation of the filament ceases for asymptotically large time.
This makes sense: as the helical filament decays into a line filament, translational effects
diminish since there is no translation of a line filament. This is demonstrated in Fig. 6.4.

Therefore, the Kelvin waves rotate and also move along the z-axis while decaying. The more
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they decay in amplitude, the slower the motion along the z-axis. Meanwhile, the rotational

motion persists, even as the waves decay.

In the case of constant-amplitude helical waves along a filament (i.e., eternal so-
lutions), the wave number is fixed (at a value corresponding to the Donnelly-Glaberson
instability), while when the helical filament is allowed to decay to a line filament we have no

such restriction on the wave number. However, we do still have a restriction on the possible

value of k which permit the filament to decay, k/v1+ A%2k? > % Rearranging this, we

obtain a condition on A: A < 72; — kiz <7 Therefore, the restriction on the amplitude

g

is stronger when we permit the helical waves to decay. This is physically reasonable, as it
is sensible to describe small-amplitude Kelvin waves along a vortex filament using LIA. For
large-amplitude perturbations, non-local effects will influence the solutions, so the full Biot-
Savart law under the HVBK model would be more reasonable for describing the filament

dynamics.

6.2 Dynamics of a planar vortex filament under the quantum

LIA

The Hasimoto planar vortex filament is one of the rare exact solutions to the classical local
induction approximation (LIA). This solution persists in the absence of friction or other

disturbances, and is hence rather idealized, as it maintains its form over time. As such, the
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dynamics of such a filament have not been extended to more complicated physical situations.
We consider the planar vortex filament under the quantum LIA, which accounts for superfluid
friction and the velocity of a normal fluid impinging on the filament. We show that, for
most interesting situations, a filament which is planar in the absence of friction and normal
fluid at zero temperature will gradually deform due to friction effects and the normal fluid
flow corresponding to warmer temperatures. The influence of friction is to induce torsion,
so the filaments bend as they rotate. Furthermore, the flow of a normal fluid along the
vortex filament length will have an amplifying effect on the initial planar perturbations of
a line filament, reminiscent of the Donnelly - Glaberson instability seen in helical filament
structures. For warmer temperatures, these effects increase in magnitude. A number of
nice qualitative results are analytical in nature, and these results are verified numerically for
physically interesting cases. The results on the deformed planar filaments present under the

quantum LIA were considered in Van Gorder [113].

6.2.1 Background

While the planar filament has been studied under multiple models, for the quantum LIA
such filaments have so far been approximated (numerically or analytically) under potential
forms of the LIA (as discussed in Chapter 5). These are approximations to the LIA, valid
under certain restrictions such as that deviations from a reference axis must remain small of

be of sufficient bounded variation, and thus a more direct approach could be enlightening. In
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particular, while such potential formulations are useful in some parameter regimes, there are
often restrictions (such as on amplitude of any waves along a filament, on the wave number
of solutions, and so on) that must be obeyed. In the present section, we work directly
with the LIA, as opposed to any approximating potential form. While this means that the
mathematics may not be as elegant, we benefit from having a precise representation of the
solutions. We shall consider the quantum LIA directly in Cartesian coordinates, since this
allows for easy visualization of the vortex filament solutions. Our goal in doing this is to
determine both qualitative and quantitative effects of the superfluid friction parameters and
the normal fluid velocity on the planar vortex filaments. In this way, we extend the planar
filaments of Hasimoto valid under the classical LIA to a new type of filament under the

quantum form of the LIA.

We review the planar filament in the classical fluid model, and attempt to extend
such a solution to the quantum fluid model directly. A solution of this type is possible only
when the normal fluid velocity varies in space and takes a particular form, meaning that
such a solution is of narrow applicability. Next, we overcome such difficulties by defining
a different type of filament, which happens to be planar at a, o’ = 0 yet non-planar away
from the origin when a,a’ > 0. Such a solution is the true generalization of the planar
filament for the quantum LIA, and indeed this solution allows us to study the dynamics of
a planar filament in the quantum LIA. The influence of the normal fluid velocity and of the
superfluid friction parameters on this family of solutions is discussed both through analytical

approximation and numerical simulation. The results suggest that the friction parameters
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result in a twisting of the filaments, while the normal fluid directed along the filament results
in a type of amplification, reminiscent of the Donnelly - Glaberson instability [23, 36, 71] for

helical filaments under the quantum LIA.

6.2.2 A purely planar vortex filament

The general form of a rotating planar vortex filament under LIA is given by

r(z,t) = (x,cos(yt)Y(x), —sin(yt)v) , (6.44)

where 1) is some unknown function to be determined. Note that the solution lies on a plane
which intersects the x-axis and rotates in time around the z-axis. We shall be most interested
in a normal fluid velocity vector oriented along the vortex filament, U = (U, 0,0), since this

will often drive Kelvin waves along the filament.

Placing the solution representation (6.44) into the classical LIA (2.14), we find that

B ) w//
vkt x n = (0, sin(vt), cos(’yt))m (6.45)
while
r; = (0, —sin(7t), — cos(vt))¥; (6.46)
Therefore, (6.44) is a solution to the classical LIA provided that
"
PN — (6.47)

(1+yr)32
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If we carry out similar computations for the quantum LIA (2.12), and set all three compo-

nents of the resulting vectors equal, we shall find

w/w// , w/Q

—_———————

+a'Vv ,
TR L e

‘ B . (1 . O/)@D” OéVl/)/
sin(vyt)y = — sin(~yt) {(1 RN - i WQ)I/Q} + cos(7t) { (

(6.48)

CM/JH B O/Vi// }
L) 14y ]
(6.49)
1— o)y vy | ’ vy
— cos(yt) = cos(11) { <(1 ¥ sz?))f/z " wjﬁ)m} e { T } |
(6.50)

where V = U/~. Each of these equations has a term of the form

aw// B Oé’V@D/
(14922 1492

(6.51)

which vanishes in the a, o/ — 0 limit. Meanwhile, the analogue to (6.47) in the quantum

case is apparently

(-0’ vy
v+ +$2)3/Q -4 j‘wz)w —0. (6.52)

Let us assume that (6.51) holds equal to zero. This would then imply that (6.52) takes the

form

, a2 77Z)// B
v (1 T ?> R (0:59)

Let ¢)(z) be a bounded and periodic solution of (6.47). Then, the scaling

P(z) =4/1—o — Z—Tw (\/1 - ;_ &z/a/> (6.54)

is a solution of (6.53). This provides a nice link between the classical and quantum LIA

solutions, and shows that a purely planar solution is possible, provided that the consistency
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term (6.51) vanishes. That said, the consistency term (6.51) does not, in general vanish. To
see why, note that a planar filament solution to (6.47) is periodic. On the other hand, let us

rescale the coefficients in (6.51) to obtain the differential equation
W'o=h'+h?. (6.55)

After obtaining a first integral, we should have

, 1

and therefore at some finite value of x, h should become singular. Since this incompatible
with a planar solution, we conclude that (6.51) does not vanish when ¢ is a bounded and
periodic function as given in (6.54). Note that a solution (6.54) may still remain a very
good approximation to a true filament solution. In this case, the consistency term should be
sufficiently small. Indeed, the consistency term is of order «, whereas the solution (6.54) is

determined by an equation of order unity.

There is a fix that allows us to obtain a solution (6.54) while also satisfying the
consistency condition (6.51), but this involves picking the normal fluid velocity in a very
specific way. In particular, if instead of considering a constant velocity for the normal fluid
flow, we were to pick U = (U(z),0,0), then we can use (6.51) to determine conditions on

such a function U(z). Doing so, one finds

Ua)= ¥ (6.57)

a1
While this is, of course, a rather narrow restriction on the form of U, it does permit a very

elegant solution (6.54).
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As it turns out, a purely planar vortex filament moving without change in form is
simply too specialized to exist in a superfluid under normal conditions (the exact solution
we get when U = U(x) takes a specific form is certainly not what one would call general
in any sense). Rather, it makes more sense to consider a family of vortex filaments what
generalize the planar filament in the sense that they reduce to the planar filament in the
limit o, &’ = 0. For «, &’ > 0, such filaments would not be confined to a plane which rotates
about the reference axis, but would rather exhibit planar behavior in a local sense, while
exhibiting other behaviors asymptotically for large |z|. In a way, we could view such vortex
filaments as deformations of the planar filaments, with the deformations do the the influence

of both the superfluid friction parameters and the normal fluid velocity.

6.2.3 Deformation of a planar filament due to superfluid parameters

When attempting to construct a purely planar quantum generalization of the planar filament
found in the classical LIA, it became clear that in most cases (for instance, when U is a
constant vector) there are too few degrees of freedom if we assume that the time evolution
of the vortex filament follows (6.44). In order to obtain the most useful generalization of
the classical planar filament, we need to consider that the superfluid parameters can cause
the filament to become non-planar in a variety of ways. Amplification or deamplification
of waves along a quantum vortex filament is possible, while modified torsion due to the

superfluid friction parameters is also an issue. To account for such effects, we propose a
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solution of the form

r(z,t) = (2, cos(7)P(x) + sin(y1)i(x), cos(Y)(x) — sin(yt)p(x)) . (6.58)

Placing (6.58) in (2.12), we obtain the differential equations

¢ . (1 . a’)gb" N 0477/)” B aV¢/
L+ @2+ 9232 (L+¢2+97)2 (14 ¢2+2)L2 (6.59)
B O/Vl// B oqu'(l/}'gb” _ ¢/w//) 0
(I+¢”+97)  (1+¢2+y22
w . (1 - O/)Z/JH B Oé¢” _ od/w/
T+ 0P I+ 07+ 0P (1407 + 0P (6.60)

O/V¢/ B awl(wlqsll _ ¢/w//) _ 0
A+ 0 (07 +7)

By including two unknown functions, we obtain two differential equations for two unknown

functions, as opposed to two differential equations for one unknown function (as was the
case for the purely planar filament). The motion of the filament (6.58) is not purely planar,
though it contains the pure planar filament as a reduction (taking ¢ — 0 gives the pure

planar filament).

Since we should have a planar filament when «, o/ — 0, we should take ¢ to be of order
unity and ¢ to be of order a. While a complete analytical analysis of (6.59)-(6.60) is not
possible since the equations are too complicated, we can make some qualitative observations.
If we assume 1) = oV for some function ¥ of order unity, and we neglect order o and higher

terms, we should have

(o) __ave
e areE ooy

(1 —a)v” B aVue' Q" B oV (6.62)
(L¢P (1+¢") 2 (14672 o 14+¢° |
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While simplified from (6.59)-(6.60), these equations are still too complicated to solve exactly,
owing to the fact that (6.61) does not have a first integral for a # 0. In the case where the

amplitude A of a solution ¢ is sufficiently small, we should find

d(z) = Acos <¢4<12z10‘_')a_,>0‘2v2 x) exp (%x) +0(A%). (6.63)

For small A, the order A% corrections are negligible. Near the origin, the solutions maintain
a planar appearance, since the exponential growth or decay rate is of order a. The solutions
will amplify for either x > 0 or x < 0, depending on the sign of V. So, there is amplification
driven by the normal fluid along the direction in which the normal fluid points. This is
analogous to the Donnelly - Glaberson instability seen when a normal fluid flow is directed

along a helical vortex filament.

In the case where V' = 0, there is no amplification in the lowest-order term. However,
as we shall see later, nonlinear terms will cause amplification for both large negative and
large positive values of x. Such effects are only captured by considering higher order terms
in A.

It is possible to exploit the symmetry of equations (6.59)-(6.60) to obtain a single

complex equation. Defining W = ¢ + 1), and adding i times (6.60) to (6.59), we obtain

(1—o)W" aV Iy’
W+ —
A+ WPPR (T W) 6.60
. O/VW/ B OZW” B g Wl(w/*w/l _ W/wl/*) B O ’
L+ [W 2 (1+ W22 2 (14 [W7)2)? -

Here, * denotes complex conjugation. Note that (6.64) implies that (6.59)-(6.60) can be

mapped to a three-dimensional real system, despite the fact that (6.59)-(6.60) is a four-
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dimensional real dynamical system. This is due to a certain type of symmetry that exists in
the equations (6.59)-(6.60) which is inherited from the LIA itself. To demonstrate this, let
us consider the representation W (z) = R(z) exp(i f; 0(c)do), where R and 6 are real-valued
functions. Placing this representation into (6.64), and separating the resulting equation into

real and imaginary parts, we obtain

R (1—a')(R" — R§?) N a(2R'0+RY) aV R
(1+R?+ R20%)3/2  (1+ R*+ R202)2 (14 R"* + R262)1/2
o'V RO aR'[(2R"* — RR")0 + R%*0*> + RR'9
T RE R (1+ R? + R26?)? (:0’)
6.65
(1—a)2RO+RY)  afR" — R6?) aV RO
(1+ R + R202)3/2 N (1+ R? + R26?)2 N (1+ R? + R26?)1/2
N o VR N aR[(2R” — RR")0 + R*0* + RR'0'] _ 0
(1+ R? + R262) (14 R+ R262)2 '
(6.66)

Equations (6.65)-(6.66) constitute a three-dimensional dynamical system. This system can

be solved provided that it is non-degenerate. Writing the system in the form

[(1—a)V1+ R?+ R22 — aRROIR" + aR(1 + R0 = F,(R, R, 0), (6.67)

—a(l+ R20*)R" +[(1 — o/)RV1+ R? + R0 — aR’R'0)0' = F5(R, R,0),  (6.68)

for appropriately defined F; and F5. The determinant of the Jacobian of the left hand side

of (6.67)-(6.68) must not vanish, which is equivalent to the condition

(@R2R0+(1—a))V1+ R? + R2602— R[aR'0+ (o/ — o' —a?)(14+ R*+ R%0%)] £ 0. (6.69)

In the limit «, &’ — 0, this condition becomes

V1+R?+ R202 40, (6.70)
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which is always true. Therefore, given small enough a and ', the system (6.65)-(6.66) is

non-degenerate, and a solution does exist.

Equations (6.65)-(6.66) are no simpler to study than (6.59)-(6.60). However, let us
assume that any deviations from the reference axis are small, so that |R| < e << 1. Let
us also define the function &(z) = R'(x)/R(x), which itself should be of order unity. Then,

neglecting terms of order €2 and higher, equations (6.65)-(6.66) are reduced to
I+ =)+ —0)+a260+0)—aVE—a'VH=0, (6.71)
and
(1—a)(204+0) —a(d + —-0%)—aVi+adVE=0, (6.72)

respectively. To study the qualitative effects of the remaining nonlinearity, we set V' = 0,
which is physically relevant in the low-temperature limit and also in the case of superfluid

Helium 3. We obtain

B+260+0 =0, (6.73)
B+e+&—-0>=0, (6.74)

where
e L s (6.75)

This system admits two equilibrium points when 5 > 0: (£%,6*) = (=£/(2v),v) and

(€*,0") = (B/(2v), —v), where

Y= \/5'+ 25“52. (6.76)
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A linear stability analysis shows that the equilibrium (—f3/(2v),v) is unstable, whereas
(8/(2v), —v) is linearly stable. Eigenvalues of the Jacobian for system (6.73)-(6.74) take the
form Ay = aﬁ*j:%@*, so the stable solutions should spiral inward toward the equilibrium, while
the unstable solutions should spiral outward from the equilibrium, in the (£, 8) phase space.
If we consider the time reversal (more accurately, “space-reversal” since { and 6 depend on
space variable x), the equilibrium points switch stability properties. This suggests that on
one half of the z-axis, the perturbations along the vortex filament decay, whereas for the
opposite half of the x-axis such perturbations amplify. Therefore, the amplification of planar

perturbations along the vortex filament is possible even without the normal fluid velocity.

From the analysis above, we draw several conclusions about the deformation of a
planar vortex filament in the quantum form of the LIA. First, the effect of V', the scaled
normal fluid velocity, is to amplify the planar wave along the direction which the normal
fluid velocity vector is pointing. The rate of amplification is moderated by the friction
parameter «, which is small. The smaller the parameter «, the slower the amplification
(in the perturbative limit). Amplification is still possible when V' = 0. The inclusion of
superfluid friction parameters results in a non-trivial phase term, #. This feature implies
that there are torsion effects not present in the classical planar filament. If the initial
condition is 6(0) = 0, then such effects are small near the origin, but can become large for
large values of |x|. These are all behaviors that are absent in the classical planar filament,

but which are suggested by the mathematics above in the case of a quantum planar filament.
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In order to verify some of the behaviors suggested by the analytics above, we turn
to numerical solutions. Since (6.65)-(6.66) are non-degenerate and are equivalent to (6.59)-
(6.60), a solution pair (¢(x),(x)) exists (at least locally) for reasonable values of «, o/ and
V. We find that the standard RKF45 method is sufficient to numerically approximate the
solutions of (6.59)-(6.60) to a desirable accuracy. When () = 0, we obtain the classical
planar vortex filament solution. Therefore, the initial condition ¢(0) = 0 makes sense. We
take ¢(0) > 0 to be the distance of the planar filament from the reference axis at the origin.
Conditions ¢'(0) = ¢’(0) = 0 are not required, but they enforce a nice local symmetry at

the origin.

In Fig. 6.5, we consider the planar filament in the T = 1K case in the presence of a
normal fluid velocity directed along the positive x-axis, while in Fig. 6.6 we do the same for
the T = 1.5K case. Amplification of waves along the line filament occur much more rapidly
when temperature increases, since « increases and hence the combined effect aV' increases -

resulting in more exponential growth.

The numerical simulations suggest that the planar filaments do amplify due to the
normal fluid flow, and that the direction of the normal fluid low along the filament determines
where this amplification takes place. This is shown nicely when comparing Figs. 6.6 and 6.7,
which model the same situation only with the direction of U reversed. Numerical results
also show that the greater the speed of the normal fluid, the greater the amplification.
Both the direction and rate of amplification (as a function of temperature and normal fluid

velocity) are in agreement with the qualitative analysis performed above. In particular, this
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is in complete agreement with what was suggested by the analytical approximation in the

small-amplitude limit, (6.63).

The rate of amplification is greater when « is larger, hence the planar filaments
amplify more rapidly in warmer temperatures. In the case where V' = 0, the amplification
occurs in a symmetric way for both large negative and large positive x, as seen in Fig. 6.8.
Thus, amplification can occur due to frictional effects, since the model is nonlinear. In cases
where V' & 0 is still physically relevant, such as the low temperature limit or for superfluid
Helium 3, this implies that amplification can still occur. Such amplification in the absence
of a driving normal fluid velocity agrees with what was suggested by the reduction to polar

coordinates in the approximate equations (6.73)-(6.74).

Near the origin, the solutions all appear planar in form. However, for larger values of
||, the solutions undergo torsion effects due to the interaction with the fluid modeled by the
superfluid friction parameters, o and «'. This is best seen when we compare a true planar
filament solution to the classical LIA (a, o’ = 0) with one of the quantum vortex filaments.
We do this in Fig 6.9, where we see that close to the origin the two filaments agree, whereas
as one gets further from the origin, the effects of the superfluid friction parameters result in
a bending of the rotating filament, while the influence of the normal fluid velocity causes an
amplification or de-amplification. For negative z, the quantum filament eventually takes on
a helical form, which contrasts with the planar form of the classical filament. For positive

x, the quantum filament undergoes strong amplification.
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Figure 6.5: Plot of the deformed planar filament described by (6.58) when the temperature
of the superfluid is T=1K (a = 0.005, &/ = 0.003) and V' = 1. The filament is given by

numerically solving (6.59)-(6.60) subject to ¢(0) = 0.1, ¥(0) = 0, ¢'(0) =0, ¥'(0) = 0.
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Figure 6.6: Plot of the deformed planar filament described by (6.58) when the temperature
of the superfluid is T=1.5K (o = 0.073, o/ = 0.018) and V' = 1. The filament is given by

numerically solving (6.59)-(6.60) subject to ¢(0) = 0.1, ¢(0) =0, ¢'(0) = 0, ¢'(0) = 0.
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Figure 6.7: Plot of the deformed planar filament described by (6.58) when the temperature
of the superfluid is T=1.5K (a = 0.073, o/ = 0.018) and V' = —1. The filament is given by

numerically solving (6.59)-(6.60) subject to ¢(0) = 0.1, ¥(0) = 0, ¢'(0) =0, ¥'(0) = 0.
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Figure 6.8: Plot of the deformed planar filament described by (6.58) when the temperature
of the superfluid is T=1.5K (a = 0.073, o = 0.018) and V = 0. The filament is given by

numerically solving (6.59)-(6.60) subject to ¢(0) = 0.1, ¥(0) = 0, ¢'(0) =0, ¥'(0) = 0.
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Figure 6.9: Comparison of the deformed planar filament described by (6.58) when the tem-
perature of the superfluid is T=1.5K (o = 0.073, o/ = 0.018) and V = 1, along with the
classical planar filament corresponding to & = o/ = 0. In both cases, the filaments are given
by numerically solving (6.59)-(6.60) subject to ¢(0) = 0.1, ¥(0) = 0, ¢'(0) = 0, ¥'(0) = 0.
The blue curve represents the T=1.5 deformed planar filament, while the black curve repre-

sents the classical planar filament.
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6.2.4 Discussion

In summary, the quantum planar vortex filament differs from the well-known classical planar
vortex filament in some important qualitative respects. First, there is an amplification of the
planar perturbations of the quantum filament along the axis of orientation. This is caused
by the normal fluid velocity directed along the filament. Next, while the classical planar
filament maintained its form, the extension to the quantum model results in a filament that
undergoes torsion effects due to the superfluid friction parameters. This causes a bending
of the once planar filament the farther removed from = = 0 we look. On the de-amplified
end of the filament, this results in an almost helical appearance for the filament. On the
amplified end of the filament, an interesting pattern is formed that exhibits regularity but

i1s not as uniform as a helical structure.

While a thermal study is beyond the scope of the results considered here, it makes
sense to consider o and o as functions of time, so that we can consider the qualitative
effect of warming a superfluid which houses a planar filament, since an increase in such
parameters would correspond to a warming of the superfluid. In the case where both friction
parameters are zero, the classical planar filament solution is valid. If such a filament exists
at temperature T=x 0K, then as the superfluid is warmed, we qualitatively expect that the
filament will deform as follows. There will be a minor amplification / de-amplification of the
filament along / against the direction of the normal fluid. This amplification will become

more drastic as the superfluid continues to warm. While this occurs, the amplifying and de-
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amplifying parts of the filament gradually bend as the effects of friction increase, meaning
that the filament no longer exists within a plane rotating about the reference axis. As such,

the filament is no longer planar.

What these results suggest is that a planar vortex filament structure in a superfluid
should be a localized structure, in contrast to the classical fluid case, where such a filament
maintains its form globally. Due to the effect of superfluid friction parameters and the
normal fluid velocity, we see that on one side of the reference axis, the filament takes on a
helical form far enough away from x = 0, whereas on the opposite side of the reference axis
the filament undergoes strong amplification. Near x = 0, however, the solution maintains
a planar form, even for larger values of the superfluid friction parameters or the normal
fluid velocity. From this, localized planar structures can exist in a superfluid, even if such

structures are no longer global like in the classical LIA.

In the case of helical Kelvin waves on a quantum vortex filament, it is known that
waves of constant amplitude correspond to the critical wave number for Donnelly - Glaberson
instability. If these solutions are perturbed, they will either decay to line filaments or they
will amplify and blow-up. This instability is driven by the normal fluid flow along the
reference axis of the vortex filament, which results in an amplification of the Kelvin waves if
the amplitude is large enough at the initial time. This behavior is global, in that the decay or
blow-up occurs along the entire helical filament. In the case of the deformed planar filament,
a similar phenomenon to the Donnelly - Glaberson instability is seen, where the normal fluid

velocity directed along the vortex filament results in amplification of the perturbations along
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the line filament. However, unlike in the case of the helical perturbations, the amplification
of the planar filament is local in nature, with a strong dependence on the direction of the
normal fluid velocity. While the helical Kelvin waves amplify or decay uniformly for all
x depending on the model parameters, the decay or amplification of the deformed planar

filament is non-uniform in z.

With regards to physical experiments, the section of the filament which undergoes
strong amplification may break down or dissipate, leaving a vortex filament line on half of
the spatial domain. This half of the filament will be planar near x = 0, and helical as one
moves away from the origin, in the direction of the z-axis on which the filament persists.
Such a vortex filament is shown in Fig. 6.10. In this way, the planar segment of the filament
may persist in time, although other sections of the filament may dissipate. This strong local
behavior is in contrast to the more uniform behavior of a helical filament, which will either

decay to a line filament or continue to amplify (leading to dissipation).

In the case where the amplification of the deformed planar filament is strong (i.e.,
the warmer superfluid case), non-local effects will likely play a considerable role in the time
evolution of the vortex filament. Therefore, while the amplification under LIA is continuous
in the direction of the normal fluid flow, realistically any tendency for the amplitude to grow
without bound would likely be mitigated by non-local effects once the amplitude was large
enough. So, while amplification is still expected along the lines shown here, any amplification
is expected to be bounded for the HVBK model which includes non-local effects through

the Biot-Savart integral term. This in turn implies that the results obtained here under
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LIA would be expected to agree with experiments qualitatively, while specific quantitative
details for any specific physical parameters would require these non-local effects, particularly
in the case where deviations from the reference axis are large (as occurs in locations where
the planar filaments amplify). The first step in studying the non-local effects would be to
consider whether planar vortex filament exists under the full Biot-Savart dynamics, which is

what the classical LIA approximates.

286



Figure 6.10: Large-time plot of the deformed planar filament described by (6.58) when
the temperature of the superfluid is T=1.5K, with the same conditions given in Fig. 6.7.
Segments of the filament which continue to amplify are removed, to show what might be
expected experimentally after such segments dissipate or disassociate with the rest of the
filament. The filament is locally planar near x = 0, while for large x the filament takes on a

helical appearance.
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6.3 Solitons and other waves on a quantum vortex filament

The quantum form of the local induction approximation (LIA, a model approximating the
motion of a thin vortex filament in superfluid) including superfluid friction effects is put
into correspondence with a type of cubic complex Ginsburg-Landau equation, in a manner
analogous to the Hasimoto map taking the classical LIA into the cubic nonlinear Schrodinger
equation. From this formulation, we determine the form and behavior of Stokes waves,
1-solitons, and other traveling wave solutions under normal and binormal friction. The
most important of these solutions is the soliton on a quantum vortex filament, which is
a natural generalization of the 1-soliton solution constructed mathematically by Hasimoto
which motivated subsequent real-world experiments. We also conjecture on the possibility
of chaos in such systems, and on the existence more complicated solitons such as breathers.

The various types of solutions obtained in this section were reported in Van Gorder [114].

6.3.1 Background

A number of studies exist on the solutions to the quantum LIA. In the «, ' — 0 limit, these
solutions should collapse into solutions of the classical LIA. One highly important class
of solutions to the classical LIA would be the 1-soliton solution found by Hasimoto (and
mentioned in Chapter 2), by way of what is now referred to as the Hasimoto transformation,

which puts the classical LIA into correspondence with the cubic NLS. While a number
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of solutions to the quantum LIA have been studied either numerically or analytically, the
Hasimoto 1-soliton have never been extended to the quantum LIA. The purpose of this
section is to fill this important gap. Applying a method analogous to that of Hasimoto,
we are able to put the quantum LIA (2.12) into correspondence with a type of complex
Ginzburg-Landau equation (a natural complex-coefficient generalization of NLS). From this,
we study Stokes waves, 1-solitons, and other traveling wave solutions. Each of these solutions
generalizes known results for the classical LIA. We also conjecture on the possibility of chaos

in such systems.

6.3.2 A map from the quantum LIA into a cubic complex Ginsburg-Landau

equation

Differentiating with respect to the arclength variable s, and performing several vector ma-
nipulations, we have that the quantum LIA (2.12) becomes

E= {0l - alle- et - o)

5 (6.77)
+8—{at><U—o/t>< (txU)}.
s
Taking t to be a unit vector, the equation simplifies slightly to
[ a / /
t:a— (I-atxts+ats+at xU—a'(t-U)t}. (6.78)
S

This puts the quantum LIA (2.12) into the form of a vector conservation law.

In what follows, we shall take U = 0, for brevity of the calculations. Many studies on

specific structures in the quantum LIA model have taken the normal fluid velocity to zero,
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as it permits one to study such structures without the influence of drift or other distorting
effects on the filaments[5, 3, 117]. The physical applicability of such a scenario is limited to
the very low temperature regime in superfluid Helium 4. On the other hand, in the case of
superfluid Helium 3, the normal fluid velocity U is zero (because Helium 3 is very viscous,
unlike Helium 4, so it is always at rest or in solid body rotation, but o and o’ are not zero
[31]). Similar results were recently attempted in the case of U # 0 [86], however the system
was not solved and only the limiting reduction to a, o’ = 0 was given. Some qualitative

observations were also given at lowest order.

Let b denote the binormal vector, and take x and 7 to be the curvature and torsion,
respectively. Recall that t; = kn, ny, = —kt + 7b, by = —mn. After setting U = 0, we can
write (6.78) as t = (1 — o/)(kb), + at,,.

Let us define the function (s, t) = k(s,t) exp(i [; 7(3,t)d3) and also a new vector-
valued function by m = (n+1ib) exp(i [; 7(8,t)ds). Note that m, = —¢t and t, = (¢ *m+

¢m*), where * denotes complex conjugation. Additionally, (kb), = %(¢,m* — ¢'m). The

quantum LIA (6.78) therefore takes the form

- %(1 — o) (m® — gfm) + S (0m - pm’), (6.79)
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We seek to derive an equation for ¢ in analogy to that which was obtained by Hasi-

moto in the case of a standard fluid (i.e., « = o/ = 0). On the one hand, note that

m, = — ¢t — ¥t

= —(¢ + )t + ngﬁm (6.80)

i(l—d) 4+«

- quﬁsm* .

On the other hand, assume that we have a representation for m of the form

m = am + bm" + ct . (6.81)
First, observe that
(m-m*) =0, (6.82)

a+a :§(m-m +1m"-m) =

therefore a must take the form a = i¢(s,t), for some real-valued function ¢. By a similar

process, b = 0. We should also find that
c=-m-t=—(i(l — ) +a),. (6.83)
Therefore, we have the representation
m = ip(s,t)m — (i(1 — o) + a)s(s, )t . (6.84)

Differentiation of this representation with respect to arclength gives

m, = ip,m — idppt — (i(1 — ') + @)yt
(6.85)

— 50— o) + ) m + ym).
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Clearly, the coefficients of t, m and m* in equations (6.80) and (6.85) should match

exactly. The m* coefficients already match exactly. Setting the m coefficients equal, we

obtain
1-ad 0 5, ai,, . 6.96
d)s_ 9 %|¢| _?(1/} ¢S_¢w3)7 ( : )
hence
8(5,1) =~ 1P + a(Re()(Im(y)) + A(1)
2 (6.87)
—

= TP - W - )+ AG),

where A(t) is an arbitrary function of time. Despite the appearance of i, this representation

is real-valued, since ¥? — ¢*? is purely imaginary. Matching the coefficients of t, we obtain

Y+ afpfP =gy + (i(1 = o) + a)tpas (6.88)
Using (6.87), we obtain an evolution equation for the function v:

b =AY + (i(1 = o) + @)
) (6.89)
? — Q *
(52 e+ S - v,
Evidently, for the solutions we take interest in, the term ¢? — ¢** will be small (negligible),

so we remove it. This term would need to be considered in the the case of higher-order

perturbations to the system (at order o?). Making this reasonable reduction, we obtain

b= A0 + (1 — o) + )i + (@ - a) . (6.90)

Under an appropriate scaling of time (7" = (1 — &/)t) and by defining a function ¥ such that

U(s,t) = V2U(s, T) exp(i [, A()di), we can reduce (6.90) into

Up = (i + €)Wy, + (i — 26)|V|*T, (6.91)
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where € = a/(1 — /) << 1. Eq. (6.91) is a type of complex Ginzburg-Landau equation. If
we take o, @’ = 0 (which corresponds to a standard fluid), then € = 0, and (6.91) reduces to

the cubic NLS, and therefore these results are completely consistent with those of Hasimoto

for the standard fluid LIA.

6.3.3 Stokes wave solutions for the quantum LIA

A Stokes wave solution exists for the classical LIA. To recover a Stokes wave along a quantum

vortex filament, we assume a solution of the form W(s,T') = P(T), so that
iPr+ (1 + 2ie)|P|*P = 0. (6.92)

Writing P(T) = R(T) exp(i©(T)), we find Ry = —2eR? and ©1 = R?, which gives R(T) =
(1+4€T)~Y2 and O(T) = (4e) "' In(1 + 4€T). P(T) then takes the form

In(1+4€T) .. In(1+4€T)
— ) + 2sIn <—46 )

V14 4€l

Taking v (s,t) = P(T)exp(i fot A(t)dt) gives us the general form of a Stokes wave. In the

iy = = (6.93)

e = 0 limit, we obtain the standard Stokes wave of constant modulus.

6.3.4 Soliton on a quantum vortex filament

The most interesting solution associated with the Hasimoto transformation of the LIA is

likely the soliton on a vortex filament. It is natural to wonder if such a soliton solution is
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possible for the quantum LIA. In order to obtain a soliton, we shall consider a stationary

solution W(s, T) = v2wq(S) exp(—iwt), with S = \/ws. This puts (6.91) into the form
(1 —e€i)q” +2(1+ 2¢i)|ql*¢ +q =0, (6.94)

or, equivalently,

1 —¢2 3er 1 €l
"4+ 9 2 — =0. 6.95
q" + <1+62+1+62>IQIq (1+62+1+62)q (6.95)

Since € = O(a) and a << 1, we may neglect terms of order ¢ and higher, to obtain
q"+2(1+3ei)|q*q— (1 +€i)g=0. (6.96)

When € = 0 (corresponding to the standard fluid case), we find ¢(S) = sech(S), so any
solution for € > 0 should reduce to this case in the e — 0 limit. We should therefore consider
a solution of the form ¢(S) = p(S) exp(ied(S)). This has the interpretation that curvature is
determined by the € = 0 case, while € > 0 influence the torsion of the filament. Making the
relevant transformation, discarding contributions of order €? or higher, and splitting (6.96)

into real and imaginary parts, we obtain
o205 —p=0, 200 +p0" +6p>—p=0. (6.97)

Clearly, p(S) = sech(S), which is just the soliton from the standard fluid case. We then find

that

0'(S) = (Cy + 5tanh(S) — 2tanh®(S)) cosh?(9). (6.98)

This derivative blows up rapidly for all values of C} except for C; = 3. When C} = 3,

0'(S) — 1/2 as S gets large. This in turn implies that 0(S) would grow linearly as S gets

294



large. Therefore, we pick C; = 3, and upon integrating (6.98) we find

0(S) =Cy — ;S + % (cosh(2S) — sinh(25)) + 21In(cosh(5)) . (6.99)

There is a far simpler, yet still rather accurate, way to represent 6 by way of an asymptotic
expansion. We find that

B 7 S 11
9(5) —Co+Z—21n(2>+§+Z€

+O(e™). (6.100)
Picking Cy = 21n(2) — 7/4 to simplify the expansion,

11
0(S) = g + Ze_QS +O0(e™9). (6.101)

This solution gives a linear growth in S, for large enough S. We therefore have that ¢(S5) is

accurately approximate by

q(S) = sech(S) exp (ie {g + %6_25 }) (6.102)

2

up to order €. Putting this solution back into the natural variables s and ¢, we obtain a

soliton on a quantum vortex filament:

Y(s,t) = V2wsech(vws) exp (ip(s, 1)) (6.103)

p(s,t) = a (%as + 14—162*@3) — (1 —a)wt. (6.104)

6.3.5 Traveling waves on a quantum vortex filament

The solution (6.103)-(6.104) constitutes a soliton along a vortex filament. The solution is

stationary, with only the phase depending on time. It is, however, possible to consider a
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traveling wave along a vortex filament. In the case, both the phase and the amplitude of
¥ would vary in time. Let us define W(s,T) = \i/({’), where ¢ = s — nT. Ignoring terms of

order €2 and higher, we obtain
" + (e — i)W + (14 3¢i) [ U*T = 0. (6.105)
Writing W (&) = F(€) exp(i foé G(v)dv), we obtain the system

F'" — FG?* +neF’ +nFG + F* =0,
(6.106)

2F'G + FG' —nF' +neFG + 3¢F* =0,
which is effectively a third-order dynamical system. The system (6.106) has the interesting
property that it has either one or infinitely many equilibrium points, depending on the
value of the wave speed, n. If n = 3/2, there exist infinitely many equilibria of the form

(F,G) = (F, —272), where F' € R. On the other hand, when 7 # 3/2, the only equilibrium

is the zero equilibrium (F,G) = (0,0).

From numerical simulations, we find that there is an interesting bursting pattern
associated with the solutions to (6.106). For large negative values of &, the phase and
amplitude functions are reasonably well-behaved. Then, near some finite value ¢ = &,
(which in general depends on both € and 7), there is a bursting behavior to the phase G(&),
near where the amplitude F'(§) reaches its minimal value. Past &, the phase switches signs
and gradually the dynamics become more tame. This behavior is demonstrated in Fig. 6.11.
This behavior becomes more clear when we view the system in phase space. In Fig. 6.12,

we plot the solution to (6.106) in the phase space (F, F’,G). The solution corresponds to a
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trajectory which originates infinitely far from the origin as & — —oo, then approaches the
origin, goes through a bursting pattern, and then leaves the origin in a similar manner to

which it came.
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Figure 6.11: Plot of the solution to the dynamical system (6.106) when o = 0.073, o = 0.018,

n = 0.1. Initial conditions are F'(0) = 1, F'(0) = 0 and G(0) = 0.
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Figure 6.12: Phase space plot of the solution to the dynamical system (6.106) when

a =0.073, o = 0.018, = 0.1. Initial conditions are F(0) =1, F'(0) = 0 and G(0) = 0.
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6.3.6 Discussion

With this, we have successfully transformed the quantum LIA into a type of complex
Ginzburg-Landau equation (6.91), by use of a method analogous to the Hasimoto trans-
formation for a standard fluid vortex filament. Doing so, we are able to reduce the quantum
LIA (6.78) (a vector conservation law) into a complex scalar PDE (6.91), which makes the
system far more amenable to mathematical analysis. Such a mapping between the quantum
LIA and this PDE is also desirable from a physical point of view, since it allows for greater

qualitative comparison of the quantum and standard fluid LIA solutions.

Upon transforming the quantum LIA into a complex Ginzburg-Landau equation
(6.91), we were able to study a number of solutions. First we obtained Stokes wave type
solutions. In the case of a standard fluid, these solutions takes the form of oscillating waves
with constant amplitudes. However, we were able to demonstrate that for a quantum fluid
modeled under LIA, such solutions have an algebraic decay rate and therefore dissipate as
time becomes large. The period of oscillation for such solutions is variable, as well, as grad-
ually increases in time. Since the function 1 used in this section is a composite function of
curvature and torsion, the physical interpretation for these solutions to the quantum LIA is
that the curvature of the filament decreases in time, while the torsion increases in time, in

contrast to the standard fluid solutions, where curvature is constant.

A second and rather fundamental solution is that of the soliton on a vortex filament.

Hasimoto originally employed the aforementioned transform in order to demonstrate the
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existence of a soliton on a vortex filament under the standard LIA. In the present section,
we have been able to demonstrate analogously that such a soliton also exists under the
quantum LIA. The soliton takes the form of a sech function (i.e., a bright soliton), which
is what one finds for the standard fluid case as well. However, the inclusion of superfluid
friction parameters results in the appearance of an additional phase factor that depends on
arclength. Therefore, the curvature of the filament solution corresponding to a 1-soliton
does not change when we go from the classical to the quantum LIA, while the torsion is
modified - by a factor that scales as a - when we go from the classical to the quantum LIA.
The Hasimoto formulation has proven useful in experiments [44], and we expect the present
results should be similarly useful for experiments in superfluid vortex dynamics. Breather
solitons have been found on the classical LIA [80] (with no superluid friction parameters
present), and one extension of these results would be to consider breather solitons for the

quantum LIA.

We considered a family of traveling waves solutions. The phase of the waves undergo
a type of bursting behavior, during which they change sign (going from positive to negative).
However, we did not find more complicated dynamics, such as chaos. Still, there are other
possible solutions to the PDE (6.91), so more complex dynamics are certainly possible.
Indeed, chaos has been shown to arise from related models [6]. Chaos in the quantum LIA
was previously conjectured [57], but as of yet has not been shown. Note that our derivations
exclude any strong effects from the normal fluid velocity vector, U. It is possible to include

the effects of the normal fluid, although the derivations will be much more complicated
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and lengthy. Due to the added complexity of the resulting equation, it may be possible to
demonstrate chaotic behavior in the analogous equations which account for the normal fluid
flow. It is also possible that the inclusion of the term 1% — ¢*? will give more complicated

dynamics in some instances.
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CHAPTER 7
NON-LOCAL DISPERSIVE RELATIONS AND

CORRESPONDING VORTEX DYNAMICS

In all of the previous discussions, we have considered local models. However, the full non-
local model which the LIA replaces is needed in order to study more complicated solutions.
What we do in the present section is provide two types of solutions for the non-local model
governing the self-induced motion of vortex filaments. For each, we are able to obtain a good
analytical description of the solutions, despite the formulation is non-local, nonlinear, and

singular. The results are compared to the more common results known for the LIA.

7.1 Non-local dynamics of the self-induced motion of a planar

vortex filament

The local induction approximation (LIA) serves as a local approximation to the non-local
Biot-Savart law governing the self-induced motion of a vortex filament. The Hasimoto planar
vortex filament is a rare example of an exact solution form for the LIA. It is natural to wonder

whether such a vortex filament solution would exist for the full non-local Biot-Savart law, and
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if so, whether the non-local effects would drastically modify the solution properties. Noting
this, we demonstrate that a planar vortex filament solution does exist for the non-local
Biot-Savart formulation governing the self-induced motion of a vortex filament, provided
that a non-linear integral equation (governing the spatial structure of such a filament) has a
non-trivial solution. The integral equation is too complicated to solve in any exact manner,
since it takes on a non-linear form and is singular. However, by using a strained parameters
approach, we are able to obtain an accurate analytical approximation to the solution of this
integral equation under physically reasonable assumptions. We then compare the obtained
results with those known in the case of the LIA, in order to ascertain the influence of the
non-locality inherent in the Biot-Savart formulation. Interestingly, we find that the LIA and
Biot-Savart formulations both admit solutions with very similar spatial structures, while the
non-locality primarily influences the motion of the filament, with planar filaments found in
the Biot-Savart formulation rotating at nearly twice the speed of those found in the LIA
for comparable parameter values. Physically these results show that planar vortex filaments
exist and maintain their form under the non-local Biot-Savart formulation, with the primary
influence of the non-locality being on the motion of the filaments. Mathematically, the
results constitute a solution to a non-local integro-differential equation in space and time
variables, since we obtain a type of solution for the non-local Biot-Savart dynamics. The

results presented in this section feature in the paper Van Gorder [115].
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7.1.1 Background

The self-induced motion of a thin vortex filament is commonly studied by use of the the
Biot-Savart law. However, since the Biot-Savart law involves an integral term with logarith-
mic singularity, it is very common to apply the LIA in order to approximate the self-induced
motion of such a vortex filament. This approximation takes the integral equatiion corre-
sponding to the Biot-Savart law and reduces it into a vector partial differential equation,
the solution of which gives the time evolution of the position of the vortex filament in space.
Corresponding to this approximation, the classical Da Rios equations for the motion of a
vortex filament in a standard fluid [8, 24] have been studied for a wide variety of vortex
configurations. 1-solitons on a filament[42], torus knots [49], helical filaments [89], planar
filaments [41], and self-similar structures [107] are some of the solutions found, illustrating
the different physical scenarios possible. One reason that the LIA is of interest is that it is a
limiting case (the zero-temperature limit) for the motion of a vortex filament in a superfluid;

see Chapter 5.

While the planar filament is well-studied under the dynamics resulting from the LIA,
it is natural to wonder whether such a vortex filament solution would exist for the full non-
local Biot-Savart law, and if so, whether the non-local effects would drastically modify the
solution properties. This issue has not been addressed before in the literature, and hence
shall be the focus of this section. We first show that the question of the existence of a planar

vortex filament solution for the non-local Biot-Savart formulation governing the self-induced
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motion of a vortex filament can be recast into a question of whether a solution exists for
a kind of singular and nonlinear integral equation involving an unknown function which
shall give the spatial profile of the planar filament. Due to the nonlinearity and singularity
inherent in the integral equation, an exact solution is not possible to obtain. We therefore
resort to an analytical method, valid for filaments with sufficiently small deviations from the
reference axis, to describe the properties of the solution. Using this method, we construct
an accurate approximate solution of order A% (where A denotes the maximal deviation from
the reference axis). This solution shares some features with the solution of [105], since the

method employed is similar.

The assumption of small deviations from the reference axis is completely physically
reasonable, and hence so is the solution obtained here. We compare the obtained analytical
approximation with those results known in the case of the LIA. We find that the LIA and
Biot-Savart formulations both admit solutions with very similar spatial structures, which
makes sense in light of the fact that the spatial structure is unchanging in time. We see that
the non-locality inherent in the Biot-Savart formulation primarily influences the rotational
motion of the filament. Therefore, we show that planar vortex filament solutions previously
discussed in the context of the LIA can actually exist for the more complicated Biot-Savart
formulation, with the primary change being in the rate of the rotational motion of the

filament. Meanwhile, structurally the LIA and Biot-Savart planar filaments are quite similar.
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7.1.2 Biot-Savart formulation for a parameterized filament curve

Let the curve r represent the vortex filament. The self-induced motion of a thin vortex

filament is given by the Biot-Savart law

Kk [(s—r)xds (7.1)

YA ), s P

Here, r denotes a space point in R3 lying on the filament, x denotes the circulation, and
¢ is the path traced out along the filament. This representation is non-local, meaning that
distant parts of the filament can effect the behavior of the filament at a specific point. Since
this equation is non-local, it is difficult to solve for most vortex configurations. Often, the

LIA is used to replace the integral in (7.1) with a far simpler relation, viz.,
r,=txn, (7.2)

where t is the tangent vector and n denotes the normal vector to r multiplied by the curva-

ture. The right hand side of (7.2) is the binormal vector (up to scaling).

We shall be interested in a Cartesian representation of a vortex filament, so let us

write r = (z,y, z). Equation (7.1) gives the vector relation

K / (s1—x,80 — Yy, 83 — 2) X (dsq,dss,ds3)

- - 7.3
A S (51— 2)% + (52— 9)* + (55 — 27 7

(xh Yt, Zt) =

This gives the time evolution for each component of r. If we desire a solution curve r to the
Biot-Savart law (7.1), we must be able to solve (7.3) for the position components. Depending

on the type of solution sought, solving this system may vary from difficult to impossible.
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Note that (7.3) is singular when (s, s9, s3) = (2,9, 2), which further complicates the
solution of such a model. To overcome this, we shall apply the LIA to the region near
(x,y, z), while we shall maintain the full Biot-Savart law outside of such a region. In other
words, the time evolution of the solution curve r = (z,y, z) shall consist of one component
giving a local effect very near each point on the curve (the LIA term) and one component

giving the non-local effect (sufficiently removed from the point).

7.1.3 An integral equation for the non-local planar vortex filament

Recall that under the LIA the planar vortex filament takes the form

r(z,t) = (x,cos(wt)(x),sin(wt)(z)) , (7.4)

where 1 is a real-valued, twice differentiable function of z alone. The constant w is a
parameter to be determined, which has the interpretation of giving the rotational velocity
of the filament. The solution (7.4) is interesting, in that it describes a filament which is
aligned along a plane intersecting the z-axis. The motion consists of a rotation about the x
axis. Given the complexity of the LIA, which is essentially a vector system of PDEs, such

an elegant solution is rather remarkable. It is essentially a stationary state for the LIA.

Assuming a solution of the form (7.4), the time evolution due to the Biot-Savart
formulation (7.1) is

r(z,t)

K / (r(z,t) —x(s, 1)) x ds (7.5)

T 4r r(s,t) — r(z, )
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We calculate

r(s,8) = x(, ) = ((s = 2)” + cos®(@t) ((s) — v(x))? + sin®(wh) (1(s) — ¥ (x))?) -
= ((s =2+ (¥(s) —v(@)))"”,
(r(x,t) —r(s,t)) x ds
= (0,sin(wt) {(¢(s) —(x)) — (s — 2)¢'(s)} ds, (7.7)
— cos(wt) {(U(s) — ¥(x)) — (s —2)¥(s)} ds)
ri(z,t) = (0, —wsin(wt)(x), w cos(wt)ip(x)) . (7.8)
Placing these expressions into (7.5), we obtain the equations
: : o[ (W(s) —¥(x) — (s —x)¢'(s)
—wsin(wt)Y(r) = sin(wt)— ds, 7.9
iple) = st gy / ((s = @) + (U(s) = d(@))?)*? i
and
o[ (W(s) — (@) — (s — 2)Y/(s)
w cos(wt)(x) = — cos(wt)— ds . 7.10
i) ( >47T/R((S—$)2+ ((s) — ¥(x))?)*? 710
Both of these equations are equivalent, so we obtain the single equation
by = [ 5= 2 () = (¥(s) —9() 11
v 4”/ﬂ%((8—x)2+(¢(8) —(x))?)*? Ty

Equation (7.11) constitutes a non-linear and singular integral equation for the unknown
function ¢ (z). While superficially the integral appears to be singular with a singularity

of degree three, note that the integrand actually has a first degree singularity. Indeed,
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expanding the integrand about s = x, we find

(s—a0W/(s) = () — (@) 1 Y@ 1
(s — 2 + (0(s) — w2 2(1+ (@) s ]

(1 @) 3 @)
3

1 +¢,2 ZE 3/2 - 4_1(1 +77Z)/2(x)>5/2> Sgn(s —:C)

+O(|s — ) .
(7.12)

Therefore, the integral (7.11) itself should have a singularity of strength In(|s — z|) for
|s — x| << 1. Since (7.11) is non-linear and singular, this is little hope in obtaining an
exact solution, and even numerical methods will be difficult to apply due to the form of the
nonlinear dependence of the integrand on . In the next section, we apply the method of
multiple scales to the solution of the integral equation (7.11). In order to avoid the singularity
at s = x, we apply the LIA for |s — z| < ¢, for some small €. Then, for |s — x| > ¢, we keep
the Biot-Savart integral term. This results in an extension of the LIA results which accounts

for non-local effects.

7.1.4 The non-local planar vortex filament

In this section, we obtain an approximate analytical solution to the integral equation (7.11).
Once a solution 1 is obtained, we will have recovered the planar vortex filament (7.4). We
shall split the Biot-Savart integral into two parts, corresponding to both |s — z| < e and
|s — x| > €, where € is a small length parameter. For such small €, the contribution on

|s — x| < € is adequately approximated by the LIA. For a planar filament of the form (7.4),
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the LIA gives

P w//(x)
— —1Il<€) (1 +w,2<x>)3/2

(0, — sin(wt), cos(wt)) (7.13)

as the approximation to the “local effects” near s = x for any x € R. The scaling factor
of In(e) makes sense, in light of the form of (7.12). For the region |s — z| > ¢, we keep the

integral (7.11) as it is. We therefore approximate (7.11) with the integro-differential equation

SRR N (1= 2)4/(5) = (4) ~ vl

dm

) s (7.14)

wpl@) = TP @) 2 A7 o (5 — 02 + (905) — 9(@))2) "

If we were to neglect the integral term (disregard non-local effects), we obtain the purely

local ODE
5 ()
- 1
Ww(x) 47'(' 1'1(6) (1 + ¢/2(x))3/2 ) (7 5)
and picking the scaling parameter w = ;- In(¢) we would have
"
PN — (7.16)

(1+yr)32
which is the ODE governing the spatial structure of the planar vortex filament.

Recall that the planar vortex filament obtained under the LIA is naturally bounded
in terms of deviation from the reference axis. In other words, for the solution 1 valid under
LIA, ¢ is bounded. In particular, it may be shown that 1) < /2 (see Chapters 2-4) in order
to have a periodic solution in space. Making a similar assumption for the non-local case, let

us assume that the maximal deviation of the filament from the reference axis is 0 < A < 1,

so that |[o(z) < A| for all z € R.

Under the assumption of a small amplitude solution v, it makes sense to consider

a perturbation solution in the parameter A. However, as seen in Chapter 4, secular terms
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arising from regular perturbation cause blow-up of the approximations to the LIA solution.
As discussed in Chapter 4, an effective way to overcome such difficulties would be to introduce
a strained parameter which also depends on the parameter A. From the form of the equation

(7.14), we consider an expansion
U(@) = A(To(X) + AT (X)) + O(A%), (7.17)

where

X = (1+nA*+0(AY)x. (7.18)

Without loss of generality, we take Wy(0) = 1, U((0) = 0 so that the maximal amplitude
of ¥ occurs at x = 0. We also take W;(0) = W} (0) = 0. The parameter n will be selected

in order to remove secular terms. Placing (7.17) into integro-differential equation (7.14), we

find that

(o + X) — X) = Wy(X
BRI W (il (Gt R G R TIC.) A ST
4 A7 lo|>e ‘O”

Let us assume that Wo(X) = cos(X). While this may seem rather arbitrary, we know that
from the LIA that the order A contribution should scale like cos(X). We shall select the

scale parameter w to accommodate this selection. Under this assumption, note that

[ oot )l 40~ W), _ (Ci(e)GQ e B L
|o|>e 2

lof? €

(’y _ % +Infe) + 0(62)) cos(X) .
(7.20)
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Here, v denotes the Euler-Mascheroni constant, v ~ 0.57721, while Ci denote the cosine

integral function

Ci(y) = — /y h Coje)de =+ In(y) — i;ﬁ +O@Y. (7.21)

Since € is assumed to be small, we ignore terms of order €* and higher. Equation (7.19) then

reduces to
(w -z {ln(e) + (7 _ % + m(e))]) cos(X) = 0, (7.22)

which in turn gives us the condition

W= % (7 - % + 2111(6)) . (7.23)

Taking this value of the scaling parameter w, we have that Wo(X) = cos(X) is the first term

in the perturbation expansion (7.17).

To calculate the next term in the perturbation expansion, W;(X), we collect terms of

order A3, finding

/ j— J——
w0l + Loy — £ [ e X) = (lo+X) = %(X))
A AT /> lo|?
K 3,92 3nk o¥i(o+ X) — (Yo(o + X) — ¥o(X))
=—1 —U, 0y — 200y — d

700 (v o)+ 52 [ of 7
8k [ oW+ X) — (Wl + X) — Wo(X))] (0 + X) — a(X)]

8 lo|>e |J|5 ‘

(7.24)
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Evaluating the right-hand side at Wo(X) = cos(X), we obtain

\ X)— (v X)— U (X
cu\lfl—l—iln(e)llf’l’—i Vil + X) = (Nilo + X) i ))da
47 47 lo|>e |O"3
3K 3k (133 Ty 2 7
- p @ A e A MY S| 92X
3o le) cos(3X) — o (144 3@ n(e)> cos(2X)
K 3 1 3k [ 1 19
T fon=2)1 S| X) =Ly ) — —2 ) .
t (( n 8) n(e) + 3n (7 5t n(e)))cos( ) S (12 + 15 n(e) 144>
(7.25)
Here, we have used the fact that
/ [oWh(0 + X) = (Yo(o + X) — ¥o(X))][Vo(o + X) — ‘I’O(X)]da
lo|>€ |0-‘5
133 7y 2 7
R - () 2X (7.26)
(144 3?5 n(e)) cos(2X)
0 1 19 9
BRI _ =7
+12+12 n(e) 144+O(6),

and have neglected terms of order €2

and higher. A fundamental solution set for ¥ in the
equation (7.24) consists of cos(X) and sin(X). Therefore, to prevent secular growth, we
must remove the term with cos(X) from the right hand side of equation (7.25). To do so,

we pick the straining parameter 7 so that the coefficient of cos(X) vanishes. Therefore, we

st solve
(277 _ g) In(e) + 3y <7 - % + ln(e)) (7.27)

for n, obtaining
3 In(e) B 3

77=§51n(e)+7_% N 40_’_4(%3(_6)1) .

(7.28)

For sufficiently small €, we have that e &~ 2.

A particular solution to (7.25) will then involve the functions cos(3X), cos(2X) and

a constant. However, if we pick the conditions ¥;(0) = ¥} (0) = 0, we should also have a

314



term involving the fundamental solution, cos(X). In order to satisfy the equation (7.25) in

addition to these conditions, we should have a solution of the form

Uy (X) =& cos(3X) + & cos(2X) — (&3 + &+ &) cos(X) + & - (7.29)

Placing (7.29) directly into (7.25), we find that

1 31n(e)

- _ 7.30
& 88y —4+9In(3) + 161In(e) ’ (7.30)
1 84y — 1334+ 961n(2) + 84in(e
48 6y —3+8In(2) + 121n(e)
1 12y — 19+ 121n(e)
- _ .32
S0 48 2y —1+4lIn(e) (7.32)
We therefore have a perturbation solution of the form
3
W(r) = (A — (& + &+ §O)A3) cos | [ 1+ ———A%| «
10+4(33)
3 3 2
+&A%cos |3 |1+ ———F——= A% |« (7.33)
10+4(33)
+&A%cos [ 2 |1+ ;AQ x| +&AP+0(4%).
10+4 (%)

For very small €, we have that &3 ~ —538, §o & —4—78 and &y ~ —%. Therefore, the perturba-

tion solution (7.33) is accurately approximated by

(a4 p Soaele) - S Ryt
1/1(x)~<A 384A)COS([1+40A]$) 128A cos (3 {1+40A x

(7.34)
— 1A3 CoS (2 [1 + iAz] x) — iA3.

48 40 16

The solution (7.34) constitutes an accurate approximate solution to the intego-differential

equation (7.14), which in turn is a good approximation to the integral equation (7.11) ob-
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tained from the full non-local Biot-Savart formulation. Therefore, under the non-local Biot-
Savart formulation, a planar vortex filament can still exist, and an accurate approximation

is given by (7.34).

7.1.5 Comparison with known solution for the LIA

The method of strained parameters used here was applied to the standard LIA in the case
of a planar vortex filament in Chapter 4. In that paper, the € influence was suppressed in a

parameter, so we redo the calculations here in order to preserve the parameters x and e.

Dropping the integral term from (7.14), we have that a vortex filament under LIA is

determined by the solution of

K 2/}//

Assuming a solution like that of (7.17), we find that W,(X) = cos(X) provided w = ;= In(e).

The next term in the perturbation expansion is then governed by

3 3
Uy + U = <277 — §> cos(X) + S cos(3X). (7.36)
Picking n = % to remove the secular term, we obtain
T1(X) = 2 cos(X) — 2 cos(3X) (7.37)
1 = 51 o8 e . .

We therefore have the perturbation solution

Y(z) = (A + %A?’) cos ({1 + %AQ] a:) - %Ai“’ cos <3 [1 + %Aﬂ x) +O(A%). (7.38)
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Note that w is the rotational velocity of the filament. Let us denote by wgs and wya
the rotational velocity for the solutions calculated by the Biot-Savart rule (7.34) and with

only the LIA (7.38), respectively. With wiia = ;= In(e), we have
1) 3
= uwpia + (6.1434 x 1073)5. (7.39)

We see that the direction of the rotation is the same in both cases (for small enough ¢), while
the speed of rotation is different. Indeed, |wps| &~ 2|wria|, so the rotational speed when non-
local effects are considered is approximately double that of the case where non-local effects
are neglected. This suggests that non-local effects are not negligibly small in comparison to
LIA effects alone, but rather that non-local effects can be on the same order of magnitude

as local effects found through use of the LIA alone.

The period of the LIA filament solution over space is approximately 77a, where

2

3T
— N 2m— A2+ 0(AY 7.40
o S g A0, (7.0

TLIA =

while the period of the solution approximating the full Biot-Savart model has a period of
approximately Tgg, where

2

Ths = —
R VE

A2 — 2—7(;,42 +0(AY). (7.41)

The absolute error between these periods is then

I
| Ts — Tria| = EA2 +O(AY). (7.42)

So, while corrections to the rotational velocity are rather large when comparing the LIA and

Biot-Savart solutions, corrections to the spatial period of the planar solutions are only of
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order A%. From this, we infer that the primary influence of the non-locality is on the motion

of the planar vortex filaments, rather than on the structure of such filaments.

7.1.6 Discussion

A planar solution has been constructed for the full non-local Biot-Savart dynamics governing
the self-induced motion of a vortex filament. Under the assumption of a planar vortex
filament solution with arbitrary (unknown) spatial structure determined by ¢ (z), the Biot-
Savart dynamics reduce to a stationary (independent of time) integral equation for the
unknown v (z). (Actually, since the formulation also depends on a ¢’ under the integral,
this equation is a type of integro-differential equation.) The integral in this formulation is
then approximated near a singularity of logarithmic order by the LIA, whereas away from
the singularity the integral form is maintained. Therefore, there is a part of the solution
due to the LIA, and another non-local part. This solution is interesting in a mathematical
sense, due to the fact that it provides us with an accurate approximation to a solution of the
singular and nonlinear integro-differential equation (7.11). Even numerical solution of such
an integro-differential equation would be challenging. The results suggest that at the very
least some of the solutions present under the LIA can also be extended to the Biot-Savart

formulation.

Physically, the approximate analytical solution obtained through a strained parameter

approach is quite useful. While we assume that the deviations A from the central axis are
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sufficiently small, this is physically reasonable in light of the fact that the planar filaments
only exist for the LIA when A < /2. So, the large A case is not physically interesting. For
the solutions obtained in [105], the perturbation solutions were useful for A < 0.7. Plotting
the solutions for various A, we see that the order A? effects are mostly negligible, so a planar

filament can be approximated by
) K 1 3 5 .
r(z,t) = xi, + Acos 1w\ 73 +21In(e) )t | cos | |1+ EA x )i,

) K 1 3 .
+ Asin (E (fy— §+21n(e)) t) cos ({1—{—@/1 } x) i..

The approximate solutions suggest that the spatial structure of the planar filaments

(7.43)

found here for the Biot-Savart dynamics is relatively unchanged from the structure of the
solutions under LIA. The difference apparent when comparing the LIA and Biot-Savart
solutions lies in the motion, rather than the structure, of the planar filaments. From the
perturbation solutions, we have that the rotational velocity for the LIA formulation (given
by wria) and the Biot-Savart formulation (given by wpg) relate like wpg &~ 2wy a. Therefore,

the primary effect of the non-locality is to increase the velocity of the filament.

7.2 Self-induced motion of a Cartesian helical vortex filament

under the Biot-Savart model

The thin helical vortex filament is one of the fundamental exact solutions possible under the

LIA. The LIA is itself an approximation to the non-local Biot-Savart dynamics governing
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the self-induced motion of a vortex filament, and helical filaments have also been considered
under the Biot-Savart dynamics in a variety of configurations and assumptions. In the
present section, we consider the motion of such a helical filament in the Cartesian reference
frame by determining the curve defining this helical filament mathematically. In order to
do so, we consider a matched approximation to the Biot-Savart dynamics, with local effects
approximated by the LIA in order to avoid the logrithmic singularity inherent in the Biot-
Savart formulation. This, in turn, allows us to determine the rotational and translational
velocity of the filament in terms of a local contribution (which is exactly that which is found
under the LIA) and a non-local contribution. Performing our calculations in such a way,
we can easily compare our results to those of the LIA. Both exact numerical results and
approximate analytical results are given. For small wave number £, the transverse velocity
scales as k2, while for large wave numbers, the transverse velocity scales as k. On the other
hand, the rotational velocity attains a maximum value at some finite k&, which corresponds

exactly to the wave number giving the maximal torsion.

Ricca [77] demonstrated that torsion strongly influences the structure of helical fila-
ments. Widnall [119], Ricca [77] give numerics for helical filaments of small pitch (large wave
numbers) and small amplitude regime, while Ricca [77] also gives an analytic result for the
infinite-torsion case, valid when the pitch is small (wave number is large). The analytical
results discussed here are complementary to those studies, since we obtain accurate analytics

in the small and intermediate wave number regime (the large pitch regime). For cases we
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consider, the torsion 7 must be bounded like 0 < 7 < 247! where A is the amplitude of the

helix.

We now study helical vortex filaments under Biot-Savart dynamics in the Cartesian
frame. Doing so, we quickly recover the representations for the rotational and transverse
velocity of the helical filament in terms of the wave number and radius of the helix. The
benefit of considering the results in Cartesian form is that we immediately can visualize
the stricture of the filament, so we can use these velocities to give a closed-form position
of the helical filament curve at an arbitrary time ¢ > 0. As opposed to using the “cut-
off” approximation in the way mentioned above, we simply replace the “local” dynamics
in the Biot-Savart law directly with the LIA, while the non-local effects remain in integral
form. That is, local effects are taken on a region |z — s| < e (where z is a point on the
filament and s denotes points within a small neighborhood of €), while non-local effects are
considered on |z — s > €|. The LIA is simpler to work with than other approaches for the
inner region, since it gives an exact result (as opposed to an analytical result which must
be approximated numerically). This approach has previously been employed numerically in
order to study quantum turbulence [81]. Furthermore, by using the LIA for the local region,
we can meaningfully compare the non-local formulation with existing results valid strictly

under the LIA. The results of this section were considered in Van Gorder [116].
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7.2.1 Time evolution of a helical filament

The helical filament corresponds to one possible parameterization of r. For simplicity, we

align the filament along one axis, so in Cartesian coordinates, we write

r(z,t) = (x + ft, Acos(kx — wt + x¢), Asin(kz — wt + x)) . (7.44)

For simplicity, we shall scale time by ¢ to remove the corresponding factor of the Biot-Savart

integral. In this parameterization about the z-axis, we should have

txn= E (7.45)
We obtain the system
21n(e) A%K? ) 1 — cos(k[s — ])
=——F—— 4+ 2A%k d 7.46
U= Ty amapr T /| [ — o) + 242(1 — cos(ls —appr s (740)

21n(e) Ak?
N QA/ sin(ks — wt + z¢) — sin(kr — wt + x¢) — k(s — ) cos(ks — wt + w¢)
js—a|>e [(s = 2)* + 24%(1 — cos(k[s — =)/

Awsin(kzr — wt + x) = — sin(kz — wt + )

ds,
(7.47)

21n(e) Ak?
cos(ks — wt + xg) — cos(kx — wt + o) + k(s — z) sin(ks — wt + xg)
[(s — )2 + 2A4%(1 — cos(k[s — z]))]?/?

—Aw cos(kx — wt + xg) = cos(kx — wt + xp)

ds.
(7.48)

—2A

|[s—z|>e

Equation (7.46) directly gives the translational velocity of such a helical filament, while

equations (7.47) and (7.48) can be used to determine the frequency w which provides the
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rotational motion. In particular, we take (7.47) - (7.48), from which we obtain

2
wei[kx—wt—i—:r;o] _ _Mei[kx—wt-l—xo]
(14 422372 79)
(1 — ik[s — z])etkls—al —1 '

2 i[kr—wt—l—mo]/ ds .
e oo (622 4 2A42(1 — cos(ks — PR

Simplifying this equation, and noting that the integral should have both a real and imaginary

part, we obtain

do

21n(e)k? 2/ cos(ko) — 1 + ko sin(ko)
(14 A2k2)3/2 of>c [0 4 2A2(1 — cos(ka))]3/2

, sin(ko) — ko cos(ko)
2 do .
2 [ G o

(7.50)

Note that the integrand of the integral multiplying the ¢ is an odd function, therefore the
integral over (—o0, €) is the negative of the integral over (e, 00), hence this integral is zero.
This makes sense, as w should be real-valued. On the other hand, the real part of the integral
has an integrand which is an even function, so the total integral is just twice the integral

over (€,00). We therefore obtain

___2Inlok 3/2 /oo [COSUM) e do . (7.51)

(1+ A2k2?) 02+ 2A%(1 — cos(ko))]3/2
In a similar manner, the translational velocity along the x-axis is given by

_ 2In(e) A%R? 0, [
b=~y ameyn T4 k/ [

1 — cos(ko)
7T+ 2471 — cos(ko) P27 (7.52)

With w and $ known, we can describe the motion of the helical vortex filament (7.44) exactly.

In Fig. 7.1, we plot the rotational and translational velocity parameters for various values

of the physical constants.
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The integral term in (7.51) is equivalent to equation (19) of Widnall [119], except that
integral was approximated in a different way by using the “cut-oft” approximation. In this
method, a function of the same singular order is added and subtracted under the integral,
in order to remove the logarithmic divergence. The remaining singularity is shifted to an
auxiliary integral, which can itself be evaluated in terms of a cosine integral. The quantities
were Fourier transformed in Widnall [119] which helps in computation of the integrals. See

equation (36) of Widnall [119]. The resulting approximations were then solved numerically.

324



1034 55@:00
d o
O
o
102 ° o
Q xx% ©
101 2 x ©
X
(D = X o) B
100’ X
B X
-1 = o
10 °
10-2 % x
‘ T T T T
0.01 0.1 1 10 100
k
o A=01 X A=05

104 y 2 ¥
o)
o 029 R
102 {x X
% 8
><O
10° x
o
X o
10724 X
(@]
X
(o]
-4
104 x 4
K
6 (@]
10 7-) T T T T T 1
1072 10! 10 10! 102 10® 10*
k
o A=0.1 X A=05

Figure 7.1: Numerical plots of the rotational velocity, w, and transverse velocity, 3, of a

helical vortex filament when non-local dynamics are accounted for. The results use the LTA

near the logrithmic singularlity, so these are the solutions (7.51)-(7.52). Note that we set

€ = 107° in all plots. The precise value of € is not important, since a change in the value of

e results in a scaling of the plots, therefore the value of € does not influence the qualitative

features of the solutions.
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We see that there exists a particular finite value of the wave number k for which
the rotational velocity of the filament is maximal. On the other hand, the behavior of the
translational velocity is a bit more complicated. For small k, 3 scales like 3 ~ k2, while for

large k, the integral term dominates, giving 5 ~ k.

7.2.2 Approximating the relations for w and  in the case of small and inter-

mediate wave numbers

For s sufficiently far from s = 0, reasonable approximations to the integrands in (7.51) and

(7.52) are
cos(ko) — 1 + kosin(ko)  cos(ko) — 1+ kosin(ko) (7.53)
(02 +242(1 — cos(ko))]32 ~ (1 + A2k2)3/253 :
and
1 — cos(ko) 1 —cos(ko) (7.54)

(02 +242(1 — cos(ko))]?2 (1 + A2k2)3/203°
respectively. The first approximation, (7.53), is of the same flavor of that used in equation
(3.21) in Ricca [77]. These approximations are valid for small and intermediate values of
the wave number k, since this is when the decay of the integrals dominates the oscillations
sufficiently fast. We shall say more on the large-k situation later. While it is possible to
obtain more accurate approximations, these approximations are accurate enough for our
qualitative analysis. In Figs. 7.2 and 7.3, we give plots of the integrands (7.53) and (7.54)
along with their approximations. The approximations are seen to be very accurate, provided

that the helical filaments are of bounded variation (Ak and k sufficiently bounded). Even
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for the intermediate values used in the figures, the approximations are very accurate. Only
when A or k& become very large would we see any breakdown in the approximations. While
the large-A case is not particularly physical (since such solutions would be highly unstable,
while we are considering solutions which persist in time, a priori, through the assumption

(7.44)), it is possible to have large wave numbers, and we discuss this case later.
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Figure 7.2: Numerical plots and approximations to the integrand given in (7.53) for various
values of the physical parameters. We set e = 107° in all plots. For small and intermediate
values of k and A, the approximation to the integrand (7.53) is very accurate, and hence the

approximating formula (7.58) for the integral term in (7.51) is accurate.
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Figure 7.3: Numerical plots and approximations to the integrand given in (7.54) for various
values of the physical parameters. We set ¢ = 107° in all plots. Ahain, for small and
intermediate values of k and A, the approximation to the integrand (7.54) is very accurate,

and hence the approximating formula (7.61) for the integral term in (7.52) is accurate.
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We first have

/°° cos(ko) — 1 + ko sin(ko) o ~ /°° cos(ko) — 1+ ko sin(k;a)d
o2+ 242(1 — cos(ka )20 (1+ A2k2)32g3 7 (7.55)
_cos(ke) — 14 kesin(ke) — k*e*Ci(ke) '
o 2€2(1 + A2k2)3/2 ’
where Ci is the cosine integral. We find that
—1 i 2
cos(ke) ;{—kesm(kze) _ K +O(&) (7.56)
€ 2
and
Ci(ke) = v + In(k) + In(e) + O(¢?), (7.57)
hence

do ~ —

0% + 24%(1 — cos(ka))]2 2(1 + A2k2)3/2

/600 [cos(k‘a) — 1+ kosin(ko) k2 ( 2

v - ! +1In(k) + 1n(e)> + O(€?).
(7.58)
Here, v ~ 0.5772 is the Euler-Mascheroni constant. We neglect terms of order €2 and higher,
since € << 1. Returning to Ricca [77], this expression is similar to his equation (3.27). The
difference is the dependence on the wave number, which is scaled out in Ricca [77]. (More
precisely, the results in Ricca [77] involved scaling torsion, 7 = k/(1 + A?k?).) Keeping k
present, we will be able to directly compare our results with the LIA. Ricca [77] obtained
this integral in the limit 7 — oo. For this to occur, the wave number must be large and
A must become small as k& becomes large. We do not consider this, since for finite A the
torsion will not be infinite. Rather, for finite A > 0, the torsion will attain a maximal value
of T =2A"1Yat k = A~'. The 7 — oo limit then corresponds to A — 0, k — oo provided

Ak — v, for v < oco. This is a very restrictive limit, since A — 0 essentially gives us a line
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filament. What all of this means is that we should maintain the parameters k and A in our
development, as opposed to scaling them out and taking any particular limit, in order to

capture the behavior of arbitrary helical filaments.

Regarding the second integral, we have

/°° 1 — cos(ko) J N/OO 1 — cos(ko) p
o[22 (U= cos(ko)) P2 T ). (1T ARG

2 (7.59)
 kesin(ke) + 1 — cos(ke)  k° .
_ o - 501(1{:6) :
and using
: 1_
kesin(ke) - cos(ke) _ gk +0(), (7.60)
we find

> 1 — cos(ko) _ k? 3 5
/6 (02 +2A42(1 — cos(k:a))]?’/?da ~ 2(1 + A2k2)3/2 (5 —v —In(k) — 1n(€)) +O(€7) .

(7.61)

Using the approximations (7.58) and (7.61) in equations (7.51) and (7.52), respec-

tively, we have the approximations

k*(2y — 1+ 2In(k) + 41n(e))

Wapprox =— — (1 i A2k2)3/2 (762)
and
A%k3(3 — 2y — 2In(k) — 41n(e))
Bapprox = (1 i A2k’2)3/2 . (763)
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The curve describing the helical vortex filament, including non-local effects, is then

given by the approximation

A%k3(3 — 2y — 2In(k) — 41n(e)) ) .
r(z,t) z{x—l— (15 AZk2)i2 t} i,
E*(2y — 1+ 21n(k) + 41
+ Acos (k:x + (2y (1—:_ A;}{EQ));; n(e)) + fo) i, (7.64)
22y —1+21 41
+ Asin <kx + (2 (11—_ A;k(f))?’/—g n(6>)t + xo) i,

7.2.3 Comparison with the LIA and numerical approximations

If one were to strictly consider the LIA, as is often done, one would obtain (upon removing
the integral terms from (7.46)-(7.48))

21n(e) A%K?
(14 A2k2)3/2

21n(e)k?

WLIA = NEWEEE >0, (7.65)

>0 and P = A2I£WLIA = —

Under the LIA, the motion of a helical vortex filament then takes the form

(.t) = - 21n(e) A%k
KTt =97 (1+A2k2)3/2

21 k2

21n(e)k?

t} iac —I— ACOS (kfl’ —I— mt —I— l’o) iy

(7.66)
(1+ A2k2)
In terms of the parameters calculated through the LIA, we have that the approxima-

tions found for small and intermediate &

k*(2y — 1+ 21In(k))

Wapprox = 2wra — (1 I A2k2)3/2 (7.67)

and
A3 (3 — 2y — 21n(k))
(1+ A2k2)3/2

ﬁapprox = 26LIA + (768)
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In Fig. 7.4, we plot these approximate solutions against both the LIA solutions and direct
numerical integration of the integrals in (7.51)-(7.52). For small and intermediate k (k of
order unity or smaller), these approximations are in strong agreement with the numerical in-
tegrations. For larger k, of order 10, the approximations tend to over-estimate the numerical
value of # and w slightly, whereas the LIA underestimates these values. The approximations
are still more accurate than the LIA. For much larger k, say of order 10? and greater, both
the approximation (7.62)-(7.63) as well as the LIA lose their usefulness. This is due to the

fact that the integral term has an integrand which rapidly oscillates for large k.
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7.2.4 Discussion

From the plots, it is clear that there exists a critical value of the wave number for which
the rotational velocity is maximal. In the approximation (7.62)-(7.63), the LIA, and the
numerical approximations, this value is nearly the same. Since the values are approximately
the same, we use the LIA, finding that this critical wave number is give approximately by
k* ~ 1v/2A~'. Note that this corresponds to the maximal value of torsion (since torsion 7 is
given by 7 = k(1 + A%k*)™!). So, the larger the torsion, the greater the rotational velocity.
On the other hand, the plots indicate that the transverse velocity is always increasing, as

mentioned when we considered the numerical results before.

In summary, the approximations (both LIA and those of (7.62)-(7.63)) are accurate
for small and intermediate k (with the approximation (7.62)-(7.63) being best), while there
is a sharp breakdown in the approximations for larger k. For both w and 3, the breakdown

for large k is due to the fact that the integrals oscillate rapidly.

It is worth mentioning that there is a quantum form of the LIA, which is essentially
the LIA applied to the HVBK model. It should be feasible to extend the resent results to
that case, at least in the case of helical filaments with constant amplitude A. The exact
form of a helical filament under the quantum LIA was discussed in Chapter 6. In the case of
decaying filaments (A = A(t) such that A — 0 as t — 00), the non-local development may

be possible analytically, but will be much more complicated.
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Figure 7.4: Comparison of the numerical plots and approximate solutions for the rotational
velocity, w, and transverse velocity, [, of a helical vortex filament when non-local dynamics
are accounted for. The numerical results use the LIA near the logrithmic singularlity, so
these are the solutions (7.51)-(7.52). Note that we set ¢ = 107 in all plots. We also take
A = 0.1. The analytical approximations obtained in (7.62)-(7.63) are superior to the LIA
(7.65) results when k is either small or in the intermediate range. Once k becomes large,
both approximations lose accuracy. This is due to the fact that, for large k, the integral
terms in (7.51)-(7.52) are rapidly oscillating. The approximations (7.62)-(7.63) are useful
when the decay in the integrals dominates the oscillations, which is not true for large k.
In the regime where the approximations are useful, note that the LIA underestimates both

velocities, while the approximation (7.62)-(7.63) overestimates the velocities.
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CHAPTER 8

CONCLUSIONS

In this report, we have studied a number of nonlinear dispersive partial differential equa-
tions of relevance to various physical scenarios. The most common application has been to
vortex filament dynamics, although other applications have been mentioned and considered.
The physical applicability of the results increases as the governing models become more

complicates and take into account more reasonable assumptions.

Among some of the more interesting results discussed here, we were able to demon-
strate the existence of space-periodic solutions for the Cartesian and arclength-tangent for-
mulations of the LIA governing the motion of a vortex filament in Chapter 2, and we deter-
mined orbital stability properties for these solutions in Chapter 3. These solutions correspond
to rotating planar filaments. Similar results were discussed for the integrable WKIS model
in Chapters 2-3. We were also able to demonstrate a variety of rotating non-planar filament
solutions under the 2D Cartesian LIA, in Chapter 2. Meanwhile, in Chapter 4, we were able

to consider several pathological solutions which model vortex self-intersections and kinks.

Many of the vortex filament solution forms present under the LIA in Chapters 2 - 4

were generalized to the case of superfluids under various potential forms of the quantum LIA
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in Chapter 5. In particular, we were able to demonstrate mathematical properties of helical,
self-similar, planar, and soliton solutions under the quantum LIA. However, the potential
forms of the quantum LIA are approximations to the full vector form of the LIA, and in
Chapter 6 we study the exact vector form of the quantum LIA. In Chapter 6, we study
planar, helical, and soliton solutions under the exact vector form of the quantum LIA, and
we are able to determine the motion of such vortex filament solutions analytically. Many
of the results we determine mathematically verify known experimental or numerical results

from the literature.

Physically, the LIA is still not the most general model one can consider, since it ignores
non-local effects. In Chapter 7, we consider the non-local equation governing the motion of a
vortex filament in a classical fluid. While the non-local effects are most useful for complicated
fluid flow dynamics, such as vortex mergers or the analysis of many-vortex models, we
restrict our attention to two solution types which can be studied analytically. Still, these
two solutions, namely the planar and helical vortex filaments, are rather fundamental, and we
compare our non-local results to those discussed in earlier chapters for the LIA. We find that
non-local effects result primarily in an increase in the velocity of the filament solutions (both
rotational and transverse velocity is increased), while the spatial structure of the filaments
is largely unchanged. Note that it is possible to extend such results to the superfluid or

quantum fluid case (see below), although such results will be much more complicated.

Regarding future work, the extension of the present results to other vortex configura-

tions, or to other nonlinear dispersive partial differential equations not studied here, seems
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like an obvious avenue. Regarding the solutions considered here, it may be useful to extend

other solutions to account for the effects of the the non-local formulation given in Chapter

7.

While the dispersive partial differential equations considered in Chapter 3 permit a
nice and rather elegant stability analysis, for more complicated dispersion relations such
stability results are expected to be far less elegant. A work-in-progress is on an orbital

stability result for nonlinear dispersive partial differential equations of the form

i = F([uf*, [us*)uze + G(Jul*)u, (8.1)

which is a generalization of known results for generalized NLS equation of the form

iy = gy + G(|u)*)u. (8.2)

As seen when comparing the work in Chapter 6 with that of Chapter 5, considering
the full three-dimensional dynamics of quantum vortex filaments can be rather involved. The
same can be said of accounting for non-locality. However, considering the quantum form of
the vortex filament equation which uses the Biot-Savart dynamics instead of the LIA would
be quite interesting. Such a formulation would account for both superfluid effects and the
effect of non-locality on the motion of a vortex filament in a quantum fluid. Any results in
the literature are numerical in nature, so analytical results in this area would be quite nice,
since they may lead to qualitative observations which are ignored or not considered in the

parameter regions explored numerically.

338



One open problem with regards to the quantum vortex filament is whether or not the
quantum vortex filament equation (in any form) admits chaotic solutions. While thy has
been hypothesized before due to the complicated dynamics inherent in the vortex filament
equations, there has never been a specific example given. It is the author’s opinion that
the best chance to observe chaos in a quantum vortex filament under LIA would be in the
Hasimoto-type transformation which puts the quantum LIA into correspondence with a cubic
complex Ginsburg-Landau equation. In a work-in-progress, the author has already found a

rich variety of bifurcations in this model.
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