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ABSTRACT

In this thesis we employ the method of asymptotic coordinate expansions in time and
space to determine the detailed structure of the solution to linearised dambreak problem
at the initial stage, in the far fields and at large time. We consider the situation where
an inclined dam separates a horizontal layer of incompressible and inviscid fluid from a
shallower horizontal layer of the fluid. The fluid is initially at rest and sits on a horizontal,
impermeable base, and is bounded above by a free surface. We consider the linearised
dambreak problem, which corresponds to a dam with a small step height and slope. We
formulate the problem for the free surface and fluid velocity potential, to which the exact
solution is found via the theory of complex Fourier transforms. This gives the free surface
and fluid velocity potential in complex Fourier integral form. We examine the detailed
asymptotic form of the exact solution for the free surface at the initial stage, in the
far field and at large time via estimating the complex Fourier integral. The asymptotic
approximations are then compared to a numerical evaluation of the exact solution for the
free surface. We also consider the case where the free surface is described by the linearised

shallow water theory, and the results are compared to the full linearised theory.
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CHAPTER 1

INTRODUCTION

1.1 The Dambreak Problem

A dam is a barrier that separates two horizontal layers of fluid from each other. Often,
a dam is a man made structure that is used to hold a body of water in place, forming
a reservoir or lake, which can then be used to support local communities. Dams can
be used in order to supply water to local communities, or act as a flood defence. They
can also be used to supply water for farmland (irrigation) and to allow hydro-power
electricity, for further examples, see [3]. However, given that dams are as tall as 300m in
the case of the Nurek dam in Tajikistan [4], a failure would cause catastrophic flooding
and environmental damage. Largely regarded as the worst dam failure in history, the
Bangiao Dam in China failed due to severe weather conditions in 1975. From [5], it is
reported that 26,000 people died from the initial floods which then increased to around
220,000 deaths due to the subsequent environmental damage. There are other causes for a
dam failing, for example poor design or wear, and so with dams being built throughout the
world, and such catastrophic consequences possible in the event of a failure, the possible
outcomes of a dam failure need to be analysed.

The problem of a dam failure is modelled mathematically as the classical dambreak
problem. It is used to model the situation where a mass of fluid, lying on a impermeable

bed, is held in place by a solid boundary (a dam) so that there is a change in the fluid



surface elevation across the dam site. The dam breaks at an initial time and the aim is
to determine the behaviour of the subsequent flow; that is, to determine the fluid velocity
field and, in particular, the free surface behaviour. To this end we must formulate and
analyse the mathematical statement that describes the dambreak flow. The dambreak flow
is formulated mathematically by the conservation of mass and momentum equations for
the fluid flow, together with appropriate boundary and initial conditions. This leads to a
nonlinear problem to solve; it is therefore convenient to make some reasonable assumptions
to reduce the difficulty in solving the dambreak problem. As this is a water wave problem,
the viscous effects are ignored and the fluid is assumed to be incompressible. It is also
assumed that the dam disappears instantly at the initial time. These assumptions are
standard in dambreak problems, see for example [38], [27], [11], [39], [6], [17], [9], [8]-
The dambreak problem is, in essence, a model of a gravitationally driven flow, so the
model can be adapted to model other flows of this kind. Flows caused by landslides or
avalanches can be modelled by modifying the dambreak problems, see [16]. This link with
other flow problems underlines the importance of studying the behaviour of a dambreak

flow.

1.2 Literature Review

The majority of work on the dambreak problem employs from the outset the shallow
water approximation, see for example [35], [34], [38], [40], [39], [41], [17], [9], [10], [43],
[42]. This assumes that the fluid pressure is hydrostatic on the basis that the vertical
acceleration of the fluid has a negligible effect on the pressure. By integrating the equation
for conservation of mass and horizontal momentum over the fluid thickness and then
applying the hydrostatic pressure assumption, we obtain the shallow water equations.
These approximate the horizontal fluid velocity and the free surface. A detailed derivation
is given in [15], (p.22). Furthermore, assuming that the horizontal component of velocity

and the surface elevation are small, the shallow water equations can be linearised and



combined to give the linear wave equation as the governing partial differential equation
for the free surface evolution (see [15], p.24).

In the classical text on the theory of water waves by Stoker, [15] (Chapter 10 p.308),
the shallow water equations are used to model the case of a two-dimensional dambreak
problem, where a mass of fluid, initially at rest, sits on a flat impermeable bed, and is
held in place by a piston so that there is a constant fluid depth (which extends infinitely
far in the horizontal direction) on one side of the piston, and there is zero fluid depth on
the other side of the piston. The piston is pulled away from the fluid so that a depression
wave is caused. In particular, the case where the piston is pulled away impulsively was
considered in detail. This corresponds to a dambreak problem where the dam disappears
instantly. The problem was solved by the method of characteristics so that the surface
elevation and horizontal component of fluid velocity were determined. It was found that
the wavefront is tangent to the dry bed and the fluid surface forms a parabola in the region
between the wave front and where the fluid remains undisturbed. Interestingly, it was
found that the depth of the fluid at the initial site of the piston is always four-ninths of
the initial depth of the undisturbed fluid. However, the author did note that the shallow
water theory is most likely to be inaccurate during the early stages after the dambreak.

The shallow water theory developed in [15] has since been used in many other situa-
tions, for example a dambreak problem on a bed with a step, [8], for arbitrary slopes of
the bed, 6], dambreaks over a bed with a drop, [9], and for the modified shallow water
equations over a dry bed, [10].

Numerical approaches have also been adopted to gain insight into dambreak flows. In
[7], the shallow water equations were approximated numerically to predict the potential
damage caused by a dambreak on the village Tribalj in Croatia, and their results were
used in the urban planning of the flood risk areas. Many other numerical approaches in
the shallow water theory have been developed, see for example [22], [34], [35], [36], [37].

Closely related to the work presented in this thesis is the asymptotic analysis developed

in [1| to approximate the free surface of a dambreak flow, when the free surface evolution



is governed by the KdV equation. The KdV equation is obtained when dispersive effects
are incorporated into the shallow water theory, a derivation of which is given in [2] (p.
460). In [1], the method of matched asymptotic expansions was used to approximate the
large time development of the KdV equation.

All the work referenced above is fundamentally based upon the shallow water approx-
imation. In terms of the dambreak problem, the relevance of the nonlinear shallow water
equations was investigated in [13]. Here, the authors compared Navier-Stokes simula-
tions with an analytical solution and numerical approximations of the nonlinear shallow
water equations, with a dry bed downstream from the dam. The authors found that
the Navier-Stokes simulations do not predict the parabolic behaviour in the free surface,
as predicted by the analytical solution to the nonlinear shallow water equations. Their
graphs, which depict the free surface behaviour for a small time, also suggests a differ-
ence in the wavefront structure between the two simulations. The nonlinear shallow water
equations show the wave front being tangent to the bed, in agreement with [15]. However,
the Navier-Stokes simulations show something of a bore at the wavefront in the initial
stage, which smooths out over time. The authors also noted that experimental data from
the initial stages of dambreak, [20], also differs from the predictions of the shallow water
equations. Thus, there is a case to address these discrepancies by performing an analysis
of the dambreak problem formulated from the full water wave equations. Henceforth we
will refer to this as the full dambreak problem. Among the most notable works on the full
dambreak problem is that of Pohle, [14], and Stoker, [15] (Chapter 12). In, [15] (Chapter
12), the full dambreak problem was considered, and an approximate solution was con-
structed during the initial stages after the break. The equations of motion were assumed
to have power series solutions in time, t, for the pressure and the particle displacement,
and each were solved up to O (¢?) as t — 0, but it was noted by the author that these
solutions become singular at the point where the dam meets the bed (at the wave front).

As far as we are aware, this is the first work that constructs the solution at the initial

stage of the full dambreak problem in this way. Hunt, [17] and [18], also constructed an



asymptotic approximation to the full dambreak problem as t — 0; however there appears
to be little subsequent work on the full dambreak problem using this technique. This was
also noted in [11], where it is reported that 'there are very few asymptotic analyses of the
dambreak problem’.

One paper which does take this approach, and is closely related to this thesis, is that
by Korobkin and Yilmaz, [11]. The authors consider the case where a vertical dam sits
on a horizontal bed and separates a layer of fluid, which extends horizontally to infinity,
from a region where there is no fluid. The authors construct a small time approximation
to this dambreak problem by assuming a solution to the fluid velocity potential and the
free surface in a series expansion in the time variable. The problem is solved at each order
and a second order outer solution is obtained. This outer solution is singular at the point
where the dam meets the bed, (at the wave front) due to logarithmic singularities, which is
the same point where the series solution in Stoker’s work, [15]|, became singular. In [15],
the author said of this singular point that "there would be turbulence and continuous
breaking at the front of the wave anyway so that any solution ignoring these factors
would be unrealistic for that part of the flow.". The authors in [11] however do construct
a leading order approximation in an inner region around this singular point. The authors
show that the outer and inner region solutions asymptotically match according to Van
Dyke’s matching principle [12], and that the inner region solution describes a jet formation
that moves along the dry bed. This result is in agreement with the two-fluid Navier-Stokes
simulations in [13], which also suggests a jet formation propagating along the bed, and
the experimental data [20] which shows a jet formation propagating at the wave front.
Korobkin has also used the method of matched asymptotic expansions to approximate the
initial stage of free surface flows in other related problems; a dambreak problem where a
dam separates two immiscible fluids, [27] and the situation where a horizontal flat plate,
[28], and a floating wedge, [29], enter a body of liquid. Other free surface flows have been
considered in this manner to determine the initial stage development. The situation where

a vertical plate accelerates uniformly into a strip of inviscid and incompressible fluid is



investigated by Needham and King, [23], where the formation of a rising jet on the plate
is found during the initial stages of the free surface flow. The method is also applied to
the situation where a vertical plate and an inclined plate are initially at rest and then
move impulsively with constant velocity into a strip of inviscid and incompressible fluid,
[24] and [25], where again the formation of a rising jet on the plate is found during the
initial stages. The work in [25] is then extended by Needham, [26], to approximate the

large time development of the free surface.

1.3 Thesis Overview

In this thesis, we consider a linearised two-dimensional full dambreak problem. We begin
by formulating the linearised full dambreak problem, to which we apply the complex
Fourier transform to obtain the exact solution for the fluid velocity potential and free
surface in Fourier integral form. Uniform asymptotic approximations to the free surface
is then obtained in detail for small time, in the far fields and for large time. As a
supplement, the exact free surface solution is also computed numerically, with suitable
error bounds, and the numerical solutions are then used to compare with the asymptotic
forms in the small and large time limits. The numerical solutions also provide a (error
controlled) link between the asymptotic form for small time and the asymptotic form
for large time. In addition, we write down (trivially) the free surface solution to the
corresponding linearised shallow water dambreak problem. We are then able to compare
this directly with the asymptotic forms of the exact free surface solution to the linearised
full dambreak problem in both the small and large time limits. We also make a comparison
with the numerical solution of the linearised full dambreak problem.

In Chapter 2, we introduce and formulate the full dambreak problem. Here, we con-
sider a two-dimensional dambreak problem, where the dam is inclined, and the fluid is
initially at rest and at distinct constant depths either side of the dam. The fluid lies on a

horizontal impermeable base and is bounded above by a free surface, as shown in Figure



(2.1). We assume that the dam disappears instantly at the initial time and there is a
subsequent flow. Our aim is to determine the solution for the free surface and the fluid
velocity field of the fluid. We begin by formulating the dambreak problem for an incom-
pressible and inviscid fluid. The fluid velocity field is governed by the conservation of mass
(continuity equation) and conservation of momentum (Euler equations). The only force
driving the flow is gravity, so that, as the fluid is initially at rest, the fluid velocity field is
subsequently irrotational. This allows the introduction of a velocity potential, from which
we obtain the governing equation for the velocity potential as Laplace’s equation, with
appropriate initial conditions and boundary conditions. We then non-dimensionalise this
nonlinear problem with respect to the initial depth of the fluid layer forward of the dam.
This nonlinear problem depends upon two parameters, the dimensionless step length and
step height of the dam.

In Chapter 3, we consider the situation where the dam has a small dimensionless
step height and an O(1) step length. In this situation the full dambreak problem may be
linearised to obtain the linearised full dambreak problem. We then apply complex Fourier
transforms to the linearised full dambreak problem. Once the transformed problem is
solved we apply the inverse Fourier transform to obtain exact solutions for the free surface
and fluid velocity potential to the linearised dambreak problem in integral forms. At this
point we turn our attention to the detailed structure of the solution for the free surface.

In Chapter 4, we construct a uniform asymptotic approximation to the free surface
during the initial stages of the dambreak flow as time ¢ — 0. Expanding the integrand
as t — 07, the free surface solution emerges as an asymptotic series in ¢. It becomes clear
from this expansion that the asymptotic structure is made up of five distinct asymptotic
regions. There are two inner regions, which are small regions around the initial corners of
the free surface, and there are three outer regions away from the initial corners. We first
determine the asymptotic development of the free surface up to O (#?) in the outer regions,
and then in the inner regions. We demonstrate that Van Dyke’s asymptotic matching

principle [12] is satisfied accordingly. The results reveal an O (¢?) evolution of the free



surface in the outer regions, and an O (t*logt) evolution in each of the inner regions,
where we uncover incipient jet formation and collapse. A qualitative sketch and graphs
depicting the short time behaviour of the free surface are given, and the solution exhibits
behaviour which accords with that reported in [11], where jet formation is observed in a
similar problem. This also agrees with the experimental data in [20], in which the authors
describe incipient jet formation in the free surface at the wavefront.

In Chapter 5, we construct a uniform asymptotic approximation to the free surface in
the far fields, as |x| — oo. This is achieved via a detailed application of the method of
steepest descents. It is established that the asymptotic approximation in the far fields,
as |x| — oo, consists of three distinct asymptotic regions, namely t = o(1), t = O(1)
and t = [o(1)]"" as |z| — oo. The asymptotic development is derived in each region,
and it is verified that asymptotic matching is satisfied between each region according to
Van Dyke’s principle [12]. It is established that the free surface differs from the initial
conditions by an exponentially small order in z, as |x| — oo in the far fields.

In Chapter 6, we construct a uniform asymptotic approximation to the free surface
for large time, as t — oo. The detailed structure consists of five distinct asymptotic
regions, three outer regions and two inner regions. We find an outer region where the
free surface oscillates, and this region connects to two inner regions where the free surface
is described by Airy functions and their integrals. Each inner region then connects to a
corresponding outer region which extends into the far field. In these outer regions the free
surface differs from the initial conditions by an exponentially small order in ¢, as t — oo.
It is also verified that asymptotic matching is satisfied between each region according to
Van Dyke’s principle [12]. A sketch detailing the asymptotic structure of the free surface
at a large time is given and graphs of the free surface are also presented.

In Chapter 7, we give a detailed summary of the exact solution and the asymptotic
approximations obtained in Chapters 3-6. Sketches and graphs are given to illustrate the
detailed free surface structure for ¢t — 0 and ¢t — oo.

In Chapter 8, we perform a numerical evaluation of the exact free surface solution



obtained in Chapter 3. We employ Simpson’s rule and give a precise error bound. The
numerical evaluation is performed for various times and graphs for each time are shown.
Comparisons are made with the asymptotic approximations, and excellent agreement is
observed.

In Chapter 9, we consider the problem where the free surface, with the same initial
conditions as in Chapter 3, is governed by the linear wave equation associated with the
linearised shallow water theory. The problem is solved by D’Alembert’s general solution,
and graphs are given for various times. Sketches of the solution are given and illustrate
the free surface behaviour for ¢ — 0t and ¢ — oo. A detailed comparison is then
made between the solution to the linearised shallow water theory, and the solution to the
linearised full theory. This involves comparisons, in particular, as t — 0" and as t — co.

Finally it is instructive to compare the results in this thesis to experimental studies
performed on dambreak problems. The dambreak problem has been analysed experimen-
tally a number of times, however no experiments have so far been found that have exactly
the same initial fluid displacement as considered in this thesis. Most relevant to this thesis
is the experimental study by Stansby, Chegini and Barnes, [20]. Here, the authors set
up a flume with a horizontal base, and had a metal plate acting a a dam. Here water
was initially at rest, at different depths, either side of the dam, and the dam was then
rapidly drawn vertically upwards out of the water via a pulley. The subsequent flow was
visualised by a laser light sheet and recorded on video camera. In the short time they
observed a jet formation at the base of the dam. This is very similar behaviour to that
which is predicted in this thesis, where after a short time the asymptotic and numerical
approximations show an incipient jet formation and collapse in the free surface in regions
around the initial corners of the free surface. The authors also compared their experi-
mental results to analytical results of the nonlinear shallow water equations. Here, the
authors found that the experimental and analytical results had a close agreement after
a certain period of time, however there was more significant difference between the two

during the initial stages after the dambreak. We find similar behaviour in this thesis



where the full linearised theory and the linearised shallow water theory, as both ¢t — 07
and t — oo, agree at leading order in all outer asymptotic regions, but may differ at O(1)

in thin inner regions located at the upstream and downstream transition waterfronts.
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CHAPTER 2

FORMULATION OF THE DAMBREAK PROBLEM

Throughout this thesis we consider a fluid which is incompressible and inviscid. Further,
the only external force acting on the fluid is gravity. Specifically, we consider the situation
when a body of fluid is initially at rest above an impermeable rigid and horizontal bound-
ary, and is bounded above by a free surface, which initially is stationary, and represents a
transition from one uniform depth to another uniform depth. The initial displacement of
the free surface varies only in one horizontal space dimension. This problem is generally
referred to as the two-dimensional dambreak problem. The spatial domain is specified by
the Cartesian coordinate system (x, z), with z meaning distance vertically upwards and
x meaning distance horizontally, whilst ¢ > 0 represents time. A fixed position in the
spatial domain will be denoted as r = (z,2) = xi + zk, where i = (1,0) and k& = (0,1)
represent unit vectors in the x and z directions respectively. The velocity field of the fluid
is denoted as u = (u(x, z,t), w(x, 2,t)) = u(z, z,t)i + w(x, z,t)k, the free surface of the
fluid is located at z = n(x,t) and the impermeable base is set at z = —hgy. The region

occupied by the fluid at time ¢ > 0 will be denoted as D(t), where

D(t) = {(z,2) : (x,2) € R x (=ho, n(z,1))},

with the closure of the region denoted D(t), where

D(t) ={(z,2) : (x,2) € R x [—hg,n(z,1t)]}.

11



z = ahyg

2 z:—o‘l—’;ox—l—aho
Z:—ho
x=0 x =l

Figure 2.1: Initial displacement of the fluid layer.

The initial region occupied by the fluid, as illustrated in Figure (2.1), is denoted as
D(0) = Dy, with closure D(0) = Dy. The initial displacement of the free surface is given

as

(
0 when = > [,
Ckho
z=n(z,0) =no(x) = ¢ — Tz + ahy when 0 < x <, (2.1)
| ahyg when x <0,

with {; > 0 and o > 0.

As the fluid is initially at rest, it follows from Kelvin’s Circulation Theorem that the
fluid velocity field is irrotational for all ¢ > 0. We can now introduce a fluid velocity
potential ¢ = ¢(z, z,t), so that u = V¢. The initial velocity field at t = 0is u = V¢ = 0.

Therefore the initial velocity potential may be taken as

o(z,2,0) =0, (z,2) € Dy. (2.2)

The fluid is released from rest in its initial configuration and the subsequent fluid velocity

field, u, must satisfy the continuity equation,

V-u=0, (z,2)e D), t>0,
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which, in terms of the fluid velocity potential becomes
V3¢ =0, (v,2)€ D), t>0, (2.3)

which is the governing equation for the fluid velocity potential. The fluid pressure field,
p = p(x, z,t) (relative to atmospheric pressure p4), is then given by the unsteady Bernoulli

equation,
1
b1 + §|V¢|2 + }_; + g2z =0, with (z,2) € D(t), t>0. (2.4)

We now consider boundary conditions on the free surface z = n(z,t). The fluid pressure
on the free surface is p(z,n(x,t),t) = 0, which, via the Bernoulli equation (2.4) gives the

boundary condition,
1
b+ 5IVOP + =0, onz=n(z,t), (r,f) €R xR, (25)

which is the dynamic free surface boundary condition. In addition, we require that the
normal fluid velocity at the free surface is equal to the normal displacement velocity of

the free surface. This gives,
N = ¢, — Npbz, ON 2= 77(377t): (l’,t) € R x RJr: (2'6)

which is the kinematic free surface boundary condition. There is also the boundary
condition on the impermeable boundary, where there is zero normal fluid velocity at the

boundary, that is
Vo-k=0, atz=—hy, (z,t) € RxR". (2.7)

The far field boundary conditions on the free surface are

13



0, as x — oo  with t >0,
n(x,t) — (2.8)
ahg, asx — —oo with t > 0.

The fluid starts from rest, therefore the far field conditions for the velocity potential are

V| — 0, as |z| — oo uniformly in D(¢), ¢ > 0. On using (2.5) this may be written as

0, as x — oo with (z,t) € [—ho, 0] x [0, 00),
O, 2, t) —

— gahg, as x — —oo  with (z,t) € [—hg, ahy] x [0, 00),
which leads to

: ) Cy, as x — oo with (z,t) € [—ho, 0] x [0, 00),
o(x, z,t) —

—gahot +C_, asx — —oo with (z,t) € [—hg, ahg] X [0, 00),

where C'y,C_ € R are constants. Initial condition (2.2) then requires C;. = C_ = 0 to

give the far field conditions for ¢ as

Sz 2.1) > 0, asx — 00 (z,t) € [—ho,0] x [0, 00), 29)

— gahot, asx — —oo (z,t) € [—ho, ahg] X [0, 00).

The dambreak problem is governed by (2.3) with the conditions (2.1), (2.2), (2.5), (2.6),

(2.7), (2.8) and (2.9). Regularity conditions on ¢ and 1 require the following;
Pz, 2,t) € C(Dog) N CHH (Do U D) N C*2(Dyy),

n(z,t) € C(R x [0,00)) N CHHR x (0, 00)),

with

Do =A{(z,2,t) : (x,2) € D(t), t€(0,00)},

ODs = {(z,2,t) : (z,2) € D)\D(t), te(0,00)}.
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The problem is non-dimensionalised with respect to the depth scale, hg, so that the step
length [y can be written as [y = Sho with the parameter 5(> 0) € R. The following scales

are used to non-dimensionalise the problem, namely,

T = x/h07 = Zlho; n= 77,h07 (b = Qb,h()\, gh07 t= t/\/ %7 (210)

where the dashes represent the dimensionless variables. Substituting (2.10) into the di-

mensional problem we obtain the dimensionless dambreak problem given below:

Vi =0 for (z,2) € D(t),t>0. (2.11)
Vé-k=0 atz=—1, with (z,f) € R x R". (2.12)
N+ Nede — ¢ =0 at z=n(z,t), (v,t) € R x RT. (2.13)
e + % (024 ¢2) +n=0 at z=n(z,t), (z,t) € R x R". (2.14)
¢(z,2,t) = 0 as x — oo uniformly in D(t) with ¢t > 0. (2.15)
¢(z,2,t) = —at as x — —oo uniformly in D(t) with ¢ > 0. (2.16)

0 asx — oo with ¢t > 0,
n(x,t) — (2.17)

a asxr — —oo with ¢t > 0.

¢(z,2,0) =0 for (z,2) € D(0). (2.18)
n(z,0) =no(x) for z € R, (2.19)
where
§
0 when x > (3,

mo(z) = « (1—%x) when 0 <z < 3,

«Q when z < 0,
X
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together with the regularity conditions,

3(z, 2,t) € (Do) N CVM(Dog UAD.L) N C220(Dy),

n(z,t) € C(R x [0,00)) N CV(R x (0, 00)).

We now address problem (2.11)-(2.19). We will refer to problem (2.11)-(2.19) as [IBVP].

We begin by considering a linearised form of [IBVP].
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CHAPTER 3

THE LINEARISED DAMBREAK PROBLEM

In this chapter we consider a linearised form of [IBVP|, which corresponds to a dam
with a small step height and slope. To this end, we introduce appropriate scalings for
o(x, z,t) and n(z,t) from which we formulate the linearised dambreak problem. Applying
the Fourier transform to our linearised problem, we obtain exact solutions for the scaled

fluid velocity potential ¢(z, z,t) and scaled free surface displacement 7(z,t).

3.1 Formulation of the Linearised Problem

Consider [IBVP] for a small step height and slope, that is for 0 < a < 1 and g =0(1) as

a — 0. In the case that o = 0 the solution to [IBVP] is

o(z,z,t) =0, for (z,2) € D(t), t>0.

n(x,t) =0, xzeR, t>0.

For 0 < a < 1, we write

¢ =ag, n=oi, (3.1)

with ¢,7 = O(1) as @ — 0. On substituting (3.1) into [[BVP], and neglecting terms
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of O(a?), we obtain the following linearised dambreak problem, namely

V2 =0 for (r,2,t) € Rx (-1,0) x RY. (3.2)
$.=0 atz=—1, with (z,t) € R x R*. (3.3)
n—¢.=0 atz=0, with (2,¢) € R x RT. (3.4)
o1 +7=0 atz=0, with (z,) € R x RT. (3.5)
¢(z,2,t) = 0 as x — oo uniformly for z € [-1,0], ¢>0. (3.6)
¢(z,2,t) = —t as x — —oo uniformly for z € [-1,0], ¢ > 0. (3.7)

0 asx —o0t >0,
n(z,t) — (3.8)
1 asx — —oc0t >0,

with the initial conditions

é(x,2,0) =0 for (x,2) € R x [-1,0], (3.9)
n(x,0) =no(xz) for z € R, (3.10)
where
)
07 x Z /87

The following regularity conditions on ¢ and 7 are also required:

€ CR x[~1,0] x RT )N O (R x [~1,0] x RY)NC**°(R x (—1,0) x R"), (3.11)

neCRxR)NCY(R x RY). (3.12)
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We will refer to the linearised problem (3.2)-(3.12) as [LIBVP].

It is our intention to address the solution to [LIBVP] via the theory of complex Fourier
transforms. To this end, we anticipate that the far field boundary conditions (3.6), (3.7)
and (3.8) are achieved through terms exponentially small in = as |z| — oo. That is, we
have

O(exp(=Ayz)) asxz —o00,t>0,

(x,t) ~ (3.13)
1+ O(exp(A_x)) asx — —oo,t > 0.

_ O(exp(—Aix)) as * — oo uniformly for z € [-1,0], ¢ > 0,
o(z,z,t) ~ (3.14)
—t+ O(exp(A_z)) as x — —oo uniformly for z € [-1,0], t > 0.

where A\, \_ are constants.

3.2 Exact Solution to the Linearised Problem

Now let ¢ : Do — R and 77 : Rx [0, 00) — R be a solution to [LIBVP]. Then the regularity
conditions (3.11), (3.12) and the decay estimates (3.13), (3.14) allow us to introduce the

Fourier transforms

(k. 1) :/ ii(z,t) explike) dz, (k,t) € D x RY,

[e.9]

(ﬁ(k,z,t) = /OO d(z, z,t) exp(ikx) dx, (k,z,t) € D x [-1,0] x RT,

where D C C is the strip D = {k = o + i1 : 0 € (—00,00),7 € (—A4,0)}. Via the
regularity conditions (3.11) and (3.12), together with the far field boundary conditions
(3.13) and (3.14), it follows that # : D x RT — C is such that 7 € C(D x R*) and is
analytic in k for all (k,t) € D x R*. Similarly, ¢ : D x [—1,0] x R* — C is such that
¢ € C(D x [—1,0] x R) and is analytic in k for all (k, z,t) € D x [—1,0] x RT. Applying

the Fourier transform to [LIBVP| we arrive at the following problem for the transformed
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variables 7) and qg, namely,

b.. — k2 =0, (k zt) €D x(—1,0) x R*. (3.15)
¢.=0 atz=—1for (k,t) € DxR* (3.16)
Mh—¢. =0 atz=0for (k,t) e DxR" (3.17)
d+7=0 atz=0for (kt)€DxR* (3.18)
d(k,z,0) =0, (k,z)eDx|[-1,0]. (3.19)
(k. 0) = #(1 —exp(ikB), keD, (3.20)

whilst the far field conditions, (3.13) and (3.14), require 7 and é to be analytic in k, for

k € D. From (3.15) we have

~

o(k, z,t) = A(k,t)cosh k(z +1) + B(k,t)sinhk(z +1), (k,2,t) € D x[-1,0] x RY,

with A(k,t), B(k,t) arbitrary functions of (k,t) € D x R*. Applying (3.16) we obtain
B(k,t) = 0 and hence

Ok, z,t) = A(k,t) cosh k(z +1), (k,z,t) € D x [-1,0] x R*. (3.21)
Now (3.17) and (3.18) require

n — kA(k,t)sinh k = 0,

Aicoshk +1n =0,

for (k,t) € D x R*, subject to the initial conditions from (3.19) and (3.20),

A(k,0) =0,
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ik, 0) = (1 — exp(ikB),

ﬁkQ

for k € D. These give us

(1 — exp(ikB)) sin(y(k)t)
Bk?~v(k) cosh k

(1 — exp(ifk))
pk?

Ak, t) =
(k,t) € D x R, (3.22)
ﬁ(kv t) -

cos(1(k)t)
with v2(k) = k tanh k. Finally we obtain, via (3.21) and (3.22),

(1 —exp(ikf3)) sin(y(k)t)

Bk cosh ke oSk, (kz1) € Dx[=1,0) « R,

ok, z,t) =

To preserve analyticity of 7 and ¢ for k € D it is required that v(k) is also analytic in D.

Thus we must have A\, = 7 and set y(k) = (ktanh k)2 with branch-cuts in the k-plane,

as shown in Figure (3.1), and arg(v(k)) = 0 for k£ € RT. We observe that (k) is analytic

in the cut k-plane, and,

(k) = 7(k)

Im(k)

a

Branch cut for (k)

Branch cut for (k)

Figure 3.1: Cut k-plane.
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throughout the k-plane, whilst

Y(=k) = —v(k) (3.23)

throughout the cut k-plane. Also,

v(k)=k+O(K*) ask —0 (3.24)

and

=

Lk as |k| — oo on Re(k) > 0,
. | (3.25)
— (—k)2 as |k| — oo on Re(k) <0,

with the principal branch of the square root implied. In addition v*(k) has simple poles
at k = +k,, with

and

1

Res(v*(k), —kn) = —i <n — 5) T, n=12,....

We observe that A(k,¢) and ¢(k, z,t) are analytic for k € D as required, each having a

simple pole at k£ = 0 in the cut k-plane. Moreover

ik, t) = —% +O(1) ask —0, (3.26)
bk, 2. t) = —% +0(1) ask -0, (3.27)
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Also, for k € D,

i(kat) = O (!k%) s k] > oo, (3.28)
d(k,t) = O (%) . as [k — oo. (3.29)

We can now apply the Fourier Inversion Theorem to recover 7j(z,t) and ¢(x, z,t) as

(1) = ﬁ /C %(1—exp(iﬁk))cos(7(k)t) exp(—izk) dk,

_ 1 , ) coshk(z+1) ,
t) = ——— 1- k k)t)——s—— —izk) dk
Ga,2) = =5 [ (1= exp(iBk) sinla (1) TSR exp(—iak)
where C' is any continuous and piecewise smooth contour in D from Re(k) = —oo to

Re(k) = +00. An application of the Cauchy Residue Theorem with the estimates (3.28)
and (3.29) allows us to choose C' as the real k-axis, indented below the origin by a semi-

circle of radius 0 < § < 1, which we denote as Cjs , as shown in Figure (3.2). Thus

A, 1) = ﬁ i %(1—6}(1{)(2’5/{))008(7(1{;)1&) exp(—izk)dk, (,t) € RxR", (3.30)

§ 1 hk(z+ 1
B2 0) = —5 06(1—exp(iﬁk))sin('y(k)t)%exp(—iwk)dk, (3.31)

with (z,2,t) € R x [-1,0] x R*.

We note that standard uniform convergence results, together with estimates (3.26)
and (3.27) and integration by parts, establish that 7 and ¢ given in (3.30) and (3.31)
satisfy the regularity requirements (3.11) and (3.12).

In what follows it is convenient to write

Az, t) = —— (I(z,t) — I(x — B,1)), (z,t) € R x R* (3.32)
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Im(k)

a

Branch cut for (k)

k=1

oy

Branch cut for (k)

Figure 3.2: Contour Cjs in the k-plane.

with
1 , -
I(2,t) = /C o cos(y(R)Y) exp(—ikr) dk, (x,1) € R x R* (3.33)
§
which has regularity I € C(R x R*) N CH1(R x R*). Moreover, we have
1 _
I(—xz,t) = —/ — cos(y(k)t) exp(—ikz) dk, (x,t) € R x RT
c

e
$

with Cy shown in Figure (3.3). Thus
I(z,t) = I(—z,t) = / %cos(v(k)t) exp(—ikx) dk + /c %Cos(v(k)t) exp(—ikz) dk
5
with (x,t) € R x R*. An application of the Cauchy Residue Theorem then gives
I(—mz,t) = I(z,t) — 27z Y(z,t) € R x RY. (3.34)

Similarly, we write
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Lm(k)

Branch cut for v(k)

_ ;T
k’—ZQ

_ _ .7
k= i3

Branch cut for v(k)

Figure 3.3: Contour Cj in the k-plane.

Bz, 2, t) = % (J(z = B,2,8) = J(@,2,8)), (z,2,1) € R x [=1,0] x RY

with

B cosh k(z + 1) sin(y(k)t) 4 =
J(x,z,t) = /c(; (k2 cosh & exp(—ikz)dk, (z,z,t) € Rx[-1,0] xR

and which has regularity J(z,z,t) € C(R x [~1,0] x R*) N CH(R x [-1,0] x RT) N
C*?29(R x (—1,0) x R"). It is also readily established that

J(—x,2,t) = J(x,2,t) — 2rat, V(z,2,t) € R x [-1,0] x RY.

We now investigate the coordinate expansions for 7j(z, t) as given by (3.30) in the cases
(a) t — 0 uniformly for z € [-X, X], X > 0.
(b) || = oo uniformly for ¢ € [0,T], T > 0.

(c) t — oo uniformly for z € R.
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CHAPTER 4

COORDINATE EXPANSIONS FOR #j(z, ) AS t — 0

In this chapter we consider the free surface displacement 7j(x,t), as given by (3.30), for
r € R ast — 0. We begin by approximating I(z,t) in (3.33) as t — 0 when z > 0, and
then construct the approximation to 7(x,t), for z € R ast — 0, via (3.32) and (3.34). We
obtain an approximation to 7(x,t) for x € R as t — 0 which consists of an outer region
and two inner regions, which are O (¢?) neighbourhoods of the corners in the initial data,
at * = 0 and = . The inner regions show incipient jet formation near x = 3 and

incipient collapse near x = 0.

4.1 Outer Region Coordinate Expansion for I(z,t) as
t—0

Consider I(x,t), as given in (3.33), as t — 0, when x > 0. First write,

[e.9]

I(z,t) = /Cg’“) %COS(’Y([-{?)Q exp(—ikz) dk + /G(t) %cos(’y(k)t) exp(—ikz) dk -

—0(t) 1 ‘
—I-/_ ﬁcos(v(k)t) exp(—ikx) dk,

o0

where 0(t) — oo as t — 0, and 0(t) = o(t72) as t — 0. Here C’g(t) is that part of the
contour Cs between k = —60(t) and k = 0(t), as shown in Figure (4.1). It is straightforward

to estimate, when x > 0, that,
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Figure 4.1: Contour C’g(t) in the k-plane.

/Ce(t) %cos(’Y(/ﬂ)t) exp(—ikx) dk = ao(x) + t?a,(z) + O (x@(t)Z’ =10} 0(t)t4) (4.2)

é

as t — 0, where ao(x) and a;(x), for x € RT, are given by (4.6) and (4.7). In addition,

we have, after an integration by parts, when x > 0, that,

| —0(t) 1 2
— k)t —ikx) dk — k)t —ikx)dk| < —— (4.3
/a@ 2 cos(y(k)t) exp(—ikz) ’ ‘/Oo 2 cos(y(k)t) exp(—ikz) dk| < 2000 (4.3)
as t — 0. For any € > 0, we may take 0(t) = ¢~ after which (4.1)-(4.3) gives,
t4—2€ t4—e
[(.ﬁ[, t) = GQ(fE) + t2a1 (33') + O ( T s 7, t2+6> (44)

as t — 0 with z > 0. Clearly, the approximation in (4.4) fails when z = O (¢*) as t — 0.

Thus, we have from (4.4),
I(z,t) = ap(x) + t?ay(x) + o(t?) (4.5)
as t — 0 uniformly for z € RT\[0, A(t)), where A(t) = O(t?) as t — 0. Here
1

ap(z) = = exp(—ikz)dk, 2z € R*, (4.6)
5
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I [ tamhk
() = — / L exp(—ika) d, @ € R, (4.7)
Cs

We observe that ag, a; € C! (RT) via integration by parts and uniform convergence results.
We now obtain explicit expressions for ag(z) and a;(z) for z € RT. We begin with ag(z)

for x € R*.
Consider the integral in (4.6). To evaluate this integral, we integrate around the

contour shown in Figure (4.2). The integrand in (4.6) is analytic in the region enclosed

by C U Cr. Hence via the Cauchy Residue Theorem,

exp(—ikzx) / exp(—ikx)
= T dk = 0. 4.
/Cf 12 dk + . 12 dk =0 (4.8)

On Cp, k can be written as
k= Rcosf +iRsinf for 0 € [—m,0],

so that

exp(—ikz) B /0 R(—sinf + icosf) » o
/CR — = dk =  T(cosf T ism Oy exp(—ixR(cos + isinf)) db.

Taking the absolute value gives

exp(—ikx) 0 1 _
/CR — = dk’ < /9_7r T exp(xRsin @) db.

Figure 4.2: Contour CF U Cf in the k plane.
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Since x > 0, then 0 < exp(zRsind) < 1, and so

exp(—ikx) /0 1
————=dk —df
/CR k ‘ O0=—m R

:%—>O as R — oo.

Therefore, letting R — oo in (4.8) we obtain

—ik
ao(x) = /C w dk =0, xeR". (4.9)
1

We now consider a;(z) for x € R*. Since z > 0 we can again perform the integration in
(4.7) via integrating around the contour shown in Figure (4.2) now with R = Ry = N«

for N =1,2,.... The integrand is analytic inside C’fN U Cg,, except for simple poles at

k=k,=— (n — 5) mforn =1,2,.., N. The Cauchy Residue Theorem gives
f(k,x)dk + f(k,z)dk = —2mi » Res ( ,
/ L [ Z )
where
tanh k 1
f(k,z) = an exp(—ikz), (k,x) € (C\{ <n — 5) T n e N} x RT.

We have

2iexp(—(n — 3)7x)

Res(f(k,x); ky) = I

and so,

— 3)mx)

2n —1

fkayde+ [ fko) dk_4ZeXp
C N

s Cry

(4.10)

On Cgr,, we again write
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k= Rycosf +iRysinf for 6 € [—m,0],

so that the integral along Cg, becomes

0
f(k,x)dk = —/ f(R(cosf +isinf),x)R(—sinf + icosb) db.
O0=—m

Cry

Taking the absolute value and observing that |tanh k| < 2 for k € Cg, gives

0
f(k,z)dk §/ 2exp(zRysinf)dd, x>0, N eN. (4.11)
O=—m

Cry

We have that sinf < h(0) for 6 € [—m, 0] where

<[5

so that

0 -3
/ 2exp(x Ry sinb) do §/ 2exp <xRN (—Q — 1)> do
o=—7 0 d

=—7

0 0
+/ 2exp (a:RN—) db
6=—2 @

2

(4.12)

with z € RT, N € N. It follows from (4.12) that

0
4
/ 2exp(zRysinf) df < —7T, reR" NeNl. (4.13)
0=—m TRy

Hence, via (4.11) and (4.13),

f(k,z)dk — 0 as N — oo with z € R*.

Cry

Thus from (4.10) we have
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exp(—(n — L))
/Céf(kxdk;_zlz (2n—12) . zeRT,

and so

exp(—(n — 3)mz)
) =—2 RT.
Z 2n_1 , TE

It is now instructive to consider the sum

i ﬁ exp <— (n _ %) 7m:) _ i % exp (~5r) - i 217 exp (=)

n=1

Both Si(x) and Sy(x) define continuous and continuously differentiable functions for

r € R, and may be differentiated term by term. Hence

IS ew(-Ta) . S == el seR
= r=1

r=1

However both are geometric series, so can be written in closed form as

Si(a) =~ ORI gy -

2(1 — exp(—5x))’

mexp(—mx)
1 —exp(—mz)’

r €RT,
which can be integrated to give
Si(z) = —log <1 — exp <—gm>>+01, So(x) = —log (1 —exp (—7z))+Cy, € R,

with constants C, Cy € R. However, Si(x), S2(x) — 0 as © — oo, which requires that

(1 = Cy = 0. Hence we have

Si(z) = —log (1 — exp (—g1)> , So(x) = —log (1 —exp (—7z)), x€RT.
This leads to the result
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il (2n1— nor (_ (” - %) m) - 5os (((11__ ;};p((__g));) el

n=

and so we have
ai(x) = log (tanh %m) , z€R" (4.14)

It follows that,

log %x + O(2?) as r — 0,
ai(z) = (4.15)

— 2exp (—g$> +0 (exp <—3§x)) as r — 00.

We now have, via (4.5), (4.9) and (4.14), that
I(x,t) = t*log (tanh %x) + o(t?) (4.16)
as t — 0, uniformly for € R*\[0, A(¢)). In particular, via (4.15) and (4.16), we have
I(z,1) = 2 (log %:c + 0(1,2)) +o(t?)
as t — 0 with 1> < # < 1 (recalling that A(t) = O (t?) as t — 07) whilst,

I(z,t) = 1 (—2 exp (—gx) +0 (exp (—%%))) +o(t?) (4.17)

as t — 0 with z > 1.

Now from (3.32) and (3.34) we may write

(

%([(x,t) —I(x — pB,t)), (z,t) € [3,00) x RY,
M, t) = ﬁ @2n(8— )+ I(x,t) = I(B—z,t)), (x,t) € (0,8) x RY,
\ﬁ@ﬂﬁ—i-[(—x,t)—](ﬁ—x,t))’ (x,t)E(—OO,O]X]RJF.
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It follows from (4.16) that,

(12 tanh Tz
g

i lo 5)) + o(t?), as t — 0 with

tanh 7 (z —
z € [B+ A(t), 00),

1 t? tanh Tz

—(f—1z)+—log (E—‘l_) + o(t2), as t — 0 with

Pa.t) = I6; 2mf3 tanh 7 (8 — o) (4.18)
z € [A(t), B—A®)],

12 tanh §(—x)

1+ —1 —_— 2 ith
+2775 0g(tanh§(ﬁ—x)>+o(t)’ as t — 0 wit

x € (—o0, —A(t)].

\

It is instructive to examine the function

tanh i

m’) .z €R\{0, B}

As expected, F' € C' (R\{0, 5}). In addition we have

F(z) = log (

—log(x — ) + log (é tanh %5) +O0((x — B)*) asz — BT,
T
—log( — z) + log <é tanh %5) +O0((x — B)?*) asz— B,
T
whilst
4 ™ 2 +
logz — log —ta,nhzﬁ + O(z7) asx — 07",
T
4 s 9 _
log(—z) — log [ — tanh Zﬁ +O0(z%) asxz— 07,
T

and
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2 (exp (gﬁ) — 1) exp (—gx) +0 <exp (—%x)) as T — 00,
T
—

Fle)= T T
2 (exp <—§6> — 1) exp <§x> +0 (exp ( 5

Also, F(z) has exactly one zero, at z = 13, and F(z) is positive and monotone decreasing

)) oo

in x > (8, monotone increasing in 0 < x < [, and negative and monotone decreasing in

x < 0. A graph of F(z) for § =1 is given in Figure (4.3). We can now write,

tanh 5o D + o(t?) t—0
o(t*), as
tanh 7 (z — ()

1) = (i) + 5 log (

with @ € (—o00, ~AB)] U [A(t), B — A@®)] U [B + A(t),00), and A(t) = O(t2) as t — 0.

Figure 4.3: The graph of F(x) with f = 1.

4.2 Inner Region Coordinate Expansion for I(z,t) as

t—0
We now examine I(z,t) for z € [0, A(t)). We write z = Xt* with X > 0 and X = O(1)

as t — 0 and write I(X2,t) = I(X,t). The integral (3.33) then becomes

X,t>0.

N 1
fx8) = / o cos(y (R)1) exp(~ikXP) d.
Cs
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We now write this as

R 1 1
H(x, 1) = /C 2 (cosCu(R)0) — D exp(—ikXe) kot | exp(—it'hX)dk, X120
) 5

Via (4.9) we have that
! t’kX)dk =0, X, t>
Eexp(—zt EX)dk =0, >0,
Cs
and so
i(X,1) = / L cos(y(k)) — 1) exp(—ik X2 dk Xt > 0.
Cs

The singularity of the integrand at k£ = 0 is removable, and so, via the Cauchy Residue

Theorem, we may deform the contour Cs onto the real k-axis. Thus

i(X,1) = / T L os(r()t) — 1) exp(—ik X2 dk Xt > 0. (4.19)

oo K2

The integrand may be expanded about t = 0 in an asymptotic form provided that
k| < %. Thus we introduce 8(¢) such that * < 6(f) < 1 as ¢t — 0, after which we write

(4.19) as

+ /OO — (cos(y(k)t) — 1) exp(—ikXt*)dk, X,t>0.

This may be simplified to obtain,

~

[(X, 1) = 20, (X, 1) + 2b2(X, 1), X,t >0, (4.20)
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bi(X,t) = / " %(cos(’y(k)t) ~Dcos(kXt2) dk, Xt >0, (4.21)
* 1
ba(X,t) = /1 = (cos(y(k)t) — 1) cos(kXt*) dk, X, t>0. (4.22)

We first consider by(z,t) as t — 0 with X (> 0) = O(1). We observe that,
(k) = k?+0 (k% exp(—QkJ)) , as k — oo.

Now, in (4.22), k > §(t)"! > 1 as t — 0. Thus, over the range of integration in (4.22),

we have,

cos(y(k)t) — 1 = <COS (két) - 1) +0 (ﬁ exp <_%)>

1

as t — 0 uniformly for k € [§(t)~!, 00). Therefore we have,

[NIES

bo(X, 1) = / OO % (cos(k%t) . 1) cos(kXt2) dk + O (té(t)

ow(~505)) . 42)

as t — 0 with X (> 0) = O(1). We next make the substitution s = ¢?k in the integral in

5(0)

(4.23), which becomes

(o)

<1 1 1
/1 o (cos(k2t) - 1) cos(kXt*) dk = t* /t2 = (cos(s

®) 8(t)

ol

) — 1) cos(Xs)ds, X >0.

(4.24)
We recall that t26(¢)™! < 1 as t — 0, whilst
cos(sz) — 1 1 1
i S Il ) 4.2
= 2S+24+O(s), as s — 0 (4.25)

With this in mind, we write,
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2 S 2 S

5 ® (4.26)
o0 1 1
+/ — (Cos(si) — 1) cos(Xs) ds.
1

/oo % (cos(s%) - 1) cos(Xs)ds = /1 % (cos(s%) - 1) cos(Xs) ds

We now write,

/: é (cos(sé) - 1) cos(Xs)ds

- /; (é (cos(s%) — 1) cos(X's) + 2_15) ds — /; %ds (4.27)

(4.28)
ol
+ /t2 % (1 —cos(Xs)) ds.
5(0)
where
2—(1+—<cos<sé> —1>)7 s >0,
h(s) = 15 5 (4.29)
o0 s=10

and we note that h € C'(R*). It now follows from (4.28) that,

/: (S% (cos(s?) — 1) cos(Xs) + %) s

® (4.30)
— {/01 h(s) cos(X s) ds + /01 2_13 (1= cos (X)) dS-} +0 (%)

as t — 0 with X (> 0) = O(1). Thus, via (4.24)-(4.30), we have,
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/oo i (cos(k%t) — 1) cos(kX1?) dk

a1 k?
" t p (4.31)
=t*|lo 1+FX+FX+FX+O(—),
[ g(é(t)2> (F1(X) >(X) 3(X)) 5(t) ]
as t — 0 with X(> 0) = O(1), where Fy, F», F3 € C' (RY), and
Ax)= [ 2 2) — 1) cos(Xs)d 4.32
(X)) = 1 §<cos(5)— )cos( s)ds, (4.32)
!
F(X) = / s (1 —cos(Xs)) ds, (4.33)
0
1
Fg(X):/ h(s)cos(Xs) ds, (4.34)
0
in X > 0. It should be noted that we may re-write F5(X) in the form
1
F(X) = / — (1 —cos (u)) du, (4.35)
0 2u

in X > 0, which will be of use at a later stage.
Next we consider the forms of Fi(X), Fo(X) and F3(X) as X — 07 and X — o

respectively. We address Fy(X) first. It is convenient to write

F(X)= /100 e cos(s%) cos(Xs)ds — /100 1 cos(X's)ds (4.36)

52 52

in X > 0. We now consider the limit X — 07 in (4.36). Beginning with the second

integral in (4.36), we write
<1 <1
— cos(Xs)ds = X — cosudu
1 S x U

<1 <1
X(/X E(cosu—l)du%—/X Edu)

:1—(/ mdu)x+0(x2) as X — 0T
0

u2
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However, it is readily established, via contour integration, that

/Ool—cosu 1
—2dU:—’/T.
0 u 2

Therefore,
<1 1 2 +
— cos(Xs)ds =1 — §7TX +O0(X*) as X —0". (4.37)
LS

Next we consider the first integral in (4.36). We write

o0

<1 <1 1
/ gcos(sé)cos(Xs) ds :/ —2cos(s%(cos(Xs) - 1)d$—|—/ 8—2005(3
1

1

1 S
/oo ! ! ( 1) du +
= — COS u cCosu — U C
. u2 /—X 1

where we have set u = X's, with

[T

)ds
(4.38)

N

<1 1
G = / — cos(s?)ds = 0.036242.. . ..
LS

Now,

> 1 1 >~ 1 1
— Cos u? | (cosu —1) du = — COS u? ) (cosu—1) du
[ e () e du= [ s (gt ) cosu—
| 1
—/ —zcos( u5> (cosu— 1) du
0 U

:/OOO%COS (\/}u ) (cosu — 1) du+ O(X)
(4.39)

>

N[

as X — 0T. In addition, an integration by parts establishes that,

[NIES

/Oooécos(\/ly“ ) (cosu—1) du=o(VX), asX —0". (4.40)
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It then follows from (4.39) and (4.40) that

/XOO % oS (\/1}“5) (cosu —1) du = o(VX), as X — 0F. (4.41)

Therefore, via (4.38) and (4.41),

3
2

<1 1
/ — cos(s2) cos(Xs)ds =c; +0(X2), as X — 0. (4.42)
1

52

Finally, we have, via (4.36), (4.37) and (4.42), that

1 .
Fi(X)=(ci—1)+=7X +0 (Xa) as X — 07 (4.43)

2
Next we consider Fy(X), given in (4.32), as X — oo. It is convenient to introduce

g(s) = = <cos(s%) - 1) L os> 1, (4.44)
and observe that g € C* ([1,00)). Now, via (4.32) and (4.44) we write

F(X)= /100 g(s) cos(Xs)ds

- |:g<3)81n (Xs) L X/ ) sin(Xs) ds

=—g(1)Si§(X _% {_ ,(S)@Iﬂ%lwgf'(s)cos(xs)ds

sin X cos X 1
— —g(l) X — g/(l)W + o0 (ﬁ) as X — o0,

via the Riemann Lebesgue Lemma. From (4.44) we have,

g(1) =cos(1) — 1

7(1) = —%Sin(l) 9 (cos(1) — 1)
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Hence,

Fi(X) = (1 — cos(1)) S“)‘(X+ G sin(1) — 2 (1 — cos(l))> s X <%) | as X — o0,

(4.45)

We now address Fp(X), given in (4.35). We begin by examining F5(X) as X — 07, It

follows from (4.35) that

2 Y
Hence,
1
F(X) = gX2 +0(X%), as X —0%. (4.46)

Next we consider F»(X) as X — co. We write,

1 X
1 —cosu 1 —cosu

Fy(X) = —d —d

2(X) /0 2u u+/1 2u Y

1 _ 00 0o
:/ ﬂdu—klbg)(_l{/ Cosudu—/ cosudu}, X >0
0 2u 2 2 1 (% X u

Hence,

1 sinX cosX 1
FQ(X):ﬁlogX‘l—CQ_ 5X + 5x7 +O(ﬁ)’ as X — 00 (4.47)
with
11 —cosu > cosu
Cy = / ——du — / du = 0.288608. . .. (4.48)
0 2u 1 2u

We now address F3(X), given in (4.34), as X — 07. It follows from (4.34) that
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! 1
F3(X) = / h(s) <1 - §X232 +0 (X4s4)) ds as X — 0",
0
Hence
F3(X) =c3—dsX*+ 0 (X*) as X — 07,
with
1
c3 = / h(s)ds = 0.040980. ..
0
and
1

1
ds = 5/ h(s)s®ds = 0.006773. ...
0

We now address F3(X) as X — oco. We write, via integration by parts in (4.34),

e — = [ W(s)sin(Xs)ds

sin(Xs)}1 1 [!
o XJo

_ h(1)Si§X _ % (=1 (s) cos(Xs)]} — % /0 B'(s) cos(X s) ds
- h(l)sjr)l(X + % (W' (1) cos(X) — R'(0)) + o (%) as X — oo

via the Riemann Lebesgue Lemma. From (4.29) we have,

1
B (1) = g — 5 sin(1) — 2cos(1),
1
/ _
WO = -7
Hence
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R(X) = <COS(1> - %) Sir;(X+% ((; _ %Sm(l) _ 2cos(l)> cos(X) + %0) +o (%)

(4.50)

as X — co. We now have, via (4.22), (4.23) and (4.31), that

ast — 0 with X(>0) = O(1).
We now turn our attention to by (X, t), given in (4.21), as t — 0 with X (> 0) = O(1).

Since t? < §(t) < 1 as t — 0, over the range of integration in (4.21)
cos (kXt*) =140 (t*0(t)™%) ast — 0 with X(>0) = O(1).
In addition, we have, over the range of integration,
cosy(k)t=1-— %vz(k)ﬂ +0 (t'(t)"%) ast—0.

Thus we have,

1, (50 tanhk
bX 1) = —of? /0 Y gk o)

as t — 0 with X (> 0) = O(1). We now write

/6(10 tanhkdk:/1 tanhkdk+/c5(1t> tanhkdk
0 0 k 1 k

k
U tanh k& ﬁtanhk—l ﬁl
= dk —dk —dk

/0 k +/1 k +/1 k

! tanh k to) tanhk — 1 1
= dk ——dk + log —.
/o k +/1 k 85

Thus,
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by (X, 1) = —%ﬁ (log (%) 4 04) +o(f). (4.52)

as t — 0 with X (> 0) = O(1), and,

! tanh k > tanh k — 1
042/ ar; dk:+/ aank:o.m?go.... (4.53)
0 1

Finally, via (4.20), (4.21), (4.22), (4.51) and (4.52), we have

f(X, t) = 22 (logt + F1(X) + F5(X) + F5(X) — %C4) + o(t?)

as t — 0 with X (> 0) = O(1). We note, that when 0 < X < 1, then, via (4.43), (4.46)
and (4.49), we have

. 1 1
I(X,t) = 2t* (logt—|— (01 +c3 — 5C1 1) + §7TX+O (X3>) +o(t?) ast—0,

whilst, when X > 1, via (4.45), (4.47) and (4.50), we have,

. 1 1 1
I(X,t) = 2t (logt+ ilogX—I— <02 — 504) +0 <ﬁ)> +o(t?) ast—0.

In addition, it follows from (3.34) that,
. 1

as t — 0 with X (< 0) = O(1). It should be noted, via (4.43), (4.46),(4.49), and (4.54)
that I(X,t) is continuous with continuous derivative Iy (X, t) for —oo < X < oo. In

particular, when 0 < (—X) < 1 we have, via (4.43), (4.46), (4.49), and (4.54),
. 5 1 1 3
I(X,t)=2t"(logt+ (1 +c3— —cqg — 1 +—7TX+0<(—X)2) ast — 0,

2 2

whilst, when (—X) > 1 we have, via (4.45), (4.47), (4.50), and (4.54),
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. 1 1 1
I(X,t) = 2t* (logt+7TX+ ilog(—X) + (02 — §c4> +0 (ﬁ)) +o(t?), ast—0.

Graphs of Fi(X), F»(X) and F5(X) (computed numerically from (4.32), (4.33) and (4.34)

via Simpson’s method) are given in Figures (4.4)-(4.12).
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Figure 4.4: The graph of F;(X). Figure 4.5: The graph of Fj(X) with
asymptotic approximation (——) (4.43)
for X < 1.
Figure 4.6: The graph of F(X) with Figure 4.7: The graph of Fp(X).
asymptotic approximation (——) (4.45)
for X > 1.
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Figure 4.8: The graph of Fy(X), with
asymptotic approximation (——) (4.46)
for X < 1.
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Figure 4.10: The graph of F3(X).
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Figure 4.9: The graph of F5(X), with
asymptotic approximation (——) (4.47)
for X > 1.

0.045

0.04

0.035 -

00sr

F3lX)

0.025 -

ooz

o015 -

Figure 4.11: The graph of F3(X) with
asymptotic approximation (——) (4.49)

for X <« 1.
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Figure 4.12: The graph of F3(X), with asymptotic approximation (——) (4.50) for X > 1.



It is now convenient to write

I(X,t) = 22 (log t + H(X)) 4 o(t?) (4.55)

as t — 0 with X = O(1). Here

Fl(X)+F2(X)+F3(X)—%C4, XZO
H(X) = (4.56)
F(—X) + Fy(—X) + F3(=X) + 71X — %@, X <0,

and graphs of H(X) for —oo < X < oo are given in Figures (4.13)-(4.16). We note that

H'(0) = L, and, via (4.43), (4.45), (4.46), (4.47), (4.49), (4.50), (4.56) and (4.59), that

1 1
H(X)I <C1+C3—§C4—1> +§7TX+O(‘X|3)

as X — 0, whilst,

—log <ZX> +0 (—) as X — +00,
H(X) = -
X + - log <——X> +0 (—) as X — —oo.

I L I L L L L 15 I L L I I I L I I
-2 -1.5 -1 05 ] 05 1 15 2 01 003 D06 -0.04 D02 o 002 004 005 003 041
X X

Figure 4.13: The graph of H(X). Figure 4.14: The graph of H(X),
with asymptotic approximation (——) from

(4.43), (4.46), (4.49) and (4.56) for | X| < 1.
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Figure 4.15: The graph of H(X), with  Figure 4.16: The graph of H(X), with
asymptotic approximation (——) from asymptotic approximation (——) from
(4.45), (4.47), (4.50) and (4.56) for (4.45), (4.47), (4.50) and (4.56) for X > 1.
(—X) > 1.

for I(x,t) in z > 0 as t — 0. We have, via (4.16) and (4.55),

Region I, (> 0) > O(1) as t — 0,
I(x,t) = t*log (tanh %a:) + o(t?) (4.57)

as t — 0, with (> 0) = O(1).

Region II, z(> 0) = O(t?) as t — 0.
I(z,t) = I(X,t) = 2t* (logt + H(X)) + o(t?) (4.58)

ast — 0, with X = 5(>0) = O(1).

The structure of I(z,t) in x < 0ast — 0 follows from (3.34). We note that the asymptotic
expansion (4.57) in region I (as  — 0) and the asymptotic expansion (4.58) in region II

(as X — oo) asymptotically match, according to the asymptotic matching principal of

Van Dyke [12] (Chapter 5, page 90, equation (5.23)), provided

¢y = 2¢y — log %, (4.59)
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which is readily verified numerically (via (4.48) and (4.53)). We note that Van Dyke did
allude to the fact that this matching principle provides matching in case where the limit
principle [12] (Chapter 5, page 90, equation (5.22)) gives only a trivial result, as it does

in our case (4.59).

4.3 Coordinate Expansion for 7(z,t) as t — 0

We are now in a position to construct the asymptotic form for 7(x,t) as ¢ — 0 when

x = O(t?) and when x = 8+ O(t?). When x = 8+ O (t?) we write = 8 + Xt?, with

X =0(1) as t — 0. We then obtain via (3.32), (4.57) and (4.58),

B 2

n(X,t)= ;—5 (— logt — H(X) + %log (tanh %B)) + o(t?) (4.60)

as t — 0 with X = O(1). Similarly, when z = O(t?), we write z = Xt2, with X = O(1)

as t — 0. We then obtain via (3.32), (3.34), (4.57) and (4.58),

2

nX,t)=1+ ;_5 (logt +H(X)—7nX — %log (tanh %6)) + o(t?) (4.61)

as t — 0 with X = O(1).

We have now completed the detailed asymptotic structure of 7(x,t) as t — 0. This has
involved three distinct asymptotic regions as follows: x € R\{Ny(t) U Ng(t)}, x € No(t)
and x € Ng(t). Here Ny(t) and Np(t) are O(t?) neighbourhoods of the points z = 0 and
x = [ respectively. Finally, via (4.18), (4.32), (4.33), (4.34), (4.56), (4.57), (4.58), (4.60),

and (4.61), we have

Inner Region A, z € Ny(t) as t — 0.

In inner region A,

2

nX,t)=1+ ;_B (logt +H(X)—7nX — %log (tanh %ﬂ)) + o(t?) (4.62)
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for X =O(1) ast — 0, with z = t?X.
Inner Region B, x € Ns(t) ast — 0.

In inner region B,

n(X,t) = % <—logt — H(X)+ %log (tanh %ﬁ)) + o(t?)

for X =O(1) ast — 0, with z = 8 + Xt2.

Outer Region, xz € R\{Ny(t) U N3(t)} as t — 0.

In the outer region,

(1 tanh o
log
23

1
B 2mf3 tanh 7 (8 — )

2m 3 tanh 7 (8 — o)

— + o(t?), as t — 0 with
tanh Z(x—ﬁ)) )

€ |8, 00)\Ng(t),

t2 tanh §
(B —x)+ —log (M) +o(t?), ast— 0 with

t? tanh Z(—
1+ —log (M) + o(t?), as t — 0 with

x € (—00, 0]\ No(t).

(4.63)

z € [0, 5\{No(t) U Np(t)},

(4.64)

An illustration of the asymptotic structure for 7(z,t) as t — 0, with = € R, is shown

in Figure (4.17). Graphs of /(X ¢) in inner region A and in inner region B, for ¢ € [0,0.1],

are shown in Figure (4.18). In Figures (4.17) and (4.18) we note that close to the initial

corners at x =  and x = 0, the structure of 7(z,t) as t — 0 shows incipient localised

jet formation close to 2 = f (in inner region B) and incipient localised collapse close to

z =0 (in inner region A).
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Figure 4.17: A sketch for the asymptotic structure of 7(x,t) as t — 0.
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Figure 4.18: Graphs of 7(z,t) in inner region A and inner region B with ¢ € [0,0.1],
illustrating the incipient localised collapse and jet structure respectively.
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CHAPTER 5

COORDINATE EXPANSIONS FOR #j(z,t) AS |z| — oo

In this chapter we consider 7(x,t), as given by (3.30), in the far fields as |z| — oo for
t = O(1). We begin by approximating I(z,t) in (3.33) as * — oo with ¢ = O(1), and
we find the approximation has three distinct asymptotic regions as * — oco. We then

construct the approximation to 7(z,t), for t = O(1) as |z| — oo, via (3.32) and (3.34).

5.1 Coordinate Expansion for I(z,t) as |z| — oo

We examine [(x,t), as given in (3.33) as * — oo with ¢ = O(1). We first integrate the
integrand in (3.33) around the contour Cy, shown in Figure (5.1), where Cs = C¥ U L; U
Ly U C. U Ly with C, having radius 0 < e < 7. The integrand in (3.33) is analytic in the
region enclosed by Cfy, (noting that the branch-cut for v(k), is removable, since cos is an

even function). Hence, via the Cauchy Residue Theorem,

/c %cos(y(k)t) exp(—ikz)dk =0, (z,t) € Rt x RT. (5.1)

Consider the integral along L;. Set

I, (x,t) = /L %cos(v(k‘)t) exp(—ikz)dk, (z,t) € RT x RY. (5.2)

On Ly, k can be written as
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L La
k= —im
Ly
Figure 5.1: The contour Cy in the k-plane.
k=Y+ir with —7 <7 <0, (5.3)
so that

YA (k) = (S +i71) + O(Sexp(—2%)) as ¥ — oo uniformly for 7 € [, 0],

from which

’ +0 (2’%> as ¥ — oo uniformly for 7 € [—m,0]. (5.4)

It follows from (5.4) that

1 t 1 1 t 1

lcos(Y(k)t)| < =exp [ — =573 ) + —exp [ =073 ) <2, (5.5)
2 2 2 2

as ¥ — oo uniformly for 7 € [—m, 0], whilst it is readily verified that, on L;,

lexp(—ikz)| = |exp(—iXz) exp(rx)| <1, as ¥ — oo uniformly for 7 € [—7,0] (5.6)
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and

1 1 1 2
= hlsr +0 <§) < S Y — oo uniformly for 7 € [—m, 0]. (5.7)

Thus, via (5.3), (5.5), (5.6) and (5.7), we have

1
/ pcos( v(k)t) exp(—ikx) dk’ / o dr = —> 0, as¥ — oo. (5.8)

Hence, via (5.2) and (5.8),

1
I, (z,t) = / w2 cos(y(k)t) exp(—ikz) dk — 0, as 3 — oo with (x,t) € RT x R,
Ly

(5.9)

Similarly, on L3, we have that

1
I (2. t) = / o cos(y(k)t) exp(—ika) dk 5 0, as % oo with (1, 1) € R x R".
L3

(5.10)
Now consider the integral along Ly. Set
et = [ %cos (v(k)t) exp(—ike) dk, (z,t) € RY x R, (5.11)
On Lo, we write
k=0 —ir witho € [-% %], (5.12)
so that,
v(o —im) = (0 — m)%(tanh 0)% o€ -3l (5.13)
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To obtain the correct branches for the square roots in (5.13) we introduce branch cuts
in the o-plane for (¢ — im)z and (tanho)z, as shown in Figures (5.2) and (5.3), with
arg ((U - iﬂ)%> =0on o = k+im when k > 0, and arg ((tanha)%) =0 with o > 0. We

observe that

1+ O(exp(—20)) as o — oo,

(tanh )2 =
—i+ O(exp(20)) as o0 — —o0,
and
o2 <1 — 221> +0 <O'_%> as o — 00,
1 g
(0 —im)? =

1 T 3
| a2<1—z%>+0<0 2> as o — 00,
v(o —im) =
— (~0)? (1 — 1) + 0 ((—0)_%> as o — —00
(—o) by :
Im(o) Im(o)
Branch cut for (o — i)z Branch cut for (tanh o)z

O = T @ arg <(tanh0)%> =0
U 4%
arg ((0 — m)2> =0 o Re(o)

> Re(o‘) g = —Z% ]

Branch cut for (tanh J)%

Figure 5.2: The o-plane for (o — im)z. Figure 5.3: The o-plane for (tanh o)z,
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It now follows from (5.11) and (5.12) that

(@ t) = — /_ ) ﬁ cos(y( — im)t) exp(—i(o — im)x) do. (5.14)

From (5.1) we have

/C L cos(v(k)t) exp(—ika) dk = — I, (,8) — Ip, (2,8) — Ip, (2,1)
(5.15)
- / %cos(’y(k)t) exp(—ikz) dk
Ce

for any ¥ > 0 and (x,t) € RT x RT. Now let ¥ — oo in (5.15), then via (3.33), (5.9),
(5.10) and (5.14), we have

1 .
I(z,t) =— /C 5 cos(y(k)t) exp(—ikx) dk -
> 1 | L ‘
+ /oo o= in)? cos(y(o —im)t) exp(—i(o — im)x) do

for (z,t) € RT x Rt. We now estimate the second term on the right hand side of (5.16).
We have,

‘/_ : m cos(vy(o — im)t) exp(—i(o — im)z) do

(5.17)

< el /. s (e (i7(o = im0 + lexp(—ir(o = im))) do.

In order to find a bound for (5.17) we establish bounds for each of the exponential terms.

First consider |exp(iy(c — im)t)| for o € R. It follows from (5.13) that

Im(y(o —im))| < T + foroeR.

V2 (O’ + (02 + 7r2)%> ’

Thus,
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Im(y(o —im))| < \/g for o € R. (5.18)

Therefore, we have

lexp (i7(o — im)t))| = exp (=Im(y(o —im))t)

con(5)

for o € R, via (5.18). Similarly,

lexp (—iv (o — im)t))] < exp (\/§t> (5.20)

for 0 € R. Thus, via (5.17) (5.19) and (5.20) we now have

(5.19)

‘/Oo ﬁ cos(y(o —im)t) exp(—i(o —im)x) do
—oo (5.21)

o 1
< exp(—7x) exp < gt) / mda, (z,t) € RT x RY.

It is readily established that

o 1
/_00—0'2—|—7T2d0_:1’

and so, via (5.21), we have

‘/_Z m cos(y(o — im)t) exp(—i(o — im)z) do

< exp(—7z) exp (\/gt) , (z,t) e RT x R™.

It now follows from (5.16) that

1
I(z,t) = —/C = cos(y(k)t) exp(—ikz) dk + R(x,t), for (z,t) € Rt x RT, (5.22)
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with

|R(x,t)| < exp (—mc + \/gt) , for (z,t) e R" x RT. (5.23)
Now consider the integral around C. in (5.22). Let

Te (o t) = /C | %cos (v(k)t) exp(—ike) dk, (x,t) € RY x R, (5.24)
On C, we write

- —ig +k,  with [E| =, (5.25)

and we will work in the k-plane, as shown in Figure (5.4). In a neighbourhood of k& = 0
we have, via Laurent’s theorem,
9 /7 T 20 15 204 -
= i—(1+ZFk+= = ‘
3 () = i ( 2k e X ok ))

We need to correctly choose the square root for (k). Recalling the k-plane, see Figure

Im(k)

a

Branch cut for (k)

=l
I
3.
L

ol
I
.
SIE
|
|
|
1
|
|
'
|
|
|
i
|
|
1
i
|
|
|
i
|
|

: '

Branch cut for (k)

Figure 5.4: Cut k-plane.
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(3.1), we have defined arg(k) such that

arg(k) =0, when k € RT,
T 4 T
arg(k) = —5 when k =17, 7 € <—§,O>,
which leads to

arg(v(k)) =0 on k € RY,

(5.26)
arg(y(k)) = —g onk=ir, 7€ (—g,O).

Consider k = i7, for 7 € (—g, 0). Then via (5.26), we have

(k) = =iy (k)]

in the k-plane. Hence, in the k-plane, we must have (l;:) = —1 ‘7 (l;;)| when arg (l;:) =ZI.
Hence, we define k2 to be real and positive with k& > 0, and with a branch-cut along the

negative imaginary k-axis. With this definition, we then have,

(NI

= T oy 1 20 1 21 - _ _
v (k) = \/;eXp (—q) T (1 +—k+ gkz + gkz?’ + 0 (k4)) as k — 0. (5.27)

As k — 0, we may further expand (5.27) to obtain

- 7T ™\ 1 - 1 /1 1Y - . _
fy(k) \/gexp( 24)E;<+7Tk+2(3+7r2)k +O(k)) as k — 0
Moving into the k-plane, via (5.24) and (5.25), we obtain

Io (x,t) = —4exp (—gx) /c m cos (v (k) t) exp (—ikz) dk (5.28)

where now C. is the circle of radius e centred at the origin of the k-plane. We wish to

estimate (5.28) as x — oo with ¢t = O(1). To facilitate this, we now set

39



|
Wi

in (5.28), after which we have,

Io (z,t) = —4dexp (—gx> /c § m cos ((v (k) t) exp (—kz)) dk | (5.29)

T

for x € ((%)% ,oo) and t > 0, recalling that 0 < e < %71 We now write (5.29) as,

Io (x,t) = —2exp (—gac> /c m exp (i (v (k) t — kz)) dk
o (5.30)
1 o

noting that the branch cuts for ~ (l_ﬁ) on the imaginary k axis must now be restored in

each separate integrand. It is now convenient to make the substitution

V)
I
8
i
ol

in the integrals in (5.30), which becomes

2 .
xrs T+ 2ix73s8

Ic (x,t) :—éexp <—gl‘> /01 ( ! >2exp (z (7 (x‘%)t—xés)) ds

(5.31)

+ / 1 5 €XP (—z' (7 ([E_%S>t+$%8>> ds
C1

<7T + Q'iZL‘_%S>

3
for x € ((%)2 ,oo) and t > 0. On the contour Cy, we have |s| = 1, and we may expand

as follows,
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<W+2ix_§s)_2—%(1—z4x 3s—FO(x 3s )), (5.32)

™

: T ynf 1 1 1 11 18 1
=exp|i|ty/=e "4 | 23572+ —x 352 +O<x 52> — 38 (5.33)
2 U

oo (i (5 (- 33) 1))
_exp( (t\[ ( b5 +%x_§s§ +0 (x—lsi)) Hés)) (5.34)
_exp( (\/fe ut( b Lokl )) (140 (1))

as x — oo with £ > 0 and |s| = 1. Writing (5.32), (5.33) and (5.34) in (5.31) leads to

M

\/
w\»—-

as x — oo with t = O(1). Thus we have
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Te (2.1) = ——exp (—%) (x,1) (1 +0 (xi + 3)) (5.35)

213 x

as x — oo with ¢ = O(1). Here

I(z,t) = / Cos (ﬁe‘izt (xés_é + ia:_:1335>) exp (—ix%s> ds (5.36)
C 2 ™

for > 0 and t > 0. We now observe that the integrand in (5.36) is analytic for s € C\{0}
(with an essential singularity at s = 0). Thus, via Cauchy’s Theorem, we can deform the

contour in (5.36) from C) onto Cg, with

wl—
Wl

R = —7w3ts.

1
2

We then have,

I(z,R) = / cos (QeiZRg (xésé + i:L'ésé)) exp (—ixi@) ds
Cr T
for x > 0 and R > 0, which we may write as
= 1 1z 1 1z
I(z,R) = —/ exp <2x3f1(5)> ds + —/ exp (—zx3f2(s)) ds (5.37)
2 Jog 2 Jeg

for x > 0 and R > 0, with

MY
(NI

[N
8
Wi

+ S

3|~

fi(s) = 2exp (—z%) R

(e
f2(5) = 2exp <—l%> R% (8_; + %x_gsé) + s,

recalling that the branch-cut in each of the integrands in (5.37), along the negative imag-
inary s-axis, must be restored (with s? real and positive on the positive real s-axis). We

now make the substitution s = Rw in (5.37) to obtain
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I(x,7) :%é <$17>§/C g1(w, T)exp (z (937?3)% fl(w)) dw
TAT

I (o) [ e (< (ert) )

for x > 0, 7 > 0, where now,

ol

(e (-43) -t )
exp 24 w w
1

E<2ex (—ii> ufl

5 p

vt w)
and

S|~
N——
N

a\
(\LH
SN~——r~"
Wl
N———
N——

for x > 0, t > 0, with,

F(T, X) =

)= [ . 1)esp () d

(T, X) = /C 92w, T) exp (~iX fo(w) ) du

for X, T > 0. On (4, we write

(5.38)

(5.39)

63



3
w = exp(if) with —g <6< g

Y

as,

3r

FUT, X) =i /_ 2 91(8,T) exp (iX f1(0)> exp(i6) do
Fy(T, X) =i /

3m
92(0,T) exp (—ing(@)) exp(i6) do
3
for X, T > 0, where

91(0,T) = exp (—

1
g2(0,T) = exp (

T
and

W=
0]
>

ko)
N
1.
VR
=~
|
N D
~~
~_
~
Wik
~~

in (5.40)-(5.45), we obtain,

[(z,t) = %ti (F1 ((i) , <$;t>§> + By ((

for x > 0, t > 0 where

64

which conforms with the branch-cut along 6 = —7. We may then write (5.38) and (5.39)

(5.40)

(5.41)

(5.42)

(5.43)

(5.44)

(5.45)

(5.46)



(5.47)
2w
/ g2(0,T) exp( zng(é)) exp(i0) do (5.48)
0
for X, T > 0, with
1 0 4
g1(0,T) = exp ( T exp <z§> T3) (5.49)
0,T) = ! LAPN 5.50
g2(0,T) = exp (—%—é exp <z§) > , (5.50)
and
=" (s 0 0 5.51
f1(6) = o ( exp (_25) + iexp(i )) (5.51)
AN
f2(0) = o5 < exp (—25) —dexp(i )) .

(5.52)
It is now instructive at this stage to verify that I(z,t), z > 0, t > 0, is real valued. It is

sufficient to show that Fi(T,X) and Fy(T, X) are real valued for X, 7" > 0. To this end
we write, via (5.47), (5.49) and (5.51)

2w

27
R(T, X,0)d0 + i / (T, X, ) di
0 0

(T, X)=

(5.53)
for X, T > 0, where
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It can be verified that

(T, X, 27 — 0) = —S(T, X, 0)

for X, T > 0, and so we write the second integral on the right-hand side of (5.53) as

2

2T T
/ (T, X, 0) df — / S(T, X, 0)d0 + / (T, X, 0) dd (5.54)
0 0 T

for X,T > 0. Setting # = 27 — 0 in the second integral on the right-hand side of (5.54)

we have

Thus, via (5.53) and (5.54), we have that Fy(T, X) is real valued for X, T > 0. Similarly,
Fy(T, X) is real valued for X, T > 0, hence, via (5.46), I(z,t) is real valued for = > 0 and
t>0.

An examination of (5.46) reveals that I(z,t) has three distinct asymptotic forms as

x — oo with £ > 0, namely

Region I: t = O <x_%) as r — 00.
Region II: t = O (1) as © — oc.
Region III: t = O (x%> as r — 00.

We consider the approximation of I(x,t) in each region in turn.
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5.1.1 Coordinate Expansion for [(z,t) witht = O <x_§> as |z| —» oo

In Region I we introduce the scaled coordinate ¢ = z2t, so that = O(1) as x — oo in

Region I. We then have, via (5.46),

f ~2 f ~2
T4 Ta

for z > 0, £ > 0. We now estimate (5.55) with £ = O(1) as x — oo. This requires

wlo

1 ~
~ 73 t
4 5

p

estimates of Fy(7,X) and F5(T, X) with X = O(1) as T'— 0. We obtain directly from
(5.47)-(5.52),

FI(T, X) = Hi(X) (1 +O (T%>) (5.56)

Fy(T, X) = Ha(X) (1 +O (T)) (5.57)

with X = O(1) as T'— 0, where
2m o o
Hy(X) = / exp (iX£1(0) ) exp(if) df (5.58)
0

Hy(X) = /027r exp (—ing(é)) exp(if) df (5.59)

for X > 0. Graphs of the numerical calculations of H;(X) and Hy(X), for X > 0, are
given in Figures (5.5) and (5.6). It is useful, at this stage, to obtain the approximate forms
for both Hy(X) and Hy(X) for 0 < X <« 1 and X > 1 respectively. For 0 < X <« 1, we

have from (5.58) and (5.59) that

H\(X) = /27r (1 +iX f1(0) — 1X2f2(9’) - z’le?’(é) + iX4f4(9’)
! 0 ! 2 M 6 ! 247 1

—HEOXE)fl( )+ O(XG)) exp(if) d

and

67



10
L - — — — 14

H, 0

Figure 5.5: Graph of H;(X), X > 0. Figure 5.6: Graph of Hy(X), X > 0.
o i Y2y v sy o L ovagagg
Hy(X) = 1_2Xf2(9)_§X fz(e)"’Zngﬂ@)‘f’ﬂX f2(0)
0

—zﬁxf” 200) + O(XG)) exp(i6) df

for 0 < X < 1, from which, via (5.51) and (5.52), we find

Hi(X)+ Hy(X) = — /QW w5 X2+ 0 (X)) df

= 213 X% + 0 (X?)

(5.60)

for 0 < X <« 1. The graph of (5.60) with the numerical calculation for H;(X) + Hy(X)

is shown in Figure (5.7).

For X > 1, Hi(X) and H,(X) are both steepest descent type integrals. Thus we

write, from (5.51), (5.52), (5.58) and (5.59),

Hi(X) = /o 7reXp (%X (Re1(0) — i]ml(é))) exp(if) df

and

Hy(X) = /0 WeXp (%X (Rea () — z']mg(@))) exp(if) df

for X > 0, with
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L L L I I I L L L
0 0.1 02 03 04 05 0B 07 08 09 1
X

Figure 5.7: The graph of H;(X) + Hy(X), with asymptotic approximation (——) from
(5.60), for 0 < X < 1.

Rey(f) = 2sin <§> — cos(f),

Rey(f) = —2sin (g) — cos(f),
and

Imy () = 2cos (g) — sin(6),

Imy(0) = 2 cos (g) + sin(0),

Graphs of Rey(6) and I'my(f) are shown in Figures (5.8) and (5.9) respectively, and it is

readily verified that _H[laX] (Re2(f)) = —1. Thus we have from (5.62),
0€[0,2m

|Ha(X)| < 2mexp (—%§X> (5.63)

for X > 0. Graphs of Re;(f) and Im;(f) are shown in Figures (5.10) and (5.11) respec-
tively, and it is readily verified that max (Re;(f)) = 3 at § = m, and I'my(f) is stationary
0€e[0,27]

at @ = 7. Thus, we anticipate that H;(X) will be dominated in a small neighbourhood

of § = 7 for X > 1. It is therefore convenient to write
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Re,(®)

Iy (&)

Figure 5.8: Graph of Rey(d). Figure 5.9: Graph of I'my(6).
Figure 5.10: Graph of Re;(6). Figure 5.11: Graph of I'm4(f).
f=n+0

in (5.61), to obtain

Hi(X) = — /7r exp (%X <Rel(§+ 7) —ilma (0 + 7r)>> exp(if) df (5.64)

—T

for X > 0, so that H;(X) is dominated in a small neighbourhood of § = 0 for X > 1.

For 6 < 1 we have

. 3m B o (s

Rei(§+m) =3 30"+ =0 +O(0) (5.65)
N P I

Imy(0+7) = =56+ 0 +O(9). (5.66)

We now apply the method of steepest descent to approximate H;(X), where the leading
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order behaviour of H;(X) is obtained by estimating (5.64) in a small neighbourhood of
6 = 0. Thus, via (5.64)-(5.66), and using the substitution

u? = 3W§X9~2
8

we may approximate H;(X), with X > 1, as

Hi(X) = —foéx—% exp <3jx> /: exp(—u?) (1 +0 (%4)) du

Thus we obtain the approximation,

Hi(X) = —ngéxé exp (%X) (1 +0 (%)) (5.67)

for X > 1. It then follows, via (5.63) and (5.67), that

Hy(X) + Hy(X) = —2‘/\/5;‘1’)(—% exp <3%X> (1 +0 <%>) (5.68)

for X > 1. The graph of (5.68) with the numerical calculation for H;(X) + H(X) is

shown in Figure (5.12), and the graph of the ratio between the numerical calculation and
the asymptotic approximation (5.68) shown in Figure (5.13). On returning to (5.55), with
(5.56) and (5.57), we have,

(x,0) = %i—z (H1 (z%) Y+ H, (t§>> (1 +0 (%)) (5.69)

with # = O(1) as # — co. In addition, via (5.60) and (5.68),

T(a,) = _%ﬁj_z (1+0 () (1 +0 (%))

for0§f<<1&sx—>oo,and
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Figure 5.12: The graph of Hi(X) + Figure 5.13: Graph of the ratio be-

Hy(X), with asymptotic approximation tween the numerical approximation for

(——) from (5.68), for X > 1. H,(X)+ Hy(X) and the asymptotic ap-
proximation from (5.68).

o =-ZE o (55) (140 (2)) (140 (£))

fort>1as x — oo.

5.1.2 Coordinate Expansion for I(z,t) with ¢t > O(1) as |z| — o

In Region II we have ¢ = O(1) as * — oo. This requires estimates of Fy(7,X) and
Fo(T,X) with 0 < T < 1 and X > 1. Following (5.56), (5.57), (5.63) and (5.67), we

have,

F(T, X) + F(T, X) = —2\/\?;% X2 exp (?X) <1 +0 (%)) (1 +0 (T%))

with 0 < T'< 1 and X > 1. Tt then follows from (5.46) and (5.70), that

i : o | :
-~ (28) (00 (1)) (1v0(£)) o

with t = O(1) as © — oo.

Wl

win

In Region IIT we introduce the scaled coordinate ¢ = z7it, so that £ = O(1) as z — o0
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in this region. We then have, via (5.46),

Wi

t

o=

(s ) 5 )

for z > 0, £ > 0. We now estimate (5.72) with £ = O(1) as z — oo. This requires

estimates of F1 (7T, X) and F5(T, X) with T'= O(1) and X > 1. It is readily verified from
(5.50) and (5.52), that

|exp (iX f2(6))] < exp <_§X>

for § € [0,2x] with X > 0, and

(5.73)
— 1 4
|92(0,T)| < exp ( ; TB) (5.74)
2ms
for § € [0, 2] with T > 0. Thus, via (5.48), (5.73) and (5.74) we have
1
1 4 T3
|Fy(T, X)| < 27 exp ( 1T3> exp (——X) (5.75)
2ms 2

for T)X > 0. For T = O(1) and X > 1, Fi(T, X) is a steepest descent type integral,

and will be dominated in a small neighbourhood of # = 7 for X > 1. It is therefore
convenient to write

|
I
s

in (5.47) to obtain

F(T,X)= —/7r g1 (é—f—?T,T) exp (@'Xfl <é+7r>> exp (zé) do

for T, X > 0, with
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; 1 AW
g1(0+m,T) = exp (— - exp <z—> T3>
273 2
and
3 . A
fi(0+m) = 53 (—21 exp (—Z§> — zexp(z@))
have

so that Fy(T, X) is dominated in a small region about § = 0 for X > 1. For § < 1, we

. T3 i 02
91(0+7T7T):exp<— 51 (1—1—2’————1—0
2ms

2ot
exp (iXfy (0+7)) = exp (7?§

(5.76)

Tx(3-3+0 <é3) (5.77)
5 1 . .

We now apply the method of steepest descent to approximate F; (7, X) for T = O(1) and

X > 1. Thus, via (5.76), (5.77) and using the substitution

1
S LE
u? =

X062
8

we may approximate F; (7, X), with T'= O(1) and X > 1, as

T3 375 T3 1
X 2exp| —— |exp | —X 140 | — (1+O( 1>)
x/ exp (—1¢

where

(5.78)

Using the substitution
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A
w=u-+1=

2

in (5.78) we obtain

3ns T3 T3
eXp( 2 X_247TX) (HO(?))
1 OOJr’i% )
x|114+0 - / exp (—w?) dw,
(1+0(5)) [ oot

A
oo+1§

and an application of the Cauchy residue theorem establishes that

ooJr'L'A
2
/ exp (—w2) dw = /.
_ A

oo+z§

Thus, we obtain the approximation

F(T, X) = 2@”;(—;6@(_;)6@(3;3X<1+ T3 ))
, (5.79)
(o5 o)

for = O(1) and X > 1. It then follows, via (5.75) and (5.79), that

2/273 T3 373 T3
F(T, X) + Fy(T, X) = — \/\/_§T3X—éexp<—%—z>exp<ggx<1+ i ))

(5.80)

for 7= O(1) and X > 1. On returning to (5.72), with (5.80), we finally have that,

2 a1 ~4 1 ~d
I(x f) B exp | — & ex Al r3t5 | 1 + &
’ V6 213 P s P 2

36752




with t = O(1) as © — oo. It is instructive to observe that (5.81) remains a uniform
approximation for O(1) <t < O (x%> as v — 00.

5.1.3 Coordinate Expansion for [(z,t) as |z| — o

We can now obtain the corresponding approximation for I(z,t), via (5.22), (5.23) (5.24),

(5.35), (5.69), (5.71) and (5.81). We obtain:

Region I, 0 <t <O (x’%> as r — 0o. We have,

=)

with f(: :c%t) = O(1) as * — oo. We also have, via (5.60), (5.63) and (5.67), that,
(5.83)

Hy (i3) + Hy (7)) = 27305 40 (77)

with 0 < ¢ < 1, whilst,
o 2275 1 373
Hy (ts) = """ tl(14+0(= 5.84
1( > N )( <3)> (5:84)
.
~2 ~2

with > 1.
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Region II, O(1) <t < O (xi> as x — co. We have,

N
(SIS
S
S
0]
s
o]
|
o
S
R
[S—y
|
>]‘ 1)
H‘ | e
N~
~—
VRS
[u—
+
@)
RS
)
Sl
+
8| o
+
S~
+
SHEES
N~
~—

(5.86)
with ¢ = O(1) as © — oc.

Region III, O (a:%> <t < O(x) as © — oo. We have,

with ¢ (z x_%t) =0(1) as x — o0.
It is clear that asymptotic matching between each region is satisfied, and it can also be
verified that the approximation in Region I asymptotically matches at the leading order

with the approximation to I(x,t), for t — 0 with z > 1, in (4.17).

5.2 Coordinate Expansion for 7(z,t) as |x| — o

We can now construct the approximation for 7(z,t) in each region. We have, via (3.32)

and (3.34),

(2, 1) — % (I, 1) — I(z — B.1) (5.88)
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forx > 0,t >0, and

n(x,t) = 2nB + I(—x,t) — (B — z,t)) (5.89)

2mf

for z < 0, ¢t > 0. In order to construct 7(x,t) we must first consider the approximation

for I(x — (,t) in each region. In Region I, the approximation of I(z — (3,t) requires the
- I 1

scaled coordinate t' = (z — 6)%15 as x — 00, from which we have t =t (1 — g) 2. Thus, in

Region I we have

) = ﬁ (1@:,{) oy (x _ 5,5(1 _ g) )) (5.90)

with ¢ <: x%t> = O(1) as x — oo. Similarly, in Region III the approximation of I(x— (3, t)
requires the scaled coordinate # = (z — f)~it as & — oo, from which we have ' =

t(1—5)"% Thus, in Region IIT we have

(2. 7) = ﬁ (z@;,f) g <:r; Y (1 _ g) _>> (5.91)

with § (: x—it> — O(1) as = — co. Thus, via (5.82), (5.86), (5.87), (5.88), (5.89), (5.90)

and (5.91), we have the approximation for 7(x,t) in the following regions,

Region IT, 0 <t <O (x’%> as r — +oo. We have,

(1) :ﬁ (%g%eXp (—%Wx)) (Hl (Eﬁ) + H, (%)
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with { = 22t = O(1) as © — oo, and the approximations for H; (2%) and Hy < ) given
n (5.83), (5.84) and (5.85).

Region IT*, O(1) <t < O <a:411) as x — +00. We have,

with ¢t = O(1) as  — oc.

Region III*, O <.:1:%> <t < O(x) as © — +00. We have,

Region I-, 0<t <O <(—x)’%) as x — —oo. We have,

iz, t) =1+ 2715 (733 (ii) exp (%ﬂ'iﬂ)) <H1 <t~%> + H, <t~%>

() ))




with £ <: (—x)%t> = 0(1) as x — —oo, with the approximations for H; (f%> and Ho <f§>
given in (5.83), (5.84) and (5.85).

Region II-, O(1) <t < O <xi) as x — —oo. We have,

with t = O(1) as © — —oc.

Region III-, O <:1:i) <t < O(x) as © — —oo. We have,

n(z,t) =1 — % <1 — exp <—gﬁ>> <%% exp (gx (1 - 7%

(5.93)

We now move onto consider coordinate expansions for 7j(z,t) as t — oco.
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CHAPTER 6

COORDINATE EXPANSIONS FOR 7j(z,t) AS ¢ — 0o

In this chapter we consider 77(z,t), as given in (3.30), as ¢ — oo with x € R. The natural
spatial coordinate as ¢ — oo is y = (7). We now construct an approximation to 7(y,t)
as t — oo, uniformly for y € R. We find that the approximation consists of four outer
regions, two of which exhibit oscillatory behaviour and two that show an exponentially
small disturbance in the far field conditions. We then find inner region approximations for
7(y, t),which connect the oscillatory regions to the exponentially decaying regions, which
are in terms of Airy functions and their integrals and connect the oscillatory regions to

the exponentially decaying regions.

6.1 Outer Region Coordinate Expansion for 7(x,t) as
t — o0

We examine 7(x, t), as given in (3.30), as t — oo with x € R. We first approximate 7(x, t)

for z = O(t) as t — oo. Introducing y = ¥, we write via (3.30),

1 1

n(y,t) = 35 . f(k) cos (y(k)t) exp (—ikty) dk — % . 7 Cos (v(k)t) exp (—ikty) dk

(6.1)

for (y,t) € R x R, where
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(k) = 5 (1 exp (i6K) + i1

with k € C, and the contour Cs shown in Figure (6.1), where C5 = L; U Ly U(C?. We now

consider the first integral on the right-hand-side of (6.1). Observing that f(k) is entire,

Cauchy’s Theorem gives

; f(k) cos (v(k)t) exp (—ikty) dk = /_00 f(k) cos (v(k)t) exp (—ikty) dk

—5 | f0eom ) (62

+ % /_ Z f (k) exp (=it (v(k) + ky)) dk

with (y,t) € RxR*. We now consider the second integral on the right-hand-side of (6.1).
Along L, and Ly we have —oco < k < —4 and § < k < oo respectively, and on C° we may

write
k = dexp (i0),

for 0 € [—m,0], so that, with 0 < § < 1, we have

Im(k)

a

Branch cut for (k)

k= Z%
Ly k :_5W’ Re(k)
ﬂ /
k= —ig

Branch cut for (k)

Figure 6.1: Contour Cs in the complex k-plane.
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-5
/C(; % cos (y(k)t) exp (—ikty) dk :/ %COS (v(k)t) exp (—ikty) dk

—00

+ /500 %COS (v(k)t) exp (—ikty) dk

+z/0 (1+0(5)) db

—Tr

with (y,t) € R x R*. Thus,

/C | %cos (v(B)t) exp (—ikty) dk — im — 2 /5 h %cos (v(k)t) sin (kty) dk+ O () (6.3)

for (y,t) € R x R*. Now, the left hand side of (6.3) is independent of 0 < 6 < % (via

Cauchy’s Theorem) and so, after using the identity
2 cos (y(k)t) sin (kty) = sint (y(k) + ky) — sint (y(k) — ky) ,
and taking § — 0 on the right hand side of (6.3), we obtain

1 <1
/ — cos (y(k)t) exp (—ikty) dk =im + 2/ —sint (y(k) — ky) dk
c; k o K

N (6.4)
— i/o %Sint (v(k) + ky) dk
for (y,t) € R x R, Finally, via (6.1), (6.2) and (6.4), we have
100t) = 5+ 5 Usl:) + (0 8) + 5 (P t) = Fl=9.) (65
for (y,t) € R x R, where
Tt = [ S0 esp it (1) — k) di (6.6)
T = [ sWesp (it (1) + k) di (6.7
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Fly.1) = /OOO % sint (v(k) — ky) dk, (6.8)

and

k) = % (1 — exp (iBk)) + i% (6.9)

for k € C, which is entire. The integrals in (6.6)-(6.8) are now in a suitable form to be

estimated.

6.2 Outer Region Coordinate Expansions for J,(y,t)
and J_(y,t) as t — o0

We first consider J(y,t) in (6.6) as t — oo with y = O(1). We observe that .J, (y, ) is in
the form of a stationary phase integral. There are three distinct asymptotic regions for
Ji(y,t) as t — oo, namely.

Region I: o(1) <y <1 —0(1) as t = o0,

Region II: y < —o(1) as t — oo,

Region III: y > 1+ o(1) as t — 0.

We consider the approximation of J, (y,t) in each region in turn. We begin in Region I.

The phase becomes stationary in (6.6) at those values & € R when

v (k) =y. (6.10)

Recall that
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=

(k) = (ktanh k) (6.11)

for —oo < k < oo, with the branch defined so that

with £ > 0. Graphs of (k) and +/(k) are given in Figures (6.2) and (6.3). It follows from
(6.10) that J(y,t) has exactly two points of stationary phase when o(1) <y <1 —o(1),

and we denote these points to be at

k= +k,(y) (6.12)

for o(1) <y < 1—o0(1), where ks(y) > 0. At this stage it is useful to examine the structure

of ks(y). As y — 17, we have ks(y) — 0. Thus, via (6.10), we may write

F(0) + 7" O)ksly) + 57" Ok + 0 (ky(w)") =

as y — 17. Hence
kuly) = V21— y)t +0 (1= p)?) (6.13)

as y — 17, where v”/(0) = —1. As y — 07, we have ky(y) — oo. Thus, via (6.11) we have

(k)
Filk)

L 1 L 1 1 1 1 1 1 1 n L n n n L 1 n
ol -0 B0 40 20 0 20 40 B0 a0 100 10 -8 B -4 -2 1} 2 4 B 8 10
k 3

Figure 6.2: The graph of v(k). Figure 6.3: The graph of v/(k).
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V() = 5ks(y) 5 + O (ko(y)? exp (~2k,(v)) ) (6.14)
as y — 0. Hence

ko(y) = é 40 (%exp (%)) (6.15)

asy — 0. Using (6.13) and (6.15), and observing that k,(y) is decreasing with y € (0, 1),

we give a sketch of ks(y) in Figure (6.4). It is therefore convenient to write (6.6) as
Ji(y, 1) = Ki(y,t) + Ka(y, t) (6.16)

where
Ky (y,1) = / F(k) exp (it (v(k) — ky)) dk, (6.17)

Kaly,t) = / " F (k) exp (it (v(k) — ky) d,

and each integral has one point of stationary phase. We first consider K(y,t). The

ks(y)
A

Figure 6.4: A sketch of k,(y) for y € (0,1).
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phase is stationary at k = ks(y), so we may approximate Ks(y,t) as

5(t)

Ky (y,t) = exp (—itks(y)y) o flw+Es(y)) exp (it (v(w + ks(y)) — wy)) dw (6.18)

for o(1) <y < 1—o0(1) as t — oo, where 6(t) = o(1) as t — oo and we have used the

substitution w = k — k,(y). For |w| < 1 we have
flw+ks(y) = f(ks() + f (ks(y))w + %f"(/’fs(y))w2 +O (f" (ks(y))w?)

Yw+ks(y) = v(ks(y)) + 7 (ks (y))w + %7”(/%(3/))102 +0 (7" (ks (y))w?)

from which (6.18) becomes

5(¢) t
Kl ) () s (=it () =200 | exp (15372 o (619

for o(1) <y <1—o(l)ast — oco. As~"(k) <0 for k >0, and 7" (—k) = —"(k), we use

the substitution

@ = Sy () (6:20)

in (6.19) to obtain, on taking 0(t) = ¢5,

Ka(y,8)  f(ks(y)) exp (=it (ka(y)y — 10k, ())) ,/m / " exp (i) du

for o(1) <y <1—o0(1) as t — oo. Via contour integration and an application of Cauchy’s

Theorem it may be established that

/:: exp (—iu®) = V/mexp (—z%) (6.21)

and so
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»(y,1) ,/w,, yexp (=i (¢ (k) — 1k + ) (622)

for o(1) <y < 1—o0(1) as t — co. Similarly, we may approximate (6.17) as

N e yexp (i (¢ (ka(w)y — (k) + 1)) (6.28)

for o(1) <y < 1—0(1) as t — oo. Therefore, via (6.9), (6.16), (6.22) and (6.23), we

00 (i (5 + 400 = )

(cos (4 + thy(y) (y — e(k, (y)))) (6.24)

obtain

ks(y)2
con (= o) + ) 0~ ) ) )
for o(1) <y < 1—o0(1) as t — oo, where

v(k)

elh) ==

for k¥ > 0. Tt is now instructive to consider the forms of (6.24) when 0 < y < 1 and

0 < 1—y < 1. These are readily obtained, via (6.11), (6.13) and (6.14), as

8/Ty? (Tt ) Tt T 0 t
e R R RN

(6.25)
with 0 <y < 1 as t — oo, and
Qiﬁ2\/7_T s 2\/5 3
J(y,t) » ————cos | — — —t(l —y)2 6.26
R e <4 (1 - ) (6.26)

with 0 < (1—y) < 1ast— oo.
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We now consider the approximation of J, (y,t) in Region III. Via (6.6), we write
L t) = [ w0 esp itg(k. ) db. (6.27)
where
9(k,y) = (k) — yk (6.28)

for y > 1 with t € RT. With y > 1, (6.27) is a steepest descents integral as t — oco. In
particular, g(k,y) becomes stationary in (6.27) at those values k = i7, with 7 € (—%, g),

when

gr(it,y) = 0. (6.29)

It follows from (6.28) and (6.29) that for y > 1, g(k,y) has two stationary points on

k =17, with 7 € (—g, %), and we denote these points as
k = +ir,(y) (6.30)

where 7,(y) € (0,%) for y > 1. A graph of 7,(y) is given in Figure (6.5). Setting k = o+ir,

Figure 6.5: The graph of 74(y) for y > 1, with the asymptotic approximations (——) from
(6.57).
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with 0,7 € R, we may write (6.28) as

g(k,y) =v(k) — yk = u(k,y) +iv(k,y), (6.31)

with y > 1, where u(k,y) and v(k,y) denote the real and imaginary parts of g(k,y)
respectively. Via (3.23), (3.24), (3.25) and (6.31), we may determine the qualitative
behaviour of the level curves for u(k,y) and v(k,y), and sketches of these level curves are
given in Figures (6.7) and (6.6) respectively, where the arrows point in the direction of
increasing v(k,y) and u(k,y). We observe that the level curve D, in Figure (6.7), is the
path of steepest descent for g(k,y) in (6.27). Thus we will deform the contour in (6.27)
onto the steepest descent contour D. On D, k = ky(0) = o +it4(0), with 74(0) = —75(y)

and 74(—0) = 74(0), where 74(c) is monotone decreasing for o > 0. Moreover,
T4(0) «~ —2y*0?  as |o| = o (6.32)

We now consider the contour Cf, = [-L, L] U L; U Ly U Dy, where L; and Ly are arcs on
the circle |k| = L, and Dy, is a finite section of D, as shown in Figure (6.8). The points
k =k, =0, +im and k = ky = 09 + 179 are the intersection points of L; and L, with D,

respectively. With L > 1, we have, via (6.32), that

L2 1 1
T Vay (1 TS (y4L2>> (0:3)

1 1

as L — oo. With 0, being the angle shown in Figure (6.8), we also have from (6.33) and

(6.34) that

1 |
eng— +0( 3) (6.35)
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as L — oco. Now, via Cauchy’s Theorem, we have

i f(k)exp (itg(k,y)) dk =0, (6.36)

where

Branch cut for |g(k, y)

_

y

v
A

\
=
/

/_\\ Branch cut for|g(£,y)

Figure 6.6: Level curves for v(k,y) in (6.31) in the cut k-plane, with y > 1.
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F(k) = % (1 — exp (i8k)) + i% (6.37)

and
g(k,y) =v(k) — yk = u(k,y) +iv(k,y), (6.38)

for y > 1 with ¢ € R*. Therefore

Branch cut for g(k,y)

TI’

=i
=N

Branch cut for g(k,y)

D

Figure 6.7: Level curves for u(k,y) in (6.31) in the cut k-plane, with y > 1.

-
A
—L L > o
0L,

I L

: r=En) 1

k= ko D1 Tz—gk:kl
Branch cut for g(k,y)

Figure 6.8: Contour Cp.



/C F (k) exp (itg(k, y)) dk = / I esp Gtgh) di+ [ (k) expitg(k. ) di

+ . f(k)exp (itg(k,y)) dk + ’ f(k)exp (itg(k,y)) dk

= 0
(6.39)
for y > 1 with t € RT. We now consider the integral along L; in (6.39). Set
T, (y,t) = . f (k) exp (itg(k, y)) dF, (6.40)
for y > 1 with t € R*. On L; we write
k= L (cosf +isinf) (6.41)

for 6 € [-01,0]. Via (6.35), (6.37), (6.38), (6.40) and (6.41) we have

0

(ol < [

_
2

(% (1+exp(—fLsind)) + 5) exp <t (yL sin ¢ — 2L sin g)) do

(6.42)
for y > 1 with t € R*. Tt is readily established that
’ . L0 16
/ exp (t|yLsinf — 2Lz sin 5 df < T (6.43)
and
0 1 0 16
/ exp <t (yL sinf — 2L2 sin 5) — L sin 9) df < T (6.44)
—3

for y > 1 with ¢t > f+ 1 and L sufficiently large. Thus, via (6.42), (6.43) and (6.44), we

have
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Jp, (y,t) = ’ f(k)exp (itg(k,y)) dk — 0 as L — oo (6.45)

for y > 1 with ¢t > 4 1. Similarly, for the integral along Ls in (6.39), we have
Ji,(y,t) = | f(k)exp (itg(k,y)) dk — 0 as L — oo (6.46)
Lo

for y > 1 with ¢ > 4 1. It now follows from (6.27), (6.39), (6.45) and (6.46) that, on

letting L — oo, we have

Tutt) == [ ) exp Gtg(i.) db (6.47)

for y > 1 with ¢t > § + 1, whilst f(k) and g(k,y) are given by (6.37) and (6.38), where
u(k,y) and v(k,y) are the real and imaginary parts of g(k,y) respectively, and we recall

that
u(k) =0on D. (6.48)

The level curve D is the path of steepest descent for g(k,y) in (6.38), and it is observed
from Figure (6.7) that v(k,y) attains its unique minimum on D at k = —i7y(y). We can
now estimate (6.47) via the method of steepest descents. Accordingly, we first write, on

the contour D close to k = —it(y),
k=kq(o) =0 +iny(o) =0 —its(y) + O (0?) (6.49)

as 0 — 0. from which we approximate (6.47), via (6.38) and (6.49), as

5(t)

Ji(y,t) « o flo —its(y)) exp (—tv(o —iTs(y),y)) do (6.50)

for y > 1+ o(1) as t — oo with 5(t):O<t_%> ast — 0o. As 0 — 0 we have
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o =in(u) = == (1 = exp (3nw) = =+ 0(0) (6:51)
and

oo~ imaly),y) = v(=im().) + gus(im))o” + O (o°) (6.52)
where

o(=im(y),y) = —(nu(y) tan(r(1))* +y7:(y) (6.53)

(i) = — (o) tan(r. () (tan(ra(w) + 7a(y) see(r, ())?)’

(6.54)

N|=

+ (7a(y) tan(7(y))) "2 (1 + 7 (y) tan(7(y))) sec(7.(y))*

with 7,(y) € (0,%). Graphs of v(—i7(y),y) and v (—i7s(y)) for y > 1 are shown in Fig-
ures (6.9) and (6.10) respectively. We observe that v(—i7s(y),y) > 0 and vgx(—i7s(y)) > 0
as expected. Thus, via (6.50), (6.51) and (6.52), we have

5(t)

T4 (1) exp (—to(—ima(y), 9) /

—5(t)

1
(‘W (1 — exp (Br.(y)) —

X exp (—%tvkk(—iTs(y))JQ +0 (ta?’)) do

for y > 1+ 0(1) as t — co. We use the substitution

u? = §tvkk(—i7's(y))a2

in (6.55) to obtain, on setting &(¢) = ¢~3,

1 (30t) exp (to-imu) ) (- (1 exp ()~ =)

2 = 2
X m/_ooexp(—u )du
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Figure 6.9: The graph of v(—i7s(y),y)
for y > 1 with the asymptotic approx-
imations (——) from (6.58).
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Figure 6.11: The graph of vy, (—i7s(y))
for y > 1 with the asymptotic approxi-
mation (——) from (6.59) as y — 1.

25

201

0 0s 1 15 2 25 3 35 4
¥

Figure 6.10: The graph of vy (—i7s(y))
for y > 1.

0.4 L L L !
0 50 100 150 200 260
Y

Figure 6.12: Graph of the ratio between
vgk(—i7s(y)) and the asymptotic form
from (6.59) as y — oo.

for y > 14+ o(1) as t — oo. Finally we have the approximation

‘]+(y7 t) e

2 - b - L —ex T exp (—tv(—1T,
(- - e () ) e (i) 0)
(6.56)

for y > 1+ o0(1) as t — oo, with 7,(y) € (0,%) and where v(—i7,(y),y) and vg(—i7s(y))
are given in (6.53) and (6.54) respectively. It is instructive in analysing (6.56) to have
the asymptotic forms for 74(y), v(—i7s(y), y) and v(—iTs(y)) as y — 11 and as y — oo.

From (6.29), (6.30), (6.53) and (6.54) we obtain, after some calculation,
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1 19v/2 3 5
V2(y —1)2 — 3—\(((31 —-1)2+4+0 ((y - 1)5> as y — 17,
Ts(y) = 1 (6.57)
T T3 1
== 2—1—0(—4) as y — 0o
2 2y§ Y3
(21/2 5 5
—\/_(y—1)2+0((y—1)2> asy — 17,
) 3
v(=imy)y) =9 g ) ) (6.58)
=Y — 34+ —5+0|( - as Yy — 00
2V 2 oy < ) y
\/ﬁ(y—l)”rO((y—l)%) asy — 17,
vk (—iTs(y)) = 3 . (6.59)
—y3 + 0 (y) as y — 00
\ 773

The asymptotic forms (6.57) and (6.58) are included as dashed lines in Figures (6.5) and
(6.9) respectively, the asymptotic form (6.59) as y — 17 is included as a dashed line in
Figure (6.11) and the graph of the ratio between vy (—i7s(y)) and the asymptotic form
(6.59) as y — oo is shown in Figure (6.12). It is again instructive to examine the form of

(6.56) for 0 <y — 1 <« 1 and for y > 1. From (6.56), (6.57), (6.58) and (6.59) we obtain

923 2 T T 3 1
R — z —B8)—1 e T p—— .
Ji(y,t) intthyt <B+ - (exp (25> )) exp( 5 (y 7Tgyﬁ")) (6.60)
with y > 1 as t — oo, and,
NZTok 2v/2 3
Ty, ) o~ =Y exp | =54y — 1)2 6.61
+(y,t) Ry D p 5ty —1) (6.61)

with0 < (y — 1) < 1 as t — 0.

We now consider the approximation of J (y,t) in Region II. Via (6.6) we have
Lo t) = [ exp itg(k, ) d (6.62)
where
g9(k,y) = (k) — yk (6.63)
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for y < 0 with ¢t € R*. Setting k = 0 + i7, with 0,7 € R, we may write (6.63) as

g(k,y) = y(k) —yk = u(k,y) +iv(k,y),

with y < 0, where u(k,y) and v(k,y) denote the real and imaginary parts of g(k,y)
respectively. Via (3.23), (3.24), (3.25) and (6.63), we may determine the qualitative
behaviour of the level curves of v(k,y), and a sketch of these level curves is given in
Figure (6.15), where the arrows point in the direction of increasing u(k,y). We will
deform the contour in (6.62) onto the contour E shown in Figure (6.15), on which we
write v(k,y) = C(y)(> 0). On E, k = k.(0) = 0 + it.(0), with 7.(—0) = 7.(0), where

7.(0) is monotone increasing for o > 0. Moreover,

Te(0) — — as |o| — oo. (6.64)

Cly)
Y

for y < 0. Graphs of C(y) and y~'C(y) are given in Figures (6.13) and (6.14), and it is
established numerically that C(y) > 0 for y < 0, C(y) is monotone decreasing for y < 0,

and
C(0) =0.70324. .. (6.65)

with,

Figure 6.13: The graph of C'(y) with y < 0. Figure 6.14: The graph of % with y < 0.
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™

Cly) « —5Y (6.66)

as y — —oo. We now consider the contour Dy, = [-M, M| U M; U My U Ey;, where M,
and M, are arcs on the circle |k| = M, and F); is a finite section of E, as shown in Figure

(6.16). The points k = p; = g, +i7p,, and k = py = 0, +1i7,, are the intersection points

J Branch cut fo\\g(&ﬁ
E

Branch cut 0/‘/9(?’;

Figure 6.15: Level curves for v(k,y) in the cut k-plane, with y < 0.

T
4Branch cut for g(k’, y)
. b
S92 51
re3
M, En .
9]\/[ >
—M M 7

Figure 6.16: Contour D).
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of My and M, with E); respectively. The points k = 51 = 0, +1i7s, and k = s9 = 05, +175,

are the stationary points of g(k,y) on the level curve E. We have, via (6.64), that

0y =M (1 - fyg—y]\; +0 (;(—%)) (6.67)
T = —% + 0 (;(;\/}z) (6.68)

as M — oo. With 6, being the angle shown in Figure (6.16), we also have from (6.67)
and (6.68) that

O = —% +0 (;(]3\/}2) (6.69)

as M — oo. Now, via Cauchy’s Theorem, we have

f(k)exp (itg(k,y)) dk =0,

where

F(k) = % (1— exp (iBk)) + z’% (6.70)
and

9(k,y) = ~v(k) — yk = u(k,y) + iv(k,y), (6.71)

for y < 0 with ¢ € R*. Therefore

F(k) exp (itg(ky)) dk = / ) e Gt ) b+ /M F (k) exp (itg(k,y)) dk

En

[ f e (itg(k,y)) dk + / £ (k) exp (itg(k, y)) dk

En Mo

_ 0 (6.72)
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for y < 0 with t € RT. We consider the integral along M; in (6.72). Set
S (y, 1) = . f(k) exp(itg(k,y)) dk,

for y < 0 with t € R*. On M, we write
k= M(cosf +isinf)

for 0 € [0,0)]. Via (6.70), (6.71), (6.73) and (6.74), we have

O

(w0l < [

0=0

1
(— (14 exp (=M sinf) + ﬁ))
M
1 1. 0 .
X exp <—§t (M2 sin 5 — Mysm@)) do

for y < 0 with ¢t € R*. It is readily established, via (6.69), that

Ont 1 1 0 C’(y)
exp| —=t [ M2sin—- — Mysinf df <
/90 P ( 2 ( 2 Y >) N (_?J)M

and

C(y)
(—y)M

Or 1 0
/ exp <——t (M2 sin——MysinQ) —ﬂMSin@) do <
oo 2 2
for y < 0 with t € R* as M — oo. Thus, via (6.75), (6.76) and (6.77), we have
I, (y, t) = f(k)exp (itg(k,y)) dk — 0 as M — oo
My

for y < 0 with ¢t € RT. Similarly, for the integral along M, in (6.72), we have

I, (y, t) = f(k)exp (itg(k,y)) dk — 0 as M — oo
Mo

(6.73)

(6.74)

(6.75)

(6.76)

(6.77)

(6.78)

(6.79)

for y < 0 with ¢ € R*. It now follows from (6.62), (6.72), (6.78) and (6.79) that, on
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letting M — oo, we have

Tut.t) == [ 10y exp itg(k. ) di (6.80)

for y < 0 with ¢t € R™, where f(k) and g(k,y) are given by (6.70) and (6.71). Recall that

on the contour E we have

g(k,y) = u(k,y) +iC(y) (6.81)

so that, via (6.80) and (6.81), we have

T4 (1) = — exp(—tC(y)) /E £ (k) exp (itu(k, y)) dk (6.82)

for y < 0 with ¢ € R*. In approximating J, (y,t), as t — oo, in (6.82), it is necessary
to write the contour E as F = E; U Ex U Es, where Re(k) € (—oo,—A(t)) on Ej,
Re(k) € [-A(t), A(t)] on Exn and Re(k) € (A(t),00) on Es, with A(t) = 2 + ¢, as shown

in Figure (6.17), so that

Branch cut for g(k,y)

Figure 6.17: Contour E.
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J+<y,t>——exp<—tc<y>>< [0 exp tuth ) an+ [0y exp itu(h) a

+ : f(k)exp (itu(k,y)) dk:)
(6.83)

for y < 0 with ¢t € R*. The points k = s; and k = sy, shown in Figure (6.17), are the
stationary points of u(k,y) on the contour E. Setting k = o(y) + i7(y) at the stationary
point k = s1, we may determine the position of the stationary point of u(k, y) for y < 0, via
(6.71). Graphs of o(y) and 7(y) at k = s, for y < 0, are given in Figures (6.18) and (6.19)
respectively. It is clear from Figures (6.18) and (6.19) that, for y < 0, since A(t) > 2,
the stationary points k& = s; and k = s, are on the contour Fx. We now consider the
approximation of the integral along FA in (6.83). It follows from the Riemann-Lebesgue

lemma that
f(k)exp (itu(k,y)) dk — 0 (6.84)
Ea

for y < 0 as t — oo. We now consider the approximation on £ in (6.83). We may write,

via (6.68), with ¢ sufficiently large,

Yo — z%
k » (6.85)

L L I I L
-25 -20 -15 -10 4 1} -8

Figure 6.18: The graph of o(y) at k = s;  Figure 6.19: The graph of 7(y) at k = s
with y < 0. with y < 0.
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on F; with y < 0 and 0 € (A(t),00). Thus, via (3.25), (6.71) and (6.85), for ¢ sufficiently

large,
u(k,y) «~ 02 — oy (6.86)

on E; with y < 0 and o € (A(t),00). It then follows, via (6.70), (6.85) and (6.86), that

[ k) ex Gt ) - /:O (iQ (1 ~exp (%(y) + wa» + zg)

=a@) \O

X exp (it (0% — 0y>> do

for y < —o(1) as t — oo. Upon making the substitution
u=o? — oy (6.87)

in the right-hand-side of (6.87), we obtain

5 () exp (itulk, y)) dk — —2 /OO (y—2 (1 —exp (ﬁc(y) - z@» + z@)

(N INOEIING) Y Y u

x exp (itu) du
(6.88)

for y < —o(1) as t — oo. An integration by parts on the right-hand side of (6.88)

establishes that

[ 1w e Gtk ) i = 0 ( (_;)ﬁ) (6.89)

for y < —o(1) as t — oco. Similarly, for the integral on E, in (6.83) it may be established

that

/E 2 F(k) exp (itu(k, y)) dk = O ( ! ) (6.90)



for y < —o(1) as t — oo. Therefore, we have, via (6.83), (6.84), (6.89) and (6.90), that

T4 (yt) = o (exp (—1C(y)) (6.91)

for y < —o(1) as t — oo. This completes the approximation of J, (y,t) in Region I,
Region IT and Region III.

Similarly, we may approximate J_(y,t) in (6.7). In this case there are three distinct
asymptotic regions to consider, namely,

Region I': —1+0(1) <y < —o(1) as t — oo,

Region II": y > o(1) as t — oo,

Region IIT": y < —1 —0o(1) as t — oo.

In Region I’ we obtain,

21 26 . 7T
J_(y,1) m\/tv”(—ks(—y)) (ks(—y) sin (_Z +ths(—y) (y + C(ks(—y))))

2 s
t i (o (<5 ) (0 cli-) (6.92)

—cos (= = B(4) + th () 0+ i) )
with —1 4+ 0(1) <y < —o(1) as t — oo, where

v(k)

c(k) = 0

for £ > 0, and k = +k4(y) are the points where the phase becomes stationary in (6.7),

with
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B(—y) = V2(1+ )b + 0 ((1+)?) (6.93)
asy — —1T, and
ks(—y) = 4Ly2 +0 (% exp (2_—;2)) (6.94)

as y — 07. Then, via (6.92), (6.93) and (6.94) we have,

o2 (o )t ()
(6.95)

o)

with 0 < (—y) < 1 as t — oo, and

NI

Njw

) (6.96)

J_(y,1) - MCOS (f _ %t(l +y)

t2(1+y)1 4 3

with 0 < (1 +y) < 1 ast — co. In Region III"' we obtain,

2 5 o 1 —eXp(—0T(—
J_(y,1) \/ <TS(—y) Ts(—y)? e (=0m( y)))> (6.97)

togk(—its(—y))

X exp (tv(—its(—y),y))

for y < —1 —o(1) as t — oo, where k = +it,(—y) are the stationary points of v(k) + ky

in (6.7), and v(k) = Im (vy(k) + ky)), with v(—iTs(—y),y) < 0 and vge(—iTs(—y)) < 0 for

y < —1. Also,

with (—y) > 1 as t — oo, and,
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Njw

J—(y7 t) A

(\_/Z/ﬂi e exp (-2—\3/575(—@ +1)) ) (6.99)

with 0 < (—(y + 1)) < 1 as t — oo. Finally, in Region II' we obtain,

(NI

2it

J_(y,t) = o(exp (tC(—y))) (6.100)

for y > o(1) as t — oo, where C(—y) < 0 for y > 0, with

™
Cl=y) =~ ~5y

as y — oo, and

C(0) = —0.70324 . . ..

6.3 Outer Region Coordinate Expansions for F(y,t) as
t — o0

We now approximate F(y,t), as given in (6.8), in Region I, Region II and Region III. We

begin in Region I, where we write, via (6.8) and (6.12),

%ks(y) 1

6(t) 1
Fly.1) = / Lsin (y(k) — ky) dk+ / Lsint (1(K) — hy) dk
0 5(¢)

(6.101)
< 1
+/ —sint (y(k) — ky) dk
%ks(y) k

for 0 <y < 1andt € RT, where 6(t) = o(1) as t — oo and k = *+k,(y) are the stationary

points of (k) — ky. We consider the first integral on the right-hand-side of (6.101). Set

5(t)
Fi(y,t) = /0 %sint(y(/@)—ky) i (6.102)

for 0 <y <1andteR", with 6(t) = o(1) as t — co. Recall that
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=

(k) = (ktanh k) (6.103)

for —oco < k < o0, so that, via (6.102) and (6.103), and on taking 6(f) = o (t_§> as

t — 00, we have

a(t) t 90
Fi(y,t) = /0 % sin (t (1 —y) k) dk—a/o k*cos (t (1 —y) k) dk+0 (t5(t)°) (6.104)

for 0 <y <1 ast — oo. Upon making the substitution
w=1t(1—-y)k (6.105)

in (6.104), and taking t6(t) — oo as t — 0o, we obtain

Fl(y,t):/ smwdw_/( smwdw
0 ¢

w 1-y)s) W

(6.106)

1 o) i

_m/o w? cosw dw + O (t6(t)°)

for 0 <y <1 ast — oo. Integration by parts and using the result
> sinw s

dw = = 6.107
| a3 (6.107)

cos (10()(1 = y)) _, (0)°
o,

1 5
1=yt mmra =gy 10 > (6.108)

for 0 <y < 1withd(t) =0 (t_%> and td(t) — oo as t — co. We now consider the second

integral on the right-hand-side of (6.101). Set

ks(y)

1.
Fy(y,t) = /5@) % sint (y(k) — ky) dk (6.109)

SIS

for 0 <y < 1and t € RY, where k = k,(y) is a stationary point of (k) — ky. It is
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convenient to write (6.109) as

N

Fg(y,t) _ 1 ks (v) t(V’(k) B y)

t /6(t> F(y (k) —g) St (V) — k) dk (6.110)

for 0 <y <1 and ¢t € RT. After an integration by parts in (6.110) we obtain

Ccos(td(t)(1—y) 1 [0 1 (k)
F2(?J: t) = t5(t)(1 _ y) ot /5(7:) <k2 (7/(143) - y) " k (7,("7) - 9)2)

(6.111)

x cost (y(k) —ky) dk +O ((f(f)j/) ! %)

for 0 <y <1 ast — oo. By successive integration by parts in (6.111), we observe that

cos (t6(t)(1 —y)) 1 (1) 1
Pl ) — 1 112
0 B VA (i R G E o1
for 0 <y < 1 with §(t) =o (t’é) and td(t) — oo as t — 0o. We now consider the third

integral on the right-hand-side of (6.101). Set

<1
Fs(y,t) = / —sint (y(k) — ky) dk (6.113)
ko) K

for 0 <y <1 andt € R*. It is convenient to write (6.113) as

I 1 o[> 1 ,
Fy(y,t) = —.[k o R OP (it (v(k) = ky)) dk = o7 | ( )Eexp(—zt (v(k) = ky)) dk
aks(y 2ol

2

(6.114)

for 0 <y <1 and t € RT, and we consider each integral in turn. We consider the first

integral on the right-hand-side of (6.114). Set

P = [ j( )%exp (it (+(k) — ky)) (6.115)

for 0 < y < 1 and t € RT. The phase is stationary at k = k,(y), so we may approximate
F+ (y7 t) as
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e(t)
Flt) = om0 ) = k) [ o (i (67 )) ) du (6110

1
ks(y) —e(t)

for o(1) <y <1—o0(1) as t — oo, with €(t) = o <t’%) as t — oo, and we have used the
substitution u = k — ks(y). As v"(k) < 0 for k > 0, and v"(—k) = —"(k), we use the

substitution

1
u’ = 5757”(—]%(9))11’2

in (6.116) to obtain, on taking e(t) = ¢~3,

[e.e]

k‘iy) t'y”(_zks(y)) exp (Zt (7 (ks<y)) - yks(y))) /_ exp (—in) dw

F_;,.(y,t) -

for o(1) <y < 1—o0(1) as t — co. Using the result in (6.21) we have

27

Flwh) - o\ o em)

: s
exp (i (¢ (3 (hs(0) = wko(w) = 7)) (6.117)
for o(1) <y < 1—o0(1) as t — co. Similarly, for the second integral in (6.114) we have

P = [ T L it (k) — k)

ka(y) B
(6.118)
1 2w ‘ i
TR\ R (=i (t O ksl = k) — 7))

for o(1) <y < 1—o0(1) as t — oco. Hence, via (6.114), (6.115), (6.117) and (6.118), we

obtain
1 2m . (T
Eslst) =~ o <Z + thy(y) (y — c(ks(y)))) (6.119)
for o(1) <y < 1—o0(1) as t — oo, where
_ (k)
(k) = = (6.120)
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for k > 0. Finally, via (6.101), (6.102), (6.108), (6.109), (6.112), (6.113) and (6.119), we

have

Ft) - 5 = 5y gy o (5 ) (= () (6.121)

for o(1) <y < 1—o0(1) as t — oo. It is now instructive to consider the form of (6.121)

when o(1) <y < 1 and o(1) < 1 —y < 1. We have, via (6.13) and (6.15), that

kuly) = V21— y)t +0 (1= p)?) (6.122)
as y — 17, and
ka(y) = 4iy2 +0 (% exp (%)) (6.123)

as y — 0. Thus, via (3.24), (3.25), (6.120), (6.121), (6.122) and (6.123), it is readily

established that

Aray2 t
Fly,t) » = — 2% gin (f - —) (6.124)

Fly, )« = — LB sin (f - %t(l . y)3> (6.125)

when o(1) < (1 —y) < last — oo.

We now consider the approximation of F'(y,t) in Region III. Via (6.8) we may write

() 1 _ 37s(W) 1 '
F(y,t) = 7 Sin t(y(k) — ky) dk + i —sint(vy(k) — ky) dk
0

v (6.126)

< 1
+ / —sint(y(k) — ky) dk

7s(y)
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for y > 1 with t € Rt where k = +i74(y) are the stationary points of (k) — ky on k = i,
as given in (6.30), and §(¢) = o(1) as t — oo. Following the methodology approach in
(6.102)-(6.112) it is established that

JON] 1rs(y) 1 T 1
/ —sint(vy(k) — ky) dk + / —sint(y(k) —ky)dk=—=+0 -] (6.127)

for y > 1+ o(1) with 6(t) = o (t_%) as t = 0o. We now consider the third integral on
the right-hand-side of (6.126). Set

F4(y,t):/oo %sint(v(k:)—k:y)dk

27s(v) (6.128)
= (Fen(06) — Lo (5,)
for y > 1 with ¢t € R™, where
Foo(y,1) = / i(y) L exp (it(1(k) — k) d (6.120)
and
Fo (1) = / Zy) Lexp (it (k) — hy)) dk (6.130)

We will first consider the approximation of F, (y,t). Setting k = ¢ + i7, with o > 0 and

7 € R, we may write

V(k) = ky = u(k,y) + iv(k, y) (6.131)

with y > 1. Using (6.31) and Figure (6.7) we have the qualitative behaviour of the level

curves of u(k,y), for o > 0, as shown in Figure (6.20), where the arrows point in the
direction of increasing v(k,y). We observe that the level curve D_ is the path of steepest
descent for v(k) — ky in (6.129). Thus we will deform the contour in (6.129) onto the

steepest descent contour D_.
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Branch cut for vy(k) — ky

F== D,

e

.?\TS@\\
=3

D_

Branch cut for v(k) — ky

Figure 6.20: Level curves for u(k,y) in (6.131) in the cut k-plane, with y > 1.

Branch cut for v(k) — ky

Figure 6.21: Contour C7,_.
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On D_, k=ky (0) =041ty (o), with 7;_(0) = —75(y). We now consider the contour
C;, = [%Ts(y), L} ULy UDy_UDyU Dy, where Ly and Dj are arcs on the circle |k| = L
and |k| = 17,(y) respectively, and Dy,_ is a finite section of D_, as shown in Figure (6.21).
The point k = k; = o1 + i7y is the intersection point of L; with Dj_, and we recall, via

(6.33), (6.34) and (6.35), that

L2 Lo
o1 = —
TR y'2) )

1 1
— (11— O —
" ( 4y?L - (y4L2)) ’

T 1 1
0, ==———+0(— 6.132
R Rv.Tr (yng) (6.132)

as L — oo, with 07, being the angle shown in Figure (6.21). Now, via Cauchy’s theorem,

we have

1
| et — k) dk =0
for y > 1 with t € R*. Therefore

[ et — k) dr

for y > 1 with t € RT. We now consider the integral along L; in (6.133). Set
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Fua(t) = [ exp (it (k) ~ k) di (6.134)

for y > 1 with t € RT. On L; we write
k = L(cosf + isinf) (6.135)

for 6 € [-01,0]. Via (3.25), (6.132), (6.134) and (6.135) we have

0 ) 0
|Fp,(y,t)] < / exp (t (yL sinf — 2L2 sin 5)) do (6.136)
g—_T

2

Thus, via (6.43) and (6.136), we have

Fr,(y,t) = /L %exp (it (y(k) — ky)) dk — 0 (6.137)

as L — oo, for y > 1 with ¢ € RT. It now follows from (6.129), (6.133) and (6.137) that,

on letting L — oo, we have

Fon(y ) = — / Lexp (it (y(k) — ky)) d / - exp (it (+(k) — ky) db

. Dy
(6.138)
1 .
- [ et~ ky) di
Dy
for y > 1 with t € RT. We now consider the integral along D; in (6.138). Set
1 .
Fou(0t) = [ explit (4(0) = ko) d (6.139)
Dy
for y > 1 with t € R*. On D; we write
1 .
k = §Ts(y) exp(i6) (6.140)

for € [—%,0]. Via (6.139) and (6.140) we have
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Fo (1) = i /0 O_ﬁexp (z’t (’y (%Ts(y) exp(i@)) _ %Ts(y)yexp(zﬂ))) a0 (6.141)

2

for y > 1 with t € RT. On integrating by parts in (6.141) we observe that

t

Fp,(y,t) =0 <1> (6.142)
for y > 1+ o(1) as t — co. We next consider the integral along D, in (6.138). Set

Foulnt) = | 2 L oxp (it (1(k) — hy)) d (6.143)
for y > 1 with t € RT. On Dy we write

i (6.144)
for 7 € [—75(y), —i75(y)]. Via (6.143) and (6.144) we have

7s(y)
Fo,(y.1) = — / L exp (it (2(ir) — imy)) dr (6.145)

r=iry) T

for y > 1 with t € R*. We now consider the integral along D_ in (6.138). Set

Fo_(y.t) = /D L exp (it (+(k) — hy)) dk (6.146)

for y > 1 with t € RT. Via (6.131) and recalling that u(k,y) = 0 on D_, we have
v(k) — ky = iv(k,y) on D_. The level curve D_ is the path of steepest descent for

~v(k) — ky in (6.146), and we observe from Figure (6.21) that v(k,y) attains its unique

minimum on D_ at k = —i7s(y). We can now estimate (6.146) via the method of steepest
descents. We write on the contour D_, close to k = —iTs(y),
k=o—ir(y)+ O (c?) (6.147)
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as 0 — 0, from which we approximate (6.146), via (6.147), as

exp (—tv(—1, <®
Fp_(y,t) « p ( tm(_s(y)s(y)?y))/o exp (—%tvkk(—i@(y)) 02) do (6.148)

for y > 1+ 0(1) as t — oo with ¢(t) = O (t_%) as t — oo, where v(—its(y),y) and
vk (—i7s(y)) are given in (6.53) and (6.54) and in Figures (6.9) and (6.10) respectively.

Upon making the substitution

1 .
u? = itvkk(—ZTs(y))a2

in (6.148) and setting ¢(t) = =3 we obtain

1 2
iTs(y) \| tork(—iTs(y))

Fp_(y,t) « exp (—tv(—i7s(y),y)) /000 exp(—u?)du  (6.149)

for y > 1+ 0(1) as t — oco. Using the result

/0 " exp (~u2) du= YT

in (6.149) we have

™

1
iTs(y) \/Qtvkk(—iTs(y

Fp_(y,t) « ) P (—to(—i7s(y), y)) (6.150)

for y > 1+ 0(1) as t — oo. Thus, via (6.138), (6.142), (6.145) and (6.150), we have

™

7 Tt i)

F+Ts (yv t) -
o 1 (6.151)
+ / —exp (—it (y(iT) —ity)) dr + O (—)

~tnw) T t

for y > 1+ o(1) as t — oo. Similarly, we may approximate F_. (y,t) given in (6.130) as

117



Fov:t) == o ooy & (7))

v 1 (6.152)
+ /T —exp (—it (y(iT) —ity)) dr + O (;)

:%TS(?J) T

for y > 1+ o(1) as t — oo. Thus via (6.128), (6.151) and (6.152) we have

[OO %sint(’Y(k)—ky)dkm L \/ T exp (—tv(—iTs(y),y)) (6.153)

Lri(y) 7s(y) V 2tver(—iTs(y))

for y > 1+ o(1) as t — oco. Finally, we have, via (6.126), (6.127) and (6.153),

T 1 T .
Ft) = =5+ o iy P i) (6.154)

for y > 1+0(1) ast — oo. It is instructive to examine the form of (6.154) for 0 < y—1 < 1

and for y > 1. From (6.57), (6.58) and (6.59) we obtain

Flyt) -~ + V2 (—Et (y LI )) (6.155)

Fly,t) -« —g YT e <—&t(y - 1)3> (6.156)

for0<(y—1) < 1ast— oo.

We now consider the approximation of F(y,t) in Region II. Via (6.8) we may write

o

o) 21 1
F(y,t) = / Z sint(y(k)—ky) dk+/5(2) z sint(y(k)—ky) dk+/ z sint(y(k)—ky) dk
0 t

1
2

(6.157)

for y < 0 with ¢t € RT, where §(t) = o(1) as t — oco. Following the approach in (6.102)-

(6.112) it is established that

118



o) 21 m 1
/ —sint(y(k) — ky) dk + / —sint(y(k) — ky)dk = =+ O (—) (6.158)

o

for y < —o(1) with 6(t) = o (t_%> as t — 00. We now consider the third integral on the

right-hand-side of (6.158). Set

Fy(w) = | " sty (k) — ky) dk

1
2

(6.159)
= % (F54+(y,t) — F5s_(y,1))
for y < 0 with t € RT, where
Folyt) = [ " exp (i (1) — k) dk (6.160)
and
Folyt) = [ pexp (-i(t(8) — k) di (6.161)

2
We will first consider the approximation of F5(y,t). Setting k = o + i, with ¢ > 0 and

7 € R, we may write

v(k) — ky = u(k,y) +iv(k,y) (6.162)

with y < 0. Via (6.162) and Figure (6.15) we have the qualitative behaviour of the level
curves of v(k,y) for ¢ > 0, as shown in Figure (6.22), where the arrows point in the
direction of increasing u(k,y). We will deform the contour in (6.160) onto the contour
E, shown in Figure (6.22), on which we write v(k,y) = C(y)(> 0). On E, we have
k = o +ir. (o), where 7., (o) is monotone increasing for o > 0. We recall, via (6.64),

(6.65) and (6.66), that

C(y)

Te,(0) = ——= as o — o0.
)
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v
Q

Figure 6.22: Level curves for v(k,y), in (6.162), in the cut k-plane, with y < 0.

T

A

Branch cut for v(k) — ky

Figure 6.23: Contour Dy, .
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and

C(0) = 0.70324 . ..

with,

T
Cy) « —5Y

as y — —oo. Graphs of C(y) and y~'C(y) are given in Figures (6.13) and (6.14) respec-
tively. We now consider the contour Dy, = [1 M} UM; U Ey, UE; UE,, where M; is
an arc on the circle |k| = M, E» is an arc on the circle |k| = 5 and Ej is a finite section
of £, as shown in Figure (6.23). The point k = i7¢(y) is the intersection point of Ejy
with Ey, where 7¢(,) is monotone decreasing for y < 0 and it is established numerically
that % < Te(y) < 5 for y <0, and a graph of 7¢(,) is given in Figure (6.24). The point

k = p = 0,+17, is the intersection point of M; with E),, and we recall, via (6.67), (6.68)

29

and (6.69), that

g

Tp

W . o (C(y)Q) ,

Y y2M2

L I L !
-25 -20 -18 -10 5 ]

Figure 6.24: The graph of ¢, for y < 0.
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yM y2 M2

9M=—%+O<%)

as M — oo, with 6, being the angle shown in Figure (6.23). Now, via Cauchy’s Theorem,

we have

/D L exp (it (+(k) — ky) dk = 0

for y < 0 with ¢ € R*. Therefore,
1 :
| gexplitk) - k) ak
Dy

- / Fexp (it (k) — k) di+ [ exp (it (1 (8) — k) d

My

/ —eXp (it (y(k) — ky)) dk+/ %exp (it (y(k) — ky)) dk (6.163)

En Eq

o[ et (k) — k) dk

for y < 0 with t € RT. We now consider the integral along M; in (6.163). Set

Pl t) = [ Lexplit (2(0) — k) ak

(6.164)

for y < 0 with t € R*. On M; we write

k = M(cosf + isin0) (6.165)
for 0 € [0,0)]. Via (6.76), (6.164) and (6.165), we have

Onr 1 L0
FMl(y,t)g/ exp (_Et (MQSinﬁ—MysinQ)) do
=0 (6.166)
< CW
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for y < 0 with ¢t € RT as M — oo. It now follows from (6.163) and (6.166) that, on

letting M — oo, we have

Fop(yt) = — /E Lexp (it (7(k) — ky)) d / L exp (it (+(k) — ky) db

(6.167)
1 :
= [ pew () ky)) dk
Bk
for y < 0 with ¢ € R*. We now consider the integral along E; in (6.167). Set
1 :
Fi (1) = [ exp (it ((0) = ky) ak (6.168)
Ey
for y < 0 with t € RT. On E; we write
k=ir (6.169)
for 7 € [1,7¢(y]. Via (6.168) and (6.169) we have
Cy) 1
Fg, (y,t) = —/ —exp (it (y(iT) —ity)) dr (6.170)
LT
for y < 0 with t € RT. We next consider the integral along E, in (6.167). Set
1 :
Fr(0.) = [ 3 explit (o)~ ky) di (6.171)
E>
for y < 0 with t € Rt. On Fy we write
1 :
k= 5 eXP (16) (6.172)
for 6 € [0,%]. Via (6.171) and (6.172), we have
[ . 1 1 .
Fg,(y,t) = —z/ exp <zt (7 (5 exp (29)> — Sy exp (z@))) df (6.173)
6=0
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for y < 0 with t € R™. On integrating by parts in (6.173) we observe that

t

Fg,(y,t) = O <1) (6.174)

for y < —o(1) as t — oco. We now consider the integral along E, in (6.167). Set
Fe.trt)= [ + L exp (it (+(k) — hy)) dk (6.175)
for y < 0 with t € R™. Recall that on the contour E, we have
v(k) = ky = u(k,y) +iC(y) (6.176)
so that, via (6.175) and (6.176), we have

P, (5:1) = exp(—tC(y)) [ explitu(i,y) di (6.177)

Ey

for y < 0 with ¢t € R*. In approximating Fg, (y,t), as t — oo, in (6.177), it is necessary
to write the contour E as E; = Ex U Ej3, where Re(k) € [0, A(t)] on Ea and

Re(k) € (A(t),c0) on Ej, with A(t) =t + 2, as shown in Figure (6.25), so that

T

A

Branch cut for v(k) — ky Es

Figure 6.25: Contour E,.
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P (0:0) = exp(-00) [ expinath ) de+ [

Es

% exp(itu(k,y)) dk> (6.178)

A

for y < 0 with t € RT. The point k = s shown in Figure (6.25) is the stationary point of
u(k,y) on the contour E, . Setting k = o(y)+i7(y) at the stationary point k = s, we may
determine the position of the stationary point of u(k,y), for y < 0 via (6.176). Graphs
of o(y) and 7(y) at k = s; for y < 0, are given in Figures (6.18) and (6.19) respectively.
It is clear from Figures (6.18) and (6.19) that, for y < 0, since A(t) > 2, the stationary
point k£ = s1 is on the contour Exn. We now consider the integral along Ea in (6.178). Tt

follows from the Riemann-Lebesgue lemma that

1
/ L exp(itu(k, y)) di — 0 (6.179)
PN

for y < —o(1) as t — oco. We now consider the integral on Ej5 in (6.178). We may write,

via (6.68), with t sufficiently large,

o W (6.180)

)
on F3 withy < 0and o € (A(t),00). Thus, via (3.25), (6.176) and (6.180), for ¢ sufficiently
large,

u(k,y) « 0% — oy (6.181)

on Fs with y < 0 and o € (A(t),00). It then follows, via (6.180) and (6.181), that

[e.9]

1 1
/ —exp(itu(k,y)) dk «~ / — exp (it <a% - ya)) do (6.182)
B K o=A(t) O

for y < —o(1) as t — oco. Upon making the substitution

1
u=02—o0y
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in the right-hand-side of (6.182), we obtain

1 o 1
/ —exp(itu(k,y)) dk « / —exp (itu) du (6.183)
B K U

o=A(t)3 —yA(D)

for y < —o(1) as t — oo. An integration by parts on the right-hand-side of (6.183)

establishes that

/E 3 %exp(itu(/{:, y)dk = O ( (—;W) (6.184)

for y < —o(1) as t — oco. It now follows from (6.178), (6.179) and (6.184), that
Fp, (y,t) = o (exp(—tC(y)) (6.185)

for y < —o(1) as t — oo. Therefore, via (6.167), (6.170), (6.174) and (6.185) that

Py (y,1) = / o %exp (it (1(i7) — iTy)) dr + O G) +o(exp(—tC(y))  (6.186)

for y < —o(1) as t — oco. Similarly, we may approximate F5_(y,t) in (6.161) as

T

Fs_(y,t) = / L o (it (ir) — i) dr 4+ O (%) +o(exp(—tC(y))  (6.187)

N|=

for y < —o(1) as t — oo. Thus, via (6.159), (6.186) and (6.187), we have
Fy(y.t) = O (%) + 0 (exp(—tC(y)) (6.188)
for y < —o(1) as t — co. Finally, via (6.157), (6.158), (6.159) and (6.188), we have
Fly.t) = g + 0 (exp(—tC(y)) (6.189)

for y < —o(1) as t — oc.
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6.4 Outer Region Coordinate Expansions for 7(y,t) as
t — o0.

We can now construct the approximation for 7(y, t) in each region. We have, via (6.5),

1

10st) = 5+ 7o Usl:) + T (08) + 5 (P t) = Fl=9.) (6.190)

for (y,t) € R x R*. Thus, via (6.24), (6.25), (6.26), (6.56), (6.60), (6.61), (6.91), (6.92),
(6.95), (6.96), (6.97), (6.98), (6.99), (6.100), (6.121), (6.124), (6.125), (6.154), (6.155),
(6.156), (6.189) and (6.190) we have the following approximation for 7(y, t) in the following

regions,

Region I'™: o(1) <y (=%) <1—o0(1) as t — co. We have,

_ 1 1 T
Y1) ~5 + N e (cos <Z +th(y) (y — C(ks(y))))
(6.191)
oo (5 = ko) + () = ) ) ) a0
with
c(k) = @ (6.192)

and k = ks(y) is the positive stationary point of y(k) — yk when o(1) <y <1 —o(1). In

particular,

Ay, 1) o -+ 8y ! m_ P! (6.193)
“ = cos({——— | —cos|——— — — :
(R e 4 1y 442 4y

when 0 < y < 1 ast — oo, and
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|
=
—
| \Q
=
N
o
[}

93]
VR
e~
|

)
w %
)
~
—~
—_
|
=
N
N~
~__—

when 0 < (1 —y) < 1ast — oo.

Region II: y (: f) > 14 o0(1) as t — co. We have,

1
26/ 2mtoe (—iTs (y)) 75 (y)2

n(y,t) < (exp (B7s(y)) — 1) exp (—tv (—i7s(y),y)) ast — oo,

(6.195)

where k = +i7,(y) (with 75(y) > 0) are the stationary points of y(k)—yk when y > 1+o(1).

In particular,

_ 1 1 A3 2v/2 g
Ny, t) « ((y - 1)2 + N 1)41;) exp <—Tt(y - 1) ) (6.196)

when 0 < (y — 1) < 1 as t = oo, and

My, t) « ﬁ <6Xp (gﬁ) - 1) (—\/Eﬂgltéyg) exp (—gt (y - %y§)> (6.197)

when y > 1 as t — oo, and it is readily verified that (5.92) and (6.197) asymptotically

match according to the asymptotic matching principal of Van Dyke [12].

Region I": —1+0(1) <y (=%) < —o(1) as t — co. We have,

7y, 1) 1+ 1
my, 2 ﬁ\/QWf'}/”(_ks

cos (=2 + tho(=y) (y + c(ks(~1))))
_ —)? 4

—cos (= = Bl + () o+ cll-) ) ) ast o oe,
with
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c(k) = % (6.199)

where k = k,(—y) is the positive stationary point of v(k)+yk when —1+0(1) < y < —o(1).

In particular,

_ 1 8(—y)2 Tt T B t
1) o= 4 2T Tl ) —eos (T4 24 6.200
n(y,t) 5t ik cos | 7 +4y cos | 7 +4y2 +4y ( )

(6.201)

when 0 < (14+y) < 1ast — 0.

Region II™: y (= %) < —1—o(1) as t — co. We have,

1
B 26/ 2mto (—iTs(—y)) s (—y)

n(y,t) «~ 1

S (1 —exp (B7(=y))) exp (—tv (=iT(=y),¥)) ,

(6.202)

as t — oo, where k = +ir,(—y) (with 75(—y) > 0) are the stationary points of v(k) + yk

when y < —1 — o(1). In particular,

; ! ! B V2 )
T (<—<y+1>>i_ﬁ<—<y+1>>i)exp (‘ 5 (‘“m>

when 0 < (—(y+1)) < 1 as t — oo, and



when (—y) > 1 ast — oo, and it is readily verified that (5.93) and (6.204) asymptotically

match according to the asymptotic matching principal of Van Dyke [12].

Graphs of 7(y,t) in each region (as determined from (6.191)-(6.204)) are given in

Figures (6.26)-(6.38), where we have set t = 10 and § = 1.

7lg, 10)
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0 01 02 03 04 05 06 07 08 08 1
k)

Figure 6.26: The graph of 77(y, 10) in Re-
gion I*, (6.191).

7z, 10}

Figure 6.28: The graph of 7(y,10) in
Region I, (6.191), with asymptotic ap-
proximation (——), (6.194).

Tz 10)

Figure 6.27: The graph of 7(y,10) in
Region I, (6.191), with asymptotic ap-
proximation (——), (6.193).
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Figure 6.29: The graph of 77(y, 10) in Re-
gion I, (6.195).
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Figure 6.30: The graph of 7(y, 10) in Re-
gion I, (6.195), with asymptotic ap-

proximation (——), (6.196).
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Figure 6.32: The graph of 77(y, 10) in Re-

gion 17, (6.198).
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Figure 6.34: The graph of 7(y,10) in
Region 17, (6.198), with asymptotic ap-

proximation (——), (6.201).
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Figure 6.31: The graph of 77(y, 10) in Re-
gion 117, (6.195), with asymptotic ap-

Figure 6.33: The graph of 7(y,10) in

Region 17, (6.198), with asymptotic ap-

proximation (——), (6.200).
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Figure 6.35: The graph of 77(y, 10) in Re-
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Figure 6.36: The graph of 77(y, 10) in Re-
gion 117, (6.202), with asymptotic ap-
proximation (——), (6.203).
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Figure 6.37: The graph of 77(y, 10) in Re-
gion 117, (6.202), with asymptotic ap-
proximation (——), (6.204).
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Figure 6.38: The graph of 7(y, 10).

6.5 Inner Region Coordinate Expansions for J,(y,t) and
J_(y,t) as t — oc.

We now consider J, (y,t) in (6.6) withy =14 O (t%) as t — oo, which we refer to as
Region I": y =140 (t_§> as t — 00.

We write y = 1+ Yt75 with ¥ = O(1) as t — co. We now have, via (6.6),

T (Y1) = /_Z F(k) exp <it (7(1{:) _k(1+w—%))) dk

(6.205)
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which we wish to estimate for Y = O(1) as t — oo, where

(k) = 5 (1 — exp (iBR)) + 2

for k € C, which is entire. We first consider the approximation of J,(Y,t) in (6.205)

for Y = O(1)(< 0) as t — oo. For Y < 0, the phase becomes stationary in (6.205)
k = +xks(Y,t), where ks(Y,t) > 0, and, via (6.13), we have

2(-Y)? ~Y)2
ko (Y, 1) \[(t—l>+0 <( t) ) (6.206)
for Y = 0O(1)(< 0) as t — oo. Thus we may approximate J, (Y, 1)
0 2
- / k) exp (z’t <7(k) k(1 Ym))) dk
ks (Vi) —
(6.207)
ks (Y;)+3(t ,
+/ k)exp (it (y(k) —k(1+Yt 3 dk
0 (it () = K( )
for Y = 0O(1)(< 0) as t — oo, where §(t) = o(1) as t — oo. For |k| < 1 we have
ﬂQ
f(k) 5t O(k) (6.208)
and
_2 1 3 _2 5
) =k (14+YE3) = =2k =¥t 3+ 0 ()
so that, as ks(Y,t) + () = o(1) as t — o0, (6.207) becomes
ks (Y0)+5(t) 1 ,
J (Y1)« 3° / cost <6k3 + Yt 5k+ 0O (k5)) dk (6.209)
0

for Y = 0O(1)(< 0) as t — oo. Upon making the substitution
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_1
t e,

1 2
(gzﬁ N §)> dv (6.210)

for Y = O(1)(< 0) as t — oo. The integral in (6.210) is now in the form of an Airy

in (6.209) we obtain, via (6.206), and on taking 6(t)

T (Y, 1) mm/vm cos(<2é(—Y)>

t: =1

o

i

function, [31] (Chapter 9, page 196). Hence we may write

23732 s
T (Y, t) :f Ai (233/) (6.211)

for Y = O(1)(< 0) as t — co. We now consider the estimation of J; (Y, t) for Y = O(1)(>
0) as t — oo. For Y > 0 the phase becomes stationary in (6.205) at k = +i7y(Y,t), where
75(Y,t) > 0, and, via (6.57), we have

(Y, t) = \/5}/5 + 0 <2>

t3 t

for Y = O(1)(> 0) as t — oco. Thus we will deform the contour in (6.205) onto the steepest
descent contour D, as shown in Figure (6.7). Following the approach in (6.36)-(6.50), we

may approximate J, (Y,t) as

5(t)
J(Y.) / f(o — in(Y,1))

=—40) (6.212)

X exp (it <’7(0‘ —its(Y 1)) — (0 —iTs(Y, 1)) <1 + Yt_%>>> do

for Y > 0 as t — oo, where we have let k = 0 —i7,(Y,t), with o € (—4(t),0(t)), on the

contour D close to k = —it,(Y,t), and 0(t) = o(1) as t — oco. For |o| < 1 we have

2 1 1 11 22
o—ity(Y, 1)) — (0 — i7s(Y, 1)) (1 + Ym) — —603+EiY2t302+T\/_iY3tl+O (o)

(6.213)

134



so that, via (6.208) and (6.213), (6.212) becomes

2 2/2 o) 1 1
Ji (Y1)~ % exp (—T\/_Yg> /aza(t) exp (—Eita?’ - EYétga2 +0 (t05)) do

(6.214)

for Y > 0 as t — oo. Making the substitution

in (6.214) we have, on taking 8(t) = ¢~1,

332 s\ [ LN 1
JL (Y, t) 2t16 exp <—¥Y2> / exp (— <25Y) u2) cos <§u3) du (6.215)
3 u=0

for Y = O(1)(> 0) as t — oo. The integral in (6.215) is now in the form of an Airy

function, [31] (Chapter 9, page 196). Hence we may write

2%7r52
t3

T (Y, t) Ai (Q%Y) (6.216)

for Y = O(1)(> 0) as t — oo. Thus, via (6.211) and (6.216), we have

i [2 )
TV 1) 2 :f Ai <2§Y> (6.217)

for Y = O(1) as t — co. In particular, we have, by [31] (Chapter 9, page 198),

25VTH? TO2v2, s
Jo(Vit) n ——cos [T = 22yt 6.218
) tg(_y)4cos(4 () (6219
for (=Y) > 1 ast — oo, and
2 2V2 _
Fo¥t) o Y e (——fﬁ) (6.219)
it3Y1 3
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for Y > 1 as t — oo. It is readily established that (6.218) and (6.219) asymptotically
match accordingly with (6.26) (as Y — —o0) and (6.61) (as Y — 400) respectively.
We next consider J_(y,t) in (6.7) withy = =140 <t_§) as t — 0o, which we refer to as

Region I y=—-1x0 <t‘§) as t — o0.

In a similar manner to above, we obtain

J_ (?,t) LB, (—2%}7) (6.220)

. 21 /732 22
J_ (Y,t) BREARVATC . (f - —fyé) (6.221)
forl?>>1ast—>oo, and

~ NGk 2/2  ~
J_ <Y,t) N mexp (—T(—Y)

Njw

) (6.222)

for (—)/}) > 1 as t — oo, and it is readily established that (6.221) (as Y = —oo) and
(6.222) (as Y — +oo> asymptotically match accordingly with (6.96) and (6.99) respec-

tively.

6.6 Inner Region Coordinate Expansions for F(y,t) as
t — oo.

We now consider F(y,t) in (6.8) in Region I, where we write y = 1 + Yt75. We now
have, via (6.8),
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F(Y,t) = /OO %sint (v(k) =k (1+ v ) an

(6.223)
for Y = O(1) as t — oco. We first consider the approximation of F'(Y,t) in (6.223) for

Y = O(1)(< 0) ast — oo. For Y < 0, the phase becomes stationary in (6.223) at
k = ks(Y,t), and, via (6.13), we have

(-Y) )
t

for Y = O(1)(< 0) as t — oo. Thus we may approximate F(Y,t) as

ks(Yyt)+46(t) 1
P - |
0

—sint

k

W=
Njw

t

k3<y,t>:M+o<

(fy(k) —k (1 + Yt’§>) dk

(6.224)
for Y = O(1)(< 0) and §(¢) = o(1) as t — oo. For |k| < 1 we have

k)~ k (1-vtF) = —é/ﬁ — Yt 3k + 0 (K)

so that, as ks(Y,t) + 0(t) = o(1) as t — oo, (6.224) becomes

ks(Y,t)+46(t) 1
F(Yit) o — /
0

—sint
? 1

(%k?’ +Yt 5k +0 (k5)> dk

(6.225)
for Y = O(1)(< 0) as t — co. At this stage it is convenient to write

1 Y 1
;- sint (6k3 +Yt 3k +0 (k5)) —5 / cost (ng + Xt 3k 40 (k5)) dX
A (6.226)

1. /1

+ 7 sin (gtk?’ +0 (k5))
so that, via (6.225) and (6.226), we have
LY k() 1 ,
F(Y,t)m—tS/ / Cost(—k3+Xt_3k:+O(k5)) dk dX
X=0J k=0 6

kS(Y,t)+5(t) 1 1 5
— —sin | =tk> + O
/k B A sin (6 +

) (6.227)
() ) dk
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for Y = O(1)(< 0) as t — oo. We first consider the second integral on the right-hand-side

of (6.227). Set

. ks(th)+§(t) 1 1
By (Y1) = / 7 sin (gtk?’ +0 (k5)) dk (6.228)
k=0

for Y = O(1)(< 0) as t — oco. Upon making the substitution

1
u= —tk3
6

in (6.228), we obtain, on taking §(¢) = ¢ 1,

for Y = 0O(1)(< 0) as t — co. Hence

A

Fi(Y,t) - % (6.229)

for Y = O(1)(< 0) as t — co. We now consider the first integral on the right-hand-side

of (6.227). Set

A Y ks (Y)45(t) 1 .
Fy (Y1) = / / cost (ékrg + Xt75k+ 0 (kB)) dkdX (6.230)
x=0Jk

=0

for Y = O(1)(< 0) as t — oo. Upon making the substitution

in (6.230), we obtain, with 8(t) = 77,

B(Y, 1) ' M/OO cos<(2é(—X))2 (%U3+U2—§)) dvdX (6.231)

1
X=0 13 =1

for Y = 0O(1)(< 0) as t — oo. From [31] (Chapter 9, page 196) we have
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3

Ai (2%)() - M/m cos (<2§(—X)>g (%& ot - 2)) dv  (6.232)

By(Vit) - 2T /Y 4i (25x) dx (6.233)
0
for Y = O(1)(< 0) as t — oco. It is now convenient to make the substitution
s =925X
in (6.233) and then use the identity

/O_ Ai(z)dz = 3 (6.234)

R or 23y
3ts t3 Js=—co
for Y = O(1)(< 0) as t — oco. Thus, via (6.227), (6.228), (6.229), (6.230) and (6.235), we
have
23y

F(Y,t) g - 7r/ Ai(s) ds (6.236)

S=—00

for Y =0O(1)(< 0) as t — co. We now consider the estimation of F(Y,t) for Y = O(1)(>
0) as t — co. We first observe that

i /Y cost (1(8) & (1+ X178)) X =~ it (300) — (14v15))

_ k
X=0 (6.237)

1
+ Z sint (y(k) — k)
so that, via (6.223) and (6.237), we have
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F(Y.1) :/:o %sint(v(k) k) dk

/Y_ cost(v(k‘) —k (1+Xt—%>> dX) dk

_t;/ (
k=0

for Y = O(1)(> 0) and as ¢t € Rt. We consider the first integral on the right-hand-side

(6.238)

of (6.238). Set

Fy(t) = /k : %Sint (v(k) — ) di (6.239)

for t € R*. The phase becomes stationary in (6.239) at £k = 0, so as ¢ — 0o we may

approximate Fy(t) by

By(t) /k m)%sint(v(k) k) dk (6.240)

=0

as t — oo with §(t) = o(1) as t = oco. For |k| < 1 we have

v(k) —k = —ék?’ + 0 (K°)

so that (6.240) becomes

. o) 1 1
Fy(t) v« — / — sin (—tk:3 +0 (tk:5)> dk (6.241)
k=0 k 6

as t — co. Upon making the substitution

1
= —tk?
"6

in (6.241) we obtain, on taking §(¢) =t 1,

~ I [>1
F3(t) -~ —g/ asinudu
u=0

as t — o0o. Hence
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Fy(t) » — (6.242)

T
6

as t — co. We now consider the second integral on the right-hand-side of (6.238). Set

o

for Y = O(1)(> 0) with ¢t € R*. In order to estimate Fy(V,t) for Y = O(1)(> 0) as

A

Fy(Y,t) =t

W=

/Y cost (7(1{;) —k (1 + Xt—%)) dX> dk (6.243)

X=0

t — oo we first write

(F4(Y, t))R =15 /:0 (

for Y = O(1)(> 0) with ¢ € R" and R > 0. Upon interchanging the order of integration

/Y cost (7(/{) —k (1+Xf§>) dX) dk (6.244)

X=0

in (6.244) we may write

(E(Y,t))R — 4 /XY:O (/]:Ocost (7(k) —k (1+Xt—%)) dk:) dX

t

T2 (<F+(Y’ t)>R * (Ff(y’ t)>R)

for Y = O(1)(> 0) with ¢ € RT and R > 0, where

(F+(Y, t))R — /XY:o </:0 exp (it (7(/@) —k (1 + Xf%») dk> dX (6.246)

=

(6.245)

W=

and

( o (Y, t))R - /XYZO </:0 exp (—it (7(1{:) —k (1 + Xt—%>)) dk) dX.  (6.247)

We consider first (6.246). The phase becomes stationary in the inner integral in (6.246)
at k = +iry(X,t) for X € [0,Y] with ¢ € R*. Hence, on taking R > 7, we will deform
the contour of integration in the inner integral in (6.246) from k € [0, R] onto the steepest

descents contour D_, shown in Figure (6.20). To achieve this we consider the contour

Cr_ = [0,R|U Dy U Dpr_U Dy, where D, is an arc on the circle |k| = R, and Dg_ is a
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finite section of D_, as shown in Figure (6.39). The point k = k; is the intersection point

of Dy and Dp_, and we recall, via (6.35), that

s 1
0 = — _—
R 2+O(Ré)

as R — oo, where 0 is the angle shown in Figure (6.39). Now, via Cauchy’s theorem, we

have

/C exp (it (7(1@) —k (1 + Xt—%») dk = 0 (6.248)

for X € [0,Y] with Y = O(1)(> 0), t € RT and R > 7. Therefore, via (6.248), we have

oot 5 )
[ e (it (300 =k (14 x08) ) ) i ) ax
[, ool b (o)) a) ax 6210
| e (it (0~ (14 x07%)) ) a )

), t € RT and R > 7. After a change in the order of integration, we
may follow the approach in (6.40)-(6.44) to establish that

/XY:O (/D exp (it (v(k) & (14 Xx271))) dk:) iX =0 (l) (6.250)

R

/Y
X=0

for Y = O(1)(> 0

as R — oo with Y = O(1)(> 0) and ¢t > 1. Also, a simple substitution gives,

[ ([ e (ie (o -k (1 x08))) ) ax
- Z/XYZO (/TiTS(X’t) exp (it (7(1’7) —ir (1 +Xt—%>>) dT) AX

(6.251)
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T=—7s (X, 1)

7T =3 k%kl

Branch cut for (k)

Figure 6.39: Contour Cg_.

with Y = O(1)(> 0) and t € RT. Now, with Y = O(1)(> 0) and ¢ > 1, a reversal in the
order of integration establishes that the term on the left-hand-side of (6.249) has a limit
as R — oo. Moreover, it follows from (6.250) that the first term on the right-hand-side of
(6.249) has limit zero as R — oo, whilst the last term on the right-hand-side of (6.249) is
independent of R (> 7). Thus we conclude that the second term on the right-hand-side
of (6.249) has a limit as R — co. We now let R — oo in (6.249) to obtain (using (6.246),
(6.249), (6.250) and (6.251)),

o ((0e0),) == g ([ ([ o (o (109 1 (103070))) ) )
— i/XY:O (/TiTS(X’t) exp (it (7(2'7') —aT (1 + Xt_%>>> dT) dX

(6.252)

for Y = O(1)(> 0) with ¢ > 1. Similarly we obtain,

143



pm ((F-00),)

(), o Cabo-siexe)a)a) o
vif (e (s - (1o x02))) ar) ax

for Y = O(1)(> 0) and t > 1, with Dg, being the contour in the k-plane which is a

reflection of Dp_ in the real k-axis. It now follows from (6.243)-(6.247), with (6.252) and
(6.253), that,

exp (z’t (fy(k;) —k (1 + Xt*%))> dk) dX)
/DR+ exp (—z’t (7(/@) —k (1 + Xt‘%>>) dk) dX))

(6.254)

for Y = O(1)(> 0) and ¢t > 1. Now the inner integrals in (6.254), on D and Dy, , are

uniformly (and exponentially) convergent with respect to X € [0,Y] as R — oo. It then
follows that

and

for Y =0(1)(> 0) and t > 1. Thus,
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wl=

Fy(Y,t) ==t

1
2

(/XY:O ( /D exp (it (v(k) — & (14 X171))) dk;) X
* /XY:O (/m exp (—it (v(k) —k (1 + Xt—%))> dk;) dX)

for Y = O(1)(> 0) and ¢t > 1. We now estimate the first integral (along D_) on the

(6.255)

right-hand-side of (6.255) as t — oo with Y = O(1)(> 0). The inner integral is in the
form of a steepest descents integral as t — co. Thus we estimate the inner integral near

the stationary point at k = —it,(X,t) (with X € [0,Y]) as t — oo, where

axo- Y25 o (1) o

for X € [0,Y] as t — oo. Therefore,

/XYZO (/ exp (it (v(k) —k (1+Xt—§>)) dk:) dX

- /XYZO </Gi(: exp <it (7(0 —i1s( X, 1)) — (0 —iTs(X, 1)) (1 —|—th§)>> da) dX

(6.257)

for Y = O(1)(> 0) as t — oo, where we have set k = o — i7,(X, t), with o € [0,4(¢)), on

the contour D_ close to k = —its(X,t), and §(t) = o(1) as t — oo. For |k| < 1 we have
2 ]_ 2
(k) — k (1 - Xﬁ) = K = Xtk + 0 () (6.258)

so that, via (6.256) and (6.258), (6.257) becomes
v 2
exp (it (v(k)—k(1+ Xt™3 dk:) dX

[ () e (o (o= (15 xe9))
Y 2v/2 5®) 1 2

A exp ——\/_X% exp | —=ito® — L_X%Z%O'Z do | dX

3 6 2

X=0 o=0

for Y = O(1)(> 0) as t — oo, with §(t) = 0(t‘é> as t — oo. Upon making the

(6.259)
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substitution

in (6.259), we obtain, on taking () = O (t_%>

[ (] e (it (o = (1 xe8)) ) ae) ax
_ (6.260)
[ () ([ (- (1) ) ) a

for Y = O(1)(> 0) as t — oo. Similarly, we may approximate the second term on the

[\
ol

AN

Wl

t

right-hand-side of (6.255) as

/XY_O </D+ exp (=it (1(k) = k (1+ x¢77))) dk> dX
2 e (2 )Y ([ e (bt (21x) ) ) ax

for Y = O(1)(> 0) as t — oo. Thus, via (6.255), (6.260) and (6.261), we have

. LY 2/ 1.\ > L\ 1
Fy(Y,t) 2 /X:O exp <—§ (25)() > (/u:o exp (— (2@)() : u2> cos (§u3) du) dX

(6.262)

(6.261)

for Y = O(1)(> 0) as t — oo. The inner integral in (6.262) is in the form of an Airy

function, [31|(Chapter 9 page 196). Hence

Y

Fy(Y, 1) o 2é7r/

X=0

Ai (2%)() dX (6.263)

for Y = O(1)(> 0) as t — oo. Therefore, via (6.238), (6.239), (6.242), (6.243) and (6.263),

we have
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Y

F(Y,t) —% - 2%/

X=0

Ai (2%X) dX (6.264)

for Y = O(1)(> 0) as t — oco. It is now convenient to let
s=25X

in (6.264) and use (6.234) so that we finally have

2%y
F(Y,t) g - 7r/ Ai (s) ds (6.265)

S§=—00

for Y = O(1)(> 0) as t — oo. Thus, via (6.236) and (6.265), we have

F(Y,t) g o / Ai (s) ds (6.266)

N|w

7T% . s 2\/5
———— sin (Z — T(—Y) ) (6.267)

for (=Y) > 1 ast— oo, and
2 2%Y4 3

1
: 2v/2
F(Y,t) o —= + ——exp <——fyi> (6.268)

for Y > 1 as t — co. We observe that (6.267) (as Y — —o0) and (6.268) (as Y — +00)

asymptotically match accordingly with (6.125) and (6.156) respectively.

In a similar manner we may approximate F'(—y,t) in Region i*, where y = —1 —H/}t_g,
as
1~
R - —23Y
F(¥,0)~ 7 / Ai(s) ds (6.269)

for Y = O (1) as t — co. In particular,
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~ T T (7 2V2s
F(Y, t) A 5 — 22/};2 Sin (Z — TY2> (6270)
for}?>>1ast—>oo, and
~ 2V2 1 ~\3
FO) e — VT <——f (—Y) 2) (6.271)
2 5 S 4 3
2 (-7)

for (—?) > 1ast— oo.

6.7 Inner Region Coordinate Expansion for 7(y,t) as
t — oo.

We now have, via (6.5), (6.217), (6.218), (6.219), (6.220), (6.221), (6.222), (6.266), (6.267),
(6.268), (6.269), (6.270) and (6.271), the following approximations for 7(y,t) in the fol-
lowing regions,

Region I': y (=%) =1+ Y73, with Y = O(1) as t — oco. We have,

n(Y,t) -~

- /23Y Ai(s)ds | + 28 (2%3/) (6.272)

1
S§=—00 3

DO | —

for Y = O(1) as t — oo. In particular,

e L (1, 8 v,
7 (Y,t) 2%ﬁ (YZ +\/§t§Yi)eXp( 3 Y ) (6.273)

for Y > 1 ast — oo, and

(6.274)
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for (=Y) > 1 as t — oo, and it is readily verified that (6.273) and (6.274) asymptoti-
cally match with (6.196) and (6.194) respectively according to the asymptotic matching

principal of Van Dyke [12].

Region I y (=%)=-1+ Vi3, with ¥ = O(1) as t — oco. We have,

1~
_ (S 1 sy 2383 15
7 (Y,t) ~3 1+/8__Oo Ails) ds | +7 5 A (—23Y) (6.275)

for Y = O(1) as t — oo. In particular,

~ 1 1 1 T 2V25s g
n Y,t) A—F——| =gsin| - — —Y2 | + ———=7 cos
77( AN <yi (4 3 ) V2t3Ys <

forf/>>1ast—>oo,and

7 (v 1 ! B 22 1 5\3
g (Y’t> ~ 1= 2%ﬁ (_?>i o \/§t§ <_?>}1 exp <_— <—Y) ) (6.277)

for (—?) > 1 ast — oo, and it is readily verified that (6.276) and (6.277) asymptoti-
cally match with (6.201) and (6.203) respectively according to the asymptotic matching

principal of Van Dyke [12].

As an illustration, graphs of 7(y, t) in each region (as determined from (6.272)-(6.277))

are given in Figures (6.40) and (6.41), where we have set ¢ = 300 and § = 1.
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Figure 6.40: The graph of 7(y, 300) in
Region I, (6.272), (——), and in Region
I, (6.191) and Region II* (6.195), (—).
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Figure 6.41: The graph of 7(y, 300) in
Region I~ (6.275), (——), and in Region
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CHAPTER 7

SUMMARY OF THE ASYMPTOTIC STRUCTURE OF
n(x,t) ASt — 0 AND t — o0

In this chapter we give a summary of the exact solution for the free surface displacement
n(x,t) for (x,t) € R x RT and the asymptotic structure of 7j(z,t) as t — 0 and t — oo,
as determined in Chapter 3, Chapter 4 and Chapter 6 respectively. Illustrations of the
asymptotic structure are given in each case and graphs of the approximations in each case

are also shown.

7.1 Exact Solution for 7(x,1)

We have now completed the asymptotic structure to the free surface solution 7(x,t) as

t — 0 and as t — co. We recall that the free surface displacement 7j(x,t) is given exactly

by

1

n(x,t) = 37 /. %(1 — exp(ifk)) cos(y(k)t) exp(—izk) dk, (7.1)

for (z,t) € R x R*, where

[ SIS

(k) = (ktanh k)

and Cj is the contour along on the real k-axis, indented below the origin by a semi-circle
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of radius 0 < § < 1, as shown in Figure (7.1). We have investigated coordinate expansions
for 7(x,t), as given by (7.1), and have obtained uniform asymptotic approximations for
n(x,t) in the limits ¢ — 0 and ¢t — oo for x € R. The asymptotic structure of 7(x,t) in

each of these cases is summarised below.

7.2 Asymptotic Structure of 7(x,t) as t — 0

Let No(t) and Np(t) be O (#?) neighbourhoods of the points z = 0 and z = 3 as t — 0.
Then we have the following outer region asymptotic approximation for 7(z,t),
Outer Region = € R\{Ny(t) U N3(t)} as t — 0.

In the outer region,

(42 | tanh Fx N (tZ) ¢ 5 0 with
%
278 °8 \ tanh Xz —p) 0 o A

T e [ﬁ> OO)\Nﬁ(t)?

t? tanh 7
(8 —z)+ —log <&) +o(t?), ast— 0 with

1
B 2mf3 tanh 7 (8 — )

z € [0, 5I\{No(t) U Np(t)},

m t2 ( tanh T (—x)

— 2 ith
27?50 ))+0(t), as t — 0 wit

tanh §(8 — =

x € (—00, 0]\ No(t).
(7.2)

In particular, in the outer region we have

2

e, ) = 2;—5 (— log(x — B) + log (% tanh (%5)) +0((x— 5)2)) +o(#)

when 0 < (z — ) < last — 0.
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Figure 7.1: Contour Cjs in the k-plane.

n(x,t) = %(ﬁ—x)—l—% (— log(8 — z) + log (% tanh (%B)) + 0 ((a: — 6)2)> +o0 (t2)

(7.3)
when 0 < (f—z) < 1last— 0.

)= 50+ 505 (st 1 (100 () ) +0 04 o)

when 0 <z < last— 0.

2

A t) =1+ 2;—5 (log(—x) _log (%tanh (%5)) ) (:ﬂ)) +o ()

when 0 < (—z) < 1ast—0.

2

o (2 (e (59) ~ ) e (5e) w0 (e (20) ) ) o)

when > 1ast — 0.

ﬁ(xvt) =
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2

)= 1+ 5 (2 (o (<58) = 1) exp (50) + 0 (e (F0) ) ) + 0

when (—z) > last — 0.
We have the following inner region approximations for 7(x, t):

Inner Region A x € Ny(t) ast — 0.

In inner region A,

2

nXxX,t)=1+ ;_ﬁ (logt+H(X) —7X — %log <tanh %5)) + o(t?)

for X =O(1) ast — 0, with z = *X.
Inner Region B x € N3(t) as t — 0.
In inner region B,

n(X,t) = % (—logt - H(X)+ %log (tanh %B)) + o(?)

for X =O(1) ast — 0 , with x = 8 + Xt2.

In (7.4) and (7.5)

1
F1<X)+F2(X)+F3(X)—§C4, XZO
H(X) =
1
Fl(—X)+F2(—X>+F3<—X)+7TX—504, X<0,
with

F(X)= /:0 1 (cos (s%> - 1) cos (X's) ds,
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L |

F(X)= — (1 —cos (Xs)) ds,

s=0 2s
1

F3(X) = h(s)cos (Xs) ds,

s=0
where
— —i——(cos(s%)—l) , §>0,
) 2s S

h(s) =
. iy
24’ o

and

1 h ® tanhk — 1
64:/ tan kdk+/ tanhk —1 ' o g18780.. .
k=0 K k=1 k

In particular, in Inner Region A we have

(X, 1) 12 (ogtr (e 4o — tep—1) = Ly (t h(”ﬂ))
pr— —_— —_ — —_ _ — n —_
UACES 8 og C1 T C3 204 208; a 1
L (|X\%> +o(?)
2

when | X| < 1 as t — 0, whilst

2 T

n(X,t) = 1+;—6 (—WX—Hogt—k%log (4X> — %log (tanh (%5)) +0 (%))—i—o (tQ)

when X > 1ast — 0, and

2

n(X,t) = 1+;—6 (logt+ %log (—%X) — %log (tanh (%ﬁ)) +0 (%)) +0(t2)

when (—=X) > 1 ast — 0. In Inner Region B we have

155



(X, t) :% (— logt — <01 +c3 — %c;l — 1) + %log (tanh <%6)>
—%WX +o0 <|X|g>) + 0 (t?)

when |X| < 1 as t — 0, whilst

0 £ (b= s (1) s o (5) +0 (5)) o9

when X > 1 as ¢t — 0, and

1050) = £ (-5 -tont = 108 () 1o (anh (52)) 0 (5) ) +0"

when (—X) > 1 as t — 0, where

N[

<1
6= / — cos(s?)ds = 0.036242.. ..
1S
and
1
c3 = / h(s)ds = 0.040980.. ..
0

An illustration of the asymptotic structure of 7(z,t) as t — 0, with z € R, is given
in Figure (7.2). With § = 1, graphs of 7j(z,t) against = are shown in Figure (7.3) for
t € [0,0.5]. Details close to inner regions A and B are shown in Figure (7.4). In Figure
(7.4) we note that close to the initial corners at x =  and « = 0, the structure of 7(z, t)
as t — 0 shows incipient localised jet formation close to = f (in inner region B) and

incipient localised collapse close to = 0 (in inner region A).

7.3 Asymptotic Structure of 7(x,t) as t — oo

We have the asymptotic approximation to 7(z,t) as t — oo in the following outer regions:
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Region II™: y (= %) > 1+0(1) as t — co. We have,

1
26/ 2mtve (—iTs (y)) 75 (y)

1(y,t) - 5 (exp (B7s(y)) — 1) exp (—tv (—irs(y), y)) ast — oo,

(7.6)

where k = +i7,(y) (with 75(y) > 0) are the stationary points of (k) —yk when y > 140(1),

and v(k,y) = Im (y(k) — ky). In particular,

_ 1 1 3 2v/2 g
n(yat) e Q%W%t% <(y_ 1)2 + \/§(y— 1) )exp <_Tt(y_ 1) ) (77)

when 0 < (y — 1) < 1 as t = oo, and

=

00t) - 525 (o0 (59) =1) (Sprs

when y > 1 as t — oo.

Region I™: o(1) <y (=%) <1—o0(1) as t — co. We have,

_ 1 1 T
705 + 5 mm e (o0 (5 ) (0 ) ,
—cos (T = k) + thi(0) (v — c<k3<y>>>))) as t > oo,
with
e(k) = @ (7.10)

and k = ky(y) is the positive stationary point of (k) — yk when o(1) <y <1 —o(1). In

particular,

_ 1 Sy% Tt s 15} t
£) o = T2} —eos(Zf- 2 - & 7.11
e Ry (COS (4 4y> €os (4 1 4y)) (7.11)




when 0 < y < 1 as t — oo, and

1 1 T 2V2 3
77(1/,75) A 2277-%{;% ((1—y)i S (Z_ 3 t<1_y)2>
(7.12)
I6; T 24/2 3
_ﬂ(l—y)i coS (Z——t(l—y) ))

when 0 < (1 —y) < 1 ast — oo.

Region I"™: —1+0(1) <y (=%) < —o(1) as t — co. We have,

_ 1 1 T
005 + 5 e ((os (= + thu-) -+ i)

oo (= = Bhu(-a) + th(-) o+ cll(-) ) ) a0,

(7.13)

with

(k) (7.14)

o) =5

where k = k;(—y) is the positive stationary point of v(k)+yk when —1+40(1) <y < —o(1).

In particular,

_ 1 8(—y)% T ot T I6] t
£) o = 4 Y2 Te ) ceos [T+ 2 4+ 2 1
n(y,t) 5 + [EyE (cos (4 + 4y) cos <4 + 1 + I (7.15)

when 0 < (—y) < 1 as t = oo, and

2iratz (1+y)s
(7.16)
B T 2V/2 3
+\/§(1+y)i cos (Z — Tt(1+y) ))

when 0 < (14+y) < 1ast— oo.

158



Region II™: y (= %) < —1—o(1) as t — co. We have,

1

0(y,t) «~ 1- 28/ 2mtog(—i7s (=) 7 (—)

S (1 —exp (B7s(=y))) exp (—tv (=iT(=y),y)) ,

(7.17)

as t — oo, where k = +ir,(—y) (with 75(—y) > 0) are the stationary points of v(k) + yk

) (7.18)

when y < —1 — o(1). In particular,

T <<—<y+1>>i ﬂ<—<y+1>>i> p( g

o

[NIES

when 0 < (—(y+1)) < 1 as t = oo, and

when (—y) > 1 as t — oo.

We now have the asymptotic approximation to 7(x,t) as ¢ — oo in the following inner

regions:

Region It: y (=%) =1+ Yt3, with Y = O(1) as t — oo. We have,

1

1 23Y ) 2%6 ' 1
n(Y,t) « 5 1-— / Ai(s)ds | + I Ai (23Y> as t — oo. (7.20)
s§=—00 3
In particular,
1 1 2v/2
N, t)» —5— (—3 + %) exp 22y (7.21)
2i/m \Yi /2t3Yi 3

for Y > 1 ast — oo, and

159



1 1 1 2v/2
s — sin (T2 22y
2 25w\ (-Y)i 4 3
(7.22)
2v/2
_ 15 T COS E_i(—y)g
V2t3(=Y)i 4 3
for (=Y) > 1ast— oc.
Region I: y (=% =-1+ Yt=3, with Y = O(1) as t — oco. We have,
. 1 237 233 =
7 (Y,t) -5 |1 +/ Ai(s)ds |+ A (—253/) as t — 0o, (7.23)
S$=—00 3

In particular,

for (—?) >1ast— oo.

An illustration of the asymptotic structure for 7(y,t) as t — oo, with y € R, is shown
in Figure (7.5). With § = 1, a graph of 7(y,t) against y, with ¢ = 70, is shown in
Figure (7.6). Details close to the inner regions I* and I~ are shown in Figures (7.7)-
(7.10). In Figures (7.5) and (7.6) the structure of 7(y,t) shows oscillatory behaviour
for =1 +o0(1) < y < 1 — o(1), where we note that there is a weak singularity in our
approximation to 7(y,t) (in (7.9) and (7.13)) at y = 0. However we observe from (7.11)
and (7.15) that 7(y,t) — % as y — 0. This oscillatory region is connected to regions, with

y > 14o0(1) and y < —1 — o(1), where we observe an exponentially small disturbance
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to the far field conditions. These regions are connected by localised inner regions, where
y=1£0 <t_%> andy=—-1£0 (t_§>, and graphs of these regions, as determined from
(7.20)-(7.25), are given in Figures (7.7) and (7.8) for ¢ = 70, and in Figures (7.9) and
(7.10) for t = 300.

In the next chapter we consider the numerical evaluation of the exact form of 7(x,t), as

given by (7.1).

8

Figure 7.3: Graph of 7(x,t) with 5 =1 and ¢ € [0,0.5].
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Figure 7.4: Graphs of 7(x,t), with 8 = 1, in inner region A and inner region B for
t € [0,0.1], illustrating the incipient localised collapse and jet structure respectively.

Figure 7.5: A sketch for the asymptotic structure of 7(y,t) as t — oc.
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Figure 7.8: The graph of 7(y,70) in
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Figure 7.9: The graph of 7j(y, 300) in Re-
gion I, (7.20), (——), in Region I, (7.9)
and Region II* (7.6), (—).

Figure 7.10: The graph of 7(y,300) in
Region 17, (7.23), (——), in Region I,
(7.13) and Region II~ (7.17), (—).
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CHAPTER 8

NUMERICAL EVALUATION OF THE EXACT FORM OF
(X, T).

In this chapter we give a numerical evaluation of the exact free surface solution. We
apply Simpson’s rule to 7j(z, t) and graph the numerical evaluations, which show excellent

agreement with the asymptotic structure summarised in Chapter 7.

In order to efficiently numerically evaluate 77(z,t), we recall that

n(w,t) = 5— ((z,t) = I(x = B,1)),

28
for (z,t) € R x R*, with
1 :
I(z,t) = 5 cos(v(k)t) exp(—ikx) dk,
Cs
and
I(—x,t) = I(z,t) — 27x (8.1)

for (z,t) € R x R*, where

v(k) = (ktanh k)z.
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We will now numerically evaluate I(x,t) for (x,t) € RT x RT. For numerical evaluation,

it is convenient to use (4.19), which gives

I(x,t) =2 /000 % (cos (y(k)t) — 1) cos(kx) dk (8.2)

for (x,t) € RT x R*. 7j(x,t) can then be constructed, via (3.32) and (3.34), as

(1 o
%(I(x,t)—](:v—ﬁ,t)), for (z,t) € [8,00) x RT,
Nz, t) = ﬁ 2m(B —x) + I(z,t) — (B —x,t)), for (z,t) € (0,8) x RT,
\ % @rB+ [~ t)— I(B—wt),  for (z,t) € (—00,0] x R,

Using (8.2), I(z,t), for (x,t) € R* x R, is numerically evaluated using Simpson’s rule,
after which we use (8.1) to determine I(z,t) for (z,t) € RxR*. Taking 8 = 1 and setting
the upper limit of integration in (8.2) to be A, the error, F, associated with evaluating

(8.2) via the composite Simpson’s rule, satisfies the error bound

5

|E| < sup ‘f(4)(k:,x,t)} (8.3)

2880m* 1 jooe)
for each fixed = and t, (see [32], p. 211) where

Fk2.1) = % (cos (v(k)t) — 1) cos(kz)

for k € [0,00) and (x,t) € xR* x R*, with m being the number of intervals the range of

integration has been divided into, and the step length is
h=—

2m

A calculation of supy¢(oo) | fW(k, z,t)| gives the estimate
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) s[up ) ’f(4)(k, x, t)‘ < ey t? + kot* + kst® + kyx?t? + ksatt? + ket (8.4)
€[0,00

for all (z,t) € xRT x R¥, with k; (i = 1,...,6) being positive numerical constants,

independent of z and ¢. It then follows from (8.3) and (8.4) that

5

2880m4

|E| < (Kit® + kot* + kst® + kyx®t® + ksa't® + kex®t?)

for all (z,t) € xR* x R*. Estimates of k; (i = 1,...,6) are given by,
k1 <

2
) kzﬁg, ks < —, k<2, k<, k<

DO | —

ot] oo
DO | —

In addition, the error induced by truncating the range of integration in (8.2) to [0, A] is

given by T, where

2
T < —
<2

for all (z,t) € xR* x R*. Thus, the total error in approximating (8.2) via Simpson’s rule

is E, where

|Er| < |T| + |E]
(8.5)

2 Ahrt (8 2 1 1 1
_A+_18()<5 —1—3 +30 + 2z —|—2x +2:v

for all (z,t) € xR* x R*. We can now control the error of the numerical approximation
to (8.2) using (8.5).

All the subsequent computations performed in this chapter have choices of h and A
such that |Eyr| < 107 for all (z,t) € RT x R* for which the computations are performed.
All the Figures have been developed by setting a grid size small enough to give sufficiently
smooth graphs. In particular, Figures (8.4) and (8.5) have the grid step size in z set at
0.001, however this varies in each Figure. Figure (8.1) shows 7(z,t) for ¢t € [0, 0.5], which

has excellent agreement with Figure (7.3). Inner regions A and B are shown in Figures
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(8.2) and (8.3), which have excellent agreement with Figure (7.4). Figure (8.4) shows
n(x,t) for t € [0.6,1.2], with Figure (8.5) showing in detail the region around = = 0.5.
Figures (8.6)-(8.9) show 7(x,t) for t € [2,16]. Figures (8.10) and (8.13) show 7(y, t) for
t = 32 and t = 70 respectively, where y = 7. Region It and Region I (as defined in

section 7.3) for each case are shown in Figures (8.11), (8.12), (8.14) and (8.15) and we

observe excellent agreement between Figures (8.13), (8.14), (8.15) and (7.6), (7.7), (7.8).
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Figure 8.1: The graph of 7j(z,t). Figure 8.2: The graph of 77(x,t) in inner
region A.
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Figure 8.3: The graph of 7(x,t) in inner  Figure 8.4: The graph of #(z,t) for
region B. t €[0.6,1.2].
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Figure 8.5: The graph of 7(z,t) for

x € [—0.5,1.5] with ¢ € [0.6,1.2].

Figure 8.7: The graph of 7(z,t) for
x € [—10,10] with t = 4.
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Figure 8.9: The graph of 7(z,t) for
x € [—25,25] with t = 16.

Figure 8.6: The graph of 7(z,t) for
x € [—8,8] with t = 2.

Figure 8.8: The graph of 7(z,t) for
x € [—15,15] with t = 8.
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Figure 8.10: The graph of 7(y, t) for
y € [—1.5,1.5] with ¢ = 32.
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Figure 8.11: The graph of 7j(z, ) for
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Figure 8.13: The graph of 7(y, t) for
y € [~1.5,1.5] with ¢ = 70.
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Figure 8.12: The graph of 7j(z, t) for
t = 32 in Region 1.
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Figure 8.14: The graph of 7(z,t) for
t = 70 in Region I™.
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Figure 8.15: The graph of 7(x,t) for t = 70 in Region I
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CHAPTER 9

COMPARISON WITH THE LINEARISED SHALLOW
WATER THEORY

In this chapter we consider the situation when the free surface displacement is modelled by
the linearised shallow water theory. The free surface is governed by the one-dimensional
wave equation, subject to initial conditions. We find the free surface solution in terms of
D’Alemberts general solution and we graph the solutions for various times. Comparisons
with results in Chapters 7 and 8 shows that the shallow water theory gives the general

shape of the free surface, whilst remaining monotone and oscillation free.

9.1 Linearised Shallow Water Theory

We now consider the case when the free surface displacement, 7j(z,t), is described by the

one-dimensional wave equation, that is
ﬁtt(xv t) - ﬁxw(x7t> =0

for (z,t) € RxR*, which is the governing equation for the free surface displacement for the
linearised dambreak problem according to shallow water theory. The initial displacement

of the free surface is given as
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'O, x> f3
7(z,0) = Mo(x) = %(ﬁ—x), 0<a<p 0.1)
1, <0

and the free surface is initially at rest so we also have the initial condition

for z € R. D’Alembert’s general solution, together with initial conditions (9.1) and (9.2),
then gives

Nz, t) = %no(ac —t)+ %170(3: +1) (9.3)

for (x,t) € R x RT. With 5 = 1, graphs of 7j(x,t), as given in (9.3), for ¢ € [0,1.2] are
shown in Figures (9.1) and (9.2). Graphs of 7j(x,t) for ¢t = 2,4,8, 16 are shown in Figure
(9.3), and graphs of 7(y,t), where y = %, for ¢ € [5,70] are shown in Figure (9.4)-(9.6)
respectively. Sketches of the structure of 7j(z,t) as t — 07, and of 7j(y,t) as t — oo, for
the linearised shallow water theory, as given by (9.3), are illustrated in Figures (9.7) and
(9.8) respectively. These are to be compared with the sketches of the structure of the

solution to the full linearised theory, as given in Figure (7.2) and Figure (7.5). In fact,

1 T T T T 1 T T T T T T T
=0 —t=05
09 =01 1 nar =05 ||
0sf \ =02 | asl =08 |
o7} igg— 07l 2]
06 4 iN:33
gD.G- B gUS-
03F B 03
0.2 \ 4 02k
Figure 9.1: The graph of 7(z,t) for Figure 9.2: The graph of 7(z,t) for
t €10,0.5]. t €10.5,1.2].
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when ¢ — 07 we obtain from (9.1) and (9.3),

1
28
1

(26 = (z +1)),

\

xr =

B_

B+t

t<z<f+t

t<z<fB-—t

—t

x <

<xr<t

—t.

Similarly, when ¢ — oo we obtain from (9.1) and (9.3), on letting y = %,

%(%—t(?ﬁ 1),

1

\

I I
25 20 18 -0 5 ] 5 10 15 20 25

Figure 9.3: The graph of 7(z,t) for
t € [2,16].
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Figure 9.4: The graph of 7(y,t) for
t € [5,70].
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Figure 9.5: The graph of 7(y,t) for Figure 9.6: The graph of 7(y,t) for
t € [5,70] with y € [-1.4,—0.5]. t € [5,70] with y € [0.6, 1.4].
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Figure 9.7: A sketch for the structure of 7j(x,t) for ¢ — 07, given by (9.4), where the
initial free surface displacement is also shown as a dashed line.

9.2 Comparison of the Linearised Shallow Water The-
ory with the Full Linearised Theory

We now compare (9.4) with (7.2), (7.4), (7.5) and (9.5) with (7.6)-(7.25) (as illustrated
in Figures (9.7), (7.2) and Figures (9.8), (7.5)). As ¢t — 07, the linearised shallow water
theory reproduces the leading order behaviour shown in the full linearised theory, but

does not capture the incipient jet formation and collapse seen in the full linearised theory.
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Figure 9.8: A sketch for the structure of 7(y,t) for t — oo given by (9.5).

In particular, in the the inner regions of the full linearised theory, which are of thickness
O (t?), we observe incipient jet formation and collapse, and the change in the initial
displacement of the surface is O (t?logt). This is not reproduced in the shallow water
theory, where instead we find the inner regions are of thickness O (t), and the surface
forms a linear slope, and the change in the initial displacement of the surface is O (¢). In
the outer regions of the full linearised theory we observe an O (#?) change in the initial
displacement of the surface, compared to the linearised shallow water theory where there
is no change in the initial displacement of the surface. Overall, the shallow water theory
gives a good approximation to the full linearised theory as t — 0T, with the most notable
difference being the structure of the surface in each of the inner regions. As t — oo, the
linearised shallow water theory again reproduces the leading order behaviour shown in the
full linearised theory, but does not capture the oscillatory behaviour. In particular, in the
full linearised theory, the two outer regions, where |y| > 1+ O (t_%>, show the surface
differs from the initial conditions by an exponentially small order in ¢ as t — co. In the

shallow water theory, these outer regions, where |y| > 14+ O (¢t7'), show no change in
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the initial conditions. Therefore, there is only an exponentially small difference between
the two approximations in these regions. In the third outer region, the full linearised
theory shows that the surface exhibits oscillatory behaviour about 7(y,t) = %, where the
amplitude of the waves are O (t_%>, whereas the linearised shallow water theory fails to
capture these oscillations, and the surface remains constant at 7(y,t) = % In the two
inner regions, the full linearised theory shows the connection between the oscillating and
exponentially decaying outer regions, and these inner regions are of thickness O (t_%)
The linearised shallow water theory, however, has the surface as a linear slope in both
inner regions, and the regions are of thickness O (¢71). There is an O(1) difference in the
structure of the surface in the inner regions. Overall, the linearised shallow water theory
has good agreement with the full linearised theory in the outer regions where the difference
between the two approximations becomes increasingly small as t — co. The inner regions,
where there is an O(1) structural difference between the linearised shallow water and
the full linearised approximations, become increasingly thinner as ¢t — oo. Formally,
a comparison of the asymptotic approximation as ¢ — 07 to the full linearised theory,
((7.2), (7.4) and (7.5)), with the solution to the linearised shallow water theory, (9.4),
establishes that, with ng(z,t) and nsw (z,t) being the surface displacement according to
the full linearised theory and the linearised shallow water theory respectively, then as
t—0*
O(t?), z€(—oo,—t)U(t,B—t)UB+t00)
ne (e, t) — nsw(z,t) =
o), ze(-t,t)u(B—t,[+1).

Similarly, a comparison of the asymptotic approximation as t — oo to the full linearised

theory, ((7.6), (7.9), (7.13), (7.17), (7.20) and (7.23)), with the solution to the linearised

shallow water theory (9.5) establishes that, as t — oo,
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(0 (e (wnma). ve a0
O (1), ye(—1—A(), -1+ A1)
ey, 1) —nsw(y,t) = U (1= A(t), 1+ A(t)
o) (f%), ye (—1+A®1),1—A®)
0 (Ser-wlin-n) ). ve (-1 50)

with A(t) = O <t_%> as t — oo, and where v (—i7s(y),y) > 0 for y > 1.

9.3 Comparison of the Linearised Shallow Water The-
ory with the Numerical Approximation

Comparisons between the numerical approximation to the full linearised theory obtained
in Chapter 8 and the linearised shallow water theory are shown in Figures (9.9)-(9.18).
Graphs of 7(z,t), computed numerically in Chapter 8, are shown with graphs of the
linearised shallow water solution given by (9.3). We observe that the linearised shallow

water solution improves as t — 0% and t — oo.
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Figure 9.9: The graph of 7(x,t) for Figure 9.10: The graph of 7(z,t) for
t = 0.1, computed numerically via Simp- ¢ = 0.2, computed numerically via Simp-
son’s method (—) for the full linearised son’s method (—), for the full linearised
theory, and from the linearised shallow theory, and from the linearised shallow
water theory (9.3) (——). water theory (9.3) (——).
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Figure 9.11: The graph of 7(z,t) for
t = 0.5, computed numerically via Simp-
son’s method (—), for the full linearised

theory, and from the linearised shallow
water theory (9.3) (——).

Figure 9.13: The graph of 7j(z,t) for
t = 2, computed numerically via Simp-
son’s method (—), for the full linearised
theory, and from the linearised shallow
water theory (9.3) (——).
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Figure 9.12: The graph of 7(x,t) for
t = 1, computed numerically via Simp-
son’s method (—), for the full linearised
theory, and from the linearised shallow
water theory (9.3) (——).

Figure 9.14: The graph of 7j(x,t) for
t = 4, computed numerically via Simp-
son’s method (—), for the full linearised
theory, and from the linearised shallow
water theory (9.3) (——).
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Figure 9.15: The graph of 7(z,t) for
t = 8, computed numerically via Simp-
son’s method (—), for the full linearised
theory, and from the linearised shallow
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Figure 9.16: The graph of 7(z,t) for
t = 16, computed numerically via Simp-
son’s method (—), for the full linearised
theory, and from the linearised shallow

water theory (9.3) (——).

Figure 9.17: The graph of 7(y,t) for
t = 32, computed numerically via Simp-
son’s method (—), for the full linearised

theory, and from the linearised shallow
water theory (9.3) (——).

water theory (9.3) (——).

Figure 9.18: The graph of 7(y,t) for
t = 70, computed numerically via Simp-
son’s method (—), for the full linearised

theory, and from the linearised shallow
water theory (9.3) (——).
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CHAPTER 10

CONCLUSIONS

We have now completed the detailed structural analysis of the linearised full dambreak
problem. In this chapter we will give a review of the work completed and the results

obtained. We will then outline the further work that may be developed on this problem.

10.1 Thesis Review

In this thesis we have considered a linearised fully two-dimensional dambreak problem
where an inclined dam, with a small step height and slope, separated a horizontal layer of
incompressible and inviscid fluid from a shallower horizontal layer of the fluid. The fluid
was initially at rest on a horizontal flat, impermeable base and was bounded above by a
free surface. The aim of the thesis was to solve the full linearised problem for the free
surface and fluid velocity potential, and to obtain short time and large time asymptotic
approximations of the free surface in detail via the approximation of Fourier-type integrals
in the complex plane. Numerical approximation of the free surface for the full linearised
theory was then compared with the asymptotic approximations. These results were also
compared to the situation when the free surface was governed by the linearised shallow
water theory. It was found that the full linearised theory and the linearised shallow water
theory have good agreement in the short and large time in the outer asymptotic regions

but differ at O(1) in thin inner regions located at the upstream and downstream transition
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waterfronts.

In Chapter 2 we introduced a fluid velocity potential and formulated the nonlinear
dambreak problem via the conservation of mass and momentum with appropriate bound-
ary and initial conditions. In Chapter 3 we considered the case of a dam with a small
step height and slope resulting in the full linearised problem, which was solved via the
complex Fourier transform to give an exact solution for the fluid velocity potential and
free surface in terms of Fourier integrals in the complex plane. In Chapter 4 we obtained a
uniform asymptotic approximation to the free surface during the initial stages of the flow.
It was found that the asymptotic approximation was composed of three outer regions,
which were connected by two inner regions, these being thin regions around the initial
corners of the free surface displacement. The asymptotic approximation determined that
the change in the surface displacement from the initial conditions was of O (¢?) as t — 0 in
the outer regions, and revealed incipient jet formation and collapse in each inner region.
The asymptotic approximation agreed with an experimental study by [20] which showed
a jet formation near the initial position of the dam, and is also similar to the results in
[11] where jet formation was observed in an inner region around the point where the dam
met the base. The asymptotic approximation is also in accord with that presented by
Stoker, [15], in that the change in the surface displacement from the initial condition is
O (t*) as t — 0 in the outer regions. In Chapter 5 we obtained a uniform asymptotic
approximation to the free surface in the far field. The asymptotic approximation con-
sisted of three regions and demonstrated that the free surface in the far field only changes
from the initial displacement by an exponentially small order in z, as |z| — oo in the far
fields. In Chapter 6 we obtained a uniform asymptotic approximation to the free surface
for large time. The asymptotic approximation consisted of an outer region in which the
free surface exhibited algebraically decaying oscillatory behaviour. This connected to two
inner regions which were described by Airy functions and their integrals, and each of
these regions then connected to outer regions which extended into the far field, and in

these outer regions the free surface differs from the initial conditions by an exponentially
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small order in t as t — oo. In Chapter 7 we gave a detailed summary of the uniform
asymptotic approximations to the free surface for small and large times. In Chapter 8 a
numerical approximation of the exact free surface solution was given. The exact solution
was estimated via Simpson’s rule and a precise error bound was given. The asymptotic
approximations were in excellent agreement with the numerical approximations to the free
surface for small and large times. In Chapter 9 we considered the situation where the free
surface displacement is governed by the linearised shallow water theory, with the same
initial surface displacement as the full linearised theory. The wave equation was solved
by D’Alemberts general solution, which showed that according to the linearised shallow
water theory, the free surface consisted of two travelling waves. A detailed comparison
was then made between the solution of the full linearised theory and that of the linearised

shallow water theory.

10.2 Further Work

The theory and results developed in this thesis consider the full linearised dambreak
problem, where the dam has a small step height and slope. An interesting extension to
the theory on the free surface in the full linearised full problem would be to consider when
the approximation becomes non-uniform in the parameter a. That is, include an O (a?)
correction term in (3.1) and solve up to O («?) when we substitute (3.1) into [IBVP]
(problem (2.11)-(2.19)). The main difference in the O (a?) problem will be a change in
the free surface conditions, where some nonlinear terms will remain, therfore obtaining
an exact solution at O (a?) will be rather more difficult.

When we do not consider a linearised case of [IBVP], exact solutions to the full non-
linear theory may not be obtained. In this case asymptotic series solutions for the fluid
velocity potential and free surface can be proposed and may be substituted into the non-
linear problem and solved at each order, which is an approach taken in a number of works

in this area, for example see [11], [23], [15] (Chapter 10), [28]. It is anticipated that during
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the initial stages similar behaviour would be observed, where we find localised incipient
jet formation and collapse around the initial corners of the surface displacement. In par-
ticular, we may consider [IBVP] for a dam with a large dimensionless step length and
O(1) step height, that is, for 5> 1 and a = O(1) as f — oo. It is expected that during
the initial stage the initial corners in free surface would smooth out in a similar manner
to that observed in the linearised problem. In the large time limit it is expected that the
free surface would consist of waves with wavelengths much larger than the depth of the
fluid. This corresponds to the case for the nonlinear shallow water equations so that a
comparison can again be made between the two theories. It is expected that the full non-
linear problem, [IBVP], would be much more accurate in capturing the exact behaviour

of the free surface compared to the nonlinear shallow water model.
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