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Introduction

This manuscript is mainly dedicated to the study of the initial value problem

Uy = Ugg + (U g + %Ugey on R x RY (1)
u(z,0) =up(z) inR

Equation (1) is a special case of
up = {u® + Puy + 2l (Wur)y b, (2)

in which a, 8 and v are non-negative constants. Equation (2) appears as a model
equation for Darcy flow in porous media with a dynamic capillary pressure relation.
We note that equation (2) is a nonlinear diffusion-convection equation with an
additional nonlinear third order term involving two space derivatives and one time
derivative. Equation (1) is simpler in the sense that only the convection term is
nonlinear, but a third order term with mixed derivatives in space and time is also
involved. Parabolic equations extended with such a third order term are called
pseudo-parabolic equations in the literature. They often appear as regularisation
of ill-posed parabolic problems or as a result of a relaxation term introduced in the
model.

Every chapter in this thesis is provided with an introduction, here we give a
brief summary, the derivation of equations (2) and (1), and a brief overview on the
literature on pseudo-parabolic equations.

0.1 Dynamic capillary pressure and derivation of the equa-
tions

Flow in porous materials is encountered in a large number of scientific and engi-
neering scenarios, such as flow of oil, water and gas in a petroleum reservoir, or
transport of water and contaminants in aquifers. Two-phase flow is the particu-
lar case in which simultaneous flow in porous media of two immiscible fluids takes
place. These fluids are also referred to as phases. Equation (2) arises in the case of
unsaturated groundwater flow, where the phases involved are water and air.

To describe phenomena in a porous medium regarded as a continuum, the phe-
nomena at the microscopic or pore level are averaged over a representative elemen-
tary volume (REV), which is also referred to as the macroscopic level. See the
schematic drawing in Figure 1.

A principal characteristic of two-phase flow is saturation of each phase, this is
the portion of pore volume filled with each phase. Equations for mass balance and

v
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REV

Figure 1: Schematic REV

momentum balance are formulated for each of the phases, the unknown is one of the
saturations of the phases. To solve the system one considers a capillary pressure
relation, that, roughly speaking, accounts for the interaction between the phases
in the REV. We do not go into details on how the mass balance and momentum
balance equations are postulated, this lies beyond the purpose of this introduction.
We rather concentrate on the capillary pressure relation that leads to equation (2).

0.1.1 Capillary pressure and dynamic capillary pressure

When two immiscible fluids are in contact inside a narrow tube (the pore), a curved
interface between them is formed, see Figure 2. The fluid with concave interface is
called the wetting phase, the second fluid the non-wetting one. The force acting on
the interface, that prevents the fluids from mixing, is called interfacial tension. At
equilibrium, this force is related to the jump in pressure of the two fluids and to the
curvature of the interface by the Young-Laplace law, see e.g. [8]. The difference of
the fluid pressures is called capillary pressure, here denoted as p.. For example, if
the radius of curvature, R, of the interface is constant, then the capillary pressure
is given by

g
=22 3
p 7 (3)

where o is the interfacial tension between the fluid phases. This is a microscopic
description of capillary pressure, and results from considerations at the molecular
level.

An REV in a porous medium is somehow a network of narrow tubes, the pore
geometry is complicated, and an averaged (macroscopic) law similar to (3) is difficult
to establish. Usually, in two-phase flow modelling the capillary pressure is also
defined as the difference of the pressures of the two phases, so that

Pe = Pn — Pw, (4)

where p, is the pressure of the non-wetting phase, and p, the pressure of the
wetting phase. In the standard approach, capillary pressure, p. above, is expressed
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P R

Figure 2: Capillary tube

as a function of the wetting phase saturation, S, and it has to be determined
experimentally. This typically results in a function p. which is decreasing in terms
of the wetting phase saturation, see Figure 3. Of course, there are a number of model
functions to replace the empirical p,, typical examples are Brooks and Corey (1964)
and van Genuchten (1980), see Bear [9, 10] or Bedrikovetsky [11]. Such expressions
are based on measurements of p. under static conditions within an REV.

It is well-known however, that the difference p,, — p, depends on other quanti-
ties, such as interfacial areas, and on dynamic effects. In order to capture all these
dependences, a new definition of macroscopic capillary pressure was introduced by
Gray and Hassanizadeh in [32]. This definition is based on thermodynamical con-
siderations at the macroscale. Following [30], the new p, is a quantity that provides
an indication of the system to admit a change in the saturation of the wetting phase,
and is not simply the difference of the fluid pressures. Although the new expression
for capillary pressure involves many thermodynamic quantities, rather than satura-
tions, they derived a residual thermodynamic relation (that indicates the entropy
production of the system), that relates the difference of pressures and the capillary
pressure measured under static conditions. The simplest approximation (linear in
0;S) for the later relation reads

Pn —DPw = pc(S) - LatS (5)

Here p. denotes the capillary pressure measured under static conditions, or static
capillary pressure. The difference p, — p,, is defined to be the dynamic capillary
pressure. L is regarded as a capillary damping coefficient, which in principle depends
on saturation. This approximation tells that only under static conditions (9;S = 0)
the equality (4) holds.

Based on experiments, Stauffer in [66] postulated a similar relation. Equation
(5) is compared with Stauffer’s experiments and other experimental work in [30]
and [31]. In the latter (5) is also compared with numerical experiments for various
values of L.

Replacing (4) by (5) in the model equations leads to equations of the type (2),
see the next section.

The capillary pressure relation can be further extended to capture hysteresis.
From the sketch in Figure 3 we see that capillary pressure (at equilibrium) is not
unique. At a particular saturation, the static capillary pressure measured following
drainage of the wetting phase (the non-wetting phase displaces the wetting phase)
is higher than that measured following imbibition of the wetting phase (the wetting
phase displaces the wetting phase). This phenomenon is called hysteresis. The
intermediate curves, or scanning curves, represent capillary pressure changes in
terms of saturation of the wetting phase from imbibition to drainage, and from
drainage to imbibition.
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drainage equilibrium curve

i

imbibition equilibrium curve

Figure 3: Typical static capillary pressure curves

Hassanizadeh and Beliaev extended equation (5) by a relation that also accounts
for hysteresis, in which the scanning curves are approximated by vertical lines. We
have not considered this extension. However, the mathematical difficulties are of
the same order as for the equation without this effect. Numerical experiments for
this extension of (5) are presented by Hassanizadeh et al. in [33], and by Schotting
and Beliaev in [12].

Finally, we mention that, using homogenization techniques, Bourgeat and Pan-
filov in [14] derive an equation similar to (5) for the capillary pressure in a water-oil
system containing small scale heterogeneities.

0.1.2 Derivation of equations (1) and (2)

In the derivation of equation (2) we confine ourselves to the particular case of un-
saturated groundwater flow, where imbibition takes place under influence of gravity.
The two phases are water (wetting phase) and air (non-wetting phase). Throughout
we assume relative small values of the water saturation, so that regions where the
porous medium is fully saturated, as described by Hulshof [37] and van Duijn and
Peletier [73] for example, do not occur. According to Bear [9, 10] we have for water
in a homogeneous and isotropic porous medium the momentum balance equation

q= _K(S) (pr + pgez) (Darcy’s la‘W)’ (6)

and the mass balance

$0,(pS) + div(pg) = 0. (7)
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Here g denotes volumetric water flux, S water saturation, K(S) hydraulic con-
ductivity, p, water pressure, p water density, ¢ porosity and g gravity constant.
Further, e, is the unit vector in positive z-direction, i.e. against the direction of
gravity. All these relations are based on the assumption that the air pressure, p,, is
constant in space and time. The equations for mass balance and momentum of the
air phase are then negligible. This assumption is common practice in unsaturated
groundwater flow and valid for small air viscosity. To solve equations (6) and (7) an
additional relation between p, — p,, and S is needed. We then consider the capillary
pressure relation proposed by Gray and Hassanizadeh

Pa — Pw = Pc(S) — #L(S)0;S. (8)

Here L(S) is a nonlinear damping term.

Equations (6), (7) and (8) can be combined into a single equation for S, which
reads

60,(pS) = div{pK (S)pge. + pK (S)V(=pc(S) + 6L(S)ALS)}. (9)

Assuming now a one-dimensional flow in vertical z-direction, with p and ¢ constant,
and applying a straightforward scaling, equation (9) reduces to

0,5 = 0{K(S) + K(5)0:(—pc(S) + L(5)8,5)}- (10)

To investigate the role of the nonlinear terms (i.e. K(S), p.(S) and L(S)), we replace
them by power-law relations. Note that this is consistent with the assumption of
small water saturation. So equation (10) reduces to

8,5 = 0,{5® + BS°P19,5 + £5°0,(578,9)},

which after a change of notation corresponds to equation (2). Observe that the
diffusion term degenerates at S = 0.

In a previous work, see [4] and [7], G.I. Barenblatt proposed a different model
to describe the non-static situation. He modified (6) and (4) by replacing S by
S+ 70,S (1 >0),1in p.(S) and K(S). The resulting equation then is of the form

05 = 02 {P1(S + 7015)} + 0:{P2(5 + 70,5) }, (11)

where ®; and ®, are nonlinear positive functions and degenerate at S 4+ 79,5 = 0.
We note here that if the Barenblatt Ansatz (S <> S + 70,5) is applied only in
(4), then (10) would result with

T dp,

implying that L(S) becomes unbounded as S | 0. However, experiments carried
out by Smiles et al [64], see also Hassanizadeh [30] for an overview, show that L(.S)
vanishes as S | 0.

Finally, we note that equation (1) can be seen as a formal limit of equation (2)
if one considers a constant initial water saturation Sy. Assuming that S(z,t) =
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So + eu(z,t) and using Taylor expansions of the nonlinear functions K(S), L(S)
and p.(S), the dimensionless equation (10) reads

euy = {(K(So) +e K'(So)u+...)+
(K(So) +eK'(So)u+...)(—pe(So) —ep(So)u—...),+
(K (So) +e K'(So)u+...)(eus(L(So) + € L'(So) u+...)),},

The formal limit as € — 0 of the above equation is a linear equation with solution
S = 5. In order to get other possible limit equations we scale the independent
variables as z = f—b and t = L in particular the choice a = 2, b = 1, allows to get
in the limit a convection term of the form (u?), as in (1). There are three cases:

If K'(Sp) # 0 the so
1
e up ~ 5(5K'(So)u+§52K"(SO) u*+. . . +eK(So)(—epl(So) u+e*L(So) ur)x+. . ) x-

This calls for the scalings X = —L1K'(S,)T+Z and L(S;) = % (Sp), wich neglecting
the terms of o(g®) gives

ur = (%K"(So) u? — K (So)p(So) uz + K (So) L(Se) K" (So) uzz) - (12

Z

If K'(Sp) = 0 the distinguished limit has L(Sp) = 5L(Sp). In this case the limit
equation is

1 -
Ur = (EK”(SO) ’LL2 — K(S())plc(S()) Ux + K(S())L(So) ’LLXT) . (13)
X
If K'(Sy) = ep the distinguished limit has L(Sy) = % (So) and setting X =
—uT + Z, the limit equation is

ur = (%K”(So) U2 — K(So)p,c(SO) Uy + K(So)L(So)(uZT + ,U'UZZ)) . (14)
z

Equation (13) is similar to equation (1). Equation (12) is a case of the so-called
KdV-Burgers’ equation. Equation (14) combines the two, and is often called BBM-
Burgers’ equation in the literature. These last two equations are regularisations or
the dissipative versions of the KdV equation, see [43], and the BBM equation, see
[13], that appear as models of long wave propagation. In this thesis we shall be
concerned with (1). We shall discuss the literature for this equation on Section 0.3.

0.2 Pseudo-parabolic equations
One of the earliest pseudo-parabolic equation in the mathematical literature is
Up = Ugy + EUzgy  on [0,1] X [0,T], with e > 0, (15)

which arises in two-temperature theory of heat conduction, see [70] by Ting. This
equation admits a unique solution for given initial data. It exhibits maximum
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principles and comparison principles. This can be seen by computing the funda-
mental solution of (15), which is positive. Unlike for the heat equation (¢ = 0),
the backward problem (or final condition problem) is also well-posed. This is be-
cause equation (15) can be written as an ODE in a Banach space. This is in fact a
common feature of pseudo-parabolic equations.

Methods to investigate ill-posed parabolic problems were introduced by Lions
and Lattes in [44]. This consists of perturbing the ill-posed parabolic equation
so that the perturbed problem is well-posed. Then, the solution of the perturbed
problem is shown to approximate a solution of the ill-posed problem. Standard
perturbation terms are fourth order terms, or mixed terms: second order in space
and first order in time. The latter is also called Sobolev regularisation, and gives rise
to pseudo-parabolic equations. For example, Ewing in [24] introduced the Sobolev
regularisation for the more general problem

uy = Au, 0<t<T,

where A is a non-negative self-adjoint operator with dense domain D(A) in a Hilbert
space. It reads

u+cAu, = Au for 0<¢t<T, withe>0. (16)

Since A is non-negative and € > 0, the operator (I + ¢A) is invertible so that one
can write the equation in evolution form as

ug= (I +cA) Ay for 0<t<T, withe>0.

In this case, the operator (I +&A4) A is bounded, hence the initial value problem
is in fact an ODE in D(A) and is well-posed. Moreover the solution approximates
a solution of the ill-posed problem.

Observe that (I+&A) ! A is the Hille-Yosida approximation of the operator A. In
general, for accretive operators this result can be generalised. In [20], DiBenedetto
and Pierre considered the class of equations

S~ o)) = Av(w), (17)

for monotone ¢ and v, for which they prove maximum principles. The approach
uses nonlinear semigroup theory, and is a generalisation of the linear case (16).
Similar equations are studied in [48], [50] and [5], with a non-monotone ¢, so when
€ = 0 the problem is ill-posed. These equations have positively invariant regions:
if the initial condition lies in an interval of monotonicity of %, then the solution
will be confined to that interval for all £ > 0. The existence of these regions is the
equivalent of maximum principles.

We have brought attention to maximum principles, because the diffusion coef-
ficient in equation (2) degenerates at u = 0. In fact the static capillary pressure
relation, (4), would have resulted in the convection-diffusion equation

0,5 = 0.{K(S) + K(5)0.(=pc(5))}- (18)

This is a degenerate diffusion equation if K(S)p.(S) = 0 at S = 0. In general,
for degenerate parabolic equations, if the initial condition S; is non-negative and
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not strictly positive, the corresponding solution will have interfaces, i.e curves on
the (z,t)-plane that separate regions in which the solution is positive and regions
where the solution is zero. This lack of smoothness of the solution is circumvented
by defining solutions in a weak sense. Maximum and comparison principles are an
essential tool to prove well-posedness. Existence and uniqueness for the initial data
Sy is achieved by first considering the family of initial conditions Sy, = Sy +¢ > 0.
By comparison principle arguments, there is a unique solution S, which is positive.
Also the sequence S, is ordered and it is then possible to pass to the limit ¢ — 0,
the unique limit of the sequence S, being the corresponding solution for the initial
condition Sj.

Equation (2) cannot be written in the form (17), unless K (S) and L(S) are con-
stant, and we cannot apply maximum principles as in [20]. It admits, however the
following splitting into two equations which decouple the space and time derivatives

w = 0uS — p(S) (19)
—0.(K(S)0.w) + w = 8. K(S) — pe(S). (20)

Thus equation (2) can be studied as an ODE problem in Banach spaces. The
analysis is easy if K(-) > 0 and p, is locally Lipschitz continuous: equation (20)
is an elliptic equation that supplemented with boundary conditions for w and for
each piecewise continuous function S, gives a unique continuous solution w, which
depends smoothly on S, and equation (19) can be written as an ODE in a Banach
space. For instance, well-posedness for piecewise continuous initial data holds.

Notice that typically K(0) = 0 and since we cannot apply maximum principles
as in [20], it is not clear how to adapt the arguments used for (18) to equation (2).

The model introduced by Barenblatt that results in equation (11), degenerates
at S+ 75; = 0. This equation can be written as (17) for the unknown w =
S+ 715;. Maximum principles can be applied, and the approach above described for
degenerate parabolic equations can be adapted. See for instance the related model
presented in [6] by Barenblatt et al., see also [7].

Maximum principles as in [20] do not apply to equation (1) either. In fact Stecher
and Rundell in [67] considered the equation

Up = Ugy + Uy + EUgpt (21)

as an example of pseudo-parabolic equation that does not exhibit maximum princi-
ples: it is possible to choose an initial condition, and values of the parameter ¢, for
which the supremum norm of the corresponding solution increases in ¢ in a small
interval [0, ¢y]. With respect to (1), we shall see numerical examples that show an
increase on the supremum norm for solutions, see Chapter 3 Figure 3.5.

Although equation (1) is not degenerate and well-posedness is not difficult to get,
the lack of maximum principles provides an obstacle to answer other questions like
stability of travelling waves. We shall come back to this point in the next section.

Finally, we mention that pseudo-parabolic equations exhibit persistence of dis-
continuities in space. If the initial data has a discontinuity at a point x = xy the
corresponding solution will also have a discontinuity at xy as long as it exist. This
property will bring some advantages in the investigation of equation (1).
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Other classical references on pseudo-parabolic equations can by found in the
work by Showalter, for example: [62], [58], [63], [60], [59], [61].

0.3 Overview of the thesis

An interesting issue of degenerate parabolic equations is the appearance of moving
fronts. For degenerate parabolic equations such as (18) moving fronts propagate
with finite speed if the power « of the diffusion coeflicient is positive, see e.g. Gilding
[29]. By front is meant the interface separating the region where the solution is
positive from the region where the solution is zero. If the front propagates with
finite speed its position can be written as Z(t) = x¢ + ct. Such phenomena have
been widely studied for degenerate parabolic equations. Using formal asymptotic
analysis King and Hulshof in [38] studied the behaviour of solutions near fronts for
the pseudo-parabolic equation (2), without convection term and for v = 0 (this
results from taken the capillary damping coefficient constant in (5)).

Motivated by their results, in Chapter 1 we study existence of global travelling
solutions of equation (2), that is to say solutions of the form u(z,t) = f(x + ct),
where ¢ > 0 is constant, and f satisfies f(+o00) = A > f(—o0) = 0. It turns
out that the profiles of these solutions, when they exists, degenerate, and at the
front they behave as profiles of solutions of equation (18), i.e. the front shape does
not depend on the mixed third order term. We obtain the following condition for
existence of fronts

L(S) = o(K(S)pL(S)*) as S — 0,

so if K(S) is small near S = 0, then L(S) must decay sufficiently fast near S = 0
to have fronts. This condition is agreement with the results in [38].

Apart from describing the behaviour of moving fronts, travelling wave solutions
are conjectured to describe the long time behaviour of solutions of (2). In the
global picture of these solutions, the third order term plays a role: travelling wave
profiles are non-monotone if € is sufficiently large. The analysis of stability of these
solutions is complicated. We analyse this question for the non-degenerate equation
(1). This is the aim of Chapter 2 and Chapter 4. We namely consider travelling
wave solutions that connect 0 to A = 1. Monotonicity of the profiles depends on
the third order term, in this case travelling wave solutions are monotone if €2 < %.

In Chapter 2 we get stability for monotone travelling waves for initial data suf-
ficiently close to a travelling wave solution. This result also holds if the initial
condition has jump discontinuities in x. We also prove well-posedness results and
conservation of mass. The latter allows to integrate the equation, we then get inte-
gral estimates on the integrated equation that imply convergence to travelling wave
solutions as t — oo.

In Chapter 4 we study linear stability of travelling wave solutions. We linearise
the equation around a travelling wave and study the spectrum of the linearised
operator by means of the Evans function.

The Evans function, denoted by D.(}), is an analytic function for A in a domain
Q2 C C that contains the right half plane. The zeros of D.(\) in Q correspond to
eigenvalues of the linearised operator. We investigate the existence of zeros with
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positive real part, i.e. unstable eigenvalues. It turns out that if ¢ < i there
are no eigenvalues with positive real part, this being consistent with the results of
Chapter 2. The case €2 > i is investigated numerically; the numerics suggest that
there are no eigenvalues with positive real part. The numerical computation uses a
winding number argument, and is based on the previous analysis of D,(}).

Part of this analysis shows that the limit of D.()) as € — 0 is the Evans function
corresponding to Burgers’ equation, i.e. to equation (1) for € = 0, see e.g. [35]. For
e = 0, Dg(\) can be explicitly computed, A = 0 being the only zero. This is done
in Chapter 5, where we consider the more general Burgers’ type equation

Up = Uy + (UP);  with p > 1.

What is important in this explicit computation, is that it shows what is the domain
of analyticity of the Evans function. The domain is contained in a 4-sheeted (2-
sheeted if p = 2) Riemann surface, each sheet of which is the complex plane C
except for a countable number of poles. This domain is certainly larger than the
domain expected from the existing theory, which says that the domain of the Evans
function can be analytically extended through the cuts of a Riemann surface to a
small neighbourhood of the branch points.

Coming back to equation (1), in Chapter 3 we study numerically the long time
behaviour of solutions of (1). Burgers’ equation, depending on the initial data,
has solutions exhibiting several possible large time behaviours: convergence to a
self-similar source type solution, a rarefaction wave or a travelling wave, see [39].
A scaling argument suggests that the limiting behaviour of (1) (for any £ > 0) is
as for Burgers’ equation (¢ = 0). Numerical examples confirm the expectation, in
particular we have numerical evidence for stability of travelling wave solutions for
large values of ¢.

As an observation, we deal numerically with jump discontinuities of solutions
(that persists for all time) by imposing continuity of flux through the jumps, which
we get from the conservation of mass property.

Comparison principles would have been very useful to analyse the long time
behaviour of solutions. For example, in the case of travelling waves it is common to
choose an initial condition that lies very close to and between two travelling wave
solutions. By comparison principles the corresponding solution will travel between
the travelling wave solutions and eventually converge to a travelling wave. However
we cannot apply maximum principles techniques, which leads us to use integral
estimates, linear stability analysis and numerical analysis to explain the long time
behaviour.

Finally we mention that a combination of integral estimates, as in Chapter 2,
and Fourier transform techniques are used in a number of papers dedicated to long
time behaviour of solutions of BBM-Burgers’ equation when a source type initial
data is considered, see for instance [2] and references therein. In particular, in
[47] convergence of solutions to solutions of the Burgers’ equation is proved (for
source type initial data). It remains to apply similar ideas to prove convergence to
rarefaction waves, and improve the results of Chapter 2 for large values of ¢.



Chapter 1

Equation (2): travelling waves

Preamble:

In this chapter we consider the model for non-static groundwater flow,
where the saturation-pressure relation is extended by a dynamic term.
This approach together with a convective term due to gravity, results in
a pseudo-parabolic Burgers’ type equation. We give a rigorous study of
global travelling wave solutions, with emphasis on the role played by the
dynamic term and the appearance of fronts !.

1.1 Introduction

In this chapter we consider the equation
0yS = 0 {K(S) + K(5)0.(—pc(S) + L(5)95)}, (1.1)

that results as the non-static model of groundwater flow described in the Intro-
duction, see Section 0.1. To investigate the role of the nonlinear terms (i.e. K(S)
-hydraulic conductivity -, p.(S) -static capillary pressure - and L(.S) -dynamic damp-
ing coefficient -), we replace them by power-law relations. Namely we take

K(S)=5% (a>1), (1.2)
p(S)==1+8*% (8>0), (1.3)
L(S)=¢eS" (y>0), (1.4)

where € > 0 is introduced as a parameter to investigate the consequence of the third
order mixed term. The parameter ranges are chosen to capture the relevant physical
properties of unsaturated flow. In particular, we want K and L to be non-negative,
with L(0) = K(0) = K'(0) = 0, and p.(0") = co. Using these power law relations,
equation (10) reduces to

0,8 = 0,{S* + $S*P719,5 4+ £5°0,(579,9)}. (1.5)

The static capillary pressure relation, would have resulted in the convection-diffusion
equation
0,8 = 0,{S* + pS*F719,5}. (1.6)

1This chapter has appeared as an article in the European Journal of applied mathematics, see [19].

1



2 Equation (2): travelling waves

It is well-known, see e.g. Gilding [29], that this equation for ¢ = 0 has finite speed
of propagation if and only if

* D(S)
/ TdS < oo for some & > 0, with D(S) = g5, (1.7)
0
This requires @ — 8 > 1. Because occurrence of fronts has our special interest we
analyse equation (1.5) in the parameter range
B, vy>0 and f<a-—1. (1.8)

In this chapter we analyse travelling waves solutions of (1.5). They are conjectured
to describe the large time behaviour of solutions resulting from a certain class of
initial conditions.

Thus we consider

S(z,t) = f(n) with n=z+ct, (1.9)
subject to the boundary conditions
floo)=A>0, f(-o00)=02>0 (0<A). (1.10)

Hence the fluid moves downwards whenever the wave speed c is positive. For f we
obtain the equation

cf ={f*+ B +eef ()Y on R, (1.11)
Integration and application of boundary conditions give the equation
o(f =0) = f* =0+ B +eef (S, (1.12)

and the second order boundary value problem
o(f = 8) = [* =8+ B[P +cef*(f1f) on R

f(=00) =06, f(4+o0)=A4,

(TwW)

where c is given by

A% — 5>
A—46"

which is the Rankine-Hugoniot wave speed if we interpret (1.5) as a regularization

of the hyperbolic equation 9,5 = 9,5%. Note that ¢ ] A> ' asd |0, ctT aA* ! as

6TA,With%>Ofor0<5<A.

In Section 1.2 we show existence of travelling waves for fixed positive values
of € and 6. They are unique up to translations in 7. This analysis also shows an
oscillatory, but non-periodic, behaviour of the profiles. Here the value of ¢ is crucial;
for e sufficiently small (depending on «, §, 7,0 and A) we obtain monotone profiles.

In Section 1.3 we study the limit case ¢ — 0, while § > 0 is kept fixed. Using
essentially monotonicity for small ¢, we obtain convergence to travelling waves of
equation (1.6)

(1.13)

Cc=
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In Section 1.4 we analyse existence of front solutions to Problem TW with 6 = 0.
It turns out that there are two relevant ranges of powers «, 3, v for which fronts
appear. In the range 28 > a — v — 2 there exists a family of solutions which
degenerate at a finite value of n. When 28 = a — v — 2 existence of fronts is
shown provided ¢ < MQ(’%I). Uniqueness does not hold. Nevertheless we have
discerned in each of the previous cases a unique (up to translations in 7) exceptional
profile, which is the limit profile to (TW) when letting 6 — 0. This is shown in
Section 1.5. In the other cases, 26 =a —v—2,¢ > 4142(’%1), and 20 < a — v — 2,
bounded travelling wave solutions do not exist. These results correspond to the
formal asymptotic analysis made in [38].

It is worthy to observe that the limits ¢ — 0 and § — 0 do not commute. We
can always take the limit ¢ — 0 followed by 6 — 0. However, the converse order is
only possible if 28 > o — v — 2.

Remark 1.1. Fizing § € (0, A), the existence is demonstrated for o > 1 and
B,7v > 0. All other results require in addition 8 < o — 1.

1.2 Existence, uniqueness and monotonicity

The main result of this section is:

Theorem 1.2. Let o > 1, B,v,6 > 0 and 0 < 6 < A. Further, let c be given by
(1.13). Then there exists a C* solution of Problem TW, unique up to translations
mn.

Proof. We transform equation (1.12) into a planar system and apply a phase plane
analysis. First we set u = f1*7, which gives

cutH — 1= (cd — 6%)u~ T + on R (1.14)

with boundary conditions
u(—o00) = 817, u(oo) = A,

Next we put this equation in the Liénard phase-plane, by considering u and v :=

_8 . . . .
%u’ —u” ™7, as independent variables. This results in the system

eu' = F(u,v) =22 (U +u_%>

vVV=G(u)=-1+ Ut — (6 — 6*)u " T4 .

A solution f of (TW) is an integral curve of (P) connecting the equilibria p_ =
(61%7,—677) and p, = (A", —A7F). The phase plane, with the isoclines ', =
{(u,v) : F(u,v) =0} and T', = {(u,v) : G(u) = 0}, is drawn in Figure 1.1.
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-
|

— SZ

A7

Figure 1.1: Phase plane for (P)

The matrix of the linearised system is

_B x—B-1—y 14y
EC

gc

%T (c(l-—a)X + (X —X%a) 0
where X = § corresponds to the equilibrium p_, and X = A to p,. The eigenvalues
in p_ and p, are, expressed in X,

B 1 c—aXo!
ﬁ W and b = XT’@C' (115)

It is clear that a > 0 for positive X, and b has the sign of c— X*~1a. Introducing
its primitive

A=—-a++Va2+bwitha=

i(X) = eX — X°, (1.16)

we note that A and § are related by i(4) = i(d) > 0, so that b > 0 in X = § and
b < 0in X = A. Therefore at p_ the two eigenvalues are real and of opposite sign,
whence p_ is a saddle point. The point p, is a sink and

0 < a? + b < a? implies two real eigenvalues, \; < Ay < 0, and
(1.17)
a? + b < 0 implies two complex eigenvalues, with negative real part.

To prove Theorem 1.2 we have to show that an orbit leaving p_ connects to
p+. Because p_ is a saddle point there exist locally two orbits containing solutions

(u(n),v(n)) of (P), satisfying

lim (u(n),v(n)) =p-.

n——00

Let C be the orbit for which u',v" > 0. Inspection of Figure 1.1 shows that the
other orbit will never reach p,. The only possibility giving existence of a travelling
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wave is for C' to end up in p,. The corresponding solutions will satisfy (TW), and
uniqueness up to translations in n will hold.
To show that C' connects to p,. we consider the sets, see also Figure 1.1,

S1={
S ={
Sy ={
5’4:{

Note that the boundaries of Sy, Sz, S3, Sy are the isoclines of system (P). Further-
more C enters Sy from p_.
We have the following two possibilities.

__B

W) ERZ M <u < ATy > —uTTH ]

) ER tu > Ay > —u_%},
__B_

0) ERZ iy > ATy <uTTH Y ,

W) ER T <u < ALy < —uT TR}

(u
(u
(u
(u

Lemma 1.3. The orbit C rotates around py, going from S; to S;i1 mod 4, OT it enters
ps from Sy or Ss.

Proof. Let (u(n),v(n)) be a solution of (P) parametrising C. Further, let 7,4, <
oo be the maximum 7-value for which the solution can be extended to (—o00, Nmaz)-
Near points where u'(n) # 0, we can express any solution of (P) locally as v = v(u),
satisfying

(1.18)

Below we exhaust all possibilities.
1. Suppose (u(n),v(n)) € Sy for all 0 < 1 < Nmaz- Then two cases need to be
considered:

(i): vt wand v T v, with @, v < co. This implies 7y,.. = +o0 and (u,v) =
D+

(ii): w 1t @ and v 1 co. Since F(u,v) becomes unbounded as v — oo,
while G(u) remains bounded, (1.18) directly gives a contradiction.

Thus either (u(n),v(n)) — py as n — oo or C crosses u = A7 at n =, €
(0, Nmaz) and enters Ss.

2. Suppose (u(n),v(n)) remains in Sy for all n € (N1, Mmaz). Again two cases are
possible.

(i): v 1t 2 and v | ¥ with @ < oo and, of course, & > —oo. Then
Nmae = +00 and (4, v) is an equilibrium point, which is impossible because
there are no equilibria to the right of p,.

(ii): u 1 400 and v | o, with o > 0. Then the v-equation implies
v' — —1 contradicting v > 0.

Thus, there exists 7o € (11, Pmae) Such that (u(n),v(n)) crosses I, and enters Ss.

3. Suppose (u(n),v(n)) € S for all n € (N2, Mmaz)- Completely analogous to 1.,
we find that either (u(n),v(n)) — p; or C crosses A'™ at some 13 € (79, Nmae) and
enters Sy.

4. Suppose (u(n),v(n)) € Sy for all n € (N3, Nmaz)- Again we distinguish
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(i): v | w and v T v. As before 7., = +00 and consequently (u,v) =
p_. Thus C'is a homoclinic orbit. Next we consider the domain D enclosed
by C. Since its boundary is smooth, except at p_ where it is Lipschitz,
we may apply Gauss’ theorem. Using the fact that C is an orbit of (P)

we get
0 :]{ <1F(U, v)dv — G(U)du> = // div (F(u’v),G(U)) ;
c \€ D ¢
contradicting

1
div (EF(U,, v), G(u)) = —%U_Bm# <0 forallu>d§"*.
¢

(ii): C crosses u = 6" below p_ at (6'*7,%). Consider the closed
curve C'U C1, where C] is the straight line segment parametrised by

{ u(s) = 674,

v(s)=s se€lv,—07.

As before we call D the interior of C' U C', and apply Gauss’ theorem.

This gives
0> //D div (F(?;, v)’G(u)> = éjuq(éF(u,v)dv — G(u)du) -
]{K%F(u, v)dv — G(u)du) = /ﬁ_dﬂép(yyﬂ’ 5)ds > 0,

a contradiction.

Hence there exists 74 € (13, Mimaz) at which (u(n), v(n)) crosses ', and enters S;.
O

To complete the proof of the theorem we use Lemma 1.3 and the Poincaré-
Bendixon theorem. This leave us with two possibilities. Either (u(n),v(n)) — p+
as n — oo or C approaches a periodic orbit. The latter is impossible by the same
argument as in 4(i), now applied to the periodic orbit instead of C. The C*
regularity for f follows from a bootstrap argument. O

Next we derive a sufficient condition for the travelling wave solution to have a
monotone profile. This condition is related to the value of e. Therefore we write
C = C, and P = P. whenever appropriate.

From (1.15) we see that for all € such that

" B a-2p-n-2 (.
£<e = 4c(A0‘—1a—c)A W72 (g5 > 0), (1.19)

the eigenvalues i, Ay are real and strictly negative, which is a necessary condition
for the travelling wave profile to be monotone. Henceforth we suppose we are in



1.2 Existence, uniqueness and monotonicity 7

this situation. With Ay < A; < 0 we call (u1,v1) the slow eigenvector and (ug, ve)
the fast eigenvector at p,, where

( 1= (1 1 B+ \/BQ + 4(cA — Acq)ecA?P—otrtl

U1,2,V1,2) = "2(1 + ) Al+7+8 :

By standard local analysis, see e.g. [16], there exist exactly two orbits entering
p+ tangent to the (ug, vo)-direction: one along (ug, vs), the other along (—ug, —vs).
The connecting orbit goes around p, at most a finite number of times.

Proposition 1.4. Let (1.8) be satisfied. For 6 > 0 fized, there exists 0 < & < &*,
such that for every 0 < € < € the travelling wave obtained in Theorem 1.2 is strictly
increasing on R.

Proof. Proposition 1.4 is a direct consequence of Lemma 1.5 below, in which we
construct an invariant region which contains C' and which itself is contained in S;.

More specifically, for fixed § € (0, A) and p € (0,1), let S§ denote the set enclosed
by the curves

u=06"v= w5 and b= gu(u) := (—/Lu_% — (1= p)A=P).

We will show in Proposition 1.5 that for e sufficiently small (ie. & < €)), S is
invariant for Problem P. or, equivalently, C. € SZ. Proposition 1.5 will also be
helpful in the study of the limits ¢ — 0 and § — 0. In particular we want to
bound si away from zero as § — 0. It will appear that this is only possible if
26+v+2—-a>0.

Lemma 1.5. For any fized § in (0, A) and p € (0,1) there ewists €5, € (0,€*), such
that for every e € (0,82), C. € Sﬁ. Further, if 264+ ~v+2—a >0,

/82 A72B7771,

lime? = 4p(1 — p)lime* = p(1 —
ime, = 4p(1 — p) lime* = u( u)4(a_1)

6—0

and

(liirré SZ is tnvariant for Problem TW with § = 0.
%

Proof. Observe that the eigenvectors at p, satisfy

g
(1 + ,Y)A1+7+6

(u1,v1) = (1, ), and (uz,v2) = (1,0) as e = 0,

where (1, (1+7)++V+ﬁ) is the tangent vector at p, to I',. The invariant region S

is below the horizontal line v = —A~?_ and only contains orbits entering p, along

the slow eigenvector (uj,v;). Observe that g,(u) > T forall 0 < u < A
and g, (A7) = —A . Obviously the vector field is pointing inwards at boundary
points of S on u = §'*7 and I',. It remains to examine the vector field on v = g, (u).
We clearly must have

dv_ g G o) forall ue (67, AN, (1.20)
du 1+ ~1ts g
T gu(u) +u ™
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for Sg to be invariant. This is equivalent to

eHs(u) < p(l—p) (1.21)
where - .
Hiy(u) = ¢ —14cut B— (6 —6%)u" T+ RSB (1.22)
p (u" T — A-B)
Note that H;(6'™) = 0 and, by L’Hospital’s rule,
a—1
vy — 1 _ QA" —¢ a0 0
Hs(A™) = u_l}lgl+7 Hs(u)=c 7 A
(a—1)

7 A1t 55 5 — 0.
. 2B+7+2—a . .
For u > 0 fixed, (ISH% Hjs(u) behaves as w~ '+ near 0, which suggests to write
ﬁ

Hs(u) as

C 28+y+2—a

Hg(u):Bu T+ hs(u) (1.23)

—uth 4 et — (cd —0%)

u (1 — APyt )

where hs(u) =

Observe that for every u € (0, A'*7) and every § > 0, recalling (1.13),
(ed — 0%) — utH (c— A1)

ho(u) — hg(u) = - . > 0. (1.24)
u™ (1 — A-BuT+)
So that
—uTH 4 A1y T a1l — Al-ey 5
hs(u) < ho(u) = — — =AY (1.25)
uT (1 — A-ByT+7) 1— A-Pyt+

which is increasing for u € (0, A*7). Here we used 8 < o — 1 from (1.8).
Setting

-1 Aafl
M := sup hg(u)= u;
u€e(0,A1+7) ﬁ

an upper bound for Hs(u) is given by
Hs(u) < M%A%ﬂ“a if 28+7+2—a>0,

and
H;(u) < M%Wﬂ”—a if 28+7v+2—a<O0.

Thus a sufficient condition for (1.21) to hold is

p(l = p) g AP i 28+ +2—a >0
e<el = (1.26)
= 1) a0 22 i 284y +2-a <0,
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This completes the proof of the first statement. The statements about the 6 — 0
limit follow immediately from (1.26) with 26 > o —~v — 2, (1.19) and (1.13). O

| IN——

o 10 20 30 40 [S] 10 20 30 40
(a) monotone profile: € = ¢* — 0.01 ~ 0.048 (b) oscillatory profile: ¢ =1
Figure 1.2: Travelling wave solutions for different values of e, where f(0) = #, a= %, B=1,

y=3A=1,6=4¢

1.3 The € — 0 limit case

Let 6 € (0,A) be fixed and (1.8) be satisfied. In this section we examine the
behaviour of the connecting orbit C. and that of the corresponding travelling wave
f=f-ase — 0. For ¢ < & we denote C; by

v=g.(u), T <u< AT (1.27)

As a first convergence result we have

8
Proposition 1.6. ¢ (u) — —u~ ™ uniformly on [6'T7, A'™] as e — 0.

Proof. Lemma 1.5 implies
_uthr < e (u) < gu(u) (1.28)

for all u € (6'*7, A'*7) and for all € € (0,&%). Since g,(u) — _wTH as p 11, the
result is immediate. O

For the travelling waves f. we have

Theorem 1.7. Translate f. so that f.(0) = % for alle > 0. Then f. — [ €
C*®(R) as e — 0, uniformly on R, where f satisfies Problem TW with ¢ = 0.
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Proof. First we employ the scaling n = €7, so that in the 7-variable (P.) reads

(P.) { Z: f&uf) (1.29)

Unlike (Py) the limit system (Bp), is well defined. The one-dimensional manifold of
critical points

My = {F(v,u) =0} = {v = —urér}
is invariant and normally hyperbolic in the sense of geometric singular perturbation
theory, see [65], because for (Fp) the only pure imaginary eigenvalue is zero, and
has a one-dimensional eigenspace tangential to M,. Let K be a neighbourhood of
{(u,v) € My : 67 <u < A7} and choose 0 < §; < 17 < A7 < A, such that

{(u,v) € My : & <u < A;} CC K. By Fenichel’s invariant manifold theorem [65],
there exists, for given k € N, a number £y > 0 and a function h € C*([§1, A1] %[0, &9])

with h(u,0) = —u_%, such that for every 0 < ¢ < g
M, = {(u,v) € K : v=h(u,¢), 6 <u< A}

is locally invariant. The manifold M, is not uniquely determined. However between
v = &7 and u = A7 it must coincide with the connecting orbit v = ¢, (u),

i
because this is the only orbit which remains close to {v = —u" ™ : §; < u < A;}.
Using (1.27) and the v-equation in (P;), we note that u. = f1*7 satisfies,

,_ G(u)
@ (u)’

u (1.30)

and connects the two zeros of G.
Since h € C* and h(u,e) = @.(u) for 67 < u < A we have as a result of

_B _ .
Proposition 1.6, that ¢.(u) — %u i+~ uniformly on [0'*7, A'7] and thus

G (u) G (u)
P() | By
5 m’u +

uniformly

on [6'77, A7 as ¢ — 0. In this limit the differential equation (1.30) is identical to
equation (1.14) with e = 0. Using the fact that u.(0) is fixed for all € > 0, standard
arguments imply that u. converges uniformly on R to the corresponding solution of
the limit equation. O

1.4 0 =0 system

In this section we consider the limit case 6 = 0 directly. Thus we study the system

(P%) eu' = Fy(u,v) = 1+va (v + Uf%) ,
€ U/:Go(u):_l-{-cui_ﬁ,
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where ¢ = A%, and we look for orbits connecting v = 0 to u = A'™. The critical
point corresponding to the latter now has real eigenvalues, see also (1.19), for

LAy

0 <gfh= ———
SRS T e

The phase plane, see Figure 1.1, clearly implies, that the desired orbit has to be
originated from the segment {(u,v) : u = 0,v < 0} where the equations are
singular. Since we are interested in (P?) as limit of (P?), and in particular of a
possible limit orbit of the connecting orbit C, we expect such a limit orbit, if it
exists, to behave as v ~ —du_%, 0 <d<1,asu — 0. Thus a convenient
new dependent variable is Z = u%, where ¢, for later purposes, is not fixed yet.
Whenever u' # 0, Z satisfies the equation

a—1
dz €c_ 1+agtize c—ut+r

u— =qZ + 1.31
dU/ q ]_+f)/ Z+uq 1_‘?_7 ( )

Below we investigate the solvability of (1.31) for 0 < u < A'*7. The analysis and
results critically depend on the value of the parameters «, 5 and 7. In particular
the value of 28 — o + v + 2 plays a crucial role, which is to be expected considering
the results of the formal analysis by Hulshof and King [38]. With ¢ appropriately
chosen, we consider the cases:

141 280>a—v—2.

28+y+2-a

Here we take ¢ = 1+ ,and set W =wu 1+ . Then (1.31) becomes

A2 _ BZ , ecle— W ostra )
aw -~ W Z+1 '

We look for solutions of (1.32) with Z > —1 as W — 0 (i.e. v’ > 0 as u — 0).
In Figure 1.3 we sketch the (W, Z)-phase plane. Equation (1.32) and the phase

plane imply that Z — Z, € {0,—1} as W — 0, where orbits with Z; = 0 have
v = 0(—u_1%) while orbits with Zy = —1 have v ~ T,

28+7+2—a)—

(1.32)

Propos1t10n 1.8. For 23 > o — v — 2 there is a unique orbit C° with u — 0 and

v~ —uTTH as n decreases. This orbit reaches (u,v) = (0,—00) at some finite
n-value, 1tmplying the existence of a travelling wave with a front. The local behavior
of the front is determined by the relation

f’N%fﬂ“‘“ as f—0.

Proof. We first prove existence. Choose W small and denote the solution of (1.32)
with Z =& in W =W, by Z = Z(W,§). Let

Sy ={6€(-1,0): Z(W,€) —0as W | 0}
S_={¢e (- 10) W, € (0,Wy) Z(W, &) - —1as W | W, > 0}
So={¢€(-1,0): Z(W,§) = -1 as W ] 0}.
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By standard arguments we have for W, sufficiently small that
(0,-1)=S USyuS,
and S_ and S, are nonempty and open. Hence S; is nonempty, which gives exis-

tence. We observe that for such an orbit, see (1.32),

ec?

Z—{—lwaWasWiOWherea:?. (1.33)

Next we prove uniqueness. Suppose there are two solutions Z = Z;(W) and
Z = Zy(W) with Z — —1 as W | 0. Since

1 1

where Z lies between Z1 and Z,, we have for Y = Z; — Z, > 0, say,

dy Y Y
W_bWN_bIW asW—)O,
where b = %ﬂ%, and b’ = m Here we used (1.33). Hence Y — oo as

W 1 0, contradicting (1.33).
Expressing W and Z in terms of f we observe that (1.33) implies the behaviour

c
fl~ e a5 f 0.
g
Since 8+ 2 — a < 1 we find that f reaches zero at some finite n-value; i.e. the
travelling wave has a finite front. O

Figure 1.3: Phase plane related to (1.32), with ¢ = %

Note that we did not put any restriction on . Thus the conclusion about the
behaviour as f — 0, provided 23 > a — v — 2, is valid for any value of € > 0. This
e-uniformity is lost in the next case.

Indeed, the behaviour of the travelling wave near the front when it vanishes
corresponds to criterion (1.7) in the case where the capillary damping is absent.
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142 280=a—v—2.
Now we take ¢ = 2, and set W = ui¥ . Then (1.31) becomes

ecle—=W)\ 1
W) —. (1.34)

w
Again we look for solutions satisfying Z > —1 and Z — Z; as W — 0. It follows

that )
Zét:—l 1(1_4g_c2>2,

(a—l)j—gf = <,BZ+

272 8

implying ¢ < %. With reference to Figure 1.4 we have

Proposition 1.9. (i) If ¢ < B there exists a family of orbits satisfying v ~

4c2’
_B8_ . . . ) _B8_
Zfu" ™ asu — 0, and a unique orbit, denoted by C°, which satisfies v ~ Zyu~ 1+
as u — 0. All cases give travelling waves with finite fronts. In particular the orbit

C° implies
1 dec?\
f’Ng (1— (1—%) )fﬂ“_", as f — 0.

8
(i1) If € = % there ezists a family of orbits having v ~ —fu ™ asu — 0. In

8
particular there is a unique orbit, again denoted by C°, satisfying u™vv 1 —% as

u— 0. The orbit C° implies again a traveling wave with a finite front, such that

! 26 -
S T
(1ii) If € > %, there is no orbit with v > —u™r and u — 0.
Remark 1.10. (i) Comparing (1.19) and (1.26) we observe that
‘ B s

= = < R
© 4(a—1)c®  4¢%’

as f — 0.

9

o= O

implying that, depending on the e-value, monotone and oscillatory waves with finite
fronts occur.
(i) Since now B+2—a = ——7 < 0, finite front waves have f' — oo as f — 0.

Proof. (i) It is immediate from the phase-plane in Figure 1.4 that (0,Z7;) is a
source, and (0, Z; ) is a saddle, with one unique orbit Z = Z(W) leaving in the

direction W > 0. It behaves as Z — Z; ~ <l — 11— @)%) as W — 0.

27 2 [

(i) Now Zy = —1 at local analysis shows that (0, Zy) is a saddle-node, with a
unique orbit in the direction of W > 0. This orbit does not cross the isocline, and
behaves as Z — Zy ~ sW.

(#i) Now the segment {(W,Z): W =0,Z € (—1,0)} is disconnected from the

isocline and hence no connecting orbit exists. O
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Z VA
of 0
+ ot = w // W
z \

' \ zos \
Zoli 1‘ -
Aty 1]y

I [ o8

4c? 4c?
z
0
A L w

A\
IT..p
4c?

Figure 1.4: ¢ = %, 28 = a — v — 2 phase-plane for different e-values.

143 286<a—vy—2.

_B . .
Here we choose ¢ = 2222 > £ and W = u?" 7, yielding the equation

2(1+7) 7 1y
2(a—1)
dZ Z  2ec(c— Wa=-2-%)
(=7 Daw =1 =Dy ow (1.35)

8
Proposition 1.11. There exists no orbits with v > —u~ ™ and u — 0.

Proof. Suppose such an orbit exists. Then we would have

A 1 2ec?

oy =2-28)~ — [ (a—y=2Z+ ), Z>0

as W | 0. Since (« — vy —2)Z + % is negative and bounded away from zero, this
gives a contradiction. O
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1.5 ¢ — 0 limit

For the purpose of this section we denote the connecting orbit of (P?) by v = s(u)
and, in the cases for which C° from Proposition 1.8 and 1.9 exists, we call its graph

v = @o(u).

Lemma 1.12. There ezists 6* > 0 such that, with ¢ = ¢(§) = 4=2,

Fu(8) = c(8)Gs(u) = ¢(5) (_1 +e(6)ul®E — o(5)A — Aau_%)
is decreasing in 0 < 6 < 6* for any fired 0 < u < (%)Hv'

Proof. Since

dF,  de
6~ ds

(—1 + 2cuttr + (A* — 2cA)u_ﬁ> :

and % > 0, we need to show that the term between brackets is negative for small
0. At 6 = 0 it becomes

—1 4 A% Iy (2uT — A) < 0,

forall0 < u < (%)lﬂ. O

Proposition 1.13. For «, 3,7~ such that 26 > a — v — 2, or 26 = o — v — 2
and € € (0,%) fized, translate f5 such that f5(0) = 4 for all 6 € (0,6%). Then

fs — [ € C®(R) uniformly on R. Hence f satisfies Problem TW with é = 0.

Proof. It will be sufficient to show that @s(u) — ¢@o(u) locally uniformly. By
Lemma 1.12 we have for any 0 < § < 6*

_B_
—um < g (u) < @5, (u) < po(u)

for 0 < §; < 8, < 8 and u € (9, (%)lﬂ). Also

ec(6) Gs(u) _>6Aa_1 Go(u)

as o — 0
L+ Fy(u,v) 147 Fo(u,0)

uniformly on [§1*7, (§)1+7]. Therefore

ws(u) T @(u) < @o(u)

where v = @g(u) is a solution of (P). The reasoning above holds for every 0 < § <
0*, which implies that @y(u) exists for all u € (0, (§)1+7)_ In view of Section 1.4
and ¢ < ¢ this implies that gg(u) = @o(u).

Using that f5(0) = 4 is fixed for all 0 < § < 6%, standard arguments imply
that fs converges uniformly on (—oo, %) to the corresponding solution of the limit
equation. Existence of global travelling waves and uniqueness of the initial value
problem for all 0 < § < ¢*, implies the uniform convergence on R. O
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1.6 Concluding remarks

In this chapter we present a study of a model for unsaturated groundwater flow
which includes expression (8) for the non-static phase pressure difference. Replacing
the nonlinearities in the transport equation by power-law expressions we arrive at
(1.5). We study travelling wave solutions representing moisture profiles moving
downwards due to gravity.

For positive initial saturation (6 > 0) we demonstrate existence and uniqueness
(up to translations). Small values of the damping coefficient € result in monotone
saturation profiles. Large values of € result in profiles which exhibit oscillatory
behaviour near the injection saturation A.

When initially no moisture is present (6 = 0) existence of bounded travelling
waves depends critically on the exponents of the power-law expressions. This is
related to the occurrence of finite fronts in the moisture profiles: i.e. descending
planes (in the direction of gravity) below which the water saturation remains zero.
Related to equation (1.5) we have shown the following.

If 26 > o — v — 2, then travelling wave solutions with fronts exist for all € > 0.
In other words, for S(z,t) = f(n), with n = z + ct, there exists ny € R such that
f(n) = 0 for all n < ny. Moreover near n = 1, the profile satisfies

fl ~ Aa—_lfﬂ—FQ—a.
B
This corresponds to the front behaviour of solutions of the convection diffusion
equation under static conditions (equation (1.6)); i.e. € and +y are absent in this
asymptotic expression.

If 28 = o — v — 2 we obtain a similar result provided the damping coefficient ¢ is

sufficiently small: i.e. € < MQ(’BTU. For larger values of €, no waves exist satisfying

f(—=o0) = 0. Finally, if 25 < a — vy — 2, again no such waves exist, regardless the
value of € > 0.

Let us interpret this in terms of the nonlinear functions, K(S), p.(S) and L(S5),
as they were approximated in (1.2), (1.3) and (1.4). If we write the condition for
existence of travelling wave solution with fronts as v > o — 2(8 + 1), this implies
that if & < 2(8 + 1), then for any positive value of vy fronts exist. But instead, if
a > 2(f+ 1), then v needs to be sufficiently large in order to have fronts solutions.
In other words, if K(S) is small near S = 0 in the sense that o > 2(5 + 1), then
L(S) must decay sufficiently fast near S =0, i.e. v > a— 2(f + 1), to have fronts.
We can express the condition for existence of travelling wave solutions with fronts

L(S) = o(K(S) p,(S)?) as S — 0.

We also investigate the limit ¢ — 0 (for § > 0, fixed) and § — 0 (for ¢ > 0
fixed). In particular the latter provides a uniqueness criterion for the degenerate
case when 0 = 0. We also note that the limits ¢ —+ 0 and § — 0 do not commute:
e — 0 followed by 6 — 0 is always possible, while 6 — 0 followed by € — 0 is only
possible when 28 > a — v — 2.



Chapter 2

Equation (1): well-posedness and
stability of monotone travelling
waves

Preamble:
We investigate stability of travelling wave solutions of the pseudo-parabolic
Burgers’ equation (1), for which we first obtain well-posedness results *.

2.1 Introduction

In this chaper we consider the pseudo-parabolic Burgers’ equation
Up = Ugg + 2Uly + E%Upyy on R x [0, 7] (2.1)

with initial data

u(z,0) =up(z) in R (2.2)
In this chapter we aim for a better understanding of the effect of the third order
term on the dynamics of diffusion and convection. Intuitively one expects that
this effect is more notable if the large time behaviour of solutions of the diffusion-
convection equation is characterised by profiles which do not become flat (in terms
of their dependence on z). This is why we restrict our study of the large time
behaviour to the travelling wave case, meaning that S(4o00) > S(—o0) > 0. In fact
we shall only consider the large time behaviour of solutions of (2.1), the simplest
pseudo-parabolic equation allowing convection-driven travelling waves, with initial
data satisfying

ug(—00) =0, wup(+o0) = 1. (2.3)
We will show that such solutions converge to a travelling wave solution
u(z,t) = ¢p(x + 1), (2.4)

provided the travelling wave profile ¢ is monotone. This depends on € > 0: travelling
wave solutions connecting zero to one and travelling with speed one exist for all
€ > 0, but only when 0 < € < % the profiles are monotone, see Section 2.3.

1 This chapter is to appear as an article in Nonlinear analysis TMR, see [18].

17
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Our stability result is of a global character and therefore we first require well-
posedness results for the initial value problem. To this end we reformulate equation
(2.1) in Section 2.2 as

uy = F.(u) = Acu + Bou?, (2.5)
where A,, B, are linear operators defined by
&2 2
Au=(I—-¢ @) Ugp; Beu=(I—¢ @) Ug, (2.6)

and study local well-posedness of the ODE (2.5) in several Banach spaces, namely
in L'N L% L' N H', L™, L? and H'. Here LP(R) = L? with norm u — |u|, and
H' = H'(R) is the Sobolev space with norm u — ||u|| = \/|ul? + [v/|2. We note
that although formally equation (2.1) preserves the integral (conservation of mass),
the map u — B.u? is not well defined on L', hence the choice of L' N L? with norm
u — |ulio = |uli + |ule, and L N H* with norm u — ||ul|12 = |ulr + ||ul].

Since travelling wave solutions do not belong to L if 1 < p < oo, we also consider
(2.1) in affine spaces of the form H + X, where H is any smooth function such that
H(—o0) = 0, H(+o0) = 1. It is no restriction to assume that H' is nonnegative
and compactly supported. In Section 2.4 we obtain local well-posedness in H + X
for X = L2, L' N L2, H', L' N H'.

In Section 2.5 we establish mass conservation: if u; and uy are solutions of (2.1)
with u; — ug in L' N L? then

— [ (uy(z,t) — ug(x,t))dz = 0 for all ¢.
dt Jr
This allows us to follow [39] by introducing

v(z,t) = / (u(s,t) — o(s + t))ds. (2.7)
The function v is well defined if v is in H + L'. For solutions u with values in H+ X,
X = L' N L2, shifting either ¢ or uy we may restrict attention to solutions v of

Vp = Ugg + Uz + 2Uz¢ + 52vwwta (28)

with v(400) = 0.

Equation (2.8) is derived in Section 2.6 and analysed in Section 2.7. Again we
establish local well-posedness in several natural spaces, in particular in H' and
H? = {v € L? v',v" € L?}. In Section 2.8 we prove the identities

1d (v? + e2v2)dz = — /(1 — v)vide — / ¢'vidz, (2.9)
and 1 d
Sdi /. (v2 + %02, )dx = / Vi dT + / ¢'vidz, (2.10)

and obtain a global well-posedness result for solutions of (2.8) in H?. To formulate
and prove stability results we need ¢’ > 0 and v(z, 0) sufficiently small in H' guaran-
teeing v < 1. Using (2.9) this gives convergence of the integral [~ |[v(-,t)|[>dt and
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thereby of [ [ |u(x,t) — ¢(x +t)[*dzdt. If in addition v(z,0) is in H? we adapt
methods from [52] and show that v(-,¢) — 0 in H? whence ||u(-,t) — ¢(- +t)|| = 0
as t — oo.

A natural question is of course whether the monotonicity of ¢ is essential. In the
context of Korteweg-de Vries type equations there are examples where a switch from
monotone to oscillatory behaviour of the travelling wave leads to instability, but this
depends on the exponent in the nonlinearity, see [53]. Numerical experiments so far
have been inconclusive.

So far we have formulated asymptotic stability in %+ H*, in particular we assume
solutions to be continuous in space. This can be relaxed a little bit. In Section 2.9
we examine solutions with jump discontinuities and show that jumps are fixed in
space and decay in time. Moreover we extend our stability results to solutions
having one single jump in z = 0.

We conclude this introduction with the observation that we have avoided a trans-
formation of the problem to travelling wave variables. Such a change is common in
the study of stability properties of travelling wave solutions of Burgers’ and other
“normal” equations. Here it would lead to an equation with yet another third or-
der term involving three space derivatives, which cannot be seen as an ODE in a
function space.

2.2 Local well-posedness in Banach spaces

In this section we show that the initial value problem for the ODE (2.5), which as
we recall reads

uy = F.(u) = A.u + Bou?,

is locally well-posed in the Banach spaces L' N L2, L' N H', L*°, L? and H!. The
operators A, and B, may be rewritten as

d? 1 d? 1
Agu = (I — 62—)_111/.’,6.’,6 [ p— ((I _ 82—)_1 _ I) u = 6—2 (gs * U — u) , (2_11)

dz? g2 dz?
and
2 d? -1
Bu=(I-¢ @) Uy = e * Uy, (2.12)
where
1 _laf
e = —e ¢ 2.1
0.(2) = 5 e (213)

is the Green’s function for the problem
w— e*w" = f. (2.14)

That is to say,

w(z) = (G:f)(x) = (9: * f)(2) = / ge(z = y)f (y)dy (2.15)

R
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is the solution of (2.14). Since for any u € LP with 1 < p < oo, the derivative
(ge * u)y is well defined and (g, * u), = g. * u we have

Bou(z) = (g xu) (z) = ;—Q/H{gg(a: - y) /y u(s)dsdy forall zeR  (2.16)

Theorem 2.1. Let X denote any of the Banach spaces L* N L?, L* " H', L™=, L?
and H*. Then for all ug € X there exists T > 0 such that there exists a unique
solution u € C([0,T); X) of (2.5).

Theorem 2.1 will follow from Picard’s Theorem: if X is a Banach space and
F : X — X is Lipschitz continuous in a neighbourhood of uy € X, then there
exists 7" > 0 and a unique solution u € C'([0,T]; X) of u; = F(u) with u(0) = ug.
We shall show that F; is locally Lipschitz continuous on each of the Banach spaces
listed above. This is done within the next five lemmas and is based on the following
properties of g,:

|MFA%@@:LW£5QMW%=i (2.17)

4’
! ! 1 12 ! 2 1
A A 19:(y)|dy = = 9:]2 = R(gs(y)) dy = 5 (2.18)

A%@M@:a A%@@=a (2.19)

Throughout B(X,Y') denotes the Banach space of bounded linear operators from
a Banach space X to a Banach space Y, with the usual convention that B(X) =
B(X, X).

Lemma 2.2. The map F. s locally Lipschitz continuous in L.

Proof. Since A, = %(G. — I) it follows from (2.17) that A, is a bounded linear

operator in L> with ||A||p~) < %. Thus it is uniformly Lipschitz continuous on
L*. By (2.16) and (2.19) we have

o0 1
9-(x = y) |z — y| |u|oo dy = gIU\oo,

(Ba)w| <5 [

—0o0

which implies that the operator B, is a bounded linear operator in L*°. The map
u — u? clearly maps L* into L™, and is locally Lipschitz continuous: if u;, uy € L™
are such that ||u;||c < R, for some R > 0, then

uf — u3]oo = [(u1 4 ug) (U1 — Uz)]eo < 2R[uy — Up|oo-

Lemma 2.3. The map F, is locally Lipschitz continuous in L2.
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Proof. Since A, is the Hille-Yosida approximation of the operator A = —%, which
is maximal monotone in the Hilbert space L?, A, is bounded linear operator in L?
with || A.|| g2y < 2, see [15]. In view of B.u = gl*u, the inequality | fxgl, < |f], [g]1

and (2.18), the linear operator B, is bounded as an operator from L' to L?, with

1
2 1
1Bl < ( / |g;(y)\2dy) _ L (2.20)

263
For uy, uy € L? with |u;[; < R we have
R

|B.(u? — u3)|y < | Bell Beer, 2y (w1 +u2) (w1 — ua) |1 < —|ur — uslo.
£2
O
Lemma 2.4. The map F, is locally Lipschitz continuous in H'.
Proof. Since A = —% is maximal monotone on the Hilbert space H!, its Hille-

Yosida approximation A, is a bounded linear operator in H' with ||A.| g1y < .
For uy, up in H! with ||u;|| < R we now have

R
|Be(uf — u3)l2 < —||ur — wal],

£2
and
| (Be(uf = u3)), |2 < |1 Bellprr,eey | ((ur +u2) (ur = u2) ), 1 <
| Bellr,z2) (| (w1 + ua)e|2|ur — uglo 4 |ur + ugo|(ur — u2)zl2) <
—[|ur — usl-
E2
Thus v — B.u? is locally Lipschitz continuous. O

Lemma 2.5. The map F, is locally Lipschitz continuous in L' N L2.

Proof. The inequality |g. * u|, < |g:|1 |ul, for all 1 < p < oo and (2.17) imply that
A, is a bounded linear operator in L' with ||A.||pz1) < E% Consequently A, is also
bounded in L' N L? with ||A.||pz1nr2) < &. Now B, is a bounded linear operator
in L'(R) with

’
9

so by (2.21) and (2.20) v — B.u? maps L' N L? to itself. Let uy, uy € L' N L? with
|ui\1,2 S R. Then

| Be (uf — u3)

1
1Bl < / 0. @)|dy = (2.21)

1,2 < ||Be||B(L1,L2)|(U1 + ug)(u1 — ug)|1 +
| Bell Byl (u1 + ug)(u1 — ug)i <

1 1 1 1
2R(-+ 3>‘U1—U2‘2 S 2R<—+ 3)|U1—U2
E  Qe2 €  2e2

1,2

Lemma 2.6. The map F, is locally Lipschitz continuous in L' N H*.
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Proof. Again A, is a bounded linear operator on L' N H' with ||A.|| pinm) < 5.

As in Lemma 2.5 one has that u — B.u? is locally Lipschitz continuous in L' N H*!

with Lipschitz constant 2R (é + %) on the ball with radius R in L' N H*. O
£2

2.3 Travelling waves

The analysis of travelling wave solutions of (2.1) is similar to the analysis of trav-
elling wave solutions of (1.5) in Chapter 1. Substituting

u(z,t) = ¢(x + ct) (2.22)
in (2.1), we have for ¢(z), after an integration in z, that

c(p(z) — d(—00)) = ¢'(2) + ((2)* — ¢(—00)*) + £%cd"(w), (2.23)
so that
_ 4(s0)? = g(—0)?
¢(00) = ¢(—00)
Restricting attention to ¢(—oo) = 0 and ¢(co) = 1 we have ¢ = 1 and (2.23) can
be written as a Lienard type system of two equations:

{é¢=w—¢

(2.24)

Y=ol - 9).

The travelling wave solutions connecting ¢(—o0) = 0 to ¢(co0) = 1 are unique up
to translation and correspond to a unique orbit connecting the saddle (0,0) to the
sink (1,1). Note that (0,0) has eigenvalues

1
Mo = —— (1 VI 452) L A <0<, (2.25)

’ 22

and (1,1) has eigenvalues

1
pig = —2—62(1 + V1 —4e?), Reps <O0. (2.26)

The unique orbit coming out of (0,0) into the first quadrant connects to (1,1). This
follows from arguments very similar to the arguments in [19] and relies in particular
on the negativity of the divergence of the Lienard vector field.

If £2 < 1 the eigenvalues at (1, 1) are negative: (1, —£%us,) is an eigenvector of the
slow eigenvalue p; and (1, —%u,;) is an eigenvector of the fast eigenvalue po. The
set {¢ >0, 0 < < —e?usg+ (1+&%us)}, contained in the region where ¢’ > 0, is
then invariant and contains the connecting orbit. Therefore ¢ is monotone if £2 < i.
In this case the invariant region gives an explicit upper bound for ¢’, namely

¢—¢<1+52u2_1—\/1—452

! = = 2.27

¢ g2 g2 2e? (2:27)

Theorem 2.7. Equation (2.1) has a travelling wave solution connecting u = 0 in
r=—00 tou =11z = oo. This solution is unique up to translation and of

the form u(z,t) = ¢(x +t). Ife? < } the profile ¢ is monotone increasing and its
derivative is bounded by (2.27).
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2.4 Local well-posedness in affine Banach spaces

In this section we show that the initial value problem for the ODE (2.5) is locally
well-posed in the affine Banach spaces Y = H+X, X = L'NL% L'NH', L? H'. We
recall that # is a smooth function with H(—o0) = 0, H(oco) = 1 and H' nonnegative
and compactly supported. We say that u is a solution of (2.5) in C* ([0,T7]; Y) if
@ =u — H is a solution in C* ([0,T]; X) of the equation

uy = F.(a) + 2B.(Hu) + F.(H). (2.28)

Theorem 2.8. LetY = H+X, where X is any of the spaces L*NL* L'NH*, L? H*.
Then for all ug € Y there exists T > 0 and a unique solution of problem (2.1)
ue CH([0,T]; Y).

Proof. If we show that the operator
u— F.(u) + 2B.(Hu) + F.(H)

is locally Lipschitz from X to X, the theorem follows again from Picard’s theorem.
From Section 2.2 we know that u — F.(u) is locally Lipschitz in X for each of the
choices of X. We only need to prove that F.(#) € X and that the linear map
u — 2B.(Hu) is a bounded operator in X.

Clearly F.(H) = AcH + B.H* = G.H" + G.(H?)'. F.(H) is in X for any of the
choices of X, because H" and (H?)' are compactly supported smooth functions. As
for 4 — 2B.(Hu), we saw in (2.21) that B, is a bounded linear operator in L'. Tt
is also bounded in L? and H' with

1
1Bl < [ lgkw)ldy = -, (229)
R
1
1Bl < [ latw)ldy = = (230

respectively. Thus B, is bounded in L' N L? and in L' N H!'. Finally if we set
H|oo =1, [H|o0o < 00,
[Hiily < |as,

|Hau|| < |Hala + [Hiiglo + [H'aly <
Uy + |tz|o + [H'|oo G2 < @[ (1 + [H|oo)-

Combining (2.29) and (2.30) with the above estimates we get that & — 2B.(Ha) is
a bounded linear operator on each X. This completes the proof. O

2.5 Conservation of mass

In this section we prove that equation (2.1) preserves the integral if we consider
solutions in H + L' N L2. Note that unlike in the case of the Burgers’ equation, this
is not the same as being contracting in L!. Again this is due to the absence of a
comparison principle.
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Proposition 2.9. Let uy, us be two solutions of equation (2.5) in C* ([0,T]; H + L' N L?).
Then

/R(ul(:r;,t) — ug(z,t))dr = /(ul(x,(]) —ug(x,0))dz  forall te[0,T]. (2.31)

R

Proof. Consider the composite map
Fitel0,T] - ult) € L' N L2 —)/u(x,t)d:v €R
R

where v = u; — uy. Since by definition u € C*([0,T]; L' N L?), we have F €
C*([0,T],R). The chain rule implies that

) = /R A (s (2,1) — wa(, £))da + / Bo(us (2, — un(a, )?)dz.  (2.32)

R

We claim that both right hand side terms in (2.32) are zero for all ¢ € [0, T].

To see that the first term is zero, we recall that A. = %(G. — I) and note
that [, Gou = [pu for all w € L'. This is immediate from the definition of G, as
convolution with the Green’s function for (2.14): if f € L' then both w and w' are

in L' and wa = fRf.
Before proving

/H{Bg(ul(ac, ) — uy(z,t)*)dz = 0,

we observe that it is well-defined. Indeed, if u; = @; + H, i = 1,2 then u? — u2 =
u? — s + 2H (4, — Uy). Since u? — @5 € L' and 2H (i, — 1y) € L' N L? we have
u? —u3 € L' and from Lemma 2.5 (2.21) we have B. € B(L'). Thus the second
right hand side term in (2.32) is well defined.

Now let w € L' and consider the integral

éng(x)dx = /R </R ge(z — y)w(y)dy) dz.

Applying Fubini’s theorem to ¢.(r — y)w(y) € L'(R x R) we obtain, in view of

(2.19),
/RBew(:E)dx = /Rw(y) </R ge(z — y)dx) dy =0,

which in particular holds for w = uy(-,t)* — ua(-,¢)> € L'. Thus also the second
term in (2.32) is zero. O
2.6 The integrated equation

Now that we have conservation of the integral we may adapt ideas from [52]. Rather
than solving (2.1) for the unknown u(z,t) we consider an equation for the unknown
v(x,t), which as we recall is formally defined as

o(z, 1) = /_ " (s, 8) — 6(s +£))ds. (2.33)



2.6 The integrated equation 25

Thus if v is a solution of (2.1) in C* ([0, T]; H + L' N L?), then by Proposition 2.9
/(u(s,t) —¢(s+1))ds = /(u(s, 0) — ¢(s))ds for all te[0,T], (2.34)
R R

which, without loss of generality, we take equal to zero, just by shifting ¢. This
allows us to work with function spaces for v having v(+o00,t) = 0 in some weak
or strong sense. The equation for v(z,t) is obtained by formally integrating (2.1).
This yields (2.8), which, rewritten as an ODE in similar fashion as (2.5), reads

1 1
v+ v =Ge (—21) + 02 + 2vw¢> . (2.35)
€ €

Proposition 2.10. Let u be a solution in C* ([0, T]; H + L' N L?). Then v defined
by (2.33) is a solution of (2.35) defined on [0,T].

Proof. We rewrite equation (2.5) as

1 1
up + U= G. (;u + (u2)z> : (2.36)

Subtracting from (2.36) the same equation for ¢(z + t) we arrive at

11 ,
2 + 4= S—QGEZ + G (2° + 229),. (2.37)

for z(z,t) = u(x,t) — #(x + t). We define the operator J : L' — L™ by

(Jf)(z) = / £ (2.38)
and apply J to (2.37). Then
1 1
(Jz)e + 6—2Jz = 8—2JG52 + JG(2* + 220),,

and v = Jz satisfies (2.35), provided JG.f = G.Jf and JG.f, = G.f for all
ferLl

We note that J commutes with G,. Indeed, if f € L', then w = G, f has w, w'

and w” in L' and satisfies the equation —&?w” + w = f. Thus Jw = JG. f satisfies

—2(Jw)" + Jw = Jf,
whence G.Jf = JG.f. Finally JG. f, = G.f for all f € L'(R) because

where, if we write the integrals explicitly, we have used Fubini’s theorem applied to
(s,y) = gi(s —y) f(y) on (—o0,z) X R. O
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Remark 2.11. Note that if u € L' N H' we only need G, commuting with J in the
argument above. Applying J to (2.87) gives

1
(J(u—)); + 6—2J(u — @) = JG.(u— @) + JG.(u* — ¢%),.
Since (u? — ¢?), € L' this implies
vy + 51_2U =G+ G.(u? — ¢?),

and the result follows because u? — ¢? = (u — ¢)(u + ¢) = v2 + 2¢v,.

2.7 Local well-posedness of the integrated equation

By Proposition 2.10 a solution u of (2.5) in C* ([0,T]; H + L' N L?) defines a so-
lution v of (2.35) in the Banach space X = {v € L™ : v, € L' N L?} with norm
l|v]|x = |v|oo + |vz|1,2- In this section we give a direct proof of local well-posedness
of (2.35) in a number of Banach spaces.

Proposition 2.12. The initial value problem for equation (2.35) is well-posed in
each of the following Banach spaces.

(i) X = {v € L, v, € L' N L?} with norm |v|e + |vz]1,2-
(ii) X = {v € L*®, v, € L*} with norm |v|e + |vz]2-
(iii) X = H" with norm |v|y + |vg]s.
(iv) X ={v € L% v, € L' N L?} with norm |v|s + |vg]1 2.
For each of these spaces it is also well-posed in X, = {v € X, vy, € L?} with norm

[ollx, = llollx + |vexo-

Proof. We rewrite the equation (2.35) as
vy — Acv = G (V2 + 2u,0). (2.39)

We first observe that the linear operator A, is bounded in X and in X;. This follows
from (A.v), = A, and (A.v)ze = Avge and the boundedness of A, on L, L!
and L2, see Section 2.2.

Next we prove that the operator v — G.(v;¢) is bounded in X and in X;. It
is bounded on L? and L* because for all v € L? (1 < p < o0) we have, writing

Qs’l)x = (d)lu)m - Qsm’l),

1 1
(Ge(Pva)lp < 192+ (90)lp + 192 * (d00)lp < ZI9vly + [Bav]p < (ZIloo + [¢]c0) [0

Moreover,

1
|(Ge(¢vx))x|p = |92 * (¢Uz)|p < |92|1|¢Ux|p < g|¢|00|vm|p-
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Thus the operator v — G.(vz¢) is bounded in X for each of the choices of X.
Finally if v, € L? and v,, € L?, then

1
5

(Ge(Pvz))azl2 < 19L * (PVzz)]2 + (9L * (P2v2)|2 < =(|Bloc|Vazlz + [#co|Val2),

so v = G.(v,¢) is also bounded in each X;.

It remains to show that the map v — G.v2 is locally Lipschitz continuous in
X and in X;. It is well defined on X because with f = v2 € L' the solution
w = G.v2 of (2.14) has w,w, € L' and w,w, € L*. If in addition v,, € L?, then
fe = (vﬁ)m = 20,05, € L', so that w, has the same properties as just formulated
for w and in particular w,, € L2. The local Lipschitz continuity in each X follows
from the estimates

Ge((v1)5 = (v2)2)]p < 1gelpl (V1 + v2)al2 |(v1 = v2)slo,
which we use for p = 2 and p = o0,
[(Ge((v1)z = (v2)2))ah = |92 * ((11)7 = (v2)3) 1 = [Be((v1)7 = (v2)2)11 <
|| Bel| Bz (v + v2)zl2| (V1 — v2)zlo,
and
[(Ge((01)5 = (v2)3)al2 = lgi * ((01)7 = (V2)3)]2 = |Be((v1)7 = (v2)3)]2 <
|| Be || Brr,z2) | (v1 4 v2) g 2| (v1 = v2)z)2-

The local Lipschitz continuity in each X, , i.e. the estimate for the L?-norm of the
difference of the second order derivatives, is left to the reader. O

Remark 2.13. As long as v, € L? the operator v — Gv? is Lipschitz continuous
in X. Thus if v, € L? for all t > 0 then the solution of (2.85) for vy € X ewists
globally. As for vy € X1, v exists globally if v, € L? and vy, € L? for all t > 0.

2.8 Global existence and stability

In this section we establish two equalities for solutions of the integrated equation
(2.35) and deduce from them global existence for small initial data and stability
properties of the zero solution of equation (2.35). The first comes from testing the
equation with v.

Lemma 2.14. Any solution v of equation (2.35) in C*([0,T]; H) satisfies
1d

33 L@+l = [ (-t +on?). (240)

R

Proof. We use again (2.39). Let w = v, — A;v and f = v2 + 2v,¢. Then by
assumption f isin L'+ L? and thus w € H' is the (weak) solution of —&?w" +w = f,

ie.
52/wz<pm+/wg0=/fgo for all ¢ € H'.
R R R
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Taking ¢ = v and observing that

/fv—/vv —/%v /(Av) /R(AEU)U:—/Rvi,

we arrive at
/(vvt + e20,051) = —/ (1= v)v2 + ¢0%) .
R R
This equality is valid for each ¢ € [0, 7. O

The second equality is derived testing with v,.

Lemma 2.15. For any choice of X1 in Proposition 2.12 any solution v of equation
(2.35) in C'([0,T]; X1) satisfies

1d

ST (v2+€v / v, /(bI (2.41)

Proof. We follow the proof of Lemma 2.14 above. Differentiating with respect to
2 we have with the same notation that f, = v,,v; + 200, + 2¢,v is in L' + L2,
wy = G, fy is in H', so that

52/wmg0z+/wmcp:/fz<p forall ¢ e H'.
R R R

Taking ¢ = v, and observing that

[ o= o 2 A+ [(Ahir == [ a2,

we arrive at
2 2 2
/(’Uzvzt + € Uzzvmmt) = _/ Ug;g; + / ¢zv$
R R R

This equality is again valid for each ¢ € [0, T]. O

Since the L*-norm is controlled by the H'-norm, see (2.43) below, the first
equality tells us that a solution in H' can be continued as long as |v,(-)|2 remains
bounded. The second equality shows that this is also the criterion for solutions in
X; to be continued. In terms of u the condition for global existence is therefore
that |u(-,t) — @¢(- +t)|2 does not blow up in finite time. Next we show that this can
be assured by a smallness condition on the initial data. It will be convenient to use

the norm )
2
loll. = ( / (v2+s2v3;>) ,

which is equivalent to the standard H'-norm:
1
lolle < floll < Zllv]l.- (2.42)

Estimate (2.40) implies stability of the null solution in H', provided the travelling
wave profile ¢ is monotone.
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Proposition 2.16. Let e* < . For every initial value vy € H' with ||vol. < /2
there exists a unique solution v : [0,00) — H' with ||v(-,t)||s decreasing for all
t > 0. Moreover

o0
/ |v$(-,t)|§dt < 00,
0
whence also

/ (- 1)L dt < oo,
0

This result is better than stability but slightly weaker than asymptotic stability:
we do not get that v(-,¢) = 0ast— ooin H'.

Proof. In view of ¢, > 0 and the estimate
1 1
oo < [ [200s] < 2ollure < Sof el = Sl0lE (243
R

the assertion follows immediately from (2.40). In particular the solution has 1 — v
bounded away from zero by a positive constant, C, so that upon integrating (2.40)

we find the first estimate:
00 2 ]‘ 2
c [ [ <glmle
0o JR

Combining |v?|, < 2|v|s [uz|o and the estimate above with the boundedness of
|v(+,t)|2 gives the second estimate in the theorem. O

Next we obtain an asymptotic stability result using the stronger norms with
Vze € L? and a combination of (2.40) and (2.41).

Proposition 2.17. Let €2 < i and 0 < o < ——. For every initial value vy € H?

max ¢’ ’
with |||l < /(1 — amax¢')e (no assumption on the size of |vg|s) there exists a
unique solution v : [0, 00) — H? with not only

/(v2 +%v?),
R

/(112 + (e + a)v? + 2av?,)
R

decreasing for allt > 0. Moreover, t — ||vg(+,t)||c is square integrable and converges
to zero as t — oco. Finally, |v(-,t)|sc = 0 and |vy(-,t)]ec — 0.

but also

Proof. Combining (2.40) and (2.41) we have

1
1d (0 + (2 +a)vi+e’an?)) = —/qﬁva—/(l—v—aqﬁw)vi—a/viw. (2.44)
2dt Jg R R R

As in the proof of Proposition 2.16, the first assertion follows immediately from
(2.44). In particular the solution has 1 — v — a¢, bounded away from zero by a
positive constant. Note that Proposition 2.16 applies here as well.
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To establish the asymptotic behaviour we note that we now have two decreasing
functions. Taking the difference it follows that the function

t— /(vx(x, t)? + %04y (2, 1)?)dz
R

has a finite limit as t — oco. Integrating (2.44) over (0, 00) on t, it is also integrable
over (0,00) and thus the limit is zero. This proves the statement about ||v,(-,?)||..
The remaining assertion follows again using (2.43). O

We list the consequences that Proposition 2.16 and Proposition 2.17 have for
solutions of (2.1).

Theorem 2.18. Let e < § and let ug € H + L' N L? be such that vy € L?, where

T

vo(x) = / (u(s, 1) — 6(s + 1))ds. (2.45)

—0o0

If vy s sufficiently small the solution exists globally and
t— / lu(x,t) — ¢(x +t)|°dr

is both integrable and bounded on [0,00). If in addition vy € H? is sufficiently small,
the solution has (u(-,t) — ¢(-+1t)) — 0 as t — oo in H' and therefore also in L™
as t — oo. Without any restriction on € and the norm of vy the solution is global if
Vo € H2.

2.9 Discontinuities

In this section we show that jump discontinuities persist as ¢ evolves. The jumps
do not move and decrease exponentially as ¢ increases. We then focus on the case
of initial data with a single jump at z = 0 and establish convergence of the solution
to a travelling wave.

Theorem 2.19. Ifug € L* N L*® oruy € H+ L' N L™ has a jump discontinuity in
x =0, then so does the solution u(-,t) as long as it exists. Moreover

u(0*,8) = u(0",1) = exp (5 ) (uo(0%) = uo(07)),

in which the superscripts — and + indicate left and right limats.

Proof. We only discuss the case ug € H + L' N L*> and write v = H + 4, thus

satisfies the equation

1 _
Uy + U= O, (u)

where @, (@) = 5G.u + B.u* + 2B.(Hu) + F.(H). Clearly

®, : L' N L*® — H' is continuous. (2.46)
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By using the variation of constants formula we get
—t t —(t —
(., t) = a(-,0) exp () +/ ®. ((-, 1)) exp (u>ds,
0

e2

so t — (ﬂ(-, t) — Uy exp (;—J)) is a continuously differentiable H'-valued function.

Since v € HY u(0%) and w € HY u(07) are bounded linear functionals, the
theorem follows. O

In what follows we assume that ug € H + L' N L™ and that uj is the sum of
an L?-function and a multiple of the J-distribution with a point mass at the origin.
Following the steps of the proof of Proposition 2.17 for the integrated equation
(2.35) for (2.33) we shall prove that

|u — ¢l = 0 as t — oo.

Reasoning as in the proof of Theorem 2.19 we have vy, € L?(—o00,0) and vy, €
L?(0,00), as long as the solution exists, and that v; + ' v is continuous. However
Lemma 2.15 does not apply because v ¢ H?. Instead we have the next lemma.

Lemma 2.20. As long as the solution exists it satisfies

Ld (/0 (v2 + %2 )+/w(02+52v2 )) =

0 [e%e)
_/ /Uz%zc _/ /U;?m: + / ¢I,U.’,% + R(t)7 (247)
—00 0 R
where

R(t) = exp () (0 — ) (%((v:f +oFuy + (0)7) + 6F + ;) - vt<o,t>) ,

the superscripts — and + denoting the left and right limits at x = 0 for fized t.

Proof. The function z = u — ¢ satisfies equation (2.37) and thus w = z; + E%z is a
solution of (2.14) with f = £z + (2°); + 2(¢z),. Using the formula

52/ w'p + EQw'(OJr)ga(O)—i-/ w<p:/ fo
0 0 0

with ¢ = z leads, after integrating by parts, to

1 d o o o0
sai ], @reR==[ a2+ [ et mw, (2.48)
t Jo 0 0
where 5 ]
RT(t) = —3(")° = 6()(z")" - %27 (20 + 57).
Along the same lines we have
1d [© 0 0
s | @red == 2+ [ arsro, (2.49)
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where
R (t) = §(Z)3 + ¢(t)(z7)* + %2 (2, + 6%zx).

Using v, = z we express R (t) and R~ (¢) in terms of v. Since

2 1
W + Vi + (V) + )0y = vf" — S (v*); — d(t)vy

3 3
it follows
R (1) = ~(u o = 5 (0F)° = 6() (0] ),
R (1) = (v vy = 5(0,)° = 6(0) (0 ).
Setting R(t) = R (t) + R~ (t) completes the proof. O

With Lemma 2.14 and Lemma 2.20 we can now adapt Proposition 2.17.

Proposition 2.21. Lete2 < 1,0 < a < ﬁxqﬂ Let ug € H+ L' N L™ be such that

ufy, is the sum of an L? function and a multiple of the §-distribution with a point
mass at © = 0. If vy is given by (2.45) and ||vo||- < v/E, there exists a unique global
solution v of (2.35) with

IME=Awﬂw%b

decreasing for all t > 0. Moreover

oo 0
/ (v* + (2 + a)v]) + </ v2, +/ vgm)
R 0 —0o0

15 eventually decreasing and

o0 0
2 2 2 2 2
t_>/vx+8/ Umx+€/ Vg
R 0 —00

is integrable on [0,00) and converges to zero as t — 0o. Finally |v(-,t)|ec — 0 and
[V (5 1) |00 = |u(,) = @(- +1)|oo — 0 as t — oo.

Proof. Proposition 2.16 implies global existence and the monotonicity of ||v||..
Combining (2.40) and (2.47) we get

1d 0 e8]
i /(UQ—i-(oz—i-sQ)vi) +62a/ vﬁx—i-sQa/ vz, | <
2at R —00 0
0 o)
—/(1 — v — amax ¢')v? — / Ppv* — a/ V2, — Oz/ v2 +a|R(t)]. (2.50)
R R 0

—0o0

If |[R(t)] — 0 as t — oo we have

0 00
lim (/ (v* + (a+&%)vl) + 52a/ v2, + 62a/ U?Cw) < 00,
t—00 R 0

—0o0
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which implies the rest of the statements by the same arguments as in Proposi-
tion 2.17.

Thus it remains to show that |R(t)| — 0 as t — oo. We observe that |R(¢)| is
bounded for all £ > 0,

IRE)| < exp (57) 1 = g | (182)oo + 206 clvloo + [0(0,8)] )

We shall prove that the last factor cannot increase as fast as exp (fl) as t — oo.

The last term inside brackets, |v;(0,¢)], is bounded. Indeed, v satisfies equation
(2.35), so, by the maximum principle we get

1 1
Vg + 8_21) S |U§|oo + 2|¢‘oo"uw‘oo + 8_2‘U|oo
for all (z,t) € R x [0,T]. In particular
2 2
00, 0] < 02+ 206l + 3,
where we have used that ||v||. decreases with ¢ and ||vg||c < /. Thus
—t ) , 2
B()| < exp () [ug = ug | 21l +4l8luclvelos + 5 ) - (251)
Note that

0 0
el <o ® ([ ety + [Tozeenn),
—00

so, in view of (2.51)
2 4 2
ROI<ew () -l (20 + lobiO+3). @5
From (2.47) we also get

S¥' () < 1¢'oey(t) + [R(2)]. (2.53)

Next we obtain an estimate for y(¢) as ¢ — oo which, combined with (2.52) gives
the behaviour of |R(t)| as t — oco. By (2.53) and (2.52),

300 <16 mu(0) +exp () 10— 5] (2000 + 218150+ 5 ) - (25)

With o(t) = 4e exp ( ) lug — ug | as integrating factor,. w(t) = e’®y(t) satisfies

w(t) < 200 o®) + 2exp (S5 + 2 g (W + 3) |

2



34 Equation (1): well-posedness and stability of monotone travelling waves

Since exp (;—Qt + @) — 0 as t — oo, there exist £ > 0 and a positive constant C

such that .
w(t) < exp <2t|¢'|oo) C forallt>{,

and, possibly with a larger constant,
y(t) < exp (2t|¢>’\oo) C forallt >t (2.55)
By substituting (2.55) into (2.52), we get
|R(t)] < exp (;—; + 2t|¢'|oo) lug — ug | r(t) for all t > ¢,
where

0= (20 4+ olaesp (= 161) VO + Zexp ( ~2161) )

is uniformly bounded in ¢. The upper bound (2.27) for ¢' implies 2|¢'|o < 5, thus
|R(t)] — 0 as t — oo. O



Chapter 3

Long time behaviour of (1):
numerical analysis

Preamble: In this chapter we approximate equation (1) numerically.
Numerical examples that reflect the long time behaviour of solutions are
presented. The chapter is complemented with analysis of the equation
posed on bounded interval and a discussion of the numerical methods and
convergence results.

3.1 Introduction

In this chapter we investigate numerically the long time behaviour of solutions of
the Cauchy problem

Uy = Ugg + (U?) g + €%Upey on R x RT, (3.1)
u(z,0) = up(x) in R

To this end we consider numerical solutions of the problem
Up = Ugg + (u)g + Uzee  om (=1,1) x [0,T], (3.2)
with initial condition satisfying
ug(=l) =u ", uo(l) =u" (3.3)
and boundary conditions imposed on the pressure w := u + £2u;, namely we take
w(=l,t)=u  w(,t)=u" forte|0,T). (3.4)

Here v~ and u™ are non-negative numbers, and [ > 0 is sufficiently large.
Equation (3.2) subject to initial data ug satisfying ug(—o00) = 0 < ug(+00) =1
is investigated in Chapter 2, where stability of travelling waves is proved in different
spaces. Nevertheless, these results rely on monotonicity of travelling waves, i.e. &2
must be sufficiently small. Two natural questions appear from this former analysis,
namely whether the non-monotone travelling wave solutions are stable, and what
is the long time behaviour of solutions obtained for initial data satisfying —oo <

35
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up(+00) < up(—00) < oo, and also ug(+00) = up(—o0) = 0, for both small and
large values of 2.

Comparison and maximum principles are generally used to answer these ques-
tions. Maximum principles for a class of pseudo-parabolic equations were studied
in [20]. However these results are not applicable here. For instance, the linear ver-
sion of (3.1) is known not to exhibit a maximum principle, see [67]. Therefore we
concentrate on numerical experiments.

Two numerical schemes are used, one first order explicit, and the second first
order implicit in time. Spatial discretisation is achieved by first order up-wind
schemes, see [45]. In conservative form, equation (3.2) reads

U = Fz-, (35)
with the flux F' = u? + w,, and the pressure w satisfies the elliptic equation
—2Wap + w = u + 2 (u?),.

The conservation form is convenient for discontinuous initial data. As shown in
Chapter 2, if ug has a jump discontinuity at some zy € R, then so does the solution
for every t > 0. Conservation of mass allows one to impose flux continuity at
the location of the jump of the solution, and deal with it numerically. Similar
techniques can be found in [71] or [72], where interface conditions between different
homogeneous porous layers are considered.

Numerical methods for equations of this type are considered, for example, in
[13] and [25], where the finite element method (FEM) is used. These papers are
motivated by the so-called Benjamin-Bona-Mahony (BBM) equation that arises in
the context of long wave motion, see [13] for a derivation of the model. The analysis
carried out in these works results in error estimates, but no jump discontinuities are
considered. We finally mention the work by Schotting, Beliaev and Hassanisadeh
[33], where a numerical treatment of the original problem for a capillary pressure
relation accounting for hysteresis is presented.

This chapter is organised as follows. In Section 3.2 we indicate qualitative prop-
erties of solutions to the problem (3.2)-(3.4). We prove well-posedness, derive con-
servation of mass and state persistence in time of jump discontinuities of solutions.
Our numerical schemes take into account these properties. A global existence result
is also proved.

Section 3.3 describes the numerical schemes, including the treatment of jump
discontinuities. For the implicit scheme we apply an iterative scheme, which is
shown to converge in Section 3.5.

Before presenting the examples, in Section 3.4 we give an heuristic argument for
the expected long time behaviour. To this end we refer to Burgers’ equation with
and without diffusion and apply a scaling argument. Extending this argument to
equation (3.2), we immediately conclude that the long time behaviour is similar
to the one for Burgers’ equation. Hence if the initial data satisfies u= < u™, we
expect asymptotically stable travelling wave solutions. If 4~ > u™, solutions should
rather exhibit a rarefaction wave profile. Finally, if ut = u~ the expected limiting
profiles are approximations of N-waves. The numerical examples given at the end
of Section 3.4 sustain the predictions above.
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It is worth mentioning here that numerical examples also confirm the absence of
maximum principles. When v~ < ug < v~ and &2 is sufficiently large the solutions
evolve to profiles that oscillate around the constant state u™. Also when v~ > wuy >
ut = 0 with 2 large enough, the numerical solutions become non-positive at early
time steps.

Throughout this chapter ||- || denotes the L?-norm, ||-||; the H'-norm and || - ||«
the L*-norm. (-,-) stands for the usual inner product of L?. We introduce the
following coercive (¢2 > 0) bilinear form in H*,

a:(u,v) := (u,v) + €%(ug, vz),

and denote the associated norm by ||-||.. The norms ||-||; and || || are equivalent,
with

lulle < Cellully,  [lully < ceflulle, (3.6)

where C. =1 and ¢, = Eiz if € < 1, respectively C. =e? and ¢, = 1 if ¢ > 1.

3.2 Analytical results

In this section we give some analytical results that are analogous to those proved in
Chapter 2: well-posedness, persistence in time of jump discontinuities, conservation
of mass, and global existence of solutions in H'(—1,1).

To prove well-posedness problem (3.2)-(3.4) is formulated by introducing the
unknown w = u + £2u,;. Formally w satisfies the elliptic equation

—& g +w = u+€*(u?), on (—1,1). (3.7)

with boundary conditions that we take to be w(—[) = v~ and w(l) = u™*. Note that
since u itself is time dependent, ¢ appears only as a parameter in equation (3.7).
In a rigorous manner, w is defined by the non-linear operator

wi=W(u)+ o =G, (u+e(u?),) +, (3.8)
where G, is the Green function associated with the operator (I — 52%), on the
domain (—I[,1) (with boundary conditions w(+l) = 0), and w is a solution of
—&2Wg +w = 0 in [—[,{] with boundary conditions w(+l) = u* . In this way
we end up with the initial value problem

1 1 _

u = (W(u) —u) + =W, on (=1,1) x [0,T] (3.9)
u(-,0) = ug(-) in (=1,1), and uo(£l) = u*. (3.10)

For the problem above we have

Theorem 3.1. Let X = L*(=1,1),H'(=1,1). Ifuy € X, a T > 0 exists so that
problem (3.9)-(5.10) has a unique solution u € C*(0,T; X).
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Proof. The proof follows the ideas in Chapter 2 for the Cauchy problem on R. The
operator £(u) = (W (u) — u) maps X to X, and is locally Lipschitz continuous.
Then by Picard’s theorem for ordinary differential equations in Banach spaces,
equation (3.9) has a unique solution in C*(0,T; X). O

Notice that (3.9)-(3.10) is an initial value problem rather than a boundary value
one. As for the diffusive Burgers’ equation the long time behaviour is expected to
depend on the boundary values of the solution. The next lemma shows that the
solution has the same boundary values as the initial condition. The lemma also
accounts for evolution of discontinuities on the initial condition.

By the variation of constants formula, (3.9) is solved by

w(t) = () exp C—f) 42 /Otw(-,t) exp (%) for t € 0,7], (3.11)

g2
w given by (3.8). From this we obtain the following
Lemma 3.2. Let ug in L*(—1,1), then

(i) If ug has a jump discontinuity at xo, then so does the corresponding unique
solution u. Moreover the jump decreases according to

u(zg,t) —u(xd,t) = exp (;—;) (uo(zy) —uo(xgd)) for allt €[0,T], (3.12)

where by u(zy) we mean the left and right limits of u at zo.

(i1) If 3lim,_, jue(z) = u~ and lim,_,; up(z) = u™, then u solving (3.9) also sat-
isfies
u(—l,t)=u  and u(l,t)=u" forallte[0,T]

Proof. (i) The proof is analogous to the proof of Theorem 2.19 in Chapter 2. We
use continuity of w € H'(—1,1), and (3.11).

(77) Let u > 0 be small enough such that ug is continuous on (—I,—I + p) and
(I = u,1). By (i), u is continuous on these intervals as well, so passing to the limit
in (3.11) as  \, —/ and = [ makes sense. To conclude the proof we use the
boundary conditions on w and on ug in (3.4). a

Lemma 3.2-(7) covers the case of initial conditions with jump discontinuities, in
the sense that %uo = vy + Zi]io Cibs,, with vy € L?, C € R, §,, denoting the
Dirac distribution in z;. In Section 3.4 we consider initial conditions of this form
with a single jump. As for the diffusive Burgers’ equation, mass is conserved if
equation (3.1) is taken on R (see Chapter 2). A similar property holds for problem
(3.9)-(3.10). The numerical schemes for discontinuous initial conditions relies on
this property. We namely have the following

Proposition 3.3. If uy € L*(—1,1), then the flur F = w, + u? is continuous.
Moreover, the solution u of (3.9)-(8.10) satisfies

/ u(z,t)dr = / uo(z)dr — /0 (F(=l,s)— F(l,s))ds fortel0,T]. (3.13)

-l -l
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Proof. We first notice by (3.8) (or (3.7)) and (3.9) that the flux F' defined in (3.5)
satisfies
Fp = Wy + (u?)z = (w — u)/e® (3.14)

in distribution sense. By Theorem 3.1, if uy € L?*(—[,1), then v € C*(0,T; L*(—1,1))
and thus w € C(0,T; L*(—1,1)). It follows from (3.14) that F, € C(0,T; L*(—1,1)).
Also by the definition of F', F' € C(0,T; L*(—1,1)) thus F € C(0,T; H'(—1,1)), and
hence the flux is continuous everywhere. This also holds at the position of a jump
discontinuity.

For the second part we test equation (3.9) with a family of functions ¢; €
Hi(—1,1) and obtain

/Ot /_ll u(y, 8)ps(y) dsdy = glz/()t /_ll(w(y,s) — u(y, 5))es(y) dy ds.

By (3.7) we obtain

3.7)
/0 / (. 5)gss) dsdy = / / (1y(013) + (0, 9) (o) dy
= —A /_l(wy(y,s) + u*(y, 8)) 0y s (y) dy ds. (3.15)

Since F is H' and u; € L? we can take {¢;}s converging to 1 (the constant function)
as § N\, 0. Convergence is understood strongly in L?(—[,1) and therefore holds
almost everywhere. This also means that 9,5 — 6(1) — §(—1) in H~" sense. Now
passing to the limit in (3.15) gives (3.13). O
The next proposition gives stability estimates for equation (3.2), which ensure
global existence of solutions in H'(—[,1). We first need the following lemma

Lemma 3.4. Assume that the boundary values ut,u~ > 0, then there exists a
unique stationary solution h of equation (3.2) such that h(—l) = u~ and h(l) = u™,

and h is monotone in [—1,1].

Proof. A stationary solution of (3.2) must satisfy
W +h?*=C, in[-l,]], withC eR (3.16)

The initial value problem of (3.16) with initial condition 4~ at x = —[ is well-posed
for any C € R. Let us see that C' can be chosen uniquely so that h(l) = u*. Let
hc denote the family of solutions of (3.16) such that ho(—1) = u~. Note that he
depends continuously on C. Clearly, if u™ = u~, h¢ = u™ with C' > 0 such that
ut = +/C is the only possibility. Let us consider next the other cases.

If u= < ut we assume that C > 0 so that A’ > 0, and A > 0. In this case the
equation implies that h"(z) = —2h(z)h'(z) < 0 for all x > —I, and A"(-1) < 0,
i.e. every he with C' > 0 is concave in (—[,l]. Now if C; < C,, then by (3.16)
he, (1) < hg,(=1), but ke, and he, are concave, hence he, (z) < hg,(z) for all
x > —l. Therefore h¢ is monotone increasing in C. This and the continuity in C

implies that there exists a unique C such that hc(l) = u™.
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Similarly, if ut < u~, then from (3.16), if C > 0 such that ut > +/C then &’ < 0.
By similar arguments we then have that A”(z) > 0 for all x > —I, and A"(—1) > 0.
Again this implies that hc(—[) is monotone increasing in C, so that there exist a
unique C' such that A(l) = u™*. If u™ = 0 then C is negative, and similar arguments

apply. O

Proposition 3.5. Assume, ut,u™ > 0 and that uy € {u € H(=1,1) : u(-1) =
u—,u(l) =ut}. Let h be the stationary solution of (3.2) such that h(—l) = u~ and
h(l) = u™, then the solution u of (5.2) satisfies the estimates.

(i) If u= > u* | then t — ||u(t) — h||? is decreasing, hence

l|u(t) = h|? < ||lug — h||§ for allt > 0.

(i1) If u= < u™, then
l|u(t) = h||? < exp(Kt)||uo — h||§ for allt > 0.

where K > 0 is a constant given below.

Proof. Using the weak formulation of (3.7), and equation (3.9), we get equation
(3.2) in weak form as

! ! ! !
62/ umgaz—l-/ utgpz—/ uzgow—/ up, forall p € Hy(=1,1). (3.17)

—1 -1 —l l

Set @ :=u — h, then @ € Hj(—[,1) and satisfies the equation

! ! l l
/ ﬂt<p+52/ Ugt P = —/ awgoz—l—/ (ﬂ)igp, for p € Hg(—l,l). (3.18)

-l l l -l

Testing (3.18) with ¢ = @ we get

li/l(ﬂ2+€2ﬂ2)——/lﬁ2+/lﬂ2h (3.19)
2dt J 4 ’ R A '

Then if u* > v, Lemma 3.4 and equation (3.19) immediately imply the statement.

If w= < w*, by Lemma 3.4, h,(z) > 0 for x € [—[,l], and it is bounded by
C — (u™)?, where C > 0 as in the proof of the lemma, then application of Gronwall’s
lemma implies (%) with K = C — (u™). 0

Remark 3.6. As we have seen in Proposition 3.5, (8.2) admits stationary solutions,
and those are stable in H' if u= > u'. We then expect numerical solutions to
approach the stationary solutions. However if the interval [—1,1] is long enough the
solution will exhibit the long time behaviour of the problem posed on R, until the
solution s affected by the boundary values.
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3.3 The numerical schemes

In this section we describe the numerical schemes we use to approximate equation
(3.2).We use the following notation. Let —l = xy < ... < Z,4+1 = [ be a uniform
partition of the spatial interval [ = [—[,[], with h = z;,1 —x;. Alsolet 0 =1y < t; <
... < tmy1 =T be a uniform partition of the time interval [0, 7], and 7 = #5411 —
respectively. u* and w* are the numerical approximations of u and w solving (3.2)
and (3.7)respectively, at t = k7. Their values at a grid point z; are denoted by u}
and wk.

The discretisation in space will differ for continuous initial data and initial data
with a jump discontinuity. We shall take discrete initial data for which a single
jump discontinuity occurs at the mid-point of the interval [z;, ;4] for some j €
{1,...,n}. This point is denoted by L1 By Lemma 3.2, the jump persists at

T;i1 as k increases. Therefore we assume that at Tii1 the numerical solution u*
2 2

takes two different values u*~ and u®*, which denote the left and right value of u*
at ;1 respectively. The same might be assumed for the numerical solution w* at

time step k, but w is continuous in (—1, 1), since it solves the linear elliptic equation
(3.7). Hence we simply let W* denote the value of w* at Tjp1.
We have implemented the following schemes.

3.3.1 Explicit time discretisation

We write equation (3.2) in conservation form
uy = Fy, with F = wy + u? (3.20)
with w solving the elliptic equation
—& Wy +w = u+&*(u?), on (—1,1). (3.21)

Knowing u* at a given time step t;, we first solve (3.21) numerically, and obtain
the corresponding pressure w”*. Next we use u* and w* to obtain u**! explicitly.

A first order upwind discretisation - that we adopt for gaining in stability - of
(3.21) at t = ¢4, reads

2 2

wf - k- 2uf +wk) =+ (Wl - @hD), (3:22)
with boundary conditions w§ = u~ and w’_ ; = u™. Next u**! is computed by
uftl — b = %(Fiﬁ%—}?i’“_%), fori=0...n, (3.23)
with the discrete upwind flux given by
Fili% = (uf,)? + %(wﬁrl —wF), fori=0...n.

It is easy to check that this one-side discretisation is conservative, see [45], i.e. it
satisfies the discrete version of (3.13).
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When the initial data has a jump discontinuity at z,, 1, we modify the scheme
as follows. We define

_ _ 2
Fﬁ’_% = (uk’ )2 + E(Wk — w;-“),
2
FEL = (u50)” + 3 (w)i = WF),

to be the fluxes at the left and right sides of the jump respectively.
We modify the discretisation of (3.22) at the right and left adjacent grid points

g 9 _
wk — —(w;-“_1 — 2wk + Wk) = uf + ﬁ((uf—kl)Q + (uk’ )2 — 2(uf)2) (3.24)

and

g? £ _
w;'c+1 - E(Wk - 2“);'64—1 + w;?+2) = u§+1 + ﬁ(2(u?+2)2 - (u§+1)2 — (u"7)%). (3.25)

The right hand sides in the above equations are due to the upwind strategy. For
example, (u?), is approximated in (3.24) as (((uf,,)*>+ (u*7)?)/2— (u})?)/h. In this
way at the jump discontinuity we take into account the contribution of u from both
sides. This approach is also consistent with an up-wind finite element formulation.

To determine W* (the pressure at the jump) we impose flux continuity at Tl

ka_ j— k7+ 1 3 k
Fj+% = Fj+% for all k£, which gives W* as

h 2 _
wk = 1 ((uf+1)2 + E(wfﬂ + wh) — (u® )2) for each k. (3.26)
Thus the system of equations (3.22) for i # 7,7 + 1, (3.24), (3.25) and (3.26), gives
w® at every z; and at Tjpi-
To get u* away from the discontinuity we use (3.23), while at z; and z;.1 we
take at the left side of the jump
k o T

u ]+§ ]_%),
and at the right side of the jump (3.23) we take

k,
FiA

k41 k T -k
B ERD

U — U1 =
Finally we have to determine the values of u at the discontinuity, i.e. u**%*. To do
so we use the definition of w, w = u + eu,;. Explicit discretisation of u; gives

-
ubtbE = bt Tk k),
€
Observe that at each time step u™ is not used to solve the equations at the each
time step. This is due to the right up-wind discretisation. However, we compute
these values and use them in the examples.
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3.3.2 Implicit time discretisation
For the implicit scheme we consider equations (3.7) and (3.9). Assuming that u*~!
and w*~! are given, at grid points not adjacent to the jump location the fully

discrete equations read
€ €
wf = Sk, — 20k b uk) = b+ (k)P - (), (320

and -
uf —uft = S (wh —ub). (3.28)

The above scheme is nonlinear, due to the convection term. A straightforward
semi-implicit linearization of (3.27) reads

e
h

In order to get a better approximation to the fully implicit scheme (3.27)-(3.28) we
use the following iteration procedure

wl — _(wf—l - 2“’? + wf—l—l) = uf + (uf;lluf+1 - Uffluf) (3.29)

k,s g2 k,s k,s k,s _ k,s g2/ k,s—1 k,s k,s—1 ks
w; — h_2(wi—1 - 2w;" + wi+1) =y + W(Uiﬂ U1 — Yy u;’),
(3.30)
k,s k-1 _ 7 k,s k,s
U™ — Uy = ?(wi —u;”),

k—1 k—1

where s > 0 is the iteration step. Initially we take u*? = u and w®? = wk1,
i.e. the first iteration solves the semi-implicit scheme (3.28)-(3.29). Under some
restrictions on the discretisation parameters, convergence of u** to the solution of
the fully implicit scheme (3.27)-(3.28) u* (as s /* c0) is shown in Section 3.5.4.

For grid points in the neighborhood of the jump location we mention only the
modifications that are specific to the semi-implicit discretisation (3.28)-(3.29), it-
eration procedure and fully implicit scheme are treated similarly. At z; and x4,
(3.29) becomes

g2 22 B
wh — ﬁ(wf_l — 3wk + 2W*) —uf — T(Uk Lok — ufﬂl uf ) =0, (3.31)
and
k £ k k k k 2¢° k-1, k k-1, k

Observe that now, the flux function reads:

1
k. k=1, k k k .,
Fi+§ S E(wiJrl —wy), fori#j.

At the jump we consider the left and right flux functions

2
ke k1= ke o 2k ok
Fj+% =u u™ + h(W 7))

kA _ k=1 k 2, 4 k
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Then continuity of flux gives the following expression for W*

h 2
Wk = 1 (uf;ll ufﬂ + E(wfﬂ + wf) — kb u’“‘) for all k. (3.33)

Again the definition of w (3.9) gives equations for v™ and ™, in this case

T+ hx T k1,4
(7>u - SWE = (3.34)

In this way we end up with an algebraic system. This includes equations (3.29)
fori=1...j—1landi=j+2,...,n, to which we add equations (3.31) and (3.32),
finally, equation (3.33), the equations (3.28) for i = 1,...,n, and (3.34) close the
system.

Solving this system we obtain a solution for the semi-implicit scheme. Finally,
the iteration procedure is performed for discontinuous initial data with the obvious
changes.

3.4 Asymptotic behaviour

This section is divided in two parts. The first part gives the preliminaries for
understanding the asymptotic behaviour that is observed numerically. The second
part comprises the numerical examples.

3.4.1 Preliminaries

In this section we briefly discuss the long time behaviour that should be expected
for the Cauchy problem of equation (3.1). We first give a review on large time
behaviour for the inviscid Burgers’ equation and the diffusive (viscous) Burgers’
equation, from where we conclude formally the asymptotic behaviour for equation
(3.35).

First we consider the scalar conservation law

uy = (u?), on R (3.35)

Observe that this equation is invariant under the group of scaling transformations
x — Az and t — At, so that if u(z,t) is a solution of (3.35), the family of functions

ux(z,t) = u(zA,tA), for A eR (3.36)
).

satisfies (3.35) as well. In fact there exist solutions of the form u(z,t) = f(
For this equation subject to the Riemann condition

{u+ ifz>0

|8

u” if x <0, (3.37)

it is well-known that if 1 = v~ > u™ = 0 the weak entropy solution is a rarefaction
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wave, a solution of the form u(z,t) = f(%), which is given by
1 if <=2
r(3) =4 43 if—2<%<0 (3.38)
0 if2>0

Equation (3.35) is also invariant under translations in space and time. In fact
if 0 =u~ <ut =11n (3.37) then the weak entropy solution is a travelling shock
wave, namely

_J 0 ifz+t<0
ﬂx+®_{1 if £ +¢> 0. (3.39)

which is also of the form u(z,t) = f(%).

Solutions of the Cauchy problem of (3.35) with bounded compactly supported
initial data, tend to a so-called N-wave, see [46], a solution of (3.35), also of the
form u(z,t) = f(%). In fact, N-waves combine both travelling shock and rarefaction
wave behaviour, in a way that mass is conserved. The graphs of this solutions are

drawn in Figure 3.1 for completeness.

: : 1

(a) Travelling shock. (b) Rarefaction. (c) N-wave.

Figure 3.1: Entropy solutions of (3.35)

These three types of solutions describe the large time behaviour of more general
solutions. One way to prove that is by observing that the scaling (3.36) transforms
the limit problem ¢ — oo into the limit problem A — oco. Indeed, it can be proved
that if up € L*°(R), and the family ug, — vy as A — 0o, where v is the initial data
that gives one of the above solutions of the form v(z,t) = f(%), then the family of
solutions u) converges to that solution v as A — co. In particular

u(Az, A1) > v(z,7) as A — o0

for each fixed 7 € (0,7], and by setting 7 =1, A\ =t and & = ¢
u(y,t) — v(%, 1) ast— oo.

The diffusive (viscous) Burgers equation

Up = Ugg + (u?)g (3.40)
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is invariant under the groups of transformations z — pxz, t — p*t and u — u/p,
and under translation in  and ¢. It is not invariant under the scaling (3.36). In
fact the family u) satisfies the equation

1
Uxt = Xu)\,ww + (ui)x:

which limit equation for A — oo is (3.35). Similarly the limit A — oo transforms
to the limit ¢ — oo, i.e for initial data such that u*t > w~ solutions tend to an
approximation of a travelling shock, which is a travelling wave solution of (3.40),
this being consistent with translation invariance. For initial data with vt < u~
solutions tend to an approximation of a rarefaction wave. Finally for initial data
with 4™ = u~ = 0 solutions tend to an approximation of an N-wave, in this case
a self-similar solution of equation (3.40), which is consistent with the invariance
under the transformations z — px, t — p*t and v — u/p.

These results can be found in [39] and [35]. See also [74] for a more general
theory on asymptotic behaviour of parabolic equations and conservation laws.

Assuming that the same argument can be applied to equation (3.1) we scale
equation (3.1) according to (3.36), then the family u, satisfies the equation

2
1 2 €
Unt = YU zz + (u)\)z + ﬁu/\,mmt-

A

Thus taking the limit A — oo we expect the limiting behaviour as ¢ — oo to be
described by the formal limit equation (3.35). Then in the case v~ < u* travelling
wave solutions are expected to describe the long time behaviour for any value of 2.
In the other two cases we expect solutions to approximate rarefaction waves and
N-waves respectively, as t — oo.

In view of the third order term in the rescaled equation, we expect this conver-
gence to take longer as €2 gets larger, since as long as A < &2 the third order term
dominates.

3.4.2 Numerical examples

In this section we present numerical experiments that illustrate the long time be-
haviour exhibited by solutions of (3.1).

There is no visual difference in the numerical solutions obtained by the explicit
discretisation (3.22)-(3.23), and solutions obtained by the iterative procedure (3.30)-
(3.28); note that the rate of convergence for both method is of the same order, see
Section 3.5. Since the explicit method is less time consuming, we chose it to generate
the examples.

We consider three cases, depending on whether u* is larger, smaller of equal
than u~. The asymptotic behaviour is of the following type:

Travelling waves

We take ut =1 and v~ = 0, and the following step function as initial condition,

1 ifz>0
uo(x)z{ 0 ifzr<0 (3.41)
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Solutions are represented in the travelling wave coordinate n = z + t, each graph
corresponds to the profile at a time step. We have taken the half length of the
interval to be [ = 100. The spatial step size is h = 0.5 and the temporal step size
is 7 = 0.01.

In Figure 3.2-(a) we plot results for €2 = 0.2 at time steps ¢ = 5,10, 15 and 20. In
Figure 3.2-(b) solutions are plot for €2 = 5, at time steps ¢ = 10,15, 20, 25 and 30.
It is easily observed that the profiles tend to overlap (in the travelling coordinate)
as t increases. This convergence takes longer for €2 = 5 than for €2 = 0.2. Finally
we observe that the profile of the solution oscillate around u* = 1 for €2 = 5, this
being consistent with oscillatory travelling waves solutions found for £? > i, see
Section 2.3.

We finally point out that the example with 2 = 5 > % confirms the absence of a
maximum principle, since the oscillations make the solution exceed the maximum
of the initial condition.

Rarefaction waves

We take v~ = 1 and u™ = 0 for simplicity, and as initial condition the step function

{0 ifxz >0

1 ifz <0 (3.42)

uo(z) =

We have taken the half length of the interval to be [ = 200. The spatial step size is
h = 0.5 and the temporal step size is 7 = 0.01.

The solutions are plot in the rarefaction coordinate 7. at each time step. Fig-

ure 3.3 shows results for €2 = 0.2 and €2 = 5 at time steps ¢ = 10,20, 30 and 40.

For both values of €2 the profiles of the solution tend to overlap as t increases.

N-waves

In this section we consider examples for continuous compactly supported initial
data. We namely take the following initial condition
7 if =25 <2 <0
up(z) = ¢ 5 +2 if =50< 2 < =25 (3.43)
0. otherwise

We have taken the half length of the interval to be I = 200. The spatial step size
is h = 0.5 and the temporal step size is 7 = 0.1. The solution is plot in self-

similar variables, i.e. we plot % against u(z,t)v/t for each time step. In Figure 3.4

the corresponding results for €2 = 0.2 and £ = 5 are drawn at time steps t =
50, 100, 150, 200 and 250.

Observe that in this example, with continuous initial condition, we have taken
much larger time step. This is because if we were to compute solutions for step
function intial data as for the previous cases, with steps sizes as in this case, we
would have seen the effect of the boundary values at t = 200. Also, in the travelling
wave case, the profiles of the solution (in the travelling coordinate) overlap already
at approximately ¢ = 20.
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Remark 3.7. Figure 3.5 shows initial jump discontinuities decreasing with time.
The initial data are the heaviaside function, H, and reverse heavisisde function,
1 — H, as in (3.41) and (8.42) respectively. In both cases € = 5. We have taken
7 =0.01, h = 0.5, here l = 200. At each time step, t = 4,12 and 20, the profile of
the solution is plot against the spatial coordinate x.

In Figure 3.5-(a), for small values of t the discontinuity and the oscillations of
the solution generate a peak in the profile. This, however, disappears as t increases
due to the decrease of the jump discontinuity.

In Figure 3.5-(b), the solution becomes non-positive at early time steps. But the
decrease on the jump, pushes up the solution as t increases. In particular the gives
an example of non-positivity.

3.5 Convergence results

In this section we give error estimates for both explicit and implicit discretisation
schemes, assuming the initial data is in H', and the boundary values are homoge-
neous. Convergence results for less regular initial data can be obtained in a similar
fashion, leading eventually to lower convergence orders, but this lies beyond the
purpose of this chapter. In what follows, we let V,, C H}(—1,1) denote the space of
piecewise linear finite elements. These are considered on a uniform spatial grid of
size h and vanish at the boundaries.

The following inequalities will be used in the sequel, their proof being elementary.

[l < 21l {10zul| < [[ull* +[|0.ul* < &7 (||ull® + || dzul|*) (3.44)

[Jul[* < 4lfful| [|0zull = ||ul| < 41[|0yull (3.45)

3.5.1 Error estimates

We first consider only the spatial discretisation of equation (3.2). This consists in
seeking U € C*([0,T); V},) such that, for all x € V}, and all ¢ > 0

(U, x) + 82(tha Xz) = —(Uz, Xz) + ((U2)wa X) (3.46)

with initial data given by (U(0), x) = (uo, x) for all x € Vj,.

Observe that the weak formulation of equation (3.7) allows to write problem
(3.9)-(3.10) in a weak form similar to the above, the solution of which is compared
to the semidiscrete solution. Then we obtain the following estimates.

Theorem 3.8. The semi-discrete solution U of problem (8.46) is defined for all
t > 0, and satisfies the stability estimate

WU @) < Clluollx (3.47)

for allt > 0, where C = C.c. (the constants defined in (3.6)). The approximation
error is bounded by

1U(t) = u(@®)lls < C(|Juol)A* (1 +/0 (lue(@)]x + ||u(V)||1)dV) (3.48)

for allt >0 and s = 0,1 respectively.
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For a proof we refer to [3], where this result is shown in a more general framework,
or to Appendix A.1. The estimates are obtained for a standard finite element
formulation. For stability reasons we have considered an up-wind discretisation of
the convection term. In this case, in which U and 0,U are H', this approach does
not affect the above results, see [69] and [56], and Appendix A.2.

3.5.2 Time explicit discretisation

Applying a forward Euler discretisation to equation (3.46) we look for {U*},_17 C
V}, such that

(UF=U' LX)+ (Us — Ui xa) = =7(Us ) = 7((UF )% xa)  (3.49)
for all x € V},, with U® = U(0) € Vj. In this case we obtain the following
Theorem 3.9. Let U* and u solving (3.49), respectively (3.2), then the approzi-
mation error is bounded by

(73
llu(ty) = U¥|[s < B*5Cy + 7C, / U ()11 dv (3.50)
0

where
01 = C(lluoll) (1 + [l + ||u(u>||1>du) ,

and Cy 1s a positive constant that depends on the uniform bound of the solutions on
[0,T] and on T.
3.5.3 Time implicit discretisation

The implicit scheme can be defined in a similar manner. We seek for {U*},_i., C Vj
such that, for all x € V},,

(U — UM )+ 2(UF — U xp) = —7(UF, x0) — 7((U*)?, xa). (3.51)

T

Testing into this with xy = U* and using (3.52) and (3.44) we can immediately prove
the following a-priori estimates.

Lemma 3.10. Let U* be a solution of (8.51), then
1U*]]e < IUFe (3.52)

for k=1,...,m. In particular
1
U* | < m“uOHE (3.53)

for all m.

The error estimates for (3.51) are obtained in the same fashion as for the explicit
scheme. Details are omitted here.
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Theorem 3.11. Let U and u solving (3.51) and (3.2) respectively, then
123
HU,(tk) - UkHs S hliscl + 7'02/ HUttHl dv (354)
0

where
Cr = C([luol1) (1 +/0 ([ue(@)[]2 + IIU(V)Ill)dV> :

and Cy is a positive constant that depends on T and ||ug)|;-

3.5.4 Iterative process

Here we prove that the iteration procedure described by (3.30) converges to the
solution of the implicit scheme, assuming the boundary conditions are homogeneous
and v’ € Hj(—I,1). To this end we denote My := [|U°||?, then Lemma 3.10 and
(3.44) give ||U*||2, < e My for any k > 0. Now the iterative procedure can be
written, as follows. Fix k& > 0 and let U*~' solve (3.51). For any ¢ > 0 find

Ukt € H}(—1,1) such that for all x € H}(—l,1) we have

(UR5,x) + (€% + 1) (0, U™, 0, x) + 7(UF*7'U*5 0,x) = (U, x) +(0.U"", 0,x),
(3.55)
with U*0 = Uk-1,
For each s, existence and uniqueness of a solution is provided by standard argu-
ments (monotone perturbation of bounded and coercive bilinear forms). Moreover,
the resulting array can be bounded a-priori.

Lemma 3.12. Denote o = 16{2/(161*> +¢) € (0,1) and assume T satisfying

ag? 2¢3
< = . 3.56
T=8EMy  My(1612 + ¢) (3:56)
If U solves (8.51), then for each i > 0 the solution of (8.55) satisfies
1— s+1
U552 + e |0, US| < MU(lia). (3.57)

Proof. The proof will be done by mathematical induction. For U*° = U*F~1 (3.57)

obviously holds. Now fix s > 0 and assume (3.57) for U**~!. Denoting M, the H'
equivalent norm of U**

M, = [[U**]]* + el |9,U"*|?,

by (3.44) we have
[|UFS=H |12 < e M. (3.58)

Taking x = U** into (3.55) and using Cauchy’s inequality yields

U412+ (= 4+ 10U < 72 (U100
R[04+ €l10:0% 1 110:U%
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Applying the mean inequality 2|ab| < v|a|? + |b|?/v for any reals a,b and v > 0
(with v, = 5_1/2M51121/2, vy = 1 and v3 = 1), after multiplying by two we end up
with

2/[T*[2 + 2(e + 7)[|0, U2 < TRt ||UR#| 2 + 270, U2

+[[UFH2 + [|UR*| 2 + £]|0,U* 1|2 + e]|0,UR* .

This can be rewritten as

(1= 2t ) [[UR 2 el UM P < [[UF P+ el U2 (3.59)
The choice of o and (3.56) ensures that the factor multiplying ||U**||? above is
positive. Therefore Lemma 3.10 gives

el|0,U"||* < My,
which, together with (3.45) leads to
[|U*| |2 < 161> My Je.
Applying the last inequality into (3.59) gives
M, = ||U**|? +¢]|0,U"*||* < My (1 + 781> M,_1), (3.60)

which, together with (3.56) proves the induction assumption. O

Remark 3.13. The lemma above guarantees that, under the given restrictions on
T, the iteration array {U**}s5¢ is bounded in H. In fact, by (3.44), for all s >0
we have

My
Vel —a)

In this way we have shown that the iteration array is uniformly bounded in both
H' and L*. We will use this result for proving that the iteration (3.55) converges
to U*.

Theorem 3.14. Let k > 0 be fized and assume T satisfies both (3.56) and

\/564
T < .
My[e* + (1612 + ¢)?]'/2

My

U1 + el 0aU™|* < 1=

< and  [|U*||o <

(3.61)

Then the iteration array {U**},>o defined by (3.55) converges to the solution U* of
(3.51) strongly in H'.

Remark 3.15. Note that both restrictions imposed on T do not depend on k or s.

Proof. In what follows we denote the error at the iteration s by e® := U* — Uk,
Subtracting (3.55) from (3.51) gives

(€%, %) + (e + 7)(0g€%, Opx) + T(U*e®* + UF*e*, 0, x) = 0. (3.62)
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Setting x = e®, Cauchy’s inequality gives
[le*[12 + (e +7)[|0x€”|[* < Te™" Mylle®|| [|0ze°]| + e => My (161% + &) [~ | | |0xe|],

where we have also used Lemma 3.10 and Remark 3.13. Using now the mean
inequality yields
TMU

1
le’I]? + (7 + o)l|0ae’|]* < — | 6ull€’|* + =|[es ]|
2ec1 01

TMU 1
) s—11|2 11.5112 ]
o (Bl 17+ el

My (1612
We choose §; = % and §, = %, then

M2 | o TEME(I61 +6)?
(1= T2 ) el + rlertp < THOEEE D e (3

Since T satisfies (3.61) it follows that

T2 M? T2 M2 (161% + ¢)?
1— vl > v >0 3.64
( 2et ) 2e8 ’ (3.64)
and hence
27et T2 ME(161% +€)? 27et
2 s112 U s—1(12 s—1112
s — |0, < — |0, )
il +284—7’2M(2]|| ell” < e4(2e* — T2 M3) <||e I +284—7'2M(2]|| el

By (3.64), the multiplication factor on the right is less than one, which immediately
implies that e* — 0 strongly in H*. O
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Chapter 4

Linear stability analysis of
travelling waves: Evans function.

Preamble: We investigate the linear stability of travelling wave solutions
of the pseudo-parabolic Burgers’ equation (1), introduced in the introduc-
tion. We search for eigenvalues with positive real part of the linearised
operator obtained from linearisation around travelling wave solutions. For
that we use the Evans function and analyse the appearance of zeros in the
right half plane. The analysis is divided in two parts. We analyse the
problem for small £, where we prove that the Evans function is a contin-
uous perturbation in € of the Evans function for Burgers’ equation. The
analysis of the Evans function is completed by a numerical search of zeros
for large values of €. The numerical examples yield the conclusion that
no zeros with positive real part appear.

4.1 Introduction

In this chapter we analyse the linear stability of travelling wave solutions to the
problem
Up = Ugy + 2Uly + €2Ugyy on R x R, (4.1)

with initial condition
u(z,0) =up(z) in R,

where ug is a bounded function and satisfies
up(—o0) =0, wup(+00) = 1. (4.2)

Equation (4.1) was introduced as a pilot-problem of the model of unsaturated
groundwater flow presented in Chapter 1. The question of stability of these special
solutions was partially answered in Chapter 2. From the integral identities (2.40)
and (2.41) we obtained stability for monotone travelling waves, i.e. for €2 < 1. In
Chapter 3 a numerical investigation shows convergence to travelling wave solutions
when €2 > 1 (see Fig 3.2 where £2 = 5). In order to understand this behaviour we
now concentrate on the linear stability analysis.

57
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In this chapter we define the Evans function D()) for the eigenvalue problem
of the linearised operator corresponding to equation (4.1). The definition follows
the idea of defining the Evans function as a transmission coefficient, see [23] and
[54]. In Section 4.2 we formulate the eigenvalue problem for the linearised operator.
We prove for completeness that this operator generates a Cy-semigroup. Next we
locate the essential spectrum and define the Evans function. In Section 4.3 we
prove that the Evans function converges to the Evans function corresponding to the
diffusive Burgers’ equation (obtained by setting e = 0 in (4.1)) as ¢ — 0. To prove
the limit we use geometric singular perturbation theory, see [27]. In Section 4.4
the limit D(A) — 1 as |A| = oo is proved for ¢ > 0 fixed. This result and the
continuity of the Evans function in ¢ help us carry out a numerical computation
to find eigenvalues. In Section 4.6 we described the numerical method and give
examples for different values of €. The examples lead to the conclusion that no
eigenvalues with positive real part appear for large values of €, and hence stability
of travelling wave solutions is expected.

Preliminaries

First we give a brief overview of the general method. Let us consider a general
initial value problem

uy = Bu+ F(u,u;) on R x[0,7]

u(0,7) = uo(z) in R (4.3)

where B is a linear operator, and F(U,V) is nonlinear. We assume that problem
(4.3) is well-posed in a Banach space X, which is typically L>(R), or the space of
uniformly continuous functions. We also assume that (4.3) admits travelling wave
solutions, i.e solutions of the form u(x,t) = ¢(z + ct), with ¢ > 0, that connect two
constant states: ¢(+00) = ¢t to ¢(—o0) = ¢~.

Before performing the linearisation it is convenient to transform the equation
to the travelling wave coordinate n = = + ct, so that a travelling wave ¢(n) is a
stationary solution of the resulting equation. Let z := u — ¢ and (4.3) becomes

2+ czy=Bz+ Bo+ F(z+ ¢,2z,+ ¢') — cd. (4.4)
Since ¢ satisfies the equation
c¢' = Bo+ F(¢,9¢'),
the linear part of (4.4) reads

OF (¢, ¢') 0F (¢,¢)
ou ‘T Ty M

We further assume that the operator L is an infinitesimal generator of a Cj-
semigroup T'(t). Then an estimate of the form

| T(t)20|] < Me** fort >0 (4.6)

holds for the solution z(t) = T'(t)zy of (4.5), see [51]. The infimum of all possible
w’s such that (4.6) holds is called the type of the semigroup 7'(¢). Clearly if this is

2= Bz + —czy = Lz. (4.5)
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negative, travelling wave solutions are asymptotically linearly stable, in the sense
that ||z|| — 0 as ¢ — oo, where z is a solution of the linearised equation (4.5).
If further the nonlinear operator is locally Lipschitz continuous in X then linear
stability implies stability.

The classical method of finding the type of the semigroup relies on the fact
that for most of these problems, the linearised operator L is sectorial and hence it
generates an analytic semigroup 7'(t), see [51], or equivalently there exist a € R,
0 € (5,m) and M > 0, such that the sector of the complex plane

S:={)eC: 0< |Jarg(A—a)| <O, N\ #a}

is contained in the resolvent set of L, and the resolvent operator satisfies the estimate

I|(AMT = L) < on S. (4.7)

A —al
The last estimate allows to get the following representation of the semigroup

1
T(t)=s— [ (A — L) 'eMdA 4.8
() = 5 [O1=D)7eMa (4.9
where I' is a contour of the spectrum o (L) of L. The contour I' can be taken with
argA — %60 as |A| = oo for some 6 € (7, 7), which together with the estimate (4.7)
implies that the integral (4.8) exists. As a consequence of (4.8) and the semigroup
being analytic the following form of the spectral mapping theorem holds:

e’ = 5 (T(t)) — {0} forall t > 0. (4.9)

The proof can be found in [42].

In general if the spectral mapping theorem (4.9) holds for a semigroup and its
infinitesimal generator, then the type of the semigroup coincides with the spectral
bound of L, i.e. with sup{Re(\): X € o(L)}. The analysis of the stability for the
zero solution of the linearised problem (4.5) then reduces to finding the sign of the
spectral bound of L.

We also observe that if L generates a Cy-semigroup, the spectral inclusion

e’ c o (T(t)), fort>0,

holds, and therefore the type of the semigroup is less than or equal to the spectral
bound of L. In particular, the spectral bound of L being positive is a sufficient
condition for (linear) instability.

The first difficulty in the application of these ideas to our problem, is the fact that
the linearised operator for equation (4.1) does not generate an analytic semigroup.
Moreover, it is not known whether the spectral mapping theorem holds in this case.

Recently, Howard and Zumbrun in [36] concluded stability results of dispersive-
diffusive waves by first estimating the resolvent operator of the linearised operator.
These estimates are later used to prove that an evolutionary Green’s function of the
form (4.8) can be constructed. Further estimates on this Green’s function then give
the stability and instability results. We postpone a similar analysis on the resolvent
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operator in our case, and conjecture the spectral mapping theorem for the moment;
in this chapter we analyse the spectrum of the linearised operator related to (4.1).

The first step of the analysis is to locate the essential spectrum, i.e. the spectrum
of L aside from isolated eigenvalues with finite multiplicity. Even though in most
cases the essential spectrum is contained in the left half plane, instability can still
originate from the appearance of isolated eigenvalues in the right half plane; so after
locating the essential spectrum it is necessary to look at the eigenvalue problem

(L = M)¢ =0. (4.10)

In L*° the eigenvalues are those values of A for which there exist non-trivial bounded
solutions of (4.10), see [34]. In order to find eigenvalues equation (4.10) is written
as a system of first order linear ODEs

Y' = A\ 7)Y, (4.11)

where A(A,n) is an n X n matrix, n being the order of equation (4.5), and Y is the
column vector (¢,¢...¢M).

The coefficients of A(n,\) depend on ¢ and ¢'. This implies that the matrix
A(A,n) tends to constant matrices A*(\) as n — £oo. By standard results on
asymptotic behaviour of ordinary differential equations, see [17], solutions of (4.5)
behave as solutions of the constant coefficient equations Y/ = AY as n approaches
+o0, hence bounded solutions of (4.11) must decay exponentially to 0 at both
n = £oo. This can be measured in terms of a vanishing determinant of a set of
solutions of (4.11). If X is away from the essential spectrum, then a set of solutions
of (4.11) can be formed by & independent solutions that decay to 0 at n = —oo,
and n — k independent solutions that decay to 0 as 7 = co. When the determinant
(or Wronskian) of this set is zero, a linear combination of these solutions give a
bounded solution, hence A is an eigenvalue. This determinant is the so-called Evans
function, see [41], [1] and [54] for more precise definitions. Thus the Evans function
has the properties of being analytic in A aside from the essential spectrum, and its
zeros on this domain are isolated eigenvalues of L.

Finally, observe that A = 0 is always an eigenvalue since translation invariance of
the equation (4.5) implies Lo, = 0. If A = 0 is isolated, and the rest of the spectrum
lies in the left half plane one can consider the projection on X; := ker(L) = span(¢'),
so that X = X; & X,. This allows to pose the linear problem in X5, where the
spectral bound is strictly negative. An estimate of the form (4.6) holds on X,
and hence stability also holds, see [22] or [34]. If zero is contained in the essential
spectrum, a weighted norm might be introduced in a way that the spectrum of the
operator in the weighted space is pushed off the imaginary axis, leaving the zero
eigenvalue isolated. A typical example in which stability is studied in weighted
spaces is the diffusive Burgers’ equation, see [34] and [57].

4.2 The linearised operator and the Evans function

In this section we formulate the eigenvalue problem for the linearised operator L
resulting from equation (4.1). We first prove that the linearised operator generates a
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C%-semigroup. Next we define the Evans function and locate the essential spectrum.
We also prove that the eigenvalue A = 0 is a simple zero of the Evans function. For
simplicity of notation we shall skip the dependence on € throughout this section.

Linearisation around a travelling wave solution leads for z = u — ¢ to the linear
operator

d . _
Lz:= (I - 62d—772) Yzgy + 2(02)n) — 2, (4.12)

Here, as in previous chapters, ¢ denotes the travelling wave solution of (4.1).

By adopting the notation (2.11)-(2.12) of Chapter 2, the linearised operator reads

Lz = A.z + 2B.(¢z) — 2.
With this formulation the next proposition follows easily.

Proposition 4.1. The operator L generates a Cy-semigroup in X = H*(R), L*(R).

Proof. First observe that A, is a bounded operator in X (see proofs in Chapter 2
of Lemma 2.3 and Lemma 2.4). Therefore it generates a Cy-semigroup, that we call
S(t). If T, denotes the translation operator

To(u(n)) = u(n — a),

then for all t € R, T; is the group generated by the operator z — —z,. An easy
computation shows that A, — % generates the semigroup 7;S(t). This is a Cop-
semigroup of contractions, since || T, ||x= 1.

The operator z — 2B,z is bounded in X (see Chapter 2 Lemmas 2.3 and 2.4).
This and the fact that ¢ and ¢’ are bounded imply that the operator z — 2B, ¢z is
bounded in X as well. Hence the operator 2 — Lz = A,z — 2, + 2B.¢z generates
a Cy-semigroup in X, see [51]. O

Assuming now that the spectral mapping theorem holds for L, we now study its
spectrum. The eigenvalue problem of L reads

2

d
0=LC—-A=( - Szd—nQ)*l(C" +2(¢¢)) — ¢ = ¢

or inverting the operator (I — 52%)*1 in (4.12):
A ="+ (20— 1)+ 2¢'C+ (" + A). (4.13)

We transform the eigenvalue equation to a first order linear system of ODE’s.
Let Y := ((, ', ("), then (4.13) reads

@ _

=A(n,NY 4.14
o =AY (414)
where
0 1 0
Aln,A) = 0 0 1 . (4.15)
A—2¢"(n) 1-2¢(n) A= L
g2 €2 g2

The following properties are satisfied by the matrix A(n, A):
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(i) A(n, A) is analytic with respect to A for every n € R and ¢ > 0 fixed.

(i) The asymptotic matrices A*()\) := lim A(n, \) exist for every A in C. The

n—=o0
convergence is uniform in .

The characteristic polynomials corresponding to the asymptotic matrices read

PHu)=e*1>+ 1+’ +p— X for A™, (4.16)
P (u)=e1>+ 1+ —p— X for A™. (4.17)

In order to study the spectrum of the operator, we have to understand in which
regions of C it is possible to construct bounded solutions of (4.10), i.e. for which
values of A a matching of solutions decaying to 0 at —oo with solutions that decay
to 0 at 400 is possible. We look at the roots of the characteristic polynomials P*.
First we introduce the necessary notation.

Each polynomial P* has three complex roots (counting multiplicity) for every
fixed A in C. A*()\) being analytic in A implies that the number of eigenvalues
(counting multiplicity) of A*()\) having negative (resp. positive) real part is con-
stant as )\ varies inside any of the connected components of the sets C — ST, where

S%:={\ e C: A*()) has purely imaginary eigenvalues}.

Those sets for AT are

2 2.2
v _ T (1 —¢€%17)
ST = {AeC: Re()\)—71+8272, m()\)—71+827_2 , 7 € R}, and
2
—T

ST = {AeC: Re(N) Im(\) = —7, 7 € R},

T 14e2r?
see also Figure 4.1. Qf is the component containing the interval (0, +00), Q7 is the
component containing the interval (—z5,0), and € is the component containing
the interval (—oo0, —#) The simply connected components of C—S~ are: €2 is the
component containing the interval (0,+o00), and 2, is the component containing
the interval (—oo,0).

In the sequel () for i € {1,2,3} will denote the eigenvalues of A*()\), vi will
denote the right eigenvectors of A% given by

t
and wi* denote the left eigenvectors of A* such that vwi = 1. Thus w" are given
by

2
Pt ()

1 1 1

Here the subscript p indicates derivative with respect to p.
In the next lemma we study the sign of the real part of the roots of polynomials
P* for X in each of the above connected components.



4.2 The linearised operator and the Evans function 63

A-plane

(a) Sign of real part of ut’s. (b) Sign of real part of p~’s.
Figure 4.1: Distribution of sign of eigenvalues of P*.

Lemma 4.2. For each € > 0 fized, the signs of the real part of the eigenvalues of
A* change with \ as follows:

If XeQf, then Re(uf(N\) > 0 > Re(us())
if AeQf, then 0 > Re(uf(N)
if AeQf, then Re(u (V) > Re(us (A

> Re(pg (1))

) > Re(uf ()
) > 0> Re(ug (X))

Finally,

if A€, then Re(uy(A)) > 0 > Re(uy (A)) = Re(uz (X)),
if A€ Qy, then Re(uy()) > Re(uy(A) > 0 > Re(ug (M)

Proof. The result holds by application of the Routh-Hurwitz criterion, see for in-
stance [17]. We sketch the criterion for a third order polynomial in Appendix B.1.
The method allows to count the number of roots with positive real part of a polyno-
mial with real coefficients. Since in each component of C — S* the number of roots
with positive (resp. negative) real part does not change, we can apply this criterion
by assuming that X is real. Therefore we apply the criterion to Pt separately for
Ain (=00, —55), Ain (—55,0) and A in (0, —00), and to P~ separately for A in
(—00,0) and A in (0, c0). O

The sets fol’C are depicted in Figure 4.1, as well as the sign of the real part of
the roots of the polynomials P*.

We are now ready to define the Evans function. We follow the idea in [54]. Let
Q:=QFNQ, . For all A € Q there is a unique solution Y~ of (4.13), which behaves
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as exp(u;n)v;y as n — —oo. Thus for all A € Q, Y~ decays to 0 as n — —oo by
Lemma 4.2. We take the Evans function D()) to be the transmission coefficient
such that

Y~ (z,A) ~ D(\)e!t Myt as p — +oo. (4.18)
for all A € Q. Clearly by Lemma 4.2, if D(A) = 0, then Y~ decays to 0 as n — o0,
therefore A is an eigenvalue and Y~ its corresponding eigenfunction. Conversely if
Y is an eigenfunction for some A € €2, then Y must be a multiple of Y~. This is
because other independent solutions of (4.13) do not decay to 0 as n — —oo (they
behave as exp(uy 7)v, and/or exp(uz n)vy when n — —o0).

D()) can be expressed as the scalar product

D) = ZtY~, (4.19)

see [54], where Z*, a row function, is the solution of the adjoint system azt

dn
—Z1 A, such that
7~ e Oyt a5 — +o0.

The following properties are satisfied by the Evans function.
Lemma 4.3. (i) D()\) does not depend on n. (ii) D()\) is analytic in the domain
Q:=QFNQ-. (i) Also D(A) = D(}).

The first statement is immediate from the formulation (4.19). Analyticity holds
by standard arguments for ODE’s and (4.19). The last statement holds by using

the symmetry A(n, \) = A(n, ).
Remark 4.4. A second Evans function can be defined as a transmission coefficient
on the set Q" U Q. In this case the Evans function is obtained as the coefficient

D()) that makes N
Y+t ~ D(A\) exp(uzn)vy asn— —oo,

here Yt is a solution that behaves like exp(uj)vy as n — oo (it decays to 0 as

n— 00). D()\) satisfies Lemma 4.8 on QFuQ.

In order to locate the essential spectrum we observe that the operator L — A\l can
only be inverted in regions of the A-plane that allow consistent splitting of roots,
i.e regions where P~ and PT have the same number of roots with positive (resp.
negative) real part. This is because a Green’s function for the operator L — AI can
only be constructed by matching linearly independent solutions of (4.13) that decay
to zero as n — oo to linearly independent solutions that decay to 0 as n — —oo. If
for some A these solutions are linearly dependent, X is an eigenvalue. Observe that
in the regions of consistent splitting the Evans function is analytic and its zeros
are eigenvalues of L. Thus eigenvalues must be isolated in regions of consistent
splitting, whereas the rest of points are in the resolvent set.

In our case 2 and ©; NQ;" are the regions of consistent splitting. We then have
the following proposition

Proposition 4.5. The essential spectrum of L is the set

C\ (QU (& nQN)) = (Q N U (& NOY).
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Figure 4.2: Essential spectrum

The essential spectrum is drawn in Figure 4.2. Clearly L is not sectorial.

As mentioned in the introduction, A = 0 is always an eigenvalue of L, with
eigenfunction ¢, but 0 ¢ Q. In fact the function D(A) can be extended through
the essential spectrum to a neighbourhood of A = 0. Moreover it can be extended
through the essential spectrum to a neighbourhood of the set S™, as it is shown in
the next lemma

Lemma 4.6. There exists an open set Q0* in C that contains the sets S~ and €2,
such that for all € > 0, D()\) is well-defined and analytic in QF.

Proof. Observe that D()) is well-defined for all A such that

Re (' (A)) > Re(pz (A)), Re(pg (V) (4.20)
Re(ui (A)) > Re(py (1)), Re(uz (V). (4.21)

These conditions are satisfied for A € S7. Indeed, if A € S, then A\ = 14;—7212 — T
for 7 € R, and the eigenvalues of P~ are
_ —14+ A3 o —1— A3
pr(A) = T 9gz py (A) = 7i, pz(A) = T 9z
where A = 1+4e2(e272 + 1 4 £*72) — 4ire%(1 4+ 7%2), with Re(Az2) > 1, this implies
(4.21). Also if A € S7\{0}, then XA € Q;, and (4.20) holds by Lemma 4.2. Finally
if A\ =0,
—1+ (1 —4¢%)> —1 — (1 —4¢%)>2
+(0) — +((0) — +(0) —

My (0) - 07 Ko (0) - 252 y M3 (0) - 282 )
hence (4.20) also holds. Since i are analytic in A € Q, there exists a neighbourhood
U of S~, in which (4.20) and (4.21) hold, and hence D()) is well-defined. O
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Then D(0) is well-defined and clearly D(0) = 0. In the next lemma we compute
D'(0).

Lemma 4.7. For alle >0, A\ =0 is a simple zero of D()\), with

2¢?

PO=tme

Proof. For the purposes of this lemma we adopt the notation Y~ = (y;,v5,93)
and ZT = (2], 25, 25 ), for the components of the vector functions Y~ and Z.
The first derivative of D()) is computed similarly as in [54], it reads

b= [ (20980010 s

D) ( @t =y + A ) 4w d”cgi”) .

see Appendix B.2. Clearly if A is an eigenvalue the derivative reduces to D'(\) =

[22, ZT44Y~ hence
/! oo 1
pO= [ (5w ). 4.2

An eigenfunction for A = 0 is ¢/, and ¢ ~ uj (0)exp(p; (0)n) as n — —oo, then
- 1
L)
From the adjoint equation we see that z3 satisfies

(z5)"e* = (25)'(1 = 2¢) + (2)",

. ot
and from the choice of w3, 25 must behave as e=#1 (0

52 3
BF Gy 27 — 4-00. Using
that i (0) = 0 and P*(/ﬁ(())) = 1 implies z;7 = &?. Finally substitution of
y; = (u)7 ¢ = 1+\/1+—4¢I and z; = £? into (4.22), and computing this integral

finishes the proof. O

4.3 Behaviour of D as ¢ — 0

In this section, we prove that the Evans function of (4.1) converges to the Evans
function of the diffusive Burgers’ equation as ¢ — 0.

To avoid confusion we will write the Evans function related to (4.1) as D.()), and
its domain * as Q. The polynomials P* will be written as P=, and their roots will
be written as ,u for 1 = 1,2,3. We shall also write the travelhng wave solutions

of (4.1) as ¢.. No subscript or the subscript 0 will mean that the set, function,
polynomial, root, or travelling wave solution corresponds to Burgers’ equation (¢ =
0).

Let us recall briefly the linear stability problem corresponding to equation (4.1)
with ¢ = 0. We consider travelling wave solutions of Burgers’ equation that connect
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0 at —oo to 1 at +00, hence the wave speed is 1, and the travelling wave coordinate
is 7 = x +t, as for the ¢ > 0 problem. The eigenvalue problem reads

AC(n) = ¢"(n) + (26(n) — 1)¢"(n) + 24/ (n)¢(m), (4.23)
or written as a first order system of ODE’s
Y' = Ao(n, )Y = ( 0 ! ) % (4.24)
A—2¢'(n) 1—2¢(n)
with Y = ((,¢’). The characteristic polynomials of the limit matrices AT are
Pif(p) = p* + p— X = 0 with roots pf, = =HHA 0 f) = =I=HA and
Py(p) = p* —p— X = 0 with roots p, = LV oo = VA Clearly

Re(pi3) < 0 < Re(uiy), for all A such that Re(\) > —1.
The Evans function is then defined by
1
Do(\) =Y~ Z", for all X such that Re(\) > T
where Y~ is a solution of (4.24) that satisfies Y~ ~ exp(uyon) vy, asn — —oo,
with vy = (1,u1,). And Z* is a solution of the adjoint system to (4.24) that
satisfies Z~ ~ exp(—pyn) wiy as n — +oo, with wy the left eigenvector to 7,
such that wi(1, ufy) = 1.
We will need the behaviour of the eigenvalues of PE for ¢ small, this is done in
the next lemma.

Lemma 4.8. If A € C such that Re(\) > 0, then

(V) = pip(A) + O(€%), 12 (N) = pap(A) + O(e?),

1
and iz (A) = ke (1+X)+0(e?) ase — 0.

Proof. The roots of Pj () are simple if A has positive real part. By the implicit
function theorem there are two roots that approach those of P uniformly in A € €2},
for * > 0 sufficiently small.

By using asymptotic expansions in € of y, we get the behaviour

9 _Nfo(/\)(/ﬁfo()‘) +A)

+0(e), fori=1,2 ase — oo.
1+ 2755(N) ()

pie(N) = nip(A) +¢

We employ the scaling p = 5%5 in P*, and apply the same argument as above to
the scaled polynomial, for which —1 is a simple root. This gives the third root,

1
Y, = —— =1+ +0(g?) ase® — 0.
’ €
O
Theorem 4.9. For every A € C such that Re(A) > 0, D.(A\) = Dy(\) as e — 0.
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Proof. We first observe that the solutions Z. of the adjoint system of (4.14) are of
the form Z, = (2! — (1+&?M\)z./e? + (20 — 1)z /e, —2L + (1 +&2N)z. /€2, z.), where
z. satisfies the equation 2z = —Az. + (1 — 2¢)z. + (1 + £2))z”. Also a solution
Z of the adjoint system is of the form Z = (—2' — (1 — 2¢)z, z), where z satisfies
2'(1 — 2¢) + 2" = Az. Then computing the inner product (4.19) we get the Evans
functions for ¢ =0

Do(A) = Z*Y™ = (—' + (26— 1)2) + ¢’

and the Evans function for € > 0
+y— o (2 -
D.(N)=2Z7Y =¢ (5—2>Y5 =
2! Ze Ze 2zl Ze Ze
Ce (6—252 -1+ aQA)E—2 + (26 — 1)5_2> + ¢ (_5_282 +(1+ 52/\)5—2> + §£'€—252.

We have divided z, 2. and 2” by £* in D, so that the limit ¢ — 0 makes sense.
In fact if for some 7y € R, (., ¢!) — (¢,¢") uniformly in some interval (—oo,n),
(2:/€%, 2L /€*) = (2, 2') uniformly on (1, o), and ¢, — ¢ uniformly on R as ¢ — 0,
the result holds. The limit for ¢. can be analysed separately. The proof is similar
to the proof of Proposition 1.7 in Chapter 1. Next we prove the limit for (.. This
is a singular limit. We shall apply geometric singular perturbation theory (GSPT),
see [27] and [40]. For that we need to augment system (4.10), so that it becomes
autonomous. We simply add the travelling wave equation. The complete system

reads
!

' =w
v =w
(S)R e*w' = (A —2)u+ (1 —2¢)v — (1 + &2N)w
!
=9
e = ¢ —¢* — 9,
here © = (. In the context of GSPT this is the slow system. The fast system is the
system reformulated in the variable £ = E%n, in this case
U= &%
v = &%w
(F)q w= A =2)u+ (1 —2¢)v — (1 + &*Nw
0 =c
b=¢— ¢ =1,

where the dots on top stand for d%. The limit € — 0 for (S,) is not well defined. The

formal limit equations (taking e = 0 in (S.)) can be seen as a flow on R® restricted
to a 3-dimensional manifold My, which is given by the singular equations, i.e.

MOZ{(’U,,’U,’(U,d),Q,[’) ERE’: w = (/\—2¢’)U+(1—2¢)U, ¢:¢_¢2}

The aim of using SGPT is to restrict system (S;) to a 3-dimensional manifold which
is close to M, for ¢ sufficiently small, and in which the limit ¢ — 0 is regular. Part
of the information to find this manifold is provided by the fast system (F:). M,
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coincides with the manifold of critical points of (Fp). Under the condition that M
is normally hyperbolic for (Fp), the first Fenichel’s invariant manifold theorem, see
[26], gives existence of a manifold M., which is a C* e-perturbation of M;, and that
is locally invariant under the flow (F.).

The eigenvalues of the linearisation of (Fy) are {0,0,—1,0,—1}. Only the —1
eigenvalues (the eigenvalues with non trivial real part) have eigenvectors that are
transversal to My, thus M; is normally hyperbolic. We use the Fenichel’s invariant
manifold theorem reformulated in [40], which is suitable for manifolds given by a
graph on R". Then for all R > 0, and for all k¥ € N, there exists an ¢y > 0,
depending on R and k, such that for all ¢ € (0,&¢) there exists a locally invariant
manifold of system (F.), given by

M. ={(u,v) € Bg(0), p € (—R,1+ R): w=S(u,v,0,¢,\), Y =V(p,¢)}
with @ in C¥(Bg(0) x (=R,1+ R) x [0,5¢]), and ¥ in C*((—R,1 + R) x [0, &¢]).
Also (u, 0, 6,0,A) = (A— 2(6 — ¢)u + (1 — 26), and ¥(,0) = 6 — &
M, is in turn also locally invariant under the flow (S.); we can consider (S;)
restricted to M., this reads

u =wv
(SR v =®(u,v,d,e,N)
¢ =V(e,e),

and is now a regular perturbation of the system

u =
(So) {4 v'=®(u,v,0,0,\) = (A —2(¢p — ¢?))u+ (1 — 2¢)v
¢ =T(4,0) = ¢ — ¢*.

The critical points of (Sp) are (0,0,0) and (0,0,1) if A # 0. From the implicit
function theorem it follows that for ¢ > 0 small there are two critical points of (S7),
thus they correspond to the only critical points (0,0, 0,0,0) and (0,0, 0,1, 0) of (S.),
hence (0,0,0) and (0,0, 1) are the critical points of (S.). Observe that there exists
a 2-dimensional unstable manifold coming out of (0,0, 0) for system (Sy), which at
(0,0,0) is generated by the eigenvectors {(1, 1454, 0),(0,0,1)}. Next we see how this
manifold perturbs to an unstable manifold of system (.S;).

First we observe that the linearisation of (S.) around (0,0,0,0,0) gives the 2-
block matrix

)

B(e) results from linearisation of the travelling wave system around (0,0), and
A~(Ae) = lim A(n, A e). We distinguish between fast and slow eigenvalues. The
n——00

fast eigenvalues are those which in the fast scaling approach —1 as ¢ — 0, i.e. they
approach the eigenvalues of (Fy) which have eigenvectors transversal to M.
The matrix of the linearised system around (0,0, 0) of (S!) is

0 1 0
®,(0,0,0,,)) ®,(0,0,0,6,) ®4(0,0,0,,A) | . (4.25)
0 0 0,(0,¢)
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Since M, is locally invariant under the slow flow (S;), the eigenvalues of (4.25)
must be eigenvalues of the matrix resulting from linearisation around (0, 0, 0, 0, 0) in
(Se). In particular the eigenvalue U, (0, ¢) is the positive eigenvalue of the travelling
wave problem at (0,0), i.e. wy := —HYIHE =1 ¢24 O(e?) ase — 0. The negative
eigenvalue of B(e) is a fast eigenvalue since w, = =Y ”518““152 =5 —1+e2+0(e
as ¢ — 0.

Also the eigenvalues given by the 2 x 2 minor on the top left of (4.25) must
correspond to eigenvalues of A7(A,¢). These are the slow eigenvalues p, , and p,_,
since by Lemma 4.8, the remaining is a fast eigenvalue.

By the stable manifold theorem and continuation of solutions in parameters,
there exist a 2-dimensional unstable manifold WY (0) of (S.) at (0,0, 0), which is a
C* perturbation of the unstable manifold at (0,0, 0) of (Sp). Locally the manifold
WY (0) is generated by the eigenvectors {(1, u;;,0), (0,0,1)}. Hence solutions of S
on the orbits of W’ (0) behave as a linear combination of exp (g ,7)(1, 19,1, 0) and
exp(n)(0,0,1) as n — —oo. And solutions of S. on the orbits of WY (0) behave as a
linear combination of exp(u_;)(1, 1z ;,0) and exp(win)(0,0,w;) as 7 — —oo. Then
(ue(n),v:(n), dc(n)) — (u(n),v(n), ¢(n)) as & — 0 uniformly on (—oo,7). Since
¢ and ¢. are travelling wave solutions, and the solutions belong to the unstable
manifolds we get (C., ¢!) — (,C') on (—o0, o).

The argument for the adjoint problem goes similarly. But first we have to intro-

duce w = %, and hence study the system

Similar arguments apply here, the limit being (u., ., ¢¢) to (u,v, ¢) as ¢ — 0, with
W, ~ exp(—pn) and v ~ exp(—pg7n) as n — oo, where (u,v, ¢) solve the system
resulting from setting € = 0 in the above sets of equations. O

4.4 Behaviour of D()\) as |\| = o

In this section we prove that D(A) — 1 as |A\| = oo for A € Q. We first consider
the limit for ¢ > 0 fixed.

We follow the approach by Pego and Weinstein in [53] and [54], and repeat
the arguments for completeness. The proof is completed by verifying the sufficient
conditions in our particular case. The second case turns out to be easier, the idea,
explained below, appears for instance, in [75].

In order to prove the limit we shall write the Evans function as D(A\) = ZtV-" WY,
where V'~ is the matrix of right eigenvectors of A~, and W~ the matrix of left eigen-
vectors of A~ such that WV~ =1, i.e.

Vo= (U;’UQ’U?:)’
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and

W= (wf’ w;’w:;)t'
Similarly, V* and W will be the corresponding eigenvector matrices of AT. We
will prove the limit in Proposition 4.12. Namely, we prove that W~ (A)Y (), 0) ~ e;
as |\| = oo, and that Z*(\,0)V*()\) ~ €} as |A\| = oo, where e; = (1,0,0)%. This
requires a transformation of the system (4.14), and estimates on the matrix function

Fipy = { £V =IO AN - ANV 20y
’ F=(n,A) :=W=(A) (A, A) =A~(A) V=(}) ifn <0. '
Observe that if X = WY, then X' = F~ X + diag(py, 4y, p3 ) X. Then if F — 0
as |[A| = oo, X~ = WY~ ~ exp(u;n)e; for all n € R, as [A| — oo. Similarly, if
X =V*Z then X' = —ZF~ —diag(u], us, ug )X, so that if F — 0 as |\| — oo then
X+t =V*tZT ~ exp(—pin)el. If in addition uf ~ py as [A| = oo then D(A) — 1
as |A| — oo. Unfortunately if e > 0, F — 0 as |A\| = oo does not hold, and the
estimates presented in Lemma 4.11 below are needed to conclude the limit.

We start with a lemma that accounts for the behaviour of eigenvalues of the
matrices A% as [\| — oo.

Lemma 4.10. Let uz?t, i = 1,2,3 be the roots of the polynomials P for \ € €,
then if € > 0 is fized

p; ~pd o oas |\ = oo fori=1,2,3.

Moreover
1
ur=Z+O0(N™) s |\ oo,
1
pi =2 +O(A™) as A = oo,
1
pE=-A— = +O(A™)  as |\ — .
Proof. Let 6 = |A\|7!, and § = arg \ so that A\ = %. Reasoning as in Lemma 4.8,

we get the asymptotic expansions

1 1 )
= 1—1—=)—— 2 —
i 6+<:F 6) 262962+O(5) as 0 — 0

and

1 1 0
+ 2

In order to capture the third eigenvalue, the one with least real part, we scale the
polynomials P* by setting i = §%u, with o > 0, then

~ 160
5 Pi(é%) =i + (1 + 52%> f2 6% £ 1 6% — ¥ g3, (4.27)
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For ¢ fixed, the dominating terms are the third order term and the second order
term, thus we take o = 1. this gives

- 1 1
p=—e’ — 5_26+ 0(6%), hence pz=—-\— = + O(9).

O
The following lemma states the crucial estimates on F.
Lemma 4.11. F satisfies the following properties
(i) If ey denotes the vector (1,0,0), then
/ |F(s,\e1lds — 0 as [N — oc.
(ii) There exists C > 0 independent of A such that
/ F(s,\)|ds < C as |\ — oo,
(iii)
/ |F(A\,s)|ds =0 as mny— —oo uniformly in X € €.
[s|>no
Proof. Let us write
mii T T3
FE=W*A-AHVE=| ryry, ry where
Ee
T31 T32 T'33
2¢' 20 —-1F1
i 2 o a20-1F1, (4.28)

= 5+ 13 5
TP 7 PE(u)

Then it is enough to prove that

0 [e'e)
/ \r;j(A,s)|ds+/O (A 8)ds 0 as A oo forj=1,2,3  (4.29)

0 00
/ 135 (s)| ds +/ |1ij(s)|ds < C uniformly in A foré,j =1,2,3 (4.30)
0

o

—To e}
/ 13 (s)| ds +/ |rij(s)|ds — 0 as my — oo uniformly in A,  (4.31)

0 0

fori,5=1,2,3.

Next we prove the necessary ingredients to get these estimates. Observe that since

¢ tends to zero exponentially as n — —oo, and ¢ — 1 tends to zero exponentially as
n — oo, then

/Ooo ¢(s)] ds < oo, /_ 1¢/(s)] ds < oo, (4.32)
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also

/0 [p(s) — 1] ds < oo, / s)| ds < oo. (4.33)

From this, it remains to show that the constant coefficients of the elements 73 of F
in (4.28) do not spoil the limits (4.29)-(4.31). Using Lemma 4.10, it is not difficult
to prove that

1 .
——— =0 as |\ s oofori=1,2,3,
Pu(k7)
also
71
—0 as [\ —ooo for j=1,2,1=1,23,
Pu(,uzi)
and
My My
—0 as [N —oo00, —=—c as [N\ fori=1,2.
Pu(p3) Pu()
These estimates together with (4.33) and (4.32) imply (4.29)-(4.31). O

With these two lemmas the proof of the limit for ¢ > 0 fixed is now analogous
to the proofs of the limits in [54] and [53]. We have the following proposition.

Proposition 4.12. Let e > 0 and A € €, then the Fvans function, defined by (4.18)
satisfies
D(A\) =1 as [N — oc.

Proof. Let uswrite D(A) as D(A) = ZT(A\,0)V~(A)W~(A\)Y (A, 0). Next we prove
that W= (A)Y™(A,0) ~ e; as || = oo.
Let v = —e; + e "W Y~ and v(—o00) = 0, then v satisfies the equation

d
d_nv =F (v+e)+W (AV —pui Do+ W (AV™ —ui e

Since (A~V~ — p; I)e; = 0, using the variation of constants formula we get for any
n<0,
1
o) = [ e B - )F (h)(uls) +e) ds

where B(A\) = W—(A~V~ — pu;I). Observe that B()) is a diagonal matrix, which
entries are all non-positive, hence

1
[v(n)| < sup|v(s |/ (A s |ds+/ |F~(A, s)|ds.
s<n —00

Then Lemma 4.11 (44) implies that there exists 7 sufficiently small such that
™ |F=(A, s)|ds < § for all A € Q, then

7o
sup |v(s)| < / |F(A\,s)er|ds =0 as |A] = oo. (4.34)

s<no (7]
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Using again the variations of constants formula we get at 7 such that ny <n <0

v(n) = v(no) exp B(A)(n — mo) + /n exp (B(A)(n = 5)) (X, 5)(v(s) + e1) ds,

70

hence
n n
lw(m)| < Clo(m)| + C / F~(\ s)e|ds + C / (A, 3)lo(s)| ds,
0 70

where C = |exp(—B(\)mo)|. By Gronwall’s lemma, Lemma 4.11 (i) and (4.34), we
get

n 7
ol < e (€ [Tl ds) (1ol + [ 1709l ds) o)
0 0
as |\ — oc.

This proves W~Y ~(),0) ~ e; as |[A\| = oo. Similarly one proves that ZtV+ ~ €} as
|A| = oo. Lemma 4.10 implies V~ ~ VT as |\| = oo, and hence Z7(A,0)V "~ ~ €}
as |\ — oc. O

To prove that D.()) is continuous in € = 0, one follows the same steps as for the
case € > 0, but taking the limit € — 0, so that the conditions on F' as in Lemma 4.11
are not spoiled in the limit. Checking this is arduous and we shall not write it here.
We state the result in the following proposition.

Proposition 4.13. D.()) is continuous in € > 0 for all A € QU co.

4.5 Small ¢

In this section we prove that there are no eigenvalues of L with positive real part if
2 1
et < <.
=1

Proposition 4.14. If¢? < i, then D, does not have zeros in the right half plane.

Proof. First we assume that )\ is an eigenvalue such that Re(\) > 0, and that ( is
the corresponding eigenfunction. Hence by integrating the characteristic equation

(4.13) we get
)\/ Cdn=0.

Let € := f_"oo ¢, then & and its derivatives decay to zero as n — £oo. Also £ satisfies
the equation

M- D yem (L s-ny e L (435)
dn?2’ > ‘dn dn?”>" '
Now following the hypothesis Re(\) > 0 we have
o8] ) d2 ) d2
-2 ye(q—2 e =
O<Re()\)/_oo( ) €U~ )6

00 d 2d2 2d2 i
Re(/ (d—n+(2¢—1)+5 d—nZ)é},(I—a d—nQ)é) (4.36)

—0o0
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where * denotes complex conjugate. Then

0< Re(/ (&mf* + (2¢ - 1)6776* + 52(57777175* - gnng;;n - (2¢ - 1)5776;;77

“+oo

—Emtyy) d) = — / (1€ (1 = €%¢") + #'I&[* + €| [*) dn. (4.37)

—Q

We know from Chapter 2 Section 2.3 that if e < § then ¢' > 0 and from (2.27)
we get (1 —e2¢’) > 0, which contradicts (4.37). Hence Re()\) < 0. Now if Re(\) =0
but A # 0 following the same steps as before we end up with

+00
0= _/ (‘fn|2(1 — 82</5') + ¢I|f|2 + 52‘&77)‘2) dn,

and hence £ = 0. Notice that this does not give a contradiction for A = 0.
O

Remark 4.15. We can argue similarly if \ is an eigenvalue with real part smaller
than —6%, and €2 < i. If we assume that X\ is an eigenvalue, we call again by C its

corresponding eigenfunction, and take & = ffoo ¢, we get

0> (Re) + %) [ (1= 0)6 U ~ 06" =

+00 -

— [ - )+ el + ) i +
1 oo 2 2 *
= (I —e0p)E (I —e°0py)E" =

e’} 400
| avesiels [ G-aerzo,

a contradiction.

4.6 Large : numerical search for zeros

So far we have seen how the analysis for ¢ small confirms the stability results of
Chapter 2. The aim of this section is to provide numerical evidence of linear stability
of travelling waves for large values of €. Before we present the numerical results we
state the proposition which tells that zeros of D, can only emerge in pairs through
the imaginary axis as ¢ increases.

Proposition 4.16. Suppose that there exists €* > % such that D.« has a zero at

some \* with positive real part. Then there exists & € (%, e*] such that Dz has a pair
of zeros in the imaginary axis aside from the origin.

Proof. It is a consequence of the continuity of D, in &, Proposition 4.12 and
Rouche’s theorem. Rouche’s theorem says that if two analytic function are close to
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each other in a simply connected domain, then they will have the same number of
zeros (counting multiplicity) in that domain; since for e < % there are no eigenvalues
with positive real part in the right hand plane, the only way zeros can enter this
domain as ¢ increases is if they pop up from co or cross the imaginary axis from the
left half plane.The first possibility contradicts Proposition 4.12. Thus for D, () to
have a zero in the right half plane, there must exist £ < £* and A with Re(\) = 0
such that Dz(\) = 0. X # 0 since by Lemma 4.7, D'(0) # 0 for all . Then \ = 7i
for some 7 € R\{0}, and Lemma 4.3-(73) implies that D-(—77) = 0 as well. O

We compute numerically the Evans function along the imaginary axis. Since
by Proposition 4.12, zeros of D.(\) only enter the right half plane through the
imaginary axis, we take the imaginary axis as a wide contour around the right half
plane. We look at the number of times that the graph of the curve 7 € R — D(71)
wraps around the origin (Winding number), this gives the number of zeros of D())
in the right half plane, and hence, the number of isolated eigenvalues of the operator
L.

In Figure 4.3 we have plotted the graphs of D, along the imaginary axis, for
several values of €2, including ¢ = 0. As a guideline to interpret the results notice
that if a new zero of D appears through the imaginary axis, the curve D(7¢) must
intersect itself at the origin (since D = 0 for 7 = 0, for some 7 = 7 and —7). However
the numerical results do not exhibit this self-intersections. And the evolution of the
graphs with respect to € suggest that this is not going to happen at very large values
of €.

We have approximated the Evans function at each A-value by first transforming
Y~ by

V7= (n,A) = exp(=pi(n, )Y ™ (n, A),
where

pr(A) ifn <ng
JA) = .
pa(n, A) {MT()‘) it n > nm,

for some 7, € R. Now V™ satisfies
YV (n,A) ~v_(A\) asn— —oo
V=(n,A) ~vy (A)D(N\) asn — +oo,
and the equation
dV—(n,\)
dn

We approximate numerically this equation on a finite interval [ng, 177]. First on the
interval [no, 7,] we solve the equation

ay-
for ny < 0 sufficiently small, with initial condition the eigenvector (1, u7, (u7)?).
On the interval [n,,,ns] we solve
ay- _ -
an —pu AV + ANV,

=M (7’7 )\)V_(Ua )‘) + A()" ’I])V_ (777 )\) (438)
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for ny > 0 sufficiently large. The initial condition at 7, is taken to be the value of
V™ at n, obtained after solving (4.38). We capture the value of V~ at 7, and use
it to approximate D(A). We then take

D(A) = w*V~ ().

In practice this computation is repeated at each value A = 7i, where 7 € [—100, 100).
We have only discretised the interval [0, 100], since the symmetry of D gives D(—7i)
as D(7i). The partition of the 7-interval is not uniform. We use a finer grid near 0.
From 0 to 1 we take 0.001 as 7-step size, and 0.5 for the rest of the interval. At each
T-step the systems (4.38) and (4.39) are solved simultaneously with the travelling
wave equation (2.23). Here we have taken 19y = —50, 1, = 0 and ny = 500. We

have used the Runge-Kutta solver implemented for matlab.
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Figure 4.3: {D.(7i) : 7 € R} C C for different values of £2.



Chapter 5

Evans function for Burgers’
equation

Preamble:

This chapter is devoted to the explicit computation of the Evans function
of the diffusive generalised Burgers’ equation, with convection term of
the form (u?), for p > 1. We analyse the domain of analyticity of the
Evans function. It turns out that for p = 2 the domain is a 2-sheeted
Riemann surface, the cut given by the essential spectrum of the linearised
operator. In this case, the Evans function has only one zero, A = 0,
which is simple. If p # 2 the Evans function can be extended through the
essential spectrum, which has two branch points, hence it is a four valued
function. In the first sheet A = 0 is the only zero and is simple, here zeros
of the Evans function correspond to eigenvalues of the linearised operator.
However it has infinitely many poles and zeros in other of the sheets. Here
zeros do not correspond to eigenvalues.

5.1 Introduction

In this section we construct the Evans function associated with the linear stability
analysis of travelling wave solutions of the diffusive Burgers’ equation

g = Ugg + (UP); on R xRT, with p>1, (5.1)
subject to bounded initial data satisfying
u(—00,0) = u~ < u(4+00,0) =u". (5.2)

Existence and uniqueness of equation (5.1) can be found in [49]. Equation (5.1)
admits travelling wave solutions, i.e. solutions of the form u(x,t) = ¢(n) with
7 := = + ct, connecting u~ at n = —oo to ut at n = 400, with wave speed given
by W It is well-known that such solutions are (orbitally) stable, see for
instance [39], [55], [57]. Our computation is however motivated by the following:

(i) We can discern from the explicit formula of the Evans function its domain
of analyticity. In particular this confirms the gap lemma, see [28]. In fact

79
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in this case the Evans function is analytic in a wider domain than just a
small neighbourhood around the branch points of the essential spectrum. See
Appendix B.3 for a version of the gap lemma in the two-dimensional case.

(ii) Equation (5.1) might appear as the reduced limit of a higher order equation,
or of a system of equations. It is useful to know where the zeros of the Evans
function of the reduced problem are, since they may turn into eigenvalues of
the perturbed problem.

Our analysis is, in particular, motivated by the work of A. Doelman, R. Gardner
and T. Kaper in [21]. In their paper the linear stability of N-pulses is studied
for a coupled system of parabolic semilinear equations. This system is a singular
perturbation of a single semilinear parabolic equation. In this way the spectral
picture of the reduced problem allows the spectral set of the linearised operator
of the perturbed problem to be analysed. The reduced eigenvalue problem of the
reduced problem reads

U+ (pgP~! — (1+ N\))¥ = 0.

This equation can be transformed into a hypergeometric equation, from which the
Evans function can be computed explicitly, and a formula for the zeros, which
are eigenvalues is given. It is this method of solving the eigenvalue equation that
suggested to us the possibility of solving similarly the eigenvalue problem associated
with equation (5.1).

This chapter is organised as follows. In Section 5.2 we give a framework for the
problem of linearised stability. We comment briefly on travelling wave solutions
and set up the problem of linearised stability in a weighted space, in which the
linearised operator is self-adjoint. The essential spectrum is real and lies in the left
half plane away from 0. Next we define the Evans function related to the eigenvalue
problem in the weighted space, which up to a multiplying factor coincides with
the Evans function of the operator in the original space. Finally in Section 5.3 we
give an explicit formula for the Evans function. The formula allows one to prove
that for p > 1 there are no eigenvalues away from the essential spectrum, except
A = 0 which is simple. However, we find zeros of the Evans function that do not
correspond to eigenvalues. This, in particular, confirms that the Evans function is
analytic on a 2-sheeted Riemann surface. Namely, we find that the Riemann surface
consists of two complex planes cut and pasted through the essential spectrum, up
to a countable number of real poles on the second complex plane. If p = 2 there
are no poles or zeros in the second plane. If p # 2 we find infinitely many zeros and
poles of the Evans function in the other planes, all of them real.

5.2 Travelling waves and linearised equation

In this section we derive the eigenvalue problem associated with the linear stability
analysis of travelling wave solutions of equation (5.1). We set v~ =0 and ut =1 in
(5.2) for simplicity. Let ¢(n) with n = x + ¢t be a travelling wave solution to (5.1).
After substitution of u(z,t) = ¢(z + ct) into (5.1) and integration we get that ¢(n)
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must satisfy

cd(n) = ¢'(n) + o(n)" (5.3)
and the Rankine-Hugoniot condition gives ¢ = 1. Equation (5.3) is of Bernoulli
type; its family of solutions can be computed explicitly and reads

1

1 )
1+exp(—=(p—1)n+k)

Observe that ¢(n) ~ exp(n) asn — —oo and ¢(n) — 1 ~ exp(—n) asn — +oc.
Linearisation of equation (5.1) around a travelling wave solution gives, in the
moving coordinate n = x + ¢, the equation

for k£ € R.

o(n) = (

Rt = Znn +pz(¢p—1)" —i—pzn((bp—l) —zp =: Lz,

where z = u — ¢.
The eigenvalue problem for L consists of finding the values of A € C for which
there are nontrivial solutions of

¢"+(pg" = 1)¢" + (pg" ™)' = A¢ = 0. (5.4)

Observe that the essential spectrum of L is contained in the parabolic region £ :=

{A € C: Im(A\)? + vRe(\) < 0} for v = max(1,(p — 1)?), see [34]. Also, if A is

an eigenvalue away from the essential spectrum its eigenfunctions ( must behave as

—1+mn) (*(P*l)* (P*1)2+/\77)
2

exp( when n — —oo, and as exp 5 when n — +o0.
Next we transform the operator L to a self-adjoint linear operator by introducing

a weight function w. Let 1 be defined by ¢ = w1, where w satisfies w' = aw for

some function a. Then the eigenvalue problem in the weighted unknown 1 reads

P+ (204 pg"t = 1) + ((@® +a') +alpg” ' —1) +p(p—1)¢" ¢ — Ny = 0.

pgP~?

The choice a = - in the above equation, gives w = ¢(n)? exp(‘327) and the

eigenvalue problem
(= A = 9 — G(pasp—l 1)’ oo~ 1)~ A) $=0.  (55)

The linearised operator in the weighted space L is self-adjoint, hence its spectrum
is real. The limit equations of (5.5) at n = +oc and n = —oo give the following
characteristic polynomials

1 1
P*(,LL)ZALQ—Z—)\ at —oo and P+(/,L)=,u2—1(p—1)2—)\ at + oo,

respectively. The essential spectrum of L is then the set

£ = {AeR: AL max(—i, _(p—41)2)},

see [34].
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Let us consider the roots of P* as 2-valued functions. We have

1
A—)uf()\)=§\/1+4)\ for P~ and
A—)/ﬁL()\):%\/(p—l)?—i—él)\ for P*.

Let QF denote the positive branch of u*, and QF the negative branch of u*, i.e

1 1
QF = {AeC: arg(p= (V) = 218 (Z + )\) + 2krw, k € Z}

Qy = {AeC: arg(p (V) = %arg (% + /\) + (2k+ U)m, k € Z},

and similarly

QF = {AeC: arg(pt(N)) = %arg (@ + )\) +2km, k€ Z}

(p—1)
A

1

QF = {AeC: arg(pt(N\) = T8 (

—i—)\) + (2k + )7, k € Z}.

and Q1 denote the domain of u*.
By standard results on asymptotic behaviour of ODE’s there exists a solution of
(5.5), ¥, such that if A is away from {A € R: A < —i}, the cut of u~, then

Yy ~exp(u n) asn— —oo. (5.6)

¥y is well defined for A in (2] away from the cut of x~. In particular there exist a
coefficient D such that

lim ¢, exp(—ptn) = D(A\) for A€ Q; N Q. (5.7)
71— 00

Observe that D()) is the Evans function as defined in Chapter 4.

Our claim is that D()) is analytic in the Riemann surface defined by the sheets
QrNQf, QN O, Q7 NQF and Q; NQF cut and pasted through the essential
spectrum &£ of L and apart from a countable number of real poles that lay in
Q, NQF. This is seen in the next section after the explicit computation of D(}).
A schematic picture of this Riemann surface for p # 2 is shown in Figure 5.1.

Observe that in this case there are two branch points —i and —@, and the

essential spectrum contains two cuts of the domain, (—o0, min{—l —@}) and

(min{—1, —%},max{— -l 1) }). We denote Q; := Q; NQF and Qy :=Q, N
Qg for simplicity of notation.

Finally we observe that the introduction of the weight function here is moti-
vated by two reasons; the first reason is to push the spectrum away from the zero
eigenvalue, and the second (that works for second order linear operators) is to make
the operator self-adjoint. In view of the behaviour at n = oo of ¢, w and the
eigenfunctions of L, it is not difficult to see that in the set C\E the spectrum of L
and the spectrum of L coincide. Moreover, the Evans functions are the same for
both operators, provided that \ ¢ £.
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l1<p<?2

AE QT NQT

T

A€ Q

l s ‘/ 1 e
4 4

A€ Qs
AeQ; NOf

Figure 5.1: 4-sheeted Riemann surface

5.3 Explicit computation of the Evans function

In this section we give an explicit formula for the transmission coefficient D()), and
analyse its domain of analyticity in .

The idea is to transform equation (5.5) to an equation whose solutions can be bet-
ter analysed. As we mentioned in the introduction, our approach is similar to that
used in [21]. To be specific, we transform equation (5.5) to a hypergeometric equa-
tion. We first introduce a new unknown F', defined by setting ) = ¢*exp(5n) F,
with o and S constants to be determined later. Finally a change of independent
variable will be needed for technical reasons. In the forthcoming, I' will denote the
gamma function. The result is the following.
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Theorem 5.1. Let D()\) be the transmission coefficient defined by (5.7), then

P ()

p—1
r (3p—z+z(u+(x)+w (A))) r (2(M+(/\)+u*(>\))—p) ’

D(\) = (5.8)

2(p—1) 2(p—1)

which domain lies in the Riemann surface defined by the positive and negative
branches of p~ and p*. Moreover

(i) For allp > 1, A =0 is the only zero of D(\) in Q, and is simple.

(i) For p # 2, there is a countable number of zeros of D(\). The zeros are given

by
-1 — —1)2 —k— —k—
v k=D =-2)p-1)"(kp—k —p)(kp -k - 2p+1) fork=0—1,....
(2 — 3p + 2kp — 2k)?
which lie in €y, and by
—1)2 _ _
A= HEA DGV kp b+ Vo —ktp) (0o
(2kp — 2k + p)?
whzchf07‘p>2]C+1 lie in o, andforp<mhemQ nQyJ.

(#5i) There is also a countable number of poles of D(X) given by
(2= )(p— 1
4 7
these \’s lie in Qg and in Q7 NQF, and by
(kp—1)+L)(k(p—1)—1)
4 3
which lie in Qy and in Q5 N Q.
(iv) If p = 2 then, D()\) is analytic in Q4 U (2\{0}) U E, and is given by

1—+14+4\
1+V1+4)

A= k=0,—1,...,

A=

k=-1,-2,...,

D) = -

Proof. Throughout the proof we will need standard properties of hypergeometric
functions and gamma functions, for which we refer for instance to [68].
Let F' be defined by ¢ = ¢* exp(n)F. Substitution of v into (5.5), and division
by ¢ exp(0n), leads to the equation
¢I ¢12 QS” ¢I

where B := (% — g) g?P=D) — Ip2gp=t 4 N+ L Let 2 = 1 - % be the new

independent variable, chosen such that the coefficient of F” is linear in z. Observe
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also that z = ¢P~!, by the travelling wave equation (5.3). With this observation,
equation (5.9) in z, after dividing by (p — 1)?z(1 — 2), becomes

A(1— )+ ((1—2z)+%(a(1—z)+5)>F—|—AF=0 (5.10)
with
1 2 2
A= i ((a —a)(1— 22+ a(l - 2)(1 - pz) +2aB8(1 — 2) +

32 1 1
2 (9P Pyo , Lo 1
o] (4 2),2 + 5Pz A 4).

The dots on top of F indicate derivatives with respect to z. For (5.10) to be a
hypergeometric equation A must be a constant. This gives the conditions

(a+8)* = i +, (5.11)

and

+ A (5.12)

After setting the coefficients of ' and F in (5.10) equal to ¢ — (a4 b+ 1)z and —ab
respectively, F' satisfies the hypergeometric equation

:1—2)F+[c—(a+b+1)2]F —abF =0 (5.13)

with

-2+ 2a

2(p—1)
po 207P
2(p—1)

2

c=1+7(a+5).

p—1

Note also that o + § and S are 2-valued as functions of A\. Also note that the
conditions (5.11) and (5.12) give us two possible choices: o+ =~ or —u~, and
B = put or —pt. But in any of these cases a+ 3 and 3 are 2-valued as functions of
A. We shall make a choice below.

To get the coefficient D()), we have to look at the behaviour of ] at n = +o0

1
in terms of z, i.e. at z = 0 and z = 1 respectively. Since ¢ = z»-1, the explicit

formula for ¢ gives exp(n) = (%)_ﬁ (up to translation in n). Hence, according
to (5.6) and (5.7), for A € Q7 N QF, ¥ behaves as

Yy~ zfl’% for z~0, (5.14)
+
Yy ~DN)(1—2) 71 for z~1. (5.15)
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We look now at the solutions of (5.13). The space of solutions is spanned by the
hypergeometric functions

F(a,b;c;z) and 2z °Fla—c+1,b—c+1;2—¢;2).

We take a + 8 = p~ so that F(a,b;c;z) is regular at z = 0. Then by (5.14),
Yy = z% 1—2 _I%F a,b;c; z). In general F(a,b;c; z) has a singularity in z = 1,
1

namely
. —(c—a— Fe)'(a+b—c)
_ (c—a—b) o —
ll_Ig(l Z) F(a,b;c; 2) OO
Since ¢c —a — b = pQT’Bl, we set 8 = —pu™, so that by (5.15) and (5.16) we get for
AeQrnQf

(5.16)

D()\) — PES ¢;(1 _ Z)i'% = lgq (1 — z)%F(a, b; c; z) — F(C)E((;L);"(Z)_ C) .

This proves the first statement. Observe that the formula for ¢y = z;%l(l -

+
z) 1F (a, b; c; z) implies that the solution ;] is not only analytic for A in Q7 but for
A in the 4-sheeted Riemann surface R, which sheets are Q1, Q7 NQ5, Q;NOQT and Qs,
see Figure 5.1. We also observe that we could have chosen a+ (8 and f differently, for
example to identity ©; with an expression involving 2! ¢F(a—c+1,b—c+1;2—c; 2)
instead of F'(a,b;c; z), or a linear combination of both. All possibilities, however,
lead to the same expression for D()\). We have chosen the most transparent one.

The next step is to find the zeros of D()), i.e the poles of I'(a) and I'(b) that are
not poles of I'(c) and I'(a + b — ¢).

We recall here that the poles of the gamma function are the negative integers.
Hence setting a = k for £ = 0,—1... we get that the poles of I'(a) are given by
solving

20u” +pT)=2k(p—1)+2-3p fork=0,-1,... (5.17)

with respect to A. This gives an explicit formula for A, namely

(k—1)(k—2)(p—1)*kp—k—p)(kp—k—2p+1)

A= k=0,-1,.... (5.18
(2— 3p + 2kp — 2k)? L (5:18)
Similarly we get the poles of I'(b) by solving
20u” +ut)=2k(p-1)+p, fork=0,-1,... (5.19)
which gives
kE(k+1)(p—12%kp—k+1)(kp—k
A= MEF D= kp b+ Dikp=ktp) gy (5.20)

(2kp — 2k + p)?

It remains to study whether these explicit expressions for A give zeros of D()) or
not, and if so, whether they are eigenvalues of the operator L (A € ), or zeros
on the other sheets. For that we look at the graph of A — 2(u* + p7) for A € R
and the possibility of this graph to intersect the constant lines 2k(p — 1) +2 — 3p
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and 2k(p — 1) + p. Observe that A — 2(u™ + ~) is monotone for A in each of the
four sheets. Equation (5.19) is satisfied for £ = 0 and any p > 1, this giving A = 0.
Clearly this solution is in €24, hence A = 0 is an eigenvalue. Also I'(a) does not have
poles if )\ € (), since for every k =0,—-1,...and p>1,2k(p—1)+2—-3p < 0.
Ifp > 2k+1 for fixed k € {—1,-2,...}, the right hand side of (5.19) is negative,
so I'(b) cannot have poles for \ € 91 If p < 2k -, the right hand side of (5.19) is
positive, but only for p = 2 and k£ = —1 does the equation (5.19) have a solution,
which is A = —i. This is because the graph of A — 2(,u +u), Which is increasing,
does not intersect the lines 2k(p — 1) + p when p < for k =—1,-2,.... So the
only zero of D()) in 2, is A = 0.

Similar arguments give that the lines 2k(p—1)+2—3p k = —1,—2, ... intersect
the graph of A — 2(u*+p7) only if A € Q. This giving the zeros of D()\) expressed
by the formula (5.17). If p > 2 then the lines 2k(p — 1) + p cut the graph only if
AEQ Ifp<2and p< 2k+1 then the hnes 2k(p — 1) + p cut the graph only if
A€ Qr NQJ. Whereas if p < 2 and p > then the lines 2k(p — 1) + p cut the
graph of 2(u™ + p~) only if A € Q5 N Q.

In Figure 5.2 we have sketched all the possibilities for p # 2. We have drawn the
graph of A\ — 2(u™ + p~) for A € R in the different sets Q1, Q7 NQF, Q5 NQF and
9, and the lines 2k(p — 1) + p and 2k(p — 1) + 2 — 3p.

If p = 2 the zeros of D(A) in €2 are given by /1 + 4\ =k — 2 for k =0, —1,
and v1+ 4\ =k+1 with £ =0,—1,.... In particular A = 0 is a simple zero in €2,.

Next to give expressions of the poles of D(A), we have to find the poles of I'(c)

2k:+1

2k+1

and I'(a + b —¢). Since a + b — ¢ = £, the poles of I'(a + b — ¢) are in Q5 NR and
in Q7 NQF NR (the sheets that contaln the negative branch of x*), and are given
by
k*—1)(p—1)?
a=d )4(p L (5.21)

The poles of T'(c) are found by setting ?)"T—l = —1,-2,..., they are in Q, "R and
Q; NQF NR, and are given by

(k(p—1)+1D)(k(p—1)—1)

A= . k=-1,-2,... (5.22)

If p =2 all poles of I'(a) and I'(b) in 2y are removable, since they are given by
kE—1)(k+1 E—1)(k+1

A = )4( D o3 and = )4( D p—o0-1-2.. .

This includes the zero A = —i that lies in €. Observe that A = 0 is a double pole
and a simple zero in 2y of D(A), so it is a simple pole of D(A) in €.

In fact only for p = 2 and p = 0, equations (5.18) and (5.20) can be written as
second order polynomials in k, so there is no way these expression simplify out as
(5.21) and (5.22), hence if p # 2 there are infinitely many poles and zeros of D(\)
that are no removable.

The formula for D(A\) when p = 2 is obtained from the general formula (5.7), by
using I'(z) = (z = 1)I'(z — 1).

O
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Figure 5.2: Graphs of A € R — 2(ut + p~) and the intersection with 2k(p — 1) + p and 2k(p —
1)+2-3p.



Appendix A

Appendix to Chapter 3

Before going into the proof of Theorem 3.8, let us recall some aspects of the FME
approach. We first define the space of finite elements V. Let -l =z < z; < ... <
x, = [ be a uniform partition of I = [—[,[], with h = z; — z;_;. Then we take V}, to
be the space of continuous functions on I that are linear on the intervals (z; 1, z;).
V}, is a subspace of Hj, moreover V}, satisfies the following approximation property
see ([69]),

A0f (e = Ul + hllgs = Wall} < Cillellgh” 1 <q, Ve HI(=L1), (A1)
see ([69]). V} is a Hilbert space. A base of V}, is given by the functions
1 =i
Qpi(xj) = { 0 if j#i.
Then a function of the space V} has a unique representation as
u(z;) = Zui%(ﬂﬁj)-
i=0

The bilinear form

n
(’LL, U)h = Z uivj((ph @J)a
2%
is an inner product on V}. Here (-,-) denotes the usual inner product on L?. The
inner products (¢, ¢;) are computed by extending the functions ¢; by the piecewise
linear functions
0 if =z S Ti—1
L1 if g <zx<ug
() = h i-1 3T > T
vi(z) 41 iz <z <mip
0 if =z Z Tit1-

A.1 Formal error estimates: proof of Theorem 3.8

To get error estimates of the full discrete equation, one usually consider a semi-
discrete in space or time problem, the second step is then to compare the discrete
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problem with the semi-discrete one. Here we have chosen to start with the semi-
discrete in space equation, i.e. we first obtain Theorem 3.8, this theorem simplifies
the proofs of Theorem 3.9 and Theorem 3.11. Let U be the solution of the semi-
discrete problem (3.46), i.e. of

(Us, x) + €(Ust, Xo) = —(Uzy Xa) + ((UQ)waX)
(U(0),x) = (ug, x) for x € V

and let be u the solution of the continuous problem.

(ug, ©) + €(Ugt, Pz) = —(Ug, Pa) + ((UQ)ma ©) (A.2)
(u(0),¢) = (uo, ¢) for ¢ € Hj.

For simplicity we assume that |Uplo < |tg|loo- Then Theorem 3.8 holds. The
estimate (3.47) holds easily by testing equation (A.1) with U. Observe that this
estimate implies that |U|y is uniformly bounded in [0,7]. This is later used to
prove the error estimate. In fact the more general estimate

U () = )]s < Clfuollg) h*™* (1 +/0 (ue()lq + HU(V)Hq)dV> (A3

holds if ug € HY, for ¢ > 1 and ¢ > 0. We prove it in the sequel. We define the error
as e := U(t) — u(t) for each ¢t € [0,T]. To simplify the analysis we further define
n = a(t) —u(t) and £ = U(t) — a(t), so that e = £ +n. Here u(t) is the unique
solution of

(ug — Uy, x) =0 for x € V, (A.4)

or the Ritz projection of u(t) on V}, see [69]. Using (A.1) one proves that 7 satisfies
the estimates

16— ull = |Inl] < ChJully and || —ully =[Inlls < ChT Hullg,  (A5)

see for instance [69]. With this estimates it only remains to show similar estimates
for |[€]l; and [|£]|.

By (A.4), (N2, Xz) = 0 and also (7, x») = 0 for all x € V},. Hence subtraction
of (3.46) and (A.2) gives

(ft; X) + 5(€wta Xm) + (fxa Xw) = B(U —u, X) - (77t, X) fOI" X € Vha (AG)
where B(, x) := ((¢¥U), x) + ((¥u)g, X), and satisfies the following inequalities
1B, )| < |(%u, xa)| + [($U, x2)| < C([Juoll2) [19[|1Ix[]1, (A.7)
and
1B(4, x)| < C(||uollh) (¥ x2) < C([luoll) |11 l1x][2 (A.8)

Here we have controlled ||U||s and ||u||o with the H'-norm, and the stability
estimates of Proposition 3.5 (for u) and (3.47) (for U). To control the inner product
(1, Xz) in (A.8) we use Poincaré-Friedrichs inequality, so that in general (1, x) <

]| 1] -
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We first proceed to get an upper bound on ||£||;. To this end we set x = £ in

(A.6), then using (A.7) we get
1d
5 7 EDIE+ 1€ < Ble, &) + [Imil | IE]] < Cllel ]l + [l 11€]]

Arranging constants and dividing up by ||£||. in the latter, lead to

d
g/1€lle < Cllell + llmel | < CUIE e + [ml]) + [nell- (A-9)

Finally application of Gronwall’s lemma and (A.5) implies

1@ < C/O (@) + [In(@)I]) < Ch"/o ([lus()lg + [[u(@)[lq) dv,

which together with (A.5) proves (3.48) for s = 1. For s = 0, we use a duality
argument. Let ¢ € H? be the solution of

_‘Swa)a) + ¢ = gta (AlO)

with homogeneous Dirichlet boundary conditions. In particular ¢ satisfies ||| <
Y|l < [[¢]]2 < ||&]]- With this observation, using equations (A.10) and (3.46),
the estimate (A.8) and the Poincaré-Friedrichs inequality, we get

&2 = (1, &) + (Yo, Eat) = — (1, &) + Ble, ¥) + |(m, ¥)| <
| (Yzz, )| + Cllef| 1 [[¥]]2 + [|mel|-1 [|9]]1 <
[1&1] (&N -+ CUIEN + [Iml=1) + [[mel[-1) -

This implies
& < AN+ Hnll-x + [[ne]] 1), (A.11)
then by Gronwall’s lemma and (A.5),

t
0

€@ SC/O (IInt(V)H—1+Hn(V)H—l)dVSCh"“/ (Hue@)lq + [lu(@)lly) dv.

O

Remark A.1. Observe that the estimates obtained for & = 4—U are of better order
than for the error u — U. This is because the form of the equation, lets one obtain

estimates on the derivative of the H® of £, that depend on the H*~! norm of n and
not in the H®-norm of n, see (A.9) and (A.11).

The proofs of Theorem 3.9 and Theorem 3.11, are similar. At each time step
one introduces the error E* = u* — u(t). But E¥ = u* — U(t},) + e(tx), thus only
the estimates for u¥ — U(t;) has to be deduced. For the implicit case boundedness
of the solution U* is achieved by the stability estimate (3.52). In the explicit
discretisation it is first assumed that |U*|,, is uniformly bounded in [0, 7], since
the error estimates imply convergence of the discrete solution to the solution of
problem (3.2), then |U*|,, is uniformly bounded by the same bound as |u(t)|, if 7
is sufficiently small.
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A.2 Up-winding

In both our methods we discretized the convection term by one-side up-wind dis-
cretisation, that is to say that the derivative of u? at each finite element z; is
approximated by , \
(u2)w (-Tz) ~ %

But if we compute the derivative of some u € V}, at a point z; of [—[, ], we have
to compute

(A.12)

n
(ugs @i)n = —(u, @p)n = — Z Uj(%‘, @5)-
3=0

We need to determine the values of the integrals (¢;, ¢}), Then by inserting the
continuous extensions of ¢;, and computing the integrals give

(¢i, ;) =0 for [i—j]>1,

and

1 1
(01, 0i1) = 55 (00 h) = 0, (¢3 Pya) = =3,
hence

() = =H = (A.13)

In this way the variational formulation has to be modified, since up-winding does
not correspond to the standard FEM approximation (A.13).

There are several ways to get up-wind by FEM. For example:
The artificial diffusion method: We approximate the terms (uz, ;) by

h

_(uwwa (pz) + (uwa sz)
2

The addition of a discrete laplacian of u to the usual approximation of u, by FEM
yields to the discretisation

1
5(—%—1 + 2u; — i) + §(Ui+1 — Uji—1)

which coincides with the up-wind discretisation (A.12). Observe that the diffusion
term introduces an error of order O(h). So it does not reduce the order of the
spatial error, as obtained in Theorem 3.8.

Quadrature approximation: If we approximate integrals on the interval (z;, ;1)
fori=0...n by

/mﬁ@m~wmy

i

we can define a new inner product on the space V},. This gives for the base {¢;};

< 901'130;—1 >= 1’ < SD'L’@; >= _1’ < QDZ"@;—H >= O>
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hence
< Ug, @ >p= Ui — Uj—1.

This inner product, < -,- >, is equivalent to (-, -)p, so the error induced in H*, for
s = 0,1 is of the same order as for (-, )p,.

Remark A.2. For the one-side method,

1
Ug (T;) ~ E(Um — Uu;),

then one may use
h
_5(1*[/.’,6.’,67 (Pz) + (uza Soz)a

for the artificial diffusion method, and the quadrature approximation consists now
of taking the integrals as follows

/ @)~ hf ().
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Appendix B

Appendix to Chapter 4 and
Chapter 5

B.1 Sketch of Routh-Hurwitz Criterion

There are several ways to determine the sign of the real part of eigenvalues of
matrices. This question is of relevance in the context of linear stability of ODEs.
We shall give here a theorem without proof due to Routh and (independently) to
Hurwitz that gives an algorithm to count the number (counting multiplicity) of
positive roots of a polynomial with real coefficients, see [17] and references therein.

Before stating the result we need the following concepts and notation. Let P(z) =
aoz™ + a12™ ' + ... + a, be a polynomial of degree n (ay # 0), with a¢; € R. The
following matrix, constructed from the coefficients of P, is called the Routh-Hurwitz
matrix

( Gy az as -+ Gop—1 \
Gy Q2 A --- QA2p—2
0 a1 az -+ a3
0 ap ax --- agp 4
0 0 a --- agm—s
0 0 a --- a6
\ 0 0 0 -~ a )/

Let also Hj denote the principal minor of order k£ of the Routh-Hurwitz matrix,
and V[by, by, bs, ..., by] denotes the variation of sign in the sequence by, by, b, . .. by,
m € N. Then the following theorem holds:

Theorem B.1. If H, # 0 for allk = 0,1,...,n, then P(z) has no purely imaginary
zeros and the number of its zeros with positive real part is equal to

V[ao,Hl,Hg, .. ] + V[l, HQ, .. ]

Proof of Lemma 4.2

We only need to apply Theorem B.1 to
PHp) ="’ + 1+ N’ +p—A =0
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assuming that A € R. In this case the Routh-Hurwitz matrix reads

1+e2X2 =X 0
g? 1 0
0 1+e2) A
Then we have
ag = 82
H1 =1+ 82)\
H, =1+ 22\

Hy = —\(1 + 262))

If A >0, then a9 > 0, H > 0, Hy > 0, H3 < 0, hence V|1, H] = 0 and
Vlag, H1, H3]) = 1 and P* has one root with positive real part and two roots with
negative real part. This corresponds to A € QF. If —— < A <0, then ay > 0, H; >
0, Hy > 0, Hs3 > 0 and so V[1, Hs] = 0, and V[ao,Hl,Hg] =0, hence all roots
of P* have negative real part. This corresponds to A € Q. If —% < A < — 25
then ag > 0, H; > 0, Hy <0, H3 < 0 hence V|1, Hy] = 1, and V[ao,Hl,Hg] = 1
and P* has two roots with positive real part and one with negative real part. ThlS
corresponds to A € ;. Finally, if A < —%, then ag > 0, H, <0, Hy <0, H; <0
hence V1, Hy] =1, and Vay, Hy, H3] = 1 and P has two roots with positive real
part and one with negative real part. Here also A € Q.

Applying the same criterion to
P (p) =+ 1+ —p— A =0,

we obtain that for A > 0 there is one root with positive real part and two with
negative real part. And for A < 0 there are two roots with positive real part and
one with negative real part. This corresponds to A € 27 and A € (), respectively.

B.2 Formula for D'())

Let Y' = A(n,A)Y be a linear system, for A € C, n € R, where the matrix A(n, A)
tend to constants matrices AX()\) as t — +o0o. Assume that there exists Q C C
such that for all A € €, both, A* have one eigenvalue with positive real part, and
the rest of eigenvalues have negative real part. As in Chapter 4, we denote these
positive eigenvalues by pi, and similarly we denote by vi the right eigenvector of
A* associated to ui, and wi the left eigenvector of A* associated to ui, such that
vFwf = 1. Then we can define the Evans function, as in (4.19), by D(\) = ZtY—,
where Y~ and Z* are as in Chapter 4. Recall D(\) does not depend on 7.

Next we prove that

D'()) = /_oo <Z+()\,s) %r@,@) ds +

oo

D) (%{ui i+ 2 ) d”cgﬁ”) . (B.1)
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First we observe that D'(A\) = ZY  + Z'Y,, and does not depend on 7, in
particular D'(\) = ZY ~(0) + ZTY,(0), (the subscript A indicates derivative with
respect to A). Let us compute ZY ~(0) and Z*Y, (0). We first observe that

dif?z; — _Zt Ay — 7 A,
d%z; =AY~ + AY,
this easily implies that
d, o d, " _
d_n(Z Y, ):_d_n(Z’\Y )=ZTAY". (B.2)

Integration of (B.2) then giving

Z3Y~(0) = lim Z{Y~(s) + /0 ZTAY, (B.3)
and .
7Y, (0) = lim Z*Y; (—s) + / ZTAY . (B.4)

Using that Y~ — v, as n — —oo, Y~ — D(\)v] as n — oo, and similarly that
Z+t — D(A\)wf asn — —oo and Z* — w{ as n — co we get

+ +
lim Z;Y~(s) = { du | dwp +} D(\)

a0 T
and
duy  dvy
. +yv—(_ _ )% avy
SILTOZ Y, (—s) { ) + 7y }D()\).
Substituting these expressions into (B.3) and (B.4) respectively and summing up
the two, we get (B.1). O

B.3 Gap lemma for second order equations
Let
Y' = A\ 2)Y (B.5)

be a 2-dimensional linear system. Where A(z, ) is an 2 x 2 matrix. The following
hypotheses on A(z, \) are assumed:

H1. A(z,)) is C*¥(R) in x € R, and analytic in X € C.

H2. A(z,\) tends uniformly on C to constant matrices AT () as x —
oo, and to A7(\) as © — —oo at exponential rate, namely there exist
constants C > 0 and o > 0 such that

|A(z, A) — Ai|| < Cyexp(—alz|) as |z| — oo.
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H3. There exists a domain Q@ C C, that contains the semi-plane {\ €
C: Re(\) > 0}, such that for all A € Q both A*()\) and A~ ()\) have one
eigenvalue with positive real part, and one eigenvalue with negative real
part. Let u* denote the eigenvalue of AT with negative real part, and pu~
the eigenvalue of A~ with positive real part if A is in (2.

H4. Finally, the set Q* is chosen so that A € Q* if the following conditions
hold:
(1) If B (N) := min{u(A) € 0(AT (X))} —pt, then for all A € Q*, f; < a.
(i) Similarlyif f_(\) := max{pu(A) € 0(A~(A\))}—p~, then for all A € Q*,
B_ > —au.

Lemma B.2 (gap-lemma). If hypotheses H1 - H4 are satisfied, then the Evans
function associated to problem (B.5) can be analytically extended to 2 .

Proof. If Y~ and Y are the exponentially decaying solutions at —oo and oo,
which define the Evans function of (B.5) on 2, we only have to prove that both Y~
and YT extend analytically in A to Q*. We prove it only for Y, the proof for Y~
is analogous.

We introduce the unknown

2 = exp(~ i 2)Y,
hence z satisfies
2= (A(z,A) — p'1) 2 = B(\)z + R(z, \)z, (B.6)

where B(A\) = (AT(A) — pt(N\)) and R(z, \) = A(z, \) — AT(N).

We seek solutions of (B.6) that are uniformly bounded on some interval (zq, —00),
and that are analytic in A € 2*. Using the variation of constants formula we reduce
the equation to the following integral equation

z(z) = 2(z) + /00 exp(B(A)(x — 5))R(s,\)z(s)ds = Z(x) + F z(z), x € [zg,00)

(B.7)
where Z(z) is a bounded solution of z’ = B(A)Z on [zy,0), and zy > 0 arbitrary.
This is possible since for every A, B(A) has at least one zero eigenvalue. Observe
that the operator F maps C([zg,00]) into itself. Moreover, by H2. and H4.

lexp(B(A)(z — s))R(s, \)|| < exp ((B3 —a)(s —x)) forall s >z, = >0,

and hence xy can be chosen sufficiently large so that
sup / lexp(B(A)(z — s))R(s,A\)|ds < 1
z>1T0 J 3

and hence F is a contraction on C([zg,00)). By the fixed point theorem, for any
given Z in C([zg,00)) there exist a unique solution of (B.7) in C([zg,00)). If Z is
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a solution of z’ = B(A)Z then z is solution of (B.6) on [zg,00) and is analytic in
A€ Q* Thus y, =z exp(u™(N)x) on [zg,00) and can be extended to satisfy (B.5)
on R by continuation of solutions. Analyticity follows from the analyticity of z and
ut(A). O
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Samenvatting

De modellering van verticale grondwaterstroming met dynamische capillaire druk
leidt tot een eigenaardige niet-lineaire diffusie-convectie vergelijking, een pseudo-
parabolische partiéle differentialvergelijking met een derde orde term (tweede orde
in plaats en eerste orde in tijd).

In Hoofdstuk 1 bestuderen we de lopende golf oplossingen van deze vergelijking,
met, speciale aandacht voor het effect van de dynamisch term en de vorming van
grenslagen.

In Hoofdstuk 2 beschouwen we een gereduceerde versie van de vergelijking, de
zogenaamde Burgers’ vergelijking uitgebreid met een lineaire derde orde term, die
gemengde afgeleiden heeft. We bewijzen dat het Cauchy-probleem een unieke op-
lossing heeft en dat monotone lopende golven stabiel zijn.

In Hoofdstuk 3 bestuderen we het lange-termijn gedrag van oplossingen met
numerieke technieken. De numerieke voorbeelden laten zien dat het lange-termijn
gedrag door oplossingen van de Burgers’ vergelijking gegeven wordt. Afhankelijk
van de begintoestand gaat de oplossing naar een lopende golf, een ’rarefaction’ golf
of een gelijkvormingheidsoplossing.

In Hoofdstuk 4 keren we terug naar de kwestie van stabiliteit van lopende golven,
nu door middel van een lineaire stabiliteitsanalyse: de vergelijking wordt gelinea-
riseerd rond een lopende golf, wat leidt tot een eigenwaarde probleem dat via de
Evans functie kan worden bestudeerd. De analyse van de Evans functie suggereert
dat lopende golven (monotoon en niet-monotoon) stabiel zijn.

In Hoofdstuk 5 berekenen we expliciet de Evans functie voor de gegeneraliseerde
Burgers’ vergelijking, die formeel een gereduceerde singuliere limiet is van de pseudo-
parabolische Burgers’ vergelijking.
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Summary

Modelling vertical non-steady groundwater flow with dynamic capillary pressure
leads to a peculiar nonlinear diffusion-convection equation, namely, a degenerate
second order diffusion equation extended with a third order term with two space
derivatives and one time derivative.

A rigorous study of global travelling wave solutions of this equation is given
in Chapter 1, with emphasis on the role played by the dynamic term and the
appearance of fronts.

In Chapter 2 we consider a special case of the model equation, in which the
underlying equation is the Burgers’ equation and the third order term is linear. We
investigate stability of travelling wave solutions of the resulting pseudo-parabolic
Burgers’ equation by energy methods, and establish stability of monotone travelling
wave solutions.

This study is extended in Chapter 3 by a numerical analysis with emphasis on
the large time behaviour of the Cauchy problem. Depending on the initial data the
solution converges to a self-similar source type solution, to a rarefaction wave or to a
travelling wave. In particular, the numerical evidence suggests that non-monotone
travelling waves are stable as well.

In Chapter 4 we come back to the stability of travelling wave solutions, now by
means of a linear stability analysis. This leads to the study of the Evans function
corresponding to the eigenvalue problem of the linearised equation. The analysis
again suggests that travelling waves (monotone and non-monotone) are stable.

Finally, in Chapter 5 we compute explicitly the Evans function arising in the
linear stability analysis of the generalised Burgers’ equation, which is, formally, a
reduced singular limit of the pseudo-parabolic Burgers’ equation.
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