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Abstract

The porous medium equation %u = %(k:(u)%u) is a non-linear degenerate parabolic partial

differential equation. Consequently, existence and uniqueness of its solutions is not immediately
evident. This bachelor thesis presents a detailed discussion of Atkinson’s and Peletier’s 1971
article “Similarity profiles of flows through porous media” [1] on existence and uniqueness of
self-similar solutions to the porous medium equation. First, in chapter 2 the general version of
the porous medium equation along with some applications will be discussed. Then, in chapter
3 the proofs and statements of the Picard-Lindelof theorem, Peano’s existence theorem and
Gronwall’s inequality will be presented. These standard theorems concern differential equations
and will be used in the next chapter. Finally, in chapter 4 Atkinson’s and Peletier’s article will
be worked out in detail.
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Chapter 1

Introduction

The goal of this bachelor thesis is to present a more detailed discussion of Atkinson’s and
Peletier’s 1971 article “Similarity profiles of flows through porous media” [1] on existence and
uniqueness of self-similar solutions to the porous medium equation

0 0 0

%= B (/{:(u)axu)
where k(u) is the diffusion coefficient and u denotes the density of a gas in the porous medium
depending on position x and time t.

The discussion of this article will start in chapter 2, where the general version of the porous
medium equation along with some applications will be explored. It will become clear that the
porous medium equation is a degenerate-parabolic and nonlinear partial differential equation.
Consequently, the existence and uniqueness of its solutions is not immediately evident. Addi-
tionally, in section 2.3 a physical derivation of the porous medium equation will be given.

In chapter 3, definitions and theorems concerning differential equations relevant to the arti-
cle will be displayed. More specifically, in section 3.2.1 the statement and proof of the Picard-
Lindelof theorem is given and in section 3.2.2 the statement and proof of the Peano existince
theorem is presented. These are standard existence theorems for solutions of initial value prob-
lems regarding ordinary differential equations. The theorems will be useful for showing existence
of solutions to the porous medium equation in non-problematic parts of its domain. Addition-
ally, the proof and statement of Gronwall’s inequality can be found in section 3.2.3. Gronwall’s
inequality will help us in Theorem 4.5.1 to prove existence of solutions around the degeneracy
of the porous medium equation.

In chapter 4, Atkinson’s and Peletier’s 1971 article [1] will be worked out in detail. This is
accomplished by introducing self-similar solutions to derive an equivalent problem in section 4.1.
Moreover, we will split the self-similar solution in a classical version on [0, a) and weak version
on [0,00), where a > 0 is the point where the porous medium equation degenerates.

First, we focus on the classical self-similar solution on [0, a). In section 4.2, local uniqueness
and existence of positive solutions to the porous medium equation will be proved. This proof
is executed by using the Peano existence theorem and by proving continuous dependence of the
solution on some initial conditions. Then, we look at the same property for solutions near the
degeneracy at a in section 4.3. We find an equivalent problem in Lemma 4.3.2, for which we
show uniqueness of its solutions by Theorem 3.2.1 (Banach’s fixed point theorem). By Lemmas
4.11 and 4.3.2, we conclude that condition fol k(ss) ds < oo is necessary and sufficient for a
unique solution to exist in a deleted left-neighbourhood of a. Afterwards, we continue these
solutions backward to 0 in section 4.4. This results in two possibilities. Either the solution can
be continued back to 0 as will be shown in Lemma 4.4.1, or the solution will tend to infinity
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10 CHAPTER 1. INTRODUCTION

somewhere along the way as will be shown in Lemma 4.4.2. All of these lemmas will provide
enough material to present theorem 4.5.1. Theorem 4.5.1 will establish existence and uniqueness
of self-similar classical solutions to the porous medium equation on [0, a).

Secondly, Theorem 4.5.4 introduces the weak version of the self-similar solution, which is the
classical version of the self-similar solution extended with the constant zero function.

Finally, we will find existence and uniqueness of self-similar weak solutions to the porous
medium equation on [0, c0), which concludes what we wanted to proof.



Chapter 2

About the porous medium equation

In this chapter, properties of the porous medium equation will be discussed. First, in section 2.1
several applications of the porous medium equation will be presented, showing the importance
of this equation. Then, in section 2.2 some general mathematical properties of the equation
will be briefly touched upon. Finally, in section 2.3 a physical derivation of the porous medium
equation will be given.

2.1 Applications of the porous medium equation

There are plenty of applications for the porous medium equation. Since the equation generally
describes the way in which a fluid spreads, applications are usually found in the field of fluid
dynamics. One of the applications is to describe nonlinear heat transfer that deals with a
large variation of temperatures (Véazquez, 2007). This happens in modeling heat propagation in
plasmas, for example, after a nuclear explosion (Vazquez, 2007). Another application is found
in describing the flow of an incompressible liquid through a homogeneous porous material, for
example, in the process of groundwater filtration (Vazquez, 2007). Similarly, the porous medium
equation can be used to describe the flow of an ideal gas through a homogeneous porous material,
which is the application discussed in Atkinson’s and Peletier’s article [1].

2.2 Mathematical properties of the porous medium equation

The porous medium equation in its most general form,

ou

T Ay(u™), m>1,
is a non-linear partial differential equation. The non-negative scalar function u(zx,t) usually
denotes the variable density of the flowing substance, 0 < t < oo is the time coordinate and the
Laplacian acts on the spatial coordinate x € R™. Rewriting the porous medium equation in the

divergence form
ou

i V- (D(u)Vu) =V - (mu™ Vu),
shows that the porous medium equation is a degenerate parabolic equation (Vazquez, 2007).
The equation is parabolic if u # 0 and the equation degenerates if u = 0, i.e. if D(u) vanishes
(Vazquez, 2007).

Note that the porous medium equation is reminiscent of the famous heat equation, u; = A(u).
Both equations are parabolic partial differential equation, however, the heat equation is linear

11



12 CHAPTER 2. ABOUT THE POROUS MEDIUM EQUATION

and has a constant diffusion coefficient. Therefore, the heat equation, in contrast to the porous
medium equation, is not degenerate and standard theorems which require continuity of the
solution can be applied to ensure existence of solutions.

Atkinson’s and Peletier’s 1971 article [1] looks at the mathematical theory supporting the
existence of solutions of the porous medium equation that describes laminar flow of a gas in one
direction. We get

?;: = (96:6 (k(u)(iu), (2.1)
where we denote the density of the gas by the function u(x,t) > 0, x denotes the location in the
one-dimensional space we are considering, ¢t denotes time and the function k(u) is the diffusion
coefficient which contains the properties of the gas. Here, k(u) is defined, real and continuous
for u > 0 with £(0) = 0 and k(u) > 0 if u > 0. In section 2.3, we will derive equation (2.1).

As noted earlier, equation (2.1) is a degenerate parabolic equation. As a result of the def-
inition of the diffusion coefficient k(u), k(u) approaches 0 if u approaches 0. Thus, equation
(2.1) is parabolic in a neighbourhood of (x,t) such that « > 0 and it is not parabolic in a neigh-
bourhood of (z,t) where u = 0. We cannot use standard existence theorems for the solutions of
(2.1) around the degeneracy at u = 0, because the solution u, might not be continuous in this
neighbourhood. However, in approximating steps to the solution it is permitted to use standard
theory, such as Banach’s fixed point theorem (see Theorem 3.2.1) and Gronwall’s inequality (see
Theorem 3.2.5). For solutions u > 0, Peano’s existence theorem will grant existence. In chapter
4 these arguments will be discussed in more detail.

2.3 Derivation of the porous medium equation

In the previous section, we have introduced the porous medium equation (2.1). In this section,
a derivation of equation (2.1) based on physical gas laws will be presented.

We start by looking at the continuity equation for the density of a fluid, % + V- (pv) =0,
where v denotes velocity in ms~! and p denotes density. In addition, we use Ficks law, v =
—DVp. Note that the exact value of diffusivity constant D is not of mathematical importance,

therefore we can take D = 1. Hence, we can equivalently use v = —Vp to find that
dp dp
O—E—FV-pU—E—FV-(—pr)
dp
o = V- (VD).

Then, we substitute the state equation for an ideal gas, which states that pressure is a function
of density of the gas in n/m3. Thus p = p(p) = cp?, where v > 1 is called the polytropic
exponent and c is a constant for the reference pressure (Vazquez, 2007). We find

op ~

5 = v (V"))
@ — v—1

5 = V" (perp’ V)
op

gt =V (k) Vo).

Finally, if we substitute u for p and use that we are looking in one spatial dimension, we get the
porous medium equation (2.1), that is,

ou 0 0



Chapter 3

Prerequisite knowledge

In order to properly discuss the article “Similarity Profiles of Flows Through Porous Media” by
F.V. Atkinson and L.A. Peletier [1], it is of importance to introduce or recall some definitions
and theorems presented in this section. In section 3.1, we will discuss some relevant definitions.
In section 3.2, we will move on to state and proof the Picard-Lindelof theorem, Peano’s existence
theorem and Gronwall’s inequality.

3.1 Defintions

Definition 3.1.1 (Equicontinuouity). Let X be a metric space; let C(X) ={f: X - R
continuous} the space of continuous functions; let S C C(X); and let x € X be a point. Then
S is equicontinuous at x if Ve > 0, 36 > 0 such that y € B(z,0), f€ S = |f(x) — f(y)| <e.

Definition 3.1.2 (Support). Let f : [0,00) — R. Then, the support of f is the closure of the
set containing all points n € [0,00) such that f(n) # 0, i.e. supp (f) = {n € [0,00) : f(n) # 0}.

Definition 3.1.3 (Compact support). f : [0,00) — R has compact support, if the support set
of f is a compact subset of the domain of f.

Definition 3.1.4 (Fixed point). A fized point of a mapping K : C C X — C is an element
x € C such that K(z) = z.

Definition 3.1.5 (Contraction map). The map K : C C X — C' is called a contraction, if there
is a contraction constant 6 € [0,1) such that

K (z) = Kl < Ollz —yll, x,yeC.

3.2 Theorems

In this section, we will present and prove Picard-Lindel6f’s theorem in subsection 3.2.1, Peano’s
theorem in subsection 3.2.2 and Gronwall’s inequality in subsection 3.2.3.

3.2.1 Picard-Lindelof

In this section, a more detailed version of the proof of the Picard-Lindelof theorem from Teschl
[2012, p. 38] and of Banach’s fixed-point theorem from Teschl [2012, p. 35] will be presented.
Let us start by proving Banach’s fixed-point theorem, also known as the contraction principle
theorem, which will be used in the proof of the Picard-Lindelof theorem.

13



14 CHAPTER 3. PREREQUISITE KNOWLEDGE

Theorem 3.2.1 (Banach’s fixed-point theorem). Let C be a (nonempty) closed subset of a
Banach space X and let K : C — C be a contraction, then K has a unique fized point x € C
such that

n = 0"
15" () — 2] < 7—5llK(2) — 2], z€C, (3.1)

1
where the notation K™(x) means K"(z) = K(K" 1(x)) and K°(z) = .

Proof. First, we will prove that there can be at most one fixed point, then we will prove there
exists at least one fixed point with the desired property.

The first part will be a proof by contradiction, so we suppose that K is a contraction with fixed
points 7, € C such that T # Z, T = K(%) and & = K(Z). Then ||7 — || = | K(Z) — K(2)| <
||z — z|| by definition of a contraction map. This can only hold if # = 0, but then T = Z and
we conclude that our assumption was wrong; there can be at most one fixed point.

It remains to be shown that such a fixed point exists. To this end, fix zg € C and consider
the sequence z,, = K"(xp). Then we find

st — 2all < Oy — wual] < - < 67| — ol

and hence by the triangle inequality (for n > m)

n

n = zmll < D g — 2]

j=m+1
< 0™ 2y — zo]| + 0™ o1 — ol 4 -+ + 6"l — o
= emel - iUoH (1 I/ R Hn—m—l)

< O™ |wr — ol Y 6
j=0
0m
= ;5 llm — ol (3:2)

where we have used that the geometric series j 67 converges because € [0,1). Thus, we have
found that x, is a Cauchy sequence and tends to a limit, say Z. Moreover,

|K(z) —Z|| = HK ( lim asn) — lim mnH

n—oo n—o0

= lim [[zp+1 — zp| = lim 0"||z1 —x0]| =0

shows that Z is a fixed point. The estimate (3.1) follows after taking the limit n — oo in (3.2)
in the following way. Since we chose x( arbitrary in C, we can choose z¢g = x. Then 21 = K(x),
thus we get

157 (@) = 7)) = ||em — Jim 2| = lim [z — 2
< "o — woll = LK (@) ~ <]
S xr1 — xg|| = 10 T z|.

In conclusion, K has a unique fixed point z € C such that ||K™(z) — z|| < %HK(JU) — x| holds
for any x € C. O
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Theorem 3.2.2 (Picard-Lindeldf). Suppose f € C(U,R"™), where U is an open subset of R"+1
and (to,xo) € U. If f is locally Lipschitz continuous in the second argument, x, and uniformly

continuous with respect to the first argument, t, then there exists a unique local solution T(t) €
CY(I) of the IVP

&= f(t,z), xz(to) =0 (3.3)
where I is some interval around ty. More specifically, if V' = [to,to + T] X Bs(zo) C U and
M denotes the maximum of |f| on V. Then the solution exists at least for t € [to,to + To]
and remains in Bs(xo), where Ty = min{T, %} The analogous result holds for the interval
to — T, to]-

Proof. Suppose f € C(U,R"), where U is an open subset of R"™! and (tg,z09) € U, then
integrating both sides of (3.3) with respect to ¢ yields

/tt d$(8)ds = tt f(s,z(s))ds

, ds
x(t) —xg = (s,z(s))ds

t
x(t) = zp + (s,z(s))ds. (3.4)

Note that z((t) = g is, at least for small ¢, an approximating solution for z((t), because the
integral becomes negligible if the difference in its boundaries goes to 0. Inserting z((¢) into our
integral equation (3.4) yields another approximating solution, which we call x;(¢). Thus

t

z1(t) = zo + t f(s,zo(s))ds.

Iterating this procedure gives a sequence of approximating solutions
t
T (t) = K™ (x0)(t), K(z)(t) =xz0+ [ [f(s,2(s))ds.
to

Where K (z) is an operator acting on ¢, thus K™ (z)(t) means that we apply the operator K (x)
m times.

We want to apply the previously discussed contraction principle to the fixed point equation
x = K(x), which is precisely our integral equation (3.4). In the rest of this proof we will set
to = 0 and only consider ¢ > 0 for notational simplicity. Recall that to apply the contraction
principle we need a Banach space and a closed subset C' C X such that K : C' — C. For the
Banach space, we choose X = C([0,T],R"™) for some suitable 7' > 0. For C, we will try a closed
ball of radius ¢ around the constant function zy denoted by Bs(zo). Thus, before we are allowed
to apply the contraction principle, we need to show that K : C' — C.

We have assumed that f is locally Lipschitz continuous in the second argument, z, and
uniformly continuous with respect to the first argument, ¢t. Furthermore, by assumption U is
open and the point (tg,z9) = (0,29) € U. Thus if we let € be arbitrary and we can choose §
such that V' = [0,7T] X Bs(xo) C U, where Bs(z9) = {x € R" : |x — x¢| < d}.

Let M be the abbreviation for

M = t, )|,
({S?é(v’f( )|
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where the maximum exists because f is continuous and V' is compact. Then

|z — xo| = |K(2)(t) — x0| = |0 —i—/o f(s,z(s))ds — zo

< /Ot]f(s,x(s)ﬂds < M/Otds:Mt

whenever the graph of x(¢) lies within V', that is, {(¢,z(t)) : t € [0,T]|} C V.
Hence, for t < Tj, where

. )
To = min{T, M}’
we have ToM < 0 in either case. Consequently, |K(x)(t) — 29| < 0. As a result, the graph of
K (z) restricted to [0, Tp] is again in V.
In the special case M = 0, this can be interpreted as % = oo such that Ty = min{7, %} =1T.
Moreover, note that since [0, Tp] C [0,T], we have

M= max |fto)]>  max_|f(to)]
(t,I)GV:[O,T]XB(g(CEQ) (t,Z)G[O,T()]XBg((E())

Thus the same constant M will bound f on Vp = [0, Tp] X Bs(xo) C V.

Now we have shown that if we choose X = C([0,Tp],R") as our Banach space with norm
|lz|| = maxo<i<Ty, [2(t)]|, and C = {z € X : ||z — x0|| < ¢} as our closed subset, then K : C — C.
It remains to be shown that K is a contraction.

In order to show that K is a contraction map, we need to estimate ||K(xz) — K(y)||. Observe

that
xo—l—/o f(s,:z:(s))ds—xo—/o f(s,y(s))ds
< [ 172 = s pteis

Furthermore, note that f is locally Lipschitz continuous in the second argument, x, and uni-
formly continuous in the first argument, ¢, that is, for every compact set Vy C U the following
number

|K () — K(y)| =

I = sup |f(t,.%‘)—f(t,y)‘
(t.@)£(ty) Vo |z —y|

(which depends on V}) is finite. Then

[ rts.at) = ss.uts)las = / 7 ) YN ) y(s)]ds
0

(s) —y(s)|
< L/ |z(s) s)|ds
< L sup |z(s) ]/ ds
0<s<t

= Lt sup [z(s) —y(s)
0<s<t

under the condition that the graphs of z(¢) and y(t) are in Vj. Thus we have found that
|[K(z) — K(y)| < Ltsupg<s<; |2(s) — y(s)|. Now taking the supremum over 0 < ¢ < Ty on both
sides of the inequality, results in

|K(2) - K@) < sup (Lt sup Jo(s) —y<s>r) — LToe(s) — y(s)]|.
0<t<Ty 0<s<t
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In other words
K (z) — K(y)|| < LTollz(s) —y(s)ll, =,y€C.

Finally, choosing Ty < L~! we see that K is a contraction and existence of a unique solution
follows from the contraction principle. ]

Note that we have now introduced an extra restriction on Ty, Ty < L~! in addition to Ty < T
and Ty < %. Using Weissinger’s Theorem! instead of the contraction principle in the proof of
Picard Lindel6f will remove the need for this restriction.

3.2.2 Peano existence theorem

In this section, a more detailed version of the proof of Peano’s theorem from Teschl [2012,
p.56] and of the Arzela—Ascoli theorem from Teschl [2012, p.55] will be given. Let us start by
presenting the Arzela—Ascoli theorem, which will be used in the proof of Peano’s theorem.

Theorem 3.2.3 (Arzela—Ascoli). Suppose the sequence of functions x,(t) € C(I,R™), m € N,
on a compact interval I is (uniformly) equicontinuous. If the sequence x,, is bounded, then there
is a uniformly convergent subsequence.

Proof. Let {t;}72, C I be a dense subset of the compact interval I (for example all rational num-
bers in I). Since x,,(t1) is bounded, by the Bolzano-Weierstrass theorem there is a subsequence

2ty (t), such that ) (t1) converges. Similarly, we can find a subsequence ) (t) from o) (t)

which converges at t5. Note that :cg,%) (t) then also converges at ¢, since it is a subsequence of

x%) (t). By induction we get a sequence :):%) (t) converging at ti,...,t;. The diagonal sequence

Tm(t) = 2\ (t) will by construction converge for all ¢ = ¢;. We will show that this diagonal
sequences converges uniformly for all ¢, thus that this is the sequence we are looking for.

Since zp,(t) is uniformly equicontinuous, we can fix € > 0 and choose § such that
[Zm(t) — xm(s)| < § for [t —s| < 4. Since {t;}32, C I is a dense subset of the compact interval
I, finitely many balls Bs(t;) are able to cover I. Say 1 < j < p balls suffice. Furthermore,
using that the diagonal sequence Z,,(t) converges for all ¢ = t;, we can choose N, such that
[T (tj) — Tn(t;)] < § for n,m > N and 1 < j <p.

Now let ¢ be arbitrary and note that t € B;(t;) for some j. Thus

Zm(t) = Tn ()] < [Tm(t) — Tn(t)| + [Tm(t5) — Tn(t))]

for n,m > N.. Consequently, T,, is a uniform Cauchy sequence with respect to the maximum
norm. By completeness of C'(I,R"), Z,, has a limit. Thus, we have found a subsequence of z,,
that converges uniformly. d

Theorem 3.2.4 (Peano existince theorem). Suppose f is continuous on V. = [tg,tg + T] X
Bs(xg) C U and denote the maximum of |f| by M. Then for the initial value problem

= f(t,x), x(to) = xo. (3.5)

with f € C(U,R™), where U C R""! is open and (tg,x0) € U, there exists at least one solution
for t € [to, to + T) which remains in Bs(xo), where Ty = min{T, £}. An analogous result holds
for the interval [ty — Tp, to].

"Weissinger’s Theorem and its proof can be found in Teschl [2012, p.39].
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Proof. If ¢(t) is a solution of the initial value problem (3.5), then by definition of the derivative,
we have

é(t) = o + d(to)h + o(h) = o + f(to, z0)h + o(h).

Now we can define approximating the solution zj; by omitting the error term and applying the
procedure iteratively. That is, we set

l’h(tm+1) = $h(tm) + f(tm, l’h(tm))h, tm = tO + mha

and use linear interpolation in between to connect the points, which gives

Ty (t) = o (tm) + f(tm, T (tm))(t — tm)

for t € (ty, tm+1). This approximation method is also known as the Euler Method.

We want to show that z,(t) converges to a solution ¢(t) as h | 0. We will use that, since
f is continuous, it is bounded by a constant on each compact interval, so here we have f < M
for some finite constant M on V. Therefore the derivative of xp, Sxp(t) = f(tm,zn(tn)), is
also bounded by the same constant. Since this constant M is independent of h, we will show
that the functions x,(t) form an equicontinuous family of functions. Then we will apply the
Arzela—Ascoli theorem which will show us that there is a subsequence of z,(t) that converges
uniformly.

We have assumed that f is continuous on the compact set V' = [tg,to + 1| X Bs(xo), thus f
is also uniformly continuous on V. Furthermore, let M = max zyev |f(t, 7)].

We need to show that x(t) is equicontinuous. Let € > 0 be arbitrary, pick § = ;7 > 0 and
T > 0 such that V' = [tg,to + T| X Bs(xg) C U, then zp(t) € Bs(xg) for t € [tg, to + Tp] where
Ty = min{T, 2 }. Therefore, if |t — s| < § and we know that x(t) = zx(s) + f(s,zn(s))(t — 5),
then

lzn(t) — zp(s)| = | f(s,zn(s))||t — s| < M|t —s| < M <e.

Hence, zp(t) is equicontinuous. Thus any subsequence of the family xp(t) is equicontinuous,
and by the Arzela—Ascoli theorem there exists a uniformly convergent subsequence ¢,,(t) that
converges to a solution ¢(t), that is, ¢, (t) — o(t).

Now it remains to be shown that the limit ¢(¢) solves the initial value problem (3.5). We
will show this by verifying that the corresponding integral equation

x(t) = zo + t f(s,x(s))ds (3.6)

holds.

Since f is uniformly continuous on V', we can find a sequence €¢(h) — 0 as h — 0 such
that |f(s,y) — f(t,z)| < €e(h) for |y — x| < Mh, |s —t| < h. In order to estimate the difference
between the left and right-hand side of the equation (3.6) for x(t), we choose an m such that
t < t,, and rewrite

zp(t) = op(tm) + f(tm, Ta(tm))(t — tim)
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where x(s) =1 for s € [to,t] and x(s) = 0 otherwise. Then

wp(t) =m0 — [ f(s,xn(s))ds

ml i t
= |zo + (s)f(tj, zn(tj))ds —xo— [ f(s,zn(s))ds
0 j;o /tj X 71 Th\lj 0 /to h
ml et
<3 [ O — s, n(5)lds
j=0
ml ot
< e(h) (s)ds = |t — tole(h),
par /tj X 0

from which it follows that ¢ is indeed a solution of the equation (3.6), since

m—00

t t
o) = Jim_on(®) =0+ lim_ [ (5.0, (9)ds = w0+ [ f(s,0(5))ds.

Note that we are allowed to interchange limit and integral by uniform convergence of ¢,,, by the
Arzela—Ascoli theorem. From this we can conclude that ¢ is also a solution of (3.5). O

3.2.3 Gronwall’s inequality

In this section, a more detailed version of the proof of Gronwall’s inequality from Teschl [2012,
p. 42-43] will be given.

Theorem 3.2.5 (Generalized Gronwall’s inequality). Suppose ¥ (t) satisfies
t
vt <o)+ [ B te T (37)
with a(t) € R and B(t) > 0. Then
t t
P(t) < aft) —i—/ a(s)B(s) exp </ ﬂ(r)dr) ds, tel0,T]. (3.8)
0 s
Moreover, if in addition a(s) < «a(t) for s <t, then
W(t) < alt) exp ( / t ﬁ(s)ds), Le0,1]. (3.9)
0

Proof. Abbreviate ¢(t) = exp(— fot B(s)ds), then we find that

3 (600 [ 8opw1as) = ot0)- 50wt

+§t<_ /Otﬁ(s)ds>¢(t)'/0t5(3)d3

— B(1)o(t) (w)— /0 5(s>ds>
< a()B)H(0),
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by applying assumption (3.7). Integrating this inequality with respect to ¢, then dividing by
o(t) gives

/ B(s)(s)ds < / a(s)B(s)9(s)ds

/ B(s)(s)ds < / (5)5(5)2((3515.

Now we add «(t) on both sides and use assumption (3.7) again. This shows that

/5 s)ds < a(t) + /ta(s)ﬁ(s)¢(s)ds

0
() < alt) + / exp( / B(r dr)

which finishes the proof of the first claim.
For the second claim, assume that additionally a(s) < a(t) for s < t, then inequality (3.8)

becomes
P(t) < aft) + aft) /tﬁs exp(/tﬁ(r dr)ds

- 0 <d8/ B(r dr) exp(/:ﬁ(r)dr)ds
ot ( /5 dr) exp</:ﬁ(r)dr>ds
—a(t)—a()/ 2 <exp</ B(r) dr))ds
— alt) — alt) exp ( / ﬂ(r)dr) -
— a(t)exp ( /0 t B(r)dr),

where we have used the fundamental theorem of calculus. O




Chapter 4

Article “Flows Through Porous
Media” by F.V. Atkinson and L.A.
Peletier

The previous section contained some relevant definitions and theorems that are used in the
article “Similarity Profiles of Flows Through Porous Media” by F.V. Atkinson and L.A. Peletier
[1]. In this section, I will expand on the content of the article by rewriting it and including a
more detailed version of the proofs contained within the article.

4.1 General strategy

As stated before, we will discuss existence and uniqueness of self-similar solutions to the porous
medium equation

ou 0 0

— = — | k(u)=—u). 4.1

ot~ oz ( () ax“> (41)
That is, we look at solutions u(z,t) in the region 0 < x < 00, 0 < t < co. In particular, we look

at self-similar solutions of the form u(x,t) = f(x(t + 1)_%) = f(n) with n € (0,00). Rewriting
the porous medium equation (4.1) using the self-similar form of the solutions gives

(k(f)f’)'+%77f’:0for0<77<oo. (4.2)

Altogether, we look to solve the initial-boundary value problem (4.2) with

f(0) =0, lim f(n) =0

n—00

at the boundaries, where self-similar solutions f(n) have compact support.
Specifically, our main objective is to proof that if k(s) satisfies

1
k
/ ﬂals<oo7
0

S

then for any U > 0, equation (4.2) has a unique, non-negative weak solution with compact
support in [0,00) such that on f(0) = U. The function k(s) is assumed to be defined, real and
continuous for s > 0 with £(0) = 0 and k(s) > 0 if s > 0.

21
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Definition 4.1.1 (weak solution). A weak solution is defined as a function f(n) with the fol-
lowing properties:

1. f is bounded, continuous and non-negative on [0,00);
2. F(f)= fof k(s)ds has a continuous derivative F' with respect to n;

8. f satisfies the identity [;° ¢'(F' + %nf)dn + % JoS ofdn =0 for all ¢ € C3(0,00). Note
that the subscript in C(0,00) means that ¢ vanishes at co.

In order to achieve this objective, we first prove existence and uniqueness of a classical
solution of (4.2) on [0,a) for some a > 0 that satisfies the boundary conditions

f(0)=U
f—=0, k(f)ff 20asn—a
f(n) >0 on 0<n<a.

Definition 4.1.2 (classical solution). A classical solution is a continuously differentiable func-
tion f(n) such that k(f)f" is also continuously differentiable.

Up to and including Theorem 4.5.1, f will implicitly be assumed to be a classical solution.
To be precise, we ask whether for any given U > 0, there exists and a > 0 such that the
aforementioned classical solution exists. This will be shown in Theorem 4.5.1 and in the lemmas
leading up to it.

Eventually, we will combine the classical solution on [0, a) with the function f = 0 on [a, c0)
and prove in Theorem 4.5.4 that this gives a unique weak solution of (4.2) on [0, 00), as we set
out to show.

4.2 Local uniqueness and monotonicity

In this section, we will proof local uniqueness of the initial value problem (4.2) if f > 0 and
show that the solution f must be strictly monotonically decreasing.

Lemma 4.2.1. For arbitrary positive o and real 5, and any no, equation (4.2) has a unique
solution in a neighbourhood of 1y, such that

fOno) = a,  k(f(no))f (no) = B. (4.3)

Proof. By Peano’s existence theorem (see Theorem 3.2.4), such a solution as specified in the
lemma exists. Now, we still need to proof that the solution is unique. Integrating (4.2) in some
neighbourhood of 7y with the solution f(n), that we know exists now, then using integration by
parts yields

KNI =3 [ Q) (14)

=5+ [ 5@

2770

Suppose that fi(n) and fo(n) are two solutions of (4.2) such that they satisfy conditions (4.3).
Using that f1(10) = fa(no) = a and k(f1(10)) f1(n0) = k(f2(no))f2(10) = B, we find

k(f2) fal, = k() f, = B(f2(m) fa(n) — k(f1(n)) f1(n) (4.5)
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and
/ / 1 1 [ 1 1 [
k)il ~ RS = = 50RO, + 5 [ e (= 3enm, + 5 [ niac)
= =l = Fin) + 5 [ (£0) = ).
10

Now combining (4.5) and (4.5) and taking the absolute value yields

Mmm»wm—mmmMWMS;mmmrﬁmm+l/Qmo—ﬁ@mq
70

2
Recall that 7 is in a neighbourhood of 7y, so n € [y — §,70 + §], which implies that |n| <
max{|no — 4], [no + 0|} and | — no| < max{|—d],|d|} = 0, thus

\k(f2m)) f5(n) = k(f1(m)) f1(n))]

Sl = ]+ 5| [ ((6) = e

waae{n — 8l o + S fa(n) — )| + 5 [ 1026) — afOle
0

<

IN

IN

max{ln = 3.l -+ 31} /o) = ()] + 5l = m| masx 12(6) = A(O)

IN
ORI~ N N~ N

max{|no — 4}, [no + J|} max |f2(C)—f1(C)\+15 max |f2(¢) — f1(¢)|
¢€no,m] 2 ¢enom]

IN

max{|no — 4], |no + 6], 6} max |f2(¢) — f1(C)]
¢E[mo,ml

1 max [ f2(C) = f1(Q)]-

[¢=m0|<|n—m0|

IA

Accordingly, we have found that
|k(f2(m)) f3(n) — K(fr(m) fi(m)] < %|77||f2(77) — fi(n)] (4.6)

+§A}mo—ﬁ@mm
< A max | f2(€) = f1(Q)]

I¢—mn0l<[n—mnol

with constant A; = 1 max{|no — 4], [no + [,6} > 0 and 7 in some neighbourhood of ny. If we
set F(f) = [ k(s)ds, then

fa(n) fi(n)
ﬂhW%WUMD—A k@@—A K(s)ds

Now substitute a = f;(no) and s = f;({) for j = 1,2 in each respective integral.
f2(n) fi(n)
F(faln) = F(hitn) = [ hlyds = [ hispas (4.7)
f2(mo) f1(no)
n
= [ K1) - KA (C)de

70
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Now taking the absolute value of (4.7) gives the following inequality

[E(fa(m) = F(fr(n)] < ' |k (£2(0))f2(C) = k(f1(E)) f1(C)]dC

<|n—molAr  max |f2(¢) — f1(Q)]- (4.8)
[¢=n0|<]n—mnol

Additionally, note that

fa(m) fi(n)
F((n) ~ PRI = | [ " k(s)ds - / " k(s)ds

Ja(n)
/ k(s)ds
Ji(m)

> [fa(n) = fi(n)] min k(s) = Azl f2(n) — f1(n)] (4.9)

with D = fi([no — d,m0 + 9]) U fa([no — d,m0 + 0]) and § > 0, holds for a constant Az since
f(no) > 0 and k(s) is continuous. Combining inequalities (4.8) and (4.9) gives

\fo(n) = fi(n)| < A3 Ayln—mol  max | f2(¢) — f1(Q)).

|¢ =m0l <In—mn0l

Now if we consider | — 79| to be small, since 7 is in any neighbourhood of 79, we can for example
choose [ — 1o < € < A9 A7, Then we find that

[fa(n) = A1) < A31Are  max  [f2(¢) — f1(Q)]

[¢—m0]<|n—mn0|

< A1 Age Juax |f2(¢) = f1(Q)]

for all n, thus the inequality also holds if we can take the maximum on both sides. This results
in

max_|f2(¢) = f1(¢)] < A51A16|C§%|X<6 |£2(€) = f1(Q)]

|¢—mo|<e

(1 - Ay 4re) max [fa(¢) — fi(Q)] <0.

|¢—mno|<e
Note that 1 — A, 1A1e > 0 and the absolute value is non-negative, then we must have that

max|¢_no|<e |f2(¢) — f1(¢)] = 0. Thus we have found that f2(¢) = f1(¢) for ¢ in a neighbourhood
of 19, which means that the solution as specified in Lemma 4.2.1 is locally unique. O

Lemma 4.2.2. A solution of equation (4.2) which is positive in an interval is either constant
or strictly monotonic in that interval.

Proof. Writing (4.2) as a system of two first order linear equations with g = k(f)f’ gives

(f)':< KD ): D (4.10)
g —anf’ _577%
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Then solving ¢’ = —3nf’ = —%n% for f by integration from 7y to 7 gives

dg _ 1. n
dn 25k(f)’
9 1 C
/ /n 2h(H™
n
I (g() ~1n(8) = =5 [ 5
Mo

g9(n) —5exp(—;/: k(Cfd )

where constant 5 = g(ng). There are 2 cases here; either § = 0 thus g(n) = 0 for all n €
Mo —d,mo+0)or f£0. If =0, g=k(f)f =0 implying f'(n) = 0, thus f is a constant
function. If 8 # 0, then g = k(f)f’ # 0 for any n € [y — 9, no + 9] since the exponential function
is never equal to 0 in that interval. Additionally, the sign of ¢ must agree with the sign of 7,
thus f is monotonically increasing or decreasing depending on the sign of 5. O

4.3 Solutions near n = a

In the previous section, we have proved local uniqueness if f > 0. In this section, we will look at
solutions f near n = a. More specifically, in Lemma 4.3.1 we will show that condition (4.11) is
necessary for solutions of (4.2) to exist in a left-neighbourhood of a. In Lemma 4.3.2 we derive
integral equation (4.20), which is equivalent to the differential equation (4.2) for solutions f
near a. In Lemma 4.3.3 we will proof the existence and uniqueness of solutions to the integral
equation (4.20).

Lemma 4.3.1. The condition

/1 @ds < o0 (4.11)
0

S

holds, if equation (4.2) has a solution f in any interval (a — €,a), where € > 0 such that

f—=0, k(f)f -0asn—a,
and f(n) >0 on 0<n<a. (4.12)

Proof. Suppose f to be a positive solution of (4.2) in a left-neighbourhood (a — €, a) of a which
satisfies the boundary conditions (4.12). Integration from 71 to a then yields

[ wueyr@yic=—; [ croa

0~ k) ) =~ [ croc
n
KN ) =5 [P0 (413)
n

By Lemma 4.2.2, f is monotone and because we have assumed f > 0 on (a —€,a) and f — 0
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and n — a, we conclude that f’(n) is negative. Consequently, with 0 <7 < a we find

[ .,
- 3| [ eroa
1/!Mf@ﬁm

\k(f(m)f'(n)

| A

Since k(f) > 0 if f > 0, we find
kG ()] _ 1

<,

f(n) 2

Thus for any a; and ag such that a — € < a; < ag < a, we have for the following integral that

“ k(S m)]f ()] “1 1 1
Jo g s ], gt = g < g0t

Now using that f is monotonically decreasing and substituting |f’(n)|dn = dx which implies
that « = [ |f'(n)ldn = — [ f'(n)dn = — f(n), then substituting —f = g, where g is an auxiliary
variable, transforms the integral into

R =)
[y 5 e
= /f o) (ff) df. (4.14)
e /ﬂM)Mfo<1f. (4.15)
fa) T T2

If we let as tend to a, then f(az) tends to 0. Additionally, note that the integral fcd @df

exists for 0 < ¢ < d, since @ is continuous on [c, d]. Thus we have derived equation (4.11). O

Lemma 4.3.2. If k(s) satisfies condition (4.11), then, for given a > 0, there exists an € > 0
such that in (a — €,a) equation (4.2) has a unique solution which is positive and satisfies the
boundary conditions

f—=0, k()ff 20asn—a (4.16)

Proof. Suppose that such a solution already exists in a left-neighbourhood of n = a. Later in
Lemma 4.3.3 we will proof that this solution indeed exists.
We start in the same way as in Lemma 4.3.1, where we integrate equation (4.2) from 7 to a

resulting in
/ _1 ¢
o) =5 | ¢rouc
1 2k(f
Fn) ~ T QdS
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Now using that f'(¢) = %(CO’ we can rewrite the last equation in the folowing way

1 dp__ 2k(f(n)) (4.17)

Fren)y— df(n) [ ¢df(¢)
Note that by Lemma 4.2.2 f is monotonic with non-vanishing derivative, since we have assumed

f to be positive. The inverse function theorem tells us that we can write n as a function of f.
Substituting n = o(f) in (4.17) yields

do 2k(f(n)) ___2k(f(n) 2k(f)

af " lim, . JIE) o (f)df %o [ o()de’

Thus we have found

do(f) ___ 2K(f) ws)

if ooy
with solution o(f) such that ¢(0) = a because f — 0 if  — a. Furthermore, the function o(f)
is defined and continuous on an interval [0, fy) for some fy > 0 and continuously differentiable
on (0, fo). This follows from the inverse function theorem since f is assumed to be a classical
solution of equation (4.2), which means that f is a continuously differentiable function.
Integrating equation (4.18) from 0 to f with 0 < f < fp gives

Tdo(¢) . [T k(9
/0 a0 dg = 2/0 T o(o)dn do

S o () dy
T k(e)
o —0(0) = -2 d
(f) —a(0) o [P o)y )

I k()
o =a—2 do. 4.19
() ot (4.19)

Now we define
T(f>=1—“(af) —1-7,

then o(f) =a—ar(f) = a(l — 7(f)) and equation (4.19) becomes

1 f k(o) >
T =1——la—-2 d
() a < /0 f0¢ a(l—7(¢))dy ¢

2t ko)
/o Joa = () "

By condition (4.11), integrals (4.19) and (4.20) exist.

We look for solutions f of (4.20) defined in a right-neighbourhood of f = 0. Retracing the
steps of Lemma 4.3.2 yields a solution f of (4.2) in a left-neighbourhood of = a, which satisfies
condition (4.16). Similarly, if the solution of (4.20) is unique, then the corresponding solution
of equation (4.2) is also unique.

Altogether, in order to show that Lemma 4.3.2 holds, it is enough to show that (4.20) has
a unique solution in a right neighbourhood of f = 0, which is positive if f > 0. This will be
proved in Lemma 4.3.3.

The proof of Lemma 4.3.3 will share some similarities in structure with the proof of the
Picard-Lindel6f theorem (see Theorem 3.2.2). In both proofs we first derive an integral equation,

(4.20)
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then we apply Banach’s fixed point theorem (see Theorem 3.2.1). However, the integral equation
(4.20) has a degeneracy on the right hand side if f = 0, thus deviations of the proof of the Picard-
Lindelof theorem are necessary. This problem originates from the equivalent problem for f, (4.2),
because when it is written as a system of ordinary differential equations, as we did in equation
(4.10) of Lemma 4.2.2, we see that on the right hand side of the ordinary differential equations
we find the function k(s). The function k(s) does not satisfy a Lipschitz condition. Thus, the
conditions of the Picard-Lindelof theorem are not satisfied and we cannot apply it.

Lemma 4.3.3. If k(s) satisfies condition

/1 @ds < 00, (4.21)
0

S

then there exists a v > 0 such that

T :3 ! k(9) d 4.22
: /o =" e

has a unique continuous solution T(f) in 0 < f <~. If0 < f <=, then 7(0) =0 and 7(f) > 0.

Proof. Suppose condition (4.21) holds and suppose there exists a v > 0 such that f is a contin-
uous function and 7(0) = 0 and 7(f) > 0if 0 < f < . We will choose a specific v later. Let
X denote the set of continuous functions 7(f) defined on [0,7]. Since 7(f) is continuous and
7(0) =0 and 7(f) > 0, 0 < 7(f) < 3 is satisfied for some v that is small enough. Let |.|| denote
the supremum norm on X, then X is a complete metric space.

It remains to be shown that 7(f) is a unique solution of (4.22), we will do this by applying
Banach’s fixed point theorem (see Theorem 3.2.1). To this end, we introduce the map

2t ko)
) /o Joa = r())dy ’

on X. Then M(7)(f) is well-defined, because if we assume that for any f; and fs in [0,7],
f1 = fo then we find M (7)(f1) = M(7)(f2). M(7)(f) is non-negative and continuous, because
k(s) and 1 — 7(f) are on their respective domains. Furthermore, we have since we have 7(f)
defined on [0, 7] satisfying 0 < 7(f) < 1 and that 0 < f <~

¢
/0 (1 —=7())dy < max Il —7(¢ ]/ 1dy

< max ([[1f] + |7 (s

€[0,¢)]
< Jg[%,}i](l + I ()¢
3
= §¢)
therefore
T k(o
M0 < g [ Mo < 4 [0

then M maps X onto itself. Therefore v is chosen small enough such that

S
4 J. 7 %dqﬁ < % is satisfied. Now we have found our first restriction on y, namely f gf) < a
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Furthermore, we want M to be a contraction map. M is a contraction map on the metric
space X with the supremum norm, if M is a function from X to itself such that there exists a real
number k such that 0 < k < 1 and such that for all 77 and 72 in X, we have ||M () — M(12)|| <
k||m1 — m2||. Let 71,72 € X be arbitrary, then

[M(71) = M(72)|| =

/“ 9 k(9 H
aJo [O1-m@)dy  [1—m(b)dy

2 [ JE (@) = a()dy l
=5 | k(o 0 do
2 Jy *9 J91 = m()d [1 — mo(e)dy
2 (1 o In@) —n@)le
< = k
<5 [ ko) T
8 [T E(9)
<2 [ asn() - .
Thus for M to be a contraction map we need 8 07 k(@) d¢ < 1. This second restriction on vy gives

us d¢ < 4 8 , and this restriction 1mphes the ﬁrst one that we have found in thls proof By

0
Banach s fixed point theorem, see Theorem 3.2.1, if there exists a 7 such that f dd) < & 8 ,
then M has a unique fixed point 7* in X such that M(7*) = 7* O

Thus, we know that there exist a unique solution f of (4.2) in a left-neighbourhood of n = a,
which satisfies condition (4.16), since we have found uniqueness and existence of the solutions of
the equivalent integral problem in Lemma 4.3.3. This concludes the proof of Lemma 4.3.2. [

4.4 Backward continuation of solutions

In the previous section, we have established existence and uniqueness of a positive solution of
(4.2) in a left-neighbourhood of a. In this section, we are looking at the continuation to n =0
of the solution described in Lemma 4.3.2. That is, a unique positive solution of (4.2) in any
left-neighbourhood (a — €, a) of n = a, which satisfies the boundary conditions

f—=0, k(f)ff -0asn—a.

By Lemma 4.2.1 this solution can be uniquely continued backwards as a function of 5. By Lemma
4.2.2 the solution will be strictly monotonically decreasing, thus it will increase monotonically
if n decreases. Now, there are two possibilities as f is continued backwards. Either the solution
can be continued back to n = 0 as will be shown in Lemma 4.4.1, or we have f(n) — oo as n
decreases towards some non-negative value as will be shown in Lemma 4.4.2.

Lemma 4.4.1. In case A, if

S

/OO @ds = 00, (4.23)
1

then the solution described in Lemma 4.3.2 can be continued back to n =0 for any a > 0.

Pro (f Let us consider the solution as described in Lemma 4.3.2, then Lemma 4.3.1 tells us that

%) ds < 0o must hold. Note that the upper boundary, h = 1, is chosen arbitrarily, we could
have chosen any finite h such that 0 < h < oco. The same applies for the lower boundary of
(4.23).
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From the proof of Lemma 4.3.1 we can extract (4.15), which is the inequality
fla1)
/ @ds < }aQ.
fag) 2

Note that we have a — ¢ < a1 < as < a. Now, if we take as — a and let ay — 0 in a
left-neighbourhood of 7 = a (by Lemma 4.3.2 there exists a unique solution here), we get

limg, —0 f(a1)
/ 1 @ds < %GQ (4.24)
1

imag—m f(a2) §

Thus (4.24) is a bounded integral and combining this with (4.23), implies that f(a;) cannot be
unbounded. Because if f(a1) is unbounded, the integrals (4.23) and (4.24) should be equal and
they are not. Since f(a1) is bounded in any left-neighbourhood of n = a, the solution f(n) can
be continued back to n = 0. O

Lemma 4.4.2. In case B, if
<k
/ ﬂds < 00,
1

S

there is an a* such that if a > a*, there exists no positive solution of equation (4.2) on [0,a),
which satisfies the boundary conditions

f—=0, k(f)f =0asn— a.

Proof. This will be a proof by contradiction so we assume case B holds and that an a* as
described in the lemma does not exist, i.e. that for any a > 0, there exists a positive solution
of equation (4.2) on [0, a), which satisfies the boundary conditions 4.4.2. The proof will mirror
some steps as were taken in Lemma 4.3.1. Thus assume that f is a solution of (4.2) in a left-
neighbourhood (a — €,a) of a. By integrating (4.2) from 7 to a, we obtain (4.13) from Lemma
4.3.1:

OO Rvdere
n

Since f is monotonically decreasing by Lemma 4.2.2, f/(n) < 0. Consequently, nf'(n) < 0. Next,
taking the absolute value results in

Thus we have found |k(f(n))f'(n)| > 4nf(n). Recall (4.14) from the proof of Lemma 4.3.1:

I, _ [ b,
ll 7(n) d"‘ﬂm) 5 o
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Thus, for any as with a — e <1 = a; < az < a, we obtain

[ Mg [ I
f n

(az) S f(€)
as 1
> / 26/(0) dc
(S
LI L] 1 5
2[2C} 1(@2—77)-
n
Next, we let as tend to a, which yields
f) i 1
/ ﬁdf > —(a® —1?). (4.25)
0 f 4
Hence, if we assume that the solution exists over [0,a) and if we choose a so large that % >
fooo k(s )ds which we can do by our initial assumption in the beginning of the proof, we find that
a? () ‘/W%u> 1 2
—_ > — df > ( —n°).
4 /0 5 0 f )
Now if we let n — 0, we find ‘2—2 > ‘2—2 thus we have arrived at a contradiction. Hence, the
assumption was wrong and the a* referred to in the lemma exists. O

4.5 The main result

All of the preceding lemmas enable us to present Theorem 4.5.1. Theorem 4.5.1 establishes
existence and uniqueness of self-similar classical solutions to the porous medium equation on
[0,a). Recall that we defined classical solutions in definition 4.1.2 as a continuously differentiable
function f(n) such that k(f)f’ is also continuously differentiable.

Theorem 4.5.1. Let k(s), s > 0, be continuous with k(0) = 0 and k(s) > 0 for s > 0. Then

the condition )
/ @ds < 00 (4.26)
0 S

s necessary and sufficient for the existence, for any U > 0, of a unique a > 0 and the existence
of a unique classical' solution of

(K'Y + g =0 0<n< oo (4.27)
with the boundary conditions
f0)=Uv (4.28)
f=0, k(f)ff =0asn—a (4.29)
fm)>0 on 0<n<a. (4.30)

Moreover m Case A (in which [~ = ke gg = 00), a=a(U) = oo as U — oo and in Case B (in
which [° ds < o0), a(U) tends to a finite limit as U — oo.

'See definition 4.1.2 for the exact definition of a classical solution in this context.
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Proof. The proof depends on a discussion of the function b(a). We define b(a) = f(0;a), where
f is a classical solution of (4.27), which is defined and positive on any left-neighbourhood of
n = a (thus with € (0,a)) and which satisfies condition (4.29). Note that the function b(a) is
defined for all @ > 0 in Case A and b(a) is defined for a sufficiently small in Case B. We claim
that b(a) has the following properties:

i lim, 0 b(a) = 0;
ii b(a) is strictly monotonically increasing;
iii b(a) is continuous;
iv In Case A lim, o0 b(a) = oo;
v In Case B lim,_,z b(a) = oo for some a < oo.

If all of these properties hold for b(a), then the equation U = b(a) has a unique solution for
any U > 0. Let us call this unique solution a(U). Then, the function f(n;a(U)) additionally
satisfies conditions (4.28) and (4.30). Moreover, because of the uniqueness of a(U) and because
of Lemma 4.2.1, which gives uniqueness of the solution for f > 0, and Lemma 4.3.2, which gives
uniqueness of the solution on a deleted left-neighbourhood of a, we have found that f(n;a(U))
is the unique solution of problem (4.27), (4.28), (4.29), (4.30). Next, we shall prove (i)-(v) in
succession.

(i) Proof of lim,—0 b(a) = 0. From the proof of Lemma 4.3.1 we find (4.15):

/f(aQ) i) =

If we let as — a and a1 — 0, then we find

"OBF) o 1
/0 fdf<2

Since the integrand is non-negative and 0 only if f = 0, b(a) tends to 0 as a tends to 0.

l\.’)\r—t

(ii) Proof of b(a) is strictly monotonically increasing by contradiction. Suppose b(a) is not
strictly monotonically increasing. Then there exist numbers a; and as such that 0 < a; < ag
and b(az) < b(ay). Let us denote f;(n) = f(n;a;) with ¢ = 1,2 and recall that f is continuous
and (strictly) monotonically decreasing and by assumption (4.29) fi(n) — 0 if n — a;. Then, by
the Intermediate Value Theorem, there exists a number 79 € [0,a1) such that fi(ng) = fa(no)
and f1 < f2 on (ng,a1).2

Since fj is a solution of (4.27), we can substitute it into the differential equation. Integrating
from ngp to a; yields

| tnensiy + jencc

70

— KOOI + 5¢h@ln —5 [ A =0,

2We will use the negation of this argument, which states that we cannot find such a 79, in the proof of (%)
b(a) is continuous.
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Now applying condition (4.29), writing fi(n9) as f, and multiplying by —1 results in

k(f)fi(no) + %"70]F+ % N f1(Q)d¢ = 0. (4.31)
10

f Integrating f», which is also a solution of (4.27), from 7y to az and writing f2(ng) also as f,
gives

k(f)f2(n0) + %noer % /@ f2(¢)d¢ = 0. (4.32)
70

Note that at 19 we have assumed that f = f1(n9) = f2(n0). Consequently, if we subtract (4.31)
from (4.32), we obtain

= 1

k(f){fs(m0) — fi(no)} — 3

=0.

Ch©dc+ g [ R

10 10

If we now split the integral form 79 to as to an integral from 7y to a; and one from a; to as, we
get

_ 1 a1 1 az

KD — fiw)h+3 [ RO - A©dc+5 [ p@dc=0 @)
70 a1

Recall that fo > f1 on (no,a1) and fo > 0 on (0,a2) by (4.28) and thus, in particular, fo > 0 on

(a1,a2). Consequently, the second and third term in (4.33) are positive. Now we still need to

show that f5(no) — f1(no) > 0. Assuming that the functions are differentiable in 79, we can take

a look at the limit definition of the derivative

/ vy e (f2(0) = folno)  fi(n) — fi(mo)
fz(no)—fl(no)—nlgg;o< p— p— )

— o 2 = A0

n="m0 n—"n

Since we have assumed that the limit exists, the value for the limit from the right is the same
value as for the total limit. Therefore, it is enough to only look at the limit approaching 7y from
the right. Approaching the limit from the right, where fo > fi, results in a non-negative value
for the limit. That is, f5(no) — f1(no) > 0. Furthermore, since k(s) > 0 for s > 0, the first term
of (4.33) is non-negative.

Now we have arrived at a contradiction. We have derived that (4.33) is always strictly greater
than zero and that it is equal to zero at the same time. Hence, our assumption was false and
the function b(a) must be monotonically increasing.

(iii) Proof of b(a) is continuous The main idea of this proof is to show continuity of the
solution f(n;a) in a for all n € [0, a), then, in particular, b(a) is continuous in 7.

In order to show that the solution f(n;a) depends continuously on a for all n € [0, a), we will
show in Lemma 4.5.2 that the unique solution f(n;a) depends continuously on initial conditions
at 7 = np and that the initial data depends continuously on a. Then, by composition of those
two statements, we find that f(n;a) depends continuously on a for all 779 < a in a deleted
left-neighbourhood of a. In the proof of Lemma 4.5.2 we will need on multiple occasions that
7 satisfies a Lipschitz condition in a. The proof of this can be found in Lemma 4.5.3. After
proving Lemma 4.5.3, we will show that b(a) must also be continuous in a.

Lemma 4.5.2. If a > 0, n9 < a in a deleted left-neighbourhood of a and f(n;a) is a solution
of (4.27) with f(n;a) defined and positive on any deleted left-neighbourhood of n = a and with f
satisfying condition (4.29), then
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o the solutions a — f(no;a) and a — (k(f)f")(no;a) are continuous in a and

e the unique solution n +— f(n;a) depends continuously on the following initial conditions
given at n = ng:

f(no) = f(no;a),
() F)(m0) = k(o a));nf(no; ).

Proof. Assume that f(n;a) is a solution of (4.27) and let f(n;a) be defined and positive on a
deleted left-neighbourhood of n = a and suppose [ satisfies condition (4.29). Let a > 0 be
arbitrary, fix 9 < a close to a, i.e. fix ng in a deleted left-neighbourhood of a.

In order to show that a — f(no;a) is continuous in a, we will first derive an inequality
on 7(f;a), then we will use the mean value theorem to change the inequality on 7(f;a) to an
inequality on f(n;a), from which we can deduce that a — f(np;a) is continuous in a by using
that the function 7(f; a) is Lipschitz continuous in a. Then the continuity of a — (k(f)f")(no; a)
in a follows easily.

Let 0 < ap < a1 < ag < ag, where we choose az such that b(az) < oco. We set 7(f) =
7(f(n; a);0)*.

In order to show that a — f(np; a) is continuous in a, we first derive an inequality on 7(f;a),
then we use the mean value theorem to transform the inequality on 7(f;a) to an inequality on
f(n;a), from which we can deduce that a — f(no;a) is continuous in a by using that by Lemma
4.5.3 the function 7(f;a) satisfies a Lipschtiz condition a.

We know that o(f;a) is continuously differentiable on (0, fy), for some small fy such that

a(f(noia)ia) _ mo

1 < @ is in a neighbourhood of a, thus 1 js continuously differentiable on (0, fo).

Then

Mo _ Mo _ |1 —7(f(nosa1);a1) — (1 —7(f(no; az); a2))|

a1 as
= |7(f(no; ar); ar) — 7(f (no; a2); az)|

= |7(f(no; a1); ar) — 7(f(no; az); a1)

+ 7(f (o3 az); ar) — 7(f (no; az); a2)|

> ||7(f(no; a1); a1) — 7(f (no; az); a1)|

— |7(f (n0; a2); ar) — 7(f (no; az); a2)||

> [7(f(nos ar); ar) — 7(f (no; az); a1)|

— |7(f (o3 az); a1) — 7(f(no; az); az)|-

7(
7(

Thus we find the following inequality on 7

I7(f(no; a1); a1) — 7(f (o3 az); a1)| < % - %Z (4.34)

+ |7(f (no; az); a1) — 7(f(no; a1); a1)],

where

B — B 0asar — az and [7(f(no; az2);a1) — 7(f(o; a1); a1)| — 0 as a1 — az, because

T satisfies a Lipschitz condition in a for n = ny by Lemma 4.5.3.

3Recall that 7(f;a) = 1 — (— where o(f) = n is defined as the inverse of f and o(f) is continuous on [0, fo)
and continuously differentiable on (0, fo) for sufficiently small fo, i.e. for fo = f(n;a) such that n < a is in a
deleted left-neighbourhood of a.
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Now, we can use the mean value theorem to rewrite the left-hand side of the inequality
(4.34), because 7 is continuously differentiable on (0, fy) for some small fj, because o is. We get

|T(f (o a1); a1) — 7(f (no; az); a1)|
|f (103 a1) — f(no; az)]

for some f* between f(no;a1) and f(no;a2) by the mean value theorem. Therefore, we can
rewrite inequality (4.34) to become an inequality on f in the following way

|7/ (f*5a1)] =

|7 (f*5 1) || f (no; a1) — f(no; az)| <

+ |7(f(no; a2); a1) — 7(f (no; a1); a)|.

o _ o (4.35)
al a9

Furthermore, looking at the derivative we find

sz - 2/ fo 1—7(¢ d(b
- 2“2ddf ¢ o _i s
K
-2t [T —iw)]dw
= 2a_2k(ff)L_l(f;a) > 2a_2kgcf) -1,

where we have used the fundamental theorem of calculus. Consequently, 7 is bounded from
above on (0, fo) with

d k
@T(f) > 2a2(f‘ﬂ.
Now returning to inequality (4.35)
|f(no; a1) — f(no;az)] < |7/ (f*; ‘* (770_772

e 0z az)s an) — 7(f (n0; ) a1>|)
1 a2 Mo "o
= 2% <a1 as

)

r(Fnos a)s ar) — 7(F s ) am)

12 m_m
2 1 al B a9
e (n0s az)s an) — 7(f (0; ) 1>|> (4.36)

since f is strictly decreasing and b(a) is strictly increasing. Therefore, we have found an in-
equality on f.

Observe that k(f*) > 0, because is f* between f(no;a1) and f(no;az), so f* > 0, thus ﬁ
is defined. Additionally, note that

k(}*) is continuous on the closed interval with boundaries
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f(no;a1) and f(no;az), thus %a% 28{1)) is bounded.* Earlier, we have found that the right hand
side of inequality (4.34) tends to 0 as a; — az. Consequently, the right hand side of inequality
(4.36) goes to 0 as a; — ag. Therefore, a — f(no;a) is continuous in a.
It remains to be shown that a — (k(f)f’)(no;a) is continuous in a. Recall the following
definition for 7, )
g n
T(f(m;a);a) = l===1-"
which holds for small f, i.e. for f(n;a) where 7 is in some neighbourhood of a. In particular

the definition holds for f(no;a). Since 7 is continuously differentiable for small f, we can write

Gi]T(f(n; a);a) = (;J(f(n;a);a)(;f(n;a) = —é
d -1
) S e aya)

for small f.
Now, recall the other definition for 7,

a2 2 [T kO
(F(; ):a) aA‘ﬁu—Tw»w)¢

which holds for small f, thus this definition also holds for f(no;a). Since 7 is continuously
differentiable for small f, we can write for small f

A gy 2 )
T

where we know that 7(n; a) is Lipschitz continuous by Lemma 4.5.3 and k(f(n;a)) is continuous
in a, with @ > 0. Thus 7/(f(no; a); a) must be continuous in a.

But then f/(np;a) = —4—=-———— is continuous in a, since it is a composition of continuous
ag77(f(nosa);a)

functions in a. Thus, we can conclude that a — (k(f)f")(no; a) is continuous is a. This finishes
the proof of the first claim.

We still need to show that the second claim holds. We need to show that the unique solution
n — f(n;a) depends continuously on the initial data given at n = ny. We do this by using a
similar argument as we have used in Lemma 4.2.1. Let f1(n) = f(n;a1) and fa(n) = f(n;a2) be
two solutions of (4.27) such that they are defined and positive on any deleted left-neighbourhood
of n = a1, respectively 7 = ao, and such that each of them satisfies their own set of initial
conditions

fi(no) = o f2(mo) = g
(E(f) 1) (o) = B1 (k(f2)f3)(no) = Bo.

By Lemma 4.2.1 solutions f; and f; exists and are unique in a neighbourhood of 79. Now we
will look at their difference and deduce an inequality depending on the initial conditions at ng
to show that the function n — f(n;a) depends continuously on the initial data.

Note that by (4.4) from Lemma 4.2.1 we find that f; must satisfy

n
BRI, = —5Ch QN +5 [ A©d
10

1 n

ECAG)) AL () = B — gnfaln) + gmooo + 5 [ Fi(Qdc,
0

“Recall that in Theorem 4.5.1, we assumed that k(s), s > 0, is continuous with k(0) = 0 and k(s) > 0 for
s> 0.
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in some neighbourhood of ng. For fs we find the same result.

Now we look at the difference of f; and fy and apply (4.6) from Lemma 4.2.1, giving

[KC2(m) £50) — KA ) )| (1.37)
< 181 = Bal + ol — azl + S all (o) — o)

#5] 0) - o

<181 = Bal+ glmllos — 0ol + Ar _ max_1£2(0) = £i(C)

with constant Ay = 3 max{[no — 6, [no — 6],6} > 0. Now set F(f) = fof k(s)ds, then

f2(n) fi(n)
F(fa(n) — F(fi(n)) = /0 K(s)ds — /0 K(s)ds (4.38)
e’} fa(n) fi(n) o1
:/O k:(s)ds+/a2 k:(s)ds—/al ks [ his)as

o2 o1 f2(n) fi(n)
:/ k:(s)ds—/ k(s)ds—i—/ k(s)ds—/ k(s)ds
0 0 f2(no) f1(m0)

n

— Flas) - Flon) + / B(f(O) F4(C) — K(FO)FO)C.
Y

0

Now taking the absolute value and using the triangle inequality on (4.38) and combining it with
(4.37), we find that

[E(f2(n)) = F(fr(m)] < [F(az) — F(a)]
+ [ R(f2(0)f5(C) = k(fu(O)) f1(¢)]dC
< [F(az) = F(a)]

N 1
+/ (’/82 — Bl + 5!?70!\042 —

10

AL max [£(0) = fi(O)])dS

[¢—n0|<|n—mno]
< |F(a1) = F(a2)| + |n —mnol|B1 — Bal
1
+n - 770|§|770\|041 — ol

+n—mnoldr ~ max [f1(¢) — f2()]. (4.39)
[¢—mnol<|n—mn0]

Finally, we can get an inequality on f by combining (4.9) from Lemma 4.2.1 with (4.39).
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This results in

Aslfa(n) — f(n)| < |F(a1) — F(a2)| + [n —nol|B1 — B2
+ by = ol ol —
+A1’77—770\| max | f1(¢) — f2(¢)]

¢—mnol<In—nol
[f2(n) = fr(n)| < AV F(ar) — Fag)| + A3 n — ol |81 — Bel

_ 1
+ Ay n— 770|§|770Ha1 —

+ A7 ALl —mol - max  |£1(Q) — f2(Q)], (4.40)
|¢—nol<|n—no|

for some constant Ay > 0 and for all . Suppose 7 is sufficiently close to 7, say |n —no| < e <
A7'Ag, then we can estimate the last term of (4.40) by

At Arn —mol - max  [f1(Q) — fa(Q)] < Ay Are max [f1(C) = f2(Q)]-
|¢—n0|<[n—mno0l |¢—mnol<e

Since (4.40) holds for all n, we can take the maximum on both sides. This results in

Jnax 1£1(Q) = f2(Q)] < AT F(an) — F(az)| + A3 el B — Ba

+ A2_16‘7720|!041 — o
+ A7 Are max |f1(C) = f2(Q)]
|¢—=mno|<e

(1—-Ay"A1e) max |f1(¢) — f2(Q)] < AFYF(an) — Faz)| + Ay el f1 — Bo]

|¢—mnol<e

+A2_16|7720|]a1 — gl (4.41)

Note that 1 — Ay *Aje > 0 and |F(a1) — F(az)| tends to 0 as ag — ag, since F is a continuous
function. Then the right hand side of (4.41) tends to 0 as a; — a9 and B; — B2. Thus,
fa(n) — fi(n) vanishes in a small neighbourhood of 7. Since we have chosen rg arbitrarily, we
can conclude that n — f(n;a) depends continuously on the initial conditions for all 7. O

Lemma 4.5.3. If f € (0, fo) with fo = f(no; a) such that ny < a is in a deleted left-neighbourhood
of a, then a — 7(f;a) satisfies a Lipschitz condition in a.

Proof. Let f be small as specified in Lemma 4.5.3. Let 0 < ag < a1 < a2 < az, where we choose
as such that b(ag) < oc.

In order to show that a — 7(f; a) satisfies a Lipschitz condition in a, we will start by looking
at the difference of 7(f; a) for different values of a, then we rewrite the inequality by introducing
functions L(f) and w(f) and M (a) to transform it into the correct form such that we can apply
Gronwall’s inequality (see Theorem 3.2.5). Finally, we will apply Grohnwall’s inequality and
deduce that 7(f) satisfies a Lipschitz condition in a.

Recall that by Lemma 4.3.3, 7(f;a) is a unique solution in f of (4.20), 7(f;a) > 0 for
f € (0, fo), and 7(0;a) = 0. Furthermore, recall that we consider the supremum norm if we
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consider 7(f;a). By using definition (4.20) for 7(f;a) we find
[7(f;a1) — 7(f; a2)]

_ ) _ )
= |2a72 do — 2a52 d
! / f0¢ 1—7 w;a1)]dw ? 2 /0 fod)[l — 7(¢; a2)]dy ¢
f

0 0¢[1 1% (11

S (! k() (¢) )‘
2a5 2 do — d
e (0 SO — (¢ a1))dy g 0 f0¢[1—7<w;a2>]dw ’

_ o [T k(o)
2(a72 — a;?
@m0 T (e

+ 20 </ &) [P — 7(; az)ldy — k() [L]1 zp,al)]dzp ¢)'
0 fo 1/}701 d¢f0 1_7_ )]d¢

o (¢)
— 920072 — a2
e Jal—fwnnww
+2—{/ Sl (W ar) — 7 (9 a))dy d4
fo 1—”%@1 dwfo 7(; as)]dy
§2(af —a;) (¢)

fo [1—7(¢;a1)]dy
_2/ fo 7 (¢ a1) — 7(¢5 a2)[dyp
fo wval dwfo ¢aa2)}dw

by the triangle and integral inequality and because k(s) > 0 and 1 — 7(f) > 0.
Now we have found the following inequality,

IT(f;a1) — 7(f; az2)|
oo [! k(¢)
< 2(a 2 _q;?
) ) T el
_2/ fo IT(Y;a1) — 7(¢; a2)|dy
fo T(¥; a1)|dy fo [1 — 7(¢;a9)|dy

but it is not yet in the correct form to apply Gronwall’s inequality. To aid us with this, we
introduce the continuous function

do, (4.42)

¢
L(gia) = ¢! /0 1 - r(sa)ldy, 0<o < bla).

We claim that L is a strictly monotonically decreasing function of ¢ and L — 1 as ¢ — 0.
In order to show that L is strictly monotonically decreasing, we need the derivative of L to
be strictly less than 0. For this reason, let us investigate the derivative of L. We find
D ey O S = (s a)ldy — ['[L = 7(;a)ldy
dp ¢2
(1 -7 ¢’ f(] 7 ] ¢
¢? ’
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where we have used the fundamental theorem of calculus. We know that ¢ > 0, so ¢? > 0.
Furthermore, since n +— f(n;a) is a strictly decreasing function by Lemma 4.2.2, we know that
o(f) = n, where o(f) is the inverse of f(n;a) and is defined for small f, is strictly decreasing
by the inverse function theorem, thus 7(f;a) =1 — # is strictly increasing and 1 — 7(f;a) is
strictly decreasing. Then by the definition of the lower sum of the Riemann integral, we find

¢
| =t > it (1= rwia)@=0) = (1= ()0

)

so the numerator of the derivative of L is non-positive. Therefore, %L((ﬁ; a) < 0, thus L is

strictly monotonically decreasing. Now we show that L — 1 as ¢ — 0, as follows

brq _ .
(})ii% L(¢;a) = qlslg% Joln T(;¢,a)]dw
= lim f0¢[1 — (Y5 a)ldy — fo Vs a)]di
»—0 ¢ 0
i o = (@)l — [0 - 7(%5a)]dy
»—0 ¢ 0

- ( / - T<w;a>1dw) .

=1-7(¢;0)|¢=0=1-0=1,

where we have used the definition of the derivative of function ¢ — f0¢[1 — 7(1; a)]dy and the
fundamental theorem of calculus. Thus L — 1 as ¢ — 0. Since L is strictly monotonically
decreasing and L — 1 as ¢ — 0, we have that L(b(a);a) < L(¢;a) < 1. Lastly, note that L > 0,
so |L| =

Now, we can begin to rewrite (4.42) such that we can apply Gronwall’s inequality to it. First,
we rewrite the first term of (4.42

)
f
2(&12—0,2_2)/0 f [ k(¢) d¢
0

2 2 T(Y;a1)|dy
-2 (agz% - a%%) /of kif) 2 ¢¢7a1)] 15"
(%) [ '“ff) L@iaudqﬁ
et ) (o [ 24)

a a _ bla1) g
- <2<22+2”|L<b<a1>;a1>| i f)das) (as — a1)

where we have defined A as a function of f(7;a) such that

b(a1)
AZQM‘L al);a1)|/ rQ)
aya 0



4.5. THE MAIN RESULT 41

Secondly, we rewrite the second term of (4.42)

_2/ ) [ 1T(; a1) — (3 az)|de
fo [1—7(¥;a1) dd)fo (5 az)]dy

= 2a;> — T(;a1) — 7(¢;a2)|dy - ¢ . ¢ >d
2 [ ( O [ o) — e anlan e e

o [Tk ¢ - ~
:2‘122/0 (;?/0 |75 a1) — T(; az)|dy - L™ (¢ a1) - L 1(¢;a2)>d¢

f 1)
~2;* [ (’“(? [t et alan - | @) 12 e a2>\>d¢

< 2ay” max [L7(#ia1)| - max [L7(¢;a2)]

(k) | i’
‘/0 ( $? '¢e[o¢] [7(¢3a1) — 7(¥;a2)| - </0 ld@b))dqs

f
=2a5 L7 (b(a1); a1) L™ (b(az); 2)/0 @Jgﬁﬁ] [T(Y;a1) — 7(¢; a2)|de
k(o)

5[ d
=3 ), "6 By rwiey e

where we have defined B as a function of f(n;a) such that
B = 2a2_2L*1(b(a1); al)Lfl(b(ag) ag)

Up to this point, rewriting (4.42) has given us

[7(f;a1) — 7(f;a2)| < A(az — a1) (4.43)
" k(®) _
B [ 2w (r(ian) = 705 0a)lds

Now, we introduce another function w(f) and continue the rewriting process with inequality
(4.43). We define

w(f) = wfgﬁx] [T(;a1) — T(¥;a2)|

and substitute it into (4.43) after taking the maximum over ¢ on both sides of the inequality.
We find

w(f) = e IT(Y;a1) — (s a2)|

< A —
J&%ﬂ (02 = )

#8 [ s [r(xc00) — (i)

XE[0,0]

f
< Alag —ay) + B/o kgbw(gb)dd), (4.44)

since the integrand is non-negative for all ¢ € [0, f].
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We can almost apply Gronwall’s inequality to (4.44), but first we need to check whether A

and B are bounded functions such that we can conclude that A(az — a1) € R and B @ > 0.
To aid us in checking this, we define the function

M(a) = L{b(a);a}.

It can be rewritten as

M(a) = L{b(a); a}
b(a)
5 [ 0=
1 b(a
:b7a) ) 1—Tfa]f
b(a)
5 [ n-a- 2y
1 b
_ab/o
ba
:i df
0

by using the definition of 7(f) = 1 — @ and o(f) = n from Lemma 4.3.2 and substituting
n = f(n) in the integral.
In the proof of (ii) it was already shown that, since a; > ag, f(n;ai) > f(n;ao) for n € [0, ap)

and for ¢ € {1,2}. Additionally, by assumption, we also know that f(n;a;) > 0 on [0,a;), so
f(n;a;) > 0 as well on [ag, a;) for i € {1,2}. Therefore, we have

M(ai) = {aib(a)} /0 " Flman)dn > {ab(an)} ! /0 " P an)dn

Moreover, a; < az and hence, since b(a) is strictly monotonically increasing by (7i), b(a;) < b(as).
Therefore,

M(as) > {asb(az)} /0 " fnao)dn for i € {1,2}.

From this, we can conclude that

W = Toayan = E(b(ai);ai)| ™" is bounded for i € {1,2}, so
Bis bounded. Furthermore, note that b(a) is increasing and we chose b(a3) < oo, thus b(az) < oco.
Therefore, A is bounded by assumption (4.26). Now, we can conclude that functions A and B
are uniformly bounded functions on [ag, as].

Thus we are finally allowed to apply Gronwall’s inequality to (4.44), note that we satisfy the
additional condition for (3.9) resulting in

w(f) < A(az — al)exp</0f Bkif)dcf))

Rewriting that inequality and using that |7(f;a1) — 7(f; a2)| < w(f), we find

f
(3 a1) — 7(f; az)| < laz — a1\AeXp( /0 Bk(j})dqb)
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Combining this with the fact that we let 0 < ag < a; < ag < a3 at the start, we get f(n,a;) <
b(ag) for ¢ € {1,2}, because f is strictly monotonically decreasing. In conclusion, we find that
7(f) satisfies a Lipschitz condition in a which is uniform with respect to f € [0,b(a3)) and
a € [ap, as]. O

Since f(n;a) satisfies the conditions of Lemma 4.5.2, we can conclude that a — f(n;a) is
continuous in « for all n as explained before.

It remains to be shown that b(a) is continuous in a. Suppose b(a) is not continuous in a.
Then there exists an a* € (0,a) such that b(a*) # lim, 4+ b(a). This means that f(no;a*) =
limgtax f(n0; @) at some point g > 0 in a neighbourhood of 0 and f(n; a*) # limgpax f(70; a) for
n < no (including n = 0). However, by Lemma (4.5.2) f depends continuously on a for all 7.
Thus, if the limit and function are the same at 79 they must be the same in a left-neighbourhood
of ny as well. Hence, we have arrived at a contradiction. Therefore, we can finally conclude that
b(a) is continuous in a.

(iv) Proof of in Case A we have lim, , b(a) = 0. Recall that we defined Case A by the

condition
*k
/ ﬂals = 0.
1

S

Furthermore, we assumed that k(s) is continuous on [0,00) and that inequality (4.26) holds,

which says
1
k
/ ks) o o
0 S

/ TR (4.45)
0

S

Therefore, we obtain that

Now consider equation (4.25) from the proof of Lemma 4.4.2. By Lemma 4.4.1 we can continue
the solution f(n;a) back to n =0 for any a > 0. Hence, we obtain

f) k. 1
lim ﬂds > lim = (a® — 1)
n—0 0 S n—0 4

b(a) k(s) 1
2 ds > Za’. .
/0 . ds > 1° (4.46)

Comparing integral (4.45) with integral (4.46), gives that b(a) must tend to infinity if a tends
to infinity. Thus, we have proved that lim,_,~ b(a) = 0.

(v) Proof of in Case B we have lim,_,5 b(a) = 0 for some a < oco. Recall that we have defined
Case B by the condition [, k) ds < 00. Set

1 s
/ @ds:K.
1

S

In order to show that lim, 5z b(a) = 0, we first single out an @ in [0, 00) and then we prove
that b(a) =0 as a — a.

First, we choose a specific a. To this end, we divide [0, 00) into two sets A; and Ag, where
@ will be the defining number that distinguishes the two sets. Let A; be the set of a € [0, 00)
such that f(n;a) can be continued back to n = 0 i.e. b(a) < oo, thus

A1 ={a €[0,00) : b(a) < oo}.



44 CHAPTER 4. ARTICLE “FLOWS THROUGH POROUS MEDIA”

Note that A; is an interval, because b(a) is continuous and we can write A; = {a € [0,00) :
b(a) < oo} = J{[0,a] : b(a) < co}. Denote by Ag the complement of A;, thus

Ay =[0,00) \ Ay.

Then As is also an interval and A; U A = [0, 00). Since A4; and Ag are intervals and Ay U Ag =
[0,00), we find that either A; is of the form [0,a;) and As is of the form [a;,00) for some
ay € [0,00) or A; is of the form [0, as] and Az is of the form (ag, o0) for some ay € [0, 00).

We will show that the interval [0,v/2K) is a subset of A; and that the interval [2v/K, 00)
is a subset of A, then we use the intermediate value theorem on the remaining interval to find
the specific @.

Consider inequality (4.15) from Lemma 4.3.1, if we let a; — 0 we get f;((g) kgs) ds < %aQ. If

€ [0,(2K)2), then f;’((a)) k(s)d < K. Combining this with the fact that in Case B we have

o ko) gs = K and (S) is non-negative on [0,00), gives that fb(a k(s ds < K = [°

S
thus b(a) < oo and we can conclude that a € A;.
In order to show that [2v/K, 00) is a subset of As, we will prove the contrapositive. Therefore,
assume that a is not an element of As i.e. a € A;. We need to show that a < 2V K. If a € Aq,
then b(a) < co and we can estimate (4.46) by

b(a) S
1a2 < / k(s)d8</ @ds:K.
4 0 0

S

Rewriting this to a < 2v/K gives the inequality we were looking for. Thus we can conclude that
[2\/? s OO) C As.

Now we can use the intermediate value theorem to find @. From (ii) we know that b(a) is
monotonically increasing and from (iii) we know b(a) is continuous, so by the intermediate value
theorem there must exist a number a € [\/ﬁ, 2\/?] such that if a < a, then a € Ay and if
a > a, then a € As.

Now that we have found a specific @, we have arrived at the second part of the proof. Thus,
we need to prove that lim, 5 b(a) = co. We know that b(a) — oo if @ — a from above, since
a € A, if a approaches a from above. Hence, it is enough to show that if a 1 a from below, then
b(a) — oc.

Assume the contrary, so assume that b(a) is bounded as a 1 a from below. Then there exists
a number b,y such that if a < @ then b(a) < bpax. Consider the two solutions f(n;a — d) and
f(n;a+6), where 6 > 0 is chosen arbitrarily small. From what we have shown earlier, we know
that @ — 0 € A; and a+ 6 € Ag. Then f(0;a — d) = b(a — 0) < bmax and since f is continuous,
there exists some 79 > 0 in a neighbourhood of 0 such that f(0;a + ¢) — oo if n — no.

Let 1o < n1, then for n > n; we have by the first result of Lemma 4.5.2 that a — f(n;a) and
a— (k(f)f")(n;a) are continuous for all a > 0, thus also for a = @. If we take initial conditions
at 71, we get an initial value problem on [0, 7] of which f(n;a— ) and f(n;a+ J) are solutions.
Then by the second result of the lemma, for n € [0,m], n — f(n;a) depends continuously on
the initial conditions given at n;. All in all, f(7;a) depends continuously on a for all € [0, 7].
In particular, for § sufficiently small f(n;a + ¢) can be continued back to n = 0, implying that
a+ 6 € Ai. Hence, we have arrived at a contradiction, since we had assumed that a + § € As.
Thus, we can conclude that limg g b(a) = co. We already knew that b(a) — oo as a approaches
a from above, so we have deduced that in Case B, lim,_,5 b(a) = co.

The last part of the theorem claims that in Case A, a = a(U) — oo as U — oo and in
Case B, a(U) tends to a finite limit as U — oo. Suppose that limy,)—;7_oc @ < 00 in Case A,
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thus if we increase b(a), a stays bounded, but in (iv) we proved that if we let a — oo then
b(a) — oo. Hence, we have arrived at a contradiction, since if a — oo, then b(a) — oo, but
then a stays bounded by assumption. Therefore the assumption was wrong and we must have
limy(g)—t7—00 = 00. The result for Case B follows similarly from (v). O

Now we take the classical solutions from Theorem 4.5.1 and we combine them with the zero
function to create non-negative weak solutions on [0, c0) that have compact support. Recall that
we defined weak solutions in definition 4.1.1 as a function f(n) with the following properties:

1. f is bounded, continuous and non-negative on [0, 00);

2. F(f) = fof k(s)ds has a continuous derivative F’ with respect to n;

3. f satisfies the identity [;°¢'(F' + §nf)dn + 3 [;° ¢fdn = 0 for all ¢ € C§(0,00). Note
that the subscript in C3(0, 00) means that ¢ vanishes at co.

Theorem 4.5.4. Let k(s) satisfy the conditions of Theorem 4.5.1, and let U be any positive
number. Then the condition
1
/ k(s)
—=ds < 00
0

S

1s necessary and sufficient for the differential equation
1
(k) +gnf' =0 0<n<oo (4.47)

to have a unique non-negative weak solution f(n) on [0,00) with compact support, such that

f(0)=U.
Proof. We will first show that the function

) = {f(n; a(U)) for 0 <n<a(U) (4.48)

0 for a(U) <n < o0

is a weak solution with the desired properties, where f(n;a(U)) is the solution on [0,a) of the
problem as described in Theorem 1. Then we will introduce Lemma 4.5.5 to help us show that
(4.48) is a unique solution.

Since f(n;a(U)) is strictly monotonically decreasing on [0,a(U)) and 0 < f(n;a(U)) <
b(a), f(n) is bounded on [0,00). Moreover, f(n) is continuous on [0,a(U)) and (a(U),o0),
because f(n;a(U)) and 0 are continuous functions on their own domains. Furthermore, since
lim, o4 f(n) = 0 = lim,_q@)— f(n), f(n) is also continuous at a(U), therefore f(n) is
continuous on [0, c0). Furthermore, f(n) is non-negative on [0, 00), because f(n) = f(n;a(U)) >
0 on [0,a(U)) and f(n) =0 on (a(U),o0). Thus part 1 of the definition of a weak solution holds
for f(n).

The second part of the definition of a weak solutions calls for the derivative of F', note that

f
dF d d

n B d B
ar= [ ras= o | (k(f(n)) f> i

dij
By the fundamental theorem of calculus we get

d

dan = k(f(n)f ().

For0 <n < a(U), f(n) = f(n;a(U)) is a solution of the differential equation where f(n;a(U))
is continuously differentiable on [0, a). For a(U) < n < oo, f(n) = 0is a constant function. Thus,
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the derivative %F exists for all n € [0,00) and it is continuous. Thereby, we have proven that
part 2 of the definition of a weak solution holds for f(n).

In order to show that the third part of the definition of a weak solution holds, observe that
for 0 <7 < a(U) by using integration by parts, we get

| e gunan g [ ordn
:/D /
e

¢
(koo +gur)|

0

f'(n) + %nf)n))dn + ;/OOO of (n)dn

B /0°° 5 ((k(f(n))f’)’ +of 4t - ;f> !

—— [T o (wrmry+ jur)a

= [ (s + o) in (4.49)
- [ o (@omry + gus) in (4.50)

=0

for ¢ € C}(0,00). Integral (4.49) vanishes, because f(n) = f(n;a(U)) on 0 < n < a(U) and
f(n;a(U)) satisfies the differential equation 4.47. Integral (4.50) vanishes, because f(n) = 0 on
a(U) <n < oco. Now it remains to be shown that this solution is unique. We need the following
lemma.

Lemma 4.5.5. Let u(x) and v(x) be defined and continuous on [0,00) and let

/oo(¢’u + ¢u)dz =0 (4.51)

0

for all p(z) € C}[0,00). Then (i) u € C*0,00) and (ii) u' = v on [0, 00).

Proof. If we set w( fo s)ds and integrate the second term in (4.51) by parts, we obtain

0:/000(¢'u+¢v)dx:/oogzﬁ’udw+/oodwdx

/ ¢ udz + [pw(z / ¢'w(x

_ /0 ¢ (u—w)dz + lim p(w)w(x) — 6(0)w(0)

= /00 ¢ (u — w)dz. (4.52)
0

Consequently, [7°¢'(u — w)dz = 0 for all ¢ € C{[0,00). We want to deduce that u —w =
constant, because then it is easy to show (i) and (i7) follow.
Choose ¢ € C}[0,00) such that ¢(0) = 0 and suppose that (u —w) € C2.°> Then we can

®Note that general case, (u — w) € C°, follows from a mollification argument.
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apply integration by parts to (4.52), giving
0= [T ¢u—wde = ot -0l ~ [ dlu—w)da
/000 d(u —w) dz = 0. (4.53)

Substituting ¢ = (u — w)"y into (4.53), where x € C5°((0,00)), supp (x) C (0,00) and x > 0,
results in

—Oou—w/u—wll‘zoo U—'UJIQ.'L': U—'UJ,2
—/0 (ot — w) (u — w)'d /Ox(( Y)2de = || (u—w)|

with the L?(0,00) norm. Hence, we found that (u — w)’ = 0, thus u — w = constant. It follows
that u = w(z) + ¢ = [; v(s)ds + ¢, then u € C'[0,00) and by the fundamental theorem of
calculus v/ = & [Fw(s)ds + Le=v(z) on [0, 00). O

If we apply Lemma 4.5.5 to weak solutions of the differential equation (4.47), the third part
of the definition of weak solutions gives

i F'+inf e C'0,00),
i (F'+3nf) =3f.

Let f > 0 at some point 1 = 7.

Then 1 -
EF = df/o k(s)ds = k(f)

is positive and continuous at f (7o) by definition of k(s).

By the definition of weak solutions, F' is continuously differentiable with respect to n for
n > 0. In particular, F is differentiable in some neighbourhood N of 7y, say N = (199 — 0,10 + 9)
with 6 > 0. By the mean value theorem, there exists a y € N such that

d gl _ Flo+90) = Fno —9)
dn Iy Mo+ 0 — (o —0)
d d | F(no+9d)—F(n—9)
EF'dinfy_ 26
if _ 1 F(p+96)—F(mp—9)
dn”ly  k(f(y)) 26 '

This yields that f € C'(N), since k(s) and F are continuous on N. Now applying the mean
value theorem to F yields that f € C'(IN) where N is some neighbourhood of 79. Hence, it
follows from (i) that F' = d%F =k(f(n))f'(n) € CY(N), and consequently, that f is a classical
solution of (4.47) in N.

Thus in a neighbourhood of any point 7y where f > 0, f is a classical solution of (4.47).
Since f is required to have compact support, it follows from Lemma 4.2.2 that f can only be of
the form

f(n) >0 for 0<n<a
and

fn) =0 for a<n<oo
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for some a > 0. Since f is a weak solution, it is continuous on [0, c0) by part one of the definition
and we have found that F' = k(f(n))f'(n) € C}(N) in a neighbourhood of 1 > 0. Therefore,
condition

f—=0, k(f)ff =0 as nta

is satisfied. It follows that on [0,a), f must be a classical solution that satisfies the conditions

discussed above. By Theorem 4.5.1 such a solution is unique and, for it to exist, we must have
fol k) gs < o0. O

s
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