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Abstract

This thesis considers the thin-film equation in partial wetting. The mobility in this equa-
tion is given by h® + A3~"h", where h is the film height, X is the slip length and n is the
mobility exponent. The partial wetting regime implies the boundary condition % > 0 at
the triple junction. The asymptotics as h | 0 are investigated. This is done by using a
dynamical system for the error between the solution and the microscopic contact angle.
Using the linearized version of the dynamical system, values for n when resonances occur
are found. These resonances lead to a different behaviour for the solution as h | 0, so the
asymptotics are found to be different for different values of n.

Together with the asymptotics for h — oo as found in [Giacomelli et al., 2016], the
solution to the thin-film equation in partial wetting can be characterized. Also, via this
solution, the relation between the microscopic and macroscopic contact angles can be an-
alyzed. From the main result of this thesis, it can be seen that the macroscopic Tanner
law for the contact angle depends smoothly on the microscopic contact angle.
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Chapter 1

Introduction

1.1 The problem

In this thesis the following thin-film equation with boundary conditions is studied:

oh 0 5 \3empm OPRY
E)zf+i3,2'<(h +A°7"h )@ =0 fort >0 and z > Z(t) (1.1a)
h=0 fort > 0 and z = Z(t) (1.1b)
gh:k>0 fort >0 and z = Z(t) (1.1c)
z
Ph 0z
: 2 3—nypn—1 _ 7~
Z_}l;gﬁ(h +A7"h )82'3 T (t) for t > 0. (1.1d)

Here, h(t,z) gives the height of a liquid thin-film on a flat surface at time ¢ > 0 and
position z € R. This is visualised in figure The point where the liquid, gas and solid
meet is called the triple junction. Equation is a lubrication model, which means
that it describes the flow of the fluid of a thin and viscous film. It has the form of a
continuity equation

gi) + (’*)az (pu) = 0.
Here, p is the fluid density and u is the velocity of the flow of the fluid. In the case of
equation , the fluid density is equal to the film height h and the velocity of the
flow is given by (h%+ )\3_”h”_1)g%. The equation can be derived from the Navier-Stokes

equations, which has been done in detail in [Oron et al., |1997, chapter 2 section B].

gas h

liquid

solid

Figure 1.1: Example of a thin-film as described by (1.1))
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The exponent n is called the mobility exponent. We choose n € [1,3). This is because on
the one hand, if n < 0 the speed of propagation of the film is infinite, and if n € (0,1)
the film height h can be negative, as demonstrated for instance in [Bowen and Witelski,
2019]. On the other hand, if n > 3, the boundary of the film cannot move. This is also
the case if the slip length A\ equals zero.

Translation invariance in the third space dimension is assumed, which is perpendicular
to y and z. Also, it is assumed that the film covers the interval (Z(t),00) and that it has
a free boundary at z = Z(t). The function Z(t) depends on time and denotes the place
of the triple junction. Condition gives that the height of the thin-film at the triple
junction is zero. The next condition, , says that the contact angle between the solid
and the film at the triple junction is equal to & > 0. This tells us that we are dealing
with a liquid thin-film in a partial wetting state, which will be explained in the following
section. Condition implies that the transport velocity (h? + >\37"h”)% of the flow

has to match the velocity % of the free boundary, when approaching the contact line.

1.1.1 Partial and complete wetting

For a droplet on a surface, there are three surface tensions that will be looked into. The
tensions are shown in figure In [Bonn et al., [2009], Young’s equation is stated, which
gives the relation between the contact angle # and these surface tensions. This relation is
the following:

Ogs = 015 + cos(6)og.

If 045 < 015 + 04, then the liquid thin-film is said to partially wet the solid. In this case,
the contact angle is a finite number greater than zero. If on the other hand o5 > 07, +0g,

then the contact angle must be zero. The thin-film covers the entire solid, so this is called
complete wetting.

gas

solid

Figure 1.2: Example of a thin-film as described by ([1.1))

1.1.2 Contact angles

Two different kinds of contact angles are distinguised, namely the microscopic contact
angle and the macroscopic contact angle. The macroscopic contact angle is the angle at
the triple junction that is fairly easy to measure optically, see figure This angle is
dynamic, so it depends on the velocity of the film. When we look near the triple junction
it can be seen that the fluid behaves differently there, see figure The microscopic
contact angle is determined by Young’s equation, as mentioned in the previous section.
Because of the microscopic scale, it is difficult to measure this angle. The main goal of
this thesis is to prove a theorem which gives a relation between the microscopic and the
macroscopic contact angle.
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gas gas
liquid N liquid
K
K \
solid solid
(a) The macroscopic contact angle K (b) The previous picture zoomed in near the triple

junction. The macroscopic contact angle K and
the microscopic contact angle k are shown.

Figure 1.3

1.2 Structure of this thesis

This thesis is mostly based on the paper “Rigorous asymptotics of traveling-wave solutions
to the thin-film equation and Tanner’s law” by |Giacomelli et al., 2016]. In this paper,
the authors look at problem in the case of complete wetting. This means that the
boundary condition changes into % =0 for ¢t > 0and z = Z(t). Also, the mobility
exponent is taken in the interval n € (%, %) We will use some of the methods used in this
paper to look at problem , but the analysis at the triple junction is different. Because
the microscopic contact angle is nonzero, the dependence of the macroscopic angle on the
microscopic angle can be analyzed. This could not be done in the paper by |Giacomelli

et al., 2016, because the contact angle in that case is equal to zero.

In chapter |2 of this thesis, the prerequisite knowledge from linear algebra and analysis
is given for reference. Also, some theory of dynamical systems is introduced, which is
needed in chapter 4l After introducing the prerequisite knowledge, we proceed in a similar
manner as in section 1.1 of [Giacomelli et al., [2016] where the problem is rewritten
as a third order ordinary differential equation. This is explained in chapter Also, a
coordinate transformation is done and Tanner’s law is explained. At the end of this chap-
ter, the main theorem of this thesis is stated. This theorem will give a link between the
macroscopic and microscopic contact angle. It will take the rest of this thesis to prove this
theorem, which is done in chapter {7} This theorem is similar to |Giacomelli et al., 2016,
theorem 2.1], but the asymptotic behavior when H | 0 changes.

In the next chapters, the necessary steps are taken to prove a proposition which is crucial
for proving the main theorem. In chapter 4] the ordinary differential equation obtained
in chapter 3| will be rewritten as a dynamical system. This system will be linearized and
in chapter o] the parameterization of the unstable manifold will be analyzed. In the next
part of this chapter, we will look into the resonances of the system, that is when one
eigenvalue of the linearized system is a multiple of another eigenvalue. These resonances
occur because of the choice n € [1,3). This will be done in the same way as in section
4.3 of [Belgacem et al., [2016]. We will find that for certain values of n resonances occur.
This is why a ‘resonant’ and ‘non-resonant’ case will be distinguished for the propositions
hereafter.

In chapter [6] two differential equations for the resonant and non-resonant case will be
analyzed, which will both be rewritten as a fixed point problem. The fixed point theorem
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of Banach can be used to show the existence and uniqueness of solutions to these differ-
ential equations. This will be followed by proposition [7.1] and which will be crucial to
proving the main theorem. Using the solutions found in chapter [6], a proposition similar to
[Giacomelli et al.l |2016, prop 3.2] will be proven in chapter [7} The above result combined
with lemma lemma and corollary will lead to the proof of the main theorem.



Chapter 2

Prerequisite knowledge

In this chapter the necessary knowledge on linear algebra, analysis and dynamical systems
is given. This is done by stating definitions and theorems, without giving the proofs. A
complete introduction and proofs to the theorems can be found in |Fraleigh and Beaure-
gard}, [2014], [Sadun, [2008|, [Carothers, 2000], [Teschl, 2012], and [de Pagter and Groen-
evelt, [2017].

2.1 Linear algebra

We start by looking into the necessary knowledge of linear algebra.

Definition 2.1. We say that A is an eigenvalue of an n X n matriz A if
Av=Xv

for a monzero column vector v. We call v an eigenvalue of A.

The set E\ which consists of the zero vector and all eigenvectors of A is called the eigenspace
of X. This is a subspace of R™.

The algebraic multiplicity of an eigenvalue X is the multiplicity of A as a root of the
corresponding characteristic polynomial

det(\ — A).
The geometric multiplicity of an eigenvalue X\ is the dimension of the eigenspace E).

Theorem 2.2. An n x n matriz A is diagonalizable if and only if the algebraic and geo-
metric multiplicity of every eigenvalue are equal. That is, A = PDP~' for an invertible
matriz P and a diagonal matriz D, where the i column of P gives the eigenvector cor-
responding to the eigenvalue in the i*" column of D.

Definition 2.3. The nonzero vector £ is a generalized eigenvector corresponding to the
etgenvalue \ of the n x n matriz A if

(A= A)PE=0

for some positive integer p. The generalized eigenspace Ey, is the subspace spanned by the
generalized eigenvectors of \.

Theorem 2.4. For every n X n matriz A an invertible matrix T exists such that

T YAT = J,

10
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where J, the Jordan form, has a blockdiagonal structure

J 0 - 0
0 Jo -+ 0
J=. . . .
0 0 e
Each block J; has the form
A1 0 0
0o XN 1 :
Jz - C. 0 ’

o
0 0 N

where \; is an eigenvalue of A. The geometric multiplicity of eigenvalue X\; gives the
number of blocks with A\; on the diagonal. The algebraic multiplicity of \; gives the total
dimension of all blocks with this eigenvalue on the diagonal.

Theorem 2.5. (Neumann series) For an n x n matriz A it holds that

i A" = (T - A)7!
n=0

if and only if ||A|| < 1, where || - || is the operator norm. This is the geometric series for
matrices.

2.2 Analysis

The following two definitions are useful for analysing the behaviour of a function if its
argument tends to some number in R or to infinity.

Definition 2.6. (Big-O notation). We write
f(z) =0(g(z)) asz— oo

if there exists an M > 0 and x1 € R such that |f(x)| < M|g(x)| for all x > ;.
Also,
f(@)=0(g(z)) asz—0

if there exist 7 > 0 and M < oo such that |f(x)| < M|g(x)| for all x € [—r,r].
Definition 2.7. (Little-o notation). We say that
f() = olglz) asz—a

of and only if limg_, % =0, when g(x) # 0.

11
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The following theorem is needed for proving the main theorem.

Theorem 2.8. (Implicit function theorem) Let U C R"™* be open and £ : U — R
continuously differentiable. Let a € R* and b € R™ be such that (a,b) € U and

ofh ... 9f
of o1 Oy
f(a,b) =0, det—(a,b)=det| : : # 0.
Y ofa ... Ofn
oy1 OYn,

Then there exist open neighborhoods V of a and W of b and a continuously differentiable
map g :V — W such that

o f(x,8(x)) =0 forallx €V and g(a) =b,
o f(x,y) #0 for all (x,y) € V x W withy # g(x).

The next theorem will be used to show the existence and uniqueness of a solution to an
ordinary differential equation.

Definition 2.9. Let (M, d) be a metric space. The map f : M — M is called a contraction
if there exists some constant 0 < a < 1 such that d(f(x), f(y)) < ad(z,y).

Theorem 2.10. (Banach’s fixed point theorem) Let (M,d) be a complete metric space.
If f: M — M is a contraction, then f has a unique fized point.

2.3 Dynamical systems

In this section, some definitions from the theory of dynamical systems are given. These
will be referred to when necessary in the next chapters of this thesis.

Definition 2.11. A dynamical system is a semigroup G with an identity element e which
acts on a set M. That is, there exists a map

T:GxM—M
(9, 2) = Ty(x)

such that
Tg o) Th = Tgoh-

Also, T, = 1.
A dynamical system is continuous if G = RT or G = R.
Definition 2.12. For the linear system & = Ax we distinguish the following manifolds:

e The linear manifold E*(e?) is called the stable manifold, and is spanned by the
(generalized) eigenvectors that correspond to eigenvalues with negative real part.

o The linear manifold E~(e?) is called the unstable manifold, and is spanned by the
(generalized) eigenvectors that correspond to eigenvalues with positive real part.

o The linear manifold E°(e?) is called the center manifold, and is spanned by the
(generalized) eigenvectors that correspond to eigenvalues with zero real part.

Systems where all eigenvalues have nonzero real part are called hyperbolic systems.

12
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Definition 2.13. The point xq is a fized point of the function f(x) if it holds that
f(xo) = zo.
A fixed point of an autonomous system
&= f(z)

1s called hyperbolic if the linearized system is hyperbolic. That is, no eigenvalue of A in
the linearized system & = Ax is equal to zero.

Definition 2.14. For an autonomous system

T = f(x), (2.1)

we say that a solution ¢(t,x) of (2.1) converges exponentially to the fixed point xq if there
exist constants a > 0,8 and C such that

o(t, x) — mo| < Ce™ |z — o, |z —x0| < 4.

Also, manifolds of systems that are not necessarily linear around a fixed point can be
defined.

Definition 2.15. For an autonomous system
&= f(x)
with fized point xg, we define

e the local stable manifold Mt (xq) as the set of all points that converge exponentially
to xg as t — oo.

e the local unstable manifold M~ (xg) as the set of all points that converge exponentially
to xg ast — —oo.

If the system is linear, then we have that M ™ (x¢) = ET and M~ (z¢) = E~.

13



Chapter 3

Coordinate transformation and

main theorem

In this chapter, the thin-film equation is rewritten

into an ordinary differential equation.

Also, the obtained differential equation will be rescaled, so that it will become easier to
work with. After that, a coordinate transformation will be done and the main theorem of

this thesis will be stated.

3.1 Reformulation of the thin-film equation

The thin-film equation and its boundary conditions as explained in chapter 1 are given by

oh 0 3 3—nin 83h _
. <(h + A )623> =0
h=0
Oh
9% = k>0
Ph 07

: 2 3—npn-1\7 '* _ T

ZJIZ%)+(h AR )623 ot ®)

for t >0 and z > Z(t) (3.1a)
fort > 0 and z = Z(t) (3.1b)
fort >0 and z = Z(t) (3.1c)

for ¢ > 0. (3.1d)

Letting h(z,t) = H(x) with x = z + V¢, where V is the velocity of the film, the following
problem follows. Note that the problem is now an ordinary differential equation instead

of a partial differential equation.

Lemma 3.1. Problem (3.1) can be simplified to

d*H ()

(@) + N (o) =

with boundary conditions

14

=-V  forz>0, (3.2a)
ifz=0 (3.2b)

ifr=0 (3.2¢)

as r — 00. (3.2d)
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Proof. We have that
OH dH 0z

ot dx ot
and from z = z 4+ V't it follows that % = V. Also, by using the chain rule it is obtained

that
OBH B d3H

023  dad

and

0 d
e H3 )\anHn _ H3 )\3an71 .
5 T )= (H + )

The differential equation now becomes

dH d (0 anm BHY

When % is taken out and the equation is integrated once,

d*H ()
dz3

H(z) -V + (H(z) + X3 "H") =c forz>0

follows, where c is constant. Because of the translation invariance in z of the above equa-
tion it follows that ¢ = 0.

Now, since it is known that H # 0, equation follows. The first two boundary
conditions follow trivially from the boundary conditions and (3.1d). The third
boundary condition follows from theory in [Chiricotto and Giacomelli, 2011]. Here, the
authors show that for the differential equation a unique classical solution exists that
satisfies this condition. O

3.2 Rescaling

The goal of this section is to get rid of the parameters V and A of problem ({3.2)) by rescaling
x and H. The rescaling is motivated in the following lemma.

Lemma 3.2. FEquation (3.2a) can be scaled so that A =1 and V = %, hence the differential

equation and boundary conditions become

2 n—1 —
(H*(z) + H"(x)) a3 for x>0 (3.3a)
H(z)=0 forxz =0 (3.3b)
dH ~

d:(f) =k (3V)_% = k>0 (sinceV,k>0) forz =0 (3.3¢)
d*H ()

T 0 as x — 00. (3.3d)

Proof. Let

Wl

H=M\H and z = (3V)3 Z\. (3.4)

From this it follows that

dH dHdHdi dH
dr ~ dzapde ~ daz BV

W=

15
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and . -
d°H d°HdH (dz\® d°H3V
dz3  did gf \dz)  did3 N2
Plugging these into equation ([3.2al) we obtain

_ . 3VdH
2772 3—nyn—1pgn—-1) 2V - _
(Va2 + Xt g ) S
and so equation (3.2a) becomes
co = eH 1
a2 H”*l) —
(77 + di® ~ 3
The boundary conditions follow directly from the definitions of H and Z in (3-4)). O

3.2.1 Tanner’s law

Recall that we chose n € [1,3). So, when z tends to infinity, the term H? dominates H" !
in equation . This is why the expected behaviour of the differential equation
is determined by

Cd*H 1

3~ 3 (3.5)

for large values of x. In section 1.2 from |Giacomelli et al., |2016] it is shown that
H = x(lnx)%(l +o0(1)) asz — o0

is a solution to the differential equation (3.5)). Differentiating this equation with respect
to x, raising it to the power of three and undoing the normalization of the speed V gives

3
<ig> — 3V In(z)(1 + o(1)). (3.6)

Equation (3.6)) says that the cube of the macroscopic contact angle is, up to a logarithmic
correction, proportional to the speed of the contact line. This is referred to as Tanner’s
law.

3.3 Coordinate transformation

It can easily be seen that equation (3.3a)) is invariant in x. For (3.3) we know that
e H>(0forallz>0

o LI 0 forall x>0 by (3.34)

o L 5 0forall x>0 by (3:3d)

° % > 0 for all x > 0 by (3.3b]). This is because

dH dH T PH -
— = — +/ — dz > k>0
de |, dx|, Jo dx=|;
—— ——
—k >0 for >0

for all x > 0.

16
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The above shows that H is a strictly monotone function. Because of this property, equation
(3.3a) can be rewritten in terms of x as a function of H, getting rid of the translation
invariance in x. This will be changed slightly, as

dH\?
)= (d:n) > 0 as a function of H (3.7)

will be used. This coordinate transformation is chosen because, as we will see in the next
lemma, the ordinary differential equation will change to be of order two instead of three.

Lemma 3.3. Using the coordinate transformation (3.7) the differential equation with
boundary conditions (3.3)) turns into

d*y
dH?
where ¢(H) = §(H2 + H v Ht

—i—w_Yb() 0 forH>0 (3.8a)

With boundary conditions

Yp=k*at H=0 (3.8b)
d
%%0 as H — oo. (3.8¢)
Proof. Because of the deﬁnition of )(H) in equation (3.7)), it can be seen that dw j}f’l %.
Thus dw = flﬁ (Cfg ) ! follows. Tt is easy to see that dw =2 ng ( e 2) Comblnmg this
gives
@ _, &H
dH = dx?’
In a similar way we find that
& dH\ ' &®H
Ty (4 dH (3.9)
dH? dx dz3

Equation ({3.3a)) can be rewritten as follows:

d37H + 1(
de3 3

dH\ ' (. dBH 5 m1y—1
<d$> <2d + = 3 (H +H" ) ) =0
dH\ ' BH dH\ "' /2
2 = H2 anl —1 _
(daz) dx3 +(dx> <3< + ) > 0

and this equation, using equations (3.9) and (3.7]), can be written as equation (3.8a)). The
boundary conditions (3.8b)) and (3.8¢)) follow directly from the definition of ¢)(H) in (3.7))
and the boundary conditions of ([3.3)). O

H? 4+ H" )™ =0

17
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3.4 The main result

The rest of this thesis is devoted to proving the following theorem, which is often referred
to as the main theorem.

Theorem 3.4. Let n € [1,3). The unique classical solution ¥(H) of (3.8) obeys the
following asymptotic behavior:
there exists a parameter B and a function R(H) such that

W(H) = ¢Yp(BH)(1+ R(H)) for BH >C, C >0 (3.10)

where
R(H) = O((log(H))"H~3™™)  as H — c0.

Here, B and R are C'-functions of k. Also, in the non-resonant case,
Y(H)=k*(1+O0(H") asH |0, (3.11)
where o = min{1,3 — n}. In the resonant case, it follows that
Y(H) =k*(1+O0(H*" — Hlog(H))) asH 0. (3.12)

In this theorem, equation (3.10]) tells us what the behaviour of the solution (H) to
equation (3.8a) is, with its boundary conditions as H — oo. Since ¢(H) is defined as

Y(H) = (%) , this behaviour gives information about the macroscopic contact angle.

Because the parameter B depends on INCQ, it follows that the macroscopic contact angle is
dependent on the microscopic contact angle.

On the other hand, equation (3.11)) and (3.12) give us information about the behaviour of
the solution for values of H close to zero. We can see from the equations that the value
of (H) as H | 0 is equal to k2 with a correction. This equation gives information about
the microscopic contact angle.

18



Chapter 4

Reformulation as a dynamical
system

In this chapter a dynamical system (see definition [2.11]) will be formulated to characterize
the error between 1 and k% as H | 0. In order to do this, first the contact line that is
now at H = 0 is shifted to s = —oo. This is done using the coordinate transformation

v
k2
is introduced. Here, p is the error between 1 and k2. The coordinate transform and the
new unknown 1+ p are used to rewrite the problem found in lemma (3.3

s =In(H). A new unknown

1+p= (4.1)

dz—wmb—% (H)=0 for H>0 (4.2a)
1 10} = or H > .2a
where ¢(H) = %(H2 + H"H7L
Yv=k at H=0 (4.2b)
%ﬁOasH—)oo (4.2¢)

dH

as a differential equation for pu. The new ordinary differential equation with boundary
condition is given by:

dp dp 1 2
—+ — (1 2 = =0 f R 4.3
<d32 + ds>( +u)? + 31— a9 or s € (4.3a)

lim p=0. (4.3b)

S——00

This differential equation is obtained by using the definition of x in equation (4.1)), differ-
entiating this with respect to s (or to H using the coordinate transform), and plugging it

into equation .
4.1 The dynamical system

Equation (4.3a)) will now be reformulated as an autonomous three-dimensional continuous
dynamical system, using the additional functions

r(s) =eB® ™ and p(s) = CfTM
s

19



Chapter 4. Reformulation as a dynamical system

The dynamical system becomes

a ("
el =F 4.4
e (7, 11, p) (4.4)
p
where
3—n)r
F(T,,u,p) = pQT

B4 (1)
This system is obtained by using the functions r and p, plugging them into equation (4.3al)
and rewriting this as a system of first order ordinary differential equations. It can be easily
checked that (0,0,0) is a fixed point of the system (4.4)). In the next lemma we will see
that the unique solution of equation (4.2al) converges to the fixed point when s — —oc.

Lemma 4.1. (r,u,p) — (0,0,0) as s = —oo for the unique solution of (4.2a)).

Pmof. For r, the following holds: r — 0 as s — —o0, since r = ¢35 and 3 —n > 0 for
€ [1,3).

Thenfor,uwehavethat u———l and 5 +lass— —o0o0. Sopu—0ass— —oo.

To find out what happens to p When s — oo equation (4.1)) is differentiated. This gives:

d 1d 1 _d

p_ldyp Hi’

T ds  k2ds k2 dH
It remains to show that H g—f] converges to 0. To do this, note that from equation (4.3b)
it follows that 1) = k2(1 4 o(1)) as H | 0 and equation (4.2a]) gives
d?

T = VT O(H) = kT (L4 o) H' T = kT H T (14 0(1))

as H | 0. To get an expression for dﬁg{), we do the following. Let € > 0 be small. Then

dH dH

) a0 U )y [
H H

_ C(e) — ];(QI_R)HQ_”(l +o(1)) forn#2
Cle) —k 'log(H)(1 4+ 0(1)) forn =2

as H | 0, where C(¢) is a constant depending on e. This can be rewritten as

C(e)(140(1)) for0<n <2
—k: 1log(H)(l +o(1)) forn=2 as H | 0.
(140(1)) for2<n<3

k(

We can see that for n # 2, dH does not diverge as H [ 0. If n =2, Hlog(H) — 0 as
H | 0. Now it is clear that Hj}pl —0as H]0. Sop—0ass— —oc. O
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Chapter 4. Reformulation as a dynamical system

4.2 Linearization
Equation (4.4]) can be linearized around the fixed point (0, 0, 0), resulting in

3 _
DF(0,0,00=| 0
2

3k3

n

o O O

0
1], (4.5)
1

where DF' denotes the Jacobian matrix of F', evaluated in (0,0,0). The eigenvalues are
equal to 0,1 and 3 — n. Because of these eigenvalues, it follows that the dimension of
the center manifold is one and the dimension of the unstable manifold is two (see defi-
nition . When n # 2, all eigenvalues are distinct, so the linearized system can be
diagonalized as in theorem Then it follows that

DF(0,0,0) = PDP 1,

0 0 _ 3(n—2)k? 0 0 0
where P= |1 1 _ig and D=0 1 0
01 0 0

P
1 3—n

If n = 2 the eigenspace for eigenvalue 1, which turns up twice now, has dimension 1.
A generalized eigenvector is needed to get a generalized eigenspace of dimension 2. The
linearized system can now be written in Jordan form, as in theorem

DF(0,0,0) =TJT !,

00 3% 000
whereT'=11 1 1 and J={(0 1 1
01 2 0 0 1

From the linearization, we can see that the fixed point (0, 0,0) is not hyperbolic (see def-

inition [2.13|).

This linearization will be used in the following chapter to see which eigenvalues and (gen-
eralized) eigenvectors of this matrix correspond to the unstable manifold.
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Chapter 5

Resonances

In this chapter, the resonances of the unstable manifold of the linearized system as found
in the previous chapter will be calculated. For this, the next lemma is needed, where the
unstable manifold (see definitions and [2.15)) will be characterized.

Lemma 5.1. For n € [1,3) the unstable manifold M~(0,0,0) of the dynamical system
(4.4) can be parameterized by (r,u). In particular we have

p=g(r, ), (5.1)
where g satisfies
dg —nq dg
9(0,0)=0, F10.0)=—% and 50(0,0) (5:2)

Here ny,ny and ng are given by the cross product of the vectors spanning the tangent space
to the unstable manifold. g(r, ) is analytic on [0,¢] x [0,¢€] for e small enough. € depends
on both k? and n.

Proof. There are two cases which need to be distinguished, namely n = 2 and n # 2.
First, look at n # 2.
The tangent space to the unstable manifold, M ~(0,0,0), is given by

0 _3(n—2)k?
2
spanq [ 1], -+ = span{vy, v }.
1 1
If we say that
1
w3+ 1 n
n=uv Xvy= —%71_6) = 1n21,
k3(3n—6) ns
2
the equation
r
O=n- Ju! :nl‘r+n2'ﬂ+n3'p
p
can be rewritten so that p is expressed in terms of » and pg. When this is done, it follows
that p = %;”2“ Because of this, the unstable manifold around the stationary point

(0,0,0) can be parameterized by r and p. We can say that p = g(r, u).
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Chapter 5. Resonances

Now for n = 2. the tangent space to the unstable manifold is given by

3k3
0 2
span 11,1 1 = span{vy, v3}.
1 2
Similarly as before, we can use
1 n
3
n=wv Xv3= 35 = ln21,

_ 3k3 n
5 3

to find that p = %:‘2“ Also, M~(0,0,0) can be parameterized by r and p, and we can
say that p = g(r, u). It is now clear that the unstable manifold can be parameterized by r
and g in both cases. Note that the function g(r, 1) can be found for both n = 2 and n # 2,
but that it is different in both cases. This is because the tangent spaces are different. The
partial derivatives of ¢ in (0,0) can easily be computed using the expressions found for
p. O

The flow on the unstable manifold is now given by

d% (;) = A (;) +N(r, ) (5.3)

because of lemma [5.1 Here, A denotes the linear part and A the nonlinear part of the
flow. In the next definition, the notion of a resonance is explained.

Definition 5.2. Let A = (A, \2)" contain the eigenvalues of A. Let ¢ € (Ng)? and
define |q| = q1 + q2. The system in equation (5.3)) has a resonance if there exist a vector
q=(q1,q)" and index k such that ¢" A = N\, and |q| > 2.

For the system (/5.3]) the resonances are characterized in the following lemma. The struc-
ture of this lemma is similar to [Belgacem et al., 2016, lemma 4.8], and the same strategy
of the proof is used.

Lemma 5.3. If n € [1,3) then resonances of (5.3) appear if
e n=3—2L withm=23,... forq=(0,¢2) and g2 > 2,
en=1forqg=(2,0".

Proof. Since A contains two eigenvalues, A\ = 1 and Ao = 3 —n, there are two possibilities
for resonances to occur:

LA+ @Al = X\
2. M+ @A =X

We will now look at the first case. If ¢g; > 1, it follows that

def 5.2 .
QAL+ @Ay > mln{)\l + Aa, 2)\1} > ).

This means that no resonances can occur if ¢ > 1, so ¢; has to be equal to 0. Now the
equation becomes
B-n)ez=1, ¢ =2,
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Chapter 5. Resonances

and this implies that

and this proves the first point of lemma [5.3
Now, for the second possibility. If go > 1, then

def 5.2 .
@A+ g2Ae > min{A + A2, 2X0} > Ao
So no resonances can occur if go > 1, hence go = 0. Now, it follows that

@n=3-n, q =2
= n=3-—q, q >2andné€]l,3)
= n=1andq =2.

This proves the second point in lemma [5.3 O

Note that a resonance also occurs if n = 2, this follows from the linearization in the previous
chapter. When n = 2, not all eigenvalues are distinct and a generalized eigenvector is
needed to get a generalized eigenspace of dimension 2. The found resonances will be used
to distinguish a resonant and non-resonant case in the next chapter. This will be done by
considering values for n where resonances of the system do or do not occur.
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Chapter 6

Fixed point problem

In this chapter, the existence of p is shown. This is split in the non-resonant case in
section [6.1] and the resonant case in section [6.2

6.1 Non-resonant case

For the non-resonant case, consider n € [1,3) with n # 3 — = for m € N. Note that
the case n = 1 is included in this section. The reason for this is stated in the proof of

proposition ﬂ From lemma it follows that p = H(% = g(H3" u). This can be
rewritten as

<delq — 1) w=GH>" pu), (6.1)

where G(H*™", i) = g(H*™", 1) — p.
To continue, let z1 = H, 10 = H> " and u(H) = v(x1,22). Forn ¢ {3 — %, m=1,2,3,... },

we can look at equation (6.1)) by treating x; and zy as independent variables. Then we
can write

d 0
(xlaa:l + (83— n):rga—ac2 - 1) v ==G(xg,v) around (x1,z2) = (0,0). (6.2)

Now, z; is in the kernel of the linear operator in (6.2)). The boundary conditions are taken
as

(v, ;;) —(0,b) at (z1,29) = (0,0).
Note that the dependence of v on b is implicit, this is made explicit using

w(wy, 2, x3) + 3 = v(x1,22)  with x5 = bx;.

Then it follows that

0 0 0 0 0
<l’18x1 + (3 — n).fgaim +$38,§[}3) w + T3 = <IL’18$1 + (3 — n)xQTxQ — 1) v.

The new differential equation becomes

(mla +(3-— n)acQi + m38> w+ x3 = G(ra,w+x3) around (z1,x9,x3) = (0,0,0)

0z dxo Oz3
(6.3a)
ow Ow
(w, E 8:1:3) =(0,0,0) at (x1,72,23)=(0,0,0) (6.3b)
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Chapter 6. Fixed point problem

Proposition 6.1. (non-resonant case). Let n € [1,3), n # 3 — L1 for m € N. Let
0<e<C,C>0. Then (6.3) has an analytic solution w = w(xy,xe,x3) for (x1,x2,x3) €
[0, €] x [0,%] x [~¢,¢].

Proof. In this proof, equation (6.3)) is rewritten as a fixed point problem in the following
way:
w=TG(x1,z2,w + x3). (6.4)

Here, the linear operator 7T is defined by

ok 8t or
Bz’f 84312 8x§g(070’0) k1

D
kt+(B-—n)l+p—1 17273

7-9(351, z2, 1’3) =
(k,l,p)eT

where 7 = (No)3\{(0,0,0),(1,0,0),(0,0,1)}. Since the denominator does not vanish for
n = 1, this proposition also holds for this value of n. To construct a solution for w using
Banach’s fixed point theorem the following sub-multipicative norm is used:

k+2l+p 8k al op
€
= ———w(0,0,0 6.5
ol = > Pl | 9y 0y 03 (00 0) (6:5)
(k,l,p)€L
The rest of the proof can be found in [Belgacem et al., |2016, proposition 4.9]. O

6.2 Resonant case

For the resonant case, consider n € {3 — %, m=1,2,3,... } Let y = Hw and Gy, p) =
m(g(y, u) — i), then equation (/6.1)) becomes

(y(z; - m) p=G(y,p).

Similar to the non- resonant case let y1 = y™logy, y2 = y and v(y1,y2) = u(y). Writing
y% as (my; + y§) -2 o T Y23, (9y2 equation (6.2)) becomes

(i
s oy y28y2

Now 5" is in the kernel of the linear operator in . The boundary conditions are taken
as

— m) v=G(y,v) around (y1,y2) = (0,0). (6.6)

(v, @v) = (0,bm!) at (y1,y2) = (0,0).

The dependence on b is made explicit by using
w(y, y2,y3) +ys = v(yr,y2) if yz = byy"
Then it follows that

((m—l— )6—1- 0 ma—m>w+m —<(m+ )8—1- 8>v
Y1+ A Y25— e Y3 I Y3 Y1+ ys B 8y2

We get a differential equation of the form

0 0 0
<(my1 + y;n)afyl 4+ yo— +mys— — m) w = G(y2, ) around (y1,y2,y3) = (0,0,0)

ay2 8 Y3
(6.7a)
0w Ow
(w, @a 03/3) =(0,0,0) at (y1,y2,y3) = (0,0,0).
(6.7b)
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Chapter 6. Fixed point problem

Proposition 6.2. (resonant case). Suppose n = 3 — %, meN. Let 0 < e < C, C > 0.

Then (6.7) has an analytic solution w = w(y1,y2,y3) for (y1,y2,y3) € [0,e%] x [0,?] x
[_{575]'

Proof. Equation (/6.7a]) is rewritten as a fixed point problem as follows:
w = TG(ylvw + 1/3)

The definition of the linear operator T is different from the definition of 7 in the proof of
proposition The T that is needed here is defined inductively in the proof of [Belgacem
et al., 2016, proposition 4.10]. The norm that is needed for using Banach’s fixed point

theorem is
Jwl[ == >
(k,l,p)eT

ok ot op
g I 0,0,0)].
Oy 0y2 Oy3 ( )

£2mk-+21+p
KNp!

This norm is also sub-multiplicative. The rest of the proof can be found in |Belgacem
et al., 2016, proposition 4.10]. O
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Chapter 7

Proof of the main result

To be able to prove the main theorem, a few more results are needed. This is split into two

sections, a section where two important propositions are given, and a section about the
linear independence of (%, 8%%) and (86%3, a%a{;’b—;). This result will be needed for

the use of the implicit function theorem in the proof of the main theorem. The propositions
characterize two solution manifolds to

d*y “3p(H)=0 for H>0 7.1
W+¢ 29(H) = or i > (7.1a)

2
where ¢(H) = g(H2 + HHL

with boundary conditions

Yp=k*at H=0 (7.1b)
di
— H . 1
T A 0as H— o0 (7.1c)

7.1 Two important propositions

In this section, we look into two propositions. The first proposition characterizes the
solution curve for values of H close to zero. The second proposition does the same as
H goes to infinity. For this proposition, the results are the same as in |Giacomelli et al.,
2016], since in partial and complete wetting the film behaves the same near infinity.

Proposition 7.1. For all b € R there exists a function puy(H) for H < c-max{1,b71}, ¢
constant, such that

Uo(H) = k(1 + up(H)) (7.2)
is a solution to (7.1a)) and its first boundary condition. Also

() = bH + w(H, H" bH), (7.3)
where w is a solution of (6.3)) in the non-resonant case. In the resonant case we have
up(H) = bH + w(H log(H*~™), H*=",bH), (7.4)

where w is a solution of (6.7). Furthermore, uy, depends smoothly on k. Also, the boundary
condition
Oy

b

Ow(H, H3" bH)

(H) = k*(H + I

H) asH|]O (7.5)

holds.
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Chapter 7. Proof of the main result

Proof. In the way p was constructed in subsections and it follows that up has
the form as in and . From propositions and it follows that in both the
resonant and non- resonant case an analytic solution w exists for all b € R. From the defi-
nition of , 1+ pu = 4, it follows that ¢, (H) has the form as in (7.2). Thus, for all b € R
there exists a uy(H) such that ¢, (H ) is a solution of and its first boundary condition.

To look at the smooth dependence of w, on k, the fixed point problem from proposi-
tions and is used. For readability, write G(z2, w + z2) = G(w) in the case of no
resonances, and write G(y2, w + y3) = G(w) in the resonant case. The proof works the
same in the resonant and non-resonant case, so the same notation can be used. The fixed
point problem can then be written as

wi, = TG (w),

where T is a linear operator as defined in the proof of proposition [6. The subscript
k is used to denote the dependence of w and G on that parameter Let k1 and ko be
different values of k > 0. Then

wy, — wi, = TG, (w,) = TGy, (wg,)
=T |Gg, (wi,) — G;@(w%)} (because T is a linear operator)
=T |Gy, (wg,) = Gy, (wp)| + T |Gy, (wy,) = G, ()|
e Wb G ) — Gy ()] {Gm(w@l) — Gk, (wg, )] (7.6)
ki — ko i k1 — ko | k1 — ko . '

When in equation ([7.6)) the limit of ko to kq is taken, it follows that

wy, _ [ 9G, (wy,) dwy, ] . {aG,gl Ew,gl)]
8kl a'w];l 8k1 ] 8k1
_T 8G,~€1 (wkl) 8111,;1 8Gk1 (w,;l)
awl:cl Ok Ok
This is rewritten as a fixed point equation for ¢ := ai:ll ,
b=T oGy, (wy,) N aGlglgw,;l)
8w,~€1 8k;1
— <I T |:8G];1~(w3,;1):|> 6T [8G,~€lgw,~ﬁ)}
ky Ok

Using the Neumann series, see theorem we find that

- (o) e

HT [ kl E ] ol| < Cl|¢|| and C' < 1, where the sub-multiplicative norm is taken as

in the proof of proposition or in respectively the non-resonant and resonant case.
Because of the sub-multiplicativity, and because for the linear operator 7 we know that
|79l < D||g|| for some constant D > 0, we can write

[GG P

ol o

I
ok

29



Chapter 7. Proof of the main result

From the definition of G and lemma it follows that % = 0 for all values of k. So also

% = 0, which leads to the estimate HH < e for all € > 0. If we choose ¢ < 7, then it

follows that C' = De < 0, so
oGy,
| [Fatel) o < o

Hence, the dependence of w on k is smooth, so also the dependence of u, = wy + bH on k
is smooth.

The boundary condition of equation ([7.5)) can be obtained by differentiating ((7.2) with
respect to b. ]

Proposition 7.2. For all B > 0, there ezists a function Rg(H) for H > C(1 + B™1),
C > 0, such that

Yp(H) = p(BH)(1+ Rg(H)) forH>C(1+B™), C>0

gives a solution of (7.1al) and its second boundary condition. 1 (H) is the unique classical
solution of

d*p 2
“SH2 = H
2 + w =0 forH>0
dip
— H
10 —0 as H— oo,
where 1
(Yr(H))2 =InH — glnH +o(1) asH — oo,
Also

|Rp(H)| < D(B*>™(In(H))*H-G~™), D>0, H>C(1+B™), C>0.

The correction Rg(H) has, locally in H, a C'-dependence on B, k and the boundary
condition

is satisfied. Furthermore, there exists a B > 0 such that the unique solution 1 of (4.2al)

s the same as Yp.

Proof. The proof can be found in [Giacomelli et al. 2016} prop 3.1]. O

7.2 Linear independence

The solutions that are constructed in propositions[7.1]and [7.2] fulfill the following boundary
conditions, see ([7.1bf) and (7.1c)):

Yy =k* at H=0 (7.9a)
oYp

When ), is differentiated with respect to b, we find that % =0at H=0. Let (¢,n) €

{(@bba 8%) (VB, 81&3)}‘ If b and B are chosen such that ¢, = ¥p =: 1, then both % and

81113 exist globally and satisfy

— — —2¢(H)n=0. (7.10)
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Equation ([7.10]) is obtained by differentiating ([7.1al) to b or B, depending on the choice of
n. That the derivative of ¢ to b and B exist globally is because of the C'-dependence of
Y and Yp on b and B respectively. For equation (7.10) we have the following result:

Lemma 7.3. Suppose that v is the unique classical solution of (7.1a) and its boundary
conditions, and n € C°([0,00)) N C2((0,00)) is a solution of (7.10) fulfilling

n=0 atH=0 (7.11)
and
dn
Then n = 0.

Proof. Consider the function 2 > 0. Note that
L _1d [, dn] _ A (dn\?
2dH? ~ 2d4H | 'dH |~ "dm? T \dH

Ld?  dPn o) 1 dn \’

- = T2 —_— > 0.

sam? gz * <dH> 2V Sty <dH) =0
From this it follows that % is increasing. Also, n% = O at H =0 by (7.11]) and n? > 0 for
H > 0, which implies that % >0 at H = 0. Hence, dH > 0 for all H > 0. Note that

and thus

dn? dn d77 1 dn?
— =9y _ -2
ag g~ "am T 24m

which gives that

d (dn o dn &n @I s dn —3 o dip
m(m) 2 I LN I =31y = Ly o) 3T > 0.

2 2
So (d—") > 0 is increasing. Condition ((7.12)) implies that (j—g) = 0 when H approaches

2
infinity. Hence, (;—g]) = 0 and also ;—f] = 0. This means that n must be constant and
from ([7.11)) it follows that n = 0. O

For the next corollary, the following lemma is needed:
Lemma 7.4. For the first order linear system
y'(t) = A)y(t), (7.13)

where A is continuous in time, the following holds: two solutions of the system are linearly
dependent for one value ty if and only if the two solutions are linearly dependent for all t.

Proof. For the first order linear system ([7.13) it is known that, with initial condition
yo = y(to), the solution is unique. Suppose y; and yo are solutions of (7.13), and that
they are linearly independent for time %, i.e., there exist a1, as € R such that

a1y1(to) + azya(to) = 0.
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Chapter 7. Proof of the main result

Here, a1 and ay cannot both be equal to zero. Define y(t) = a1y1(t) +azy2(t). By linearity,
y(t) is a solution of ([7.13)) with y(tp) = 0. Because also the constant solution 0 solves
(7.13]) with initial condition 0, it is necessary that y(¢) = 0 for all £. This means that

a1y1(t) + azy2(t) =0
for all ¢, so y; and yo are linearly dependent. The converse is trivial. O

From lemma it also follows that two solutions of the system ([7.13)) are linearly inde-
pendent for one value ¢, if and only if the two solutions are linearly independent for all ¢.
This result is needed in the following corollary.

Corollary 7.5. Suppose that for every n € [1,3) the parameters b, B € R are chosen so
that ¢y, = Y =: 1, where 1 is the unique classical solution of (7.1al). Then, the vectors

oy D Dy s O g
<8b’8Hab> and (aB’(?HBB) (7.14)

are linearly independent for all H > 0.

Proof. Because of propositions and these values of b and B can be chosen. From
lemma, we know that for the vectors to be linearly independent for all H > 0,
we only have to show that they are linearly independent for one H > 0. Looking into the
structure of these vectors, it is clear that they can only be independent if the functions wb

and 88%3 are linearly independent. This will now be proven in the following way: suppose

that &ﬁ 3¢J
b B

for some ap, ap € R. By proposition ﬂ we know that % % 0, and because % fulfills

(7.11)) it cannot fulfill (7.12)). Because S Yr flfills (7.12)), it must hold that a;, = 0. Since

it is also known that WB # 0, it is also necessary that ap = 0. O

This lemma tells us that geometrically the solution manifolds

{ <H U, awb) } and (7.16a)

{10222} (a0t

are transversal, i.e. the manifolds are not tangent along their intersection line.

7.3 Proof of the main theorem

The main theorem is

Theorem 7.6. Let n € [1,3). The unique classical solution ¥(H) of ( obeys the
following asymptotic behavior:
there exists a parameter B and a function R(H) such that

Y(H)=¢yr(BH)(1+ R(H)) forBH>C, C>0 (7.17)
where

R(H) = O((log(H))_lH_(3_")) as H — oo.
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Here, B and R are C-functions of k. Also, in the non-resonant case,
Y(H) =k*(1+O(HY) asH O, (7.18)
where o = min{1,3 — n}. In the resonant case, it follows that
Y(H) =k*(1+O0(H*"— Hlog(H))) asH |0. (7.19)

Proof. Because of the uniqueness result in [Chiricotto and Giacomelli, |2011], we know that
the solution manifolds (7.16al) and (7.16b)) intersect in exactly one curve that defines the
unique solution of the dynamical system <H , %, %) corresponding to ([7.1a)). So, this
means that there exist a unique b and B such that ¢, (H) = ¢p(H) =: ¥(H), where ¢,(H)
and ¥ p(H) are as in propositions and The order of the errors in the non-resonant
and resonant case follow from (7.3|) and (7.4) respectively.

It remains to show that b(k) and B(k) are C'-functions of k. Define f; = 15 (H) — vy (H)
and fo = WpH) _ awgl({H). Note that f = <f1> equals zero on the solution curve. Because

o 7,
of corollary we have that

Np(H) 9§ 9yp(H)
det { 90 %5 ouy(i) | # 0
ob ob  OH

Now, the implicit function theorem (theorem|2.8)) gives a locally continuously differentiable

map g(k) = (f(%;)’ so B and b are locally C*-functions of k. O

7.4 Conclusion

In this thesis the goal was to investigate the asymptotic behaviour of the solution to the
thin-film equation in partial wetting. To do this, the thin-film equation was first rewritten
as a third order ordinary differential equation. After a coordinate transformation, this
differential equation was reduced to second order. The obtained problem is given by

d*y

Ww}—%(m =0 for H>0

2
where ¢(H) = §(H2 + gt
with boundary conditions

v=kat H=0
dip

E—)OasH%oo.

Here the boundary condition ¢ = k2 > 0 at H = 0 follows from the partial wetting state.

A class of solutions ¥p(H) as H — oo was constructed in |Giacomelli et al., 2016]. In
this thesis a class of solutions ¢,(H) was constructed that obeys the boundary condition
at H = 0. This class of solutions has the form ty(H) = k*(1 4 uy(H)). Here, uy(H)
is different depending on the (resonant or non-resonant) value of n. The intersection of
Yp(H) and ¥y(H) defines the unique solution ¥ (H) to the problem defined above. This
solution has a local C''-dependence on k2.
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