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Abstract

This thesis concerns the dynamics of Faraday waves, a layer of incompressible viscous fluid lying
above a vertically oscillating rigid plane with an upper boundary given by a free surface. We
consider the problem with gravity and both with and without surface tension for horizontally
periodic flows. This problem gives rise to steadily oscillating solutions, and the main thrust of
this paper is to study the asymptotic stability of these solutions in certain parameters regimes.
More specifically, we prove that there exists a parameter regime of the amplitude and frequency
of the oscillation in which sufficiently small perturbations of the equilibrium at time ¢t = 0 give
rise to global-in-time solutions that return to equilibrium exponentially quickly in the case of
fixed surface tension and almost exponentially in the case of vanishing surface tension.
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Chapter 1

Introduction

Consider the following physics experiment: we have a flat rigid surface with a layer of fluid on
top, and we oscillate the surface vertically (Figure 1.1).

Figure 1.1: A layer of fluid evolves on a vertically oscillating rigid surface.

When the oscillation occurs above some threshold amplitude and frequency, the free surface
of the fluid forms standing waves [Far31]. This phenomenon is known as Faraday waves, and
the various fascinating patterns formed by these standing waves have been studied intensively,
both experimentally and theoretically.

When the forcing oscillation occurs with a sufficiently small amplitude and frequency, the
surface of the fluid remains flat. This is the parameter regime that we focus on in this work:
we present a fully nonlinear analysis that shows that under some conditions, this solution is
asymptotically stable.

In this chapter, we discuss preliminaries that will be essential for understanding our results
and techniques. In section 1.1, we describe Faraday waves in more detail, especially about their
equations of motion. In section 1.2, we recall the notion of stability for differential equations.
Section 1.3 includes an overview of Sobolev spaces, which will be essential in understanding
some of the more technical details of our results. Finally, we give a heuristic overview of how
we approach the problem in section 1.4.



1.1 Faraday waves and their mathematical description

Since Faraday’s discovery in 1831, Faraday waves have been studied intensively. On the the-
oretical end, the linearized problem has been analyzed both in the inviscid [BU54] and the
viscous [KT94] cases to determine conditions for the onset of these surface waves. In particular,
the inviscid case is known to be equivalent to the Mathieu equations [BU54]. Furthermore, a
line of work has succeeded in explaining various surface wave patterns observed in experiments
through weakly nonlinear analysis [WBVDWO03,SR15]. Simulation studies also have achieved
results that agree well with experiments in various settings [PJT09, Qad18]. To the best of our
knowledge, there has been no fully nonlinear analysis of the Faraday wave problem.
Furthermore, Faraday waves have recently experienced a renewed interest ever since the
experimental work of [CPFB05], which showed that Faraday waves coupled with water droplets
can “walk” (Figure 1.2). These walking water droplets can further be coupled with other water

Figure 1.2: A “walking” water droplet [HQP"17].

droplets, and have been shown to exhibit behavior that has analogs to quantum mechanical
phenomena. We refer the reader to the review of [Busl5] for more details on this exciting line
of work.

We now introduce the equations that describe the Faraday wave problem. On the inside of
our fluid, the interactions are described by the viscous incompressible Navier-Stokes equations
in three dimensions, and at the boundary of our fluid, we have an oscillating rigid boundary on
the bottom as well as a free boundary at the top.

1.1.1 The domain

In this work, we take our fluid to be horizontally periodic and thus we have no boundary at
the “sides” of our fluid (e.g. the walls of a box in which the fluid resides). To model this, we
introduce the horizontal cross section

S = (I T x LyT) (1.1.1)

for horizontal periodicity parameters Li, Ly > 0 as in [Ticl18]. Then, we take the free upper
boundary to be specified by an unknown function 7 : ¥ x [0,00) — R for each horizontal cell
position 2’ € 3 and time ¢. In the setting of the Faraday wave problem, the bottom boundary is
rigid and oscillates vertically. Typically, the oscillation is taken to be a single sinusoidal A cos(wt)
with amplitude A and frequency w, or an oscillation with multiple frequencies, as considered
in [SR15]. However, we will generalize this setting and consider arbitrary oscillation profiles
f: T — [—1,1] with sufficient regularity, so that the vertical component of the lower boundary
at time ¢ is given by Af(wt) — b, where b > 0 is a constant depth parameter.
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Figure 1.3: Side view of the top free boundary and bottom rigid oscillating boundary of a
horizontally periodic fluid.

Thus, the moving fluid domain is modeled by the set
Q) ={z=(2,23) e L xR : Af(wt) — b < z3 < n(a',t)}. (1.1.2)
Note that the lower boundary of €(¢) is the oscillating set
Yo(t) ={z=(2',23) e ExR:x3 = Af(wt) — b} (1.1.3)
while the moving upper surface is
Y(t)={x=(2',23) e Ex R: a3 =7 1)} (1.1.4)

1.1.2 Incompressible Navier-Stokes equations

For each time ¢t > 0, let Q(¢) C R? be the open set in which our fluid resides. We take our fluid
to be a viscous incompressible fluid, so we will use the incompressible Navier-Stokes equations,
which gives

{Gtu—l—u-Vu—i—Vp—uAu:F in Q(t) (1.15)

divu =0 in Q(t)

where u(-,t) : Q(t) — R3 is the Eulerian velocity of the fluid, p(-,t) : Q(¢t) — R is the pressure,
p > 0 is the viscosity, and F'(-,t) : Q(t) — R3 is the external forcing term. In our case, the only
external force we have is a uniform gravitational force field that points downwards with constant
magnitude g > 0, i.e. F' = —ges.

We briefly discuss the interpretation of these equations. The first equation is the balance of
momentum equation and is analogous to Newton’s third equation F' = ma. The Oyu + u - Vu
term corresponds to the acceleration of the fluid particles, suggested by the 0;u term, the time
derivative of the Eulerian velocity. The extra term u - Vu is due to the fact that we are using
Eulerian coordinates, the coordinate system that fixes a point in space and tracks the movement
of particles that pass through that one point, rather than Lagrangian coordinates, the coordinate
system that fixes a fluid particle and tracks the movement of that one particle. The Vp — uAu
term is the divergence of the Cauchy stress tensor S = pI — uDu (here, Du = Du + (Du)"
is the symmetric gradient), and can be thought of as a force term that is introduced by the
traction that the fluid particles experience when they flow past each other. The second equation
is simply the requirement that the fluid is incompressible, i.e. that the Eulerian velocity never
diverges or converges.



1.1.3 Boundary conditions

We now specify our boundary conditions. At the bottom rigid boundary, we require that the
fluid doesn’t slip, i.e. that the difference in the velocities of the fluid and the boundary is 0.
Thus, we have

d :
u = %(Af(wt) —bleg = Awf'(wt)es (1.1.6)

on Yu(t). At the free boundary, we add two equations relating the function 7 specifying the
upper boundary with the rest of our variables.
The first equation is the kinematic transport equation for n,

O + w101 + u20on = us, (1.1.7)

which states that the kinematics of a particle at the boundary n must match the kinematics
specified by the Eulerian velocity. Now consider the outward-pointing unit normal vector v on
Y(t). We note that v can be written in terms of the surface graph function 7 as

1
p= e (—0im, — O, 1), (1.1.8)

1+ [Vl

Thus, this equation can also be succinctly written as

A = (u,v)\/1+ |Vl (1.1.9)

The second equation is the balance of stress equation,
(pI — pDu)v = (Po — 0$(n))v, (1.1.10)

where v € R? is the outward-pointing unit normal vector on Y(t), Pay € R is the constant
pressure above the fluid, o > 0 is the surface tension coefficient, and

V)

V1+|Vnf?

is (minus) twice the mean curature of (t). This states that the Cauchy stress tensor S =
pl — pDu is balanced by the external pressure P and the stress caused by surface tension,
which increases as the curvature of the surface increases and acts in the opposite direction of
the normal vector.

1.1.4 The PDE

Gathering the equations introduced above, we arrive at the following system of partial differential
equations:

H(n) = div (1.1.11)

(Ot +u-Vu+Vp—pAu=—ges inQt)

divu =0 in Q(t)
Om + w101 + u20an = ug on X(t) . (1.1.12)
(pI — uDu)v = (Poy — 09(n))v on X(t)

| u = Awf'(wt)es on Xy(t)



The problem is augmented with initial data 7 : ¥ — (b + Af(0), 00), which determines the
initial domain g, as well as an initial velocity field ug : 9 — R3. Note that the assumption
no > —b+ Af(0) on ¥ means that €y is well-defined.

Furthermore, we will assume that the constant b > 0 is chosen so that the mass of the fluid
in a single periodic cell, which we require to be conserved in time due to incompressibility, is
given by

M = b|X| =bLyLs. (1.1.13)

Rewriting this condition in terms of 7 gives

bE| = M = /E[ﬁ(m’,t) — (Af(wt) — b)] da’ = |3 +/[ﬁ(x’,t) CAf(wt)] de’ (1.1.14)
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or equivalently,

/Z[ﬁ(x',t) — Af(wt)] da’ = 0. (1.1.15)

1.2 Stability of differential equations

Now that we have introduced our PDE for the Faraday wave problem, we describe what it means
to find asymptotically stable solutions to this PDE. We first introduce the notion of stability
for ODEs before defining it for PDEs. Finally, we will see some examples of how to prove the
asymptotic stability of differential equations using energy estimates and Gronwall’s inequality.
These techniques will be very similar in spirit to the approach that we take in proving our main
result.

Consider the following general form for an ordinary differential equation (ODE) for x :
[0, 00) — R™

{:fc(t) = f(x(t)) (1.2.1)
z(0) = xg

Then, an equilibrium point of the ODE is point that gives a solution that doesn’t depend on
time.

Definition 1 (Equilibrium point). A point xy € R” is an equilibrium point if f(xy) = 0.

Note that if z is an equilibrium point, then the constant function z(¢) = zg is a solution the
ODE, since %(t) = 0 = f(zo) will be satisfied for all time. We consider the problem of whether
this solution is stable or not, that is, whether we can stay near this equilibrium point for all of
time if we start sufficiently close to it.

Definition 2 (Stable equilibrium point). An equilibrium point zq is stable if for every ¢ > 0
there exists a § > 0 such that if |xg — 39| < 0 and y : [0,00) — R" is a solution to the ODE
y(t) = f(y(t)) with y(0) = yo, then |zo — y(t)| < e for all t > 0.

Furthermore, we introduce the notion of attractive equilibrium points, which are equilibrium
points such that solutions starting sufficiently near the equilibrium tend to the equilibrium point
in the limit.

Definition 3 (Attractive equilibrium point). An equilibrium point xg is attractive if there exists
d > 0 such that if |xo —yo| < d and y : [0,00) — R™ is a solution to the ODE g(t) = f(y(t))
with y(0) = yo, then lim;_,|zo — y(t)| = 0.



Finally, we can talk about asymptotically stable equilibrium points.

Definition 4 (Asymptotically stable equilibrium point). An equilibrium point is asymptotically
stable if it is both attractive and stable.

We can similarly talk about equilibria and their stability for partial differential equations
(PDE). Consider a PDE for u : R™ x [0,00) — R™ of the form

(1.2.2)

{atu(x, t) = f(u(z,t), Du(z,1), ..., DFu(x,1))
u(+,0) = ug

where uy : R® — R™ is the initial data at time ¢ = 0. We then introduce analogous definitions
to ODEs for PDEs:

Definition 5 (Equilibrium solution). A function uy : R” — R™ is an equilibrium solution if
f(UO, DU,(), ce ,DkUQ> =0.

Definition 6 (Stable equilibrium solution). An equilibrium solution ug is stable (with respect
to a norm ||-||) if for every £ > 0 there exists a 6 > 0 such that if ||ug —vo|| < § and v :
R™ x [0,00) — R™ is a solution to the PDE d;v = f(v, Dv,..., D¥v) with v(-,0) = vy, then
|lug — v(-,t)|| = € for all t > 0.

Definition 7 (Attractive equilibrium solution). An equilibrium solution ug is attractive (with
respect to a norm ||-|| ) if there exists 6 > 0 such that if ||ug — vg|| < 0 and v : R" x [0, 00) — R™ is
a solution to the PDE d,v = f(v, Dv, ..., D*v) with v(-,0) = vo, then lim; o ||ug — v(-,t)|| = 0.

Definition 8 (Asymptotically stable equilibrium solution). An equilibrium solution is asymp-
totically stable if it is both attractive and stable.

Note that in the case of ODEs, we have used the Euclidean norm without loss of generality
as our notion of distance, since all norms are equivalent on finite-dimensional spaces. However,
in the case of PDEs, we are talking about norms on function spaces and thus we must specify
the norm, for instance LP norms and Sobolev norms.

1.2.1 Asymptotic stability via Gronwall’s inequality

We now introduce a fundamental tool, Gronwall’s inequality, to show the asymptotic stability
of a very simple ODE. Similar ideas will be used for later examples as well as our main result of
this thesis.

Theorem 1.2.1 (Gronwall’s inequality). Suppose that z : [0,00) — R is a solution to the
differential inequality
;< C
s (1.2.3)
2(0) = zo

where C € R is a constant. Then,
2(t) < zgexp(Ct) (1.2.4)

for allt > 0.

10



Proof. Consider the integrating factor exp(—C't). Then, multiplying through by this factor and
rearranging gives

2(t) exp(—Ct) — Cz(t) exp(—Ct) = %( (t)exp(—Ct)) < (1.2.5)
Then integrating from time 0 to ¢ gives
z(t) exp(—Ct) — 2(0) <0, (1.2.6)
or by rearranging,
2(t) < zgexp(Ct) (1.2.7)
as desired. O

We will now apply the above theorem to a simple example. Suppose that x : [0,00) — R”

satisfies the ODE
t=—Cr (1.2.8)
x(0) =z

where C' > 0. Then clearly, o = 0 is the only equilibrium point. We will now show that this
equilibrium is asymptotically stable. Let yy be an initial data point and let y be the corresponding
solution. By multiplying both sides of the differential equation by y, we find that

d |y|

_ __ - _ 1.2.
g~V Cy-y=—Cly[*. (1.2.9)

Then by Gronwall’s inequality applied to the ODE

2 < =20z
{z(o) Cp (1.2.10)

i.e. for z(t) = |y(t)|°, we have that for any initial data y, and a corresponding solution ¥,
(&) < Jyol* exp(—2C1). (1.2.11)
Then, the equilibrium point o = 0 is stable since for any € > 0, we can set § = ¢ so that
2o —yol <0 = |zo —y()] = [y(D)] < [vol exp(=Ct) < |yo| = |zo —yo| <5 =e.  (1.2.12)
Furthermore, x is attractive since for 6 = 1, we have
|20 = yo| <& = lim [zg — y(1)] = Tim [y(¢)] < lim |yo| exp(=Ct) = 0. (1.2.13)

Thus, z is an asymptotically stable equilibrium point.
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1.2.2 Asymptotic stability via energy estimates

We will now see that the technique of the above section also applies to showing the asymptotic
stability of PDEs as well. Specifically, we will show that vy = 0 is an asymptotically stable
equilibrium solution for the heat equation with respect to the the L? norm ||-[| ;> The approach
taken here will be very similar to techniques used in the our main result.

Suppose that u : R" x [0,00) — R is a smooth, compactly supported solution to the partial
differential equation

Ou —Au =0
2 (1.2.14)
u(+,0) = ug
Then, by multiplying by v on both sides and integrating over €2, we have that
/ udyu — uAu = 0. (1.2.15)
Q

We may rewrite the first term as

|u|2 1 / o 1 2
uau:/a—:—a u|® = =0|u 1.2.16
[ uwtai= [ 9l = o [ 1l = Joululia (1216

while we may rewrite the second term using integration by parts as

/Q —uAu = /Q —udiv(Va) -

:/Vu-Vu+/ uVu-l/:/|Vu|2: HVUHiQ(Q).
Q P 0

Furthermore, by Poincaré’s inequality, we have that
2 2
||u||L2(Q) < CHquLz(Q) (1.2.18)

for some constant C' > 0 only depending on 2. Thus, we find that
A Ll < Bl Vul[3sg) =0 1.2.19
tllullza + Fllula ) < Ollulza) + IVullzeg) = (1.2.19)

and thus by Gronwall’s inequality again, we find that

2 2 13
lulZaey < lluolZaco eXp(—a). (1.2.20)
This implies the asymptotic stability of vy = 0 in exactly the same way as before.

1.3 Sobolev spaces

In the heat equation example from the previous section, Poincaré’s inequality played a crucial role
in making the proof work — by allowing us to bound the function u by its spatial derivative Vu,
we were able to invoke Gronwall’s inequality and deduce exponential decay and thus asymptotic
stability. However, in more complex PDEs, such as the PDE for the Faraday wave problem,
we will have much more complicated interactions with which we need to make the same scheme
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work. Various time and space derivatives, both inside the domain and on the boundary, all
interact with each other, and a simple Poincaré estimate will likely not be enough to make a
similar proof work. This motivates the use of Sobolev spaces, a space of functions that have nice
properties that equip us with a variety of estimates that will allow us to relate all the parts of
the PDE to each other. Furthermore, although we will not discuss this, the functional analytic
properties of this space turn out to be essential in constructing solutions.

In order to define Sobolev spaces, we must first weaken our notion of functions and derivatives.
This weakening will introduce enough flexibility for us to prove estimates that we were previously
unable to.

1.3.1 Distributions

We start off by defining distributions, which generalize the notion of functions. Rather than
defining functions by their action on points, we define their action on smooth functions of
compact support, which we call test functions.

Definition 9 (Test functions). We define the space of test functions 2(€2; R) as the set C2°(£2; R)
endowed with the sequential topology such that ¢, — ¢ in Z(Q;R) if there exists a compact
set K such that supp(¢y), supp(y) C K for all k > ¢ for some ¢ and 9%(¢x — ¢) — 0 uniformly
on K.

Once we have defined test functions, distributions are just continuous linear functionals on
test functions.

Definition 10 (Distributions). We define the space of distributions 2'(€2;R) as the set of linear
functionals 7' : 2(Q;R) — R such that T'(¢x) — T(p) for all ¢ — ¢ in Z(;R).

To see that distributions generalize functions, let f € Li.(€;R). Then it’s easy to see that

Ty(p) = /Qfso (1.3.1)

defines a distribution.
In order to study distributional solutions to PDEs, we need to define what it means to take
a derivative a distribution.

Definition 11 (Distributional derivative). Let T' € 2'(€%;R) and o € N*. Then, we define the
distributional ath partial derivative of T, written 0°T', via

O°T(p) = (—1)lg%p. (1.3.2)

1.3.2 Weak derivatives and Sobolev spaces

Note that by weakening the notion of functions and derivatives in the previous section, all
“functions” have now become infinitely differentiable. In order to restore a notion of regularity,
we introduce weak derivatives. Weakly differentiable functions are functions whose distributional
derivatives are functions, rather than arbitrary distributions. This turns out to achieve the right
amount of regularity restrictions on a function for our purposes.

Definition 12 (Weak derivative). Let Q@ C R™ be open, let f € LL_(Q;R), and let a € N

loc

Then g is the weak ath partial derivative of f if for all p € C°(2; R),

/Qgsoz(—l)“'/ﬂfaasa (1.3.3)
13



With the notion of weak derivatives in hand, we introduce Sobolev spaces and Sobolev-
Hilbert spaces. From here on, the partial derivatives 0“f for a function f will refer to weak
partial derivatives rather than classical partial derivatives or distributional partial derivatives.

Definition 13 (LP-based Sobolev space). Let 2 C R™ be open and let 1 < p < oco. Then, the
LP-based Sobolev space of order k is the space

WhEP(Q:R) = {f € LP(Q) : Vo € N" s.t. |o| < k, 0°f € LP(%R)}. (1.3.4)

We endow WHP(Q; R) with the norm

1/p
HfHWk’,p(Q) = Z HaafHLp(Q) (1.3.5)
|a| <k
for 1 <p < oo and
£ llwce 0y = max| 0% Fll o - (1.3.6)

Definition 14 (L*based Sobolev-Hilbert space). Let Q C R™. Then, the L*based Sobolev-
Hilbert space of order k is the space H*(Q;R) := W*2(Q; R) endowed with the inner product

=) / 9°f,9%) (1.3.7)

|a|<k

1.3.3 Tempered distributions and fractional Sobolev-Hilbert spaces

We will now make use of Fourier transforms in order to define fractional L2-based Sobolev-Hilbert
spaces. In order to do this, we will need to go back to distributions, rather than functions.
However, in return, we get the ability take fractional, and even negative, derivatives.

We first need to introduce the Schwartz class, which will serve as a space of test functions
for our tempered distributions, which are the distributions on which we will be able to take the
Fourier transform.

Definition 15 (Schwarz class). For « € N*, m € N, and f € C*(R™; C), let

[fla.m == sup (1 + |z|)™|0“f|. (1.3.8)

xER™

Then, the Schwarz class is the space of functions
(R C) ={f € C°(R"C) : [flasm < oo for all & € N and m € N}. (1.3.9)

We endow the Schwarz class with the metric

1 f g]am
=) > T T4 [ — gl (1.3.10)

meN aeN"

The tempered distributions ./ (R™; C) are now continuous linear functionals on the Schwarz
class.
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Definition 16 (Tempered distributions). We define the space of tempered distributions .#'(£2; C)
as the set of linear functions 7" : .(§2;C) — R™ such that T(pr) — T(¢) for all pr — ¢ in
Z(Q;C).

Note that the tempered distributions are a subset of usual distributions. However, they
are special since we can meaningfully define a Fourier transform of a tempered distribution as
follows.

Definition 17 (Fourier transform of a tempered distribution). Let T' € #/(R"; C) be a tempered
distribution. Then, we define the Fourier transform 7" of T" via
T(p) = T(9). (1.3.11)
Fourier transforms then allow us to define fractional Sobolev-Hilbert spaces.

Definition 18 (Fractional Sobolev-Hilbert space). Let s € R. We define the L?-based Sobolev-
Hilbert space of order s via

H*(R"C) = {f e S (R™C): feLl, and ||f||,. < oo} (1.3.12)
where
) 9 1/2

Il = ([ a+ieerfiof ) 1313

o

We endow H*(R™; C) with the inner product
b= [ (+1EDFOTE de (13.14)

Rn

1.3.4 Traces

We will finally see an example of how all the work we put in developing fractional Sobolev-Hilbert
spaces comes to fruition. Recall that in the Faraday wave problem PDE, we had differential
equations specifying the Eulerian velocity u on the boundary of our domain. The restriction of
a Sobolev function to its boundary is known as its trace, and it turns out that we can develop
meaningful bounds on the Sobolev norm of the trace.

For this example, we define traces onto subspaces. The proof is omitted for simplicity.
Rather, the focus is to see the kinds of estimates granted to us by fractional Sobolev-Hilbert
spaces.

Let 1 < m < n. We first define the trace operator restricted to Schwarz functions, i.e.

T:R"C)— L (R™C) via
Tf(x)= f(z1,...,2m,0,...,0). (1.3.15)
Then, the following holds:

Theorem 1.3.1 (Traces onto subspaces). Let s > (n —m)/2. Then, T extends to a bounded
linear map T : H*(R™;C) — H*=("=™/2(R™; C), that is, we have the estimate

ITf] . (1.3.16)

Note that in the case of our Faraday wave problem, one example application is the restriction
of a three dimensional function, i.e. n = 3, to its boundary in two dimensions, i.e. m = 2. Thus,
we bound s — 1/2 derivatives of the boundary by s derivatives in the bulk, so we really had to
work with fractional derivatives. We will see these kinds of bounds used repeatedly in the proof
of our main result.

wo-m-mz S | f
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1.4 Heuristic overview

Finally, we present a simplified overview of our main result.

1.4.1 Linearization

In the proof of our results, we make various reparametrizations of the PDE so that the domain
is stationary and flattened, i.e. both the top and bottom boundaries are just T2. On top of
this, we will linearize the PDE in this overview. Informally, linearization can be thought of as
the Taylor expansion of the PDE around an equilibrium solution and throwing away all but the
first order term. When the lower order terms are sufficiently small, then this gives us a good
approximate picture of the behavior of the PDE with a much simpler system.

Recall the original PDE given in equation (1.1.12). Upon reparametrization and linearization,
the linear PDE we get is

(8tu—|—Vp—,uAu:0 Q,
divu =0 Q,

§ Sy =—[oAn—(g+ A?f"(wt))njv X, (1.4.1)
O = ug 2,

(u= 0 h

where () is the domain, ¥ is the top boundary, and >, is the bottom boundary.

1.4.2 Energy-dissipation estimates

With the simplified PDE in hand, we can now proceed very similarly to what we did in section
1.2.2. We first take the first equation, multiply by u, and integrate over €2 just as we did in the

heat equation. Recall that
2
Q o 2

div(pl — pDu) - u

We also compute

/Q(VP—MAU)‘U:

S~

1
—

(pI — pDu)v - u — /(p] — puDu) : Vu
Q Q

. Sv-u— /Q(pdiv(u) — u|Vul?) (1.4.3)

Il
— o —

Sv-u+ SV~u+u/]Vu]2
Q

2

Sy-u+u/|Vu|2
Q
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using divu = 0 in 2 and v = 0 on ;. Now,

/ESV-u:/E— [0y — (g + Af"(wt)) 7] (u-v)

_ /T = [0 = g+ Aw?f"(wt)) 0] O (1.4.4)
_ o|Vnl? | (g+ Aw?f"(wt)) In]? Aw? " (wt) ||
= UTQ 5 2 ] B /Tg 2 '

Thus, on sum, we find that

2 2 2 0 2 RN 2
&:(/M+/ o|Vnl® (g +Af"(wb) In >+M/|Du|:/ AT ) 45
0 2 = 2 2 Q T2 2

Now consider defining the following energy, dissipation, and forcing terms:

£ :=/m+/ olVal* | (g + Aw?f"(wt)) nl*
o 2 T 2 2

D= u/ﬁ\]D)u| . (1.4.6)

Aw? f" (wt) ||
T2 2

F =

Suppose that we could show that A < D and that F < %8 for some constant A\ > 0. Then, we
would conclude that

%€ + %S <0 (1.4.7)

and thus that £ decays exponentially. Intuitively, the estimates above would show that the
forcing term can be absorbed into the dissipation in a way that still makes Gronwall’s inequality
work. However, we won’t quite be able to do this at this point, since the D term only controls
u for now. In order to fix this, we will create more differential equations by taking spatial and
temporal derivatives of the original equations and prove similar energy-dissipation estimates as
we did above. Then by adding these estimates, we obtain a version of the energy-dissipation
estimate where the energy, dissipation, and forcing terms contain many more derivative terms.
Once we do this, we will have more terms to play with, and we will be able to make use of
Sobolev estimates and elliptic regularity estimates to show the desired bounds of A < D and
F < %5 . This is the sketch for the linearized proof.

When we show the main result for the fully nonlinear problem, we will have to show that the
nonlinearities that we just threw away in our linearization can also be absorbed into the various
terms so that the basic framework presented above still holds.
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Chapter 2
Recasting the PDE

We make several modifications to the problem formulation to simplify future analyses. First let
u, p, and 7 denote our wu, p,n from before, so that we may reserve these variable names for the
corresponding values after our recasting.

2.1 Reparametrization

2.1.1 Absorbing the gravity
The first trick we play is to redeclare p to be

ﬁnew = ﬁold + gxs — Pext- (211)

Then, Vpnew = VDod + ges, so the first and fourth equations of eq. (1.1.12) become

(2.1.2)

i+ 1 -Vi+Vp—pAi=0  in Q(t)
(pI — pDu)y = (=o$(1) + gn)v  on X(t)

2.1.2 Change of coordinates

Next, we make a Galilean change of coordinates. The above formulation of the problem is
intuitive as an external observer, but it is more convenient to view the problem from the frame
of the fluid itself and fix the moving lower boundary. As such, we employ the following change

of coordinates:
w(z,t) = u(z', x5 — Af(wt), t) + Awf'(wt)es
plx,t) = p(a’, 3 — Af(wt),t) (2.1.3)
(@' t) = (' 1) + Af (wt)
By plugging the above into eq. (1.1.12) with the modifications in eq. (2.1.2), we obtain the

new set of equations (details in appendix A.1)

(01 + 1 - Vi + VP — pAt + Aw?f" (wt)es = 0 in Q)
t)

diva =0 in Q(
Oy + 11 047] + UipDaf] = Tig on X(t) (2.1.4)
(51 — Dy = (—o$(7) + g (71 + Af@D)) v on S(1)

(U= 0 on X,
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where
Qt)={z=(2",23) e ExR: =b< 3 <7z, t)}

Nit)={r= (2" 23) e ExR:ax3 =72 t)} (2.1.5)
={r=(2,23) € EXxR:23=—b}
are the new versions of the domains where the lower boundary is now unmoving and the upper

boundary is now defined by the new graph function 7.

2.1.3 Absorbing the oscillation acceleration

Finally, we play the same trick as before to remove the Aw?f”(wt)es from the first equation. We

define

Prew = Pold + Aw? f"(wt)xs — gAf (wt) (2.1.6)
so that on sum, we have
(O + - Vi + Vp— pAi =0 in Q(t)
diva =0 in Q(t)
q Ol + w1 017] + 2001 = U3 on X(t) (2.1.7)
(pI — pDu)v = (—o9H(7) + (g + Aw?f"(wt))7) v on X(t)
(U= 0 on X

2.1.4 Synthesis

In summary, we have made the following reparametrization:
W, t) = A2, 25 — Af(wt), ) + Awf (whes

P, t) = p(a', 35 — Af (wt), ) + Pexs — (9 + Aw® f"(wt)) (x5 — Af (wt)) (2.1.8)
(@' t) =0z’ ) + Af (wt)

Note that condition in equation (1.1.15) now becomes

/ f(2',t) do’ =0 for all t > 0. (2.1.9)
5

Note that for sufficiently regular solutions to eq. (1.1.12), we have 9,7 = @-v+/1 + (017)% + (0272,

and hence
n—/@tn—/ U - I/—/ diva = 0. (2.1.10)
() Q(t)

Thus, equation (1.1.15) holds provided that the initial surface function satisfies the “zero aver-

age” condition
! / o =0 (2.1.11)
L1L2 . Mo =Y, -1

which we henceforth assume. This is not a loss of generality: see the introduction of [GT'13] for
an explanation of how to obtain this condition via a coordinate shift.
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2.2 Steady oscillating solution

Note that U(z,t) = 0, P(z,t) =
eq. (2.1.7) when we set u = U, p
steady oscillation solution

) = 0! is a solution to the reparameterized system
,1 = H. In the original system, this corresponds to the

U(z,t) = Awf'(wt)es
P(2,t) = P — (g + AL f"(wt)) (w3 — Af(wt)) (2.2.1)
H(z,t) = Af(wt)

and it is easy to check that this indeed satisfies system eq. (1.1.12) — the first equation is satisfied
since the pressure cancels out the 0, and the gravity term, while the fourth equation is satisfied
since 3 =n = Af(wt) on X(t) and so the pressure is just Pay.

We will study the problem in this reparametrization, with the aim of showing that the above
steady oscillation solution is asymptotically stable for some range of the parameters. In order
to justify why we might expect such a stability result, consider the natural energy-dissipation
equation associated with eq. (2.1.7):

d 2 2 Dul? 7|2
4 (/ L 8/ S \2) / Dl —|—(g+Aw2f”(wt))8t/m—O. (2.2.2)
dt \ o 2 ) o 2 L 2

P

To ensure that the dissipation is positive, we consider the regime where [|f”||;~ < 1, and
g — Aw? > ¢ for a positive constant c.

Therefore, if we can absorb the oscillation term into the energy and dissipation, then we can
expect the stability of the system.

2.3 Reformulation in a flattened coordinate system

The moving domain Q(t) is inconvenient for analysis, so we will reformulate the problem
eq. (2.1.7) in the fixed equilibrium domain

Q={z=(2,23) e ExR: —b < x5 <0} (2.3.1)

We will think of ¥ as the upper boundary of € and view 7 as a function on X x RT. We then
define
)= Pij (2.3.2)

to be the harmonic extension of 77 into the lower half space as in section C.2. Then, we flatten
the coordinate domain via the mapping ® : Q x RT — Q()

O(z,t) = (xl, To, 3+ N(2 1) (1 + %)) : (2.3.3)

Note that ®(-, ) is smooth and extends to Q in such a way that ®(X,t) = X(¢) and ®(Z;,t) = s,
i.e. ® maps X to the free surface and keeps the lower surface fixed. We have

1 0 0 1 0 —AK
ve=|0 1 0|, A=(Ve)' =|01 —-BK (2.3.4)
A B J 00 K

'Here, H is a capital 7.
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where under the notational convenience b = (1 4 23/b) we have
A=0b, B=0dih, J= (1 + g + 83775) ., K=J" (2.3.5)

Note that J = det V® is the determinant of the transformation.
Using the matrix A, we define a collection of A-dependent differential operators. We define
the differential operators V 4 and div4 with their actions given by

(V,Af)2 = A;;0;f, divy X = A;;0,X; (2.3.6)

for appropriate f and X. We extend div4 to act on symmetric tensors in the usual way. Now
write the change of coordinates as

u(z,t) = u(P(x,t),t)
p(@,t) = p(P(z, ), 1) (2.3.7)
n(xlv t) = ﬁ(l’/, t)'

We then also write
(Dau);; = AOku; + ApOpui,  Salu,p) = pl — pD 4u, (2.3.8)

and we define

N = (=uij, —0yij, 1) (2.3.9)

for the non-unit normal to 3(t). In this new coordinate system, the new system of PDEs
eq. (2.1.7) becomes the following system (details in section appendix A.2):

(O,u — K d3u + u -V qu + diva Salu,p) =0 in Q
divyu=20 in
om=u-N on Y . (2.3.10)
Sa(u,p)N = (=oH(n) + (g + Aw? " (wt)) ) N on X

(u= 0 on X
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Chapter 3

Main results and discussion

3.1 Notation and definitions

In order to properly state our main results we must first introduce some notation and define
various functionals that will be used throughout the paper. We begin with some notational
conventions.

Einstein summation and constants: We will employ the Einstein convention of summing
over repeated indices for vector and tensor operations. Throughout the paper C' > 0 will denote
a generic constant that can depend on €2 and its dimensions as well as on g, u, and the oscillation
profile f, but not on the parameters A and w. Such constants are referred to as “universal”,
and they are allowed to change from one inequality to another. We employ the notation a < b
to mean that a < Cb for a universal constant C' > 0.

Norms: We write H*(Q) with £ > 0 and H*(X) with s € R for the usual L*based Sobolev
spaces. In particular H® = L2, In the interest of concision, we neglect to write H*(Q) or H*(X)
in our norms and typically write only [|||x. The price we pay for this is some minor ambiguity in
the set on which the norm is computed, but we mitigate potential confusion by always writing
the space for the norm when traces are involved.

Multi-indices: We will write N* for the usual set of multi-indices, where here we employ the
convention that 0 € N. For a € N¥ we define the spatial differential operator 9% = 971952 ... 9p*.
We will also write N'** for the set of space-time multi-indices

N = {(ag,ay,...,04 1 a; € Nfor 0 <i < k}. (3.1.1)
For a multi-index o € N we define the differential operator 9% = 9;°9" ... d;*. Also, for a

space-time multi-index o € N'™* we use the parabolic counting scheme |a| = 2ap+ay +- - -+ .

Energy and dissipation functionals: Throughout the paper we will make frequent use of
various energy and dissipation functionals, dependent on time. We define these now. The basic
and full energy functionals, respectively, are defined as

E =Y lo%ull§ + gllo“nll§ + ol Vo (3.1.2)

aeNI+2
|| <2n
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and

n n—1 n
o ._ P5 j i 2 2 i 12
Ex =&+ Y MO ul3 oy + Y N0IDl30-2j1 + o0l ayir + 10150+ D N0l gsor (3-1:3)
7=0 7=0 j=1

The corresponding basic and full dissipation functionals are

D= Y  |Doul} (3.1.4)
aeN!+2
lor|<2n
and
S n ) ) n—1 ' ) n—1 ' ) , ' )
Dn = Dn + ZH@?UH%_%H + ZHagp”mej + (Ha’?nHanwfl/Q +o HagnHzn—2j+3/2)
j=0 j=0 j=0
njﬂ Co2 j j 2 2
+ D 100l o450 + 10011151 + 10150102 + 107055 + (0015, s o
j=3

(3.1.5)
In order to absorb the oscillation term into the energy or dissipation, here is where we need the
assumption that ¢ — Aw? is bounded below by a constant.
We will also need to make frequent reference to two functionals that are not naturally of
energy or dissipation type. We refer to these as

Fo = |nllons1) (3.1.6)

and
2 2 2 2
K= lullce ) + lullgss) + 1pllzs s + Inlls 2 (3.1.7)

3.2 Local existence theory

The main content of this work is the a priori estimates that can be combined with local existence
theory in order to construct local-in-time solutions to the PDE of equation (2.3.10). In this
section, we only state the local existence theory that is needed to make this work without proof.
Such omission is accepted in the literature [Tic18], and is justified by the abundance of similar
types of proof schemes, for instance in [GT13, WTK 14, Wuld, TWI14, JTWI16].

To state these local existence results, we need to introduce function spaces in which our
solutions exist, as well as compatibility conditions, which give sufficient constraints on our initial
data for constructing solutions using our a priori estimates. Our function spaces are the following:

oH'(Q) = {ve H(QR?) : v |g,= 0}

Xp = {u € L*([0,T);0H () : divap u(t) = 0 for ae. t € [O,T]} (3.2.1)

where the A(t) here is determined by the n : ¥ x [0, 7] — R coming from the solution. We refer
the reader to [GT13, WTK 14, Wuld, TW14,JTWI16] for the compatibility conditions, as they are
simple yet cumbersome to record.

When o > 0 is fixed and positive, we have the following local existence result [WTK14]:
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Theorem 3.2.1 (Local existence for fixed positive o). Let o > 0 be fized and positive and let
n > 1 be an integer and suppose that the initial data (ug,no) satisfy

2 2 2
[wollzn + 70ll3n41/2 + o V1ll5, < 00 (3.2.2)

as well as the natural compatibility conditions associated with n. Then there exist 0 < d,,T, < 1
such that if

2 2 2
HUOHQn + H770HQn+1/2 + UHVWHQn < 0, (3.2.3)

and 0 < T < T,, then there exists a unique triple (u,p,n) that achieves the initial data, solves
(2.8.10), and obeys the estimates

T
o o n 2 2 2 2
s (€20 + F0) + [ Dr) [ Ly S ool + Il o+ oI 9l (324

We also consider the vanishing surface tension regime, in which we obtain the following result
by requiring n to be larger [GT13, Wuld, TW 14, JTWI16]:

Theorem 3.2.2 (Local existence for vanishing o). Let n > 2 be an integer and suppose that the
initial data (ug,ny) satisfy

2 2 2
|uoll3, + H770H2n+1/2 + o[ Vnl3, < oo (3.2.5)

as well as the natural compatibility conditions associated with n. Then there exist 0 < 6,,T, < 1
such that if
2 2 2
[wollan + 70ll2n 11 /2 + o IVAl, < 6 (3.2.6)

and 0 < T < T, then there ezists a unique triple (u,p,n) that achieves the initial data, solves
(2.3.10), and obeys the estimates

T
g o n 2
sup (€70 + () + [ D) de [0 ullt . S ol + o + o1l (327
0

0<t<T

3.3 Statement of main results

The main result of this paper is the global well-posedness of the problem and decay of solutions.

Theorem 3.3.1. Suppose that initial data (ug,n0) satisfy E7(0) < oo as well as the compatibility
conditions of theorem 3.2.1. There exist constants v € (0,1), ko € (0,1), and 0 < ¢ < g such
that if £7(0) < ko, Aw?+ Aw?® < vy, and g— Aw? > ¢, then there exists a unique solution (u,p,n)
solving eq. (2.3.10) on the temporal interval (0,00), achieves the initial data, and there ezists
constants X\ > 0 and C > 0, depending on A, w and o such that the solution obeys the energy

estimate ~
sup eMEI(1) —|—/ DI (t)dt < CE](0). (3.3.1)

0<t<oco 0

Theorem 3.3.1 requires a fixed positive value of surface tension. Our next main result con-
siders the cases ¢ = 0 and ¢ small but positive. We view the latter as the “vanishing surface
tension” regime, as we will employ it to establish this limit. In these cases we work in a more
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complicated functional setting that changes depending on whether o vanishes or not. We intro-
duce this with the following functional, defined for any integer N > 3 and time ¢ € [0, oo

t

f

Gon (1) = sup Egu(r) + / DY (r)dr + sup (1+ 1)V 55 () + sup 2250 (33.9)
0<r<t 0 0<r<t o<r<t 14T

where here £7, D7, and F,, are defined by eq. (3.1.3), eq. (3.1.5), and eq. (3.1.6), respectively.

Note that the condition N > 3 implies that 2N > N + 2 and that 4N — 8 > 0.
We can now state our second main result.

Theorem 3.3.2. Let Q2 be given by eq. (2.3.1), let N > 3, and define Gy via eq. (3.3.2). Suppose
that the initial data (ug,no) satisfy Egn(0) + Fan(0) < 0o as well as compatibility conditions of
theorem 3.2.2. There exist universal constants vy,k0 € (0,1) and 0 < ¢ < g such that if

Iv(0) + Fon(0) < ko, 0 < 231:\752 Awt < v, 0< 0 <1, and g — Aw? > ¢, then there exists a
unique triple (u,p,n) that solves the (2.53.10) on the temporal interval (0,00), achieves the initial
data, and obeys the estimate

Gon(00) S E3n(0) + Fan(0). (3.3.3)
In particular, the bound in theorem 3.3.2 establishes the decay estimate

5 (0) + Fan (0)
(L=

Ni2(t) S (3.3.4)
This is an algebraic decay rate, slower than the exponential rate proved in theorem 3.3.1 with
a fixed o > 0. Two remarks about this are in order. First, by chosing N larger, we arrive at a
faster rate of decary. In fact, by taking N to be arbitrarily large we can achieve arbitrarily fast
algebraic decay rates, which is what is known as “almost exponential decay”. Of course, the
trade-off in the theorem is that faster decay requires smaller data in higher regularity classes.
The second point is that when 0 < ¢ < 1 in the theorem, it is still possible to prove that &5,
decays exponentially by modifying the arguments used later in theorem 8.1.1. We neglect to state
this properly here because we only care about the vanishing surface tension limit, and in this
case we cannot get uniform control of the exponential decay parameter (o) from theorem 3.3.1.

Theorem 3.3.2 also guarantees enough regularity to switch back to Eulerian coordinates.
Consequently, the theorem tells us that the steady oscillating solution in eq. (2.2.1) remains
asymptotically stable without surface tension, but that the rate of decay to equilibrium is slower.

Our third result establishes the vanishing surface tension limit for the problem eq. (2.3.10).

Theorem 3.3.3. Let 2 be given by eq. (2.3.1), let N > 3, and consider a decreasing sequence
{om}_, C (0,1) such that o,, — 0 as m — oo. Let kg,v € (0,1) be as in theorem 3.3.2,
and assume that 0 < 221:\1;2 Aw® < ~9. Suppose that for each m € N we have initial data
(uém),n(()m)) satisfying E51(0) + Fan(0) < ko as well as the comptability conditions of theo-
rem 3.2.2. Let (u™, pt™ n(™) be the global solutions to eq. (2.3.10) associated to the data given
by theorem 3.3.2. Further assume that

ug™ — g in HV(Q), 9™ — no in HNFV2(E), and /o, Vipl™ — 0 in HN(Z)  (3.3.5)

as m — oo.
Then the following hold.
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1. The pair (ug,no) satisfy the compatibility conditions of theorem 3.2.2 with o = 0.

2. As m — oo, the triple (u™, p™ n(™) converges to (u,p,n), where the latter triple is
the unique solution to eq. (2.3.10) with ¢ = 0 and initial data (ug,n). The convergence
occurs in any space into which the space of triples (u,p,n) obeying Goy(00) < 0o compactly
embeds.

3.4 Discussion and plan of paper

The flavor of this paper is very similar to those in past literature such as [GT13,Ticl8]. As in
these papers, the main focus of this paper is to establish a priori estimates for solutions to the
PDE eq. (2.3.10), which allows us to conclude theorems 3.3.1 to 3.3.2 by standard arguments
coupling these estimates with local existence results. The scheme of a priori estimates developed
in this paper are a variant of the nonlinear energy method employed in [GT13, Tic18] that
is designed to carefully track the dependence on the magnitude parameter A and frequency
parameter w in order to optimize the parameter regime in which we obtain the desired existence
and stability theorem. More specifically, we show that the desired theorem in the surface tension
case can be obtained in the parameter regime of

Aw® + Aw® <1 (3.4.1)

Thus, the Faraday oscillation system can be stable for arbitrarily large A or w, so long as the
other parameter is sufficiently small. In the vanishing surface tension case, we obtain a similar
result, although the trade-off is that more stringent constraints on A and w are necessary.

A
Aw? + Aw? =C

unknown

exponential decay

Figure 3.1: A graph of the parameter regime in which we have asymptotic stability.

We now outline the main steps of the scheme.

Horizontal energy estimates: The main workhorse in our analysis is the energy-dissipation
equation eq. (2.2.2) and its linearized counterparts. The natural physical energy and dissipation
in eq. (2.2.2) do not provide nearly enough control to close a scheme of a priori estimates, so
we are forced to seek control of higher-order derivatives by applying derivatives to the PDE
eq. (2.3.10) and again appealing to enegy-dissipation relations. For this to work, the differential
operators need to be compatible with the boundary conditions of eq. (2.3.10), and this restricts
us to “horizontal” derivatives of the form 9% for o € N**2,
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It turns out to be convenient to do these estimates in two forms, one for the equations written
in “geometric” as in eq. (4.1.1), and the second written in “flattened” form as in eq. (4.2.1).
The geometric form is better suited for analysis of the time derivative version of the energy-
dissipation, as it circumvents the problem of estimating O;p, which is not controlled by our
scheme of estimates. The flattened form works well for other derivatives and is convenient
to use due to its compatibility with related elliptic estimates and due to the somewhat simpler
constant coefficient form. We develop these forms of the energy-dissipation relations in chapter 4.

Summing the various energy-dissipation relations over a range of derivatives provides us with
an equation roughly of the form

dee  —  [~=,
&7 + Dy = (; Aw ) Tn + T, (3.4.2)

where Z,, is a cubic (or higher) interaction energy and 7, is a quadratic term generated by the
oscillation background. The more precise form of eq. (3.4.2) and its proof can be found in the
first part of chapter 6.

It is important to note that the interaction term Z,, involves more differential operators than
are controlled by either £7 or D7, so a nonlinear energy method based solely on the horizontal
terms is impossible. We are thus compelled to appeal to auxiliary estimates in order to gain
control of more terms.

Energy and dissipation enhancement: The next step in the nonlinear energy method is to
employ various auxiliary estimates in order to gain control of more quantities in terms of those
already controlled by £7 and D,,. In other words, we seek to prove (again, roughly) that we have
the comparison estimates

E9 <& <& DISD, <Dl (3.4.3)

The main mechanisms for proving eq. (3.4.3) are elliptic regularity for the Stokes problem and
elliptic regularity for the capillary problem, both of which are recorded in appendix B. The proof
of eq. (3.4.3), up to error terms, is recorded in the latter part of chapter 6.

Nonlinear estimates: In eq. (3.4.3) we record estimates of the various nonlinear terms that
appear in the energy-dissipation, elliptic, and auxiliary estimates employed in the analysis. A
good portion of the nonlinearities can be handled in the usual way with a combination of Sobolev
space product estimates, embeddings, and trace estimates. However, a few of the nonlinearities
present key challenges and must be treated delicately in order to arrive at a useful estimate.

The nonlinear energy method requires more than just control of the nonlinearities: it requires
structured control. The rough idea here is that the nonlinear terms must be able to be absorbed
by the dissipation functional in a small energy context. For example, it is not enough to bound
the Z,, term mentioned above via |Z,| < (D?)" for some r > 1. We must instead have an estimate
that is structured in a way compatible with absorption, i.e. one of the form

Za| < (£7)Dy, (3.4.4)

for some r > 0. With such an estimate in hand we can work in a small-energy context, i.e. in
the context of £7 < 1, in order to view |Z,,| as a small multiple of the dissipation.

27



A priori estimates with zero or vanishing surface tension: When ¢ = 0 and in the
vanishing surface tension analysis we cannot exploit the regularity gains afforded by the elliptic
capillary problem. This creates two serious problems. The first is that without this control
the dissipation fails to be coercive over the energy precisely due to a half-derivative gap in the
estimate for 7. This means we can no longer expect exponential decay of solutions. The second
and more severe problem is that the nonlinear estimates require control of 2n+1/2 derivatives of
1, where as the energy only controls 2n derivatives of 7. This disparity is potentially disastrous
even for the local existence theory, as it suggests derivative loss. Fortunately, the kinematic
transport equation for n provides an alternate way of estimating these derivatives and shows
that they are finite. Unfortunately, the best estimates associated to the transport equation give
rise to bounds that grow linearly in time, and this poses serious problems for a nonlinear energy
method in which the nonliearity is supposed to be small in some sense.

We get around these problems by employing the two-tier nonlinear energy method developed
in [GT13]. The idea is to get N > 3 and consider together the high-order energy and dissipation
&9y and DY along with the low-order energy and dissipation &3, and DY, ,. We also use the
functional Fon defined by eq. (3.1.6) to track the highest derivatives of 7.

We control Fyn with a transport estimate in the first part of Section 6, but the estimate
allows for Fon to grow linearly in time. To compensate for this in the nonlinear estimate of
Section 4 we show that Fyy only appears in products with the very low regularity functional K
defined by eq. (3.1.7). We have a trivial estimate K < E},,, and so if we know a priori decays
algebraically at a fast enough rate, then the product Fon /K can be controlled uniformly in time.
Then, under the assumptions that Gy < 1 we prove that (again, roughly)

T
sup Egy(t) + / Dy () dt < E4(0). (3.4.5)
0<t<T 0
This means that the decay of the low-tier energy allows us to close the high-tier bounds.

Next we use the high-tier bounds to show that the low-tier energy decays algebraically, with
bounds in terms of the data. The key point here is that DY, is not coercive over £§_,, but it
is possible to interpolate with the high-energy bound:

Exva S (D) (Ean)" (3.4.6)
for some 0 = 0(N) ~ 1. This then allows us to prove a bound of the form
%ENH + C(En) <0 (3.4.7)
for some r = r(NN) > 0, and from this we can deduce the decay estimate
Enga(t) S En(0)(1+1)7. (3.4.8)

This means that the boundedness of the high-tier energy allows us to close the low-tier decay
bounds.

The second part of section 7 contains the full details of the two-tier method and establishes
the global well-posedness and algebraic decay of solutions. An interesting feature of the two-tier
analysis is that the existence of global solutions is predicated on their decay.

Vanishing surface tension limit: Throughout the paper we take great care to isolate the
behavior of constants with respect to . This is done in order to allow us to send o — 0. We
carry out this analysis in the final part of section 7.
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Chapter 4

Evolution of the energy and dissipation

In this section we record the energy-dissipation evolution equations for two linearized versions of
the problem eq. (2.3.10): the geometric form and the flattened form. We also record the forms
of the nonlinear forcing terms that appear in the analysis of eq. (2.3.10).

4.1 Geometric form

Let ®, A, N, J, etc. be given in terms of n as before. We give the geometric linearization of
eq. (2.3.10) for (v,q,():

(O — ObKO5q + u - VuC + diva Sa(v,q¢) = U! in Q

divgv = 02 in Q

KW —v- N =03 on X (4.1.1)
Sa(v, )N = (—cAC + g¢ + V)N + v* on X
\v:() on X

4.1.1 Energy-dissipation

The next result records the energy-dissipation equation associated to the solutions of eq. (4.1.1).

Proposition 4.1.1 (Geometric energy-dissipation). Let n and u be given and satisfy

{divAu:O m (412)

om=u-N on¥’

Suppose that (v, q, () solve eq. (4.1.1), where ®, A, J, etc. are determined by n as before. Then,

d 2 Vnl? 2 D 4v|2J
EU Ui +/a|2n| +9'3'}+/u' u
@ = @ (4.1.3)

:/J(v-\Il1+q\I/2)+/(—aA(+gC)‘II3—\I/4-(8fu)—\lf5v~./\f.
0

%

Proof. We take the dot product of the first equation in eq. (4.1.1) with v, multiply by J, and
integrate over {2 to see that

I+H:/\Ifl-vJ (4.1.4)
Q
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for
]:/8tv-v(]—8tf]gagv-v+(u-VAU)-vJ
“ (4.1.5)
[I:/diVASA(’U,q)'UJ
Q

In order to integrate these terms by parts, we will utilize the geometric identity Ok (JA;) = 0
(details in section appendix A.3) for each i.

Computing I To handle the term I, we first compute
27 2(9 2 2

Since b = (1 + x3/b), an integration by parts, an application of the boundary condition v = 0
on X reveals that

2 2 2
12:/_|”’ %I _p, bagﬂmj (JA] i )
0 2
[v[*0, ] Ivl2 |v]? v, -
:/Q— 2t —05 <8tnb>+u]8k J.Ayk— +/§;_T mil
2 A 2 2
:/_%( + D504 ) ol (agat b+8277> — (Opu;) (JA] id ) (4.1.7)
Q

2

2
Jr/ u O +“JJAJ1€| | (e3 - ex)

2 2 2
/ J| | le U“—/ | | at +U]JA]k| | (63'€k>.

Now note that JAx(es - ex) = Nj on ¥ and also we have that u and 7 satisfy eq. (4.1.2), so the
above becomes

[o]” . o]
L= | —J—divqu+ | — (=0m+u-N)=0 (4.1.8)
Q 2 s 2

and hence
v[*J

Q

so I is purely just the transport of the quantity |v|>J along the flow wu.
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Computing /I We begin our analysis of the term I/ with a similar integration by parts,
which reveals that

[[:/QdiVASA(’U,q)'UJ:/Q-Ajkak (SA<U7Q))Z']‘ viJ:/QviJAjkak (SA(U’q))ij
N / =0k (viJ Aji) (Sa(v, q))y; +/Ui‘]“4ﬂf (Sa(v, )y (es - ex)
Q b
- / — [0 (0T Ag) — 0,0 (TA)] (Sa(v, ), + /EW«“ﬁ (Sa(v,0));;
:/Q—J.Ajkakvi (SA(U’q))ij_'_/EUZ (SA(U Q>> 'AJ3J
:/—J(VAU)Z-]- (SA(v,q))ij-l-/Uz‘ (SA(U7Q))ij'/V’j
Q b

:/_JSA(an) : VAU_‘_/SA(Ua(J)N'U
Q b

2
:/—J (qdiww—%) +/SA(v,q)N-v
Q s
2
:/—J (q‘l’Q—M)%»/SA(U,q)N"U.
Q >

Now using the third and fourth equations in eq. (4.1.1), we rewrite the integral on X as

(4.1.10)

/ESA(U,q)J\/'-v:/E[(—0A§+g§—|—\115)/\/'—|—\114] v

—/( oA+ g¢ + )N - v+/\IJ4~v

X

(—oAC+ gON - U+/\I/4-v+\115v-/\/

by

\\

(~oAC + 90) (atc—w3)+/qf4-v+w5v-/v
X

a|V¢[ QKP} _ 3 4 5, .
8[/ 5 /2( oA+ gl) W —f—/E\I/ v+\va(il\/'111)

so on sum, we have

D40 d a|V¢P® | gl
1= [ g (que— MRl A /
/Q (q > )Y@l 2 T

—/(—0AC+g§)\If3~I—/\I/4-U+\II5U-N.
> >

(4.1.12)

Now to see that equation eq. (4.1.3) holds, just plug eq. (4.1.9) and eq. (4.1.12) into eq. (4.1.4)
and rearrange. O

4.1.2 Forcing terms

We now record the form of the forcing terms that will appear in our analysis. Recall that this
geometric form of the linearization is responsible for the highest order time derivatives 0}, so

31



we build this into the notation by writing F7" for the jth forcing term generated by applying
oy to eq. (2.3.10).
Applying 0} to the ith component of the first equation results in

007 w) S Ol [0 (01BI) 07" (D) + 0f (s A30) 0~ (D)

0<t<n

+ Y Cw {afAjkat"*fak (S.a(u, p))ij} —0.

0<l<n

(4.1.13)

Then in the above, the first term as well as the terms in the summation corresponding to ¢ = 0
gives the left hand side of eq. (4.1.1), except for the last sum for which we have an extra term

Ajka?ak (SA(U,p)ij) - Aﬂﬁk (SA(G”U, @"p)w) == .Ajk <— Z Cznuﬂ)ateAafiZu + ,U/]D)Aafu>

0<l<n

= —Aj Y ConpDy 10, "u

0<l<n
(4.1.14)
Thus,
= D Con [0F (00DKC) 07" (D) — O (s Age) 07" (O]
O<t=n (4.1.15)
+ Y Cw [ O Ak Dy (Sa(u, p))y; + AjepiDae a0y~ } 0,
0<t<n
Differentiating the second equation gives
> Condf A0y Opu; = 0 (4.1.16)
0<t<n
so taking all but the ¢ = 0 terms gives
= > Condf A0 Oy (4.1.17)
0<t<n
Differentiating the third equation gives
0,(0ym) = Y Condfu- 07N =0 (4.1.18)
0<t<n
SO
= > Conlfu-0}~'N. (4.1.19)
0<t<n

Finally, differentiating the ¢th component of the fourth equation gives
> Condy ™ (Salw, ) ON; = D Condy ™ (—0H(n) + (9 + Aw*f"(wt)) n) OFN;
0<t<n 0<t<n

= Y Con (=007 9(n) + 907 "n+ 0" (AW* f"(wit)n)) O/ N
0<t<n

(4.1.20)
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so taking away the ¢ = 0 terms and handling 0 (Sa(u,p));; as before as well as handling the
An term, we get

F"= D, On [ ' (Salu,p));; 0N + (1Doead} ™" u) NJ
0<l<n
+ Z Con (=007 9(n) + 90 “n+ 0, (AW " (wt)n)) 0N + (=00} (H(n) — An)) N;
0<l<n
< (4.1.21)
and
=)' (Awf"(wt)n) - (4.1.22)

4.2 Flattened form

It will also be useful for us to have a linearized version of eq. (2.3.10) with constant coefficients.
This version is as follows (details in section appendix A.4):

(0,0 + div S(v,q) = O! in O
dive = 62 in
¢ =v3+0? onY . (4.2.1)
S(v.q)es = (oA + g( +O°) e+ O on %

(V= 0 on X

4.2.1 Energy-dissipation
Proposition 4.2.1 (Flattened energy-dissipation). Suppose (v, q,() solve eq. (4.2.1). Then

{ / o / o[V g|§|2} / Do? .

:/v~@1+q@2+/(—JAC+g()@3—@4~v—@5v3.
Q s

Proof. We dot the first equation of eq. (4.2.1) with v and integrate over ) to see that

[+H:/v-@1 (4.2.3)
Q
where
I:= / VO, II = / v-Vq—pv-Av. (4.2.4)
Q Q
We trivially have
2
I= at/ ol (4.2.5)
Q 2
To deal with 11, recall that
Vq — pAv = div(gl — ubDv), (4.2.6)

and so
/v (Vg — pAv) = /v div(gl — uDv)
Q Q

(4.2.7)
—(qI — pDv) : Vv + /(q[ — uDv)es - v =11 + I1,.
>

:3\
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A simple computation gives

11, :/IU]DU Vv —(qI) : /UD)v]2 /le qu) /]}Dv|2 ) (4.2.8)

II, = / (=0 A+ g + ©%)es + O]

Now

/ —0A(+gC+0°)v3 + 0 v
(4.2.9)
/ (=0 A+ g0) (0, — ©%) + 6% - v + By

=0, [/ A g|§|2] — (—0AC+ g¢)O® + O - v + O%u;.

Thus, in sum, we have

II =9, [/ o|V¢ gK'Q] /UDUP /q@2—(—aA<+g<)@3+@4-v+@%3.
by Q

2
(4.2.10)
The result follows by addition and regrouping. O]

4.2.2 Forcing terms

The forcing terms come from rearranging the equation to get the terms we want — we then
designate everything else as forcing terms. Note that we will take derivatives of the full nonlinear
equations in eq. (2.3.10), but to get the corresponding forcing terms, we may just take derivatives
of the forcing terms here since we constructed our linearization to have constant coefficients. To
get the first forcing term, remark that the first equation in eq. (2.3.10) can be rewritten as

Oyu + div S(u,p) = ONbK O3u — u - V qu + (div S(u,p) — div.g Sa(u,p))

- (4.2.11)
= OnbKdsu —u -V qu —divD;_qu — diva_ (pI — Dyu),
and so 3
G' = 0K Osu — u - V qu — divID;_qu — diva_; (pI — Du) . (4.2.12)
The second term is
G? = div;_4u; (4.2.13)

this is a result of simply adding and subtracting the two different types of divergence. To handle
the third equation, rewrite as
om=u-es+u-(N —es), (4.2.14)

and so
G =u- (N —e3). (4.2.15)
Finally, we similarly write the fourth nonlinear term as
G = (pI — pDu)(e3 = N) + (uDa-ru)N + (gn + Aw? " (wt)n) (e3 = N)
— (=0H((1)) (es = N) = (=0 (An = 9H(n))) €3

and the fifth linear error term as

(4.2.16)

G® = AW f" (wt)n.
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Chapter 5

Estimates of the nonlinearities and
other error terms

In this section we develop the estimates of the nonlinearities as well as other error terms needed
to close our scheme of a priori estimates.

5.1 L°° estimates

The next result establishes some key L* bounds that will be used repeatedly throughout the
paper.

Proposition 5.1.1. There exists a universal constant § € (0,1) such that if |n||? < 6, then the
following bounds hold.

1. We have that ]
1T — 17 + [N — es]|7e + [ Alli< + [|Bl|7 < 3 (5.1.1)

and
K7 + [[AlI 7 S 1. (5.1.2)

2. The mapping given by eq. (2.3.3) is a diffeomorphism from Q to Q(t).

3. For allv € HY(Q) such that v =0 on ¥, we have the estimate

©
/umy? < / JD 402 + C (I|A = || + | J — 1HL00)/|]DU\2 (5.1.3)
Q Q Q

for a universal constant C' > 0.

Proof. Recall that

J—1= % +050b, N —es= (=01, —0n,0),  A=0b, B =0db. (5.1.4)
Thus, the left hand side of eq. (5.1.1) can be bounded above Sobolev embedding H3(Q2) — C*'(Q)
by ||7|ls. This is in turn bounded by ||7||5/2 by lemma C.2.2. Then eq. (5.1.2) holds by the
definitions of K and A and eq. (5.1.1). To see the second item, simply note that we have a
diffeomorphism if and only if the Jacobian of ®, J, is nonzero. This can be accomplished by
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taking |||z~ < b. Note that for the NV — e3 term, we bound the L> of n on X by L* of 7 on §2
in L*> by sufficient regularity. For the third item, first write

IDuf* = JDav|* — (J — 1)|Do|* — J (|Dav|* — |Dvf?)
= JDw|* = (J = )|Dv)* = J (D v +Dv) : (Dgv — Do) (5.1.5)
= [+ II+1III.

Since the I and I terms are already in place, we just need to bound /11. To do this, compute
(Dgv £ Dv); = (AE 1), Opvj + (AL 1) Opv; (5.1.6)

and so
I =—J (D +Dv): (Dgv—Dv) < ||J| gl A+ || zos | A = ]| 1o [Dv]?. (5.1.7)

The L* norms can be bounded by universal constants by eq. (5.1.1) and eq. (5.1.2), so we
conclude as desired. O

5.2 Estimates of the F' forcing terms

We now present the estimates of the F' forcing terms that appear in the geometric form of the
equations eq. (4.1.1). Estimates of the same general form are now well-known in the literature:
[GT13,TW14,JTW16, Tic18].

Theorem 5.2.1. Let FI" be defined by eq. (4.1.15), eq. (4.1.17), eq. (4.1.19), eq. (4.1.21).
Assume that € < 0§ for the universal § € (0,1) given by proposition proposition 5.1.1. If

Z;l Aw® < 1, then there exists a polynomial P with nonnegative universal coefficients such
that
[F I + [F2"{[5 + [0:(TE*™)[§ + |1 ™[I + |1 F4 1§ < P(o)EaDy, (5.2.1)
and ,
1F>"5 S (€R)" (5.2.2)

Proof. The short version is, each of the nonlinearities is quadratic, i.e. is a product XY, where
we can show that each is bounded by £ and D. We now record the details for each of the terms.
First compute, using for instance [Les91],

107 K15 < Dl llor (791l < € (5.2.3)
/=1

and

107 Al S lop (AK)[S + 107 (BE) IR + 107 K13 < > || Vo

0<l<n

2o K| + R K2 < 0

~ TN

(5.2.4)
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Bounding F'": Recall that

I = 7 O [0f (0000 ) 07~ (@) — 0 (uy Age) 27 (D)

0<t<n

(5.2.5)
+ 3 Cu [—afAjkag*fak (Sa(up));; + AjeiDyg A@f’eu} ~0.
0<l<n
We bound each of the four terms. The first term is bounded by
. 2
|of (auibrc) op= (@), < 19 @) ;D3 < 0m%, (5.2.6)
the second by
¢
n— 2 —m 2 g n— 2 a
10f (ujAjn) 0" (Bhus) ||y S (ZH@? us | l19; Ajkllﬁ) 07 ul} < €27, (5.2.7)
m=0
the third by
n— 2 2|| gn— n— 2 o
‘ af.A]kat eak (SA(u,p))ij 0 5 ||8fAjk||OH8t Z@kpj - @t eak (DAU)HO 5 ggDn, (528)
and the last by
2
|Asermogarul| < orAllollorulls s €0ps. (5.2.9)
Bounding F?": We have that
2
[Pl = || D2 Condf Ay~ Oy || S S 10FAskl3lIOF~ Opus I} S €2 min{ €D, D5}
0<t<n 0<t<n
(5.2.10)

Bounding 9;(JF*"): We have that

0T < S 1170, (08 A0 ) |2 + || 0 TOF A || S E9DS. (5.2.11)

~Y
0<l<n

Bounding F3": We have that

2

< D lorlliop=vnlls < €07 (5.2.12)

IESIG = || D Condfu- 07N 0 S &.Dy

0<t<n

0 0<ZS7L

Bounding F*": Recall that

F;4,n — Z Cén [_6?_4 (SA(U,])))U an + (M]D)aantn—fu> M:|
0<l<n ij
+ > Cun (=007 9 (n) + g0;“n+ 07" (Aw’ " (wi)n) ) 07N (5.2.13)
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The first term is bounded by
‘ 3?4 (&4(“:?))@' t
and the second term is bounded by
2
(MDaanf JU) N
ij 0
To bound the last two terms involving $(n), we first compute

() = ( O ):(1+|V77|2)1/23377—3m(1+|V77|2)_1/2<V77,8Nn>

< \\or=tpl — 0p~"Daul| ||0f V||, < E°D; (5.2.14)

n no

< 10, Al DOy~ ull§ < €35 (5.2.15)

0~ “n=n-

NAESE 1+ [Vn]? (5.2.16)
= (1+|Vnl?) " An = (1+ |[Vn) " (0m (Vi 0:V7))
Then, the third term is bounded by
(=00~ (n) + 900 + 07" (Aw?["(wt)n)) DN,

n+1 ' 2 n—~{ , 0 (5217)
o) [ DA’ ) | DloraomlR+ ol | [|ofVnlls S Plo)EDs.
j=2

m=0

For the fourth term, we first compute (using [L.es91] and some computations in section ap-
pendix A.5.1)

2 2
1 n . 2
o e —— Aq’, 5 aﬂ— Aan_zn
t [(W > ] o ; tm OH t HO
+‘ VIF VP - 1 2|\Aa"nu?
t 0
m 0
n V4
S m/2 2 n—e, |2
~ lmzzl 1+|vn| YD)/ ; (1+[Vnl?) 0||at nlls
+[[1VnPlf o7 nl;
Haﬁ\vn\ 12 |0r—n||> < 0.
) (5.2.18)

Then, using similar tricks as before,

L0m (Vn,9,Vn) ||
A+ 19777 |,
1
(1+ V)32,

I=00; (H5(n) — An) Nillg S P(o) P(a)|\9;

ol — 1) a
! V14 |Vnl? 7

P(0)ED? + P(o ZW am (Y, 0,9n)) |-

0
2

anf

n—~_ 2

1
anfffm >
0( \/1+|V77|2><t L+ [Vl /]

(5.2.19)

n

P(0)EYD? + P(o Z

< P(0)EXDS.
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5.3 Estimates of the G forcing terms

We now present the estimates for the G* nonlinearities. Define

n—1 n
Vo= YOG oy + NGBy + 100G [ assrogsy + D MHC [nssiragsy
j=0 J=2
+ ”Gg”i{%fl(z) + ||8tG3Hipn,2(E) +o <HG3HZ%+1/Q(2) + HatG?)Hiﬂn—w(z)) :
(5.3.1)
and
n—1
Wai= 310G 5oy o+ 10C% 0y s+ 100G s sy + NG s gy (532)

=0
These nonlinearities are the ones generated by elliptic regularity estimates.
Theorem 5.3.1. Let G* be defined by eq. (4.2.12), eq. (4.2.13), eq. (4.2.15), and eq. (4.2.16).
Assume that € < § for the universal 6 € (0,1) given by proposition proposition 5.1.1. If

Z?;l Aw® < 1, then there emists a polynomial P with nonnegative universal coefficients such
that

Vo S Po) (D5 + KF,) (5.3.3)
and
W, < P(o) (8965 + KF,) . (5.3.4)
Furthermore, in the case that n =1 and fized o > 0, we have
Wi < P(0)(E9)% (5.3.5)
and
G+ G215+ 1GP M3 2 + 0GP 112 o + |GHIT < P (o) DT (5.3.6)

Note the above is just Y1 after considering o as a fized constant, with ||G*||1 instead of ||G*||s/2.

Proof. We proceed to tackle each of these estimates.

Bounding G': We first remark that throughout this proof we will be bounding Z~), K, A, and
B above by constants via proposition 5.1.1.
Recall that

G' = 9bKdsu — u -V qu — divD;_qu — diva_s (pl —Du). (5.3.7)
We bound each of the terms above. Let j € {0,1,...,n —1}.

e First term: We first work on bounding j temporal derivatives of 9,77bK dsu in H>*~2-1((Q)
by E9D. When j < n — 2, we have that 2n — 25 — 1 > 3 > 3/2 so we may use Sobolev
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product estimates to bound

2

J
m—+1
™ ZHat n
2n—25—1
m=0

AN

& (aszKagu)

j J
2 m m
o) (st ) (St )
m=0 m=0

Jtl j m j
S ZH@FnII;n_%_?,/Q) (Z >l ;n—2j> (Z”atmu”gn—%)
m=1 m=0 (=0 m=0
7 m
S| ZH@M\;W) &2 min {9, DY}
m=0 /=1

<& min{E), Dy} S ENDS.

n

(5.3.8)
When j =n—1, we have 2n — 25 — 1 =1 so

\ o (aabcow)[} + 3 |

n! n-l n—l (5.3.9)
S (ZII@?*% i) ( ||a:"K||$> (ZII@’”UII?)
m=0 m=0 m=0

<&y min {€), DY} S EIDT.

2 2
< ‘
~Y

1

gr1 (atﬁBKagu)

R (atﬁBKagu) H

We easily see that the same computations apply for the W, bound.

Second term: Recall that u -V qu = u;A;;0;u. We first bound j temporal derivatives of
w-Vu in H=271(Q) by £9D7. When j < n — 2, we have that 2n —2j —1 > 3 > 3/2
so we use Sobolev product estimates

J J J
107 (- V)5, 4 S <Z||a?ur|§n_2j_1) (Z\|8?A||§n_2j_1> (Zua?unin_gj)
m=0 m=0

m=0
7 m J m

< €060 (Z D EEE ) < ¢l (Z Z\}a?n‘\\in_zj_l/g)
m=0 ¢=1

m=0 (=1

< &EEmin{E), D)} S EDS.

(5.3.10)
When j =n — 1, we have 2n — 25 — 1 =1 so

3
(07" (- Vaw) ||} S [l0r (u- Vaw)|[; + D ]|0:07 (u - Vau) g

=1

n—1 n—1
< (zua;nuu;) (zuamuf) < £960 win {£0. D)) < €07
m=0 m=0

(5.3.11)
Again, the above computations also apply for the W, bound.

Third term: We first work on bounding j temporal derivatives of div;_ 4 u in H*"~2/71(Q)
by E9D?. Again, we split into j < n — 2, for which Sobolev product estimates apply, and
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j=n—1. We have

Hﬁj div Dy au); ||2n 2j—1 ~ Haj (1 = A)im O + (I = A) O]
= 107 190 (1 = A)iadsue + (I = A)sDsu] |,
S 1102 (9 = Asdstim]ly o,y + 107 10 = A Vst

(ZH@’” (I = Al 2J> (ZH@’"UH% ZJH) < &y,
m=0

(5.3.12)
since the third column of I — A is either just linear or quadratic in derivatives of 7 that
we control in ). We can’t simultaneously use £ for the u term this time since we only
control &/u in H*"~%/(Q)) in £. For j = n — 1, similarly to the above, we have

2
H2n—2j—1

|67~ (divID—au) ||1N |67 (div Dy qu) H§+||a"*1v divID;_qu) 4H§
(5.3.13)
(Zuam (I-A) e3HQ> <Z\|amu”3> < EDe.
m=0

Next, we bound j temporal derivatives of divy_4u in H*"~272(Q) by £°£7. The compu-
tation for 7 < n — 3 is almost exactly the same as the above, except we need to control
one less derivative on u and thus we get to control the u term by £7 rather than Dy. The
same is true for j =n — 2 and j = n — 1, so we omit in the interest of brevity.

Fourth term: The term that we need to bound is
diVA,[(pI - DAU) = diVA,](pI) - diVA,](DAu). (5314)

We bound j temporal derivatives of the above in H*"~%~1(Q)). We have

Jof v stoD) [y, = 1 A= DDyl oy = 107 1CA = Distipei
< S oo (A~ Dadwed;
\a|§%g§22j—1

J
S Z Z Z H@maﬁ(A— 1)133j_m3733p€i“(2)

a€eN? m=0 f+y=a
la|<2n—2j—1

S XX X A Dl e,

a€eN? m=0 f+y=a

la|<2n—2j—1
J j m
N ZH@’”(A - I)i3”§n—2j—1HajmeH;nfzj S Z ZHamﬁe zn—2j||ajimpH§n—2(j—
m=0 m=0 (=1
7 m
Z”amngHzn—Qj—l/QHa]_mszn—Q(]—m) 5 g min {SO’DO} N gODU
=0 /=1
(5.3.15)
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The computations for this term apply for bounding the above in H*~%72(Q) by £%£°.
Next, we work on div4_;(ID 4u). This term needs (2n—2j —1)+2 = 2n—2j+ 1 derivatives
for u (one extra for divergence, one extra for symmetric gradient) so we need to handle
these separately for D7 and &7, but the computations are similar so we only do one of
these. We have

167 divas ()|l ;- = 1|07 (A= DO (Daw)ice;

HQn 27—1

= 107 [(A = DO (AiDue + Andieus)] |5,y
S 2 ST (0P (A — DO (010° A0 07we) |

p+q+r=j a,B,7EN?
Ia\+lﬁl+lv|<2n 2j—1

|00 (A = 1)1 000 (010" Au0s07 07|

> > 1870 (A — I)em I

p+g+r=j a,B,yEN?
laf+|B]+[v|<2n—25-1

(llom (020° Aur;0u0) + |0 (D20° Audryorus) )

AN

p
2 2 2
S D DO o l|OF Akl o105 3o

ptq+r=jm=0

p q
Y (Z\\afnmrlén2j1/2> (ZH@WHEMH/Q) D] < EE0D] < £
/=1

pt+qt+r=7 \m=1
(5.3.16)
Note that the second term above is fine since we take at least one time derivative and
hence we can control it with £2 — the only time we worry is if we take no time derivatives
of n.

Bounding G?: We first show for W,, since Recall that
G? = div;_4u. (5.3.17)
Now write
divi_qu = (I — A)yOpu; = (AK)O3uy + (BK)03ug + (1 — K)Jsus. (5.3.18)

We handle just the A term since the proof for the other two terms is similar. Write using the
Leibniz rule that

107 (AK 951y ||an—25-1 < Znaf AR (D5u1) ||an—2j-1- (5.3.19)

If j < mn—2, we may use similar tactics as in eq. (5.2.4) using Sobolev product estimates to
bound the AK terms by £Y; this leaves the u terms to be bounded by £7. For the particulars,
recall that

k k
ORIy SR )y S SR Ny G320
£=0 £=0
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The tricky part lies in bounding 9F(J*) in 2n — 25 — 1 derivatives. To do this, write

oF(J*) = oF [<1+g+83776> (1+ % +83ﬁ13)}
= > o (1+%+83ﬁ5) O <1+%+03ﬁ5> .

ki1+-+ke=k

(5.3.21)

Now when we take the H**~%~! norm of both sides, the highest regularity term we need to
control is ||0F7]|2n—o; < EY. Combining this with ||K||2n 91 S E7 gives the desired bound.
If ) =n — 1, then we instead write

n—1 n—1
D N0 (AK) O (Dsun) |l S D _0F(AK)0; " ullo + V[0, (AK)F " ulllo < ERES.
/=0 =0
(5.3.22)

A similar proof works for bounding by D?, since the highest order derivative of ;' 'n that we
require is 1/2.

Bounding G?: Write

G*=u- (N —e3) =u-(—0in, —0m,0) = —01nu; — Oanus. (5.3.23)
We’ll handle the first-coordinate terms here; the second-coordinate terms are identical.

e W, bound:
We first deal with the £2£7 bound, for which 0 < 7 < n — 1. Consider the case of j = 0.
If n > 2, then
101 20172033y S MO 2017235y [ 2o ) + 1O T o0 5y Nt 2125
S 32l G + InllEs g lullzn S 10130 2lulle s + I3l

Sl o llullssy + Il lul3, S KF.+ (€9)°
(5.3.24)
and if n = 1, then

1O 3525y S 102yl sz S I3 llen3 S (€2)° (5.3.25)

We now consider 1 < 7 < n — 1. Using the Leibniz rule and Sobolev product estimates of
theorem C.1.1 since 2n — 20 — £ > 2n —2(n — 1) — 3 = 2 > 1, we have

2
Haj 8177U1 HHQ" 2j-1/2(%) — S Z ’

0<t<j

i—¢
S Z ||8f77||§12n,21+1/2(2)||8§ U1||12L12n—2j—1/2(2) (5.3.26)

0<e<;j

: -y 9
. ||77||§n—3/2||atjul||gn—2j + Z ||3f77||§n_24+1/2||3§ U||gn—2j S (5{)) .

1<0<j

81 8f77 8j Uq

H2n—2j— 1/2( )

e )V, bound:

43



B Z] 2“8]G3HH2n 2j+1/2(x bound

We now deal with the 52@;‘1 term which is not bound to o, for 2 < 57 <n now. First
assume j < n — 1. Because j <n —1, 2n — 25 + % > 1, so we may write

2

||8 —Oinuy ) Hmn 2417205 S Z H81 (0o w

0<e<y

, y
S \|5’1773,fu1]|§{2n_2j+1/2(2) + Z |!31(3f77)|!§12n—2j+1/2(g)Hai ul”ipn—ﬂj—ewlm(z)
1<e<y

H2n72j+1/2(2)

j—L
S 1l n=s /25 107w gan-2s1sa sy + D NOf0Gan-srsr2() 18] w2 22011725
1<e<j

j j—t
S H77||§n75/2||8g“|’§n—2j+1 + Z ||8f77||§n725+3/2||ag u‘|§nf2(jf€)+1 S 527)2-

1<
(5.3.27)
Now consider the j = n case. We apply the Leibniz rule as before and estimate the
terms with ¢ > 2 by using lemma A.2 of [GT13]:

n . ) n . n .
> @)@ ) [[g1/205) DN 2107 walErmy S D MNOFmlla/2 105 s
=2 =2 =2
< D02l ull}
=2

S ZH@ZWHM—%MMHatyhguugnﬁ(n—e)Jrl S ED;.
(=2
(5.3.28)

For the ¢ € {0,1} terms, we use the Poisson extension to compute

1

1
> N @0fm @) [ 11/2(sy < D_Il@00A) @ )}
/=0

(=0

S ZH @007~ w)lly + IV @) @ w) [+ [[@D{A)V (07 un)|

£=0

1
< D Noeallzor—ulls + 10alIT 107~ ull}

£=0

1
S D N0l 208 wllg + 10fn113 2107 ull}
/=0
Sl 2107 wllT + [l0emll3 21107 ull? S €Dy
(5.3.29)

— ||G?|| y20-1(s) bound:
Now we deal with ||G?|| y2a-1(s). Fortunately, this one is easy: assuming n > 2, write

10vnun 215y S 102015y la [Fgns () S IIlZallllZas e S E2D7. (5.3.30)
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If n =1, we instead write
1G® (i) S N0muallFrosy + [IVOmua oy + [0V Fos,
S nlialullzoes) + Il lult e S lInlislluls S E'DY.
— 10,G?|| 2n-2(s;) bound:

Next, the [|0,G?|| gzn—2(s;) term. If n > 2 then Sobolev product estimates apply and if
n = 1 then we simply have Cauchy-Schwarz, so

(5.3.31)

Ilf?t(amul)llipn—z@) < ||31(3t77)ul||12q2n—2(2) + ||81n8tu1||§{2n_2(2)
N HglatUH?ﬂn—%z)||U1H%12n—2(2) + ||817]||%{2n_2(2)||8tu1\|§{2n_2(2)
S N0l s [l 3z /2 + 0l Fr20-1 () | Oull3—32
SDRE) + ED;, S &,D).
(5.3.32)
- 0-2||G3||H2n+1/2(2) bound:
Next, the 02||G3||H2n+1/2(2) term. We'll actually control this one a little differently,
because the previous techniques do not actually work. The key point is the estimate

G2 Fznsarasy S UV Gl sy + NG 51205 (5.3.33)

The H'/? term can be bounded in the same way that we’ve done before, so it remains
to bound the gradient term. To do this, write

2n 2n
V"G sy S D oIV T} S P llal3lull3e + D oAl llull3 s
=0 j=1
S 0l o llull3nsn + 01015013 /2llull3, S 0?ExDy + DiEL S P(0)EDy,.
(5.3.34)
- O'Q”atGSHH2n—3/2(Z) bound:
We finally deal with the *||0,G®|| y2n-3/2(x) term. We bound this by
2|04 (v [[3n 2y S 0° ([10:Ov 1 [[3,,—1 + 1017 0pwa |13, 1)
< 02 ([18:0:7 V" [[g + (10170, V" ua [17)
2n—1
+ ) 0 (IVV0.00i V" || + V0170,V g |13)
P (5.3.35)
S o’ (Ilamllf/2||U||§n_1 + ||77||%/2||3tu||§n—1)
+0° (Hath%nfl/ZHungan + Hn“§n71/2||atu1”§n72)
<8P + E9DT < P(o)EXDS.
Bounding G*: Let j € {0,1,...,n — 1}. Recall that
G* = (pI — pDu)(es — N) + (uDa—u)N + (gn + Aw® f"(wt)n) (es — N) (5.3.36)

— (=09()) (e3s = N) = (= (An = H(n))) 3.

We need to control &/ G* in H**~%~1/2(2) by £9D7 + KF, and in H>*~2-3/2(%) by £267 + K F,,
and when n = 1 we can drop the KF, term. We do these term by term.
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e First term: We handle j = 0 separately later, so let 1 < 7 < n —1. We may immediately
use Sobolev product estimates since X is two dimensional, so

107 (o] — pDu)(e5 — N 2

{(pT — uDu);~ (e — )|

)]HHQ"*QJ'*UQ(E) H2n—2j-1/2(x))

<EDe.
2n—2j+1/2 nen

o'

J
D) (1 eyt -
/=0

(5.3.37)
Note that a similar computation shows that if we only ask for H?"~%=3/2(%), the we may
indeed bound by 7 since we don’t need to use DI for the u term.

Now we handle j = 0. We have

1(pI — D) (e3 = N[ n-1/25)

< ) 5 ) ) (5.3.38)
S llpl — MDUHLOO(E)HVUHanl/Z +|lp! - MDUHH2”*1/2(E)HVUHLOO(E)

For the first term, we use F,, to bound ||V7]Hgn_1/2 and we bound HpIHioo < ||p”12q3(2) <K

and H,u]D)uHioo(E) < HuHiIg(Z) < K. Then, |Vn|l5, 4, S Fn so this first term is bounded as
desired. The second term can be handled by

-1/

[pL = 1Dl s/ IV sy S IPE — il ]2 < E0min {€2, D0}, (5.3.39)

e Second term: We again handle 7 = 0 separately and first work on 1 < j <n —1. We
easily have

Hai [MDA—IUN]HEan%'—I/Z(E 5 ||3] A - I)zkak;ué + (A - ])Zkakuz M Hi{2n72j71/2
S; Z ||( (A I)zkﬁqakué + ap<A I)Ekaqakuz) ar-/\/'ZHHQn 2j-1/2(%)

pHgt+r=j

> (A= Ddf O + 0P (A = T)w0f Ot [3g2n-251/205 10, Nol| 1225125

prgtr=j

S ED;.

(*)

N

(5.3.40)
The D? can be replaced by £ when we only need to bound in H?"~2~3/2(%) since the
determining factor was the number of derivatives on u. We now work on j = 0. For this,
we bound

[[#D4- IUNHmn 1/2(x < D4 IUHLoo )HNHH?”—UQ(Z) + ||DA—IU||H%—1/2(2)||N||Loo(z)

5 KF, + D7
(5.3.41)

and we can replace DI with £7 when we only need to bound in H?"~%=3/2(%)).

e Third and fourth terms: We omit details for these since they are similar to the first
term. For the third, we may just use the L*> bound, while for the fourth the o attached
allows us to use our ¢ terms in the energy and dissipation.
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e Fifth term: We recall some relevant computations from section 5.2. Note that the results
done there apply directly when Sobolev product estimates apply, so we just need to worry
about the case of bounding n — 1 time derivatives of these term in H2"—2(=D=3/2(%) =
H'Y2(¥). In this case, we simply bound above by the norm in H*?2(¥). Then, Sobolev
product estimates apply and we bound

2 n—1
1 ) ,
» K—) An] S DoVl | 20 nlly , S E2EL - (5.3.42)
1+ ‘VUP 32 — 3/2 3/2
and
Om(Vn,0.Vn) |’ — 2 1 2
PO 0 o S P 95 (0; 0; gt L
@)% (L+ V232 |5, ~ <U);H OV V”»H:s/z L1+ |Vn[2)32 3/2

n—1||n—1-¢
1 1
< P(0)€ (am—> (a“m—)
S P(o)EJE, ( |
5.3.43

as in section 5.2.

e n =1 case: It suffices to bound 9*G* in H°(X) for |a| < 1. Note that the fifth term is
already done by the above. The case for a = 0, or the bound with (£7)? is also easily
done. Now we consider bounding ||0°G*|| for a« = 1 by P(c)E7DS.

For the first term, note that

10%(es = NI = pDuw)lo S Y 110%(e5 = N)O" (pI — D)o

1Bl+1vI<le

< D 10%(es = NI (pI — pDu) o (5.3.44)

1BI+1<] ol
S 107 (V) lollpI — pDullz
< lnllz (lpllz + 1Dull2) < €7D

Now to handle the second term, recall that
(D[__Au)ij = (I - A)Zk(?kuj + (I — A)jkﬁkui = (I — A)Baguj' + (I — A)jgagui. (5345)

We claim that [|0%(] — A);s|| < EYDY for each i = 1,2,3. Once we achieve this, we will be
done. Indeed, remark that

(Da—ruN); = (D qu)iiNj

= (Dr_au)in (—01m) + (Dr_4u)i2(0an) + (Dr_qu);s. (5.3.46)

By absorbing the 0;n terms into £7 < 1, we establish the desired bound.

We handle each of these three terms separately.
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— The A term: Write
|’8a(AK83U1)||0 5 Z ||86A87K85(83U1)H0 (5347)
[B1+|v]+d]=1

Upper bound ||[07K ||p < 7 <1 as per usual, so that it remains to handle the A and
Osuy parts. Upper bound the sum by

> 10°A0°(05u)llo S D _10° @)l (Dsu)llo S lnllisrallullser  (5.3.48)
Now since |a| = 1, every term is bounded by £7DJ so we get the G* component of
eq. (5.3.4).
— The B term: Handled in exactly the same way.
— The lone term: Write
10°((1=K)zus)llo S > N0°(1=K)D Dsug)lo S D lnllsillullsyer- (5.3.49)
[Bl+]vI=1 18]+1vI=1

Now bound [|n|lig < 17l $ D7 and [lulljsi11 S |lulls S EF.

We now deal with the third term. Write
(94 A f"(wt)n) - (N — es) = (g + Aw? f"(wt)n) - (=Oin, —an, 0)

_ _(g + Awa//(wt))(alnnl T 6277772>' (5350)

As a result,

10(g + Aw? f"(wt)n) (e = N)llo = [[(g + Aw? f"(wt))(Q1nm + Oamme) o < E7DT. (5.3.51)

To bound the fourth term, recall that

~1/2

) = (14 V)2 an = (14 V)™ @0m (Vn, :Vn)) . (5.3.52)

First observe the following:

— All terms of the form C(1 + |Vn|?)" may be upper bounded by C < 1.

— All normed terms associated with An can be expressed solely in terms of ||Ad*n|| for
|a| < 1; this is controlled by £7.

— Every term in the expansion of 9;n (Vn, 0;Vn) can be written as the product of terms
which take at most two derivatives of n (with exactly two occurring as a result of the
0;Vn term). We can upper bound all remaining elements of the product by &7 < 1.
Thus, when we take a derivative, this is the product of terms which have at most three
derivatives of 7, and thus is bounded above by a constant times ||n||s < min{&7, DY }.

As a result, ||$(n)]lo < &7, and combined with ||e3 — N|p < DY yields the desired bound.
It remains to handle the o(An — $H(n))es term. Write

189 = S@llo = [[((1+ V)2 = 1) g+ (1+ (V)2 (Vo 0:9m)| - (5.3.59)
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We already know how to handle the second term in the sum (the extra nonlinearities
that we threw away before will be used but other than that everything is the same), so
it remains to deal with the first term. We will case on whether we’re taking zero or one
derivatives.

— In the former case, note that rationalizing the numerator yields

|V |?

< IVnl2. 5.3.54
NS T BN 1Vnllo ( )

~Y

0

1
—1l =
V14|Vl .
Thus we may estimate the zero norm of the first term via |[|[Vn?|o||Anllo < ELD?

~ o0 0"

— In the latter case, we replicate the analysis done before except replace temporal
derivatives with spacial derivatives. In particular,

2 2 2
1 1 1
O || ———— -1 An||| <||0j—————x| |An|2+ (——1) 19; A3
JK\/H!WP > ]0 "I+ VP V1+]VnP .
2
. 2
< | AV Vm 5 A [ VIEIVAE =L, A
el Vv |,

2 g a
S AIVallslloyValglanlg + [[[Val|[ ol < E7DF.
(5.3.55)

]

5.4 Estimates on auxiliary terms

Our next result provides some bounds for nonlinearities appearing in integrals.

Proposition 5.4.1. Let o € N? with |a| = 2n. Assume that E7 < § for the universal 6 € (0,1)
given by proposition 5.1.1. Then there exists a polynomial with nonnegative universal coefficients

such that
/ 0°no*G*| < /EDL + \/DIKF, (5.4.1)
b
and
o / A" 9°G?| < P(o) <\/83D2Dg + \/DgIC]-"n> . (5.4.2)
)

Moreover, when n =1 and o > 0, we can improve the estimate above to

1
< 1EVO reepe (5.4.3)

o

o / A Rd°G3
>

Proof. We reproduce the proof from lemma 3.5 in [JTW16] for the sake of completeness.
We first have
0°G* = 0%(Vn-u) =Vn-u+ Z Cos VO Pndlu. (5.4.4)

0<fB<La
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We now estimate )
> Casl|VOPn0ull 0y S EXD + KT (5.4.5)

0<B<a

exactly as in previous nonlinearity bounds. Then,

/ o%n (vaa*%aﬁu)
>

0"

‘va@aﬁu‘

< [ gy ey
b

(5.4.6)
< 00|12l VO PR ull1je S /DY (\/SOD,Q + wc;n)

and

< o[|A0 ]| -2 VO N0 ullyo

U/Aaan (V@“’ﬁnaﬁu)
)

~ W\/mm{l g }Hn||2n+3/2HV8O‘ '8778'8“||1/2 (5.4.7)
< P(o)\/D7 (\/5,97)3 + \/IC]-“n) .
For the first term, we use an integration by parts to see that
1 le' 1 a, |2
=13 VI]0%n| - u| = 5 |0“n|*(Oruy + Oausz)
b b

S Haanuq/zHaamh/z”alul + 82u2HH2(E) S VDL FK

/ VIO n - u
b

(5.4.8)

and

/ ocAO*nd*n - u
2

2

=D / 00;0°n0;(Vo“n - u)| = 00,0°n(VO*O;m - u + VIn - dyu)
i=1 7%
2 2

=D / 000NNV Om - u+ Y / 00;0°n(Vo*n - du)
i=1 7% i=1 V>

2
1
= 5/0V|V80‘n|2-u+ g /aaiaan(vaan@u)

1

2
=5 / o |V n|* (Oruy + Oqus) + Z/ 00;0°n(Vo*n - d;u)
5 s

S UHVf?aU\Ll/zﬂvaa??Hl/zHVUHHz(Z) S VDK

(5.4.9)
For the n =1 and o > 0 case, we first estimate

/UﬁaanaaGg S oA -1/2)0°GP 2 S ollnlle2l|0°GE L2 S V/DENOGP1j2. (5.4.10)
¥
To conclude we use the definition of G® to bound
(67 1+\/E o e
10°G?[], 5 < Inllspolllls + Nl llmllz e < — Ve (5.4.11)
O
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We define the following auxiliary term which appear in later sections.
n—1 2.n 1 n, |2
H, = / O 4 0l 1) (5.4.12)
Q

Proposition 5.4.2. Let H, be defined as in eq. (5.4.12), and assume E7 < § for the § € (0,1)
given by proposition 5.1.1. Furthermore, suppose that Z?;l Aw® < 1. Then

H| S (&)Y (5.4.13)
Proof. We can bound
n— n 1 n
[l <1077 Plloll F*" loll Tl e + 11T = Tl zee 10 w5 (5.4.14)
Then we use proposition 5.1.1 and theorem 5.2.1 to estimate
LE>" ol Tl e S &- (5.4.15)

Using the Sobolev embedding H? — C1,

[J =z S laller S Wllas S lnllse S VES- (5.4.16)

Therefore
Hal S VE (108 PloV/ES + 07 ull) < (€22 (5.417)
as desired. 0
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Chapter 6

General a priori estimates

The purpose of this section is to present a priori estimates that are general in the sense that
they are valid for both the problem with and without surface tension. The general estimates
presented here will be specially adapted later to each problem to prove different sorts of results.

6.1 Energy-dissipation evolution estimates

Let o € N'*2 and write

- 1 1 o
5(12 219« 2 Z1gd™ 2 2V o~ 2
[ 3l [ Slaora+ G1vorn

— 1
D, = / —|Do%ul?
Q2
for the part of the energy and dissipation responsible for the « derivatives.

Our first result derives energy-dissipation estimates for the time derivative component of the
energy and dissipation functionals.

(6.1.1)

Theorem 6.1.1. Assume that £ < & for the universal 6 € (0,1) given by proposition 5.1.1.
Suppose further that 3573 Aw’ < 1. Let a € N'*2 be given by a = (n,0,0), i.e. 9* = I
Then for £ and D given by eq. (6.1.1), there exists a polynomial P with nonnegative universal
constants such that we have the estimate

n+2
%(E_g +Hn) + Do S (Z Au/) DY + P(0)\/E'DS. (6.1.2)
(=2

Proof. We apply proposition 4.1.1 with (v, q, () = 9/*(u,q,n) to get

a /lan\2J+/JIV3?77!2+g\0f77|2 +/M!DA3?UI2J:
dt | Jo 2 s 2 2 0 2

/ J(Ofu- F"" +0'p- F>™) + / (—o A + gO'n) F>™ — / FY (00 u) — F>™(0u) - N
Q s

b
(6.1.3)
Now we estimate the terms on the right hand side of (6.1.3). We easily bound the last term by

n n+2
/ (Z Cpp A f2H) <wt>af—fn> (Opu) - N| < (Z sz) DY,
by 1—0 =2

(6.1.4)

/ Fon (0pu) -N‘ =
%
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To handle the pressure term we first rewrite

d
/ OpJF>" = — / o IpJ ™ — / O pd, (JF*™). (6.1.5)
Q dt Jq Q

We then use theorem 5.2.1 to estimate

<07 plloll8:(TF*™) [l S P(0)/D5\/EIDS = P(0)\/EID;.  (6.1.6)

o1 po,(JF™)
Q

Using theorem 5.2.1 and proposition 5.1.1 and trace theory, we get that

S lorulls (IE o+ E4" o) o)V D ENDy, = P(o)/E)D;.
(6.1.7)

For the rest of the terms, we again use theorem 5.2.1 and Sobolev embeddings to bound

JOMu - M — / F4" . 0ty
Q P

<Ol F* o < P(o)\/D5\/EDg = P(0)\/EIDS.  (6.1.8)

/(—UMZ‘U + gOf'n) F*"
>

Next we rewrite some of the terms on the left side of the equations. proposition 5.1.1 allows
us to bound

1 1
—/|]D6fu|2 < / L arulg + o /FDe (6.1.9)
2 o2
and ) ) .
/§yafu|2jz/§|afu\2+/§|afu|2<J—1>. (6.1.10)
Q Q Q

The theorem follows by combining the above estimates and rearranging.
O

Our next result provides energy-dissipation estimates for all derivatives besides the highest
order temporal ones.

Theorem 6.1.2. Suppose that E7 < § for § € (0,1) given in proposition 5.1.1. Let o € NI*+2
be such that || < 2n and ag < n. Suppose further that Y37  Aw® < 1. Then there exists a
polynomial P with nonnegative universal coefficients such that

n+1
e D, < <Z Aw ) D + P(o <\/_D" + DglCJ—"n> . (6.1.11)

dt =

Moreover, when n =1 and 0 > 0 is a fixed constant, we can improve this to

d—o— P
7166 1 Da < (Aw? + Aw®)DY + ﬂ\/é’f o (6.1.12)
g

Proof. We begin by applying proposition 4.2.1 on (v, q,() = 0*(u, p,n) to see that

_za +§a — _ / o~ (Aw2f"(wt)n) aau3 4 / 0%y - aaGl 4 aapaozc;&
i . @ (6.1.13)

+ / (=0 A0 + g0™n) 0°G> — 0°G* - 0°w.
2
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We will now estimate all of the terms appearing on the right side of (6.1.13). The first term is
easily bounded using the duality between H'/2(X) and H~'/?(X) and trace theory:

n+1 n—1 n—1
(Z Aw) (leﬁin\lzn—zj—l/z> (leansl|H2n2j+m@)>
j=0 j=0
n+1 n—1 n+1
< (Z Awf) /DO <Z||aju||2n_2j+1> < (Z Aw4> DY (6.1.14)
=2 j=0 =2

In order to estimate the remaining terms on the right side of eq. (6.1.13) we will break to cases
based on «.

/8a (Aw? f" (wt)n)

Case 1 — Pure spatial derivatives of highest order: In this case we first consider v € N1*+2
with |a| = 2n and ag = 0, i.e. 9* is purely spatial derivatives of the highest order. Now write
a = B+ for |3] = 1. We then use integration by parts and Theorem 5.3.1 to bound the G*
term via

/aau 06 = | [ 000 G| < Jlully, |G, | S Plo)/DONVEDT § KFy. (6.1.15)
Q Q
To bound the G? term, compute

‘/Qaap-aacﬂ < 0°p)l,|°G?|, S P(o)/DE/EYDS + K F,.. (6.1.16)

For the G? term, the —ocA9*n0“G? and gd*n terms are handled by Proposition 5.4.1. Finally,

to bound the G* term, we have
16 s 107y 5 16 gyl

’/ 9°G* - 0“u
P
o)/ Do\ EYDI + KF,.

Combining the above estimates yields the desired bound for this case. For the n = 1 and
o > 0 case, we can apply the special cases of Theorem 5.3.1 and Proposition 5.4.1 and the same
computations as above to deduce the result for G!, G? and G*, noting that

P(o) + Haﬁ S Plo) (6.1.18)

g

(6.1.17)

where P denotes different universal polynomials on each side of the inequality. For G* we can
use the same method as for G! to get

/80‘G4-8au /87G4-8a+5u SNEY Nl S VETDT. (6.1.19)
P %

Case 2 — Everything else: We now consider the remaining cases, i.e. either |o| < 2n — 1
or else |a] = 2n and 1 < oy < n. In this case, the G, G*, G* terms may be handled with
theorem 5.3.1. For the G® term, we directly compute

/ (=0 A0y + g0y + 0% (Aw* f" (wt)n)) O°G®
2
< H—aAaan + g0°n + 0% (Aw® f (wt) )H H@C“G3H

P(0)/Dy\/€9D; + KF,.

o4

(6.1.20)



We may now combine the two cases to conclude the desired theorem. In the case of n =1
and o > 0, we can apply the special cases of theorem 5.3.1 in the above. O

By combining theorems 6.1.1 and 6.1.2 we get the following synthesized result.

Theorem 6.1.3. Suppose that E5 < § for 6 € (0,1) given by proposition 5.1.1. Suppose further
that 337 Aw® < 1. Then we have the estimate

n+2

i(ew% )+Dn 5 <2Aw )po + P(o) (VD] + VDIKF,) . (6.1.21)

(=

where H,, is defined as in eq. (5.4.12). Moreover, when n =1 and o > 0, we have

d — .
dt(s +’H,1>+D1 (Aw? + Au? 5 (6.1.22)

6.2 Comparison estimates

Our goal now is to show that the full energy and dissipation, &, and D,,, can be controlled by
their horizontal counterparts £7 and D,, up to some error terms that can be made small. We
begin with the result for the dissipation.

Theorem 6.2.1. Suppose that E7 < § for 6 € (0,1) given by proposition proposition 5.1.1. Let
Y, be as defined in eq. (5.3.1). If 570 Aw® <1, then

D7 < Vn+ D, (6.2.1)

Proof. We divide the proof into several steps.

Step 1 — Application of Korn’s inequality: Korn’s inequality (see Lemma 2.3 of [Bea84])
tells us that
> 0 ullf < D (6.2.2)

aeN!+2
lal<2n

Since 0y and 0y account for all the spatial differential operators on 3, we deduce from standard
trace estimates that

ZHajuHHZH 2]+1/2 Z Ha UHH1/2 (623)

a€N1+2
|a|<2n

Step 2 — Elliptic estimates for the Stokes problem: With eq. (6.2.3) in hand, we can
now use the elliptic theory associated to the Stokes problem to gain control of the velocity field
and the pressure. For j =0,1,...,n — 1 we have that 9 (u,p,n) solve the PDE

div S (0/u,8]p) = 0]G* — 0, (9u) in Q

di{v (0,fu) = G? in ‘ (6.2.4)
0lu = 0fu‘2 on Y
8gu =0 on X,
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We may then apply the Stokes problem elliptic regularity estimates in theorem theorem B.2.1
to bound

107~ ulls + Vo ~pllT < 107 ull + (107 u|

The control of " ' provided by this bound then allows us to control 37 ?u in a similar manner.
We thus proceed iteratively with theorem B.2.1 with m = 2n — 25 — 1, counting down from n — 1
temporal derivatives to 0 temporal derivatives in order to deduce that

n—1

Y N0Tull3 a1 + IV Pl50 01 S P(0) (Vo + D) (6.2.6)

J=0

Step 3 — Free surface function estimates: Next we derive estimates for the free surface
function. Consider the dynamic boundary condition on ¥ to write

[(pI — pDu)es) - e3 = [(—oAn + (g + Aw® f"(wt))n)es + G*] - es. (6.2.7)
Now for:=1,2and 7 =0,1,...,n— 1, apply (91-8,{ to the above and rearrange to obtain

— gD+ (g + A’ [ (W) = — > Of (Aw®f"(wt)) 0, "n
0<0<j (6.2.8)
We then use this in the capillary operator estimate count up from 7 = 0,1,...,n — 1 in theo-
rem B.1.1 and employ eq. (6.2.5) to see that

2

- Z Of (Aw’ f"(wt)) 9,0°"n

0<t<j

||8iag77||gn—2j—3/2 + 02||ai8g77||§n—2j+1/2 S

2n—2j—3/2
+ 1| (2:00p — 21050,00us) — 0,/ G* - €3]] a-ss-11205y
j—1
; 2 ; 2 ; 2 —
S ‘ 8ia£77“§n—2j—3/2 + Hvang%z—Qj—l + ||atju||2n—2j+1 + HagG4||H2”—2j—1/2(E) SY+D.
=0

(6.2.9)
Recall that 1 has zero integral over 3., so by using Poincaré’s inequality, we also obtain

n—1 2
C 2 2 2 C9 _
ZH@””zm%uz + U2Hag77||2n—2j+3/2 S Z Z”aiagnnznf?,m + ‘72“aiagn“2n+1/2 SY+D.

1
j=0 =0 i=1

. (6.2.10)
Next we estimate d/n for j = 1,2,...,n+ 1 by employing the kinematic boundary condition

3

<

Ny = dlus + 0G. (6.2.11)
We first use this and eq. (6.2.10) to bound

2 2 2 2 __
Hath2n71 S Hu3”H%—1(2) + HG?)HHQVL—I 5 N Hqunﬂ/z +V, SV + Dy (6.2.12)
(%)
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and then multiply by o2 in order to derive the similar estimate

2Hat77||2n+1/2 2||U?>||H2n+1/2(z) + ‘72HG3HH27L+1/2(2) (6.2.13)
~ ||U||2n+1 + U2||G3HH2n+1/2 (£) ~ S Ve + D,.
Next we use a similar argument to control 8?77:

||815277H§n_2 S; ||atu3||§{2n*2(2) + HathHipn 2(x) ~ HatuHQn 3/2 + HatG3HH2n72(Z) 5 yn +§n

(6.2.14)
and ) ) )
02Hat277||2n—3/2 5 02||atu3”H2"*3/2(2) + UQHatGSHH%fSN(E) (6 9 15)
< ||atu3||2n 1+0-2||atG3HH2n 3/2(% yn+D -
With control of 92n in hand we can iterate to obtain control of & for j = 3,4,...,n+ 1.
This yields the estimate
n+1 n+1
> lloinll,, QJMNZHW s onasssragey + 107 C ponsssaragsy
7= (6.2.16)

- ZHa]uHQn a1 T HajGSHH% 2541/2(3) < Yo+ D

7j=2

Remark 6.2.1. The last surface function bound of [Tic18] (equation (5.41)) is not relevant for
us since there is no e; component in our dynamic boundary condition.

Summing the above bounds then shows the following surface function estimate:

10mll3, s + o*10mll5 10 + 102015,y + o*|020l]5 s
n—1 n+1

C 2 P2 2 —
+ (HagnH2n—2j—l/2 + O-QHagnHQn—Qj—&-Iiﬂ) + Z”atjnuzn—%%m S Yn+ Do
=0 =3
j ’ (6.2.17)

Step 4 — Improved pressure estimates We now return to eq. (6.2.7) with eq. (6.2.17) in
hand in order to improve our estimates for the pressure. Applying 9/ for 7 = 0,1,...,n — 1
shows that ' ' ‘ ' ‘ .

Olp = —cAdIn+ gd/n+ 0] (AL® f"(wt)n) + 2030{us + O/ G* - es. (6.2.18)
We then use this with eq. (6.2.10) to bound

n—1 n—1
S0l oy S DNNOEMIE + 0?1803 + ([0, + 107G oy S Yu+ D (6:2.19)
=0

J=0

Now by a Poincaré-type inequality,

n—1 n—1
S _l1Eplly < DIIVilly + 1]l oqsy < Y+ Do (6.2.20)

=0 =0

Hence . »
ZHatij;n—zj N ZHang(z) + ||V8§pH§n—2j—1 S Yn + D (6.2.21)

j=0 Jj=0
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Step 5 — Conclusion The estimate eq. (6.2.1) now follows by combining the above bounds.
O

We now explore the counterpart for the energy.

Theorem 6.2.2. Suppose that E7 < 6 for 6 € (0,1) given by proposition proposition 5.1.1.
Let W, be as defined in eq. (5.3.2). If Z?;l Aw® < 1, then there exists a polynomial P with
nonnegative universal coefficients such that

ET S Plo) Wa +E&9). (6.2.22)

Proof. We divide the proof into several steps.

Step 1 — Initial free surface terms To begin, note that

S lloonlls + ovoulls < S N0nlly, o, + oIV, o (6.2.23)
e

Since 8,{ 71 has zero integral, we can then use Poincaré’s inequality to conclude that

S N98nlly, oy + oMl yr S SN0,y + ol VO, L, S & (6224
j=0 Jj=0

Step 2 — Elliptic estimates Rewrite the flattened equations in eq. (2.3.10) as

(Vp — pAu = G — du in O
divu = G? in 2

S Om =uz+G? onY . (6.2.25)
(pI — pDu)es = (—ocAn+gn+ G?)es + G* on &

(U= 0 on X,

Note that in particular (Gfu, (9fp, 87{7)) for j =1,2,...,n — 1 satisfy the PDE

(V(‘?fp—uA&fuzﬁgGl—ﬁfHu in
div v = 0! G? in Q

QN = dlus + 9/ G3 ony . (6.2.26)
(0pI — uDdu)es = (—o A0+ gdln + 0]G®)es + 0]G* on %

(v = 0 on X

We may appeal to the elliptic estimates for the Stokes problem with stress boundary conditions
theorem B.3.1 to obtain

107~ ull3 + 1107~ pIE S N10F G = full + 107~ G213
+[[(=o A0 + 9070 + 07 G)es + 07 G
S OGS + N10rullg + 1o~ G211

107 0113 2 + o107 15 + 1107 GO IR o + 1077 G 12 -
(6.2.27)
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Remark that

. n—1)—¢
177 < 3 AW @nal ™ it S 30 ot (6.2.28)

0<l<n—1 0<l<n—1
As a result, we have

107~ ull3 + 1107~ pIE S 0P~ GG + 107 ulls + 1oy~ G213
107 0l + N0 3+ Y 10l e + 107 G agsy S Pl0) Wh +E5).

0<<n—1
' ‘ (6.2.29)
We in turn may induct downward to get bounds on &/u and &/p for j =n —2,...,1,0. Thus

n—1

ZHﬁgquanj + Hagpnganjfl
j=0

SE A NAC sy + 10 G sy + G [nsssvasy S Pl0) (Wi +E7).

(6.2.30)

Step 3 — Improved estimates for time derivatives of the free surface function With
the estimates of eq. (6.2.30) in hand, we can improve the estimates for the time derivatives of
the free surface function by employing the kinematic boundary condition

Ny =us + 0 G? (6.2.31)

for j = 0,1,...,n — 1. Using this, trace theory, eq. (6.2.24), and eq. (6.2.30) provides us with
the estimate
||8t77||2n 1/2 ~ ||u||2n + ||G3||H2n 1/2(5 < W, + E5. (6.2.32)

Remark 6.2.2. Again, this differs from the version in [Tl('lé%] (equations (5.57) and (5.58))
in that our kinematic boundary condition doesn’t make reference to 7, so we don’t need two
different versions.

We then iterate this argument to control 8,{77 for j =0,1,...,n— 1. This yields the bound

Z”at]nH?n 2j+3/2 S Z”aJ“Hzn 2 T HGJG?)”H% 2j-1/2(x SWa + &5 (6.2.33)

7=1

Step 4 — Conclusion The estimate in eq. (6.2.22) now follows by combining the above bounds.
O
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Chapter 7

Vanishing surface tension problem

In this section we complete the development of the a priori estimates for the vanishing surface
tension problem and for the problem with zero surface tension. With these estimates in hand
we then prove theorems 3.3.2 and 3.3.3, which establish the existence of global-in-time decaying
solutions and study the limit as surface tension vanishes.

7.1 Preliminaries

Here we record a simple preliminary estimate that will be quite useful in the subsequent analysis.

Proposition 7.1.1. For N > 3 we have that
K<Smin{€ 5, DVia}s  Fnee S Ey. (7.1.1)

Proof. By Sobolev embeddings and trace theory, K < [[ull?, + [1n12 5 < [[ullf + [/} and hence
K<E)<EY,, and K <D < DY,y On the other hand, Fyyo = HanN—f—4+1/2 < |Inll35+5 and
2N +5 < 4N for N > 3,50 Fnya < Edy. O

7.2 Transport estimate

We now turn to the issue of establishing structured estimates of the highest derivatives of n by
appealing to the kinematic transport equation. We begin by recording a general estimate for
fractional derivatives of solutions to the transport equation, proved by Danchin [Dan05a]. Note
that the result in [Dan05a] is stated for ¥ = R?, but it can be readily extended to periodic ¥ of
the form we use: see for instance [Dan05h].

Lemma 7.2.1 (Proposition 2.1 of [Dan05al). Let ¢ be a solution to

-G . (7.2.1)

Then there exists a universal constant C' > 0 such that for any 0 < s < 2,

{8tC+w~DC:g in'¥ x (0,7T)

sup (). < exp (€ D)l or) [l [ a1l Y

0<r<t

Proof. Use p = po = 2, N = 2, and 0 = s in proposition 2.1 of [Dan(05a] along with the
embedding H*? < B} ., N L*. O
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We now parlay lemma 7.2.1 into the desired estimate for the highest spatial derivatives of 7,
Fon.

Theorem 7.2.1. Assume that E7 < ¢ for the universal 6 € (0,1) given by proposition 5.1.1.
Then

t 2
sup Fon(r) < exp( / VK dr) [.BN +t/ (14 E))DYy dr + (/ VvV KFaon dr) ] :
0<r<t 0

(7.2.3)

Proof. We begin by introducing some notation. Throughout the proof we write u = w + uzes for
w = ure; + uses. We write D for the 2D gradient operator on Y. Then 7 solves the transport
equation

om+w-Dn=us on X. (7.2.4)

We may then use lemma 7.2.1 with s = 1/2 to estimate

t t
s ()l < exp (€ [ 1D woegsy @) (Il [ sty @] 729
SrS 0 0
We estimate the term in the exponential by
|Dw| g2y = |01u1 + Oatiz || ey S VK (7.2.6)

and we may use trace theory to estimate |lug(r )HH1/2 < DYy (r). This allows us to square both
sides of eq. (7.2.5) and utilize Cauchy-Schwarz to deduce that

s [0l % e (20 [ VG ar) [l + ([ 12 ar) ([ 20r)]
= exp (20/; VEK(r) dr) [Hnonfﬂ +t/0th dr} .

Next, we derive a higher regularity version of the estimate in eq. (7.2.7). To this end we choose
any spatial multi-index o € N? with |a| = 4N, and we apply the operator 9 to eq. (7.2.4) to
see that 0% solves the transport equation

(7.2.7)

0:(0%n) +w - D(0°n) = 0%uz — Z Co 30w - DO Py = G* (7.2.8)

0<B<La

with the initial condition 9*ny. We then again apply lemma 7.2.1 with s = 1/2 to find that

t t
sup 10760z < xp (€ [ 10w ) dr) |10%mlla + [ 16 sy ] (7:20)
0 0

0<r<t

We will now estimate the G* term above. For any spatial multi-index 38 € N2 satisfying 2N +1 <
|B] < 4N, we use Sobolev product estimates in theorem C.1.1 with s; = r = 1/2 and sy = 2 and
trace theory to bound

0% 0D 2 n| sy S N10% 0l oy [1 D020l S Nl lInllonse S /Doyl (7:2.10)
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On the other hand, for spatial multi-indices 3 € N? with 1 < |3| < 2N, we instead bound

||8ﬁwD804—677HH1/2(2) 5 H85UJHH2(E)HDaa_BnHl/2 5 HUH2N+2||77H4N*1/2 S \/ DgNSgN (7211)

Finally, when |3| = 1, then we have

0700 sy S 170l | D0, 5 Nl S VK (7212

In order to bound G¢, it remains to bound 0%u3 which we obtain using trace theory:

10 usll oy S lullanin S /Dl (7.2.13)
On sum, we bound G by
16 2y < /D + 1/ D€y + /K P (7.2.14)

Returning to eq. (7.2.9), we square both sides and employ the bound from eq. (7.2.14) to find

that .
sup [0 S exp (20 [ VI )
0

0<r<t

t t 2
[Haan"%ﬂ +t/ (1 + SSN)D[Q)N d?” + (/ V IC.F2N dT’)
0 0

Then the estimate in eq. (7.2.3) follows by summing eq. (7.2.15) over all |a| = 4N, addint the
resulting inequality to eq. (7.2.7), and using the fact that |[n[lanr1/2 < [[9ll1/2+ 220 zan 109711 /2-
[

(7.2.15)

Next we show that if we know a prior that Gon is small, then in fact it is possible to estimate
Fon more strongly than is done in theorem 7.2.1.

Theorem 7.2.2. Let GS be defined by eq. (3.3.2) for N > 3. There exists a universal 6 € (0,1)
such that if G\ (T) < & and v < 1, then

t
sup ]:2]\/(7“) 5 .7:2]\[(0) + t/ D(Q)N(T) dr (7.2.16)
0

0<r<t
forall0 <t <T.

Proof. According to proposition 7.1.1 and the assumed bounds, we may estimate

/t VK(r)dr 5 /t € 1a(r) dr < x/5/oo W dr < V. (7.2.17)

Since 0 € (0,1), we thus have that for any universal C' > 0

exp (O /Ot \/mdr) <1. (7.2.18)
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Similarly,

([WCI?A)% (oiuﬁf N ></ Vel ) S (Oiggfw(r)) 5. (7.2.19)

Then egs. (7.2.17) to (7.2.19) and theorem 7.2.1 imply that

sup Fon(r) < C (-7:2N +t / DY, dr> +C6 ( sup ng(r)) (7.2.20)

0<r<t 0<r<t
for some C' > 0. Then if § is small enough so that C'§ < %, we may absorb the right-hand Fon
term onto the left and deduce eq. (7.2.16). O
7.3 A priori estimates for Gj,

Our goal now is to complete our a priori estimates for G35. We start with the bounds of the
high-tier terms and Fop.

Theorem 7.3.1. There exist 6,7 € (0,1) such that if 0 < o < 1, GI(T) < by, and
SN2 Awt < 5o, then

f
sup Ey (1) / DSy (r) dr + sup T(:) < E9n(0) + Fan(0) (7.3.1)

0<r<t 0<r<t
forall0<t<T.

Proof. We first assume that J, is small as in proposition 5.1.1, and small as in proposition 5.4.2
so that [Han| < (E9y)3/2.
We invoke theorems 6.2.1 and 6.2.2 in order to bound

EN SWon + &y and  Diy < Vo + Don. (7.3.2)
According to theorem 5.3.1 we may then bound
Wan SEWEIN +KFoy  and Yoy S ENDSN + KFon. (7.3.3)
Upon combining the above two equations with the given bound for Hsy, we find that
En S (En +Hon) + EnEy + (Ean)*? +KFon  and D3y < Dow + EnDiy +KFon, (7.3.4)

and consequently, if §y is assumed to be small enough we may absorb the E9,E9y + (£9y)%/? and
EX\D3y terms onto the left to arrive at the bounds

En S (E5y + Hon) + KFon and DIy < Doy + KFon. (7.3.5)

We apply theorem 6.1.3 with n = 2N and integrate in time from 0 to ¢ to see that

(E9y (1) + Han(t) /DQN )dr < (E95(0) + Han(0) (i Aw)/D

+/t E9y (r)Dgy (r dr—l—/ V DSn (MK (r) Fon (r) dr
’ (7.3.6)
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We then combine this with the estimate in eq. (7.3.5) to arrive at the refined bound

2N+2 t
Eqv(t) / DYy < 2.0 <Z Aw) / DYy (r) dr + / E0 (r) DSy (r) drr

" /O </¢( ) Fa (1) + /i (K (r )sz(r)> dr.

(7.3.7)
We now turn our attention to the KFyy terms appearing on the right side of eq. (7.3.7). To
handle these we first note that K < % 49, as is shown in proposition 7.1.1. Thus

1 )
0 _ AN -8 20 0
]C('r) 5 5N+2(T) - (1 + 7“)4N*8(1 + T) 5N+2 S WQQN(T) 5 W (738)
Next we use theorem 7.2.2 to see that for 0 < r <t we can estimate
Fon(r) S Fan(0) + (1 +r)/ Dy (s) ds. (7.3.9)
0

We may then combine eqs. (7.3.8) and (7.3.9) to estimate

/0 () Fon () dr < 64 /0 t ((1]; ?40]3‘8 n (1+;)4N—7 4 D0 (s) ds) )
sa7 [ oo [ 2v00) ([ )

t
SJ (50?2]\[(0) + 50/ DSN(T> d?",
0

(7.3.10)
where here we have used N > 3 to guarantee that (14 7)*¥=8 and (1 +r)*¥~7 are integrable on
(0,00). Similarly, we may estimate

/ VDSn(NK(r) Fox (r) dr < </ DI () dr )1/2 (/Oth(r)}"gN(r)dr>
< ( /0 DS, (1) dr) (505N(0)+50 /0 D, () dr) v .
< (maw+ [omn) (o ea [ onoa)

< Va0 Fan(0) + /5 / DY (r) dr

Now we plug eqgs. (7.3.10) and (7.3.11) into eq. (7.3.7), bound &Yy < G9y < b, and use the
fact that /&y < dy due to Jp < 1 to arrive at the bound

1/2

2N+2

Eqy (1) / DYy (r) dr < Ean(0) + Fon(0) + / t <\/S+ > AM) DYy (r) dr. (7.3.12)

(=2
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Thus if 79,09 € (0,1) are chosen to be small enough, we may absorb the DJy (r) integral term
onto the left to deduce that

Egn(t) + /t DSy (r)dr < E9y(0) + Fon(0). (7.3.13)

Upon combining egs. (7.3.9) and (7.3.13) we deduce that the desired inequality holds. O
Next we establish the algebraic decay results for the low-tier energy.

Theorem 7.3.2. There exists dg,70 € (0,1) such that if 0 < o < 1, Zé\:;l Aw® < 7y, and
GIN(T) < &y, then
sup (14 1) 1853, 4 (r) < E4(0) + Fon(0) (73.14)

0<r<t
forall0 <t <T.
Proof. We prove in four tsteps.

Step 1 — Set up: Assume 9 is small as in proposition 5.1.1 and proposition 5.4.2. The latter
allows us to estimate

Hnvsal S (E%12)% S A/EWNEN o (7.3.15)

since N > 3. Then by applying theorems 6.2.1 and 6.2.2 with n = N + 2, together with
theorem 5.3.1 and proposition 7.1.1 to get rid of the G nonlinearities and the KFy o terms, we
obtain the bounds

gKf+2 5 (51%4—2 + HN+2) + 5SN51%+2 + g](if+2g]£<f+2 + g]%+2ggN_ (7.3.16)
D?\7+2 S DN-&-2 + 5]?/-5—22)?\/-5-2 + gSND?\H-Q

Thus if we assume that dy is small enough to absorb \/EINEN 1o + EN42ERis + EXiaESy and
EX o DSris + ESNDY 15 onto the left hand side, then we may arrive at the bounds

51({7+2 S (51({7+2 + HN+2) S 51?{4-2 D?v+2 SDni2 S D?V—f—?' (7-3-17)

Step 2 — Interpolation estimates: Now set

AN —8

0= 1). 3.1
4N—7€(O’ ) (7.3.18)
We claim that we have the interpolation estimate
a 9 ag -
Enva S (Dfa) (E50)7°. (7.3.19)

For most of the terms appearing in £3_,, this is a simple matter. Indeed, the definitions of &5y
and DY, and the assumption that o < 1 allow us to estimate

N+2 N+1 N+2

> 107 ull3 v 225 + D NP3 v 12251 + olOnN3, aji1 + D N0/ llavsz)—2i13/2 + lnl[311
§=0 §=0 =2

< (D5ya) (E5)°
(7.3.20)

65



since the dissipation is actually coercive over the energy on these terms. To handle the remaning
terms, we must use Sobolev interpolation. We begin with the most important term, which
actually dictates the choice of . We have that

<2(N +9) - -> 04+ AN(1— ) = 2(N +2) <= (2N - ;) G—oN—4  (7.3.21)

so this # is compatible with Sobolev norm estimates and so we obtain

2(1-0 o o —0
122y < 1035wy lIES S (D)’ (E50) 7 (7.3.22)

Finally, we bound

0 oo \1-0
Hathg(NH)ﬂ/Q S ||8t77||3(2(N+2)71) +(1—0)(AN—1/2) S Haﬂle N+2) 1||at77||4N 1/2 ~ (DN+2) (E3n)
(7.3.23)
and thus we have eq. (7.3.19) as claimed.

Step 3 — Differential inequality: Next we apply theorem 6.1.3 with n = N+2 in conjunction
with proposition 7.1.1 to see that
N+4

d co loa
o (€2 +Hn) + Dnia2 S <Z Aw > Diyz + 1/ ER42DRrya + 1/ EINDRrsa. (7.3.24)

We use this together with the bound Gy (7)) < dp and the dissipation bounds of eq. (7.3.17) to
estimate

N+4
d —— S _
- (Efya+Mn) +Dnia S < o+ Aw‘f> Dn+o. (7.3.25)
=2
Then by assuming that dy and Zz * Aw’ are small enough, we may absorb the D42 onto the
left of this inequality. Doing so and again invoking the dissipation bounds of eq. (7.3.17) gives
us that

y (Eun + Huso) + CoDn <0 (7.3.26)

for a universal constant Cy > 0. We then use the energy estimate in eq. (7.3.17) to rewrite
eq. (7.3.19) as

—_— 1/6 o o (1
(v + Havse) " S Doy (E50) 0. (7.3.27)
We chain this together with the estimate in theorem 7.3.1 to write
C 1+s p
Mls (E7ia + Hnt2) < Dy (7.3.28)

for C; > 0 a universal constant, s := (1—60)/6 = 1/(4N —8), and M, := En(0) + Fon(0). Upon
combining egs. (7.3.26) and (7.3.28), we arrive at the differential inequality

dt Mg
With eq. (7.3.29) in hand, we may integrate and argue as in the proofs of theorem 7.7 of [GT13]
or proposition 8.4 of [JTW16] to deduce that

5zc\rf+2 + HN+2) (51C\r7+2 + 7'[N4r2)1+8 <0. (7.3.29)

sup (1+7)""" <5]‘{,+2(r) + HNH(T)) < Mo = Ex(0) + Fan(0). (7.3.30)
0<r<t
Then eq. (7.3.30) and the energy bound in eq. (7.3.17) yield eq. (7.3.14). O

66



As the final step in our a priori estimates for Gy we synthesize theorem 7.3.1 and theo-
rem 7.3.2.

Theorem 7.3.3. There exist dg, 7o € (0,1) such that if 0 < 25552 Awt < v, 0< 0 <1, and
ggN(T) S (50, then
Gon(T) S En(0) + Fan(0). (7.3.31)

Proof. We simply combine the estimates of theorems 7.3.1 and 7.3.2. [

7.4 Main results for the vanishing surface tension prob-
lem

Now that we have the a priori estimates of theorem 7.3.3 in hand, we may prove theorems 3.3.2
and 3.3.3 following previously developed arguments. For the sake of brevity we will omit full
details and simply refer to the existing arguments.

Proof of theorem 3.3.2. The stated results follow by combining the local well-posedness theory,
theorem 3.2.2, with the a priori estimates of theorem 7.3.3 and a continuation argument. The de-
tails of the continuation argument may be fully developed by following the arguments elaborated
in theorem 1.3 of [GT13] or theorem 2.3 of [JTW10]. O

Proof of theorem 3.3.3. The results follow from the estimates of theorem 3.3.2 and standard
compactness arguments. See theorem 1.2 of [T'W14] or theorem 2.9 of [JTW16] for details. [
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Chapter 8

Fixed surface tension problem

In this section we study the problem eq. (2.3.10) in the case of a fixed o > 0. We develop a priori
estimates and then present the proof of theorem 3.3.1. Although the structure of the proof is
similar to that in [Tic18], this paper uses n = 1 to prove the main theorem rather than n = 2
as done in [Ticl8]. This is because we wish to optimize our argument to give asymptotically
better parameter regimes for A and w; had we used n = 2, then we would have to require
Z?:Q Aw® < 1, which is worse than the regime in which 22’22 Aw® < 1 when we wish to consider
large w.

Note that in what follows in this section we break our convention of not allowing universal
constants to depend on . All universal constants are allowed to depend on the fixed surface
tension constant o but are still not allowed to depend on A or w.

8.1 A priori estimates for S)

In order to prove theorem 3.3.1 we will introduce the following notation when A € (0, c0) :

S\(T) = sup eMET(L) + /T Dy (t) dt. (8.1.1)

0<t<T
We now develop the main a priori estimates with surface tension.

Theorem 8.1.1. There exists 6y, v € (0,1) such that if So(T) < &y and
(Aw® + Aw?®) < 7o, (8.1.2)
then there exists A = A(o) > 0 such that
S\(T) S &7(0). (8.1.3)

Proof. We assume that g is small enough that propositions 5.1.1 and 5.4.2 hold.
We use theorems 5.3.1, 6.2.1 and 6.2.2, as well as addition and subtraction of H, to bound

EN S (E7+Ma) + (&) + (£7)°*  and DY <D+ E'DS. (8.1.4)
By further restricting ¢y we can use an absorbing argument to conclude

ET+H, <ESE +H, and D, <DJ <D (8.1.5)
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We now employ theorem 6.1.3 with n = 1 (recalling that we now allow universal constants
to depend on o) and eq. (8.1.5) to get under appropriate smallness assumptions that

%(E-ﬁ-?—h) +D; S (Aw® 4+ Aw®) Dy + (\/5_{’> D1, (8.1.6)

We may then further restrict the size of g and 7y in order to absorb terms on the right onto the
left. Note that this absorption requires A and w to depend on ¢. This yields the inequality

d — 1—
p (&7 +Hi) + 5D1 <0. (8.1.7)
We defined £7 and DY such that £7 < 071D7, so we can apply eq. (8.1.5) to get that there exists

some C' > 0 and A\ > 0 depending on ¢ such that

l—_ 2 1 o
"D, > —D]>—DJ +—&F
SR To) R B To ket S Toht

) (8.1.8)
> 5D7 + A (E + 1)
Plugging this into eq. (8.1.7) gives
d — — 1
77 (E7+H1) + A (€7 + Ha) + 15D <0. (8.1.9)
We integrate this to get
_ 1 /[t
M (E 0+ D) + 55 | DI dr < (5{(0) + H1(0)> . (8.1.10)
0
Now, appealing to eq. (8.1.5), we deduce
T
sup eMEY(t) +/ D] < E7(0). (8.1.11)
0<t<T 0 0

8.2 Proof of main result

Proof of theorem 3.3.1. We combine the local existence result in theorem 3.2.2 with the a priori
estimates in theorem 8.1.1 and a continuation argument as in [GT13]. [
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Appendix A

Auxilliary computations

A.1 Change of coordinates

Let ®(y,t) = (v, y3— Af(wt),t) € R3xRT. Note that we may just pass in the spatial derivatives
through the change of variables, so we just need to check 0;u and @ - Vu. We compute

Orti(y,t) = Oy [u(P(y, 1)) + Awf'(wt)es]

T

e
24 CI) ’t 0 2 e

oy ) | | A | + AT @Hes (AL)
u(®(y, 1)) 1

= —Aw [ (wt)dsu(®(y, 1)) + Sru(®(y, ) + Aw’f" (wt)es
and

(P(y, 1)) - V [u(@(y, )] + Awf (wh)es - V [u(®(y, 1))]
(®(y. 1) - Vu(®(y, 1) + Awf(wt)Osu(®(y, 1)).

Z (A.1.2)

Note the cancellation of Aw f'(wt)dsu(P(y,t)) with these two terms, so the first equation becomes
O+ u-Vu+ Vp — pAu+ Aw® f(wt)ez = 0. (A.1.3)
The other equations are easy to track.

A.2 Flattening

If f, f are any functions with

fla,t) = f(®(,1),1), (A2.1)
then
N
= 2} d ,t i)
1) =0T @] = | 5ty | O |yt itont) (14 3) (222)
O f(@(y. 1)) t
= Of(@(y.1).1) + (e, 1) (1+ ) (05, 1), )



Now note that

s
a 2 d ,t i)
uf.0) = B[] = | 5wy | % |+ i) (14%)
Af(D(y,1)) t (A.2.3)
~ auf(@().0) (1 + 20D 4 ouie 09 = ouf(@(0.0), 0
so we find that
Ouf — OMbK s f = O,.f o ®. (A.2.4)
We also have that
Vf(z,t) =V [[(®(z,1),t)] = V(®(z,t),t)VP(x,t) (A.2.5)
AVFf=Vfod. (A.2.6)

These computations can be used to directly to write the desired flattened equations.

A.3 Geometric energy-dissipation

Geometric identity We need to show that for each i, Jx(JA;) = 0. For i € {1,2}, this is
true since

O (T Ai) = 05T — 05(yih) = 8;‘)” - a;” =0 (A.3.1)
and for ¢ = 3, this is true since
Oe(JAi) = 05(1) = 0. (A.3.2)
Then, we also get the identity
v v [0
(u . VAU) -vd = (UjAjkakUi)UiJ = UjJ.Ajk;gk E + ujﬁk (J.Ajk) 3 = Uj@k J.AjkT .
(A.3.3)

A.4 Flattened linearization

We linearize around the equilibrium solution v = ug = 0,p = pg = 0,7 = 19 = 0. Suppose
that we have a one-parameter family of solutions to the problem eq. (2.3.10), (—eg,&) 2 € +—
(u(e),p(e),n(e)) with 0 — (ug, po,n0). We then plug this family of solutions into the PDE,
differentiate with respect to e, and set ¢ = 0. We denote

u = —u, w=1u'(g =0), (A.4.1)

and similarly for p, n, and other quantities depending on the solution. We now differentiate
eq. (2.3.10) with respect to . The first equation becomes

o’ — (E‘)m'l;}(agu + OnbK' dyu + 87577[;](63’&/)
+ (U - Vaut+u-Vagu+u-Vau')+ (dive Sq+divg SYy) =0,

(A.4.2)
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the second equation becomes
divy u+divgu =0,

the third equation becomes

om' =u -N+u-N,

the fourth equation becomes

SUN + SuN' = (=o9(n) + (g + A’ f"(wt)) n) N7
+ (—o9m) + (g + Aw? f"(wt)) 1) N,
and the fifth equation becomes
u = 0.
Note that :
A== (V) (V) (V) ™)
N = (=0, =01, 0)
! i Vi , 2 ain ,
- 22: a {(1 +[VaP) 20 — (1 + V)2 (Y, VW} .
=0 1+ [Vnl?

=1

Now we set € = 0, which gives us that

Aly=1,  A=-vé"=—(0 0 v (b)), sa('m:fja?ﬁzm
=1

so we obtain

(011 + Vp — pAi = 0 in O
diva =0 in Q

{ O =3 on X
(pI — pDu)ez = (—oAn + (g + Aw?f”(wt))n)ez on ¥

\u =0 on X

as desired.

A.5 Lemmas for bounding nonlinearities

A.5.1 Linearization of mean curvature

(A.4.3)

(A.4.4)

(A.4.5)

(A.4.6)

(A.47)

(A.4.8)

(A.4.9)

We prove a lemma used to bound $(n) — An. We wish to bound d{1/1 + |Vn|2. To do this, first

note that by the Leibniz rule, we have

oA et +1vaP) = 3 (1) (or VT o) (ot VIT o)

0<m</t
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SO

1 /
AT = 0P~ e 3 (1) (o VIETOF) (oI T
o<m<t

(A.5.2)
We now claim that for ¢ > 1,
2 d m 21|12
‘ VI IVIR|| S D110 vl (A.5.3)
m=1
For ¢ =1, we have
NG 2
V1+ |V < ||Vl (A.5.4)
H VIV, ’
and then using the formula above inductively, we find that
2
oI+ 19| < ool o+ A+ V|
(A.5.5)

S ||8f|V77l2H§+ Z IIGZ"!V??IQl!i:ZH(‘JFIWV\E
m=1

0o<m<{

so we conclude. Note that the H(X) norm above may be replaced by H*(X) whenever Sobolev
product estimates hold.
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Appendix B

Elliptic estimates

Here we record basic elliptic estimates.

B.1 Capillary operator
Consider the problem

—ocAY+gp=f on T. (B.1.1)
If fe HY(T") = (H'(T"))*, then a weak solution If f € H~'(T") = (H'(T"))*, then a weak
solution is readily found with a standard application of Riesz’s representation theorem: there
exists a unique ¢ € H'(T") such that

/n g+ oV -V = (f,¢) (B.1.2)

Theorem B.1.1. Let s > 0 and suppose that f € H*(T") — H-Y(T"). Let v» € H(T") be the
weak solution to eq. (B.1.1). Then v € H*T(T") and

[lls < SIflls and — [D***9llo S ZID° fllo, (B.1.3)

where D = \/—A. Moreover, if [, v =0, then
[¥llsv2 < S11D° fllo- (B.1.4)
Proof. See Theorem A.1 of [Ticl8]. O

B.2 Stokes operator with Dirichlet conditions

Consider the problem
—Au+Vp=f' inQ

divu = f? in ' (B.2.1)
u=f3 on ¥
u=20 on X

The estimates for solutions are recorded in the following result, the proof of which is standard
and can be found for instance in [Lad69].

Theorem B.2.1. Let m € N. If f' € H™(Q), f> € H™(Q), and f3 € H™3/2(X), the
the solution pair (u,p) to eq. (B.2.1) satisfies u € H™2(Q), Vp € H™(Q), and we have the
estimate

ullimsz + [Pl S NS o+ 1 2 + 11 lmeso- (B2.2)
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B.3 Stokes operator with stress conditions

Consider the problem
—Au+Vp=f' inQ
divu = f2 in Q
u =0 on X
(pI — Du)es = f3 on X.

(B.3.1)

The estimates for solutions needed are recorded in the following result, the proof of which is
standard and can be found for instance in [Bea81].

Theorem B.3.1. Let m € N. If f € H™(Q), f> € H™(Q), and f°> € H™/2(X), then the
solution pair (u,p) to eq. (B.3.1) satisfiesuw € H™(Q), p € H™(Q), and we have the estimate

[ullmsz + 1Pllmrr S Sl A+ 12 s+ 1 a2 (B.3.2)
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Appendix C

Analytic tools

C.1 Product estimates

In this section we record the necessary product estimates on Sobolev norms that we will need
to get the correct bounds.

Theorem C.1.1. The following hold on ¥ and on Q.

1. Let 0 <r < s1 < sy be such that sy >n/2. Let f € H*, g € H*>. Then fg € H" and
19l S N s gl e (C.1.1)
2. Let 0 <1 < s1 < s9 be such that sy >1r+mn/2. Let f € H*, g € H®>. Then fg € H" and

1fgller <11 Ho2. (C.1.2)

me1llg]

3. Let 0 < r < 51 < sy be such that sy > r+n/2. Let f € H"(X), g € H**(X). Then
fge H(X) and
1Fgll—so S 1A=+l (C.1.3)

Proof. See for example Lemma A.1 of [GT13]. O

C.2 Poisson extension
Suppose that 3 = (L T) x (LoT). We define the Poisson integral in _ = 3 x (—o00,0) by

Pfa)= > e fn), (C2.1)

ne(Ly ' Z)x(Ly ' 7)

where for n € (L{'Z) x (L;'Z) we have written

J— ; . /
e 2min-x

f(n) ::/Zf(x’) L da’. (C.2.2)

It is well-known that P : H*(X) — H**/2(Q_) is a bounded linear operator for s > 0. We now
show that derivatives of P f can be estimated in the smaller domain 2.
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Lemma C.2.1. Let Pf be the Poisson integral of a function f that is either in HQ(E) or
H7Y2(%) for g € N. Then

IVPIR S 1 oy and IVPLIE S | (€23)
Proof. See lemma A.3 in [GT13]. O

We will also need L* estimates.

Lemma C.2.2. Let Pf be the Poisson integral of a function [ that is in H‘”S(E) forq>1 an
integer and s > 1. Then
VPl SIS (C.2.4)

Hq+5'

The same estimate holds for ¢ = 0 if f satisfies fz f=0.

Proof. See lemma A.4 in [GT13]. O
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