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LOCAL WELL-POSEDNESS OF THE VISCOUS SURFACE WAVE PROBLEM
WITHOUT SURFACE TENSION

YAN GUO AND IAN TICE

We consider a viscous fluid of finite depth below the air, occupying a three-dimensional domain bounded
below by a fixed solid boundary and above by a free moving boundary. The domain is allowed to have a
horizontal cross-section that is either periodic or infinite in extent. The fluid dynamics are governed by
the gravity-driven incompressible Navier—Stokes equations, and the effect of surface tension is neglected
on the free surface. This paper is the first in a series of three on the global well-posedness and decay of
the viscous surface wave problem without surface tension. Here we develop a local well-posedness theory
for the equations in the framework of the nonlinear energy method, which is based on the natural energy
structure of the problem. Our proof involves several novel techniques, including: energy estimates in
a “geometric” reformulation of the equations, a well-posedness theory of the linearized Navier—Stokes
equations in moving domains, and a time-dependent functional framework, which couples to a Galerkin
method with a time-dependent basis.

1. Introduction

Formulation of the equations in Eulerian coordinates. We consider a viscous, incompressible fluid
evolving in a moving domain

Q) ={yeTxR|=b(y.y) <ys<nO .0}

Here we assume that either ¥ =R2 or £ = (L;T) x (L,T) for T = R/Z the usual 1-torus and L, Ly >0
the periodicity lengths. The lower boundary of €2(¢) is assumed to be rigid and given, but the upper
boundary is a free surface that is the graph of the unknown function n : £ x RT™ — R. We assume that

0<beC®X) if & =(L,T) x (L,T),
b € (0, 00) is constant if ¥ = R2.

For each ¢, the fluid is described by its velocity and pressure functions (u, p) : Q(t) — R3 x R. We
require that (u, p, n) satisfy the gravity-driven incompressible Navier—Stokes equations in €2(¢) for ¢ > 0:
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ou+u-Vu+Vp=puAu in Q(¢),
divu=0 in Q(1),
0 = u3 —u1dy,n —u20y,n on {y3 =n(yi, y2, )}
(pl — uD(u))v = gnv on {y3 =n(y1, y2, )},
u=0 on {y3 = —b(y1, y2)},

for v the outward-pointing unit normal on {y3 = n}, I the 3 x 3 identity matrix, (Du);; = d;u; + 0;u; the
symmetric gradient of u, g > 0 the strength of gravity, and © > 0 the viscosity. The tensor (pI — uD(u))
is known as the viscous stress tensor. The third equation in 1 implies that the free surface is advected
with the fluid. Note that in 1, we have shifted the gravitational forcing to the boundary and eliminated the
constant atmospheric pressure, pam, in the usual way by adjusting the actual pressure p according to
P =P +8&Y3— Pam-

The problem is augmented with initial data (uq, no) satisfying certain compatibility conditions, which
for brevity we will not write now. We will assume that ng > —b on . When X = (L T) x (L,T), we
shall refer to the problem as either the “periodic problem” or the “periodic case”, and when ¥ = R?, we
shall refer to it as either the “nonperiodic problem” or the “infinite case”.

Without loss of generality, we may assume that u© = g = 1. Indeed, a standard scaling argument allows
us to scale so that © = g = 1, at the price of multiplying b and the periodicity lengths L, L, by positive
constants and rescaling b. This means that, up to renaming b, L1, and L,, we arrive at the above problem
with pu =g =1.

The problem 1 possesses a natural physical energy. For sufficiently regular solutions to both the
periodic and nonperiodic problems, we have an energy evolution equation that expresses how the change
in physical energy is related to the dissipation:

1/ 5 1 , 1! ) 1 2, 1 2
L ) +—/|n(t)| +—// Ducs)| ds=—f ol +—/|770|-
2 Jaw 2 s 2 Jo Jaw 2 Ja) 2 s

The first two integrals constitute the kinetic and potential energies, while the third constitutes the dissipation.
The structure of this energy evolution equation is the basis of the energy method that we will use to
analyze 1.

Geometric form of the equations. In order to work in a fixed domain, we want to flatten the free surface
via a coordinate transformation. We will not use a Lagrangian coordinate transformation, but rather a
flattening transformation introduced by Beale [1984]. To this end, we consider the fixed equilibrium

domain
Q= {xe xR | —b(x1,x2) < x3 <0},

for which we will write the coordinates as x € 2. We will think of X as the upper boundary of €2, and
we will write X, := {x3 = —b(x1, x2)} for the lower boundary. We continue to view 1 as a function on
¥ x RT. We then define

n := %Pn = harmonic extension of 7 into the lower half-space,
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where %7 is defined by (A-8) when ¥ = R? and by (A-14) when ¥ = (L;T) x (L,T). The harmonic
extension 7 allows us to flatten the coordinate domain via the mapping

X3
b(x1, x2)

Note that (X, 1) = {y3 =n(y1, y2, t)} and (-, t)|x, =Idyx,; thatis, ® maps X to the free surface and
keeps the lower surface fixed. We have

QLodx— (xl, X2, X3+ﬁ(x,t)<1 + )) =:®(x,t) = (y1, y2, y3) € Q(¢). (1-1)

1 00 1 0 -AK
vo=[0 10| and @:=vo")"=|01 -Bk (1-2)
ABJ 0 K
for
a1b nd2b 7] ~ -~ 1
e e = B S N s

Here J = det V@ is the Jacobian of the coordinate transformation. See Lemma A.3 for some properties
of oA.

If n is sufficiently small (in an appropriate Sobolev space), then the mapping ® is a diffeomorphism.
This allows us to transform the problem to one on the fixed spatial domain €2 for # > 0. In the new
coordinates, the PDE 1 becomes

du— DK dsu+u-Vu — Aqu+Vyp=0 inQ,
divyqu=20 in €2,
4 Sq(p, )N =nN on X, (1-4)
om=u-N on X,
u=0 on X,
u(x,0) =up(x), nx’,0)=mno(x).

Here we have written the differential operators Vg, divy, and Ay with their actions given by (Vg f); 1=
A;ijd;j f, divg X :=94;;0;X;, and Ay f = divy Vg f for appropriate f and X; as for u - Vyu, we mean
(- Vygu); = u;sjoxu;. We have also written

N:= —817781 — 827762 +e3

for the nonunit normal to {y3 = n(y1, ¥2, 1)}, and we write Sy (p, u) = (pI — Dyu) for the stress tensor,
where [ is the 3 x 3 identity matrix and (Dyu);; = i dxu ; + A j;Oku; is the symmetric si-gradient. Note
that if we extend divy to act on symmetric tensors in the natural way, then divy Sy (p, u) = Vyp — Ayu
for vector fields satisfying divyg u = 0.

Recall that o is determined by 5 through the relation (1-2). This means that all of the differential
operators in (1-4) are connected to 1, and hence to the geometry of the free surface. This geometric
structure is essential to our analysis, as it allows us to control high-order derivatives that would otherwise
be out of reach.
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Previous results. Local well-posedness for the problem 1 in a bounded domain, all of whose boundary
is free, was proved by Solonnikov [1977]. Local well-posedness for the problem in domains like ours
was proved by Beale [1981]. Both of these results employ parabolic regularity theory in a functional
framework different from the one we use: Solonnikov worked in Holder spaces, while Beale worked
in L2-based space-time Sobolev spaces. Abels [2005] extended this local theory to the framework of
L?-based Sobolev spaces. Global well-posedness was proved in the periodic case by Hataya [2009]
and discussed in the infinite case by Sylvester [1990] as well as Tani and Tanaka [1995], all within a
Beale—Solonnikov functional framework.

If the effect of surface tension is included at the free interface, then the free surface function gains
regularity, stabilizing the problem. This led to a proof of small-data global well-posedness by Beale
[1984], as well as a proof by Beale and Nishida [1985] that the global solutions with surface tension
decay algebraically in time. In the periodic case, Nishida, Teramoto and Yoshihara [Nishida et al. 2004]
proved global well-posedness and exponential decay. Bae [2011] proved global well-posedness with
surface tension using energy methods rather than a Beale—Solonnikov framework. For a bounded mass of
fluid with surface tension, local well-posedness was proved by Coutand and Shkoller [2003].

Many authors have also considered one-fluid free boundary problems for inviscid fluids, which are
modeled by setting 4 = 0 in 1 and replacing the no-slip condition with the no-penetration condition,
u-v =0 on X;. For this problem, it is often assumed that the fluid is initially curl-free, in which case
this condition propagates in time and the fluid is said to be irrotational. The velocity field is then both
curl-free and divergence-free for all time, and is therefore the gradient of a function that is harmonic in
Q(¢). This allows for the reformulation of the problem as one only on the free surface, involving the
Dirichlet-to-Neumann operator. Local well-posedness in this framework was established by Wu [1997;
1999] and Lannes [2005], an almost-global well-posedness result was then proved by Wu [2009] for the
2D problem, and global well-posedness was proved by Wu [2011] and Germain, Masmoudi and Shatah
[Germain et al. 2009] in 3D. Only the irrotational problem has been shown to admit global solutions in
the inviscid case. Local well-posedness without the irrotationality assumption was proved with a modified
surface formulation by Zhang and Zhang [2008] and with the original formulation in [[Christodoulou
and Lindblad 2000; Lindblad 2005; Coutand and Shkoller 2007; Shatah and Zeng 2008]]. Note that in
the viscous case, it is known that vorticity is generated at the free surface, even if the fluid is initially
irrotational. Therefore it is not possible to use the surface formulation of the problem.

Main result. As mentioned above, the standard method for constructing solutions in the existing literature
is based on the parabolic regularity theory pioneered by Beale [1981] for domains like ours and by
Solonnikov [1977] for bounded, nonperiodic domains. The advantage of full parabolic regularity is that
it enables one to treat viscous surface waves as a perturbation of the “flat surface” problem, which is
obtained by setting n =0, sl = I, N = e3, etc. in (1-4). The actual problem (1-4) is then rewritten as
the flat surface problem with nonlinear forcing terms that correspond to the difference between the two
forms of the equations. The key to the existence theory of, say, [Beale 1981], is regularity in H" with the
choice of r =3+ 6§ for 6 € (0, %) According to the natural energy structure of the problem, 1, one might
expect r to naturally be an integer. The extra gain of § > 0 regularity allows for enough control of the
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nonlinear forcing terms to produce a local solution to (1-4) from solutions to the flat surface problem and
an iteration argument. As recognized early on by Beale himself, a disadvantage of Beale—Solonnikov
theory is that the functional framework makes it difficult to extract time decay information.

In a pair of companion papers [Guo and Tice 2013b; 2013a], we prove a priori decay estimates that are
developed through a high-regularity energy method. This necessitates using the natural energy structure
of the problem, 1, which in turn requires us to use positive integer Sobolev indices for u. The advantage
of the natural energy structure is that it produces two distinct types of estimates: roughly speaking,
L%([0, T1; L?) “energy estimates” and L>([0, T]; H') “dissipation estimates”. The interplay between
the energy and the dissipation naturally leads to time decay information. The disadvantage of the energy
structure is that our regularity index » must be an integer, so we cannot use the § > 0 gain that would
allow us to treat the problem (1-4) as a perturbation of the flat surface problem.

The difficulty in proving local well-posedness in the natural energy structure is thus clear. We cannot use
solutions to the standard flat surface problem to produce solutions to (1-4) via an iteration argument since
the forcing terms cannot be controlled in the iteration. For example, we would have trouble controlling
the interaction between the highest-order temporal derivatives of p and div u#. Our solution, then, is to
abandon the flat surface problem and prove local existence directly, using the geometric structure of (1-4).
The geometric structure is crucial since it decreases the derivative count of the forcing terms, which then
allows us to close an iteration argument using only the natural energy structure. The essential difficulty is
that the geometric structure requires us to solve the Navier—Stokes equations in moving domains. In the
presence of such a time-dependent geometric effect, even the construction of local-in-time solutions to
the linear Navier—Stokes equations is highly delicate and has to be carried out from the beginning.

Before we state our local existence result, let us mention the issue of compatibility conditions for
the initial data (ug, o). We will work in a high-regularity context, essentially with regularity up to 2N
temporal derivatives for N > 3 an integer. This requires us to use ug and ng to construct the initial data
8,ju(0) and atjn(O) for j=1,...,2N and 8,jp(0) for j =0,...,2N — 1. These other data must then
satisfy various conditions (essentially what one gets by applying 8,j to (1-4) and then setting ¢ = 0), which
in turn require ug and ng to satisfy 2N compatibility conditions. We describe these conditions in detail
on pages 338-339 and state them explicitly in (5-22), so for brevity we will not state them here.

In order to state our result, we must explain our notation for Sobolev spaces and norms. We take
H*(Q) and H*(X) for k > 0 to be the usual Sobolev spaces. When we write norms, we will suppress the
H and Q2 or £. When we write ||8,ju||k and ||8tjp||k, we always mean that the space is H¥(2), and when
we write ||8,j nllx, we always mean that the space is H*(X). In the following result, we also refer to the
space &7, which is defined later in (2-4).

Theorem 1.1. Let N > 3 be an integer. Assume that ug and ng satisfy the bounds

2 2
luollzn 4 Inollzn 412 < 00
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as well as the (2N)-th compatibility conditions (5-22). There exist 0 < 8y, To < 1 such that if
1
T
||770||4N+1/2

and ||”0||421N + ||170||ZN < 80, then there exists a unique solution (u, p, n) to (1-4) on the interval [0, T']
that achieves the initial data. The solution obeys the estimates

2N - 2N . 2N—-1 ) )
Z sup ”3tj“H4N—2j+Z sup Hai/’?”zw—zj"'z Sup Hai/pHMv—zj—l
0<t<T =0 0<t<T =0 0<t<T

j=0 0=t=
T ;2N -
+f0 <Z||atJ“||4sz+1+

j=0

2N-1 ) 5
X 100 Pl ) + 102l
j=0

T 2N+1 5
2 2 '
+/o (||’7||41v+1/2Jr 3 mllan—1/2+ Z Haljn“4N—2j+5/2)
=

< C(luolzy + Inollzy + Tlnolliyi1,2)  (1-5)
and
2 2 2
sup [nll3y41/2 < Clluollzy + (1 +Tlinollzn11,2)

0<t<T

for a universal constant C > 0. The solution is unique among functions that achieve the initial data and
for which the sum of the first three sums in (1-5) is finite. Moreover, 1 is such that the mapping ® (-, t),
defined by (1-1), is a C*N =2 diffeomorphism for each t € [0, T1.

Remark 1.2. Since the mapping ®( -, ) is a C*V~2 diffeomorphism, we may change coordinates to
y € Q(¢) to produce solutions to 1.

The tools needed for the proof of Theorem 1.1 are developed throughout the rest of the paper, and the
theorem is proved starting on page 354. We will sketch here the main ideas of the proof.

Linear si-Navier—Stokes. Our iteration procedure is based on a geometric variant of the linear Navier—
Stokes problem. We consider n (and hence «, N, etc.) as given and then solve the linear si-Navier—Stokes
equations for (u, p):

B,M—A&gu+V&4p=Fl in €,

divgu=20 in 2,

(1-6)
Su(p, u)N = F3 on X,
u=~0 on Xp,

with initial data ug. Transforming this problem back to a moving domain €2(¢) using the mapping &
defined in (1-1) shows that this problem is essentially equivalent (we have absorbed the correction to the
time derivative into F!, so it does not transform exactly) to solving the linear Navier—Stokes equations in
a domain whose upper boundary is given by 7(#). In other words, we are really solving the usual linear
problem in a moving domain.
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Pressure as a Lagrange multiplier in time-dependent function spaces. It is well-known (see [Solonnikov
and Skadilov 1973; Beale 1981; Coutand and Shkoller 2003; 2007]) that for the usual linear Navier—Stokes
equations, the pressure can be viewed as a Lagrange multiplier that arises by restricting the dynamics
to the class of vectors satisfying divu = 0. To adapt this idea to the problem (1-6), we must restrict to
the class of vectors satisfying divg # = 0, which is a time-dependent condition since n (and hence )
depends on ¢. This leads us to build time-dependent variants of the usual Sobolev spaces H® = L? and
H' so that we can make sense of this time-dependent collection of div-free vectors. For the purpose of
estimates, we want the time-dependent norms on these spaces to all be comparable to the usual Sobolev
norms; this can be achieved through a smallness assumption on 1, which we quantify. With the spaces
in hand, we then adapt a technique from [Solonnikov and Skadilov 1973] to introduce the pressure as a
Lagrange multiplier for divy-free dynamics.

Elliptic estimates for d-problems. In order to get the regularity we need for solutions to the parabolic
problem (1-6), we first need the corresponding elliptic regularity theory. We accomplish this by using
(1-1) to transform these elliptic problems back into Eulerian coordinates so that the PDEs transform to
ones with constant coefficients. We then apply standard estimates for elliptic equations and systems,
proved in [Agmon et al. 1959; 1964], and then transform these estimates on the Eulerian domain back to
estimates on 2. The only problem with this process is that the Eulerian domain has a boundary whose
regularity is dictated by 1 and is phrased in H* norms rather than C* norms, which are what appear
in [Agmon et al. 1959; 1964]. We get around this problem by using a smoothing operator, a limiting
argument, and the smallness of 7. Similar elliptic estimates were proved in Lagrangian coordinates for
open, bounded domains in [Cheng and Shkoller 2010].

Galerkin method with a time-dependent basis. We construct solutions to (1-6) by using a time-dependent
Galerkin method. This requires a countable basis of our space of divy-free vector fields. Since the
requirement divy u = 0 is time-dependent, any basis of this space must also be time-dependent. For
each ¢ € [0, T'], the space we work in (basically H 2 with divg u = 0) is separable, so the existence
of a countable basis is not an issue. The technical difficulty is that, in order for the basis to be useful
in the Galerkin method, we must be able to differentiate the basis elements in time, and we must be
able to express these time derivatives in terms of finitely many basis elements. Fortunately, due to a
clever observation of Beale [1984], we are able construct an explicit time-dependent isomorphism that
maps the div-free vector fields to the divy-free fields. This allows us to construct the desired basis and
push through the Galerkin method to produce “pressureless” weak solutions that are restricted to the
collection of divy-free fields. We then use our previous analysis to introduce the pressure as a Lagrange
multiplier, which gives a weak solution to (1-6). We also use the Galerkin scheme to get higher regularity,
showing that the solution is actually strong. The compatibility conditions serve as necessary conditions
for controlling the temporal derivatives of the approximate solutions in the Galerkin scheme. The result of
our strong existence theorem then allows us to iteratively deduce higher regularity, given that the forcing
terms are more regular and higher-order compatibility conditions are satisfied.
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Transport estimates. The problem (1-6) considers 7 as given and then produces (u, p). The second step
in our iteration procedure is to take u# as given and then solve 9,17+ u10,n 4+ u20>n = u3 on X. This is a
standard transport equation, so solving it presents no real obstacle. The difficulty is that in our analysis of
(1-6), we need control of supy, 7 [17(7) ||ﬁ Nt1/20 but owing to the transport structure, the only available
estimate is, roughly speaking,

T T
sup [(Dl3y412 < C exp(C f 1Dl 2z dt) [nnoniNH/z +T / (G F dt}.
0<t<T 0 0

Without knowing a priori that u decays, the right side of this estimate has the potential to grow at the
rate of (1 + T)ecﬁ. Even if u decays rapidly, the right side can still grow like (1 + 7). Of course,
such a growth in time is disastrous for global stability analysis, but even in our local-existence iteration
scheme, a delicate technique is required to accommodate such a growth without breaking the estimates of
Theorem 1.1.

Closing the iteration with a two-tier energy scheme. Our iteration scheme then proceeds as described,
using ™ to produce (u™+!, p”*1), and then using ! to produce ™ *!. Iterating in this manner without
losing control of our high-order energy estimates is rather delicate, and can only be completed by using
sufficiently small initial data. The boundedness of the infinite sequence (#™, p™, n™) in our high-order
norms gives weak limits in the usual way, but because of the nature of our iteration scheme, we cannot
guarantee a priori that the weak limits constitute a solution to (1-4). Instead of using high-order weak
limits, we instead show that the sequence contracts in low-order norms, yielding strong convergence in
low norms. We then combine the low-order strong convergence with the high-order weak convergence
and an interpolation argument to deduce strong convergence in higher (but not all the way to the highest
order) norms, which then suffices for passing to the limit m — oo to produce a solution to (1-4).

Utility in the global theory. We believe that our local well-posedness result, Theorem 1.1, is interesting
in its own right. It provides an alternative to the standard Beale—Solonnikov framework that is perhaps
more natural due to the natural energy structure 1. The new ideas and techniques that we have introduced
in order to work in this framework will likely be useful in many other problems.

However, we also need Theorem 1.1 as a crucial component in our global analysis of 1, which we
carry out in [Guo and Tice 2013b] in the infinite case and in [Guo and Tice 2013a] in the periodic case.
In both cases we develop novel a priori estimates that couple to the local theory to produce global-in-time
solutions that decay to equilibrium at an algebraic rate. We call our a priori estimates a two-tier energy
method because it couples the boundedness of certain high-regularity norms to the decay of certain
low-regularity norms. The local theory we develop here both provides the tools for iteratively achieving
global well-posedness and justifies all of the computations used in our two-tier a priori estimates.

Let us now informally state the theorems we prove in [Guo and Tice 2013b; 2013a].

Theorem 1.3. The problem 1 is globally well-posed for sufficiently small initial data. In the infinite case,
the solutions decay at a fixed algebraic rate. In the periodic case, by adjusting the smallness of the initial



LOCAL WELL-POSEDNESS OF THE VISCOUS SURFACE WAVE PROBLEM 295

data, the solutions can be made to decay at arbitrarily fast algebraic rates. In other words, solutions in
the periodic case decay almost exponentially.

Remark 1.4. The reader interested in a unified presentation of the present paper and the global decay
results of [Guo and Tice 2013b; 2013a] may consult [Guo and Tice 2010].

Remark 1.5. One can see a glimpse of the utility of our two-tier energy method already in the local
theory. Indeed, the contraction argument we use to produce local solutions uses the boundedness of the
high norms to close the contraction estimate for the low norms.

Definitions and terminology. We now mention some of the definitions, bits of notation, and conventions
that we will use throughout the paper.

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 the parameters of the problem, N, and €2, but does not depend on the data, etc. We refer
to such constants as “universal”. They are allowed to change from one inequality to the next. When a
constant depends on a quantity z, we will write C = C(z) to indicate this. We will employ the notation
a < b to mean that a < Cb for a universal constant C > 0.

Derivatives and norms. We will write Df for the horizontal gradient of f, thatis, Df = 0| fe; + 92 fea,
while V f will denote the usual full gradient. We write H k(Q) with k > 0 and H*(X) with s € R for
the usual Sobolev spaces. We will typically write H? = L?; the exception to this is where we use
L2([0, T]; H*) notation to indicate the space of square-integrable functions with values in H k.

To avoid notational clutter, we will avoid writing H*() or H*(X) in our norms and typically write
only || - ||x. Since we will do this for functions defined on both 2 and X, this presents some ambiguity.
We avoid this by adopting two conventions. First, we assume that functions have natural spaces on which
they “live”. For example, the functions u, p, and 7 live on €2, while n itself lives on X. As we proceed in
our analysis, we will introduce various auxiliary functions; the spaces they live on will always be clear
from the context. Second, whenever the norm of a function is computed on a space different from the one
in which it lives, we will explicitly write the space. This typically arises when computing norms of traces
onto X of functions that live on €.

Plan of the paper. Our proof of Theorem 1.1 employs an iteration that is based on the following linear
problem for (u#, p), where we think of n (and hence A, N, etc.) as given:

8tM—A&qu+V&qp:F1 in Q,

divgu=20 in 2,

(1-7)
Sq(p, u)N = F3 on X,
u=0 on X,

subject to the initial condition u#(0) = ug. Note that the first equation in (1-7) may be rewritten as
du +divy Sy(p, u) = F'.
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In Section 2, we develop the machinery of time-dependent function spaces so that we can consider
the class of divy-free vector fields. We use an orthogonal splitting of a space to introduce the pressure
as a Lagrange multiplier. In Section 3, we record some elliptic estimates for the s{-Stokes problem and
the sd-Poisson problem. In Section 4, we develop the local existence theory for (1-7) by using a time-
dependent Galerkin scheme. We iterate this result to produce high-regularity solutions. In Section 5, we
do some preliminary work for the nonlinear problem, constructing initial data, detailing the compatibility
conditions, and constructing solutions to the transport equation with high-regularity estimates. In Section 6,
we construct solutions to (1-4) through the use of iteration and contraction arguments, completing the
proof of Theorem 1.1.

Throughout the paper, we assume that N > 3 is an integer. We consider both the nonperiodic and
periodic cases simultaneously. When different analysis is needed for each case, we will indicate so.
Otherwise, the argument we write works in both cases.

2. Functional setting

Time-dependent function spaces. We begin our analysis of (1-7) by introducing some function spaces.
We write H*(Q2) and H*(Z) for the usual L2-based Sobolev spaces of either scalar or vector-valued

functions. Define 1 1
oH'(Q):={ueH (Q) |ulz, =0},

"H' Q) :={ue H(Q)|uls =0},
0H} () == {u e oH' (Q) | divu =0},

with the obvious restriction that the last space is for vector-valued functions only.

For our time-dependent function spaces, we will consider 1 as given with &, J, etc. determined by 5
via (1-3); in our subsequent analysis, 1 will always be sufficiently regular for all terms derived from 7 to
make sense. We define a time-dependent inner-product on L? = H" by introducing

(u, v)go :=/(u-v)](t)
Q

with corresponding norm ||u |50 := \/m. Then we write °(¢) := {||u|l40 < oo}. Similarly, we
define a time-dependent inner-product on oH ' (£2) according to

(M, U)%l = / (D&Q(,)u : Dsg(,)v).](t),
Q

and we define the corresponding norm by |||/t = / (&, u)g1. Then we define
9 (1) == {u | llullsp < oo, ulg, =0} and %(1) := {u € %' () | divyeu =0}. @2-1)
We will also need the orthogonal decomposition HO(1) = NY(r) ®Y(r)-, where

Y1)t = (Vane | ¢ € "HY(Q)}. (2-2)
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A further discussion of the space ¥(¢) can be found later in Remark 3.4. In our use of these norms and
spaces, we will often drop the (#) when there is no potential for confusion.
Finally, for T > 0 and k = 0, 1, we define inner products on L>([0, T']; H*(Q)) by

T
(u, U)%kr ::/0 (u(t), v(t)) g dt. (2-3)

Write ||u||s« for the corresponding norms and %"T for the corresponding spaces. We define the subspace
T
of divy-free vector fields as

X = {u € %IT | divg) u(r) = 0 for almost every ¢ € [0, T]}. 2-4)

A priori, we do not know that the spaces #*(¢) and %/} have the same topology as H* and L>H*,
respectively. This can be established under a smallness assumption on 7.

Lemma 2.1. There exists a universal gy > 0 such that if

sup [In(®)]l3 < €o, (2-5)
0<t<T
then
1
ﬁ”’fi”k < llullser < ~2ullx (2-6)
fork =0,1and forallt € [0, T). As a consequence, for k =0, 1,
S5l < Ml < 20l (2-7)

Proof. Consider ¢ € (O, l) with a precise value to be chosen later. It is straightforward to verify, using the
definitions in (1-3) along with Lemma A.8 in the nonperiodic case and Lemma A.10 in the periodic case,
that

sup{ |7 — Lz, [|Allz=. I Bllz} < Clinlls. (2-8)

Then we may choose ¢y = ¢/C such that the right side of (2-8) is bounded by €. Since K = 1/J, this

implies that
€

— o < -
IK =T~ < 5,

1
o < ——
1Kl <

and

=l < 38 et 1 <2V 4 Y22

In turn, this implies that

3e(l14+¢e)(2—¢)
[Tl llf — Al Lol + AL < 5 = g(e). (2-9)
(I—e)
Notice that g is a continuous, increasing function on (O, %) such that g(0) = 0. With the estimates (2-8)
and (2-9) in hand, we can show that if ¢ is chosen sufficiently small, then (2-6) and (2-7) hold.
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In the case k = 0, the estimate (2-6) follows directly from the estimate for J in (2-8):
3wz [wps [ s <ave [wp<z [k
2 Jg Q Q Q Q
To derive (2-6) when k = 1, we first rewrite

J|Dyul* = J||Du|2+/ J (Dgu 4 Du) : (Dygu — Dur). (2-10)
To estimate the last ter?n, we note thatQ| (Dyu £+ IDuszl < 2| £ 1||Vu|, which implies that

/ J(Dyu+ Du) : (Dyu — Du)
Q

§4||J||L°°||I_&d”LOO”I‘i‘Sd”LOO/|Vu|2
Q

< 4Cag(e) / Dul?, 2-11)
Q

where Cqg, is the constant in Korn’s inequality, Lemma A.13. We may then employ the bounds (2-8) and
(2-11) in (2-10) to estimate

fwhuﬁfzf J|Du|2—4cgg(e)/|mu|2z(1—e—4cgg<s))/|u3>u|2, (2-12)
Q Q Q Q

/I[I])&qulszf J|[Du|2+4CQg(8)/|[Du|2§(1+8+4C9g(8))/|[[])u|2. (2-13)
Q Q Q Q

Then (2-6) with £k = 1 follows from (2-12)—(2-13) by choosing & small enough so that ¢ +4Cgqg(e) < %
The estimates (2-7) follow by applying (2-6) for almost every ¢ € [0, T'], squaring, and integrating over
tel0,T]. O

Remark 2.2. Throughout the rest of this paper, we will assume that (2-5) is satisfied, so that (2-6)—(2-7)
hold.

Remark 2.3. Because of the bound (2-6) and the usual Korn inequality on 2, Lemma A.13, we have
a corresponding Korn-type inequality in %' (1) (defined in (2-1)): lltll9e0 < |luellgr- The standard trace
embedding H'(Q) < H'/?*(X) and (2-6) imply that ||ul| g2z, < lullse for all ¢ € [0, T]. Similarly,
given f € H'/2(X), we may construct an extension f € %' (¢) such that || fllser <11 fllg12cs)-

We now prove a result about the differentiability of norms in our time-dependent spaces.

Lemma 2.4. Suppose that u € .., du (%IT)*, where %IT is defined in (2-3). Then the mapping

t ||u(t)||§€0 © is absolutely continuous, and

LB = 260,u(0), u(0) ooy + fg ()07 (1) (2-14)
for almost every t € [0, T]. Moreover, u € CO([O, TI; HO(Q)). Ifve %L, 9,v e (%IT)* as well, then
%(u(t), v(t))g0 = (F,u(t), v(1)) gy + (O v (2), u(t)) gery + /Q u(t)-v(t)o;J(t). (2-15)

A similar result holds for u € 1 with o,u € (¥1)*.
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Proof. In light of Lemma 2.1, the time-dependent spaces #9., %1T, (%IT)* present no obstacle to the usual
method of approximation by temporally smooth functions via convolution. This allows us to argue as in
Theorem 3 in Section 5.9 of [Evans 2010] to deduce (2-14) and the continuity u € C 010, T1; HO(Q)).
The equality (2-15) follows by applying (2-14) to u + v and canceling terms by using (2-14) with u and
with v. O

Now we want to show the spaces o H 1(Q) and oHU1 (€2) are related to the spaces %!(r) and X(¢). To
this end, we define the matrix

K 00
M:=Mt)=KVd=| 0 K 0], (2-16)
AK BK 1

where A, B, and K are as defined in (1-3). Note that M is invertible, and M~ = J 4" . Since J # 0 and
0j(Jd;j) =0foreachi =1,2,3 (see Lemma A.3),

p=divyv <
Jp=Jdivgv=Jd;jd;jv; =;(Jsdijv) = d;(JATv); = 3;(M~'v); = div(Mv).  (2-17)

The matrix M (¢) induces a linear operator Jil; : u — M, (u) = M (t)u that possesses several nice properties,
the most important of which is that div-free vector fields are mapped to divy-free vector fields. We record
these now.

Proposition 2.5. For each t € [0, T1, M, is a bounded, linear isomorphism: from H*(Q) to H k) for
k=0,1,2; from L*() to ¥°(t); from o H' () to ¥'(t); and from ¢H} () to X(t). In each case the
norms of the operators M, A/L,_l are bounded by a constant times 1+ |[n(t) |9 2.

The mapping M given by Mu(t) := M,u(t) is a bounded, linear isomorphism: from L%([0, T]; HX ()
to L*([0, T1; HX(Q)) for k =0, 1, 2; from L*([0, T1; H*(R)) to #%; from L*([0, T1; oH'(Q)) to %L.;
and from L*([0, T1; OH; (RQ)) to Xr. In each case, the norms of the operators M and M~ are bounded
by a constant times the sum 1+ supg_, 7 [I1(t)l9/2-

Proof. For each t € [0, T], it is easy to see, using Lemma A.8 in the nonperiodic case and Lemma A.10
in the periodic case, that

IMalle S UM @Oz llulle S (17O ) lulle S (14 @) log2) lullk

for k = 0, 1, 2, which establishes that J(, is a bounded operator on H k. Since M(¢) is an invertible
matrix, A/L,_lv = M(@)"'v = JAT (t)v, which allows us to argue similarly to see that for k =0, 1, 2,
||‘/l/t,_lv||;< S+ [n@®lloy2)llv]lk. Hence M, is an isomorphism of HF to itself for k = 0, 1, 2. With this
fact in hand, Lemma 2.1 implies that .l, is an isomorphism of H°(2) to #°(¢) and of o H' () to %' (¢).

To prove that Jl, is an isomorphism of OH(} (2) to %(t), we must only establish that divu = 0 if and
only if divg(Mu) = 0. To see this, we appeal to (2-17) with p = 0 to see that 0 = divyq v if and only if
0 = div(M~'v). Hence, writing v = Mu, we see that divu = 0 if and only if divyg(Mu) = 0.

The mapping properties of the operator Jil on space-time functions may be established in a similar
manner. O
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Pressure as a Lagrange multiplier. It is well-known [Solonnikov and Skadilov 1973; Beale 1981;
Coutand and Shkoller 2007] that the space oH' () can be orthogonally decomposed as ¢ H'!(Q2) =
0H!(Q) ® R(Q), where R(Q) is the range of the operator Q : H(Q) — ¢H'(R), defined by the Riesz
representation theorem via the relation

/pdivu:/lD(Qp):[Du for all u € oH' ().
Q Q

We now wish to establish a similar decomposition for our spaces %(t) C #!(z). Unfortunately, the
mappings Jl;, while isomorphisms, are not isometries, so we cannot use the known result to decompose
%! (t). Instead, we must adapt the method of [Solonnikov and Skadilov 1973] to our time-dependent
context.

For p € #°(t), we define the functional 2, € (%' (r))* by 2;(v) = (p,divg v)go. By the Riesz
representation theorem, there exists a unique Q;p € %' (¢) such that 9, (v) = (Q, P, V) forall v e ¥ (t).
This defines a linear operator Q; : %°(t) — %' (r), which is bounded since we may take v = O, p to get
the bound

1Q: P50 = (Qip. QiP)aer = 2:(v) = (p. diveg V)0
< lIpllgeolldive vligeo < [Ipllgeollvllser = lIpllseo | Qe pllger,  (2-18)

so that || Q; pllser < |Ipllso- In the previous inequality, we have utilized the simple bound ||divg v]|g0 <
[lv]l5e1, which follows from the fact that divy v = tr(Dgu)/2. In a straightforward manner, we may also
define a bounded linear operator Q : ?6(% — %IT via the relation

(p, divag v}y = (Op, v)g,  forall v € ¥

Arguing as above, we can show that Q satisfies || Qpll%lT < p||%(} .
In order to study the range of Q, in #'(¢) and of Q in %), we will first need a lemma on the solvability
of the equation divyg v = p.

Lemma 2.6. Let p € #°(t). Then there exists a v € %' (t) such that divy v = p and

lollser < (14 1@ llog2) I lse0-

If instead p € Y., then there exists a v € %IT such that divyg v = p for almost every t € [0, T], and
[Vllzer S (14 supg<, <71 llo2) 1P ll50 -

Proof. Tt is established in the proof of Lemma 3.3 of [Beale 1981] that for any g € L*(2), the problem
divu = g admits a solution u € oH' () such that [[u]|; < |lg]lo. The result in [Beale 1981] concerns the
nonperiodic case, but its proof may be easily adapted to the periodic case as well. Choose g = Jp so that

lalf = [ 1aP = [ 1pPS? < 10 It =201
Q Q
Then by (2-17), we know that v =M (¢)u € %! (¢) satisfies divy v = p, and Proposition 2.5 implies that

lollge S (14 lIn@lo2) lulls < (14 IIn@llo2)llgllo S (1+ In@lloy2) I pllseo- (2-19)
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If p € %Y., then for almost every ¢ € [0, T, p(t) € #°(¢), so we may apply the above analysis to find
v(t) € %' (¢) such that divy v(r) = p(¢) and the bound (2-19) holds with v = v(¢) and p = p(¢). We may
then square both sides and integrate over ¢ € [0, T'] to deduce that

T T
||v||§€lr=/ I3 dr 5 (1+ sup ||n<z)||§/2)f Ip(®) 50 dt
0 0

0<t<T

S (14 sup In@1,,) 1012 -

0<t<T

With this lemma in hand, we can show that the range of Q,, R(Q;), is a closed subspace of #!(¢) and
that R(Q) is a closed subspace of %IT

Lemma 2.7. R(Q,) is closed in %' (t), and R(Q) is closed in %1T
Proof. For p € #°(¢), let v € %' (¢) be the solution to divy v = p provided by Lemma 2.6. Then
P50 = (p. diveg v)g0 = 2, (v) = (Q: p, V)3
<11Q:pliselvlize SUQipllser (14 @) los2) Il P llse0,

so that we get, using (2-18),

1Q:pllser < lIPllgeo S A+ 1@ Nlo/2) 1 Qs pller-
Hence R(Q,) is closed in %! (z). A similar analysis shows that R(Q) is closed in %lT U

Now we can perform the orthogonal decomposition of %' () and %!, defined by (2-1) and (2-3)
respectively.

Lemma 2.8. We have that ' (t) = %(t) ® R(Q,), that is, X(t)= = R(Q;). Also, ¥\. = %7 & R(Q), that
is, X7 = R(Q).

Proof. By Lemma 2.7, R(Q,) is a closed subspace of ¥!(¢), and so it suffices to prove the equality

R(Q)*: =%(1).
Let v € R(Q,)*. Then for all p € #°(r), we know that

/ pdivgvJ =2,(v) = (Q:p, v)gn =0,
Q

and hence divyg v = 0. This implies that R(Q)*T C%().
Now suppose that v € X(¢). Then divyg v = 0 implies that

O:/ pdiV&qUJZQt(U):(Qtp,U)%l
Q

for all p € #°(t). Hence v € R(Q;)*, and we see that X() € R(Q,)" .
A similar argument shows that %1T =%7r ® R(Q). O

This decomposition will eventually allow us to introduce the pressure function. This will be accom-
plished by use of the following result.
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Proposition 2.9. If A, € (¥'(t))* is such that A;(v) = O for all v € ¥(t), then there exists a unique

p() e %O (t) such that
(p(®),divg v)g0 = A;(v) forallv e %' (1)

and ||[p@)llge0 S (L+ I @) o) 1AL g1 (1))
IfA e (%IT)* is such that A(v) =0 for all v € X, then there exists a unique p € %(} such that

. . 1
(p,divy v)%(; =AW) forallve¥;

and || pllys. S (1+supo<y<r 11 llo/2) I All ey -

Proof. If A;(v) = 0 for all v € ¥(¢), then the Riesz representation theorem yields the existence of a
unique w € %(t)* such that A;(v) = (w, v)gp forall v € ¥ (1). By Lemma 2.8, w = Q, p(¢) for a unique
p(t) € #°(t). Then A, (v) = (Q; p(t), V)90 = (p(t), divg v)5o for all v € ¥ (). By Lemma 2.6, we may
find v(r) € #'(¢) such that divy v(t) = p(¢) and Jv(®) |50 < (1 + ln (@) llo/2) 1l p(2) l|50. Hence

1P 150 = (P@), diva v(D)) 40 = A (W) < [ Adll ety (1+ I llo2) | P 150,

and the desired estimate holds. A similar argument proves the result for A € (?}f})* such that A(v) =0
for all v e X7. O

3. Elliptic estimates

Preliminary estimates. In studying the elliptic problems in the rest of this section, we will utilize the fact
that the equations can be transformed into constant coefficient equations on the domain Q' = ®(2), where
® is defined by (1-1). In order to properly utilize this transformation, we must verify that composition
with & generates an isomorphism of H¥(Q) to H*(2). This type of result is standard (see the appendix
of [Bourguignon and Brezis 1974] for the case of a bounded domain, or of [Beale 1984, Lemma 5.2] and
[Sylvester 1990, Lemma 6.2] for the case of R"), but the precise form we need is not readily available in
the literature, so we record it now.

Lemma 3.1. Let V : Q — Q' be a C' diffeomorphism satisfying W € Hll;jl(SZ) and V¥ — I € HY(Q)
for an integer k > 3, as well as the estimate |1 —det VW || Lo < % Ifve H"(Q), thenvo ¥ € H™(Q)
form=0,1,...,k+1,and

lvoWlam@ S CUIVY = Il grey) vl am@) (3-1

Jor C(||VV — || gr(q)) a constant depending on |V — I || yr(q). Similarly, foru € H™(2), u o e
H™(Q) form=0,1,...,k+1, and

lu o W me@y S CUIVY = Tl ) el m - (3-2)

Let ¥’ = W(X) denote the upper boundary of Q. Ifve H" V2(Z) form =1,...,k — 1, then
voW € H" 2(%) and

lvo Wl gn1r2im) S CIVY = Il gr ) V1l 120 (3-3)
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Ifue H" V2(X) form=1,...,k—1,thenvo W~ € H" V2(X') and
-1
o W gn-ri2esry S C(IVW = Il ey ) el =123y - (3-4)

Proof. The proof of (3-1)—(3-2) is similar to the proofs of the results in [Bourguignon and Brezis 1974;
Beale 1984; Sylvester 1990] mentioned above, so we present only a sketch. We first prove that for
m € {0, 1, 2}, we have

lvo W@ < CUIVY = Il gke) Il Hm@)- (3-5)

Such a bound follows easily from the size of k, the Sobolev embeddings, and the bound on det V\W. We
then proceed inductively form =3, ..., k4 1. Suppose the bound (3-5) holds form =0, 1,2, ..., mg
for 2 < mg < k. To show that it holds for mg + 1, we write x for coordinates in €2 and y for coordinates
in Q" and note that

L o) = o) ) = P w4 0w (S ) - 1)
—I(o X)=_—60O X)r—X)=_—0O X — 0 X))\ ——\X) —1;; ).
0xi 0y, 0xi ay; dy ox; g

By the induction hypothesis, if v € H™0*!, then

v m .
—oWVeH™ forj=1,2,3,
ayj

and since we have the multiplicative embedding H™° - H ks H™o for my > 2 and k > 3, we deduce that

%(vo\ll) e H™ fori=1,2,3,
i

and hence that v o W € H™%! Moreover, an estimate of the form (3-5) holds. By induction, we deduce
that (3-1) holds. The result (3-2) follows similarly, utilizing the fact that V¥ ~!(y) = (VW) o w1 (y).
We now turn to the proof of (3-3)—(3-4). First note that since ¥ € Hllgjl, the usual Sobolev embeddings
imply that X’ is locally the graph of a C¥~1:1/2 function. Hence (see [Adams 1975]), there exists a
bounded extension operator E : H" 122"y > H™(Q') form =1, ...,k — 1 with the norm of the
operator depending on C(||VW — I || yx(g)). For v e H™1/2(%), let V = Ev e H™(Q'). By (3-1), we
have that V o W € H™(£2), and by the usual trace theory, voW =V o W[y € H™Y2(%). Moreover,

vo Wl gn-12cmy SV o Wllgmgy S CIVY — Il gy | Evll am
SC(IVY = Il gy 10l m-12¢57).

which is (3-3). The bound (3-4) follows similarly. ]

Remark 3.2. Itis easy to show, using Lemma A.10 in the periodic case and Lemma A.8 in the nonperiodic
case, that if ||77||i +1)2 is sufficiently small for £ > 3, then the mapping ® defined by (1-1) is a C I
diffeomorphism that satisfies the hypotheses of Lemma 3.1.

We will also need the following H~!/2 boundary estimates for functions satisfying u, divy u € #°(z).
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Lemma 3.3. Ifv € #°(t) and divy v € #°(¢), thenv-N € H™'/2(2), v-v e H~V2(Z}) (with v the unit
normal on Xp), and

- Nlla-12s) + v viig-12cs,) S llseo + 1dive vlse.

Proof. We will only prove the result on X; the result on X, may be derived in a similar manner, using the
fact that Js{v = v on X.

Letpe H 1/2(X) be a scalar function, and let ¢ €oH 1(©) be a bounded extension. If we define the
vector field w = @e, then a straightforward computation reveals that

2/|w¢|215||w||§€1 and ||w||§H1(Q)s4/|V¢|2,
Q Q

which, when combined with Lemma 2.1, implies that [|@ |50 + [| Va@llg0 S ll@ll g1/2(x)- Then

/gov-N:/ J&ﬁ,-jv,-cp(ej‘@):/ divgg(vg?))J:/ odivgvJ +v-VyeJ
z = Q Q
< 1@ll50 1 diveg vllze0 + [vllse0 | Vea@lleo S gl sy (v llseo + lldiveg vlle0).

The desired bound follows from this inequality by taking the supremum over all ¢, so that ||¢|| g1/2(x) < 1.
O

Remark 3.4. Recall the space Y(t) C %°(¢), defined by (2-2). It can be shown that if v € Y(¢), then
divg v = 0 in the weak sense, so that Lemma 3.3 implies that v - N' € H'2(Z)and v-ve H2(Z).
Moreover, since the elements of Y(¢) are orthogonal to each V4 for ¢ € OHY(Q), we find that v-v =0
on Xp.

The si-Stokes problem. In order to derive the regularity for our solutions to (1-7), we will first need to
study the regularity of the corresponding stationary problem

divyg Sy(p,u) =F' inQ,

diV&g u = F2 in Q,

. (3-6)
Sy (p,u)N =F- on X,
u=>0 on Xp.

In these equations, recall that we have written Sg(p, u) = (pI — Dgyu). Since this problem is stationary,
we will temporarily ignore the time dependence of 7, A, etc.

We are interested in the regularity theory for strong solutions to (3-6), but before discussing that, we
shall mention the weak formulation. Our method of solution is similar to that of [Solonnikov and Skadilov
1973; Beale 1981; Coutand and Shkoller 2007]; we utilize Proposition 2.9 to introduce p after first solving
a pressureless problem. Suppose Fle @YY, F2e¥#°, F3c HV/*>(2). We say (u, p) € ¥ x % is a
weak solution to (3-6) if divy u = F? almost everywhere in €2, and

T, v)g0 — (p, divg V)0 = (F', 0) gerye — (F7,v)_1p forallv e %', (3-7)
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where (-, - ) g1)- denotes the dual pairing in %' and (-, ), /2 denotes the dual pairing between H —12(%)
and H'/2().

Proposition 3.5. Suppose F' € (#')*, F? € #°, F?> € H™'/2(X). Then there exists a unique weak
solution (u, p) € #' x #° to (3-7).

Proof. By Lemma 2.6, there exists a it € %' such that divy & = F2. We may then switch unknowns to
w = u — u so that the weak formulation for w is divg w = 0 and

T(w, V)9 — (p, divg Vg0 = — 3, V)9 + (F', 0) gerye — (F,0) 12 forall v e ¥ (3-8)

To solve for w without p, we restrict the test functions to v € & so that the second term on the left
vanishes. A straightforward application of the Riesz representation theorem then provides a unique w € ¥
satisfying

Tw, v)gp = — 3@, V) + (F', v) ey — (F?,v)_1p forallve . (3-9)

To introduce the pressure, p, we define A € (#')* as the difference between the left and right sides
of (3-9). Then A(v) = 0 for all v € %, so by Proposition 2.9, there exists a unique p € #° satisfying
(p, divg v)50 = A(v) for all v € %', which is equivalent to (3-8). O
The regularity gain available for solutions to (3-6) is limited by the regularity of the coefficients of
the operators Ay, Vg, divg, and hence by the regularity of 5. In the next result, we establish the strong
solvability of (3-6) and present some elliptic estimates, but we do not yet seek the optimal regularity.
Lemma 3.6. Suppose that n € H**V/2(X) for k > 3 is as small as in Remark 3.2, so that the mapping
® defined by (1-1) is a C' diffeomorphism of Q to Q' = ®(Q). If F' € H'(Q), F? € H (Q), and
F3 e HY2(X), then the problem (3-6) admits a unique strong solution (u, p) € H*(Q) x H'(Q), that
is, (u, p) satisfy (3-6) almost everywhere in 2, X, and Xp. Moreover, forr =2, ...,k — 1, we have the
estimate
luelly + 1 pllr—1 S COD(IF 2+ I E et + 1F 1312, (3-10)

whenever the right-hand side is finite, where C(n) is a constant depending on ||||x41,2.

Proof. We transform the problem (3-6) to one on Q' = ®(2) by introducing the unknowns (v, ¢)
according tou =vo®, p =g o d. Then (v, g) should be solutions to the usual Stokes problem on

Q' = {=b(y1, y2) < y3 <n(y1, y2)} with upper boundary X" = {y3 = n}:
divS(g,v)=G'=Flo® ! in®,

divv=G?*=F?0 ! in €/,

(3-11)
S(g, N=G>*=F3od! on X/,
v=20 on Xp,

where we recall that S(g, v) = (¢ —Dv). Note that, according to Lemma 3.1, G! € H*(Q'), G> € H(Q)),
and G> € H'/2(X'). We claim that there exist unique v € H>(Q'), ¢ € H'(S'), solving problem (3-11)
with

vl 2y + gl m @y S COUIG I mo@y + 1G? i@y + 1G i) (3-12)
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for C(n) a constant depending on ||n||x+1/2. Let us assume for the moment that the claim is true; we first
show how (3-10) follows from the claim, and then turn to its proof.

To go from H? x H' to higher regularity, we appeal to the theory of elliptic systems with complementary
boundary conditions, developed in [Agmon et al. 1964]. It is well-known that the Stokes system (3-11) is
such an elliptic system. Theorem 10.5 of [Agmon et al. 1964] provides estimates in bounded domains,
but we may argue as in Lemma 3.3 of [Beale 1981] to transform the localized estimates into estimates
in all of ', provided that the boundary X’ is sufficiently smooth. In order for estimates of the form
(3-10) to hold for r =2, ..., k— 1, [Agmon et al. 1964] requires that 3’ be Ck=1 which is satisfied since
n e H/2(2) — ck~11/2(%). Hence, forr =2, ..., k—1,

Il @y + 111y S COIG g2y + 1G N a1y + 1G L3251 (3-13)

for C(n) a constant depending on ||9]|x+1/2, whenever the right side is finite.
We now transform back to Q2 with u = vo ®, p = g o ®. It is readily verified that (u, p) are strong
solutions of (3-6). Since & satisfies V® — I € H*, Lemma 3.1 and (3-13) imply that

lull, + 1pl—1 S COWF 2 + I F? -1 + 1 F1l—3/2)

forr =2, ..., k— 1, whenever the right side is finite. This is (3-10).

We now turn to the proof of the above claim, which employs ideas from [Beale 1981]. To demonstrate
the existence of H2 x H! solutions of (3-11), we first consider the special case in which G?>=0,G>=0,
and G' € HY(Q) is arbitrary. In this case, we may argue as in Lemma 3.3 of [Beale 1981] (which in turn
invokes [Solonnikov and Skadilov 1973]) to deduce the existence of a unique solution to (3-11) satisfying
(3-12) with G2 =0, G* = 0.

To handle the case of nonvanishing G? and G, we construct some special auxiliary functions that allow
us to reduce to the special case. First, there exists a v! € H>(Q)NoH (') such that divv' =G? e H(Q')
and

o'l 52y S NGy (3-14)

The existence of v! may be established as in Lemma 3.3 and Section 4 of [Beale 1981]. To deal with the
boundary term G?, we first need some projections. For a vector field X : ¥’ — R3, let us write IT1X for
the vector field, so that I[1X (y) is the orthogonal projection of X (y) onto the space of vectors orthogonal
to N'(y), and let us write TT- X (y) for the orthogonal projection onto the line generated by N(y). Our
second special function is v? € H*(Q') NoH! (') that satisfies T1(—Dv2N) = I1(G> + Dv'N) and

121 2y S COIG? + D' Wil giesn) S COIG* gy + 1G 1) (3-15)

The construction of v> may be carried out through a simple modification of the proof of Lemma 4.2 in
[Beale 1981], working in Sobolev spaces defined on €’ rather than Q' x (0, T'). The third special function
is ¢! € H'(Q') that satisfies ¢|x = [T+ (G> + Dv'N) and

g a1y S C(IG? + D' Nl giasy) S COIGP g1y + 1G sy (3-16)

The existence of ¢! follows from the usual trace and extension theory since G3+Dv'N e H/2(%).
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Now, with v!, v> and ¢' in hand, we reduce the solvability of (3-11) with the estimate (3-12) to the
special case discussed above. The construction of these special functions guarantees that w = v — v — 2,

Q =g — ¢ should satisfy

div S(Q, w) = G' +div(Dv' +Dv?) — Vg% € HY(Q) in Q/,

divw =0 in €/,
S(Q, w)N=0 on ¥/,
w=20 on Xp.

As above, there exist unique (w, Q) solving this so that
lwll a2y + 1911 @) S CN |G +divDv' +Dv®) = Va? | o - (3-17)

The existence of unique (v, ¢) solving (3-11) is immediate, and the estimate (3-12) follows by combining
(3-17) with (3-14)—(3-16), finishing the proof of the claim. U

It turns out that we can achieve a gain of somewhat more regularity than is mentioned in Lemma 3.6 by
making a smallness assumption on 1. The smallness allows us to view the problem (3-6) as a perturbation
of the Stokes problem on 2. For this problem there is no constraint to regularity gain since the coefficients
are constant and the boundary is smooth. This allows us to shift the constraint of regularity gain to the
regularity of 7 in H**1/2 rather than in C*~!. We note that although we require n € H**!/2, the smallness
assumption is written in terms of [|n]|x—1/2.

Proposition 3.7. Let k > 4 be an integer and suppose that n € H**'/2. There exists ey > 0 such that if
Inllk—1/2 < €0, then solutions to (3-6) satisfy

lull, + 1pll—1 < C(IF ez + IF =1 + 1 F1lr-3/2) (3-18)

forr =2, ..., k, whenever the right side is finite. Here C is a constant that does not depend on n.
In the case r = k + 1, solutions to (3-6) satisfy

Nt + 1Pk < COF et + 1F e+ 1F k-12) + Clinllisr2(IF 2+ 1 E2 15+ 1F3ls2). (3-19)

Proof. In the case that ¥ = R2, we let p € CCOO([R2) be such that supp(p) C B(0, 2) and p(x) =1 for
x € B(0, 1). For m € N, define n™ by Fn™ (&) = p(§/m)Fn(§), where F denotes the Fourier transform.
Clearly, for each m, n € H/(X) for all j > 0, and also " — 7 in H*12(%) (and in H*TV/2(%)
if n € H*1/2(X)) as m — oo. In the periodic case, we similarly define ™ by throwing away high
frequencies: %n™(n) = 0 for |n| > m. In this case, ™ has the same convergence properties as before.
Let s{™ and N™ be defined in terms of i according to (1-3). Initially, let &g be small enough that ™ is
as small as in Remark 3.2. This allows the mapping ®" defined by n” to be a C! diffeomorphism.

Consider the problem (3-6) with & and N replaced with /™ and N™. Since n"" € H k+5/12(%), we may
apply Lemma 3.6 to deduce the existence of a unique pair (#”, p™) that solve (3-6) (with o™, N*) and
that satisfy

™ 1+ 11p™ =1 S CUT™ lkws2) (1F 2 + I F o1 4+ 1 F 1l —3/2) (3-20)



308 YAN GUO AND IAN TICE

forr=2,..., k41, whenever the right-hand side is finite. We rewrite the equations (3-6) as a perturbation
of the usual Stokes equations on £2:

divS(p™, u™)=F'+G"" inQ,

divu™ = F2 4+ G*™ in Q,

. + L (3-21)
S(p",u™es=F>+G>™ on X,
u™ =0 on X,

where
G'" =divi_y Su(p™, u™) +div S;_a(p™, u™),

Gz’m = diVI_&q um,

G =S(p", u™)(e3 = N™) + Sr—a(p", u™ N
Suppose that |[™||x4+1/2 < 1, which implies that ||n™ ||£+1/2 < In"|lk41,2 for any £ > 1. This fact and a
straightforward calculation, using Lemma A.8 in the nonperiodic case and Lemma A.10 in the periodic

case, reveal that
1,
1G™ =2 < Clln™ lk=12(lle™ I + 1P 1 =1),

- " " (3-22)
G Nr—1 = Clin™ k=121l |,
and
1G> -3¢z < Cl™ k=12 (1™ =125y + 12" N mr=323:))
< Cln™ le=12(Ie™ - + 1 p" ll-—1) (3-23)
forr =2,...,k and a constant C > 0 independent of  and m. In the case r = k 4 1, a minor variant of

this argument shows that

G k1 + 1G> e + 1G> | 12z
< Cln™ lk=12(Iu" e + 1™ k) + Cln" N2 lu™ 172 (3-24)
for C independent of 1 and m. The key to this variant is that nowhere in the terms G*™ do there occur
products of the highest derivative count of both n™ and u™ (or p™). Note that the right sides of (3-22),
(3-23), and (3-24) are finite by virtue of the estimate (3-20).
Since the boundaries ¥ and ¥, are smooth and the problem (3-21) has constant coefficients, we may

argue as in Lemma 3.6, employing the elliptic estimates of [Agmon et al. 1964] as done in Lemma 3.3 of
[Beale 1981], to arrive at the estimate

™l + 1 p" =1 < C(IF" + G ™[, —a + |1 F2 4+ G*™ [t + |1 F? + G>™ [l,—32) (3-25)

forr =2,...,k+1 and for C > 0 independent of 1 and m. We may then combine (3-22)—(3-23) with
(3-25) to find that, if ||n™|lx—1/2 < 1, then

™1l + 11 p" =1 < CUIF =2 + 1 F* =1 + 1 F2[lr—3/2)
+ Cln™ =2 (™ 1 + 1™ r=1) + 81 Cl™ N1 2™ l72. (3-26)
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On the right side of (3-26), we have written §, x4 for the quantity that vanishes when r # k4 1 and is
unity when r =k + 1.
We now derive the estimate (3-18). Since n” — 75 in H*~!/2, we may assume that m is sufficiently
large that || [|x—1/2 < 2|Inllx—1/2. Then if
11y
Inllk—1/2 < mm{ﬁ, 5} =&0
for C > 0 the constant appearing on the right side of (3-26), the bound (3-26) may be rearranged to get
™ [l 4+ 1" =1 < 2C(1F =2+ 1 F 1+ 1 Fll-32) (3-27)

for r =2, ..., k when the right side is finite.

The bound (3-27) implies that the sequence {(u™, p™)} is uniformly bounded in H” x H"~!, so up to
the extraction of a subsequence, u™ — u® weakly in H"(2) and p™ — pP weakly in H” ~1(Q). Since
n" — n in H*1/2(%), we also have that 4" — s — 0, J™ —J — 0 in H*"1(Q), and N — N — 0 in
H*=3/2(%). We multiply the equation divy u™ = F? by J™w for w € C2°(R) to see that

/ szj'":f divw(u’")wﬂ":—/ u™ VymwJ™ — —f uo-vﬁszf divy ®wJ,
Q Q Q Q Q

from which we deduce that divy (u”) = F?. Then we multiply the first equation in (3-6) (with u™, etc.)
by wJ™ for w € oH'(S2) and integrate by parts to see that

f%D&qr»zum:Dﬂmem—pm divggm(w)J'”:/ F! -wJ”‘—/ F?w.
Q Q p)

Passing to the limit m — oo, we deduce that
/ %[D&guo : D&qu—podivsng =/ Fl-wJ—/ Fw,
Q Q p)

which reveals, upon integrating by parts again, that (1°, p®) satisfy (3-6). Since (u, p) are the unique
solutions to (3-6), we have that u = u®, p = p°. This, weak lower semicontinuity, and the bound (3-27)
imply (3-18).

Now we derive the estimate (3-19), supposing that F!' € H*=!, F? ¢ H* and F? € H*~!/2. The bound
(3-27) with r = 4 implies that

lu™la < 2C(I1F 2+ 1F2l3 + 1 F]ls/2) < oo. (3-28)

Since n™ — n in H**1/2, we are free to assume that m is sufficiently large that |0 [lx+1/2 < 2[17llk41/2-
Then if ||n|lx—1/2 < €0, we may use (3-26) and (3-28) to deduce that

™ st + 11 p™ Ik
<2C(I1F k=1 + 1 F? e + 1 F lk=12) +4CInlkse1 2(1F 2 + IF2 153 + 1 FPs2).  (3-29)

We may then argue as above to extract weak limits, show that the limits equal « and p, and then deduce
that the bound (3-29) holds with " and p™ replaced by u and p. This is (3-19). [l
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The si-Poisson problem. Next we consider the scalar elliptic problem
Agp=f! in Q,
p=f* on X, (3-30)
Vap-v=f> onX,,

where v is the outward-pointing normal on X;. We will eventually discuss the strong solvability of this

problem, but first we consider the weak formulation of the problem. We define a scalar %' in a natural
way through the norm

1£12 =/QJ|v&m2.

Note that «/§||f||§€, < | feillger < 2||f||§€1, where the middle term is the %' norm for vectors. Then
Lemma 2.1 shows that this scalar norm generates the same topology as the usual scalar H' norm.

For the weak formulation, we suppose f1 e "H'(Q))*, f2 e H'/2(%), and f3 e HY2(%,). Let
p € H'(Q) be an extension of f2 such that supp(p) C {—(infb)/2 < x3 < 0}. We switch unknowns to
g = p — p. Then we can define a weak formulation of (3-30) by finding a ¢ € °H' () such that

(@, )90 = — (P, @)t — (fL @)+ (>, 0)_12 forall g e "H(Q), (3-31)

where (-, - ) is the dual pairing with °H!(Q) and (-, -)_ 2 is the dual pairing with H'/2(X;). The
existence and uniqueness of a solution to (3-31) follow from standard arguments, and the resulting
p=q+ pe H(Q) satisfies

P15 S (W MGy + 1.2 W52y + 1 5 12s,))- (3-32)

In the event that the action of f! is given in a more specific fashion, we will rewrite the PDE (3-30)
to accommodate the structure of f!. To make this precise, suppose that the action of f! on an element
¢ € "H'(Q) is given by

(1 0= (80, )0 + (G, Vaag)yo

for (g0, G) € H(2; R) x HO(2; R®) with || goll§ + 1G5 = I/ ||foH1(Q))* (standard arguments show that

it is always possible to uniquely write f! in this way). Then (3-31) may be rewritten as

(Vap + G, Va@)go = —(80, @30 + (f, ¢)_12 forall p € "H'(Q).

We may take ¢ € C°(R2) in this equality and integrate by parts to see that divy(Vyp +G) = go € %0,
which allows us to deduce from Lemma 3.3 that (Vyp + G) - v € H~/2(Z}). This serves as motivation
for us to say that p is a weak solution to the PDE

divy(Vup +G) = go € H(Q),
p=fre HV*(D), (3-33)
(Vap+G)-v=f>e H ().

This way of writing the weak solution will be utilized later in Theorem 4.3. Note that when f! € HO(Q),
there is no need to make this distinction since then G =0 and f! = g.
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Our next result on this problem is the analogue of Lemma 3.6; it establishes the strong solvability of
(3-30) and some regularity.

Lemma 3.8. Suppose that n € H**V/2(X) for k > 3 is as small as in Remark 3.2, so that the mapping
& defined by (1-1) is a C' diffeomorphism of Q to Q' = ®(Q). If f' € HY(Q), f* € H¥*(%), and
f3 e HY2(Xy), then the problem (3-30) admits a unique strong solution p € H*(Q). Moreover, for
r=2,...,k—1, we have the estimate

Pl S COULF -2+ 12 12+ 1 lr—372), (3-34)
whenever the right-hand side is finite, where C(n) is a constant depending on ||n||i+1,2-

Proof. If f>2e H'~2(X) forr =2, ..., k—1, there exists a / € H" () such that ¥ |5 = f2, supp(y/) C
{—(infb)/2 < x3 <0}, and |||, < | £2Ilr—1/2. Writing p = g + 1, the problem (3-30) may be rewritten

~

for the unknown ¢ as
Agg=f'+g' inQ,
q=0 on X%, (3-35)
Vag-v=f>  onZ,

where g! = — Ay € H 2.

The problem (3-35) may be solved as in Lemma 3.6 by transforming to the domain ', where the
problem for Q =g o ®~! becomes AQ = (f' +g') o ®~! in ' with boundary conditions Q =0 on %’
and VQ -v = f3o® ! on X,. The existence of a unique solution to this problem is established in the
nonperiodic case in Lemma 2.8 of [Beale 1981], and estimates of the form (3-34) for Q hold by virtue
of the elliptic estimates in [Agmon et al. 1959], adapted to €’ as in [Beale 1981]. This method may be
adapted easily to the periodic case as well. Then the existence and uniqueness of a solution to (3-30)
satisfying (3-34) follows by transforming to ¢ = Q o ® on 2 for a solution to (3-35) and then applying
Lemma 3.1. U

Our next result is the analogue of Proposition 3.7 for the problem (3-30). For our purposes, we
only need a regularity gain up to k, and this is less important than the estimate in terms of a constant
independent of 7. Notice again that the smallness assumption is stated in H¥~1/2 even though we require
ne Hk+l/2.

Proposition 3.9. Let k > 4 be an integer and suppose that n € H*'/2. There exists ey > 0 such that, if
Inllk—1/2 < €0, then solutions to (3-30) satisfy

Il < COLF 2 + 12 12+ 1 l-372) (3-36)
forr=2,..., k, whenever the right side is finite. Here C is a constant that does not depend on .

Proof. The proof is similar to that of Proposition 3.7. We smooth 5 to get n”” and solve (3-30) with «
replaced with {"*. Then we rewrite the problem as a perturbation of the Poisson problem
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Aptn:fl+g1,m iIlQ,
pr = f? on X,
Vp™.v=f34+g>" on .

The constants in the elliptic estimates for this problem do not depend on 1™, and we may estimate g"*" in
terms of p™. Then if ||n|lx—1/2 < &o for some &g sufficiently small, we can absorb the highest Sobolev
norms on the right side of the elliptic estimate into the left side, and we deduce (3-36) for p™. Then we
pass to the limit m — oo. ]

4. Solving the time-dependent problem (1-7)

The weak solution. In our analysis of problem (1-7), we will employ two notions of solution: strong and
weak. The meaning of the former is standard, but the latter merits some explanation. The definition of a
weak solution to (1-7) is motivated by assuming the existence of a smooth solution to (1-7), multiplying
by Jv forv e ?}CIT integrating over 2 by parts, and then in time from O to 7 to see that

(D1, V)ge0 + s, Vg — (P, divag v)g0 = (F', Vg0, — (F, v)oz.1 (4-1)

for (F3, V)o.5. T = /OT f): F3 .. If we were to restrict our class of test functions to v € ¥7 (defined
by (2-4)), then the term (p, divy v)%(% would vanish above, and we would be left with a “pressureless”
formulation of the problem involving only the velocity field. This leads us to define a weak formulation
without the pressure.

Suppose that

Fe(@r)* and uge¥0),
where Y (0) is defined by (2-2). Then our definition of a weak solution requires that u satisfies

uecXr, du e (Xr)*,
(it Y)o+ 5, Yy = (F, ¥)s,  forevery ¢ € &y, (4-2)
u(0) = uo,

where (-, - ), denotes the dual pairing between (¥7)* and X¥7. Note that the third condition in (4-2)
makes sense in light of Lemma 2.4. Our weak formulation requires only that u € ®7, which means that
F € (X7)* is natural. Within the context of problem (1-7), the functional F is most naturally of the form
appearing on the right side of (4-1), and if F admits a representation of this form, we may say that a
solution to (4-2) is a weak solution of (1-7).

Since our aim is to construct solutions to (1-7) with high regularity, we will not need to directly
construct weak solutions to (4-2). Rather, weak solutions to problems of this type will arise as a byproduct
of our construction of strong solutions of (1-7). Hence, for our purposes, it will suffice to ignore the issue
of existence and only record a couple results on the properties of weak solutions.

We now record a result on some integral equalities and bounds satisfied by solutions of (4-2).
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Lemma 4.1. Suppose that u is a weak solution of (4-2). Then, for almost every t € [0, T],

1 2 1 [’ 2 1 2 = 1 ([’ 2
§||u(l‘)||ggo(t)+§/0 ||M(S)||%1(s)ds=§||M(0)||%o(0)+(F,M)(%,)*+§ ; Q|M(S)| 0, J(s)ds. (4-3)

Also
sup [|ue(1) 150, + lel3, < exp(ComT) (11O 1500y + 1 F it -)- (4-4)
T

0=<t=<
where Co(n) := supg<, <710 J K || L.

Proof. The identity (4-3) follows directly from (4-2) and Lemma 2.4 by using the test function ¢ =
uxo..] € ¥r, where xjo,,] is a temporal indicator function equal to unity on the interval [0, 7].
From (4-3) it is straightforward to derive the inequality

- Co(n)
SOy + 21l < 18O 500y + I F ey el + === o, (4-5)

where we have written .
2 2
i = [ W) s fork=0,1,

and similarly defined || F |, Inequality (4-5) and Cauchy’s inequality then imply that

= Co(n)
2Oy + 1l < 18O 500y + I F G,y + = lull- (4-6)
Then (4-4) follows from the differential inequality (4-6) and Gronwall’s lemma. O

We can now parlay the results of Lemma 4.1 into uniqueness results for weak solutions to (4-2).

Proposition 4.2. Weak solutions to (4-2) are unique.

Proof. If u' and u? are both weak solutions to (4-2), then w = u' — u? is a weak solution with F = 0 and

w(0) = u' (0) — u2(0) = 0. Then the bound (4-4) of Lemma 4.1 implies that w = 0; hence solutions to
(4-2) are unique. O

The strong solution. Now we turn to the construction of strong solutions to (1-7). We will assume that
the forcing functions satisfy

F'e L*(10, T1; H'() nC(10, T1; H()),
F?e L*([0, T]; H*(2))nC’([0, T; H'*(D)), 4-7)
0(F' = F) e L*(10, T1; (0H'(2))").
Here in the last line we mean that the weak time derivative of the functional v — (F!, V)90 — (F 3, V)o.x
(which is itself in L2([0, T1; (0cH'(2))*)) is in L2([0, T1; (¢cH'())*) — (%7)*. We also assume the
initial velocity ug € H?(2) N%(0).
The solution that we construct will satisfy (1-7) in the strong sense, but we will also show that D;u

satisfies an equation of the form (1-7) in the weak sense of (4-2). Here we define

Diu:=03u—Ru forR:=3MM™', (4-8)
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with M the matrix defined by (2-16). We employ the operator D, because it preserves the divy-free
condition. Before turning to the result, we define the quantity

Km) = sup (IInl52+ 18,115 ,5+ 19/ 1115)2)- (4-9)

0<t<T
We also define an orthogonal projection onto the tangent space of the surface {x3 = ng} according to
Mov = v — (v - No)No|No| (4-10)
for Ng = (—0a119, —0210, 1). By construction, [Topv = 0 if and only if v || Ny.

Theorem 4.3. Suppose that F', F3 satisfy (4-7), that ug € H>(2) N%(0), and that ug, F>(0) satisfy the
compatibility condition

Mo(F*(0) + Dy,uoNo) =0,  where No = (—d1m9, —32n0, 1), (4-11)

and Ty is the projection defined by (4-10). Further suppose that H(n) is less than the smaller of o from
Lemma 2.1 and &g from Proposition 3.7 (in particular, this requires X (1) < 1). Then there exists a unique
strong solution (u, p) to (1-7) such that

ue%rNC([0, T1; H*(Q))NL*([0, T1; H (),
du e CO[0, TT; HO())NL*([0, T); H'(Q), Due%r, 8/ue @), (4-12)
peC’([0, T1; H'(Q)) N L*([0, T1; H*(Q)).

The solution satisfies the estimate

100117 o 2+ 103 2575 + 1902417 o o + 190l 72510 + 1076l Gy e + UPI G0 g + 12117202
< (14 360) exp(CA+HT) (ol + 1 F O IF + 1 FA O o+ 1F 12
I gy + 10 (F! = FIy, ), (13)

where C is a constant independent of . The initial pressure, p(0) € H' (), is determined in terms of
uo, F1(0), F3(0) as the weak solution to

divgy (Vsgo p(0) — F1(0)) = — diveg, (R(0)ug) € HY(Q),
p(0) = (F3(0) 4 DyyuoNo) - NolNo| 72 € H'/2(E), (4-14)
(Vetop(0) — F1(0)) - v = Agyuo-v e HV2(Sy),

in the sense of (3-33). Also, D;u(0) = d,;u(0) — R(0)uyg satisfies
D;u(0) = Agyuo — Vg, p(0) + F'(0) = R(0)ug € M(0), (4-15)

where Y (0) is defined by (2-2).
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Moreover, D,u satisfies

8 (D) — Ay (Dju) +Vy(d,p) =D, F' + G inQ,

divg(D;u) =0 in 2,

(4-16)
Su(3;p, Da)N = 98, F3 + G3 ony,
Diu=0 on Xp,

in the weak sense of (4-2), where G is defined by
G'=—(R+3,JK)Ayu—Ru+ (3 JK + R+ R")Vyp +divy(Du(Ru) — RDyu + Dy, qu)
(RT denoting the matrix transpose of R), and G* by
G> =Dy (Ru)N — (pI — Dyu) 3N + Dy, quN.
More precisely, (4-16) holds in the weak sense of (4-2) in that
(O Dutt, )+ 3 it W)y, = (i (F' = F), ) = (@ Ru+ Ry, Y1)y
+@JKF ¥y — @ J KBy, ¥y — (p, diva(RY)) g

T
- % / / (37 KDyt : Dy + Dy gt : Dy + Dt : Dy ap) I (4-17)
0 JQ

for all y € ¥7. Here the inclusions (4-12) guarantee that G' and G> satisfy the same inclusions as
F', F3 listed in (4-7), whereas (4-14) guarantees that the initial data D;u(0) € ¥(0).
Finally, let

divy du = —8,54;;9;u; == F* € C°([0, T1; H'(2)) N L*([0, T1; H*()) N H' ([0, T1; H*(Q)).

Then for any 0 <s <t < T, we have the equality
1 t
318 (D) 150 = 313 150 = (P(0), FX )0 + (p(), F* ()0 + 5 f 18¢14 15
N

t t
=_%/ /(8IJK|D&gu:[D&ga,u+[D3,&qu:[D&ga,u+[D)54u:[I])3,5g8,u)J+[ (0, (F' = F?), d,u),
s JQ s

+f W JF" - du— 18,J19,ul* + pd,(J4;;)d;0,u; — pd,(JF?). (4-18)
Q

Proof. The result will be established by first solving a pressureless problem and then introducing the
pressure via Proposition 2.9. For the pressureless problem, we will make use of the Galerkin method. We
divide the proof into several steps.

Step 1: The Galerkin setup. In order to utilize the Galerkin method, we must first construct a countable
basis of H2($2) N%(¢) for each ¢ € [0, T]. Since the requirement divyg v = 0 is time-dependent, any basis
of this space must also be time-dependent. For each ¢ € [0, T'], the space H 2(Q)NX®) is separable, so
the existence of a countable basis is not an issue. The technical difficulty is that, in order for the basis to
be useful in the Galerkin method, we must be able to differentiate the basis elements in time, and we
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must be able to express these time derivatives in terms of finitely many basis elements. Fortunately, it is
possible to overcome this difficulty by employing the matrix M (¢), defined by (2-16).

Since H%(Q2) NoH} () is separable, it possesses a countable basis {wj}?il. Note that this basis is not
time-dependent. Define v/ =/ (¢) := M (¢)w’ for M (¢) defined by (2-16). According to Proposition 2.5,
Vi) e HX(Q) N%(t), and {y/ (1)}32, is a basis of H?(Q) N%(t) for each ¢ € [0, T]. Moreover,

ol (1) =MW =4 MM OMOw =FMOM ™ OV (1) == ROY D), (4-19)

which allows us to express d;v/ in terms of v/. For any integer m > 1, we define the finite-dimensional
space X, (1) := span{y' (), ..., ¥"™(t)} C H*(Q) NX(t), and we write P : H*(Q) — %, (t) for the
H2(Q) orthogonal projection onto ¥,, (). Clearly, for each v € H 2(Q) N%(t), we have that P'v — v as
m — oo.

The next ingredient needed for the Galerkin method is the orthogonal projection onto the tangent
space of the surface {x3 = n(0)}, [1y, defined by (4-10). This projection will be used to compensate for
the fact that our finite-dimensional Galerkin approximation of the initial data uy may fail to satisfy the
compatibility conditions (4-11).

Step 2: Solving the Galerkin problem. For our Galerkin problem, we will first construct a solution to the
pressureless problem as follows. For each m > 1, we define an approximate solution

u" (1) =al Oyl (1), witha] :[0,T]—> R for j=1,....m,

where as usual we use the Einstein convention of summation of the repeated index j. We want to choose
the coefficients a;" so that

@u™, Yo + 3™, Y)g = (F', ¥)g0 — (F7 = Tg(F*(0) + Do (PGuo)N0), ¥) 5 (4-20)

for each € &, (¢), where we have written (-, - )o x for the usual H 0(%) inner product, and where I1g
and P{ are defined in the previous step. We supplement Equation (4-20) with the initial condition

u™(0) = Pug € £, (0). (4-21)

Note that in (4-20), we have added the last projection term to compensate for the fact that 1 (0) may
not satisfy the compatibility condition (4-13). Appealing to (4-19), we find that d,u™ (¢) = c'zT OYI @)+
R(t)u™(t), and hence (4-20) is equivalent to the system of ODEs for a;.” given by

a0 +a (RO, Y g0 + 507, ¥ )90)
= (F', )30 — (F = To(F*(0) + Dygyu™ (01N, ¥¥) 5 (4-22)

for j,k=1,...,m. The m x m matrix with j, k entry (¥/, ¥/*)40 is invertible, the coefficients of the
linear system (4-22) are C' ([0, T), and the forcing term is C°([0, T']), so the usual well-posedness theory
of ODEs guarantees the existence of a;” e CY([0,T)),a unique solution to (4-22) that satisfies the initial
conditions induced by (4-21). This, in turn, provides the desired solution, u™, to (4-20)—(4-21). Since
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F', F3 satisfy (4-7), Equation (4-22) may be differentiated in time to see that actually a;." e ch(0, 1Y),
with a;." twice differentiable almost everywhere in [0, T'].

Note that throughout the rest of the proof, we use constants C and the symbol < with the assumption
that the constants do not depend on m.

Step 3: Energy estimates for u™. Since u™(t) € ¥,,,(t), we may use ¥ = u™ as a test function in (4-20).
Doing so, employing Remark 2.3, and using the fact that Iy is an orthogonal projection, we may derive
the bound

Bl B+ 51" s = CUF sl o = 5 [ 1" s
+Clu" g0 (1F 12y + [ F20) + Daggu™ O0No | ogy)- - 4-23)
We may then apply Cauchy’s inequality to (4-23) to find that
01" 1 + ™12 < €| F3(0) + Daggu™ )0 30,5,
+C(IF 150 + 1P I 305)) + Com3llu™ 150 (4-24)

for Co(n) := 1 +supy,<710;J K || L~. Note that since P is the H2() orthogonal projection, we may
use Lemma 2.1 to obtain the bound

lu™ (O)llge0 < 2[u™ (O)llo < 2/1u™ (0)ll2 = 2[|PG uoll2 < 2lluol2- (4-25)
Now we can apply Gronwall’s lemma to the differential inequality (4-24) and utilize (4-25) to deduce

energy estimates for u™:

2

2
sup flu™ [I50 + llu™ 15,

0<t<T

T
< sup " [P + / exp(Co(n)(T — ) " (5)[% ds
0

0<t<T
2
< exp(ConT) (| F*(0) + Dyt O)No [ oz, + luoll +1F 150 + 1F 172 502)-  (4-26)

Step 4: Estimate of ||0;u" (0)||50. We will eventually derive energy estimates for d,u” similar to those
derived in the previous step for u™, but first we must be able to estimate ||d;u" (0)||g0. If u € H 2 QN%X®),
¥ € %!, then an integration by parts reveals that

5, Y)ge = /Q —Agu-yJ +/ (DguN) -y = (=Agu, ¥)go + (DguN, ¥)o,x. (4-27)
)
Evaluating (4-20) at + = 0 and employing (4-27), we find that
(0™ (0), ) 30 = (Asto™ () + F1(0), ) 30 — (Mg (F(0) + Dgue™ (0)N0), %), (4-28)

for all ¥ € &,,(0), where we have written Hé = [ — Iy for the orthogonal projection onto the line
generated by Ng.
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For y € %,,(0), we must estimate the last term in (4-28) in terms of ||y ||50. This is possible due to the
appearance of Hé and Lemma 3.3. Indeed, we know that

N
Hé(F?’(O)—I-D&qOum(O)NO) — (F3(0) 'NO"‘D&Qoum(O)‘NO NO) |N0()|2’

which implies, since |N 0|2 > 1 and divy, ¥ =0, that
(Mg (F3(0) + D™ (0)N0), ¥) o 5| < INoI[ (Mg (F(0) + Dy ue™ (01N, %) 5|
= |(F>(0) - No + Dygoue™ (0)No - No, ¥ - o), 5 |
< ¥ - Noll 125y | (F? 0) + Diggit™ ©)No) - No) | 1125,

S CLm ¥ llseo | F2(0) + Digott™ ONo|| 11725 (4-29)
In the last inequality, we have used Lemmas 3.3 and A.1, and we have written Cy(n) := [|Noll¢c1(x).
By virtue of (4-19), we have that
du™ (1) — R(Du™ (1) = a7 ()Y (1) € L (1), (4-30)

so that ¢ = d,u™(0) — R(0)u"(0) € &,,(0) is a valid choice of a test function in (4-28). We plug this ¥
into (4-28), rearrange, and employ the bound (4-29) to see that

181 (0) 150 < I R(O)u™ (0) [l5011 4™ (0) I 50+ || 4™ (0) = R(O)t"™ (0) || o | At t™ (0)+F ' (0) [ 50

+ CCi(m) |91 (0) = RO)u" (0) || 0 | F3(0) 4 Dy u™ (0)No 4-31)

[ress

A simple computation and (4-25) imply that [|Agq,u™ (0)]l50 < ||5ﬁ0||2C, llugll2. This allows us to use
Cauchy’s inequality and (4-25) to derive from (4-31) the bound

2
19:™ ) 150 S C2m) (o3 + IF' O) 50 + [ F (0) + Dty u™ (00N | y1/25) (4-32)
for Cr(n) :=1+ ||R(O)||%oo + ||&40||2C1 + C1(n)?. This is our desired estimate of ||3;u" (0)]|4o.

Step 5: Energy estimates for 0,u™. We now turn to estimates for d,u™ of a similar form to those we
already derived for u™. Suppose for now that ¥ (t) = bT )y for b;" e CON[0, T, j=1,...,m;itis
easily verified, as in (4-30), that 9,4 — R(¢#){ € &,,(¢) as well. We now use this ¥ in (4-20), temporally
differentiate the resulting equation, and then subtract from the result Equation (4-20) with test function
0 — Rr; this eliminates the appearance of 9,1 and leaves us with the equality

(@7u", Y)as+ 3 @™, ) = (0, (F' = F2), )y, — (F? = To(F>(0) + D™ (0)No), RY), 5
+(F' QIK + R0 — (8™, 3 JK 4+ R)Y )0 — 3™, RY)g

- % / (0 KDgqu™ : Dty + Dy art™ : Dy + D™ : Do cap) J. - (4-33)
Q

According to (4-30) and the fact that a}" is twice differentiable almost everywhere, we may use
Y =0u"(t) — R(u"(t) € &, (¢) as a test function in (4-33). Plugging in this i and arguing as in the
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previous steps by employing Remark 2.3, Cauchy’s inequality, and trace embeddings, we may deduce
from (4-33) that

3 (519" 50 — (@u™, Ru™)gp0) + g119;2e™ 15
< CC3Iu" 50 + Co(m) (318:u™ 30 — @t , Ru™)ze0) + C(I1F 50 + 1F 1315,

+C|| F3(0) + Dty O)No | o ) + ClIE(F' = F) 3 (4-34)

2
||H0(E)

for Cy(n) as defined above and

C3(m):= sup [1+[IRIZ: + 19 RIF o0 + 19l o0 + (1+ stl|70) (1 + 13, T K 17 )]

0<t<T

x sup [1+IRII ]
0<t<T

Then (4-34), Gronwall’s lemma, and a further application of Cauchy’s inequality imply that

2 2
sup [19:u™ (|50 + 1 8:u™ |51
0<t<T T

Sexp (Co(T) (natu’"m)n;@ + Co() 4™ (0) 150
2
+ | F2(0) + Dot 00 No [ o sy + 1 F 50 + 1 F 22 + 18, (F' = F3>||%%T)*)

T
+C3(n)(sup ™ (15,0 + /0 exp(Com(T — ) [u"™ ()13, ds). (4-35)

0<t<T

Now we combine (4-35) with the estimates (4-25), (4-26), and (4-32) to deduce our energy estimates for

atum:

2 2
sup [[9:u™ 150 + 3™ (15,1
0<t<T T

< (C20m) + C3(m) exp(Com T (luoll3 + 1 F (0) 120 + | F3(0) + Dagy™ )0 | 3y0,5:,)
+exp(CoMDI[C3(I1F 30 + 1P 1720) + [0 (F' = FH[G,, ] @-36)

Step 6: Improved energy estimate for u™. We can now improve our energy estimates for u™ by using
Y =0,u™(t)— R(t)u"(t) € ¥,,(t) as a test function in (4-20). Plugging this in and rearranging yields the
equality

Oy ™ 150 + 118,™ 3,0
= @Qu", Ru")g0 + (™, Ru™)gp + (F', d,u™ — Ru"™ )30

D m|2
%) J. (437)

—(F?=TIo(F?(0)+Dy,u™ (0)No), du™ —Ru™), 2+% / <D&qum2D3t&gum+3t.}K
’ Q
We may then argue as before to use (4-37) to derive the inequality

1 2 2
O gl 150+ 118:u™ 1500

2
< C|| F(0)+Dutyu™ O)No | 125y FC (1F W50 I F U700 5)) +C (10 150 +C3 ) 1™ 51). - (4-38)
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We could regard (4-38) as a differential inequality for ||u™ ||§€l and apply Gronwall’s lemma as before, but
this is not necessary since we already control ||u" ||§€l and ||o,u™ ||§Cl . Indeed, we may simply integrate
(4-38) in time to deduce an improved energy estimate for u™: !

2

2
sup [lu™ I3 + ||3zum||%(;

0<t<T
<(c C Co(nT 2 L O[30 + | F3(0) 4+ Dy, u™ (0)No ||
S (C2(m) + C3(m) exp(Co(m T (luollz + 1F 1 (0) 150 + | F2 (0) + D™ (0) 0||H1/2(2))
2
+exp(ComD[C3 M (IF 10 + I1F2 I pp1) + [0 (F' + F) [, ] (4-39)
Step 7: Estimating terms in (4-36), (4-39). In order to use (4-36) and (4-39) as uniform bounds, we must

first remove the appearance of 1™ (0) on the right side of the estimates. For this we use Lemma A.2, the
embedding H*(Q2) < H?3/?(%), and the bound [|u" (0) ||, < |lug||> to find that

2
| 720 + Datgte™ OWNo | 1125y S Ca@D(1F> O 13155, + Nuol3) (4-40)

for Ca(n) := 1+ [Nol2 5, Itoll2,
We now seek to estimate the constants C;(n), i =0, ..., 4 in terms of the quantity ¥ (). A simple
computation shows that

Com) + (C2n) + C3() (14 Ca(m)) < sup 24 (I17l1%2, 19l gz, 1377 11%1), (4-41)

0<t<T

where 9 is a polynomial in three variables. According to Lemma A.8 in the nonperiodic case and
Lemma A.10 in the periodic case, we have the estimate ||8,]ﬁ||2Ck < ||8,J77||%+3/2 for j, k > 0. This, (4-41),
and the fact that J{(n) < 1 then imply that

Co(m) + (C2(n) + C3() (14 Ca(m)) < 21(K (), H(n), H(m) < C(1+H () (4-42)

for a constant C independent of 7.

Step 8: Passing to the limit. We now utilize the energy estimates (4-36) and (4-39) in conjunction with
(4-40) to pass to the limit m — oco. According to these energy estimates and Lemma 2.1, we have that
the sequence {u"} is uniformly bounded in L*°H Uand {9,u™)} is uniformly bounded in L*°H ONL*H'.

Up to the extraction of a subsequence, we then know that
u™ Xy weakly-% in L*H',  9,u™ X duin L°H°, and  8,u™ — d,u weakly in L?H".
By lower semicontinuity and (4-42), the energy estimates imply that the quantity
et 17 g1+ 1812117 o + 118221172 1

is bounded above by the right-hand side of (4-13).

Because of these convergence results, we can integrate (4-33) in time from O to 7 and send m — oo to
deduce that 3?u™ — 92u weakly in &%, with the action of 3*u on an element ¥ € ¥ defined by replacing
u™ with u everywhere in (4-33). From the equation resulting from passing to the limit in (4-33), it is
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straightforward to show that ||8t2u ||(2%T)* is bounded by the right-hand side of (4-13). This bound then
shows that 9,u € CYL2.

Step 9: The strong solution. Due to the convergence established in the last step, we may pass to the limit
in (4-20) for almost every ¢ € [0, T]. Since u™(0) — ug in H 2 and ug, F3(0) satisfy the compatibility

condition (4-11), we have
[ Mo (F3(0) + Datgte™ OWNO) | 125, = O-

In the limit, (4-20) implies that for almost every ¢,

@t Yy + 5, Yy = (F L )q0 — (F>, ¥)os  for every ¥ € 2(1). (4-43)

Now we introduce the pressure. Define the functional A, € (%¢'(¢))* so that A,(v) equals the difference
between the left and right sides of (4-43), with i replaced by v € %' (¢). Then A, (v) =0 for all v € %(¢t),
so by Proposition 2.9, there exists a unique p(f) € #°(¢) such that (p(t), divy V)g0 = A (v) for all
v € #'(¢). This is equivalent to

(B, V)90 + 2w, V)9t — (P, divig V)g0 = (F', v)g0 — (F>, v)g,z  foreveryv e ' (r).  (4-44)

For almost every t € [0, T], (u(¢), p(t)) is the unique weak solution to the elliptic problem (3-6)
in the sense of (3-7), with F! replaced by F'(t) — du(t), F> =0, and F3 replaced by F3(1). Since
FY(t) — 8,u(t) € H'(Q) and F3(t) € H'/2(X), Lemma 3.6 implies that this elliptic problem admits a
unique strong solution, which must coincide with the weak solution. We may then apply Proposition 3.7
and Lemma 2.1 for the bound

@17+ 1pON7-1 S (19O 5 + IF O + 1 FOll-325)) (4-45)

when r = 2,3. When r = 2, we take the supremum of (4-45) over t € [0, T], and when r = 3, we
integrate over [0, T']; the resulting inequalities imply that u € L°H>N L*H3 and p € L*H' N L?H?
with estimates as in (4-13). This, in turn, implies that (u, p) is a strong solution to (1-7).

Since we already know that u € L?*H? and d,u € L*H!, Lemma A .4 implies that u € CYH?2. Then since
F'—3,u € COH® and DyuN + F3? € COH'/2(%), we know that Vyp € C'H" and pE C'H'2(X) as
well, from which we see, via Poincaré’s inequality (Lemma A.12), that p € COH'. With these continuity
results established, we can compute p(0) and d,u(0). We start with the Dirichlet condition for p(0) on X,
the second equation in (4-14). Since p € C'HY (), u e C°H?(Q), and F3 € COH2(T), the boundary
condition Sg(p, u)N = F3, which holds in H'/2(Z) for each ¢ > 0, can be evaluated at = 0. Then the
Dirichlet condition for p(0) on X in (4-14) is easily deduced by solving Sy, (p(0), up)No=F 3(0) for p(0).

Now we derive the PDE satisfied by p(0) and compute d,u4(0). First note that for any ¢ € "H(Q),
we may integrate by parts and use the fact that divyg D;u =0 in Q and D,;u = 0 on X, to see that

(Dyu, Vg@)go = —(divyg Dyu, @)g0 + (Deu - N, )0,z = 0.
Then since (u, p) is a strong solution to (1-7), we have that

(Ru+Vap — Aqu—F', Vup).y = —(Du, Va@)yo =0 forall g € "H'(Q). (4-46)
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By the established continuity properties, we may set =0 in (4-46), and again integrate by parts to see that
(Ve p(0) — F1(0), Vit ®) 500 = — (= divagy (R(0)u0), ©) 50 + (Astylto - v, @) 12

for all ¢ € “H' (). This establishes that p(0) is the weak solution to (4-14). According to (3-32), we
then have p(0) € H'(2). This and (4-44) allow us to solve for d,u(0) as in (4-15), and then (4-46) implies
that 9,u(0) — R(0)ug € Y(0) since then D,u(0)L V)¢ for every ¢ € *"H(Q).

Step 10: The weak solution satisfied by D;u = o;u — Ru. Now we seek to use (4-33) to determine the
PDE satisfied by D;u. As mentioned above, we may integrate (4-33) in time from O to 7" and pass to
the limit m — oco. For any ¢ € ¥, we have Ry € %!, so that we may replace all of the terms Ry in
the resulting equation by using v = Ry in (4-44); this yields the equality

(07w, Y) 4 5Bt Y1
= (8(F' = F), 9), + @ JKF', ¥z — @I Ky, ¥y — (p, divaa (RY)) 9
_ % fOTfQ(atJKID&gu Dy + Dy u - Dy + Dggue - Dy, ) I (4-47)
for all ¢ € ¥r. Equation (4-17) follows directly from (4-47) via
(9%u, v)y = (3, Dyut, v)s + (Rdu, V)50 + (3 Ru, v) 0.

To justify that (4-17) implies (4-16), we will now perform some computations.
Lemma A.3 shows that —R7 N = 9, on X, so that we may integrate by parts for the equality

—(p. divai(R)) 30 = (R" Ve p. v)y — (PRN. v)12 = (R" Vi p, vy — (= P3N, v) 12, (4-48)

where R is the matrix transpose of R. Another integration by parts yields
1 (7
_if / (atJKI]])ﬂu:Dggv—kDa,&qu:[D&gv+|]]>&gu:|]]>3,&¢v)J
0 Jo

T
= —/ / (—RD&qu + Dat&gu) :VgvJ
0 Ja
= (divgg(—RD&qu + Dat&qu), v)%(% — (DyuoN + Dgt&quN, v),l/z. (4-49)
We may then combine (4-48)—(4-49) with the fact that D,u = d;,u — Ru € ¥ to deduce from (4-17) that
D,u is weak solutions of (4-16) in the sense of (4-2) with D,u(0) € Y(0) given by (4-15). Here, the fact

that G! and G? satisfy the same inclusions as F' and F? listed in (4-7) is easily established from the
above bounds on (u, p).

Step 11: Proof of (4-18). Let us now define the functional Jd,u — P € (H'(2))* via

(Jou— P, v) ::/ Jou-v—pJd;jdjv; forveoH (RQ).
Q

By our estimates on (u, p), we clearly have Jo,u — P € LZ([O, T1; (0H' (Q))*). Since (u, p) are a strong



LOCAL WELL-POSEDNESS OF THE VISCOUS SURFACE WAVE PROBLEM 323

solution, the equality (4-44) holds also for arbitrary v € o H'(2), which is equivalent to
(J0u = P, v) = =5, v)ge + (F', v)g0 = (F, v)o,x.

Then for any ¢ € C2°(R), we may compute the weak derivative via
T T
- / (Jou— P, v)g’ =~ / (=3, V)50 + (F1L v)g0 = (F2, 0)o,3) ¢’
0 0

T
=f @(=2@u, v)g0 + (3 (F' — F?), vy +UW)),
0
where we have written

AU(v) = (8,]KF1, V)50 — %/ (8,JK[D&gu (Dyv+ Dy, gu : Dgv+ Dgu : Dat&qv) J.
Q

Using this, we find that d,(Jd,u — P) € L*([0, T1; (0oH'(2))*) with

(0, (Ju — P),v)=(3,(F' — F?), v), +/ HJF v
Q

— (O, V)91 —%/ (0 KDggu : Dygv + Dy sque : Dy + D - Wy, qv) J.
Q

We may then use this and the inclusions (4-12) in conjunction with Lemma A.16 to deduce (4-18). [

Remark 4.4. Notice that the compatibility condition (4-11) was essential in achieving the d;u estimate
of Theorem 4.3.

Higher regularity. In order to state our higher regularity results for the problem (1-7), we must be able
to define the forcing terms and initial data for the problem that results from temporally differentiating
(1-7) several times. To this end, we first define some mappings. Given F VF3 v, q, we define the vector
fields &°, &! on Q and &> on X by

Qio(Fl,v,q):A&qv—V&gq+Fl—Rv,

6'(v,¢) = —(R+8,JK)Auv — 3, Rv+ (3, JK + R+ RT)Vaq
+divg(Dgy (Rv) — RDgv + Dy, 4v),

&3 (v, ) = Dy (RVIN — (g1 — D)3, N + Dy, v,

(4-50)

and we define the functions f! on , > on X, and §* on X} according to
fL(F', v) = divy(F' — Rv),
f2(F3,v) = (F3 +DguN) - NIN| 72, (4-51)
PFYL v) = (F'+ Ayv) - v.

In the definitions of &' and fi , we assume that of, N', R (recall that R is defined by (4-8)), etc. are evaluated
at the same ¢ as F', F3, v, g. These mappings allow us to define the forcing terms as follows. Write
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F10 = Fl and F30 = F3. When F!, F3, u, and p are sufficiently regular for the following to make
sense, we recursively define the vectors

j—1
FY =D P+ 8D u, o/ 7 p) = D] F' + Y ple! (DI u i p),
£=0

- (4-52)
-
F3 =3 F¥ 7 4+ &3 u, 0] py =0/ PP+ 0f6* (D] 1w o/ p)
=0
on €2 and ¥, respectively, for j =1, ...,2N. These are the forcing terms that appear when we apply j

temporal derivatives to (1-7) (see (4-74)).
Now we define various sums of norms of F!, F3, and n that will appear in our estimates. Define the

quantities
2N—-1 ) 2N )
S F) =Y 10 FMlegav—im + 107V FHll agm oy + D107 FP 12 gav—aime

j=0 j=0

2N—-1 ) )
+ Z ||8IJF1 | oo gan—2j—2 + ||3,J F3||L00H4N—2j—3/2, (4-53)

j=0

2N—1 ) )

Fo(F' F3) = > " 119] F'(O)llan—2j—2 + 110} F3(0) lan—2j-3/2.
j=0

For brevity, we will only write § for §(F L F3) and §, for Fo(F', F?) throughout the rest of this section.
Lemmas A.4 and 2.4 imply that if § < oo, then

3/ F' e CO(10, T]; H*¥=272(Q)) and 8/ F? e C°([0, T]; H*N~2732(x%))

for j =0,...,2N — 1. The same lemmas also imply that the sum of the L> H* norms in the definition
of § can be bounded by a constant that depends on T times the sum of the L> H**! norms. To avoid the
introduction of a constant that depends on 7', we will retain the L°° terms. For n, we define

2N+1
D) = 0l 2ggavere + 19l 2ggav-12 + Y 18] 0l 22,
2N ] =2
€)= lInllan + 18mllan—-1 + Z 18/ nllan—27+3/2; (4-54)
2N ) /=
E) ==Y 119/ nllepov-2i,  and K1) = E(n) + D),
j=0
as well as
2N )
Eo() := O3y + 19O Zy_1 + D _ 18/ 0O 3y _2;13/2- (4-55)

=2
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Again, Lemma A.4 implies that n € C°([0, T]; H*N (%)), d,n € C°([0, T1; H*¥~1(X)), and 8/n €

CO([0, T1; H*N=2i43/2(2)) for j =2, ..., 2N. Throughout the rest of this section, we will assume that

RK(), €o(n) < 1, which implies that 2(R(n)) < 1+ 8R(n) and 2(Ey(n)) < 1+ Eo(n) for any polynomial 2.

Note that H(n) < E(n) < R(n), where X (n) is defined by (4-9); also, we have that ||770||42”\,_1/2 < &y(n).
We now record an estimate of the F*/ in terms of §, (1) and certain norms of u, p.

Lemma 4.5. Form =1,...,2N — 1l and j = 1,...,m, the following estimates hold whenever the
right-hand sides are finite:

1jy2 3,712
| F ’]||L2Hzm—2j+1 + || F>/ I|L2H2m—2j+3/2
Jj—1 j—1
S (1+8m) <s+ D N0 ul G2 gam-ares + D 10{ 117 s g2y

£=0 =0
.2 2
+ || 8[ P ||L2H2111—2_/+2 + || 8[ p ||LocH2m—2j+l> 9 (4_56)

1,712 3,712
”F J ”LooHZm—Zj + || F J ||LooH2m—2j+1/2

Jj—1 Jj—1
S (1+8m) <s ) U0 Ul oo gram-iva + Y NBf PU oo gram-are ) (4-57)

=0 £=0
and
1, 3, 2
”8!(F "—F m)”LZ(OHl(Q))*
m—1
<(1 +ﬁ(n))(s+ D o N0full oo + 107wl G2 pgs + 1972117 20
=0

m—1
10 plgagp + D19 Pl ey + ||afp||iz,,,z). (4-58)
=0

Similarly, for j =1,...,2N —1,

IFY ) 3n—2j—2+ IF> O 3x_2j_3/2
j—1
< (14 €m) (so + D N10{uO) 15y o + ||afp<0>||iN_2e_1)- (4-59)
=0
Proof. The estimates follow from simple but lengthy computations, invoking standard arguments. For this
reason, we present only a sketch of how to derive the estimates (4-56) and (4-58). The estimates (4-57)
and (4-59) follow from similar arguments.

To derive the estimate (4-56), we use the definition of F1-/, F3.J given by (4-52) and expand all terms
using the Leibniz rule and the definition D, (given in (4-8)) to rewrite F’/ as a sum of products of two
terms: one involving products of various derivatives of 7, and one linear in derivatives of u, p, F', or F3.
For almost every ¢ € [0, T'], we then estimate the norm (H 2m=2j+1 and H¥m—2i+3/2, respectively) of the
resulting products by using the usual algebraic properties of Sobolev spaces (that is, Lemma A.1) in



326 YAN GUO AND IAN TICE

conjunction with the Sobolev embeddings. The resulting inequalities may then be integrated in time from
0 to T to find an inequality of the form

IE 032 oz 1113 2 pn2iiae S 2EM@ (M) Yoo + Y2), (4-60)

where 2.(-) is a polynomial,

2N—1 j—1
J 12 J 32 2.2 2
o= Y 07 FUF o ppan-asz 10 F2 G o gran-asosn + D N0 Ul o gram-jsa + 187 PU oo gram-2iin
j=0 =0
and
2N—-1
_ J 12 2N 112
= D 13 F a2 H 17N F U e
j=0
2N j—1
J 32 e 2 2
) 18 P13 2 paneasonn + D N0 ul 72 granais 197 Pl 2 an-asio-
j=0 £=0

Since K(n) < 1, we know that
2UEMA+Dm) S 1+ KM)),
and the bound (4-56) follows immediately from (4-60).

For the estimate (4-58), we first use the trivial bound

o, (Fb™ — F3m |8, F1™ 13+ 118, F>™ |13 (4-61)

Nezm@y <1

Then we appeal to (4-52) to note that 3, F'™ and d; F>™ involve at most m temporal derivatives of u and
p through the appearance of &!(D"u, 3 p) and &3(D!"u, 3" p). With this observation in hand, we may
argue as above to get the bound the right side of (4-61) by the right side of (4-58). ]

Next we record an estimate for the difference between d,v and D;v for a general v. The proof is similar
to that of Lemma 4.5, and is thus omitted.

Lemma 4.6. Ifk =0, ...,4N — 1 and v is sufficiently regular, then

2
|80 = Dyv| 2 S (1+ RO V1172 (4-62)
andifk=0,...,4N — 2, then
2
|80 = Do)y S (1+ 8 10117 0 e (4-63)
Ifm=1,...,2N -1, j=1,...,m, and v is sufficiently regular, then
. ] 1
H 3,] DJU H L2 j2m—2j+3 N 1 + ﬁ(77) Z ||81‘[v||%2[_]2m—2j+3 + ||afv||iooH2m—2j+2)7 (4-64)
=0
j—1
i i 2
18/ v = D/ v|) | w pyrnziie S (L+8&M) D 100117 00 pram-ssa- (4-65)

~
Il
o
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and

|0, D"v — a,erlv”ian +] 97 Do — 3" )| )"

m
<q +Fi(n))<z 18 V1172 1 + 18/ V1|7 e o + ||a,'"+1u||%%>*)~ (4-66)
=0

Also, if j =0, ...,2N and v is sufficiently regular, then
j—1
[8/0©) = D} v [3_y; S (14 €0m) D 13 vO) Iy o (4-67)
£=0

Now we record an estimate for the terms ®° and fi (defined in (4-50) and (4-51), respectively) that
will be used in computing initial data.

Lemma 4.7. Suppose that v, q, G', G* are evaluated at t = 0 and are sufficiently regular for the right
sides of the following estimates to make sense. For j =0,...,2N — 1, we have

2
||®0(G1’ ”"1)”41\772]'72

S (L 1InO 13y + 19m O 13y 1) (1 3y—2; + 19 13y—2j—1 +I1G I5y_2;-2)- (4-68)
If j=0,...,2N —2, then

2 2 2
[7'(G v ||4N—2j—3 + ||f2(G3’ v) ||4N—2j—3/2 + HfB(Gl’ v) ||4N—2j—5/2
S+ O 5n) (IG 3y 22 + I1G7 Gy —aj3p + IV]5y_2,)-  (4-69)

For j =2N — 1, if divy) v =0 in Q, then
IP@G 0}, + PG ]2, S 0+ O3 (IG B+ 1G313 2+ [0]3). (4-70)

Proof. The proof of the estimates (4-68) and (4-69) as well as the f2 estimate in (4-70) can be carried out as
in the proof Lemma 4.5. We omit further details. For the §* estimate of (4-70), we note that div () v = O
implies that divs ) As(yv = 0, so that Lemmas 3.3 and 2.1 provide the bound || Ayqyv - V|2 H-12(5y) S
1A Sg(o)l}” o- We may then argue as in Lemma 4.5 to derive the i bound.

Now we assume that ug € H*Y (Q), no € H*NT1/2(2), Fo < 0o (see (4-53) for the definition), and that
”’70”42t N—1/2 = Eo(n) <1 (defined in (4-55)) is sufficiently small for the hypothesis of Propositions 3.7 and
3.9 to hold when k = 4N. Npte, though, that we do not need ||770||ﬁ Nt1/2 tO be small. We will iteratively
construct the initial data D} u(0) for j =0, ...,2N and 9/ p(0) for j =0, ...,2N — 1. To do so, we
will first construct all but the highest-order data, and then we will state some compatibility conditions

for the data. These are necessary to construct D>V (0) and 8t2N -

p(0), and to construct high-regularity
solutions in Theorem 4.8.

We now turn to the construction of D,ju(O) for j=0,...,2N —1 and a,jp(O) for j=0,...,2N =2,
which will employ Lemma 4.7 in conjunction with estimates (4-59) of Lemma 4.5 and (4-67) of Lemma 4.6.

For j = 0, we write F1:%(0) = F1(0) € H*N=2, F30(0) = F3(0) € H*"=3/2, and Du(0) = up € H*".
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Suppose now that Flt e gaN-2t=2 p3.t ¢ gaN-26=3/2 apnq Dfu(O) € H*N =2 gre givenfor0 <{<je
[0, 2N —2]; we will define 3/ p(0) € H*N=2/~1 as well as D} "' u(0) € H*N-2/-2 FLi+1(Q) ¢ H4N-2/—4,
and F3/11(0) € H*N=2/=7/2 which allows us to define all of said data via iteration. By virtue of estimate
(4-69), we know that

£ =5 (F"0), D/u0) e HWN =23,

f2=F(F(0), DJu(0)) € HWN =273,
£ =FF"(0), D]u(0) € HN 22,

This allows us to define 8,j p(0) as the solution to (3-30) with this choice of f', f2, f3, and then
Proposition 3.9 with k = 4N and r = 4N —2j — 1 < k implies that 3/ p(0) € H*¥=2/=!. Now the
estimates (4-59), (4-67), and (4-68) allow us to define

D} "'u(0) := 8°(F"(0), D] u(0), 3/ p(0)) € H*N =272,
FY410) := D, F' (0) + &' (D] u(0), 8/ p(0)) € H*N =24,
F37710) := 8, F>1(0) + &*(D{u(0), 8/ p(0)) € H*N=277/2,

Using this analysis, we iteratively construct all of the desired data except for DtZN u(0) and 8,2N -1 p(0).

By construction, the initial data D,j u(0) and 8,j p(0) are determined in terms of uq as well as afF 1(0)
and 8f F3(0) for =0, ...,2N — 1. In order to use these in Theorem 4.3 and to construct D,2N u(0) and
8,2N ~1p(0), we must enforce compatibility conditions for j =0, ...,2N — 1. For such j, we say that the
Jj-th compatibility condition is satisfied if

{D{u(O) € %(0) N HX(Q),

Mo(F>7 (0) + Dy, D] u(0)No) = 0. “-71)

The construction of D/u(0) and 3/ p(0) ensures that D; u(0) € H2(R) and div., (D} u(0)) = 0, so the
condition D] u(0) € %(0) N H2() may be reduced to the condition D/ u(0)|x, = 0.

It remains only to define 8t2N “'p)e H' and D*Nu(0) € HO. According to the j =2N —1 compatibility
condition (4-71), divg, DEN _1u(0) = 0, which means that we can use estimate (4-70) of Lemma 4.7 to
see that f2 = f2(F32V=1(0), D?¥~'u(0)) € H'/? and f3 = P(F"2V-10), D* ~1u(0)) € H~1/2. We
also see from (4-71) that if we define the quantity go = — div,(R(0) DIZN ~14(0)), then gy € H. Then,
owing to the fact that G = —F12V—1 ¢ HO we can define 3>~ p(0) € H' as a weak solution to (3-30)
in the sense of (3-33) with this choice of 2, f3, go, and G. Then we define

DV u(0) = &°(F*¥10), DIV 'u(0), 97N p(0)) € H,
employing (4-68) for the inclusion in H°. In fact, the construction of a}N ~!p(0) guarantees that D*Nu(0) e
Y(0). Besides providing the inclusions above, the bounds (4-59), (4-69), (4-68) also imply the estimate

2N 2N—1
Y ID )y _a;+ Y 10 POy _aj—1 S (4 o) (Iluolly + Fo)- (4-72)
j=0 j=0

Owing to estimate (4-67), the bound (4-72) also holds, with af u(0) replacing D,j u(0) on the left.
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Before stating our result on higher regularity for solutions to problem (1-7), we define two quantities
associated to (u, p). Write

2N 2N—1
i 2 2N+1_,12 j 2
D, p) = Y N0 ullFappan-aer + 17V utllyy e + D 18] PG 2gyanas
j=0 j=0
2N 2N—1
. ) 4-73)
2 2
Eu, p) =Y 0] ull vz + D N3 Pl pran—i
j=0 j=0

R(u, p) =&, p) +D(u, p).

Theorem 4.8. Suppose that ug € H*N(Q), no € H*Vt1/2(2), § < oo, and that R(n) < 1 is sufficiently
small that H(n), defined by (4-9), satisfies the hypotheses of Theorem 4.3 and Proposition 3.9. Let
D] u(0) € H*N=21(Q) and ] p(0) € H*N=2i=" for j =0,...,2N — 1 along with D> u(0) € ¥(0), all
be determined as above in terms of ug and B,jFl 0), 8tj F3(0) for j =0,...,2N — 1. Suppose that for
j=0,...,2N — 1, the initial data satisfy the j-th compatibility condition (4-71).

There exists a universal constant Ty > 0 such that if 0 < T < Ty, then there exists a unique strong
solution (u, p) to (1-7) on [0, T] such that

8/u e CO[0, T1; H*VN=2/()) N L([0, T1; H*¥ =2+ (Q)) for j=0,...,2N,
3/ pec(lo, T1; H¥V =271 (@) nL3([0, T); H*N2(Q)) for j=0,...,2N —1,
PNt e r)*.
The pair (Dtj u, 8,j p) satisfies the PDE

3(Du) — Ay(D]u) +Vy @/ p)=F" inQ,

divy (D! u) =0 inQ,

T . (4-74)
Sq (@ p, D] w)N = F3J on %,
Dtju =0 on Xp,

in the strong sense with initial data (D,ju(O), Btjp(O))for j=0,...,2N — 1, and in the weak sense of
(4-2) with initial data DZZN u(0) € Y(0) for j = 2N. Here the vectors F'J and F3J are as defined by
(4-52). Moreover, the solution satisfies the estimate

Eu, p)+D(u, p) S (1+ & () + K0) exp(C(1+ EmNT) (lluollzy +Fo + T) (4-75)

for a constant C > 0, independent of n.

Proof. For notational convenience, throughout the proof we write

% = (14 () + K0p) exp(CA + €M) T) (luollzy + o + ).

Since the 0-th order compatibility condition (4-71) is satisfied and £(n) is small enough for () to
satisfy the hypotheses of Theorem 4.3, we may apply Theorem 4.3. It guarantees the existence of (u, p)



330 YAN GUO AND IAN TICE

satisfying the inclusions (4-12). The (D,j u, a,f p) are solutions in that (4-74) is satisfied in the strong
sense when j = 0 and in the weak sense when j = 1. Finally, the estimate (4-13) holds, but we may
replace its right-hand side by ¥ since K (n) < €(n) < K(1).

For an integer m > 0, let P, denote the proposition asserting the following three statements. First,
that (Dtj u, 8,j p) are solutions to (4-74) in the strong sense for j =0, ..., m and in the weak sense for
j =m+ 1. Second, that

3sz € LO° j2m=2j+2 ( [ 2 g2m=2j+3

for j=0,1,....,m+1, 8" u e (¥r)*, and

for j =0, 1,...,m. Third, that the estimate
m+1 ) )
N L] R L] R Al
j=0 m
+ 3 87 Pl gnarr + 8 Pl 2 yinie SE - (476)
j=0
holds.

The above analysis implies that Py holds. We claim that if P, holds for some m =0, ...,2N — 2,
then P, also holds. Once the claim is established, a finite induction implies that [®,, holds for all
m=0,...,2N — 1, which immediately implies all of the conclusions of the theorem. The rest of the
proof, which we divide into two steps, is dedicated to the proof of this claim.

Step 1: Applying Theorem 4.3. Suppose that P, holds for some m =0, ..., 2N —2. In order to prove that
the first assertion of [P, holds, we would like employ Theorem 4.3 to solve problem (1-7), with F!, F?
replaced by F!"+1, F3m+1 and with initial data D;”H 1(0). In order to do so, we must verify three things.
First, that the compatibility condition (4-11) is satisfied. This is guaranteed by the fact that D;"HM(O)
satisfies the (m + 1)-st order compatibility condition (4-71). Second, we need that F Lm+l e 121 and
F3m+l e L2 H3/2_ This follows directly from the estimate (4-56) in Lemma 4.5 and the bound (4-76)
provided by P,,. Third, we need that 3, (F!"+! — F3m+1y ¢ L2(H'(Q))*. Appealing to (4-58) in
Lemma 4.5, we encounter an obstacle, namely that we can use P, to control every term on the right-hand

side except for |8 u ||%2 et gt p||i2 o1~ However, we may trivially estimate
112 1,2 112 12
107" ulls oo + 10" T2 < T(107 el o g2 107 PUIS o 1)

and note that the term on the right would be controlled via (4-13) by formally applying Theorem 4.3 with
forcing terms F!+1 F3m+1 This suggests that we may employ an iteration argument in conjunction
with a small 7" assumption to get around our obstacle, and indeed this strategy works. Such an iteration
argument is fairly standard, so we will only provide a sketch.

First we consider an arbitrary pair (v, g) of sufficient regularity to make sense of

Fl,n’H—l — F],m+2(v,q) and F3,m+1 — F],m+2(v,q)
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via (4-52). Note that the forcing terms depend linearly on (v, g). From (4-56) and (4-58) of Lemma 4.5,
we have that

HFl’m—H(U’ q)”izHl + ” F3,m+1(v, q)|‘izH3/2

m m
< +ﬁ(n>)<s+2 10,07 25 + D 1001 gz + 10/ G117 22 + ||afq||iooH1>, (4-77)
=0 =0

[F " @ @) o + 1" 0, e
m m
<( +ﬁ<n>)<s+2 1 0 g+ ||afq||in1>, (4-78)
=0 £=0

and

m
|| o (F'"" (v, q) — F*™ (v, q)) ”22(0111(9))* S (1 +ﬁ(n)) <S+ Z “ atzv”iwm + ” va”izHg
£=0

m
So A PR ] PR B ] ||afq||iz,,2). (4-79)
=0

Now we let u° be the extension of the initial data Btj u), j=1,...,2N, given by Lemma A.5, and
we similarly let p® be the extension of 8/ p(0), j =1,...,2N — 1, given by Lemma A.6; by (4-72) and
the estimates given in the lemmas, they satisfy

2N - N1 -
20w apgonas 007 [ yonas + 2 N0 P [ aggonas + 187 PO e v
j=0 j=0

2N 2N—1
SO0 u@ gy, + D 18/ PO 3y, S (14 €o) (ol +Fo).  (4-80)
i=0 j=0

By combining (4-77)—(4-80), we find that F1"+1u0, p®) and F3"+1u0, p®) satisfy (4-7). Also, the
compatibility condition (4-11) with F> replaced by F3>"*1(u° p®) and ug replaced by D;"HM(O) is
satisfied by virtue of (4-71) since u° and p° achieve the initial data. We are then free to apply Theorem 4.3

to find (v', ¢') satisfying the conclusions of the theorem. In particular, if we abbreviate (1-7) as
P, q)=F=(F', F?), then

g(vl’ ql) — [Fm—i-l(uo’ pO) = (Fl,m—i-l(uo’ p())’ F3,m+2(u0’ pO))’
v1(0) = D" u(0), ¢'(0)=28"""p(0).

Let us write B (u, p) for the left-hand side of (4-13). Then (4-13), (4-59), (4-77), (4-79), and (4-80) imply
that

B, g") < (14 () + &) exp(CA+EM)T) (Iluolizy +Fo +F) S 2.
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Now, given a pair (v", g") satisfying B(v", ¢") < 0o, we define a corresponding pair (1", p") by
solving the linear ODEs

Dm-i—lun =", 8m+1 n—gn",

{ g . { oo P=a (4-81)

0/ u"(0) = 9/u(0) for j=0,...,m, 8] p"(0) =9/ p(0) forj=0,...,m.

Such solutions exist and are unique. Let us define Pi(v, g¢) by

R(v, q)
2 12 - €12 €. 12 e, 12 e 12
= HathvHLZHZ + oy qHL2H1 + Z |5 UHL2H3 + o UHLOOH2 + ”8tq”L2H2 + HatqHLwHI‘
=0
Then the solutions satisfy the estimate
m
Rw", p") S p(T)(1+KMm)) (Z |8/ @3+ 8/ pO]; + TB", q")), (4-82)
=0

where p(T) is a polynomial in 7. Note that the data norm terms on the right side of (4-82) are finite
because m <2N — 2.
We iteratively apply Theorem 4.3 to produce sequences {(v", ¢")}72 | and {(u", p")}72 , satisfying
éE(U”, qn) — n:m+l(un—l’ pn—l)’ (4 83)
v"(0) = D" 1u(0), ¢"(0)=9"""p(0)

and (4-81). Then
Swp(vn+l _ vn, qn+l . qn) — [Fm+1(un _ unfl’ pn _ pnfl)

" —v"(©0) =0, (¢"" —g"(0)=0.
Notice that the terms involving F Iand F3 cancel in F"H (u" — w1, p"— p"il), so from (4-77) and
(4-79), we have that
_ 102 i _ NP
||F1,m+1(un —u" 1, pl—p" 1)||L2H1 + ” F3,‘/(un —u" 1’ pl—p" 1)||L2H3/2
_ n— _ 112
+ H 8,(F1’m+](u” —u 1’ pn _ p1 l) _ F3,m+l(un —um 1’ pn _ pn 1))||L2(0H1(Q))*
< (1 —i—ﬁ(n))ﬂ‘i(u” —u" pt — p"il).
On the other hand, since every (u", p") satisfies the same initial conditions, a simple modification of
(4-82) implies that
R —u"!, p" = p" H SA+RO)TP(T)BO" ="' ¢" —¢" .
These two estimates, together with the estimate (4-13) of Theorem 4.3, then imply that

iB(Un—H _ vn’ qn+l _qn)
< (14 € () + &) exp(C(1+ EMT) Tp(T)B" —v" "', ¢" —¢"™).  (4-84)
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Then from (4-84), we find that there exists a universal Ty > 0 such that if 7 < Tp, then the sequence
{(v", ")}, converges to (v, ¢) in the norm /B(-, -), which in turn implies that {(u", p")}2°, con-
verges to (u, p) in the norm /9R(-, -).

Passing to the limit in (4-81) reveals that v = D,’"+1u and g = 8;"+1 p. We then pass to the limit in
(4-83) to see that

PO, 3" py =F" M (u, p).

Since P, already provides that (Dtj u, a,f p) are solutions to (4-74) in the strong sense for j =0, ..., m,
we deduce that the first assertion of [P, holds.
Theorem 4.3, together with the estimates (4-77), (4-79), and (4-76), then provides us with the estimate

BDu, 3" p) < (1+ () + K(m) exp(C (L + EM)T)
x (luollgy +So+T+Z+ 10" ull 7oy + 19" pll3a ). (4-85)

On the other hand, the estimate (4-65) of Lemma 4.6 implies that

I 12 12 12
lla"* Ol < T utllF oo g2 + 107" Pl e 1)

ST(|07 u = D] o+ 1D 2+ 18] pU )

2
u”LZHZ + ”

m

S T((l + &) S 18full o + B (D) atm+1p))
{=0
STE+BOM w37 p), (4-86)

where in the last inequality we have again used (4-76). Chaining together (4-85) and (4-86), we find that
we may further restrict the size of the universal constant 7y > 0 such that if 7 < Tj, then

B(D"u, 3" p) < (14 €o(n) + &) exp(C(L+EMNT) (lluolliy +TFo+F+%) S (4-87)

Step 2: Proving the second and third assertions. It remains to prove the second and third assertions of
P,u+1; they are intertwined and will be derived simultaneously. The estimates of the u terms in (4-87),
together with the estimates (4-64)—(4-66) of Lemma 4.6 and the estimate (4-76), imply that

1 2 2112 3112 1 2 2. 112
”atm+ M”L2H3 + ”a;’n-l- u”LZHl + ”a[m+ u”(%T)* + ”a;n—}- u”LooH2+ ||8[m+ u”LooHO

m+2 m+1
< +ﬁ(n))(2 191117 2 pyom—ares + ) ||afu||immmze+z) +2

£=0 £=0
S(1+Rm)E+% <% (4-88)
Hence
m+2 ) )
D 8wl o prasnaree + 187 13 2 praomenases + 107wl
j=m+1
m+1

J o2 J 2
+ D 10 PG gz 10 PG 2prnin-aer S%. - (4-89)
Jj=m+1
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Thus, in order to derive the estimate (4-76) with m replaced by m + 1, it suffices to prove that

m
o2 j 2
Z ”81‘ju”LooH2(m+l)—2j+2 + ||atjp||LooH2(m+l)—2j+l
j=0

m
2 j 2
D 10 ul G2 gamen-2iss 107 PUT2 gaomi 22 S % (4-90)

Jj=0

Once (4-90) is established, summing (4-89) and (4-90) implies that (4-76) holds with m replaced by
m + 1, which further implies that the second and third assertions of P, hold, so that then all of P,
holds.

In order to prove (4-90), we will use the elliptic regularity of Proposition 3.7 (with k = 4N) and an
iteration argument. As the first step, we must record estimates for the forcing terms. For these, we
combine (4-76) with the estimates (4-56) and (4-57) of Lemma 4.5 to see that

m—+1

E: 1,72 3,712 1,72 3,712
(” F J ||L2H2m—2j+3 + || F / ”L2H2m72j+7/2 + ” F J ||LO0H2m—2j+2 + || F J ”L00H2m72j+5/2)
j=1

m m
<a +ﬁ(n))(3+ D N0 Ul e gpancses + 10{ 1172 pyansess + YN0 PU oo gamesecs + ||afp||’iszmm)
£=0 =0

SA+RMEB+E) S (4-91)

The last inequality in (4-91) follows from the fact that (1) < 1 and the definition of %.
The estimates of D,’”+1u in (4-87), together with (4-76) and the estimates (4-62) and (4-63) of
Lemma 4.6, allow us to deduce that

18: D" ull} o o + 18, D172 5 S % (4-92)

Since (4-74) is satisfied in the strong sense for j = m, we may rearrange to find that for almost every
tel[0, T], (D", 9" p) solve the elliptic problem (3-6) with F ! replaced by F Lm_3, Di"u, F 2=0, and F?>
replaced by F>™. We may then apply Proposition 3.7 with » = 5 to deduce that the estimate (3-18) holds
for almost every ¢ € [0, T']; squaring this estimate and integrating over [0, 7'] then yields the inequality

2 2 1, 2 3,m |2
”D;n"t”Lsz'i‘”a;mP”LsztSHF m_atD;nuHLsz'i‘”F m||L2H7/2

SUFY™ 2, + 18D ull s s + IF" 12000 S &, (4-93)

where in the last inequality we have used (4-91) and (4-92). Similarly, we may apply Proposition 3.7
with r =4 to deduce

2
1D U7 oo gye + 107 PN opgs SNF" = 0D o + IF " ooy S & (4-94)
We may argue as before to deduce from (4-93) and (4-94) that

2 2
107" Ul Lo o + 10" ull 2 pys SE
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as well. This argument may be iterated to estimate a,f u, 8tj p for j =1,..., m; this yields the estimate

m
Jn2 J o2
D 00 12 o graimr-2is2 + 18] PI2 s a2
Jj=l m

o2 j 2
+ E ||8;”||L2H2(m+1)72j+3 + ||8tjp||L2H2(m+l)—2j+2 SE (4-95)
j=l1

We then apply Proposition 3.7 with r =2(m + 1) +2 < 4N to see that

2 2 1 2 32
||”||LooH2(m+1>+2 + ”p”LooHZ(m-H)-H SIF - 8t”||Loon(m+1) +IIF ||L:>oH2(m+1)+]/2
12 2 32
S ||F ||LO0H2(m+l) + ||8l‘u”LooH2(m+l) + ”F ||LocH2(m+l)+l/2 ,-S gza (4_96)

and then again with r =2(m + 1) +3 <4N + 1 to see that

2 2
Nl 72 gaonsnes + P72 o2
1 2 32 2 1 2 32
SIF - atullLZHZ(m+l)+l +IIF ||L2H2(m+1)+3/2 + ||77||L2H4N+1/2(||F — 0t joor + I F ||LocH5/2)

SUFN pamsnst + 1872 s + 1 130 amsniae + 8O GF +%) S Z. (4-97)

Summing (4-95)—(4-97) then gives (4-90), completing the proof. O

5. Preliminaries for the nonlinear problem

Forcing estimates. We want to eventually use our linear theory for the problem (1-7) in order to solve
the nonlinear problem (1-4). To do so, we define forcing terms F!, F> to be used in the linear theory that
match the terms in (1-4). That is, given u, n, we define

Flu,n)=0,71bKd3u —u-Vyu and F>(u,n) =nN=—nDn+ nes, (5-1)

where o, N, K are determined as usual by 7.

We will need to be able to estimate various norms of F'(u, n) and F3(u, n) in terms of the norms of u
and 7 that appear in £(n), €p(n), and K(u, p), defined by (4-54), (4-55), and (4-73), respectively. The
norms of the F' terms are contained in § and Fo, as defined by (4-53). We will actually need a slight
modification of K(u, p), which we define as

2N

Fon ) =Y 18] w2 pravayer + 197 Ul yan—ay (5-2)
Jj=0

Our estimates are the content of the following lemma.

Lemma 5.1. Suppose that R(n) < 1 and Koy (u) < 0o. Then

S(F'u,n), FPu,m) S[L+ T +8m]Em) + &) [fon @) + (Rony @)*] + (Fon @))>. (5-3)
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Proof. All terms in the definition of F'(u, ), F>(u, n) are quadratic or higher-order except the term ne;
in F3. Hence we may argue as in the proof of Lemma 4.5 to deduce the bound

S(F ', n), F?(u, n) — nez) < EmARM) + K1) (K1) + fon () + (Fon ())?) + (Rony @), (5-4)

Here the appearance of the term &(1)£(n) is due to the term nDn in F 3, while the appearance of Ky (w)?
is due to the term u - Vu that appears when we write

u-Vyqu=u-Vu+u-Vy_ju

in F!.
On the other hand, by definition, we have

2N—-1
§(0, nes) = Z ”az 77||L2H4N 212 Z [l 97 77”2&1_141\/72]'73/2
j=0 aN j=0
SA+T) D N0 1l e a2y = (L + TIE). (5-5)
j=0

Then, since F(X, Y + Z) <F(X, YY) +35(0, Z), we may combine (5-4) with (5-5) to deduce (5-3). O

Data estimates. In the construction of the initial data performed after Lemma 4.7, it was assumed that
3/1(0) for j =0,...,2N and 3/ F1(0), 3] F3(0) for j =0, ..., 2N — 1 were all known. Knowledge of
the former allowed us to compute R(0), g, No, etc. along with their temporal derivatives; these quantities
then served as coefficients in deriving the initial conditions for (u, p) and their temporal derivatives.
Since for the full nonlinear problem the function 7 is unknown and its evolution is coupled to that of u
and p, we must revise the construction of the data to include this coupling, assuming only that ug and ng
are given. This will also reveal the compatibility conditions that must be satisfied by u( and g in order
to solve the nonlinear problem (1-4). To this end, we first define the quantities

%o :=lluolzy + Inollzy and  Fo:= lnolliy11/2- (5-6)

For our estimates, we must also introduce the quantity

2N—-1

Cou, p) = Z||8’u<0>||4N )t Z 18/ PO 5y_s;_- (5-7)

j=0

We will also need a more exact enumeration of the terms in Ey(u, p), €y(n), and Fo (as defined in
(5-7), (4-55), and (4-53), respectively). For j =0, ...,2N — 1, we define

W(F . n), F3(u,n)): Z”agF (O)||4N 20— 2+||8EF3(0)”4N 20-3/2 (5-8)
£=0
and
&) = lInolldy + [ O3, 1+Z||a 000 3y _ss3/2 (5-9)

(=2
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with the sum in (5-9) only including the first term when j = 0 and only the first two terms when j = 1.

For j =0, we write @8(14, p) = ””0”4211\/’ and for j =1,...,2N we write
‘ j j-1
o, p) =Y 10{uO)l3y_o; + Y 13, POV Gyn_sj_y-
£=0 £=0

The following lemma records more refined versions of the estimates (4-59) and (4-67) as well as some
other related estimates that are useful in dealing with the initial data.

Lemma 5.2. For F'(u, n) and F>(u, n) defined by (5-1)and j =0, ...,2N — 1, we have
So(F . m. F¥u.m) < Pi(€)" (). €)(u. p) (5-10)

for P;(-,-) a polynomial such that P;(0,0) =0.
For j=1,...,2N — 1, let F1/(0) and F3J(0) be determined by (4-52) and (5-1), using 3/n(0),
Bfu(()), and Bf p(0) for appropriate values of £. Then

IFY O3y aj o+ IF* O3y _aj 32 < Pi (€5 (). €. p) (5-11)

for P;j(-,-) a polynomial such that P;(0,0) = 0.
For j=0,...,2N, we have

[8/160) = D}u ) [3,_,, < P (€0, € (w, p) (5-12)

for P;(-,-) apolynomial such that P;(0,0) =0.
Forj=1,...,2N — 1, we have

J .
3 (é )afN(O) /U (0)

£=0

< Pi(&)(n), €)(u, p))

H4N—2j+3/2(2)

for P;(-,-) a polynomial such that P;(0, 0) = 0. Also,

o - Noll Fpav-i sy S luolliy (1+ Inolly)- (5-13)

Proof. These bounds may be derived by arguing as in the proof of Lemma 4.5, so again we omit the
details. O

This lemma allows us to modify the construction presented after Lemma 4.7 to construct all of the
initial data 8; u(0), 3/ 7(0) for j =0, ..., 2N and 8/ p(0) for j =0, ..., 2N — 1. Along the way, we will
also derive estimates of Ey(u, p) + Eo(n) in terms of €y and determine the compatibility conditions for
ug, no necessary for existence of solutions to (1-4).

We assume that ug, ng satisfy &g < oo and that ||n0||iN_ 12 = €o < 1 is sufficiently small for the
hypothesis of Proposition 3.9 to hold when k =4N. As before, we will iteratively construct the initial
data, but this time we will use the estimates in Lemma 5.2.
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Step 1. Define 0,17(0) = ug - No, where ug € H*N=1/2(%) when traced onto ¥, and Ny is determined in
terms of 7g. Estimate (5-13) implies that ||8,17(0)||‘2”\,_1 < €0, and hence that Qfg(u, p)+ Qfg)(n) < €o. We
may use this bound in (5-10) with j = 0 to find that

FO(F w, ), F3(u, ) < Po(€L(n), €3(u, p)) < P(&)

for a polynomial P(-) such that P(0) = 0. Note that in this estimate and in the estimates below, we
employ a convention with polynomials of € similar to the one we employ with constants: they are
allowed to change from line to line, but they always satisfy P(0) = 0.

Step 2: Iterative definition of B,j p(0), 8/ Hu(O), and B,j +217(0), for 0 < j <2N-2. Now suppose, for
given j € [0, 2N — 2], that 3fu(0) is known for £ =0, ..., j, 3!n(0) is known for £ =0, ..., j + 1, and
af p(0) is known for £ =0, ..., j — 1 (with the understanding that nothing is known of p(0) when j = 0),
and that

&, p)+ € ) +F)(F . m), FPu, ) < P(€o). (5-14)
According to the estimates (5-11) and (5-12), we then know that
[FY O oy s+ | O3y ap + [ DIy, < PE0). (5-15)
By virtue of estimates (4-69) and (5-14), we know that
[ (F"7 ). D] 3y ;5 + [P F 0. DIuO) 3 5, 55
+PFN ), DIuO) 3y _s;50 < P(E0). (5-16)

This allows us to define ag’ p(0) as the solution to (3-30) with f!, f2, f3 given by f!, {2, *. Then
Proposition 3.9 with k =4N and r =4N —2j — 1 < k implies that
|6/ PO 3y_s;_, < P(E0). (5-17)
Now the estimates (4-68), (5-14), and (5-15) allow us to define
D} 'u(0) := 8°(F14(0), D] u(0), 9/ p(0)) € H*N =272, (5-18)

and owing to (5-12), we have the estimate

|| 8/ u(0) ||42¥N—2(j+1) = P(%o). (5-19)

Now we define 3/ 72 (0) = é:é (f,) AEN(0) - 3/ 74(0). The estimate (5-13), together with (5-14) and
(5-19), then imply that

< P(%). (5-20)

2 2
|| atJ+ 1(0) ||4N—2(j+2)+3/2 =

We may combine (5-14) with (5-17)—(5-20) to deduce that

& w, p)+ € (m) < P(€o):;
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but then (5-10) implies that géH(Fl(u, n), F3(u, n)) < P(€) as well, and we deduce that the bound
(5-14) also holds with j replaced by j + 1.
Using the above analysis, we may iterate from j =0, ...,2N — 2 to deduce that

€V )+ €N+ F T (F @), FPum) < P(&o). 62D

Step 3: Definition of a}N ~“1p(0) and D,2N u(0). After this iteration, it remains only to define 8,2N “1p0)
and DIZN #(0). In order to do this, we must first impose the compatibility conditions on ug and 9. These
are the same as in (4-71), but because now the temporal derivatives of n have been constructed as well,
we restate them in a slightly different way. Let 8/ u(0), F'-/ (0), F3J(0) for j =0, ...,2N — 1, 3/ 5(0)
for j =0,...,2N, and atjp(O) for j =0,...,2N —2 be constructed in terms of 1, ug as above. Let I
be the projection defined in terms of 7g as in (4-10) and D; be the operator defined by (4-8). We say that
uo, no satisfy the (2V)-th order compatibility conditions if

divy, (D] u(0)) =0 in Q,
D/u©)=0 on %y, (5-22)
Mo(F37(0) + Dy, D] u(0)No) =0 on X,

for j =0,...,2N — 1. Note that if ug, o satisfy (5-22), then the j-th order compatibility condition
(4-71) is satisfied for j =0, ...,2N — 1.

Now we define 8,2N -1 p(0) and DIZN u(0). We use the compatibility conditions (5-22) and argue as
above and in the derivation of (4-70) in Lemma 4.7 to estimate

|32V =10, DV tuO) [, + [P FN10), DY u o)) |2, < P& (5-23)

and
| FL2N=10) |2+ || dives, (RO)DZY"u(0)) | < P (60). (5-24)

‘We then define a}N -1 p(0) € H' as a weak solution to (3-30) in the sense of (3-33) with this choice of
2= 2 =7, g0 = —divy, (RO)D* ~'u(0)), and G = — F"?N=1(0). The estimate (3-32), when
combined with (5-23)—(5-24), allows us to deduce that

192V pO) > < P(60). (5-25)

Then we set DV u(0) = &°(F2V=1(0), DN ~'u(0), 37" ~' p(0)), using (4-68) to see that D> € HO.

In fact, the construction of B,ZN - p(0) guarantees that thzv u(0) € Y(0). Arguing as before, we also have
the estimate

|02V u() |2 < P(60). (5-26)

This completes the construction of the initial data, but we will record a form of the estimates (5-21),
(5-25)—(5-26) in the following proposition.

Proposition 5.3. Suppose that ug, ng satisfy %o < oo and that €y < 1 is sufficiently small for the
hypothesis of Proposition 3.9 to hold when k = 4N. Let 3 u(0), 3/ n(0) for j =0, ...,2N and 3, p(0)
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for j=0,...,2N — 1 be given as above. Then
€0 < €o(u, p) + €o(n) < €. (5-27)

Proof. The first inequality in (5-27) is trivial. Summing (5-21) and (5-25)—(5-26) yields the estimate
Eo(u, p)+E&y(n) < P(€p) for a polynomial P satisfying P (0) =0. Since €y < 1, we have that P () <€,
and the last inequality in (5-27) follows directly. (I

Transport problem. Thus far we have considered solving for (u, p), given . Now we discuss how to
solve for 1, given u (more precisely, its trace on ). We do so by considering the transport problem

{8,;7+u181n+1/123277=”3 in %, (5-28)

n(0) = no.
We now state a well-posedness theory for (5-28) involving the quantities €g, %o, Kon (1), K(1) as
defined by (5-6), (5-2), (4-54), respectively. We will also need one more quantity, which we write as

. 2
Fm) = ln ||LooH4N+l/2~

Theorem 5.4. Suppose that ug, no satisfy Fo < oo and that €g(n) < 1 is sufficiently small for the
hypothesis of Proposition 3.9 to hold when k = 4N. Let 8,j n(0), 8tj u(0) for j =1,...,2N be defined
in terms of ug, no as in Section 5 and suppose that u satisfies Kyn(u) < 1 and achieves the initial
conditions 8tju(0) for j =0,...,2N. Then the problem (5-28) admits a unique solution n that satisfies
F(n) + R(n) < oo and achieves the initial data aijr](O) for j =0,...,2N. Moreover, there exists a
0<T<l, depending on N, such that if 0 < T < T min{l, 1/%g}, then we have the estimates

F) SFo+ TRy (u), (5-29)
E(n) 6o+ T Ran(u), (5-30)
En) < E(m) + Koy ) (1 + €M), (5-31)
D) <€+ THFo+ Koy (u). (5-32)

Proof. The proof proceeds through four steps. We first establish the solvability of problem (5-28), then
we establish the L>° H* estimates needed to bound (1) and @(n) as in (5-30) and (5-31), and then we
handle the L* H* estimates for the terms in D (1) to derive (5-32). Summing the bounds (5-31) and (5-32)
shows that £(n) = €(1)) + D (1) < oo.

Step 1: Solving the transport equation. The assumptions on u imply, via trace theory, that
we L*([0, T1; HVF2(3)),

which allows us to employ the a priori estimates for solutions of the transport equation derived in [Danchin
2005a] (more specifically, Proposition 2.1 with p=py,=r=2,0 =4N + %). Although the well-posedness
of (5-28) is not proved in [Danchin 2005a], it can be deduced from the a priori estimates in a standard
way; full details are provided in Theorem 3.3.1 of [Danchin 2005b]. The result is that (5-28) admits a
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unique solution n € CcO([0, T1; H*N*1/2(%)) with (0) = 5o that satisfies the estimate

T T
71| oo gan+12 < €Xp (C/ [ ()]l HANT1/2(x) dt) (\/ Fo+ f lus ()| HAN+L/2(3) dt) (5-33)
0 0

for C > 0. By trace theory, we have |[u(2) gav+1/2(x) < V/Ron (u), so that the Cauchy—Schwarz inequality
implies C fOT”I/t(t)||H4N+1/2(2) dt < T/Ron W) < /T, and hence that

T
exp(C/ ||u(l)”H4N+l/2(2) dt) <2 (5-34)
0

for T < T with T < 1 sufficiently small. We deduce from (5-33) and (5-34) that

VFm) <2(vFo+ T Ranw) ), (5-35)

from which (5-29) easily follows.

Step 2: Bounding &(n). Proposition 2.1 of [Danchin 2005a] also implies the a priori estimate

T T
71l Loo gan < CXP(C/ lu @)l gav+ir2(sy df) <||770||4N +f lus || g sy df)
0 0

S (V& +VTRaww)), (5-36)

where we have used the smallness of 7, trace theory, and Cauchy—Schwarz as above. Since 9,7 satisfies
on =u3— Dn-u and KRyy (1) < oo, we know that 9,7 is temporally differentiable and satisfies

0;(0;m) +u - D(9;n) = 0,uz — du - Dn

with initial condition 9;1(0) = uq - N9, which matches the initial data constructed in terms of ug, ng. We
may again apply Proposition 2.1 of [Danchin 2005a] and then use (5-36) to find

T
190l oo gran—2 < 2(||3ﬂ7(0)||4N2 +/ 10ru3ll gran-2(xy + [ 9rut - D77||H4N—2(2))
0
T

S8 O llan—2 4 (14 171l oo gran—1) | Bl
SV + VT Ran ) (1+ [l g prov-1)

SVEm) + VT Ron ) (1+ E () + /T Ran () )
S P(VeE ). VT Ranw))

for a polynomial P(-, -) with P(0,0) =0. A straightforward modification of this argument allows us to

iterate to obtain, for j =1, ..., 2N, the estimate

18/ 1ll oo rov—2i < P (v/€0(n). /T Ran () ) (5-37)

for P(-,-) a polynomial with P(0,0) = 0. We also find that the initial data a[ n(0) is achieved for
j=0,...,2N. Squaring (5-36) and (5-37) and summing, we then deduce that () < P(&y(n), T Kon (1))
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for another polynomial with P (0, 0) = 0. Since Ey(n) <1 and T Koy (1) < T Ron(u) < 1, we then have
€(m) < Eo(n) + T Koy (u), (5-38)

which yields (5-30) when combined with Proposition 5.3.

Step 3: Bounding &(n). We can improve the estimates for B,j n, j=1,...,2N by using the equation
o = u3z — Dn - u directly. Indeed,

101z -1 S Nl panan gy + 107wy S Nulliy A+ Imll3y) S fav @ (1 +EMm)). (5-39)

For higher-order temporal derivatives, we simply apply 8,j ~! with j=2,...,2N—-1todn=uz—Dn-u
and argue as above to find that

10/ 0113y ;4372 S Ran W) (1+ E(n)). (5-40)
Then (5-31) follows by summing (5-39), (5-40), and the trivial estimate ”77”42& N = €mn).

Step 4: Bounding ®(n). Now we control the terms in 2 (n). From (5-35), Cauchy—Schwarz, and the fact
that 7 < 1, we see that

Inll2gaver < NTVF0) < 2(vTFo++/Fon ) ). (5-41)

We may then use Equation (5-28), trace theory, the fact that H*¥~!/2(X) is an algebra, and estimate
(5-41) to get the bound

10l L2 av—1r2 S sl 2 gav-172 + Nl poo gan-12 [0l 2 grav+172
SVRan @) (1+VTFo++/Fon@)) S P(VTFo, v/ Son@)) (5-42)

for P a polynomial with P (0, 0) = 0. We argue similarly (employing (5-42) along the way) to find that

19201l 2 gran—sr2 S N3yeesll 2 raw-irz =+ 171l oo a1z |8y | 2 graw—si2 + 18l g2 -2 ] oo prav—sv2
S VS @) (1 + Il g gav-12 + 1801l g2 gan-12)
SV ) (14 VEm + P(VTFo, /v (w)))
S P(VTFo, V/Ron W), VEM))

(5-43)
for a polynomial P with P(0, 0, 0) = 0. Iterating this argument for j =2, ..., 2N 4 1 then yields the
inequalities

18] 11l L2 ggav—252 < P(VT Fo, v/ Ran (), vEM)) (5-44)

for a polynomial with P (0, 0, 0) = 0. We may then square and sum (5-41)—(5-44) to find that () <
P(T%q, Ron(u), €(n)), but then (5-38) and the bound 7' < 1 imply that D () < P(T Fo, Kon (1), Eo(n))
for another P. By assumption, T % < T <1, and fon(u), € (n) < 1 as well; hence

D) S TFo+ Ron(u) + Eo(n),

which provides the estimate (5-32) when combined with Proposition 5.3. ]
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6. Local well-posedness of the nonlinear problem

Sequence of approximate solutions. In order to construct the solution to (1-4), we will pass to the limit
in a sequence of approximate solutions. The construction of this sequence is the content of our next result.

Theorem 6.1. Assume the initial data are given as on pages 338-339 and satisfy the (2N )-th compatibility
conditions (5-22). There exist 0 <8 < 1 and 0 < T < 1 such that ifég <68, Fyg<o00,and ) <T <
To := T min{1, 1/%}, then there exists an infinite sequence {(u™, p™, n"™)}or_, with the following three
properties. First, for m > 1 we have

AUt — Agmu™ N 4 Vo p" L = 9,7 bK ™ d3u™ — u™ - Vmu™  in 2,

divgn ™1 =0 inQ,
(6-1)
S&qm (pm—i-l’ um—i—l)Nm — nmNm on E,
umtlt =0 on Xp,
and
ot =yt Nt on 3, (6-2)

where A™, N, K™ are given in terms of n™. Second, (u™, p™,n™) achieve the initial data for each
m > 1, that is, 3] u™ (0) = 3] u(0) and 3} n™(0) = 3 n(0) for j =0, ..., 2N, while 3} p™(0) = d; p(0) for
j=0,...,2N — 1. Third, for each m > 1, we have the estimates

RM™) +RW™, p") < C(&+TFo) and Fn™) < C(Fo+Eo+ T %) (6-3)
for a universal constant C > 0.

Proof. We divide the proof into three steps. First, we construct an initial pair (1°, n°) that will be used
as a starting point for constructing (u™, p™, n™) for m > 1. Second, we prove that if (u, p™, n") are
known and satisfy certain estimates, then we can construct (!, p"*1 5™+1). Third, we combine the
first two steps in an appropriate way to iteratively construct all of the (u™, p™, n™). Throughout the proof,
we will need to explicitly enumerate the various constants appearing in estimates where previously we
have written <. We do so with Cy, ..., Cjp > 0.

Before proceeding to the steps, we define some terms and make some assumptions. Let 6; > 0 be such
that if (1) < §;, then the hypotheses of Theorem 4.8 are satisfied. Similarly, let §, > 0 be the constant
such that if €y(n7) < &, then the hypotheses of Theorem 5.4 are satisfied. We assume that § is sufficiently
small that €y < § satisfies the hypotheses of Proposition 5.3 and that (using the estimate (5-27))

Co(m) + €o(u, p) < C1%ép < C16 <min{l, &2} (6-4)
This allows us to use (5-10) of Lemma 5.2 with j =2N — 1 to get the bound

So(F' (u, n), F*(u, m) < C2%o. (6-5)
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Step 1: Seeding the sequence. We begin by extending the initial data 3 u(0) € H*N=2/(Q) to a time-
dependent function u° such that B,j u’(0) = 8,j u(0). We do so by applying Lemma A.5. Although this
produces a u° defined on the time interval [0, 00), we may restrict to [0, '] without increasing any of the
space-time norms in £,y (#°). We may combine the estimate of £,y (1) provided by Lemma A.5 with
(6-4) to get the bound

Ry %) < C3%,,. (6-6)

With «° in hand, we define 7° as the solution to (5-28) with u° replacing u. To do so, we apply
Theorem 5.4, the hypotheses of which are satisfied by virtue of (6-4) and (6-6) if we further restrict to
(36 < 1. Restricting T as in the theorem, we find our solution no, which satisfies 8,J 770(0) = 8,] n(0) as

well as the estimates
F(n") < Ca(Fo + T Ron (")),

€% < Cs(€o + T Fan (u")), (6-7)
D) < Co(€0 + TFo + Ran ?)).

Step 2: The iteration argument. We claim that there exist y1, 2, ¥3, y4 > 0 and 0 < §, T < 1 (both
depending on the y;) such that if § < § and T < T, then the following property is satisfied. If (u™, n™)
are known and satisfy the estimates

EM™ <o+ T%y), DM™) <y2(€o+T%),

(6-8)
Ron ™) = y3(€o+TFo0), F(™) < CaFo+ya(€o+ T Fo),

then there exists a unique triple (!, p™*1, " +1) that achieves the initial data, satisfies (6-1) and (6-2),
and obeys the estimates

C™h < 1€+ TF), D™ < y2(€o+ T Fo),

(6-9)
R, Pt < y3(€o+ TFo),  F™ ) < CaFo+ ya(€o+ T o).

m+1 1
9

To prove the claim, we will first use n™ to solve for (u p" 1), and then we will use the resulting u”"+

m+l Along the way, we will restrict the size of § and T in terms of vi,»i=1,2,3,4. We

to solve for n
will define the y; in terms of the C;, so the § and 7' can be thought of as universal constants. Note that the
estimates of (6-9) are stronger than those of (6-8) since Son @t < R, p" 1. This asymmetry
is useful to us since in Step 1, we have not bothered to construct po, so only P, no) are available to
begin the iterative construction of {(u", p™, n™)}>_,.

From (5-31), (6-8), and the fact that €+ Ty Fo < 1, we have that
En™) < C7(EM™) + fan ™)1+ EM™))) < C1(y1 + v3 + v173) (60 + ToFo). (6-10)

We assume initially that 7 < T, the constant appearing in Theorem 4.8. We also assume that

~:

min{1, &;} 1 }
Cini+ys+rny)+r) »nl

< min{

N|—

’
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so that (6-8) implies that Ry (#™) < 1 and (6-10) implies that
K™ = €™ +DM™) < (C10n + 3+ 11y3) +12) (o + ToFo) < min(sy, 1,

the latter of which allows us to use Theorem 4.8 to produce a unique pair (1!, p”*!) that achieves the
desired initial data and satisfies (6-1). Moreover, from (4-75) and (6-4)—(6-5), we have the estimate

R, ) < Cy(1+€0+ &™) exp(Co(1+ En™)T)
x [+ C)E+FF @™, n™), FPw”, n™)]. (6-11)

Assume that 27 Cg < log 2; then
Cs(1+%0+8(™) exp(Co(1 + E(n™)T) < 3Csexp(2CoT) < 6Cs. (6-12)
On the other hand, we can use our bounds on ™, ™ in Lemma 5.1 to see that
S(F @™ 0™, FPw™, ™) < Cio[3€M™) +28(™) fan (u™) + (Ron (u™))?]. (6-13)
Combining (6-11)—(6-13) with (6-8) then shows that

ﬁ(um+l pm-i-l)
< 6Cs[(1+C2)%0 +3C1o11 (€0 + TFo) +2C10y3(v1 +2) (G0 + T Fo)* + Croy3 (€0 + T Fo)*].  (6-14)

We have now enumerated all of the constants C;,i =1, ..., 10 that we need to define the y;,i =1, ..., 4.
We choose the values of the y; according to

y1:=2Cs, y3:=6Cs(3+Cr+3Cioy1)+ Cz,

(6-15)
va:=Cs,  y2:=Ce(1+y3).

Notice that even though we have used y; to define y3 and y3 to define y», all of the y; are determined in
terms of the constants C;.

Now we will use the choice of the y; in (6-15) to derive the K(u™*!, p™*+1) estimate of (6-9) from
(6-14). To do this, we further restrict

~

5, T <

=

1 1
min{ , ) }
2C10ys(1 +12) Croys

Then since €g+ T Fy < S+ 7~", we may use (6-14) to get the bound
R, p"th) <6C5(3 4 Co +3C1011) (€0 + TFo) < y3(€o + T Fo). (6-16)

Now we construct 7!, Recall that §, T < 1/(2y3); this and (6-16) yield the bound Sy (u”11) < 1.
This estimate then allows us to apply Theorem 5.4 to find 7! that solves (6-2) and achieves the initial
data. Estimates (5-29)—(5-32) of the theorem, together with (6-16) and the bound Tyys < Tyg, <1, imply



346 YAN GUO AND IAN TICE

that
F" ) < Ca(Fo + Tofan @™ th)) < CaFo + Ca(€o + TH),
™) < Cs(€o + Tofan (™)) < 2C5(€o + T Fo),

@(nm-i-l) S Cé(%o + T%O +ﬁ2N(Mm+1)) S C6(1 + )/3)(%0 + T@O) (6-17)

Using the definitions of the y; given in (6-15), we see from (6-17) that the n" 1 estimates of (6-9) hold.
Then, owing to (6-16), all of the estimates in (6-9) hold, which completes the proof of the claim.

Step 3: Construction of the full sequence. We assume that y1, y», ¥3, y4 are given by (6-15) and that §
and T are as small as in Step 2. We assume that § < Sand T < T in addition to the other restrictions
on their size made in Step 1 and before. Returning to (6-6), note that C3 < y3, which means that
Son @®) < y3(€o+T Fp). We can also combine (6-6) and (6-7) and further restrict T < 1 / C3 to deduce that

F(n°) < C4Fo + ToC3C4E0 < CaFo + ya(€o + T Fo),
¢(n") < Cs(14 TyC3)€y < 2C5%o < y1 (€0 + T o),
D(n°) < Co(€o+ TFo+ C3%0) < Co(1+ C3) (€0 + TFo) < y2(€0 + T Fo).
Note that in the last inequality we have used the fact that C3 < y3 to bound Ce(1 + C3) < Ce(1+y3) = y».

We are then free to use the pair (u°, n°) as the starting point in Step 2, which allows us to construct
(u', p', n') satisfying the desired PDE and initial conditions, along with the estimates

e < y1(€o+TFy), DY) < (€o+ TF),
A", pH < 3@+ TFo), Fn') < C4Fo+ ya(€o+ T Fo).

We then iterate from m = 1, ..., 0o, using (u™, n™) and Step 2 to produce the next element of the
sequence, (u"*!, p™+1 1), which satisfies (6-9). All of the conclusions of the theorem follow. [J

Contraction. Estimates (6-3) of Theorem 6.1 allow us to extract weakly converging subsequences from
the sequence {(u™, p™, n™)}>>_,. But, given such a convergent subsequence {(u™*, p™*, n")}22 |, we

cannot guarantee that {(u~!,

pmlh 77’”’(‘1)},‘30:l converges to the same limit. This prevents us from
simply passing to the limit in (6-1)—(6-2) in order to produce the desired solution to (1-4). We are thus
led to study the strong convergence of the sequence, and in particular to consider its contraction in some
norm.

We now define the norms in which we will show the sequence contracts. For T > 0, we define
N, g3 T) = 0117 2 + 1001725 + 18,0117 o + 1801720 + 1917 1 + 101722
MG T) = 1617 o052 + 185 17 o g + 187811725112,

where we write L? H* for L ([0, T1; H*(2)) in 9t and L? ([0, T]; H*(X)) in M.
The next result provides a comparison of 1 for pairs of solutions to problems of the form (6-1)—(6-2).

(6-18)

We will use it later in Theorem 6.3 to show that the sequence of approximate solutions contracts, but
we will also use it to prove the uniqueness of solutions to (1-4). To avoid confusion with the sequence
{™, p™, n™)}, we refer to velocities as v/, w, pressures as qj, and surface functions as g“j for j =1, 2.
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Theorem 6.2. Let w', w2, v!, v2, q] , qz, and {1, ;’2 satisfy
sup{€(¢h), €(¢?), €', g1, €% %), €', 0), E(w?, 0)} <e, (6-19)

where the temporal L* norms in € are computed over the interval [0, T| with O < T. Suppose that for
J=12,

dv/ — vaf +v&qjqj = atétjl;KjE%wj —w/ - v&gjwj in 2,
divy v/ =0 inQ,
Y Saa (@7, VNI = ¢INY on's, (6-20)
v/ =0 on Xy,
&Ll =wl N ony,

where A, K1, N7 are determined by ¢/ as usual. Further, suppose that 8,"1)1 ©0) = a,k v2(0) for k=0, 1,
£'(0) = £(0), and ¢ (0) = ¢*(0).
Then there exist €1 > 0, T1 > 0 such that if e <&y and 0 < T < Ty, then

NE'—v? ¢' g% T) < 3Nw' —w?, 0, 7) (6-21)

and
M =5 T) SNw' —w?, 0; 7). (6-22)

Proof. The proof proceeds through six steps. First, we define v =v' —v2, w =w' —w?, g =¢q' —¢>,

and derive the PDEs satisfied by v, g. We also identify the energy evolution for some norms of d;v, 9;q.
Second, we bound various forcing terms that appear in the energy evolution and on the right side of the
PDE:s for v, g. Third, we prove some bounds for o;v, 9;¢q, using the energy evolution equation. Fourth,
we use elliptic estimates to bound norms of v, ¢. Fifth, we derive estimates for ¢! — ¢2 in terms of w.
Sixth, we close the estimate to derive the contraction estimates (6-21), (6-22).

Step 1: PDEs and energy evolution for differences. We now derive the PDE satisfied by v, ¢, which are
defined above. We subtract the equations in (6-20) with j = 2 from the same equations with j = 1. With
the help of some simple algebra, we can write the resulting equations in terms of v, g:

dv+divg Syi(g, v) =divg (D _y2yv?) + H' in Q,

divg v = H? in Q,

Sa1 (@, VN = D12y v? N + H3 onX, (6-23)
v=0 on X,

v(t =0) =0,

where H', H?, H? are defined by

H' = divgi_ g2y (Dypv?) — (A" = A1) Vg? + 3, DK (d3w' — 3w?) + (3,5 — 8,0 DK ' d3w?

+3,¢'b(K'— KHdw? — (w'—w?) - Vyw' —w? V(' —w?) —w? Vg gmw?,
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H2 = — diV(Lﬂlfﬁ% 'Uz,
H? = —?(N'= N+ D 2 (NT=N?) = D2y V2N = N2+ (¢ = )N T+ 22 (N =N 2).

The solutions are sufficiently regular for us to differentiate (6-23) in time, which results in the equations

3 (3,v) +divy Sy (3rq, dv) = dive (D001 _g, 20> + H'  in Q,

div 1 dv = H? in Q,

Su1 (31q, V)N =Dy, 001 502y 0> N + H3 on %, (6-24)
orv=0 on Xy,

du(t=0)=0,

where
H' =8, H" 4+ divy g1 (D1 g2y v?) + diveg (Dt g2y 3 v%) +divy, 1 (D i v) + divg (D, 1)

— Vas1q,  (6-25)
H? =3, H* — divy 41 v, (6-26)
H? = 8, H? + Dy _ 2y 302N + Digi o2y 02N — Sygi (g, )N + Dy g1 o (6-27)

Now we multiply (6-24) by J';v, integrate over 2, and integrate by parts as in the proof of Theorem 4.3
to deduce the evolution equation

9 2
a,/ ﬂﬂjtlfmwatuﬁjl
Q 2 2 Jg

3 v|? ~ ) ~
:/ | le (atJ]K])J1+/ J‘a,qH2+/ TNdive (D, a1 _5,02y0>) + H') - 30
Q Q Q

— f (D(at‘ﬂl_at&qZ)Uz-N\l + ﬁ?’) . 8,1). (6-28)
z

Another integration by parts reveals that

/ Jl diV&ql (D(at&glfatggZ)Uz) -atv = —%/ JID(ar&qlfar&QZ)U2 . D&ql B,U—l-/ D(arﬂlfar&gz)UZ.N‘l ‘atv. (6-29)
Q Q z

We then employ (6-29) to rewrite (6-28), and we integrate in time from O to t < T'; since d;,v(t = 0) =0,
we arrive at the equation

9 2 t t 9 2
/ | l‘;| Jl(l‘)‘i‘%/ f|D&qlatU|2J1=/ / | I;| (BZJIKI)JI
Q 0 JQ 0JQ

t t t
+f/Jl(Hl-a,v+Hzatq)—l//Jlum(a,w_g,&gz)ﬁ:Dwa,v—/fH3-a,v. (6-30)
0JQ 2 0JQ 0JX

Step 2: Estimates of the forcing terms. In order for Equation (6-30) to be useful, we must be able to
estimate the terms that appear on its right. To this end, we now derive estimates for H', H? 3,H? in
H%(Q) and H3in H™Y 2(2). We claim that the following estimates hold (here and through the end of
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this section, we have written P (-) for a polynomial such that P (0) = 0 — possibly a different one each
time):

IH |, S PWVOIE = 232+ 18,5 = %12+ 1078 = 822 o
+lw' = w? i+ 19w = dw? [l + vl + llglh]. (6-31)
|82, S PWo[IE" =l + 188" = 8,202+ vl ] (6-32)
|82, S PWONIE" = Pl +19:¢" = 8,82 2 + 197¢ = 82 2 + vl + vl ], (6-33)
2%, , S PWOLIE = lha+ 108 =882 + vl + gl ]+ 18:6 ' = 8,512 (6-34)

According to the definitions (6-25)—(6-27), all of the summands in H' H?, 0; H? are quadratic, of the
form X x Y, where Y is one of v, g, B,jg“l —8}{2 for j =0,1,2, or 8,jw1 —8tjw2 for j =0, 1. The
bounds (6-31)—(6-33) may be established by estimating the products X x Y with Lemmas A.1, A.7, A.9,
A.10, and A.8 and the usual Sobolev and trace embeddings; the appearance of the terms P (4/¢) is due to
the X terms, whose appropriate Sobolev norm may be bounded above by a polynomial in

Jsup{€h). €(52). €l g)), €2, ¢2), €W, 0). Ew?, 0)} < VE. (6-35)

The estimate (6-34) follows similarly by using (A-3) of Lemma A.1, except that H? has a single term,
namely (3,c' — 8,%)es, that is not quadratic and that causes the last term on the right side of (6-34) to
not be multiplied by P (/). The same sort of argument also allows us to deduce the bound

D00 0,020 o S PWO[NIE = N2+ 108" = 8,83 112)- (6-36)

We will eventually employ an elliptic estimate with (6-23), so we will also need estimates of H',
H?, H? and the two other terms appearing on the right side of (6-23). The following estimates hold for
r=0,1:

IH' N, S PO = Pllrsrp + 105" = 8,82 1o + o' —w?]rs1], (6-37)

IH? |1 S PN = %1432, (6-38)

IH 112 S PWENE = P llrgsig + 181 = P llrr2, (6-39)

[dive (Dggi a2y ||, S PWENE =% lr1/2, (6-40)
| D2y N4y ) S PWOIET = 21432 (6-41)

The proof of (6-37)—(6-41) may be carried out in the same manner we used above to prove (6-31)—(6-34).

Step 3: Estimates of 9;v from (6-30). Now we employ the estimates of the forcing terms from the previous
step in (6-30) in order to deduce estimates for d,v. First we note that, owing to (6-35) and Sobolev
embeddings, we obtain the bounds

[ e + 1K e ST+ P(Ve) and (18, |z S P(Ve). (6-42)
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Because of the time derivative on ¢, the most delicate term in (6-30) is the product J! H 29,q. To
handle it, we integrate by parts in time and use the fact that ¢ (0) = 0 to see that

t t
//Jlea,qu [a,/ quH2—/a,J1qH2+J1qa,H2]
0JQ 0 Q Q
t

:/ quﬁz(t)—quI:IQ(O)—f/B,quﬁ2+J1q8tﬁ2

Q 0JQ
t

=/ quHz(t)—f / & J'qH? + J'qd,H>. (6-43)

Q 0 JQ

This, (6-42), and the estimates (6-32) and (6-33) then imply that
t ! . .
/O /Q J'H?,q S P(ﬁ)ﬂqumo[z 187¢" =0/ €| poe o + ||v||LooH1]
j=0
+ P(ﬁ)/o ||q||o[2 |6/ ¢t =8¢, + vl + ||atv||1}, (6-44)
Jj=0

where the L°° norms are computed over the temporal interval [0, T'].
The other terms on the right of (6-30) are not so delicate and may be estimated directly with (6-31),
(6-34), and (6-36). Indeed, these estimates together with trace theory and the Poincaré inequality imply

t t
/ / Jll:ll'atv—%.lll]j)(atﬂl3[%2)U2:D&qlatv—/ / H3-8tv
0JQ 0JxE

t t
5/ ||Jl||L°°||H1||0||3zU||O+%||J1||L°°||D(a,wl—a,&d2)vz||o||D&413tU||0+/ LA 21 218,01l g1z x
0 0
t
5/ locvll (P(VaVE+ 0" = 8,82, ), (6-45)
0

where we have written

%=l =23+ 0! — a2}, + 03 — 92,

2
+lw' = w?F + [dw' = dw? ||+ v+ llgl.  (6-46)

Also, we may use (6-35) to get the bound

t P 2 t P 2
// [9rv] (atlel)Jlgcﬁ//ﬂjl (6-47)
0Ja 2 0Jao 2
for some constant C > 0.

We now combine the estimates (6-44), (6-45), and (6-47) with (6-30), employ Lemma 2.1 to get the
bound ||9,v||1/2 < ||V J'D410,vllo, and utilize Cauchy’s inequality to absorb fot ||8,v||% into the left side
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of the resulting inequality; this yields the bound
U aarsi o+ L [ o
2 Jq 8 Jo !
t 2
cove [ty
0Ja 2

t 1 . .
+ P(ﬁ)fo g 11§+ P (V&) gl oo pro [Z 197 ¢" =0/ €| e pin + ||v||LmH1}
j=0

t 2 t
j j 2
+ P(JE)/ ||q||o[§ or et =8/, + ||v||1] +/ [P(ﬁ)zuc||at;1—a,¢2||_1/2]. (6-48)
0 . 0
J=0
This bound can be viewed as a differential inequality of the form

t
x(t)+y@) < Cﬁ/ x(s)ds+ F(1),
0
where x, y, F > 0, x(0) =0, and F(¢) is increasing in . Gronwall’s lemma then implies that
x()+ y(t) < eSVEF@). (6-49)

We assume that ¢; and 7T are sufficiently small for eCVet < e“VaTi <2 Then from (6-48), (6-49), and
Lemma 2.1, we deduce the bound

T
2
18,0117 00 o + 100117251 < PO 2550 + C|| 38" = 887|212 +/ P(/o)%
0

1
+ P<¢E>||q||LooHo[Z 187" =0/ 2| oo e + ||v||LooH1}

j=0
2 . .
+ P(V/)llqll 240 [Z 107¢" =0/ ¢ g + ||v||LzH1], (6-50)
j=0
where again the temporal L> and L? norms are computed over [0, T'].

Step 4: Elliptic estimates for v and g. In order to close our estimates, we must be able to estimate v
and ¢g. This will be accomplished with an elliptic estimate. We combine Proposition 3.7 with the estimates
(6-37)—(6-41) to deduce the bound for r =0, 1,

oIz + g 174

. 2 2
SN8IF + 1HF + [ diver a2y o) [ H Iy + T 2 + [ Doy v* N

r+1/2
2
SUIF+ 18" =217+ PWOLIE = 7 s+ 88 = 8,87, + lw! —w?l7 4] (6-5D)
We set r = 0 in (6-51) and then take the supremum in time over [0, T'] to find
1012 w2 F 1017 1 S N3V e pyo + 18" = 2131

+ PO =212 yn + |06 =825y + 0" —w?2 ] (6-52)
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Then we set r = 1 in (6-51) and integrate over [0, T'] to find
o225 + g3,
2
SN2 g1 =82 07 2 yae F PO =21 2 s+ |08 =002 | Lo i H Il w1722 ] (6-53)

Step 5: Estimates of {' — ¢%. Now we turn to estimating the difference ¢! — ¢? in terms of w! — w?. We
subtract the equations satisfied by ¢2 from the one for ¢! to find that

9 1 _ 42 l-D 1 »2y l_Z‘NZ in>®
{t(lz 2§)+w ¢ =)= —w? in %, (6-54)
(& —=¢)@=0)=0.
The PDE (6-54) is a transport equation for ¢! — ¢2, so we can employ Lemma A.11 to estimate
T T
12" = &2l s < exp (C / lw' ()l s dr) / ' =w?) - N2 | sz, dr
0 0
T
S eVTVE(L 4 P(VE) f | @' —whH @)y dr
o :
SVIVE(L4 P(VO)VT w' — w2
We can further restrict £; and 77 so that eCVTVE <2and 1+ P(/¢) <2; then
1" =l pse SVT W' —w|2ps. (6-55)
Then we use the first equation in (6-54), trace theory, and the estimate (6-55) to see that
Hat§] - 8t§2||LooH3/2 = ||(wl - wz) ’N2||LooH3/2 + ”wl : D@l - §2)||L00H3/2
S+ PWo))llw' —wll o psrcs) + PWVoNE =l peopsn
Sllw' —wll e + PWOVT ' —w?| 2. (6-56)

Similarly, we differentiate (6-54) in time to find that

l87¢" = 0722 L2
S (1+PWe)|dw' = 8,w?| oy + PO lIlw' = w?ll o + 18 = 2N 2o + [ 0:8 = 8,03 2 o]
S loew' = 9w?| o + PWEOVT [Ilw' = w? | oot + 18" = Ml e e + 08 = 083 oo yare]
S fow'=aw?| oy + PWOVT ' = w2+ P(VET W' = w?[| 2 5. (6-57)

Step 6: Synthesis: contraction. We now have all of the ingredients to prove our contraction result. We

write
NUT) := N =%, ¢' — g% T),

NY(T) .= N(w' —w?,0; T),
M(T) =M —¢% T), (6-58)

where 2T and 91 are defined by (6-18). We will first rewrite the bounds (6-50), (6-52), and (6-53) in terms
of these new quantities.
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We begin with the right side of (6-50). According to the definition of %, (6-46), we may bound

T
Ig113 2 170 +/O %S A+T) [UT) +N(T)] + TNV(T). (6-59)

Similarly,

2
gl 20 [Z |8/ ¢ =0/ ¢?|| i + ||v||LzH1] ST [(1+VT)YIM(T) +/TN(T) |, (6-60)

j=0
18:¢" = 882|300 < TOT), (6-61)

and

1
gl oo o [Z |8/ ¢! =0/ %] popyrn + ||v||LmH1} SV [mm +VN(T) } (6-62)
Jj=0

Then, using (6-59)—(6-62) and Cauchy’s inequality, we may rewrite (6-50) as

18011700 o + 19601172
ST+ PWaA+D)]MUT) +[PVe) L+ T)NT) + [P(Ve)(L+T)|N(T). (6-63)

Now we turn to the elliptic estimates (6-52)—(6-53). The bound (6-52) becomes
V117 e g2 + 19117 00 g1 S N800 ggo + 18" = 2217 g1 + P(VE)[IUT) + (1)) (6-64)

Note here that we have kept the term with ¢! — ¢2 because it does not yet have a small multiplier in front
of it. On the other hand, the bound (6-53) becomes

101725 + 111722 SN0 vI3 0 + T (14 P(VE)[DUT) + N (T)]. (6-65)

We need not retain the ¢! — ¢? term in (6-65) since we can control the square of the temporal L? norm by
the square of the L° norm to pick up a T factor.
Next we reformulate the bounds (6-55)—(6-57) in a similar fashion. The estimate (6-55) becomes

1g! = &2 e ysp S TRV (T). (6-66)
Similarly, we may sum (6-56) and (6-57) to get the bound
la:¢" — a,gznixm/z +|la:¢t — ¢ ||izH1,2 S+ (T + T3P M(T). (6-67)
Summing (6-66) and (6-67) yields
M(T) S [L+ (T + TP N(T). (6-68)

The estimate (6-22) directly follows from (6-68) and the definitions (6-58).

We now combine the above to get an estimate for 1" from our estimates for v, g. Note that due to
(6-66), estimate (6-64) also holds with ||¢! — ¢ 2||ioo 2 replaced by 71" (T') on the right. We then add
this modified version of (6-64) to (6-65), and then add to this a large constant times (6-63). If the constant
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is chosen to be sufficiently large, we can absorb the appearances of 9,v norms on the right side into the
left; doing so, we arrive at the bound

N(T) ST+ PWeA+T)]IT)+ [T+ P(Ve)1+ TN (T) +[P(Ve)(1+ T)|N(T). (6-69)
This estimate may be combined with (6-68) to see that
N(T) S[1+(T+THPWE) [T+ P(Ve)(1 + T)N(T) + [P(Ve)(1+ T)|N(T).  (6-70)

By further restricting &, and 77, we may replace (6-70) by NV(T) < [—ll‘ﬁw(T) + %‘ﬁ”(T), which may be
rearranged to see that M (7T") < %‘ﬁw(T), which gives (6-21) after using the definitions of ¥ (T'), NV (T)
given in (6-58). O

Local well-posedness: the proof of Theorem 1.1. Now we combine Theorems 6.1 and 6.2 to produce
a solution to problem (1-4). Note that Theorem 1.1 follows directly from the following theorem by
changing notation.

Theorem 6.3. Assume that ug, ng satisfy €g, Fo < o0 and that the initial data a[ u(0), etc. are as
constructed on pages 338—-339 and satisfy the (2N)-th compatibility conditions (5-22). Then there exist
0 < &9, Ty < 1 such that if €9 < 89 and 0 < T < Tomin{l, 1/%Fg}, then the following hold. There exists a
solution triple (u, p, n) to the problem (1-4) on the time interval [0, T] that achieves the initial data and
satisfies

R() + R, p) =C(€o+TFo) and F(n) = C(Fo+Eo+T%F) (6-71)

for a universal constant C > 0. The solution is unique among functions that achieve the initial data and
satisfy €(n) + €(u, p) < oo. Moreover, ) is such that the mapping ® (- , t), defined by (1-1), is a C*N~2
diffeomorphism for each t € [0, T].

Proof. We again divide the proof into several steps. First, we use Theorem 6.1 to construct a sequence
of approximate solutions. Then we use Theorem 6.2 to show the sequence converges in the norm

VIM(n; T) +N(u, p; T), which yields strong convergence of the sequence. Next, we use an interpolation
argument to improve the convergence results. These then allow us to pass to the limit in the PDEs to
deduce that the limit solves the problem (1-4). Finally, we again use Theorem 6.2 to show that our
solution is unique.

We assume throughout the proof that 7y < min{7}, T}, where T is given by Theorem 6.1, and 7 is
given by Theorem 6.2. Let C > 0 denote the universal constant in Theorem 6.1. We further assume that
To < &1/(2C), where €1 > 0 is the constant from Theorem 6.2.

Step 1: The sequence of approximate solutions. Suppose that 5§y < §, where § is given in Theorem 6.1.

o
m=1°

The hypotheses then allow us to apply Theorem 6.1 to produce the sequence of triples {(u"™, p™, n™)}
all elements of which achieve the initial data, satisfy the PDEs (6-1), (6-2), and obey the bounds

sup(R(™) + 8™, p™) < C(éo+TFp) and  supF(™) < C(Fo+%+TF).  (6-72)

m>1 m>1



LOCAL WELL-POSEDNESS OF THE VISCOUS SURFACE WAVE PROBLEM 355

We further assume that §q is small enough for Cdy < €1/2 (with ¢; again from Theorem 6.2) so that (6-72)
implies, in particular, that

sup max{€(y™), €, p™)} < C(6o+TF0) < C%+Tp) < &1. (6-73)

m>1

The uniform bounds (6-72) allow us to take weak and weak-x limits, up to the extraction of a
subsequence:

3 um —~ 3lu weakly in L*([0, T1; H*N=2/t1(Q)) for j =0,...,2N,
8,2N+1u’" — 8t2N+lu weakly in (¥7)*,
o um = o] u weakly-x in L ([0, T]; H*N =2 (Q)) for j =0,...,2N,
3] pm — 9] p weakly in L*([0, T1; H*N=2/(Q)) for j =0,...,2N — 1,
3/ pm 597 p weakly-x in L>([0, T]; H*N=2-1(Q)) for j =0,...,2N — 1
and
n"—n weakly in L2([0, T1; H*V1/2(%)),

™ — dn  weakly in L2([0, T]; H*N"12(D)),
La/ym —~ 8/n  weakly in L2([0, T1; H*N=243/2(%)) for j=2,...,2N + 1,
k

nm—n weakly-* in L°°([O, T, H4N+1/2(Z)),
o/ = 8/n  weakly-x in L®([0, T1; H*V =2 (%)) for j=1,...,2N.

According to the weak and weak-* lower semicontinuity of the norms in K(n™), K(u™, p™), and F(n™),
we find that the limit (u, p, n) satisfies

R+ R, p) <C(& +TFy) and F(n) <C(Fog+Eo+TF).

The collection of triples (v, ¢, ¢) that achieve the initial data, that is, B,j v(0) = a,f u(0), 8tj 2(0)= B,j n(0)
for j=0,...,2N and B,jq(O) = atjp(O) for j =0,...,2N — 1, is clearly convex; Lemma A.4 implies
that it is also closed with respect to the topology generated by the norm /D (¢) + D (v, g). Therefore,
the collection is also closed in the corresponding weak topology. Then, since each (™, p™, n™) is in this
collection, we deduce that the limit (u, p, ) is as well. Hence (u, p, n) achieves the initial data.

Step 2: Contraction. Now we want to improve the weak convergence results of the previous step to
strong convergence in the norm /M (n; T) +N(u, p; T), where 9t and I are defined by (6-18). For
m > 1’ we set Ul — um+2, v2 — Mm—i—l’ wl — um—}—l, wZ — um’ ql — pm+2’ q2 — pm—i-l’ é-l — nm—}—l, 4-2 — nm
in Theorem 6.2. Because of (6-1)—(6-2), we have that (6-20) holds; the initial data of w/, v/, g/, ¢/
match for j = 1, 2 by construction. Also, (6-73) implies that (6-19) holds, so all of the hypotheses of

Theorem 6.2 are satisfied. Then (6-21) and (6-22) imply that

m(um—t-Z _ um-H’ pm+2 _ pm-H; T) < %m(um-‘rl —u™, pm-H _ pm; T) (6-74)

and
Mo =" T) SN(u" ' —u™, p"+' = p"; T). (6-75)
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The bound (6-74) implies that the sequence {(u™, p™)}°>°_, is Cauchy in the norm /(- , -; T), so as

m — 00, B
u™ = u in L>([0, T1; H*(2)) N L*([0, T1, H()),

dqu™ — du in L>([0, T1; HO(Q)) N L*([0, T1, H' (), (6-76)
p"—p in L>([0, T1; H'(2)) N L*([0, T1, H*(Q)).

Because of (6-75), we further deduce that the sequence {n"}>°_, is Cauchy in the norm /O(-; T), so

that, as m — oo,
"= in L>([0, T1; H/()),

™ — 0m  in L>°([0, T1; H*(%)), (6-77)
™ — 07y in L2([0, T1; HV*(D)).
Step 3: Interpolation for improved strong convergence. Since (u™, p™, n™) obey the bounds (6-72), we

can parlay the convergence results (6-76), (6-77) into convergence in better norms by use of interpolation
theory. We first interpolate with L2 H° norms of temporal derivatives (such estimates take the form

i 1-6
18K £ll 20 < CCONF1G 017 £ 2000 (6-78)

for j >k>0and 6 =60(j, k) € (0,1) and C(T) a constant depending on T'), which reveals that

o/um — d/u in L*([0, T1; HO()) for j =0,...,2N — 1,
o/ pm — 8/ p in L*([0, T1; HO()) for j =0,...,2N -2, (6-79)
o — d/n in L*([0, T1; H(Z)) for j =0,...,2N.

Here the range of j is determined by the range of j appearing in ©(n) and ®(u, p). Then we use spatial
interpolation between H 0 and H* to deduce from (6-79) that

o/um — d/u in L2([0, T]; H*N=2/(Q)) for j =0,...,2N — 1,

[0, T1; H*N=2/71(Q)) for j =0,...,2N =2,

[0, T1; H*V (D)), (6-80)
[0, T1; H*V-1(%)),

[0, T1; H*N=2/72(%)) for j =2,...,2N.

Btjp’" — atjp in L2
"t —n in L?
an™ — &n  in L?
8tj n" — ajn in L?

N N SN S

Here the Sobolev index is determined by the Sobolev index k in the L?H* norms of () and D (u, D).
Finally, we use the temporal L? convergence of (6-80) to get L™ and C° convergence by applying
Lemma A.4. This yields

o/ um — d/u in CO([0, TT; H*N=2-1(Q)) for j =0,...,2N -2,
3/ p" — 8]p inCO[0, T1; H*¥N=2-2(Q)) for j =0,...,2N -3,
" — in C([0, T1; H*N-12(%)), (6-81)
™ — dm  in CO([0, T1; HN3/2(E)),

(10. 7}

; H4N—2j+1(2)) for j=2,...,2N — 1.

B,jnm—>8,jn in C°



LOCAL WELL-POSEDNESS OF THE VISCOUS SURFACE WAVE PROBLEM 357

Step 4: Passing to the limit in the PDEs. The strong convergence results of (6-81) are more than sufficient
for us to pass to the limit in the equations (6-1), (6-2) for each ¢ € [0, T']. Doing so, we find that the limits
(u, p, n) are a strong solution to problem (1-4) on the time interval ¢ € [0, T'].

Step 5: Uniqueness. We now turn to the question of uniqueness of our solution (u, p, ). Suppose that
(v, g, ¢) is another solution to (1-4) on the time interval [0, T'] that achieves the same initial data as
(u, p, n) and which satisfies €(¢)+ &(v, g) < oco. Since (v, g, ¢) achieve the same data as (u, pn), which

is small, we may restrict to a temporal subinterval [0, T,] C [0, T] so that E(¢) + E(v, g) < &1, where &

is given in Theorem 6.2 and the norms are computed on [0, 7,]. We then set vl=w!l=u, v =w?=v,

g'=p,q*=¢q, " =n, and ¢* = ¢ in Theorem 6.2 to deduce that
Nu—v, p—q;T) <3Nw—v,p—q:T) and M —¢; T) SNw—v, p—q; T,

which implies that u = v, p = ¢, n = ¢ on the time interval [0, T, ]. This argument can then be iterated in
the usual way, repeatedly increasing 7, to extend the uniqueness to all of the interval [0, T].

Step 6: Diffeomorphism. It is easy to check that the smallness of £(n) is sufficient to guarantee that the

map ®, given by (1-1), is a C! diffeomorphism for each ¢ € [0, T]. The fact that it is in C*¥~2 follows

easily from Lemma A.10 in the periodic case and Lemma A.8 in the infinite case. (I
Appendix: Analytic tools

Products in Sobolev spaces. We will need some estimates of the product of functions in Sobolev spaces.

Lemma A.1. Let U denote either ¥ or Q.

(1) Let 0 <r <s1 <sp be such that s1 > n/2. Let f € H"(U), g € H2(U). Then fg € H" (U) and

1fgllar SNt liglas. (A-1)

(2) Let 0 <r <s| <53 be such that s, >r+n/2. Let f € H*'(U), g € H*>(U). Then fg € H" (U) and

1fgllar SNt liglas. (A-2)

(3) Let 0 <r <sy <s be such that s) >r+n/2. Let f € H"(X), g € H2(X). Then fg € H™'(X)
and

Ifgll—si SNFN=rNglls,- (A-3)

Proof. The proofs of (A-1) and (A-2) are standard; the bounds are first proved in R"” with the Fourier
transform, and then the bounds in sufficiently nice subsets of R" are deduced by use of an extension
operator. To prove (A-3), we argue by duality. For ¢ € H®', we use (A-2) bound

/ 012 < loglll Fllor < ol I8 lssll 11—
)

so that taking the supremum over ¢ with ||¢]l;, < 1, we get (A-3). O

We will also need the following variant.
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Lemma A.2. Suppose that f € C'(X) and g € H'/*(X). Then

18l SN fllerliglhye

Proof. Consider the operator F : H* — H* given by F(g) = fg for k =0, 1. It is a bounded operator for
k=0, 1 since
Ifgllo < flicrligllo and [ fglli S Hflcrllglh-

Then the theory of interpolation of operators implies that F is bounded from H!/? to itself, with operator
norm less than a constant times /|| fllci+/I| fllct = |l fllc1» which is the desired result. O

Identities involving s{. We now record some useful identities involving &4, as defined by (1-3).
Lemma A.3. The following hold.

(1) Foreach j =1, 2,3, we have that 9;(J A ji) = 0.
(2) On X, we have that Jde; = N, while on Xy, we have that J de; = es.
(3) Let R be defined by (4-8). Then RTN = —9,N on %.

Proof. The first item may be verified by a simple computation. The first part of the second item holds
since b =1 on 33, which means that

Jsles; = —Ae) — Bey +e3 = —01ne; — 0xnex +e3 = —0ne; —ohnex +e3 =N

on X. The second part of the third item follows similarly since b =0 on %,. For the third item, we
compute RT = —K9,J — 3,54s4~". Then, using the second item, we find that, on X,

RTN = (—K3,J — 8, AA™ Y Jsles = —8,J Aes — J o, sles

—AJo K A+ AJO K A
=|-BJK|+|sB+BJK|=|B|=—0N. U
o JK —Jo, K 0

Continuity and temporal derivatives. We will need the following interpolation result, which affords us
control of the L> H* norm of a function f, given that we control f in L>H**" and 8, f in L>H*~.

Lemma A.4. Let I denote either X or Q. Suppose ¢ € L*([0, T1; H*'(T")) and 8,¢ € L*([0, T1; H*>(I"))
forsy = sy >0. Let s = (s1 +52)/2. Then ¢ € C°([0, T1; H* (")) (after possibly being redefined on a set
of measure 0), and

1
18 0o (1 + 7)(||¢||izm 100817 ). (A-4)

Proof. According to the usual theory of extensions and restrictions in Sobolev spaces, it suffices to prove
the result with I' =R" or I' = (L T) x (Lo T) x R™ forn = 2,3, m =0, 1. We will prove the result
assuming that I' = R"; the proof in the other case may be derived similarly, replacing integrals in Fourier
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space with sums, etc. Assume for the moment that ¢ is smooth. Writing ~ for the Fourier transform, we
compute

AW = 2%(fw<s>2“2<s, D3 (E, t)d$> < 2[@ﬂ<s>2‘¥|2(s, DOIEE 0l dg

= 2/ﬂ<s>fl 1C(E, DI (E)710,L (5, 1)] dE < /W<s>2“ 2, I dE +/W<s>2s2|az2<s, N\’ de
= e @I, +13: D113,

Hence for r, t € [0, T, we have that ||¢(7)]|? < ||§(r)|| + IICIILZHA1 +1|0:¢ ”L2H32 We can then integrate
both sides of this inequality with respect to r € [0, T'] to deduce the bound

sup €O = 118 13y 4160 + 188 By S (1 7 ) (182 + 10 ). (AS)

0<t<T

If ¢ is not smooth, we may employ a standard mollification argument (see [Evans 2010, Section 5.9]) in
conjunction with (A-5) to deduce that { € C ([0, T1; H*(R™)) and that (A-4) holds. O

Extension results. In our well-posedness arguments, we need to be able to take the initial data B,j u(0),
j=0,...,2N and extend it to a function u satisfying Ry (1) < &o(u, 0), defined by (5-2) and (5-7),
respectively. This extension is the content of the following lemma.

Lemma A.5. Suppose that B,j u(0) € H*N=21(Q) for j=0,...,2N. Then there exists an extension u,
achieving the initial data, so that

8 u € L2([0, 00); H*N=2+1(2)) N L®([0, 00); H*N = ()
for j=0,...,2N. Moreover, Ron(u) < €o(u, 0), where in the definition of Koy (u) we take T = oo.

Proof. Owing to the usual theory of extensions and restrictions in Sobolev spaces, it suffices to prove the
result with Q replaced by R3 in the nonperiodic case and (L;T) x (L, T) x R in the periodic case. The
proof in the periodic case can be derived from the nonperiodic proof by trivially changing some integrals
over frequencies to sums; thus we present only the proof in R>.

Let f; e H 4N=2/(R3) denote the spatial extension of 8f u(0) € H*N=2/(Q). It suffices to construct
Fj(x,t) for j =0,...,2N so that E)thj(x, 0) =6« fj(x) (8« is the Kronecker delta) and

k 2 k 2 2
107 Fjll 72 gan-—2er + 107 Fjll oo prav—e S 1 lan—2; (A-6)

for k=0, ...,2N. Indeed, with such F; in hand, the sum F' = Z j=o Fj 1s the desired extension. Note
that in the norms of (A-6), the symbol L?” H™ denotes L? ([0, c0); H m([R@))
Let o; € C2°(R) be such that ¢ (0) =8; x for k=0, ..., 2N (here (k) is the number of derivatives). We

then define FJ &, 1) =g (t(é)z)fj (£)(£)7%, where " denotes the Fourier transform and (£) = /1 + |£|2.
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By construction, 3f F; (5, 1) = ¢ (1 (£)?) ;(§)()*~7, s0 that 9 F (-, 0) = 8 f;. We estimate
o i D= [ €PNl e Pl @ F €1 ag
= /R JePe@P1H®F @ ds < o [ £y o
50 that [|9 Fj 12« yav—ae S 113 y_s;- Similarly,
[0 Fi[2pon-a = fom | PO e fyo) e dg ar
= /0 ) fR [P aen I F@ €22 ag ar
= /R3|J§(§)|2(§)2(4N_2j+1)(/Ooo|g0§»k)(t(§)2)|2dt) dt
= [Ih@Pere (2 [TleP ol ar)de
=l |,

so that ||8thj ”iZH‘W—ZkH S fj ||iN_2j. Note that in (A-7), we have used Fubini’s theorem to switch the

Fof @20 de = oLy D

order of integration; this is possible since ¢ is compactly supported. We then have that F; satisfies the
desired properties, completing the proof. (I

A similar result can be proved for the pressure. We omit the proof.

Lemma A.6. Suppose that 8,jp(0) € HW=2I=1(Q) for j =0, ...,2N — 1. Then there exists an exten-
sion p, achieving the initial data, such that

8/ p € L*([0, 00); H*N=27(Q)) N L=([0, 00); H*V~271(Q))

for j=0,...,2N — 1. Moreover,

2N—1 ) ) ) 5 2N—1 ) 5
Z H 8t]p“Lz[_]vazj + ||at]p||LooH4N—2j—l f, Z ” 8tjp(0) H HAN-2j—1"
j=0 j=0

Poisson integral: nonperiodic case. For a function f, defined on ¥ = R2, the Poisson integral in
R? x (—o0, 0) is defined by

PFx3) = / () Es i e g (A-8)
RZ

Although @ f is defined in all of R? x (—o0, 0), we will only need bounds on its norm in the restricted
domain Q = R? x (—b, 0). This yields a couple improvements of the usual estimates of % f on the set
R2 x (—00, 0).
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Lemma A.7. Let P f be the Poisson integral of a function f that is either in H1(X) or H1~V/2(%) for
g € N (here H® is the usual homogeneous Sobolev space of order s). Then

_ p—4mblE|

A 1
v I s [ 6P FeR(—

o) 42

and in particular,

IVIP LIS S U Wpamrngy and V9P LIS SIS I sy (A-10)

Proof. Employing Fubini, the horizontal Fourier transform, and Parseval, we may bound

0
IV 13 S / | |§|24|f<s>|2e4”'f"‘3 dxs dt

(A-11)
2 SATIELxs 2 e~ *PEl
RERNCT ax)de < | 6P| f@) (T)ds.
This is (A-9). To deduce (A-10) from (A-9), we simply note that
| — p—dnblé]
= m1n{47'[b & =} (A-12)

which means we are free to bound the right-hand side of (A-11) by either ”f”Hq 12z OF ||f||Hq(2)

We will also need L° estimates.

Lemma A.8. Let P f be the Poisson integral of f, defined on X. Let g € N, s > 1. Then
IVIPflZ< < IDFI- (A-13)

Proof. We use the definition of % f and the trivial estimate exp(27|£|x3) <1 in Q to get the bound

IVIP fll S /RZIEI"IJ‘A(S)IdE-

The estimate (A-13) then follows from this and the easy bound

R 12
[erli@las sionp ([ er2ae) <100
which holds when s > 1. O

Poisson integral: periodic case. Suppose that ¥ = (L, T) x (L,T). We define the Poisson integral in
Q_ =3 x (—00,0) by o A
g})f(x) — Z eZTt’m-x €2n|n‘x3f(l’l), (A—14)

ne(L7'Dx(L;'2)

where for n € (Ll_ll) X (LZ_IZ), we have written

—27nn -x!

Fn) = / [ Ea




362 YAN GUO AND IAN TICE

It is well known that @ : H*(X) — H*t1/2(Q_) is a bounded linear operator for s > 0. We now show
how derivatives of ? f can be estimated in the smaller domain €.

Lemma A.9. Let P f be the Poisson integral of a function f that is either in H1(X) or H1~Y2(%) for
q € N. Then
IVIP LIS S U Wpamrnggy and V9P LIS S 1 sy

Proof. Since P f is defined on X x (—o00, 0), it suffices to prove the estimates on Q:=3% x (=b,,0)
with b, = sup,.y, b since 2 C . By Fubini and Parseval,

0
2 YT
V2 f e S 22 Pl et dxs
nellT'Dx(Ly;'n) " T
—47by|n|
PN r2/1—e +
S D i) (—m| ) (A-15)
ne(L7'Dx(L;'7)
However,
1— e—4nb+|n| 1
— < min{4nb+, —},
|n| |n|
which means we are free to bound the right-hand side of (A-15) by either || f”i'm—l/z():) or || f||§q(2). [l

We will also need L™ estimates.

Lemma A.10. Let P f be the Poisson integral of a function f that is in H115(X) for ¢ > 1 an integer
and s > 1. Then
IVIPf 70 SIS s

The same estimate holds for g = 0 if f satisfies / f=0.
b

Proof. We estimate

R 1/2
IVIPfleS > |f(n)||n|q§||f||m+s< > |n|—25) re

ne(L7'Dx(Ly'2) ne(L7'Z)x (L3 ' 2)\{0}
if s > 1. The same estimate works with g = 0 if f 0)=0. U

Transport estimate. Let X be either periodic or nonperiodic. Consider the equation

{8,77—|—u-D17=g inX x(0,T7), (A-16)
n(t =0) =no,

with T € (0, oo]. We have the following estimate of the transport of regularity for solutions to (A-16),
which is a particular case of a more general result proved in [Danchin 2005a]. Note that the result in
[Danchin 2005a] is stated for £ = RZ, but the same result holds in the periodic setting ¥ = (L T) x (L, T),

as described in [Danchin 2005b].
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Lemma A.11 [Danchin 2005a, Proposition 2.1]. Let n be a solution to (A-16). Then there is a universal
constant C > 0 such that for any 0 < s < 2,

t t
sup [[7(r)l gs SeXp<Cf [ Du(r)l a2 dr)(llnollm +/ I8 ) s dr)-
O<r<t 0 0

Proof. Use p = pr, =2, N =2, and 0 = in Proposition 2.1 of [Danchin 2005a] along with the embedding
H3*— B} _NL*™. O

Poincaré-type inequalities. Let ¥ and Q2 be either periodic or nonperiodic.

Lemma A.12. We have
112 S I 1o + 183 £ 1172 (A-17)

forall f € H'(Q). Also, if f € WH°(Q), then

1 1oy SN Mooy + 105f 1) - (A-18)

Proof. By density, we may assume that f is smooth. Writing x = (x/, x3) for x’ € ¥ and x3 € (—b(x"), 0),
we have

0
)P =1 0P =2 | f&,2dfK,2)dz

X3

0
<|f( 0)|2+2f |f (X, N85 (x', 2)l dz.
—b(x")
We may integrate this with respect to x3 € (—b(x’), 0) to get
0 0
[ rwmPan sipe O 2 [ 5ol e 2l
—b(x") —b(x")

Now we integrate over x’ € X to find

1
f |fEPdx S fI7a +2 / | £ f @)l dx < 1 f 2y + € I 20 + £ 1031172
Q Q €

for any ¢ > 0. Choosing & > 0 sufficiently small then yields (A-17). The estimate (A-18) follows similarly,
taking suprema rather than integrating. ([l

We will need a version of Korn’s inequality, proved, for instance, in Lemma 2.7 of [Beale 1981].
Lemma A.13. We have |u|l; < ||Dullo for all u € H'(; R?) such that u = 0 on Xy,

We also record the standard Poincaré inequality, which applies for functions taking either vector or
scalar values.

Lemma A.14. We have || fllo < £l S IV £fllo for all f € HY(Q) such that f = 0 on Xp. Also,

I ey S W lwreoy S IV Fll e for all f € WH(Q) such that f =0 on %,
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An elliptic estimate. The proof of the following estimate may be found in [Beale 1981] in the nonperiodic
case. The same proof holds in the periodic case with obvious modification.
Lemma A.15. Suppose (u, p) solve
—Au+Vp=¢pec HXQ),
divu =y e H1(Q),
(pl —D(w))e; =a € H' (%),

M|2b:0.

Then, forr > 2,
2 2 2 2 2
lullyr + ||p||Hr71 N ||¢||Hr72 + ||l[’||Hr—1 + ||05||Hr73/z .

Integration by parts. Here we record a temporal integration-by-parts equation. We assume throughout
that n is sufficiently regular that J and o are C 1[0, T1; L=(Q)).

Lemma A.16. Suppose that
p € C°([0. T1; H()),
w e CO[0, T1; H(2)) N L*([0, TT; o H' (),
divyw=F € H'((0, T); H(Q)).

Define P € C°([0, T1; (oH'())*) via (P, v)« = (p, divy v)o. Suppose also that
3 (Jw—P) e L*([0, T1; (0H"(2)*).
Then, forany 0 <s <t < T, we have
w1 — 3lw®15— (p(1). F©0),+ (p(s). F(s)),
t t
=/ (& (Jw— P), w>*/ / — LT\l + pd (Jshi))djwi — pd,(JF). (A-19)
K s JQ

Proof. Step 1: Mollification. Let ¢ € C2°(R) be such that ¢(t) = 1 for t € [-2T,2T]. We define
w € CO(R; H(Q)) via

w() t<O,
w=¢w, wherew(®):=Jw(¢) 0<t<T,
w(T) t>T.
Similarly, we define p € Cg(R; H(Q)) via
p0) <0,
p=¢p, where p(t):={pt) 0=<t<T,
p(T) t>T.

Also let F € H'(R; H°(2)) denote a bounded extension of F to all of R such that supp(F) C [-2T,2T].
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Now we let v/, be the usual 1 — D approximate identity (satisfying . (x) = ¢ (x/g)/e for ¥y € C°(R)
with 0 < ¥, supp(y) C (=1, 1), and [ = 1) and define
we =Y % € CP(R; H'(Q)),
pe = Yo x p € CE(R; H(Q)),
F.:=v.xF € C®[R; HY(Q)).
Let us define
P € C'((0, T); (0H'(R))%)
via
(Pe, v) :/ ped divg v.
Q
The usual properties of mollifiers imply that

pe—p inC°([0,T]; H(®)),
we = w in C°([0, T]; H(Q)),
we = w in L*([0, T1; oH'()),
F,— F in H'((0,T); H(Q)),
P.— P inC[0, TT; (0H'()%). (A-20)

Step 2: Computation. Now we define the function
@) =3lw®Ig = (p@), F0)o,
which clearly satisfies f € C°([0, T1). We also define

fe@) = 3llwe @5 — (pe (1), Fe(t))o,
which satisfies f, € C'([0, TY).
Note that since F, — F in H'! ((O, T), H O(Q)), the Sobolev embedding in one dimension implies that

F,— F inC°[0, T]; H'(Q)).
From this and the C° H® convergence results for p, and w, listed in (A-20), we see that
fe— £ inC%(0, TY. (A-21)

Now, since f; is C', we may let 0 <s <t < T and compute

fs(t)_fs(s):/athZ//at(st)‘we_%atJ|ws|2_fatszF£+peat(JFs)
s s JQ Q

t t
Z//at(]ws)'ws_%atjlwe|2_//8lps-]diV&1ws‘*’psat(‘]&qzj)ajwa,i
s JQ s JQ
— Pe0i(JAlij)0jwe i + 0 peJ (Fe — divyg we) + pedi (J Fe)
t
Z/(at(st_Pe)» we>*+/ _%at]|w8|2+psat(-]&gij)8jws,i
s Q

— 0 ped (Fe —divg we) — ped; (JFe).  (A-22)
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Now we send ¢ to 0. Note that by Lemma A.17, the p. convergence listed in (A-20), and an integration
by parts in time, we know that

t
//8tpSJ(Fs—diV&¢ws)—>O.
s JQ

Similarly, from Lemma A.17 and the w, convergence listed in (A-20), we have that

t t
f (0 (Jwe — Pp), wg), — f (0 (Jw—P), w) .

Then from these and (A-20), we can pass to the limit on the right side of (A-22), and from (A-21) we can
pass to the limit on the left. We then get (A-19). (I

The next lemma contains some of the convergence results used in the proof of the previous lemma.

Lemma A.17. We have
divgw, — F. —> 0 in CO([O, TI; HO(Q)) as e — 0,

) o (A-23)
d(divgws — F,) > 0 in L*([0,T]; H*(Q)) ase— 0.

Also,
(Jwe — P) —> 3,(Jw—P) in L*([0, T1; (0H"(R))*) ase— 0. (A-24)

Proof. Step 1: Proof of (A-23). We compute

divawe® = 0 = [ 1y (52 (o0 = sty (60) 015 .
R

Then

e |t—s| , (t—s
[divea we ) = Fe ) < 13,8l core f =Sy (22 hywi () lo ds

1—s €
t+e¢

v (010w )lods
t+e

N ||3tﬂij||c0LW/

t—e

SN0 stijllcopev2e (f
t

—&

1/2
19 w; (S)IlgdS) SVelldrdijllcopellwll 21

Hence

sup ||diveg we (1) — Fe(0) || S Ve l0rshijllcopee w241 — 0. (A-25)
tel0,T]

Next, we handle the time derivative. We write o; (diV&g we(t) — Fy (t)) =1+ 11, with

1 —
1:=/Rgw(%)a,wij(z)ajw,-(s)ds.

Clearly

I — dd;jdjw; in L*L* ase— 0.
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Also,
+eq (t—S Sﬂij(t)—&dij(s)
11=/t_8 g‘ﬁ< - ) - )ajwis)ds
1 .. o (F —
=/ 1ﬂ,(l’)<&quo‘) &QU(t Sr))ajw,-(t—sr)dr.
—1 &
Note that

/rw/(r)dr:—/lp(r)dr:—l.
R R

Hence, for any & € L?HY, we have

1 . o (F —
() — k() = f w’(r)[(&g”m ‘f”(t 8r))8jw,-(t—sr)+k(t)r:| dr.
-1

From this we see that if we choose

k(t) = —d,d;j(1)d;w; (1) € L*HP,

then
Il —k—0 inL*H°.

Hence
3 (divy we(t) — Fe()) =1 +11 - 0 in L*H°,

which together with (A-25) is (A-23).

Step 2: Proof of (A-24). Since Jw — P € H'((0, T); (oH'(2))*), the usual theory of mollifiers shows
that
Yex(Jw—P)—> Jw—P inH'((0,T); (H'(Q)*) ase—0.

Hence, to prove (A-24) it suffices to prove that
W[(Jws — Po) =Y x (Jw—P)| -0 in L*([0, T]; @H'(R))*) ase— 0.

This convergence may be deduced by modifying the argument used above in Step 1. ]
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