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Preface to the Classics Edition

Due primarily to the proliferation of computers, many questions in science
and engineering have become amenable to quantitative study, and modeling
by partial differential equations (PDEs) is playing an ever increasing role.

This book introduces a part of this vast subject: initial and initial-
boundary value problems for systems of PDEs that are first order in the
time variable. We emphasize the well-posedness theory of parabolic, hyper-
bolic, and mixed parabolic-hyperbolic systems and address the difficulties
due to boundaries. The results are illustrated with applications to the
Navier-Stokes equations for compressible and incompressible flows.

In parts, our approach to the subject is low-tech. For example, to show
existence of solutions to parabolic systems we use difference schemes instead
of semi-group theory or a parametrix. Functional analytical prerequisites
are kept to a minimum. What we need in terms of Sobolev inequalities is
developed in an appendix.

Our main intent in writing the book was to give a rigorous introduction
to a field of mathematics, important in the applications, which is accessible
to many readers. The success of the first edition of the book leads us to
believe that we have succeeded, at least to some degree. We are grateful to
have the book reprinted in SIAM’s series Classics in Applied Mathematics.

Heinz-Otto Kreiss (Potsdam, Germany)

Jens Lorenz (Albuquerque, NM)
October, 2003
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Errata

. 44: In the 2nd line of section 2.3 replace u; = P(8/8z) by u, =

P(3/8z)u.

p. 51: In the last display equation replace |%;| by |Rex;|.

p. 100: In the display equation within Lemma 3.3.1 replace || f|jg» by

£t

. 107: The point denoted by (x,t) in Figure 3.3.1 should be denoted by

(z,9).

p- 153: In Figure 4.4.12 replace u =1 by u = 0.

p. 156: In line 8 replace € — oo by € — 0.

p. 191: In the last line the last sum extends over all multi-indices o # 0

T T T T

with a < v (componentwise).

. 213: In formula (7.2.6) replace w;(1) by wz(4).
. 232: In the 6th line from below, the third matrix is A, not A.
. 239: In the 5th formula line from below, replace ;. (z,t) by tizz(z, 8).

. 241: To obtain the estimate Re(pA;) > 61|p} stated in the 9th line from

below, it should be noted that |arg Ax| < F.

xiti
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p. 247: Delete the leading symbol e in the first display equation.
p. 332: In formula (9.1.18) replace [£}2,, by |€"|3.

p. 343: The reference to von Wahl’s paper made in the remark is incorrect.
The fact that the spatial Ls norm of u becomes unbounded for 0 <
t < T if there is blow-up at time T has only recently been proved by
L. Escauriaza, G. Seregin, and V. Sverdk, On L3 o, -solutions to the
Navier-Stokes equations and backward uniqueness, Uspekhi Mat. Nauk
58 (2003), pp. 3-44.



Introduction

The aim of this book is to develop a theory of initial-boundary value problems
for linear and nonlinear partial differential equations. There are already many
books available, and we shall list some of them after the introduction. How-
ever, the area is vast, and any one book can only treat certain aspects of the
theory. Our choice of material is very much influenced by the availability of
fast computers. They have made it possible to solve rather complex problems
for which the classical theory of second-order equations is not adequate. Exis-
tence and regularity questions play a fundamental rdle in computations because
the resolution required depends on the smoothness of the solution, and there is
always the danger that one tries to compute things which do not exist. Another
fundamental question concerns admissible boundary conditions, which we shall
discuss in great detail. In computations the boundary conditions cause most of
the problems.

We believe that this book can fill a gap between elementary and rather ab-
stract books. To illustrate our theory, we have chosen the compressible and
incompressible Navier-Stokes (N-S) equations, which describe fluid flows rang-
ing from large scale atmospheric motions to the lubrication of ball bearings. The
choice was dictated by the desire to find a system which is so rich in phenomena
that the whole power of the mathematical theory is needed to discuss existence,
smoothness and boundary conditions. We hasten to add, however, that we only
scratch the surface of the diversity in which its solutions can behave. For exam-

xv



xvi Initial-Boundary Value Problems and the Navier-Stokes Equations

ple, turbulent flow is described by the N-S equations, and at present no adequate
mathematical theory is available.

There are different ways to develop the theory. One way is to start with weak
solutions and then to discuss their smoothness. This approach can lead to dif-
ficulties when it comes to boundary conditions and to nonlinear equations. For
numerical calculations one is very much interested in knowing the exact smooth-
ness behavior “up to” the boundary. Also, for nonlinear problems it is often
difficult to show that the weak solutions have sufficient regularity (smoothness)
in order to make them unique.

We proceed instead in the following way: First we show, by using difference
approximations for linear problems and linearization for nonlinear problems,
that there is a set of C'°°-smooth data, dense in Lj, for which the equations
we discuss have C'*°-smooth solutions. These solutions and their derivatives
can be estimated in terms of the data. Then we use the usual closure argument
to define weak solutions if the data are less smooth. This process is much
closer to computing than the previous one: If one wants to compute solutions
with discontinuous data then one obtains better results if one approximates the
discontinuous data by smoother data.

Also, in computations of solutions of nonlinear problems, one adds terms in
the equation (numerical dissipation) so that the solutions do not develop discon-
tinuities. We proceed analogously in the analytic theory of hyperbolic equations
and treat these as a limit of parabolic ones. The latter have C'>°-smooth solu-
tions for C°°-smooth data. For the Euler equations (which are identical with the
N-S equations without viscous term) this corresponds to replacing the inviscid
equations by the viscid equations. In general, this process of adding a formally
small higher-order derivative term is doubtful: There is no assurance that one
obtains anything meaningful in the limit as the term goes to zero. However, for
problems coming from applications, the extra terms are often present in the full
equations and have only been neglected — without mathematical justification —
to formally simplify the equation.

We would like to thank our students who partly read the manuscript and
suggested valuable improvements. Thanks is due also to Linda Soha, who
expertly typed a large part of the manuscript. We wish to acknowledge the
support of our research by the National Science Foundation (contract number
DMS-8312264), by the Office of Naval Research (contract number N-00014-
83-K-0422), and by the Department of Energy (contract number DE-AS0Q3-
76ER72012).
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1 The Navier-Stokes
Equations

In this preliminary chapter we first outline some questions which will be treated
in this book. Then we derive the Navier-Stokes equations. Though the deriva-
tion will not be used later, it is of interest to understand the underlying logical
and physical assumptions, because the mathematical theory of the equations
is not complete. There is no existence proof except for small time intervals.
Thus it has been questioned whether the N-S equations really describe general
flows. If one changes the stress tensor such that diffusion increases when the
velocities become large, then existence can be shown. This change of the equa-
tions does not seem to be justified physically, however. For example, certain
similarity laws — valid for the Navier-Stokes equations — are well-established
experimientally, but the modified equations do not allow the corresponding sim-
ilarity transformations. Possibly a lack of mathematical ingenuity is the reason
for the missing existence proof, and the N-S equations are physically correct.

The N-S equations form a quasilinear differential system, and much of our un-
derstanding of such systems is gained through the study of linearized equations.
These will, in general, have variable coefficients. By freezing the coefficients
in such a problem, one obtains systems with constant coefficients. It is much
easier to analyse the latter, as will be later shown in Chapter 2. However, the
relation between variable-coefficient and constant-coefficient equations is not
trivial. The fundamental ideas of linearization and localization are discussed in
Section 1.3.



2 Initial-Boundary Value Problems and the Navier-Stokes Equations

1.1. Some Aspects of Our Approach

1.1.1. The Equations, Initial and Boundary Conditions

Neglecting effects due to thermodynamics, i.e., assuming constant entropy, the
full N-S equations consist of the three momentum equations

p%—lt!+gradp=l’+pl",
the continuity equation
pr + div(pu) = 0,
and an equation of state
p=r(p).

Here the velocity u = (u, v, w), the density p, and the pressure p are the un-
knowns, F is a given forcing, and r(p) with dr/dp > 0 is assumed to be a
known function. Furthermore, we have used the common notations

Pz Op/dx
gradp= | p, | = | Op/Oy
P Op/0z

div (pll) = (P’U)z + (P’U)y + (pw)zv

D o 7] e 17}
——-=-——+u—z+v—+w-——.

Dt ot ‘or oy @ 0z
The term P is defined by

(div u), QAu
P = (u + p')grad (divu) + pAu = (u + ¢') | (div u), ) +ul Av )
(div u), Aw

where A denotes the Laplacian, and i and i/ are nonnegative material constants,
assumed to be known.
In most applications one deals with simplified equations:

Case 1. Incompressible flow, p = pp a known constant, the equation of
state is dropped. Most of the mathematical theory is done for this case. After
choosing suitable units, one can assume p = 1, and the equations read

Du

Di +gradp=vAu+F, divu=0 (v=u/m).
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Note that the momentum equation and the equation div u = 0 are of different
type. This makes the existence theory more difficult. Indeed, the small-time
existence theory for the compressible equations is somewhat easier than the
theory for the incompressible case. However, as we will show, the vorticity
formulation allows a systemnatic treatment of the incompressible equations. Us-
ing the idea of initialization for problems with different time scales, one can
also treat the incompressible case as a limit of compressible ones:

Case 2.  Compressible but inviscid flow, ie., ¢’ = p = 0. One obtains the
full equations with P = 0. The resulting system ~ possibly augmented by an
energy equation — is fundamental in gas dynamics;

Case 3.  Inviscid, incompressible flow. The equations are known as Euler
equations:
Du

Dt +gradp=F, divu=0.

The differential equations have to be supplemented by initial and boundary
conditions. The mathematically easiest case is the Cauchy problem with pe-
riodic initial data, where one seeks for solutions periodic in space. Loosely
formulated, the following results are known for the viscous equations:

1. If the initial data are sufficiently smooth, then there is a time 7" > 0 such
that the N-S equations have a unique smooth solution for 0 < ¢ < 7. The
time T depends on the initial data.

2. In the incompressible case one can say more: The solution is analytic for
0 < t < T. Furthermore, if the velocity u satisfies a bound in maximum
norm* like

max I“(xa w2, T)I = I“('a T)loo < C,
Z.y.2

then the solution can be continued for a time At > 0, which only depends
on C. This latter result guarantees ~ for the viscous incompressible case —
that the solution can be continued as long as the velocities stay uniformly
bounded. In other words, it is not possible that the solution ceases to exist
because just derivatives of u become large; u has to become large itself.
In experiments extremely large velocities are not observed. The maximal
velocity hardly ever exceeds twice the mean velocity. This nourishes the
hope that it might be possible to derive uniform bounds for u and thus

*By juj = (u? + v? + w?)"/2 we denote the Euclidean length of a vector u. The notion
maximum norm refers t0 maximization w.r.t. to the arguments x, y, 2.
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to prove existence at all times. Thus far, however, this has not been
achieved.

In practical applications one studies flows in finite domains and most of the in-
teresting phenomena happen near the boundary. Therefore, it is of great interest
to study initial-boundary value problems. Indeed, most of the results formulated
for the Cauchy problem can be carried over to suitably posed initial-boundary
value problems using the general theory of partial differential equations. It is
one of the main aims of the second part of these notes (starting in Chapter 7)
to describe techniques for choosing correct boundary conditions, i.e., boundary
conditions which lead to a mathematically well-posed problem.

1.1.2. Shocks and Weak Solutions

For the inviscid compressible case of the N-S equations the solution can cease to
exist though u stays uniformly bounded. This can be illustrated by the inviscid
Burgers’ equation:

(1.1.1) u + %(uz), =0.

Discontinuities (shocks) for u(z,t) can develop in finite time though v stays
uniformly bounded. We will show this by the method of characteristics. Thus
a classical solution can cease to exist in a finite time. To obtain existence of
a solution for all time, one can broaden the solution concept and allow for
weak solutions. Let us illustrate this for equation (1.1.1) together with an initial
condition

(1.1.2) w(z,0) = f(z),

where f(z) is a smooth* function with compact support. Later we shall show
that the (regularized) problems

(1.1.3) ug + %(uz)z = €Ugr, € >0,

togethér with the initial condition (1.1.2) have a unique smooth solution u.(x, t)
existing for all time. Furthermore,

|uc(’, t)'oc < ‘uc('ao)lom / 'qu-(.'t, t)'d:l,‘ < / ‘ucx(17o)ldx-

*A function is called smooth if it has sufficiently many continuous derivatives. We use this con-
venient term whenever more precise smoothness specifications are unimportant for our arguments.
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This allows us to show that there is a unique function ue(z, ), satisfying the
above inequalities, such that for every smooth test function ¢(z, t) with compact

support
(1.14)

oC  pOC o0 poC
lim / / ul (z, Y, Hydr dt = / / ul(z, )(x, t)drdt, j=1,2.
0 Jo -00 0 —o00

The function up is called a weak solution of the problem (1.1.1), (1.1.2).

It is desirable to introduce and characterize weak solutions in a more direct
way, without studying a regularization. To this end, let ¢ = ¢(x,t) denote a
smooth function with compact support. If we multiply (1.1.3) by ¢ and integrate
over

-00 < T < co, 0<t< o

we find after integration by parts

o o0
€ / / Ue Pz AT dt
0 —oo

== [7 [ woit zuipndzat- [ w00 0de.
0 —oc

-G
Using the initial condition and sending ¢ — 0, one finds from (1.1.4) that g
satisfies

(1.1.5) / / (u¢t+%u2¢,)dxdt+ / f(@)Hz,0)dx = 0.
0 -0c —oc

This relation does not involve the e-dependent equation (1.1.3), and thus it
motivates the

Definition. A function u(x,t) is called a weak solution of (1.1.1), (1.1.2) if
(1.1.5) holds for all test functions ¢.

Our derivation shows that ug(x,t) is @ weak solution. It turns out, however,
that the given definition does not characterize a unigue function. There is, in
general, more than one weak solution if we accept the definition given above.

From our point of view (and for physical reasons) it is natural to define weak
solutions of the inviscid equations as the limit of solutions of the viscous equa-
tions. But unfortunately, for more general equations or systems of equations,
one generally does not know whether this limit exists. Therefore, it seems to be
advantageous to define weak solutions directly, without going through such a
limit process. This is usually done by requesting an integral relation for certain
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test functions, as in (1.1.5), for example. In this way one can make the con-
cept of a solution so weak that solutions do exist. However, often uniqueness
becomes a problem. For the N-S equations there is no solution concept known
which leads to both existence and uniqueness.

1.1.3. Scaling Arguments and Limiting Processes

One of the most powerful tools for discussing properties of the N-S equations
are scaling arguments. As an example we shall discuss some aspects of these
arguments for the 2D inviscid compressible equations, which we write in the
form

(1.1.6)
plus +uuz +vuy) +p- =0,  plve + uvz +vyy) +py, =0,

Pt +upz +vpy + puz +vy) =0, p=r(p).

Assume that for a given flow we can scale the dependent and independent
variables by

u=Ud, v=Uv, p=Qp, p=Pp,
z=Lz', y=Ly, t=T¢t,

so that v/, v/, p’, p’ and their first derivatives are of order O(1). Here
U, Q, P, L, T are positive constants and (), P are assumed to be com-
patible with the equation of state, i.e., P = r(Q). If, for example, p = p7 then
P = @7, and thus p’' = p'7; i, the equation of state remains unchanged by
the transformation. Introducing the new variables into the equations above, we
find

UT UT 1 , U?

P (v + T (i +0'%)) 4 el =0, M= TR
ur UuT 1

p’('l);, + T(u'v',, + 'U”U;/)) + —L—mp;, = 0,

UT
P + A (P + V' gy + P/ (U + V) =0.

Assume now that UT'/L = 1 and that the equation of state remains unchanged
by the transformation. If we drop the  sign in the notation, the equations become

1
pluy + uug + vuy) + pr =0,

1
plvy + uvg + vuy) + Wpy =0,
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Pt +ups +vpy + plug +vy) =0,
p=r(p).
It follows from these equations — as we shall discuss later — that the type of the
flow depends crucially on the so-called Mach number M introduced above. If
M < 1, M =1, M > 1, then the flow defined by the state (U, P = r(Q)) is
called subsonic, transsonic, or supersonic, respectively.
Consider, for example, the case M — oo. Formally we obtain in the limit
the equations
u + uug + vy, =0,
v +uvy +vyy, =0,
Pt +upz +vpy + p(uz +v) = 0.
Here the pressure has been eliminated, and the velocity equations are uncoupled
from the density equation.

We can also obtain the incompressible equations by a limit process from the
equations governing compressible flows. To this end, assume that

P=p+Qp, pp=const, |Q|<<1, p =0().

Thus the density is almost constant. For the pressure we obtain that
, dr /
p=7(p) = r(po + Qp) = r(po) + Qa;(m)ﬂ .
and therefore the pressure is correctly scaled if we write
, dr
p=p+Pp, m=r(p), P= Q‘J;(Po)-

Introducing p = pg + Qp’, p = po + Pp’ and using the same scalings of
u,v,Z,y,t as above, we obtain from (1.1.6) the following system, where again
" is dropped in the notation:

ur ur
(o + Qo) (ue + 'L—(uuz +vuy)) + T%p’ =0,

ur ur
(PO + QP)(Ut + T(u'vz + ’U'Uy)) + —L—XJQ—EPy = 0,
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ur +Qp)UT
Pt + _L—(upz + va) + %(uz + vy) =0,
2 2
=Y. U
P dr(po)/dp
p=p+---.
Considering the limit process
ur Q
T=1, Q—-0, M—0 but Hz—=1,

we obtain formally the Euler equations, where the density equation above goes
over in u; + v, = 0. We shall discuss this limit process in Chapter 10.
Another limit is obtained for

Q-0 gLI—vo but UTQ—»&;’:O, g—T—v

LM? QL

B#0.

The resulting equations are
pous + ap; =0,  povy +ap, =0,
pt + pof(uz +vy) =0, p=p.

Combining these, we obtain the wave equation for p:

T2
Pt = CZ(P::: + Pyy)s c2 = ﬁdT(Po)/dP

(In the original coordinate system where L = 7" = | the quantity (dr(py)/dp)'/%
denotes the sound speed.)

The above scaling arguments show that the N-S equations describe vastly
different types of problems; these appear when certain parameters approach
extreme values. One could believe that these extreme cases are practically
uninteresting. However, the opposite is true: they represent the usual behavior.
The reason is that the parameters do not need to take extreme values for the flow
to have qualitatively the same behavior as suggested by the limiting equations.
For example, a flow with M = 2 is in certain aspects not much different from
the limiting flow corresponding to A/ = oco. Therefore, the analysis of the
limiting equations is important.

1.14. Remarks on Solution Estimates and Computations
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From a purely mathematical point of view the theory of the viscous N-S equa-
tions is in rather good shape, except for the question of long-time existence and
the related question of blow-up. Once we assume a bound for the maximum
norm of the solution, we can estimate all its derivatives and we know what
boundary conditions to prescribe. Also, one understands various limit processes
as long as v is fixed.

In the incompressible case one can show that the j-th derivatives of the flow-
variables are bounded in terms of

(IDu(-, )™y,

where |Du|,, denotes the maximum norm of the velocity gradient. Let us dis-
cuss the implications in two space dimensions first. In 2D, the values {Du(-, t)|
are essentially bounded by the initial data |Du(-,0)|. If we scale the variables
such that | Du(:,0)| = 1, then the j-th derivatives are bounded in terms of »~//2,
In applications a value v = 10~% is not uncommon. If the derivatives are of
the order O(10%) everywhere, then we need O(10°%) computational points in a
two-dimensional region. This stresses the capacities of today’s machines, but it
is computationally feasible. In three space dimensions the velocity gradients are
not bounded independently of v, but one can make a plausibility argument that
|Du(-,t)] = O@w~"/?). For v = 10~° one would need O(r~%/%) = O(10?7/2)
computational points to resolve the flow; this is clearly beyond today’s (and
tomorrow’s) machines.

Fortunately, the situation is not always this bad. There are many flows for
which the derivatives are bounded independently of v. Other flows, particularly
those in (compressible) gas dynamics, have derivatives bounded independently
of v except near isolated sharp fronts (shocks). In this case one can replace a
very small v by a larger value, without changing the structure of the flow away
from the fronts. Burgers’ equation is a good example, and we shall discuss it
in detail.

To treat situations where derivatives are large in extended regions, we need
a mathematical theory to identify functionals which depend smoothly on v as
v — 0. These could be evaluated using larger v-values for computations, and
could be extrapolated. These questions are closely related to turbulence models
and so-called subgrid modeling.

1.2. Derivation of the Navier-Stokes Equations

In this section we give a brief derivation of the N-S equations. Our presentation
relies heavily on Meyer (1971) and Chorin and Marsden (1979). For additional



10 Initial-Boundary Value Problems and the Navier-Stokes Equations

information, see also Serrin (1959). The general logical assumptions underlying
continuum mechanics — in particular smoothness assumptions — are not easily
formulated and we do not discuss them here. Instead we give a rather uncriti-
cal intuitive description of the ideas of particle paths and velocity fields. Both
concepts can serve to describe flows. The relation between both descriptions
is discussed first. Then the laws of conservation of mass and change of mo-
mentum are formulated; these laws — in their differential form — constitute the
fundamental differential equations discussed in this book. Specific assumptions
about the stress tensor appearing in the momentum equations lead to the N-S
system. The equations obey an important similarity law, which is strongly con-
firmed experimentally. This justifies indirectly the assumptions made about the
stress tensor.

1.2.1. Eulerian and Lagrangian Descriptions

Consider a body of fluid which — at time ¢ = 0 — occupies some open bounded
domain £y with boundary 8€%. We think of every point a € {2 as a fluid
particle whose motion we can follow for ¢ > 0. Its position at a later time ¢ is
denoted by ®(a,t). At this time the fluid elements occupy the domain

Q= {<I>(a, ty:ac€ Qo}

The curve t — ®(a, t) describes the trajectory of the fluid particle which at time
t = 0 has the initial coordinate a = ®(a,0). It is assumed that ®(a, t) # P(b, t)
fort > 0 if a # b; i.e., the fluid particles keep their identity. We formalize the
basic assumption underlying the description of the flow in

Assumption 1.2.1. There exists a smooth function ®(a, t) with the following
properties:

1. ¥(a,0)=a.
2. If a # b then ®(a,t) # ®&(b,t) fort > 0.
3. The mapping a — ¥(a, t) has a smooth inverse.

These conditions are assumed to hold in Qo U 8, i.e., the region including
the boundary. Then, by general topological arguments, at any later time ¢ the
boundary 92, of 2, is the image of the original boundary:

Y = {®(a,t) : a € IN%}.

This will be used below.
Let u(x, t) denote the fluid-velocity at x € 2, and time ¢. Then

u(x,t) = %@(a, t) if x=®(a,t),
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ux.b)
X=0 (a’t)
FiGure 1.2.1. Trajectory with velocity vector.
and thus we have
(1.2.1) uw(P(a,t), t) = gt-Q(a, ), ae.

In principle, if the mapping ® = ®(a, t) describing the trajectories is known,
then the velocity field u = u(x, t) can be obtained from (1.2.1). Conversely, if
we know the velocity field u, then we can reconstruct the trajectories ¢ — ®(a.t)
by solving — for each fixed a € §)y — the (ordinary) initial value problems (1.2.1)
with initial condition ®(a,0) = a. Thus one can describe the fluid motion in
terms of ¢ and the initial position a € €y (the so-called material coordinate) or
one can use ¢ and the spatial coordinate x € ,. The first way is known as
Lagrangian description whereas the second is the Eulerian point of view.

One can ask which description one should use in actual calculations. If
discontinuity surfaces (e.g., density discontinuities) are present which move
with the flow, then the Lagrangian way is advantageous: The location of the
discontinuities in terms of the material coordinates remains fixed in time, and
one can work with a description which is smooth with respect to t. On the
other hand, watching the distortion which a blob of ink undergoes in a turbulent
flow makes us wonder if the Lagrangian description is always useful. Here the
initial coordinates lose their meaning. One prefers the Eulerian description if
large distortions are present. Also, in numerical calculations it is quite common
to use a combination of both descriptions.

Let f = f(x,t) denote a scalar quantity depending smoothly on the Eulerian
coordinates x € §2; and t. For example, f can denote the local fluid-density or



12 Initial-Boundary Value Problems and the Navier-Stokes Equations

the temperature. One can ask how the quantity f changes in time if one follows
a trajectory x(t) = ®¥(a, t). The chain rule and (l .2.1) imply that

tf(x(t), ty={= f + u——f + v— f + w—f}(x(t), t)

d dy

= {af + u - grad f }(x(2), t).

(Here u = (u,v,w) and x = (z, y, 2).)
This motivates us to introduce the operator D /Dt acting on functions f =
f(x, t) in Eulerian coordinates:

(1.2.2)

D i)
Ef(x, t)= Eﬂ"’ t) +u(x, t) - grad f(x, t).

The function (D/Dt) f(x, t) is known as the material derivative of f. One easily
shows the product rule:

D
(1.2.3) (fg) f Dtg +g th

We consider now the tlme-change of integrals of the quantity f. Using the
mapping ® to transform all integrals to the fixed domain €y, one can show with
the rules of calculus the

Transport Theorem. Under appropriate smoothness assumptions the follow-
ing holds:

d ;) ) D .
E/m f(x,t)dx=/ﬂt{af+dw(fu)}(x,t)dx—/ﬂt{-D—tf+fdwu}(x,t)dx

where

div(fu) = (fu); + (fv)y + (fw), = u-gradf + fdivu.

A proof of the Transport Theorem is given, for example, in Hughes and
Marsden (1976). With Gauss’ Theorem

/ divwdx = w-ndS
Q an
one obtains further that

g [ sonix= [ Sravact [ u-mmnas,

where n(x,?) denotes the unit outward normal of 9§2; and dS is the surface
element. The amount of the quantity f in S changes due to direct changes of f
and due to the flow of f across the boundary.



The Navier-Stokes Equations 13
If we apply the Transport Theorem with f = 1, we obtain that

d .
Ft/(;‘ldx— ﬂ‘dlvudx,

and thus each volume

volume (£;) = / 1dx
Qe

is preserved in time if and only if diva =0.
1.2.2. Conservation of Mass and Balance of Momentum
We start with the conservation of mass, which can be formalized as follows:

Assumption 1.2.2. There exists a smooth function p = p(x,t) > 0 defined
on each fluid domain €Q; such that for all ¢t > 0,

(1.24) /p(x,t)dx:/ p(x,0)dx.
Q. 10

The function p is the fluid-density, and the integral (1.2.4) is the mass contained
initially in Qp and conserved in time. Using the Transport Theorem, we find
that

o _
/n,{ét-p+ div(pu)}dx =0

holds for any domain £2,; therefore, the integrand must vanish, and we obtain
for p the so-called continuity equation:

(1.2.5) gt-p + div(pu) = 0.
This equation often takes a simpler form: A fluid is called incompressible if
p(x, 1) = pp = const.

For an incompressible fluid the continuity equation reads diva = 0, thus
volumes are preserved. Conversely, if the flow is volume preserving, then
diva = 0 and the continuity equation becomes Dp/Dt = 0. Under this as-
sumption the Transport Theorem implies that p is constant w.r.t. x and ¢ if the
density is homogeneous at £ = 0, i.e., p(x,0) = const.

Let us now discuss the balance of momentum. The momentum of the fluid
in the domain €, is

/ P, Hux, t) dx.
11
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By Newton’s law, its time derivative equals the force which acts on the mass
in Q,. We assume that this force is the sum of an external body force (e.g.,
gravity, the Coriolis force, or an electromagnetic force) and an internal force,
which acts on the boundary of the fluid domain. The internal force is due to
friction between fluid elements. We assume that it can be written in terms of a
stress tensor field:

Assumption 1.2.3. There exists a force field F = F(x, t) and a stress tensor

field
S} 31 812 813
S=Sx,t)=]s ) =] sn 382 sxn
S3 831 832 313

such that, for any fluid domain 2,

(1.2.6) ii— / px, Hux, t)dx = / px, OF(x,t)dx + S(x, Hn(x, t) dx.
dt Jg, Q a0,

Note that this is a vector equation. Using Gauss” Theorem, we can write

divs;
/ Sndx = divSdx, divS= | divs, |.
o8, 2 divs;

If we apply the Transport Theorem to each component of (1.2.6) we obtain that
[ {-D—(Pll) + pudivu — pF — divS}dx = 0.
q, Dt

Under appropriate smoothness assumptions the integrand must vanish, and, using
the continuity equation, we find that

D .
P = PF + divS.

We refer to (1.2.7) as the momentum equation.

(1.2.7)

1.2.3. Forms of the Stress Tensor

Any further analysis of the fluid motion depends on knowledge about the stress
tensor S. We must relate S to the other flow variables. In many situations — in
particular in gas dynamics — one can use a very simple form for S:

Definition. A flow is called inviscid if the stress tensor S has the following
form:
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1 00

(1.2.8) S(x,t)=-—p(x,t)(0 1 0)=—p(x,t)I.
001

The scalar quantity p = p(x, t) is the pressure. For an inviscid flow the momen-
tum equation (1.2.7) becomes

p%u + gradp = pF.

Together with the continuity equation (1.2.5), the vector equation (1.2.9) repre-
sents a first-order system of four equations in the five scalar unknowns p, p, u. v,
w. There are two important different ways to complete the system. First, if the
fluid is incompressible, i.e., if p(x,t) = pp is a known constant, we have the
Euler equations:

(1.2.9)

D 1
2.10 —u+ — =F, divu=0.
(1.2.10) Dtu+p0gradp F. divu=0
A flow govemned by these equations, i.e., an inviscid incompressible flow, is
said to be ideal.
Another way to complete the set of equations (1.2.5), (1.2.9) is to add an
equation of state. In the absence of thermodynamic effects it takes the form

p=r(p)

where r is a known function. The resulting system describes inviscid compress-
ible flow.

Let us consider again the viscous case, which requires a more general form
of the stress tensor S than (1.2.8). The appropriate dependence of S on the
other flow variables can only be inferred from observations. If the motion is
uniform, i.e., if ail velocity gradients are zero, then experiments show that the
simple form (1.2.8) for S is still appropriate. Thus it is reasonable to assume —
at least as a first approximation — that S + pI depends linearly on the matrix of
velocity gradients:

(1.2.11)

~ Uy Uy U
S=-pl+8T), SlinearinT, T=Tx,t)=| v, v, v |.
wy wy, w,

Heuristically one can think of S(T') as the stresses due to viscous phenomena.
The assumption (1.2.11) is made in most of classical fluid mechnics. We want
to argue now that S only depends on the symmetric part of T, i.., on the
deformation tensor
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D= %(T+T*),

and not on the local rotation of the fluid, described by the antisymmetric part
$(T — T*) of T. Consider the

Couette experiment. Assume that the space between two long concentric cylin-
ders is filled with fluid. Let the inner cylinder be forced to rotate slowly and let
the outer cylinder be free. Then the fluid and the outer cylinder also begin to
rotate. This can only be due to tangential stresses. After some time the outer
cylinder and the fluid move with the same velocity as the inner cylinder. Thus,
the motion has become like the rotation of a solid body; there is no momentum
transfer anymore, and we have S = —pl. The matrix T corresponding to a solid
rotation is antisymmetric. Therefore, it is reasonable to assume that $ is zero for
an antisymmetric argument and depends on the symmetric part D = %(T +7T*)
of T only.
One can prove (see Gurtin and Martins (1976))

Theorem 1.2.1.  Assume that 8 = S(D) is a linear function of D which is
invariant under all rotations of the coordinate system, i.e.,

S(DU*y = US(D)U*

for all orthogonal 3 by 3 matrices U and all symmetric 3 by 3 matrices D. Then
S can be written as

S(D) = ¢'(dys + d2 + d33) + 2uD,

where y and i’ are constants independent of D,

An application of this result gives us for the stress tensor:
= —pl + p'dival + u(T 4+ T™).

If we substitute this expression into the momentum equation (1.2.7), we obtain
— together with the continuity equation — the so-called Navier-Stokes system.
The material constants 1 and x’ depend on the temperature and the chemical
properties of the fluid. The coefficient 4 is known as the shear viscosity and
¢ = g’ + }p is the bulk viscosity.

Again, one distinguishes incompressible and compressible flow. In the first
case one has p(x, t) = pp, divu = 0; for compressible flow one uses an equation
of state p = r(p) to complete the system. The resulting equations are listed in
Section 1.1.
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1.24. The Similarity of Flows and the Reynolds Number

One of the most important tools in hydrodynamics is to scale the variables. This
enables one both to simplify the equations by neglecting terms and to use one
calculation or experiment to obtain results for another similar problem. We shall
explain the procedure for incompressible flow without external forces. To this
end, assume we have a fluid with density p and viscosity p. Its motion satisfies

(1.2.12) -gt-u+(u- grad)u + %gradp= %Au, divu=0.

We consider (1.2.12) in a time-independent domain (2 with initial conditions in
Q and boundary conditions on 2.

Suppose now that we want information about another fluid with density /5
and viscosity [i in a geometrically similar domain ! = LQ. The functions
@ = (X, ), p = K, 1) satisfy

19—l'i+(|"|- grad)ii + lgradi)— EAI“I divi=0

ot p P ’
and are subject to initial conditions in £ and boundary conditions on 912. Sup-
pose further that we can find scaling transformations

i=Uu, x=ILx, p=Pp, {=Tt, U,L P, T =const,
such that the transformed functions
w'(%, %) := Uu(x,t) = Uu®/L,I/T), p'& D := Pp(x,t) = Pp(X/L.i/T)

satisfy the same initial and boundary conditions as ii and §. From
=’ = —~—u, gradu' = ggmdu
8 Tot L ’
U P
' - T
Au' = LzAu, grad p Lgradp
and (1.2.12) we find that
o, L , UL 7
8&'“ + UT(u grad)u +pTPgradp =T Au', dive’' =0.
Thus the functions w’, p’ satisfy the same equations as i, p if
L_, UL_p I _jp
UT 7’ TP p T  pp
If these relations for the scaling parameters are satisfied and if the initial-

boundary value problem for ii,  has a unique solution, then we can conclude
that

(1.2.13)
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ii%, %) = Uu(x,t) = Un&/L,¥/T), #& &= Pp(x,t) = Ppx/L,¥/T).

The requirements simplify if the coefficients in the boundary conditions do not
depend on time, because we can choose T arbitrarily. If we take T = L/U,
then (1.2.13) requires that

vs_ UL _p
P R @
Roughly speaking, flows are similar if their respective values for
U’p ULp

P _
P and for A =R

coincide. The number R is called the Reynolds number of the flow.

As mentioned above, the similarity law has been confirmed by experiments
over and over again. Indirectly, this experimental fact supports and justifies
the basic assumption underlying the Navier-Stokes equations, namely that the
stress tensor depends linearly on the velocity gradients and not on other fluid
variables.

1.3. Linearization and Localization

In this section we outline some basic mathematical questions which will be
treated more thoroughly in the subsequent chapters. We want to solve the so-
calied Cauchy problem for systems of quasilinear partial differential equations

(1.3.1) u = P(z,t,u,8/0z)u + F(z,1), zeR. 0<t<T,
with initial conditions
(1.3.2) u(z,0) = f(x), ze€R.

Here z = (xy,---,z5) € R? is the vector of independent space variables and
u = u(z, t) denotes the solution to be determined, which takes values in C*.

The operator P = P(z,t,u,8/0r) is a quasilinear differential operator of
order m of the general form

alvl
P(xv tv u, (9/8:1:) = Il,lgm Au(.’L', t’ u)m.
Here |v| = vy + - - - 4 v, for any multi-index v = (v, - - -, ¥,). The coefficients

A=Az t,u) e C™"
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are given smooth matrix functions of the arguments
zeR’, 0<t<T, ueC".

Also, the forcing function F in (1.3.1) and the initial function f in (1.3.2) are
assumed to be given. More specific assumptions and boundary conditions will
be discussed later. From a purely mathematical point of view there are two
fundamental questions:

1. When can one guarantee that the problem (1.3.1), (1.3.2) has a unique
solution, at least for a small time interval?
2. Assuming that (1.3.1), (1.3.2) has a unique solution v for some fixed F, f,
what is the influence on the solution of small perturbations added to F
and f?
The second question can be rephrased more precisely as follows: Replace F
by F+6F in (1.3.1) and f by f + 6f in (1.3.2), and thus consider a perturbed
problem

(1.3.3) v = P(z,t,v,8/0zv+ F+ 6F, z€R*, 0<t<T,
(1349 v(z,0)= f(z)+ 6f(x), z€R"

If (1.3.1), (1.3.2) is “physically reasonable”, one can hope that the perturbed
problems (1.3.3), (1.3.4) are also uniquely solvable, at least for sufficiently
small perturbations, and that their solutions can be written as

v=u+ bu,
where fu satisfies an estimate

(1.3.5) Noullay < K(I6F N2y + 18 lla)-

Here ||6u)lay, 16F ll2), |6 fll3) are certain norms which still have to be specified.
The constant X in (1.3.5) should be independent of 6F and 6f as long as the
perturbations are kept sufficiently small. This leads to the preliminary

Definition.  Assuming that (1.3.1), (1.3.2) has a unique solution u for some
fixed F, f, we say that the nonlinear problem (1.3.1), (1.3.2) is well-posed at u
if there is an ¢ > 0 s.t. for all smooth functions §F and 6 f with

l6Fllay + 16 £l < €

the perturbed problem (1.3.3), (1.3.4) is also uniquely solvable, and u :=v—u
satisfies an estimate (1.3.5) with K independent of §F and 4 f.

Note that we still have to specify the norms. Indeed, different norms lead to
different concepts of well-posedness, as we will discuss below.
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We will try to show the existence of a solution of the nonlinear problem
(1.3.1), (1.3.2) in a sufficiently small time interval by considering the sequence
u* = uF(z,t) of functions defined iteratively through the linear equations

ubt! = P(z,t,uk(z, 1), 8/0x)u* ! + F(z, ),
u**(z,0) = f@x), k=0,1,...,
w(z, t) = f(z).

For this reason, we first have to study the Cauchy problem for linear equations

(1.3.6) uy = P(2,t,0/0x)u + F(z,1).

Here

137 P(z,t,8/ A oM
1.3.7) (x,t,8/00)= ) u(x,t)m,

Ww|<m

and the coefficients A, = A,(z,t) depend smoothly on (z,t). Also, the ques-
tion of well-posedness at u, which we formulated above for the nonlinear prob-
lem (1.3.1), (1.3.2), is closely related to well-posedness of linearized equations.
Roughly speaking, the following linearization principle holds: A nonlinear prob-
lem is well-posed at u if the linear problems which are obtained by linearizing
at all functions near u are well-posed.

Thus we will study linear equations first. In order to understand the ba-
sic questions of existence, uniqueness, and well-posedness for them, it suffices
to treat just the homogeneous case, i.e., one can take F = 0 in (1.3.6). In-
homogeneous equations can then be treated by Duhamel’s principle. More
importantly, it is desirable to relate the well-posedness of the Cauchy problem
for a variable-coefficient equation

(1.3.8) uy = P(z,t,0/0zx)u

to the well-posedness for the constant-coefficient equations
(1.3.9) uy = P(x, to, 8/8x)u

which are obtained by freezing the coefficients

Au = Av(-"’Oa to)
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at arbitrary but fixed points (xg, to). This idea is called localization. By Fourier
transformation, the discussion of constant-coefficient problems can be reduced
to purely algebraic questions; this will be carried out in Chapter 2.

The localization principle one would like to have, can be formulated as fol-
lows: If all frozen-coefficient problems are well-posed then the corresponding
variable-coefficient problem is also well-posed. It should be noted in advance
that this principle is not valid for general linear variable-coefficient operators.
However, the differential operators which appear in the context with the N-S
equations are of parabolic, of hyperbolic, or of mixed hyperbolic-parabolic type,
and for these classes of operators the above localization principle turns out to
be applicable.

Formal linearization. To explain the process of linearization, we consider
Burgers’ equation as an example:
(1.3.10) Uy = YUz + €Uyy, €>0.

Suppose U = U(z,t) is a smooth function. We may think of U as a known
approximate solution of (1.3.10), but this is not essential. If we substitute

u=U+d, o =i4(z?)
into (1.3.10), then we obtain
uy = Upw' + Ul +v'uy, v+ eul, + F, F=UU;+€Upy ~ U

Thus far, no terms have been neglected. Since we consider u' as a small
correction to U, we neglect the quadratic term u'u, and write v instead of «'.
Thus we obtain the linear equation

v, =U v+ Uv; + €z, + F.

This equation is called the linearization of (1.3.10) at U, or the linearized equa-
tion. Note that F = 0 if and only if U solves (1.3.10) exactly. The linearized
equation govems the influence of small perturbations on U. This is another
important reason to study linear equations.
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2 Constant-Coefficient
Cauchy Problems

The main tool to discuss constant-coefficient problems (with initial data given
on the whole space) is the Fourier transformation. It allows us to “decompose”
general initial data into pure exponentials. One easily observes that — in case of
constant coefficients — the time evolution of each pure (spatial) exponential can
be treated separately. We introduce the symbol P(iw) of a differential operator
P(8/8z) and obtain

u(:l,‘, t) - ei(w.r)eP(iw)tf(w)

as the solution for initial data u(x,0) = ¢/“-?) f(.;). Well-posedness of the
Cauchy problem can be characterized in terms of estimates for the symbol.
We will start out with some special cases, namely hyperbolic and parabolic
systems in one space dimension. For these, the conditions for the symbol are
easily checked, and one can solve the Cauchy problem. In Section 2.3 we
characterize families of matrices A for which the exponential e, t > 0, is
uniformly bounded. This result, which is central in a general theory of well-
posedness, will be applied in Section 2.4 to characterize those first-order systems
(in any number of space dimensions) which lead to weil-posed Cauchy problems;
the corresponding systems are called strongly hyperbolic. An important example
is given, the compressible Euler equations linearized about a constant flow.
Similarly, linearization about a constant flow of the viscous compressible Navier-
Stokes equations leads to a mixed hyperbolic-parabolic system; applying the

23
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same general principles, we obtain well-posedness of the Cauchy problem and
can solve these linearized problems by Fourier transformation.

Though constant-coefficient equations are of some interest by themselves,
they are too restrictive for most applications. If one freezes variable coefficients
at arbitrary points, then obviously constant-coefficient equations are obtained.
Unfortunately however, it is possible that all frozen-coefficient problems are
well-posed and the given variable-coefficient equation is ill-posed nevertheless.
Roughly speaking, switching between variable and constant coefficients intro-
duces lower-order terms. Naturally, this leads to the question: Which constant-
coefficient problems can be perturbed by (arbitrary) lower-order terms without
losing well-posedness? As we will show in Section 2.6, the answer is that only
strongly hyperbolic and parabolic problems have this property. To obtain this
result, we use a restrictive but simple concept of well-posedness: It must be
possible to estimate the L;-norm of the solution at later times in terms of the
L,-norm of the initial function; derivative terms of the initial function are not
permitted in the estimate. This idea guides our discussion of well-posedness.

At the end of this chapter, in Section 2.7, we will outline generalizations
to variable-coefficient problems. The details will be presented in Chapters 3
and 6.

2.1. Pure Exponentials as Initial Data

The solution of constant-coefficient Cauchy problems is particularly simple if
the initial function is a pure exponential; it can be written down in terms of
the symbol of the differential operator. The behaviour of the symbol for large
wave-numbers will determine whether or not the Cauchy problem is well-posed.

2.1.1. Introductory Examples

We start with some simple examples.

Example 1. (The simplest equation with wave-solutions.) The differential
equation

(2.1.1) u(x.t) + au(z,t) =0, reR, t>0,

(with a given constant a € R) is the simplest hyperbolic equation. Suppose that
an initial condition

2.1.2) wz,0) = e“* f(w). reR.
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is prescribed at ¢ = 0, Here w € R and f(w) € C are constants; the factor f(w)
is added for later purposes. To solve the equation, we use an ansatz in separated
variables,

2.1.3) u(z, t) = e*““i(w, t),
and obtain
fi(w, £) + iwel(w, 1) =0, @w.0) = f(w).
The solution of this ordinary initial value problem is
i(w,t) = e f(w).

Thus, if the problem (2.1.1), (2.1.2) has a solution of the form (2.1.3), it is
necessarily given by

u(z, t) = e r—at) f(\u).

One easily checks that the above function indeed solves the problem; the solution
represents a wave of constant amplitude traveling with speed a; for a > 0 or
a < 0 the wave travels to the right or left, respectively.

Example 2. (The heat equation.) Another simple equation is the so-called
heat equation
u=uy. TER, t20.

Assuming the same initial condition (2.1.2), we use the same ansatz (2.1.3); the
ordinary initial value problem for i(w, -) reads

fw, ) = —Piw, 1), Ww,0) = fw).
Hence the problem is solved by
2.1.9 u(zx,t) = giwr—w’t f(w).
Example 3. (The heat equation in backward time.) If we apply the transfor-
mation ¢ — —t to the equation u, = u,,, t <0, we obtain

U =—-u,,, r€R, t20.

Proceeding in the same way as above, we find
(2.1.5) ulz, 1) = e+t flw)
as a solution for the initial data (2.1.2).
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If |w| is large, the solutions (2.1.4) and (2.1.5) behave completely differently
for increasing ¢: Whereas (2.1.4) decays rapidly, the solution (2.1.5) grows
exponentially. For increasing |w|, there is no bound on the exponential growth
rate in time. As stated more precisely below, the Cauchy problem for the heat

equation in backward time is ill-posed.

2.1.2. The Symbol of a Constant-Coefficient Operator

The previous examples can be generalized to systems of constant-coefficient

equations in any number of space dimensions.

Notations. With £ = (z},...,x,) € R° we denote the space variable. A

multi-index » is a vector with nonnegative integers as components:

v=,...,v), v €{0,1.2...}.
Its order is
ll=n+...+v,
Each multi-index v determines a differential expression
alvl
o] Bryr
Furthermore, we use the following basic notations:
for w,z € R?,

D¥ =

(w,z) = Zw].r,.

for u,v € C™,

(wv) = Ty, Jul=(u,u)'?
i=1

If A € C™" is a matrix, then its norm is defined by
|Al = max{|Aul|, Ju} = 1}.
If H;, H, € C™" are Hermitian matrices, then

H <H if and only if {u, Hyu) < (u, Hyu)

Consider a differential equation

2.1.6) uy = P(3/0ryu = Z A, D"u, zeR®,

wl<m

for all u € C”.

t >0,
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with constant matrices A,, € C™" and assume an initial condition
Q@.1.7 wz,0) = '@ f(w), zeR?,
where w € R?® and f(w) € C" are fixed. The unknown solution

u,(z’,t)
u(:c,t)=( : )
Un(z,1)

takes values in C™. A basic observation is
o

5;_;65(‘.;.:) = iw;et@)
DY) = (iw)" ... (iw,)* €',
and therefore
P@[On)e " fw) = Y Ay ... (iw,) e f(w).

vlsm

Thus, application of the differential operator P(8/x) to e*{“ *) f(w) results in
multiplication by the matrix

Piw)i= Y A Gw)” - (iw,)”.

jut<m
This matrix P(iw), which is formally obtained by substitution of iw; for 8/9z;,
is called the symbol of the differential operator P(8/dx). We show
Lemma 2.1.1. The initial value problem (2.1.6),(2.1.7) has the solution
(2.1.8) w(x, t) = e W2 PUIt f(

Proof. The ansatz
u(z, t) = e fw, t)
leads to
Gy, t) = Pliw)iw, ), @w,0) = fw).
This ordinary initial value problem has the solution
w, t) = e flw),

and the formula (2.1.8) is obtained.
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2.1.3. Well-Posedness in Terms of the Symbol
Thus far we have considered only initial data of the form
u(z, 0) = e“*) flw);

i.e., the spatial behaviour of the initial function is essentially determined by a
single wave-vector w € R®; the constant vector f(w) € C™ only allows us to
multiply e?(“*) by different constants in different components. If more general
initial data f(z) are given, we can try to write these as

1 . n
= — i{w,x) s
2.1.9) f(x) o /lv e fwdw, zx€R?
where
o 1 )
=— —i{w,z) s
2.1.10) fw) T /;s e fxydr, w€R’,

is the Fourier transform of f(x). (See Section 2.2 for more details.) According
to Lemma 2.1.1, the evolution of each individual term of the integrand of (2.1.9),

e fw), w fixed,

is known, and it is tempting to believe that

u(z,t) =

1 i{w.z) PG £,
a7 /R' e e flw)dw
describes the evolution to general data f(z). This formula expresses the prin-
ciple of superposition. Indeed, as we will discuss in Section 2.2, this process is
often justified. However, it is also clear that there might be serious convergence
problems if

lep(iu]il

is unbounded for jw| — 0o. We want to give here an operational definition of
the well-posedness of the Cauchy problem
us = P(8/0zu, xR’ t>0

2.1.11H)
u(z,0) = f(z), zeR®

in terms of the symbols P(iw). The definition is operational in the sense of
providing conditions which can be checked in applications. In Section 2.2 we
will show that this definition of well-posedness is equivalent to another one
which might be more familiar, namely that
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(i) for all initial data f in a certain class there is a unique solution in a certain
class;
(ii) the solution depends continuously on f with respect to certain norms.

The operational definition is
Definition 1. The Cauchy problem (2.1.11) is called well-posed if there are
constants «, K such that

| eP(iw)t' < K-eat

forall £ >0 andall weR’.

2.14. Examples of Well-Posed and of I-Posed Problems
Let us illustrate the previous definition by some examples.

Example 4. (The wave equation as a hyperbolic system*.) The wave equa-
tion ¥, = Y., leads to the system

01
1 0

if one introduces the variables u; = y;, u2 = y,. There is a unitary transfor-

mation U such that
._f(1 0
UAU* = (0 _1).

P(iw) = iwA = U* (i‘” 0 )U

0 —iw

2.1.12) u=Au,, A= ( ), rzeR, t20,

Therefore,

and thus |[eP)| = 1. According to Definition 1, the Cauchy problem for
(2.1.12) is well-posed. Also note that the change of variables v = Uu reduces
2.1.12) 10

Ve =UAU"U,; = ((]) _(.)l)v;;-;

we obtain two uncoupled scalar equations of the form discussed in Example 1.

Example 5. A so-called weakly hyperbolic system is given by

11
’ug—(o l)u,—u.

*The notion of a hyperbolic system will be introduced below.
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Here

Pl _ =t it ((1) iul)t) , [ePEM ~ et + |wit).

Thus the problem is ill-posed since the term |w(t is not bounded independently

of w.

The growth of |eP"| with increasing |w| is much less severe here than in
the backward heat equation, where |eP“*| = ¢<’t, In fact, the problem of
Example 5 is weakly well-posed, which is defined as follows:

Definition 2. The Cauchy problem (2.1.11) is called weakly well-posed if
there are constants a, K, ¢ such that

[P < K1 + |w|Te>*
forallt > 0and all w € R,

In Section 2.2 we will discuss the difficulties involved with weak well-
posedness: If a problem is only weakly well-posed but not well-posed, then
a perturbation by a lower-order term can make the problem ill-posed in any
sense; this makes it hard to go over to variable-coefficient problems.
Hyperbolic systems in 1D. Consider a first-order system
(2.1.13) u = Au,, z€R, t>0,
where A € C™*". We show

Theorem 2.1.2. The Cauchy problem for (2.1.13) is well-posed if and only if
all eigenvalues of A are real and A has a complete set of eigenvectors.

Proof. First assume that the eigenvalues of A are real and that there is a
complete set of eigenvectors. There is a matrix S with

S7'AS = diag(My,...,An) = A, )X; €R.
From A = SAS~! one obtains that

|ePG] = |eidt] = |SeiA 5| < |S]IS Y,

since |¢*“A*| = 1. The estimate of Definition 1 holds with o = 0, K = |5}|S™!|.
Conversely, assume the problem is well-posed. Let

A=a+ib, a,beER,
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denote an eigenvalue of A. We must show b = 0. Since ¢*“** is an eigenvalue
of ePliw)t we obtain

'eP(iw)t ' > I eiw)«t I = I e_“"bt'.
Clearly, if b € R, b # 0, we cannot have a bound by Ke*® independent of w.

This shows that b = 0, i.e., that the eigenvalues of A are real.
Now suppose that A does not have a complete set of eigenvectors, and let

Al
J, = .o | =B eRM, k>2,

A
denote a (nontrivial) Jordan block of the Jordan matrix J of A. Then

Ieinrtl = 'eintI > (k —~ 1)! lek—ltk—l-
If J =S"'AS, then
. 1 . 1k
|eP(iw)t| > ls-l”sl lew.ltl > clwlk ltk l,

in contradiction to the existence of a bound by Ke®* independent of w.

Definition 3. A first-order system u, = Au, for which the Cauchy problem
is well-posed is called strongly hyperbolic.

For first-order systems in any number of space dimensions, we will define
strong hyperbolicity in the same way, namely by requesting well-posedness of
the Cauchy problem. In Section 2.4 we will give an algebraic characterization
generalizing the previous theorem.

Solution formula. Suppose u; = Au, is strongly hyperbolic, and S~'AS =
A = diag ();). If one introduces new variables v by Sv = u, then one obtains
the diagonal system »; = Av,, which is decomposed into n scalar equations.
An initial condition

u(z,0) = "% f(w)
transforms to

v(z,0) = e §w), S§w) = f(w).
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Thus

'Uj(-’l', )= eiu(:"—'\jngj(w)! J =1,... ' R

and therefore

n
u(z,t) =Y _ ity )s;,
=l

where S; denotes the j-th column of S. This shows that u(z,?) is a sum of n
waves which travel with the so-called characteristic speeds — Ay, ..., —A,.
Parabolic systems in 1D. We restrict ourselves here to second-order systems

ty = Augr + Bu, +Cu, z€R, 120,
where A, B,C € C™",
Definition 4. The above system is called parabolic if the eigenvalues A;,..., A,
of A satisfy

ReA; >0, j=1,...,n

Clearly, the heat equation u, = u,, is a simple example. We want to apply
Definition 1 and show

Theorem 2.1.3. The Cauchy problem for a second-order parabolic system is
well-posed.

Proof. 1. By Schur’s Theorem (Appendix 1) we can transform A by a unitary
matrix U to upper-triangular form,

/\| apy ... Qg
UAU* = c ], Rex 28>0
0 An
If D = diag(l,d,---,d*" "), d > 0, denotes a diagonal matrix, then
Al afd
DUAU*D™! = :

Y An
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Therefore, if we choose d > 0 sufficiently large and set S = DU, then
M+A ap/d
SAS7' + (SAS™)' = | Gup/d . > 61
: An 4 An

The reason is that A\; + X; > 26 > 0, and if d > 0 is sufficiently large, then
the influence of the outer-diagonal entries is as small as we please. We define
the positive definite Hermitian matrix H = S*S and rewrite the above matrix
inequality as

HA+ A"H =5"SA+ A*S*S = 5*(SAS™' + §5*7'A°S*)S > ¢H.
2. Now consider the symbol
P(iw) = —w*A+iuB + C.
We obtain
HP(iw) + P*(iw)H < —w?6H + const (jw| + )H < 2aH,
with a independent of w .

To finish the proof of the theorem, we prove a lemma on matrix exponentials
eP*. It can be applied to each symbol P = P(iw) separately.

Lemma 2.14. Let P € C™", and let
%ISH=H'5KI, K>0.

If HP + P*H < 2aH, a € R, then

[et] < Ke®, t>0.

Proof. Suppose that y(t) solves the initial value problem
¥ =Py, y0) =y
Then one obtains
%(y(t), Hy®) = (y, Hy') + (', Hy)
= (v, HPy) + (Py, Hy)
= {y,(HP + P*H)y) < 2a(y, Hy).
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Integration yields*

(y(®), Hy()) < e***{yo, Hyo).

Therefore,

1
R WOP < (4, Hy®) < (o, Hyo) < 'K lyof*.
Hence we have shown that for all yo,
lePtyolz < KZeZatlyolz’

and the lemma is proved.

2.2. Discussion of Concepts of Well-Posedness

In this section we introduce the space My of all functions f = f(x) whose
Fourier transforms are C°°-smooth and have compact support. If an initial
condition w(z,0) = f(z), f € My, is given, then the Cauchy problem for
any constant-coefficient operator P = P(8/0x) is solvable, and the solution is
unique within a certain class. For example, we can solve the backward heat
equation for initial data in M. Well-posedness of the Cauchy problem means
more, namely an estimate of the L,-norm of the solution at all later times by
the L;-norm of the initial data. We will prove that such an estimate is possible
if and only if the problem is well-posed according to the definition (using the
symbol) given in the previous section.

One can weaken the concept of well-posedness and allow derivative-terms of
the initial function f for estimates of the L,-norm of the solution at later times.
Again, this concept of weak well-posedness can be characterized in terms of
estimates for the symbol P(iw). However, if a problem is only weakly well-
posed, then perturbations of the differential operator P = P(8/0x) by suitable
lower-order terms will lead to arbitrarily fast exponential explosion, and the
perturbed problem is ill-posed in any sense. We will illustrate this result by an
example.

2.2.1. Solution for Smooth Initial Data via Fourier Transform

The space My. Let Cg° denote the space of all functions ¢ : R® — C™ which
have derivatives of all orders and have compact support; i.e., each ¢ € C§°
vanishes outside a bounded set in R?; the bounded set will depend on ¢. By

*See Lemma 3.1.1 for a simple result on differential inequalities, which we are using here.
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Mj we denote the space of all functions f : R? — C™ which can be written in
the form*

@2.1) f@) = (2yn/'“%ﬂam¢m e Ce.

One easily shows that f € C™, and one can differentiate under the integral sign
since ¢ has compact support:

vy = —— [ Gy . i, e et
DY f(x) = P /.‘(uu,) o (iwg) e Hw) dw.
Also, for f € My the Fourier transform f(w) is defined, and
» 1 .
= —— —i{w,z} = s
(22.2) flw) Gny R /R € f@)dzr = w), weR

Therefore, the representation (2.2.1) is nothing but the Fourier representation
of f.

For a function f : R* — C" we say that f € L, if 2 — | f(x)|? is (Lebesgue-)
integrable over R®. On L, one defines an inner product and a norm by

G0 = [ @@z 1= foel
We remind the reader of Parseval’s relation

Go=dEa, Ifl=17

Here we will need this relation only for functions f, g € Mp. (One can show
that the space My is dense in L,. Then f — f is a densely defined bounded
linear operator from My C L — L;, and one can obtain the Fourier transform
f € L, for any f € L, by continuous extension; see Theorem 2.2.4 below.
With this extension, Parseval’s relation becomes valid for all f, g € L,.)

Solution formula. Consider the Cauchy problem

awvl

(223)  u = P@/dru= Z Ay oz - Oz

lv|<m

2.2.4) u(z,0) = f(z), zeR’
where f € My; thus

f@=

u, z€R’, t>0,

aw/“mmm’kw'

*The integral is defined componentwise.
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Since a solution of the differential equation for initial data
) fw), wfixed,
is given by
eilwa) gPUWIt F(oy
it follows that

1 . A
(2.2.5) u(z,t) = W /;, eHlwiz) gPliwit fw)dw

solves the given Cauchy problem. The reason is that the boundedness of the
support of f ensures that we can differentiate under the integral sign. Before
we can state a uniqueness result, we must make the concept of a solution more
precise. A convenient concept* is the following:

Definition 1. A function u = u(z, t) is called Mo-solution of (2.2.3), (2.2.4)
if
@) u(-,)eMyforallt >0

(ii) the function #i(w, t) is continuous, and @{w, t) = O for jw| > K with some
K independent of ¢;

(iii) u is a classical solution; i.e., u; exists and u satisfies (2.2.1), (2.2.2) at
each point z ¢ R?, t > 0.

We prove:

Lemma 2.2.1. For any f € My the Cauchy problem (2.2.3),(2.2.4) has a
unique My-solution. It is given by (2.2.5).

Proof. 1t is easy to show that (2.2.5) is an Mp-solution; thus it remains to
prove uniqueness. To this end, assume that u is an arbitrary Mg-solution and
note that

uy(z, t) = P(8/0x)u(z,t) = / &2} Piw)i(w, t) dw.
R.

1
(2.,,.)a/2
Integration in ¢ yields

t
u(z,t) — f(x) = W /;1 e"(“'")P(iw)/o Ww, ) dT dw.

*We do not aim for generality here, but merely want 1o illustrate that one can obtain existence
and uniqueness results for ili-posed problems, too. The estimates are essential for well-posedness.
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Since the Fourier representation of u(z,t) — f(x) is unique, it follows that
t
i(w,t) — fw) = P(iw) [ fi(w, T) dr.
(i}

Therefore,
iy (w, 1) = P(iwiuw,t), iw,0) = f(w),
and we obtain
i(w, t) = ePC" f(w).

This shows that u has the representation (2.2.5), and uniqueness is proved.

Solution operator. The solution formula (2.2.5) shows that u(-,t) lies in Mp
at each later time, and u(-,t) depends linearly on f. Thus we obtain linear
operators So(t) : My — M which assign to the initial data u(-,0) = f the
solution

u(, 1) = So(®)f

at time ¢ > 0. Instead of determining u(-,t) directly from u(-,0) we can first
determine

u(-, ty) = So(t)u(-,0), 0<t <t,
and use u(-,t;) as new initial data to calculate u(-,t). We have
SO(t)u(’s 0) = SO(t - tl)So(tl)'ll(‘, 0)-

Thus the one-parameter family {Sy(t), ¢ > 0} of linear operators on My has
the properties:

1. So(0)=1T;
2. So(t1 + t2) = So(t2)So(ts).

One says that the family {So(t). t > 0} forms a semigroup on M.

2.2.2. Estimates of the Solution by the Initial Data

If (2.2.3), (2.2.4) shall describe the evolution of a physical process, it is rea-
sonable to require that the solutions are stable with respect to perturbations of
the initial data, i.e., if v(z, 1) is the solution of v, = P(8/8x)v with perturbed
initial data

wz,0) = f(z)+ g(z), f, g€ My,
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then we must be able to estimate v(z,t) — u(r, t) in terms of g. Linearity of the
equation implies that such an estimate is possible if and only if one can estimate
any solution u(-, t) in terms of its initial data u(-,0) = f.

In this section we want to show how such estimates are related to bounds
of the symbol P(iw). Basically, the results follow from Parseval’s relation.
Throughout we denote by u = u(z,t) the Mp-solution of (2.2.3), (2.2.4) for
initial data f € M.

If the problem is well-posed; i.e., if

(2.2.6) [P < Ke*t, weR®, t>0,
then (2.2.5) and Parseval’s relation yield
llut, Ol = fleP " fll < Ke*|| fll = Ke™||f]-

In this way, we have an estimate of u at all later times by the initial data. The
converse is also valid.

Theorem 2.2.2. Given a constant-coefficient operator P(3/3x). For any real
K, a the following conditions are equivalent:

1. The symbols satisfy (2.2.6).
2. For all u(-,0) = f € My it holds that

fu, Off < Ke®tjifll, t>0.

Proof. It remains to show that (2) implies (1). To this end, let ¢ > 0 and
wp € R? be fixed. There is a vector v € C*, |v| = 1, with

ICP(iwo)tl — 'eP(iun)tvl_
For 6 > 0, define the function f(w) by

e _Jv iffw—w| <L,
1) {0 otherwise.

(To be precise, we must approximate f by functions in C§°.) For any ¢ > 0
there is § > 0 with

lePEX fll > (1 — ) |ePEot ||| £).
Using (2.2.5), we obtain
Ke®|fll > llu 0l = e " f)ll > (1 —e) |eP ™" ).

Since ¢ > 0 was arbitrary, the estimate of the symbol follows.
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Now we allow derivative-terms of f to bound the solution at later times. For
¢g=0,1,2,... define

Ifle = 3 ID*FI2, £ € Mo

vi<e
i, || - | w« measures all derivatives of order < g. By Parseval’s relation,
D" fll = My ... w4 Fl
thus

Ve = g [l { T i HoP o

vi<q

There is a constant ¢ = ¢, independent of w with

1
~a+ Wi < 3w W <l + WP, weR’
[+1<q
Using this inequality, one obtains a characterization of weak well-posedness.
Theorem 2.23.  Given a constant-coefficient operator P(8/8zx); let ¢ €
{1,2,...} and o € R. The following conditions are equivalent:
1. There is K, with
2.2.7) |ePE < Ky (14 [w|9e, weR?, ¢t>0.
2. There is K> with
llu, Off < Kze** |fllae, t20,
Jor all u(-,0) = f € M.

To summarize, we can distinguish equations u, = P(8/8x)u of three different
types. Accordingly, the Cauchy problem is

1. well-posed: the solutions satisfy ||u(-, t)|] < Ke®|ju(-,0)||;
2. weakly well-posed but not of type 1: the solutions satisfy

(2.2.8) flu(, Ol < Ke*|jul-,0)|}ze

for some positive integer ¢ but not for g = 0;

3. not weakly well-posed: the symbols |eP““*| grow faster than any polyno-
mial in jw]. We say, there is exponential explosion and call the problem
ill-posed in any sense.
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Problems of type 1 or 2 can usually be treated with standard numerical meth-
ods. (Higher-order methods might be necessary for type 2 problems.) Since
numerical calculations introduce round-off errors — which correspond to high
wave-number oscillations ~ there is no hope to calculate solutions of type 3
problems with standard methods. (Admitting a data error and requesting addi-
tional restrictions for the solution, one can regularize ill-posed problems, how-
ever.) From this perspective, type 1 and type 2 problems are both adequate for
applications. However, if one wants to go over to variable coefficients, then
the concept of weak well-posedness leads to serious difficulties. These will be
illustrated by the next two examples.

2.2.3. A Perturbation Leading to Exponential Explosion

Recall that Example 5 of Section 2.1.4 is weakly well-posed but not well-posed.
If we add the zero-order term
0 1 u
-1 0)7
then the equation becomes
1 1 -1 1
2.2.9) ug—(o l)u’+(—l _l)u.

Here the symbol

Piw) = (i“’_“l b :)
has the eigenvalues
K12 =iw— 1% /(1 + ).
Hence, for large ||, there is an eigenvalue with real part
Rex ~ |w|'/2.
The Fourier transforms
Ww, ) = P fw)

of the solutions can grow like ¢!“!'’’t, and there is exponential explosion. This
demonstrates that the estimate (2.2.7) with ¢ = 1 is not invariant under pertur-
bations by lower-order terms of the equation.

One can prove that this example is typical: If the solutions of a given differ-
ential equation satisfy an estimate (2.2.7) with some g > 1, but not with ¢ =0,
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then one can perturb the equation by a lower-order term such that the perturbed
system shows exponential explosion.

2.2.4. Variability of Coefficients Corresponds to Perturbations

The system (2.2.9) can also serve as an example that variability of coefficients
is related to adding lower-order terms. Consider

u = Atluz —u, z€R, t>0,

where

1
1

If one freezes A(t) at an arbitrary ¢ = ¢y, then one obtains a constant-coefficient
equation, which behaves like Example 5, Section 2.1.4. Thus, for all frozen-
coefficient problems one cannot estimate the L;-norm of the solution by the
Ly-norm of u(-,0), but one can estimate the L,-norm of the solution as in
228) withg=1.

Now let us discuss the given variable-coefficient problem. The transformed
function

AR =U®) (:)

)U"(t), U(t)=( sint cost).

—cost sint

v(z,t) = U™\ @) u(z, 1)

satisfies the constant-coefficient equation

11 -1 1
””'(o 1)”’+(-| -1)”

discussed above. Thus the v-equation can show arbitrarily fast exponential
growth, and — transforming back — the same holds for the given u-equation.
Summarizing, to allow estimates of |ju(-,t)|| as in (2.2.8) with ¢ > 1 is not
useful if variable-coefficient problems are to be treated via localization.

2.2.5. *Extension of the Solution Operator Sy(t)

Up to this point we have only allowed initial data in My. We shall now extend
the admissible initial data to all functions f € Ly provided the initial value
problem is well-posed. To this end, let f € L, be given. There is a sequence
f; € M, with

Jim (£ = £l = 0.

*This section might be omitted on first reading. We will use — without proof — completeness of
the space L, and density of Mp in L;. Since C§° is dense in L (mollification), the latter result
can be shown by Fourier transformation.
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From

15 f; — So®fill < Ke™|Ifj — fill =0 for j,k—0

it follows that the sequence u;(-,t) = Sp(t)f; converges in L; for every fixed
t. Also, the limit

u(-, ) = j'_i,"‘}c So(t)f;

does not depend on the specific choice of the approximating sequence f;: If
fi € M is another sequence with f; — f, then

1So®)f; — So®f;ll < Ke*jjf; - fill — 0.

Hence, the construction defines a unique function u(-,t) € L, for given initial
data f € L,:

u(,t) = lim_Spt)f;.

The function u is called the generalized solution of the initial value problem
(2.2.3), (2.2.4). We write

u(-,t) = S@)f, S :Ly — L,

and call the one parameter family {S(t), ¢t > 0} the semigroup of generalized
solution operators.

For fixed t, the above construction is nothing but the usual extension of a
densely defined bounded linear operator to the whole space. With arguments as
given above one can prove the following theorem of functional analysis:

Theorem 2.24. Let B,, B, denote normed spaces, let M denote a dense
subspace of B,, and let By be complete. If Sg : M — B, is a bounded linear
operator, then there is a unique bounded linear operator S : By — B; with
Sf = Sof for all f € M. The operator S is called the extension of Sy.

By our construction, the generalized solution u(x,t) is just an L-function
with respect to = for each fixed ¢. It is often possible, however, to obtain
smoothness properties of u(z, t) with respect to x and ¢ by further investigations.
Let us consider two simple examples.

Example 1. Consider the differential equation

ut+uz=0
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f(x)

Ficure 2.2.1. Discontinuous initial function.

with initial data
1 forjz| <1,

u=,0) = flz) = {0 for |x| > 1.

We write f(x) in the form
+1

oo ? £, 1 —iwr
f@= an ),/2/ e fwydw, fw)= W[' e" " dx

and approximate f by
1 + iw: £
50 = g / fw) do.

(The functions f; have Fourier transforms fj with compact support. The piece-
wise smooth function f; can be approximated with arbitrary accuracy by func-
tions in C§°.) For the solution with initial data f; it holds that

- 1 +i iw(z—t) § —
uj(x,t)—a;')'m/_j e fwydw = fi(x - 1t),
and therefore
wz,t) = lim u;(z,9) = lim fi(z-1t)= fz-0.

Hence, the generalized solution consists of the box traveling with speed 1 to the
right. Here u is not smooth, but at least t — u(-,t) € L, is continuous.

Example 2. Consider the heat equation
U = Uz
subject to the initial condition given in Example 1. Here we obtain

1

uj(x,t) = e

i
/ et e" f(w) duw.
-3
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)

x|

FiGure 2.2.2. Smooth approximation.

Hence, in any interval 0 < § <t < oc the sequence u;(x, t) converges uniformly
to
1 oo i
— 3 . —_— —w 1w N

u{r, i&)-—:,_llrlo)o uj(r,t) = (__21r)'/2 /:x € e f(w)dw.
In this case, the generalized solution is a C*°-function for r € R. ¢ > 0,
which satisfles the differential equation in the classical (i.e., pointwise) sense
for t > 0. The discontinuities of the initial data disappear for ¢ > 0. This
behavior is typical for parabolic equations.

2.3. Algebraic Characterization of Well-Posedness

According to Definition 1, Section 2.1, the Cauchy problem for a constant-
coefficient system u, = P(8/0z) is well-posed if and only if there is a € R
such that

'e(P(iw)—al)t' < K

with K independent of w € R” and t > 0. Thus, for fixed o, one has to consider
the set of matrices

F={A=AWw)=P@lw) ol : weR?}
and establish a uniform bound of the matrix exponentials:
le*'| < K, K independent of A€ Fand t>0.
In the main resuit of this section, Theorem 2.3.2 below, we will characterize

the validity of such an estimate by other algebraic conditions.

The case of a single matrix. A simple result on matrix exponentials is shown
first.
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Lemma 2.3.1. For any A € C™" the following conditions are equivalent:

1. There is a constant K such that |e*| < K for all t > 0.

2. All eigenvalues  of the matrix A have a real part Re x < 0. Furthermore, if
Jy. is a Jordan block of the Jordan matrix J = SAS~" which corresponds
to an eigenvalue r with Rex = 0, then J,. has dimension 1 x 1. (In
other words, if k is an eigenvalue with Rex = 0, then the dimension of
its eigenspace equals the multiplicity of k as a root of the characteristic
polynomial of A.)

Proof. First note that

Also, if

1
K

is an arbitrary Jordan block, then the exponential e’+* stays bounded for ¢ > 0
if and only if either Rex < 0 or (Rex = 0 and J,. has dimension 1 x 1). Thus
the result follows,

The Matrix Theorem and its proof. Let F denote an infinite set of matrices
A € C™". The uniform boundedness

leA*] < K, K independent of A€ F and ¢ > 0,

is not as easily discussed. It is not sufficient to request condition 2 of the
previous lemma for each A € F separately because [S~'||S| can depend on A
and can become arbitrarily large. The characterization given next is useful if
one wants to derive necessary and sufficient conditions for well-posedness.

Theorem 2.3.2. Let F denote a set of matrices A € C**. The following four
conditions are equivalent:

1. There is a constant K, with |e*t| < K, forall AcFandallt>0.
2. Forall A€ Fandall s € CwithRe s > 0 the matrix A—sl is nonsingular,
and there is a constant K such that

(2.3.1) (A~-sD7' < 5’-, A€F, Res>0.
Res

(This condition is known as the Resolvent Condition.)
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3. There are constants K31, K3 with the following property: For each A € F
there is a transformation S = S(A) with

23.2) IS~ +1S) < K3
such that SAS™" is upper triangular,
Ky by ... by,
233) SAS™' = w e
0 .
the diagonal is ordered,
(2.34) O0>Rek; 2Reky 2 --- 2 Rex,,

and the upper diagonal elements satisfy the estimate
(2.3.5) Ibijl < K32|RC K,,'I, 1<i<j<n.

4. There is a positive constant K, with the following property: For each A € F
there exists a Hermitian matrix H = H(A) with

K'I<H<K4 and HA+ A*H <0.

For our applications, the most interesting implication is (4) = (1). It allows us
to show well-posedness by constructing a suitable Hermitian matrix H = H(w)
for each symbol P(iw). This part of the Matrix Theorem follows immediately
from Lemma 2.1.4. The only difficult part in the proof of the theorem is to
show (2) = (3). This part will only be used to show necessary conditions for
well-posedness, and its proof might be omitted on a first reading.

Proof of Theorem 2.3.2. 'We show the implications

BH=2A=0)=4=>1)

“(1) = (2): If A € F then || < K, for all ¢t > 0, thus by Lemma 2.3.1
all eigenvalues « of A have a real part Re s < 0. Therefore, if Res > 0, the
matrix A — sI is nonsingular and

o0
(A-sD™'=- / eA-oDt gt
0

Furthermore,
e <] oC - K‘
A -sD™ ' < / leAt|le~*| dt < K, / e~ Reat gy — ——
) 0 Res

This shows that (2) holds with K = K.
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“(2) = (3)": For any matrix A € C"" there is a unitary transformation U
such that U AU ! is upper triangular; the ordering of the diagonal entries can
also be prescribed. This is Schur’s Theorem, see Appendix 1. Since unitary
transformations do not change the Resolvent Condition (2.3.1), it is no restriction
to assume that the matrices A € F already have the form

K ap ... ap
K2 a2

2.3.6) A= . y 0>Rekr; 2 - 2 Rek,.
0 Kn

It suffices to show the following lemma by induction on n.

Lemma 2.3.3. Given a set F of matrices A € C*" of the form (2.3.6) which
satisfy the Resolvent Condition (2.3.1), there are constants K3,. K3, depending
only on n and K which have the following property: For each A € F there is
a transformation S = S(A) of the form
1 812 ... 8iIa
1 32
S= ?
0 |
with |S| + |S~'| < K3, such that the transformed matrix SAS™"' (see (2.3.3))
Jullfills the estimates (2.3.5).

Proof. The statement of the lemma is obvious for n = 1. To simplify the
induction step below, we first consider the case n = 2. Thus let

_{ K an
A—(o "52)’ OZReK|2ReK2.

We want to transform A to

_ K b . .
SAS™' = ( 0' ':22) with |b2] < K3|Re x|,
Note that |m;;| < |M| for any matrix M, and that
-1

A—sD-! = (5y—8) E A7) ) - —a)2 .

(A=sh ( 0 (a-9"') T E-m-9
Hence assumption (2.3.1) yields the bound

—ap K,

————— € e
G =5 SRes Re2>0
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which we can rewrite as

laz| £ K> I sl
For s — —K,, one obtains that

(23.7 laiz] < 2K|k2 + %yl

If k2+%; = 0, we do not have to transform A. Thus we define the transformation

matrix
(! —
S‘(o 1)’
where
a2 — —
7=N2+E| for k) +%; #0, y=0 for #x+% =0
and obtain
-1 _ R) 2‘)’RCI€| . (™ blz
sas = (3 TRem) (1 ),
Here

[bi2} = 2|7||Re k| < 4K2|Re x|

by (2.3.7). A bound |S| + |S~'{ < K3, also follows from |y| < 2k, and the
result of the lemma is shown for n = 2.

Now let n > 3, and assume the statement of the lemma is true for all sets of
matrices of order n — 1. Let F denote the given set of n by n matices A4 of the
form described above. Any A € F can be partitioned as

A= (Al ay ) , Al € Cu—l_n—l
0 &y

Since (A — sI)! is of the form

(A_‘SI)_|=((A|—SI)‘l * )

0 (Kn - 3)-|

the Resolvent Condition (2.3.1) also holds for the set of n — 1 by n— | matrices
{Ai, A € F}. By the induction hypothesis, there are constants Aj,.R3, —
depending only on n and K - and transformations
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1 812 ... 8-
1 S2-1
§=5(4))=
0 1
with |S| + |$~'| < K}, such that the transformed matrix

’ /
ﬁ] alz vee a'"__l

K2 a3,
SAS™' = "
0 Ky
satisfies the estimates
2.3.8) lai;| € K3;|Re &), 1<i<j<n-—-1.

With

5=(3 9)

we transform the matrix A itself and find

-1 _ S0 A ay st o0 _ SA[S_I Sa;
5145, “(o 1)(0 n,,)(o 1)‘( ) Ko

/ /
Krl alz “ne aln

I
1
=

0 Kn
Except for the last column, the elements of A’ are known to satisfy the de-
sired estimates. The set of matrices {A’, A € F} again fulfills the Resolvent
Condition:
I\'I
(A —sD7Y = |(S1AS;" —sD7'| < I1SI)IS; A — sD)7'| < i?z;_
We partition A’ in the form

’

A = (’:’)l :2'), A; Y s L
2

As before, we can apply the induction hypothesis to the matrices A3 and find
transformations §’ = S'(A3) with
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1 0 Ki aﬁ 1 0 (= a&S""
0 s//J\o0o A /J\o s-')] " \o0o s4§-

Kioafh ... af,
= 2 . a%’n = A",
0 o
Here
laijl < KifRewi|, 2<i<j<n
Furthermore,
(@, --,al)=a)S "

Using the upper-triangular form of S'~! and the fact that the elements of
a; = (@), ", al,)
except a},, have already been estimated (see (2.3.8)), we also have that
laj;l € K3p[Resy), 1<j<n-1

Except for af,, all outer-diagonal entries of A” are known to satisfy the de-

In*

sired estimates. We now apply an additional transformation of the form A" =
S;A"S;! with

0 .01
... 00

S3=I-v]. R B
o ... 00

"

(239) 7= “r for Kp+% £0, =0 for kn+% =0.

Kn

This is motivated by the 2 by 2 case discussed above. Note that

0 ... 01

- 00
Sy =T+~ I
0 ... 00

and that
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K1 afy ... af,_, 27Rex
K2 ... ver a&'n
S;A"S;! = : if B +Kq #£0.
0 Kn

It remains to prove an inequality of the form

lat,| < const|R) + kn|
in order to bound v. To this end, note that A” satisfies again the resolvent
condition,

"

K
II_ —~1 < .
(A" =D~} < Res for Res>0
Let (A" — sI)~! = (c;;), and compute c;,, by Cramer’s rule:
ayp ... ay,
n Ky — 8 .
|cia] = {Hp;;—.q—l} Ide; 2=
i= N
0 Kn_1 =8 8u_jp

= {ﬁ"‘i - s|"'} |Dy + Dy}

with
"
0 0 ay,
Ky—38 * * " n-l
D = et N R A )
° . =2
0 Kp-1—8 *
and
'/ "
ap oo Gy O
Ky—8 * *
Dy = det
0 Kp_1—8 *

To treat D;, we can use the proven estimates
lofi| < Kol sil,  G.) # (,m),
and find
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aj; 9y 0
[si=s] " [mi—s]

{Hlﬂz—sl l} |Ds| = T— }det ! * ey ‘

A’é’l
T |k —s|
Therefore,
laty | Dy 12
= < lewnl + ma—
r = sllmn = o1~ Ty mi = a1 = ¥ T, T =51

" ~H
Ky Ky _Kj

< 22 —2 0.
_Res+Res Res for Res>

As in the 2 by 2 case we let s — —&, and obtain the bound
|a ' < 2K”“|I‘in +E|'.

This gives a uniform estimate for the quantity v defined in (2.3.9) and ends the
proof of Lemma 2.3.3. Hence the implication “2. = 3.” of Theorem 2.3.2 is
proved. We proceed with the proof of the theorem.

“3.=>4.". Let A € F be arbitrary and let S = S(A) be determined as in 3.;
ie.,

K1 bz ... b
K b2n

B=SAS"' = 2 " 0>Rem >--->Rex,,
0 Kn

where |S| +157'| < K3; and
|bij| < K32|Re k4, 1<i<j<n
Define a diagonal matrix
(2.3.10) D =diag(1,d,d%,---,d"™"), d>1,
and set
C =DBD™' = (DS)ADS)™";

thus
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K bizfd bizfd* .- K1 c2 €
k2 bpfd - K2 ¢n

0 K 0 Kn
We note that
leij| < d7'bij| < d7' Kxz|Re .
As a consequence, let us show that the Hermitian matrix C' + C* is negative
definite, if d = d(n, K3,) is sufficiently large. The i-th row of C + C* reads
(€10 825+ +1 Ci1,is 2RE K, Ciig1y - Cin )

Using the ordering 0 > Rex; 2> --- 2> Rex,, we find that the sum of the
absolute values of the outer-diagonal elements in the i-th row of C + C* is
bounded by

(n — 1)d" K3 |Re k.
Thus, by Gerschgorin’s Circle Theorem, all eigenvalues of C'+ C* are nonpos-
itive if
d> -;- nkKs;.
Now set §) = DS, where D is defined in (2.3.10) and d fulfills the estimate
above. The Hermitian matrix
H = H(A) = 515
satisfies
|H| < |SIIS*IIDP < Koy |H7'| S |S7IS*7!| < Ka.
Furthermore,
HA+ A*H = S}51A+ A*S} S, = S}(S1AS + S} 71 A*SD)S)
=S}(C+CMS <0,

and condition 4 is proved.
“(4) = (1)": This implication follows immediately from Lemma 2.1.4 with
a = 0. Thus we have proved Theorem 2.3.2.

Applications to the question of well-posedness. Let us note two simple im-
plications of the theorem. As before, we consider the Cauchy problem for a
constant-coefficient system u, = P(8/dx)u. The problem is well-posed if and
only if there are constants o, K € R with
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[ePEI—alt) < K forall w € R® and all ¢ > 0.

This holds if and only if for each w € R* there is a Hermitian matrix H(w) €
C™™ with

K1 < Hw) < K,
HW)(P@iw) — al) + (P*(iw) — al)Hw) <0,

where K4 does not depend on w. For later reference we summarize this result:

Corollary 2.3.4. The Cauchy problem for u, = P(8/8x)u is well-posed if
and only if for each w € R? there is a Hermitian matrix H(w) € C*™ with

K;7'I < Hw) < K4l and HW)P(Gw) + P*(iw)H(Ww) < 2aH (W),

where K4 and a are independent of w.

Let us note again that the “difficult” part of the Matrix Theorem is only needed
to ensure the existence of H(w) for a well-posed problem. The converse result,
namely that the existence of H(w) implies well-posedness, is elementary and
follows immediately from Lemma 2.1.4.

In another application of the Matrix Theorem we show that well-posedness
does not depend on the zero-order term. (This result should be compared with
the example in Section 2.2.3, which demonstrated that weak well-posedness
does depend on the zero-order term.)

Lemma 2.3.5. Let P(8/0x) denote a constant-coefficient operator, let B €
C™?", and let Py(8/0z) = P(8/8x)+ B. The Cauchy problem is well-posed for
uy = Pu if and only if it is well-posed for v, = Pyu.
Proof. Assume that the Cauchy problem is well-posed for u; = Pu; thus
H(w)P(iw) + P*(iw)H(w) < 2aH(w).
Here we use the notations of Corollary 2.3.4. Consequently,
Hw)(P(iw) + B) + (P*(iw) + B*)H(w) < 2aH(w) + Hw)B + B*H(w)
<2aHW)+ (|B| + |B*l) K«
< {20+ (1BI+1B*)) K3} H).

Another application of Corollary 2.3.4 shows the well-posedness of the Cauchy
problem for P = P + B.
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Remark.  Suppose that the matrices H(w) are constructed for a given operator.
P(8/8x). Then the above corollary shows the well-posedness of u; = Pu+ Bu
for any matrix B. To obtain this result, only the elementary part 4. = 1. of the
Matrix Theorem is needed.

2.4. Hyperbolic and Parabolic Systems

In this section we define strong hyperbolicity and parabolicity for constant-
coefficient equations in any number of space dimensions. The Cauchy problem
for these equations is well-posed. As an application, we consider the compress-
ible Euler equations linearized at a constant flow. One obtains a system which
is strongly hyperbolic if dr/dp > 0, where p = r(p) is the equation of state.
If one adds viscosity, i.e., goes over to the Navier-Stokes equations, then the
linearized system is neither parabolic nor hyperbolic, but “almost” parabolic.
This motivates us to treat certain mixed systems in Section 2.5; these can be
considered as coupled hyperbolic-parabolic equations.

24.1. Hyperbolic Systems
Consider a first-order equation in s space dimensions,

ou

A
3.1'_,'

(24.1) w = P(0/dryu =) _ A

AJ' eCc™”

We want to characterize all equations of the above form for which the Cauchy
problem is well-posed. Note that the symbol

Pliw)=i) wjAj, weR,
j=i
depends in a linear way on the length |w| of w: for w # 0, we set ' = w/|w]
and obtain P(iw) = |w|P(iw’). This simple observation and Theorem 2.3.2 lead
to

Theorem 24.1. The Cauchy problem for the first-order equation (2.4.1) is
well-posed if and only if the following two conditions hold:

1. For all W' € R®, |w'| = 1, all eigenvalues of P(i.') are purely imaginary.
2. There is a constant K3, and for each ' € R®, |'| = 1, there is a trans-
formation S(w') with

|S@N] + 1S~ (W) < K3
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such that the transformed matrix
SW"P@w)S ™ (W)

has diagonal form.

Proof. First assume conditions (1) and (2) to hold. For w # 0, the diagonal
matrix

SWHP(Iw)S (W) = Jw|SW)P(iw")S ™ (w') =: |w|A(w)
has purely imaginary entries. Therefore,

|eP(iw)il < Kgl |e|w|/\(u')t| = K%l-

Thus the problem is well-posed. (The wave-vector w = 0 has the symbol
P(0) = 0 which causes no problem for well-posedness.)
Now assume conversely that the problem is well-posed, and let

a+ib, a,beR,

denote an eigenvalue of P(iw’). We first show that a = 0. The matrix
P(iw), w = |w|w’, has the eigenvalue |w|(a + ib) with real part a|w]. If a > 0
then

|eP(iw)t| > ealwlt

cannot be bounded by Ke® with a, K independent of w. If @ < O then we
consider P(—ijw|w’), and also arrive at a contradiction. This shows that all
eigenvalues of P(iw’) are purely imaginary.

To prove the second condition, note that well-posedness yields

IelwlP(iw')tI < Ke®t
with some K, o independent of w and ¢ > 0. Therefore,
| e(P(iw')-—(n/lwl)I)lw|t| < K.
We fix ¢’ = |w|t and obtain for Jw| — oo,
[P < K ¥ >0.
Now we apply Theorem 2.3.2 to the set of matrices

P@Gu'), W €eR*. |J|=1,
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and use condition 3. of that theorem. Since we have already shown that Re x =
0 for the eigenvalues x of P(iw’), the estimate (2.3.5) implies that SP(iw’)S~!
is diagonal. This finishes the proof of the theorem.

Concepis of hyperbolicity. Theorem 2.4.1 characterizes those first-order (con-
stant-coefficient) equations for which the Cauchy problem is well-posed. These
equations u; = Pu are called strongly hyperbolic. The definition of other
concepts of hyperbolicity, which play a role in applications, is summarized in

Definition 1. A first-order equation u, = P(8/0x)u with
. a n.n
P(B/az)—gAJa:, A_-,' eCc™n,

is called:

weakly hyperbolic if for all w € R* all eigenvalues of P(iw) are purely imagi-
nary;

strongly hyperbolic if the conditions of Theorem 2.4.1 are met;

symmetric hyperbolic if Aj = A}, j=1,---.s;

strictly hyperbolic if for all w € R*, w # 0, all eigenvalues of P(iw) are purely
imaginary and distinct.

As we have seen, the Cauchy problem for a weakly hyperbolic equation is
generally not well-posed. In the case of a symmetric hyperbolic equation, the
symbol has the form P(iw) = i} w;A; with a Hermitian matrix ) w;4;.
Therefore, P(iw) can be diagonalized by a unitary transformation, and the
Cauchy problem is well-posed. If the equation is strictly hyperbolic, then there
is a complete set of eigenvectors for P(iw’). |«'| = 1, and the eigenvectors can
be chosen as analytic functions of w’. If S~'(w’) contains the eigenvectors as
columns, then S(w’)P(iw')S~'(.') is diagonal, and one obtains a bound

IS + 1S W) € Kar.

Consequently, strictly hyperbolic equations are strongly hyperbolic, and the
Cauchy problem is well-posed.

No exponential growth. The solutions of a strongly hyperbolic system (2.4.1)
(without zero-order term) do not show any exponential growth: For each w
there is a transformation S = S(w) such that SP(iw)S~! = A is diagonal with
purely imaginary entries. Thus, for the Hermitian matrix H = $*S it holds that
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HP(iw) + P*(iw)H = §*SP(iw) + P*(iw)S*S
= §*{SP(w)S~' + §*~' P*(iw)S* }§
=S"{A+A"}S=0.

Lemma 2.1.4 applies with a = 0, and therefore |eF“)| < K. Here K is
independent of w and of t > 0.

For later reference we formulate an algebraic result, which summarizes a part
of the above considerations.

Lemma 2.4.2. For each A € C™" the following two conditions are equiva-
lent:

1. The eigenvalues of A are real, and A has a complete set of eigenvectors.
2. There exists a positive definite Hermitian matrix H with HA = A*H.

Proof. First assume that (1) holds and set P = iA. There is S such that
SPS-! is diagonal with purely imaginary entries. We define H = 5*S and
obtain, as above,

O0=HP+P'H=iHA- AH).

Conversely, let HA = A*H, H = H* > 0. We can write H = H'/2H'/?,
HY? = (H'/?)*, and obtain

Hl/ZAH—-I/Z = H—I/ZAtHI/Z — (Hl/ZAH—l/Z)""
For the Hermitian matrix H'/2AH~'/2 there is a unitary matrix U such that
UH'AH™V2U* = D

is real diagonal. Consequently, if we sct S = UH'/Z, then SAS~! = D, and
(1) is shown.

Smoothness of H(w). For general strongly hyperbolic systems, the matrices
H = H(w) with HP(iw)+ P*(iw)H = 0 cannot be chosen as globally smooth
functions of w # 0. This leads to technical difficulties if one wants to go over to
variable coefficients. We will comment on this further in Section 3.3.1 below.
Of course, if the system is symmetric hyperbolic, then P(iw) + P*(iw) = 0O,
and one can choose H(w) = I. Also in the strictly hyperbolic case the matrix
H(w) can be chosen as a smooth function of w # 0, because the eigenvectors of
P(iw) depend smoothly on the matrix elements. However, strictly hyperbolic
systems hardly ever appear in applications. One can prove, for example, that a
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strictly hyperbolic system in three space variables must have at least dimension
n="17.

2.4.2. The Compressible Euler Equations Linearized at
Constant Flow

The full equations without forcing read
D D .
pﬁ“"'gradp“ov EP‘FPdW“—Oa P =r(p),

where

2 -—(?--O—u—?--*-v-q-«l-w—a—
Dt ot 8x oy 8z’

Let U = (U,V,W), R, P denote a constant state of u, p, p with P = r(R);
i.e,, U, R, P are independent of x and ¢.
With — supposedly small — corrections uw’, o/, p’ we substitute the ansatz

u=U+u, p=R+yp, p=P+p
into the above equations; after neglecting all terms which are quadratic in the

corrections we obtain the linear equations

D 7 ‘. D 7 . o I_dr /
RDtu + gradp’' =0, Dt ? + Rdivu’' =0, p—dp(R)p,

where D/Dt denotes now the constant-coefficient operator

D 8 a (7] i)
Di —-§+U5;+V$+W5;.

To simplify the notation, we drop ’ in the expressions for the perturbation terms
W, etc. If we set

dr
I,;(R) =K

and use the equation p = Kp to eliminate the pressure from the momentum
equations, we find that

D K D .
Eu+ -Rgradp—o, -Et-p+Rdlvu—0.

In matrix form, this first-order system reads
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u /U 0 0 x/R (u
19_ v + o U 0 0 i v
ot | w 0 0 U O Or | w
o/ \R oo U \ o
[V 0 0 0 (u
0V 0 x/R| 0O |v
(2.4.2) + 00 V 0 a w
\0 R 0 V \ ,

(W 0 0 0 u

n 0O W 0 0 _3_ v

0 0 W x/Rjoz|w

\o 0 B W p

Let us assume « = ¢ > 0. Then the system can be symmetrized by a simple
scaling. Using the new variable 5 = cp/R, we obtain the symmetric hyperbolic
system

u U 0 0 ¢ u Vv 0 0 0 u
g v O U 0 0}d1(|v 0V O c)d]v
lw|Tlo o v o|dlw| o 0o v o]ay]w

p ¢c 0 0 U I 0 ¢ 0V p

W 0 0 o u

JJowooe o)afe)

0 0 W ¢ |8z w ’
0 0 ¢ W P

Since this system leads to a well-posed Cauchy problem, the same is true for
the equations (2.4.2). The assumption

n:ﬂ(R)=cZ>0
dp

is crucial. If x < O then, for example, the matrix
w o0 0 o

has the nonreal eigenvalues
W £+ ivV-«k.

Hence the system (2.4.2) is not hyperbolic, and the Cauchy problem is ill-posed.
For x = 0 the Cauchy problem is ill-posed, too.
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2.4.3. Parabolic Systems

Consider an even-order operator of the form

P(8/8z) = Py,(8/8) + Q(3/0x),

where
P (0/0: A o
w@02)= ), Moo
and
gl
Q(3/0x) = Avs—F
|u|5221n—| al’l "'azg

P>,,(8/8z) is called the principle part of P(0/0x). Parabolicity of u, =
P(8/08z)u is defined in terms of the principle part of P as follows:

Definition 2.  The equation u; = P(8/8z)u is called parabolic if for all
w € R? the eigenvalues x;(w), j = 1,...,n, of P, (iw) satisfy
(2.4.3) Rexj(w) < —blwf*™, j=1,---,n,

with some é§ > O independent of w.

A simple but important example is the equation u; = Au with the Laplacian

A—_qz_+...+i
~ or? ox?’

Here Py(iw) = —(w? + - -+ +w?), and one can take § = 1. We show

Theorem 2.4.3. The Cauchy problem for a parabolic system u, = P(0/0z)u
is well-posed.

Proaf. The proof proceeds along the same lines as the proof of Theorem 2.1.3;
the Matrix Theorem is not needed. First consider the operator P;,,,(8/8z) with
the symbol

Ponliw) = jwP™ P (i), o' = w/|w}.

Transform P, (iw’) to upper-triangular form by a unitary matrix U = U(w'):
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[} blz e b|n
U Py (i U* = b2
0 Kn

The elements of P, (iw'), |w'| = 1, are uniformly bounded; therefore, for some
constant K it holds that

Ibjk] = 1bjx(W)) < K, I<j<k<n
The parabolicity assumption yields
Rekjw)< -8, j=1,...,n

We set D = diag(1,d,...,d" "), d >0, S = DU, and obtain, for sufficiently
large d,
SPym(iw)S™" + (SPim(iw)S™')" < 61

Here d can be chosen independently of ’, |w'] = 1. As in the proof of Theorem
2.1.3, we set H = Hw’') = S*S. Then

HP(Gw) + P*iw)H < —6|w|2"‘H +const(|w|2""| + l)H < 2aH,
and the result follows from Lemma 2.1.4.

Roughly speaking, in the present context of well-posedness, the main feature
of parabolic equations is the following: The dissipativity of the principle part
— which is expressed by the estimate (2.4.3) — will force all high wave-number
components €{“:*) |w| large, to decay in time, no matter what the lower-order
terms of P(0/8z) look like. The formal analog in the above proof is that we
can dominate the term const (Jw|>™~' + 1) by SlwP™ if |w| is sufficiently
large.

2.5. Mixed Systems and the Compressible N-S
Equations Linearized at Constant Flow

The compressible N-S equations without forcing read

D D
Po; 0 gradp =P, Pt pdivu=0, p=r(p),
where

P = puAu + (u+ u')grad (divu), u>0, u >0.
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As in Section 2.4.2, we let U = (U,V, W), R, P denote a constant state with
P = r(R) and use an ansatz as described in 2.4.2. Neglecting all terms which
are quadratic in the corrections, we find linear equations for v', o/, p’. Again,
we drop / in the notation and eliminate the pressure using

P=Kp, K= %(R).

As a result, we obtain the linear constant-coefficient equations

-g;u + %gradp-—- vAu + (v + V) grad(dive), v=u/R, Vv =)/R,

D .
Ht-p+ Rdivu =0.

These read in matrix form

u u
gl v a o o v
3 | w +{A15;+A25+A35} w
P p
A0 00 u
. 0 A 00O v
- 0 0 A O w
0 0 0 o/ \p
D% D|D2 D1D3 0 u
| DWD: D DDy O v
+ (V+V) D|D3 D2D3 D§ 0 w
0 0 o0 0/ \p

Here D, = 88z, etc. The matrices A, A;, A; can be read off from (2.4.2).
Let us denote the second-order operator on the right side of the above equation
by P, = P,(8/0x); thus P, acts on (u,v, w, p)T. Obviously, the symbol

P2("."47)a w = (wy, wy, ws),

has 0 as an eigenvalue. The reason is that the continuity equation does not
contain a second-order term. Consequently, the above system is not parabolic.

We now rewrite the above system in block form and separate the momentum
equations from the continuity equation:

2004 DE0)-(7 DE0)
(7 2)E0-( )0

(2.5.1)
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The second-order operator P, acts only on u, not on (u, p).
Let us show that u, = P,u is parabolic. The symbol is real and symmetric;
it reads

1 00 wowwr wws
Psyiw) = —V(wf + w% + w%) 01 0} -(w+)| wuws w% W3
01

0 Wiw3  waws w§

wp 0 O 1 11 wy 0 O

=-vwlI-w+)|{ 0 w 0 111 0 w O
0 0 w3 1 1 1 0 0 ws

For any y € R? it holds that

1 1 1 WY
yT PyGiw)y = —vjwPlyP — v + )iy wawiy | 1 1 1 ] | e
1 1 1 w3y

= —vjwllyP - v + V)wiyt + wayr + wsys) < —vjwlPlyft

It follows that all eigenvalues of the matrix Py(iw) are < —v|w)®. Hence,
according to Definition 2, Section 2.4.3, the equation u; = Pu is parabolic.

To study the full linear system for (u, p) given above, we consider the system
in its block form,

5(2)-(5 =) () (r @) ()
ot \p 0 P/ \p Ry O )
Here P, is the first-order scalar operator
9 0 7]
P@/ox)p=-(Ug-p+ Va,? TV 5P

as can be read off from (2.5.1). Clearly. the scalar equation p; = P, p (with real
coefficients) is strongly hyperbolic. The operators R;; are of order one. Their
precise form will not be important for the discussion.

Since both P, and P, lead to well-posed Cauchy problems, it is clear that the
Cauchy problem for the completely uncoupled system

_a_ L A P2 0 u

at\p) \O0 P J\p
is also well-posed. We want to show that the coupling term

Ry Ry
Ry =
: (R2| 0

does not destroy well-posedness. This follows from the result proved in the
next theorem, where we consider a slightly more general situation. It might be
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worth while to note again that — on the Fourier side — the discussion is purely
algebraic; the relevant estimate for the coupling term becomes quite transparent.

Theorem 2.5.1.  Consider vector functions

u(x, )

8
v(x,t)), z€R’, t20,

w(z,t) = (

where u(x,t) has m components and v(x,t) has n components. Let P =
P(9/0x) denote a constant-coefficient differential operator whose corresponding

block form is
(P 0 Ry Ry
P‘(o P,)+(R2, 0)+R°'

Assume that v, = Pyu is second-order parabolic, that vy = Pyv is first-order
strongly hyperbolic, that the R;;. are of order one, and that Ry is of order zero.
Then the Cauchy problem for w, = P(8/0x)w is well-posed.

Proof. We can assume that P; coincides with its principle part. With suitable
constants 6 > 0, K, > O and suitable Hermitian matrices H,(w), Hh(w) we
have, for all w € R?,

Hy(w)Py(iw) + P (iw)Ha(w) < —6|w]I,
Hy(W)P,(iw) + P} (iw)Hy(w) = 0,
K;'I < Hy(w), How) < Kol.

We define the Hermitian matrix

0 Hyw)

and consider the quadratic form belonging to

Hw) = (Hz(w) 0 )

Q) := H(w)P(iw) + P* (iw)H(w).
For all 4 € C™, ¥ € C?, all w € R*, and some constant K it holds that
(( z) QW) ( D) < (8, {Haw)Pytiw) + P{ ) ()} )

+ Klwl| {|&llo) + 12} + K{|af + |5]*}
< -8lwllaf + Kwi|{lallol + |2} + K{lal® + 18]}

=: r.hs.
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For any two real numbers a,b we know that 2ab < a? + b*, and therefore,
2ullifle) = 2eloliallo] < Plllal + ok, > 0.

Using this inequality, we arrive at the estimate

rhs. < —Slwflaf? + §€2|w|2|ﬁl2 + -—-5|v|2 + Klwlla? + K{|af + [o]2}.

If we choose €2 = §/K then

K 1

6
rhs. < {—-2-|w|2 + Klw|}|aP + |v|2 + K{laf + |61}

Hence, with some constant K, independent of w, i, ¥ it holds that

<(:)Q(“’)(:)> < KiflaP + 1o} < K,|(Z)|2,
and therefore,

QW) £ Ki\I £ K\ K4HW).
Now well-posedness follows from Corollary 2.3.4.

2.6. Properties of Constant-Coefficient Equations

As mentioned previously, the switching between a variable-coefficient problem
and the constant-coefficient equations obtained by freezing coefficients intro-
duces lower-order terms. Thus, it is natural to ask which constant-coefficient
equations can be perturbed by arbitrary lower-order terms without destroying
well-posedness. We shall show that only strongly hyperbolic and parabolic sys-
tems have this property. (Of course, for other equations, a restricted class of
perturbing lower-order terms might not destroy well-posedness.)

Another technically important result of this section can be described as fol-
lows: If the Cauchy problem for u, = P(8/8x)u is well-posed, then one can
construct an inner product and a norm

(u, Vg = @, ), |lully = (u, llu)'/z,
such that
(2.6.1) lut, Olle < e |lut,0))|n-

In other words, the estimate of Theorem 2.2.2, which expresses well-posedness,
holds with K = 1 if we replace the Ly-norm by || |- If one uses the L,-norm
only, then — in general — a constant K > 1 is required; however, if this is the
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case, the solution-estimate becomes locally (in time) useless: it does not even
express continuity in time. Therefore, the construction of norms || ||z with
property (2.6.1) is important if one wants to treat variable-coefficient problems
by localization.
Furthermore, we will establish Duhamel’s Principle for inhomogeneous equa-
tions
u, = P(3/9x)u + F(z,t).

2.6.1. Perturbation by Lower-Order Terms and Well-Posedness
Consider the Cauchy problem for a system

(2.6.2) uy = P(8/8x)u, P = P, +Q,
where
. ol
Po=Y AD', Q= ) AD, D = o
|lvl=m lvj€m~1 P

If the principle part P,, is of first order and strongly hyperbolic or of even
order and parabolic, then the Cauchy problem for P = P, + Q is well-posed,
no matter what the lower-order terms @ look like. For the strongly hyperbolic
case the operator Q is of order zero, and the result follows from Lemma 2.3.5;
the parabolic case has been treated in Theorem 2.4.3. We show the following
converse:

Theorem 2.6.1.  Consider the Cauchy problem for (2.6.2) with some fixed
principle part P,,, and assume it is well-posed for any choice of the lower-order
terms Q. Then either m = 1 and (2.6.2) is strongly hyperbolic or m is even and
(2.6.2) is parabolic.

Proof. For m = 1, strong hyperbolicity and well-posedness are the same; see
Theorem 2.4.1 and the definition following the theorem. Thus we can assume
m 2> 2 and must show that m is even and (2.6.2) is parabolic.

First assume m 2 3 to be odd. We show that the real parts of the eigenvalues
of Pp,(iw) are zero. Since the Cauchy problem is well-posed for @ = 0, we
have

2.6.3) jePmtit) < oot

As before, let w = [w]w’, |w'| =1, and let s denote an eigenvalue of Pp,(iu’).
Then P,(iw) has |w]™x as an eigenvalue and (since m is odd) P,(~iw) has
—|w|™x as an eigenvalue. The estimate (2.6.3) implies that Re x = 0.
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Now let

&
Q(B/a:c) = _a_xf'

thus
P(iw) = Pm(iw) + wil.

The real part of each eigenvalue of P(iw) equals w?. This function of w is

unbounded, and therefore the Cauchy problem for P cannot be well-posed.
Second, assume that m is even, but u, = P,u is not parabolic. Let x;(w’)
denote the eigenvalues of Pp,(iw’), |w'| = 1. The function

mjax Re xj(w')
depends continuously on «’, and if u, = P,,u is not parabolic, then there exists
a vector 7, jn] = 1, and an eigenvalue x(r) of Py,(in) with
(2.6.4) Re x(n) 2 0.
Let
0

T
61:,-

QB/0z) = ~iy n;
i=t

the symbol of P = P, + Q reads
L]
Pliw) = Pniw) + | Y njw; | I
js=il
For the wave-vectors
w=|wln, || large,

where 7 is chosen with (2.6.4), the real parts of the eigenvalues of P(iw) cannot
be bounded. This contradicts well-posedness.

2.6.2. Symmetrization and Energy Norms

Suppose that the Cauchy problem for u, = P(8/8x)u is well-posed where P is
a general constant-coefficient operator; see (2.2.3). There are constants o and
K with
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e(Pwr—al)t <K foralweR® t>0.

According to the Matrix Theorem 2.3.2, one can construct Hermitian matrices
H(w) with

K;'1 € Hw) £ K4l, H(Ww) P(iw) + P(iw)* H(w) < 2aH(w).

Here K4 > 0 is independent of w € R®. Using these matrices, we define the
linear (pseudo-differential) operator H mapping L, into L; by

1
(2,.-):/2

(Hu)(z) = / e Huwiw)dw, = €R°.
Rn

(The symbol P(iw) depends analytically on w, and an examination of the con-
structive proof of the Matrix Theorem shows that H(w) can be chosen as piece-
wise smooth. Therefore, the above integral exists for v € My. For general
u € L,, the image Hu can be obtained by the usual extension process; see
Theorem 2.2.4.) The operator H is used to define an inner product and a norm
by

(u,v)y =(u, HV), ""’"H = (ua u)}-{z-

Theorem 2.6.2. The constructed norm is equivalent 1o the Ly-norm; i.e.,
K ul? < llullly < Kallul®.

Furthermore, if u(x,t) denotes a (My or generalized) solution of the Cauchy
problem for u, = Pu, then

fluC, Olla < e* f[u¢-,0flu, t>0.
Proof. With Parseval’s relation one finds that
(o ) = @ H) = [ (000, B0 d
Rs

smimwmmw=&wﬁ

and similarly (u, Hu) > K, '[lu]]?.
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The following equations hold for any My-solution u = u(z, t):
% (u(z, ), Hu(z, 1)) = (ui(z, t), Hu(z, 1)) + (u(z, 1), Huy(z, 1))
= (Pu(z, t), Hu(z, t)) + (u(z, t), HPu(z,))

= (PGw)ilw, t), H(w)i(w, t))
+ (fw, t), Hw)P(iw)i(w, 1))

= (8w, 0, (H@PGw) + P* ) H@))iw, 1)

< 2a(iw, t), Hw)iw, t)) = 2a(u(z, t), Hu(z, t)).

Thus the solution-estimate follows. For general initial data u(-,0) € L, the
result follows by approximation.

The inner product (u, v)y is called an energy inner product for P = P(0/0r)
and || || & is called an energy norm. The transformation by H(w) in Fourier space
is called symmetrization. The above proof shows that the operator P satisfies
the following estimate for all sufficiently smooth functions w = w(x), w € L;:

(w, Pw)y + (Pw, w)y < 20w, w)y.

For this reason the operator P is called semibounded w.r.t. the inner product
(-, Yu. With this definition we can summarize our result in the following way.

Theorem 2.6.3. The Cauchy problem for u, = P(d/8z)u is well-posed if
and only if the operator P is semibounded w.r.t. an inner product (-, -}y which
corresponds to a norm equivalent to the Ly-norm.

The above construction of the operator H is important in the general theory
of partial differential equations. Many proofs concerning the well-posedness of
linear problems with variable coefficients proceed technically by constructing
suitable inner products such that the differential operators with frozen coeffi-
cients become semibounded. For the Navier-Stokes equations one can generally
work with the usual L;-inner product.

2.6.3. Inhomogeneous Systems: Duhamel’s Principle
We start with an ordinary initial value problem

(2.6.5) u'(t) = A@Qu) + F@t), t>0, u(0)=up.
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Here A(t) € C™" and F(t) € C" are assumed to be continuous in t. For any
T 2 0 consider the homogeneous system

V()= A@w(t), t> T, o(1) =1
The solution depends linearly on vy; thus we can write
v()=S, I, t>T.

This defines the solution operator S(t,7) € C™". Duhamel’s principle for
(2.6.5) states

Lemma 2.6.4. The solution of the inhomogeneous system (2.6.5) is given by

t
(2.6.6) u(t) = S, Ouo + / S@, F(r)dr.
(i}

Proof. By definition of the solution operator S(¢, 7) we have that
ADS(E, TIvo = A(ty(t) = v'(t) = '; S(¢, Tyvo,
and therefore
gt_ S(t, ) = A@)S(t, 7).
Since S(t,t) = I, we find, by differentiation of (2.6.6),
u'(t) = A(t)S(¢, 0)ug + /(; t A@®S(t, T)F(t)dT + F(t)

= A(t)u(t) + F(t).

This proves the lemma.

Consider a Cauchy problem
uy = P(8/3z)u + F(z,t), x€R® t2>0,
(2.6.7)
wz,0) = f(x), zeR’, fel,

and assume the problem is well-posed for F = 0. The homogeneous system
v = P(@@/oxw, z€R®’ t2r,
vz, T) = g(x), z€R’, g€l
is solved by
v(-, 1) = S(t - 7)g,



72 Initial-Boundary Value Problems and the Navier-Stokes Equations

where S(§) is the generalized solution operator defined in Section 2.2.5. Then
Duhamel’s principle states that (2.6.7) is solved by

t
(2.6.8) uhﬁ=ﬂm4/.ﬂh4Whﬂﬁ
0

On the right-hand side, one has to integrate the L,-valued function 7 —
S{t — T)YF(-,7) from 7 = 0 to 7 = £. With a proper concept of a generalized
solution and a proper definition of the integral, one can indeed prove formula
(2.6.8) under mild assumptions on F. We will restrict ourselves here to My-
solutions (see Section 2.2.1) and assume that

i) f€ Moy

ii) F(,t)e Mp forallt > 0,

iii) the function F'(w,t) is continuous, and Fi(w,t) = O for jw| > K with

some K independent of ¢.

Then Fourier transformation yields
fg(w, t) = PGw)aw,t) + Fw,t), @w,0) = f().

By Duhamel’s principle for ordinary differential equations, Lemma 2.6.4,

t
ﬁ(w, t) = eP(iw)lf(w) + / eP(iw)(t—-T)ﬁ‘(w, T) dr.
0

Transforming back, we obtain

¢
(269) u(z,t) = {So(t)f}(x)+/ {So{t—T)F(,DHx)dT, z€R*’ t>0.
0

Here we have changed the order of integration in x and ¢; this is justified under
our assumptions on F. If we now define

{/: So(t — T)F(-, r)d‘r}(z)

as denoting the integral on the right-hand side of (2.6.9), we can drop the variable
z in (2.6.9) and write the equality of functions

t
(- 8) = SolOf + / Solt — YF(, 7) dr.
0

Thus we have shown Duhamel’s principle (2.6.8) under our restrictive assump-
tions.
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We can also derive solution-estimates for inhomogeneous equations. Let
(,)y denote an inner product which makes P semibounded, and let || | &
denote the corresponding norm. Under the same assumptions on f and F as
above,

t
lut, Ol < e lIflla + /o e* ¢ PFC, )|n dr

¢
< et alt—7) . dr.
< e”llflla + max e /o IFC, e dr

More general data f and F can be treated by approximation.
It is not difficult to deduce that

t
It 0 < KO{IsP + [ 1Pe miPar)

for 0 < t < T. An inequality of the above type will be used below as the
definition of well-posedness for problems with variable coefficients.

2.7. The Spatially Periodic Cauchy Problem:
A Summary for Variable Coefficients

Thus far we have assumed a constant-coefficient operator and initial data on the
whole space. The purpose of this section is to state briefly the corresponding
results for the spatially periodic case. For constant coefficients, the proofs
could be given as above simply by replacing Fourier transforms with Fourier
expansions.

For later reference we state definitions and results for variable-coefficient
equations. The proofs are carried out in Chapter 3 for one space dimension and
in Sections 6.1 and 6.2 for more than one space dimension. In the last section
of this chapter we present two counterexamples to a naive localization principle.

2.7.1. Solution Concept and Well-Posedness
A function v = v(z), x € R®, is 1-periodic in the j-th coordinate if
w(z) = v(z +e;) forall z € R?,

e; =(0,...,0,1,0,...,0), 1 in coordinate j.

We call v = v(x), x € R, 1-periodic in x if v is 1-periodic in each coordinate
z;, j=1,...,s. Also, a function v(x, t) is called l-periodic in z if x — (z,1)
is I-periodic in x for each fixed ¢t. These functions are also called 1-periodic,
for short; we will not deal with periodicity in time.
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If u,v: R? — C" are C™-functions which are 1-periodic in z, then their
L,-inner product and norm are defined by

| 1
(u, v) =/ / (w(z), v(z)) dz) ...dz,, |u|l = (u, w)'/2.
o 0

We refer to the following problem as the spatially periodic Cauchy problem.
Suppose that

A, = Av(xa t), F = F(l’, 1), f(x)

are C>°-functions of their arguments, which are 1-periodic in z. We try to find
a C*>-solution u = u(z, t) of

uy = P(x,t,8/8x)u + F(z,t)
= ) A )D'u+F@t), z€R’, t20,

lv|<m
u(r,0) = f(z), z € R’,

which is 1-periodic in z.

Definition 1.  The above spatially periodic Cauchy problem is called well-
posed if:

i) for each f = f(x) and each F = F(z,t) (satisfying the above conditions)
there exists a unique solution u = u(z, t) (satisfying the above conditions);
ii) for each 7' > O there is a constant K (T) independent of f, F' with

4
I BIE < KO{IAE + / IFC,Pdr}, 0<t<T.
0

If the coefficients A, = A,(x,t) are constant, then one can use the symbol
P(iw) to decide the question of well-posedness. Similarly to Theorem 2.2.2,
one obtains:

The spatially periodic Cauchy problem with a constant-coefficient operator
P(8/8z) is well-posed if and only if there are constants K and a such that

sup {}eP¢”|: w e R*} < Ke* forall ¢ > 0.

(One could restrict the components of w to be integer-multiples of 27, This
would not change the possibility of an estimate of the above form, however.)
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2.7.2. Strongly Hyperbolic and Second-Order Parabolic Equations

Hyperbolic systems. Consider a first-order operator with variable coefficients
8
8
P(ﬂ?, t, 8/822) = ; Aj(x, t) 517—1
We define its symbol by

P(z,t,iw) =i w;Aj(z.t), weR’, l|=1
=1
Suppose all frozen-coefficient problems
u; = P(xy, ty, 3/0x)u

are strongly hyperbolic as defined in Section 2.4.1. It follows from Lemma
2.4.2 that there is a positive definite Hermitian matrix

H(xq, to, w) = H*(x0,t0,w) > 0
with
H(zyp, to,w) P(xo, ty, iw) + P*(z0, to, iw) H(zo,to,iw) = 0.
We define strong hyperbolicity of the variable-coefficient equation

. ou
@7.1) w = P(z,t,8/0z)u = ,Z:, A0 &y

as foliows:
Definition 2. The equation (2.7.1) is called strongly hyperbolic if there exists
a Hermitian matrix function
H(z,t,w)>0, z€R* 120, weR’ |w|=1,
which is C*°-smooth in all arguments, is 1-periodic in z, and satisfies
H(z,t,w) P(z,t,iw) + P*(x,t,iw) H(z,t,w) = 0.
(If a zero-order term and a forcing function are added in (2.7.1), strong hyper-
bolicity is defined in the same way.)

The matrix function H(z,t,w) is called a symmetrizer. Thus, except for
the smoothness and periodicity of the symmetrizer, we have defined strong
hyperbolicity by adopting the constant-coefficient concept.
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The most important cases are symmetric hyperbolic systems, where
Aj(z,t) = Aj(z,t), j=1,...,s

For such systems the symbol is always antisymmetric, and one can take H = |
as the trivial symmetrizer. The hyperbolic systems which occur in the context
of the Euler equations are symmetric hyperbolic after a simple transformation of
the density; a first example was given already in Section 2.4.2. One can show

Theorem 2.7.1.  The spatially periodic Cauchy problem for a strongly hyper-
bolic equation

up = Z Aj(x, 1) % + B(z.t)u + F(,t)
i=! 7
is well-posed.

For a proof in one space dimension, see Section 3.3.1; for the general case,
see Section 6.2.

Parabolic systems. Now consider a second-order equation
(2.7.2) u, = P(z,t,8/0x)u + F(z,1),

where

P(z,t,8/0z)u = Z A.(z,)D%u.

lvj<2

The principle part of P is

Py(x,t,8/02) = Y Aula,t)

et Or;0x’

and we define its symbol

Bz, t,iw) = — Z WjWk Ajk(.l',t), w € R?, |u| = l.
k=1

ke = kelz, t,w), €=1,...,n,

denote the eigenvalues of Px(x,t,iw). Suppose all frozen-coefficient equations
of (2.7.2) (with F = 0) are parabolic, as defined in Section 2.4.3. Then, for
each fixed (z, ?), there is 6(x, t) > O with
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Re s¢(z,t,w) < -6z, t) forall weR?, |w|=1, £=1,...,n.

Smoothness and periodicity in x imply that we can choose a uniform 6 = 6(T) >
0 for 0 < t < T. Therefore, the following definition of parabolicity requires
nothing but parabolicity of all frozen-coefficient problems.

Definition 3. The equation (2.7.2) is called parabolic if for each T > 0 there
is 6(T) > 0 with

Re ke(z, t,w) < =8(T) foralweR’, |w|=1, 0KtLT, (=1,...,n
One can show |

Theorem 2.7.2.  The spatially periodic Cauchy problem for a second-order
parabolic system (2.7.2) is well-posed.

This result will be proved in Sections 3.1 and 3.2 for one space dimen-
sion and in Section 6.1 for more than one space dimension. If we ignore the
requirement of the smoothness of the symmetrizer in the strongly hyperbolic
case, we can summarize Theorems 2.7.1, 2.7.2 by saying: for strongly hy-
perbolic and second-order parabolic systems the localization principle is valid.
These variable-coefficient systems inherit their well-posedness from the frozen-
coefficient equations. It is not known whether the requirement of smoothness
of the symmetrizer in the strongly hyperbolic case is really necessary.

In the next section we present two counterexamples to localization for equa-
tions which are neither hyperbolic nor parabolic.

2.73. Counterexamples to Localization

Our first example is a 2w-periodic system for which all frozen-coefficient equa-
tions are well-posed; the variable-coefficient system is ill-posed nevertheless.

Example 1. Consider the second-order system
Uy = U™ (z) (Q ) U(J")uzzy
0 v

where

cosz sinz
—sinz cosx

U(Z‘)=( )andaa 5,’7€R- 0‘9&’7, ﬁ#o

For any frozen-coefficient problem

a

vy = iU*(xo) (0

ﬂ) U(zo)vz
¥
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we can introduce new variables

w =S U(zov, s(“ g)s-'=(° 0),

wy =1 a 0
t = vaxz-

The Cauchy probiems for w and for v are well-posed. Now we introduce

and obtain

vz, t) = U(z)u(z, t)

as a new variable into the given variable-coefficient problem; then we obtain

’Ut=UU¢=i(a ﬂ

0 7) UU* )z,

=i ("‘ f: ) (vee +2UU v, + UU2,v)

_.fa B i —ia fa B
—z(o 7)v,,+2(i7 0 )vz-—z(o 7)v.

The system for v has constant coefficients, and therefore we can decide the
question of well-posedness. The eigenvalues «), x2 of the symbol P(iw) are
the solutions of

_ - 2 _ _ - _ _ - 2 _ -
0 = det(P(iw) — k) = det ( fow’ 20w —da =k~ f 420w - 35 ) :
—2yw —-tYw* — 1y — K

Thus,

Re (51 + r2) = 20w,
and consequently the problem is ill-posed for 3 # 0.

In the following Schrodinger equation the converse happens: The variable-
coefficient problem is well-posed although the problems with frozen coefficients
are ill-posed.

Example 2. Consider the scalar equation
Uy = iPZYUzz + ipx(T)Uz

where p(zx) is a real, smooth 1-periodic function with p(z) > pp > 0. The
Cauchy problem for a frozen-coefficient equation

vy = ip(Xo)vgs + iP(To)Vz



Constant-Coefficient Cauchy Problems 79

is ill-posed if p,(xp) # 0, because
Re (—ip(zolw’ — pz(zo)w) = —pu(Tokw

is not bounded from above. We only sketch the proof that the given variable-
coefficient equation leads to a well-posed spatially periodic Cauchy problem.
The equation can be written as

u; = H(pug);.

If we assume that u = u(x, t) is a smooth 1-periodic solution, then

%(u(',t),u(-,t)) = (g, w) + (1, up) = i{(Puz, uz) = (ug,pus)} = 0.
Thus we obtain a priori
flu¢-, Ol = llu¢-, 0, t=0.
To obtain the existence of a solution, we can consider the parabolic equations
Ut = €ugy + ipus)e, €>0,

and send ¢ — 0. This technique to prove existence is illustrated in Chapter 3.

Notes on Chapter 2

The first paper dealing with the Cauchy problem for general systems of partial
differential equations with constant coefficients is due to Petrovskii (1937). He
uses Hadamard’s (1921) definition of well-posedness, which is equivalent to
our definition of weak well-posedness. He proved that the Cauchy problem
for u; = P(8/0x)u is well-posed if and only if the eigenvalues x of the
symbol P(iw) satisfy an inequality

Rek(w) < Cilog(1 + |w]) + C2, Ci, C> constants.

Later Girding (1951) proved that one can choose C'; = 0.

The Matrix Theorem is proved in Kreiss (1959); its application to the Cauchy
problem is discussed in Kreiss (1963). The latter paper also shows that the
Cauchy problem for hyperbolic first-order systems is well-posed if the eigenval-
ues of P(iw) are purely imaginary and their algebraic multiplicity is constant.
Our perturbation example in Section 2.2.3 is typical. Yamaguti and Kasahara
(1959) have proved the following theorem: If the Cauchy problem for a first-
order system is weakly well-posed for all lower-order perturbations, then it
is well-posed. In connection with our counterexamples to localization, W.G.
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Strang (1966) gave a necessary condition for the well-posedness of Cauchy prob-
lems: If the Cauchy problem is well-posed for a system u; = P(z, 8/8x)u with
z-variable coefficients then the problem is also well-posed for all problems
uy = P (x9,0/0x)u with frozen coefficients. Here P, denotes the principle
part of P.



3 Linear Variable-
Coefficient Cauchy
Problems in 1D

In this chapter we treat second-order parabolic and first-order strongly hyperbolic
systems in one space dimension. Instead of considering the Cauchy problem
with initial data in L,, we deal with problems which are 1-periodic in . The
periodic problem has the technical advantage that the behavior at £ = +oc need
not be specified, but the arguments for initial data in L, would be essentially
the same.

Assuming the existence of a smooth solution for the parabolic equation, we
first prove estimates of the solution and its derivatives. In Section 3.2 we write
down a simple difference scheme and prove analogous estimates for it. By
sending the step-size to zero, we obtain a solution for parabolic systems in
a rather elementary and constructive way. Strongly hyperbolic equations are
treated by adding a small second-order term, whose coefficient is sent to zero.
In a similar fashion as in the constant-coefficient case, we also treat certain
mixed hyperbolic-parabolic systems and give an application to the linearized
N-S equations.

In the parabolic case we use as a guiding principle: first, assume the existence
of a solution and show estimates for it and its derivatives; second, write down a
difference scheme and show analogous estimates which imply the existence of a
solution. This principle is very useful for equations of different type, also. We
demonstrate this in Section 3.6 with an application to the linearized Korteweg-

81
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de Vries equation. The linear Schridinger equation will be treated as a limit
of parabolic equations.

The estimates derived for the parabolic systems in Section 3.1 are very ele-
mentary. They do not express the smoothing property of the parabolic operator.
In some applications this smoothing is important, however, and it will be shown
in Section 3.2.6. Also, we demonstrate some important properties of strongly
hyperbolic systems in Section 3.3: there is a finite speed of propagation, and
discontinuities travel along the characteristics.

3.1. A Priori Estimates for Strongly Parabolic Problems

We consider a second-order system

3.1.1)
ue = Ayugz + Ajuz + Agu + F =; P(z,t,0/0x)u + F, zeR, t>0,

together with an initial condition
(3.1.2) u(z,0) = f(z), z€R.
The matrices
A;=Ajx,)eC™”, j=0,1,2,
and the vector functions
F = F(z,t), f=f(x) e C"

are assumed to be of class C™ for simplicity. It is an essential assumption,
however, that all functions are taken as 1-periodic in z for each fixed t. Fur-
thermore, 10 begin with, we assume that

Ax(x, ) + As(z.t) > 261 for all (z,t), with § > O fixed.

This is slightly more restrictive than the assumption of parabolicity for all frozen-
coefficient problems. If A; + A3 satisfies a lower bound of the above form, the
equation (3.1.1) is called strongly parabolic.

In this section we will assume that u(x,t) is a C>-soldtion of the above
problem which is 1-periodic in z for each fixed t. The existence of such a
solution will be proven in Section 3.2. Here we will derive estimates for u and
its derivatives.

Notations. For vectors u, v € C" and matrices A € C*-" we remind the reader
of the notations
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n
(w,v) =Y T, |u|={u,u)'? |A]=max{|Au], u| =1}.

i=1

For (smooth) 1-periodic vector functions ¥ = u(x), v = v(z) our basic inner-
product and norm are

1
(u,v) = /o (w(z), v(@) dz,  |lul] = (u, w2

For nonnegative integers p we also use the Sobelev inner-product and norm
given by

p ] ,
du d'v
®,v),, = Z(Ej_’ B;_';)v "““nr = (u, u):i/rz'

j=0
For (smooth) 1-periodic matrix functions A = A(x) let
|A]oc = max{|A(x)| : 0 <z < 1}
It will be frequently used that
(u, Av) < JlullflAvl] < |Alocllullilvll;
and similarly that
(Au,v) < |Alslfufliivll-

If u = u(z, t) and v = v{z, t) are functions of (z,¢) we often abbreviate

1
('U, 'U) = (u('1 t)7 ‘U(', t)) = / (u(:c, t)a 'U(x, t)) dxv
(i}
and thus leave off the arguments to simplify the notation.
The main tool we will use is “integration by parts™: If u,v € C' are 1-periodic,
then

] 1
(ugz,v) = / (u.ta v)dz = _/ (u, 'vz) dx = —(u, v;).
0 0

3.1.1. The Basic Energy Estimate

Let T > O denote an arbitrary but fixed time. For 0 < ¢ < T we have
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gz(u’ u) = (ug, u) + (u, uy)
= (Ayuzz, u) + (Ajug, u) + (Aou, u) + (F,u)
+ (u, Asurg) + (u, Aru,) + (¢, Apu) + (u, F)
< (Aptizz, u) + (, Agtize) + r{llulllluzl + llul® + (| FI}.
Since Ayuz, = (Azuz); — Axzu,, integration by parts yields
(A2tzz, v) = —(Arug, ug) — (A2ztz, u) = —(uz, Ajuz) — (A2z Uz, u),
and similarly
(4, Aguzz) = —(uz, A2us) — (u, Azzus).
Therefore,
;;it(“’ ) £ —(uz, (A2 + ADuz) + e2{llulllluc]| + |lul? + | FI?}
< =26zl + e2{lulllluzl + lul? + | FI}.
For any two real numbers @, b we know that ab < $a2+ Jb%; thus for any o # 0,

= (oa)(- )<;‘2_,, +212b

(3.1.3)

and therefore,

folluell < el + gl

Choosing o = o(6, c2) > 0 appropriately, we find from (3.1.3) that
619 Zww<olulP+IFP)  for 0<i<T
The derivation shows that ¢;, ¢z, c; only depend on § and on bounds for
(3.1.5) [A0loos [Atloc, [A2zl00
in the interval 0 < ¢t < T. Using the abbreviations

y(® = |G, OIF, o) = IFC, DI,
we have shown the differential inequality

Y <cyt) +apt), 0<t<T.

Now (a simple version of) Gronwall’s Lemma, formulated next, allows us to
estimate y(t).
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Lemma 3.1.1. Suppose y € C'[0,T], v € C[0, T satisfy
YO <cy®)+v@), 0<t<T,

for some ¢ > 0. Then

t
¥(t) < e {y(0) + / l(r)ldr}, 0<t<T.
0

Proof. For the function z(t) = e “y(#) it holds that
2ty = —ce™y(t) + e~y () < e Y(@).

Thus integration yields
i
2(t) - 2(0) < /0 [¥(r)| dr,

and the desired estimate for y(t) = e 2(t) follows.

An application of this result gives us

Lemma 3.1.2. Let Cy denote a constant which bounds the norms (3.1.5) in
0 <t < T. There is another constant C; which depends only on C,, 8, and T

such that

t
It O < Co{IFI12 + /0 IFC,DIPdr} in0<t<T.

Proof. If ¢ = c3 denotes the constant in (3.1.4), the result follows from the

previous lemma with C; = eTmax {1, c}.

3.1.2. Estimates for Space-Derivatives of u

If we differentiate the given differential equation (3.1.1) with respect to z we

find that, for v = u,,

Vi = Uy = AUUzza + A2zUze + AUzs + AUz + Aotz + Aozt + F

with

G = Ag,u+ F;.
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The function v satisfies the initial condition v(z,0) = u.(z,0) = f.(z). Since
we have an estimate for ||u|| and thus for G, we can apply the previous lemma
and obtain an estimate for v = u;:
t
luz(, DI < Cs {Ilf 2+ 11£= 17 + /o [IFC DI + IF(, DI dT}
mn0<t<T.
Here C; depends only on 6, on T, and on a bound for
lAOIOOs IAIIOO, |Agz|om .7 = 07 1727

in 0 <t < T. It is obvious that we can proceed in the same way and further
obtain estimates for u,z, u o, €lc. Just differentiate the above equation for
v = u, with respect to z, etc.

Lemma 3.1.3. Given a positive integer p and a time T > 0, then the solution
of (3.1.1),(3.1.2) satisfies

t
e Ols sc{uf||%,,+ [ 1Fe i dr} n0<t<T.
0

Here C depends only on p, on T, on 8, and on a bound for the coefficients
Aj(x,t) and their derivatives of order <pin0 <t <T.

3.1.3. Estimates for Time-Derivatives and Mixed Derivatives

Using the given differential equation (3.1.1), we can always express time deriva-
tives of u by space derivatives. For example, if the differential equation reads

uy = Augy + F,
then differentiation gives us
upe = Aty + Atz + Fi
= AAUzzzz + 2AAzUz2z + AAscUor + AFez + Agtiez + Fo.

To express uy:, we need six space derivatives of u, four space derivatives of F,
two space derivatives of F;, and the function Fi;. In general, we can express
q time derivatives of u by 2q space derivatives of u and 2(¢ — 1 — k) space
derivatives of

ak

ﬁ F’, k=0,...,q— 1.
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Further differentiation with respect to x allows us to express mixed derivatives
of u also. Since the space derivatives of u are already estimated in Lemma
3.1.3, we have

Theorem 3.1.4. Given any nonnegative integers p and q and a time T > 0,
there is a constant C with

m 2
’ i u(-, 1)

HP
2

t g-1!
< Cllflygress +C / {||F<-,r>||§,=.,+,. +y } dr
0 k=1 H¥q-1-ki+p

in0 <t £T. The constant C is independent of f and F, and only depends
on &, on T, and on a bound for the derivatives of the coefficients Ay, Ay, Az of
order <2q+pin0 <t <T. For p=q =0 one also needs a bound for A;,.

ak
m F(s T)

3.2. Existence for Parabolic Problems via Difference
Approximations

In this section we prove existence of a C°>°-solution u(x, t) of the space-periodic
initial value problem (3.1.1), (3.1.2). As in Section 3.1, the main assumption is

Axz,t) + Aj(z,t) > 261 for all (x,t), with § > O fixed.

We relax this condition in Section 3.2.5, however, where we treat general
parabolic problems. All functions are assumed to be 1-periodic in x, and the
coefficients of the differential equation are assumed to be C*°-smooth. First we
also assume that the initial function is in C'>°; general L,-initial data and the
smoothing property of parabolic equations are treated in Section 3.2.6.

It follows immediately from the basic energy estimate stated in Lemma 3.1.1
that the Cauchy problem (3.1.1), (3.1.2) has at most one classical solution, i.e.,
at most one solution in C'(t) N C%(x). If there were two solutions u, v then
w = u — v would be a solution of (3.1.1), (3.1.2) with F = f = 0. Then our
basic energy estimate implies w = 0.

3.2.1. The Main Result and Outline of the Proof

We want to prove the existence of solutions using a difference approximation.
For that reason we introduce a gridlength A = 1/N, N a natural number, grid-
points z, = vh, v € Z, and gridfunctions with function values v, := v(z,) €
c®,
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We shall always assume that the gridfunctions are 1-periodic; i.e.,
v, =UN4, forallv€Z (note Nh=1).
As usual, the translation operator E is defined by
(Ev)y = vpq.
Clearly, w := Ew is also 1-periodic. The j-th power of E (j an integer) is
(E'v)y = vy4j, vEL,
and we shall use the notation
E' =1

With the help of the translation operator E, we define the forward and backward
divided difference operators D, ,D_:

(3.2.1) hDy:=E—1I, hD_:=I-E'=hE~'D,;
ie.,
h(D+'D),, =Vptt — Uy, MD_v), =v, - v,_1.

The usual second-order accurate approximations to 8/8x and 8% /8x? are
(322 Do= %(D+ +D_) and D,D_ = h"XE - 2I + E"),

respectively. If v = v(z) is a smooth function of x € R, then its restriction
to the grid is (v,)vez = ((z,)) ez. This gridfunction is also denoted by v,
for simplicity. A similar notation applies to matrix functions A = A(x). Often
A = A(x) will be a l-periodic matrix function and Av a gridfunction with
function values

(Av), = Az, )v(z,).

We need some simple error formulae for the above difference operators. E.g.,
if we apply the forward difference operator D to the restriction of a smooth
function v, then Taylor expansion gives us

_ @) = o)

(323) (Dyvy, = 22D V@) _ s Bt e+ By
2. LUy = 5 =v@)+5 V@ @I Y

where

< (4) i
SR W
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Correspondingly,
2

h h° .
= v —_ - H — " > —)
(D_v), =v'(x,) 3 vi(x,) + 3 v (x,) + 241L,,,

2 4
3.2.4) (Dov), = v'(x,) + % v"(z,) + %eﬁ.,,

h? -
(DyD_v), =v"(z,) + ‘l—2¢u

where
[Pl < max  [vC), o)<  max [P
-Tv-lsfs-tv L)

—18€Cru4

- < 4) .
|¢V| - Iv—l?gsx"’vi'l l'U (E)I

These error formulae will be applied below.

We now describe a simple difference analog of (3.1.1), (3.1.2), which we use
for our existence argument. Only space is discretized, time is left continuous.
The difference analog reads

dv,/dt = A3, Dy D_v, + Ay, Dov, + Agv, + F,, vEL,
v =f, vel

(3.2.5)

The equations (3.2.5) represent an infinite system of ordinary differential equa-
tions for v(f) = (v.(t)).cz subject to initial conditions. However, we are only
interested in 1-periodic solutions and therefore we need to consider (3.2.5) only
forv=0,1,2,.... N — 1. Using the periodicity conditions

voi(t) = on_i(8),  vo(t) = vN(t).

(I

Xy X0 Xq X2

FiGure 3.2.1. Gridlines for difference scheme.
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we can eliminate vy (t) and v_;(¢) and obtain a system of N differential equa-
tions (with initial conditions) for the IV unknowns vg(t), ..., vy -(t). Any solu-
tion of this initial value problem generates the corresponding solution of (3.2.5)
by periodic extension. Therefore, the existence of a unique periodic solution
of (3.2.5) follows from standard theorems for ordinary differential equations. It
is clear that the solution v(t) = v"(t) depends on the step-size h, but we often
suppress this in our notation.

We are going to show in Section 3.2.3 that we can estimate all difference-
differential quotients Did“v"(t)/ dt? independently of h. Then we shall use
a theorem from approximation theory which states that we can interpolate the
gridfunction v = v* with respect to z in such a way that the interpolant w”(z, t)
is as smooth as v”; i.e., we can estimate all derivatives dP+9w" (z, t)/0zPOt?
in terms of D d%v"(t)/dt?. The next step is to show that w" satisfies (3.1.1),
(3.1.2) with F, f replaced by F + hF!, f + hfP. For h — 0, the functions w"
converge to the solution of (3.1.1), (3.1.2).

3.2.2. The Basic Energy Estimate for the Solutions of the Difference
Approximation

Before we derive the basic energy estimate for the system (3.2.5), let us first
introduce a discrete scalar product and norm and let us establish some simple
rules. If v, w are 1-periodic gridfunctions, then we define their discrete scalar
product and norm by

N-1

(v, wh = Z(vu,w.,)h, lloll; = (v, V).

v=0

The scalar product for gridfunctions has the same general properties as the L,-
scalar product of functions of a continuous variable; i.e., it is a sesquilinear
form, and we have the rules

(0,0l = (w. V),
|w, whn] £ Nvlin lwlle, v +wln < olla + lwlla
Also,
NE ulln = flulla, §Dsulla = §D-ulin, I Doulln < ID+ulln,
(A*v,win = (v, Aw)p < [Alocnlfulin llvln,
where

‘A"x.h = mf}x 'Avl‘
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Note that
IA'oc,h < mfx IA(it)l = 'Aloc

is bounded independently of h if A = A(z) is a smooth 1-periodic matrix
function.
Another simple rule is: If A, + A} > 261 for all v, then

(3.2.6) (u, (A + A*Yu), > 26jull}.

Corresponding to integration by parts, there are rules of summation by parts in
the discrete case. For periodic gridfunctions v, w,

(v, D_w)p, = —(Dyv,whp, (v, Dow)p = —(Dov, w)p.

This is easily checked:

(v, D_w), = Z(vm wv) Z(vu, 'wu—

v=0
- N=-2
= Z (vy, wp) — Z (v41,w0)
v=0 v=-1
N-1
= Z(vmwv) - Z(vv—{-l)wv) - (vo,w l) + <’UN,WN l)
v=0 v=0
N-1
= - Z(”u+l — vy, wy) = —(D4v, wh.
v=0

The second relation follows from the first. The identity
h(DyAv)y, = A1V — Ay = Ay(Uygr — ) + (Ag — A0
gives us a discrete analog of Leibniz’ product rule:
D (Av) = A(D4v) + (D4 AXEv).

Now we can derive the basic energy estimate. The solution v = v”* of the
system (3.2.5) satisfies

d
?It'(”’ VIp = )h + ( ,v);.

.5 dt
(3.2.7) < (, A D, . D_v)y + (A2 D4y D_v,v);

+2|Ailcllvllnll D1 vlln + 2| Aoloc vl + 2livllnllFlla.
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Here
(v, A2D4+ D_v)p = (v, D3(A2D_v))p — Rp = —(D_v, A2D_v), ~ Ry,
Ry = (v,(D4 A2) D4 )p;
thus
|Ro| < |A2zloollvlla | D4 vl
(Observe that (D, A3), = h~! f;:*' Ay dz.) Correspondingly,
(A2D+D_’U, 'U)h = —(D_'U, A;D_’U)h + ﬁ{)s

where Ry satisfies a similar estimate as Ry.

Introducing these expressions into (3.2.7) and observing (3.2.6), we obtain
an inequality of the same type as for the continuous case, and therefore the
following basic energy estimate holds:

Lemma 3.2.1. Let C, denote a constant which bounds the norms (3.1.5) in
0 <t < T. There is another constant C, which depends only on C,,6, and T
such that

t
O SCz{HfIIf.+ / uF(-,T)uidr} for0<t<T.
0

3.2.3. Estimates for Higher Order Divided Differences

As an auxiliary result we first show
Lemma 3.2.2. For any smooth 1-periodic function g it holds that
|DE 9loon < |dPg/dz?|.

Proof. For p =0 the cstimate is true. Assume it is valid up to the order p ~ 1.
Let

h
fo)= %/ g'(z + £)ds;
0
thus f(z,) = (D4+g),. Therefore,
(D2 )| = (DY f)x,)| < |dP~'fldzP~ | < |dPg/daP|s.

This proves the lemma.

We begin with an estimate for w := D, v where v is the solution of (3.2.5),
as before. Applying D, to (3.2.5) and using the discrete Leibniz’ rule, we find
the following system for w:
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dw, fdt = Ay, Dy D_w, + (D3 A3, + A )Dow,

(3.2.8)
+ (A0v + (D+Alv)E)wv + F‘,(,na

where
FY := (D4 Ao)Ev, + D, F,.

The system (3.2.8) is of the same form as (3.2.5) and — using Lemma 3.2.2 to
estimate coefficients — we obtain an estimate for w = D v, which is of the same
type as for the continuous case. Repeating this process, we obtain estimates for
all forward difference quotients D% v. As in the continuous case, we can also
differentiate with respect to time and obtain bounds for D d%(t)/dt?. If one
introduces the discrete analog of the continuous H”-norm by

14
@, Onne = Y_(Dhu, Diodn,  Nuflf g» = (w, 0,15,

=0

one can summarize the result as follows:

Theorem 3.2.3.  The estimate of Theorem 3.1.4 holds for v = v if one
replaces the HP-norm by its discrete version. The constant is independent of the
step-size h.

3.24. Convergenceas h — 0

The following result about Fourier interpolation is proved in Appendix 2.

Theorem 3.24. Let h = 1/(2m + 1) where m is a positive integer. If v"(z)
is a 1-periodic gridfunction, then there is a unique Fourier polynomial

wh(z) = i afe?™i*z ok eC”,
k=—m
which interpolates v* at all gridpoinis:
wh(z,) = v™,), veZ.
Foranyp=0,1,2,... it holds that
d

Poh T2
IZ2 1 < GYPIDS

It is remarkable that the constant in the estimate does not depend on A. In our
application, the gridfunction v*(z, t) depends smoothly on ¢. If wh(z, t) denotes
the Fourier interpolant w.r.t. z, then w” is a C°°-function of (z,t) since the
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coefficients at are C°°-functions of ¢. (This follows from the construction of
the interpolant in Appendix 2.) Also, differentiation of w® w.r.t. t gives us
the Fourier interpolant of dv”/dt. Therefore, Theorems 3.2.3 and 3.2.4 imply
bounds

rte

with constants independent of 2. To obtain bounds in maximum norm, the
following result — an example of a Sobolev inequality — will be applied. (More
general Sobolev inequalities, which we need below, are proved in Appendix 3.)
Lemma 3.2.5. Suppose u € C'[0,1]. Then

e < lull® + 2l Hucl.

Proof. There are points xp, z; with
min{|u(z)| : 0 < z € 1} = ju(zg)|,
max{|u(z)|: 0 <z <1} = jula))| = |u|oo-

Let ¢ < x; for definiteness. Then

z) d
(e — fulzo)f? = / (g} dr

-/ " () + ()} d < 2]zl

Since |u(xp)| < ||lul|, the result follows.

Using the estimates (3.2.9) and the previous lemma, we obtain bounds for all
derivatives of w”(z,t) in maximum norm:

+q
azpatqwh(a:, t)Y: z€R,0<t<T} < Colp,g,T)

with constants independent of k. For short, we say that the family of functions
w" is uniformly smooth in each finite time interval.

Let us show next that w”(z, t) solves the Cauchy problem (3.1.1), (3.1.2) up
to terms of order h.

max {|

Lemma 3.2.6. The functions Fl(z,t), fi(z) defined by
wi@, t) = P(z,t,8/00)w"(x, ) + F(z,t) + hFl(z, t),
wh(z,0) = f(z) + hf ()
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satisfy estimates
|Fiz, )| <C, z€R, 0<t<T,
Iff@l<C, ze€R,
where C does not depend on h.

Proof. Letz, <z < x,4. Then

Wiz, ) = wl(z, ) + / why (€, dE

Zy

= w"(a:,,, t)+ hcpi‘(a:. t)
= dvl(t)/dt + hot(z, 1),
wl(z,t) = Dowt(z,,t) + kel (z, )
= Dovk(t) + hl(z, 1),
wh (z,t) = D, D_vk(t) + hyl(z,v),

where Ith (z,t)] < const, j = 1,2,3. If we use these expressions to replace w*
in the above definition of FJ* and observe the equation (3.2.5) for v*, then the
estimate for F}* follows. Also,

w@,0) - f(z) = / {(WhE,0) — fO} dE = hit@), |fP@I<C,
and the lemma is proved.

Since the family of functions w* = w"(x,t) is uniformly smooth in 0 <
t < T, we can apply the result of Appendix 4 (which is based on the Arzela-
Ascoli Theorem) and obtain the following: There is a 1-periodic C*°-function
u=u(z,t), z€R, 0<t<T, and a sequence h = h; — 0 such that

gr+e
e patqu(x,t)l z€R, 0<t<T}—0

as h= hj -0
for all derivatives 87%9/0xP5t1. By the previous lemma it follows that u solves
the given initial value problem in 0 < ¢t < T. Here T > 0 is arbitrary, and thus
we have shown

wh(z,t) -

Theorem 3.2.7. The strongly parabolic initial value problem (3.1.1),(3.1.2)
with 1-periodic (in ) C*°-data has a unique C* -solution u = u(z, t) which is
1-periodic in x.
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Remark.  To obtain existence of a solution u, it was sufficient to establish
convergence for some subsequence w", h = h; — 0, via the Arzela-Ascoli The-
orem. In view of numerical applications one might ask, however, whether in
general w® — u as h — 0. This convergence does indeed hold as follows from
the basic energy estimate of Section 3.1.1 applied to the difference w" —u. Ac-
tually, the (nonconstructive) Arzela-Ascoli argument can be avoided altogether
in an existence proof: From the basic energy estimate it follows that w” is a
Cauchy sequence in L; as h = h; — 0, and smoothness of the limit function
can be deduced from the uniform (in h) decay rate of the Fourier coefficients
of w”. Such a uniform rate follows from the uniform smoothness.

3.2.5. General Parabolic Systems
Thus far we have considered parabolic systems (3.1.1) under the restriction
Az, t)+ Az, t) > 261, & > 0 fixed.

We want to replace this by the weaker assumption that all frozen-coefficient
problems are parabolic in the sense of the definition given in Section 2.4.3. To
this end, we fix T > 0 and assume there exists § > 0 independent of x,t with

(3.2.10) Rek > 6 > O for all eigenvalues « of A(z,t), 0<t<T.

(The assumption A; + A3 > 261 implies Rex > & for all eigenvalues x of
Az.) A variable-coefficient problem (3.1.1) satisfying the eigenvalue condition
(3.2.10) is called parabolic.

The discussion given below of a variable-coefficient problem — via prop-
erties of equations with constant coefficients — is very important in a general
theory of partial differential equations. Basically the technique is the follow-
ing: Well-posedness of each constant-coefficient problem ~ obtained by freezing
coefficients at an arbitrary point P = (z, to) — is expressed via the Matrix The-
orem in Fourier space. One obtains existence of a certain Hermitian matrix
Hp for each point P = (zo,%). These matrices Hp are used to define time
dependent norms || ||z, which are all equivalent to the Ly-norm. Applying
I ¢ instead of the L>-norm, one can again prove the basic energy estimate,
where the energy is now measured in the new norm. In the present situation we
do not have to rely on the Matrix Theorem to construct Hp. Instead, using the
first part of the proof of Theorem 2.1.3, we have

Lemma 3.2.8. Let A denote a constant matrix and let Rex > 6 > 0 for all
eigenvalues k of A. There exists a Hermitian matrix H = H* > I such that

HA4 A*H > 6H.
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Note that the bound H > I can be enforced by multiplying H with a scalar,
if necessary. We proceed with the construction of the norms || || g). The idea
of the construction is due to Girding (1953).

Lemma 3.2.9.  Under assumption (3.2.10) there exists a smooth 1-periodic
matrix function H(x,t) = H*(z,t) > I such that

@3.2.11) H(z,t)Ax(z,t) + A5 (x, t)H(x, ) > gH (z, ).

The norms || || sy defined by

1
Nullde = @ Wrw, @V = /o (u(z), H(z, t)v(z)) dz

are equivalent to the Ly-norm.

Proof. For each point P = (zg, tp) we construct a matrix Hp with
Hp Ay(zo, to) + A3(xo,t0)Hp > 6Hp, Hp=Hp 21,

using the previous lemma. By continuity, the point P has a neighborhood N(P)
with
. )
HpAx(z,t) + Ay(z,t)Hp > EHP

for all (z,t) € N(P). By the Heine-Borel Theorem there are finitely many
points Py,:--, P; whose neighborhoods N(P;) cover the set [0,1] x [0,T1],
T > 0 being fixed. Choose a partition of unity ¢; = ¢;(z,t) of 1-periodic
functions subordinate to these neighborhoods:

¢; €C™, ¢; 20, E¢j = 1, support ¢; contained in N(F;).
J

(To be precise, the Heine-Borel Theorem and the Partition of unity argument
are being applied to the compact space S' x [0, T] where S' denotes the circle.
Functions on this space are identified with 1-periodic functions.) With the help
of the locally supported functions ¢;, define the matrix function

H(z,t) = _ ¢i(z,)Hp,,
J

and note that
1. I < H(z,t) < const];
é
2. ¢j(r7 t)HPj AZ(za t) + A;(xy t)¢j(x1 t)HPj 2 _¢j(x7 t)HPJ‘ .
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The first property ensures that || ||z is equivalent to the L,-norm; the second
property implies the estimate (3.2.11) if we sum over j.

To iltustrate how the basic energy estimate can be obtained under the condition
(3.2.10), we consider an equation
Uy = A'U,z_t.

We have

d d [
z(u,")mn= 7 /0 {(u(z, t), H(z, thu(z, t)) dx

= (uy, Hu) + (u, Huy) + (u, Hyu)
= (Auzs, Hu) + (u, H Auz:) + (u, Hyw)

< —(ug, (HA + A" Hyue) + const{llul molluzllae + lullfio )

6
< =3 luzllie + const{llullwlluzlue + lulliw)-

Thus the proof of the basic energy estimate can be finished in the same way as
above. The other estimates follow similarly. We summarize the result in

Theorem 3.2.10.  The spatially periodic Cauchy problem (3.1.1),(3.1.2) is
well-posed if the system is pointwise parabolic.

3.2.6. Smoothing Properties of Parabolic Systems

For simplicity we neglect lower-order terms and consider a strongly parabolic
system

3.2.12) Uy = AUz, A+ A" 2281, A€C™.

If the initial data u(-,0) = f are given in L;, there is a unique generalized
solution u since the problem is well-posed. We want to show in this section
that u € C* for t > 0 even if the initial data are just in L; and have no
smoothness properties. To show this, we first derive sharper a priori estimates
for the solutions to initial data in C°°, Recall that

d
EHUH2 < =bllusl* + constlju|’.

This gives us the usual bound for |ju(-, )}, which depends only on [ju(-,0)|.
The function v = u, satisfies
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vy = (Avg)y,
and therefore

gt-(tv, v) = (v + tvg, v) + (tv, ve) = (v, ) + Hve, v) + Hv, vy)

= (v,v) — Hvz, (A + A*)v;) < (v,v) - 26t||v|?

= Juzl® ~ 26t|lvg|*.
Thus

d d
67! i llull? + v, v) < ~26t|lo:|* + constul® < constlfu’.

Integration from O to ¢ yields

t
o B2 < const { /o lut-, DIPer + ut- O}

Hence we have a bound for ||u.(-,t)|| which depends only on ||u(:,0)}} and
not on |juz(-,0)|]. This process can be continued. We obtain bounds for all
expressions ¢P||6Pu/8zP||*> which do not depend on derivatives of the initial
data, but only on the L;-norm of u(-,0) = f.

Now consider the case where the initial data u(-,0) € L, are not necessarily
smooth. We construct the corresponding generalized solution as the limit of
regular solutions uU(z, t) with initial data

u9¢,00€ €=, lim [[u?@(,0) - u(-,0)f =0.
J—o0
For0 < v <t < T we find that
"u(j)("t)uuv < 01

with a constant C independent of j. Similar estimates also hold for all time
derivatives of u'). Using the Sobolev inequality formulated in Lemma 3.2.5,
one finds that
gr+e
I8:r”3t9
This implies smoothness of the limit function u, and we have proven

u(z,t)| < Clp,q,7,T) for 0<7<t<T.

Theorem 3.2.11. Consider (3.2.12) with initial data in L;. The correspond-
ing generalized solution is a function belonging to C* for t > 0.

The same result holds for general parabolic systems.
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the set of (complex) eigenvalues using a kth-degree polynomial with value 1 at
the origin? When A is nonnormal, however, the bound (1.7) may not be sharp.
If the condition number of V' is huge, the right-hand side of (1.7) may also be
large, but this does not necessarily imply that GMRES converges poorly. It
may simply mean that the bound (1.7) is a large overestimate of the actual
GMRES residual norm. An interesting open question is to determine when
an ill-conditioned eigenvector matrix implies poor convergence for GMRES
and when it simply means that the bound (1.7) is a large overestimate. If
eigenvalues are not the key, then one would like to be able to describe the
behavior of GMRES in terms of some other characteristic properties of the
matrix A. Some ideas along these lines are discussed in section 3.2.

Finally, since the full GMRES algorithm may be impractical if a fairly large
number of iterations are required, one would like to have theorems relating the
convergence of some nonoptimal methods (that do not require extra work and
storage) to that of GMRES. Unfortunately, no fully satisfactory theorems of
this kind are currently available, and this important open problem is discussed
in Chapter 6.

1.1.3. Preconditioners. The tools used in the derivation of precondition-
ers are much more diverse than those applied to the study of iteration methods.
There are some general results concerning comparison of preconditioners and
optimality of preconditioners of certain forms (e.g., block-diagonal), and these
are described in Chapter 10. Many of the most successful preconditioners,
however, have been derived for special problem classes, where the origin of the
problem suggests a particular type of preconditioner. Multigrid and domain
decomposition methods are examples of this type of preconditioner and are dis-
cussed in Chapter 12. Still other preconditioners are designed for very specific
physical problems, such as the transport equation. Since one cannot assume
familiarity with every scientific application, a complete survey is impossible.
Chapter 9 contains two example problems, but the problem of generalizing
application-specific preconditioners to a broader setting remains an area of
active research.

1.2. Notation.

We assume complez matrices and vectors throughout this book. The results
for real problems are almost always the same, and we point out any differences
that might be encountered. The symbol ¢ is used for v/—1, and a superscript
H denotes the Hermitian transpose (Ag = Aji, where the overbar denotes the
complex conjugate). The symbol || -|| will always denote the 2-norm for vectors
and the induced spectral norm for matrices. An arbitrary norm will be denoted
- 11l

The linear system (or sometimes the preconditioned linear system) under
consideration is denoted Az = b, where A is an n-by-n nonsingular matrix and
b is a given n-vector. If x4 is an approximate solution then the residual b— Az
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Proof. We have
d
a;llvll2 < =2ellvz|? + (v, Avz) + (Avz, v) + 2| Bloc vl + 2ll0| | F.

Integration by parts gives us
(v, Avz) = (Av, vz) = —((AV)z, V) = —(Avg, v) = (A0, 0),
and therefore
2 1ol < @IBlo + Akl + 210l I,

This shows the desired estimate for ||v||%.
The function w = v, satisfies

3.3.3) Wy = €Wy + Aw, + (Az + B)w + B,v + F.

We have already a bound for v, and therefore we can consider B,v + F, = F
as a new forcing function. Thus (3.3.3) is of the same form as (3.3.2), and
we obtain the corresponding estimate. Repeating this process, we obtain the
estimates for the higher derivatives, and the lemma is proved.

Bounds for time derivatives and mixed derivatives of v = v can be shown
as previously by using the differential equation.

We now prove that (3.3.1) has a unique solution and start with uniqueness. If
u and v are two smooth solutions then their difference w = u — v satisfies the
homogeneous system (3.3.1). By the estimate of the above lemma (with € = 0)
we have )

Ll < constwl?, iz, 0) =0

hence w = 0, and uniqueness is shown. To prove existence, we consider a
sequence of solutions v* for ¢ — 0. The functions v¢ are uniformly smooth,
and by the general argument given in Appendix 4 we can select a subsequence
which converges along with all its derivatives. The limit is clearly a solution of
(3.3.1), which also satisfies the estimates of Lemma 3.3.1. To summarize,

Theorem 3.3.2. The symmetric hyperbolic system (3.3.1) has a unique solu-
tion u = u(z, t). The solution is C>-smooth and satisfies the estimates of Lemma
3.3.1. The spatially periodic Cauchy problem for a symmetric hyperbolic system
is well-posed.

We shall generalize the result to systems (3.3.1) for which the matrix A is
not necessarily Hermitian. For equations with constant coefficients, we defined
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strong hyperbolicity by the condition that the eigenvalues of A are real and that
there is a complete set of eigenvectors. According to Lemma 2.4.2, a matrix A
has this property if and only if there is a positive definite Hermitian matrix H
with

(3.34) HA=A"H.
For a variable-coefficient equation we can “almost” use this condition pointwise,

and obtain a well-posed problem. More precisely, we make the

Definition.  The variable-coefficient system (3.3.1) is called strongly hyper-
bolic if there exists a smooth 1-periodic “symmetrizer”, i.e., a smooth 1-periodic
positive definite matrix function H(zx,t) such that (3.3.4) is valid for all z, t.

For a strongly hyperbolic system we can proceed in the same way as for a
symmetric one, if we replace the L,-inner product by

1
(3.3.5) U, VI = /o (u(z), H(z, thv(z)) dz.

The estimates of the solution and its derivatives follow; see also Section 3.2.5.
One obtains

Theorem 3.3.3. The results of Theorem 3.3.2 hold if the system is strongly
hyperbolic, i.e., if we can find a smooth 1-periodic symmetrizer.

Note that if the problem is only “pointwise” strongly hyperbolic then a matrix
H(z,t) with (3.3.4) exists at each point (x,t) according to Lemma 2.4.2. The
only extra assumption we have made is that H(x, t) depends smoothly on (x, t).
The existence of such a smooth symmetrizer is guaranteed if, for example, for
all (z, t) the n x n matrix A(x,t) has n real distinct eigenvalues; in this case the
system (3.3.1) is called strictly hyperbolic. Therefore, as in the case of constant
coefficients, strict hyperbolicity implies strong hyperbolicity.

3.3.2. Properties of Scalar Equations

The simplest case. Let a be a real constant. The simplest hyperbolic differen-
tial equation is given by the scalar equation

u; +auz =0.
Its solution for 1-periodic smooth initial data
(3.3.6) u(z,0) = f(x)
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can be written down explicitly:
w(z,t) = f(z — at).

Thus the solution is constant along the so-called characteristic lines z = zo+al.
(The important concept of a characteristic is defined below for more general
equations.)

This shows that there is no smoothing effect; the solution is as smooth as the
initial data. For generalized solutions, whose initial data have discontinuities,
this fact is particularly important. Consider, for example, the periodic function

1, igz<i+1,
(3.3.7) fz)= ; 2 icZ,
0, 'i+-2-S.'l!<i+l,

which jumps at all integers and half-integers. We approximate f by functions
fe € C*™ by “rounding the comers.” For every fixed ¢ > 0 our problem is
solved by u.(z,t) = f.(x — at). Therefore the generalized solution is u(z,t) =
f(x—at); in particular, the discontinuities move along the characteristics through
iandi+ 3, i€

The case a = a(x,t). Suppose a = a(z,t) is a smooth function, 1-periodic in
z. A parametrized line
(z®)t), 0<t<oo,

is called a characteristic for the equation

(3.3.8) Uy +a(x,u, =0
if
(339) %—f— ) =a(z(t),t), t=>0.

Since a{z,t) is bounded in every finite time interval, it is clear that a unique
characteristic exists through any given point (%,7). If u solves (3.3.8) and
(z(t), t) is a characteristic, then
d dx
p u(2(t),t) = uy + u, e
= ug + uz a(z,t) = 0.
Thus the solution u of

uy +alz, thu, =0, u(z,0) = f(z)
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carries the value f(zo) along the characteristic (z(t),t) starting at (2(0),0) =
(zo,0). If the initial function f(z) has a jump discontinuity at x = ¢, then the
generalized solution u(x, t) will jump when crossing the characteristic

(z(t),t) with z(0) = zo.

In other words, discontinuities move along the characteristics.

The inhomogeneous equation. We can also solve inhomogeneous problems
(3.3.10) u; + af{z, hyu, = F(x,t), u(z,0) = f(x).

Characteristics are defined as for the case F' = 0, i.e., by condition (3.3.9). If
(z(t), t) is a characteristic and u(z, t) solves (3.3.10), then

d
pr u(z(t), t) = F(x(t), t),

and therefore
t
(3.3.11) u(z(t),t) = flzo) + / F(z(7),7) dr, (0) = xy.
0

Suppose F is only piecewise smooth with jump discontinuities along lines which
are nowhere tangent to a characteristic. In this case the integral in (3.3.11) mol-
lifies the jumps of F. The generalized solution u is continuous if f(z) is
continuous. If f has jumps, these travel along the characteristics; the disconti-
nuities of F' do not introduce new jumps in the function u, but — in general —
in the derivatives of u.
The general linear case. For equations
u + ll(.’l', t)u;c = b(r,t)u + F(.’l.' 9

the characteristics are again defined by condition (3.3.9). If u solves the above
equation, then

d

p u(z(t), t) = b(z@), t) u(z(r),t) + F(x(t),t)
along each characteristic. Thus we can obtain u(z(t),t) by solving a linear

ordinary differential equation.

3.3.3. Properties of Hyperbolic Systems

The case A = const, B = 0. Consider a strongly hyperbolic system
3.3.12) u, + Aug = F(z,t)
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with a constant coefficient matrix A. There is a nonsingular transformation S
such that

S7'AS = A = diag (\,..., M), Aj real.

If we introduce the new variables v = S~'u, then the equation (3.3.12) trans-
forms to

v + Avy = H(z,t), H=S"'F.
Thus we obtain n uncoupled scalar equations
v + /\J"sz = Hj(:t, t), 7=1,...,n,

and the considerations of the previous section apply.

The wave equation. An important example is obtained from the wave equation
Yt = Yzz
with 1-periodic initial data
(3.3.13) ¥z,0) = f(z), w(z.0)=g(x)
We introduce a new variable v by
Ut = Yo
The wave equation then gives us
Yit = Yzx = Utz = Uzy,
hence integration in ¢ yields
Yt = vz + h(x).
For v we have the initial condition
vg(x,0) = g(z) — h(z),
and if we choose h(z) = hy = jb' g(&) d¢, then

v(z,0) = /o [9(6) — ho) d€

is a 1-periodic initial condition. To summarize, if y solves the wave equation
with initial conditions (3.3.13), then

i T
u= (z), v(z,t)=/ yz(x,f)dr+/ [9(&) — ho} dg
0 0
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solves the hyperbolic system

U = (? (l))u,+(h(;’) =:Au,+(’:)°),

(@
u(=,0) = (f: [9(6) = o] ds) '

Conversely, if u solves the above system, then the first component y = u,
solves the original problem. The eigenvalues of A are Ay = +1, A =1 If
ST1AS = diag(\|, \2) = A,

then the transformation w = S~!u leads to

w,=Aw,+s-'(’(')°),

and we can obtain a solution in closed form. As a result, one finds that
T+

1 1 ¢
Yah= 3 {fa+D+ fa-D}+5 / oE) dE.

-t

Strongly hyperbolic systems. We will explain here how to obtain the solution
of a general strongly hyperbolic system by solving a sequence of scalar equations
and going to the limit. The scalar equations themselves can be solved by the
method of characteristics, as discussed above. In this way one can study in
detail how discontinuities propagate and one can prove that information travels
at a finite speed.

Consider a general linear system

uy + A(z, tyu, = Bz, tyu + F(z,t), w(z,0)= f(z),
and assume that there is a smooth transformation S = S(z, t) such that
S71AS = A(z,t) = diag (Mi(z,1),..., An(x, 1)), Aj(z,t) real.
Introducing new variables v = S~ 'u, we obtain
Sv + Sv; + ASzv + ASv, = BSv+ F,

and therefore
v+ Avy =Cv+H, v(-,0)=g=S8""f,

(3.3.14)
C=S"'BS-5'8,-8571AS,, H=S'F
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Solution by iteration. System (3.3.14) suggests the iteration
v+ Akt =G%,  G*=Cv* +H,
3.3.15) .
i z,0=g(x), k=0,1,2,...,

starting with v%(,t) = 0. For every k = 0,1,2,... the initial value problem
(3.3.15) represents n scalar equations which one can solve by the method of
characteristics. Accordingly, one makes the

Definition.  The lines
(xj(t);t)9 tZO, j=11---1ny
with
dzj(t)
dt

are called characteristics for the system (3.3.14) (and also for the given system
written in u-variables).

= /\j (.Tj(t), t), t2>0,

Through any point (%, ?) there are n characteristics (x;(t),t) with
zi) =%, j=1,.,n
These are distinct if the system is strictly hyperbolic, i.e.,
(3.3.16) /.\1(32, t) < Xz, t) <... < Ap(z, 1),

but otherwise two characteristics can be identical.
To study the iteration (3.3.15), we fix a point (Z,7). The characteristics
through this point intersect the z-axis in z,(0),...,z,(0).

t
{(x 1)
(xy (xn(t). 1)
x4(0) Xa(0) X

FIGURE 3.3.1. Characteristics through a given point (T, ?).
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Note that the characteristics do not depend on the iteration index k. We obtain
from (3.3.15)

dt :-’-l(l‘](t)’ ) Gf(x](t)s t),
G*(z.t) = C(z, tw*(z, t) + H(z, t).

Integration yields

t
(3.3.17) vf“(f,i):/ G¥(zj(r), 7) dr + g(z;(0)), j=1,...,n.
0

Let us show that the sequence v* converges to the solution v. We will use the

following auxiliary result, which we refer to as Picard’s Lemma.

Lemma 3.34. Let n*(t), k = 0, 1,..., denote a sequence of nonnegative
continuous functions which satisfy the inequalities

t
't <a+ b/ nt(rydr, 0<t<T,
0

with nonnegative constants a, b. Then

— bty bkt
O <a)y — + — max 7’(r)

k! o<r<t
rv=0 =73

for0<t<Tandk=0,\,...Inparticular, the sequence n*(t), 0 <t < T, is
uniformly bounded. If a = O, then the sequence converges uniformly to zero.

Proof. For k = 0 the estimate is true. Assume it is valid up to the index £.
Then

bk+ltk+l
*k+ D! 0<'r<f

thv
’°+’(t)<a+az ax n°(r),
and the lemma is proved.

We use this to show the following convergence result.

Lemma 3.3.5. Suppose v solves (3.3.14), and the sequence v* is defined by
(3.3.15). Then

max{lv(:c,t)—v"(z,t)l::L'ER, OStST} -0 as k — oo,
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for any fixed T. Here it is assumed that all data are smooth and 1-periodic
inzx.

Proof. The solution v satisfies

(0.0 = G (z0.0)
G(x,t) = C(z, thv(z,t) + H(z,t).

Therefore we obtain, for the difference w* = vk — v,

dit w;‘“(:z:j(t),t) = {C(z;(t), t)w* (z;(t), 1) }j;

thus
t
w}‘""(i,f) =/ {C(zi(m), T)w* (z;(r). T) }j dr, j=1,...,n.
0
If we set
7*(t) = max {|w"(:c,-r)| :xzeR, 0<7<L t} ,
then, for 0 <t < T,

7
mwmms%fwma
0

t
D <0r [ o,
(i
An application of Picard’s Lemma (with a = 0) yields
n*(t) < const -,:—, (Crok.

This proves the convergence.

Propagation of discontinuities. We can use (3.3.17) to deduce properties for
the sequence v* = v*(z,t) and then go to the limit as k — co. Consider, for
example, the discontinuous initial data

niz,0) = f(z), v(z,0)=...=v,(2,0)=0,

where f is given in (3.3.7). For simplicity assume F = H = 0 and assume the
system is strictly hyperbolic, i.e., (3.3.16) holds. The function v}(z, t) represents
the pulses whose edges are moving along the characteristics (z)(¢),t) starting
at (21(0),0) = (i,0), (2:(0),0) = (i + },0), i € Z. All other components
vz, ) =0, j=2,...,n
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By our considerations for scalar equations, it follows that vf(.r, t) has jumps
when crossing the characteristics (z,(t),t) mentioned above, whereas vJZ-(J:, 1),
j=2,...,n,is continuous. The reason for the continuity of the latter functions
is that the characteristics (z;(2),t), j = 2,...,n, are nowhere tangent to the
discontinuity lines (z,(t),t) of the forcing. This is the qualitative behavior for
all iterates v*, and therefore of the solution itself. There are no difficulties in
discussing the behavior for more general piecewise smooth initial data because
we can split these up into a smooth function plus simple jumps. A discontinuity
of the initial data at r = o propagates along the characteristics which start at
(x,t) = (x19,0).

The finite speed of propagation. Another important property of hyperbolic
differential equations is the so-called “finite speed of propagation” which we
explain in the next theorem. Consider again the system (3.3.14) under assump-
tion (3.3.16).

Theorem 3.3.6.  For a given point (T,1) let (x\(t),t),...,(za(t),t) denote
the characteristics through (Z,1); see Figure 3.3.1. Let 2 denote the region
bounded by the two characteristics

(zi®),t), (za)t), 0<t<T,
and the piece of the initial line
(z,0), 1(0) <z < z,(0).

Then the restriction of the solution v(x,t) to the region Q only depends on the
restriction of H to QX and of g to the interval x,(0) < 1 < t,(0). In other words,
we can change H and g outside these regions without affecting v inside Q.

Proof. Consider any point (Z,{) € . Then the characteristics
(jt),t) for 0<t<i, j=1,...,n,

through (%, ?) also belong to §2. Now consider the iteration (3.3.15). It is clear
that the restriction of v! to 2 depends only on the corresponding restrictions of
H and g. By induction we obtain that all functions v* have this property, and
therefore it is valid for the limit also. This proves the theorem.

In Section 6.2 we shall prove a similar theorem for hyperbolic systems in
several space dimensions using a difference approximation.
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3.4. Mixed Hyperbolic-Parabolic Systems

Consider a system of the following block form

A, O B, B
w,:(oz O) w,,«l-(B;: B;:) wy + Cw + F,

(3.4.1) w= (:) w(z,0) = f(@).

It is assumed that all coefficients and data are C°°-smooth and 1-periodic in x.
Also, let

342 A +A3226I1>0in0<t<T, §=6T)>0, and By, = Bj,.

If Bjz = Cj2 =0, By = () =0, then we have a strongly parabolic u-equation
and an uncoupled symmetric hyperbolic v-equation. Assuming (3.4.2), we want
to show that the spatially periodic Cauchy problem for the mixed system (3.4.1)
with coupling terms is well-posed. First consider the parabolic systems

(A O Bu Bz
(34.3) w,—(o eI) w,w+(B2I Bzz) w,+Cw+ F, ¢>0.

According to Theorem 3.2.7, there is a unique solution w = w* of the Cauchy
problem for € > 0. We shall show that the solutions w* and their derivatives can
be estimated independently of ¢ > 0; we start with the basic energy estimate,

Lemma 34.1. ForanyT > Othere is a constant K(T'), independent of ¢ > 0,
with

;3
o C, 0l < K(T){lIsz + [1Fe e dr}, 0<t<T.

Proof. We write w = w*. The norms | |, below refer to the interval 0 < ¢ <
T. We have

g; (w, w) = (w, w,) + (wp, w)
= (u,ur) + (0, 21) + (ur, ) + (v, ©)
< =2efoc |’ + 1+ M+ M+ IV + 2{|Cloo 1w + lll IFII},
where

I = (u, Ayuz;) + (Arugs, u) + (u, Bjyug) + (Bnug, u),
0 = (v, Bxv:) + (Bxvs, v),
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= ('ll., BIZ’U::) + (Blzv:l:s u)7
IV = (v, Byjug) + (Baug, v).

The term I can be estimated as explained in Section 3.1.1 where we treated
parabolic systems:

I < —26lluzll? + 2{|A2z] + |Bitloc } Hull uell
< —bllugll? + e flul®.

The term Il can be treated as explained in Section 3.3.1 for the symmetric
hyperbolic case:

Il < B |IvlP.
Integration by parts gives us for III:
M = —(ug, Bi2v) — (u, Bi2zv) — (Bp2v, uz) — (Bigyv, u)
< 2|Buzloo 10l lluzll + 2|Bizeloc lufl vl

6
< 5 luzl® + ca{llul® + oI}

Finally,

é
IV < 5 Jlusll? + esllofl.

Summarizing, we have shown that

< Nl < ca{ul? + I1FIP)

where c; does not depend on €. This proves the lemma.

It should be remarked that the estimate of Lemma 3.4.1 is also valid for e =0
if we assume the existence of a smooth solution for this case. Thus unigueness
for (3.4.1) is shown. To obtain existence, we estimate all derivatives of w*
independently of ¢. Differentiation of the system (3.4.3) with respect to x yields
an equation for w¢ with the same structure. Observing that we already have
estimates for [|w¢||, we can bound |[w? || in the same way as above. Estimates for
higher space derivatives are obtained by repeated differentiation. This proves

Lemma 34.2. ForanyT > Qandany p = 1,2,..., there is a constant
K(p,T), independent of € > 0, with

t
(3.4.9) lw-, O3> < K@D {f ks + /0 IlFC, m)5s dr}.
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Here K(p,T) depends only on the maximum norm of the coefficients and their
derivatives of order < p.

Time derivatives and mixed derivatives of w* can always be expressed by
space derivatives using the differential equation. Thus we have estimates for
all derivatives. Now consider a sequence ¢ — 0. According to Appendix 4, we
can select a uniformly smooth subsequence of w® which converges along with
all its derivatives. The limit solves (3.4.1) and obeys the estimate (3.4.4). This
proves

Theorem 3.4.3. The spatially periodic Cauchy problem for the mixed system
(3.4.1) is well-posed if (3.4.2) is true.

Thus far, the underlying uncoupled equations were assumed to be strongly
parabolic or symmetric hyperbolic. We can generalize our result to the case
where instead of (3.4.2) it is assumed that there are smooth symmetrizers:

HA + A;Hl >6H, >0, HBp = Bz‘sz,
H; = H} >0 smooth, 1-periodic in z, j=1,2.

To obtain the estimates for the more general case, we use the scalar product
(w, @)y = (u, Hy@i)+(v, H,7) instead of the L;-scalar product (w, @) = (u, @)+
(v, ).

3.5. The Linearized Navier-Stokes Equations in One
Space Dimension

Suppose the variables u, v, w, p, p do not depend on y. :. Then the Navier-
Stokes equations read

u UlUy P
() () )
w/, uw, 0
u Upy Fl
=u(v) +u+p) ( 0 )+p(Fz),
w rz 0 F3

pt+(up): =0, p=r(p).
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This system uncouples into a system for (u, p),

pus + puur + pr = Cu + N')uzz + pFy
(3.5.1)

pe+puz +ups: =0, p=r(p),

and two scalar equations
=k
U+ uvy = ; vz + B3,
S
wy + uw, = ; Wy + F3.

The equations for v and w are linear if u, p are considered as known functions.
Clearly, these equations are parabolic in the viscous case (u > 0), and strongly
hyperbolic in the inviscid case (4 = 0). We now linearize the system (3.5.1) ata
smooth flow U = U(z,t), R = R(x,t), P = P(z,t) with P = r(R). Substitute
u=U+4u', p=R+p, p= P+ p ino the equations (3.5.1) and neglect
terms quadratic in the corrections. The equation of state gives us

d
p=P+p =r(R+p)~r(R)+xp/, k= d—;(R);

thus p’ = kp' to first order. Therefore we can eliminate p’ and obtain for «', p’
a linear system

u U «/R u u') n [ Yee G,
(p’)¢+(R U ) (p'),+C(P’)_(2”+”) ( o) \&)
Here C and G are determined by U, R, P,and F. For u > 0,y > 0, the

system is of mixed hyperbolic-parabolic type. In the inviscid case uy = u' =0
we obtain, upon neglecting the zero-order term and the forcing function,

_ (v _ (U «/R
3.5.2) q + Az, t)g: =0, q—(pl)? A"'(R U )
Now suppose that
(3.5.3) K= K(z,t) = 3—: (R(z, t)) = a*(z,t) > 0.

Then the eigenvalues A, > of A are real and distinct:

A2z, ) =U(z, t) £ alz, t).
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The system (3.5.2) is strictly hyperbolic and has the symmetrizer

H(a:,t)z((l) g) h=x/R%.

This symmetrization simply corresponds to the introduction of a scaled density
in (3.5.2); if

i=1, ﬁ=\/ﬁp’=%ﬁp’, ie, §=H'%,

then the system for § becomes
G+ H'? AH- V5, + (HV2H'? + H'V? 4 HDV?}g =0

One easily confirms directly that the new system matrix is symmetric,

H'/ZAH“'”:(‘/g/R \/'?U/R>

The positivity assumption (3.5.3), which is crucial for hyperbolicity, is physi-
cally reasonable because one expects increasing pressure with increasing density.
Furthermore, the interpretation of the eigenvalues A, ; = U + a as characteristic
speeds (see Section 3.3) makes it plausible that

1/2
D

is the sound speed corresponding to the base flow with density R. It is the
speed of propagation of small disturbances in the base flow.

3.6. The Linearized KdV and the Schridinger
Equations

We have shown the well-posedness of the spatially periodic Cauchy problem for
linear variable-coefficient equations in case of a parabolic, a strongly hyperbolic
or a mixed system. Basically, integration by parts applied to the differential
equation and the differentiated differential equation gave us estimates of any
possible solution and its derivatives. For the parabolic case we then used a dif-
ference scheme to obtain existence; the strongly hyperbolic and mixed systems
were considered as limits of parabolic ones. These techniques can be applied to
other equations also, as will be demonstrated here for the linearized KdV and
the Schridinger equations.
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3.6.1. The Linearized Korteweg-de Vries Equation
The nonlinear equation
Wy + WWy = dWezy, 6 = const, & real,

is known as the KdV equation. We linearize about a smooth function U =
U(z, t). Upon neglecting quadratic terms in u, the ansatz w = U + u leads to

u,=au,+lm+5uuz+F,
a=-U, b=-U;, F=6U;,-UU, -U.

We assume that all functions are real, C°°-smooth, and 1-periodic in z. If u
solves (3.6.1) then

(3.6.1)

% %(u,u) = (u, uy)
= (u, auz) + (u, bu) + 8(u, uzes) + (u, F).
Here
(u, auz) = (ua, ug) = —(uza,u) — (uaz,u),
and thus
(u,auz) = -%(uaz, u).
Also,
(U Uzzz) = —(Uzzz,u); thus (U, Uzzs) =0.
If T > 0is fixed and | | refers to the interval 0 < t < T, then
3 & @ < b= 2acko Jul? + full 1P

i 1 i
< {5 +1b—3azleo} lul® +3IFI*, 0<t<T.

This gives the basic energy estimate

Lemma 3.6.1. Forany T > O there exists K(T) > 0 such that any solution
of (3.6.1) satisfies the estimate

: 4
G, OIF < K(T){uu<-,0)||2+ / nF(-,r)uzdr}, 0<t<T.
0

The above lemma implies uniqueness of a solution for given initial data

(3.6.2) wz,0)= f(x), fe€C®, flo)=fz+1).
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To estimate v = u,, we differentiate the equation (3.6.1) and obtain
n=av, +0+a v+ 8V, +G, G=F,+bu.
Thus we can estimate v = u, following the same arguments as above. With
repeated differentiation one obtains
Lemma 3.6.2. ForanyT >0andanyp=1,2,... there exists K(p, T) with

t
e, Dl sxw,n{uuc,muim» ]o 1FCON dr}, 0<t<T.

The constant K(p, T) depends only on bounds for a and b and their derivatives
up to order p.

Estimates of time derivatives and mixed derivatives of any solution follow
from the differential equation. To obtain existence of a solution of (3.6.1),
(3.6.2), we can use the difference scheme

d .
% =a, Dov, + byv +6DyD, D _v, + F,, v,(0)= Jvs

and mimic the previous estimates. The Fourier interpolants w"(z,t) of v, =
vh(t) w.r.t. z are uniformly smooth. Exactly as in Section 3.2.4, one obtains

wh(z, t) — w(z,t)

for a sequence h = h; — 0. The limit u solves the Cauchy problem.

Theorem 3.6.3.  The spatially periodic Cauchy problem for the linearized
KdV equation is well-posed. The solution satisfies the estimates of Lemma 3.6.2.
3.6.2. A Schridinger Equation

Consider the spatially periodic Cauchy problem

(3.6.3) uy = i(puz)e, preal, p(z,t) 2 po >0,

(3.6.4) u(z,0) = f(z), plx,)=plx+1,t), f(@)=f(z+1).

The equation is neither parabolic nor hyperbolic. For ¢ > 0, the parabolic
problem

(3.6.5) Uy = €Uypy + i(p'u:c)zg u(xy 0) = f(z)

has a unique solution u = u*. For u = u¢ it holds that

d
22(“1 u) = (ui ut) + (uhu’) = —26"“;"2 S 01
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and thus |Ju(-,t))} < [lu(-,0)|. This estimate is valid for ¢ = O also; thus
uniqueness of a solution of (3.6.3), (3.6.4) follows.
We now show how to bound derivatives of u = u¢. We let v = u,. The
differential equation (3.6.5) yields
1 ip
€+ ipv T e+ ip

and therefore (see Lemma A.3.2 in Appendix 3)

Uz T

1 |pz|
fuzal < Ellvll + f lluell

1
< ”’U" + E"uzz" + Cy "u"

k3
Po
Thus we have the estimates
(36.6)  luzll < C{lIvll + llull}, Nuell < C{llvli +ull}, 0<t<T,
where C = C(T). Differentiation of (3.6.5) w.r.t. ¢ gives us

Vg = €Uy + i(p'uz)z + i(pl“z)z-
By (3.6.6) we find

d
a(v, v) = (v,v) + (v, V)
< ZIIvIl{IP:loolluull " |pu|w||uzu}

< const {“v“z + ||u||2}.
Thus we can bound

ol = lucll, Nuzlls luzell

independently of ¢ in any finite time interval 0 < ¢ < T. Higher derivatives can
be estimated in the same way by repeated differentiation. The functions u* are
uniformly smooth, and by the same arguments as before, we obtain a solution
of the Schrodinger equation for ¢ — 0.

Notes on Chapter 3

Parallel to the theory of differential equations, the theory of difference approxi-
mations was developed; see Osher (1972), Michelson (1983, 1987), Richtmeyer
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and Morton (1967), Kreiss and Oliger (1973), Kreiss (1968), Gustafsson, Kreiss,
and Sundstrém (1972). It is not new to prove existence of solutions by difference
approximations; see, for example, Friedrichs (1954).

Instead of using L;-estimates, parabolic differential equations are often treated
via the construction of fundamental solutions and maximum norm estimates.
The classical books are Friedman (1964) and Eidelman (1964). We develop the
L,-theory because we are interested in coupled hyperbolic-parabolic systems.
For hyperbolic systems in more than one space dimension, estimates in the
maximum norm can, in general, only be obtained under “loss of derivatives”;
see Brenner (1966).

A more detailed discussion of the method of characteristics can be found
in many books, for example in Petrovskii (1954), Courant and Hilbert (1962),
Carrier and Pearson (1976).
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4 A Nonlinear Example:
Burgers’ Equation

The Cauchy problem for the viscous and the inviscid Burgers’ equation will
be discussed in detail in this chapter. The techniques we apply can mostly be
generalized in a straightforward way to more complicated nonlinear parabolic
or hyperbolic equations, to systems in one or more space dimensions. These
generalizations will be carried out in Chapters 5 and 6. In other words, we
will use Burgers’ equation as a simple example to illustrate a number of general
techniques for the treatment of nonlinear evolutionary systems. Intentionally, we
do not apply the celebrated Cole-Hopf transformation, which reduces Burgers’
equation to the heat equation. (Though the Cole-Hopf transformation does have
interesting generalizations also, these seem to be too limited, at present, to
discuss the Navier-Stokes system.) We emphasize in this chapter:

1. local (in time) existence of solutions via a linear iteration;

2. local existence together with global (in time) a priori estimates leads to
global existence;

3. smoothing properties for the parabolic, i.e., viscous case;
4. breakdown of smooth solutions for the hyperbolic, i.e., inviscid case in
finite time.

Concerning these points, our discussion of Burgers’ equation is representative
for parabolic and hyperbolic systems.
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With regard to other aspects, namely global a priori estimates, the maximum
principle, and our discussion of shocks, the techniques for Burgers’ equation
do not readily generalize. The difficulties involved will become apparent in
Chapters 5 and 6.

4.1. Burgers’ Equation: A Priori Estimates and Local
Existence
In this section we start our discussion of Burgers’ equation
Uy = UUy + €Uyy, €= const > 0,

wz,0) = f(z), fEC™, fl@)=flz+ D),

with periodic boundary conditions. We assume that all functions are real-valued.
Burgers’ equation is of interest to us, since it shares its mathematical structure

@.1.1)

uy = quadratic first order term + diffusion term

with the Navier-Stokes system. After showing the uniqueness of a classical
solution, we prove a priori estimates in some time interval 0 < ¢t < T. To obtain
these estimates, we intentionally do nor make use of the maximum principle.
Therefore, the proof generalizes to systems for which maximum principles are
generally not available. Also, we show a priorn estimates which are independent
of . Thus we can use the same arguments later to discuss the inviscid case
(e =0).

To show existence of a solution in some time interval, one can proceed in
different ways. A first possibility is to use a difference scheme as in Chapter
3, and to show estimates of its solutions v" independent of the step-size h. We
will write down a suitable difference approximation, but leave the necessary
estimates to the reader. These estimates can be obtained along the same lines as
the a priori bounds for the solution u. In the same way as in the linear case, one
can Fourier interpolate the functions v* w.r.t. x and obtain uniformly smooth
functions w”(x, t); these converge to a solution u(r,t) as h — 0,

In the text we shall use another approach to show existence, namely the
iteration

nt+l _ . n, ntl n+l
U =W U, +EUL, ,

4.1.2)
un+l(z’0) =f(1:)a n=07112v--' i

where ©%(z,t) = f(z). The sequence u™ will be shown to converge, and its
limit will solve (4.1.1). Again, we will not apply the maximum principle, and
thus the local existence proof generalizes to systems.
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4.1.1. Uniqueness

A classical solution of (4.1.1) is a function u € C'(¥) N C%(x) which satisfies
(4.1.1) pointwise. We first show

Lemma 4.1.1.  The 1-periodic Cauchy problem (4.1.1) has at most one clas-
sical solution.

Proof. let u and v be solutions. Their difference w = u — v satisfies

1
Wy = E(aw)z + ewgy, a=u+v, w(z,0)=0.

From
(w, (aw);) = (w, azw + aw;) = (w, a;w) — ((aw),, w)
one finds that
(4.13) (. (aw)y) = 5w, acw),
and therefore

1d 1
W =@uw) = E(w, (ow);) — e(wy, wz)

1
= Z(w, azw) — €(wy, W)

1
< Zlazlx(w, w).

The initial condition w(z,0) = 0 implies w = 0.

4.1.2. A Priori Estimates

Let u denote a C°-solution of (4.1.1) defined for 0 < ¢ < T. First note that

1 2
Ea(u, u) = (u, uuz) — efjugll*.
The first term on the right side is zero since

(,uug) = (U, ug) = —2(u, uuy).
Thus we find j‘%(u, 1) < 0 and obtain the bound

@4.1.4) lluC, O < fluC, O = |Ifll, 0<t<T.
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To show estimates for space derivatives, we use the notation u; = & u/8z7.
The function u,; satisfies

uy = (Uitz)) + €Uyzz,

and therefore

1d
Ea(uh“l) = (u1, (Wuz)) — eljua|l?
1
= E(u.,uf) —eluz)f*  (by (4.1.3))
1
< §|unloo et | = el

From Lemma 3.2.5,
luilze < Nl + 2l Jual).
Furthermore, the estimate
ol < 5=l
follows from Fourier expansion. Hence we have
4.1.5) |1 ]oo < Jluzl-

(For ¢ > 0, we could now derive a bound of [Ju;(-,t)||; the timeinterval where
the bound holds would depend on ¢, however. Therefore we proceed differently
and show first an estimate for u;.) The function u; satisfies

Uy = (VUz) + €Usy,

and thus
1d 2
532 u2) = (2, (wuz)2) — ellusll® < (uz, wuze) + 3(ua, uru2).
Since
(u2, wuzz) = ~((u2u)z, uz)
= ~(uzzu, u2) — (Vau,, u2),
we obtain

d
5 w2 u) < S(u2, uzup) < Slugfocluall?

<5 julf’.
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Using the abbreviations
y(t) =l B2, ty) = Sy*%,
we have shown the differential inequality
Y <Hyt)), 0<t<T.

To estimate y(t), we need a nonlinear extension of Lemma 3.1.1.

Lemma 4.1.2. Let ¢ € C'[0,00), and let y(t) and yo(t) denote nonnegative
C'functions defined for 0 < t <T. If

Y1) < dy®), wt) = o), 0<t<T,
¥(0) < 30(0),
then y(t) < yo(t) in0 <t < T.

Proof. For any two arguments y, y of ¢ we have

Y
Sw) — dlyo) = / #w)dv
w

= {/ol P+~ yo)s)da} W - w)
We set
ne) = y(t) - golt), olt) = /0 ' () + ) - i) ds
and obtain
7'(®) < ¢yP) — Hyo(®)) = c(tyn().
If we introduce
0 = e (- [ ndn o,

then 2’(t) < 0 and z(0) = 7(0) < 0. Therefore 2(f) < 0, and thus 7(t) < 0.
This proves the lemma.

To apply this result, we note that the solution yo(t) of

9o = 55° ) 0(0) = || fue|?
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is increasing, and if yo(0) > O, then there is a time T, > 0 with
li = 00.
Jm Yo(t) = o0

Therefore, the previous lemma gives us a bound for |juz(-,?)|| in any interval
0 <t<T < Ty By(@.l4) and (4.1.5), lui(-,t)}| and |Ju(-,t)|| are also
bounded for 0 < t < T < T. The proof clearly shows that the time T, and
the bound do not depend on ¢ > 0. The value € = 0 is allowed. We summarize:

Lemma 4.1.3. Consider (4.1.1) with ¢ > 0. There exists a time T > 0 and
a constant K, both depending only on || f|| 2. with the following property: If a
solution u(z, t) is defined for 0 < t < T then

fluG, Ol g <K in 0<t<T.

We proceed by showing estimates for all space derivatives u; = &du/dx of u.
Interestingly, the time interval for which the estimates are valid does not depend
on jnorone>0.

Lemma 4.14. Suppose u is a C*-solution of (4.1.1) defined for 0 < t <
T, T being fixed as in the previous lemma. For j = 2, 3, ... there is a constant
K, depending only on || f|| ;. with

luG,Olly; <K; in 0<t<T.
Proof. We use induction on j. The case j = 2 has been treated in the previous
lemma; thus let j > 3. The identity
Uje = (UlG); + Ujgy

implies that

%% (w5, u5) = (uy, Cwn)y) — ellusnll”
Here
e
(wuy); = .,E-_-:o (u) Uy Ujg 1y
The terms (u;, u,u;j41-,) can be estimated as follows: Forv =1,...,j -2,

2
(uj, U Ujpi-p) < 'uv|oo "u"Hi

2
< flull gs-o Heellgs
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Forv=j—-1land v =},
@, wttjp1-0) < Juiri-vlo lell s Null g
< lullgss lulflys  (since j > 3).
Forv=0,
(uj, uujg) = — ((uju), ,u;)
= = (w41 u5) — (45uz,95)
thus
(ug,wuse1) = = (yves ) < Nullgscs Nl -

If c; is a suitable numerical constant, we find that
d 2 2
5 lsll” < e llull oo Huulls
< ¢ s (s + i)
=% Hi-t ) Hi-!

<ciKj (ll“jll2 + K}—n) .
Thus the induction step can be completed, and the lemma is proved.

Since we have bounded all space derivatives of u in 0 < t < T, we can
use the differential equation u; = uu, + €u,; to bound all time derivatives and
mixed derivatives. Each term

+q
g )
can be written as a sum of products of space derivatives, and hence it can be
bounded. The bounds are uniform for 0 < ¢ < €, € > 0 being fixed.

4.1.3. Existence of Solutions via Difference Approximations

As in Section 3.2, we can discretize in space and approximate (4.1.1) by a
system of ordinary differential equations:

%‘i = % (v, Dov, + Dpv?) + €Dy D_v,,
v,(0) = f,.

Here Dy = 1/2 (D, + D_), and we have approximated uu, = 1/3 (uu, +
(u?):) by 1/3 (v, Dov, + Dov?). This approximation has the technical advan-
tage that
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(v, vDyv)y + (v, Dov®)p = (W2, Dov)y, — (Dov,vP)p = 0

and therefore we obtain the basic energy estimate from
1d
2dt(v J U = —6“D+’U"h <0
Bounds for || D, d?v/dt?||, independent of h can be obtained along the same
lines as the a priori estimates for u in the previous section. Thus we can proceed

as in Section 3.2: Fourier interpolate v = v* with respect to z and send h — 0.
We obtain existence in some interval 0 < ¢ < T, T depending only on || f|| ;.

4.1.4. Existence via Iteration

To prove existence via the iteration (4.1.2), we estimate the functions u” inde-
pendently of n. Again, our estimates will not take advantage of the diffusion
term €uz,, and so will not depend on € > 0. All of the arguments are without
reference to the maximum principle, thus generalize from scalar equations to
systems.

To show uniform smoothness of the sequence u™, we start with the following
analogue of Lemma 4.1.3.

Lemma 4.1.5.  For a suitable time Ty = T, (|| fi 2) > O it holds that
luC Ol <20fllgy: in 0<E<Th.
Proof. We use induction on n; the case n = 0 is trivial. As abbreviations, let
w = u", v=u"t!, thus
V= WV + Vgg.

Note that

2dt(v ) = (v, wvg) — €(Vz, V)

1
-5 (v, wgv) — e“v,"z
< 5 fwelo, llol?
< 3 Wzl Il

.1
3 1wl ol (by(4.1.5)).
For the derivative v; = v, it holds that

Vit = (wvz)z + €vj 24,
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and therefore
g o) = 1, (wr)e) — € el
2dt 15 U1) = (U1, WV )z € V1
=1
T2
1 2
< 5 Il ol
Finally,
vy = (WU )gr + €22y
implies that

1d
5;17(1’2’ v2) = (V2, (W )gz) — € |v2a]f

= (v3, Wr2z) + 2v2, Wy 1) + (v2, W2 1) — € fJvag

3 5
< 3 lwllae ol + orfoo lluzll lleall < 5 llollie freall?.

Adding the three inequalities, we obtain from the induction assumption that

d
1ol < Sllwla ivle < 100 ol

and therefore

o, Oz < exp (101 £ £) l1oC-, Ol

Thus we can complete the induction step if 7} > O is so small that

exp (10)flT1) < 4.

This proves the lemma.

W1, wv) — eljorf (by (4.1.3)

129

We show now that all space derivatives of 4™ can be estimated in the same

interval 0 < ¢t < 7.

Lemma 4.1.6. For each j =2, 3, ... there exists K; with
e ))ly; <K; in 0St<Ty.
The constant K; depends on || f|| ;. but is independent of n and € > 0.

Proof. As previously, let w = u™, v = u™*'. We can assume j > 3 and

"wIIH,--. <K;., “v"Hj—t <Kj_;.
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From
vt = (Wuz); + €Vjgz
it follows that

1 2
3 21 v) = (03, (wv2);) — €flvin ™

Here

J .
(wvg); = E (IJ}) WyVjp1-p.

v=0
Forv =1,...,7 — 2 it holds that
[@j, wy Vi1 < il e oo lvser-ull < Koy flvz]12.

(Note that |Jvi|| < ||lv,|l for I < j, by Fourier expansion and Parseval’s relation.)
For v =3 — 1, 7 it holds that (see (4.1.5))

@, wi—y )] < Kj—tllv;ll lv2loo < Kjtllvill?,
s, w; v} < [vrloo flujll hwjll < Ky Cllvs i + ;2.

For v = 0, integration by parts gives us
I
[(vj, wvj )| < 2 K;_, ||Uj“2-

Thus, there is a numerical constant ¢ = ¢; with

d .2 2
= Wil < (sl + fhwylP), O<t<Th.

By Gronwall's Lemma 3,1.1,

t
g, ) < K{llf,u2 + /o ”u;—‘(.,r)nzd'r}, 0<t<T.

Now the desired estimate follows from Picard’s Lemma 3.3.4.

Summarizing, we have estimated the L,-norms of all space derivatives of
the sequence u™ in 0 <t < T, T} = T (}| fll 2)- By the Sobolev inequality
stated in Lemma 3.2.5, the functions & u™/8z’ are also bounded in maximum
norm. Since we can always use the differential equation (4.1.2) to replace time
derivatives by space derivatives, it follows that
oPtayn

yeyved G227

(4.1.6) pyeyen

<C,q) 0<t<T.
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Here C(p, q) is independent of n and 0 < € < ¢, where ¢; is arbitrary but fixed.
We finally show

Theorem 4.1.7. Let Ty = T (|| f|l;;2) be determined as in Lemma 4.1.5. For
any € > 0 Burgers’ equation has a C™-solution u(z,t) defined for 0 < t < T;.

Proof. Consider the sequence u™ defined by the iteration (4.1.2) and abbreviate

n 1

Ho_yn, w=u"—-u""".

v=u"
Then
v = u'v; + upw + €y, v(z,00=0

implies that

oI’ € @, u™v;) + (v, ulw)

& s

1
2
= —%(v, uZ v) + (v, uzw)

<const (Jfolf* + Jwl’),  0<t<T.

Therefore (by Gronwall's Lemma 3.1.1),
t
[0 - w0l <& [luren-ute ) an
0
where K is independent of n.

Thus, by Lemma 3.3.4, the sequence u™(-, t) converges to a function u(-,t) €
L;. The smoothness estimates (4.1.6) imply that u € C'*°, and the convergence
u™ — u holds pointwise and also holds for all derivatives. (See Appendix 4.)
Then the equation (4.1.2) implies that u solves Burgers’ equation.

4.2. Global Existence for the Viscous Burgers’ Equation

In this section we use the Cauchy problem for Burgers’ equation to illustrate
an important principle. Loosely formulated it says: Local existence together
with global a priori estimates leads to global existence. We will formulate the
a priori estimate in the following theorem. Throughout this section, ¢ > 0 is
arbitrary but fixed.
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Theorem 4.2.1. Let f = f(x) denote 1-periodic C* initial data, and let
u € C'® denote a solution of (4.1.1) defined for 0 < t < T. There is a constant
K, depending on ||f|| 4. (and €) but independent of T, with

@2.1) luC, O <K for 0<t<T.

(The smoothness assumption f € C is unnecessarily restrictive and will be
relaxed later.)

Assuming this result is proven, we can show all-time existence for the problem
(4.1.1) as follows: According to the Local Existence Theorem 4.1.7, there is a
time T > 0 with a C*-solution u defined for 0 < ¢t < 7}. By (4.2.1) we have

fluC, Tl = < K.

We can use the function £ — u(z, T}) as new initial data and apply the Local
Existence Theorem 4.1.7 again.

The solution starting with the initial data u(-,T}) exists in a time interval
0 <t < T3, T> depending only on K (and ¢).

Clearly, putting the two solutions together, we have a C°-solution u of
(4.1.1) defined for 0 < ¢t < T} + T5. The important point is that the a priori
estimate (4.2.1) implies that

fuG, T+ D)l £ K

with the same constant K as before. Thus, using the Local Existence Theorem,
we can again extend the solution for a time interval of length 73, etc. This
shows

Theorem 4.2.2. Let f € C*™ and € > 0. The 1-periodic Cauchy problem
(4.1.1) has a unique solution u € C*° defined for 0 < t < 0.

It remains to prove the a priori estimate. The proof is based on the maximum
principle.

Lemma 4.23. Let u € C® solve (4.1.1)in 0 < t < T. Then |u(-,t)| , <
u(-, )] for 0 S t < T

Proof. Let a > 0 be a constant and set v(z,t) = e~ **u(z,t). The function v
satisfies

4.2.2) Vg = Wz + €Uz — QU.
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t
'
T1+3T2 -———-J'
T 14272 ey
'
T1 ..,Tz \—_-—l
T1 m-—-—ﬂ'
'
1 —
x=1 X

FiGURE 4.2.1. Restarting process.

Fix T > 0 and assume that v(z, t) attains its maximum over
z€R, 0<t<T
at (xp, tp) with v(xg.t9) > 0. H 0 < to < T then
vi(Zo,20) 20,  vx(Tg,80) =0.  vz.(x0,t0) <O,

in contradiction to (4.2.2). Thus ¢, = 0, i.e., a positive maximum can only be
attained at t = 0. Similarly, a negative minimum can only occur at ¢t = 0.
Therefore,

(Ol £ (-0, for >0,

and if we let a — 0, then the corresponding estimate for u follows.
Proof of Theorem 4.2.1. The basic energy inequality

d

= —2€llm < 0
implies that

T
4.2.3) lu(, O < lu 02, 2¢ / s, DI dr < Jlug:, 0)).
o

For the function u; = u,, the equation

Uy = (uuy); + €Uy

gives us
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?ﬁ“"l“ < 2wz, unr) — 2¢flup. |l

1
< - lulschnl? — ellue?.

Therefore,

2 t t
0P < s, O + = [ it ar = [t o ar
0

Thus, by (4.2.3), we obtain an estimate for

T
. 2 . 2
“4.2.4) or;lanT e, O and e/o flua(-, T))|° dT
independent of 7". For u, the equation
Uy = (U )gr + €U2zs

implies that

1d
3 E“uz”z = (uz, (u1)zz) — efjusll® = (uz, uus) + uz, wou)) — effusf?
= —5(uz, uu3) — ellu;"z

< 51 floo Nuall usll — eltus|?
25 2 2 € 3

<= -< .

< 2 Rl 5 s

Therefore, (4.2.4) gives us bounds for

T
2 2
4.2.5) olsntanT [lua, B))° and e/o flus(-, D||° dr

independent of T'. This finishes the proof of Theorem 4.2.1.

Remark. To obtain all-time existence, we only needed an a priori estimate for
|[u}] 2. The reason is that the time interval of the Local Existence Theorem 4.1.7
depends on || f|| 4. only, and does not depend on bounds of higher derivatives of
f. Nevertheless, one can ask for a priori estimates of higher derivatives ||u;||,
J 23, in terms of || f|l 4,. These can indeed be derived. Just note that

ujy = (uity)j + €Ujzz,

and thus
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d 2
EE(“J"“J') = =2 (ujp1, (wtz)j1) — 2€llujpll

2 1 2
< —€flujpill” + < lI(euz);-afl°

We can make an induction argument using bounds for ||u;-||* and ¢ j;,T flu;l|? dr.

4.3. Generalized Solutions for Burgers’ Equation and
Smoothing*

We have shown that the 1-periodic Cauchy problem
Uy = WUz + € Uz, €>0,
u(z,0)= f(x), feC™,
has a unique C°°-solution u(x,t) existing for all times ¢ > 0. In this section
we first define a generalized solution for any initial function

JeL, f@=fx+1)

For example, f could be piecewise continuous with finitely many jumps. After-
wards, we show that the generalized solution is always C°°-smooth for £ > 0
if f€ Loo-

4.3.1)

4.3.1. Construction of Generalized Solutions

Let f, g denote 1-periodic C°°-functions. We estimate the difference of the
solutions u and v of

U = Ulz + €Uz, w(Z,0) = f(x),
Vg = Vg + €V,  ¥(2,0) = g(x),

in terms of f — g. It is convenient to work with the L;-nom

1
Ihls = / Ih(z)| d.
(]
The difference w = u — v satisfies the linear equation

wy = %((u +vw)_ + ewzz, w(z,0)= f(z)— g(x).

*This section might be omitted on the first reading.
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The key result is

Lemma 4.3.1. Leta = a(z,t), w = w(x,t) denote 1-periodic C™-functions
with

wy = (aW)y + €Wy,
Then lw(-, ) < lw(-,0}, forallt>0.
Proof. 1) To obtain smooth approximations to the sign function, we choose a
fixed function Sgn € C! with
Sgn(y) = -1 for y< -1, Sgn(y)=+1 for y> 1,
Sgn(0) = 0, Sgn'(y) > 0 for alt y.

24

Ficure 4.3.1.  Approximation for the sign function,

Then we set
sgng(y) = Sgn (y/6), y€R, §>0.

For 6 — 0 we have that

1 fory>0,
sgng(y) —=sgny=<¢ -1 fory <O,
0 fory=0,

and thus

1
/ sgng(w)w dx — Jw), as 6 — 0.
[
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Therefore, we have expressed |w|; approximately as an integral of a smooth
function. This is the main technical point of the proof.
2) For 6 > 0 we find that

1 i 1
gi / sgng(w)w dr = / sgnj(w)wyw dz + / sgng(w)w, dz,
()} 0 0

where

1 1 ]
/ sgny(w)w, dr = / sgns(w)(aw), dz + € / sgns(ww,, dr
o 0 0
1 1
=— / sgnj(w)wyaw dr — € / sgnj(w)(w,)? dr
1] 0

1
< - / sgng(w)w aw dz.
0
Therefore

1 1
4 / sgng(w)w dz < / sgnj(w)wb dz =: R;.

Here b = w; — aw, is independent of 6. Integration from O to ¢ yields
/0 ‘ sgn; (w(z, ) w(z, t)dz — /(; ‘ sgn; (w(z, 0))w(z,0) dx < /o t Rs(r)dr,
and we send § — 0. The left-hand side converges to
lw(-, Ol = [w(-,0)|s.
The integrand R;(7) of the right-hand side is
4.3.2) Rs(1) = /o l sgnj (w(z, 7)) w(x, 7))z, ) dz.

If w(z, 7) # O then sgnj (w(z, 7)) — 0 as § — 0. Thus the integrand of (4.3.2)
converges pointwise to zero as § — 0. Also, sgnj(w)w = Sgn’ (w/6) (w/6) is
bounded independently of § and z, because the (fixed) function y — Sgn’(y)y
is bounded. Therefore, Lebesgue’s Dominated-Convergence Theorem yields
Rs(7) — 0 as 6 — O for each 7. The convergence

t
/ Rs(r)dr —0 as §—0
0

follows by another application of Lebesgue’s theorem and finishes the proof of
the lemma.



138 Initial-Boundary Value Problems and the Navier-Stokes Equations

Remark. A different proof could be given, which uses a monotonic difference
scheme. This proof would not require Lebesgue’s theorem,

The estimate shown in Lemma 4.3.1 allows one to obtain generalized solutions
of

4.3.3) Uy = UlUg + €ugr, u(x,0) = f(z),
for nonsmooth initial functions f by the usual approximation process: Let
feLl, f@=flz+]),
and approximate f by l-periodic C*-functions f**:
= fli —o0.
If w*)(z, t) denotes the solution for initial data u’(x,0) = f*)(zx) we have
|u(”)(-, t)— u“‘)(-, t)h < If(") _ f(u)h — 0 as v, i — 00.

Thus, u™)(-, t) — u(-, t) with respect to | - |;; the limit function u is independent
of the specific choice of the approximating sequence f*). By definition, u is
the generalized solution of (4.3.3).

Remark. Let us note another application of Lemma 4.3.1. Suppose u = u,
solves (4.3.1), and set w = u,. Differentiation of (4.3.1) yields

wy = (UW)z + €Wze.
Hence, we can apply Lemma 4.3.1 and obtain that
luz(';t)ll $ Iul('q O)ll = lf.z‘lla t Z 0

This ¢-independent bound of the L;-norm of u, = u., is the key estimate
to obtain a weak solution of the inviscid (¢ = 0) equation by a compactness
argument. We will not present the details, however.

4,3.2. Smoothing for Burgers’ Equation

We want to show that the generalized solution u(z, t) defined above is a C°°-
function for ¢t > 0 if f € L. This is remarkable and not self-evident from
linear theory. To show smoothing for parabolic linear equations, we used the
smoothness of coefficients. In the present case we could think of u as solution
of the linear equation

Ut = AUz T+ €Uy,
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with a(z,t) = u(x,?), but the coefficient a(z,t) is rough initially. To obtain
smoothness of the generalized solutions, we first show estimates of derivatives
of u in terms of the maximum norm of the initial data u(-,0) = f where f € C™>.
We remind the reader of the maximum principle

'u(" t)lco S |f|ooa t 2 0’

and the notation u; = & u/dzI.

Lemma 432. Foranyinterval 0 <t < Tandany j = 0,1, 2,... there
exists a constant C = C(j, €, | floo, T) with

4.3.4) tflu;¢ P <C, 0StLT.
The constant C does not depend on bounds for derivatives of f.
Proof. Recall the basic energy inequality

d

;i-i(u’ u) = 2u, u;) = —2¢||u |* <0,
which implies that

T
@35 COPSUR I, 2 [ ulPdr < s
For u; we have that
d
a{t(“h u)} = (ur, ) + 26(uy, uyy)
= jluy? + 2t{—(u2,uu|) - e||u2||2}
t
<l + < 11 M l? — tellua.

Integration yields

t T t

e OF < [ (14 1) ot P dr = e [ rluat, P
o
By (4.3.5) it follows that
T
. A2 L2

(4.3.6) olgnzasxr thui (-, Ol < const, € /o 7llu2(-, 7)||°d7 < const.
Similarly, (see the computations in the proof of Theorem 4.2.1)

5 (Ellwell’} < 2thell + af? flu)® - e flus)?,
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and therefore,

11 t
lluz- 0 < o /0 rluat, PP dr — ¢ /0 lust, 7| dr.

Using (4.3.6), we obtain bounds for

T
2 2 2 2
.t . .
o'g“f‘s":rt fluz(, )} and € /0 *{lusC, D dr

Clearly, this process can be continued and the lemma follows.

We have established bounds for the Ly-norms of all derivatives u; = &u/dz’
in terms of |f|. Applying the Sobolev inequality of Lemma 3.2.5, we find
bounds for u; in maximum norm, and — using the differential equation to express
time derivatives by space derivatives — we obtain that

grtay
opadiin

(x, )] < const, 0<7<t<T

The constant does not depend on derivatives of f, but only on |f|_.. Thusfar
we have assumed that f € C™. Now let

€Ly, flx+1)= f(z),
and approximate f by a sequence f*? € C®, f*)(z)= f¥N(z + 1),
%0 < flo+1,  1f* = fli =0.

All derivatives |0P*+9u(")/dzPB19| are bounded independently of v in 0 < 7 <
t < T. This shows that the limit function » is C°°-smooth for ¢ > 0. Also, the
derivatives of u*? converge pointwise to the corresponding derivatives of u for
t > 0. We summarize:

Theorem 4.3.3. Burgers’ equation (4.3.3) has a 1-periodic generalized solu-
tion u = u(z, t) for each initial function

f€Ls, f@=flz+1)

For ¢ > 0, the solution u is C°°-smooth and satisfies the differential equation
pointwise.
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4.4. The Inviscid Burgers’ Equation: A First Study of
Shocks

The viscous equations*
U+ UUy = €Uge, t2>0, €>0,
uwz,0) = f(z), feC™, flz+1)=f(a),
have unique C*°-solutions u = u,, existing for all time ¢ > 0. The correspond-
ing inviscid equation

4.4.2) u +uu, =0, u(z,0)= f(x)

4.4.1)

shall be treated as the limit of (4.4.1) as ¢ — 0. The viscous solutions u,, € > 0,
are uniformly smooth in some interval 0 < t < T, T > 0 independent of ¢, as
shown in Section 4.1. Thus we can send ¢ — 0 and obtain a smooth solution u
of the inviscid equation in the same time interval. (Indeed, if v = u,,, v = u.,,
then we can argue as in the proof of Lemma 4.1.1 and show that

"'UJ(, t)" = 0(61 + 62)1 w = uq - u(z! 0 S t S T

Then, by Appendix 4, convergence u, — u follows.) According to Lemma
4.1.1, this limit « is the unigue classical solution in 0 < ¢ < T'. It is natural to
ask whether the functions u.(x,t) converge for all ¢t > 0 and whether we can
extend the smooth solution u(x,t) for all times. Both questions have indeed
affirmative answers. However, the smoothness of the solution u breaks down,
in general, at a certain time 7T}, at which one or several shocks form. This will
be proved below using the method of characteristics.

In gas dynamics one treats systems of equations which exhibit a similar mathe-
matical structure as the inviscid Burgers’ equation. In view of these applications,
it is desirable to extend the solution u beyond the time 7y, but this is possible
only as a nonsmooth function. Of course, the concept of a nonsmooth solution
of a differential equation requires some explanation. Concerning this question,
we will restrict ourselves to Burgers’ equation, and will first treat the special
case of limits of traveling waves. Afterwards, in Section 4.4.3, we discuss more
general piecewise smooth weak solutions.

4.4.1. A Solution Formula via Characteristics
Suppose u = u(x, ) is a smooth function solving

*We alter here the sign of the uu-term; this corresponds simply to the transformation = — —z.
The nonlinear term appears now with the same sign as the convection term in the Navier-Stokes

equations.
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44.3) U +uuy, =0, u(z,0)= f(x)

in0 <t <T. We can consider u{x,t) = a(x,t) as a coefficient in (4.4.3)
and u as the solution of u, + au; = 0. This suggests applying the idea of
characteristics discussed for linear equations in Section 3.3. Accordingly, we
call

(z(®),t), 0<t<T,

a characteristic line of the equation u; + uu, = O for the specific solution u, if

@4.4.4) % ) = u(z@®),t), 0<t<T.

This agrees completely with the definition for the linear equation u; + au, =0
if a = u. (In the nonlinear case, the characteristics depend on the solution under
consideration, however.) As in the linear case, it follows that u is constant along
each characteristic:

d dzx
p u(x(t), t) = s gy +up =ugu+u =0;

ie., u(a:(t), t) = f(xg) if (0) = xo. Now (4.4.4) implies that the characteristic
(x(t), t) is a straight line:

z(t) = zo + tf(z0)-

We have shown

Lemma 4.4.1. Suppose u solves

4.4.5) uy + uuy =0, u(x,0) = f(x).
Then
(4.4.6) u(a:o +t f(zo), t) = f(xo), xo €R,

in any t-interval 0 < t < T where u is smooth.

Note that this result is completely independent of spatial periodicity. Hence-
forth we drop the periodicity assumption and consider (4.4.5), where f € C*
is a given function with

[floo = sup|f(@)] <00, |f'lec =sup|f(x)| < oo.

We can use the formula (4.4.6) to obtain a solution u = u(z,t) as follows:
Suppose = € R, t > 0 are given and suppose that there is a unique rp € R with

4.4.7) To + tf(xg) = z.
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Then define u(z,t) = f(xg). Let us explain why u solves (4.4.5). First note
that, since f is bounded, the equation (4.4.7) always has at least one solution
zo. If there are two different solutions z¢ and r,, then

x) — o 1
== = f .
fen—Tan ~ F@ oreme t
Thus, if we let
00 if £/(6) > 0 for all £,

Tb = { -RTI@ otherwise,
then (4.4.7) has a unique solution xg = zo(x,t) for givenz € R, 0 <t < T,
and consequently the function

4.4.8) wz,t) = f(zo(x,2)), z€R, 0<t<T},

is well-defined. By the Implicit Function Theorem (see below), it follows that
zo(z,t) is C-smooth. Assuming this is known, we prove now that (4.4.8)
solves the inviscid Burgers’ equation.

Lemma 4.4.2. The C™-function u = u(zx,t) defined by (4.4.8) is the unique
classical solution of (4.4.5).

Proof. 1t is clear that zo(z,0) = x, and thus u(z,0) = f(z). To show that
us + uu, = 0, we differentiate
o +tf(zo) ==

with respect to z and ¢, and find that

Zor +tf'zor =1, zoe+ f+tf'ze =0.
Hence xo (1 +tf') = 1, zo(1 + tf’) = — f, and therefore,

Zos + fxoz =0 (note that 1+tf #0).
Thus the definition u(z,t) = f(ro(z, 1)) gives us

up + vy = f'xoe + ff Toe = 0.
For completeness we state the
Implicit Function Theorem. Let U C R*, V C R™ be open, and let F :
U xV — R™ be a CP-function, p > |. Let ap € U, by € V and assume that
F(ag,bp) =0 and Fy(ap,bo) is nonsingular.
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(Here F;, is the Jacobian matrix of F w.r.t. the b-variables.) Then there exists
an open neighborhood Uy of ao, and a unique CP-function g : Uy — R™ with

glag) = by and F(a,g(e)) =0 for all a € Uj.
Roughly speaking, the equation F(a, b) = O defines b implicitly as a function of

a, b= g(a), and g is (at least) as smooth as F.
This result applies to the previous situation with n = 2, m = 1, and

F@,t,b)=b+tf(b)—x, a=(x,1), —e<t<T, zxz€R,
in the neighborhood of any point
(a0, bp) = (z,t, Zo(z, 1)).
and shows that xy depends smoothly on (x,t). Here
Fy(z,t,D)=1+tf'(B) #£0, —e<t<T,

is essential.
Let us illustrate the solution formula (4.4.8): If f/(§) > 0 for ail £, then
xp < x| implies f(xp) < f(x,); thus the characteristics

(4-4-9) (10 + tf(x())v t)a (1'] + tf(xl)a t)s t 2 0

never cross. We have T, = oo, and a smooth solution exists for all time ¢t > 0.
On the other hand, if f/(§) < 0 for some &, then there are values

xo <z with f(xo) > f(x1)

and the characteristics (4.4.9) cross. The solution steepens up with time. The
time 7T, is finite. We cannot extend the solution u beyond 7} as a smooth
solution. See figures 4.4.1 to 4.4.3.

44.2. Traveling Wave-Solutions for Burgers’ Equation

Before we discuss the extension of the inviscid solution u as a nonsmooth
function, let us study explicitly some simple solutions of the viscous equation.
We start with the steady state problem

4.4.10) — €z + PP =0, —00 < x < 00,
under boundary conditions

“4.4.11) Iim ¢(z) =a, zlin;c é(x) = —a.

T——00
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ty

FIGURE 4.4.1.  Characteristics for f(z) increasing.

FiGure 4.4.2. Crossing characterictics.

FiGURE 4.4.3. Solution steepens up.
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If ¢(x) is a solution, then so is the translated function ¢(x + ¢) for any real
constant c. To fix the constant, we require that

4.4.12) d0)=0

and prove

Theorem 4.4.3. Ifa > 0 the problem (4.4.10)«4.4.12) has a unique solution
given by

4.4.13 | — el
( gl ) ¢($)—am.

If a < O there is no solution.
Proaf. First suppose ¢ is a solution. Integration of (4.4.10) yields

(4.4.14) —€pr + %4? = const.

It follows that either ¢ is constant or ¢, (x) # O for all x. The monotonicity of
¢ and (4.4.11) imply that ¢, tends to zero as * — +oo. Thus we can replace
the constant in (4.4.14) by a?/2:

4.4.15) P, = % (¢* - @?).

Clearly, if a # 0, then ¢.(0) < 0, and therefore ¢ is decreasing. The boundary
conditions (4.4.11) can only be fulfilled for a > 0. The od.e. (4.4.15) with
initial condition (4.4.12) has a unique solution, and by separation of variables
one arrives at formula (4.4.13).

The stationary profiles (4.4.13) are shown in figure 44.4. In the limit as
€ — 0, the functions ¢(x) approach a jump discontinuity.
Now consider the time dependent problem

4.4.16) U + Uy = €Ury
under boundary conditions
4.4.17) lim u(z,t)=>b6>c= lim u(x,t).
T— =0 I—oc
We use an ansatz
1
uw(x,t) = ¢l — st) + i(b + ¢)

with a constant wave-speed s. It leads to

Ug = ¢’, Uyy = d’": U = "S¢’,
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Y

FIGURE 4.4.4. Stationary profile.

and the differential equation (4.4.16) requires
-s¢' + (¢ + %(b+ c)) ¢ =eg”.
If we set the wave-speed

8= ';'(b"' C))

147

then we obtain the previous stationary differential equation for ¢. The boundary

conditions for ¢ are those given in (4.4.11) with a = (b — ¢)/2.

We have shown

Theorem 4.44. The time dependent problem (4.4.16),(4.4.17) has traveling

wave-solutions

u(z, t) = ¢z — st) + -;—(b + ), 8= %(b + o).

For ¢ — 0 these solutions converge to the piecewise constant function

b forx<st,
ug(z,t) =

c for x > st.
4.4.3. Weak Solutions of the Inviscid Burgers’ Equation
The inviscid equation
(4.4.18) g + uu, =0, u(z,0) = f(x),
f e Coo’ |f|w < m’ ‘f’lx < w’
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t
x =8t
usb //
//
/
/
/
/ uU=C
/
/
X

FiGURE 44.5. Limit of traveling waves.

has a unique smooth solution u = u(z,t) only in 0 < ¢t < T},. Here Ty, is finite
unless f'(£) > O for all £&. This result has been shown in Section 4.4.1. We
now broaden the solution concept and first define weak solutions. To this end,
let C$° denote the set of all test functions ¢ = ¢(z, t), (z,t) € R:

o> = {¢ € C™ : there exists K = K, with ¢(z,t) = 0 for |z| + [t| > K}.

Suppose u is a classical solution of (4.4.18) and ¢ € Cg°. If we integrate

wé + %(uz)m -0

over —oo < & < 00, 0 <t < oo, then integration by parts gives us

(4.4.19) / / (ugy + %uztﬁz)dxdt + / @)z, 0)dz = 0.

0 —oo

The double integral makes sense even if u is not smooth. We make the

Definition. A bounded measurable function v = u(z, t) defined for ¢ € R,
t > 0, is called a weak solution of (4.4.18) if equation (4.4.19) holds for all
¢ € C§°.

Clearly, we have broadened the solution concept. Using the solutions u. of
the viscous equation and sending ¢ — 0, one can show that there always exists
a weak solution. It turns out, however, that weak solutions are not uniquely
determined by their initial data.

Before discussing these issues further, we ask for conditions characterizing a
piecewise smooth function as a weak solution. First note: If u is a weak solution,
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which is smooth in a neighborhood U of a point (zp, {p), then u satisfies the
differential equation u; + uu; = 0 in the usual sense at (zp, {p). To show this,
we take an arbitrary ¢ € C§° with support in U and find that

0= / / (ugy + %u’@,)dxdt = / (ue + vug)¢ dz dt;
0 —x U

thus u; + uu, = 0 in (xg, £p), since ¢ is arbitrary,
Next assume there is a smooth line (parametrized over time)

(4.4.20) T: (st)t), to<t<t,

and that the weak solution « has a jump discontinuity along I". The left and
right limits are assumed to exist:

u(s(t). t) := z_!i:‘l:)_ wz,t), ur(s(t),t) := . _l.i:('})+ u(z, b);

and we suppose that these limits depend smoothly on t. Except for this jump,
we assume that u is smooth in a neighborhood of I'. Taking a test function ¢
with support in a neighborhood U along I" we find that

0=/(u¢t+%uz{b;)dxdt:/....'./.,
v

U, U,

= / {u, + %(zﬂ),} ¢drdt — / (u,qbd:c -~ %u}qbdt)
U r

i

—/{ug+%(u2),}¢dxdt+/(u,¢dx-— %uiwt).
U, r

©

The integrals over U; and U, on the right-hand side vanish, and therefore
1
0= /¢ {(uz - up)dxr — E(u,z - uz)} dt
r

1

= / ¢ {(u, - u,)s'(t) — %(u} - ui)} dt.

to

Since ¢ can take arbitrary values along I, it follows that

4.4.21) (ug — u,)s'(t) = %(u} —u?).
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r

support ¢

FIGURE 4.4.6. Discontinuity curve.

This is a special case of the so-called Rankine-Hugoniot jump condition,
which relates the shock speed s'(t) to the states u; and u, of u along the shock
line:

@.4.22) S@) = %(u, +un)(3(t), ).

A particular case of this condition occurred already in Theorem 4.4.4 for the
limit of traveling waves. In that example the shock speed s was given by
s=Q1/2)b+ o).

Thus far, we assumed that u is a piecewise smooth weak solution and that
the initial function f(z) is smooth. However, if f is only piecewise smooth, we
obtain the same result. Conversely, reversing the arguments given above, one
can show that a piecewise smooth function u is a weak solution of (4.4.1) if

(a) the initial condition u(x,0) = f(z) is satisfied at the points of continuity
of f;

(b) the differential equation is satisfied in the pointwise sense in all regions
of smoothness of u;

(c) the jump condition (4.4.22) is satisfied along the lines of discontinuity
of u,

We summarize:
Theorem 4.4.5. Suppose u is a piecewise smooth function with jump discon-

tinuities along finitely many smooth lines. Then u is a weak solution of (4.4.18)
if and only if the conditions (a),(b), (c) above are met.
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Example 1. (A propagating shock.)
f@y=1forz <0, f(@)=0forz >0.

f(x)

X
FiGURE 4.4.7. Discontinuous initial function.
Xt
/ 2
t /
usl 7/
/
// u=0
/
/
/
/l
'
X

FiGURE 4.4.8. Propagating shock.

Here

1
=1
1 fora:<2,

u(z, t) =

1
~1
0 for:l:>2,

is a weak solution. The shock speed s = 1/2 = (1/2Xu; + u,) fulfills the
jump condition (4.4.22). This solution is a limit of traveling waves; compare
Theorem 4.4.4.
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Example 2. (A rarefaction.)
fx)=0forz <0, f@y=1for z >0.

f(x)

X
FIGURE 4.4.9. Discontinuous initial function.
X=t
u = XA ;
4
//
R /
u=0 // um1
rd
/
4
1 ;S

X

FIGURE 4.4.10. Rarefaction wave.

Here the characteristics starting at ¢ = 0 do not enter the region
R={G@0: 0<§< 1}
If one uses an ansatz
z z
u(z,t)=r(—), o<«
t t
then the differential equation requires that

omurms =1 (3 {54 ().
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and one obtains
T T
u(z,t) = —, 0<—-<1,
t t
as a smooth solution in R, which connects the constant states
u=0forzx <0, u=1forz 21t

This solution is called a rarefaction wave. The discontinuity at ¢ = 0 is resolved
instantaneously.

Example 3. (A pulse.)

f@y=1for0<z <1, f(x) = 0 otherwise.

t(x)

1
1T X

FiGURE 4.4.11. Initial pulse.
t x-\‘2t
u=1
t=2
Xwi+t/2
u=0
X

FiGURE 4.4.12. Rarefaction and shock.
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At time t = 2 the rarefaction wave z/t starting at £ = 0 catches up with
the shock wave starting at x = 1. We can use the jump condition (4.4.22) to
determine the location s(t) of the shock for ¢ > 2: The equation

=10 -
d=5-", =2

is solved by
s(t) = V22,

In these examples we have used the characteristics, the jump condition, and
the form of a rarefaction to construct weak solutions. Unfortunately weak so-
lutions are not unique. This follows from

Example 4. (A non-physical shock.)

fxy=0forz <0, fxy=1forx>0.

Thus we take the same initial condition which led to the rarefaction wave of
Example 2. The function

1
0 r < -2't,

w(x,t) = X
1 > —t,

23

is a piecewise smooth weak solution since the conditions of Theorem 4.4.5 are

met.
Examples 2 and 4 describe two weak solutions to the same initial function.

FiGURE 4.4.13. Non-physical shock.
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Which solution should be preferred? There are two reasons why the shock
solution of Example 4 is unphysical:

1) It is not true that two characteristics meet at the shock.

2) The solutions u, of the corresponding viscous problem converge to the
rarefaction wave and do not converge to the shock solution of Example
4,

We do not prove the second statement here. The result is plausible, however,
since we have shown in Section 4.4.2 that there are no traveling waves for
€ > 0 which are increasing in z; the shock solution of Example 4, however,
corresponds to such a wave for € = 0.

Let us now outline the results for the general case. The viscous problems

U + Uz = €Uz, u(z,0) = f(z),

FeC®  |fle <00, |fly <00

have unique smooth solutions u. for all € > 0. These exist for all time. (We
have shown this for periodic f. The present case can be treated as the limit
where the period tends to infinity.) If ¢ is any test function, it follows that

(4.4.23)
c / / webap dedt = — / / (e + 5020 ddt ~ / F@)(z, 0) dz.
0 — 0 —¢ —00

Using a compactness argument for u., one can show that there is a sequence
€ = ¢, and a bounded measurable function u with

ulzx,t) — u(zx,t) as e=¢ — 0.

(Compare the remark at the end of Section 4.3.1.) The convergence holds
pointwise almost everywhere. By the maximum principle, the functions u, are
uniformly bounded. Thus the integrals in (4.4.23) converge as ¢ = ¢; — 0, and
one obtains (4.4.19); therefore the limit « is a weak solution.

This shows the existence of weak solutions. As we have seen, weak solutions
are not unique. However, if one considers only piecewise smooth weak solutions
and requires that

(4.4.24) w(z,t) > uslz,t)

at each discontinuity, then — in this restricted class — weak solutions tum out
to be unique. Condition (4.4.24) is a plausible requirement at each shock: The
characteristic speed should be larger to the left of the shock than to the right.
For practical purposes, one can restrict attention to piecewise smooth weak
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solutions. The physically relevant one is characterized by (4.4.24). This weak
solution is the limit (almost everywhere) of the viscous solutions u, as ¢ — 0.

Roughly speaking, one has the following picture: The physically relevant
weak solution u of the inviscid equation is a piecewise smooth function. The
shock speeds are governed by the Rankine-Hugoniot condition (4.4.22). The
function © jumps downwards if one crosses a shock from left to right. For
small ¢ > 0, the viscous solutions u, are uniformly close to u away from
shocks. The convergence is of order O(e) as € — o0o. In a small neighborhood
of the shocks, the viscous solutions behave like traveling waves connecting the
state uy(x, t) with u,.(x, t).

Notes on Chapter 4

Burgers’ equation has been discussed in many books; for example in Whitham
(1974). We have discussed the estimates in detail because the same proce-
dure can be used — as we will see — in very general situations (systems, many
space dimensions). One can make the global estimates more precise and prove
|8Pu/B8zP|o = O(e~P). E. Hopf (1950) discussed the properties of the solu-
tions of Burgers’ equation by transforming the equation into the heat equation
(Cole-Hopf transformation). In particular, he proved that the solutions converge
for ¢ — O to a weak solution of the limit equation.
The solutions of parabolic equations
Wy = QWzg + bw, +cw, a >0,

have the property that the number of sign changes does not increase with time;
see Matano (1982), Protter and Weinberger (1967). This can be used to obtain
very precise information about the solutions of Burgers® equation

Uy + UUz = €Uz,  u(2,0) = f(2).
The derivative v = u, satisfies
v+ Uy + 07 = Uy,  ¥(@,0) = fo(2).
Assume first f;, > 0; then v > O for all times, and
4 (max v) < —(max v)*.
dt = T
Thus the solution = “becomes flat”, i.e., we have a rarefaction. If f; < 0 then

d N )
7 (max |vl) = (max [v])°,
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5 Nonlinear Systems in
One Space Dimension

For Burgers’ equation we used an iteration solving linear equations to obtain a
local existence result. This technique carries over to first-order hyperbolic, to
second-order parabolic and to mixed systems. The important point is again to
obtain a priori estimates of the solution and its derivatives; these lead in tum
to uniform estimates for the iteration sequence mentioned above.

Not to obscure the underlying principles, we shall not consider the most
general situation, however, but restrict ourselves mainly to equations

U + A(uyu, = €tyr, €20
wz,0) = f(z), feC>® flx)=flz+1)

where A = A(u) is a given smooth matrix function. As before, all (vector- and
matrix-) functions are assumed to be real, for simplicity, and 1-periodic in z.

In Section 5.1 we treat the case where A(u) and all its derivatives are globally
bounded. For € > 0, one obtains existence for all time. If the system

(5.1.2) u + A(w)u, =0

(5.1.1)

is hyperbolic, one obtains short time existence for ¢ = 0.

The assumption of global boundedness of A(u) is, in general, not fulfilled
in applications. In Section 5.2 we use a simple cut-off technique to treat more
general cases and obtain short time existence results if A(u) is smooth in a
neighborhood of the initial data.

159
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If a finite time Tp > O is given (Tp is not necessarily small), how can one
decide whether a solution of (5.1.1) exists in 0 < ¢ < Tp? As for ordinary
differential equations, this problem is often of a quantitative nature. We will
sketch in Section 5.3, how asymptotic expansions and numerical calculations
can be used to answer the finite time existence question, at least in principle.

Finally, in Section 5.4, we discuss a global existence result under more spe-
cific assumptions.

5.1. The Case of Bounded Coefficients
We first settle the uniqueness problem.

Lemma 5.1.1. If ¢ >0 orif (e =0 and A(u) = A*(u)) then the problem
(5.1.1) has at most one classical solution.

Proof. Suppose u, v are solutions and w = u — v. We write
A) uz — A(W) v; = AQuyw, + (A) — A(W))v,
and note that
[A@) — A@)| < Cy |w].

Therefore,

1d
5 7w w) = (w,w) < ~(w, Aww) + Ci|ve)so lwl? = ellwz|1?

< Callwl| lwgll + Cilvaloo Hwl® — efjws|®
<O lwl? if e>o0.
If e=0, A= A", then we have
—(w, Aw;) = %(w, Aw); w),
and again it follows that
%(w, w) < Cy |lwll®.

In both cases the initial condition w(z,0) = 0 implies w = 0.

A priori estimates. We assume in this section that A = A(u) and all its deriva-
tives are globally bounded:
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(5.1.3) Y ID¥ Aw)| < K, forall ueR", p=0,1,2,...

jvi=p
(This assumption, which is very restrictive for applications, will be relaxed
below.) As in the uniqueness lemma, the case ¢ = O requires an additional
assumption, namely hyperbolicity.
Definition.  The first-order system
(5.1.4) up + A(u)u, =0

is called hyperbolic if there is a smooth symmetrizer H = H(u), i.e., a smooth
matrix function H(u) with

H@u)= H*(v) >0, HuA[u) = A*(u)H(u), u€R".

To simplify the proof below, we will restrict ourselves to symmetric hyperbolic
systems where

(5.1.5) Aw=A"w), H=1.

Let u = u(z, t) denote a smooth solution of (5.1.1), and let u; = &u/8 /.
We first consider the parabolic case ¢ > 0 and estimate u; in terms of the initial
data and its derivatives.

Lemma 5.1.2. Assume the solution u = u(z,t) of (5.1.1) is defined for 0 <
t < T, and the global bounds (5.1.3) hold. For each € > O there exists a constant
C; = Ci(T, €) with

(5.1.6) flu;(- O <Cj in 0<t<T.
The constant C; depends on || f;||.
Proof. Equation (5.1.1) implies that
d
;l_f(u’ u) = 2(u, ug) = —2(u, Auyry) — 2effuy)?
< 2Kolful] lui |l — 2¢ fl|f?
1
< < K3,
As usual, this yields

1.
. I < exp(ZKGt) A1
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Thus we have proved (5.1.6) for j = 0. Now assume (5.1.6) is proved up to
j — 1. Clearly,

1 d
3 q@ (uj, u5) = (uj, uje) = —(uj, (A('“)‘“l)j) — elluj

= (w1, (A@m);_,) - elluzl
Here*
(A(u)ul)I = A(u)uz + A (Wuu,,
(Ayu), = Alwyus + 34 (Wuz + A" @uuu,
eic. In general,
(Awu);_, = Alwu; +Q;

where a bound

IQill < ¢
follows from (5.1.3), the Sobolev inequality
uafae < 2(lker? + luel?).

and the induction hypothesis. Therefore,

2 2 @5 u) < (e AG) + esllugall — ellusa P
< Kollusll gl + 52 & = Slhusal?
< = Kujlf + o &
= 2¢ 0N 2 77

Now we can complete the induction step, and the lemma is proved.

Under the global assumption (5.1.3), we have shown a priori estimates of
all derivatives of a solution for any given interval 0 < ¢ < T. The estimates
depend on € > 0, however.

Existence results. Existence of a solution can be shown by either using the
difference approximation

dv, fdt + A(v,)Dyv, = eD D_v,
*Formally, A’(u) is a bilinear map acting an two vectors, A”(u) is a trilinear map acting on

three vectors, etc. This calculus is not essential here, however. It is only important that each matrix
element of A(u) has bounded partial derivatives of all orders.
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or by considering the iteration
uf ! 4 AFyubt! = e ukt!, k=0,1,2,...,
u**l(z,0) = fiz), vz, 0= f@2).
Since the time interval 0 < t < T for the a priori estimate was arbitrary, one
obtains global existence. We summarize:

Theorem 5.1.3.  Given the global bounds (5.1.3), the parabolic system (5.1.1)
has a unique smooth solution u, = u.(z,t) defined for 0 < t < co. Here ¢ > 0
is arbitrary.

To treat the first-order system
(5.1.7) us + A(uyuz =0, u(z,0) = f(z), fEC™, f(x)=flz+1)

we assume symmetric hyperbolicity (5.1.5) and the boundedness assumption
(5.1.3). We will show e-independent bounds for the solutions u, of the parabolic
equation in some time interval 0 < ¢t < T'. Sending ¢ — O, we obtain a solution
of (5.1.7) in this interval.

Theorem 5.1.4.  Suppose that (5.1.3) and (5.1.5) hold. There exists a time
T > 0 and a constant C > 0, both depending on || f||y: but independent of
€ >0, with

(5.1.8) e Ol <C in0<t<T.

The symmetric hyperbolic system (5.1.7) has a smooth solution u = u(x,t) in
0<t<T

Proof. 1) We fix € > 0 and write © = u, for the solution of (5.1.1). Equation
(5.1.1) gives us

d
200w = 2, u) = ~2(u, Atww) - elfui®
< 2Ko|lull Jluall-
For u; = 8u/0x we have
up = —(A(u)ul), + eu3
and therefore
d
@) =2u,m) = 2(u2, A — eflualP?
< 2Kolluil] Jluzl-
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We now estimate u; to close the system. For u; it holds that
uy = — (A1), + eua,

and therefore,
d
= (ur,0) < 2(us, (Aw),)

= (‘U,3, (A(u)ul)l) - (uz, (A(u)u.)z).
Here
(Awuy), = A + A' (W,
(A}, = A@wus + 34w uz + A" (Wuyuyu,.
The assumption A = A* implies cancellation of the terms
(u3, A@w)uz) and (ua, A(w)us).

One finds that

d

7 (u2,u2) < (u3, A'@Wuju) - 3(uz, A'Wuwuz) — (uz2, A"(Wuyuiu))
= —5(uz, A'(Wuwuz) —2(u2, A"(@uuiu;)
< const. (Juifoo lluzll® + fui 3 Hult flzll)-

Using Sobolev’s inequality to bound |ujfee by |jua|| + [lui]], we arrive at a
closed system of differential inequalities for ||u))?, ||ui]]®, ||u2))*. Therefore the
estimate (5.1.8) follows with 7" and C independent of €.

2) Estimates of higher derivatives follow in the same way from
Ujp = —(A('U)Un)j + €ujy2,
d
20 5) = 205,150 < 2w, (Awi),_,)

= (uj+h (A(u)ul)j_,) - (uj, (A(u)u,)j)A

The time interval 0 < t < T determined in part 1 of the proof does not have to
be diminished. This shows that the solutions u. of the parabolic problem are
uniformly smooth in 0 < t < 7. The existence result for the hyperbolic case
follows if we let ¢ — 0.
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5.2. Local Existence Theorems

The assumption of global boundedness (5.1.3) is too restrictive for applications;
for example, it is even violated for Burgers’ equation. In this section we show
how to localize the assumptions to a neighborhood of the initial data and how
to obtain existence in a small time interval. The basic idea is simple, namely
the solution stays close to the initial data, at least for a short time.

For a given initial function

f=f@) el f@=fx+))
let
U, = {u €R": |[u— f(z)| < n for some z}
denote the n-neighborhood of the initial data. We choose a scalar cut-off function
¢ € C*°(R™) with
&u)=1for u € Uysq, plu) =0forug Uy,p.
If A= A(u), A € C>=(,), is the given coefficient matrix in (5.1.1), then set

_ ¢(U)A(u) u <€ Uq!
Atw) = {0 u g U,

The altered systems
(5.2.1) iy + A@)iy = €lyy, Wz.0) = f(x)

satisfy the boundedness assumption (5.1.3). First consider the case ¢ > 0 without
structural assumptions on A. By continuity, the solution &, of (5.2.1) stays in
Uysa for some interval 0 < t < T,. Here i, solves the original system. This
shows

Theorem 5.2.1. If A = A(u) is a C™-function in a neighborhood of the initial
data, then the parabolic systems (5.1.1) have unique smooth solutions u = u. in
some time interval 0 < t < T,. The time T, > 0 depends on ¢ > 0.

We add now the (local) assumption of symmetric hyperbolicity:

(5.22) A(u) = A*(u) forall ueU,.

Clearly A(u) = A*(u) holds; thus the e-independent estimates of Theorem 5.1.4
apply to @,. There is a time T > 0 and a constant C > 0, both independent of
¢, with

|Gz, t)) < C for 0<t< T,



166 Initial-Boundary Value Problems and the Navier-Stokes Equations

and thus
lde(z,t) - f(x)| = lic(z,t) - @z, 0)| < Ct.

Therefore, in some time interval 0 < ¢t < T, T > 0, independent of ¢ > 0, the
functions i, solve the original system (5.1.1) and are uniformly smooth. For
e — 0, one obtains a solution of the hyperbolic problem. We summarize:

Theorem 5.2.2. [If A(u) satisfies the symmetry condition (5.2.2) in a neigh-
borhood of the initial data, then the problems (5.1.1) have unique smooth solu-
tions u, = uc(z,t) for € > 0 in some time interval 0 < t < T. The time T > 0
can be chosen independently of e.

Generalizations. It is not difficult to generalize the local Existence Theorem
5.2.1 1o parabolic equations

(5.2.3) uy = Ax(u, ,t,) uzz + A1y, 2,t) u: + C(u, z,1),
where
Ax(u, z, t) + Aj(u, x,t) > 261, 6 >0,

in a neighborhood of the initial data. Also, more general first-order hyperbolic
systems

v = A(v, z, v, + C(v, 2, 1),
(5.2.4)
Hw,z,t)A(v,z,t) = A*(v,z,t)H(v,z,t), H >0,

can be treated as in Theorem 5.2.2. Finally, we can proceed as in Section 3.4
and obtain results for mixed hyperbolic-parabolic systems

u (A2 O u Bu Bn u
o2 (1),=(50) )G &) (0), e
Here A, B;;, C are smooth functions of 4, v, 2,¢ and

A2+A52261, 6§>0, HByp =BjhpH, H>0.

One obtains

Theorem 5.2.3. Consider the 1-periodic Cauchy problem for a parabolic sys-
tem (5.2.3), a hyperbolic system (5.2.4) or a mixed hyperbolic-parabolic system
(5.2.5). A unique solution exists in a sufficiently small time interval 0 <t < T.
The time T depends on the initial data.
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the previous techniques to the rewritten equation. In this way, the guaranteed
existence interval can often be improved considerably.

Example. Let us demonstrate the foregoing by the following example:
(5.3.1a) us+uu,=ou, ux,0=f(x), feC® f)=flz+1),

where o € R is a given constant. The general techniques yield short-time
existence in an interval 0 < ¢t < T, T = T(|| fl| 2)- Now suppose

(5.3.1H) f@)=1+eg(x), 0<ek .
For € = 0, the problem has the solution
ug(z, 1) = e*,
existing for all time; this suggests the ansatz
u(x, t) = uo(x, t) 4+ ew(x, t).
For w one obtains that
(3.3.2) wy + ww, + cww, = aw, w(z,0) = g(x).

It should be emphasized that no terms have been neglected, and therefore, if
we obtain existence for w in 0 < ¢t < T, we also can solve the original problem
in 0 € t < T. Clearly, the nonlinear term in (5.3.2) is multiplied by the small
parameter €. (In generalizations of this example, the value of ¢ is a measure of

the accuracy to which ug solves the given problem.)
Let us discuss (5.3.2). Proceeding as in Section 4.1.2, we obtain

& roee, DI = ~2e€tne, (0e)e) + 20wl
= —56(Waz) Wolzz) + 20w |
< Selweloollwazl® + 2allwze |
< Sel|wzz || + 20lwzz|*  (observe (4.1.5)).

Consequently, if y(¢) is the solution of

d
VO =203 + 5e°2t), ¥(0) = ||gz= %

then w exists in any interval 0 < ¢ < T where y(t) is bounded. It is, of course,
important to note that the nonlinear term 33/ — which may cause a singularity
in y — appears multiplied by e. Explicit discussion shows the following:
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Casel. a<O0.If

2|a
ol < 22,

then y(t) decays exponentially, and thus w exists for all time.

Case 2. o = 0. Now y(t) has a singularity at a time

1
Tp=0(7) (if lgzzll = O(M)).

Thus we have long-time existence for small ¢.

Case 3. «a > 0. In this case, y(¢) grows exponentially and has a pole at

T = 0(10g g ).

Again, if |g..]] = O(1), the blow-up time Tg — oo as ¢ — 0, but the
increase of Tg with decreasing ¢ is very slow. (In order to obtain long-time
existence in this case, the perturbation term ¢l|g..|| has to be “exponentially”
small:

ellgez|l ~ e—cTBJ

The behaviour of the blow-up times T'p as functions of ¢ can be predicted on
basis of the linearized equation. Linearization of (5.3.1) at ug gives us

(5.3.3) dot + uodo: = ady.

If a <0, then ¢y decays exponentially; the solution u(x,¢) and the approxima-
tion uo(z, t) stay close for all time if the pertubation eg is sufficiently restricted.
If a = 0, then the solution ¢y stays bounded; the perturbation €g will, in general,
grow over a long time interval. If o > 0, then ¢y grows exponentially; after a
short time, the differences between u and uo can be O(1) unless the perturbation
is exponentially small.

Asymptotic expansion. By solving linear problems, one can increase the power
of € which multiplies the nonlinearity. Again, we illustrate this for the foregoing
example. If ¢g solves

%t + uo¢0:l: = Q¢0, %(za 0) = g(I),
and we write the solution w of (5.3.2) in the form

‘w=¢0+€1ﬂ|,
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then we obtain for w;:
Wit + (uo + edo)1z + Ewiwyz = (@ — edoz)w) — dodos,
wy(z,0) = 0.
Obviously, the nonlinearity is now multiplied by ¢2. Repeating this process, we
introduce
w=dp+ep+... + gy + Fw,

into (5.3.2). Equating terms of order €%, ¢!, €2, ...,e?~! successivly, we obtain
linear equations for ¢y, ..., ¢,—). If these are solved, the nonlinear equation for
w, can be written down:

Wpt + gp'u’p:: + €p+lesz = hpw’) + Fp
where

9p = Up + €do + E€P1 + ... + €y,

hp =0 — oy — €2¢lz = fpd’p-—l,m
. and F, is also known in terms of ¢y, ..., ¢p—). In this way, we have reduced
the nonlinearity to order ¢?*!; the solution u has the asymptotic expansion

u=up+edp + P + ... + oo + e"“w,,.

Generalization. Without going into formal details, we want to indicate gener-
alizations of the previous example. Consider a system

5.3.4) uy = P(z,t,4,8/0x)u + F, u(z,0)= f(x),

where P is a differential operator of any of the forms treated in Sections 5.1,
5.2, and assume the coefficients of P are polynominals in u, for simplicity.
Now suppose ug(x,t) is a known approximate solution in some time interval
0 < t < T; more precisely, if we substitute up into (5.3.4), the equations will
be satisfied with small defects:

g = Pz, t, up,0/0x)ug +F, F=F+¢G,

uo(z,0) = f(z), f=F+eg
(Formally, we can define the terms ¢G, cg by the above equations. The param-
eter ¢ is introduced artificially in such a way that G = O(1), g = O(1).) Then
we can view the given system (5.3.4) as a pertubation of (5.3.5), which suggests
an ansatz

(5.3.5)

w(z, 1) = uplx, t) + ew(z, t).
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For w one obtains:
W = Pl(x; t, a/az)w + 6P2(:"'7 t, w, €, B/B:c)'w + G!
w(z,0) = g(x).

Here P and P, are differential operators whose coefficients also depend on ug;
however, since ug is assumed to be known, this is suppressed in the notation.
The operator P, is linear, and the nonlinear part is multiplied by e.

If the equation for w is of the type discussed in Sections 5.1, 5.2, we can
derive a priori estimates for w. As in the example, the growth behaviour of the
solution @ of the linear problem

(5.3.6) Wy = Py(z,t,8/0x)b

is crucial. If the solutions of (5.3.6) satisfy
d, ~ 12
18l < 20llB{,
then one can obtain a priori estimates for w of the form
d
1wl < 20 + Ol + constlelflwll3:

Therefore, if |¢| is sufficiently small, the solution w — and thus u — will exist in
0 <t <T. Also, if ¢y solves the linearized equation

dor = Pi(z,t,0/0z)pp + G, ¢o(x,0) = g(x),
then u = ug + e¢p + O(e?). Higher order asymptotic expansions
u=up+edp+ ¢ +...+ Php_t + Ot

can be derived as in the example; the functions ¢y, ..., ¢p—1 solve linear prob-
lems.

Remark on numerical calculations.  The approximate solution ugp can also be
obtained through interpolation of numerically computed data v". It is possible
to bound the defects €5, eg defined in (5.3.5) in terms of divided differences
of v"; the latter can be computed. For this reason, if a numerical solution v" is
computed in 0 < t < T, and sufficiently many divided differences stay within
reasonable bounds, one has an indication that the partial differential equation has
a solution in 0 < ¢ < T'. A better test is obtained if one repeats the computation
with step-sizes

ho>hy>hy>....
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If the bounds for the divided differences do not grow for decreasing step-sizes,
the defects of the interpolant uo = u} will finally be small enough to ensure
existence of a solution of the p.d.e. On the other hand, if the divided differences
do grow for decreasing h, one has an indication for blow-up at a time T < T.

5.4. On Global Existence for Parabolic and Mixed
Systems

Global (in time) existence theorems for systems
u + A(u)u, = eug,, €>0,
wz,0) = f(z), f,A€C™, f(@)=fz+1)

can only be derived under rather special assumptions. However, since we have
a local existence and uniqueness result, we can always piece local (in time)
solutions together and obtain a half-open maximal interval of existence 0 < ¢ <
To. Here Ty is finite or Tp = oo. If Ty is finite, then

sup{|u(-, D)oo : 0 < t < Tp}

(54.1)

cannot be bounded. Otherwise we could apply the cut-off technique described
in Section 5.2 and use Theorem 5.1.3 to extend the solution beyond 7. For the
systems (5.4.1) we thus have the alternative:

Lemma 5.4.1.  Either (i) a smooth solution u exists for 0 < t < oo, or (ii)
there is a blow-up time Ty < oo with

sup{|u(, oo : 0 <t < Tp} = oo.

Phrased concisely, the lemma states that “the solution exists as long as it
stays bounded”.

We want to describe conditions which exciude possibility (ii); thus these
conditions imply all-time existence. First consider a specific example:

Uy + VU + Pp = €Vzg,
54.2)
Pt + Vs = €prz, €>0.

Suppose u = (v,p) is a smooth solution. The basic energy estimate follows
from

1 d

5 g I +1pl*} = —(,vv2) = 0, 2) = @, v2) - e{ o=l + llp=I}

= —¢{lloz|* + llpII"}-
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Integration from 0 to ¢ yields
(5.4.3) [l 17 + Ul O < lloC, Ol + [lpC:, O}
and
t
(544) 2 /o {llvaC DI + P, DI} dr < [, O + lipC, Ol
The coefficient matrix
v 1
A(w) = A(v,p) = (l 0)
of the example (5.4.2) clearly satisfies an estimate of the form

5.4.5) [A@)| < Ky (1 + Jul).

We will show in the following theorem that estimates like (5.4.3), (5.4.4), (5.4.5)
exclude possibility (ii) of Lemma 5.4.1; thus they imply all-time existence.

Theorem 5.4.2.  Suppose that (5.4.5) holds, and a solution u of (5.4.1) is
defined for 0 < t < T < 00 and satisfies

(5.4.6) flu(-, Il < K3, 0<t<T,
t
547 / fueC, P dr < K3, 0<t<T.
[
Then

sup |u(, )|y and thus  sup |u(-, )|
0<t<T 0<i<T

are finite; thus u can be extended beyond T. Furthermore, there is a bound
||u(-,t)||H. <K 0Lt<T,

where K, only depends on ¢, K3, K3, and ||u(:,0)|| i1, but does not depend on

T.

Proof. Differentiation of (5.4.1) yields

1 d
5 7 Il = = (w, (A@w),) - eual?

= (u2, A1) - efjuz?
< Ki(1 + Juloo) flun ] fluzl] - € uz®

|-

1
< 50 KT+ uloo)® < < KT Q1+ [uf) .

N

€
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To estimate |u|.o, we use Lemma 3.2.5,

ulZo < 2bull Nl + Nluli,

and find that
d 2 2 2 2 2
= Ml < = KE(1+ 2ffuf fluall + ull?) Nl
1 . 2
< 2oflwl’ +28(wm P, a=- KiQ+KD. 8== K} K».

If we set
y) = lm(, ), 0<t<T,
then we have shown that
% A1) = 2yt (1) < 2047() + 28y°(1);
hence

(5.4.8) v'(t) < ay(t) + By*(t) if y(t) £0.
To bound y(t), we fix a time 0 < ¢t < T with y(¢) > 1.

Case 1. There is to < t with y(tg) = 1. Let T denote the largest of these
to-values, thus y(7) > 1 for Tp < 7 < t. Integration of (5.4.8) gives us

t
y(t) — y(To) < (a + B) / P(r)dr,
To

and thus y(t) < 1 + (a + A)K;.

Case 2. For 0 < 1 <t we have y(7) > 1. Integration of (5.4.8) yields
y(t) £ y(0) + (a + B)K;,

and the theorem is proved.

In the example (5.4.2), the estimates (5.4.6), (5.4.7) are valid a priori in
any interval 0 < ¢ < T where the solution exists. Therefore, according to the
previous theorem and Lemma 5.4.1, the solution exists for all time. Furthermore,
since the constants K> and K3 do not depend on 7, the bound K, derived in
the theorem is uniform for 0 < ¢t < co. In particular, the values of the solution
stay bounded for all time:

[uC-,)foe < Ks, 0<t < ool
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A specidl mixed system. We shall now show all-time existence for the mixed
hyperbolic-parabolic system :
Vg + VU + Pp = €Uy, €20,
pt+v,=0.
Integration by parts gives us

d
7 {llwl? + lpl?} = —2€|jvel?,
G DI + o, B < o, 0 + [Ip(-, 0%,
T
2¢ [ ol dt < ot OF + ot O
Therefore, by the Sobolev inequality, Lemma 3.2.5,
T
(54.9) / [v]3, dt < const.
(]
For the first z-derivatives we obtain
d
E{llvl I + 22} = —2(v1, (wv1):) — 2ef|va]?
< 2v)oo Jual [zl — 2eliu2)?
1
<< vl vl =~ ellvz|?
1
<< w2, {llvll? + P i?} = ellealf.
Thus, using (5.4.9), we obtain a bound for
T T
sup (. OF + im0} [ loalPat, [ et
0<t<T 0 0

This process can be continued, and existence follows.

Notes on Chapter 5

For local existence theorems there is no essential difference between linear
and nonlinear equations. Global existence requires global bounds, however.
One such result for parabolic systems is given in Theorem 5.4.2. Others can
be found in Smoller (1983) and in Ladyzhenskaya, Solonnikov, and Uralceva
(1968). Much less is known for the inviscid case ¢ = 0. We cannot expect
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global existence. Classical solutions cease to exist beyond a certain blow-up
time; see John (1974), Lax (1964), Glimm and Lax (1970). If one can write the
equations in conservation form

us + (g(u)): =0, (g(w)): = A(wu,,

then one can introduce again weak solutions. A (not necessarily smooth) func-
tion v is a weak solution if
+oc

o0 +00
/ / (D1v + dpg(v))dz dt + Nz, 0v(z,0)dzr =0
0 —00

—00

for all ¢ € Cg°. Weak solutions are not unique. Generalizing (4.4.25), Lax
(1957) introduced entropy conditions for systems. Glimm (1965) proved that
there is always a global weak solution which satisfies these conditions, provided
the initial data are sufficiently close to a constant vector. However, it is not
known whether the solution is unique. For later results we refer to DiPerna
(1985), Liu (1983), and Majda (1984). An important example is the system of
conservation laws for gasdynamics:

pe+ (pu); =0
(pu) + (pu* +p)e =0

1
(PE)t + (pEu+pu), =0, E=e+ 5 3

Here p, u, p, e denote the density, velocity, pressure, and internal energy, re-
spectively. Also, an equation of state which connects e, p, p has to be speci-
fied. Many people have studied these equations for the last 150 years using less
mathematical machinery. For an account see Courant and Friedrichs (1948),
Whitham (1974), and Landau and Lifshitz (1959). Little is known about the
behavior of the solutions of (5.4.1) as ¢ — 0. However, Gilbarg (1951) proved
that the viscous gasdynamical equations allow traveling waves which converge
for ¢ — O to a weak solution of the limit equation. For other results we refer
to Smoller (1983).



6 The Cauchy Problem
for Systems in Several
Dimensions

The results of Chapter 3 about /inear parabolic, strongly hyperbolic, and mixed
systems can mostly be generalized from one space dimension to an arbitrary
number of space dimensions. These generalizations are carried out in the first
three sections of this chapter. In particular, we show well-posedness of the
Cauchy problem for the linearized compressible Navier-Stokes and Euler equa-
tions. Section 6.4 treats short-time existence for nonlinear sysiems; we carry
out the details for the symmetric hyperbolic case and sketch generalizations to
systems of different type. For a special class of nonlinear parabolic systems in
two space dimensions, we will prove all-time existence in Section 6.5.

6.1. Linear Parabelic Systems

We consider second-order parabolic systems of the general form

6.1.1) U = Z D.-(A.-iju)+Z B;Diju+Cu+ F.

i.j=1 i=1

Here s is the number of space dimensions and D; is the operator D; = 8/dz;.
The coefficient matrices A;; = A;j(z.t), B; = Bi(z,t), C = C(z,t) and the
forcing function F = F(z, t) are assumed to be C>°-smooth, real, and 1-periodic
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in each component z;,i = 1,..., s. The concept of parabolicity will be defined
below. For the function u(x,t) an initial condition

6.1.2) u(z,0) = f(x), f€C>*, f l-periodic in each z;

is given, where f takes values in R". As before, we seek a smooth solution
u = u(z, t) taking values in R™ which is 1-periodic in each z;, i =1,...,s.

In Section 6.1.1 the concept of strong parabolicity will be defined; it leads
to a simple derivation of solution-estimates. Existence of a solution can again
be shown by proving the analogous estimates for a difference scheme. This
will be sketched in Section 6.1.2. Existence, uniqueness, and estimates can be
generalized from strongly parabolic systems to systems for which a pointwise
definition of parabolicity is used. For our applications this generalization is of
minor importance, however, and we only sketch the proof.

6.1.1. Estimates for Strongly Parabolic Systems

The following definition generalizes our previous concept of strong parabolicity
to systems in any number of space dimensions.

Definition.  The system (6.1.1) is called strongly parabolic in 0 < t < T if
there exists a constant 6 > O such that the estimate

(90, Aij (. y;) > 6 |uil?
! i=l

ij=

holds forall z e R*, 0 <t < T, and all vectors y; e R", i =1, s.
The basic result about existence, uniqueness, and estimates 15

Theorem 6.1.1.  If(6.1.1) is strongly parabolic in0 < t < T, then the Cauchy
problem (6.1.1),(6.1.2) has a unique classical solution u = w(z,t)in0 <t <T.
The solution u is a C>™-function. For each p = 0,1,2,..., there is a constant
K, with

t
613 a0l < K (W1, + [ IFC.Ol, dr), 0<e<T

The constant K, depends on 6§ and the maximum norm of the coefficients of
(6.1.1) and their derivatives of order < p, but noton F, f.



The Cauchy Problem for Systems in Several Dimensions 179
Proof. We start with the estimates. Integration by parts yields

1d
3 E(u, u) = (u,uy)

=~ Y (Dw, A;Dju)+ ) (@, B;D;w) + (u,Cu) + (u, F)

t,j=1 i=l1

<Y (~8I1DwulP + |Biloo D5 llull) + ICloo Meel® + Ml |FY

i=1

6 o 1
S uli? 2, 2 2
<=3 2 WDk’ + const Juf? + 50|
Therefore, (6.1.3) follows for p = 0 if we apply Lemma 3.1.1. This estimate
also shows the uniqueness of a classical solution.
To estimate first derivatives, we differentiate the equation (6.1.1) with respect
to z;, i =1,...,s, and obtain a system of similar type for the vector

(D,u,‘Dzu, cany D,u).

The coefficients of this system depend on A;;, B;, C and the first derivatives
of these matrices. The desired estimate foliows as above. Estimates for higher
derivatives are obtained by repeated differentiation.

In the next section we sketch the proof of the existence of u.

6.1.2. Existence via Difference Approximations
Let h = 1/N denote a gridlength, N a natural number. For any multi-index
v=(V,...,Vs), v;€EL,

let , = (hvy,...,hv,) denote the corresponding meshpoint. We consider
gridfunctions v,, = v(x,) which are assumed to be 1-periodic in each coordinate
direction. By E; we denote the translation operator in the j-th coordinate:

Ejv, = Eju(z,) = v(z, + he;),
e; =(0,...,0,1,0,...,0) with 1 at position j.
The powers of E; are
EJP'UV = v(z, +phej)1 PEZ,

and E? = [ is the identity. The forward, backward, and centered difference
operators in the j-th coordinate direction are



180 Initial-Boundary Value Problems and the Navier-Stokes Equations
=h-YE. _
D+j—h (E_, I), D—j =h-—l(I_Elj—|)’
1 .
Doj = 5 (D+j + D)), J=L...,s

Using these notations, we approximate (6.1.1) by the system of ordinary differ-
ential equations

dv,

7 = Z D_,‘(Aij(zvyt)D'f'jv")

(6.1.4) I =:
+ Z Bi(zvv t)DOivu + C(Iv, t)’U,, + F(l',,, t)

i=1

If we introduce a discrete scalar product and norm for gridfunctions by

@wh=h" Y (@, w) ol = w07
0<vi<N

then all computational rules of Section 3.2.2 carry over in an obvious way to
the multi-dimensional case. Therefore, we can estimate the solutions of (6.1.4)
and their divided differences independently of h. We just mimic the continuous
process. As in the one dimensional case, we can interpolate v, (f) = vf,'(t) with
respect to the z-variables by Fourier polynomials w”(z,t). (See Appendix 2.)
These are uniformly (with respect to h) smooth; in the limit h — 0 we obtain
a solution u = u(z,t) of the Cauchy problem. There is no essential difference
from the one dimensional case.

6.1.3. General Linear Second-Order Parabolic Systems

In Section 2.4.3 we have defined parabolicity for problems with constant coef-
ficients. Applying this concept to all frozen-coefficient problems, we are lead
to:

Definition.  The system (6.1.1) is called parabolic in 0 < t < T if there is a
constant & > O such that forall t e R*, 0<t < T,and all w = (wy,...,w,) €
R?, the eigenvalues r of the matrix

s
Z w; w; Ajj(x,t)
ig=1

satisfy
Re & > 8|w|’.
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One can prove

Theorem 6.1.2. The statements of Theorem 6.1.1 are valid if the assumption
of strong parabolicity is replaced by the assumption of parabolicity.

We only sketch the proof of this result. The essential point is to obtain the
a priori estimates (6.1.3); then existence of a solution follows as before by use
of a difference scheme.

To obtain the estimate (6.1.3) for p = 0, first fix a point (o, o) and consider
the constant-coefficient parabolic operator

Py(zo,tp, D) = Z D; A;j(zo,t0) Dj.

ij=I
If we proceed as in Section 2.7 — but replace Fourier transforms by Fourier
expansions — we can construct an inner product

(W Vil = I (1w), H(zo, to,w)d(w))
w
with
L
(, P20, to, DY) . o) + (P&, t0, Dyusw) < =8 Y~ || Djul?
i=l
for all smooth functions u = wu(zx). Using the corresponding norms and a
partition of unity argument as in Section 3.2.5, we obtain the basic energy
estimate as before. Estimates for derivatives can be obtained by differentiating
the differential equation.
As noted in Section 3.2.6, a basic property of parabolic differential operators
is their smoothing ability. This smoothing property is also valid for equations

in more than one space dimension and can be proved as in the one dimensional
case.

6.2. Linear Hyperbolic Systems

A first-order system
(6.2.1a) uy = P(z,t, 3/0x)u + C(x, tyu + F(z,t)
is called symmetric hyperbolic if P(z,t, 8/8x) has the form

(6.2.1b) P(z,t, 8/0z)u = % Z {Bj(z,t)Dju + Dj(Bj(z,t)u)},
j=l
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and B;(z,t) = Bj(z,t) for all z,t. As before, the coefficients B;, C, and the
forcing function F' are assumed to be real, C°°-smooth, and 1-periodic in each
x;.

To obtain existence for the Cauchy problem (6.2.1), (6.1.2), we consider first
the parabolic problems

u =€ Au+ P(z,t, 3/0x)u+ Cu+F, ¢>0.

The existence result of Theorem 6.1.1 applies, and the estimates are independent
of ¢ > 0. For ¢ — 0, one obtains a solution of the symmetric hyperbolic
problem.

A basic property of hyperbolic equations is the “finite speed of propagation”.
We formulate the result in the following theorem; the proof uses the convergence
of an explicit difference scheme.

Theorem 6.2.1. Define

8
a = max ZlBj(z,t)[ :xe€R® 0<t<ty
1=1

The solution-value u(xg, ty) depends only on those values of F(x,t) for (z,t)
lying in the cone

|zo — x| < a(to — 1), 0<t < to,

and only on those values of f(x) for x lying in the interval |z — x| < at.

t4

| ||

FIGURE 6.2.1. Domain of dependence and mesh.
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Proof. 1. As in Section 6.2.1, we introduce meshpoints z,, v € Z°, but
discretize in time also. Let k > 0 denote the time step-size. We approximate
(6.2.1) by the difference approximation

(I = kC(zy, ) vt + k) = (I + kC(z,, 1)) v, (t — k)

+ 2kQ(z,, t) v, (8) + 2kF(z, 1),
6.2.2) t =k, 2k, 3k,...,

l 8

Q@y, 1) v,(t) = 5 z {Bj(l'm t)DOj'Uu(t) + Do; (Bj(zu’ t)'vu(t))} .
j=1
Here
1 1
Do; = 5(Dy; + D-j) = 5(E; — E;"Y)

denotes the usual centered difference operator. The three level difference scheme
(6.2.2) is supplemented by the starting conditions

6.2.3)
2,(0) = f(z.), v.(k) = f(z,) + k{Q(x,,0) + C(z,,0)} f(z,) + k F(z,,0).

We fix a relation k = h/(a + ), n > O arbitrary, and send h — 0. The
difference equations (6.2.2), (6.2.3) define an approximation v = vh for the
exact solution u, and we will prove the convergence

6.2.49) ;l.'_."}; ostrgﬁsco Hu(z,, t) — v (@®ln = 0.

The domain of dependence of v* belongs to the cone
|zo— x| < (@+n)(to ~1t), 0t <t

Since 1 > 0 is arbitrary and u is smooth, the assertion of the theorem follows.
2. It remains to show (6.2.4). First note that the operators Dyp; are antisymmet-
ric:

1 1
®, Dojn = E(pa Do + E(P, D_jn

1 1
= —E(D—jl’, n — -2-(D+1'P, O

= —(Do;p, Qn-
Therefore, also the operators Q(t) defined in (6.2.2) are antisymmetric:

(r.Q), = —(QMIP.9),-
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We give a simple bound for Q(t):
The estimate

1Dojulln < 5 {UEwll + 155 wlln} = 3wl

= 2h
implies that

] 8
lQ@Wwin < 5 > {IIB; Dojuwlin + || Doj Bjwiin}

J=1

l 8
<5 2B Dlx .
j=1
The smooth solution u = u(x, t) of the differential problem satisfies

B = 1t = B} = . 1)+ 0D,
Dy; u, () = Dju(z,,t) + O(h*),
%C(x,,, t{uu(t + k) + u(t = b)} = Ca,, u(z,. t) + OK?).
Thus we can consider u,.(t) as a solution of perturbed difference equations:

(I = kC(z,,))u,(t + k) = (I + kC(z,. ))u,(t — k)

+ 2kQ(x,,, Yu, (t) + 2kF(z,, t)

+ k(K + WP, (B),
w,(0) = f(x.), w(k) = v.(k)+ K g,.

Here ¢.(t), g. are bounded independently of / and k. The difference w = u—v
solves

w,(t + k) — w,(t — k) = kC(z, . )(w,(t + k) + w,(t — k))
+ 2kQ(xy. w, () + k(K2 + A2, (t).
’UJ,,(O) = 07 wu(k) = kzgv-

Taking the inner product with w, (t + k) + w, (¢ — k) and summing over v, we
find that
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llwe + BIE - et — Bl < ke {llwe + B + v - DI}
= 2k(Q(tyw(t + k), w(t)),,
+ 2k (Q@)w(t), wit ~ k),
+ k(k? + h?) (w(t + k) + w(t — k), ¥(@)),.
If one defines the auxiliary quantities
L#) = [lw)li} + llwee — BI, +2k(QMwd), wt — k),
then one obtains the recursive estimate
L(t + k) < L) + ke {llwt + DI, + [lwte — W3}
+2k((Q(t + ) — Q) wt + by, w(t))
+ bk + WD (w(t + k) + wit — k), p(),,
< L) + kea{||wit + B + @l + llwee - WL}
+ k(& + B3 @l
It is important to observe that

2%k &
[2k(@w®,wit —b),| < T D" IBiC, Ol IOl lwtt = Wl
=1

< o7 Ul + ot = W}
This implies a lower bound for L(t),
Loy 2 = (@l + et - WIR},
and therefore the above recursive estimate gives us that
Lt + k) € L) + ks Lt + k) + kes L) + k(K + h?) ey
Hence the auxiliary quantities L(t) also satisfy
Lt + k) < (1 + kes)L(t) + k(K + h?)’cs.

Initially, at ¢ = k, we have L(k) = ||w(k)||% = O(k*), and by a discrete analog
of Gronwall’s Lemma (Lemma 3.1.1) it follows that

Lty =O((k* + h*?), 0<t<ty.
Since L(t) bounds |{w(t)||? , the convergence (6.2.4) is proved.
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The existence result mentioned above for symmetric hyperbolic systems can
be extended to more general hyperbolic equations. Consider the first-order
system (6.2.1a) where the operator P(z,t,8/8z) has the form (6.2.1b), but the
matrices B;(z, t) are not necessarily symmetric. We call

L]
P(z,t,iw) = iZ Bj(z,t\wj, weR’, |w|=1,
i=1

the symbol of the differential operator P and make the

Definition.  The system (6.2.1) is called strongly hyperbolic if there exists
a smooth 1-periodic symmetrizer; i.e., there is a l-periodic positive definite
Hermitian matrix function

H(x,t,w), re€ Ra, t20. we R’a |w| =1,
depending smoothly on all variables, with
H(z,t,w)P(z,t,iw) + P*(z, t,iw)H(z,t,w) =0,

This definition generalizes the conditions discussed in Section 2.4.1 for the
multi-dimensional constant-coefficient case and the conditions in Section 3.3.1
for the one dimensional variable-coefficient case, but it requires in addition
smooth dependence on (z, t,w). (In the constant-coefficient case smooth depen-
dence on w was not essential.)

If we require that all frozen-coefficient problems obtained from (6.2.1) be
strongly hyperbolic in the sense of Section 2.4.1, then we can use the matrices

S(z,t.w), weR? |wl=1,

of Theorem 2.4.1 and obtain the symmetrizer H = $*S; compare Lemma
242. The only extra assumption in the above definition is the requirement
of periodicity and smoothness of H = H(z,t,w). The matrix S~!(z,t,w)
contains in its columns the eigenvectors of P(z,t,iw). Thus, if the eigenvalues
of P(x,t,iw) are all purely imaginary and if linearly independent eigenvectors
can be chosen as smooth periodic functions of (z,¢,w), then the system is
strongly hyperbolic. This is the case if the system is strictly hyperbolic, i.e., the
eigenvalues of P(z,t,iw) are purely imaginary and always distinct.
One can prove

Theorem 6.2.2. If the system (6.2.1) is strongly hyperbolic, then the Cauchy
problem is well-posed. For every set of smooth data F = F{(xz,t), f = f(x)
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there exists a unique smooth solution. Estimates as in the one dimensional case
are valid; i.e., the solution is as smooth as the data.

Sketch of the proof. We use the theory of pseudodifferential operators and
refer to Eskin (1981, Chapter 5) or Nirenberg (1973). To conform with the
usual framework, we do not assume that the data and coefficients are 1-periodic.
Instead, we assume that F, f € C* and that the coefficients are constant outside
a bounded set. Because of the finite speed of propagation, this is no restriction.

Let ¢; = ¢;(x) denote a partition of unity where the support of ¢; has
diameter d; and sup; d; is sufficiently small. Also, at every point = at most
p functions ¢; are different from zero, p independent of x. We define the
pseudodifferential operator H(¢) by

Ht)v(z) = / H(z, t,w/|w)e¥™ 2 5(w) dw,
R*

Hw) = / e rilwzdy(z) dx.
Re
For sufficiently small d;

(u, Vg = ZRC (ujaﬂ(t)vj), uj = dju, v; = P;v,
J

defines a scalar product which is equivalent to the usual L,-scalar product. To
prove this, we define

H;(tv(z) = / H(zj,t,w/|w)e™ ™ pw)dw, z;€ support ¢;,
Rl
and note that
[IH(£)v; — H;@)v; || = O@iiv;].

This ensures that

1/2
"v"H(l) = ('U, 'U) HW®)

can be estimated from below by const ||v}}.
Let ¢ = ¢(jw|), ¢ € C*, denote a “cut-off” function with
_ [0 for0< || <1/2,
ol = { 1 for ] > 3/4.

We write (at each ¢)

H=H+H,



188 Initial-Boundary Value Problems and the Navier-Stokes Equations

where

Au(z) = f HN|w)) H(z, t,w/|w]) ™= 4(w) dw,
R-

fue) = / (1 = g(ko)) H, 1,0/l €7 2)0(w) duv.
R*

With these notations,
Re (uj, HPu;) = Re (u;, APu;) + Re(uj, HPuj)

= % (uj,(ﬂP+ P*H*)u_,-) + Re(uj,ﬂPu_.,-).

Again, HP 4+ P*H* is a pseudodifferential operator. The calculus of pseudod-
ifferential operators implies that its symbol has the form

¢(|w|)(H(z,t,w/|w|)P(z:, t,iw)+P*(z,t,iw)H(z,t,w/lwl)) + S(z,t,w).

The part multiplied by ¢ vanishes, and S(z,¢,w) is bounded. Hence, HP +
P*H" is a bounded operator. Because the factor 1 — ¢(|w|) in the definition of
H cuts off high frequencies, the operator HP is also bounded.
Therefore one obtains that
d
7 WHo < const (u, Wn) + (U, F)ag),

and the basic energy estimate follows.

6.3. Mixed Hyperbolic-Parabolic Systems and the
Linearized Navier-Stokes Equations

There are no problems in obtaining existence and uniqueness results, and esti-
mates of smooth solutions for mixed hyperbolic-parabolic systems of the form

63.1) u = Ps(z,t,8/0x)u + Ryp(x,t,8/0z)v + Ga,
v = Py(z,t,8/0x)v + Ra(x,t,8/0z)u + G,.
Here we assume that the uncoupled systems
% = Py(z,1,8/0z)a + G,
% = Py(x,t,0/02)5 + F

are second-order strongly parabolic and first-order symmetric hyperbolic, re-
spectively. The coupling terms R); and R, are general first-order operators.

(6.3.2)
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The proof proceeds as in the one dimensional case; we refer to Section 3.4.1.
The solutions are as smooth as the data.

One can also generalize this result to the case where the uncoupled systems
(6.3.2) are second-order parabolic and first-order strongly hyperbolic, respec-
tively. The proof for this more general case requires that one modify the L;-
norm to obtain the estimates.

We shall now discuss how these results apply to the linearized Navier-Stokes
equations. The (nonlinear) viscous compressible system reads

D .
P+ gradp= pAu + (1 + p') grad (divu) + oF,

D .
(6.3.3) Di p+pdiva=0, p=r(p),

2——6—+u2+v£+w—2
Dt~ ot oz 3y 8z°

Suppose U(x,t), P(x,t), R(x,t) are smooth functions with R > 0 and P =
r(R); these functions are considered as an exact or approximate solution of
(6.3.3). We substitute

u=U+v, p=P+p, p=R+/

into (6.3.3) and neglect all terms which are quadratic in the corrections w’, ¢/, p'.
If we drop the ’ sign in our notation, we obtain the linear equations

D D
Rb—tu+ngradp+R(u- grad)U+pBZU

= ulu + (u + y) grad(div u) + G,
I7]

wl2liviiw?l,
r 4

D o
(6.3.4) B ot 3 o

dr
K= E;(R)s

% p+ Rdivu+u- grad R+ pdivU=G,.

The inhomogeneous terms G, G> are determined by U, P, R and vanish if
U, P, R solve (6.3.3) exactly. Clearly, the equations (6.3.4) are of the general
form (6.3.1) with u = u, v = p. For u > 0, u' > 0, the second-order operator

3
pAu + (i + ') grad (div w) =: Y Ay;D;Dju

i,j=1
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is strongly parabolic since

3 3 3
> (o Ay =0 Yl + e+ (3 )
=1

ij=1 i=1

Here y; € R3 is arbitrary, and yﬁ"’ is the i-th component of y;. Thus the uncou-
pled u-equation in (6.3.4) is strongly parabolic as long as R(x,t) is bounded.
The uncoupled p-equation in (6.3.4) is symmetric hyperbolic since it is of first-
order and scalar.

We consider also the inviscid case u = p' = 0. Except for zero-order
terms and forcing functions, one obtains the first-order system (2.4.2) where

U, V, W, R are now (known) functions of (x,t). The symbol P,(x, t, iw) equals

U 0 0 x/R vV 0 0 0
w0 U 0o o} L fovo R
“to o U o “2lo o v o

R 0 0 U 0 R 0 V

w 0 0 0
+i 0O W 0 0
“’»>1o o w s/R)|’
0 0 R W
and the symmetrizer is
1 000
0100 )
H(x, t,w) = 001 0 , h=«k/R".
0 0 0 h

Thus the linearized inviscid compressible equations form a strongly hyperbolic
system if k = (dr/dp) (R) > 0. Again, as in the one dimensional case,
the symmetrization of the system is equivalent to the introduction of a scaled
density.

6.4. Short-Time Existence for Nonlinear Systems

Local (in time) existence results for nonlinear strongly hyperbolic, parabolic, and
mixed systems in s space dimensions can basically be derived in the same way
as in the case of one space dimension. However, the proofs become technically
more difficult because the Sobolev inequalities depend on the number s of
space dimensions. We first treat nonlinear symmetric hyperbolic systems in
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detail. Then corresponding existence results for parabolic and mixed systems
are stated.

6.4.1. Nonlinear Symmetric Hyperbolic Systems
Consider a symmetric hyperbolic problem

(6.4.1) w =Y BjwDju, B;=Bj,
i=t
(6.4.2) wz,0) = f(z), f€C®, [f(x)= f(z+e;).

As in the one dimensional case, we assume uniform bounds for the (real) coef-
ficients and their derivatives, i.e.,

8
(6.4.3) Y ID2 Biw)| < Kp, p=0,1,2,...,
i=l
for all arguments u € R™. These global bounds can be replaced by local bounds
in a neighborhood of the initial data if one applies the cut-off technique described
in Section 5.2.

We start with an a priori estimate of ||u]|g.+:. As it turns out, if this norm
is estimated in some time interval, then higher derivatives can be bounded in
the same interval. In the proofs we repeatedly use the Sobolev inequality (see
Theorem A.3.6)

Ploo < cllvlys i k> g
It implies that
1D ujoo < cllullys if |v|+[s/2}+1<k.

Here [s/2] is the largest integer < s/2, and c is a numerical constant independent
of u, v.

Lemma 6.4.1. Suppose that u solves (6.4.1)in0 < t < T. Then
d .
7 lelien <C{1+ 1w} in 0<e<T,
where C depends only on the constants Ky, . ..,K,> of (6.4.3).

Proof. Differentiation of (6.4.1) yields

8 L]
D*u, =) BjwD;D*u+Y. Y ca D*(Bj(w))D* Dju

i=1 =1 1gjal<v|
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where
!
V=), a=(ag,...q,), & =(a,...,a))
are multi-indices with a + o’ = v and
= ! ! 1 1 o! Al
ca =W v f(ar!...a! ay!...al)).

Therefore, the time derivative

l d v 14 _— 14 12

3 & (DYu,D"u) = (D"u, D" uy)
can be estimated in terms of
6.4.9) (D*u, Bj(w)D;D*u), j=1,...,s,

together with
64.5) (D"u, D"‘(B,-(u))Dﬂu), 1< ol < vl Jol + 18] = o] + 1.
The symmetry B; = B} and integration by parts yield

(v, Bj(w)Djv) = —(Dj (Bj(w)w, v) — (Bj(w)Djv,v),
and thus

(v, BjwDyv) = — ('v, D; (Bj(u))v).
One finds that for |v| < s+ 2,

(DY, Bj(w)D; D" u)

< const}Djulw IDYull? < comst [lul.42.

To estimate a term (6.4.5), we apply the chain rule and write

lo
D*(Bjw) =Y by C,D%u...D° u.

r=1 |joi|+..+lov|<|a|

Here each C,, consists of partial derivatives of the coefficient B; w.r.t u (and
C; acts as an r-linear map on D?'u ... D?ru.) According to assumption (6.4.3),
the C, are bounded. Consider first the case

la] +[s/21 +1 < s+ 2.
Then (by Sobolev’s inequality)

(6.4.6) [D%uloo < constijuf| ga+2,
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since |o;| + [8/2] + 1 < s + 2. Therefore,
i)

< const Y |Jullfas 1D ull | DPul
r=l|

(D"u, D*(Bj(u)) DBu)

< const g 132
r=I

Secondly, let

la| +[s/21+ 1> 84+2;
thus

Bl +1(s/2)+1 < 8+2.
{(Observe that |a| + |3 = |v] + 1 < s+ 3.) Then

|DPujoc < const ||ul|s+2,

-—

and we find that

l (D"u, D*(Bj(w)) Dﬂu)

< const Jlull}yess Y IID”u... D" ul.
o

If each |o;] is < s+ 1 — [3/2], then (6.4.6) applies; hence
D% ... D% ul| < const [fullfesz-

If, say, |o1| > s+ 1 —[8/2], then all other |o;| satisfy jo;| < s+ 1 ~[s/2], and
therefore

ID” u... D" ufl < |D”'ul| |D *ujoo ... | D" | < comst [fulffyuse.

Summarizing, the estimate
d 542
= Nl < const 3 Jull3#2,
r=1

is shown, and the lemma is proved.
The following result is an immediate implication of the previous lemma.
Corollary 6.4.2. There is a time T > O depending on || f||gys+:, but not on

higher derivatives of f, with the following property: If u solves (6.4.1),(6.4.2)
in0<t<T,then

ut, Ollges: <2 fllgr2in0<t < T
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Proof. If f =0, then u = 0. Thus let f # 0, and suppose that y(t) solves

d
Z¥® = C(1+y®***?), y(O) = |I£ll}s2,
dt
where C is determined as in Lemma 6.4.1. Then (by Lemma 4.1.2)
fluC, Ollgssz <y#) <2y(0) in 0Kt < T

for some T > 0.

We shall now show that all higher derivatives of the solution can be estimated
in the same time interval 0 < ¢ < T. The existence of a smooth solution is
assumed.

Lemma 6.4.3. Let T = T(||fl|g+2) denote the time of Corollary 6.4.2. For
everyp=0,1,2,..., there is a constant My, depending on || f|| gys+21+», with

[luC Ol gresz+r < Mp in 0<t<T.
Proof. For p = 0 the result is shown. Assuming it is proven up to p — 1, we

shall prove it for p > 0. To this end, let |v] = s+ 2 + p. As in the proof of
Lemma 6.4.1, we can bound

d v v
p (DYu, D’u)
in terms of (6.4.4) and (6.4.5). Since we already have the bound
|Dju|eo < 1Mo,
we find that

(D*u, B(w)D; D" u)| < c2|| D¥ ull>.

It remains to estimate

|(D"u, D°(Bj(u>)D"u) < D]l |1D®(B;@) DPu,

1<|e|<|vf=s+2+p, |o/+|B8l=35+3+p.
By Sobolev’s inequality we have that

(6.4.7) |D*uloo < cflullgs+ier <c Mp_y for |ul+(s/21+1<s+1+p.
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Case 1. o] +{s/2} +1 < s+1+p.
Then
|D?(Bj(w))|o < const by (6.4.7),

and ||DPul} < ljulj gro+2+».
Case 2. la] +[s/21=8+1+p; thus |B|+[8/2]+1<s8+2+p.
Then
1DPuloo < cllueflgesres,
and it remains to estimate
(6.4.8) |D%u... D u|o for |on|+...+ o] < ol

Case 2a. all |oy| <s+p-1[s/2]
The estimate of (6.4.8) follows by (6.4.7).

Case 2b. loy] > s+ p—(3/2).
Then oy =a, r=1, and thus
1D u]} < [lufl s < conmst.

Case 3. la| +18/21>s+1+p; thus |3+ ([s/21+1<s+1+p.
In this case |D%u|. < const by (6.4.7).

Case 3a. all |oy| <s+p-I[s/2].
We have bounded the term (6.4.8) in Case 2a.

Case 3b. loil > s +p—[8/2).
We cannot have |0 > s + p — [8/2] since otherwise
8+2+p2|lal 2o+ oz} =28+ 2p - 2[s/2) + 2.
Thus | D% u|e, ¢3# 1, is bounded by (6.4.7), and
ID% ull < Nlullgia < flullgerare.

To summarize, we have shown that

d
;E(D"u, D*u) < const |luliizes, Vl=84+2+p.
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If we use the notation

2
IulHl+2+P = Z (Duuv Dvu)’
lvl=s+2+p

then
d 2 2
ElulH.“ﬂ, < const (Mp_l + Julfae24p)s

and the induction step can be completed.

We shall now sketch the proof for the existence of solutions. To this end, we
consider the sequence of functions u* = u*(z, t) defined by the iteration

ut' =3 BhHDuF, 2,0 = f2), v, b) = f(@).
j=l1

Note that each function u* is determined by a linear equation. In the same way
as in Section 4.1.4, we can show the analogues of Lemma 4.1.5 and Lemma
4.1.6. The techniques to obtain the estimates are the same as used in the proofs
of Lemma 6.4.1 and Lemma 6.4.3.

Lemma 6.44. For a suitable time T\ = T(|| f]| ++2) it holds that

lu G, Dllgess <20 fllgess in 0 ES T

Lemma 6.4.5. Foreachj=s+3,s+4,...there exists K; with
lubC g <Kj in 0<t < T,

where T is determined in the previous lemma.

As in Section 4.1.4, we can use the uniform smoothness of the sequence
u*in0<t<T and employ Gronwall’s Lemma to show the existence of a
C*-solution in 0 < t < T). Uniqueness of a solution follows as in the one
dimensional case; see Lemma 5.1.1.

Theorem 6.4.6. Consider the 1-periodic Cauchy problem (6.4.1),(6.4.2). The
problem has a unique C®-solution u = u(z, t), defined for 0 < t < T. The time
T > 0 depends on || f||y-+2, but not on higher derivatives of f.
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6.4.2, The Compressible Euler Equations
In two space dimensions the equations without forcing read
1 1
ut+uuz+'UUy+;pz =0, vt+uvz+vvy+;py=o,

Pt + upz + vpy + pluz +vy) =0, p=r(p),

or in matrix form

u u 0 %r’(p) u » 0 O u
v] +]0 v O v] +10 v %r'(p) v| =0.
e/, p 0 u /. 0 p v ply

If v'(p) = g,'—,(p) > 0, then we can introduce a new density 5 by
9(p)
—\11/2°
v (9@)]"

This transformation leads to a symmetric hyperbolic system. In 3D we can
proceed in exactly the same way.

—op, Wea
P = 9(p), dﬁ(p) =

6.4.3. More General Nonlinear Systems

The local existence result stated in Theorem 6.4.6 can be generalized without
difficulties to
Symmetric hyperbolic systems

8
w =Y Bj(x,t,w)Dju+ Fz,t,v), B;j=Bj,

J=I1

where B; and F' depend smoothly on all variables.
One can also treat
Strongly parabolic systems

8
U =€ Z Di(Aij(z,)) Dju + F(z,t,u, Dyu,...,D,u)

i,j=1

8 8
Z (yi, Aij(z,t)y;) 2 6Z|y.-|2 , 6§>0, >0,
i=1

i.j=l1
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and obtain an existence interval depending on ¢ > 0. If the system becomes
symmetric hyperbolic for ¢ = O, then an existence interval 0 < t < T, T
independent of ¢ > 0, can be established. For ¢ — 0 the solutions of the
parabolic problem converge (along with all their derivatives) to the solution of
the hyperbolic problem. Proofs of these results have been given in Chapter 5
for one space dimension, but all arguments generalize.
Similarly, we obtain local existence for
Mixed hyperbolic-parabolic systems

U = z: D; (A.'J'(:L', t) D,-u) + F\(z,t,u, v, Du, Dv),
i,j=1

v = Z Bj(z,t,u,v)D;v + Fx(x,t,u,v,Du), B; = B;.
Jj=1

Further generalizations to general parabolic systems, strongly hyperbolic sys-
tems (with smooth symmetrizers) and mixed systems can be obtained by chang-
ing the L,-norm. We refer to Sections 6.1.3 and 6.2.2.

These results establish short-time existence for the compressible viscous or
inviscid Navier-Stokes equations. In the inviscid case, the usual assumption of
dr/dp > 0 for the equation of state p = 7(p) is required to ensure hyperbolicity.

6.5. A Global Existence Theorem in 2D

To begin with, we consider a parabolic system where the first-order terms are
in so-called self-adjoint form:

(6.5.1)u, = % {Dy(A(w)u) + A(u)Dyu} + % { DAB(uyu) + B(w)Dyu} + eAw,
€e>0, A, BeC®, A=A", B=B".

(In this section ¢ is arbitrary but fixed.) As before, we assume an initial condition

6.5.2) wz,y,0) = f(z,y), f€C™>, f1-—periodicinzx andin y.

According to Section 6.4, there is a time T > 0 and a C*-solution u defined
for 0 <t < T. We use the notation

J2(®) = |\ DiuC, O + IDjut, 02, i=12,...,

and start with a simple a priori estimate.
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Lemma 6.5.1. Suppose that u is a smooth solution defined for 0 < t < T.
Then there are constant K,, K> with

6.5.3) lut, 0l <K, 0<t<T,
T
(6.5.4) / Jir)dr < K,.
0

Proof. Integration by parts gives us
1d
2dt

Integrating w.r.t. t, we find that

Nut, DI = (u, uy) = e(u, Au) = ~eJ2(2).

4
e, DI + 2¢ /o Brydr = | £,

and the lemma is proved.

Now consider a parabolic system
(6.5.5) u = A(u)u, + B(u)uy + eAu, €>0,

where A, B € C™ are not necessarily symmetric. We assume that the coeffi-
cients grow at most linearly for large arguments:

(6.5.6) |A@)] + |B(w)| € K3(1 + |uf), u€R™.
The following lemma contains the key result of our global existence theorem.

Lemma 6.5.2. Suppose that u is a smooth solution of (6.5.5),(6.5.2) defined
Jor 0 <t < T. If we assume the bounds (6.5.3),(6.5.4),(6.5.6), then

T T
sup J2(), / By dr, / e, T, dr
0<t<T 0 o

are finite.

Proof. Using (6.5.5), we obtain
1d

2 dt le(t) = (uti u.‘tt) + (uv, uyt)

= ~(ugz,us) — (uml’u')
= —(tzz, A(W)uz) — (Uzz, Bw)uy) — (uyy, AW)us) — (uyy, Bu)uy)
~ ellAul?
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< {1a@leolluzl + 1B@llugh } { lueel + gyl }
— el Aujf?
< i1 + Juloo) i J2 = €| Aul?.
One shows easily that
AUl = [luzeli? + llugy® + 2uzz, uyy)
= B + 2uzy, uzy) > I3,
and therefore,
21 < 0ot + w2 )R - Slaul
dt 2
In Appendix 3 (see (A.3.7)) we prove the special Sobolev inequality
el < Clluli(J2 + lul).

Together with assumption (6.5.3) we obtain that

d
6.5.7) ZJE < (1 + I} - S| AulP.
dt 4
Let us now show the bound for .Jy(t). Clearly,
d d
2']‘;1-{]' = Zi?]‘z < (1 + JH)J2,
and if we set
1
Bty = SC(1 + JHty),
then
d
E{Jl(t) < BB, 0<t<T.
This yields

t
Ji(8) < Ji(O)exp{ / Arydr),
()}
and with assumption (6.5.4) we conclude that
1
At £ Jl(o)exP{ECJ(T + K7)}.

Thus we have proved a bound for J;(¢).
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If we use (6.5.7) again and observe that J7 < {|Au])?, then
T
/ JH7)dr < o
)

follows. The special Sobolev inequality implies that foT |u)?, dr < oo, and the
lemma is proved.

Let us assume that also the first derivatives of the coefficients in (6.5.5) grow
at most linearly for large arguments:

(6.5.8) |Au(@)| + |By(@)| < K4(1 + Ju]), u€R™

Then we can apply the same technique to the differentiated differential equation
(6.5.5). As a result, one obtains

Theorem 6.5.3. Suppose that u € C* is a solution of (6.5.5),(6.5.2) defined
Jor 0 < t < T. We assume the bounds (6.5.3),(6.5.4) for u = u(x,t) and the
bounds (6.5.6),(6.5.8) for the coefficients of the differential equation. Then

T T
sup Ja(?), / Ji(r)ydr, sup |u(-,), / {IDyul%, + |Dyufs,} dr
0<t<T 0 0<t<T 0

are finite, and consequently u can be extended as a smooth solution beyond T.
If a priori bounds (6.5.3),(6.5.4) (with K; = K;(T)) hold for any finite time
interval, then u exists for all time.

Proof. Differentiate (6.5.5) w.r.t. z and w.r.t. y to obtain

3 I = e, eer) + gy )
= —(Uzze, Uzt) — (Uyyy, Uyt)
= ~(Uzae, (A(W)uz)z) — (Uzzz, (B(u)uy)z)
— (uyyys (AQuuz)y) — (uyyy, (B(uluy)y)
— e(Ugzz, Aug) — €(uyy,, Auy)
< O\l + |uooX(JTE + ) — eJE.
(To obtain the above inequality, we observe that

~(Ugzg, Dug) = —“u.rzzuz ~ (Uexy, uzzy) < _uuzzzllz-)
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The inequality for (d/dt)J? yields

d
a.1; <Gl + [uP )J} + I — e,

and the desired bound follows from Lemma 6.5.2. This process can be con-
tinued, and by induction we obtain bounds for all derivatives. The remaining
statements can be shown by the general arguments given at the beginning of
Section 5.4,

Notes on Chapter 6

Petrovskii (1938) proved the existence of solutions of the Cauchy problem for
strictly hyperbolic equations. The proof was simplified by Leray (1953), who
constructed a symmetrizer. Kreiss (1963) generalized the construction to the
case where the algebraic multiplicity of the eigenvalues of the symbol P(z, ¢, 1w)
does not change. In this case the symmetrizer can be chosen as a quotient of
differential operators. The smoothness of the symmetrizer is a major problem
when the multiplicity of the eigenvalues changes. Besides the trivial case —
when the system is symmetric and H = I — no general theorem is known.

Recently Clarke Hernquist (1988) was able to construct a smooth symmetrizer
for a particular class of symbols with changing multiplicity. The class of cor-
responding differential equations was introduced by John (1978). For the con-
struction of the symmetrizer for parabolic systems sce also Mizohata (1956) and
Kreiss (1963).



7 Initial-Boundary Value
Problems in One Space
Dimension

In applications the interesting phenomena frequently occur near the boundary,
and consequently the formulation of boundary conditions plays an important
role. In this chapter we treat problems in one space dimension with an interval as
spatial domain. After discussion of the heat equation as a specific example, more
general parabolic systems will be considered in Section 7.2. The energy method
in its discrete and continuous form will be employed to show well-posedness
under Dirichlet and Neumann boundary conditions. For more general boundary
conditions, the Laplace transform method is the appropriate tool, and we present
it in detail in Sections 7.4 and 7.5. If a determinant-condition is satisfied then
the problem is strongly well-posed in the generalized sense. Important concepts
of well-posedness for initial-boundary value problems are discussed in Section
1.3.

For hyperbolic equations the characteristics play, of course, an eminent role
in determining correct boundary conditions: Values for the ingoing character-
istic variables must be provided. If this is the case and if the solution is not
overspecified at the boundary, then the hyperbolic problem is well-posed. Also,
we will derive boundary conditions for mixed hyperbolic-parabolic systems and
will apply the results to the linearized (compressible) Navier-Stokes equations.

203



204 Initial-Boundary Value Problems and the Navier-Stokes Equations

A unified view of all results which can be obtained by the energy method is
given in Section 7.8: The energy method applies if the spatial differential op-
erators are semibounded on the space of functions obeying the (homogeneous)
boundary conditions.

Throughout this chapter we restrict ourselves to linear problems, but — as in
the periodic case — nonlinear equations could again be treated by an iterative
process. The presence of boundary conditions does not lead to essentially new
difficulties. We refer to Chapter 8 for some further remarks.

7.1. A Strip Problem for the Heat Equation

Consider the heat equation
(7.1.1) Uy = Uz

inthe strip 0 < £ <1, t 2 0. As we did earlier, we prescribe an initial
condition

(7.1.2) uwz,0)= f(r), 0<z<l
Here f is assumed to be real. In addition, we require the boundary conditions
(7.1.3) u(0,t) = u(1,t) =0, t>0.

We want to obtain a solution u(z,t) which is smooth, including at the “cor-
ners” (z,t) = (0,0), (z,t) = (1,0) of the strip, and need compatibility condi-
tions to be satisfied. Before discussing this further, let us try to find a solution
using a series expansion.

Solution in series form. The first step is to construct special solutions of the
differential equation which satisfy the boundary conditions. These are functions
in separated variables: Introducing

(7.1.4) u(x, t) = eMi(z)

into (7.1.1) and (7.1.3), we find that ii(x) must be a solution of the eigenvalue
problem

(7.1.5) Upy = All, @(0) =1a,(1)=0.
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ty
u=0 U=0
=0 ud %=1 X

FIGURE 7.1.1.  Strip problem for the heat equation.

The solutions of (7.1.5) are given by
R .1
ij(x) = aq; sm(] + -2-)1r:c,
1\2
Aj= -(j+ 5) , j=0,12...,
and therefore the special solutions (7.1.4) read
Wz, 1) = aje" U+ sin(j + 1)n, i=0,1,2,....

2

Any finite sum of these functions clearly satisfies the differential equation and
boundary conditions. If the given initial function f(x) can be expanded in a
series

o0
f(x)= Z fJ sin(j + %)m}:
j=0
which converges sufficiently fast, then

oc
(7.1.6) wa, =Y f; e-Grhiet sin(j + l)m
=0 2

is a classical solution of the initial-boundary value problem (7.1.1)7.1.3).

Uniqueness. For simplicity we consider only real-valued functions and define
the L,-scalar product and norm by

}
(9, h) = fo d@h@dz, |9l = (9, 9).
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The rule of integration by parts reads
(g, he) = —(gz,h) + ghly, ghly = g(1h(1) ~ g(O)h(O).

Suppose v and v are two solutions of the initial-boundary value problem (7.1.1)-
(7.1.3). We obtain, for w =u — v,

%(w, w) = 2w, wy) = 2(w, wzz)
= —2jwz || + 2ww, |,
= —2Jhw. | <0,
i.e., lw(, t)|? < |lw(-,0)]|> = 0. Thus w = 0, and the solution is unique.

Compatibility conditions, generalized solutions, smoothing. Suppose the sirip
problem (7.1.1)+(7.1.3) has a solution u(x, £) which is C>*-smooth in 0 < z <
1, t > 0, i.e., up to the boundary and the initial line. This implies that f € C>,
and the initial data are compatible with the boundary conditions:

f0)=u(0,0) =0, f(1)=u;(1,0)=0.
Differentiating the boundary conditions with respect to ¢ and using that

Ugy = Uzt = Uter = Ugzzry CIC.,

we find that
& aZu d2u
0 = gt—uu(O, 0) = W U(O, 0) = d_z'ﬁ f(o)a

o v+1 d2u+l
0= Wux(],O) = T u(1,0) = prvras] f(hy, v=0,12,....

This yields necessary conditions for f if we want a solution which is C'*°-
smooth in 0 < z < 1, t > 0. The easiest way to comply with these conditions
is to assume that f € C*° is identically zero in a neighborhood of z = 0 and
Tz =1. Let

C0,1) = {f € C®(0, 1)| there is € = e(f) > 0

such that f =0 outside e <xr <1 — e}.

One can show: If f € C§°(0, 1), then the formula (7.1.6) defines a solution
u(x,t) of the strip problem, which is C*-smoothin 0 <z <1, ¢ > 0. An
estimate as in the uniqueness argument given above shows that
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HuG B2 < IF2, t>0.

Since the set C§°(0, 1) is dense in L), we obtain a generalized solution for all
initial functions f € L, by the usual extension of the solution operator. One
can show that the generalized solution is C>*-smooth for 0 < x < 1, t > 0.
Indeed, the formula (7.1.6) remains valid for f € L, t > 0. Forall f € L,
the solution u(z, ) depends even analytically on the argument (z.t) for ¢t > 0.
This follows from the exponential decay of the coefficients in (7.1.6).

A priori estimates of derivatives. We want to give another existence proof
using a difference approximation. First let us derive the a priori estimates for
the solution. Suppose that u(x, t) solves the strip problem and is C'>°-smooth
in0<z<1, t>0. We have seen that

2,0 = 2l 0, and thus [l < 11
Differentiation of (7.1.1) and (7.1.3) with respect to ¢ gives us for V= U
Yy = Vg, 0<z<1, t20,
v(z,0) = fzz(2), 0<z<l,
v(0,8) =v,(1,$) =0, t2>0.
Therefore,
MezzC O = llueC, DI < (| S22l ¢ 20.

Repeating this process, we find estimates for all time derivatives and the space
derivatives of even order. Sobolev inequalities imply bounds for the remaining
space derivatives, and estimates for mixed derivatives follow from the differen-
tial equation.

The difference scheme. We shall now approximate the strip problem by an
ordinary initial value problem. Let N be a natural number, let b = 1/N
denote the gridsize, and let z, = vh,v = 0,..., N, denote the gridpoints. The
gridfunction v(t) with components

v,,(t)=v",'(t), t>0, v=0,...,N,

will approximate u(zx,,¢). We replace (7.1.1), (7.1.2) by

d
(7.1.7) 0@ =D- Dyv(t), v=1...,N-1,

vy(0)=f(.’t.,), V=1"")N_l-



208 Initial-Boundary Value Problems and the Navier-Stokes Equations

The boundary conditions (7.1.3) are replaced by
(7.1.8) vt)=0, Dyun_1()=0.

The equations (7.1.8) can be used to eliminate vy and vy from (7.1.7), and one
obtains an ordinary (linear) initial value problem for v;,...,vy_;. Thus there
is a unique solution v(t) = v"(t) of the above difference approximation.

Estimates for v"(t) and the limit h — 0. We shall estimate all difference-
differential quotients of v = v" independently of h. To this end, let us introduce
some notation. If v, w are (real) gridfunctions, their discrete L,-scalar product
and norm* are defined by

N-1
(7.1.9) Wwh =h Y v, [v] =@ 0.

r=]

In analogy to integration by parts we have
Lemma 7.1.1.  For all gridfunctions v, w it holds that

W, D_wp = —(Dyv,w) + vNWN-) — V1 Wp.
Proof. The formula follows from

N-1

(v, D_w)p + (Dyv,w)p = Z [vpwy — wy1) + Wiy — )]
i

<
]

2

-1
[—vau—l + vv+|wu] = UNWN-| - VW,
1

I

v

In the next lemma, we let v(¢) = v"(¢) denote the solution of the difference
approximation defined above.

Lemma 7.12. Assume that f € C§°(0, 1) and define f(x) = 0 for x ¢ (0,1).
For every q =0,1,2,..., there is an hy > 0 such that

& vh(t)

e < @D, S ho

h

(Here f" denotes the initial function restricted to the proper grid.)

*Since the expressions (7.1.9) ignore the boundary data v, vy, eic., we obtain a scalar product
and norm on the space of gridfunctions defined on the interior grid zy,...,zx_;.
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Proof. Using the discrete boundary conditions and Lemma 7.1.1, we find that

1 d dv
5 a(vy v)h - (vr Et')h = (‘U, D_D.','U)h
= —||D;v|} + vy Dyvn_i— v Dywp
= —||D4 |} - h|D4wf® <0,
and therefore,

lv@I? < o2 = 7 3.

This proves the statement for ¢ = 0. Now let w = dv/dt. Differentiation of
(7.1.7) and (7.1.8) with respect to ¢ yields

:;—lt- w,@)=D_D,w, (), v=1,....N-1,

wo(t) = Dywn-1(t) = 0.
The initial condition for w reads

w,(0) = gt-v,,(O) =D_Dyv,0), v=1,.., ,N-1

Here v,(0) = f%, v =1,...,N — 1. Furthermore, using the boundary condi-
tions to determine v, vy, we obtain that

w0 =0, on@ =vn_10)=fh_,=0=f}
if h is small enough. This shows that
v0)=f!, v=0,...,N, h<hy,
and therefore,
w,0=D_D,ft, v=1,....N—1, h<hy.
Thus we obtain, as before,

<ID+D_f*la. k< ho.
h

This process can be continued and the lemma follows.

d:
lwit)lln = ;gm

The discrete norms ||(DD_)? f*||,, approach ||d®f/dz*?|| as h — 0, and
thus they are bounded independently of k. Therefore we have estimates for all
time derivatives of v"(¢) which are independent of k. Interpolation leads to a
solution of the strip problem for k — 0:
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Theorem 7.1.3. Assume that f € Cg°(0,1). Then the initial-boundary value
problem (7.1.1)-(7.1.3) has a unique solution

UEC®O<r<l t>0).

Proof. Note that

d—;ti O =D_Dyv,8), v=1,.. N-1,

implies that

dzv,, V]

a0z O =D_Dy)v,@), v=2,...,N-2.
In general,

div,

(D-Dy)(t) = die

#, v=gq,...,N—gq.

If we introduce the notation

s
(u, v)r,s =h Z Uy Uy, "u"i_g = (U, u), 4,

v=r

then
(D_D)W " ®llgnv-q < DD f*ln, k< holg).

Thus we have bounded the divided differences with respect to x. By the results
of Appendix 2 we can interpolate the gridfunctions v"(¢) with respect to = and
obtain C°-functions w"(x, t) which are uniformly (with respect to h) smooth,
In the same way as in the periodic case, we can send h — O and apply the
Arzela-Ascoli theorem to obtain a C'°-solution u of the strip problem.

Smoothness of the generalized solution for t > 0. Let f € L,, and consider
a sequence f* € C§°(0, 1) with

lim |If - £ =o.

By definition, the corresponding solutions u* converge to the generalized solu-
tion u belonging to the initial function f.

For t > 0, we can derive estimates of the derivatives of u* which depend
only on || f*|| but not on derivatives of f*. As before, this implies smoothness
of the limit u for ¢ > 0. To show the estimates, we first recall that

d .
Sk = ~2)ud)? <,



Initial-Boundary Value Problems in One Space Dimension 211
ie.,
(7.1.10) e oI < PR 2 /0 b, DI dr < JI741P.
Also,
dit {t@k,ub)} = 26k, uf) + |Juk|?
= 2k, uE) + k|

= [lufI? — 2l |-

(Note that u*_(0,t) = u¥(0,t) = 0.) Using (7.1.10), integration from O to ¢
gives us that

1 t
b < 3 U4 - [ 2l .

This process can be continued, and we can bound

L II ( I
in terms of || f*||>. Then we can argue as in Section 3.2.6 and obtain

Theorem 7.14. Let f € Ly, and let u denote the generalized solution to the
strip problem. The function u is a C*®-smoothin0 < x <1, ¢t > 0; i.e., uis
smooth up to the boundary for t > 0.

7.2. Strip Problems for Strongly Parabolic Systems

In this section we consider parabolic systems

(7.2.1) uy = Az, tuz. + Bz, thu, + C(z, tyu =: P(z,t,8/8x)u
inthe strip0 <z <1, ¢t > 0. At time ¢t = 0 we give initial data
(1.2.2) wz,0)= f(z), 0<z<l

As boundary conditions we require n linearly independent relations between the
components of u and u, at each boundary point = = 0,z = 1; i.e., the boundary
conditions have the form

(7.2.3) Ljou(js t) + leuz(jy = 01 J = 09 11
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with constant n x n matrices Ljo, Lj). The n x 2n matrix (L;o, L;;) has rank

n for j = 0 and j =1 since the boundary conditions are linearly independent.

The matrix coefficients A, B, C in (7.2.1) are assumed 10 be C°°-smooth.
Furthermore, we require that

(7.2.4) A, t)= A", ) >6Iin 0<z <1, 0<t<T,

for some § > 0; i.e., the system (7.2.1) is symmetric parabolic. For the initial
function f we assume that

fecgo .

All functions and matrices are taken as real, for simplicity. The constants c;, c3,
etc. introduced below will depend on the time interval 0 < ¢t < T, where T is
arbitrary but fixed.

Extensions. The reader can generalize all arguments from the real to the com-
plex case and assume, instead of (7.2.4),

Alx, )+ A%z, t) >26Iin 0<zx <1, 0<t<T.

This generalization (to a strongly parabolic system) essentially requires one to
replace 2(u, Auz;) by (Auzz, u) + (u, Auzz) in the arguments given below. We
refer to Section 3.1. Also, without difficulty, one can add a smooth forcing F' =
F(z,t) in (7.2.1). Furthermore, the coefficients in the boundary conditions could
depend on t. This would make the proofs technically slightly more complicated,
however.

Solutions in series form. Boundary conditions of the general form (7.2.3) can
be motivated as follows: If the coefficients A, B, C do not depend on time,
then we can try to solve the strip problem by the same technique as in the last
section and first construct special solutions in separated variables. The ansatz

u(z, t) = eMiz)
leads to the eigenvalue problem
Aliye + B, + Cili = A,
Ljod() + Lj1#:(G) =0, j=0,1.

For the ordinary differential equation (7.2.5), the above boundary conditions are
well established. In fact, under quite general additional assumptions, one can
show that the eigenvalues form a sequence A; with Re A\, — —oo, and that
an arbitrary f € L, can be expanded in terms of the functions which span the

(7.2.5)



Initial-Boundary Value Problems in One Space Dimension 213

invariant eigenspaces. If this is the case, the strip problem can be solved as in
the last section in series form.

7.2.1. Solution-Estimates under Various Boundary Conditions

The basic energy estimate. If the coefficients A, B, C are time dependent,
the above approach of series expansion does not easily apply. When can we
expect a unique solution of the strip problem (7.2.1)(7.2.3)? In order to derive
sufficient requirements on the boundary conditions, let us suppose that u is a
C*-solution and let us try to derive the basic energy estimate. Recall the rule

of integration by parts:
1
(9,hs) = /0 (9(z). ho(2)) dx

= —(gz, h) + {g(1). (D)} — {9(0), h(0)).
Equation (7.2.1) gives us that
1 d

5 FwwW s @ Auzg) + e {llull Juzll + lul?}

= (u’ (Auz).t) - (u, Ay ug) + ¢ {"u" "u-'lf" + ”“"2}

< (g, Aug) + (u. Auz)|y + ca{llull Juzll + llul*}

6

< =llusl? + (u, Aus)|g + 5 luel? + esfful>
In order to obtain the basic energy estimate, we arrive at the following condition,
which we call the
Requirement for an energy estimate. For all functions v = w(z), w € C™,
which satisfy the boundary conditions
the estimate

6

2.7 {w, A(-,t)wx)u, <3 flwel® + cjjwlf?, 0<t<T,

holds.* Here ¢ may be dependent on T but not on w.

*The value 5/2 of the coefficient of |jw:||? can be changed to any other positive value without
altering the requirement. This will follow from the considerations below.
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Before we discuss this requirement further, we shall treat the important special
cases of Dirichiet and Neumann boundary conditions. The above requirement,
which leads to the basic energy estimate, does in fact imply the existence of a
unique smooth solution u of the strip problem. We shall prove this below using
a difference approximation.

Dirichlet conditions. The simplest boundary conditions are the so-called
Dirichlet conditions

u(0,t) = u(1,t) =0.
If they are imposed, then the boundary term in (7.2.7) is zero.

Neumann conditions.  These are of the form
uz(j,t) + Ljou(j,1) =0, j=0,1.
If w fulfills (7.2.6), then
(w, AC, tywz)], < cf [wOF + Jw(D},
and we can use the Sobolev inequality (see Appendix 3)
[wi, < ellwe]? + wl?, €>0,

to show (7.2.7).

Mixed conditions. Clearly, we can also require a Dirichlet condition at one
boundary point and a Neumann condition on the other. If A(0,1?), say, is di-
agonal, we can use a Dirichlet condition for some components of «(0,) and a
Neumann condition for the others. If A(0, ) is not diagonal but has a complete
set of eigenvectors, then we can introduce new dependent variables % so that
the matrix A(0, £) becomes diagonal. For & we can impose boundary conditions
of the form described.

The general case.  To discuss the general case of boundary conditions (7.2.3),
first note that the requirement imposed by such a condition remains the same if
we multiply the conditions with a nonsingular matrix on the left. For example,
if L;; is nonsingular, we can assume a Neumann condition at z = j; and if
Lji =0, we can assume a Dirichlet condition at x = j. If rank Ljj =r;, 1 <
r; £n — 1, we can assume that

I
Lj = (L(;" ) , L;l of size r; X n, rankLJ’-l =Tj.
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Partitioning L;o correspondingly, we “split” the boundary conditions into a
Neumann and a Dirichlet part:

LiuzG,0 + LiuG, ) =0, Ligu(,t)=0, j=0,1.
The following result from linear algebra will be applied at each boundary point.

Lemma 7.2.1. Let A € R™" be arbitrary and let Ly,Ly, € R™" be of the

Jorm
(L _(L }r
ne(0) o) i

where rank L,’ = r, rank (Lo, L) = n. The following conditions are equivalent:
(i) There exists a constant ¢ > O such that

(7.2.8) I(w, Aws)| < clwf?
Jor all w, w, € R™ which satisfy

(7.2.9) Lyw, + Low = 0.
(i1) If a, b € R™ are vectors with

(7.2.10) Lib=0, Li'a=0,
then |
(.2.11) {a, Ab) = 0.

Proof. (i) = (ii): Let a, b satisfy (7.2.10), and choose &, € R™ with
Ly, + Loa = 0.
Considering the vectors
wr =Wz +Pb, BER, w=a,
we find that
(w, Aw;) = (a, Aw;) + 3{a, Ab).

Since (7.2.9) is fulfilled for any 3, there exists — by assumption — a bound of
the right-hand side which is independent of 3. This implies (e, Ab) = 0.

(i) => (i): Let w, w, satisfy (7.2.9) and decompose*

*ker L = {s|Ls = 0} is the kemel or nullspace of L. By S+ = {s|(s,v) = 0 for ail
v € S} we denote the orthogonal complement of a subspace S.
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wy =w, +w?, w,€kerL!, w!e (kerL!)*.
Clearly, L}!w = 0, and therefore (ii) implies that

(w, Aw;) = (w, Aw]).

If 51,..., 80—, denotes a basis of ker L], then w/ fulfills the matrix equation
L
T
S
! wf,' = —Lo w.
T
sn—r

The system-matrix is nonsingular; thus one can solve for w, and the estimate
(7.2.8) follows.

Remark. Condition (ji) states geometrically that the kernel (= nullspace)
of L§! is orthogonal to the A-image of the kemel of L{. Since ker L}’ has
dimension r and ker L/ has dimension n — r, and since A is nonsingular in our
application, we obtain that the equality

(7.2.12) ker L{ = {Aker LD} *

is an equivalent formulation of (ii). Formally, condition (ii) is also applicable
for Dirichlet and Neumann conditions characterized by

ker L] =R", kerL{! = {0}
and
ker L = {0}, kerL}' =R",

respectively. If the boundary conditions are neither of Dirichlet nor of Neumann
type, then (7.2.12) puts a severe restriction on A.
We apply the previous lemma to show

Lemma 7.2.2. There is an energy estimate (see (71.2.7)) if and only if

(72.13) Lib;=0, Lifa;=0, j=0,1, a;, b €R",
implies that
(7.2.14) (aj, AG,O)b;) =0, j=0,1, 0<¢t<T

Proof. First assume that (7.2.14) holds for all vectors with (7.2.13). By the
previous lemma,
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[(w), AG, D) < e, D|w()[ .

The proof of Lemma 7.2.1 shows that ¢(j,t) can be bounded uniformly for
0 <t < T. An application of Sobolev’s inequality

[wl, < eflwaf? + dOffw]®>, €>0,

shows (7.2.7).

Conversely, suppose that (7.2.7) holds for all functions w with (7.2.6). Since
— for each fixed ¢t — the vectors w(j,t), w.(j, 1), j = 0,1, can be prescribed
arbitrarily, it is necessary that an estimate

[(wti, B, AG, .G, )] < o, O|wG,
holds. (The right-hand side of (7.2.7) cannot be used to bound a term |w(j, t)lz.)
Another application of Lemma 7.2.1 finishes the proof.

For later purposes we show

Lemma 7.2.3. Suppose the matrix function A satisfies (1.2.4) and suppose
the requirement for an energy estimate to be valid. Then the n x n matrices

L! )
j1 .
y ]=0$19
(LJ’-({

Proof. Otherwise there exists a vector a; # 0 with
Laj =0, Lija;=0.
Condition (7.2.14) implies that
{a;j, A(j,t)a;} =0,

are nonsingular.

in contradiction to (7.2.4).

A priori estimates of the solution and its derivatives. Suppose that the bound-
ary conditions are such that (7.2.7) holds; i.e., there is an energy estimate.
Furthermore, assume that u is a C°°-solution of the strip problem. Clearly,

d
= vl <clul?, 0<t<T,
and thus

lu( I < KIFI?, 0<t<T.
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We want to show that we can also estimate the derivatives of u; we set v = u,.
Differentiation of (7.2.1), (7.2.3) yields

vy = Avy, + By, + Cv+ Piu, Pou = Ajuye + Biug + Ciu,
Ljov(J, ) + Lj1v:(j,) =0, j=0,1.

Thus, except for the inhomogeneous term P,u, the time derivative v = u;
satisfies the same differential equation and boundary conditions as u. By (7.2.1),

ltacll = l4="0 — A~ Bu, — A~ Cu
< erflivll + lluzll + flull}.
Using the Sobolev inequality

Huzll < elluzzll + cle)l|ull,

we obtain that
(7.2.15) gzl + luzll < e2{livll + lull},
ie.,
Peull < es{llvll + [lull}-
As before,

d
Flol® < 20, Avea) + ea{livll llell + llvll® + flul®}

< es(lol® + Juli?)-
Since we have already a bound for [|z||, we obtain an estimate for v = u;. By
(7.2.15) the space derivatives u,, u,, are also bounded. Repeated differentia-

tion with respect to ¢ gives us the desired estimates. We summarize the result
in

Lemma 7.24. Suppose that the boundary conditions are such that the re-
quirement for an energy estimate is fulfilled. Given any nonnegative integers
p, q and any time T > 0, there exists a constamt K = K(p, q,T) such that

2
S K“f“i]aﬂo

arte
l 9t19z? u(': t)

in 0 <t <T. The constant K is independent of f € C§°(0,1).
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7.2.2. Existence of a Solution via Difference Approximations

The difference scheme. The notations for the gridsize h = 1/N, the gridpoints
Zo, ..., &N, elc., are the same as in the last section. We replace the strip problem
(7.2.)~(7.2.3) by

(7.2.16) dv,(®)/dt = A, D_D,v,(t) + B,Dyv,(t) + C,v(t)
=: Q(z,, v, (t), v=1,....N—-1,
(7.2.17 2,(0) = f(z,), v=1..,N-1,
Loovo(t) + Loy Dy vo(t) = 0,
Liovn(@) + Ly Dyon—i(t) = 0, t>0

The discretized boundary conditions can also be written in the form
(Lo1 — hLop)vo(t) = Loywi(?),
(L1 + hLp)un(t) = Lyvn-1(®).

We assume the requirement for an energy estimate to be valid. Then it follows
from Lemma 7.2.3 that the above equations can be solved for vy(t), vn(t) if h
is sufficiently small. Thus we can eliminate vy and vy from (7.2.16). Therefore
the difference scheme has a unique solution v(t) = v*(t) for 0 < k < hy.

(7.2.18)

The basic estimate. In the following we estimate the solution v”(f) of the
difference scheme independently of h; we start with

Lemma 7.2.5. There is a constant K and a step-size hy > 0 with
W ®I; < KR, 0<t<T,
Jor0 < h < hy.

Proaf. a) We remind the reader of the notations

N-1 N-1
(v,w)p, =h Z(vmwv)a v, w)O,N—l =h Z(vm wv>’
v=1 v=0

the discrete ‘integration-by-parts rule’
(v, D_w)p = —(Dyv,wp + (vN, wn_1} — (v1, wo)

= —(Dyv,wo,N-1 + (vN, wN-1) — (v0, W),
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and the product formula
AD_w = D_(Aw) — (D A)E 'w.
b) The difference equations (7.2.16) yield

2 & @0 < @, AD_Dy o+ {lolln NDovlla + oI},
where
(v,A D_D,v), = (v. D_(AD,v)) n = (v, (D-A)D_v) A
=—(D4v,AD;v)o.n-1
+ (vn, An—1Djon—i) — (vo, AoDyvo)
— (v, (D_A)D_v),.

Since the pair vo(t), D vp(t) satisfies the boundary conditions at « = 0, we
obtain, from (7.2.8),

|(v0, 40 Dy v0)| < calool?.
Also,
(v, AN1Dyvn-y) = (vn, ANDyon-1) — (vn, (AN — An-1)Dyun-1)
< clon P + cshlon| |Divn_|
< ca{lon | + ¥|Dyon-1 |}
< ca{lon? + RID+vlF N1 }-
Finally, || Dov|ls < || D4vl|s, and
[(v,(D-A)D_v)p} < csllvllnllDyvllo.n -1
< eollolly + NP ulB.x 1.
Therefore we have the estimate
% gi("’ ) S(—g + ah) 1D+ n—s
+ ca(lvol® + lon ?) + erllvli}
Using the discrete Sobolev inequality (see Appendix 3, formula (A.3.15))

2 2 2
max v < D.v + c(
1<pEN~1 | V| = 6" + "h f)""""in
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we obtain
vl = [v1 — hDyvof? < 2|0 + 2h%| Dy wof?
< Qe+ 2M)| D4 vlif -y + csllvl;-
A similar estimate holds for |vx|>. Choosing € = §/(16c4), we find that

3 S0l < (= +eh) Dy ol vy + ol
This proves the basic estimate for all sufficiently small h.
Estimates of derivatives, existence, smoothing. In a similar way as in the last

section, by considering the difference equations satisfied by w = dv/dt, we also
can estimate derivatives.

Lemma 7.2.6. Suppose that f € C3°(0, 1) and define f(x) = O for z ¢ (0,1).
As before, assume the requirement for an energy estimate to be valid. Given any
nonnegative integer q and any T > 0, there is a constant K and a step-size
ho > O with

”m”"“’" <K {ID-D '3+ I3}, 0<t<T,

for0 < h < hy.
Proof. The function w = dv/dt satisfies the difference equations
dwv/dt = Qz,, hw, (@) + Qi(z,, )0, (@), v=1,...,N-1,
and the same boundary conditions as v. The initial data are
w,(0) = dv,(0)/dt = Q(z,,0v,(0), v=1,....,N-1.

Here v,(0) = f(z,),v=1,...,N -1, by (7.2.17). Using (7.2.18) one obtains,
for sufficiently small h,

v0(0) = v1(0) = 0 = f(x0),
and thus
wu(0)=Q(zv,0)f(xu), v= l:"'iN_ 1.

We can proceed in-exactly the same way as for the a priori estimate of u; and
show that

ID-Dyvlla < ex{liwlin + 1D+ vlla + lvlln},

|D-Divlin + | Dyvlla < c2{lfwlin + vl }-
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Thus the extra term Q,(x,,, t)v, () poses no problem, and we obtain the desired
estimate for w = dv/dt. The lemma follows by repeated differentiation with

respect to t.

Clearly, we can use the time derivatives to estimate the divided differences
l(D- D+)q'Uh llg,N-q

independently of h. Therefore, as in the last section, we can use interpolation
to obtain existence of a solution for A — 0. We summarize the main result in

Theorem 7.2.7. Suppose that f € C3°(0,1), and assume that the boundary
conditions are such that (1.2.7) is valid for all functions with (1.2.6); i.e., we
have the basic energy estimate. Then the strip problem (1.2.1)«7.2.3) has a
unique solution u. The solution is C™-smoothin0 < z < 1,t > 0. The solution
and its derivatives can be estimated in terms of f and its derivatives.

For all initial data f € L, there is a unique generalized solution. The smooth-
ing properties of parabolic equations remain valid for the initial-boundary value
problem. The proof proceeds in the same way as in the last section by showing
an estimate of

tP||6Pu/Bz”||?

in terms of || f]j>. The generalized solution is a C*°-function in 0 < z < 1,
t>0.

7.3. Discussion of Concepts of Well-Posedness

In this section we give a somewhat informal discussion of different concepts
of well-posedness for initial-boundary value problems. We do not restrict our-
selves to the case of one space dimension and consider a system of differential
equations

(7.3.1) u; = Pu+ F(z,t), z€Q, t>0,
with initial data
(1.3.2) u(z,0) = f(x), z €N,

and boundary conditions
(7.3.3) Lu=g(z,t), €9, t>0.
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Here P is a linear spatial differential operator whose coefficients may depend
smoothly on z and ¢, and L is a linear operator combining values of « and its
derivatives at the boundary. In general, L may also involve time derivatives of

u. The boundary
r=o0

of the domain 2 C R* is assumed to be smooth. We consider F, f, and g as
the data of the problem, the operators P and L and the domain {2 being fixed.

Roughly speaking, the initial-boundary value problem (7.3.1)(7.3.3) is called
well-posed if for all smooth compatible data F, f, and g there is a unique
smooth solution u, and in every finite time interval 0 < t < T the solution can
be estimated in terms of the data. Clearly, to arrive at a definition, we must
specify the norms which enter the estimates.* In the following we shall use the
notation

(u,v) = /ﬂ (w(2),v(@)) dz, (lulf® = (u,u),

@or = [ (), v do, ulf = w vl
r
For example, in case of the strip problem in one space dimension we have

Q=[0,1}, T'={0,1},
(u, ) = (1(0),v(0)) + (u(1),v(1)), [|lull} = [wO)f + [u(D)]*.

The Cauchy problem. Let us recall the definition of well-posedness for the
spatially periodic Cauchy problem or the pure Cauchy problem. In those cases
well-posedness required an estimate of the form

t
13.4) lut, I < Kr {uf||2 + [ 1P dr}

for 0 < t < T. Using Duhamel’s principle, one can replace such an estimate by
estimates for the case F = 0. We have used this for constant-coefficient opera-
tors P in Chapter 2. Also, one could develop a theory of well-posed problems
where the estimate (7.3.4) is weakened in the following way: First, without
much restriction, one can assume that f(x) = 0 because the transformation

*It is not essential to make the smoothness assumptions for F, f, g, and « more precise. The
reader can always replace “smooth™ by C>. Once estimates are derived for this case, more general
— less smooth — data can be treated by approximation as long as the norms for the data are defined.
One obtains a generalized solution.



24 Initial-Boundary Value Problems and the Navier-Stokes Equations

v(@, t) = u(z, t) — e~ f(x)

leads to zero initial data. Then, instead of (7.3.4), one could require an estimaie

t t
(7.3.5) / luG-, M| dr < Kr/ | F(, I dr.
0 (1]

Such a concept of well-posedness would be satisfactory in the sense that “no
derivatives are lost”, If F € C§°, then all derivaties of u vanish on the initial
line ¢ = 0, and — by differentiating the differential equation (7.3.1) - one obtains
equations like (7.3.1) for the derivatives of u. Only the lower order terms will
have changed. Thus, as we have seen, in many cases one can derive estimates
like (7.3.5) for the derivatives of u in terms of the derivatives of F.

Clearly, (7.3.5) is — at least formally -~ a weaker requirement than (7.3.4).
However, for the pure Cauchy problem or the periodic Cauchy problem not
much scems to be gained by such a generalization of well-posedness. We do
not know of any problem for which (7.3.5) holds but (7.3.4) is not valid. (If
the coefficients of P are allowed to become singular for ¢t = O it seems likely
that (7.3.5) can indeed become a truly weaker requirement.)

Strongly well-posed problems. Consider now the initial-boundary value prob-
lem (7.3.1)(7.3.3). Generalizing (7.3.4) we give

Definition 1. The initial-boundary value problem (7.3.1)«(7.3.3) is called
strongly well-posed if for all smooth compatible data F, f, g, there is a unique
smooth solution u, and for every finite time interval 0 < ¢ < T there is a
constant K such that

¢
s DI + [ lut-, P dr
1]

t t
(7.36) sm{mw P /o u.qc,r)u%dr}

in 0 €t < T. The constant K1 may not depend on F, f, or g.

The above estimate holds for parabolic equations with Neumann boundary
conditions in any number of space dimensions (see Section 8.1) and for hyper-
bolic equations in one space dimension. One can give examples to show that
there are real difficulties in estimating the boundary term

t
/ llu, Y dr
0
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in more than one space dimension for hyperbolic problems. The failure to
estimate this term is not due to the techniques employed.

Homogeneous boundary conditions. We can always transform to homoge-
neous boundary conditions by constructing a function ¥ = ¥(z, t) with

Ly =g.

Then v = u — 9 satisfies the homogeneous condition Lv = 0. This motivates

Definition 2.  Consider the initial-boundary value problem (7.3.1)-(7.3.3) with
g = 0. We call the problem well-posed if for all smooth compatible data F' and
[ there is a unique smooth solution u, and we have, instead of (7.3.6),

t
137 flut-, DI? < Kr{llfll’+ /o IIF(-,T)IIZdT}

in0<t<T.

There are technical difficulties in working with this concept of well-posedness.
To illustrate these, assume we have obtained the basic estimate (7.3.7), for ex-
ample by integration by parts. We would like to show similar estimates of the
derivatives of the solution in terms of the derivatives of the data. To this end,
we differentiate the given equations (7.3.1) and the boundary conditions (7.3.3)
with respect to ¢ and in the tangential directions to obtain equations of a similar
type for the derivatives. In this process, however, inhomogeneous boundary
terms will appear, in general, if the boundary operator L has variable coeffi-
cients. These can be subtracted out by other functions ¥, as before. However,
derivatives of i appear as inhomogeneous terms in the differential equation, and
in the resulting estimate we “loose” derivatives; i.e., we need higher derivatives
of the data to bound lower derivatives of the solution. This is intolerable if
one wants to go over to nonlinear problems, for example. To summarize, the
above concept of well-posedness (with g = 0) leads to technical difficulties if
the differentiation of the boundary conditions introduces inhomogeneous terms.

An example. To illustrate the foregoing, consider the following simple example
U =Ugp + F(z,t) in 0<2<1, t20,
wz,0)= f(z), 0<z<1,
u(0,f) = go(t), u.(1,8)=gqi(¥), t=>0.
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The data are assumed to be compatible. We try to derive the basic estimate and
proceed as in Section 7.1:

% % lluG OI = @, u0) = (u, uzz) + (u, F)

= —(uz, u;) + (u, ux)|; + (u, F).
The boundary term is
(u,15) |y = w1, yu(1, £) — (0, yu;(0,t)
= u(1,8)q1(t) — go(t)u(0.1).
Using Sobolev inequalities, the term
u(l,)gi(t)
originating from an inhomogeneous Neumann condition can be estimated prop-

erly:

1
[, 039:@)] < 3|1, 0 + 3l

1
< eljuz? + cellull® + 5|g|(t)|2.
However, the term

9o(t)uz(0, t)

originating from an inhomogeneous Dirichlet condition cannot be treated. We
can only derive energy estimates if we first transform to homogeneous Dirichlet
conditions. To this end, choose a function ¢ € C*° with

_[1 forz<1/4,
A=) = {o forz>1/2.
Then
v(z, t) = u(z, t) — go(H)p(x)

satisfies homogeneous Dirichlet conditions at x = 0. Therefore v can be es-
timated in terms of the data. (The first derivative of gy is needed but this is
not important.) We can proceed as in Section 7.2 to estimate derivatives of v.
No problems occur here since the coefficient which defines the homogeneous
condition,

v(0,t) =0,
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is constant. Thus the relation remains homogeneous if we differentiate it to
derive a condition for v,.

Another example. Consider a parabolic strip problem
u = AT, Dug, + Fz,t), A+A*2261>0, 0<z<1, t>0,

uwz,0)= f(x), 0<z<1,

Ljo(tyu(g, ) + Lj(tu(,t) = g;j(t), t>0, j=0,1
Here Ljo(t), Lji(t), j =0, 1, are n x n matrices, and rank (Ljo(t), Lji()) = n.

Neumann boundary conditions. If L; (t),j = 0,1, are nonsingular for all
t > 0, there are no difficulties in deriving an estimate of the form (7.3.6).
We refer to Section 8.1.2 where we treat this situation in more than one space
dimension. The above strip problem is strongly well-posed if the boundary
conditions allow us to express u.(j,t) in terms of u(j,t), g;(t).

Dirichlet conditions. Another extreme case is L;(t) = 0,j = 0,1. The
boundary conditions read

u(G,t) = Ljo(t) ™" g;(®).

After transforming to homogeneous conditions as indicated above, we obtain
the basic estimate and estimates of derivatives.

Mixed conditions. If the boundary conditions contain a Dirichlet and a Neu-
mann part, we must transform the Dirichlet part to become homogeneous with
a constant coefficient matrix. Then, if we can derive the basic estimate, we can
also estimate derivatives.

Strongly well-posed problems in the generalized sense. Instead of transform-
ing to homogeneous boundary conditions, it is also of interest to study the case
f = 0. (This will become more apparent below, when we will use the Laplace
transform in time; defining u(z,t) = 0 for ¢ < 0, we obtain a continuous
function u only if u(z,0) = f(z)=0.)

Definition 3.  Consider the problem (7.3.1)«7.3.3) with f = 0. We call the
problem strongly well-posed in the generalized sense if for all smooth compatible
data F and g there is a unique smooth solution u and we have, instead of (7.3.6),
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t t t t
[t ars [, ot dr < Ke{ [, ot are [ o, niar}
0 0 0 0

in0<t<T.

The theory of strongly well-posed problems in the generalized sense is well
developed for parabolic and hyperbolic systems. In case of constant coefficients,
there are necessary and sufficient conditions of an algebraic nature. For variable-
coefficient problems the estimates are valid if all relevant frozen-coefficient
equations are strongly well-posed in the generalized sense.

As we shall show, initial-boundary value problems for strictly hyperbolic and
symmetric hyperbolic systems which are strongly well-posed in the generalized
sense are also strongly well-posed in the sense of Definition 1. For parabolic
systems such a result does not hold.

As mentioned before, the assumption f = 0 does not pose technical problems
if one wants to estimate derivatives. We need only to assume that F' vanishes
identically in a neighborhood of ¢ = O; then all derivatives of u are zero at
t = 0. The set of all smooth F' vanishing identically near ¢ = 0 is still dense in
L,.

Weakly well-posed problems. Finally one can weaken the required estimate
further by assuming that both the initial function f and the boundary data g
vanish. We give

Definition 4.  The problem (7.3.1)«(7.3.3) with f = 0, ¢ = 0 is called weakly
well-posed if for all F' € C§° there is a unique smooth solution u and, instead
of (7.3.6), we have

t ) 4
/ llu, IR dr < Ko [ IFC, Dl dr
0 0
in0<t<T.

At present, there is no general theory available for weakly well-posed prob-
lems. We anticipate that any such theory would be extemely complicated.

7.4. Half-Space Problems and the Laplace Transform

One aim of this section is to indicate the limitations of the energy method
in a discussion of well-posedness. We shall employ the Laplace transform in
time to solve parabolic initial-boundary value problems and shall show that
these problems are strongly well-posed in the generalized sense if and only if a
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certain determinant condition is fulfilled. Using this technique, one can decide
the question of well-posedness in the generalized sense. In contrast to this, if the
boundary conditions are neither of Dirichlet nor of Neumann type, the energy
method applies only in exceptional cases.

7.4.1. Parabolic Half-Space Problems*; Main Result
Consider an equation
74.1) up = Augz + Fz,t), A+ A" 2261, 6§>0,

in the domain 0 < z < oo, t > 0, under n linearly independent boundary
conditions at z = 0,

LO“(O, t) + Lluz(oa t) = g(t)a t Z 01
and an initial condition

(7.4.2) uw(z,0) = f(z), 0<r<oo.

Assumptions. The n X n matrices A, Lo, L, are assumed to be constant;
results for variable coefficients are stated at the end of this section, without
proof however. Throughout, the assumption of strong parabolicity

A+ A" 2281, 6>0,

is essential. Concerning the boundary conditions: If rank L; = r, then we can
assume, without restriction, that the matrices are of the form

Lj L{
= () 2= (3)
L “\o
where Lf, L{ have size r x n, and the boundary conditions take the form

(74.3) Liu(©0,8) + L{u.(0,t) = g't), L{u(©,t) = g’/ (¥).

(The cases of a Dirichlet condition, 7 = 0, and 2 Neumann condition, r = n, are
formally included in our discussion. However, the reader may focus attention
on the mixed case where 1 < r < n — 1; only in the latter case do the Laplace
transform method and the energy method differ significantly.)

As previously, it is not a severe restriction to put strong smoothness assump-
tions on the data, namely

FeCr0<zt<m), feCf0<xr<o), ge€CFO<t< ).

*Since we work in one space dimension, the half-space is actually only the half-line 0 < z < oo
in this section.
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Once solution-estimates are derived under these assumptions, more general data
can be treated by approximation.

Solution concept. We seek a solution
u € C®°M0 < z,t < )

for which all derivatives are L,-functions of 0 < z < oo at each time ¢:

orte S
"81‘}’8 qu( D)) <oo, t=0.

This requirement can be thought of as a boundary condition at z = +o0.

The main result. Before giving further motivations, let us formulate the main
result of this section; it will be proved below via Laplace transformation. Hence-
forth, we assume that the matrix A has n distinct eigenvalues y. We transform
A 10 diagonal form

@' AD = diag (i1,...,4s), Repr >6>0,
A®y = p Py, O =(®4]...|®n),

introduce the notation

(7.4.4a)

1 1
(7.4.4b) A = diag (-—
VR =
and define the square matrix
Li®A
(7.4.4c) Co= ( y )
0T\ Lile

Theorem 7.4.1. If detCo # O, then the parabolic initial-boundary value
problem (71.4.1)«7.4.3) has a unique solution. For f = 0, the problem is strongly
well-posed in the generalized sense. The same result is valid (with exactly the
same determinant condition) for an equation with lower-order terms,

Uy = Atge + Bugy + Cu + F(z, t).

7.4.2. The Energy Method

Assume that the problem (7.4.1)~(7.4.3) has a solution u and let g’/ = 0. We
try to obtain a solution-estimate by the energy method; thus we consider the
time derivative of the energy:
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SO = 0+ ()
= (u, Auzz) + (Atgz, w) + (u, F) + (F,u)
== (A+ 4%, ) + {(u, 4w + (v, 0}
+ (u, F) + (F,u)
=- ((A + A%, u,) — 2Re (u(0, t), Au(0, ) + (u, F) + (F, 1)
< = 28|luz)f? + JJull® + |FI? = 2Re (u(0, t), Au (0, 8)).
Since the value |u,(0, #)}* cannot be bounded in terms of the L;-norms
llut, I + llusC, I,

we must bring the boundary conditions into play. The proof of the following
result, which slightly generalizes Lemma 7.2.1, is left to the reader.

Lemma 74.2. Let A, Ly, L; € C™",

L L{
w=(g) 2= ()

where L{, L{ have size r x n, rank L{ = r, rank (Lo, L) = n. The following
conditions are equivalent:

(i) There exists ¢ > Q such that
w, Awy)| < efjwl + 9"}
for all w,w, € C*, g! € C” with
g
Low+ Lyw, = ( 0 ) .

(ii} If a,b € C™ are vectors with
Lib=0, L¥a=0,
then {a, Ab) = 0.
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If the matrices A, Lg, L; meet the requirements of the previous lemma, then
d, 12 2
gl < = 26llu.l” + llll® + L FI?

+ 2c{ [, ] + |’ (t)F}
< = 8lluz|® - Ju(O, )
+ellul + |IFI? + 2¢g’ O,

and we obtain an estimate of the solution in terms of the data. More precisely,

t
ut, DI + / |u(0, ) dr
0

t t
<kr{If + [ 1Fe o+ [lgfopar)

in 0 <t < T. One can also show the existence of a smooth solution, and
therefore the problem is strongly well-posed in the sense of Definition 1, Section
7.3. If the conditions of Lemma 7.4.2 are not met, then the energy method does
not apply, and the question of well-posedness may be investigated by other
means only.

Example. To illustrate the differences, we apply Theorem 7.4.1 and the
energy method 1o the following simple example:

u = ((l) ?) Uz + Fz, 1), u(z,t) = (v(x’t)),

w(z,t)

4
v2(0, 1) + w-(0, ) = ¢’ (¢), v(0,t) + aw(0,t) = 0,

t 70, ulz, 0 = f(n), 0<zr<oo

1 0 1 0
A=(o ) e=r *“(o 2),

Ls=0,00, Li=qQ,1n, Lf=01,a),

0 011
(LOyLI)—(l a 0 0)

1 2
Cﬂ:(l a)’

with det Cy = o — 2; thus Theorem 7.4.1 applies whenever o # 2.

Here

The matrix Cy reads
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When does the energy method apply? We check condition (ii) of Lemma
7.4.2 and find

a=c (_a]), b=cz(_1]), (a,Ab)=c3(d+%).

Thus the energy method applies only for a = —%.

This example is typical for parabolic problems under mixed boundary condi-
tions: The energy method applies only in exceptional cases whereas the Laplace
transform method applies in most cases, and yields well-posedness in the gen-
eralized sense. What can be said if det Cp = 0, i.e., if Theorem 7.4.1 does not
apply? We will show in Section 7.5 that the problem indeed becomes ill-posed
in the generalized sense; again, this result remains valid if lower-order terms
Bu, + Cu are added to the differential equation.

7.4.3. An Eigenvalue Problem
Suppose that F =0, g = 0 in (7.4.1)(7.4.3) and substitute
u(z,t)=€e"f(x), s€C, feC™,
into the equations. One obtains a solution* if and only if
8f() = Afzz(z), 0 <z <00,

Lof(0) + Ly f2(0) = O, f € L.

(Note that all derivatives of u(-,t) are in L, if f € Lp; this follows from
sf = Af.:.) Considering s € C as a parameter, we have obtained an eigenvalue
problem and give

(74.5)

Definition 1. A number s € C is called an eigenvalue of (7.4.5) if — for the
number s in question — there is a non-trivial solution f = f(x), f € C*° N L,.

Using elementary means of linear algebra, we shall discuss the constant-
coefficient problem (7.4.5) below. First let us indicate the relevance of eigen-
values for the question of well- or ill-posedness.

Lemma 7.4.3. Ifthere is a sequence s, of eigenvalues with Re s, — 0o, then
the problem (1.4.1)<(7.4.3) is ill-posed in any sense.

Proof. If such a sequence s, exists, then there is no bound on the exponential
growth rate (in time) of genuine solutions.

*Recall that the requirement u(-, ) € L; is past of our solution-concept; consequently we exclude
all solutions f of sf = Af,, which grow exponentially as z — oo.
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Now we solve the eigenvalue problem (7.4.5) explicitly; the reader is reminded
of the notations (7.4.4). For any s € C, Res > 0, the general solution of

8f = Afzz, f€L0<z<00),

is given by*
f@) =) ovexp(—/s/p: D) B, o €C™.
k=1

Clearly,

JO) = ordi = &0,

k=1
= 1
f:0) = —\/ZZakT@k = ~V3®Ao.
k=1 k

If we introduce these expressions into the (homogeneous) boundary conditions
(7.4.3), we obtain a linear system for the vector o € C™. After division of the
first r equations by —/3, the system takes the form

11l I
(7.4.6) ( Ve Ll )a=0.
Thus we have shown

Lemma 7.44. A number s € C, Res > 0, is an eigenvalue of (1.4.5) if and
only if the determinant of the matrix (7.4.6) vanishes.

These results motivate Theorem 7.4.1 (but they do not prove it): If Re s — oo,
then the matrices (7.4.6) converge to Cop; consequently, if det Cp # O, there are
no eigenvalues with arbitrarily large real parts. If one had a converse of Lemma
7.4.3, then well-posedness would follow. Unfortunately, a complete proof of
Theorem 7.4.1 is more elaborate. A simple conclusion can be drawn, however,
from the results shown:

Lemma 74.5. Let detCo = O, and assume that L{ = O, i.e., that the
Neumann part of the boundary conditions has no lower-order terms. Then the
problem (71.4.1)(7.4.3) is ill-posed.

Proof. All numbers s € C, Re s > 0, are eigenvalues. The result follows from
Lemma 7.4.3.

*For any complex number ¢ with Re ¢ > 0 let /c denote the root with Re \/c > 0.
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7.44. The Laplace Transform; Elementary Properties

In this section we introduce the Laplace transform & = #(s) of a function
u = u(t) and prove some elementary results, which will be needed below.
Essentially all the results follow quite easily from corresponding properties of
the Fourier transform. To avoid confusion, we use here the following notation
for the Fourier transform of v = v(¢):

(FoX¢) = \/—1_— ” e %tyt)dt, ¢ €R.

27 J oo

Laplace transform vs. Fourier transform. Suppose u = u(t), 0 <t < oo, is
a continuous function with values in C", which satisfies an estimate

[u@®)] < Ce*t, t >0,
for some real constants C, a. The analytic function*
oc
i(s) =/ e *ut)dt, s€C, Res>a,
0

is the Laplace transform of u. The Laplace and Fourier transform are closely
related; to explain the relation, we set

ut) t>0,
u(t) = § ju0) t=0,
0 t<0,
and note that each function

vy = e Mug(t), 1> a,
has the Fourier transform

o0
Fo,XO = # / e Mug(tyd, € €R.
—co
Therefore we have the relation

#n +i6) = V2m(FoXE), n>a, E€R

The Fourier inversion formula gives us

= S [ N
| S el
= 5; / e‘etﬂ('l) + iE) d&v

*The integral is defined componentwise.
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and thus we have shown the following inversion formula for the Laplace trans-
form:

o0
(7.4.7) uo(t) = zl / e O 4 if)dE, n>a, teR.
Ul —-oC

Applications of Parseval’s relation. For a function v = v(t) and its Fourier
transform Fv = (Fv)(§) it holds that

/ (@ dt = / (FOXE de.

In terms of the Laplace transform, the formula reads

(7.4.8) / e"zf"|u(t)|2dt=l / la(n + iO))* d€, 10> a.
0 27 -0

As a consequence one obtains — for each finite time T — an estimate of « in
terms of its Laplace transform:

T 821,7' oc

(749) / ]u(t)]2 dt < — / |y + i‘f)l2 d§ ifn>a>0.

0 27 — 00
In our applications below we consider continous functions

u=u(x,t)y, 0<z<oo, t2>0.
Suppose that « satisfies an estimate
luz, )| < Ce*, 0<r<oo, t>0;

then

a0
iz, 8) = / e ®u(x,t)dt, 0<z<oo, Res>a,
0

denotes the Laplace transform in time. We want to show
Lemma 7.4.6. Under the above assumptions let u(-,t) € L, for each t > 0,
and assume we have a bound
luG, | < K2, t>o0.
Then

o0 v %}
(7.4.10a) / e""'llu(-,t)llzdt=i / lac,n + i&)l’dg, 7> a,
(4] 27 -0
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and consequently,

T er'T 00
(7.4.10b) j huc ofPa < S / ¢+ iIPdE ifn>a 0.
0 -0

(Under our assumptions the integrals exist and are finite.)

Proof. The result follows if one integrates the relation
[+ ] o0
/ e |z, O dt = 1 / la(z, n + P dE, 0> a,
0 2 -~ 00

with respect to x and interchanges the order of integration. Integrability of the
function

e Mu(z,p), 20, t20,
and Fubini’s theorem justify the intérchange.

Laplace transform of time derivatives. Suppose that u = u(t), 0 <t < oo, is
continuously differentiable and

d
| O = lud®] < Ce, t20.
Then integration by parts gives us that

s o}
i4(8) = / e~ u,(t)dt = —u(0) + sti(s) for Res > a.
[}

Future does not gffect past. We will need a result which states — roughly
speaking — that we may alter data g(t) for t > T without changing the solution
for t < T. For illustration, we consider an ordinary initial value problem

%(t) =Lu(t) +g(t), t20, u(©0)=0,
where L € C™*, L + L* <231, and g = ¢(t) is continuous with
o) < Ce®t, t>0.
Laplace transformation gives us
sii(s) = Lii(s) + §(s),
and thus

@(s8) = (s — L) '§(s) for Re s > max{a, 8}.
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Using the inversion formula (7.4.7), we obtain an explicit expression for the
solution u(t). Since g§(s) depends on all values g(t), one might be tempted to
conclude from this formula that each value u(tp) depends on all values g(t),
too. However, as is well-known for the above initial value problem, if we alter
the data g(t) for t > T, the solution u(t) remains unchanged for 0 < ¢t < 7T. A
slight generalization of this result is contained in

Lemma 7.4.7. Suppose that u = u(t), g = g(t), 0 <t < oo, are continuous
functions bounded in norm by some exponential ce®t, and suppose that their
Laplace transforms satisfy an estimate

[@(s)f < eilg(s)f* if Res > ey,

Jor some constants ¢,, oy 2> a. If g(t) = 0for 0 < t < T, then u(t) = 0 for
0<t<T.

Proof. We fix a time T} < T and use (7.4.9) for n > a:

T o0
/o o dt < f;ezﬂﬂ/ litn + i) de

< ﬂeznT. /00 |§(Tl+1§)|2d€
- 2x —oo
= ¢y f e~ gt)*dt (by (7.4.8))
T
o0
= ¢;?T / e-z"(T"")Ig(T + t)|2 dt
0

00
< ¢pe~2T-T) / =2t 22T+ gy
(1]

1

= cyPe " MT-T2aT ___ ~
cce 27]—2(1

For n — oo we obtain

T
f ju(®)f? dt = 0.
0

Since T} < T is arbitrary and u is continuous, the result follows.

Estimates of the Laplace transform. Let g € C§°(0 < t < 00). Then integra-
tion by parts gives us
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§(8)=/ e~*tg(t)dt = _.l_ / e=tg'(t) dt,
0 8 Jo

{9(8)] < Ki/|s|, Res>0.

This process can be repeated. Therefore, forany p = 1, 2,..., there is a constant
K, = K,(g) independent of s with

|§(s)| € K,/|s|’, Res>0.

In other words, as |s| — oo, Res > 0, the function |§(s)| decays faster than
any power |s|P.

7.4.5. Solution via Laplace Transform

Consider the parabolic initial-boundary value problem (7.4.1)-(7.4.3) under the
assumptions stated in Section 7.4.1. In addition, we assume first that f = 0
and L] = 0; thus the Neumann part of the boundary condition at £ = 0 has
no lower-order terms. If the matrix Cy introduced in (7.4.4c) is singular then,
according to Lemma 7.4.5, the problem is ill-posed, and consequently we assume
that det Co # 0. We shall construct a solution via Laplace transformation and
derive solution-estimates which imply strong well-posedness in the generalized
sense.

Estimate of the Laplace transform. To begin with, assume that there is a
solution u = u(z, t) which is “well-behaved” in the sense that all the following
operations are permitted. The solution formula derived below can subsequently
be used to justify this assumption. Laplace transformation gives us

sz, 8) = Aliz.(z,t) + F(z, 5),
L{4,(0,8) = §'(s), L{'a(0,5) = §"(s),
l|#¢-,8)l] < oo for Res>0.

We prove the following estimate of @ in terms of £ and §:

Lemma 74.8. There is a constant c independent of the data F = F(z,t) and
g = g(t) with
1

1
10, &F + 1820, ) + sl ¢, ) + 11 8=, I
1 1
< C{W"F(',S)Hz + —

PLAZRE AL
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forall s € C, Res > 0. (Here and in the following, the powers of |s| have
significance for large |s|, not for s ~ 0.)

Proof. a) For brevity we set p = /3, |arg p| < Z. Introducing the vector

w(z,s) = ( lﬁ(I,S) ) )

Sbz(z, 5)

we can write the second-order differential equation for (-, s) as a first-order
system:

@ay=p( O Yw@a-2( , 4
we(@, ) =p| 41 o )W p\ A 'F(z,s) )"

The boundary conditions become

I l,,,
(LO{)I I:)I ) w(0, 8) = (g‘?l((:))), llw:, || < oo.

The system-matrix

o I
M°=(A“ o)

can be diagonalized; using the notation (7.4.4), we set

5 - A~ O\ /-1 I\ _ [-®A~' @A
°“\ o @& 1 1)~ ) )

and obtain (note that d~'Ad = A-2)
- -A O
SO lM[)S(] = ( 0 A) .

In the new variable

_ DO, 9\ _
w(z, 8) = (@(,)(I,s)) = S, w(z,s)
the system is diagonal:
- —-A 0 _ 1~
7.4.11) wel(z,8) = p ( 0 A) w(z, 8) — ‘—)F(x, 8),

- (0]
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The boundary condition at = 0 reads

TAO)

Botb((»(oi 8) + Bl w(l)(o’ 8) = ( @II(S)

) =: §(s) ,
where
0o L!
(Bo, B) = (Lg, 0')50-

Thus the matrices By, B; have size n x n, and

_ (o o (L. ( Li®
(o (o= (Lt

is nonsingular since det Cp # 0 by assumption. Therefore we obtain that
(74.12) w90, s) = By '§(s) — By ' Biw'"(0, 5).
b) With a number d > 1, to be specified below, we set
b= (f, —?11)'
The differential equation (7.4.11) yields for each fixed s, Res > 0,
(w, Diy) + (D, ) = 2Re (B, Dib,)

. A 0 _ I
= —2Re (w,p(o dA) w) ~2Re (w, ;DF);
Since all diagonal entries A, of A have positive real part and since |arg p| < %,
there is §, independent of p with

Re (P)‘k) > 61 Ipls 61 > 0’
and therefore

R o2 2d,
2Re(w, Dib;) < ~26)|pll|B])* + HIIWIIIIF I

On the other hand, using integration by parts and the boundary condition (7.4.12),
we find that
T=0C
(@, Dib,) + (Dib, ) = (u‘:,Du’:)I .
=
= —[#%©, )" + di’(0, 5"
= (0, 8)|? + (d — D|@"O, 8)* — 20, s)|?
> [5(0, ) + (d — 1 — )"0, 8)f? — c1|g(s).
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Here the constant ¢; depends only on the matrices Bg, B, in (7.4.12). If we
choose d > 1 + ¢; and combine the two estimates, we obtain that

2d

Pl Il F|

[@(0, 8) + 26 |p||| @I < erlg(s)]® +

< el + &lplllol? + ——= (| F|P.
11g(s)| plll@ll APE 111
Thus there is a constant ¢; independent of the data and of s € C, Res > 0,
with
- ~ - "

120, a)f +lllaC, ol < a{lg) + P, o}
In terms of the original variables @, §', §'f, F, the desired estimate follows,
and the lemma is proven.

Estimate of the solution. The previous lemma gives us an accurate bound of
the Laplace transform 4 of the solution u in terms of the Laplace transforms
F, 47, §'7 of the data F, g', g'/. We can now apply the results of Section
7.4.4 — which were themselves simple applications of Parseval’s relation — to
estimate u in terms of F and g/, g/’. One obtains

Lemma 7.4.9. First assume that 9! = 0. For each time T > O there is a

constant K, independent of the data F, g', with
T
[ {10008 + 10,0 + e OF + e 01 }
0
T r g 2
< & [ {Ig'@P + G0 ar
0
If 9! is not necessarily zero then

T T
/ {1u©, 0 + lluc, oI} dt < Ky / {lol + I1Fc. oI} de.
0 0

Proof. Assume that ¢!/ = 0 and consider, for example, the integral of | (0, t)|?.
We fix > 1 and obtain, from (7.4.9),

T oo eZnT
/ luz(0, ) dt < ¢ / laz(0,n + P dE, ¢ = 7
(4] oo
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According to Lemma 7.4.7, the integral on the right-hand side can be bounded
by

o [ {Ica+iolt + 19'o+ 0P} de.
Here

1 [* , il
3 / IFC,n +i9IPdg < / IFC, ol dt
T J oo 0

by (7.4.10a). The integral of |§’|* is estimated similarly using (7.4.8). In this
way one obtains a bound by

o [ {IFCoP + ldof}
0

Now we change the data in such a way that they vanish for t > T +¢, € > 0.
Reasoning as in the proof of Lemma 7.4.7, we note that the solution remains
unaffected for ¢ < T'; since ¢ > 0 is arbitrary, the result follows.

Existence of a solution. Thus far we have not shown the existence of a
*“well-behaved” solution for which the above computations are justified. On the
Laplace-transform side, existence can be shown quite easily. All we need is the
following simple existence result for scalar equations on the interval 0 < z < oo.

Lemma 7.4.10. Consider a scalar equation
%(m) = M@)+gq(x), 0<z <00,

where ReA > 0, ¢ € C®, ||q|| < oo. The problem has a unique solution
v = v(z) with ||Jv]| < cc.

Proof. All solutions of the differential equation have the form
X
v(@) = e {v + / e Mg(y) dy}).
]
If we set
{e o]
vw=-— /0 e Mq(y)dy,

then v(z) = [ eM*~Vg(y) dy, and therefore,

lv o]
lo@)? = | / A= Vg(y) dy.
z
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Integration in z yields

le o] {e o}
oll? < fo / e2ReAE= Do) dy dx
x

o v 1
— 2Re Mz—y) 2 < 2
[ dz o)l dy < 5= lall”.

For an initial value v»(0) = vy different from the one given above, the solution
shows exponential growth, hence is not in L,.

Now consider the diagonal system (7.4.11) with boundary condition (7.4.12)
at £ =0; here s € C, Res > 0, is fixed. Using the previous lemma, we find
that the side condition ||@(-,s)]| < oo determines a unigue solution @(x, s).
Then, reversing the transformations used in the proof of Lemma 7.4.7, we
obtain 4(xz, s). The inverse Laplace transform (7.4.7) gives us

1

w(z,t) = =— ei(zr,s)ds, n>0.
2mi Re s=1

By assumption, g € C§°(0 < t < o0). Hence g(s) is an analytic function of
s, Re s > 0, and the same is true for @(x, s). Also, @(x, s) is a smooth function
of , and |@(z, 8)| decays rapidly for |s] — o0o. Therefore,
1 .
u — Atugy — F = — e* (st — Allzz — F)ds =0, 7>0.
27i JRes=n

This shows that u is a solution of the differential equation. Clearly, u satisfies the
boundary condition. It remains to show that u(x,0) = 0. By Residue Calculus
we can choose any positive value for 5 without affecting the result u = u(z, t)
of the inverse Laplace transform. Therefore,

w(z,0) = lim —1— i(z,8)ds =0.
n—oo 27i Re s=7

This completes the proof of Theorem 7.4.1 for f = 0 under the assumption that
there are no lower-order terms, i.e.,

L{=0, B=C=0.

Lower-order terms. The case of nonzero lower-order terms can be treated in
much the same way. For the vector

w(z,s)=( iz, 8) ), p=1s,

1.
58z(z, 8)
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one obtains a system

w, = pM(pyw - % (A_O.ﬁ)

where

1
M(p) = My+ O for o] targe,

and M is the matrix introduced in the proof of Lemma 7.4.8. Since the eigen-
values of M, are all different, one can diagonalize M(p) by a transformation

1
S(p) = So + O(—).
(0 = So (IPl)

The boundary conditions for
W(z, 8) = S(p) 'w(z, s)
take the form
Bo(p)#®(0, ) + Bi(p)'"(0, ) = §(s)
with

1
= B + O(;=).
Bolp) = B (IPI)

Thus, if |p] is sufficiently large, the estimates for @ follow as before; the crucial
condition

detBo #0 (& detCp #0)

remains unchanged. In this way, we obtain well-posedness in the generalized
sense for problems with lower-order terms. Thus far we have restricted ourselves
to homogeneous initial data f = 0, however.

Inhomogeneous initial data. If f # 0, we can introduce the function

v(z, t) = u(z,t) — e~ f(z)

which satisfies homogeneous initial conditions at ¢ = 0. Unfortunately the
derivative f;. enters the forcing term of the differential equation for v, and
therefore, if we apply Lemma 7.4.8 in a straightforward way, we need

A2,

to estimate the solution u.
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It is possible, however, to derive an estimate in terms of || f||> only. For

simplicity we restrict ourselves to an equation

(7.4.13) u = Augz, wz,0) = f(@),

and assume boundary conditions (7.4.3) with g = 0, L{ = 0. (Again, lower-
order terms could be treated by a perturbation argument.) Laplace transformation
of (7.4.13) yields

sti(x, 8) = Al (2, 9) + f(z);

thus the function f(x) enters the discussion in the same way as the function
F(a:, 8) did previously. If det Cy # 0 we find, as in Lemma 7.4.7,

Py l -~ A l A
a0, ) + 1oy 12 )’ + |s|'*lac, 9)|* + P I
¢
< W"f i
Using (7.4.9) for fixed 7 > 0, T > 0, we obtain an estimate of the solution on
the boundary z = 0,

T o]
/ (0, D2 dt < c / 10, n + O de
0

—00

< Z/w % ___ 2,
<alfl TP alifll

The time integral of |ju(-, )| can be treated in the same way using (7.4.10b).
To summarize, we have shown

Lemma 74.11. IfdetCp #0, F =0, g = 0, then the solution u = u(z, t)
of the initial-boundary value problem satisfies

T T
/ llu, DIt + / u(, 2 dt < K| I
0 0

7.4.6. Extensions

We want to sketch some extensions of the previous results without giving the
proofs in detail.

Strip problems. The results can be extended to strongly parabolic systems in
a strip

0<z<l, t>0
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with boundary conditions of the form (7.4.3) on either side of the strip, i.e., at
z=0andzx=1:
eLjouG, ) + Lju-G, ) = 9j®), LiguG.)=gj'@®), j=0,1.
To check for well-posedness, one considers now the two matrices
LI, ®A
C'=(Jl )3 j=011a
J LJ’-‘{Q
instead of the single matrix (7.4.4c); one can show that the strip problem is
well-posed in the generalized sense if
detCy #0 and detC; #0.
To sketch a proof of this result, we note that the general solution of
si(z, 8) = All;.(z,8), 0<z<1,
is given by

a(xs 8) = ﬁO(xi 8) + ﬁl(% 8)9

tg(x, 3) = Z oor exp(—v/ s/ pr )Pk, oo € C*,
k=1

iz, 8) = Za;k exp(—v/s/ux (1 — )P, o071 €C”.
k=1

The vectors g, oy have to be determined by the boundary conditions. If we
substitute the above function ii(z, s) into the boundary condition at z = 0,
we note that o; contributes a term which is exponentially small for large Re s.
Similarly, the contribution of oy is exponentially small at x = 1. For this reason,
if Re s is sufficiently large, the vectors o9 = 09(8), oy = 0y(s) are uniquely
determined.

To derive the proper solution-estimate, we can basically proceed as in the
proof of Lemma 7.4.7. Only the scaling-matrix D = D(z) must be chosen
more carefully:

dO(z)! 0
0 —dV@I )
Here d©, d'V are positive smooth functions for which the ratios
d("(O) d(O)(l )
do©)’ di(1)
are sufficiently large (depending on the boundary conditions).

D(z) = (
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Variable coefficients. The previous results can be generalized to parabolic sys-
tems with variable coefficients 4 = A(z, ), etc. Also, the coefficients of the
boundary conditions are allowed to depend smoothly on time,

L =1"w, k=01

Assuming that A(z, t) can be diagonalized at £ = 0, £ = |, we obtain matrices
Cj;(t), j =0, 1. If the determinant condition

detCi(£) #0 forallt 20, j=0,1,

is fulfilled, then the initial-boundary value problem is well-posed in the gener-
alized sense. (See also the remarks at the end of Chapter 8.)

7.5. Mildly Ill-Posed Half-Space Problems

Consider a parabolic problem

(7.5.1) Uy = Auge + Bu, +Cu, A+ A*>26I, 6>0,

in 0 < z < 00, t >0, with initial condition

(71.5.2) uz,00=0, 0<z<o0,

and boundary conditions at x = 0,

(7.53)  L{u(,t)+ Liu,0,t) = ¢'t), LIw©0,0)=¢""(t), t>0.

All matrices are constant (in general, complex), A, B, C have size nxn, L§, L]
have size r xn, and L}/ has size (n—r)xn. We make the reasonable assumption
that L{ and L]/ have full rank in order to have n linearly independent boundary
conditions. Furthermore, we assume for simplicity that the eigenvalues

Hiyeroyfin, Re”k26$

of A are distinct. First we want to use the ideas of the previous section to
derive a formal solution formula. Second, we will show that the problem is not
strongly well-posed in the generalized sense (see Definition 3 of Section 7.3)
unless
L{®A
det Co # 0, Co=( ! )
L{'e

Here

. . 1 1 1
¢—|A(I>=dlag(ﬂ|,..-,l-ln)) A=d1ag(\/—ﬁT,...,—‘/l_l—_), Re\/_ﬁi>0.
n
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Hence there are two different ways in which a problem (7.5.1)+(7.5.3) can
become ill-posed: First, there can be a sequence of eigenvalues s, withRe s, —
oo; see Lemma 7.4.3. Second, no such sequence exists, but det Cp = 0. In the
second case the ill-posedness is of a milder nature: One can still estimate the
solution if one uses derivatives of the data. In contrast to the weakly ill-posed
Cauchy problems of Chapter 2, a perturbation by lower-order terms still does
not lead to arbitrarily fast exponential growth.

7.5.1. Formal Solution

Laplace transformation of (7.5.1)-(7.5.3) gives us

(7.54) sti(x, 8) = Atiy.(z, 8) + Biig(z, 8) + Cifz, s),
(15.5) Ly, 8) + L{6.(0,5) = §'(s), L{'a(0,8) = §'(s),
(7.5.6) fla(-, o)} < oo.

For each fixed s with sufficiently large real part, we want to solve this constant-
coefficient problem. The general solution of the differential equation (7.5.4)
with side-conditon (7.5.6) reads

n

(157 iz, s) = Z: o exp(ki(s)x)Pr(s), o =oa(s) € C".

k=1
Here k; = xi(8) are the roots of
det(x*A+KkB+C — sI) =0 with Rex; <0
and ¢ = ¢r(s) € C” are comesponding eigenvectors,
(KiA+ Kk B+ C - 3D =0, ¢ #0.

(It is assumed that Res > 0 is so large that the 2n roots x of the above
characteristic equation are distinct and exactly n of them have negative real
parts.) Perturbation arguments show that

Ki(8) = “/—s-+0(l), k=1,...,n,
B

and one can normalize the eigenvectors ¢x(s) so that

mm=m+mﬁxp=ﬂ,

where A®; = 11 P, O #0.
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If we introduce the notations
®) = (4109)].-.|6a9)),
diag (xx(s)) = diag (m(s), s nn(s)),
then we can write for short
0, 5) = B(s)o, (0, s) = B(s) diag (xr(s))o,
and the boundary conditions (7.5.5) take the form
(158) (L&@(s) + II:{{, ?ﬁl ()liag(Nk(S))> 5= ( 57{’{(3)) _

There are two possibilities:

(i) There is a sequence s, € C with Re s,, — oo for which the above system-
matrix is singular. Then we can argue as in Section 7.4.3 and show that
there is no bound on the exponential growth rate (in time) of genuine
solutions. Therefore the initial-boundary value problem is ill-posed in
any sense.

(ii) If Re s is sufficiently large then the matrix in (7.5.8) is nonsingular. In
this case let

o =o0(s), s=n+1i, n sufficiently large,

denote the solution of (7.5.8). The function @(x, s) defined in (7.5.7)
solves (7.5.4)<(7.5.6); inverting the Laplace transform, we have formally
solved the half-space problem.

There are no difficulties in extending the formal solution process to inhomo-
geneous differential equations and inhomogeneous initial conditions. If all data
are sufficiently “well-behaved” then — by the same arguments as before — the
formal solution is a genuine C°°-solution. Nevertheless, as we will prove in the
next section, the problem is ill-posed in the generalized sense if detCy = 0.

7.5.2. Necessity of the Determinant Condition

Using the previous notations, we show

Theorem 7.5.1. The half-space problem (1.5.1)«(7.5.3) is not well-posed in
the sense of Definition 3, Section 7.3, if detCy = 0.
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Proof. a) We divide the I-part of system (7.5.8) by —p = —/5 and obtain

_(~p'5'G) yal
(7.5.9) (Co+c.(p))a-( 1oy ) il =0(73)-

By assumption, Cy is singular; furthermore, taking Re s sufficiently large, we
may assume that

det (c0 +C (p)) #0.

(Otherwise we are in case (i) mentioned in the previous section.) From the
rank-assumption for L{, L}/, it follows that there exists a vector

= (q(l)l) ¢ range Co.

b) Let us outline the rest of the proof. We will construct a sequence of scalar
functions

4N, €€R, v=12,...,
and define data by

A s , 0
iV + i) = ) (q") , n large, fixed.

For these data we solve (7.5.9) and obtain vectors ot*'(7 + i§) with
(7.5.10) (6 +i6)| > & ol ©€)], 61 >0 fixed.

According to (7.5.7), we obtain solutions #*’(x, 7 + if) of (7.5.4)~(7.5.6), and
the inverse Laplace transform gives us functions u*)(z,t). We will show that

1
/ [, )P dt — 00 as v — oo,
[}
whereas the data satisfy

1
/ |g“ () dt < const.
[1]

¢) The lower bound (7.5.10) is a consequence of the following perturbation
result from linear algebra.

Lemma 7.5.2. Suppose that Cy is a singular n x n matrix and q ¢ range Cj.
Let

det (co + eC|(c)) #0, 0<e<e, |C1(8)]=0Q),
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and solve

(Co + eC.(e))y(e) =q, 0<e<e.
Then
(7.5.11) jly(e)] > %9, % > 0.

Proof. There is a nonsingular matrix P such that
ra- (3)
where Dy has full rank, say rank Dp = m. There is a component j with
(Pg); #0, m+1<j<n,
since otherwise Pg € range (PCp). If 6y > 0 with (7.5.11) did not exist then
elye)} — 0
for some sequence ¢ — 0, and the j-th equation of
(PC’o +ePC) (e)) we) = Pg
would yield a contradiction.
d) To continue the proof of Theorem 7.5.1, we define a sequence of functions

7(!/) by

(4} = \/‘_/ fo"”SfS”"’;‘;' =1.2
77 {0 otherwise, v=12,....

Then the L,-norm of 4’ equals 1, and therefore

o0
[ am+iord <a.
-0
According to (7.4.9), the inverse Laplace transforms g*)() have bounded L,-
norms over 0 < ¢ < 1, say. Now invert the Laplace transform of data

8 +i€) = vy(©)
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and obtain
l o0
) = — / £THOLEW 4 i€) dE
27 J_ o

32 v+lfv
= —pe™ / etétd{
2n v

,,3/ 1/. )
nt = [ Jiv+1fedt _ ivt
= ¢ ( € )

VS/ nt l ei(u+l/2u)t

= —=8€

N
sin —
1 t 2v

p1/2 .
r~ ‘Fent et(v+|/2u)t’ 0<t<.
Thus one finds

1
/ Iv"”(t)lzdt — 00 as ¥ — 00.
0

If one observes the lower bound (7.5.10) and notes that the supports of o'’ are
confined to small intervals for large v, then one obtains a similar result for

1
/ [u®%0, t)|* dt.
0

Also, for each fixed » we can apply arbitrarily small changes to obey compati-
bility conditions at ¢ = 0, and the theorem is proved.

7.6. Initial-Boundary Value Problems for Hyperbolic
Equations

7.6.1. The Method of Characteristics

In this section we consider hyperbolic systems

(7.6.1) uy = Bz, tyu, + C(z, tye + F(z,t)

in the strip 0 < z < 1, t > 0 with initial data

(7.6.2) u(z,0) = f(zx), 0<z<1l

At each boundary point * = 0, x = 1 we prescribe (inhomogeneous) linear
relations for u; i.e., we consider boundary conditions of the general form

(7.6.3) Lou(0,?) = go(®), Liw(l,9) =gi(®), t>0.



254 Initial-Boundary Value Problems and the Navier-Stokes Equations

Specific assumptions about the matrices Ly, L; will be derived below. The
coefficients and data functions are assumed to be C°°-smooth with respect to
all variables.

Hyperbolicity of the system (7.6.1) requires the eigenvalues A;(x, t) of B(z, 1)
to be real and assumes the existence of a smooth transformation S = S(z, ¢)
such that

S~'BS = A =diag (\1,..-, M), Aj = Az, b).

In the interior 0 < =z < 1 the eigenvalues may change sign. However, we
assume that

(7.6.4) 2j(0,8) and A;(1,1), j=1,...,n,

have a constant sign as a function of time; i.e., each function (7.6.4) is either
>O0forallt, =0forallt, or <O forallt.
If we introduce new variables (so-called characteristic variables)

Uz, t) = S_‘(.’B, thu(z, 1),

then the system (7.6.1) transforms to an equation where B is replaced by A. To
simplify notation, we assume that the given system is written in characteristic
variables already, thus B = A in (7.6.1).

The case of n scalar equations. To discuss the system, we use the method
of characteristics and start with the case C' = F' = 0. The differential system
separates into n scalar problems

U5t = /\j(:c,t)'uj,, ] = l,...,n.
Thus uj(z,t) is constant along the characteristics (z(), t) defined by

dx
(765) E = —Aj(a:, t).

The case of constant ;. Assume first that
Aji(z, ) = A; = const.,, j=1,...,n
Then the characteristics are straight lines, and thus
uj(z, ) = fi(zx + A1), 0<z+At<1.

Let u4, up, u_ consist of the variables u; corresponding to indices j with A; >
0,); =0,); <0, respectively. Clearly, up is determined by the initial data

uO(z!t):fO(z)’ 05335 l! tZOy
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t
U_=0o Uy=g1
x=0 u=f x=1 X

FIGURE 7.6.1. Strip with characteristics.

but we need boundary conditions to determine u and u_. Acceptable boundary
conditions are

(7.6.6) u_(0,t) = go(t), u(,)=gq(t), t>0;

i.e., we prescribe the ingoing characteristic variables at each boundary.

If the initial function f(x) and the boundary data go(t), g(t) are not compat-
ible, then the solution will have discontinuities along the characteristics which
start at the comers (z,t) = (0,0). (x,t) = (1,0). Thus, in contrast to the
parabolic case, there is no smoothing during time evolution here. To avoid dif-
ficulties connected with nonsmoothness, we will assume that the data f, go. 1
vanish near the comers. As usual, once solution estimates are derived for this
case, the more general situation can be treated by a limiting process.

The boundary conditions (7.6.6) can immediately be generalized to

u'—(oe t) = SO(t)u+ (Oa t) + gO(t)a
u4 (1, 8) = Si(u_(1,8) + gi(?).

One says that the ingoing characteristic variables are described in terms of the
outgoing ones. Boundary conditions for the characteristic variables ug belonging
to speeds A; = O are neither necessary nor allowed.

(7.6.7)

The case Aj = Aj(x,t). For simplicity we assume that all eigenvalues (7.6.4)
are different from zero on the boundary; one says that the boundary is not
characteristic. If an eigenvalue A;(z,t) changes sign as a function of z, then
possibly the variable «; belongs to a positive characteristic speed at = 0 and
t0 a negative speed at x = 1. Nevertheless, we use the notation u, and u_
to assemble the variables u; with A\; > 0 and A\; < O, respectively, at each
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boundary point. As in the case of constant A;, we obtain a unique solution
u(z, t) if the boundary conditions have the form (7.6.7). Also, as follows from
Section 3.3.2, we can add a diagonal term

CO“y CO = dlag (cli -++3Cn), C; = Cj(l’, 1),
and a forcing function F'(z,t). The assumption for the boundary to be nonchar-
acteristic is not essential. By solving scalar equations, one obtains
Theorem 7.6.1.  Assume that f, F, go. and g, vanish in a neighborhood of
the corners (z,t) = (0,0), (x.t) = (1,0). The system

us = Mz, Hu, + Colx, thu + F(z, t)

with initial and boundary conditions (7.6.2),(7.6.7) has a unique smooth solu-
tion. The solution vanishes near the corners.
7.6.2. Solution Estimates
If the coefficient C = C(x, t) is not diagonal we want to use the iteration

uft! = Akt + CuF + F,

ut(z,0) = f@), «"=0,
(7.6.8)
u¥0, 1) = So(t)ukT' (0, 1) + god),

VAR (BTG AN (R R O)
to show the existence of a solution. To start with, we show the following basic ’

estimate:

Lemma 7.6.2.  Assume that the boundary is not characteristic. For every
finite time interval 0 < t < T there is a constant K independent of f, F, go, g
with the following property: If u solves

(1.6.9) w=A;+Cu+Fin0<z<1l, 0<t<T
and satisfies (71.6.2),(7.6.7) then

t
/ {|w©, P + |u(1, D)} dr + Ju(-, )|
(/]

t
(7.6.10) < Kr\IfI* + Kr /; {lgo(MP + lg1(MF + IFC, DI} dr

Jor0<t<T.
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Proof. 1) To begin with, let us scale the variables «.., u_ such that the matrices
So(t), S1(¢) become “small”, Let

D = diag(d,,...,d,), d;=dj{z,t)>0,
and introduce new variables v = Du. Equation (7.6.9) transforms to
vy = Av, + {D,D~' = AD.D~' 4+ DCD"'}v + DF,

and thus only lower-order terms change. The boundary conditions (7.6.7) be-
come

v_(0,8) = So(t)v4(0,2) + D_(0, )go(2),

v (1,1) = Sy ®v-(1,8) + D4 (1, D @),
So(t) = D_(0,t) So(t)D3'(0, 1),
Si®) = D+ (1,1) Sit)DZ'(1, ¢),

where D_(0,t) is a diagonal submatrix of D(0,t), etc. Clearly, the matrices
5;(t) become as small as we please by choosing D(z, t) appropriately. To sim-
plify notation, we assume |Sp| +|S}| to be sufficiently small from the beginning.
2) From (7.6.9) we obtain that

ad;llu(-, I = (u, ur) + (e, u)
< (uy Aug) + (Aug, uw) + e { Jlull® + | FIP}-
Integration by parts gives us
(u, Aug) = (Au,ug)
= ~(Aug,u) — (Apu,u) + (u, A“)I(lv

and thus

d 2 ! 2 2

5 el < (w, Audy + e {llull® + | FIP}.
3) Consider, for example, the boundary point z = 1 and note that

ALY =, 0<tLT, v>0.
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Using the boundary condition at z = 1, we find that
(u(1,?), AL, Du(1,8)) = (u—, A_u_) + (uy,Ajuy)
< =yl + Ay | fus P

N
< --Z*{l“~|2 + [us [} + sl .

Here we have assumed S; to be so small that
2|5, AP
ISiP{A+ + 2} < ]

A similar consideration applies at x = 0, and we obtain that

d Y
T flull® + -2-{Iu—|2 +jus P} < efllull® + IFIP} + es{lgol® + |91}
The lemma follows by integration.
We show next how 10 estimate derivatives of the solution of (7.6.9), (7.6.2),

(7.6.7) if the solution is smooth; we let v = u,. Differentiation of (7.6.9) with
respect to z gives us

v =AMy + (A + Cv + Cru+ F.

To obtain boundary conditions for v, we first differentiate (7.6.7) with respect
to t,

u_¢(0, £) = So(t)u44(0, 1) + Sor(t)u 40, 1) + gor(t),
and similarly at x = 1. Then we use (7.6.9) to replace u; by u,:
u_z(0,8) = AZ'(0, )So(t)A 40, Hhu (0. ) + Folt)
where
|50 < e {|u(0, )] + |90 (®)] + |1FO, |}
Here
|F@O, 1) < %{HFA-,t)u’ +IFC oI}

Thus we have equations for v = u, which are of the same type as the equations
for u. By Lemma 7.6.2 we can estimate

t
/0 {luz©, DI + luz(1, D[} d7 + lJu=C, O

in terms of go, g1, f, F and their first derivatives.
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Differentiation of (7.6.9) with respect to ¢ gives us, for w = u,
w; = Awy + Cw + F,
F = Atu, + Cg‘u + E.

Therefore we can also estimate w = u, in terms of go, ¢, f, F and their first
derivatives. This process can be continued, and we obtain

Lemma 7.6.3. Assume that the initial-boundary value problem (7.6.9),(7.6.2).
(7.6.7) has a smooth solution and that the boundary is not characteristic. The
derivatives of the solution satisfy estimates of type (7.6.10).

7.6.3. Existence of a Smooth Solution

Assume that the compatibility conditions of Theorem 7.6.1 are satisfied and
that the boundary is not characteristic. We consider the iteration (7.6.8). By
Theorem 7.6.1 each function of the sequence

u* =uk(z,1), k=0,1,2,...,
is C*°-smooth. Also,
LI, DI < const {Juk ', 0 + ke, BIF + 1}
and corresponding estimates for z-derivatives hold. Thus, by Gronwall’s Lemma

3.1.1 and Picard’s Lemma 3.3.4, the sequence u* is uniformly smooth in any
finite time interval. Furthermore,

d
_&Z"uk+l - ,ukllz S const {"uk+l - uk"2 + "uk - uk—I"Z}-

As before, Gronwall’s Lemma and Picard’s Lemma imply convergence of the
sequence u* to a C°°-limit u. The limit u solves the initial-boundary value
problem and satisfies the estimates of Lemma 7.6.3. We summarize:

Theorem 7.6.4. Assume that the boundary is not characteristic and that the
data go, ¢1, f, F are compatible at t = 0. The hyperbolic initial-boundary
value problem (7.6.9),(7.6.2),(7.6.7) has a unique solution. The solution is a
C>-function, which satisfies the estimate (7.6.10). Similar estimates hold for all
derivatives.

If the initial and boundary data do not satisfy compatibility conditions, then
we can approximate the data and go to the limit. In this way we can introduce
generalized solutions. As the uncoupled case shows, these will - in general —
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have discontinuities travelling along the characteristics which start in the corners
of the strip.

7.64. The Strip Problem vs, the Half-Space and Pure Cauchy
Problems

Suppose that the coefficients B = A, C and the data F, f are defined for
~00 < & < 00, t 2 0. The finite speed of propagation for hyperbolic systems
makes it possible to split the strip problem

ug=A(x,t)u,+C(z,t)u+F(x,t), 0<$<1, tZOy

’ll.(.’B,O):_f(Z), 0<z<1,
u-(0,t) = Sp(t)u(0,1) + go(t), t>0,
uy(1,8) = S1(Ou~(1,8) + ar(t), t2>0,

into two half-space problems and a pure Cauchy problem. To this end, let
¢1 € C*™ denote a monotone function with

{1 forz<1/6,
¢'($)_{0 forz > 1/3,

and define

R@)=g(1-x), @@ =1-d(x)-¢2A2).

First we consider the following three strip problems (here the index j = 1,2,3
numbers the problem, not a component):

uj¢ = Aujg + Cu; + ¢; Fj, 0<z<1, t>0,
u;(z,0) = $;(2)f (), 0<z<1,
uj—(0,2) = So(t)u;+(0,t) + ;(O)go(®), t20,
uj+(1, ) = Si)u;-(1,8) + ¢;(1Ngi(®), ¢20.
Clearly,

u=u+uz+us

solves the given system. The finite speed of propagation implies that there is
a time interval 0 < t < Ty, T\ > 0, where u(z,t) =0 for 5/6 <z < L.
Therefore, we can consider u; as the solution of the right half-space problem
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Uit =Aulx+cul +¢IF’ T2 09 tZo,
u1(z,0) = ¢ (2)f(2), z 20,

ul—(ol t) = SO(t)ul+(09 t) + m(t)v t Z 0,

at least for 0 < t < 7). Similarly, u; and u3 can be considered locally as
solutions of a left half-space and a pure Cauchy problem, respectively. These
considerations are valid in some finite time interval 0 < t < Tp; at time T one
has obtained a new initial function and can restart. Thus, in principle, we can
solve the strip problem by solving half-space and pure Cauchy problems. The
strip problem is well-posed if the corresponding half-space and pure Cauchy
problems are well-posed.

As in Sections 7.4, 7.5, one can employ the Laplace transform in time to
discuss boundary conditions which are much more general than the conditions
(7.6.7). We return to this technique in Chapter 8 to treat problems in more than
one space dimension.

7.6.5. Equations Not in Characteristic Variables

In many applications the differential equation (7.6.1) is not given in characteristic
variables, i.e., the matrix B is not diagonal. To test for well-posedness under
boundary conditions, one can try to derive energy estimates directly without
diagonalizing the system. If B = B* then

gt- G, OIF = (u, ) + (ug, 1)
< (%, Buz) + (Buz, u) + i {luf® + | FJ*},
where
(u, Buy) = (Bu, u;) = —(Buz,u) — (Byu, u) + (Bu, u) l:)
Thus the boundary conditions have to provide bounds for
(Bu,u)|y = (BAL, tn(1, 1), w(1,1)) — (B(O, 00, ), u(0,1).

Consider, for example, the boundary point z = 1 and assume that B(l,?)
has r positive and n — r negative eigenvalues; hence there are r ingoing and
n —r outgoing characteristics. This suggests specifying r independent boundary
conditions at z = 1, for example,

Liv(l,t)=gi(t), Ly ofsize rxn, rank L, =r.

Using the boundary conditions, one can eliminate r variables u;(1,%) in the
quadratic term
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(B(,1t) u(1,8),u(l,t)).

Similar considerations apply at z = 0. If the remaining quadratic terms have
the correct signs, then an energy estimate can be derived. In this way one has
avoided the transformation to characteristic variables.

A difficulty of this approach is that it provides only sufficient conditions
for well-posedness. It might well happen that quadratic terms with the wrong
sign appear, the problem being well-posed nevertheless. For the case where
we first transform to characteristic variables, this is reflected in our additional
assumption that {Sp(t)| + |S)(t)| is sufficiently small; compare the proof of the
basic estimate of Lemma 7.6.2.

In applications hyperbolic differential equations often appear as second-order
equations. By introduction of auxiliary variables, these can be written as first-
order systems, however. We refer to Sections 2.1.4 and 3.3.3 for two simple
examples.

7.7. Boundary Conditions for Hyperbolic-Parabolic
Problems

In this section we treat mixed systems in the strip 0 < z < 1,t > 0, under
initial and boundary conditions. For the uncoupled systems we assume a form
as described in Section 7.2 (parabolic case) and Section 7.6 (hyperbolic case).
Then we allow certain coupling terms in the differential equation and in the
boundary conditions. The resulting systems are shown to be well-posed. We
give an application to the linearized compressible Navier-Stokes equations.

7.7.1. The Basic Estimate for Mixed Systems
Consider a parabolic system
u = A@, gy, A+A* 2281, 6>0,
in the strip 0 < z < 1, t > 0, with boundary conditions
L} (®yuz(, 1) + Lig(tyuti, 1) = hy(2),
LG, =0, j=0,1

For each fixed ¢ we assume the conditions formulated in Theorem 7.2.7 to be
fulfilled (see also Lemma 7.2.1). We allow the matrices L, etc. to depend
smoothly on ¢ but assume that the rank r; of LJ’- | is constant.
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Consider further a hyperbolic system
vy = Az, t)u,, A real diagonal,
in the same domain with boundary conditions
v-(0,8) = Sp(t)v+(0, ) + go(d),
vi(L 1) = Si(tv-(1,8) + i(®);

i.e., the ingoing characteristic variables are expressed at each boundary point
in terms of the outgoing ones. (See Section 7.6.1 for notations.) We want to
discuss the coupled system

(7.7.1) u; = Aug, + Bniuy + Bpv, + Chjiu+ Cpv + F,
7.7.2) v = Ave + Boiuz + Criu+ Cpv + G
with boundary conditions

(1.1.3) LG, t) + Lig@uG, ) + MG, t) = ki), j=0,1,

(1.1.4) LuG, =0,  j=0,1,

(115 v-(0,) = So(t)v4(0,t) + Ro(t)u(0, ?) + go(?),

(7.1.6) v4(1,8) = Si(tv-(1,8) + Ri(t)u(1,t) + g (?),

and initial conditions

(117 uw(z,0) = f(z), v(z,00=¢z), 0<z<1.

The coefficients B); = B)(x, t), etc. and all inhomogeneous terms are assumed

to be C'°°-smooth. We first assume the existence of a solution and show

Lemma 7.7.1. Suppose that the boundary is not characteristic for the hyper-
bolic system; i.e., A(0,t) and A(1,t) are nonsingular. In any finite time interval
0 <t < T we can estimate

t
., OFF + ot 6P + [ 3 (Juci, D + foti, )
0 =0,
in terms of

t
1P+ 1t + [ {1FeniE +lGe 0l + 3 (s + Ibyof) }ar.

j=0,1

Proof. a) First note that one can easily extend Lemma 7.2.1 to inhomogeneous
equations as follows: If condition (ii) of the lemma is met and
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Liw, + L§w=h, L{¥w=0,
then
[(w, Awz)] < fjw|® + |h?}

for some constant c.

b) As explained in the proof of Lemma 7.6.2, we can assume without loss of
generality that S| + |S)| is sufficiently small. We let

A0 2~ A_(L,LD)<—I 0£t<T, >0
¢) First consider the u-equation (7.7.1),
Tjt' e, O = (u, ue) + (e, u)
< (u, Augg) + (Auge, u)
+ (u, Biavg) + (Biavz, uw)
+er{llull lheall + flull® + ol + ILFI?}.
Integration by parts gives us that
(u, Auzz) + (Auzz,u)
= —~(uz, (A + A%uz) = (u,(A + A")uz) + (Au,,u)l:l + (u, Au,)l:,

< ~26u, | + 02{"““ uall + 3 (10, OF + oG, OF + |h,~<t>|2>}

j=0,1

and that

I(u, Biavz)] < ca{lluzll ol + el lioll + > (e, OF + WG, t)lz)}-

3=0,1
Using the Sobolev inequality
(7.1.8) |z < elluzll® + et@lful?,

we obtain that

d .
& WP < —Shual?+ caf bl + Bl + 1P+ 3 (9G0P + 15 0P) .

3=0.1
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d) Second, the v-equation (7.7.2) yields

d

5 GO = @00 + @, 0)

< @, Avz) + (Avg, v) + es{ ol ol + ull® + ol + IGIPY-
Integration by parts and the boundary conditions imply
@, Avz) + (Avg, v) = = (Azv,v) + (v, Av)g
it Y]
<- E Z Iv(Ji t)l

J=0,1
+e{llol? + 3 (G, OF + lg5OF) }.
§=0,1
¢) We take o > 0 sufficiently large, and the above estimates give us that

d d é ¥ ,
i Hul? + a s Ioll? < "5""1"2 —ay 'Zo:u lvG, B
=V,

+c@){llul + ol + §FI? + IGI?

+ Z (I ®OF + |g,-(t)|2)}.

i=0,1
Another application of (7.7.8) and integration with respect to ¢ finishes off the
proof of the lemma.
7.7.2. Estimates of Derivatives and Existence of a Solution
If we differentiate the u-equation (7.7.1) with respect to ¢ we obtain
Uy = Autu + Aguu +....

Here u,, can be expressed by u,, etc. using (7.7.1) again. Thus u,, and u, can
be treated like zero-order terms as in the proof of Lemma 7.2.4. The v-equation
(7.1.2) is differentiated with respect to ¢ and with respect to x. One obtains a

system
U _ A O Ve
()= Lo & L]+

Boundary conditions for u, and v, follow by differentiation of the given bound-
ary conditions with respect to ¢; then boundary conditions for v, are obtained
if we replace v, by v, using the differential equation v; = Av; +.... Thus
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we have a system for (u, v¢, v;) which has the same structure as the given
system for (u, v). Consequently, estimates for u;, Uz, Uzz, Vi, v, are derived.
The process can be continued, and all derivatives can be estimated.

If we assume that all data

f(-'l:), ¢($), F(Z', t)a G(:Bs t)’ h'](t)) g](t)1 j = 07 17

vanish in a neighborhood of the comers of the strip, then existence of a smooth
solution can be shown by using the iteration

uf+l = Auitl + B“'u’,”'l + B]zv: +Cuuft + O + F,

’Uf'H = A’U:'H + Bz|u§ + Czl’uk + szv"f"' +G.

The boundary conditions for u¥*! are the same as those for u except that v is
replaced by v* in (7.7.3). Similarly, u is replaced by u* in (7.7.5), (7.7.6).
This proves

Theorem 7.7.2.  Consider the hyperbolic-parabolic strip problem (1.7.1)-
(7.1.7). Assume that the boundary is not characteristic for the hyperbolic part;
i.e., A(0,t) and A(1,t) are nonsingular. If the compatiibility conditions are sat-
isfied, then the problem has a unique smooth solution (u(z,t), v(z,t)). We can
estimate the solution and its derivatives in terms of the data and their derivatives.

71.7.3. The Case of a Characteristic Boundary

We now allow one or both of the boundaries * = 0,z = 1 to be characteristic
for the v-equation

'Ug=A’U;.;+....

The boundary conditions (7.7.5), (7.7.6) for v remain unchanged, hence none
of the characteristic variables vy appear in the boundary conditions for ». For
the variable u we restrict ourselves to boundary conditions of Dirichlet type

u(G,t)=0, ;=01

(If the boundary z = 0, say, is not characteristic, we can allow a boundary
condition of the more general form (7.7.3), (7.74) at z = 0.)

To show the basic estimate, we proceed as in the proof of Lemma 7.7.1. From
integration by parts we obtain the boundary terms

(u, Aug)|y, (u, Bizv)y, (v, A0,
The first two of these terms are zero, the third term is treated as before:
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(wA0lh < -3 Y oG + ¢ Y loof.

j=0,1 j=0,1

Thus we obtain an estimate of

t
e, 01 + 10,0 + [ 3 loatii P dr
0 ;-0
in terms of the data. Bounds for derivatives can be derived as before.
To summarize:

Theorem 7.7.3.  The result formulated in Theorem 7.7.2 remains valid if one
or both of the boundaries x = 0,z = 1 are characteristic provided that the
boundary condition for u at a characteristic boundary is of Dirichlet type.

With some restrictions, we found that coupled hyperbolic-parabolic systems
are well-posed if the uncoupled systems have this property. It is possible to relax
the assumptions of Theorem 7.7.3 further; however, there can be difficulties if
the hyperbolic part is characteristic at the boundary and the parabolic part has a
non-Dirichlet boundary condition. (The difficulties arise from the boundary term
(u, Biav). Actually, in one space dimension, the difficulties can be overcome
since the characteristic variables satisfy ordinary differential equations along the
boundary. This technique does not generalize to more than one space dimension,
however.) In any concrete case, one can try to use the above tools to derive
an energy estimate and estimates for derivatives. Also, the method of Laplace
transform is applicable for discussing much more general boundary conditions.

7.7.4. Application to the Linearized Navier-Stokes Equations in 1D

Upon neglecting zero-order terms and forcing functions, the equations for ', o’
derived in Section 3.5 read

(Z:),=‘(1[{l RI/IR) (Z:),-““ (:) g) (:::)u, pmo=2p+p

We assume that z; > 0. Clearly, the uncoupled equations
w = —Uu; + mu,,
pr = ~Up,

are parabolic and hyperbolic, respectively. The base flow U = U(z,?) is as-
sumed to be known in the strip

0<z<1, t20.
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Consider the boundary x = 0, for definiteness. We distinguish among three
cases:

1) inflowat =0 :U(0,t) > 0;
2) outffowat =0 :U®,t) <0;
3) awall at z=0 :U@©,t)=0.

Our results do not cover a switch between inflow and outflow in time, since we
assumed in Section 7.6 that the eigenvalues ), (0,t) have constant sign. The
general theory allows boundary conditions of the form given below.

Case 1. U(D,t) > 0. Here p' is an ingoing characteristic variable. We need
two boundary conditions:

£'0,t) = ro(H)u'(0, 1) + go(?)

and
(1.7.9) (0,8)=0 or
(7.7.10) u (0, 1) + £o(t)u'(0, t) = mo(t)p'(0, ) + ho(t).

Case2. U(0,t) < 0. In this case p’ is an outgoing characteristic variable and
need not be specified. For v'(0,t) we can take condition (7.7.9) or (7.7.10).

Case 3. U(0,t) = 0. The variable g’ need not be specified. For u’ we can
take (7.7.9).

Similar considerations apply at x = 1. By Theorem 7.7.3 the resulting strip
problem for the coupled (u', p')-system is well-posed. Instead of the homoge-
neous condition (7.7.9), one could also prescribe a smooth function

4'(0,t) = ug(t).

The inhomogeneous case can be reduced to the homogeneous one by subtracting
a suitable function from u'(x, t).
7.8. Semibounded Operators

In the previous sections we have considered differential equations

u; = P(z,t,0/8z)u + F(z,t)



Initial-Boundary Value Problems in One Space Dimension 269

in the strip 0 < z < 1,¢ > 0, together with an initial condition
wz,0) = f(x), 0<z<L,

and boundary conditions. Restricting ourselves to the homogeneous time inde-
pendent case, we write the boundary conditions in the form

Liju(,)=0, j=0,1
Here we assume that L; is a linear operator which combines values of « and its
spatial derivatives evaluated at (x,t) = (j,1),j = 0, 1. In most cases our proofs
of an energy estimate followed from an inequality of the type
d
5 IOl = yu) + @ w)
= (u, Pu) + (Pu,u) + (v, F) + (F,u)
< 2afju? + 2lfull IF).
Thus the critical question is whether we can show an estimate
(u, Pu) + (Pu,u) < 2¢1||u||2

if u satisfies the boundary conditions.
We shall now formalize the procedure to some extent. For every fixed ¢ the
differential expression

P(x,t,8/9x)
defines an operator P! if we specify its domain of definition D. Let us define
(7.8.1) D={weC>®: Lyw=0, Lyw=0};

i.e., D consists of all C*°-functions which satisfy the boundary conditions. The
following definition formalizes our requirement:

Definition 1.  We call the operators P!, t > 0, semibounded on D if there
exists a constant « such that
Re (w, P'w) < a [lw|]?

forall t > 0andall we D.

Clearly, if the operators P are semibounded on D and if the strip problem
has a solution u with u(-,t) € D for each £, then our considerations show

d
7 lel? < 2allull® + flull® + I FI.

Thus uniqueness and the basic energy estimate follow.
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One might be tempted to believe that the existence of a solution u with
u(-,t) € D

can also be shown once the operators P*,t > 0, are semibounded on D. How-
ever, such a result cannot be valid without further assumptions: If we change
the domain D to D, C D by requiring additional boundary conditions, then the
corresponding operators P} are still semibounded; any solution » with

u(-, t) € D|

would satisfy the additional boundary conditions. Obviously, this cannot be
expected. In other words, a general existence result of the above type cannot
be valid since one might have overspecified the solution at the boundary. This
motivates the following:

Definition 2.  Suppose that P*, t > 0, is semibounded on a domain D of
the form (7.8.1) and that D is determined by ¢ linearly independent boundary
conditions. Suppose further that g is minimal; i.e., if we specify a domain D,
by less than ¢ boundary conditions, then the corresponding operators P} are not
semibounded. In this case, one calls P* maximal semibounded on D.

(This concept is motivated by the next theorem. It is not sufficient to request
that P lose semiboundedness on all domains D, strictly larger than D. For
example, suppose that integration by parts leads to a boundary term u(uz+uz,).
If one requests the two boundary conditions u, = u,; = 0, then one cannot
drop any condition. The correct condition is u = 0, however.) '

In the examples which we discussed previously the operators P* were indeed
maximal semibounded; there was no overspecification and — under suitable
compatibility conditions — we could show the existence of a solution. One can
prove the following general result:

Theorem 7.8.1. Consider a system of the form

P
il
w=) Atzou 0<z<l, t20,

v=0

with boundary conditions

E Bjy, — u(4,)=0, j=0,1, t>0.
ox¥
=0

Suppose that A,(z, t) is nonsingular for all z, t and that all coefficients are C*-
smooth. If the associated operators P, t > 0, are maximal semibounded on the
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corresponding domain D, then the initial-boundary value problem is well-posed.

Especially, for initial data f € C§°(0, 1), there is a unique solution
uelC®0<z<Lt>0)

with u(-,t) € D for t > 0.

Let us apply the concept of maximal semiboundedness to some simple exam-
ples.

Example 1. Consider the equation u; = u, under boundary conditions
P
o . .
Y a5 uGH=0, j=0,1.
v=0

Here
(W, w,) + (we, w) = Juwf | = [w(D]? - [w(O).

An estimate by 2a||w]|? is possible only if the boundary conditions imply w(1) =
0. At x = 0 no boundary condition is allowed if the operator P = 8/9x is to
be maximal semibounded.

Example 2.  Consider a system
uy = Au,, A real diagonal,

where A is constant for simplicity. Here

(w, Awy) + (Awz, w) = (w, Aw) I:)

= (w4 (1), Apwie(D)) + (w-(1), A_w_(1))
— (w0, Aywy(0) — (w-(0), A_w_(0)).
In order to obtain the desired estimate, we need boundary conditions of the form
wy(l) = Sw_(1), w_(0) = Sow4+(0),

where |So| + |S)] must be sufficiently small. If the boundary conditions have
the above form, but |Sg| + |S;] is not small, then the operator P = A9/0z is
not semibounded on the corresponding domain. Nevertheless, one can derive
an energy estimate as we have shown in Lemma 7.6.2. Thus semiboundedness
is sufficient but not necessary for an energy estimate.

Exampk 3.  Consider the linearized Korteweg-de Vries equation

Uy = Uz + OUyzz, 60,
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and assume the functions are real. Here

2w, wy + bwggr) = {w2 + 20wwg, — 6(w,)2} I(l)
If we want an estimate by 2al{w||? then the boundary conditions must imply
(718.2) w?(1) + 26w(Dw,.(1) — sw(1) <0,

(7.8.3) w?(0) + 26w(0)w;-(0) — Sw(0) > 0.
At z = 1 we need one boundary condition, for example, w(l) = 0. Another
possibility is
(1.8.4) wez(1) = aw(l) + bw,(1).
For the left-hand side of (7.8.2) one obtains the quadratic form
(1 + 26a)w?(1) + 26bw(yw.(1) — wi(1)

= (w(), w(D) (H;f&a f?s) (:,((11)))'

Condition (7.8.2) is satisfied if and only if both eigenvalues of the above 2 x 2
matrix are < 0. This yields a restriction for the coefficients a, b in the boundary
conditions (7.8.4). At x = 0 we need two boundary conditions. One possibility
is

w(0) = wi(0) = 0.
We can also require
wz(0) = cw(0), w-(0) = dw(0),

and (7.8.3) becomes equivalent to 1+ 26d — 6c? > 0. If we impose any of these
boundary conditions to the KdV equation, then the strip problems are well-posed
according to Theorem 7.8.1.

Notes on Chapter 7

The Laplace transformation and expansions into eigenfunctions have been used
for a long time in applied mathematics. See, for example, Carrier and Pearson
(1976). Our aim was mainly to show that the energy method is rather restrictive
with respect to the admissable boundary conditions, though it is very powerful
when it applies.
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The proof of Theorem 7.8.1 is conceptually rather simple. We obtain im-
mediately the basic energy estimate. Then, in the same way as for parabolic
equations, we can estimate the time derivatives. This provides bounds for the
z-derivatives. Corresponding estimates for suitable difference approximations
(Kreiss (1960)) can be obtained in a similar way, and the existence of a solution
follows as in the text.
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8 Initial-Boundary Value
Problems in Several
Space Dimensions

In Chapters 3 to 6 we have assumed spatial periodicity, and Chapter 7 treated
the case of one space variable 0 < 2 < 1 or 0 £ £ < co. Here we want to
combine the two situations and consider a space variable

T=(21,...,%,), 0<z; <1 or 0< ) < 00,

under periodicity assumptions in z,,...,z,. These special z-domains are fairly
representative in the sense that problems posed in other domains (with smooth
boundary) can be broken up into subproblems which can be transformed to the
special cases.

8.1. Linear Strongly Parabolic Systems

8.1.1. General Assumptions
We consider second-order systems
8 8
@1LD w=Y A;DiDju+) BiDu+Cu+F, D;=0/dz,
ij=1 i=1
in the strip.
275
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At time ¢ = 0 we give initial data
8.1.3) u(z,0) = f(z),
and at the surfaces
=0, =1

we prescribe linear (inhomogeneous) boundary conditions combining u and D) u.
Introducing the notation

y=(22,...,%,),
we can write the boundary conditions in the general form
(814) Ljou(ja Y, t) + leD]‘U«(j, Y, t)= gj(y7 t), .7 = Oa l'l

where Ljo = Ljo(y,t),Lj1 = Lj(y,t),j = 0,1, are n X n matrices. The
coefficients A;; = A;;(z,1), etc., the forcing F = F(z,t), the initial function
f = f(x), the inhomogeneous boundary terms g; = g;(y, ¢), and the coefficients
Lj, = Lj.(y,t) of the boundary conditions are all assumed to be C'°°-smooth,
1-periodic with respect to x»,...,z,, and real, for simplicity. The differential
equation (8.1.1) is assumed to be strongly parabolic;* i.e., there exists § = 67 >
0 such that
3 8

8.1.5) ST (& Az, 0g) 2 8 1&I

ij=1 i=1
for all vectors &),...,&, € R™ and all (x,¢) in the strip (8.1.2) with0 < ¢t < T.

The n X 2n matrices

(LjO(yv t), le(y, t))

are assumed to have rank n for all arguments, but further assumptions about
the boundary conditions are needed for well-posedness. We try to determine
a solution u = u(x, ¢) with values in R® which is C*°-smooth and 1-periodic
in each variable z,,...,z,. As before, if we want u to be smooth in the strip
(8.1.2) including the boundaries of the domain at ¢ = 0, we need compatibility
conditions to be satisfied.

The data

f@), Fz,t),9;,1),j =0,1 (where z = (z1,)),

*The definition given here coincides with our terminology in Section 6.1 since the expressions
Aij DiD;ju and D; A;; Dju differ only by a lower-order term.
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fulfill sufficient compatibility conditions if they vanish identically in some neigh-
borhood of all points

(xy =0,y t=0 and (r; =1, 9, t=0).
Notation. The inner product and norm in this section are given by
1 1
(u,v) = / / (u(x), v(x)) dz) . . . dzs,
(i} (i

Null = (u, w)'/2.

For boundary integrals we use the notation

1 1
(u,v)po=/ / (u(©, z3,...,x,), v(0,x3,...,2,))dz;...dx,
()} ()}

= [ (w1, w090
where Y = [0, 1]°~'. Furthermore,

(u,v)p, = /Y {(u(1,), v(1,9)) dy,
lull}, = @, uwr;, §=0,1,

|
(u9 ”)I‘lo = ('U, 'U)r“ - (u’ 'U)I‘m
lulf = lullf, + el

Integration by parts. Let u = u(z), v = v(zr) be smooth functions of zx,
1-periodic in z3,...,z,. Then

(8.1.6) (u, Div) = ~(Dyu,v) + (u,v)r |5,

8.1.7 (u, Dyv) = —(Dju,v), i=2,...,8.

8.1.2. Neumann Boundary Conditions

For illustration, we will concentrate on so-called Neumann boundary conditions,
which we write in the form

(8.1.8) D, u(j, y, 1) = Sj(y) Hu(d,y,t) + g](yr 1), ] =0,1.
We first show the basic energy estimate.
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Lemma 8.1.1.  Suppose that the smooth function u solves the parabolic prob-
lem (8.1.1) with initial condition (8.1.3) and boundary conditions (8.1.8). There
is a constant Kt independent of f, F, go, g with

t t
flu-, IF+ /0 fuG, DIE dr < Krllfi*+Kr /0 {IFC DI + llgC, DIE} dr
in0<t<T. Here

g, Dl = llg; ¢ DI,

j=0,1

Proof. From the differential equation (8.1.1), integration by parts (8.1.6), (8.1.7),
and the parabolicity assumption (8.1.5) we obtain that

d 2 _
;ﬁ "‘M(', t)" = 2(“1 Uug)

8 8
< =283 IDsull? + cr {Iull 3 UDsull + l1ull + IFIP} + (u, AuDrwyel

i=] i=1

8
< =63 IDsull® + co{llull® + IFI} + (v, AuDyuyr |y,

We can use the boundary conditions (8.1.8) to replace D, u in the above boundary
term by u, go, g1. The one-dimensional Sobolev inequality

lw©, »I* + w1,y < € /o \Dywtar, P day + (o /0 ' Joter P day
can be integrated with respect to y to yield
(8.1.9) hwllg, + llwlif, < elDwif? + celjwil®.
Therefore we obtain that

d 5 o
5 lel? < =5 3~ UDwul? + es{llull + I FI + lglif }-
i=1

Another application of (8.1.9) and integration with respect to ¢ proves the lemma.

We show next how to estimate derivatives; we write D; = 8/8t for time
differentiation. We apply one of the operators

Dh D2s---9Da
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to (8.1.1) and obtain
8
(8.1.10) (Deu) = Y Aij DiDj(Dyu)+ terms of order <2,
i,j=1

k=1tk=2,...,s. (Since we do not get boundary conditions for D u, we do
not apply the operator D, to (8.1.1).) Introducing the vector

u= (Dtus D2u1 (X ,D,u) S R"'s

we can write the above system (8.1.10) as

(8.1.11) =3 A;DiDju+...,

ij=1
where 4,; is the block-diagonal matrix
A;j 0
A= ' € R,
0 Aij
The terms not written out in (8.1.10) contain
Diu and Dju.

Noting that A,; is nonsingular (see (8.1.5)) and using the given differential
equation (8.1.1), we can express D?u by

1w, D'Dyu, etc.

Therefore, Dfu and Dju can be estimated in terms of F, u and the first
derivatives of u.

A key observation is that we can easily derive boundary conditions for u. An
application of one of the operators D;, Ds,....D, to (8.1.8) yields

DWDiu= S,-Dku + Dkgj + (D,,.S_,-)u, k=t k=2...s
at each boundary ) = j = 0,x, = j = 1. With the same notation as before,
8.1.12) Dy, 1) = 8;40, 4, 1) + 6 (0, 1).

Thus we have boundary conditions for u of the same structure as those for u.
It is important to note that the inhomogeneous data

9;'1)(?/, t), .7 =0, ly
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can be estimated in terms of the first derivatives of the given boundary data
9;(y, t) and the u-values on the boundary. The latter have already been estimated
inLemma 8.1.1. Thus we have a parabolic system (8.1.11) for & under Neumnann
boundary conditions (8.1.12). Lemma 8.1.1 applied to this problem gives us
estimates for u, i.e., for

g, Dhu,...,D,u.

To bound D,u, we take the inner product of (8.1.1) with u and integrate by
parts. This yields

(w,ue) = (u, AuDiw)+...
= _(Dlus A11D|u)+...

< =8|\ Dyull +....

Thus we obtain bounds for ||Dyu||® also. This process can be continued, and
inductively one obtains

Lemma 8.1.2. Suppose that the smooth function u solves the initial-boundary
value problem (8.1.1),(8.1.3), (8.1.8). In every finite time interval we can esti-
mate u and its derivatives in terms of the data f, F, go, g, and their derivatives.

Assume that compatibility conditions for the data f, F, g, ¢) are satisfied.
To show the existence of a smooth solution u, we can again use a difference
scheme. Proceeding as in the continuous case, we can prove estimates for the
solution v = v" of the difference scheme independently of the step-size h > 0.
There are no essential differences from the case of one space dimension treated
in Section 7.2. The periodic variables z»,...,z, are discretized as in Section
3.2. One obtains

Theorem 8.1.3. Suppose that the data f, F, g9, g are compatible. The
parabolic problem (8.1.1),(8.1.3) under Neumann boundary conditions (8.1.8)
has a unique smooth solution. One can estimate the solution and its derivatives
in terms of the data and their derivatives.

8.1.3. Other Boundary Conditions

If the matrix Lj; = L;)(y,t) in (8.1.4) is singular but of constant rank r;, we
can write the boundary conditions as

Lgou(j, )+ L_{] Dy u(j,y, ) = 9,!(3/, t), L,’({“(J, )=0, j=0,1,
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after we transform the Dirichlet part to become homogeneous. To derive an
energy estimate, we can proceed as in one space dimension, see Section 7.2.
If either L;; = O (the pure Dirichlet case) or if at each boundary point alge-
braic conditions as in Lemma 7.2.1 are met, then the problem is well-posed.
Also, more general boundary conditions can be treated via localization, Laplace
transform in time, and Fourier expansion in x3,...,x,. We refer to Section 8.4
where we will illustrate this technique for hyperbolic problems.

8.1.4. General Domains

We want to indicate how our results can be extended to more general domains.
Consider the example

(8.1.13) Uy = Upz + Uy, for r=a:2+y25 1,
with a boundary condition
(8.1.14) Bu=0 at r=1.

As usual, u(-,0) = fisgivenat t = 0.

Let ¢ = 1(r) denote a monotone C*°-function with
I forr>1-6,
0 forr<1-—26,
If we introduce the notations v, = 1—), u; = p,u, j =1, 2, then u = u;+uz,
and we can write (8.1.13) as a system for u,, u; :

ga.(r)={ O0<oxl.

r=1-28
=i—6

(23 I

FiGure 8.1.1. Circle and annulus.
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Ujt = Ujzz + Ujyy — 205z (12 + u2z) — 20y (w1, + u2y)
= (pjzz + i) (w +w2), =12

To motivate the following, we first neglect lower-order terms and write v; instead
of u;. Then we obtain the two separate equations

Vit = Vjgz + Vjyy, J = 1.2.

Since u; = 0 for r < 1 — 26, we consider the equation for v, in the annulus
1 — 26 < r < | under boundary conditions

Bvyy=0atr=1, v, =0 atr=1-26

This problem is of the type which we have treated, because we can map the
annulus onto a periodic strip by the introduction of polar coordinates. Similarly,
u; = 0 for » > 1 — 6, which motivates the consideration of a pure Cauchy
problem for v, with “boundary condition” ||v,(-, t)|| < oc.

To treat the full problem, we define the iteration

n+l _ ., n+l n+1 . n nY _ X n n
ujt - uj.’l.':t + ujyy - 230]17 (u’l:c + uZ:r) ZVDJV(uly + uZy)

= (Pjzz + Pjyy) (ur +u3), j=12, n=01,....

Here the functions u{'“ are determined in the annulus subject to the boundary
conditions of v;; the pure Cauchy problem is solved to determine u3*'. The
initial conditions are u;-‘“(-, 0) = ; f. In a similar way as for the iterations dis-
cussed before (see, for example, Section 4.1.4), one can use Gronwall’s Lemma
3.1.1 and Picard’s Lemma 3.3.4 to show uniform smoothness and convergence
as n — oo. The function © = uy + up, u; = lim u}', solves the given problem.

A similar procedure can be used to treat problems in rather general domains
with smooth boundaries.

Ficure 8.1.2. Domain and boundary strip.
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8.2. Symmetric Hyperbolic Systems in Several Space
Dimensions

In this section we consider first-order systems

8.2.1) u = Z‘ Bi(z,t)D;u + C(z, t)u + F(z,t)

i=1
in the strip

0<z; <1, —00<T3...,2,<00, t20,
under initial conditions
(8.2.2) u(z,0) = f(z)

and boundary conditions at z; = 0,z; = 1. As before, all quantities are
assumed to be real, for simplicity, C*°-smooth, and 1-periodic in z1,...,2,.
This assumption applies also to the boundary conditions specified below. An
essential assumption is the symmetry

Bi(z,t) = Bl (z,t), i=1,...,8

i.e., we have a symmetric hyperbolic system. We will also discuss such systems
in the half-space

0<z1 <00, —-00<T3,...,.2,<00 for t2>0,

and in more general domains. Our main emphasis is to show that the problem
becomes strongly well-posed under certain boundary conditions. In the next
section we apply our results to the linearized inviscid compressible Navier-
Stokes equations. If one of the boundaries x; = 0 or x; = 1 is a wall, then
naturally the u-component of the base flow vanishes there. In this case, as we
will see, the comresponding boundary is characteristic. A complete discussion
of this situation would be very complicated in several space dimensions. For
a characteristic boundary we will restrict ourselves to the treatment of some
special cases.

8.2.1. The Basic Estimate and Bounds for Derivatives

After transforming the independent variables u, if necessary, we can assume
that

B|($, t) = A($, t)
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is real and diagonal. First let us assume that B, = A is nonsingular for all
arguments. Then, without restriction,

A 0

B.=A=( o A,

)1 A—S_7I’ A+..>.'7I: 7>0'

We partition the variables u correspondingly into

()

u= .

Ut

As motivated by the discussion in one space dimension (see Section 7.6), we
consider boundary conditions at z; = 0,x; = 1 of the form

U (01 Y, t) = SO(ya t)u+(0, Y, t) + gO(ys t),
ur(Ly, ) =Sy, u_(Ly, )+ aly,t), y=(z2...,%T).

(8.2.3)
Here Sp, S) are matrices of appropriate dimensions.

Difference between one and more space dimensions. There is a significant
difference between the cases of one and of more space dimensions: In one
dimension, we could force the matrices Sp, S; to become “small” by applying a
suitable transformation to u, if necessary; see the proof of Lemma 7.6.2. If we
were to apply such a transformation here, the matrices B, ..., B; would lose
their symmetry, in general. The symmetry is essential, however, for deriving
the estimates for well-posedness by the energy method. For this reason, the
assumption

[So| + {S3]| “small”,

which we need below, constitutes a real restriction on the boundary condi-
tions (8.2.3). The question remains whether or not it is possible to show well-
posedness by other means if |So| + |S1] is large. We will employ the method of
Laplace transform in Section 8.4 to discuss this question. It tumms out that well-
posedness can indeed be lost if |Sp| + |S;| is not small. In one space dimension
this is not possible.

The basic estimate. 'We want to show first

Lemma 8.2.1. Suppose that u(z,t) is a (real) smooth solution of (8.2.1)-
(8.2.3) which is 1-periodic in z,,...,z,. If

|So(w, )} + [Si(y, t)]
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is sufficiently small for all arguments, then for any finite time interval 0 <t < T
there is a constant KT with

(8.2.4)
t

t

lluc:, 31 + [ -, Pip dr < KT{IIfllz + / {ig¢, DliF + ||F<-,r>u2}dr}
0 0

Jor 0 <t <T. The constant Kt does not depend on f, F, or g.

Proof. The differential equation (8.2.1) gives us that

d 2
2 1017 =26, up

<2(w Y- B.Dw) + a{lol? + IFI).

For i=2,...,s,
(u, BiDju) = (Bju, D;u)
= —(B;Dju,u) — ((DiBi)u,u),
and thus
(u, B;Dju) < ez [Jul? .

For i =1 we obtain an additional boundary term. Therefore

d 1
= 1ull* < es{lull® + IFI} + G, Awyry.

Since |Sp| + |Si| is assumed small, we can treat the boundary term in exactly
the same way as in one space dimension (compare the proof of Lemma 7.6.2)
and obtain that

(82.5) (u, Au)rly < — 3l + o llgllF-

Integration of the resulting inequality with respect to ¢ proves the lemma.

We will show below the existence of a smooth solution if the data are compat-
ible. Then the estimate of the previous lemma states strong well-posedness of
the hyperbolic initial-boundary value problem. In obtaining the basic estimate,
we have not used that B;, = A is nonsingular. In the case that A has zero
eigenvalues at the boundary, we can obtain a similar estimate to (8.2.4) if we
replace the boundary term on the left side by
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t
/ lus G, O dt.
1]

Zero eigenvalues of By = A cause difficulties, however, if we want to estimate
derivatives of the solution.

Estimates of derivatives. If we apply one of the operators

DhDZ)“-sDa
to (8.2.1) we obtain

Dyue =) B:D;Dyu+ » (DiB)Diu

=1 i=1

+ CDiu + (D Chu + D F,
k=t k=2,...,s Introducing the vector
u = (Dyu, Dyu,...,D,u) € R™,

we can write this system as

u, = ZﬁiDiﬂ +Cu

t=1
(DgBl)Dm (D¢C)u DtF
(DsBy)Dyu (D,Chu D,F

B; 0
B;

where

Bi= )
0 B;
Using (8.2.1) again and observing the nonsingularity of B; = A, we can express
Dyu in terms of u, u, and F. Boundary conditions for u are obtained if we
apply D, D,,...,D, to (8.2.3). Since we have already estimates for ||u||2
and for ||u|ﬁ., we obtain estimates for u in terms of the data f, F, g and their
first derivatives. Clearly, we also have an estimate for D u from (8.2.1). This
process of estimating derivatives can be continued inductively.
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8.2.2. Existence of a Solution

To show the existence of a C°°-solution, we assume compatible data; for ex-
ample, it is sufficient that the functions

f(z)a F(.‘L‘, t)) 90(y, t)a gl(ys t)
vanish identically in a neighborhood of ali points
(1 =0,y,t=0) and (z; = l,y,t =0) where y=(x2....,%,).

We choose a gridlength h = 1/N, N a natural number. The space gridpoints
are

xy=(hV[,...,th), Vjezv OSVIS‘Nv

and we leave time continuous.
The differential equation (8.2.1) is replaced by a system of ordinary differen-
tial equations for the gridfunction v(z,,t) = v*(z,,t) of the form

(8.2.6) ditv(a:,,,t) = Qiv(z,,t) + F(z,,t), 1<yy<N-1
Here Q) is the difference operator*

_(A-D, O . .
8.2.7) Q= ( o A.D. ) +Y_BiDyi +C.

i=2
The coefficients are to be evaluated at (z,,t). The boundary conditions (8.2.3)
are replaced by

v (0, ¥t = So(‘.'l, t)’U+(h, Y, )+ go(ll, 1),

‘U+(1,y, t) = Sl(yvt)v—(l - hv ¥, t) + gl(yy t)’

where (0,y), (1,y) are points of the spatial grid. There are no difficulties in
discretizing the initial condition (8.2.2) by

(8.2.9) v(zy,0) = f(z,).
The differential equation (8.2.1) is discretized only at the interior gridpoints

(8.2.8)

Ty, 1<y <N-],

of the strip. If we consider the equation (8.2.6) at a point x, = (h,y) close to
the left boundary of the strip, say, then the difference operator

A_(l'y, t)D-—l

*In the terminology of numerical analysis, we use “upwinding” to approximate A D) and apply
a central difference formula in the periodic variables z»,...,z,.
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involves the value v_(0,y,t). We can use the discretized boundary condition
(8.2.8) to eliminate this part of a v-value. Using periodicity with respect to the
variables z3,...,z,, we have obtained a finite dimensional (linear) ordinary
differential system for v(t) = v"(#) under initial conditions. Thus vh(t)
is uniquely determined. As previously, by mimicking the estimates for the
differential equation, one can bound all difference-differential quotients of v*
independently of h. Simple error formulae (in numerical analysis terminology,
the consistency of the difference approximation) show that v® converges to a
smooth solution u(x, t) of the initial-boundary value problem for some sequence
h — 0. Some of the details of the estimates of v" are provided in the next
section. We summarize the result in

Theorem 8.2.2. Given the symmetric hyperbolic initial-boundary value prob-
lem (8.2.1)—(8.2.3) where B, = A is nonsingular and the matrices Sy and
Sy are sufficiently small in norm. (For example, Sy = 0, S, = 0.) If the
data are compatible, there is a unique smooth solution. The problem is strongly
well-posed.

The smallness-assumption for |Sp| + |Si| can be quantified as in the proof of
Lemma 7.6.2. What we actually need is the estimate (8.2.5) for all functions
which satisfy the boundary conditions.

8.2.3. The Finite Speed of Propagation

We shall prove that the principle of finite speed of propagation is valid for
the hyperbolic initial-boundary value problem (8.2.1)8.2.3). As in the case
of the spatially periodic Cauchy problem (see Theorem 6.2.1), we construct a
difference approximation whose solutions converge to the solution u(z, ¢) of the
continuous problem. For the discrete systems the speed of propagation will be
finite and bounded independently of the step-size.

The spatial meshsize h = 1/N and the spatial gridpoints

x, = (h,...,hwg), u_,-eZ, 0<y <N,
are denoted as in the last section. We choose a time step
k = hso, sp > 0 fixed,

where so will be assumed sufficiently small, but independent of h. Discretizing
in time and space, we determine a grid function

oz, ), t=0,k,2k,....
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by
vz, t + k) = I + kQ + kh@2)v(z,,t) + kF(z,, 1),
1<y <N-1, t=0,k,2k,... .
Here @, is defined in (8.2.7) and

(8.2.10)

8
Q=) DuD-:.
§=2
The gridfunction v is subject to the boundary anrd initial conditions (8.2.8),
(8.2.9); as explained in the previous section, these conditions determine v
uniquely. Clearly, the ratio

h/k = s

bounds the speed of propagation in the discrete system (see Section 6.2); there-
fore, once we have proven convergence of v*(z,,t) to u(z,t) as h — 0 (in
the sense of (6.2.4) ), the number s, ! also bounds the propagation-speed for
the continuous problem.

It will be sufficient to show that we can bound v” uniformly in terms of the
data. Then convergence follows, since v® — u satisfies the above difference
equations with data which tend to zero for h — 0. To prove these bounds for
v = v", we introduce a discrete scalar product by

@wh=h" Y Y (v wE).

1€ EN=1 02,y <N

Also, we use the notation

@, wrg) = h*~" Y (v(@), wiz,)),

n=j
where the sum extends over
0<w,...,vy, <N,

and ¥ =j is fixed.
In (vague) analogy to integration by parts with respect to z;, we have the
rules:

Lemma 8.2.3.
N-1
w, Dywip = —(Dyv, why + MD_ v, D_yw), + (v,w)rl o
N

(v, Dyyw)p = —(Dyv,w)y — KDy v, Dypyw)p + (v, w)rll )



290 Initial-Boundary Value Problems and the Navier-Stokes Equations
where

J
(v, w)r .= @, wirg) — (v, Wra).

Proof. Since summation over
0< ..., <N
applies to all terms, it suffices to prove the result for s = 1. Then we have
(,D_w)y +(D_v,w)p — h(D_v,D_w),
N-1
= E {(wav"wu—l) + ('Uu_'vv—hwu> - ('Uv_vu—lawu_wv—l)}
v=1

N-1
= Z{(v,,,w,,) - (‘Uy..l,'wy—l)}
v=l

= (vN_|,1.UN_|> - ('Ung0)~

(Here we have used the index notation v, for v(z,), etc.) This proves the first
relation, and the second is shown similarly.
Recursive estimate for v = v®. The difference equation (8.2.10) gives us
o, t+ BIE < Il + 2k, Quvdn + 2kh(v, Qevn + 2K* [|Qv|l}
+ 2622 |Quolfy + cr {k [lolfy + K I}

The inner products and norms on the right-hand side apply to the gridfunctions
v(-,t), etc., and we have used estimates like

K (Quv, F)s < B ||Quvll,, |F 1,

1
< B {klQulfy + ¢ IFIL)

K 2
< kea g olfy + KNP
< keash ol + kP17 -

To bound the term
2k(v, Q1 V)n,
we apply Lemma 8.2.3 to treat the contribution of
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A_D_, 0 _
(vv ( 0 A+D+l)v)h =@W_,A_D_1v ) )p + W, Ay Dy1v ).

Since A_ and A, are bounded away from zero, we have, with some 6 > 0,

N-1
2k(v, Qv) < —khS{||D_1vo- |} + | Ds1v4 13} + k(v-, A_v_)p )

N 2
+ k(vs, 1\+’J+)t‘lI + kol -
Using the discrete boundary conditions (8.2.8) and the assumption that
1Sol + 151}

is small, we can obtain an estimate for the boundary terms

N~1

N
(v-yA-‘v—)rl + (11+,A+v+)rll

0
in terms of the boundary data gy and g,. Therefore,

2k(v, Qi) < —khS{|ID_yv_|2 + |Ds1v4 |2} + cak{llll; + ligli% }-

The difference operator ) acts only in the periodic directions z3,...,z,; thus
summation by parts gives us

2kh(v, Qv)n = —2kh Y _ || Dyl -

i=2

Finally, it is not difficult to show that

8
22 1Quolf} < sk {ID-ro_I; + IDs104 I + S IDwsol + ol2},

i=2
3
262 [1Q2vlly, < esk? ) 1D+ivlly »
=2

where cs does not depend on s,.
Summarizing, we have shown that

o(-,t + B} < (—khé + eskH){ID-1v-|} + | Ds1v+ 113}

3
+(~2kh + 2c5k%) Y ID4s0ll}, + (1 + ko) (0]l

i=2

+ kes{llglly r + IFI3}-
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Here csk? = cskhso. If sg is chosen so small that
css9 < min{é, 1},
then we have the recursive estimate
llo( ¢+ B < A + ko) [lvl; + ke{llglfs - + IFIZ}-

In any finite time interval we obtain the desired estimate of v in terms of the
data. Thus we have proven

Theorem 8.2.4,  Under the assumptions of Theorem 8.2.2 the principle of
finite speed of propagation is valid for the symmetric hyperbolic initial-boundary
value problem (8.2.1)(8.2.3).

8.2.4. The Strip Problem vs. the Half-Space and Periodic Cauchy
Problems

Thus far we have treated symmetric hyperbolic systems (8.2.1): a) under the
side-condition of spatial periodicity; b) in a strip 0 < x; < 1 with boundary
conditions at z; = 0, x) = 1 and periodicity assumptions with respect to
2,...,%,. Only in the latter case did we need that B, is nonsingular.

In this section we will show how to use the strip problem to solve the hyper-
bolic system (8.2.1) in the half-space

0<z <0, —00 < X2y...,Zs <00 for t>0

with boundary conditions at z; = 0. Conversely, the strip problem can be
reduced to left half-space, right half-space and periodic Cauchy problems. Es-
sentially these results follow quite easily from the finite speed of propagation.
The reduction of the strip problem to half-space and periodic Cauchy problems
will be useful in the next section, where we remove the assumption that B, is
nonsingular.

Solution of half-space problems. Suppose the coefficients and data in (8.2.1),
(8.2.2) are defined for all x € R®, are 1-periodic with respect to z»,...,z,,
and are uniformly smooth. Furthermore, assume that the data f(x) and F(x,t)
have compact support with respect to z;; i.e., there is a constant M with

(8.2.11) |f@)] + |F(z, 0] =0 for |z, > M.

We always assume symmetry B; = B}, and also require in this section that B,
is nonsingular. Our first result is



Initial-Boundary Value Problems in Several Space Dimensions 293

Theorem 8.2.5. Under the above assumptions, consider the half-space prob-
lem

w =Y Bi(z,)D;u+C(z,thu + Fz,t) = Pu+ F(z,1)
i=1

in 0<z; <00, —00< I3, ..., Tsg < 00, t 20, with the initial condition
u(z,0) = f(x)
and the boundary condition at x, =0,
u_(0,y,t) = Soly, t)u4(0,y,%) + go(y, t).

Assume the data are compatible and |Sy| is sufficiently small. There is a unique
smooth solution which vanishes for 0 < t < T if the argument x; > c(T) is
sufficiently large.

Proof. We fix atime T > 0 and consider the above problem in the strip
0<z <aM, a>1,
with the additional boundary condition
uilaM,y,t) =0

at x; = aM. According to Section 8.2.2, there is a unique smooth solution
u(z, t) of this strip problem.

The finite speed of propagation implies that u is identically zero in a neigh-
borhood of the points

(9«'1=01M,y,t), OStSTv

if o is chosen sufficiently large. Setting u =0 for z; > aM, 0<t < T,
we have solved the half-space problem for 0 < ¢t < T. Uniqueness follows as
previously by an energy estimate. Also, the solution constructed in 0 <t < T
does not change if we choose another T} > T.

Solution of strip problems. Consider the strip problem (8.2.1)(8.2.3) and
assume, as we did previously, that the coefficients and data are defined for all
z. We want to show that we can express the solution of the strip problem as

w=u® 4+ u® 44,

where u(" and 4 solve left and right half-space problems, respectively, whereas
u® solves a periodic Cauchy problem. Such a representation is valid in a suf-
ficiently small time interval
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0<t<éb;

after time & one can restart the process.
We choose a number* 0 < 7 < 1/2 and a monotone function

& = $i(x)), $ € C*,
with
1 forx <71/4,
di(z) =
0 for xy 2 T/2,
and define

d2(x1) = $1(1 — 3), h(z1) = 1 — ¢i(x1) — da(x)).

(1) The right half-space problem is
u = Pu® + ¢, F,
v(z,0) = g1z f(@), = >0,
©2(0,3,) = Soy, (0, 3, 1) + 9o, ).
(2) The left half-space problem is
u? = Pu® 4+ ¢, F,
uP(z,0) = pp(z))f(z), = <1,
(1, p,1) = S, (1, 3, 8) + 913, ).
(3) The periodic Cauchy problem is
u? = Pu® + 4 F,
u¥z,0) = ¢a(z1)f ().
To be precise, the last problem is not periodic in x; originally. However,

using the assumption (8.2.11), we can alter the coefficients and data outside a
sufficiently large interval

—aM <z, <aM

and make them periodic. The finite speed of propagation ensures that we do
not change ©® in

*The freedom in the choice of r will be useful in the next section.
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where 6 > 0 is sufficiently small. Clearly, the sum
u=1u"P 4+ u? +4?, 0<z <1, 0<tg<s,

solves the given strip problem. The function u is nothing but the C*°-solution
of the strip problem which we obtained already in Section 8.2.2. We have just
described another representation. Using the values u(-,0) as starting data at
t = §, it is clear that there are no compatibility problems if we continue this
process. This shows

Theorem 8.2.6. The solution u(x,t) of the strip problem (8.2.1)-(8.2.3) can
be obtained by solving half-space and periodic Cauchy problems in successive
time intervals

to<t<tp+4.

The time § > 0 depends on the finite speed of propagation.

8.2.5. Cases Where B,(x,t) Becomes Singular

For the strip problem (8.2.1)—(8.2.3) we want to remove the assumption that
Bi(z, t) is nonsingular for all arguments. This is particularly easy if B} becomes
singular only in the interior 0 < z; < 1. For any fixed finite time T, there is
a number 0 < 7 < 1/2 such that

Bi'(z,t) existsfor 0< 2z <71, 1-7<2,<1, 0<t<T.

Then we split the strip problem into two half-space problems and a Cauchy
problem as described in the last section. For definiteness, consider the right
half-space problem. We change the coefficient B,(z,¢) to

B]((L', )= ¢l(zl/4)Bl(ws )+ (l - ¢|($|/4))B|(0, Y, t),
z = (z1,¥)-

For 0 < z < 7 it holds that B, = B; furthermore, it is not difficult to
check that B, is nonsingular throughout if 7 > 0 is sufficiently small. Thus
the changed right half-space problem (with B,) has a solution V. In some
small time interval the function @V is zero for z; > 7, thus @V = u/" solves
the unchanged right half-space problem. Similar consicerations apply to the left
half-space problem. For the periodic Cauchy problem it was not importaat that
the coefficient B, can become singular. Adding the three solutions, we obtain
a smooth solution

u=u® 44?4 @
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of the strip problem in a small time interval 0 < ¢ < §. We take the constructed
function u( -, §) as initial data at t = 6; in this way, no compatibility problems
arise when we restart the process at ¢t = 6. As the proof of Lemma 8.2.1 showed,
the basic energy estimate is valid also for singular B); hence uniqueness of the
solution is ensured. We have

Theorem 8.2.7.  The result of Theorem 8.2.2 remains valid if B, becomes
singular in the interior 0 < x| < 1 of the strip.

Cases where B, is singular on the boundary. For simplicity we restrict our-
selves to right half-space problems (thus x; > 0) and consider coefficient ma-
trices By = By(z,t) of the following three forms.

Case 1.

A_(z,t) 0 0
Bl = 0 CLJ;AO((L', t) 0 ’ p> 0’
0 0 At

where A_ < —4I, Ay 2 vI, v >0, and Ag is nonsingular.

Case 2.
A_(z,t) O 0
B] = 0 0 0 ’
0 0 Ai(z,t)
where A_ < —+4l, Ay 241, v>0.

Case 3.

B, = [:c'{Ao(x, t) >0,

0
0 Azt P

where Ay > 1, v> 0.
Here A_, Ap, A are always real diagonal matrices. In Case 3, the matrices

Bl(01 Y, t)

have no negative eigenvalues and (in contrast to Case 1) the matrix Ay is allowed
to become singular.

The above representations are required for 0 < z; < 7, i.e., in some neighbor-
hood of the boundary z; = 0. The differential equation (8.2.1) is supplemented
by an initial condition (8.2.2) and a left boundary condition.
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u_(0,y,8) = S(y, yu+(0,y,t) + g(y, t).
In Case 3 no boundary condition is required.

We want to show

Theorem 8.2.8. Assume that B(x,t) is singular on the boundary z, = 0
and has either of the three forms described above. If | S| is sufficiently small, the
right half-space problem has a unique smooth solution.

Proof. There are no problems in obtaining the basic energy estimate through
integration by parts; compare the proof of Lemma 8.2.1. The boundary term of
the left side of (8.2.4) is here

t
/ s, 2 dt.
0

Also, if we want to estimate first derivatives, we apply the operators

Dts D2’ LR | Da

to the differential equation and the boundary conditions. In the resulting system
we have to express

(8.2.12) (D By)Dhu, k=t k=2,...,8,

in terms of Dyu,Dyu,...,D,u using the differential equation (8.2.1).
InCase 1 we have, for 0 <2, <7,

s
Dm=B]_' {Dtu—ZBiju-—Cu—F}.
i=2

Observing that
(DeB)B;', k=t, k=2,..s,

remains bounded for z; — 0, no difficulties arise. In Case 2 the situation is
even easier, since the “dangerous” part of the terms (8.2.12) vanishes identically
near z; = 0. In Case 3 we do not need any boundary conditions. Thus we
apply all the operators

Dl1D|iD21---9Da
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to the differential equation (8.2.1) and obtain the a priori estimates for first
derivatives. This process can be continued, and one obtains bounds for all the
derivatives

D{'D}®...Dy*u

in. Case 1 and 2; in the third case all derivatives can be estimated.
We shall now estimate the x)-derivatives in the first two cases. To this end,
we write the differential equation in the partitioned form

2
o (5-\ o (B OBEOBE\ ru
s lw]=2|B" B BP|D;[w]|+Cu+F
uy/ =t\p4 B2 B» uy
Using the differential equation, we can estimate Dyu_, Dyu, and their y, t-
derivatives. Therefore we obtain, for v = D;uy,

a 8
Hw= ZB_,-”Djvo +(D\BP)yw + H.
i=t

For H and its y, t-derivatives we have already established a bound. The ma-
trices B¥ are symmetric and B(0,y,t) = O by assumption. Therefore, we
can estimate vp and all its y, t-derivatives. Then we can obtain bounds for
D3u_, D?u, and the y, t-derivatives of these functions. In turn, this gives us
estimates for D}uo. This process can be continued.

To show existence of a solution, we replace By by By +ol, 0 >0.If 0 >0
is sufficiently small, there exists a solution depending on o. The estimates are
independent of o, and the desired result follows by a limit argument.

All these considerations apply to a small neighborhood near z; = 0. With
the splitting technique of Section 8.2.4 we obtain the result for the general case.

8.2.6. Results for More General Domains

For simplicity we restrict ourselves to two space dimensions and consider a
bounded domain §2 ¢ R? with a smooth boundary curve I".
Suppose we are given a symmetric hyperbolic system

uy = Biu, + B2"v +Cu+F.

Along the boundary, we can write the differential equation in the form
Su Su
Uz =B,.5;l- +B,Es- +éu+F,

where 3/0n and 3/0s denote the derivatives in the inward normal and tangential
directions, respectively. Here
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Fioure 8.2.1. Domain £ with boundary I,

B, = Bycosa + By sina,

where a denotes the angle between the z-axis and the inward normal to the
boundary.

We want to prove

Theorem 8.2.9. Assume that B, is nowhere singular on T and has exactly r
negative eigenvalues. Suppose further that the boundary conditions consist of v
linear relations

Lu=g, rankL = r,

at each boundary point. The matrix L and the function g may vary smoothly
along U. If at each boundary point we have an estimate

(8.2.13) (v, Bou) > 8 uf* — c|Luf®, ueR"
with § > 0, c > 0, then the problem is well-posed.
Proof. Integration by parts gives us the basic energy estimate
d
7 G O1 = 26, u0)

=2{(u, Bius) + (v, Byy) + (u,Cu) + (u, F)}

= - / (u, Byu) ds — (u, By u) — (u, Byyu) 4 2(u, Cu) + 2(u, F)
r

<o { ul? + 112 + [ Iylzds} - / ful? ds
T T
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Here we have used the pointwise assumption (8.2.13) to treat the boundary
integral. The basic estimate follows if we integrate with respect to ¢.

To show the existence of a solution, we reduce the given problem to Cauchy
problems and half-plane problems. To this end, let {¢;} denote a (finite) parti-
tion of unity and let €2; denote the support of ¢;. We split the data functions
f=f@,y), F=F(y1). g=gy,1) into

[i =& f, F; = ¢;F, gi = &;g.

FIGURE 8.2.2. Partition of unity and transformation.

If the support 2; of ¢; lies in the interior of {2 then g; = 0, and we solve
the Cauchy problem with the data f;, F; ignoring the boundary conditions.
For a sufficiently small time interval, the solution fulfills the homogeneous
boundary conditions automatically. If Q; contains a part of the boundary T,
then we transform a neighborhood of £2; in such a way that the local piece of
T is transformed into a piece of the new j-axis and the normal directions are
transformed to directions parallel to the Z-axis.

The new problem can be extended to a half-plane problem of the type dis-
cussed earlier. Transforming back and adding the solutions, we have solved the
problem in a small time interval. Thereafter, we can restart the process.

8.2.7. An Example in Two Dimensions

Consider the system

1 0 01
ug=(0 _l)u:+(l 0)u,,+F
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in the half-plane
0<zr< 0, -0 <y < oo

under our usual periodicity assumption with respect to y. The general theory
suggests imposing one boundary condition at z = 0 which expresses u_ in
terms of u,.. We consider a condition of the general form*

w0,3,1) = alph(0,9,0 + 9, 1),  u= ( ;’,) ,

with smooth functions « and g. To obtain an energy estimate, we proceed as
before:

d 2 _
3 fuC , O = 2(u, uy)
1 © 01
=2 {(u, [0 -—l] uz) + (u, [l 0] uy) + (u,F)}
1
= / [-v%0,y,9) + w*(0,y,1)] dy + 2(u, F).
0

Now we replace w using the boundary condition. It is apparent that the desired
estimate can be obtained as long as the boundary coefficient a(y) satisfies

lap)<1-9, >0,

for all y. This quantifies our previous assumption of “smallness” of the coeffi-
cient matrices in the boundary condition. (Compare Lemma 8.2.1, for example.)
Now suppose that

ja(y)| < 1 for all y, a(yp) = 1 for some .
Then our estimate breaks down since the above boundary integrand is
- +uwt=-vt+ (av +g)2
= (-1 + &®Ww? + 2avg + ¢

=2vg+g° aty =y

*We could also treat the case a = a(y, {).
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We still can derive a basic energy estimate if we first transform to homogeneous
boundary conditions: Let

Wz, y,t) = wiz,y,t) — e “g(y, t), i=uv, i= ( t.’, ) .

The differential equation becomes

- _ (1 0. 0 1\ _ .
u,—(o ~l)u’+(l 0)u.,,+1"‘,

F’=F+e‘”( 9 ),
~g+ 9z — g

and the boundary condition reads
(8.2.14) ‘IE(O, Y, = Ot(y)l'?(O, Y, t).

Proceeding as before, the boundary term becomes
1

/ [-5%0,y,t) + %(0,y,8)] dy < 0,
0

and thus we can estimate ||ii||. In this way we do not obtain a bound for &
on the boundary z = 0, however. Difficulties arise if we want to estimate
derivatives. To obtain boundary conditions for ii,, for example, we differentiate
(8.2.14) with respect to y:

Wy =aby+a,i at z=0.

The equation has the inhomogeneous term o, 3. The difficulties are avoided if
we first make a unitary transformation of the dependent variable such that the
boundary conditions have constant coefficients.

8.3. The Linearized Compressible Euler Equations

We linearize the inviscid compressible N-S equations at a constant state
U, V., W, R, P= T(R)a
with
dr
?:==—(R)>0, ¢>0.
dp

As discussed in Section 2.4.2, we obtain the strongly hyperbolic system
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u U 0 0 &/R u
af v ouUu o o0 |olv
slw|t]lo ov o |3|w

p R OO U P

(V00 o u
+0V0c2/R_c?_v)

00V 0 |3ylw

\o R 0 V p

/W 0 0 0 "
+0W002_v=0

0 0 W J/R|az|w ’

0 0 R W p

(If the ambient flow U = U(x, t), efc. is not constant, the linearized equations
read as above after neglection of zero-order terms and forcing functions. Com-
pare Section 6.4.) The above system can be symmetrized by introduction of the
scaled density 5 = cp/R; one obtains the symmetric hyperbolic system

u u
gl ] d o v
o | w "{B'E:'+Bzay Bs_' w|’

P b

U 0 0 ¢

O U 0 0
Bi=—1lg o v o &

c 0 0 U

We want to discuss this symmetric system in the half-space
0<r<o0, —0<y,z<00

under the usual periodicity requirement with respect to y and 2, and we want to
derive boundary conditions at x = 0 which lead to a well-posed problem. (The
matrix B, is not diagonal; however, after a simple transformation the results of
Section 8.2 apply.)

The eigenvalues of B, are

K12 = —U, K34 = ~Uxe

Following the general theory, we will specify as many boundary conditions at
z = 0 as there are negative eigenvalues of B,. Accordingly, we distinguish a
number of different cases.
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Case 1. U < 0 (outflow of the ambient flow). In the supersonic or transonic
case JU| > ¢, the matrix B, has no negative eigenvalue and no boundary
condition needs to be specified. In the subsonic case |U| < ¢, there is exactly
one negative eigenvalue, x4 = —U — c. Thus one boundary condition has to be
specified. (This is necessary but not sufficient for well-posedness.) In order to
obtain an energy estimate, we consider, as above, the expression

(5

and use integration by parts with respect to x,y, and 2. Assuming functions
which vanish at £ = o0, the critical boundary term to be estimated is

(8.3.1) —((;) , By (;))Fo ={U@+* +w?+ )+ 2cu[)}r.o,
where the index T’y indicates integration over y and z at the boundary z = 0. We
fry to obtain an estimate analogous to (8.2.5) and specify a boundary condition
p=au+gy at z=0,
for example. The boundary term (8.3.1) becomes
{UG? + 0 + 5 + (U + 2ca)d® + 2cugo} . -
Since U < 0, it suffices to require that
U+2a<0.

This can be viewed as a requirement for the coefficient « in the boundary con-
dition. With such a boundary condition the desired energy estimate is obtained,
including an estimate of
u
~ ] lIr
1(5)

on the boundary z = 0. We can also require that

(8.3.2) u=0 at =0,

or we can derive sufficient conditions for more general boundary conditions
p=au+ fv+yw+ go.

Once the basic energy estimate can be obtained with boundary conditions of
the above form, we can also bound all derivatives of the solution up to the
boundary. (Note that in the homogeneous case (8.3.2), the coefficient in the
boundary condition is constant.)
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Case 2. U > 0 (inflow of the ambient flow). In the supersonic case
U>c>0,

the matrix B, has four negative eigenvalues, and consequently all four variables
u, v, w, p need to be specified. The boundary term (8.3.1) being given, there
are no difficulties in obtaining the desired estimates. In the subsonic case

c>U>0,

there are three negative eigenvalues, and one eigenvalue is positive. We specify
three conditions, for example:

v=g1, w=g, p=oau+g.

Substituting the expression for 5 into (8.3.1), we see that an energy estimate
can be obtained if

U(1 + a®) + 2ca < 0.
A possible choice is « = —1. In the transonic case
c=U>0,

the matrix B, has three negative eigenvalues, and the eigenvalue zero. As
before, we need three boundary conditions to obtain an energy estimate. If the
state

U, V,W, R, P=rR),

at which we linearize is constant, then the conditions of Theorem 8.2.8 are au-
tomatically fulfilled, and we obtain a well-posed problem. (After diagonalizing
B,, we have Case 2 of the theorem.) If the state is not constant, we need
conditions as required in Case 1 or 3 of Theorem 8.2.8.

Case 3. U = 0 (a wall). In this case B, is singular and has exactly one
negative eigenvalue; hence we have to specify one boundary condition. For
example, if the boundary condition takes the form

p=out+gy at =0,
then the integrand in (8.3.1) becomes
2cau? + 2cugo,
and we obtain an energy estimate if o < 0. Also, we can use the conditions

(8.3.3) u=0 at z=0,
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p=0 at =0

(Note that 5 is a density correction; thus also the latter condition might be
physically reasonable.) In all cases we obtain the basic energy estimate, i.e., an

estimate for
uy .-
1(5)

If the conditions of Theorem 8.2.8 are not met, there are difficulties in estimating
derivatives up to the boundary.

8.4. The Laplace Transform Method for Hyperbolic
Systems

Consider a strongly hyperbolic system

uy(z,y, 1)
u; = Aug + By, + F(z,y,t), u= ( . ),
Up(2, ¥, 1)
in the half-space

0<z<00, =~-0<K<y<oo, t20,

under an initial condition at ¢ = 0 and boundary conditions at x = 0. The energy
method employed in Section 8.2 provides a tool to derive sufficient conditions
for well-posedness, but if the energy method does not apply then one does not
know whether or not the problem is well-posed.

The technique described here can be used — in principle — to decide the
question of well-posedness. Employing Fourier transformation in y (or Fourier
expansion in the periodic case) and Laplace transformation in ¢, one obtains
a family of ordinary boundary value problems on the half-line 0 < z < oo,
which can be discussed explicitly. In the case of one space dimension, we have
proceeded in a similar way in Section 7.4; however, the presence of the dual
variable w to the space variable y brings a new element into the discussion here.

There are no difficulties in generalizing from two space dimensions to three
dimensions or more. A generalization to variable coefficients A = A(x, y, 1),
etc. is more involved. Roughly speaking, it turns out that the frozen-coefficient
principle is valid; i.e., if all frozen-coefficient problems are well-posed then the
variable-coefficient problem is also well-posed. We will formulate a correspond-
ing result without proof.
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8.4.1. An Example

To illustrate the general theory, we will discuss a specific example, namely the
symmetric hyperbolic system

3 -1 0 01 - “1(-"7’yst)
(8'4.1) U = ( 0 l)ux+(l 0) uy+F(1"y9t)y u= (uz(-’ﬂ,‘yat)) [

in the half-space
0<zr<00, -0<y<oo, t=>0,
with initial condition
8.4.2) u(z,y,0) = f(z,y).
At z = 0 we prescribe a boundary condition
(84.3) (0,3, ) = auz(0,y,8) + 9(,1), y€R, t>0,

where a € C is a given constant. In contrast to the previous section, we do not
request periodicity in y here. Instead, u, f, g, F, and all derivatives of these
functions are assumed to lie in L, for each ¢ > 0. Also, we assume the data
to be compatible at ¢ = 0, and require that F and g have compact support in
0<t<oo.

A family of eigenvalue problems. Let F = 0, g = 0. Substitution of a function

(8.4.4) u(x, y, ) = e Vaz), ¢= (ﬁi ) ,

with parameters
a>0, s€C, weR
into the differential equation (8.4.1) leads to

(8.4.5a) sd(z) = ("1 0) $(z) + iw (? (')) HNz), 0<z<oo.

0 1
If we add the boundary conditions
(8.4.55) $10) = e @), |6 = /o 6@ dz < oo,

we have obtained a family of eigenvalue problems.

Definition 1. Let w € R be fixed. A number s € C is called an eigenvalue of
(8.4.5) for the parameter w if there is a nontrivial solution ¢ € C*° of (8.4.5).
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It is not difficult to show

Lemma 8.4.1. Iffor some wp € R there is an eigenvalue sy € C withRe 39 >
0, then the initial-boundary value problem is ill-posed in any sense.

Proof. The parameter o > 0 in (8.4.4) can be chosen arbitrarily large, and
consequently there is no bound on the rate of exponential growth in time. (For-
mally, the function u given in (8.4.4) is not a solution since u(x,-,t) € Lo.
However, we can multiply on the Fourier transform side by a function ¥(w)
having a peak at wp and integrate w.r.t w. See the proof of Theorem 2.2.2.)

Discussion of the eigenvalue condition. The previous lemma naturally leads
to the following question: What is the requirement on the parameter ¢ € C
appearing in the boundary condition such that there is no eigenvalue s € C with
Re s > 0? This requirement on a is necessary for well-posedness, as follows
from the previous lemma. An explicit discussion shows

Lemma 8.4.2. The following conditions are equivalent:

(i) The number a € C satisfies
acR or |ef<S 1.

(ii) For all w € R, all eigenvalues s € C of (8.4.5) satisfy Res < 0.

Proof. Equation (8.4.5a) is equivalent to

~8
~-w

¢z(z) = (

If Re s > O then the above matrix has the two eigenvalues

K==V +w?, K=K

':’)qs(z), 0<z < oo

with
Rex; < 0 < Rexa.

The eigenvector to x; reads

& = (s+{:jﬁ)

1]

and therefore the general L;-solution of (8.4.5e) is given by
Hx) = oexp(~v 8% +w? 1) (s+ 'ii) tw ) , o€C.
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The boundary condition at = = 0 requires that
o(s + V 82 + w?) = caiw,

and consequently the number s € C, Re s > 0, is an eigenvalue to the parameter
w if and only if

(8.4.6) s+ Vs +u? = aw.

For w = 0, equation (8.4.6) has no solution s with Re s > 0. Thus let w # 0;
dividing (8.4.6) by |w|, we obtain:

. W L]
z+VR2+1=ai—, 2=

—, Rez>0.
|| |wl’
The function

P)=z+Vz2+1, Rez2>0,

maps the line Re z = 0 onto the boundary of the domain {2 in Figure 8.4.1, and
Re z > 0 is mapped onto

Q={yeC:Reyp >0 and |¢|>1}.
Therefore the equation

W) = @it
Jw

has no solution z with Re z > 0 if and only if
+ia & Q,

ie,a€Rorla <1

Ficure 8.4.1. Image of ¢¥x(2), Rez > 0.
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8.4.2. Example Continued: Formal Solution

If there is no eigenvalue s € C with Re s > 0, then we can solve the problem
formally. (This means, the algebraic equations and ordinary boundary value
problems that appear below can be solved, but the question of convergence of
integrals requires further study. As a rule, if the data are sufficiently “well-
behaved”, a formal solution is a genuine C'°-solution. However, the problem
is well-posed only if one can derive the proper estimates of the solution in terms
of the data.) To illustrate this, we consider (8.4.1)-(84.3) with f =0, F =0
and first apply Fourier transformation in y. Thus we write

1 %
u(z,y,t) = W / e“Viz,w, t) dw,
—00

1 o
9,0 = —= / 3w, 1) dus,

. -1 0Y). . {0 1Y .
u,-—(o l)u,+zw(l O)u at (z,w,t),

ix,w,0) =0,
410, w, t) = ailz (0, w, t) + §(w, D).

and obtain:

Thus, for any fixed w, we have to solve an initial-boundary value problem in
one space dimension 0 < z < oo. Denoting the Laplace transforms in ¢ by

o0
v(z,w,8) = / e iz, w, t) dt,
0 .

o0
hw, 8) = / e " §(w,t)dt, Res >0,
0
the equations transform to

-1 0 . (0 1
sv—(o 1)v:,+zw(l o)v at (z,w, 8),

v (0’ w,8) = 002(0, w,s) + h((d, 3)7
and the requiremnent

00
/ Jv(z,w, 8)]* dx < oo
(]

is naturally added as a boundary condition at = oc. The equations for
v(z,w, 8) can be solved for each pair
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(w,8), we€R, Res>0,

separately. Using the eigenvalue- and eigenvector-results of the proof of Lemma
8.4.2, we find

vz, w, s) = gexp(—V 8% +w? T) (8 + ; tw ) .
Here ¢ = o(w, 8) is determined by the boundary condition at z = 0,
o(s + V82 + w?) = oaiw + hiw, 8).

By assumption, there is no eigenvalue s with Res > 0, and therefore we can
solve for o,

h(w, 5)
o= , Res>0.
s+ V&l + w? —aiw

Thus we can compute the function v(z,w, s), and if there are no convergence
problems, we can transform back and obtain the solution u(x, y, t) of the initial-

boundary value problem.

8.4.3. Example Continued: Estimate of the Solution on the
Boundary

To investigate well-posedness, we try to estimate the solution in terms of the
data. The most critical question is, as it turns out, whether one can estimate the
solution on the boundary x = 0. To study this question, consider the example
(8.4.1)-(8.4.3) with f = 0 and assume that

84.7) a€R or |g <L

Thus there is no eigenvalue s with Res > 0, and we can solve the problem
formally. Using the notations of Section 8.4.2, we have that

[0, w, 9)f* = lo*{ls — s [* + w?}
R B
= lh(wi 3)|2ul—|—+'.iza K=V 32 +w2'
|s — K1 — aiw|
Let us denote the factor multiplying |h(w, s)|* by p*(w, 8); thus, for w # 0,

,/2 2
848 Pl s=—LEVEHIFHI 2=, Res>0,

|z+\/zi+ ] —aiw/lw”z’ ]

and p*(0.8) = 1 for w = 0, Res > 0. There are two fundamentally different
cases:
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Case 1. There is a constant ¢y with p?(w, 8) < ¢ for all w € R, Res > 0.

Case 2.  The function p?(w, 8) is not bounded in the domain w € R, Res > 0.
For the example under consideration, it is not difficult to show that Case 1
prevails if and only if |a| < 1, and therefore Case 2 prevails if and only if

laj=1 or (a€R and |a| >1).

(Recall the assumption (8.4.7).) Concemning the question of well-posedness, the
two cases of behaviour of p?(w, 8) — bounded or unbounded — lead to different
answers, Only in the first case can one derive estimates of the solution on the
boundary which express strong well-posedness in the generalized sense. (We
will prove even more below, namely strong well-posedness in the usual sense.)
In Case 2 such estimates are not possible, and the problem is not strongly well-
posed in the generalized sense. Nevertheless, the explicit solution formula can
be used in Case 2 also, and one can derive weaker estimates. We concentrate
here on Case 1 and prove

Lemma 8.4.3. Suppose that p*(w,s) < co for all w € R and all s € C with
Res > 0. Then, for each time T, there is a constamt Kr independent of the
boundary data g with

T T
/ (O, -, li2dt < Kr f gt D2z,
0 0

The constants K1 can be chosen uniformly for 0 < T < Ty, i.e., Kr = K(Tp).
In the above formula

00 1/2
lgC,Ollr = { / lg(y, )] d:t/}

denotes the Ly-norm of the boundary data at time t, and similarly ||u(0, -, t)|lr
is the Lay-norm of the solution on the boundary x = 0 at time t.

Proof. First we recall the relation
o
v(0,w, 8) = / e *4(0,w,t)dt, Res >0,
0

between @ and its Laplace transform v. For fixed w € R and 7 > 0 we apply
(7.4.9) and find that
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T 6211’1" oC
/ a0, w, )] dt < > / [o(0, w, n + &) dE
0 T Joxo
T ,
< gl |hw,n + &) dE =: I
oc

The second estimate clearly follows from our assumption that p?(w,s) < co.
Since h(w, -) is the Laplace transform of §(w, -), equation (7.4.8) yields

oo oC
I=e"Te, / e |g(w, t)* dt < " gp / |§(w, t)[* dt.
(1] 0

The resulting inequality

T oG
/ [0, w, )P dt < 21T ¢q / |§(w, ) dt
[ 0

is integrated w.r.t. w. After interchanging the order of integration, an application
of Parseval’s relation yields

T 20 20 oc
fo / [u(0,y, t)> dy dt < "¢y /o f lo(y, 1)) dy dt.
—o0 -2

By an argument as given in the proof of Lemma 7.4.6, we can change the data
g(y.t) for t > T without affecting the solution u(z,y,t) for ¢t < T, and the
result follows.

8.4.4. Example Continued: Strong Well-Posedness in the
Generalized Sense

We consider now the inhomogeneous equation
-1 0 01
W= At Buy A= ( 0 1)’ b= (1 o)’
with homogeneous initial data u(z,y,0) =0 and the same boundary condition
as before,
u1(0,y, 1) = auz(0, y, 1) + g(y, ).

After Fourier and Laplace transformation, we obtain:
(8.4.9)

sv = Av, + iwBv + H(z,w, 8), s=i+n n>0,
v1(0, w, 5) = awy(0,w, 8) + h(w, 3), JJv(:,w, 8)]| < oo.

We assume that there is no eigenvalue s with Re s > 0. Then, for every fixed
s, w, the ordinary boundary value problem (8.4.9) for v(-,w, s) can be solved,
and we obtain a formal solution of the given initial-boundary value problem by
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inverting the Laplace and Fourier transform. The formal solution is a genuine
solution if one can derive sufficiently strong estimates.

To derive estimates, we take the scalar product of (8.4.9) with v, integrate
over 0 < = < oo and consider the real part:

Re s(v,v) = Re (v, Av;) + Reiw (v, Bv) + Re (v, H)
(8.4.10) 1
= “5 (?1(0, w, 8), Av(O, W, 3)) +Re (’U, H)-
First, assume that |a] < 1. Using the boundary condition for v, we obtain that

—% (v(O, W, 8), A‘U(O, W, 3)) = ';' (lvl(oa w, s)IZ - l02(01w$ s)lz)

1
< =7 (1=1aP) 20,0, ) + Ko |, )]
1
< —g (1= 1) [, w, ) + K |, ).
Therefore, (8.4.10) yields that
1
g "v('y W, 3)"2 + § (l o Ia,2)|v(0,w, s)'z

84.11) )
<% NHC w, | + K |hw, 9>, n=Res.

Here K, is independent of w, s, h, and H.

By Parseval’s relation, we obtain estimates of v in terms of the data F and
g; see Section 7.4, in particular (7.4.11). The estimates imply that the given
problem is strongly well-posed in the generalized sense. The formal solution is
indeed a genuine solution.

Second, assume that |a| = 1 and g = 0. In this case

—% (v(0,w, 8), Av(0,w, 8)) < O,
and we obtain, instead of (8.4.11),
1
nlve,w, ol < = IHC,w, .

Thus the problem is weakly well-posed (see Definition 4 in Section 7.3); we do
not obtain an estimate of the solution v on the boundary = = 0.

Let us summarize the resulits for the example. The method of Laplace trans-
formation shows that the condition |a] < 1 is necessary and sufficient for strong
well-posedness in the generalized sense. In Section 8.2.7 we have treated the
example already by the energy method, and could derive energy estimates un-
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der the same condition, namely Ja| < 1. This might be misleading, because the
method of Laplace transformation has generally a wider range of applicability.
We have seen this already in the parabolic case. For hyperbolic systems, the
energy method requires symmetric hyperbolicity, whereas the Laplace transform
method can be applied to strictly hyperbolic systems, too. On the other hand, an
application of the energy method is preferred, whenever possible, since intricate
algebraic discussions are usually avoided.

8.4.5. Generalizations

Consider a strongly hyperbolic initial-boundary value problem

(8.4.12)
uy = Auy + Buy + F(z,y,t), 0Lz <00, yER, t>0,

w(z,y,0) = f(z,p), 0<z<oo, y€ER,
w!(0,5,t) = Ru''©,y,) + 9(y,t), y€ER, t>0.

Here A, B, and R are constant matrices and

A O _ .
A= (Ol A )’ A‘=d‘|ag(’\|1"°9Ar)9 A2=d|ag(/\r+|,...,Au),
2

A <0,..,A. <0, A1 >0,...,0, >0.
The unknown vector-function « is partitioned accordingly,

ul
u= (u”) , ul of length r.
If f = 0, then we apply Fourier transformation in y, Laplace transformation
in t, and obtain, with the same notations as before,

(8.4.13)
sv=Av, +iwBv+ H(z,w,8), 0<z<, we€R, Res>0,

v1(0,w, 8) = Rv'!(0,w, s) + h(w, 3), (-, w, o)l < o0.

The cigenvalue condition. Suppose that for some w € R and some s € C
with Re s > 0 there is a nontrivial solution ¢(zx) of

s(x) = Ad.(x) + iwBd{z),

¢7(0) = R¢'1 (0), /o |¢@)dx = ||g]? < oo.
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Then the problem (8.4.12) is ill-posed, because the functions
u(z, y, t) = e Veaz), a>0,

are solutions for F = 0, g = 0, and hence there is no bound on the exponential
growth rate in time. To discuss the above eigenvalue condition, we note that
the general solution of

¢z = A~N(sI —iwB)¢, |¢]l < o0,
can be written in the form

(8.4.14) @)= Y. oj®@exp(x;z), o;€C.
Rex; <0

Here &; = K;j(w, s) are the roots of
(8.4.15) det (A-‘(s.r- iwB) - nI) =0

and ®;(z) = ®;(z,w, 3) are the corresponding vector-functions; these are poly-
nomials in z of degree < m; — 1 where m; is the algebraic multiplicity of «;.
For a further discussion, the result of the next lemma is important. Recall first
the assumption of hyperbolicity, which implies that all matrices

iwA+iwnB, w,w €R,
have only purely imaginary eigenvalues.
Lemma 844. Letw € R and s € C with Re s > O be given. The character-
istic equation (8.4.15) has exactly r roots k; with negative real parts and exactly
n — T roots with positive real parts. (The roots are counted according to their
algebraic multiplicity.)
Proof. There is no purely imaginary root «; = iw,; since otherwise
0 =det(s] — iwB —iwA), Res >0,
in contradiction to the hyperbolicity assumption. Now fix w and let
seR, s>»1.

The roots y; of

det(A-‘(I—i—‘;’-B)—uI) =0, p=
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are

I 1 ,
= -X;+O(m), ji=1...,n

Hence the assertion follows, since the x; depend continuously on s, and no ;
can cross the imaginary axis for Res > 0.

According to the lemma, the sum in (8.4.14) consists of r terms. In particular,
we obtain at x = 0 a representation of ¢,

#0,w,s) = ®w, )0, oc€C,
with a matrix ®(w, s) of size n x r. Introducing this representation into the
boundary condition, we obtain
Lemma 8.4.5. A number s € C with Re s > 0 is an eigenvalue for a given w
if and only if the r x r matrix
' (w,8) - R®(w, )

is singular. Here ®' consists of the first r and ®'! of the last n — r rows of ®.
Formal solution and estimates. Suppose there are no eigenvalues s with pos-
itive real parts; i.e., the matrices ®/ — R®!/ are all nonsingular. As in the
example, we can solve (8.4.13) and obtain a formal solution of (8.4.12) (with

f = 0) by inverting the Fourier-Laplace transform. To derive estimates, consider
first the case F =0, f = 0. We have H = 0 in (8.4.13), and therefore

v(0,w,8) = B(w,s)c where {®'(w,s) - R®(w,s)}o = h(w, s).
One can derive an estimate
[ o, ar < Ker [ ot ol o
for 0 <t < T, with Kr independent of g, if and only if the function
(B416)  |0w,){® (W, - R®"w,5)} |, weR, Res>0,
is bounded.

Inhomogeneous differential equations and the symmetrizer. Now consider
the case with an inhomogeneous term F in the differential equation (8.4.12).
As before, we assume that the function (8.4.16) is defined and bounded. The
simple process of Section 8.4.4 for deriving estimates of u in terms of g and F
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does not work, in general. However, if the system (8.4.12) is strictly hyperbolic,
one can construct a symmetrizer, which allows us to derive the estimates.
Let us define

s'=-——£—-——, w'=——-—‘i———-—, s=if+n, n>0.
\/lsli +w? Vv Isli +w?
Then (8.4.13) can be written as follows:
1 1
8.4.17) sv= ———=—Av; + W'BY + ———=—=—H
VisP+w? VIsE +?
One can show

Lemma 8.4.6. Suppose that (8.4.12) is strictly hyperbolic and the function
(8.4.16) is defined and bounded. For every fixed n > O there is a matrix function
S = S, &) which is defined for the arguments —1 < o', & < 1 and which
has the following properties:

1) The function 8(',€') is C*-smooth.

2) For all arguments ', ¢’ the matrix S A is Hermitian.

3) If y € C*, h € CT are vectors with y' = Ry'! + h, then

(v, $Ay) > b1yl — CIhl.

Here 6, > 0 and C are constants independent of y, h, W', &, > 0.
4) With a constant &, independent of ', &', 1 > 0, it holds that

S(8'I —iw'B)+ (s'T —i/'B)*5* > 60’1, % =Res'.

For a proof we refer the reader to Kreiss (1970). Let us assume here that
the symmetrizer is constructed. Then one can derive estimates of the solution
v = v(z,w,s) of (8.4.13) as follows: We multiply (8.4.17) with S, take the
inner product with v, and integrate over 0 < z < 0o. As a result we obtain

(8.4.18)
——|‘/3IZL—+_§(V, SAv,) + (v, S¢'I - iw’B)v) = 1 (v, S’H).

Also, using integration by parts and the properties 2. and 3. of S, we find that
2Av, $4v,) = (v, S'Av)l L 2 61[0(0,0, ) ~ Clhtw, )™
=

Now we take the real part in (8.4.18), use property 4. of §, and multiply with
2(|s|? + w?)'/2. Then it follows that

81|v(0,w, 8)? + 82nljv(-,w, 8)||* < const |jv}| | H|| + Clh(w, 9>
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This gives us the desired estimate for the transformed function v. By Parseval’s
relation we obtain

Theorem 8.4.7. Suppose that the system u, = Auy + Buy, is strictly hyper-
bolic. Then the initial-boundary value problem (8.4.12) (with f = 0) is strongly
well-posed in the generalized sense if and only if the function (8.4.16) is defined
and bounded.

Remark.  The functions ®;(z) = ®;(x,w, s) in (8.4.14), and consequently the
matrix ®(w, ), are not unique. However, if the ®; are suitably normalized, then
— for each fixed w — the matrix function ®(w, s) can be extended continuously
to Res = 0 in such a way that rank ®(w,s) = r forallw e Rand all s € C
with Re s > 0. With such an extension, the expression (8.4.16) is defined and
bounded if and only if the matrix

(8.4.19) &' (w,5) - R (w, s)

is nonsingular for all w and all Res > 0. This observation is helpful for a
discussion of the boundedness of (8.4.16). If a matrix (8.4.19) is singular at
wy, 8o = i€p, then sy is called a generalized eigenvalue for wp. The correspond-
ing roots

nj(“’o, 1{0) = ql—i"3+ Kj(w()s 260 + 17)

of (8.4.15) might be purely imaginary, and the corresponding nontrivial solution
¢(z) is generally not in L,.

The example (8.4.1), which we discussed in the previous sections of this
chapter, is even strongly well-posed in the sense of Definition 1, Section 7.3,
provided that |a| < 1. Thus, under the assumption that |¢| < 1, we can also
estimate the solution for inhomogeneous initial data. This has been shown
already in Section 8.2.7 by a direct energy estimate. For the general case
discussed here, one cannot show an energy estimate directly. Nevertheless, one
can prove

Theorem 8.4.8. Suppose that the system u; = Au, + Buy is strictly hyper-
bolic. If the initial-boundary value problem (8.4.12) is strongly well-posed in the
generalized sense, then it is also strongly well-posed in the sense of Definition 1,
Section 7.3.

A proof of this result is contained in Rauch (1972 a,b, 1973). The arguments
are rather involved.
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All results generalize to half-space problems in more than two space dimen-
sions. We Fourier transform in all space variables tangential to the boundary
z = 0, and obtain a dual variable w which is a vector instead of a scalar. The
other considerations remain the same.

Variable coefficients. Consider a strictly hyperbolic problem (8.4.12) with
smoothly varying coefficients

A= A(z,y,t), B=B(z,y,t), R=R(@y,1).

We assume A to be diagonal* for all arguments, and nonsingular at x = 0.
The (constant) block-structure of A(0,y,t) with A’ < 0, A/l > 0, and the
corresponding partitioning of u into u!, u// are the same as in the case of
constant coefficients. In particular, R = R(y,t) has constant size » X (n — r).
For each boundary point (0, yo, tp) we obtain a problem with frozen coefficients,

U = A(Oa Yo, tO)u.t + B(Oa Yo, tO)uy + F(l', Y. t)1
(8.4.20) u(z,y,0) = 0,

u!(0,y,t) = Ryo, to)u’ (0,3, 8) + 9(y, ).

For these problems we can decide the question of strong well-posedness by
Theorems 8.4.7 and 8.4.8. For the variable-coefficient problem we state

Theorem 8.4.9.  The variable-coefficient problem is strongly well-posed if
the differential equation is strictly hyperbolic and all frozen-coefficient problems
(8.4.20) are strongly well-posed.

Using the theory of pseudodifferential operators (see, for example, Eskin
(1973) or Nierenberg (1970)) and the symmetrizer 5, we want to outline the
proof of strong well-posedness in the generalized sense. As before, the main
problem is the estimate. Let 5 > O be fixed, and transform the differential
equation to

. i o _ -
iy = (P —gDi+ F, P=A5;+B5—y’ i =e Mu.
We construct the symmetrizer § = S, y,t,w’, 8") pointwise: at each point
(z,y, t) the properties 1., 2., and 4. of Lemma 8.4.6 hold, and at each boundary
point (z = 0,y,t) property 3. also holds. (One can construct S as a smooth

function of all arguments.) The symmetrizer S is used as the symbol of a

*If A is not diagonal, we apply a transformation & = S~'u, S = S(z, y, t), such that S—' AS
is diagonal. This introduces lower-order terms, but these do not influence well-posedness.
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pseudodifferential operator S. For sufficiently large n we obtain the desired
estimate from

6 / ¢, y, OlIF dt + 621 f i, olff dt — C f N3¢, v, DIIF dt
—o0 —oc -00

< 2Re/ \(ﬁ,S(ﬁt—(P—nI)ﬁ)) dt

—0C

H

o0

2Re / (@, SF) dt.
-0

Here the data functions are set to zero for negative t. The above estimate yields

strong well-posedness in the generalized sense. Again, the results Rauch (1972

a,b, 1973) show that the problem is even strongly well-posed in the sense of

Definition 1, Section 7.3.

Strictly hyperbolic systems are not common in applications. For example,
the linearized compressible Euler equations in 3D are not strictly hyperbolic.
In Agranovich (1972) it is shown that the previous theorem remains valid for
strongly hyperbolic systems if there is a transformation Sz, y,t,wy,wz) which
is analytic in w, w> and smooth in z, y, ¢, and which diagonalizes the symbol

P = P(l‘, Y, ts iW] ) ZWZ) = Z(A(x, Y, t)wl + B(xa Y, t)‘*’Z)-
In other words, for all arguments we have
871P8 = idiag(\,...,\), A real.

A corresponding result holds for strongly hyperbolic half-space problems in any
number of space dimensions. One can show that a transformation S with the
above properties exists for the linearized compressible Euler equations; there-
fore, the theory outlined above does apply. In Oliger and Sundstrém (1978)
a rather complete discussion of boundary conditions for the Euler equations is
given. The existence of the transformation S seems to be typical for hyperbolic
systems which appear in applications.

Let us note further that problems in more general domains (with smooth
boundaries) can be reduced to half-space problems and pure Cauchy problems
by partition of unity arguments and local transformations. For this reason the
study of half-space problems is most important. The main restriction we made
throughout Section 8.4 is the assumption of a noncharacteristic boundary. Gen-
eral results for a characteristic boundary are not known. However, Case 2 of
Theorem 8.2.7 has been treated in Majda and Osher (1975) in the Fourier-
Laplace transform framework.
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8.5. Remarks on Mixed Systems and Nonlinear
Problems

Mixed systems. As in the one-dimensional case, we can extend our results
to mixed hyperbolic-parabolic systems. Initial-boundary value problems for
parabolic systems were discussed in Section 8.1, for hyperbolic systems in Sec-
tion 8.2. Now couple two such systems — in the same way as in the Cauchy
problem — by adding lower-order terms. (See Section 6.3.1 or Theorem 2.5.1.)
The initial-boundary value problem \for the coupled system is well-posed with
the same boundary conditions provided that the boundary is noncharacteristic
for the hyperbolic part. If the boundary is characteristic and the conditions of
Section 8.2.5 are met, then the problem is still well-posed if we use a Dirichlet
condition for the parabolic part.

Much more general boundary conditions can be discussed in the framework
of Laplace-Fourier transforms. Here we refer to Strikwerda (1977).

For the treatment of the N-S equations, one is also interested in the behavior
of solutions near the boundary when the viscosity converges to zero. We refer
to Gustafsson and Sundstrom (1978) and to Michelson (1988).

Nonlinear problems. No new difficulties arise for short-time existence of so-
lutions of quasilinear problems. Consider, for example, a half-plane problem
for a quasilinear symmetric hyperbolic system of the form

U = {A(:c,y,t) + eAy(x, y,t, u)}ux + {B(:t, y. )+ eBi(x, y,t, -u)}u,,
+ C(z,y, thu+ F(x,y,t) + eFi(z,y. 1, u),
0<zr<oo, —-x<y<oo, t=0,
with initial and boundary conditions
we,y,0) = f(z,y),
w/(0.4,8) = {500, 5 + 13,1, 0 }ul 0, 3, + 9, ) + e (@, £, w).

We assume that all coefficients and data are C>°-smooth and that A, A,, B, B,
are Hermitian. The matrix A(0, y, t) is assumed to be nonsingular and diagonal.
The variables u = (u/, u!/) are partitioned according to the signs of the diagonal
entries of this matrix; see Section 8.2.1. One can show a result of the following

type:

Theorem.  Assume that the linear problem which is obtained for ¢ = 0 is
strongly well-posed. Then — for sufficiently small € — the nonlinear problem has
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a unique smooth solution in a time interval 0 < t < T,. Here T, — oo fore — 0.
As in Section 5.3, one can also derive asymptotic expansions of the solution.

Clearly, nonlinear systems usually do not occur directly in the form described
above. Nevertheless, local existence results can frequently be derived by a
theorem of the above type. To illustrate the principle, we consider a quasilinear
system

uy = P(x,t,u,8/0x)u + F(z,t,u),

w(z,0) = f(x),

together with quasilinear boundary conditions. Now x can be a vector of any
dimension. Then we solve the linear problem

Wy = P(:L',t,f,a/ax)w+ F(x!tvf)’
w(z,0) = f(z);

i.e., we evaluate the nonlinear coefficients at the initial data. The same process
applies to the boundary conditions for w. We substitute

u=¢ct+w

into the original equations. For the new variables # we obtain a system which has
the above structure in a time interval of length 0 < ¢ < K; i.e., the nonlinear
terms are multiplied by €. Results of the type sketched above are valid for
parabolic, for hyperbolic, and for mixed hyperbolic-parabolic problems. The
systems need not be symmetric. Estimates can be derived which yield strong
well-posedness in the generalized sense. We refer to Strikwerda (1977) and to
Michelson (1988).

Notes on Chapter 8

Energy estimates for initial-boundary value problems have a long history. Some
references are Friedrichs (1958), Ladyzhenskaya (1984), and Lions (1961). For
systems Su/8t = P(0/8x)u with constant coefficients, Hersch (1963) derived
necessary and sufficient conditions for weak well-posedness of half-space prob-
lems. As in Section 8.5, after Fourier and Laplace transform, he obtained an
eigenvalue problem. The half-space problem is weakly well-posed if and only
if the eigenvalues s satisfy Re s < const. For a homogenous operator P(8/0x)
this condition becomes: There are no eigenvalues s with Res > 0.

For parabolic systems the corresponding condition leads to weakly well-posed
problems in the sense of Chapter 2, even for problems with variable coefficients.
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This was proved by Agranovich and Vishik (1964), Eidelman (1964), and Solon-
nikov (1965) using generalizations of Levy’s parametrix.

For hyperbolic first-order systems with variable coefficients we required the
stronger condition: there are no eigenvalues or generalized eigenvalues s with
Re s > 0. A first result in this direction is due to Agmon (1962). The general
theory for first-order systems was developed by Kreiss (1970) with extensions
by Ralston (1971), Rauch (1972a,b, 1973) and Agranovich (1971, 1972). For
single higher-order equations the theory is due to Sakamoto (1970, 1982). There
is no general theory for equations with variable coefficients which satisfy the
weaker eigenvalue condition (Lopatinskii condition) pointwise. For more details
we refer to Eskin (1983) and Volevich and Gindinkin (1980).

For difference approximations a similar theory has been developed. See Kreiss
(1968), Osher (1972), and Gustafsson, Kreiss, and Sundstrom (1972) for results
in one dimension, and Michelson (1983, 1987) for results in more dimensions.



9 The Incompressible
Navier-Stokes
Equations: The
Spatially Periodic Case

In the next two chapters we apply the general theory to the Navier-Stokes
equations. For references and deeper insight we refer the reader to von Wahl
(1985), Temam (1984, 1983), and Ladyzhenskaya (1969).

9.1. The Spatially Periodic Case in Two Dimensions

Without further mentioning, all functions in this section are assumed to be real,
C°-smooth and 27-periodic in x and y. We consider the viscous incompressible
N-S equations

©.1.1) Uy + Uy + vuy + pp = vAu + F(z, y,1),
9.1.2) vy + uvz + vvy + py = vAv + Glz,y,t), v >0,
ur + v, =0,

and give initial conditions

9.1.3) u(z,y,0) = f(z,y), v(z,y,0)=g(z,y).
Clearly, consistency of (9.1.2) and (9.1.3) requires us to assume that
9.1.9 fe+g9,=0.

325
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Notations. We define an inner product and a norm for scalar functions by

2x 2%
@v) = A A wx, Yz, y)dzdy, |ulf® = (u,u).

With 1 we denote the function which is identically one.

Without changing the terms p,, p, in (9.1.1), an arbitrary function po(t)
could be added to the pressure. Thus p is not uniquely determined by the
incompressible equations. We use the normalization*

(9.1.5) {,p(,8))=0 forall ¢t

Our aim is to prove

Theorem 9.1.1.  Assume the compatibility condition (9.1.4) to be satisfied.
The spatially periodic Cauchy problem (9.1.1)9.1.3) with side-condition (9.1.5)
has a unique solution (u, v, p). The solution is C°°-smooth and exists for all time
t>0.

9.1.1. Outline of the Proof; Vorticity Equation

A simplifying assumption. Suppose that (u,v,p) is a solution. The first mo-
mentum equation (9.1.1) gives us, for the spatial average of u,

gt'(lyu) = (L, u) = —(1,uu;) - (lvvuy) + (laF)

= (u1+"’wu)+(lvp) =(1, F).
Therefore

t
06,00 =, 0+ [ (1 Fe,mar
0
is known in terms of the data. If we introduce
_ 1 . 1
u—u—z1-r—2(l,u), D=v 4.,,2(1"")’
then (1,%) = (1,%) = 0 and
. omm o . 1 . 1 .
u,+uu,+vu,+p;,=vAu+F—Z;-i(l,u)u,—m(l,v)uy,

*The ambiguity disappears for the compressible equations and the normalization (9.1.5) can be
justified by a limit process.
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and similarly for ©. Since the coefficients (1, u), (1,v) can be considered as
known, the study of the system for (@, ©) is very similar to that of the system
(9.1.1)9.1.3) with

9.1.6) F=G=0, (LH=0g9=0.

Henceforth we assume (9.1.6), for simplicity, and leave the extensions to the
reader. The average flow quantities vanish:

(Lyy=1Q,v)=0 forall t.

Vorticity. The expression
§=v — Uy

is called the vorticity. Differentiation of the first momentum equation (9.1.1)
with respect to y, of the second with respect to x, and subtraction gives us the
vorticity equation

9.1.7) & + uby + v€, = VAL,
Clearly, ¢ satisfies the initial condition
9.1.8) £:,0)=9; - fy-

If u, v were known, then the vorticity could be determined by the linear parabolic

problem (9.1.7), (9.1.8).

~ Conversely, as we will show, if £ is known, then at each time ¢ the velocities
are uniquely determined by the inhomogeneous Cauchy-Riemann system

u¢+v,,=0, v;.:"uy=£v
with side-condition
(Lu)=(l,v)=0.

This suggests the iteration

g ument! 4 v"{,’,‘“ = vAE™H, W="=0,
€n+l('10) =0z — f
9.1.9) £
ultt! 4 v;"“ =0, vt — 'u;'“ = ¢t

1u*th=,"tH =0, n=0,1....
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We will use this iteration to prove global existence. Once u, v are determined,
the pressure p can be obtained from

Ap+ 2(veuy — uzvy) =0, (1,p) =0.

9.1.2. Some Results for Elliptic Equations

We need some elementary results about elliptic equations, which we prove by
Fourier expansions. Recall that all functions are assumed to be C'°°-smooth and
27-periodic in = and y.
Lemma 9.1.2. If F = F(xz,y) is a function with (1, F) = 0, then
Aw=F, (lL,w)=0
has a unique solution w. There is a constant K independent of F with
lwiiy: < KIFI2.

Thus we “gain” two derivatives.

Proof. We can write

Fa,y =) FRe™™, wey =3 dke®,
k#0 k#£0

k= (k|,k2), X =(z,y), (k,X) =kz+ kzy.

The sums extend over all wave-vectors k # 0 with integer components &, k.
In terms of Fourier coefficients, the equation Aw = F is equivalent to

—(k} + B2yink) = F(k).

This shows existence, uniqueness, and the estimate.

Lemma 9.1.3. Let F, G denote functions with
G:-F,=0, (,LF=(1,G)=0.
There is a unique solution ¢ of
pe=F, p,=G, (1,9=0.
This function  is also the unique solution of

Ap=F, +Gy, (1,9)=0.
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Proof. As in the proof of the previous lemma, we write F, G, and p as Fourier
series. By assumption,

(9.1.10) k\G&) - b F(k) =0 forall k.

The equations p, = F, ¢, = G are equivalent to

(9.1.11) ik pk) = F(k), ik,p(k) = G(K).

If ¢(k) satisfies these equations then

aar kI FE) + kGK)
(91.12) (p(k) = —z———k?—-—'—_k;z-__—.

Conversely, if @(k) is defined by (9.1.12), then (9.1.11) follows from (9.1.10).

The remaining statements are shown in the same way.

Lemma 9.1.4. Suppose that (1, F) = (1, G) = 0. Then the system
uz+vy=F, v,—uy,=@G, 4 duw=0,v)=0

has a unigue solution (u,v). For each j = 1,2,..., there is a constant K;
independent of F, G with

Il + lolils S KiQFim +1Glg-0).
If F and G dependent smoothly on t, then so do v and v.

Proof. If the system has a solution then
Au=Fz"“Gy, A”=Fu+Gz’
and therefore

i) = —i 1P &) — kG
K+i

am=4bﬁ”+hm”
K+

Conversely, if we define u and v by the above formulae, the system is solved
and the estimates follow from

[a®)? + [p@)f < "%{lﬁ‘(k)lz + |G}

Smooth dependence on t holds, because we can differentiate the Fourier series
termwise,
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9.1.3. Vorticity Formulation of the Navier-Stokes Equations

The Navier-Stokes equations for the primitive variables u, v, p are equivalent to
the vorticity equation together with the inhomogeneous Cauchy-Riemann system
for u, v and the elliptic pressure equation

9.1.13) Ap+J =0, J= 2(v:t'uy - Uzly), (1,p)=0.
More precisely,

Theorem 9.1.5. Suppose that fx +gy = 07 a, f) = (179) =0. Ifu! v p
solve

U + Utz + VUy + P = VAu,
o114 Uy + uvz + vy + py = vAv, (L,p)=0
Uy +vy, =0,
u(z,y,0) = f(z,y), v(z,y,0)=g(z,y),
and § is defined as § = v, — uy, then
& + ubs + v§y = VAL,
9.1.15) £(x,y,0) = g2(z,9) — fi(z, ),
u+vy =0, vo—uyy=§ (L,u)=(l,v)=0,

and p satisfies (9.1.13). Conversely, if u, v, € solve (9.1.15), and p is defined as
the solution of (9.1.13), then u, v, p solve the first set of equations.

Proof. First suppose that u, v, p solve the equations (9.1.14). The system
(9.1.15) has been derived in Section 9.1.1. Also, differentiation of the first
momentum equation with respect to x and of the second with respect to y

yields, for the pressure,
Ap+J =0, J=uzu;+2uuy + vyvy = 2(vouy — U vy).

This proves the first part of the equivalence.
Conversely, assume that u, v, £ solve the equations (9.1.15). We define F’
and G by

Uy + Uty +vuy — vAu=F,
V + UV, +vvy ~ VAV =G,
and obtain
Ge—Fy =& +ube + 06+ (U + 1)) —vAE=0, (1,F)=(1,G)=0.
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By Lemma 9.1.3 there is a unique solution ¢ of
ve=F, ¢,=G, (1,9)=0.

Clearly, if we set p = —¢, the momentum equations are satisfied by «, v, p.
Also,

Ay = F; + Gy = =2(veuy — uzvy),

and therefore —p = p is the solution of (9.1.13). The initial conditions u =
f, v=g at t =0 follow from the uniqueness of the solution u, v of

Uz +v, =0, vz—-u,=§ (Lu)=(Lv)=0,

and the initial condition for {, { =g, — f; at t =0.

9.1.4. Uniqueness and Existence

To begin with, we show unigueness; we assume that u;, vj, pj, j = 1,2, solve
(9.1.14). Subtraction yields for the differences & = u; — uy, etc.
iy + uy iz + V1l + Gt + Duyy + P = VAT,
Uy + 11U + 01Uy + tive, + 1-)v2y + Py = vAT,
iy + 0, =0.
Thus, using integration by parts,
| B PO _ -
>z {1l + 1oIP} = @, 80 + @, 5
< Kr{flal® +8l*}, 0<t<T,
and therefore the initial conditions imply that
a=9=0.
Furthermore, we obtain from (9.1.13) that A =0, (1,p) =0, and thus $ = 0.
This shows the unigueness of the solution of (9.1.14).
To prove existence we use the iteration (9.1.9) starting with «® = +° = 0. For
every fixed n we have linear equations with C*°-coefficients; thus u”*, v", £

exist for all time. (See Lemma 9.1.4 for the determination of u"t!, v*+! in
terms of £”+!.) We first show the following estimate for the sequence £".

Lemma 9.1.6. Let h = g, — f, denote the initial data of ™. There is a
constant K depending on v and \\h|| 1, but independent of n and t with

9.1.16) Nere .o}y < K, n=12,..., t>0.
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Proof. a) We write £ = ", u = u™, v = v"; thus

9.1.17) §o = —ulz —v6y +vAL EC,0) =

Therefore,

| e

lec, I = &, &
= —(§,u€z) — (€, v&) — v{lI& P + II&,I1°)-

S
Q.

t

Here
—(§, u€s) = (&1, ) + (§us, §),
and thus
(€ ue) = 5 (€un. O,

A similar computation for (£, v{,) and the relation u; + v, = 0 yield

ZIEI = ~2ullel? + 12} <.

Hence we have, for all n,

t
©.1.18) I, Ol < B2, 2v / 1€y dr < liRlP.
0

b) Integration by parts and (9.1.17) imply that
1d

2 — —
2 dt"fx“ -— (Gz,ﬁmt)— (EzzyEt)

< (§rzy Ukz) + (Exzy VEy) — Vll6ec
Here
o2y uz) < [wlocllézzll 1€z 15
(§zz1v€y) < [looll€zll €yl
Adding a similar estimate for (d/dt)||¢,||?, one finds that

i . Y4 _1 2 z
ZIEC OB = UGN + 16,17}

< 2uoo {Ilzzll + Uy N H €M + 11411}
- 2'/{"51:1:"2 + "Ew"z}a Ill(', t)'oo = “2“}," '“(1', Y, t)l,
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and therefore
d
9.1.19) 16l < alulkln, o =aw).
¢) A Sobolev inequality (Theorem A.3.6) and Lemma 9.1.4 give us that
™2 < eallu” < el
d) To summarize, if we add
d
Sl E <0
and (9.1.19), we obtain that
d
1€ i < ™™ -

Here c is a constant depending only on ». By (9.1.18),
¢
a:= c/ [€"3, dr < const |||},
()

Therefore,
le™+'C. ol < e kil
is bounded independently of n and .
Next we show that all space derivatives of £” can be estimated independently
of n in any given time interval. It is convenient to note that mixed space

derivatives can always be estimated by pure space derivatives. More precisely,
for all functions w,

9.1.20) lwilys < %{ID]wl® + | Djwl?}

where +; is a numerical constant independent of w. This can be shown by

Fourier expansion. (See formula (A.3.2) in Appendix 3.)

Lemma 9.1.7. Suppose that the sequence " is defined by the iteration (9.1.9),

and T > 0 is arbitrary but fixed. For each j = 1,2, ..., there exists K; with
I€"C, Ol < Kj, 0<t<T.

The constant K; depends on v, T, and ||\h|| g, but is independent of n.

Proof. We abbreviate, as before, £ = £**!, u = u™, v = v, and let j > 2.

Using induction on j, we can assume the above estimate to hold up to j — 1;
thus
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W™ Nai-+ < K1, l0llas < c1Kjoy.
Applying the operator D{ 10 (9.1.17), we obtain that

D& = - Dj(ut,) ~ Dj(v&,) + vADI¢.
Therefore,

1d, o
‘z'a't'"D‘i’fllz = (Di¢, Di¢y)

< (D*'¢, D7\ wk,)) + (Di'€, DI~ vE,)) — v DI €

< {IDI 7 WP + | DI WENIPY, 2 = ea(s )

The differentiated products in the last formula are evaluated by Leibniz’ rule.
One obtains an estimate in terms of

©.1.21)  |(DFuxD{T*OR, I(DFD] T D0IR, 0<k<j-1.
Consider the u-terms for definiteness,

(D uXD]™ )| < |DFulZ § D] ~*¢|.
For0<k<j-2:

|D¥ul, < esllullys < QK}—h

and
D]~ €l < 1IEls-
Fork=j-1:
IDFull, = 1D~ "ul} < esll€” s,
and

ID{~*€I? = D€l < Ki.
A similar estimate applies to the v-terms in (9.1.21). Thus we have shown that
d .
ZIDIE P < cof 1+ 16" s + 16" s }-
Clearly, the term
d j en+1)12
LGl
can be bounded in the same way. Introducing the functions
Gr®) = |\Dien, vl + I Den¢, ol
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and observing (9.1.20), we have that

d n+1 B m+1
GOl +GiO+GH M), 0<t<T,

G}0) < |hfys.
Here c does not depend on n. Therefore, by Gronwall’s Lemma 3.1.1,

¢
Gt < k{1 +/ Gi(nydr}, K =K(),
0

in0 £t < T. By Picard’s Lemma 3.3.4 we obtain the desired bound independent
of n. This completes the proof of the lemma.

The above considerations (and Sobolev inequalities) show that we have bounds
independent of n for all derivatives of the functions
u®, v, &"

in0 <t <T. We can now argue in exactly the same way as in the proof of
local existence for Burgers’ equation; see Theorem 4.1.6. Thus - in any time
interval 0 < t < T - the sequence u™, v™, " converges along with all its
derivatives to the solution u, v, £ of (9.1.15). The Equivalence Theorem 9.1.5
shows existence of a solution u, v, p of the N-S equations.

Theorem 9.1.8.  Consider the system of equations (9.1.15) with initial data
h = g, — f, where
fa+9,=0, (1,/)=(1,9)=0.

There is a unique C™-solution. The solutions exists for all time.

9.1.5. Maximum Principle and Smallest Scale

It is an important property of the vorticity (in 2D) that it obeys a maximum
principle. We formulate this next.

Lemma 9.1.9. For all t > 0 the vorticity £ satisfies
I£('vt)|00 S |€('90)|oc-

Proof. Let a > 0 be a constant and set

&, y,t) = e~ *(z, y, 1)
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The vorticity equation yields
& + ub; +v€, = vAE - of.
Suppose £ attains its maximum over
zyeR, 0<t<T
in (o, o, to) With (o, Yo, to) > 0. If 0 < to < T then
&=§=0 &20, Af<O

at (zo, %o, to); this contradicts the differential equation for £. Thus we have
to = 0; i.e., a positive maximum can only be attained at ¢ = 0. Similarly, a
negative minimum can only occur at ¢ = 0. If we send a — 0, the estimate for
¢ follows.

The maximum principle allows one to improve the estimates of the previous
section considerably. In Henshaw, Kreiss, and Reyna (1988) it is proved that

JH2) = |\ Digc, O + |\ Digc, )P

can essentially be bounded in terms of

1 i
(5 166, 0l)”.
If
£ty =) &k, 1)e' ™
k

denotes the Fourier expansion of the vorticity, these results imply that
|k, )] ~ e+ M

provided that {£(-,0)|c = O(1). Thus, there is very little energy in the high
wave-numbers |k| 3> »~'/2, and therefore the smallest spatial length scale is
~pif2,

We have restricted ourselves to smooth initial data. However, in the same way
as for Burgers’ equation, we can show a smoothing principle for the vorticity:
We can estimate

1EC, Ol

in terms of ||£(-,0)||*>. Therefore we can define generalized solutions for nons-
mooth initial data.
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9.2, The Spatially Periodic Case in Three Dimensions

As in the previous section, we restrict ourselves for simplicity to the case with
zero forcing. The equations have the form

(9.2.1a) u; +uu; +vny +wu, +gradp =vAu, v >0,

(9.2.1b) divu =0,

(9.2.1¢) u(x,0) =f(x), divf=0.

Without further mentioning, all functions in this section are assumed to be real,
C*°°-smooth and 27-periodic in x. y, z . We require that

(1,f)=0, i=1,2,3,
and obtain, as in the 2D case,
(l,u(-, t)) = (l,’U(', t)) = (ls W(', t)) = 01 t 2 07

as long as the solution exists.

9.2.1. Vorticity Formulation; Local Existence
In three space dimensions the vorticity is defined as the vector

Wy — V;
9.2.2) E=curlu= | u, —w; |.

Uz — Uy
If one applies the curl-operator to the momentum equations and observes that
divu = 0, then one finds after some computation the vorticity equation

9.2.3) & + ués + v&y, + wé, — Bu) = vAE.

Here B(u) is the Jacobian matrix of the velocity field,

Uz Uy U,
Bwy=|v: v, v.]}.
wy wy w,

To show a local existence result, we want to use an iteration like (9.1.9) in
the 2D case. To this end, we first note that

divé =0,

as follows directly from the definition (9.2.2). Also, integration by parts implies
the vanishing of the spatial averages

(L&) =0, i=123.
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This allows us to determine u in terms of £ by a generalized Cauchy-Riemann
system. We show by Fourier expansion:

Lemma 9.2.1. Suppose that £ = £(X) satisfies
divE=0, (1,§)=0, i=123.

Then the system
Wy — VU, &
(92.4) Lu=| %% |_|&
Uz — Uy &
uz +vy +w, 0

with side-condition
Lwy=(MLv)=(1w)=0

has a unique solution u. For each j = 1,2,..., there is a constant K indepen-
dent of £ with

"u"fﬂ S Kjlfl:,_l ‘
Proof. Suppose that the system has a solution. We can combine the equations
to obtain
Au=§, - £3w Av =83 — 1.y, Aw= {Iy - €22

These equations allow us to express the Fourier coefficients of «, v, w in terms
of the Fourier coefficients of £, &, £;. For example,

e b — kK
ik) = —i kf+k§+k§ .

This shows uniqueness and the estimates. Conversely, defining u, v, w in terms
of its Fourier coefficients by formulae as above, we obtain existence.

To prove local existence for the N-S equations, we consider the sequence
n, et n=12,...,
defined by
! +ungn ! 4 om0 4w - Bttt =A™,

£"1(,0) = curlf,
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Lll'”" = (E';H ) [

(l,u”“) = (l,'l)n+l) = (l,w""") —_ 0’

starting with u® = 0. In contrast to the 2D case, one obtains here an estimate
of ||]|4+ only in a finite (small) time interval 0 < ¢t < T, where T depends
on the Hy-norm of the initial vorticity, i.e., on |jcurlf}|;:. Then one can show
- as in the 2D case - that the functions u”™, £* are uniformly smooth in this
interval 0 < t < T. As before, it follows that the functions u”, £" converge
along with all their derivatives to C*°-functions u, £ which solve the vorticity
equation (9.2.3) and the generalized Cauchy-Riemann system (9.2.4) at each
timet,0<t<T.

To obtain a solution u, p of the N-S equations, it remains to determine the
pressure. We take the divergence of the momentum equations to find

Ap+J =0,
J = uzu, +vyvy + w,w, + 2{vuy + weu, + wyv,}
= 2{vzuy — Ug¥y + Wa U, — UoW: + WU, — vyw, }.

If we impose the side-condition (1, p) = 0, the pressure is uniquely determined.
(Note that (1, J) = 0.) Except for the analog of Lemma 9.1.6 (which is replaced
by a local result), these details are more or less the same as in the 2D case.
Also, the uniquenes of a solution follows as in Section 9.1.4. We summarize
the result in

Theorem 9.2.2.  The spatially periodic Cauchy problem for the 3D viscous
incompressible Navier-Stokes equations with C'°°-data has a unigue C°°-solution
existing in some time interval 0 < t < T. The time T > O depends only on the
viscosity v and on |[h[ . Here h = curl{ is the vorticity at time t = 0.

9.2.2. Extension of the Solution Interval for Bounded Velocities

It is not known whether the solutions u, p of the viscous incompressible N-S
equations (9.2.1) exist for all time 0 < t < oo or whether it is possible (for
some initial data) that the solution ceases to exist due to the development of a
singularity in finite time. If one assumes a solution in a time interval

0<t<T,

one can ask for conditions which allow the extension of the solution beyond T.
For example, the Local Theorem 9.2.2 implies: If
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Sllp "5(" t)“"l * { = Clll'] “a
0<i<T
is finite, then the solution can be extended beyond T. In other words, if the
solution ceases to exist at ¢ = T, then the function
“E(.’t)"_yli 0<t<T,

must have a singularity at ¢t = T. The boundedness of |||, implies bounded-
ness of the velocity:

lleo < crlfull,, <c2fléll,,
In this section we want to show that boundedness of the velocity is also sufficient
to extend the solution beyond 7. One can prove even more, namely estimates of
all derivatives of the solution in terms of the initial derivatives and the maximal
velocity.
Notations. Forany j=0,1,..., let

9.2.5) JA@) = | DiuC, O + | D3uC, O + |1 DJuC, P,

D, =8/8x, D,=08/8y, D3=08/8z, |u(:,l)|ec= max Ju(x, ).

We assume throughout that u, p is a smooth solution of (9.2.1) defined in 0 <
t < T, we start with the basic energy estimate. This estimate is valid without
any assumption on |u}y .

Lemma 9.2.3. The energy-change satisfies
gt-llu(-,t)llz =-JXt), 0<t<T,
and therefore

T
GOl < IR, 2v /0 Jdt < .

Proof. From (9.2.1a),
1d
2dt

Here S consists of nine terms,

flul® = @,u) = -5 — (u, grad p) + v(u, Au).

S= (“9 uuz) + (‘U,, 'U’U,y) + (u’ wu;)
+ (v, uv;) + (v, vvy) + (v, wy;)

+ (w, uwz) + (w, vuy) + (w, ww,).
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Integration by parts yields that
(u, uug) = (U, ug) = ~2uuz, u) = 0,
and similarly
1
(u,vuy) = —E(uz,v,).
Therefore,

= “% {("21 vy) + (W w,) + 0, ug) + @A, w,) + WP, ug) + (WP, v,)}

= —% {(u’. —uz) + (%, ~vy) + (W, —w,>} =0.
Furthermore,
(u, Au) = (U, uzz) + (W, uy,) + (,0;;) = —J7,

and the lemma is proved.

We now proceed to estimate the first space derivaties of u and assume the
velocity to be bounded,

[8loo,r := sup ju(-,t)|ec < 00.
0<t<T

Since the dependence of the estimates on the viscosity v is of some interest,
we will make it explicit below. The constants c, ¢;, ¢z, €ic. are numbers
independent of v, T and the solution u under consideration.

Lemma 9.24. For the function J\(t) measuring the first space derivatives
of u we have thar

ufZ,,
T < RO + c—ZL|AP.

The right-hand side also is a bound for

T
u/ J3 dt.
0

Proof. Application of any of the operators
D=D 1 D2a D 3
to the momentum equations yields

Du, + D{uu_ + vu, + wu, } + grad Dp = vADu.
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Therefore,
1d 2
3 35 1DulP = (Du, Duy
= (D*u,un; + vuy, +wu,) — v{}|Du;|? + || Du,)? + || Du, |*}
< ailuloody J2 — v D?ulf?.
Summing these three estimates for D = D,;, D;, D;, we find that

d
3‘5-712 < a Uil - 2v;

< %l Jf - 2

Integration of the inequality — together with the estimate of [ J? dt by Lemma
9.2.3 - proves the result.

We want to show now a similar estimate for J>(t); more precisely,

(9.2.6) %J,’- < cjujoo ads — 2012,

Then we can proceed exactly as in the proof of the previous lemma and obtain
an estimate of J;(¢) in terms of

5(0), 110, |ifl, v, |wloo,r-
To show (9.2.6), we apply any of the operators
D? = D}, D}, D}
to the momentum equations:
D, + D*{uu, + vu, + wu,} + grad D’p = vAD%u.

Therefore,
1d

5% | D%u|)? = (D, D*uy)

< — (D%, D*{un, + vuy + wu,}) — v|jD*u|%.
Now Leibniz’ rule is applied to the term
D*{uu, + vu, +wu. };
for example,

D%(vuy) = (D*v)uy + 2(Dv)(Duy) + vDu,,.
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Typical terms which need to be estimated are
(D?u,(D*v,), (D*u,(DvXDuy)), (D*u,vD™,).
There is no difficulty in bounding the third term by
|ll'<,°J2J3.

(Actually, the three terms of this form add up to zero since divu = 0). Also,
we can use integration by parts to remove the first derivative from u, and from
Dv in the first and in the second term, respectively. This shows that (9.2.6)
holds.

To summarize, if the velocity is bounded in 0 < ¢ < T, then J\(t), Ja(t) are
also bounded. Therefore,

léc,oll,,, 0<t<T.
is bounded, and our previous considerations show that the existence interval can
be extended beyond T'.
Theorem 9.2.5. If the solution u to (9.2.1) satisfies a bound
9.2.7) sup{[u(-,t)joc : 0Lt < T} < 00,

then u can be extended to a solution in an interval 0 < t < T + AT, AT > 0.

Remark. Instead of (9.2.7) one only needs to assume
sup{ (u(-, t), ju¢-, Hlu(-.1)) : 0<t < T} < oo.
Then the solution can be extended beyond T'; see von Wahl (1985).
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10  The Incompressible
Navier-Stokes
Equations under
Initial and Boundary
Conditions

In two space dimensions the nonlinear equations have the form
(io.l.l) u; +ull; + vy +gradp = vAu+F, u;+v, =0,
u=(u,v), F=(FG), x=(z,p).
We consider the equations in the region
0<z<1], ~-o<y<m, t20,
and prescribe initial conditions
wz,y,0) = u(z, y), v(z,y,0) =vo(z,y), wuox+ vy =0,

and boundary conditions at z = 0,z = 1. All data are assumed to be
C*°-smooth and 2#-periodic in y; we seek a C*°-solution which is 2r-periodic
iny.

10.1. The Linearized Equations in 2D

In this section we start our discussion of the linearized equations under boundary
conditions. To this end, let

345
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UV, P U-+V,=0,
denote smooth functions of r, y, t which are 2n-periodic in y, and substitute
u=U+d,v=V+v',p=P+p

into the N-S equations. Neglecting terms quadratic in the corrections u’', etc.
and dropping the prime ’ in our notation, we find the linear equations

(10.1.2) u +Uu; +Vu, + Au 4+ gradp = vAu+F, u;+v, =0,

U, U,
A= ( : ) .
Ve V,
The forcing function F in (10.1.2) is the defect of (U,V,P) in (10.1.1). It
is convenient to study (10.1.2) for a general smooth matrix function A(x,y.?)
which is 27-periodic in y.
Our plan is to approximate (10.1.2) by the evolutionary system

where

(10.1.30) w +Un; +Vu, + Au+gradp = vAu +F,
(10.1.3b) ept+u+v,=0 €>0.

We shall choose boundary conditions for (u, v, p) in such a way that our theory
for mixed parabolic-hyperbolic equations applies for every fixed ¢ > 0. Then,
if we can estimate the solutions of (10.1.3) and their derivatives independently
of ¢, we obtain a smooth solution of (10.1.2) in the limit ¢ — 0. We start with
the basic estimate.

Lemma 10.1.1.  Suppose that u,p solve (10.1.3). There is a constant ¢ >
0, depending on the coefficients U, V, in the differential equation (10.1.3) but
independent of € and F. with

(10.1.4)
ld

5 77 LIl + ellpl®} < cliul? + @ F) = v {Jluz]l* + lluy I}

r=]
T=

1 2,2
+{—5U(u + v°) up+v(uu,+vv,)}

(Here we use the notation

1 29

27
{o} = b(l,y,t)dy—/ H0,y,t) dy
0 0

for boundary terms.)

=
z=0
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Proof. The differential equations (10.1.3) yield
1d
Eﬁ{llllll2 + ellpl*} = (u, ) + (0, epy)

=—(u,Uu;) - (v, Vuy) — (u, Au) —- (u, grad p)
+ V(“1 A“) + (“1 F) - (pa uz + vy)'

The resuit follows from integration by parts and estimates of zero-order terms.
The boundary contributions appear from integration by parts in the z-variable.

Boundary conditions providing the basic estimate. The boundary conditions
— together with the term

~v{llul? + llu, I} =: —vJi )

on the right-hand side of (10.1.4) — have to provide bounds for the boundary
term

z=1

(10.1.5) BT = {—-;—U(u2 + %) — up + v(uu, + vv,)}

z=0.

We consider different possibilities.
Case 1. 'The lines £ = 0, z = 1 represent walls. In this case it is reasonable
to prescribe the boundary velocities

u=v=0 at z=0,z=1

for the nonlinear system (10.1.1). (This is obvious for « and confirmed by
observation for v.) Thus one chooses a base flow with

U=V=0 a z=0,z=1
and obtains
(10.1.6) u=v=0 at z=0,z=1
for the linearized system. Clearly, the boundary term (10.1.5) vanishes, and the
basic estimate follows.
Case 2. Inflow at z = 0, outflow at = = 1. Now one chooses
U@©,y,6)>0, UQ1,y,t)>0.

Again, we can use the Dirichlet conditions (10.1.6). Also, the following condi-
tions of Neumann type may be used:
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—V’U,z(j, Y t)+ p(jv v, )= aj(yy t)u(jv ¥ t)+ gj(y! t),

(10.1.7)

—Vv::(jv yt) = ﬁj(y’ t)v(j) Y, )+ h](y’ 1), Jj= 01 L

Here a;, B, g;, h; are given smooth functions which are 2x-periodic in y. For
the boundary term (10.1.5) we obtain

Here

BT = {—%U(u2 + %)~ up+u(p —au - g) — v(fv + h)}

=}
z=0
< e{lluliz + gl + i }

2x
flul} = A {Iln(©,y, O + [u(l,y, t)?} dy,

etc. Using a (one-dimensional) Sobolev inequality for each fixed y and inte-
grating over y, we have

(10.1.8) cufl2 < g J(u) + fulunuz,

Thus the basic estimate follows from Lemma 10.1.1.

Remarks.

1. The above boundary conditions are of the general form discussed for

mixed parabolic-hyperbolic systems in Section 8.5. Therefore, if smooth
initial data are given for u,v,p and provided that suitable compatibility
conditions are fulfilled at ¢ = 0, the equations (10.1.3) determine a unique
smooth solution satisfying these boundary conditions,

. In many applications the viscosity constant v > 0 is very small. Then, if

estimate (10.1.8) is employed, rapid exponential growth of the energy is
allowed. However, if the coefficients a;, §; in the boundary conditions
(10.1.7) are suitably chosen, one obtains an estimate of the boundary term
(10.1.5) by c{|Iglf> + ||k||%}. In this case, inequality (10.1.8) need not be
employed, and the rate of exponential growth becomes independent of v.
The same is true, of course, for Dirichlet boundary conditions.

. It is no restriction to assume the Dirichlet conditions (10.1.6) to be ho-

mogeneous. If inhomogeneous data are given, we can introduce new
variables ii = u — ¢ which satisfy the homogeneous condition, and if we
differentiate with respect to y and ¢, the condition remains homogeneous.
In contrast to this, consider (10.1.7). Of course we could also transform
to the homogeneous case, but if we want to estimate y- and ¢-derivatives,
new inhomogeneous terms are introduced, and nothing is gained.
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4. We have assumed conditions of the same type at x = O and z = 1,
either of Dirichlet or of Neumann type. Clearly, this assumption is not
necessary. In applications one often specifies © = v = 0 at inflow and
(10.1.7) at outflow. If » > O is small and a, B are suitably chosen (see
Remark 2), such a Neumann condition at outflow leads to a “smoother”
solution than the simple requirement u = v = 0 at outflow.

10.2. Auxiliary Results for Poisson’s Equation

In this section we prove some elementary estimates for solutions of Laplace’s
equation and Poisson’s equation in the strip

0<z<l, ~oc0o<y<o.

As in the last section, all functions are assumed to be C°°-smooth and 27-
periodic in y. We apply Fourier expansion in y-direction and use the notation

[~ ]

2x
uzy = ) dzke, ak) = % /,; u(z, y)e kv dy.

k=-—o00

Then Parseval’s relation reads

2w o0
/ Iu(za y)lz dy =2n z Iﬁ(x) k)lzv 0<z<],
0

k=—-00

and integration over x gives us

o0 1
(10.2.1) Il =2x 3 / oz, B dz.
(1]

k=—00

Lemma 10.2.1. Suppose that u € C™ solves
Au=0 in 0<z<1l, —oc0o<y<oo,
and u is 2n-periodic in y. There is a constant K, independent of u with
gl < Klluglf?.

If the spatial average of u vanishes, i.e.,

1 p2n 1
0= / / w(z,y)dydr = 21r/ iz, 0)dx,
o Jo 0
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then
lull? < Kallue|?

with K, independent of u.

Proof. Since Au = 0 it follows that
Uz (x, k) — Kz, k) =0, k=0, %1,....
Thus we have a representation

ake_lkk‘ + bkelkl(z-l) k # 0,
ap + boz k=0.

Using (10.2.1) for u,, we find that

(10.2.2) iz, k) = {

o0 1
It =20 3 K /0 late, k)| dz

k= —00
= <] 1 3
k=—o00 0
Similarly,

00 1
lual? =20 3 [ focte, b ds

k=—00

oo 1 2
=2r Z k2/ l-ake-""‘"+bke|k|("‘” dz + 2n|bol.
0

k=—o00

Elementary computation shows that (for k # 0)

i 2 2 2
/ |:!:ake"""+bke"‘"”’)l dr = Mi‘i,;-llb—kl-(l—e‘z"“)d:2Re(akbk)e‘“".
()

Using
[2Re (axbi)] < 2|akbel < lael + [bef,

we find that the estimate |fuy||> < K |Ju.|f? is valid if K satisfies

LI R 1Y) W' L 2k ikl
2|k;(' e )*e 5K'(2|k|(l e e )

for all integers k # 0.
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To show the estimate for ||u||?, we first observe that
! 1
0= / i(z,0)dz = ap + = bp,
i 2
and therefore
1
@z, 0) = bp(z — 5).

Thus (10.2.1) yields
|
ull? < JuyI? + 2 / |z, 0 dz
0

< My )? + 2xbol® < fluy I + Yzl

This proves the lemma.
An easy generalization of the last lemma is

Lemma 10.2.2. Suppose that v € C* solves
Au=0 in 0<x<1l, —-oc0o<y<oo,

and u is 2mw-periodic in y. For every j > 1 there is a constant K; independent
of u such that

Fu
2 ] 2
[ulzs < K;ll Bz Oyi-1 I

Proof. The equation Au = 0 allows us to express even order x-derivatives in
terms of y-derivatives:

621 u _ 1 ,32‘ u

o = "V g
Thus, any derivative term appearing in |u|z; reduces to

du u
:}:W or % 5—y—]r.

The estimate of the last lemma finishes the proof.

Next we want to show estimates of « in terms of boundary data on the lines
=0, z=1



352 Initial-Boundary Value Problems and the Navier-Stokes Equations

Lemma 18.2.3. Let 2n-periodic C*°-functions go(y), 1(y) be given. The
boundary value problem

Au=0, u0,y) =gy, ul,y)=aq®

has a unique C°°-solution u(zx, y) which is 2w-periodic iny. Foranyj =0, 1,...
there is K; independent of g with

leliZes < Killglhsary-
Here

gy = loolles + Ngnliss
denotes the H? -norm of the boundary data.

Proof. First assume that there is a smooth solution u. We use (10.2.1) and the
representation (10.2.2) to obtain

! _ 1
luf? =223 / loxe e 4 beeDP gz 4 27 / lap -+ by dz
k2070 0

<a Y (luf+ ).

k=—00

On the other hand,

ool + g2 =27 3 (1t +1auch?)-

k=—oc

The formula (10.2.2) gives us the relations

1 e ®N fap _ (dolk)
(e""' 1 )(bk)‘(g.w))’ K20
1 0\ [an _ { dolk) _
(D)= (o) &=o

Jol? + el < 2 (1800 + [31CO),
and the bound |ju|?> < Kol|lg||> follows. Similarly,
luel? < e 3 K (Jaxl? + 6w ) + 2n]bof?

k#0

< c{lidg/dyll* + s }.

Thus we find that
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If we apply this estimate to

¥y
oyi-!
instead of u, and use Lemma 10.2.2, then we obtain the desired bound of [|ulf3,,.

The bound clearly implies uniqueness. Existence of a solution follows , because
we can define u in terms of its Fourier expansion.

Now consider the inhomogeneous differential equation
(10.2.3) Au = F(z,y)

where F € C™ is 2x-periodic in y. We ask for estimates of a C°°-solution
with homogeneous boundary data

(10.2.4) u(0,y) =u(l,y) =0, —-oco<y<oo,
and require, as before, that u is 2x-periodic in y. We show
Lemma 10.2.4.  The above sirip problem has a unique solution u. For any
J=0,1,..., there is a constant K; independent of F with
lulifrsr: < KGIF I

In this sense, we “gain” two derivatives.

Proof. First assume that the problem has a solution u. Fourier expansion of
(10.2.3), (10.2.4) yields

(10.2.5q) fee(z, k) — k2i(z, k) = F(z, k),
(10.2.5b) (0, k) = @(1,k) = 0.
Thus each function

a(, k), k=0, %1,...,

is determined by an ordinary boundary value problem. By

1 112
tac. bl = { [ 12 P ds}

we denote the L;-norm of such a function of z, and obtain through integration
by parts (for k # 0)
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et IE + Klac, b2 = —(ac, b, B, k)

i

A

—'—Ilﬁ(- I + k—zua(- k)|I?
2k2 ? 2 ’ ’
Thus
Eac, kI < [1EC o).
and with (10.2.5q)
Nizz(-, B < Bl[aC, )| + | EC, B
<2\ B¢, b))l

For k = 0 an explicit integration of the boundary value problem (10.2.5) shows
that

I8¢, 0l < I1FC, 0.
Thus we have obtained that
A+ EH[aC, B + (1 + B)lasC, DIF + iz B < lFe,RIP.
and Parseval’s relation (10.2.1) yields
llulf: < KollFIP.

This shows the desired bound for j = 0. There are no difficulties in estimating
higher y-derivatives of

U, Uz, Uzg

because (10.2.3), (10.2.4) can be differentiated with respect to y. If we want to
estimate higher z-derivatives, we use (10.2.3) and replace them by y-derivatives,
e.g.,

Uper = Fp — Ugyy-

Thus we obtain the estimate of the lemma. Existence of a C°°-solution follows
as before since we can define u by its Fourier expansion.

If both — the boundary data and the differential equation — are inhomogeneous,
ie.,

Au= F(z,y), u0,v)=g0y), u(l.y) = qny)),

then we decompose the problem in an obvious way, and obtain the solution as
a sum,
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u=u" +u?,

Here Lemma 10.2.3 applies to u" and Lemma 10.2.4 applies to 4®. One
obtains the estimate

hullZgssa < K {IF W + loliisscn |

10.3. The Linearized Navier-Stokes Equations under
Boundary Conditions

The linearized system (10.1.2) is not of the standard form of an evolution equa-
tion since we do not have an equation for p,. To show the existence of a so-
lution of (10.1.2) under initial and boundary conditions, we go over to (10.1.3)
for ¢ > 0 and send ¢ — 0.

10.3.1. Convergence Theorem

We consider the system (10.1.3) and restrict ourselves, for simplicity, to the
no-slip condition

(10.3.1) u=v=0 at z=0,r=1
and the initial condition
(10.3.2) u(z,y,0) = v(z,y,0) = p(z,y,0) = 0.

As previously, the forcing function F and the coefficients U, V, A in (10.1.3)
are assumed 10 be C*°-smooth and 2z-periodic in . Also, we require that

(1033) ¥ F(z,y,0)/8t = ¥ G(z,y,0/0t =0, j=0,1,2,....

This ensures compatibility of the data at ¢ = 0. For each ¢ > 0 the initial-
boundary value problem (10.1.3), (10.3.1), (10.3.2) has a unique C*°-solution

u=u(z,y,t), p=pi,yt)

which is 27-periodic in y. To begin with, note that at ¢ = ell derivatives of u,
p are = 0, as follows from (10.3.3). Our aim is to show that all derivatives of
u, p can be bounded independently of ¢ in any interval 0 < ¢t < T. Then, as
€ — 0, we obtain a smooth solution of the linearized Navier-Stokes equations.
As remarked earlier, the solution is only unique if one fixes a (time-dependent)
constant to determine the pressure, e.g.,

(10.3.4) (1, p(-,8)) = 0.
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We will show

Theorem 10.3.1.  Consider the linearized viscous incompressible equations
(10.1.2) in

0<z<1l, —c0o<y<oo, t=>0

with boundary conditions wu =v = 0atx = 0, z = 1, initial condition u = v =
0 at t = 0, and side-condition (10.3.4). Assume that the data and coefficients
are C°-smooth, 2r-periodic in y, and fulfill (10.3.3). Then there is a unique
C*®-solution which is 2n-periodic in y. In any interval 0 < t < T, the solution
is the limit of the corresponding solutions of (10.1.3) as ¢ — 0.

The assumptions of the theorem can be relaxed: One can allow, for example,
certain inhomogeneous initial conditions and different boundary conditions; see
Section 10.3.2.

The proof of the estimates of all derivatives of u = u®, p = p* proceeds in
several steps. We fix a time interval 0 < ¢ < 7. For brevity, we will call a
function w = w*(x, y, t) estimated, if we have established a bound for

max{{jo ¢, ) : 0<t < T},

which is uniform in 0 < € < 1. As previously, the main difficulty is estimating
z-derivatives, because one cannot differentiate the boundary conditions in x-
direction.

Step I.  The basic estimate (see Lemma 10.1.1) gives us bounds for u, ¢p. We
can differentiate the differential equation and the boundary conditions arbitrarily
often w.r.t. y and ¢ and obtain systems of the same form where the lower-order
terms are already estimated. Thus we get bounds for all y, t-derivatives of u, €p.
In particular, we have bounded

d 2 2
2 Il + ellpiP},

and the basic estimate (10.1.4) gives us a bound for u;. From the differentiated
systems we obtain, with the same argument, bounds for all y, t-derivatives of
u.. To summarize, we have estimates for

u, vV, Ug, Vg, €P

and all y, t-derivatives of these functions.

Step 2.  We differentiate the equation ep, + u; + v, = 0 w.r.t. « and replace
Uz, using the first equation (10.1.3a). Then we obtain
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€Vpiz +pr = H),
Hy =F —uy — Uuy — Vuy — vvgy ~ anu — anpv + vuy,,

where the function H, is already estimated. Integrating the above ordinary
differential equation for p.(x, y,t) in time and observing that

"
1 e~ gg <,

€V jo

we have bounded p,. Also, since all y, ¢-derivatives of H; are estimated, we
have bounds for all y, t-derivatives of p.

Step 3. Differentiating the u-equation (10.1.3e) w.r.t. x, the v-equation w.r.t.
y, and summing the two results, we obtain that
Uy + vy + Ulug + vy)s + V(ue +vy)y + Ap+ L(m,uz,uy)
= VA(uz + vy) + F; + Gy,

where L(u,u;,u,) is a linear expression in u,u,,u,. We replace u; + v, by
—ep; and find that

CVAPt + Ap = Hz,
Hy = F, + Gy +€(pu + Upat + Viye) — L(u,uz,1,).

The function H, is already estimated, and using the same argument as in Step
2, we have established a bound for the function

Ap=H

and all its y, t-derivatives.

Step 4. At each time ¢ > 0 the pressure p can be written as & sum

p=p+p
where
Api =0, p(0,p,8) =pO0,9.1), p(l,y.t)=pl,yt),
and
(10.3.5) Ap, = H, p0,y,t) =p(1,9,8) =0.

From Lemma 10.2.4 we obtain bounds for p;, p>;, p2.- and all y, t-derivatives
of these functions. In Step 2 we have bounded the function p. and all its y, -
derivatives; thus we can estimate the difference p;, and all its y, t-derivatives.
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Step 5. 'We want to derive a bound for p, itself. To this end note that
(l,p(,t)) = Ov

as follows from ep; + u; + v, = 0 and the boundary conditions. Therefore, the
function

_ 1
Pz, y,0) =pi(z,y,0) + ﬂ(l,m)

has spatial average zero and, using Lemma 10.2.1, we can bound ;. (Note that
Prz = p1z.) Since p is already bounded, we obtain an estimate for p, itself,
In the same way we obtain also a bound for each time derivative py,, pi4, etc.,
and Lemma 10.2.2 yields bounds for all other derivatives of p;. Thus we have
established estimates for all derivatives of p;.

Step 6. 'We have shown estimates for p, p;, Pz, B, U, and all y, t-derivatives
of these functions. It remains to bound higher z-derivatives (and their y,¢-
derivatives); this can now be done recursively as follows: The equations (10.1.3a)
can be solved for u,,, v.., and therefore these functions are also bounded. Thus
all first derivatives of H, are estimated, and (10.3.5) gives us bounds for all
third derivatives of p. Then (10.1.3a) yields bounds for u;,,, Uyr.z. A simple
induction argument finishes the proof.

10.3.2. Remark on Initialization

In the last section we have assumed that the initial conditions are homoge-
neous. Let us explain the reason for this. Suppose that we would give general
nonhomogeneous initial data

(103.6) u(z,y,0) = f(z,y), v(z,9y,0) =g(z,y), p&,y,0)=h(z,y).

For every fixed e > 0 the corresponding initial-boundary value problem (10.1.3)
has a solution. However, we need bounds of the derivatives which are inde-
pendent of ¢. Our estimates of the previous section show these bounds if the
y, t-derivatives are bounded independently of ¢ at ¢ = 0. For the y-derivatives
we have no difficulties, provided the boundary conditions are compatible with
the initial conditions. Therefore, the crucial question is if one can bound the
time derivatives independently of e at t = 0.

By (10.1.3b) the first time derivatives are bounded independently of e at ¢t = 0
if and only if

(10.3.7) u (-, 0) +vy(-,0) = edi, dy = O0(1).



360 Initial-Boundary Value Problems and the Navier-Stokes Equations

U, Vv, P, U:c+Vy=0-

For example, the functions may satisfy inhomogeneous boundary and initial
conditions. We substitute

u=U+d, v=V+, p=P+p

into (10.1.1) and obtain equivalent (nonlinear) equations for the corrections
u’, v', p’. If we drop the prime / in our notations, the equations read

(104.1) 0+ U +uu, +(V+omy, +gradp=vAu+F,
Uz +v, =0.

Here F is a new forcing which is determined by U, V, P. This system can be
approximated by (10.4.1) together with

(104.2) epe+uz+vy, =0, €>0.

If we have boundary conditions (10.3.1), (10.3.2) and assume (10.3.3), then we
can proceed in the same way as above for the linearized equation. As ¢ — 0,
we obtain convergence to a solution of the nonlinear incompressible equations.

The process which has been chosen here to obtain a solution of the incom-
pressible equations does notr describe the passage of the compressible to the
incompressible N-S equations. If one wants to study this limit, one should
replace (10.4.2) by

(10.4.3) e{p, + U +uwpe +(V + v)p,,} +ug + v, =0.

(We recall the continuity equation p; + div(pu) = O and formally substitute
p = 1 4+ €p.) In both cases, (10.4.1) with (10.4.2) or (10.4.1) with (10.4.3),
we have a coupled hyperbolic-parabolic system. To illustrate the differences
between (10.4.2) and (10.4.3), we assume inflow (U > 0) at x = 0 and require
the boundary condition u = v = 0 at x = 0. Whereas the boundary x = 0
is characteristic for the equation (10.4.2), the variable p is an ingoing charac-
teristic variable for (10.4.3). Therefore, no boundary condition for p is needed
with (10.4.2), but (10.4.3) requires a boundary condition. For example, one can
prescribe

70,y,1) =0.

For the limit-equations (¢ = 0), no boundary condition for p is allowed. In
Kreiss, Lorenz, and Naughton (1988) it is shown that convergence for ¢ — 0 is
also obtained with (10.4.3), at least away from a boundary layer at z = 0.



APPENDIX

1 Notations and Results
from Linear Algebra

Vectors and matrices. Let C denote the field of complex numbers and let C"
be the vector space of column vectors

u)
U= ( : ), u; €C, j=1,...,n
Un

We define an inner product and a norm by
n
(u,v} = Zﬁjvj, [u} = {(u,u)'’?, w,veC".
i=)

Here @; is the complex conjugate of u;. If A = (e;i) € C™" is a complex n
by n matrix, then

A=A =@,

denotes the complex conjugate transpose of A.
It holds that

{u, Av) = (A*u,v) for all u,v € C".
The spectral-norm of A is
|A] = max{|Au| : u € C*, [|uj=1}.
361
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One can show that
|A)? = p(A* A)

where p (B) denotes the spectral radius of a matrix B, i.e., the largest absolute
value of all eigenvalues of B. A matrix U € C™" is called unitary if

U'U=1, ie. UV =U".
If U is unitary then, for any u € C",
|Uuf? = (Uu,Uu) = {U*Uu,u) = ju]?,
and therefore
U= =U"f=1.
A matrix U with columns u!,...,u™ € C" is unitary if and only if

: 1 forj=F,
(W, u7) = b {0 for j # k;

i.e., the columns form an orthonormal system.
An important result from linear algebra is

Schur’s Theorem. Let A € C™™ denote a matrix with eigenvalues Xy, ..., A\,
in any prescribed order. There is a unitary matrix U such that

U‘AU = R = (’I‘jk)
is upper triangular with diagonal entries r;; = A, j=1,...,n.

Proof. We use induction on n; the case n = 1 is trivial. Let Au! = \ju!,|u!| =
1. One can choose an orthonormal basis

1 2 n

w, u, ...,u
of C™ starting with u!. The matrix U; with columns u',...,u" is unitary, and
AU, =T (/:)l ;2) .
The matrix A; has the eigenvalues Ap,...,A,. There is a unitary matrix U,
such that
AU, = UxRy,

where R; is upper triangular and X,..., A, appear on the diagonal. If we set
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1 0
U=U.(0 U,)’

(™ °
AU..U(0 Rz)‘

and the induction is completed.
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APPENDIX

2 Interpolation

Fourier interpolation in ID. Let m € {1,2,...}, h=0Cm+ 1)), ¢, =
vh, v =0, £1, £2,.... Suppose that v(z) is a 1-periodic function, v(r) =
v(z + 1), defined at all gridpoints * = x,. We want to interpolate v(z) by a
Fourier polynomial

m
(A2.1) w(z) = Z ape?™iks
k=-m
at all grid points:
(A.2.2) wx,)=vz,), v=0,=xl,£2,....

Theorem A.2.1.  The interpolation problem (A.2.2) has a unique solution
(A.2.1). '

Proof. If we introduce the inner product

2m
(u@),v@), = h Y uEmv@.),

v=0
then the gridfunctions

" ke —m,—m+1,...,m,

365
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form an orthonormal system, i.c.,
2nilz 2wikz\ 0 if0o< Ik - ll <2m;
(e*mF, 2T T), = X
1 ifk=1.
The above result is obvious for k = ! and follows from the geometric-sum
formula otherwise. Consequently, if w(z) is an interpolant of the form (A.2.1),
then

m
(ez"“z,v(a:))h _ (eZwilz,w(x))h - Z ax (ezxilx’ehikz)h = a.

k=-m

Thus the coefficients a; are uniquely determined by the data function v(r). Also,
we can consider the interpolation-condition

m
Z are?™ vk = y(z,), v=0,...,2m,
k=-m

as a linear system of 2m + 1 equations for the 2m + 1 unknown a,. Since
the solution vector is unique (if it exists), the system-matrix is nonsingular, and
existence follows.

Fourier interpolation is very useful since the interpolant w(z) inherits “smooth-
ness” from the data »(z), with estimates independent of h. More precisely, if
we introduce norms by

|
Wi =, 0%, ol = / (@2 dz,
0

then the following result holds:

Theorem A.2.2. If w(zx) denotes the Fourier interpolant of the daia v(x) then

m
w2 = ol = 3 lael?

k=-m
and
T\2 d
IDPwl? < (3)*ID%olR, p=1.2,.... D=

It is important that the factor (7 [2)*P does not depend on h.

Proof. The first equation is nothing but Parseval’s relation; it applics since the
functions

e21rik1’ Ikl < m,
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are orthonormal w.rt. the continuous and discrete inner products. Therefore,
differentiation of w(x) gives us

m
||D"'w||2 = E |ak|2(21rk)2p.

k=—m
Since
m emikh _ | rwike
(Dyv)@) = kz;m @G ——e ,
we find that
-1,
ID%oll} = Z lax?| —|
k=-m
Here
e ikh _ 1 5 2sinmkh 2 sin 7rkh 2 2
h |=| h '_l l(2k)>()(27rk)
and the result follows.

Fourier interpolation in more space dimensions. The generalization to s space
dimensions is straightforward. Suppose v = v(z), ¢ = {(x1,...,%;s), is a func-
tion of s variables which is 1-periodic in each variable z; and which is defined at
all gridpoints (v h,»h,...,v.h), v =0, £1, £2,.... Then there is a unique
Fourier polynomial

8 m

w(@) = Z R€2THEE) = (KL k),

which interpolates v at all gridpoints,
wnk,...,vh) = v(nh,...,v,h), vy €L

As in Theorem A.2.2, derivatives of w can be estimated in terms of correspond-
ing divided differences of v; the constants in the estimates are independent
of h.

Interpolation of nonperiodic functions in I1D. s Consider a discrete function
f defined on a grid x, = vh, h = 1/N, v = 0,1,2,...,N . We want to
interpolate f so that the derivatives of the interpolant can be estimated in terms
of the divided differences of f, with constants independent of h. There are many
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ways to do this. Here we first extend f to a periodic gridfunction so that bounds
of divided differences are preserved. Then we use Fourier interpolation to
obtain the desired interpolant. For transparency, we describe the corresponding
extension of smooth functions first.

Consider a function f € CP[0,1], and let 0 < 6 < 4 be given. We will
extend the domain of definition of f to —o0 < # < oc. The extended function,
again denoted by f, will have its support in — < r < 1 + 6. Furthermore,

P p
. . d
(A23) Y IDfIE < € Y UDIIR, D=
j=0 j=0
Here C depends on & and pbut noton f, and ||- ||g , || - || denote the L,-norms

over the whole line and the original interval, respectively.
To begin with, let us preliminarily define f(x) for I < x < 3/2 as the solution
of the differential equation

Dru=0, 1<zr<3/2

7

with initial conditions
Dju(l)szf(l)r J=0,1,2,...,p- L

The solution is
p—! 1
— Iy Y] — 1Y
f@) = Zﬂ D’ f(y@ —1y.
j=0
(Note that the p-th derivative of the exiended function jumps at z = 1, in
general. This is not essential, however.) For z < 0 we use the corresponding
construction. Now we modify the function so that its support becomes compact.
To this end, let ¢ € U denote a cut-off function with

1 if-{<czc1+4,
plr) = ’
0 ifzs—%orzzl-f-%.

Then the desired extension is given by o f. By the Sobolev inequality stated in
Lemma A.3.10, we can estimate | D’ f(1)|, |D’ f(O)}, j =0,1,2,...,p—1,in
terms of ||DP f|| and || f]j, and therefore we have proved

Lemma A.23. Ler f € CPbedefinedfor0< r < 1, andler0 < b < 3 One
can extend the definition of f 10 —co < x < oc so that the extended function f
has its support in —6 < x < 1 + 6 and fulfills (A.2.3). The constant in (A.2.3)
is independent of f.
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We consider now a discrete function. Let x, = vh, v =0, %1, 32,..., h =
1/N, denote a grid and let f, = f(z,), v = 0,1,2,..., N, be defined at the
gridpoints 0 < z, < 1. We prove

Lemma A.24. For any p we can extend the definition of f, to the whole
discrete line so that the support of f, is contained in the interval —% Lz<Lli+ %
and

P p ]
(A24) S D £ 000 < const Y D% AU v—; -
j=0 j=0

The extension and the constant depend on p, but the constant does not depend
on forh.

Proof. The proof proceeds similarly to the continous case. For 1 < z, < -g-
we define f, = f(z,) preliminarily as the solution of the difference equation

(A.2.5) D’luN.H, =0, pg=12,....
As in the continous case, the solution can be written down. It has the form
UN4u = Pp-l(xu)y

where P, () is a polynomial of degree < p— 1, whose coefficients are divided
differences D’;f,,, N-p<v<N, j;j=012,..,p-1 Forz <0 we
make the corresponding construction. Then ¢ f is the desired extension. This
extension is again denoted by f. By the discrete Sobolev inequality stated in
Lemma A.3.18, we can estimate D’ f, in terms of | D% f|i3 _, and | fI3 .,
and therefore we obtain the estimate (A.2.4).

We can consider the extended gridfunction f as a periodic function with
period 2. If w denotes its Fourier interpolant, then

14 14 p
Y 1Dl < YWDl .52 < const > D% fIR N -
Jj=0 Jj=0

i=0

The latter estimate follows from Theorem A.2.2 and formula (A.2.4).
We have proved

Theorem A.2S5. Let f, = f(x,) denote a discrete function, where z, =
vh, h = 1/N, v = 0,1,2,...,N. Let p denote a positive integer. We can
interpolate f by a function w € C*°[0, 1] so that
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P P
Y IDw| < const Y 1D FIE n; -

=0 =0

The interpolant and the constant depend on p ; the constant is independent of f
and h, however.

Extensions of functions in a strip. We shall now generalize the results 10 a
strip

I:0<z<1, —~©o<y<oo,
and start again with the continous case. Let f = f(z,y), f € C*(I), and

assume that f is 1-periodic in y. For every fixed y we use the construction
given above. For z > 1 we obtain

fep =03 ,b—fu B -1y,

J=0
Therefore,

of N1 aites :
Tzw(x’y)“"(“gﬁw(l’ym‘"J'

Thus, we need the L;-norms of the derivatives of order 2p to estimate

1675 /9y"lie-

Lemma A.2.6. We can extend the definition of f so that

2p

Z(uax,uwu %) < cons Z(u e n).

The corresponding interpolation result is also clear: For every p we can find an
interpolant whose derivatives up to order p can be estimated in terms of divided
differences of order 2p. All these results can be extended in a straightforward
way to functions in a strip of s dimensions.
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3 Sobolev Inequalities

We show here some frequently used inequalities which express bounds of one
norm of a function (or of a derivative of a function) in terms of other norms of
the same function and its derivatives. Typical examples are so-called Sobolev
inequalities which give bounds of the maximum norm of a function in terms
of Ly-norms of derivatives. It is important that the constants entering these
estimates do not depend on any specific function under consideration, but are
uniform for a certain class of functions.

To derive such estimates, we may always assume the functions to be C>-
smooth, for convenience. (The functions take values in C™.) Then the estimate
extends to all (less smooth) functions which can be approximated by C>-
functions w.r.t. the norms entering the estimate.

Ly-estimates of periodic functions. Let u € C*(R), u(z) = w(x + L); ie.,
u is L-periodic. As usual,

L
i = [ luco)ids.
We first show

Lemma AJ3.l. Forall ¢ > 0and all integers j, k > 1 it holds that

) ] . d
ID7ulP < el D7+*u)? + /¥ |jul?, D= pr

371



372 Initial-Boundary Value Problems and the Navier-Stokes Equations

Proof. By Fourier expansion,
(A3.1)

—2wiwz/L dx

u(z) = u(z)e

w .
Z ,&(w)ehnwz/L, w) =

w=-—-00

Diu(x) = ‘/— Z (21rqu) fw)e /L

and Parseval’s relation yields that

1 = 3 (22)jawr.

w=-—0C

L L
VL VL Jo

Therefore, the lemma is proved if we can show that

(E?)zj < e(hTw)zciﬂ) -

The function
Y(8) = es?ITH ik _ i 5 R,
has its minimum at

i \1/eb
0 = J ) e1/a2k,

Jj+k

and

y(so) = €~ ]/k{l_]—i-k(—j_k)j/k} > 0.

Hence the assertion follows.

A generalization to any number of space dimensions is straightforward. Let
u € C(R*) be L-periodic in each variable z;, and denote

L L
full? = / / lu(@)|? dz, ... dz
0 0

We use the notations

2 d
2 _ P (12 =
= IDFulf, D= g,
lufbr = Y ID*u|?,  D*=D}...Di;
Wwi=p
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i.e., J2 measures the “clean” p-th derivatives whereas | - |7» measures all p-th
derivatives. For any multi-index v,

Il = () () o

where the sum extends over all vectors w = (w,...,w,) with integer compo-
nents. If |v| = p then

w WP < wfp +... W,
and therefore
ID*u|? < J2w), p=v|.
Thus one obtains the inclusion
(A3.2) Jow) < [uf}yy < KJ2(w),
where K = K(p, s) is the number of multi-indices v of order p.

A direct generalization of the previous lemma to s space dimensions is
Lemma A3.2. Forall ¢ >0 and all integers j, k > 1 it holds that
(A33) J}(u) < ch_,,k(u) + sc’j/"llullz.

The proof follows by Parseval’s relation and the argument given in the proof
of Lemma A.3.1. Because of the inclusion (A.3.2), we also have
Lemma A.J3.3. Forall ¢ >0and all integers j, k > 1 it holds that
(A3.49) |u|§,,— < eluﬁ,,“ + Ce~ 3/ |ju?,
where C is independent of €, u, and L.

Functions with compact support. Let u € Cg°(R*) and denote

flulf? = ‘/l; |w(z)? dz) ... dz,.
If L > 0 is so large that the support of u is contained in
[-L/2, L/2)",

then we can identify u with an L-periodic function and apply the previous
results. Since the estimates are independent of L, we obtain the inequalities
(A.3.3), (A.3.4) for all u € Cg°.
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Maximum norm estimates of periodic functions. We start again with one
space dimension and consider an L-periodic function

u€ CMR), u(x)=u(x+ L)
For convenience we assume throughout that L > 1; we first show
Lemma A.34. For each integer k > 1 there is a constant Cy. independent of
u,0<e<l,and L > 1 with
lufs < el D*ul? + Cre™ /@~ Djju) 2,

Proof. From the representation of u(x) as a Fourier sum and the Cauchy-
Schwarz inequality we obtain

Lju(z)? < { Z |ﬁ(w)|}2

w=—0C

2
= {Z law)(el2rw/LI* + 1)e|]2nw /L) + 1)~

< T 1o)emo/it + 17 1 S el2mo/LE + 172}

= PP.
To estimate P,, we observe that
(el2nw/LI* + 1)? < 2e2nw/LPP* +2
and find, by Parseval’s relation,
Py < 2|\ DFulf® +2)|ul)®.

To estimate P, we write

P=1+2 {e@rw/Ly* +1} 7

w==]

<1 +2/m{e(21rw/L)k + l}—zdw
0

142l [Tor
“1vacnk [Tt e

< el + € V5L) < 2cpe VR L.
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For the last estimate we used the restriction

0<e<1<L.
Hence it follows that

luli S L7'PP,
< depet= M| D ul? + dere ¥ ful?,

and if we call*
2-1/k = g

4ci€

then the assertion follows.

A key result in obtaining Sobolev inequalities in s space dimensions is for-
mulated next; a proof can be given by transformation to polar coordinates. This
result is responsible for the requirement k& > s/2 in Theorem A.3.6 and it shows
why maximum norm estimates depend on the number s of space dimensions.

Lemma AJ3.S5. The integral

/l‘ {Iw* + l}_l dy...dy,

is finite if and only if k > s/2.

Now let u € C°°(R?) be L-periodic in each variable x;. The following result
is (a version of) Sobolev’s inequality.

Theorem A.3.6. I':gr each integer k > [3/2] + 1 there is a constant C,
independent of u, 0 < ¢ < 1, and L > 1 with
[ul}, < eJR(u) + Cpue™/F*=|u)2.

Proof. From the representation of u as a Fourier sum* we have that

*We can assume 0 < # < 1 to be given and can solve for e > 0, Then 0 < e < 1, if 4c > 1.
*The sums extend over all vectors w = (wy, ....ws) With integer components w;.
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Llu@p? < {3 law)}’
< {Z [@@)P{el2mw /LI + ... + e|2mw. /LI + 1}2}

{Z{f|21rw|/L|k + ...+ €e2mw, /LIF + l}—z}

= .P|P2
Here

P <) law)P (s + D{E@mun /LY + ... + €Qaw, /L) + 1)

= (s + D{ETHw) + ||[uf’}.

To estimate P, we first sum only over those w for which all components w; # 0.
Then the sum can be bounded by an integral:

Py:= Y {el2man/L* +... + el2mw, /L + 1}
all wy#0

(A3.5) < / {el2man/LI* + ...+ el2mw,/LI* + l}'2 dw
Rz

i L y . -2
= (¢ l/kz—-)’/ {]yﬂ" +...+ Iy.,]A + l} dy.
™ Re
It is not difficult to show that
{onl* + ...+ lwel* + 1} 2 s~ P +1,

and using the previous lemma, we obtain that the above integral is finite. There-
fore,

B <eax(eVEL) .

If we sum the expressions in (A.3.5) over all w with w, =0, w; #0forl =
I,...,s—1, say, then we obtain in the same way a bound of the corresponding
sum by

co—1x(e™VEL) .
Therefore,
B < (t+ (kL))

< 2¢, (7R LY.
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Only in the latter estimate have we used that 0 < ¢ < 1 £ L. To summarize,
lufte S L°P\Py
< dha{ @M R + e i},
and if we call
et =g,
then the assertion follows.
One can also estimate derivatives of a function in maximum norm. The

following result is a simple implication of the previous theorem and Lemma
A.3.3. Again, we assume u € C*(R*) to be L-periodic in each variable.

Lemma A37. Letl| =35> 1, k > [s/21+ 1. There is a constant C
independent of u,0 < ¢ < 1,and L > 1 with

ID"ul?, < €J3, 4 (u) + Ce@+n/@h=njjy 2 || = j.

Proof. We apply the ﬁrevious theorem to D" u instead of u and obtain
[D*uls, < eJHD*u) + c1e~*/P*=2|| DV u)f?
< elulfgsen + €™ e fullysn + c26, 7’}
< {e+ cnele"’/‘z"”")}luﬁ,ﬂk + C|cze"/‘z"'"”)e,'j/k"ullz.
If we choose
€) ~ et/ k=9

then the result follows.
Estimates by a product. It is sometimes convenient to have estimates by a
product. For example, if we use Theorem A.3.6 for k = s, we obtain
(A3.6) lul2, < eJ2(w) + Ce™Y|ull?.
If € = Jjull/Js(u) < 1, then

[uf, < (1 + O)l|ul|Js(w).
In the other case, |lu|| > J,(u), we apply (A.3.6) with e = 1:

2, < (1 + O)fu).
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Thus we have proved
(A37) Julle < Q1+ Olfull (J) + Ju]).
We apply this result to D"u instead of u and find

Lemma AJ3.8. There is a constant C = C(j, 8) independent of v and L > 1
with

D" ufl, < CT)(Jors@ + Jw), = ol
Nonperiodic functions on an interval. Let u = u(z), 0 < xr < L, denote a

C°°-function with values in C". There are points xp, z; with

|u(zo)| = oénzigL [u@)|, [u(xy)|= ogglanL [u(@)] = |u|oo-

From
2 2 ®d
[u(@)|® ~ Ju(zo)f =/ Em—(u(x)’ w(@)} dx < 2 f[uf| fu.l|
To
we find that
1
lulZe < +lull? + 2lull llug
(A.3.8)

1
< ellugll? + (¢ + 1) ull?

for any ¢ > 0. Similarly,
(u,uz)

L L g s
o —/o EE('M“:)

= (4, Uzs) + ||u:||2,

and therefore

"u:rllz < Null Huzel + 2 Julo [22)oo
(A.3.9) € 1 1
< Sllueel?+ golll? + nlull + Lol

for any € > 0,7 > 0. We can use these formulae to show

Lemma A.39. Thereis C > 0 independent of 0 < ¢ < 1, L > 1, and
u € C*>[0, L} with

C
(A3.10) lual? < ellusel® + Zllull®.
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Proof. From (A.3.8) follows

1 1
ufee < affuel® + (5 + Pl

2 2 1.1 2
fuzloo < Bllucell” + (ﬁ + L)"“z" .

In (A.3.9) we choose 7 = c/+/e, and estimate |u|%, and |u. |, using the above
formulae with

a= .\LE’ ﬂ = ‘/g.
2c
Then the choice
_ Ve
c=41+ T )

proves the result.

In the following lemma we generalize the formulae (A.3.8), (A.3.10). The
dependence of the constants C; on ¢ will be discussed below.

Lemma A3.10. Letj >0, k > 1 denote integers, and let 0 < € < 1. There
are constants C; = Ci(j, k,€), i = 1,2, independent of L, > 1 and v € C*°[0, L]
with

IDTufl, < dIDI**ulf + CilulP, D=,
I1D7ul? < el D +oul? + Caljul?.

Proof. First let k = 1. The estimates are shown for j = 0, and we assume
that they are valid for some j. Then (by (A.3.10))

1D P < D 2ul? + D ulf
) C .
< dlDul + Z{allDulf + Cieliul}-

If we choose here ¢; = ¢/(2C), then the desired estimate for || D7*!u|| follows.
Similarly, (by (A.3.8))

. . 2 .
|D**ull, < €l D32l + ;llD”"uII2

. 2 )
< el D2l + Z{allD 2l + Catenliull?},
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and the choice ¢; = ¢ finishes the induction w.r.t. j. The generalization from
k = 1 to arbitrary k is straightforward.

In the previous lemma we did not keep track of the dependence of C; on e.
However, since the constants are independent of L > 1, we can determine this
dependence by scaling the z-variable. One obtains

Theorem A3.11. Let j > 0, k > 1 denote integers. There are constants
C:i = C;(j, k), i = 1,2, independent of 0 < e < 1, L > 1, and u € C*[0, L}
with

IDIufl, < DI Fulft + Cre=Ci+VB-Dly2,

ID7ul? < el D7**ull? + Coe™/*|lull®.

Proof. Suppose that (%), 0 < & < L, is given; we define for0 < h < 1
w(z) ;= ithz), 0<xz<L/h
If one observes that
D'u(x) = K DVi(%), % = hz,
ol = 2P
and applies the previous lemma to u(x) with € = 1, then the result follows.
Ly-estimates for functions in a strip. Suppose that u = u(z) is a C*-function
defined in the strip
z= (Z‘],l‘..), 0< x < la T = (1.29"' 73.1) € Ra—l’

which is 1-periodic in z2,...,z,. For each fixed x; one obtains, by Fourier
expansion,

W) =Y iz, w-)e?m =)

where the sum extends over all vectors
wW- = (ws,...,w,s) with w; €Z

and

) )
z‘i(:c;,w-)=/ / w(zy, - )e ==Y dg, .. da,.
[} ()
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Parseval’s relation yields

el = lac, wo )l
with
1
oG Wl = /o liz1,w-)P day.

We first want to show that we can estimate the L>-norm of any derivative by
“clean” derivatives. As in the periodic case, let

a . a
2 _ 2 —_
Ji(w) = ,§=‘ |Djulf*, Dy= pr

Lemma A.3.12. There is a constant C = C(j) independent of u with
1D ulf® < CJJ?(u), D¥=D{"..Dy, j=vi+...+V,.

Proof. With Parseval’s relation,
(A3.11) 1Dl =Y Dy aC, wo)P@rwn)™ ... Rrw, .

Casel. v, =0. From
wi Wi g w%j .ot w¥
one obtains the estimate

ID*ul? < |Djull® +...+ | Diulf.

Case2. v, = j, thus iy = ... = v, = 0. Here trivially ||D"u|? = ||Djul?.

Case 3. 1< <j— 1. An application of Theorem A.3.11 yields
1D} i, w-)l? < ell Dfac, wo)|* + Coe™ =1l wo)IP,

= +...4v,.
We can assume that

wi . W £0
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and set
-1
€= {(27rw2)z" ... (27rw,)2"‘} .
Then we find from (A.3.11)
ID*ul? <" IDjac,wo)l?
[7Y .
o /lv—|
+C1 Y Nt w P (w3 ) T
[T .
If we set
a; = y(l + Vl/'l/..‘),
then
o flv_|
(w%"’...wi”') ' =wi™ ... W%
and
wmt... o =»m+...+y, =
Therefore,
w%‘” cowie g w%j +. W,
and the result follows.

Next we generalize Lemma A.3.2 to functions defined in a strip.

Lemma A.3.13. Letj, k > 1denote integers. There is a constant C = C(j, k)
independent of 0 < € < 1 and u with

J}(u) < eJ}_Hc(u) + Ceilk Hu"z.
Proof. We first estimate D{ u:

ID{ull? =Y IDjac, w-)l*.

For each fixed w_ we can apply Theorem A.3.11 to 4(-,w_), and summation
over w_. gives the desired estimate of Dju. For = 2,...,s,
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IDful? = Y i, w- )P @muan)?,
w_
and we can argue as in the proof on Lemma A.3.1.

Maximum norm estimates for functions in a strip. As before, let u = u(x)
denote a C*>°-function defined in the strip
= (1'],33—), 0 S Ty S l’ r_ = (225-'-913) € R’_lv

which is 1-periodic in z3,...,z,. The following estimate of |u|, is sometimes
useful since it requires only one differentiation in the nonperiodic z-direction.
Specializations of the result to 2- and 3-dimensional strips will be given below.

Theorem A.3.14. Let 3, v denote integers with
2a:=0f+y>s~-1and y> 420
There is a constant C = C(s) independent of u and
0<eé,e"<1
with

|
fufl, < Ce=¢=D{¢ D) + S w}

—(s— 1
+Ce e IDl + —llul?}.
Here we have used the notation

J}(v) = |IDJu)l? + ... + || Djv|.
Proof. From the Fourier representation of u(x),
2
@ < {3 lat,w-)}

< {3 late P (1 + Eofo_P2)}

. {Z(l + ez"lw-lz"‘)—'}

= P|Pz.
As in the proof of Theorem A.3.6,

P < C]é—(’—').
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Also, by (A.3.8),
iz, w )P < i, w)? + 2Ha¢,w- )l IDvac, wo)lf.
This yields

X 1
Y la@,wo )P < Jlul + €[ Dyl + .
W

Furthermore,
ey, w-)Plw- P < flac, wo )P lw- P
+ 2jja¢, w)lllw- " | D1, w-)||w- 1P
< Jlat,wo)Plw- P
1.
+ €Dy, w )P - + 1180, w )Pl
If we observe that v > «a and sum over w_ , then the assertion follows.
A 2D strip. In the previous theorem we set
s=2, a=f8=7=1, ¢ =€ =g,
and obtain the estimate
1
A3.12) |ully S C{lumy I + g I + llual? + SlulP}, O<ex.

As an implication we note

Lemma A.3.15. Consider a C*®-function u = u(zx,y) defined in the strip
0<z<1l, —~o0o<Ky<x,
which is 1-periodic in y. Then

fulZe < const{ lfullfwayll + el + lhug 2 + fuf?}.

Proof. If
2 _ flull

=<1
llueyll =

then (A.3.12) yields the estimate. Otherwise [[u., [ < [[u|, and we obtain the
result from (A.3.12) upon choosing € = 1.
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A 3D strip. In Theorem A.3.14 we set

s=3, B=1, v=2, =1, ' =¢,
and obtain, for0 < e < 1,

fulZs < Ce{lluayl® + sl + gy I + s}

(A3.13)
c C

+ Sl + .

Similarly as before, we can derive from this an estimate by products.

Lemma A3.16. Consider a C™-function u = u(z, y, 2) defined in the strip
0<z<1, -oco<y,z<00,
which is 1-periodic in y and in z. Then
lulZ. < const{ lucllH + Juell + lull 2H>2 + flul}

with
H?= "“w"z + |luz. ”2 + "’“w"2 + ]quﬂz,

Proof. If

e = H' {|lua | + Jull 2H'/2} <1
then (A.3.13) yields the estimate. Otherwise

H <2)ju.| or H < 2|julj'/>H"?,
and we obtain the result from (A.3.13) upon choosing ¢ = 1.
Discrete Sobolev inequalities for periodic functions. Letm € {1,2,...}, h=
(2m + )™}, and define a grid z, = vh, v = 0, 1, £2,... . Suppose that
u© = u(x) is a 1-periodic gridfunction, u(x) = u(z + 1), which is defined at all

gridpoints z = z,. We want to show that discrete analogs of the Sobolev in-
equalities hold with constants independent of h. For notations, see Section 3.2.2.

Lemma AJ3.17. Fore>0,j, k> 1it holds that
ID%ul < el D3 ul} + Cu@llully,

|}l < el D3 ull} + Ca@llul}
with constants C 3(¢) independent of h.
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Proof. Denote by w = w(x) the Fourier interpolant of u. Since

D’ u, = Dyw, = Dw(€,)
for some point £,, we have |D% uloc < |Diw|o. Now the second inequality

follows from Lemma A.3.7 (with s=1) and Theorem A.2.2. Clearly, the first
inequality follows from the second.

In the same way we can obtain discrete Sobolev inequalities for periodic
functions in more space dimensions.

Nonperiodic discrete functions on an interval. Now we assume that u, =
w(z,), x, =vh, v=0,1,2,...,N, Nh = 1, is defined for gridpoints z, with
0<z, <1. Asbefore, Dyu, = (upy1 —u,)/h forv=0,...,N -1, and
we use the notation

8
~ 2
(u,v)rs =h Z"u'vva "“"r,, = (u, U)r.s-
v=r
We have
a ] a+1 L]
(u, D+'v)r.a = Z"_‘uvu+l - Zﬁuvv = E by 10y — Zauvv
(A3l4) v=r v=r v=r+i v=r
- 13+1
= “(D—u’ v)r+l.s+| + 'I.L‘DL_ s
where
— s+l _ -
uv|r = Ugq 1 Vsp] — UpVr.
Let

fue| = minju, |, fu| = max ju,|
and assume for definiteness that ! > k. By (A.3.14),
lur? = Jurl? = (u, Dyweat + (D-u, W41
<eiDsulfny + + iy
Since [ux[? < |lulff 5. we obtain the analog of (A.3.8):

3. 2 < 2 =141 2
(A3.15) oI, [u|® < eliDyullgn—y + (€7 + Dljullgy
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This yields, for any p > 0,
1 - 2
o IDSuff < el DY ulll yoiep + (€71 + DIDRullg y—p.
If we apply (A.3.14) with v = D_u, we obtain
(u, Dy D_u) N1 = ~|\D—ulf} v + @D_u|]
= —||D+u||f'N__1 + ﬁND+UN_| - 'ﬁ|D+u0
= —ND+u||%‘N_, + 'l-lND+UN_| - 'ﬁoD.,.‘Uo.
Therefore,
Dsulld w1 < Nulh v ID3uflon—2 + 2{maxfu,|} {max|Dyu,[}.
Now we can proceed as in the proof of Lemma A.3.9 and obtain
C
(A.3.16) ID+ullon-1 < elD3ullin-2 + < lullsn-
As in the continuous case, we can use (A.3.15), (A.3.16) to prove
Lemma A3.18. Leth = 1/N and let u,, = u(z,), x, = vh, v =0,1,2,

..., N, denote a gridfunction. Then the following discrete Sobolev inequalities
hold:

. .
I1D%ulld n—; < el DY ullg ok + Cr(@lullf n,

j 2 i+k, 1412 2
o ID4uf <D Ul n_sh + CHOul k21,

with constants independent of h.

Discrete analogs of our estimates for functions defined in a strip are also
valid; this can be shown by Fourier interpolation in the periodic directions.
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APPENDIX

4 Application of the
Arzela-Ascoli Theorem

We will use the following result proved in analysis. It is (a special case of) the
Arzela-Ascoli Theorem.

Theorem Ad.l. Let Q2 C R be a closed bounded set, and let u,, : Q — C*
denote a sequence of functions with the following properties:

(i) For each € > 0, there is a § > 0 independent of m with

[um@) ~vm@ <6 if ly—y|<¢, 5y €N
(ii) There is a K independent of m with
lum@)| < K for all y €N and all m.

Then there is a continuous function u : 2 — C", and a sequence of indices
m; — oo with

Tea(’l‘ |um; () — w(y)| = 0 as m; — oo.

To apply the result, assume that we have a sequence of functions
um(z,t), 0<z<1, 0<t<T,
389
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which is uniformly smooth; i.e., u,, € C* for all m, and for all nonnegative
integers p, g there is a constant C(p, g) independent of m with

gr+e
max Wum(zat) < C(p,9).

We want to show:

Theorem A.4.2. There is a function u € C*, and a sequence mj — 0o with
ort+e arte
n:?tx mumj(x,t) - Wu(z,t) —0 as m; — 0.
In short, a subsequence of u,, converges along with all its derivatives 10 a C*°-
limit.
Proof. By the Arzela-Ascoli Theorem there is a continuous u and a sequence
m = m; — oo with
Jum ~ tloc =+ 0 as m=m; — oo.
Now apply the Arzela-Ascoli result to the sequence
Ouy, [0z,

and obtain the existence of a continuous v and a sequence j; — oo with
Oup
[—(,)—z-—v|°°—>0 as m=m;, — 00.

From

x

Ou,,
"m(zv t) - um(o, t) = b _a_;(£1 t)d€

we conclude that for m = m;, — oc,

u(z,t) — u(0,t) = / v(€, t)dE.
()}

Hence u is differentiable w.r.t. z, and

du
(Ad.D) Pz = v

Let us show that

(A4.2) - V|, —0 as m; — oc;
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i.e., we have convergence as m; — oo, not just for the subsequence m;,. This
follows from a general argument which we formulate for a sequence of numbers
only. The generalization to a sequence of functions is straightforward.

Lemma A.4.3. Let b; denote a sequence of numbers, and suppose that

(i) Each subsequence b;, has a convergent subsequence.
(ii) All convergent subsequences of b; converge to the same limit b.

Then b; — bas j — oo.
Proof. If b; does not converge to b, then there is an ¢ > 0 and a sequence
J& — oo with
[bj, —b] 2 ¢ forall jg.
However, according to (i), (ii) there is a subsequence of b;, converging to b, a

contradiction.

Let us continue the proof of Theorem A.4.2. Since all possible limits of
subsequences of Gup,;/0z equal Bu/dz (see (A.4.1)), we obtain the result
(A.4.2). Clearly, the existence of 8u/8t and convergence

Oun Ou
—B—tﬂ_?ﬂlm—)o as m=m,-—>0

follow in the same way. Also, we can apply the previous arguments to du,;,, /9z,
and differentiability of du/8z follows, etc. This proves the theorem.
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