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Chapter 1

Introduction

In the natural world, one can see various static or dynamic patterns: animal skins, clouds,
sand dunes, forest trees and so on. They actually take their forms automatically, but how
are such patterns created? Furthermore, many organisms are known to exhibit complex
aggregation behaviors and coordinations. These can be seen in schools of fish, honey
bee colonies, and mounds built by termites and so on. Many examples are shown in [1]
by Camazine, Franks, Sneyd, Bonabeau, Deneubourg, and Theraula. However, how do
organisms create these seemingly intelligent behaviors? While, in applications, there are
many cases that one has to predict or control those phenomena represented as weather
forecasts. However, how can we predict or control the phenomena? In order to answer
the above problems, it is important to understand essential mechanisms governing the
phenomena. One of the methods to understand such mechanisms is to use favorable math-
ematical models describing the phenomena. Generally speaking, one considers models to
be favorable if their solutions can show good agreements to the phenomena. Therefore,
one has to reconstruct models again and again equations by comparing the properties of
solutions derived from the models and the observations for natural phenomena.

As models describing various phenomena, many researchers have often utilized advection-
reaction-diffusion equations. A. M. Turing suggested that a reaction-diffusion system with
different diffusion coefficients may lead spatial inhomogeneity [2]. Many different kinds
of advection-reaction-diffusion equations also show good agreements to various biological
phenomena, and a lot of instances are shown in Murray’s books [3, 4]. Furthermore,
the concept of dissipative structures with mathematical models, which is introduced by
Nicolis and Prigogine [5], contributes theoretical understandings for pattern formation
or self-organization in the natural world such as Belousov-Zhabotinsky reactions and
Rayleigh-Bénard convection.

Although there are many successful model equations, there are few equations whose so-
lutions can be explicitly expressed by spatial and temporal variables, including advection-
reaction-diffusion equations, for those equations are in general nonlinear. Under these cir-
cumstances, one has to investigate properties of solutions for advection-reaction-diffusion
equations. In order to overcome these problems, two approaches are developed: numerical
approaches and analytical approaches. Numerical approaches try to obtain approximate
solutions as (visible) values by using computational methods, and these approaches are
good at quantitative evaluations. In the meantime, analytical approaches are good at qual-
itative evaluations by using many kinds of mathematical theory. These two approaches are



necessary to investigate properties of solutions for advection-reaction-diffusion equations.
One of the basic analytical studies for advection-reaction-diffusion equations is to prove
existence and uniqueness of solutions. In order to show this importance, we give some
examples here.
Although our main interest is to study advection-reaction-diffusion equations, we
firstly consider examples of ordinary differential equations for simplicity. Consider the
following ordinary differential equation

%:uQ,t>0, u(0) = up > 0.
This equation is analytically solved, and the solution is given by u(t) = 1/(1/ug—t). This
solution satisfies that u(t) — 0o as t — 1/uy— 0, therefore the solution uniquely exists on
the interval [0,1/ug) only and the length of existing interval depends on the magnitude
of initial value ug. We know from this example that, it is important to consider how long
a solution exists even if a solution uniquely exists in a short time.

Secondly, consider the following ordinary differential equation

d
d—;‘ =22 t>0,  u(0)=0.

This equation is also analytically solved, and the solutions are given by

Uq(t)
ug(t)
with arbitrary constant = > 0. Actually, each function wu,(-) satisfies the above differential
equation. In this case, this equation does not possess uniqueness of solutions under the

initial condition «(0) = 0. We know from this example that, it is important to consider
when differential equations possess uniqueness of solutions.

(t—x)* for x<t,
0 for 0<t<z

(1.1)

Thirdly, as a well known example of non existence of solutions to a partial differential
equation, Lewy [6] proved that there exists a function F(z,y,z) € €*(R3) such that

ou . Ou ou
A i i) = F in O
e Zc’?y + 2i(x + iy) 5 (z,y,2) in

does not possess solutions for any domain € C R3. This example shows us that, even if
a differential equation exists, its meaningful solution may not exists.
Finally, consider the following partial differential equation

ou Ou
—_——-—= in R2.
9r By 0 in

The solution of this equation is given by u(z,y) = f(x + y) with arbitrary function

f € CY(R). This means that, for each C' € R, u(z,y) have a uniform value f(C) on each
line z + y = C'. Now, reconsider the above equation in a bounded domain, i.e.,

ou Ou )
8_;15 - a_y = 0 111 Q, (12)
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Fig. 1.1: Boundary conditions for the equation (1.2)

where 2 is given by the shape shown in Fig 1.1 (a). The solutions of this equation are
also given by wu(z,y) = f(x + y) in Q. To this problem, we want to impose boundary
conditions which lead uniqueness of solutions. For example, consider imposing boundary
values on the boundary 0y shown in Fig 1.1 (b) only. Then, due to the restriction of
values on each line z +y = C', the values in €2; are not determined. In order to ensure the
uniqueness in 2, it is necessary to impose boundary values on the boundary 0€y U 024
shown in Fig 1.1 (c). We know from this example that it is important to consider which
boundary conditions lead unique existence of solutions of partial differential equations

As shown by the above examples, one can not always ensure existence and uniqueness
of solutions to differential equations. Furthermore, even if a solution uniquely exists in a
short time, it may blow-up in a finite time. So, investigating the existence and uniqueness
of solutions to a model equation is first priority. In the words of J. S. Hadamard, it is
important to show that the problem is “well-posed”.

In order to construct a unique local solution for advection-reaction-diffusion equations,
it is often convenient to formulate the equations as the Cauchy problem for an evolution
equation

dU

— 4+ AU =F t<T

dt+ U (U), 0<t<T, (1.3)
U(0) = Uy,

in a Banach space X. Here, U = U(t) is unknown function, A is a linear operator, and
F' is a nonlinear operator. If X = R" and A is a matrix, the matrix exponential by the
power series e 4 = "7 (—tA)*/k! is always well-defined; therefore, we can discuss the
unique existence of the local solution of (1.3) with this matrix exponential. However, in
many cases, X is infinite dimensional Banach space and A is not bounded operator, so we
have to be careful in the definition of e™*4. To this end, we assume that the operator A is
a sectorial operator with its angle less than 7/2. For such operator A, we can consider the
exponential functions e7*4, 0 < ¢ < oo, generated by —A. By using exponential functions
and from Duhamel’s principle, the solution of (1.3) is formally given by integral form
Ut) = e U + f[f e~ (=94 (U(s))ds. In order to ensure the unique existence of U (t)
satisfying the integral form, we have to use the Banach fixed-point theorem. To this end,
as similar to the situation for ordinary differential equations, we have to assume a Lipschitz
condition of F'(U), where the Lipschitz condition is formulated by using fractional powers
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of the sectorial operator A. From this point, it is important to consider sectorial operators
A and the fractional powers of A.

Under the unique existence of solutions for advection-reaction-diffusion equations, our
studies move on next stages, that is, we study properties of solutions. We now focus on
asymptotic behaviors of solutions. As typical asymptotic behaviors of solutions, there
are chaotic behavior, periodic behavior, and convergence to a stationary solution. In
this doctoral thesis, our main theme is to study asymptotic convergence to a stationary
solution (except for Chapter 5).

In the study of convergence to a stationary solution, [7, 8, 9] give interesting results:
gradient systems whose solutions do not converge to a stationary solution. Here, gradient
systems are differential equations that have the form

du

E(15) = —grad ®(u(t))

with & a real valued function called a Lyapunov function. Since a solution u(t) satisfies

that
d du

Z0(u(t)) = grad B(u(t)) - 2 (1) = —grad B(u(t)|

O (u(-)) is strictly decreasing as time ¢ increasing except at equilibria. One may expect
that, for every gradient system, all solutions converge to a stationary solution @ such
that grad ®(u) = 0. Actually, the value of a Lyapunov function ®(u(t)) converges to
®(u) as t — oo (if ®(u(t)) does not tend to —oo). However, roughly speaking, the fact
that ®(u(t)) — ®(u) € R has only one dimensional information, so it is impossible to
bind the behavior of u(t) in a finite or infinite dimensional space. Indeed, [7, 8, 9] show
that there are gradient systems such that their solutions do not converge to a stationary
solution. The example [7, Sectionl.1, Example 3| gives such a gradient system of two
ordinary differential equations, and [8, 9] give such gradient systems of partial differential
equations. These facts show that additional assumptions for Lyapunov functions are
required to prove convergence of solutions.

To this problem, one of the powerful techniques is to use the Lojasiewicz-Simon in-
equality with gradient systems. Lojasiewicz proved the following results: let U C R™ be
open, f : U — R be a real analytic function, and a € U; then, there exits constants
0<60<1/2,C >0,r>0,such that

[f(@) = f@)'" < CIIVSI if lz —al <7

For the proof, we quote [10, 11]. The above inequality is called the Lojasiewicz inequality.
Simon generalized the Lojasiewicz results to analytic functions on infinite-dimensional
spaces [12], and the proof is simplified by Jendoubi [13]. The generalized Lojasiewicz
inequality is called the Lojasiewicz-Simon inequality. The Lojasiewicz-Simon inequality
has been successfully applied to proving convergence results for solutions of a variety of
gradient systems; Cahn-Hilliard equations [14, 15], degenerate diffusion equations [16, 17],
second order ordinary differential equations [18, 19], damped wave equations [20, 21],
Ginzburg-Landau equations [22], and evolutionary integral equations [23, 24, 25]. From
this applicability to convergence results, the Lojasiewicz-Simon inequality itself is studied;
Chill [26, 27] introduced a set which is called a critical manifold to show the Lojasiewicz-
Simon inequality. Furthermore, a non-smooth version of the Lojasiewicz-Simon inequality
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is considered in [28], and this result is applied to showing a convergence result for the
Keller-Segel equations by Feireisl, Laurencot, and Petzeltova [29].

Contributions

This doctoral thesis presents analytical studies for four advection-reaction-diffusion equa-
tions; particularly, we focus on studying asymptotic behaviors of solutions. By applying
the theory of abstract parabolic evolution equations, we construct a unique local solu-
tion to each equation. After that, by establishing a priori estimate, we extend the local
solutions to global solutions. Further details of contributions in this thesis are as follows:

e In Chapter 3, we present results about strongly elliptic differential operators in
a network shaped domain. Particularly, we intend to characterize the domains of
fractional powers of sectorial operators determined from these differential operators,
and the characterization results are applied to studying Keller-Segel equations in
network shaped domains in Chapter 6. These results are obtained in [30].

e In Chapter 5, we study attraction-repulsion chemotaxis equations. It seems that
there is no Lyapunov function for these equations, and we can not show the conver-
gence of global solutions. However, we are able to prove that a dynamical system
determined from these equations possesses exponential attractors. From this result,
all solutions are attracted at exponential rates by a compact set with finite fractal
dimension; therefore, we can indicate that their solutions show pattern formations.
These results are obtained in [31].

e In Chapter 6, we study the Keller-Segel equations in network shaped domains. By
applying the theory of abstract parabolic evolution equations, we construct strict
solutions. Furthermore, by using a non-smooth version of the Lojasiewicz-Simon in-
equality, we conclude the asymptotic convergence of global solutions to a stationary
solution. These results are obtained in [32].

e In Chapter 7, we study a quasilinear diffusion equation. To this problem, we can
show that its stationary problem possesses a unique solution. This favorable prop-
erty yields the convergence result without using the Lojasiewicz-Simon inequality.
These results are obtained in [33].

e In Chapter 8, we study a Laplace reaction-diffusion equation. We also use the
Lojasiewicz-Simon inequality for proving the convergence of global solutions to a
stationary solution. To this problem, we use a concept of critical manifold (intro-
duced by [26, 27]) with some modifications. These results are obtained in [34].

Outline

The outline of this doctoral thesis is as follows.
In Chapter 2, we prepares some preliminaries which are used in the rest parts of this
thesis.



In Chapter 3, we present some results about strongly elliptic differential operators in
a network shaped domain.

In Chapter 4, we present fundamentals of the theory of evolution equations of parabolic
type and infinite dimensional dynamical systems. We apply existence and uniqueness re-
sults of local solutions to evolution equations to advection-reaction-diffusion equations in
the subsequent chapters. A version of exponential attractor for non-autonomous dynam-
ical systems is constructed for a dynamical system determined in Section 5.2.

In Chapter 5, after reviewing results about chemotaxis equations over the past years,
we study attraction-repulsion chemotaxis equations. It seems that there is no Lyapunov
function for these equations, but a dynamical system determined from these equations
possesses exponential attractors.

In Chapters 6, 7, and 8, we show convergence results of global solutions to each
advection-reaction-diffusion equations. Chapter 6 is devoted to studying the Keller-Segel
equations in network shaped domains, Chapter 7 is devoted to studying a quasilinear
diffusion equation, and Chapter 8 is devoted to studying a Laplace reaction-diffusion
equation.

Finally, Chapter 9 ends this thesis with conclusions and future researches.



Chapter 2

Preliminaries

2.1 Function Spaces with Values in a Banach Space

Let X be a Banach space with norm || - ||, and let [a, b] be a bounded closed interval. Let
us introduce fundamental function spaces which will often appear in this thesis.

The space of uniformly bounded functions on [a,b], which is denoted by
B([a, b]; X), is a Banach space with the norm

[Flls = sup [|F].
a<t<b

For m =0,1,2,..., the space of m times continuously differentiable functions on [a, b],
which is denoted by €™([a, b]; X), is a Banach space with the norm

|F|lem = Z max || F®(t)

a<t<b

In particular, C°([a, b]; X) is simply denoted by C(a, b]; X).
For 0 < o < 1, the space of o-Hélder continuous functions on [a, b], which is denoted
by €7([a,b]; X), is a Banach space with the norm

F(t)— F

a<s<t<b (t - S)U

Finally, let us define the function space F47((a,b]; X) for 0 < o < 1. Firstly,
F19((a,b]; X) C €([a,b]; X). In addition, F' € F9((a,b]; X) if and only if the quantity
wr(t) on (a,b] satisfies that sup,«,«, wr(t) < oo and limy,,owr(t) = 0. The space
F%7((a,b]; X) is a Banach space with the norm

[F|lg10 = [[Flle + sup (s —a)7||F(t) ~ F(S)H
’ a<s<t<b (t — S)U

We know that
F € €7([a, b]; X) belongs to 77 ((a, b]; X). (2.1)



2.2 Functional Analysis

Let X and Y be Banach spaces with norms || - ||x and | - ||y, respectively. The space of
all bounded linear operators from X into Y, which is denoted by £(X,Y), is a Banach
space with the norm
[Allexy)y = sup [|AU]ly.
IUllx<1
In particular, when Y = C, the space £(X, C) is called the dual space of X and is denoted
by X'. Furthermore, when X =Y, £(X, X) is written as £(X) for brevity.

We say that Y C X with dense embedding, if, for any = € X, there exists a sequence
{yn} C Y such that ||z — y,|]|x — 0 as n — oo. In addition, we say that ¥ C X with
continuous embedding, if there exists a constant C' > 0 such that |y||x < C|y|ly for
yey.

2.2.1 Fréchet Derivative

Let X and Y be Banach spaces with norms || - ||x and || - ||y, respectively. Let O be an
open set of X, and let F': O — Y be a continuous operator. For a point U € O, assume
that there exists a bounded linear operator A € £(X,Y') which satisfies

o(h) = |[F(U + h) — F(U) — ARy, tim 201

—L =,
h—0 ||h||X

for h € X such that U + h € O. Note that if such an A exists then the A is uniquely
determined. Then, F' is said to be Fréchet differentiable at a point U and A is called the
Fréchet differential of F' at U. The operator A is denoted by F'(U) or F'U. When F is
Fréchet differentialble at every point of O, F'is said to be Fréchet differentiable in O. The
mapping F’ : O — L(X,Y), U — F'U is called the Fréchet derivative of F. When the
derivative F’ is continuous from O into £(X,Y'), we say that F is continuously Fréchet
differentiable in O.

2.2.2 Analytic functions in Banach Spaces

In this subsection, we demonstrate facts about analytic functions in Banach spaces, which
are shown in [35] or [36, Chapter §].

Let X and Y be two Banach spaces with norms || - ||x and || - ||y, respectively. For
n=0,1,2,... let a, be a continuous, symmetric, and n-linear map of X into Y, which
denotes a,, € L7(X,Y), with its norm

lanllenxyy = sup  |lan(@r, ... 20|y
(et
i=1,..., n
For simplicity, we denote ||-||zn(x,v) as ||||n. Fora, € L3(X,Y)andz € X, ap(z, 2, ,x)

is written as a,z" for brevity. A power series in x € X with values in Y is a series of the
form ZZOZO a,x"™, where ag is a point of Y.

Consider a sequence a, € L%(X,Y), n = 0,1,2,..., and a scalar » > 0 such that
Yoo o llan|lnr™ < oco. Then, the power series > - a,z™ converges absolutely and uni-
formly for ||z||x < r, and the power series is a continuous function with respect to .
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For an open set O of X, consider a function F' : O — Y. We say that the function F' is
analytic at zp € O if it coincides with a convergent power series Y~ a,(z — 2)" such
that >~ 7 llan|lnl|lz — 2ol|% < oo for  near zy. Furthermore, F' is analytic in O if it is
analytic at each point of O. Note that F' is analytic at a point z if and only if F' is
analytic on a neighborhood of z.

As for the Fréchet derivative of an analytic function, we know the following theorem.
For the proof, see [35, Theorem].

Theorem 2.1. Let zg € X, and let a sequence a,, € L(X,Y), n=0,1,2,..., and a scalar
r >0 satisfy > o~ llan|lnr"™ < 0o. Then, the analytic function F(x) = " an(z — x0)"
has a Fréchet derivative at any point x such that ||x — zol|x < 7, and the derivative
(in L(X,Y)) is F'(x) = > o2 na,(x — xo)". The new series converges for x such that
|z — zol|x <.

We know the following identity theorem for analytic functions [35, Corollary].

Theorem 2.2. If two analytic functions, f(x) = >~ a,(x—x¢)" and g(x) =Y~ by (z—
xo)", coincide near xq, then a, = b, for all n.

In the meantime, the following inverse mapping theorem holds true. For the proof,
see [36, Corollary 4.37].

Theorem 2.3. Let ' : X — Y be an analytic function a point xy € X. Let F'(xq) €
L(X,Y), the first derivative of F at xq, be a bijection from X onto Y. Then, F is a
local analytic diffeomorphism at xo. That is, there exist a neighborhood Ox(xo) in X and
a neighborhood Oy (F(x9)) in'Y such that F is a bijection from Ox(xo) onto Oy (F(xo))
and both F and F~1 are analytic functions.

We give one example of analytic functions in a Banach space. Since this analytic
function plays an important role in Sections 6 and 8, we give the proof of the analyticity.

Proposition 2.1. Let f : R — R be an analytic function. Then, the mapping F from
C([0,1]) = €([0,1]; R) to R given by

T(u) = / f(u(@))dz, e €(0,1]),

is analytic in C([0,1]).

Proof. Let ug € €©([0,1]) be arbitrarily fixed. Put m = ming<,<i{uo(x)} > —oo and
M = maxg<,<1{uo(z)} < oo. Then, for each a € [m, M], it follows from the analyticity
of f that there exists a r, > 0 such that

o0 (n)
Z |f (a)|7“3 < o0
—~ n!

and

©_ n)(q
f(y)zzfn,()(y—a)" for |y —al < re.
n=0 :



Put 7 = min,,<a<p{r.} > 0. For such r, it is obvious that

00 (n)
Z maxy,<a<is | f (&)’Tn < 0. (2.2)

n!
n=0

Note that, if u € €([0, 1]) satisfies that ||u — ug|le < 7, then
()
Fut)) = 30 L) 4y oy

for every z € [0, 1].
In the meantime, for n = 1,2,..., the n-th derivative of JF(u) at ug, F™(uy) €
£2(@((0, 1); R), is given by

F(n) (uo)[hihg - - - by
= /0 F (o (@) [h(2)ho(@) - - hn (@), (B, ha, .., hn) € [€([0,1])]"
with its norm

15 (o)1 = sup

Hezl
2—1, N o)

/f< uo)[hihy - - - hyldz

Obviously, [|F (uo)[ln < maxoce<t [f™ (uo(2))| < maxmeacar [f™(a)|. Therefore, it
follows from (2.2) that

Furthermore, if u € C([0, 1]) satisfies that ||u — ugl|e < 7, then we have

() uo )y
0= [ 3 FE ) — oyt = 3

n!
n=0

which shows that F(u) is analytic at ug. Since ug is arbitrary, we conclude the assertion.
O

2.2.3 Interpolation Spaces

Let Xy and X; be two Banach spaces with norms || - ||x, and || - ||x,, respectively. We
assume that X; C X, with dense and continuous embedding. For 0 < 6 < 1, the
(complex) interpolation space of Xy and X is denoted by [Xy, X1]g. For the definition
of [Xo, X1, see [37, Subsection 1.5.1]. According to [38, Theorems 1.9.1 and 1.9.2], the
space [Xo, X1]p becomes a Banach space with a suitable norm.

We give the following interpolation theorem. For the proof, see [37, Theorem 1.15].

Theorem 2.4. Let X; C Xq (resp. Y1 C Yy) densely and continuously, and let [Xo, X1
(resp. [Yo,Y1lg) be the interpolation space. If T € L(Xo,Yy) and T € L(X1,Y)), then T
belongs to L([Xo, X1]e, [Yo, Yila) for any 0 < 0 < 1 with the estimate

1T [le(xo 500 v0,v110) < N7 1w 1T e 0 i) (2:3)
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2.2.4 Triplets of Spaces

Let Z and X be two Hilbert spaces with inner products (-, )z and (-,)x and with norms
| - ||z and || - ||x, respectively. We assume that Z C X with dense and continuous
embedding.

Then, there exists a Banach space Z* (with its norm || - || z«) satisfying the following
conditions. Firstly, X C Z* with dense and continuous embeddings. Secondly, {Z, Z*}
forms an adjoint pair with duality product (-,-),, .., i.e., the mapping (-,-) . 5. : Z X
Z* — C satisfies that, for o, 8 € C, u,v € Z, and p,¢ € Z*,

(Qu+ B, ¢) gy ze = AU, 0) g 7o + BV P) 5 70 s
<U, ap + ﬁw>Z><Z* =a <ua 90>Z><Z* + B <ua w>Z><Z* )

and
| {(u, 0) gz« | < lullzllpll 2=,
ullz = sup |{u,®0),y 5|, lollze = sup | (uo,¥) 4z |-
lloll z+ <1 lluollz<1

Finally, the duality product (-,-),. ,. satisfies
(U ) guge = (u, f) forall weZ feX.

Such a Banach space can be always constructed in a unique way. For the detail, see [37,
Chapter 1, Section 7]. Then the three spaces Z C X C Z* are called a triplet of spaces.

2.3 Function Spaces in ()

Let © be a domain in R™ with the Lebesgue measure. For 1 < p < oo, L,(€2) denotes the
complex valued L, spaces. For k =0,1,2,..., we define

H*(Q) = {u € Ly(Q); D*u € Ly(Q) for |a| < k},

where a = (aq,a9,...,q,) denotes a multiindex, and |a] = a3 + ag + -+ + a5, and
D* = D Dg? - - D2 denotes the derivatives in the distribution sense. The space H*(Q)
becomes a Hilbert space with the inner product

(w,0) e = > (D*u, D*v)p,, u,v € HYQ).

lal<k

The space H*(€) is called the Sobolev space.

Let 2 be a bounded domain in R™ with Lipschitz boundary. In order to extend
the Sobolev space H*(Q) to that with fractional orders, we need the following extension
operator in the next subsection. For the detail, see [39, Chapter VI, Theorems 5 and 5’].

Theorem 2.5. Let €) be a bounded domain in R™ with Lipschitz boundary, and let k =
0,1,2,.... There erists a linear continuous operator T : H*(Q) — H*(R) such that
(Tu)io = u and ||Tul|gr@ny < Cullullgr) for u € H¥(Q), where the constant Cy, > 0
depends on k.

11



2.3.1 Sobolev Spaces with Fractional Orders

Let s > 0 be a nonnegative number. The space H*(R"™) is defined by
H*(R") = {u € 8(R"); T (L + [¢*)**Fu] € Lo(R")},

where §(R") denotes the Schwartz space, S(R")" denotes the dual space of §(R"), and
F and F! denote the Fourier transform and the inverse Fourier transform of S(R"),
respectively. The space H*(R") is a Hilbert space with the inner product

(w,0)mre = (L4 [E7)2Fu, (1 + [€P)*Fv)r,, w0 € HY(R).

By the theory of Fourier multipliers, we verify that the two definitions of H*(R") and
H*(R"™) are equivalent for nonnegative integers s = k.

Let €2 be a bounded domain in R™ with Lipschitz boundary. Let us extend the defini-
tion of H*(Q) for fractional orders. For s > 0, we define

H*(Q) ={u € Ly(N2); U € H*(R") such that Ulg = u almost everywhere in 2},

with its norm

[l s ) = inf |U]

UeH?(R"),Ujg=u

With this norm, H*(2) is a Banach space. Due to Theorem 2.5, we verify that the two
definitions of H*(Q2) and H*(Q) are equivalent for nonnegative integers s = k.
One see that, for 0 < sy < s1 < 00,

H*(Q) C H*°(Q) C Ly(2) with continuous and compact embeddings. (2.4)
According to [38, Section 4.3.1, Theorem 1], we have the following theorem.

Theorem 2.6. Let €2 be a bounded domain in R™ with Lipschitz boundary. Let 0 < sq <
s$1 < o0o. Then

[H*(Q), H*(Q)]p = H*(Q)  with norm equivalence, (2.5)
where 0 < 0 <1 and s = (1 — 0)sy + Os;.

By using Theorem 2.4 and Theorem 2.6, we can verify the boundedness of the extension
operator T from H*(Q2) to H*(R"™). This fact yields that H*(2) is a Hilbert space with
the inner product

(u, V) ms) = (Tu, Tv)gs@ny, u,v € H*(Q).

The space H*(f) is also called the Sobolev space.

2.3.2 Embedding Theorems

According to [38, Theorem 2.8.1/Remark 2 and Theorem 4.6.1], we get the following
embedding theorem.

Theorem 2.7. Let 2 be a bounded domain in R™ with Lipschitz boundary. Let n/2 <
s < 00. Then B
H*(Q2) C C(2)  with continuous embedding. (2.6)

12



The following estimates are know as Gagliardo-Nirenberg’s inequality. When 2 = R,
the proof is given in [40, Theorem 3.3, 3.4, and 3.5]. Due to Theorem 2.5, the proofs for
other cases are immediately reduced to this case.

Theorem 2.8. Let Q be a bounded interval in R. Let 1 < q < 2. Then, H'(Q)NL,(Q) C
L.(Q) with the estimate

lullz, < Corllullinllull,”,  we H(Q) N Ly(Q),

where g < r < 00, and a is given by 1/r = —a/2 + (1 —a)/q.

2.3.3 Spaces H(Q)) and H *(Q)

Let  be a bounded domain in R™ with Lipschitz boundary. By D(£2) we denote the
space of all infinitely differentiable functions in €2 with compact support. For s > 0, the
space H*(Q) is defined as the closure of the set D(Q) in the space H*(Q).

It is known from [38, Section 4.3.2, Theorem 1(a)] that

H3(Q) = H*(Q) for 0 < s < 1/2. (2.7)

However,

H*(Q) # H°(Q) for any 1/2 < s < oc.

For s > 0, the space H*(2) is defined as POIS(Q)’(.) Therefore, {H*(Q), H™(Q)} is
an adjoint pair with duality product (-,-) g, z-s on H*(2) x H*(Q). We know that
Ly(Q2) € H~*(Q) with the relation

(, £)p, = (U ) aggg—e for we HY(Q), f€ Ly(Q). (2.8)

Furthermore, for any 0 < s < oo, H*() C Ly(2) € H*() becomes a triplet.
According to [41, Theorem 1.4.4.6], the following result is valid.

Theorem 2.9. For any —oco < s < 00, s # 1/2, the partial derivation D; (i=1,...,n)
is a bounded operator from H*(Q2) to H*~1(Q).

By combining Theorems 2.7 and 2.9, we know that, for any £ =0,1,2,.. .,

H*(Q) is continuously embedded in €*(Q) if s > k +n/2. (2.9)

2.4 Sectorial Operators

Let X be a Banach space with norm || - ||. Let A be a linear operator from a domain
D(A) € X to X. The operator A is said to be a densely defined operator in X if the
domain D(A) is dense in X. In the meantime, the operator A is said to be a closed linear
operator in X if the graph G(A) = {(u, Au) € X x X; u € D(A)} is closed in X x X.

Let A be a densely defined, closed linear operator in X. We assume that the spectrum
of A, which is denoted by o(A), is contained in an open sectorial domain such that

o(A) Cc X, ={ e |Jarg \| <w}, O<w<m, (2.10)
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and its resolvent, which is denoted by (A — A)~!, satisfies the estimate
M
Al

with some constant M > 1. We call such an operator A a sectorial operator of X.

For a sectorial operator A, we can define its angle w4 by using analytic continuation of
the resolvent (A — A)~!. For the definition of wy, see [37, Chapter 2|. We know that, for
any wy < w' <, it holds that o(A) C Xy and [|(A — A)7Y| ) < M /[A| for A ¢ S,
with some constant M, > 1.

HO‘ - A>71HL(X) < A ¢ Y (2.11)

2.4.1 Fractional Powers of Sectorial Operators

In this subsection, we present fundamentals of fractional powers of sectorial operators
which is shown in [37, Chapter 2, Section 7].

Let X be a Banach space with norm || - ||. Let A be a sectorial operator of X with
angle 0 < wy < 7.

For any integer n € 7Z, the operator A" is defined; indeed, when n > 0, A™ is a densely
defined, closed operator of X; when n < 0, A" = (A™)™ = (A™)"! is a bounded
operator of X; and, when n =0, A° = 1 (the identity on X).

By w we denote an angle such that wy < w < . By definition,

o(A) Cc 3, ={\eC; |larg \| <w}, wa<w<T, (2.12)

and M
< ’T‘” ANEY,, wi<w<T, (2.13)

with some constant M, > 1. Note that (2.12) implicitly means that 0 € p(A), and that

H()‘ o A)_lHL(X)

(N C; |\ <6} CplA), (2.14)

provided that 0 < & < [[A7Y|~".
We define, for each complex number z such that Re z > 0, the bounded linear operator

—z 1 —z -1
A7 = omi /. AN —=A) T d, (2.15)
using the Dunford integral in £(X), where I' ="', UTq  UT'_ is an integral contour lying
in the resolvent set p(A) such that T'y : X = re™ for oo > r > 4§, Ty : A = et for
w>0>—w, I'_: X=re ™ for § <r < oo. As a branch of the analytic function A=%, we
take the principal branch C\ (—o0,0]. In addition, T is oriented from we™ to de', from
de™ to de~™, and from de~™ to coe ™.
On the other hand, since we can verify that A~ is one-to-one for every Re z > 0, its
inverse

A*= (A% for Rez>0

is a single-valued linear operator of X.
According to the above definitions, for every real number —co < x < oo, the fractional
power A® of A has been defined. As known properties, A* are bounded operators on X
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for —oco < 2 < 0, A° = 1, and A® are densely defined, closed linear operators of X for
0 <z < oo. For 0 <z < oo, the domain of A* is denoted by D(A*).
In the following, we present some properties of fractional powers. Firstly, for 0 < 6 < 1,
it holds that
AU = APTTAU = AATIU, U e D(A).

Secondly, for 0 < 0 < 1, the following inequality called a moment inequality
AT < Coll AU IIU N, U € D(A), (2.16)
holds true. In addition, for 0 < 6y < 6, < 0o, a more generalized moment inequality
IA®U|| < Coy o, | AU/ |[UN| @00 U € D(A™), (2.17)

also holds true.

2.4.2 Exponential Functions

Let X be a Banach space eith norm || - ||. Let A be a sectorial operator of X with angle
0 < wy < 7/2. We define the family of bounded operators e™*4 on X by the Dunford
integral

1
e =_— [e A=A\, 0<t<oo,
21t Jr

in the space £(X). The integral contour in an infinite curve lying in p(A) which surrounds
o(A) counterclockwise. For example, we can take I' = I'_ U T, where y1 : A = re®,

0 < r < oo, which is oriented from coe™ to 0 and from 0 to coe™™ (note that 0 € p(A)).
The integral along I' is convergent in £(X). The family of operator e~*4 is called the
exponential function generated by —A.

2.5 Sectorial Operators Associated with Sesquilinear
Forms

Let Z C X C Z* be a triplet of spaces. We consider a sesquilinear form a(U, V') defined
on Z, that is, a(U, V) is a complex-valued function defined for (U, V) € Z x Z satisfying

a(aU + BU,V) = aa(U,V) + Ba(U,V), «,peC, UU,VeZ,
a(U,aV + BV) =aa(U,V) + Ba(U,V), «,8€C, UV, VeZ

When a(U, V') satisfies the condition
aU, V)| < M|[U[[£ VI, UVeZ (2.18)

with some constant M, a(U,V) is called a continuous form. In the meantime, when
a(U, V) satisfies the condition

Re a(U,U) > §||U|5, UE€Z, (2.19)

with some positive constant 6 > 0, a(U, V) is called a coercive form.
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For continuous and coercive sesquilinear form a(U, V') defined on Z, we can construct
a linear isomorphism A : Z — Z* such that a(U,V) = (AU,V) .., for all U,V € Z.
Such A is called the linear operator associated with a(U,V'). Here, let us introduce two
operators A|x and A z. Firstly, we introduce the operator Ay in X defined by

DAx)={U € Z; AU € X},
AxU = AU, for U € D(Ax).

The operator Ay is called the part of A in X. In the meantime, we introduce the operator
Az in Z defined by

D(A;y) ={U € Z; AU € Z},
.A‘ZU = AU, for U S ®(A|Z>

The operator A,z is called the part of A in Z.
As for the A and its parts Ax and Az, we know the following theorem. For details
and its proof, see [37, Theorem 2.1].

Theorem 2.10. Let a(U, V) be a sesquilinear form on Z satisfying (2.18) and (2.19),
and let A, A\x, and A,z be the linear operators of Z*, X, and Z, respectively, which are
determined from the form. Then, they satisfy (2.10) and (2.11) with angle w = w/2 and
constant MTM. Hence, they are sectorial operators of Z*, X, and Z, respectively, with
angles < /2.

2.6 Sectorial Operators in Ly(f2)
2.6.1 Under the Periodic Conditions

Let us consider the case where n = 1. Let I = («, ) be a bounded interval in R. We
introduce the following two spaces

Hp(I) = {u € H'(I); u(a) = u(B)}
and
Hp(I) = {u € H*(I); u(a) = u(B) and u'(a) = u'(B)}.

Note that Hp(I) and H%(I) become Hilbert spaces with the inner products (-, ) and
(-, ) m2, respectively. Furthermore, we know that H}(I) C Lo(I) with dense and continu-
ous embedding.

Consider the sesquilinear form

a(u,v) = /Ia(x)u’ﬁ’ dr + /Iui dr, wu,ve Hp(I),

defined on H}(I). Here, a(x) is a real-valued function in I satisfying the conditions

a€ Hp(I) and a(r)>d>0forallxel (2.20)
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with some constant § > 0. These conditions imply that a(-,-) fulfills (2.18) and (2.19) on
HL(I).

We consider the triplet H5(I) C Lo(I) C HH(I)'. The part of the operator associated
with a(-,-) in Lo(I) is denoted by A. As for the domain D(A), we know the following
shift property.

Theorem 2.11. Let I = («, 5) be a bounded interval in R. Let (2.20) be satisfied. Then,
D(A) = HE(I) with norm equivalence.

The proof is quite similar to that of [37, Theorem 2.8], so we omit it.

2.6.2 Under the Dirichlet Conditions

Let Q be a bounded domain in R™. Let 09 be of €2 class. Consider the sesquilinear form
a(u,v) = a/ Vu-Voudz, uveH(Q),
Q

on the space HI(Q) Where, Vu = (Dyu, Dyu, ..., Dyu) and Vu - Vv = DyuDyv +
DyuDsyv + - - - + DyuD,v. We assume that a > 0. From the Poincaré inequality, we know
that ||u||1, < C||Vul|., for u € H () with some constant C' > 0. Therefore, a(-, ) fulfills
(2.18) and (2.19) on H(Q).

We consider the triplet H(€2) C Ly(Q) € H1(Q). The part of the operator associated
with a(-,-) in Ly(Q) is denoted by A. This operator A is regarded as realizations of the
elliptic operator —aA in Ly(2), under the Dirichlet boundary conditions yu = 0 on 912,
where + is the trace operator defined by yu = ). From Theorem 2.10, we know that A
is a sectorial operator of Ly(€2) with angle < 7/2.

We present characterization results of the domains of fractional powers A? for 0 < 6 <
1. For 1/2 < s < 2, we define a closed subspace of H*({2) by

H(Q) = {u € HY(Q); yu =0},

By the shift property, we know that D(A) = H% /() with norm equivalence. The following
characterization is then shown. For the proof, see [42].

Theorem 2.12. Let ) be a bounded domain in R™ with C* boundary. Then,

H¥(Q) if0<6<1/4,

H¥(Q) if1/4<6<1, (2.21)

D(A%) = [La(2), Hp())s = {
with norm equivalence
C M ulleo < |1A%lI2, < Cllullo,  w € DAY,
C > 0 being determined by 2 and a.
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2.6.3 Under the Neumann Conditions

Let Q be a bounded domain in R™. Let 09 be of €2 class. Consider the sesquilinear form
a(u,v) = a/ Vu - Vo da:—l—/ui dr, wu,ve H(Q),
Q Q

on the space H'(2). We assume that a > 0. Then, a(-,-) fulfills (2.18) and (2.19) on
H'(Q). Note that the Poincaré inequality dose not holds true when v € H'(Q2), so the
sesquilinear form a(-,-) must have the term [, u¥ dz in order to prove the coerciveness.

We consider the triplet H*(Q2) C Ly(Q) € H*(R2)'. The part of the operator associated
with a(-,-) in Ly(Q2) is denoted by A. This operator A is regarded as realizations of the
elliptic operator —aA+1 in Ly(£2), under the Neumann-type boundary conditions g—:fb =0
on J9. From Theorem 2.10, we know that A is a sectorial operator of Ly(€2) with angle
< m/2.

For 3/2 < s < 2, we define a closed subspace of H*(2) by

H} () = {u € H°(Q); % =0 on 89} :

By the shift property, we know that D(A) = H% () with norm equivalence. The following
characterization is then shown. For the proof, see [37, Theorem 16.7].

Theorem 2.13. Let Q2 be a bounded domain in R™ with C% boundary. Then,

H¥(Q) if0<6<3/4,

H¥(Q) if3/4<6<1, (2:22)

D(A?) = [La(Q), HR ()]s = {

with norm equivalence
CHlullgze < 1A%\, < Cllullgze, u € D(A%),

C > 0 being determined by €2 and a.
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Chapter 3

Network Shaped Domains

In this chapter, we are concerned with strongly elliptic differential operators in a network
shaped domain. In this doctoral thesis, we intend to characterize the domains of frac-
tional powers of sectorial operators determined from these differential operators. Here, a
network shaped domain means the pair of a set of nodes and a set of edges connecting
the nodes. Network shaped domains come from a variety of areas: carbon nanostruc-
ture [43, 44|, superconductivity [45], photonic crystals [46], network of beams [47], traffic
flow on networks [48, 49], and blood vessel [50]. In the meantime, network shaped domains
are justified as an approximation of narrow branching domains under suitable assumptions
(see Fig. 3.1). For further topics, see a review paper [51] by Pokornyi and Borovskikh,
and references therein.

A differential equation in a network shaped domain is a system of differential equations
in edges which interact each other through connecting nodes. After the pioneering study
on differential equations in network shaped domains by Lumer [52], they are studied
by many researchers. Strum-Liouville eigenvalue problems are considered by Below [53].
Stability of steady states in reaction diffusion equations in network shaped domains is
studied by Yanagida [54]. In addition, adjoint and self-adjoint differential operators in
network shaped domains are studied by Carlson [55]. Recently, Camilli and Corrias [56]
studied chemotaxis equations in network shaped domains and obtained global solutions
in an integral sense. In the meantime, Kosugi [57] studied the reduction of thin domains
in R"™ (n > 2) to network shaped domains for a semilinear elliptic equation.

We want to study parabolic semilinear and quasilinear equations in network shaped
domains by using the theory of abstract parabolic evolution equations. Particularly, in
Chapter 6 of this thesis, we will consider the Keller-Segel equations in network shaped

approximation

Narrow branching domains Network shaped domains

Fig. 3.1: Approximating narrow branching domains by network shaped domains
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Fig. 3.2: Examples of network shaped domains

domains. To this end, it is important to investigate properties of fractional powers of
sectorial operators determined from strongly elliptic differential operators. Yagi [42] has
shown an application of the theory of H,, functional calculus to the characterization
problem of the domains of the fractional powers of strongly elliptic differential operators
in a bounded domain of R™ with the Dirichlet boundary conditions. By utilizing his
techniques, we shall characterize the domains of the fractional powers of strongly elliptic
differential operators in a network shaped domain. However, there are a few choices of
the types of boundary conditions imposed at each node. One of the famous types is the
Kirchhoff conditions, see [53, 54, 56], that is, the condition of continuity and the condition
of the balance of flux at each node. Therefore, we will impose the Kirchhoff conditions
for strongly elliptic differential operators.
The following results are obtained in [30].

3.1 Formulation of network shaped domains

We define network shaped domains as follows. Let N = {N;}; be a sequence of a finite
number of points in R3. Let & = {I;}; be a sequence of segments in R3, where each
segment connects a pair of two points of N. We assume that every point has at least one
connecting segment and there is no segment which intersects another segment. We call
such a pair § = {€, N} a network shaped domain. In what follows, we call I; € € an edge
of domain and N; € N an node of domain, respectively. As examples of network shaped
domains, see Fig. 3.2.

For convenience, we consider a direction of I;; o(1;) € N and w(/;) € N denote a start
node and an end node of I;, respectively. Since each I; € € has a Euclidian length [; > 0,
we identify I; as the open interval (0,[;) with o(;) = 0 and w([;) = [;. Furthermore, for
each node N; € N, let o(N;) and w(N;) be subsets of € given by

o(N;) ={I; € &o(l;) = N;} and w(N;) ={I; € &w(l;) = N,},

respectively. That is, o(V;) is the set of edges whose start nodes are N; and w(N;) is the
set of edges whose end nodes are N;.

Let f = {fi}1,ce be a sequence of complex valued functions defined in each edge I;.
In what follows, we call that such f is a function in §. As an example of functions in
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uz(N;) = uz(0)

—_ us(x3)

x3=0 I3 X3 =13
u(x) = {uy (1), up (x2), 113(353)}\‘
Uy (Ny) = u,(0)
MM) = uy(ly) %

X1=0 11 X1=l1 XZ=O 12 x2=l2

Fig. 3.3: An example of functions in a network shaped domain §

§ ={{Li, I, I3},{N1}}, see Fig. 3.3. For each node N;, we set f;(N;) = f;(0) if I; € o(]N;)
and f;(N;) = fi(l;) if I; € w(N;). In addition, let us define the exterior normal derivative
of fi at N; as

Ofi _ . fi(Ax;) — f;(0) N df; .
a—i;(]\f]) = Awlj}_};_() f( ) i;z .17 ) = d—];z(ll) if I; € w(Nj).

By using these definitions, for each IV;, we define

af dfi
(N = 3 o (N;) for f={fi}.

IZ'EO(N]')UW(NJ‘)

3.2 Function Spaces in G

Let us introduce function spaces in a network shaped domain § = {€,N}. A notation
{fi}1,ee, which is a function in G, is abbreviated by {f;}, or it is simply denoted by f.
Furthermore, the notation {1}, which is the set of functions identically one on each I;, is
abbreviated by 1.

Let f and g be functions in G, and let o € C. We define the following operations:

fr9=A{fi+a}, of={afi}, f={fi} and fg=/{fig:}-

Furthermore, for a function y : C — C, we define x(f) = {x(fi)}.
We often consider product spaces of Banach spaces [ | I.ee Xi, and they are abbreviated

by [ Xi.
3.2.1 L, spaces and continuous function spaces

For 1 < p < oo, let L,(9) be the product space of spaces [[L,(I;) with the norm
1Nz, = ree ||fi||ip(1i))1/p. Particularly, L2(9) becomes the Hilbert space with the

inner product (f, 9)L2(9) = Zlieﬁ(fiagi)Lz(Ii)-
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We introduce the space of continuous functions in G given by

B —, for each N; € N,
C(8) = {f < H CL); VI; € o(N;) Uw(N;), fi(N;) has a common value }

with the norm || flleg) = > ;e ||fi||e(7i). In addition, the space of continuous functions
satisfying the Kirchhoff conditions are given by

61(9):{f66(9)mH€1(E); %(Nj):o foralleEN}

n

with the norm [ fllerg) = D7 ¢ I filler7)- While, let us define the following space

for each N; € N, VI; € o(N;) Uw(N;),
(9 =< ree@nlle@; &£

W(Nj) has a common value
(2

Remark 3.1. When N; has only one connected edge, u € C(§G) satisfies the ordinary
homogeneous Neumann boundary condition on N;. Therefore, when G consists of only one
edge (see Gy of Fig.3.2), u € CY(G) satisfies the ordinary Neumann boundary conditions.
Furthermore, when G consists of only one loop (see Sp of Fig.3.2), u € C1(G) satisfies the
periodic condition on a one-dimensional domain.

For convenience, we use the following notations: for f € L,(9),
[ #ae=3" [ pax
S ree Vi

and
“f >0 for a.e. §” if and only if “f;(z;) > 0 for a.e. z; € [;,VI; € .

In particular, we write

(. D) rate) = /9 fgde for fge LaS).

3.2.2 Sobolev spaces

Let H*(I;) be the Sobolev space in I; with fractional order s > 0. Let D; be the differen-
tiation in the sense of distribution on [;, and let D be the following operation:

D:f={fi} = Df ={Difi}.

In the following, we will introduce the Sobolev spaces H*(G) in G for the fractional
order 0 < s < 3. But in view of trace of the function [[ H*({;) for 1/2 < s < 3, we have
to consider the so-called compatibility conditions at nodes.

Firstly, we simply define H*(G) = [[ H*(I;) for 0 < s < 1/2. In the meantime, we
define H*(G) = [[ H*(L;) for 0 < s < 1/2. As an immediate consequence of (2.7) and
(2.8), for 0 < s < 1/2, H*(9) C Lo(9) C H*(9) becomes a triplet with the relation

(u, f)LQ(g) = (u, f>H5(9)><H*5(9) for we H*(G), f € L(9). (3.1)
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Secondly, let us define H*(G) for 1/2 < s < 3/2. (2.9) implies that
H H?*(I;) is continuously embedded in H C(L) if s > 1/2 (3.2)

with some embedding constant ¢, > 0. In view of this fact, we define the space H*(9)
for 1/2 < s < 3/2 as H*(9) = C(9) N [[ H*(L;). Then, H*(9) is a closed linear sub-
space of [[ H*(1;), so H*(G) becomes a Hilbert space with the inner product (-,-)pusg) =
ZIZES () ')H‘S(Ii)'

Thirdly, let us define H*(G) for 3/2 < s <5/2. (2.9) implies that

H H*(I;) is continuously embedded in H CHL) if s > 3/2 (3.3)

with some embedding constant ¢, > 0. So, we define the space H*(§) for 3/2 < s < 5/2
as H*(G) = CYG)N[] H*(I;). As before, H*(G) is a Hilbert space with the inner product
('7 ')HS(S) - Zliee ('7 ')Hs(fz')‘
Finally, we define the space H*(G) for 5/2 < s < 3 as H*(G) = C(S) N[ H*(L;). As
before, H*(§) is also a Hilbert space with the inner product (-, -)ms(g) = > ce () ms(1,)-
We show the following two lemmas.

Lemma 3.1. It holds that
(aDu, Dv) 1, = —(D[aDul,v)1,) for a,v € H'(G) and u € H*(S). (3.4)

Proof. From integration by parts, it is observed that

/aDuD_v dr = Z [Oéi [Dzuz]v_z]

9 I;€€

T

=l
—/D[aDu]U dz.

T;=

Here, since o,v € H'(G) and v € H*(G), we verify that

- x;=l; au
Z [Oéi[Diui]Uz‘] T Z a(N;)v(N;) %(Nj) =0.
L;e€ i N;eN
Therefore, (3.4) is obtained. O

Lemma 3.2. Let o € 81(9).Then, for any 0 < s < 1, the multiplication u — au is a
bounded operator on H*(G) with the estimate

loul gy < Cllellevgllull s, ue H(S). (3.5)
Proof. Tt is clear that [latl e < lalleis 4lls) for u € La(S) and that aullug) <
Cllallerllullmrg for w € TTH'(L;). Then, the estimate is verified by applying Theo-

rem 2.4 and Theorem 2.6, In addition, it is obvious that au € H*(G) for 1/2 < s <1, so
the lemma is proved. O]
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3.2.3 Mean zero spaces

In this subsection, we introduce subspaces of Ly(G) and H'(G) which play an important
role in Sections 6.4 — 6.6 of Chapter 6. Let Lo ,,(9) be the space

LM&@Z{feb@%LﬁM:O}

Clearly, Ly,,(9) is a closed linear subspace of Ly(9), so that Lo ,,(9) is a Hilbert space
with the inner product (-,-)z,,.(5) = (*;)1.(g)- We denote the orthogonal projection from

L2<9) onto L27m<9) by
1

ltotal

Pf=f-

/9 fdz, [ e Ly(S). (3.6)

Then, we know a version of Poincaré-Wirtinger inequality, i.e., there exists a constant C'
(depending on G only) such that

1Pz, 09) < ClIDU Ly 05), € HY(S). (3.7)

The proof is omitted since it is quit analogous to that of the standard Poincaré-Wirtinger
inequality (e.g. [58, Section 5.8, Theorem 1]).

Next, let us introduce C,,(G) = €(9) N Lam(G). It is easy to see that C,,(9) is a
Banach space with the norm || - ||e,.5) = || - ||le(s)- Note that P given by (3.6) also becomes
a bounded linear projection from €(9) onto €,,(G). So, we use the same notation P.

3.3 Sectorial Operators in Ly(9)
Note that H'(G) C Ly(G) with dense and continuous embedding. Therefore, a triplet

of spaces H'(G) C Lo(G) € H'(G) is constructed. Particularly, the duality product
()i (gy i (g) Satisties that

(f, U>H1(9)/X1{1(9) = (fiu)ryg forall f e Ly(§)ue HY(S). (3.8)
Let us consider the following sesquilinear form
a(u,v) = /a(:c)DuD_vd:U + /ﬁ(x)uﬂdm, u,v € H(9),
S S
defined on H'(G). Here, a(z) = {a;(z;)} is a set of real valued functions satisfying
a € CY(9) and a(z) > ayin G (3.9)

with some constant ag > 0, and (z) = {5;(x;)} is a set of real valued functions satisfying

B € Ly(9) and pB(x) > Py in a.e. G

with some constant Sy > 0.
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It is easy to see that a(u, v) is continuous and coercive. More precisely, a(u, v) satisfies
that

la(u, v)| < max{{lallz.g), 18] L)} ullmg l0lme . wveH(S),  (3.10)

and
Re a(u,u) > min{ayg, fo} Hqul(g) : ue HY(S). (3.11)

Therefore, there exists a linear isomorphism A : H*(G) — H*(G)" such that
a(u, v) = (AU, V) g1 gy pri(g) » u,v € H'(9). (3.12)
In what follows, let A = Az, be the part of A in Ly(G). We verify by (3.8) that

u € D(A) if and only if a(u,v) is continuous in v with respect to the Ly(G) norm.

Moreover, if u € D(A) then a(u,v) = (Au,v)r,q for all v € H'(9). 1
3.3.1 Fundamental properties for A
We characterize A as a differential operator in Lo(9).
Theorem 3.1. It holds that D(A) = H*(S) and, for u € D(A),
Au = —Dla(z)Du] + B(x)u in Ls(9) (3.14)

with the norm equivalence

"l sy < 1 Auly ) < el v € DAY, (3.15)
where m > 0 depends on o, fo, [lallexs), and 18] 2.s)
Proof. Let u € H?*(G). Then, it is observed from (3.4) that a(u,v) = (—D[aDu| +

Bu,v)r,g) for ve H'(G). Therefore, it follows from (3.13) that u € D(A).
Let us show the opposite inclusion. For u € D(A), there exists f € Ly(G) such that
Au = f. Thus, (f,v)r,9) = (Au,v)r,g) = a(u,v), that is,

(f = Bu,v) ) = (@Du, D)y g forall ve H(9). (3.16)

Since []C(I;) € HY(S), we know that o; Dsu; € H'(I;) for each I;. Then, (3.9) implies
that Dyu; € H'(I;); therefore, u € [[ H*([;). Using (3.16) again, we obtain that

(f + D[aDu] — pu,v)p,g) = Z [&i[Diui]v_i] ; for all v € H'(G). (3.17)
I;€€ rie
In (3.17), by choosing v € [[ C5°(I;), we obtain that Au = f = —D]aDu] + fu in Ly(G).
Furthermore, it follows from (3 17) that
_ _ 1
3 [az[p w]o } = Y a(N;)o(N;) 5-(N)) =0 forall ve H'(S).

I;ee N;eN
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Since v(N;) are arbitrary and a(N;) are positive, we deduce that %(N;) = 0. We thus
obtained that D(A) C H*(9).

Finally, let us show the norm equivalence (3.15) for u € D(A). It is obvious that
[ Aul|L,(g) < m[Jull g2(g)- On the other hand, for a fixed constant & > 0, it holds that

I[A+ (k= B)]ullZ,q) = /9 [(D[aDu))? — 2kuD]aDu] + k*u?|dx

= /9 [@?(D*u)? + (Da)*(Du)? 4 2(Da)(Du)a(D*u) + 2ka(Du)? + k*u?]dx

2
> / (2D + (2ka — T(Da)?)(Du)? + Kl
9
Due to (3.9), we can choose sufficiently large k¥ > 0 such that 2ka — 7(Da)?* > 0 in .
Thus, we conclude that m™||ul| g2y < ||Aul|1,(g) due to (3.11). O

We know that A is a linear isomorphism from HZ »(3) onto Ly(§). Consequently,
A7 Ly(G) — Ly(SG) is a compact operator, (3.18)

since HZ (9) is compactly embedded in Ly(9).

3.3.2 Fractional Powers A’

We want to characterize the domains of fractional powers A’. Due to Theorem 2.10, A is
a sectorial operator of Ly(G) with angle ws < 7/2, that is, the spectrum o(A) is contained
in an open sectorial domain such that

o(A) Cc X, ={reC; |arg )\ <w},
where wy < w < /2, and its resolvent (A — A)~! satisfies the estimate

_ M
H()\ —A) 1st(Lg(s)) = Xk A& Yo, (3.19)

with some constant M > 1. Then, fractional powers of A are defined as shown in Subsec-
tion 2.4.1. Note that, for each 0 < § < 1, D(A?) is a Hilbert space with the inner product
('7 ')D(AG) = (AG_, Ae')LQ(Q)'

It is easy to check that A is a positive definite self-adjoint operator in Ly(G). From the
results on square root problem for positive definite self-adjoint operators (for example,
[37, Theorem 2.34]), we know that D(AY/2) = H'(G) with the norm equivalence

min{ao, Bo}|ull7 gy < 14" 2ull?,g) < max{llallz.s), 18] o) Ml )

due to (3.10) and (3.11).

In addition, according to [37, Theorem 16.1], the domains of the fractional powers
D(A?) and the complex interpolation spaces [L2(G), D(A)]s coincide; more precisely, for
any 0 < 6 < 1, [La(G),D(A)]s = D(A?Y) with isometry. In this case, it follows from
Theorem 3.1 that

[Ly(G), H*(9)]s = D(A?) with norm equivalence for any 0 < 6 < 1. (3.20)
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According to [37, Theorem 16.3], (3.20) implies an integrable condition along the Iy, i.e.,

[ AR 4)72,6) i) 1N < Coa Wi sy F19 € La(9), (321)

Lo

for 0 < 6 < 1 with some constant Cy,, > 0.
Our characterization result is given by the following theorem.

Theorem 3.2. [t holds that
DA% = H*(G) if 0#1/4,3/4
with norm equivalence
my " [ullmzog) < 1A%l 1o(g) < mollullpzo)  for u € D(AY),
mg > 0 being determined by o, Bo, ||aler(g), and ||B]|1.(s)-

Proof. The proof will be divided into five Steps.

Step 1. Let us show that D(A%) < [JH¥(I) for 0 < # < 1. By applying the
interpolation theorem for bounded operator, [37, Theorem 1.15], to the embedding j :
H?*(S) — [] H*(I;), we see that [La(G), H*(9)]s C [L2(G), ][] H*(IL;)]g for any 0 < 0 < 1
with

HUH[LQ(g,),Hm(Ii)]o < HUH[LQ(g),m(g)]ga u € [L2(9), H*(9)]o-

Furthermore, by Theorem 2.6, it holds that [Ly(§), [] H*(L;)]y = [] H**(1;) with norm
equivalence. Therefore, we conclude from (3.20) that D(A?) c [ H*(I;) for every 0 <
6 < 1 with the estimate

[[wll gr20g) < Mg ||A9uHL2( u € D(A%). (3.22)

9’
Now, let 1/4 < 6 < 3/4. It is known that D(A) is dense in D(A?), namely, for every
u € D(A?), there exists a sequence u™ € D(A) such that u™ — u in D(A?) as n — oo.
Then, since 26 > 1/2, we observe by (3.2) that, for each pair ;, I, € o(N;) Uw(Nj),
() = (N)| < Jus(N) = ™ (N) |+ i (N;) = ()|
< Jlu—u™leqg) < ezollu —ul™ | 2o s)
< capmp|| A% (u — ul™)| 1,9y — 0 as  n — 00.
Therefore, u € H*(G), so that D(A?) c H*(§) for 1/4 < 6 < 3/4.
Next, let 3/4 < 6 < 1 and u € D(AY). By the density of D(A) in D(AY), there exists

a sequence u™ € D(A) such that u™ — u in D(A%) as n — co. Then, since 20 > 3/2,
we observe by (3.3) that

ou ou™

< flu— ullergy < chollu — u™|| 2o

ou
%(Nj)

(V)

< chymal|A%(u — u™) ||y = 0 as  n— .
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Therefore, u € H*(G), so that D(A?) c H*(§) for 3/4 < 0 < 1.
Step 2. Next, let us prove that H?%(G) c D(A?) for 0 < < 1/4. From the definition
(2.15), it follows that, for any 0 < 6 < 1,

1 )\:refi“’ 1
A = lim —— [N (A= A)” . A= A)?

r—oo0 2761

1
= NN — A)2d)\
2m0i /Fw ( )

due to integration by parts and (3.19).
Let u € H*(G) and v € D(A). Then, we can write by (3.14)

1
0 _ 0— _ 0 -
(u,A U)LQ(S) = (u,A 1AU)L2(9) = 507 /rw A (u,A()\ —A) 2U)L2(9) d\
_ 1 0 -2 -2
= 5201 /. A (u, —D[aD[(A — A)~v]] + B(A — A) ’U)LQ(Q) d\.  (3.23)
Here, we use the following lemma.
Lemma 3.3. It holds that
| (w, DDA 1)), o | < Collullaog | fllsagey for all f € D(A).  (3:24)

Proof of the lemma. It is observed from (3.1) that

(u, D[ozD[Ae_lf]]) = <u, D[ozD[Ae_lf]]

La(S) >H2"(9)XH*29(9) ’

So, it is enough to show that f — D[aD[A’"!f]] is a bounded operator from Ly(§) into
H=%(G). Indeed, A°~! is a bounded operator from Ly(§) into H21=9(G) due to (3.22).
In addition, the differentiation D is a bounded operator from H2(=9(G) into H'~2%(g)
due to (2.9), the multiplication of « is a bounded operator on H*~2%(G) due to (3.5), and
D is a bounded operator from H'~%(§) into H=2%(§) due to (2.9) again. O

Therefore, it follows from the Riesz representation theorem that there exists a unique
@ € Ly(G) such that

(u, DDA 1]) 1, gy = (@ )y for all f € D(A) (3.25)

with the estimate
@l 1,6 < Co llull gr2o(g) - (3.26)

It follows from (3.24) and (3.25) that
(u, D[aD[(A = A)0]]) o = (u, D[aD[A T A0 (N — A)720))) ©
0/ _
= (AN = A)%4, ’U)Lz(g) :

S0,

<c/ |)\| (AR = A) i) g || (8O = 4)20) g [}]dA
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Therefore, we obtain by (3.21) and (3.26) that
| <U7AQU)L2(9) | < Ce,w(||ﬂ||L2(9) + ||U||L2(9)) ||U||L2(9) < CpwCo ||U||H20(9) ||U||L2(9)

Consequently, since v € D(A) is arbitrary and D(A) is dense in Ly(G), we obtain that
u € D(A%) with HA9u||L2(9) < CowCo [[ull 20 g)-

Step 3. Next, let us prove that H?(G) C D(A%) for 1/4 < 6 < 1/2. Let u € H**(9)
and v € D(A). Then, as in Step 2, we can write (3.23), too. We use the following lemma.

Lemma 3.4. It holds that

| (u, DIaD[AHf1]) 1, o) | < Collullmzog) | fllzas)  for all f € D(A). (3.27)

Proof of the lemma. Since 20 # 1/2, it follows from (2.9) that Du € H?*~1(§). In the
meantime, the map f +— aD[A"!f] is a bounded operator from L,(G) into H'=2%(G).
Indeed, A%~ is a bounded operator from Ly(§) into H?1~9(§) due to (3.22). In addition,
the differentiation D is a bounded operator from H21=9(G) into H*~2%(G) due to (2.9),
and the multiplication of « is a bounded operator on H'=2%(G) due to (3.5). Therefore,
from (2.7), we know that

<Du aD[AG 1f >H29 1 9)><H1 28(9)
is well-defined. So,

(u,D[ozD[Ae_lf]])

L2 (9)
= Z [uzaz A0 1f] } - <DU aD A9 1f >H29 1(G)x H1-20(G)
Lee
=—{(Ds, O‘D[Ae_lf]>H29*1<9)xH1*20(9>
due to u € H?(G) and A’~'f € H%(G), and as well the estimate is valid. O

So, by repeating the similar arguments to those in Step 2, we obtain that u € D(A?)
with HA%HLQ(g) < CowCo|lull 2oy for 1/4 < 6 < 1/2.

Step 4. Let us prove that H?°(G) C D(A%) for 1/2 < § < 3/4. Let u € H*(G) and
v € D(A). In the present case, since

(U, —D[O./D[()\ - A)_2UH)L2(9) - (CYDU, D[()\ - A)_zv])LQ(S) ’

we can write

1 _ _
(. A%) 1,06 = 5755 / A { (@Du, DI = A) 20 gy 4 (0 BO = A)720) g A
(3.28)
In this case, we use the following lemma.
Lemma 3.5. It holds that
| (aDu, D[A‘)‘lf])LQ(g) | < Collull ooyl fll o) for all f € D(A). (3.29)

29



Proof of the lemma. Since 1 < 20 < 3/2, it follows from (2.9) and (3.5) that the map
u — aDu is a bounded operator from H?*(G) into H?*~1(§). In the meantime, the map
f + D[A%71f] is a bounded operator from L,(§) into H*~2%(§) due to (3.22) and (2.9).
Therefore, it is observed from (3.1) that

(D, DA 1) 1y ) = (@Dt DA™ oo gy priaog

and as well the estimate is valid. OJ

So, by repeating the similar arguments to those in Step 2, we obtain that u € D(A?)
with HAGUHLQ(S) < CowCo ||ull 2oy for 1/2 <0 < 3/4.

Step 5. Finally, let us prove that H?’(G) C D(A?) for 3/4 < 0 < 1. Let u € H*(9)
and v € D(A). Then, by the same reason as in Step 4, we can write (3.28) again. In this
case, we use the following lemma.

Lemma 3.6. It holds that
[ (@Du, DIA* 1)), o)1 < Collullsne) | Fllais) for all | € D(A). (3.30)

Proof of the lemma. Since 3/2 < 20 < 2, we know that the map u — D]aDu| is a
bounded operator from H??(G) into H2~1(G). Indeed, the differentiation D is a bounded
operator from H?(G) into H?*~1(G) due to (2.9), the multiplication of « is a bounded
operator on H*~1(G) due to (3.5), and D is a bounded operator from H*~1(G) into
H29=1(G) due to (2.9) again. In the meantime, it is obvious that A’~'f € H*1=0)(g).
Therefore, from (2.7), we know that

<D[(IDU AG 1f>H2(9 D (G)x H2(1-0)(g)

is well-defined. So, we have

(aDu, DIA"'f])

= Z [04 Diu;[A%~ lf] } — (DlaDu], A 1f>H2(9 1) (g)x H2(1-0)(g)
I,eE
= — <D[aDu], A6_1f>H2(971)(9)XH2<170>(9) .

Thus, the desired estimate is obtained. O]

Repeating the similar arguments to those in Step 2, we obtain that u € D(A?) with
[A%l] ) < CowCo llullj2ogy for 3/4 <0 < 1.
We have thus accomplished the proof of theorem. n

From this result, we show the following estimate

2/3 1/3
lull gy < Cllulliag lull gy for we HA(S). (3.31)
Indeed, this is observed from the property of the triplet: |]uH%2(9) = [(u,u)ry9)| =
| () ggymqgy | < Nullmgy g for uw € HY(G), and the moment inequality for
1/2 1/2
AV (see (2.16)): [|AY2u) 1,6 < C||Au||L/2(9 lull 5, for u € H*(G) = D(A).
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3.4 Sectorial Operator in H'(G)

In this section, let us assume that o > 0 and 5 > 0 are positive constants on G, that is,
let us consider the following sesquilinear form:

a(u,v) = a/DuD_vdx + ﬂ/uﬁdx, u,v € HY(9),
S S

defined on H*(G). Of course, as similar to the previous sections, we can construct a linear
isomorphism A : H(G) — H'(G)’ such that

a(u,v) = (A, 0) gy (g) » u,v € H'(G). (3.32)

In what follows, let A = A y1(g) be the part of A in H'(S). Since
(W, 0) gy xar(s) = (W 0) gy v € H'(G),

we verify that

u € D(A) if and only if a(u,v) is continuous in v with respect to the H*(§)’ norm.
(3.33)
Moreover, if u € D(A) then a(u,v) = (Au, v) g1 gy, s (g for all v € HY(S).
In the following, we investigate properties of A.

3.4.1 Fundamental properties for A

We characterize A as a differential operator in H'(SG).
Theorem 3.3. D(A) = H3(G) with the norm equivalence
é;é ||U||Hs(9) < HAUHHl(S) < éocﬁ ||u||H3(9)7 ue H*(9). (3.34)
Furthermore, for u € D(A),
Au=—aD*u+fu in H1(9).

Proof. Let u € H?*(G). Then, a(u,v) = (~aD*u+ Bu,v) gy for v € H'Y(S).
Therefore, it follows from (3.33) that u € D(A).

Let us show the opposite inclusion. For u € D(A), there exists u € H'(G) such that
Au = 4. As shown in Theorem 3.1, v € H?(G) and

(@ = Bu,v)p,q = —a (D?u, v)L2(9) for all v € H*(S).
Particularly, for v € [] €5°(L;)(C H(S)), we see by Dv € H'(§G) that
(D@ — BDu, U)LQ(S) =« (Dzu, Dv) La(S)

Therefore, u € [[ H3(I;). Then, —aD?*u = u — fu € H'(S), so that u € H3(9).
Finally, for u € H3(9),

||AU||%11(9) = 042||D3U||%2(9) + (042 + 2045)||D2U||%2(9) + (208 + 52)||DU||%2(9) + 52”“”%2(9)7
so, (3.34) is obtained. O

It is easy to check that A is a positive definite self-adjoint operator in H'(G). Fur-
thermore, we know that A is a linear isomorphism from H?(G) onto H'(9).
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3.4.2 Fractional powers A’

Next, we want to characterize the domains of fractional powers A? for 3/4 < 6 < 1. To
this end, it is convenient to use the fact that H*(G) = D(Az) with norm equivalence due
to Theorem 3.2. Due to [37, Theorem 2.1], A is a sectorial operator of @(A%) with angle
wp < /2, that is, the spectrum o(A) is contained in an open sectorial domain such that

O(A) C X,
where wy < w’ < /2, and its resolvent (A — A)~! satisfies the estimate

M’
<

1
H()‘ A) HL(@% A

A S, (3.35)

with some constant M’ > 1. Then, fractional powers of A are defined as shown in
Subsection 2.4.1. Note that, for each 0 < 6 < 1, D(A) is a Hilbert space with the inner
product (-, )p(aey = (A1/2A9 AVZAY) ).

By the same reasons as before, we know that

[HY(S), H3(9)]s = D(A?) with norm equivalence for any 0 < 6 < 1. (3.36)

From this result, we can show the following theorem.

Theorem 3.4. For 3/4 < < 1, it holds that D(A®) = H?*1(G) with norm equivalence.

Proof. The proof will be divided into two Steps.

Step 1. Let us show that D(AY) c [] H*?T(L;) for 0 < 0 < 1
niques in Step 1 of the proof of Theorem 3.2, we obtain that D(A?) =
TTHYL), [T H3 (L)) = [T H*T(L;) for any 0 < 6 < 1 with

. By the same tech-
[

HY(G), H*(9)]s C

[l 20415y < ClIA ]|, u € D(AY). (3.37)

(47)’
Now, let 3/4 < # < 1 and u € D(A?). Since D(A?) = D(Az1?) € D(A), we already
know that u € H?°*1(§). In addition, D?u € H?*~1(§) is also proved due to the denseness
of D(A) C D(A?).
Step 2. Conversely, let us prove that H?T1(G) C D(AY) for 3/4 < 6 < 1. Let
u € H¥*1(G) and v € D(A). Then, we can write

1
) 27l

/F ) A? (A%u, ABA(N — A)—%) )

L2(9)

(u, A') = (u, A’ 'Av) A (u, AN — A)? dX

%)paby

Nl

D(A?) D(A
1

~ 270i
1

~ 2n0i

/ \0 {a (Du, DIA(X — A)_Qv])L2(9) + 6 (u, AN — A)_QU)LQ(Q)} dA.

.

Since u € H*(§) and A(A — A)~% € H'(9),

(Du, DIA(A — A) 2 — (D*u, AN — A)~

”])LQ(S) - v) L2(9)
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Note that D?*u € H*~1(3) and A? 2 is a linear bounded operator from H2~1(G) to Ly(9)
due to Theorem 3.2. So,

(A2 D?u, AZw) py(q)| < Cllull o) lwlly 3, for all w e D(A3).

It follows from the Riesz representation theorem that there exists a unique @ € @(A%)
such that

(A3 D%, Abw) 1 = (8, w), y, for all w € D(AT) (3.38)

with the estimate

[l u5y < Cllull gaoeg) - (3.39)
D(AZ)

It follows from (3.38) that
(Du, DIAN = A)0)) 1,() = —(D?u, AN — A)7%0) 1,9

— (A" D%u, A AN — A)20) ) = — (@, AN — A) %)

= —(A"' (N = A)%a,0)

D(AT)
1

D(AZ)’

S0,

(e, A%), 3|

< C/F yw{y (A= 4)%0,0)

w/

1 (A = A) %), o |} M.

ol

According to [37, Theorem 16.3], (3.36) implies an integrable condition along the T',/, i.e.,

/r AP (AP = A)_zw,z)g(A%) [|dA] < C'||w]| . w,z € D(A2).

L.d/

D(A?) HZ”@(A%)
Therefore, we obtain by (3.39) that
[, %) 41 | < Clllally 10143, + Tl 1] zas) < Cllullmzoag) vl -

Consequently, u € D(A?) with [|A%ul|, 1 < Cllullg20+1(g)-

D(AZ)
We have thus accomplished the proof of theorem. n
We know that
2 1
[ullzgy < Cllullfsgllullz, for we H(G). (3.40)

Indeed, this is observed from the moment inequality for Az (see (2.16)): HA%uH g <
C||Au||zl(9)||u||zl(9) for v € H3(G) = D(A), and the norm equivalence ||A%u||H1(9) =
[Aul|L2(5)-
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Chapter 4

Evolution Equations of Parabolic
Type

In this chapter, we present fundamentals of the theory of evolution equations of parabolic
type. The first four sections are devoted to showing results about constructing local
solutions for semilinear equations, quasilinear equations, and degenerate equations (the
materials in first three sections are mainly shown in [37, Chapters 3, 4, and 5] ). The
results in Section 4.1 are utilized in Chapters 5 and 6; the results in Sections 4.2 and 4.3
are utilized in Chapter 7; and the results in 4.4 are utilized in Chapter 8. A version of
exponential attractor for non-autonomous dynamical systems presented in section 4.5 is
constructed for the dynamical system determined in Section 5.2.

4.1 Semilinear Evolution Equations

Let X be a Banach space with norm |[|-||,. We consider the Cauchy problem for a
semilinear abstract evolution equation

dUu
— +AU=FU), 0<t<T
i U), 0<i<T, (4.1)
U(0) = Uy,
in X. Here, A is a sectorial operator of X satisfying
o(A) C 3, ={NeC; |arg \| <w}, wa<w< g, (4.2)
and M
-1 w s
Meanwhile, F' is a nonlinear operator from D(A") into X, where
0<n<l. (4.4)
The operator F' is assumed to satisfy a Lipschitz condition of the form
I1FU) = F(V)[lx < ¢(|Ullx + [[VIx)
< AANU = V)llx + (AUl x + A"V = Vix
UV € DA, (4.5)
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where ¢(+) is some increasing continuous function. The initial value Uy is taken in X.
Then, there exists the general theorem about existence and uniqueness of local solu-
tions to (4.1). The proof is given in [37, Theorem 4.4].

Theorem 4.1. Let (4.2), (4.3), (4.4), and (4.5) be satisfied. Then, for any Uy € X, (4.1)
possesses a unique local solution U in the function space:

Ue G([Oa TUO]; X) N e(<07 TUO]; D(A)) n el(([)?TUo];X)a

where Ty, depends only on the norm ||Up|| . In addition, U satisfies the estimates

+1 “AU(t)HX S Can 0<t S TU07

ol -+ G o]

with some constant Cy, > 0 depending on the norm ||Up|| .

4.2 Quasilinear Evolution Equations

Let X be a Banach space with norm |[|-||,. We consider the Cauchy problem for a
quasilinear abstract evolution equation

dU
—+ A =F t<T
U(0) = Uy,

in X. Let Z be a second Banach space continuously embedded in X, and let K be the
open ball of 7|
K={UeZ|U||l, <R}, 0<R<oo.

For U € K, A(U) is a sectorial operator of X with angle ws@) < 5 and with domain
D(AU)).

We make the following assumptions. The spectrum o(A(U)) is contained in a fixed
open sectorial domain, i.e.,

g(AU)) Cc X, ={AeC; |larg A\ <w}, UekK (4.7)

with some angle 0 < w < 7, and the resolvent satisfies

|(h =A@ AN¢Y,, UK (4.8)

D e < 37
with some constant M > 1. The domain D(A(U)) satisfies
D(AU)) = D(A(V)) for any pair of U,V € K. (4.9)
In addition, A(U) satisfies a Lipschitz condition of the form
|[AU) - A(V)}A(V)*HL(X) <N|U-V]|,, UVeK (4.10)

with a constant N > 0. Here, Y is a third Banach space such that 7 C Y C X with
continuous embeddings. The operator F' is a nonlinear operator from another Banach
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space W into X, W being continuously embedded in Z. We assume that the Lipschitz
condition

IF(U) = F(V)llx
< o(IU[lz + [[VIlz) x {IU = Viw + ([Ullw + [[VIw)IU = V|z},
UV eW, (4.11)

where ¢(+) is some continuous increasing function.
There are three exponents 0 < o < < n < 1 such that, for any U € K, D(A(U)%) C
Y, D(A(U)?) C Z, and D(A(U)") C W with the estimates

|1y < DillAU)*Ullx, U € DAU)), UEK,
101z < Dl|A(U)Ullx, U e DAU)), UeK, (4.12)
1Ullw < Ds||A(U)"Ullx. U € DAL, UEeK,
D; >0 (1 =1,2,3) being some constants. The initial function U, € K satisfies
Up € D(A(Uy)). (4.13)
The exponents satisfy the relations
0<a<p<n<l. (4.14)

Then, there exists the general theorem about existence and uniqueness of local solu-
tions to (4.6). The proof is given in [37, Theorem 5.6].

Theorem 4.2. Let (4.7) — (4.14) be satisfied. Then, there exists a unique local solution
U to (4.6) on an interval [0,Ty,] in the function space:

{U € ([0, Tv,]; D(AU))) N €([0, Ty, ; Y) N €Y((0, T J; X), (4.15)

F(U) € (0, Ty ; X)

with arbitrary 0 < o < min{S—a«, 1—n}, where Ty, is determined by the norm || A(Uy)Up|| x -
Furthermore, U satisfies the estimates

IFU)|lz1.e + max [JAU())U()]x < Cu, (4.16)

0<t<Ty,

with a constant Cy, determined by the norm ||A(Uy)Us|| x -

4.3 Non-autonomous Evolution Equations

Let X be a Banach space with norm || - || x. We consider the Cauchy problem for a linear
non-autonomous abstract evolution equation
au
— + AU =F(t), 0<t<T
ar AU =F(0). =5 (4.17)
U(0) = Uy,
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in X, where 0 < T < o0 is a fixed time.
We make the following assumptions. For 0 < ¢ < T, the spectrum o (A(t)) is contained
in a fixed open sectorial domain, i.e.,

o(At) Cc X, ={r€C; Jarg \| <w}, 0<t<T, (4.18)
with some fixed angle 0 < w < 7, and the resolvent satisfies

M
WA_A@»JM@?SET ANEX,, 0<t<T, (4.19)

with some fixed constant M > 1. The domain D(A(t)) satisfies
D(A(s)) = D(A(t)) for any pair of 0 < s,t < T. (4.20)
In addition, A(t) satisfies a Hoélder continuous condition of the form
|[A(t) — A(s)]A(s)_lHL(X) < N|t—=s*, 0<s,t<T, (4.21)

with some fixed exponent 0 < p < 1 and some constant N > 0.
We present two theorems which will be used in Chapter 7.

Theorem 4.3. Let (4.19)—(4.21) be satisfied. Then, for any
Fed»(0,T;X), 0<o<1,
and any Uy € X, there exists a unique solution U to (4.17) in the function space:
Uee(0,T); X)NnECY(0,T]; X), AU € €((0,T]; X),

with the estimate

+HHAQOU®) | x < C([[Uollx + [[Fllsre), 0<t<T.

s+ |G|

Theorem 4.4. Let (4.19)—(4.21) be satisfied. Let Uy € D(A(0)), and let
Fed»((0,T;X), 0<o<up, (4.22)
satisfy the spatial reqularity condition
A)PF € B([0,T); X), 0<p<o. (4.23)

Then, there exists a unique solution U to (4.17) in the function space:

d
AU € (0, T]:X), 7 AU € F((0,T]: X).

In addition, A**PU belongs to B([0,T]; X) with the estimate
AU < ClIIAO)Uollx + [1F |50 + [[APF|5]. (4.24)

For the proof of Theorem 4.3, see that of [37, Theorem 3.9]. For the proof of Theo-
rem 4.4, see that of [37, Theorem 3.10 and 3.11].
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4.4 Degenerate Evolution Equations

This section is devoted to constructing the strict solution to the Cauchy problem for
a degenerate abstract parabolic equation in Banach spaces. We essentially use the no-
tion of multivalued linear operators and the theory of multivalued evolution equations of
parabolic type that were monographed by Favini-Yagi [59].

4.4.1 Multivalued linear operators

Let X be a complex Banach space with norm || - || and let 2% denote the family of all
subsets of X. An operator A:D(A) — 2% — {0}, where D(A) is a linear subspace of X,
is called a multivalued linear operator of X if A satisfies

{Au—|—Av C A(u+v), u,v € D(A), (4.25)

Mu C A(Au), AeC,ueDA).

When A is a multivalued linear operator, A0 is always a linear subspace of X, and for
u € D(A) it holds that Au = f + A0 with arbitrary f € Au. Analogously to the single
valued linear operators, i.e., those of A0 = {0}, a number A\ € C is said to belong to the
resolvent set p(A) of A if the inverse of A — A is single valued and is a bounded linear
operator of X. On the contrary, when A & p(A), the X is said to belong to the spectrum
o(A) of A. The £(X) valued analytic function (A — A)~! defined in p(A) is called the
resolvent of A. Moreover, A is said to be a sectorial operator of X if there exists an open
sectorial domain such that

o(A) c X ={XeC; |arg \| < w}, (4.26)
where 0 < w < 7, and that (A — A)~! satisfies
D

o MED (4.27)

(A = A)lex) <

with some constant D > 0.
If 0 € p(A), that is A~! € £L(X), the graph

9(A) = {(f,u) € X x X; [ € Au}

is a closed subspace of X x X. Furthermore, {0} x A0 is a closed subspace of G(A). Then,
under 0 € p(A), D(A) becomes a Banach space with the graph norm

|ullpeay = [|Au|x = fieflju (FAIR u € D(A) (4.28)

(see [59, Proposition 1.1]).
If A is sectorial, (A— A)~! satisfies the optimal decay estimate on the half line (—oco, 0];
moreover, it is seen that

lim AAN—A)f=f  feD(A. (4.29)

A——00

From this it is proved that A0 N D(A) = {0}. (In fact, if f € A0, then f € (A — A)0
for every A < 0 and hence (A — A)~'f = 0; therefore, if f € D(A) in addition, then
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(4.29) implies f = 0.) This property furthermore provides that for any u € D(A) and
any f € X, it holds that

[f —Au]ND(A) is a singleton if it is not empty. (4.30)

When X is a reflexive Banach space, it is known that

X = A0+ D(A) (4.31)

(see Remark to [59, Proposition 2.1]). Then, if g € Au, then f—g = f'+ f” with f' € A0
and f” € D(A), ie., f —g— f'= f”; on one hand, we have f — g — f' € f — Au; on the
other hand, f” € D(A). Thus, the condition that
[f — Aul N D(A) is a singleton (4.32)
holds automatically for any u € D(A) and any f € X.
When A is sectorial, its fractional powers for negative exponents are defined by the
integrals

AT = L ATE(N — A) A, x>0, (4.33)
2w Jp

in £(X), where ' = I, UI,UI"_ is an integral contour lying in p(A) such that I',: A = re™
for co > r > 6, I: A = 6e® forw > 9 > —w, X =re®ford <r <oo, §d >0
being a sufficiently small radius. It is easy to verify that A™" satisty the exponential
law A=+ = A= A=%"  The fractional powers for positive exponents are defined by
A® = [A7®]7L, 2 > 0; but of course A* are multivalued linear operators of X. They also
satisfy the law A®t* = A®A* in the sense of multivalued operators (see [59, Theorem
1.10]). As noticed by (4.28), each D(A*) is a Banach space with the norm ||A* - ||. For
0 <z <y, it is clear that D(AY) C D(A*) with continuous embedding. Moreover, the
moment inequality

1A%l < Coy | A%l ||, u € D(AY), (4.34)
holds true. Indeed, if f € AYu, then u = A7Vf = A7 A"V f; thereby, A*Vf € A"u.
Therefore, || A%u]| < |47 || < Cyy | A F[1=2/||£[7/% = Cy lul[ /7] £]]7/%. But, since
f € AYu is arbitrary, we observe (4.34) to be true.
Let now A be a sectorial operator with angle w < 7. Then the analytic semigroup
et generated by —A is given by the integral
1
e = _— [ e7MA = A)7ld), t>0,
21 )
in £(X), the integral contour I" being as above, with the norm estimate
le™ ™| o(x) < Ce™™, 0<t<o0. (4.35)

If f € A0, then e7*f = 0 for all t > 0; therefore, as t — 0, e7*4f does not converge to f
in general. As a matter of fact, it is only verified like (4.29) that

lime ™ f=f  fe DA (4.36)

t—0

(see the second Remark to [59, Theorem 3.5]). It is seen that A%e~' is single valued for
every t > 0, although A” is multivalued. Moreover, A%e~*4 satisfies the norm estimate h
the estimate

|A%e™ | sx) < O, 0<z<o0, 0<t<oo (4.37)
(see [59, Proposition 3.2]).
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4.4.2 Semilinear Degenerate Evolution Equations

Let Y be a complex Banach space with norm || - ||y. Consider the Cauchy problem for an
abstract degenerate equation

d
Md—?+Lu:Mf(u), 0<t< oo,

u(0) = wy,

(4.38)

in Y. Here, L is a (single valued) sectorial operator of Y. That is, L is a densely defined,
closed linear operator whose spectrum is contained in an open sectorial domain

o(L)Cc X ={\eC; |arg )| < W'} (4.39)

with 0 < o’ < 7 and whose resolvent satisfies the estimate

D/

1A=L) ey < B g X, (4.40)

with some constant D’ > 0.
Meanwhile, M is a bounded linear operator from X into Y, where X is another Banach
space with norm || - || x such that

D(L) Cc X € D(LY) (continuously) (4.41)

with some 0 < a < 1. It is assumed that M-spectrum of L is contained in an open
sectorial domain

ou(L) C X ={NeC; |arg\| < w} (4.42)

with some angle 0 < w < %, and that the M-resolvent (AM — L)~! of L satisfies

D

o > (4.43)

I(AM — L)™' M|l ¢(x) <

with some constant D > 0.

Finally, f is a nonlinear operator from D(f) (D D(L)) into X. We assume that there
is an exponent 3 such that o < 8 < 1 for which it holds that D(L?) C D(f) together
with the Lipschitz condition

1F () = f@)llx < @UIL7ully + 1L = v)lly, w0 eD(LF),  (4.44)
where ¢(+) is some continuous increasing function. It clearly follows that

IF@llx < IFO)llx + eI L ul) I LPully, v e D(LP). (4.45)

The initial value ug is taken in D(LP). Under these structural assumptions (4.39)-
(4.44), one can show local existence of strict solution for (4.38).
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4.4.3 Semilinear Multivalued Evolution Equations

It is essentially convenient to treat the Cauchy problems like (4.38) as those of non-
degenerate evolution equations by using the multivalued linear operators. Rewrite (4.38)
into the form

d
—U+Au9f(u), 0<t<oo,

dt (4.46)
u(0) = wy,
in the space X. Here, A = M~'L is a multivalued linear operator of X defined by
D(A) ={ue D(L); 3f € X such that M f = Lu}, (4.47)
Au={f € X; Mf = Lu}. .

It is easy to see that (A — A)~! = (AM — L)"'M. Consequently, (4.42) and (4.43)
imply that (4.26) and (4.27) hold for A. Therefore, —A generates an analytic semigroup
e  on X.

For 0 < § < 1, the fractional power A? = [M~1L]% is defined. It is very difficult to
know A’ in any precise way. However, since D(A%) = X C D(L®) due to (4.41) and
D(AY) = D(A) € D(L) due to (4.47), we can compare the domains D(A?) and D(L?) as

follows.

Proposition 4.1. For 0 <0 <1 and o < 0 < (1—0)a+0, it is true that D(A’) c D(L?)
with the estimate i i
1%y < CoallA%ullx,  we D(A), (4.43)

with some constant C 5 > 0. Note that | A%l||y is defined by (4.28),
Proof. Since
LAN—=A)"'=LAM —L)"'M = M[-1+ X\ — A)71,
it follows that
LA = A ey < D+ DIM ey, A €L
Meanwhile, by (4.41) it follows that
1LY = A Hleoeyy < Lo A= A ey < DILHINT - A g X
The moment inequality then yields for o < 6 < 1 that
1L (X = A) 7 legeyy < CIIL* (A = A)7H|O=/0me)
X || L(\ — A>71H(97a)/(17a) < C’)\|f(179)/(17a)7 \Ng X
By the definition (4.33), we see that

1

LAY = — / ALY (N — A)ldA,
r

Uy’

Obviously, the integral is convergent in £(X,Y) if (1 —6)a+60 > 6. Meanwhile, LPA-0 ¢
L(X,Y) immediately implies the desired inequality (4.48). O
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Let us fix an exponent 0 < § < 1 so that
B<(1-PB)a+4. (4.49)

By the proposition, we have D(A?) C D(LP) C D(f).

It is now ready to construct local solution for (4.46). Since the equation in (4.46)
is a semilinear parabolic equation (although it is multivalued), we can use analogous
techniques as in the proof of [37, Theorem 4.1(5 = n)].

Theorem 4.5. Under (4.39)~(4.44), for any uy € D(AP), (4.46) possesses a unique local
solution u in the function space:

u € C([0, T J; DILT)) N C((0, TugJ; D(A)) N E((0, T X), (4.50)

T,y > 0 being determined by the norm ||APug||x alone.
Moreover, the local solution u satisfies the estimates
| AUl < Copr 0<E<T,,
I/ ()lx + [ Au(t)|x < Cupt”™, 0<t<T,, (4.52)

Cyy > 0 being determined by the norm || APug||x alone.

Proof. For 0 < T < oo, we set a Banach space X(7') by
X(T) = €([0,T]; D(L?))

equipped with the norm |ux = maxo<;<r [|[LPu(t)||y. In addition, we set a closed ball
B(T) of X(T') by
B(T) = {u € X(T); [lullx < R},
where the radius R > 0 will be specified below.
For u € B(T), we define a mapping

[Du](t) = e uy + /t e =4 f(u(s))ds, 0<t<T.
0

Let us verify that, if R is suitably chosen and if T is sufficiently small, then ® is a
contraction of X(7") which maps B(T") into itself.

Step 1. The function [®u](t) is seen to be a Hélder continuous function with values in
D(LP). To show this, we need to introduce an auxiliary exponent 3’ such that 0 < 8’ <
but 5 < (1 —p")a+ ' (see (4.49)). Then, it follows by Proposition 4.1 that

D(A%) ¢ D(AP) c D(LP).

Let go be any element such that g € Aguo. Then, since ug = AP go, we have

/

Lol — e Mug = LPA ™ [ (=94 1] 4P B,

Therefore, by [59, Theorem 3.5], we obtain that

||Lﬂ[e*m — e*SA]u()Hy < Cllgollx(t — s)°, 0<s<t<T,
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2 Ql

with the exponent 0 = § — ['.
Meanwhile, we write

s

/t 67(t7T)Af(u(T))dT — e*(S*T)Af(u(T))dT

0 0

= 6_(t_T)Af(u<’7'))d’7' + [e_(t_s)A —1] /08 6_(S_T)Af(u(’/'))d7'.

Then, in view of (4.37) and (4.45), the first term in the right hand side is estimated by

HLﬁ / A () dr

- t
= ”LﬁA_’B,/ Aﬁle_(t_T)Af(u(T))dT
Y s

Y

so/a—ﬂwmmmu+wmmm

< CllIfO)llx + (BRIt -5, 0<s<t<T.

Similarly, the second term is estimated by

HLﬁ [e= (=94 1] /S e~ DA f (u(T))dr

0

Y

= HLﬂAB’[e@s)A — 1478 / APe= (DA f (u(7))dr
0 Y

<CTIf0)|x + p(R)RI(t—5)°,  0<s<t<T.

Hence, we have observed that

[®u] € C7([0,T); D(LP))  (with o =5 — ). (4.53)

In particular, ® is a mapping from B(T") into X(T).
Step 2. Let us verify that ® can map B(T') into itself. Using (4.45) and arguing in a
similar way as above, we easily verify that

I @d)®)ly < Clgolls + C TP [1FO)|x + G(R)RL,  0<t<T,  (454)
with some positive constants C’ and C”. Then, choose now R in such a way that
R =C"|gollx + 1.
Furthermore, diminish 7" > 0 in such a way that
C'T (7 (0)]lx + p(R)R] < 1.

Then, ® maps B(T") into itself.
Step 3. In the meantime, ® can be a contraction of X(T"). In fact, for u, v € B(T),

[Pu](t) — [®u](t) = /O " DA f(u(r) — flo(r))]dr.
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Therefore, after some computations,

L {[@u](t) — [Pv](t)}]y < 090(23)/0 (t — )7L [u(r) — v()]|ydr
< C’gp(2R)T1_B, [nax. | LA [u(T) — v(T)]|ly, 0<t<T.

This shows that ® is a contraction provided we further diminish 7" > 0.

Step 4. By the fixed point theorem for contraction mappings, we conclude that &
has a unique fixed point u = [®u] in B(T'). (4.53) jointed with (4.44) then implies that
f(u) € €7([0,7T]; X). Thanks to [59, Theorem 3.7] on the linear multivalued equations, we
obtain that u has the regularity u € €'((0,T]; X) together with u € €((0,T]; D(A)) and
satisfies the multivalued equation of (4.46). Moreover, according to the second Remark
to [59, Theorem 3.7], u/(t) is represented as

/() = — A~y + / A CIAF(u(t) = fluls)ds + e f(u(t)).  (4.55)

It is then verified that u is a strict solution to (4.46) belonging to (4.50).
Let us verify the estimates (4.51) and (4.52). Since

t
APu(t) 3 e g, +/ APe= =94 ¢ (u(s))ds,
0

we see that [|A%u(t)||x < C(||go||x+1) by the definition of the graph norm (4.28). Thereby,
we obtain (4.51). Meanwhile, from (4.55) it follows that ||u'(t)]|x < C(#*7gollx + 1)
(due to (4.37) with 2 = f3). Hence the first estimate of (4.52) is observed. Noting that
Au(t) 3 —u/(t) + f(u(t)), the second one of (4.52) is also observed.

We remember that all the constants appearing in the arguments were determined by
the norm ||go||x alone. But, since gy was any element of APuy, it is possible to assert that
T and C,, are determined by || A%ul|x alone.

Step 5. It remains to see uniqueness of the solution to (4.46) in the space (4.50). So,
let v be any other solution lying in (4.50). Then, thanks to [59, Theorem 3.7] again, v(¢)
must be equal to [®v](t) for any 0 < ¢ < T,,,. Thereby,

ult) — v(t) = / eI f(u(s)) — F(u(s))]ds,
ILP[u(t) = o(®)]]ly < C/O (t— )P LTu(s) — v(s)]llyds,  0<t<T,.
For 0 < S <T,,, we see that

t -
I [u(t) — v(®)]lly < 0/ (t = 5)™7ds max [|L?[u(s) — v(s)]]ly
0 0<s<S
<CS"u—vlxs, 0<t<S.

This means that, if S > 0 is sufficiently small, then u(t) = v(¢) for all 0 < ¢t < S.
Consequently,

u(t) —o(t) = /S eI f(u(s)) = fo(s)lds, S <t<T,.

We can repeat this argument to conclude that u(t) = v(t) for all 0 <t < T,,. O
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Remark 4.1. We remark that the solution u may not continuous at t = 0 with respect to
the graph norm of D(AP). Indeed, from

t
APu(t) 3 e g, —i—/ APe= =94 £ (y(s))ds,
0

it is observed that u(t) — ug in D(AP) if e74gy — go in X ast — 0. But, in view of
(4.36), this is the case only when gy € D(A), i.e.,

[APug] N DAY # 0. (4.56)

It is however observed that, when X is a reflexive Banach space, this condition is au-
tomatically fulfilled for any ug € D(Aﬁ). Indeed, if gy € APug, then go = f+ f" with
f' € A0 and f" € D(A) due to (4.31); since A0 = AP0 in general, on one hand, we have
go — [ € APug; on the other hand, f" € D(A). Hence, (4.56) is the case. O

Remark 4.2. Similarly, the solution uw may not be differentiable at t = 0 even if ug is
taken in D(A). However, if uyg € D(A) satisfies the compatibility condition

[f (o) — Aug] N D(A) # 0, (4.57)

then w is differentiable at t = 0, too, and satisfies the equation of (4.46) at the initial
time. In view of (4.36) this fact is verified by the second Remark to [59, Theorem 3.7]. As
mentioned by (4.32), when X is a reflexive Banach space, this condition is automatically

fulfilled for any ug € D(A). H

Remark 4.3. On the other hand, if (4.57) takes place, then [f(ug) — Aug) N D(A) consists
of a single element uy due to (4.30). Since the solution satisfies the relation

u'(0) + Aug > f(up) at t=0, (4.58)

and since u'(0) € D(A), it must hold that v'(0) = uy. In other words, u'(0) satisfying
(4.58) is uniquely determined by ug. O

It is immediate to verify that the solution of (4.46) constructed above gives a unique
solution to (4.38) lying in the function space:

u € ([0, T); D(LP)) N €((0, T]; D(L)) N €L((0, T]; X). (4.59)

In fact, if u is a solution of (4.46), then it follows from 2¢(¢) — f(u(t)) € M~ Lu(t) that

M [%(t) — f(u(t))] = Lu(t). In addition, u naturally belongs to (4.59). Conversely, if u
is a solution to (4.38) lying in (4.59), then u actually belongs to (4.50) and satisfies the
multivalued equation of (4.46).

Next, let us show continuous dependence of local solutions on the initial values. Set a
subset of initial values

K, = {ug € D(AP); | APugl|x <1}

for r > 0. Theorem 4.5 provides for each ug € K(r), existence of a local solution in (4.50)
on a unified interval [0, 7}].
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Theorem 4.6. There exists a constant C, > 0 such that, for ug, vog € K, and their local
solutions u, v, respectively, it holds that

|A°[u(t) = o(®))llx < CrllA%(uo —w)lx,  0<t<T. (4.60)
provided that 0 < T(< Tg) is suitably diminished.
Proof. Let gy € Aﬁug and hg € ABUO. Then, uy = A‘Bgo and vy = A‘Bho. So,

u(t) —o(t) = A7 [e—“‘(go—how / APe= =4 f(u(s)) — f(u(s)))ds| .

The norm is then estimated by

] : ]
AP [u(t) — o()]llx < Cllgo — hollx + Cr/o (t =) PN LPu(s) — v(s)]]lvds
< Cligo = hollx + CT P llu = vllago rpmgany, — 0<t<T.

Since go—hg € AP (uo—1p), the Lipschitz condition (4.60) holds true if 7" > 0 is sufficiently
small. ]

4.5 Non-autonomous Dynamical Systems and Expo-
nential Attractors

Let X be a Banach space with norm |[|-||. Let X be a subset of X which is a metric
space equipped with the distance d(U, V') = ||[U — V|| . We consider a family of nonlinear
operators U(t,s) acting on X defined for A = {(¢,s); —o0 < s < t < oo}. The family
Ul(t,s) is called a continuous evolution operator on X if U(t, s) satisfies that following
three conditions; U(s,s) is identity mapping on X for every —oo < s < oo; U(t,r) o
U(r,s) = Ul(t,s) for —oo < s < r <t < oo; and the mapping ((t,s),Up) € A x X —
U(t,s)Uy € X is continuous. When U(t, s) is a continuous evolution operator on X, the
triplet (U(t,s), X, X) is called a non-autonomous dynamical system.

Efendiev, Yamamoto, and Yagi [60] introduced a version of exponential attractor for
non-autonomous dynamical systems. In their paper, a family {M(t)}4cr of subsets of X
is called an exponential attractor for (U(t, s), X, X) if:

(i) Each M(t) is a compact set of X and its fractal dimension dp(M(t)) is finite and
uniformly bounded, i.e., sup,cp dp(M(t)) < oco.

(i) It is positively invariant, i.e., U(t, s)M(s) C M(t) for all (¢,s) € A.
(iii) There exist an exponent a > 0 and two monotone functions ¢ and 7 such that

VB C X bounded, h(U(t,s)B,M(t)) < Q(||B||x)e "=,
s€R, s+7(|Blx) <t < oo,

where h(-,-) is the Hausdorff pseudo-distance defined by
h(A,B) =sup inf |[U -V, A,BCX.

vcAVEB
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Furthermore, they gave a sufficient condition to construct exponential attractors. To this
end, they assume existence of a family {N(¢) },cr of bounded closed subsets of X with the
following properties:

(1) The diameter | N(%)||x of N(¢) is uniformly bounded, i.e., sup,cp [|N(?)||x < oo.
(2) It is invariant, i.e., U(t, s)N(s) C N(¢) for all (¢,s) € A.
(3) Tt is absorbing in the sense that there is a monotone function o such that

VB C X bounded, U(t,s)B C N(t), se€R, s+o(||B|lx) <t < .

(4) There is 7" > 0 such that, for every s € R, U(7* + s, s) is a compact perturbation
of contraction operator on N(s) in the sense that

NU(T* + s,8) Uy — U(T* + s, 5) Vo x
< 4|Uo — Vol|x + [[K(s)Us — K(s)Vollx, Uo, Vo € N(s),

where 0 is a constant such that 0 < § < 1/2 and where K(s) is an operator from
N(s) into another Banach space Z which is embedded compactly in X and satisfies
a Lipschitz condition

1K (s)Uo — K(s)Vollz < La[|Uo = Vallx,  Us, Vo € N(s),
with some constant L; > 0 independent of s.
(5) For any s € R and any 7 € [0, 7*], the Lipschitz condition
NU(T + s,8) Uy — U(T + 5,9)Vollx < Lo||Up — Vollx, Uo, Vo € N(s),
holds with some constant L, > 0 independent of s and 7.

Under the above assumptions, a version of exponential attractor for non-autonomous
dynamical systems is constructed. For the proof, see [60, Theorem 2.1].

Theorem 4.7. Let (U(t,s), X, X) be a non-autonomous dynamical system in X. Assume

that the above conditions (1)—(5) be satisfied. Then, one can construct an exponential
attractor {M(t) her for (U(t,s), X, X).
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Chapter 5

Chemotaxis Equations in One
Dimensional Domains

In this chapter, we firstly review some results of chemotaxis model equations represented
by Keller-Segel equations. Secondly, we present results of attraction-repulsion chemotaxis
equations which is one of the extension of Keller-Segel equations.

5.1 Reviews of Chemotaxis Equations

After Keller-Segel [61] first introduced an advection-reaction-diffusion model for chemo-
tactic phenomenon, this model was developed and studied further by many researchers [62,

63, 64, 65, 66, 67, 68]. The model
( Ou

T a1Au—V - [uVx(v)] in Q x (0,00),

% = asAv + g1u — dv in Q x (0,00),

ou  Ov

5 = n on 99 x (0,00),
\U(l’,O) = uo(x), U(l‘,O) = Uo(l’), n Q>

was first studied by Childress and Percus [69]. Here, €2 is a bounded two-dimensional
domain with some regular boundary. The unknown functions v = u(x,t) and v = v(x,t)
denote the density of bacteria and the concentration of chemical attractants, respectively,
in the domain €2 at time t. The bacteria are motile in response to the gradients of
x(v), where x(v) is a sensitivity function of bacteria to chemical attractants. The term
—V - [uVx(v)] denotes the nonlinear advection which is affected by chemical attractants.
Bacteria move preferentially towards higher concentration of chemical attractants. The
term g;u denotes that bacteria produce chemical attractants. The term —dv denote
decay rates of chemical attractants. The unknown functions u and v satisfy the Neumann
boundary conditions on the boundary 0f2.

When x(v) = v, the global existence for initial functions having small L;(§2) norm
|uol|,, was obtained by Ryu and Yagi [70]. On the other hand, blowup of solutions was
proved in [71, 72]. In addition, the stationary problem was studied by [73, 74, 75]. Feireisl,
Laurencgot, and Petzeltova [29] have shown convergence of global solutions to equilibria
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by using a non-smooth version of the Lojasiewicz-Simon inequality obtained in [28]. We
quote [76, 77] for one-dimensional problem, and [56] for network shaped domain problem.
As another chemotaxis model:

((?9_1; =aAu—V - [uVx()] +cu—u* in Qx(0,00),
ov .

< ? —(;Av—l—glu—dv in Q x (0,00), (5.1)
a—z:a—:;: on 09 x (0,00),

Lu(z,0) = up(x), v(z,0)=1ve(x), in €,

was presented by Mimura and Tsujikawa [78]. This model is obtained by simplifying a
model introduced by Woodward, Tyson, Myerscough, Murray, Bedrene, and Berg [79].
As for analytical studies to (5.1), we quote [80, 81, 82, 83]. Numerical results to a slightly
changed model (more precisely, the term cu — yu? in the first equation of (5.1) is re-
placed by a cubic function u?(1—wu)) show very interesting pattern formations: stationary
spot, stationary honeycomb, stationary stripe, stationary perforated stripe, moving spot,
and moving perforated labyrinthine. These numerical results were obtained by Hai and
Yagi [84]. These mathematical studies have contributed theoretical understandings to
experimental observations observed by Budrene and Berg [85, 86].

5.2 Attraction-Repulsion Chemotaxis Equations

As shown in the previous section, there are many studies for chemotaxis equations. Al-
most all chemotaxis equations considered interactions between bacteria and chemical at-
tractant. In order to describe a variety of chemotactic phenomena, another chemical
substance, which is called a repellent, were considered. As the name suggests, repel-
lents have the bacteria tend to move toward low concentrations of repellents. Some
attraction-repulsion chemotaxis models have been proposed in [87, 88]. In these years,
attraction-repulsion chemotaxis models were studied by many researchers [89, 90, 91].
Among them, Okaie et al. [92, 93] utilized an attraction-repulsion chemotaxis model
for molecular communication. Roughly speaking, molecular communication is a means of
communication among bioparticles. Bioparticles are very tiny biological machines whose
size is nano to micro scale. Since bioparticles are made of biological materials, no tradi-
tional communication technology is applicable. Whereas, bioparticles can interact with
each other by using signaling molecules. Molecular communication is expected to be
applied to medical treatment. In particular, researchers try to develop a system deliver-
ing medicine to target (or affected area) directly, which is called Drug delivery system.
Okaie et al. developed a mathematical model of mobile bionanosensor networks for target
tracking. The mobile bionanosensor network which they proposed consists of bioparticles,
targets, and two signaling molecules: attractants and repellents. Bioparticles are capable
of moving around the environment, in addition to releasing two signaling molecules into
the environment and reacting to the molecules in the environment. Targets are also mo-
bile and their presence is assumed to be a potential thereat to the environment. When
bioparticles gather around targets after a while, they considered the network is capable
of detecting targets. At first, Okaie et al. developed an individual based model of mobile
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bionanosensor networks for target tracking [92]. After that they developed a macroscopic
model (5.2) in [93]. Both of them mainly described numerical results for their mathemat-
ical model.

Based on (5.2), Iwasaki, Yang, Abraham, Hagad, Obuchi, and Nakano showed that,
when model parameters are properly tuned, bioparticles express the ability to distribute
evenly over multi-targets by numerical simulations [94]. Furthermore, Iwasaki, Yang,
and Nakano presented a non-diffusion-based model of (5.2) in [95]. Iwasaki and Nakano
extended this model to a problem in network shaped domains [50].

In the following subsections, we present analytical results to (5.2) obtained in [31].

5.2.1 Model Equations

In the consecutive subsections, we show analytical results to the following attraction-
repulsion chemotaxis equations proposed by Okaie et al. [93]:

(=i o e (e - et rx0.0)
%%—@g§+mfm¢m—dv in T x (0, 00),

%—ZJ = a;;% + gou — hw in I x (0,00), >
%:%:%:O on 91 x (0, 0),

w(,0) = uo(x), v(z,0) = vo(x), w(x,0) = wo(z) in I,

\

in the unit open interval I = (0,1). The unknown functions u = u(x,t), v = v(z,t), and
w = w(z,t) denote the density of bioparticles, the concentration of chemical attractants,
and the concentration of chemical repellents, respectively, in the interval I at time ¢. The
bioparticles are motile in response to the gradients of x;(v) and xo(w), where x;(v) and
X2(w) are sensitivity functions of bioparticles to chemical attractants and chemical repel-
lents. The term —& [u (Zx1(v) — Zx2(w))] denotes the nonlinear advection which is
affected by chemical attractants and chemical repellents. Bioparticles move preferentially
towards higher (resp. lower) concentration of chemical attractants (resp. repellents). The
term ¢ 7' (x, t)u denotes that bioparticles produce chemical attractant when they find the
target T'(x,t). On the other hand, bioparticles always release chemical repellents by the
production rate gou. The terms —dv and —hw denote decay rates of chemical attrac-
tants and repellents. The unknown functions u, v, and w satisfy the Neumann boundary
conditions at J1.

We assume that yi(v) and xo(w) are real smooth functions for 0 < v < oo and

0 < w < o0, respectively, satisfying the condition

%

X1 diX2
Toi (V)

dw?

< oo and sup
0<w<oo

sup
0<v<oo

(w)‘ <oo for i=1,2. (5.3)

We also assume that T(-, ¢) is in H'(I) for each t € (0, c0) and satisfies the two conditions:

sup ||T(x,t)||m < oo, (5.4)

0<t<oo
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HT(.CE,tl) — T(l’,tQ)HHl S O‘tl — t2’, th,tg € (O, OO), (55)

with some constant C' > 0. The initial functions uy(z), vo(z), and wy(z) are nonnegative
in I. Furthermore, a; (i = 1,2,3), g; (¢ =1,2), d, and h are positive (> 0) constants.

We will construct exponential attractors for the non-autonomous dynamical system
generated by (5.2). Due to this research, we indicate that bioparticles show aggregation
behavior.

5.2.2 Abstract Formulation

Let us formulate (5.2) as the Cauchy problem for a non-autonomous semilinear abstract
equation

aU
— +AU =F(t,U), 0<t<
dt + ( Y )7 OO, (56)
U(O) == UQ,
in X. Here, we set the underlying space X as
u
X=XU=| v |;ueLy(I), ve H(I),andw € H'(I) },
w
X being equipped with the norm
1Ol = [lullz, + llollar + llwllae
Due to such a setting, the nonlinear advection term —& [u (Zx1(v) — Zx2(w))] can be

treated as a lower term. That is, we can formulate the quasilinear problem (5.2) as a
semilinear problem of the form (5.6).

The linear operator A is given by A = diag{A;, A2, A3} in X. The operator A; =
—al% + 1 is a positive definite self-adjoint operator of Ls(I) with domain D(A4;) =
HZ(I) = {u € H*(I);u'(0) = «/(1) = 0}. In addition, the two operators A, = —aQ% +d
and Az = —a;»,% + h are positive definite self-adjoint operators of H'(I) with domain
D(Ay) = D(A3) = H3(I) = {u € H*(I);u/'(0) = v/(1) = 0}. Therefore, the domain of A
is given by

u
DA)=U=| v |;ueHyI),ve Hy(I),and w € Hy(I) 3 ,

w

and A is also a positive definite self-adjoint operator of X. Then, according to Theorem 3.2
and 3.4, we know the following characterization of the domains of the fractional powers

u
DAY= U= v |; ue HYI),ve Hy(I),and w € Hy™"(I)
w

with norm equivalence, where the exponent 7 is fixed in such a way that 3/4 <n < 1.
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In addition, the nonlinear operator F': (0,00) x D(A") — X is given by

v 2 [ Zamen - Znatiew)]

U
F.0) = T, =l
gou

Finally, we set the space of initial values by

U
K=<U-= )

w

5.2.3 Local Solutions

;. 0<u€Ly(I), 0<ve H'(I),and 0 <w e H'(I)

Consider the Cauchy problem:

dU
%—FAU:F(t,U), s <t < oo, (5.7)
U(s) = Us,

in X, with initial time s > 0. In order to construct local solutions to (5.7), we utilize
the theory of non-autonomous semilinear abstract evolution equations. According to [37,
pages 199 and 200], it is sufficient to prove that F(¢,U) satisfies the Lipschitz condition:

[E(ty, Ur) = F(t2, U2)[| < o(|UL]| + [[Uz]])
X A[AMUL = Ua)|| + (AU + [[AT] [t — t2| + Uy = U2},
(t1,Uy), (t2, Us) € (s,00) x D(A"), (5.8)

where ¢(+) is some increasing continuous function.
Proposition 5.1. F(t,U) satisfies (5.8) with some ¢(-) which does not depend on the
initial time s.
Proof. Since it holds for all # > 0 that

max{|[Re ull o, [Tm ull o} < |lull o < |[Re ullgo + [Im ull o, w € H(I),

it is sufficient to prove (5.8) in the case where U; and U, are real valued.
Since x;(+), ¢ = 1,2, are smooth functions, we see from [37, (1.91) and (1.92)] that

i ()l < o(llvllen), v € HY (D), (5.9)
and
Ixi(v1) = xa(ua) [ < @([[oallan + ool [or = vallmr,  vi,02 € HY(T). (5.10)
In addition, we obtain that
@2 Lo A\, P
H@Xz'(v) . ‘X@' (v) (@) +X¢(U)@ ;
< o[l (vl + [0l )
1 91
< olvlla )l gallvllgaten + vl 120
< ¢(||UHH1)HUHH1+2"7 v E H1+277(I)' (511)
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Let Uy = “(uy,v1,wy) and Uy = *(ug, vg, wy) € D(A"), then
[ F(t1, Ur) — F(tz, Us)|| < |lur — uzl|r,

i s o =] |+ [ - m e
o [t Getion =] |+ | o = o) ovatn] |
+ @l T(z, t)ur = Tz, t2)us| i + gollur — ual[m. 2 (5.12)

Here, we easily obtain estimates for the first and last terms of the right hand side.
Let us estimate the second term. Obviously,

L Tl o) — o0

du; d d2
= %d— (Xl( ) Xl(@)) + U1d 5 (Xl(Ul) — Xl(Uz)).
Due to (5.10),
du; d d
‘ dl;l o (x1(v1) = x1(v2)) . < ‘ % L 1 (v1) — xa(v2) || g

< o(llvilla + lvallg) lws || 20 [lor — val|
< (UL + [[U2D A UL [ Uy — Us |-

On the other hand, by using the same techniques as in (5.10), we have
d2

s (x1(v1) = x1(v2)) .
< x<>[(fl—)—(fl—) o (22 bkt~
Lo Lo
it [ G - ]|+ o0 i
< ey [Cflvl +(f;;2} Loo %_% Lo
| (). pbsten - e
bl i) | = ]|+l | R =i

< O(IU + 12D AU = U2) | + (AL + [[A"U2|) Uy — Ual[}
By (5.9) and (5.11), the third term in the right hand side of (5.12) is estimated by

=) j (o)

Hd X1

Lo

dx1 (U2)

dx Ly

<¢HU2H)(||A"U2IIIIU1 Usl| + [A"(Ur = Ua)]))-

d
%(Ul — Uy)

Jur — g, + H
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The similar techniques are available to estimate the forth and fifth terms of the right hand
side of (5.12).
Finally, from (5.4) and (5.5), we conclude that

|T(z, t1)ur — Tz, t2)ual|m
<NT(, t)| g s — uall g + Nwell g || T (2, 1) — T, t) ||
< C(J|AM(UL = Ua)|| + [[A"Us | [t1 — t2)-

Note that this C' does not depend on the initial time s. Therefore, we verify the desired
estimate (5.8). O

Theorem 5.1. Let 0 < s < 0o. For any Uy € X, there exists a unique local solutions to
(5.7) in the function space:

0<U€C((s,s+Tu]: D(A) NC([s, s + Ty.]; X) N C((s, 5 + Ty, ] X), (5.13)
where Ty, is determined by the norm ||Us|| alone. In addition,
(t—s)AU@)|| + [|U@)] < Cp,, s<t<s+Ty,, (5.14)

where Cy, is determined by the norm ||Ug|| alone. In particular, Ty, and Cy, do not
depend on the initial time s.

Proof. Thanks to Theorem 4.1, we conclude that for any initial value Us, € K, (5.7)
possesses a unique local solution in the function space:

U e C((s,s+Ty.,]; D(A) NC([s, 8 + Tp.]; X) NCH(s, s + Ty, ]; X)

with the norm estimate (5.14).
We notice that U(t) is real valued. Indeed, the complex conjugate U(t) of U(t) is also
a local solution of (5.7) with the same initial value Us. So, the uniqueness of solution

implies that U(t) = U(t); hence, U(t) must be real valued.
The proof of nonnegativity is verified by easier argument than the proof of Theorem 6.3
(put § = 0 in the proof). So, the proof is omitted here. ]

We verify Lipschitz continuity of solutions in the initial data. Let 0 < R < oco. Let

Kr=%X HFX(O; R), where EX(O; R) denotes a closed ball of X centered at 0 with radius
R. Then, there is an interval [s, s + Tx] on which (5.7) has a unique local solution for any
Us € Kg, where Tr > 0 is determined by R alone. Due to [37, Theorem 4.5], we have

(t = )" A"[U(t) = La(@)]]| + U1 (8) — Do) < CRIIU; = UZNl, s <t <s+Tg, (5.15)

where U, (t) (resp. Us(t)) is a local solution to (5.7) for initial data U! € Kg (resp.
U32 € KR)
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5.2.4 Global Solutions

This section is devoted to showing the global existence of solutions. For Uy = *(ug, vg, wg) €
K, let U = *(u,v,w) denote local solutions of (5.6) in the function space (5.13), i.e

0 < U € C((0,Ty); D(A)) N ([0, Ty]; X) N (0, Ty]; X)), (5.16)

Here [0, Ty] denotes the interval of existence of each U = *(u, v, w). We build up a priori
estimates for the local solutions.

Proposition 5.2. There exist a continuous increasing function p(-) and some positive
exponent v > 0 such that the estimate

1T < ple™ [1Usll + lluoll,), 0<t<Ty, (5.17)
holds for any local solution U of (5.6) in (5.16), p(-) and v being independent of Ty .

Proof. In the proof, the notations p(:) and C' stand for some continuous increasing func-

tions and some constants, respectively, which are determined by the initial constants in

(5.2) and by I in a specific way in each occurrence. We divide the proof into five steps.
Step 1. Integrate the first equation of (5.2) in /. Then, in view of u > 0,

d

lullz, =0,
hence,
[u)llz, = lluollz,, 0<t<Ty. (5.18)

Step 2. Let us consider the linear problem:

d
EU + AQ’U = ng(SC t) O0<t< TU,

v(0) = vy

(5.19)

in H'(I)', where H'(I)" is the dual space of H'(I). In (5.19), A, is regarded as a positive
definite self-adjoint operator of H'(I)" with domain H'(I). The operator A, generates an
analytic semigroup e~*42 on H'(I) with the estimate

le™ 2 |eqmry) < Ce™™, 0<t < o0 (5.20)

Then, the fractional power of A, satisfies
1
D(A3) = [H(I)', H'(D)]g = H*(I)', 0<6<3 (5.21)

with norm equivalence.
Meanwhile, since

1T (, tyu(t) — gu T (, s)u(s)ll
< CIT(x, tu(t) - T(x, )u(t)\|L2 + T, s)u(t) — T(x, s)u(s)ll,]
< C {Jlu@llp, 1T, t) = T(, )|+ 1T, 8)l| g ult) = uls)llL,]
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we observe from (5.4), (5.5), and (5.16) that
T (z,t)u(t) € ([0, Ty); HY(I)) N C1((0, Ty]; HY(I)).

Then, according to [37, Theorem 3.4], there exists a unique local solution v to (5.19)
in the function space:

v e C0, Tyl; HY(I)) ne([0, Ty); HY(I)) N €*((0, Ty ); HY(I)').

Moreover, v is necessarily given by the formula
t
v(t) = e 2y + g1/ e~ (g myu(T) dr, 0<t<Ty. (5.22)
0
By the similar arguments, we obtain that
t
w(t) = e g + 92/ e~ sy (1) dr, 0<t<Ty. (5.23)
0

Step 3. Let us estimate v(t). It follows from (5.22) that

t T t—1 t—1 1
Ayu(t) = e 2 Ayug + gl/ ASe’%AQe’%AQAS [T(x, m)u(r)] dr.
0

Note that L'(I) ¢ H1(I) with continuous embedding, i.e., | - |
by (5.20) and (5.21),

t
| Ayv(t) ||y gc{e—dtnAgvon(Hl),Jr/ (t— 1) 5e 20| Tz, r)u(r)| L, dr|.
0

Therefore, we obtain by (5.4) and (5.18) that
lo(®)llm < Clelloollm + lluollz,], 0 <t < Ty (5.24)
By the similar arguments, we obtain from (5.23) that
lw@®llm < Cle™ lwolla + uoll,), 0<t <Ty. (5.25)
Step 4. We shall use the notation
piU) = p(lvllz + lwllm + ullz,), U= "(u,0,w) € X.

Multiply the second equation of (5.2) by 2% and integrate the product in I. Then, by
(5.4),

d ||ov]? '31} 2 0|
— || = +2d || — + 2a4 || =—
dt'@x Ly oz ||, ? || 02 Lo
0%v 0% ||?
= —291/IT(x,t)U@ dx < as 92 L2+C||U/H%2'
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Meanwhile, by Gagliardo-Nirenberg’s inequality (Theorem 2.8),

1 2 ou
lull L, < Cllulln lullz, <G (HUHL2 + ‘ . ) +Co, ullg,
z ||,
with any 0 < (; < 1, hence,
Cl ‘ Ou CCl
UllLy, < . . 5.26
ol < 70 )+ 1 el (5.26)
Therefore, we have
ovl|® ovl|® 9% ou|? )
— || = 2d || — - —I| <cC 5.27
HEE |5 ra|ga| ~e|5m| scemi 6o
with any 0 < (o < 1.
It is the same for w(t). Hence,
owl|” owl|” 0w ||I? 2 9
% % : +2hH— + as W . —Cg - . SCCS HUOHLl’ (528)
2 2 2

with any 0 < (3 < 1.
In the meantime, multiply the first equation of (5.2) by 2u and integrate the product

in I. Then,
) (-) .

2
+ c/ ( ~ Xolw ))) dr.
Lo
Here, on account of (5.24) and (5.25),

[ (Ztaw )

2
< Cllul, (\ Ool" ||ow

ou

d 2
%HUHL2 + 209 9

8x

< ag

O %

2
Ly

Ly ‘

ov
< Cllull flulz, \ H
8:1: 8:6 Ly
0%v 82w
( || o 97 ||,

with any ¢ > 0. Therefore, due to (5.26), we obtain that

ow||?
2
ox? ||,

2
9%v
(jes
Lo

o8

ou

ox

| ‘

d
Sl + al, + (a1 - <>] ) < Cap(Uh).



Now, we sum up this, (5.27), and (5.28). Then, by choosing ¢, (s, and (3 properly,

4 [nun%z el 5]

with 6 = min {1, 2d, Qh}. Thus, we arrive at the estimate

8_w2
ox

o ||?

+0 e

ull2 +‘

] < p1(Uh),

Lo ‘ Lo

lu()llz. < e™*[lluollz, + lvollzrs + llwollz] + pr(To), 0 <t <Ty. (5.29)
Step 5. Let t € [0, Ty] be fixed. Then, from (5.24) and (5.25),

(e )

By regarding U(%) as an initial value, we obtain from (5.29) that

GGG

_d _h
< C[e# funlln +e 8 fwollyn + lluoll,] - (5:30)

|

Hl

+
Lo

s
lu®)ly, <e ' [

t t
(G @, v
Then, due to (5.29) and (5.30),
lu@)lz, < p (e [lluollz, + vl + llwollz] + lluoll, ) - (5.31)
In this way, by (5.24), (5.25), and (5.31), we have established the desired a priori estimate
(5.17). O

It is now possible to construct a global solution to (5.2) by the standard arguments.

Theorem 5.2. For any initial value Uy € K, there exists a unique global solution U =
fu,v,w) of (5.2) in the function space:

0<U € C((0,00); D(A)) NE([0,00); X) N C((0,00); X), (5.32)

Proof. Let Uy € K be initial value. Let us start with the local solution U(t) to (5.6) on
[0, Ty,] obtained in Theorem 5.1 with s = 0. Set Us = U(s) for any s € (0,7y,). On
account of Proposition 5.2, we see that ||Us|| < Cry,, where Cr, = p({|Usl| + [Juol|) and p(-)
is the function in Proposition 5.2.

We here consider the Cauchy problem (5.7). Then, by using Theorem 5.1 again, there
exists a unique local solution V' (t) on an interval [s, s + y,], where a length ¢y, > 0 is
determined by Cp, alone. Note that ¢y, does not depend on the time s. Here, put

_ tUo/Z (lf tUo < TUO),
TUO/2 (lf TUo < tUo)a

and s = Ty, — 7. Then, by the uniqueness of solution, we have U(t) = V(t) for Ty, — 7 <
t < Ty,; this means that we have constructed a local solution V'(¢) to (5.6) on the interval
[0, Ty, + 7]. Note that U(t) and V' (¢) have the same initial value Uy. Since we can choose
the same constant Cy, regardless of U(t) or V (t) due to Proposition 5.2, we can continue
this extension procedure unlimitedly. Each time, the local solution is extended over the
fixed length 7 of interval. So, by finite times, the extended interval can cover any bounded
interval [0, 7). O
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For Uy € K, let U(t; Up) be its global solution of (5.2) in (5.32). From Proposition 5.2,
we obtain the estimate

U Uo)ll < ple™ [0l + lluollz,), 0 <t < oo (5.33)
This jointed with (5.14) provides the following stronger dissipative estimate.
Theorem 5.3. For U(t;Uy), it holds that
IAU(t Uo) |l < (1 +¢7)pe™ | Toll + [luollz,), 0 <t < oo, (5.34)
with some other continuous increasing function p(+).

Proof. In the proof, the continuous increasing function p(-) may vary from line to line. Let
s € [0,00) and consider (5.7) with initial value U; = U(s; Uy). We then apply Theorem 5.1
to this problem to conclude that there exists 7 > 0 such that

IAU# Ul < (8= ) (U5 Uo)ll), s <t<s+.

Note that 7 depends only on ||U(s; Up)|| and hence due to (5.33) only on p(||Us||). First,
applying this with s = 0, we see that

|AU(# Uo)|| < t7'([IU)), 0 <t <. (5.35)
Second, taking s =t — 7, we have

IAU(t; Uy)ll < 7 'p(IU(t = 7:T0))
<7 (e U + uolly,)), T <t < oo

Since 7 depends only on p(||Us||), we obtain that
IAU(t; Uo)| < p(e ™™ 10l + luoll,), 7 <t < oo (5.36)

Combining (5.35) and (5.36), we conclude the desired estimate (5.34). O

5.2.5 Exponential Attractors

Let us construct a non-autonomous dynamical system determined from (5.2). For this
purpose, we consider, for any —co < s < 0o, the Cauchy problem:

dU
%—l—AU:F(t,U), s <t< o0, (5.37)
U(s) = Us,

in X. Here, the nonlinear operator F : R x D(A7) — X is defined by

[ F(0,U), —o0<t<0,
]F(t’U)_{F(t,U), 0<t< 0.

Since F(t,U) satisfies (5.8) in R x D(A"), (5.37) possesses, for any Uy € K, a unique
global solution U in the function space:

0<U € C((s,00); D(A)) N C([s,00); X) N C(s,00); X).
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Let U(-, s;Us) denote the global solution to (5.37) for initial function Us; € X with
initial time s € R. We set
U(t,s)Us = Ult, s; Us)

as a family of nonlinear operators U (t, s) acting on X defined for (¢,s) € A = {(t, s); —00 <
s <t < oo}. Then, the dissipative estimates (5.33) and (5.34) are rewritten as

UL, s; U < ple " NU + Nlugllz,), s <t < oo, (5.38)
and
|AU(t, s; Us)|| < (1+ (¢t — s)_l)p(e_”Y(t_s)HUSH + |usllz,), s <t<oc. (5.39)

For simplicity, p(+) is used instead of p(-).

Since it is clear from the uniqueness of solutions that U(s,s) = I for s € R and
U(t,s) =U(t,r)oU(r,s) for (t,r), (r,s) € A, U(t, s) is an evolution operator acting on
X.

Proposition 5.3. U(t,s) is a continuous evolution operator on X, i.e., the mapping
G:Ax XK — XK, where G(t,s;Uy) = Ul(t, s)Uy, is continuous.

Proof. Let 0 < R < oo and 0 < T' < oo be arbitrarily fixed. We notice from (5.38) that
|\U(t, s)Us|| < p(2R) for any 0 < t — s < oo provided Uy € Kg. For simplicity of notation,
we rewrite p(2R) to p(R). By applying (5.15) with radius p(R), we see that

|U(#,5)Uo = U(t, $)Voll < ComyIUo = Vol Vo, Vo € K,

provided that 0 <t — s < Ty(g).
Let next Tp(R) S t—s S 2Tp(R)- Then,
HU<t73)UO - U(t7 S)%“
= U(t,t = Tom)U(t — Tp(ry, $)Uo — U(t, 6 = Ty U(E — Tiry, 5) Vol
< Cp(R)”U(t — Tp(R), S)Uo — U(t — TP(R), S)Vb”
< C2pylUo = Vil

Repeating these arguments, we see that
[U(t, s)Uo = U(t, s)Voll < CrrllUs — Vol
for 0 <t — s < T with some constant C'rp > 0.

On the other hand, we observe that U(t, s)Uy satisfies the integral equation

¢
Ult,s)Uy = e~ =940, +/ e AR U (T, s)Up)dr, s <t < 0.

S

We can then verify that U(t, s)U, is continuous for (¢, s) with values in X.
Therefore, as ((tl, 81), Ul) — ((to, 80), (]())7

|G (t1, 513 Ur) — G(to, s0; Up) ||
S ||G(t1,81; Ul) — G(tl,Sl; Uo)” + ||G(t1, S1, U()) — G(to, S0, U())H — 0.
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Hence, (U(t,s), X, X) becomes a non-autonomous dynamical system determined from
(5.6).

We proceed to construct an exponential attractor. As shown in Section 4.5, Efendiev,
Yamamoto, and Yagi [60] introduced a version of exponential attractor for non-autonomous
equations. However, in this case, since the norm ||u(t)||z, = ||us||z, is conserved for ev-
ery t € [s,00), no compact set can attract every solution of (5.37) (cf. [77, Section 6]).
Therefore, for each ||us||L, = | > 0, we have to consider a space of initial values like
Kt = { Y(u,v,w) € K;||u|lr, = [} to reset. In the same way as above, for any U, € X',
(5.37) possesses a unique global solution in the function space:

U € C((s,00); D(A)) N €([s,00); K N C((s,00); X1).

Moreover, we can construct the non-autonomous dynamical system (U (¢, s), XK', X) deter-
mined from (5.37).
Let us construct an exponential attractor for (U(t, s), X!, X).

Theorem 5.4. There exists an exponential attractor {M(t)}er for (U(t,s), X', X).

Proof. We verify the sufficient conditions, namely, we show that there exists a family of
closed bounded subset X(t), t € R, of X! having the properties (1) ~ (5) in Section 4.5.
In view of the dissipative estimate (5.39), we consider a subset
B =% NB V(0 2p(2 +1)).
This B is a compact set of X and is a bounded subset of D(A). Since B is also a bounded
subset of K!, we observe from (5.39) that there exists a time t3 such that U(t,s)B C B
for every t > tg + s, where tg is independent of s. We here set, for each ¢ € R, that

Xt)= |J vtsB= |J Uts)B.

—00<s<t t—tp<s<t

Let us see that the family X(¢), ¢ € R, fulfills all the desired conditions. It is clear that
X(t) € X! In addition, since a mapping g : [t — tg,t] x B — XK' such that g(s,Uy) =
Ul(t, s)Uy is continuous and the subset [t —tg, t] X B is compact, its image g([t—t5,t]| x B) =
X(t) is also compact. Hence, the condition (1) is fulfilled.

By the definition of X(t),

X(s)= |J Usr)B.

—oo<r<s

For each r and ¢ such that —oco < r < s <t < o0, it follows that U(t,s) o U(s,r)B =
U(t,r)B C X(t). Hence, U(t,s)X(s) C X(t), i.e., (2) is valid.

Consider any bounded subset B of K'. Thanks to (5.39), there exists a time tp such
that U(t,s)B C B for every t > tp + s. Since B C X(t), this means that the condition
(3) is valid.

In the same way as [60, Proposition 5.1], we prove that the union U;cgX(t) is a bounded
subset of D(A). Hence, there is R > 0 such that U,cprX(t) C K% = KN EX(O; R). We
here set Z = D(A"). Then, (5.15) shows that the condition (4) is valid provided 7* = Tk,
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0 =0, and K(s) = U(s + Tg,s). The estimate provides also the Lipschitz condition of
(5).
Therefore, we have verified that all the conditions (1)—(5) are fulfilled. Hence, [60,
Theorem 2.1] yields existence of an exponential attractor {M(t)}ier for (U(t,s), X!, X).

O]
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Chapter 6

Keller-Segel Equations in Network
Shaped Domains

In this chapter, we study the Keller—Segel equations in network shaped domains of the
form (6.1). We use notations in Chapter 3. The following results are obtained in [32].

6.1 Model Equations

We are concerned with the classical Keller-Segel system on a network shaped domain

(% azui 0 |: 801}

= - i I [2 07 ) ]Z 87
(975 fo 81’1 Y 8@ Hl % ( OO) <
) 24,
861]); = ag—‘;:; — B'Ui + yu; in [z X (O, OO), ]z € 8, (61)
\ui(xi,O) =ud(z;) >0, vi(z;,0)=0)(x;) >0, in I, I€E,
with the Kirchhoff conditions: for each N; € N and t > 0,
VI; € o(N;) Uw(N;),u;(N;,t) has a same value (depending on N; and t), 6.2)
VI; € o(N;) Uw(N;),v;(N;,t) has a same value (depending on N; and t), (6.3)
and
Ou;
Z"(N:. t) = 4
(N =0, (6.4
ov;
—(Nj,t) =0. :
(N, 1) =0 (65)

From the fact (6.16), we know that the total mass of {u;}.ce is conserved for all time
t > 0. Therefore, without loss of generality, it is possible to normalize the total mass of
{u;}1,c¢; consequently, we can always assume that

Z/I wdx; = 1. (6.6)

I;,e€ v
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Remark 6.1. Instead of (6.4), one may impose more natural condition for Keller-Segel
system which describe the conservation of the total flux about wu:

Z [% — uz%] (Nj,t) =0, \V/Nj € N, vVt > 0.

on
I;€o(N;)Uw(N;)

Howewver, this condition and (6.5) imply (6.4). So, it is enough to consider (6.4).

6.2 Local solutions

Let us construct a local solution for (6.1) — (6.6). At first, note that the first two equations
of (6.1) are simply denoted by

% — D~ DuDv] in §x (0,00),
%Zaﬁv—&ﬁ% i §x(0,00).

From this view point, we formulate (6.1) as the Cauchy problem for a semilinear abstract
equation:

%—FAU:F(U), 0<t< oo,

U(0) = U,

(6.7)

in the underlying space X = Ly(G) x H*(G), X being equipped with the inner product
<U7 ﬁ)X — (u7 a)LZ(S) + (/07 6)]’[1(9) B U — t(u,’l}), (7 — t(ﬂ, ﬁ) 6 X

By setting X as above, the nonlinear advection term —D [uDv] can be treated as a lower
term. That is, we can formulate the quasilinear problem as a semilinear problem of the
form (6.7).

By using the results obtained in Chapter 3, the linear operator A is defined as follows:
A = diag{A;, Ay} in X, where A = —D? + 1 of Ly(G) and Ay = —aD? + 3 of H(9).
From Theorems 3.1 and 3.3, the domain of A is given by

D(A) = H*(G) x H3(9) (6.8)

with norm equivalence ||U||pay = [|ul|m2g) +|v||m3(g) for U = *(u,v) € D(A). In addition,
from Theorems 3.2 and 3.4, we know the following characterization of the domains of the
fractional powers:

D(A") = H*(G) x H*(G) for 3/4<n<1 (6.9)

with norm equivalence ||U||pany = ||ullm2n(g) + [[v||g2nt1g) for U = *(u,v) € D(A"). In
what follows, the exponent 7 is arbitrarily fixed such that 3/4 <n < 1.
The nonlinear operator F': D(A") — X is given by

F(U)="u—D[uDv],vu), U ="u,v)e D(AM).

66



Finally, we set the space of initial values by

K-y — U EX;Ogufora.e.S and 0 <w for G, .
v fgudle

In order to construct local solutions to (6.7), we apply Theorem 4.1. To this end, we
prove that F'(U) satisfies the following Lipschitz condition.

Proposition 6.1. F(U) satisfies that, for U,U € D(A"),
IF(U) = F(U)|x
<C [(1 +1Ulx + 1T1NT = Ullogan + (Ullpany + 1T o)l = Ullx| -
Proof. Let U = *(u,v) and U = *(, 7). Since
IF(U) = F(U)llx < llu—@llzys) + |D[uDv] = D[aD)| 1y(g) + 7w = llm ).
it is enough to show that
[DluDv] = D[aDo][| L)
< C [0l + 1T 1N = Tllogan + (1Vllogan + [T lloan)U - Tlx] . (6:10)
We know that
[DluDv] = D[aDoll| Ly < 1D[(w — @) Do]l| ) + [ D[aD(w = )]l 1,
Then,
HD[(U_UDUHLQ —H (u — @)][Dv] + (u — @)[D*v] ||L(9
<[[D(u— )||e(§) 1D 1) + llw = @l 1) HDQUHG@)

< C vl llu = all o) + [0l 2oy llu = @l ras)]
here, the last inequality comes from (3.3). In the meantime,
ID[aD(w = 0)]llza) < C [[lallmeng)llv = 0llas) + 1@l a)llv — 0l o)

by the similar reasons as above. Therefore, due to (6.9), the desired estimate (6.10) is
obtained. []

Then, let us show the local existence of solutions to (6.7).

Theorem 6.1. For any Uy € K, there exists a unique local solution U = *(u,v) to (6.7)
in the function space:

0 < U € C((0, Ty, ]; D(A)) N E([0, Ty, I; X) N CH(0, Ty, |; X), (6.11)
where Ty, is determined by the norm ||Uo||y alone. In addition,
IU®)lpa) <t pollTollx), 0 <t < T, (6.12)

where po(+) is an increasing continuous function.
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Proof. Due to Theorem 4.1, we conclude that for any initial value Uy € K, (6.7) possesses
a unique local solution in the function space:

Ue e((oa TUO]; D(A)) n e([O7TUO]; X) N el((o’ TUO]; X)

with the estimate (6.12). L

We notice that U(t) is real valued. Indeed, the complex conjugate U(t) of U(t) is also a
local solution of (6.7) with the same initial value Uy. So, the uniqueness of solution implies
that U(t) = U(t); hence, U(t) must be real valued. Nonnegativity of local solutions is
proved by similar techniques in the proof of Theorem 6.3. O]

6.3 Global solutions

This section is devoted to showing the global existence of solutions. Let U = *(u,v) be
any local solution to (6.1) in the function space (6.11), i.e

(6.13)

0 <wu € €((0, Tyl H*(S)) N €([0, Ty]; L2(S)) N €1((0, Ty']; La(9)),
0 <w e C((0,Tyl; H*(9)) N ([0, Ty]; H'(G)) N €Y((0, Tu]; H1(S))-

Here [0,7y] denotes the interval of existence of each U = *(u,v). We then show the
following a priori estimates.

Proposition 6.2. Let Uy = *(ug,v9) € K. For any local solution U to (6.1) in (6.13) with
matial value Uy, it holds that

WDl x < C(lUollx +1),  0<t<Ty. (6.14)

Remark 6.2. More precisely, the constant C' in (6.14) depends on the norm |uol|p, )
Howewver, from the view point of (6.6), we do not write the dependence.

Proof. We divide the proof into four steps.
Step 1. Firstly, we observe that

Hu(t)“h(?:) = HUOHLl(g) =1, 0<t<Tp. (6.15)

Indeed, in view of u > 0, u € H2(9), and v € H*(S),

Iee 1 ee
0 (6.15) is valid.
Step 2. Considering that (
that

9 2u)r,(g) = (D*u— D[uDv],2u),(g), we obtain from (3.4)

d
el + 2 1Dl 6 /9u2[D2v]dx.
Here, by Young’s inequality,
2
—/SUZ[D2U]diL‘ < /g (€|u]4 - CE[DQU]Q)dx =€ HuH4L4(9) + C. HDQUHLQ(g)
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with any € > 0. Then, by Gagliardo-Nirenberg’s inequality and (6.15),
4 2 2 2
HUHL4(5) <C HUHHl(g) HuHLl(S) <C HUHHl(g) 5

S0,

d

—lullzyg —<C lullZ,g) + (2 = €C) | Dull 7, ) < C- ||D? (6.17)

2
UHLQ(g)'

In addition, by Gagliardo-Nirenberg’s inequality (Theorem 2.8) and (6.15) again,
2 3 3 / 2 2
6y < €l ey Il 6y < & (Jullg) + 1Dl ) ) + Co

with any 0 < ¢’ < 1, hence,

/
2 g 2 Ca/
ey < 1o DUl + < (6.9

Therefore, by taking ¢ and ¢’ sufficiently small, it follows from (6.17) that
d o 2
lull @) + 1l ) + 1Dul 6 < € ([ D], + 1) - (6.19)

Step 3. Considering that (2%,2v)1,) = (@D?v — Bv + yu,2v)1,(), we obtain from
(3.4) that

d 2 2 2
7 10llyg) + 22 1DVl ) + 28 0ll7, = 27/uvdw < Bl + C lullzy)

It follows from (6.18) that

d
T 101756 + 20 1 D[I7, ) + B [0]17, < & [ Dull, ) + Ce, (6.20)

with any 0 < & < 1.
Step 4. Considering that (22,2D%*v)1,g = (aD*v — Bv + yu, 2D?v)1,(g), we obtain
from (3.4) that

||DUHL2 20 [ D22, o + 2811 Do, = —QV/QU[DQU]d:c, (6.21)
due to & € H*(S). It follows by (6.18) that
—27/9 u[D*v]dr < « HDQUHL +C HuHL2 <a HDQUHL g T & ||DuHL2 ) T Ce
with any 0 < & < 1. Thus,

d 2 2 2 2
i HDUHLQ(g) + HD%”LQ@) + 25 HDUHLQ(g) < & ”DUHLQ(g) + C, (6.22)
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After multiplying a parameter 0 < ¢ < 1 to (6.19), we add the product to (6.20) and
(6.22) to obtain that

d

p [CIIUIIQLQ@) + ol 7,9 + ||Dv||i2(9)] + [C lullZ,g) + B 1101176 + (20 +28) [ DIz,
2

+ (=& — &) HDUHiz(g) + (= ¢C) HD%HLQ(g) < (O + G + O,

Now, fix the parameters (, &1, and & so that « — (C' > 0 and ¢ — & — & > 0. Then, we
arrive at the differential inequality

d 2
= [Nl ) + 0137 +6 ¢l i) + 01| < ©
with 0 = min{(, 8, 2a + 28}. Therefore, we conclude that
_ 2
C”U(t)HiQ(g) + ||v(t)|]ip(9) <e [C [uoll g + ||U0”H1(9)} +C, 0<t<Ty,
so, the desired estimate (6.14) is established. O

It is now possible to construct a global solution to (6.7).

Theorem 6.2. For any wnitial value Uy € K, there exists a unique global solution U of
(6.7) in the function space:

0<U € C((0,00); D(A)) NE([0,00); X) N C((0,00); X). (6.23)

Proof. Let U(t; Up) be the local solution with initial value Uy to (6.7) on [0, Ty, ] obtained
in Theorem 6.1. Set Uy = U(s;Uy) for any s € (0,7y,). On account of the a priori
estimate (6.14), we see that ||Us||x < C(||Uo|lx + 1). Then, by using Theorem 6.1 again
with initial value Uy, there exists a unique local solution U (t; Us) on an interval [s, s+17, |,
where a length 77, > 0 is determined by ||Up||x alone (note that [|Usl|x < C(||Usl/x +1)).
Here, put

Ty /2 if Ty < T,
T =
Ty, /2 if Ty, < T,

and s = Ty, — 7. Then, by the uniqueness of solution, we have U(t; Uy) = U(t; Uy) for
Ty, — T < t < Ty,; this means that we have constructed a local solution U(t; Uy) to (6.7)
on the interval [0,7y, + 7]. Due to the a priori estimate (6.14), we can continue this
extension procedure unlimitedly. Each time, the local solution is extended over the fixed
length 7 determined by ||Up||x alone. So, by finite times, the extended interval can cover
any bounded interval [0, T']. O

Obviously, it is true that
U] x < C(|Uollx + 1), 0<1t<o0. (6.24)
Furthermore, we show the following strong estimate.
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Proposition 6.3. Let Uy € K be initial value. Then, the global solution U(t) = U(t; Uy)
of (6.7) in (6.23) holds that

1Tl < 1+ )p([Uollx), 0 <t < oo, (6.25)
with some increasing continuous function pi(-).

Proof. Let s € [0,00) and apply Theorem 6.1 with initial value Us; = U(s; Up) to conclude
that there exists 7 > 0 (depending only on ||Us||x and hence only on ||Uy||x) such that

IOy < (=) "po(IUsllx), s <t<s+r
First, applying this with s = 0, we see that
IU®lo) <t 'po(Uollx), 0<t<r
Second, taking s =t — 7, it follows by (6.24) that

1U(#)|lpay < 7~ 'po(|U(t — 73 Up)llx)
<7t 'o(C(||Ubllx + 1)), 7<t<oo0.

Combining these estimates, we conclude the desired estimate (6.25). O]

In order to prove the convergence result, we need positivity of u(t). For this purpose,
we introduce the following space:

U .O<uf0r§ and Ogvforg,
@(A)+:{U:(U)ED(A), fgudle }

Theorem 6.3. Let U(t) = *(u(t),v(t)) be the global solution in the function space (6.23)
with initial value Uy € K. Assume that there exists a ty € (0,00) such that U(ty) € D(A),.
Then, it holds that u(t) > 0 for G, for every t € [ty, 00).

Proof. By slightly modifying the following techniques (particularly taking ¢, = 0 and
§ = 0), we can show that u(t) > 0 for G for every ¢ € [0,00). So, we prove the positivity
of u(t) under the condition u(t) > 0.

Put § = ming,ce[min, .7 u;(z;,to)] > 0. In addition, for arbitrarily fixed 7 € (ty, 00),
put Cr = maxy,ee [MaxX,, ycTxro. Divi(2i,t)]. It follows from (6.25) that |C;| < oo.

Regard the solution v € €((0,00); H3(5)) as a known function and consider the linear
diffusion equation on G:

ou 9 .

i = D*u+pDu+qu in G x (ty,0),
where p = {—Dv} and g = {—D?v}.

Now, introduce a cutoff function H(§) such that

1

H(g):§§2for—oo<§<o and  H(¢)=0for 0 < ¢ < oo,

and the function
o0 = [ MGty =5 an, w<i<7
g
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Then, we know that

/ / — du —
O'(t) = (H'(u— de Oft), D +6C.e CTt)LQ(g)

= (H'(u— 6e~"), D*u + pDu + qu + 6Cre™ ") 1)
Firstly,

(H'(u — 56_0Tt), DQU,)L2(9) = —(DH'(u — 56_CTt), D) r,5)
- —(H”(u — 56_CTt)Du, DU)LQ(g)

= —/H"(u — 6e” 9 [Du)*dz < 0.
S

Secondly, since p = {—Dwv} and v € H*(9),

(H'(u—6e"), pDu) ,(g)
= (pH'(u — de~ "), D[u — de~“") 1,5
= —(D[pH'(u — 6 )], u — 5e_cft)L2(9)
= —([Dp|H'(uw — 6~ ") + pH" (u — 6~ ") Du, u — (567071&)[12(9).

Since it follows from (6.25) that ||p|le(g) + | Dplles) < Cllpllasg) < C) < oo, we know that
1
(H'(u— 0", pDu) ,(g) < 3 / H" (u — de~ [ Du)?dx
g

€ [ [Hw = 5O = 8e7O) o B GO~ 5O da
S

- % /9HH(U — 0e” 9 Y[ DulPdx + 4Cp(1).
Here, note that H”(£)&% = H'(€)€ = 2H(€) for any & € R.

Finally, it follows from ¢ + C, > 0 and u > 0

(H'(u — 56_6”), qu + (5C’Te_cft)L2(9)
= (H'(u — (5e*CTt), g+ Crlu)p,9) — Cr(H' (u — 66’0”), u— 5e’cft)L2(9) < 0.

Combining above estimates, we obtain that o(t) < 4C’¢/(t), so that ¢(t) < ¢(0)e*Crt
for tg <t < 7. Since ¢(0) = 0, it follows that p(t) = 0 for ¢, < ¢t < 7; consequently, we
conclude that u(t) > de~¢"t for G, for every t € [to, 7). O

6.4 Lyapunov function

In what follows, let Uy € X be arbitrarily fixed and let U(t) = “(u(t),v(t)) denote the
global solution of (6.7) in the function space (6.23) starting from U;. We can prove the
convergence of global solution U(t) under the assumption that

3ty € [0, 00) such that u(t) > 0 for G. (6.26)

72



For such a U(t), Theorem 6.3 and Proposition 6.3 ensure that

u(t) >0 for G for every t € [ty, 00), (6.27)
and

U () lpay < Ry for every t € [ty, 00), (6.28)

where RO = (1 + tal)pl(HUOHX)
It is well known that the Keller—Segel system has Lyapunov functions, and that is
same for our problem. By combining (2%, logu — v)p,(g) and % H 2|17, (q), We obtain that,

for every t € [to, 00),

ot?

d 2 B
pr [u logu —u — uv + g[Dv] 2fy’U } dx (6.29)

:—/gu[D[logu—v dx—— 9( )

due to u > 0 for G. Therefore,

o s
d(U :/{ulogu—u—uv%——Dv +—v2] dz
W= SoDu+ o

1
- /9 [ulogu — u — uvldr + > (A20,0) 16y a1 (9)

is a global Lyapunov functional of the problem (6.7). It is easy to see that ®(U(t)) > —Cg,
for all t € [ty, 00) with some constant C'r, > 0 depending on Ry.

6.4.1 Stationary solutions

Let us show the following proposition.

Proposition 6.4. The value ®(U(t)) is monotonously decreasing in t > to. Moreover, if
LO(U(t)) |,.; = 0 at some time t > ty, then U(t) is a stationary solution of (6.1).

Proof. The first assertion is obvious from (6.29). Assume that £®(U(t)) |,_; = 0 at some
time ¢ and put U(t) = *(u,v). It follows from (6.29) that

Dllogu —v] =0 and ?;t} = Ay +yu=0 forG. (6.30)

94 — DD (logw —v)] = 0, T is a stationary solution of (6.1). O

Since 5

As for stationary solutions of (6.7), we know the following proposition.

Proposition 6.5. Assume that U = '(u,v) € D(A) is a stationary solution of (6.7), i.e.,
U is a solution of the problem:

0= D?*u— D[uDv] forae. G,
0=aD*—pfo+~u forg,
u>0andv >0 f0r§,

fg udr = 1.

(6.31)

Then, it holds that w > 0 for g,
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Proof. Obviously, v € €%(§) due to H*(G) C €*(§). Furthermore, since D*u = [Du][Dv]+
uD?v € ] €(I), it holds that w € CY(G) N ] C*(L,).

Let us show the positivity of u by contradiction. Assume that there exist I; € & and
a; € I; such that ;(a;) = 0. Then, Dyui;(a;) = 0 due to the nonnegativity of u; (and (6.4)
if a; € {0,1;}). Regard D;v; € C(I;) and D?v; € C(I;) as known functions and consider
the following Cauchy problem:

By the classical results for ordinary differential equations, the solution u; is written in the

form w; = C’lﬂgl) + Cgﬂl(?) with linear independent solutions ﬂgl), Egz) and some constants

C1, C3 € R. Then, considering the Wronskian of ﬂgl) and EZ@) at a;, we know that
C1 = Cy = 0. Therefore, w; = 0 in [;. This implies that @ = 0 for G, which contradicts
fg udr = 1. O

6.4.2 w-limit set

We consider the w-limit set defined by

w(lUp) ={U € X;3t, SNoost. Ult,) = Uin X}. (6.32)
Since the closed ball ED(A)(O; Ry) of D(A) is a relatively compact set of X due to the
compact embeddings H%(G) C Lo(G) and H3(G) C H'(9), it is observed from (6.28) that

w(Up) # 0. Furthermore, since ||U(t) 1

oty < CIUDIZIUOE ) < CEIIUEIG due
to the moment inequality for Az (see (2.16)) and (6.28), we know that
U € w(Uy) if and only if 3t, / oo such that U(t,) — U in @(A%). (6.33)

It is clear that inf, <;coo ®(U(t)) > —o0. Meanwhile, ®(U(t,)) — ®(U) as n — oo.
Therefore, it follows that

lim ®(U(t)) = ®(U) for any U € w(Uy). (6.34)

t—o00

From these results, we obtain the following theorem.
Theorem 6.4. The w-limit set w(Uy) contains at least one stationary solution of (6.7).

Proof. Since ®(U(-)) € C((ty,00);R) and lim; ,o, ®(U(t)) = const., there exists some
increasing time sequence ¢, * 0o such that £&(U(t)) |,_, — 0 as n — oo. Therefore, it
is observe from (6.29) that, as t,, — oo,

Vu(t,)Dllogu(t,) —v(t,)] — 0 in  Ly(9), (6.35)

ov )
E(tn) — 0 1n LQ(S)

Note that (6.35) implies that

D?u(t,) — Dlu(t,)Dv(t,)] = 0 in HH(G) (6.36)

74



since, for w € HL(9),
‘<D2u(tn) — Dlu(t,)Dv(t,)], w>Hé(9)’><Hé~(9)‘
_ ‘(« /u(t,)Dllog u(t,) — v(t,)], \/U(tn)Dw)L2(9)’

< Crollvults) Dllog u(t,) — v(tn)]l Lo l[wll a1 (s)
due to (6.28).

On the other hand, since EQ(A)(O; Ry) is a relatively compact set of D(A2) and
ED(A)(O; Ry) is sequentially weakly closed in D(A), there exists some subsequence ¢, —
oo such that U(t,,) converges to a limit U = (w,7) € D(A) in D(Az) and weakly in
D(A). Then, we know from (6.36) that D*n — D[@Dv] = 0 in H'(§)". Consequently, U is
a stationary solution of (6.7) and U € w(Up) by definition. O

In what follows, let U = *(u,v) € w(U,) be fixed such that U is a stationary solution
of (6.7). Then, Proposition 6.5 ensures that U € D(A);. Now, our goal is to prove that
w(lo) = {U}.

6.4.3 Some extension of ¢(U)

Remember that [, u(t)dz = 1 for every t € [0,00) due to (6.15). In view of this fact,
consider the decomposition
u™(t) =u(t)—u and 0™(t) =0v(t) —7.

Then, for every t € (0,00), u™(t) is in C,,(9)(C La.m(9)), where Ly,,(G) and C,,(G) are
defined in Subsection 3.2.3.
Since U € D(A),, there exist constants 0 < dy < &; and r > 0 such that

So <um+u<é forG if u™ e BSmO)(0;p). (6.37)

In view of this fact, we introduce a smooth extension of ({log& — &) on the whole line R
such that

X(§) =&logg =& for £ € (do/2,261) (6.38)
and the values x (&) for £ € (—o00, /2] U [201, 00) being defined suitably as follows; there
exist constants 0 < xp < x1 such that

YECR) and xo<X"(€) <xi, E€R (6.39)
Obviously,
X : (d0/2,201) — R is analytic. (6.40)
Introduce the space
X = Lom(9) x H'(S)
and the functional ¥ : X, — R given by, for U™ = (u™, v™) € X,,,
w({um)
1
_ / X+ 07) = () (704 5 (AT 4 07T s
g
It is observed from (6.39) that W(U™) is defined for every U™ € X,,. In addition,
V(U™ =dU +U™) if u™ € BE)(0;7) due to (6.37) and (6.38).
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6.4.4 Differentiability of V(U™)

In order to prove the convergence result, the Fréchet derivative of W(U™) plays an impor-
tant role. Identifying Lo ,,(G) with its dual L,,,(G)’, we regard X/, = Lo ,,(G) x H'(G).

Proposition 6.6. The function ¥ : X,, — R is Fréchet differentiable with derivative

sy _ PN (@4u™) = (0 +0™)] / m_t,m . m
v'(U )—( %Ag(Uqum)—(ﬂ—l—um) )EXm for U™ ="(u"v") € X,,, (6.41)

where P is given by (3.6). In particular, ¥'(0) = 0.

Proof. From the simple calculation, we know that, for G™ = (g™, h"™) € X,,,

V(U™ +GM) = W(U™) - < ( gﬁ‘;gifﬁg - gi:ﬁ)} > ’Gm>x;nxxm

B /9 @+ u™ +¢™) = x(@+ ™) = X' (@ + ™) — g"h"] de

1 m m
o V™ ) oy

Due to (6.39),

/ (@ +u™ + g™) = x(@+ ™) = X' @+ ™) de| < xallg™ 7y,
g

S0,

WU+ G — WO~ (V(U™), Gy, x| < CIGM R, (6.42)

Hence, the Fréchet derivative (6.41) is obtained.

Remember (6.30). Particularly, since w,v € H(G), we know that logu — v = const
which does not depend on I; € €. Hence, Pllogu — v] = P[x/(u) — 7] = 0 due to (6.37);
consequently, ¥'(0) = 0. O

Due to (6.39), it is easy to see that W' is Lipschitz continuous, i.e., there exists a
constant Lo > 0 such that

|W/(U™) =V (U™ x: < Lo|U™ = U™||x,, for any U™, U™ € X,y (6.43)

6.5 Asymptotic Convergence of Global Solutions

In this section, we conclude the main result of this chapter. As stating in Section 6.4, we
assume that the global solution U (t) = (u(t), v(t)) starting from Uy € X satisfies (6.26).
Let U = *(u,v) € w(Up) be a stationary solution of (6.7) and U € D(A),. Furthermore,
Um(t) ="(um(t), v (1)) = "(u(t) — w,v(t) — V).

We introduce the following two spaces

W =Cn(9) x H*(S) and X '= HY(G) x Ly(9).
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6.5.1 Key properties of ¥
Let us show the following angle condition in W.

Proposition 6.7. Let t > ty. For sufficiently small rq > 0, there exists a constant € > 0
such that

d " m aom "
—— V(U™ (1)) = e V(U™ (O Lon(®)xLa(9) || (1) for U™ (t) € BY(0; 7).
dt dt -1
(6.44)
Proof. Firstly, we show that
d m m
—%‘I’(U () = VU™ )7, xLa(5) (6.45)

with some constant €’ > 0. Here, let ry be chosen small enough such that (6.37) is satisfied
if U™(t) € BY(0;70). Then, by using a version of Poincaré-Wirtinger inequality (3.7), we
obtain that

120X (w(®)) = 0(O)]|o.m(s) < CIDIX (w(t)) = 0(O)]]] o ms)

< %u\/wmx%u(m — (0]l (e

Therefore, (6.45) is obtained from (6.29) and (6.41).
Secondly, we show that

2

—%\I/(Um(t)) >

aom

—=( (6.46)

xX-1

am™

o> this is immediately observed from the

with some constant ¢’ > 0. Noting iz_(i =
estimate: for w € H'(9),

[(D?u(t) = D[u(t) Dv(t)], w) 11 )|
— |(Du(t) — u(t) Do(t), Dw) Ly | < V& Valt)DIY (w(t)) = v(®)] a0l ).

Here, (6.37) is used again.
Combining (6.45) and (6.46), we obtain the desired angle condition (6.44). O

Next, we can also show the following Lojasiewicz-Simon inequality.

Proposition 6.8. For sufficiently small 1 > 0, there exist an exponent 0 < 6 < 1/2 and
a constant € > 0 such that

O (U™ ||x, > E[TU™) = W(0)|" if U™ e BY(0;m). (6.47)
The proof of the proposition will be given in Section 6.6.
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6.5.2 Asymptotic convergence of u(t) to u

We give a main result of this chapter: the convergence of U(t) to U in X! as t — oo.
If W(U(t)) = ¥(U(s)) for some ty < s < t, then W(U(7)) is constant with respect to
7 € [s,t] and Proposition 6.4 yields that U(7) is a stationary solution, i.e., w(Uy) = {U}.
So, it is enough to consider the case where W(U(s)) > W(U(t)) for any pair of tg < s < t.
Let us begin with proving the following crucial proposition. Let » > 0 be a radius so
that (6.44) and (6.47) is satisfied in a ball BV (0;7).

Proposition 6.9. Let tg < s <t < oo be such that, for all T € [s,t], the values U™ (T)
stay in BV (0;7). Then, we have

[U™ () = U™ (s)[lw < CTT(U™(s)) = W(0)]3, (6.48)

w|>

where C' > 0 depends on 0, €, £, and Ry.
Proof. Since W(U™ (7)) > ¥(0) for s < 7 < t, we observe from (6.44) that

— L@ () = WO = 0[O () — WO L (7))

dr
> [0 (U™ (7)) — L) MW (U™ ()| Lo (9)x Lo (S) Cg—tm(ﬂ

xX-1
Since |[W'(U™ (7)) Lo.m(5)xL2(5) = ClI ' (U™(7))||x:, » it follows from (6.47) that

d auom

—[W(U™(7) = W) > Ceed||——~(7)

x-1
Integrate this inequality on [s,]. Then,

() - WO - [wE o) - vo) = ¢ [ 0|

> ClU™(#) = U™ ()]l x- (6.49)

On the other hand, since D(A%) is continuously embedded in W, it is observed from
(3.31) and (3.40) that
1
1O () = U™ (s)llw < Cro[U™ () = U™ (5) ]| %1 (6.50)
By combining (6.49) and (6.50), the desired estimate (6.48) is concluded. O
Due to (6.33), there exist some time sequence ¢, * oo and an integer N such that,

for all n > N, |[U™(t,)|lw < £ and C[U(U™(t,)) — ¥(0)]5 < %, here C' is the constant

3
obtained in (6.48). Assume that, for all 7 € [ty,t], the values U™ (1) lie in BV (0;7).

Applying (6.48) with s = ¢y, we observe that
U™ (Ollw < U™ (@) = U™ () llw + [0 () lw

2r

< CLU(U™ (tn)) = TO)]5 + U™ () [lw < 3

This means that, after the time ¢y, the trajectory must remain in the ball BV (0; 23—7")
forever.
It is now ready to prove the asymptotic convergence of U ().
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Theorem 6.5. Let U(t) be the global solution starting from Uy € X satisfying (6.26) and
take a U € w(Uy) which is a stationary solution of (6.1). Then, actually w(Uy) = {U}
and it holds the following estimate

[U™ ()] x-— < C[U™(t)) = ©(0)]°, V> t, (6.51)
where U™(t) = U(t) — U and 0 is the exponent appearing in (6.47).

Proof. Let ty < s < t,; since U™ (1) € BV(0;7) for all T € [s,t,], the inequality (6.49) is
available with ¢ = t,, to conclude that

[T(U™(5)) = W) = [W(U™ () = ¥(0))" = CU™ (ta) = U™ (s)]| x-.
By taking limit n — oo, we obtain that
[T ()llx-1 < CTHR(U™(s)) = ¥(0)), s > t,
since U™ (t,) — 0 in W, O

When U € D(A),, the condition (6.26) is satisfied automatically with o = 0. So, we
obtain the following corollary.

Corollary 6.1. For any Uy € D(A)+, the global solution U(t) starting from Uy converges
to a stationary solution U € w(Uy) and it holds the following estimate

IU™(®)|x- < CLEU™ () = T(0)]", V¢ > ty. (6.52)

6.6 Proof of Lojasiewicz-Simon inequality

In this section, we prove the Lojasiewicz-Simon inequality (6.47). The following proof is
based on the techniques in [29, Section 4]. We divide the proof into five steps.
Step 1. For the eigenvalue problem

A2_16n = HUnn in L2(9)7

due to a theory of compact operator and (3.18), we know that there exist a Hilbert basis
{en}nen(C H?(9)) of Ly(G) and positive eigenvalues {1, fnen such that g, N\, 0 as n — oo.
For each N € N, considering orthogonal projection @y from Ls(G) onto span {ey,...,en},
the estimate

10117, < 1QnvIZ,(6) + ivi1 (A20,9) i (gynmi(gy, v € H'(G) (6.53)

is obtained.
From this result, it is observed that the mapping © : X,, — X/ given by, for U =
Hu,v) € X,

o) = V'(U) + ( Acng ) = ( %ﬂﬁ(ﬁ?ﬂlfﬁvﬁ% ) ’

is a coercive monotone operator if N € N and A > 0 take sufficiently large.
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Proposition 6.10. For sufficiently large N € N and A > 0, there exist 0 < Ly such that

1 . . . .
—[U -0} < <@(U) —0(0),U - U> . UU € X (6.54)
1

X XXm

Proof. Since x'(§) — X’(f) = fol X"(0€ + (1 — «9)5)(1«9 X (£ — 5) for £,€ € R, it is observed
from (6.39) that xo(€ — €)% < (xX'(€) — x'(€))(€ — €). From this, it is easy to obtain the

estimate

(vw)-w©).v-0)
X! X Xm

> L o0 = 9),0 = B gy + 2l — a2 — o — 312,

=5 HY(S) x H(S) 9 2(9) Yo 2(9)

After multiplying A > 0 to (6.53), we add the product to this inequality. Then, by
choosing A > 8/xo and taking N € N sufficiently large (so that py1 sufficiently small),
we obtain the desired estimate (6.54). O

It follows by (6.54) that © : X,,, — X is injective. In addition, by the Browder-Minty
theorem (see [96, Theorem 9.45]), © is surjective. As for its inverse ©7! : X/ — X,,,, we
obtain by (6.54) that

1071 U*) — 07 (U")||x,, < Li|U" = U*||x;, forall U*U*€X]. (6.55)

Step 2. We introduce 90° € L(X,,, X}, ) defined by

P 0 X”<ﬂ) —1 /
00" = ( 01 ) ( S LA, 4 AQy ) € L(X,,, X]). (6.56)

By using the same techniques in the proof of Proposition 6.10, it is obtained that L% |U]%,, <
(00°U,U)y, «x,. for U € X,,. Therefore,

00" is a linear isomorphism from X,, onto X! . (6.57)
Here, we introduce the following two spaces:
Zm = Cn(8) x H*(G) and Y, = C(9) x Ly(9).
As a restriction of ©, consider the mapping © : Z,, — Y,, such that

&(U) = ( %Aggﬁ(vﬂ)t?ﬂ;%ﬁ/{]cm > €yY,, U= ( ! ) €Zn. (658

Remember that P given by (3.6) becomes a bounded linear projection from C(G) onto
Cm(9). Then, we can show the following proposition.

Proposition 6.11. © : U(0) C Z,, — Y,, is an analytic function, where U(0) is a
neighborhood of 0 in Z,,.

Proof of the Proposition. It suffices to prove that the mapping F : B¢ (0;7) — €,,(9)
given by F(u) = Px/'(u + ) is an analytic mapping, where r > 0 is in (6.37). The proof
is similar to that of Proposition 2.1, so we omit it. O
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Particularly, its first derivative © : U(0) — L(Zm, Yy) is given by, for U = *(u,v) €

o s (PO [ X'+ -1
o) = ( 0 1 ) ( —1 14+ AQw ) € L(Zin, Yin)-

Here, we want to apply the inverse mapping theorem (Theorem 2.3). To this end, we
show the following proposition.

Proposition 6.12. ©'(0) : Z,, — Y,, is bijective.

Proof of the Proposition. Let *(z,w) € Y,,. Then, since ‘(z,w) € X/, it follows from

(6.57) that there exists a unique (g, h) € X,,, such that

a@(] g _ P[X”(ﬂ)g - h] _ z
h ) %AQh—gjLAQNh S \w )
Firstly, since %.Agh = g—AQnh+w € Ly(G), we know that h € H?(G) due to Theorem 3.1.
On the other hand, since 1/x”(u) € C(9), we obtain that

1 Jo X' (@)g — hdx
X”(u) ZLES ll
Therefore, ©’(0) is a bijection from Z,, onto Yj,. O

Due to Propositions 6.11 and 6.12, it follows from Theorem 2.3 that there exists a
neighborhood V(0) C Y,, (note that ©(0) = 0 due to Proposition 6.6) such that

© : U(0) — V(0) is an analytic diffecomorphism, (6.59)

by retaking U(0) small enough.
Step 3. Consider the following finite dimensional linear space

Exn = {0} x span {ey,...,exn} C Zp,

with its norm || - ||g,. From the fact that any two norms on a finite dimensional linear
space are equivalent, we particularly know the norm equivalence

100, v)[y = llvllm1()  for '(0,v) € E. (6.60)
Then, we can show the following proposition.

Proposition 6.13. There exist a constant C' > 0 and a radius r1 > 0 such that

1( 0071 (*(0, AQN)) ||z
> C|W o 07110, AQnv)) — T (H(0,0)]*%,  |Jvllmg) < 1. (6.61)

Proof of the proposition. It is observed from similar techniques to the proof of Proposi-
tion 6.11 that ¥ is analytic as a function from U(0) C Z,, to R. By combining this fact
and (6.59), we know that

ToO7':V(0)N Ey — R is an analytic function from Ey to R. (6.62)
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Therefore, we can apply the classical Lojasiewicz theorem [10] to obtain that there exist
0 € (0,1/2] and a neighborhood W(0) in Ex such that

1(¥ 00~ (U°) = (¥ o071 (0)|lm
>ClToO YU —Too H0)'?, U eW(0).

Here, note that (¥ o éflz'(Uo) = V(O HU) o (O671)(U°) by the chain rule, so that
(T oO1)(0) =0 due to ©71(0) = 0. Therefore, we obtain that

(T 0O ) (U%)py, = Cl¥ o0 (U) = w(0)'’, U eW().
Thus, (6.60) implies (6.61) O

_Step 4. Let us give estimate of the left hand side of (6.61). It follows from (6.59) that
1O (*(0, AQnv)) | e(By,xm) < Ciy if [|0][m1(g) < 1. Therefore,

102 0 071 ("(0, AQuv))ll g, < Cry [W'(O7(*(0, AQw)))llxy, -
For arbitrarily fixed u € Lo, (9), we know that

1O (*(0, AQwv))) llx;, < [[(O©71((0, AQxv))) — W' (" (u,0)) s, + H‘I"(t(uyv))yxn)
6.63
Then, since it follows by (6.55) and the definition of © that

107 ("(0, AQNv)) — "(u,v)lIx,, < Lall ' ("(u, )l xs, (6.64)
we know from (6.43) that
1(©71("(0, AQnv))) — ¥'("(u, v)) xy, < LoLa[[¥'("(u, )1 xy,.
Therefore, for *(u,v) € X, such that ||v||g1g) < 1,
19" (*(u, 0)) | x;, = C| 0 ©7H((0, AQwv)) — T (*(0,0))*. (6.65)
Step 5. From (6.42) with U = *(u,v) and G = ©~1(*(0, AQnv)) —(u,v), it is observed
that
U (*(u,0)) = ¥ o O (0, AQxv))| < W'(*(u,v))llx;, 107 ((0, AQxv)) — *(u,v) | x,,
+CO7 (0, AQww)) — *(u. )%,
By using (6.64), we know that
V(" (u,0)) = ¥ o O71((0, AQuv))| < CIW'(‘(u, v))I,,. (6.66)
Therefore, we obtain that, for *(u,v) € X, such that ||v]| g1 < 71,
P ("(u,v)) = ((0,0))]
< [(*(u,0)) = T o O (0, AQNv))| + [T 0 ©71(*(0, AQxv)) — ¥('(0,0))]
< I (s 0)) e, + (o))
Due to (6.43), it is possible to choose sufficiently small 71 > 0 such that [[¥'(*(u, v))||%, <

197 (*(u, 0) [0 for all (u,v) € BX7(0;74).
Since W is continuously embedded in X,,, we have established the desired estimate

(6.47).
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Chapter 7

Quasilinear Diffusion Equations

In this chapter, we consider the initial-boundary value problem for a quasilinear parabolic
equation.

As a motivation to consider this problem (7.1), we want to study asymptotic behavior
of solutions of (5.2). However, it is very difficult to investigate the time evolution of solu-
tions in detail. One of the reasons for this difficulty is that (5.2) is an advection-reaction-
diffusion equation with three components. Furthermore, the moving target 7'(x,t) makes
it hard to investigate the stationary state. Therefore, we intend to simplify the original
model. First, we assume that the target is stationary, i.e., T'(x,t) = T(z). Next, we as-
sume that the sensitivity functions are of the forms y;(v) = Viv and xo(w) = Vow, where
Vi and V; are some positive constants. Finally, we assume that ¢g; and d are sufficiently
large, so that v is in quasi-equilibrium state, i.e., v = (¢1/d)T(z)u. It is the same for
g2 and h; therefore, w = (g2/h)u. By substituting these for y;(v) and xo(w) in the first
equation of (5.2), we obtain that

u Pu 0 { 0 <91V1T(:1:) B 92V2> u] .

ot~ "o or |Yor \d h

Putting ay = a, G(z) = g2Va/h — (¢:V1/d)T (z), we then arrive at (7.1).

On the other hand, Iwasaki and Hatanaka have applied these analytical results to
theoretical understandings evolutionary computation, which is one of the famous compu-
tational algorithms to black box function optimization problems [97].

In [33], we consider the problem (7.1) with the Neumann boundary conditions, but
we present some results with the periodic conditions in this chapter.

7.1 Model Equations

We are concerned with the initial-boundary value problem for a nonlinear diffusion equa-
tion

du Pu O 0 ,
5% = Yo + pp {u%(G(x)u)} in 7 x (0, 00),
_ Ou . _ Ou (7.1)
u(0,t) = u(1l,t) and a:L_(O,t) = ax(l’t) on (0,00),
u(z,0) = up(x) in I,
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in the unit open interval I = (0, 1). Note that the first equation of (7.1) is rewritten as

ou 0

5 o [(CL + G(x)u)gu} - Q[G'(x)uQ]. (7.2)

We assume that a > 0 is a positive constant. We also assume that
G e exL() (7.3)
and there exists a positive constant ¢ > 0 such that
c<G(x) inl. (7.4)
The space of initial functions is set by
K = {ug € Hp(I);up(z) > 0in I}. (7.5)

Here, C4(I) = {u € €*(I); u(0) = u(1), v'(0) = /(1) and v"(0) = v"(1)} and Hp(I) =
{ue H(I); u(0) = u(1)}.

In Section 7.2, a local unique solution to (7.1) is constructed for each initial value
up € K. In Section 7.3, some regularity properties of local solutions are verified, which
is necessary to obtain a priori estimates. In Section 7.4, we establish a priori estimates
for local solutions to obtain the global existence of solutions. Section 7.5 is devoted to
investigating the stationary problem of (7.1). Finally, in Section 7.6, we show that each
global solution converges to a corresponding stationary solution.

7.2 Local Solutions

Note that H5(I) C Ly(I) with dense and continuous embedding. Therefore, a triplet of
spaces Hp(I) C Lo(I) C Hp(I) is constructed.
Problem (7.1) is written as the Cauchy problem for an abstract equation

du
E—i—A(u)u—F(u), 0<t< oo, (76)
u(0) = uo,

in X = HH(I)'. Here, A(u) is a linear operator defined for u € Z = H}(I), where
1/2 < &1 < 1. For u € Z, let us consider the sesquilinear form

duy dug
a(u;uy, ug) = /I(a—l— G(z)x(Re u))d_:;d_;dx + /Iulﬂgdx

on HL(I). Here x(u) is a smooth cutoff function such that y(u) = u for u > 0 and
x(u) = —0 for u < —4, 6 > 0 being some small positive constant such that 2||G||¢d < a.
Then, due to (7.3) and (7.4), the sesquilinear form a(u;-,-) is continuous and coercive.
More precisely, a(u; -, -) satisfies that

la(u; ur, )| < M fJuall g luzll g, wr,ue € Hp(D), (7.7)
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and
Re a(u;uy,u) > min{a/2, 1} ||ui||3: u; € Hp(I), (7.8)

where M, > 1 depends on |lu|lz (note that [julle < Cllullz due to (2.6)) and ||G|le.
Therefore, a(u; -, -) defines sectorial operators A(u) : H5(I) — HA(I)' such that

a(u;uy, ug) = (A(u)ul,m)H}D,X]{}D, uy, uy € Hp(I). (7.9)

with angles waq,) < 7/2. We define A(w) in (7.6) as this one.
The nonhnear operator F': W — X is given by

F(u) = ut (G ).

Here, W = H7 (1), where ¢ < g9 < 1.

Let 0 < R < 00, and let A(u) be defined for u € Kr = {u € Z;||ul]|z < R}. According
to Theorem 2.10, we can see from (7.7) and (7.8) that the spectrum o(A(u)) is contained
in a fixed open sectorial domain, i.e.,

o(A(u)) C E,, ={A € C;|arg\| <wgr}, ue Kg (7.10)
with some angle wy) < wrp < /2, and the resolvent satisfies

Mg

H()‘ - A(“))_IHL(X) < W;

AN¢S,., u€c Kp, (7.11)

with a constant Mg > 1. Furthermore, the domain of A(u) satisfies
D(A(u)) = Hp(I), u€ Kg. (7.12)

Let us set Y = H'(I) with a third exponent ¢y chosen so that 1/2 < ¢y < ;. Thanks
to the assumption of x(u), it holds that

[x(Re u) — x(Re v)¢

1
/ X' (ORe u+ (1 — 0)Re v)dh - (Re u — Re v)
0

(¢
< C(llulle + llolle) llu = vlle

SCRHU—UHya U,UEKR.
Therefore,

A(U)]Ul,U2>H1/ H} |

duy duy
X(Re u) — x(Re v)]%%dx
du1 dU2
< =
< [Glelx(Re )~ x(Re v)le | T2 |G|
2 2
< CrllGllellu = vllyluslla lluzllsr, — wi,ue € Hp(D),  u,v € K.
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This inequality implies that

1A ) = A@)] A@w) ™| )
< Cr|lGllellu =2y, wu,ve Kg. (7.13)

The nonlinear operator F' satisfies

1P ) - Pl
< o=l + |G @+ =0
<CL+ G (ull + ol e =l w0 € W an

By similar techniques to the proof of Theorem 3.2, we verify that, for any 3/4 < 6 <1,
D(A(uw)?) = [HH(I), HH(I)]g = H¥'(I) with a norm equivalence (although u is not in
Hp(I) but in Z = H(I)). Thus, by setting o = (1 +¢0)/2, 8 = (1 +¢€1)/2, and
n = (1 + &3)/2, we see that, for any u € Kg, D(A(u)*) =Y, D(A(w)’) = Z, and
D(A(u)?) = W with the estimates

lally < DyllA(w)*allx, @€ D(Au)*), u e K,
@l , < Ds HA(u)ﬁﬂHX, o€ D(A(u)?), u€ Kg, (7.15)
D(A(u)"), u € Kp,
D; >0 (i = 1,2,3) being some constants depending on R. The initial value ug € KrNXK

satisfies
uy € D(A(ug)) = Hp(I). (7.16)

The exponents satisfy the relations

z§1<a<ﬁ<n<1' (7.17)

Theorem 7.1. For each ug € KrNXK, there exists a unique local solution to (7.6) in the
function space:

(7.18)

{o < u € C([0, T, ); HH(I)) N € ([0, TuJ; Y) N €((0, T ; HA(I)'),
F(u) € F7((0, T, ); Hh(I)),

with 0 < o < min{f — a,1 —n}, where T,, is determined by the norm ||uol|g1,. Further-
more, u satisfies the estimates

[F (w510 + max [|A(u(t))u(t)| gy < Ro (7.19)

0<t<Ty,
with a constant Ry determined by the norm |uo | gy, -

Proof. Let us apply a Theorem 4.2 to construct local solutions to (7.6). Conditions
(7.10) — (7.17) imply that the conditions of Theorem 4.2 are satisfied. Therefore, for any
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uy € Kr N X, there exists an interval [0,7,,] such that (7.6) possesses a unique local
solution in the function space:

{u € C([0, Top); Hp(I)) N €1=([0, T ; Y) N €L((0, T J; HE (1)), (7.20)

F(u) € 77((0, T ] Hp(I)'),

with 0 < o <min{8 — a,1 —n}, where T,,, is determined by the norm [[uo[/z1,. Further-
more, u satisfies the estimates (7.19).

Let us show the nonnegativity of local solutions of (7.6). For ug € Kr N X, let u(t)
be the local solution of (7.6) constructed above in (7.20). Firstly, since ug is real valued,
the uniqueness of the solution yields that wu(¢) is real valued.

Let H(u) be a €' cutoff function given by H(u) = u?/2 for —co < u < 0 and
H(u) =0 for 0 < u < oo. Since u € €([0,T,,]; Hp(I)) N CY((0,T,,]; HH(I)'), we see that
Y(t) = [, H(u(t))dx is continuously differentiable with the derivative

U8 = ()4 ) sy ey 0 < £ < T
where (-, ) g1 gy is & duality product of {HL(I), Hp(I)'}. Therefore, we have

() = <H'(u(t))’ 5 {(@ ’ G(x)X(““)))%““)} >H;>xH%x

+ <H’(u(t)), % [G’(w)u(t)z}>

HLxHY
Due to the assumption of x(-), we see that

<H’(U(t)), (% [(a + G(x)X(u(t)))%u(t)} >H},xH};

2

4 dx

—H'(u(t))

and

<H’(u(t)), % (G (z)u(t)?] >

2
a
< =
<5

dz + C||H' (u(t))||2, GG
Therefore, we obtain that

HLxHY
0

—H'(u(t))

Y (t) < C|Glew(t), 0<t<T,,

S0,

Y(t) < ¢P(0)exp (C||Gget), 0<t<T,.
Then, ¥(0) = 0 implies ¢ (t) = 0. Thus, u(t) > 0 for every 0 <t < T,,. ]

Since u(t) > 0, it holds that x(Re u(t)) = w(t); this then means that the local solution
of (7.6) is regarded as a local solution to the original problem (7.1).
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7.3 Some Regularity Properties

As will be seen in the next section, we have to obtain the a priori estimate of the form
(7.27) to show the global existence. To this end, it is necessary to verify some regularity
property of local solutions in the variable t. Our goal is to prove that, for ug € K N K,
the local solution constructed above enjoys the regularity

u € C((0, T J; Hp (1)) N € ((0, T 5 La (1)),

so that % }%Hiz is well-defined.

Firstly, we prove the following lemma.
Lemma 7.1. Let 0 < 7 <T,,. Then, it holds that

sup [ A[)" " (u(t) | my < Cry (7.21)

T<t<Ty,
with some exponent 0 < p < o.
Proof. We regards u(t) as a solution of the linear problem

d
d—? Y A(u=F(t), T<t<Ty

u(T) = ur,

(7.22)

in Hp(I). Here, the linear operator A(t) is given by A(t) = A(u(t)), and the function
F(t) is given by F(t) = F(u(t)). In order to apply Theorem 4.4 (with X = Hp(I)") to
(7.22), we verify the conditions in the theorem.

The conditions (7.10), (7.11), and (7.12) implies that (4.18), (4.19), and (4.20), re-
spectively. In addition, (7.13) and u € €'=%([0,T,,]; V) imply that

A(t) — A(s)]A < Nplt—s/'® 0<s,t<T,
Il :

(5)_1”L(H};)

with Ng, > 0, that is, (4.21) holds true with p =1 — a.

The external force F satisfies (4.22) since F(u) € F47((0,T,,); HH(I)') and 0 < p. In
the meantime, for all 7 <t < T,,, u(t) € H5(I) implies that F(t) € Ly(I) = D(A(t)/?).
Therefore, for arbitrary 0 < p < o,

IA@F (@)l = [1AC) A 2 E @)y < IAG Y e 1A®) Ly
< CRO||FHL27
thus, we verify (4.23). Finally, note that u, € Hp(I) = D(A(1)).

Let us apply Theorem 4.4 to (7.22). Then, we obtain from (4.24) the desired estimate
(7.21). O

Due to this Lemma, we have

[ut) = u(s)|lmy, < Crolt — s[* (7.23)
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with = p/(1+4p). Indeed, by applying generalized moment inequality (2.17) with 6, = 1
and 6, =1+ p,
[u(t) = uls)l|l iy < CrollA®)[u(t) — uls)]l|my
< Cry G| A1) [u(t) = uls >]||” () = u(s) 7y

Hll Hl/

< O Collult) — u(s) ||,

Hl/

In addition, since u € C'([r,T,,]; HH(I)"), we obtain the desired estimate (7.23).
Now that we can show the following Theorem.

Theorem 7.2. Let 0 < 7 <T,,. Then, it holds that

u € C((1, Ty ]; Hp(I)) N C (7, T l; La(1)) (7.24)
with the estimate
du
lu@llz, + =) [l @)+ E=D)[u®lng < Croy 7 <t <Ta. (7.25)
Lo
Proof. We regards u(t) as a solution of the linear problem
du ~
- <
i + A(tu=F(t), 7<t<T, (7.26)

u(T) = ur,

in Ly(I). Here, the linear operator A(t) is the part of A(t) in Ly(I), and the function F(t)
is given by E'(t) = F(u(t)) in Ly(I). In order to apply Theorem 4.3 (with X = Ly(I)) to
(7.26), we verify the conditions in the theorem.

It is obvious from Theorem 2.10 that (4.18) and (4.19) are fulfilled. In addition,
since (a 4+ G(x)u) € HL(I), it follows from Theorem 2.11 that D(A(t)) = H2(I) for all
T <t <T,; so, (4.20) holds true.

Meanwhile, for ve Hi (D),

[A(t) = A(s)Jo = ——— | Gla)[ult) —u(s)] 7| -
Therefore, due to (7.23),

ITA®) = A(s)]ollz, < Cllult) = u(s)llmpllollug < Clt = sl loll s,

that is, (4.21) holds true.
Furthermore, due to (7.23) again,

[1E(t) = F(s)]|z
< flu(t) = uls)z, + II%[G'[U(t) +u(s)][u(t) = u(s)]l,
< Oy llu(t) = uls)llay < Cuolt — s[*,

thus, F(t) € C*([, Tu,); L2(I)); this implies (4.22) (with o = u) due to (2.1).
Let us apply Theorem 4.3 to (7.26). Then, we conclude the desired temporal regularity
(7.24) with the estimate (7.25). O
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7.4 Global Solution

For uy € K, let u denote any local solution of (7.6) on [0,7,] in the function space:
0<wue€C0,T,]; Hp(I)) N C([0,T,); Hp(I)) N CH((0, T,]; Lo(1)). (7.27)
We then show the following a priori estimates.

Proposition 7.1. There exists a continuous increasing function p(-) such that, for any
local solution u of (7.6) in (7.27) with initial value uy € K, it holds that

lu@llmy, < plluollmy), 0 <t <T. (7.28)

Proof. In the proof, the notations C' and p(-) stand for some constants and some con-
tinuous increasing functions, respectively, which are determined by the initial constants
and ||G|lez (see (7.3)) and by I in a specific way in each occurrence. In the following, we
divide the proof into four steps.
Step 1. Let us integrate the first equation of (7.1) in I. Then, obviously, < |lul|., = 0,
ie.,
[u(®)llz, = lluollz,, 0<t<T,. (7.29)

Step 2. Multiply the equation (7.2) by 2u and integrate the product in /. Then,

—2/u_af dz.
/u—G’ x:—g/[ai }G’()

= 2/ugG”(yc)clyz;
3J1

4 4
< Cllully, + GG,

2 2
< Cllullg flullz, + Cc

2
< Clullz + Cep(lluoll, ),

d 9 /
—||u +2 a+ Gz
Gl +2 [ @+ Gl

Here,

with any ¢ > 0. Therefore, we get

2

d ou
pr lull, + llull7, +a 7z, < p(lluoll,)- (7.30)
So, we obtain the following inequality
lu()l[7, < e fluollz, + p(lluoll,), 0<t<T,. (7.31)

Step 3. In this step, we shall use the notation

P(uo) = p(||luoll,)-
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Multiply the equation (7.2) by 4u® and integrate the product in 7. Then,

2

d 12
E||u||i4+12/l(a+G(x)u)u2 % dr = 5 IU5G//(x)d£L’.
Here,
ou? o LlIIF 48 9 s|°
12 21| dr =3al|—u? = Zu3l d
/I(aJrG(x)u)u 9| 3a o L2+25 IG’(x) 7 x,
and
12 5 11 5 " 5|2
= [ w6 @)dw < Oz, |G < € |Ju?
5 I Lo
d | 5|2
<G 22 L2+CC1 u? i
o sl
5 3 2
< Q|gpv . + Cey [Jullg, llullz,
2
<G| 2ud| +Cq Pl o]
g ax L2 1 L2
o sl o Ll
< —u2 —u? C, P
_Q‘aﬁﬂh+HmuL)+‘@(%%

with any ¢; > 0. Therefore, we obtain the following differential inequality

2

- < Plug). (7.32)

d 4 4
i Il + s, +a | 22|

Step 4. Multiply the equation (7.2) by 2% and integrate the product in I. Then,

2

d ||ou|? 0%u
7 172 L2+2/l(a+Gu) pye dx
O*udu 0 Pud .,
First, by repeating integration by parts, we obtain
0?udu 0
2 | o w0 O
1 d L] ou 5 d ] 0*u
= —= " =—u®| —dx — = " =—u”| =—=dz.
3/IG [&Eu] oz 3/IG L’?xu} 922"
On the other hand,
Pud .,
- ; @ax [G u ]d]?
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Therefore,

2 2
—2 @%Q[Gu]dm—Q/QE[G’uﬂdx
I

; 022 0x Ox 0x? 0x
1 0 ou 11 0 0%u 0%u
N G//_2 —d = G/_2 _d _Q/G” Q_d.
3/1 [&Eu] 9" 3 I [&Eu] 922" I P T
So, we obtain by Young’s inequality,
0%u Ou 0 0?u 0
) o uye Y ) Y Y, 2
; 022 0x Ox (Guldz /1 0x? Ox (G Jde
&%u|? d LIIF |ou|?
<a|5H) + ’aJLLJFaijwmm
From this inequality and (7.33), we have
d ||ou|? Ou|” d Ll° oul|®
— || — _ < 2 el 4 '
dt || 0z ||, * a‘ x|, ~ ¢ [' oz Ly * ' oz ||, Flllz,

Multiply a parameter & > 0 to the above differential inequality and add the product
to (7.30) and (7.32). Then,

Dz, e+ €| 2 | ez, + @ — eyt + (@ — ecy |22
de | TIIL TS i) T Ly TR oz,
a 2
+ (a —£C) H—u2 < 2P(uy).
ox Ly

Therefore, by choosing ¢ > 0 such that 1 —£C' > 0 and a — £C' > 0, we obtain

)
+ a_Z < 2P(ug)

2
|wz+mm+4
Lo

@
oz

2
Lo

d
ahWi+Wm+4

with some constant § > 0. So, we conclude that

ou, |
[HU(lﬁ)H%2 +lu®)z, +¢ ‘ Y ]
x|,
—ot 2 4 Duq ||”
<e |uollz, + lluollz, +& O +2P(up), 0<t<T,.
Lo
We have in this way established the desired a priori estimate (7.28). [

Thanks to Proposition 7.1, we conclude the global existence of solutions. The proof is
quite similar to the argument in [37, Chapter 15, Section 4.1], we omit it here. Therefore,
we know that, for any initial value uy € K, there exists a unique global solution u to (7.6)
in the function space:

0 < u € €((0, 00); HB(I)) N C([0, 00); Hp(I)) N €Y((0,00); Lo(T)). (7.34)

It is obvious that
[w(®) e, < p([luollgy), 0 <t <oo. (7.35)

Furthermore, we show the following strong estimate. By using Theorem
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Proposition 7.2. Let ug € K be initial value. Then, the global solution u(t) = u(t;uo)
of (7.6) in (7.27) holds that

Ju@)llzz < 1+ )pr(lluollmy), 0 <t < oo, (7.36)
with some increasing continuous function p(-).

Proof. Let 0 < 7 < oo. Apply Theorem 7.1 and Theorem 7.2 with initial value u, =
u(7;up) to conclude that there exists 7' > 0 (depending on [[u(7) ||z, and hence on [Juol| g1,
due to (7.35)) such that

lu@ ez < (t=7)"pollluollug), 7<t<7+T,

with some increasing continuous function pg(-). First, applying this with 7 = 0, we see
that
||U(t)||H,% < tflpo(HUOHH}z)), 0<t<T.

Second, taking 7 =t — T, it follows by (7.35) that
lu@)llaz, < T po(llult — T, uo)llmy) < T po(p(lluollmy)), T <t < oo.
Combining these estimates, we conclude the desired estimate (7.36). ]

In the meantime, we show the positivity of global solutions.

Theorem 7.3. Let u(t) be the global solution in the function space (7.34) with initial
value uy € K. Then, it holds that u(x,t) > 0 for every (x,t) € I x [0,00).

Proof. Put 0 = min, ;ug(z) > 0. In addition, for arbitrarily fixed 7 € (0,00), put
Cr = max, yerxpor [—G" (2)ulz, t)] < oo
Regard the solution u(z,t) as a solution to the linear diffusion equation

ou 0%u du :
a:p@_|_q%—i—ru in I x(0,7),

where p = p(z,t) = a + G(z)u(z,t), ¢ = q(z,t) = 3G (x)u(z,t) + G(z)5%(x,t), and

r=r(x,t)=G"(z)u(x,t).
Now, introduce a cutoff function H(§) such that

H(f)z%fzfor—oo<£<0 and  H(¢)=0for 0 < ¢ < oo,

and the function
p(t) = /H(U(:c,t) —0e “Ndx, 0<t<T.
I

Then, we know that

o'(t) = /H'(u — 56_CTt)(a—u + 6CLe” ) da
I

ot
0*u ou
1y _ 5,—Crt —Crt
= /1H (u—de )(p8x2 + 95y +ru+ 0Cre " ")d.
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Firstly,

0%u
/ Cr
/H — Je= ) padex

2
Op Ou
. " . —Crt o / Crt
/IH(u de ) p dx /IH( —de” )axaxd:v
Here,
ou |’ ou |’
_ " . -Crty | 27 < _ " . —Crty |27 < 0.
/IH(u de >8a:' pdx < a/IH(u de )8:1: dx <0

Secondly, let us estimate the following quantity

Note that g — 8" = 2G'(z)u, and put s = s(z,t) = 2G'(x)u(z,t). Then, we have

/H’ — e Ot sg—dx

X

0
( Crt) _ s, —Crt
/H —de” 83:[ de "' dx
ou Os
- " . —Crt / —Crt . —Crt
= /I[H (u—de )_8338H< —de )ax][ de “]dx.

Therefore, since maxefo,7 [|(+,¢)|e17) < 00, we know that

2

ud.r

/IH'(u - 56_CTt)s%dx < %/IH"(U — e ) Ou

ox
+C! / [H'(u — e ) (u — 6e ") + H" (u — 5 ) (u — de")?|dx
I

u

2
= g/H”(u—(%at) Ou
2Jr

pe dx +4Cp(t)

with some constant C’ > 0. Here, note that H”(£)£? = H'(£)¢ = 2H(€) for any £ € R.
Finally, it follows from r 4+ C; > 0 and u > 0 that

/H’ — 0" (ru + 6Cre= ") dx

/H' —0e” N (r 4+ Cp)u dx — C- /H’ —0e” ) (u — e~ Mdx < 0.

Combining above estimates, we obtain that o(t) < 4C¢/(t), so that ¢(t) < ¢(0)e*Crt
for 0 < ¢ < 7. Since ¢(0) = 0, it follows that @(t) = 0 for 0 < t < 7; consequently, we
conclude that u(x,t) > de= for (z,t) € I x [0, 7]. O
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On the other hand, it follows from (7.29) that the quantity [, uo(z)dz is conserved for
every time. Therefore, it is convenient to introduce the following 1n1t1al value space

K, = {uo € X; /Iuo(a:)da: =1}

for each [ > 0. From the above results, we obtain the following theorem.

Theorem 7.4. Let 0 <[ < oco. Then, for any initial value uy € K;, there exists a unique
global solution w of (7.1) in the function space:

0 < u € €((0,00); Hp(I)) N €([0, 00); Hp(I)) N €H((0,00); La(1)) (7.37)

with
/u(x,t)dx =1 forall te]|0,00).
I

7.5 Stationary Problem

In this section, we investigate the stationary problem of (7.1). As shown in Section 7.4,

global solutions of (7.1) with initial value uy € X; conserve the quantity [, u( Ju(t)dr =
| ;uo(z)dz. Therefore, it is important to consider the following stationary problem for
each ﬁxed 0<!l <o

( d

+ di |:ﬂldd (G(LE)EZ)] =0 in I,
(7.38)
)

d 2

w(0) =w(1) and w(0) =w(1),
/Iﬂl(:c
()

dx =1,
(x) >0 in

~il

Firstly, we show the following proposition.

Proposition 7.3. Assume that w € Hp(I) is a solution of (7.38). Then, U € C%L(I) and
it holds that w(x) > 0 for x € 1.

Proof. Put p = p(z) = a + G(x)w(z), ¢ = q(z) = 3G (2)w(zr) + G(x)u)(z), and r =
r(z) = G"(z)w(z). Then, w/ = —(q/p)a; — (r/p)u; € Cp(I), so u; € CL(I).

Let us show the positivity of @, by contradiction. Assume that there exists zq € I such
that ;(z9) = 0. Then, W)(x¢) = 0 due to the nonnegativity of u;. Consider the following
Cauchy problem:

Rl

P+ quy + 1 = 0 in
ﬂl(l'()) = O, ﬂg(ﬁo) = 0.

By the classical results for ordinary differential equations, the solution %; is written in the

form uw; = C’lﬂl(l) + C’gﬂl( with linear independent solutlons ul(l) , EZ(Q) and some constants

C1, C € R. Then, considering the Wronskian of ul ) and u, @) at o, we know that
Cy = C = 0. Therefore, , = 0 in I, which contradicts [, dz =1> 0. O
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z=g() z=f(,0) z=9)
z=f(C)

0 y(©) > 0 (O y

Fig. 7.1: Graphs of f(y,C) and g(y).

Furthermore, we can show the uniqueness of solutions to (7.38).

Theorem 7.5. For each | > 0, the stationary problem (7.38) possesses a unique solution
u(z). Moreover, w(x) is characterized by the functional equation

<Cl - G(x)ﬂl(x))

u(z) = exp in I,

where C} is some constant determined by [.
The proof of Theorem 7.5 relies on the following two lemmas (see Fig. 7.1).

Lemma 7.2. Let xy € I be fized. Then, for each C € R, a transcendental equation with

respect to y :

possesses a unique positive solution.

Proof. Let us put f(y,C) =yexp(—C/a) and g(y) = exp (—G(x¢)y/a). Since a > 0 and
G(zg) > 0, we can observe that there exists a unique y(C') > 0 satisfying f(y(C),C) =
g(y(C)). This y(C) is the solution of (7.39). O

Lemma 7.3. Let xg € I be fized. Then, the mapping
y:CeR—y(C) e (0,00),

where y(C) is the solution of (7.39) with C, is a strictly increasing continuous function
satisfying
y(—o00) =0 and y(oco) = occ.

Proof. When —oo < C < C" < oo, we obviously see that f(y,C) > f(y,C") for all
y > 0. Since f(y,C) and g(y) are continuous functions with respect to y, we observe that
y(C) < y(C") and y(C) — y(C") as C — C". Furthermore, exp —(C'/a), i.e., the slope of
f(y,C), converges to oo (resp. 0) as C' — —oo (resp. C' — o0). Thus, y(—oo) = 0 and
y(00) = 0. O
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Proof of Theorem 7.5. Due to the positivity of %, the first equation of (7.38) is written
as

d d
. [ﬂl@ (alogw, —i—G(x)ﬂl)} =0 in [I.
Multiply this equation by (alog@, + G(z)u;) and integrate the product in /. Then, we

obtain that )

— (alogw; + G(z)w)| dx = 0.

Jm
[ldl'

alog(z) + G(z)uy(z) =C in T

with some constant C' € R, i.e.,

() = exp (C - G(am)ﬂl<””>> in T (7.40)

Therefore, u; satisfies

On account of Lemma 7.2, we verify the existence and uniqueness of u;(z) satisfying
(7.40). Furthermore, due to Lemma 7.3, the condition [, (z)dr = | determines the
constant C' uniquely, and @; with the C' is the very solution of (7.38). ]

7.6 Convergence to a Stationary Solution

In what follows, let uy € K; be arbitrarily fixed and let u(¢) denote the global solution
of (7.1) in the function space (7.37) with initial value uo. Now, we want to show the
convergence of u(t) to the stationary solution u; obtained in Section 7.5. In is enough to
consider the solution u(t) after a fixed time, so we assume from (7.36) and Theorem 7.3
that

minu(z,t) > 0 for every ¢ € [0, 00), (7.41)
zel

and
[u(®)|| 2, < R for every ¢ € [0, 00), (7.42)

where R = 2pi(||uo| zy,). Furthermore,
/u(x,t)dx =1, forallt>0. (7.43)
I

7.6.1 Lyapunov function

In this subsection, let us construct a Lyapunov function for (7.1). As u is positive due to
(7.41), the first equation of (7.1) is written as

ou 8{

0
% = 50 | %an (alogu + G(x)u)] :

ox

Multiply this equation by (alogu + G(x)u) and integrate the product in I. Then,

2

— (alogu+ G(x)u)| dx. (7.44)

d G(z) , B / 0
o I{a(ulogu—u)—l— ) u]dx— Iu 5

X
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Let 0 < s <t < oo. Integrating this inequality in [s,?], we obtain that

T=t

(7)2} d:l:} <0.

T=s

{ /I [a (u(r) og u(r) — u(r)) + &y

If we set
(u) = /1 {a (ulogu — u) + #uﬂ dz,

then ®(u(t)) < ®(u(s)). This means that ¢ is a Lyapunov function for (7.1). It is easy
to see that ®(u(t)) > —Ckg for all 0 < ¢t < oo with some constant Cr > 0 depending on
R.

Let us show the following proposition.

t=1
solution of (7.1). Consequently, it follows from Theorem 7.5 and (7.43) that u(t) = w,

where W, is the stationary solution of (7.1) obtained in Section 7.5.

Proposition 7.4. If 2®(u(t)) |,_; = 0 at some time t < 0, then u(t) is a stationary

Proof. Put ©w = u(t) > 0. It follows from (7.44) that
alogu+ G(z)u="C

with some constant C' € R. By similar proof of Theorem 7.5, we conclude that w is a
stationary solution of (7.1). O

7.6.2 w-limit set
We consider the w-limit set defined by

w(ug) = {u € Ly(1); 3t /00 s.t. u(t,) = win La(I)}. (7.45)

72
Since the closed ball B''7 (0; Ry) of H%(I) is a relatively compact set of Lo(I) due to the
compact embeddings (2.4), it is observed from (7.42) that w(ug) # (). Furthermore, since

Jul®) iy < Cla) Il < CRHJu(®)l},, we know that
% € w(ug) if and only if 3¢, oo such that u(t,) — @ in Hp(I). (7.46)

It is clear that info<icoo ®(u(t)) > —oco. Meanwhile, ®(u(t,)) — ®(u) as n — oo.
Therefore, it follows that

lim ®(u(t)) = ®(u) for any u € w(up). (7.47)

t—o00

From these results, we obtain the following theorem.

Theorem 7.6. The w-limit set w(ug) contains u;, where Uy is the stationary solution of
(7.1) obtained in Section 7.5.
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Proof. Since ®(u(-)) € €1((0,00);R) and lim; o, ®(u(t)) = const., there exists some
increasing time sequence ¢, oo such that £®(u(t)) |,_, — 0 as n — oo. Therefore, it
is observe from (7.44) that, as t,, — oo,

u(tn)%[a logu(t,) + G(x)u(t,)] — 0 in Lo(I). (7.48)
Note that (7.48) implies that

a=—u(ty) + —[u(t,)=—[G(z)u]] =0 in Hp(I) (7.49)

17 1
Hy xHp,

:‘( u(tn)%[alogu(tn)-i—G(x)U], u(ty)v') 1,

< Cullv/ulEn) - falogu(ts) + Gl o]y

due to (7.42).

On the other hand, since B (0; Ry) is a relatively compact set of Hp(I) and B (0; Ro)
is sequentially weakly closed in H%(I), there exists some subsequence t,, — oo such that
u(t,,) converges to a limit u € H3(I) in Hp(I) and weakly in H3(I). Then, we know
from (7.49) that u” — [u[G(x)u]') = 0 in HL(I)'. Consequently, u is a stationary solution
of (7.1) and @ € w(ug) by definition. Therefore, Theorem 7.5 implies that @; € w(ug). O

7.6.3 Asymptotic convergence of u(t) to u;
Finally, we show the convergence of u(t) to @, that is, w(ug) = {w}.

Theorem 7.7. Let 0 < < 0o. Let ug € K; and let u(t) denote the global solution of (7.1)
in the function space (7.37) with initial value ug. Then, u(t) converges to w, in Hp(I),
where T, is the stationary solution of (7.1) obtained in Section 7.5.

To show the theorem, we use the following lemma.
Lemma 7.4. w(ug) is a connected set with respect to Hy(I) norm.
The proof is quite similar to that of [37, Theorem 6.1], we omit it here.

Proof of Theorem 7.7. We already know from Theorem 7.6 that u; € w(ug). Assume that
w(ugp) # {w}. Then, from Lemma 7.4 and the continuous embedding HA(I) C €(I), we
can take u € w(ug) such that @ # @ and @ > 0. Consider the global solution u(¢; @) of
(7.1) with initial value w. Then, since ®(u(t;u)) = const. for all 0 < ¢ < oo, it holds
that £®(u(t;u)) |,_, = 0. So, Proposition 7.4 implies that u(0;%) = w = @, which is a
contraction. [

99






Chapter 8

Laplace Reaction-Diffusion
Equations

In this chapter, we study the initial-boundary value problem for a Laplace reaction-
diffusion equation of the form (8.1).

First, we construct a unique local solution for (8.1). We will regard the equation
as a degenerate evolution equation of parabolic type whose linear problems have been
systematically studied by the monograph [59]. Use of the multivalued linear operators
enable us to rewrite the degenerate equation into a multivalued evolution equation but
of nondegenerate form. The reduced multivalued evolution equation can then be solved
locally by analogous techniques to the usual (single valued) evolution equations. Those
have been described in Section 4.4.

Second, we show that any bounded global solution to (8.1) if it exists necessarily
converges to a stationary solution of (8.1) as ¢ tends to infinity under the assumption
that f(u) is analytic for u which varies in a neighborhood of the w-limit set of the global
solution. The reduction of (8.1) into a degenerate evolution equation enables us also to
use the theory of infinite-dimensional Lojasiewicz-Simon gradient inequality which was
developed by Chill [26], Chill-Haraux-Jendoubi [98], Haraux-Jendoubi [99], Jendoubi [13]
and others.

When m(z) = 1, Matano [100] first established in one-dimensional case (i.e., Q C
R) such asymptotic convergence without assuming the analyticity of f(u). For higher
dimensional cases, the papers [98, 13] suggested that the infinite-dimensional Lojasiewicz-
Simon gradient inequality can derive the asymptotic convergence of the global solutions.
However, in higher dimensional cases, the analyticity of f(u) does not directly imply that
of the nonlinear operator u +— f(u) acting from H'(Q) into H () because of H(Q) ¢

C(£2). So, its application is not straightforward and some devices like in Section 8.6 seem
to be necessary.

The following results are obtained in [34].
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8.1 Model Equations

We study the initial-boundary value problem for a Laplace reaction-diffusion equation

ou

m(m)a =alAu+m(x)f(u) in Qx(0,00),
u=0 on 02 x (0,00), (8.1)
u(z,0) = up(x) in

in a three-dimensional bounded domain € of €% class. Here, m(z) is a given function in
Lo (£2) such that
0<m(z) <1 and m(x)#0. (8.2)

For the reaction function f(u), it is assumed that

f(u) is a real valued function for —oo < u < oo of class €?
satisfying the condition f(0) =0. (8.3)

The unknown function v = u(z, t) is imposed the homogeneous Dirichlet conditions on the
boundary 0. In addition, ug(x) is a real initial function in 2. The diffusion coefficient
a > 0 is a fixed constant.

Such an elliptic-parabolic equation arises in the study of heat conduction in the com-
posite media consisting of several materials that have their own heat conductivity (cf.,
(101, 102, 103, 104, 105]). Let © C R? denote such a composite medium and let Q be
divided into the direct sum of sub-domains €2;, 1 < i < n, ); denoting a material with a
constant heat conductivity a; > 0. Then the equation describing heat conduction in €2 is

given by 5
a_? — V- [a(x)Vu] + flu) in Qx(0,00),

where a(z) is a step function such that a(x) = a; for x € Q;, 1 < i < n, and where f(u)
denotes a nonlinear heat controller. For a test function p(z) € C3°(2), we have

(V- [a(x)Vu], ) = — (a(x)Vu, V) = — Z /Q a;Vu-Vodx

= a;[Au)p dx — / a;— @dx,
where n; denotes the outer normal vector of 0€);. We here assume on each interface
Fij = an N 89] 7£ @ that

ou ou

az-——i—w—:O on Pi',
87%‘ J(‘?nj J

which means the continuity interface condition imposed in many problems (f.e., [106, 107,
108]). Under the assumption, the heat equation takes the form

ou
O — o) dut fu). (8.4)
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We also want to consider the case where some material may possess extremely larger
conductivity than others, say, (for simplicity) a; = oo for some i. In such a sub-domain,
the equation is no longer a heat equation but is a Laplace equation. Then, instead of
(8.4), it is convenient to rewrite the equation into the form

Ju :
m(:v)a = alAu+ m(x)f(u) in Q x (0,00),
where a = min;<;<, a; is a positive number and m(x) is the function a/a(z) for x € Q.
Clearly, m(z) satisfies (8.2). We are going to seek a continuous solution u(z, t) with respect
to the variable x in the whole €2; therefore, our solution satisfies the free boundary value
conditions and the no crossing flux conditions on the interfaces of sub-domains ;.

8.2 Local Solutions

We begin with constructing a local solution for (8.1) by employing the general theory of
semilinear abstract degenerate evolution equations explained in Section 4.4.

Let us formulate (8.1) as the Cauchy problem for an abstract evolution equation of
the form (4.38), i.e.,

du
M—+Lu=M t
o +Liu f(u), 0<t< oo, (8.5)
u(0) = wy,
in the underlying space
Y = Ly(). (8.6)

Here, L is a realization of —aA in Ly(2) under the homogeneous Dirichlet conditions on
00 with D(L) = H2(2) N HY(Q), HL(Q) being a closure of €5°(Q2) in the Sobolev space
H'(Q). Of course, L is a self-adjoint operator of Y. By Poincaré’s inequality, there exists
a positive constant ¢ such that

(—aAu,u) = a||Vul|7, > acllul)7,, u € H*(Q) N H (). (8.7)

Consequently,
[ull 2 < O LullL,,  we D(L). (8.8)

Hence, L is positive definite in Y; and L satisfies the conditions (4.39)-(4.40) in Subsec-
tion 4.4.2.
According to Theorem 2.12, the domains of its fractional powers LY are known as

D(LY) = H¥(Q) if0<60<4, 59)
C\HY(Q) = {ue H¥(Qup =0} if 1<6<1. '

In particular, we have D(Lz) = H}(Q) = HL(<).
Meanwhile, the second Banach space X is set by

X = HY(Q), (8.10)
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noting that (4.41) is verified with o = 3 (due to (8.9)). The operator M is then a
multiplicative operator by the function m(z) from H}(Q) into Lo(Q2). As verified in [59,
Example 3.4], M and L satisfy (4.42)-(4.43) with some angle w < 7. Notice that these
conditions may fail in Lo(2); so, the settings (8.6) and (8.10) are essential.

Finally, f(u) = f(Reu(x)) denotes a nonlinear operator with D(f) = D(LP) =
HY?(Q) (due to (8.9)), where § is some fixed exponent such that S <<l Ttis
known that H?(Q2) C C(2). Then f is a mapping from D(f) into X. Moreover, since

V[f(Reu) — f(Rev)] = [f'(Reu) — f'(Rev)]VReu + f'(Rev)VRe (u — v),
we observe that

IVIf(Reu) = f(Rev)]llz, <[ max  [f*(r)[][lu—vlelVull,

o Irllulle+Hvlle
e [PV o)l woe D),
From this, it is readily verified that the Lipschitz condition (4.44) takes place. In this
way, all the structural assumptions (4.39)—(4.44) in Subsection 4.4.2 are fulfilled by the
operators L, M and f.
The problem (8.5) is equivalently rewritten in the form

d
d—?—i—Aqu(u), 0<t< oo,

u(0) = wy,

(8.11)

in the space X. Here, A is a multivalued linear operator of X which is given by
D(A) = {u € H3(Q); 3f € Hy(Q) such that m(z)f = —alu},
ie., A= M~'L. We fix the third exponent B in such a way that B satisfies
26—1< < 1.
Then, a, 8 and 3 satisfy the relation (4.49). By virtue of (4.48) in Proposition 4.1 (§ = ),
we have D(A?) € D(LP) and
lulle < CI L ullz, < ClA Ul w € DA, (8.12)

Theorem 4.5 in Subsection 4.4.2 then provides, for any uy € D(AP) (C HZ(Q)), that
there exists a unique local solution to (8.11) in the function space:

u € €([0, T, ]; D(AP)) N €((0, Ty J; D(A)) N EH((0, T ; X),

Ty, > 0 being determined by the norm ||APu,| yp alone. The continuity of u(t) at t = 0

t
with respect to the graph norm of D(A?) is verified by Remark 4.1 because of (8.10).
As noticed in the remark of Theorem 4.5, this u(¢) is a unique solution to (8.5) lying
in the function space:

u € C([0, T J; Hp (£2)) N €((0, T s Hp () N EH((0, T s Hy (2)). (8.13)

If ug € D(AP) is real, then the complex conjugate u(f) of the solution u(t) is also a
solution of (8.5) lying in (8.13). Then, by the uniqueness, we must have u(t) = u(t), that
is, the following result is proved.
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Theorem 8.1. Let ug € @(A'é) be real. Then, (8.5) possesses a unique real local solution
in the function space (8.13). Here, the existence interval [0,T,,] is determined by the

norm ||A5u0||Hé alone.

Let H*(€2; R) be the real Sobolev space in Q with exponent 0 < s < co. It is naturally
true that H*(Q2) = H*(4; R) +iH*(; R) (see [37, Theorem 1.34]). The operator L is
then a real sectorial operator from H%(€;R) into Lo(€2;R). Furthermore, according to
[109, Theorem 3.3], the fractional power L? is also a real operator and LPu = L?(Reu) +
iLP(Imu) for w € D(LP). This together with (8.9) yields that D(L?) N Ly(Q;R) =
HY (Q;R).

In what follows, we handle only real Sobolev spaces H*({2;R). In addition, these
spaces are denoted by H*(Q2) for simplicity.

8.3 Lyapunov Function

Let ug € D(AP) be real. Let u(t) be any local solution of (8.5) on an interval [0, 7] which
lies in the space:

u € C([0,T]; Hp'(2)) N €((0, T]; Hp(2)) N € (0, TT; Hy (). (8.14)

As noticed above, u(t) is a real valued function.
In view of (8.14), multiply the equation of (8.5) by * and integrate the product in €.

Then,
/ma—u dx+——/|Vu|dx —/mF
Q 2 dt B
or )
d a ou
il [§|vu|2—mF(u(t))} dz = —/m = dr. (8.15)
where F(u) = [ f(v)dv is a primitive function of f(u).

This then shows that the function

U(u) = [ |2Vu]? - mF()| de,  we HY (),
o L2

is a Lyapunov function for local solutions of (8.5) for real initial value ug € D(A?). The
following property of W(-) is easily verified.

Proposition 8.1. For the local solution u(t) above, the value V(u(t)) is monotonously
decreasing for 0 < t < T. If L[U(u(t))] = 0 at some time t = &, then uw = u(t) is a
stationary solution of (8.5).

Proof. The first assertion is obvious from (8.15). So, let us prove the second assertion.
Assume that 4[W(u(t))] = 0 at some time ¢ = . From (8.15) it follows that m(z)|2%(?)[* =

0 in Q; naturally, it is the same for m(z)2%(f). Hence,

aAu(t) +m(x)f(u(t)) =0  in Q,

which means that u(t) is a stationary solution of (8.5). O
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8.4 Asymptotic convergence of global solutions

Let ug € D(A) and wugy be real. Assume for this uy that (8.5) possesses a global solution
lying in the function space

u € €([0, 00); HH(2)) N E([0, 00); Hy () (8.16)
and satisfying the global estimate
/' ()]l mz + |Au(®)||mg < Ro, 0=t < o0, (8.17)

with some constant Ry > 0. Under above assumptions, it is easy to see that U(u(t)) >
—C'g, for all 0 <t < oo with some constant C'r, > 0 depending on R,.

Here, note that, under suitable growth conditions on f(u) for 0 < u < oo, one can
show existence of global solutions lying in (8.16) and satisfying (8.17). Assume that f(u)
is a €3 function for —oo < u < 0o and that f(u) satisfies

—Diu(uPt +1) < f(u) < Dhu(l +u)™, 0 <u < oo,
—Dy(ut +1) < fl(u) < D), 0<u< oo,

with some exponent p > 2 and some constants D! > 0(: = 1,2,3,4). Then, if an
initial function uy € D(AP) is real and satisfies m(z)ug > 0 in Q, then (8.5) possesses
a unique real global solution in the function space (8.16) and the solution satisfies the
global estimate (8.17). Of course, the Theorem 8.2 is applicable to these global solutions.
The results about the existence of global solution is shown in [110].

8.4.1 w-limit set

For the trajectory wu(t), we consider its w-limit set defined by
w(ug) = {7 € D(A%): 3t, oo, ult,) —u in D(AP)}.

It is seen that w(ug) # 0. Indeed, from (8.17), Supg<;co [[Au(t) || g3 < 00; in the meantime,
D(A) is compactly embedded in D(A®) by the following lemma.

Lemma 8.1. For any 0 < 0 < 1, the embedding from D(A) into D(A%) is compact.

Proof. We notice that D(A) C D(L) = H3(Q) is compactly embedded in H}(2). Then,
the desired result is verified by the moment inequality (4.34). O

It is clear that info<;coo U(u(t)) > —oco. Meanwhile, W(u(t,)) — V(w). Therefore, it
follows that

tli>noi> U(u(t)) = ¥(u) for any u € w(uy). (8.18)

Moreover, the standard arguments show the following result.

Proposition 8.2. The set w(ug) consists of stationary solutions of (8.5).
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Proof. Let u € w(ug) and let u(t,) — u with some increasing time sequence t,, /* co. In
view of Theorem 8.1, there exists time 7" > 0 such that the equation of (8.5) for each initial
value u,, = u(t,) and (8.5) possesses a local solution u(t;u,) and u(t; @), respectively, on
the interval [0, 7] uniformly.

Since u,, — u in D(AP) it is possible to apply Theorem 4.6 to obtain that u(t;u,) —
u(t;u) in D(AP) for any t € [0, T]. By the Markov property, we have u(t +t,,) = u(t; u,);
therefore, u(t + t,) — u(t;w), i.e., u(t;w) € w(ug) for any ¢t € [0, 7.

It then follows from the fact (8.18) that W (u(t; @)) is constant with respect to t € [0, 7.
Consequently, W (u(t;u)) = 0. Proposition 8.1 then yields that @ = u(0;%) must be a
stationary solution to (8.5). O

8.4.2 Fundamental properties for u

In view of (8.12) and (8.17), we know that there exists a number p > 0 such that

sup [[u(t)lle <p  and sup |[ulle < p.

0<t<oco uEw(ug)

Knowing this, we introduce a cutoff f(u) of f(u) such that f(u) = f(u) in a neighborhood
of the interval —p < u < p and f(u) is a €2 function for —oco < u < oo satisfying

fO(u)| < D;, —oo < u< oo, (8.19)
for i = 0,1,2. Let F(u) = Iy f(v)dv be its primitive; then, |F(u)| < Do|u| for —oo <
u < 0o. In addition, let us introduce a new function

U(u) = /Q [g|Vu|2 - mﬁ(u)] dx, u € Hy ().

Since F(u) = F(u) for —p < u < p, ¥(u) still plays the role of a Lyapunov function for
the trajectory u(t).

As we are going to argue only for this trajectory, f(u), F (u) and E/(u) will be simply
denoted by f(u), F(u) and W(u), respectively, as before.

We can then prove that W is differentiable in H} ().

Proposition 8.3. U: H}(Q) — R is Fréchet differentiable with the derivative
V' (u) = —[adu+m(z)f(u)] € H (), u € Hy(S2). (8.20)
In particular, V' (u) =0 for any u € w(ug).

The proof of this proposition will be given in Section 8.5.
In addition to (8.19), let us assume that

f(u) is real analytic for v in a neighborhood of [—p, p]. (8.21)

Under this assumption, we can prove the Lojasiewicz-Simon gradient inequality.

Proposition 8.4. Letu € w(up). There exists an exponent 0 < 6 < % and a neighborhood
U(u) of u in HY(Y) in which it holds true that

1 (W) s > ClU () = V@)™, uweU). (8.22)
The proof of this proposition will be described in Section 8.6.
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8.4.3 Asymptotic convergence of u(t) to u

Using Propositions 8.3 and 8.4, we can establish convergence of u(t) to @ in Hj(Q2) and
estimate the rate of convergence.

If U(u(t)) = ¥(u(s)) for some s < ¢, then ¥(u(7)) is constant with respect to 7 € [s, t]
and Proposition 8.1 yields that u(7) is a stationary solution, i.e., w(ug) = {u}. So, it
suffices to consider the case that W(u(s)) > ¥(u(t)) for any pair of s < t.

Let us begin with proving the following crucial proposition.

Proposition 8.5. Let r > 0 be a radius so that (8.22) is satisfied in a ball B (w;r), i.e.,
B (w;r) Cc Uw). Let 0 < s <t < oo be such that, for all T € [s, ], the values u(t) stay
in B (w;r). Then, we have

lu(t) = u(s)l gy < CT¥(u(s)) — W(@)]>.

Proof. Since ¥(u(7)) > ¥(u) for s < 7 < t, we observe from (8.15) that

MRS

(8.23)

() — (@) = O () — (@)

> Ol [P (u(r)) — T (@)

Since M2 (1) = —Lu(7) + M f(u(7)) = —¥'(u(7)) due to (8.20), it follows that

du

d
ME(T)

— =W (u(r) = (@) = 6llml| [¥(u(r)) = @)W (7)),

Lo
Here (8.22) is available to obtain that

_diT[\p(u(T)) —v@)]°>C HM%(T)

Lo
with some constant C' > 0. Integrate this inequality on [s,t]. Then,

[www—wmw—wmm—w<n>c/ ﬁ()Lw

> Cl[M[u(t) — u(s)]l| - (8.24)

Therefore,
[Mu(t) = u(s)]ll, < C7HP(u(s) - T(@)".

Meanwhile, in view of (8.7),
af| V[u(t) — u(s)llIZ, = (—ad[u(t) — u(s)], u(t) — u(s))

= (M[=u/(t) + f(u(t)) +v'(s) = f(u(s))], u(t) = u(s))
< 2[ sup [ (7). + 1 ()] M ult) — uls)]lz..

<r<o0

Hence, the desired estimate (8.23) is concluded by (8.17). O
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By definition, there exists a time sequence t, ' oo such that u(t,) — @ in D(A?), a
fortiori in H}(Q). As above, let 7 > 0 be such that B (@;r) C U(%). Then, there exists
an N such that for all n > N, |lu(t,) — EHH(} < % and that C[¥(u(t,)) — U(w))? < %, here
C' is the constant obtained in (8.23). Assume that, for all 7 € [ty, ], the values u(7) lie
in B (w;r). Applying (8.23) with s = tx, we observe that

lu(®) = ull gy < lJu) = ultn)ll gy + llultn) =@l

< ClW(ultn) — B + ultn) Ty < 5

This means that, after the time ¢y, the trajectory must remain in the ball BHo (T, 23—7") for
ever.
It is now ready to prove the asymptotic convergence of wu(t).

Theorem 8.2. Under (8.2) and (8.3), let u(t) be a global solution of (8.5) lying in (8.16)
and satisfying (8.17). Let (8.21) be satisfied. Then, it holds true that

ISR

[u(t) =l < Cl¥(u(t)) —V(@)]2, Vi iy, (8.25)
where 0 is the exponent appearing in the gradient inequality (8.22).
Proof. Let ty < s < oo. Let t, be the time sequence mentioned above. Let s < t,;

since u(7) € B (w;r) for all 7 € [s,t,], the inequality (8.24) is available with ¢ = ¢, to
conclude that

[T (u(s) = V@) — [¥(u(tn)) = T@)" > ClMIultn) — u(s)]llL..
Let n — 0o. Then, as u(t,) — u in D(A?), we obtain that
IM[u(s) =@, < O [T(uls)) = T@), 5=ty
Arguing in the same way as in the proof of Proposition 8.5, we can verify that
lu(s) = T2y < CIMTu(s) ~ Wy 520,
These estimates then yield the desired estimate (8.25). O

As a corollary, we obtain the asymptotic convergence of u(t) in D(AE ).
Corollary 8.1. Under the same situations as in Theorem 8.2, we have
0(1-5)
2

Ju(t) = @y s < CLO(u(t) — @) ", Ve >ty

Proof. The result is immediately verified by (8.17) and (8.25) if we use the moment
inequality (4.34). O
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8.5 Differentiability of W

Let us verify Fréchet differentiability of the Lyapunov function.

Proof of Proposition 8.3. For u, h € Hy(Q), we have

a a
5 [/Q |V(u+ h)|2d:p — /Q |Vu|2d:p:| = (—aAu, h>H—1><Hé + §/Q|Vh|2d$
Meanwhile, it is seen from (8.19) that
|F(u+h) — F(u) — f(u)h| < Dy|h|?, —00 < h, u < 0.

Therefore,

[ mla) PG+ 1) = Pl = rn] ds

< Clmls.. [ Ih(a) s
Q
Hence, we obtain that

W+ B) = () — (~[adu -+ mf )] By

< C||h||§{57
which is the assertion to be proved. O
Furthermore, ¥’ is also verified to be differentiable.

Proposition 8.6. ¥': H}(Q) — H~(Q) is Fréchet differentiable with the derivative

V' (u) = —[ad +mf'(u)] € L(H(Q), H(Q)), u € HY (), (8.26)
here mf'(u) is a multiplicative operator by the function mf’(u) from Hg () into H(Q).
Proof. Since

|f(u+h) = f(u) = f'(w)h] < Dofh?,  —o00 < h,u< oo,

due to (8.19), we have

[mlf(u+h) = f) = f(whllla- < Cllm[f(u+h) = f(u) = f(wh]|L,
< CllmllzaIbllz,,  u, h € Hy(Q).

Therefore,
19 (u+ ) = U'(u) + [aAh + mf (wh]| g < Cllmllr kI, w k€ Hy(Q).

Because of the embedding H{(2) C Lg(£2), we verify the assertion of proposition. ]
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8.6 Lojasiewicz-Simon Gradient Inequality

Proof of Proposition 8.4. We will follow the similar procedure of arguments presented in
Chill [26].

Put T'= U"(w). As known by (8.26), T'= L—mf'(u) is a bounded linear operator from
H}(Q) into H71(Q). Here, L is a realization of —aA under the homogeneous Dirichlet
conditions in the space H~ (), L being an isomorphism from H{(2) onto H (). It is
easily verified that T is a symmetric operator in the sense that

<TU7 U)H—leé = <u>TU>H(}><H—1 ) u,v € H01(9>7 (8'27)
for mf’(u) is a multiplicative operator by the function mf’(w). Since T' is written in the
form T = [I — K]L, where K = mf'(u)L™!, and K is a compact operator of H~1(Q),
the Riesz-Schauder theory provides that T is a Fredholm operator with index 0, i.e.,
dim X(T) = codimR(T) = N.

Since K(T') is a finite-dimensional space, we can regard it as a closed subspace of each
Banach space of the triplet H}(Q) C Ly(Q2) € H Q). Let P:Ly(Q) — K(T) be the
orthogonal projection in Ly(€2). Then, P becomes a bounded operator from H} () into
itself which is a projection from H}(Q) onto K(7T') in the space H{(f2). On the other
hand, since P is symmetric in Ly(2), P can be extended as a projection from H~'(Q)
onto X(T) in the space H (), too. These projections naturally induce the following
topological direct sums for H}(Q2) and H1(Q):

Hy(Q) = H, + X(T), where H, = (I — P)H;(Q),
HQ)=H_,+X(T), where H ;= (I - P)H (),

respectively. Of course, P is symmetric in the sense that
<P90au>H—1><H5 = <90a Pu)H—leé ) u € H(%(Q)’ VRS H_l(Q) (828)

Lemma 8.2. H_; actually coincides with R(T) and T is an isomorphism from H; onto
H .

Proof of lemma. By (8.27) and (8.28), we observe that TP = PT =0 on Hj (). There-
fore, T = (I — P)T on H}(Q); this means that R(T) C H_;; in particular, T transforms
H, into H_;. Meanwhile, codimR(T) = N = codim H_;. This implies that R(T") and
H_; coincide. Clearly, T is injective on Hy and T(H,) =T(H(Q) =R(T)=H_,. O

We now introduce the critical manifold of u defined by
S ={ue Hy();(I - P)V(u) = 0}. (8.29)
Lemma 8.3. In a neighborhood of @, S is a C'-manifold of dimension N.

Proof of lemma. Indeed, consider the operator G: Hj(Q) — H_; given by G(uj,us) =
(I — P)V'(uy + ug) for uy € Hy and uy € K(T). Then, since D1G(uy,us) = (I —
P)W"(uy + us)p,, yields that D1G(uy,w2) = T}y, is an isomorphism from H; onto H™!,
where U = wy + Ug, Uy € Hy, Uy € K(T'). So, the implicit function theorem yields that in
a neighborhood of uw, S can be represented as

S ={(g(u2),u2);up € X(T') and g:XK(T') — Hi},
where ¢ is a €' mapping defined in a neighborhood of u, € K(T). O
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According to [26, Theorem 2], we can state the following proposition.

Proposition 8.7. Assume that the restriction of ¥ on S satisfies (8.22) in a subset
U(w) NS, where U(w) is some neighborhood of T in HY(Q), with exponent 0 € (0, 3].
Then, W itself satisfies (8.22) in a neighborhood of w in Hy(Q2) with the same exponent 6.

The desired inequality (8.22) on S can generally be verified, as mentioned in [26,
Corollary 3], from analyticity of the Lyapunov function W(u). This is, however, not true
in the present case, for the transform u — [, mF (u)dz may not be analytic in Hg(2) due
to the fact that H*(Q) ¢ C(Q2). So, we have to utilize upper shifting of the spaces.

We introduce two auxiliary spaces

HY(Q) and H?®-Y(Q),

where [ is the same exponent as in Section 8.2, i.e., % < B < 1. We then observe the
analyticity of W(u) in a neighborhood of H (Q).

Lemma 8.4. U: H2(Q) — R is an analytic function for u € BHQDB(H; r)if r > 0 is
sufficiently small.

Proof of lemma. 1t suffices to prove that the function F(u) = [, mF(u)dz is analytic in

BHY (w;r) if r > 0 is sufficiently small. The proof is similar to that of Proposition 2.1, so
we omit it. O

Lemma 8.5. The manifold S defined by (8.29) is analytic in a neighborhood U(u) of u
in H} ().

Proof of lemma. We use the shift property of L, that is, L is an isomorphism from
HP(Q) (C HL(Q)) onto HXA-D(Q) (¢ H1(Q)) on account of (8.9). Naturally, T =
L —mf'(qw) is a bounded operator from H2(2) into H2A~1 ().

Since K(T') € H3(Q) C HY(Q), P is still a projection operator both in H3 (Q) and
H2B-1(Q). The property PT = TP = 0 holds true on H (), too. Then, as before, P
induces the following two topological direct sums:

HY(Q) = Hyg + K(T), where Hys = (I — PYHZ () (C Hy),
H*P=9(Q) = Hyp_1y + K(T), where Hop 1y = (I — PYH*P~D(Q) (C H_y).

In addition, it is verified that 7' is still an isomorphism from Hyg onto Hys_1). Indeed,
since T € L(HZ (Q), H*#~1Y(Q)), T is a bounded operator from Hys into H2#~1(Q).
Moreover, since PT' = 0, T transforms H,g into Hyg_y). It is already known that T' is
injective on Hy, and hence on Hyg. Finally, to see that T' is surjective, let ¢ € Hyg_1).
Then, there exists an element v € H; such that Tv = ¢; since Lv = ¢ + mf'(u)p €
H2B-1(Q), it follows that v € H2(Q); therefore, if u = (I — P)v € Hyg, then Tu =
T(I—P)v=Tv=ypdue to TP =0.

It is now ready to prove the lemma. We first observe that S C H%(2). Indeed, u € S
means that U'(u) = P¥'(u); hence, Lu = mf(u) + P (u) € Ly(Q), i.e., u € Hp(Q).
Moreover, when u varies in a neighborhood of w in H{(£2), S is contained in some bounded
set of H3(R2). Therefore, S is equally given by

S={ue HYQ);(I - P)¥(u) =0}
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Moreover, if 7 > 0 is sufficiently small, then

Sn B () c SN BH%ﬁ(ﬂ;T),
i%_ﬂ), u €
H?(Q). We next remark that S is equally given by (g(us),us) € Hap + K(T'), where
u; = ¢g(ug) is an implicit mapping of G(u;,uz) = 0 for the mapping G:H]%B(Q) —
Hy(g_1y such that G(uy,us2) = (I — P)V'(uy,uz) for (ui,u) € Hog + K(T'). As verified,
DG (1, u2) = Tim,,, where U = U +1y, is an isomorphism from Hyg onto Ha(s_1). Lemma

where 7 is the radius obtained in Lemma 8.4, since |lul| 25 < C’||u||§f2_1||u||
D D

8.4 provides that W/(u) and hence G(u) is analytic for u € B (w;r). Consequently, the
implicit mapping u; = g(usg) is also analytic in a neighborhood of w, € K (7).
In this way, we have completed the proof of the lemma. O

By two Lemmas 8.4 and 8.5, ¥(u) is analytic with respect to u when u varies in a
neighborhood of w on S which is a finite-dimensional analytic manifold. Then, Lojasiewicz’
classical result [10] is available to conclude that there exists some exponent 6 € (0, %] for
which it holds that

1V ()| =1 > C|0 () — W (@)|", ue B%(u:r)n S.

As stated above, Proposition 8.7 thus provides the desired inequality (8.22). O
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Chapter 9

Conclusions and Future Researches

In this doctoral thesis, we mainly handled four problems in Chapters 5,6,7, and 8. In
order to show the existence and uniqueness of solutions to each equation, we utilized the
theory of evolution equations of parabolic type summarized in Chapter 4. After that, we
focused on asymptotic behaviors of solutions to model equations.

In Chapter 5, we studied attraction-repulsion chemotaxis equations of the form (5.2).
As for these equations, we could construct exponential attractors for a non-autonomous
dynamical system determined from (5.2). Roughly speaking, this result means that there
exists a compact set with finite fractal dimension and the set attracts all global solutions
to (5.2) at exponential rates. From this result, we expect that the global solutions show
spatial pattern structures as time increasing.

In Chapters 6, 7, and 8, we showed, for each equation, that the global solutions con-
verge to a stationary solution. Obviously, the Lyapunov functions play an important role
for showing convergence results. Let us consider what properties of Lyapunov functions
bring us success.

In Chapter 6, we studied the Keller-Segel equations in network shaped domains of the
form (6.1). As shown in Section 6.4, (6.1) has a Lyapunov function of the form

P((u,v)) = /9 [ulogu — uldx — /9uv dx + % (A20,0) 16y a1 (g) -

In order to obtain the convergence result, we showed that this Lyapunov function sat-
isfies the Lojasiewicz-Simon inequality (6.47). For the proof of (6.47), we utilizing the
techniques in [29]. We summarize essential points of the proof. Firstly, the inverse op-
erator A;' 1 Ly(G) — Lo(G) of the differential operator A, in Ly(G) becomes a positive
definite self-adjoint compact operator; so, we could obtain the inequality (6.53). Sec-
ondly, as shown in Proposition 6.10, the convexity of fS [ulogu — u|dx and (6.53) yield
that the monotonicity of © : X, — X! (which is corresponding to the first derivative of
®). This fact enables us to use the Browder-Minty theorem for ©, so that © is bijection.
From this result and inverse mapping theorem (Theorem 2.3), we could apply the classical
Lojasiewicz theorem [10] to obtain Proposition 6.13. After some calculations, we conclude
the Lojasiewicz-Simon inequality (6.47).

In Chapter 7, we studied a quasilinear diffusion equation of the form (7.1). As shown
in Section 7.5, the stationary problem of (7.1) possesses a unique solution (with char-
acterization by a functional equation). This favorable property yields the convergence
result.
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In Chapter 8, we studied a Laplace reaction-diffusion equation of the form (8.1). This
equation has a Lyapunov function of the form

U(u) = /Q [g|Vu|2 - mF(u)} dx.

In this problem, the analyticity of fQ mF (u)dx with respect to u plays an important
role. The analyticity of F' : R — R does not always ensure that [, mF(-)dz : X — R
is analytic. Whether [, mF(-)dz is analytic or not depends on the norm of the Banach
space X. In the present case, [, mF(-)dz may not be analytic in Hj(Q) due to the fact

that H'(Q) ¢ C(Q). With this fact in mind, we considered the shifted triplet Hz (€2) C
HY7HQ) ¢ H*P-D(Q) and a critical manifold (introduced by [26, 27]), so that the
Lojasiewicz-Simon inequality (8.22) is verified; consequently, we proved the convergence
result. By the way, H}(Q2) C €(R2) when Q C R; then, without considering the shifted
triplet, we can directly show the convergence result by using the theorems in [26]. This
is an example of the difficulties by increasing dimension of the domain (2.

In Chapters 6 and 8, note that we obtain the convergence results with decay estimates
(6.51) and (8.25). This is one of the benefit of the Lojasiewicz-Simon inequality. On
the contrary, in Chapter 7, we did not know decay estimates, since we obtained the
convergence result without proving the Lojasiewicz-Simon inequality.

Finally, let us suggest further study on the problems in this thesis. Although we showed
that every global solution converges to a stationary solution in Chapters 6,7, and 8, we still
not know the detail of the stationary solution except for Chapter 7. Generally speaking,
a stationary problem of a parabolic partial differential equation becomes a elliptic partial
differential equation, and the investigating solutions of the a elliptic partial differential
equation is a hard work. So, we may investigate solutions of difficult elliptic partial
differential equations through limits of global solutions for a corresponding parabolic
partial differential equations. In the meantime, it is one of the interesting problems to
identify initial values which converge to a common stationary solution. We address these
problems with numerical analysis. Since we have obtained our convergence results in the
Sobolev norm topology (that is, H' topology), we will be able to apply the theory of the
finite element method (FEM).

In Chapter 8, we could extend the results to critical manifolds introduced in [26, 27]; so,
the techniques must have a lot of potential to become successful. In this thesis, sectorial
operators, analytic property of functions, and convex property of functions leaded the
Lojasiewicz—Simon inequality, but they have complicated relationships. If we can untie
them, then we will be able to construct frameworks which are applicable to a variety of
parabolic partial differential equations.
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