FLOWS ON ORDERED BUNDLES

JANUSZ MIERCZYNSKI

In the investigation of the stability of an equilibrium in a smooth strongly mono-
tone dynamical system (semiflow), an indispensable tool is the Frobenius—Perron
theorem (in the finite-dimensional case), and the Krein—-Rutman theorem (in the
infinite-dimensional case) applied to the linearization of the system at the equilib-
rium. (For the theory of strongly monotone semiflows the reader is referred in the
continuous-time case to e. g. [Hi], or [Sm—Th], in the discrete-time case to [Ta], and
for the definition of C! strongly monotone semiflows—to [Mi].) However, in many
cases restricting oneself to equilibria does not suffice and one needs to consider the
behavior of the linearization of the dynamical system on a more complex invariant
set (for a recent analysis where it is necessary to consider any compact invariant set
see [Po—Te]). To the author’s knowledge, D. Ruelle was the first (1979) to generalize
the Frobenius—Perron theorem to the case (in our terminology) of strongly monotone
linear discrete-time semiflows on a finite-dimensional strongly ordered vector bundle
(see [R1], Proposition 3.2).

The main result of the present paper (Theorem 1) is a generalization of Ruelle’s
result to a fairly broad class of strongly monotone semiflows on strongly ordered
Banach bundles. The paper is organized as follows. Part 1 (Sections 1, 2 and 3) deals
with abstract theorems about monotone linear semiflows on ordered Banach bundles.
In Part 2 we show how the abstract results from Part 1 can be applied to linearizations
of sufficiently smooth parabolic partial differential equations of second order.
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PART 1. THE ABSTRACT RESULTS

1. Monotone semiflows on Banach bundles. Let V be a real Banach space
with norm || - ||. For v € V'\ {0}, Pv stands for its direction, and, for a subset S C V,
PS := {Pv :v € S, v # 0}. For V, W Banach spaces, by L(V,W) we denote the
Banach space of all bounded linear operators A : V. — W endowed with the norm
topology. We write £L(V) := L(V,V). V* denotes the dual space to V, with the
standard duality pairing (v*,v). V* is endowed with the norm [[v*||, := sup{{v*,v) :
o] =13

A convex closed subset V of V such that aVy C V. for each a > 0 is called a
cone if {0} is the only subspace contained in V. We will always assume that V,
is reproducing, that is, Vi + (=V;) = V. A cone V, is called solid if its interior

V4 is nonempty. A pair (V, V) is called an ordered Banach space, and for V solid
a strongly ordered Banach space. For an ordered Banach space, we write v < w if
w—v € Vi, and v < wif w—v € Vi \ {0}, where v, w € V. For V, solid, we

write v < w if w—v € V4. For v,w € V, the closed order interval is defined as
[v,w] :={u € V : v <wu < w}, and the open order interval as [[v,w]] := {u € V :
v u <KL wh.

A cone V, is called normal if there exists £ > 0 such that for each v, w € V,,
v < w one has ||v]| < k||w||. A pair (V,V,) where V is normal is called a normally
ordered Banach space. For a normally ordered Banach space (V, V), the norm || - ||
is said to be monotone if ||v|| < ||w| for v, w € V4, v < w. From now on, we will
assume that any normally ordered Banach space is endowed with a monotone norm
(see [K—L—S], Thm. 4.4).

In the dual space V* the dual cone is defined as V} := {v* € V* : (v*,v) > 0
for all v € V. }. It is well known that V} is reproducing and normal if and only if V.
is reproducing and normal (see e. g. [K—L—S], Thm. 4.5 and Thm. 4.6).

For f € V; \ {0} fixed we define the order-unit norm

|vllf :=inf{a>0: —af <v<af}.
The norm || - || is monotone. Let V; := {v € V : ||v]| < oo}. Whenever V, is

normal, for any f € Vi \ {0} the normed space (V¢,|| - | ¢) is complete. Moreover,

the cone (Vy)y := VNV, is solid (in (Vy, |- ||f)), and f € (V§)4.
A strongly ordered Banach space (V,V,) will be always considered with fixed

feViand f* € Vi such that || - || = || - ||y and (f*, f) = 1.
Now we introduce an equivalence relation on V \ {0}:

v ~w if there exist 0 < a < 3 such that av < w < po.
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For h € V, \ {0}, K} stands for the equivalence class of h. If V4 is solid, then
Vi =Ky for any h € V. For v, w € K, we define

inf{8 >0:v < pw}
sup{a@ > 0:aw < v}’

v, w) := log

(Kp, p) is a pseudometric space. Moreover, p(v,w) = p(av, fw) for all «, 5 > 0.
Setting p(Pv, Pw) := p(v, w) we obtain a metric p on PK}, (called Hilbert’s projective
metric). If the cone V; is normal, then for any h € V. \ {0}, (PKj,p) is a complete
metric space (for proofs of the above facts see [K—L—S], Section 4.6).

By the projectivization of a linear operator A : V' — V we understand the mapping
PA : PV — PV defined by PA(Pv) := P(Av) for each v € V' \ {0}. For an ordered
Banach space (V,V,) a linear operator A : V. — V is called monotone if AV, C

Vy, and, for (V,V,) strongly ordered, strongly monotone if A(V, \ {0}) C V. A
monotone operator A is called focusing if

sup{p(PA(Pv), PA(Pw)) : v,w € Vi \ {0}, Av # 0, Aw # 0} < 0.

It is well known that if a linear operator A is monotone then so is its adjoint A* :
V* — V*. Moreover, if A is focusing then so is A* (see [K—L—S], Thm. 10.1).

Let V := (X x V, X, m) be a product Banach bundle with total space X x V|
base space X and projection 7, where X is a compact metric space. The structure
group of a Banach bundle V will always be the group GL(V') of all bounded linear
automorphisms of V' endowed with the uniform operator topology. We will frequently
identify the bundle V with its total space X x V. Generic elements of the total space
X xV will be denoted by boldface letters v, w etc. When we want to emphasize that
v belongs to the fiber over a point = € X, we write (z,v) =v € 77 1(z) :== {2} x V.
Z stands for the zero section of V. By a Finsler on V we mean a continuous function
(x,v) > X XV = p(v) € [0, 00) such that for x € X fixed, (z,v) — p(v) is a norm on
V, equivalent with || - ||. The Finslers p(:) and p/(+) are uniformly equivalent if there
are constants 0 < k1 < ko such that kip(v) < p/(v) < kop(v) for all v € X x V. The
product Finsler on V induced by the norm || - || is defined as ||v|| := ||v]|.

If (V, V) is a (strongly, normally) ordered Banach space, V is said to be (strongly,

normally ) ordered. We write V4 := X x Vi, and V4 := X x V. For h € V \ {0},
(Vn)+ == X x (Vi)4+. Let (V,V4) be an ordered Banach bundle, and let h : X —
Vi \ {0} be a fixed continuous function. We define the order-unit Finsler | - ||, as
[v][n == |v||lh@), € X, v € V. In the sequel we will frequently need the following
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Lemma 1.1. Let hy, hy : X — V4 be continuous. Then the order-unit Finslers ||-||n,
and || - ||n, on the strongly ordered Banach bundle (V,V,) are uniformly equivalent.

Proof. Notice that over each x € X, the order-unit norms || - ||, () and || - [|n, ()
are equivalent, and make use of the continuity of h; and hy and the compactness of
X. O

By a flow [semiflow] ¢ on a metric space X we mean a continuous mapping
P:RxX =X [p:]0,00) x X — X] (we denote () := p(t,-))

such that o = idx and for each s, t € R [s, t € [0,00)], ©s © s = Pt
A discrete-time flow [discrete-time semiflow| ¢ on X is a continuous mapping

0:ZxX =X [p:(NU{0})x X — X]

such that ¢o = idx and for each ny, no € Z  [ny, no € NU{0}], ©n, © pn, =
©ny+ny- All our results will be formulated for (semi)flows, however they remain valid
for discrete-time (semi)flows too.

For a semiflow ¢ on X, a set Y C X is called invariant if ;Y =Y for every t > 0,
and totally invariant if it is invariant and ¢; 'Y C Y.

Assume that V := (X x V, X, ) is a Banach bundle. A semiflow ® on the total
space X x V is a linear semiflow covering a flow ¢ on X, if for each ¢ € [0, 00), ®; is
a Banach bundle endomorphism:

Qv = O(t,z,v) = (prz, pe(x)v) forx e X,v eV,

where the assignment (0,00) x X 3 (¢,z) — ¢(x) € L(V) is continuous.

A linear semiflow ® is called compact if for each t > 0 the set {(px, ¢1(z)v) 1 x €
X, ||v]| = 1} is precompact.

For V ordered, a linear semiflow ® on V is called monotone if ¢;(x) is monotone
for each t > 0, z € X. For V strongly ordered, ® is called strongly monotone if ¢;(x)
is strongly monotone for each t > 0, z € X.

Theorem 1. Assume that

1) ® is a compact linear semiflow on a strongly and normally ordered Banach
bundle V, and

2) For each T > 0 there are constants 0 < mp < My with the following property:
for any v € Vi \ Z there is I(v) > 0 such that

mrl(v)f < or(x)v < Mpl(v)f forallt e [T/2,2T],x € X.

Then
i) There exists a one-dimensional invariant subbundle S such that S\ Z C

Vi U—=Vi. Such a subbundle is unique.
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ii) There exists a one-codimensional totally invariant subbundle T such that T N
Vi = Z. Such a subbundle is unique.
iii) There are constants v > 0 and ¢ > 0 such that

®
’|||®tvl||| >ce’t forallt>0,r € X,vES, weT,|v|]=|w|=1.
+tW

(The last property is called exponential separation).

2. Proof of Theorem 1. In the first part of the proof we show that the theorem
holds for the discrete-time semiflows.

1) Existence of a one-dimensional invariant subbundle. Denote by PV the product
fiber bundle (X x PV, X, Pr) where PV is endowed with the projective metric p.
Lemma 2.1. Let o be a (not necessarily continuous) section of the fiber bundle

PVi, and let o : X — Vi be the (unique) function such that ||o(z)|| = 1 and
o(x) = (x,Po(x)) for allx € X. Then o is continuous if and only if o is continuous.

Proof. Assume that o is continuous. Let x; € X be a sequence converging to z. By
the definition of the metric p, there are sequences 0 < a < [ such that axo(xg) <
o(r) < fro(zk) and By/ar — 1. We claim that ap — 1 and S — 1. Indeed, if,
for example, 8, — a < 1 for some subsequence k;, then by the monotonicity of the
norm we would have ||o(z)|| < a < 1, a contradiction. We have

lo(zx) —o(@)|| < llo(zr) = axo (x|l + o(z) — aro(ze)|| < [1 = ar + (Br — o),

which converges to 0.

Assume that o is continuous, and let x; € X be a sequence converging to x. The
norms |- || and || - ||, are equivalent, so the family {[(1—1/n)o(z), (1 +1/n)o(z)] :
n =1,2,...} forms a neighborhood basis at o(z) in V. Therefore there are sequences
ar — 1, B — 1 such that axo(z) < o(zr) < Bro(x). From this it follows that
plo(zg),o(x)) <log(Br/ar) — 0as k —oco. O

Let X denote the complete metric space of all continuous sections of PV, with
the metric d(o’,0”) := sup{p(c’(x),0”(z)) : + € X}. For notational convenience,
denote ¢ := 1, ® := Py, ¢ := ¢p1, m :=my, M := M;. The mapping ® induces in a

natural way the fiber bundle endomorphism P® : PV, — PV,. Consider the graph

transform § from X into the set of all sections of PV, defined as

Jo(z) :=Pd(c(p '2)),2 € X.
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Lemma 2.2. § maps X into 2.

Proof. Denote by 3 the Banach space of all continuous sections of V, endowed with
the supremum norm. Fix ¢ € ¥ and let o € ¥ be as in Lemma 2.1.
We have
So(z) =Po(p~'z)o(p™ x),z € X.

By the continuity of ¢(x) in x we get that the function I' : X — V defined as
[(z) := ¢(p~lz)o(p™1z), x € X, belongs to X. ¢(x) is strongly monotone, so

['(x) € V, for all z € X, therefore the section 7 defined as vy(x) := I'(x)/||T'(x)]| is
in 3. By Lemma 2.1, §o € . U

From hypothesis 2) it follows that ¢(x)v > 0 for all v € V4 \ {0}, z € X, and
that the projective diameter of the image P¢(z)(PV,) is not bigger than log(M/m).
By [K—L—S], Lemma 10.3, P¢(x) contracts projective distances by factor not bigger
than (/M/m —1)/(v/M/m + 1) < 1. Therefore § is a contraction on ¥, so there

o
exists a unique fixed point 71 of §. The section 7 of PV, corresponds to a one-
dimensional continuous ®i-invariant subbundle &; of V. The uniqueness of S; is
equivalent to the uniqueness of a fixed point of the graph transform §.

2) Existence of a family of complementary subspaces. The normal cone V. is solid,
hence reproducing, so the dual cone V[ is normal but, in general, only reproducing.
For any = € X, v* € VI \ {0}, we have ¢*(z)v* € VI \ {0}. Moreover, by [K—
L-S], Thm. 10.1, the operators ¢*(x) : V¥ — VI are focusing, with the projective
diameters of P¢*(¢x)PV} not bigger than log(M/m).

For z € X, let D, denote the closure of P¢* (px)PV in the topology corresponding
to the projective metric p. (D,,p) is a complete metric space. D will denote the
product fiber bundle with base X4(=X with the discrete topology) and fiber over
x € X equal to {z} x D,. Let ¥* denote the set of all sections o* of D endowed
with the metric d(o*',0*") := sup{p(c*'(x),0*"(z)) : xzinX}. (¥*,d) is a complete
metric space. Making use of the appropriate graph transform, we obtain the existence
of a section 7 of the bundle D. The mapping g* : X — VI is defined so that
lg*(@)|| = (g*(x), f) =1 and 77 (z) = (z,Pg*(x)) for all x € X. By 7; we denote the
&4 -invariant family of the nullspaces of the functionals g*(z).

3) Exponential separation. Let, for each x € X, g(x) denote the unique unit vector
(¢}

contained in (V4 N S1),. By Lemma 1.1, the Finslers || - ||, and || - || are uniformly
equivalent. Define the function osc : 71 — [0,00) as

osc(w) := B(w) — a(w)
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where f(w) := min{S : Bg(z) > w}, a(w) = max{«a : ag(z) < w}. By [K-L—
S|, Section 12.2, osc|(71), is a norm. Moreover, since for w € 71 \ Z, f(w) > 0,
a(w) < 0, we have

(2.1) [wllg < osc(w) < 2[jwl|g

(recall that ||w||y; = min{a > 0: —ag(x) < w < ag(x)}).
From [K—L—S], Lemma 12.1, it follows that for k := (y/M/m—1)/(v/M/m+1) <
1 and for any w € Ty, osc(w) = 1 one has

osc(P1w)

[o(2)g(2)llg(pa) ~

K.

Therefore for any v € Sy, ||v|| = [|v]|y = 1, we have

[@1vily

>0>1
osc(P1w) —

with 6 := k~! > 1. By induction we prove that

[Pnvily

— > 0" N.
osc(®,w) — e

By (2.1) the assertion follows.
In the sequel we will need the following result.

Lemma 2.3. For any w ¢ T1, there exists N € N such that ®,w € (V4 U—-V) for
alln > N.

Proof. For h* € V} such that (h*, f) = 1, let P(h*) and P’(h*) denote the projections
corresponding to the direct sum decomposition V' = span{ f} ®nullspace{h*}. Notice
that these projections are defined as:

P(h*)w = (h*v)f , P(hW)v=v— (h*,v)f forvelV.

Since h* is nonnegative, we have (h*,v) > m, therefore || P(h*)v|| > m, provided that
v € [mf, Mf]. On the other hand,

[P (h*)oll = (v = ) = (% 0)f = HIF < Nlv = fIl + KBS v) f = ]
[ = fII+ [P 0 = F)fI] < 2max{[m — 1|, |M —1[}.
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for v € [mf, M f]. So we have

Iyl m

(2:2) |P/(yoll = 2max{fm — 11, [M — 1]}

The inequality (2.2) holds also for all v € V1 such that v = au for some a > 0 and
we mf, Mf].

By the exponential separation for the discrete-time semiflows we have that for
w ¢ 71 there is ¢(w) > 0 such that

|®,w ] vn
m Z c(w)e for all n € N,

where w = w(l) + W(2), wl) e Sy, w® e T;. Let z,, := pnx and w, be such that
&, w = (x,,w,). Making use of Lemma 1.1 we obtain that

for some c;(w) > 0 and all n € N. The desired result follows easily. [

4) Invariance. We get the invariance of S; and 77 in the proof of their existence.
In order to prove that 77 is totally invariant, suppose to the contrary that there are

v ¢ T; and n € N such that ®,v € 7;. Then, by Lemma 2.3, ®,, v € V, U -V, for
some ny € N, ny > n, which contradicts the (forward) invariance of 7;.

5) Continuity of the family T;. We will prove that, in fact, 7; is a trivial Banach
bundle over X. This is the content of the following

Proposition 2.1. Let Vi be the subspace spanned by f and let Vo be the nullspace
of f*. Then there exists a continuous mapping X > x — F(x) € L(Va, V1) such that
Ti={(x,v+ F(z)v): x € X,v € Va}.

Proof. Recall that g*(x), for any x € X, denotes the functional defining (77),, nor-
malized so that (¢*(x), f) = 1. The operator F(z) is defined as:

We have also the equality
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First, we wish to prove that the set 77 is closed. Assume that v ¢ 7. By Lemma 2.3,
o o
there exists n € N such that ®,v € V, U -V ;. The mapping ®,, is continuous, so

&, w eV, U=V, for all w in some neighborhood of v. By the invariance of the set
71, no such w can belong to 77.

Now, assume that xx — = € X, vy — v. From Lemma 2.3 we deduce that the
set {||F(z)v] : € X,||v]|| = 1} is bounded, so, since V; is one-dimensional, the
set {F(zk)v : k € N} is precompact. Choosing a subsequence, if necessary, we can
assume that F'(zy)vry — w. So we have that xp — x,vp — v and F(zy)vry — w. By
the closedness of 71 we get w = F(x)v. It follows that the mapping = — F(x) is
continuous in the strong operator topology. The desired continuity in the uniform
topology follows in a standard way from the compactness of ®; (compare e. g. [Pa],
Thm. 3.2 on p. 48). O

6) Sy = Sy for all t > 0. Precisely as in part 1) we consider for any ¢t > 0 the
graph transform ;. From assumption 2) we deduce that, for T > 0 fixed, §;’s
contract uniformly in ¢t € [T/2,27]. From the well-known facts (see e. g. [D—G],
Problem 6.4(b) on p. 17) it follows that we prove the continuous dependence of the
fixed point 74 on t € [T/2,2T] if we prove that, for o € X fixed, the assignment
[T/2,2T) > t — F:0 is continuous.

Lemma 2.4. Let t, — t > 0. Then for o0 € ¥ fized one has limy_,o d(P®;, o,
Pd,0) = 0.

Proof. As in the proof of Lemma 2.2, denote by 3 the Banach space of all continuous

functions from X into V, endowed with the supremum norm, and let o : X — V
stand for the (unique) function such that ||o(x)| =1 and (z,Po(z)) = o(x) for all
r € X. Denote

[(z) := o(p-ix)o(p—12), T (2) := d(o—1,2)0 (01, 2),

for x € X. Since o is uniformly continuous and ¢ depends continuously on z in
the uniform topology, we get that sup,cy ||[I'x(x) — I'(x)|| = 0 as & — oo. Further,
sup,ex |k (2) =7y(2)l| = 0, where y(x) := I'(z)/||I'(2)[| and vx (z) := Ti(2)/[|Tx ()]
By Lemma 1.1, the Finslers || - || and || - ||, are uniformly equivalent. Notice that the
family {R; : | € N}, where R; :={r € ¥ : r(x) € [(1-1/0)v(x), (1+1/1)y(x)]}, forms
a neighborhood basis of 7 in 3. Now the desired statement follows easily (compare
Lemma 2.1). O

By uniqueness, 7y = 7 for each t € Q, t > 0. The set {t € Q,t > 0} is dense in
(0,00), so all 74, t > 0, are the same. We put § = S;.
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7) Te = Tq for allt > 0. As in 2) we prove that for each ¢ > 0 there exists a
one-codimensional subbundle 7;, complementary to S; = §. Suppose to the contrary

that there exists v € T; \ 77 for some ¢t # 1. By Lemma 2.3, ®,v € VU=V, for
some n € N, hence ®,,v ¢ T;, which contradicts the invariance of 7.

8) Invariance for the continuous time. The proof goes precisely as for the discrete
time (see 4).

9) Exponential separation for the continuous time. Now we introduce some con-
cepts form the spectral theory of linear flows on vector bundles. By the dynami-
cal spectrum of a linear flow ® defined on a (finite-dimensional) vector bundle B we
understand the complement in R of the set of those A for which there are a continuous
invariant decomposition B = B(1) & B(2) and constants c(1y > 0, ¢(2) > 0 such that

H(I)tv(l)H < C(l)e)\tHV(l)H for all V() € B(l),t >0
and

||(I)tV(2)” > 0(2)6)‘tHV(2)H for all V(2) € B(z),t > 0.
(The case B(;) = Z is not excluded.)

Lemma 2.5. The semiflow ®|S extends naturally to a flow on S. If we denote the
infimum and the supremum of its dynamical spectrum by A, and Xy respectively, then
for each N, X', X < A\ < A\ < N, there are constants k(\') > 0 and K(\") > 0
such that

(2.3) [®,v]| > k()N |v]|
and
(2.4) [®v] < K\t v

forallv e S and allt > 0.

Proof. The semiflow ®|S is defined on a one-dimensional subbundle and for all £ > 0
the mappings ®,|S are invertible, so ®|S extends naturally to a flow. The remaining
statements follow from the results contained in [Sa—Se|, Section 3. [

Now, consider the semiflow ®|7. Making use of the Uniform Boundedness Theo-
rem we deduce that there are constants d > 0 and A5 such that

(2.5) |®,w| < de?2t||w| forallweT,t>0
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(the proof goes precisely in the same way as in the case of semigroups, compare [Pa],
Thm. 2.2 on p. 4). Combining the exponential separation for the discrete time with
(2.3) and (2.5) we get the desired result.

3. Generalizations. Let (V,V,) be a strongly ordered Banach space. Fol-
lowing [Hi], we can define the order topology on V as the topology generated by

the order-unit norm || - || for some A € V4 (such norms corresponding to different
choices of h are equivalent, cf. Lemma 1.1). Let V be the completion of V' in any of
these norms, and let j: V — V be the natural embedding. The Banach space V is
strongly and normally ordered. Assume that ® is a strongly monotone semiflow on
the bundle V = (X x V, X, 7). For all x € X, ¢t > 0, the mapping ¢;(x) induces in
a natural way a mapping ¢;(z) € £(V,V) (see [Hi], Proposition 1.10). If we define
O, (v) == (¢, at(x)v) forz € X,v eV and t >0, then ® satisfies all the properties
of a strongly monotone linear semiflow on the bundle V= (X x IA/, ‘7,/7?) except
perhaps continuity in x € X. We say that ® factorizes through d if the following
conditions are satisfied: R

F1) @ is a (strongly monotone) linear semiflow on V, and

F2)Fort >0,z € X, at(flf) factorizes as (Zt(x) = jouy(x), where the assignment
(0,00) X X 3 (t,x) — b¢(x) € L(V,V) is continuous.

Theorem 2. Assume that a strongly monotone semiflow ® factorizes through (/IS, and
that ® satisfies all the hypotheses of Theorem 1. Then all the assertions of Theorem 1
hold for the original semiflow ®.

Indication of proof. The sets S and T constructed for the semiflow d are obviously
contained in X x V. The rest goes along the lines of the corresponding parts of the
proof of Theorem 1. [J

Now we proceed to another generalization of Theorem 1. The flow ¢ on X is
called uniquely ergodic if there exists precisely one probability Borel measure p on
X invariant under ¢.

Theorem 3. Assume that a semiflow ® covering a uniquely ergodic flow ¢ satisfies
all the hypotheses of Theorem 1 (or Theorem 2). Then there are constants —oo <
A2 < A1 < 00 such that for any A, Ay < X\ < A1, one can find c(\) such that

1@v]| > c(N)e|vI] forveS,t>0

and
[@iw| < c(NeM[|w|  forveT,t>0.

(this property is called spectral separation).
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Proof. The invariant measure p on X is unique, so the metric space X is connected.
Since the bundle S is one-dimensional, from [J-P—Se], Thm. 2.3, we deduce that
the dynamical spectrum of the flow ®|S equals {\;} for some \; € R. Therefore, by
Lemma 2.5, for any X < A\ < X\’ there exist constants k(A\') > 0 and K(\") > 0
such that

(3.1) |®,v]| > k(\)eMt||v] forveS,t>0
and
(3.2) [Pev] < KW |v|| for v edS,t>0.

Making use of the exponential separation we obtain from (3.2) that there exists
A2 := A1 — v such that for each A > Ao there is a constant ¢(\) such that

|®w| < c(NeM||w| forveT,t>0.

PART 2. APPLICATIONS

4. Parabolic partial differential equations of second order. As mentioned
in the introduction, now we show how our abstract results in Part 1 can be applied in
the investigation of parabolic partial differential equations (PDE’s) of second order.

In this section the general setting will be as follows. Assume that 2l is a compact
metric space. We consider a family of second order linear nonautonomous partial
differential equations of parabolic type, parameterized by a € 2:

(4.1a) %(a;t,x) = A(a;t,z)u(a;t,z), te(0,00),x€ N ac,
where
= 0%u
Alas t, z)u = i]zzzl a;;j(a;t,x) 007,

n P .
+Zbi(a;t,x)a—;—|—c(a;t,x)u, t €0,00),x € Q,
i=1

is, for T' > 0 fixed, a uniformly elliptic operator on [0,7] x Q, where Q is the closure
of a bounded domain Q C R™ with boundary 9 of class C?*T%, a > 0.
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The equation (4.1a) is complemented with Neumann-type homogeneous boundary
conditions:

u

(4.1b) o

(t,z) =0 forte (0,00),z € 09,

where v : 9Q — R"™ is a C! vector field pointing out of Q,
or with Dirichlet homogeneous boundary conditions:

(4.1b%) u(t,z) =0 fort € (0,00),x € IN.

From now on, our standing assumptions are:

Al) For T > 0 and a € 2 fixed the functions a;;(a;-,-), bi(a;-,-), c(a;-,-) belong
to the Banach spaces C®/22+([0,T] x Q), C*/%*([0,T] x ), C*/%(]0,T] x Q)
respectively.

A2) There exists a Banach space W such that C%(Q) ¢ W C C°(Q) with both
inclusions continuous having the property: if U(a; 7;t)w(x) denotes the unique solu-
tion to the problem (4.1a)+(4.1b) (or (4.1a)+(4.1b")) for the parameter value a with
the initial condition:

(4.1c) u(t,r) = w(z) for we W,z € Q,

then the mapping
(a;7,t,w) — Ula; 5 t)w

defined for a € 2, 7 € [0,00), t € [0,00), T < t, w € W, is continuous.

Remark. The reason why we choose to formulate assumption A2) in the above
way is that, since there are several approaches to the problem of the generation of a
semiflow by a parabolic PDE (compare e. g. [He|, or [Am1]-[Am3], or else [An]),
we do not want to be too specific. For a very broad class of conditions implying the
fulfillment of assumption A2) the reader is referred to [Am2], Sections 3 and 7.

We will have two sources of examples in mind. In both cases, we assume that
the bounded domain 2 C R™ is C'*° and that all the functions are also C* on their
domains.

A) Linearization of a quasilinear PDE on an invariant set. Consider a quasilinear
time-independent parabolic partial differential equation of second order

0 ~~ O (., _ 0u R
(4.2) Tl Z pr (aij(ac,u)a?j> + F(z,ua,Va), te(0,00),z¢€ Q.

1,7=1
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Equation (4.2) together with appropriate boundary conditions generates a local semi-
flow ¢ on a subset Z of a suitable function space W (see e. g. [Am2]). Under natural
conditions (see e. g. [He], Section 7.3) the mappings @; for ¢ > 0 are injective.
If, in addition, we put restrictions on the dependence of a;; on Vu, then bounded
trajectories are precompact (see e. g. [Am2], Introduction).

As X we can take any compact totally invariant set for ¢, for instance, the w-limit
set of a bounded trajectory, or the whole global attractor (if it exists). The semiflow
@ restricted to X extends naturally to a flow . Linearizing (4.2) along the trajectory
of each point in X (for an explicit formula see e. g. [Am2], Thm. 10.4), we obtain a
linear semiflow ® on the tangent bundle X x W, covering ¢. Note that ® is generated
by an equation of the form (4.1), where the parameter set 2 equals X and A(a;t, )
for (a,t) € 2A x [0,00) is the linearization of (4.2) at ¢ia. The solutions of (4.2)
corresponding to initial conditions in X are classical ones for all ¢ € (—o0,00) (see
[A2], Thm. 9.2), so it is easy to verify that assumptions Al) and A2) are fulfilled in
this situation.

The situation is quite similar in the case where the right-hand side of (4.2) is
T-periodic in time, T' > 0. Then the local semiflow is defined on Z x [0,T] rather
than on Z. The Poincaré map restricted to a compact totally invariant set is a
homeomorphism whose (integer) iterates form a discrete-time flow. Now, taking the
Poincaré map for the linearization of the equation along any solution contained in the
invariant set, we obtain a discrete-time linear semiflow on the corresponding product
bundle.

It should be noted that many of the above conditions (smoothness, for instance)
can be considerably relaxed. Also, equation (4.2) can be in a more general form.

B) Partial differential equations almost periodic in time. Consider a linear homo-
geneous nonautonomous parabolic PDE of second order
(4.3)

ol <~ 0 (.
E_Za_wz< (@, 833])

4,j=1

é(t,x)u, te (—oo,00),z€Q,

complemented with (say) homogeneous Dirichlet boundary conditions. Assume that
the mapping (—oo,00) 3 t = (ag(t, ), bit,-),&(t, ) € C2(QL,R™) x C2(Q,R™) x
C1(Q,R) is (Bohr) almost periodic.

As X we take the hull of the right-hand side of (4.3), that is, the closure in the
Banach space C(R, C2(, R™") x C2(Q,R") x C1({, R)) (with the uniform norm) of
the set of all time translates of it. X is a compact connected metric space. Moreover,
the flow ¢ on X defined as the time translation has precisely one invariant probability
measure (see [Ne—St], Thm. 9.34 on p. 510). The linear semiflow ® is generated by
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the natural extension of (4.3) to the hull of its right-hand side. It is easy now to
check that assumptions Al) and A2) are fulfilled, with 2 = X.

The linear mapping U(a; 7;t) : W — W can be represented as an integral operator
with kernel G defined on {(a,t,z,&) € A x [0,00) x (0,00) x 2 x Q: 7 < t}:

Ula 7 tyw(z) = /Q Glast, a7 €)w(€)de

fora €A, 7 €[0,00),t € (0,00), 7 <t,we W,z &€ Q (see [F], Section 3.7 for the
Dirichlet case, and Problem 5.5 on p. 155 for the Neumann-type case).

Lemma 4.1. For 7 € [0,00) fized, the mapping a x (1,00) x Q@ > (a,t,§)
G(a;t,;1,€&) € C°Q) is continuous.

Proof. Fix, for a moment, 7 < T} < Ty < oo. Since A is uniformly elliptic in
[T1,Ts], [E-I}, Thm. 1.1 implies that G' and its derivatives dG/dx; are bounded
uniformly in (a,¢,£) € Ax [Ty, To] x Q. Therefore the family {G(a;t,;7,€) : (a,t,£) €
A x [Ty, T] x Q} € C°(Q) is bounded and equicontinuous, thus precompact.

Let (ap,tx, k) € A x (7,00) x Q be a sequence converging to (ag, to, &), to > T.
Take T := (to + 7)/2, To := 2t;. By choosing a subsequence, if necessary, we
can assume that G(ax,ty,;7, &) converges in C°(Q) to some g. Suppose to the
contrary that there exists Z € Q such that g(%) # G(ao,to,7;7,&). Recall that
for a, ¢t and x fixed, the function G is the kernel for the adjoint equation (see [F],
Thm. 17 on p. 84). By Al), the adjoint equation satisfies the assumptions of [E—I],
Thm. 1.1, so the derivatives (0G/J¢)(ag, t,-; T, &) are bounded uniformly in (k,§) €
N x Q. Therefore there exists a relatively open neighborhood g of &, in € such that
limg o0 (inf{|G(ax, tx, T;7,§) — G(ag, to, T; 7,6)| : £ € Qp}) > 0. Now take a w € W
with support contained in y. We have U(ag; 7;t0)w(Z) # limg— 00 U(ag; 75 t,)w(Z),
which contradicts the continuous dependence of the solution on (a,t) € 2Ax(0,00). O

We will consider two cases: first the case of Neumann-type boundary conditions,
then the case of Dirichlet boundary conditions.

1) Neumann-type case. The Banach space V := C%(Q) is strongly and normally
ordered via the cone V of nonnegative functions. By f we will denote the function
equal to 1.

For a € A and ¢ € Q fixed, G(a;-,-;0,€) is a solution to (4.1a)+(4.1b). By [Hil,
Thm. 4.1, G(a;t,-;0,€) > 0 for all t > 0. From our Lemma 4.1 it follows that the
assignment A x (0,00) x Q 3 (a,t,€) — G(a;t,+;0,€) € V is continuous. Therefore for
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any T > 0 there are constants 0 < mp < My such that for all a € 2, ¢ € [T'/2,2T7,
x € Q and £ € Q one has mp < G(a;t,2;0,&) < Mp. Thus we have

mr / v()de < / Gla, t,:0, £)o(E)de
Q Q

< My /Q o(€)d,

that is,
T d ;05 M d
m / v(€)dE < U(a;0;t)v < / v(€)dE

forae A, t € [T/2,2T], v e Vi \ {0}. B
2) Dirichlet case. In this case, let f :  — R be the normalized (in the C°-
norm) nonnegative eigenfunction pertaining to the principal eigenvalue of the elliptic

problem:
Au=0 onf§, uloQ=0.

By the theory of elliptic equations, f is of class C' on Q, f(z) > 0forz € Q, f(x) =0
for x € 98, and (0f/0v)(x) < 0 for x € 92, where v is the unit normal vector field
on 0f2, pointing out of 2.

The Banach space V is defined to be the set of those v € C°(Q2) for which the order-
unit norm |jv||s := sup{|v(z)|/f(x) : © € Q} is finite. V is strongly and normally
ordered via the cone V, of nonnegative functions.

Lemma 4.2. The derivatives (0*°G/0z;0¢;)(a;t,x;0,¢), i, j = 1,...,n, are contin-
uous in (a,t,x,&) € A x [0,00) x Q x Q.

Proof. Fix0 < Ty <T, < co. By Lemma 4.1 the mapping Ax [Ty, To]x Q> a,t,§) —
(0G/0z;)(a;t,;T1/2,€) € C°(Q) is continuous. For (a,t,x) € 2A x [Ty, Ta] x  fixed,
the kernel G satisfies the adjoint equation:

oG(ast,x;7,8)
(4.4) ar = AClatm7.¢)

G(a;t,z;7,) =0 for £ € 0Q, 7 €[0,11/2],

where A* is the adjoint operator to A (see [F], p. 26). Differentiating (4.4) in z;,
t=1,...,n, we obtain

0?G(ast, z;7,€) o 0G(a;t,x;7,€)
0x,; 0T Ox;

0G(a;t,x;7,&)
8.732'

(4.5)

=0 for&e€d,me€(0,T1/2].
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We will now consider (4.5) with the following family of initial conditions
parameterized by (a,t,z) € A x [Ty, Ta] x {2

(4.5a) %(a;t,x;ﬂ/lﬁ) for £ € Q.

Applying Lemma 4.1 to the adjoint equation, we obtain that the mapping

2

2 x [T17T2] x Q> (a,t,m) — M

(a;t,2;0,-) € CO(Q)

is continuous, hence the derivatives G /0x;0¢; for 7 = 0 fixed depend continuously
on (a,t,2,6) €A [Ty, To] x Ax Q. O

Proposition 4.1. If u is a classical solution of (4.1a)+(4.1b") such that u(t,z) =0
for allt > 0 and x € 09, then (Ou/dv)(t,x) < 0 for allt > 0 and x € I, where
v: 002 — R™ is any vector field pointing out of €.

Proof. For t > 0 and a € 2 fixed, the set {c(a;s,z) : s € [0,t,x € Q} is bounded.
Now we apply Thm. 3.3.7 together with Remark (ii) on p. 175 of [Pr—We] to the
function —u. 0O

Since (t,x) — G(a;t,x;7,&) is a solution of (4.1a)+(4.1b"), by Proposition 4.1 we
have that

gg(a;t,x;nf) <0 foracAte [Ty, Tx],0<7<t,xe€dN e

Now, (7,&) — (0G/0v,)(a;t,x;7,&) is a solution of the equation adjoint to (4.1a)+
(4.1b"), thus, applying again Proposition 4.1 we get

0?G

W(a;tax;oug) >0

forall a € A, t € [T, T3], z € 09, £ € 0N
By Lemma 4.2, we can prove, using I’Hopital’s rule, that for 7' > 0 fixed there are
constants 0 < mp < My such that

G(ast,2;0,8)
- f@)f(E)

Take an initial condition v € V. \ {0}. For any a € A, t € [T/2,2T], x € Q we have

U(a;0;t)v(z) _/ G(a,t,x;0,§)
f(x) Ja f@)f(©)

mr < Mp forallac,tec[T/2,2T),zc€Q,¢cq.

v(&)f(§)de,



18 JANUSZ MIERCZYNSKI

hence

- /Q o(€)f(€)de < W < My /Q v(€)f(€)de.

This means that for any v € V \ {0}, one has
lw)ympf <U(a;0;t)v <l(v)Mpf forallaec te[T/2,2T]
with I(v) := [5v(€)f(£)d€ > 0. The Dirichlet case is done.

In both cases above we have shown that Theorem 1 can be applied to the linear
semiflow ® considered on the space V with a fairly weak topology (especially in the
Neumann-type case), whereas in most settings for the dynamical theory of parabolic
PDE’s the flow ¢ is defined on a Banach space W with much stronger topology (for
example, in the theory presented in [Mo] W can be C¥(Q)). In those cases the
cone W, of nonnegative functions is solid but usually not normal. However, for
k € N sufficiently big the Banach space C*(Q2) embeds continuously into such a W.
Therefore, in order to prove that the semiflow on the strongly and normally ordered
space V as above factorizes through the semiflow on W it suffices to show that the
assignment

A x (0,00) x Q3 (a,t,&) = G(a;t,50,¢) € C¥(Q)

is continuous. This can be proved in a similar way as in Lemma 4.1 (one must assume
that the domain €2 and the coefficients of the operator A are sufficiently smooth).

5. Information about applications. In the present section we would like
to address the relevance of our results in the theory of strongly monotone dynam-
ical systems (semiflows). As mentioned in Section 4, such systems are generated
by (semilinear, quasilinear, fully nonlinear) parabolic partial differential equations of
second order, complemented with boundary conditions admitting the strong maxi-
mum principle. When all the functions appearing in the equation and the boundary
condition are sufficiently smooth, the semiflow is of class C! (for a C! theory the
reader is referred to [He|, or the series [Am1]-[Am3], or else e. g. [An|, and for
strong monotonicity—to e. g. [Hi]). The derivative semiflow is generated by the lin-
earization of the original PDE along a solution (see e. g. [Am1|-[Am3|, or [He|). The
linearization is a (usually nonautonomous, even nonperiodic) linear parabolic PDE of
second order, complemented with linear boundary conditions. When we restrict our-
selves to a compact invariant set, that linear PDE gives rise to a strongly monotone
linear semiflow.

Theorems asserting the occurrence of exponential separation (like our Theorem 1)
enable one to use such powerful tools as (forward) invariant foliations (laminations)
for normally hyperbolic manifolds. Further, if the semiflow is of class C*T%, o > 0,
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one can use the theory of measurable invariant families of (embedded) submanifolds
(Pesin’s theory), as developed in the infinite-dimensional case by D. Ruelle ([R2])
and R. Mané ([Ma]). Those ideas have been extensively used in a paper [Po—Te] by
P. Polacik and I. Terescak. They proved, among others, that, under appropriate hy-
potheses, the set of points converging to a cycle (a periodic trajectory) is open and

dense. That result provides a refinement of a classification of w-limit sets given by
P. Takac in [Ta2].
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