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1. Introduction

Consider a semilinear parabolic system, for instance the reaction-diffusion sys-
tem

0 ~

a—;‘ = DAu+ f(u)
in a bounded Lipschitz domain Q C R¢, d > 1, subject e.g. to Neumann bound-
ary conditions g—z = 0 on 0f). Although our results will be more general, we

consider for simplicity for the moment only this system, assuming that D is a
positive definite matrix, and f: C"* — C" is differentiable at 0 with f(0) = 0 and
subject to certain growth conditions specified later on. In chemical reaction-
diffusion systems the reaction term f is typically (termwise) a polynomial, the
degree of the polynomial being the maximal number of molecules reacting si-
multeneously. Depending on the substances, some damping of the growth due
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to saturation may occur for large u. Thus, summarizing, the growth of f is
often at most polynomial, and mathematical results apply to a richer class of
systems if the growth condition admits a larger power.

One could expect that if B = f/(0) € C™™ is such that all the cigenvalues A
of the problem

DAu+§u = \u

with Neumann boundary conditions belong to the left half-plane, then 0 should
be a stable equilibrium of the system in H = Ly(Q) and V = W2(Q).
However, this is not so obvious because the superposition operator f(u)(z) =
f(u(m)) is not differentiable in H unless it is affine (even if f is also dependent
on x), see e.g. [15].

In fact, to the authors’ knowledge no stability result of the above type is
currently known in the space H = Ly(Q). In the space V = W2(Q) the
stability can be analysed only under the assumption f: V' — H, more precisely,
by assuming in space dimension d > 3 a growth condition of type |f(u)| <
C(1+|ul) with p < 7% (see e.g. [11] or [23] for a particular example). Note that
this growth condition is more restrictive than the subcritical growth condition

p < %, which is usually only necessary to obtain results in the space V.

In this paper, by using spaces larger than H as an auxiliary tool, we obtain,
for the first time, stability results in H. Furthermore, we prove stability results
in V' under the more natural subcritical growth condition p < %.

In some applications, the growth condition can be dropped by restricting
admissible perturbations of the initial data to W14(Q2) with ¢ > d (instead of V).
Then f: Wh1(Q) — L,(Q) is automatically differentiable and the stability in
Wh4(Q) follows from the classical results [11]. However, taking perturbations
from L,(€2), even with arbitrarily large ¢, is not in the classical framework any-
more because of the lack of differentiability of f: L,(2) — L,(€2). Furthermore,
these non-Hilbert spaces are not always natural. For example, models with ob-
stacles (unilateral sources or sinks), e.g. described by variational inequalities,
naturally give rise to Hilbert spaces V and H. In order to compare these models
with the corresponding models without obstacles and to see e.g. that a change
of stability is caused solely by obstacles, one needs to work in both models in
the same space. The instability of equilibria in V' for certain problems with ob-
stacles was proved in [14,23], and the instability in H is work in progress. The
same equilibria for analogous problems without obstacles were shown to be sta-
ble in V' only under the growth condition p < -4 (see [23]), and, as mentioned
above, we are not aware of any stability results in H at all. In Example 3.17 of
the present paper, we obtain these missing stability results in H and relax the

d+2

growth condition up to p < 5 in case of V.
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2. Abstract results

2.1. Stability in Banach spaces. Throughout this section, let H be a com-
plex Banach space, and A be a densely defined operator in H which is sectorial
in the sense of [11] and satisfies o(A) N (—o0, 0] = 0.

In particular, A is of positive type in the sense of [5], and so one can
define A% for all @ € R on its domain D(A%) in a standard way. We equip
D(A®) with the norm ||u|| g, = |A%u|. In case a > 0, we define H, = D(A%),
and in case a < 0, we define H, as the completion of H with respect to the
norm ||-||x, .

Let us recall some properties (see [4] or [5, Chapter V]). The spaces H, are
densely embedded into each other. Either all of these embeddings is compact
or none. The embeddings are compact if and only if A has a compact resolvent.
The operator A induces by restriction (in case a > 0) or graph completion (in
case o < () isomorphisms A, : H,y1 — H,

For 8 > a, Ag is the Hg-realization of A,, that is, Ag = Aa|pa,) with
D(Ap) = A'(Hg) = Hpyq. All A, are thus densely defined operators in H,.
They have the same spectrum as A and are sectorial in H, (hence of posi-
tive type). In particular, —A, generates an analytic semigroup in H,. The
corresponding semigroups correspond to each other by restriction or (unique)
continuous extension, respectively.

We need to apply Amann’s theory in different scales of spaces. The crucial
observation for us is that there is a relation between these different scales. It
follows from the previous remarks that all our hypotheses which we needed for
that theory for (H, A) are also satisfied with the choice (H_,, A_,). Starting
with this couple instead, we obtain by the above definitions a corresponding
family of spaces (H_,),. For instance, we have (H_,)o = H_,. The following
lemma states that these spaces are related to our original spaces H,,.

Lemma 2.1. If o,y € R then Hy, = (H_1)a4-

Proof. Set = a+~. In case § > 0, it follows from the theory in [5] that the
operator AP -, is a norm-preserving isomorphism from H, onto H_,. Hence, by
the definition of (H_,)s, we obtain

weH, «= A’ ue H , < uec (H.,)g,
and the norm equality
lulla, = 1AZ e, = lullr,-

In case 8 < 0, the operator A? is a norm-preserving isomorphism from H,
onto H_.. Hence,

s, = I AZull, = 1A%l = I,



336 P. Gurevich and M. Vath

for all uw € H_.,. Since H_,, is densely embedded into H, as well as into (H_,)g,
the assertion follows. O

Remark 2.2. For Lemma 2.1, we used only that A is a densely defined operator
of positive type in H.

For the rest of the section, we fix
a€l0,1), v€[0,1—a). (2.1)

Given a subset U C R x H, and a function f: U — 2=+, we consider the
problem

u'(t) + Au(t) € f(t, u(t)). (2.2)

Definition 2.3. We call u € C([to,t1), H—+) a y-weak/mild solution of (2.2) if
there is some fo: (to,t1) — H_, with fo € Li((to,7), H_,) for every
T € (to,t1) such that the following holds for every t € (to,t1): (t,u(t)) € U;
folt) € f(t,u(t)), and
(y-weak solution) u'(t) € H_, exists in the sense of the norm of H_.,
u(t) € D(A_,), and «'(t) + A_ u(t) = fo(t).
(v-mild solution)
t
u(t) = e~ 1A=y (1) +/ e~ =94 £ (5) ds. (2.3)

to

Remark 2.4. Each vy-mild solution is a y-weak solution.

We say that f satisfies a right local Holder-Lipschitz condition if f is
single-valued and for each (fp,ug) € U there is a (relative) neighborhood
Uy C [tg, 00) X H, of (tg,ug) with Uy C U such that there are constants L < oo
and o > 0 with

1 f(t,u) = f(s,v)|la_, < L-(|t—s]"+[u—v|g,) forall (t,u)ec Uy (2.4)

Similarly, we call f left-locally bounded into H_. if for each t; > t; and each
bounded M C H, there is some £ > 0 such that f (U N ([ty —e&,t;) x M)) is
bounded in H_,.

Definition 2.5. An element ug € Hy_, is called a y-weak equilibrium of (2.2)
if A_ ug € f(t,up) for every t > 0.

Since the operators are extensions of each other, we have:

Remark 2.6. If 0 < 7 < 7, then each y-weak equilibrium is a ~-weak equi-
librium. Conversely, if v is a y-weak equilibrium with A_ u, € H_5, that
is, if ugp € H;_5, then wg is a y-weak equilibrium. Moreover, “O-weak equilib-
rium” means the same as “equilibrium”. In particular, each equilibrium wug is
a y-weak equilibrium, and the converse holds if A_ uy € H_o = H, that is, if
ug € Hy =D (A)
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We make the following hypothesis.

B.) Let ug be a v-weak equilibrium, U; C H, an open neighborhood of ug, and
2!
[0, 00) xU; CU. Assume that there is a bounded linear map B: H,— H_,
such that the function g(t,u) == f(t,uo +u) — A_,up — Bu satisfies

sup {|[v]lg_, : v € g((0,00) x {u})}
[ |w]l

=0.

If f is single-valued, condition (B,) means B = %(t, up) (in the Fréchet sense)
uniformly for ¢ € (0,00). In particular, if f is single-valued and independent
of ¢, it is equivalent to B = f'(uy).

Theorem 2.7 (Asymptotic stability). Assume (2.1). Let hypothesis (B,) be
satisfied. Suppose that

0 <w<min{ReA: Xeo(A_, — B)}. (2.5)

Then there exist My, My > 0 such that if t1 > tg > 0 and u € C([to,t1), Ha)
is a y-mild solution of (2.2) with ||u(to) — wol|lm, < My, then u satisfies the
asymptotic stability estimate

||U(t) — uOHHa S Mge_w(t_tO)HU(t()) — UOHHa fOT allt € [to,tl). (26)

If f: U — H_, satisfies a right local Holder-Lipschitz condition in the
sense (2.4), then additionally for every to > 0 and every uy € H, with
|lur — wol|lm, < My there is a unique y-weak solution u € C([ty, 00), H,) with
u(to) = w1. This solution satisfies (2.6) with t; = co.

Remark 2.8. Since B: H, — H_, is bounded, and A_, is sectorial, it follows
that A_, — B is sectorial, see e.g. [7, Remark 3.2]. Hence, the minimum in (2.5)
indeed exists.

Remark 2.9. In the case v = 0, that is, if (A,, H,) is replaced by (A, H), the
assertion of Theorem 2.7 is classical and almost mathematical folklore. A special
case of this is proved in [11], and the general case is obtained by straightforward
extensions of that proof.

Proof of Theorem 2.7. It is sufficient to apply the special case of Remark 2.9
with (A, H, o) replaced by (A_,, H_., 3) with 3 := a + 7. Note that the semi-
group generated by A_, is indeed an extension of the semigroup generated by A.
Moreover, by Lemma 2.1, the space (H_,)g in the corresponding assertion ob-
tained by Remark 2.9 is indeed the same as the space H, in the assertion of
Theorem 2.7. O
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In the same way as in the above proof of Theorem 2.7, one can also obtain
generalizations of most other classical assertions about (2.2) like instability,
existence, uniqueness, or regularity results as in [11] or [19]: Most results carry
over to the case when (A, H) is replaced by (H_,, A_,).

Theorem 2.7 is not yet very convenient for applications, because the spec-
trum o(A_, — B) corresponds to a very abstract operator. One way to deal with
this problem is the following result which enables us to replace this spectrum
by o(A — B) under an additional hypothesis.

Theorem 2.10. Assume (2.1). Let hypothesis (B,) be satisfied. Suppose that
at least one of

B(H,_,) C H (2.7)
or B(H,)C H, (2.8)
A u—BueH = weH (2.9)

holds. Then o(A_, — B) = (A — B) # C. In particular, the conclusion of
Theorem 2.7 holds if

0 <w<min{ReA: X €og(A—B)}.

Proof. We first note that (2.7) implies (2.8) and (2.9), because A: H; — H is
the H-realization of A_,: Hy;_, — H_,. Moreover, (2.8) and (2.9) are equiv-
alent to the assertion that Cy = A — B: H; — H is the H-realization of
C=A,-B:H_,—H_,.

Putting 8 = a + v € [0,1), we have by Lemma 2.1 that D(A[jv) =
(H_)p = H,. From Remark 2.8, we obtain trivially o(A_, — B) # C.

Considering C' as an operator in H_, with domain D(C) = H;_,, we find
in particular that there is p > 0 such that ul 4+ C' has a bounded inverse R,
and R(H) C R(H_,) = D(C') C H. Hence [5, Lemma V.1.1.1] implies that the
spectra of C' and of its H-realization C'y coincide. n

Another way to solve the calculation of the spectrum is to reduce it to the
calculation of eigenvalues under some compactness assumptions.

We call A € C a y-weak eigenvalue of A— B if it is an eigenvalue of A_, — B.
Analogously to Remark 2.6, we obtain:

Remark 2.11. If 0 <7 <~ and X is a 7-weak eigenvalue of A — B, then A\ is
a v-weak eigenvalue of A — B.

Conversely, if A is a y-weak eigenvalue of A—B with eigenvector ue€ H;_, C H
(recall that v < 1) satisfying Bu € H_5 or u € Hy_5, then X is a y-weak
eigenvalue of A — B with eigenvector u € H;_5.

Moreover, “0-weak eigenvalue” means the same as “eigenvalue”. In partic-
ular, each eigenvalue A of A— B is a y-weak eigenvalue of A — B; conversely, if A
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is a y-weak eigenvalue of A — B with eigenvector v € H,_, satisfying Bu € H
or u € Hy, then A\ is an eigenvalue of A — B with eigenvector u € Hj.

Remark 2.11 implies in particular:

Proposition 2.12. If at least one of (2.7) or (2.9) holds, then X is a y-weak
eigenvalue of A— B with eigenspace E if and only if X is an eigenvalue of A— B
with the same eigenspace E, and automatically E C D(A) = H;.

Theorem 2.13 (Asymptotic stability with eigenvalues). Assume that one of the
embeddings Hz — Hj is compact for B > 0, that is, A has a compact resolvent.
Then the spectrum o(A_, — B) of Theorem 2.7 consists only of isolated vy-weak
eigenvalues. In particular, if there is w > 0 such that every v-weak eigenvalue A
of A — B satisfies Re A > w, then the conclusion of Theorem 2.7 holds.

Proof. Recall that the first hypothesis implies that all of the embeddings
Hg — Hj are compact if 5 > 4. In particular, the embedding H,_, — H,
is compact.

Putting C' .= B+ X\[: H, — H_,, we are to show now that A_, — C is
a Fredholm operator of index 0 (in the space H_,). Since A_,: Hy_, — H_,
is such a Fredholm operator, it suffices to show by [13, Theorem IV.5.26] that
C =B+ \:H, — H_, is relatively compact with respect to A_,. Thus, let
u, and A_,u, be bounded in H_,. Then w, is bounded in H;_,, and thus w,
contains a subsequence convergent in H,. Hence, C'u,, contains a subsequence
convergent in H_., as required.

Since I is bounded in H_, and A_, — B — AI is Fredholm for all A, [13,
Theorem IV.5.31] implies that the dimension of the null space of A_, — B — \I
is constant for all A except for a set of isolated points. Since A_, — B is sectorial
and thus has a nonempty resolvent set, it follows that this constant is zero. [J

A further difficulty in the application of Theorem 2.7 is that the opera-
tor A_., as well as the space H_. and semigroups e "= are rather abstract
objects so that e.g. the meaning of y-weak and ~-mild solutions or of ~y-weak
eigenvalues is somewhat obscure. We can understand these objects much better
when we restrict ourselves to the Hilbert space setting.

2.2. Hilbert spaces. For the rest of the paper, we assume that (H, (-, -),|:])
is a complex Hilbert space. We assume that (V,||-||) is a complex Banach
space (actually isomorphic to a Hilbert space if a form a as required below
exists) which is densely embedded into H. Identifying H with a subspace of the
antidual V’ by means of the scalar product (-, -), we have a customary Gel’fand
triple V- C H C V' of densely embedded spaces. Let a: V x V — C be a
sesquilinear form on V' which is continuous, that is, there is C' € [0, 00) with

|a(u, v)| < Cllulfffv]
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and which is strongly accretive in the sense that there is ¢ > 0 with
Rea(u,u) > c||ul|® forallu € V. (2.10)

The operator A: D(A) — H with its natural domain D(A) C H is defined in
the obvious way by means of the duality

(Au,v) = a(u,v) forallve H.
Similarly, «7: V' — V' is defined by means of the duality
(Fu,v) =a(u,v) forallveV,

where now the brace on the left denotes the antidual pairing of V' and V.
It is well-known that &7 is an isomorphism and that A is a densely defined
sectorial operator of positive type, so that all previous results apply for A.

Definition 2.14. We call A a Kato operator if H% =V.

Examples of Kato operators are when a is symmetric (see also Corollary 2.19
and the remarks thereafter) or when we are in the context of differential equa-
tions: In the latter case, one usually obtains Kato operators under very mild
hypotheses. This is the famous Kato square root problem, and we will use such
results later on.

It turns out that each of the operators A, (o € R) is a Kato operator if
and only if A is. The latter is also equivalent to the equality o/ = Afé- For the
completeness of exposition, we will prove these assertions. We first discuss the
spaces H_, in more detail. To this end, we first define H analogously to H,
with respect to the norm [|u||gz: == |(A%)*u|, where A* denotes the Hilbert space
adjoint of A, noting that (A4*)* = (A*)*.

We denote by [+, -]g the complex interpolation functor of order 6 € (0, 1), see
e.g. [20]. For convenience, we include # = 0 and 6 = 1 in the obvious manner
by putting [X,Y]o := X and [X,Y]; =Y. We start by collecting some results
from [5] and [12]:

Proposition 2.15. We have the reiteration formulas
H(l_g)a+95 = [Ha,Hﬂ]g ifa,BEeR, 0<60 <1, (211)

and the duality representation

H_ ,=(H) if-1<y<1, (2.12)
Additionally,
1
HI=H, ifye€ {0,5), (2.13)

and (2.13) holds with v = 5 if and only if A is a Kato operator.
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Using Proposition 2.15, we obtain now several equivalent characterizations
of the space H_,. For the case that A is a Kato operator, we have more such
characterizations.

Corollary 2.16. There hold the formulas
H_, = (H}) =[H,D(A")], = [H,D(A")], for all v € (0,1). (2.14)

If A is a Kato operator, then also
H = (M) =2 H =[HV) =V V], =[V, V]

1
PRl

= V', H]y sy (2.15)

1

for all € [0, 5] and

H_, = (H}) = [D(A"), V']y0y Z [V, D(A")]y,,  forall y € B, 1] . (2.16)

Proof. The formula (2.14) is shown in a straightforward manner with (2.11)
and (2.12) by inserting D(A*) = Hf and H = Hy = Hy = H; = (H}).
The formulas (2.15) and (2.16) are shown similarly, by using also (2.13) with
76[0,%]andV%H%%H; O
Remark 2.17. The last three equalities in (2.15) are independent of A and
consequently also valid if A fails to be a Kato operator. (Here we use that there
exists a Kato operator, e.g. associated to the symmetrization of a.)

Note that the existence of the form a implies that V' is actually a Hilbert
space with an equivalent norm; for instance, the symmetrization of a defines
a corresponding scalar product. Recall that o/: V' — V' is an isomorphism.
Hence, any scalar product b on V' induces a scalar product b, on V' and vice
versa by means of the formula

bo(u,v) == b( tu, o/ ) forall u,v € V', (2.17)

where the corresponding norms are equivalent to the original norms each. We
call a scalar product b on V an A-Kato scalar product if the corresponding norm
is equivalent to the original norm on V', and if there are ¢y, cy > 0 satisfying

Reb(u, A'u) > ciJul* and  |b(u, A~'0)| < cplul|v] for all u,v € H. (2.18)

By density of D(A) and since the Hilbert space is complex, the estimates (2.18)
follow if one can show that there are ¢q, c3 > 0 such that

Reb(u, A'u) > ciul* and  |b(u, A~ u)| < cs|u|® for all u € D(A).

By this approach of working with scalar product on V', one can now obtain an
elementary proof of the following result.
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Theorem 2.18. The following assertions are equivalent:

(1) A is a Kato operator.

(2) There is an A-Kato scalar product on V.

(3) There is a scalar product on V' generating an equivalent norm and a
sesquilinear form a: H x H — C satisfying

Re a(u,u) 2 Cl‘u|2? \u(u,v)| < CQ’UHU’

with ¢1, ¢y > 0 such that &7 is associated to a.

(4) D(o/2) > H.

(5) o = Ay (under a canonical identification).

(6) For some a € R the space H, can be equipped with a scalar product gen-
erating an equivalent norm such that the operator A, is a Kato operator

with a form defined on HM%.

(7) For every a € R the space H, can be equipped with a scalar product
generating an equivalent norm such that the operator A, is a Kato operator
with a form defined on Ha+%.

In each case, ) .
b(u,v) = (A2u, A2v) (2.19)

defines an A-Kato scalar product on V.

We sketch the proof of Theorem 2.18; full details can be found in [9]. For
the implication (1) = (2), one calculates that the scalar product (2.19) (which
was also used e.g. in [3]) is indeed A-Kato under hypothesis (1). The proof of
the implication (2) == (3) is a straightfoward calculation by using the scalar
product (2.17) of V'’ and the form a(u,v) = b,(&/u,v); the only technical step
here consists in the verification that the domain of the operator associated
to a is indeed D(&/) = V. For the proof of the implication (3) = (4), we
apply (2.11) to («,a,V,V’) in place of (A,a, H, Hy) and obtain D(sz%%) &
[V',V]1; according to Remark 2.17 and (2.15) with v = 0, the latter space is

[V/,V]% = [V',H]|; = H, and so (4) holds. To see (4) = (1), note that if (4)
holds then «@72: H — V' and #3573 = o/ V — V' are isomorphisms, and so
the H-realization of /2 must be an isomorphism V' — H. This H-realization is
Az: V — H, and so D(A2) 2V which implies (1). For the implication (1) = (5),
we use Corollary 2.16 and obtain that the operators A—% V= Hé — H—% =2V
and «/: V — V'’ are both continuous extensions of A: D(A) — H C V.
Since D(A) = H; is dense in H 1 =V, it follows that these extensions must
coincide, and so (5) holds. The implications (5) = (1) = (6) and (7) = (1)
are trivial. From the already established equivalence (1) <= (2), one finally
obtains easily the remaining implication (6) = (7) by “transporting” the
scalar product and A,-Kato scalar product between H,, and H,, with ap-
propriate isomorphisms Agf (essentially by replacing & in (2.17) with such
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isomorphisms); it is only a technical matter to calculate that one obtains indeed
Ap-Kato scalar products.

We note that some of the equivalences of Theorem 2.18 are mathematical
folklore, see e.g. [6, Section 5.5.2], and some can be obtained easily by using
deep results [10, Section 7.3.3], but our elementary approach by observing the
equivalence (1) <= (2) (and actually our introduction of an A-Kato scalar
product) appears to be new. This equivalence can also be used to establish
e.g. the following side result.

Corollary 2.19. A is Kato if there are « > —1 and 5, M > 0 with
Re((A") Y (Au + Mu),u) > alul* and |(A*)""Au| < Blul (2.20)
for all w € D(A).

Indeed, a straightforward calculation shows that condition (2.20) is equiv-
alent to the assertion that

b(u,v) = % (a(u,v) +a(v,u) + M - (u, v))

defines an A-Kato scalar product. Note that (2.20) is trivially satisfied for
selfadjoint operators, so that we can conclude from Corollary 2.19 and thus
indirectly from Theorem 2.18 also Kato’s famous result [12] that for symmetric
a the operator A is a Kato opertor.

Assertion (5) of Theorem 2.18 not only helps us to understand A_1 but
actually A_, in case v < < , because that operator is just a restriction of A 1.
Since also the correspondlng semigroups are restrictions of each other, we obtain
for instance a characterization of y-mild and y-weak solutions which is easier
to understand from an analytic point of view:

Corollary 2.20. If A is a Kato operator and v < %, one can replace (2.3) in
Definition 2.3 equivalently by

¢
u(t) = e_(t_towu(tg) + / e_(t_s)dfo(s) ds,

to

and v (t) + A_ u(t) = fo(t) equivalently by

u'(t) + a(u(t),v) = (fo(t),v) forallveV.

If A is a Kato operator, then Theorem 2.18(5) implies that .o is sectorial
so that the above semigroup e * in V' is indeed well defined and analytic.
The latter can be calculated even if A fails to be a Kato operator, see e.g.
[18, Theorem 1.55], but then the space V' may differ from H_ L

In a similar way, one obtains a more analytic characterization of v-weak
eigenvalues.
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Corollary 2.21. Let v € [0,1] and A be a Kato operator. Then X is a y-weak
eigenvalue of A—B with corresponding eigenvector v # 0 if and only if u € Hy_,
and

a(u,p) — (Bu,) = Mu,p) forallp € V.
Moreover, the hypothesis (2.7) of Proposition 2.12 is satisfied if B(V) C H.
3. Superposition operators in L, and Sobolev spaces

Let Q C R? be open and H = Ly(Q2,C"). In the following, we use the scalar
product (and respective dual pairing)

(u,0) = /Q u(z) - (@) da.

In case d > 3, we put p, = d%dz; in case d < 2, we fix an arbitrary p, € (2,00).

Let V. C W2(Q,C") be a closed subspace which is dense in H. We assume
that € is such that Sobolev’s embedding theorem is valid in the sense that there
is a continuous embedding V' C L, (£2,C").

Remark 3.1. For the case that {2 is such that the dense embedding
V C L, (2,C") holds only with some smaller power p, € (2,00), all subse-
quent considerations hold as well with this choice of p,.
Lemma 3.2. Let A be a Kato operator.
(1) Let~ € 0,3].
(a) We have a continuous embedding L, (Q2,C") C H.
with

1 29\ 2d 2d _
(L, % _ 9 >3). (3.1
b (2ij p*) ( d+4y < {d+2’ ] ifd = 3) (3:1)

(b) If we have a continuous embedding D(A) C L,(Q2,C") (1 <
then we also have a continuous embedding Hy_, C L, (Q,C

Py = (21 L1 27) - (3.2)

P+« p

H'
Y

p < 00),
) with

(2) Letv e [3,1].
(a) We have a continuous embedding H,_, C L, (€2, C) with

1 2—29\"
Dy = ('7 ) + )
Pa (3.3)

2 2d
_ 2l ifd>3).
( td—2° {d+2’} ifd= )
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(b) If we have a continuous embedding D(A*) C
then we also have a continuous embedding L,

with )
2y —1 2-— 27>_

¢ = (1- _ . 3.4

= (12 (3.4)

L,(2,C") (1< p < o0),
(Q.C)C () =,

Proof. By hypothesis we have a continuous dense embedding V' C L, (©2,C").
Hence, with ——|—— =1 also the (Banach space) adjoint embedding L,,(Q2,C")CV’
is continous and dense. In case v = l we have ¢, = p, = p, and thus the
assertion (2) follows. In case v = 0 We have ¢, = 2 and p, = p, and the
assertion (1) is trivial. In case v € (0, 1), we use [20, Theorem 1.18.4], the fact
that [, g is an interpolation functor of order 6 (see e.g. [20, Theorem 1.9.3(a)]),

and (2.15). Then we have a continuous embedding
Lq (Q,C") = [Ly (2,C"), Lo(Q2,C")]1—9y € [V, H]1 oy = H'

which proves (1a).
Defining p’ by ]% + % =1, we find in view of Hf = D(A*) C L,(92,C") that
L,(Q,C") = L,(R,C") C (Hy)'. This shows (2) for v = 1, since ¢, = p’ and
, = 2. Moreover, for v € (3,1), we find similarly as above with (2.16) the
continuous embedding

Lq, (2,C") = [Ly (), Ly, (2, C")]2-2y € [D(A™), V)22, = (H])',

which implies (2b). A similar argument shows with Proposition 2.15 that in
case vy € (0, 1)

Hy_y = [Hy, Hilioay C [Ly, (2,C), Lp(Q, C")]1—2y = Ly, (2,C7),
proving (1b), while in case v € (3, 1)
Hy_y = [Ho, Hilo—2y C [L2(Q2,C"), Ly, (2, C")]a—2y = Ly, (2,C"),

proving (2a) (all embeddings being countinuous). O

We assume also that the nonlinearity f(¢,-) is given by a superposition
operator induced by a function f: [0,00) x Q x C* — 2%", that is, for each
t € 10,00)

ft,u) = {v: Q—-C"

v measurable and
~ 3.5
v(z) € f(t,z,u(x)) for almost all z € Q2 (3:5)

For the stability result, without loss of generality, we will consider only the case
up = 0 and assume that f is uniformly linearizable at © = 0 in the following
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sense. There are r € (1,00], a measurable B: Q — C™" and a function
g: (0,00) x Q x C" — 2" with

f(t,z,u) = B(x)u+ g(t,z,u) for all (t,z,u) € (0,00) x Q2 x C"

such that

. S0 41010 € 5((0.00) x o} x {u)}

u|—0 |ul

=0 (3.6)
for almost all x € ). Moreover, we assume that there is Cy € (0, 00) such that
sup{|v| : v € 7((0,00) x {z} x {u})} < Co- (|u| + |u|”) forall u e C* (3.7)

for almost all z € Q and some o € (1,00). We define a corresponding multipli-
cation operator B by

Bu(z) == B(z)u(z) for all z € Q. (3.8)
With this notation, the following holds.
Proposition 3.3. Let A be a Kato operator and ug = 0. Suppose that
Q has finite (Lebesgue) measure (3.9)

and that r € [1,00] and o € (0,00) are such that B € L,(Q,C™") and (3.6)
and (3.7) hold.

(1) Let a = 0. Assume

r=2 ifd=1
r>2 ifd=2 (310)
2 L) ifd>3
T_p*—2 = if d > 3,
and
o=2 ifd=1
2 2 ,
c=2—-— (zl—i——) if d > 3.
P+« d

Then for every v € [, 1) there holds f: [0,00) x Hy — 253" and the hy-
pothesis (B,) of Theorems 2.7 and 2.13 is satisfied with H, = Lo(§2,C").

(2) Let a = 0. Assume that the embedding D(A*) C L,(£2,C") is continuous
for some p € (ps,00), and

2 2
P und o<2- 7. (3.12)

r >
p—2 D
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Then
(0—2)p.p—2p.+4p 2pps —7 (pp«+2p.—4p)
Yo = <1, m:= <1, (3.13
’ A(p—p.) ' A(p—p.)r (31
and for every v € [max{yo,71,3},1) the same conclusion as in (1) is
valid. N
(3) Let o = 5. Suppose that B € L,(Q,C™") with some
Ds d .
= — d> 14
T>p*—2 ( 5 if _3), (3.14)
and that (3.6) and (3.7) hold with some
d+2
c<p—1 (=% ra>3). (3.15)
d—2
Then
20 — py 1 Dy 1 1
— _ d = —_—— = — 3.16
Yo 2p*—4<2 ana (s —2) 2<2; ( )

and for every v € [max{0,v, 71}, 3) we have f: [0,00) x H, — 2", and
the hypothesis (B,) of Theorems 2.7 and 2.13 is satisfied with H, =V .

Proof. In case (1), it is no loss of generality to assume v = %, and we assume
first d > 3. In cases (1) and (2), we put p = 2 and define ¢, by (3.4), while in
case (3), we put p = p, and define ¢, by (3.1). Then we put U = L;(Q2,C")
and V,, = L, (Q,C"). Letting r satisfy (3.10), (3.12), or (3.14), and requiring

v > v with v as in (3.13) or (3.16) in the respective cases, we find

1 1 1

— > =+,

4 p T
and so we obtain from the (generalized) Holder inequality that B: U — V,
is bounded. Since we have a bounded embedding H, C U, we obtain from

Lemma 3.2 that B: H, — (H})" is bounded.
Moreover, letting o satisfy (3.11), (3.12), or (3.15), and requiring v > 7o
with 79 as in (3.13) or (3.16) in the respective cases, we find o < 2. Hence,

»
the superposition operator g generated by g satisfies g: [0,00) x U — 2" and

sup {[|v]lv, : v € g ((0,00) x {u})}
lullr—0 [[wller

=0,

see [22, Theorem 4.14]. Since we have continuous embeddings H, C U and
V, C (H}) (Lemma 3.2), the condition (B,) is proved.

Case (1) with d = 2 is treated in a similar way (with a sufficiently large p,),
and for d = 1 we can put ¢, = 1 in the above calculation, since in this case
we have still a continuous embedding V, C (HZ)" by the continuity of the
embedding (H})" C Hy C L (Q2,C™). O
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Remark 3.4. The last observation in the proof extends to a more general sit-
uation: If v € [0, 1] is such that the embedding H, C Lo (2, C") is continuous,
then the conclusion of Proposition 3.3(1) is valid with r = 0 = 2 (we put ¢, = 1
in the proof).

Remark 3.5. For d > 3 assertion (2) of Proposition 3.3 requires strictly less
about r and ¢ than assertion (1), because in view of p > p, there holds

2 2p, 2 2
P < P and 2——>2——*.
P—2 p.—2 P P

Remark 3.6. In case d > 3 the quantities 7y and 7 in (3.16) have the form

d—2)o—d 1/d
70:% and 71:§<;—1). (3.17)

1
2
14) or (3.15) are strict.
f Theorems 2.7 and 2.13

Remark 3.7. Proposition 3.3(3) holds also with v = 1. Moreover, for y =
one does not have to require that the inequalities in (3.

However, the choice v = £ violates the hypothesis (2.1) o
if a = %

Remark 3.8. Hypothesis (3.9) is obviously needed for the assertion (3) of
Proposition 3.3. However, we used this hypothesis also for the assertion (1)
when we applied [22, Theorem 4.14]. If hypothesis (3.9) fails, one can ap-
ply other criteria for the differentiability of superposition operators like e.g.

(22, Theorem 4.9], but we do not formulate corresponding results here.

While Proposition 3.3 gives a sufficient condition for the hypothesis (B,),
this is not sufficient to apply Theorem 2.13. For the latter, one also has to
estimate all y-weak eigenvalues of A — B, and the latter in turn is usually
simpler if one knows that all vy-weak eigenvalues of A — B are eigenvalues of
A— B. For the operator B from (3.8), this is the content of the following result.

Proposition 3.9. Suppose (3.9). Let B have the form (3.8) with some
Be L(Q,C"), rell,o).

(1) Ifr satisfies (3.10), then Bly: V — H is bounded.

(2) If A is a Kato operator, v € [3,1), and

D .
l——— ifr<oo

y < A = (P« = 2)r (3.18)
1 if 1= o0,

then By, . : Hy_y — H.
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(3) If A is a Kato operator,

20,

*

and if there is p > 25 (> p.) with D(A) C L,(Q,C"), then

o 1/1 1 1 1 1\ 1
N 22 0. - 3.20
T (2 r p) <p* p) © { ’2)7 (320)

and for all v <7, the operator B‘Hl—'\/: H,_, — H 1s bounded.
[fA is a Kato operator, the hypotheses of (1), (2), or (3) are satisfied and
v < 2, v < 5o, ory <7, respectively, then X is a y-weak eigenvalue of A — B
if and only if \ is an eigenvalue of A — B.

2<r<

(=d ifd>3), (3.19)

Proof. In case (1) with d > 3, we apply in view of = p— + I the (generalized)
Hoélder inequality to obtain that B: L, (©2,C") —> Ly (92, (C ) is bounded and
thus B: V — H is bounded. Case (1) with d > 2 is similar (with sufficiently
large p.), and for d = 1 one can formally put p, = oo by the continuity of the
embedding H; C c(Q,Cn).

In case (2) and (3), we define p, by (3.3) or (3.2), respectively, and observe

that, due to (3.18) or (3.20), respectively, we have the estimate § > p— +1

Hence, by the (generalized) Holder inequality, B: L, (2,C") — Lo(€2,C" )
bounded, and thus also B: H,_, — H is bounded by Lemma 3.2. The last
assertion follows from Proposition 2.12 and Corollary 2.21. [

If one is interested in stability in H (the case v = 0), one should con-
sider Proposition 3.3 part (1) or (2). In the former case, Proposition 3.9(1) is
automatically satisfied, and in the latter case one would like to apply Proposi-
tion 3.9(2). In the latter case, v € [%, 1) has to satisfy v; < v <7g fori =0,1
with 7; from (3.13). Obviously, 7; and 7 depend monotonically on r, and
v1 < 7 if r is sufficiently large, and then vy < g if o is sufficiently small, so
that Proposition 3.3(2) and Proposition 3.9(2) apply simultaneously for all v
from some proper interval (if r is sufficiently large).

If one is interested in stability in V' (the case a = %), one should consider
Proposition 3.3(3). In this case, the hypothesis of Proposition 3.9(1) means
an additional requirement for r. The purpose of Proposition 3.9(3) is to relax
this requirement. However, it is not immediately clear whether this relaxed
requirement applies in the situation of Proposition 3.3(3), since then v € [0, 3]
needs to satisfy 7; < v < 7, for i = 0,1 with v; from (3.16). Although
and 7, depend monotonically on r and satisfy v, < 7, if r is sufficiently large,
one cannot choose r arbitrarily large in view of (3.19): Otherwise already the
additional requirement of Proposition 3.9(1) is satisfied. In fact, the following
observation may be somewhat discouraging at a first glance.
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Remark 3.10. If (3.19) holds, then the term 7, in (3.20) is strictly increasing
with respect to p > TZTTQ In particular,

~ ~ lim = r—2
o = su = [1m =
7 pel 2:300) ’Yp p—ro0 '7p 4r

Ps-

Thus, even if we know that D(A) C L,(Q2,C") for every p € (1,00), we still
have 7 < 74, and the latter can be arbitrarily small if r is sufficiently close to 2.

Nevertheless we will show in the following remark that Proposition 3.3(3)
and Proposition 3.9(3) apply simultaneously with the same « provided that r
is not “too” small and o is not “too” large.

Remark 3.11. Suppose that Sobolev’s embedding theorem holds in the sense
described earlier and, moreover, that we have a continuous embedding D(A) C
L,(Q,C") with p = 2% in case d > 5 and any p € (p,,00) in case d < 4. For
instance, by standard Sobolev embedding theorems (see [16, Theorem 1.4.5]),

this is the case if D(A) C W22(Q,C"). Proposition 3.9(3) applies with

reld dandy < Fogaa=1—=L ifd>5
r € (2,d) and v < Yo = £2p, if d =3,4.

In view of (3.17) it follows that if

(d=2)r

2 2,,,7 .
€ (5955,d) and o < (dd—2)%i if d = 3,4,

{re[gd,d) and o < WHAr=2d ¢ g > 5

then Proposition 3.3(3) applies with

max{7o, 71} < Av'% ifd>5
maX{’YOa’yl} < ;?OO if d = 374

Hence, in these cases there exists v € [0, 5) for which Proposition 3.3(3) and
Proposition 3.9(3) apply simultaneously.

A result similar to Proposition 3.3 holds for a Lipschitz condition. We
assume that f: [0,00) x  x C* — C" is single-valued. Let p > 1, ¢ > 0, and
v € [0, 3]. We define ¢, by (3.1). We assume that for each #, € [0, 00) there are
Ly, >0, oy, > 0, and a neighborhood I C [0, 00) of ¢y such that for each t € I
there are measurable a;, b;: 2 — [0, 00) with

/at(a:)ﬁdx <1 and /bt(x)q“’ dr <1
Q Q
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such that for almost all z € €2 the uniform (for all u,v € C™) estimate
|F(t @) = f(t2,0)] < Lig - (ag(x) + Jul + o)™ u =l (3.21)

holds and such that for each t,s € I we have for almost all x € () the uniform
(for all u € C™) estimate

|f(t,x,u) — f(s,x,u)] < Ly (be(x) + bs(x) + |u]”) [t — s|7. (3.22)

Finally, we assume that

f(t,-,u) is measurable for all (¢,u)€[0,00)xC", f(0,-,0)€ L, (2,C"). (3.23)

Proposition 3.12. Let A be a Kato operator, and assume (3.9). Assume one
of the following:

(1) Let o« =0 and v € [,1). Suppose that conditions (3.21)~(3.23) hold with
p =2 and with o from (3.11).

(2) Let o =0, and assume that the embedding D(A*) C L,(Q,C") is contin-
uous for some p € (p.,0), Let o satisfy (3.12), and thus vy from (3.13)
satisfies vo < 1. Let v € [max{vy,0},1), and suppose that (3.21)—(3.23)
hold with p = 2.

(3) Let o = 3. Let o satisfy (3.15), and thus vo from (3.16) satisfies o < i.
Let v € [max{7o,0}, 1), and suppose that conditions (3.21)~(3.23) hold
with p = p,.

Then f maps [0,00) x H, into H_., and satisfies a right local Holder-Lipschitz
condition (2.4) and is left-locally bounded into H_.,.

Proof. We use the notation of the proof of Proposition 3.3. Note that (3.23)
implies in view of (3.22) by a straightforward estimate that f(¢,0) € V, for
every t > 0. From [14, Appendix] we obtain together with (3.21) that for each
t € I the function f(¢,-) maps U into V, and satisfies a Lipschitz condition on
every bounded set M C U with Lipschitz constant being independent of t € I.
Using (3.22), we find by a straighforward estimate that

1 f(t,u) = f(s,u)llv, < Curgolt — 5|7 forallt,sel, ue M,

where Ci4, is independent of ¢,s € I and u € M. Combining both assertions
and the triangle inequality, we obtain that f: [0,00) x U — V/, satisfies a right
Holder-Lipschitz condition and is left-locally bounded into V.. Since we have
bounded embeddings H, C U and V, C (H}) = H_, by (2.12), the assertion
follows. O

Remark 3.13. If « = 0 and v € [0,1) is such that the embedding
H., C L(2,C") is continuous, then the conclusion of Proposition 3.12 is also
valid (with the same proof and ¢, = 1, cf. Remark 3.4).
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3.1. Semilinear parabolic PDEs. Let 2 C R? be a bounded domain with
Lipschitz boundary 092. Let I'p,I'y C 0 be disjoint and measurable (with

respect to the (d — 1)-dimensional Hausdorff measure) and such that

(0Q)\ ('p UTy) is a null set.

(3.24)

It is explicitly admissible that I'p = 0 or I'y = 0. Given a;y, b; € Loo(€2, C**™)
(j,k=1,...,d)and f: [0,00) x 2 x C" — 2¢", we consider the semilinear PDE

Ju
% + Pu= fo(t,z,u) on €, (3.25)
where . ;
0 ow(x) ow(x)
Pw = — Z o ( in(@) - ) +) bi(x) o
Jk=1 1
We impose the mixed boundary condition
u=0 onlp
ou 3.26
Zuja]ka =0 on 'y, ( )
7,k=1 Lk
where v(z) = (v1(x),...,v,(x)) denotes the outer normal at z € 9.
We put H = Ly(£2,C") and
Vo= {u e W"(Q,C") : u|r, = 0 in the sense of traces},
equipping V with the norm of W12(Q, C").
Our main assumption is as follows.
(C) Garding’s inequality holds, that is, there are ¢, ¢ > 0 with
Ou(x) -
R62/< a$k ) ax dx > CHquiQ(Q,Cd")_CHUH%Q(Q,C") (327)
7,k=1
for all u € V. Moreover, at least one of the following holds:
(1) aji(z) = (ag;(x))* for almost all z € Q and all j,k=1,....d.

(2) Garding’s inequality (3.27) holds even with ¢ = 0. Moreover, I'p
satisfies the geometric hypotheses described in [8, Assumption 9.1].
(3) The matrices Re (Zikzl a;x(2)&&) are positive definite, uniformly
with respect to all z € Q and £ € R? with |¢| = 1, a;; € C1(Q, C™™),
b; € Lip(Q,C™") for all j,k =1,...,d, I'p and T'y are open in 9
domains, and the set (3.24) is a Lipschitz manifold of dimension d—2.
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For a discussion of various algebraic conditions sufficient for Garding’s in-
equality (3.27), we refer the reader to e.g. [2,17].

By a standard estimate, we obtain from Garding’s inequality (3.27) that
the form

)= 5o ) TSt )

jk=1

satisfies (2.10) if M > 0 is sufficiently large. Keeping such an M fixed, we now
introduce the function

Flt,z,u) = folt,z,u) + Mu

and define strong (weak, mild) solutions of (3.25), (3.26) as strong (weak, mild)
solutions of (2.2) with the superposition operator (3.5). A connection between
the solutions of (3.25), (3.26) and (2.2) is described in e.g. [21, Theorem 4.4.4].

Theorem 3.14. Assume that hypothesis (C) holds. Then the operator A asso-
ciated with a is a Kato operator.

Moreover, let (f,«,v) satisfy the hypotheses of Proposition 3.3 part (1)
or (2) (or (3)), and suppose that there is some w > 0 such that every y-weak
eigenvalue N of A — B satisfies Re A > w. Then ug = 0 is asymptotically stable
in Hy, = Ly(Q,C") (or H, = WH2(Q,C")) in the sense that for every e > 0
there is 6 > 0 such that any y-mild solution u € C([0,00), H,) of (3.25), (3.26)
with [|[u(0, )| g, < 0 satisfies ||u(t,-)||m, < e for allt >0, and ||u(t, )||g, — 0
exponentially fast as t — oo.

If in addition f satisfies the hypothesis of Proposition 3.12 part (1) (or (3)),
then for every uy € H, there is a unique y-mild solution u € C(]0,00), H,)
of (3.25), (3.26) with u(0,-) = up.

Remark 3.15. We emphasize that under the additional assumptions mentioned
in Proposition 3.9, it suffices to consider eigenvalues of A — B instead of y-weak
eigenvalues. Note that A — B is actually independent of M (because the terms
with M cancel).

Proof of Theorem 3.14. Assume first that by = --- =b; = 0. Then A is a Kato
operator. Indeed, in case (C)(1), this follows from Proposition 2.15, because a
is symmetric. In case (C)(2), this follows from the main result of [8], and in
case (C)(3) this follows from the main result of [3] in view of [1].

Since neither the space H; nor its topology depends on M or b;, we obtain
from Proposition 2.15 that also the space H% =~ [H, HI]% does not depend on
M or bj, and so we obtain from the special case b; = --- = bg = 0 also in the
general case that A is a Kato operator.

Note that if the hypothesis of Proposition 3.3(1) is satisfied, then also the
hypothesis of Proposition 3.9(1) is satisfied. Hence, the assertion follows from
Theorem 2.13. O
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Remark 3.16. In Theorem 3.14, the hypotheses of Proposition 3.3 part (1)
or (2) can also be replaced by the hypothesis of Remark 3.4.

Example 3.17. Let Q CR? be bounded with a Lipschitz boundary, I'p, I'y C 99
be measurable with (3.24). Let fi, fo: C* — C be continuous with f;(0) = 0,
and suppose that there are L > 0 and p > 0 with

|fi(u) = fi()] < L1+ Ju| + [v])” |u—v] (3.28)

for all uw € C% Assume that (b;1,b) = f/(0) exist for i = 1,2, are real, and
satisfy the sign conditions

bi1 >0, b11+ba <0, b11boy — b12bor > 0.
For dy,ds > 0, we consider the reaction-diffusion system

Ou;

o = deUj + fj(ul, Ug) on Q, for j = 1, 2, (329)

with mixed boundary conditions (for u = (uy, us))

ou

e 0 on I'y. (3.30)

u=0onTIp,
Let k> 0 (k= 1,2,...) denote the nonzero eigenvalues of A with boundary
conditions (3.30); if I'p is a null set, do not include the trivial eigenvalue o = 0
into this sequence. Suppose (d1,ds) lies to the right /under the envelope of the
hyperbolas

Ck = {(dl, dz) : dl, d2 > 0 and (/{kdl — bll)(ﬁkdg — 622) = blgbgl},

that is, (di, ds) belongs to

Ky, “b1aba . @}

3.31
| — Ky, b Kk ( )

ﬂ {(dl,d2> : dl > /ﬁllzlbll or dg <
k=1

see Figure 3.1.
Consider the following two cases.

(1) Hy = Ly(©2,C?) and one of the following holds:
(a) v €[%,1) and either d =1, p < 1, Ord=2,p<1,ord23,p2§§;
P

(b) D(A)2 is continuously embedded into L,(©2,C), p < 1 — 2, and
v € (0,1) is sufficiently large;

(c) p<1,7€(5,1), and H, is continuously embedded into Le (€2, C);
D(A) is continuously embedded into W22(Q2,C), and either d < 3,
p

<l,~ve (il, l),ord>4,p< %, and v € (0,1) is sufficiently large.
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dy

Domain of stability

:

Figure 3.1: The hyperbolas CY

dy

(2) H, =W'%(Q,C?) and one of the following holds:
(a) d<2,p>0,7€0,3);
(b) d >3, p < 745, v € [max{0,%},3), where g is defined in (3.16)
with 0 = p+ 1.

In cases (1) and (2) the following holds. For each £ > 0 there is 6 > 0 such
that for each ug € H, with |lug|lg, < 0 there is a unique y-mild solution
u € C([0,00), Hy) of (3.29), (3.30) with w(0,-) = wuo, ||u(t,-)||n, < e for all
t >0 and ||u(t,-)||n, — 0 exponentially as ¢t — oo.

We first note that (1d) is actually a special case of (1b) and (1c) by the
Sobolev embedding theorems and [11, Theorem 1.6.1], respectively. Since f; is
independent of x and ¢, hypothesis (3.7) follows with ¢ = p+1 from (3.28) and
from the definition of f/. Note also that the symmetry of A implies D(A) =
D(A*) and H, = H. The existence and uniqueness assertion follows from
Proposition 3.12 or from Remark 3.13 in case (1c). For the stability assertion,
we apply Theorem 3.14 or Remark 3.16 in case (1c) with r = co and 0 = 1+ .
In view of Proposition 3.9, it thus suffices to verify that there is w > 0 such
that every eigenvalue A of A — B satisfies ReA > w. Under condition (3.31)
the latter was verified in [23]. It can be shown by a similar calculation that
if d; > 0 violate (3.31) then there is an eigenvalue A of A — B with Re A <0
(A=01if (di,d2) € Upe; Ck). In this sense, the domain of stability sketched in
Figure 3.1 is maximal.

Note that (1d) involves a strictly weaker requirement concerning p than (1a)
for every d > 2. The embedding required for (1d) holds in case I'p = () or
'y = 0 if 09 is sufficiently smooth.

In the space H, = W'(Q,C?) and d > 3, the result in [23] essentially
needed the more restrictive hypothesis p < 725 which is (almost) by the factor 2
worse than our above requirement for that case. For instance, in case I'p = () or
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I'y = 0 and smooth 99, we can now treat nonlinearities like f;(u,v) = (Ju|+|v|)?
or fi(u,v) = |v[P"'v under the subcritical growth condition p < %2 while
previously this was possible only if p < %. In particular, in space dimension
d = 3, we can now treat polynomial nonlinearities of degree 4 (even “almost”
of degree 5) while previously only degree 3 could be handled for that space.
Moreover, for the space H, = Lo(€,C?), we are not aware of any similar
previous results of such a type while now we can treat at least polynomials of

degree 2 in space dimension d < 3.
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