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Abstract

We prove continuous dependence on initial data for a backward parabolic op-
erator whose leading coefficients are Osgood continuous in time. This result fills
the gap between uniqueness and continuity results obtained so far.

1 Introduction

Backward parabolic equations are known to generate ill-posed Cauchy problems (in the
sense of Hadamard [6, 7]). Due to the smoothing effects of the parabolic operator, in
fact, it is not possible, in general, to guarantee existence of the solution for initial data
which are not suitably regular. In addition, even when solutions possibly exist, unique-
ness cannot be ensured without additional assumptions on the operator. Nevertheless,
even for problems which are not well-posed the study of the conditional stability of the
solution — the surrogate of the notion of “continuous dependence” when existence of
a solution is not guaranteed — is of some interest. Such kind of study is related to the
notion of well-behaved problem introduced by John [10]: a problem is well-behaved if
“only a fixed percentage of the significant digits need be lost in determining the solution
from the data”. More precisely, a problem is well behaved if its solutions in a space .77
depend Holder continuously on the data belonging to a space Z", provided they satisfy
a prescribed bound in a space 5’ (possibly different from .7#). If the dependence of
solutions on data is only continuous, one says that the problem is conditionally stable.
It is an important task to give a quantification of the continuous dependence on data,
because it measures the illness of the problem from the computational point of view.



In this paper we give a contribution to the study of the conditional stability of
the Cauchy problem associated with a backward parabolic operator. In particular, we
consider the operator .£ defined, on the strip [0,7] x R", by

n

Lu=du+ i Oy, (aw(z‘)&xju) + Z bj(t)dy;u+c(t)u, (1)

ij=1 j=1
where all the coefficients are bounded. We suppose that a; j(t) = a;;(t) for all i, j =
1,...,nand for all r € [0,T]. We also suppose that . is backward parabolic, i.e. there
exists k4 €]0, 1] such that, for all (r,&) € [0,T] x R",

MIEP < Y aii(0&E; <Ky 6P @

ij=1

We shall show that if the coefficients of the principal part of £ are at least Osgood
continuous (i.e. their modulus of continuity @ satisfies the condition [y 1/0(s)ds =
+00), then there exists a function space in which the associated Cauchy problem

Lu=f, in (0,T) x R", 5
uli—o = uo, in R",

is conditionally stable.

To collocate the new result in the framework of the existing literature, the contents
of some publications on the subject are preliminarily recalled. They show that, as one
could expect, the strongness of the stability property is related to the degree of regular-
ity of the coefficients of .. Weaker requirements on the regularity of the coefficients
give rise to weaker stability estimates, and possibly require stronger a priori bounds of
the solution.

The overview on available works leads the reader to the new result, concerning op-
erators with Osgood-continuous coefficients. This kind of regularity is critical since it
is the minimum required regularity to have uniqueness of the solution and can therefore
be considered as a sort of lower limit. Although the proof of the claim is based on the
theoretical scheme followed to achieve previous results [4], the modifications needed
to obtain an analogous proof in the case of Osgood coefficients are not trivial.

The paper is organised as follows. In Section 2 we give an overview on uniqueness
and non-uniqueness results for (3). Moreover, we introduce the notion of modulus
of continuity and define the Osgood condition. In Section 3 we recall the notion of
conditional stability and we review some known results. In Section 4 we state and
prove the main result of the paper (Theorem 4.2). In Section 5 we prove the main
results. In Section 6 we consider the particular case of Log-Log-Lipschitz coefficients,
where the dependence on initial data can be explicitly determined.

Aknowledgement. We would like to thank the anonymous referee for her/his valu-
able suggestions to improve the readability of the paper.



2 Uniqueness and non-uniqueness results

This section recalls some results on the uniqueness and non-uniqueness of the solution
of the problem (3) for an operator like (1) with coefficients depending also on x, namely

n

Zu=du+ Z oy, (ai_j(t,x)axju) + Z bj(t,x)0xu+c(t,x)u. “4)

i,j=1 j=1
Consider the space
Ay 2 C([0,7],L2) ([0, T H) N C([0,T[, L2). 5)

One of the first results concerning uniqueness is due to Lions and Malgrange [11] who
consider an equation associated to a sesquilinear operator defined in a Hilbert space. In
our context, this result can be read as follows.

Theorem 2.1 If the coefficients of the principal part of £ are Lipschitz continuous
with respect to t and x, u € 7% and up =0, then Lu =0 implies u = 0. O

The Lipschitz continuity of the coefficients is a crucial requirement for the claim, as
shown some years later by Pli§ [12] who proved the following theorem.

Theorem 2.2 There exist u, by, by and ¢ € C* (R3 ), bounded with bounded derivatives
and periodic in the space variables and there exist | : [0,T| — R, Hélder-continuous of
order 8 for all 8 < 1 but not Lipschitz-continuous, such that 1/2 <1(t) < 3/2 for all t,
the support of u is the set {t > 0} x R?, and

arzu(f,xl,xz)+‘9x2.“(f,x1,x2)+l(f)9x22“(f,x1,x2)+
+b1(t,x1,%2) 0 u(t,x1,Xx2) +ba(t,x1,x2) Oy u(t, X1, X2)+
+c(t,x1,x2)u(t,x1,x0) =0 inR3. (6)

O

Note that the differential operator in (6) is elliptic. However, as explained in [3], the
counterexample of Pli§ can bemodified in order to obtain a counterexample for the
backward parabolic operator

Lp 20+ 97 +1(t)97 + by (t,x1,x2) 0, +ba(t,x1,%2) 9, +(t,x1,%2) .

Moreover, the result can be extended to the operator . acting in the space .7j, by

considering the problem solved by u(z, x; ,xz)e”‘%’x%, thus obtaining the following the-
orem.

Theorem 2.3 There exist coefficients a; j, depending only on t, which are Hélder con-
tinuous of every order but not Lipschitz continuous and there exist u € ¢ such that
the solution of problem (3) with uy = 0 and f = 0 is not identically zero. O



In view of the previous results, a question naturally arises: which is the minimal
regularity (between Lipschitz continuity and Holder continuity) of the coefficients of
the principal part of .Z guaranteeing uniqueness of the solution of (3)? To answer to
this question, the definition of modulus of continuity, that can be exploited to measure
the degree of regularity of a function, is useful.

Definition 2.4 A modulus of continuity is a function u : [0, 1] — [0, 1] which is contin-
uous, strictly increasing, concave and such that (1(0) = 0. A function f: R — R has
regularity u if
t —
w LO=SOI
0<|t—s|<1 p(|t —sl)

The set of all functions having regularity | is denoted by CH.

As particular cases, the Lipschitz continuity, the T-Holder continuity (7 €]0, 1[) and
the logarithmic Lipschitz (in short Log-Lipschitz) continuity are obtained for p(s) =,
w(s) =s% and u(s) = slog(1+ 1/s), respectively.

A further characterization of the modulus of continuity is the so called Osgood
condition which is crucial in most of the results on uniqueness and stability that are
described in the rest of the article. A modulus of continuity u satisfies the Osgood

condition if
[ i
——ds = +oo.
0 u(s)

This characterization is used, for instance, in [3] to obtain the following result
concerning an operator whose coefficients in the principal part depend also on x.

Theorem 2.5 Let 4 be a modulus of continuity that satisfies the Osgood condition. Let
6 2 H'([0,T),L*(R") NL*([0,T], H*(R")) )
and let the coefficients a; ; be such that, for all i, j=1,...,n,
ai,; € C*([0,T],%,(R") N€((0,T],%; (R")),

where 6}, is the space of bounded functions and %bz is the space of the bounded func-
tions whose first and second derivatives are bounded. If u € 74, £u=00n[0,T]| xR"
and u(0,x) =0 onR", thenu=0o0n [0,T] x R".

More recently, by using Bony’s para-multiplication, the result has been improved
as far as the regularity with respect to x is concerned, i.e. replacing 4 regularity with
Lipschitz regularity [5].

Note that the claim of Theorem 2.5 refers to the function space defined by (7),
however, it is not difficult to extend it to the function space .77j defined by (5).



3 Conditional stability results with Lipschitz or Log-
Lipschitz continuous coefficients

As we explained in the Introduction, the Cauchy problem (3) for the backward parabolic
differential operator (4) is in general not well posed. Therefore, the notion of contin-
uous dependence from initial data needs to be replaced with the notion of conditional
stability. The question about the conditional stability can be stated as follows: suppose
that two functions u and v, defined in [0,7] x R", are solutions of the same equation
ZLw = f; suppose, in addition, that u and v satisfy a fixed bound in a space %" and that
lu(0,-) —v(0,-)|| s is small (e.g. smaller than some € > 0). Given these assumptions,
what can we say about the quantity sup,c(o 7 [[u(t,-) —v(t,-)|| ¢, where T" < T? Does
it remains small as well, e.g. smaller than a value related to €, and possibly tending to 0
as € tends to 0? In this section some results that give an answer to the above questions
are reported.

One of the first results on conditional stability has been proven by Hurd [9] in the
same theoretical framework considered by Lions and Malgrange.

Theorem 3.1 Suppose that the coefficients a; ; in (4) are Lipschitz continuous both in
t and in x. For every T’ €]0,T| and for every D > 0 there exist p > 0, § €]0,1[ and

M > 0 such that if u € 3 is a solution of Lu=0o0n [0,T] x R" with ||lu(t,")||;2 <D
on [0,T] and ||u(0,-)||;2 < p, then
sup [ut, )2 < M0, )]|7> ®)

1€[0,7]

The constants p, 6 and M depend only on T' and D, on the ellipticity constant of £, on
the L™ norms of the coefficients a; j, bj, ¢, on the L™ norms of their spatial derivatives,
and on the Lipschitz constant of the coefficients a; j with respect to time. O

Estimate (8) means that, under the hypotheses of Theorem 3.1, the Cauchy problem
(3) is well behaved. Notice that the result expressed by (8) implies uniqueness of the
solution for (3). It is therefore apparent that a necessary condition for (3) to be well
behaved, is that the coefficients a; ; fulfil the Osgood condition with respect to time.
Hence a natural question arises: is Osgood condition also a sufficient condition for
(8) to hold? Del Santo and Prizzi [4] gave a negative answer to this question. In
particular, mimicking Pli$ counterexample, they have shown that if the coefficients a; ;
are not Lipschitz continuous but only Log-Lipschitz continuous, then Hurd’s result
does not hold. Notwithstanding, they proved that if the coefficients are Log-Lipschitz
continuous with respect to time and sufficiently regular with respect to space, then a
conditional stability property, weaker than (8), does hold. The counterexample in [4]
relies on the fact that it is possible to construct

e asequence {-% }ren of backward uniformly parabolic operators with uniformly
Log-Lipschitz-continuous coefficients (not depending on the space variables) in
the principal part and space-periodic uniformly bounded smooth coefficients in
the lower order terms,



e a sequence {u }ren Of space-periodic smooth uniformly bounded solutions of
L =0o0n [0,1] x R?,

e asequence {# }ren of real numbers, with 7, — 0,
such that
Hm [k (0, ) |22 o271 x 0,221 = 0
and

k(115 ) |22 0,271 [0.27])

lim = 400

o AT
ke [y (0, -, )“Lz([oﬁzﬂ]x[ogn])

for every 8 > 0.

As we mentioned above, in the case of Log-Lipschitz coefficients a result weaker
that (8) is valid. Consider the equation Zu = 0 on [0,7] x R", with .Z defined in (4)
and suppose that forall i, j = 1,...,n, a; j € LogLip([0, T],L*(R")), that is

sup la; j(t,x) —a; j(s,x)|
|t —s| (1+1ogl|t —s|)

|1, €[]0, T],<|t—s| < 1,xeR”} < oo

moreover, assume that a;;, b; and ¢ belong to L=([0,T],C*(R")).

Theorem 3.2 [4] Suppose that the above hypotheses hold. For all T' €]0,T| and for
all D > 0 there exist p >0, M >0, N > 0 and & €)0, 1| such that, if u € 4 is a solution
of Zu=00n[0,T] x R" with ||lu(t,")||;2 <D on [0,T] and ||u(0,-)|/;2 < p, then

sup [lu(t, )2 gMefN\logllu(OJlle\‘s, ©)
t€[0,77]

where the constants p, 8, M and N depend only on T', on D, on the ellipticity con-
stant of £, on the L norms of the coefficients a; j, on the L* norms of their spatial
derivatives, and on the Log-Lipschitz constant of the coefficients a; ; with respect to
time.

The proof of Theorem 3.2 relies on a weighted energy estimate, with loss of space
regularity as time goes on. Such estimate is obtained exploiting Fourier transform of
solutions when the coefficients in .Z are independent of space. To deal with the case of
space dependent coefficients one needs to use Paley-Littlewood dyadic decomposition
of solutions. Using Bony’s para-product the result can be further improved, lower-
ing the requirements on space regularity of coefficients and allowing them to be just
Lipschitz continuous with respect to x [2].

4 Stability with Osgood continuous (with respect to time)
coefficients
Let us finally come to the new result contained in this paper. As in the previous section

we first present a counterexample to the stability estimate (9) and then a new weaker
stability result.



4.1 Counterexample to stability estimate (9) in the LogLog-Lipschitz
case

Consider the modulus of continuity @ defined, near 0, by

o(s) = slog (1 + i) log (log (1 + 1))

and note that ® satisfies the Osgood condition but ¥’® functions are not Log-Lipschitz
continuous. As in the previous section, it is possible [1] to construct

e asequence {-%; }ren of backward uniformly parabolic operators with uniformly
%“-continuous coefficients (independent of the spatial variable) in the princi-
pal part and space-periodic uniformly bounded smooth coefficients in the lower
order terms,

e a sequence {uy }ren of space-periodic smooth uniformly bounded solutions of
L =00n [0,1] x R?,

e asequence {# txen of real numbers, with 7, — 0,

such that
Hm [l (0, ) |22 o 21 x 0,221 = 0

but (9) does not hold for all §; more precisely

k(115 ) |22 0,271 [0.27])
k—oo e_N‘10gHuk(o‘r'v')HLZ([O,Zn]X[Oln])|6

= +oo
for every 8 > 0 and N > 0.

4.2 Stability result in the Osgood-continuous case

From now on, the following conditions are assumed to hold.
Assumption 4.1 The operator £ defined in (1) is such that
e forallt € [0,T] and foralli,j=1,...,n,
a;ij(t) = aj(t);

e there exists kg > 0 such that, for all (¢,&) € [0,T] x R",

MIEP < Y (& < k'[P

=

o there exists kg > 0 such that, for allt € [0,T] and foralli=1,...,n,

b,‘(l)‘ <kg;

o there exists kc > 0 such that, for all t € [0,T],

c(t)| <ke;



e foralli,j=1,...,n, a;;j € C®([0,T]), where ® is a modulus of continuity that
satisfies the Osgood condition.

We can now state our main result.

Theorem 4.2 For all T’ €]0,T| and for all D > 0 there exist p' > 0, and an increasing
continuous function G : [0, 4oeo[— [0, 4o, with G(0) = 0, such that, if u € 56 is a
solution of Lu =0 on [0,T] with ||u(t,-)||;2 < D on [0,T] and ||u(0,-)||;2 < p’, then

sup lu(t, )72 < G([[u(0,-)[I72)- (10)
1€[0,77]
The constant p’ and the function G depend on ks, kg, kc,®,n,T,T" and D. O

In Theorem 4.2 all coefficients of the operator .Z are assumed to be independent of
the space variable x. Compared with the assumptions in [4, 2] this is certainly a strong
restriction. In order to deal with the case of space dependent coefficients one could
exploit dyadic Littlewood-Paley decomposition of solutions. As it will be apparent in
the computations in Section 5 below, although estimate (10) involves only L? norms, it
is obtained through a massive use of Gevrey-Sobolev norms (see [8] for a theoretical
framing). In the case of space dependent coefficients, this would lead to the use of
Bony paraproducts (even when only the lower order coefficients are space-dependent)
and would require strong regularity assumptions on the x-dependence of coefficients:
namely, it would require that the coefficients themselves are Gevrey-Sobolev (hence
C*) in x (see Theorem 4.1 in [8]). The use of paraproducts would introduce a certain
amount of technical difficulties in the management of various commutators, and it is
not clear to what extent the result we expose in the present paper can be generalized to
the case of an operator . with x dependent coefficients.

Definition 4.3 [8] Given a > 0, d € R and € > 1, the Gevrey-Sobolev function space
H;{ ¢ is the space of the functions u : R" — R such that

d 1/e | . 2
a2y, 2 [ (1+IER) 8 a(E) PdE < oo,
where il is the Fourier transform of u.

Besides Gevrey-Sobolev spaces, we need to introduce a new particular class of
spaces, taylored on the modulus of continuity .

Definition 4.4 Let a > 0, d € R and ® a modulus of continuity satisfying the Osgood
condition. We denote by HZ{ o the set of the functions u : R" — R such that

1

iy, & [ 11y ) gpa < o

He. o

We call it Osgood-Sobolev function space.



Remark 4.5 From Definitions 4.3 and 4.4 it is easy to see that, for any Osgood moduls
of continuity o, for all € > 1, for all a > 0 and for all d € R,

d d
Hye CHy -
Theorem 4.2 is a consequence of the following local result.

Theorem 4.6 There exists o1 > 0 and, for any T" : 0 < T" < T, there exist constants
p >0, C >0 and afunction g : [0,ka] — [0, +oo[, such that, if u € 4 is a solution of

Lu—0, )
with & fulfilling Assumption 4.1 and ||u(0, )||20 < p for some v > 0 and some € > 1,
2%
then
~oe (102 )
sup u(z, )7 < Ce e/ [1tlu(o,)I7] (12)
z€[0,6]

where 6 =min{T",1/0,} and & = 6 /8. The constant oy depends only on ks, kp,kc,®
and n while the constants p and C depend also on T and T". The function g is a
strictly decreasing function; it depends on ka, kg, kc,®,n,T,T" € and v and satisfies
limy_0 g(y) = +oo. O

We end this section with a comment on the functions g and G in estimates (12) and
(10) respectively. The function g, as it will be clear in the proof of Theorem 4.6, can
be explicitly expressed in terms of the modulus of continuity @ (the precise formula
for g is given by (50) below). Being ® “generic”, the expression of g is of course
only theoretically explicit. Nevertheless, when a concrete @ is given, it is possible to
compute the concrete explicit expression of g. As an example, in Section 6 we compute
the explicit expression of the continuity estimate (12) for an operator .Z with LogLog-
Lipschitz continuous coefficients, i.e. with @(s) = s(1 —logs)log(1 —logs). In such

case the stability estimate becomes
1 S
(102 ( hogtuto.0lal) ) | 1. a9

where o0, &, T and § are suitable constants. Concerning the function G in the global es-

timate (10), it is obtained by iterating a finite number of times estimate (12): therefore,

explicit knowledge of g yields explicit knowledge of G. In the LogLog-Lipschitz case

we shall see that estimate (13) reproduces itself at each iteration step, so in the corre-

sponding global estimate the function G has the same form as in the local estimate.
Next section is devoted to the proofs of Theorems 4.6 and 4.2.

oky
sup H’/‘(za)”iz Sexp{_zexp
2€[0,6/2] e

5 Proofs of the main reults

Theorem 4.6 will be proven with the help of partial results expressed in terms of es-
timates of some integral quantities. Lemma 5.2 below guarantees that all the integral
quantities that will be introduced are finite, so that the obtained estimates make sense.



Lemma 5.1 Letu:[0,T] — R aC" function. Ifu'(t) > Mu(t), then u(r) < eM*=T)u(T).
Proof. If is sufficient to note that:

W (1) > Mu(t) = o' (1)e ™M) —Mu()e ™1 >0 =
d

(u(t)eiM(l*T)) >0 = u(t)e ™MD < y(T) =

i J—
dt
= u(t) < MTu(T).

|
Lemma 5.2 Let M > 0 and let u € 74 be a solution of
n n
du+ Z aj j(t)Ox; O ;u+ Zbi(t)(?xiquc(t)u =0, (14)
ij=1 i=1

on [0,T), such that ||u(t,")||;2 <M, forallt € |0,T). Let [ > 0 and extend the coeffi-
cients a; j, b; and c to [—1,T| by setting a; j(t) = a; j(0), b;(t) = b;(0) and c(t) = c(0)
Sforallt € [-1,0[. Then u can be extended to a solution of (14) on [—1,T), and there
exists M such that ||u(t,-)||;2 < M on [~1,T]. The constant M depends only on n, ka,
kg, K¢, T, | and M. Moreover,

1. ueCo([~1,T[,HL,) foralla>0, & >1andd € R;

2. ue€ CO[~1,T[,H") and there exists C, which depends on n, ka, kg, k¢, T and 1,
such that
(e, ) g1 < CT =)~ 2 |u(T, )| 2

forallt € [-1,T|;

3. there exists C', which depends on n, ky, kg, kc, |, a and € and which tends to +oo
when [ tends to zero, such that

(1) go, < Cllu(0,)] 2

Proof. It is easy to see that for all 7 € [0, 7] and for almost all £ € R”,

dii(t,8) — Xn: ai.,j(t)gigjﬁ(taé)+libi(t)§iﬁ(tv‘§)+C(t)’2(t7§) =0. (15)
ij=1 i=1
Multiplying both terms of (15) by & yields
g(t,&)a(t, &)= i ai,j(t)éiéjm(ta‘g)Z_Iibi(t)éiﬁ(tvéﬂz_c(t)’2([7&)|2~ (16)

=

10



By adding to (16) its complex conjugate, we obtain
oA, &) =2Y a;;(1)&&;1a(t,&)P +2Y S{bi(1)}&ila(r, &)+
ij=1 i=1
—2%{c(n)}a@ &>, 17
hence, recalling the bounds for the coefficients of . (see Assumption 4.1),
|a(t,&)[* = 2ka|E Pla(r, &) > — 2nkp| |2, &)* — 2kela(t, &),

B AU\t &) > (2ha|E[2 — 2k E| — 2ke) a1, )P

Lemma 5.1 allows one to write
|12(t7§)|2 < e(zkA‘ﬂz*z”kB‘g‘*ZkC)O*T)|ﬁ(T7§)|2' (18)

Therefore, for a fixed t € [, T],

g 1
[+ 1ER)" 4 (e ) Pag <
1
S/Rn (1+|é:‘Z)deza\ﬁ\S+(2kA|‘§\272nk3|5\72kc)(t7T)|ﬁ(T7‘;’:)‘ng < +oo,

where the last inequality comes from the fact that u € %) and therefore, in particular,
u € €°([0,T),L*(R")), and, since t < T,

lim (14 € ) 2I81E+ kISP -2nkale]-2k)0-T) —
—3o0

for all @ > 0 and all € > 1. The first claim is then proven. The second claim is proven
easily by choosing d = 1 and a = 0. To prove the third claim it is sufficient to rewrite
equation (18) replacing T with 0. |

5.1 Preliminary results and defintions

In this section some functions that are used in the rest of the article are defined. Let @
be a modulus of continuity satisfying Osgood condition. For a given p > 1 define the
function 6 : [1,4oco[— [0,4-c0] as

|

It is easy to see that 0 is bijective and strictly increasing. As a consequence, it can be
inverted. For y € (0, 1], for ¢ > 0 and for 2 > 0, let y; , :]0,1] — [1, +oo[ be defined by

vy ,(») =07 (—Aqlogy) .

11



The relation
0 (¥2,4(v)) = —Aqlogy

immediately follows from the definitions; hence

0’ (1) W, () = —’Lyq.

Now, let the function ¢ , : (0, 1] — (—oo,0] be defined as

y
01,00) =4 1 v 4(2)dz. (20)

The function ¢, , is bijective and strictly increasing; moreover,

A
¢ ,0)=qy; )= m (;’) . Q1)

On the other hand, equation (19), with the change of variable 11 = 1/s, becomes

L | 1 p 1
Q(P):*/p w(fll)nzdn/l nzw()dn

1
n

from which

1 ) 1
= =W0)0 <) . (22)
QI(WA,q(y)) 1 V’l,q(y)
Substituting (22) into (21) and recalling that y; ,(y) = q)i‘q(y)/q, it is easy to see that
. 4 satisfies the equation '

97 4() = =4 (¢i,q(y))2“’ <¢,{q(y)> ' (23)
K

Note that for all A > 0, for all ¢ > 0 and for all y € (0, 1], y; , € (1,+e0) and, conse-

quently,

Le(o,l).

¢ O

5.2 A pointwise estimate

The first result shows that, once fixed &, namely the value of the frequence argument of
i, it is possible to find a bound for a particular time-integral, in an interval [0, 6], of a
function of |i(z,£)|. This bound consists in the sum of two terms depending on (0, &)
and i(o, &), respectively.

12



Proposition 5.3 Let T" € ]0,T|. There exist o > 0, A and 7 > 0 such that, setting
a = max{oy,1/T"}, defining o = 1/a, fixing © € |0,6/4], and letting B > o + 7,
whenever u € ) is a solution of (11), one has

- 20 —1— t+1
(kA|€‘2+y) Ace(l ar)|§] ﬂ)(‘é‘ZH)eZyte—Zﬁ‘P)L(%)‘ﬁ(t7§)|2dt <
_1 T
S (Pi <;> Te‘élzw(‘g‘2+1>e—2B¢k<B> ‘ﬁ(o’€)|2+

+ (04 1) (Y 4k, '|E]P)eP0e 2B03 (%5 )|u(6 X, (4

1
4

forall A > A and all y > ¥, where ¢) = 02k, (see (20)). The constant o depends only
onn, ks, kg, kc and @, while ¥ and A depend on n, ku, kg, ke, ®, T and T". O

Proof. Let7” €]0,T[andleta>1/T",y>0,A>0,7€]0,7"[,c =1/c and
B > t+ 0. Consider the function ¥ : [0, 0] X R" — R defined by

(=

2(1,6)=e “ g <\5\2+1> Mo~ BW(HT)u(t’é). (25)

The time-derivative of 7 is

o106 = - GePo gy ) (i) rep0 ).+

+}/e(%)li‘z‘%|§\21+1>e7”efﬁ¢l(%)W’éH
)

o (57) LV ) oo () 1

+e(%)‘5|2w< \é\zlﬂ )e”efwl (HTT> %i(t,8)

which may be rewritten as

o 1 t+7
O+ —EPo | s |0+ ’( ) a; P+
i Sl (g ) ok () o K s
n
+1Y bi(t)&0+c(t)p=0, (26)
where the dependency of ¥ and d;¥ on 7 and on £ has been neglected for the sake

of a simple notation and where the equation (15) has been exploited. The complex
conjugate equation of (26) is

A g 2 1
Al "’(|é|2+1>

<)I

oo (5)0-  asossi

i,j=1

13



Multiplying (26) by (¢ +7)d,¥ and (27) by (¢ + )0, ¥ and summing the two terms yields

1 . o
2(t+1)|9,0> + %(r +17)éLw <|€2+1> (90,9490, 9) — y(t +7) (99,9 + 0, D)+
+(t+ T)(]);/L (IET> (90,9 + 99, 9) — (t + 1) Z a,‘J(Z‘)gié]‘(ﬁaﬂg—F P, D)+

ij=1

2 1) Y ES{bi(1)9015) + 20 + DR {c(1)50F) =0. (28)
i=1

Substituting in the second term the explicit expressions of d;% and 9,7, that may be
obtained from (26) and (27), one obtains

2 2
20+ 900 - 5 1+ 0lEl o gy )| 19+
2 1 52— i+t b2
rarr+ o (o ) P - et olePo () o (S50 s
+a(t+1)|é) o <|§|21+1> (& (i ai7j(t)€i§jc(t)> +

i,j=1

i+
B

—(t+7) (PP +99,0) Y a;;(1)EE+

i,j=1

- (r+r)i§i3{bi(t)ﬁa,v*}+2(r+r)9{{c(r)ﬁa,v‘}:o. (29)
i=1

y(r+r)(9a,\3+v*a,ﬁ)+(t+r)¢,{( )(ﬁa,ﬁﬁatﬁwr

Integrating (29) between 0 and s, with s < 6 = 1/ a, yields

14



2/()S(t+r)|8,\3(t,§)|2dt— 0‘72|§|4 [w (azlﬂ)r/os(t—kr)wt@)ﬁdt—i—

+ayléfo <|5|21+1) /OS(I+T)\\9(I,§)|2dt+
(4)

~aizo gy ) [ o0 (5 e p)ar

ralePo (g ) [0+ L a8 P

i,j=1

~alzPo sy ) [+l oRa
4y [ 190 8)Pde — y(s+9)[9(5.E) P+

anste [ 0(5)(5) () oo

(B)

+01 (27 Gl P -0f (£) 0.+

(©)
~ [+ B0.6)a,8) +56.8)056 )] Y. a0 +

=

(D)

n

—2) 6 1+ 13 {bi(0)0(t, E)a5 (1, E) Yt +

i=1

+2 /0 (e T)R{c()9(1,E)0(t, E)}dr =0, (30)
where, to ease the following reasoning, some terms have been identified with capital
letters from A to D. Terms (A) and (B) are positive and, since ¢ is strictly increasing,
also (C) is positive. To obtain the final estimate, equation (30) needs to be slightly

modified. In particular, extend functions a; ; to the whole real axis by setting a; ;(t) =
a; j(0) fort < 0and a; j(t) = a; j(T) if t > T and define

af5(0) 2 (pe ) (1) = [ pelt=s)ai,(5)ds

where pg is a ¥ mollifier.

15



From (30), replacing a; () with a; ;(t) +af ;(t) — af ;(¢) in (D), and integrating by

parts, we get

2/0“(t+1)|8,\7(t,§)|2dt— a;‘grt {a) (|€21+1>r/o.s(t+r)\9(%5)|2dt+

(E) (F)
1 § , (TN .
~alzPo (g ) [ e+o0 () bio)far
(G)
raltfo () ¥ &8 [ 0oa0lit.8)Pdrs
ij
(H)

~alzPo gy ) [ HO00.ORary [ 0.8 P+
(L)

(1)

A 2 " +7 +7 Y H’J D 2
ool 8E+ [0t (55)(5) -0k (55| oo par+
(M) e
_o (X (0 249 & R{D 0(t,E)}Yat (t)d
o1 (5 ) 0. 0P+ ”zlf:»:/ (R0, )97, €))as (e +
©@ )
+ Y &8 [ 008 P+ 0ld+e Y af 0G0, +
i,j=1 i,j=1
Q) (R)
~(5+9) Y (O8I0 E)F 21 [+ DS o). )00, )y
ij=1
(S) (T)
+2/0S(z+r)9t{c(t)ﬁ(t,g)a,éa,g)}dt <0, @)
)
where a} aj a,lforallzj—l n.
. The

ij
In the following each term is cons1dered individually, beginning with (P)
properties of the modulus of continuity @ guarantee that there exists a constant Cy

such that
lai ;(t) —ai j(1)] < Cow(e),

16



for all &, for all i, for all j and for all z. Hence

n

Z[aij() aw 5151

i,j=1

si )= i (1)]|EE;] < Con*oo(€)|EP,

where the property that, for all i, |&;| < |£| has been exploited. As a consequence, if

- 1
1E[2+17

then . '
(7)1 < 262 2P0 Gy ) [+ 0190227008t
Young’s inequality yields

S 2 S
(Pl < [+ 000 8Par+ el o (g )| [0 owe)par

and, consequently, since @(s) € [0,1] for all s € [0,1] and, in turn, —@(s)> > —(s)
for all s € [0, 1],

(P) > —/Os(t—i-r)|8,\9(t7§)|2dt—C§n4|§|4a) (|§|21+1> /Os(t—i-f)|9(t,§)\2dt~

(Pr) (P)

Let us consider now the term (Q). For the properties of the modulus of continuity, there
exists C; such that

o(e)
a5, (0] <6 222,
for all €, for all i, for all j and for all . As a consequence, if

_ 1
€12 +17

then

0= ¥ && [ HP0+ (et e+

i,j=1
+ Z g,g,/ 191, S()de >

hj=1
>—a#m%éﬁ+nw(QLJ)A%+wvm@Pm+

(Q1)

+ Y &8 [ et 0l.6)Par

i,j=1

(Q2)

17



As far as the terms (T) and (U) are concerned,
(U)=(T) =z —=(Uh) = (U2) - () = (T2),

where

) =2 [+ 0P, () =3 [ a+21as0.E)Par,

(1) =223 68 [+ E)Par, (1) =5 [ 1+0)a00.) P

Note, moreover, that

(H) > ok Efo <|§|§+1) IR

and

(QﬁzkﬂéﬁAWWn@Rm.

We claim now that there exist two positive constants @; and 7; such that, for all & € R”,

N0, e 1 244 1
fr+ S (g ) ~chrlero (g ) +

1
-Gl (1) 0 (g ) - PRIER - 2+

In fact, from the properties of the modulus of continuity, we know that, for || > 1, the

function .
2
= o w5—7
¢~ 150 (i)

is bounded from below by a positive constant. Consequently there exists o > 0 and
&y € R” such that, if || > | &, then

] e R e I

1
-Gl (8 + 1) o (g ) - PRIER - 2+

1
—a|éfo (|‘§2+1> kc >0

We use now the fact that
1
lim o () o,
&t \ &2 +1

18



and, for the above chosen «, possibly taking a larger |&y|, we have that, for all |&] >

1o,
() S (o) s

Finally, to obtain (32) for all & € R”, it is sufficient to choose a suitable ;. We remark
also that the inequality (32) remains true with o at the place of o, provided the choice
of a possibly larger 7.

As a consequence, if @ = max{oy,1/T"} and y > y;, then

E(L)‘FE(H)_(PZ)_(Ql)_(Tl)_(Ul)_(F)_(I) > 0. (33)

By using (33) into (31) and taking into account that (E) = (T2) + (Uz) = (P1) and
that (R) > 0, we obtain

3(E)+ ) - alzo () [ eon () e o)far 504

(G)
(s+r e |2+/ { ol (t”) (IET) o, (’;Tﬂu £ O+
(N)
-6 (5) O.HP -+ Ui:la;ij<s>éiéjw<s@>|2 <0. (%)

(0) (s)

Recall, now, that ¢, is a solution of equation (23) with ¢ = k4. Since w(z)/z > 1
for all z € (0, 1), equation (23) implies

1 Ak
—3¥00) > 5 0(),  forally € (0,1). (35)

Hence, if ¢, is solution of (23) with A > 2 /k4,

Wz o (57) (555 ) e oppar

provided that (¢t +7)/8 € (0,1) for all ¢ € (0,s). Consider, now, the following two
cases.

1. If

y(1+TY _ (&P + 1Dk
() <

then

(©) = okalePER + Do (e ) [+ oloc )P

19



and hence, if
y>72 max{yl,STockAa) (;)} , (36)

then

In fact if |£] > 1, then

k€L P + Do (|§21+1> [+, epar< S0,

If |£] < 1, then
(2R + Digfo (s ) <20(3)

and choosing ¥ according to (36) guarantees (G) < (L) /4.

s (1T _ (€ + ks
()~
then, since the function 4 : (0,1) — R defined by i(y) = @(y)/y is decreasing,

1
(2P + Do (g ) - <5'f“>_
HEs

. On the contrary, if

and, since  is increasing,

(R0 () < ok (557 o ((p, é‘;)) .

As a consequence, if ¢, is solution of (23) with A > 4 /ky4, then

Wz o (S57) (555w oppar =
_ /O o (I;f) (m (55)e (M E‘ﬁ> 9(0,8) P >
> B8 eR 400 (g ) [0 (557 ) e obar @
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Moreover, if

4> 72 max (4 16Ta>’

ki’ ka
then

t+7

W)z alleP o (g ) [orne (S5 o= 6.

In conclusion, taking into account that (N) >0, (H) >0, (L) > 0 and (G) > 0, leads

to the inequality

%(H)Jr%(LH‘(N)—(G) > 0. (38)

Furthermore, using (38) into (34) and taking into account that

3(00) > Jhalel? [ 190,8)Par,

yields

(SEE 1) ot <

T A — A
< (5 ) OO+ )+ 15 RN EP 39
Finally, substituting (25) into (39) yields
2 1+7
7 (kA|€‘2+Y)/ an)lé| (I5\2+1> 2)06*213%(%) |’2(l,§)|2dt <
2p0( 1 .
= @ st 200 (o gy
2 S+T
T e € ) RO A C T s
Equation (40) holds for all s € (0, 6]; choosing s = ¢ one obtains (24). [ ]

5.3 An integral estimate

Proposition 5.3 provides a punctual estimate of the Fourier transform of u which will
allow us to obtain, by integration, an analogously estimate on the norm of u. To obtain
this result the following lemma and Definition 4.4 are accessory.

Lemma 5.4 If u € 7 is solution of (1), then there exists ¥, not depending on &, such
that, for all &, &*"|i(t,&)|? is (weakly) increasing in t. O
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Proof. We want to show that there exists ¥ such that

o (eTi(1,8)i(t,§)) > 0.
Note that
(e Mit,8)i(1,§)) = 27 |a(t, &) P+
£, ENA(E) + A E)AEE) . @)
From (15), multiplying by #(z,€) we obtain

’;(t7§)atﬁ(t7€):
_Zaw VEi&jla(t, —le (1)&ila(r, +e(n)]a(, &)

i,j=1

and also, taking in both term the complex conjugate values,
ﬁ(tvé)alﬁ(taé) =
n
= Z ai j(1)GiG;1a(t, Z &, &) +e(n)a(, &)

i,j=1 i=1

and, consequently,

o(eTa(t,8)a(t,8)) = 27T (a(t,)|* + 26 i a; j(1)&i&;1a(t, &)+
ij=1

+2€2”):3{b )}&ila(r,&)* +2 T R{c(r)Ha(, &) >

267 [a(t, §) P (7+ kalE | — nks| ] —kc) . (42)
Now, if |§| > nkp/ka, then ka|E|* > nkp|&| and hence, if ¥ > k¢, we have
7+ kal &[> —nks|E] — ke > 0.

On the other hand, if |&| < nkp/ka, then —|E| > —nkp/ks and hence —nkg|E| >
_nzk% /ka. In conclusion, the claim holds for any ¥ such that ¥ > 2 max{kc, nzk% Jka}t.
|

Let us, now, come back to inequality (24). By integrating it with respect to &, the
following result can be obtained.

Proposition 5.5 Let ¢ and T be as in Proposition 5.3. Set & = ¢ /8. There exists C >0
such that, whenever u € %) is a solution of (1), with £ fulfilling Assumption 4.1, one
has, forall B > o+,

sup H (Zu )”Hl S
z€[0,6] 2“’

<ce U g (2)e W0y + el @
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where ¢ = ¢5. I with A given by Proposition 5.3. The constant C depends no n, k4, kg,
kc, w, T and T". O

Proof. In the hypotheses of the stetement, Proposition 5.3 guarantees the existence
of 0, ¢, ¥ and ¢, such that (24) holds. The integrand function in (24) is positive and,
consequently, the term on the left hand side can be bounded from below by integrating
on an interval contained in [0, ¢]. Let T < 6/4 and let z be a value such that 0 < z < G;
we have

[z,2z+1] C [0,0/2];

by integrating with respect to & and taking into account that, since 6 = 1/,

1

l—ar>1—o —
- 2?

©lQ

>

for all 7 € [0,0/2], one obtains
1 LigRep( 1 — 2z+7T -~ t+1
3 L wlgp e (k) [ en e ) ag g para <
R k4

< () D L () oo P

+(a+r)e27"e‘25¢%(67”> /ﬂ{{n(y+kgl|§|2)|ﬁ(c,§)|2d§. (44)

Now, let 7 be a value of 7 fulfilling equation (36), let ¥ be the value provided by
Lemma 5.4 and let

y>max{¥,7}.

Since ¢, is increasing, we have that
T 2(z+1)
50 () 5 0 (557)

for all t < 2z+ 7. As a consequence, using also the fact that e >, equation (44)
yields

ener) [ 5P+ 0 () e pypa <
<o (2) Pl 5] | 52

n

2(z+
+o(o+ ’L')ezwezﬁ [% ( B

0\ _g, (ot

ol [ viepac. eyrag, @)
Rn

where the constant values

1
1 éZmin{kA,}/}, czémax{y,k/ﬂ}
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have been introduced. Dividing by 7 and taking into account that (z+ 7)/7 > 1 and
that ¢, is negative, it is easy to see that (45) implies

ci ||u(z,.)\|z]1 < ¢ (;) 2P 02 (252) 02 (5)] Hu(o,.)ugﬁj

7,(0

a2 2o 0 ) g, 2, <

<4l (;) JRli {q,l(z(zgr))fm(%)*m(%”)] (0, .)||§I?w+

ro Tt G50 ) o, 2., o)

Moreover, with respect to ¢, , note that since ¢, is increasing,

2(Z+T)S%+T = 0 (2(7;1)) <0 (‘2’;1') :

In addition, since ¢ is also concave,

o (%) o (57) =5 (%57)

As a consequence, from (46) one obtains

allute ) <

Jo
<) o () e P Doy, + el E e oG @
namely
lutz By <
Jo
< ce ) [of (2) % a0,y + ol 89

where

1 2yc
C:max{’czwme}_
C1 1T

Equation (48) holds for all z € [0, ] and hence equation (43) immediately follows. W

5.4 Proof of Theorem 4.6

Proposition 5.5 states, in particular, that the norm of « in any insatant of the sub-interval

[0,6] C [0,0] is bounded by a quantity depending on the value of the norm in the

initial and final instants, i.e. on ||u(0, )HH? and ||u(0o,-)| 1. Nevertheless, to obtain
@O
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a stability result, the right hand side term in equation (48) must tend to zero when
||« (0,-)]] HY tends to zero, which is not immediate to guess. The following lemma
[0}

allows one to choose B in such a way that (48) can be written in a form from which the
stability property can be obtained more easily.

Lemma 5.6 Let ¢ be a solution of (23) with A > 0 and q > 0 and let T > 0. Let
h:)0,1[—]q, +oo[ be defined by

he) 2 e 20 (o).
The function h so defined is strictly decreasing with

limh(z) = +eo, limh(z) =gq.
z—0 z—1

Proof. The claim is easily proven by computing /'.
As a consequence of Lemma 5.6, i can be inverted and its inverse h~! :]q, +oo[—
10, 1[ is strictly increasing and
lim 7 '(y) =0.
Jlim, 710 =0

Now the main stability result can be proven.
Proof of Theorem 4.6. In (43) of Proposition 5.5 we want to choose § > ¢ + T in
such a way that
T\ —2B¢(3 -
o (5)e W) <ol

B
This goal is achieved by taking

B =

T

et (10013, )

provided that [[u(0,-) |0 < ="/ and [[u(0, )|y < (5%) "%, With this choice

c+T

of B, one obtains, from (43),

5 —GgA(HM(O..)Hf,o ) 5
sup [u(z, )|l < Ce vo/ [1+|u(o, ) 17] (49)
2€[0,6] Lo
where g is defined by
~ cC+7T _{, _
gb) =9’ (fh ‘o 1)>, (50)

so that

lim g(y) = +-oo.
y—0
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Note, in particular, that taking 7 = o /4 the condition [[u(0,-)||y0 < h(z/(c+ 7)) 1/2
yields ||u(0, -)HH? < p where '

Sa o tde(3) g (3 172 “1)2
p £ min{e "5%\2)¢ i q ).

Note, now, that
lu(z, )3 < Hu(z,-)llipl (51)

7.0

and that, for all v > 0 and all € > 0, there exists 5\,75 such that
(0,2 < Cuellu(0, )2 -
It follows that

o (ol )
V.,

sup [lu(z, )|z, < Ce [T+ [Ju(o,)121] (52)

2€[0,6]

provided that

~

p
(0, Mgo < —77-
vl Cv,/e

By defining g(y) = §(C~’V,gy), equation (52) allows one to easily obtain (12). [ |

The claim of Theorem 4.6 to the whole interval [0, 7.

5.5 Proof of Theorem 4.2

Theorem 4.2 is proven iterating a finite number of times the estimate given by the
following lemma.

Lemma 5.7 Under the same hypotheses of Theorem 4.6,

—og(Cu(0,)|2
sup (e, lz < e (1O [1 4 (o, 2]
2€[0,6/2]

The constants C' and C" depend on n, ky, kg, kc, v, € and & and tend to +oo as © tends
to zero. O

Proof. Analogously to Lemma 5.2, extend a; j, b; and ¢ on [—6/2,T] and u to a
solution of % on [—0/2,T]. Then the results of Theorem 4.6 on [—6/2,T — /2]
gives

~og(lu-0/2)], ]
sup [lu(z, )|z, < Ce ( H“e) [1+lu(c —6/2)lI7,] -

z€[-6/2,6/2)
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By Lemma 5.2 we obtain

—og(C"|u(0,)|? o
sup [z, ) 2 < e HEHONE) [1 4 ufo — 2] <
2€(0,6/2]

< C,Ce—cg(c//\\u(0,~)\\iz> [1+ ||M(G,')||iz] . (53)

|
Now set G(y) = (1+D)C'Ce™°8 (€"¥) and note that limy_,0 G(y) = 0. We have just
proven that

sup lu(z, )7 < G ([lu(0,)]72) - (54)
2€[0,6/2]

Finally, let 7" : 0 < T’ < T; take T" = (T +T')/2 (so that T" < T" < T). Note that
6/2=0/16 and recall that c = min{1/a;,T"}. To complete the proof of Theorem 4.2
it is sufficient to iterate inequality (54) a finite number of times. Indeed, set 7y = 0 and,
fori >0,
| 1 _,
Tin =T+ 16mm{al’T Ti} .
For all i inequality (54) provides

sup lu(z, )72 < Gi (lu(T,-)|172) -
ZE[T;VT;#I]

The result follows by noting that

T; Lmind L7771
i — ;= —_—mmy —, — 4Ly
+ 16 (041
and that, for all j
Tip = ZJ: Lomind Lo
Jj+1 = = 16 061 9 1 .
The sequence {Tj}j c s increasing and bounded from above by T"; hence it admits

a limit. Let this limit be T*; we want to show that T* = T”. Obviously, T* < T”;
suppose that 7* < T”, then T" — T; > T" — T* > 0 and, consequently,

L] 1
T‘ > 7 . o T// _ T*
Hllz(’)l6mm{a1’ }
for all j, yielding lim; .. Tj = +oo, which is a contradiction. Therefore it must be
T* =T" which means that 7; > T’ for some ;. [ |
6 A specific case

In this section the explicit expressions of the functions g and G appearing in the
statements of 4.6 and 4.2 respectively is computed when the modulus of continuity
o :]0,e'¢] — R is defined by

o(s) =s(1 —logs)log(1l —logs). (55)
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Note that o is increasing and fulfils the Osgood condition, but LogLog-Lipschitz con-
tinuity is strictly weaker than Log-Lipschitz continuity.

The computations below are not just a straightforward application of theorems 4.6
and 4.2 with w given by (55). Indeed, the specific form of @ allows a more effective
handling of inequality (5.5) and yields a slightly different function g. The explicit form
of the "new” g is particularly well suited for the iteration procedure which in turn gives
G, since it “reproduces itself” after each iteration step, up to some possible changes in
the constants.

To begin with, we need to revisit Section 5.1 in the light of (55). The function
6 : [e¢~!, +oo[— [0, 40| is now defined by

0(7) = /1 ;T ﬁds — log(log(1 +log 7))

and the function ¥ , :]0,1] — [¢°~!, ~+oo[ is defined by

Vi ,(v) =67 (—Aglogy) = exp(e " —1). (56)

From the definition of y, ,, one can easily check that it is strictly decreasing and that

—Aq —Aq —Ag—1 A«C] 2 1
A y:exp(ey —l)ey —Aq)y " = —— (v 40y w( )7
140) (=449) y (¥2.40) Viq(y)
(57)
hence the function ¢y , :]0, 1] —] — 0, 0] defined by
1
Dq(y) = *4/ Yy q(2)dz
y
is such that
A 2 q
07,00 === (95,01) @ ( / <y>>
y ¢k,q
i.e. 9 4 is a solution of equation (23). Note, as an accessory result, that
01,40 = q91,4(y) > g " (58)
We need also to introduce the function A : [0, +eo[—] — o0, 0] defined by
1
Ay) =92 3 (59
which is strictly decreasing and, hence, invertible. Its inverse, A~! :] —o0,0] — [1,4-o9[

is also strictly decreasing. We have the following
Lemma 6.1 The functions Wy ;, and A are such that

YA ka (é)

lim — 222 = 4o

{otee [A(D)]
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Proof. Note that

1
oy (2) i PV () V(P PV )
(ot [AD)] P20 ag(p) 0 kaw i, (P)
1. PV, (P) I ( 1 )
=———lim ——4—=——+1lim —A 0| —— | =
ka  p=0kayy i, (P) ka  p—0ka Vika (P) Vi, (P)
R S - 1¢7) . _
= h +;ILI(I)ET— 1+;1§(1)(1 logg)log(1 —logq) = +oo.

|

From now on, we choose g = k4 and A > A as in the proof of Proposition 5.3,

and for the sake of a simpler notation, we write ¢, and y, instead of ¢, , and ¥ 4,
respectively. Proposition 5.5 and (58) then, for § > o+ 7, give

—_oo! (ot T —2B¢, (&
sup [lu(z, )12 < ce % () gy (B) [e 893 (5) 1u(0, 112 +|u(c,-)||§,l},
2€(0,6] Lo ”

(60)
where 6 = 0/8. Arguing as in Lemma 5.7 one obtains

sup (e, )| < e ®% (5" gy (7) [ezﬁ‘”(” (0,22 + ||”(G7')||iz]
2€(0,6/2] B
(61)
with a possibly larger C.
We can now state and prove the refinement of the local stability estimate of Theo-
rem 4.6:

Theorem 6.2 Let @ be as in (55) and let the operator £ fulfil Assumption 4.1. Let
D > 0. There exists ay > 0 and, for any T", 0 < T" < T, there exist constants p > 0
and 0 < 8 < 1, such that, if u € 74 is a solution of

Zu=0, (62)

with sup,c o 7 [1(t, )12 < D and [[u(0,)|, < p. then

2 GkA 1 8
sup lu(z,-)||l72 < exp{—zexp l(log < |logu(0,-)|Lz)) 1 } (63)
2€[0,6/2] € T

where 6 =min{T",1/04}, 0 < T < 0 /4 and & = /8. The constant o depends only
on ka, kg, ke, and n, while the constant § depends also on T and T" and p depends
also on T and T" and D.

Proof. Set .
B=r1tA"! (Tlog||u(0,~)||Lz> (64)
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so that ;
—27A( = —
M) = ugo,) 12
Notice that the value of 8 is larger than ¢ + 7 if and only if
Ju(0, )2 < e™M%) 2 p

In particular, if T = 6/4 then p = e™A5/4) (however, we show below that a smaller

value of 7 performs better). Note, now, that for { > l andy < 1/{

log (v.4(£3)) = (log (2.4 ()) +1)° "~ 1

a(55%)-4en[fn(on ()

where § = ((6 4+ 7)/7) 4. From (61), (64) and (65) one obtains

therefore

; (65)

1
sup [|u(z,)||? < Ckawy, X
«0.6/2] 2 “\ A (Llog |u(0,-)]2)

é
% ex _%ex lo : o "
Py e P Lloe | Yaa | AT Tiog w0, )1,0)

x (1+lu(o,))|72) . (66)

Consider, now, the function F defined by

FE)2 0 +D>CkACexp{—"2iAexp (tog g +1)° }

and note that

lim F({)=0.
{—too

Indeed, let € > 0. It is easy to check that

—1

oky F] €
- 1 1 }<—l log ——
& exp{(ogc—k )| < —logl + OngA(1+D)<:>

ok

<~
2e

F) €
> _ - -
exp {(logé’—&— 1) } log§ —log Tl ] &

2e €
— 1 )<:>

S 2e
1 %] > 2 10g ¢ — S
< exp {( ogG+1) } = oy 8¢ ot e D

5 2e 2e £
I 1% >log [ 2 1og & — = Jog— &
& (logg+1)" > Og(GkA g6 — OngA(l—I—D))’
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which is true for sufficiently large §. It follows that, for sufficiently small ||u(0,-)]|,2,
one has

1
(14+D)Ckay, ’
ka AL (%1ogHM(07')HL2)

5
GkA !
By ob y +1 <1.
P\ T, OXP <g<%’k" (Al(iloglu(Ow)lle))) ) :

So, if ||u(0,-)||;2 < p for a suitable p, one has

5
GkA 1
sup [|u(z,-)|[7. <expq ———exp | | log |y +1
2€0.6/2) L 2e AT (L1og]|u(0,-)]])
67)

Now thanks to Lemma 6.1 we have

and therefore for ||u(0,-)||;2 sufficiently small we get

1
Yy, —
f (A (L (log][u(0, )] 2)

As a consequence, (67) yields

5 oka 1 s
sup |u(z,)|[72 < expq ——==exp | { log { — [log [[u(0,-)|| 2| - (68)
2€[0,5/2] e T

The proof is complete. |
Finally, we state and prove the refinement of the global stability estimate of Theo-
rem 4.2:

)) > flog (0, ).

Theorem 6.3 Let @ be as in (55) and let the operator £ fulfil Assumption 4.1. Then

forany 0 < T' < T and D > O there exist constants 6,T,p > 0 and 0 < & < 1, such
that, if u € 74 is a solution of
Lu=0, (69)

with sup, o 71 [|u(?, )”12} <D and ||u(0, )||i2 < p, then

~ S
ok 1

sup e < expd ~ St enp | (1og (g hogllat0)E:1) ) [ 1. 0

z€[0,T7] 2e 2T

The constants &, %, 8 and p depend only on ka, kg, kc,@,n, T,T' and D.
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Proof. Fix T’ < T" < T. Setting 61 := 6 =min{T",1/0y }, 61 := &/2 = 01/16,
d; := 0, and choosing
T (o] leA
min
1= 4 de
we can rewrite (63) as

2 0'1kA [ 1 2 o
sup lu(z, )72 < exp{———=exp | log{ 5 [logl|u(0, )|} . (7D
2€[0,51] e I T

Repeating the above arguments on the interval [61, T], we find

ook, &
sup ||u(z,)||i2 <exp { ; A exp <log < |log|| u(oq,- |L2|)> ] } , (72)
2€[61,67] e

where 6, = m1n{1/a1 R T" — G]} o) = 62/16 and ©», = min{62/4, szA/4€}. Notice
that 0, < o071 and 7, < 71. As a consequence,

Llog expy{ — G1ka exp | | log ————— |10g luC ”Lz
27 2e 21’1
GZkA leA |10gH”
exp | | log|————exp | | log
e dety

sup lu(z, )72 <
2€[61,67]

O'zkA
expq — e exp | | log

=exp 762kA exp log O1ka + | log |log||u ”2
e dey 21

ol 3 o)

where the last inequality holds since o1k4 > 4eT,. Merging the estimates obtained for
the two intervals, yields

which has the same form of the inequality obtained in [0,5;]. Hence, iterating the
arguments above a finite number of times one obtains an estimate on [0, 7] of the form

ka
exp [(log tog (0.2

616,
Orky 1 !
sup [lu(z,)|7> < exp{— 2p SXP l(logzﬁ ‘1°g|”(07')22’)

[OaGZ]

2 O2ka N
sup [|u(z,)[I72 < exp§ ——~=exp 10g* [log||u(0,)I72 |
[O,T’] 2e
The proof is complete. n
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