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ON THE PARABOLIC REGULARITY, SOBOLEV
EMBEDDINGS AND GLOBAL CARLEMAN ESTIMATES
IN L¢(L?) SPACES

CATALIN-GEORGE LEFTER AND ELENA-ALEXANDRA MELNIG

ABSTRACT. In this paper we discuss some aspects related to regular-
ity in parabolic problems with corollaries regarding anisotropic Sobolev
embeddings. We use these results in the context of bootstrap argu-
ments applied to global Carleman estimates for nonhomogeneous par-
abolic equations in Li(LZ) spaces, estimates which are fundamental in
associated control and inverse problems.

The arguments we use are characterizations of regularity in terms of
domains of fractional powers of elliptic operators and then characteri-
zation of these domains as interpolation spaces and relations to Bessel
potential and Sobolev-Slobodeckii spaces.

1. INTRODUCTION

Let Q@ C R™, n > 2, be a bounded domain with smooth boundary 9€) and
denote by Q = Q2x]0,T[. We consider parabolic problems of the form

Dyy(t,x) + Ly(t,z) = f(t,x) t€]0,T[,x € Q,

(1.1) y(t,z) =0 t €]0,T[,x € 09,
y(0,2) = yo(x) x € Q,
where L is an uniformly elliptic operator of the form
(1.2) Ly =— Z Dj(a;xDry) + Z b Dy + cy.
Jk=1 k=1

The coefficients satisfy the regularity assumptions aj; € Whe(Q), b*.c €
L*>°(Q) and those in principal part satisfy for some p > 0 the ellipticity
condition
n
(1.3) > an(@)6ée > plé?, VEER™, xe Q.
Jik=1

2010 Mathematics Subject Classification. 35K10, 35K90, 35B69, 46E35, 47A57, 93B07.
Key words and phrases. Parabolic regularity, Anisotropic Sobolev embeddings, Inter-
polation theory, Carleman estimates.
E.A. Melnig was supported by a grant of the Ministery of Research and Innovation,
CNCS - UEFISCDI, project number PN-ITI-P4-ID-PCE-2016-0011.
1



2 C.G. LEFTER AND E.A. MELNIG

Other boundary conditions which are naturally associated to operator L
may also be considered in order to study the problem in an abstract form
as

(1.4) y'(t) + Ay(t) = £(1),5(0) = o,

where —A is generator of an analytic semigroup S(t) = e~ **, in a Banach
space X, f € LX) := LY0,T;X), yo € X. The mild solution is written
in the form

(1.5)  y(t) =e "y + /0 e U= Af(s)ds = S(t)yo + [S * f](t).

tA

The classical reference for existence and regularity of solutions to parabolic
problems with f € LP(Q) = LP(LP(2)) is the monograph by O.A.Ladyzens-
kaja, V.A.Solonnikov, N.N.Uralceva [20], where maximal regularity is ob-
tained in the anisotropic Sobolev spaces Wg 1 (Q). The regularity of solutions
to abstract parabolic problems (1.4) by using the representation (1.5) and es-
timates in real interpolation spaces, was considered in the paper of Gabriella
Di Blasio [13]; there, for f € L9(X) one obtains Sxf € W%4(X),0 €]0, 1] and
Sx f e LY(Da(0,p)),0 €)0,1] (here Da(0,p) = (X, D(A))p, and W4(X)
is a vector valued Sobolev-Slobodeckii space).

The existence and maximal regularity in concrete parabolic problems with
X = LP(9) is established by W.von Wahl in [34], where estimates for S f €
LYD(A)),Di(Sx*f) € LX) in terms of norm of f € LI(LP(Q)) with ¢,p >
1 are obtained by applying a refined study of A.Benedek, A.P.Calderdn,
R.Panzone [7] on the convolution of operators, using ideas from the theory
of singular integrals.

When dealing with parabolic problems with nonhomogeneous boundary
conditions, a study of maximal regularity in LI(LP) spaces was established
by P.Weidemaier [35, 36].

Maximal regularity in L9(X) for abstract parabolic problem (1.4) is deeply
related to the geometry of X and properties of operator A. More precisely, if
X is UMD space (a space with unconditional martingale difference property
or, equivalently, a space having the property that the vector valued Hilbert
transform is bounded in L?(X)) and A is sectorial with bounded imaginary
powers, A € BIP(X,0), with spectral angle § < 7, then equation (1.4) has
maximal regularity property: y € WH4(X)NL4(D(A)). We refer here to the
monograph of C.Martinez Carracedo, M. Sanz Alix [23], Chapter 8 and the
references therein. An essential ingredient in the approach of such problems
is a theorem of G.Dore and A.Venni characterizing invertibility of sums of
operators in BIP class.

The BIP class is important in our presentation of parabolic regularity; it
allows to characterize the domains of powers of positive operators defined
by elliptic operators with boundary conditions, as complex interpolation
spaces. In such situation these are closed subspaces of Bessel potential
spaces (this important result is due to R.T.Seeley [29]). Then, by using
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an argument based on extension operators one may relate these spaces to
Sobolev-Slobodeckii spaces. Another ingredient we use in studying regular-
ity is represented by convolution estimates in L"(D(A7)), by using estimates
which are specific to analytic semigroups, in domains of fractional powers of
the generating operator.

As we are interested in LP realizations of elliptic operators in bounded
domains, we mention that the boundedness of imaginary powers of such
operators was proved by R.T.Seeley in [31] by using a representation of the
resolvent and the theory of pseudodifferential operators ([30, 28]). A more
direct approach to such results was given by J.Priiss and H.Sohr in [26]
(see also Th. 12.1.12 in [23]). We also mention here the paper by R.Denk,
G.Dore, M.Hieber, J.Priiss, A.Venni[12] for a study of elliptic operators with
Holder coefficients in principal part, in connection to the H calculus and
the BIP property.

The parabolic regularity we present may be derived from existing theory
in the cited literature and we chose to present it in a more concentrated
appearance, which is useful for studying regularity in nonlinear parabolic
problems, through bootstrap arguments, when the nonlinearity depends on y
and Dy. The parabolic regularity results are then used to present alternative
proofs to classical embeddings for anisotropic Sobolev spaces and we also
use this approach to Sobolev embeddings of Wgy’ql(Q) spaces.

Concernig classical Gagliardo-Nirenberg inequalities for Sobolev-Slobo-
deckii spaces, in the most general framework, we refer to the papers of
H.Brezis and P.Mironescu [9],[10]. We discuss Gagliardo-Nirenberg type
inequalities for anisotropic Sobolev spaces.

Global Carleman inequalities in L? for parabolic problems were estab-
lished by O.Yu.Imanuvilov in the context of controllability problems when
the control is supported in a subdomain. We refer to the work of A.V.Fursikov
and O.Yu.Imanuvilov[17] and the monograph of V.Barbu [6]; see also the
paper of E.Fernandez-Cara, E.Zuazua [16] where the cost of approximate
controllability is estimated through a careful analysis of the Carleman in-
equalities and the constants there involved. Global parabolic Carleman es-
timates in L?, ¢ < 2 for homogeneous parabolic equations, in the context of
control and observability, were considered by V.Barbu [5].

These estimates found applications to the stability estimates in inverse
parabolic problems. We refer to the work of O.Yu.Imanuvilov and M.Yama-
moto [19] for L? stability. The L? Carleman estimates in the framework of
inverse problems were studied by E.A.Melnig in [24]. This motivates us to
apply our regularity arguments to establish global Carleman parabolic esti-
mates in LY(LP), q,p > 2 spaces, for nonhomogeneous parabolic equations.

2. FUNCTION SPACES AND SOBOLEV EMBEDDINGS

Interpolation. Consider two Banach spaces Fy, E1 with contionuous and
dense embedding Ey C Ey. For 6 €0, 1] denote by [Ey, E1]p the complex
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interpolation space of order 6. If p €]1,00[, denote by (Eo, E1)g, the real
interpolation space. When Ey, E; are Hilbert spaces, [Eo, E1]o = (Eo, E1),2-

If Fy, F are another two Banach spaces with contionuous and dense em-
bedding F} C Fy and T € L(Ey, Fy) and T' € L(E, Fy) then the Riesz-
Thorin-Marcinkiewicz theorem states that T' € L([Eo, E1lg, [Fo, Filg) with
convex inequality

1-6 0
||T||L([E0,E1]9,[FO,F1]9) S ||T”L(EO7FO)HTHL(El,Fl)'
Spaces of functions. Let £ C R™ be a bounded domain with smooth bound-
ary. The classical Sobolev spaces of integer order k and for p € [1, 00| are

(2.1) WkP(Q) = {f € LP(Q) : DPf € LP(Q), for |8] < k},
where 8 = (51, .., By) is a multi-index, |3| = 1+ - - B, and the associated

norm is the canonical one.
For a given s €]0,1[ and p € [1,00[ the Sobolev-Slobodeckii space (or
fractional Sobolev space) is defined by
(2.2)
_ p 1/p
WeP(Q) = {f e LP() : || flle + (/ (@) — Fy)P dwdy) < oo},
Q

o |z—y[mter

with the norm || f||yys.» () the finite quantity above. For s > 1 not an integer
the space W5P(Q) is defined as the space of functions f € W(Q) such
that DA f € W= [h2(Q) for all multi-index 8 with || = [s] and is endowed
with the natural norm.

For the fractional Sobolev spaces W*P(2), with s €]0, 1] and p €]1, o0],
one has a characterization by real interpolation (see [33], p.317):

(2.3) WHP(Q) = (LP(Q2), WHP(Q))s,p.

The Bessel potential spaces for s > 0,p € [1,00[ are defined using the
Fourier transform F as
(2.4)

H*P(R") = {f € LP(R") : | fllzrsr = |F (1 + [2[*)*/*F flllz» < 00}
For s = k € N and p €]1, 0o[ one has

H"P(R™) = WEP(R™).

If p = 2 this is an immediate consequence of properties of the Fourier trans-
form. However, in the case p # 2 this is a deep result and the proof relies
on a study of the Bessel potential using the theory of singular integrals (see
[32], Theorem 3,p.135).

The Bessel potential spaces behave well under complex interpolation,

defining a complete scale of spaces (see [33], p.185): if s = sy + (1 — 0)s;
for some 6 €]0, 1] then

(2.5) H*P(R™) = [HP(R™), HP(R™)]y.
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One defines H*P((2) as the space of restrictions to €2 of functions in H%P(R")
with || fll zsw (@) = nf{llgll gsr®n) : 9la = f}-

Consider also for k& € N, C*(Q) to be the space of functions f :  — R for
which DPf is bounded and uniformly continuous on Q, for 0 < |3| < k. For
0 < a < 1, the Holder space C*(Q) is the subspace of C*(Q) of functions
f for which

DB —_ DB
sup |DPf(z) Wl _ Lo
T, YyeN,xFy |:E - y|a

C*2(Q) is a Banach space with the norm
(2.6)

DB _ DB
||f||Ck,a(§) = max sup|D’f(z)|4+ max  sup D" () 5 f(y)|
0<|BILk 20 0<|BI<k z,yeNx#y |$ - y|

We will also consider anisotropic Holder spaces in Q, cs (Q), with a not
integer. For 0 < a < 1, this is the space of continuous functions g : Q — R
having the property that ¢t — g(¢,z) is in C%2([0,T]) for all € Q, with
uniformly bounded norm with respect to z € 2, and * — g(¢,x) belongs
to C%(Q) for all t € [0, 7], with uniformly bounded norm with respect to

t € [0,T]. It is a Banach space with the norm

(27) ”g”c%%(a) = Supﬁ ‘g(ta x)‘ + sup . B [
(t)€Q (t)A(s)eq ([T —yl* + |t = s[)2
For noninteger o > 1 we refer to [20] for the definition of C%2 (Q).

In the present paper we will use the classical results on embeddings of
Bessel potential and Sobolev spaces into Lebesgue and Holder spaces (see
e.g. [1],[8],[3],[33]) which state that

Theorem 2.1. For 0 < s and 1 < p < oo the following continuous embed-
dings hold:

19(Q), p= i op <1,
W*P(Q), H*?(Q) € § LP(Q), b € [p, 0] if sp=mn,
cr*(Q), a€)0,1,reNyr+a=s—-2  ifsp>n.

p

Let (X, || -]|) be a Banach space. One defines the vector valued Lebesgue
spaces, Sobolev spaces and Hoélder spaces in analogy to the corrsponding
scalar cases (by replacing |- | with || -|| when this is applied to functions) and
we denote by LI(X) := L9(0,T; X), W*4(X) := W9(0,T; X), CH*(X) =
Che ([0, T); X).

We will be particularly interested in the case X = LP(2) for some p €
|1,00[. In estimates in the last section we will denote, for simplicity, by
Li(LP) the space LI(LP(Q2)).

One defines the anisotropic Sobolev spaces as:

(2.8) Wi Q) = WHP(LP(Q)) N LP(W?P(Q)).
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For the study of parabolic problems in these spaces, we refer to the clas-
sical monograph [20]. We give here a simplified version of Lemma 3.3 from
the cited reference, which states corresponding Sobolev embeddings:

Theorem 2.2. Consider u € Wg’l(Q), p €]1,00[. Then u € Zy, with

L"(Q) with r = TET;E)Q’; when p < "2
Z1=4 L"(Q) with r € [p, 00|, when p = 52

C’C“’O‘/Q(Q) with 0 < o < 2 — ’%2, when p > "T”
and there exists C = C(Q,p,n) such that
2 < Cllullyza0)
Moreover, Du € Zy with

L(Q) with r = ngQ_)]’; when p < n+ 2
Zy =< L"(Q) with r1 € [p, 00|, when p=n+ 2

Co2(Q)  with) < a<1— ”TTQ, when p > n+ 2
and there ezists C = C(Q,p,n) such that

1Dullz, < Cllullyz1q,.

For p, q € [1,00] consider the spaces (see [35, 36]):
2,1 _ 2, 1,
W (Q) = LIW=P(Q)) N WHA(LP(92)).
One of the main results in the paper is about Sobolev type embeddings for

Wﬁ@,l(Q), and the approach will rely on the regularity of flows generated by
analytic semigroups.

3. OPERATORS, SEMIGROUPS AND PARABOLIC REGULARITY

We recall a number of classical notions and results from the Theory of
operator semigroups, for which we refer e.g. to [25, 22]. We also discuss
convolution estimates between operator valued and vector valued functions.

Analytic semigroups. Let X be a Banach space and A: D(A) C X — X be
a positive operator such that —A is the generator of an analytic semigroup
on X. This is equivalent to the existence of some ¢ > 0,5 > w > 0 such
that

0(A) C Vs :={AeC:|arg(A—9)| <w}
and for some constant M > 0 and A € C\ Vj,, one has the estimate for the
resolvent R(\, A) = (Al — A)~1:

M
R\ A)| < .
IR AN < 1377
Denoting by S(t) = e~/ the semigroup generated by —A one may consider
the linear nonhomogeneous Cauchy problem in X, (1.4), whose mild solution
is given by (1.5).
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Powers of operators and domains. The fractional powers of A are defined
for o« € C, Rea < 0 as:

1

A% = QW/WA R(\, A)d,

where 7.9 = {re?? : r > 0} U {re=% : r > 0} oriented from ooe® to coe™*
and w < § < m. For Rea €] — 1,0] this formula may be put in the form:
sin(ma)

A% = / AN+ A)Lzd).
0

™

For o, f with negative real part one has A®t8 = A*AP For Re o < —n one
has RangeA® C D(A™) and A"A® = A"T®. This motivates the definition of
the powers for 0 < Rea < n,n € N as

DAY ={zx e X : A" "z € D(A")}, A% = A"A* "x.

We note here that a fundamental property, characterising the norm in
domains of fractional powers of the trajectories, of the semigroup generated
by —A is that (see [25], Th.6.13) for « €]0, 1], there exists M = M («) such
that on ]0,7] one has for all z € X:

(3.1) [A%S ()| < Mt |||

We are interested in our paper on characterisations of domains of frac-
tional powers of positive operators, generating analytic semigroups, as above,

and we have (see [33] Th.1.15.3, [22] Th.4.2.6, [23] Th.11.6.1):

Theorem 3.1. If A is a densely defined positive operator, such that A" €
L(X),t € R, then for 0 < Rea < Re 3 one has

(3.2) [D(A%), D(AP)]g = D(AU0+07),

A more direct approach to the characterisation of LP realizations of elliptic
operators as belonging to the BI P class comes through transference methods
(see [11]) and we mention in this respect the following theorem (see [22],
Th.4.2.4):

Theorem 3.2. Let (Q,u) be a o—finite measure space and let p €]1,00].
Suppose A is a positive operator in LP(Q2, p) such that for A > 0, ||(A +
A)7Y < 1 and (M + A)7! has the property that (A + A)~'f > 0 in €,
whenever f € LP(Q,u) and f > 0 in Q. Then A has bounded imaginary
powers in LP(, ).

We consider now an uniformly elliptic operator in the form (1.2) with
the assumed regularity for coefficients and ellipticity conditions. The LP
realization for some p €]1, oo[, with homogeneous Dirichlet boundary condi-
tions for L takes into account the LP regularity theory for elliptic equations
(see [18]) and is defined as A = A, : D(A) = W2P(Q) N W,P(Q) with
Au = Lu, u € D(A).



8 C.G. LEFTER AND E.A. MELNIG

Without loss of generality concerning regularity we may suppose that L
is positive. In fact there always exists A\g > 0 such that L + Aol is positive.
Moreover, one knows that —A generates an analytic semigroup in LP.

Maximum principle applied to elliptic operator L shows that (A +A4) ! is
positivity preserving and by Theorem 3.2 we find that A = A, has bounded
imaginary powers. We have thus:

Theorem 3.3. The operator A = A, with p €]1,00[, which is the LP real-
ization of elliptic operator L with homogeneous boundary conditions on 0f),
has the property that, for v €]0,1],

D(A7) = [LP(Q), W>P(Q) N\ Wy P ()],

The characterization of complex interpolation spaces between domains
of operators with boundary conditions is studied in [29]. The result in
our case of Dirichlet homogeneous boundary conditions tells basically that
[LP(Q), WP N I/Vol’p(Q)]7 coincides with H?7P(Q) for 2yp < 1 and is the
closed subspace of H?7P()) containing functions with null boundary con-
ditions when 2yp > 1 (in the case 2yp = 1 the trace is understood in a

generalized sense). Relation between domains of fractional powers of oper-
ator A and Sobolev-Slobodeckii spaces is given in the next proposition:

Proposition 3.4. Consider v €]0,1[. Then, if p > 2, one has the continu-
ous inclusion
D(AY) Cc H?'P(Q) ¢ W2P(Q).
If1<p<2and~y <7,
D(AY) C HP(Q) ¢ W2'?(Q).
with continuous inclusion.
Proof. Consider a linear continuous extension operator
E: WyP(Q) n WP(Q) + LP(Q) — W2P(R™) 4 LP(R™).

By Riesz-Thorin-Marcinkiewicz we have that E is continuous between in-
terpolated spaces

E € L([X, D(A)],, [LP(R"), H*P(R")],)

Observe that, if p > 2, one has by Theorem 5, p.155 in [32]

H?WP(RY) = [LP(R"), H*P(R")], € WYP(R").
By the same theorem in [32],if 1 <p <2

H*"P(R") = [LP(R"), H*P(R")}, C By3(R") =

= (LP(R™),W*P(R™)) 2 C (LP(R"), W>P(R™)).r,, = W2 P(R™).
Here Bf):é is a Besov space (see [33]). On the other hand,
D(AY) = [X,D(A)],.
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Suppose first that p > 2 and u € D(AY); we have
HUHD(AW) > CHEUH[LP,HZPL, > CHEUHW%P(R”) > CHUHWZ%P(Q)-
Ifl1<p<2andue D(AY) and 0 < +' < 7, we have by a similar argument
lullpgany = ClIBulgo o), = CllEUlyar gy = Clldlyarmay-

Last inequalities above follow from the fact that Sobolev-Slobodeckii norm
is in integral form and restricting the respective integrals to 2 will decrease
the value of the integral. O

Convolution estimates. When searching for various types of solutions (clas-
sical, strong, weak) one needs to study convolutions between operator valued
functions and vector valued functions.

Besides the spaces L?(X), we also consider the space Li,(X) = L,(0,T; X)
for ¢ > 1, which is defined, analogously to the scalar case, as the space of
measurable functions h : [0, 7] — X such that

1
(3.3) 1Pz, cx) = sup Au{t € 0,77 : [A(®)llx = AP < oo.

We may formulate the following result on convolutions of operator valued
with vector valued functions, analogously to the scalar case:

Lemma 3.5. Let X,Y be two Banach spaces and p,q,r € [1,00] such that
1+1= %%— %. Consider S € LP(0,T; L(X,Y)) and f € L1(0,T;X) Then

S« f defined by [S * f](t) = f(f S(t—s)f(s)ds belongs to L"(0,T;Y) and
(3.4) 1S * fllorovy < WSz yn 1 lacx)-

Moreover, if p,q,r €]1,00[ and S € L4, (L(X,Y)), then [S* f](t) = fot S(t—
s)f(s)ds belongs to L"(0,T;Y) and there exists C = C(p,q) such that
(3.5) 1S * fllrovy < ClISI e cwox vyl flna -

Proof. The proof of this result follows easily from the result in the scalar

case. Since ||[S* f](t)|ly < fot 1S(t = s)ll Lxv)ll f(s)l| xds, we may apply the
convolution estimates for scalar functions [|S(:)||(x,y) and || f(-)||, for which
we refer to Lemma 1.4 respectively to Theorem 1.5 in [4]. O

Regularity for parabolic problems. Consider X = LP(£2) and the parabolic
problem with homogeneous initial data:

(3.6) y' + Ay = f,y(0) =0, t €]0,T]

with A the LP realization of parabolic operator L with Dirichlet boundary
conditions. Tt turns out that D(A) = WP N W,(Q). The mild solution is
given by

(3.7) y(t) = /O =94 £ (5)ds.
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Our purpose is to obtain regularity in L"(D(A?Y)) and, subsequently, relat-
ing D(AY) to Bessel potential and Sobolev-Slobodeckii spaces, in L" (H*P(2))
and L"(W*P(Q)), for some s > 0,r > 1.

Spatial regularity.

Theorem 3.6. Let A be a positive operator with — A generator of an analytic
semigroup, q €]1,00[ and f € L1(X). Consider y € [%, 1[. With r €]q, o0]
such that 1 + 1 = % + 7, we have y € L"(D(A")) (for v = % we have

AS LOO(D(A%))). Moreover, for some constant C = C(v,q)
(3.8) Iyllr(pary) < CllfllLacx)-

If for some o €]0, 1] we have f € L1(D(A?)), then for o + q;ql <v<l+4o
and r given by 1+ % = % +~ —o0 one hasy € L"(D(A")). Moreover, for
r,7,0 as above there exists C' = C(o,7,q) such that

(3.9) 1yllzr(pcavyy < Cllfla(p(asy)-
Proof. By Theorem 6.13, [25], p.74 ,
C
v el
4SOl <

This implies that for 1 < § <

2=

1S ex,peary) € L0, T),
and in the limit

1
1S lLx,peary) € Lw(0,T).

Then, by convolution estimates we have:

Id < C S N 1 S C .
Il r(p(aryy < C ()HLi’(L(X,D(AW))”fHLq(X) £l zacx)

The case f € LI(D(A?)) may be treated in the same way by using con-
volution estimates and taking into account that, for v > o, there exists
C = C(o,7) such that

C

1AYS(t)x||Lx) < o

|A%z], © € D(A7),

which gives that for o + % <~ < 1+ o one has

1

S € Ly, " (L(D(A7), D(A")))

and (3.9) follows as above.
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Temporal reqularity. The next result is probably known but we did not find
the appropriate reference. It is a generalization of Th.3.1,Ch.4 in [25], with
similar ideea of proof, and gives regularity in spaces C%*(D(A")) for appro-
priate a,~y €]0, 1].

Theorem 3.7. For f € LY(X),q €]1,00[, the mild solution y = S * f given

1
by (3.7) belongs to the spaces CO’qT_W(D(AV)), v €]0, %[, and there exists
C = C(q,7) such that the following estimate holds

157 £l o951, < Ol fllzacx)-

(D(A7))

Proof. First, observe that |A7S(t)z|x < C4||z|x and £ € L9(0,T), ¢ =
as ¢'v < 1. From Lemma 3.5 we have a first estlmate

q
q—1°
(3.10) 1S % fllLoo(p(aryy < Clflnacx)-

In order to prove Holder continuity, we need now the following classical es-
timate for the analytic semigroup generated by —A (see [25], Th.6.13,Ch.2):

IS()z — zllx < C(a)t]| A% x,x € D(A%),a €]0, 1,

which has as consequence,

a

h
| 478 (¢ + By — A7S(t)allx < Cle7) e

Now we estimate the difference

AVy(t+h) — AVy(t) =

t+h t
:/ AVS(t+h—s)f(s)ds+/ AV[S(E+h—s)— S(t—8)|f(s)ds = I + I,
t 0

We estimate the two terms:

t+h h
Illx < /t [AYS(t + h —s)f(s)]xds = /0 [AYS(T)f(t+h —7)|lxdr <

- h b1 v
S/O ﬂ||f(7f+h—7)||xd7§</o ||f(t+h—r)||§(d7> </0 - dT>

1

(3.11) < Cllfllpacyh ™

IN

with ¢’ = 47 and 7¢' < 1.

’



12 C.G. LEFTER AND E.A. MELNIG

For I we choose a4 v = % and we have

t
2]l x < /0 JAT[S(t +h = 5) = S(t = 8)lllLexx)llf(8)llxds <

/ C _ )a+'y||f( )HXdSS

3.12 Cla)he _

( ) < (a 'Y) ()a+7 ||f( )”X o) <
o 1

< C(a,7)h (et $(OT Il zacx)

Conclusion now follows from (3.11),(3.12) and (3.10).
]

Consequences of spatial regularity. Proposition 3.4 and Theorem 3.6 have
as immediate consequence

Proposition 3. 8 Consider q,p €]1,00] and f € LI(LP(R?)). Forr €]q, ]
and 0 = 2 + % — 2 the mild solution y to (3.6), given by (3.7), satisfies the
reqularity estz’mate

(3.13) 19l zr(aory)) < CllfllLaze @),

with a constant C' = C(p,q,r).
Mareover for r1 €]g, 00| if ¢ > 2 and r €]q, = o q] if ¢ €]1,2[, and choosing

6 =1 + = — 2 the gradient of the mild solution y satisfies the reqularity
estzmate
(3.14) 1Dl s oy < CUF zagirgeny-

with a constant C' = é(p, q,71)-

Remark 3.9. If we take into account Proposition 3.4, we find for p > 2,
with r €]g,00] and § =2+ 2 — 2, the estimate:

HyHLT(W"J’(Q)) <O g ) fllLae ()

Whilefor1<p<2and9’<2+%—%onehas

1Yl Lo o)y < C0s a7 ) fllLa(re@))-

Moreover for r1 €]q,00[ if ¢ > 2 and 7 €]q, T] if ¢ €]1,2[, with § =
1 + = — =2 when p > 2, one has the estimate

HDy||Lr1(W§ p( )) < C(p7Q7 )”f”Lq Lp Q))
while when p €]1,2[, with ¢/ < 1+ E - E we have

1DY[| v wor vy < C 0305 )| Fll oo (e))-
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Using the Sobolev embeddings for H*P(Q), W*P(Q) with s = 8 or 5 = 6,
in the framework of Proposition 3.8 and Remark 3.11, we find the following
estimates for the mild solution to (3.6):

Corollary 3.10. With r €]q,00[ and 0 =2 + 2 — % we have the estimates:

e For 0p < n, choosing p < —£— zf Op < n and choosing arbitrarily
P € [p, 00| if Op = n, one has

Il zr o))y < C0 @7 D) fll Loz (@)
e IfOp > n, theny € L"(C™*(Q)) with o €]0,1],k € {0,1}, k+a =
0—2 and
P
19l L cro@y < CW @ DI | La(re()-
Moreover, for ri €]q,00[ if ¢ > 2 and 1 €]q, ;—qq] if ¢ €]1,2[, denoting by

6 = 1+—7 2 we have the following estimates for the gradient of the solution:

e For 9p < n, choosing p1 < — zf 0p < n and choosing arbitrarily
p1 € [p,ool if Op =n, one has
HDyHLr1(Lﬁ1(Q))) < C(Z%q,7"17]51)Hf”LQ(LP(Q));
o IfOp > n, then y € L™ (C**(Q)) with oy €]0,1[, oy =0 —

“3\3

HDyHLrl(com(Q))) < C(Z%q,Tlaﬁ)HfHLq(LP(Q))-

Remark 3.11. In the above considerations we studied regularity for solu-
tions to parabolic problems with null boundary conditions and zero initial
data. If we want to recover Sobolev embedding results without imposing
boundary conditions, we proceed as follows. Take Q, some bounded domain
with smooth boundary Q cC Q and a continuous extension operator E :
W2P(Q) + LP(Q) — W2P N W, P () + LP(). For some u € Wy (2x]0, T])
we have Eu € W, (2x]0,T]). Extend now Eu by reflection to Qx| — T, T7.
Denote it by a(z,t) = Eu(z,—t),t €] — T,T[ and this function belongs
to qu(Q) Q = Qx| — T,T[. Denote by P(D) the parabolic operator
P(D) =Dy — A and take a function n € C°(] = T,T[), n(t) = 0 for t < — L
and 7(¢ ) = 1 for t > —%. We have

J%Dxmmznpuna+#um.

If we apply regularity estimates in L"(LP)in terms of right hand side in
L9(LP) (see Proposition 3.8), we find that

lallzrzo@y) < CInll e prany < CIPOYMD La.zioy) <

< Clllallyza(g) + 1l pago@y)) < Cillullyza -
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Remark 3.12. Observe that if u € I/Vp2 ’I(Q) with p < @ and considering
the remark above with ¢ = p, we may take r = Tfi—i)?g .
np

0= m and fp < n. Observing that p := gy = T We find from Corollary

3.10 that

Correspondingly,

HUHL%(Q) < C(p)||u||W3,1(Q).

Moreover, if p < n 4 2 and considering the remark above with ¢ = p, we
may take r; = gﬁ:’sz . Correspondingly, § = %5 and 6p < n. Observing

that p := n’_“;p = 71, we find from Corollary 3.10 that

HDUHL%(Q) = C(p)HuHWz?’I(Q)'
One may see that we recovered the Sobolev type embedding in Theorem 2.2.

Concerning Sobolev embeddings for Wﬁ’ql (Q) spaces we obtain from Propo-
sition 3.8 and the Remark 3.11 the following result:

Theorem 3.13. Consider u € Wiy (Q).
Then u € Z1 where

Q). v €lgoc P < oy #(2+2-2p<n
7 = L(LP(Q)) € [g,00],p € [p, o, if (2+2-2)p=n,
LT (C**(Q))), a €]0,1], k € {0,1}, kta=24+2-2_1
if2+2-2p>n
and there exists C = C(p,q,r,p), respectively C = C(p,q,r) in the third

case, such that
lullz, < Cllullyzs g
Moreover, Du € Zy where
Lrl(Lﬁl(Q))a 1 € [g,00],p1 < (14—7 if (1+ % - %)p <mn,

Zy={ LI (Q)), 1 € [g,00), 51 € ool i (1+ 2 — Dp=n,

L (C% (@), a €l la=1+2-2-2jf(1+2-2)p>np

and there exists C = C(p,q,r1,p1), respectively C = C(p,q,r1) in the third
case, such that

[1Dullz, < Cllully2 )
Consequences of temporal reqularity. An immediate consequence of Theorem
3.7, considering that D(AY) C H*'P(Q), is the following:
Proposition 3.14. Let f € Li(LP(Q)), v G]O,%[, then the solution y

—1
to (3.6) given by (3.7) belongs to CO’qT_W(H%Y’p(Q)) and there exists C =
C(p,q,7) such that

||y”co,%ﬂ(H2w(Q)) < Cllfllaczrie))-



PARABOLIC REGULARITY,CARLEMAN ESTIMATES 15

Now, by the previous results, taking into account Remark 3.11 and isotro-
pic Sobolev embedding from Theorem 2.1, we obtain the following Morrey
type result for Wi’ql spaces:

Theorem 3.15. For p,q €]1,00[, suppose there ezists vy €]0, q;ql[ with 2y —

% > 0 not an integer. Then the space WE,’;(Q) 1s continuously embedded in

CO’%fw(Ck’o‘(ﬁ)) where k € {0,1}, o €]0,1[, k+a =2y -2

>
Remark 3.16. Suppose p > ng' = % and denote by ag = % -5 € (0,1).
Taking first v = % we obtain that Wy (Q) is continuously embedded in
Coe1(C00(Q)) with a; = 2%1,. Taking v = 2 and az = 7 we find that

WpQ,Z,l(Q) is continuously embedded in €% (C%2((2)). One may see that
COe1(COe0(Q)) N C%0(C%2(€))) is continuously embedded in the space of
Holder continuous functions C%0(Q)). This conclusion is in the spirit of the
result established in [27].

Remark 3.17. Theorem 3.15 has as consequence the Morrey type embed-
ding in Theorem 2.2. Indeed, if we take p = ¢ > "TH and a €]0,2 — "Tﬂ[
not an integer, we find, by choosing v = § + % and observing that oy :=

I% — > 0, that Wg’l(Q) is continuously embedded in C%*1(C%(Q)).

With the same «, choose v = z% — 5. Observe that v 6]%,])’[ and

with ay = 2y — % we find that Wg ’I(Q) is continuously embedded in

C%%2 (C%2(Q)). The intersection of C%*1(C%*(Q)) and C%2 (C%2(Q)) is
continuously embedded in Ca’%(é) and we recover the corresponding con-
clusion in Theorem 2.2.

Gagliardo-Nirenberg type inequalities involving anisotropic Sobolev spaces.
One may easily use Theorem 3.13 to obtain interpolation inequalities of
Gagliardo type between spaces ng}(@) and L7(L7(Q)), with p,q,0,7 €
|1, 00]. If W,?,’ql(Q) C L"(LP)(Q) with continuous injections and u € W,?,’,II(Q)FT
L°(L7(9)), then u € [L"(LP(Q)), L°(L™(2))]s, 0 €]0, 1] and satisfies the in-
equality

lull oo (Lm0 () < C(0,p, 4,0, T)”uH{l,;;qI(Q)HUH%U(LT(Q))a

1 6, 1-6 1 _6 ,1-6
Wherea—e—a+—r andTe—T+ﬁ.

4. CARLEMAN INEQUALITIES IN L9(LP(2)) FOR ¢,p > 2

In what follows, we are interested to obtain Carleman estimates in L4(LP)
spaces, when ¢q,p > 2.

We recall first the statement of L? global Carleman estimates:

Let w CC Q. One needs (and existence is guaranteed, see [17]) an auxil-
iary function ¢ with the following properties:
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Yo € C%(Q), 0 <o in Q, Yolon =0, {r€Q:|Viy(z)| =0} CCw.
Denote by
(4.1) P =Yy + K,

for a positive constant K > 0 which is fixed such that Slglglf < ¢ small enough

(see [16]). Introduce also, for parameters s, A > 0 the auxiliary functions:
e (@) e () _ 61-5)‘”¢”c(§)

—_— t =

= ) HT — 1)

The choice of K above is needed in order to have uniform estimates with
respect to A , with C' = C(T):

o1 < CP°, Jar] < @2, Jag| < Cp°.

(4.2) o(t,x) ==

Following the strategy in [17], [16] one obtains in fact a family of Carleman
estimates with general powers for the weight functions ¢ (see [37] and also
[24]):

Lemma 4.1. (Carleman estimates with general weights) Let m € R, then
there exist \g = Ao(2,w,m),s0 = s50(Qw,m),C = C(Q,w,m) > 0 such
that, for any A > Ao, s > So, the following inequality holds:

/[(S(p)m_l/\m(|Dty|2+’D2y‘2)+Sm+1)\m+2g0m+l‘Dy’2]€2sad1‘dt
Q
(4‘3) +/Sm+3/\m+4g0m+3‘y|2623adxdt

Q

< C Sm+3)\m+4g0m+3|y’2628adl‘dt—I—/ sm)\m@mf2€23adxdt
[0,T]xw Q

for all y € HY(0,T;L*(2)) N L?(0,T; H*(Q)) solution of (1.1) with f €

L*(Q).

Using a bootstrap argument based on the above result and the regularizing
effect of the parabolic flow, we obtain a family of Carleman estimates in
spaces L1(LP).

Let us now construct the following sequences: {g¢;}jen, @0 = 2, ¢ =

2nq

¢,Vj € N* and {p;}jen with py = 2, p1 = o and for j > 2 we define
inductively

npj_1 _ mpj1
n—p;_1
(44) pj = n- (H_q%-_qjg_l)pj_l ’
2pj-1, if pj-1 > N.

) lfpjfl < Na

The sequence {p;};en is increasing and p; — 4o0.
Define p; = min{p;,p} and take m the first index such that p,, = p.
Observe that by Corollary 3.10 (see also the Theorem 3.13 for explicit orders
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of integration), the solutions to parabolic problem (1.1) with null initial
condition (yp = 0) satisfy for j = 2,...,m the estimate

(4.5) HZJHL‘U(LP"J'(Q)) + ||Dy||qu(Lﬁj(Q)) < C(ﬁjflaC]jfl))HfHLqu(Lﬁj_l(g))-

We define the sequence {k;}en, kj := kj_1 —2 with kg € R and we denote
by w; = oFiyese,

We write now the problem satisfied by the new variables w;, with j = 1,m
using (1.1). By standard computations we find:

e Di(wj) = O(s)wj_1 + " Dyyes®
o Dy(wj) = O(shp™ " wj_1 + ¢ Dyye™®
e Di(aDrwj) = O(s*2A?)w;_1+0(sAp™ ) Dyw;_1+0(s g™ 1) Djw;j_1+
©%1 Dj(ag Dyy)e*.
Then, the problem takes form
(4.6)
Dywj + Lw; = ¢" fe*® + O(s*A?w;_1) + O(sADw;_1), in (0,T) x Q
w; =0, on (0,7) x 09,
wj(O, ) =0 in Q.

Since w; satisfies an equation of type (1.1) with w;(0,-) = 0 in €2, we have
an inequality of type (4.5)

1
”ijLqJ'(Lﬁj) + a”ijHL%(Lﬁj) < ||wj||qu(Lﬁj) + ||ijHqu(Lﬁj) <

(47) <C SZAQij—l”LQj—l(Lﬁj—l) + SAHDUJj—IHLQj—l(Lij—l)

I e payr g5y | -

where, for the first inequality we choose sA > 1.

By a standard telescopic summation procedure, after multiplying each
equation in (4.7) with (Cs?\2)™~J respectively and recording that py =
q0 = 2, Pm = P, gm = ¢, We obtain

”meLq(LP) + ||Dwm”L4(LP) <

(48) my2m m— m—
< C [N woll 2y + s*™ AP Dol r2(q) + Ero (f)]

where we denoted by

By (f) =Y SN Gt £ oy iy
j=1
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Now we write wg, Dwg in terms of y, Dy and we find in the right side of
(4.8) terms involving @*otlyes® ko Dyes®. Using the L? Carleman inequal-
ity (4.3), we obtain
(4.9)
1wl La(zey + ([ Dwm || (e

_3 — _1
< ClPmAP oM ye?| 12 (g, + 87T 2ATT 20072 fe5 | L2q) + By ()]
< Ol N[0 e 12, + B ()],

where
~ _3 _ _1
Ery(f) = Ero (f) + 87" 2N 7205072 £ 12

< 082m_%)\2m_2||90k0_%f65aHLq(Lp)-

Because Dw,, = O(sA@?nt1y5%) + pkm Dyes®, we obtain

e yes® || Lacrey + s AT T Dye*®| oo

3 1
<Cl*mA | 0 ye™ [ 2(q,) + 57T EN 072 fer Y Laqun)),

(4.10)

which gives the following theorem

Theorem 4.2. Let f € LY(LP(Q)),p,q € [2,0[ and kg € R. Then there ex-
istm = m(Qap) S N; )‘O = )‘0(p7q7 kO)a S0 = 80(pa q, kO) and C = C(p7q7 kO) >
0 such that, for any X > Ao, s > sg, the following inequality holds:

(4.11)

Il
_3 _ _1
SC[m A" e || 12,y + 522N [1070 72 fe5 | oo

m m S 7'7"1/—§ m— —l S
<C[™ A" ye ™| La(rpwy) + 87T 2XTT2] @02 £5%| Lo ()

Ro=2my s ooy + 5 AT 0" T2 Dye | Lo a))

Remark 4.3. The above regularity argument may be further used in order
to have estimates also for D%y and Dyy in L?(LP) spaces or, if ¢, p are big
enough, estimates for y in anisotropic Holder spaces.

Explicit dependence on T of constant C appearing in Carleman inequality
(4.11) may be obtained by using the results in [16]. Indeed, we perform
here only a finite number of boot-strap arguments involving constants from
Sobolev embeddings so, for fixed principal part of operator L, one may write
for the constant in (4.11)

1
C =exp K(Q,wv ”bk7c||L°°) (T + T):| :

This kind of estimate is useful in nonlinear controllability problems (see
[15],[14]), as well as in unique continuation results at initial time (see [21],

[2])-
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