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Abstract

Several rather general sufficient conditions for the extrapolation of the calculus of generalized Dirac
operators from L; to L, are established. As consequences. we obtain some embedding theorems.
quadratic estimates and Littlewood-Paley theorems in terms of this calculus in Lebesgue spaces. Some
further generalizations. utilised in Part II devoted to applications. which include the Kato square root
model. are discussed. We use resolvent approach and show the irrelevance of the semigroup one.
Auxiliary results include a high order counterpart of the Hilbert identity. the derivation of new forms
of ‘off-diagonal’ estimates. and the study of the structure of the model in Lebesgue spaces and its
interpolation properties. In particular. some coercivity conditions for forms in Banach spaces are used
as a substitution of the ellipticity ones. Attention is devoted to the relations between the properties of
perturbed and unperturbed generalized Dirac operators. We do not use any stability results.
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47ASS5, 46B20. 46C99. 42C99.
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1. Introduction

The recent complete solution of the long standing square root problem of Kato for ellip-
tic operators and systems by Auscher, Hofmann, Lacey, McIntosh and Tchamitchian
in [7,8,20] was preceded by works of McIntosh [23] and Coifman, McIntosh,
Meyer [13], as well as a book due to Auscher and Tchamitchian [9] devoted to
the boundedness of the square roots of elliptic operators on L.
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Later Auscher [5] together with Coulhon, Duong and Hofmann [6] extended this
result for elliptic operators to a range of Lebesgue spaces employing ideas originating
from the recent results of Blunck and Kunstman {12] and Martell [22] with Hofmann
[19]). The former source was, in turn, improving results of Duong, McIntosh [16],
Duong, Robinson [17] and Hebisch [18]. Other generalizations of extrapolation
results [12], intersecting partly with [5], were also obtained in [2, 3] using a different
approach. '

The above mentioned developments are known to be partly based and intimately
related to the theory of H*-caiculus developed by McIntosh {24], Albrecht, Duong,
Mclntosh [4], and Cowling, Doust, McIntosh, Yagi [14] in the abstract settings of
Hilbert and Banach spaces correspondingly.

Contemporary development of the L,-theory is represented by the work [10] due to
Axelsson, Keith and McIntosh, where the mode! of generalized Dirac operator, which
is more general than one associated with the Kato Square root problem, was investi-
gated. They established the existence of H*-functional calculus of a perturbed Dirac
operator on L,(R") and related quadratic estimates, including a possible approach to
the solution of the Square root problem of Kato as a particular case.

The results of this paper are extensions and generalizations of [2, Chapter IV],
where the case of ‘lower’ extrapolation was considered in the case of an injective ITg.

The majority of the article is, roughly speaking, related to [10] in a similar way
as [5, 6, 19] is related to the recent solution of the Kato problem. More precisely, we
find several groups of the conditions are sufficient to extrapolate the existence of H>-
functional calculus in L,, of the generalized Dirac operator in the form considered
in [10], to its existence in L, and to establish quadratic estimates and Littlewood—
Paley theorems in terms of this caiculus for a reasonably wide range of p contained
in (1, 00). To extend the range of the possible applications considered in Part II, a
sufficiently high level of generality is maintained, and some approaches to further
extensions and generalizations are discussed in Section 6. Other results of Section 3
are generalized embedding theorems for generalized Dirac operators written in the
form of the boundedness of its powers from Besov and Lizorkin-Triebel spaces into
Lebesgue (Lorentz) ones.

For this purpose, we use the resolvent approach in the derivation of new generalized
off-diagonal estimates without any stability considerations. Some of these conditions
are given a weighted form permitting us to deal with subspaces of L,. The usual
off-diagonal conditions cannot be used due to their local nature. As collateral results,
our approach delivers the extensions of the Hilbert resolvent identity to the case of
differences of a high order (in Section 4).

To demonstrate the irrelevance of the traditionally more popular semigroup ap-
proach in our settings, in Section 6, we develop a one-dimensional model case sug-
gested by MclIntosh.
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The transference of the model of the generalized Dirac operator, introduced in [10]
in the Hilbert space L;, to L ,-spaces is achieved with the idea of the form coercivity
originating from [21]. This is a weaker hypothesis than the ellipticity assumption used
in [10] to establish L,-calculus. Despite the fact that our form coercivity condition
for an operator B : L, — L, is stronger than that considered in [25] (which is
equivalent to the boundedness of B~!), it is still weaker for p = 2 than the restriction

I(f, BA)l = Cll fLa|I*.

2. Definitions and designations

In this section, we define two types of off-diagonal families of functions with
respect to some operators and the main assumptions on the operators employed, such
as properties: General G(p), Coercivity C, Idempotence 1, Projectivity P(q), Weak
Projectivity WP, Local Closure LC, Bounded Coercivity BC(p), and some of their
adjoint properties. Some of them are trivially valid for particular applications, but
required to maintain the level of generality.

The next designations are used extensively:

R@:=0-27" yF={te)s, v=v Uy ., v'=-nUp,
S, ={z€ C\(0}: |argz| < u} foru €l0,7/2), SI:=-5,US,,

and S‘ﬂ is the closure of S¢ without 0, S¢ := R\ {0}. The symbol H(S%) denotes
the space of all bounded and holomorphic functions on Sﬁ; and E(SZ) is the subset
of the functions f € Hy(S4) such that f(z) = O(|z|™) for |z] — oo and some
a > 0; By W(S4) we denote the subset of functions f € H..(8) such that |f(2)| <
Clz/(1 + 2°)|° for any z € SZ and some « > 0. Let Q(S¢) be the subset of functions
f € Hy(SY) such that

QS == [f € Ho(S)) : sup/OC |f(zn)ldt/t < oo] .
z€§4 J0

Let F (S“f) be the class of all holomorphic fu_nctions f on SZ satisfying, for some
aeR, |f @) = C(Jz|* + |zI™"). By means of HOO(SZ U {0}), we denote the subspace
of Loo(S% U {0}) containing all everywhere-finite functions holomorphic on 5,

HY (S U{0) = {f € Ho(SS U (0D : f(0) =0}.

We shall use the term linear (sub)space if the corresponding (sub)space is not
required to be complete (closed). Because, along with L p» other Banach spaces
with a few parameters will be dealt with, we adopt some traditional notation from
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the theory of function spaces. For a Banach space A and some x € A, let [|x]|A||
denote the norm of x in A. For example, if B is a Banach space, and G and f is a
measurable subset of R" and some Bochner-measurable function defined on it, then
I fIL,(G, B)|| is the norm of the function f in the vector-valued Lebesgue space
L,(G, B). When there is no ambiguity concerning G and B, sometimes we use the
designation | f|l,, := || f|IL (G, B)|. ' ‘

For p € (0,00), let M, f := (M| f1)V/?, where Mf is the Hardy-Littlewood
maximal function.

For N e N, p,t > 0, and w,x € R", let p,,,(x) := min(1l,t/|]x — w|) and
L, .~ be the weighted Lebesgue space of the measurable functions f with finite norm
1Lfo, ()L (R

Let w, = w,(R", R") be a seminormed (homogeneous) Sobolev space of func-
tions f with the finite }|f|w[’)|| = [V fIL,(R", C"")||. We say that a pair (p, g) € [Ri
is in the Sobolev relation # C R: if W; C L,, where W; is defined by

1AW = IFIL, 0+ 0 flw, .

For p.q € [1,00], s > 0, the symbols b, and [ denote, correspondingly,

the seminormed (homogeneous) spaces of Besov and Lizorkin-Triebel type of the
functions f defined on R” and possessing, respectively, the finite norms:

1/q

: * : dt
“fibi,.qllr=(/0 (r"‘lla’"a,-,f>|L,,<ux~>n)"7) and

& dr\
IAI 0= H </ ;8" -, )" T’)
0

where the integer m > s and

L,(R")

[}

8" (t, x, f):=27" |A} f(x)dh  for Qg :=[—1, 11",
Qo

DEFINITION 2.1. For a measurable function f,leto (s, f) = {{x : | f(x)| > r}| and
f*(@) = inf{r : o(7, f) <t} forsomer > 0. Following [1], a measurable C"-valued
function f on R" is Chebyshev-regular if lim,_ (|| f1C"|1)*(t) = 0. For an arbitrary
function space ¥ = Y(R", C"), we designate its subspace of all Chebyshev-regular
functions endowed with the inherited (semi)norm by Y = Y(R", .

Let X and Y be Banach spaces and A be an operator with £ U D(A) C X
and R(A) C Y. Then the symbol A denotes the restriction of A to E, that is
D(Ag) = EN D(A) and Ajgx = Ax for every x € E N D(A). For subspaces M
and N of a Banach space X with M NN =0, M @ N denotes its topological sum,
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For Banach spaces X and Y, let €'(X, Y) be the space of all closed linear operators
with domains in X and rangesin ¥; €(X) := ¥ (X, X). Foroperators A : D(A) — Y
and B : D(B) — Y, one writes A C B if D(A) C D(B) and A = Bjp(4. Fora
Banach space X and a linear space E, the set Xy := X N E is a well defined linear
subspace of X, we denote the normed space X with the norm || - | X|| by X N E.

Forany p, g € (0, oc]and an operator A from L, into L,, let D, ,(A), N, ,(A) and
R, ,(A) be the domain, kernel and range of A respectively, and D,(A) := D, ,(A),
N,(A) := N, ,(A) and R,(A) := R, ,(A). We write N, ;» (A) and N, ,» (A) if
the corresponding Lebesgue space L ,(R") is substituted for its weighted countes-
part L, ~» (R").

For Banach spaces X and Y and their linear subspaces Dy C X and Dy C Y, a
semi-linear form b : Dy x Dy — C is understood to be bounded if

lb(x, )| = ClixIX|| - I ¥1Y)

for any (x, y) € Dy x Dy. The form b is also understood to be coercive if there is a
mapping ¢ = ¢, : Dy — Dy satisfying

lgWMIXII < CliylYll and |Iy|Y]I* < Clb(@(y), »)| forall y € Dy.

Let b*(y, x) := b(x, y) be the corresponding adjoint form.

Dealing with functions of a closed operator A, we assume or describe the presence
of a mapping & := %, : f — f(A) from a set of functions D(&) into €(X, Y),
where X and Y are Banach spaces. The mapping % satisfies the conditions:

() F(0)=0if0e D(£);

2y F()=1ifle D(&),

(3) Z@) = Aifze D(¥F);

@4) Faf+Bg)=aF(f)+BZF(g) ifa,peCand f, g, af + Bg € D(F);
6) F(fg)=F(NHF(QIf f g fg € D(F).

REMARK 1. (a) In most cases, D(&) is a subset of a normed space X with
8 : f — f(0) being in X* and R(F) C ZL(Y, Z), where Y, Z are Banach spaces
and Y C Z (thatis I € .Z(Y, Z)). Therefore, to establish that the mapping % is well
defined on D(&), we consider its action on the set D°(F) = D(Z) N N (&) only.
Indeed, one has

Ff=F(f -8 +&NFL

Therefore,
Fipvgy € LXNDUF), LY, 2) = FeLXNDEF),LWY,Z),
because §, € X*and F1 =1 € £, Z).
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(b) This approach appears to be especially useful in the settings where N(A) is
complemented in ¥, ¥ = N(A) @ V;, and there is another mapping %, with
R(%)) C Z(Y,, Z). We intend to construct a functional calculus on Y. Namely, it co-
incides, in this case, with the degenerate spectral projector approach from {10], that is,
F 1 f(2) = f(OPy+ f(Ay,)U — Py), where Py is the bounded projector in X
with R(Pg) = N(A) and N(Py) = Y and &,, is defined as in the.injective case
(N(A) = {0}).

For w € [0,7/2) and Banach spaces X and Y, we assume that an operator

A € F(X,Y) is of type w if, for any z € C\ 57, one has R(zA) € Z(X.Y)
and

[R(zA)|ZL(X. V)| < Clarg 2),
where the resolvent R(zA) := (I — zA)~'. Note that (see Definition 2.10)
F(A, X,Y,8)) = Aisoftype w.

Let us define ‘off-diagonal’ by summability and ‘double off-diagonal’, or ‘off-
diagonal’ by space and summability, classes of families of functions.

DEFINITION 2.2. Let p,g € [1,00}, F = %4, RC C,and X C L, is alinear sub-
space. We say that a function family { f.}.e.x C D(F)isintheclass D(A, R, p, q, X)
for some w, € [0, 7/2) and an operator A and write

{f):er € D(A, R, p.q. X)
if, for any ¢ € X, one has

| £(A)SIL (RM| < Clz["PY@IL, (R forall z e S,;
D(A S“l, p. q) = b(As S;.tp pP.q, Lp)‘

We say that a function family { f.}.cx C D(F) is in the class D(A, R, p.q, N, X)
for some p,q € [1,00], N > 0, an operator A and a linear subspace X C L, and
write

{f-):cr € D(A, R, p.q. N, X)
if for any ¢ € X, one has
Il £-:(A)PILG QW) < Clzf" """ pIL, 5, (R")]]

forallze S,,,weR"and ¢ € X.
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Therefore, one has D(A, S,,, p, g, X) = D(A, S,.,. p.q. X, 0).
We make the following geometric observations because they help avoid introducing
unnecessary restrictions.

REMARK 2. Consider

@) {f::es, € D(A,S,..p.q. N, X);
(b) forsome N; € N and any wy, wy € R" and ¢ € X with supp¢ C Q). (wo), One
has

| £-(A) | Ly (Quwn) || < Clzl™ ™77 (pepuy (w))) " IISIL, | forall z € S,.;

(c) forsome N, € N and any w € R" and ¢ € X with supp¢ C Q). (w), one has

| 7.

Loz ®)

| = Cla e @ Ly(Quw) | forall z € S,

Using the notation of the previous definition, one has the implications:
(1) (a) implies (b) implies (c) for N > N, > N, + n;
(2) (a) if and only if (b) if and only if (¢) for X = L, and N, N;, N, chosen
appropriately for each particular implication.

DEFINITION 2.3. For p,g € (0,o0], p < g and a linear subspace X C L,, let
A: D,, - L, be an injective operator. Then we say that S(A, p, q, X), or the
Sobolev property, holds if

IF1L Nl = CAASIL,l forall f e X C D, ,(A).

We designate A* f(z) := ZLO(—I)’(’I")f(lz), k € N for any (operator-valued)
function f(2).

We shall often deal with operators I', I'* € €'(L,) where D,(T') and D,(I"*) are
dense in L, for some p € (1,00) and their combinations I1 = I, = I' + I'*,
Ig. := BiT'B}, '} := BiI'*B,, Ml :=T + T}, and [T}, := I'* + 'z with operators
B\, B, € Z(L,) or B}, B; € Z(L,) imposing some of the following conditions and
assuming

D,(T') = D,(I'*) = D,(T'B; B;T")
and D,(I'*) = D,(I'?) = D,(I'*B,B,T"),
and ' c0, I'cO and TB/BT C0, T*BBTI*CO.

for all p € [1, 00)

When the inclusions of the previous line take place, we say that I, or the idempotence
condition, holds.
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DEFINITION 2.4. Let p € (0, oo]. Wesay that G(p), or the general condition holds
if
By, B, € £(L,), there exists bounded (B,lm)_l, (leﬁf(r—))_]v and
D,(Ilg) = D,(T')N D,('y) is dense in L,

where the closures of R,(I") and R,(I") in L, have inherited the L ,-topology. We
say that G*(p), or the adjoint general condition, holds if

—1 -1
B}, B; € £(L,), there exists bounded (Bl*,R—p,—(r-.)) , (B;m) , and
D, (M%) = D,(I*)N D, (I'g.)isdensein L,
where the closures of R, (I') and R, (I"*) in L, have inherited the L ,-topology.
If G(p) or G*(p) is true with the density requirement omitted, we say that the

restricted general condition holds.
We say that C, or the coercivity condition, holds if

ITLf 1L C = | f [wi]  forall f € Dy(M) NRA(TD)  and
Ny <p<q: D, (I1) is dense in L,

forevery p € [q,,g;] and (g,, 2) € A.

REMARK 3. (a) One should point out that the proofs of the results in Sec-
tions 3 and 4 show that we can use the appropriate Sobolev property (of the form
S(I1, 2, g. X)) instead of the Coercivity property (C).

(b) Under the conditions G{(p) and P(p) (G*(p) and P*(p)), the operators I'}, and
Mg (I'g- and IT3}.) are closed if I and I'* are closed, or I is closed and D(p) holds.
(c) The smoothness of the order 1 (w; and %)) is taken for the sake of simplicity.

DEFINITION 2.5. For p € [1,00],i =1,2and A, =TI'*, A, = T, let the forms
b : Ly x L, — C be defined by b;(f,g) := [, f B;g. Then we say that BC(p), or
the bounded coercivity condition, holds if, fori = 1, 2:

b; is bounded on L, x L, and coercive on R, (A;) x R,(A;).

We also say that BC*(p), or the adjoint bounded coerciviry condition, holds if, for
i=1,2:

b} is bounded on L, x L, and coercive on R,(A;) X R, (A;).
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DEFINITION 2.6. We say that D(p), or the duality condition, holds if
7rg=/ gT*f and / fBig =/ gB f,i=1,2
Rll RII IR’I R’l
for (f,g) € D, (I'*) x D,(I')|J D,(T*) x D, ().

DEFINITION 2.7. We say that P(p), or the projectivity condition, holds if

L, =Ny(Ilp) ® R,(ITg), R,(I13) = R,(T') & R, ().

We also say that P*(p), or the adjoint projectivity condition, holds if

Ly = N,(IT;.) ® R, (), R, (M3) = R, (") & R, (T5).

We designate the corresponding projections on N,(I1p), R,(I"), R,(I'}), N, (IT3.),
R,('*) and R, (T'g.) by means of Po = Py ,, Py = P, ,, P, = P>, P = P

PP = P, and P] = P; respectively.

P

COROLLARY 2.8. (a) If P(p) holds, then T A, AT}, C P, T';A, AT C Py,
and’'A = AT’y on D,(I'y) N R,(I1g) and T} A = AT on D,(I") N R,(I1), where

A= (Mpmamy) »
(b) If P*(p) holds, then T*A,, A Tp C Pl*jp,, g-A,, AT C Pz’fp, and T*A, =

A, T'g- on D,y(Tg.) N Ry(I3.) and T'p- A, = AT on D, (I'*) N R, (IT}.), where
A, = (l'[*

-1
B*lRprm;,.)) :

DEFINITION 2.9. We say that WP, or the weak projectivity condition, holds if Iz
and Iz are injective for every p € [g;, ¢;] and (g,, 2) € S.

DEFINITION 2.10. For an open £ C C and Banach spaces X and Y, the designation
F(A, X, Y, Q) means that an operator A € € (X, Y) possesses the bounded H,, ($2)-
functional calculus on L, that is, the homomorphism % described above satisfies

D(F)=Ho(Q) and £ e L(Ho(R), Z(X,Y)).

To take advantage of homogeneity arguments, we use the stretching operators
o,: f— f(/1),t > 0. For an operator A with o,(R(A)) = R(A) foreveryt > 0,
by means of A,, we denote the composition o,”! Ag,.

DEFINITION 2.11. Given a condition Z, we say that H[Z], or the homogeneity
property with respect to Z, holds if the condition Z is satisfied uniformly inr > 0
by the operators I',, I'}, By,, By, substituting the operators I', I'*, I1g, [13., B), B,
correspondingly, and

R(A))=R(A)forallt >0 and A e (I, T* I, I}, B, Bz}
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DEFINITION 2.12. We say that LC, orthe local closure condition, holds if:
L ,-closure of L, N R,(IT) (closure in L,)-contains R, (IT)
forany p € [ps, 2), (ps, 2) € SA.

DEFINITION 2.13. Let p € [1, 0o]. We say that K(p), or the K -condition, holds if
the closure of D,(I') N D,(I") L, + L contains R,(I1z) N R,(I1), and

Po_piving = Poan,mp)-

We also say that K*(p), or the adjoint K-condition, holds if the closure of D, (I"*) N
Rg(r*) Lp' + Lz contains Rp’(nB) n Rg(ng), and

Po pinmy) = Poan, .-

DEFINITION 2.14. An operator A possesses differential homogeneity of orders € R
and we write A € DH(s) if o, Ao, C A forall t > 0.

For the sake of simplicity, we shall always assume that the operators I" and I"™*
possess differential homogeneity of order 1.

We now introduce the following purely technical definition. Unfortunately, the
corresponding restrictions are sufficiently strong.

DEFINITION 2.15. For p € [1. o0], we say that a subset X C L, is a Calderon—
Zygmund subset for L,, and we write X € CZ(p) if an arbitrary f € X admits a
Calder6n-Zygmund decomposition in terms of elements of X at every level A > O,
that is, for some constants C;, C,, Cy > 0 and every f € X and A > O, there
is a representation f = fi + Y ... f satisfying, for every i € N, supp f; C Q;
and || filL QDI = AC,1Q:1"7, where {Q;}ien is a system of cubes with the finite
intersection property and D, |Q;| < Co| fIL,I1”/X. and || f|L x|l < C3A.

In addition to the classical example L, € CZ(p), there are some other simple
sufficient conditions.

REMARK 4. (a) If X is a subspace of L, with inherited norm, and the projection
M, : f + xof isbounded in X for any cube @ C R",then X € CZ(p) (see [2]).
(b) The assertion of (a) remains true if the pointwise multiplier M, is bounded in X
for any ¥ € Cg° instead of ¥ € {xg}ocw=. It can be proved as in (a).
(c) If X iscomplemented in L, underthe conditions of (a), then the image M, X is
complemented in L, uniformly by Q C R". This observation provides an alternative
proof of Lemma 4.8 with the aid of Lemma 4.9 and Remark 2 (1).
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3. Main results

Here we present the main results of the article in an abstract, but not the most
general form. For the convenience of the reader a discussion of two further ways of
generalizations is postponed until the beginning of Section 7.

3.1. Functional calculus Here we state the resuits regarding the relationships
between the existence of the functional calculus and the other basic properties defined
in Section 2.

Some variations in part (3) of the conditions of the next two theorems are suggested
by Corollary 4.4(a)~(b).

The following theorem is a generalization of Theorem 3.1, Chapter IV from [2],
where the case of an injective 1z was considered.

THEOREM 3.1. ForO <w <v < u < /2 and @ # [q. qo] C (1, 2), assume that,
along with F(Tg, Ly, L3, 8§9), Ly, = N pu (T15) @ Rs ,u ([1p) holding uniformly
forI >Qundw € [R", PO"”NL/),’f’,,,(nB) = PO,ZINq(HE):

{R(ze*")}ese C D(Tg, S§,2,2, M, Rx(T1p)) forany M > 0, and

R.(Ilg) € CZ(r) for some r € [qq, 2), one of the following groups of conditions and
the homogeneity property H[Z] with respect to every condition Z in this group are
satisfied:

(1) La = Ny(Tlg) ® Ry(I1p), Ly = N,(Ilg) @ R, (T1). S(Ig, go, 2, X), and
Mg(X) is Lyy-dense in R, (I1p);

(2) (9:,2) € S, g0 = max(q, g5), G(q), G(2), C, K(q), P(g), P(2), WP, D(2),
LC;

) (gy,2) € &, g0 = max(q, g,), BC(g), BC(2), D(¢), D(2), K(g), C, WP, LC,
Dq(HB) = Lq, Dz(ng) = L'_), and

R,(T*YNN,(Tpg.) =Np(T*)NR,([Tg.) = Ro(I') N N(I'g)
= Ny("*) N R,(T'g.) = {0}.

Then one has F(Ilp, L, L,, SZ)for all p € (qq, 2), that is

1£(Me)gll, < Cllf1Hu(SIUODI - 16l forall f € (S U(0), ¢ € L,

where C depends on p.

PROOF. Let us begin with the observation that due to the construction of the func-
tional calculus, it is sufficient to show its existence from L ,N R, (I1) into L, only, and
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that the main tool of the proof of Theorem 5.1, the Calderén-Zygmund decomposition
is accessible due to the inclusion R,(I1g) € CZ(r).

Then, it is enough to deal only with f € E(SZ) thanks to the considerations
from the classical density lemmas, namely, Lemma D from [4] and Lemma 2 from
[14]. The Cauchy representations used in the proofs of these density lemmas and in
Theorems 4.6 and 4.14 (used in tandem as one rigorous assertion) can be deduced as
in these sources because, as noticed above, the bounded Hoc(Sf))-functiOnal calculus
implies the type w, and we can follow the reasoning from [4, 14] using the function
¥ (2) = z/(1 + z°) instead of the choice ¥ (z) := z/(1 + z)* made there. (The range
of R(Y(A)) = D(A) is still dense in X.)

The assertion of the theorem will follow from Theorem 5.1 if we check the validity
of the conditions of that theorem for T = f(I1), A, = R(tz[1g) forsome z € C\ Sﬂ
and sufficiently large /. The last condition is ensured by the assumption F(2). Then
either Theorems 4.6, 4.14(a) and Lemma 4.7(a) in the case of the group (1), or the
same results and Lemma 4.5(a) in the case of the second group, or Theorems 4.6
and 4.14(a), along with Lemmas 4.5(a), 4.7(a) and 4.3(a), and Corollary 4.4(a) in the
case of the group (3) imply, thanks to Remark 2(1) that

Bt 5 3| f (M) A" R(12T )| La(Qpisrs(w) \ Quirs ()| < C Il fIH I M1,

foranyr > 0, w € R" and ¢ € R,(I1g) with supp¢ C Q,(w), where one can choose
N > n. Whence, we see that condition (1) of Theorem 5.1 is satisfied also. In the
same manner, the validity of condition (2) is a consequence of the following estimates
provided by either Theorem 4.14(a) and Lemma 4.7(a) in the case of the group (1), or
the same results and Lemma 4.5(a) in the case of the second group, or Theorem 4.14(a),
along with Lemmas 4.5(a), 4.7(a) and 4.3(a),(c), and Corollary 4.4(a) in the case of
the group (3):

B P2 R (12T ) | La(Qpetrs(w) \ Quirs(w))I| < Cll f1Hoo I |11,
PR Rz )| La(Qus(w)) < Cligll,

for some N, > nandanyr > 0, w € R"and ¢ € R,(I1p) withsuppo C Q,(w). O

THEOREM3.2. ForO<w <v < u <m/2and® ;é_ [g0. q] C (2, 00), assume that,
along with F(Tlg, L, Ly, S%) and {R(ze*""-)}.cse C D(I1g, S§. 2,2, M, Ry(I13)) for

any M > 0, one of the following groups of conditions and the homogeneitv property
H[Z] with respect to every condition Z in this group are satisfied:

(1) L4 = Ng(Ilg) @ Ry (M), Ly = Ni(Tlg) @ Ra(Tg), S(Ig, 2, go, X), and
IMp(X) is Ly-dense in R,(I1p);

(2) (2,95) € S, g0 = min(g;, 9), G'(q). G*(2), D(2), C, K*(q). P*(q), P*(2),
WP, LC;
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(3) 2,q,) € A, g0 = min(g;,, g), BC*(g), BC*(2), D(g), D(2), C, K*(g), WP,
LC, D, (M) = L, D,(TT5.) = L,, and

R,(T)NN,(Tg) = N,(C)NR,(T3) = Ry(I') N N,(I'p) = No(T) N Ry(T3) = {0).
Then one has F(Tlg, L, L,, S3) for all p € (2, qo), that is

I f(g)@ll, < C”fl['_loo(sff U{ODI- Nl
forall f € ﬁw(SZ U{0}), ¢ € L,, where C depends on p.

PROOF. Firstly let us repeat the observations made in the first two paragraphs of
the proof of Theorem 3.1.

The assertion of the theorem follows now from Theorem 5.2 if we check the
validity of the conditions (1), (2) and T € .Z(L,) of that theorem for T = f(I1j),
A, = R(1zIlp) for some z € C\ S;f and sufficiently large /. The last condition is
ensured by the assumption F(2). Then Theorem 4.6 implies, thanks to Remark 5,

G ARG z) f(TR)BIL2(Q (w))| < Cllf |Hooll - 191 L2, o, I
< Cll f|Ho | M2 (w),

forany t > 0, ¢ € R.(Ilp) and a.e. w € R", where one can choose M > n.
Having in mind that L, = N,(I1z) & R,(I1p) in the case of an arbitrary group of
conditions (see Lemma 4.3(b),(d) and Corollary 4.4(b)), we can follow the definition
of the functional calculus to show (3.1) for ¢ € L,. Whence, we see that the
condition (1) of Theorem 5.1 is satisfied too. In the same manner, the validity of the
condition (2) of that theorem is a consequence of the following estimates provided
by either Theorems 4.14(b), Lemma 4.7(b) in the case of the group (1), or the same
results and Lemma 4.5(b) in the case of the second group, or Theorem 4.14(b), along
with Lemmas 4.5(b), 4.7(b), 4.3(b) and 4.3(d) and Corollary 4.4(b) in the case of the
group (3):

17PN R(ezTR)@IL2(Q () < Cllf[Hooll - 191La ot Il < Cll f | Hool| M2 (w)

forsome M > nandanyt > 0, ¢ € L,, where we can take ¢ € L, as it is done for
the case of (1). O

3.2. Generalized embedding theorems In this section, we study the boundedness
properties of powers of the operator I'1p from Besov, or Lizorkin-Triebel spaces into
Lorentz, or Lebesgue spaces, correspondingly.

THEOREM 3.3. Under the conditions of either Theorem 3.1 or Theorem 3.2 for
somer € (0,pl, 6 € (0,00}, B € (0,s] with (s — B)/n = r~' — p~', assume
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[,T* e DH(1) and either s € (0, 1) and Y} =15y, ors = 1 and Y} = w/. Then we
have

nge2 (Y. L,).
Using real interpolation, we obtain the following.
COROLLARY 3.4. Under the conditions of Theorem 3.3, one also has
My € £ (Bl Lyo)-

PROOF. Let us choose an entire function § € E(S;f) with £(0) = 0. For l'l';, let us
use the representation

e dr
(3.2) ? = / Pet)—.
0 !
Without loss of generality, we can assume also that
> dr
(3:3) 60 = [ ereea e HES),
1

Then Theorem 3.1 shows that £([15) € Z(L,. L,). Therefore, involving embedding
properties of Sobolev and Lizorkin—Triebel spaces into Lebesgue spaces, we see also
that £(I15) € L (¥?, L,). The identity

(3.4) Mg ) (/1) =§(xTE) f(-/T)
and the homogeneity of ¥* show the uniform boundedness
35  |rfeay |2 Ly | = |e(Me) | LY, L,)||  forevery T > 0.

Thus, a choice of ¢ well decaying at O finishes the proof with the aid of the identity
x dt * dt
n’ = / M5 (tTg)— = lim / Niz(tMg)— = lim t7P&(t ). a
0 t T—+0 T t T—+0

3.3. Quadratic estimates and theorems of the Littlewood-Paley type. The next
theorem is obtained in [14].

THEOREM 3.5. For p € (1, 00), assume that F(A, p, Sﬂ) holds. Then, for every
¢ e Q(S“f), one has

@ |5 eaarfrayn”| < c s,

®) |7 oaAn @ /], < Coi@ (717, .)ﬁm/r)‘””p,
if A* is the dual of A in the pair (L, L,).
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The next theorem follows from Theorems 3.1 and 3.5.

THEOREM 3.6. Assume the hypotheses of Theorem 3.1. Then, for everv ¢ € Q( S;’)
and p € (qo, 2), one has

@ |57 1eana) sPaen)”| < @ifiy

® [ oamy)radi/il, < o) |7 15 P diyr) |
if D(p) holds too.

The following theorem is a consequence of Theorems 3.2 and 3.5.

THEOREM 3.7. Assume the hypotheses of Theorem 3.2. Then, for everv ¢ € Q(S;’)
and p € (2, qy), one has

@ |7 1eema) fPain)?] < C@if,;
® 4700 £ 0d/t], < Co@) | (715 P din) 7|
if D(p) holds too.

Now we are in a position to prove a theorem of the Littlewood--Paley type in terms
of the functional calculus. The next theorem is the combination of Theorems 3.6
and 3.7.

THEOREM 3.8. Assume the hypotheses of both Theorem 3.1 and Theorem 3.2. Then,
for every ¢ € Q(Sff) and p € (qo, qy), one has

@ |57 Ieemasrar)”] <ifi,;

o 1/2
(b) “(f0 |63 £ di /) “ =< 11f -
4

4. Off-diagonal estimates

We begin this section with a high-order counterpart of the Hilbert identity. Then
we study the relations between Bounded Coercivity and the L ,-space structure of the
model, and between the latter and Sobolev property. Eventually we derive the key
results on off-diagonal estimates.

4.1. Counterparts of the Hilbert identity

LEMMA 4.1.
-k

A*R(2) = =————,
n?:l(l_l _Z)

k € N.
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This simple identity suggests generalizations of the Hilbert identity for the differ-
ences of arbitrary high order in the form of Lemma 4.2.

LEMMA 4.2. Forh,zo € C, m € N, let X be a linear space, and A : X — X be a
linear operator with existing inverse operators {(A — (zo + ih)])~ }f"_o or
{R((zo + ih)A)}Lo. Then, for

AV (20) 1= ALATT Y (z0), ALY (20) 1= Y20+ ) — ¥ (20),

one has. correspondingly

m

@ AyYG) i=mh"[J(A—G+iD)™  fory@)=(A-zD7", or
i=0

m

®)  AFY(z) :=mlhA)" [ = G+ imA)™" for ¥ (z) := R(zA).

i=0

PROOF. Let us prove part (a). The proof of (b} is essentially the same and, thus,
is omitted. Using induction on m, we see that, for m = 1, (a) is the Hilbert identity.
Assuming the validity of (a) for m = k — 1, one sees

k=1
Ay (zo) = (k — 1) ’(H(A @+ imD™" - H(A—(z0+ih)/)")

i=) i=0

k
= (k= D' T]CA = o+ i D™ Ay ¥ (20)

i=l

k
=k!h"l_[(A—(zo+ih)l)". m]

4.2. Perturbed projectors Recall that " and I"} are assumed to be densely defined
in L. and I holds.

LEMMA 4.3. For p € [1, oo], one has:

(a) BC(p) implies restricted G(p);

(b) BC*(p) implies restricted G*(p),

©) BC(p) and D(p) imply N,(I') ® R,(T';) and R,(I') & N,(I'}) are subspaces
inL,;

(d) BC*(p) and D(p) imply N,(I'*)® R,(I's-) and R,,(T'*) & N, (Ip.) are sub-
spaces in L,;

(e) BC(p), I and D(p) imply R,(T1z) = R,(T) & R,(T3), N,(T1g) = N,(T)N
N,(T'3)andTlg € €(L,);
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(f) BC*(p), I and D(p) imply R,(IT3.) = Ry(T*) & R, (Tp.), N,(M}.) =

Ny(T*) NN, (Tg.)and I, € € (L ).

(g) For a Banach space B and its subspaces M, My, M), N, No, N, satisfying
= My®M, N = Ny®N, and My D Ny, Ny O M,, one has MN N =

(MgNNy)®d M, & N,.

PROOF. Thanks to BC(p) and the Holder inequality, for any i and f € R,(A4;),
there is g € R, (A,), such that

4.1) ChfI, < Clbitg, DI = lgly 1B fll, < 1 fllp - 1Bifll,.

Thus, {B;}._, are invertible on {R,(A;)}?_, respectively. This proves (a). Similarly
one obtains (b).

In the case of (c), thanks to BC(p), for any f € D,(I'}), there is g € R, (I'")
satisfying

4.2) IT*gll, < CIT*B2fll, and |T"B;fll, < Clby(I'"g, "B f)].

Thus, with the aid of (4.2), D(p) and the Holder inequality, one has, forany # € N, (T),

43) [MByfly <C fﬁ(rgﬂh) <Clrgll, - T35 +h],
Due to (a), it follows that
@4 |rifl < U By (R T5. L, “ IT*Bafll, < C T3 +h],.

showing that N,(I") @ R, (T »(I'p) is a subspace in L ,. In the case of the second assertion
of (c), we do not use (a).

(4.5) CITfI; < 1b2(Tg.Tf)| = |b:(Tg, Tf + h)|
SIBAZL L) - ITgN - ITS + Al

where h € N,(I'y) and |T'gll, < CIITfl,.

In the case of (d), we repeat the proof of the previous part with I'*, T, B}, B}, b}, b}
and p’ in place of I', I'*, By, By, by, by and p, respectively.

Thanks to I and Remark 2, we have R,(A) C N,(A) forany A € (', T'*, [';, [p-}.
This means that (e) and (f) follow from (c) and (d) correspondingly.

Under the hypothesis of (g), we have M; C N, hence, MNN = (M, N)® M,.
In the same way, the inclusion N, C M, is followed by Mg N N = (Mp N Ny) @& N,
implying the assertion of (g). O

COROLLARY 4.4. For p € (1, 00), assume that D(p), 1 and one of the following
groups of conditions hold:
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(a) BC(p) and either Ry (I'*) N N, (I'p:) = N, (I'") N R, (I".) = {0},
or D,(Ilg) = L,, N,(I13.) N R, (IT3.) = {0};

(b) BC*(p) and either R,(I') N N,(T';) = N,(I') N R,(I'}) = {0},
or D,(T5) = L,, Ny(I}.) N R, (IT;.) = {0};

(c) BC(p) and BC*(p).

Then P(p) and P*(p) hold.

PROOF. To prove (a), observe that D(p), the closedness of I' and I'; and the
reflexivity of L, imply

—_— L
Nyt =R, (T*), Ny =R, (Tz), R, =N,y (T
and RP(FB)J- = Np’(rB‘)’

(4.6)

followed by the relations

1 ———

(Mo (0 + R, (T3)) = Ny (Ts) VR, T,

4.7) o o
(M@ +RD) =N, (M) NR, s,

where + means the algebraic sum. Thus. concerning the case

] RI,'(F*) N Np’(rB') = Np/(r*) N R/)’(FB‘) = {0}
we have
Lp = N[I(F) & R,:(FE) = Np(r;) & Rp(r)’

(4.8) N
Rp(r) C N[)(r) R[’(FZ) C N,,(r;),

and, therefore, thanks to Lemma 4.3(g),
N,(T) = (N,(T)NN,(})) S R,(T),
Np(r;) = (Np(r;) N Np(r)) @ Rp(rfg),

because N, (I1z) = N,(T") N N,(I'y) dueto Lemma 4.3(e).
In the case D, (I1g) = L,, N, (IT}.) N R, (IT}.) = {0}, we use Lemma 4.3(c)-(g)
to observe

(4.10) (N,,(r) @ R,,(rg)) N <R,,(F) ® N,,(r;))

(4.9)

= (VD) NN,Tp) @ (R,0T5 & Ry (D)) = Ny(T15) & R, ().

Now, as in (4.6) and (4.7), the closedness of I following from Lemma 4.3(e) and
the reflexivity of L, imply

—_—\ 4 —_—
(M) © R, M) =Ny (M) NR, T3 = {00,
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that is, P(p). Duality considerations and (4.6) provide P*(p), if we follow the same
procedure as before involving Lemma 4.3(g). :

The proof of (b) is conducted in the same way. Part (c) follows from (a) and (b)
with the aid of Lemma 4.3(c),(d). O

4.3. Sobolev properties For the sake of simplicity, we shall sometimes use symbols
_ 1 - _ . -1 .
Mj' and M- instead of (I yzm,;) ™" and (HB'IW) , respectively.

LEMMA 4.5. (a) For q € (1,2), assume that the conditions (g,, 2) € %), G(q),
G(2), C, P(g), P(2), WP, D(2), LC and K(q) hold. Then I'I;' exists and extends to
a bounded operator from R,(I1g) with L ,-metric into L, for all p € [max(g;, q), 2).

(b) Forg € (2, 00), assume conditions (2, q,) € .7, G*(q), G*(2), D(2), C, P*(q),
P*(2), WP, LC and K*(q). Then I'I;' exists and extends to a bounded operator from
R, (I1g) with Li-metric into L, for all p € (2, min(g;, )]

PROOF. In the case of part (a), let us designate ¢ = max(q,,q). Thanks to
Corollaries 4.11(a) and 4.10, it is sufficient to consider the case p = go only. If g, > ¢,
then we use Corollary 4.11(a) to obtain P(g,). Otherwise, one has (¢, 2) € .%]. In both
cases, P(qo) is followed by R, (IT1z) = R, (I") @ R, (I"}) in algebraic and topological
senses. While G(g), G(2) and Corollary 4.11(b) imply R, (I';) C By R, (I'*).

Therefore, we can prove the assertion of the part (a) of the lemma on each of the
subspaces R, (I') and R, (I"}) separately. These considerations and the idempotence
condition (I) imply

(4.11) M3'g=3;'M™'g forall g € R,(T), and, forall g € R, (T}),
(4.12) h =13 BI*N™'B '"h = (N3'T;) (B;'TT™'B; ') h,

because of the identities 'TT~'g = g forall g € R, (') and B;TTI"'B'g = ¢
for all g € B, R, (I'*) and the injectivity of [Tz on R, (I1g) following from P(gy).
The duality condition D(2) implies that [1 = IT* is self-adjoint in L, and, thus, on
D,(IT) N R,(IT), which is L,-dense in R»(I1). Hence, I1~! exists on R,(IT) due to
the weak projectivity condition (WP) and is self-adjoint too. The inclusion of (go, 2)
into the Sobolev relation .#, the coercivity property (C) and continuity considerations
show that (IT~!)* = [1~! extends to a bounded operator from R,(IT) with L,-metric
into L, and into L,. Therefore, for f € R,(IT1) N L,, and g € R,(I1), with the aid of
the Holder inequality, one has

@ || = | [Ter| < cinelegl s L]

< ClglLall | £ Lo | -
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Thus, having in mind that R,(I1) is a norming set for R,(I1), and continuity consid-
erations, we see with the aid of the local closure condition (LC) that I1~' extends to
a bounded operator from R, (IT) with L, -metric into L,. Now Corollary 2.8, along
with P(2), implies [T;'T c P, € £(L,)and I'IE’FZ, C P, € Z(L,). The continuity
considerations finish the proof of (a).

In the case of the part (b), let us observe that T is injective on R,(I1p) due to
P(2) and G(2). Designating g, := min(g,, q), we see that the boundedness of HE'
from R,(I1p) with L,-metric into L, would imply (b). Thanks to Corollaries 4.11(a)
and 4.10, it is sufficient to consider the case p = g, only. Let us also observe that
P*(2), P*(g) and K*(g) imply P*(q,) thanks to Corollary 4.11(a).

We start with the investigation of the boundedness properties of IT}.'. To accom-
plish this task, we utilize the considerations of the approach used in part (a), including
the boundedness of IT~! from R, (TT) with L, -metric into L, following from D(2),
WP, LC and (2, go) € #: forall g € IT}.(D), one has

Mg =05 (°07') Pr.g + 05 (B;TTT'B™) P g

= (M3'T) 7' PY, g + (T Te) (BT B™Y) P2 yg,
where the last identity is due to Corollary 4.11(c). Since we know from the proof of
(a) that IT~! is bounded from R, (IT) with L -metric into L,, as it was done in (a),
Corollary 2.8(b) provides the boundedness of 1'1}‘;' from R, (IT;.) with L -metric
into L, thanks to P*(2), P*(go). Similarly we see also the boundedness of IT}:' from
R,(IT3.) with L,-metric into L. In both cases, H‘,}T' admits unique extension by
continuity. In addition, D(2) shows that 13" = [1;". With the aid of the real
interpolation, we observe that, due to Corollary 4.11(a), K*(g), P*(2) and K*(g)
imply R, (I13.) N Ry(I13.) O R, (I1%.), where the external closure is taken in L.
Therefore, as it is done in (4.13) for g € D := R, (IT%.) N Ry(I13.) and f € Ry(I1),
with the aid of the Holder inequality. one has

Uéng‘f /n’;?'gf

4.4. Off-diagonal estimates The next theorem is a generalization of Theorem 4.2
from Chapter IV of [2].

ML =C gLy |- 1 |Lal-
O

= C|nye| Lo

THEOREM 4.6. Assume u € (0,7/2),v € (0, u), 2, = C\ S“f, k € N, p.q €
[1,00], 0 <M < N and that X C L, is a linear subspace and X, C X C X,.
In addition, let f € E(Sﬂ), N FIH(S)I < 1, and, for all x € X,, the Cauchy
representation hold in L,:

dg

(4.14) FAA*R(zA)x =¢ f(;)A*R(z;)R(;-‘A)x?.
v
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Then one has:

@) {f()A*R(z))ca, € D(A,Q,,p.q,X) for all k > n/g —n/p > 0, if
{R(z¢*"")}.c5, € D(A, So, p, g, X);

(®) {f()A*R(z)}eq, € D(A, S, P, g, M, X)
for M/IN < (k+n/p—n/q)/(k+ N), if {(R(ze*")}.c5, € D(A, S, p. g, N, X)
andn/p —n/q € (—k, N).

REMARK 5. (a) Theorem 4.6 is also true with A*R(z-) f(-) taken instead of
FOAR().
(b) While the rigorous proof of the main theorems uses only the considerations from
its proof combined with the proof of Theorem 4.14 in one assertion, we believe that
Theorem 4.6 is of independent interest.

PROOF. Thanks to the Minkowski inequality, uniformly by z and w € R", we have,
for any ¢ € X,

(4.15) | f(AA REAS,
< / |A*RGO)| - [RET' A, I|;1I
vdzg1<1
+ / |A*R@O)| - |RE™! )¢>l|q||;|| = Iy +13;
yd.|zg|>1
(4.16) I f(A)A*R(ZAYPIL,(Q)1(w)) I
s/ |A*R(z;)|-||R(;*‘A>¢|L4(Q|;.<w>)u%'— 1(6).
vd

Now Lemma 4.1 and definitions permit us to finish the proof of part (a):

d

Il¢||,,
< C(A,k) rr/p=nfa=lg, CIZI"/"""/".
”¢”p Jzj=!

fzt~!
< C(A, RkI(sin [ — v) ™[z / Pl dr = Cle| e,
0

To proceed with (b), let us take some b > 0 and denote Qq,(w) := Q,(w) and
Qi (w) = Op,(w)\ Qp-,(w) fori € N, 7 > 0and w € R*". Assume also that
t=|z¢|™",a:=n/p—n/qgande = Ntk +a)/(k + N) — M > 0. As above, we
use the consequence of Lemma 4.1

4.17) IA*R(z¢)| < C(A, k) min(1, t7%),
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the embedding /, C [, and a Holder inequality to derive the key relations
(4.18)

|z|"P 4T (p)

<c / min(l, T IGIL, e ®)]
0

¥ had 1/p
< C/ min(l, ‘["k) (Z min(l, (tb_i)l)N)||¢|L[,(Q,'.|:'(w))”p) T_a_ld'[
]

i=0

=C). ”¢|LI’(Qi.Iz|(lU))“/ min(1, 7=%) min(1, (zb~)")r~*"'dz
0

i=0

i=0 i=0

oc 00 t/p
=C Z b MY S|L, (i (w)l < C (Z b*fp’f) IPIL o0, (RT]I.
Combining the formulae (4.16) and (4.18), we finish the proof of the theorem. O

LEMMA 4.7. (a) ForO0 < w < v <m/2and q € (1, 2), assume the conditions
(q,2) € #,S(Ig, q.2, X), and that T(X) is L,-dense in R,(I1g). Let, in addition,
the set { R(x£e* "T1g)} be in £ (L,). Assume also homogeneity property H with respect
10 all these conditions. Then we have {R(ze*""-)}.c5, € D(I1p, Sy, g, 2, R,(I15)).

(b) ForO <w < v < /2 and q € (2, 00), assume the conditions (2, q) € A,
S(Mg, 2, q, X), andthat T1g(X) is Ly-dense in R-(T1g). Letalsothe set {R(Fe*"'T1g)}
be in L (L,). Assume, in addition, the homogeneiry property H with respect to all
these conditions. Then we have {R(ze*")}.cs, € D(Ig, So, 2, q, R:(I1g)).

PROOF. Thanks to the homogeneity condition H, it is sufficient to show the bound-
edness of operators R(zA) for [z| = 1 only. Due to the Sobolev conditions, Iy is
injective on X in both (a) and (b).

In the case of the part (a), let us utilise the identity

(I —zlp)' g = —zMp) " M (M3'e) =2z7' (R (Mp) — 1) (M3'g)
for all g € Mz(X), the Sobolev condition and the inclusions R(£e*'I1) € £ (L,)
to finish the proof of (a) in the view of the continuity considerations

2= R(zMp))
—

R,(T5) o Mp(X) -5 L, L.

In the case of part (b), we start with the observation that, thanks to continuity
considerations, S(I1g, 2, g, R,(I15)) holds. The identity

(I —zTp)~" g = (Mpmms)” Ma(l —2Mp) "' g
= (M) (-2~ ~ 1) g forall g € Ra(ITp),
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which is true thanks to the relation: Mg(/ — z[g)~'g € Ry(I1p) for all z € R(I1p).
The boundedness of H_B" from R, (I1g) with L,-metric into L, implies (b) in a similar
way: ' v o

Ry(Mp) B R (1) L, 0

The next two Lemmas and two Corollaries follow from interpolation theory. In
particular, Lemma 4.8 is a consequence of Lemma 4.9 and is a generalization of results
from {5, 15].

. LEMMA 48 ASSume pO’ plv ‘IO’ qla n € [19 OO), pO S qOr pl _<.. qu: 9 € (O~ ])’

=0 =0py +0p7. g7l =(1-0)g +0aq",
{R(ze*")):c5y € D(A, S5, Po. go. Xo) N D(A, S pr. g1 N. X)),

and that Xo, X, are complemented subspaces of L, L, s, respectively, such that
the corresponding projectors Py, P satisfy the condition P0|Lm nL, = Pyr,ne,

A
IRENT P1-vre

uniformly for t > 0 and w € R". Then we have
[R(z6*")) .cqs € D (A, So. Po. 40, ON. [Xo. XJap)

PROOF. Utilising (L p, L p, 1% )ope = Ly and (Lyo. Loop, = Lgyp C Las
we apply Lemma 4.9 to the compatible pairs (L ,,, L, ,» ) and (Xo, X;) in order to
interpolate the family {R(ze=""")}. esie 7 ' . ' O

LEMMA 4.9. ([11,26)]) For p € [1,00], 6 € (0, 1), let (Ay, A))_be a compatible
couple of Banach spaces, and B be a complemented subspace of Ag + A,, whose
projector P € L (Ap) N L (A)). Then (AgN B, A N B) is also compatible and

(AomB A mB)Hp (AO l)9.pnB-

COROLLARY 4.10. For q € (qo, q1) C [1, o0], one has
(@) L, = N;(A)® R, (A), if Lyy = Nyy(A) @ Ry (A), Ly, = N, (A) © Ry (A),

and PO.pINz(A) = Po,z;N,(A);

(b) P(g). P(2) and K(q) imply

R,(Ig) = (R, (1), Ra(I18))e,p.  R,p(p) = (Ry(T'3), Ra(I'3))e,p
and R,(T) = (R, (D), Ra(D))s.,

for1/p = (1=86)/q +6/2;
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(c) P*(q), P*(2) and K*(q) imply

R, (M3 = (R, (3.), o5 )ep.  Ry(Ta) = (RpTa). ReTa)e.y
and R,y (T = Ry (T, BT Yoy

forl/p=(1-6)/q+06/2.

PROOF. Part (a) is an immediate conseduence of Lemma 4.9, while in the rest of
the lemma, we use the part of Corollary 2.8 involving I1;'T’, [13.'T"* and continuity
considerations before the application of Lemma 4.9. O

COROLLARY 4.11. Assuming r € (p,q), one has:

(@) g = 2, P(p), P(q) and K(p) imply P(r), and p = 2, P*(p), P*(q) and K*(q)
imply P*(r);

(b) g = 2, G(p), G(q) and K(p) imply B; € £L(L,), i = 1,2 and there exist
bounded (B 7<), (Byrm) ™"

© p =2 G*(p), G*(q) and K*(q) imply B; € L(L,), i = 1,2 and there exist

bounded (B} z=r7)", (B} =) ™"

The next theorem was proved in [10] with slightly different notation.

" THEOREM 4.12. (a) Assuming G(2), and that Tl is local and of type w in L, for
some 0 < w < v < /2, one has {R(ze*"Tg)}.e5y C L (L)) and {R(ze*'")}.cqs €
D(I1g, 8y, 2,2, N) forany N > 0.

(b) Assuming G(2), and that T1%. is local and of type w in L, for some0 < w < v <
/2, one has {R(ze*"*}.)} et C L (Ly) and {R(ze*"))e5, € D3, $¢,2,2,N)
forany N > 0.

REMARK 6. It was proved in [10] that if B, is w,-accretive on R»(I"*) and B, is
w>-accretive on R,(T") for some w,, w; € [0, w/2), then 1z and IT}. are of type
w = (w, + 0)1)/2

The next lemma is an immediate consequence of definitions.

LEMMA 4.13. For p,q € [1, 00, an operator A and a subspace Y C L,, assume
that L, = N,(A) @Y, and Y possesses the localization property. Then, for every
subset {f.} € H (54 U {0}), we have

{f.)€ D(A, p,q,N,Y) ifandonlyif {f.}e D(A. p,q,N).
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THEOREM 4.14. (a) Assume q € (1, 2), L, = N,(I1g) & R,(I13) and, uniformly

byt >0andw € R", Ly ;». = N, v (Ip) & RZp (I1g), Pogn,  (Mg) = = Po2yn, M)
{R(ze*i“-)}zesg C D(Ig, S4,2,2, M, Ro(T1p)) for any M > 0, and S(I1,, q,2, X),
where N p(X) is L,-dense in R,([1p). Let, in addition, the set {R(xe*""Tlg)} be
in £(L,) for some 0 < w < v < /2. Assume also the homogeneity property H
with respect to all these conditions. Then, for any p € (q,2) and N > 0O, one has
{R(ze*")}).e5¢ € D(I1, 8¢, p. 2, R,(T15)) N D(Ip, S¢, p. 2, N, R,(TTp)).
(b) Assume g € (2, 0), {R(ze*"- Vest C D(I,, S¢,2,2, M, R(T1)) for any
M > 0, and S(I1g, 2, q, X), where 13(X) is Ly-dense in Ry(I1p). Let, in addition,
the set {R(xe*"Tlg)} be in L(L,) for some 0 < w < v < m/2. Assume also
the homogeneity property H with respect to all these conditions. Then one has
{R(ze*™)).esy € D(Ig, S§, 2, p, Ry(T1p)) N D(Mg, S§, 2, p, N, Ro(T1g)) for any
pe2,qg)and N > 0.

PROOF. Because the proof of part (b) requires us to apply Lemma 4.9, we con-
sider the proof of (a) only. Inclusion {R(ze*"-)}. est € D(HB, So. P, 2, R,(T1p) »(Ig))
follows immediately from Lemma 4.7(a) and Lemma 4.9 applied to (L, L, ,» ) and
(R,(I1g), R, ,u (I1p)). The same lemma, and the inclusion

{R@e*")} . € D (Mp, S5, 2,2, M, Ry(T1p))  forany M > 0

provide {R(ze")},esr € D(Ip, S¢, P, 2, N, Ry(I1g)) thanks to Lemma 4.8. il
o 0

5. Extrapolation of operators

The next theorem extends celebrated results from [12].

THEOREM 5.1. For l e N, b > 1, 8§ > Oand p € (1,2), let operators T and
{Ar}iz0, Ao = [ satisfy T € £ (L,) and, for everyt > 0, w € R" and ¢ € L, with
supp ¢ C Q,(w) and |i@ll, < 1,

[ ot wkeno| 11| < C1 <00, where
a(t, w) == """ | TA!Ap | Ly (Queons(w) \ Queis(w)) ||, and

PP (1 Al L (Qus I + | (Bt w)hieno| i) < C2 < 00, where
Bilt, w) i= b [ A| Ly (Quieis(w) \ Quess (W) -

Then for all u € (p, 2) one has

5.DH

5.2)

max (|T | L(Ly, Lpoo) |, ITILLus L) < CC1 + (1 + CIT 1L L) D).
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PROOF. Without loss of generality, one can assume that § > 2n'/2l. Thus, we see
that Theorem 5.1 becomes a particular case of Theorem II1.6.3 of [2] (see also [3]),
bytaking A=B =C,6y =6, =6 =v,=w, =2, yg=wWy=py=p1 = P,
h=t=1kx=iA =v=v, =n Dy =90and G(r,w) := I — A'A, for any
Q.(w) C R”" in the conditions of the latter theorem. O

The next theorem is obtained in [5, 6].

THEOREM 5.2. Forl e N, b > 1,8 >0, p € (2, 00), let operators T and {A,};>0.
Ag = I satisfy T € £ (L»), and, foreveryt >0, ¢ € L, and ¢ € R,(T),

(5.3) | AAT | LAQi () | < CiMa¢  and
(5.4) 1A | Ly(Qi ()| < CaMay.

Then one has |T{.L(L,, L)l < C(Ci+ (1 + C1||T|1ZL (L)) for all u € (2, p).

6. Further generalizations

In this section, in addition to Remark 2(a). we discuss two ways to generalize the
results of Sections 3 and 4, which will be partially employed in Part II of the article,
devoted to applications.

First, let us observe that, similarly to [14], one can substitute Lebesgue spaces
L,, p € (1,00) with their closed subspaces Y,. However, in our case, we should
require them to form an interpolation scale and support the duality pairing Y = Y.
Thanks to Lemma 4.9, it is sufficient to assume the existence of a bounded projector
Pon L, + L, suchthat P(L,) =Y, and (P.,)" = P .. Itisespecially useful in
situations where some properties are not satisfied on the whole Lebesgue space L,
but hold on Y,. The simplest examples appear if one can choose Y, = R,(I"), or
Y, = R,(I'y) and so on. In these cases, we do not need, for instance, the Projection
property.

The second line of the generalization shows a way to avoid problems related
to the Calderén—Zygmund property achieved through the sufficient condition from
Remark 4(a). Namely, if R,(ITg) does not possess it, then we may find a bigger
subspace (subset) L, D Z, D R,(I1,) satisfying this sufficient condition and a
bounded operator B : Y, — R,(I1p) satisfying Bizm,; = I %, Indeed, in this
case, it is sufficient to prove the boundedness of f(A)B on Z, and consider the
restriction f(A) Bz ;- A particular example of such a B is a projector on R, (Ilg).
Such a generalization requires only one additional step: one needs to prove the off-
diagonal-by-space estimates for the operator B.
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7. Approach based on semigroups

In this section, we provide an example revealing a disadvantage of the approach
based on the off-diagonal estimates for semigroups.

7.1. An example In this subsection, we shall study off-diagonal properties of
an example of an operator I' suggested by McIntosh to the author as the simplest
one-dimensional case:

o e () D) (5 Y- )

where f(x) = (f1(x), f2(x)) is a function of one-dimensional variable x € R.
Letus assume that f(x) is the restriction f(x) = g(x+0/) of an analytic function g

satisfying the Riemann formulae

sign y /O" f(nHdt

(7.2) glx +iy) = ;
Tl ! —XxX —1y

forallx e R, vy € R\ {0}.

Representing IT in the form

(7.3) M=D®J, wherel = (_01 (1))

is a matrix imaginary unit of the 2 x 2 matrix representation of the complex numbers,
we have, forall h € C,
eihD + e—ihD eihD _ e—ihD

(7.4) " = [ cos(hIl) + Jsin(hIT) = I > +J 5
!

. By assuming the convergence radius of the Taylor expansion of g(z) at every z with
Imz = 0 is greater than |k|, one has ¢"Pg(z) = T,g(z) = g(z + h), that is, e" is a
shift operator. Therefore, we see that

Til T—i: 7}1 - T—i
(1.5) o Dt Loy T = Ty o
2 2i
ihD —ihD ihD _ p—ihD

76 eMfen =180 e s | e = &)

Z {

gx+ih)+glx—ih) glx+ih) —gx—ih)
=] +J - .

2 2i

The identity J? = —/ and (7.5) show the presence of the semigroup property
eh,l‘lehgn — e(hr{-h;)n'
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Let us mention that, for & # 0, formulae (7.2) and (7.6) imply

eNf(x) = (Ufxdp(x) — Jf x¥3)

(7.7) 0 . 1 . _ 1 )
where ¢, = ;{4’ (z) s Y= E‘// (E )

and ¢(x) := (1 + x3)~" /7, ¥ (x) := x¢(x). Since ¢ € L,(R) and the convolution
with ¥ is a Calderén-Zygmund operator, the semigroup e = eReMe/m M js well-
defined on L ,(R) for all p € (1, co) and He:“I.,%”(L,,)H < C(p) for any p € (1, 00).
The semigroup property of e is closely related to the identities

(78) ¢h+w = ¢h * ¢w - WII * w‘w’ vjh+u‘ = ¢h * 1//1:' + .Q//h * ¢ws h7 w e (C \ {O}

reflecting, in turn,

1
Onsw = 0h * 0w fOr g(x) 1= () —iy(x) = ;(1 +ix)™".

At the same time., we have that, for z = -iv, v € R,

(7.9) e M fx)y=1

fx+vy+ flx—v) flx+v)— flx—y)
> + J > .

Thus. one cannot achieve off-diagonal estimates for this semigroup with an arbitrary V.
unless z is purely imaginary. In general. only N = 1 implied by the convolution with ¥
can be gained.

Acknowledgements

The author would like to thank A. McIntosh for his excellent introduction to the
circle of questions related to the Kato Square root problem and the L,-theory presented
in [10] and for his suggestion to use the resolvent approach.

The author also takes this opportunity to express his gratitude to the Mathematical
Sciences Institute of the Australian National University, where this work has been
undertaken.

References

[1] S. S. Ajiev. "Anisotropic supersingular integral operators and approximation formula’. to appear
in Math. Inequal. Appl.

. Singular and supersingular operators on function spaces, approximation and extrapolation

(Ph.D. Thesis. Australian National University: Canberra. 2003).

(2]

https://doi.org/10.1017/51446788700037940 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700037940

[29] Extrapolation of functional calculus, embedding theorems and Littlewood-Paley inequalities 325

[31

4]

5

—

{6l

(7]

[8

—

{91
{101
(1]
(12]
[13]
[14]
[1s]
(16]
[17]
(18]
[19]

[20]

(21]
[22]

(23]

(24]

, ‘On_the boundedness of singular integral operators from some classes II'. Analysis Math-
ematica 32 (2006), 81-112.

D. Albrecht, P. Auscher, X. Duong and A. Mclintosh, ‘Operalor theory and harmomc analy31s ,im:
Instructional workshop on Analysis and Geometry, Part Il (Canberra, 1995), volume 34 of Proc.
Centre Math. Appl. Austral. Nat. Univ. (1996) pp. 77-136.

P. Auscher. ‘On L7 estimates for square roots of second order elhptlc operators on R"’, Publ. Mat.
48 (2004), 159-186.

P. Auscher. T. Coulhon. X. T. Duong and S. Hofmann, ‘Riesz transform on mamfo]ds and heat
kernel regularity’, Ann. Sci Ecole. Norm Sup (4) 37 (2004), 911-957.

P. Auscher, S. Hofmann, M. Lacey, A. Mclntosh and Ph. Tchamitchian, ‘The solution of Kato
square root problem for second order elliptic operators on R”’. Ann. of Math. (2) 156 (2002).
633-654. '

P. Auscher. S. Hofmann, A. Mclntosh and Ph. Tchamitchian. ‘“The Kato square root problem for
high order elliptic operators and systems on R"". J. Evol. Equ. 1 (2002). 361-385.

P. Auscher and Ph. Tchamitchian, ‘Square root problem for divergence operators and related
topics’, Astérisque (1998), viii+172.

A. Axelsson. S. Keith and A. Mclntosh. ‘Functional calculus of Dirac operators with measurable
coefficients’, Invenr. Marh. 163 (2006), 455—497.

M. S. Baouendi and G. Goulaouic, ‘Commutation de lintersection et des founcteurs
d’interpolation’, C. R. Acad. Sci. Paris Sér A-B 265 (1967), 313-315.

S. Blunck and P. Kunstmann, ‘Calderén-Zygmund theory for non-integral operators and the H -
functional calculus’, Rev. Mat. Iberoamericana 19 (2003), 919-942.

R. Coifman, A. Mcintosh and Y. Meyer. ‘L’intégrale de Cauchy définit un opérateur borné sur
L>(R") pour les courbes lipschitziennes’. Ann. of Math. (2) 116 (1982). 361-387.

M. Cowling, 1. Doust. A. Mclntosh and A. Yagi, ‘Banach space operators with a bounded H*-
calculus’, J. Aust. Math. Soc. 60 (1996), 51-89.

E. B. Davies, ‘Uniformly elliptic operators with measurable coefficients’. J. Funct. Anal. 132
(1995), 141-169.

X. T. Duong and A. Mclntosh. ‘Singular integral operators with non-smooth kernels on irregular
domains’, Rev. Mat. Iberoamericana 15 (1999)., 233-265.

X.T. Duong and D. W. Robinson, ‘Semigroup kernels. poisson bounds, and holomorphic functional
calculus’, J. Funct. Anal. 142 (1996). 89-128.

W. Hebisch, ‘A multiplier theorem for Schrodinger operators’, Collog. Math. 60—61 (1990), 659-
664.

S. Hofmann and J. M. Martell, ‘L ,-bounds for Reiesz transforms and square roots associated to
second order elliptic operators’. Publ. Mat. 47 (2003). 497-515.

S. Hofmann and A. McIntosh, ‘The solution of the Kato problem in two dimensions’, in: Proceed-
ings of the conference on harmonic analysis and PDE (El Escorial, 2000). volume extra (2002)
pp. 143-160.

J. L. Lions, Equations différentielles operationelles et problémes aux limites (Springer-Verlag,
Berlin, 1961).

J. M. Martell, ‘Sharp maximal functions associated with approximations of the identity in spaces
of homogeneous type and applications’. Studia Math 161 (2004). 113145,

A. MclIntosh, ‘On representing closed accretive sesquilinear forms as (a'/>u. a*'/*v)’, in: Non-
linear partial differential equations and their applications. Collége de France Seminar, Vol. Il
(Paris, 1980/1981), Res. Notes in Math. 70 (1982) pp. 252-267.

. ‘Operators which have an H functional calculus’, in: Miniconference on operator theory
and partial differential equations (North Rvde, 1986), Proc. Centre Math. Anal. Austral. Nat. Univ.
14 (1986) pp. 210-231.

https://doi.org/10.1017/51446788700037940 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700037940

326 Sergey S. Ajiev ' [30]

[25] K. Moszyiski, ‘Concerning some version of the Lax-Milgram Lemma in normed spaces’, Studia
Marh. LXVII (1980), 65-78.

[26] H. Triebel, Interpolation Theory, Function Spaces, Differential Operators (North-Holland Pub-
lishing Company, Amsterdam-Oxford, 1995). '

School of Mathematics and Statistics
UNSW

Sydney NSW 2052

Australia

e-mail: ajievss@unsw.edu.au

https://doi.org/10.1017/51446788700037940 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700037940

