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Dedicated to the memory of T. Kato

Abstract

We prove the Kato conjecture for elliptic operators and N x N-
systems in divergence form of arbitrary order 2m on R™. More pre-
cisely, we assume the coefficients to be bounded measurable and the
ellipticity is taken in the sense of a Garding inequality. We iden-
tify the domain of their square roots as the natural Sobolev space
H™(R",CV). We also make some remarks on the relation between
various ellipticity conditions and Garding inequality.

1 Introduction, statement of the main results
and strategy

In [2] the Kato conjecture for scalar second order operators on R" is estab-
lished. We refer to this reference for an historical account on this conjecture.
The main purpose of this paper is to complete the whole program on R",
n > 1, and to prove the Kato conjecture for elliptic systems of any order of
the form

(1.1) (Lfi= Y (~1)l0°a,0°f;), 1<i<N,
T
where Nym € N*| f = (f1,..., fn) and the coefficients affﬁ are complex-

valued L functions on R"™. The ellipticity is in the sense of a Garding
inequality. In the sequel, we write (1.1) in a vector form by introducing
the N x N-matrix valued coefficient an,g = (agﬁ). We use the terminology
“operator” for L and, sometimes, we write “scalar operator” to stress the
case N = 1. We use the standard notations of differential calculus in R™:
multiindices, partials...

Consider first the homogeneous case. Then L has a representation of the

form

(1.2) Lf= ()" Y %(ausd®)).

le]=[8|=m

*supported by NSF



and we assume

(1.3) > /aaﬁ(:v)@ﬁf(:v)aag(:v)dﬂf <AVl V™l
lal=|8|=m " &"

and the Garding inequality

1) Re Y [ al@d @) fo)de = NS

la|=|8|=m

for some A > 0 and A < +oco independent of f,g € H™(R",CV). Here,
V= (07 f)atem and [V flla = (0o Jan 109 £17) "%, We remark that
the ellipticity constants, that is the largest A\ and smallest A for which the
above inequalities hold, are uniquely determined given a sesquilinear form as
in (1.3), but the representation (1.2) is not unique. The inequality (1.4) is
the strict Garding inequality. The operator L is defined from H™(R",C")
into H~™(R",C"). Defining D(L) as the space of f € H™(R",C") such
that Lf € L?(R",CY), the restriction of L to D(L) can be shown to be a
maximal-accretive operator and D(L) is dense in H™(R"™, CV) [13]. By abuse,
we do not distinguish in the notation L from its restriction. By holomorphic
functional calculus, L has a unique maximal-accretive square root, v/L, and
the identification of its domain is known as the Kato conjecture.

Theorem 1.5. Under the above hypotheses, the square root of L has domain
equal to the Sobolev space H™(R™, CY) and we have

(1.6) IVLfll2 ~ V" f |15
with constants depending only on n, m, N, X\ and A.

Here, A ~ B means a two-sided inequality CA < B < C'A.

The main result in [2] is for scalar second order operators. We note that
for self-adjoint operators with bounded coefficients, (1.4) is equivalent to
(1.6), so that there is nothing to prove. For non self-adjoint operators, the
strict Garding inequality gives a lower bound on the self-adjoint part of the
form associated to L and there is no control on the skew-adjoint part besides
an upper bound; the gap from (1.4) to (1.6) explains in part the depth of
Kato’s conjecture. Another remark is that this conjecture cannot be solved



by purely abstract methods as the counterexample in [14] shows (see [6],
Preliminaries, for a short proof).

Let us mention an immediate corollary obtained by interpolation and
straightforward functional calculus.

Corollary 1.7. For all s € [0,m],
IVLf]

Here, HS(R", CY) denotes the homogeneous Sobolev space of order s.

as=m@@n,eny ~ |1 f s @n ey

We stress that the novelty is in the endpoints s = 0 and s = m as the
cases 0 < s < m were known before from Kato’s work [13]. Note also that
the constants of the equivalence do not blow up when s — 0 or m, which
cannot be obtained from abstract methods.

Our argument for Theorem 1.5 contains two parts (Section 2). In the first
part we assume that the semigroup kernel of L satisfies a pointwise upper
bound: we then follow [6] in reducing matters to establishing a Carleson mea-
sure estimate and next proceed as in [12] or [2] through a “T(b)” argument.
In a second part, as it is always enjoyed by operators with high enough order,
the assumption is removed by an argument based on an interpolation result
in [4] consisting in raising the order of L. This argument, sketched in [6],
is given in detail here. We point out that it is possible to replace pointwise
bounds by bounds in an averaged sense as in [2] (see [9] for the self-adjoint
case, but the proof goes through the non self-adjoint case), hence to obtain
a direct proof without the interpolation argument. We choose the indirect
approach for two reasons; first the direct proof contains long technical devel-
opments and, second, we feel that the interpolation result is an interesting
tool. It also provides us with a different proof of the main result in [2].

Historically, this interpolation result had been known long before it was
written in [4] and can be derived from Kato’s work [13]. The first argument
to prove the boundedness of the Cauchy integral on Lipschitz curves, which
is different from the one in [8] and was not published, went via the one-
dimensional solution of Kato’s problem and this interpolation result. The
latter was used again in the first “T(b)” theorem [15] but the proof was not
given.

Let us next consider the version of Theorem 1.5 for inhomogeneous oper-
ators. Now, L has a representation of the form

(L8) Lf= 3 (~)0%(aus0°)),

], 8] <m



and we assume

(1.9) > / 0p(2)0° f(2)0°G(x) dz| < Al f]| gomzn o3 || 9]] s (n o)
lad,|8|<m 7 R"

and the Garding inequality

(110)  Re Y Anaaﬁ<x>aﬁf<x>a“f<x>dxzXHszm(Rn,m

laf,|8]<m

for some A > 0 and A < oo independent of f,g € H™(R",CV). The norm
1/2
on the Sobolev space H™(R", CV) is (ngm Jan |8af|2) . Again the best

constants A and A in the above inequalities are uniquely determined given a
sesquilinear form as in (1.9), but the representation (1.8) is not unique.

Theorem 1.11. Under the above hypotheses, the square root of L has domain
equal to the Sobolev space H™(R™, CN) and we have

IVLFlla ~ [ Fllerm e o)y
with constants depending only on n, m, X and A.

This implies the inhomogeneous version of Corollary 1.7,

Corollary 1.12. For all s € [0, m],

IVLf|

where H*(R™, CN) denotes the inhomogeneous Sobolev space of order s.

Hsfm(]Rn#CN) ~ Hf’ Hs(Rn7(CN),

Let us come back to homogeneous operators. Let L be given with a
representation (1.2) and satisfy (1.3). Replace the strict Garding inequality
(1.4) by the more often encountered weak Garding inequality

113 Re 3 [ aws()df(@)0r @) do = NIV = sl

laf=[B|=m

for some xk > 0.



Proposition 1.14. Under the above hypotheses, the square root of L+ k has
domain equal to the Sobolev space H™(R™,CV) and we have

m 1/2
IVL+wflla <C(IV™ I3+ sl £13)
where C' depends only on n, m, X and A but not on k.

One interest of this result is in the precise behavior with respect to the
parameter k. Indeed, formally let x tend to 0 and compare with Theorem
1.5. When « > 0, we only obtain a one-sided inequality. However, if we
replace L + k by L + sk for some fixed s > 1, we have a two-sided inequality
and the constants depend also on s. Both Theorem 1.11 and Proposition 1.14
are proved in Section 4.

Applicability of our results when m > 2 or N > 2 depends on the validity
of the Garding inequality. Let us discuss on this now. Assume that L is given
with a representation (1.2) and satisfies (1.3), that is the coefficients a,s are
bounded. One does not know a necessary and sufficient condition on the
coefficients for (1.4) or (1.13). But, as mentioned earlier, these inequalities
depend only the self-adjoint part of the form which has coefficients b,3 =
3(@ap + aj,).

The strong ellipticity condition is

(115)  Re > 0(0)& & >N Y leadl®s ae. V& €C

la|=|B|=m [a]=m
1<i,j<N 1<i<N

for some A > 0. This inequality implies immediately (1.4) with the same A.
Hence, we obtain

Theorem 1.16. Assume m > 2. If (1.3) and (1.15) hold, then the square
root of L has domain equal to the Sobolev space H™(R™,CY) and we have

IVLAllz ~ 197 £l
where the constants depend only on n, m, N, X and A.

Consider next the weaker ellipticity condition

(1.17) Re Y bap(2)e?¢* > XD &, ae VEER"

la|=|8]=m laj=m



where the inequality holds in the sense of self-adjoint N x N-matrices. When
m > 2 and N = 1 this is sometimes called the “Nirenberg” ellipticity con-
dition. When m = 1 and N > 2 this is the Legendre-Hadamard ellipticity
condition.

A standard argument shows that (1.17) is necessary for (1.13) to hold for
some x > 0.

However, this is not sufficient. A counterexample is in [18]. Another
one is (indirectly) in [11]: it is a second order system with bounded measur-
able coefficients and (1.17) which does not satisfy a Caccioppoli inequality,
whereas it is shown in [5] that the Garding inequality (1.13) governs Cac-
cioppoli inequality.

It is classical that (1.17) implies (1.13) when b, are uniformly continu-
ous coefficients (see, e.g., [10]). Actually, this smoothness condition can be
relaxed. This was observed in [1] for second order operators. It is enough
to assume that the distance in BMO of the bys’s to VMO (the closure in
BMO of the uniformly continuous functions) is small. More precisely, we
prove in Section 5 the following result.

Proposition 1.18. Assume m > 2, (1.3) and (1.17). Consider the nonin-
creasing function

1 1/2

w(r) =sup  sup (—n/ |bag — mB(x,p)bagP) , r>0.
a,8 z€R™,0<p<r \ P JB(z,p)

There ezists € = €(n,m, N, \) > 0 such that if

(1.19) limw(r) < e,

r—0
then (1.13) holds with constants \/2 and r depends on A and sup w~([0, g]).

Here B(x, p) is a ball centered at z with radius p and mp(,,p) f is the mean
of f over that ball. For N = n =2 and m = 1, we mention a nice result by
K. Zhang in this spirit [19]. This gives us the following result.

Theorem 1.20. Assume m > 2. If (1.3), (1.17) and (1.19) hold, then for
Kk as above, the square root L + Kk has domain equal to the Sobolev space
H™R",CY) and we have

IVI+5 flla < C (197113 + wll7112)

where C' depends only on n, m, X and A but not on k.
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This theorem improves over prior results in two ways. First, L. Escauriaza
obtained the conclusion when m =1, N =1 and a,3 € VMO (unpublished)
and this was extended in [6] to m > 2 and the BMO-distance of the a,s to
VMO small. Here, we relax the smoothness condition on the skew-adjoint
parts of the coefficients. Secondly, in those works, the behavior of C' was not
made as precise.

We leave to the interested reader the care of stating the correponding
statements for inhomogeneous operators with principal parts as in the last
two results.

2 Proof of Theorem 1.5

Let m > 1 and N > 1, and L be an operator having a representation (1.2),
with ellipticity constants A and A. As in [2], it is enough to prove a priori
that

(K) IVLf|l2 < CIIV™ f|o,

for f in the domain of L with C' depending only on n, m, N, A and A.

Let us also set the subsequent algebra.

If v = (v;) € X, X being a finite dimensional complex vector space, then
U = (7;) denotes the complex conjugate of v.

We let CV be equipped with an hermitian structure and we use implicitely
the canonical basis in CV. For u = (u;) € CN v = (v;) € CV, we set
uv =Yy, u;v; so that the inner product writes v and the norm is |u|* = uw.

Let My (C) be the space of N x N complex matrices equipped with the
induced norm, denoted by |M| on £L(C"), the space of linear maps on CV.

If X,Y and Z are finite dimensional complex spaces for which we have
lluv|z < JJul|x|lv]]y and p € N*, then for u = (ug) € X? and v = (vg) € Y?,

we set
U"U:ZUgvg €.
B
For example, we may take X = My(C) and Y = CY¥ or X =Y = C" or
X=CandY =C".
Hence, the inner product on (CV)” is (u[v) = u - ¥ and the norm is
ul* = w-a =5 |upl? if u= (up), up € CN.



For M = (Mg) € (Mn(C))", we set |M[> =3 5 | Mp|*.

As the reader may observe, we are using the same single bar notation for
the norms on different spaces : C, CV... This will not create any problems as
we shall give enough details. We reserve the double bar norms for function
spaces.

2.1 Assuming a pointwise upper bound

We say that L satisfies an order 2m pointwise upper bound if

(2.1) (Wim(z,3)| < Ot~ e~ (57)"
for almost every (z,y) € R*" and all ¢ > 0 where W;(z,y) is the My(C)-
valued Schwartz kernel of e7**. Here and in the sequel v = 231’:. For
example, constant coefficient elliptic operators do satisfy such an estimate as
easily seen from Fourier analysis.

We, henceforth, assume in this section that L satisfies this technical as-
sumption without repeating it.

We now begin the proof of (K). Introduce the (M (C))P-valued function

v defined by ,
(@) = (1) " 0%aap) (@) jp1=m

Here, p is the number of multiindices @ € N" having length m and we are
using the summation convention on repeated indices.

We recall that Theorem 24, Chapter 2 of [6] reduces matters to a Carleson
measure estimate. Actually, this theorem was stated in the scalar case with
a further regularity hypothesis that is not needed as it was remarked in [6].
For completeness we include an argument.

Lemma 2.2. The inequality (K) follows from the Carleson measure estimate

5(@
(2.3) Sup —- 1] // (z)]? @ <C,

where C' depends only on n, m, N, X\, A and the constants in (2.1).

The supremum runs over all cubes in R™ with sides parallel to the axes.
If @ is a cube, |Q| and ¢(Q) denote respectively its Lebesgue measure and
sidelength.



Proof. Recall that a,s is My (C)-valued so that for (C)’-valued or My (C)-
valued functions F' = (Fj)|g=m, on defines an operator ¢; by

0,F = (—1)"e "m0 (a0sF).
This operator 6; is bounded from L?(R™, (CV)?) into L?(R™,CN) and 6, V™ f =
e "M Lf for f € H™(R",CN).
Remark that v(x) = 6,1(z) with 1 = (dgg' ) € (Mn(C))P*P where I is
the identity matrix in My (C) and dzg the Kronecker symbol (apply 6; to

each of the p (My(C))P-valued column).
First, (2.3) and Carleson’s inequality imply

oo dxdt
/ / @) (RY"g)@) S < [ 9P, g e R ),

Here, P, denotes the convolution operator with ¢ (%) where ¢ is a smooth
real-valued function supported in the unit ball of R™ with [ = 1 and the
moment condition [ z%p(z)dr =0 for 1 < |a| < m. Using (2.4) below, we

deduce that
+°° dxdt
[ Ty

]Rn
which rewrites

oo —t2" [ ,m 2 dt m 2
; e t" Lg||3 n < Cl[V™gll3-

As the latter is equivalent to (K) by H*-functional calculus for L and a
theorem by M¢Intosh and Yagi [16], we are done.
The keystone of our analysis is therefore

(24) /n/mm (BY™g)(x) — (6,97 g)(a >\2@<0 vl

where C' depends only on n, m, N, A\, A and the constants in (2.1). This
inequality is proved in [6] (Lemma 29 of Chapter 2). Here is a quicker
argument. Write

Ye(x) - (PV™g)(x) — (0:V"g)(x) = nu(x) - (BV"g)(x) — (0. V™ g) ()
+0:(P — I)(V™g)(z).

10



For the last term, using that P, commutes with partial derivatives and that
0,V™ is bounded on L? with bound Ct~™, we have

+o0 drdt +°° dzdt
L[ me-nemg@rSt<e [ [ n-nwer
n 0 n
<77l

The latter inequality easily follows from the Plancherel theorem and this is
where we use the moment conditions on .

Next, G(x,t) = v(z) - (P,V™g)(x) — (0, P,V™g)(z) has a kernel represen-

tation
Glat) = [ [ utwv) - (0(552) - o
= /Kt(x,z) -V™g(z)dz

where 60,(z,y) is the (My(C))P-valued kernel of 6, whose components are
tm O Wizm (2, y)aas(y) € Mn(C), |3] = m. By a mere repetition of the proof
of [6, Chapter 1, Theorem 29] when N = 1, we deduce from the order 2m
pointwise upper bound the weighted L? inequalities

7))V"g(z) dzdy

(2.5) 105 W (, )2 e(a") dy < 20,
R

for all t > 0, x € R™ and |o| < m, for some positive constants C' and ¢
depending only on n, m, N, A\, A and the constants in (2.1). [The proof is
quite technical and relies on the analyticity of the semigroup, a Caccioppoli
inequality and integration by parts.| It easily follows from (2.5) and the
properties of ¢ that ~;(z) is bounded uniformly in (z,¢) and, next, that
Ky(x,y) satisfies the pointwise bounds

Ky(x,2)| < Ctre(5)

and
|Ki(x,2) — Ky(z,2)| < Ct™" 2 — 2.

Moreover, one has [,, Ki(z,2)dz = 0. Hence, we deduce from the usual
almost orthogonality arguments (see [7] or the exposition in Chapter 2 of [6])

that N ind
> xdt m
/ / 0P L < clvmgl

This concludes the proof of (2.4) and that of Lemma 2.2. O
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The next step is to use a “T'(b)” argument as in [2], [12]. To this end, fix
a cube Q, ¢ € (0,1) and a unit vector w in (CV)”, and define the C¥-valued
functions

(2.6) fouw(®) = (@7 (@g - w))(x)

where

and where z(Q) is the center of Q.

Lemma 2.7. There exist € > 0 and C' < oo depending on n, m, N, A, A
and the constants in (2.1), and a finite collection W of unit vectors in (CV)”
whose cardinality depends on €, n, m and N such that

p - // Fwﬁ<
Q|

dxd
CZS“p|@|// e() - SEV™ g, (@) P

weWw
the suprema running over all cubes Q).

Hereafter, if @) is a cube, StQ is the dyadic averaging operator defined on
(CN)P-valued functions by

57 f(x) = fy) dy

@lq
for z € @' and %E(Q’ ) <t < 4(Q') where Q) describes a collection of dyadic
cubes of R” that includes Q). Note that v (z) - S?meévw(x) takes its values
in CV.

Proof. We follow closely the strategy of proof given in [2] for scalar second
order operators. We begin with the following inequality: If ) is a cube, € > 0
and w = (wg)|g/=m , ws € CV, is a unit vector in (CV)" then

(2.8)

/ 1~ Re(V™ f5 () | w) de| < C=12|Q),
Q

12



where C' depends only on n, m, N, A\, A and the constants in (2.1), but not
on ¢, Q and w. Indeed, by definition of the dot and inner products on (CV)”,

_ B
(7 (g - w)a) ) = 0 { = b~ = 1.

Setting

(2.9) 9(x) = 9g.u(x) = Po(x) - w = f5,,(7)

we have

1-— Re(meaw(m) |w) = Re(V"g(x) |w) = Re(0%gwy ) (x).

Next, for a fixed |a| = m, write 9% = 9° where 0 denotes one first order
partial and |3| = m — 1, and invoke the following inequality proved in [2]:

for some C' = C(n)

| scvar ([) ()

The technical estimates obtained in Section 3 imply that

2.10 P> < C

(2.10) /Q gl < C1Q)

and

(2.11) / 97g]? < C(et(Q))?Q).
Q

where C' depends only on n, m, N, A\, A and the constants in (2.1), but not
on ¢, @ and w. This proves (2.8).
Repeating the stopping-time argument in [2], this allows us to obtain

Proposition 2.12. There exists a small € > 0 depending onn, m, N, A and
A, and n = n(e) > 0 such that for each unit vector w in (C¥)* and cube Q,
one can find a collection S!, = {Q'} of non-overlapping dyadic sub-cubes of
Q with the following properties

(i) The union of the cubes in S., has measure not exceeding (1 — n)|Q

13



(ii) If Q" € S, the collection of all dyadic sub-cubes of Q not contained in
any Q' € S,,, then

1 . 3
(2.13) o L, BT o) )y = |

and

1 2d 2 1
14 iy < (4e)™ .
2w (g | IV ) <

At this stage, we want to select a finite collection of unit vectors w €
(CM)? to make use of this.

When m = 1 and N = 1, which is the case of [2], (CV)” = C" and this
selection is achieved via a sectorial decomposition of C™ in which ;(z) also
takes its values. Here, the sectorial decomposition is performed on the 7;(x)’s
and this induces the choice of the w’s.

Identify ~;(z) with the element I';(x) in £((CN)”,CN) = L by

Li(x)(v) = wu(@) v, wve (C)

Remark that this identification is isometric. We use as well a single bar norm
for the norm induced on L. For ¢ € £ with |o| = 1, let C, be the cone of
elements 7 € £ such that

[r = Irlo] <elrl.

Choose a finite collection > of such ¢’s so as to cover £ with a finite number
of cones C,. It suffices to argue for each ¢ € ¥ fixed and to obtain a
Carleson measure estimate for I'; ,(z) = 1¢, (I'y(x) ) (2), where 1¢, denotes
the indicator function of C,,.

Fix o € ¥ and choose z € CV such that |z| =1 and |0*(2)| = 1 where o*
is the adjoint of 0. Remark that Ty, (z)"(z) € (CV)” satisfies

Pio(2)"(2) = [Tro(z)[ 0% (2)] < ]Lo ().

Set w = o*(z) € (CV)” and apply Proposition 2.12 with that w. If Q" € S”

then .
v=—o [ VTfE,(y)dy € (CV)”
|Q | Q"

14



satisfies

(2.15) Re(v|w) > and |v| < (4¢)7?

> w

Writing
(0| Te0(2)"(2)) = (V[ Teo(2)"(2) = Teo(@)| 07(2)) + [Tio(2)|(v]w)
we deduce from |z| =1 and (2.15)

Tro(@)()] 2 [(v] Teo(z)"(2))] 2 %IFt,a(@l-

Next, if z € Q" and 14(Q") < t < 4(Q") then v = (S?Vféw)(a:) and we have
obtained using the identification of I';,(x) with v, ,(x) = 1c¢, (I'i(x))%(2)
that

(216)  0(@)] < 20 (2) - (SPVFH0)(@)] < 21(@) - (SEV f5,0) (@)].

The conclusion to the proof of Lemma 2.7 is now exactly as in [2] and W is
here the collection of vectors w just constructed from the o’s in X. O

The next lemma is the last step. Compared to [6], Chapter 3, the argu-
ment is slightly simplified due to the fact that functions are defined on all of
R™.

Lemma 2.17. For some constant C' depending on n, m, N, X\, A, the con-
stants in (2.1) and € > 0, but not on Q and w, we have

tQ) dxdt
/ / () - SRV 15 ()P 8 < 0l

Proof. Fix Q, w and ¢, and set f = f5,. Let X be a smooth function
supported in 4Q, which is identically 1 on 2@Q and such that [|[V/X| s <
ClQ) I forall j=0,...,m. Forx € Q and 0 < t < £(Q), we have

(SPV™)(x) = (SEV™(X f)) ().

+°° dxdt
// 2 - PP S < [ P

15
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(See [6], Appendix C for a proof) and (2.4), we obtain
dzdt
L[ o st n@r it < [
1@ dadt
+4 / [ e n)epr =,
QJo

We shall prove in Section 3 that
(2.18) V(X < ClQ)|
R

where C' is independent of ) and w (it may depend on € which we allow).
It remains to estimate foo [(6:V™(X f))(2)]* 2. To this end, write

OV (Xf) = e T HLE + eI L((X — 1) f).

and treat each term by separate arguments.
To handle the first term, observe that (see Section 3 for a proof)

(2.19) [Lf(x)] < Ceb(@))™™

with C' independent of @), w, ¢ and z. Using (2.1) which implies L> bound-
edness of e~ we obtain

(e " M Lf) (z)] < Ct™(e0(Q) ™™
from which we deduce

2(Q) o drd
/Q / (e L)) U < cemig)

To handle the second term, observe that the kernel of e " L2 [, satisfies
an upper bound similar to that of e with different constants C, ¢ (it is a

classical consequence of the analyticity of the semigroup). Hence for z € @
and t < /(Q),

L@ - 0@l oo [ e )

y#2Q
<corret (68 [ AR ) ay
#2Q

16



where p is the largest number (depending only on n) so that |z — y| >
ple(Q) —y| for all x € @ and y ¢ 2Q. We used that |z — y| > ¢(Q)/2 for
r € Q and y ¢ 2@Q). Recall also that v = 23;711. We now invoke the following
estimate, to be proved in Section 3,

(2.20) / e ") | 1 (y)  dy < C(e@)

for all b > 0 with C' depending only n, m, N, A\, A, €, b and the constants in
(2.1). Therefore, we obtain a pointwise bound

(e L((X — 1) f)) ()] < Cemre@))me (5
and this yields straightforwardly

Z(Q) 27nL 2 d d
[ et - nm@e ST <l
QJ0

the latter C' depending only on n, m, N, A, A, the constants in (2.1) and e.
We have proved Lemma 2.17 modulo the technical estimates (2.18), (2.19)
and (2.20) that we explain in the Section 3. O

2.2 Removing the pointwise upper bound

In this section, we are still given an operator L of order 2m with a represen-
tation (1.2) and ellipticity constants A and A. We begin with recalling the
following result.

Proposition 2.21. If, in addition, 2m > n, then L satisfies the order 2m
pointwise upper bound and the constants in (2.1) depend only onn, m, N, A

and A.

Proof. See [9] for the self-adjoint case with 2m > n and N = 1, and [6],
Chapter 1, Proposition 28, for the general case when N = 1. The proof is
identical when N > 2. We do stress that the estimates are global in time
(i.e., the constant C' does not depend on t). O

To take advantage of this, we shall increase the order of L. Consider the
positive self-adjoint unbounded operator on L*(R", CY) by

1/2
Sg = ((—1)m > 02“) g9, geH™R",CY).

|a)|=m
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Then S? is an elliptic homogeneous operator of order 2m and | Sg|ls =
IV™glla. For k € 2N, define L as the maximal accretive operator as-
sociated with the form (a,30*S*f,9°S%g) on H™FK(R" CV). Formally,
Ly = S¥LS*. Then Lj, is an homogeneous operator of order 2m(1+ k) and it
has a representation (1.2) with ellipticity constants \; and Ay in the inequal-
ities corresponding to (1.3) and (1.4) depending only on n, m, N, k, A and
A. These observations are easy consequences of ||[S*1f|ly ~ [[V™I+R) £,
deduced from the Plancherel theorem.

Proposition 2.22. Under the above hypotheses, the inequalities (K) for L
and Ly are equivalent. More precisely, the inequalities ||v/Lf|a < C||Sf]l2
and ||V Lifll2 < Cil|S*f|l2 hold simultaneously. Furthermore, C' depends
on Cy, k, X and A.

Proof. This was proved for scalar second order operators in [6], Chapter 0,
Proposition 10. The argument is similar. Write L = SBS where B =
ST1LS~!. Tt follows from its definition and (1.4) that B is a bounded,
invertible, and w-accretive operator on L?(R™, CV), with ||B]|, ||[B~!| and
w € [0,7/2) depending only on A and A. As L, = S¥1BS*1 it remains to
apply the general interpolation result in Hilbert spaces from [4] as quoted in
(6], Chapter 0, Proposition 9. The constant C' depends only on k, Cy, || B,
|B7!|| and w, and symetrically Cy depends only on k, C, ||B||, |B~!|| and
w. ]

We may finish the proof of Theorem 1.5. If L satisfies the order 2m
pointwise upper bound with constants depending only on n, m, N, A and A
we are done. Otherwise choose the smallest integer k£ so that 2m(1 + k) >
n. By Proposition 2.21, the operator L; defined above satisfies the order
2m(1 4 k) pointwise upper bound with constants depending only on n, m,
A and A. Thus ||VIif|la < Cil[V™0+*) f|l5 holds by what we just did in
the previous section and Cj depends only on n, m, N, A\ and A,. By
Proposition 2.22, [[V/Lf|l2 < C||V™f||2 holds with C depending on n, m, N
A and A. Hence (K) is completely proved.

3 Proof of technical estimates

Here, we prove the technical estimates left aside, namely (2.10), (2.11), (2.18),
(2.19) and (2.20).
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We begin with the appropriate extension to higher order operators of the
classical conservation property for scalar second order operators, that is the
reproduction of polynomials by the semigroup.

Lemma 3.1. If L satisfies the order 2m pointwise upper bound, then
(3.2) e'P=p

holds pointwise for any P = (Py,...,Py) and t > 0 where the P;’s are
polynomials with degrees not exceeding m — 1.

Remark. The upper bound assumption can be dropped for the equality to

hold say in L7 (R™, CY) but the argument is much more involved.

Proof. To simplify the exposition, we assume that N = 1. The proof in the
general case is the same.

Let X be a smooth function with X(z) = 1 if || < 1 and X(z) = 0
if |x| > 2. Let Xg(z) = X(x/R) for R > 0. If ¢ is a smooth compactly
supported function, then for R > 0 and t > 0

(3.3) (Pe™'" @) = (PXp, e ™ ¢) + (P(1 — Xg),e ")

where the brackets make sense as Lebesgue integrals by the decay of the
kernel of e~ and the support of ¢. We use this representation twice, first
to show that the left hand side does not depend on ¢ > 0 and, second, to
find (P, ¢) as its value. This, indeed, shows that e P = P in the sense
of distributions. The equality also holds in the pointwise sense using again
kernel decay.

Let us begin with differentiating (3.3) with respect to ¢. Since the kernel
of %e*tL* has also Gaussian decay, we have

i(P(1 — XR),e ) = (P(1 — &jR)

d —_tL*
7 )

, —e€
dt
and by Lebesgue dominated convergence, this quantity tends to 0 as R tends
to 4o0.
Next, since PXr € L? we have that

GUPX e o) = S laap0? (P, 0% ).

laf=|8]=m
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Since the degree d of P does not exceed m — 1, observe from Leibniz for-
mula that 0°(PXg) is supported in the annulus R < |z|] < 2R and is
dominated by CR? ™. Using this remark, together with a weighted L'
estimate (which follows from the weighted L? estimate (2.5) by Cauchy-
Schwarz) and the fact that the support of ¢ is compact, it is easy to show
that (a,30°(PXR), 0% 'L ¢) tends to 0 as R tends to +oo (¢ is fixed).

This shows that the left hand side of (3.3) is independent of ¢ > 0. In
the right hand side, choose and fix R large enough so that the supports of
¢ and P(1 — XR) are far apart. The decay of the kernel of e *" yields that
(P(1 — Xg),e "L ¢) tends to 0 as t tends to 0. Eventually, since e is a
continuous semigroup on L? at t = 0, we obtain that (PXg, e '™ ¢) tends to
(PXR,¢) = (P, ¢) as t tends to 0. This proves (3.2). O

We continue with

Lemma 3.4. Assume that L satisfies the order 2m pointwise upper bound.
If P=(P,..., Py) with the P;’s polynomials of degrees not exceeding m, @
is a cube and 0 < t < £(Q) then

2
35 [ vt ppde< o s 1R7]) A0l
5Q

[a|=m
1<i<N

where C' depends on n, m, N, A\, A and the constants in (2.1), but not on
P,Q,tand 0 <5 <m.

Remark. This lemma holds without the upper bound assumption as well.

Proof. Again we assume N = 1 to simplify matters. Write
(e EP) (@) = (e (P = P.))(x) + Pi(x)

where P, is the Taylor polynomial of P at z with degree m — 1. Letting
z = x, we obtain

(P ) = [ Wian(2.)(P — P)y)dy + Pla),

Since

(P=P)y) = Y Ely—a)°

|al=m
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with p, € C the value of the constant polynomial P(®) we arrive at

(36) (P -P)a)= Y P [ Wen(zy)(y - x)*dy.

|a|=m

Hence, by the Leibniz formula we have

V(e ™" EP — P)(x)| < C(sup |pal) Y fiu()
k=0

with
f]vk(x) - |V§Wt2'm (.T7 y)||x — y|m_]+k dy
R™

Choose p > 0 depending on n such that if z € 5@ and y ¢ 10Q) we have
1
ula(@) —yl < Sl —yl.

One easily checks that for x € 5Q and t € (0,4(Q)],

|l — y|2£e*(‘z;yl)ye(uliﬁé)ﬂ‘)u dy < C2+n.
R

where ¢ is the constant in (2.5), in which the roles of x and y are switched,
and C' is independent of z, @, t € (0,4(Q)] and ¢ € {0,...,m}. Hence by
Cauchy-Schwarz inequality and (2.5),

/ |f]’k(l‘) |2 dl‘ S Ctg(m_]+k)+n / / |V§Wt2m (,’,C’ y) |26( ‘zc_tyl )V «
5Q " N

7( plz(Q) -yl )"
e\ Q) dydx

§0t2<m—j>/ o~ ()" gy

< Cm=IpQ)m.

U

We now return to proving the needed estimates. Recall that f = fg

in (2.6) and g is defined by (2.9). We have, therefore, f = e *"LP and
g=P — e ""LP where P(z) = ®g(z) - w and t = ££(Q). Also observe that
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Pa = W, and since w is a unit vector, sup |p,| < 1.

Proof of (2.10) and (2.11). Straightforward from (3.5) with j = m and
j=m—1.

Proof of (2.18). Write V(X f) = V(X (e "L P — P)) + V"™ (X P). Recall
that the components of ®¢(x) are (x_xﬁ#))ﬁ so that it is clear from the choice

of X that V(X P) is bounded in R™ with a bound independent of () and w.
As for V(X (e ""FP — P)), we use (3.5) with the Leibniz rule to obtain

VX (e PP — P)P < C(A+ &2+ ... +2™)|Q
Rn
with C' independent of @, w and t = £/(Q).
Proof of (2.19). Using the notation above, it amounts to showing the uniform

bound
|Le " P(z)] < Ct™

for any cube @, 0 < t < ¢(Q) where C' is independent of P, @ and ¢. Using
the same ideas as before, we have

(Le ™" P)(x) = (Le”""H(P = P.))(x)

where P, is the Taylor polynomial of P at z with degree m —1 since LP, = 0.
Letting z = x, we obtain

2m — X «
(Le """ P)(x tmz Wtzmxy)(yt )dy

laf=m

where W,(z,y) is the kernel of tLe~tt = —degttL. As this kernel satisfies a

similar bound to Wy(z,y), the latter integrals are bounded uniformly in x
and ¢ and the desired bound follows at once.

Proof of (2.20). Using (2.1) and the definition of f = f§, ,, we have

|f(y)| < C’(gﬁ(@))_” /ne (clge(Q)) |z—:E( )|md2
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with C independent of ), w and €. Using the convolution inequality

[z—x(Q)|

/ (i) (&) gy < c(g(Q))ne*( i)

with C, ¢ depending on n, m, N, b and ¢, we obtain

[2(Q)—y| |z—=(Q)]

/n €_<W)V|f(y)|dy < (]/ e*( TUQ) )"|Z_x(Q)|mdz

n

< @)

Remark. In (2.20), the weight could be weakened to (1 + %)‘"‘m_‘s for
any 0 > 0.

4 Inhomogeneous operators

Proof of Theorem 1.11. Take L with a representation (1.8) and ellipticity
constants A and A.
First we raise the order of L if necessary. Let

1/2

(4.1) Sg=| > (=l | g, geH™R",CY)

laf<m

so that S? is an elliptic inhomogeneous operator of order 2m and L = SBS
with B bounded, invertible and w-accretive on L?(R™, CV). Then for k € 2N
so that 2m(1 + k) > n, set Ly = S*LS*. Then L; is an inhomogeneous
operator of order 2m(1 + k) and it has a representation (1.8) with ellipticity
constants Ay and A, in the inequalities corresponding to (1.9) and (1.10) for
Ly, depending only on n, m, k, A and A. The square root problems for L and
L, are equivalent.

Again, if 2m(1 + k) > n, L;, satisfies the local order 2m(1 + k) pointwise
upper bound (See [6]) with constants depending on n, m, N, X and A. The
local order 2m pointwise upper bound for an operator L means that there
exists ¢ > 0 such that for all T" > 0 there exists a constant C' for which

(4.2) (Wiam (2, y)] < Ct— e~ (57%)

for almost every (z,y) € R* and all 0 < ¢ < T where W;(z,y) is again
the My (C)-valued Schwartz kernel of e~*£. By the semigroup property, it
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suffices to obtain this for one 7' > 0 and C usually blows up like e“?. For
simplicity, we choose T' = 1. Hence, we may assume from now on that L has
order larger than dimension.

Secondly, let Ly be the principal part of L, that is the homogeneous part
of degree 2m in (1.8). Using interpolation inequalities, it is easy to show
that the weak Garding inequality (1.13) holds for Lo with A = \/2 and some
k > 0 depending only on n, m, N, A and A. We begin with studying the
square root of Ly + 2k, and then return to L.

The operator Lg + 2+ satisfies (1.10) with constant A\* = inf(\, ) and
(1.9) with some A* depending on n, m, N, k and A. Again, we are interested
in establishing only

v Lo + 25 fll2 < C|| fllam@ncvy, f € D(Lo)

as the inequality for the adjoint is similarly obtained. By the M‘Intosh-Yagi
theorem [16]

o 2m dt
VLo + 2r f13 ~ / e~ o2 (Lo 4 26) fIF S, f € D(Lo).
0

Since e~ " (Lo+2:)42m( [1 4 95 is uniformly bounded on L2(R", CV) (or rather,
has a bounded extension with uniform bound), we have

e _42m K)am dt
e g 2 I S < U

2™ (Lo+2k)

Since e~ is a contraction on L?(R™, CV) we have

' —t2™ (Lo+2K) ym th ' 2m zdt 2 2
e RS < | e T < CIIE

t2m (Lo+2K) e—tmz%—t?m

Finally using e~ Lo and e~ < 1 for u > 0, it remains

to checking the inequality
! —t2m [, o dt 2
e “t"Lofl> N <OVl
0
At this point, we are back to the case of homogeneous operators and the same
algorithm as in Section 2.1 applies with the restriction that Carleson norms

are taken on cubes of sidelength less than 1 since L satisfies the local upper
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bound (because Lo + 2k does). All the technical estimates apply provided
t <1and ¢(Q) < 1. We have established the desired inequality for Ly + 2.
We return to the operator L and wish to prove at last

VL flla < Cllf lumncxy,  f € D(L).

Recall that we just obtained the same inequality with Lo+ 2x. The point is
to write L as a perturbation of Ly + 2k. Set ¥ = SV with S defined by
(4.1) and write

Lf=> YBy3'f

k,l<m

Bk,l:zk((—m’f > aa(aaﬁaﬂ))zl

|al=Fk,|B|=

with

for all non negative integers k,! < m except when k = [ = 0 for which
BO,O = Qg — 2/'{

and k£ = [ = m for which

Bm,m =X ((_1)m Z 80‘(%535) + 2/@) XM= Eim(LO + 2/{3)27“1.

|laf=m,|B|=m

The operators By, are bounded operators on L*(R",C") and the operator
B, is nothing but B defined above. The above representation of L f works
for fin H™(R™, CV) as L is bounded from H™(R™ CV) into H=™(R", CV).

It remains to use [6], Chapter 0, Proposition 11, to conclude the proof of
Theorem 1.11.

Proof of Proposition 1.14. Under our assumption, the theory of regularly
accretive forms of Kato asserts that for all ¥ > k, L + ' have square roots
with same domains. By the preceding result D(v/'L + k) = D(VL +2k) =
H™R",C"). Introduce C'(n,m, N, \, A, k) as the best constant C' such that

VL + 5 flla < CUV™ FI3 + sl F115)"2

holds for all operators L given by a representation (1.2) with constants A, A
and x in (1.3) and (1.13). A dilation argument with dilation factor s > 0 in
R" changes L to another homogeneous operator with constants A\, A, xks*™.
At the same time, (|[V™f[[3+ x| f][3)"/* changes to ([|V™ f][3+ rs™| f[13)'/2.
This implies that C(n,m, N, \, A, ks*™) < C(n,m, N, \, A, k) for all s,k > 0
so that C'(n,m, N, A\, A, k) is independent of k. This proves Proposition 1.14.
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5 Proof of Proposition 1.18

We give a sketch of the proof as it follows closely the ideas in [1]. Let L denote
now the operator associated to the b,g. As this operator is self-adjoint, the
weak Garding inequality is equivalent to the invertibility of

L+r: H"(R",CY) — H™(R" C")

for some x > 0. This is done by constructing a parametrix using wavelet
expansions.

Let U, be a Schwartz class wavelet basis of L*(R",C"). Here j € Z,
k € Z" and (¢ belongs to some finite set with cardinality N (2" — 1). We
have W, . ¢(z) = 27/2W,(27x — k) where ¥, is valued in C"V and has a Fourier
localisation in an annulus a < || < b. Also one may think that ¥;,, has
essential support in the dyadic cube @, defined by 27z — k € [0,1[" (In
fact it can be chosen with rapid decay away from this cube). We index the
wavelets by the dyadic cubes and drop the index ¢ as it plays no role, so that
U, 1.0 becomes Vg and j = j(Q) is the scale index of @; the larger j(Q), the
smaller ). Such a wavelet basis characterizes BM O and the weight function
w takes the following form: define

Nj(b)= sup |RIT'D [ <b U > |

Rij(R)=j ocr

Then b € BMO is characterized by sup; N;(b) < +oo and b € vmo by
b€ BMO and lim; .., N;(b) = 0. The condition (1.19) can be rephrased as
sup,, 5 lim;j_.c Nj(bag) < €. See [17].

Define a collection of functions 6 by

0o = (Lo +£) " (¥gq)

where L is the operator with coefficients b, replaced by their averages over
Q. Hence, Lg have constant coefficients and satisfy ellipticity uniformly. By

straightforward Fourier estimates, for o; = % and x > 1, the functions

(0i@) 11 + 2mI@)95%, form a family of “vaguelettes” (which is in the
wavelet langage the same as an almost orthogonal family) uniformly with
respect to k. Hence, Ug — (0j(q)) " (1+2m9(D)9%0, is a Calderén-Zygmund
operator and

2
<O egl

5| Sealoia) 1+ 27 @0,
Q 2 Q
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where C' depends only on n, m, N. See [17].

Since the Wg’s form an unconditional basis of any H*(R",C"), s € R,
one can define operators by linearity (and continuity once a priori bounds
are obtained). Define P, by

P.(Vg) = bg.

We have
(L+k)P(Vq) = Vg — Re(Vq)

where

R (Wq) = (=1)70% [(bap — m@bas)d0q).

The desired invertibility for L + x (or the parametrix property of P,) follows
from
Rl <1

where the norm is the operator norm on H-™(R" C¥). Introducing
To(q) = (bas — mabag)(1 + 277 )%,
and S(Vg) = 2mI(@W, . we have
R, = (=1)*0°T,(1+ S)~ .

Since 1 + S is an isomorphism from L*(R",CY) onto H-™(R",CV), it is
enough to show that the L? operator norm of T, is small when & is large.

There are two ways of estimating the operator norm of such an operator.
To take advantage of this, introduce a threshold 7 to be chosen and split
T, = Tumj + Ty where 7; is the orthogonal projection from L? onto the
closed space generated by the Uq for j(Q) < j and 7er = Id — m;.

For T,m;, use (5.1) and the boundedness of the b,z through the ellipticity
constant A to obtain that

||Ta7Tj|| S CA 'sup .O']'(Q) S CAO'j.
J(Q)<J

For the other part of T, remark that, ignoring o) as it is close to 1,
the operator Wg +— (14 2m7(@)3%9, for j(Q) > j and ¥g — 0 for j(Q) < j
is a Calderén-Zygmund operator (with uniform estimates with respect to
j and k). Then, the operator norm of ToﬂrjL can be estimated using the
commutator result of Coifman-Rochberg-Weiss between BMO function and
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Calderén-Zygmund operators expressed in the wavelet langage and this gives
us
1 Tors || < € sup Ny (bes)

Further details can be found in [1].

Hence,
mj

1Tl < c( o Njw)).

4mi + K
It remains to choose j so that N;(bag) is small enough, then choose « large
enough.
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