The solution of the Kato Square Root Problem
for Second Order Elliptic Operators on R"

Pascal Auscher
LAMFA, CNRS, FRE 2270
Université de Picardie-Jules Verne
33, rue Saint Leu

F-80039 AmiensCedex 1
email: auscher@mathinfo.u-picardie.fr

Steve Hofmann*
Department of Mathematics
University of Missouri-Columbia
Columbia, MO 65211

email: hofmann@math.missouri.edu

Michael Lacey'

School of Mathematics
Georgia Institute of Technology
Atlanta, GA 30332
email: lacey@math.gatech.edu

Alan M¢Intosh
Centre for Mathematics and its Applications
Australian National University
Canberra, ACT 0200
email: alan@maths.anu.edu.au



Philippe Tchamitchian
Faculté des Sciences et
Techniques de St.-Jérome
Université d’Aix-Marseille 111
Avenue Escadrille Normandie-Niemen
and LATP, CNRS, UMR 6632
F-13397 Marseille Cedex 20
email: tchamphi@math.u-3mrs.fr

January 31, 2001, revised July 5, 2001

dedicated to the memories of T. Kato and J. L. Lions

Abstract

We prove the Kato conjecture for elliptic operators on R™. More
precisely, we establish that the domain of the square root of a uni-
formly complex elliptic operator L = —div (AV) with bounded mea-
surable coefficients in R™ is the Sobolev space H!(R™) in any dimen-
sion with the estimate ||[v/Lf|l2 ~ ||V f|la-

1 Introduction, history and statement of the
main results

Let A = A(x) be an n x n matrix of complex, L> coefficients, defined on R,
and satisfying the ellipticity (or “accretivity”) condition

(1.1) M€ < Re Ag- € and |Ag - (| < AJE][¢],

for £, € C" and for some A, A such that 0 < A\ < A < co. Here, u-v =
u v+ - - +u,v, and u* is the complex conjugate of u so that u-v* is the usual
inner product in C" and, therefore, A{ - (* = Zj,k aj ()& Zj. We define a
second order divergence form operator

(1.2) Lf =—div(AVf),
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which we interpret in the usual weak sense via a sesquilinear form.

The accretivity condition (1.1) enables one to define a square root L'/? =
V'L (see [23]), and a fundamental question is to determine whether one can
solve the “square root problem”, i.e. establish the estimate

(1.3) IVLf|l2 ~ IV f]la,

where ~ is the equivalence in the sense of norms, with constants C' depending
only on n, A and A, and || f|l2 = (fgn | f(2)|% dz)'/? denotes the usual norm
for functions on R™ valued in a Hilbert space H. We answer here this question
in the affirmative.

Theorem 1.4. For any operator as above the domain of V'L coincides with
the Sobolev space HY(R™) and ||V L[|z ~ ||V £

This has been a long-standing open problem, essentially posed by Kato
23], and refined by M¢Intosh [28, 27]. Kato actually formulated this ques-
tion for a more general class of abstract maximal accretive operators. A
counterexample to the abstract problem was found by Lions [25] and, for
the maximal accretive operators arising from a form by M¢Intosh [26]. How-
ever, it has been pointed out in [28] that, in posing the problem, Kato had
been motivated by the special case of elliptic differential operators, and by
the applicability of a positive result, in that special case, to the perturba-
tion theory for parabolic and hyperbolic evolution equations. For example,
the application to hyperbolic equations depends on the validity of (1.3) in a
complex L*-neighborhood of real and symmetric matrices.

The problem has a long history, and a number of people have contributed
to its solution. First, Coifman, M¢Intosh and Meyer [12] proved Theorem 1.4
in one dimension, simultaneously with their proof of the L?-boundedness of
the Cauchy integral along a Lipschitz curve. In fact, the two results are
known to be equivalent, see [24] or [6].

The first positive results in higher dimensions exploited the same tech-
nique as had been used in one dimension, namely that of multilinear opera-
tors. Independently, Coifman, Deng and Meyer [11], and Fabes, Jerison and
Kenig [18] established the square root estimate (1.3) provided ||A — I||o <
€(n). Clearly, their methods allowed one also to replace the identity matrix
I by any constant accretive matrix (see [19]). David and Journé gave a dif-
ferent proof using the T(1) theorem [14]. Sharper bounds for the constant
¢(n) on the order of n~2 were obtained by Journé [22].
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The multilinear expansion method also may be extended to operators with
smooth (i.e., locally near constant) coefficients; in this case, one obtains an
equivalence of inhomogeneous norms: M¢Intosh in [29] considered coefficients
being multipliers in some Sobolev space H®, s > 0, Fabes, Jerison, and Kenig,
uniformly continuous coefficients (unpublished), and Escauriaza VMO coef-
ficients (unpublished). In addition, Alexopoulos [1] used homogenisation
techniques for real Holder continuous coefficients with periodicity, obtaining
a homogeneous estimate.

In [9], two of us proposed another method to attack the problem. This
initially led to some improvement of earlier results (such as VMO improved
to a bigger subspace of BMO called ABMOQO) and the observation that one
could get away from the perturbation cases at the expense of imposing some
structure on the matrix A. The key notes of this method are 1) the use of
functional calculus and, in particular, pointwise estimates on the heat kernel
2) the reduction to a Carleson measure estimate, and 3) the introduction
of a “T'(b) theorem for square roots” in the spirit of the T(b) theorems for
singular integrals of M°Intosh and Meyer [30], and of David, Journé and
Semmes [15], and based on the alternative proof of Semmes [32]. We note
that those T(b) theorems were motivated by the Cauchy integral.

The control of the Carleson measure in point 2) above has been achieved
very recently in two ways both exploiting the T(b) theorem for square roots.
Auscher, Lewis, Hofmann and Tchamitchian [5] use an extrapolation tech-
nique for Carleson measures involving a stopping-time decomposition of the
Carleson region to prove the Kato conjecture for perturbations of real sym-
metric operators in any dimension, which was, as mentioned earlier, one
of Kato’s original motivations. By a different stopping-time argument, Hof-
mann, Lacey and M¢Intosh [21] prove the Kato conjecture under a restriction
of sufficient pointwise decay of the heat kernel.

Pointwise decay is available for real operators by results of Aronson [2]
and in some cases for complex operators: in two dimensions by a result
of Auscher, M¢Intosh and Tchamitchian [7] and for perturbations of real
operators or even for small coefficients in BM O-norm by results of Auscher
[3]. Hence, [21] solves the conjecture in two dimensions and includes, in
particular, the result of [5].

But heat kernel decay may fail for complex operators: counterexamples
are due to Auscher, Coulhon and Tchamitchian [4]. Thus, to solve the Kato
conjecture in all dimensions it remains to remove the pointwise upper bound
assumption in [21]. This is the main new contribution of this article. It turns
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out, as we will show, that there is enough decay in some averaged sense
to carry out the reduction to a Carleson measure estimate, to develop an
appropriate version of the T(b) theorem for square roots of [9] and to adapt
the stopping-time argument of [21]. This decay is akin to that first proved
by Gaffney [20] for the Laplace-Beltrami operator of a complete Riemannian
manifold, and is valid for complex operators as in (1.1) and (1.2).

The proof of Theorem 1.4 (Sections 2-5) will be essentially self-contained
assuming the basic background on functional calculus for accretive operators
and on Littlewood-Paley theory. While having the added virtue of improv-
ing the paper’s readability, this degree of completeness is for the most part
required, as we are forced to redevelop material from [9] and [21] under nec-
essarily weaker hypotheses. We note that the proof works for n > 1.

We shall conclude this article in Section 6, by stating some miscellaneous
results concerning perturbations by lower order terms, and extensions to L”
results.

We note that the Kato conjecture for higher order operators on R" can
also be solved. For systems on R", the Kato conjecture remains open in
full generality, yet the extrapolation method is extendable to perturbations
of self-adjoint systems. Also the Kato conjecture for second order elliptic
operators on domains with boundary conditions can be obtained. These
results will be presented elsewhere.

Acknowledgments The second named author is grateful to T. Toro, and
the fourth author to M. Christ, for pointing out to us that the stopping
time construction of Proposition 5.7 is similar in spirit to that of [10]. We
also thank X. Duong and Lixin Yan for helpful comments concerning the
statement of Proposition 6.2 below.

2 Estimates for elliptic operators on R”

We are given an elliptic operator as in (1.2) with ellipticity constants A
and A in (1.1). An observation of constant use in this paper is that the
operators (1+¢*L)~1, tV(1+t*L)~, (1+¢*L) "div and *V (1 +¢*L)"div
are uniformly L? bounded with bounds depending only on n, A and A. Here
and in the rest of the paper, ||T||,, denotes the operator norm of an operator
acting from L?*(R™;CP) into L*(R™;CY) for p,q integers depending on the
context. Also, we shall consistently use boldface letters to denote vector-
valued functions.



In this section, we record some technical lemmata. We begin with an
estimate which expresses the decay of the resolvent kernel “in the mean.”

Lemma 2.1. Let E and F be two closed sets of R™ and set d = dist(E, F),
the distance between E' and F'. Then

[l en gwp i < ol [P swesc b
F E

/ytV(Ht?L)—lf(g;)degce—%/ f(2)2dz, Suppf C E,
F E

d
/ |(1+*L) tdiv f (2)|*dz < Ce e / |f (z)|*dx, Suppf C E,
F E
where ¢ > 0 depends only on A\ and A, and C on n, X\ and A.

Proof. 1t suffices to obtain the inequalities for d >t > 0. The argument uses
a Caccioppoli type inequality. Set u; = (1 +¢2L)~!f. For all v € H'(R"),

/ uv + t2/ AVu; - Vo = fo.
n n R’n

Taking v = wm? with n € C5°(R") supported outside of E with n positive
and [|n||.c = 1 and using that supp f C E, we have

/ g |*” + tQ/ AVu, - Vu, n* = —2t2/ A(nVuy) - u V.

n R n

Using (1.1) and the inequality 2|ab| < €|a|? +e71|b|? , we obtain for all £ > 0
[t x| v <ace [ vaP 2 [ ul o

Choosing ¢ = % leads to

A2t2
[t < 55 [ s
n R

VA

—_ VA iolds
2Vl Y

Replacing n by e*” — 1 with a =

1
Pl = 1P < 5 [ fuPlen
R?’L RTL
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so that a simple triangle inequality gives us

]2 < 4 / gl < 4 / fP.
Rn Rn” E

Assuming furthermore n = 1 on F', we have

e ? / uf? < / 2P
F Rn

and it remains to impose ||V7||« ~ 1/d to conclude for the first inequality.

Next, choose € = ﬁ and 7 as before to obtain

2A%¢ L d
[ v < [ pwup <25 [ upvae < oeaes [ e,
F Rn Rn E

which gives us the second inequality.
The third inequality is obtained by duality from the second one applied
to L* = —div (A*V) and exchanging the roles of E and F'. O

Remark. Using complex times ¢ and a Cauchy integral, we can obtain

&2
||6_th||L2(F) S 06_ ct ||f||L2(E)a Suppf C E

When L is a Laplace-Beltrami operator, this is Gaffney’s estimate [20] (See
also Davies [16] for an argument which adapts to our situation).

Lemma 2.2. For any Lipschitz function f andt > 0,
1A+ ¢2L) 7 flllop < CHIV flle

and
IVI(1+22L)7, flllop < OV flloo

where C' depend only onn, X and A. Here, f denotes the operator of pointwise
multiplication by f and [,] is a commutator.

Proof. Write

[(1+20)7Y fl= -+ L) (1 + L), fl(1 + L)1
= —(1+t*L)""*(divb+b - V)(1 + 2L) 7",



where we have set b = AV f, b=ATV f considered as operators of pointwise
multiplication, so that their operator norms are controlled by C||V f||«. The
uniform L? boundedness of (1 + t2L)~L, tV(1 4+ ¢2L)~! and (1 + #2L) tdiv
imply the first commutator estimate. Using also the L? boundedness of
t*V(1 + ¢*L)"'div yields the second one. O

By cube in R", we mean a cube with sides parallel to the axes. If Q) is
a cube, then |@Q| and ¢(Q) denote respectively its measure, its sidelength.
We use also the notation c@) to denote the concentric cube with ) having
sidelength ¢ ¢(Q).

Lemma 2.3. For some C depending only on n, A and A, if Q is a cube in
R™ t < U(Q) and f is Lipschitz function on R™ then we have

/Q (14 2L f — fP < CRIVFIZIQL,

/Q V(1420 f - 2 < ORI

Proof. The argument will make clear that (1 +¢*L)~!f is defined as > (1 +

L)~ (fX,) with convergence in L2 (R"), where the X} is a partition of
unity. It is an easy matter to verify that this definition does not depend on
the particular choice of the partition.

By rescaling, there is no loss of generality to assume that £(Q) = 1
and that |V f|lc = 1. Pick a partition (Qx) of R™ by cubes of sidelengths
2 and with @y = 2Q). Let X, be the indicator function of )x. The off-
diagonal estimates imply that (1+¢2L)~!(1) = 1 in the sense that limg ... (1+
t*L) "' (nr) = 1 in L} (R™) where nr(z) = n(x/R) and 7 is a smooth bump
function with 7 = 1 near 0. Hence, we may write

(L+£2L) 7 fz) = flz) = Y (L+ L) ((f - fla =Y gl

The term for k = 0 is nothing but [(1+ L)™', f](X)(z). Hence, its L*(Q)-
norm is controlled by Ct||Xy]|2 by the first commutator estimate. The terms
for k # 0 are treated using the further decomposition

ge(@) = (L+ L) ((f = flan) ) (@) + (f (@) — f(2) (1 + L) (X) ()



where x}, is the center of Q. Using the off-diagonal estimates for (1+*L)~!
on sets F = ), and F = () and the fact that f is Lipschitz, we get

£

« 2"Q).

||
/ |gr* < Cte™ || X3 = CtPe™
Q

The desired bound on the L*(Q)-norm of (1+¢*L)~" f — f follows from these
estimates, Minkowski’s inequality and the fact that ¢ < 1.

The proof of the second inequality uses a similar argument and is left to
the reader. O

3 Reduction to a quadratic estimate

We are given an elliptic operator as in (1.2) with ellipticity constants A and
A in (1.1). We wish to prove a priori that

(K) IVLf|l2 < CIIV £,

for f in some dense subspace of H!(R") with C' depending only on n, A and
A. Then (K) also holds for L* as the hypotheses are stable under taking
adjoints. Eventually, we conclude by a theorem of J.L. Lions [25] that the
domain of VL is H'(R") and that for f € H'(R"),

IVLfll2 ~ V]2

We remark that to prove (K), we may and do assume that the coefficients
are C* as long as we do not use this quantitatively in our estimates. This
is why we shall make clear the dependance of constants. Then, one removes
this assumption using a slight variant of [9, Chapter 0, Proposition 7].
To begin, we use the following resolution of the square root:

e 2py\=3,372, A
\/Efza/ (L+£2L) L2 —,
0

where a! is the value of [[7(1 + u?)"u? du, and the integral converges
normally in L2(R") for f € C°(R") (as Cg°(R™) € HY(R") = D(L?) under
the smoothness assumption). Take g € C5°(R™) with [|g|ls = 1. By duality
and the Cauchy-Schwarz inequality

oe _ dt [+ dt
61 WIfaP<e [ lasen g [ vl s
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where V; = t?L*(1 4 t>L*)~2. There are several ways to see that

+o00 ) dt )
Wl S < clol <

One way is to appeal to the quadratic estimates of M¢Intosh and Yagi [31]
since L* has H*-functional calculus. Another way is to use the standard
orthogonality arguments of Littlewood-Paley theory. As we shall use this
again later, let us recall the method. Pick any ¢ € C§°(R") with ¢ real-
valued and [ ¢ = 0 and define Q) as the operator of convolution with S%w(f)
for s > 0 normalized so that

+oo ds
/ 1Quglz % = 912
0 S

Lemma 3.2. Let U; : L*(R") — L*(R"), t > 0, be a family of bounded
operators with ||Uy|op < 1. If [|UQslop < (inf(%,2))%, a > 0, for a family
Qs,s > 0, as above, then for some constant C' depending only on «,

oo dt
| el S < clslt

Proof. The argument is quite standard and follows from Schur’s lemma. De-
tails are left to the reader. O

Let us apply this to the operators V; above which have uniform (in t)
bounded extension to L?(R"). Since V;Q, = —(1 + t*L*)*t*div A*VQ,, we
have

1ViQsllop < II(1 +2L7) 72 t2div A™|op| [V Qs lop < cts™,
with ¢ depending only on n, A and A. Choose ¢ = A¢ with ¢ € C§°(R"),
radial, so that, in particular, 1» = divh. This yields Qs = sdiv Rs; with Ry
uniformly bounded, hence

1ViQsllop < IPL*(1 + ¢2L7) 72div |[op|[sRs[op < ct™'s,

with ¢ depending only on n, A and A.
Thus, the second integral in the right hand side of (3.1) is bounded, so
we are reduced to proving

oo dt
(3.3) / ||(1+t2L)‘1th|]§7 < C’/ IV f]2.
O Rn

10



4 Reduction to a Carleson measure estimate

We next reduce matters to checking a Carleson measure estimate. Let us first
introduce some notation used throughout. Define for C"-valued functions

f = (fla"'7fn)a
Ht f = —(1 + t2L)_1taj(aj7kfk).

We use the summation convention for repeated indices. In short, we write
0; = —(1 + L)~ *tdiv A. With this notation, (3.3) rewrites

(4.1) 691135 <C [ VR
0 R™
Define also

() = (0:1)(z) = (=(1+ 2L) " "t;0;%) (2))1<k<n

where 1 is the n x n—identity matrix, the action of ; on 1 being columnwise.
Borrowing an idea from [13], the reduction to a Carleson measure estimate
and the T(b) argument will require the inequality

“+oo
[ e (e - eV S <c [ vl
where C' depends only on n, A\ and A. Here, P, denotes the operator of
convolution with tinp(%) where p is a smooth real-valued function supported
in the unit ball of R” with [ p = 1. The notation u - v for u,v € C" is the
one in the Introduction. To prove this, we need to handle Littlewood-Paley
theory just outside the classical setting.

Lemma 4.3. Let U; : L*(R") — L*(R"), t > 0, be a measurable family of
bounded operators with ||U||,, < 1. Assume that

(i) U; has a kernel, Uy(z,y), that is a measurable function on R*" such
that for some m > n and for ally € R™ and t > 0,

2m
/(H‘x;y') U, (2, y) 2 dz <t~

(ii) For any ball B(y,t) with center at y and radius t, Uy has a bounded
extension from L>®°(R™) to L*(B(y,t)) and for all f and y € R,

1
t" By,

U f ()] dz < || [
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(iii) Uy(1) = 0 in the sense that Uy(Xg) converges to 0 in L*(B(y,t)) as
R — oo for any y, where X stands for the indicator function of the
ball B(0, R).

Let Qg, P;, be as above. Then for some o > 0 and C' depending on n and m,

t «
|U:PQsllop < C (inf (g» ;)) _

Proof. We first remark that U;U, has a kernel satisfying

1 - —m
Kol < 5 (14 574)

Indeed K(x,y) is given by

Ki(z,y) = /n Ui(z,2)U(z,y) dz

so that the formula (14+a+0b) < (1+a)(1+b) for positive a, b gives us that
(1 + %) |K,(x,y)| is bounded by

/(H'“’:Z') ]Ut(z,x)HUt(z,y)](l—l—|Z;y|) dy <t

from the Cauchy-Schwarz inequality and (i). Hence U;U; is bounded on all
LP; 1 <p < 400 and in particular for p = 2, we recover the boundedness of
U; (thus, one can drop from the hypotheses the L? boundedness of Uy).

For s <t, by ||Ut||op < 1 and standard Fourier analysis we have that

S (03
1UPQullep < I1PQllop < C (3)

Next, we consider ¢ < s. Since P, has a nice kernel, W, = U; U, P, also has
an L' kernel. If we prove that W;(1) = 0 then we can deduce from standard
arguments that

t [e%
W@l <c (%)

for 0 < a < m—n, which gives us the result as ||[U; P, Q,|[2, < C||U; U PiQs||op-
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We have that W;(1) = U;Uy(1). If ¢ € L*(R") is compactly supported
(thus in L*(R™)) then

(UU(1), ) = ég(Ut*Ut(XR)790> = }%i_{r;o<Ut(XR)a Ui(p))-

(Uy(XR), U // U (XR) (2)Us(z, ) (y) dyda

which is, in modulus, less than a constant times

e

by (i) and the Cauchy-Schwarz inequality for the measure |¢(y)|dydx. Using
a covering in the x variable by a lattice of balls B(y + ckt,t), k € Z", we
obtain a bound

1/2
(253(/" (1+[k])~ (y,kngmyndy) lll2

with cp(y, k) =t™" fB(y+ckt 9 |U;(Xg)(x)[*dz. Tt remains to apply the domi-
nated convergence theorem by invoking (ii) and (iii) as R tends to co. [

- 1/2
y|> |Uf(XR)($)|2|90(y)|dydx> ]2

Lemma 4.4. Let P, be as in Lemma 4.3. Then the operator U; defined by
Upf (2) = m(z) - (B f)(2) — (65 ) (2) satisfies

+oo ) dt )
| wrepg <cir;

where C' depends only on n, \ and A. Here the action of P, on f is compo-
nentwise.

Proof. By the off-diagonal estimates of Lemma 2.1 for 6, and the fact that
p has support in the unit ball, it is easy to show that there is a constant C

depending on n, A and A such that for all y € R"
1
o (@) dz < C
" J By

and that the kernel of C~!U; satisfies the hypotheses in Lemma 4.3. The
conclusion follows from Lemma 3.2 applied to U, P;. O
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We can now prove (4.2). We begin by writing

w(@) - (PEVg)(x) = (0:Vg)(x) = (U:PVg)(w) + (0P} — I)Vg)(x).

The first term is taken care of by the above lemma. As P, commutes with
partial derivatives, we may use that ||, V||, = ||(1 + t*L)"*¢L]||,, < Ct71,
so that we obtain for the second term

[ [ ez -nvgwr St <o [ 7z - naw s

< C%c(p)[IVyll3

by the Plancherel theorem with C' depending only on n, A and A. This
concludes the proof of (4.2).

Lemma 4.5. The inequality (K) follows from the Carleson measure estimate

o dxdt
(4.6) sup 0] // x)|F —— < o0,

where the supremum is taken over all cubes in R".

Proof. Indeed, (4.6) and Carleson’s inequality imply

oo dxdt
/R / @) - (REVg) ) S < ¢ [ [vgl

and together with (4.2) we deduce that (4.1) holds. O

Remark. We shall not need the easy converse that (K) implies (4.6).

To finish this section, let us state a technical lemma for later use. Let )
be a cube in R", consider a collection of dyadic cubes of R™ that contains ()
and let StQ be the corresponding dyadic averaging operator:

1
Q' Jo
for 2 in the dyadic cube Q" and $0(Q’') <t < ((Q').

SPf(z) = f(y) dy

Lemma 4.7. For some C depending only on n, A and A, we have

// () (52— PN )P El < [ |ep

Rn
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Proof. Of course, integration can be performed on R" x (0, 4+00). We may
adapt the proof of Lemma 4.3, given the following two observations. First,
the operator U; = (7, - StQ ) is L? bounded from the U;U; argument and the
condition (i). Second, S€ is an orthogonal projection. Hence,

S (0%
10+ S)Qullop = 113 - S)S2Qullop < C1ISP QNI < € (5)

The last inequality follows from the well-known fact that, for any o € (0,1/2),
the dyadic averaging operator maps L?(R") into the homogeneous Sobolev
space H*(R™) with norm Ct~® (See [9, Appendix C] for a proof). Further
details are left to the reader. O

5 The T(b) argument

To obtain (4.6), we adapt the construction of [21] to verify a variant of the
T(b) theorem for square roots [9, Chapter 3, Theorem 3]. Fix a cube @,
e € (0,1), a unit vector w in C™ and define a scalar-valued function

(5.1) o= 1+ (£(Q))* L) (2q - w")
where, denoting by x¢ the center of @),
Pp(r) =2 —x9 € R™.

Let us record some estimates that follow straightforwardly from Lemma 2.3
as the reader may check.

(5.2) / o — B0 0 < C1E20Q)IQ)
5@Q
and
(5.3) / V(f — Do ") < ColQ)
5@Q

where C,C5 depend on n, A, A and not on ¢, () and w. It is an important
fact that the constants C7, Cy above are independent of ¢.

The proof of (4.6) follows immediately from the combination of the next
two lemmata and the rest of this section is devoted to their proofs.
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Lemma 5.4. There exists an € > 0 depending on n, A\, A, and a finite set
W of unit vectors in C"™ whose cardinality depends on € and n, such that

sup —- // i |2dxdt
Q| '

dxd
Y s [ [ i 509w

weW

where C' depends only on €, n, A and A. The suprema are taken over all

cubes Q).

Lemma 5.5. For C' depending only onn, A\, A and € > 0, we have

(5.6) / / () - (599 15 0 < gl

Proof of Lemma 5.5. We follow [9, Chapter 3|. Pick a smooth cut-off function
X = X localized on 4@Q) and equal to 1 on 2Q with ||X||oc + Q)| VXl <
¢ = c(n). By Lemma 4.3 and (4.2), the left hand side of (5.6) is bounded by

Q) .
o[ wanrs2 | | m<x>-<va<Xf>><x>|2@

d:r;dt
C X 2+4 2
< n]v £ // ()P ==

Our task is, therefore, to control by C|Q)| the last expression, where to sim-
plify the exposition, we have set f = fg ,
First, it follows easily from (5.2) and (5.3) that [,.|V(X[f)]* < C|Q|
with C independent of ) and w (it may depend on € which we allow).
Next, we write

V(Xf)=1+tL) (XLf —div(AfVX) - AVf - VX),

and treat each term in the right hand side by separate arguments.

To handle the first term, observe that Lf = M—%w so that [, |YLf|* <

C1Q|(e4(Q)) 2 from (5.2) with C' independent of Q and w. Using the L*(R")
boundedness of (1 +t*L)~!, we obtain

dzd 4 2 dt _C
// O e
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To handle the second term, use the off-diagonal estimates for the operator
(1 +¢3L)"'tdiv with sets FF = @ and F = supp(fVX) C 4Q \ 2Q) to obtain
for [, [P [((1 + ¢2L) " tdiv (Af V) (2)]? £2 a bound

Q) dt
c / LI apvap <o),
0 t Jig\2q

where the last integral is treated using (5.2) and ||V X | < C(Q)™!, and C
depends only on n, A and A.
To handle the last term, use the L*-boundedness of (1 +¢*L)~! to obtain

for [, [y |(1+#2L) "H(AV £ - V) ()| 22 a bound

Q) dt
/ e[ avr.vap<cpol
0 t Jag\q

where again the last integral is treated using (5.3) and the bound on VX,
and C depends only on n, A and A. This proves Lemma 5.5. O

Proof of Lemma 5.4. The main ingredient is the following result whose proof
is delayed for a moment. We note that, in retrospect, the proof of this lemma
is similar in spirit to a previous argument of M. Christ [10].

Proposition 5.7. There exists a small € > 0 depending on 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

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

1 3
659 71 L Rl o) w2 5
and

1 € 2 -2
: d 4 .
(5.9 1 L Vol dy < (40
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A second ingredient of a purely geometrical nature is needed.

Lemma 5.10. Let w be a unit vector in a Hilbert space H, u,v be vectors in
H and 0 < e <1 be such that

(1) Ju—(u-wwl < e fu-w,

(ii) Re(v-w) >

)

N[N

(iii) |v| < (4e)7h
Then |u| < 4|u - v|.

Proof. First, we deduce from (i) that 2|u - w*| < [(u-w*)(v - w)|. Moreover,
(i) and the triangle inequality imply that |u| < (1 4 &)|u - w*| < 2|u - w*|.
Also, by (i) and (iii), we have that |(u — (u - w*)w) - v] < F|u- w*|. Hence,
again by the triangle inequality, we obtain that

ol > (o w0 w)] = (o~ - ww) o] > (5~ -] > glul

O

Let us continue the proof of Lemma 5.4 admitting Proposition 5.7. Let
€ > 0 to be chosen later and cover C" with a finite number depending on &
and n of cones C,, associated to unit vectors w in C" and defined by

(5.11) lu — (u-wHw| <e |u-w"|

It suffices to argue for each w fixed and to obtain a Carleson measure estimate
for v (z) = 1¢, (7:(2))y:(x), where 1¢,, denotes the indicator function of C,,.
Therefore, define

1 “Q) dadt
(5.12) A=A, =sup — // Ve ()] ——
e Q1 JoJo t

where the supremum is taken over all cubes (). By truncating v, ,(x) for ¢
small and ¢ large we may consider that this quantity is qualitatively finite.
Once an a priort bound independent of the truncation is obtained, we can
pass to the limit by monotone convergence. In order not to introduce further
notation we ignore this easy step and assume that A < +oo.

18



Now, fix a cube @ and let Q" € S/ as defined in Proposition 5.7. Set

1
V= Viow(y)dy € C".
’Q | Q"

Clearly, (5.8) and (5.9) in Proposition 5.7 yield (ii) and (iii) in Lemma 5.10.
If 2 € Q" and 14(Q") <t < {(Q"), then v = (S?Vf&w)(x), hence

(5-13)  |yw(z)] <4

(@) - (SEVf5,)(@)] < 4lua) - (S2V f5,)(@)]

from Lemma 5.10 with u = ~;,,(z) and the definition of 7, (z).

The next observation is that the Carleson box @ x (0, 4(Q)] can be par-
titioned into the Carleson boxes Q" x (0, £(Q’)] for @' describing S and the
Whitney rectangles Q" x (30(Q"), £(Q")] for Q" describing 8. Hence,

HQ) dxdt dxdt
// O e —Z// () 222

Q'ES'

‘e dadt
+Z/[ (@) 2

Q”ES” Q”

The first term in the right hand side is controlled by

> AIQ| < A(L-n)Ql.

Q'eS,,

Using (5.13), the second term is dominated by

o
162// () - (SOV 15 ) @) 22

Q// ESN Q//

< 16// [y SQVwi>( )‘2@

Altogether, we have obtained that [, f(f D |y ()2 4rdt s hounded by

AL - |@|+16// () - (SOV 15, ) ()2 22
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so that dividing out by |@|, taking the supremum over cubes and using the
definition and the finiteness of A yield the bound

B 1 {Q) dxdt
A< 167 sup = / / () - (SOV f5,) ()P 2.
Q |Q| QJo 13

Proof of Proposition 5.7. We begin with a key estimate. We have

(5.14) \ /Q L (Vi (2) - w) de| < C212|0),

where C' depends on n, A and A, but not on ¢, () and w. Indeed, we observe
that (V(®q - w*)(x) - w) = |w]* = 1, so that

1= (Vfgu(e) -w) = (Vg(z) - w),

where g(v) = ®q(z) - w* — f ,(v). Hence, (5.14) follows immediately from
(5.2) and (5.3) and the application to g of the next lemma, the proof of which
will be postponed to the end of this section.

Lemma 5.15. There exists C = C(n) such that for all h € H(Q),

<o () ()

Continuing the proof of Proposition 5.7, we deduce from (5.14) that
o | RV (o) w)de =

— e (@) w)dr > <

Ql Jo < 8

provided ¢ is small enough. We also observe as a consequence of (5.3) that

1
L / V150 (@) 2 dz < Cs,
Q| Q ’

with C5 independent of €. Now, we perform a stopping-time decomposition
to select a collection S, of dyadic sub-cubes of @) which are maximal with
the property that one of

1 . 3
(5.16) ol /Q Re(V fu() - w)dr <
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or
1 _
(5.17) 7 [Vl de > (42)

holds (that is, subdivide dyadically @ and stop the first time that one of
the inequalities hold). By construction, we obtain (ii) in the statement of
Proposition 5.7.

It remains to establish (i). To this end, let B = Ugres; @Q'. We have to
show that |B| < (1 —n)|Q|. Let By (resp. Bs) consist of the union of those
cubes in S/, for which (5.16) (resp. (5.17)) holds. We have |B| < |By| + | Ba|.

The fact that the cubes in S;, do not overlap yields

By| < (4)? /Q V15 (@) de < (4°C51Q).

Setting b(z) = 1 — Re(V f§,(7) - w), we also have

| By §4Z/,b(a:)da::4/

blx)dr — 4 blz) dx
[ bt2) /Q\Blm

where the sum was taken over the cubes ' that compose B;. The first term
in the right hand side is bounded above by Ce'/2|Q| by (5.14). The second
term is controlled in absolute value by

4Q\ B +4|Q \ Bi[V*(C4|Q)Y? < 4Q\ Bi| + 4C3e" Q|+ 2Q \ Byl
Since |@ \ Bi| = |Q| — | B1|, we obtain
(5+e?)|Bi| < (4+ Ce' 2 +712)|Q)

which gives us |B;| < (1 — &2 4 0(¢1/2))|Q| if € is small enough. Hence
|B| < (1—n(¢))|Q] with n(g) ~ /2 for small e. We have proved Proposition
5.7 modulo the truth of Lemma 5.15 which we show now. O

Proof of Lemma 5.15. For simplicity, assume that @ is the unit cube [—1, 1]",
1/2
the general case following by homogeneity. Set M = < fQ |h|2> and M’ =
1/2
<fQ \VhP) . If M > M, there is nothing to prove, so we assume M < M’
Take ¢t € (0,1) and ¢ € C°(Q) with ¢(z) = 1 when dist(z,0Q) > t (here
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take the distance in the sup norm in R") and 0 < ¢ < 1, ||Vy|l» < C/t,

C' = C(n). Then
/QVh—/Q(l—cp)Vh—/Qtho

and the Cauchy-Schwarz inequality gives us
‘/ Vh‘ < O(M'tY? 4 Mt=1/?),
Q

It remains to choose t = M /M’ to conclude the proof. O
The proof of Theorem 1.4 is complete.

6 Miscellani

As far as the Kato conjecture is concerned, lower order terms do not affect the
domain of square roots by a result in [8]. See also [9, Chapter 0, Proposition
11] for a different proof. This gives us the following result.

Theorem 6.1. Consider complex bounded measurable coefficients a.z on

R™ such that the form Q(f,9) = > . 5<1 Jan @ap(2)0° f(2)0°g(x) dz satis-

fies |Q(f, 9)] < M f w9l @ny and Re Q(f, £) > M| f13:gny- Then the
square root of the associated mazimal-accretive operator L has domain equal

to HY(R") and |[VLf|la ~ |fllgi@ny for all f € HY(R™), with constants
depending only on n, \, and A.

We turn to L? estimates for homogeneous elliptic operators L = —div (AV)
on R™ with ellipticity constants A and A.

Proposition 6.2. For any such L with (1+t>L)~1, t > 0, uniformly bounded
on LP(R™) for some p € [1, -2=), we have for f € C§(R™),

’ n—1
L2l < er ||V £l

hence

HL1/2f||p < lIV £y,

for allp € (1,2]. The constant ¢, depends only onn, X\, A, p and the uniform
bound abowve.
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Here, H' denotes the classical Hardy space. This inequality was obtained
in [9, Chapter 3] under the Gaussian upper bound hypothesis for the kernel of
e ' and (K) now valid. The converse H!-inequality was proved, assuming
(K) for L*, the Gaussian upper bound and Holder regularity of the heat
kernel in [9]. The converse LP-inequality, 1 < p < 2, was obtained by Duong
and M¢Intosh [17] without regularity through a weak (1,1) estimate. Putting
together these results and [9, Chapter 1] yields

Theorem 6.3. Let L be as above. If the heat kernel Wi(x,y) of e L satisfies
the pointwise upper bound

(6.4) Wiz, )] < Ot~ e~ (Fa%)

)

for almost every (x,y) € R®*" and all t > 0, then there exvists an ¢ =
e(n, A\, A) > 0 such that for f € C°(R"), if 1 <p <2+e¢,

122 Fllp ~ 119 11l

and if p > 2+ ¢,
1LYl < CIV Flp-

In particular, such estimates hold for real operators and their complex pertur-
bations, for any complex operator whose coefficients have small BMO-norm
depending on dimension and ellipticity.

We mention that the existence of € and the sharpness of the range of p’s
is explained in [9], as well as the density argument to allow more general f.

Proof of Proposition 6.2. We begin with the same resolution of v/L as before
la 27\-3 dt
VLf=a PL(L+ L) tLf —,
0
which is now valid for any f € H'(R™) and we further decompose it as

VLf

o [Tarn o [Taa-ren T
o[Tarwn o [T eraseny o S aD)
=Ty(Vf) + To(V-Af)
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with the following notation: 8, = —t2L(1 + t2L)3tdiv A, P, is as in Section
3, and Q, = (1v/—B )~ (I - P?).

Using the boundedness of the Riesz transforms on H* we have ||V f||x1 ~
lvV/—=Af|lz so that it suffices to establish the 7' boundedness of T} and Tb.

First, observe that 7} and 7% are L?-bounded. For T, this follows from
duality, the Cauchy-Schwarz inequality and the basic Littlewood-Paley esti-
mates for @; by the Fourier transform and for t2L*(1 + t2L*)~3¢*L* by the
same argument as in Section 3. For 77, we use the same method by splitting
0, P? as t*L(1 + t*L) 20, P? and using the Littlewood-Paley estimate for the
adjoint of t2L(1+t2L)~2 and for §; P2, the latter being a byproduct of Lemma
4.4 and Lemma 4.5.

By [9, Chapter 4, Lemma 11], duality and 77 (1) = 0 = T5(1), the H'-
boundedness of T7 and 75 rely on an improved version of Hormander’s in-
equality for their kernels, namely

Ve (1Y
_ p 1]
(6.5) < / g|xfy|g2r|K(‘r’y+h) K (z,y)| dm) < T ( . )

for some p > 1, > 0 where y,h € R™ and 4|h| < r.

Let us prove (6.5) with p = 2 for K;(z,y) the kernel of T}. First, observe
that B

0p = t*L(1 +t*L) 20, = (1 + L) '0, — (1 + t*L)*0,.

We know that (1+#2L)~" and 6, satisfy separately the off-diagonal estimates
of Lemma 2.1 valid for all closed sets E, F' and t > 0. It is easy to show that
such estimates are preserved by the operator product (with different constant
C' and ¢ not depending on the sets E, F' and t > 0). Hence, gt satisfies the
off-diagonal estimates. If U;(z,y) is the kernel of @Pf, then we have

Ui+ 1) = Uit = (=) - Lo() ) @

[ t [ t

where p = p * p, and it follows from the off-diagonal estimates, suppp C
B(0,2) and the regularity of p that

(r=2(RD) 4

/ |Ui(x,y + h) — Us(x,y))* dz < Ce @t AR
r<lz—y|<2r

Hence, (6.5) with p = 2 follows immediately from the integral Minkowski
inequality.
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Next, we prove (6.5) with some p € (p,n/(n — 1)) for Ko(z,y). Remark
that from the hypothesis the operator t?L(1+¢*L)3t2L is uniformly bounded
on L”(R™) while it satisfies the L? off diagonal estimates. By interpolation, it
satisfies the LP off diagonal estimates for any p € (p,n/(n —1)) (in which L?
norms replace L? norm). Now Q) is the convolution operator with ¢~ " (xz/t)
where for any p € (0,1) and some C' > 0,

C
Yl S G Tl
and Cli
[(x + h) —P(x)] < |z 1Hn (1 + |z])2” |h| < |z[/2.

Using this together with a further chopping of ¥ by a smooth partition of
unity associated to a covering by ball of radius 1, it can be shown that the
kernel, Vi(x,y), of t*L(1 + t*L)3t2LQ; satisfies

/ |\Vi(x,y + h) — Vi(z,y)|P de < Cinf(1, e‘é)t_”(p_l)_p"|h|p".
r<|z—y|<2r

for some 1 > 0 and the desired inequality for Ks(x,y) follows readily.
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