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Abstract

We show that the Kato conjecture is true for m-accretive operators with highly singular coefficients. For
operators of the form A = D*FD, where D formally corresponds to d/dx + z8 on L2(R), we prove that
Dom(A'7?) = Dom(D) = e=*# H'(R), where H is the Heavyside function. By adapting recent methods
of Auscher and Tchamitchian, we characterize Dom(A) in terms of an unconditional wavelet basis for
L*(R).

1991 Mathematics subject classification (Amer. Math. Soc.): 47B25, 47B44, 35]15.

1. Introduction

Kato’s conjecture, or the ‘square root problem’, involves the square root of certain
elliptic operators that arise from sesquilinear forms defined on domains in L2(R"). To
consider the simplest case, let J be the sesquilinear form defined on H'(R) by

J(f,8) = f F(x)f'(x)g'(x)dx,

where F € L*(R) and Re F(x) > vy > 0 for some constant y. Then J determines
a maximal accretive operator T (which is formally (—d/dx)F (d/dx)). It is well-
known that T has a maximal accretive square root, defined by

2 o0
T2 f = —/ (I +°T) 'Tfdr
T Jo

(cf. [8]); the conjecture of Kato is that the domain of 7'/2 is H'(R). In one dimension
this was first proved by Coifman, McIntosh and Meyer (cf. [5, 6]). More recently,
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Auscher and Tchamitchian gave a new, simple proof (cf. [1, 2]), using a wavelet
construction due to Tchamitchian ([16]). If n > 2, only partial results have been
obtained (by Fabes, Jerison, and Kenig [7]); in general, the question remains open. In
this paper we adapt the method of Auscher and Tchamitchian to a family of operators
with highly singular coefficients that is based on examples introduced in [4], and show
that the domains of their square roots satisfy the Kato conjecture.

The Kato conjecture is related to the subtle issue of the representation of forms
by square roots (cf. [10]). If the form J is closed, symmetric, and bounded below,
then there is an associated self-adjoint operator T with the property that Dom(7 /%) =
Pom(J/), and

J(f,8) = (T'*£,T'"g),

for all f, g € Dom(J). (This is the ‘second representation theorem’ in [8, p. 331]).
The situation is somewhat different for non-symmetric forms. In fact, Mclntosh
showed that in general, Dom(7'/?) and Dom(T*'/?) need not coincide; in [10], he
provides conditions under which a form J is representable by square roots in the sense
that

Dom(T"?) = Dom(T*/?) = Dom(J),

and
J(f,8) = (T2 f, T*'?g).

Moreover, he relates this difficulty to deep results of Calder6n on norm inequalities for
commutators of pseudodifferential operators, as well as to subtle multilinear estimates
for singular integral operators. This relationship is central to the proof of the Kato
conjecture in [5], and is thoroughly discussed in the survey article by McIntosh [12].

Viewed in another way, the Kato conjecture is connected to problems in perturbation
theory. It is well-known that if H, is a semi-bounded self-adjoint operator, and V is a
symmetric form that is small with respect to H, in the sense that Dom(V) 2 Q(H,),
(where Q(H) is the form domain of the operator H, cf. [14, p. 167]) and

V(9, )| < a(Hop, ¢) + blipl

for constants 0 < a < 1, b € R, and all ¢ € Dom(H,), then the form sum Hy, + V
is a semi-bounded symmetric form, and so corresponds to a self-adjoint operator H
(formally Hy, + V) with Q(H) = Q(H,). Note that it follows from the spectral
theorem that Q(H) = Dom(|H|'/?). If H, is not bounded below, the result is no
longer true, even for symmetric forms (cf. [8, p. 341]). This result can be related to
the form domain question for square roots by considering the form H — H,, where H,
is a self-adjoint operator, and H is a symmetric form with domain Q(H,). If H — H,
is small with respect to | Hy|, then H determines a self-adjoint operator (the so-called
pseudo-Friedrichs extension, cf. [8, p. 341]), and the relevant question is whether
Q(H) = Dom(|H|'/?) = Q(H,). In general, the answer is no (cf. [10]).

https://doi.org/10.1017/51446788700037666 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700037666

276 Rhonda J. Hughes and Paul R. Chemoff [3]

In a formal sense, the operator T determined by the form (Ff’, g’) on H' may be
viewed as a singular perturbation of Hy = —F (d?/dx?). Although there is no form
corresponding to Hy, it is shown in [13] for certain F, (and in [9] in general) that
Dom(H,"*) = H'. On the other hand, since the Kato conjecture is true, Dom(7'"/?) =
H'. That is, the domain of the square root of the ‘perturbed operator’ coincides with
the domain of the square root of the ‘unperturbed’ operator. We will see that for
the operators considered here, the Kato conjecture is true, whereas the domain of the
square root of the perturbed operator does not coincide with the domain of the square
root of the unperturbed operator. In a sense, perturbation theory and the theory of
quadratic forms provide different answers for the square root question as it pertains to
the examples described in the next section.

2. Generalized elliptic operators

Recently, Auscher and Tchamitchian proved Kato’s conjecture for second order
elliptic operators on an open set in R, with arbitrary boundary conditions, thereby
extending the results in [5]. Their proof relies on the reduction of the general case to the
(formal) operator (—d/dx) F(d/dx), whose domain is spanned by an unconditional
(Riesz) basis of wavelets adapted to the function F (x). Here, we extend these results
to a family of operators based on examples in [4], where we introduce a new class of
point interactions that are explicitly solvable in terms of their spectral and scattering
properties. These operators arise from sesquilinear forms, and involve more singular
coefficients than those in [2]; formally, they have the form A = D*FD, where
D=d /dx + z4, in the sense defined by Segal (cf. [15]). We will show in Sections 3-
5 that the Kato conjecture is true for these operators; that is, Dom(A'/2) = Dom(D) =
e *H H'(R), where H is the Heaviside function. We proceed by reducing the problem
to the case of the second-order term, as in {2], and by modifying the wavelet basis for
L?(R) usedin [1]. We will see, however, that as formal perturbations of F (x)(d?/dx?),
these examples are too singular to preserve form domains in the sense described at the
end of the last section.

Forr € R, z € C, define

Q(r,z] = (r + Tz)*(r + Tz)
where T, = e~ 2" (d/dx)e*", H is the Heaviside function, and
Dom(T,) = {¢ € L*(R)|e’"¢ € H'(R)};

thatis, ¢ € H'(R\{0}), and ¢ (0%) = e*¢(07). Although T, is formally d /dx + 28, it
is argued in [4] that a more reasonable interpretation involves a renormalization of the
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coupling constant, so that z is replaced by 2 tanh(z/2). Continuing the development,
define

L{r,z} = Q{r,z) - r21’

where I is the indentity operator on L?(R). It is easy to see that Dom(L,,)) is
prescribed by the two boundary conditions:

¢(07) = e (07),
r¢(0") + ¢'(0%) = €[r¢(07) + ¢'(07)].

L, is a self-adjoint extension of —A|C{°(R\{0}) and, when expanded formally,
corresponds to a perturbation of the Laplacian by pseudopotentials (which are not
rigorously defined) involving § and §? terms. We show in [4] that these operators
can be approximated in the strong resolvent sense by operators with local short range
potentials.

Recall now that if Hj is a a self-adjoint operator acting on a Hilbert space ¢, then
the form domain Q(H,) is defined by

Q(Hy) = {qs e | / MdEM), ¢) < oo} ,

where H, = f AdE(A) is the spectral representation of H,. Also, Q(Hy) =
Dom (/THol); by the spectral theorem /THo| = [ |A|'2dE(}).

PROPOSITION 1. Q(L,.;) = e HI(R).

PROOF. Since bounded perturbations preserve form domains,

QL) = QT: +rD*(T. + 1) = Dom (V/(T; + rI)'(T: + D)) .

But v A*A = |A|, (cf. [K]), so that the latter is equal to
Dom(|T, + rI|) = Dom(T, + rI) = Dom(T,) = e *? H'(R).
We see immediately from the perturbation theory viewpoint that unless z = O,
O (L) # OQ(—A), despite the fact that these operators are formally perturbations of

—A by quadratic forms, and are explicitly strong resolvent limits of operators whose
form domains are H'(R). On the other hand, these operators arise from the forms

Joy(@, ¥) = (T + r D¢, (T, + r DY)
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with domain e~*¥ H!(R), and as such support the Kato conjecture. Indeed, J;, ., is a
closed, densely-defined positive form with associated self-adjoint operator Ly, ., +r*1,
and so

Dom(Jy,..) = e~** H'(R) = Dom (1 [Lya + r21) = Dom (,/L(,,Z,) = O(Lya)-

As observed by Chernoff, we can expand this family to include —A + ¢§ by
considering the extended family of operators

Lyssy = (T +rHx) 4+ sH(=x)(T, + rHx) + sH(=x)) — r*H(x) — s"H(~x)

where z € C, r, s € R. Then L, ,, is a self-adjoint extension of —A|C§°(R\{0}) and
its domain corresponds to the conditions ¢ € Dom(7}) and (T,+rH (x)+sH(—x))¢ €
Dom(T7). That is,

¢(07) = e (07),
r¢(0*) +¢'(0") = €’[s¢(07) + ¢'(07)].

In the notation of [4], this corresponds to the boundary conditions

¢(0%) = a¢p(07) + B¢'(07),
¢'(0") = y¢(07) +1n¢'(0")

witha = e, B =0, y = e’s — e*r, n = ¢°. Note that when z = 0, the boundary
conditions become

$(07) = ¢(0),
¢'(0%) —¢'(07) = (s —r)9(0),

which are the boundary conditions for —A + ¢§, withc =5 —r.

It follows from essentially the same argument as that given above that Dom(L{l,/_ f'z])
= e~ H'(R), so that when z = 0, we have the familiar result that Q(—A + ¢8) =
H'(R).

Continuing our development, let F € L*(R) with Re F(x) = p > 0 for some
constant p. Then J(f,g) = (Ff', g"), defined on H'(R), is a closed sectorial
form (cf. [8, 6]) that gives rise to an m-accretive operator T which is formally
(—d/dx)F(d/dx). In [2], this result is extended to the case where J is replaced by
the sesquilinear form

(1) J(f. 8) = (af’, &) + (bf. &) + (cf', &) + (df. 8),

on Dom(V) € H!(R), and a, b, ¢, d € L*(R), with Rea(x) > 1 or, more generally,
to Dom(V) € H!(S2), where 2 is an open set in R.
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We now consider the family of sesquilinear forms
Josa(f, 8) = (F(T. + rH(x) + sH(=x)) f, (I; + rH(x) + s H(—x))g)

with domain e~*# H!(R), thereby introducing more singular coefficients than in (1).
Note that when z = 0, these forms are a special case of those in [2]. However,
when z # 0, the coefficients are considerably more singular than those studied there.
Observe further that if F = 1 (and z = 0), the corresponding (self-adjoint) operator
is—A4+(—r¥+ @ +sH)I.

PROPOSITION 2. Forz € C,r, s € R, J;,;..) is a closed sectorial form with domain
e " H'(R).

PROOF. 1t is well known that the form J in (1) above is a closed sectorial form on
H'(R) (cf. [K]), and that for suitable y € R,0 < 8 < 7/2,

Re(J (¢, 9)) + vI8l> = 0

and

|Im J (¢, )| < tanB(Re J (¢, ) + 7 B

Thenfor f € e " H'(R), f = e "¢ forgp € H'(R), and Ji, ., (f, f) = J (¢, $),
where

a(x) = e PRO"F(x),

b(x) = e RO E () [rH(x) + sH(—x)],
c(x) = e 2RO E(x)\rH(x) + sH(—x)],
d(x) = e 2ROH E (O [rPH(x) + s*H(—x)].

The functions a(x), b(x), c(x), and d(x) are in L*(R) and Re(a(x)) > e 2R@p =
p > 0. Clearly,

Re(Jiso(f, £)) =Re(J (9, 8)) = —v oI = VI fII%,

and

|Tm i (f, /)] = [Im J (9, )| < tan6(Re J (¢, §) + ¥ l9I)
< tanORe(Jyr.0 (f, /) +ZIFI?)

so that Ji, ; ;) is sectorial; the form is closed because J is closed.
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We remark that Proposition 2 also follows from [6, Theorem 10.3].

By the first representation theorem for sesquilinear forms (cf. [8, Theorem V1.2.1]),
there exists an m-sectorial operator Ay, ;) such that Dom(A,,;,)) € e~** H'(R), and
Jirs)(f+ 8) = (Apsa fr 8), forall f € Dom(Ay..,), g € e* H'(R). In particular,
for some v € R, Ay, ., + v is m-accretive, and so has an m-accretive square root. We
then have

PROPOSITION 3. Forr,s,y € R,
Dom ((Ags,iyy + 1)) = e 7" H' (R).

PROOF. For simplicity, we assume that v = 0. Following the ideas in [2], we begin
by reducing the problem to the case of the second-order term only. In {2, Proposition
1}, this reduction is done for the form J in (1); namely, if

12
Dom ((—iFi) ) = H'(R)
dx dx

for all accretive F € L*, then the same is true for the domain of the square root of the
m-accretive operator corresponding to the form J (which contains lower order terms).
To see that this reduction is also possible for the form Ji,,,;, we introduce the
notation D = e~*#(d/dx)e*" , with Dom(D) = e~** H'(R), and consider the (closed)
form:
J(f.8) =(FDf,Dg),  f.gee ™ H'(R)

As was shown above, J is sectorial and determines an m-accretive operator A. Sup-
pose that all such operators satisfy Dom(A'/2) = ¢~*# H!(R). Following the proof of
[2, Proposition 1] verbatim, set

T =D*aD +D*b+cD+d, T,=D*aD+ Db, T;=D"aD,

where we note that D* = ¢ (d/dx)e™*" and a, b, c, and d are given by

a(x) = F(x),
b(x) = F(x)[rH(x) + sH(—x)],
c(x)=FX)[rH(x)+sH(—x)],
d(x) = F(x)[r*H(x) + s?H(=x)).
Then Dom(T) = Dom(Tl), and Dom(Tl*) = Dom(f"z*)‘ According to the hypothesis,

Dom((T})"/?) = e~** H'(R), and the fact that Dom(T'/?) = ¢~*" H'(R) follows
from Lemma 1 and Lemma 2 in [2].
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Having reduced the problem to the case of the highest-order term, we recall that
J(f.g) =(FDf Dg) = (Af, g); formally, A = D*F D. Now, consider the form

-d d
(@, ¥) = (Fadu E"’)

on H'(R), where F = e 2R@HE  Since F € L™(R), and Re F(x) > 5 > 0, it
follows from the Kato conjecture in one dimension that if A is the corresponding
m-accretive operator (formally A = (—d/dx)F (d/dx)), then Dom(AY?) = H'(R).
We want to show that Dom(A'/?) = e~*# H'(R). We have that

~d d
J(@,¥) = (Fd_¢’ —'/f) = (A¢,¥)
x dx
for all ¥ € Dom(A) € H!, ¥ € H!. On the other hand, forall ¢, ¥ € H!,

j(e—zH¢’ e—sz/) — (Fbe_ZH¢, De_ZHl/f) — (FC_ZHiQ&, e—zﬂiw)
dx dx

(52, 4\,
Moreover,
J(@,¥) = (Ae7™ ¢, e ) = (e T Ae M9, ¥),

for all ¢ such that e2#¢ € Dom(A) € e~ H' and ¢ € H".
Let S denote the operator e/"# Ae=*H | with

Dom(S) = {¢ e LX(R)|e "¢ c Dom(A)} ,

y € R. Then S is a closed m-accretive operator with Dom(S) € H'(R), and for all
¢ € Dom(S), ¥ € H', (S¢,¥) = J(¢, ¥). By uniqueness in the representation
theorem for sectorial forms, S = ¢7¥ Ae=*# = A, and so A = e~ 7" Ae'?¥ . Next,
the operator e='*# A/2¢'v# with domain {¢ € L?|e'"" ¢ € Dom(A'/?)} is m-accretive,
and (e"7# AV2¢ivH)2 = A, Tt follows from uniqueness of the square root of A that
AV? = ¢=ivH AV26ivH hence Dom(A?) = e~ivH HI(R).

NOTE. The operator S in the proof of Proposition 3 is unitarily equivalent to A
when z = iy. This is not the case, however, when z # iy. In order to extend the
result in Proposition 3 to all z € C, we find a wavelet basis for Dom(A) that is a
modification of the construction in [1].
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3. Wavelet bases

The wavelet basis used in [1] can be adapted to provide unconditional bases for the

domains of the operators considered in Section 2. This is not entirely surprising, since

the growth conditions on the wavelets in [16] are similar to those on the eigenvectors

of the operators studied in [4]. The main result, similar to that in [1], involves the

operator A = D*F D of the previous section. Recall that D = e~ (d /dx)e*" so that
A depends on z.

THEOREM 4. There exists a family of Lipschitz functions {t,(x)} belonging to
Dom(A) that forms an unconditional basis for each of L*(R), e=*¥ H'(R), and
Dom(/i).

PROOFE. Using the notation in [1], let A denote the collection of all dyadic intervals
inR. If A = [k277, (k+ 1)277), with k, j € Z, then there exists a family of functions
{6,(x)} of class C? satisfying the following conditions (cf. [16]):

16, (x)| < C2/% exp(—y|2/x —k|),
|D6; (x)| < C27 exp(—y |2 x — k}),
| D26, (x)| < C2% exp(—y|2/x — k),

where D = —i(d/dx) withdomain H'(R). In general, {6, (x)} is adapted to a function
b(x) € L®(R) satisfying Re b(x) > 1, in the sense that

/Ok(x)b(x)dx =0,
2) /x@k(x)b(x)dx =0,
/OA(x)Ou(x)b(x)dx = 8yu»
where A, u € A. The family {6, (x)} forms an unconditional basis for L2(R); that is,

for all f € L*(R), we have f(x) = Y a;60,(x) where {&;} € [?(A), and || f ||, and
(3 |aa|?)"/? are equivalent norms. Moreover, for all A € A

3) a, = f £ ()0, (x)b(x)dx.
We take b(x) = *R**®H F(x)~!, and following [1], set

1 (x) =2 DTH(?R DT F (x)716,) (),
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and
o, (x) = =277 D(8,).

(Note that 7, and o, here are different from those in {1]). It follows from [1] that
both {¢*#1,} and {¢?" 0, } are unconditional bases for L?(R). It therefore follows that
{z.} and {o,} are also unconditional bases for L2(R), since each is the image of an
unconditional basis under a bounded invertible linear transformation.

To see that {r,} is an unconditional basis for e=*# H'(R), recall that in [1] it is
shown that {e?/7,} is an unconditional basis for H'(R), and that if g € H!(R), then
g(x) =Y e 1i(x), where {B,} and {2/ 8,} € I*(A), and | g, and (3_ |B,[*)"/* are
equivalent norms. Thus, if f € e™** H'(R), then f(x) = Y_ fita(x), and || ||, and
(X" |B:1»)'72 are also equivalent norms. Conversely, if {8,} and {2/ 8,} € I?(A), then
by [1], g(x) = 3_ Bre*l'1i(x) € H'(R),sothat f = e #g =3 Bty € e H'(R).

In order to characterize Dom(A), set D = e*#De**. For f € Dom(A) C
e H'(R), we have f = Y_ a, 1), where {&,} and {2/} € I?(A). We then have, for
f € Dom(A) and g € e”*? H'(R),

(Af,g) = (FDf, Dg) = (Fe™*" De’" (Z a,\rl) ,e ' DeH g).

Now De*flr, = 2/e2Re@H(F(x)7")6,, and since Y a;e*t, € H!(R), we have
DY ayett'ty) = 3,2/ R@H (F(x)71)6;; the term-by-term differentiation is jus-
tified because {2/, } € I?(A). Consequently,

@ FeDet (Y am) e et = (Y276, Detg).

Because f € Dom(A), the latter inner product can be extended to a bounded linear
functional on L2(R), and so it follows that }_ ,2/6, € H'(R). In general, we have
thatif f € H'(R), and f = )_ B,6,, then {8,2/} € I*(A). Indeed, from (2) and (3)
we have

Bx =/ f@)6,(x)b(x)dx =2_j/ f@)D(E" 1) (x)dx

= 2/ /w Df (x)e*" 1, (x)dx.

Q0

Recall that {¢*71,} is one of the unconditional bases described in [1], and that those
bases satisfy dual estimates (cf. [1,(11)]) that imply { ff:o Df (x)e*!'t, (x)dx} € P(A).
Therefore {8,2/} € I*(A), and returning to (4), we now have that {,2%} € I?(A),

and
(Z ,2/6,, De’”g) = (Z a,2¥ e g, e’”g) )

Conversely, if {@:2%/} € I*(A), we see from the same proof that f(x) = ) a7, (x) €
Dom(A).
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An immediate consequence of the proof is the following (cf. [1]):

COROLLARY 1. Y a1, belongs to L*(R), e~ H'(R), or Dom(A) according to
whether {a, } belongs to I>(A), (A, w), or I*(A, w?), respectively, where w = 1+2%

THEOREM 5. Dom(A!/2) = ¢~*H H(R).

PROOF. This follows from Theorem 4, as noted in [1], because of the complex
interpolation theorem of J.-L. Lions: if T is a maximal-accretive operator on ¢ then
the Dom(7''/?) is a complex interpolation space between Dom(7T') and J#.

NOTE. As pointed out by the referee, another proof of Theorem 5 is possible, by
showing that the operator A is similar to an operator of the form b Da D, which in turn
is similar to an operator of the form DaD (for which the Kato conjecture is true, by
[5] and [1]). Moreover, Theorems 4 and 5 remain true when the Heaviside function is
replaced by a more general complex-valued measurable function.

4. A related example

The fundamental building blocks T, for the operators considered in Sections 2
and 3 were first defined by Segal [S], and formally correspond to perturbations of
d/dx by delta-potentials. While T, is not self-adjoint, the slightly modified operator
T, = e7*H(—id/dx)e*" is, and the determination of Q(7;,) is an interesting question
in its own right. For ¢ € R, {T;.} is the one-parameter family of self-adjoint extensions
of the symmetric operator —i (d/dx)|C§° (R\{0}), which has deficiency indices (1, 1).
Recall that

1

1d .
0 (Td—) = H"*(R) = {¢ € LZ([R)|/ k| | (k) Pdk < oo} .
X
Then it is straightforward to show:

PROPOSITION 6. Q(T;.) = e~ H'/2(R).

PROOF. This follows immediately from the spectral theorem. If [ AdE(}) is the
spectral representation of D = —i(d/dx), then

0) = {0 € @) [ lkia (E1)9. ) < oo}.
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Accordingly, the spectral representation of T;, is [ Ad(e~“"¥ E(1)e'"), and so

OT,) = {d) c L'(R)| f kld(e " EQ)e P, ) < oo}
= [ € L’®)|e"¢ € QD)) = e H'(R).

As an operator, T;. does not preserve the form domain of D. However, T,
arises from the sesquilinear form —i(d/dx)e'" ¢, e'" ¢) on e~**# H'/2(R), and since
Dom(|T;.|'?) = e~*# H'/2(R) by Proposition 6, the Kato conjecture is true in this
case. If c is not real, there is no corresponding sesquilinear form.
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