THE FORM BOUNDEDNESS CRITERION
FOR THE RELATIVISTIC SCHRODINGER OPERATOR

V. G. MAZ'YA AND I. E. VERBITSKY™*

ABSTRACT. We establish necessary and sufficient conditions for the bound-
edness of the relativistic Schrédinger operator H = +—A + @ from the
Sobolev space VV21 / 2(}R") to its dual W{l/ 2(R"), for an arbitrary real- or
complex-valued potential @ on R™. In other words, we give a complete
solution to the problem of the domination of the potential energy by the
kinetic energy in the relativistic case characterized by the inequality

[ @) Q) ds| < constlull o, Vu€ R,

where the “indefinite weight” @ is a locally integrable function (or, more
generally, a distribution) on R™. Along with necessary and sufficient results,
we also present new broad classes of admissible potentials ) in the scale
of Morrey spaces of negative order, and discuss their relationship to well-
known L, and Fefferman-Phong conditions.

1. INTRODUCTION

In the present paper we establish necessary and sufficient conditions for the
relative form boundedness of the potential energy operator () with respect
to the relativistic kinetic energy operator Hy = v/ —A, which is fundamental
to relativistic quantum systems. Here () is an arbitrary real- or complex-
valued potential (possibly a distribution), and H, is a nonlocal operator which
replaces the standard Laplacian Hy = —A used in the nonrelativistic theory.

More precisely, we characterize all potentials @) € D'(R") such that

{Q u, u)|§a(x/ju, u) + b (u, u), Yu € D(R"),

for some a > 0, b € R, where D(R") = C§°(R").

In particular, if @) is real-valued, and the form bound a < 1, then this
inequality makes it possible to define, via the classical KLMN Theorem (see,
e.g., [RS], Theorem X.17), the relativistic Schrodinger operator H = v/—A+Q),
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where the sum v —A + @ is a uniquely defined self-adjoint operator associated
with the sum of the corresponding quadratic forms whose form domain Q(H)
coincides with the Sobolev space Wy/?(R™). (For complex-valued @, this sum
defines an m-sectorial operator provided a < 1/2; see [EE], Theorem 1V.4.2.)

Equivalently, we give a complete characterization of the class of admissible
potentials ) such that the relativistic Schrodinger operator H = v/—A + @Q is
bounded from W21/2(R") to the dual space W2_1/2(R").

A nice introduction to the theory of the relativistic Schrodinger operator is
given in [LL]. We observe that it is customary to develop the relativistic the-
ory in parallel to its nonrelativistic counterpart, without making a connection
between them. One of the advantages of our general approach where distribu-
tional potentials () are admissible is that it provides a direct link between the
two theories.

In Sec. 2, we develop an extension principle which establishes a connection
between the relativistic Schrodinger operator H = v—A + () and the non-
relativistic one, H = —A + @), where (@ is a distribution defined on a higher
dimensional Euclidean space. Note that the nonrelativistic form boundedness
problem was settled in full generality only recently by the authors in [MV2].
(The one-dimensional case of the Sturm-Liouville operator H = —% + @ on
the real axis and half-axis is treated in [MV3].)

It is worth noting that in the above discussion of the relative form bounded-
ness Ho = v/ —A can be replaced by Hy, = vV—A + m? —m, where m represents
the mass of the particle under consideration. This operator appears in the rel-
ativistic Schrodinger equation:

(1.1) Hath + Qv = E¢ in D'(R").

One of the central questions of the relativistic theory is the domination
of the potential energy [5, |u|*Q(z)dz by the kinetic energy associated with

||u||? .., which explains a special role of the Sobolev space W,/? in this context
w,/ 2

(see [LL], Sec. 7.11 and 11.3). We address this problem by characterizing the
weighted norm inequality with “indefinite weights”:

(1.2)

[ @ Q) ds

< const ||u||iv1/2, Vu € D(R™).
2

Here @ is a locally integrable real- or complex-valued function, or more gener-
ally, a distribution. In the latter case, the left-hand side of (1.2) is understood
as |(Qu, u)|, where (Q-, -) is the quadratic form associated with the corre-
sponding multiplication operator.
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An analogous inequality characterized in [MV2],

(1.3) lu(z)|> Q(z) dx| < const HuH?,Vzl, Vu € D(R"),

Rn

with the Sobolev norm of order 1 in place of 1/2, is used extensively in spec-
tral theory of the nonrelativistic Schrodinger operator H = —A + Q. (See
[AiS], [Fef], [M1], [M2], [MV2], [Nel], [RS], [Sch], [Sim].) In particular, (1.3) is
equivalent to the relative form boundedness of the potential energy operator
(@ with respect to the traditional kinetic energy operator Hy = —A.

We remark that, for nonnegative (or nonpositive) potentials ¢ (possibly
measures on R” which may be singular with respect to n-dimensional Lebesgue
measure), the inequalities (1.2) and (1.3) have been thoroughly studied, and
are well understood by now. (See [ChWW], [Fef], [KeS], [M1], [MV1], [Ver].)
On the other hand, for real-valued ) which may change sign, or complex-
valued (), only sufficient conditions, as well as examples of potentials with
strong cancellation properties have been known, mostly in the framework of
the nonrelativistic Schrodinger operator theory and Sobolev multipliers ([AiS],

[CoG], [MSh], [Sim]).

We now state our main results on the relativistic Schrodinger operator with
“indefinite” potentials ) in the form of the following two theorems. Simpler
sufficient and necessary conditions in the scales of Sobolev, Lorentz-Sobolev,
and Morrey spaces of negative order are obtained as corollaries. Their rela-
tionship to more conventional L, and Fefferman-Phong classes is discussed at
the end of the Introduction, and in Sec. 3 in more detail.

Note that rigorous definitions of the expressions like (Q-, ) or (=A+1)~"4Q
are given in the main body of the paper.

Theorem 1. Let Q) € D'(R™), n > 1. The following statements are equivalent:
(i) The relativistic Schrodinger operator H = v/ —A + Q is bounded from
W, ?(R") to Wy '/*(R™).
(ii) The inequality

(1.4) (Qu, w)] < constl[ul[l,,,  Vue DR,

holds, where the constant does not depend on wu.
(iil) ® = (—A + 1)"Y4Q € La 1c(R™), and the inequality

(1.5) lu(z)|? |®(z)]* dr < const HuHiVZW, Vu € D(R"),

RTL

holds, where the constant does not depend on u.
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Theorem II. Let Q € D'(R"), n > 1, and let H = vV/—A + Q. Then H :
Wy 2(R") — Wy Y2(R") ds bounded if and only if ® = (—A + 1)7V4Q €
Ly 15c(R™), and any one of the following equivalent conditions holds:

(i) For every compact set e C R",

(1.6) /|‘I>(l’)|2dl’ < const cap (e, W;/z),
where the constant does not depend on e. Here cap (-, W) is the capacity
associated with the Sobolev space W3'(R"™) defined by:

cap (e, W3') = 1nf{HuH%V2m : ue DR, u>1 on e}

(ii) The function Jyso |®J? is finite a.e., and

(1.7) Ji (Ji2 |2)? () < const Jy o [B2 () ae.

Here Jyjo = (—A +1)7Y* s the Bessel potential of order 1/2.
(iii) For every dyadic cube Py in R™ of sidelength ((Py) < 1,

(1.8) Z [M] |P| < const |®(x)|? da,

PCPy [Pl Fo

where the sum 1s taken over all dyadic cubes P contained in Py, and the con-
stant does not depend on F,.

We observe that statement (iii) of Theorem I reduces the problem of char-
acterizing general weights ) such that either (i) or equivalently (ii) holds, to
a similar problem for the nonnegative weight |®|?.

The proof of Theorem I makes use of the connection mentioned above be-
tween the boundedness problem for the relativistic operator

H=V=2A+Q: W R") - W, *(R"),
and its nonrelativistic counterpart,
H=—-A+Q: WH(R"™) — Wy (R"™).

The latter is acting on a pair of Sobolev spaces of integer order in the higher
dimensional Euclidean space, and the corresponding potential @ € D'(R™*1).
We also employ extensively a calculus of maximal and Fourier multiplier op-
erators on the space of functions f € Lg j,.(R™) such that

- |[f (@) [u(z)|* dx < const [[ullfyy,  Yu € DR"),
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developed in [MV1], [MV2], and based on the theory of Muckenhoupt weights
and use of equilibrium measures associated with arbitrary compact sets of
positive capacity.

Combining Theorem I with the characterizations of the inequality (1.4) for
nonnegative weights established earlier (see, e.g., [ChWW], [Fef], [KeS], [M1],
[M2], [MV1], [MV2], [Ver]) we obtain more explicit characterizations of admis-
sible weights @ stated in Theorem II.

We now recall the well-known isoperimetric inequalities (see, e.g., [MSh],
Sec. 2.1.2):

cap (e, Wg/z(R")) > cle|n=b/n, diam (e) <1, n>2,
cap (e, W3 *(R1)) > logcl, diam(e) <1, n=1,
le]

where |e| is Lebesgue measure of a compact set e C R". Note that the one-
dimensional case is special in this setting, since m = 1/2 is the critical Sobolev
exponent for Wi"(R"™) if n = 1. Thus, it requires certain modifications in
comparison to the general case n > 2.

These estimates together with statement (i) of Theorem II (note that it is
enough to verify (1.6) only for compact sets e such that diam (e) < 1), yield
sharp sufficient conditions for (1.4) to hold.

Corollary 1. Suppose Q € D'(R"), n > 1. Then H = vV—A+Q is a bounded
operator from W;/Q(R”) to WQ_l/Q(]R") if one of the following conditions holds:

(1.9) /|(I>(x)|2dx <cle/™ /" diam (e) < 1, n > 2,

or

(1.9) /\q)(:c)|2d:c§1 . diam(e)<1, n=1,
e Ogm

where the constant ¢ does not depend on e C R™.

Remark 1. We observe that (1.9) holds if ® € Ly, »(R") + Lo(R™), n >
2, where L, ., denotes the weak L, (Lorentz) space. Similarly, in the one-
dimensional case, (1.9') holds if ® € L;,(R!) + Lo (R"), € > 0.

Remark 2. The class of admissible potentials @ satisfying (1.9) is substan-
tially broader than the standard (in the relativistic case) class @ € L, (R") +
Lo(R™), n > 2. In particular, it contains highly oscillating functions with
significant growth of |@| at infinity, along with singular measures and distri-
butions. Similarly, in the one-dimensional case, the class of potentials defined
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by (1.9’) is much wider than the standard class Q € L (R') + Lo (R'), € > 0.
(See [LL], Sec. 11.3.)

These relations, along with sharper estimates in terms of Morrey spaces of
negative order which follow from Theorems I and II, are discussed in Sec. 3.
They extend significantly relativistic analogues of the Fefferman-Phong class
introduced in [Fef], as well as other known classes of admissible potentials.

2. THE FORM BOUNDEDNESS CRITERION

For positive integers m, the Sobolev space W3 (R™) is defined as the space
of weakly differentiable functions such that

1
2

(2.1) [ fwy = l/R(|f(:)s)|2+|me(x)|2) d| < oo.

More generally, for real m > 0, WJ*(R") is the space of all f € Ly(R")
which can be represented in the form f = (—A + 1)™™/2g, where g € Ly(R").
Here (—A +1)7™/2g = J,, x g is the convolution of ¢ with the Bessel kernel
Jm of order m, and ||f||lw; = |[|g]|y (see [M2], [St1]). This definition is
consistent with the previous one for integer m, and defines an equivalent norm
on W3*(R™). Note that another equivalent norm on W3*(R") is given by

A lwge = 1A Mo + WD F I, € WEH(RY),
where |D| = (—A)Y2.
The dual space Wy ™(R™) = WJ"(R")* can be identified with the space of
distributions f of the form f = (—A 4 1)™/2g, where g € Ly(R").
Let v € D'(R"™) be a (complex-valued) distribution on R". We will use the

same notation for the corresponding multiplication operator v : D(R") —
D'(R™) defined by:

{(yu,v) = (v,uv)  u,v € DR").
For m, | € R, we denote by Mult (W3 — W3) the class of bounded multi-

plication operators (multipliers) from WJ" to W} generated by v € D'(R"™) so
that the corresponding sesquilinear form (v -, -) is bounded:

(2.2) [(yu, )| = (v, wo)| < Cllullwg o]l Va0 € DRY),

where C' does not depend on u,v. The multiplier norm denoted by |||y
is equal to the least bound C' in the preceding inequality.

It is easy to see that, in the case | = —m, (2.2) is equivalent to the quadratic
form inequality:

(2.2) [y, )| =1, [ul))] < C'ulliyp,  Yu € DRY).
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To verify this, suppose that ||ul[wy < 1, ||[v[lwy < 1, where u, v € D(R").
Applying (2.2") together with the polarization identity:
1
v =7 (Ju+vf = Ju—v]* —ilu—iv] +ilu+iv]*),
and the parallelogram identity, we get:

C/
[, @v)| < = (14 Vil + = il + 4 vl + e — vy )
< 2C".
Hence, (2.2) holds for [ = —m with C' = 2C". Moreover, the least bound C” in
(2.2') satisfies the inequality:

' < ||7||W277L—>W;m <20
Let |D| = (—A)Y2. We define the relativistic Schrodinger operator as
H=|D|+Q: DR") - D'(R"),
(see [LL]), where @ : D(R") —& D'(R"™) is a multiplication operator defined

by @ € D'(R"). It is well-known that actually |D| is a bounded operator from
Wg/z(R”) to W2_1/2(R"). Thus, H can be extended to a bounded operator:

H: WP (R — Wy PR,
if and only if Q € Mult (W, *(R") — W, /*(R")), or, equivalently, if the
quadratic form inequality (2.2") holds for v = @ and m = 1/2.
From the preceding discussion it follows that H : W,/*(R") — W, /*(R")
is bounded if and only if
(2.3) (Qu, w)| < a(|Du, u) +b(u, u),  VueDR"),

for some a, b > 0. By definition this means that @ is relatively form bounded
with respect to | D].

In particular, if Q) is real-valued, and 0 < a < 1 in the preceding inequality,
then by the so-called KLMN Theorem ([RS], Theorem X.17), H = |D| + @ is
defined as a unique self-adjoint operator such that

(Hu, v) = {|D|u, v) + (Qu,v), Vu € D(R™).

For complex-valued @ such that (2.3) holds with 0 < a < 1/2, it follows that
H = |D| + @, understood in a similar sense, is an m-sectorial operator ([EE],
Theorem 1V.4.2).

In the case where Q) € L; j,.(R"), (2.3) is equivalent to the inequality:

(2.4) u(2)* Q(x) dz

< comst ||u|[? 2, Vu € D(R"),
Rn W2
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and hence to the boundedness of the corresponding sesquilinear form:

/ u(z)v(r) Q(x)dx| < const ||u||W21/2(R")

where the constant is independent of u,v € D(R™).
Our characterization of potentials Q such that H : W, /2 (R™) — Wz_l/ (R
is based on a series of lemmas and propositions presented below, and the

results of [MV2] for the nonrelativistic Schrodinger operator.
By Lo unif(R™), we denote the class of f € Ly o.(R") such that

(25) ||f||L2,um‘f = S;lﬂgl ||XB1(:L‘) f||L2(R”) < 00,

|,U||W21/2(Rn)7

where B,.(z) denotes a Euclidean ball of radius r centered at x.

Lemma 2.1. Let 0 <1 < 1, and m > I. Then v € Mult (W3 — WL if and
only if v € Wi — Ly, and |D|'y € Mult (WJ* — Ly). Moreover,

(2.6) Mg awg ~ NP g + Il -

Proof. We first prove the lower estimate for [|v|[ypm_y;:

(2.7) D1 g py + Ity < € Illwgnang -

Here and below ¢ denotes a constant which depends only on [, m, and n.
Let u € C§°(R™). Using the integral representation (which follows by in-
specting the Fourier transforms of both sides),

(2.8) |D|u(zx) = ¢(n, 1) / Mdy,

o o=yl

we obtain:
IDI" (yu)(z) = y(2) | DI u(z) — u(z) |D|' (x)
o [ W)~ u) (@) — 1)
= —c(n,l) /n o — gl dy.
Hence,
(2.9) ‘ |D|l (Yu) =~ ‘D‘lu —u |D|17‘ <cDypu-Dyyr,
where

Do) = ([ MO0 )

Next, we estimate:
llu- DYz, < [[IDI (v, + (|7 [DV'ul|, + clIDijz - Diypar|l i,
< [lvullwy + Wy, (11Dl pot + e[ Dy - Dy,
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< [Illwg—wy llellwy + [V lwp =, Nullwg + e[| Prygu - Dijayl|i,
< clVllwp—wt [lullwp + ¢ [ Dipw - Dipavl| 1,
In the last line we have used the known inequality ([MSh], Sec. 2.2.2):
Wz, < lllwpw

To estimate the term ||D;ou - Dyj27||L,, we apply the pointwise estimate
(Lemma 1 in [MSh], Sec. 3.1.1):

Dippu < JDya((—A + 1) u),

with s = m — /2, where J, = (—A + 1)7%/2 is the Bessel potential of order s.
Hence

1 Dyate - Dyoyll s < | metjoDija((—A + 1)™274w)) - Doy 1,
. m/2—1/4

< eIyl g, maysDyga((— A+ ™2 w) | e

<c ||'Dl/2’7||wszl/2_)L2 ||Dl/2(—A + I)M/2—l/4u||L2

< cl|Pya7|lyymei2 |ul [y

— Lo |
We next show that
||Dl/27||wzf"*l/2_,L2 < C||7||W2m—>w2l-
By the Lemma in [MSh], Sec. 3.2.5 in the case p = 2, we have:
IPyllwgr—L. + Ilw-i—p, < el lwp—wis

where m > [ > 0. Applying the preceding estimate with m — [/2 in place of
m and [/2 in place of [ respectively, we get:

1Dyl meve_p, + [ ¥llwptg, < €lllyove_yue

Now by interpolation,

1/2 1/2
M hretrz_gyrre < ity 11

Since ||’}/||W2mfl_>L2 < c||Y|lwp—wy, it follows that

llgp-seags < el s
Hence,
Py lyym-r2,p, < el < cllllwp—wy:
Combining these estimates, we obtain:
[u- 1D, < ellllwp—wy lullwy,
which is equivalent to the inequality
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This, together with the inequality ||’}/||W2mfl < c|[Vllwg—w: used above,

DLy >
completes the proof of (2.7).
We now prove the upper estimate

(2.10) gy < € (0PI gy + I b, ) -
By (2.9),
H|D|l(7u)HL2 < H7|D|luHL2 + H|D|17 : UHLQ + c|[Dijau - Dij27| L,
Using an elementary estimate ||u||W;H < c|[ullwg, we have:
Ivull, < Vllwm-tp, lullyre— < ellvllym-_ g, lullwg

From these inequalities, combined with the estimate

1 Dyyae - Doy, < el llyymerrz_ e ||l lwye
established above, it follows:

[Ivullwg < e (-, Hullwy + 1Dy, Hullwg)
e llygve_pye g

As above, by an interpolation argument,

1/2 1/2
etz < Illgn-i g, I

Thus,

1/2 1/2
g < € (PP g, + I gt + Il Il ) -

Clearly, the preceding estimate yields:

gy < € (0PI g, + I gty ) -

This completes the proof of Lemma 2.1. |
Lemma 2.2. Let 0 <! <1, and 2 >m > 1. Then v € Mult (W;" — W) if
and only if (—A + 1)y € Mult (Wa" — L), and

(2.11) Iy ~ =2+ 12w,

Proof. We denote by M the Hardy-Littlewood maximal operator:

1
M f(x) = sup
r>0 |Br(2)| Jp, ()

fy)ldy, = eR"
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Recall that a nonnegative weight w € Ly j,.(R™) is said to be in the Mucken-
houpt class A; (R") if

Muw(zx) < const w(z) a.e.

The least constant on the right-hand side of the preceding inequality is called
the A;-bound of w.

We will need the following statement established earlier in [MV1], Lemma
3.1 (see also [MSh], Sec. 2.6.5) for the homogeneous Sobolev spaces WI’,”(R”)
defined as the completion of D(R™) with respect to the norm

lullyige = 1(=2)""ullz,,  weDR").

Lemma 2.3. Let v € Mult (Wlf” — Ly,), where 1 <p < o0, and 0 <m < =

Suppose that T' is a bounded operator on the weighted space L,(w) for every
w € A1 (R™). Suppose additionally that, for all f € L,(w), the inequality

T fll Ly < ClFI L)

holds with a constant C which depends only on the Ay-bound of the weight w.
Then T~ € Mult (W)" — L), and

HTfy| |W7;”—>Lp S Cl||f>/| |W;”—>Lp7

where the constant Cy does not depend on 7.

We will also need a Fourier multiplier theorem of Mikhlin type for L, spaces
with weights. Let m € L.(R™). Then the Fourier multiplier operator with
symbol m is defined on Ly(R"™) by T;, = F'mF, where F and F~' are
respectively the direct and inverse Fourier transforms.

The following lemma follows from the results of Kurtz and Wheeden [KWh],
Theorem 1.

Lemma 2.4. Suppose 1 < p < oo and w € A(R™). Suppose that m €
C>(R™\ {0}) satisfies the Mikhlin multiplier condition:

(2.12) |Dm(z)| < Cy |z|~1o, x € R"\ {0},
for every multi-index o such that 0 < |a| < n. Then the inequality
T fllzpw) < Cllf iy, f € Lp(w) N La(R™),

holds with the constant that depends only on p, n, the A;-bound of w, and the
constant Cy, in (2.12).

Corollary 2.5. Suppose 1 < p < oo and w € A;(R"). Suppose 0 < | < 2.
Define

(2.13) my(z) = (14 |z))? — |z’
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Then
(2.14) T fllLpw) < CllfllLyw), — f € Lp(w) N La(R™),

where the constant C' depends only on l, p, n, and the A;-constant of w.

Remark. It is well known that in the unweighted case the operator T,, =
(1—A)72T,,, is bounded on L,(R") for all | > 0 and 1 < p < oo, including
the endpoints ([St1], Sec. 5.3.2, Lemma 2).

Proof of Corollary 2.5. Clearly,
0 <my(z) <C(1+]z))2 reR™

Furthermore, it is easy to see by induction that, for any multi-index «, || > 1,
we have the following estimates:

(D% ()] < Cogla =27 o] — oo,

and
| DY my(x)] < Cuy |x\l_|a‘, |z| — 0.

Since 0 < | < 2, from this it follows that m; satisfies (2.12), and hence by
Lemma 2.4 the inequality

T, o) < C L)
holds with a constant that depends only on [, p, and the A;-bound of w. [

We are now in a position to complete the proof of Lemma 2.2. Suppose that

v € Mult (W3 — W3), where 2 > m > [ and 0 < [ < 1. By Corollary 2.5,
the operator T,,, = (1 — A)"/2 — |D|' is bounded on Ly(w) for every w € A,
and its norm is bounded by a constant which depends only on [, n, and the
Aj-bound of w. Hence by Lemma 2.3 it follows that v € Mult (WJ* — L)

yields Ty, v = (1 — A)Y2 — |D[') v € Mult (W3" — L), and

HTme}/HW?qL2 S C||7||Wé’”—>L27

where ¢ depends only on [, m, and n.

We need to replace VV2m in the preceding inequality by W3". To this end, let
B = Bj(x0) denote a ball of radius 1 in R", and 2B = Bs(x(). Suppose that
m < % (the case m = § requires usual modifications). Then v € Mult (W3" —
Ly) if and only if supp |[x57[lyip_r, < +0o0, and (see [MSh], Sec. 1.1.4):

|7 llwgr— 1, is equivalent to supg [[x57||yp_r,-
Hence,

T gtz < U0 x5 T
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We set v = x2B7 + X(@2B)- 7, and estimate each term separately. By Lemma
2.3,

s T (X2 Mlhig ., < €8P [Ix25 VMg, < €17 Iw—ra:

To estimate the second term, notice that T,,, (x(25)-Y) € Loo(B), and hence

x5 T (XeBye V) g =, < €11 Tm (X2B)e V) (0)]|20o(B) < € lIVIwpie:
Indeed, for x € B,

Foo fBr(m) "V(y) ‘dy

pnti+l

[T, (X2B)e) ()| < € / M dy <c

oy>1 |7 — Y| 1

Since v € Mult (W3* — Ly), it follows that v € Ly 4if, and hence

/ ORIy, 21

Consequently,
/ POy er Pl < e lalbgs, 721
Br(x

Hence,
T, (Xemye ) (@) < cllVllwp—L,-
Thus, we have proved the inequality:

| ((1— A2 —|D| )’7||W2’"—>L2 <clvllwp—r,-

Clearly, [|v[lwg—z, < |[Vllwp—ws- Using these estimates and Lemma 2.1,
we obtain:

100 = 22wy < e (1P gy + 1w < el gy

Conversely, suppose that (1 — A)Y/2~ € Mult (W3 — Ls). It follows from
the above estimate of || (1 — A)Y? — |D|") v|lwp—1, that

H|D|17szm_>L2 <c (111 = A Alwp—ro + V] [wp—r,) -
Obviously, ||v||lwy—r, < ¢ ||”y||W2m—l_)L2. Applying again Lemma 2.1 together

with the preceding estimates, we have:
l
Wllwg—swg < e (NP1 gz, + 1 lge-ics,)
e (110 = 8 g + a1, -
It remains to obtain the estimate

g1z, < el = 2)2 ] lwg—r,,
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whose proof is similar to the argument used in [MSh], Sec. 2.6, and is outlined
below.
Since (1 — A)Y/2~ € Mult (Wi" — L), it follows that

/I(l — A2y Pdr < |1 = 8)2 ][y, cap (e, W5"),

for every compact set e C R"™. Hence, for every ball B,(a),
[ 1= 8P £ el - )2 R, 02
By (a)

and in particular
11 = A2 Y| gunis < (1= A2 Ay,

Notice that v = J; (1 — A)¥2, where the Bessel potential .J; = (1 — A)~!/2
can be represented as a convolution operator, J;f = Gyxf. Here (G, is a positive
radially decreasing function whose behavior at 0 and infinity respectively is
given by

Gi(z) < |z|"™ as 2 —0, if 0<l<n,
Gi(z) =< |o|tm D27l as 2| = +oo.

From this, it is easy to derive the pointwise estimate

)l < [ Gilo =011 - 8y ) d

1-A)Py(x+ 2
=¢ (/<1 |( ‘>z|n:}/l( )| dz + ||(1 - A)l/2f}/||Lz,um'f) .

Using Hedberg’s inequality together with the preceding pointwise estimate, as
in the proof of Lemma 2.6.2 in [MSh], we deduce:

! ( fBT(a) (1= A)2 4P dy) o

(@) < e(M (1= A)2xy(z))"m [ sup

0<r<1, acRm pn—2m

_L L
+el[(1 = A)2 | Lyunis < € (M (1= 8)2y(2)) " [|(1 = A) Py ][5,

+ell(1 = 8)2|lwy -,

where M is the Hardy-Littlewood maximal operator. Using the preceding
estimates, together with the boundedness of M on the space Mult (W3" — Lo)
(see [MSh], Sec. 2.6) we obtain:

|t < el = A2 g,
2 —
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By Lemma 2 in [MSh], Sec. 2.2.1, it follows:

< c||(1= A2 lwpr,.

_m
gty < e [

The proof of Lemma 2.2 is complete. |
Theorem 2.6. Let v € D'(R"). Then v € Mult (W,”*(R") — W, '*(R™)) if
and only if ® = (—=A + 1)~Y4y € Mult (W,”*(R") — Ly(R™)). Furthermore,

||f>/||1/V21/2_)V[/2*1/2 ~ Hq)HWzl/z_)LZ‘

Proof. To prove the “if” part, it suffices to verify that, for every u € C§°(R")
and ® = (—A + 1)~V4y € Mult (W,’? — L,), the inequality

2 2
[ ] < €@l Il

holds. Here the integral on the left-hand side is understood in the sense of
quadratic forms:

(2.15)

Jul>y = (yu, u),
Rn

where (-, -) is the quadratic form associated with the multiplier operator =,
as explained in detail in [MV2].
Since v = (—A + 1)1/4®, we have:

/|M%M=/X—A+nméwm2
gt/(«A+¢WﬁﬁDWﬂ¢-MF+L/«mm¢-mﬁ
n Rn

Note that (—A + 1)Y/4 — |D|¥/2 = Tin, > where Ty, is the Fourier multiplier
operator defined by (2.13). By Corollary 2.5, T, ,, is a bounded operator on
Lo(w) for any A;-weight w, and its norm depends only on the A;-bound of w.
Hence by Lemma 2.3 it follows that ((—A + 1)1/4 — |D|"/2) ® € Mult W,/ —
L), and

(A + )Y = [DI'2) @[ 2,

L SOy,

Using this estimate and the Cauchy-Schwarz inequality, we get

[ (av =Py e jup

< CH(=A+ )Y = D) ® - ull, ||ullz,
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2
< Cll®llypr_ g, lullf e
Hence, in order to prove (2.15) it suffices to establish the inequality:

[DIY2® - Jul?

Rn

(2.16)

< O8],

[

By duality,

DI @ - Jul®
R”

[ 2@ (D1 ) o)

where ® € Ly, and the integral on the right-hand side is well-defined (see
details in [MV2]).
Notice that, for u € C§°(R"),

|D|1/2 |u|2(x):c/ ‘U(SL’)| — |u(y>| dy.

|z — y|rti/2

n

Using the identity |a|?> — |b]*> = |a — b]*> — 2Re[b(b — a)] with b = u(z) and

a = u(y), and integrating against |x_yc|l72+1/2’ we get:

[ PP, [ ) )P
Y= Y

|z — y[r+1/2 |z — y[n+1/2

u(z) — u(y) ju(z) — u(y)P?
/Rn g2 +/Rn [ — |72 dy)
= 2clu()| | D" u(@)| + c| Dy jsulz)[>.

Using the preceding inequality, we estimate:

/ @ [D[V? |ul? da

Hence,

1D uP (@) < ¢ (2 u(a)]

<cl|®ull, [|[D[V?ul],, +c/ |®| Dy jyul® da
Rn

< cl|®lyyrn g, B+ [ 101Dyt ds

n

where f = (—1 4+ A)Y*u. The last integral is bounded by:
/ @ [J1/a D1ja J1ja fI? da
R?’L

<c | [®[M(DijaJijsf)|J1j2DrjaJiya fldz
Rn
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< c||M(D1ja Jrja F)l|22 11 J1j2 D1ja Jia fll Lo
< || DyjaJija flles |19y

< ll@llyyap, 112, = 1l ey, 0l

| J1/2 D1 ja J1ya f \W21/2

— Lo

In the preceding chain of inequalities we first applied Hedberg’s inequality
(see, e.g., [MSh], Sec. 1.1.3 and Sec. 3.1.2):

Jipg <c (Mg)'/? (J1)2 9)"?,

with g = | D14 J1/4 f|, and then the Hardy-Littlewood maximal inequality for
the operator M. This completes the proof of (2.15).
To prove the “only if” part of the Theorem, we will show that

||(I)||W21/2(Rn)—>L2(R”) S & ||7||W21/2(Rn)_)w2—1/2(Rn).

The proof of this estimate is based on the extension of the distribution v €
Mult (W,”*(R") — W, /*(R")) to the higher dimensional Euclidean space,
and subsequent application of the characterization of the class of multipliers
Mult (W3 (R™1) — W, (R"1)) obtained by the authors in [MV2].

We denote by v ® d the distribution on R"*! defined by

<7 ® 9, U(Iv xn-i-l)) = <7> U(Iv O)>’

where x = (21, +,x,) € R", and § = §(z,41) is the delta-function supported
on x,.1 = 0. It is not difficult to see that

v ® 5||W21(Rn+1)—>W51(Rn+1) ~ ||7||W21/2(Rn)—>w271/2(11£”)’
This follows from the well-known fact that the space of traces on R™ of func-
tions in Wi (R"1) coincides with W,/?(R"), with the equivalence of norms
(see, e.g., [MSh], Sec. 5.1). Indeed, for any U,V € C(R™™) let u(z) =
U(z,0) and v(z) = V(x,0). Then by the trace estimate mentioned above

||u||W21/2(Rn) <c ||U||W21(Rn+1), and hence

|<7 ® 0, UV>| = |<7> E'U>| < ||7||W21/2(R7L)_>W2*1/2(Rn)||u||W21/2(Rn) |,U||W21/2(Rn)

< 122y s 172 U oy [V o
This gives the estimate:
2
||7 ® 5||W21(R"+1)—>W271(R"+1) <c ||7||W21/2(R”)—>W271/2(R")'

The converse inequality (which is not used below) follows similarly by extend-
ing u,v € CP(R") to U,V € W)} (R™) with the corresponding estimates of
Norms.

For the rest of the proof, it will be convenient to introduce the notation
Jit = (—=A,41 +1)7%2, 5 > 0, for the Bessel potential of order s on R"*!;
here A, denotes the Laplacian on R"*1.
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Now by Theorem 4.2, [MV2] we obtain that v ® ¢ € Mult (W} (R"™) —
Wy {(R™1)) if and only if J"™ (v ® §) € Muls (W3 (R™1) — Ly(R™)), and

n+1
1779 (7 @ 6)llwz ety Loy < €117 @ 6Ly enesy st o)

<a ||7||W1/2(Rn)_>W2*1/2(Rn)~
(n+1) 1/44€/2 (n+1)
Next, pick 0 < e < 1/2 and observe that J'"™) = (=14 A, 1) Jeias-
Using Lemma 2.2 with [ = 1/2+¢€, m = 1, and JEZ;F;Q(V ® 9) in place of v, we
deduce:

n+1 n+1)

IBA i (V& 5)||W21(Rn+1)—>L2(Rn+1) ~ ||Je(+3/2(7 ® 5)||W21(Rn+1)_>wz}/2+e(Rn+1)-
As was proved above, the left-hand side of the preceding relation is bounded
by a constant multiple of [|7|[,,1/>

2

Thus,

(B) =Wy /2 @)
(n+1)
| |JE+3/2 ( ® 5) | |W21(R"+1)—>W21/2+5(R"+1) S C | |'Y| |W21/2(R7L)_>W2*1/2(Rn).

Passing to the trace on R" = {x,41 = 0} in the multiplier norm on the left-
hand side (see [MSh], Sec. 5.2), we obtain:

J(n—I—l

||Trace e+3/2 (7 ® 5)||W21/2(Rn)_>W2E(Rn) <c | |7| |W21/2(R7L)_>W2*1/2(Rn)'

We now observe that

n+1)
Trace J€(+;/2 (Y ®4) = const Je+1/2(7)

which follows immediately by inspecting the corresponding Fourier transforms.
In other words,

(217) || +1/2 ’}/||W1/2 R")HWE(R") < C||7||W1/2(R")—>W 1/2(Rn)

From this estimate and Lemma 2.2 with [ = ¢, m = 1/2, and with v replaced

(n)
byJJr

17275 it follows:
1787 /2y gy = 1A+ DI a2y gy em)
sc ||J+1/27|| 12(gny g (Re) <y 1/2(gn )y 2 (R
Thus, ® = J7) v € Mult (W,"*(R") — Ly(R")), and
||(I)||W21/2(]R”)—>L2(R”) <C HWHWJ/Z(R”)_,W;l/z(Rn)-

The proof of Theorem 2.6 is complete. 0
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3. SOME COROLLARIES OF THE FORM BOUNDEDNESS CRITERION

Theorem 2.6 proved in Sec. 2, combined with the known criteria for nonneg-
ative potentials, yields Theorem II stated in the Introduction. In particular,
it follows that, if Q@ € D'(R"), and ® = (—A + 1)71/4Q, then the multiplier
defined by @Q, and hence H = v—A+Q, is a bounded operator from VV21 /2 (R™)
to Wz_l/ ?(R™) if and only if

(3.1 18 o < e cap e, w3 ),

for every compact set e C R" such that diam (e) < 1.

Some simpler conditions which do not involve capacities are discussed in
this section.

The following necessary condition is immediate from (3.1) and the known
estimates of the capacity of the ball in R™ ([MSh], Sec. 2.1.2).

Corollary 3.1. Suppose Q € D'(R"), n > 1. Suppose H = vV—A + Q :
WQ/Q(R") — W2_1/2(R") is a bounded operator. Then, for every ball B,.(a) in
R™,

(3.2) / D) 2de < e, 0<r<l, n>2,
By (a)

and

(3.3) / |®(x)|? dr < 02, 0<r<l, n=1,
B.(a) log {

where the constant does not depend on a € R"™ and r.

We notice that the class of distributions @ such that ® = (—A + 1)~Y/4Q
satisfies (3.2) can be regarded as a Morrey space of order —1/2.

Combining Theorem II with the Fefferman-Phong condition ([Fef]) applied
to |®|?, we arrive at sufficient conditions in terms of Morrey spaces of negative
order. (Strictly speaking, the Fefferman-Phong condition [Fef] was originally
established for estimates in the homogeneous Sobolev space W3 of order m = 1.

However, it can be carried over to Sobolev spaces W3 for all 0 < m < n/2.
See, e.g., [KeS] or [MV1], p. 98.)

Corollary 3.2. Suppose Q € D'(R"), n > 2. Suppose ® = (—A + 1)7/4Q,
and s > 1. Then H is a bounded operator from Wy'*(R") to Wy /*(R") if

(3.4) / |®(z)[** dr < const ™™, 0<r <1,
B-(a)
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where the constant does not depend on a € R™ and r.

Remark. It is worth mentioning that condition (3.4) defines a class of poten-
tials which is strictly broader than the (relativistic) Fefferman-Phong class of
@ such that

(3.5) / |Q(x)|°dx < const ™% 0 <r <1, n > 2,
By (a)
for some s > 1.

This follows from the observation that if one replaces @ by |Q] in (3.4), then
obviously the resulting class defined by:

(3.6) / (J1/2|Q))** dz < const r" ™%, 0 <r <1, n>2,
Br(a)

becomes smaller, but still contains some singular measures, together with all
functions in the Fefferman-Phong class (3.5). (The latter was noticed earlier
in [MV1], Proposition 3.5.)

A smaller but more conventional class of admissible potentials appears when
one replaces cap (e, W,/*(R™)) on the right-hand side of (3.1) by its lower
estimate in terms of Lebesgue measure of e C R"”. This yields the following
result (stated as Corollary 1 in the Introduction).

Corollary 3.3. Suppose Q € D'(R"), n > 1. Suppose ® = (—A + 1)71/4Q.
Then H = v/—A+ Q is a bounded operator from Wzl/z(]R") to W2_1/2(R") if,
for every measurable set e C R",

(3.7) /\q)(:c)|2d:c < cle|™ P/ diam (e) < 1, n>2,
or
(3.8) /|(I>(:)3)|2d95 <- ¢ diam(e)<1, n=1,

e Ogm

where the constant ¢ does not depend on e.

We remark that (3.7), without the extra assumption diam (e) < 1, is equiv-
alent to ® € Ly, (R"™), where L, -(R") is the Lorentz (weak L,) space of
functions f such that

C
e eR": [f(@) >t} <o, t>0

In particular, (3.7) holds if ® € Ly, (R"), or equivalently, Q € W, /*(R").
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Furthermore, if ® € L, (R™), then obviously (3.7) holds as well, since
cap (e, W,*(R")) > C'le],

if diam (e) < 1. This leads to the sufficient condition ® € Ly, (R") 4+ Lo (R™),
n > 2.

It is worth noting that (3.7) defines a substantially broader class of ad-
missible potentials than the standard (in the relativistic case) class @ €
L,(R") + Lo (R™), n > 2 ([LL], Sec. 11.3). This is a consequence of the
imbedding;:

L.(R") c W,,'2RY), n>2

which follows from the classical Sobolev imbedding W,/*(R") C L, (R"), for
p=2n/(2n—1) and r = n/(n — 1), n > 2. Indeed, by duality, the latter is
equivalent to:

La(R") = Li(R")" € Wy2(R")" = W;,"*(R").
Similarly, in the one-dimensional case, the class of potentials defined by
(3.8) is wider than the standard class L (R') + Lo (R'), € > 0.

It is easy to see that actually Q € L,(R") + Loo(R") if n > 2, or Q €
L1y (RY) + Lo (RY) if n = 1, is sufficient for the inequality

[ luto)P 1@l do < const JulP s we CR),
R™ 2
which is a “naive” version of (1.2) where @ is replaced by |Q|.
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