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1. Introduction

When working with compact pseudo-differential operators it is often important to

know how fast their singular values (or eigenvalues) decay. These properties are con-

veniently stated in terms of the classical Schatten—von Neumann classes &,, p > 0, or

even more general ideals &, 4, p, ¢ > 0. We refer to [3,4,9,24] for information on compact

operator ideals.

The Schatten—von Neumann properties of pseudo-differential operators are often de-

termined by smoothness of their symbols. The first bound in the trace class G; was
obtained in [23], and later reproduced in [22, Proposition 27.3], and [18, Theorem I1-49],
see also [13]. Some useful &;-bounds were obtained in the much more recent paper [21].
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More general ideals including &,, were studied e.g. in [1,6,7,10,11,19], and there one can
find further references. The fundamental paper [3] contains &, ;-estimates for integral
operators in terms of smoothness of their kernels.

In spite of a relatively large number of available results, they are not always practi-
cally useful since in applications one often needs more detailed information. In this paper
we obtain some explicit bounds for Schatten—von Neumann norms of various pseudo-
differential operators aiming at applications in semi-classical analysis. Let p = p(x,y, &),
x,y,€ € R% d > 1, be a smooth amplitude. For any a > 0 introduce the standard
notation for the pseudo-differential operator with amplitude p:

Ons )t = (=) [ ot v uty)y ag (1)

for any Schwartz class function w. In the literature one uses more often the reciprocal
value o' which is interpreted as the Planck constant. It is natural for us to study a
somewhat more general variant of the operator (1.1). Let T = {¢;1} be a non-degenerate
(2 x 2)-matrix with real-valued entries. We concentrate on the operators

{ OPi(PT)a pT(Xaya €) = p(W,Z,&), (1 2)

with w = t11X + tlgy7 z — t21X + t22y.

This choice of the amplitude allows us to derive bounds for various standard quantiza-
tions of pseudo-differential operators. For a smooth symbol a = a(x,£&) and a number
t € [0,1] we define the t-quantization as the pseudo-differential operator

(OPas (@) (x) = (%)d [ a(o -t + v uivayae, 03

for any Schwartz class function w, see e.g. [18, Chapter 2, §4|, [6] or [27]. It is clear that
this operator can be written as

Op.(0) = Opi(pr). with p(wz.€) =atw.&). T= (21 1). ()

In this formula the choice of the second row in the matrix T is unimportant as long as T
remains non-degenerate. Note also that formally (Op, ,(a))* = Op, 1_.(@). The values
t =0 and ¢t = 1 give the standard “left”, or Kohn—Nirenberg, and “right” quantizations.
In these cases the operator (1.3) has the symbol a(x,&) (for ¢ = 0) or a(y,&) (for
t = 1). In the literature one sometimes uses for them the notation Opl, (a) and Op?,(a)
respectively. Another important example is the Weyl quantization:

Opy' (a) = Opg, 1 (a),
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which has the advantage that x and y enter the definition (1.3) symmetrically. If the
symbol a depends only on &€ then the operators (1.3) for different values of ¢ coincide
with each other and we write simply Op,(a).

If the functions p and a above are sufficiently smooth and decay sufficiently fast at
infinity then the operators (1.2) and (1.3) belong to &, with a suitable ¢ > 0. The aim of
the paper is to study this property for ¢ € (0, 1]. Our results are divided in three groups.
First in Section 2 we obtain general estimates in &, for a = 1, see Theorems 2.5 and 2.6.
The &4-bounds for the operators (1.2) seem to be quite useful from the practical point
of view. In particular they allow us to study the operators of the form h; Op, ,(a)hs,
t € [0, 1] with the weights h1, he whose supports are disjoint, and to control explicitly the
dependence on the distance between the supports, see Theorem 2.6(2). Our approach
stems from a simple idea suggested in the paper [21] where trace class properties of
pseudo-differential operators were studied. In fact, our results can be viewed as quanti-
tative variants of Proposition 3.2 and Theorem 3.5 from [21], extended to the ideals &,
g < 1. As the classes &, with ¢ < 1 are not normed, the obtained & -estimates for
the operators (1.2) and (1.3) involve the so-called lattice quasi-norms (see (2.3)) for
the amplitudes/symbols and their derivatives (for ¢ = 1 these quasi-norms are simply
L'-integral norms). The estimates in &, with ¢ > 1 are also of great interest, but they
are likely to be stated in different terms, cf. [1,6,27], and thus they are not discussed
here.

Sections 3 and 4 are devoted to applications. In Section 3 we use Theorems 2.5
and 2.6 to derive estimates for large values of the parameter «, which can be inter-
preted as the semi-classical regime. These results are stated in terms of the scaling
properties of the symbols which makes them flexible and convenient for applications.
Section 4 is concerned with semi-classical bounds for operators with discontinuous sym-
bols. We emphasize that the term “discontinuous symbol” is not understood literally:
we are interested in operators with smooth symbols a sandwiched between character-
istic functions x4(x) and x(£) of some Lipschitz domains A and (2. Precisely, we
derive & -semi-classical estimates for the Hankel-type operators x4 Op, ;(a)(I — x4)
and x4Pn.o(I — x4), Po,a = Op,(xn), with a smooth symbol a. This study is moti-
vated by the trace asymptotics for Wiener—Hopf and Hankel operators, both classical,
see e.g. [16,28], and multi-dimensional, see [26,25]. The Schatten—von Neumann prop-
erties of classical Wiener—Hopf operators were also studied e.g. in [17]. Certain types
of Toeplitz and Hankel operators were considered in [2,15]. In the literature one also
finds results on the Schatten—von Neumann properties of the operators Op, ,(a) with
genuinely discontinuous symbols a. An interesting special case of such a symbol is the
characteristic function of a domain in R? x R?. These issues are beyond the scope of the
present paper, and we refer to [10] and also to more recent paper [27] where one can find
further references.

A number of estimates similar to the ones in Sections 3 and 4 have been established
in [26] for the trace class &1. However some applications in Mathematical Physics, and
in particular in Quantum Information Theory, call for estimates in the classes of compact
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operators with a faster decay of the singular values, see [8,12]. This was the main incentive
for the current paper.

To conclude the Introduction we make some notational conventions. Throughout the
paper we denote by C or ¢ with or without indices various positive constants whose value
is unimportant. The notation B(u,r) is used for the open ball in R%, d > 1, of radius
r > 0 centred at the point u € R? The characteristic function of the ball B(u,r) is
denoted by Xu,r-

2. General estimates in S4-ideals with ¢ € (0, 1]: smooth symbols
2.1. Ideals G,

The notation &4, ¢ > 0, is standard for the set of all compact operators A on a Hilbert
space with singular values s (A), k =1,2,..., for which the functional

q

[Alle, = ( ZSk(z@“)
k=1

is finite. For ¢ > 1 this functional defines a natural norm on &,, whereas for ¢ < 1 it
defines a quasi-norm. Nevertheless one has the triangle inequality of the form

141 + Aols, < NAulls, + 1420lE,, 0<g<1, (2.1)
see [20] and [4, p. 262], and the following Holder-type inequality:

lAiAzlls, < lAills, Aolls,, a ' =a' +a' 0<aqra<oo,  (22)
see [4, p. 262].

A crucial technical point in the study of the operators (1.2) is to estimate suitable
S4-(quasi)-norms for the operators h Op,(a), h = h(x), a = a(§), which have been
studied quite extensively. We need the following estimate which is a slight generalization
of the bound found in [3, Theorem 11.1] (see also [5, Section 5.8]), and quoted in [24,
Theorem 4.5] for s € [1,2].

Let €4 C R™ be a cube centred at u € R with the edge of unit length. For a function
hell . (R™), re(0,00), denote

loc

Il = [z 1

s 1
</|h(x)}rdx> } 0 <8< oo,
nezd Ca

1 (2.3)
il = s ([IrGofax) " 5= ox.
ueR? J



5890 A.V. Sobolev / Journal of Functional Analysis 266 (2014) 5886-5911

These functionals are sometimes called lattice quasi-norms (norms for r,§ > 1). If
|h].s < oo we say that h € 19(L7)(R™).

Proposition 2.1. Suppose that f € 19(L?)(R") and g € 19(L?)(R™), with some q € (0,2].
Let K : L2(R™) — L%(R™) be the operator with the kernel

f(x)e™g(y), xeR", yeR™,
where S : R™ — R"™ is a linear map. Then

IKlls, < Cal fl2algl2.q;

with a constant Cy = Cy(S) depending only on the number sy in the bound max; |s;i| <
so for the entries s, j =1,2,...,n; k=1,2,...,m, of the matriz S.

We do not give the proof as it repeats that of [3, Theorem 11.1] almost word for word.
2.2. Estimates for the operators (1.2)

Now we need to specify the conditions on the matrix T = {t;x}, j,k = 1,2. The end
results require T to be non-degenerate, i.e. T € GL(2,R). For convenience we sometimes
assume that

t11 + t12 = 1, (24)
and denote
T = t91 + to9. (25)

Using the inverse of T, we can recover x and y from the vectors w and z defined in (1.2):

(det T)X = l9oW — tlgz, (det T)y = —1lo1wW+ tnz, (2 6)
so (detT)(x—y) =7w — 2. .
We assume that
Hl%X |t]‘]€| < to, \det T| > 50, (27)
J

with some fixed positive numbers ty, dg. In the estimates below the constants may be
dependent on tg and §y. We provide appropriate comments in every instance.
Assuming that p(-,-,€) € L}(R??), introduce the “double” Fourier transform:

p(n,p, &) = @//e%w'n_iz'“p(w,z{) dw dz.
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Lemma 2.2. Let T be an arbitrary (2 x 2)-matriz with real-valued entries. Suppose that
p(-,, &) € LYR?) for a.e. € € RY. Let hy, hy € 124(L2)(RY), and let p € 19(LY)(R3?) with
some q € (0,1]. Then the operator hy Op}(pr)hs belongs to &4 and

171 0P (pr)ha| s, < CalmalaglPal2015 110, (2.8)

with a constant Cy = Cy(to).

Proof. Represent the amplitude a via its Fourier transform

1 1% TW- LA
p(W,Z7€) = W//He Kas Np(nvl*l’vs) dndp‘a
and rewrite A = hy Op](pT)ha as follows:
A= BB,

where B; : L2(R?*?) — L2(R?), j = 1,2, are the operators with the kernels

1 . . 1
by (X; 0, 1, é) _ ( hy (X)ezx-(‘Ethu"lthzlﬂ)p(n’ u, E) 3 ,

2m)d
1
2m)d

[N

ba(xim. 1,€) = ¢ ha(x)e™ (E-tn=t2) |5y, €)%,

where 2'/2 = 2|z|~1/2 for any z # 0. By Proposition 2.1,
I1Bjlles, < Cqlto) 191" |o2q 1Rl 2.20, 5= 1.2.
Now (2.8) follows from (2.2). O

It is usually more convenient to write G -estimates in terms of the amplitudes them-

selves, and not their Fourier transforms. For m,n =0,1,..., let
1 n m l
Ppm(w,2,&p) = T4 jz—rwm > Y |VeVEVip(w,z, )], (2.9)
n1,m2=0 =0
Qnm(&p) = //Pn,m(w, z,&) dw dz. (2.10)

The parameter 7 is defined in (2.5).

Corollary 2.3. Let the matrix T and the functions hyi,he be as in Lemma 2.2, and let p
be such that Q. m(p) € 19(LY)(RY) with some q € (0,1], and

n=[dg "] +1. (2.11)
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Then
[h1 0Dt (pr)ha| < Colhalazqlhzlzzg|Quo(@)] e, (2.12)

with a constant Cyq = Cy(to).

Proof. Integrating by parts, we get

p(n, 1, )| <C()(1+ml) " (1 + |pl) Z //\V”lvm w,2,£)| dw dz.

nl,ng_O

For n = [dg~'] 4+ 1 the function on the right-hand side belongs to 19(L')(R3?), and its
quasi-norm (2.3) does not exceed C'|Qn,0(p)]1,4- Now (2.12) follows from Lemma 2.2. O

Lemma 2.4. Suppose that T € GL(2,R) satisfies (2.4). Let hq,ho be as in Lemma 2.2,
and let p be such that Q. m(p) € 19(LY)(RY) with some q € (0, 1], with n satisfying (2.11),
and some m =0,1,.... Then

|h1 0P} (pr)h2|| g < Calhl2zqlhzl2.20|Qnm ()] 1 (2.13)
with a constant Cq = Cy(to).
Proof. Let

PE) = (14 i(det T)2x - Ve) (1 + (det T)?x[2) "

Clearly, ‘P,((_) e’ X = ¢i€X 5o integrating by parts m times, we get the following formula
for the kernel of the operator Opj(pt):

7 [ S ey ) e
with
Py (xy,€) = (PS) " pr(x, . €),
so by (2.6)
P (w,z, &) = (1+|rw —z*) " (1 +i(det T)(rw — z) - V¢)"'p(w, 2, £).
Now it is straightforward to see that
Pro(w,2,&p"™) < Clto) Pam(W, 2, & p).

By Corollary 2.3 this implies the proclaimed result. O
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In the next theorem we replace the (2,2q)-quasi-norms of functions hq, ha by much
weaker ones.

Theorem 2.5. Suppose that T € GL(2,R) satisfies (2./). Let hy,hy € 1°°(L2)(R?), and

let p be such that P, ., € 17(LY)(R3?) with some q € (0,1], with n satisfying (2.11) and
somem =0,1,.... Then

||h1 OPT(PT)MHGQ < Cymlh I2,oo|h2|2,oo|Pn,m(p)|1,Q7 (2.14)

with a constant Cy = Cq m(to,do) depending on ty and dy.

Proof. Let us define a convenient partition of unity. The open balls B(j, 2\/3), jez,
form a covering of R%. Let {#;} be an associated partition of unity such that

|Viaps(x)| < Cr, k=0,1,..., (2.15)
uniformly in j € Z%. Let us consider the operator Op?(pfj_i’s)) with the amplitude
P (w, 2,€) = (W) e ()p(w, 2, €).
Since w € B(j,2Vd), z € B(s,2Vd), we have

4toVd
5o

x € B(L, R), y € B(n,R), with R=

o) —to1s n— —to1j + t118
detT detT

see (2.6). Consequently
h1 Op} (pgf;’s))’w = hix1,r Op} (p'(ii"S))hQXn,Ra
and hence by Lemma 2.4,
|h1 Op} (p%’s))hzﬂgq < Cylhixa,rl2.21h2xn, r 12,20 | @rom (P9 | 1,6-

The first two factors are estimated by C'|h1|2,00 and Clhz]2 o respectively, with some
constant C' = C(tg,dp). Thus by the triangle inequality (2.1)

1h1 OB} (P s, < D111 OBE () o[,
j,s

s

< quhl Ig,oo IhQIS,oo Z IQn,m (p(j’S)) I({ q°
J,s
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Remembering that the number of intersecting balls B (j72\/8) is uniformly bounded,
we can estimate the sum on the right-hand side by C’]Pnym(p) ‘f’q. This completes the
proof. O

2.3. Estimates for the operators (1.3)

Theorem 2.5 allows amplitudes independent of z, e.g. it allows one to consider
t-pseudo-differential operators (1.3). We isolate this observation in a separate theorem.
For a symbol a = a(x, &) denote

n

m(W.&a)=>|VEVa(w,€)

k=0

)

Fpom (W, &;a) Z 0w, &a), nom=01,.... (2.16)

The constants in the next theorem are independent of ¢ € [0, 1].
Theorem 2.6. Let hy, hy € I°(L2)(R?), let n be as in (2.11), and q € (0,1].
(1) Suppose that F, ,(a) € 19(LY)(R??). Then for any t € [0, 1] we have
|21 0py 4 (el < Colhalzcolhalzce | Fun(a)|1q- (2.17)

(2) Suppose that the distance between the supports of the functions hy,hs is at least
r> 1. If FY . (a) € 19(LY)(R??), m > n, then for any t € [0,1] we have
ifm o]
111 0Py (@ha|lg < Comrs™ ™ Mhiloco ol | Fm(@)1g (218)

Proof. Use Theorem 2.5 with p(w,z, &) = a(w, £) and the matrix

T = (1__1t i) (2.19)

so that 7 = 0, see (2.5). By definitions (2.9) and (2.16),

me(W,f; a).

P’I’LmW?Z? ; <
m(W,2,&;p) 1+ [z

To estimate | P (p)] 1,4 write for any k, s, j € Z%:

1
[ [ Ptz iwana < o [ [ Putwgajawae.
Gk 85 GJ- ek ej
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Consequently,

1

IPn,m(p)Itll,q < CIF"»m(a) qu Z m

seZ

< C/IFn7m(a)|‘f7q.

Here we have used the fact that mq > ng > d. Now Theorem 2.5 with m = n im-
plies (2.17).
Proof of (2.18). Let ¢ € C*°(R) be a function such that 0 < ¢ < 1 and
cwy={ o
0, |ul

1.

b

P
(2.20)
1
< 5.
Note that

hl Opl,t(a)h’Q = hl Op?(gT)h27 g(W,Z,g) = C(|Z|r71)a(w7§),

where the matrix T is defined as in (2.19). We use Theorem 2.5 again but in a slightly
different way than above — first we implement integration by parts similar to the one
done in the proof of Lemma 2.4. Let ‘J’;i) = (+iz-V¢)|z| 2. Clearly, i]’;Jr)e_ig'z = e 7
so, integrating by parts m times, we get the following formula for the kernel of the
operator Op{(gr):

1 it (x—y) (m
W/elg( y)g’(I‘ )(X7Y7€) d£7

with

9" (w.2.6) = (Py))"g(w.2.€).
It is straightforward to see that

. Fy (w,&5a)
Pn,O(WaZaé;g( )) < C:;:L_'_W

)

with a constant independent of r. Arguing as in the first part of the proof we get the
bound

1
rma  [s|ma

[Pro(a" )1, < CIES m(@)]d, D

sezd

< CNFy . (a)]f rt e

Theorem 2.5 with m > n leads to (2.18). O

As the next theorem shows, in the case d = 1, when hy and hy have disjoint supports,
one can sometimes allow symbols a depending only on £. Here and below we use x and
¢ for one-dimensional variables.
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Theorem 2.7. Let hy, hy € 1°°(L?)(R) be two functions such that

hi(x) =0, a.e. x>—g, ho(z) =0, a.e < g,

with some v > 1. Let q € (0,1] be some number, and let n = [¢'] + 1. Suppose that
a = a(§) satisfies the condition 9™a € 19(LY)(R), for some m > n. Then we have

th Opl (a)theq < Cqﬂn’l“%imlhl |27oo|h2|2,00|8ma|1,q. (221)

Proof. As in the proof of the previous theorem,

h1 Op; (a)ha = h1 OpY(9)ha, gz, y,€) = ¢(|lz —ylr~")a(§),

where (¢ is as defined in (2.20). Furthermore, integrating by parts m times we get the
following formula for the kernel:

1

g/eig(“‘y)g(m)(w,y,é) ¢, g"(z,y,&) ="

™ a(f)
(x —y)m

By definition of hq, ho we obtain

m 0™ a(€)]

Since m > n = [¢71]+1, the right-hand side belongs to 17(L1)(R?), and the quasi-norm is
bounded from above by |0™a|,4. Now the estimate (2.21) follows from Theorem 2.5. O

2.4. Trace-class estimates

For ¢ = 1 the lattice quasi-norms in Theorems 2.5 and 2.6 coincide with the standard
L'-norms. Due to the relative simplicity of these bounds it seems appropriate to write
them out separately. Moreover making the change aé = &’ we can immediately extend
them to all values oo > 1:

Theorem 2.8. Suppose that T € GL(2,R) satisfies (2./). Let hy, hy € 1°(L?)(R%), and
Pii1.m € LYR3), with some m = 0,1,.... Then for any a > 1 we have

|71 D, (pr) P2 o, < Crmahi 2,00 122,00
S & ([ VeV Vep(w,z,€)|

x Yy Z// T —r dwdz d¢, (2.22)

ny,m2=0 [=0

with a constant Cp, = Cpy (%o, 00).
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Theorem 2.9. Let hy, hy € 1°(L?)(R?), and a > 1.
(1) Suppose that Fyi1.4+1(a) € LY(R2?). Then for any t € [0,1] we have

(| b1 Opa,t(a)h2H61 < Calhi]a,00 | h2 ]2,

d+1

x> // |VE Via(w, &) dw dé. (2.23)

k,1=0

(2) Suppose that the distance between the supports of the functions hi, he is at least
r> 1 IfFg, ,.(a) € LY(R2?), m > d + 1, then for any t € [0,1] we have

d+1

|1 Oby s (@) g, < Con(ar) ™ [ha |20 L h2l 200 Y // Ve Vea(w, €)| dw dE.
k=0

The constants C' and Cy, do not depend on t € [0, 1].

For T =1 and t = 0,1 the above estimates were obtained in [26].
An estimate similar to (2.22) can be found in [21, Theorem 3.5]. The estimate (2.23)
for hy = he =1, t = 0 (with larger number of derivatives) has been known since [23].

3. Semi-classical estimates
3.1. Compactly supported amplitudes/symbols

Now we proceed to estimates for arbitrary ¢ € (0, 1] for the operators containing the
parameter a > 0. Due to the nature of the bounds derived in the previous section we
do not expect the semi-classical bounds to look as simple as in Theorems 2.8 and 2.9.
Thus we do not try to find integral bounds but instead we concentrate on the scaling
properties of the &4-estimates. For arbitrary numbers ¢ > 0 and p > 0 introduce the
following norms:

N(m2m) (0, p) = max sup (" TFp" |V VEVEp(w, 2, €)

w,2,§

; (3.1)

where the maximum is taken over all 0 < n < ny1, 0 < k < ng and 0 < r < m. We say
that p belongs to the class S(1:72) if the norm (3.1) is finite for some (and hence for
all) positive ¢, p. For a symbol a = a(w, &) (resp. function a = a(£)) we use the notation
N™) (g £, p) (resp. N (a; p)). Accordingly, we define classes (™™ and S("™). The
presence of the parameters ¢, p allows one to consider amplitudes and symbols with
different scaling properties.

Let Uy be the unitary operator on L?(R?) defined by

(Upu)(x) = 05 u(lx).
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Then a straightforward calculation gives for any ¢, p > 0 the following unitary equiva-
lence:

U Opt(pr)U; = 0p3 (5 ?),  poP(w.2,8) = p(tw, (2, pf), B =alp. (3.2)
The norms (3.1) are also invariant:
N(r1:n2,m) (p; £, p) = N(m1,m2,m) (p(flypl);ggl—l, ppl—l)7 (3.3)

for arbitrary positive ¢, {1, p, p1.

The operators Op), (pr) transform in a standard way under Euclidean isometries (i.e.
orthogonal transformations and shifts), their norms (3.1) remain invariant. We use these
facts regularly without introducing formal notation for these transformations.

All the &4-bounds below will be derived under the following conditions on the ampli-
tudes or symbols. For the operator Op: (pr) we assume that

the support of p = p(w, z,£) is contained in B(u,?) x R? x B(u, p), (3.4)

with some u, u € R? and some £ > 0, p > 0. For the t-operators Op,, ;(a) we assume
that

the support of a = a(w, §) is contained in B(u, ) x B(p, p). (3.5)

In what follows most of the bounds are obtained under the assumption that alp > ¢
with some fixed positive number £y. The constants featuring in all the estimates below
are independent of the symbols involved as well as of the parameters u, p, a, ¢, p but may
depend on the constant ;.

Theorem 3.1. Let T € GL(2,R) be a matrix satisfying (2.4), and let s,t € [0,1]. Let
q € (0,1] and alp > Ly. Let p € S(™™  with n defined in (2.11), be an amplitude
satisfying the condition (3.4), and let a € SU™™) be a symbol satisfying the condition (3.5).
Then Opg,(pr) € &4, Op, ,(a) € &, and

10pa (1) |6, < Colalp) TN (p: £, p), (3.6)
with a constant Cy = Cy(to, do) (see (2.7)), and
a n,n
10Pq (@), < Cqlatp)sNT" (ast, p), (3.7)

with a constant Cy independent of t. If, in addition a € Sntl) then

d_

|0Pa +(a) = Op, 4(a)]| s, < Cqlatp)s NV (as £, p), (3.8)

with a constant Cy independent of s,t.
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Proof. The estimate (3.7) is a special case of (3.6) with the matrix T defined in (1.4).
Without loss of generality we may assume that u = g = 0. Furthermore, using (3.3)
and (3.2) with 1 = (ap)™!, p1 = p, we see that it suffices to prove the sought inequalities
for « =1, p =1 and arbitrary ¢ > ¢y with a fixed ¢4 > 0.
Proof of (3.6). We use Theorem 2.5 with hy = ha = 1 and m = n. Assume without
loss of generality that N(™™™) (p;£,1) = 1. As £ > £y, we have

(w2, & p) < 0 X0tWx0.1(E)

1+ |rw —z|*’

and hence, for any k,s, j € Z¢ we have

/// (W, 2, &5 p) dw dz d€ < XO’Rf(j)Xo,z\/g(kx

1+ |rj—s|?
Ck Cs

where R = R({y) = £5'v/d + 1. As a consequence,

Q=

| P (@) ] 1.4 < (ZZ +|TJ—an> <Cls, C=Cb),

JISRre s

as n = [dg~1] +1 > dg!. This leads to (3.6).

Proof of (3.8). We use Theorem 2.5 with hy = hg = 1 and m = n + 1. Without loss
of generality assume temporarily that N(»"+1)(aq) = 1. Rewrite the difference on the
left-hand side of (3.8) in the form

Opg,(a) = Op, 5(a) = Opg(gs),
with g(w,z) = a(w, &) — a(z, &) and the matrix
1—-¢t ¢
5= (1 -5 s) '

Note that det S = s — ¢, and assume that |s —t| > 1/4. For all ny,ny <n, I <n+1 we
have

|V Va2 Vig(w, 2, €)] < €77 (x0,6(W) + x0.¢(2)) x0,1(£),
|Veg(w,z, &) < 7w — 2| (xo,e(W) + x0.¢(2)) x0,1(€).

Therefore

- 1 (X0,6(W) + x0,(z ))Xo,l(ﬁ).

Pn7n+1(w7Z7£;g) 1+|W*Z|n
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Arguing as in the first part of the proof we arrive at the estimate
a_
|Poir(9)]1q < CLTTY, 0 C = Cll),

which implies (3.8) by virtue of Theorem 2.5. As we have assumed that |det S| > 1/4,
the constant in (3.8) does not depend on s, t.

If |s—t| < 1/4, then we choose a number u € [0, 1] such that |s—u| > 1/4, |[t—u| > 1/4,
apply the estimate obtained in the first part of the proof to Op, ;(a) — Op, ,(a) and
Op,, +(a) — Op, ,(a), and use the triangle inequality (2.1). O

Theorem 3.2. Let g € (0,1], alp > £y and R > (. Let hy, hy € L(R?) be two functions
such that the distance between their supports is at least R. Let a € S™™) m > n, be a
symbol satisfying the condition (3.5). Then for any t € [0,1] we have

ifm n,m
|51 0pa y(@)h2||g < Comllhalli b2~ (aRp) s N (a3, p),
with a constant Cy ., independent of t.

Proof. Using (3.3) and (3.2) with ¢; = ¢, p; = (af) ™1, we see that it suffices to prove the
sought inequality for & = 1, £ = 1, and arbitrary p > £y and R > 1. Again, without loss
of generality assume that u = g = 0, ||A1]|L~ = ||ha|lL~ = 1, and N»™)(a;1, p) = 1.
Use Theorem 2.6(2) with r = R. It is straightforward to see that

Frcz,m(wﬂ é; a) < CXU,l(W)XO,P(E)pim;
see (2.16) for definition, so that

|£7

n,m

@)1, < Cpp' .
By (2.12),
11 Opyy(@)ha|, < CyBp)™™,
which leads to the sought estimate. O
3.2. Symbols with non-compact support

Here we illustrate the use of the obtained estimates and derive a semi-classical bound
for the t-pseudo-differential operators whose symbols are not necessarily compactly sup-
ported. Suppose that for some constant A > 0, and some number ¢ € (0, 1] the symbol a
satisfies the bound

max |V, Vea(w,&)| <AL+ [w|) " (1+1€)", me>dd ', (39)

0<k<n
0<i<n

where n is as in (2.11).
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Theorem 3.3. Let the symbol a satisfy (3.9), and let q € (0,1]. Then
d
HOPa,t(a)ng < CjAav,
with a constant Cy independent of t € [0, 1].
Proof. As in the proof of Theorem 2.5 cover R? with open balls B(j, 2v/d), j € Z%. Let

5 € C(RY), j € Z4, be an associated partition of unity satisfying (2.15). Consider the
symbols

0l (w, £) = 5(W)vs(€)a(w, §).
These symbols are compactly supported and
N (a1 1) SCAL+5]) (1 +s]) .
By (3.7),
10 (@99 [, < CATa(1+ 1) (1 +Is]) ™"
By the triangle inequality (2.1) we have

[Op (@, < CAta 3 (14 i) "1 +1s) 7 < €' ata,

j,sezd

as claimed. O
4. Estimates for operators with non-smooth symbols
4.1. Admissible domains

Here we obtain &4-estimates for operators with symbols having jump discontinuities.
The discontinuities are introduced via the projections x4 and/or Py, o = Op,(xs2) where
A and {2 are some suitable domains whose properties are specified in the next definition.

Definition 4.1. Let d > 2. We say that A C R? is a basic domain if there exists a
Lipschitz function @ = (%), x € R4~!, such that with a suitable choice of the Cartesian
coordinates x = (X,x4), X = (x1,2,...,24—1) the domain A is represented as

A={xeR%: 24> d(%)}. (4.1)

It is assumed that the function @ is uniformly Lipschitz, i.e. the constant
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P(x)—D(y
M = Mg = sup—| (2 A( )|
x,y, |X_y|
%2y

(4.2)

is finite. In this case we use the notation A = I'(®). A domain A is said to be admissible
if locally it can be represented by basic domains, i.e. for any z € R there is a radius
r > 0 such that B(z,r) N A= B(z,r) N Ay with some basic domain Ay = Ay(2).

Let d = 1. Then A is said to be a basic domain if A is either (0,00) or (—o0,0).
A domain A is said to be admissible if A = (0, L) with some L € (0, o).

This definition allows us to state the results for the cases d > 2 and d = 1 simultane-
ously.

Our objective is to obtain semi-classical &,-estimates for the Hankel-type operators
XA 0p, 1(a)(I —x4a); Po,o Opy i (a)(I — Pu.g) and xaPa (I —xa), with suitable admis-
sible domains A, {2 and suitable symbols a. We work either with ¢t = 0 or ¢t = 1. First we
establish the sought estimates for basic domains A and {2, and then extend the result to
the general bounded admissible ones using appropriate partitions of unity.

For d > 2 all the G -estimates obtained for the basic domains are uniform in the
Lipschitz constants Mg and My satisfying the condition

maX(qu, My) g ]\47 (43)

with some constant M. Needless to say, the choice of the coordinates for which A or {2
have the form (4.1) does not have to be the same for the domains A and (2.

As in the previous section we assume as a rule that the symbols are compactly sup-
ported and satisfy the condition (3.5). The constants in the obtained estimates will be
independent of the symbols, and of u, u and ¢, p but may depend on the constant ¢
in the bound afp > ¢y, and, for d > 2, on M. As mentioned in the Introduction some
estimates were obtained in [26] for the class &;. Note also that for d > 2 the results
of [26] require C!-smoothness of the domains A, 2 whereas in the current paper the
Lipschitz property suffices.

We obtain consecutively estimates of two types. First we study the operators

X4 0pa(a)(I = xa) and  PgoOp,(a)(I = Poa).

Since these operators contain only one characteristic function we refer to this case as
the case of discontinuity in one variable. Next we look at the operators of the form
X4 0p,, 1(a)Po.o(I — xa) which is naturally referred to as the case of discontinuity in
two variables.

It is useful to remark on the scaling properties of basic domains in d > 2. Apply-
ing (3.2) to the characteristic function y,, A = I'(®), we observe that under scal-
ing U, the domain A transforms into I'(®), where ¢(%) = (H(¢'%). It is obvious that
ng = Mg.
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Let A= I'(®) C R4 d > 2, be a basic domain. By definition (4.2),

[za = D(X) — (ya — 2(¥))| < (M)|x—y|, (M):=V1+M?

for all x,y € R?, so that

|x —y| > % Tq — @(f{)), forallxe A, y ¢ A (4.4)

ot
In the case d = 1, for a basic domain A the same type of bound is obvious:

lz—y| > z|, ze€d, y¢A (4.5)
4.2.  Discontinuity in one variable

Here we study the combinations involving an operator with a smooth symbol and one
of the operators x4 or Pg q.

Theorem 4.2. Let A and (2 be basic domains. Let q € (0,1], alp = €y, n be as in (2.11),
and let

m=[(d+1)g '] +1. (4.6)

Suppose that the symbol a € SU™™) satisfies (3.5). Then for t =0 or 1 we have

x4 Opg ()1 = xa)g, < Cylabp) T N (a; 0, p), (4.7)
[P0, OPa(a)(1 = Po)|ls, < Colato) @ N (a2, p). (4.8)

Proof. The bound (4.8) follows from (4.7) upon exchanging the roles of the variables x
and &. Thus it suffices to prove (4.7).

Proof of (4.7). Assume without loss of generality that N(™)(a;¢,p) = 1. We
prove (4.7) for the operator Opa’o(a) only, the case t = 1 is done in the same way.

Let d > 2. We use the same scaling argument as in the proof of Theorem 3.1, and
the fact that the Lipschitz constant of the domain A does not change under scaling,
see the remark at the end of Section 4.1. Thus it suffices to prove (4.7) for a = p =1
and arbitrary ¢ > £y with an {3 > 0. Moreover without loss of generality assume that
u=pu=0.

Choose the coordinates in such a way that A is represented as in (4.1). Denote

s={xeR% 25> P(%)+s}, seR.

By virtue of (4.4),

, Vxed, y¢A s>0.
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Cover the closure A with open balls of radius 2v/d centred at the lattice points j € Z.
Let R = 4(M)+/d and denote

Y={jez®: BG,2Vd)nA#2}, Zo={jeZ%jecAg}, Zi=X\%.

These definitions ensure that

dist{B(j,2vd),CA} > 2vd + #, for all j € Xo,

where CA = R?\ A. Let 95, j € X, be a smooth partition of unity subordinate to the
introduced covering, such that

|Vig;(x)| < Cr, k=0,1,...,
uniformly in j € X. Denote A; = AN B(j,2V/d), and
T; = x4; Op1 o(¥50) (I = Xxa)

Since N(™™)(g;1,1) < ON™™) (g, £,1) < C, by Theorem 3.2 we obtain

. _@? R d—mgq )
I, <c(m+“<ﬂ(jg') e

By the triangle inequality (2.1),

Yo <oy > (v <(§ R|>d_mq<0’€d‘17 (49)

jeso  !'Gq lil<Cria€

where we have used the fact that gm > d + 1, see (4.6). For j € Xy we use the bound

1T5lle, < HOpl,o(l/JjCQH <C,

which follows from (3.7). As #%; < C¢4=1 C = C(fy), with the help of the triangle
inequality we obtain

q

> T

jexn

<C Z 1 <ot

Sq j€x
Together with (4.9) this leads to
HXA Opl,o(a)(—r - XA)Héq < et

As explained earlier this bound implies (4.7).
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The proof in the case d = 1 is a simplified version of that for d > 2. In particular,
instead of (4.4) one uses (4.5). We omit the details. O

Remark 4.3. It is immediate to obtain from Theorem 4.2 estimates of the form (4.7) and
(4.8) for the commutators [Op, ;, x4] and [Op,, ,(a), Po.q]- Indeed, recall that [A, IT] =
(I — IIAII — ITA(I — II) for any bounded operator A and any projection IT, and that
(Op, ¢(a))* = Op, ;_4(a@). Thus for t = 0 or 1 it follows from (4.7) that

a=1\\(n,m
H[Opa,t(a)’XA]H(Sq < Cy(alp) N (a; ¢, p),
and the same estimate holds for the commutator with P 4.
The corollary below extends Theorem 4.2 to arbitrary bounded admissible domains.

Corollary 4.4. Let A and 2 be bounded admissible domains. Let q € (0,1], alp > €y, n, m
be as in (2.11) and (4.6) respectively. Suppose that the symbol a € S™™) satisfies (3.5).
Then fort =0 or 1 we have

=1\ (n,m
X4 OPg 1(@)(1 = xa)||g, < Colalp) T N (as £, p), (4.10)
=1 \\(m,n
| P2, Opg 1 (a)(1 — Pgﬂ)HGQ < Cyalp) T N™™ (a0, p). (4.11)
The constant Cy in the above estimates may depend on the domains A, §2.

Proof. In the proof there is no difference between the cases d = 1 and d > 2. As
in Theorem 4.2 the bound (4.11) follows from (4.10). Cover A with finitely open

balls B(zj,r), j = 1,2,...,J where r is chosen in such a way that for each j we
have B(zj,4r) N A = B(z;,4r) N Ag with some basic domain Ay = Ag(j). Let {¢;},
j=1,2,...,J, be a finite partition of unity subordinate to the above covering. Due to

the triangle inequality (2.1) it suffices to obtain the bound (4.20) for the operators of
the form

Ta = XA Opa,t(b)(l - XA)?

where b(w,€) = ¢(w)a(w, &), and ¢ is an element of the partition above supported in
the ball B(z,r). Here we have omitted the index j for brevity. If A had been a basic
domain then the required bound would have followed from (4.16). Let Ay be a basic
domain such that

B(z,4r) N A = B(z,4r) N Ap. (4.12)
By construction,

To = X0 OPg ¢ (b)(I — x4a)-
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Now we need to show that the estimate (4.10) is preserved if one replaces A with Ay in
the last bracket on the right-hand side. Let ¢ € C>°(R?) be as defined in (2.20), and let
h(x) = ¢((|Jx — z|(4r)~ 1)), h = 1 — h. Observe that the distance between the supports of
¢ and h is at least r. Thus by Theorem 3.2 we have

X0 O (0)(I = xa)[lg, < [OPa i (0)A][s, + [[xX20 OPa (DRI — xa) g,

< Con(@r)™™" 4[| x4, OPa (DAL = X055, -
Here we have used (4.12). The last term on the right-hand side is bounded by
[[x 10 OPq ¢ (b) (I — XAo)Hqu'

Since Ay is a basic domain we can use (4.7) to obtain (4.10) for the symbol b. As explained
earlier, this leads to (4.10) for the symbol a. O

4.3. Discontinuity in two variables

In this subsection we prove analogues of Theorem 4.2 and Corollary 4.4 with the
smooth symbol a replaced by the symbol a(x, &) x(€). Now we need a partition of unity
of a special type which is described in [14, Chapter 1].

Proposition 4.5. Let 7 = 7(&) > 0 be a Lipschitz function on R? such that

|7(&) = 7(m)| < >[€ —nl, (4.13)
for all &,m € RY with some » € [0,1). Then there exists a set € € R?, j € N such
that the balls B(§;,7(€;)) form a covering of R? with the finite intersection property,

i.e. each ball intersects no more than N = N(3) < oo other balls. Furthermore, there
exist non-negative functions v; € C°(R%), j € N, supported in B(&;,7(&;)) such that

Zd}](g) = 17
and
|V™;(€)| < Crat (€)™,

for all m uniformly in j.

Assume that A, 2 C R? are basic domains. For d > 2 we choose the coordinates in
such way that
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2 ={¢&=(&¢) eR™: €4 > W(€)},

with a Lipschitz function ¥. For our purposes the convenient choice of 7(£) for all £ € R?
is

() = oy (6~ V@) +a7?) (414)

2(M)
with the number M as in (4.3). Since |V7| < 1/16, the condition (4.13) is satisfied with

» =1/16.
In the case d = 1 we let

7(€) = 3%(\€|2+a‘2)%. (4.15)

Theorem 4.6. Let A and §2 be basic domains. Let q € (0,1], n be as in (2.11), and let m
be as in (4.6). Suppose that the symbol a € S™™) satisfies (3.5). Assume that alp > 2
Then for t =0 or 1 we have

X4 Ob1 (@) Poa(1 = xa) |, < Cy((alp) log(alp)) INC™ (a5, p).  (4.16)

Proof. Suppose that d > 2. Without loss of generality suppose that N»™)(a; ¢, p) = 1
and pu = 0. It suffices to prove the formula (4.16) for £ = p = 1 and arbitrary o > 2.
Denote

To = XA 0p, 4(a)Po,a(l — x4a)-

Let v;, j = 1,2,..., be a partition of unity associated with the function (4.14). Let
7; = 7(§;) be the radii defined in Proposition 4.5. Then

T = ZTéj)v T = x4 Opy 4 (at5) Po.a(1 = Xa)- (4.17)

Note that N™™ (at;;1,7;) < C and at; > (32(M))~! uniformly in j. We split the set
of indices j in the sum (4.17) into two disjoint parts:

Yo ={j€N: suppy; NN B(0,1) # &},
2= {J € N: xoy; =v;, suppy; NB(0,1) # Q}

First assume that j € Y. By (4.14) we have ca™! < T < Ca~! with some constants ¢, C.
Thus by (3.7),

1T ]ls, < 0Paslavy)s, < Clary)
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uniformly in j. Since the boundary 92 is Lipschitz, it is clear that #X, < Ca?"!, and
hence by triangle inequality (2.1),

q
<D NTONE < Catt (4.18)
Sy jeXo !

Z T(gj )

JE€Xo

Let us turn to the remaining indices, i.e. to 7 € 3. By definition of X we have T(ij ) =

X4 0p,, +(a;)(I — xa), j € X1, and hence by Theorem 4.2,
TV <Clar)s, jex
H o Heq <Clar) @, jelu.

Let us sum up all the contributions using the triangle inequality (2.1):

q

L S, <Gt S

q jEX Jil€;51<2

Z Téj)

JEX

< Gyat! / &)L de. (4.19)

£e02, €12

Here we have used the finite intersection property stated in Proposition 4.5 and the
bounds

(L+0)7'7(€) < 7(&§;) < (1 —3)7'7(€), €€ B(E;,7(§;))

The integral on the right-hand side of (4.19) does not exceed

déq d€ < t < C" log(a + 1).

4
L 1
cf ] o —
- i —
€1<2 €a>w (), Vo2 + (G- w(@) | Ve +az
[€al<2

Together with (4.18) this leads to
ITa]1&, < Ca?~tloga,
which implies (4.16).
For d = 1 the proof follows the same line argument and is somewhat simpler. We omit

the details. O

Just as before, using an appropriate partition of unity one can deduce the follow-

ing.
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Corollary 4.7. Let A and 2 be bounded admissible domains, and let q € (0,1]. Then for
any o = 2,

1
q

HXAPQ,Q(l — XA)HGQ < C'q(ozd_1 log a) . (4.20)
The constant Cy may depend on the domains A, (2.

Proof. The proof is similar to that of Corollary 4.4. Cover A with finitely open balls
B(zj,r), j =1,2,...,J where r is chosen in such a way that for each j, B(z;,4r)NA =
B(z;,4r) N A with some basic domain Ag = Ag(j). Let {B(py,,7)}, k=1,2,..., K be a
covering of {2 with the same properties. Let {¢x} and {¢;} be finite partitions of unity
subordinate to the above coverings. Due to the triangle inequality (2.1) it suffices to
obtain the bound (4.20) for the operators of the form

TOL = XA Opa,O(b)PQJX(l - XA)7

where b(x,€) = ¢(x)¥(€), and ¢, 1 are elements of the partitions above supported in
the balls B(z,r) and B(u,r). We omit the indices j, k for brevity. If A and (2 had been
basic domains then the required bound would have followed from (4.16). Let Ay and {2y
be basic domains such that

B(z,4r) N A = B(z,4r) N Ao, B(p,4r) N 2 = B(w,4r) N 2. (4.21)
By construction,

To = XA, Opa,O(b)Pﬂo,ﬂ(I - XA)'

Now we show that the estimate (4.20) is preserved if one replaces A with Ay in the last
bracket. By (4.8),

ITalls, < 1| [Pas,a: OPao(®)] s, + x40 Pas.a OPa o) = xa)[s,
< 0o+ Xty Pp.a Opa g (D) — xa) .. (4.22)
In order to estimate the last term on the right-hand side let ¢ € C>°(R?) be as defined
in (2.20), and let h(x) = ¢((|x —z|(4r)~1)), h = 1 —h. Observe that the distance between

the supports of ¢ and h is at least 7. Thus by Theorem 3.2, for any m > [dg~!] + 1 we
have

HXA(JPQ(MQ Opa,O(b)(I - XA)HZSQ g ||Opa,0(b)h||ng + ||XA0P-QU704 Op(y,O(b)}NL(I - X/l)Hng

< O (ar)®=ma 4 X 40 Pe20 . Opu,o(b)ﬁ(l - X/lo)Hqu'
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Here we have used (4.21). Reversing the argument for the last term on the right-hand
side we arrive at the bound

I7all&, < Ca™" 4 [[xa, OPa,0(b) Pag.all = xa0)|1&,

Both domains A, {2y are basic, and hence we can use (4.16) for the right-hand side. As
explained earlier, this leads to (4.20). O
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