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Continuity of pseudodifferential operators with nonsmooth
symbols on mixed-norm Lebesgue spaces

Ivan Ivec?

TFaculty of Metallurgy, University of Zagreb, Aleja narodnih heroja 3, Sisak, Croatia

Abstract. Mixed-norm Lebesgue spaces found their place in the study of some questions in the theory
of partial differential equations, as can be seen from recent interest in the continuity of certain classes of
pseudodifferential operators on these spaces. In this paper, we use some recent advances in the pseudodif-
ferential calculus for nonsmooth symbols to prove the boundedness of pseudodifferential operators with
such symbols on mixed-norm Lebesgue spaces.

1. Introduction

Continuity of pseudodifferential operators with symbols in the nonsmooth Hormander class S’:’é’N,N,
(the definition is recalled at the beginning of Section 3) on mixed-norm Lebesgue spaces is our main interest
in this paper. Regarding the continuity on classical Lebesgue spaces, there is a famous result by Coifman
and Meyer [7, Theorem 7], namely that for 0 <6 < p <1, 6 < 1 and m = 0 it is enough to have N,N" > ‘%
to obtain the continuity on L>(IR?). Moreover, in Hsrmander [10] it was shown that we have the following
necessary condition for continuity on LP(R?) spaces:
1 1

m < —d(1 p)|2 p|. (1)
From this condition, it is clear that for the zeroth-order operators (m = 0) and p # 2 we can obtain the
continuity result only in the case p = 1. An interesting result for nonsmooth symbols in the L7 setting
is obtained in [1, Theorem 2], where the norm of an operator is estimated in terms of the norm of its
symbol. That was useful for the construction of certain variants of H-distributions (introduced in [4]), both
in [1] and [12]. The condition (1) proved to be relevant also for continuity on Lebesgue spaces on compact
and graded Lie groups [6, 9]. We investigate this further for an arbitrary mixed-norm Lebesgue space
LP(RY), p € (1, 00)?. Mixed-norm spaces are suitable to describe properties of functions that have different
growth with respect to different variables. They are naturally connected with problems for estimating
solutions of partial differential equations modeling physical processes depending both on space and time.
For instance, they were used in the famous Strichartz estimates for solutions of the Schrédinger equation
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[8]. The definition and some properties of mixed-norm Lebesgue spaces are given in [5] and recalled in the
Appendix of [3]. They are also partially recalled under the notation below.

In [2, 3] the boundedness of pseudodifferential operators on mixed-norm Lebesgue spaces have already
been obtained, but these results cover only the case of infinitely smooth symbols together with m = 0. Also,
a detailed discussion on similar results from the literature was given there.

In the next section we recall some already known results that we need as ingredients in our proof:
sufficient conditions for boundedness of a linear operator A : L®(R%) — L}OC(]Rd) on mixed-norm Lebesgue
spaces, obtained in [3], and pseudodifferential calculus for the adjoint of the pseudodifferential operator
with a nonsmooth symbol, obtained in [11]. In the last section, we use these results, together with an
extension of [13, VL4, Proposition 1], to obtain the continuity of pseudodifferential operators with symbols

in S;" sn - On mixed-norm Lebesgue spaces.

Notation. We use the following notation and definition for the Fourier transform of the function u € L!(IR):
&) = Fu(é) = f e u(x)dx .
R4

When the area of integration is not specified, the whole space is assumed. We denote by S(R?) the
Schwartz space of smooth rapidly decreasing functions on R? and by &'(IR¥) its dual, the space of tempered
distributions. For N, N’ € Ny we use the following family of semi-norms on S(IR¥):

lplnn = sup suplx“&ﬁ(p(x)l,
la|<N,|BI<N’ xeR¢

and by Sy n (RY) we denote the Banach space of all functions ¢ € CV'(IR) for which |¢@|yn < 0. We denote
Lebesgue spaces by LP(R?), locally Lebesgue spaces by Lfa C(]Rd) and Lebesgue spaces with compact support

by LY(IR?). By C we always denote a constant, even if it changes during calculation, while C, is a constant
depending on parameter p. By |x] we denote the largest integer not greater than x, while | x]; is the largest
even integer not greater than x. We also use the standard notation m* = max{m, 0} and write m* as (m)*
when m is a larger expression, while | - |, is the standard p-norm on R?:

|x|p = pV |x1|}/J +--t |xd|}’7, |x|00 = max{|x1|/ ey |xd|} s

and we denote |x|; simply by |x].

Finally, we recall the definition and some basic properties of mixed-norm Lebesgue spaces. For any
p € (0,000, LP(R?) denotes (with identification of almost everywhere equal functions) the space of all
measurable complex functions f on R? for which we have

Iflle = (jl;”'(L(L|f(x1,n-/xd)|pl dx1)Pz/P1 dxz)pS/pz... dxd)l/pd < oo,

In other words, fori = 1,...,d we compute (in that order) the (quasi)norms || - ||z» in variable x;. This extends
analogously in the case when some p; = oo, with obvious changes.

Forp €1, co]? thus defined || - |lp is a norm on LP (R%), which becomes a Banach space. Furthermore, if
we define the conjugate exponent p’ = (p}, -+ ,p}) top = (p1,- -, pa) as the one satistying % + pl =1, for

i€{1,2,...,d}, which we shall conveniently write as 1/p + 1/p’ = 1, then LP'(R%) is the dual of LP(R?), for
p € [1,00)¢, and one has the Holder inequality:

Lemma 1.1. Forany p € [1,0]", f € LP(R?) and g € LP'(RY) one has

| fR F@g() x| < I flpllgly -

In the proof of Theorem 3.2 we also need the generalized Minkowski inequality:
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Lemma 1.2. Forany p € [1, 0] and a function f € L®1~D(R"*%) one has

|| fR fedy < fR Il dy.

An important fact in proving many results are the inclusions S(RY) € LP(R?) C S'(RY), where for
p €[1,00), they are dense and continuous [2].

2. The general framework

Our main tool is the following theorem, proved in [3, Theorem 1]. To state the theorem the following
notation is convenient: Take! € {0, ..., (d — 1)} and split x = (%, x") = (x1,...,X; X141, . . ., X4). Next define (with
a slight abuse of notation, for simplicity) for p = (p1,...,p1)

LPP(RY) = L®P~P(RY)  and  Ifllpp = lfllp,p,...p) -

Of course, for I = Owetake [|f(-, X')|lp = [f(x")and || fllp,, = IIfllr. We also define (foreach € {0, ..., (d-1)}, t >
0and y’ € R*):

loc

7= {feLl R :supp f SR x (' : |¥' - ¥/l < ) & f f(®@x)dx' =0 (ae ¥ € R)}.
, Ré-1
Theorem 2.1. Assume that A, A" : L°(R?) — Lzloc(le) are formally adjoint linear operators, i.e. such that

Vopecs®y [ apv= [ o7
R R
Furthermore, let us assume that (both for T = A and T = A*) there exist constants N > 1 and ¢, > 0 satisfying

(V1€ {0,...,d-1H(Vx, e RNVt >0) f ITFC,x)p dx” < cillfllpr 2)

" —x oo >Nt

for any function f € L¥(RY) N ﬁxf and any p € (1, o).
If for some q € (1, 00) operator A has a continuous extension to an operator from L1(IR?) to itself with norm c,,
then A can be extended by the continuity to an operator from LP(IRY) to itself for any p € (1, 00)?, with the norm

—1

d k
MAlloore < Y & [ [ maxta, (pay = 1779)(er + )

k=1 j=0

Q
iy

<c | | max(paj, (pa-j — 1)"VPai)(cq + cq)s
J

]
o

where c and ¢’ are constants depending only on N and d.

We also use [11, Theorem 5.5] to conclude that for a pseudodifferential operator with symbol ¢ € SZ’, NN
where 0 < p, m € [-d,0] and N, N’ € 2Ny are such that
B=0)d+(5B-6)1-9) ,
N > e , N >6d+12, 3)
its formally adjoint operator exists and has symbol ¢* € Sg s Where M, M’ € 2N satisfy
2 - 1- 2
N-ms TR D0y gy o A0+ (dh+20 s g, 42, (4)

1-6 7 1-6 ’
The claim is valid for all m < 0 because it can easily be checked that the condition m > —d used in [11,
Theorem 5.5] could be omitted.
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3. Boundedness of WDO
S is a nonsmooth variant of Hormander class 5216, melR,0<p<10<0 <1 It consists of all

p,O,N,N’
0 : RY x R? — C such that for all multi-indices || < N, || < N it holds

(Yx € R)(VE € RY) 19790 (x, )] < Cop()" P, 5)

where (£) = (1 + |£])z, Ca,p is a constant depending only on @ and  and where all partial derivatives are
understood to be continuous.
For such symbols we denote the corresponding pseudodifferential operator T, by

Top() = fR ol PO, p e SR, 6)

where d& = (2n)™d&. As T, doesn’t map S(R?) to S(RY) when symbols are not infinitely smooth, we cannot
extend this definition to the space of tempered distributions, but we can extend it to mixed-norm Lebesgue
spaces LP(RY), p e, oo)? using a formula (Tou, ) = (u, Ts-@), where (-, -) is the dual product, u € LP(RY),
@ € S(RY). The only requirement for this to work is T, € LP'(RY). This requirement also guarantees that
the continuous extension of T, on LP(RY), if it exists, should be given by the above duality formula. As T,
actually maps SRY) to Spyr m(IRY) [11, Theorem 2.2], a sufficient condition for the above requirement to be
fulfilled is M’ > d. This can be seen easily by writing

’
1+e / }LZ

1Tl = ( f )y f ) (0 Ty B Tepl) d) )

&\‘H

and by noticing that we can take € > 0 so small that % < 1foreveryie{l,2,...,d}. This condition will be

i

satisfied in our main result — Theorem 3.2.
In this paper we prove that the continuous extension of T, on LP(IR?) exists for p > 0,6 < p,

m<—(1-p)d+1+p), 7)

and for sufficiently smooth symbols. As the estimate (7) is more crude than (1) we expect that even better
results are possible.
From the estimate (5), it follows easily that for a fixed x € R? we have o(x, ) € S'(R%) and so there is a

k(x,-) € 8’(R?) such that kﬁc,\-) = 0(x,-). We call the tempered distribution k(x, ) a kernel of the operator T,
and using properties of the convolution and Fourier transform we can write (6) in the form

Top(x) =k(x, )+ . 8)
The kernel k(x, -) is a function away from the origin with the following estimates on its derivatives.

Lemma3.1. Leto € Sg,é,N,N” p > 0. Then the kernel k(x, z) satisfies

10205k(x, 2)| < Capr -l -0BIL 2 20, )

forallla| <N, |B| = 0 and

L>(1-p)

([d +m +p6|a| + |ﬁ|J . 1)+ 10)

d+m+0lal+|p|

such that N’ > d+m+6la| + ||+ L > 0and N" >
and L.

, and where C, g1 is a constant depending only on a, 8
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Proof. We take a fixed nonnegative i € C=(IR?) such that n(&) = 1 for [€] < 1 and 7(£) = 0 for |&] < 2. We also
define C(&) = n(&) — n(2&). Then we have the following decomposition (pointwise convergence in the sense
of tempered distributions):

TﬁziTO']’/

j=0

where 0o(x, &) = o(x, E)n(&) and 0j(x, &) = o(x, E)L(277&) for j = 1. Details of this so-called dyadic decom-
position are described in [13, 4.1-4.2]. We denote kernels of the operators T;, (j > 0) by k;(x, &) and these
are all smooth functions. Namely, as 0;(x, &) are functions with compact support they actually belong to
Seon(RY) and thus, by [11, Lemma 2.1], we have ki(x, &) € Sn o(R?) € CZ(IRY).

Obviously, o(x,&) = Y720 0j(x, &) pointwise and so, using (5) and Lebesgue dominated convergence
theorem, we easily obtain that k(x, -) = Z}:o ki(x,-), with the sum converging for each fixed x in the sense of
tempered distributions. This, continuity of derivatives on the space of distributions and the uniqueness of
the limit in the space of distributions ensures that it is enough to prove that

Y1050k, 2)] (11)
j=0

satisfies the estimate given by the right-hand side of (9).
So, we first find certain estimates on I8§8§kj(x, z)|. As 0j(x, &) have compact supports, we have

ki(x,z) = f oj(x, &)t de,
]Rd
and now for all multi-indices |a| < N, || = 0 and |y| < N’ it follows
(—iz) 2 kj(x, 2) = f d (&Y doi(x, &)= de, (12)
R

and, using the fact that o; is supported in || < 2/*! and for j # 0 also in |&] > 2/7!, we can estimate the
integrand above:

I ((efao(x, g))’ -

Y (yy,)ag’aaﬁazai:?”oj(x, a\

V'<y
<C, ) L)y (Vy_,,y )a;:ag"a(x,é)a’g"y"}’”(C(zfé))'
'Sy y'sy=y’

SCWZ Z |E|OBI=1 D . ¢ gym=ply”1+elal  p=jby=y'=y"!
Sy YISy

SCamZ Z 2JBI=1Y'D) . jm=ply”I+elal) . p=jly=y'~y"
V'syy'sy=y’

=Ca,ﬁ,yz Z 2 jlm+dlal+|l=plyl+(p=1)(Iy1=y")
VY YISy

< Ca,ﬁ,y . pj(m=+dlal+|Bl=plyl ,

where we have used p < 1 in the last estimate. From (12) we now obtain

1279%05kj(x, 2)| < Cayp,, - 2/0m+OlHBl=pI1 . 92

— Ca,ﬁ,y A 2j(ﬂl+m+6|a\+|ﬁ|—p|y| ,
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and by taking supremum over |y| = M (for instance, we can take y such that |z| = (maxj<i<q |zi|)) we finally
get (for |a| < N, |fl = 0and Ny > M < N’)

10208K;(x,2)| < Capan - |2 ™ - 2J@m+dlateifi-pht), (13)

In order to estimate (11) we first consider the case 0 < |z| < 1. We split (11) into two parts:

Si= ) 100k, and  Sy= Y 10%0%ki(x,2)l.

27z 2>z

Because of (13) (for M = 0) and j < log, |z|"! we have

Sy < Cup Z pfd+m+olal+Ipl < Cup-

2i<|z|t

|z|~A=m=del=Bl - if d + m + Slal + ] > 0
1+1In(zl™Y), if d+m+0dlal+ |8 <0.

Using an elementary inequality In(1 + x) < 1x4, valid for a € (0,1] and x > 0, we finally obtain

—d-m—blal-Ip|-L
S1 < Capy - |z~ 0lIAL

d+m+6|al+|p| |

for all L > 0 such thatd + m + 6la| + |B| + L > 0. To estimate S, we use (13) with M > ’

S, < Ca,ﬁ,M'|Z|_M‘ Z oj(d+m+dlal+gl-pM)
2/>|z]1
—M-d—m—0lal-|Bl+pM
< Capm - I2| m=olal=|l+p

< Ca,ﬁ,L . |Z|—d—m—b\a|—\[5\—L ,

for L > (1 — p)M, which is exactly the requirement (10) and the proof is complete in the case |z| < 1.

To estimate (11) in the case |z| > 1 we again use (13) with M > dhm+jal+1p)

M > d +m + dla| + || + L, which is possible under requirements of the lemma)

to get (if we also take

Y 1020Ki(6, )] < Capr 217 < Coppp - el -m-detiL
=0

O

+
IfN" > (‘“T’”) , the bound from the previous lemma provides us with the following integral representa-
tion

Tof() = fR k- ) dy, (14)

for any f € C®(RY) and x ¢ suppf. Obviously, we can also take f € L®(IR?) and the representation is then
valid for a.e. x ¢ suppf.

Moreover, because of the L? continuity result by Coifman and Meyer mentioned in the Introduction and
density of C° (R%) in L2(RY), we can easily show that, for operators of order zero and sufficiently large N’,
this representation remains valid for any f € L?(R?) and a.e. x ¢ suppf.

We are now in a position to prove the main theorem of this paper.

Theorem 3.2. Letg € S”, ,,[0,1) 36 < p € (0, 1] and m < —(1— p)(d + 1+ p). If

(G- 08)d+(5-08)(1-0)

N > A-0p ,

N’ >6d+12,

then T, is bounded on LP(R?), p € (1, co)?.
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Proof. Because of Theorem 2.1 and known L? continuity result, we only need to show that T, and T,- satisfy
the estimate (2). Moreover, because of (3)-(4) it is enough to show that T, satisfies the estimate (2) — the
result for T,- is then an easy consequence.

We now follow the proof of [3, Lemma 3]. For an arbitrary N > 1, using (14), two linear changes of
variables, and the Minkowski inequality, we get

f T £, Xl dx’

| —x6|m>Nt

_ f 1| f f KC,, = 3,3 =)@,y ) didy’

|x’—x6|w>Nt

- f [ f f (k(-,x’+x6,-—y,x’—y’)—k(-,x’+x6,-—y,x’))f(y,y’+x(’))dydy’”pdx’

|x’|co >Nt

- f [ f f (kG 2+, 7, %~ ) = (x4, 7, X)) (- —g,y'+x6)dydy'||pdx'

|x’|co >Nt

< fff”(k(-,x'%—%z 7, =y') = k(-, X' +x{, y,x’))f(. -7, y'+x6)”p diydy'dx’ = 1.

|x’|co >Nt

dx’
P

Furthermore, using (9) and the Mean value theorem, for |x’|, > Nt and [y| <t we have an estimate

k(x,x" +x0, 7, X —y') = kX, x" + x5, 7,X) = Vyk(x,x" +x(, 7, = 8y') - |
< Q7% = Sy )N Y |
< Cl(7, %' = Sy ),

for some constants 3 € (0,1), C > 0 and L satisfying assumptions of Lemma 3.1 (the optimal value of L will
be determined later). Now, using the assumption on the support of function f we continue the estimate

r<ct f f f (G = Sy )L F( = 9,y + X))l d7dy/dx’

[¥'lo>Nt |y’ leo<t

_ct f f f 5% = 9y + )l d dy

x| >Nt |y’ <t

= Ct f Gy +2llp f f (7, % = Sy) " dg dx'dy

[y’ o<t [’ |oo >Nt

To conclude the proof we need to check that

I=+¢ f f'(yr X - Syl)l_d_m_l_L d]? dx’

% |o>Nt
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is bounded on |y| < ¢, for arbitrary N > d. Indeed, we have

A<t f f (g + ¥ = 9yl "L dydx’

|x’|>Nt
<t f f(l?ll + Xl =y dgdy
|x’|>Nt
<t f f (7h + 'l — dey =1L dg dy’
|x’|>Nt
=t f f(|]?|1 + X —d)y Tl dgdy,
|x'|>N

where in the last step we used a linear change of variables. It is now obvious that this can be bounded
(uniformly for ¢ > 0) only in the case L = —m and in that case, the above integral is indeed finite.
Thus, according to Lemma 3.1 weneed N’ >d +1, N’ > d*%” and

—m>(1- p)([d—i_++1J +1).

The last requirement is obviously valid in the case m < —d — 1. Otherwise, it is sufficient to have

—-m> (1—p)(d+L+1 +1),

which is equivalent to m < —(1 — p)(d + 1 + p) — the assumption stated in the theorem.
Of course, the same estimate should be valid also for T,-. Because of (3)-(4) this means that we also need
M >d+1and M’ > ‘“%“, where M, M’ are defined there. In the end, we notice that it is enough to take

M = 0 and that the assumptions of this theorem are sufficient in that case. [J
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