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Abstract. In this paper, we study multilinear multipliers on modulation spaces via Gabor
frames. Thanks for the oscillatory integrals and the well-known inequalities, we develop a
method to find several classes of multilinear multipliers and estimate the norms, some of

them generalize the previous work. Finally, the application is presented.

1. INTRODUCTION

In this section, modulation spaces and the multilinear operators defined on
them will be introduced briefly. Then Banach frames as a principal tool will
be redefined precisely in our own words.

1.1. Modulation Spaces. Define a sequence space
07 ={a €t [la]|f => (k)*Uap|? < oo}, (x) = 1+ |a|.
k

The modulation space M, , owns the following norm

LA =117 @ Z DOllee || jon = KT @0rZ ) Hlesa (o),

where {¢ (&) = (£ —k) € .7} (Schwartz class) is a suitable partition of unity
named the frequency uniform decomposition. Mg?q is simplified as M, ;. See
[16, 22, 31] for more details on modulation spaces.
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The modulation spaces can be regarded as (the Fourier transform of) the
special Wiener amalgam spaces[3, 11, 15]. Now we fix the definition of the
spaces.

Definition 1.1. Given ¥ € .¥ as in the modulation spaces, a function Banach
space X and a sequence Banach space Y, the space W(X,Y') consists of all
distributions u € ./ (u € X, more precisely) for which
lullwxyy = [[{Iveullx ]y < oo
Another type of spaces mentioned in the paper is
FX ={Ff|f € X} whose norm is || f||zx = ||-Z f||x,
where X is LP or any other known space. We have M; = FW(FLP,(5).

1.2. Multilinear Operators. The research of multilinear operators (or mul-
tipliers) keeps active due to the close relation with pseudo-differential equa-
tions (PDEs) initiated by Calderén about 50 years ago. It has not been too
long people started to study the operators on modulation spaces since the
spaces were introduced. In this paper, we study the multilinear operators
determined by the multipliers on the modulation spaces that is defined as
follows.

Definition 1.2. ([10]) Let
F(@)(&1, - em) = [[ £i(&)e¥™9 " € SR, S [R" x -+ x R")),
j=1

we define

T(fr,--+ s fm)(@) = p(F(z))
J

m
/mn,

H fAj(é‘j)GQﬂ—iZj gj.xu(gh U 7§m)d51 e d§m7

1

where p € ' (R" x --- x R™) is the multiplier called the symbol of T

In fact, we always assume that p the symbol of T is a locally integrable
function in the cases. If p has the tensor form, then it will be reduced to the
linear multiplier. We refer [18, 19, 20, 26, 29, 32| for further information.

T is an operator mapping a product space X X - - - X X, into another space
X. The space of the symbols whose corresponding operators satisfying

IT(fr s fa)lx S TT I
i
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denoted with M(Xy,---,X,,, X) while if m = 1, it is degenerated to the
multiplier space. Nevertheless, symbols and the corresponding operators are
seldom distinct since

MHT(M)M(XM aXm>X) (_>L(X1> 7Xm7Y)'

Though multilinear operators generalize the Fourier multipliers, it can be
treated as a special type of Fourier multipliers in the sense that

T(flv"' 7fm)(1‘) = g_l(ﬂﬁf)(w,{[:,--- ,l’),f = fl & ®fm7 (11)
where the variables take the values on a n—dimensional submanifold
S={(z,--+,x) |z e R"}

of R™™. It is straightforward to see that its Fourier transform is

FT(fr - fa)E) = /5 _ ieme, - ga a2
24557 j=1

where v is the singular measure derived by £ = > i &j. Notice that the Fourier
transform is different from the one in (1.1). Moreover,

(T(f1,+ fm) 9) = / g &) [T €093 €)de -+ A (13)
j=1 j

1.3. Banach Frames and Oscillatory Integrals. The frames are thought
as the remarkable tools for Hilbert spaces. On theory or practice, the frames
perfumed better than the bases regarded as a kind of special frames. In 1991,
Grochenig successfully generalized the concepts of frames to Banach spaces
[21] that makes the frames more prevailing and powerful. The definition is
rephrased as follows(also see [25]).

Definition 1.3. (Banach Frames) Assume / is a so-called BK (sequence) space
(see Definition 1.5) and z, € X, fi, € X* where X is a Banach space. If

(1) we have Dx = {fi(z)} : X — £ such that
{fk(@) e ~ =]l
(2) and S{ar} = > agxy : £ = X such that
SH{fe(z)}) =2, Ve X, (1.4)

then ({zx € X}, {fx € X*}) is called the Banach frame of X (with respect to
0).
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Remark 1.4. Note that it is unnecessary S{ar} = ), axzy, but [9] said it
is common in which ¢ is denoted as Xy. (1.4) means SD = I where D, S are
named decomposition operator and reconstruction operator respectively while
fr(z) are named frame coefficients of x.

Definition 1.5. A BK space is a kind of sequence Banach spaces that any
coordinator functional

fn{ax}) = an

is continuous.

The definition of frames is contained in the following commutative diagram

X1y (1.5)

o]

fX *>fy

that shows T' = SoGD; and the boundedness of G yields the boundedness of
T, precisely
IT| = [IS2G D1l ~ |G,

where G can be represented with an infinite Gram-type matrix

{95 (Tz)} ji

where ({zr € X}, {fr € X*}), {yr € Y}, {gx € Y*}) are the Banach frames
of X and Y respectively. In the algebraic view, £ : X — fx is a functor from
the category of Banach spaces with frames to BK.

The argument can be extended to multilinear setting. Considering any
multilinear operator T : X1 x --- x X,;, = Y, we shall verify

G = {g](T('Ilk?l’ T ’Imk'm))}jkl'“km (16)

is bounded on the corresponding BK spaces as a multilinear operator. The
boundedness of T' is reduced to the boundedness of G. Thus the remained
task is to estimate ||G|| under the matrix norm, namely

1
1Y Giretomal - al™ e, S HaDlley - [a™ ],
kla"' 7k57n

Notice that the elements in the frame matrix G' can be expressed as forms
of oscillatory integrals in common cases [1]. Thus the theory of oscillatory
integrals should be applied into the estimate of the elements while most pre-
vious work ignored it. Besides the stationary phase method [28], we need the

following fact. Integrating fab ei/\¢>(z)w(m) by parts where ¢ is smooth, we have
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o3 (38-38) 4.6

SATh

Lemma 1.6.

where 1 € C' unnecessarily vanishes at the ends. As the most interesting

case, if ¥(a) # 0,1 (b) = 0, then I(A) ~ A1 as A — oo.

The lemma can be extended to high dimensional cases analogically.

We get the boundedness of the operators or the matrices as soon as we
complete the estimate of the elements in G employing the famous inequalities.
In words, the idea of the paper can be summarized as the following chain,

Frames oscillatory integrals
frame matrices —— estimate of the elements

multilinear operators

It is an original idea. Frames have been employed to estimate multipliers
on modulation spaces [1] and multilinear operators even more general versions
are dealt with in many papers [2, 5, 6, 10], but it is the first time to apply both
frames and oscillatory integrals into multilinear operators. Furthermore, the
method provided in the paper can be extended to pseudo-differential operators
smoothly. In the paper we prove several theorems each of whom says if a
multilinear multiplier p is in some class, then p is a bounded multilinear
operators on the modulation spaces.

1.4. Notations and Organization. Through this paper, A(z) < B(z) means
that there exists a positive constant C' such that |A(z)| < C|B(x)| for all
in an abstract space where A, B are two functions with the same or oppo-
site sign at any point on the space, while A(z) ~ B(x) is used to denote
A(x) < B(x) S A@). Yiezn Uiezns Jex f(@)da,sup,cy) will be simply
written as Y., (U;, [ f(z),sup), if there is no ambiguity. Even the sequence
{zk}rer is simplified as {z}} where I is always countable.

Hybrid norms appear frequently in the paper. ||f(z,y)|/x, means we only
take the X norm of the function (or the sequence) f(-) : x — f(z,y) unless it
is very obvious to distinct the two variables. We would like to use the hybrid
norm (space) such as

1 @ v)llx.y, = @ lx |y,

The order of the norms is always adapt to the order of variables, namely
1 (. p)llxy = [[If @ v)llx. ||y,

if there is no index below the space symbols.
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The main target of the paper is to study the boundedness of multilinear op-
erators on modulation spaces through Gabor frames. This paper is organized
as follows. In section 2, we introduce Gabor frames briefly. In section 3, we
study the boundedness of the multilinear operators and estimate the Gabor
matrix by oscillatory integrals. In section 4, some interesting application is
presented.

2. GABOR FRAMES

In this section, we introduce a kind of frames, Gabor frames that have been
applied in modern analysis frequently. Gabor frames turned out to be the
appropriate tools for time-frequency such as representing an operator with
so-called Gabor matrix(see, [1, 12, 13]). In this paper, we will estimate the
Gabor matrix and the operator with the Gabor representation. The following
theorem constructs a kind of Gabor frames for modulation spaces that will be
used heavily(also see [17, 21, 27]).

Theorem 2.1. Let ¢ € My be such that {¢r = ¢(x — ak)e? P k| € 7"}
is a Gabor frame for L?, and let 1 < p,q <oo. Then there exists a (canonical)
dual o € My 1, ({¢(z — ak)e? B2 k1 € 7} {p(x — ak)e?™ B k1 € ZMY) is

a Banach frame for any modulation space M, , with respect to £, ., namely

F= (fd(x — ak)e?™ ) g(z — ak)e?mO (2.1)
kl

unconditionally converges and

1z, ~ (S oz — ak)e ) g~ [{(f, 6z — ak)e?™ )} . (2.2)

Remark 2.2. If p = 0o or ¢ = oo, then (2.1) is weakly convergent, but
strongly in the space denoted M ».q s the completion of . under the My -
norm. Fortunately, (2.2) always holds for the duality.

In the definition, the inner product with ¢ is regarded as a linear func-
tional. And it says that £(M, ) = £, , actually and gives a concrete method
to construct the frames for any modulation space. It is indeed easy to find
such ¢ € M the generator of a Gabor frame for L?. When af < 1, if the
Parseval formula holds for the frame, namely

D I b — ak)e?™PY) 2 = | f| 2, (2.3)
kl

equevilently

Z| z— D> =a", V&eR", (2.4)
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where suppp C [—i, i]", then we take v = ¢ and the frame is named the

Parseval frame. We shall take a = %, B=1,¢ €. for ease.

In linear case m = 1, we easily obtain the Gabor matrix

~

Guwr = (—-1)° i () p(n + 1 — Dp(n +1)em BRI ndy. (2.5)

In fact, (2.5) has appeared in [1] implicatively of which the whole argument
can be rebuilt on it with Lemma 1.6 while [12] studied the Fourier integral
operators with the matrix. In next section, we will show the multilinear version

of (2.5).

3. BOUNDEDNESS OF THE MULTILINEAR OPERATOR

We begin with the Gabor matrix in the multilinear case. Notice

Pi(€) = d(€ — Blye2miok-(E=80) (3.1)

where ¢ is the frame generator. (3.1) is substituted into (1.3) to show the
Gabor matrix of the multilinear multipliers with 2m + 2 indexes taking a =
1.8 = 1(also see (1.6)).

Grikily kol = C/mn IEGCE lj)m
J=1 j
qu(Er, - Em)em 2 BRI Siqe L dg,
- O’Amnﬂé(sj)é(25j+21j—z)
j=1 j j

(&1, Emtly)em 2R Sqe L dg,, (3.2)

where the coefficients C' = (—1)21 Rili=kl or = (—1)“21 L= will be ignored.
It is the multilinear version of (2.5). Notice Gyikyty - -kyt,, = 0 out of [ 1; —
l| <C.

Actually (3.2) is an oscillatory integral

I(k, W) = / (&) ®ER g, (3.3)

where £ = (&1, ,&n) and @, ¥ are real valued functions with the indexes
abstracted from (3.2).
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3.1. Smooth Case. In the case when p is smooth, the boundedness prob-
lem has been well studied, but it is the first time when we apply the the-
ory of oscillatory integrals into it with Grame frames. Here p € C°° means
107l oo < oo.
Theorem 3.1. If p € C®,1 < pj,q < 00, then
H € M(Mglz(h’ T ’M;mv%rﬂ Mqu)7

namely T in Definition 1.2 is bounded on these modulation spaces where % =

1 1_ 1
Proof. We follow the discussion above. If € C°°, it immediately follows from
(3.2) that for large N

Grtkaty oty | S (k1 — k)™ o (o — K) N,
then

_ _ 1 m
Gl & 5T ek e el
|Zjlj_l|<0k17"‘7k7n

_ 1 — m
= > > =k Ve e e = k)Nl
|5, L=< C Ky, e
= Z (k)™ « a_(’lli (k)TN & a_(ZZ,
|Z]- lj*l|<c

where a = oV @ - - ® a(™). Hence

IGawle < 3 1™ xa o 1) 5+ al7 | gom

|3, —l<C
< Y 1aPlen - 185 e,
| i=ll<C

where 1% =2 p%-' Taking the ¢*%-norm (s > 0) with respect to the variable [
and with the Young’s inequality we obtain

1Galles . S Nlales - [a™)]|gs

P,g ™ P1,91 pm,qm’

where m —1 —i—% =) y q%- It yields the boundedness of i on the corresponding
modulation spaces. O

Remark 3.2. The theorem means C*° < M(M;, ., -+, M, . M )and
it holds for ;4 € CV with large N.

In the proof, we have employed the following fact.
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Lemma 3.3.

I >0 e

|3, l-1<C

wheresz(),m—l—k%:qu%,lgq,qj,jzl,--- ,m. It holds if ¢; = q < 1.

o S oW lear 1™ s,

Thus
O = M(M;hq’ o ’M;m,q’Mziq)’q <L

A more general case is that [07u(€)| < (€)?. The oscillatory integral esti-
mate of the Gabor matrix now is that for large N

|Gttty k| S Y1) ey = )N e (R — R)
J
Following the proof above, it holds that

s+0 s+0 s
S M(MPL‘H’ T ’Mpm,qm’Mp,q)'

One of ordinary examples is D‘S(Hj fj) where 0 € Z or is a large positive
number.

3.2. Non-smooth Case. It is easy to see that (3.2) can be also rewritten as

Grlkyly bl = 09_1<H<2>(§j—lj)<lg(25j—l)
J J

',u(gl:"' 7£m))(k_k1a"' ak_km)
= 07 (TL00~ 1) wplh = Fa e = ), ()

where ¢ € % obtained by inserting a bump function.
With (3.4), we consider the case when p is unnecessarily smooth.

Theorem 3.4. If p € W(FLL, (7)1 < pj,q < oo, then
pe M(Mgly(h"” , My ’Mqu)’

Pm,qm
1 _ 1 1 1 _ 1

Proof. For (3.4), (Ga); is expressed as

PSS 91<H$(§j—lj)ﬂ(£1,---,§m)>

|Zj lj*l‘<ck1,"',km
*w(k—kl,-” ;k_km)aklll Akl (3.5)
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Checking the fact with Minkowski’s inequality and Hélder’s inequality,

IS Awesw Loy < 3 Fanl | TLe sl
ki, km j J

k;17‘..,k,,n
< |IFlla TTHaD e, (3.6)
J
where % =2 i Taking /P-norm with respect to k on (3.5), we have
[CONPIEND S Ea§ ) CEn [y ) (L
|5, l—1l<C j j

Applying Proposition 1.3.3 in [30] and Lemma 3.3, we get

G, < lilween( 3 T4 )

|3, L-l<C j

=

S lellwzre H Ha(j)Hé;j,qj,
J

where (m —1)(1 — 1) + % =2 qu' It completes the proof. O
Since
ML s W(FL 1) MMy, 45 s My My ), taking 7 = oo,

we get the multilinear multiplier version of the results in [2, 4, 6]. However, it
is not sure

W(Mp7 eoo) = M(M;LQI’ Y ’M;qurn’ Mqu)
as multipliers where MP = M(LP, LP) is the well-known Hoérmander space,

since (3.6) does not qualify to be the convolution.

Now consider a new class of multipliers as a multilinear version of the class in
(1, =D h, . Chivhm Xhaohy WheTre Xp, .5, are the characteristic functions
on the high dimension squares

[T00, 1" + k. ;€ Z.
J
Generally, u & W(F L', £>). Let us consider T'(xp,..1,, ) since T(u) is a linear
mapping. In (3.3), for [, 1; =1 <C

Qpyiny, = { H;n:1 &(&)é(Z] § + Zj l; —l)x, max;lh; —1;| <1,

0, otherwise,

where Y is a characteristic function on a rectangle. The discontinuous edges of
&}, ..n,, that must be parallel to the axes will appear when the rectangles do
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not contain the support of the bump function H;n:l qB(gJ)ng(Z] &G+,
We turn to estimate the corresponding oscillatory integral Iy, ..., . For this
purpose, it is better to assume that ¢ is radical and separated that means it
is the product of the even functions. The additional assumption reduces the
estimate to one dimensional case. With the following figures, we have a closer
look at what the integrated functions look like.

& 2%, &

(a) 2ol =1 (b) 30 —1=-1 () Xl —1=-2

Figure 1: The large squre, the domain between tow oblique lines, the grey
area and the dack area represent (the supports of) [, b(&)), <ZA>(EJ §+2 -
1), the characteristic function and their common domain respectively in each
subfigure.

In Figure 1(c), the integrated function is continuous while Figure 1(a) and
Figure 1(b) have discontinuous edges drawn by dashed lines where Lemma 1.6
should be applied to show the estimate. (Note that Figure 1(b) is continuous
at origin.)

Theorem 3.5. Suppose that the multiplier is the linear combination of the
characteristic functions, precisely

pn= Z Chy e Xhi-hom > SUD | Chy by | < 00,

hi--hm
1 1 ,
then i€ MM, g+ Mg, g M) where = 57,01 < py < oo, m—1+
1 _ 1
q ZJ' g% = 0.

Proof. Following the argument above, the analysis of oscillatory integrals gives
the estimate of (3.2) or (3.3),

~ 172y K(k = kj) + O(TT5L, Jj(k — kj)), in cases as Figure 1(a),
SIIGL Ji(k = kj), other discontinuous cases,
decays fast, with out discontinuous edges,
=0, otherwise(max; |hj — ;| > 1),
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where K (z) = [[; 2 the majorant at infinity and each J;(z) is the product of

I%,s and ﬁs, N > 2.

Now corresponding Gabor matrix (Gp, ..., @)k can be controlled by a prod-
uct of convolutions with kernels K; = K + J;, namely for max; |h; — ;| <1

(Ghyohm @l S Chl---hm< > HKj*a-,lj(k)>a
IS 1—l<C g

then

(Ga)kl S ’ Z Z Chy--hm H Kj * a.p;

|le*l|<cman|hjflj‘§1 J
S s lenennl > [IEG *a (k)
Ba-e-him IS U—l<C

Taking /P-norm on two sides with respect to k and with the Hilbert operator
[14, 28] that also implies a weak type inequality, we get

1(Ga)aller < sup leneonnl > TLIEG *a || o

haehm IS L—l|<C
Sosup lemennl D, [l e
fawhm IS —ll<C ]
Then take £%9-norm to complete the proof with Lemma 3.3. O

Of cause, it fails in the cases p = 1. Moreover, it holds when yx is the
characteristic function of any bounded square even p is piecewise smooth on
the squares.

4. COMMENT AND APPLICATION

We have obtained at least three kinds of multilinear multipliers bounded on
modulation spaces and it is different from the linear case in some manner.
Some of them generalize the previous work. More important contribution of
the paper is providing the general method to estimate the multilinear multi-
pliers that can be extended to pseudo-differential operators in parallel.

As is mentioned, the study of multilinear operators are motivated by the
research of PDEs with a long history. As an example, the operator D?([] i 15)
often acts as the nonlinearity in PDEs. If we deal with the equations on
modulation spaces, then we need estimate the term. Now one can estimate it
with the multiplier p(§) = [3_; &j|°. We refer to [7] for the application.
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Another example is the paraproduct defined by [8]
(f,9) ==Y (Si-1f)(Lg),

leZ
where /\; constitute the homogeneous Littlewood-Paley decomposition and
Si=2j<i—12j. The multiplier is discontinuous at origin while it is smooth
in the inhomogeneous case. Its symbol is the sum of the singular part denoted

T(u)(f,9) =Y (S f)(2ag), m(&m) =D dhi1(§)di(n)

<0 <0

discontinuous at origin and the regular part that is indeed in C*° class. Fol-
lowing (3.2), we present a rough estimate of the singular part applying Lemma
1.6 into the singular part and considering the boundedness and the support.

’G ‘ NK(k‘—kil), |l1|,‘l2‘,|l1+l2—l|<c,
kikilikala =0, otherwise,

where K is the Hilbert kernel. It follows that

e MM, o, M o, My1), 1<p<oo, §=>0.
In the similar way, we define a C'° class multilinear multiplier with the
uniform decomposition.

I(f,9) == Y (Sk—1.f)(Trg),

kezZn
where Ug = 971(¢k99)7 S = ngkfl ;.

As a well-known example, the bilinear Hilbert transform proposed by Caldeén
is defined as [23, 24]

H(f,g) = /f(w +y)g(z — y)d;

with the symbol Csgn(§ —n) where C'is a constant. Indeed it can be treated
as the class in Theorem 3.5.
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