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Abstract

We provide an L? theory for the local double Hilbert transform along an analytic
surface (s, f, (s, 1)) in the Heisenberg group H!, that is operator

dsﬂ

f— Hyf(x) ::p.v.f fx-(s,t,0(s,6)7h

Isl,lt1<1 st

where - denotes the group operation in H'. This operator combines several features:
itis a multi-parameter singular integral, its kernel is supported along a submanifold,
and convolution is with respect to a homogeneous group structure. We reprove H,, is
always L2(H') — L?(H') bounded (a result first obtained in [Str12]) to illustrate the
method and then refine it to characterize the largest class of polynomials P of degree
less than d such that the operator Hp is uniformly bounded when P ranges in the
class. Finally, we provide examples of surfaces that can be treated by our method but
not by the theory of [Str12].
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ck)
C*®(Q)
CX(Q)

ocd(9))
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LP(Q,dp)
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A~B
g=0v(f)
n

H*f

Mf

anb

avb

p.v. [
R(X1,..., X5l
U (FE)

I TN &s

The space of k-times differentiable functions supported on Q
The space of infinitely differentiable functions supported on Q

The space of infinitely differentiable, compactly supported functions
supported on Q

The space of real-analytic functions on Q

The space of measurable functions f such that [, f(x)[Pdx < co
The space of u-measurable functions f such that fQ | f () Pdu(x) < oo
The Schwartz space of smooth rapidly decreasing functions on Q2
The space of tempered distributions on (, dual of .7 (Q)

C*(Q2) endowed with the topology given by uniform convergence on
compacts

The space of compactly supported distributions on Q, dual of & (Q)

There exists a constant C,, depending on the parameters v such that
A=<C,B

It holds that AS Band BS A

The same as |g(x)| <, | f(x)]

The first Heisenberg group

The maximal Hilbert transform of f

The Hardy-Littlewood maximal function of f

The minimum between a and b

The maximum between a and b

Principal value integral

The vector space of polynomials in n variables with coefficients in R
The space of linear unitary operators on the Hilbert space /#

The Hilbert-Schimdt norm of operator T, given by v/tr(T*T)



Chapter 1

Motivation

Since Calderén and Zygmund opened the way to real analytic techniques in the
study of singular integral operators in their groundbreaking paper “On the existence
of certain singular integrals” [CZ52], this has been one of the most active areas of
research in harmonic analysis. A lot of effort has been poured in the extension of the
now classical Calder6n-Zygmund theory of singular integral operators, in multiple
directions. A comprehensive survey would be beyond the scope of this thesis!, but
we mention here a subset of such directions the research has taken over the years
that provides context for the work developed in here. Namely, the following areas (or
‘themes’) have been the object of much attention:

i) Singular integral operators with singular kernels supported along submanifolds;
also known as singular Radon transforms. The prototypical example of such
operators is the Hilbert transform along a parabola, that is the operator

o0 dt
f»—»p.v.f fx—ty- tz)T.

The operator naturally arises when one applies the method of rotations to sin-
gular integral operators associated to parabolic differential operators (that is,
singular integrals with kernels that are homogeneous with respect to parabolic di-
lations). It has been widely studied, and is known to be L” — L” bounded for any
1 < p < oo (see for example [SW78], and [DRAF86]), but it is not completely un-
derstood yet: indeed, it is an open problem to determine whether the operator is
bounded from L' to L"*°. The best results in this direction have been achieved in
[Chr88] by Christ, in which he proved H,,, — L* boundedness, and in [STW04]
by Seeger, Tao and Wright, in which they prove Lloglog L — L"* boundedness
(both papers rely on suitable modifications of the Calderén-Zygmund decompo-
sition).

More in general, one can replace the parabola with a generic curve y (embedded
in a generic R") and ask which are the minimal regularity properties required for
the operator to be L? — L2 bounded or to be LP — L? bounded in the full range
1 < p < co. It was realized that when the curve has non-trivial curvature? then
one has boundedness in the full range 1 < p < co (see the already mentioned

ISee [Ste98] for a survey of the historical development though.
There are various notions of curvature that could be used to quantify this statement; a quite
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[SW78]), and subsequently the case of flat curves was intensively studied. Cases
of non convolution kernels and higher dimensional submanifolds have received
much consideration too - see for example the very influential work of Christ,
Nagel, Stein and Wainger [CNSW99].

ii) Singularintegral operators in the setting of homogeneous groups. Ahomogeneous
group is a (connected, simply connected) nilpotent Lie Group N, identified with
some R” through the exponential map?®, which admits a group of automorphic
one parameter dilations. The prototypical singular integral operator then takes
the form

f- fN fx-y™Ha (y) duy),

where p is the Haar measure on N and % is a singular kernel which is ho-
mogeneous of critical degree with respect to the automorphic one parameter
dilations of N. Notice the convolution is now with respect to the group oper-
ation. These operators arise naturally in the study of harmonic functions on
symmetric spaces: if G is a connected semi-simple Lie group and G = KAN
is its Iwasawa decomposition (with K maximal compact subgroup, A abelian,
N nilpotent), then harmonic functions on the symmetric space G/K can be
expressed as Poisson-like integrals of their boundary values; the boundary in
turn can be identified with N, and the dilations of N with a subgroup of A, thus
leading to operators of the form above analogous to the Hilbert transform.

The simplest non-commutative example of a homogeneous group is the Heisen-
berg group H', that is the group given by endowing the space R® with the group
operation

(x,1,2)-(x',y,2)=x+x",y+y,z+72 +(xy - x'y)12);

the definition can be readily adapted to give the higher dimensional Heisenberg
groups H", which are identified with the spaces R?"*! = R” x R” x R and group
law

xv,2) X,¥,2)=x+x,y+y,z+7 + x-y -x'-y)/2),

where the - on the right hand side denotes the inner product of R”. The Heisen-
berg group is endowed with the group of (non-isotropic) automorphic dilations
given by

o0r(x,y,2) :=(Ax, Ly, A%2),

that is the parabolic dilations.

Extensive research has focused early on on extending the Calder6n-Zygmund
theory of singular integral operators to operators defined in such homogeneous
spaces, that is, with kernels homogeneous with respect to the non-isotropic
dilations of a nilpotent Lie group. See for example Kordnyi and Vagi [KV71].

iii) Multi-parameter singular integral operators. The most trivial example of such

general example would be that of well-curvedness - that is, when the collection of vectors (d/ d£)¥y(0)
for k € N spans the subspace of R” that contains the curve.

3Technically, one identifies the nilpotent Lie Group N with its Lie algebra n, which is then identified
with R as a vector field.
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operators is the double Hilbert transform, that is the operator given by

o ds d¢
pr.v.f fx=sy- t)TT’

which is obviously L” — LP bounded for all 1 < p < co because it factorizes in
the composition of two directional Hilbert transforms. More in general, for the
two parameter case, one can consider the space R™ x R" together with the two
parameter family of dilations § : R” x R"” — R x R" given by

Opu(x,y) = (Ax, uy),

and consider generic kernels K(x, y) that satisfy the two parameter homogeneity
condition
K(6au(x, 1)) =A""u""K(x,y).

These kernels do not necessarily factorize (for example, they can take the form
Q(x, Y) x|~ y|~" with Q(5A,u(x, ¥)) = Q(x, y)) and therefore the operators they
give rise to have to be treated differently. Here the issues arise from the fact that
the singularity of the kernel is no more a point as in the one parameter case,
but in general it is a submanifold of R”, where n is the ambient dimension (for
the double Hilbert transform it is indeed the union of two orthogonal lines).
The theory for such operators has been developed by R. Fefferman in [Fef81]
for the two parameter case, where it is proven that, under certain cancellation
and smoothness hypotheses on the kernel K that mimic those of the double
Hilbert transform kernel p.v.1/st, the operator of convolution with K is LP — L”
bounded for 1 < p < oo, and moreover it is LlogL — L'*° bounded. Further
major developments were given in [FS82], [Jou85]; too many works followed
to survey them here. We content ourselves with mentioning one particular
result that will be quite relevant for the following discussion, namely the work of
Ricci and Stein [RS92]. In there they develop the L” theory for singular integral
operators (and associated maximal functions) with k-parameter convolution
kernels in R”, with 1 < k < n, that are roughly homogeneous with respect to a
specified group of dilations. More precisely, they are of the form

Kx) =Y pP; (1.0.1)
Iezk

here {,um} ez 1s a family of distributions with support in [-1,1]" that satisfy
some uniform cancellation and smoothness conditions (both phrased in terms
of their Fourier transforms), and the subscript I denotes k-parameter dilation

fi(x):=det@ M) 2 Mx),

with A = (1;;);; an n x k matrix of non zero exponents and, for I = (iy,..., ix), x =
(x1)~--)xn)y

2—A[x .= (Z_Anil_'"_/llkikxl ., z—ﬂnlil—...—ﬂnkikxn).

ye
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Notice that the dilation exponents specified in the matrix A can be negative.
A unifying modern perspective on multi-parameter singular integrals is given by
Street in [Str14].

Each one far from being impermeable, the areas mentioned above have intersected
multiple times and each time produced new insights in the theory of singular integral
operators. We give some examples.

Consider the case i) + ii), that is singular integral operators in homogeneous
groups with kernels supported along submanifolds. One of the main results in
this area was obtained by Ricci and Stein in [RS88], in which they prove L” — LP
boundedness for all 1 < p < oo for singular integral operators of the form

f*—’P-V-fo(x'y_l)K(y) do(y),

where 7 is a connected analytic homogeneous submanifold of an ambient nilpotent
group N (with automorphic dilations {6,},) that generates the entire group, o is the
surface measure on 7, K € C®(¥) is such that*

Ya,b>0, f Kx)do(x)=0
a<| x|<b

and K(x) do(x) is homogeneous of critical degreeS. They are also able to treat the
case of singular integral operators in homogeneous groups whose kernels are ho-
mogeneous with respect to dilations that are not automorphisms of the group: they
accomplish this feat by lifting the operators to operators in a larger ‘freer’ nilpotent
Lie group where the dilations extend to automorphic ones instead, to which the
result mentioned above applies; finally, they use a transference method to push the
boundedness result onto the original operators.

Another result that belongs to the same area (the intersection of themes i) and ii))
and is directly relevant to the work developed here has been obtained by Kim in
[Kim00], in which an L? theory for the Hilbert transform in the Heisenberg group
H! along curves of the form 'y (f) := (¢,y (1), aty(t)) is developed. Here a € R and
Y : R — R is assumed to be Lipschitz, and the resulting operator can be written as

o0 dt
f~ Hr, f(x) ::p.V.f f(x-Fa(t)_l)T.

In [Kim00] it is shown that if y is even and convex on [0,00), then for any a the
operator Hr, is L*(H!) — L?(H!) bounded if and only if ¥’ has bounded doubling
time, that is there exists C > 1 such that forall >0

Y (Ct) =2y (1);

4Here || - || denotes a homogeneous gauge on N, so in particular it satisfies [0 1 (x) || = |A||| x|l for all
A>0,x€N.
5K and o need not be separately homogeneous.
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the importance of the doubling time condition had already been appreciated be-
fore, since it was known to play a prominent role in the Euclidean case as well (see
[INVWW83]; see also [CWW95] for related earlier work on flat curves in H'). The way
the result is proven is by the use of the group Fourier transform on H', which - as we
will see in Chapter 2, §2.3 - turns the question of the boundedness of Hr, into the
uniform boundedness (in A) of a certain oscillatory singular integral operator on R,
namely
. ixly(x—t)((x+t)—a(x—t))M .
) p.V.fe x—tdt’
this in turn is proven by an almost orthogonality argument. We will exploit the group
Fourier transform analogously in our work.

Consider instead the case ii)+iii), that is to say multi-parameter singular integral

operators on homogeneous groups. An important result in this area was obtained by
Nagel, Ricci, Stein and Wainger in [NRSW12], in which they consider singular integral
operators with flag kernels on graded nilpotent groups endowed with automorphic
dilations. These operators arise naturally in the study of the Kohn laplacian on CR
manifolds.
Flag kernels are kernels of product type that in terms of severity of the singularity
sit in-between the case of one parameter singular kernels and that of the most
general product kernels. More precisely, in the case of two parameters and Euclidean
convolution to keep things easy, a flag kernel associated to flag {(0,0)} c {0} x R" c
R x R" is a distribution K that agrees with a C* function K(x, y) away from the
subspace {0} x R” and satisfies smoothness conditions of the form

10900 K (x, )| S I~ (xf + 1y P vaeN™, BeN”,

and cancellation conditions that say that for every nice test function ¥ and every
r>0,withy, :=y¥od,, kernels Ké}r), K&,Zr) defined by

<K1§/1r)’ ¢):=(K, v, ®¢), V¢ testfunction,
<K1§/2r)’ ¢y :=(K,p®vy;), V¢ testfunction,

are kernels of one parameter singular integrals on R",R" respectively. The definition
for (graded) homogeneous groups is similar but more complicated to state, as it
involves an entire sequence of nested subspaces on which the singularities lie; it will
not concern us here.

In [NRSW12] the authors prove such operators as described above form a closed al-
gebra under composition, and moreover they are LP — LP bounded forall 1 < p < oco.

A further crossover happened between the areas listed above that is most relevant
for this thesis. It sits in the intersection of areas i) and iii): that is, the case of multi-
parameter singular integral operators with kernels supported along a submanifold.
The simplest non trivial example of this would be the operator given by the (local)
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double Hilbert transform along a surface of the form s, t — (s, t,s™¢""), that is

ds dt
flx—s,y— t,z—smt”)TST.

= Tmnf(x,y2) ::p.v.ff

Isl,l£]=1

Since the term s ¢" is a pure monomial, this operator is naturally associated to the
group of two parameter dilations defined by

6/1,[1()6) J/» Z) = (}‘/xyﬂy, Azml.an),

moreover, one can realize the kernel of such an operator in the form (1.0.1) and thus
this operator, if certain smoothness and cancellation hypotheses are satisfied, falls
under the scope of the theory of multi-parameter singular integrals developed in
[RS92] described above in iii). But these cancellation conditions (phrased in terms
of the multiplier vanishing along certain subspaces determined by the dilations)
are quite non trivial, and thus need to be verified carefully. As it happens, they fail
precisely when both m and »n are odd; when at least one amongst m, n is even, the
theory instead applies and proves such operators to be LP — LP bounded for all
1< p<oo.

We can see directly that when m, n are odd then boundedness fails: indeed, the
resulting operator is not even bounded on L?(R3). This can be seen by looking at the
multiplier of T3, ,, which is given by

dsdr

Mp,n(&,n,A) :=p.v. f f e Csni+As™ L")
' Isl,1t]<1 st

consider then M,;,,(0,0, 1), and reduce by a change of variable to M;;(0,0, 1), which
is given by the expression
p.v.ff eMStﬁﬂ.
Isl,lz]<1 st

We claim that this quantity is bounded from below by log A for A > 0 large, and is thus
not bounded in L*. The calculation is simple but very instructive, as it highlights
very well some of the differences between the one parameter case and the multi-
parameter case.

First of all, we have by integration by parts

s dS s ds i1sy dS
p'V'f ez)Lst_ — p'V'f eziLst_ _p'V'f el/lst_
Isl<1 N -0 N Isl=1 N

Q(ei/lst) ds
= AL) +p.v. a7

el/lst

1
i/lst]—l

eiﬂtst ds
+ . —
f|s|21 iAts? s

= cosgn(At) + O((A|t]) 1. (1.0.2)

= cosgn(Ae) + [
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Moreover, since the kernel is odd,

o d . d d
(p.v.f e”‘“—sj - ‘p.v.f (st _ 1)—8‘ <[ s ==omi). 1.0.3)
Isl<1 s Isl<1 s Isl<1 [s]

Therefore, by splitting as follows,

1sp ds dt 1y sy df
p.v.ff eitst 2 CL :p.v.f (p.v.f e"l”—s)—
Isl, 11 st |t]=A~! IsI<1 s/t

we have by (1.0.3) that

dr
1 sf oL = o),
[t]<A-1 | ]

and by (1.0.2)

dr _p. dt
‘II—[ cosgn(t)—‘ Sf O((Alt)™ ) —=0(),
A-l<ir=<1 A A1=r=1 | Z]

and since
dr
cosgn(t)— =2cplogA
A-l<|t<1 r

the claim is proved.

Itis evident from the calculations that the term that causes the logarithmic divergence
in A is precisely sgn(t)/t = 1/|¢t|; boundedness is destroyed by ‘a conspiracy of signs,
so to speak.

Remark 1.1. We digress here briefly to comment on the above calculation. As simple
as it is, one can already derive an important consequence from it. C. Fefferman
[Fef71] indeed used the fact to construct a continuous periodic function of two
variables such that the rectangular partial sums of its double Fourier series are
everywhere divergent; that is, there exists f € C(T?) such that

lim Y fmme " =00 V(x,y) e T

M—oo
'|m|<M,
N—oo <N

This is in sharp contrast with the one dimensional case, where Carleson’s theorem
says that the partial sums of every L[%(T) (and thus in particular C(T)) function con-
verge to the function almost everywhere; a further indication of the stark difference
between the one-parameter world and the multi-parameter one.

A more general type of operator can be obtained by replacing the single monomial
s " with a full polynomial P(s, t) € R[s, t], to get the (local) double Hilbert transform
along a polynomial surface

ds dt
f-—»Tpf(x,y,z)::p.v.f f(x_s’y_t’z_P(s’mTST'

Isl,1zl=1
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Now the monomials are tangled together and there is no (unique) dilation group
associated to it. These operators have been considered by Carbery, Wainger and
Wright in [CWWO0O0], in which they found a necessary and sufficient condition on the
polynomial P for Tp to be L” (R%) — L”(R®) bounded for all 1 < p < co. This condition,
which obviously must include the condition for the monomial case discussed above,
is stated in terms of the Newton diagram of P.

For (p,q) e N x N, let Q,4 be the quadrant of R* given by

qu = [p)oo) X [q)oo);

the Newton diagram of P(s,t) =Y ,,, , cmns""t" is the subset of the plane given by

N (P):= E( U an),

m,n: cmn#0

that is, it is the closed convex hull of the union of all the quadrants associated to each
monomial with non-zero coefficient in P. With this definition, we can state their
theorem as follows:

Theorem 1.1 ((CWWO00]). Let P € R[s, t] and let A (P) be its Newton diagram. If for
every (m, n) that is a corner of /& (P) at least one of m, n is even, then the operator Tp
is LP(R3) — LP (R3) bounded for every1 < p < oo.
Else, the operator is unbounded on any LP space.

One can see that the condition for monomials is subsumed in the condition for
the Newton diagram of P, since the diagram for a monomial is a single quadrant.
The strategy of the proofis to reduce things to the monomial case, which is completely
characterized by [RS92] as pointed out before. The way the authors achieve this, is
by dividing up the integration region |s|, || < 1 into subregions in each of which one
can replace P(s, t) with one of its monomials, at the price of an LP bounded error.
Observe that for p = 2 it would suffice to estimate the multiplier of Tp, which is given
by

Mp(f,f],/l) = p'V'ff ei(fs+nt+/1P(s,t))EE.
Ish <1 st
The relevance of the Newton diagram for the boundedness and decay of such os-
cillatory integrals has been known at least since [Var76]. We will encounter similar
oscillatory integrals multiple times.

Remark 1.2. It is very interesting to notice that the naive extension of the statement
of Theorem 1.1 to the three parameter case in R* and operator

ds dt du
f-—»pvff[ fx=s,y—-t,z—u,w—P(s,t, u))———
[sl,12],|ul<1

u

is false. Indeed, there exists a polynomial P such that its Newton polyhedron (defined
in the obvious way) has all corners with all coordinates even, yet the operator is
unbounded, even on L?(R*). See [CWWO00] for details. Thus the situation for higher
numbers of parameters is significantly more complicated. See [CWWO09] by the same
authors for further investigation of the triple Hilbert transform case.

8



Double Hilbert transforms along surfaces in the Heisenberg group 9

Other results centred around similar operators have appeared: Pramanik and
Yang have characterized in [PY08] the boundedness of the double Hilbert transform
in R4+2 along the surface given by (s, 1,91 (s, 1),...,9a(s, 1)), where ¢ are real analytic
functions; in another direction, Patel in [Pat08] has characterized the boundedness
for the global double Hilbert transform along a polynomial surface, which now ends
up depending on the convex hull of all the points (m, n) such that ¢, # 0.

So far we have discussed examples of results for any combination of two of the
themes i), ii), iii) introduced above. Now, this thesis could be described as our
modest contribution to the understanding of the case given by the combination of
all three themes, i)+ii)+iii), that is of singular integral operators having all the features
discussed: multi-parameter singular integral operators in a (non-commutative)
homogeneous group, whose kernels are supported along submanifolds. Here we
consider the simplest such operator, that is the (local) double Hilbert transform along
surfaces inH'. This is the operator

ds dr
f'—’H(pf(X,y,Z)IZ p-V-f[|| | 1f((xryyz)'(s) t»(P(Sy t))_l)Ts_)
shitl=

A

where ¢ will be taken to be a real analytic function in Chapter 3 and will further be
restricted to being a polynomial in R[s, f] in Chapter 4 to produce uniformity results.
Notice this is the simplest non-commutative analogue of the operator Tp studied
in [CWWO00], where by non-commutative we refer to the fact that the convolution is
taken in a non-commutative homogeneous group.

What we will do in the next chapters is exploit the Fourier transform theory of H! to
develop an L? theory for such operators, which will allow us to prove the following
results®:

Theorem. For every ¢ real analytic in a neighbourhood of (0,0), the operator Hy, is
L*(HY) — L*(HY) bounded.

Theorem. Let P(s,t) =Y, n CmnS" t" be a polynomial inR[s, t] of degree at most d,
and suppose P is such that if ¢, # 0 then at least one amongst m, n is even. Then
| Hp Il .2 gq1)— 12 a1y @S uniformly bounded by a constant C = C(d) depending only on d.

Notice that the first theorem says the operator Hp is bounded for all polynomials
P unconditionally, unlike in the Euclidean convolution case of operator Tp. That the
situation in the Heisenberg group is going to be different is already evident from an
example: if one takes P(s, t) = st/2 then, noticing that

(Sr 0)0) . (07 t; O) = (S) t) St/2)

one can factorize the operator Hg;/» as
-1 _1. ds dz
Hg2f(x,y,2) = p.v. ’ P gy 1f((x,y,Z)-(0, L0 (50,07 ) ——~

t1= sI=

dr
=p.v. ’ 1J£1f((x, y,2)- (0, t,orl)T
t=<

6See Chapters 3 and 4 for the full statements.
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=70 f(x,,2),

where #; is the Hilbert transform in H' in direction x;, i = 1,2. Since these operators
are L?(H') — L?(H') bounded, the operator Hy,,» is bounded as well. On the other
hand, T2 is certainly not.

Before moving to the next chapters where we address the problem outlined above,
we want to give further context in order for the results presented here to be better
understood, and in order to justify the work carried out in Chapter 5. Our work is
certainly not the first one to address operators described by the combination i) + ii)
+ iii). Most notably, in recent years Stein and Street have introduced an L” theory
with broad scope for a large class of multi-parameter operators, better described as
multi-parameter singular Radon transforms. They take the form

f=TfXx):=y(Xx) fRNf(ﬂt; X)) K(t) dt,

where K is a multi-parameter singular kernel, ¥ a cutoff function and y(t; x) is a
smooth map such that y(0; x) = x.

The L? theory for such a general class of operators has been originally developed
by Street in [Str12], and later has been extended to the full L? theory by Stein and
Street jointly in [SS13]; in the final of a series of three papers, [SS12], they rediscuss
the case of real analytic submanifolds and show it admits significant simplifications
with respect to the fully general case. It is important to notice at this stage that their
results fundamentally rely on certain assumptions on the map y(t; x), which will be
explained below.

Their theory is very relevant to us, for several reasons. First of all, as by §17.8 of
[Str12], their theory already covers the L2 (and L”) boundedness of H, when ¢ is real
analytic. Here one takes

Y(s, 5%, 9,2) := (x,,2) - (5, £, (s, )" (1.0.4)

and K(s, t) := p.v.1/st. In Chapter 3 we thus reprove the result of [Str12] by different,
more hands-on means; this will serve as an illustration of our method which will
then be refined in Chapter 4 to prove the uniformity result stated above. Secondly,
we point out that the uniformity result is new, and cannot possibly be achieved by
means of the Stein-Street theory of multi-parameter singular Radon transforms.
Finally, it is not a priori clear how strong the above mentioned assumptions on y (t; x)
are, or in other words it is not clear how close they are to being necessary. The results
presented in Chapter 5 show L? boundedness for certain other surfaces that do not
satisfy the assumptions of Stein-Street, and therefore point to the fact that such
assumptions are not close to being necessary. Here it is best to state what these
assumptions are in order to be clear.

Apart from some technical assumptions of uniform regularity that are not easily
stated and that we will therefore gloss over, the core of the conditions can be ex-
plained as follows. It was realized in [CNSW99] that smooth maps y(t; x) such that
Y(0; x) = x can be realized as the exponential of Taylor series whose coefficients
are vector fields. More precisely, given y : RY x R” — R” as above, one can find a

10



Double Hilbert transforms along surfaces in the Heisenberg group 11

unique collection of smooth vector fields {X,, a € NV} such that for any M > 0 and t
sufficiently small it is

Yt :exp( )3 t“Xa/a!)(x)+O(|t|M)
aeNV R
lal<M
for every x in a neighbourhood of the origin. Here there is an ambiguity in the
definition of exp when N > 1: for fixed t, x we define the above exponential mapping
to be

exp|s t“X,/a! ‘ X);

p( (IaIZ<"M a )) szl( )

thus here ) o<y t% X/ ! is a fixed vector field.

Now, if the kernel K is a product kernel on RY = RM x ... x RNk, we write analogously
the multi-indices @ e NN as a = (ay,...,ar) € NV x ... x NV, We call pure powers
those multi-indices a such that a; = 0 for all except one j € {1,...,k}. Then the
condition of Stein-Street can be stated as follows: for every 6 € (0, 1] k the formal sum

Y 6%% X,

aeNN

must belong to the involutive distribution’ generated by the vector fields with formal
degrees®
6PtP x B

where f ranges over all pure powers, and the distribution must be finitely generated
as a C*°-module. This condition is usually summarized by saying that the pure powers
control the mixed powers. Here we are being a bit sloppy for the sake of clarity: it is
very important that such conditions hold “uniformly in §”, in a sense that has to be
made precise. Here however we ignore these details.

For the case of the Heisenberg group H! and y as in (1.0.4), the Taylor expansion is
given by’

v(t; x) =exp (sX+ tY + (s, t)Z) (x);

it Y amns™ t" is the power series expansion of ¢ in a neighbourhood of the origin,
the pure powers are vector fields

018X, 02tY, O's™amoZ, O3t"aonZ,

and since [X, Y] = Z and all the other commutators vanish, the involutive distribu-
tion they generate is the span of

015X, 0,tY, 5’{”5?8’”th,

to which sX + tY + ¢(s, 1) Z clearly belongs (in the sense that every truncate does).
Hence the assumptions are verified and Stein-Street theory applies, as explained.

Recall the involutive distribution of the collection of vector spaces & is the smallest C*° module
that contains & and is closed with respect to the commutator operation on vector fields.

8That is where t is kept as a variable, heuristically speaking.

9Here X, Y, Z are the left-invariant vector fields on H!, givenby X =0, — %62, Y=0,+ %62, Z=0,.

11



12 Marco Vitturi

The surfaces we will consider in Chapter 5 are of a type for which the above as-
sumptions are not verified, that is the pure powers cannot control the mixed powers
and Stein-Street theory does not apply. One such surface is given for example by
(s3, t, st?), for which the pure powers are clearly

515°X, 8,tY,

but [5‘;’83){, 0-tY] = 6‘1‘52s3 tZ, and thus 616§st22 does not belong to the involu-
tive distribution generated by the pure powers. However, our results in Chapter
5 show that the double Hilbert transform in H! along such a surface is indeed
L*(H") — L*(H") bounded.

We conclude here our introduction, with the hope to have provided sufficient
motivation to justify interest in the results presented in this work.

12



Chapter 2

Preliminaries

In this brief chapter we review certain facts that will play an important role in our
later study. These are well known facts but deserve rigorous separate treatment, for
the sake of clarity and with the intention to make this body of work as self contained
as possible.

In the first section of this chapter we will state and prove the well known Van der
Corput lemma and its variants, both in the one variable setting and in the many
variables one. In the second section we review a result of Ricci and Stein regarding
oscillatory singular integrals with polynomial phases, that is with kernels of the form
e PV K (x, ¥). In the third and final section we review the group Fourier transform
theory on the Heisenberg group H', building it from its representation theory, and
present a condition that characterizes the L?(H') — L?(H') boundedness of convolu-
tion operators on H!.

References for the material in this chapter are [Ste93], [Fol89] and [RS87].

2.1 Van der Corput lemma

2.1.1

Oscillatory integrals are ubiquitous in harmonic analysis for obvious reasons and
understanding them entails understanding the often subtle cancellation involved
in the particular problem at hand - be it the boundedness of the multiplier of a
convolution operator or the summability of the Bochner-Riesz means of multiple
Fourier series.

The most fundamental result regarding certain general oscillatory integrals (so called
of first kind) is the well known Van der Corput’s lemma, which we state and prove.

Lemma 2.1 (Van der Corput). Let ¢ be in C*((a, b)) and suppose that for all t € (a, b)
we have I(,b(k)(t)l > u. Then

i) ifk=1andd¢' is monotonic on (a,b), then

b
f oI AP(D) dt‘ <AL
a

13



14 Marco Vitturi

ii) ifk=2 then
b

f AP0 dt’ < AV,
a

Observe that the implicit constants do not depend on a, b and neither on ¢; they
only depend on k, and this is very important.

Remark 2.1. It is easy to see by scaling that the exponent 1/ k is the only possible one
for an estimate like the above to hold. Indeed, suppose the estimate holds with 1/k
replaced by some exponent a > 0; by changing variables by replacing ¢ with ¢ we

have ) )
[ AP (0) dt‘ y f IADBO) dt‘ < BOAuph ",
a a

and therefore it must be a = 1/k for the inequality to hold for all > 0.

Proof. Let k =1 and ¢' monotonic first. Then we have by integration by parts that

d Jidp(D) ]
fbeiw(t) dt:fb @e df = [ e M0 b_fbeiw(t)i(;) dr
a « iAQ(D) iAg'())a Ja delirg'(n/)

and therefore

b iAp(a) iAg(b)
[ e al <[ S o[
a iAP'(a) iAQ'(b)
b d 1
l/'l([)(t)_
* fa ¢ dt(iﬂt(p’(t))dt’
2 b, dq 1
< — — dt
<A#*ZL dth&¢%0)
2 b d 1
= — dt
Mﬁfa dt(iﬂt(p’(t)) |
2 hnr 1 ‘<i
Ap o Algb) @l Au

Notice we have used the monotonicity of ¢’ in passing from the second to the third
line.

If k = 2 then we argue by induction. Suppose the theorem has been proved for k-1,
and let § > 0, whose precise value is to be specified later. Since ¢® is single signed on
(a, b) by assumption, ¢*~D can have at most one zero in (a, b) (and is monotonic).
Suppose it does have a zero in fy, and split the integral as [” = [0 + :Eg‘s + ftﬁ L5
By the hypothesis on ¢'® we have that outside (£ — 8, to + 8) it is |¢p*~V ()| = u6, and
in there we apply the inductive hypothesis: thus

to—0 .
f A dt’ <eq Aud) VD),
a

and similarly for the integral over (#p+0, b). For the remaining term, since leiMPD)| =1,
we simply estimate

fo+0 A
U eiAe(D) dt‘ <.
th—0

14



Double Hilbert transforms along surfaces in the Heisenberg group 15

We optimize in § by choosing § ~ (Au)~'/¥, which proves the result.

If instead ¢p*~1 does not have zeroes in (a, b), observe that the minimum of [p*~1|
must occur at either a or b; suppose without loss of generality that it occurs in a
and that ¥~ is positive in (a, b), then we split the integral as [” = [“**+ [? - The
first integral is bounded by § as before, and in the second one it must be ¢p*~D(¢) =
¢*D(a) + ud > s, and thus by inductive hypothesis the second interval is bounded

again by O ((Aud)~/*~D), and one concludes exactly as before. O

The statement in Van der Corput’s lemma is interesting but is not so general,
in that one rarely gets oscillatory integrals precisely of that form. It is therefore
important to observe that the statement generalizes easily by integration by parts to
the following corollary

Corollary 2.2. Let ¢ € C*((a, b)) andy be such thaty' € L'((a, b)), and suppose that
forallte(a,b)itis I(,b(k)(t)l > u. Then

i) ifk=1andd¢’ is monotonic on (a,b), then

b b
fel/’l([)(t)w(t)dt‘S(Au)—l[lw(b)l‘F‘[ W(s)lds];
ii) ifk=2 then

b b
f eM(p(t)'(,U(t) dt‘gk (/l,u)_l/k[lu/(b)l'i'f |w'(s)|ds]
a a

Notice that, again, the implicit constants do not depend on a, b or ¢, and they do
not depend on ¥ either (the dependence of the estimate on v is made explicit in the
term in square brackets).

Proof. As anticipated, the proof is just an application of integration by parts. Define
u .
F(u) := f e MW dr,
a

so that

b b
f MOy (1) dr = f F'(Hw(r) dt
a a
b
_ [F(t)l//(t)] —f F(Ow' (1) dt,
a
and therefore by Van der Corput’s lemma the integral is bounded by the sum of

|F(b)y (b) - F()y(a)l = [FB)y ()| Sk ly (b)) A~k

and b b
fF(t)w’(t)dt)S(/lu)‘”kf lv' (0] dt,

since the bound on F is uniform in the endpoints of the integral. Thus the corollary
is proved. O

15
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2.1.2

The estimate given by Corollary 2.2 is already quite powerful. Indeed, it is powerful
enough to prove, for example, decay estimates for the Fourier transform of the surface
measure do of the sphere S . These in turn allow one to prove Fourier restriction
estimates for the sphere (the Stein-Tomas theorem), that is a-priori estimates of the
form R

| Al | 21, doy Spon 1 o @y
for f € Z(R™), with p = 1 and sufficiently smaller than 2.
Nevertheless, we shall later need one further consequence of the Van der Corput’s
lemma, namely a multidimensional estimate. This estimate takes an analogous form
to the one dimensional one, but the constant now depends on the phase as well.

Proposition 2.3. Lety € L™ (R") be compactly supported in the unit ball of R" and
such that Vy € L' (R™); let ¢ € CK*1(R™) and suppose that for a multi-index a € N"
with |a| = k we have

0% =p>0, Vx € Supp(y).

Then
\fm "Dy (x) dx| Snial il e AW~ Yl + IVl ).

The implicit constant stays bounded if the homogeneous Cl**1 norm PNl pla+1 Stays
bounded.

Proof. Before we start with the actual proof, we claim that the vectors (w - V)* for
w € $"! span the vector space of k-th order derivatives, that is the span of 8¢ for all
a s.t. |a| = k. Indeed, introduce the bilinear form

(P(V),Q(V)) :=[QW)I(P),

where P, Q are homogeneous polynomials of degree k and P(V) is interpreted as

211=k cﬁaﬁ (hence every k-th derivatives can be expressed as P(V) for some polyno-
mial P). It is easy to see that this is actually a positive definite inner product on the
real vector space of k-th order constant coefficients differential operators of R": for
example, for positive definiteness observe

(PV),PV) = Y cpok( ¥ epx?)i= ¥ 8pycpe, 20,
1pl=k lyl=k 1Bl=lyI=k

Thus it suffices to show that if (P(V), (w - V)*) = 0 for all w € S ! then P must identi-
cally

which in turn is equivalent to (%) kP(tw) = 0 for all w; but since P is homogeneous
of degree k, this is impossible unless P = 0.

Now to the actual proof. We normalize by replacing A with Au and ¢ by ¢/, so
that our assumption is now that [0$¢| = 1. By what was just proved for k-th order
derivatives, for every x there exists w(x) € $"~1 guch that

(@ (x) - V)¥p(x)] =k 1.

16



Double Hilbert transforms along surfaces in the Heisenberg group 17

Now, if we keep x fixed we have

l(@(x) - V¥ x) — ((x) - V¥ < 1l et | — ],

and therefore if we choose an ¢ = €(n, k) sufficiently small we can find a countable
covering of R” by balls B; := B(xj,&/||¢l ¢r+1) of fixed radius such that any point
belongs to at most O(1) balls (that is the covering has bounded multiplicity) and such
that for all z € B;

l(@(x)) - V) 2 1;

in particular, we have

() | —optttn + 2] Zne1.

Let n; be a smooth partition of unity subordinated to the balls B}, that is Supp(n ;) <

B;j,0=<n;<1,¥;n;(x)=1forevery xand };|Vn;(x)| <1 forall x. Pick one ball B;
and suppose without loss of generality that w(x;) = (1,0,...,0), then

feiw(x)u,(xmj(x) dx:fwlfRe”‘W'”w(t,y)nj(t,y)dtdy,

and the inner integral is bounded by Corollary 2.2 by

Snk )L‘”k[suplw(t,y)nj(t,y)l+f|0x1(wnj)(t,y)ldt
t
S/1_1/k[||1//||L°°(Rn)an(Bj)(y)+fInj(t,y)axllll(t,y)l+|1//(t,y)5x17]j(t,y)|dt ,

where 7 is the projection in direction w(x;). Integration in y then gives

"[ei)l(P(X)w(x)nj(x) dx‘
S AV oo 70 (BT 191 ooy 1V 1 0 + 1V D 12 5.],

and notice that |7 (B;)| ~ kIl sk 1; since Supp(y) < B(0, 1), the number of balls B;
that contribute is finite and depends only on n, k and |[¢|| 5x+1, and thus by summing
in j we conclude the desired estimate, given that

fei/w(x)w(x) dxzzfemqb(x)w(x)nj(x) dx.
j

O

Remark 2.2. The estimate given by the Proposition will be enough for our purposes,
but is not optimal in several ways. The decay rate of 1/k is not necessarily sharp -
the scaling argument does not work here because the variables are more than one.
Indeed, for example, when the Hessian of the phase is non-singular one can prove! by
the stationary phase method that the actual rate of decay is A ="/, whereas the lemma

1See for example [Ste93], Chapter VIII, §2.3.
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above gives only decay A~/2. Moreover, the dependence of the constant on the phase
¢ can be removed (at the price of worsening the exponent), as has been shown in
[CCW99], where estimates uniform in the phase are given for multidimensional
oscillatory integrals. It is currently an open problem to determine the minimal
amount by which one has to worsen the exponent in order for such uniformity to
hold.

There would be a lot more to say regarding Van der Corput type estimates, but
what we have included so far will suffice for our purposes, and therefore we move on
to the next section.

2.2 Oscillatory singular integrals

2.2.1

In the study of singular integrals in the more general setting of homogeneous groups,
it is natural to address their L? boundedness by using the Fourier transform on such
groups. As we will see in the next section of this chapter, this is operator-valued
when the group is non-commutative, and it is often important to estimate norms of
these values. These operators typically end up being oscillatory singular integrals;
examples of their kernels (arising from one parameter singular integrals) have the
form
eiP(x,y)K(x’ y),

where P is a polynomial in two variables (each in R”) and K is a kernel in C!(R" x
R™"\{(x, y) s.t. x = y}) satisfying the so-called standard estimates, that is

IK(x, DI Slx—yI7",

y=y1° 1
' '
|K(X,J/)—K(x,y)|§m Whenly—y|<§|x—y|,
x— x| 1
’ '
|K(x,J/)—K(x,J/)|§m Whenlx—x|<§|x—y|,

forsome0< 6 <1.

This rather general example has been studied by Ricci and Stein in [RS87]: it is the
first of a series of three papers ([RS87], [RS88] that was already discussed in Chapter
1, and [RS89]) on harmonic analysis on the nilpotent Lie groups - and the connection
between them is the one hinted at above, that is, the fact that such operators arise as
values of the multipliers of singular integrals in nilpotent groups.

The main result of Ricci and Stein is

Theorem 2.4 ([RS87]). Let P and K be as defined above. Then the operator
CPR") 3 f— Tf(x):=p.v. f e’PCYK(x,y) f(y) dy
Rn
extends to an LP (R"") — LP(R™) bounded operator for any 1 < p < oo, and more pre-
cisely

IT e @ey Sn,p,degp | fllp@n)-
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Double Hilbert transforms along surfaces in the Heisenberg group 19

Notice how the constant depends on the degree of the polynomial P but does
not otherwise depend on the coefficients of P. This is therefore a uniformity result
akin to the one we will be presenting in Chapter 4. Indeed, take the one parameter
singular integral in H' with kernel supported along the curve y (1) := (t, t%, tP) given
by

oo dr
pr-V-f f(x-Y(t))T;

as the methods of next section can show, the L?(H') — L?(H') boundedness of this
operator is equivalent to the L?(R) — L?(R) boundedness uniformly in A > 0 of the

operator
(/) . p.V.foo ei/l((x—y)ﬁ+4x(x—y)“—2(x—y)'”1)(P(y)ﬂ,
o0 xX—y

which is precisely of the form described above and therefore the theorem applies to
it, giving boundedness uniformly in the coefficients - that is, uniformly in A. This last
operator can be considered a one parameter version of the ones we will have to deal
with later, in which the scalar oscillatory factor will be replaced by a scalar oscilla-
tory integral instead (also, compare the above operator with the ones considered in
[KimO00]).

The proof of Theorem 2.4 is too long to be meaningfully illustrated in this brief
chapter, and therefore we have chosen to omit it. We include a remark instead.

Remark 2.3. Theorem 2.4 does not say what happens at the endpoint p =1 of the
range of exponents. The proof cannot say anything because it works by interpolation:
the operator is decomposed into a classical part with barely any oscillation T and
another part where oscillation occurs, T,; while the classical part is easily bounded,
the oscillating part needs to be decomposed into dyadic annuli, T, = }; Tj, and
the operators T]T" T; are shown to have L — LP norm bounded trivially by O(1)

and I?> — I? norm decaying geometrically in | j|, and real interpolation gives the
summability of the norms of such pieces in any L”, 1 < p < co. Oscillatory integral
estimates of Van der Corput type are used to prove these rapidly decaying bounds on
I T; Tjllp2—p2.

Nevertheless, the operators turn out to be L! — L"* bounded as well - as was proven
in [CC87]. In there, a rough Calder6n-Zygmund decomposition is used to reduce
the problem to an application of the T* T method to operators of the form T;‘ Tk,
where the T} are certain pieces of the original operator, different from the ones in
[RS87]; then one needs good pointwise estimates on the kernels of such operators
in T* T form, which are oscillatory integrals, and thus one is led to use once again
Van der Corput estimates. As the reader might have guessed from the appearance
of the Calder6n-Zygmund decomposition, the argument needs L? bounds for the
operators, which are assumed from [RS87].
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2.3 The Fourier transform on the Heisenberg group

2.3.1 Representations of the Heisenberg group

We have previously introduced the Heisenberg group H' as a purely algebraic object,
that is the space R3 with group operation

X3t &y, ) =@+x,y+y t+ '+ (xy —x'y)12);

but there is a way in which it arises naturally (technically speaking, a representation
of it arises naturally) when considering certain symmetries of the Fourier transform.
Indeed, consider functions in L?(R). The space L?(R) is invariant with respect to
translation and modulation, that is to the families 9, .4 of operators

Ty5f'_’f('_y)

and .
M;: [ e f(),

where y,¢ range over R. It is clear that each family itself is also a group of unitary
transformations acting on [2(R), namely

Vx,yeR, Tx0Ty =Txty,

and similarly
Vf,ﬂ eR, MgOMn = Mf‘”?;

this in particular shows that they are commutative groups. The operators are linked
to each other through the Fourier transform on L?(R): as is well known,

T, f Q) = e FQ) = My f (),

and vice versa a similar relationship holds with T and M swapped.
It is natural to consider what is the group generated by the union of the two families
of translations and modulations and what is its action on L2(R). One then considers
the commutator of a translation and a modulation, and it can be easily seen that for
any f € L2(R) itis ‘

[Ty, Mgl f(x) = e f (), (2.3.1)

that is 7, M¢] is the operator of scalar multiplication by the constant e~ %Y with
modulus 1 - so in particular we have that [F, /] is isomorphic to U(1) = %(C), the
unitary group of degree 1. As this commutes with both translations and modulations,
one can see that the group generated by translations and modulations of L?(R) is
equivalently the group G obtained by compositions of a modulation, a translation and
a scalar multiplication (equivalently called phase shift) in this fixed order (although
any order would do). The group operation © of this group is easily described: by the
commutator relation above one has

eiGTyMgf = ei(g_fy)Mgryf,
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Double Hilbert transforms along surfaces in the Heisenberg group 21

and therefore
i0 io’ _ i0+0)
e tTyMse” Ty Mg =e Ty Mty Mg
: i
= ¢!0+0 _fy)MgTyTy/Mgr
— ei(0+0’_€y)M§TyTy’M£’
= ei(0+0’_f‘y+§(y+y’))Ty+y/M{-ME/

) 0 0! / .
— el( + +§y)Ty+y’M§+f’!

in coordinates,
&30, y,0h=E+Ey+y,0+0 +&y).

It is not hard to see that this group is isomorphic to the Heisenberg group as intro-
duced before: let ¢ : G — H! be given by

(P(f,%e) = (f)yye _Eylz))
then

B 1,0)- &y, 00 = E+Ey+y 040 - SV L (VLY

2 2 2 2
1

= (€+€’,y+y’,9+9’+€y’—5(€+€’)(y+y’))

=&, .00, y,0Y);

moreover, ¢ is clearly bijective.

The group G of translations, modulations and phase shifts is a subgroup of the
group of unitary transformations of L?(R), denoted % (L?(R)); more precisely, since
it is also continuous, ¢! is a (faithful) unitary representation of the Heisenberg
group. It is moreover an irreducible unitary representation: indeed, suppose there
is a unitary transformation U € % (L?(R)) that commutes with all elements of G;
then in particular it commutes with all translations, and therefore it is given by a
multiplier, that is there exists m such that f]?(cf ) =m(&) f (&); but since U commutes
with modulations, m must be constant, and therefore U is a scalar multiplication; by
Schur’s lemma then G is an irreducible representation.

It should be noted that the representation given by G is just one in a family of
representations, because given any A # 0 we can define

RYx,y,0=¢ ' (Ax, y,A0),
that is R*(x, y, t) is the unitary operator
iA /2
fr eI My .
It is immediate to verify this is again an irreducible representation, and that R! is the

representation above; moreover, any two such representations for distinct A’s are not
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unitarily equivalent. Indeed, suppose there is U € % (L?(R)) such that
UoR'=RFoU,
then for every ¢ € R it must be
URM0,0,0f) =UEMf) =eMUFf,

RM0,0,0Uf =eM'Uf

and therefore it must be A = p.
The celebrated Stone-Von Neumann theorem tells us that these are the only faithful
irreducible representations of H; namely

Theorem 2.5 (Stone-von Neumann). Let 7w : H' — % (H) be a unitary representation
of H' such that (0,0,1) f = e'* f for some A £ 0. Then there exists an orthogonal
decomposition of the Hilbert space H,

H=P Ha,

acA

such that | g, is irreducible for every a and unitarily equivalent to R*.

We do not prove this theorem. A proof akin to the original one of Stone and Von
Neumann can be found in [Fol89].
Notice that since [H',H'] = {(0,0, ) s.t. t € R}, every representation 7 of H! must
satisfy (0,0, 1) f = eiM f for some A, possibly equal to 0, in which case the represen-
tation is non-faithful. These representations can be classified as well without too
much effort, and the irreducible ones turn out to be of the form

ra,b(x, y, f) = e—2m’(ax+by)

for a, b € R, so in particular they are one dimensional.

Remark 2.4. The representations studied above hint at the role of the Heisenberg

group in quantum physics. Indeed, we have that the momentum operator D :=

-1 d% can be thought of as the generator of translations, in the sense that under an

appropriate interpretation of operator exponentiation and for f € .#(R) one has
e’Pf=1,f.

Similarly, the position operator X defined by X f(x) = x f (x) can be thought of as the
generator of modulations, since

X f(x) = " F(w).
The commutator relation (2.3.1) has its correspondent in the fact that
[Dr X] == ll])

which expresses the well known canonical commutator relationship of quantum
mechanics - from which Heisenberg’s uncertainty principle follows. Indeed, suppose
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Double Hilbert transforms along surfaces in the Heisenberg group 23

that f € .#(R) c L?(R), then by (formal) self-adjointness of D, X it is

1f 172 = <o )
=KD, X1f, /Y =iDf,X[f)—iXf,Df)
= 2||Df||L2(R)||Xf||L2(R)-

2.3.2 Fourier transform on H!

Once one has a satisfactory representation theory for a group, it is possible to con-
struct the Fourier transform on that group. We briefly review how this can be done in
generality. Let G be a topological group and u be a fixed multiple of the Haar measure
on G (we assume the group is unimodular, for simplicity, that is the left and right
Haar measures coincide). Recall that a unitary representation r of G is a continuous
homomorphism G — % (#;), where /; is a separable Hilbert space and % (/)
denotes the group of unitary linear transformations on #7;. The representation
is said to be irreducible if there exists no subspace V of #; that is invariant with
respect to r - that is, there doesn’t exist V such that 7(g)(V) c V for all g € G. Two
representations , p are said to be unitarily equivalent if there exists a unitary map
U : # — F£, such that

Uon(g)=p(g)oU VgegG.

Let then G be the collection of the unitarily equivalent classes of the irreducible
representations of G; then the Fourier transform of f € L'(G, du) can be defined
formally as the function

Gan— f(m):= fo(g)Jt(g_l) du(g), (2.3.2)

which is to be interpreted in a distributional sense, that is for every ¢ € /7, f(ﬂ) is
given by

Foep= fG £ (g™ ) du(g),

where this integral is to be further interpreted as a vector-valued integral in the usual
way, that is for every v € A itis

(Fme,p) = fG f@) (g He,v) du(g);

notice this quantity is finite, since f € L (G, dw) and by unitarity |(7r(g‘1)¢>,1//)| <
o, 191l g, -

Thus if the group is non-commutative then the Fourier transform is operator-valued.
For sufficiently well-behaved groups and sufficiently well-behaved functions, one
can have an inversion formula for the Fourier transform, that is there exists a measure
v on G such that

f(g= fétr(f(n)n(g)) dv(m).
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We do not pursue the abstract approach here but rather see what this definition
generates once applied to H!. Given a function f € L' (H') (observe the Haar measure
coincides with the Lebesgue measure) we define its Fourier transform to be

A fin(A):= le fx, 3R ~x,—y,—1t) dxdydt,
where therefore le (1) is understood to be the operator that acts on ¢ € L?(R) as
(in M) (2) = le fx, 3, HRM=x,—y, - 1)) (2) dx dy dt.
This operator is L2(R) — L2(R) bounded for every A, since

[ fen D, 9| = UHI fx,y, DR ~x, -y, ), w) dx dy dt

S‘[[H]l |f(X,y, t)”(R/l(_x)_y)_t)(P)WH dx dy dt
= ”f”Ll([Hll)”‘P”LZ(R)HWHLZ(R)’ (2.3.3)

and notice that this fact is the analogue of the trivial Hausdorff-Young inequality for
the classical (Euclidean) Fourier transform.

It should be noticed that in defining le we have not taken into account the repre-
sentations r®”; indeed, it turns out they are irrelevant. Observe that by (2.3.2) we
should have

f(r“’b)(/):f1 e £(x v, e dx dy dr = f(a, b,0)¢.
H

The reason why such representations turn out to be irrelevant is that there is a
natural measure on l]-/I]\l, which is the measure that makes Plancherel’s formula true
and corresponds to the v measure introduced above, and it turns out it gives zero
measure to the set {r*?}, ,cp. We build such measure explicitly below.

We explore the definition of Fourier transform on H! in more detail. Observe that

(fin M) (2) = f fl,y, e M2 M ) (2) dxdy dt
= ff(x, y, 1) e MXY12) g iA@Y (7 4 ) dx dy d
= ff(x, y, t)e AFXYIZED) gy (74 )y dx dy dr

= ff(x, u—z, e MU 6 dx dudr,
and therefore (ﬁ.p (1)) is given by integrating ¢ against the kernel

K]’}(u, z):= ff(x, u—z, e MHXWHDI) g4y 44

= (A F3fHAMu+2)/2,u-=z,A), (2.3.4)
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Double Hilbert transforms along surfaces in the Heisenberg group 25

where & ; denotes the Euclidean Fourier transform in the j-th variable,
gjg(xl,...,f,...,xn)::fe_ifxfg(xl,...,xj,...,xn) dx;.
In particular, we can see that le (A) has finite Hilbert-Schmidt norm:

o W= [ [ 1K} w2 dudz
=ff|(§193f)(ﬂt(u+z)/2,u—z,/l)lzdudz

zlﬂtl‘lffl(%%f)(v, w, V) dv dw;

if we assume that f € LYHY N L2HY), by Plancherel’s theorem for the Euclidean
Fourier transform it follows that [A||| fi1 (1) ||2HS is finite for a.e. A. Actually, notice we
have proven that for some constant ¢ it is

flf(x,y, D12 dx dy dt:c0A||ﬁ1(A)||ﬁs|A| dAa, (2.3.5)

which is Plancherel’s formula for the group Fourier transform. Thus the measure v
on G mentioned above is |A| dA, and consequently the set {reby a,ber has measure
zero as stated above.

By a limiting argument akin to the usual one for the Euclidean Fourier transform,
one establishes

Proposition 2.6. The Fourier transform onH', defined for f € L' (H') n L2(H") by
= fan,

extends to a unitary mapping from L*(H') to the Hilbert space of Hilbert-Schmidt
valued functionsz, with norm || - || given by

1T)2 = fR I T 2gIAl dA.

One can verify that the Fourier transform on H! satisfies
(F* @t (M) = frgt (M) o Gyt (A) (2.3.6)

for f,g € L'(H') (here x denotes convolution with respect to the group operation,
that is f x g(x) = [y f(1)g(x-y~1) dy). Indeed, it is enough to verify it using the
abstract definition given at the beginning of the subsection: by Fubini’s theorem and
a change of variable we have

(F* Q) () :le(f*g)(x)RA(x_l) dx

2We notice here that the operator valued function is |1| dA-measurable and only defined up to sets
of measure zero, analogously to what happens for the Euclidean Fourier transform.

25



26 Marco Vitturi

:f f fygle-y DR dy dx

H! JH!

:fH1 lef(y)RA(J’_l)g(x-y‘l)Rﬂ(y)Rl(x—l) dxdy
:le fﬂ_ﬂlf(y)Rl(y_l)g(z)Rl(z‘l) dzdy

= ([ for o ay)( [ g@R ) dz) = Fin Ao i (.
H1 H!

2.3.3 Fourier transform of distributions in H'

In our work we will have to consider the Fourier transform of certain distributions,
which needs therefore to be properly defined. Since our distributions will be com-
pactly supported, the definition is the same as the one given in (2.3.2). Indeed, let
& (R%) denote the space of C*(R3) functions endowed with the topology of uniform
convergence on compacts; then it is known? that &' (R3) can be identified with the
subspace of .#’(R3) consisting of the distributions with compact support. Recall that
x € .7'(R3) is said to have compact support if there exists K = R® compact such that
for all ¢ € .7 (R3) it holds that

Supp@)nK=¢ = (x,¢p)=0.

Then the Fourier transform on H' of x € & (R%) can be given formally by
Rt (1) 1= f 11<(x)1!{1(—x) dx,
H

which is to be interpreted as the operator such that for every ¢, ¢ € L?(R) it holds that

Rt M, ) = (k, (RN = x)p, p)).

Notice the pairing on the right hand side of the last equation makes sense, since R*
is a continuous representation and H' is a Lie group, and therefore x — (R*(—x)¢, v)
is a bounded C* function on R3. This can also be easily verified directly.

The equality (2.3.6) relating convolution and the group Fourier transform also holds
for compactly supported distributions.

2.3.4 [’ multipliers on H!

Once one has a well-behaved Fourier transform, the associated L? theory can be
used to characterize the L? boundedness of convolution operators on H!, where the
convolution is taken with respect to the group operation. That is, given the operator

f—Kxf,

we want to find conditions on K that are equivalent to the operator being L?(H!) —
L?(H') bounded. Here we consider only K € L' (H') or K € &'(R3) for simplicity. Such

3See [Rud9ll, Chapter 6 for details.
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a condition turns out to be quite simple to state:

Lemma 2.7. LetK € L'(H') or K € &'(R3). The operator
f—=Tf=Kxf
is L2(H') — L?>(H') bounded if and only if*

sup [| Ky M 2wy — 12wy < 00-
A

Moreover,
sup ”KHI (/,t) ||L2(R)—>L2(|R) = ” T||L2(|H]1)—>L2(|H]l)'
A

For a more general statement that holds for all left-invariant bounded linear
operators on L2(HY), see [Dix77], Chapter 18.

Proof. First of all notice that given two integral operators T f (x) := [ Kj(x,y) f(y) dy,
Sf(x) := [Ka(x,y) f(y) dy, we have

2
||ToSIIf{s=ff’fK1(x,y)Kz(y,Z) dy‘ dxdz
= f f |T(K»(-,2))(x)]* dx dz

<ITI%._ 2 f f K2 (x, 2)]* dx dz
=TI, 2 IS

By Plancherel’s formula (2.3.5) and the identity (2.3.6), it follows from the simple
inequality above that

1K Flizn = co [ 1R (Ao Fin (A 1lA1 42
< o [ 1R 02y Lo 0l 0
= sup IRia D gy | 1 (Dl 02
= 11z e sup IRt ) 201, 2001y
Thus we have proven one direction of the stated equivalence, namely that

% 2
”K * '”LZ([H]l)—»LZ(IH]l) = Sup ||I(|]-|]1 (/1) ||L2([|-[|1)—>L2([H]1)'
A

Now, we prove the converse. We begin with K € LY(HY), and the idea will be to use
approximations of the identity. Suppose that

IK* fllz2@y < Clfll 2@

“The supremum is to be interpreted as the essential supremum with respect to measure |A| dA - or
equivalently, Lebesgue measure in A.
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and let v be a bump function in R, positive and supported in B(0, 1), such that
Slw(x)?dx =1, and let

X

6)
be the L2-normalized dilate of y by 8. Then for any ¢ € L?(R) and for A # 0 define
05,1, by the identity

1
Y5 = =59

1

F1F305,2, My +2)12,y—2,A) = DE

Ys(2)Ws(A—Ao)p(y)

(observe the definition is well-posed). Then one has again by (2.3.5)
1K * 05,0122 1, = f | Ky (1) 0 05,1, (M) Iy 1Al dA

2
:ffﬂfo@(”'y)Keﬂmo(%z) dy| dudzlAldA

=fff‘fK%(u,y)(§1939a,ao(A(y+z)/2,y—z,7L)) dyzdudz|/1|d/1
:f f f |(Kyp )W) P15 (2) P 1ys (A~ Ao) | du dA dz

=ffI(I?Hl(/l)cb)(u)lzlw,s(/l—)LO)IZ dudA.

Now observe that A — [ |(Ky (1)) ()] du is in L® by (2.3.3), and thus itisin L} (R);

loc
therefore by Lebesgue’s differentiation theorem one has for § — 0 that for a.e.

f f | (Kt M) () P [wr5 (A — Ag)|* du dA — f |(Kspt (o)) ()]? dua.

It follows that for sufficiently small  one has

[ R Qodp) 0l dus = 1K %050
< C*105,11 5241y = CP 1P 2
and since ¢ is arbitrary it follows that

| Kyt (Ao) ||L2([Rg)_>L2([Rg) =C,

and thus the lemma is proved, since Ay is arbitary as well.

It remains to extend the second part of the proof to K € &' (R3) as well. The proof is
a standard approximation argument; we sketch it briefly only because one has to
be careful when dealing with non-commutative convolution such as the one in H'.
Let ¢ € C®(R3) be such that Jrs @(x) dx = 1 and ¢(x) = ¢(—x); thus if we apply an
automorphic dilation and define

Xy z

1
0 () <~
9°(x,y,2) = 54(’)(6’6’62)’

the family {¢®}s-¢ is an approximation to the identity in H' (this can be verified
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easily; see also [Wei40], Theorem 20.18, for Young’s inequality for non-commutative
convolutions). Consider then K° defined by

K% := K x (p5,
that is K? is the distribution defined by
(KO, p) =K,y *x¢°), Vye SR,

where f(x) = f(x~!) (the order of the elements in the convolution is important). One
can see that K? is in &’ (R3), and it can also be identified with function

x— (K, T:@?),

where 9 f(z) = f(z-x~1) is the translation operator in H!; this is a C>°(R%)-function,
and therefore K? is in C§°(|R3) too, and thus in L' (H'). It follows from the previous
part of the proof that for any 6 > 0 the operator f — K° x f is bounded on L?(H") if
and only if

sup |1 KO (M)l 72y 12(m) < 0©-
AZ£0

Now observe that since ¢ is an approximation of the identity and
(K% f,9) = (K,y * f % ¢°),

it follows that
(ISIII(I) ||K5 * '“LZ(HI)_,LZ(HI) = ”K* '”LZ(HI)_,LZ(HI)

(simply approximate the operator norm on the right by an inner product (K x f, g)
for suitably chosen f,g € .(R%). By Young’s convolution inequality (for non-
commutative groups) the reverse inequality holds even without the limit, since
||(p5 I 1 @) = 1, and therefore we have proven

: o
})\111(1) ”K * '||L2(H1)_,L2(H1) = ”K* . ”LZ(HI)_,LZ(HI). (237)

On the other hand, we have by Hausdorff-Young’s inequality for H! (equation (2.3.3)),
that

||K6(/1)||L2([R)_>L2([Ra) <[KQ) ”LZ(R)—»LZ(R) ||(P6||Ll(|]-[|l),
=1
so that

Sup ||K6 (/1) ||L2(R)—>L2(|R) < Sup ”K(A,) |IL2(R)—>L2(R)'
A#0 A#0

Finally, let € > 0 be fixed and choose A # 0 such that

sup ”K(A) ||L2(R)—>L2(|R) - ”K(AO) ||L2(R)—>L2(R) <E.
A#0
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Observe that K% (1o) = K(Ag) 0 9% (1) and that by (2.3.4)
PP (Ao)p(2) = f =¥ —(u 2), 2,62 A0)p(w) dus;

itis not hard to see that this implies (?)‘\‘S (Ap) acts as an approximation of the identity
(although not of convolution type) provided ¢ is chosen appropriately, and therefore
we can prove analogously as before that

(1$in(1) ||K6(/10) ||L2([R)—»L2(|Ra) =sup || K(A) ”LZ([R)—»LZ(IR) —E,
- A#£0

and since ¢ is arbitrary it follows that

(lslm Sup ||K5 (/1) ||L2(R)—>L2([R) - Sup ”K(A) ”LZ ([R)_,LZ(R) (238)
=0 2%0

By combining (2.3.7) and (2.3.8) with the previous part for L! convolution kernels,
we conclude the proof. O

This concludes the preliminary chapter.
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Chapter 3

Real analytic surfaces

In this chapter we begin to address the subject of this thesis by proving the L?(H') —
L2(H") boundedness of the operator given by the (local) double Hilbert transform
along the surface given by (s, t, (s, 1)). This will provide a clear illustration of the
method, which will then be refined in the next chapter to yield more precise results
(in terms of the uniformity of the operator norm with respect to a suitable subspace
of the surfaces that are graphs of polynomials).

We remark that this result already follows from the Stein-Street! theory in [Str12], but
the method given here has little in common with it, and thus constitutes an entirely
different proof of the fact. In Chapter 5 we will show the scope of the method goes
beyond that of the Stein-Street theory in regard to a certain class of operators, at least
as far as L? boundedness is concerned.

The chapter consists of two sections. In the first one we will state the theorem
rigorously and we will prelude a series of reductions, and in the second section we
will provide the proof of the theorem, given the reductions. We have included several
remarks throughout to make the proof more transparent.

3.1 Statement and preliminary reductions

3.1.1 Statement and reduction to the multiplier

Let ¢ € C”(U), that is a real analytic function of two variables in some neighbourhood
of the origin U, such that ¢(0,0) = 0 and let € be sufficiently small that for all (s, f) €
[—¢&,€] x [-€,€] < U one has

o(s, 1) = Z Ckgsktg,
k,feN

in the sense that the rectangular sums of the power series are absolutely convergent
and they converge to the values of the function, namely for all (s, £) € [—¢€, €] x [—¢€, €]

¢(s, 1) = lim Z ckgskté.
K,L—»ooksK’

/<L

! Actually, the first paper in the series we are referring to is authored by Street only.
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This will not be the only condition we impose on ¢; indeed, € will be sufficiently
small to justify a series of bounds (only involving the coefficients of ¢) which will be
pointed out as they arise.

We are interested in the L?(H') — L?>(H') boundedness of the (local) double Hilbert
transform along the surface given by (s, t, (s, 1)), that is the operator defined formally
as

ds dr
fHwa(x):p-V-ff f(x-(s,t,q)(s,t))‘l)—s—, (3.1.1)
Isl,|t]<e S t

where € = () is sufficiently small (it will become clear how small it needs to be).
The definition requires some clarification of the principal value nature of operator
H,: we show that it is a well defined operator at least on C°(R?) (or .#(R?), and the
proof is entirely similar). Indeed, by the notation of (3.1.1) we mean H, f (x) denotes
the quantity

_,.ds dt 0
. 1, dsar . n,
171,419210 ﬁg)illstlliif(x-(s, Lo(s, 1)) S _'nl,(laliloH"’ f),

if such a limit exists in some sense. We claim that if f € C°(R3) (or f € .7 (R%)) the
limit exists pointwise. This can be seen as follows: let

Fe(s,0):= f(x- (s, t,0(s, )7 D),

then notice that by cancellation of the kernel we have

F ds dt
fﬁlsmss, x(S,t)TT

0<|t|l<e

= F F ds dt
_fﬁ’5|3|56, x(s,0) — x(S’O)TT

0<|t|l<e

: ds dr
:fﬁvsmﬂ,fo 102Fx(s, 1) drTT

0<|t|<e

: ds dt
:fﬁ)ﬂslﬁ,fo 10, Fx(s, tr) — 102 Fx(0, t1) drTT

0<|t|<e

e ds dt
:fﬁ5|s|sg,[) fo §10102Fy(su, tr) dudrT7

0<|t|<e

1 pl
= 010-F,(su,tr)dudrdsdt.
[ faeze), | 0r0eE

0<|t|l<e

Since we have assumed f € C®°(R®), it follows from dominated convergence that
the limit in 7,0 — 0 of the expression exists pointwise. A simple modification of the
above argument shows that if f € C2°(R®) then H,, f belongs to L*(R?) (it suffices
to use Riesz’s Representation theorem). Therefore it makes sense to talk of the
L*(H") = L*(R®) norm of H,, f, and by Fatou’s lemma we have

le IH(pf(x)|2 dx < l%na}—i»%fﬁ-nl |H$9f(x)|2 dx;
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thus, by a standard approximation argument using the density of C°(R3) in L*(R),
to prove Theorem 3.1 it suffices to prove the operators HZ'H are L>(HY) — L2(HY)

bounded independently of 1, 0.
We will prove that this is indeed the case, so that we can state

Theorem 3.1. Let € C®([-¢,€]?) and let H,, be defined as before. Then for every ¢,
the operator H,, extends to an L*(H') — L*(H") bounded operator.

Recall that the corresponding operator in the Euclidean convolution case is not
always bounded, not even on L?(R3) ([CWWO00]).

Remark 3.1. The proof that we will give of Theorem 3.1 will not use in any substan-
tial way the specific homogeneity properties of the Hilbert product kernel p.v.1/st.
As such, the proof can be adapted to yield the same result for the slightly more
general case where the kernel p.v.1/st is replaced by a general tensor product ker-
nel K (s)K>(f) where K; is a Calderén-Zygmund one dimensional kernel, i = 1,2,
satisfying the usual cancellation and smoothness conditions.

In our proof of the theorem we will exploit the Fourier theory of H! by studying
the multiplier of H,,. Indeed, we claim that by Lemma 2.7 of Chapter 2, §2.3, we have
the following equivalence.

Lemma 3.2. The operator Hy, is L*(H") — L*(H') bounded if and only if the operators
T, on L*(R) given by

. d t
(p.v.f|| e”((y“)sﬂﬂ(&y—ﬂ)Ts)—(p( ) dr 3.1.2)
s|<e

Trp(y) = p.V.f iy

ly—tlse
are L*(R) — L*(R) bounded uniformly in A € R\{0}.

Proof. It suffices by Lemma 2.7 of Chapter 2 to verify that the above expression for
T(;} is indeed the Fourier transform of the compactly supported distribution defined
by

(A, y):=p.v. ff|< w(s, t,@(s, t))—%
|t|<£
since Hy, f = A& * f. As discussed above, we really are working with the truncations
of the above distribution, but we avoid repeating so to ease the notation a bit, since
the arguments don’'t depend on such truncations in any way. We have by (2.3.4) and
formal manipulations that

(Z(ﬂ)(j))(y) ffS|<€ —iAp(s,)+st/2— sy)¢( + t) ds dt
ltlse
o~ IMp(s 1= y)+s(t+y)/2)¢(t) ds dt
pl S t y
ly—ti<e
This completes the proof. -

We observe that since T(;’l(,b(y) = wacﬁ(—y), with ¢ (1) := ¢(-1), it will suffice to
consider the case A > 0. We will therefore assume from now on that A > 0.
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3.1.2 Further reductions

Now we intend to operate further reductions on the operator T(ﬁ.
We decompose dyadically in the quantities y and y — ¢ to better localize the operator.
Thus, let y := x[-1,-1/21u11/2,1; We write

Y x@%y) ) p.V.f , mA;y, D) dt,
nez j=Ce 27 <y —tl=27]

Y Y 1w,

nezZ j=Ce

A
T} ()

where C; = log, |¢|"! and m(A; y, 1) is the function given by the oscillatory integral

mA; y, 1) = p.v.f em(y”)”‘”(s’y_”)g.

|s|l<e N

We split the sum into two parts as

Trpm=Y Y T,"em+Y Y T,™ew

neZ Ce<j<n+Cy neZ jzn+Cy,
j=C;
_.cA An,j
=:S,p(N+ Y Y T, o),
neZ j=n+Cy,
j=Ce

where Cy > 0 is some integer constant we are free to choose.

3.1.2.1

We claim that Sg is bounded, uniformly in A; but in order to proceed we need the
following lemma.

Lemma 3.3. Forany A,y € R and t such that |y — t| < € we have that
Im(A; y, )| = Oy (1).

Proof. For every k €N, let ¢(k) be the smallest ¢ € N such that ¢, #0. Thenlet K > 1
be an integer such that ¢(K) exists and for every k > K itis £(k) = ¢(K) =: L; in other
words, the coefficients cg, ¢ for p > 0 are all zero if ¢ is below the threshold L. If
such a K does not exist, the conclusion is essentially trivial (it follows from Corollary
2.2 of Chapter 2). Let

P(s, 1) := CKLSKIL + Z ckgskté,
k<K,
feN

y(s, 1) :=@(s,1)—P(s, 1);

notice that P is a polynomial and v is analytic. We want to show that

‘m(/l'y t)_f eI M+DsPey-0)| — o, (1),
Islse

34



Double Hilbert transforms along surfaces in the Heisenberg group 35

To do so, we bound the quantity on the left hand side by triangle inequality by

f ei/l((y+ 1)s+e(s,y—1) _ ei?t((y+ 1)s+P(s,y-1)) E ‘
Is|<6 S

+’f ei)t((y+t)s+<p(s,y—t))$‘+‘f eiiL((y+t)s+P(s,y—t))E
O<|s|<e N 0<|s|<e N

= I+I1I+111],

where 0 is a parameter to be chosen. We can estimate by simple domination that

ds
I<A (s, y-l—<A Y lexl0F1y-1°

I5]<6 |5l k=K,0>1,
(k,0)#(K,L)
K L k-K .¢-L
<A0%y—tl" ) lckelet R
k=K,(=L,
(k,0)#(K,L)

we suppose that € is sufficiently small that

1
k-K _¢-L
Yo lekele™ Ve = — ekl

k=K,(=L, 10
(k,0)#(K,L)

which we can always achieve?, so that we have the bound
1< Alexr|0Xy -1t (3.1.3)

Next we observe that the K-th derivative of the phase is given by

d\K
(E) (y+Ds+@(s,y—1) = cxrKI(y - ) +05w(s,y- 1),

and

k
05y, y-nI<kr Y |ckg|(K)s’c‘K(y— 1’

k=K,(>L,
(k,0)#(K,L)

L k) x—x /-L
<Kly—1" Y leel| |s"Fy-0",
k=K,(=L, K

(k,O)#(K,L)

and we can suppose that € is sufficiently small that the sum is bounded by 1—10 lckrl

(this assumption implies the previous one, obviously). Therefore we have for all
|s| < e that

d\K ;
’(E) (y+Ds+o(s,y—0)| 2k lexelly — 117,

and by Corollary 2.2 of Chapter 2 (that is, by Van der Corput’s lemma and integration

2By the well known fact that there exist C, @ > 0 such that |ci/| < Cak+?,
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by parts) we can bound 11 by

1
IT <k AMekrlly— 5™ ”Ke (3.1.4)
moreover, the same estimate holds for 111, since 65 P(s,y—1t) =cxr Kl (y - H)E. There-
fore, if we choose 0 := (A|cgrlly — t15)~VK A £ we see that by (3.1.3) and (3.1.4) we

have
I+IT+111<kl,

a bound which depends on ¢ only. We have thus reduced the problem to that of
proving that

f S+ D 5+PLs,y=1) E’

Isl<e S

is Oy(1). We claim this is true with the bound depending only on K, since the phase
is a polynomial in s (of degree exactly K). We postpone the proof of this fact; we
will derive it in Corollary 4.4 of Chapter 4, §4.2 as a consequence of the oscillatory
integrals estimates of Proposition 4.2. O

With this lemma at hand we can show the claim we made before that S{}, is
uniformly bounded on L?(R) independently of A. Indeed, notice we have (with
y:=2")

SpP) :p.V.f m(A; ,I)M dr,
Ylylsly-tie

and thus if we let

So(y) ::p.v.f Ll ds, (3.1.5)
Yiylsly—t 1y =t

by Lemma 3.3 we can bound

ISppW] Sp SP)-
Let K(y, t) be the kernel given by ¥ (y(y,+00) (1Y — D1y — t|71, so that
So() :fK(y, NP dr,
and observe that this kernel is homogeneous of degree 1, that is

K(uy,ut) = 'Ky, 0.

To show S is bounded on L2(R), it suffices by Schur’s test® to show that for some
0<f<litis

K, — dy < —, (3.1.6)
f ¥ ||ﬁ 3 |t|/3

Ky 1) . (3.1.7)
f Y ||ﬁ ||ﬁ

38ee for example Theorem 0.3.1 in [Sog93] for a statement.
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This is a simple calculation: by homogeneity one has

1 1
K(,t)—dt_| |ﬁfK(1,l‘)—dt:| rﬁf . d?
f ’ g 117 Y y<i—1 [1—tl|t|P

if Q > 1 we have

1 1 1
[ sl
y<il—tl<Q |1 — ]| t|P Y Jy<in-1<q |t|P

and

1 1
[ ———) <o
Q<l1- |1 —t][£|P 1t12Qr2 | t|1*P

and therefore the bound (3.1.6) is proven. Bound (3.1.7) amounts to a similar calcu-
lation. Thus Schur’s test proves that S and hence Sf}, is L?(R) — L?(R) bounded, with
constant depending only on ¢ and not on A.

3.1.2.2

Next we reduce the boundedness of the operator T’1 uniformlyin A to establishing the

boundedness of the operator }_ j>,+c,, T(ﬁ I T’l " uniformly in A and n. Namely,
jzCe
we claim that
DY PRI 1 . (3.1.8)
nez L*(R)—L (R) neZ L (R)—L*(R)

Indeed, we have already shown that we can ignore SA and observe that since we are
assumlng j=n+Cywehave |y—f| < |y|, and therefore [t| ~ |yl ~27". The definition

of T / then implies that for such j’s it is

)™ o) = )™ 2" (),

where y is the characteristic function of [-2,-1/4] U [1/4,2]; therefore we have by
orthogonality

2T

LZ(R) - Z

nez nez LZ(R)
An n
=y |lTr 2
nEEZ\ G| o
An ~ N 2
< T ) 2.
(f‘filz?) PR DM (s
~(sup )T’l’” )2||(,b|| )
nez ¢ [>—12 L&y

thus proving one half of (3.1.8). The other half is trivial and follows from the first
equality in the sequence above.
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3.1.2.3

Finally, we proceed to some reductions regarding the phase
D) :=(y+)s+e(s,y—1)

of the integrand of m(A; y, 1).
We write

p(s,y-0=Y sfyr(y-n, (3.1.9)
k=0

where the ¥ are in C*([—¢,€]) and are given by

Yy —D=crot Y cke(y— D =tcro+ Wiy — 1), (3.1.10)
0=0;

where £ is the smallest £ > 0 such that ¢y, # 0 (if such an ¢ exists); equivalently, it

is the smallest ¢ > 0 such that wgf) (0) # 0. To avoid confusion, notice ¢; does not

necessarily coincide with ¢ (k) (as previously introduced in the proof of Lemma 3.3),
the difference being that ¢ is required to be positive.
By writing (y + t)s = 2ys— (y — t) s we can rewrite the phase as

D(s)=2ys+ (s, y— 1),

where
1085, y-0 =@, y—-t—(y—1s;

another thing we can do is to collect aside from the power expansion (3.1.9) the terms
that depend only on y — £, that is ¥y (y — 1), so that we can write

D(s) =2ys+@a(y—1t,8)+yo(y—1),

where
@2y —1,8) :=@1(5,y— ) —ypo(y—1).
Therefore if we let
D1(s):=2ys+@2(y—1t,5)

and )
ml(it;y,t)::p.v,f eiMDl(s)_S,

|s|<e N

we can rewrite

/1 elﬂlllo(y—t)
T,"on= 3 x@"» | mi(A; y, () ———— dt.
j=n+Co, 2-J-l<|y—¢|<2-] y—t
j=Ce

Having collected the terms of the power expansion of ¢ that depend purelyon y — ¢
it is also natural to collect the terms that only depend on s. These amount to

P(8) =Y crosh;
k=1
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Double Hilbert transforms along surfaces in the Heisenberg group 39

with ¥ as defined in (3.1.10) above, we can write

@1 () =2ys+@(s) + Y Fr(y—Ds*.
k=1

We can further assume that @' (0) = 0; indeed, if not, let @' (0) =2c and notice 2ys +
2c¢s = 2(y + ¢)s, and therefore if we denote by 7. the translation operator defined by
T.f(x):= f(x—c) we have
1 el/lwo (J’— 1)
T Ty (T-ch)(y) zf mAy-c¢ t—o¢pt) ———dr,
ly-tl<e y-t

and osbserve that the phase of m;(1; y — ¢, t — ¢) is given by

2ys+(@(s) —2¢s)+ Y Wiy —Os",
k=1

which is of the desired form. It is clear that the boundedness of Tq’} is equivalent to

that Of‘L’CTé}‘L’_C.

We conclude the series of reductions with a simple observation. We notice that

there exists k. such that for all k > k. and ¢ < ¢; itis wgf )(0)=0,ie lp=¢ k, (notice

that %, *(0) # 0 by definition).

3.2 Proofof Theorem 3.1

3.2.1 Main Lemma

By the reductions in §3.1.2.1, §3.1.2.2 it will suffice to prove the L?(R) — L?(R) bound-
edness of T£’” uniformly in A and in n. We summarize the reductions made in
§3.1.2.3 in the following lemma (notice ¥ below corresponds to ¥ in §3.1.2.3 above).

Lemma 3.4. Let ®(s) = ®(y, t; s) be the phase given by

D(s):=2ys+@() + Y wr(y—-0s"+ Y yr(y- s~
keN k>k,

where

1. ®,p, vy areallin C*([-¢,¢]),

2. ¢'(0)=0,

3. foreveryk thereexists €. > 0 such thatu/g) (0)=0forallo<? < ¥y andu/g") (0) #
0,

4. fork> k. and?¢ < ¢y, one has wgf) (0) =0 (or equivalently, ¢ = ., for k> k.),

5. N is the set of indices given by N :={k s.t. 1 < k < k., vy # 0}.
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Define moreover

Let m(A; y, t) be given by

and ©(A; y) be given by

O(A;y) :=p.v. f eiMZys@(s))ﬁ.

|s|<e N

Then there exists w monotone increasing function (that depends only on the phase ®)

such that
1 dr
f w(r)— <oo
0 r

and such that for every j = max{n + Cy, C¢} and for2=1=' < |y — t| < 27/ we have

Mm@y, 0 -0y < ¥ oA, (3.2.1)
keN

Remark 3.2. Tt will suffice to choose w(r) = Cr? for a sufficiently small o > 0 depend-
ing on . We therefore assume from now on that w is of this form, and therefore we
will allow ourselves to say for any 0 < r < 1 and ¢’ = ¢/(¢) arising in the proof, that
r? <w(r).

Remark 3.3. The reason we have introduced N is that we will have to take specific
derivatives of the phase to obtain suitable oscillatory integral estimates in the follow-
ing, and it will be useful to have ruled out those that cannot help us.

Remark 3.4. The quantities <7 (j) arise by normalizing the phase in such a way that
the linear contribution 21ys becomes just s’: indeed, with such a substitution, one
has heuristically

Al Sll k

TRy = AT

Ay — sk ~277%%

where the implicit constant depends on ¢.

We observe a couple of facts about the quantities .7: firstly that
A (j) =271y <27t < 27C0 < q;
and secondly, notice that
20+ 1 <20+ ) = () = G- D2 < hG-D. (322
This in particular implies that quantities of the form

Y (N7 A ()7
J

40



Double Hilbert transforms along surfaces in the Heisenberg group 41

for o > 0 are uniformly bounded by O, (1); that is, the bound is independent of all
the other quantities involved.

Using Lemma 3.4 one can prove the desired uniform (in 1, n) I[? — [? boundedness
of the operator T;}’" , and therefore prove Theorem 3.1. In particular, we claim that
for |y| ~ 27" the inequality

T " ()] S SO +1 Ty () + Mep(y) (3.2.3)

holds pointwise, where T, is the operator given by

® igoly—1) dr
Tp,p(y) :=p.v. ety (l)(t)ﬁ,

S is the operator with positive kernel defined in (3.1.5) and M is the Hardy-Littlewood
maximal function.
Indeed, by adding and subtracting ©(A; y) from m(A; y, t) we can bound

el 0

00 4,

T} <[ewsy) f

_t]<2-7Co y—t

\ f (7,0 -0 )
ly—t|<2-"=Co

and by triangle inequality and Lemma 3.4 applied to the second term we have then

A eiAo(y—1)
1Ty " () §|®(7L;y)|‘f o) —— dt‘ (3.2.4)
ly—tl<27"=C0 y—t
t
+ 2w, 1Ly, (3.2.5)
j=n+Co, ly—tl~2=i |y — ¢l

J=2Ce

where o is shorthand for ¥ yey (< (j) A () ™).
Since by Lemma 3.3 we have |©(A; y)| = O, (1), term (3.2.4) is bounded by

l)l(po(y 1) l)L(po(y 1)
(f ‘<S(p(y)+‘pvf oS dt
ly— t|<Y|y| J’— —t

and thus is L? — L? bounded uniformly in A (and n) by §3.1.2.1 of this chapter and
Theorem 2.4 of Chapter 2 (from [RS87]). As for (3.2.5), on the one hand we have for
every j

lp (1)1 1
dr~— Hder< M ;
\/|vy—t|~2—j ly—tl 277 Jy-ta-i [p(1)] d(y)

on the other hand, by the hypothesis on the function w and as noted above we have
for any positive real A >0 that

Y o(A27) A2 h ™ =0)
JjeZ
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and the bound is independent of A, so by (3.2.2) one then has

Yo owi= Y Y w@()A()T) = 0,().
j=zn+Cy, j=n+Cy, keN
j=Ce Jj=Ce

We therefore have for (3.2.5)

t
> w,-f . PO dtS ). wiMy) < Mb(y),
jz=n+Co, ly-tl~2-7 [y =l Jjzn+Cy,
j=Ce J=Ce

which as is well known is L2 — L2 bounded as well; thus (3.2.3) is proved, and with it
the uniform boundedness in A and 7 of T, (ﬁ’” is proved too.
It remains therefore to prove Lemma 3.4, which we do in the next subsection.

3.2.2 ProofofLemma 3.4

Depending on the various parameters, it might be that <7 (j) is bigger or smaller
than 1, and we introduce notation to treat these cases all at once. Given a bipartition*
N=SuLsuchthatle N= 1€ S (because 7 (j) < 1, as observed above), we set

J=Jsp:=1{js.t j=max{n+CyCe, #(j) <1if k€S, o (j)>1if ke L}.

Thus, for any given j, S is the set indexing the small coefficients 27 (j) and L is the
one indexing the large ones, intuitively speaking. It is clear that as S, L range through
all the allowed bipartitions of NV, we obtain a disjoint partition of [n + C,o00) c N.
Notice, because of (3.2.2), that there is a unique infinite component, which is Jy .
We will proceed by removing terms from the phase of m(A; y, t); the errors that arise
will be controlled by the quantities .7 ().

3.2.2.1

Consider now S, L fixed and assume j € J. The first thing we observe is that we can
dispose of the large terms immediately; that is, the terms indexed by L. Indeed,
suppose L # @ and write

Dg(s):=2ys+ @)+ ) Wi(y - nsk+W(s,y— 0,
keS

where we let ¥ denote the tail of the phase, that is

Y(s,y—1):= Y yrly—0s5
k> k.

4Thatis, SNL=¢@ and SUL=N.
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then since k> 1when ke L

)p.v.f e““p(s)E —p.v.f eimsmé’
Isl<e N Isl<e N

ds
sf A Zu/k(y—t)sk —
Islce  'jerL K]

<Ay (¥ |ckg||y—t|")f s ds
|s|<e

kel ¢=¢;
. Ek
5/122_][’“( > Icms’_ék?),
kel =0,

and we can assume that ¢ is sufficiently small that the (finitely many) sums in brackets
are finite and all uniformly in O, (1). We claim that

22718 < e ()7 VR0 < 1,
so that in particular 127/ < w(e7.(j)™). Indeed

_ |y|—k/(k—1)2—jlk2—j[k/(k—1) < ("2 ilyklk=D)

since j = max{n+ Cy, C¢} and ¢ = 1.

3.2.2.2

It suffices then to prove the lemma for phase ®g. At this point we will have to split
the integral into several parts, all of which except one will be bounded in terms of

some % (j).
We first split
; ds : ds ; ds
p.v. f AP 2 —py. f e NP 4y, f NP9 2 (3.2.6)
|s|l<e N |s|<O N 0<|s|<e N
=:1+11,
where

1
0 := — min @ (j) %%
A|y|rzrclel§1 k(J)

and o > 0 are parameters to be considered fixed, but which will be chosen later.
We deal with I first. We claim that

I-04y)

is bounded by the right hand side of (3.2.1). Indeed, let

[0 y) = ([ RILNE _ei/l(zys@(s))ﬁ) _f ei/1(2y3+$(s))E
[s|<0 N 0<|s|<e S
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= Il - Iz.

We have

ds
Ihle A wey—-0+ ) wk(y—t)‘lsl’“—
Isl<6 'ies K

k> k.

Sox [ it tasea [ - ol ds

keS Is|<6 k>k, J1sI<6
DI IsFtds+A Y Iwk(y—t)lf |s|F—lek=k g

keS [s|<@ k> k. |s|<0
S Z/lz_ﬂkf s ds+/12‘flk*f Is/F1 ds

keS [s|<0 |s|<6@
<Y A2k 4 p27 0k ke

keS

Again here we have assumed that ¢ is sufficiently small (depending only on the
coefficients ci,, thus on ¢) to justify the bound

Y lwrly— ek e <27
k> k.

one can easily check that this is possible to achieve. Similar assumptions will appear
over and over throughout our argument, and since they are all similar and easily
achieved we shall not comment them in detail anymore to avoid becoming overly
pedantic (although we will point out where they occur).

Now we observe that for each k€ S

—Jjlk

y A2 . - o - 1o
Azt = S min ()7 = A (min () = A

and therefore if we choose 0 < o < 1/k then |I;| will be bounded by }_j.cs w (% (j)) +
(A, () AN, ().

Next we deal with I,. We have assumed that

P =Y crost
k=ky

with ko = 2, because we have assumed in the hypotheses of Lemma 3.4 that G' (0)=0.
We then split further

IZ = o<s| eM(Zyw@(s))E_i_ o< ei1(2y5+¢(s)) ds
=|s|<é, <|s|<e, —
colyM*o=D<ls| Isl<coly| M/ ko=D S
—_. 7 "
=L+,

where ¢y is a sufficiently small constant depending on ¢.

Remark 3.5. The motivation for choosing cy|y|"%~D as cutoff is the following: the

44
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ko-th order derivative of the phase is

k!
— (ko) k—ko
P (s) = kolcko+ D k08
v k>ky (k k())'
and thus |( ) 2ys+ (p(s))| 1, which allows us to use Van der Corput’s lemma.

This gives us

ds A
1/1(2y5+(p(s)) < -1 _ y
‘\[0<|SI<£ ‘ Allkoe A”k maXEQ{ (])

= (Afo 1|y|’€°)1”€°rggs)wp(j)‘fp

and we would like this to be summable in j. This can be achieved if we can enforce,
forsomeO0< f<1,
(Ak()—l Iylk())llk() 5 dp(j)—(fpﬁ

for all p € S. This is equivalent to

ARt yfoy o A=Fly =P < 6F,
and we make A disappear by choosing 8 = (ko — 1)/ ko, which then gives |y| < §%~1
as condition, and hence the above splitting.

Now for the rigorous argument. We analyse I, first. We have, as noted above,

that Ia(k(’) (8| Z(p 1 for € sufficiently small (depending only on ¢), and therefore by
Corollary 2.2 of Chapter 2

min{6 ™", [y,

|I’| _ l/l(2ys+(p(s)) ds <
21— 0<|s|<e, /lllk
colyl"ko~D<|s]

1 )l—l/ko

o . . 1/k
by dominating the minimum by the geometric average (5) (W

@ly)~%, we have

II < — . Up/k(),
|2|N—()L|y|9)1/k0 r;lgsx%p(])

which is bounded by the right hand side of (3.2.1).

Next we deal with I. Although we still have the lower bound |¢(k°) ()| Z¢ 1, now the
region of integration is not convenient anymore. Thus we observe instead that the
first derivative of the phase gives

d _ _ _
a(ZyH <p(S))‘ =2y + @ (9] = 2yl - kocky ols® 1,

and since now |s| < co|y|"/®*0~D, for sufficiently small ¢, (depending only on ¢) we
have

‘£(2y5+¢(s)) > 1y, (3.2.7)
ds ~¢

We cannot apply Van der Corput’s lemma because the phase will not in general be
monotone, thus we compensate with some further derivative estimates. We observe
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that, again by the specific region of integration, for € sufficiently small it is

d\2 _
‘(E) (2ys+<P(S))‘ S kolko = Dlcgg0lls1®72 <, ||y|| (3.2.8)

we therefore integrate by parts, letting ®((s) := 2ys+ @(s), to obtain

Ig = O<|sl<e, (;13[ l/lq)O(S)] /1(13} (s) (15
Is|<coly|!/ koL
l]LCDO(s)
A (5) s 16<Isi<coly!/ koD
e”‘%(s)&
ISISZ(jlyslli(gk’o—U /l(q), (5)s)?
eiﬂ@g(s)ﬂ
|s|s?;jl;||1<’550*ll M@ (9)5)?

Since we are assuming |s| > 6 we have by (3.2.7) that

l/lCIDO (s)

) ADg(s)s

< o, 'Up’
S0 - (D)

which is dominated by the right hand side of (3.2.1). Next, by (3.2.7) and (3.2.8)

‘ iados) Po(9)s S‘ , Uyl/Ishls]
0<|sl|<g, / 2 ~ f<|s|<e, 2
|s|500|y|1/(k0—1) A«(q)o(s) s) |S|SC0|y|1/(k0_l) /1(|y|S)
1 ds
< — -
A|J/| O<|s|<e |52
1
< —— =max.,(j)?7,
Saye - maxp())

which is bounded by the right hand side of (3.2.1) again; and finally similarly
D, (s) 1
iADg(s) dsl < o, P
o<isi<e, © ooz o8 Nf b<isi<e,  roez S g ()7
) IsI=coly|!/ko=D APy (s)5) ‘ |sI=colyl!/ko=D Alylisl

We have therefore dealt with contribution I from (3.2.6).

It remains to show that 11 from (3.2.6) is bounded by the right hand side of (3.2.1).
We will have to analyse very carefully the derivatives of the phase this time, and to this

aim we introduce some notation. Let k.. be the smallest k = k.. such that @UC) (0)#0
(thus if ¢k, o # 0, then k.. = k). Then define

T:={k < k.. s.t. 90(0) £ 0}
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Finally, for k € (Su T)\{1}, define the (possibly empty) integration regions
Rk):={s:VreSuT,r>k=>¢<|s| <&},

where
[ @glypt =D if ke T\S,

&= {(6k|y|2jgk)1/(k—1) if ke S\{1},

for constants d; > 0 to be fixed in the following (they will depend only on ¢).

Remark 3.6. The reason for choosing the regions of integration as above is heuristi-
cally as follows. If k € S\ T we see that

di

(kl _ k)| Ck,rosk,_k + kh;”k(y - t) + Other terms

oW (s) =

for k' the smallest k € T s.t. k' > k. Since |y (y — 1)| ~ 27/%,, the best lower bound we
can hope for this derivative is 27/¢* itself. Suppose we had indeed this lower bound,
and suppose we restrict ourselves to a region B < |s|; we need to choose B for Van
der Corput’s lemma to be most effective. Indeed, Van der Corput’s lemma gives

1 1 1 1

‘f eims(s)E < L_ 1
Gzlillfls, s 1™ A2-it)Vk B Alylai(j)1/k B’

for this to be summable we would like A|y|B 2 <7 (j)~% for some a > 1/k. Thus we
need k=1y,1kojlr\a
S A yl"2)™)
Aly|
and if we pick @ = 1/(k — 1) the A term disappears from the expression and we see we
can choose

)

B Z (Iyl2/ V=D,
hence the choice of lower bound for |s| in R(k).
Next observe that if k € T\S then the derivative is, for some k' € S,
g

(k"= k)!

<I>E§k) (s) = klcgo+ Y (y— t)sk,_k + other terms;

we can therefore have a lower bound of the form Iq)gk) (s)| = 1 if we can ensure
e (y— s Flelo s *F<2ily,

Now, if & < |s| < &, then |s|K % < 6’,2:‘1/62‘1 ~ Iylzf’k’/g*ﬁ‘l, so the condition we
seek is automatically enforced if we choose ¢ llz‘l ~1yl.

Now for the rigorous argument. We split according to the integration regions
above (notice they are disjoint). We write

; ds ; ds
— lAq)S(S) - l/lq)s(s) >
II_ BSISISE, € S + Z ﬁilslif,e S

s¢Ukesut R(K) keSUT seR(k)
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=1II'+ ) I
keSuT

We deal with the I first. As the remark above suggested, we have

Lemma 3.5. There is an ¢ sufficiently small depending on ¢ only such that, for|y—t| ~
271, ifkeT then
0P () >y 1 VseR(K),

and if k € S\T we have .
10X (5)] 2,271 Vse RK).

We will prove the lemma in §3.2.3.
Now, assuming the lemma holds, if k € T (notice k = ky = 2) we have therefore by
Corollary 2.2 of Chapter 2 that

; ds 1

iADs(s) 2° | < sop-1 -1,

U(;SISISe,e s I~ 1k min{6", &7k
seR(K)

since & ~ |y|V/*=D, by the same calculations done in the analysis of I, we get that
this is bounded by maxes.%7,(j )?»'k which is therefore bounded by the right hand
side of (3.2.1), as desired.

Then assume otherwise that k € S\T; we see by the lemma above and by Corollary
2.2 of Chapter 2 that

‘ O P
0<|s|<e, s 1~? (A2-jlk)lik>k
seR(k)
2= k(-

_ 2 TR R k-]
= ANTK| T GR=T) = () ’

which is bounded by the right hand side of (3.2.1).

We are therefore left with estimating I1’. Observe that s ¢ Uresur R(k) means
that s < {y forall k € SUT. In this region we have no good lower bounds for the higher
order derivatives, and therefore we have to resort once again to the 1st derivative. We
have

D(s) =2y +@ () + Y kwp(y— s+ 2\P(s,y— 1);
keS s

now, since || < &g, ~¢ Iyll/(ko_l) (because kg € T),
@' ()] S Is17! < 11,
and similarly for all k € S and ¢ sufficiently small (depending on ¢ only)

lky(y— s Sp 27k <y
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for sufficiently small constants d; finally, since k. € S,

0
Y y- t)‘ = Y kyry-ns
S k> ks

—jl k-1 —jl k.—1
S(pz]k*ZM ~2]k*|5|
k>k.

—il ki—1
<27/ Ll <yl
as well. Thus we have shown that
|DG($)] 2 V]

when |s| < ming . We need now an upperbound on q)’s’(s), which is

2
DY) =" () + Y k(k—Dyr(y— s 2+ 6—‘1’(3, 1);
keS 0s*

from the calculations done for @7 it follows that every term is bounded by |y|/|s], so

that

1yl

OIS

when |s| < ming ¢ (and again, for € sufficiently small). Then from the same calcula-
tions done for I (just replace @ with @) it follows that I1’ is bounded by positive
powers of @7 (j) for k € S, which are therefore bounded by the right hand side of
(3.2.1), as desired. This concludes the proof of Theorem 3.1, modulo the proof of
Lemma 3.5, which is presented below. O

3.2.3 ProofofLemma 3.5

Suppose k € T as defined above. The k-th derivative of @ is given by

k' -
@ék)(s) klcro+ Y. ———cpostF

i (=Rl

+ 2 Yry— st
keSk>k(k k)'
+ ) wk(y—t)s

K>k (k k)!

If k' < k.. is such that ¢y # 0 then k' € T and therefore since s € R(k) means
Sk =1l <&k ;

ér_l 5/
Se ’;C - = ¥« 1,

&t Ok

k" k/_k
[CECE

provided we choose the constants § rapidly decreasing in k. Next, if k' > k.. we can
bound
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]CI' ! ! k 5k
. k'-k < k'—k kys—k * % * %
| > e A S A
K5k, (K= K>k &t b

as well. Observe moreover that, always for ¢ sufficiently small,

’ k! vily—t 1) sk k’< o=l k ]’z : g—ﬂicﬁ
(k—kpn " * gkt Silyl’

and this can be either 6 /6 if k¢ T or 2‘”1%6,}/6,6 if k € T; in both cases, the term is
« 1, as desired. Finally, we have for ¢ sufficiently small

ki—1
ks«
Yz (y—l“)Sk Fl <, 27/t =« 1
‘Ek (e—for”* Sy

too, by the same calculations above. Therefore we have proven that
‘CD(Sk) (s)) Zol
forse R(k),keT.
Now suppose instead that k € S\T. Then the k-th derivative now takes the form
K'!

o® | k—k
s (8)= kgk(k/ k! Cr',08

+kly(y-n+ )
keS k>k (k k)'

vily— )s

+ )

(y— t)s
5 & k)'w’“ ’

We have, if k' < k.., that

K" f’,z:_l_ 5kr|y| _6k’

oSk ) = K oilk 7 Jlk,
(k' — )1 0 ~® =1 Splyl2ite Ok

Next we have for € sufficiently small
ki (y — O~ 279%%;

and for S 3 k > k we have

8 k-1
k! k-k oSk Oglyl _je
_ Sp 270t = — < 275k,
(k- k)'llfk(y Bs fk ] 5k|y|21£k
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Finally, by usual calculations,
k-1 5
k—k ks orks— Jlk, 2k _ Tke 5—jty
‘Z —y(y—-8s ‘< 27 ke |5k mK < 7T bk e = —Zepm bk
or k-ky Y
Therefore we have proven
(k) -jt
0P 9| 2277

for s € R(k), k € S\T, and thus we are done. O
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Chapter 4

Uniformity results

In this chapter we address the L? boundedness of the operators under study from the
point of view of uniformity. It makes sense indeed to restrict our analytic function
¢ to be a real polynomial in two variables, and for any fixed degree d we can look
for the largest subspace of polynomials of degree at most d such that the L? — L2
norms of the resulting operators are uniformly bounded in the coefficients of the
polynomial. We will see that this is the subspace of polynomials whose monomials
have at least one even exponent; thus one recovers a situation analogous to that of
the Euclidean translation invariant case.

In the first two sections we will introduce two known results that we will exploit in
the proof. In the third section we state our main result. The remaining sections are
devoted to the proofs of the statements in the third section.

4.1 A decomposition lemma

The key to the uniformity result mentioned in the introduction is a lemma that, given
a polynomial p in one variable, allows one to partition R into a finite (bounded in the
degree of p) disjoint union of intervals, such that every interval is either of dyadic
type, or it is such that p behaves essentially like one of its monomials on it. More
precisely, define a symmetric double interval to be a set of the form [-b,—a) U [a, b),
for 0 < a < b. Then we can state

Lemma 4.1 ([CRW98]). Let d € N. There exists a constant A= A(d) > 1 such that the
following holds. Let p € R[t] be a polynomial of degree d, p(t) = Z?:o o t!, then there
exists a decomposition

R= ||

iesd
where each J; is a symmetric double interval, that satisfies the following properties:

i) the cardinality of .% is bounded by d + 1;
ii) each J; is of (exactly) one of two types:

* dyadic type: J; is a symmetric double interval of the form [—AZ,B, -p)u
(B, A%B), for some B > 0;
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e gap type: there exists k € {0,...,d} such that for all t € J; it holds
Ip(@®)] ~lecllel’;

moreover, we have for the first derivative of p

Ip ()]
"o ~ —.
Ip (D)l T

We provide a proof of this lemma below, but first we digress a little to provide
some context and to illustrate the usefulness of the above decomposition.
The lemma was introduced in [CRW98] in order to prove uniform boundedness
results for one dimensional singular and maximal integral operators of the form

© d
Ty f(x) = p.v.f flx—- P(S))Ts,

1 t
My f(x) = supgf |f(x—=p(s)lds,
—t

>0

with p a polynomial. Indeed, using the lemma above, one can decompose the
integrals above as the sum of the integrals p.v. [ ; (with boundedly many terms in
d) and estimate that if J is of gap type then p(s) is essentially of the form s*, and
thus (assume k is odd for simplicity) after a change of variable the contribution to
evaluate is essentially bounded by

|p.V.f]’f(x—s)%|,

which in itself is bounded by H* f(x), where H* denotes the maximal Hilbert trans-
form; if J is of dyadic type, then the matter reduces to the maximal operator .4,
since then

ds, 1 (4P )
|f fx—p()—| s—f |f(x = p()l ds < 2A° My f (x).
p<lIsi<A2p s Bl

It is not hard to prove then that .4, f(x) is bounded pointwise by a multiple of
M f(x), with M the Hardy-Littlewood maximal function, and therefore that /), f (x)
is pointwise bounded by <; H* f(x) + M f (x), where the constant depends on d but
is otherwise uniform in the coefficients of p. Uniformity of the L” operator norms
for 1 < p < oo follows immediately.

After this the lemma was used successfully in a number of other cases, all concerned
with the uniformity of the bounds in terms of the coefficients. As examples of the
applications, we mention here uniformity results for oscillatory singular integrals
with a polynomial phase [FGW12] (in particular with kernels of the form p.v.ei Ps) )
and uniform restriction estimates for curves with polynomial coordinates [DW10]. In
this second example, the authors reduce proving the restriction estimates to proving
an inequality with some geometrical flavour for certain Jacobians, thanks to a well
known argument of Christ from [Chr85]. More precisely: the restriction estimates for
acurveI:[0,1] — R"?, whose coordinates T’ j(t) are polynomials of degree at most d,
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are stated in terms of the affine arclength measure dv = dvr, which is given on test
functions in C([0, 1]) by

1
vig)i= [ prnldet(r' - T m) I di
0

let ®r be the map
Or(ty,..., 1) =T () +...+ T (),
thenforl <p< n;’i;i’jz the inequality

I f r||Lci(lm(r, dv) = Cp,n,d”f"LP([R"),

with g(p) := n(‘i—ﬁll), is implied by two facts:

a) ®r isinjective;

b) 1dPr(tr,..., ta)] = Cpnally (1det(T'(e) -+ T () V" ks 1 - 1)

These do not hold in general, but Dendrinos and Wright are able to decompose
R=Llje #Jina finite number of intervals (whose number is bounded in terms of d
and 7 only) in such a way that both properties hold in /" - the key result being that b)
holds uniformly in the coefficients of I'. To achieve this they use in a fundamental way
the lemma above - although this is not enough on its own, and they need a second,
more elementary decomposition to combine with the one provided by Lemma 4.1;
the two are then used in tandem, exploiting the affine invariance of the problem.
This ends up being quite technical in that case; for the problem considered in this
thesis fortunately it will not be so.

Proofof Lemma 4.1. Let A> 1 be a constant that will be fixed later (and will depend
on the degree d of p). We decompose the polynomial into the product of its (complex)
irreducible factors, thus obtaining

pt)=cyg(t—ay)-...-(t—ay), (4.1.1)

where we have ordered the (complex) roots a; in such a way that |a ;| < |a;1]. We
assume thatitactuallyis|a | <|a;+1| forany j=1,...,d—1 - the other cases following
with minor modifications. Then consider the sets (each a symmetric double interval
except for Gp) defined as follows: for j € {1,...,d}, let

Dj:={teRs.t. AV a;l < |1l < Alajl},

and
Gj:={teRs.t Ala;l<|tl< A ajnl},
Gy ={teRs.t. Alagl =|tl},

with the caveat that for j < d they could possibly be empty (if it happens that A|a ;| >
A la j+1l, thatis, the two consecutive roots are comparable in size); moreover, define

Go:={teRs.t. [f]< A ayl}.
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Then it is immediate that D; is of dyadic type for all j € {1,..., d}, and they can easily
be made all disjoint from each other (notice it canbe D; N D;,; # @ only if G; = @);
so it suffices to look at the G; sets.
For j € {l,...,d — 1} such that G; # ¢ and ¢ € G; we have by the definition that for
k<j

1111 =AY < 1] — lagll < |t - agl < |t +]agl < [t] 1+ A7;

on the other hand, for k > j the inequalities are reversed, namely
|l (1= AT < llagl =l < |1 = apl < |1l +|ag] < a1+ A7,

By combining the two, since

p@1 =lcal( [T12=axl)( [T 1t-axl)

k<j k>j
we have that

calltl( [T1exl)a+a™ = 1p@1 = lealleld ([Tl )a-a™h% @12
k>j k>j

Now, it is well known that

— a-j

cj=(=D"¢cq Z Hai,
Scil,...,d}, i€S
#S=d-j

and since G; # @ itis |a| > A?|ay| for all mk > j = k', and therefore by triangle
inequality

ejl=leal( [Tlal= Y. [lieSlal

k>j Scil,...d},
#S=d—j,
SE{+1,...d}
d -2
> [eal( [T lexl- | |47 [T ll)
k>j J k> j
1
25|Cd|l_[|“k|,
k>j

provided A is sufficiently large depending on d. Similarly,

3
lcjl = 5|Cd| I[T1akl,
k>j

so that (4.1.2) actually implies
1+ Al = 1p)]= Q- A He;l1e

when 7 € G;. If j = d instead, then the same analysis shows that, correctly, if € G4
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then
Ip(D] ~lcallt1%;

if j = 0 instead, then similarly for ¢ € G

d
Ip()l ~lcal [T lajl=lcol.

j=1

It remains to prove the bounds on the derivative of p. In order to do this, we differen-
tiate the rhs of (4.1.1) and see that we can write

d
(1)
=y PO
p() k:l(t_ak)

therefore for t € G, j € {1,...,d}, by the inequalities above,

1 |p(2)
(1) = |p(1) -2 T
P01 1p %(t_ak)\ L i

1 |p(2)]
> |p(1) R -
POl L e L0 ANl

r—R t
le(t)l Z g ‘_ Z |P( )|

E el & - A Al
j d=—j) _ 11p@)
> |p(t)|————— —|p(t > ,
PO ™ PO AT 22

for A sufficiently large depending on d only. Similarly,

1 |p(D)]

"0 < p(1) +
Pl <Ip l]éj|t—ak| ]§j|t—ak|
j d-j )<2|p(t)|

A=A a-abanl = !

<Ip)( "

for sufficiently large A depending only on d. This concludes the proof. O

Remark 4.1. Itis evident from the proof that in a gap type symmetric double interval
(or simply ‘gap’) one can obtain estimates for all derivatives of p as well, not just the
first derivative. However, we will not need any such estimates on the derivatives in
this chapter; we have included them only to show the precision of the decomposition.
Notice that the implicit constants in the statement of the lemma (|p(#)| ~ |¢/l| t|V) are
absolute, that is they do not depend on any parameter of the problem (provided one
chooses A sufficiently large, depending on d, as the proof shows).
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4.2 Oscillatory integral estimates

We will need in our analysis to provide uniform bounds for quantities of the form

’f em(zys+P(s,y—r))E
)
O<|s|=1 S

as encountered in the previous chapter, where the polynomial P was replaced by a
generic analytic function ¢. There we estimated them more or less ad hoc, and the
key fact we used was Lemma 3.5 that provided lower bounds on the derivatives of
the phase 2ys+ ¢(s, y — 1), but these lower bounds depended on the precise function
@ in some implicit way. Now we need more precise estimates in regards to the
dependence on the coefficients, and what we will come to is the following

Proposition 4.2 ((NW77]). Let d be a positive integer; then there exists p = f(d) >0
such that, if we let p(s) = Z?Zl cjsf, then forall je{l,...,d}, A >0and@ € (0,1) such

that/llcjlef > 1 we have
1 d .
)/{; ezAp(S)TS‘ <4 (/1|Cj|9])_ﬁ.

Remark 4.2. We were not aware that this proposition already explicitly existed in
the literature, specifically in the work of Nagel and Wainger referenced above, and
thus have initially provided a proof of our own. However, since their presentation is
more elegant, we have chosen to adapt their proof instead. At the core, the proofs are
essentially the same though.

Remark 4.3. In order to provide some context and to illustrate the potential of the
proposition above for applications, we briefly describe what was the work that origi-
nally motivated the proposition in [NW77]. There, the authors are concerned with
the L? boundedness of singular integrals whose kernels are invariant with respect to
prescribed multi-parameter groups of dilations; that is, if 2 < GL(R") is such a group
of dilations in any number of parameters, realized as a group of diagonal matrices
with positive diagonal entries, then the kernel K must satisfy

1
VDeY,Vx#0, K(Dx)=——K(x).
# (Dx) dotD (x)
The way they proceed is to use an appropriate method of rotations to reduce the
L2(R™) boundedness of f— K= f to the boundedness of a multi-parameter Hilbert
transform along the surfaces given by the orbits of a point in R\ {0} under the action
of 9, that is operators of the form

dy, dr
p.v.f---ff(x—a(tl,...,tk))—l---—k,
5 Ly

(xnj

with a(f1,..., 0) == (15, 59, .. 1K ¢

i1t i1t ), for (@;j)i=1,..,n, a real matrix of rank k.

j=1,...k
Then the multiplier of such an operator is given by a multi-parameter oscillatory

integral analogue of our m(A; y, t) (the phase being a polynomial in several variables),
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and the estimate provided by Proposition 4.2 is used to bound such multiplier. The
estimate is applied to just one of the parameters and then integration in the others
is performed, which explains their need for precise estimates that have minimal
dependence on the coefficients.

Remark 4.4. Observe that when p(s) = As* for k> 1 odd, a simple integration by
parts argument shows that

1
‘f 15" 23] < aghy .
0 s

The exponent S that the proof provided below gives in this case is instead —1/k?,
which is much worse; but we are not interested in the optimal rate of decay here, as
any positive exponent will do for us, as long as it is uniformly bounded from below in
terms of d only.

The proof of Proposition 4.2 is based on Van der Corput’s lemma and the following
lemma that provides a lower bound on the derivatives of certain reparametrizations
of p.

Lemma4.3. Letd be a positive integer. There existsé = 6(d) > 0 such that the following
holds: let p(s) = 27:1 cjs! be any polynomial and define for k € {1,..., d} the functions

qx by qi(t) := p(t”k). Then for all k and for all|t| € (0,1)

N
max | (D] =0d]ckl.
1<j=<d i k

Remark 4.5. The proposition holds more in general for functions of the form ¢(s) =
Zj.l:l cjs“f, with a; €R, a1 < az <...< a4 and provided «; > 0, modifying the defi-

nition of the gi’s as g () := ¢(s'/%). The proof needs no modifications worthy of
remark.

It should be noted that the definition of gy is heuristically motivated by the fact

that the kernel ds/s behaves well with respect to changes of variable of the form
s — s%.

Proof of Lemma 4.3. Let

q;c(t) Ck
q; (1) c
q(?) = k , C:= .1 =: (Cfc);
: : ¥
g\ () Ca

it suffices to prove that for all £ € (0, 1) we have that
Iq(D)1l = 6lckl,
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where ||| is a fixed norm on R%. We observe that

i ik
qﬁc(t)=ck+ZciEt”k :
ik
(') . 3
a0 =) ciAf ",

i#k

where Ai.‘j = (%)(% - 1) e (% —-j+ 1). Then by defining the matrix

k ¢1/k-2 k 42/k-2 dl k-2
- 0o Ak¢ Akt S LN
k (1/k-d k (2/k-d k sdlk—d
0 AFt Akt e ARt
1 w(p)
0
0

we can rewrite the expressions for the derivatives of gy as
q(r) =T(1)c.

We therefore have
gl ~ lcx +w() - €| + [IT()Cl;

if [w(t) - €| < |cxl/2 or [w(t) - €| > 2|ck| then clearly [|q(#)]| = Ickl. Suppose then that
|w(?) - € ~ |ck|. Notice that the m-th row of T(#) is given by

1 m
—(TT-en)wo,
|
where D is the diagonal matrix given by

1
k

LIS

It then suffices to show that for some m it must be that

wio- ([T - en)e| 2 weo -2,
/=1

since ¢~ = 1. Suppose by contradiction that this is not the case, that is for any € > 0
we can find € such that for all m

jwio - [[o- £n)e| < efw(n) -&.
/=1

60



Double Hilbert transforms along surfaces in the Heisenberg group 61

If {e;};+x is a basis for the vectors €, then observe
uls k
(IT(D-eD)ei = =A%, e
(=1

it follows that if the matrix A := (%A? mi1) i#k,  isinvertible, then we can write
' m=1,..,d-1

=) um( ﬁ(D—EI))é,
/=1

m
where u,, are the coordinates of u that satisfies

1
Au=|:|;
1

since A depends only on d, it is clear that [lu]| <; 1, and therefore we would have
m
wi()-& <Y lunl|wo) - [T(D-eD)e
m ¢=1
Sellulllw(e) -€l S elw(t) - €l,
which is a contradiction if € is too small.

Thus it remains to show that A is invertible. To do so, suppose there exists u such

that Au = 0. But, by definition of the Af m+1 S this means that the function given by

()= u;tl' 1
j#k

is such that ¢'(1) = ... = ¢/?(1) = 0, and it is immediate to see that this implies
¢=0. O

We are now ready to prove the proposition.

Proof of Proposition 4.2. Let k be such that ¢ # 0. Consider first the integral function
u .
F(u) := f AP g,
0

of which we want to estimate the absolute value in the case where A|cy| uk>1. By
the substitution s = us’ we have

1
0
and we let p*(s) := p(us). Now we substitute s’ = t/F and we get
u 1. u
F(u) — _f elﬁqk(t) tllk_l dt.
k Jo
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We claim that we can partition (0, 1) into at most N(d) intervals J, so that on each J
either

i) (‘71? "is monotone and I(ql’c‘)’(t)l > SuX|ci| forall € J,
i) orthereis j=j())>1s.t. [(g)V ()] = 6uF|cy| forall t€ J.

Indeed, Lemma 4.3 shows that for every ¢ at least one of the two lower bounds
must hold, and this gives a partition of (0, 1) into intervals by continuity. That the
cardinality of the partition is bounded by a quantity depending only on d follows
from the fact that g, behaves essentially like a polynomial in this regard, and in
particular it is easy to see (for example by induction in the degree d) first that (g;")"
has at most d zeroes, and second that the sets {t € (0, 1) s.t. |(€I,L€‘)(j)(f)| > I(qlbc‘)([)(t)l}
can consist of at most 2d + 1 intervals. This suffices to prove the claim.

Therefore it suffices, in order to estimate |F(u)|, to estimate one such interval J =
(a,b). Let j(J) = j, then we have by Van der Corput’s lemma and the claim that

b b
u iAghn) A1k-1 3, < U ky—1/j (3,1/k-1 1 k2
P fa e MW g dt‘ <4 k(/llcklu ) (b +fa Hk 1)¢ |dt)

Sd u(Alckluk)—l/jal/k—l.

If a < 35 then we split the integral as [, f = [+ fgb for € to be chosen, and then we

have
Ul irgt o .1/k-1 U 1/k-1 1k
—f e Mkt dt‘s—f t dt<ue'’",
k a k a

and as seen above

b

u L _ —1/i -

‘ f piAaf () 1k ldt‘ <4 u(/llclcluk) Ujgllk-1,
ol

L

now choose € ~ (A|cy| u*)~1J and thus if a < 500

b

u . .

. f A [17k-1 dt‘ < 4 ueeluk) 1k,
ol

1

Finally, if a > 100

, we simply have

b
T f ellqktr)[“k—ldr‘ < g ulerlu®) ™ < ul e lub) =1k,
a

Therefore, summing all the contributions from all the intervals J, we have shown

F()| Sa N(d) max u(leglu®) ™7 <4 uAlegluf)=e, 4.2.1)
<j<

Now we can address the original oscillatory integral by means of integration by parts,
thus writing

1 07! 07! o -1 0!
f eMp(s)E:f eMpH(s)sz F'(S) 4o o [F(S) 0 +f F(2$) ds
0 N 1 S 1 S s 11 1 S
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(notice now F is defined in terms of p? rather than p, the polynomial whose k-th
coefficient is cx0*). Then by (4.2.1) (and 0< 0 < 1)

IFQ)| <q (Alcglo®) 1,
|IFO~ 1)
9—1

9! F o1 k ky—1/d?
f |F(s)] dSSdf (Alckl0*s®) ds
1 1

Sd (/1|C1c|9kt9_k)‘”d2 < (A|Ck|9k)—1/d2,

s2 s
-1

0
Sa@edoh) ™14 |75 a5 Sy (el
1
and the estimate of Proposition 4.2 is thus proven with f = 1/d?. 0O

Before moving on to the next subsection, we show a simple corollary of Proposi-
tion 4.2 that we anticipated in the proof of Lemma 3.3 and that will be useful again to
us. Historically, this fact was first proved in [SW70], which is antecedent to Proposi-
tion 4.2; the original motivation was once again the study of certain multipliers.

Corollary 4.4 (of Proposition 4.2; [SW70]). Let P(s, t) € R[s, t] and let

m(A; y, 1) ::f eWzy”P(s’y_t))E'
Is|<1 S

then forall A, y, t,
Im;y, 01 Sa 1.

Proof. Let ®(s) :=2ys+ P(s,y— t); we can bound

Im;y, 0l = \ f e"w(”—ei““’y-”ﬁ‘

|s]<0; N
+‘f eim(s)E‘+‘f eMP(s,y—t)E
0:<ls|=<1 N |s|<61 N
=L+ILH+1II.
We have as usual
I S Alyl6y,

and by Proposition 4.2
I Sa Aylon

therefore, by choosing 81 = min{(A|y|)~}, 1} we have I + II; <, 1. As for I11;, we pick
any one non null monomial s*Qi(y — #) in P(s, y — £) and repeat the same steps: we
bound

L < U QAP Y=1) _ eM(P(s,y—t)—stk(y-t))E)
[s|=0, S

+‘f ei/lp(s,y—t)E‘Jr‘f em(P(s,y—t)—stk(y—t))E
02<|S|591 N |S|562 N

= L+IL+1ID.
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Then we have
L S AIQk(y — 1165

and by Proposition 4.2, provided we choose 6, < 0,
Il Sa (MQi(y— 0165)7F

(notice one needs to rescale with the change of variable s = 6, s’ to apply the propo-
sition directly, but this changes the polynomial in the phase by multiplying every
coefficient of power sk by a factor 0% and the two effects cancel each other out). Now
choose 6, = min{(A|Qk(y — H)))""%,01}, so that' I, + I, <, 1, and we are left with
estimating I11,. But this is of the same form as I11;, except that the phase has one
less monomial; therefore we can apply the procedure iteratively collecting at most
0,4(1) at each step, until we arrive after some n steps (where obviously n < d) at a

term
111, = f eilstk(y—t)f
|s|<0,

N

(this k is different than the one above), which we have to bound. Notice that neces-
sarily Qx(y — t) #0. If k is even then the integrand is odd and therefore the integral is
identically zero and there is nothing to bound; assume therefore that k is odd. Then
we can use the change of variable s = ul’ky (A1Qk(y — 1)) to show that

III,= l’f eiMSgn(Qk(y—t))ﬂ"
k1 Jjui=rQey-oie} u

and thus we can have two estimates:
k1 Jiw=r100-010% ul™ "

and by integration by parts

I1I, < £+l‘f eiusgn(Qk(Y—t))ﬂ’
k k'l Ju>aoip-niek u
1 eiu sgn(Qx (y—1)
<14 —+ f ——du
MQr(y— 010k Vusrey-niok u?

<1+ MQily— 105~

By these two estimates, it follows immediately that 111, < 1, thus concluding the
proof of the corollary. O

INotice that if 8, = 6, then I, = 0.
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4.3 Main result

Let P(s, t) be a polynomial in two variables of degree d in s, and let Q. be the polyno-
mials defined by the identity

d

P(s,t) =Y s*Qi(n).
k=0

As in the previous chapter, §3.1.1, we reduce the problem of establishing the L2HY —
L%(HY) boundedness of the singular integral

ds dr
s t

Hpf(x,y,2):=p.V. f f| » 1f((x,y,z)-(s, t,P(s, 1)
NAES

to establishing the L?(R) — L?(R) boundedness of the singular integral
(1)
Tl’}(,b(y) = p.V.f m(A;y, t)(p— dr
ly—tl<1 y—ti
uniformly in A > 0, where m is given by the oscillatory integral
A+ s+P(s,-y) 98
m(A; y, t) ::p.v.f eV Y —,

Is|<1 N

this time though, for a suitable class of polynomials, we will want the estimates on
[ Tz/} | 2 ®)— 12®) t0 be uniform in the coefficients of P too, as P ranges inside this class
and his degree stays bounded. To be more explicit, let

& :=1{P(s,t) = Z ckgskté € R[s, t] s.t. if ¢y # 0 then k or ¢ is even}.
k,ls.t. k+0<d

We will prove

Theorem 4.5. Let d be a positive integer. Then

sup sup | Tpll 2y 12w < 00
PEgd A>0

Equivalently,

sup || HP ||L2([|_[|1)_,L2([|_|]1) < 00.
P€gd

We will also show that the given class is in a sense the largest possible, as Example
4.1 below will suggest. We have indeed

Proposition 4.6. Let V be a subspace of R;ls, t], the space of polynomials of degree at
most d, such thatRy;[s, t] 2 V > &, and such that the second inclusion is strict. Then

A
supsup | Tp ll 2 ) — 12wy = 00-
PeV A>0

As awarm up to the proof and as just anticipated above, we consider the following
example that highlights the importance of the condition defining &;.
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Example 4.1. Consider the polynomial P(s, t) = —st + ¢y s* ¢ with both k and ¢ odd.
We claim that the L?(R) — L?(R) norm of TZ,‘ grows like log | cy| for |cy| — oo.
The phase of the integrand of m is given by

D(s)=2ys+ cosk(y— 0’;

define then the quantity
. Aleol277¢
A (j) = O—k
(AlyD
for j > n, where |y| ~27",|y — t| ~27J. The only critical point of the phase is given
by
2y 1/(k-1)
7= ( keo(y — l‘)é)

when defined; notice in particular || ~ (| y] I R P Jo be the set of indices j
such that the critical point is outside the region of integration, that is

. Lyl
T ::{ >nvo, s.t.—.Zl};
o=V lcol27°

thus if j € Jo one has |®'(s)| 2 |yl for all s € [-1,1]. Then we can show that if j € J,
|y — t| ~ 27/, we have for some o > 0 depending only on k

miyn- [ e <o nar (.
|s]<1

Indeed, if <7 (j) > 1, simply bound the difference on the left by O(/llcol2_j 4y, and
notice that

|c0|2‘f€)k/(k—1)

Meol277. 7 ()" *7D = o (DK ED gy = ( |y

)

and the last quantity is < 1 since j € Jy, so that O()LICOIZ_M) = O(;z%(j)_”(k_l)). As
for when &7 (j) < 1, we split the contributions as

‘m(ﬂt;y, t)—f emzysE‘ < ’f eim(s)é—f eiAZysE‘
Is|<1 N |s]<0 N |s|<0 N

+‘f ei/I(I)(s)E +‘f eMZysE‘
0<|s|<1 N 0<|sl<1 N

= I+1I+1I1, (4.3.1)

then we have by simple domination that I = O(A|co|27/¢6%), and by Van der Corput’s
lemma and integration by parts the estimate for ®’ (notice it is monotone too) gives
for je Jothat I1+1I] = O((/lIyIG)‘l). Optimization in 6 (which leads to choose
6 ~ ﬁd(ﬁ_mkﬂ)) gives then

[+IT+11T< o (HYEHD,
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as claimed.
We then study what happens when j ¢ Ji. In the case .7 (j) < 1 we claim we can show
for some ¢’ > 0 that

4 ,
‘rn(/l;y, t)—f ei12ys 3| < 7)o
Is]<1 N

or in other words that the estimate above still holds. The presence of a critical point
in the interval [-1, 1] makes the application of Van der Corput’s lemma less trivial
in this case. We choose two numbers y,v suchthat0<v<1/k<pu<1/(k—1) and
define

1 1
01:=—(j)",0,:

=—d ()
7] YV

then 0, < 6, and since || ~ ﬁyld(]’)‘””“” we have that the interval (—6,,0,) does
not contain critical points for ®. We split accordingly

i ds . ds . ds
’m(}t; ¥ ) _f ezAZys_‘ < f el/MI)(s)_ _f ezAZys_’
Isl=1 S |s|<6y S Is]<6; S
+ ‘f eil@(s)E + ‘f eiiLZysE‘
O1<lsI=0> § 01<Isls1 s
" ‘f eil@(s)E‘ + ‘f eim(s)ﬁ‘
02<IsI=10m| $ 10/ni<ls|<1 $
= I+I1I+1I[+1V+V.

We can bound by simple domination I < Alcol27/¢0% = O(«7 (j)}~¥%); in the inter-
val (01,60,] we can bound |®’'(s)| 2 |y| and therefore by Corollary 2.2 we have IT <
()L|y|t91)‘1 =47 (j)”, and similarly for I1I; moreover, in (10|nl,1] we have |®'(s)| = |y
too, therefore by the same argument we have V < ()L|y||17|)_1 = M(j)”(k_n. These
contributions are all fine, and thus it suffices to tackle IV, where there is a critical
point. In this case the best one can say is that |o®) (5)| = K!lcolly — t)f ~ ICOIZ_M (for
all s), and by Corollary 2.2 then IV < (Alcyl2770%) 71 = o7 (j)#~V¥, which is fine
too.

It remains to see what happens when j ¢ Jy and .27 (j) > 1. In this case we claim that
we have to drop the 2ys term instead from the phase, and more precisely that for
somecg” >0

Ky-n¢ ds

‘m(//‘/; y, t) _f el'/lC()S g %(j)_o—”.

[s|<1

Indeed, split into three parts as in (4.3.1). Then by simple domination we bound
I < Alyl0, and by Corollary 2.2 using the k-th derivative lower bound we have IT +
11T < (Alcol277¢9%) =1k We optimize in 6 by choosing 6 ~ ﬁyld(]’)‘”(%), which
gives I+ [T+ I11 < o7 (j)~"@® as claimed.
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Now we wrap up: we can bound?

e ds 0)
T/l (y) — f el)lZys_ f d
‘ P(p Y ( [sl=1 S ) jeX]:o ly—tl~2i y— 1

or </ (j)<1

- Z f (f ei/lc()sk(y—t)fé) o(1) dt)
jeio ly—tl~2=7 VJ|s|<1 sly—t

and &7 (j)>1
S(Z G A ()| Mply) S ML),
J

il2ys ds ds

and since fl sj<1€ = O(1) this means that we can bound pointwise

‘T,@(p(y)— > f|y—t|~z—f(f|s|<1 pir2ys =2 - )cb(t) dt‘ SMop+ H*,

Jj¢Jo Y
and &7 (j)>1

where the right hand side has L?(R) — L?(R) norm uniformly bounded in co. On the
other hand, since k is odd, we have seen in Chapter 1 that for some constant C we
have that

f ei/lcosk(y—t)fE _ OAlcg|2776)
Isl<1 N Csgn(y—1)+ O((Alcl2770)™ Yy,

and therefore (since the errors above are summable in j) showing the lack of uniform
boundedness of TI’} is reduced to showing that the operator given by

¢> )

Z f sgn(y — t)
j¢Jo, ly-tl~27J
A (j)>1,AMcol2770>1

3 ¢(1)
- Z fly / ar

i€To, ~tl~27l [y = 1]
A (j)>LAlcl27¢>1

is not uniformly bounded in ¢y. The conditions on the j’s boil down to
Meol2™7* > max{1, (AlyD*,
soif A]y| < 1 we get the integration interval
Meo) ™Mo <ly—tl<1ylnl<1/A,

and if 1|y| = 1 we get instead
AlyD*’

<|y—t| <min{2=%|y|,1}.
Alcol

2See §4.4 for a more detailed explanation of the pointwise bounds.
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Since the L?(R) — L?(R) norm of the operator

f lp(2)] dr
As<ly-t|=B |y — 1|

is proportional to log(A/B), we see that for A, n fixed the norm of Tf isbounded from
below by log|cy| for large cy.

Remark 4.6. Observe that the estimation above works out just fine, with minor

modifications, for the case P(s, f) = cos* ¢/ too (that is, without the term —st). Indeed,
it suffices to introduce the quantity

L2

B(j) = —

|yl

and show that replacing (y + ) s by 2ys only gives rise to an error that is summable in
j uniformly in d, and therefore is acceptable. See §4.4.2 below for details, where we
perform exactly this replacement for the general form of the operator.

The next sections are devoted to the proofs of Theorem 4.5 and Proposition 4.6.

4.4 Proofof Theorem 4.5

We are now ready to prove the main theorem in this chapter.
We write P(s, t) =: Zgzl stk(t), where P € &; let also

Qe = Y cret’.
(=d—k

4.4.1

We apply Lemma 4.1 to every polynomial Q (Whose degrees are uniformly bounded
by d), which gives us for each k € {1, ..., d} two families of symmetric double intervals
{Df}iE T {G}C} je7, (respectively, the dyadic type intervals and the gap type intervals)
with the properties

i) the cardinality of each family is bounded in terms of d only: || + |.Z| <
d-k+1<d+1;
ii) together they form a disjoint partition of the real line: R = |l;e 7, Df Ulljes, G;? ;

iii) every symmetric double interval Df.c is of the form [a, A%a) U [- A%a, a) for some
a >0 (where A = A(d) is the constant given by the lemma);

iv) on every interval G}“ the polynomial Qi behaves like one of its monomials:
Vjie Fr,Il<d-kst Vte G}C,|Qk(t)| ~lcrelltl.

Now we build from these the family of symmetric double intervals of the form

'n--nifn[-1,1],
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where I¥ € {Df} ie.s U {Gf},-eyk. These intervals form a disjoint partition of [-1, 1] (by
property ii)) and their number is bounded by (d + 4 (by property i)). Therefore, it
will suffice to prove bounds uniform in the coefficients (for d fixed) for the operators
Tf , defined exactly like Tg except for the fact that the integration in ¢ is restricted to
J, where J is of the form above.

Now, ifin J:= I'nI?N---n 19N [-1,1] at least one of the I* is of dyadic type (denote
it by I% = [a, A2a) U [- A%a, —a), we can bound by Corollary 4.4

mA;y, ¢ )‘P( 2 dt(sf imdsy, 020 4,
y—te] A

Thowi=px. [ =

y-te]

lp(2)] 1 fAZ
< dr=<— +0|der<; M
Rd fy_tdko 1l 2l [Py + D) dt Sa Mp(y).

Therefore, the L2(R) — L?(R) norm of Tg for J as above is uniformly bounded in the
coefficients and in A, when d is fixed.

4.4.2

It therefore remains to prove the theorem for J = I' n I’ n---n 19 0 [~1, 1] where for
all k the symmetric double interval I* is of gap type. This implies that for every
ke {1,...,d} there exists £ = 0 such that |Qx(y — )| ~ Ickgklltlfk; notice that, by the
proof of Lemma 4.1, s*t’k must be a monomial appearing in P, and given that P € &,
we have that at least one amongst k and ¢ will always be even.

Now we localize the singular integral as done before (see Chapter 3, §3.1.2.1): it
suffices then to consider the operator given by

n (1)
x2"%y) > p.v.ﬁy_t|~2 S, m(A; y, t)—dt

Jj=max{n+Cy,0} y—te]

for some Cy independent of P but possibly dependingon d. Let J; := ([=277+1 —27yu
[277,277*1)) n J (that is, we split J dyadically); assuming 7 fixed throughout the rest
of the argument, we denote by ¥ the set of indices

¢ .={jzmax{n+Cy,0} s.t. J; # @},

so that we can rewrite the inner sum above as

Y p.v.f m(; y, t)w dr.
je9 y-te];

As by Chapter 3, §3.1.2.2, it suffices to bound this operator uniformly in A and
independently on n.

To study the boundedness of this operator we introduce again certain quantities that
proved useful before - this time though, they will have to depend on the coefficients
of P somehow. First of all, we take apart the exceptional set of those indices k such
that the corresponding polynomial Qy is essentially constant on J: define

E:={kefl,...,d}s.t. ¢, =0}.
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We define then, for ke {1,...,d}\Eand j € ¥,

O MQr )
i (j) i= ————;
== D

notice thatif y — € J; then |Qk(y — D1 ~ lck ¢ |11 ~ Ick 0,127 %% ~ Qi (277)]. Recall
that the phase of the integrand of m(A; y, t) is (upon replacing P(s, t — y) with P(s, y —
t), where P(s, t) := P(s,—1))

O$):=(y+)s+P,y—1=2ys—(y—1)s+P(s,y—1);

before proceeding any further, we will dispense of the harmless term —(y—1)s. Indeed,
let 8 € [0,1] to be chosen later. We can bound

m;y, o) _p.v.f ei}L(Zys+P(s,t—y))E‘ < ‘p.v_f 2 AD() _em@(smy—z)s)ﬁ‘
|s|<6

|s|<1 N N
+ ’p v[ e’“’(”ﬁ’
O<|sl<1 N

N ‘p.v-f M@+ (y-1)3) E‘
0<|s|=<1 S

= I+II+1II.

Then we can bound .
I<SAly—tl0~A2770.

On the other hand, the coefficient of s in the phase ® is (y + #) + Q;(y — 1), and recall
that |y + t| ~ |yl and |Q1(y — £)| ~ |Q:(27)| for y — t € J. Thus if |y| > |Q;(27/)| or
|yl < |Qq (277)| the coefficient of s in the phase is bounded from below by some
absolute multiple of | y|, except for at most O(1) values of j. But observe that we can
discard such values of j, since by the same argument used above in the case where J
was contained in a dyadic type interval, we can bound by Corollary 4.4

t
)p.v.f m(A;y, t)w dt| Sa Mo(y),
ly—t|~2-] y—t

and thus these terms contribute at most O4(1) to the L?>(R) — L?(R) norm of the
operator T' A which is acceptable.

Thus we can assume that the coefficient of s in the phase ® is bounded from below
by |yl, and by Proposition 4.2 we have

IT+I1T<4Alyl®)~ .

At this point it suffices to choose

Loyl o
'_W(Iy—tl)
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for 0 <6 <1 to show that

ly - tl)l—fs,(ly— tl)5},

[+11+11T<, min{(
[yl |yl

which is a quantity that is summable in j. This implies that the error in omitting
the term —(y — 1) s from the phase is bounded pointwise by a multiple of M¢, and
therefore contributes at most O(1) to the L? norm of T{} ; the argument has already
been given in Example 4.1, but it will also be repeated below in §4.4.2.1.

We therefore can assume that the phase is of the form

D(s)=2ys+P(s,y— 1),

and proceed, as now usual, in estimating m(A; y, ) by removing from such phase ®
certain monomials. In particular, let S, L form a bipartition3 of{1,...,d}\E and let

Gsp=1je€Gst.VkeS, o (j)<1and Vke L, o (j) > 1.

It is clear that as (S, L) ranges through the bipartitions, the sets ¥ s 1) form a disjoint
partition of ¢4; the cardinality of this partition is at most 24 and therefore it suffices
to bound uniformly in the coefficients the operator

(1)

—dt.
y—t

Tspd():= Y pv. f m(A; y, 1)
y—te]j

j€%s,n

We claim that the following facts hold. Firstly

Lemma4.7. Let (S, L) be a fixed bipartition of {1,...,d}\E such that L # @. Then for
all j € 9Gs 1) (as defined above) except at most O(1) of them?, it is

. d
‘m(/l;y, t)—f e’AZkeLUESka(y_”—S‘Sd Z (e (j) A ()7,
Is|<1 S keSUL

where w is a monotone increasing function such that fol w(r) % < 00.
The proof of this lemma also yields

Scholium 4.8. Let (S, L) be a fixed bipartition of {1,...,d}\E. Then for all j € 4s 1) (as
defined above) except at most O(1) of them it is

j ds
miy. _f o1 Then U0 2] < S (Al
Isl<1 $ keS

where w is as above.

Finally

3ThatisSNL=gand SUL=11,...,d}.
*Which specific ones depends on y and P, but their number is bounded by an absolute constant.
See the proof of the lemma for details.
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Lemma4.9. LetdeN,FcN,{,AeRandletRe &,. Then
‘ Z Z v ei(¢’2‘ft+/lR(2"'s,2‘ft))Eﬂ <1
2, 2PV g1, s 7 |~db
JEFi=0 [t]~1

in particular, the bound does not depend on F, on the coefficients of R or on the
parameters ¢, A.

Remark 4.7. Observe how Lemma 4.9 is essentially a two-parameter version of Corol-
lary 4.4; as the example R(s, t) = cost shows though, in more than one parameter it is
essential that R € & for the conclusion to hold.

We will prove the lemmas in §4.4.3; first we show how they imply the desired
uniform L? boundedness of T(s ).

4.4.2.1

We have to split into two cases.

We first address the case when L # @. Let 0 := ¥ kesur (@ (j) A i (j) ™) and

mr(A;y, ) ::f A Trerve s-Quty=0 95,
Is|<1 S

we have by Lemma 4.7 that

Tsnd()— Y, pv. f mr(A;y, t) (P( 2 dt‘ (4.4.1)
y-tejj

Jj€%s,n

t
< ¥ w]f o1 )I
y-

J€%9(5,0)\Gbad te); 1y = f|
t
+ Z ()f m(A; ,t) ¢( 1) dt’ ‘f mL(/l y,[) (P( ) dt‘)
je(gbad y—te] - tE]]

where %,4 is the set of j’s we have to exclude, as per statement of Lemma 4.7. Since
|%hadl < 1, we have by Corollary 4.4

(1)
Y \f (ﬂly,t)(p dt‘
J€%paq VY1)
(1)
< Zf |m (Ay,t)lw) ar
j€%paq VY1 ly =1l
(Cor. 4.4)
<, Zf lp(1)] dr
j€Fnaq? vt} 1Y~ 1

< Y 21'[ (0| dt
j€%haa  ly=t1~2

Y. Mp(y) S Mb(y);
je(gbad

73



74 Marco Vitturi

and similarly for the term containing m;.
As for the remaining sum, we have similarly

(D) .
! f Tolars Y e 1p)1de
J€9(5,1)\%bad y-tej; |y - tl J€%5,1)\Y%bad ly—t|~277

<[ ¥ 0))Mep) Sa M),
J€9(5,0)\Gbad

since the sum in j € ¥(s 1)\%haq is uniformly bounded with respect to the coeffi-
cients of P, as the quantities .27 (j) are geometrically distributed with ratio at least 2.
Thus we have shown that the difference on the left hand side of (4.4.1) is pointwise
bounded by a constant multiple of M, where the constant depends only on d; the
L? norm of the difference is therefore bounded by Cy| || ;2 ®)» Which is acceptable.
It suffices therefore to show that the operator

Z p.V.f mp(A; y,t )(/)( 2
y—tej;

Je¥s,n

is bounded uniformly in the coefficients. But if we expand the definition of m; we

obtain
Z pV[ (f eiAZkeLuEstk(y_t)E) (P(t) dl’,
Jje%s,n y—te]j YJisis1 sly—t

which is now a translation invariant operator. Therefore, its L?(R) boundedness is
equivalent to the L° boundedness of its multiplier, which is evidently given by

k ds dt
My@&):= ) pwv. ffs|<1 i€t+A L kerur $* Qi) 22 —;
je¥Ys,L teJ; S

this is almost of the form we need in order to apply Lemma 4.9. We can indeed
reduce exactly to that form by the following consideration: all symmetric double
intervals J; are of the form [-27/*1, -27/) u[27/,27/%1) except for at most two, those
that contain the endpoints of J; but for any interval J; we have by Corollary 4.4 that
for any polynomial R(s, £) of degree at most d

f f Qi €rARG ) 98 ds df f ’f mR(s,r)E dr
te; Jisi<1 $ te]; |s|<1 s 1zl

Nd
tE}] |t|

because J; is contained in a single dyadic (symmetric double) interval. Therefore
those J; that contain the endpoints of J can contribute at most O4(1) to the L™
norm of the multiplier M, (¢), which is acceptable. Thus we can assume that Vj €
9s,1) it actually is Jj = [-27/*1,—-27/) y[27/,27/*1). Let for convenience R(s, t) :=
Y keruE S€Qr(1); R clearly belongs to &. By splitting dyadically in s and rescaling
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both s and #, we see that the multiplier M, (¢) is

o] Cico—joy ds dt
_ (E27/t+AR(27s,277 1) .
My (&) = E E p'v'fﬁﬂﬂ, pl627 1+ 5270 ¢ :

J€¥4(s,1) 20 [t]~1 st

now we can apply Lemma 4.9 straight away, which shows that | M) || jo®) <4 1, and
thus we are done with the case L # @.

Suppose now that L = @ instead (so S = {1,...,d}\E). We write E = {kj,..., kg } for
notational ease. By Scholium 4.8 we can remove from the phase the monomials
s¥Qx(y — 1) for which k € S; the difference between T(s 4 and the resulting operator

with kernel
(b f JRETCHRES s skow—mﬁ)ﬂ
[s|<1 s/y—t
is bounded pointwise by the Hardy-Littlewood maximal function as seen above.
Notice that for all k € E it is |Qx(y — £)| ~ |ckol, thus heuristically the phase is now
independent of y — t. We show that this is indeed the case. To do so, introduce the
polynomials

Qe :=Qr(—cro= ). cret’,
0<l=d-k

and

p(s):= Z ckosk.
keE

We essentially repeat the analysis done at the beginning. By applying Lemma 4.1 to
each Qy, we obtain |E| disjoint partitions of R into dyadic and gap type symmetric
double intervals, with the properties we are now acquainted with. Denote {D;.‘} Iy
the dyadic type intervals associated to k € E and by {G}C} ieFy the gap type intervals,
where k € E = {kj,..., kjg}. Then consider the symmetric double intervals of the form

J=T"n...nlheny,

where I¥r in {Dfr} jes U {G;.Cr} je#, - They partition J and their cardinality is bounded
by a quantity dependi;lg only on dr, thus it suffices to bound the operator where y — ¢
is restricted to one of these intervals as before. If at least one of the I*" is of dyadic
type, then one can proceed in the same way as before to show that the operator

Y pw. f (b f ewzys+zmsk@k<y_m§) o)
g yotel, Isl<1 sly—t
JEZsD ly—t]~27

is pointwise bounded by C;M¢(y) for some constant C; > 0 depending only on d.
Thus it suffices to consider the case where all the I are of gap type, and therefore
for all k € E there is E;C such that for all ¢ € Jitis |Qx(#)] ~ |Ckg;c||t|£k. But notice that

now ¢} > 0 necessarily, as the polynomials Qy do not have terms of degree zero. Thus
we can introduce for all k € E the quantities
MQx 27|

B (j) =
T
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and for every bipartition (S, L) of E we define
YGsi)=1{j €Y st Yke S, Br(j)<1and Vke L, B (j) > 1},

which partition % s 1). Then it suffices to bound the operator

. S dsy o(D)
V. 7 V. elA(ZyS+p(S)+ZkEE Ska(y t))—)_ dt,
Z p fy—tef. (p «[|S|Sl s y_t

ies ly—t1~271
by appealing to Scholium 4.8 we remove from the phase the monomials s*Qy(y — t)
for k € S at the usual price of an additional term bounded pointwise by C;M¢(y) (the
reader may check that the proof of the Scholium allows the presence of an additional
phase p(s) in this particular case, the essential fact being that one only needs lower
bounds on the linear phase in order to apply Proposition 4.2 in the case % (j) < 1;
see Remark 4.8 in §4.4.3).
At this point, we have to split into two further cases, depending on whether L is
empty or not.

If L # @ we can apply Lemma 4.7 to reduce to the operator

} iMp(s)+Y E~sk(§k(y—t))$ w .
Y p.v.fy_tej, (p.v.fmﬁe kel - )y— . dg;

i< ly—tl~27J
indeed, the reader may check that the proof of Lemma 4.7 allows the presence of the
additional term p(s) in this case, for the reason that in J c J it is |cxo| > |Qx(£)| for all
t € J (see again Remark 4.8 in §4.4.3 for details). But now the operator is translation
invariant, and therefore we can prove it is [2(R) — L2(R) bounded uniformly in the
coefficients of the polynomials involved by estimating its multiplier. This is clearly

2 Lpv f f ol €27 AP @ 94T g 27k sk QT oy S AE
— =20 ] Jisl~1, ,
je(y(s-l) i=0 [t]~1 s t

and another application of Lemma 4.9 shows this is O;(1), since the polynomial
p(s) + X cj $¥Qi(2) is clearly in &.

If L = ¢ instead, there is no need to appeal to Lemma 4.7, since the operator is
of the form

Y pvf . (pvf eM(ZJ’HP(S))E)—d)(t) dt
2 Vol yoied, V. S —; 45
J€9s D) ly—t|~27] Isi=1 y

and the oscillatory integral in brackets is therefore independent of y — ¢. Thus we can
simply bound this operator pointwise by

, ds o(1)
ilMys+p(s) -
)p.v.jl.sme - H | E p.v.fy_te]’ e dz|,

- J€9s D ly—tl~271
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and by Corollary 4.4 - and the simple observation that the j’s in @( 3.I) are contiguous
- this is bounded by a constant depending only on d times

¢ .
| ¥ p.V.fy_tej’ T di S H W),

i€ y-r~2 Y

which is L2(R) — L2(R) bounded.

It therefore only remains to prove the lemmas - which we do in the next subsec-
tion.

4.4.3 Proofs of Lemma 4.7 and Lemma 4.9
4.4.3.1 Proofof Lemma4.7

We first show we can remove from the phase of m the terms sk Qr(y — 1) for those
k € S. This will prove Scholium 4.8.

Indeed, let k € S and as before denote by ® the phase ®(s) :=2ys+ P(s,y — 1); then
we estimate for any 0 € (0, 1)

[mxiy, ”‘f eM(cD(s)—s’CQk(y—t))ﬁ‘ - ‘f eiw(s)_eM(cb(s)—stk(y—t))E‘
Isl<1 N Is|<0 N

; ds
+ ‘f ell@(s)_‘
O<|s|=1 S

+ ‘f eM(@(s)—stk(y—t))E
0<|sl<1 N

= I+II+1II.

Then easily
15 2651Q(y -~ 1l;

for the other two terms, we will apply instead Proposition 4.2, since the phase is a
polynomial in s. In particular, we want to estimate in terms of the coefficient of s in
®, but we need to be careful in doing so. Recall that we have arranged things so that
¢, > 0; the coefficient of the linear term s is given by 2y + Q; (y — ), where |Q; (y— #)| ~
|61|2_f[1. Now if |y| < Icll2_j[1 or |y| > |cll2_j€1, we have that 2y + Q,(y— )| 2 | yI.
Iflyl~lc 127741 we cannot give any such lower bound, but notice that this can only
happen for O(1) indices j for fixed y and P, given that ¢; = 1 (the coefficient c; is
one of the coefficients of P, as per Lemma 4.1. We therefore ignore these j’s, since
their number is controlled by an absolute constant, and assume [2y + Q,(y— )| = |yI,
where the implicit constant does not depend on any parameter. Then by Proposition
4.2 there existsa f = 4> 0 s.t.

11<4(Alylo)™P,
IT<4Alyl6)P,
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since they have the same linear phase. Now let

1 1

=— A1l
Myl @.(j)°

for o > 0 to be chosen; this gives

AMNQr(y—-nl 1

< - :%(')l—gk’
TTADE ae(yok R

and thus we will choose o < 1/k in order for this to be summable (since k € S,
/. (j) < 1). As for the other contributions, our choice of 8 gives

I+ 111 <q49(j)P°,

which is certainly summable.
By repeating the above procedure for every k € S we show that for some o > 0
sufficiently small (depending only on d) it is

' k ds
‘m(}t;y, ) —f e M2yt kerve ST Qr(y=0) 2 <4 Z ()
Isl=1 § keS

it remains to remove the linear term 2ys to finish the proof.
Now let R(s, ¥ — £) := ¥ rerur S€Qi(y — 1); we can estimate for any 6 € (0, 1)

‘f em(zys+R(s,y—t))$_f eMR(s,y—t)E‘
[s|<1 N [s|<1 N

<

f QI ARYSHR(s,y=0) _ ei/lR(s,y—t)E‘
Is|<6 S

n )f ei/’l(2y3+R(s,y—t))E‘
o<|s|<1

s
N ’f ei/lR(s,y—t)E‘
O<|s|<1 N

=I'+I1I'+1IT.

It is immediate that
I' < Alyle.

Since L # @, by Proposition 4.2 we have for some 8 > 0 and any k € L that °
I+ 11T <4 AQe(y — 016%)7P;
by choosing 6 as before (this time though k € L, so <7 (j) > 1) we have

I'< ()77,
II'+ 111 <4 ot (j)~PA-o0)]

Notice we can allow k = 1 and the argument still works.
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which are summable in j if we choose o > 0 smaller than 1/k, thus finishing the
proof. O

Remark 4.8. As pointed out before, the above proof also applies with some modifica-
tions in the case where L = @. Indeed, write the phase as

©(s) = 2ys+p(s)+ ) " Quly- 1),
keE
where p and Qy are as defined in subsection 4.4, and take a bipartition (S, L) of E,
and assume j € (é(g, 1) as defined before. Then in order to remove the monomial
s*Qr(y — ) for k € S we split the integral as above and bound

1< MQk(y - 0165

to bound the other terms we only need a lower bound on the linear phase in order to
apply Proposition 4.2, but p(s) only contains monomials s* for k =2 and if 1 € E one
has |2y + Qk(y —1)| 2 |yl for all j except at most O(1); thus the proof goes through in
the same way, showing

. ds ) kAo dS .
U em@(s)__f eMPW =" Qy=0) 21 < ) (B()),
Is|<1 S |s|<1 $

and then all monomials s¥ O ( y—t)forke S can be removed one at a time.
Next, suppose you have removed all monomials for k € S and that L # @. In this case
we want to remove the term 2 ys from the phase, and by splitting the integral as above
we bound

1< Alyle,

and we need a lower bound on some coefficient of the polynomial phase to apply
Proposition 4.2 again. If k = 1 the coefficient is

2y+Q1(y— 1),

and if %, (j) > 1 (which it has to if 1 € L) we see that (except for O(1) indices of j,
which is still acceptable) itis |2y + Q;(y — £)| = 1Q1(277)| and therefore

[+I1+11T<4Aly0+ A0 27)0) P,

which is bounded by %, (j)~7 < w(%(j)~1) for some ¢’ > 0, by our usual choice of
0 := (Aly)~1%,(j)~? for o > 0 sufficiently small (depending on d only). If instead
there is a k € L with k # 1 the coefficient of the k-th power of s in the phase is (since
ke E)

leko + Ok (y = D1 = 1Qe(y = )] ~ Ierol > 1Qr 277,

and therefore we have
T+ IT+ 111 <4 Aly10 + A Qr27 165 7P,

which is bounded by % (j) ™" < w(Bi(j)~}) for some ¢’ > 0 by the now obvious
choice of 0, as claimed.
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4.4.3.2 ProofofLemma4.9

For any pair of exponents (my, ng) € N? such that mg + ny < d, define
Nimgno := 100, j) ENx Fs.t. V(m,n) € Nz, |cmn|2_im_f” < |cm0n0|2—imo—]'"0},

where the c,,; are the coefficients of R(s, £). The number of possible pairs (119, np) is
of course bounded in terms of d only, and therefore it suffices to prove

(&2-T tr AR s,2-1 pyy A df
’ 5 p""fﬁsld.el(f +ARQ2s ))_7 <41
(1) R mg ng -1 s

for every pair.

Let therefore (my, ng) be such a pair; we can always assume that (myg, ng) # (0, 1). In-
deed, if co; # 0 we can simply extract factor e!A01(=0 = giréoy g=idcon? from m(A; y, £)
and we can make this oscillating factor in cy; ¢ disappear by modulating the function
¢ and the operator T%, analogously to what we have done for translation in Chapter
3,§3.1.2.3.

Define the ray through (my, ny) to be the set

T oy := 1m, n) €N s.t. Ay € Q, (m, n) = y(my, np)}.

If (m, n) € Apgng \I mgn,» we will show that for

I; ::p'v'fﬁslﬂ (eicb(z—is,z—ft)_ei(d)(z—fs,z—ft)—cmnz—i’"—f”s’"z"))E%,
it]~1 s

where ®(s, t) := &t + AR(s, t), it holds that

Y. ijl=040).

(iyj)EAmonO
To begin with, we have by simple domination that
i1 S Alemnl2 ™I,

On the other hand, we have that

m>my, mg |\ o
n>np

0'3”06';0(13(3,0:Amolno!cmonoz_’m"_f”°(1+ Y bmn( )( )sm_m‘)t”_”o),

where L
Cmnz—lm—]n

b = - —;
—1mo—J]n
Cmon02 0—J 1o

notice |b,,| < 1 by assumption. By pigeonholing, it is easy to see that there exist
p,q € N such that

mo+ no+ —7 -7
105 P07 D(s, ) 2 Alcmgnl27 ™0™,
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and therefore by an application of Van der Corput’s lemma in two variables (Proposi-
tion 2.3 of Chapter 2) we have for some 6 =6(d) >0

111 S (Al Cmgnol2~ M0~ 110)~0;

notice that we can assert that the implicit constant is independent of the polynomial
R because it stays bounded if the homogeneous C" norm of the phase stays bounded,
where N = my + ng+ p+ g + 1, and this is indeed the case for ¥, ,, by, s™t" in
|sl,|¢] ~ 1, since | by, | < 1. Itis crucial here that (myg, ng) #Z (0,1). Thus we have

oLl <a Y Qemnl2™ ™) A Meggng |27 M0~ 110) 70,

(i,j)EAmono (i,j)eAmOno

we claim this is finite and O,;(1), and to show this it will be instrumental that (1, n)
is not in the ray through (my, ng) (if it were not so, the sum could only be bounded
logarithmically in A|c;;,,,1). Indeed, let

Li:=1{(i, J) € Amgn, s-t. (i, ) - (m,n) =k}
so that we can write the sum as

Y Y Memnl2™) A (Acmgng |27 M07I70) 70,
k=0 (i, j)eL

We have
MCmnl278 < (Mepgn 12~ Mo~I10)=0

_ Alemnl279710

- Alci’m)l’lol

o 2 imo=jng

Let r € Z be such that (/llcmnIZ_k)_”‘S(/llcmono ™! ~ 277, Then the condition above is
equivalent to (i, j) - (myg, ng) 2 r. Therefore we have a contribution to the sum of

oY Memnl2™.

k=0  (i,j)eLy,
(i,)-(mg,ng) 2 r

Since (i, j) € Apyn,, for any 0 € [0, 1] we can bound the above contribution by

Y Uemn275? Y Memgnyl27 M0 Im0)170;
k=0 (i,j)ELy,
(i,))-(mg,ng) 1

since (myg, ng) and (m, n) have distinct directions, as (i, j) ranges in L the values of
2~imo=jno gre all distinct, and therefore separated by a factor of at least 2 in ratio. This
implies that the inner sum in the last expression is bounded by O((Al ¢ n, 12-1)1-9),
and by definition of r this is actually O(()Llcmnlz_k)_(l_e)/‘s). The sum we are consid-
ering is therefore bounded by

Z (/1|Cmn|2_k)(9(1+6)_1)/6,
k=0

81



82 Marco Vitturi

but we can choose a different 6 for any k, so for those k s.t. Alcmn|2‘k > 1 choose
6 > 0 but sufficiently small so that (8(1 +6) —1)/6 <0, and for the others choose 6 < 1
but sufficiently close to 1 so that (6(1+6) —1)/6 > 0; the resulting sum is bounded by
o(1).

It remains to bound the complementary contribution, namely

YooY Memgnl27 M08,
k=0  (i,))€Ly,
(i,)-(mo,no) Sr

but the summand can be bounded for any 0 € [0, 1] by
(AlCmony|2™M07I0) =06 (4| ¢, [27K) 176
and thus the contribution is bounded by

Y Meppul2 k=000,
k=0

and suitable choices of 6 give that this sum is O(1) too, thus proving the claim.
By iterating the above argument for every (m, n) € Ay, \I'myn, (Whose cardinality is
bounded in d), we are left with estimating

Y o= Y pv o G2 AT et gy Cmn2 IS ) ds di
- i ) Jisi~, s 1
(i, )EAmgn, (G, )€ Amgng [t]~1

Let my := min{m s.t. (m, n) €T, »,} and n(, be such that (my, n()) € T 1, n,. Notice that
Crnl might well be zero, since the ray is only defined with respect to the position of
(my, np) in the N? lattice. We distinguish two cases.

If m6 is even, then all m in I';,,,, are even. Indeed, for any (m, n) € I';;, 5, there is
y € Q is such that (m, n) = y(my, n), but by minimality it must actually be y € N, and
therefore my is a factor of all m appearing in T';;;, .. In this case the phase is an even
function in s, and since the kernel % is odd it follows that

p-"'f ﬁsm, €2 AT et gy ez s 48 AE_

j11~1 St

for all (i, j), and there is nothing to prove.
We assume therefore that m6 is odd. If n(’) is odd as well, then all (m, n) € T, 5, s.t.
cmn # 0 must have both m and n even, but in particular all the m’s are even, and
therefore by the same argument as before there is nothing to prove, as the phase is
an even function. Thus we assume that m; is odd and n,, is even - which implies that
for all (m, n) €Ty p, S-t. cun #0, nis even. Let

Rmono(z_is!z_j t):= Z Cmnz_im_jnsmtn;

(m,n)ermono

82



Double Hilbert transforms along surfaces in the Heisenberg group 83

this polynomial as a function is even in 7, and therefore we have

)

I =pwv. f ﬁ 4 o €27+ AR ng 2715277 0) _ piARmgng (25,277 nds di

11~1 s t

and thus we have the estimate '
11 S 18127 (4.4.2)

. )
€271 js even in s, and therefore

I' =pv ei‘P(Z‘is,Z‘ft)_eiEZ‘ftEﬂ
ij =PV s~ s t’
|£1~1

Moreover, the function e

where W(s, ) = &t + ARy, (S, 1) is the unrescaled phase, which gives

ITISA Y demnl2” 7" Sa Memgng 271077, (4.4.3)

(m,n)EFmO ny

As implicitly understood above, these two estimates alone do not suffice to give an
0,(1) bound, and therefore we look for further estimates. We notice that we can
estimate the mixed derivatives as done before for the full phase: there are p,geN
such that ‘

|6T0+P0?0+P\P(2—18’2—] t)l >d |Cm0n0 |2—lm0—]n0’

~Y

so that again by Proposition 2.3 we have for some 6 >0
111 S (Al Cgol 2~ M0~ 10) =0 (4.4.4)
Finally, observe that

0¥ is27 =277+ Y eppn2T MY

(mv n)el"mo noy

where again we can estimate

—im—jn m n—-1 —imgy—jnyp.
‘ Z Cmnh2 Iy §d|cmon0|2 0o=J,
(myn)ermono

thus if |£]277 > Al ¢y, |277™0~/™, we have for all s, ¢ in the integration domain that
0, %2 5,277 1) 2 €277
On the other hand,

PR 52 = Y cppn(n-1)27mTIngm g2,

(myn)ermol’lo

so we easily have |6%‘I’(2_is,2_j RIS )LIcmOnOIZ_imO_j”O. Thus we can estimate by
integration by parts
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e w2 is2 i
U et S'Z”)QISZSup‘. ¢ — '
|t]~1 t 1t~11120,(W(27"s,2771))
2
+‘f ei‘P(Z’is,Z’jt) t0;¥Y +0,¥ ‘
lt]~1 i(t0,¥)?

o 1029 1
Seg) e [ e dt
¢ -1 12110, Y12 21210, Y]

< (éR7H,

where we have written W in place of ¥(27s,27/ t) for brevity. It follows that

wo—ico-jn df| ds ;
|11 sf U e/ V@827 1 2 < g2y, (4.4.5)
Isi~1 1 Jje~1 t sl

We can now use estimates (4.4.2), (4.4.3), (4.4.4), (4.4.5) to conclude that }_; ; |1 ; ].I =
0,4(1). Let L. be as before and consider the contribution from those terms for which
Memgn |2=% < 1: it can be bounded for any 0,,0,,03 = 0s.t. 61 +60, +03 =1 (eventually
different for every k) by

—k+\0 —j\0>,—0
Y Memene279% > (1€1271)%27%;
k=0: (i,j)ELy
)Llcmon0|2‘k<1

by choosing 8, — 03 > 0 when |¢ |27/ < 1 and viceversa, the inner sum is O(1), and
therefore if we also choose 6; > 0 the entire sum is O(1). Finally, consider the contri-
bution from the terms for which Alcy,, |2 > 1; in this case one bounds the sum

by
Y Memene 27570 Y (€127,
k=0: (i,/)€Lk
Memgngl2~ %=1
and a similar reasoning shows this is O(1) as well. This concludes the proof. O

4.5 Proof of Proposition 4.6

We want to prove that if V O & is a subspace of polynomials of degree at most d
that strictly contains &; then the operator norm of Hp is not uniformly bounded as
P ranges over V. It suffices to assume that there exists P(s, ) =Y 1 n<d AmnS ' t" €
R4ls, t] such that if a,,;, # 0 then both m and n are odd, and such that the operator
Hyp is L*(H') — L*(H") bounded uniformly in ; we will then obtain a contradiction
from this.

Since we have already shown in Example 4.1 that the above assumption cannot hold
in the special case P(s, ) = s"'t" with both m, n odd, the proof essentially reduces
to the one given in [CWWO00] to show that the Euclidean double Hilbert transform
along (s, t, P(s, t)) is not bounded if a corner of .4 (P) has both coordinates odd. We
reproduce it here for the reader’s benefit.

The idea is to show that suitable dilates of the kernel of H,p can be made to converge
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to the kernel of Hysmn, for certain m, n odd. But this would imply that Hysmn is
L2(H') — L2(H') bounded uniformly in u too, and we know by Example 4.1 and
Remark 4.6 that this is false.

Define then, for P as assumed above, the distribution £}, by

ds dr
(beu,f)::p.v.ff|||| 1f(s, t, 1P (s, t))TS7 VfeSRY.
shitl=

Let (mg, ng) be a corner of A (P) (thus my, ny are both odd), assume without loss of
generality that a,,,,, = 1, and notice there exist by convexity of A (P) two numbers
a, > 0 such that amg + fng < am + fBn for all (m, n) € A (P) that are not equal to
(my, ng). Then define for 6 > 0 the distribution % j by

(Ii,f) = p'V'fﬁslsé‘“ f(S, L‘,'u5—06m0—ﬁnop(6as,6ﬁt))%% Vf € y(RS);
[t|<6~P

notice that

6—am0—ﬁnop(6a s, 6ﬁ f) = §Mo Mo 4 Z 6a(m—m0)+b(n—no) amnsm tn’

(m,n)#(mo,ng)

and the exponents of 4 are all positive.
If Ay, 2, denotes the automorphic dilation operator

Ay, f(xp,2) i= f(x, A2y, A1 Az 2),
we have, with p/ := @~ D+hn-1
Kyu* =005 (Jf;; * Asa 56 f),

and therefore the operators f — %, x f and f — ij, * f have the same L?(H!) —

L?(HY) norm; in particular, the operator norm of f — % j * f is uniformly bounded
in both 6 and p, by assumption. This allows one to make the two parameters p, 6 in
A j independent, which is fundamental for the proof below to work (it allows us to

bypass the fact that there are no three parameter automorphic dilations in H!).
Let £, be the distribution defined by

(fu,f)::p.v.f f f(s,t,usmotno)%% VfeSRY;

we claim that % /f — %, for 6 — 0 as distributions. This will give the desired con-
tradiction, since we know by Example 4.1 that the operator norm of L?(H') > f —
Lu*fe€ L2(H") is not uniformly bounded in p. Here we must point out that 2Ly
involves integration over R and not just [-1,1], thus f+— £, x f is not exactly the
same operator as in Example 4.1; however, it is not hard to modify the proof in the
example to show that the result in there extends to £, as well.

Define for shortness

Ps(s, 1) := 6" ¢mM0~Prop5es 5P p),
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and take some numbers a, b such that 0 < a < @, 0 < b < f to be fixed later. We want
to prove that for every u and for every f € . (R%) we have

(AL, ) = (Ly [) asd—0,
so we split the quantity on the left as

ds dt

fﬁsl<6 a [f(s t,uPs(s, 1)) — f(s, t, psmot”‘))] -

=677

ds dt
+fﬁ5 ac|s|<679, f(s,t,uPs(s, t))_T

|t|<6~ B

ds dt
+ff e f(s t,uPs(s, t))—T

6 <|t|<6 P

ds dr

+f f fs, t,us’”‘)t”")—s—
5-a<|s|

s dt

[ <|t|
= I1O)+II(6)+11I(0)+IV(6)+ V(D).

We notice right away that since the integrand is independent of §,
IV(©6),V(©)—0 ford—0.

Moreover, we can dispense of quantities 11(5), I11() too. Indeed, by oddness of the
kernel one has

ds dt
fﬁ <|3|<5_a f(S O HP(S(S’O))_T = O,
lt|<67P

and therefore can write

ds dr
11(6) = fﬁs “<|s|<<; « f (f(s nt, uPs(s, nt))) 5
[tl<6

But we have for any N (since f € .#(R3))

o
|3 (£ (st 1P (s, 1) | = 19 (5,8, 1P 5,70 (0,1, 1£(02Po) (5.0

Cn
< t|+ u|t||02Ps(s,nt)|);
N1+BWU| plell02Ps (s, n1)l)

for some large B and some m it is then

%(f(s,nt,,upa(&ﬂf)))‘ P § X

~N
|sllt] 1+(s|V
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and therefore upon integration, for sufficiently large N it is
1110 Sn 6™,

for some N* > 0, and therefore 11(0) — 0 as § — 0. A similar argument shows the
same holds of 111(5).

It remains therefore to establish that 1(6) — 0. To do so, we split it further. Let
¢ > 0 be a number to be fixed (it will depend on a, b), and split 1(5) as

d dt
[ Jraes-e 765, tmpats 0 = pis, 1 psorm)] S
6°<|t|<6™ b
d dt
* f e, LS P (s, 0) = fls, 1, ps™ ™)) ——
5°<|t|<67P
d dt
f f cctsizsa, LIS LUPo(8, D) = [ (8,1, us™0 1")] = -
[t|<6°
d dt
ffs|<5c [f(s t, HP@‘(S l’))—f(s t, ,USmOL‘"O)] S t
R

=1 0) + 12(6) + 13(5) + 14(6).
For I, (0), observe that in the range of integration it is

If (s, t,uPs(s, 1)) — f(s, £, us™ ") SN fllerlpllPs (s, £) — s™0 ™)

S Z 5a(m—mo)+ﬁ(n—no)6—am—bn S 5

m+n<degP,
(m,n)#(mq,nop)

for some € > 0 and a, b sufficiently small. Therefore

dsdr
5¢<|s|<67¢, ﬁﬁNé logd,

5°<|t|<67P

PAQIPS

and thus I; (6) — 0.
Now consider the contribution

ds dt
ff|<5c f(s)t HP(S(S) t))_T

lt|=6¢

to I4(5). Write uPs(s, 1) = P3(s, 1) + P3(s) + P5(1), where st | P)(s, t); then we can
remove Pg(s, t) from the expression, since in this range of s, t one has Pg(s, 1) S sl
and therefore the error that arises is bounded by

ffs|<5c ”f”C1|S||t|ﬁﬁ <526—’0

|t|<6¢

We use a similar trick as above (although we exploit the removal of Pg by multiplying
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the polynomials by the extra parameters, instead of their arguments; see below),
namely we notice

f(s,t,P5(s)+ P5(1) — (5,0, P5(5))

19
:f - —((s,mt, P(9) + nPE()) dn
ffa o ¢(€snt€P5(s)+nP5(t)))d5dn
0,nt,nP2(t
+f0 5 (#0.nt.P3 (1) d,

Thus, if we let

0
By(s, 1,0 = 5 6€(¢(§s nL,EPY(S) +nPAD),
we see that
ff3|<5c f(S t, P6(S)+P5(t))—s— f f ffs|<5c E5(S t, 1, é‘)_s_dfd
R Y

and since one can easily see that |Es(s, t,7,&)| < |s||] it follows that this contribution
is bounded by O(6%°) as well, and thus vanishes in the limit § — 0. The same calcula-
tions work (and are even easier) for the contribution with integrand f (s, ¢, us ¢");
and this proves

14(6) — 0;

but the remaining terms (), I3(6) can be dealt with in a completely analogous
manner, and therefore they vanish as well in the limit, thus proving the claim. The
proof is then concluded.
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Chapter 5

Other surfaces

In this chapter we explore the scope of the method developed so far. In particular,
we show how the method can be successfully applied to certain surfaces of the form
(p(s, 1), t,p(s, 1)) that are beyond the reach of the Stein-Street theory as developed in
[Str12],[SS13],[SS12]. While we cannot provide a general theory for such surfaces yet,
we study some examples that, we think, already capture some relevant aspects of the
problem.

5.1 Surfaces of the form (s*, t, P(s, 1))

We wish in this section to provide a sufficiently broad class of surfaces in H! of the
form (s¥, ¢, P(s, t)) for which the operator

ds dt
Hk,pf(x):zp.v.ff f(x-(sk, t,P(s, t))‘l)—s—
Is|<1,|t]<1 N

A

is L2(H') — L?>(H') bounded; here k € N\{0} and P is a polynomial in R[s, ]. Observe
that when k is odd a change of variable can reduce this to the (local) double Hilbert
transform along the surface (s, t, P(s'* £). Thus we could think of this case as that
of (a subclass of) polynomials with fractional exponents. Moreover, this case is
obviously not covered by Theorem 3.1, as these fractional polynomials are not in
general analytic in any neighbourhood of the origin.

We do not concern ourselves with establishing uniform bounds in the coefficients
here; as such, one could extend the results below to a suitable class of real analytic
functions without much effort. We will however take advantage of the fact that P is a
polynomial in order to slightly simplify the proof.

Remark 5.1. Notice for k > 1 the boundedness of the operator cannot be addressed
by the Stein-Street theory. Indeed, the pure powers! in this example are s*X and tY,
and therefore they do not control any monomial of the form s ¢" for m < k.

We state the main result of this section. The conclusion is somewhat interesting,
in that the boundedness of the operator ends up depending on the Newton diagram
of a certain part of P quite like in the Euclidean case; contrast this with the fact that

ISee Chapter I, pg. 11, for the definition of pure powers.
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when k =1 the Euclidean and Heisenberg case are quite different, since in the latter
boundedness holds for all real-analytic functions ¢, as we have seen in Chapter 3.

Theorem 5.1. Let k € N\{0} be given and let P(s, t) € R[s, t] be given by

P(s, 1) = Z Cmnst",
m,n

and suppose that st divides P(s, t) (that is, o = con =0). Let

Q(S; ) := Z Cmnsmtn;
m,n: m<k,
n=1

that is, Q is the polynomial whose monomials are all the monomials of P of degree in
s less than k.

Then the operator Hy. p is L*(H') — L?(H') bounded if and only if all the corners (m, n)
of /' (Q), the Newton diagram of Q, are such that at least one among m, n is even.

The rest of the section is devoted to the proof of this theorem.

5.1.1 Proof of Theorem 5.1

For every m we denote by ¢,, the smallest zn > 0 such that ¢, # 0, if such an n exists.
After the usual reductions, we will proceed to remove terms from the phase of the
oscillatory integral that arises once one takes the Fourier transform in H!.

In the following w will denote as before monotone a increasing function such that

1 dr
f w(r)— < oo.
0 r

By the same arguments as in Chapter 3, §3.1.1, we can reduce the problem of
showing L?(H!) — L?(H') boundedness of Hy.p to that of showing the L?(R) — L*(R)
boundedness uniformly in A,  of the operator

; k _a dsy ¢ (1)
Tli;lcp(y) = x2"y) Z p'v'f y (f eI M+ Ds +P(s,y t))_) (/)_ ; dr.
j=n+Co, ly—tl~277 YJ]s|=1 s’y
j=z0
We will write T} p in place of T,?’I’f to avoid cluttering notation.

Notice that by the same argument as in §4.4.2 we can safely replace (y + £)s* in
the phase by 2ys* (the error is then pointwise dominated by a multiple of M¢(y),
which is acceptable).

The analysis will be in terms of certain quantities, the form of which the reader
should now be easily able to guess: for A, y fixed, define for every m s.t. ¢, exists

A2 itm

o ()= 22"
mU) = Aiynmie
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5.1.1.1

We show first of all that we can remove all monomials s™t" for m>=kand n> 1.
Fix such a monomial, and let the phase ® be

O(s) =2ys¥ + P(s,y—1);

then we claim for |y — £| ~ 2~J we can bound

. d ; my_pmy d
f| S f| N ems 0N E S () A ()7
S| S|=

(the implicit constant depending on the coefficients of P). Indeed, suppose first that
m(j) > 1; then we can bound (since n = ¢,,)

‘f ei/'tcp(s)E _f eiit(@(s)—cmnsm(y—t)”)ﬁ‘ <p A2 ilm
Isl=1 N Is|<1 s

and since ¢, =1 and j = n+ Cy, one has

2=Jjlm )m/(m—k)

mJ [ 9]

<1,

or in other words the difference above is bounded by
()R S (e ().

Notice m cannot be equal to k in this case, since .27 (j) (if defined) is automatically
less than 1.

Suppose then that <7, (j) < 1. Fix 8 € [0, 1] to be chosen and split the difference to be
estimated as

f eim(s)E _f ei/l(q)(s)—cmnsm(y—t)”)é‘
[s|<1 N [s|<1 S

< ‘f ei/’lCD(s)E _f em(cp(s)—cm,,sm(y—t)”)ﬁ
[s|<0 N |s|<6 S

; ds
+ ‘f piAe(s) 92
0<|sl<1 s

+ ‘f ei)L(CD(s)—cmnsm(y—t)")E
0<|sl<1 N

= I+II+1I1I.

Then we can bound '
1<pA27ifmgm

The phase ® is a polynomial in s and the coefficient of the term s* is given by

2y+ Y crely -1,
/=1
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and by choosing the constant Cy sufficiently large depending only on the coefficients
of P we can assume that

_'[
Y 27O <yl
/=1

and therefore the coefficient of s has size | y|. Therefore, by Proposition 4.2 we can
bound
IT+I1T<p (Alyl6%)~?

for some 6 > 0. By choosing

0:.= 1 1 Al
My ()0

and 0 < 0 < 1/m we see that
I+ 11+ 111 <p w(n(})),

and the claim is proved.
By repeating the procedure above for all monomials s”*t" for m = k, n = 1 we obtain

. d . d
f| e fl B T WA RV
sl=1 sl=1

S m=k

by the same arguments as given in the previous chapters then, since the quantity on
the right hand side is summable in j with sum Op(1), one can control the error by
the Hardy-Littlewood maximal function:

| Tke,p () — Tr,p W Sp MP().

The boundedness of Ty p is therefore equivalent to that of Ty o.

5.1.1.2

Now we consider those 7, (j) for m < k. For |y —t| ~ 277, we claim that if there
is m < k such that .7,,(j) > 1, then we can remove the term 2 ysk from the phase.
Indeed, suppose m < k is such that .7, (j) > 1; we split, for 8 € [0,1] to be chosen,

‘f ei)l(Zysk+Q(s,y—t))$_f eMQ(s,y—t)ﬁ)
Isl<1 S Isl<1 S

< ’f eiA(2y5k+Q(s,y—t))E_f ei/lQ(s,y—t)E
Isl<6 N Is|<6 S

" ‘f ei/1(2y3k+Q(s,y—t))$
O<|sl=1

s
n ’f eile(s,y—t)E‘
o<|s|<1 S

= I+II+1II
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Then we can immediately bound
1< Alyl6 .

On the other hand, the coefficient of s™ in the phase is

Z Cme t[,

=0,

and observe that for j = Cp, with Cp a constant depending only on P, we have

—jl —jlm.
Z lemel2™/ ~1Ctme,, 12 JEm;
=

thus by discarding at most Op(1) values of j (which is acceptable, since /., exp(iA(2 ysk+
Q(s,y—1))) d‘s/ sis Op(1) by Lemma 3.3) we can assume that the coefficient of s”" is
of size ~p 27/¢m, and therefore by Proposition 4.2 one can bound

I1+II1T<p (A2 Itmgm)=0

for some 6 > 0 (in general different from the 6 encountered above). By choosing 0 of
the same form as before with o > 0 sufficiently small we have

T+11+ 11T <p (@)™,

and the claim is proved.

5.1.1.3

Let
Z={jzmax{n+Cy,Cp}: Im < k s.t. &, (j) > 1}.

Observe first that if j = max{n + Cy, Cp} but j ¢ ¢ then for all m < k itis @7,,(j) <1
and we claim that

. k _ ds . t ds .
‘f el/l(Zys +Q(S,y t))_ _f elAZyS _‘ SP w(dm (])).
Isl=1 S Isl<1 S

Indeed, the proof is the same as the one given in §5.1.1.1 (notice we never used the
fact that m = k in the proof for .27, (j) < 1). Thus the operator

o— Y f (f eM(zysk+Q(s,y—t))$)¢(l‘) dr
jzn+Co,Jly—tl~271 Yls|<1 sly—t

jECp,
jes

is uniformly bounded in A, n: indeed, up to an error which is pointwise bounded by
Op(M¢(y)), the operator is the same as

</)H(f emzyské) > f POy,
lsl<1 S 7 jznrcy, Jly-tl~27l Yy — 1
joPrjej
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which is pointwise bounded by Op(H*¢(y)).
It follows that we have reduced the L*(R) — L?(R) boundedness of T} p to that of the
translation invariant operator

¢— Z f (f ei/lQ(syy—t)g)_(p(t) de;
jegJly=t1~271 Mjsi<1 sly—t

therefore it suffices to study its multiplier, which can be written as

M/l, (6):: pvff ei(fzijt-i—ﬂQ(Z’is,Z’j[))
y Z Z |S|7|t|N1

jEZi=0

ds dt Z I
—_— = ij
S L (i j)eNxs

We claim that this is bounded if and only if the Newton diagram A4 (Q) has the
property that every corner (m, ) has at least one even coordinate?.

For the positive direction, assume .4 (Q) has such a property. The bulk of the work
has already been carried out in §4.4.3.2, for the proof of Lemma 4.9, and thus we will
limit ourselves here to illustrate those arguments that are new. Recall we defined for
each (myg, ng) s.t. cpmgn, #0

Nmgny :={(i, )) ENx Js.t. Vm, n s.t. cymp #0, |Cm0n0|2—imo—jno > [Cpnl2 Y,

we claim that in order to establish the boundedness of the multiplier M) , it suffices
to consider those (my, ny) that are corners of the Newton diagram .4 (Q). Indeed,
suppose (m, n) is not a corner (thus it is either internal to the diagram or to an edge
of the diagram) and c,;,,, # 0. Then either one of the following cases must be verified:

i) there exist two corners (my, ng), (mp, n;) of A/ (Q) such that (m, n) = a(myg, ng) +
p(my, ny) for some a, f > 0 such that @ + f =1 (thus (m, n) lies on the edge if
a+p=1);

ii) there exists a corner (my, ng) such that for some a > 1 it is (m, n) = a(my, ng)
(thus (m, n) lies on Ty, 5,);

iii) there exists a corner (my, ny) with m minimal (amongst the monomials of Q)
such that n > mT’Z)O or with np minimal such that n < %’(’)"
We discuss case i), the other cases being similar. We exploit logarithmic convexity.

We have that
g—im=jn _ (2—imo—jn0)a(z—iml—jm)ﬁ;

if (i, j) € Amn then

|Cmnl 27T 2 (Iemgng |27 107 TT) Y @D (¢, 27T PHEED),

But since a + 8 = 1, this can only happen for a finite number of (i, j), a number which
is bounded by Op(1). In other words, |A,,| = Op(1), and since clearly I;; = O(1) we
have that those exponent pairs (m, n) that are not corners can only contribute Op(1)

t0 X i, jenxy  ijl-

2That this is so already follows from [CWWO00]. Here we reprove this statement with the means
developed for Lemma 4.9.
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Take then (myg, ny) corner of A (Q). By the same argument as in §4.4.3.2 we reduce to
estimate Y. ;, j)eA  n 1 j» Where

I’ =PV ff ei(fz_jt+)lZ(m,n)€Fm0n0 Cmnz_im_jnsmtn)ﬁﬂ
Y sl 1~1 Y

Let p, g be those integers such that ’,'Z—(;) = g and gcd(p, q) = 1. If either one of p, g is
even, then either all the (m, n) € I';,,,, have first coordinate even, or they all have the
second coordinate even; in this case, ; i= 0 by the oddness of the kernel, and there
is nothing else to prove.

Therefore assume that p, g are both odd, and so that my, ny are both even. Let y > 1
be such that y(my, np) is the smallest element (with respect to the obvious ordering)

of I’y n, that is not (my, np). Then by evenness of { ¢ + Acyyn, s t"° we have

Il .= p V. ff ei(fzij t+/12(m,n)el"mon0 cmnz—im—jnsmtn)
i V.
! sl £~1

— ei(EZ_j £+ ACmyng 2”010 ™Mo tno)Eﬂ
s t
= OP(A(Z—lmo—]HO)Y)' (5.1.1)

Moreover, by discarding at most some other Op(1) pairs (i, j), we have

|70 27 t+ A Y. cmn2 IS )| 2 p Iemgn, |27 0TI,

(m,n)ermono
and therefore by Proposition 2.3 we can bound
17,1 Sp (A2 m0im0y~0 (5.1.2)

for some positive 6 > 0. But then (5.1.1) and (5.1.2) together imply that 2,1 Amgng |I§j
Op(1): indeed, if A < 1 it suffices to sum using only estimate (5.1.1), and if A > 1 we
have

Y oup<ey Y mina277%,(27%79)

(irj)eAmono kzo(ivj)EAmonoy
im0+jn0=k
< ~ky-o ~yk
<) kA2THT+ Y kA2
0<k=1*8log, A k=1*2log, A
SAT

for some € > 0, since y > 1. This concludes the proof of the if part of the claim.

As for the only if part of the statement, we observe that it cannot follow from the same
argument in the proof of Proposition 4.6, Chapter 4, §4.5(except in the special case
where st is a monomial in Q), because there are no three parameter automorphic
dilations in H!. Thus we have to argue differently: we notice that by the first part of
the proof, boundedness of the operator is equivalently reduced to L* boundedness
uniform in A, y,¢ of the multiplier My ,,({) above. It suffices to take M, ,(0) and
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observe that this reduces to the integral

f f eilstEﬂ
ltle # J|si<1 st

where ¢ ={ts.t. 3j € J,|t] ~ 27J}; the cardinality of J can be made arbitrarily large
with the appropriate choice of A, y. A precise calculation proves that this integral has
size at least ~ log A, and thus the operator cannot be bounded uniformly in A. Such a
calculation is carried out explicitly in [Pat08]; we omit the details.

5.2 A further example

In this section we explore another example of surface of the form (¢(s, 1), £, ¥ (s, 1))
slightly more general from the previous one, to gain a feel for the technical difficulties
that stand in the way of extending the I? theory developed for (s, t,¢(s, )). We
are not concerned with presenting statements that are as general as possible but
rather with illustrating particular issues and behaviours, so we will make simplifying
assumptions where useful.

We choose an example to illustrate how the boundedness of the operator can depend
on the properties of ¢ in (¢(s, 1), £, ¥ (s, t)). Consider the surface

s, t— (sk+s"e 1 P(s, 1),

where we assume
i) 0<h<ky,
ii) st|P(s,t) (for simplicity).

For this surface and the associated analytic vector fields, one clearly cannot control
the mixed powers by the pure powers, and thus Stein-Street theory does not apply to
it.

Define polynomials Q. € R[¢] by

P(s,0)=: Y s*Qu(n),

k=0
and let
Pos,0:= Y. sFQr,
0<k<ky
and P; := P — Py. Let ¢ be the largest integer such that tfc | Qr(1), which by our
assumption is necessarily bigger or equal than 1.
The boundedness of operator
_1. ds dt
f= Hig e, pp(y) = p.v.ff fl- P+ 5" 1, P(s, 1) l)TT

Isl,1z]=1
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is reduced as usual to the boundedness uniformly in A, nn of

n (1)
O Tipne,pPy) :=x2"y) ). p-V-fl My, n,e,p(A; 1, 1) ¢ ds,
y

j=n+Cy, —t|~27J y—1
jECp

where Cp is sufficiently large that we can assume |Qy (2 7)| ~p 277 and where

My, n,e,p(A; Y l‘)'=pr em((y”)(sko”h(y_”[”P(s’y_mE'
0,1,€, » o b <V ’
[s|<1 S

moreover, by the usual argument we can replace y + t by 2y, so that the phase in
M, he,p Decomes

D(s):=2ys +2ys"(y—0)f + Py(s,y— 1) + P1(s, y — D).
If we define the quantities
21277k
(Alynk/ko

then we can see that the same argument as in §5.1.1.1 works here as well: this is
because ky > h, so that one has

Iy (j) =

(%)k(’@(s) = 2yko! + 0% Py (s, y - 1), (5.2.1)
that is, the term 2ys"(y — £)¢ is not relevant for sufficiently high derivatives. Thus we
can remove term P (s, y—t) from the phase at the price of an error bounded pointwise
by w (< (j) A 7, YMp(y), which is summable in j, and then the L*R) — L*(R)
boundedness of the operator Ty, 5 ¢,p is equivalent to that of operator Ty, p,¢,p,-
Now we need to introduce another quantity to measure the relative strength of the
terms 2ysk0 and 2ysh(y - 1% we define

Aly|2-7¢
Bj) = |yl

_ o=il (x1 1) ko=h) Ko
= Qiypiri ~2 AW '

For those j such that 4(j) < 1, we show we can remove the term 2ys"(y — t)¢ from
the phase of my, 1, ¢, p, at the usual price of a summable error (in j). Indeed,

. k hey 0 _ ; k _ny ds i
‘f i ARYs 0 +2ys" (y=0) 4 Po(s,y=1)) _ ,iA(2ys*0+Po(s,y t))_‘ < Alyl2 itgh
Is|<6 s

and the ky-th derivative of the phase is simply 2 y k! now, thus by Proposition 4.2

; k hiy A€ _ ds _
‘f el/l(Zys 04+2ys (y—1)*+Py(s,y t))_’ § (/uyleko) 1)
0<|s|<1 )

for some & > 0; the same estimate holds for the integral with phase 2ys% + Py(s, y — ),

clearly. Thus if we choose
1 1

0:=
AlyDlko B(j)o
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with o > 0 sufficiently small, we have

. k By € 4 ds . k _y ds )
f ez/l(Zys 04+2ys"(y—1)*+Po(s,y t))__f el/l(Zys 0+Py(s,y—1) ° gw(gg(]))
Is|<1 N Is|<1 s

Thus for those j such that #(j) < 1 we have reduced to the operator

(1)
¢—x2"y) . ZC p.v. fly 2] Mi,0,0,P, (A3 Y t)% dr;
=n+Co, -l
szC‘p,,%’(]?)sl

but this operator is of the form treated in §5.1, and thus we know by Theorem 5.1
that an equivalent condition for this to be bounded is that for every corner (m, n) of
N (Py) at least one amongst m, n is even.

Assume then that #(j) > 1, which can happen only for finitely many j, but their
cardinality is not uniformly bounded in A, n. In this case we can remove the term
2ysko from the phase instead. Indeed,

. k B o0 _ . Wiy € _y ds
jl‘l Gel/l(Zys 04+2ys*(y—1)* +Po(s,y t))_ez/l(Zys (y=0*+Po(s,y t))T S/lIyIHk"-
s|<

Then notice that the coefficient of degree £ in s of the phase is given by
2y(y=0"+Quly-0),

and thus if |y|2‘j( < or > 27 7%n we have by Proposition 4.2

‘f ei/’L(zysko+2ysh(y—r)f+P0(s,y—z))E S(Mylz—jeh)—é';
0<|s|<1 S

on the other hand, the above condition can fail for at most O(1) indices j, which can
always be discarded. The same holds of the other integral as well. Thus we have by
the same choice of 8 as before that for all j such that Z(j) > 1 (except at most O(1))

; k Byt _q ds : hi,_ e _m ds o
f i A2ysF0+2ys" (7= +Po s,y t))__f My =0 +posy-m 8| < g iy-1)
Isl<1 s Js=1 s

which is summable in j.
It remains to establish whether the operator T, ¢,p, is bounded, so introduce quan-
tities .

A2~k
(A|y|2—jé)k/h
and suppose for simplicity that Vk < ko, £i/k # ¢/h. If there exists k < ko such that
%¢(j) > 1, then we claim we can remove the term 2ys"(y— )¢ from the phase. Indeed,
by the same argument we have used over and over, for all j such that #(j) > 1, 6% (j)
except at most O(1) one can bound

Cx(j) =

. Byt _y ds : _ ds —
f el/l(Zys (J/ 1) +P0(Syy t))_ _f elAPO(S,J/ t)_ SJ w((gk(]) 1),
Isl=1 S Isl<1 S
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which is a summable error; thus one is reduced to operator Ty ,0,p,, Which is transla-
tion invariant, and it can be verified it is bounded.

If however Yk < ky itis €% (j) < 1 then we claim one can remove the term Py(s, y — t)
instead, and the error is summable in j again. This is the same argument we have
given before, and verifying the details is left as an easy exercise to the reader. Thus in
this case we have reduced to operator Ty j, ¢,0. Now, if /1 is even we see that myg 5,00 =0
identically, and therefore we have nothing to bound. If # is instead odd, then by the
same calculations as in Chapter 1 for [ [ e/*$!/st ds dt we see that up to an error
summable in j we can replace 1,1, ¢,0 by sgn(y(y — 1)¢) = sgn(y)sgn((y — t)¥). While
the factor sgn(y) is harmless, as we have seen before (in Example 4.1, Chapter 4) the
operator will bounded uniformly if ¢ is even, and will not necessarily be bounded
uniformly if £ is odd (one can indeed concoct a simple example of a polynomial P
such that this is the case). Thus we see that to have uniform boundedness for Ty 5,¢,0
we need to have that at least one amongst £, ¢ is even.

This discussion has shown therefore that, as is to be expected, to treat surfaces of the
form (@(s, 1), t,w(s, t)) one has to impose conditions on both ¢ and v, in general.
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