SPECTRAL MULTIPLIERS FOR SUB-LAPLACIANS ON
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Abstract. Let G = N x A, where N is a stratified group and A = R acts
on N via automorphic dilations. Homogeneous sub-Laplacians on N and A can
be lifted to left-invariant operators on G, and their sum is a sub-Laplacian A on
G. We prove a theorem of Mihlin—H6rmander type for spectral multipliers of A.
The proof of the theorem hinges on a Calderén—Zygmund theory adapted to a sub-
Riemannian structure of G and on L'-estimates of the gradient of the heat kernel
associated to the sub-Laplacian A.

1 Introduction

Let N be a stratified Lie group of homogeneous dimension Q > 2. Let G be the
semidirect product N x A, where A = R acts on N via automorphic dilations. The
group G is a solvable extension of N that is not unimodular and has exponential
volume growth; see Section 2 for more details. For each p € [1, oo], let LP(G)
denote the I” space with respect to a right Haar measure x« on G.

Consider a system X, ... ,Xq of left-invariant vector fields on N that form a
basis of the first layer of the Lie algebra of N, and let X be the standard basis of
the Lie algebra of A. The vector fields XoonAand X, ... ,Xq on N can be lifted
to left-invariant vector fields Xo, X1, ..., X, on G which generate the Lie algebra
of G and define a sub-Riemannian structure on G with associated left-invariant
Carnot—Carathéodory distance p.
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Let A be the left-invariant sub-Laplacian on G defined by
_ 2
(1.1) A== X7

The operator A extends uniquely to a positive self-adjoint operator on L?(G). For
all bounded Borel functions F : [0,00) — C, the operator F(A) defined via
the spectral theorem is left-invariant and bounded on L?>(G) and, by the Schwartz
kernel theorem,

(1.2) F(A)f = f xkpay forall f e L*(G),

for some convolution kernel kr(a), which in general is a distribution on G. The
object of this paper is the multiplier problem for A, i.e., the study of conditions on
F sufficient to imply the LP-boundedness of F'(A) for some p # 2.

Our main result provides a sufficient condition of Mihlin—-H6rmander type for
operators of the form F(A) to be bounded on I”(G) for 1 < p < oo; endpoint
results are also obtained, both of weak type (1, 1) and in terms of the Hardy space
H'(G) and bounded mean oscillation space BMO(G) introduced in [51]; see Sec-
tion 3.

Let y be a function in C°(R), supported in [1/4, 4], such that

(1.3) Z w(2/2) =1 forall 1 € (0, c0).
JEZ
For each s > 0, we define ||F|lo,s and || F||o0,s as follows:
10,5 = sup IE@)yOllrs®,  1Flloo,s = sup I1F @) wOllasm,
1< >
where H*(R) denotes the L?>-Sobolev space of order s on R. We say that a bounded

Borel function F : [0, co) — C satisfies a mixed Mihlin—-Hormander condi-
tion of order (s, 5o0) if [|[Fllo,s, < 00 and ||F||oc,s,, < OO.

Theorem 1.1. Suppose that sy > 3/2 and s, > (Q + 1)/2. If F satisfies
a mixed Mihlin—-Hormander condition of order (so, Sxo), then F(A) extends to an
operator of weak type (1, 1) and bounded on LP(G) for all p € (1, 00), bounded
from H'(G) to L'(G) and from L*(G) to BMO(G).

Spectral multiplier theorems for Laplacians and sub-Laplacians have been ob-
tained in many different contexts, so we do not attempt to give a complete account
of the existing literature but instead restrict our discussion to the works that are
more closely related to our result. The interested reader is referred to the cited
works and references therein for more details.
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It is already known in the literature that, unlike other sub-Laplacians on solv-
able groups (see, e.g., [8, 27]), the sub-Laplacian A on the group G has L7-
differentiable functional calculus. More precisely, Hebisch [25] proved that if
F is compactly supported and F € H*(R) for some s > (Q + 5)/2, then F(A)
is bounded on L”(G) for all p € [1, co]. Mustapha [43] proved the same result
pushing down the smoothness condition on the multiplier F, i.e., requiring that
F € H*(R) for some s > 2. A further improvement with condition s > 3/2 is
stated in [29, Theorem 6.1]. Subsequently, Gnewuch [18] obtained similar results
for sub-Laplacians on compact extensions of a class of solvable groups, which
strictly include the groups we consider here.

All these results differ from Theorem 1.1 because they treat only the case of
compactly supported multipliers F' belonging to a Sobolev space of suitable order
and show that, in that case, the convolution kernel kr () is integrable on G. Our re-
sult instead is a genuine Mihlin—Hormander theorem for multipliers * which need
not be compactly supported nor have bounded derivatives at 0. In this case, the
convolution kernels kr(a) need not be integrable; indeed, for the endpoint values
p =1 and p = co we prove boundedness only in the weak type (1, 1) sense and in
terms of Hardy and BMO spaces.

Other multiplier theorems on solvable extensions of stratified groups were
previously obtained for distinguished full Laplacians. More precisely, Cowling,
Giulini, Hulanicki and Mauceri [11] proved a multiplier theorem for a distin-
guished Laplacian L on NA groups coming from the Iwasawa decomposition of
a semisimple Lie group of arbitrary rank: they showed that if F € H;? (R) and
|1Floo,s,, < oo for suitable orders sp, S0 depending on the topological dimen-
sion and the pseudodimension of the group, then F (L) is of weak type (1, 1) and
bounded on L? for all p € (1,00). An analogous result was then proved by
Astengo [2] for a distinguished Laplacian on Damek—Ricci spaces, i.e., groups
of the form H x R, where H is a Heisenberg-type group [15].

Hebisch and Steger [29, Theorem 2.4] improved the results in [11] by proving
a genuine Mihlin—H6rmander theorem for spectral multipliers of a distinguished
Laplacian L on the group RC x R, which corresponds to the case of real hyperbolic
spaces (and coincides with our Theorem 1.1 in the case N is abelian). Their theo-
rem was generalized in [52] to a distinguished Laplacian on Damek—Ricci spaces.
The results in [29, 52] hinge on a new abstract Calderén—Zygmund theory de-
veloped by Hebisch and Steger and L!-estimates of the gradient of the heat kernel
associated to L.

All the aforementioned results for multipliers of a full Laplacian L make strong
use of spherical analysis either on semisimple Lie groups or Damek—Ricci spaces.
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In particular, on Damek—Ricci spaces, the convolution kernels kr() have the prop-
erty that m~'/2kp(, is radial, where m is the modular function and, moreover, an
explicit formula for the heat kernel associated to L is known. These tools are not
available for the analysis of the sub-Laplacian A on G (unless N is abelian). So
we need new techniques to obtain weighted estimates of the convolution kernels of
multipliers of A and to study the horizontal gradient of the heat kernel associated
to A. A brief illustration of these techniques and of our strategy of proof follows.

In Section 2, we obtain a precise description of the left-invariant Carnot—Cara-
théodory distance on G in terms of the analogous distance on N. This is done by
relating solutions to the Hamilton—Jacobi equations on G and N. These equations
are analogous to the geodesic equations on Riemannian manifolds. However on
sub-Riemannian manifolds there may exist “strictly abnormal minimizers”, i.e.,
length-minimizing curves that do not correspond to solutions of the Hamilton—
Jacobi equations. Nevertheless, a density result by Agrachev [3] allows us to
transfer information from solutions of the Hamilton—Jacobi equations to the cor-
responding sub-Riemannian distances.

Based on our analysis of distances, in Section 3, we develop a Calderén—
Zygmund theory adapted to the sub-Riemannian structure of G. More precisely,
we show that the metric measure space (G, p, w) satisfies the axioms of the ab-
stract Calderén—Zygmund theory introduced in [29] and further developed in [51].
The crucial step is the construction of a suitable family of “admissible sets” which
play the role that in the classical Calder6n—Zygmund theory on spaces of homoge-
neous type would be played by balls or “dyadic cubes”; cf. [6]. In this way, when
we study spectral multipliers of the sub-Laplacian A, we can use the theorems for
singular integral operators proved in [29] for the boundedness of type (1, 1) and
those contained in [51] for the boundedness on Hardy and BMO spaces.

In Section 4, we focus on the properties of A and its functional calculus. In
particular, Section 4.2 is devoted to an L!-estimate of the horizontal gradient of
the heat kernel associated to A at any real time. This estimate is well known (in
much greater generality) for small time, but appears to be new for large time (and
nonabelian N). Our proof is based on a formula that relates the sub-Riemannian
heat kernels on G and N; this relation was already used in [43, 19] to estimate the
heat kernel on G at complex time 1 + iz, 7 € R.

Another important consequence of the relation between heat kernels on G and
N is discussed in Section 4.3. It turns out that, for all multipliers F', the L%-norm
of the convolution kernel k(a) on G coincides with the L?>-norm of the convolution
kernel k., on the real hyperbolic space G =R? xR, where A is a full Laplacian
on G. In fact, it is even possible to estimate weighted L?>-norms of kray on G by
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weighted L2-norms of kg &) on G, where spherical analysis can be applied. This
crucial observation is already contained, with a different proof, in [24].

Finally, in Section 5, we combine all these ingredients to prove Theorem 1.1.

A natural question is whether the smoothness condition s, > (Q +1)/2 on the
multiplier in Theorem 1.1 is sharp. In fact, via transplantation (cf. [33]), Theo-
rem 1.1 implies a similar theorem for a homogeneous sub-Laplacian on the nil-
potent contraction N x A of G, with a smoothness condition of order (Q + 1)/2.
This is just a particular case of the multiplier theorem of Christ [7] and Mauceri
and Meda [39] on stratified groups, because Q + 1 is the homogeneous dimension
of N x A. If N is abelian, then the transplanted result is sharp and, a fortiori, the
condition so, > (Q+1)/2 in Theorem 1.1 is sharp. However, for many nonabelian
stratified groups N, the transplanted result is not sharp: in fact, in several cases, it
is possible to push down the smoothness condition to half the topological dimen-
sion of the group [23, 44, 37, 38]. For this reason, it might be expected that the
smoothness condition so, > (Q + 1)/2 in Theorem 1.1 can also be pushed down,
at least for some nonabelian N.

Recently, the second and third named authors, extending a result in [28], have
proved a multiplier theorem for some Laplacians with drift on Damek—Ricci
spaces [46]; part of the proof of their result hinges on a Mihlin—-Hoérmander type
theorem for a distinguished Laplacian without drift. Inspired by [46], we think
that Theorem 1.1 could be an ingredient for proving a multiplier theorem for sub-
Laplacians with drift on the solvable groups considered here. We recall that among
these sub-Laplacians with drift there is the “intrinsic hypoelliptic Laplacian™ as-
sociated with the sub-Riemannian structure on G; see [4].

Let us fix some notation that is used throughout. R* and R{ denote the open
and closed positive half-lines,respectively, in R. | J R denotes the union of a family
of sets R, i.e., [JR = Ugex R. The letter C and variants, such as C;, denote finite
positive constants that may vary from place to place. Given two expressions A and
B, A < B means that there exists a finite positive constant C such that A < CB.
Moreover, A ~ B means A < B and B < A.

2 Solvable extensions of stratified groups

In this section, we introduce the class of Lie groups that we study in the sequel
and recall their main properties. In particular, we discuss their metric properties in
Subsection 2.2 and some useful integral formulas in Subsection 2.3.
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2.1 Stratified groups and their extensions. Let N be a stratified
group. In other words, N is a simply connected Lie group whose Lie algebra
n is endowed with a derivation D such that the eigenspace of D corresponding
to the eigenvalue 1 generates n as a Lie algebra. In particular, the eigenvalues of
D are positive integers 1, ..., .S, and n is the direct sum of the eigenspaces of D,
which are called layers: the jth layer corresponds to the eigenvalue j. Moreover,
n is S-step nilpotent, where S is the maximum eigenvalue.

The exponential map exp, : n — N is a diffeomorphism and provides global
coordinates for N that are used in the sequel without further mention. Any chosen
Lebesgue measure on n is then a left and right Haar measure on N. Let us fix such
a measure and write |E| for the measure of a measurable subset E C N.

The formula J; = exp((log?)D) defines a family of automorphic dilations
(6:)i~0 on N. For all measurable sets E C N and ¢t > 0, |5,E| = t°|E|, where
O =trD is the homogeneous dimension of N. Note that Q > d, where d = dimn
is the topological dimension of NV; in fact, Q =d if and only if S =1, i.e., if and
only if NV is abelian. Note, moreover, that, if O = 1, then N = R. In the following,
we assume that Q > 2, since the case Q = 1 has already been treated in [29].

Let A = R, considered as an abelian Lie group. Again we identify A with its
Lie algebra a. Then A acts on N by dilations, that is, we have a homomorphism
A > ur— Jdx € Aut(N) and we can define the corresponding semidirect product
G =N x A, with operations

(- (@ u) =@ P u+u), (u ' =(—e"Pz,—u)

and identity element O¢ = (Oy,0). The Lie algebra g of G is then canonically
identified [54, §3.14-3.15] with the semidirect product of Lie algebras n x a, where

[(z, w), (Z,u)] = ([z,7]+uDZ — u'Dz, 0).

The group G is not nilpotent, but is a solvable Lie group of topological dimen-
sion d + 1. The left and right Haar measures u, and u on G are given, respectively,
by

due(z,u) = e dzdu, du(z,u) = dzdu

[30, Section (15.29)], and the modular function m is given by m(z, u) = e~
In particular, G is not unimodular and has exponential volume growth [21, Lem-
me 1.3]. In the following, unless otherwise specified, the right Haar measure y is
used to define Lebesgue spaces [P(G) = L[P(G, du) on G, and | f||, denotes the
I7(G)-norm of a function f on G.
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2.2 Metric structure and geodesics. Consider a system X, . .. ,Xq of
left-invariant vector fields on N that form a basis of the first layer of n. These
vector fields provide a global frame for a subbundle HN of the tangent bundle TN
of N, called the horizontal distribution. Since N is stratified, the first layer
generates n as a Lie algebra; consequently, the horizontal distribution is bracket-
generating.

Let gV be the left-invariant sub-Riemannian metric on the horizontal distribu-
tion of N which makes X, ..., )?q an orthonormal basis. Using the metric gV,
by integrating the g"-norm of the tangent vector, we can define the length of
horizontal curves on N (i.e., absolutely continuous curves y : [a, b)] — N whose
tangent vector p(7) lies in the horizontal distribution for almost all ¢ € [a, b]). The
Carnot—Carathéodory distance p" on N associated to gV is then defined by

0"V (z,7) = inf{ lengths of horizontal curves joining z to 7'}

for all z, 77 € N. Since the horizontal distribution is bracket-generating, the dis-
tance " is finite and induces on N the usual topology, by the Chow—Rashevskii
theorem. Moreover, since X1, . . ., }V(q are left-invariant and belong to the first layer,
the distance g" is left-invariant and homogeneous with respect to the automorphic
dilations J;. For each zp € N and r > 0, we denote by By(zo, 7) the ball in
N centered at zg of radius r, i.e., By(z0,7) = {z € N : 0V(z,20) < r}. Then
|By (20, )| = r2|By(Oy, 1)| for all zg € N, for all » > 0.

Let Xy = &, be the canonical basis of a. The vector fields X, on A and

X, ... ,Xq on N can be lifted to left-invariant vector fields Xo|,» = Xolu = 6us
Xilguw = e“lez, for j = 1,...,q9 on G. Analogously, as above, the system
Xo, ..., X, generates the Lie algebra g and defines a sub-Riemannian structure

on G with associated left-invariant Carnot—Carathéodory distance p. For each
(zo,up) € G and r > 0, we denote by B, ((zO, up), r) the ball in G centered at
(zo, up) with radius r with respect to the distance p.

We give a more precise description of the distance p and precise asymptotics
for the volume of balls by means of geodesics. Note that the characterization of
length-minimizing curves in sub-Riemannian geometry is more complicated than
in the Riemannian case, because a length-minimizing curve need not correspond
to a solution of the Hamilton—Jacobi equations associated to the metric (see, e.g.,
[41] for an insight). However, by means of a density result of Agrachev [3], we
are able to characterize the distance p by studying the solutions of the Hamilton—
Jacobi equations on N and G.

The sub-Riemannian metric g" determines a dual metric (g")* on the cotangent
bundle T*N of N. When S > 1, (gV)* is degenerate: its kernel at each point of
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N is the annihilator of the horizontal distribution. If N is identified as a manifold
with the vector space n via the exponential map (see Section 2.1), then, for all
z € N, the tangent space T_N at z is identified with n and the cotangent space TN
is identified with n*. Let us in turn identify n* with n by choosing an inner product
(-,-) on n, and let us fix orthonormal coordinates on n. Then

(gN):(C: C/) = <MZCa C,>>
where M, : n — nis a symmetric linear map depending smoothly on z € N. More-
over, H_N is the range of M;, the restriction M|y n : H.N — H_N is invertible,
and
822 = ((M\un)"'Z,Z").

In the chosen coordinates, the Hamilton—Jacobi equations associated to g" read

oHN oHY
2.1 z; = , —

aCj sz

(j =1,...,d), where the Hamiltonian H" : T*N — R is given by

=

1 1
HY(2,0) = 5616 O = 5(M8, ),

A solution (z, ¢) : I — T*N of the Hamilton—Jacobi equations (2.1), where Il C R
is an interval, is called an HJ-curve on N. It is known that the projection to N
of such a curve, namely, z : I — N, is horizontal and locally length-minimizing.
Moreover, z has constant speed, since glzv (2,2) = 2HN(z,¢) is constant along the
HJ-curve (z, ). We define the length of an HJ-curve as the length of its projec-
tion. Analogously, we say that an HJ-curve joins two points on N if its projection
does.

Note that, if § < 2, all length-minimizing horizontal curves on N are “nor-
mal minimizers”, i.e., projections of HJ-curves (see, e.g., the argument after [42,
Theorem 4]). However, on higher-step groups N, there may exist “strictly abnor-
mal length-minimizers” [20], i.e., length-minimizers that are not projections of
HJ-curves.

An analogous discussion can be conducted on G. If G is identified as a man-
ifold with the vector space n x a viathe mapn x a 3 (z, u) — (expy(z),u) € G
(as in Section 2.1), the left-invariant sub-Riemannian metric g on the horizontal
distribution of 7G is given by

8ew(Z, V), (Z/,U") =g} (Z,2)+ U
Hence the dual metric g* on the cotangent bundle 7*G of G is

8o (GV), (V) = (g ) + v,



SPECTRAL MULTIPLIERS ON SOLVABLE EXTENSIONS OF STRATIFIED GROUPS 365

and the Hamilton—Jacobi equations on G read

. oH ¢ oH
Z] = 7'9 J = _7.)

(22) aé’] aZ]
_oH . oH

oo’ T ou

(j =1,...,d), where the Hamiltonian H : T*G — R is given by

1 1
H 0,60 = 380G, Go) = 5 (M6.0)+1?).

A solution (z, u, &, v) : I = T*G of (2.2) is called an HJ-curve on G.
‘We now look for HJ-curves on G of the form

(Za M,C,V) =(ZN OD,M,CNOUa V):

where (7, ¢V) is an HJ-curve on N and v is a suitable change of variables. Plug-
ging these expressions in the Hamilton—Jacobi equations for G and using the fact
that (¥, ¢V) satisfies the Hamilton—Jacobi equations for N, we obtain the follow-
ing result.

Lemma 2.1. Let (¥, V) be an HJ-curve on N. Then (¥ o v, u, N o v, v) is

an HJ-curve on G, provided the functions v, u, v satisfy
(2.3) b=e u=v, v=-2H)e™",

where HY is the constant value of HY along (2", V). Moreover, HY is related to
the constant value Hy of H along (z" o v, u, N ov,v) by

Ho = e™HY +1v?)2.
This leads us to the following definition.

Definition 2.2. We say that an HJ-curve (z¥, (V) : J — T*N on N and an
HJ-curve (z,u,,v) : I — T*G on G are associated if there exists a diffeo-
morphismov : I — Jsuchthatz =7V ov,¢ =¢Yov,and (v, u,v) : I — R3 solves
(2.3).

The Cauchy problem for the autonomous system of equations (2.3) is solved
as follows.

Lemma 2.3. Suppose that uy, v, H(I)V € R and Hév > 0. In the case Hév > 0,
the maximal solution (v, u, v) to (2.3) with initial data

2.4) v(0) =0, u0) =uy, v) =vy
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is given by
1
o) = ﬂ(a)tanh(w(t — 1))+ Vo),
u(t) = u, — log cosh(aw(t — t,)),
v(t) = —wtanh(ow(t — 1)),
where

0] 1 V
@ =\/vi+2H) e, u*=log\/7 t*=;arctanh;0.

2HY
In the case HY =0, the solution with initial data (2.4) is given by

2uo 270" —1 .
o(f) = 2o , o u(t) =ug+vot, v(©) =vy.
et ifvg =0,

All these solutions (v, u, v) are defined globally in time, and v is an increasing
diffeomorphism onto its image. Moreover; for all u; € R and T > 0, the following
conditions are equivalent:

(i) T is in the range of v and u(v—'(T)) = uy,

(i) vo = 2T)1(e* — )+ HYT.

Proof. It is not difficult to check that the above formulas give solutions of
(2.3) with initial data (2.4). Since these solutions are defined globally in time,
they must be the maximal solutions, and v is an increasing diffeomorphism onto its

2u > (. It remains to show the equivalence of the conditions

image because v = e
(i) and (ii); we consider only the case H(I)V > 0, the other case being similar and
easier.

Simple manipulations of the above formulas for # and v yield

2 N 2
2u(t) = log< © (1 — (2Hg v = vo) )) ,

2HYY w?

ie.,
(2.5) e*0 = 20 4 20 (1) (vg — HY v(2)).

In particular, if there exists ¢t € R with u(¢) = u; and v(¢#) = T, then, by solving
(2.5) for vy, we obtain (ii).
Conversely, if (ii) holds, then 2H(1)V T? — 2Ty = e*0 — ¢?1 < ¢*; hence

QHYT —vo)* < 2H) e + v} = .
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Because of the explicit formula for v, this means that 7 belongs to the range of v,
sov(t) =T for some ¢ € R; and (2.5), together with (ii), yields u(¢) = u;. Ul

From the above explicit solution, we derive several consequences. First, we
can construct HJ-curves on G starting with HJ-curves on N.

Proposition 2.4. Suppose that T > 0, (z¥, V) : [0,T] — T*N is an HJ-
curve on N, and ug,u; € R. Then there exists an HJ-curve on G associated to
(&N, V) that joins (2N (0), uo) to (N (T), uy).

Proof. Setvy = (2T)'(e* —e?0)+H) T. If (v, u, v) is the maximal solution
of (2.3) with initial data (2.4), then, by Lemma 2.3, T is in the range of » and
u(v~(T)) = u;. Therefore, by Lemma 2.1,

@ ov,u, N ov,v): [0,0”NT)] > T*G

is an HJ-curve on G associated to (zV, ), which clearly joins (z"(0), ug) to
@ (T), uy). O

Conversely, HJ-curves on G determine HJ-curves on N.

Proposition 2.5. Every HJ-curve on G is associated to an HJ-curve on N.

Proof. Let (z,u,,v) : I — T*G be an HJ-curve on G. Without loss of
generality, we may assume that 0 € I. Let (zV,¢") : J — R be the maximal
solution of the Hamilton—Jacobi equations (2.1) on N with initial data zV(0) =
2(0), ¢N(0) = ¢(0). Let HY be the constant value of H" along (", ¢V), and set
ug = u(0), vg = v(0). Let (v, i, D) be the solution of (2.3) with initial data (2.4)
given by Lemma 2.3. Then (z, u, &, v) and (Z" o v, @, ¢V o v, D) are both solutions
of (2.2) with the same initial condition; in particular (by uniqueness of solutions
to ODEs), they coincide on the intersections of their intervals of definition.

To finish the proof, it suffices to show that I is contained in the domain 7 of
& own, i, N ov, 7). Note that the solution (v, i, ¥) of (2.3) given by Lemma 2.3
is defined globally in time, v : R — o»(R) is an increasing diffeomorphism, and
I = v~'(J) is open. Therefore, if I is not contained in 7, there is a (nonzero)
element #y € I of minimum modulus that does not belong to 7. Assume, without
loss of generality, that 1, > 0. Then v(#y) does not belong to the domain J of
&, ™), but [0, v(ty)) C J. The equation (2" (v(2)), N (0 (1)) = (z(¢), (1)), which
is valid for all ¢ € [0, #p), and the fact that v is a diffeomorphism show that

lim (¥ (2), N() = (z(t0), ¢(t0)).

=0 (t)

This contradicts the fact that (zV, ¢) is a maximal solution to (2.1). O
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Finally, there is a relation between lengths of associated HJ-curves.

Proposition 2.6. Let I C R be a compact interval. Let (z,u, ,v): 1 > T*G
be an HJ-curve on G of length L, which is associated to an HJ-curve on N of
length LN. Let ug and u, be the values of u at the endpoints of I. Then

1+ eZ(ul—uo) + (e—uoLN)Z

(2.6) coshL = T

Proof. Let (zV,¢N) : J — T*N be the associated HJ-curve on N, and let
v : I — J be the diffeomorphism as in Definition 2.2. Without loss of generality
we may assume that / = [0, r] with 7 > 0 and that v(0) = 0. Set T = v(7),
uy = u(0), u; = u(r), vo = v(0), and let HY be the constant value of H" along
(2, V). Then, by Lemma 2.3, vy = (2T)~!(e? — €*0) + H) T. Moreover, in the
case H) #0,

1 2HYT —
2.7) =0 NT) = — <arctanh Y0 4 arctanh OUO) ,
w w 1)

where w = /2e*H}’ + v}, whereas, in the case H) =0,

—1 _ui—up _ 2u;—2u :
Wl uy) = M = 22Ty, £ 0,

o (T) =e 20T ifvg =0.

Note that LY =T /2HY, whereas L = t,/2e*H}’ + v3. Easy manipulations of the
above expressions then yield (2.6). For example, in the case HY > 0, the equality
L = 7w holds and (2.6) can be obtained by multiplying by w both sides of (2.7),
taking the cosh of both sides, and applying the addition formula for cosh. (]

We can now turn the relation (2.6) between lengths into a relation between sub-
Riemannian distances. We mention that formula (2.8) below was already given
without proof in [24, p. 9]. The argument given here can be thought of as a precise
proof of it.

Proposition 2.7. For all (zg, uy), (z1, u1) € G,

+ 2(u1—ugp) + (e Mo pN , 2
0((zo, up), (z1, u1)) = arccosh ¢ (e *g (20, 21))
(2.8) Zetn=Ho

= arccosh (cosh(uo —up) + e Wt pN (7 21)2/2) .

Proof. By left-invariance of g and gV, it is sufficient to check the above for-
mula in the case (zg, ug) = 0g.
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By the results in [3], there exists an open dense subset € of G made up of
points which are joined to the origin Og by a unique length-minimizing curve, and
this curve is a projection of an HJ-curve. Analogously, there exists an open dense
subset Q" of N made up of points which are joined to the origin Oy by a unique
length-minimizing curve, and this curve is the projection of an HJ-curve.

Let Q = QN (QY x A). Then Q is a dense open subset of G. Moreover,
for all (z;,u;) € Q, the length L of the length-minimizing HJ-curve (z, u, £, v)
on G joining Og to (z1, u;) equals p(Og, (21, u1)). Moreover, by Proposition 2.5,
(z,u, &, v) is of the form (¢V o v, u, ¢™ o v,v) for some HJ-curve (zV, ") on N,
whose length LV is related to L by (2.6).

We now claim that LV = pV(Oy, z;). If not, the length-minimizing HJ-curve
on N joining Oy to z; (which exists, because z; € Q") would have length less than
LN . So, via Proposition 2.4, we could construct an HJ-curve on G joining Og to
(z1, u1) with length less than L, which leads to a contradiction.

The relation (2.6) between lengths yields (2.8) for all (z;, u;) € Q. Since Q is
dense and p, oV are continuous, (2.8) holds for all (z;, u;) € G. ]

2.3 Volume asymptotics and integral formulas for radial functions.
The expression (2.8) for the sub-Riemannian distance p allows us to give precise
formulas and asymptotics for the volume of the corresponding balls. It should
be noted that detailed information on the local behavior of p could be deduced
by the Ball-Box Theorem (see [45] or [41]). For the global behavior, however,
sufficiently precise general results seem not to be available, and formula (2.8)
becomes crucial.

We obtain the volume formulas as corollaries of integral formulas for radial
functions. By a radial function on G, we mean a function of the form x — f(|x|,),
where f : R — C and |x]|, = o(x, 0¢) is the distance of x € G from the ori-
gin. Analogously by a radial function on N, we mean a function of the form
7> f(|zly), where |z|y = 0" (z, Oy) is the distance of z € N from the origin.

The homogeneity of oV yields immediately the following integral formula for
radial functions on N: for all Borel functions f : Rf — R{,

2.9) /N Fllzlv)dz = VyQ /0 F()s2~" ds,

where Vy = |By(Oy, 1)|. Clearly such a formula can be extended to complex-
valued functions f, as soon as the integrals make sense. We now obtain a similar
formula on G.
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Proposition 2.8. For all Borel functions f : R§ — R§,
o
@10) [ f1¥0due = [ FAdgmdueo =en@ [ ) sinn® rar

where cy = Vy2271T(Q/2)?/T(Q). In particular,

ro retifo<r <1,
(2.11) 1 (Bo(0, 1)) =cNQ/ sinh? sds ~
0 e ifr>1.
Proof. Since |x|, = |x‘1|Q by left-invariance of p (cf. [55, Section I11.4,
p' 40])5

| 0 au = [ 010 due = [ fsiomeo duco.
Moreover, by formulas (2.8) and (2.9),
/G Fxl,)du@) = Vy0 / - /0 - f(arccosh(cosh u + e™"s% /2))s¢ ! ds du
= Vy029/21 / - /0 - f(arccosh(cosh u + s5))e?"/%s2/2~1 ds du
= Vy029/%~! /OOO f(r)sinhr /r e2“?(cosh r — coshu)?/>~! dudr

—r

(in the last step, we have used the change of variable s = coshr — coshu). One
can evaluate the inner integral in the last formula explicitly to obtain

g - Q/2? . o
Qu/2 0/2-1 —n0Q/2 0-1
e<"’“(coshr — coshu) du =2%“———"sinh r.
/_r rQ)
This gives (2.10), and (2.11) follows once we take f = yo.). O

Similar computations give expressions for weighted integrals of radial func-
tions that are useful in the sequel. We define the weight w on G by w(z, u) = |z IJ%.

Proposition 2.9. There exists a constant Cy > 0 such that

(2.12) /G M) f () w() du) < Co /G £l Ixlp du o)

for all Borel functions f : Rj — R{. Moreover,

ot if0 <r <1,
(2.13) / (I+w)'du S -
B,(0.r) r? ifr > 1.
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Proof. A simple modification of the proof of Proposition 2.8 gives the integral
formula

(2.14) /G m(0)f (1x],)w() de (o)

o0 r
=22"'yy0 / f(r)sinhr [ (coshr — cosh w)~dudr.
0

—r

Since [ (coshr — coshu)?='du < rsinh®'r, the estimate (2.12) follows by
comparison of (2.10) and (2.14).
As for (2.13), this is clear by (2.11) in the case r < 1. For r > 1,

0o 0o e—us2 SQ—l
/ (1+w)™! du = VNQ/ / X10,r) (arccosh (cosh u+ )) dsdu
By (0,r) —00 J0 2 1+ s9
r 2¢é"(cosh r—cosh u) SQ/2—1
~ ——dsd
/_, /0 1+s02 %

r 2% 1
< / / dsdu ~ r?,
—rJo 1+s

and we are done. O

3 Calder6n—Zygmund theory

3.1 Abstract Calderén-Zygmund theory. Itis well known [9, 10] that
in spaces of homogeneous type, integrable functions admit a Calder6n—Zygmund
decomposition and that in this context, the classical Calderén—Zygmund theory
for singular integrals and the theory of Hardy and BMO spaces [48] can be gen-
eralized. However, because of exponential volume growth, the group G under
consideration is not a space of homogeneous type, and a further generalization of
the Calderén—Zygmund theory is necessary. This generalization was introduced
by Hebisch and Steger [29] and further developed by Vallarino [51]. Here we
summarize some of the results of this theory that are used in the sequel.

Definition 3.1. A CZ-space is a metric measure space (X, d, 1) such that
there exist a positive constant xy and a family R of measurable subsets of X with
the following properties: for all R € R, there exist x € X and r > 0 such that

(i) R C B(x, xor);

(1) u(R*) < kou(R), where R* ={xe X :d(x,R) < r}.
Moreover, for all f € L'(X) and for all a > x| f]l1/u(X) (& > 0if u(X) = 00),
there exist a decomposition f = g+ Y ;. b; and sets R; € R such that
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(ii1) lIgllee < Koas;

(iv) suppb; C R; and [ b;du =0foralli € N;
(V) > w(Ry) < wollflli/a

(vi) > 11billt < woll £l

The constant xg is called the CZ-constant of (X, d, ). A decomposition
f = g+ > ,cybi which has properties (iii)-(vi) of Definition 3.1 is said to be a
Calderon—-Zygmund decomposition of f at height a. The elements of the
family R are called admissible sets and, for each R € R, the point x € X and the
number r > 0 satisfying properties (i)-(ii) of Definition 3.1 are called, respectively,
the center and the radius of R.

Note that the above definition of CZ-space is more restrictive than the definition
of “Calderén—Zygmund space” given by Hebisch and Steger in [29]. Hence the
following boundedness theorem for a class of linear operators on CZ-spaces is a
consequence of [29, Theorem 2.1].

Theorem 3.2. Let (X,d, u) be a CZ-space. Let T be a linear operator
bounded on L*(X) such that T =Y,

(i) the series converges in the strong topology of operators on L*(X);

T;, where

(i1) every T; is an integral operator with kernel K ;;
(iii) there exist positive constants b, B, € and ¢ > 1 such that

/ IK; e, DI(1+c/d(x,y))°dux) < B forally € X,
X
/ 1K (6, y) — K6, D1du) < B(cld(y,2))" forall y,z € X.
X

Then T extends from L'(X)NL*(X) to an operator of weak type (1, 1) and bounded
onIP(X), forl <p < 2.

In [51] it was noticed that if a CZ-space satisfies a certain additional condition,
then one can develop an H'!-BMO theory on it.

Definition 3.3. We say that the CZ-space (X, d, i) with family of admissible
sets R satisfies condition (C) if there exists a subfamily R’ of R such that
(i) if Ry, R, € R’ are such that R, N R| # &, then either Ry C R, or R, C Ry;
(ii) for each R € R, there exists R’ € R’ such that R C R’.

Suppose now that (X, d, 1) is a CZ-space with family of admissible sets R that
satisfies condition (C). We introduce an atomic Hardy space H' and a space of
bounded mean oscillation functions on X as follows.
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Definition 3.4. An atom is a function ¢ € L'(X) such that
(i) a is supported in an admissible set R € R,
(i) llall2 < u(®™"2,
(iii) f[gadu =0.
Definition 3.5. The Hardy space H'(X) is the Banach space
H'X) ={fel'C): f =Y 2a;, ajatoms, 2;€C, 12| < oo}
7 -

J

endowed with the norm

£ =inf{ 37120 f =3 Aja;, a atoms, 1; e C}.
J J

We denote by Hﬁln (X) the subspace of H!(X) of finite linear combinations of atoms.

Definition 3.6. The space BMO(X) is the space

_ 2 . 1 2 172
BMOX) = {f € LX) : sup (ﬁ /R = felPdu) " < oo},

where fr = ﬁ Jx fdu. The space BMO(X) is the quotient space of BMO(X)
modulo constant functions, and, endowed with the norm
1 5 1/2
= — — d
1o = sup (s [ 17 = fulPau) "
is a Banach space.

For more details on the spaces H'(X) and BMO(X) we refer the reader to
[51]. In particular, the space BMO(X) can be identified with the dual of H'!(X)
[51, Theorem 3.9].

Proposition 3.7. (i) For each g in BMO(X), the functional A defined on
Hg,(X) by

A = [ fedu forall f e Hi,00

extends to a bounded functional on H'(X). Furthermore, there exists a con-
stant C such that

ANz x) < CllfllBmo-

(ii) For each bounded linear functional A on H'(X), there exists a function g in
BMO(X) such that

A() = / efdu forall f e HLX), and lglmo < ClAlEooy

with C independent of g and A.
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Moreover, the following H'-L! boundedness result holds for singular integral
operators on CZ-spaces.

Theorem 3.8 ([51, Theorem 3.10].). Let (X, d, 1) be a CZ-space which sat-
isfies condition (C). If T is a linear operator which satisfies the hypotheses of
Theorem 3.2, then T is bounded from H'(X) to L'(X).

3.2 Calderén-Zygmund theory on (G, o, u). We prove that the space
(G, 0, p) is a CZ-space as defined in the previous subsection. This fact was already
announced and proved by Hebisch in [26] for a more general class of amenable
Lie groups, including the groups we consider here. However, for our groups, the
construction of the Calderén—Zygmund decomposition becomes more transparent
than the one given in [26], and it is worthwhile to see the explicit construction
in our setting. Moreover, our construction allows us to show that the CZ-space
(G, o, ) satisfies condition (C). Consequently, a theory of Hardy spaces can be
developed on G.

The difficulty in the construction is in finding a suitable family R of admissible
sets on G. We cannot use balls as in the classical case, because their measure
increases exponentially, and condition (ii) of Definition 3.1 is not satisfied. To
define admissible sets, we adapt to the sub-Riemannian distance the ideas of [29]
and [52].

Christ [6, Theorem 11] proved the existence of a family of dyadic sets in a
space of homogeneous type, which can be formulated for the stratified group N as
follows.

Theorem 3.9. There exist constants n, Cy > 1, aninteger J > 2, a collection
of Borel subsets Q’; C N, and points n]; € N, wherek € Z, oo € I} and I} is a
countable index set, such that, for all k € Z,
@ IN = Uy 041 =0;

(i) By(nk, Cy'n*) C OF C By(nk, Cynt) for all o € Iy;

(iii) O N QY =D forall a, f € Iy with o # j;

(iv) for all o € It, QX has at most J subsets of the form Q;‘;_l for p e li_y;

v) forall ¢ < kand p € 1y, there is a unique o. € I, such that Qz - Qﬁ;

(Vi) forall ¢ <k, a € I, and f € I, either Qf N Q) = @ or Qf C Q.

Let us fix a system of dyadic sets {;, points n’(;, index sets I, and constants
n, Cn, J in accordance with Theorem 3.9. Further, let us fix positive constants M
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and r( such that

(3.1) 1 <ryp<2log2,

3.2) M > 1,

(3.3) ™My < Mo,

(3.4) 6M > logn—10g2+r2—0,

3.5 ne*™ro < 268Minf{re™"/? 1 ry < r < 21y},
(3.6) n < 4eWM=Dro,

We define admissible sets as the product of dyadic sets in N and intervals in A as
follows.

Definition 3.10. An admissible set in G is a set of the form
0% x (g — 1, ug + 1),

where k € Z, a € I, uyp € R, r > 0 are such that

re’Me" <yt < 4re®Me if 0 < r < 1o,

3.7
G7) Mgt < k< 4e8Mr et if > .

A small admissible set is an admissible set corresponding to a parameter r €
(0, rp], and a big admissible set is an admissible set corresponding to a para-
meter r € (rg, 00). We denote by R the family of all admissible sets in G.

Proposition 2.7 allows us to obtain precise relations between balls and “rect-
angles” on G, which are important in the following.

Proposition 3.11. There exists a positive constant Cy such that
(i) By (O, 4Cne®™r) x (—r, 1) C B,(0g, Cir) for every r € (0, 00),
(ii) By (On,4Cne®™) x (—r1,r) C B,(0g, Cir) for every r € (ro, 00),
(iii) B,(0g,r) C By (ON, e’) X (—r, 1) for every r € (0, 00),
(iv) B,(0g,r) C By (ON, Clr) x (—r, r) for every r € (0, rg].

Proof. We first prove (i). If (z,u) € By (Oy,4Cye®™r) x (—r, r), then, by
formula (2.8),

16e’C1%,el6Mr2>

o((z, u), 0g) < arccosh (cosh r+ >

< arccosh cosh(C,r),

for a sufficiently large C; and for every r € (0, 00).
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We now prove (ii). If (z,u) € By (Oy,4Cye®™") x (—r, r), then, by formula
(2.8),

16 rc2 16Mr
eNe) < arccosh cosh(Cr),

0((z,u), 0g) < arccosh <cosh r+

for a sufficiently large C; and for every r € (ry, 00).
We now consider any point (z, u) € B,(0g, r). By formula (2.8), it is obvious
that coshu < coshr, and then u € (—r, r). Suppose now that |z| > e¢". Then

—reQr

Q((Z, u), OG) > arccosh (l + ) > arccoshcoshr =r.

Then |z| < ", and (iii) is proved. Take now any point (z,u) € B,(0g, r), and
suppose that |z| > C;r. Then

—rc2 2
Q((Z, u), OG) > arccosh (1 + 621r> > arccoshcoshr =r

for every r € (0, rol, if C; is chosen sufficiently large. Then |z| < C;r, and (iv) is
proved. ([l

We now investigate some properties of admissible sets.
Proposition 3.12. There exists a positive constant C* such that, for every
admissible set R = Q% x (up — 1, ug +r),
(i) RCB, ((n];, up), Clr), where Cy is the constant which appears in Proposi-

tion 3.11;
(i) u(R*) < C*u(R), where R* ={(z,u) € G : o((z,u), R) < r}.

Proof. Case 0 < r < ry. By Theorem 3.9 and Definition 3.10,

R C By (n];, 4CN€8M€MO}’) X (u() — 1 Uy + }")

= (n}, uo) - By (On, 4Cne®™r) x (=1, 1).

By Proposition 3.11, By (Oy,4Cye®™r) x (—r,r) C B,(0g, Cyr), which implies
@G).

To prove (ii), we remark that R* = {J, <z B, ((z, u), r). By the left-invariance
of the metric and Proposition 3.11, for every (z, u) € R,

BQ((Za M), r) = (Za M) 'BQ(OGar) - (Za M) BN(ONa Clr) X (_r: r)
:BN(z,Cle”r) X(WU—ru+r)
C By (n];, Cle”r+CN17k) X (ug — 2r, ug + 2r)

C By (nk, Ce™r) x (ug — 21, ug +2r),
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where C = Cie” + 4Cye®™; we have applied the triangle inequality in N and
the admissibility condition. This implies that u(R*) < e2“rQr ~ 3%r ~ u(R),
which gives (i1).

Case r > rg. To prove (i), note that by Theorem 3.9

R C By(nk, Cnif*) x (uo — ryup + 1),

which is contained in By (n%, 4Cye®™ e") x (ug — 1, up + r), by the admissibility
condition (3.7). By the left-invariance of the metric and Proposition 3.11

R C (n%, up) - By (Oy,4Cne®™") x (=1, 1) C (0%, uo) - B,(0g, Cir) = B, ((n%, up), Cir).

To prove (ii), we remark that R* = U(w)e rBo ((Z, u), r). By the left-invariance of
the metric and Proposition 3.11, for every (z, u) € R,

B,((z,u), ) =(z,u) - By(0g, r) C (z,u) - B,(Oy,€") x (—1,7)

=By(z,€e"¢) x u—ru+r).
Using the fact that (z, #) € R and the admissibility condition on R, we see that
(u—ru+r) C (ug — 2r, ug + 2r)
and

By(z,€"e") C By(z,€""e") C By (n];, " 4 Cy nk) C By (nf;, 1+ CN)nk).

Thus
R* C By (nk, (1 + Cn)Y) x (ug — 21, ug +2r),
and so
1(R*) S 1By (ng, ) Ir ~ p(R),
as required. (]

We now define a way of splitting an admissible set into at most J disjoint
admissible subsets, where J is the constant which appears in Theorem 3.9.

Definition 3.13. An admissible setR = Q’mC x (uo—r, up+r) is called strongly
admissible if (3.7) also holds with k£ — 1 in place of %, i.e., if

re?M et < nk_l < 4reMe™  when O < r < rg,

2Mr

e euo < ’7k—1 < 468Mreu0

when r > rg.

1

Note that the upper bound for #*~! in the above inequalities is automatically

k=1 < yk; the additional requirement for R

k—1

satisfied, because R is admissible and 7
to be strongly admissible is the lower bound for #
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Definition 3.14. Let R = Q’; x (ug — r,up + r) be admissible. If R is
strongly admissible, we define the children of R to be the sets of the form
Q)" x (ug — r,ug + r), where f € I, and Q' C Qf. If R is not strongly
admissible, we define the children of R to be the sets Q% x (up — r, up) and
Q’mc x (ug, ug + r). We denote by €(R) the set of the children of R.

Definition 3.15. Let E be a measurable subset of a measure space. A quasi-
partition of E is an at most countable family of non-negligible, pairwise disjoint
measurable subsets of £ whose union has full measure in E.

Lemma 3.16. Ler C, = max{2, (C,%, n2). Then, for all admissible sets R,
(1) R has at most J children,
(i1) €(R) is a quasi-partition of R,
(i) C5'u(R) < u(R) < u(R) for all R' e €(R),
(iv) all the children of R are admissible.

Proof. Let R = Q(’; X (ug — r,ug + r). Since R is admissible, (3.7) holds.
Suppose that R is strongly admissible. Then the children of R are admissible too.
Moreover, from the properties of dyadic sets given by Theorem 3.9, it is clear that
properties (i), (ii), and (iii) hold.

Suppose now that R is not strongly admissible. Then, for r < r,

(3.8) reMeto < pk < pre®™ et

while, for r > rg,
(39) eZMreuo < nk < 77€2Mr6u0.

Moreover the children of R, i.e., Ry = Q% x (up —r, up) and Ry = QX x (ug, uo+r),
are “centered” at (nX, ug — r/2) and (n*, up + r/2), respectively. It is clear that
properties (i), (ii), and (iii) hold.
We prove that R| and R, are admissible: to do so, we distinguish three cases.
Case r < ry. In this case, R is a small admissible set, and we must prove that
R, R, are both small admissible sets, because r/2 < ry. Notice that

., r
Uuo ’/262M7

e uo+r/2 ,2M r 1 12 | 0 k

< < — — <
=€ 2_2776 _2’75 =n,

since ry < 2log?2 by (3.1). Moreover,

_ r r
2M 8Meuo r/27 < 468Meuo+r/27’

7 < nee™Mr < de

since 1 < 2eM =7 by condition (3.4). This proves that R, and R, are admissible.
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Case ry < r < 2ry. In this case, R is a big admissible set, and we must prove
that Ry, R, are both small admissible sets, because /2 < ry. Notice that

uo 2Mr k

_ r
up—r/2,2M " e <,

uotr/2 ,2M r <

e <e

2M

since e"e*M ry < " by condition (3.3). Moreover,

’7/( < 776”"62Mr < 468Me"°_r/2r/2 < 4€8M€u0+r/2}’/2,

since 7764M’° < 26 inf, <r<2rp re="/? by condition (3.5). This proves that R; and

0
R, are admissible.
Case r > 2ry. In this case, R is a big admissible set, and we must prove that

R, R, are both big admissible sets, because r/2 > ry. Notice that

euo—r/zezM’/z S eu0+r/262Mr/2 S euoe2Mr S }71"

since M > 1/2 by (3.2). Moreover,

2Mr 8Mr/2 jup—r/2 8Mr/2 up+r/2
e e .

0k < ne'e®™r < 4e < 4de

since 7 < 4e“M=br by condition (3.6). This proves that both R, and R, are
admissible. (]

By adapting the proof of [51, Lemma 3.16], we can construct a quasi-partition
of G in big admissible sets whose measure is as large as we want.

Lemma 3.17. For all 6 > 0, there exists a quasi-partition P of G in big
admissible sets whose measure is greater than o.

Proof. Choose r; > ry and k; € Z such that " < 51 < 4¢8M71 Then the
sets R.}( = Q];l x (=r1, 1), a € I,, are a quasi-partition of N x (—ry, r;) made
up of big admissible sets. It is possible to choose k; and r; in such a way that
|By(On, Cy' )27 > o, so that u(R.) > o forall a € Iy,.

Suppose that a quasi-partition of N X (r; + - - + 21—, 1 + - - - + 21,1 + 217,),
made up of big admissible sets of measure greater than o, has been constructed.
Choose 7,41 > 79 and k., € Z such that e?Mmigtnt < pkut < 4871 gtt | where
Upy1 =11+ -+ + 28, + Fy1. Then the sets R™ = Q51 x (41 — Fats Unat + Fust)s

o € I, are a quasi-partition of N x (r; + -+ -+ 2r,, 1| + - - - + 21, + 2r,41) made

n+l1 2
up of big admissible sets. It is possible to choose &, and r,,; in such a way that
|By(On, Cy ' 5f1)| 2701 > o, so that u(R™!) > g foralla € I ..

Iterating this process, we get a quasi-partition of N x (—r;, co) made up of
big admissible sets with measure greater than o. By a similar procedure, we get
a quasi-partition of N x (—oo, —r;) made up of big admissible sets with measure

greater than o, as required. 0
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Lemma 3.16 shows that we can iteratively consider children, grandchildren,
great grandchildren, etc., i.e., descendants of an admissible set, and all descend-
ants are admissible. In this way, we can also define subsequent refinements of a
quasi-partition of G in admissible sets. Namely, let P be a quasi-partition of G in
admissible sets, and define ©"(‘P) iteratively for all n € N by

P =P, 2™'P) = (J e®.
Re®D"(P)

Finally, define Gp = (,cny UD"(P) and D(P) = U,y D*(P). The set D(P) is the
set of descendants of elements of P.

neN

Lemma 3.18. Let P be a quasi-partition of G in admissible sets. Then
@) forall n € N, ©"(P) is a quasi-partition of G in admissible sets;
(ii) forall R, R’ € D(P), either RNR =JorR C R orR' C R;
(ii) G has full measure in G;
(iv) forall x € Gp and n € N, there is a unique R € ©"(P) such that x € R};
(v) for all x € Gy and all neighborhoods U of x, there exists n € N such that
RICU.

Proof. Item (i) is an immediate consequence of Lemma 3.16, and (iii) follows
because G+ is a countable intersection of sets of full measure in G.

As for (ii), take R € ©"(P) and R’ € D" (P) forsome n,n’ € N. f RN R # &,
then n # n’. Suppose that n < n’. Then, by construction, R’ is descendant of
exactly one element R” € ©"(P). Consequently, either R” = R and therefore
R ' Cc R,orR"NR =&, in which case also R "R = &.

As for (iv), clearly, since x belongs to the union of ©”(P) and ©"(P) is a quasi-
partition of G, there exists a unique set R} € ©"(P) such that x € R?. In fact, from
the construction, it is clear that R;’“ is a child of R? for all n € N. In particular, the
sets R? for fixed x form a decreasing sequence as n grows in N; and, at each step,
in the passage from R” = Q% x (ug —r, up+r) to its child R"*!, either the first factor
Q’mc is replaced by one of its children Qz_l, or the second factor (ug — r, ug + r) is
halved.

To prove (v), it is thus sufficient to show that each of these two alternatives
occurs infinitely many times, i.e., that for infinitely many n, R} is strongly admis-
sible and for infinitely many n, R? is not strongly admissible. In fact, in this case,
the diameter of both projections of R onto the two factors N and A of G tends to
Oasn — oo.

In search of a contradiction, suppose that, for all n greater than some ng, R
is strongly admissible. This means that, if R = Q(’; X (ug — r,ug + r), then
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R? has the form Q];:”U_” x (up — r,upg + r) for all n > ng, where a, € Iiing—n-
Since the R? are all admissible, (3.7) must hold when £ is replaced by ¢ for all
integers £ < k, while ug and r remain the same, and, allowing ¢ to tends to —oo,
one obtains a contradiction. Similarly one obtains a contradiction by assuming
that, for all n > ng, R} is not strongly admissible: in this case, one would have
7 < 4@ r)eMe"*r for fixed k,ug,r and for all sufficiently large £, which is
clearly impossible. O

For all quasi-partitions P of G in admissible sets, we define the maximal oper-
ator M” as follows: for all functions f in L] .(G) and x € G,

1
sup —— [ |fldu ifxeJDD),
e (R) /
MTf(x) _JR Rz;ifp) Hu R
0 otherwise.

Proposition 3.19. Let P be a quasi-partition of G in admissible sets. Then
(1) M{Pf is measurable for all f € LIIOC(G), and

(3.10) MTPQf+ X f) < |1AUMTf+ 1V 1M7 f

forall 4,2 € Cand f, f' € LL .(G);
(ii) the maximal operator M7 is of weak type (1, 1);
(iii) forall f € LL.(G), |f| < M? f almost everywhere.

Proof. (i). M”f =sup,.y M7 f, where
1

M7 fx) = { n(RY
0 otherwise,

J e itxe o,

and the sets R" are defined as in Lemma 3.18. Clearly, the M? f are measurable,
and consequently, M7 f is measurable too. The inequality (3.10) is clear by the
definition.

(ii). Let f be in L'(G), and let o > 0. Consider the set Q, = {M” f > a}. For
each point x € Q,, let R, be the largest set (in the sense of inclusion) in ®(P) that
contains x such that the average of | f| on R, is greater than a. If § = {R, : x € Q,},
then 8 is a partition of Q, made up of elements of D(P). Thus,

_ 1 11
p(@) =X pw <5 S [if1an < L0

ReS ReS8 @

(iii). By (ii) and standard arguments (cf. [49, Theorem I1.3.12] or [16, Theo-
rems 2.2 and 2.10]), it is sufficient to consider the case where f is continuous. In
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this case,
M@ = fim s [ 1f1du = 1)
7092 W0 @y Jo 1=V
for all x € Gy, by Lemma 3.18(v), and Gy has full measure by Lemma 3.18(iii).

O

Now we are able to construct the Calderén—Zygmund decomposition of an
integrable function on G.

Theorem 3.20. The space (G, p, 1) with the family R of admissible sets is a
CZ-space which satisfies condition (C).

Proof. By Proposition 3.12, the family R of admissible sets in G satisfies
conditions (i)-(ii) of Definition 3.1.

Let now f be in L!(G), and let a > 0. Our purpose is to construct a Calderén—
Zygmund decomposition of f at height a. Let P be a quasi-partition of G in big
admissible sets whose measure is greater than || f||;/a (it exists, by Lemma 3.17).
For each R in P, we have ﬁ Jr Ifldu < a.

Let B = {R € D(P) : u(R)™! [ |fldu > a}. We define the family € of the
stopping sets as follows:

C={ReB:R ¢ Bforall R € D(P) such that R C R'}.

By Lemma 3.18(ii), it is clear that the elements of C are pairwise disjoint. On the
other hand, | J € = |J B; therefore,

(3.11) M7 f(x) <a forallxeQ,

where Q is the complement of | J€ in G. Further, R € B for all R € C. Hence
R ¢ P; consequently, R is the child of some R € D(P) \ B. Therefore,

(3.12) o < u(R)"! /R Fldu < Cou®Y™ /R fldu < Coa,

by Lemma 3.16(iii).
For E € €, define

g—z (E)/fﬂxE+fo and bE— f— (E)/fuxE

By (3.12), it follows that |g] < C,a on each set E € C. Moreover, by (3.11) and
Proposition 3.19(ii),

lgx)| =|fx)| < a fora.a. xe Q.
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Each function bg is supported in E and has average zero. Moreover,

E:MMh§221éVMﬂSMUM

EeC EeC

Finally, again by (3.12) and the disjointness of C,

1 1
S uE <3 [itdu < ifh

EeC EeC

Thus f = g+ ) pce b is a Calderén—Zygmund decomposition of the function f
at height a. The CZ-constant of the space is xy = max{C;, C,, C*}.

To conclude the proof, we construct a family of admissible sets R’ which satis-
fies condition (C). For all k € Z*, set ry = ﬁ log 5. Clearly, e?M < y* < 4e3Mrc
and r; > ocoask — 00, sor; > ryif k > kg, say. Consequently, for all k£ > kg
and a € I, the sets

(3.13) R = OF x (—ri, )

a

are admissible. Set R’ = {R’(j : k > kg,a € I} and note that the following
properties hold.

(i) IfR; N Ry # @ and k > ¢, then R}, C R;.

(1) If R = Qé x (ug — r, up + r) is an admissible set, then there exist £k > kg
and a € I such that R C R’(;. Indeed, we may choose k > max{Z, ky} such
that (ugp — r, ug + r) C (—rg, r¢). In this case, there exists a € I; such that
Qj C Q-

Thus condition (C) is satisfied. ([l

Since by Theorem 3.20 the space (G, g, 1) with the family R of admissible sets
satisfies condition (C), we can define a Hardy space H!(G) and a space BMO(G)
as in Definitions 3.5 and 3.6. By using the geometric properties of (G, p, 1) and
the properties of admissible sets, one can easily check that all the results obtained
in [53] and [35] for Hardy and BMO spaces on ax + b-groups can be proved also
in our setting, with only slight changes in their proofs; see, e.g., [5] for definition
and discussion of the real and complex interpolation methods.

Proposition 3.21. (i) (John—Nirenberg inequality) There exist positive
constants y and D such that

u({xeR: |gx) —grl > sliglsmo}) < De™ 7 u(R)

foralls > 0, R € R, and g € BMO(G).
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(i1)

(H'(G). LX(G)),, = (G,

0.p

where 6 € (0, 1), i =1- g and (~, ')ap denotes the interpolation space
obtained by the real method;

(iii)
(H'(G), LZ(G))[H] = L7(G),
where 8 € (0, 1), zla =1- %), and (-, ’)[0] denotes the interpolation space
obtained by the complex method;
(iv)
(L*(G), BMO(G)),,, = L/(G),
where 8 € (0, 1), 117 = %;
v)
(L*(G), BMO(G))[H] = 17(G),

where 6 € (0, 1) analll7 = %.

4 The sub-Laplacian A, its heat kernel, and its spectral
multipliers

4.1 The sub-Laplacian. Let A be the sub-Laplacian defined in (1.1). We
recall now some well-known properties of A, that are common to all left-invariant
sub-Laplacians on Lie groups; see, e.g., [55], [36], and references therein for fur-
ther details.

Since the horizontal distribution on G is bracket-generating, A is hypoelliptic
[31]. Moreover, A is essentially self-adjoint and positive with respect to the right
Haar measure; in fact, for all f, g € C°(G),

q

(4.1) (Af,8) =) (X;f. X;g),

Jj=0

where (-, -) denotes the inner product of L*(G).

In particular, A extends uniquely to a positive self-adjoint operator on L*(G);
and, for all bounded Borel functions F' : Rj — C, the operator F'(A) is a convo-
lution operator with kernel kr(a); see (1.2). By means of the convolution formula,
when krpa) € LIIOC(G), we can interpret F'(A) as an integral operator with integral
kernel Kr () given by

4.2) Kray(®,y) = kpoay(y~'x)m(y) foraa.x,yeG.
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In the sequel, we will often make use of some properties of differential equa-
tions associated with A. First of all, we have finite propagation speed [40, 13] for
solutions of the wave equation:

supp(cos(tv'A)f) C {x € G : o(x, supp f) < 1}

forall f € L>(G) and all t > 0.

Moreover, since A is associated to the Dirichlet form (4.1) and annihilates
constants, the heat kernel # — h, = k,- is a semigroup of probability measures
on G [32]. By hypoellipticity of o, + A, the distribution (z, x) — h,(x) is in fact a
smooth function on R* x G; and, from the above discussion, it follows that

hixhy =heyy, he 20, |k =1
(semigroup of probability measures) and
hf =he, h(x) < mx)'?h(0)

(self-adjointness and positivity on L?). It is also possible to obtain “Gaussian-
type” estimates for %, and its left-invariant derivatives: for all p € [1,00], a =
(00, - - ., ag) € N9 and b > 0, there exist C, » > 0 such that

(4.3) ||€h|'|gXaht ||p < Ct—(Q+1)/(2P’)—|a|/26wl,

where p’ = p/(p — 1), X* = Xgo .- -X;q, and |a| = ag + --- + ag; see, e.g., [55],
[50], or [36, Theorem 2.3(f)]. However, these estimates are of little use for ¢ large.

4.2 L' gradient heat kernel estimates. The heat kernel /4, associated to
A can be expressed in terms of the heat kernel 4 associated to the sub-Laplacian
AN =—321_ X7 on N (see [43, §3] or [19, §2]):

(4.4) hi(z, u) = /O W,(&) exp (—CO?‘“) R p(2) dE,

where

@3 o = (”2) /oo inh 0 sin 20 (—92—005}19) do
. (&) = \/mexp ), sinh ¢ sin — - exp 47 z .

This formula was used in the aforementioned works to obtain L!-estimates for the
heat kernel &, at complex times ¢t = 1 + iz, T € R. Here we show that the same
formula can be used to obtain L!-estimates for the horizontal gradient of the heat
kernel A, at real times 7 € R.
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For a (smooth) function f on G, define the horizontal gradient Vy f(x) € H,G
atx € G by
&(Vuf(x),v) =(df)s(v) forallv € H,G,

where (df), is the differential of f at x. It is easily seen that
q
(4.6) IVaf O = gV f@), Vi f@) = 31X, F@F.
j=0

We use the following technical lemma repeatedly to estimate the L'-norm
of [Vuhlg.

Lemma 4.1. Forall a,0 > 0,

-0 . 0,
/ / COSI;(,OW) exp <_cosh9 +coshu) dEdu < C, e if o >
gt ¢ e ?A+6) ifa=0.

Proof. The inner integral in ¢ is convergent and, after a rescaling, is equal to
a constant times (cosh @ + cosh u)~!~* cosh(au). Consequently, the integral in u is
controlled by a constant times

o0 o0
/ (e +e) 1T du = e / (1 +0) %% ! do,
0 e=0
and the conclusion follows. O

Proposition 4.2. There exists C > 0 such that
IIVahiy||, < C™'* forallt e R

Proof. By (4.6), it suffices to show that [ X;h; < Ct='/2 for all
j €1{0,1,...,q9} and t+ € R*. These estimates are already known in the case
t < 1; see (4.3). Therefore, throughout the rest of the proof, we assume that ¢ > 1.

Note that, by homogeneity considerations, the corresponding estimates for the
heat kernel on N are easily shown to hold for all times. In fact,

(4.7) IR oy =1, 1XAY ey = Cys™!

for all s € R* and j € {1,...,q}; see, e.g., [17, Proposition (1.75)]. These
equations, together with the formula (4.4), are the main ingredient of our proof.

We consider first the case j > 0. Recall that X; = "X ;- Then, by (4.4) and
differentiation under the integral sign,

coshu

Xih(z, u) =/o Y,.(&) exp <— ) e”)v(jhle\f,fp(z) de.
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Therefore, by (4.7),

o0 e'/? coshu
P [ TS exe (<) ac au

Since t > 1, by (4.5), the above integral is controlled by a constant times

o) el 62
z-1/2/0 sinh @ exp <—4I)

. T
sin =—
et/? coshd + coshu
/ / Sorirs O (—5> d& du do.

2t
By applying Lemma 4.1 (with &« = 1/2), we can control the integral in u by a

constant times 6_6. Hence

_ > sinh @ 0 62
X el <t ‘/2/0 p(

0 a0 <2,
PR 4t>

For j = 0 we have instead, again by (4.4),

o0 sinh u coshu
Xohi(z,u) = —/ Yi(&) ex <—
0

¢ ¢

© h
+ /0 V(&) exp (—COZ ”) LRy (1dE =1 + .

) iz (2) dE

The L'-norm of the first summand 7, can be controlled analogously as above (here
the first identity in (4.7) is used and Lemma 4.1 is applied with a = 1). For the
second term I, we need some further manipulation.

Note that 8,[hD, (@] =<0, (A, ¢£2(2)]. Hence, by integration by parts,

coshu

L=- /0 g[é‘l’z(é)]eXp( ; ) B, p(2) dE

_ /0 T,(g)cozh” exp (— CO?”) () dE = I + 1.

The term I4 can be controlled in the same way as ;. As for I3, we observe, by
(4.5), that
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0
— ¢
o [CF.(D)]
exp (%) o0 70 6> cosh@ coshé
=——Z< sinh@sin —exp| —— — —— —1) do
521 /471731 0 2t p( 4t 5 ) ( é )
2
exp (TT,) o0 70 6>\ o cosh @
=—— "7 ho sin — - = - -y
avani bo cosh @ sin % exp( 4t) 0 {exp( z )} do (&)

2
eXp (%) > 9 . ml 0* coshd
= m | > {cosh@ sin > exp <_I)} exp (— z > dg — ¥,(¢)

2

exp (%) [ 0 0 0> ho

= M cosh @ {n cos =2 — @sin ”—} exp (——) exp (— cos ) dé.
2tE2\/ 43t Jo 2t 2t 4t é

Consequently, since ¢t > 1, by (4.7) the L'-norm of I3 is bounded by a constant

0|, 02
e
P\7%

6 LT
7T cos — — @sin —
2t
> ho h
x / / E2exp (—COS o8 ”) dé du do.
R Jo

times

o0
t_3/2/ cosh @
0

2t
¢

By applying Lemma 4.1 (with & = 0), we can control the integral in u by a constant
times e~?(1 + 6); hence

2

* coshd 0
[TEY P t‘”/ S+ 67 /1)(1+6) exp (—) o <2,
0 € 4¢

and we are done. O

4.3 The Plancherel measure and weighted L>-estimates. By abstract
nonsense (see, e.g., [36, Theorem 3.10] for a quite general statement), one can
show that there exists a Plancherel measure associated with A, i.e., a positive
Borel measure g, on R} whose support is the L*(G)-spectrum of A, such that

4.8) kel = [ PGP doah

for all bounded Borel functions F : Rj — C.

In the case N is abelian, G is a real hyperbolic space, and the Plancherel meas-
ure o can be explicitly computed via spherical analysis (cf. [11, 12]); namely,
there exists cx € R* such that

(4.9) /]R +F(/1)daA(/1) =ca /R F(s%)|ep(s)| 2 ds,
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where ¢ is the Harish-Chandra function for the (Q + 1)-dimensional real hyper-
bolic space (see, e.g., [22, Theorem 1V.6.14]), so

leo(s)| 2 |s|*> for |s| small,
0 ~
|s|¢ for |s| large.

In the case N is nonabelian, spherical analysis can no longer be applied directly
to the functional calculus of A. Nevertheless, as we show, the above formula for
the Plancherel measure remains valid.

Let J be the set of functions R — C that are finite linear combinations of
decaying exponentials 1 — e~ (¢t € R*). Note that J is uniformly dense in Co(RY)
by the Stone—Weierstrass Theorem. The following fundamental observation is in
[24, Lemma (1.10)]; here we provide an alternative proof, using (4.4).

Proposition 4.3. Forall F € J and all u € R, there exists a bounded Borel
Sfunction Mg, : Ry — C such that

(4.10) kray(s u) =Ky, anys

and M, depends neither on the stratified group N nor on the sub-Laplacian AV.

Proof. By linearity, it is sufficient to consider the case F(1) = e~**. However
in this case, if we set

Mpa(2) = /0 “ W@ exp (—COS;”) exp(—e"&1/2) ¢,

then (4.10) follows from the formula (4.4) for the heat kernel /&, = k,-.a. Note that
the above expression for Mg, depends only on ¢ and u and does not depend on the
particular choice of N or AN, (]

Let AR’ be the Laplacian on R2 and A = —&2 + €2 AR® be the corresponding
Laplacian on G = R2 x R. Homogeneity and finite propagation speed properties
of AN and AR® yield the following result.

Proposition 4.4 (See [47, formula (3) and Lemme 2]). For all a > O, there
is C € R* such that, for all bounded Borel functions f : R — C,

[ el lkan@P dz = € [ eltolk; o (OF &

with equality if a = 0.
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Corollary 4.5. For all a > 0, there is C € R* such that, for all bounded
Borel functions F : R — C,

(4.11) /G |zl [kra) (2o w)? du(z, u) < C /G |2lke kpa) @ w7 dii(z, u),
with equality if a = 0, where dji(z, u) = dzdu is the right Haar measure on G.

Proof. In the case F € J, the above inequality (or equality if a = 0) follows
immediately from a combination of Propositions 4.3 and 4.4. The general case is
then given by density. (]

By comparing the case a = 0 of Corollary 4.5 with the characterization (4.8)
of the Plancherel measure, we obtain immediately the following result.

Corollary 4.6. For an arbitrary stratified group N of homogeneous dimen-
sion Q, the Plancherel measure o is given by (4.9) for some constant cx € R*.
In particular, the L*-spectrum of A is RE and, for all Borel functions F : R — C,

o) 3 041 di 1/2
||’<F<mllz~</0 IF)IP(3 + 2 U) .

S The multiplier theorem

In this section, we prove Theorem 1.1. To do so, we need some preliminary esti-
mates of the L'-norm of the convolution kernels of spectral multipliers of A.

Proposition 5.1. There exists a positive constant C such that, for all r > 0
and all even bounded Borel functions F : R — C whose Fourier transform F is
supported in [—r, r],

/2 3/2
@/ s T / }“kF(\/Z)IIZ-

”kF(\/K) l1 < Cmin{r

Proof. Note that, since A satisfies finite propagation speed, supp kpi/ay C

B,(0, r); see, e.g., [14, Lemma 1.2]. Then, if r < 1, by Hélder’s inequality and
(2.11),

1)/2
kg oymllt S r 0 ke llas

and we are done.
If r > 1, then, by Holder’s inequality and (2.13),

5.1) Wer il S 7 (WK ll2 + kg w21



SPECTRAL MULTIPLIERS ON SOLVABLE EXTENSIONS OF STRATIFIED GROUPS 391

where the weight w is given by w(z, u) = Izlg,. Therefore, by applying Corol-
lary 4.5 with a = Q, we obtain

(5.2) Ikp vzl S Mkp ez, li2)s

where @ is the analogous weight on G = R x R. By spherical analysis on
real hyperbolic spaces, if 77 is the modular function on G, then kp/z) = ' 2 ¢
for some radial function ¢r on G; see, e.g., [11, Proposition 1.2] and [1, p.
148]. Moreover, if § denotes the left-invariant Riemannian distance on G, then
supp ¢ = supp kF( vk C m, because A satisfies finite propagation speed
too. We can then apply (2.12) and (2.10) to obtain

(5.3)
epeyzy @ 2 llz) = 102 ' 2¢rll 26y S IhraC, 06) Il 2@
SrP2erlleg =2 Idrm' 2 lpe) = 1P lky vz e
~ r1/2||kF(\/Z)||2,

where the last step is given by Corollary 4.5 in the case a = 0. The conclusion
follows once we combine (5.2) and (5.3) and plug the resulting inequality into
(5.1). O

The next lemma shows that every function f supported in [1/2,2] may be

written as sum of functions whose Fourier transforms have compact support.

Lemma 5.2 (See [24, Lemma (1.3)]). Let f € L*(R) be even and supported
in [—2, 2]. Then there exist even functions f;, £ € N, such that
W) f =200 fe
(ii) supp fr C [—2¢,2];
(iii) forall a, B, s € R},

(o]
/0 FePGE + 252 < Cops2 1 -

Let f; denote the dilated of f defined by f, = f(t-). Then
(") fi =220 fer, where fr, = fe(t);
(i*) supp fr, C [—2%t,2%1];
(iii”) forall a, B, s € R,
/ |fe.a(OP G4+ 2P)dA < C psmax{= D =P 00272 £113, ).
0
Proposition 5.3. Let F € L*(R) be supported in [—4, 4. Then

(5.4) sup | 1K ra)(x, I +7200x, y) dpx) < ColIF s
ye
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forall e € R{ and s, t € R* satisfying one of the following conditions:
et>1lands>3/2+¢;
et<lands> (Q+1)/2+e¢.

Proof. First we observe that, for all y € G, by (4.2) and the left-invariance of
the metric p,

/G [KF@a)y(x, )| (1 + t_l/zg(x, y))g du(x)
= /G lkrea ™ 0ImO) (1 +120(7"x, 06))° du(x)

- /G Ky (1 +1720(x, 06))° du().

Define f(A) = F(A?) for all A € R. The function f is even and supported in
[—2,2],and F(tA) = f(tl/z\/K) for all # € R*. Moreover,
(5.5) I e S IE s

Let f = Y72, fr be the decomposition given by Lemma 5.2. Since f(t'/?.) =
S fe.ne and supp fy 2 C [—264Y/2,2¢41/2], we can apply Proposition 5.1 to each
function f; 1~ and sum these estimates. Namely, by finite propagation speed,
Proposition 5.1, Corollary 4.6, Lemma 5.2(iii’), and (5.5),

—1/2 &
L avm@I(1+ 205, 06))° duco)
—1/2~0,1/2
SA+ 22 Nkl
S 2% min{ ‘1@ QP |l
O,
4 €.1/2 1)/2 €,1/2N3/2 > 2,192 1/2
S 2 minf @22, @A) ([T 1D + 29 )
0
5 26’8 mln{ (2()[1/2)(Q+1)/2, (2{}1/2)3/2} max{ t_3/4, t_(Q+1)/4}2_€S”F||H\.
Inthe caser > 1,

/G lkraay@) (1 +17"20(x,06))" dux) < Cy|IF [l Y 206279,
>0

and the series on the right-hand side converges. since s > 3/2 + ¢.
Inthecaser <1,

| tran 011+ 171 2005,06) " duco)

S IF e <t3/4_(Q“)/4 3o ey N 2€(a+(Q+1>/2—S)),

0:20>171/2 £:20 <1=1/2
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and the term in parentheses is finite and bounded above uniformly in ¢, since s >
O+1)/2+e. 0
We denote by R, the right translation operator defined by

R,f(x) = f(xy) forall f:G — Candx,yeG.
Lemma 5.4. Forall f € L'(G)andy,z € G,
IR,f = Ref I < 0022 |1V 1|, -

This follows, since the proof of [55, Lemma VIII.1.1] applies also to non-
unimodular groups.

Proposition 5.5. Let F € L*(R) be supported in [—4, 4]. Then
(5.6) /G IKra)(x, ¥) — Kraay(x, 2l dp(x) < Ct™ 20y, 2IIF || s

forally,z € G and s, t € R* satisfying one of the following conditions:
e t>1lands > 3/2,
et<lands>(Q+1)/2.

Proof. Since F' can be split into its real and imaginary parts, it is not restrictive
to assume that F is real-valued. In particular, the operator F(zA) is self-adjoint,
and

/G IKraay(x, y) — Krgay(x, 2)| du(x) = /G IKraa)(y, X) — Kpay(z, x)| dp(x)
= /G ka1 y) = kigay(x™ 2)m(x) dp(x)

= /G lkr@a)y(xy) — kpeay(xz)| dp(x)
= [|Rykrua) — Rekranylli.
Define the function ¢(1) = F(A)e™” for all A € R. Then kr@any = kpuny * by and,
by Young’s inequality,
IRykEiay — Rekramllt < lkpamyllil|RyA; — R Ayl

Note now that, under our assumptions on ¢ and s, it follows from Proposition 5.3
that

Nkgamyllt S Npllas S NFas.
On the other hand, by Lemma 5.4 and Proposition 4.2,
IRy = Rebull < 00, 2) [IVahile]l, S 171200, 2),

and the conclusion follows. O
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We can finally prove our main result.

Proof of Theorem 1.1. Choose ¢ > 0 such that s > %+g and s, > %+e.
Let F be as in the statement of the theorem. It is not restrictive to assume that F
is real-valued, so F(A) is self-adjoint. For each j € Z, define the function

Fj(1) =FQ2/)y(A) forall 1 e R,

where y is as in (1.3). Then F(A) = ZjeZ
convergence of operators on L?(G), because the L?-spectrum of A is Ry and {0}

F;(27/A) in the sense of strong

has null spectral measure. Since each function F’; is supported in [1/4, 4], we may
apply estimates (5.4) and (5.6) to F'; and ¢ = 277 to obtain

|Fllos,  forallj <O,

(5.7) sup | |Kp,o-ia)6, I(1+27%0(x, )" dux) < _
G I1Flloo,s,, forallj> 0;

yeG
and, for all y, z € G,

2i20(y, DI|Flloy,  forall j <0

(5.8) IKr; -5 0)(%, ) — K-y (6, D) dpe(x) S
fG Fij(277A) Fij(2=7A) 2]/2Q(y’ Z)”F”OO,YDO for all ] > 0.

Thus the operator F(A) satisfies the hypotheses of Theorem 3.2 and consequently
is of weak type (1, 1), bounded on L”(G) for all p € (1, 2] and, by duality, for all
p € [2,00). By Theorem 3.8 it follows that F(A) is also bounded from H!(G) to
L'(G), and a duality argument gives the boundedness from L®(G) to BMO(G). [J
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