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EXPONENT BOUNDS FOR A CONVOLUTION INEQUALITY
IN EUCLIDEAN SPACE WITH APPLICATIONS
TO THE NAVIER-STOKES EQUATIONS

CHRIS ORUM AND MINA OSSIANDER
(Communicated by Walter Craig)

ABSTRACT. The convolution inequality h * h(€) < B|€|?h(€) defined on R™
arises from a probabilistic representation of solutions of the n-dimensional
Navier-Stokes equations, n > 2. Using a chaining argument, we establish
in all dimensions n > 1 the nonexistence of strictly positive fully supported
solutions of this inequality for 6 > n/2. We use this result to describe a chain of
continuous embeddings from spaces associated with probabilistic solutions to
the spaces BMO~1 and BMO;1 associated with the Koch-Tataru solutions
of the Navier-Stokes equations.

1. INTRODUCTION

Convolution inequalities of the form

(1) hh(©) = [ (&= mhtidn < BIECHE), R 020, B>0,

arise in the analysis of the incompressible Navier-Stokes equations via probabilistic
representations of solutions. Our main theorem shows that if h : R™ — (0, 0]
is a fully supported function satisfying (IJ), then the range of the exponent 6 is
constrained by the dimension n. Letting H?(R™) denote the class of solutions of
(@ on R™ we obtain:

Theorem 1. If h € HY(R™), n > 1, then 6 < n/2.

Our study of this inequality is motivated by an effort to better understand the
structure and limitations of the stochastic cascade representation of solutions to the
Navier-Stokes equations as first introduced by Le Jan and Sznitman [I4] and then
extended by later authors. Essentially, any h satisfying (IJ) induces a Banach space
Fp (the initial value space) and another space Fj r = B(0,T; Fp,) of bounded Fj,-
valued functions defined on [0, 7] (the path space) that supports a Picard iteration
scheme for establishing existence and uniqueness of solutions of the Navier-Stokes
initial value problem. The function h, which we refer to as a majorizing kernel,

Received by the editors January 13, 2011 and, in revised form, January 22, 2012.

2010 Mathematics Subject Classification. Primary 35Q30, 76D05, 42B37; Secondary 76M35,
39B72, 60J80.

This work was partially supported by the U.S. National Science Foundation through the
Focussed Research Group collaborative awards DMS-0073958 and DMS-0940249.

(©2013 American Mathematical Society
Reverts to public domain 28 years from publication

3883



3884 C. ORUM AND M. OSSIANDER

must be fully supported to correspond to real-valued solutions. Additionally, if the
particular h inducing Fp, has @ = 1, then the solutions so obtained are global in time
under the restriction that the data are sufficiently small. If A has 0 < 6 < 1, then
the Picard iteration scheme accommodates arbitrarily large data, but the solutions
are restricted to being local in time; i.e. take values in Fj, 7 where 17" depends on the
size of the initial datum in the Fj,-norm. In the case § = 1 there is an equivalent
stochastic cascade model providing solutions to the Cauchy problem operative for
all ¢ > 0.

The authors of [3] give examples of majorizing kernels and analyze some prop-
erties of classes of majorizing kernels. In all cases considered however the fully
supported examples with exponent § = 1 are in dimensions n > 3. The results
presented here provide further understanding of this phenomena by demonstrating
that there are no fully supported solutions with § = 1 in R?. Correspondingly,
there is no direct analogue of the global 3-dimensional stochastic cascades model
in dimension n = 2. On the other hand, the Picard iteration method applied with
Fra, 0 < 0 < 1, is sufficient to show the existence of classes of solutions that
are local in time in any dimension n > 2. In other words, Theorem [I] imposes no
limitations on these local solutions (in any dimension n > 2); it only limits the
approach for global solutions in dimension n = 2.

The organization of this paper is as follows. Section 2] reviews the origins and
importance of the convolution inequality (l). Section [B] contains a short proof of
Theorem[Il In Section @ we consider the continuous embeddings of certain Fj, into
the pseudomeasure spaces PM"~? which Theorem [ plays a role in establishing,
as well as successive embeddings into Besov spaces and the spaces BMO~! and
BMO; ! associated with the Koch-Tataru solutions.

2. BACKGROUND AND MOTIVATION

Consider the incompressible Navier-Stokes equations formulated as a Cauchy
problem on all of R™ where n > 2. This system models the flow of an idealized
incompressible viscous fluid issued from an initial velocity field ug = wug(x) at
time ¢t = 0. Dimension n = 3 is of central importance, but the formulation is
of interest in arbitrary dimension n > 2. The unknowns are the velocity vector
u = u(z,t) = (u;(x,t))", and scalar pressure p = p(x,t), where x = (z1,...,%y).
The system consists of n + 1 coupled nonlinear equations

Ou; S Ou; " 92y, dp

n
ou,;

2b —L(z,t) =0,
@) 35w
supplemented by the initial condition lim; o u(z,t) = ug(z). Here v denotes the
kinematic viscosity and g(z,t) = (gi(z,t))?_, is an external forcing term. For
simplicity we may assume that V - ug(z) =0 and V - g(z,t) = 0 for all ¢.

In 1997 Le Jan and Sznitman [I4] introduced a representation of the solutions of
a Fourier space integral formulation of (2]) in three spatial dimensions as a multi-
plicative functional defined on a continuous-time branching process. These Fourier



EXPONENT BOUNDS FOR A CONVOLUTION INEQUALITY 3885

transformed Navier-Stokes equations (FNS) may be written

(g, 1) = e g ¢) +/ e MIETg(¢, 5)ds

0

t
@ ren e [ i i I . s)dnds.

0 R"
where £ = (&,...,&,) is the Fourier space variable, @(£,t) denotes the spatial
Fourier transform of the unknown velocity field (and similarly for §(&, ¢) and 1g(€)),
and P(€) denotes the Leray-Helmholtz projection whose pointwise action in Fourier
space is to project a vector z € C™ onto the subspace orthogonal to & # 0:

P(€)z=12— (e 2)eg; ec= |§£|

A key device in the R3 representation in [I4] is the dimension specific rescaling of
4 and g,
2

14

ven =20 eraen, een =5 (2) aen,

which allows the simultaneous description of a ‘splitting distribution’ for a pair of
particles {E1, 23} replacing £ in the branching process, namely

- 1 [4 3 = 4= —
(4) Pr(E;eA)= 3 /A B —77‘2|77|2d777 ACR’, i=1,2, Z;+E5=¢,
and the normalization of |¢] exp{—r|¢|?s} to the density of an exponential random
variable describing the random lifetime of the particle of type £ so replaced.
Details of this construction may be found in [14], [3]; extensions may be found
in [, [5], [@, [I0], 18], [19]. Related analytical papers are [2], [12], [20], [21], [22].
Essentially the solution is represented in the form of an expected value

() a(§,t) = h(§)EX(E, 1),

where h(£) = 773|£]| 72 solves the convolution equation hxh(£) = |£]h(£) on R? and
X(&,t) is defined by a backward recursion arising from a probabilistic interpretation
of the rescaled formulation of ([@]). Figure[dlillustrates the branching process and the
construction of the multiplicative functional X(§,t). The ®¢-operation performed
at each of the binary nodes in the branching process encodes the algebraic structure
of the bilinear term on the right-hand side of [@): for two vectors z,w € C?® we
define z @ w € C? by 2 ®¢ w = —i[z - ec|P(&)w.

This representation provides existence and uniqueness results for the solutions
of @) in the space of pseudomeasures (PM?)3. The scale of pseudomeasure spaces
is defined by

6)  PM*={f €8 R"): f € Liuc(R"), |f: PM"|| = ess sup €[*|f(€)] < oo}
cR™
where a > 0 is a given parameter and S’(R"™) denotes the space temperate distri-

butions on R™. Alternatively, the spaces PM“® may be regarded as homogeneous
Besov-type spaces based on the classical space of pseudomeasures PM = PM?°:

PM* = B;J\?Io ={feSR"): SUp;cz 299 ||A; fllpvr < o0}
Here A; f is the jth dyadic block of the Littlewood-Paley decomposition of f.
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FIGURE 1. A schematic illustration of the branching process and
the construction of X(&,t): a particle of type £ = Ey lives for a ran-
dom length of time Aglsg and then dies out. Depending on the
outcome of a Bernoulli random variable with mean 1/2, it is either
not replaced at all or replaced by two correlated particles =; and
Eq distributed as (@), or more generally (§). The two new particles
in turn live for independent random lifetimes, and so the process
continues. There are two types of nodes: input nodes (o) accept
data when a particle dies out without replacement or when its life-
time extends below the horizontal axis at time ¢t = 0. Operational
nodes (o) combine data according to z,w — m(Zy)z ®=, w and
send the output upward. Here m(§) is a multiplicative factor that
arises from the rescaling of @ by h, A¢ = v|¢|?, v € {6,1,2,11, ...},
and Sy, S1, 99, . .. are i.i.d. standard exponential random variables.

Returning to the stochastic cascade, it was later recognized [6] that the same
existence and uniqueness results could be obtained by applying the Picard it-
eration argument with the Banach space B(0,T;(PM?)3) of bounded functions
f(t):[0,T] — (PM?)3. This argument is notable for the continuity of

t
(7) B = B(u,v)(z,t) = / ’EIAPY - (u @ v)(s)ds.
0

That is, B : Ex E — E is continuous if E = B(0,T; (PM?)3) but is not continuous
in general, in which case the Picard iteration argument typically requires the use
of an embedded subspace with a second norm; see e.g. [1l p. 220], [7], [15], [16].

The authors of [3] generalize this approach by showing that the h in (&) may
belong to a more general class of FNS majorizing kernels which are positive solu-
tions of (Il) parameterized by the exponent 6. There are two natural Banach spaces
associated with a given majorizing kernel. The first is the majorization space

Fi={f €S R")": f(€) € Lioo(R")"™, || f; Full = gsehg)n[h(f)]_llf(é)l < oo}

The initial data for the Cauchy problem belongs to this space. The second is
the path space Fp, r = B(0,T; Fp,) of bounded Fp-valued functions defined on the
interval [0, 7] with norm

1£@); Frrll = sup [[f(#); Fnll-
0<t<T
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The solutions belong to this space. It turns out that B : Fj, 7 X Fp 7 — Fpr is
again continuous for any majorizing kernel of exponent 0 < 6 < 1, and the Picard
iteration argument is directly applicable without the introduction of a second norm.
This yields global existence and uniqueness results in the case § = 1 (with small
data) and local existence and uniqueness results in the case 0 < 6 < 1 (with
arbitrarily large data). The argument works for the FNS equations formulated in
any dimensions n > 2 subject to the constraint § < n/2 of Theorem [

For majorizing kernels with exponent # = 1, the Picard iteration scheme can
be connected to stochastic cascades as follows. A solution h of () provides the
following splitting distribution for a branching process generalizing ({E):

= _ [ WME=mn)h(n) n o= =
(8) Pr(_leA)_/A g L ACRY, Ei+S=
This specializes to (@) in dimension n = 3 with h(¢) = 773|¢|72. For the more
general branching processes and X(¢,t) defined accordingly, one can define a se-
quence of events {Gy, }r>0 pertaining to the branching process so that the sequence
E(X(&,t); Gi) and the iterates of the Picard contraction argument are in one-to-
one correspondence. This is established in [3] with the conclusion that for global
solutions with 8 = 1, the existence of the expected value representation and the
convergence of the Picard iteration scheme are essentially equivalent.

3. MAIN THEOREM

The majorizing kernels considered in [3] are allowed to be supported on various
convex additive semigroups W C R'™. Here however we focus entirely on fully
supported majorizing kernels: those h with [ L h(&)dE > 0 for all subsets A C R"
having positive Lebesgue measure. Fully supported majorizing kernels correspond
to majorization spaces F}, and Fj, v that contain real data and solutions.

Definition 2. A majorizing kernel with exponent 6 is a tempered function (a tem-
pered distribution that is also a function) h : R™ — (0, co] satisfying the following
conditions:

(1) h*h(€) < B|¢|PR(E) for all £ € R™ with constants B > 0 and 6 > 0;

(i) h=!(o0) has n-dimensional Lebesgue measure zero.
We set ), = R™ \ h™!(00). If B is such that sup; h x h(€)/|€1°h(€) = B, then B is
sharp. If B =1 is sharp, then h is standardized.

The set of majorizing kernels of exponent # defined on R" is denoted H’(R™).
It is possible for a given majorizing kernel to have a range of exponents.

The invertible map h + B~'h on H’(R") has the effect of standardizing any
nonstandardized majorizing kernel with sharp constant B; hence for the purpose
of proving Theorem [I] we assume, without loss of generality, that h is standardized.
We also make this assumption in the proofs of the lemmas in this section.

Lemma 3. Let h € HQ(R’Z 6 > 0. Then for all R > 0, h(§) is bounded away
from zero on the closed ball B(0,R) ={{ € R" : [¢| < R}.

Proof. We assume that h is standardized. Fix R > 0, and define g(¢) : R™ — [0, 1]
by restricting and truncating h(&):

o it £ ¢ B(0, k),
9(&) = {min{h(g), 1} if¢ € B0, R).



3888 C. ORUM AND M. OSSIANDER

Since h(§) > g(§) > 0 for all £ € R™, we have hx h(§) > g* g(§) > 0 as well. Let
& € B(0, R), the closed ball. Since 0 < g(¢) < 1 on B(&/2,R/2) C B(0,R), it
follows that
€o €o
9+ 9(&) > 9(%5 —m)9 (%5 +n)dn > 0.
In|<R/2

In other words, for J = g x g(B(0, R)) we have J C (0,00). But since g € L2(R")
it follows that g g(£) is continuous on R™, and hence J is compact and connected;
i.e., J is a closed subinterval of (0, c0) that is necessarily bounded away from zero.
Then on B(0, R) we have

h(€) 2 €7 h x h(€) 2 €79+ g(&) = R™g  g(¢),
giving that h(¢) is also bounded away from zero on B(0, R). O

Corollary 4. If h € HY(R"), 6 > 0, then for all & € Qp,, & # 0 there exist
d =6(&0) > 0 and € = (&) > 0 such that inf), <5 h(§o — 1) > eh(&o).

In the following two lemmas B*(r) = {{£ € R™ : 0 < |{] < r} denotes the
punctured ball of radius r > 0 in R™ centered at the origin.

Lemma 5. Suppose h(§) € HO(R™) with 0 > n/2. Then h(§) has the following
behavior at the origin: either liminfe_o [€|°h(€) = 0 or liminfe_,o [£]7h(€) = oco.

Proof. Assume h is standardized. Suppose that liminfe_,q [€|?h(£) > 0. Then for
some L > 0 there exists a § > 0 such that [£|?h(&) > L for all ¢ € B*(d). Then for
§ € B*(9),
L2dn
ne =z [ nohe-nanz [ o
Inl?lg —
Inl<é/2 Inl<é/2

Applying Fatou’s Lemma with any convergent sequence &, — 0 gives
L2y / Ly

T inf 0 > lim inf -
minf6,"h(e) > [ tmin G

€0 [n|?]&n —nl®
Im|<d/2 [n|<é/2

Lemma 6. If h € H?(R™) and 0 > n/2, then liminfe_o |€|7h(€) # .

Proof. Fix n > 1 and take 6§ > n/2. Suppose for contradiction that there exists
h € HP(R™) with liminfe_,0 |£|?h(£) = co. We may assume h is standardized. For
x>0, let

p(x) = sup{r > 0: |¢|°h(&) > = V¢ € B*(r)}.
Notice that p is a nonincreasing function of x with lim,_, p(z) = 0. Furthermore,
for any £ € B*((2),2),
2

Oh(e) > h(nh(€ — n)dn > L —;,
I"h(e) 2 /n|<p(w>/2 (& =)t = /|n|<p(w)/2 FHETI
2 dn
9 > — —.
(9) = [p(x))? /|n<p<x>/2 [l

The cases § > n and n/2 < 0 < n are now considered separately. We can easily
dispense with the first case. If # > n and p(z) > 0, then f\n\<ﬁ(w)/2 In|=fdn = oo,
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giving k(&) = oo on B*(p(x)/2) and violating Definition @ Therefore if h € H?(R™)
and 6 > n, then liminfe_,o h(§) # oo.
For 6 € [n/2,n), the calculation in (@) gives

(10) €1°h () = Crpa®[p(x)]" "% for ¢ € B*(p(x)/2),

where C,, g = 7"/2((n — 8)2"%T(n/2))~" depends only on n and . This will give
a lower bound on the rate at which |¢|?h(£) — oo as |¢] — 0. In particular, if we
define

Mz) = Cnolp()]" "%,
then inspection of (I0) gives
(11) p(a?N(x)) > 27 p(x).

We now define a rapidly increasing sequence {x} iteratively in a way that allows
inequality () to control the corresponding decrease in p(x). This will yield a
contradiction with the assumption that liminfe_,q |¢|?h(€) = oo. First observe that
for n/2 < 6 < n, A(z) is a nondecreasing function of z with A(z) — oo as z — oc.
If 0 = n/2, then \(x) = C), 5,2 = 2(m/2)"% (nI'(n/2))". Accordingly, these two
cases are treated separately in defining {z)}. For 6 € (n/2,n), fix o > 2 large
enough to also have A(xo) > 2 and define {xy },>1 iteratively via

xp = a2 Map_1) for k>1.
Then z; > ng > 23 and by induction,
T > Zxﬁf1 > 22k+1_1.
For 0 = n/2, take z9 = max{2,2(C,, ,/2) "'} and define {x;},>1 iteratively via
T = C’mn/gxifl = xifl)\(:ck,l) for k> 1.
Then z; = max{22Cn7n/2, 22(Cn7n/2)_1} and by induction,

k k_ k _
Tk :max{22 (Cn,n/2)2 1722 (Cn,n/2> 1}'

Since max{(C’,L,L/Q)yc’l7 (Crny2)~ '} > 1, in both cases the sequence satisfies both

(12) x> 2%, k>0,
and
(13) o =ar  Map_1), k>1.

In particular, (I2)) gives p(zx) — 0 as k — oo. On the other hand, (I3) combined
with ([ controls the rate of decrease of p(xy) via

plar) =27 plap—1) = 27" p(xo).
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To conclude the proof, fix & € Qp, & # 0. By Corollary M there exists d,e > 0
such that inf ;|5 h(§o —n) > €h(&o). Take k large enough to have p(zy) < d. Then

€ol°h(go) > / h(m)h(€o —n)dn > ch(€) / h(n)dn
[nl<p(xk) [n|<p(xk)
T,

(14) > eh(&o) / de = Eh(fo)cé,exkpn_e(fﬂk)
[nl<p(zk)

> eh(€0)Cl 422 (27 p(0))" ",

where C], , = 2790, o depends only on n and 6. As the right-hand side of (4]
becomes arbitrarily large as k — oo, contradicting the finiteness of the left-hand
side, we conclude that if h € H/(R") with 6 > n/2, then liminfe_q [£|°h(E) #
0. (I

Proof of Theorem [l Suppose for contradiction that h € HY(R") with § > n/2.
Assume that h is standardized. By Lemmas Bl and [ liminfe_,o|¢|?h(&) = 0.
Applying Fatou’s Lemma we find that

0 = liminf |¢|°A(€) > liminf [ h(n)h(€ —n)dn
£—0 £—0 R

> [ hntimint (¢~ mdn = [ h(o) lmint h()dn

n £—> n
implying that for almost all n € R™,
(15) h(n) liminf A(£) = 0.
§—=-n

In particular, this holds for almost all € R™ such that —n € ;. For any such
—n € Qp, h(§) is bounded away from zero in a neighborhood of —n by Corollary [
and since h(n) > 0 for all n,
h(n) liminf (&) > 0.
§——n
This contradicts (). Therefore if # > n/2, then H?(R™) = ), or equivalently, if
h € HY(R"), then 6 < n/2. O

4. EMBEDDING PROPERTIES AND RELATION TO KOCH-TATARU SOLUTIONS

In this section we discuss properties of majorizing kernels and majorization
spaces implied by Theorem [l One consequence in particular is that for a given
majorizing kernel that behaves algebraically at the origin and at infinity we have
the continuous embedding F;, < PM"~? (a slight modification is needed if § = 0).
This is part of a chain of continuous embeddings from Jj, up to the spaces BMO™!,
BMO;,, Yand VMO~1, the initial value spaces for the Koch-Tataru solutions of the
Navier-Stokes equations. If # = 1, then we have

Fnes PM™ 1 BT G BMOTY (0 < p < o0),
and if 0 < 0 < 1, then for 0 < T < 1 we have

o —0+ 4,00

Fn— PM" % < B,

< B, o BMOZ! (% < p < o),
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and F;, C VMO™~!. Here, as in the sequel, it is convenient to ignore the distinction
between spaces of scalar-valued and vector-valued functions. We follow the index
convention in [II] for the homogeneous and inhomogeneous Besov spaces, B;=q and
B, respectively. Although the successive embeddings after F;, — PM "= are
known, we record them here for completeness and to emphasize how the dichotomy
between cases § < 1 and 0 = 1 aligns with the dichotomy between local and global
solutions in the endpoint spaces. Finally, we note that there are majorization spaces
Fn ¢ PM™? that embed further along these chains. Proposition [7illustrates how
this can occur. Since the class of majorizing kernels has itself not been completely
characterized, we are not able to locate all majorization spaces on scales of classical
or better known Banach spaces.

4.1. The endpoint spaces. Recall that Koch and Tataru [13] consider the iter-
ation scheme for solving the mild formulation of the Navier-Stokes equations with
initial data in the function space BMO~™' = BMO~*(R"), which admits a Carle-
son measure characterization through the norm

1 i A g2 V2
R (el A B )
BM z, r>0 \|B(z, R)| Jo B(z,R)

Here B(z, R) denotes the ball of radius R centered at € R™, and |B(x, R)| is its
Lebesgue measure. Equivalently, BMO~! consists of functions that can be written
as the divergence of vector fields whose components belong to BM O, the space of
functions of bounded mean oscillation.

In [13] it is shown that given sufficiently small initial datum ug € BMO™1,
there exists a mild solution of the Navier-Stokes equations issued from wug in the
path space X of functions defined on R™ x R with norm

/2 1 R 2 12
Jullx = sup 12 u(®) [ ey + sup (— [ dydt) |
t L) z, R>0 |B($,R)| 0 B(z,R)

It is also shown that there exists a constant o such that for all |ug|| 5 Mozt < €0
there exists a mild solution in the local path space Xr, defined by the norm

1

1 i 2

ullx, = sup 72| w(t)|| poo (my + sup <—/ / u2dydt> .
e 0<t<T lu@llze= e 2, 0<r2<T \|B(7, R)| Jo B(x,R)‘ |

Here BM O;l is defined as BM O~ except that we only consider balls of size v'T'

and smaller:

. 22 1/2
Nowor = 38 (Bl f /P 0t)
1l Bacos s.0<r2<7 \|B(@, R) Jo  JB(@R) e f]

Finally, VMO~' := {f € BMO; " : £l zarozr — 0as T — 0}, following the

notation of [13]. In [17] and elsewhere, this space is denoted by vmo™1.

4.2. Continuous embeddings of majorization spaces. We first define a class
of majorizing kernels having certain algebraic growth and decay properties, and
then consider continuous embeddings of the associated majorization spaces.

Definition 7. A majorizing kernel h € H?(R™) behaves (algebraically) at the origin
as |&|7* or blows up (algebraically) at the origin as |£|~* if there exists an a > 0
such that h(§) = O(J¢]7*) as € = 0 and [¢]7* = O(h(&)) as & — 0.
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Definition 8. A majorizing kernel h € H(R™) behaves (algebraically) at infinity
as |&]7¢ or decays (algebraically) at infinity as |£]~% if there exists an w > 0 such
that (&) = O(|¢]7¥) as € = oo and |]7% = O(h(§)) as £ — oc.

Definition 9. A majorizing kernel has radial algebraic growth and decay if

(1) it behaves algebraically at the origin as |£| ™% for some a > 0;
(2) it decays algebraically at infinity as |£|~% for some w > 0;
(3) it is bounded on the complement of any neighborhood of the origin.

The subclass of H?(R") consisting of those majorizing kernels with radial algebraic
growth and decay is denoted 'ng(R”).

Note that if h € #§ ,(R™), then for any A > 0 the elements f € Fj, satisfy the
scaling relation

(16) Callf 7, <IN fall7, < CAll SNl 7,

where fy(z) = f(Az) and constants C and C§ may depend on A. On the other
hand, this property does not characterize Hng (R™). The majorizing kernels dis-
cussed in Proposition[I6], for example, satisfy (I8 with Cy = C} =1 yet do not be-
long to HY, ,(R™). Majorization spaces also exist that satisfy (I0) only for certain \.
Taking h(¢) = (2r) 1€ Le 16l € HI(R?), for example, yields a majorization space
F, that satisfies (I6)) only for A < 1. In this case, \|| f|l7, < A Az, < A7l 7, -

Theorem 10. Suppose h € H’(R™) blows up at the origin as |£|7%. If0 < § < n/2,
then a« <n — 0, and if 0 = 0, then a < n.

Proof. Assume h € H?(R™) behaves as |£|~* at the origin and is standardized.
Then a < n, lest h* h(§) = oco. Suppose for contradiction that a > n — 6. Then
2a > n by Theorem [l Since |£|7* = O(h(§)) and h(§) = O(|¢]™*) as £ — 0, there
exist constants R > 0 and C,C; > 0 such that v/C1[£|7* < h(€) < C|¢]~ for all
|€] < R. Then for all || < R/3 we have

gl thane z gt [
inl<2ry/3 1€ = nl*n|*
_ dn dn
a7) 1lél re € —n[*|n|~ ini>2ry/3 1€ = n|*n|*

CQ a—0
ch{m—c3|§ }7

using the convolution equality |€]=® % ||~ = Cy|¢|~(*~™ and the estimate
d
/ % < G <o,
[n|>2R/3 1€ —nl*n|

both of which hold if n/2 < @ < m. Then the right-hand side of (I7) tends to
+o0 as & — 0, which contradicts the finiteness of the left-hand side. Hence if h(€)
behaves as ||~ at the origin, then o < n — 6. O

Theorem 11. If h(¢) € HP(R™) decays at infinity as |£|™%, then w > n — 6.

Proof. Assume h behaves as |[£|7% at infinity and is standardized. There exist an
R > 0 and constants C, Cy such that C1]&]7% < h(€) < Co|&|™% whenever || > R.
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Using the fact that 2|¢ —n| > |n| whenever || > 2|¢|, we have for all £ such that
€l > R,

Colé]” > [¢|°R(€) = hx h(£) > / h(& = n)h(n)dn

In|>2]€|
> 90 / Inl~2dy = e[,
[n]>2¢|

This implies 2w > n and |¢|"~2 = O(|¢|°7%) as ¢ — oo; hence w > max{n/2,n—0}.
The maximum here is superfluous by Theorem [l and we have w > n—0 > n/2. O

Given Banach spaces X and Y we write X — Y to denote the continuous
embedding of X into Y.

Theorem 12. Suppose h € ’HzM(R”), 0 <n/2andn > 2. If 0 = 1, then
Fn < PM™' < BMO=Y. If0 < 0 < 1, then Fy, < PM™® < BMOZ" for all
T >0.

Remark 13. The following intermediate embeddings are also known: for p € (n, o0),
n > 2,

PMm s BT o BMOL
See e.g. [8 p. 267], [T, p. 228], respectively. For p € (n/0,00), n > 2,0 < 6 < 1 and
0 < T <1, we also have
PM0 o BT o g o puog!
through a suitable modification of [8, Lemma 7.1] and [13, Remark 4.2f.]. In addi-
tion, PM"™~% ¢ VMO™!, since the constant of the final embedding is proportional
to 71=9)/2, O

Recall that for the pair {L? = LY(R"),L" = L"(R")}, 1 < ¢q,r < oo, the set

LI+ L" ={f,+ fr: fq € L9, f. € L"} becomes a Banach space when equipped
with the norm

[fllzasrr = mf{[[ follea + I frller = f = fo+ fr}-
Proof of Theorem [[2. We first consider simultaneously PM"~! — BMO~! (n >
2) and PM"~? < BMOL;' (n > 2,0 < 6 < 1). Recall that f\(z) = f(\z). By

scaling we have
(18)

1 X tA p2 N tANG £ |2
B |2 F2dydt — 7/ / EZSUN
| B(z0, )| /o /B(mo,/\) |B(x0, M| Jo JB(A-120,1)

The following estimate holds for all f € PM"% (n >2,0<6 < 1):

1
5 l oo *
(/B< e Py ) " < 7P B DI s < O lpage 121
I(],l

Here h* = ]9 ¢ L' + [? and f = f@® 4 f(>) ¢ L? 4+ L>. Apply-
ing this estimate to the right-hand side of (I8) along with the scaling relation
IN fall pagn—o = || fll pagn—o gives

1l g0zt < CoT 2| fllpan—o (0<6<1),
||fHBMO*1 S CGHprMn—l (9 = 1)7
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where Cy = C||h*||;14r2 depends on 6. Now suppose h € HY ,(R"), 6 < n/2,
n>2and 0 < 0 < 1. Theorems [0 and M imply supcga [£]"?h(§) < oo, and
then F, — PM™~? follows. O

Remark 14. Theorems [0 and M also imply that if b € H, ,(R™), then there exists
a constant o (depending on h) with 0 < o < 1 such that Fj, — PM"™~. O

The next theorem deals with inclusions F, C VMO™!, where the latter space
plays a role in the local solutions analyzed in [I3]. We write 1[-] for the indicator
function and F~1! for the inverse Fourier transform.

Theorem 15. Suppose h € HY, ,(R"), n > 2. If 0 < 0 < 1, then there exists a
constant Cy (which may depend on 0) such that for all f € Fp,, T > 0,

(19) |l parozr < CoTO 02 £,
hence Fr, C VMO™!. If = 0, then there exist constants C, ki, and ko such that

CT1/2||f||]:h wa >n,

20 f <
( ) H ||BMOT {(leUz + k2T1/2 IOgT71/2)||fH}‘,L ifw —-n
forall f € F,, 0 <T < 1/€?; hence Fr, CVMO™1.

Proof. The proof of Theorem [[2] implies (I9)) for 0 < # < 1. If § = 0 and w > n,
then h € L'. Then for all f € Fj, A > 0, we have

3 1
(/ e fady) * < [BO w0, DIZ [l < Cllf e < CIIF 1A -
B(/\_lalo,l)
Applying this to ([I8]) gives the first part of 20). If 6 = 0 and w = n we let
fr= f>(\2) + fioo) € L? + L™ where

R =20 = FNRAlE = R, 15 = 1500 = F (Ll < R,

and R is chosen so that C1[¢|™"1[¢j>r] < ME)1[g>r] < C2l€|7"1[|¢|>Rr)- Then if
A <1 we have

ATPFATLE) ATTR(ATLE)
etAf(Z) 2dy)® < C sup sup M )
(/B(“%,l)| iy e AT ROCTE) e T R 1711 1g1> m1 L

C
< Ca Iz mt sl (A< ).

D=

In addition, there exist constants ¢; and ¢y such that if A < 1, we have
1 1
([ e Pay)® < 1B, D o
B()\71120,1)

< Clfllx, / B[ NE| < R1dE
.
< Cler +ealog A D) flm (A< 1).
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Applying these estimates to (I8) gives the second part of (20) provided T < e~2,
which insures that Alog A\~! is increasing on (0,7"/2]. Finally, (20) is sufficient to
conclude that 75, € VMO™!, since similar considerations imply JF, C BMOl_l. (]

4.3. Further properties. Theorems [2and [[5 use the fact that if h € HZ, ,(R™),
then h € L' + L2. Not all majorizing kernels share this property. Proposition
provides a class of counterexamples, making use of the following criterion for LI+L":
a measurable function f defined on R™ belongs to LY+ L™, 1 < g < r < oo, if and
only if for all M > 0, f1y5>n) € LT and f1jp<an € L7

Proposition 16. Letn > 2, k > 2 and ¥ < n/2 and partition the coordinate index

set of R™ into k blocks: {1,...,n} =L U---Uly, |I;| =d;, > d; =n. Define h(§)
on R™ by

we)=Tri ", =3¢, ¢=(,....&),
i=1 jel;

where Y5 0, =19, 0 < 0; < d;/2. Then h € H?(R™) and h ¢ L' + L2.

Proof. For h as defined above and any set A C R, we have

| mine age—c [ - / UL, 774 € Aldry - dry,
0

o =1

where C' is a constant depending only on (dy,...,d;). In particular,
(21)

oo oo k
h()1[h > 1)d¢ = c// (TIre )L = < 1)dry - dr = o0
R” 0 o =1
so h ¢ L' + L2. On the other hand, h, defined on R" ~ R% x ... x R/ has the
form h = []F h; with each h; € H%(R%), so
hx h(€) < By~ Bglr|™ -« [ri|"*h(€) < By -~ Bil¢|"h(€)

and h € H?(R™). O

—o+z,

The next proposition shows how Fj, — B, e OO, Fn ¢ PM" 9 can occur.
Following [8, Lemma 7.1], we use the heat semigroup characterization of the spaces
B, %%, a >0, via the norm Hf”Bp—a,ac = sup;> t/2||e!A fll e (see [, p. 72]).

Proposition 17. Let n > 2, ¥ < n/2, and suppose h € H’(R™) is defined as in

Proposition 6. Then for all p > n/9, we have Fj, — Bp_m_("/p)’oo, but for a > 0,
Fn ¢ PM°.
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Proof. First Fp, ¢ PM®, a > 0, since ), # R™\{0}. Let n/¥ < p < co and set
¢ ' +p ! =1sothat 1 < ¢ <n/(n—1). By the Hausdorff-Young inequality, for
all f € Fp, t >0, we have

le" 2 £, < C / e~ £ (¢)|7dg
R"
—lf(€)| e |k| - i— i —U4)q —qr2 dlr
. §C<§S€lg)" h(f)) i—1</0 e t?)

k
< CHng__h Ht‘(di—(di—9i)Q)/2 — CHfHQ}_ht(—n-i-(n—ﬂ)q)/Q.
=1

Then sup; o tV"P)/2||e!A f|l1» < C| £l 7, -
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