DIMENSION FREE BOUNDS FOR THE VECTOR-VALUED
HARDY-LITTLEWOOD MAXIMAL OPERATOR

LUC DELEAVAL AND CHRISTOPH KRIEGLER

ABsTrACT. In this article, we prove Fefferman-Stein inequalities in LP(R%;¢%) with bounds
independent of the dimension d, for all 1 < p,q < +oco. This result generalizes in a vector-
valued setting the famous one by Stein for the standard Hardy-Littlewood maximal operator.
We then extend our result by replacing £¢ with an arbitrary UMD Banach lattice. Finally, we
prove similar dimensionless inequalities in the setting of the Grushin operators.

1. INTRODUCTION AND STATEMENT OF THE RESULTS

At the beginning of the 1980s, Elias Stein proved in [25] (the complete detailed proof is in
the paper of Stein-Stréomberg [26]) that the standard Hardy-Littlewood maximal operator, that
is associated with Euclidean balls, satisfies LP(R%)-estimates with constant independent of the
dimension d for every p > 1. More precisely, if we denote by M the Hardy-Littlewood maximal
operator, initially defined for f € LL (R?) by

loc

1
Mf(m):supi/ |f(y)|dy, = €RY,
r>0 |B(@,7)| /B2

with B(x,r) the Euclidean ball centered at x of radius » > 0 and |X| the Lebesgue measure of
a Borel subset X of R¢, then Stein’s result reads as follows.

Dimension free bounds for the Hardy-Littlewood maximal operator. Let 1 < p < +o0.
If f € LP(R?), then we have

1M fll Lo ray < C@IflLr @),
where C(p) is a constant independent of d.

This result, which improves in a spectacular fashion the behavior previously known, has
opened the way to the following program: is it possible to bound uniformly in dimension the
constant appearing in Hardy-Littlewood type estimates for maximal operators associated with
convex bodies ? This topic has been studied by various authors during the period 1986-1990 (see
the papers of Bourgain [3, 4], Carbery [6] and Miiller [20]), and has been recently renewed by
further advances, especially due to Bourgain [5]. For a thorough exposition of this subject, we
refer the reader to the recent survey [7]. In fact, Stein’s result has opened the way, beyond the
case of maximal functions, of proving fundamental estimates in harmonic analysis in R¢ with
formulations with bounds independent of the dimension.

It is therefore quite surprising that the question of a dimensionless behavior of the constant in
the vector-valued extensions of the Hardy-Littlewood maximal theorem, the so-called Fefferman-
Stein inequalities [10], has not been tackled. This is the main purpose of our paper. Let us first
recall these inequalities.
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Fefferman-Stein inequalities. Let 1 < p,q < +o0o and let (fn)n>1 be a sequence of measurable
1
functions defined on R%. If ( oo |fn(:)]7)* € LP(R?), then we have

n=1

+o0 1 too 1
[Cmson)| | <cana|(Zinor)|

where C(d,p,q) is a constant independent of (fn)n>1-

The proof given by Fefferman and Stein for their inequalities, mainly based on the Calderén-
Zygmund decomposition (for a weak-type result), the Marcinkiewicz interpolation theorem and
a suitable weighted inequality, leads to a constant which growths exponentially with d. Another
approach, based on Banach-space valued singular integrals [11] (see also [12]), does not achieve
this dimensionless goal either. In this paper, we succeed in proving the following dimensionless
result.

Theorem 1. Let 1 < p,q < +0o and let (fn)n>1 be a sequence of measurable functions defined
1
on R If ( roe |fo(1)]|7)* € LP(R?), then we have

+o0 1 too 1
(s )’ (L1500’

where C(p, q) is a constant independent of d and (fn)n>1-

)

Lr(R4)

< C(zxq)’

Lr(R4)

As in the proof of the dimensionless result by Stein for the Hardy-Littlewood maximal oper-
ator, the main tool in our proof will be the following spherical maximal operator Mg, initially
defined for f € S(R?) by

Ms f(x) = sup
r>0

/Sdi1 flz— Ty)da(y)'7 r € RY,

where do denotes the normalized Haar measure on S%~!, and for which we will prove in particular
some convenient vector-valued estimates (not for full range of d, p and ¢) and use complex
interpolation. We point out that partial vector-valued estimates for Mg have been recently
proved by Manna in [18] with other methods.

In fact, we shall prove a more general result than Theorem 1. In order to state it, let us recall
that a Banach space Y is called UMD space if the Hilbert transform

12 L(R) = P(R), Hi@) = PV~ | ——f(w)a,

extends to a bounded operator on LP(R;Y), for some 1 < p < 400 (see Section 5 for more details).
With this reminder in mind, we can now state our second main result, which is concerned with
the UMD lattice valued Hardy-Littlewood maximal operator M (see Section 5 for the precise
definition).

Theorem 2. Let 1 < p < +o0 and Y =Y (Q, u) be a UMD Banach lattice, consisting without
loss of generality of measurable functions over (0, 11). We have with notations x € R? and y € Q,

H [M(rc) @) < O Y) |l -

Y llLe (re)

where C(p,Y) is a constant independent of d and f € LP(R%;Y).

The above theorem contains as a particular case Theorem 1 since £9 is a UMD Banach lattice
for 1 < ¢ < 400, but we have made the decision, for the reader’s convenience, to first prove
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Theorem 1 which is certainly an enlightening step for readers not familiar with UMD Banach
lattices.

As a consequence of our two previous theorems, we shall prove, in the setting of Grushin
operators, vector-valued dimension free estimates for both the maximal operator Mc¢ associ-
ated with the Carnot-Carathéodory distance and the maximal operator My associated with the
Koranyi pseudo-distance (see the final section for more details).

Theorem 3. Let 1 < p,q < +oo. Then Mcco and My extend to bounded operators on
LP(R¥HL: 09) and there exists a constant C = C(p, q) independent of d such that

(S meeson)’ (S in0r)’

< C(p,q)‘

Lr(R4+T) Lp(Rd+1)

and

+00 1 too 1
M;wmm@q owon)|

In the same manner, if Y is a UMD Banach lattice, then Mcc and Mg extend to bounded
operators on LP(R™1:Y) with norm C = C(p,Y) independent of d.

< C(p,q)‘

Lp(RA+1)

We end this introduction with an overview of the sections. In Section 2, we prove two prelim-
inary results on vector-valued maximal operators associated with multipliers and a Hilbertian
square function estimate that we need in the sequel. The method of proof of the main Theorems
1 and 2 uses vector-valued estimates for the spherical maximal operator. The latter is then stud-
ied in Section 3, and both a sharp Hilbertian L?(¢?) estimate and a weaker LP(£9) estimate are
built together by means of complex interpolation to yield the desired spherical maximal operator
estimates, stated in Theorem 4. The next two Sections 4 and 5 are devoted to the proofs of Theo-
rems 1 and 2 respectively. They use a technique of descent in the spirit of the Calder6n-Zygmund
method of rotations, and the spherical maximal operator estimates established beforehand. Low
dimensional estimates in the general case of UMD-lattice valued LP spaces are covered by the
recent work of Xu [28]. Finally, in Section 6, we will prove Theorem 3.

2. PRELIMINARY RESULTS

For w € S(R?) a radial function, we shall denote by M,, the maximal operator associated with
the multiplier w and initially defined for f € S(R?) by

MmmﬂgmwwwwngMmmm,mw,

where V is the inverse Fourier transform and where, for suitable v, 1), is the dilation of %), that
is to say

go(e) = (), wemre

The following proposition provides us Fefferman-Stein inequalities for maximal operators as-
sociated with such a multiplier w.

Proposition 1. Let 1 < p,q < +oo and let (fn)n>1 be a sequence of measurable functions
defined on RE. If (32725 [ £()]9) 7 € LP(R?), then we have

(fwmwf (fmmﬂ

where C(d,p,q) is a constant independent of (fn)n>1-

_l

)

Lr(R?)

< C(d,pﬂ)‘

LP(R?)
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Proof. We claim that w has an integrable radially decreasing majorant €2 since w" is a Schwartz
radial function. Therefore, we have (see [12, Corollary 2.1.12. page 84]) for every = € R?

M () = sup| (£ * (@"),)@)] < 19012 ey M £ ).

Thus, all we have to do to conclude is to use the standard version of the vector-valued estimates
for the Hardy-Littlewood maximal operator. O

We point out that the proof above applies to the following weak-type result: if 1 < ¢ < 400
1
and if (32725 [ £2()]7)* € L' (R?), then for every A > 0 we have

frene Gmnon) <42 Gy

where C(d, q) is a constant independent of (fy,)n>1 and A.

We now introduce a square function that is closely related to the previous maximal multiplier
operator. For a (radial) function w € S (Rd), we denote by g, the square function associated
with the multiplier w and initially defined for f € S(R?) by

9o (f)(z) = (/OJFOO|(f(:lc)w(ltm))v Qit>;, z e R%.

If the multiplier w is supported in an annulus, then we can give the following precise upper
bound, where a Hilbertian structure is required.

)

L1(R4)

Proposition 2. Let r be a positive real number. Suppose that w is supported in the annulus
{x € RY . r < ||z|| < pr} (with p > 1) and is bounded by C. Let (fn)n>1 be a sequence of

measurable functions defined on RY. If (35725 Ifn()|2>% € L%(R%), then we have

(> bR}

where C is the same constant in both the hypothesis and conclusion of the proposition.

)

L2(R%)

oFH zun

L2(R%)

Proof. The proof is nearly obvious. Indeed, by using successively Fubini’s theorem, Plancherel’s
theorem and Fubini’s theorem again, we have

/Rd :Ej:j |90 (fn) (@) [Pd = :22 /R (/0+oo|fn(x)w(tx) Qit)dx,

For all z € R?\ {0} and all n > 1, we can write

—+oo
/0

Fulwyoliz) S = 1) / 7 e < ()| fule) P,

T

[E3]

thus

too 400 A
[t <ty [ i@

To conclude, it is now enough to use Plancherel’s theorem and Fubini’s theorem. O
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3. VECTOR-VALUED INEQUALITES FOR THE SPHERICAL MAXIMAL OPERATOR

In this section, we prove the following vector-valued inequalities for the spherical maximal
operator. These estimates will be a key tool in the proof of our dimensionless results.

Theorem 4. Letd > 3 and let % < p,q < d. Let (fn)n>1 be a sequence of measurable functions
1
defined on R%. If ( ree |fn(-)]7)* € LP(R?), then we have

+oo 1 too 1
(Zwsnor)|  <cupa(Simon)|

where C(d,p,q) is a constant independent of (fn)n>1-

Remark. The condition % < p can be easily seen to be necessary. Indeed, it suffices to consider
the following sequence

eI if || <1
_ =f3=...=0.
/i {o it |zl > 1, L=t
Of course, (3% |fn()\q)% € LP(R?) while
+o00 1
(> IMsa()17)" ¢ LP(RY)
n=1

for p < % since for ||z|| large enough,
+oo 1
4 C(d
(3 Msp @) > x”(d)
n=1

However, the condition p < d is not optimal. Indeed, in a recent paper, Manna has proved (with
a different method) that Theorem 4 is true for the range f—_dl < p,q < +o0.

In order to prove Theorem 4, we do not follow Stein’s ideas for the scalar case, but rather
those of Rubio de Francia in [21]. More precisely, we shall dominate Mg by a series of maximal
multiplier operators Mg < EZ’;O; M,,, (where m; is a radial multiplier), and we shall establish,
for each M,,,, a sharp L?(¢?) estimate and a weaker LP({?) estimate. Then, we shall proceed by
complex interpolation, and the range of p, ¢, in Theorem 4 is then relevant for series convergence.
For the L?(¢?) case, we mainly use both the decay at infinity and a support property for m;, and
a precise upper bound for the L2(R%)-norm of an associated square function. For the LP(£4) case,
we mainly use the standard Fefferman-Stein inequalities and the Funk-Hecke formula. For the
reader’s convenience, we shall give the complete detailed proofs, which owe a lot to [7, 12, 21].

To begin, we note that the spherical maximal operator could be expressed as follows

Msf(w) = sup| (f(m(r)) " (@)] = sup]| (£ = (")) (@)];

where the multiplier m is given by
— 27
m(e) = do(x) = —p Jus (2],
]2
with J, the Bessel function of order a. In order to decompose this multiplier into radial pieces
with localized frequencies, we consider a smooth radial function ¢y on R? satisfying

= [T el <1
xTr) =
70 0if o] =2
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Then, for every positive integer [, we define
pi(a) = po(27"z) — o(2' ),
and we therefore introduce the following dyadic radial pieces associated with the multiplier m
V=0, m=pm.

Since it is obvious that Zliog’ w1 =1, we claim that

mzZml.

1=0
Consequently, we have the following pointwise inequality

(1) Mg f(x ZMmlf , weRY

where M,,, is defined at the beginning of Sectlon 2 by specializing w to m;.

L?(¢?) and LP({7) estimates for M,,,. As claimed before, we shall establish a L?(¢2) estimate
and a LP(£9) estimate for M,,,, wtih [ > 1. As we shall see in the proof of Theorem 4, the case
M, will be covered by Proposition 1.

Let us begin with the L2(¢?)-result for M,y,,.

Proposition 3. Let! > 1 and let (fn)n>1 be a sequence of measurable functions defined on R4.
1
If ( = |fa()[?)? € L2(R?), then we have

(-i:.o ‘Mmz fn()|2) :
n=1

where C(d) is a constant independent of I and (fn)n>1.

(Zm )

)

L2(R?)

L(d 2)

LQ(Rd)

Proof. Let n > 1 and [ > 1. By applying the well-known differentiation theorem for multiples of
approximate identities (see [12, Corollary 2.1.19. page 88]), we get for almost all z € R?

(fo x (m))0) (@) = my(0) ful(z) = 0

as r goes to 0. We can therefore write for almost x € R?

(s ()@ = [ (G 2@t =2 [ (s () @) 00)) 0 F-
where we have set
my(z) = (z, Vi (z)).
We now enlarge the domain of the integral to obtain
+o0 d
G n)) @ <2 [ |G r )@ e 0709 @) T

and this previous inequality can be reformulated as follows

~ \/ +O<>
(FuCmer) @I <2 [ (Fma) @I Frm(e) @) F-
0

We first take the supremum over all » > 0 and then use the Cauchy-Schwarz inequality in order
to get

(Myny fr(2))? < 2 gy (f) (@) g () ().
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By summing over n and by using again the Cauchy-Schwarz inequality, we are led to
b X 3
Z (M fo( (Z 19, (F) @) " (X g (f) (@) 2)
n=1
We now integrate over R? and we use the Cauchy-Schwarz inequality to deduce that

(3 M) H Z mEOR) | (S tomtroR)?

n=1 n=1
Let us note the following immediate 1nclu81ons

supp(m;) C {z € RY: 2171 < lzf| < 2"}, supp(riy) € {z € R?: 2171 < |z < 211,

L2(Rd) L2(R4) Lz(Rd)'

Therefore, thanks to Proposition 2, it is now enough to prove the following inequalities

C1(d) Ca(d)

(2) [millpoerey € —ays 17l oo (rey < —a=ys
o= ot

where both C;(d) and Cy(d) are constants independent of [, since we shall deduce
<

My, fn
(§;| al: )LW)
In4
L2®Y) l(d 1(d—3)

In4
l(d 1(d—1) L@ .

Thus, we now turn to the proof of ( ) in order to complete the proof of the proposition. The
following well-known estimate for the Bessel function (see for instance [2, page 238])

sup 22|y ()| < 400
x>0

together with the following equality

d 1
—Ju(t) = = a—1(t) — Ja t )
70 = 5 (Jamr (1) = Joa (1)
allow us to write for all z € R%\ {0}
G - Ca(d)
|ml(x)| < d—1 ) |ml(m)‘ < d—3
)= ]|~
We claim that (2) is proved since both m; and 7 are localized near ||z ~ 2. O

We now turn to a weaker LP(¢7)-result for M,,,.

Proposition 4. Let I > 1 and let 1 < p,q < +oo0. Let (fn)n>1 be a sequence of measurable
1
functions defined on R*. If ( roe |fa(1)|7) " € LP(R?), then we have

+oo 1 +oo 1
(3 1 fa17)” (1)’

where C(d,p,q) is a constant independent of | and (fr)n>1-

C(d,p,q) 2"

Ll(Rd)’

Lr(R4)

Proof. If we prove that for all 2 € R? and [ > 1

2l
3 mY(z)| < C(d) —— =
(3) i (o) < C1)
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then we claim, thanks to [12, Corollary 2.1.12. page 84|, that
supo)’ (fox (m)),) (2)] < C(d)2'M fo(2),
>

and the standard Fefferman-Stein inequalities for the Hardy-Littlewood maximal operator M
allows us to conclude. Therefore, we are left with the task of establishing (3) to which we now
turn. Let 2 € RY. We can write by use of the Funk-Hecke formula

1 _
m) (z) = C(d) / IW(\/IIIIIQ+1f2\|:c||t)\/1ft2d i,

where we have used the notation, for a radial function f and for all £ € RY, f(&) = f(||€]|). Since
we have @) = Wy 1, with ¥ € S(R?) by the very definition of ¢;, then

2dl

1 d—3
m) (x)| < C’(d)/ V1—t2  dt.
| : ’ 1 (1—|—2l\/\|x||2+1—2Hm||t)d+2

We set

I(z)=[-1,1]Nn {t eR: /|22 +1—2lz|ft < z—l}
Liw) = [-1,1n{teR: 27 < VIalP + 12l <2771}, Wi>0,

in order to write
[my’ ()] < C(d) (21 + 22),
with
I

2dl
Y = / d L= a“
+2
Pt 10 (1 +ol/aP+1— 2||th)

+o00 2dl d—3
o = / V1=t dt.
j=ir1 7 i) (1+2l\/|\x||2+1—2||$||t>

Therefore, the inequality (3) is true if we show that

2! 2!
) 1 22 < Cod) ————7
(1 +ll=l) (1 +[l=1)
where both C' (d) and C5(d) are constants independent of . First, let us remark that for ¢t € I;(z),
j = —1, we have

(4) lofl < 2717+ 1,

1< Ci(d

since for x € R? and ¢ € I;(x) fixed, we have

| < V/(lell = 02 + [t < VIl = 02 + (1= 2) + [t] = V|« []? + 1 = 2[|zlt + [t} < 277+ 1.

We first prove the desired estimate for ¥;. The following trivial observation —1 < j < | =
27+1=1 4+ 1 < 3 together with (4) lead us to

d—3
dl v1—i?
21 <20 (@ Z/ a2t
@ ( 1+21\/||x||2+1—2||x||t)

j=—1
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where we denote by xx the characteristic function of the set X. Moreover, for all t € I;(z),
0<j<li,

1 < 1
d+2 = 9j(d+2)’
(1+24/Te? + 1= 20Tt
and, since this inequality remains obviously true for j = —1, we obtain
dl J1_ 2"
21 < 2 XB(o,s)( ) 1<2j(d+2) ‘/I @ 1 t )
j=—

Now we claim that, for all —1 < j </,
/ 1 — t2d73dt < o(G+1-D(d-1)+1
I;(x)

Indeed, we have

d—3 d—3
/ V11—t dt< V1—t2  dt
I (x)

< oUH1-1)(d-3) / "
[—1,1]ﬂ{teR:m<2j+1_1}

/[_171]ﬂ{t€R:\/@<2j+11}

and the following obvious observation
~LUN{teR: V1t <277 = 1220170 (1 <1
then leads us to
/ V12" a < gUr-n- 3)+1/ df — 9U+1-D(d=D+1
I;(x) 22(j+1-1)
Consequently, we have

L 9dig(j+1-1)(d—1)

Y1s2 Z 9j(d+2) X (@
j=—1 j=—1

b% 2!
= 94+ Z Xo (7) <C(d) —————
35 d+1°?
2% (1 + [lll)

and it remains to prove the same estimate for Y.
Thanks to (4) and to the very definition of I;(z), we claim that

+oo
X i1 (x) d—3
dl B(0,2+1—l41) 2
2 <2 E — gy /1 vV1—t dt

j=i+1 i (@)
The obvious inclusion B(0,291-0 + 1) C B(0,29727Y), for all j > [ + 1, together with the fact

that
d—3 1 d—3
/ V1-—1t2 dtg/ V1—12 Tdt < C(d)
IJ({L’) —1

allow us to write

Y, < C(d)2dl +ZOO XB<o,2j+2—z)('73) C(d)?dl = (1 + 2j+2*l)d+1
2= j(d+2 = d+1 i(d+2 ’
J=it1 27(@+2) L+ =)™ ;550 27(@+2)
from which we deduce that
1 Foo oG- ((d+1)—(d+2)) L 4 o !
C(d)2 3 2 __ C2 2 2

2 S < Z _<od)———
1+ 2™ 57 2(@r2+1-a) (14 )™ 57, 2 (14 fll)
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Remark. We point out that the pointwise inequality (3), which implies that

gives us the following weak-type L' (£9)-result (1 < ¢ < +00), with a constant 2!: i ( ) e
LY (R%), then for every A > 0 we have

+oo

(S 10’

l

+oo 1
Hx eRY: (Y Moy ful@)) " > /\H < C(d,q)%
n=1

where C(d, q) is a constant independent of (fy,),>1 and .

)

L (R4)

We are now in a position to prove Theorem 4.

Proof of Theorem 4. We begin the proof by noting that for all 1 < p,q < 400, I > 1 and
(fn('))n>1 (S Lp(Rd;Eq), we have

H(?Mmlfn(-)q)‘l’

where we have set

= [[Ama ((Fa(Dnz)|

Lr(R9) L (R:£9(L> (10, 4-00()))
A PR = LP(RY £1(L%(]0, +00()))
(fa()nz1 (7" = fn (ml\/)r)n>1'
Proposition 3 yields that

_i(d—2)
| Am, | L2 (Re02) = L2 (Re302 (Lo (J0,400[))) < C(d)27 2,

whereas Proposition 4 yields
|| A, || Lo (Re690 ) Lro (R0 (L% (J0,4-00())) < C(ds D0, 0)2"
for any 1 < pg,qo < +o0o. Complex interpolation between these two estimates yields for % =
Ny + (1—n)k and L =nf + (1 —n) L that
_d
HAmz||LP(Rd;Z‘1)—>LP(Rd;£‘1(L°°(]0,+oo[))) < C(d,p,q)2'" 27,
Note that for given ﬁ < p,q < d, we can choose 1 €]0, 1] such that
1 n 11 n d-—1
S i< o -2 < —.
d 2 pyq 2 d

The second and third inequality yield that the parameters po,qo lie in the permitted range
|1, +00[, whereas the first and the fourth inequality yield that 1 — 717 < 0, so that

400

_d
D Am |l oo asen)  Lo@asen (Lo (Jo, 00y < C(ds )22 < o0,
=1

and consequently, appealing also to (1) and Proposition 1, we get

(3 s 1)
n=1

< (IlAmUIm(w;emm(w;mm<1o,+oo[>>>+

(S inor)’

Lr(R%)

)

Lr(R%)

“+o0
Z ||Amz ||LP(JR<d #£a)— LP (R4;£9 (L (]0,+00[)) ) ‘
=1

Q=
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and finally

(3 Msfall7) (Z 5017)

n=1

C(d,p,q ‘

LP(Rd) LP(]Rd)'

4. PROOF OF THEOREM 1

This section is devoted to the proof of our first dimensionless result, that is Theorem 1. We
shall use several auxiliary operators, and, even if we shall follow the same strategy as in the
scalar case (see [7, 26]), we give complete detailed proofs for the reader’s convenience.

Let us first introduce the following weighted maximal operator, depending on a parameter
keN,

f|\y|\<r [f (@ = y)l lyll*dy
7">0 j‘“y“<7~ lyll*dy
It is enough to take polar coordinates in the definition of Mg} in order to obtain the following
pointwise inequality
(5) My pf(z) < Ms|f|(x), =R
Therefore, if we apply Theorem 4, we get that for d > 3, d/ (d 1) < p,q < d and every sequence
(fn)n>1 of measurable functions defined on R such that ( 2 ()]9) e LP(RY)

(S inor)’

where C(d,p,q) is a constant independent of k£ and (f,)n>1. Now, we shall obtain Theorem
1 by lifting inequality (6) in lower dimension d’ into R? (with d’ < d and k = d — d’) by
integrating over the Grassmannian of d’-planes in R?. This method of descent is in the spirit of
the Calderon-Zygmund method of rotations.

We therefore decompose R? as follows RY = RY x R and for z € R?, we write x =
(g, g—q) with zg € R and z4_g € R, Besides, for all § € O(d), we introduce the
following auxiliary operator

Md,kf(x) = , T E Rd.

“+o0

(3 Mashullt)

n=1

C(d,p,q)

)

LP(R9)

(6) |

LP(Rd)

‘]\Hyd/”<7‘|f( (yd/ )| Hyd’ ||d7d/dyd/

€ R%.
>0 Sty 1< 1y 1= dyar

M f(x) = su

9

We shall need the following lemma, which provides us Fefferman-Stein inequalities for M de{
with bound independent of 6.

Lemma 1. Let d > 3 and d'/(d' — 1) < p,q < d'. Let (fn)n>1 be a sequence of measurable
1
functions defined on R*. If ( tee |fo()]7)* € LP(R?), then we have

(io NAANSIDK (Z £ 017)

where C(d',p, q) is a constant independent of d, 6 and (fn)n>1-

nz

7p7

)

Lr(R4)

Lp (Rd)

Proof. Since we have

+oo 1P too 1P
’ ONLTACIOR = \ (D 1Mi(fao 0)0 071())) " :
n=1 Lp(Rd) n=1 LP(Rd)
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then we get by invariance

1 1P
M f., ! MY (f, 0 6) ! ,
(D shor)| ](D wonor)
which is equivalent to
too 1p
(S iz o)
n=1 Lr(R4)
+o0 L
- /d a’ |:/d/ <Z|Md’,dd’(fn o0 Ogmdd/)(m&”q) dmd’]dxdd’
Rd- R n=1

where we have set
. md d
Gy g R - R zg — (.’L‘d/,xd_d/).

If we now apply inequality (6), we are led to

(Z NAANSION " (Zy Fro 8 00, ") ded/]dxd_d/

and the expected result easily follows. O

<O, p.q) /

Lr(RY) R

We shall also need the following lemma, which relates the Hardy-Littlewood maximal operator
to the operator MY,.

Lemma 2. If we denote by du the normalized Haar measure on O(d), then we have the following
pointwise inequality

Mf@) < [ MYf@)du(9), @eR%
o(d)

Proof. If we prove the following equality
fl\yl\ér [/ (y)ldy fo (d) f||yd,\|<r|f( Ya, )| llyar ||~ dyardp(6)
nyHé?‘ dy f||yd, I<r lyar|4= dyaqr
then the expected inequality follows easily. Indeed, the previous equality allows us to write
; / )| Jow) Jigw <ol (@ = 0ya, 0) [ llya |~ dyardps(6)
B0 | —Y)lay = —
0.1l Sz 0. Sz 19 1474 dyar

(7)

b

< M f(z)dp(0)
O(d)

and it is then enough to take the supremum over all r > 0. Therefore, we are left with the task
of establishing (7). Of course, by density arguments, we can restrict ourselves to finite linear
combinations of functions whose expression has the following form f(x) = fo(||z])f1(z’), with
x = ||lz||2’ and 2’ € S971. If we take polar coordinates in the left-side of (7) we get

d [" - ' /
G [ ftorar [ p)is)

and if we take polar coordinates in the right-side of (7) we get

d " — / /
) st [0 0)de)d0)
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Thus, we only have to prove the following equality

0 [ n6haor = [ [ (O 0)dowl i)

Let us note that we can write

[ 56 o) datidn® = [ st
O(d) Jsd'—1 Sd—1

where we have used the notation dv to denote the pushforward of do ® du under the map
(Yl , ) — 6(y),0). Since dv is invariant under the left-action of O(d), we claim that dv = do,
and the proof is finished. O

With the two previous lemmas in mind, we are now in a position to prove Theorem 1.

Proof of Theorem 1. Let 1 < p,q < 4o0.

Ifd<3ord< max(p T o 17) or d < max(p, q), there is nothing to do, that is, we invoke the
standard methods to get Fefferman-Stein inequalities

We can therefore assume that d > 3 and that ;%5 < p,q < d. Thus, we write d = d' + (d — d’)
with

The expected result then follows easily by using both Lemma 1 and Lemma 2. O

5. PROOF OF THEOREM 2

This section is devoted to the proof of the dimension free estimate of the UMD lattice valued
Hardy-Littlewood maximal operator. In order to make the meaning of the latter precise, we recall
the necessary background on UMD lattices, i.e. Banach lattices which are UMD spaces. First,
for a general treatment of Banach lattices and their geometric properties, we refer the reader to
[17, Chapter 1]. Second, a Banach space Y is called UMD space if the Hilbert transform

H: L(R) = PR, Hi@) = PV = [ —— 1)y,

extends to a bounded operator on LP(R;Y), for some (equivalently for all) 1 < p < 400 [14,
Theorem 5.1]. A UMD space is super-reflexive [1], and hence (almost by definition) B-convex.
Let in the following Y be a UMD space which is also a Banach lattice. By B-convexity, Y is
order continuous and therefore it can be represented as a lattice consisting of (equivalence classes
of) measurable functions on some measure space ({2, 1), see [17, 1.a, 1.b]. If Y is a UMD lattice
and 1 < p < 400, then LP(R?;Y) is again a UMD lattice.

Remark. In the proof below, we will use frequently and tacitly the following almost trivial obser-
vation: if 0 < M(f) < N(f) for some element f € LP(R%; Y) and images M (f), N(f) of (typically
non-linear) mappings M, N, belonging to LP(R%:Y'), then |M(f)|l1o®ayy < [IN()|lLo@a;yv)-
This follows promptly from lattice axioms.

Since the UMD lattice Y is order continuous, by [17, Proposition 1.a.8], it is also order
complete. Now define the UMD lattice valued Hardy-Littlewood maximal operator and spherical
maximal operator by

1
Miw)=sw e [ |fpoldy, feDP®) Y CIEREY)
r>0 |B €, T | z,r)
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and

MSf(xa ) = sup
r>0

[ Ha = o). fes®) Y C INRYY)

Using the order completeness of LP(R?Y) and the scalar valued boundedness of M and Mg,
it is not difficult to show that the above suprema exist in LP(R% Y in the lattice sense. Thus,

Mf (resp. Mgf) are well-defined elements of LP(R%Y) for the above f and 1 < p < +oc0

(resp. ﬁ < p < +00). In the sequel, we can restrict in statements of boundedness of maximal

operators first to f belonging to LP(R?) @Y or to S(R?) ® Y to have a priori maximal functions
belonging to LP(R?; Y). Then use the remark above in this section and get an inequality for such

f
M £l Lo rasyy < CllfllLe ey,

resp. with M on the Lh.s. replaced by Mg, or the several other maximal operators we use in
the proof. Finally for general f € LP(R%;Y) and an approximating sequence of f, say (fn)n>1
belonging to S(RY) ® Y, M f can be well defined by M f = lim,, M f,,, due to

Han - Mme S HM(fn - fm)” § C”fn - fm“
We thus end up with the desired estimate ||M f|| < C||f]| for all f € LP(R%Y), with the same
constant C' as before.

Proof of Theorem 2. Let 1 < p < 400. Since Y is a UMD Banach lattice, say over the measure
space (Q, i), we claim, invoking [22, Corollary page 216], that there exists another UMD Banach
lattice Z defined on (€2, u), such that

Y = [Z,H),, with H= L*(, ) a Hilbert space,

where [+, -],, is the complex interpolation method, with 7 €]0, 1[. Having a closer look at the proof
of [22, Corollary page 216| (alternatively, by replacing Z with [Z, H],, and using reiteration of
complex interpolation), we can assume 7 sufficiently close to 0 such that g < % <1-— g

Let Mg be the spherical maximal operator. Our first aim is to show its boundedness on
LP(R%;Y) for d sufficiently large. Write

+oo
MSf(I7y) < ZMm,f(x,y)
=0

as in (1), as soon as d > 3. Here and in the sequel, z € R? and y € Q. For X € {Z,H,Y}, we
denote the linear operator
CJLP(RYX) — LP(RY X(L>(]0, +00[)))
e {f =[x (m))r(z,y).
We clearly have the following equalities

Mo, f(2,9) = | Am, £ (2,9, ) | Lo (J0,+00)
| Mo, fll o e, xy = [ Am, £ll e ®ax (22 (10,4001 ))) -

Moreover, we have
M, f(2,y) < C(d)M f(x,y),
and it is a well-known fact that the centered Hardy-Littlewood maximal operator satisfies

Mf(z) < C(d)Malf|(z),

where we have set

Ma f(x) = sup [e"® f(2)|
>0
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for the maximal operator associated with the heat (diffusion) semigroup on R%. Then according
to [28, Theorem 2|, M is bounded on LP(R?; X) for any UMD Banach lattice X. We shall apply
this fact with X =Y and X = Z.

Namely, first, we have by the above

||Mm0fHLP(]Rd;Y) < C(dvpv Y)”fHLT’(]Rd;Y)'
Since H is a Hilbert space, we have by Proposition 3 the inequality

c(d
9) Ay fll L2 (R 1 (L (10,400[))) < 21(5; I £1l 2 (re; 1) -

Furthermore, according to (3), we have

sup | A, f(x,y,7)| < C(d)2'M f(2,y),

and thus,

(10) [ A, £l Leo (Ra: 2 (L (10,4000 ) < C(ds D0, Z)2Y| £ 1| Lro (a2,

for pg €]1, +o0] to be chosen later. We next want to apply complex interpolation of (9) and (10).
To this end, note that

[Z(L>), H(L>®)]y = [Z, H]y(LY) = Y (L)

contractively, according for instance to [9, (1.1)] and Calderén’s interpolation identification be-
tween the Calderén-Lozanovskii space Z'="H" and [Z, H],, =Y, see for instance [22, page 215|.
Then we get

||AmzfHLT’(]Rd;Y(L‘X’(]O,—i-oo[))) < C(d7pv7]7Z)2lk(n)Hf||Lp(Rd;Y)7

with
1 1— 1 1 1
p 2 Do Do 2 po

and
d—2 d
k(n)=—nT+(1—n)=1—n§.

Here, since n was sufficiently close to 0, there exists an appropriate choice of py €]1, +o00[. If now
d > dy :== max(3,[2/n] + 1), then k(n) < 0, so that then

—+o0

1M fll o (easyy < I Amo fllo@asy(noe (o, +oor ) + Y Cds 2 Z)2% 0| fl| 1o ety
=1

< C/(dapv Y)Hf”Lp(]Rd;Y)'
We deduce that for d’ > d

HMg’f”L?’(Rd';Y) < O(dlvpa Y)”fHLT’(Rd;Y)a

which can be proved as Lemma 1 using (5), and the above vector-valued boundedness of the
spherical maximal operator, i.e. on LP (Rd/; Y). Then by Lemma 2, as in the case Y = ¢9, we
deduce with d’ = dy and d > d’ that the centered Hardy-Littlewood maximal operator is bounded
on LP(R%Y), with bound C(d’,p,Y) independent of d > d'.

For dimensions d < d’, we invoke the above explained estimate of M f(z) < C(d)Malf|(z). O
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6. APPLICATION TO THE GRUSHIN MAXIMAL OPERATOR

In this section, we show that Theorems 1 and 2 can be transferred to the context of Grushin
operators. Initially studied by Grushin (see for example [13]), these operators have received
considerable attention in recent times, especially with some results on their harmonic analysis, see
for instance [8, 16, 19]. Moreover, dimensionless type results have been in particular investigated,
mainly for Riesz transforms associated with them, see [23].

Let us recall the setting. The Grushin operator is given by

a? ¢
AG—Z +|| P55 =2 (X +U7)

i=1

on the space R¥*! = R¢ x R,,, with

d
0 0
2 2 X = =
lal?=3"a% Xi= g U=z,

where the smooth vector fields {X;,U; }1<i<q satisfy the Hérmander condition. We point out
that the operator Ag is related to the Heisenberg group Hy, since it is actually the image of
a sub-Laplacian associated with H,; under a representation acting on functions on R4+, Let
doe denote the Carnot-Carathéodory distance associated with {X1,..., X4, U1,..., Uy} (see for
example [27]). Then (R dcc,dm) is a space of homogeneous type, where dm stands for the
Lebesgue measure, which is not, however, translation invariant. We define a further pseudo-
metric on R*1. Namely, for g = (z,u) and ¢’ = (2/,u) belonging to R¢ x R,,, we let

dxc(9,9') = \ VT2 + [P + @lu — )2 — 2z, ),

where (-,-) denotes the standard Euclidean scalar product. Then dg is a pseudo-distance on
R+ (which is, in fact, equivalent to doc [16, (1.5)]) related to the fundamental solution of Ag
(that is to say Green’s function). We denote balls with respect to these two (pseudo)-distances
by

Bee(g,r) ={g € R dec(g,9') <7}
and
Bi(g,r) ={g e R™"' : dk(g,9') <7}

This gives rise to the following Hardy-Littlewood maximal operators Mc¢c and Mg, respectively
and naturally given for f € L} (R4*!) by

1
Mecf(g) = sup ————— F(g")ldg', g € R,
r>0 |Bec(9,7)| JBoe (g
1
M f(g) = sup £ (g")ldg', g e R
>0 |Br (9, 7)| /By (g1
If Y = Y(Q) is a UMD Banach lattice, these operators extend, for g € R, weQ fe

LP(R¥1) ® Y, by the formula

(Mccf)(g,w) = Mcc(f(-w))(9),

and similarly for M. This a priori definition of M¢cc f and Mk f yields a well-defined element
in LP(R¥*1;Y), similarly to the remarks at the beginning of Section 5 concerning the Hardy-
Littlewood maximal operator. We can also restrict ourselves to f € L?(R%) ® Y in the proof of
Theorem 3, to which we proceed now.
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Proof of Theorem 8. For Mk, all we have to know is that (see [16, (7.2)])

MKf(xa u) < CM]Rd (MRf(a u)) (x)7
where Mpa and My stand respectively for the standard Hardy-Littlewood maximal operator on
R?% and R. We can therefore apply the dimension free Theorems 1 and 2.

Then for Mcc, it suffices to have in mind that for all g, g’ € R?*! (see [16, Propositions 5.1
and 5.2])

dx(9.9') <dcclg,9'), [Bcce(g1)| = C|Bk(g,1)|
with a constant C' > 0 independent of the dimension d € N. Indeed, then using for both B = Beo
and B = By
|B((z,u),r)| = r¢T2|B(6,-1(2,u),1)]

where 6,1 (x,u) = (r~'z,772u) [16, page 3|, we deduce

Mcc f(g) = sup |f(g")]dg’

r>0 |BCC (97 T)‘ Bcc(g,r)
1

= sup f(g")ldg’
r>0 rd+2|BCC(5rflg7 1)| Bce(g,r) | ( )|
1
< su Nldg',
T>13 C?"d+2|BK((5rflg, 1>| B (o) |f(g")|dg
that is to say,
1
Mccf(g) < cMr f(g).
Therefore, the statement for Moo follows from that for Mg. O

Another interesting case would be the centered Hardy-Littlewood maximal operator on the
Heisenberg group, as studied e.g. in [15]. After personal communication with Hong-Quan Li,
we do not know whether this maximal operator admits dimension free £9 or UMD lattice valued
estimates.
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