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For a convex symmetric body B in R” let M denote the centered
maximal operator

Mpf(x)= S,EEVoITE / [f(x +ty)ldy

for f € L. .(R"). We associate with B two linear invariants o(B)
and Q(B), and show that for p > 1 the norm of the operator Mp
on L?(R") is bounded by a constant which may depend on p, g(B)
and Q(B), but not explicitly on the dimension ». In particular, if B,
denotes the unit ball in R” with respect to the /7-norm, we can prove
that M3, has a bound on L?(R") which is independent of n, provided
that 1 < g < co.

The behaviour of maximal functions associated to convex bodies
has been studied by various authors during recent years. When B
is the Euclidean ball, i.e. B = B,, Stein [9] has shown that Mp is
bounded on L?(R") uniformly in # for every p > 1, and Bourgain [2,
3, 4] and Carbery [6] have shown that the analogue of this holds for
any convex body B, provided p > 3/2. Moreover, by a result of Stein
and Stromberg [11] it is known that the L? operator norm || Mp||,, of
Mp grows at most linearly in the dimension » for any p > 1.

Since the general estimates for convex bodies in [2] do not imply
that || Mp|,, has a bound independent of n, if p < 3/2, it is well
possible that for p < 3/2 one can only hope for estimates of | Mz||,
which depend on additional geometric invariants associated with the
body B. In this article, we shall show that one can in fact prove an
estimate of this kind:

We associate with B the following two linear invariants ¢(B) and
Q(B): There exists a regular linear transformation S of R”, which
is unique modulo orthogonal transformations, and a unique constant
L(B) such that Vol, S(B) =1 and

| 1xoPax =Ly
S(B)

for all unit vectors £ € R”. Let 1/g(B) be the minimum of all (n — 1)-
dimensional volumes of all sections of S(B) by hyperplanes, and Q(B)

297



298 DETLEF MULLER

the maximum of the (n — 1)-dimensional volumes of all orthogonal
projections of S(B) onto hyperplanes (we note that d(B) ~ L(B)).
Then, for p > 1, the operator norm ||Mp||,, can be estimated by a
constant depending only on p, a(B) and Q(B).

This criterion suffices for example to prove the uniform bounded-
ness in n of the maximal function Mp , where B, denotes the unit
ball with respect to the /9-norm on R”, 1 < g < oo. This extends a
result of Bourgain [4] who proved it for ¢ € 2N by making use of
an “extra” decay of the Fourier transform of xp,, xp, denoting the
characteristic function of B,,. However, this extra decay depends on
some “smoothness” of B, for ¢ € 2N, which can easily be destroyed
by cutting off a small piece of B,, along an affine hyperplane, whereas
our result is invariant under such operations.

Moreover, since one can show that Q(B) = v/, this might indicate
that the norm of the “cubic” maximal operator Mp_ associated with
the unit cube of L? is possibly growing with the dimension, if p < 3/2,
and our results give some hints how one might try to prove this.

I would like to express my gratitude to the Mathematical Sciences
Research Institute in Berkeley for the warm hospitality during my stay
there by which this paper was completed, and especially to E. M. Stein
for hints concerning multipliers of Laplace-transform type.

2. The main theorem. Let B be a convex symmetric body in R”.
Arguing as in [2], we see that there exist a linear transformation § €
GL(R") and a constant L(B) > 0 such that

(1) Vol, S(B) =1 and l(x,&)]> dx = L(B)?
S(B)
for all unit vectors £ € S"~! = {£ e R": [{|* = 1, |§;]* = 1}. Tt is easy
to see that L(B) is determined uniquely by (1), and that S is unique
up to multiplication by an orthogonal transformation from the left.
For ¢ € S"~!, we define similarly as in [2]
(2)  o(u):=gg(u) :=Vol,_,({x € S(B) : (x,{) =u}), u€eR.
Moreover, let 7 denote the orthogonal projection of R" onto the hy-
perplane perpendicular to . Then the constants
(3) 1/0(B) := max{g;(0): & e S"'},
Q(B) := max{Vol,_;(n:(S(B)): £ € S" 1}
are obviously linear invariants for B, i.e. a(U(B)) = od(B) and Q(U(B))
= Q(B) for all U € GL(R").
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Since also || M3p||p,» is a linear invariant for B, we therefore may and
shall assume in the sequel (except for §3) that S(B) = B. Then, by
[2], Lemma 1, there exist two universal constants 0 < a, A < oo, such
that

(4) o(u) < Ap(0)e™ O, ueR.

Moreover, there is a universal constant a; > 0, such that with L =
L(B)
(5) ai' <L-ge(0)<ay, &esS" .

This implies in particular o(B) ~ L(B).

THEOREM 1. Let p > 1. Then for all f € LP(R")
(6) (Mg fll, < C(p,0(B), QB

where the constant C = C(p,o,Q) ! is independent of n and grows with
o and Q.

Note that, for p > 3/2, C can even be chosen to be independent of
o and Q by [3] or [6].

Let us fix some notation. We denote by m the multiplier
(7) mE) = 5@ = [ xp(xe 6 dx

n

associated to yxp. If w € L*°(R") is any multiplier, we define the
corresponding multiplier operator 7, as

(8) Tu(f) =5 (w]),

& ~! denoting the inverse Fourier transform.
For p € R with p > 1/2 let us define the pth fractional derivative
(€ -V)?m of m as in [6] by

m(rg)

r=1

©  come=(5)

= /(-—Zni(x,f))”K(x)e‘z”i(x’f> dx,

where K = xp. Then, by the results of [6], expecially Theorem 2 and
Proposition (ii), our Theorem 1 will be an immediate consequence of

IHere and in the sequel constants will frequently be denoted by C, with the understanding
that they may be different from statement to statement.
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ProrosiTION 1. Let 1/2 < p < 1. Then for all f € LP(R")
1 Te.vypmSlo < Cp(p, 0(B), QBN p

if 1 < p < oo, where the constant C, is again independent of n.

This proposition is closely related to the question raised in [6],
whether it is possible to find a bound for 7(¢.v),, which is independent
of n.

The proof of Proposition 1 will be based on analytic interpolation.
We define a family of operators 7, = T;,,,, a € C, by

(10) ma(&) = (L+ D' U m)ll=1, & #0.

Here, I~* denotes the ath fractional Riesz derivative with base point
2, that is

- -1 2 —a—1
(11) I f(r):ﬁta—)/, (s—r) f(s)ds, Rea <0,

if e C>(]0,2)]).

It is well known that ~% can be extended analytically to the whole
complex plane, and that /=% = (d/dr) is the usual kth derivative
for k =0,1,.... Note that I=* and (d/dr)* as defined in (9) do not
agree. However, we shall show later that the difference of these two is
unimportant for our problem. We also define T = T),,: by

(12) mg (&) = (1 + )7 ma(S),  &>0.

The proof of Proposition 1 will essentially be contained in the Lem-
mas 2 and 4 to follow, which deal with the two endpoint cases for the
interpolation. Lemmas 1 and 3 are more of a technical nature.

LEMMA 1. Let 0 < Rea < 1, k eN. Then for u > 1

u —a . Zai
/ _S_e—2ms ds — ezi (1 -a)
0

< Cpel™/?Imaly~Rea

The proof of Lemma 1 is an easy consequence of Cauchy’s integral
theorem and follows by changing the path of integration from the
interval [0, u] to —i[0, u], connecting those two paths by quarter circles
of radii v and ¢, ¢ — 0. We shall omit the technical details.
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LEMMA 2. Fix N >0and 0< e < 1/2. Then

(i IMalloo < Cn(a(B), Q(B))e?™mal 0 < Rea < N,

(ii) ||mE|lco < Cn(a(B), Q(B))e¥mel ¢ < Rea < N.

Proof. Assume Rea > —¢, and let kK = [Re a] be the integer part of
Re . Then it follows easily by partial integration from (10) that

k _1yj+! J
(13 ma(é)=Zr—(§-jrl)1—]—_—a—)(1+lél)l—" (%) meol

, GV +|¢|>1-a / (s - 1) a(_>"“m(s¢)ds,

I'k+1-0a)
By (1), with ¢ = Pe))e)> We have
(14) m@) = [ e i) du,
hence
d\’ . foo ) )
(15 (5) MmO =(-2mile)) [~ e uup) du

By partial integration this implies

J . 00 . .
16) (35) mDlar = 5(-2milely ™ [~ e miuipy w du

(2) and (15) imply for0<j < N

(&) moo...

< CuleP / 1w p(0)e 40Ok gy
0

< Cnp(0)/[E) < Cna(BYIE).

Moreover, since (w/ ¢) (1) = ju/~lp(u) + u/¢'(u), and since ¢'(u) has
constant sign for ¥ > 0 resp. # <0, (16) and (4) yield

(&) meo,-s

Together, we obtain

(&) moo)

at least for j > 1. However, for j =0, (15) and (16) easily imply
Im&)| < C(1 +9(0))/(1+[£]) < C-Q(B)/(1 + [€])-

< Cyo(0)~U=DjEP~! < Cya(B)/ g1

< Cn(a(B)IEV /(1 + D),
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So, together we get

(&) meo,-

This implies, for j =0,...,k,

(L+Epet ray
m(a) m(ré)l,—»

44
.+.

< Cn(a(B), O(B)) KR

1

(17) < Cn(o, Q)e™! ™,

where we made use of the well known asymptotics [8, p. 79]
(18) T(x + iy)| ~ e~ ®2ADy|x=1/2) . \/27x  as |y| — oo.

So, it remains to estimate the integral term in (13), which, up to
the sign, is given by

(1 + |é|)1—:) (—27Zi|él)k+l /_00 F(jflu)ukH(ﬂ(u) du’

J(é)zr‘(kT

where
2 .
F(1) = / (s — 1)k=ag=2nits gg.
1

The estimate of J(&) requires more technique, but is essentially based
again on (4), so that the rest of the proof of the lemma could be
skipped for a first reading. We set

u
G(u):/ *HE@G)dl,  ueR.
0

Then
[ Pttt du
=72 [ Pl p(uiel) du
=17 [ G w/k) du,
and hence
(19) Q)] < Calel (1 + ey Ree

X

1 oo ,
FrT = /. Swe ) du).
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Now
(20) /u thtlo=2mits gy
0

i k+1 '
— (ﬁ) (_1)k+l(k + 1)!s—(k+2)(e—2mus _ 1)

+Z <k+ 1) 1)/ ji(=2miyk=

X s—(j+1)uk+l—je—27zius} )

Let

2
(21) Gj(u) — uk+l—j/ (S _ 1)k—as—(j+1)e—27tius ds,

1

J=0,...,k+1,
and
’ 2 k—ao—(k+2) 1 gk—a
and define for ] = k42
1+ 1-Rea

(22) Ji(¢) = ||i{||)2 ET 1 = / G;(u)g' (u/|E]) dul .

By (20), G is a linear combination of the G;, and so it remains only
to show that all functions J; have an estimate of the desired type.
For j=0,....k+1,

. — 10— Jp—2niu
Gjlu) =u™"e /0 (1+s/u)/+!

¢ sk—a e—2nis ds,

so Lemma 1 implies for |u| > 1

(23) GJ( ) + le(ﬂ/Z lr(k+ 1 __a) a— je—zm'u
+ 0(@ (m/2) |Ima||u|k ])'

Moreover, if |u| < 1, then

) e—Zm'u uk+l—a ]
G’j(u) = y@/ i e—27uu

k+1—-a 2j+1

u d e—2nis
_ k+l—a %
/0 S ds [(1 +s/u)f+1} ds},
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which easily implies
I u l k+1—j

!/ . —_—

[u| < 1.
(23) and (23)’ imply

1—-Rea
(24) |78 < —CN%—

1 o ]
" {m/o W' (uf|E]) du+ e/ Tmel

oo ea—j uk-j I
X/l [uR j+m}¢(”/|‘f|)du}-

However, if j < k + 1, then

/ K+1=T ! (u)\E)) d
0

and similarly one shows by (4) that

[ uRegt e dul = —jerees [ uReeipiu du
1 /18]

(25)

/ o' (u)|E]) du < 20(0)|¢),

. . 1 -
< | HRea {Iél’—Rea(ﬂ(l/Kl) +|Rea — jlg(0) /l/lél uReI= du
+|Rea—j|/ uRe“‘j(p(u)du}
I

< Cw(o, QIR (1 + g Re);

hence
® i C(o, Q)IE|1+Rea, <k,
(26) |/1 Ty il du S{cN(a,anL J—k+1.

Of course | [ uk=/¢’(u/|&|) du| is even dominated by (26). (24), (25)
and (26) imply, for |&| > 1,

27) (&) < Cn(a, Qe ™mel(1 +[g|7Re®),  j=0,...,k+1.
Moreover, since obviously |Gy, »] < Cy/lk + 1 — o, we have
-1 o0
! < —1-Rea !
QT Wal@)] < Cule e [ i du
< Cy(g)emmeljig|=Ree gy > 1,
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The last two estimates imply the desired uniform estimates of m, (&)
and m{ (&) for [£| > 1.
There remains the case |£| < 1, which is easy: By partial integration

_ (apte frd\e
J(é)-mu—_a){(%) (s

_ /lz(s _ yk+l-e (;})kﬂ m(s&) dS}

which, together with (15) and (2), implies

[7(©)I < Cn(a, Q)em!mel|gir+!,;
this settles the case |£| < 1. O

LEMMA 3. For each unit vector n € S"~! define a distribution p, =
0xB/0y = (n-V)xp. Then u, is even a bounded measure, and

||lh1||M(Rn) = 2Vol,_(n,(B)).

Proof. Let ¢ € C§°(R") with ||¢||lc = 1. After rotating coordinates,
we may assume that » is the nth coordinate vector. Writing R” =
R"~! x R with coordinates (x, u), we then have

ag / / ¢
0)=— | = =— —(x,u)dudx,
(:u”] ¢) B an n”(B) B, au( )

where B, is the interval B, = {u € R: (x, u) € B}, with endpoints say
a(x) < b(x), unless B, = <. So

(it 9)] = / [9(b(x)) ~ pla()1 x| < 2Vol,s(r(B));

n

hence ||uyllapr < 2 Vol,—(n,(B)). Moreover, choosing ¢ to be linear on
each section B, such that ¢(b(x)) = 1 and ¢(a(x)) = —1 immediately
also gives ||uyllar > 2 Vol (ny(B)). O

LEMMA 4. Let 0 < e < 1/2. Then

(28) |IT%, 1. fllp < Ce(p,a(B), Q(B))e™ M| fll,,  feLP(RY),
for every 1 < p < o0.

Proof. Let a = —¢ + iv. Since

8(6)———i~/2( — D7 A+ D T m(sg) d
m: (&) = =a) J, s ) m(s&)ds,



306 DETLEF MULLER

it clearly suffices to prove that the multiplier operator corresponding
to (1 + |E))! ¢~ “m(s&) satisfies (28) uniformly for 1 <5 < 2.

Consider the multiplier M, (&) = (1 + |€])~". This multiplier is of
Laplace-transform type in the sense of [8, Ch. II, §4], since one easily
checks that

1+~ = A/ a(t)e " dt, A>0, where
0
1

t
_ v ,—t v ,—s
a(z)———~r(l+iy) {t e +/O s'e ds}.

Since ||a||oo < Ce™/2)¥I the general theory of heat-diffusion semi-
groups [8] implies for 1 < p < oo

(29) ITas, fllp < Coe™ PV fllp, [ € LP(RY),

where C), is a constant depending only on p.

Since (1 + [&])!7¢7m(s&) = (1 + €))7 (1 + |&])m(s&), and since
| Tonsolloy = 1 Tmllpp < |B| = 1 for all p, (29) reduces the proof of
(28) finally to estimating the multiplier operator corresponding to

(30) mo(&) = —2x|E|m(E).

Define measures u; by u; =0xp/0x;, j=1,...,n. Since

L & .
moy(&) = —i2L ) (=2mi&;m(§)),
" ;( |¢|> !

we have
(31) Tonof =D Rj(u; * f),
j=1

where R; denotes the jth Riesz transform. By a result of Stein [10]
(see also [7]), it is known that

1/2
(32) (Z |ij|2) < Apllflp> 1 <p<oo,
J

»
where A, is independent of n. Using a simple duality argument, (31)
and (32) imply

1/2
(33) TSNy < 4p (Z Iﬂk*flz) . l<p<os,
J

p
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where 1/p + 1/p' = 1. Let g(f)*(x) = X, |u; * f(x)]2. We want to
estimate the L?-operator norm of the sublinear operator g.
If p = 2, we obtain from (17)

(34) 18Nz = 1Tmo fl2 < IMollooll fll2 < C(a, Q)| f1l2-
For p = oo, we observe that
(35) 1g())N = (Vxg) * f(x)| = ”Zug lun * f(x)],

where u, is defined as in Lemma 4. This in combination with Lem-
ma 4 implies

(36) llg(Nlleo < sup [l nllacll flloo = 2Q(B)|floo-

Interpolation between (34) and (36) yields

I8Nlp < C@,0, DI Sflp, 2<p <005
hence, by (33), also

(37) 1Tmof1lp < C (0,0, DI A

at least for 2 < p < oo, but by passing to the adjoint operator T}, , we
get (37) also for 1 < p < 2. This concludes the proof of Lemma 4. O

Proof of Proposition 1. Let p=1—-¢ € ]1/2,1[. From Lemma 2 (ii)
and (13) it follows easily that the family {7?} in an admissible family
(in the sense of [12, Ch. V]) on every strip —¢ < Rea < N, N > 0.
Thus, choosing N sufficiently large and interpolating the estimates in
Lemma 2 and Lemma 4 between Rea = —¢ and Rea = N, we obtain

(38) 1T fllp < Ce(p,a(B), QB flIp
for any 1 < p < 2, hence, by duality, for any 1 < p < co. But,
(39) mi_ (&) =U " m(&)]|,_,

1 1 [ _,dm(s&)
RO g, 6 g

Moreover, (¢ - V)*m(&) 1s given by [5, p. 51]

(& V) m(&) = r_(-:la_)/loo(s — 1) lm(sé)ds if —1<a<O0.

By partial integration, we see that

€9y mE) = preas [ G-

—adm(sS) 4
ds
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forO<a<l1 A comparison with (39) shows that
( m(é / (s—=1)" ( <) ds
= mt &) = g [, =17 m(Sé) ds.

Since [;°(s — 1)"?~1ds < oo, this together with (38) implies
”T’(f-V)"f”P < C,D(p, g, Q)”fllp 0

(& V)Pm() = mi_(S) +

3. Examples: The /9-unit balls. In the sequel, let 1 < g < oo be
fixed, and let
B, =B ={xeR":[x]|; <1}
be the unit ball with respect to the /9-norm |x|, = (3 |x;|9)1/4 (resp.
|X|oo = max |x;|, if g = 00).
Let k(n) = k4(n) denote the volume of BJ. A straight-forward
calculation, using induction on n, easily yields (g < co)

w s B (5)

Choose m = my(n) > 0 so, that the body B, = mB, has volume 1.
(40) implies m ~ n'/9 up to a constant a, (see [4]). Of course, if
q = o0, we have k(n) = 2", and m = 1/2. Let us determine the
constant L mentioned in (5):

Because of the symmetry properties of ﬁq, we have for any & € §7~!

/gq@,x)zdx:;/gqéfxfdx: (Zfz)/ xtdx = /Bx,%a’x,

q

and so we may choose S(B;) to be Bq, and obtain for L = L(By)

m
L? = /~ x2dx = 2/ x2(m? — |x,|9) Ve, (n — 1) dxy
B 0

q

= 2m"+ 2k (n—1)3(3,” 1+1),
7 q

where B denotes the Beta-function.
Since m"x,(n) = 1, this yields

L?=2m 2——Kq(”_1)3(3,—”‘1+1>~A§
Kq(n) a 4
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by Stirling’s formula, and so by (5)
(41) a;'4, < o(BP) < a14,,

at least for ¢ < co. However, for ¢ = oo clearly L? = 1/2, hence
%) ~ (2v3)7!

In order to estimate Q(E{}), we adapt an idea from [4]: Let 7 :

[0, co[— [0, 1] be a smooth function satisfying the conditions (g < oo)

(42) =1 on [0,m?],
(42) 7=0 on[m?+1,o,
(42)" -2<7<0,

and set K(x) = 7(3_|x;|7), x € R". Note that by (42) x5z <K, and by
(42)' (m9+1)Y4B, c (1+c¢/n)B; =By, hence ||K||: < C. Moreover,

we have

(43) Vol (ne(By) = L[| 2%

|,

This is in fact true if B = Bq is any convex body and K any function
which is 1 on B, non-increasing with growing distance from B, and
such that 0K/9¢ is integrable: We may assume without restriction
that £ = ¢,. Then, adapting the notations from the proof of Lemma

I ‘ for all £ € S™1,

4,
oK ax) | oK
(x t)l dt = b(x) 57 —(x, t)' a’t+/_oo W(x,t)' dt
=K(x,b(x))+ K(x,a(x))=2
hence

H 52|, = = 2Vol,_ (nz(B)).

In order to estimate ||0K/d&|| L1, observe that
0K/0& = qv (3 1x;17) - 3 & sen(x))ls 147,
J
and hence

loK/0&|| < 24  sgn(x;)|x;]?" !

csgn(x;)|x;|97 dx
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However, Khintchine’s inequality

1/2
Z Zgja]<c(z ) . aeR,

==+1|j=1

implies
1/2
l6K /8¢ < Cq / [Zézlx 7 ”} dx

1/2
ca [/N Zéfllezw-”dx}
g

by Holder’s inequality, since Vol, (Eq) < C. Because of the symmetry
of B,, this yields

12
|0K/OE|| < C'q - [/: lxnlz(q‘l)dx] ,

q

and hence, because of (4), (5), (41) and (43),
(44) OBj)<Cq, 1<g<oo,

independently of n. So Theorem 1 implies

COROLLARY 1. Let 1 < g < oo. Then for all f € LP(R")

Mg fllp < Co, ) fllp, 1<p =< oo,
independently of n.

What can be said about the case g = oo?
In this case, an easy geometric consideration shows that for any
& e §"1 (see also [1], pp. 41, 45)

Vol,_;(n(B ZVOIN &, n(F)),
where summation is over all faces F of the cube Eoo whose out-

ward normal n(F) satisfies (¢,n(F)) > 0. So, if we choose ¢ =
n=12(1,1,...,1), we get

Vol, 1 (me(Boo) Zz,
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~

The same argument easily shows that Vol,_(n,(Bx)) < v/n for any
n € S""!, and we get

(45) Q(Bg) = vn.

So, our criterion gives a bound for || Mp. |5, which grows with n.
Let us conclude with a direct consequence of our results, which

appears a bit surprising at the first glance (we do, however, not claim

originality for this result). Let Z(E;;) denote the surface area of Eg.

COROLLARY 2. If 1 < g < oo, then c/n < Z(l}g) < Cq+/n, whereas
2(BL) = 2n.

Proof. By Cauchy’s surface formula [1, p. 48]

2B = oy [ Volaei(ne(B) de
(B?) oy nka(n) oo
< WE-T)Q(B(I) = JQ(TI_)Q(B")’

hence, by (40), (44), for g < oo

X(BI) < Cyvn.

Moreover, it is well known [1, p. 104] that the Euclidean ball has
minimal surface area among all convex bodies of given volume, and
Z(B}) = m"1E(BY) = m"n - ky(n) = n/m ~ c - /n by (40), where
m = my(n). So we also obtain

I(B}) > X(BY) ~c- Vn. o
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