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INEQUALITIES FOR POISSON INTEGRALS WITH
SLOWLY GROWING DIMENSIONAL CONSTANTS

Loukas GRAFAKOS*, ENRICO LAENG**, AND CARLO MORPURGO™***

Abstract

Let P: be the Poisson kernel. We study the following LP inequality
for the Poisson integral Pf(z,t) = (P: * f)(z) with respect to a
Carleson measure p:

1
HPfHLP(Ri+1,du) < Cp,n‘%(/’l‘) P Hf”LP(R",d:v)v

where 1 < p < oo and k(u) is the Carleson norm of p. It was
shown by Verbitsky [V] that for p > 2 the constant c¢p ., can
be taken to be independent of the dimension n. We show that
Can = O((logn)%) and that cpn = O(nii%) for 1 <p <2
as n — o0o. We observe that standard proofs of this inequality
rely on doubling properties of cubes and lead to a value of cp n

that grows exponentially with n.

1. Introduction

The object of study in this article is the following Carleson measure
inequality [C1], [C2], valid for 1 < p < o0

(1.1)

1
||Pf||LP(Ri+17d#) < Cp,n“(ﬂ)p ||f||LP(R")a

where 1 is a Carleson measure on R”"! with norm s(u) and P is the
Poisson integral of a function f on R™.

We begin by recalling these notions and establishing notation. We
denote by B(zo,r) the closed ball in R with radius r centered at x.
The Carleson tent T[B(xo,7)] over the ball B(zg,r) is defined as the
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set of all points (z,t) € R x RT such that |z — zo|> + ¢ < r%. De-
note by |K| the Lebesgue measure of a set K in R™. A Borel mea-
sure p on R’ is called a Carleson measure if its Carleson norm r(u) =

sup{% : 29 € R™ 7 > 0 is a finite number.
05
We define the Poisson integral Pf, i.e., the harmonic extension of f

to R’}FH, as the convolution

12) Pl =P f@) = [ Pe-n)iwady
where the Poisson kernel is defined, for all a > 0, z € R by
Tna . r (nTH)
1.3 Po(z)= — "% with ~,=-—2"7,
(1.3 )= e M =

The Lebesgue measure of the closed unit ball B(0,1) and the surface
measure of its boundary are denoted by
T3 27s

m, Wp—1 = |3§(0, 1)| = T%)

Verbitsky [V] gave an elegant proof of (1.1) that yields a constant ¢ ,,
independent of n whenever p > 2. The starting point of Verbitsky’s
argument is the use of interpolation and duality to derive (1.1) from the
equivalent inequalities

1
(1.5) 1P fll 2o gt gy < €600 2 (11| 2.

(1.4) Q,=|B(0,1)| = = nf,.

* 1
(L6) 1P (9, 1)l ey < €A)H1g1 o s

for some absolute constant ¢’ independent of n, where P* is the Balayage
operator defined for functions g on R’}rﬂ by

Po)@) = [ P = )alo.b) du(o.b)

Using the semigroup property for the Poisson kernel,
(1.7) / Pt —z)Py(T —y)dT = Paoyp(z — y),

Verbitsky obtained (1.6) with ¢’ independent of n for characteristic func-
tions of subsets of R’ and this is enough to establish (1.6) for general
p-measurable functions g (see [SW]).

The following theorem is the main result of this article, which grew
out of our attempts to extend Verbitsky’s theorem to the case 1 < p < 2:
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Theorem 1.1. For1l < p < 2 the following Carleson measure inequality
holds:

11 1
(1.8) WP Fllognst any < Conr ™2 6(u) 7| fll Lo @n),
with Cp, independent of n. For p =2 the following holds:

(1.9) 1Pl gt gy < Cllogm) () |1 F]l ey

with C' independent of n.

We observe that the estimate above is sharper than those obtained
from the other known proofs of the Carleson measure inequality (1.1)
(see, e.g., [A], [C2], [G], [H], [N], [S]); these proofs yield constants that
grow exponentially in n.

The authors would like to thank Igor Verbitsky for pointing out this
problem to them and for sharing some of his ideas with them.

2. An integral formula involving Poisson kernels

In order to extend the arguments in [V] we are lead to consider the
equivalent inequalities for k = 3,4,5,.

P, oty < &k, n)r(n) IIfIILﬁ

Rn+1 dp) —
N _ k1
[P (gvﬂ)HL’“(R") < e(k,n)r(p)* ||9||Lk,1(R1+1,d#)v

* 1 n
1P* (x s 1) | L imy < e, () T p(E)F, vV ECRY

For k = 2 these inequalities hold with ¢(2,n) < ¢z, < ¢z independent
of n, due to [V], (see (1.5) above). Our goal is to obtain good esti-

mates for the constants c¢(k,n) for all k = 3,4,... and then use the
Marcinkiewicz interpolation theorem to deduce (1.1).
Since

1P el = [ H Py (@) — ) dr dp(ar,a) ... du(an, @)
our first task is to derive a workable formula for

k
/ H Py, (xj —7)dr,
R 5

which, in the case k = 2, is computed explicitly via the semigroup prop-
erty. In this section we prove the following:
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Proposition 2.1. Let P,(x) be the Poisson kernel, as in definition (1.3).

Then, for any a,...,a; € (0,00) and for any x1,...,xr € R™, we have
k
/ HPaj(T
Bt
n—1
_ Way...ap / / (uug ... ug) 2
(2.1) (k= 1) +5 (ur +ug + - +up)?
X gl — )
x Exp | — Z a?uj _ 1=i<isk du ... dug.

UL + Uz + -+ Uug

In particular, when k = 3, the formula above can be written as

/nPa(T —2)Py(T —y)Pe(T — 2)dr

_ abc/ / / (uvw) =8
u—i—v—i—w%

x Exp {— {a2u + %0 + Fw

(2.2)

+uv|x—y|2+uw|x—z|2+vw|y—z|2}] dudv dw,
U+ v+ w

and when k = 2, we have

(2.3) . Pt —xz)Py(T —y)dr

oo ptoo 71 2 2 2
wy _
_ —{a*u+b v+ u+v\z y| }du dv.
7r2+1 u+v

Proof: We start from the “subordination” formula
+oo 2
:/ Ba(u)e 21 dy
0

Ba(u) = —gze U2

where

which can be easily deduced using the definition of the Gamma function.
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The integral on the left hand side in (2.1) can now be rewritten as

(2.4)
k
/ HPa]. (1 —z;)dr
RG]
k 400 ,
= L (w)e T m ) dr
Ba, (u;)
R 55 \Jo
al n—1

oA <k 2 2
= <n+1>k/ / (uy ... ugp) 2 e 2=l wtulm=2 gy duy dr
T2 nJ [0,00)F

ai...ag n—1 _ k 2
= W/ (ur.. . up) 2 em st G
T 2 [0,00)%

X [/ e~ Zimwlt=ail® gl duy L dug..

Let us now rewrite the inner integral inside square brackets using Carte-
sian coordinates, namely 7 = (71,...,7,) and z; = (z1,...,%jn). We
obtain

/ e~ S uglr—a;)? dT/ e*{ul(‘rl*111)24’“2(71*121)2+"'+Uk(71*1k1)2} o
n n

n
et m) b=z b —en)) gy dry L dry, = [ 1
r=1

where, for each index r = 1,2,...,n, we have defined
—+oo

(2.5) I, = / e~ (AT =2B7+C) dr,

with

A=u; +ug+---+ug
B = B, = u1®1, + U2%2 + - + UpTpyr

2 2 2
C =C) =wal, + usxs, + -+ + Upli,-
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We claim that, for each choice of the coordinate index r = 1,...,n
we have

B2 - AC = BE - ACT = — Zuiuj(x” - Ij,«)2
i<j
where the sum is taken over all possible pairs of distinct indices ¢ and j
both running from 1 to k (there are k(k — 1)/2 of such pairs). In fact
this claim is easily checked by observing that in B2 — AC all the square
terms of the kind u?z?2, cancel out, while the remaing mixed terms can be
collected in groups of three, each group giving —u;u;(z3. — 222, —l—arfr).
Now, completing the square in (2.5) we obtain

“+o0 S g (@ — )2

B2_aAc B2 T 2 Wit (Tir — Ty

IT:e A / e_A(TT‘_Z) dTr = ) wy -+ tug
— Uy + -+ ug

which implies that

n

n 2
k 2 T 2 Yicj uiujlzi—ajl
e~ Zj:l ujlT—xj] dr = ———M e EEEREETA—
n Ul + e + Uk

Using this identity in the square brackets in (2.4) and simplifying, we
obtain (2.1). O

Remark. The reader may wonder if it is possible to obtain a formula for
the left hand side in (2.1) that does not involve any integrals, something
analogous to (1.7) for k¥ > 3. When n = 1 using residues (plus some
involved algebraic manipulations) we were able to show that

/ Pt —x)Py(t —y)P.(T — 2)dr
R

- #lwpaﬂ(x — 2)Poyely — 2)
i mﬂﬁc@ — 2)Puts(z — y)
I mpﬁc(:p — 2)Pays(z —y)
gy abelatbio) Puiale ) Pagele ) Phiely — 7).

(a+b)at+c)(b+c
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Unfortunately, for n > 1, an integral-free formula of this sort is dif-
ficult to obtain. It seems that the size and complexity of the formula
grows quickly with n, and furthermore, there is no obvious “leading
term” to be used in our estimates as n — oco. On the other hand we will
show that (2.1), after some manipulations, suffices for the purposes of
the proof of Theorem 1.1.

3. Proof of Theorem 1.1: the case % <p<2

For clarity of exposition we first give a detailed proof of Theorem 1.1
in the case 3/2 < p < 2. In the next section we indicate how the same

technique can be adapted to the case p € (%, 2), any k=4,5,... .

Let us start by showing that the Balayage operator P* satisfies the
following estimate for all Carleson measures p, for all y-measurable sub-
sets E of R’ffl, and for alln =1,2,...,

(3.1) 1P* (X, )| [Fa ) < 0 k(p)?u(E),

for some absolute constant ¢””. Once (3.1) is established, using duality
and [SW] we obtain for some other absolute constant ¢/

1 2
(3.2) ||Pf||Lg,m(Ri+1ﬁd#) < ") AN, g )
and thus, by the Marcinkiewicz interpolation and (1.5), Theorem 1.1

follows in the case 3/2 < p < 2.
We have

(3.3) ||P*(XE7N)||%3(R")

- /E3 /n P.(t — 2)Py(T — y)P(T — 2) d7 dpu(x, a) du(y, b) du(z, c).

We will use the following modification of formula (2.2):

Lemma 3.1. The integral in (2.2) can also be written as

/n Pt —xz)Py(1t — y)P.(T — 2) dr

n—1 n—1

F(”§3)ac bt (I—t)"t7= (s(1—s))= .
s ’ /o /o (a2t + (1 - t)B2 + (1 — t)|x — q2}"*2 ad

i
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where
(3.4) B? = B*(s,y,2) = b*s + *(1 — 5) + s(1 — s)|y — 2|?
(3.5) qg=q(s,y,2) =sy+ (1 —s)z.

We will also need the following estimates:

Lemma 3.2. The following inequalities hold for « > 0, 3 > 0, v > 0
such that 3 > o and v < 4+ 2 and for any D € R.

/1t°‘(1 —t)%{a*t+ (1 - t)B* + (1 —t)D*} " dt
0

1! —y+1
< t“ 2+ (1—8)B2+t(1 =)DV " at
<= (1—t)7 {a®t+( ) B~ + t( )D?}
< (1 — )P B 4 t(a® + D)} " dt
_aB/ (B2 +t(a? + DY)}~

The proofs of these lemmas are postponed until the end of this section.

Returning to the proof of (3.1), we split (3.3) in the six regions a <
b<c,a<c<bb<c<ab<a<cc<b<a, andc<a <Y
by symmetry we need only consider the region over which a < b < ¢
Following [V] we write

* -1
[1P*(xes 1)l 25 ey (GH(E))

<sp [ A [ pEea)
(3.6) (2,0)EE R"X(O,c][ R™x (0,b] JIR™

X Py(T — y)Pe(r — 2) d7 dp(z, a)] du(y, b).

Observe that a

<
fixed s, (y,b), and

b < c implies a < B. Applying Lemma 3.2 for each
(z,¢), with B and ¢ as in (3.4) and (3.5), D = |z —q],
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a=(n-1)/2, 3=nand v =n+3/2, we have
(3.7)

T (n+3 ! th (1=t
/ (njf)abc/ ™ ) — = dt du(z, a)
o) ™o (a2t (1—t) B2 t(1—t)|z—ql2)"

bel' 1—¢)71/2
</ C@iﬁ/ k) - dtdu(,a)
Rrx(0,0] BT 0 (Bz +t(a2+ |z — q|2))"+§
be 1—t
< (n+3) U(n+3 // / # dt dr du(z, a)
B”]Tn+2 R7HB2 1t (a2 4|2 —q|2) rnt3

et 1 (oo o (2))))

n—1 1
t7z (1—-t)" 2
" z ( )2

l\)\»—t

dtdr du(z,a)

rnta
be(n+3)T (n+3
= fharli) BW"*z / /Bz
1 1
X Mdtdrdu(m a)
prtd
“@+9PW+@/VWH—M%A
B t72(1—t)"2dtdrd
) e T Gt o ), e -0 ddrda(ona
be (n+ )T (nd
= w2l 2)T ()
Bn+2ﬂ- >
b L\ (ntl
:,g(lu) c(n—|—2) ( 2 )

T (b?s+c2(1—s)+s(1—s)|y— z|2)%Jrl
Next, observe that the following identity holds:

! be(s(1 — s))anl
(3.8) /0 (025 + 2(1—5) + s(1—8)|y — 2]2)3 L ds
_ ! (b+0)

TG [0+ 02+ |y — 22
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In fact, by the semigroup formula for the Poisson kernel and (2.3) we
have

JrOO JrOO 71 2 2 2
_ wv _
Pyie(y —2) sy (bTudevt 25 =217 gy, do.
3 +1 (u —i— v)

On the other hand, after the change of variables v = Au the above
quantity becomes

n—1

b +oo = too
ﬂi_l/ A = d)\/ uZe Ve duy
2 o (I+A): 0
bl (2+1) /+°° A i
Cowstt oy (TN EWEH

where W = b% + 2\ + 1J%A|y — 2|?, and the further change of variables
s=1/(A+1) (and therefore A = (1 — s)/s) gives

r(2+1 be(s(1 —s)) "=

Pb-‘rC(y_Z) = (2Ll+1 ) / 2 2 ( ( )) N1

e o (BPs+c(1—s)+s(l—s)y—2z*):

We now apply Lemma 3.1 in the inner most integral in (3. 6) and then

use estimate (3.7) integrated with respect to (s(1 — s)) T ds du(y,b)
on [0,1] x R™ x (0, ¢] and identity (3.8) to obtain

(3.9)

Lo ==t =t sy

(H%)F(”T“)/ Yo 3 (b+0)
et T (541) [(b+ ¢)2+ |y — 2|

ds.

e dp(y, b)

s GHINC S Y c )
r b+ ly— 2P

C

sup

Yn = dp(y,b) < Ck(p)
(z,c)ERi+l /Ri+1 [(b + 0)2 + |y - Z|2] %

for some absolute constant C' independent of n. Therefore (3.9) is
bounded above by some absolute constant independent of n times

Ii(,u)2 (TL + %) r (nTH

) 2
F(%—l—l) ~ K(p)*Vn
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as n — 00, by the well known expansion I'(z) /T'(z+a) ~ 2z~ for z — oo.
This last bound for (3.9), together with (3.6), proves (3.1) and hence
Theorem 1.1 in the case 3/2 < p < 2.

Proof of Lemma 3.1: We start with the following n-dimensional identity

ly—z |z—z* |y—zP a+p i a |
3.10 + = _ _
(3810 =3 3 a+8 " ap ' a+p’ a+p”

which is valid for all z, y and z in R™ and for all o, 3 > 0 and can be

verified by a straightforward calculation.
We now apply (3.10), with o = utvtw and 8 = m, to the
U uw

first two terms of
wlr — y|? + uw|r — 2|? + vwly — 2|?
U+ v+ w

which appear in the exponential factor in (2.2). Adding up the third
term of (3.11), simplifying, and plugging back into (2.2) we obtain that

/nPa(T —2)Py(T —y)P.(T — 2)dr

Feo phee oo () ;1
T ontd / / / u—l—v—i—w)

(3.11)

xExpl—{au—l—b%—l—cw—l— |y—z|2
2
u(v—l—w)’ S < }1 du dv dw.
u+v+w v+ w V4w

The change of variables v = Au and w = pu transforms the above integral
into

b +oo +oo ; +oo
(3.12) =€ / / 1“: E d)\du/ utre W gy,
W

where

Al A+ A I 2
W =a?+ \+u+-———y—=z? _
a®+ +cu—|—/\ ly z|+1+)\+ua@ )\+,uy+/\+uz

Expressing the inner 1ntegra1 in (3.12) as a Gamma function we obtain

—1

abcl n+ oo poo )7
_d\dp.
n+2 1+)\+u) 2 Wt
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1
Now let us set t = ———— and s = ——. This is an invert-
14+A+p At p

ible transformation of the first quadrant of the (A, ) plane onto the

1-t¢
square (0,1) x (0,1) of the (¢,s) plane. We have A = s( ; )

_A-n-s) , 1t

, while the Jacobian of the transformation is 3

Collecting and simplifying the various powers of ¢, (1 —t), s and (1 — s)

and

that appear we deduce that / P,(1 — 2)Py(T — y)P.(T — z) d7 is in fact

n

equal to the expression in the statement of Lemma 3.1. O

Proof of Lemma 3.2: To prove the first inequality, we scale the param-
eters involved so that B = 1 and thus 0 < a < 1. We need to show
that

o(1— )8 1 1
o {a2t+(1 —t)+t(1 —t)D2}"~ 1( a?t+(1—t)+t(1 —t)DQ) “

_ 1 ! ta(l_t)ﬁ 2 2
= 5/0 TN Ty (a*t+1—t—a+t(1—1t)D?) dt.

But a’t+1—t—a+t(1-t)D?*>a*t+1—t—a= (1—a)(1—t(1+a))
and therefore we need to show that

' (1 — )P
/0 {a2t + (1 —t) +t(1 — t)D2}) (1= (1+ajt)dt>0.

Asa’t+ (1 —t) <land 1— (1+a)t>1-—2t it will be sufficient to
prove that

1
t*(1 —t)8
dt > 0.
/0 {1+t(1—t)D2}”( 20)
We split this integral in the parts from 0 to % and from % to 1. Switching
variables t — 1 — ¢ in the second of these integrals we obtain

{1 +t11_—tt)))pz}v (L=t)* —t7=*) (1 —2t)dt > 0

and the first inequality in the lemma is proved. Note that here we have
used the hypothesis g > «.
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To prove the second inequality in Lemma 3.2 we start with the ele-
mentary fact

a’t+ (1 —t)B*> +t(1 —t)D? = B> —t(B* — a*> — D?) —t*D?
> B? —t(B* — a® — D?) — t*(a® + D?) = (1 — t)[B% + t(a® + D?)]
which yields
{2t+(1 = t)B>+1(1 — t)D*} " < (1—t) " B2 +t(a®> + D*)} .

Multiplying both sides by (1 —#)? and taking the integral from 0 to 1
with respect to the weight t* we obtain the second claimed inequality
in the lemma. Note that the exponent 8 — « 4+ 1 can be negative, but
8 —~v+ 1> —1 by our assumptions, so that integrability in ¢t = 1 is
guaranteed. Lemma 3.2 is proved. O

4. Proof of Theorem 1.1: the general case
In this section we outline how to derive the estimate
k—2

(41) P Ceps sy < CHD 0 T k()F T (B), |k =4,5,...

for some absolute constant C' > 0, independent of n and k and for all
p-measurable subsets E of R’}rﬂ.
As a consequence of (4.1) we obtain

[

3 1 k=1
42 IPI ey sy < ARG I,

for all k = 3,4, ... . These estimates extend (3.1) and (3.2), respectively.
Once (4.2) is known, we deduce (1.8) as follows: for a given p € (1,2)
we find a positive integer ko > 4 such that ko/(ko — 1) < (p + 1)/2.
We use the Marcinkiewicz interpolation theorem to interpolate between
estimate (1.5) (i.e. p = 2) and estimate (4.2) with p = ko/(ko—1). Using
a good value for the interpolation constant (see for instance the value of
the constant in [G, p. 33]) we obtain (1.8) with Cp, = (p— 1)~%. We note
that the standard proofs of (1.1) yield the constant ¢, ,, = C (p—1)"'n°"
(for some absolute C' > 0 and ¢ > 0), which grows much faster in n, but
blows up at a slightly slower rate when n is fixed and p — 1.
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In order to work with (4.1) as in the case k = 3, we need a suitable
generalization of Lemma 3.1 for arbitrary k. First, we have

n—1

_ may...ak / (urug ... ug) "2
rk=D8+5 Jio oy (ur +ug + -+ +ug)?

k-1
(ug + -+ + up)ups1

Uy + e Uy

T1UL + -+ Toug

duy...du
u1+...+ue 1 k

X

To41 —

which can be obtained from the n-dimensional identity (3.10) working
in a recursive fashion as in the proof of Lemma 3.1, until the k(k —
1)/2 distances appearing in the original formula (2.1) are “squeezed”
together into k — 1 distances. Note that in the case k = 3 we applied

(3.10) just once.
Next, if Ay, denotes the (k — 1)-dimensional simplex

k
Ay = v:(vl,...,vk):ijO,Zvjzl
j=1

then the change of variables u = pv with v € Ag and p > 0 yields
k
/ HPaj(T —x;)dr
n i

alaQ"'a’“F(le"+§)/ (01 ... 05) "
Ay

- kE—1 k
Tz "2

N

—1
(1 + -+ ve)vess

U1+ Vg

k
X av; +
377
Jj=1

~
Il

1

k-1, k
3 N3

X |Xpp1 — x101+ - +xpvpv1+ - U] dvy ... dvg.
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The further change of variables v; = (1 —t)s;, j = 1,2,...,k —1

v = t, with s = (s1,...,8k-1) € Ag—1 and t € [0, 1] gives

3 3

k—1 k
mz 2

x/ /1 (1 — )" k=202 (g . sp_y)™T dtds
ELl, ik
Ao (a2t (1= )B2+t(1 — t)]ag —qif2) = "7

/ ﬁPaj(T—xj)dT: mas...axl (FEn+ 5)
n jil

with
Gk = %181 + -+ Th—15k—-1
k-1 k—2
2 2 (s1+ -+ 50)Se41 z181 + -+ 48y
B; = a;s; + Toy1 —
k 597 +
j=1 = St T sen S1F S

and this is a suitable generalization of Lemma 3.1, with the property
that By is independent of ¢, x, ag.

k-1

-1
We now apply Lemma 3.2 with a@ = nT, B =

k-1
v = Tn + 5 and proceed as we did in the previous case k = 3,

assuming ax < ax—1 < --- < ay. We obtain

n+k-—2,

f—

1 n—1 k-1
T (1—t) T n+k—2
/ Cbk/ ( ) e —y dt du(zy., ay)
B (Oar1) SO (a2t (1—t) B2At(1—1) |z, —qpf2) = "2

(u)En/2 (Bl 4 & — 1) T (U=2eh)

k=2, k41 k—1)n
(B) = "tz F(( 21) +%)

<

K(M)Fn/%—lr ((k—2)2(n+1))

= (BI%)¥"+%F ((k71)2(n+1) . %) .
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Iterating this estimate k& — 3 more times, and doing one last estimate
as in [V, equation (13)] we get, for any k > 4, that

k
1

Onut T (8e)  p (=)
a (%n+§—1)_1r(%_%)r(w_%)
L T+1) ()
F(n+3)T(5+1)

which is of the order of
k() 1/ (k= 1)!(n + 1)¥+% ~ Ckm(u)kfll"(k)%n¥.

Since this estimate is uniform with respect to (x1, a1) we obtain (4.1).

To prove (1.9) we first note that applying the Marcinkiewicz interpo-
lation theorem between (1.5) (i.e. p = 2) and the trivial p = co estimate
yields

1 it 1
(43) Pl gy < €9P 0~ 2 R(0) ||,
for all p > 2. Finally, using the Riesz-Thorin interpolation theorem, we

—1
interpolate between (1.8) with p = 2 and (4.3) with p = (% - $)
(n > 10) to obtain (1.9).
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