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A NOTE ON GENERALIZED FUJII-WILSON CONDITIONS AND BMO
SPACES

SHELDY OMBROSI, CARLOS PEREZ, EZEQUIEL RELA, AND ISRAEL P. RIVERA-RIOS

ABSTRACT. In this note we generalize the definition of Fujii-Wilson condition providing
quantitative characterizations of some interesting classes of weights, such as Ao, AY*
and Cp, in terms of BMO type spaces suited to them. We will provide as well some self
improvement properties for some of those generalized BMO spaces and some quantitative
estimates for Bloom’s BMO type spaces.

1. INTRODUCTION AND MAIN RESULTS

Given a weight v, namely, non-negative locally integrable function in R™, and a func-
tional Y : Q@ — (0, 00) defined over the family of all cubes in R™ with sides parallel to the
axes, we define the class of functions BMO, y by

BMOuy = {f € Lioo(R") : [|fllB70, 5 < 00}

where

Y(Q)

and, as usual, fg = ﬁ fQ f denotes the average of f over Q. In the case that Y(Q) = v(Q)

for every cube @, a classical result due to Muckenhoupt and Wheeden in [MW76] asserts
that

1
1£lBrt0, 5 = Sup / f — folv < oo,
Q Q

BMO = BMO,,,

holds whenever v € Ay. Also the case of Y (Q) = w(Q) for some weight w and v = 1
was considered in [MW76] and independently by J. Garcia-Cuerva [GCT79] in the context
of Hardy spaces!. Later on, S. Bloom’s [Blo85] also considered this special case in the
context of commutators and used the notation BMO,, to denote the space BMOq ,,. We
remit the reader to [GCHST91, HLW17, LORR17, LORR18, Hyt, AMPRR] for the latest
advances and related results in that direction. The unweighted case v = 1 and Y (Q) = |Q)|
corresponds, obviously, to the classical BMO space of John-Nirenberg [JN61] and in that
case we shall drop the subscripts.

More recently it was established that I : BMO — BMO,,,, is bounded with norm at
most ¢, [w] ., namely

(1.1) [ £11BMOw, . < €n [wla., [IfllBMO
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where [w] 4., denotes the Fujii-Wilson constant defined by
(1.2) [w]a, == Sup / M( wXQ

and the dependence on [w]4,_, is sharp. Deﬁmtlon (1.2) was introduced in [HP13] where
estimate (1.1) was obtained combining the classical John-Nirenberg theorem and the op-
timal reverse Holder inequality obtained as well in [HP13], namely, if w € Ay, and if

r(w) =1+
= T
then,

(1.3) <]é wr(m)“l”) < 2]le

with 7,, a dimensional constant that we may take to be 7, ~ 2™.

Up until now it was not known whether (1.1) would still be true for general weights, in
other words, whether the emdedding I : BMO — BMO,,,, would hold for weights beyond
the A, class. Our first result gives a negative answer to that question providing a new
quantitative characterization of Ay in terms of [w] 4, and the BMO class. We recommend
[DMRO16] for a detailed account on characterizations of A. Actually, we are going to
present a more general result that encloses the aforementioned results as particular cases.
For that purpose we introduce here the following variation of the Fujii-Wilson A, constant
(1.2).

Definition 1.1. Let v be a weight and Y : @ — (0,00) a functional defined over the
family of all cubes in R™. We define
(1.4) I sup / M(vx,)-

When the supremum above is finite, we say that vEAxgy-

We include here some examples that motivate this definition and that will be used later
on.

(1) Y(Q) := w(Q). This corresponds to the Ay class of weights. See Section 2.1 for
a more detailed discussion on this subject.

(2) Y(Q) := w(2Q). Associated to this functional is the so called weak A, class of
weights and will be treated on Section 2.2.

(3) Y(Q) := M(XQ)pw. Associated to the C), class of weights, see Section 2.3.
RTL

1/r
4) Y(Q) = w(Q) = |Q| <|Q|/ de) , 1 < r < oo. Also related to the Ay
class which produces more precise estimates as shown in Corollary 2.1.

Theorem 1.2. Let v be a weight. There exist some dimensional constants c,,Cy inde-
pendent of v such that

(1.5) en [Waey < sup lblBMo, y < Cn [V]ay
b:|[bllBmo=1
In other words, we have that

Vo, y &= sup  SUp o~ /|b —b,|vdx
T blblsvo=1 @ Y(@ ¢
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We will present some interesting corollaries of this result in Section 2. We observe that
no condition is assumed on the functional Y : @ — (0, 00) nor on the weight in the theorem
above. However, for the next theorem we need to restrict ourselves to a special class of
functionals Y. Before introducing this special class of functionals we recall the notion
of L-smallness that was introduced in [PR] within the context of generalized Poincaré
inequalities.

Definition 1.3. We say that a family of pairwise disjoint subcubes {Q;} contained in a
cube @ is L-small if

Q|
(16) Slel< T

In that case we say that {Q;} € Sqg(L) or if the cube @ is clear by the context that
{Qi} € S(L).

This condition arises tipically when considering the Calderén-Zygmund decomposition
of the level sets of a non-negative function f in a given cube @) at level L > 1 under the
assumption JCQ f=1

We define now the following class of functionals.

Definition 1.4. We say that a functional Y € ), for ¢ > 1 if there exists ¢ > 0 such that
for any cube @ and any family A of pairwise disjoint subcubes of @ with A € S(L), the
following inequality holds

(17) S V(P oY (Q) (%) ,

and we will denote by f3,, the smallest of the constants c.

Remark 1.5. Our model example in this class is given by

1 V@ -w@= (g ] war) ol = / war) " gp

where r > 1. Holder’s inequality yields (1.7) with constant B, <1 and exponent g = .
We can now state the following theorem.

Theorem 1.6. Let w be a weight and let Y € Y,, ¢ > 1, namely a functional satisfying
(1.7). Suppose further that there is a constant ¢ such that for any cube Q

w(Q) <Y(Q).
Then if f € BMO, there is dimensional constant ¢ such that for each cube @,

1 1/p
(W/Q'f ‘f@|”wdw> < cpa Byl flmuo

We will show some consequences of this result in Section 2. Our next result can be seen
as an update version of the work [MW76] which is related to the BMO,, classes following
our notation. Being more precise we obtain quantitative versions of the results in [MW76].

w

Theorem 1.7. Let b € BMOy 4, namely supg ﬁ fQ |f — fol < .
(1) If w € Ay we have that for every ¢ > 1,

(it 5

1
q L

q . ! 1
w(m)dm) < callBllmnron walwl?, (w3,
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and hence for any cube Q
(1.9) |2 < clwla, 1 fllnos -

exp L(Qw)
(2) If we A, then,

<w(1Q) /, o pl w(x)d”T)

The remainder of the paper is organized as follows. Section 2 is devoted to provide
consequences of some of the main results and in Section 3 we provide the proofs of the
main results.

1
Y

1 1
- -7
< cnp/[IbllBmoy . [w] ) (W] -

2. SOME APPLICATIONS AND CONSEQUENCES OF THE MAIN RESULTS

2.1. The A, class. Our first Corollary provides interesting information related to A
weights. In particular we will provide a new characterization of the class via Fujii-Wilson
constant.

Corollary 2.1. Let w be a weight. Then

1
[wja,, =~ sup sup / |b(x) — bg| w(z)dz.
blblsvo=1 @ wW(Q) Jg

Our second corollary allows us to reprove known John-Nirenberg type estimates.

Corollary 2.2. Let w € Ay and f € BMO. There exists a dimensional constant ¢,
independent of f and w such that for each cube Q,

2.1 1 Pwd v <

(2.1) <m/@|f—fQ| w l“) < cpplwlas |l fllBMO
and hence

(2.2) 15 = fallp iquasts) < Cn wla 1/ lInio:

1/r
For the proof of the latter we consider the functional Y (Q) = w,(Q) = (Wl\ J. 0 wrdx> Q|

which satisfies Definition 1.4 with constants 8, <1 and exponent ¢ = r’ by Remark 1.5.
Hence by Theorem 1.6

1 1/p
(m/Q’f ‘f@‘pwdw) < cupr’ | fllenio

Finally, if w € A, the reverse Holder inequality (1.3) with » = r(w) so that v’ ~ [w]a_,
yields (2.1). Inequality (2.2) will be obtained from the following well known measure
theory argument. Consider a probability space (X, 1) and a function g such that for some
po > 1, ¢ >0, and o > 0 we have that

9/l Lo (x ) < €P™ P2 Do

Then for a universal multiple of c,

ol 2 o, < €

We conclude the section by mentioning that above argument cannot be so precise if we
use the more natural functional Y (Q) = w(Q) instead of the functional Y (Q) = w,(Q).
Indeed, if we check the details we would get an exponential growth e°“l4 both in (2.1)
and in (2.2) instead of linear cw]_,
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2.2. The weak A, class. Besides the example of functional displayed in (1.8) another
case of interest is the functional defined by the weak condition:

Y(Q) = w(2Q).

This is related to the condition introduced by E. Sawyer in [Saw82] by defining the
“weak” A class as those weights satisfying the estimate

w(E) < ¢ (%)510(2@).

This class of weights is very interesting since appears in many contexts like the theory
of quasiregular mappings or regularity fot solutions of elliptic PDE’s (see, for example,
[BI&T]).

In [AHT17], the weak Ao class was characterized by means of a suitable Fujii-Wilson
type Ao constant, namely

weak .__ su 1 w
i = s s | M)

Notice that the constant 2 in the average could be replaced by any parameter o > 1 as
shown in [AHT17]. It is also shown there that the following reverse Holder’s inequality
holds

(2.3) (][Q wr(w))’"d‘” < 2]£Q w.

with r(w) := 1+
T ~ 27,

Relying upon Theorems 1.2 and 1.6 and arguing as in the preceding section we obtain
the following corollaries

Tn [w

W where 7, is a dimensional constant that we may take to be
Aco

Corollary 2.3. Let w be weight. Then

w]4** ~  sup  sup / f(x) — folwdz.
| ]AOO FlfllBmo=1 Q w 2Q | al

Corollary 2.4. Let w € A&e“k, and f € BMO. There exists a dimensional constant cy,
independent of f and w such that for each cube Q,

(e

k
£ = fallop igymste ) < Co [0l 51 f1m3t0-

1/p
/Q \f—fQ!pwdx) < e Pl | fllmnto

and hence

2.3. The C, class. The (), class is a class of weights containing the weak A, class
considered above and hence larger than the A class. It is a very interesting class of
weights which is related intimately to the theory of singular integrals although very recently
in [ABES] appeared some application to PDE. Indeed, it is a well known fact that w € Ay
is a sufficient condition for the so called Coifman-Fefferman estimate, namely

(2.4) /n T* f(z)Pw(x)dr < cpp 1w . M f(z)Pw(x)dx 0<p<oo

where T™* is the maximal singular integral operator associated to the Calderén-Zygmund
singular integral operator T
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Muckenhoupt [Muc81] proved that w € A, is not necessary for (2.4) to hold. He showed
in the case of the Hilbert transform that for 1 < p < oo, the correct necessary condition
is that w € C), namely, that for every cube () and every measurable subset of £ C @,

|E]
Q|

Later on Sawyer [Saw83] showed that the C), condition is “almost” sufficient in the sense
that w € Cpy. implies (2.4) for 1 < p < oo. A natural counterpart for the classical
Fefferman-Stein estimate relating M and M7, the classical sharp maximal function, was
provided by Yabuta [Yab90] and slightly improved by Lerner in [Lerl0]. Recently, in
[CLPR] Sawyer’s result was extended to the full range 0 < p < oo imposing as a sufficient
condition that w € Cyaxf1,p)+ and including estimates for other operators as well. Similar
estimates were settled too for the weak norm relying upon sparse domination. At this
point, note that whether C), is sufficient for (2.4) to hold remains an open question.

A fact that makes the C), classes interesting is that weights in those classes are allowed
to have “holes”, namely to be zero in sets of no null measure, in some reasonable sense.
Examples of those kind of weights can be found in [Muc81, Buc90].

Very recently Canto [Canl8| settled a suitable quantitative reverse Holder inequality
for C), classes in terms of the following Fujii-Wilson type constant

(2.5) w(E) < c< >6 . M(XQ)”W

1

Relying upon that reverse Holder inequality it was also established in [Canl8] that if
w € Cy for 1 < p < g < oo then

17" Fll oy S Tl Tog (e + [l ) IM Sl

Our next Corollary, which is again a direct consequence of Theorem 1.2, provides a new
characterization of the C), class.

Corollary 2.5. Let w a weight and p > 1. We have that

1
Wy~ s swp e [ 17(0) ~ folwde
Cr Flfllemo=1 @Q fRn M(XQ)pw Q

3. PROOFS OF THE MAIN RESULTS

3.1. Proof of Theorem 1.2. We recall that a family of cubes S is n-sparse if for every
@ € S there exists a measurable subset Fg C @ such that

(1) nlQ| < |Eq|.
(2) The sets Eg are pairwise disjoint.

We will start by showing the second inequality from (1.5). We will rely upon a simplified
version of [LORRI17, Lemma 5.1] (see also [Hyt]).

Lemma 3.1. Let Q a cube. There exists a sparse family S C D(Q), where D(Q) stands
for the dyadic grid relative to Q, such that

1
o) = balxgle) < on 3 77 [ ) = bedye(a).
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Armed with that lemma we can argue as follows:

ﬁ/@\b—bmv < /QZ<|P|/ [b(y) bP!dy> Xp(x)v(r)dz
< cnmz (57 L 1060) = bolay) o)
P

Now, since b € BM O, we have that

v el < Coigy 3 (jaq [ o —orlan ) i)
< cubHBMoy(Q)Zv<P>
P
1 v(P)
< ||b E
S HBMOY(Q)PZG;S P |Ep|
1
< Iwvoggy 3 [, Mioxg)
PeS
1
< Illmoggy [ Mxg) < Pliolta.

This proves that

IbllBmo, v S [1bllBMO [0] 4 v

For the second part of the proof, let us denote

X = sup HbHBMOv,y'
llbllBMO=1

Then it suffices to show that [v], . Sn X and we shall assume that X < oo since

otherwise there’s nothing to prove. We note as well that from the definition of X it
follows that

(3.1) < X [bl] g

180 p3c0, ,
Taking this into account, we claim first that for every cube Q)
(3.2) v(Q) <4XY(Q).

We may assume first that v(Q) > 0, otherwise is trivial. Now, for a cube @ we let QcQ
be another cube such that £|Q| = |@|. Then (x

v(Q
Y((Q)) B Y(Q) /Q IXe — (Xg)alv < 2lxgllBymo, v

< 2X|xgllBmo < 4X,

Q) 0= 1 and we have that

from which the claim follows.
We now observe that to prove the theorem it suffices to show that there exists some
finite constant «,, > 1 such that for every cube @, the inequality

(33) a1 fyos (G ) veonte 0 x 0
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holds. Indeed, provided (3.3) holds7 and taking into account (3.2),

ﬁ /QM(XQv)d:v ~ /s <1 +log™ (%)) v(z)dx

Q@ L[ (ed@)
=7al tiarf, e (a%vcg> ()

v(Q)
Q|
< 3log™ (an)

. Y@
> 1Q

<3

v
log™ +— [ log™ <
(0) \Q! a0

@), Y@
o T

> v(z)da

X,

and this yields

1
W/QM(XQv)dx Sn X

Now, to prove (3.3) we note first that

\@r/ <aQO)”<m>dw:ﬁ LQlog+(;’£j;)v<x>dx

where Lo = {z € Q : v(z) > a2 vg} and «,, is to be chosen. Hence, settling (3.3) is
equivalent to prove that

1 oot v(z) v(2)dx Y@
(3.4) TIRG (Q%UQ> @) <X T

for appropriate constants a,, v, > 1.
Now, recall that if w € A; then log(w) € BMO. Furthermore, tracking the dependence
on the A; constant in [GCRAF85, Theorem 3.3 p. 157]

[Hog(w)l gy < 2log([w]a,)-
Hence, in particular, if we choose
vx 1/2
()"
vQ

it is well known (see for instance [GCRAF85, Theorem 3.4 p. 158]) that w € A; with
[w] 4, < dp,.

Hence, if we let
b=logw
there exists a constant a dimensional constant p,, i.e. independent of @), such that
1bllBnmo < Pn-

Observe that although b depends on @ its BMO constant is just dimensional. Combining
this estimate with (3.1)

: /
A | 10— bolv(z)dr < X [|b]] < Xpn,
Y(Q) o Q BMO
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namely

Y(Q)

Q-
In view of the preceding estimate, to settle (3.4), and hence ending the proof, it suffices
to check that for every x € Lg for a,, > 1 to be chosen we have that

1 v(x
(3.5) ) ~ ol > 3oz (24 )

][ |b—bg|v(z)de < Xpy,
Q

To verify this we observe first that combining Jensen’s inequality and Kolmogorov’s in-
1

equality with dimensional constant ¢, = 2HM||EI( (see [Gral4, Ex. 2.1.5 p.

100]), we have

1/2 1/2
bg :][ log w :][ log <M> < log ][ <M> < logc,.
Q Q vQ Q vQ

If we further assume that z € Lg, namely that v(z) > a2vg, where oy, is yet to be chosen,

we have
1/2 M 1/2
bo < log e, < log (L) “ o (M) < logw = b

R )— L1200 (Rn)

an(vg)'/? (vg)!/2
choosing «, = ¢,,. Hence, for these x € Lg

|b(z) — bg| = b(x) — bg > b(x) — log ¢, = log (M)

Cn

1 1 M 1 1
_ Log [ L (Mlx@)\ ]S Ly, [ L (v@ ]
2 2 08 2 2\ vg
This ends the proof of (3.5) and hence the proof of (3.4) with a,, = ¢, and 7, = 2py,.

3.2. Proof of Theorem 1.6. In this section we will present two different approaches for
Theorem 1.6. One of them is based in some new ideas from [PR] involving self improving
properties for smallness preserving functionals related to generalized Poincaré inequalities.
This was in fact inspired by the proof of John-Nirenberg’s lemma given in [Jou83]. Relying
upon this approach we will establish the following inequality

(3.6) (% /Q |f — fol? wdm) "< cnpg max {1, 8% } || f|lBmoO,

Even though that the estimate above doesn’t provide the best dependence on Sy we have
included its proof for the sake of the interest of the approach used.

The other proof that we will present here can be seen as a very interesting application
of the so called sparse approach for studying singular integrals. We remark that in this
BMO type estimate this approach provides a linear bound in terms of Sy, namely, we will
prove that

(ﬁ/cg\f—fcz!pwdwy < ¢n pq By || fllBMmO-

Unfortunately, this method does not work so precisely in the general scenario of generalized
Poincaré inequalities
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3.2.1. Proof based on the smallness property. As we announced above, in this section we
will settle (3.6). By homogeneity we may assume that || f|smo = 1,

1
(3.7) Taéu—mml

We may assume that f is bounded. Fixed one cube ). We can consider the local
Calderén-Zygmund decomposition of |f — fg| relative to @ at level L on @ for a large
universal constant L > 1 to be chosen. Let D(Q) be the family of dyadic subcubes of Q.
The Calderén-Zygmund (C-Z) decomposition yields a collection {Q;} of cubes such that
Q; € D(Q), maximal with respect to inclusion, satisfying

(3.8) L< @/Qj\f—fcz\dy-
Then, if P is dyadic with P D Q;

(3.9) %/P\f—fcz!dySL
and hence

(3.10) <0 / |f = foldy < L2"

for each integer j. Also note that
{2€Q: M7~ falxq) (@) > L} = Jo =

where Mg2 stands for the dyadic maximal function adapted to the cube . That is,

M) i=swf 1Fwl &y € QPEDQ)
Then, by the Lebesgue differentiation theorem it follows that

Ilf — fol <L a.e. v ¢ Qp

Also, observe that by (3.8) (or the weak type (1,1) property of M) and recalling our
starting assumption (3.7), we have that {Q;} € S(L), namely

IM—U%<@

Now, given the C-Z decomposition of the cube @), we perform the classical C-Z of the
function f — fg as

(3.11) f=1Tfqo=29q +bq,
where the functions gg and bg are defined as usual. We have that

= fa T ¢ Qp
(3.12) go(z) =
fu-to. wemueq
Qi
Note that this definition makes sense since the cubes {Q;} are disjoint, so any = € Qp,
belongs to only one @;. Also note that condition (3.10) implies that
(3.13) golz) <2'L
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for almost all € Q). The function bg is determined by this choice of gg as the difference
but we also have a representation as
(3.14) ba() =D (f(#) — fo) xq.(x Z ba.s

i

where bg, = (f(2) — fq.)xq,(@).
Now we start with the estimation of the desired LP norm from (3.6). Consider on @
the measure yu defined by du = X@- Then, by the triangle inequality, we have

(v@ 5= tar wdx>

@\

3=

IN

9@ e () + 15011 e ()

1/p

1
< "L + —/ bo. |P wdx
Y(Q) QL¥|QJ|

since we assume w(Q) < Y (Q).
Let us observe that the last integral of the sum, by the localization properties of the
functions bg,, can be controlled:

\Zij\pwdx < Z |ij‘pwdx
/2 -/,
Y ]
i o, 1ol was
< XPYY(Q))
J

where X is the quantity defined by

1 1/17
L (mlg‘f ~falrwir)

which is finite since we are assuming that f is bounded. Then we obtain that

(st fr-sarose)” < wwex ()"

n By \i/p
< 2L+ X (57,

by the smallness preserving hypothesis. This holds for every cube @, so taking the supre-
mum we obtain

X <L+ (5 by )X
Now we choose L = 2e max { ﬁy, 1} so the above inequality yields
X < 2"2emax {A},1} ( (2¢) qu) < e2"2 pg max {BY.1},

using that ((26)1/3), < 2s, s > 1. This is the desired inequality (3.6):

1 »
<m/Q’f—fQ\pwdw> < capgmax {5}, 1} .
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3.2.2. Proof based on the sparse approach. First we need to prove that the smallness con-
dition implies suitable sparse conditions for functionals.

Lemma 3.2. Let ¢ > 1 and Y € Y, be a functional. Let F C D(Q) be a family of cubes.
If there exists L > 1 such that for every P € F

1
> IR<IP
ReF,RCP,R mazimal

then

S Y(P)<wY(Q)

where k= By S 1oy
Li

Proof. We observe that

vy =) > v(Pp)

PeF k=0 PcFy,
where Fo = {Q}, Fr ={P C R : P € F,R € Fi_1, P maximal }. We note that, taking

into account the properties of F,

1

P].1€.7:1

2 1 1 1

2. IFI<g > IFI< 5l
PeF, PleF
and in general

1

Pfefk

Then, since Y € V,,

S v s Y (ﬁ) Y(Q)
k=0

k=0 PeFy
and the desired estimate holds with kK = By Y 7~ Lﬁ g
La

We may assume, without loss of the generality that the sparse family in Lemma 3.1
satisfies a sparseness property as the one in the preceding Lemma with L = 2. We remit
the reader to [LN17, Section 6] for the equivalence between Carleson families, as the ones
in the lemma, and sparse families and futher details. Taking that into account we can

proceed as follows. Let k be the only non-negative integer such that k < p < k+ 1. Then,

since 1%8; <1

(@/@u-mpw)’l’ < (ﬁ/@u—fm’f“w)kl“
<cn ﬁ/@(Z %/P|f—fP|XP(~’U)>k+1w h

PeF
1 k+1 +1
< el fllBMO W/Q <Z XP(@) w(x)dz

PeF

1
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e
Tl
L

3=

1
<alflowo B+ 07 | 57r X [ xenexmmae

Y(Q)

P11 CPL,C-CP1CQ
PeF

E
[un

<alflovo ((+ D) | o Y P

P11 CP,C-CPICQ
PeF

el floo (D)7 | groe X Y(Be)

Py 1CP,C-CPCQ
PeF

|
Fl=
£

< eallFllsso ((k + D) F @mq Y v

P,CP,_1C-CPICQ
PeF

1

< calflavio (e + D7 (it iv@) ™

1
< cnllfllBMo ((k 4 1)) FT Ky

where kg = By Y pe g # Finally, a simple computation, using elementary Stirling esti-

mates for (k + 1)!, shows that this final inequality yields the desired estimate:

1

1 P
(W /Q 7= fQV)w) < cap g Py || flIByoO-

4. PROOF OF THEOREM 1.7
We rely upon Lemma 3.1 to provide the proof of Theorem 1.7.

Proof. We start with the second estimate

(w(l@ /Q ‘b(x)w— bolf w(x)dx> ’

RN
1
< o2 —/ /]b bplxp(z o(z)dx
w(@ Jo PESZI;QQ G
) 4 v
n 1 w(P
< 2""2|1b|lgmo, m/@ Z P xp(z) | o(x)dx
PeS,PCQ
1
k Y
(k+1)! R
< enlbllBnios,. w(Q) > H (W)p11)" " o (Prga)

Pry1CPC-CPICQ
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taking into account [Hyt14, Lemma 5.1] and choosing k to be the unique integer such that
k <p <k+1. A careful tracking of the constants involved in the argument in [Hyt14, p.
102] allows us to obtain the desired result.

For the first estimate it suffices to notice that if ¢ > 1 then, [w]4 , < [w]4,. Then using
the computations above we are done. ]
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