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Abstract. We apply a symmetrization procedure to the setting of Jacobi expansions and
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embedding theorems for these potential spaces.

Key words: Jacobi expansion; potential space; Sobolev space; fractional square function

2010 Mathematics Subject Classification: 42C10; 42C05; 42C20

1 Introduction

This article is motivated by the recent results of Nowak and Stempak [25] and the author’s
papers [16, 17]. In [16] we investigated Sobolev and potential spaces related to discrete Jacobi
function expansions. The main achievement of [16] is a suitable definition of the Sobolev—
Jacobi spaces so that they are isomorphic with the potential spaces with appropriately chosen
parameters. The article [16] is a continuation and extension of a similar study conducted in
the setting of ultraspherical expansions by Betancor et al. [4]. The other author’s paper [17]
contains further investigations of the Jacobi potential spaces. The most important outcome
of [17] is a characterization of the potential spaces by means of suitably defined fractional
square functions. The research in [17] was inspired by another paper of Betancor et al. [5], in
which a general technique of using square functions in analysis of potential spaces associated
with discrete and continuous orthogonal expansions was developed.

On the other hand, in [25] Nowak and Stempak proposed a symmetrization procedure in
a context of general discrete orthogonal expansions related to a second-order differential ope-
rator L, a ‘Laplacian’. This procedure, combined with a unified conjugacy scheme established
in an earlier article by the same authors [24], allows one to associate, via a suitable embedding,
a differential-difference ‘Laplacian’ L with the initially given orthogonal system of eigenfunctions
of L so that the resulting extended conjugacy scheme has the natural classical shape. In partic-
ular, the related ‘partial derivatives’ decomposing L are skew-symmetric in an appropriate L2
space and they commute with Riesz transforms and conjugate Poisson integrals. Thus the sym-
metrization procedure overcomes the main inconvenience of the theory postulated in [24], that
is the lack of symmetry in the principal objects and relations resulting in essential deviations
of the theory from the classical shape. The price is, however, that the ‘Laplacian’ I and the
associated ‘derivatives’ are not differential, but differential-difference operators. It was shown
in [25] that the symmetrization is supported by a good L? theory. Moreover, in [15] the author
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verified that further support comes from the LP theory, at least when the Jacobi polynomial
context is considered.

In the present paper we apply the above mentioned symmetrization procedure to the setting
of Jacobi function expansions considered in [16, 17]. Then we define and study the associated
potential spaces and Sobolev spaces. As the main results, we establish an isomorphism between
these spaces (Theorem 3.3) and characterize the potential spaces by means of suitably defined
fractional square functions (Theorems 4.2 and 4.3). Among further results, we prove structural
and embedding theorems for the potential spaces, in particular we obtain a counterpart of the
classical Sobolev embedding theorem in the Jacobi setting (see Theorems 5.1 and 5.3). All of
this extends the results from [16, 17] to the symmetrized situation.

The general strategy we use to prove the results in the symmetrized setting relies on two steps.
In the first step we exploit symmetries of the operators under consideration in order to reduce
the analysis essentially to the initial non-symmetrized case. Then the second step consists in
taking advantage of the results already existing in the literature, mostly from author’s previous
articles [16, 17]. Even though the general line of reasoning is relatively easy, some details occur
to be rather technical and complex.

An important aspect, and in fact also a partial motivation of our research, is the suggestion
from [25, Section 5] that the symmetrization could have a significant impact on developing
the theory of Sobolev spaces related to orthogonal expansions. This concerns, in particular,
higher-order ‘derivatives’ leading to appropriate Sobolev spaces. It turns out, however, that
in our symmetrized framework the relevant higher-order ‘derivatives’ are not constructed from
the first-order ‘derivative’ (see Proposition 3.4), as one would perhaps expect after reading the
optimistic comments in [24, Section 5|. Thus these derivatives are even more exotic than the
variable index derivatives that are suitable in the initial non-symmetrized Jacobi setting. So it
seems that the symmetrization brings no improvement in dealing with Sobolev spaces, at least
in the Jacobi setting considered. This makes a noteworthy contrast to the conjugacy scheme
which benefits a lot from the symmetrization.

Sobolev and potential spaces related to different classical orthogonal expansions were inves-
tigated in recent years by various authors, see, e.g., [2, 3, 4, 5, 6, 7, 13, 16, 17, 26]. On the
other hand, harmonic analysis in several frameworks of Jacobi expansions was in the last decade
studied in [2, 3, 8, 9, 15, 16, 17, 19, 20, 21, 22, 23, 28] (see also [11, 12]), among others. Our
present work contributes to both of these lines of research.

An interesting study of variable exponent Sobolev spaces for Jacobi expansions is contained
in the recent paper by Almeida, Betancor, Castro, Sanabria and Scotto [1]. The results of [1] are
related to those in the author’s papers [16, 17], but were obtained independently. In particular,
there is a partial overlap in characterizations of the Jacobi potential spaces via fractional square
functions obtained in [17] and [1]. We thank one of the referees for bringing [1] to our attention.

Notation

Throughout the paper, we use a fairly standard notation with essentially all symbols referring
either to the measure space ((—m, ), df) or the restricted space ((0,7),df). Given a function f
on (—m, ), we denote by fT its restriction to the subinterval (0,7), and by feven and foqq its
even and odd parts, respectively,

f(0) + f(=0)

f(0) = f(=0)
5 : :

feven(e) — 9

fodd(e) =

We let

a0 —

(f1, f2) = J1(0) f2(0) do, (h1,h2)y = /07r h1(0)ha(0) d,

—T
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whenever the integrals make sense. For 1 < p < oo, p’ denotes its conjugate exponent, 1/p +
1/p’ = 1. When writing estimates, we will use the notation X <Y to indicate that X < CY
with a positive constant C' independent of significant quantities. We shall write X ~ Y when
simultaneously X <Y and Y < X.

2 Preliminaries

Given parameters a, 8 > —1, consider the Jacobi differential operator

2 1—4a® 1-4p? . ,
W B 16 Sin2 g N 16 cos2 g = DavﬁDaaﬁ + Aa,ﬁ7

Lag = -

here A, 3 = (v + [+ 1)/2 is a constant, and

d 2041 60 2841 0 . d
= t— tan — =Dy js—2—
0 g Oty T tang, af = Pab T Sg

(2.1)

are the first-order ‘derivative’ naturally associated with L, s and its formal adjoint in L*(0, ),
respectively. It is well known that L, g, defined initially on C2(0, ), has a non-negative self-
adjoint extension in L?(0,7) whose spectral decomposition is discrete and given by the Jacobi

76

functions ¢, n > 0. The corresponding eigenvalues are )\%’B =(n+ Aaﬁ)Q, and the system

{¢%”: n > 0} constitutes an orthonormal basis in L2(0, ). Some problems in harmonic analysis
related to L, g were investigated recently in [1, 16, 17, 19, 22, 28].

When «, > —1/2, the functions #%? belong to all LP(0,7), 1 < p < oo. However, if
a < —1/20r B < —1/2, then ¢o” are in LP(0, ) if and only if p < —1/min(a + 1/2, 8 + 1/2).
This leads to the restriction p’(«, 8) < p < p(«, B) for LP mapping properties of various operators
associated with L, g, where

L of =z =172
pla, b) = —1/min(a +1/2,8+1/2), otherwise.

Consequently, many results in harmonic analysis of L, g are restricted to p € E(«, 3),

E(a,B) = (¥ (v, B), plax, B)).

In this work we shall consider the setting related to the larger interval (—m, 7) equipped with
Lebesgue measure. An application of the symmetrization procedure from [25] to the context
of L, g brings in the following symmetrized Jacobi ‘Laplacian’ and the associated ‘derivative’:

Log = —D3 5 + A3 3,

with

1 9Ty

Daﬁf:df <2a+10t9_26+1 0

@ — tan 2> f = Da,ﬂfeven - DZ,Bfodda

where f(0) = f(—0) is the reflection of f, and D, s and D}, 5 are given on (—m,m) by (2.1).
Note that, due to the reflection occurring in D, g, we deal here with a Dunkl type operator. For
more details concerning Jacobi-Dunkl operators we refer to [10], see also [14, Section 7].

Also, the following remark is in order. Formally, the space underlying the symmetrized setting
is the sum (—m,0) U (0, 7). Nevertheless, often it can (and will) be identified with the interval
(—m,m), since for some aspects of the theory the single point # = 0 is negligible. A typical
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example here are LP inequalities which “do not see” sets of null measure. On the other hand,
some objects in the symmetrized situation may not even be properly defined at § = 0 (the latter
may in addition depend on the parameters of type), hence this point must be excluded from
some considerations like, for instance, continuity or smoothness questions. That is why in what
follows several times (—m, 7)\{0} appears rather than (—m,).

The orthonormal basis in L?(—m, ) arising from the symmetrization procedure applied to
the system of Jacobi functions is

1 {(]53/52, n even,

(I)gﬂ NG e a,B\—1/2 a
V2 _(/\(ﬁil)/Q - )‘076) / Do o i n odd,

(n+1)/2>

where ¢%’5 are even extensions (denoted still by the same symbol) to (—m,m) of the Jacobi
functions. More precisely,

630 (0) = PP (O) PP (cos), € (~mm), n>0,

where cﬁ’ﬁ are suitable normalizing constants, Py # are the classical Jacobi polynomials as

defined in Szegé’s monograph [29], and

a+1/2 9\ Ar1/2
<cos 2> .

6

sin —
2

B (h) =

Observe that D, gf is an odd (even) function if f is even (odd). Consequently, 27 is even
(odd) if and only if n is an even (odd) number. By using [16, formula (5)] we find that

1 1
= 5070, ®3,7 1 (0) = 7SO 0, n>o. (2.2)

Notice that when o > —1/2, all @%’5, n > 0, are continuous functions on (—m,7); on the other

hand, for « < —1/2 and n even a singularity at § = 0 occurs. It is a nice coincidence that in
7/8

@57 (0)

our setting CD%"B are essentially ¢g’ﬂ or qﬁz with shifted parameters. Roughly speaking, this
makes the analysis in the symmetrized situation reducible to the analysis in the initial, non-
symmetrized setting. In general, and even in other Jacobi contexts (see, e.g., [15]), things are
more complicated.
According to [25, Lemma 3.5], each %" is an eigenfunction of the symmetrized Jacobi
operator. More precisely,
Los®3? = X000? n>o,

(n

where we use the notation (n) = |[21] introduced in [25] (here |-] denotes the floor func-

tion). Thus L, g, considered initially on C2((—m,7)\{0}), has a natural self-adjoint extension
to L?(—m,7), denoted by the same symbol, and given by

Lagf =Y Aol (f, @0 o’
n=0

on the domain Dom L, 4 consisting of all functions f € L?(—m, ) for which the defining series
converges in L?(—m,7); see [25, Section 4].

Next, we gather some facts about potential operators associated with L, g. Let o > 0. We
consider the Riesz type potentials ]L;% assuming that o + 8 # —1 (when o + f = —1, the
bottom eigenvalue of L, g is 0) and the Bessel type potentials (Id +L,, )~ with no restrictions
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on o and B3. Clearly, these operators are well defined spectrally and bounded in L?(—7, 7). The
spectral decomposition of ]L;% is given by

L %f = Z )\""B (f, 000N f e L (—m,m).
Splitting f into its even and odd parts, we can write
LoGf = ]L;%feven + L;%fodd
= Z (A2?) "7 (feven, ® Z )‘zfl (fodds 2nﬁ1>‘1’gﬁi1

= (La’%) feven + (]Lf ) fodd (23)

This is the decomposition of ]L;% f into its even and odd parts, since the two terms in (2.3)
are even and odd functions, respectively. Clearly, an analogous decomposition holds for
(Id +L,,g)~7. We shall use these facts in the sequel.

Proposition 2.1. Let o, > —1 and o > 0. Assume that p > p'(a,8) and 1 < q < p(«, 5).
Then La%, a+ B # —1, and (Id+La )7, defined initially on L*(—m, ), extend to bounded
operators from LP(—m,m) to LY(—m, ) if and only if

11
- > - —20.
qa p
Moreover, these operators extend to bounded operators from LP(—m,m) to L*°(—m,m) if and
only if

1
a,f>-1/2 and - < 20.
p

Proof. We consider only the Riesz type potentials since the arguments for the Bessel type po-
tentials are parallel. Define the restricted operators acting initially on the smaller space L?(0, 7):

Lop)dh= Z (A7) ) ). (@80), heL’(o.m),

»5 +h Z n+1 (¢gﬁi1)+>+(¢gﬁﬁ+l)+7 h e L2(077T)'

Since ||F||q = | Feven|lq + | Fodallq, taking into account (2.3) we have, for f € L?(—m,7),

ILeBF nocmmy = [(Loefevenll pa e my + Lo odall o m)

:Ql/q(H(L; e evenHLq(Ow +H O‘ﬂ (;EdHLq(O’ﬂ)).

Thus the assertion we must prove is equivalent to the following: (]L;%)e and (L_ g)o , defined

initially on L?(0,7), extend simultaneously to bounded operators from LP(0,7) to L4(0,7) if
and only if % > % — 20; moreover, these operators extend simultaneously to bounded operators

from LP(0,7) to L>°(0,7) if and only if o, 5 > —1/2 and ;1) < 20.
a,fB ACY+1 ,B+1 th

Now it is enough to observe that, in view of (2.2) and the identity A/, = e
operators (L, %)d and (IL,%)3 coincide, up to the constant factor 1/2, with the Riesz type

o
potentials L % and L_7, 5., related to Lo and investigated in [19]. The conclusion then
follows by [19, Theorem 2.4], see [17, Proposition 2.1]. |
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The extensions from Proposition 2.1 are unique provided that p < co. In this case we denote
them by still the same and common symbol ]L;% It is worth noting that all these extensions
are actually realized by an integral operator with a positive kernel. But this fact is irrelevant
for our purposes, therefore we omit further details.

Denote

Sa,p 1= span {@f{’ﬁ: n>0}.
Since {@%’B :n > 0} is an orthonormal basis, S, 5 is dense in L?*(—m, 7). The latter property
remains true in some LP spaces.
Lemma 2.2. Let o, f > —1 and 1 < p < p(a, f). Then S, 3 is a dense subspace of LP(—m, ).

Proof. Take f € LP(—m,m). It suffices to approximate separately feven and foqq. Recall that
the systems {@;’f :n >0} and {@g,ﬁl: n > 0} consist of even and odd functions, respectively.
Moreover, each of these systems when restricted to (0, ) is linearly dense in LP(0, ), see (2.2)
and [28, Lemma 2.3]. Consequently, one can approximate feven and foqq in LP(—m, ) by finite
linear combinations of ®3,, n > 0, and ®9,11, n > 0, respectively. |

Lemma 2.3. Let o, > —1, p € E(«, ) and assume that f € LP(—m,m). If (f, @%’ﬁ) =0 for
all n >0, then f =0.

Proof. It is enough to observe that the lemma holds for f € S, s and then use the density of
Sas (see Lemma 2.2) in the dual space (LP(—,7))* = LV (—m, ). |

Proposition 2.4. Let o, > —1 and p € E(a, 3). For each o > 0, L%, o+ B # —1, and
(Id +L,8)~7 are injective on LP(—m, ).

Proof. We focus ourselves on ]L;% and essentially repeat the arguments from the proof of [4,
Proposition 1]. Notice that for f € S, g

(Lo%f o0y = (W) 7 (f 0%, n>o. (2.4)
By Holder’s inequality and the LP-boundedness of ]L;‘g (see Proposition 2.1), the functionals
fLoGf o7 and  f e (f,007)

are bounded from LP(—m,7) to C. Since S, g is dense in LP(—m,m), we infer that (2.4) holds
for f € LP(—m,m). Now, if L % f = 0 for some f € LP(—m, ), then (2.4) implies (f, @%’6> =0
for all n > 0 and hence Lemma 2.3 gives f = 0. Thus L_% is one-to-one on LP(—m, ). [

Now we can define the Jacobi potential spaces as the ranges of the potential operators
on LP(—m,m),

LS (—m ) == L3 (LP(=m,m), a+f# -1,
w (Id+Lq ) ~*/2(LP (=7, 7)), a+f8=—1,

where p € E(a, 8) and s > 0. Then the formula

f = L;,Sﬁ/Q.% g e Lp(—’]'r,ﬂ'), o+ B 7é _L

Hf“ﬁﬁ’,%(‘”’”) = lollermmy {f = (Id+L,5)"%g, g€ LP(~m,7), a+f=—1,

defines a norm on Ei’fg(—w, 7) and it is straightforward to check that EZ”‘;( —m,m) equipped with
this norm is a Banach space.
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In order to give a suitable definition of Sobolev spaces in the symmetrized setting we need to
understand the structure of the potential spaces. The following result describes the symmetrized
potential spaces in terms of the potential spaces related to the initial, non-symmetrized situation.
The latter spaces are defined similarly as ﬁg’f’ﬁ(—w, ), see [16, 17] for details.

Proposition 2.5. Let o, > —1, p€ E(a, ) and s > 0. Then f € ﬁi’sﬁ(—ﬂ',ﬂ') if and only if

e L’ 5(0,m) and fha €Ll (0,7). Moreover,

even a+1,8+1

HfHLz’SB( ” evenHLp (07r + Hfodd”ﬂ (0,m)" (25>

+1 B+1

Proof. We assume that a+ 3 # —1, the opposite case requires only minor modifications which
are left to the reader. Let f € L2 (—m, 7). This means that there is g € LP(—,m) such that

—s/2
F=142g: then £l zos —mmy = llgll o)
Assume, for the time being, that g belongs also to L?(—m, 7). Then from (2.3) we see that

Jeven = (L;:}/Q)egeveny fodd = (L;Sﬁ/Q)Ogodd-
Thus
oo
Fhren =Y (08%) ™% (geven, 05 (@ 22 (A2P) "2 (g (@50) ) (@55
n=0
= La %/zgg;zenv

where the last identity is a consequence of (2.2). Similarly, fo 4= Laj_/fﬁ 41 gr oad

A general g € LP(—m,m) can be approximated in the LP norm by functions from LP N
L?(—m,m). Then combining the above with the LP(—m, )-boundedness of L_ 8/2 and LP(0,7)-

boundedness of L;‘;/Q and L;j/fﬁ 41, We get

+ s + _ y—s/2
Jeven = Lo 3" Geven: odd = Loy B-i—lgodd?
in the general case. Since
191l o (—mm) = 9evenllzoom) + N90aallLrm)s 9 € LP(=m,7),

we see that fi., € L2 5(0,7), fhaeLhiy 541(0,m) and, moreover, (2.5) holds.

even
The opposite 1mphcat10n is verified along similar lines. Given a function f on (—m,7), assume

2 2 37
that fien € £075(0,7) and fhy € £05, 5,1(0,7). Then [, = L SPhoand fhy = L h
for some h,h € LP(0, 7). Extending h and h to even and odd functlons on (—m, ), respectively,
- (L~% 2 N+ +

even ( a,f g)even » Jodd

(]L;%/Qg)odd, and consequently f =1L, / g with g € LP(—m, 7). Thus f € L} 5(—m, 7). [ |

we let g be the sum of these extensions. Then we find that

3 Sobolev spaces

Our aim in this section is to establish a suitable definition of Sobolev spaces in the symmetrized
setting. Here “suitable” means existence of an isomorphism between the Sobolev spaces and
the potential spaces with properly chosen parameters. Note that such an isomorphism gives
also a characterization of the potential spaces with some parameters in terms of appropriate
higher-order ‘derivatives’.
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According to a general concept, Sobolev spaces WZ’ZL, m > 1 integer, associated with L, g,
should be defined by

WA = {f € IP(—m,m): DU} f € LP(—m,7), k=1,...,m}

and equipped with the norm

1l = 3 (DGR N oy

k=0

Here % 23 is a suitably defined differential-difference operator of order k playing the role of
h1gher—order derivative, with the differentiation understood in a weak sense; we use the conven-
tion 9((1,)3 := Id. So the question is how to choose @& /)3

(k)

It turns out that the seemingly most natural choice © 0B = ]DD(’i 3 1s not appropriate. Another
quite natural attempt is to mimic the variable index derivatives, which lead to a good definition
of Sobolev spaces in the non-symmetrized setting, see [16, Section 2]. Unfortunately, taking
@g% = Dayr—1,84k—10°--0Dq11 410D, g is inappropriate as well. Counterexamples for these
choices are discussed at the end of this section.

To find suitable higher-order ‘derivatives’ in the symmetrized setting we first introduce the
variable index higher-order ‘derivatives’

k
D&,)ﬁ = D06+k_1,6+k—1 O-+++0 DO¢+176+1 [¢] Doz,,Ba k‘ Z 1,

acting on functions on (—m, ) or (0,7); we set 0 )ﬁ Id. In [16, Theorem A] we proved that
in the non-symmetrized Jacobi function setting the Sobolev spaces

m k
WCZM):B (0,7) = {h € LP(0,m): Og’)gh e LP(0,m), k=1,... ,m}

equipped with the norm

Illwe 0.0 = ZHD Pl o 0.7

are isomorphic to the potential spaces EZ”?(O,W). Combining this result with Proposition 2.5
we get the following.

Proposition 3.1. Let o, > —1, p € E(a,3) and m > 1 be integer. Then f € £§’$(—7T,7r) if

and only if ft., € Wp’ﬁ (0,7) and f, € WP

even a+1 5+1(0’ 71'). Moreover,

HfHme (—m,m) — H evenHWp m(07r + HfoddHW

ar1,41(0m)"

This motivates the following definition of the higher-order ‘derivatives’ ’Dg%

Definition 3.2. For k=0,1,2,..., let

Qf(lkv)ﬁf = D((Xk,)ﬂfe"en + D((yk-|)-175+1fodd'

Note that the ‘derivatives’ ”Dg% are counterintuitive from the point of view of the symmetriza-
tion concept, since they do not express via compositions of the symmetrized ‘derivative’ D, g.
Nevertheless, we have the following result.
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Theorem 3.3. Let o, > —1, p € E(«, ) and m > 1 be integer. Then
WZ’E = ,Cg’jg(—ﬂ', )
in the sense of isomorphism of Banach spaces.

Proof. Let k£ > 0. For symmetry reasons, we have CD f € LP(—m,m) if and only if D feven

LP(0,7) and 0&4)_1 B4l 4 € LP(0, 7). Furthermore,

H:Dl(l]f,)@fHLp(—ﬂW Haaﬂ evenHLP (0,m) + Hoa—i-l ,8+1fo—t1dHLP (0,m)"
Thus the assertion follows from Proposition 3.1. |

In the remaining part of this section we look closer at the two already mentioned, seemingly
more natural concepts of Sobolev spaces in the symmetrized setting, which in general fail to be
isomorphic with the corresponding potential spaces. For m > 1 denote

WP’B = {f € LP(—m,m): Ioiyﬁf € LP(—m,m), k= 1,...,m},
WHY = {f € LP(—m,7): Dask—1,54k—1" " Dar1,511Dapf € LP(—m,7), k=1,...,m},
and equip these spaces with the natural norms.

Proposition 3.4. Let o, > —1 andp € E(a,pB). For every a,8 < 1/p — 1/2 there exists
fe Wg’l Qﬂp’ﬂ such that f ¢ LV ( , ). Furthermore, ifa < —1/p+1/2 or < —1/p+1/2
then there exists g € 52’ (—m, ) such that g ¢ m}ﬁ%

Proof. Let
—a—1/2 g\ —#-1/2
coS — .
(3)

Since f is odd, we have (Da,5f)* = D}, 5f* and [16, formula (9)] reveals that D}, ;f* vanishes.
Therefore f*, D}, 5f* € LP(0,7) for a, B in question. By symmetry it follows that f € ng
On the other hand, with the aid of [16, formula (8)] we find that

©D1)F(0) = 01y 5 f)T(0) 2 673 2(x —0) P2 e (0,m).

Thus (CDS”)Bf)Jr ¢ LP(0,7), in view of the assumption p € E(«, ). This implies f ¢ W’;lﬁ By
Theorem 3.3, f ¢ Eg”lﬁ(—ﬂ,ﬂ).
To prove the second claim let

.0
sin —

f(8) = sign(0) w1777 (4) = sign(0) 5

glot+3/2 9\ B +3/2
9(8) = sign(6) W15+ (8) = sign(6) <cos> .

S1n 5 B

Since ¢ is odd, we have (Da+1’ﬁ+1Da7ﬁg)+ = Da+1’[—}+1D275g+. Using [16, formulas (8) and (9)]
we get

(Dat1,541Da,39) " (6) 2 05 2(x — 012, g e (0,m).

Consequently, for the assumed range of «, 8 we have that (Dg+1,811D0,59)" is not in LP(0, 7).
Therefore, by symmetry, g ¢ Qﬁ’;%

On the other hand (’DS/)Bg)Jr = (DS_)H 5+1g)+ = Dat1+197 = 0, by [16, formula (8)].
Consequently, (@&2)69) = Dat2p+2D0t18+197 = 0. Since g* € LP(0,7), using again the

symmetry we see that g € Wgzﬁ This together with Theorem 3.3 implies g € EZ?B(—T(, m). N
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Although Proposition 3.4 shows that the spaces W27 and EZ’TE(—W, 7) do not coincide in
general, one might still wonder what the relation between them is, if any. The answer is given
by the next result.

Proposition 3.5. Let o, > —1, p € E(a, ) and m > 1 be integer. Then
Ei’fg(—ﬂ,ﬂ) C ng
in the sense of embedding of Banach spaces.

The proof of Proposition 3.5 involves higher-order Riesz transforms of the following form.
For k£ > 1 integer, let

—k/2
RE , — DA oL at+f# -1,
@\ DE 4(Id+Lap)*2, a+ =1

Clearly, ]R’; 3 is well defined on S, g. But we also need to know that each Rg 8 k > 1, extends
to a bounded operator on LP(—m, ).

Lemma 3.6. Let o, > —1, p € E(a,3) and k > 1. Then the operator

f = Rl{iﬁfv f € Sa,,@a
extends uniquely to a bounded linear operator on LP(—m,T).

Assuming that this result holds, we now give a short proof of Proposition 3.5. Lemma 3.6
will be shown subsequently.

Proof of Proposition 3.5. We may assume that o+ 5 # —1, since treatment of the opposite
case is analogous. Let f € .Cg’z(—ﬂ,ﬂ). Then f = L;?/zg for some g € LP(—m,m). By the

LP-boundedness of L;(Bmfk)ﬂ (see Proposition 2.1) and Lemma 3.6, for any 0 < k < m we have

HD’;,IB-}CHLP(—#,W) = HDI&BL;,%%/ZQHLP(—WJ) = ||R§75Lt;(ﬂmik)/2'gHLP(—ﬂ',ﬂ)
5 HgHLP(—T(,ﬂ') = HfHEZ:ZL(—F,TF)?

where R’; 3 stands for the extension provided by Lemma 3.6 (with the natural interpretation

Rg 5= Id). The second identity above is easily justified when g € S, 5, and then it carries over

to general g by continuity. The conclusion follows. |

It remains to prove Lemma 3.6. The argument relies on a multiplier-transplantation theorem
due to Muckenhoupt [18], see [16, Lemma 2.1]. Here we merely sketch the proof, leaving the
details to interested readers.

Proof of Lemma 3.6. Assume that a+f # —1 (the opposite case is similar) and take f € S, g.
We have

k _ k * —k/2 k * —k/2
RGsf =—=(=D)" D} 5D (Lo ™) gyen + (=D - Da g D5 5 (Lo 1) oo
— —
k components k components

This is the decomposition of R’; P f into its even and odd parts, respectively, or vice versa,
depending on whether k is even or odd. Since (see the proof of Proposition 2.5)

“kj2 o+ k)2 B2+ k)2
(]LCV,,B f)even_LOéﬂ etenﬂ (Lﬂéﬁ f)odd_LCH-LB-‘rl :dd’
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it suffices to show the bounds

—k/2
H D 3Dap L, 4 / hHLP(O,Tr) SRl e, h € span{qbg’ﬁz n >0}, (3.1)
——
k components
—k/2
|- DapDi s L 501k oo S Wlliromy,  h€ span {o3 7 n > 0} (3.2)
—_———

k components

Here (3.1) is contained in [16, Proposition 4.2], since the underlying operator coincides with the
Riesz transform R¥ 5 considered in [16]. So it remains to verify (3.2).
Taking into account [16, formulas (5) and (6)] one finds that

—k/2
A2 a+1,5+1 k
* k/2 z : +1,8+1 n y even,
_,_/ s .
k components n+1 "

Now (3.2) follows from a special case of Muckenhoupt’s multiplier-transplantation theorem [16,
Lemma 2.1]; see, e.g., the proof of [16, Proposition 3.4]. |

4 Characterization of potential spaces
via fractional square functions

In this section we give necessary and sufficient conditions, expressed in terms of suitably defined
fractional square functions, for a function to belong to the potential space ﬁg’fﬁ(—ﬂ', 7). For the
sake of brevity, we restrict our main attention to the case a + 3 # —1. Nevertheless, after
a slight modification the result is valid also when o + § = —1. This issue is discussed at the
end of this section.

Let {H} Pt > 0} be the symmetrized Poisson-Jacobi semigroup, i.e., the semigroup of
operators generated by —L}l{ ; In view of the spectral theorem, for f € L?(—m,7) and t > 0 we
have

B F =3 exp (—ty N7 ) . 8382,
n=0

the convergence being in L?(—n, 7). By means of (2.2) and [16, Estimate (1)] one verifies that
for t > 0 the above series converges in fact pointwise in (—m, 7)\{0} and, moreover, may serve
as a pointwise definition of H?’Bf on (—m,m)\{0}, t >0, for f € LP(—m,7), p > p'(a, B). In the
latter case, the resulting function H®” f(6) is smooth in (¢,6) € (0,00) x [(—m,7)\{0}]. There
is also an integral representation of Hta”B f, t >0, for f as above, but it will not be needed for
our purposes.

Following Segovia and Wheeden [27] and Betancor et al. [5], see also [17], we consider the
fractional square function

| o 2ar) "
ga 5f( ) (/ tk ’yatkHa,Bf( ) ¢ > ) NS (—W,W)\{O},
0
where 0 < v < k and k = 1,2,.... Notice that g%g f is well defined pointwise whenever

feLrP(—m,7)and p > p'(, ). An analogue of g B was investigated in the non-symmetrized
Jacobi function setting in [17] and denoted by g 6 there. Recall that

1/2
oo o 2 dt
g;”;h<9>=< / t) . hem),

otk

th=Y — H P h(0)
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where v and k are as before, and {H}" p } is the Poisson-Jacobi semigroup. See [17] for more

details on H;' %8 and ga’ﬁ
A simple combination of Proposition 2.5 and [17, Theorem 4.1] allows us to get the following
description of the symmetrized potential spaces Eg’ (—m,m) in terms of the non-symmetrized

square functions ggg

Proposition 4.1. Let a, 8 > —1 be such that a+8 # —1 and letp € E(a, B) Fiz 0 <~ < k with
k€ N. Then f € ﬁg’%’(—ﬂ,ﬂ) if and only if f € LP(—m,7) and g feven,goHr1 5+1f q € LP(0,7).
Moreover,
HfHLM —m,m) = Hga,ﬁ GVBHHLP om T H9a+1,5+1 ddHLP(OJr)’ feLys(—mm).
This leads to the following characterization of the symmetrized potential spaces.
Theorem 4.2. Let o, > —1 be such that o+ # —1 and let p € E(a, B). Fiz 0 < v < k with
ke N. Then f € ﬁZ’H’YB(—TF,T() if and only if f € LP(—m,7) and gl%f € LP(—m, ). Moreover,

HfH,Ci’jﬁ(—ﬂ'Jr) Hg fHLp (—m,m)’ f € [’Z’}j(_ﬂ-aﬂ-)'
Proof. Taking into account Proposition 4.1, it suffices to show the following. Given p €
E(a, B),

Hga,ﬂfHLP ) = Hgaﬁ evenHLp(o o T Hga+1 ﬂ—&-lfoddHLp(()Jr)v

uniformly in f € LP(—m, ), possibly with infinite values on both sides for some f.
To proceed, observe that

« + «, «
(FI foven) " (0) = (HP £) 2 (0) = HEP £5,(0), 0 € (0,m), (4.1)
a, + a, a+1 1
(H foaa) T (0) = (HPP£) 1, (0) = HFTYH AR 0), 0 (0,7). (4.2)
These identities are easily verified by means of the series representations of H' % and H P , since

the relevant series converge pointwise.
Next, we claim that

075 1(0) < 02 foven (0) + 015 foaa 60) < 625 (8) + 015 £ (—0). (4.3)

Here the lower bound is clear, since gllz_} is sublinear. To see the upper bound, we first observe

that the operators H?’B , t > 0, commute with reflections. It is enough to verify this on S, g.
Since @%’B = @%’5 for n even and @%’B = —@%’B for n odd, we can write

Hf’ﬁéfj’ﬂ(@) = exp ( )\‘Z‘ >)( 1)"®%(0) = exp (—t /\2’;;?)@,‘;’5(—0) = H?ﬁ@%,ﬁ(_g)_

Consequently, gg’; fo) =g of f( 6). Using now the identities foven = (f + f)/2 and foqq =
(f — f)/2 we arrive at the upper estimate in (4.3). The claim follows.
Using (4.3) and then (4.1), (4.2), together with the symmetries of H?’Bfeven and Hf’ﬁfodd,
we obtain
vk vk
Hga,ﬂfHLP(—ﬂJr) = Hg fevenHLP(—WT( + Hga 5f0ddHLP(—7r,7r)

= Hgaﬁ evenHLp(o T Hga+1 B+1 ddHLP(O,Tr)'

This finishes the proof. |
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In the remaining part of this section we deal with the case o+ = —1, which is not covered
by Theorem 4.2. Actually, only a slight modification is needed, and this is connected with
the fact that for a + 8 = —1 the potential spaces are defined via the Bessel type potentials
(Id +L, 5)~*/2. The main idea of what follows is taken from [17, Section 4]. Here we give only
a general outline and state the relevant result. The details consist of a combination of the facts
and results described at the end of [17, Section 4] and the arguments already used in this section.
This is left to interested readers.

Consider the modified symmetrized Jacobi ‘Laplacian’

Los = (Id+LY3)
and the related modified Riesz type potentials i;‘;/z Since the spectrum of IEaﬁ is separated
from 0, the latter operators are well defined spectrally. Moreover, they extend to bounded
operators on LP(—m,m), p € E(a, ). Since these extensions are one-to-one on LP(—m, ), one
can define for p € E(«, 8) the modified potential spaces as

ENZ”S (—m,m) = ]Ii;gz (LP(=m,m)),

= HQHLP(—n,n), where g is such that f = E;‘ZQQ. These are Banach

with the norm HfHZ’;’j,(—mr) :

spaces, and the crucial fact is that they are isomorphic to the non-modified potential spaces
EZ:SB(—W, ).
The Poisson semigroup related to L, g is generated by —Id —L:;/ 2, hence it has the form

{e_tH?”B }. Consequently, the relevant square function is given by

~~.k . o
ggﬁfw>—-<4

where 0 < vy < kand k=1,2,....
The desired alternative characterization of Ei’sﬁ(—w, ) reads as follows.

k‘f’yaik 7tHOA7ﬁ 9

2 1/2
f) L be(-mm\(0),

Theorem 4.3. Let a,f > —1 and p € E(a,p). Fix 0 < v < k with k € N. Then f €
ﬁgjﬁi(_”v”) if and only if f € LP(—m, ) and ﬁg;f € LP(—m, ). Moreover,

~~.k )
HfH‘CZ’:k(fﬂ',ﬂ') = Hgi’xyﬂfHLP(—w,w)’ f c Ei,’é(—ﬂ',ﬂ').

5 Structural and embedding theorems for potential spaces

We now show some results revealing relations between the symmetrized potential spaces with
different parameters and also establishing mapping properties of certain operators with respect
to the potential spaces. At the end of this section we state an analogue of the classical Sobolev
embedding theorem for the symmetrized potential spaces.

The results of Section 3 suggest the following alternative definition of Riesz transforms in
the symmetrized setting. For k > 1 integer, we let

ok _ UL, a+f# -1,
@8 (1A +Lap) M2, atf =1

Notice that ERZ 3 is well defined on S, g. In the structural theorem below both 9%2 3 and @gcf)g
are understood as operators given initially on S, g.
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Theorem 5.1. Let o, > —1 and p,q € E(a, ). Assume that s,t > 0 and k > 0 is even.
(1) If p < gq, then ,Cgl’fg(—ﬂ', m) C EZ’%(—T(‘, ).
(13) If s <t, then Cp’t p(—m,m) C [,p’s p(—m,m) C LP(—m, ).

Moreover, the embeddings in (i) and (i1) are proper and continuous.

(vi1) ]L;tB/ establishes an isometric isomorphism between EZ’%(—W ) and ﬁp’s+t(—7r ).

() If k < s, then @flkza extends to a bounded operator from L2 5(—m, ) to Eaik%Jrk( ).
(k’)

Moreover, ® "5 extends to a bounded operator from Ep’k 5(—m,m) to LP(—m, ).

(v) RE o extends to a bounded operator from L3 (=, ) to LU, 5., (=7, 7).

Proof. Throughout the proof we assume o+ 5 # —1. The opposite case requires analogous
arguments (with (iv) and (v) requiring a little bit more attention) and is left to the reader.

To justify (i) it suffices to observe that || - ||1»(—r r) is controlled by || - ||za(—x,r Whenever
p < q. To demonstrate (ii), let f € Ei’f/@(—ﬂ,w). Then there exists g € LP(—m,m) such that

f= La 8 g, so by Proposition 2.1

F=L g =L LGPy € L2 (—m, 7). (5.1)

Here second identity is straightforward for g € S, g, and for g € LP(—n, ) it follows by Propo-
sition 2.1 and an approximation argument.

In view of the above, the inclusions in (i) and (ii) are continuous. To see that the inclusion
in (i) is proper it suffices to take f = ]L;,SB/QQ with some g € LP(—m,m)\LI(—m, 7). Then
obviously f € LL%(—m,m). On the other hand, f ¢ LI%(—m, 7). Indeed, otherwise there

would exist g € LI(—m,m) such that f =L ~s/ 29, a contradiction with injectivity of IL 56/2 on
LP(—m,m), see Proposition 2.4. To prove that the inclusions in (ii) are proper we first recall
that an analogous result holds in the non—symmetrized setting, see [17, Theorem 3.1(i)]. This
means that there exist hy € £Z’,‘SB( )\Ep’ (0,7) and hy € Lp(O,W)\[,p’ (0,7). Let f; and
fo be even extensions of h; and hao, respectlvely, to (—m,m). Then Propos1t10n 2.5 implies
fr € L2 (—m, m\LY (=7, 7) and f € LP(—m, m)\LD (=, 7).

To show that (iii) holds, it suffices to observe that, see (5.1),

L ALy =L, gelP(-mm).

Proving (iv) is reduced to showing the bound

s—k)/2 (k) 7 —s/2
HLoa—&-k: S5 90,800 5 QHLp(,M) S lgllze (=) g € Sap-

Since k is even, D&k,)ggeven and Dg?_l g4+190dd are even and odd functions, respectively. Therefore,
in view of (2.3),

s k s s—k k —s s—k k —s
]Lgc-‘rk‘ )ﬁ/—ikgfx %La /3/2 = (fo—kk,)ﬁ/ik)ea((x,)ﬁ (La,ﬁ/z)egeven - (Lt()c+k )B/ik)OD&L B+1 (La,/a/Q)ogodd-

Now recall that in the non-symmetrized setting, see [17, Theorem 3.1(iii)], we have

IS L b ooy S IBllzoom)y € Sap.

Using this bound and its variant with a and g replaced by a + 1 and 8 + 1, respectively, we

obtain

‘ ‘ H“as+lfﬁ/ik©t(:vk,)ﬁﬂ";jﬁ/2g ‘ ‘ LP(—m,m)
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= H (Lgés+k )/3/‘52‘]?)6051723 <L7:,§3/2) gevenHLp —m,m) + H (LS+/€ )5/42-/6)001(14)‘1,5-5-1 (Lisﬂn) Yodd HLP(fﬂ,ﬂ')

=R/ () =52 ¢ (s (*) 5/
HLa-i-k B+e%a5La 3 evenHLP om T HLa+1+k,ﬁ+1+k%+1 g1Llat1, B-i-lgoddHLP (0,7)

~ ngVeHHLP(OJr) + HgoddHLP(OJr) =~ ||gll e (=mm)»

as required.
Finally, (v) is a consequence of (iv) and the boundedness of L;]g ? from L% (=m,m) to
Ei’fgk(—w,w), see (iii). [

Parts (iv) and (v) of Theorem 5.1, as stated, do not hold when & is an odd number. Roughly
(k)

speaking, this is because in such a case © B switches symmetry of functions from even to odd
and vice versa. However, a slight modification of 9( ) makes the statements (iv) and (v) true
for all k¥ > 1. Indeed, one easily verifies that the arguments provmg (iv) and (v) go through
with @&)ﬁ replaced by @L)ﬂ defined by @aﬂf( ) = sign®(0)® a”@f( ).

Another interesting question is whether there are any inclusions between potential spaces
with different parameters of type. It turns out that in general the answer is negative.

Proposition 5.2. Let o, 3,7,6 > —1 be such that («,8) # (7,0). Assume that p € E(a, )N
E(~,9) and o, 8,7,0 < —1/p+ 1/2. Then neither the inclusion 52’715(—7@#) C L’z’é(—w,w) nor
the inclusion ,C];’(ls(—ﬂ',ﬂ') C EZ’%B(—T(,W) holds.

Proof. Take f; = U® and f, = ¥, With the aid of [16, formula (8)] one verifies that f1 o

Do sfi, W;fQ € LP(0,m), but Dagfy, Dysfi ¢ LP(0,7). Thus fi" € Wp’ﬁ(O W)\Wp’ (0,m)
and f, € Wp ’s (0, ﬂ)\Wgzé(O, m). Since f1 and f> are even functions, it follows by Proposition 3.1
that fi € Egﬂ( W,W)\ﬁg%(—ﬂﬂr) and fo € L’g:};(—ﬂ,ﬂ)\ﬁg’}ﬂ(—ﬂ,ﬂ). [ |

We finish this section with a counterpart of the classical Sobolev embedding theorem. The
statement below is a direct consequence of an analogous result in the non-symmetrized situation
[17, Theorem 3.2] and Proposition 2.5. We leave the details to the interested readers.

Theorem 5.3. Let o, > —1, p€ E(a, ) and 1 < q < p(a, 5).

(i) If s >0 is such that 1/q > 1/p — s, then L ";(—m,7) C LI(~m, ) and
1£llg S Uzt (—mmys  f € Los(=m,m). (5.2)

(i3) If a, 8 > —1/2 and s > 1/p, then ,CZ’SB(—W,T[') C C(—m,m) and (5.2) holds with ¢ = oo

6 Sample applications of potential spaces

The study of symmetrized potential spaces performed in the previous sections reveals that
the symmetrized objects inherit many of the properties of their non-symmetrized prototypes.
Furthermore, most of the proofs were based on the arguments relying on suitable decompositions
of the operators into their even and odd symmetric parts. This actually reduced our problems to
the non-symmetrized setup. Therefore, it comes as no surprise that both theories, symmetrized
and non-symmetrized, have parallel applications. Below we present some results which illustrate
the utility of the symmetrized potential spaces. The proofs combine the symmetry arguments
that have already appeared in this paper with the results from [17, Section 5]. We leave them
to the reader.
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Given some initial data f € L?(—m,7), consider the following Cauchy problem based on the
symmetrized Jacobi operator:

(i0 + Lag)u(6,t) = 0,

u(6,0) = £(0), a.a. 0 € (-mm), teR.

Then exp(itlL,,g)f, understood spectrally, is a solution to this problem. The next result shows
that the theory of symmetrized Jacobi potential spaces can be used to study pointwise almost
everywhere convergence of this solution to the initial condition.

Proposition 6.1. Let o, > —1 and s > 1/2. Then for each f € Ei‘sﬁ(—ﬂ,ﬂ)
%in(l) exp(itlla,g) f(0) = f(0) a.a. 0 € (—m,m).
H

Furthermore, one can estimate a mixed norm of the solution in terms of the potential norm
of the initial condition.

Proposition 6.2. Let o, > —1 and p € E(«a, ). Assume that ¢ > 2 and s > 0 is such that
s> 3/2 +max{a, B} and o+ S is integer. Then
. 2,54+1-2
H exp(ZtLaﬂ)f||Ls((_7r77r)7[/‘tl(0727r)) 5 Hf”lf’?‘l—wq( fe £a,86 /(1(_7“7_()'

77"»71—) ’
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