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ABsTRACT. We study approximation properties of weighted LZ2-orthogonal
projectors onto spaces of polynomials of bounded degree in the Euclidean unit
ball, where the weight is of the reflection-invariant form (1—||z/|?)® Hle ||,
a,v1,...,74 > —1. Said properties are measured in Dunkl-Sobolev-type
norms in which the same weighted L2 norm is used to control all the involved
differential-difference Dunkl operators, such as those appearing in the Sturm—
Liouville characterization of similarly weighted L2-orthogonal polynomials, as
opposed to the partial derivatives of Sobolev-type norms. The method of proof
relies on spaces instead of bases of orthogonal polynomials, which greatly sim-
plifies the exposition.
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1. INTRODUCTION

Let B? denote the unit ball of R%, & > —1 and let the weight function W, : B¢ —
R be defined by W, (z) = (1 — ||z]|*)* with ||| being the Euclidean norm. Let L2
denote the weighted Lebesgue space L2(B®, W,,) := {Wa_l/zf | f € L%(B%)}, whose
natural squared norm is ||u|\i = [ga lu|* Wa. In [10] one of the authors proved
that the orthogonal projector S§ mapping L2 onto 11 (the space of d-variate
polynomials of degree less than or equal to N) satisfies the bound

(VueHy)  flu—Sf()ll,, <CN*2"ull,,,
where C' > 0 depends on « and the integer [ > 1 only, and, for every integer
m > 1, HY denotes the weighted Sobolev space whose natural squared norm is
lell om = Dk HvkuHi (here V* is the k-fold gradient).

The purpose of this work is proving an analogue of (1.1) for a class of reflection-

invariant weights involving, fittingly, differential-difference Dunkl operators [7, Sec. 6.4]
instead of partial derivatives. In order to state this analogue we introduce now the

(1.1)

rest of the minimal necessary notation. Given a > —1 and v = (71,...,74) €
(—1,00)%, let the weight function W, : B4 — R be defined by
d
2 i
Wan (@) i= (1= Jlf*)* [ ] lasal™ .
i=1
We denote by ng the weighted Lebesgue space Lz(Bd,Wow), whose natural

inner product and squared norm are (u,v)q. = [gsuvWq, and ||u||3m =
1
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Jga |u|> W, -, respectively. Let S%7 be the orthogonal projector mapping L2
onto I1%. For j € {1,...,d} the Dunkl operator D](-W) is defined by

j-th entry
Dj(_w)u(a:) = dju(x) + 72—3 (u(x) —u(zr,..., —x; ... ,md)) .

Given an integer m > 0, we define the Dunkl-Sobolev space H'., as the topological
completion of C"(B9) with respect to the norm K2 P ||(D(’Y))ku||i .

where (D)) is the k-fold Dunkl gradient constructed in terms of the Dunkl opera-
tors (we reintroduce the Dunkl operators and Dunkl-Sobolev spaces in their proper
context in (2.12) and Definition 2.2, respectively). Our main result is

Theorem 1.1. For all integers 1 < r <, a € (—=1,00) and v € (—1,00)%, there
exists C = C(a,v,1l,7) > 0 such that

VueH, ) [u—S%"(u) < CNTVEREEL )

Ha;y;r a,y;l

This work builds upon a lineage of works which proved results analogous to
Theorem 1.1, all of which correspond, in our notation, to cases with v = 0, so the
involved weights lack interior singularities and the Dunkl operators reduce to partial
derivatives. In [5, Th. 2.2 and Th. 2.4] our main result was proved in dimension
d =1 when the o = —1/2 (Chebyshev case) and when a = 0 (Legendre case); see
also the streamlined proofs for these cases at [4, Ch. 5|. In [12, Th, 2.6], the one-
dimensional case was proved for general o (Gegenbauer case). In [19, Th. 2.6], the
one-dimensional case with general asymmetric (1 —x)%(1+x)? weight (Jacobi case)
was proved. In [11, Th. 3.11], Theorem 1.1 was extended to dimension d = 2 for
general o. Finally, in [10, Th. 1.1], a new technique of proof, based on orthogonal
polynomial spaces instead of orthogonal polynomial bases (thus circumventing the
need for spectral differentiation formulas, which by [11] had made the necessary
algebraic manipulation very long in comparison) allowed for extending the result
to arbitrary dimension for general a.

In the v = 0 cases cited above, the analogues of Theorem 1.1 are results of
provably non-optimal polynomial approximation with respect to the power on N,
caused by the mismatch between the orthogonality that defines the projection op-
erator S3" —which can be characterized as a generalized Fourier series truncation
operator; cf. (3.3)— and the Hilbert norm in which the error is measured (see
the references provided in [10, Sec. 1] for optimal polynomial approximation re-
sults). The same mismatch occurs in this work, so we expect Theorem 1.1 to be
non-optimal too; however, we cannot be sure because we are not aware of best
approximation results for the general v case.

The study of approximation results involving weights such as W, , is interest-
ing, first, as an archetype of weights of interior singularities, as its highly symmetric
form allows for sourcing useful results from the theory of reflection-invariant orthog-
onal polynomials [7, Ch. 6 and Ch. 7]. Secondly, there is an intimate connection
between orthogonal polynomials in the ball with respect to W, , and orthogonal
polynomials in the simplex with respect to weights that are products of powers
of signed distances to their faces [7, Subsec. 8.2]; as this reference attests, when
mapping orthogonal polynomials in the ball to orthogonal polynomials in the sim-
plex, only the fully reflection-symmetric of the former participate, and for these
the Dunkl operators reduce to partial derivatives. Thirdly, we fully expect that
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the techniques and partial results introduced below, not least the adaptation of the
orthogonal polynomials spaces-based techniques of [10] to the present situation, will
prove useful again in the pursuit of further approximation results.

Our main result involves weighted Dunkl-Sobolev spaces instead of the better
understood weighted Sobolev spaces because it is in terms of the former that the
contours of the argument in [10] can be reproduced. This is readily apparent
because the characterization of L?Xﬁ—orthogonal polynomials as eigenfunctions of
Sturm-Liouville-type operators occurs in terms of Dunkl operators [7, Th. 8.1.3];
said characterization is essential for our way of inferring approximation rates out
of the regularity of the function being approximated.

We remark that = 0 (i.e., approximation error measured in ng) lies outside
of the scope of Theorem 1.1; indeed, in this case, the provably optimal power on NV
is —I (cf. Corollary 4.5 below), outside of the pattern set by our main result.

The outline of this article is as follows. We finish this introductory Section 1
introducing some additional notation. In Section 2 we introduce the reflections,
Dunkl operators and main Dunkl-Sobolev spaces that participate in this work.
In Section 3 we introduce orthogonal polynomials spaces and their interaction
with Dunkl operators and certain generalizations thereof. In Section 4 we put
the differential-difference Sturm-Liouville operator the abovementioned orthogo-
nal polynomial spaces are eigenspaces in a suitable weak form, prove preliminary
approximation results upon it and prove our main result. At last, in Section 5
we prove the sharpness of our main result for special values of its Dunkl-Sobolev
regularity parameters and give a brief conclusion.

Given, j € {1,...,d}, let e; € R? be Cartesian unit vector in the j-th direction;
ie., (e;); is 1 if ¢ = j and O otherwise. We will denote the Euclidean norm by
|-Il. We will denote the space of d-variate polynomials by IT1%; we have already
introduced its subspace I1% consisting of polynomials of total degree less than or
equal to N. We will adopt the convention that, for N < 0, 114, = {0}.

Given an open ©Q C R¢ we will denote the integral of functions f: Q — R with
respect to the Lebesgue measure simply by fQ f(z) dz. We will denote by o4—; the
surface measure of S~!, the unit sphere of R? [2, Ex. 3.10.82]. For all Lebesgue-
integrable f,

faydo = [ T et doas () ar. (1.2)
R 0o Jsi-1

We denote by N the set of strictly positive integers and Ny := {0} UN. Members
of [Ng]¢ will be called multi-indices and for every multi-index a € [Ng]?, point
x € R? and regular enough real-valued function f defined on some open set of R?
we shall write |a| = Z?zl a;, v = H?Zl 28 and O, f = 9lol f/(9x* - - - 9x5).

Setting a; =1, p; =2, 61 =0, =1, s = + 1 and f(u) = (1 —w)® in [1,
Th. 1.8.5] it readily follows that

Hflz (2l d 1 d
- LIEAS ) SRR FC
2 i=1

where I' and B denote Gamma and Beta functions respectively; these functions
being finite for positive arguments, it follows that the constraints @ > —1 and
v € (—1,00)% are precisely those that ensure that the above integral is finite. As
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a consequence of (1.3), L™(B%) C L2 .. In particular, every polynomial, being a
bounded function in B¢, belongs to L2 ..

We finish this introductory section noting that we mostly omit the dimension d
from the notation of e.g., function spaces, in order to avoid cluttering and because
all of our arguments work independently of the dimension.

2. DUNKL OPERATORS AND WEIGHTED DUNKL—SOBOLEV SPACES
Given j € {1,...,d} let g : B? — B? be the reflection defined by
(Vo€ BY) ojo:=x—2x;¢; (2.1)

that is, o; flips the sign of the j-th component of its argument. The group generated
by {o; | 1 < j < d} with function composition as the group operation is (isomorphic
to) the Coxeter group Z4 [7, Sec. 7.5]. Given a scalar-, vector- or tensor-valued
function f on B¢, we shall write o7 = foo;. We will say that f is 0j-even (resp.
oj-odd) if o7 f = f (vesp. o} f = —f) almost everywhere. On defining
f+oif f—o5f
Sym;(f) := TJ and Skew;(f) := Tj, (2.2)
every such f admits
f=Sym;(f) + Sym;(f) (2.3)
as its unique decomposition into a ¢j-even and a oj-odd part. For every ¢,7 €
{1,...,d}, o; and o; commute. Therefore, so do the operator pairs (¢,07),

(Sym;, Sym;) and (Sym;, Skew;). It follows that v
= Sym, (Sym; (£))+Sym,(Skew, (f))+Skew, (Sym; () +Skew; (Skew; (£). (2.4)

is the only decomposition of f into all four combinations of o;- and oj;-parity.
Following [7, Def. 6.4.4], we further introduce the operators p; by
f(x) = flojz) _ 2 Skew,;(f)(x)
pi(f)(x) := == : : (2.5)

Zj Zj

where, whenever z; = 0, the ratio must be interpreted as the corresponding limit;
namely, 29; f(z). The following variant of Hadamard’s lemma (cf. [15, Sec. 3.20])
encapsulates the properties of the p; operators we shall need later.

Proposition 2.1. Let j € {1,...,d} and f € C"(Bd), r > 1. Then, p;(f) €
C=Y(B4) and, for all multi-indices a with 0 < |a| <7 —1,

10api(Fll oo < 210605l - (2.6)

If f happens to be a polynomial of degree n, p;(f) is also a polynomial of degree at
most n — 1.

Proof. Throughout this proof, for all z € B? we set 2/ = (z1,...,24_1) and
2" = (21,...,2d4-2) so that 2 = (2,24) = (2",24-1,24). Also, given a func-
tion h: B? — R we denote its modulus of continuity by w(-;h); that is, for all
t € [0,00], w(t; h) := sup {|h(x) —h(y)| | z,y e B, |z —y| < t}. We also assume,
without loss of generality, that j = d.

Given k € Ny let the integral operator Hy be defined by

Ho(h)(z) = / S (!, 5 74) ds. 2.7)

-1
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First, let us note that
(Vh e C(BY)) Hy(h) e C(BY). (2.8)

Indeed, let h € C(ﬁ). Then, for all 2,y € B9,

[Hy (h)(x) — Hi(h)(y)| < / (@', swa) = h(y', swa)l ds < 2w(|z — yl; D).

-1
Thus, 0 < w(-; Hi(h)) < 2w(-;h) so Hi(h) inherits the uniform continuity of A,

which, in turn, stems from the fact that B9 is compact. Also, directly from the
definition (2.7),

(Vhe C(BY) |Hy(h)||., <2|h]., - (2.9)

Next, we note that, as a consequence of the Fundamental Theorem of Calculus, for
all i € {1,...,d},

loo

h(z+mne;) — h(x)
n

(Vh € CY(Bd)) — 0;h(x)| < w(|n|; d;h). (2.10)

Further, we affirm that

Hy(0:h)  ifi#d,

" (2.11)
Hk+1(8dh) if i = d.

(Vh e CY(BY)) 8;Hy(h) = {

Indeed, let h € Cl(ﬁ). Let i € {1,...,d — 1}; without loss of generality we can
assume that ¢ = d — 1. Then,

‘ Hy(h)(x + neq—1) — Hy(h)(x)

n
< /1 h(z", x4-1 +n,sxq) — M(x" , xq-1,5x4)
=/, -
because, per (2.10), the last integrand tends to 0 as 7 tends to 0 uniformly with
respect to s. If i = d,
‘ Hy(h)(z + nea) — Hx(h)(z)
n

— Hy(04-1h)(2)

n—0

— 0g_1h(z’,s24)| ds — 0

— Hi11(0ah)(z)

< /1 h(z',;s(xqg+n)) — h(z',szq)
Ja n
h(z',sxq+ sn) — h(z!, sxzq)

1
</
-1 s

again by (2.10) and the fact that [sn| < |n|. Thus we have justified (2.11).

Let f € C"(B?). Then, pa(f) = Ho(daf). Indeed, if x4 =0, pa(f)(x) = 20af(x)
and Ho(04f)(z) obviously coincide. If x4 # 0, by the Fundamental Theorem of
Calculus and the definition in (2.5),

1 Tq 1
pul$)@) =+ [ dus ydt = [ Duf(as4) ds = Ho(0uf) (o)
-1

Td J—z,

ds

— 50gh(2', s24q)

— Oah(x', s34)| ds 122 0,

With pgf characterized in this way, its membership in C“l(ﬁ) and the bound
(2.6) stem from (2.8), (2.9) and (2.11).
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d

Let us note that if A happens to be the monomial h(x) = [[;_; 27", a1,...,aq €
_(_1)xqt+1
Ny, a direct computation shows that Hy(h) = %h. Thus, Hy maps polyno-

mials to polynomials of at most the same total degree. Hence, if f is a polynomial
of total degree n, pq(f) = Ho(0af) is a polynomial of total degree at most n—1. O

Given any v € R?, the map that to each e; and —e;, j € {1,...,d} associates
5 is 74 invariant, so it is a multiplicity function in the sense of [7, Def. 6.4.1].
The Dunkl operators associated with (the multiplicity function induced by) v |7,
Def. 6.4.2] are
2. iq(z) —q(ojx
(2.5) 8jq(x)+%jq( ) x;z( i)

(2.12)
Through Proposition 2.1 the Dunkl operators inherit from the standard partial
derivatives the inclusions

(v €{L...dh) Dq(a) = 0i9(a) +Lpi(0)(@)

D (C"(B)) c ¢" (BT and DY () ST, (213)

for m € N and m € Ny, respectively.
The following commutation relations are particularizations of Prop. 6.4.3, Th. 6.4.9
and Prop. 6.4.10 [7], respectively:

D) £
Do = %75 ’ 2.14
R B L T ) (2.14)

Dg’Y)fDJ("Y) _ ng)pzﬁ), (2.15)
(v) if g i

DIV (iq) = {25 LT (2.16)
J ijj7q+q+7jU;q ifi =j.

Note that in (2.16) and in the sequel we commit the common abuse of notation of
denoting maps of the form z — z;q(z) simply as x;q. Some consequences of (2.14)
are

Skew; D ifi £ j
D](’Y) Symi — { ew e #Ja

J
Sym; DY) if i = j.

(2.17)

PO ifi
Sym; o 1 Z#J’ and D\ Skew; =
Skew; D;" if i = j I
Also, as

x;olq = oilwsq) iz, (2.18)
T ee =g, '

we further have

2, Sym, g = {symm) 370 00 ) Skewng = {Skewz- (e50) if i #
Skew;(z;q) ifi=j Sym;(z;q) ifi=j.
(2.19)
Because of the commutation property (2.15), we can unambiguously use the
multi-index notation to express compositions of Dunkl operators; hence, given a €
[Np]?, we shall write Py = (DE’Y))‘“ 0---0 (Dé’”)“d. We can now compactly express
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the following consequence of Proposition 2.1: For all multi-indices a € [Ng]¢ and
f e cla(B),

HD‘(J)JCHij = ﬁ(l + i) 100 fll - (2.20)
=1

We define the Dunkl gradient by D) f := 2?21 Dy)(f) ej. Given m € Ny we
define the Sobolev-type inner product (-, -)q ~m: C™(B4) x C™(B) — R by

(¥P.g € C"(BN)  (p.@acm = >_ (PO)p.(DD)q) . (221)
k=0 o

where (D))* is the k-fold Dunkl gradient. Using the multi-index notation, this

inner product can also be expressed as (p,q) — > pq Z|a|:k: (’;‘) <D((ﬂ)p, DL(LW)CDOw

(here (5) = —*__ is the number of times D,(I’Y)p with |a| = k appears in the k-

ay!---ag!
dimensional array-valued (D())*p) and is of course bounded from above and below
by positive-constant multiples of (p, ¢) — Z‘a‘gm<Dfﬂ)p, Dt(ﬂ)q)aﬂ.
We define now in some detail the function spaces involved in our main result
Theorem 1.1.

Definition 2.2. Given m € Ny, we define Hy', as the topological completion of

(Cm(Bd)7 H.”a,'y;m)’

That is, up to isometry, H', is the space of equivalence classes of Cauchy se-
quences of (C (B7), |, ...
(Zn)nen ~ (Yn)nen <= limp oo |20 — yn||ow;m = 0, equipped with the metric
(z,y) — limy, oo |20 — ynHamm, where (2,)nen and (yn)nen are any representa-
tives of the equivalence classes x and y, respectively, which makes it a complete

with respect to the equivalence relation ~ defined by

metric space. Identifying each f € C™(B¢) with the equivalence class of the con-
stant sequence (f)nen, C™(B9) is a dense subset of Hy', [13, Th. TIL33.VII], [8,
Th. 4.3.19)].

It is easily checked that the map (x,y) — limp,_ o0 (Tn, Yn)a,v;m, Where again
(n)nen and (yn)nen are any representatives of the equivalence classes x and y,
respectively, is a well defined inner product that induces the above metric, whence
H{, is a Hilbert space. We denote that inner product by (-, ) a,y;m as well.

m
a,y”

Proposition 2.3. Polynomials are dense in H
Proof. Let f € H}, and € > 0. By the characterization of Hy, as a topological
completion in Definition 2.2, there exists g € C™(B?) such that || f — g| <€/2.

Now, g can be extended to a C™(R%) function § [18], which, by smooth truncation
if necessary, can be assumed to have its support contained in the ball B(0,2). By
[9, Cor. 3], there exists a polynomial p such that

a,y;m

€
)
2 Cd,m

Z Su£|6ag - 8ap| = Z Su£|aa§ - aap| <

la]<m laj<m
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1/2
where ¢q, = ||1Hi/$ mMaxX|q|<m (‘Z') / max|q|<m H‘Ll(l + |vi])* (this constant is
finite on account of (1.3)). Thus, by (2.20) and the definition (2.21),

1/2

1/2 5
a
9= Pl < 12 max (1) (S 00 - 000

lo|<m

1/2 d
a . €
V2 max (1) max T+ b X 1009 - 0l < 5

O jalSm \ a o <m - 2
i=1 lal<m

< It

O

Remark 2.4. We define our Dunkl-Sobolev spaces as topological completions of
strongly differentiable functions with respect to the chosen norm; that is, ‘H’ spaces
in the nomenclature of Meyers & Serrin [14]. One might also deﬁne Dunkl-Sobolev
spaces intrinsically, as spaces of (classes of equivalence of) ’7 functions whose
Dunkl operators up to a certain order still belong to L2 i Le., “W’ spaces in the
nomenclature of [14]. To the latter end distributional generahzations of the Dunkl
operators (see, e.g., [17, Th. 4.4]) might be required to properly define their action
on non-differentiable functions. However, we do not know if such ‘W’ spaces would
be appropriate substitutes for (perhaps even identical to) our ‘H’ spaces.

3. ORTHOGONAL POLYNOMIAL SPACES

Let V"7 be the space of orthogonal polynomials of degree k with respect to the
weight W, 45 i.e.,
Vit = {p eI | (Vg €I 4) (P @)y = 0} (3.1)

If k < 0 we adopt the convention II¢ = {0} and so V;"7 = {0}. As W,
is centrally symmetric, it transpires from |7, Th. 3.3.11] that, for all £k € Ny =
{0,1,2,...}, there holds the following parity relation:

(Vpr € V) (Vo € BY)  pr(—z) = (=1)*pr(). (3.2)
Let proj;”’ denote the orthogonal projection from L2  onto V;"". From [7, Th. 3.2.18],
=@, Vi and L2, = @, V"7, whence
(VneNy) S5 = Zprojg” and (Vuell, )u= Zprojzw(u). (3.3)
k=0 k=0

We mention in passing that we will denote the entrywise application of S to L2
vectors and higher-order tensors by S57 as well. Parseval’s identity takes the form

(Vuell)) [ul?, Zupmw [ (3.4)

The following proposition, analogous to [10, Prop. 3.1], collects relations between
orthogonal polynomial spaces and projectors onto them that do not involve Dunkl
operators.

Proposition 3.1. Let a € (—1,00) and v € (—1,00).

(i) Let pr, € VETH7. Then, (1 —||- |\2)pk eV e V;:
(ii) Let qx € Vk V. Then, q, = pl"OJk 2 qx) + prOJk (qk)
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(iii) Letw e L2 . Then, projp 7 (u) = projy T (proji Y (u) + projy s (u)).
(iv) LetueL? . Then,
sa+1,y _ Loy sa+1,y Loy o sa+1,y sony
proj;™ 7 (u) = projy;” (u) + proj; 7 o projily (u) — proji Ty o proji 7 (u).
Proof. Given q € II{_ 1, (1 = ||'l|*)pks @)ay = (Pk,@)a+1,, = O by definition (3.1).
Also, by the parity relation (3.2), (1 — [|-|*)px La~ Vi Therefore part (i) stems
from (3.3). An analogous argument accounts for part (ii). Part (iii) comes from

the fact that given pj, € Vo+7,

. 2
(proji 7 (w), pi)at i = (s pr)ariy = (uy (1= [11*)pk)acy

® . . 2 . .
= (proj; 7 (u) +proji (), (L=[I|")Pr)a,y = (Projy ™ (u)+projiis (), pr)ati,y-

Part (iv) is obtained from adding and substracting projgf%’“’(projg”(u)) to the
right hand side of part (iii) and using part (ii). O

Proposition 3.2. Let a € (—1,00) and v € (—1,00).
(i) Let f e LZ ., beoj-odd. Then, [pq f(x) Woq(x)dz =0.
(ii) Gwen ke Ny, je{l,...,d} andpr, € V"7, ppoo; € V"7 as well.

Proof. Because of the invariance of the Lebesgue measure with respect to reflections,
Jpa f(@) Woy(x)de = [pa f(o;2) Way(0;(2)) dz. As W, 4 is oj-invariant, part (i)
follows.

Part (ii) is proven similarly, using additionally the fact that the composition with
o; preserves the degree of a polynomial. O

Given any o € R and v € R? we introduce the differential-difference operators
D, je{1,...,d}, by

Di* (@) = —(1 = l2l*) = Dy (1 = Jja]*)*q(@) )

= —(1— |21} D q(@) + 2(ar + Vjq(x).  (3.5)
From the inclusions in (2.13) they inherit
D) (cm(ﬁ)) cCmY(BY) and D (ML) CTE,,  (3.6)
for m € N and m € Ny, respectively. Also, from (2.17) and (2.19),

Sym, DS if i # j,

) and
Skew; D7) if i = j

Skew; D\ if i # j,

. 3.7
SymiDyX’%*) if i = j. (87)

D;am*) Skew; = {

As its notation suggests, the Dj(qm*) operator is indeed adjoint to the Dunkl op-

erator ’Dj(j), to the extent allowed by the first part of the following proposition,

analogous to [10, Prop. 3.2], that also goes on to show that D§a,v;*) is a parameter-

lowering and degree-raising operator, that D§7) is a parameter-raising and degree-
lowering operator and a useful commutation relation between projections onto or-
thogonal polynomials spaces and a Dunkl operator.
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Proposition 3.3. Let a € (—1,00), v € (—1,00)% and j € {1,...,d}.

(1) Let D,q € Cl (ﬁ) Then} <D§V)p’ q>o¢+1,'y = <p7 D](‘aﬁ;*)q>a,'y-
(ii) Letry, € VOTH7Y. Then, Dﬁ-a’ﬂ“*)m eV
(iii) Let pr, € V7. Then, Dj(d)p;€ € V,(:+11’7.
)

(iv) Let u € CY(B%). Then, D§7) proj. 7 (u) = projgfll”(DJ@u).

Proof. As both Dy) and D](_am*) flip oj-symmetry into o;-antisymmetry and vice
versa (cf. (2.17) and (3.7)), per part (i) of Proposition 3.2, it is enough to prove
(i) in the special cases where p and ¢ are either oj-even and o;-odd or ¢j-odd and

oj-even, respectively. Let us define, for §,& > 0, the set X5, := {x € B | |z;| >
0 N (Vie{l,...,d})\ {4} |xi| > ¢}. By integration by parts,

« 8jp(z)Q(z)Wa+1,’y(z)dx

- / P(2)q(2)Wags () () dS () — / ()0 (@) Wasrn(2)) dz,  (3.8)
0Xs,c

XJ,E

:=bs

where v is the outher normal vector field defined almost anywhere (with respect to
the surface measure) on 0Xs .. Now, for every = € X, ., by direct computation

9 (q(x)Was1,4(2))

= (2ra@)(1 = 121) = 2o+ Dja(a) ) Wan (@) + 4@ Warin (@) (3.9)

From the definition (2.12) of D\, (3.8) and (3.9),
DY p(w) g(x) Was1,(w) dz

=t = [ p(o) (210(e) (1= alP) = 2o+ Dy ) Woo (@) o

% Mq@ Werr(2)de.  (3.10)

2 Xs,e Ty
As X5, and W, are oj-invariant, a simple computation shows that
plx) +plo;x q(z) —qlo;x
/ MQ(@ Wati,4(z)dz = / P(@M War1,5(z) dz,
X, Zj Xs.e Tj

which, substituted into (3.10), results in (cf. (3.5))

[ D) 60) W@ e = b+ [ ) D) Wosr o)
8,e

Xs,e
(3.11)
As W41, vanishes on 0Xs. NS?"! and v; vanishes almost everywhere on each of
the sets {o € 0X5. | |zi| = €} for i € {1,...,d} \ {j}, the boundary integral in
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(3.8), (3.10) and (3.11) can be written as
boo= [ P() q(&) Was1, () sign(z;) dS ()
{z€0X5.cl|z;|=0}

px)q(x

-/ PDLL iy vy ) 450
{2€0X; c||z;|=0}  Tj

Since pq is 0;-odd, we infer from Proposition 2.1 that z — p(z)q(x)/z; = p;(pq)/2

belongs to C(B?). Also, as a+1 > 0, (1— ||z]|*)*™! < 1 for all z in the integration

domain above. Additionally, said integration domain is contained in {z € [-1,1]¢ |

|z;| = d}. Thus,
d
I/,
=17 [-1,1]
i#j

Then, as v; > —1 for i € {1,...,d}, for every fixed ¢, lims g+ b 5 = 0. Then, (i)
follows from (3.11) by first taking the limit as § — 0% (which makes the bound-
ary integral disappear) and then the limit as ¢ — 0% (the volume integrals over
X5, converging to the corresponding ones over B¢ by the dominated convergence
theorem)

Given r, € Vg“”, by (3.6), ’Dﬁ-am*)rk € II¢, |, and, on account of part (i), the
latter is L2 _-orthogonal to II{, whence part (ii). An analogous argument accounts
for part (iii).

Given u € CY(B4), by part (iii), ’DJ(.A’) proj T (u) € Ve+H7. Part (iv) then comes
about from the fact that for all r € V]?j11777

|bs.c| < 67T max 7 da,.

e B4

p(x)q(x)

. (1) . Q,y;*
(DY) projy (), rasry = (proji ™ (w), D7), ,

(i) <u’D§a77;*)r>a77 ) <DJ(»’Y)U,T>04+17’Y'

|

Given v € R? we introduce the differential-difference operators Dﬁ), i,] €
{1,...,d}, by

D) = 2; D) — ;D). (3.12)

Under this definition, the DEZ) operators are simply the null operator. If v = 0 and

i < j, the Dyj) operators are angular derivatives [6, Sec. 1.8].

The following proposition shows that this operators is minus its adjoint in a
certain sense, that this operator is parameter- and degree-invariant and a com-
mutation relation involving this operator and projectors onto the same orthogonal
polynomial spaces.

Proposition 3.4. Let a € (—1,00), v € (—1,00)%, 7,5 € {1,...,d}.
(i) Let p.q € C'(BY). Then, (D{)p,q)ary = —(p. DY q)a -
(ii) Let pr € V.'7. Then, D%)pk eV .

(iti) Let uw € C*(B9). Then, Dyj) proj. 7 (u) = prOj(;:ﬁ(Dz(?j)u)-
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Proof. In the non-trivial case i # j, we infer from the commutation relations (2.17)

and (2.19) and the definition (3.12) that the operator D(AY) flips both the o;-parity
and the o parity of each term in the four-way decomposmon (2.4) of p. Then, by
part (i) of Proposition 3.2,

(DD, q)ary = (D7) (Symy, Sym; p), Skew; Skew; q)a
+ <DEVJ (Sym; Skew; p), Skew; Sym; q)a,
+ (DZ(VJ) (Skew; Sym; p), Sym; Skew; )~
+ (DZ(A;) (Skew; Skew; p), Sym; Sym; Qo
Thus, it is enough to consider the special cases in which p and ¢ are simultaneously
of opposite o;- and oj-parity. Those cases, in turn, are covered by the supposition

that pg is simultaneously ¢;-odd and o;-odd, which we adopt from now on.
By direct computation it is rapidly checked that,

(D0 Dy + 9, D D)oy = (Pl sahay + 0. DL s
N / (mip@%p(%@ _ %ij)_pW)) 4(2) Wy (z) do
Bd 2 2 ’ |

xj i

n / () (%mq(w*q@w) _ %qu@%q(w)> Wer (@) do. (3.13)
Bd 2 T 2 T;
As the purely differential operator D;Oj) = x,0;—x;0; satisfies the relation ’DEOJ) (pq) =

Dgg) (p)q+ pDE?j)(q) and vanishes on radial functions,
0 0
(D)p, @)y + (2. DL (@)

= /Bd div (p(x)q(x)(l — H:c||2)o‘(xiej — xjei)> H |z ™ dx.  (3.14)

k=1

SH

Let us define, for ¢ > 0 and 0 < r < 1, the set X,. := {z € rB? | (Vk €
{1,...,d}) |zx| > €}. By the Lebesgue dominated convergence theorem and inte-
gration by parts,

(DD, @)y + (0. DL (@) 0y

= lim (/ P(x)q(2)Weo y(z)(zi€5 — z5€;) - v(2) dS(2)
o o

d

_/X p(2)q(x)Wo v (x)(zi6; — zj€5) - Z Ly el a:), (3.15)

=1

=Vpe
where v is the outer unit normal vector field defined almost anywhere (with respect
to the surface measure we have denoted by S) on 90X, .. For k € {1,...,d}, let
us define the subsurfaces A, . := {z € 0X,. | |xx| = €}. Then, the union
(rS¥1noXx,.) U UZ:1 A, . i is a decomposition of 0X, . in sets whose pairwise
intersections have zero S-measure. Now, for S-almost every z € 7S~ N 0X; e,
v(x) = r~1x, which is orthogonal to z;e; —zje;, and for k € {1,...,d}, for S-almost
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every € A, ., v(x) = —sign(zy) ex, which is again orthogonal to x;e; — xje; if
k ¢ {i,j}. Hence, on defining

L., =— / p(2)g(x)z; sign(z;) Wa (2) dS(2),
ATYE,]-

Lpesi= / p(2)q(x); sign(e:) Wa - (¢) dS(2),
A

we can express (3.15) as
(DO, hary + . D)y = lim (I + Lrei — vre) - (3.16)

r—1
e—0t

As pq is 0;-0dd, by Proposition 2.1, x — p(z)q(z)/z; = p;j(pqg)/2 belongs to
C(B?). Also, for all z € A, . ;, ||| <7 < 1, which in turn implies that (1 — R
is bounded by (1 —r?)* if & < 0 and by 1 if & > 0. Further, A, . ; is contained in

{z € [-1,1]¢ | |z;| = €}. Thus,
oova d
r (1 r ) ?fa <0 « H/ |l,k|'Yk dzp.
1 if « > 0 b1 [-1,1]
(=

As all the entries of v are greater than —1, the integrals over [—1, 1] above are finite,
so we can conclude that, for all r € (0,1), lim._,o+ I;.; = 0. The same argument
holds for I, ¢ ;, so for all r € (0,1), lim. ,o+ I,..; = 0.

By expanding the dot product in the integral in v,. (cf. (3.15)), judiciously
expanding, say, p = Sym,(p) + Skew;(p) or p = Sym;(p) + Skew;(p) and changing
variable through o; or o; where necessary to make Sym,(p) and Sym;(p) disappear
and Skew;(q) and Skew;(g) appear, we find that

o :/ (ijip(w) — (o) i p(@) —p(fw)> 4(@) W r () da
Xre

p(x)g(x)

[ Ir.e;] < %t sup
Lj

weﬁ

’ 2 Ty 2 J €Z;
+/ p(x) (’ijiq(m) —aloye) 3, 4@) ~ gloww) q(aiw)> W (z)de. (3.17)
X,e 2 IL’J' 2 xX;

Therefore, substituting (3.17) into (3.16) and the result, in turn, into (3.13), yields
(1).

Let pr € V7. By (2.13), D%)pk € I1¢, and, on account of part (i), the latter is
L2 _-orthogonal tLHz_l, whence part (ii).

Given u € C}(B?), by part (ii), Dz(?j) proj, " (u) € V7. Part (iii) then follows
from the fact that for all » € V7,

—~

1

=

—(proj (u), D))
(

(D) proje (u), .y

Q

Y

i

()
—<u7D§:§)r>aW = (ngj)u,ﬂaﬁ.

O

4. STURM-LIOUVILLE PROBLEMS AND APPROXIMATION RESULTS

In rough terms, we will infer from the regularity of a function being approx-
imated the weighted summability of the squared norms of its projectors onto a
sequence of orthogonal polynomial spaces. In turn, this will lead to information
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about the approximation quality of the truncation projection SJ(\?’W). In this en-
deavor, the characterization of orthogonal polynomial spaces as eigenspaces of a
Sturm-Liouville-type operator will be essential.

From [7, Th. 8.1.3], if @ > —1 and 7 € (—1,00)%, every p,, € V7 satisfies

L (pn) == (—Ap + (x-V)? +2X*72 - V) p, = n(n + 217 )p,, (4.1)
where
d o 14 d
_ Y)\2 Y — .
Ap = ;:1 (D;7) and AYT =+ 3 ;:1 i + 3 (4.2)

We will now put the operator £*7 of (4.1) into a form that we can test, treat
with integration-by-parts substitutes (part (i) of Proposition 3.3 and part (i) of
Proposition 3.4) and turn into a transparently self-adjoint weak form.

Taking into account the second characterization in (3.5) defining D](-am*), it is
readily checked that

d d
S DD p) = —(1— [|z]*)App + 2(a + Dz - Vp+ 2(a + 1) 7 Skew; (p).
=1 =1
(4.3)
Also, from the definition (3.12) and (2.16), for all i,5 € {1,...,d} with i # j,
(D)) = @3(D{")* +23(D")?) - 2wiax; DD
— (@ D) +2; DY) — (im;o DY) + yjaio D). (4.4)

Then, as a direct consequence of (4.4), we can write

1
>, @Fy=5 Y @)

1<i<j<d 1<4,5<d
i#]
= ||.’L'||2 Ah — Z iI,'i.’Ej Dv('Y)DyY) — (d— 1) Z xZ; DZ(’Y) - Z ’}/ZLU]O':(DJ(’Y)
1<i,j<d 1<i<d 1<i,j<d
i#]
(4.5)
Considering the easily verifiable identities
(l‘ : V)Z = Z xixj&»@j + (.1‘ . V), (46)
1<4,j<d
22(DI)? = 2202 + ;2,0; — ; Skew; (4.7)

and

(xi ’DZ(’Y))(.TJ DJ(’Y)) = J;ixj(‘)iaj + (q/ja;iai Sker —1—%9[:]0]- Skewl) + Vi Skew; Sker,
(4.8)
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for i # j; we can readily write

Z .’EiijEW)Dﬁ-’Y): Z LE?(DE’Y)V‘F Z SCZ‘.’I?le(’Y)D](-’Y)

1<4,5<d 1<i<d 1<i,j<d
i#£j
=@x-V)?—(z-V)+ Z vix;0; + 2 Z v:x;0; Skew;

1<i<d 1<ij<d

i#£]
— Z ~; Skew; + Z vi7; Skew; Skew; . (4.9)

1<i<d 1<i,j<d

i#£j

Then, replacing (4.9) in (4.5) and using the fact that z; Dj(-y) = x;0; + vj Skew;,
we get

ST @I =la)’ Ap— (@ V)2~ (d—2)(z- V)~ (d-2) Y 7 Skew

1<i<j<d 1<i<d
- Z "}/Z‘(T;kxjaj - Z ’)’l"}/JO':( Sker - Z %xzaz
1<i,5<d 1<i,j<d 1<i<d
i#] i#]
—2 Z ’)/il'jaj Skewz - Z Yi7j Skewl Sker . (410)
1<i,5<d 1<i4,5<d
i#] i#]

Lastly, considering the identity >, -, ., 7i%i0i = (O 1<;j<q i) (@ V)=>1<ij<d Vi;0;,
T T i#]
adding and substracting the term (>, ., ;7%) > ,<i<q7i Skew;, considering the

identity Skew; = Id —o} — Skew;, and simplifying, we can readily obtain
d

S @) = |zl An — (z- V)~ (d—2+2%> (V)
i=1

1<i<j<d
d d d d
=1 =1

i=1 j=1

Thus, substracting (4.11) from (4.3) to then note the appearance of the operator
L7 of (4.1) we can conclude that it can also be expressed as

d
o) = D) - Y @)
i=1 1<i<j<d
d d d
—2\Y7 Z ~i Skew; (p) + Z Z vi7v; Skew; (Skew;(p)). (4.12)
i=1 i=1 j=1

Using part (i) of Proposition 3.2, part (i) of Proposition 3.3 and part (i) of
Proposition 3.4, we find that

(vp c c%ﬁ)) (vq c cl(ﬁ)) (LY (D), @ary = B(p, q), (4.13)
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where the symmetric bilinear form B: C'(B4) x C'(B?) — R is defined by

d
B(u’ ,U) = Z<D§"/)u’ Dz(’y)v>a+17’y + Z <’Dl(:;)u, sz)waﬁ
=1 1<i<j<d
d

— 2)\%7 Z i (Skew; (u), Skew; (v))a,y
i=1
d d

+ Z Z vi7; (Skew; (Skew ; (u)), Skew; (Skew; (v)))a,y. (4.14)

i=1 j=1

Through (4.13) the eigenvalue (Sturm-Liouville) problem (4.1) satisfied by the L2 _-
orthogonal polynomials can be expressed in the weak form

(vpn € Ve) (Ya € CHBY)  Blon,a) =nln+ 22" pp@)as,  (415)

Directly from the definition (4.14) and standard inequalities follows the bound

(Vu,0 e CUBD)  [B(u,0)| < Callully g o] (416)

a,y;l

for some Cp = Cp(c,7) > 0. Given any polynomial p € I1¢, it follows from (4.15)
and (3.4) that

degree(p)
B — 2)\%7 HeZel 2 > f 2)\(17’7 2 X
(»,p) 7?:0 n(n + ) llprofn? (P, 2 inf (n(n+ D 1Pl -

From the definition of A7 in (4.2) and the fact that a,v1,...,7¢ > —1 it fol-
lows that the above infimum is min(0,1 + 2A*7). Also, because of the bound

(4.16) and the density of polynomials in H, , 2 CY(B9) (cf. Proposition 2.3),
the above inequality can be extended to C'(B9) functions. Thus, choosing any
K > max(0,—1 — 2X\*7), the shifted bilinear form B: C*(Bd) x C'(Bd) — R,
defined by

B(p,q) := B(p,q) + K(p; Q) (4.17)

is an inner product in C'(B9); we denote the induced norm by ||-|| 5. This allows
for defining an ad hoc function space in very much the same vein of Definition 2.2.

Definition 4.1. We define H as the topological completion of (C*(B?), |-||5)-

Proposition 4.2. There holds the inclusion H})w CHg and

(VueHy,) lullz < (Cp+K)? |ull,

that is, Héw is continuously embedded in Hy.

Proof. From Definition 2.2, every u € H}, _ is (a class of equivalence of) a Cauchy se-
quence (un)nen of C1(B9) functions with respect to the norm [|-||, 4 of (2.21). By
(4.16), [|um — unll g < (Cp+EK)? |ty — Unll g1 2% 0, s0 u € H according
to Definition 4.1, and |u|| 5 = lim,—o [Jun|lzg < (C + K)Y2lim,, o0 [l ||

(Cp + K)Y?|ul|,

R

(]

il
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In the sequence of results Lemma 4.3, Lemma 4.4 and Corollary 4.5 below, we
will exploit the Sturm-Liouville-type equations satisfied by our orthogonal poly-
nomial spaces, both in its strong (£*7-based) and weak (B and B-based) forms,
to prove that Dunkl-Sobolev regularity implies convergence rates of our truncation
projector, with the error measured in Liﬂ. See [11, Lem. 2.2, Lem. 2.3 and Cor. 2.4]
for the corresponding results in the v = 0 case.

Lemma 4.3. Let o € (—1,00) and v € (—1,00)%. For all u € Hp, the series
oo o proja ¥ (u) (cf. (3.3)) converges in Hy as well. There also holds the Parseval
identity

(VueHp) ulh =) (n(n+22"7)+ K) |[projn (u)||;

a7y’
n=0

Proof. By density (cf. Definition 4.1), (4.15) extends to ¢ € Hj. Adding K(p,, @),y
to both sides we obtain

(Vpn €V7) (Vg €Hg) Blpn,q) = (n(n +2X%7) + K) (pn; @)a.y-
Polynomials are dense in Hyz. Indeed, if s € Hp is Hz-orthogonal to 14, by the
above equality and the fact that n(n + 2A*7) + K > 0 for all n € Ny, it follows
that s is L2 ,-orthogonal to % as well; i.e, s = 0. Now, as the V(OW) are finite-
dlmensmnal there exists a Hilbert basis of L2 &,y consisting of L2 -orthonormal

polynomials. Such a basis can be renormalized to obtain a Hilbert basis of the

closure of polynomials in Hy; i.e., Hg itself. The desired results then stem from
the basic properties of Hilbert bases; see, e.g., [3, Corollary 5.10]. O

Lemma 4.4. Let a € (—1,00), 7 € (—1,00)? and | € Ny. Then, there exists
C =C(a,v,l) > 0 such that

(VueH, ) > (nn+22"7)+ K) [proje? (w2, < Cllull? ;-
n=0

Proof. The I = 0 case is simply (3.4). From Proposition 4.2 and Lemma 4.3, for all

UGH}xw

S (0l + 2227 + K) proja (W) 2., = lully < (Cp + K) lul’..y,  (4.18)
n=0
which accounts for the [ =1 case.
Particularizing (4.13) to p € C%(B%) and ¢ € II¢ and using the symmetry of the

bilinear form B and the inner product of L2 ~» we find that

(Vpe C*(BY) (Vgel) (L27(p),q)an = (P, L77(0))ar- (4.19)

Now, by virtue of the bound (2.20) and the definitions (3.5) and (3.12), the operators
Dy), Dj(-am*) and D%) are bounded operators between C™(B?) and C"1(B49),
m > 1. From Definition 2.2 they extend to bounded operators between sz and
H7'>!. Using these extended first-order operators in the definition of £*7 in (4.12),
the resulting extended £%7 and L*7Y + K I operators are bounded maps between

H7' to HJ'.?, m > 2. The m = 2 case allows for extending (4.19) to

(VueH2 ) (Vg€ I%) {L%7(u), g)ar = (0. L5 (@)ary.  (4:20)
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2 y
Then, for all u € Hf, , and ¢ € V"7,

o o o (4.20) o
<prOJn”y(£n,’Y(u))’q>0¢7’Y:<‘Cn7’y(u)7q>aﬁ = <u7£n7’y(q)>a,7

0+ 20%7) (W, @Yoy = n(n + 20°7) (proj% (u), gha s,

whence
(VueH2 ) proja” (Lo () = nln+2X7) proje(u).  (4:21)

Therefore, if [ > 2 is even, our desired result stems from

Y (n(n+2X*7) + K)' [[proji” (w2,
n=0

2

(120 = [projee (227 4+ K D)2 (w) z (R O
n=0 ’

o,y
1/2 2 2
< |+ x| Jull?, -
L(HL L2 ) 4
Finally, if { > 3 is odd,
Y- (a(n +23*7) + K)' proji” (w1,
n=0
(4.21) a sy a (1-1)/2 2
203" (i + 2377 + K) [proje? ((£27 + K DIV2(w))
70 a,y
2
(4.18) (Cp + K) H(ﬁaﬁ + K D)D2(y) 1
a5
2
o,y (1-1)/2 2
< (Cs+K) H(ﬁ + K1) HE(HL,W,HL,,) el -

O

Corollary 4.5. For alla € (—1,00), d €N, v € (—1,00)¢ and | € Ny, there exists
C =C(a,n,l) such that
<SCN+1)7Hul

(VN eNy) (Vu € Hlow) |lw — SJO\’,”Y(u)Haﬁ < amil -
Proof. This is a direct consequence of the Parseval identity (3.4), Lemma 4.4 and
the fact that n(n + 2A\*7) + K depends quadratically on n. O

Proposition 4.7 below allows for quantifying the wa norm of a member of V,(:H
with respect to its L2, ., norm, thus containing the seed of the quantification of
the price to be paid in our main result Theorem 1.1 because of the mismatch of
the orthogonal projector there and the norm the approximation error is measured
with; its third part is a Dunkl variant of the Markov brothers’ inequality. However,
we need the following technical proposition first.
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Proposition 4.6. Let a € (—1,00) and v € (—1,00)%. Then, there exists My~ > 0
such that

d
(Ypel? ) —22°7 > v |Skewi(p)]2 ,

i=1
d d
2 2
+ D7 ISkews (Skew; ()17, = ~May 1217, -
i=1 j=1
Proof. This comes from the fact that the Skew; operators are bounded in L7, . O

Proposition 4.7. Let a € (—1,00) and v € (—1,00).

. a+1,
(i) For allp,qeV, "7,

ktd/2+ Y0, 7/2
<pa q> )Y =

+1 .
1 ) <p> q>a+1,'y
(ii) Let k € Ng. Then, for allT € Vk’ ,

(k(k + 2097 + Mg ) (k + A7)\ /2
P 7]

oy’

DDty < (

where My > 0 is that of Proposition 4.6. If r is, additionally, a radial
function, this inequality turns into an equality by replacing My ~ with 0.
(i) There exists a constant C' = C(a,y) > 0 such that, for all n € Ng and
p eIy,
HD(’Y)pHa»'Y S an Hp||a7’y .

Proof. On homogeneous polynomials of degree k, k € N, there holds -V = k1.
As a first consequence, x - V maps I1¢ into itself, for every n € Nj.

Let p,q € V,?H’V. As every member of V,?H’V is a linear combination of ho-
mogeneous polynomials of degree ranging from 0 to k, there exists a homogeneous
polynomial s, of degree k such that p—s, € II¢ | and hence x-Vp—x-Vs, € I{_,.

Thus,

<:L' : vPa Q>o¢+1,'y = <:L' . vspv Q>a+1,'y = k<5pa Q>a+1,'y = k<pa Q>oz+1,'y~ (422)

Using the fact that div(z) = d and (4.22) (which is still valid if the roles of p and
q are interchanged),

2k +d) (P, @a+1,4 = (T VD, Qat14 + (P2 - Va1, + AP, Qatry
= / div(p(z)q(z)x)Waq1 4 (x)dz.  (4.23)
Bd

Now,

d d
/B div(p(a)a(@)7) W (2) de + 373 (0. 0)asrs = D (D) (2;0). Va1

j=1 j=1
d
= e DS D)y = 2+ 1) [ peala) ol W ()

Jj=1
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where the first equality comes from the definition (2.12) and part (i) of Proposi-
tion 3.2, the second from part (i) of Proposition 3.3 and the third from the definition
(3.5). Substituting this into (4.23), yields

2+ ) pa)asry =2+ 1) [ palata) ol Was (a Z% pr)atin

Part (i) then follows from the fact that W, - (z) = |z|? Waﬁ(x) + Wag1~().
Part (ii) is obviously true if k¥ = 0; otherwise, from part (iii) of Proposition 3.3
and part (i) above,

k+

N Ao
(Vre V) D72, 7\\D(V)T\Ia+m (4.24)

On the other hand, from (4.14) and (4.15) (with p,, and ¢ there both set as r),

d
[eY 2
1D rlasny + Do IDLrlE, =227 ) i |ISkews(r)|2,

1<i<j<d i=1

+ 3> v ISkew(Skew; (r) 17, + May [I7ll5.

i=1 j=1
= (k(k 4+ 22\*7) + M, -) HTHi,Y

Per Proposition 4.6, dropping the second, third, fourth and fifth terms from the
left-hand side of the above equality, the remaining first term will be bounded from
above by the right-hand side. Combining the resulting inequality with (4.24) and
taking square roots results in the generic case of part (ii). If r is radial, the second,
third and fourth terms on the left-hand side above vanish, and M, ., can be canceled
from both sides; what now remains an equality can also be combined with (4.24).

Given n € Ny and p € T1¢, from (3.3), part (ii) above, and the Cauchy—Schwarz
inequality,

a,y

||,D(’Y)p||a,'y ZHID(’)’) projy, Pl p)\
k_

n 1/2
k(k 4 20%7) + My, ) (k + A7
. (Z (k( )+ M) >> (Z proil I )

k=0

(4 1) (n+2X*7)(n? 4+ 22*Tn 4+ n + 2M, ) 1/2
- 4(OL+1) HpHa'y

Part (iii) then follows after realizing that there exists a positive constant C' de-
pending on a and ~ only such that (D22 7)(472;_21))‘0 Indnt2Man) < 2p4 for

all n € Ny. O

Now we prove a lemma with the core of the main result, a bridging corollary and
then, finally, the main result itself.

Lemma 4.8. Let a € (—1,00), v € (=1,00)% and I € N. Then, there exists
C=C(a,n, )>Osuchthatf0rallu€H neNandje{l,...,d},

a7y’

< O3/l H

DO s (w) — 857D )

o,y a,y;l—1
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Proof. Let us first assume that u € C'(B9). Combining part (iv) of Proposition 3.1
and (iv) of Proposition 3.3, we obtain

DY projy 7, (u) - promD;” )
= projy " L oprojng(D§7)u) - projgjgl’7 oprojz‘”(D](fY)u) (4.25)

Using (3.3) to express S27 in terms of the proj;’”, using (4.25), noticing that a tele-
scoping sum results and using part (ii) of Proposition 3.1 to expand an appearance

of projﬁ’V(D§7)u) S

DY) S5 (w) = S (DS u) = S D proj ™ (w) = Y projy (D u)
k=0 k=0
n—1

= Z ( prOJk+1( u) — projz"y(pj(,”u)) — projg”(’Dy’)u)

—prom”oprm (D w) + proji 17 o proji s (D u) — proj5 (D) u)

= pr03g+1’7 o projnl‘_l(D](-V)u) — proj® 7o projz’V(Dy)u). (4.26)

Now, by part (i) of Proposition 4.7, the fact that ||projzﬂ"y\|ﬁ(L2+l y < 1 and the
a+1,y

fact that ||| in L2 (because Wy 1, < W, ) we have that, for all
n>1,

a+1,y < ||'||oc,'y

Iprojo 1 o projoy (D)2,

- n+d/2+ Y0 vi/2+a
- a—+1

Iprojy (D w) 1%, (4:27)
Analogous arguments show that, for all n € N,

Iproja 7 o proja” (D w)||2

§ n+1l+d/2+ Y0 7/2+a
- a+1

Iproje” (D)2 . (4.28)

Taking the squared L2 . norm of both ends of (4.26), exploiting the L2 orthog-

onality of V21" and V217 (a consequence of the parity relation (3.2)) and the
bounds (4. 27) and (4.28) we observe that

() ga, ay (), 12
||DJ Sn ’Y(u) - Sn ’Y(Dj u)”a,fy

_nt1+d2+ 50 /20
- a+1

1D 0 — S22 (D)2

As D§7)u € Cl’l(ﬁ) (cf. Proposition 2.1), we can appeal to Corollary 4.5 to ob-

tain the desired result for u € C'(B9) after realizing that there exists a constant C

n+l+d/243 0 v /24, _q_1)n\2 - A 3-2
()< Cn

for all n € N. The general result then follows via density of C'(B4) in Hla’,y (Defi-
nition 2.2). O

depending only on «, v and ! such that
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Corollary 4.9. Let o € (—1,00), v € (=1,00)% and r,1 € N with r < 1. Then,
there exists C = C(a,7y,l,r) > 0 such that, for all u € Hfh,y and n € N,

@) 557 (w) = S (@Dyw)|| <o

o,y

it

Proof. Let us first note that iterating part (iii) of Proposition 4.7 we find that for
all » € N there exists C' > 0 depending on «, 7, and r such that

(VneNo) (vpeIly) [(PD) pllay < Cn® pl,, - (4.29)

We will now operate by induction on r. Taking the square root of the sum with
respect to j of the square of both sides of the inequality in Lemma 4.8 the case
r = 1 follows almost immediately. Let us suppose now that our desired result holds
for some r € {1,...,l} and that » + 1 < [. Then, for all j € {1,...,d}, by the
triangle inequality,

H(D(V))TDEV)S;W(U) _ SS’”((D("))TD;W)u)

o,y

<||@y D537 () - (@9 537D )

o,y

+[| @0y s @) - spr (@) D)

o,y

By (4.29) and Lemma 4.8, the first term is bounded by an appropriate constant
times nzrn‘o’/?*l||D](-7)u||aml_1. By the induction hypothesis and the fact that

Dy)u € Hf;%, the second term is bounded by an appropriate constant times

n2’"_1/2_(1_1)||D§-7)u||a,7;l,1. Then, the desired result in the r + 1 case follows
from summing up with respect to j and standard inequalities connecting vector 1-
and 2-norms. ([

Proof of Theorem 1.1. For every k € {1,...,r},

2
(PO u — (D) 537 ()

a7y

<2|(PD)*u - 537 (DD)*u)

2 2
+2||S7 (D)) = (D)8 (w)
a,y

oLy

o k 1
<0 (N+ 1200 3 ( )||Dg”u||i,w+czfv4’f 22
|Bl=k

< Cy N lllf

where we have used Corollary 4.5, Corollary 4.9 and C7 and Cs depend on «, =, [
and k only and C3 depends on «, -, [ and r only. Thus,

|lw — S%’V(U)Hi,,w < (C’4 (N + 1)*21 17 Cy N4r7172l) ||u||i,'y;l

< Cs N2 2

a,y;l

where we have again used Corollary 4.5, C4 depends on «, v, and [ only and Cj
depends on «, v, [ and r only. [
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5. ON THE SHARPNESS OF THE MAIN RESULT

We will say that our main result, Theorem 1.1 is sharp if the power on the
truncation degree N appearing there cannot be lowered. We refer to [10, Sec. 5]
for an account of sharpness results for previous incarnations of our main result,
to which we should add that the one-dimensional, Jacobi-weighted variant of [19,
Th. 2.6] comes with its own proof of sharpness (for the cases in which, in our
notation, r = 1).

We will the sharpness of our main result for all dimensions d € N, natural
singularity parameters o > —1 and v € (—1,00)%, but restricted to [ = r = 1.

We will find it easier to work with an alternative norm, equivalent to that of
H}Xm as proved in Proposition 5.3 (see [11, Lem. 2.6] for the corresponding result
in the v = 0 case). However, we first need to show that differentiable functions
with vanishing Dunkl gradient are constant in B¢.

Proposition 5.1. Lety > —1, L >0, and p € CY(—L, L) such that
DPYp=0 in(-L,L). (5.1)
Then, p is constant in (—L, L).

Proof. As Skjcﬂ is a always an even function and so is 0, directly from the definition

(2.12) of DEV), it follows that p’ is an even function. Therefore, p can be expressed
as the sum of a constant and an odd function, which also belongs to C'(—L, L).
Hence, y := Skew(p)|(0 L satisfies the Cauchy—FEuler differential equation

vy’ (z) +vy(z) =0,

whence it has the form
ylx)=Caz™7.

As y extends to a C'(—1,1) function, C has to vanish. O
Proposition 5.2. Let v € (—1,00)¢ and p € C*(B?) such that

DYp=0 in B
Then, p is constant in BY.
Proof. Given two points in B?, they can be connected via a polygonal path con-
sisting exclusively of segments that are parallel to a coordinate axis. By apply-
ing Proposition 5.1 in every segment, it transpires that p is constant along this

polygonal path and, in particular, the evaluations of p at the original two points
coincide. g

Proposition 5.3. The following is an equivalent inner product for (Cl(ﬁ), () Vayi1)-
(U, V)a,y1,p 1= <D(7)U=D(V)U>a,7 + (S5 (W), S5 (v))a - (5.2)

Therefore the topological completion of (Cl(ﬁ), (-, )ay:1,p) equals H}M, with the
extension of (-, -)a,1,p t0 H}Jw (cf. Definition 2.2) being an equivalent inner prod-

uct.

Proof. (-,-)a,;1,p being an inner product is a direct consequence of Proposition 5.2.

Clearl}” H.Ha,'y;l,P < ||'||a,'y,1'
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We will now prove the converse bound. Let u € C'(B4). Given N € N, by
Parseval’s identity (3.4),

00

2 R 2 a, 2

oy = 1587 ulls + D lIproja (Wl - (5.3)
n=N+1

[l
As 1% is finite dimensional, there exists a positive constant C' > 0, depending only

on N, a and +, such that
2
a+1,’y) '
.y

In particular, with p = S3/"« and using part (iv) of Proposition 3.3, we have

2
oz—‘—l,’y)
2
a+1,'y) '
(5.4)

) = (iseralz, + oo

at+ly) 0 o
In turn, as projy”(u) € V37, by (4.15), (4.14), part (iv) of Proposition 3.3, part
(iii) of Proposition 3.4 and taking into account that ||Skew; -[|, . < |-, ., for all
i1 €{l,...,d}, we obtain

2 112
(vpemd) vl <C (IISo "ol + [P

2 2 ,
HS%”Y“”aﬁ <C (||,5’(’;“”YSJO\;wuHOW + HD(W)S%'YU

= (557l + 53700

n(n +23*7) [[proj; (w)|l7, = B(proj” (), proj; ™ (u))

2
D(’Y.) Loy
iy Z H 5.7 projy ™ (u)
1<i<j<d
d d

— 22> Z vi ||Skew; projg”(u)Hiﬁ + Z 7i7; || Skew; Skew proj%’“’(u)”iﬁ

2
= [P proji(w)

o,y

i=1 ij=1

2 2 -

o+ > ereiz DG @)+ C o @2,
atly L )J ay Y
1<i<j<d

< ‘ projzfi” D(V)(u

(5.5)

where C' = C(a,7) := 2|A*7] Z?Zl Iy | + szzl |7ivj]- Let us now fix N € N to
any value which ensures that C < n(n + 2A*7) for all n > N. Then, combining
(5.3), (5.4) and (5.5) and using Parseval’s identity (3.4) again, we obtain

2
a+1,y

2 «, 2
ol < (1557l + [P

2 2

1

()
+ sup _ HD("/)U + HD )
n>N n(n +2A*7) = C atly 1<;<d B oy
The result follows upon using the bounds H.||a+1ﬁ < ||Ha,y and HDZ)

2
). =
any
2| D)2 0
ay’
We can now prove our sharpness result.

Theorem 5.4. For all « > —1 and v € (—1,00)%, Theorem 1.1 is sharp in the
casel =r =1.
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Proof. Let P denote the Jacobi polynomial of parameter («, ) and degree n
[16, Ch. IV]. From [16, Egs. (4.21.7) and (4.3.3)] and [1, Eq. (6.4.21)],

L (o
P (@) = TP Pl ), (5.6)

1 2
h{eB) = / ‘P};W) (x)‘ (1—-2)*1+z)’de
-1

(5.7)
228 Pln4+a+1D)I(n+B+1)
S 2ta+B+H1T(n+ DI (n+a+B+1)
1
Pled(p) = 2HOPHL platiy o MHE_pesidig) ()

T n4a+pB+1" n+a+pf+1 "1
the last expression in (5.7) must be modified if n = 0. Let us adopt the abbreviation
s(y) = Z?:l 7. Given n € N, we define t, -, € 114, by
204227 =2 (a,ds(n)+452) 2
P, (2 -1
s (22> - 1)

2n+5(7) +d =2 (a,Ls(v)+452) 2
- pl*z 7 )(9 —1). (5.
In 1 one — 3 In-i 2]z ). (5.9)

From |7, Prop. 8.1.5], we learn that the first term defining ¢, -, in (5.9) is a member
of V57 and the second is a member of Vs, ,. Therefore

Ra,%n(x) =tayn — Sgﬁ’y—l(tamn)(x)

204 22X = 2 o ds(n)+452) o112
=Tt T Eples =)o zl2 —1). (5.1
An + 2007 — 2 2| ). (5.10)

As R, ~. is a radial member of V5,7, from part (ii) of Proposition 4.7,

 2n(20 20720 4+ A7)
a,y o a+1

tamn(x) =

HD('Y)Ra Y

2
| Raynll?, - (5.11)

Also,

~ (2n+2x7 —2)? /
’I'l+ o,y
(4n + 2Xe7 — 2)2
 (2n 4227 — 2)22 (2+a+is(y )+%)h(aé8(v)+%) |Sd*1|
T (4n 42X —2)2 "

2
(a, s(n)+432) 2
| Ryl = PO @l 1)| Wap(2)da

(5.12)
where |S41 ’v = Joa—1 Wo,y(z) dS(z); the integral was computed by first switching
to generalized spherical coordinates and then performing the change of variable
t=2r2—1. Given j € {1,...,d},

(5.6) 2n—|—2)\0‘7—2

a, (a+1,1s(v)+4¢
Dty () o ot |(@n 23R 2% 91212 — 1)

at1,2s(y)+4
— (2n+ s(y) +d —2)PTE 2 D) (942 _ 1)

D (2n 247 = 2) a; PLOF T (222 — 1),
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Hence,

[Pt ’

ayy

Ls(y)+2 2
= (2042077 —2)? /B all? [P 2l — 1) Way (@) da

= (2n + 207 — 2)22~ (2Fetgs()+e)pl*

n—

18( ) d) _
f Y 2 ’Sd 1| ,

where the integral over B? was computed similarly to that in (5.12). Therefore, for
n > 2,

2
HD('Y)RamnH%7 (5.11) 2n(2n + 2X*7)(2n + A7) HRa,’y,n”iﬁ

I : + 2
H (W)ta,%nnaﬂ “ ! ||D(7)tou%nHa,’Y
o, ks d—2
(5.12),(5.13) 2n(2n 4 2A*7)(2n + A*7) 2h,(7, Es(n+452)
= + . ]
a+l (4n + 2 7 _Q)Qh;()if (M+2)

.7) 4n(2n 4+ 22%7)(2n + A7) 2n 4+ A7 — DI'(n + a+ 1)I'(n)

T (atD)@dn+2xer —2)2 22n+ )T (n+ a)l(n+ 1)
(24227 (n + «) 2n —1
T (et D)@n+2x —2) " Aa+1)
where we have exploited the identity I'(z + 1) = 2T'(z) and we use ~ to denote
that the ratio of two expressions thus linked tends to 1. As u > HD(’Y)uHOW +
156" (w)ll,,,, is an equivalent norm for H], ., (cf. Proposition 5.3) and both tq +.n

and Ry, are L7 _-orthogonal to Vg"” if n > 2, we infer from (5.14) that there
exists a positive constant C' depending on d, « and «y only such that

asn — oo, (5.14)

Jtan = S5 sCar)

lim
n>00 ltaynllg 40 (20— 1)12

=C.

Thus, the I = r = 1 instance of Theorem 1.1 is sharp, because otherwise the
left-hand side limit would vanish. (I

Conclusion. We have proved our mismatched approximation result Theorem 1.1
and its sharpness for special values of the regularity parameters of the function
being approximated and the norm used to measure the error. On the way, we de-
veloped a suite of auxiliary results connecting Dunkl operators and Liﬂ—orthogonal
polynomials.

Starting from this work, some avenues of further work that we detect are: (1)
Adapting our arguments to weights invariant with respect to other reflection groups.
(2) Find analogues of Dunkl operators that raise or lower components of v instead
of a. (3) Explore how Theorem 1.1 fares under polynomial-preserving mappings to
other domains.
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