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Abstract This paper is concerned with numerical integration on the unit sphere
Sr of dimension r ≥ 2 in the Euclidean space R

r+1. We consider the worst-case
cubature error, denoted by E(Qm; Hs(Sr )), of an arbitrary m-point cubature rule
Qm for functions in the unit ball of the Sobolev space Hs(Sr ), where s > r

2 , and

show that E(Qm; Hs(Sr )) ≥ cs,r m− s
r . The positive constant cs,r in the estimate

depends only on the sphere dimension r ≥ 2 and the index s of the Sobolev space
Hs(Sr ). This result was previously only known for r = 2, in which case the esti-
mate is order optimal. The method of proof is constructive: we construct for each
Qm a ‘bad’ function fm , that is, a function which vanishes in all nodes of the cuba-
ture rule and for which ‖ fm‖−1

s,r | ∫Sr fm(x) dωr (x)| ≥ cs,r m− s
r . Our proof uses

a packing of the sphere Sr with spherical caps, as well as an interpolation result
between Sobolev spaces of different indices.

Mathematics Subject Classification (1991): Primary 41A55 · Secondary 46B70 ·
46E22 · 46E35 · 52C17 · 65D30 · 65D32

1 Introduction

Cubature (or numerical integration) rules on the sphere are needed in applications
in geophysics and partial differential equations, where integrals over spherical
geometries need to be computed from discrete (measured) data. For example, in

Send offprint requests to: Kerstin Hesse

K. Hesse (B)
School of Mathematics, The University of New South Wales, Sydney NSW 2052, Australia,
Tel: +61 2 9385 7074,
Fax: +61 2 9385 7123,
E-mail: k.hesse@unsw.edu.au

Used Distiller 5.0.x Job Options
This report was created automatically with help of the Adobe Acrobat Distiller addition "Distiller Secrets v1.0.5" from IMPRESSED GmbH.You can download this startup file for Distiller versions 4.0.5 and 5.0.x for free from http://www.impressed.de.GENERAL ----------------------------------------File Options:     Compatibility: PDF 1.2     Optimize For Fast Web View: Yes     Embed Thumbnails: Yes     Auto-Rotate Pages: No     Distill From Page: 1     Distill To Page: All Pages     Binding: Left     Resolution: [ 600 600 ] dpi     Paper Size: [ 415.843 661.89 ] PointCOMPRESSION ----------------------------------------Color Images:     Downsampling: Yes     Downsample Type: Bicubic Downsampling     Downsample Resolution: 150 dpi     Downsampling For Images Above: 225 dpi     Compression: Yes     Automatic Selection of Compression Type: Yes     JPEG Quality: Medium     Bits Per Pixel: As Original BitGrayscale Images:     Downsampling: Yes     Downsample Type: Bicubic Downsampling     Downsample Resolution: 150 dpi     Downsampling For Images Above: 225 dpi     Compression: Yes     Automatic Selection of Compression Type: Yes     JPEG Quality: Medium     Bits Per Pixel: As Original BitMonochrome Images:     Downsampling: Yes     Downsample Type: Bicubic Downsampling     Downsample Resolution: 600 dpi     Downsampling For Images Above: 900 dpi     Compression: Yes     Compression Type: CCITT     CCITT Group: 4     Anti-Alias To Gray: No     Compress Text and Line Art: YesFONTS ----------------------------------------     Embed All Fonts: Yes     Subset Embedded Fonts: No     When Embedding Fails: Warn and ContinueEmbedding:     Always Embed: [ ]     Never Embed: [ ]COLOR ----------------------------------------Color Management Policies:     Color Conversion Strategy: Convert All Colors to sRGB     Intent: DefaultWorking Spaces:     Grayscale ICC Profile:      RGB ICC Profile: sRGB IEC61966-2.1     CMYK ICC Profile: U.S. Web Coated (SWOP) v2Device-Dependent Data:     Preserve Overprint Settings: Yes     Preserve Under Color Removal and Black Generation: Yes     Transfer Functions: Apply     Preserve Halftone Information: YesADVANCED ----------------------------------------Options:     Use Prologue.ps and Epilogue.ps: No     Allow PostScript File To Override Job Options: Yes     Preserve Level 2 copypage Semantics: Yes     Save Portable Job Ticket Inside PDF File: No     Illustrator Overprint Mode: Yes     Convert Gradients To Smooth Shades: No     ASCII Format: NoDocument Structuring Conventions (DSC):     Process DSC Comments: NoOTHERS ----------------------------------------     Distiller Core Version: 5000     Use ZIP Compression: Yes     Deactivate Optimization: No     Image Memory: 524288 Byte     Anti-Alias Color Images: No     Anti-Alias Grayscale Images: No     Convert Images (< 257 Colors) To Indexed Color Space: Yes     sRGB ICC Profile: sRGB IEC61966-2.1END OF REPORT ----------------------------------------IMPRESSED GmbHBahrenfelder Chaussee 4922761 Hamburg, GermanyTel. +49 40 897189-0Fax +49 40 897189-71Email: info@impressed.deWeb: www.impressed.de

Adobe Acrobat Distiller 5.0.x Job Option File
<<     /ColorSettingsFile ()     /AntiAliasMonoImages false     /CannotEmbedFontPolicy /Warning     /ParseDSCComments false     /DoThumbnails true     /CompressPages true     /CalRGBProfile (sRGB IEC61966-2.1)     /MaxSubsetPct 100     /EncodeColorImages true     /GrayImageFilter /DCTEncode     /Optimize true     /ParseDSCCommentsForDocInfo false     /EmitDSCWarnings false     /CalGrayProfile ()     /NeverEmbed [ ]     /GrayImageDownsampleThreshold 1.5     /UsePrologue false     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /AutoFilterColorImages true     /sRGBProfile (sRGB IEC61966-2.1)     /ColorImageDepth -1     /PreserveOverprintSettings true     /AutoRotatePages /None     /UCRandBGInfo /Preserve     /EmbedAllFonts true     /CompatibilityLevel 1.2     /StartPage 1     /AntiAliasColorImages false     /CreateJobTicket false     /ConvertImagesToIndexed true     /ColorImageDownsampleType /Bicubic     /ColorImageDownsampleThreshold 1.5     /MonoImageDownsampleType /Bicubic     /DetectBlends false     /GrayImageDownsampleType /Bicubic     /PreserveEPSInfo false     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>     /PreserveCopyPage true     /EncodeMonoImages true     /ColorConversionStrategy /sRGB     /PreserveOPIComments false     /AntiAliasGrayImages false     /GrayImageDepth -1     /ColorImageResolution 150     /EndPage -1     /AutoPositionEPSFiles false     /MonoImageDepth -1     /TransferFunctionInfo /Apply     /EncodeGrayImages true     /DownsampleGrayImages true     /DownsampleMonoImages true     /DownsampleColorImages true     /MonoImageDownsampleThreshold 1.5     /MonoImageDict << /K -1 >>     /Binding /Left     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)     /MonoImageResolution 600     /AutoFilterGrayImages true     /AlwaysEmbed [ ]     /ImageMemory 524288     /SubsetFonts false     /DefaultRenderingIntent /Default     /OPM 1     /MonoImageFilter /CCITTFaxEncode     /GrayImageResolution 150     /ColorImageFilter /DCTEncode     /PreserveHalftoneInfo true     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /ASCII85EncodePages false     /LockDistillerParams false>> setdistillerparams<<     /PageSize [ 576.0 792.0 ]     /HWResolution [ 600 600 ]>> setpagedevice



414 K. Hesse

the modelling of the earth’s gravitational potential or magnetic field from satellite
data on (nearly) spherical orbits, cubature rules on the sphere are an important tool
(see for instance [3]). In this paper we consider cubature on general spheres Sr ,
r ≥ 2, in a Sobolev space setting and derive a lower bound for the worst-case cuba-
ture error in terms of the number of nodes of the cubature rule. Such a lower bound
tells us how fast the worst-case cubature error of any sequence (Qm(n))n∈N0 , with
limn→∞ m(n) = ∞, of cubature rules Qm(n) with m = m(n) nodes could at best
decline as n → ∞, and hence gives important information about the ‘limitations’
of cubature on Sr in a Sobolev space setting.

Let Sr ⊂ R
r+1, where r ≥ 2, denote the unit sphere in the Euclidean space

R
r+1. The integral of a continuous function f : Sr → R, denoted by

I f :=
∫

Sr
f (x) dωr (x),

where dωr (x) is the surface element of Sr , can be approximated by an m-point
cubature rule (or m-point numerical integration rule)

Qm f :=
m∑

j=1

w j f (x j ),

with nodes x1, . . . , xm ∈ Sr and corresponding weights w1, . . . , wm ∈ R.
The worst-case (cubature) error of the cubature rule Qm in a space H of con-

tinuous functions on Sr , with norm ‖ · ‖H , is defined by

E(Qm; H) := sup
f ∈H, ‖ f ‖H ≤1

|Qm f − I f |.

An important question in relation to the worst-case cubature error in H is how
good any m-point cubature rule Qm in H can at best be. Mathematically speaking,
we are interested in a lower bound for inf{E(Qm; H) | Qm} in terms of orders of
m, where the infimum is taken over all m-point cubature rules Qm on Sr . Such a
lower bound is sharp or (order) optimal if we can identify sequences (Qm(n))n∈N0
of m(n)-point cubature rules Qm(n), with limn→∞ m(n) = ∞, for which the worst-
case error E(Qm(n); H) has an upper bound in terms of orders of m = m(n) that
matches the lower bound for inf{E(Qm; H) | Qm} (in terms of orders of m).

In this work we consider the Sobolev (Hilbert) space Hs(Sr ), with norm ‖·‖s,r ,
where r ≥ 2 and s > r

2 . Intuitively, the space Hs(Sr ), with s > r
2 , is the space

of those continuous functions on the sphere Sr whose generalized (distributional)
derivatives up to (and including) the order s are square-integrable. We show that
the worst-case (cubature) error E(Qm; Hs(Sr )) of an arbitrary m-point cubature
rule Qm in Hs(Sr ) has the lower bound

E(Qm; Hs(Sr )) ≥ cs,r m− s
r , (1)

where the positive constant cs,r depends only on s and r , but is independent of the
cubature rule Qm and the number of nodes m. Hence for s > r

2

inf

{

E(Qm; Hs(Sr ))

∣
∣
∣
∣

Qm is an m-point
cubature rule

}

≥ cs,r m− s
r , m → ∞.
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(Throughout this paper the positive constants c1, c2, c3, . . . have fixed values (pos-
sibly depending on r ), whereas cs,r and cr are generic positive constants that depend
on the sphere dimension r and the Sobolev space index s, and on the sphere dimen-
sion r , respectively (as indicated by the indices), and that may take different values
at different places.)

The result (1) is an extension of [6, page 794, Theorem 1], where (1) was shown
for the special case of the sphere S2, that is, r = 2. For the sphere S2 we know
from [5,7] also a matching upper bound of the same order for infinite sequences
of cubature rules with certain properties. Therefore the result (1) is optimal with
respect to order for the case r = 2 and so are the corresponding upper bounds in
[5,7]. We conjecture that the estimate (1) is also order optimal for r > 2.

The proof of the estimate (1) is constructive: for a fixed arbitrary
m-point cubature rule Qm we construct a ‘bad’ function fm , that is, a function
which vanishes in all nodes of the cubature rule (hence Qm fm = 0) and for which
the cubature error satisfies

|Qm fm − I fm |
‖ fm‖s,r

=
∣
∣∫

Sr fm(x) dωr (x)
∣
∣

‖ fm‖s,r
≥ cs,r m− s

r , (2)

where the positive constant cs,r depends only on the space index s and the sphere
dimension r , but not on fm , Qm , and the number of nodes m. In particular, the
constant cs,r is independent of the placement of the nodes x1, . . . , xm and the cor-
responding weights w1, . . . , wm . The left-hand side of (2) is clearly a lower bound
for the worst-case error E(Qm; Hs(Sr )) which implies (1).

The construction of fm involves a packing of the sphere with (at least) 2m

spherical caps of radius αm = c1 (2m)− 1
r , with a suitable constant c1 independent

of m. As the caps of a packing are by definition not allowed to overlap but may only
touch at their boundaries and as there are only m nodes of the cubature rule, we can
find at least m caps that contain no nodes in the interior. Then we construct fm such
that the support of fm is contained in the union of m such caps and such that fm ,
restricted to any of these caps, is rotationally symmetric with respect to the center
of the cap and looks exactly the same for each cap. In fact we use for all cubature
rules Qm (and for all m) the same suitably chosen infinitely often differentiable
function on R with compact support in the construction of fm . The ‘bad’ func-
tion fm vanishes at all nodes of the cubature rule Qm and satisfies fm ∈ Hs(Sr )
for any s ≥ 0, and we use the same function fm in the proof of the estimate (2) for
all s > r

2 . The difficult part in the proof of (2) is then to find an upper bound for
‖ fm‖s,r without giving away any orders of m. This is handled by first deriving an
upper bound of ‖ fm‖s,r for non-negative even integer values of s. After that we
use Hölder’s inequality to interpolate between these estimates (for the even integer
values of s) to obtain a suitable upper bound for ‖ fm‖s,r with arbitrary s > r

2 .
The method of proof is analogous to the one in the special case of S2 in [6]

which was inspired by the ideas with which lower bounds for the worst-case cuba-
ture error in certain spaces of continuous functions on the unit cube [0, 1]r are
derived (see [1,8]). While the function with compact support used in the construc-
tion of fm is essentially the same as in [6], the technical details of the estimate of
‖ fm‖s,r are quite different from the proof in [6].
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2 Notation and formulation of the results

2.1 Background and notation

We denote the Euclidean inner product of x and y in R
r+1 by x · y and the induced

Euclidean norm by |x| := √
x · x, where x ∈ R

r+1.
In this paper we use the Pochhammer symbol (a)n , where n ∈ N0 and a ∈ R,

defined by

(a)0 := 1, (a)n := a(a + 1) · · · (a + n − 1) for n ∈ N.

The surface area of the unit sphere Sr in R
r+1,

Sr := {x ∈ R
r+1 | |x| = 1

}
,

is given by

ωr := |Sr | = 2 π
r+1

2

�
( r+1

2

) .

The (Lebesgue) surface measure of Sr is denoted by dωr (x).
Let L2(Sr ) denote the Hilbert space of square-integrable functions on the sphere

Sr endowed with the inner product

( f, g)L2(Sr ) :=
∫

Sr
f (x) g(x) dωr (x)

and the corresponding norm

‖ f ‖L2(Sr ) :=
(∫

Sr
| f (x)|2 dωr (x)

) 1
2

.

With C(Sr ) we denote the space of all continuous functions on Sr , endowed with
the supremum norm ‖ f ‖C(Sr ) := supx∈Sr | f (x)|. The space C∞(Sr ) is the space of
infinitely often differentiable functions on Sr , and C∞(R) is the space of infinitely
often differentiable functions on R.

The restriction of a harmonic homogeneous polynomial in r + 1 real variables
of exact degree � to the sphere Sr is called a spherical harmonic of degree �. We
denote the space of all spherical harmonics on Sr of degree � ∈ N0 by H�(Sr ). The
dimension of H�(Sr ) is (see [2, Section 11.2, page 237, formula (2)])

dim(H�(Sr )) = N (r − 1, �),

where

N (r − 1, 0) := 1, N (r − 1, �) := (2� + r − 1) (� + r − 2)!
(r − 1)! �! , � ∈ N.

We observe that

N (r − 1, �) = (2� + r − 1) (� + 1)r−2

(r − 1)! ≤ cr

(

� + r − 1

2

)r−1

(3)
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with a positive constant cr that depends only on the sphere dimension r . Any
two spherical harmonics of different degree are orthogonal to each other, and
the (real-valued) spherical harmonics of degree � satisfy the addition theorem
in H�(Sr ) (see [2, Section 11.4, pages 242–243, Theorem 4] and [10, Section
4.1, page 69–71, Lemma 4.5 and Theorem 4.7]): for any L2(Sr )-orthonormal set
{Y (r)

�k | k = 1, . . . , N (r − 1, �)} of real-valued spherical harmonics of degree �

N (r−1,�)∑

k=1

Y (r)
�k (x) Y (r)

�k (y) = N (r − 1, �)

ωr

C
r−1

2
� (x · y)

C
r−1

2
� (1)

, x, y ∈ Sr , (4)

where C
r−1

2
� is the Gegenbauer polynomial (or ultraspherical polynomial) of index

λ = r−1
2 and degree �, defined by

Cλ
� (t) := (2λ)�

(
λ + 1

2

)
�

P
(λ− 1

2 ,λ− 1
2 )

� (t).

Here P
(λ− 1

2 ,λ− 1
2 )

� is the Jacobi polynomial with indices α = β = λ− 1
2 and degree �

(see [11, Section 4.7, page 80, formula (4.7.1)]). Note that Cλ
� (1) = (2λ)�

�! (see [2,
Subsection 11.1.2, page 236, formula (28)] and [11, Section 4.7, page 80, formula
(4.7.3)]) and that maxt∈[−1,1] |Cλ

� (t)| = Cλ
� (1) (from [11, Section 4.7, page 80,

formula (4.7.3) and Section 7.32, page 168, Theorem 7.32.1]).
The space of all spherical polynomials on Sr of degree ≤ n, that is, the restric-

tion to Sr of all polynomials in r + 1 real variables of degree at most n, is denoted
by Pn(Sr ). It can be shown (see [10, Section 4.1, page 77, Theorem 4.11]) that

Pn(Sr ) =
n⊕

�=0

H�(Sr ).

The dimension of Pn(Sr ) is therefore

dim(Pn(Sr )) =
n∑

�=0

N (r − 1, �) = N (r, n) = (2n + r)(n + r − 1)!
r ! n! .

From now on
{

Y (r)
�k

∣
∣
∣ k = 1, . . . , N (r − 1, �)

}
(5)

always denotes an L2(Sr )-orthonormal basis for H�(Sr ) of real-valued spherical
harmonics of degree �. Then the union of the orthonormal sets (5) for all � ∈ N0 is
a complete orthonormal system in L2(Sr ). Thus every function f ∈ L2(Sr ) can be
expanded into a Fourier series (or Laplace series) with respect to this orthonormal
system: in the L2(Sr ) sense

f =
∞∑

�=0

N (r−1,�)∑

k=1

f̂ (r)
�k Y (r)

�k , (6)
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where the Fourier coefficients f̂ (r)
�k are given by

f̂ (r)
�k :=

(
f, Y (r)

�k

)

L2(Sr )
=
∫

Sr
f (x) Y (r)

�k (x) dωr (x).

The Beltrami operator �∗ on Sr is the angular part of the Laplacian � on R
r+1

(see [10, Section 4.2, pages 80–81], and also [2, Subsection 11.1.1, page 234–235]
for the Laplace operator). The spherical harmonics on Sr are eigenfunctions of the
Beltrami operator �∗ on Sr (see [10, Section 4.2, page 81, Theorem 4.13]): for
any spherical harmonic Y (r)

� ∈ H�(Sr )

�∗Y (r)
� = −�(� + r − 1) Y (r)

� . (7)

The Beltrami operator �∗ is a self-adjoint operator, that is, for sufficiently often
differentiable functions f and g on Sr ,

∫

Sr

(
�∗ f (x)

)
g(x) dωr (x) =

∫

Sr
f (x)

(
�∗g(x)

)
dωr (x).

In this work we will eventually need local coordinates which are a slight mod-
ification of the usual spherical coordinates:

x1 = √
1 − t2 sin θr−2 · · · sin θ2 sin θ1 sin φ

x2 = √
1 − t2 sin θr−2 · · · sin θ2 sin θ1 cos φ

x3 = √
1 − t2 sin θr−2 · · · sin θ2 cos θ1

...
...

...

xr−1 = √
1 − t2 sin θr−2 cos θr−3,

xr = √
1 − t2 cos θr−2,

xr+1 = t,

(8)

where θ1, . . . , θr−2 ∈ [0, π], t ∈ [−1, 1], and φ ∈ [0, 2π). With the substitution
t = cos θr−1, where θr−1 ∈ [0, π], we obtain the usual spherical coordinates (see
[2, Subsection 11.1.1, page 233, formulas (7) and (8)]). In the local coordinates
(8) the surface element dωr has the representation (see [2, Subsection 11.1.1, page
233, formula (10)])

dωr (x)

= sin θ1 (sin θ2)
2 · · · (sin θr−2)

r−2 (1 − t2)
r−2

2 dφ dθ1 dθ2 · · · dθr−2 dt.

For an integrable function f : [−1, 1] → R this implies that for any fixed y ∈ Sr

∫

Sr
f (z · y) dωr (z) = ωr−1

∫ 1

−1
f (t) (1 − t2)

r−2
2 dt, (9)

where we have used the local coordinates (8) with xr+1 = t := z · y, that is, y is
considered as the north pole.

The Beltrami operator �∗ on Sr has in the local coordinates (8) the follow-
ing representation (see [2, Subsection 11.1.1, page 235, formula (15)] for the
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Laplacian in the usual polar coordinates): for a function g on Sr with g(x) =
G(θ1, . . . , θr−2, t, φ)

�∗g =
[

(−r) t
∂G

∂t
+ (1 − t2)

∂2G

∂t2

]

+ (1 − t2)−1 (sin θr−2)
2−r ∂

∂θr−2

[

(sin θr−2)
r−2 ∂G

∂θr−2

]

+ (1 − t2)−1 (sin θr−2)
−2 (sin θr−3)

3−r ∂

∂θr−3

[

(sin θr−3)
r−3 ∂G

∂θr−3

]

+ . . . + (1 − t2)−1(sin θr−2 · · · sin θ2)
−2 (sin θ1)

−1 ∂

∂θ1

[

(sin θ1)
1 ∂G

∂θ1

]

+ (1 − t2)−1 (sin θr−2 · · · sin θ1)
−2 ∂2G

∂φ2 . (10)

We observe that the first term on the right-hand side of (10) can also be written as

(−r) t
∂G

∂t
+ (1 − t2)

∂2G

∂t2 = (1 − t2)−
r−2

2
∂

∂t

[

(1 − t2)
r
2

∂G

∂t

]

.

However, the representation on the left-hand side is more useful to us. This first
term is the only term in the Beltrami operator (10) in the local coordinates (8) that
contains derivatives with respect to the coordinate t .

Now we can introduce the Sobolev spaces Hs(Sr ) and derive some of their
properties (see [10, Section 6.1, pages 181–182, Definition 6.2 and Theorem 6.3]
for Sr and [4, Sections 5.1 and 5.2, pages 81–92] for S2).

The Sobolev space Hs(Sr ), for s ≥ 0, is the completion of
⊕∞

�=0 H�(Sr ) with
respect to the norm

‖ f ‖s,r :=



∞∑

�=0

(

� + r − 1

2

)2s N (r−1,�)∑

k=1

| f̂ (r)
�k |2




1
2

. (11)

The space Hs(Sr ) is a Hilbert space with the inner product

( f, g)s,r :=
∞∑

�=0

(

� + r − 1

2

)2s N (r−1,�)∑

k=1

f̂ (r)
�k ĝ(r)

�k , f, g ∈ Hs(Sr ). (12)

This is relatively easily seen because (12) is exactly the inner product which induces
the norm (11). (A detailed discussion of the spaces Hs(Sr ) is given in [4, Sections
5.1 and 5.2, pages 81–92] for the case r = 2, and the proofs in [4] transfer directly
to the case of r > 2 with the appropriate modifications.) It is often useful to think
of functions in Hs(Sr ) in terms of their Fourier series expansion (6). Note that
H0(Sr ) = L2(Sr ), and that the spaces Hs(Sr ) are nested, that is, if t ≥ s then
Ht (Sr ) ⊂ Hs(Sr ).



420 K. Hesse

For s > r
2 the space Hs(Sr ) is embedded into the space C(Sr ). This can be

seen as follows: for f ∈ Hs(Sr ) and any M ∈ N0, the Cauchy-Schwarz inequality
and the addition theorem (4) imply
∣
∣
∣
∣
∣
∣

∞∑

�=M

N (r−1,�)∑

k=1

f̂ (r)
�k Y (r)

�k (x)

∣
∣
∣
∣
∣
∣

≤
∞∑

�=M

N (r−1,�)∑

k=1

[(

� + r − 1

2

)s

| f̂ (r)
�k |
] [(

� + r − 1

2

)−s

|Y (r)
�k (x)|

]

≤



∞∑

�=M

N (r−1,�)∑

k=1

(

� + r − 1

2

)2s

| f̂ (r)
�k |2




1
2

×



∞∑

�=M

N (r−1,�)∑

k=1

(

� + r − 1

2

)−2s

|Y (r)
�k (x)|2





1
2

≤



∞∑

�=0

N (r−1,�)∑

k=1

(

� + r − 1

2

)2s

| f̂ (r)
�k |2




1
2

×
( ∞∑

�=M

(

� + r − 1

2

)−2s N (r − 1, �)

ωr

) 1
2

= Cs,r,M ‖ f ‖s,r , (13)

with the positive constant

Cs,r,M := 1√
ωr

( ∞∑

�=M

N (r − 1, �)
(
� + r−1

2

)2s

) 1
2

.

As we have N (r − 1, �) ≤ cr (� + r−1
2 )r−1 from (3), the sum in the definition

of Cs,r,M converges if r − 1 − 2s < −1, that is, if s > r
2 . Also for s > r

2 we

have limM→∞ Cs,r,M = 0. Thus, (13) implies that for s > r
2 the Fourier series of

f ∈ Hs(Sr ) converges uniformly toward a continuous function. This uniform limit
coincides almost everywhere with the L2(Sr ) limit of the Fourier series (because
they have the same Fourier coefficients), and we can choose f to be the uniform
limit. Hence, Hs(Sr ) ⊂ C(Sr ) for all s > r

2 , and from (13) with M = 0

‖ f ‖C(Sr ) = sup
x∈Sr

| f (x)| ≤ Cs,r,0 ‖ f ‖s,r , f ∈ Hs(Sr ), (14)

that is, Hs(Sr ) with s > r
2 is embedded into C(Sr ). In particular, (14) also implies

that point evaluation in Hs(Sr ), with s > r
2 , is bounded, and consequently that

Hs(Sr ), with s > r
2 , is a reproducing kernel Hilbert space.
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The following alternative representation of the norm ‖ f ‖s,r plays an important
role in the proof of our result.

For f ∈ Hs(Sr ), where s ≥ 0, we can formally define the self-adjoint operator
(( r−1

2 )2 − �∗) s
2 by

((
r − 1

2

)2

− �∗
) s

2

f :=
∞∑

�=0

N (r−1,�)∑

k=1

(

� + r − 1

2

)s

f̂ (r)
�k Y (r)

�k . (15)

This definition is motivated by the fact that for any spherical harmonic Y (r)
� of

degree � (from (7))
((

r − 1

2

)2

− �∗
)

Y (r)
� =

(

� + r − 1

2

)2

Y (r)
� .

Note that for f ∈ Hs(Sr ), the function (( r−1
2 )2 − �∗) s

2 f is in L2(Sr ), because
the series on the right-hand side of (15) converges in the L2(Sr ) sense. With (15)
we can represent the norm of f ∈ Hs(Sr ) as (see [4, Section 5.1, page 83, formula
(5.1.9)] for the case of S2)

‖ f ‖s,r =
∥
∥
∥
∥
∥
∥

((
r − 1

2

)2

− �∗
) s

2

f

∥
∥
∥
∥
∥
∥

L2(Sr )

=





∫

Sr

∣
∣
∣
∣
∣
∣

((
r − 1

2

)2

− �∗
) s

2

f (x)

∣
∣
∣
∣
∣
∣

2

dωr (x)






1
2

. (16)

For even s and f ∈ C∞(Sr ) (or sufficiently smooth) the left-hand side in (15) can
also be considered as a differential operator in the classical sense, and we find that
we are allowed to interchange in the Fourier series of f the order of differentiation
and summation and obtain from this also the right-hand side. This shows that the
definition (15) for even s is consistent with the classical definition of the differential

operator
(
( r−1

2 )2 − �∗) s
2 , and that for f ∈ C∞(Sr ) and even s,

(
( r−1

2 )2 − �∗) s
2 f

in (15) is a differentiation in the classical sense.
For more detailed background information about the unit sphere Sr in R

r+1,
spherical harmonics, and the Beltrami operator see for example [2, Chapter XI],
[9], and [10, Chapters 4 and 6] for Sr , r ≥ 2, and [4] for S2. More information
about orthogonal polynomials can for example be found in [11] (see also [10,
Chapter 2] for Gegenbauer polynomials). We are not aware of a reference where
the Sobolev spaces Hs(Sr ) for general r ≥ 2 (defined the same way as here) are
discussed in great detail. Reimer [10, Section 6.1, pages 181–182] briefly discusses
the spaces Hs(Sr ) for r ≥ 2 and s which is an even integer, and Freeden, Gervens
and Schreiner [4, Sections 5.1 and 5.2, pages 81–92] discuss the spaces Hs(Sr )
in detail for r = 2. However, all of the proofs of the properties of Hs(Sr ), r ≥ 2,
are completely analogous to the case r = 2. Since we do not know of a detailed
reference for the case of Hs(Sr ) with r > 2, some of the proofs have been included
in this section.
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2.2 The results

Now we can formulate the main result in the following theorem.

Theorem 1 Let r ≥ 2. For each s > r
2 there exists a positive constant cs,r such that

the worst-case cubature error E(Qm; Hs(Sr )) in Hs(Sr ) of an arbitrary m-point
cubature rule Qm for Sr has the lower bound

E(Qm; Hs(Sr )) ≥ cs,r m− s
r . (17)

The constant cs,r depends only on s and r, but is independent of the rule Qm and
the number of nodes m ∈ N of the rule. For the case r = 2 the order m− s

2 in (17)
cannot be improved.

We stress that the positive constant cs,r in (17) depends only on the sphere dimen-
sion r and the Sobolev space index s. In particular, cs,r is independent of the
placement and the number of the nodes and of the corresponding weights.

Since the lower bound in (17) is true (with a universal positive constant cs,r )
for every cubature rule Qm on Sr which has m nodes, we can also formulate the
statement of the theorem as

inf

{

E(Qm; Hs(Sr ))

∣
∣
∣
∣

Qm is an m-point
cubature rule

}

≥ cs,r m− s
r , m → ∞.

For the special case of the sphere S2 Theorem 1 was proved in [6, page 794,
Theorem 1]. In this case results from [5,7] (see also [6, page 794, Theorem 2])
imply the order optimality of (17). We conjecture that (17) is also optimal with
respect to orders of m for r ≥ 3.

3 Preparations

Before we actually give the proof of Theorem 1, we state three lemmas that will
be needed for the proof. The first (Lemma 1 below) provides information about
the packing of Sr with Mm spherical caps of a spherical angle αm , where αm =
c1 (2m)− 1

r and 2m ≤ Mm ≤ c2 2m with suitable positive constants c1 > 0 and
c2 ≥ 1 independent of m. The second lemma (Lemma 2 below) gives an interpo-
lation result between the norms ‖ · ‖s,r of Sobolev spaces with different indices,
which can easily be verified with the help of Hölder’s inequality. We include the
short proof for completeness. The last lemma (Lemma 3 below) gives an expansion
of integer powers of a differential operator, which is essentially a constant minus
the t-derivative component of �∗ in the local coordinates (8). The proof of this last
lemma follows by induction.

Definition 1 Let r ≥ 2. The (closed) spherical cap S(y;α) ⊂ Sr with center
y ∈ Sr and angular radius α ∈ [0, π] is defined by

S(y; α) = {x ∈ Sr
∣
∣ x · y ≥ cos α

}
.
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We note that, from (9), for any y ∈ Sr the surface area of S(y;α) is given by

|S(y;α)| =
∫

S(y;α)

dωr (x)

= ωr−1

∫ 1

cos α

(1 − t2)
r−2

2 dt

= ωr−1

∫ α

0
(sin θ)r−1 dθ. (18)

The elementary estimates sin θ ≤ θ for all θ ∈ [0, π], and sin θ ≥ 2
π

θ for all
θ ∈ [0, π

2 ], and (18) imply the following upper and lower bound for the surface
area of a spherical cap S(y; α) with α ∈ [0, π

2 ].
(

2

π

)r−1
ωr−1

r
αr ≤ |S(y;α)| ≤ ωr−1

r
αr . (19)

Now we can formulate the packing result.

Lemma 1 Let r ≥ 2. For any m ∈ N, there exist Mm points y1, . . . , yMm on Sr

and an angle αm, with

αm = c1 (2m)− 1
r ,

2m ≤ Mm ≤ c2 2m,

such that the caps S(yi ;αm), i = 1 . . . , Mm, form a packing of Sr (that is, S(yi ; αm)
and S(y j ;αm) with i 
= j touch at most at their boundaries). The positive constants
c1 > 0 and c2 ≥ 1 depend only on r, but not on m.

Remark 1 This lemma is essentially well-known, but an explicit proof is not easy
to find. Our proof follows from a lower bound due to Wyner [12, Subsection
5.1, pages 1089–1091] and an elementary volume argument. Since Wyner’s lower
bound follows from a rather short and elegant argument and also for making this
paper more self-contained, we will briefly explain Wyner’s argument in the proof
below instead of just quoting his lower bound.

Proof If the caps S(yi ;αm), i = 1, . . . , Mm , form a packing their combined sur-
face area is bounded from above by the the surface area ωr of the sphere Sr . Thus

Mm |S(y1;αm)| =
Mm∑

i=1

|S(yi ; αm)| ≤ |Sr | = ωr ,

and with (19) and αm = c1 (2m)− 1
r

Mm ≤ ωr

|S(y1; αm)| ≤ ωr

ωr−1
( 2

π

)r−1 1
r αr

m

= r
ωr

ωr−1

(π

2

)r−1
c−r

1 2m.
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Thus

Mm ≤ c2 2m with c2 := r
ωr

ωr−1

(π

2

)r−1
c−r

1 . (20)

Now we show Wyner’s argument [12, Subsection 5.1, pages 1089–1091] that
leads to a lower bound for Mm .

Since the spherical caps S(yi ;αm), i = 1, . . . , Mm , form a packing of Sr their
centers y1, . . . , yMm satisfy arccos (yi · y j ) ≥ 2αm for i 
= j . Now let us consider
a maximal set {y1, . . . , yMm } of points on Sr such that arccos (yi · y j ) ≥ 2αm
for i 
= j . (Maximal means here that, if we add any other point y to the set
{y1, . . . , yMm }, then the property that the angle between two distinct point is ≥ 2αm
would be violated.) Then the spherical caps S(yi ; 2αm), i = 1, . . . , Mm , form a
covering of Sr .

This can be seen in the following way: If they were not a covering there would
exist z ∈ Sr which is in none of the spherical caps S(yi ; 2αm), i = 1, . . . , Mm ,
that is, with arccos (z · yi )> 2αm for all i = 1, . . . , Mm . But then we could add
this point to {y1, . . . , yMm }, and the enlarged set {y1, . . . , yMm , z} would have the
property that the angle between two distinct points is ≥ 2αm , in contradiction to
the maximality of the set {y1, . . . , yMm }.

Because S(yi ; 2αm), i = 1, . . . , Mm , form a covering of Sr we have

ωr = |Sr | ≤
Mm∑

i=1

|S(yi ; 2αm)| = Mm |S(y1; 2αm)|,

which is [12, Subsection 5.1, page 1091, formula above formula (98)]. With the
help of (19) we obtain an upper bound for |S(y1; 2αm)| leading to

Mm ≥ ωr

|S(y1; 2αm)| ≥ r
ωr

ωr−1
(2αm)−r = 2−r r

ωr

ωr−1
c−r

1 2m,

where we have used αm = c1 (2m)− 1
r . Thus we finally get

Mm ≥ c3 2m with c3 := 2−r r
ωr

ωr−1
c−r

1 . (21)

Combination of (20) and (21) yields

c3 2m ≤ Mm ≤ c2 2m for all m ∈ N,

with constants c2 and c3 that depend only on c1 and r , but not on m. The constant
c1 is now chosen such that c3 = 1. ��
Remark 2 As we consider a packing with 2m≥ 2 caps in Lemma 1 the angle αm can
be at most π

2 (which is achieved for a packing with 2 caps with opposite centers).

Lemma 2 Consider r ≥ 2. Let s ≥ 0 and choose n ∈ N0 such that 2n ≤ s ≤
2(n + 1). Then for f ∈ H2(n+1)(Sr ),

‖ f ‖s,r ≤ ‖ f ‖
2n+2−s

2
2n,r ‖ f ‖

s−2n
2

2(n+1),r . (22)
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The proof of this lemma is analogous to the proof given in [6, pages 801–802]
for the special case of S2 with the appropriate changes. We include the proof for
completeness.

Proof First we note that f ∈ H2(n+1)(Sr ) implies that f ∈ Ht (Sr ) for all t ≤
2(n+1), in particular, f ∈ H2n(Sr ) and f ∈ Hs(Sr ). For s = 2n and s = 2(n+1)
we obtain equality in (22) and nothing needs to be shown. For 2n < s < 2(n+1) we
use Hölder’s inequality: for f ∈ H2(n+1)(Sr ) and 1 < p, q < ∞, with 1

p + 1
q = 1,

‖ f ‖2
s,r =

∞∑

�=0

N (r−1,�)∑

k=1

(

� + r − 1

2

)2s

| f̂ (r)
�k |2

=
∞∑

�=0

N (r−1,�)∑

k=1

[(

� + r − 1

2

)2s−λ

| f̂ (r)
�k |2−η

][(

� + r − 1

2

)λ

| f̂ (r)
�k |η

]

≤



∞∑

�=0

N (r−1,�)∑

k=1

(

� + r − 1

2

)(2s−λ)p

| f̂ (r)
�k |(2−η)p





1
p

×



∞∑

�=0

N (r−1,�)∑

k=1

(

� + r − 1

2

)λq

| f̂ (r)
�k |ηq





1
q

. (23)

Now we choose in (23)

p := 2

2n + 2 − s
, q := 2

s − 2n
, λ := 2(n + 1)(s − 2n), η := s − 2n.

Substitution of the constants p, q , λ, and η into (23) yields (22). ��
The following lemma gives an expansion of integer powers of the constant and

t-derivative component of the differential operator ( r−1
2 )2 − �∗.

Lemma 3 Let r ∈ N with r ≥ 2. For k ∈ N,

((
r − 1

2

)2

+ r t
d

dt
− (1 − t2)

d2

dt2

)k

=
k∑

j=0

q j,k(t)

(
d

dt

) j

+
k∑

j=1

p j,k(t) (1 − t2) j
(

d

dt

)k+ j

, (24)

where q j,k is a real polynomial of degree j and p j,k is a real polynomial of degree
k − j .

The special case of (24) for r = 2 was not used in [6], and in fact the part of the
proof of Theorem 1, where Lemma 3 comes into play, is rather different from the
proof in [6].

Proof The proof of this lemma is straight-forward by induction on k. Since it is
rather lengthy we do not include it here. ��
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4 Proof of the lower bound of the worst-case cubature error

After these preparations we can prove Theorem 1.

Proof The idea behind the proof is to construct for an arbitrarily given m-point
cubature rule Qm ,

Qm f :=
m∑

j=1

w j f (x j ),

a ‘bad’ function fm ∈ Hs(Sr ) for which
∣
∣
∣
∣Qm

(
fm

‖ fm‖s,r

)

− I

(
fm

‖ fm‖s,r

)∣∣
∣
∣ ≥ cs,r m− s

r , (25)

where the constant cs,r depends only on s and r , but not on the function fm , the
cubature rule Qm (that is, the placement of the nodes xi and the corresponding
weights wi , i = 1, . . . , m), and the number of nodes m. Since the worst-case cuba-
ture error E(Qm; Hs(Sr )) is the supremum over the cubature errors of all functions
in the unit ball of Hs(Sr ), the left-hand side in (25) is clearly a lower bound for
E(Qm; Hs(Sr )). Thus (25) implies (17) in Theorem 1.

Lemma 1 guarantees that there exist Mm points y1, . . . , yMm on Sr , where
2m ≤ Mm ≤ c2 2m, and a spherical angle

αm := c1 (2m)−
1
r

such that the spherical caps S(yi ;αm), i = 1, . . . , Mm , touch at most at their
boundaries. The positive constants c1 and c2 do not depend on m.

As there are Mm ≥ 2m spherical caps and only m nodes xi , we know that at
most m of the spherical caps S(yi ;αm), i = 1, . . . , Mm , contain a node of the
cubature rule in the interior. Consequently, there exist at least m spherical caps
that contain no node of the cubature rule in their interior. After relabelling we may
assume that S(yi ;αm), i = 1, . . . , m, contain no node of the cubature rule in their
interior. We know that αm ≤ π

2 as we consider a packing with 2m ≥ 2 caps (see
Remark 2).

Now we will construct the ‘bad’ function fm ∈ Hs(Sr ) such that the support
of fm is a subset of

⋃m
i=1 S(yi ;αm). Restricted to each cap S(yi ; αm), the function

fm will look the same, and fm |S(yi ; αm) will be a rotationally symmetric function
with respect to the center yi of the cap. Therefore fm |S(yi ;αm) can in fact be
considered as a one-dimensional function.

We start the construction with a function  ∈ C∞(R) with the following
properties:

(i) (t) ≥ 0 for all t ∈ R,
(ii) maxt∈R (t) = (0) = 1, and

(iii)  has the compact support supp() = [−1, 1].
For example we could choose  ∈ C∞(R) to be

(t) :=
{

e
1− 1

1−t2 if t ∈ (−1, 1),
0 if |t | ≥ 1.
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The concrete definition of  with the above properties is unimportant, but it is
essential that we use the same function  in the construction of fm for all cubature
rules Qm .

In a first step we scale the argument of the function  in such a way that the
support of the function with the scaled argument is [cos αm, cos αm

2 ]. The linear
map that maps [cos αm, cos αm

2 ] onto [−1, 1] is given by

gm(t) := 2t − (cos αm
2 + cos αm

)

cos αm
2 − cos αm

= 2t − (cos αm
2 + cos αm

)

2 sin 3αm
4 sin αm

4

, (26)

where we have used the trigonometric identity

cos α − cos β = 2 sin
α + β

2
sin

β − α

2
.

The scaled version of  is then given by

m(t) := (gm(t)) = 

(
2t − (cos αm

2 + cos αm
)

2 sin 3αm
4 sin αm

4

)

, t ∈ R.

The function m is in C∞(R), and

(i) m(t) ≥ 0 for all t ∈ R,
(ii) maxt∈R m(t) = m

( 1
2 (cos αm

2 + cos αm)
) = (0) = 1, and

(iii) m has the support supp(m) = [cos αm, cos αm
2 ].

Now we lift m onto the caps S(yi ;αm), i = 1, . . . , m. We define our ‘bad’
function fm ∈ C∞(Sr ) by

fm(x) :=
m∑

i=1

m(x · yi ), x ∈ Sr . (27)

The properties of m imply the following properties of fm :

(i) fm(x) ≥ 0 for all x ∈ Sr ,
(ii) maxx∈Sr fm(x) = maxx∈S(yi ,αm) m(x · yi ) = 1 for i = 1, 2, . . . , m,

(iii) fm has the support supp( fm) =⋃m
i=1

(
S(yi ;αm) \ S(yi ; αm

2 )
)
, and

(iv) fm(x)|x∈S(yi ,αm) = m(x · yi ) for i = 1, 2, . . . , m.

Furthermore, fm is in Hs(Sr ) for any s ≥ 0. We will prove this later by verifying
the estimate

‖ fm‖s,r ≤ cs,r m
s
r , (28)

with a constant cs,r that depends only on s ≥ 0 and r , but not on Qm , fm , and the
number of points m. The proof of (28) is rather delicate. Instead of interrupting the
flow of the proof to derive (28) now, we will defer the proof of (28) for the moment
and continue with our argument.

Due to the construction, fm vanishes in all nodes of the cubature rule, that is,
Qm fm = 0. Hence

∣
∣
∣
∣Qm

(
fm

‖ fm‖s,r

)

− I

(
fm

‖ fm‖s,r

)∣∣
∣
∣ =

I fm

‖ fm‖s,r
. (29)



428 K. Hesse

Now we compute I fm .

I fm =
∫

Sr
fm(x) dωr (x)

=
m∑

i=1

∫

S(yi ;αm)

m(x · yi ) dωr (x)

= m ωr−1

∫ cos αm
2

cos αm

m(t) (1 − t2)
r−2

2 dt

= m ωr−1

∫ cos αm
2

cos αm

(gm(t)) (1 − t2)
r−2

2 dt, (30)

where we have used (9) for each integral in the second line. Since αm ≤ π
2 (see

Remark 2), 0 ≤ cos αm < cos αm
2 < 1, and for t ∈ [cos αm, cos αm

2 ] we obtain that

(
sin

αm

2

)2 ≤ 1 − t2 ≤ (sin αm)2. (31)

Thus from (30) and (31)

I fm ≥ m ωr−1

(
sin

αm

2

)r−2
∫ cos αm

2

cos αm

(gm(t)) dt.

The substitution u := gm(t), with the linear function gm defined in (26), yields

I fm ≥ m ωr−1

(
sin

αm

2

)r−2
sin

3αm

4
sin

αm

4

∫ 1

−1
(u) du. (32)

The elementary estimate sin θ ≥ 2
π

θ , θ ∈ [0, π
2 ], and αm = c1 (2m)− 1

r imply now
that

(
sin

αm

2

)r−2
sin

3αm

4
sin

αm

4
≥
(αm

π

)r−2 3αm

2π

αm

2π

= 3

4πr
αr

m

= 3cr
1

8πr
m−1.

Thus from (32),

I fm ≥ ωr−1
3cr

1

8πr

∫ 1

−1
(u) du = cr , (33)

with a constant cr that depends only on r .
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From (28) and (33) we obtain

I fm

‖ fm‖s,r
≥ cs,r m− s

r

which (from (29)) implies (25) and hence (17) in Theorem 1.
It remains to prove (28). We do this by showing (28) first for nonnegative even

integer s, and then use Lemma 2 to interpolate between the even integer cases.
For s = 0 and from the definition (27) of fm

‖ fm‖2
0,r =

∫

Sr
| fm(x)|2 dωr (x)

=
m∑

i=1

m∑

j=1

∫

Sr
m(x · yi )m(x · y j ) dωr (x)

=
m∑

i=1

∫

S(yi ;αm)

|m(x · yi )|2 dωr (x)

= m ωr−1

∫ cos αm
2

cos αm

|(gm(t))|2 (1 − t2)
r−2

2 dt, (34)

where we have used in the second last step the fact that for i 
= j the supports
supp(m(x · yi )) and supp(m(x · y j )) at most touch at the boundaries and that
m(x · yi ) and m(x · y j ) vanish at these points. In the last step we have used (9).
Applying (31) in (34) yields with the substitution u = gm(t) (see (26)) and with

sin θ ≤ θ , θ ∈ [0, π], and αm = c1 (2m)− 1
r

‖ fm‖2
0,r ≤ m ωr−1 (sin αm)r−2

∫ cos αm
2

cos αm

|(gm(t))|2 dt

= m ωr−1 (sin αm)r−2 sin
3αm

4
sin

αm

4

∫ 1

−1
|(u)|2 du

≤ m ωr−1 αr−2
m

3αm

4

αm

4

∫ 1

−1
|(u)|2 du

= 3

16
ωr−1 m αr

m

∫ 1

−1
|(u)|2 du

= 3

32
ωr−1 cr

1

∫ 1

−1
|(u)|2 du.

The obtained bound for ‖ fm‖2
0,r is independent of m. Thus, for s = 0,

‖ fm‖0,r ≤ c0,r = c0,r m
0
r . (35)

Next we show (28) for s being a positive even integer. For a positive even
integer s, (16) and (27) yield
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‖ fm‖2
s,r =

∫

Sr

∣
∣
∣
∣
∣
∣

((
r − 1

2

)2

− �∗
) s

2

fm(x)

∣
∣
∣
∣
∣
∣

2

dωr (x)

=
m∑

i=1

m∑

j=1

∫

Sr





((
r − 1

2

)2

− �∗
) s

2

m(x · yi )





×




((
r − 1

2

)2

− �∗
) s

2

m(x · y j )



 dωr (x). (36)

Because s is an even integer and m(x · yi ) ∈ C∞(Sr ), the function
(
( r−1

2 )2 − �∗) s
2 m(x · yi ) is a classical derivative of m(x · yi ) and its sup-

port is therefore contained in that of m(x · yi ). Hence for i 
= j , the supports of
(
( r−1

2 )2 − �∗) s
2 m(x ·yi ) and

(
( r−1

2 )2 − �∗) s
2 m(x ·y j ) have at most boundary

points in common, where both functions vanish. Thus, from (36), (9), (10), and
(31)

‖ fm‖2
s,r =

m∑

i=1

∫

S(yi ;αm)

∣
∣
∣
∣
∣
∣

((
r − 1

2

)2

− �∗
) s

2

m(x · yi )

∣
∣
∣
∣
∣
∣

2

dωr (x)

= m ωr−1

∫ cos αm
2

cos αm

∣
∣
∣
∣
∣
∣

((
r − 1

2

)2

+ r t
d

dt
− (1 − t2)

d2

dt2

) s
2

(gm(t))

∣
∣
∣
∣
∣
∣

2

×(1 − t2)
r−2

2 dt

≤ m ωr−1 (sin αm)r−2

×
∫ cos αm

2

cos αm

∣
∣
∣
∣
∣
∣

((
r − 1

2

)2

+ r t
d

dt
− (1 − t2)

d2

dt2

) s
2

(gm(t))

∣
∣
∣
∣
∣
∣

2

dt. (37)

Note that in the second step in (37) we only need to take the component of �∗ which
contains derivatives with respect to t into account (see (10)) because (gm(t)) does
not depend on the other coordinates.

Now we use (24) in Lemma 3 to estimate the integrand in the last line of (37).
We first note that from the chain rule

d

dt
(gm(t)) = ′(gm(t)) g′

m(t) = ′(gm(t))

sin 3αm
4 sin αm

4

,

and differentiating j times gives

(
d

dt

) j

(gm(t)) = ( j)(gm(t))
(

sin 3αm
4 sin αm

4

) j
.
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This and (24) imply that

((
r − 1

2

)2

+ r t
d

dt
− (1 − t2)

d2

dt2

) s
2

(gm(t))

=
s
2∑

j=0

q j, s
2
(t)

(
d

dt

) j

(gm(t))

+
s
2∑

j=1

p j, s
2
(t) (1 − t2) j

(
d

dt

) s
2 + j

(gm(t))

=
s
2∑

j=0

q j, s
2
(t)

( j)(gm(t))
(

sin 3αm
4 sin αm

4

) j

+
s
2∑

j=1

p j, s
2
(t)

(1 − t2) j

(
sin 3αm

4 sin αm
4

) j

( s
2 + j)(gm(t))

(
sin 3αm

4 sin αm
4

) s
2
,

with real polynomials q j, s
2

of degree j , where j = 0, 1, . . . , s
2 , and real polyno-

mials p j, s
2

of degree s
2 − j , where j = 1, . . . , s

2 . Thus

∣
∣
∣
∣
∣
∣

((
r − 1

2

)2

+ r t
d

dt
− (1 − t2)

d2

dt2

) s
2

(gm(t))

∣
∣
∣
∣
∣
∣

≤
(

sin
3αm

4
sin

αm

4

)− s
2

×




s
2∑

j=0

|q j, s
2
(t)|
(

sin
3αm

4
sin

αm

4

) s
2 − j

|( j)(gm(t))|

+
s
2∑

j=1

|p j, s
2
(t)| (1 − t2) j

(
sin 3αm

4 sin αm
4

) j
|( s

2 + j)(gm(t))|



 . (38)

The functions |q j, s
2
(t)|, j = 0, 1, . . . , s

2 , and |p j, s
2
(t)|, j = 1, . . . , s

2 , are bounded
uniformly on [−1, 1] with bounds independent of Qm and m (but dependent on
s and r ). The function  and its derivatives on [−1, 1] up to (and including) the
order s are all bounded by a constant that depends only on s. Furthermore for
j = 0, 1, . . . , s

2

(

sin
3αm

4
sin

αm

4

) s
2 − j

≤ 1,
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and for j = 1, . . . , s
2 and t ∈ [cos αm, cos αm

2 ], from (31) and sin θ ≤ θ , θ ∈ [0, π],
as well as sin θ ≥ 2

π
θ , θ ∈ [0, π

2 ],

(1 − t2) j

(
sin 3αm

4 sin αm
4

) j
≤
(

(sin αm)2

sin 3αm
4 sin αm

4

) j

≤
(

α2
m

3αm
2π

αm
2π

) j

=
(

4π2

3

) j

≤
(

4π2

3

) s
2

.

Thus (38) implies for t ∈ [cos αm, cos αm
2 ]

∣
∣
∣
∣
∣
∣

((
r − 1

2

)2

+ r t
d

dt
− (1 − t2)

d2

dt2

) s
2

(gm(t))

∣
∣
∣
∣
∣
∣

≤ cs,r

(
sin 3αm

4 sin αm
4

)− s
2
. (39)

Application of (39) and sin θ ≤ θ , θ ∈ [0, π], as well as sin θ ≥ 2
π

θ , θ ∈ [0, π
2 ],

in (37) yield

‖ fm‖2
s,r ≤ ωr−1 c2

s,r m
(sin αm)r−2

(
sin 3αm

4 sin αm
4

)s

∫ cos αm
2

cos αm

dt

= ωr−1 c2
s,r m

(sin αm)r−2

(
sin 3αm

4 sin αm
4

)s

(
cos

αm

2
− cos αm

)

= 2 ωr−1 c2
s,r m (sin αm)r−2

(

sin
3αm

4
sin

αm

4

)1−s

≤ 2 ωr−1 c2
s,r m αr−2

m

(
3αm

2π

αm

2π

)1−s

= 2

(
3

4π2

)1−s

ωr−1 c2
s,r m αr−2s

m

= 2
2s
r

(
3

4π2

)1−s

ωr−1 c2
s,r cr−2s

1 m
2s
r .

Thus for positive even s,

‖ fm‖s,r ≤ cs,r m
s
r . (40)

It remains to show that (28) also holds for s > 0 which is not an even integer. For
s > 0 which is not an even integer there exists n ∈ N0 such that 2n < s < 2(n+1).
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From (22) in Lemma 2 and from (35) and (40) we obtain

‖ fm‖s,r ≤ ‖ fm‖
2n+2−s

2
2n,r ‖ fm‖

s−2n
2

2(n+1),r

≤
(

c2n,r m
2n
r

) 2n+2−s
2
(

c2(n+1),r m
2(n+1)

r

) s−2n
2

= c
2n+2−s

2
2n,r c

s−2n
2

2(n+1),r m
s
r

= cs,r m
s
r . (41)

Thus, (35), (40), and (41) imply (28) for all s ≥ 0. ��
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