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Abstract

When testing for the uniformity of directions, most classical approaches fall within the class
of Sobolev tests. In this work, we propose generalizations of Sobolev tests via two new families
of uniformity tests based on U- and V-statistics featuring kernels of arbitrary degree m that
capture interactions among m-tuples of observations. Our tests encompass the classical Sobolev
tests as a special case when m = 2. We demonstrate that the computation of these new V-
statistics remains tractable even for large degrees and sample sizes, and we provide closed-form
expressions for circular m-points test statistics. We investigate the asymptotic behavior of our
m-points statistics under the null hypothesis and obtain non-standard results involving random
Hermite polynomials. We also derive their asymptotic properties under both fixed and local
alternatives. Through simulations, we show that tests with m > 2 yield important gains in
power across several scenarios compared to classical Sobolev tests. Furthermore, we investigate
the impact of m on the rotational invariance and the effect of invariantization in the asymptotic
null distributions.
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1 Introduction

Directional statistics is concerned with data represented as directions, axes, or points on manifolds
such as circles and spheres. It has broad applications across disciplines ranging from geology and
meteorology to medicine and neuroscience. For a comprehensive overview of directional statistics,
Mardia and Jupp (1999) offers a thorough introduction to classical methods, while Ley and Verde-
bout (2017) presents several modern methods. More recent developments and trends are reviewed
in Pewsey and Garcia-Portugués (2021).

Arguably, the problem of testing uniformity is fundamental in directional statistics and can be
traced back to Bernoulli (1735), who explored the physical causes behind the inclinations of plane-
tary orbits relative to the Sun’s equatorial plane. This testing problem is straightforward to state:
given a sample of random vectors X, ..., X, ~ P on the hypersphere S7 := {x € R : x'x = 1}
of RIT with ¢ > 1, the goal is to test Hy : P = vy against Hi : P # v, where v, denotes the
uniform distribution on S¢. This problem has been extensively studied in the literature. Notably,
the elegant contributions of Beran (1968) and Giné (1975), who introduced 9. This class encom-
passes classical tests such as those by Rayleigh (1919), Bingham (1974), and Watson (1961). Recent
Sobolev tests have focused on two main directions: improving detection power under multimodal
alternatives, as in Pycke (2010) and Jammalamadaka et al (2020), and in Fernandez-de-Marcos and
Garcia-Portugués (2023), who also addressed a second direction—data-driven tests—by proposing
parameter-dependent tests whose parameters are chosen via cross-validation. In this second direc-
tion, Jupp (2008) introduced data-driven Sobolev tests with automatic truncation of the kernel.

Alongside Sobolev tests, another broad approach is projection-based tests. This approach reduces
the problem to goodness-of-fit testing on R by projecting the sample. It includes the works of Cuesta-
Albertos et al. (2009), proposing a Kolmogorov—Smirnov type test; Garcia-Portugués et al. (2023),
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introducing a class of tests based on projection-integrated norms, extending the Watson (1961)
test to ¢ > 1 and proposing an Anderson-Darling test; and Borodavka and Ebner (2023), building
another class of tests based on the powers of maximal projections.

Other recent contributions to testing uniformity have explored high-dimensional settings, such as
Cutting et al. (2017), who studied local likelihood ratios, and Cai and Jiang (2012), who constructed
a test based on the coherence of a random matrix; and novel methodologies, such as Hallin et al
(2024), who employed optimal transport to build tests. See also the references therein. A review of
uniformity testing is provided in Garcia-Portugués and Verdebout (2018).

In the present work, we construct a class of m-points tests that generalizes Sobolev tests. As
later seen, these tests achieve higher power than classical Sobolev tests against certain deviations
from uniformity. To motivate the m-points tests construction, we begin with an overview of Sobolev
tests. Sobolev tests reject the null hypothesis for large values of V-statistics defined as
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and Cg denotes the pth Gegenbauer polynomial of order A. Gegenbauer polynomials Cﬁ are orthogo-
nal polynomials on the interval [—1,1] with respect to the weight function

t = (1 — t2)*~1/2. Therefore, the coefficients b, (¢) in (1) can be seen as the projections of a
kernel ¢ : [—1,1] — R onto the orthonormal basis {hqx}7°,, that is,

bur(6) = [ [0 byl (1= )02, (2)

Cq,k

where the constant ¢, j, is defined as ¢, 1, ql " kC(q 1)/2( 1) for g > 1, and ¢1 , := al_’,lC (1+0po) m

for ¢ = 1, where Jy is the usual Kronecker delta Before, we used

agp =2 Tggmny + (1 +2k/(¢ = 1)) - Lygony,

with 1 denoting the indicator function.
Some assumptions on the kernel ¢ seem natural:

(c1) ¢ € LZ[—1,1], where L2[—1,1] is the space of square integrable functions with respect to the
weight ¢ — (1 — ¢2)(@=2)/2,

(c2) D52, lwgl| dgx < 0o, where wy, 1= a;,ﬁbhq(gb) and dgj = (qJ]gk) — (qzﬁgz)‘

Condition (c1) ensures a finite variance for S ™) under Ho, while condition (c2) guarantees that the
statistic Sén) is well-defined. For ¢ > 1, this follows from

3 ba(d) OV erk\aq, DR =5 gl dy < oo,
k=1 k=1

as condition (c2) guarantees the (uniform on [—1,1]) convergence of Y 7 by x(¢) hqr(t). While
condition (c2) is necessary for V-statistics, it is not required for U-statistics, which exclude diagonal
terms (¢ = j) and thus permit “extreme” kernels that do not satisfy (c2), as the test statistic
introduced in Fernandez-de-Marcos and Garcia-Portugués (2024) demonstrates.

From (1), it is clear that the kernel ¢ characterizes the behavior of Sé)n) by weighting the pairwise
distance between observations, through the X/X;’s. Typically, ¢ is chosen to emphasize proximity,
with higher values as X/X; — 1, since clustering structures are considered as strong evidence against
uniformity. More generally, ¢ can be seen as the restriction of a symmetric function ¢ : S x S — R
with ¢(x,y) = ¢(xy) for all x,y € S?. This broader perspective motivates extending Sobolev tests
beyond pairwise interactions, leading to the development of m-points tests. These are based on



kernels i : (S7)™ — R of degree m, that allow the statistic to capture higher-order interactions among
m-tuples of observations. Such kernels are constructed by expanding square-integrable functions on
(S7)™ in an orthonormal basis of the corresponding Hilbert space. The test statistics are thus
determined by the sequence of basis coefficients, which we will refer to as weights.

The contributions of this paper are manifold. First, we introduce two types of m-points tests,
respectively based on U- and V-statistics. Both tests are seen to be equivalent to Sobolev tests in
the specific case where m = 2. We also provide closed-form expressions for m-points kernels on S'
using weights from classical Sobolev tests. Second, we obtain the asymptotic null distribution of
our U- and V-statistics, first for finite m-points tests with truncated kernels, and then for infinite
m-points tests; this distinction is emphasized due to the practical relevance of finite tests when
closed-form expressions are unavailable. The results obtained are non-standard. In particular, some
weak limits under the null hypothesis involve random Hermite polynomials—an unusual feature in
classical statistical frameworks. These polynomials emerge naturally in the limiting behavior of the
test statistics. Third, we derive the asymptotic behavior under fixed and local alternatives. These
asymptotic results on U- and V-statistics drive the definition of critical regions for m-points tests,
which depend on both the type of statistic (U or V') and the parity of m. Fourth, we discuss the
rotational invariance of our tests. This property holds for m = 2, but generally fails for m > 2. To
recover rotational invariance, two approaches are proposed: (i) a quasi-invariant test via random
rotations and aggregation of p-values that is practically feasible in any dimension, and (i) an
invariant V-statistic based on a kernel whose closed-form expression and asymptotic distribution
are derived for the circular case.

We study the new tests through a series of numerical experiments with four main objectives.
First, we compare the performance of tests based on the proposed U- and V-statistics (which we
refer to as m-points U- and V-tests, respectively), observing that the latter generally achieve higher
power under local alternatives and also offer a substantial computational advantage when finite
kernels are used, since the complexity is reduced to O(n). This efficiency gain comes from a kernel
reformulation that avoids a complete computation, as required by U-statistics, and motivates our
focus on V-statistics in the remainder of the study. Second, we explore the empirical behavior of
the proposed tests under the null hypothesis, observing that introducing a correction factor in the
U-statistics improves the behavior of the corresponding tests with small sample sizes. Third, we
demonstrate that the V-tests attain increased power over the Sobolev counterparts under various
fixed alternative scenarios. In particular, (m > 2)-points V-tests show better detection power under
multimodal alternatives. Finally, we assess the performance of the rotation-invariant versions: quasi-
rotation-invariant V-tests still show higher power compared to the m = 2 case, and for the rotation-
invariant V-statistics, we illustrate that, in low dimensions, the invariant asymptotic distribution
closely matches that of the original m-points statistics, particularly in the upper tail.

The rest of the paper is organized as follows. Section 2 presents the required fundamentals of
spherical harmonics. Section 3 introduces the m-points class of test statistics, including closed-form
expressions for the circular case. Section 4 derives the asymptotic distribution of the statistics
under the null hypothesis, while Section 5 explores the consistency against fixed alternatives and
extends the asymptotic results to local alternatives. Section 6 defines the tests based on the m-points
statistics, following a discussion on the corresponding critical regions. In Section 7, the rotational
invariance properties of m-points tests are studied. Finally, Section 8 presents comprehensive numer-
ical experiments showing the validity of the theoretical results and the advantages of the new class
of tests. All proofs and additional simulations are provided in the Supplementary Materials (SM).



2 Spherical harmonics

Let L?(S%v,) denote the space of square-integrable functions deﬁned on Sq with respect to the
uniform distribution, v,, and define the inner product (f,g) := [q, f( x) dyy(x) for any f,g €
L3(S%,v,). L*(SY,v,) is a separable Hilbert space, hence, an orthonormal ba81s can be obtained. We
work with a specific basis related to the spherical harmonics.

The space of real homogeneous polynomlals of degree k > 1 and ¢ + 1 variables is denoted
by Pq+1. Let Hq+1 be the subspace of P ! of real harmonic polynomlals that is, 3'-[qJrl =
{P e Pqul AP =0}, where A denotes the Laplacian operator A := 97 4 --- + 6q+1 Spherlcal
harmonlcs of degree k are the restrictions of real harmonic polynomials to Sq We also denote by
’HqH the space of spherical harmonics of degree k. The dimension of the space of spherical har-
monics has the well-known expression given by dim HqH = dg 1, see, e.g., Corollary 1.1.4. in Dai
and Xu (2013). Spherical harmonics of different degreeb k4 1) € ’Hq+1, )S ’HqH are orthogonal
(1, ¢) = 0, thus combining orthonormal basis of ”Hq+ for different degrees results in an orthonormal
basis of their direct sum. In addition, the collectlon of spherical harmonics is dense in L?(S%,v,),
hence L%(SY,v,) is equal to the direct sum of Hq+1 for k=0,1,..., see, e.g., Theorem 2.2.2 in Dai
and Xu (2013). In the following, we define a spe(nﬁc basis of spherical harmonics, which can be
found in Theorem 1.5.1 in Dai and Xu (2013) with appropriate corrections to account for errata.

For k = 0, regardless of the dimension ¢ > 1, dq0 = 1 and an orthonormal basis of H8+1 is
{g0,1} with go1(x) :=1 for all x € S9. For ¢ =1, let k > 1. Since d; ;, = 2, using polar coordinates
x = (cosf,sinf), 0 < @ < 2, the functions gy 1(x) := V2cos(kf) and gi2(x) := v/2sin(k6), for
every x € St, form an orthonormal basis of ’Hz+ .

For ¢ > 2, let k£ > 1, and consider the hyperspherical coordinates

(= sin @ - - - sin 0 sin 01,

X9 = sinby, - - -sinf cos b1,

xq = sinfycosOy_1,

Tgy1 = C0s b,

with 0 < 60; < 2mand 0 < 0; <7 for j =2,3,...,q, where x = (:xl,...,xq,a:q+1)/ € S?. Let My, =
{m e Ng“ Dm|:=my + -+ mgp1 =k and mg41 € {0,1}}. For m € My, let

cos(mys if mg1 =0, m; (mj + X))
) o= {5 =0 T qH i
sin((mg +1)s) if mgp1 = =1 2)\ ( )‘mj—o—l'Aj
where we write [m7| = m; 4+ -+ +mg41 and A; := |m/ |+ (¢—j)/2 for any j = 1,2,...,¢— 1, and

where by, := 2 if my + mg41 > 0 and by, := 1 otherwise. Then, we define ¢, : ST — R in spherical
coordinates by

qg—1
= v/Bm (m(01) H sin 6, j+1)‘m]+ T ' (cos Og—j+1),

j=1

the collection {¢m : m € M;} is a real orthonormal basis of 7—[?1, in the sense that (om,Ym)
= 0mm for any m,m € M;,. Note that this orthonormal basis is indeed of cardinality d .

Let us enumerate the m'’s in My as m,, r = 1,2,...,d,, in “colex” (colexicographic) order,
that is, given m,m € My, m <° m if and only if there exists an ¢ > 0 such that for all j > 4,
(mj = m;) A (m; < my;). Finally, we define gj ,(x) := ¢m, (x).



3 m-points test statistics

3.1 DMotivation and definition

Let m > 2 be an integer. Consider the space L?((S)™, (v,)™) = L%((S?)™) of functions defined on
(S?)™ that are square integrable with respect to (v4)™. Together with the inner product

(f,9)m = /(Sq)m X1, Xm) (X1, X)) d(vg) ™ (X1, - -5 X)),

for f,g € L?>((S?)™), L?((S?)™) is a separable Hilbert space, in which the set of functions of the form
(X1y.. oy Xm) = Gy (X1) -+ Gy rm (X)) 1s an orthonormal basis of the space. Thus, every function
h € L%*((S?)™) can be expressed as

dq,kl d‘lykm

h(x1,... xm) = Z Z Z <h7gk1,7‘1 "'gkm,Tm>mgk1,7’1(X1)'”gkmﬂ"m(xm)7 (4)

k1,...skm=17r1=1 rm=1

with the series converging in mean square and Y ° 1 > (B, gry iy - Gl )2y < 00. To ease

. . d . . .
the notation, we write ) for er:kll - Zfi’;”} in the sequel. Conversely, the Riesz—Fischer Theorem

ensures that given a sequence of weights {wg,,  x...r1,..rm} that is square-summable

o0
Z sz‘l,...,k‘m,rh...,rm < 00, (5)

ki,...km=1 T

then there is a function h,, € L?((S?)™) such that (haws Gky " Gk )y = Wk oo ko F10rm - LDE
m-points class of test statistics leverages this characterization: rather than specifying a kernel di-
rectly, we construct it via its spherical harmonic expansion using a chosen sequence of weights
{Wky .. kpor1,..rm + that satisfies (5).

The flexibility offered by kernels of degree m is substantial. However, selecting an appropriate
sequence of weights to ensure desirable characteristics on the statistic is challenging. For this reason,
we restrict our attention to simplified kernels defined on (S?)™, inspired by the structure of Sobolev
kernels, which depend only on the inner product of pairwise observations, XX, and whose coeffi-
cients exhibit certain simplifications as a result. To see this, fix m = 2 and consider h € L?((S%)?)
such that h(x,y) = ¢(x"y) for all x,y € S?, for some function ¢ : [-1,1] — R. This assumption
implies that h is not only symmetric on its arguments but also invariant under arbitrary rotations
of the sample. Then, let

Wky,ka,ri,re *= <h’ gk171”19k2,7“2>2

= wi : < . ¢(X/1X2)9k1,r1 (X1)daq(x1)> ko, ro (x2) dyq(XQ)
q q a
_ wkw@ /S G (2) 91 (2) g (x2) = wlziw Ok oy O (6)

where we applied the Funk-Hecke Theorem, see, e.g., Theorem 1.2.9 in Dai and Xu (2013), o4
denotes the Lebesgue measure on 9, w, := 0,(S?) = 27(@*+D/2/T((g 4 1)/2) is the surface area of
S?, and
1
Wg—1 2yq/2—1 Cq,ky Wq—1
wy, (¢) 1= —4~1 ) ho g (1) (1 — )27 qp = “ekr a1y, gy,
((0) = s [ o) by (0 (1) b By (9)

Therefore, (6) shows how the rotational invariance inherent in ¢ induces a simplified structure on
{wk; ky,r1 ro b This principle can be extended to kernels of degree m by considering weights {wi r}
with k = (k1,...,kp) and r = (r1,...,7y), satisfying the following:



(w1) Diagonality: wyy = 0 if there is some ¢ # j such that k; # kj or r; # r;, with i,j € {1,...,m}.

(w2) Homogeneity: if k = (k,...,k), k > 1, then wx, = wi,+ for any r = (r,...,7) and r* =
(r*,...,r), with ror* € {1,...,dgr}

Notably, the general sequence of coefficients {wi r} is reduced to a sequence {wy}32 . This allows
the direct use of classical sequences of Sobolev weights to build kernels of degree m. Based on these
simplified kernels of degree m, we define the class of m-points test statistics.

Definition 3.1 (m-points test statistic). Let {X;}!'"; be a sample on S?, m > 2, and w := {wi}72,
be a real sequence such that Y pe;widyp < oo. The m-points test statistic associated with w is
defined as

n

Vi =nTm N 8y, (X, X,

i1 yeeyim=1
in its V-form, and as
(n) ma ()"
uim, =n <m> 191;;%9 D, (Xips -5 X))

wn its U-form, with the kernel induced by w given by

[e'e] dq,k qk m
Oy (X, X) i= 3w Y ¥ep(Xa, ., X ZwkZHgkr (7)
k=1 r=1 r=1j=1

Note that the square summability condition in (5) simplifies to Y po; wid,r < oo due to the
structure of diagonal, homogeneous weights.

Motivated by the use of simplified weights, the relation between Sobolev and m-points tests
becomes evident: Sobolev statistics are equivalent to 2-points statistics. Let ¢ : [-1,1] — R be a
function satisfying conditions (c1) and (c2), and let b, ;(¢) be the projections of ¢ as given in (2).
Let the 2-points V-statistic, V2(,:Lv’ induced by the sequence of weights wy = a;ibq7k(¢). Then,

VQW— Zzwngkr )Gk (X Zzbqk he 1 (XiX;) = Sén),

[t s R — )

where hg 1, is given in (1) and we used the addition formula of spherical harmonics

Z gk: r gk r ) - aq,khq,k (XIY) (8)

for all x,y € S9. For the 2-points U-statistic, Ugg, the equivalence holds up to an affine transfor-
mation,

U= g (857 - 0).

n—1

where ¢(1) = 377 | wi dgj < .

3.2 Closed-form expressions

Closed-form expressions are useful for avoiding truncation in the computation of statistics with
infinite kernel expansions. This section derives such closed-form expressions for m-points test statis-
tics in the circular case (¢ = 1) induced by several classical Sobolev weights. We work in polar
coordinates, letting x = (cos ,sin ) € S', with 0 < § < 27 denoting the polar angle.



Proposition 3.1. Let m > 2 be an even integer, @ = (01, ...,0,,)" be the polar angles of (X1, ..., X)),
and w be a real sequence such that Y -, w,%dq,k < 00. Let @y, 0p(0) := @y (X4, ..., Xy). Then,

o0

D,,0(0) = Z Z wyve cos (ke'0) , 9)
k=1 e
where the sum Y., is carried out over e := (e1,...,ey) € {1} x {=1,1}™7L, pe := T[], ei, and

Ve 1= 217/2 (1+ (—l)m/Qpe).

When the series Y 72 | wy, cos (k€’0) converges, the sum and the series in (9) can be interchanged,
resulting in a finite sum that can be related to the classical Sobolev kernels. Indeed, whenever a
closed-form expression is available for the Sobolev kernel ¢(0) := > 72 | wy cos (kf), for 6 € (0, 7], a
related closed-form expression 1 can be extended to 6 € R by periodicity 1 (|6]) := v (27 {|0]/(27)})
and exploiting symmetry 1 (—|0|) := ¢(|0|), where {z} := 2 — [z]. The next result collects a set of
classical Sobolev weights for which such closed-form expressions are derived.

Corollary 3.1. Let m > 2 be an even integer. Under the notation of Proposition 5.1, let Te := Ve /2
and O = {€'0/27}. Then, denoting Py .(0) := Py(X1, ..., X,) for a general weight sequence w,
we have:

(i) (m-Watson) ww = {(v27k)72}32,,

(I)m,ww (0) = ZTeBQ(ée),

where By 1s the kth degree Bernoulli polynomial.

(it) (m-Anderson-Darling) wap = {(V2rk)™2 [ 1_(%(92)];9) dﬁ}zozl and B # 0,

i wap (0) = ZTe [1 + 2“59‘ log |9~e| + (1 — |9~e‘) log(1 — |0~e|)H
e
(iii) (m-Rothman) wg = {sin®(kmts)(mwk)=2}22 |, where t, := min(t,1 —¢t) for t € (0,1),

S o (O 2 R ) R

(iv) (m-Pycke) wp = {(2k) " }32;.,

Dy p (0) = Z —7e log (2 sin(wée)) .

(v) (m-Smooth mazimum) ws = {e™"Ly(r)}3;2, for k >0,

Qg (0 K) = ZTQ <en(cos(e19)—1) . G_HIO(H)) .
e
(vi) (m-Poisson) wpeis = {p*}32, for p € (0,1),

1—p?
QmﬂUPois (0, IO) = ZTG <1 _ 2p COS(e,G) + )02 o 1> '
e




4 Null asymptotics

In this section, we derive the asymptotic distribution of the class of m-points test statistics introduced
in Definition 3.1 under the null hypothesis, assuming the sample Xy,...,X,, ~ v, is independent
and identically distributed (iid). The analysis begins with the limiting distribution of finite m-points
kernels and is then extended to the infinite kernel case. Throughout this and the remaining sections,
we use the notation {Zk,r k>1,1<r< quc} for a collection of independent standard normal
random variables, H,, for the mth order Hermite polynomial, given recursively by Hy(x) := 1 and
Hpi1(x) := 2 Hp(x) — H},(2), and ~ for weak convergence.

4.1 Finite m-points statistics
We define a K-finite m-points kernel as the truncated version of the kernel given in (7),

K dq,k

ok (X1, o, X) =D > wp e (Xn, -, Xi).

k=1r=1

Equivalently, ®,, ¢ can be seen as an m-points kernel induced by weights w such that wj = 0 for
all £ > K, thus the square summability condition of w is trivially satisfied. We use the termi-
nology infinite m-points kernel to refer to the m-points kernel (7), i.e., K = co. We denote by
Uq(; 21) x and Vrglnzv i the K-finite m-points U- and V-statistics, respectively. The next proposition
proyvi7des the null asymptotic distribution of finite U- and V-statistics. This result underpins the
construction of asymptotic tests based on these statistics, which is the focus of Section 6.

Proposition 4.1. Let ¢ > 1, K > 1, m > 2, and w be a real sequence. Then, under Hy and as
n — 0o:

. K dg, .
(i) U e~ UsS g o= o) S0y Hon(Ziy)
.. K dg,

(ii) V' o Voo i = Soh Sk Zpe

4.2 Infinite m-points statistics

Proposition 4.1 can be extended to the case of infinite m-points statistics, provided that certain
natural conditions on the sequence of weights are satisfied. For U-statistics, the square summability
of the weights w suffices, as it guarantees the finiteness of the variance under Hy. We now state the
result for U-statistics which, similarly to Proposition 4.1, is crucial for constructing tests based on
(n) :
m,w (Section 6).

Theorem 4.1. Let ¢ > 1, m > 2, and w be a real sequence such that y -, w,% dgr < oo. Then,
under Ho and as n — oo,

o0 dq,k
Uy~ Uty = > Y wiHpn(Zk ). (10)
k=1r=1

A corrected version of the U-statistic,

Un) = AL U0 =02l ST e, (X, X)),

,W
1<i) < <im<n

where A, p, := n™(n —m)!/n!, has the same asymptotic distribution as in (10). However, the test
based on U:}LZ, presents an improved finite-sample accuracy: when using asymptotic critical values
derived from Theorem 4.1, U;;L(ZJ) yields more accurate results for small sample sizes compared to the
uncorrected statistic U,(,z o See Section 8.1 for details.



(n)

For m-points V-statistics, Vi, 4, the asymptotic analysis requires a more careful treatment.
Deriving their weak limit involves a stronger summability condition, resembling (¢2) used in Sobolev
statistics. The proof builds on the convergence of the normalized average of vectors of spherical
harmonics. To express V,,% in those terms, we apply the following interchange:

thlw:n_m/z Z ZW«ZW iy s X))

01, ,zm—lk 1 r=1

*m/QZwkZ > TLoexs)

r=1141,...,im=1j=1
00 dq,k n m
— WL Z (n_1/2 Z k.7 (XJ) . (11)
k=1 r=1 i=1

Note that the statistic is nonnegative for even values of m.
A sufficient condition to ensure the kernel (7) converges is that w is such that

ka;d(m dmatD/2 o, (12)

While this condition for m = 2 comes from the addition formula for spherical harmonics (8) and the
bound sup,e(_y 1 ‘C(q 2 /2( )| < C(q 1)/2( 1), and coincides with the summability condition (¢2) of
Sobolev test statlstlcs the sufﬁClent condition for m > 2 arises from

1/2 1/2
dgk m dg,k m—1 dg.k
+1)/2
ZHgkr ZHgkr ) Zgz,r(xm) Sd((;,z )/7
r=1j=1 r=1 j=1 r=1

there we used (8) and the bound on C’(q b2, yielding \ZT A gkr (%) gk (y)| < dgr, and
ok il 1gkr(xj) < d1+me which holds for m > 1 and /¢ > 1, and can be proven by induction
using the sup-norm bound of spherical harmonics supyesq |grr (%) < / . We have the following

result for V-statistics, supporting the construction of tests based on Vm -

Theorem 4.2. Let ¢ > 1, m > 2 be an even integer, and w a real nonnegative sequence that fulfills
condition (12). Then, under Hy and as n — oo,

oo dgk
Vi s Vi, f*Ziwkar (13)
k=1r=1

Remark 4.1. Once v,,% is expressed in the form of (11), a sufficient condition for the conver-
gence (13) to hold is 52, wy k9T (M= < o0 where \y(+) is defined in Lemma 4.1 below. This
requirement is milder than the summability condition (12). It arises from applying L, asymptotic
bounds for spherical harmonics to guarantee the uniform convergence of the distribution of the K-
finite statistic to that of the infinite one at a specific sample size n as K — oo, for all sufficiently
large n.

Lemma 4.1 (Sogge (1986)’s L, asymptotic bound). Let ¢ > 1, k > 1,1 <r < d,j, and { > 2.

Define
00, g=1, ll_1), 2<i<y,
g = 2(¢+1) and  A(0) =1 4(2 ) ¢ I

Then, E[|gkr(X)|€] =0 (k:’\‘l(z)).



5 Non-null asymptotics

In this section, we obtain the asymptotic behavior of m-points U- and V-statistics under three
alternative scenarios: fixed alternatives, y/n-local alternatives with a general form, and rotationally
symmetric local alternatives with concentration k, — 0. We still use the notation from Section 4
for {Zy,}, Hp, and ~», and we use L for convergence in probability.

5.1 Consistency against fixed alternatives

Let X4,...,X,, ~ H be an iid sample under a fixed alternative, where H has probability density
function (pdf) h € L*(S%,v,) with respect to the uniform measure v, that admits the expansion
h(x) := 1+ ho(x) with ho(x) := > 3, h,gk(x), where hy € R%* and gy, : S? — R+ is defined
as gk := (gr,15- - > Gk,d,,,) - We assume that > 7% ) hjgp(x) converges uniformly on S7. The latter
holds if hg is continuously differentiable for ¢ = 1 (uniform convergence of Fourier series), and if it
is |¢/2]-times continuously differentiable for ¢ > 2, see Theorem 1 in Kalf (1995).

The following result shows the consistency of m-points U- and V-statistics for an even m and a
positive weight sequence. Note that the distribution H must be such that hy is non-null for at least
one k > 1 to represent an alternative distribution different to the uniform.

Proposition 5.1. Let g > 1, m > 2 be an even integer, and w a real sequence such thaty p- w,%d%k <
oo and wy, > 0 for all k > 1. Let Sy = {(k,r) : hy # 0}, where hy, denotes the rth element of hy,.
Assume Sy is non-empty. Then, under H and as n — oo:

(i) U(nwK 5 oo and V! ’BUK — 400, for K > min{k : (k,r) € S };
(i1) Vn(znq)u LN +o00, given that w fulfills (12);

(111) U, mw LN +00, under the assumption of S, being finite.

When any of the assumptions on the parity of m or positiveness of w is dropped, the analysis
becomes more convoluted, even for K-finite statistics. For instance, in the case of V-statistics with
even m and wy < 0 for some k > 1, V,, 4, k could also diverge to —oo with non-zero probability
depending on w and {hy}. The same could happen for an odd m and a positive sequence w. In the
case where m is even and wy, = 0 for some k, > 1, a counterexample in which hj, # 0 and hy = 0
for all k # k. suffices to show V;;, ., = Op(1), and thus consistency does not hold.

5.2 Asymptotics under general local alternatives

Let h € L?(S9, vg4) be a pdf with respect to the uniform measure v, such that it admits the expansion
h(x) := 1+ ho(x), where hq is defined as in Section 5.1. The sequence of /n-local alternatives is
given by the pdf h,,, with respect to the Lebesgue measure o,, through

hn(x) := wi {1 + /2 ihzgk(x)} , xeS%. (14)

k=1

Note that we can rewrite

ha(x) = (1= p1/21). (15)

Wy

which exposes the structure of this sequence of alternatives. Specifically, h,, consists of a uniform
component and a perturbation from uniformity vanishing at rate n=1/2.
The next result provides the asymptotic distribution under local alternatives for finite m-points

U- and V-statistics. This distribution corresponds to a shifted version of the corresponding null
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asymptotic distribution, with the shift terms characterizing the power of the tests introduced in Sec-
tion 6. Let Xy,...,X,, ~ hy be an iid sample, and assume that > -, h} gi(x) converges uniformly
on SY.

Proposition 5.2. Let ¢ > 1, K > 1, m > 2, and w be a real sequence. Then, under h, and as
n — co:

(Z) U'r(‘rz?w,K m w, K Zk 1 Z wkH (Zk,r + hk,r) ;

.. n h,00 m
(”) VT)(I,I)U,K 7(n'w K- Zk: 1 Zr 1 Wk (Zk,r + hk,T) ;
where hy,, denotes the rth element of hy, in both (i) and ().

Remark 5.1. For m = 2, the asymptotic distributions under h,, can be written as

K

h,00 hoo

U = Zwkxqu Ihell?) = > widyy,  and ng;_zwkxd (I
= k=1

As a consequence, the asymptotic distribution under local alternatives is rotation-invariant in the
case m = 2. To see this, consider X with pdf h € L*(S9,v,) given as in (14). Then, OX, with
O € SO(q+ 1) has a pdf given by

hO(x) = (07 'x) =1+ thgk (0'x) = 14 (C'hy) g (x),
k=1

with C being an orthogonal matriz of order dy . (see, e.g., Section 4.2 in Efthimiou and Frye, 2014).
Therefore, the rotated alternative coefficients are hkO := C'hy, and

IhR)1* = (C'hy)' C'hy, = |||

See Section C.2 in SM for an empirical study on the rotational invariance of the asymptotic distri-
bution under local alternatives when m > 2.

To perform numerical experiments (Section 8.1), it is interesting to obtain the coefficients hy,, for
rotationally symmetric alternatives with density h(x) = f(x'p), with g € S? and f : [-1,1] — R>o.
An application of the Funk—Hecke Theorem yields

bq,k(f)

g 9k,r (:U’)

= [ B0 G0 () = [ ) () () =
for k > 1, where by ,(f) is given by (2).

5.3 Asymptotics under rotationally symmetric local alternatives
We now consider (absolutely continuous) rotationally symmetric alternatives, that is, alternatives

with pdf

X = Cq,fﬁ,ff(’%xlu)a (16)

with respect to the Lebesgue measure o4, where p € S9, k > 0 is a concentration parameter, f : R —
R>0 is an angular function  with  f(0) = 1 (for standardization), and
cqﬁ Fi= Wt f (1— 2 q/ 2-1f(ks)ds is a normalizing constant. Many well-known distributions
on the sphere ﬁt in the setup of (16). For instance, the von Mises-Fisher (vMF) distributions
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are obtained with f(s) = exp(s). Below we write P( ") for the joint distribution of an iid sam-
ple of observations, Xi,...,X,, with common den81ty (16) For any positive integer ¢, define the
coefficients my, ;, k = 0,1,...,4, through

S O (1) = ¢,
k=0

The asymptotic behavior of m-points statistics is expected to be different from that of Section 5.2
since the value of f and its derivatives at zero (and only at zero) should play a role here. We have
the following result for finite m-points U- and V-statistics that generalize the results by Garcia-
Portugués et al (2025) for m = 2. Non-trivial asymptotic power is obtained against alternatives
with s, ~ n~1/ (k) where k, is the rank of the first non-null weight coefficient, when f*2(0) # 0
(f£(0) denoting the kth derivative of f at 0). In the case f¥2(0) = 0, the rates of the alternatives
that can be detected rely on the parity of the ranks k for which wy, and f£(0) are non-zero. In the
following, K := {k : wy, # 0} and the relation k ~ £ on N indicates that k and ¢ share the same
parity.

Proposition 5.3. Consider a real sequence w with only finitely many non-zero terms. Let f be
an angular function that is (> K, = maxKx) times differentiable at zero. Let k, := min K,
fix 7 > 0 and let ky be the minimum value of k € {ky,...,£} such that (a) fE(0) # 0 and (b)
Vi = =Fku,....,k: £ ~kandl € K.} is non-empty (assuming that such a k exists). Put
moreover ki :=minVy, . Let ¢ > 1, K > 1, and m > 2. Then, under PSZL),f, with k, = n~1/(2k)r
and as n — 00:

d,
(7') m,w, K m w, K : Zk‘ k,‘ ZTili wka (Zkﬂ’ + h‘k?,?") 7
(ii) V) oo Vo) e S St g (Ziy + Bgr)™

Mg, fE(0) T

with by, == klan
x: Qg,

Gk, () Lk, ky<k<k.} @0 both (i) and (1)

Remark 5.2. Note that, analogous to Remark 5.1, the asymptotic distribution under P( )f With Ky ~

n~Y/ (k) s invariant under rotations in the case m = 2. The reason is that h; = (hk,l, .. hk’dq’k)
depends on gr(pm), which under an arbitrary rotation O € SO(q + 1) satisfies gr(Op) = Cgr(p)
with C an orthogonal matrix.

6 m-points tests

In this section, we define the tests based on the m-points statistics. To do so, we determine the
critical regions using the behavior under Hi, considering the alternatives introduced in Section 5.
These regions depend on both the type of statistic, U or V, and the parity of m. Throughout, we
assume positive weights and allow K to be infinite.

When m = 2, the test is one-sided for both U- and V- statistics. This follows naturally from the
equivalence between 2-points and Sobolev statistics.

For m > 2, the behavior differs depending on the type of statistic. First, note that for clustered
observations, the kernel ¢, in (7) may take zero or negative values for certain pairs (k,r). Second,
under general local alternatives, the distribution of U-statistics may shift either left or right depend-
ing on the alternative (see Section C.2 in SM). Accordingly, we define the asymptotic U-test for
m > 2 as a two-sided test. Specifically, the m-points U-test asymptotically rejects Ho at significance
level o when

(n) 00 : —
Umw K 2 Uow K- if m=2,
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and when - .
n .
Umvva < u;?riW,K,Oé/Q or Umw K = u$7w7K717Q/27 ifm > 2,
(n)

with u? w Ko being the asymptotic a-quantile of Um,w,K’ obtained from Proposition 4.1.

For tests based on V-statistics, the rejection region also depends on the parity of m. Consider
the case where m is even. It was shown that V-statistics are nonnegative in this case. Furthermore,
under fixed alternatives, the statistic diverges in probability to +oo (see Proposition 5.1). Under
local alternatives, note that

0] NN SR (Y sy (29)
el -5 S ()
k=1r=1 7=0 J J

is positive regardless of the signs of hj, , and increases with their magnitude. These properties justify
a one-sided test. In contrast, when m is odd, the same ambiguity in the shift direction observed for
U-statistics suggests a two-sided test. Thus, the V-test rejects Hg when

Vn(:zu,K > U?rzo,w,K,l—cx’ if mis even,
and when - .
n n . .
Vm,w,K < vglo,w,K,a/Q or Vm,w,K > vﬁwle,a/z, if m is odd,
with v3? , k. being the asymptotic a-quantile of VTSZRU 5 (Proposition 4.1).

Although two-sided tests may incur a modest efficiency loss under some alternatives, simulation
results (Section 8.2) show that the increased sensitivity to non-uniformity provided by higher-order
kernels more than compensates for this potential limitation.

7 Rotational invariance

The equivalence with the Sobolev class for m = 2 was noted in Section 3. In this particular case,
m-points statistics are rotation-invariant. However, this property does not hold in general for m > 2.
In this section, we first propose a test following a p-value aggregation of randomly-rotated tests to
make the m-points test quasi-rotation-invariant for all dimensions ¢ > 1. Then, we introduce a
rotation-invariant test statistic associated with the m-points kernel, whose asymptotic distribution
is readily available in the circular case.

7.1 Aggregation of randomly-rotated tests

The quasi-rotation-invariant test consists of performing R m-points tests on R randomly rotated
versions of the sample, and aggregating the resulting p-values. This randomization-plus-aggregation
approach builds on that of Cuesta-Albertos et al. (2009) with random projections. Since the R
tests are generally dependent, we require a p-value aggregation method that remains valid under
dependency. Recent work has extensively investigated such methods, particularly those based on
homogeneous symmetric generalized means, defined by

1/d
Md,R(plu .. 7pR (ZP%/R> ) d S [_007 +OO])

see Vovk and Wang (2020) and Vovk et al. (2022). Wilson (2019, 2020) derives significance thresholds
for Mg r via the Generalized Central Limit Theorem (GCLT), a set of results concerning the domain
of attraction of stable distributions (see, e.g., Section 17.5 in Feller, 1971). Although the GCLT
approach formally assumes independence, the heavy-tailed behavior it induces grants a degree of
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robustness under mild dependence, particularly at small significance levels and d < —1. In this
work, we focus on the Harmonic Mean p-value (HMP), based on M_; g. This approach shows
strong empirical power in our setting (see Section 8.3.1).

The test rejects Hy if pil}g?}f < « at significance level «, where

o0
P ie = /1 p fandau(z;log R+ 0.874,7/2)dz,  with  p:= M_yg(p1,....pR),
p

{p; }le being the p-values of the corresponding m-points tests with weights w, and frandau(z; 1, 0) =
(o) Jo exp{—t(x — p)/o — (2/m) tlogt} sin(2¢) d¢ being the Landau pdf. Note that for each
defined m-points test in Section 6, there is a corresponding quasi-rotation-invariant test.

7.2 Rotation-averaged invariant test statistic

We now introduce a rotation-invariant version of the m-points test statistics. Let ¢ > 1 and O ~
Vs0(q+1) be a random matrix that follows the Haar distribution on SO(g+1). We define an m-points
rotation-invariant kernel based on the real sequence w such that condition (12) is met, as

&, (X1, ..., Xm) :=Eo [#,(0Xy,...,0X,,)]

[ele] dq,k [ele]
=3 wiBo | > ry(0Xy,...,0Xp) | = > wpds, (X1,..., Xpm),  (17)
k=1 r=1 k=1

where ®,, is the m-points kernel (7), and the second equality is justified by the dominated conver-
gence theorem.

Although defined for any dimension g > 1, here we restrict to the study of the circular rotation-
invariant kernel, leveraging the results obtained in Section 3.2 and using the same notation in polar
coordinates. The next result gives exact expressions for a rotation-invariant kernel whose weight
sequence is {J5¢}72, for some ¢ > 1. Notably, odd values of m make the kernel identically zero and
thus ineffective. However, for even values of m, the kernel possesses a rotation-invariant component.

Lemma 7.1. Let m > 2 and £ > 1. Let 0 := (01,...,0,,) be the polar angles of each element
(X1, X)), o= (o,772,a) with a € (0,27], and S = {e € {1} x {-1,1}""! : 5, = 0}
where se 1=y ;" e; with e = (e1,...,en) . Let ém,gl(o) = &)52 (X1,...,Xy). Then,

~ 1 [ 92-m/2 cos (£e'8), m even,
(bmﬁZ (0) = 27[-/0 (DWL,(S[ (0 + a) da — {O ZeeSm,O ( ) . Odd (18)

The invariant kernel @,, s, can be projected onto the basis of L*((S?)™) as in (4), yielding the
corresponding sequence of weights.

Proposition 7.1. Let ¢ =1, £ > 1, m > 2 an even integer, and Sy, o be as defined in Lemma 7.1.
Let k = (ki,....km), v = (r1,...,7m), with kj > 1 and rj € {1,2} for 1 < j < m, and S be the
number of elements in r equal to 1, i.e., S = Z;n:l Ly =1y Let uky = (Prn5, Glerors =+ Thosron ) -
Then, the following statements hold:

(i) If k # (£,...,0), then uxy =0 for all r.
(1t) If S is odd, then uxy =0 for all k.
(1) Ifk = (£,...,0) and S is even, then:
(a) uky = 92-m (%721) for S € {0,m};

(b) e = 227" (=1 |2 (Loycnpa (5 (ia) ) = ()| for 0 < $ < m.
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Notably, imposing rotational invariance produces some nonzero weights for indices r ¢ {(1,...,1),
(2,...,2)}, thus breaking condition (w1), and resulting in a non-diagonal m-points kernel. Conse-
quently, it is not possible to construct an m-points statistic based on ®,,. Nonetheless, following the
general framework introduced in Section 3, we can define an associated finite V-statistic.

Definition 7.1. Letq=1, K > 1, m > 2 be an even integer, and w be a real sequence. Then, the
K -finite m-points rotation-invariant V -statistic associated with w is defined as

n

1&:1)”7[( = /2 Z (i)w,K(Xila--inm)’

21,..,tm=1

based on the invariant kernel @, x(Xi,..., X)) = Z,f;l > Vs L1y gk (X)), with
Sy = E;n:l ]l{rjzl} and v 5 := wrug, where ug 1s given by:

(i) If S is even:

(a) ug =2>""(7,) for S € {0,m};

(b) us = 22"(=1)5 |2 (Locpem (1) Grast) ) = Cuga) | for 0 < 8 < m.
(ii) Otherwise, ug = 0.

In this last result, we provide the null asymptotic distribution of the rotation-invariant V-
statistic, which can be used to construct asymptotic tests of uniformity:.

Proposition 7.2. Let g =1, K > 1, m > 2 be an even integer, and w be a real sequence. Then,
under Ho and as n — oo,

m/2

K
r(n) 700 . m 2s rm—2s
Vm’w’K ~ m,w,K T Z 28 Uk728Zk71Zk},2 )

with vy s given in Definition 7.1.

8 Numerical experiments

This section empirically illustrates the theoretical properties of the proposed tests and highlights
the advantages of m-points tests over the Sobolev class of tests. It is divided into three parts.
Section 8.1 compares the V- and U-tests in terms of computational cost, behavior under the null,
and performance under local alternatives. Due to the computational efficiency and retained power
gains, the remaining sections focus on V-tests. Section 8.2 presents extensive simulations evaluating
the power of V-tests under various fixed alternative scenarios, demonstrating improvements over
Sobolev tests. Finally, Section 8.3 investigates the power and empirical size of the quasi-rotation-
invariant m-points V-tests introduced in Section 7.1, along with an analysis of the asymptotic
distribution of the rotation-invariant V-test statistic from Section 7.2.

In all subsequent sections, the tests defined in Section 6 are conducted at significance level
a = 5%, unless otherwise stated, and using specific weight sequences w derived from the classical
Sobolev tests—namely, Cramér—von Mises (equivalent to Watson when ¢ = 1), Anderson—Darling,
and Smooth Maximum. The latter coincides with the Rayleigh (1919) test as k — 0. The cor-
responding weights are listed in Table 1. Unless specified otherwise, Monte Carlo simulations use
M = 10* samples.
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Legend ‘ Test ‘ g=1 ‘ q=2

CvM | Cramér-von Mises/Watson (v2rk)~2 (2(2k +3)(2k — 1)(2k + 1)) "
AD Anderson—Darling (V2rmk)=2 [ 1_(%(92)];9) de (k(k+1)(2k+1))""
S(k) Smooth Maximum, x > 0 e "Ii(k) 7/ (2K) e "Iy 1/2(K)

Table 1: Weight sequences w used for m-points tests simulations when ¢ € {1,2}. See Garcia-Portugués
et al. (2023) and Fern4andez-de-Marcos and Garcia-Portugués (2023) for weight sequences when ¢ > 2.

8.1 Comparison of V- and U-tests
8.1.1 Computational cost

The computational cost of U-statistics is strongly influenced by m. Specifically, the U-statistic eval-
uates the kernel over all possible m-ordered tuples of observations taken from a sample of size n,
which results in (:1) evaluations. Meanwhile, a naive computation of the V-statistic evaluates the
kernel on every possible m-tuple with repetitions, which increases the previous count to n™. How-
ever, the transformed version of the V-statistic (11)—essential for the derivation of the asymptotic
behavior of infinite kernels—plays a key role in reducing the computational cost. Following the same
steps, for the K-finite V-statistic we obtain

K dq’k n m
O S s (/ zgmx») ,
k=1 r=1 =1

which entails a computation of O(K dg x n). Surprisingly, the cost of this transformed V-statistic is
independent of m, making it highly advantageous in practice. Note this transformation also reduces
the cost of evaluating truncated kernels of Sobolev tests, which entail a computation of order O(n?),
obviously at the expense of some (arbitrarily small) discrepancy with the non-truncated kernel. Table
2 compares the average computation time of finite U- and V-statistics across different values of m
and ¢g. The results clearly demonstrate that the computational advantage of V-statistics becomes
increasingly pronounced as m grows.

m g=1 q=2 q=3
V(ms) U (x) |V (ms) U (x)|V (ms) U (x)
2 1.7 x1 8.2 x1 25.1 x1
3 1.7 X2 7.9 x1 25.5 x1
4 1.7 X8 8.1 X3 25.0 X2
5 1.8 x 36 8.3 x11 25.4 X5
6 1.8 x161 8.4 x47 26.4 x21

Table 2: Relative mean computational times for Uy, . x for a sample of size n = 30, compared to the
corresponding V;, ,, x computational times (in milliseconds). All statistics use an arbitrary positive sequence
w with K = 5. Average times are estimated with 103 Monte Carlo samples.

8.1.2 Empirical sizes

This section compares the empirical sizes of the m-points U- and V-tests on finite samples using
asymptotic critical values. We conducted a Monte Carlo simulation with M = 103 samples drawn
under Hy on S?, for sample sizes n € {30,50,100} and dimensions g € {1,2,3}. For each sample,
we performed the tests using Vi, .10, Um,w,10, and its corrected version U;Z7w710 (see Section 4.2),
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for m € {2,3,4,5,6} and weight sequences w specified in Table 1. The asymptotic critical values
were approximated by simulating 10 Monte Carlo samples of the set of iid standard normal random
variables {Z , } k:"‘f’;’:ql’k, Knax = 10, according to Proposition 4.1.

The empirical fejection proportions are shown in Table 3. V-tests generally maintain the sig-
nificance level even for relatively small sample sizes (e.g., n = 30). In contrast, U-tests tend to be
miscalibrated, and this effect persists even at n = 100, especially for larger values of m. For this
reason, the corrected U*-test is proposed. This correction substantially improves the calibration for
all m. However, for higher values m = 5,6, the U*-tests appear to be significantly more conser-
vative than V-tests. This discrepancy, which vanishes for larger sample sizes (e.g., n = 100), may
be attributed to additional terms that vanish asymptotically but are not included in the scaling
correction in U*.

8.1.3 Power under local alternatives

In this section, we investigate the asymptotic power attained by m-points U- and V-tests under the
local alternatives introduced in Section 5.2. The scenarios explored in dimensions ¢ € {1,2,3} are
in the form of (15) where the pdf h corresponds to:

(V) vMF (¢ = 1,2,3): the vMF distribution with concentration x > 0 and location parameter
p=(0,...,0,1) € S9. Its pdf fu. : ST — R is given by x — cq,,.ge””x/“, where ¢, is the
corresponding normalizing constant.

(o) Belts (¢ = 2): a mixture of 2N equally-weighted vMF distributions whose locations {+p,, ...,
tun}t C Sy = {(cos¢sinb,sinpsinb, cosh) : ¢ € [0,2m)} for a given 6 € [0,7/2), are equally
spaced in Sy with pu; = (V1 — cos?6,0,cosf)’, and share a common concentration x.

(+) Cross-like (¢ =1,2,3): a mixture of 2(¢+1) equally-weighted vMF distributions with locations
B = (fl)jet(j+1)/2J for 1 < j < 2(q+ 1), where e; denotes the jth canonical vector, and
with common concentration k.

For each local alternative scenario, we computed the asymptotic distribution given by Proposi-
tion 5.2 by simulating 10 Monte Carlo samples of the sets of iid standard normal random variables
{ZkW}kK:f ’;’:‘ik, Kiax = 10. The asymptotic critical values were also computed by the same method,
as described in Section 8.1.2. Then, the asymptotic powers of U- and V-tests for m € {2,3,4,5,6}
and weights w specified in Table 1 were computed and presented in Table 4. This table shows that,
for m > 3, V-tests exhibit superior power compared to their U-test counterparts. In contrast, for
m = 3, U-tests seem to outperform V-tests. For m = 2, both tests have identical power, as the
asymptotic distribution of the U-statistic is simply a shifted version of the V-statistic distribution.

8.2 Power under fixed alternatives

An extensive empirical study analyzes the power attained by m-points V-tests compared to their
m = 2 equivalent Sobolev tests under several scenarios. The simulated scenarios depend on the
dimension explored, but, in contrast to the previous section, they are fixed alternatives. In the case
q = 1, the scenario consists on

(¥) (MvMF) a mixture of N equally-weighted vMF distributions whose locations py, ..., py are
equally spaced along S!, with u; = e; = (1,0)’, and share a common concentration &;

in the case ¢ = 2, we explore Belts (o) and Cross-like (+) alternatives.

Under each specific scenario and for each sample of size n = 100, we performed V-tests using
Vw0 for m € {2,3,4,5,6} and w listed in Table 1. Asymptotic critical values were computed as
in Section 8.1.2, and empirical rejection proportions were obtained. The goal of these experiments
is to quantify the power advantage achieved by using larger m compared to the baseline Sobolev
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CvM  AD S(0.1) S(10) | CvM  AD S(0.1) S(10) | CvM  AD S(0.1) S(10)

30 5.0 4.9 5.0 4.8 5.9 6.1 5.0 5.4 5.3 5.3 5.0 5.8
\%4 50 5.9 5.9 6.0 5.3 4.8 4.6 4.6 4.1 34 33 3.4 4.8
100 3.9 4.3 3.7 5.2 4.0 4.5 4.0 4.9 4.4 4.4 4.2 5.2
30 5.0 5.7 6.4 5.2 5.6 5.5 7.1 6.0 69 6.6 7.3 4.6
2 |U 50 5.6 4.5 6.3 5.8 4.2 4.0 5.2 3.9 5.4 5.5 5.4 4.4
100 4.8 5.2 6.0 4.8 6.1 6.5 5.5 5.4 4.6 4.7 4.6 44
30 36 3.6 4.2 34 4.6 4.8 5.2 4.5 5.2 5.2 5.0 4.5
U~ 50 4.8 4.9 5.4 4.1 4.0 4.1 4.8 4.3 4.9 5.0 4.6 5.0
100 4.2 4.6 4.2 5.0 33 37 4.2 4.4 5.0 5.3 6.1 4.8
30 4.3 4.6 3.9 3.5 4.5 4.3 4.5 4.5 5.3 5.5 5.4 4.7
% 50 4.8 4.3 4.5 4.5 5.5 5.4 5.1 4.7 4.9 4.6 5.1 4.7
100 5.6 5.9 5.4 4.8 5.4 5.3 5.6 5.2 3.9 4.0 4.2 5.3
30 5.7 6.5 5.4 5.1 6.7 6.7 6.6 6.4 5.6 5.4 5.4 6.8
3 |U 50 6.4 5.5 5.6 6.1 4.4 4.4 4.9 4.9 5.5 5.3 5.5 4.5
100 5.0 4.1 5.1 5.4 4.4 4.5 4.4 5.5 5.2 5.3 4.9 5.9
30 5.1 4.4 4.7 4.4 4.2 3.9 4.2 4.4 5.9 5.6 5.8 4.4
U~ 50 4.2 4.1 5.0 4.4 5.4 5.5 5.3 5.2 34 34 34 4.0
100 9.5 5.5 5.1 5.1 4.8 5.0 5.3 4.4 4.8 4.8 4.5 4.1
30 5.3 5.1 5.1 4.8 4.7 4.7 4.4 4.7 4.7 4.6 4.5 4.1
v 50 3.8 3.9 4.0 4.7 4.5 4.5 4.4 4.3 5.3 5.3 5.1 5.4
100 34 36 3.8 3.7 4.9 5.1 4.9 5.6 4.4 4.5 4.4 5.8
30 63 86 113 7.2 9.9 101 10.0 9.1 71 71 7.4 7.7
4 |\U 50 6.4 84 8.7 6.0 6.3 6.2 6.2 6.9 6.5 6.0 6.3 6.4
100 71 5.6 8.5 5.6 6.8 6.4 6.3 7.2 5.5 5.5 5.5 4.9
30 4.2 4.3 3.9 4.3 36 38 3.3 4.2 4.9 4.6 4.6 4.0
U~ 50 33 33 29 3.2 5.0 5.1 5.7 4.6 3.9 4.2 3.6 3.9
100 5.6 5.4 5.9 4.6 4.9 4.8 4.6 4.1 4.6 4.5 4.7 4.7
30 3.9 4.0 4.2 3.8 5.6 5.4 5.6 5.3 5.5 5.3 5.4 4.6
\%4 50 5.8 4.0 5.8 5.8 4.8 5.1 4.5 4.2 5.5 5.3 5.5 4.2
100 5.3 4.2 5.4 5.0 4.9 5.0 5.1 4.4 3.9 3.9 4.2 5.2
30 87 10.1 9.2 94 93 95 82 106 | 107 109 111 10.1
5 | U 50 71 83 6.4 6.6 78 7.6 8.1 78| 103 98 10.0 7.7
100 6.0 6.6 6.3 6.5 71 6.7 7.2 8.0 6.3 6.3 6.1 6.9
30 1.7 22 2.0 2.6 4.8 5.0 4.6 3.6 32 33 3.4 3.2
U~ 50 4.0 4.1 4.1 3.8 4.3 4.1 4.3 3.8 5.1 4.6 4.7 4.3
100 5.1 4.8 4.6 4.3 5.2 4.9 5.2 5.1 5.3 4.8 5.3 4.9
30 30 36 4.4 3.5 4.7 4.7 5.1 3.8 4.4 4.8 4.5 6.6
Vv 50 6.3 6.6 5.8 5.8 5.0 4.6 4.4 5.1 4.3 4.2 4.4 5.8
100 5.0 5.1 5.0 5.2 4.3 4.4 5.0 3.7 4.7 4.5 4.6 4.6
6 U 30 129 141 135 142 | 142 146 153 138 | 154 148 156 149

50 107 78 104 123 86 8.6 90 116 87 9.2 83 109
30 1.5 1.6 1.2 2.0 1.6 20 1.6 3.1 1.8 1.9 1.7 3.3
50 22 24 1.5 2.6 27 29 2.6 3.1 22 23 2.2 3.6

m | Test | n

U*

Table 3: Empirical sizes (%) of m-points tests (Vi w,10, Um,w,10, and Uy, ., 10), With m € {2,3,4,5,6} and
weights specified in the header row. Samples of size n € {30,50, 100} are drawn in dimensions g € {1, 2, 3}.
Boldface indicates empirical sizes outside the 95% asymptotic confidence interval.

tests (m = 2). For this purpose, Figures 1-3 plot the difference in power between each m-points test
and the Sobolev test as a function of the common concentration parameter k, for each respective
scenario. A summary of these results is provided in Table 6 to facilitate the discussion.

The results remain consistent across scenarios (), (o), and (+). In general, for a fixed choice
of weights w, increasing m improves the power of the test. However, such improvement occurs only
when the baseline Sobolev test (m = 2) already achieves non-negligible power (absolute power curves
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. L Test m =2 m =3 m=4 m=2>5 m=206 .
" \% U % U \% U \% U 1% U

CvM | 25,3 253|195 231|254 196 | 21.8 17.6 | 259 175 15

WMF (V) AD | 26.8 26.6 | 188 229|271 198|220 172|264 17.7 15

S(0.1) | 214 214|205 21.2|21.1 180 |21.1 16.5| 22.0 16.3 15

1 S(10) | 324 322 |18.1 223|293 204|217 173 |26.6 174 15

CvM | 5.3 55| 5.1 5.4 53 5.9 56 5.8 6.4 56| 255

Cross (+) AD| 56 6.0| 53 5.6 5.8 6.1 59 6.1 7.2 59| 255

S(0.1) 5.0 5.0 | 4.9 5.0 4.8 5.0 4.8 5.0 4.8 4.8 63

S(10) 8.6 86| 83 94 99 89 98 89108 7.5 | 1023

CvM | 28,7 288 | 21.3 24.6 | 29.1 220 | 24.7 204 | 30.6 18.7 15

WMF (V) AD | 31.0 31.0|206 24.8|31.8 228 |24.8 20.5|33.1 20.1 15

S(0.1) | 24.7 24.7 239 246|255 206|242 182|254 175 15

S(10) | 46.5 46.5 | 20.7 25.1 | 42.2 23.6 | 26.0 22.3 | 359 223 15

Belts (o) CvM | 5.2 5.2 | 5.1 5.0 5.2 5.2 52 5.2 5.3 5.3 | 1023

9 N — AD | 5.3 5.2 | 5.2 5.2 55 5.2 53 5.4 55 50| 1023

0 =n/d S(0.1) 5.0 5.0 | 5.0 4.9 5.0 5.1 4.8 4.9 49 5.0 0

S(10) 7.6 751 6.7 6.2 73 6.3 6.7 6.6 7.0 6.4 ] 1023

CvM | 5.5 541 49 5.2 55 5.0 51 5.3 5.8 5.9 | 1023

Cross (+) AD | 5.6 541 5.0 5.1 56 52 54 6.0 6.4 6.1 | 255

S(0.1) | 5.1 48 | 5.0 5.1 51 5.2 49 4.8 50 5.1 0

S(10) | 12.1  12.2 | 10.7 10.8 | 140 10.2 | 13.1 124 | 157 10.9 | 1023

CvM | 31.4 31.1| 235 259|327 239|266 226 | 34.8 20.9 15

WMF (V) AD | 333 339|229 264|350 246 | 26.6 238|364 21.7 15

S(0.1) | 26.9 26.9 | 25.7 26.6 | 28.2 22.2 | 26.2 19.7 | 28.2 18.5 15

3 S(10) | 57.3 57.4 | 21.3 26.4 | 54.4 27.5 | 295 26.7| 46.0 26.2 15

CvM | 5.3 5.3 | 4.9 5.0 53 4.9 50 5.3 55 5.7 | 255

Cross (+) AD | 5.5 551 5.0 4.9 55 4.6 51 5.9 5.9 6.5 | 1023

S(0.1) | 5.1 491 5.0 4.9 50 4.9 5.0 5.0 52 48| 255

S(10) | 17.1 171 | 12.8 134|219 129 | 18.0 169 | 24.2 16.5 | 1023

Table 4: Asymptotic power (%) of Uy, w,10- and Vi, . 10-tests, with m € {2,3,4,5,6} and weights specified
in Table 1, under local alternatives h, on different dimensions ¢ € {1,2,3}. For each alternative scenario
and weight sequence, k is chosen as the one at which the Sobolev test (m = 2) attains the maximum power.
Boldface indicates the maximum power for each combination of m and weight sequence, if the difference is
significant (two-sample z-test o = 5%).

can be found in Figures 5-7 of Section C.1 in SM). Otherwise, increasing m does not enhance the
power of the test for that particular weight sequence. Importantly, in no case explored, increasing
m significantly reduces power; the power curves remain at least as high as those of the Sobolev test.
These findings support viewing m-points tests as a natural extension of Sobolev tests that generally
offer improved performance.

The effect of K has also been investigated. Simulations of tests based on V., k for K €
{4,10,40} with the usual values of m and w, show that increasing K does not lead to substantial
changes in empirical power. However, the effect of K might depend on the decay rate of the sequence
w, with higher differences for slowly decreasing weights.

8.3 Rotational invariance
8.3.1 Aggregation of randomly-rotated tests

This section demonstrates the empirical behavior of the quasi-rotation-invariant m-points tests via
HMP aggregation introduced in Section 7.1. The simulations explore the empirical sizes under
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the null hypothesis and the power attained under alternative scenarios (x), (o), and (+), already
introduced in Section 8.2.

Table 5 presents the empirical sizes. For each sample of size n = 100 drawn under Hgy, we
performed V-tests at significance levels o € {1%,5%,10%} based on pgblﬁ)l’g with R = 50 ran-
dom rotations, m € {3,4,5,6}, and w specified in Table 1. As discussed in Section 7.1, for lower
significance levels (o < 5%), the tests are well calibrated. At a = 5%, although the empirical
sizes lie outside the 95% asymptotic confidence interval, the rejection proportions do not exceed the
significance level, meaning the test tends to be conservative but not liberal.

Following the simulation setting of Section 8.2, the empirical power gains of quasi-rotation-
invariant V-tests, pgl’\fvlz,g with R = 50, relative to Sobolev tests (m = 2) were obtained under
alternative scenarios (x), (o), and (4). Table 6 summarizes the comparison between m-points
and the corresponding quasi-rotation-invariant tests. Observe that the latter exhibit lower power.
However, the decrease is minor, and the power gains are retained. As with m-points tests, increasing
m does not degrade the performance of the tests, achieving at least similar power to m = 2 tests.
In fact, as m increases, the power gap between the m-points and the quasi-rotation-invariant tests
narrows, and given the independence of computational cost from m, large-m quasi-rotation-invariant
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Figure 1: Empirical rejection proportion difference curves under scenario (x) as a function of concentration
k. Each row corresponds to a different number of mixture components, N € {2,3,4,5}. Curves compare
m-points V-tests against the baseline Sobolev test (m = 2). Tests are based on V,, .10, m € {3,4,5,6}, with
weights indicated by columns, and n = 100.
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Figure 2: Empirical rejection proportion difference curves under scenario (o) with N = 6 as a function of
concentration k, each row corresponding to a different parameter value 0 € {w/12,7/4,57/12}. The same
description of Figure 1 applies.
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Figure 3: Empirical rejection proportion difference curves under scenario (+) as a function of concentra-
tion k. The same description of Figure 1 applies.

V-tests remain practical. Detailed results under each alternative scenario are reported in Section C.1
in SM (Figures 8-13).

8.3.2 Rotation-averaged invariant test statistic

In this section, we illustrate the behavior of the rotation-invariant V-statistic proposed in Section 7.2.
While the focus is primarily on the circular case, we also investigate the hyperspherical case using
an approximation to the invariant kernel. The example consists on the m-CvM test statistic and an
m-points test statistic based on an equally-weighted sequence, w = 1.

For ¢ = 1, the asymptotic distribution of Vn(l 1)1) ) Is given by Zk Vwe(Z7Y + Z7), whereas
the asymptotic distribution of V( n) w K includes additional terms, involving the invariant coefficients
ur,s (see Definition 7.1). Flgure 4 presents P—P plots comparing the asymptotic distributions of
the m-points statistic (z-axis) and its rotation-invariant counterpart (y-axis). These plots are com-
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Test q m=3 m=4 m=2>5 m=206

1% 5% 10% | 1% 5% 10% 1% 5% 10% | 1% 5% 10%
CvM 0.87 3.77 6.53 | 0.90 3.57 7.06 | 1.14 3.99 6.33 | 0.86 4.23 6.32
AD 1 1.04 3.85 653|121 356 7.18 | 0.82 3.70 6.39 | 093 3.90 6.37
S(0.1) 0.84 3.75 6.56 | 0.89 3.62 7.12| 1.12 4.12 6.69 | 0.89 4.24 6.59
S(10) 0.84 3.98 682|089 3.70 7.09| 095 3.52 6.37 | 096 4.10 6.60
CvM 1.01 4.18 6.76 | 0.96 3.91 6.61 | 1.05 4.13 6.89 | 091 3.90 6.78
AD 9 1.00 4.15 6.74 | 095 3.88 6.51 | 1.04 4.01 6.87 | 0.88 3.88 6.81
S(0.1) 1.03 4.24 6.82 | 0.95 4.07 6.66 | 1.04 4.21 7.07 | 0.89 4.01 6.83
S(10) 1.04 4.22 7.51 | 1.07 4.42 7.05| 0.83 4.16 7.17 | 094 4.35 7.63
CvM 1.19 4.13 6.65| 1.00 3.88 6.74 | 1.09 4.06 7.29 | 1.02 4.18 7.12
AD 3 1.18 4.13 6.63 | 099 3.87 6.74 | 1.08 4.04 7.10 | 1.04 4.14 7.07
S(0.1) 1.17 4.17 6.67 | 1.00 3.93 6.71 | 1.10 4.08 7.36 | 1.04 4.21 7.12
S(10) 1.29 504 841|111 469 7.79| 099 4.49 844|116 5.38 945

Table 5: Empirical sizes (%) of quasi-rotation-invariant m-points V-tests (pglt/gi%o), with m € {3,4,5,6}

and weights in first column. Tests are conducted at o € {1%,5%,10%} with samples of size n = 100 in
dimensions ¢ € {1,2,3}. Boldface indicates sizes outside the 95% asymptotic confidence interval.

plemented by analogous comparisons based on empirical distributions obtained from Monte Carlo
samples of size n € {10,100}. The emphasis is on the asymptotic agreement between both versions
of the statistic, while the empirical curves illustrate how closely this agreement holds in practice
for moderate sample sizes. Interestingly, the differences between the m-points test statistic and its
rotation-invariant version are small; indeed, they are statistically negligible (o = 5%) for m = 4,
although significant for m = 6. These differences are mostly present in lower quantiles of the distri-
butions, but they vanish in the upper tail. This observation is further supported in Table 7, where
the empirical sizes of one-sided tests based on ‘7752)’5 for m € {4,6} using the asymptotic critical
values derived from the non-rotation-invariant statistic, suggest that the discrepancy between the
two asymptotic laws is negligible in practice, in particular, for rapidly decaying weights.

For higher dimensions, ¢ > 1, we approximate (17) by averaging the original non-invariant V-
statistic over R = 100 random rotations of the sample. The two bottom rows of Figure 4 show
the resulting P-P plot in ¢ € {2,5}. Notably, the differences are minimal in the upper quantiles
for CvM weights, but they become significant with w = 1. This may be attributed to the contri-
bution of higher-degree spherical harmonics, whose number increases with the degree k, and when
assigned a constant weight, the cumulative effect becomes more pronounced compared to rapidly
decaying weight sequences. Additionally, the number of spherical harmonics involved in a given
kernel increases with ¢, which may account for the growing differences observed as the dimension
increases. Thus, the practical validity of using non-rotation-invariant asymptotic critical values for
the invariant approximated V-statistic deteriorates in higher dimensions and with slowly decaying
weights (Table 7).

9 Discussion

This paper provides a general class of uniformity tests on the hypersphere that extends the classical
Sobolev framework while offering improved practical performance, particularly under multimodal
alternatives that are challenging for traditional Sobolev tests to detect. The proposed m-points test
statistics are constructed using a restricted class of square-integrable kernels of degree m, enabling a
natural extension of Sobolev tests by using their corresponding sequences of weights. The strength
and flexibility of this class arise from several features of the test statistics.

A key feature of the m-points statistics is their definition in two forms: based on U- and V-
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g Alternative Test ?/1 }?MP (7 H4MP (7/1 H5MP y H?\/IP "
cvM | 08 10| 11 11| 11 11] 11 11 3

N — 9 AD 01 02| 02 02| 02 02| 02 02| 3

S(0.1) | 78 —2.0| 787 59.0| 88.9 849|907 89.7| 3

S(10) | 02 -10| 01 -1.0| 01 =-13| 00 =10 0

CvM | 47.6 454 | 52.2 516 | 52.3 522 | 52.4 523 | 6

N3 AD 30 —-19| 158 80| 21.6 135|275 196 3

S(0.1) | —02 -12| 20 01| 304 —06]95.0 94.1]15

| MyMF S(10) | 6.3 49| 124 54| 124 69 |137 78| 3
(%) CvM | 320 121 75.8 648 | 82.0 788|841 822 9
N4 AD | 486 355 | 704 653 | 728 714|736 727| 9

S(0.1)| 03 -12| 03 -14| 02 -11]| 02 -13]15

S(10) | 140 115| 251 18.0| 26.7 209 302 239 | 6

CvM | 193 10| 774 622 | 8.8 819|882 86215

N5 AD | 464 292| 784 725 | 80.7 79.3|8L5 80.6| 15

S(0.1)| 01 -09|-02 -12| 03 -12| 02 -16]| 3

S(10) | 27.2 253 | 387 34.6 | 40.3 37.8 [41.8 39.8 | 12

CvM | 359 11.1| 625 53.1| 666 622|692 67.1] 6

0= /12 AD | 339 20.6 | 46.8 42.6 | 48.0 46.2 | 49.3 483 | 6

S(0.1) | 1.1 -28| 413 85| 848 60.5|91.3 90.1 | 12

S(10) | 41 51| 68 32| 52 54| 54 50| 3

CvM | 265 —9.3| 63.1 484 | 69.1 484 | 72.0 71015

Belts 1 AD | 245 —7.9| 497 382 | 544 365|582 554 | 12
(o) -7 S(0.1) | —04 -15| 16 —03| 50 -13[215 92]15
0 S(10) | 33 02| 35 29| 19 —03| 24 29| 9
CvM | 295 226 | 368 35.1| 37.1 36.7 | 377 374 3

0 = 57/12 AD | 11.8 9.8 | 147 140 | 147 145|149 148 3

S(0.1) | 05 —3.0| 327 126 66.7 432|829 73.7| 3

S(10) | 02 03| 03 03| 03 03| 03 03] 3

CvM | 395 —6.0]| 86.6 752 | 87.2 86.1|87.3 87.3 |12

Cross AD | 127 -6.3| 671 305 | 81.7 582|867 79.3| 9

(+) S(0.1) | =01 -12| -04 -08|-02 —04| 02 —1.0]| 0

S(10) | 11.7  1.7] 230 132 | 239 172|286 20.7| 6

Table 6: Empirical rejection proportion difference (%) between the m-points test indicated in columns (V

refering to Vj,, .10 and HMP to pil\ip}?o in its V-form) and the corresponding Sobolev tests (m = 2), with

weights indicated by rows, and n = 100. For each alternative and weight sequence, x is chosen as the one
that maximizes Vg, x power difference among x € {3k : 0 < k < 5}.

statistics. The structure of their critical regions depends on the form of the statistic and the parity
of m. Empirical results have shown that V-tests generally outperform U-tests in terms of power,
with this greater advantage when m is even. At the same time, the superior performance of V-tests
is largely attributed to the truncation of kernels. Finite V-statistics (expressed in terms of spherical
harmonics, unlike typical Sobolev statistics) reduce the computational complexity from O(n™) to
O(n), offering significant practical advantages over their U-counterparts. Nonetheless, infinite ker-
nels can be used through the closed-form expressions obtained in the circular case, but they entail
higher computational cost. The asymptotic null distribution has been derived for finite and infinite
m-points statistics, and shown to be usable in practice for both U- and V-tests. Notably, infinite
V-tests with even m and positive weights are omnibus under a general class of fixed alternative
distributions.
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Figure 4: P-P plots comparing the asymptotic and empirical n € {10,100} distributions of the m-points V-
statistics, Vi w,5, and their rotation-invariant counterparts ‘N/m7w75, for dimensions ¢ € {1,2,5} corresponding
to each row. Two choices of weights are considered: CvM (left panel) and constant 1 (right panel). Columns
within each panel correspond to different values of m € {4,6}. p-values from two-sample Kolmogorov—Smirnov

tests (KS,,) assess differences between Vn(lﬁ)uﬁ and V,E:w’f).

Regarding rotational invariance, the harmonic mean p-value approach provides a quasi-invariant
approach that preserves the improved performance of m-points tests over the Sobolev class. In
addition, a fully rotation-invariant kernel has been introduced, with a closed-form expression for the
circular case. While this kernel does not fall into the proposed m-points class, it motivates a more
general form of m-points statistic, whose asymptotic results have also been derived. Interestingly, the
generalized statistic is only defined for even values of m, as they exhibit some rotational invariance
character, which is absent for odd m.

Supplementary materials
The supplementary materials contain the proofs of all the results presented in this paper, along with
additional simulation results.
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Asymptotic m=4 m=2=6
q critical values | " 1% 2.5% 5% | 1% 2.5% 5%
v 10 | 0.63 1.93 4.34 | 0.56 1.86 4.15
~(n) 100 | 0.88 2.39 4.90 | 0.87 2.36 4.90
m,CvM,5 % 10 | 0.67 1.97 4.39 | 0.62 1.92 4.12
1 100 | 0.93 2.44 4.95 | 0.94 2.42 4.88
v 10 | 0.38 1.29 3.03 | 0.20 0.94 2.62
7 100 | 0.83 217 450 | 0.74 2.05 4.52
m,1,5 % 10 | 0.46 1.42 3.22 | 0.28 1.08 2.82
100 | 0.96 2.34 4.80 | 0.90 2.28 4.77
7 - 10 | 058 1.94 438|060 201 4.37
9 m,CvM,5 100 | 0.87 2.43 4.91 | 0.90 2.43 4.91
f/(”) v 10 0.89 1.98 3.82 | 0.32 0.98 2.31
m,1,5 100 | 0.52 1.55 3.64 | 0.16 0.75 2.31
f/(”) v 10 | 0.51 1.87 4.33 | 0.40 1.70 4.44
5 m,CvM,5 100 | 0.79 2.10 4.60 | 0.61 2.03 4.79
f/(") v 10 | 7.39 12.30 17.84 | 8.64 16.90 26.47
m,1,5 100 | 0.71 1.92 4.21 | 0.17 0.83 2.42

Table 7: Empirical sizes (%) of one-sided m-points rotation-invariant V-tests, Vm,CvM,S with CvM weights
(Table 1), and V15 with w = 1, for ¢ € {1,2,5}. Tests are conducted at a € {1%,2.5%,5%} using two
different asymptotic critical values: those of the corresponding non-rotation-invariant statistics (V'), Vin cvm,s
and V;,, 1,5, and those of the rotation-invariant statistics (V). Boldface indicates empirical sizes outside the
95% asymptotic confidence interval.

from the Fonds National de la Recherche Scientifique (FNRS). The authors acknowledge access to
computational resources provided by the Centro de Supercomputacion de Galicia (CESGA) through
the EuroCC Spain testbed program.

References

Beran, R. J. (1968). Testing for uniformity on a compact homogeneous space. J. Appl. Probab.,
5(1):177-195.

Bernoulli, D. (1735). Quelle est la cause physique de I'inclinaison des plans des orbites des planétes
par rapport au plan de ’équateur de la révolution du soleil autour de son axe; Et d’ou vient que
les inclinaisons de ces orbites sont différentes en elles. In des Sciences, A. R., editor, Recueil des
piéces qui ont remporté le prix de I’Académie Royale des Sciences, 3:93-122

Bingham, C. (1974). An antipodally symmetric distribution on the sphere. Ann. Stat., 2(6):1201—
1225.

Borodavka, J. and Ebner, B. (2023). A general maximal projection approach to uniformity testing
on the hypersphere. arXiv:2301.03482.

Cai, T. and Jiang, T. (2012). Phase transition in limiting distributions of coherence of high-
dimensional random matrices. J. Multivariate Anal., 107:24-39.

Cuesta-Albertos, J. A., Cuevas, A., and Fraiman, R. (2009). On projection-based tests for directional
and compositional data. Stat. Comput., 19(4):367-380.

25



Cutting, C., Paindaveine, D., and Verdebout, T. (2017). Testing uniformity on high-dimensional
spheres against monotone rotationally symmetric alternatives. Ann. Stat., 45(3):1024-1058.

Dai, F. and Xu, Y. (2013). Approzimation Theory and Harmonic Analysis on Spheres and Balls.
Springer Monographs in Mathematics. Springer, New York.

Efthimiou, C. and Frye, C. (2014). Spherical Harmonics in p Dimensions. World Scientific Publishing
Co. Pte. Ltd.

Feller, W. (1971). An Introduction to Probability Theory and Its Applications, volume 2. Wiley &
Sons Ltd., 2 edition.

Fernandez-de-Marcos, A. and Garcia-Portugués, E. (2023). On new omnibus tests of uniformity on
the hypersphere. Test, 32(4):1508-1529.

Fernandez-de-Marcos, A. and Garcia-Portugués, E. (2024). A stereographic test of spherical unifor-
mity. Stat. Probab. Lett., 215:110218.

Garcia-Portugués, E., Navarro-Esteban, P., and Cuesta-Albertos, J. A. (2023). On a projection-
based class of uniformity tests on the hypersphere. Bernoulli, 29(1):181-204.

Garcia-Portugués, E., Paindaveine, D., and Verdebout, T. (2025). On a class of Sobolev tests for
symmetry of directions, their detection thresholds, and asymptotic powers. arXiv:2108.0987/.

Garcia-Portugués, E. and Verdebout, T. (2018). A review of uniformity tests on the hypersphere.
arXiv:1804.00286.

Giné, E. (1975). Invariant tests for uniformity on compact Riemannian manifolds based on Sobolev
norms. Ann. Stat., 3(6):1243-1266.

Hallin, M., Liu, H., and Verdebout, T. (2024). Nonparametric measure-transportation-based meth-
ods for directional data. J. R. Stat. Soc. Ser. B Stat. Methodol. 86:1172-1196.

Jammalamadaka, S. R., Meintanis, S., and Verdebout, T. (2020). On Sobolev tests of uniformity on
the circle with extension to the sphere. Bernoulli 26:2226-2252.

Jupp, P. E. (2008). Data-driven Sobolev tests of uniformity on compact Riemannian manifolds.
Ann. Stat. 36(3):1246-1260.

Kalf, H. (1995). On the expansion of a function in terms of spherical harmonics in arbitrary dimen-
sions. Bull. Belg. Math. Soc. Simon Stevin, 2(4):361-380.

Ley, C. and Verdebout, T. (2017). Modern Directional Statistics. Chapman and Hall/CRC Interdis-
ciplinary Statistics Series. CRC Press, Boca Raton.

Mardia, K. V. and Jupp, P. E. (1999). Directional Statistics. Wiley Series in Probability and
Statistics. Wiley, Chichester.

Pewsey, A. and Garcia-Portugués, E. (2021). Recent advances in directional statistics. Test 30:1-58.

Pycke, J.-R. (2010). Some tests for uniformity of circular distributions powerful against multimodal
alternatives. Can. J. Stat., 38(1):80-96.

Rayleigh, Lord. (1919). On the problem of random vibrations, and of random flights in one, two, or
three dimensions. Lond. Edinb. Dublin Philos. Mag. J. Sci., 37(220):321-347.

Sogge, C. D. (1986). Oscillatory integrals and spherical harmonics. Duke Math. J., 53(1):43 — 65.

26



Vovk, V., Wang, B., and Wang, R. (2022). Admissible ways of merging p-values under arbitrary
dependence. Ann. Stat., 50(1):351-375.

Vovk, V. and Wang, R. (2020). Combining p-values via averaging. Biometrika, 107(4):791-808.
Watson, G. S. (1961). Goodness-of-fit tests on a circle. Biometrika, 48(1/2):109-114.

Wilson, D. J. (2019). The harmonic mean p-value for combining dependent tests. Proc. Natl. Acad.
Sci. U.S.A., 116(4):1195-1200.

Wilson, D. J. (2020). Generalized mean p-values for combining dependent tests: comparison of
generalized central limit theorem and robust risk analysis. Wellcome Open Res., 5:55.

27



Supplementary materials for “On m-points uniformity tests on
hyperspheres”

Alberto Fernandez-de-Marcos!, Eduardo Garcia-Portugués®, and Thomas Verdebout?

Abstract

These supplementary materials are divided into three parts. Section A contains the proofs of
the results presented in the paper, Section B gathers and proves technical lemmas, and Section C
includes additional results obtained from numerical experiments.

Keywords: Circular data; Spherical data; Uniformity tests.

A Proofs of the main results

A.1 Proofs of Section 3

Proof of Proposition 3.1. Note that using the notation in Lemma B.1, for a general sequence of
weights w = {wy}72, we can write its associated kernel as the series

Oy(Xi, o, X)) = wp®s, (X1, ., Xon),
k=1

with 0 = {d;};2, which by Lemma B.1 for even values of m results in the desired expression. [J

Proof of Corollary 3.1. The proof relies on straightforward computation and extension by sym-
metry explained in Section 3.2, once the trigonometric series arising in Fourier series, are identified.
The expression for @, ., is directly obtained through the well known identity

. cos (2rkzx)
> — 5 = ™ By({z}), xe€R,
k=1

and ®,, .., using the identity

. k0 0
Zcosk():—log (QSinz), 0<6<2m.
k=1

The rest are obtained from the following works: @, ,,; from Corollary 3.6 and Proposition 2.6 in
Garcia-Portugués et al. (2023), ®y, 4,,, from Propositions 2.7 and 3.2 in the same paper, and @, 4
and @y, yp,. from Proposition 3 in Fernandez-de-Marcos and Garcia-Portugués (2023). [
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?Department of Mathematics and ECARES, Université libre de Bruxelles (Belgium).
3Corresponding author. e-mail: albertfe@est-econ.uc3m.es.
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A.2 Proofs of Section 4

Proof of Proposition 4.1. We first prove part (). Let & > 1 and 1 < 7 < dg be fixed. We
make use of the hollow sum formula given in Rubin and Vitale (1980), which holds for the kernel
Yrr(X1,...,Xyy,) due to its product form,

Z ¢kr (AR Z H ‘V‘ ! |V| ) (V)? (19)

[n,m] P VeP

where Z[mm} denotes summation over all the permutations of (iy,...,%,) a subset of {1,...,n},

S5 denotes the sum over all possible partitions P of {1,...,m}, and S(V) := 31 (gx.(X:)IV1.
Consider a partition P having j subsets, for which j; of them are of size 1, jo of them are of size
, ..., and jp, of them of size m. Then, > ;" jo = j and > ;" £ j, = m, and

-1 (z gk,r<xi>>f>] | 0)
P i=1 =1

2

with Cp := (=1)¢1 (£ — 1)L,
Note that the finite U-statistic can be expressed as

o\ ] K dgk
Ur(:,L;,K — /2 <m> Z Z Zwkq/;m(xil, XG0

1<ii < <ipm<n k=1r=1

n 1 K dgk K
— /2 <m> Z Z Wi Z Ykr (Xiw s Z

k=1r=1 1<ii < <im<n k=1r=

dg,k

W mkr’
1

which by the kernel’s symmetry and (20),

n m n
Wr(n,;c,r:n /2<m> Zwkr (SRIIE m)

[n,m]
— An m Z nfm/Q H <Z gk’r (Xl))£> ]
i=1
= An,mz{np (H sz) (n—lﬂz gk,r<Xz->> 11 (n‘lz (gk,xxz-))") }
P =1 i—1 =1

(=2

m(n—m)!
nl
Now, we study W(n) = (W(n)/ ...,ng’)fl(),, with Wﬁ:,)k = (WT(;?LJ, .. "Wrszgc,dq,k)/' In the

m,1?

following, we denote a ® b = (ayby,...,apbp) for any a,b € RP with D := Zszl dg.k- Thus,

W = Ay > {np (ﬁ ') (VaTaa)" © ﬁ Tf;{g}
P =1 =2

with A, :=n™ and np = n~(M=i1=2j2—=2jm)/2,

= Anm Z{(—l)j2 (ViTo)" © Tff,z}
P1,2
ol il w
P> =2
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where T, 0 :=n"1Y " | g(X;) with g defined in Lemma B.2, >.p, , denotes the sum over all the
partitions consisting solely of elements of size one and/or two, and ZP>2 over the rest of partitions.
In the second equality, note also that np, , = 1. For each partition P12, we can compute the number
of partitions that have p pairs and m — 2p singletons, which allows writing

[m/2] (—1)P m! )
Z{ 2P (m —2p)!p (\anl)m p®T }

+Z{np>2(ﬁc“) (VATo1) ”1©HT

P>2 /=1

(21) = A

By Lemma B.2, \/nT, 1 ~» Np(0,Ip), and by WLLN and orthonormality of spherical harmonics,
T2 51 p- Then, by Slutsky’s Theorem, we have that the first sum in the right hand side converges
in distribution to Hy, (Z), with Z ~ Np (0,Ip), by continuity of the transformation applied to both
vectors. Analogously, the second sum converges in probability to Op, since m > j1 +2jo+ -+ 2jm
causing npso — 0. Finally, consider the continuous function f : RP? — R, such that f(x) :=
SR qu’li WET (k) With d(k,r) = Zkil dgj + 7. Then, for the statistic USZ}LK = f(W%L)) we
apply the continuous mapping theorem, and part (i) follows.

The proof of part (ii) follows from Lemma B.3 noting that, for any £ > 1 and 1 < r < dgp,
wiy = 0 for all k # (k,...,k) orr # (r,...,r), and since ny(k,7) = m for k = (k,...,k) and
r=(r,...,r). O

f(’Z?Of of 7(“h)eorem 4.1. Let qﬁm W K gbm ws P ic> a0d @p7, denote the characteristic functions
of Umw K Umw, Uﬁfw x> and Uﬁfw, rebpectlvely, and let Wi kr the U statistic associated to vy,

(see definition in Lemma B.4). The idea of the proof is to show that qﬁ ( ) = Prew(t) forallt € R
by showing that for all € > 0

‘@bmw ¢mw ‘ |¢mw mwK |+‘¢mwl{ ZLo,w,K(t)‘

+ {¢m,w,K( ) - (z)m,'w( )| <€, (22)

for all n > N by choosing an N large enough to make the right-hand side terms arbitrarily small.
Let € > 0. We first show that the sequence (Uy(: 21] K) j— 1s a uniformly (on n) Cauchy sequence

in the Hilbert space L?(Q) := {X : @ = R : [ X(w)?dP (w) < oo}, where (2, 4,P) denotes the
common probability space of the random variables Xy, ..., X,,. Let Ly > L1 > 1, then,

Lo dgk 2
B0, - 0] < | (35 St )

k=L14+1r=1

= Y S wewE W), Wl |

kf=L1+17r=1 s=1
dgk dq,e
=Anm Z D> whwy ke O
kf=L1+1r=1 s=1
Lo

2
= An,m E Wi dq,k:a
k=L1+1

with A, :=n™ (7?1) _1, where in the third equality we used Lemma B.4. By the square summability
of w, there exists some K > 1 such that for all Lq,Ls > K
B[O —Uu™ )] < ¢/3.

m,w, Lo m,w, L

)

30



Note that

g () = S D EEELZI) (1 (40— ot 1) = 6 (04 1)),

which, by the strict monotonicity of the digamma function, () (z —m) — w(o)(:c2 < 0 for all m > 2
and = > m, and therefore, A,41,, < Ay, for all n > m. Thus, E[(U( n o g ?2)] < €/3 for

(n) o m,w, Lo m,w, L1
all n > m. By completeness of LQ(Q) (Um w K)K | converges to some unique hrmt Unw, in L*(Q)
uniformly on n > m. Finally, since

]gf)%ﬂ)w(t) —¢(n) (t)| _ )E[eitU’(’?’)’” _ zth:)wK ‘ <E |:‘e7;t<U'r(n7,L?w Ur(:)w K) _ 1’]

m,w, K

<E [|t| |U (n) _ Ur(:sz‘] < It (E [(UT(,?L B UT(IZL’K)QDUQ’

there exists a Ky > 1 such that, for all K > Ky, |¢£Z,)w(t) —¢£Z)w x ()] < €/3 uniformly for all n > m.
Secondly, we prove the sequence (Uﬁ,w, K);{Ozl is Cauchy in L?(f2). By Lemma B.5, we have

dg,k dg,e

E |:( 7(?Lo,w,L2 - 7$LO,w,L1)2} =E Z Z Z W Wy H Zk T) Hm(ZZ,s)

kf4=L1+1r=1 s=1

Ly dgk
Z ZwiE[Hgm(Zk,r)]

k=L1+17r=1
Lo
— 1l 24
=m. ’U)k q,k-
k=L1+1

Then, by square summablhty assumption of w, there exists a K > 1 such that for all Ly, Lo > K,
[(Ufnow Lo Ufncijl) | <€/3. By completeness of L*(f2), Upnw i converges in L?(Q) to some
unique hmlt Up - Convergence in mean square implies convergence in distribution, and therefore
the convergence of the corresponding characteristic functions by the continuity theorem. Thus, there
exists a K1 > 1 such that, for all K > Ki, |¢57, ;¢ (t) — 55 (1 )| < €/3.
Thirdly, for a given K > 1, by Proposition 4.1(i) and the continuity theorem of characteristic
functions, there exists an N > 1, such that for all n > N, |¢mw x(t) = O, K( )| < €/3.
Therefore, choosing a K > max { Ko, K1}, ( ) — 5%, (t)] < €
n (22), and (10) follows. O

Proof of Theorem 4.2. Since (12) holds by assumption, VW(H)U can be expressed in the form of (11).
Now, consider m even. Let L’Sn w0 Eﬁn)w, /Jqono w > and LX ., be the distribution of Vn(1 1)1) e V,%,
Viow x> and Voo respectively. Following Definition 6.8 together with Theorem 6.9 in Villani (2009),

for proving weak convergence an)w — EOO it suffices to show W, (Lﬁ,’;}w, Eﬁ’w) — 0 as n — oo for

some p > 1, where W), (1, v) is the Wasserstein distance of order p between distributions p and v,

1/p
Wyt = (_int [l anan)
R

mell(p,v)

and is given by

where II(u, v) is the set of all couplings between v and u.
The proof relies on

W, (‘ngl)wwcfno,w) =W (‘an)wv E;?,)w,K) + W, (‘C(n) :271071()

m,w, K

+ W ([’m w,K> ‘C?r?,w) ) (23)
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and proving that we can choose an N large enough so that the three right-hand terms are arbitrarily
close to zero.

Let € > 0. We first show that for a sufficiently large Ny, there exists a Kg such that for all
K > Ky, sup,>n, W1 (E&)w,ﬁg;)wﬂ) < €/3. Using the specific coupling 7 induced by the data
generation process, we readily have

sup Wi (LG, Lo i) < sup B[V, = Vi ],
n>No w, K n>Ng o

Using the monotone convergence theorem since m is even and w is nonnegative,

00 dg.k n m
B[V, — Vﬁi,x =B Y w), (n—l/Q ng(xi))
k=K+1 r=1 i=1
<n1/2 > gk,r(xi)> ] . (24)
i=1

By Lemma B.7, there exists an Ny > m independent of k£ such that for all n > Ny,

24 SQ Z ’LUkZ( m/2'2m/2 Z nca—m/2+10 Hekr‘az>

k=K+1 r=1 acA
ca<m/2

0o dg,k
= Z wkZE

k=K+1 r=1

Using Lemma 4.1, among all possible configurations o € A, since A\y(a + b) > Ag(a) + Ay (b) for all
integers a,b > 1 and every dimension ¢ > 1, the one that constrains the bound is a* = (0,...,0,m),
hence for any o # o*, [[/—; €k ra; < Akt A e R, for all k > K*, K* being sufficiently large,
and we obtain

oo dg,k |
2 ) w"“z_:<m/;;2m 1Y peemizic, Hekrocz>

acA
ca<m/2

oo dg.k |
R 3 (e

k=K*+1 r=1 acA
Ca<m/2
m)
=2 Z wkqu< m/2)!2m/2 + 1 Ay Do kAq(m))
k=K*+1
2m! i dyr + 20" A, D f: dg pkre(™)
= Wk, Qg k n mn,m Wk Qg k
| 2 q, ’ q,
(m/2)'2m/ k=K*+1 k=K*+1
2m! > >
: —1 —1)+A
< Gnjgyzs 2 Wedak HAnT AR Dy 3w KT,
k=K*+1 k=K*+1

with Dy == > aca nce—m/2+1 0 = O(1), where in the last inequality we used dgg ~ k771,
ca<m/2
with ~ denoting asymf)totlc equivalence.

Since Y g2 wg d(mﬂ)/2 < oo implies > 27wy dg < 0o for m > 2, then there exists a K¢ such
that for all K > KO, []Vm w — V,S%K < €/3 for all n > Ny, since the second right-hand side sum
is scaled by n~!.

Secondly, Theorem 6.9 in Villani (2009) states that Wy (£7(n)10 K Efnow K) — 0if ‘67(7?,)11),1( converges
weakly to Em,w, ) in the Wasserstein space of order one, Wthh accordmg to Definition 6.8 in ibid,
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occurs if Efn)w x = Lo wx and EUV KH — E[|Vx o, x|]. For a given K, weak convergence of

distributions holds from Proposmon 4. 1(22) while the second condition, since m is even,

BV xl] = E[Vilh] = [mﬂi%z‘)k(zg’” ﬂ

k=1r=1

K dq,k n m
S w Y (nngk,wx») ]
k=1 r=1 =1
m!

E|| mwK| %Zwkdq, Eom/2 (mj2)l =E [[Viw xl]

and using Lemma B.7,

holds. Consequently, there is an N; such that for all n > Ny,

€

W (Lo s Lo i) < 3

Thirdly, we consider the specific coupling 7 between L% and EOO w K such that the set of iid nor-

mal random Varlablesd{ Zp,r } is common for both dlstrlbutlons that is, Em wK = Z e 1 Z wpZy,

and L7, Zk 1 wkZ,TT + 3 ka1 Z 1 wkZ,TT We have that, because m is even and from
the summability condltlon (12)

o0 dq,k
2. D Wi,

Wl( mwK?‘C’OO ) SEH‘/mwK

k=K+1r=1
m! i d €
T (o), e IR

for every K > K, with K sufficiently large.
Thus, choosing a K > max{Ky, K1}, for all n > max {Ny, N1}, Wl( $n)w,£°° ) < €in (23),
and (13) follows. O

A.3 Proofs of Section 5

Proof of Proposition 5.1. Let k > 1,1 <r <dg, and Ty, . r¢ = n-! Sy gk,T(Xi)e for £ > 1. Let
K be any integer such that K > min{k : (k,r) € S»}.
For the V-statistic, since (12) is met, m is even, and wy > 0 for all k¥ > 1, we have

K dq k
v > v =SS wn (VAT )™
k=1r=1
= wk(\/ﬁTn,k,T,l)m + Z wk(\/ﬁTn,k,r,l)m = An,m,w,K + Bn,m,w,K
(k,r)ES, (k)¢S
<K k<K

Note that A, m w, K E) 400 since each term of the finite sum (\/ﬁkaml)m £> 400, due to Lemma B.9
cases (1) and (i), and since m is even. For By, 4 K, since the associated coefficients hy, = 0, by
Lemma B.9 part (i), By, o, K= Op(1) since it is a finite sum.

Therefore, V,,(”)U >V i — 00, and cases (i) and (ii) are proven for V-statistics.
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For U-statistics, we first show that if Az, # 0, Wg?ﬂ L 400, with WXL])M as defined in the
Proof of Proposition 4.1. From (21),

(n) & (=1)P m! m=2p p
W kr = Anm pZO 2P (m — 2p)! p! (VT ki) Tt
P2 (=2
=A (\/ﬁT )m + Lmz/% M (\/HT )m—2p TP
n,m n,k,r,1 g o (m — 2p)!p! n,k,r,1 n,k,r,2
+ Z{nj—m/Q (T‘n,k,r,l)j1 H (Can,k,r,f)j[ }]
P2 (=2

= An,m (Cn,m,k,r + Dn,m,k,r + En,m,k;,r) )

where in the second equality j = Y%, j, denotes the number of elements in the corresponding
partition Psy. Now, note that n/'/2np_, = n~"/2Hi+izt+im = pi=m/2 = O(p™/2=1) since j < m,
because the only partition with m elements is the one with all singletons. Also, T}, j. ¢ — € ¢ With
Clrl = Ex [gi,r<X1)] Thus, En,m,k,r = Op(nm/Zil) and Dn,m,k,r = Op(nm/Qil). For the ﬁrstpterm,
note that m is even, and using Lemma B.9 parts (¢) and (4i¢), we can conclude that Czig?m,k,r — 400
and Cp, k. = Op(n™?). Recall that A, ,, = n™(n —m)!/n! — 1, therefore, Wéﬁ . — +00.

Now, since wy, > 0 for all k¥ > 1, and with the assumption that & is finite, we have

-1 o0 d Jk
Ur()?,zu = Tlm/2 <:;L> Z Z qz wkwk,r(xip s 7Xim)

1<ii<-<im<n k=1r=1

S ww S ww, (25)
(k’,’l‘)ES;ﬁ (k‘ﬂ“)gs;g

The first term diverges to +oo in probability since it is a finite sum. The second term is Op(1),
since the associated coefficients hy, = 0, and, thus, it can be shown to converge in distribution
given the square summability of coefficients and case (ii) of Lemma B.9, following an analogous
proof as in Theorem 4.1. Therefore, Uy(,;fw — +o00, and (4ii) is proven. For (7), both sums in (25) are
finite, where the second term converges in distribution following an analogous proof as in Proposi-
tion 4.1(¢), and the result for finite U-statistics is proven. O

Remark A.1. The behavior of UT(,%J under an alternative H such that S, is not finite requires ad-
ditional technical assumptions to (i) allow the rearrangement in (25), in particular, absolute summa-
bility is required, for which condition (12) on the weights w would suffice; and (ii) to ensure some
terms in the first series of (25) are controlled, since the infinite sum of terms diverging in probability
to +o00 is not guaranteed to diverge in probability to +oo.

Proof of Proposition 5.2. The proof of part (i) follows from Lemma B.10 and applying the con-
tinuous mapping theorem as in Proposition 4.1(7). The proof of part (i) follows from Lemma B.10,
applying the continuous mapping theorem as in Lemma B.3, and noting that, for any £ > 1 and
1 <r < dgp, wgy = 0 for all k # (k,...,k) or r # (r,...,7), and since ng,(k,r) = m for
k= (k,...,k)and r = (r,...,7). O

34



Proof of Proposition 5.3. In this proof, we put Supp(w) := {k : wy, # 0}. First, consider part (7).
Following the proof of Proposition 4.1(z), we have that

K d ok K dq,k
U,gij_Zwa = S wwh)
k=1r=1 k=kqy r=1

which by the kernel symmetry and (20),

m n J1 m n Je
Wéfkr—Aan{np <HC%) (nl/QZ gkﬂ«xi)) H(wZ(gk,r(Xz»))f) }
=1

(=1 (=2 i=1

Now, still as in the proof of Proposition 4.1(7), we have

W = A, ., Z{(—w’? (VaT,1)" © T3'52}
P1,2
i i)
P2

Decomposing
\/ﬁTn 1= \/E(Tn 1—E [Tn 1]) + \/EE [Tn,l]

it follows directly from Proposition 5 in Garcia-Portugués et al (2025) that \/n(T, 1 — E[Ty]) is
asymptotically standard normal under P( n) (which also holds under an arbitrary location p € S?
different than e; := (1,0,...,0)"). It only Temains to prove that under P( ") o

Mk, fE2(0) 7
agk (ks!)

This follows from Lemma B.11 together with Proposition 4 in Garcia-Portugués et al (2025), which
also holds for an arbitrary p € S? and noting that a,; = hq,k(l)t;k, with ¢4 = V2. Tyg—1y +
(1 26/(q - 1) v/Bgr - Lo

It follows that /nTy 1 is Op(1l) as n — oo under P( ") - As a result, the second term in (26)
is op(1), and (¢) directly follows from (27) and the contimious mapping theorem as in the proof of
Proposition 4.1(%).

The proof of part (i7) follows the same decomposition of \/nT,, ; as in the proof of part (i),
and applies the continuous mapping theorem as in Lemma B.3, noting that, for any £ > 1 and
1 <r < dgp, wgy = 0 for all k # (k,...,k) or v # (r,...,7), and that ngr(k,r) = m for
k= (k,....,k)and r = (r,...,7). O

VnE [gr(X1)] = 8k(1) Lipmok, by <k<k,y +0(1). (27)

A.4 Proofs of Section 7

Proof of Lemma 7.1. Note that in the case ¢ = 1, ®,,,5,(0) = Efﬁ Yy (X1,...,Xy,), and consider
it in the form obtained in Lemma B.1. Since a rotated point, Ox, in S' can be represented in polar
coordinates as 6 + a, with « € (0, 27], the first equality holds. Let I"™ := {—1,1}". For m odd,

2m
/ m5Z(0+a)da—21 m/QZ/ cos Ee(@—i—a) Me)d
0

eclm™

o(1=m)/2 Z/ cos ((sea + (€0 — pic) dov. (28)

ecIm
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Note that since m is odd, se # 0 for all e € I"™, thus,

(1-m)/2
= 27 Z 1 [Sm (Eozse +0e'0 — Me)fﬂ =0,

ecI™ Se

(28)

where last equality holds for all ¢ € Z.
For m even, letting S,, := {1} x I, we have

2w
/ ms, (0 +a)da =2 m/2 Z / 1 + (- )m/2pe) cos ((e'0 + lase) dov. (29)
0

ecES,

In this case, there is some e € S,,, such that s¢ = 0, hence,

(29) = 21-m/2 Z / 1 + (=)™ )cos (te'6) da.
eESm
Se=0
Note that for m € 47, the leading term within the integral is 0 for all e such that pe = —1, and,
analogously, when pe = 1 for m € 2Z \ 4Z. However, noting that the sum is over any e such that
Se = 0, this latter condition already implies the product condition for each case, and (18) follows. [J

Proof of Proposition 7.1. The proof uses the following integrals for ki,¢ > 1 integers, e :=
(e1,...,em) € {—=1,1}™, 0 := (01,...,0,,) € (0,27]™, and denoting e_; := (ea,...,ey)", and
0_1:=(6a,...,0),

/027r cos (£e'8) cos(k161)dby = 7 cos (le!_10_1) 6,0 (30)
/0 " i (66/6) cos (k161) 6y — msin (te,01) b (31)
/D ” cos (¢€'8) sin(k161) dfy = —eqmsin (le’_10_1) dk,0 (32)
/0 " in (066 sin (k161) 0y — exrcos (Ce!181) b (33)

Letting gr.1(6) = cos k# and gy 2(0) = sin k6, the basis coefficients are obtained by

e = (207 /(Sl)m Pr5,(8) k1 (01) -+ Gy (Orm) AO1 - - - By

=22 Yy / cos (£€/'0) Gy i (01) -+ Gy (O) A0 -+ Oy

e€Sm,0

For k # (¢,...,/) and any r, we have uyx, = 0 by orthogonality (30-33), and () follows.

On the one hand, for (ii), given S is odd, the basis function H;nzl Gk, r; consists of an odd number
of sin(k; ;). Note that when iteratively integrating, a basis term of the form cos(k; 6;) will result in
the same trigonometric function type it is applied to, (30) and (31). In contrast, a term of sin(k; 6;)
will yield the cosine function if applied to sine and the other way around, (32) and (33). Therefore,
an odd S will result in evaluating sin(0 = 0.

On the other hand, if S is even, the basis function has an even number of sin(k; 6;) terms, which
results in evaluating cos0 = 1, and the integral is not null. For each pair of sin(k; 6;) evaluated,
a —1 term is added from (32), and the element e; results after each integral involving a sin(k; 6;)
term. Thus, we have

Uiy = 227 (—1)5/2 Z Hew

EGSm ,0 _] 1
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with (i1,...,i5) being the index of the elements of r equal to 1.
Then, denoting the cardinality of a set A by #A, we have for S = m, uy , = 227™(—1)™/? D ees,, o Pe
= 22 m(—1)m Y ecs, oL = 227" 48, o, since for every element e € Sy, pe = (—1)"/2, and for

m—1
m/2) :

For 0 < S <m, Hle ei; equals either +1 or —1. Let ny be the number of elements e in Sy, 0
such that Hle e;; = 1. Then, ZeeSmp Hle ei; = 2n4 — #Smo. Given that S is even, ny can be
computed, first assuming i; # 1 for all 1 < j < S. In this case, an even number ¢ of (—1) terms must
be placed on S spots, and for each such combination, we place the m/2 — ¢ remaining (—1) elements
in m—1 spots, therefore ny =3, o (f) (Tn_/;:ts) In the case of assuming i; = 1 forsome 1 < j < S,
an even number ¢ of (—1) terms must be placed in S—1 spots, and for each of those combinations, the

remaining m/2 —t (—1) elements are placed on m — S spots, thus ny =3, ., (Szl) (Tzzft) These

two expressions, A := ), o, (f) (n;;/éits) and B 1=} o7 (Szl) (g;;i) are equivalent considering S
is even, the reason is that 24 and 2B both count the number of elements in {e € {—1,1}" : s¢ = 0}
such that Hle ei; = 1, where 0 < i; < m for all 1 < j < S and i; # i, for all j # k, and (4ii)
follows. O

S = 0, we immediately obtain the same result. Note that #S5,, 0 = (

Proof of Proposition 7.2. This result is a direct application of Lemma B.3. O

B Technical Lemmas

B.1 Lemmas of Section 3

The following lemma is required for proving Proposition 3.1. It finds an expression of a kernel with a
sparse sequence of weights, wy = dg¢ (non-zero only at k = £), which immediately includes Rayleigh
(¢ = 1) and Bingham (¢ = 2) statistics.

Lemma B.1. Let m > 2 and £ > 1. Let 0 := (01, ...,0,,) be the polar angles of each element in
(X1, X)), and let @y 5,(0) 1= Py(Xy, ..., Xyy,) with w = {0ke}32,. Then,

V23 ocpm cos (Le'0 — pe),  m odd,

34
2> eci1}xim-1 (1+ (—1)m/2pe) cos (L€'8), m even, (34)

®,,5,(0) =27/ {

where I™ := {—1,1}™, pe == [[1"} &; with e = (e1,...,em), and pe := tan~! ((—1)[m/2p,).

Proof of Lemma B.1. Notice that in S, g 1(x) = v/2 cos(kf) and g 2(x) = v/2sin(k@) for k > 1.
Using the product-to-sum trigonometric identities,

Hcos g, =2"" Z cos(e’8) and
j=1

eel™

ﬁ sinf; =27 (—1) || | eerm cos(€'@)pe, m even,
J=1 Zeé]m Sin(ele)pea m odd,

and the linear combination of sinusoidal functions
acos® + bsinf = /a2 + b2 cos(f 4 tan"(=b/a)), a >0,

we have that ®,,5,(0) = [[72; 9¢1(X;) + [17L1 ge2(X;) results in (34). O
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B.2 Lemmas of Section 4

The null asymptotic results rely on the asymptotic standard normality of the normalized average
of a vector of spherical harmonics of degree lower or equal to K evaluated on the sample given
by Lemma B.2. Lemma B.3 gives the asymptotic distribution of a finite general V-statistic, which
immediately yields the limit of m-points V-statistics. Lemmas B.4-B.5 are used for the convergence
of infinite U-statistics. Finally, Lemma B.7 is a technical result needed for the convergence of infinite
V-statistics, and needs Lemma B.6, which gives the expectation of powers of spherical harmonics.

Lemma B.2. Let ¢ > 1, K > 1, g, : S? = R%* for k < K and g : S? — RP be defined as
gk = (Gk15- > 9kd,,), and g = (gh,...,gh), with D := Z{le dqk- Then, under Hy and as
n — 0o,

n~1/2 zn:g(xg ~ Np(0,1p). (35)

Proof of Lemma B.2. Since {X;}!" ; are iid, {g(X;)}" is a sequence of iid vectors. Under Hy,
due to the orthonormality of spherical harmonics, we have E [g(X;)] = 0, and E [g(X)g(X1)'] = Ip
since Cov [gkr(X1), 90,s(X1)] = Ogedrs for all k,0 > 1,1 < r < dyp, 1 < s < dye. Thus, by the
multivariate central limit theorem, (35) follows. O

Lemma B.3. Let ¢ > 1, K > 1, m > 2, w be a real sequence, and Vn(n)lK be a K-finite general
V -statistic given by

n K
Vi =™ ST ST S e gy (X)) G (Xi).

i1, im=1ki,....,k;m=1 T

Let nyp(K',7") := 37300 L=kt ri=ry- Then, under Ho and as n — oo,

K K g
(n) 00 ny r (k' ,r")
Vatae = Vatwac = > > wer [ T] 208
ki,..km=1 T k'=1r=1

with {Zyy : k> 1,1 <r <dg} being a collection of independent standard normal random variables.

Proof of Lemma B.3. Note that Vr(nnzu 5 can be rewritten as

K n
V7£:?1)117K - Z Z Wi,r {n_m/2 Z k1,1 (Xll) * Gk yrm (sz) }

ki,....km=1 T 21,..tm=1
K n n
SEDVID W (R SPANES) R G0 o)
Eiyokm=1 r i=1 i=1
Consider the continuous function f : RP? — R, with D := K 1dg i, given by f(x) :=

K . ki—1 _
Zkl,...,kmzl > Wkr H;”:l x,, with p; 1= > iy dgx+r;. Then, we have VTSH)UK =f ( 1/2 S e(X; ))
with g : S7 — RP as defined in Lemma B.2, and applying this lemma and the continuous mapping
theorem, the result is proven. O

Lemma B.4. Letq>1, k>1,1<r <dgx, m=>2 and

-1
n
Wm,k,r = nm/2 <m) Z wk,r (Xi17 cee ?X'im)'

1< < <im<n
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Then, under Hy,
n\ !
W wih ] = nm< ) St Ors-

Proof of Lemma B.4. Theorem 2 in Section 1.4 of Lee (1990) gives the covariance of two
U-statistics. Let O‘ZC = Cov [Yepr (X1, .., Xe), Ve es(Xq, ..., Xe)] where Yo, (X1,...,%Xe) =
E Vg, (x1,...,Xe; Xet1, .- ., Xi)] for ¢ < m. Thus,

—1 m
n n m( T m n—m
Con itk Wil = () (7)) (5 ek @6)

c=1
For any ¢ < m,
m
wckr X155 X Hgkr Xz H E[gk,r(Xj)]a
j=c+1
and for ¢ = m,
¢m,k,r (Xla cee 7Xm) = ¢k‘,7‘ (Xla .- 7Xm) .

Under Hg, by orthonormality, 0(2:’6 = em Oke Ors, and together with (36), the result follows noting
E[W™ ] =0. O

m,k,r

Lemma B.5. Let m > 2, H,, be the mth order Hermite polynomial, and Z1, Zs be two independent
standard normal random variables. Let X; = Z; + p; with u; € R for i =1,2. Then,

m 2
m m m—c
E [Hpn(X1) Hin(X2)] = (pup)™ and  E [Hp(X1)?] =Y <c) o .
c=0
Proof of Lemma B.5. Using the addition formula Hy,(z +y) = Yot (7) He(x)y™ ¢,

E [Hpn(X1)Him(X2)] = E[Hpn(Z1 + p1) Hin(Z2 + p2)]

:/ 5 —H, (Z+,ul)Hm(t+u2)e_z2/2e_t2/2dzdt
R2

—z —t2/2
/H (z + 1) \ﬁ /H (t+ p2) mdt:(ﬂll@)ma

and

E [Hom(X1)%] = E [Hp(Z1 + m1)?]
—22/2
/H (z+ ) H, (Z-i-lll)\/—

i()()’“’“/ﬂ ) o

=0

may-
C!
C Ml

dz

Il
e 105

o
Il
=)
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Lemma B.6. Letq>1, k>1,1<7r <dyp, rgr:= (’“;352), and ¢ be a nonnegative integer. Let

ekt = E[gf;,r(X)]. If X ~ vy, then, the following statements hold:

, if £ is odd,

(= 1)
z/2(
2 o

(Z) Ifq = 17 €korl =

, if £ is even.
(ii) If ¢ > 2, then:
(a) epr1 =0 andey,o =1, for k>1;

(b) er20+1 =0 for k odd;

(¢c) erroe+1 =0 for k even and ((r > rgx) V (m, is such that 3j < q—1:m; is odd)), with
the corresponding m, given in Section 2.

Proof of Lemma B.6. To prove part (i), recall that for ¢ = 1, di = 2, gg.1(x) = V2 cos (kf),
and gx2(x) = v2sin (kf). Using Expression 3.621.3 of Zwillinger et al. (2014) in

2t/2-1

s

i 2(/2—1 ™
/ cos‘(u)du, and ejop = / sin®(u) du,
0 7T 0

€L10 =
proves the result.
For part (7i), the orthonormality of the spherical harmonics yields (a). For part (b), since g, is

a homogeneous polynomial of degree k, it follows that for odd k, g ,(—%) = —g (%) for all x € S%.
Let 7 :={x € S7: 2 <0} and S, := {x € S7: 1 > 0}, then,

Chr,204+1 = wi (/Sq (—gk,r(—x))%H dog(x) +/S g;zgjl(x) qu(X)>

For part (¢), integrating in hyperspherical coordinates defined in (3) and using the definition of
gr(x) gives

S / G254 (x) v, (dx)

2 s q—1
— / (qjl)/ <\/er Cm, (61) H (sin,— ]+1)|mr+ |C’ . (cos 04— ]+1)>
o Jo 0 jabe

2041

q
x [ sin® " 0 do, - - Ao doy

k=2
041/2
_ er / / |:/ <2£+1 d01:|
Wq
a1 2041 4

x [T (sin0g—js1) 2£+1>\m”1!( (c0sbyj41)) [ sin ™" 0ty e,
j=1 k=2

Note that (m,(s) depends specifically on mqi1 € {0,1}. If mgy1 = 0 and my > 0, Eq. 2.513.4 in
Zwillinger et al. (2014) gives

27
/ 2+ (6, doy — /O cos2 (my 1) 6y = 0, (37)
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and if mg41 =1, Eq. 2.513.2 yields

2
/ C%—H 91 d91 / sin%“ ((mq + 1) 91) d91 =0.
0

Now, note that (37) is not considered for an m such that m, = mgy1 = 0, which because of the
colex order used in the enumeration of m,, correspond to those such that r < r,;, where ryy, is
the number of nonnegative tuples of size ¢ — 1 that sum up to k, as defined in the statement of
Lemma B.6. In addition, for those m, such that r < ry, we can inspect the symmetries of the
associated gy ,. Consider the hyperspherical coordinates in (3), such that,

2 2
Tht1 . i+t
cos By = + , and sinfy = ! k_
22 12 SRR
1 k+1

and from the definition of g ,(x),

q—1 22 4 -+ 22 [m | .
24 ... i N o
Gk (X) =v/Bm, (m, (z1,22) H (\/a;2 .. g It ) Cri, q—j+
j=1 L

o 2 ... 2
q—j+2 .’131+ +xq—j+2

Note that Gegenbauer polynomials, C%, fulfill C%(—z) = (—1)" C5(x). Therefore, for any r whose

associated m, is such that there is a 1 < j < ¢ — 1 where m; is odd,
gk,r(xlw"axjfla_xﬁl'j%*la"'7$q+1) = _gk’,'r(':Ela"'7xj717xj7xj+17"'7$q+1)a and
ekr20+1 = 0 following a similar argument as in the proof of part (b). O

Lemma B.7. Let ¢ > 1, k> 1,1 <7 <dyp, m > 2. Let A:= {(al,...,an) : (O§a1 < ag <
.§anSm)/\(ai;é1,1§i§n)/\(Eli:ai¢{0,2},1§i§n)/\(2?zla¢:m)}, and for each

m)!
a€ A letta; =1 L=, for 1 < j<m, ca:= 37" taj, and Cu

a H;n:1 tay! [Ting os!

Let ey, ¢ := E[gﬁyT(Xl)]. Then, under Hy and as n — oo:

(i) If m is even,

B (o Snet00) |~ g+ @
i=1 '

where Ry, = > qca pea—m/2+1 [T ek ra, = O(1).
(ii) If m is odd:

(a) For k even, r < rgp with rg ) == (k;“fgz), and m, is such thatVj < q—1:m; is even
n m n
: [(n_m Zg’“’”“”) ] ~n 2N 0 Ca [[erra + 07 Smpr (39)
i=1 acA i=1
ca=|m/2|

where Sy kr =Y, acA ne—(m=3)/2 ¢ [T ek ra, = O(1).
ca<|m/2|

(b) Otherwise, i.e., if k is odd, or r > rq ), or m, is such that 3j < q—1:m; is odd,

(nl/ZZn:gk,r(Xi)> ] =0. (40)
=1
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In addition, under Hy, for m even, there exists an N (> 1) independent of k and v such that, for all
n> N and all k,r,

—1/2 = " m! -1
(n / EQk,r(Xz’)> ]§MW+2H Ry k-

Remark B.1. When q =1, by Lemma B.6, for m even, ey, q, 5 indeed independent of r and k, so
it is Ry kr =t Ri. In addition, for odd values of m, (39) also simplifies to zero.

Proof of Lemma B.7. By the multinomial theorem, and the independence of the sample,

(nl/Q igk,r(xi)y] — /23 (al’ a;b. ) an)E [g,‘:;(xl) - g,‘;j;(xn)}
i=1 acsS
=n""/? Z (oq,an ) HE [g’” } ’ (41)

,...7

where the sum is taken over all tuples o := (ay,...,ay,) of nonnegative integers whose sum is m,
that is, S := {(a1,...,an) : (s > 0,1 <i <n)A(D." | a; =m)}. Since for a given tuple e, each of
its permutations yields the same results for the expectation, we group those elements, and we take
the sum over theset SS ={a € S:0< a3 <az < ... < a, <m}. By setting b =D iy Tia,=5}5

j=1,...,m, to be the number of exponents «; equal to j for a given «, we have
m n
41) = n~m/? ( ) ( > Choro
( Z< OLO)" tam al)a2)"'7an H e
aeSs i=1

n
- " ; 42
Z (tao’,, tam) (a17a27---,an) Hek,’r‘,al, ( )

< i=1
where in the second equality we used Lemma B.6, part (i) for ¢ = 1 and (¢)(a) for ¢ > 2, and
81— ={ae8S:a; #1,1<i<n}.

From (41) and using Lemma B.6 parts (¢) for ¢ = 1, and (4)(b—c) for ¢ > 2, we immediately get
zero when one of the following happens: £ is odd, r > ry, or m, is such that 35 < ¢ —1:m; is
odd, which proves (40).

Then, the number of elements that belong to a certain configuration o is given by N, o :=
(ta 07_.7."ta7m) (al’a;n’._.’an). Note that we can write to,0 = 1 — ¢ With cq := Z;n:l ta,j, and for a such
that a; # 1 for all 1 <i <mn, then 1 < cq < m/2 because elements are grouped at least in pairs.

m!
Let Cq := .
H?ﬂ ta! [1i2 !

n C
_ n n n — Cq )™
n""2N, o ~ Co ( )2
Nn—=Cq \N— Cq e pm/

Then, using Stirling’s approximation, as n — oo,

(n—cq)™
~ Ca nm/2
~ Cgnla™m/2, (43)

where ~ denotes asymptotic equivalence, and substituting in

n
(42) = Z nm/? Nio Hek,r,ocz‘
=1

aeSS

~ Z nce=m2 C, Hekraw (44)

aES*
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The only possible configuration such that ¢ = m/2 is a = (0,2, ...,2), which is feasible when m is
even, but not when m is odd. Hence, for even m, and denoting S* := {a € S& : Ji : oy ¢ {0,2},1 <
i <n} we have

n
(44) = C2,..2 H gkr Z nce=m2 0y, Hekrm

aEeS*H
— Ca—m/2
it S e
acS*
_ m! ~1 Z ple—m/2H o He
~ (mjzen " R
aES*

where in the second equality we used Lemma B.6(a). However, for m odd,

acss aesE i=1
Ca= Lm/2J ca<|m/2]

For every a € SlS such that cq < m/2, there are less than m/2 terms with «; > 0in [[1"; e a4,
and for the rest of terms, ey o = 1. Therefore, [[1"; ek ra;, = O(1).

To prove the second part, note that Stirling’s approximation used in (43) ensures that for all
€ > 0, there exists an N, independent of k& and r, such that for all n > N,

—-m/2 N
T e g
Canca—m/Q
Letting € = 1 and setting N := max{N, : a € A} completes the proof. O

Remark B.2. Lemma B.7 gives an asymptotic expansion of the moments of the normed sum of a
spherical harmonic as n — oco. An exact expression for the moments in the central limit theorem,
which applies to (38) was given in von Bahr (1965). However, this approach is not applied for
two reasons: (i) this expression does not improve the bounds used in Proposition 4.2, because the
dominant moment in the (m —2)th term of (45) is € r.m, and (i) the terms in (45) are complicated
to compute as m increases, since they involve computing explicitly the integer partitions of all even
integers 0 < j < m. Nevertheless, it is interesting to see how our asymptotic approximation and the
exact moments are related. According to Theorem 1 in von Bahr (1965), for even values of m > 2,

n m m—2
E [(n/ ? ng,Axi)) ] - MW +y / " dPj(~®)(x)
i=1 ’ Jj=1

R

m!

= g /R 2 APy (—®) ()
+n2 /]R " dPy(—P)(z) + - - -

+ p2 /2 /R 2™ dP,,_4(—®)(z)

+plom/? /R 2 APy o(—B)(2), (45)

where

k;
dp(-2)(x) => ] kl‘ (?‘) (=1)°6) (2) da,



with the summation being over all the integer partitions of j, the values k; being defined such that
Yotk =7, b =1+ 2, s:= ) kil;, \; denotes the (th cumulant of g .(X), and %) is the sth
derivative of the pdf of a standard normal distribution. The sum contains only integer powers of n
due to the symmetry of P;(—®).

For concreteness, let us investigate the case m = 4,

n 4
E <n1/2 Z gkm(Xz‘)) =3+n egrs—3). (46)
i=1

Following the proof of Lemma B.7, we can compute explicitly the moments, which coincide with (46).
Applying Stirling’s approximation to N, o, we end up with the approximation of Lemma B.7,

n 4
E <n1/2 > gk,r(Xi)> ~34+ntepr (47)
=1

Thus, the difference between (46) and (47) is O(n™1).
The conclusion is analogous with m = 6,

6
n
o[ B o) | <157 05 s 9110
=1

+ 172 (€6 — 15€,4 — 1063 .5 + 30)
~154+n""t (15 ek,r4 + 10 ei7r,3) +n2 €k, 6-

B.3 Lemmas of Section 5

Lemma B.9 is used to prove the consistency against fixed alternatives. Analogously to the null
asymptotic results, the asymptotic results under local alternatives depend on the normal limit
given in Lemma B.10, which, in turn, needs Lemma B.8. For rotationally symmetric alternatives,
Lemma B.11 is also required.

Lemma B.8. Letq>1, k> 1, g, : S — R+ be as defined in Lemma B.2, and X ~ hy, forn > 1,
with hy, as defined in (14). Assume the series Y po, h)gr(x) converges uniformly in S?. Then,

Ep, [gc(X)] = n~/?hy
En, [gr(X)ge(X)'] = 0kela, d,, + 1 2 Ake(h),

where Ay ¢(h) = Z,’:j:él Sq h g (%) gk (X)ge(x) dyg(x).

Proof of Lemma B.8. By straightforward computation, we obtain

i l8(X)] = [ #0000 4o, ()

- [ &) {1 Py h%g’“(")} )
S4 k=1

_ 12 /Sq gn(x) ; h)g,(x) dvy(x)

- zz:; /sq gk (x)ge(x)" dvg(x)hy
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—n*”égA@&@W%@ﬂw
q
= n*l/th’

and
Er, [gr(X)ge(X)] = /S 1)) ) o ()
- /S (X)) vy (x)

+n1/2/ thgm x) dvg(x)

ey, Y /S B, g0 () ()ge(x)' vy ()
m=1 4
= Okela, ;.dy T+ n=V2 A 0(h),

where Ay ¢(h) = Eﬁfl <o 07,8 (%) gk (x)gr(x) drg(x) and the sum is truncated since spherical
harmonics of degree m > k+ ¢ are orthogonal to polynomials x — g ,(x)ge,s(x) of lower degree. [

Lemma B.9. Letq>1,k>1,1<r <dgy, and Ty, := nt o1 9er(Xi). Then, under H and
as n — oo, with hy, denoting the rth element of hy, the following statements hold:

(i) If hyp < 0, /Ty por > —00.

(it) If hpy, = 0, VnDpp,r ~ ./\/(0,02776), with aim =1+ (Ak,k(h))” and Ay (h) given in
Lemma B.S.

(iii) If hip > 0, /0T pr — +00.

Proof of Lemma B.9. Analogous to Lemma B.8, since the series Y -, h}g(x) is assumed to
converge uniformly in S¢, we obtain

Ex [gr(X1)] = hy
Ex [g:(X1)ge(X1)'] = 0oL, vd,, + Ake(h).

In case (i1), the result is immediate by CLT. In cases (i) and (4ii), we can write

\/ETTLJC,TZI( nk;r hkr>+\/>hkT_AnkT+Bnk’r

Then, Ay, ., ~ N(0, U%T) and A, ., = Op(1). Note also that B,, ., — sgn(hy) - co. Thus, the
result is proven. O

Lemma B.10. Let ¢ > 1, K > 1, h= (h},...,h%), g : ST = Réa* for k < K and g : S — RP
be as defined in Lemma B.2. Then, under h,, and as n — oo,

1/228; i) ~ Np(h,Ip).

Proof of Lemma B.10. Let Z; = (g1(X;),...,gx(Xy)"), Tp == n7 130 | Z;, and D =
K
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We first prove that /n (T, — Ep, [Ty]) ~ Np(0,Ip), which by the Cramér—Wold theorem is
equivalent to prove that

Vi (¢'T,, — Ey, [¢'T,]) ~ N(0,1), for every c € SP~. (48)
We have that

n
Vi (T, — By, [¢T,]) =n1/? (Z c'Z; — Ey,
=1

n n
ZC/Zi]> = ZXn"L
i=1 i=1

n n
s = Vary,, [Z Xn,z'] =n"WVary, C/ZZ‘]
' i=1

i
=c'Vary, [Z1]c

= c/diag (I, ,, - .- ,qu’K) c+0(n~1?)
=1+0(n™/?),

due to Z; being iid and Lemma B.8. Lyapunov’s condition for § = 1,

8D3/203
lim e ZEhn [|Xm| } ———= —0,

n—00 n1/23%

and

holds since

1 1
| X i| = % |€'Z; = Bn, [¢'Zi]| < —= (|c’zl-| + |En, [¢'Zi]))
= UlellliZa]l + En, [|e 'Z; —= (||C|| 1Z:|| + En,, [llcll 1Z:]]])
1
=7 (IZill + En, [1Zs]l]) <2
where C' := maxj<k<x Maxi<r<d, , SUPxesa |gk,r(X)| is well-defined because gy, : §7 — R is a

continuous function defined on the compact set S?, and, thus, it attains its maximum. Therefore,
by Lyapunov CLT, (48) is proved.
Second, we obtain the limit distribution of
VnT, = /n (T, — Ep, [Ty]) + vVnEp, [Tn] =V, + W,,.
By (48), V,, ~ N(0,1), and by Lemma B.8, W,, = (h}, ..., h%)’, thus v/nT,, ~ Np(h,Ip). O

Lemma B.11. Let ¢ > 1, k > 1, and g : ST — R%* be as defined in Lemma B.2. Then,

(n)
under PH o

Blg(X)) = ;s O muti)

Proof of Lemma B.11. The result follows from applying the Funk-Hecke Theorem,

EWAXHZ%mJ/Qm@VMMMN%@)
qﬁmfh gkr / Cq 1)/2 )f (Kns)(1 82)q/2_1d8
1

_ ( —1)/2 51
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C Additional simulation results

C.1 Power under fixed alternatives

Sections 8.2 and 8.3 show power simulations of the proposed m-points tests and their quasi-rotation-
invariant versions under the fixed alternative scenarios (%), (o), and (+).

In Section 8.2, the figures show the difference between the empirical power attained by an
m > 2 test compared to the corresponding Sobolev test (m = 2). Figures 5-7 show the empirical
rejection proportions (empirical power) in absolute terms of m-points tests based on Vi, . 10, with
the parameters specified in Section 8.2. In particular, the figures correspond to results shown in
Figures 1-3, respectively.

In Section 8.3, only summarized results of the experiment are included. Figures 8-10 display
the empirical power gains of quasi-rotation-invariant V-tests, pglljgl’é% with R = 50, relative to

Sobolev tests (m = 2) under the same simulation setting as in Section 8.2. Figures 11-13 show the

corresponding empirical power.

CwM AD S(0.01) s(10)
o o o o
g =1 “‘,ﬁ_‘“---,«.----“----« =1 ‘x-----n«u«-»-unu««x S ’x ----- ;:f,i&::nx::c::x = DT B x
; / ) ,
= / / ; ;
5 o | I o | I © | o | I
a o /) =) /) o 1<) !
o / /
o ! ! I
c 24 / < | / <o | < | B
S © ' =] i =] o /
-] I I ;
2 < ' -8 Sobolev <« | < < K
® s -o- m=3 S S H s1 !/
3 ! m=4 ! L - '
£~/ m=5 o~ I e ol
3 oS ' -x- m=6 S} ' <} ' .o o =} '
£ / / ! o /
w o [= o |® o |#%=77 o |=*
° T T T T ° T T T T ° T T T T ° T T T T
0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15
o o o o
g S /é—;——,—,g:_———ln————« S S ,)(»- x| I lx»»»—»—»x»»»»«»»»»»n
g «© | ! «© | «© | «© |
Q o o o . o
] K
? © 4 © | © 4 ,x © |
o o o (=] ’ o
©
& = = | o A
L o o ? o IS
©
£ o NI o o
3 oS S} y S} =}
£ ) o8
W o [&=n7 o |®"F o |#---mweiiBecigiiiigaain]
° T T T T ° T T T T ° T T T T ©
0 5 10 15 0 5 10 15 0 5 10 15
o o o o
PR o % L Iy e it (T =y
o e~ .
5§ @ o Floe ] < |
Q o o i o o
<] g
? © 4 © | ’ ! . ©J © |
g o o X/ 't o o
Z J .
L < | ¥ ¢ al < | < | < |
L o - o S o
© )
2 o | “ o ;e o o
E =] ,'l e =] ," 4 =] [S]
W o [#----sbemoc® o |#mmmmssiI0 o |#----geeen D et SR % o
S} S} o S}
0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15
o o o o
g 7 =T e I < wrnesy
o x K
5 @ | X @ | . o | @ | o
% o ’ o o o l/ i
E‘ ®
c o | o | Pl e < | "
o o o o o m’
L« ! < * < <
o 3 E t | t -
= O . o o o
= » o )
g o ‘ o ° o o
s © s IS al o S
E Leff----8 So
W o [#®--oos oo gannn B s oi’*""*““‘)ﬁ ---- 8. o [#--E e #oo o8| o |
°© T T T T ° T T T T ° T T T T T T T T
0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15
K K K K

Figure 5: Empirical rejection proportion curves under scenario (%) as a function of concentration k, each
row corresponding to a different number of mixture components, N € {2,3,4,5}. Curves display the power
of m-points V-tests and the corresponding Sobolev test (m = 2). Tests are based on V, 4,10, m € {3,4,5,6}
with weights indicated by columns, and n = 100.
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Figure 6: Empirical rejection proportion curves under scenario (o) as a function of concentration k, each
row corresponding to a different parameter value 6 € {n/12,7/4,57/12}. The same description of Figure 5

applies.
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Figure 7: Empirical rejection proportion curves under scenario (+) as a function of concentration x. The

same description of Figure 5 applies.

C.2 Asymptotic distribution under rotated local alternatives

Section 5.2 presents the asymptotic distribution of m-points U- and V-statistics under local alterna-

tives. As noted in Remark 5.1, the asymptotic distribution for m = 2 is invariant under rotations of

the alternative distribution. However, for m > 2, this invariance is not guaranteed. In this section,

we present several numerical experiments illustrating the asymptotic distribution for each dimension

q € {1, 2} under alternatives of the form (15), including multiple rotated versions of each alternative.
We explore two rotationally symmetric local alternatives, with a base pdf given by:

(i) (vMF) the vMF distribution, with pdf f, . defined in (V).

1) (Watson) the Watson distribution, given by fw 4. : S? = R, such that x — ¢ ,{e’“‘(x’”)a where
’l"’7 q7
¢q,x 18 the corresponding normalizing constant.
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Figure 8: Empirical rejection proportion difference curves under scenario (*) as a function of concentration
Kk, each row corresponding to a different number of mixture components, N € {2,3,4,5}. Curves compare
m-points V-tests against the baseline Sobolev test (m = 2). Tests are the quasi-rotation-invariant p,ljll’\ffi%o
V-tests, m € {3,4,5,6} with weights indicated by columns, and n = 100.
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Figure 9: Empirical rejection proportion difference curves under scenario (o) as a function of concentration x,
each row corresponding to a different parameter value § € {n/12,7/4,57/12}. The same description of
Figure 8 applies.
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Figure 10: Empirical rejection proportion difference curves under scenario (+) as a function of concentra-
tion k. The same description of Figure 8 applies.

20



CvM AD s(0.01) s(10)

S re——— re——— e m—— F— =
S / i
g / / : /
5 o | i o | / o | u / o | /
Q o / =] ! o B N o /
S / / I . !
2 o / o | I o | ; © | /
§ o / = // S ; ”: S //
g / -8 Sobolev / i . !
T 3 - o = g pUN B / <
I o m=3 S ! o | © {
= / = ; /
3 | m_g ,y ; ; P ,A;
= N4 m= Ny ~ ) / -8B " ~ |
‘g5 o ! -%- m=6 <] ! (=} h RS- S !
& . ; S /
o |® o |® o |® o |®
°© T T T T ° T T T T ° T T T T °© T T T T
0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15
o o o o
c < T T r et — | 5 S x| 3 lxk~“»xvv~~<x»~~~‘x
s @ | / o | o | o J
= o I K o o X o “
s i , 4
c o | F— o | o | ) o | I
S o o S o =] . =] K
3 PO ; b
2 g | Y < < ) < | &
L o c o K S P
= /
£ o | o o [N
‘5 © o o o Fd
£ /
Yoo | o | o | =Bl o |®
° T T T T ° T T T T ° T T T T ° T T T T
0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15
o o o o
- ) N -l I =i
o - 4
E w | B « | & Rl o
Q o n o /) o o
3 / / i
a / /
c <9 | . i © | g o @ J © |
s © ’ / =] ; | o [S] S
3] K K / ’ o
Lo / : o < | xR < < | .
° S : e g ° °
2 o - o LR ~ o o
3 o o S o o il
£ ..g 4
woo | o |®=s=mgiaan o qig,u;i!
°© T °© T T T T e T T T T °© T T T T
15 0 5 10 15 0 5 10 15 0 5 10 15
o o o o =
c - x| X1 < o btad
5 .
5 | . @ | x @ | @ | , s
g_ =] )(/ o B =] = K /
E /r . ,/ '/
c < / < | o | < | /
6 © . 5] K ) IS) -
o 34 ’ g g g
L o S S B
©
2 o o o
5 © .-9| o o
£
[T o |[#sssr@miame g asep] o |
o o o
T T T T T T
15 0 5 10 15 15
K K

Figure 11: Empirical rejection proportion curves under scenario (x) as a function of concentration «, each
row corresponding to a different number of mixture components, N € {2,3,4,5}. Curves display the power of
m-points V-tests and the corresponding Sobolev test (m = 2). Tests are the quasi-rotation-invariant p,ljll’\ﬁ‘i%o

V-tests, m € {3,4,5,6} with weights indicated by columns, and n = 100.

o1



CvM
o o o o
c 3 x| 3 2 ] G S — P—
S : B -
5 « | / / T @] @ x @ | .
Q o , B” =] =] o "
o ) K . pi
S ) / i
c < | E / o | o | / < | "
K=} o 1 A o o l' o /;’
9D o ) -8 Sobolev < < / < ®
T s g oo m=3 S S / S P
—_ ! x 2
] K m=4 ‘ P
£ o x m=5 o o [N
3 © - (=} =} (=} S
-X- m=6 /
£ - /
0 o | o | o |Rrrmngas o |¥
°© T T T T © T T T T ° T T T T © T T T T
0 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15
o o o o
. x| S ] SRR = = e
o e /X‘ -
£ o P
S @ | @ @ | «©
Q o o o o
2 x
20 ’ © © ©
> | x > | i >
_5 © P =] ) o ,!f
kst S
Lo = | i s
¢ o S =] ’
El x a ;
2 o ‘ LT o i /
& ° B P E Ll B e
£ Co-c P
o o o 8"
°© T T © T T T T
10 15 0 5 10 15
o o
. xosnmn | G - P %
S /
= /
g @ | , @ i /
2 o ‘ S} Il
3 S /
s v H
c 9 . €4 g !
S o ./ o !
kst i /
o < 4 47
L o I 5} !
g !
=R 84 1/
=3 M |
£ / |
uw o |® o | =
°© T T T T °© T T T T
0 5 10 15 0 5 10 15
K K K K

Figure 12: Empirical rejection proportion curves under scenario (o) as a function of concentration «, each
row corresponding to a different parameter value 6 € {7/12,7/4,57/12}. The same description of Figure 11

applies.
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Figure 13: Empirical rejection proportion curves under scenario (+) as a function of concentration . The
same description of Figure 11 applies.
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Note that, due to rotational symmetry, rotating any of these densities with a location parameter p
results in the same functional form with a different location parameter p'.

For each alternative scenario described in (7) and (ii), and for dimensions g € {1, 2}, we consider
concentration k = 6 and the following set of location parameters:

(a) For ¢ =1, p = (cosf,sinf)" with
(i) 0 €{kr/4:k=0,1,...,7} for vMF, and
(ii) 0 € {kw/8:k=0,1,...,7} for Watson.
(b) For ¢ =2, p = (cosb,sinf cos ¢,sinfsin ¢) with
(i) (0,9) € {(0,0),(m,0)} U ({r/4,7/2,3n/4} x {—n,—7/3,7/3}) for vMF, and
(i) (0,¢) € {(0,0),(w/8,0),(n/8,—m)} U ({n/4,37/8,7/2} x {—n,—n/3,m/3}) for Watson.

All considered locations are illustrated in Figure 14. For each statistic, Up, w,10 and Vi, 0,10, With
m € {2,3,4,5,6} and weights presented in Table 1, we display the histograms of the asymptotic
distributions corresponding to each location parameter u, with each distribution shown in a different
color. For reference, the null asymptotic distribution is also included. To compute the asymptotic
distribution, the pdf coefficients hy, were computed, and 10° samples of {Zm}f:mla’;’:‘i’k , with Ky =
10, were generated according to Proposition 5.2. 7

_—7

)
. -
JA |
/

~_ | V7

(a) von Mises—Fisher (b) Watson

Figure 14: Location parameters u € S?, g € {1, 2}, considered in Figures 15-22.

The resulting histograms under scenario (i) are displayed in Figures 15-16 for ¢ = 1, correspond-
ing to V- and U-statistics, respectively, and in Figures 19-20 for ¢ = 2. Under scenario (i), the
histograms are shown in Figures 17-18 (¢ = 1) and Figures 21-22 (¢ = 2).

For each set of histograms corresponding to a specific statistic and scenario, we assess the effect
of rotation by performing the k-sample Anderson—Darling test on the asymptotic distributions ob-
tained for different location parameters p. Specifically, we draw a subsample of size 103 from each
asymptotic distribution (one per p) and use these subsamples to conduct the test. This allows us to
evaluate whether the asymptotic distribution varies with the rotation of the alternative. The results
are interesting: for odd values of m, the asymptotic distribution clearly depends on the choice of
the location parameter p, for both U- and V-statistics. However, for even values of m, the behavior
of U- and V-statistics seems to differ. While for V-statistics the distribution exhibits consistent
invariance to p, for U-statistics it varies significantly in certain scenarios and values of m, indicating
sensitivity to rotation even in the even-m case.
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Figure 17: Histograms of the asymptotic distribution of V;,, 10 under A, (¢ = 1) based on Watson with g
indicated in (a)(éi). The same description of Figure 15 applies.
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Figure 18: Histograms of the asymptotic distribution of Uy, 10 under h,, (¢ = 1) based on Watson with g
indicated in (a)(éi). The same description of Figure 15 applies.
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Figure 19: Histograms of the asymptotic distribution of Vj, 4 10 under h, (¢ = 2) based on vMF with p
indicated in (b)(7). The same description of Figure 15 applies.
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Figure 20: Histograms of the asymptotic distribution of Uy, w10 under h,, (¢ = 2) based on vMF with p
indicated in (b)(7). The same description of Figure 15 applies.
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Figure 21: Histograms of the asymptotic distribution of V;, 10 under A, (¢ = 2) based on Watson with g

indicated in (b)(#). The same description of Figure

15 applies.

60



1.0

CvM
~
©
n
2«
(%]
=4
8 =
~N
-
o
T T T T T 1
-0.10 0.00 0.10 0.20
Statistic value
2
(%)
=4
[
o
-0.2 00 01 0.2
Statistic value
o
=
w |
o AD = 0.279
<
> o~
G w0
S <
e <
-
n
=}
=
° T T T T 1
-04 -0.2 0.0 0.2 0.4
Statistic value
o
QA
0 AD = 0.449
—
2
k%)
=
i
o
-0.5 0.0 0.5
Statistic value
Q _
—
2 AD = 0.004
©
> 294
> o
8 <
A
N
o
o
° T T T T
-2 -1 0 1
Statistic value

Density Density

Density

0.5

Density
00 02 04 06 08 10

Density
00 01 02 03 04 05

3.0

2.0

0.0

15 20

0.5 1.0

0.0

15

1.0

0.0

0.2

0.3

AD s(0.01)
n
A N
i AD = 0.274 & AD = 0.949
i 29
(%}
]
B oS
L )
T T T 1 © T T T T T 1
-0.5 0.0 0.5 1.0 —-0.05 0.05 0.15
Statistic value Statistic value
- <
—
| AD = 7.042x107° AD = 0.744
S
2 o -
E 2
8
— ~ A
~ 4
o 4
T T T T T 1 T T T T 1
-1.0 00 05 10 15 -0.2 -0.1 0.0 0.1
Statistic value Statistic value
7 o _
—
AD = 0.550 © AD = 0.665
2 o -
2
[
| [a Q.
Latlr LT,
o -
T T T T T 1 T T T T T T 1
-2 -1 0 1 2 3 -0.3 -0.1 0.1
Statistic value Statistic value
- ~ -
©o
E AD = 0.764 AD = 0.122
0 -
n 2 < A
(%2}
=4
i ] ™+
~ A
_ o 4
S S — — . p—
-4 -2 0 2 4 -0.5 0.0 0.5
Statistic value Statistic value
<
T AD = 0.500 @ AD = 0.663
T 2 9 |
23
c
1] 4
g a
< |
-
__A- = __A
S E— — © S — —
-10 -5 0 5 10 -2 -1 0 1
Statistic value Statistic value

Density Density

Density

Density
00 02 04 06 08 1.0

Density
00 01 02 03 04 05

3.0

15 2.0

0.5 1.0

0.0

15

=
=]

s(10)

AD = 0.570

-0.2 0.0
Statistic value

02 04 06

AD = 1.359x107*®

g

0.5

T T
-05 0.0
Statistic value

r
-1.0

AD = 0.047

T T T T T T 1
-1.0 0.0 1.0 2.0
Statistic value
E AD = 1.108x10™*
- T T T T T T 1
-3 -2 -1 0 1 2 3

Statistic value

T AD = 0.198

T T T T
-6 -4 -2 0 2 4 6
Statistic value

Figure 22: Histograms of the asymptotic distribution of U, 10 under h,, (¢ = 2) based on Watson with p
indicated in (b)(4). The same description of Figure 15 applies.

61



Garcia-Portugués, E., Navarro-Esteban, P., and Cuesta-Albertos, J. A. (2023). On a projection-
based class of uniformity tests on the hypersphere. Bernoulli, 29(1):181-204.

Garcia-Portugués, E., Paindaveine, D., and Verdebout, T. (2025). On a class of Sobolev tests for
symmetry of directions, their detection thresholds, and asymptotic powers. arXiv:2108.0987.

Lee, A. J. (1990). U-Statistics: Theory and Practice. Routledge, 1 edition.

Rubin, H. and Vitale, R. A. (1980). Asymptotic distribution of symmetric statistics. Ann. Stat.,
8(1):165-170.

Villani, C. (2009). Optimal Transport: Old and New. Grundlehren der mathematischen Wis-
senschaften. Springer Berlin Heidelberg.

von Bahr, B. (1965). On the convergence of moments in the Central Limit Theorem. Ann. Math.
Statist., 36(3):808-818.

Zwillinger, D., Moll, V., Gradshteyn, 1., and Ryzhik, 1., editors (2014). Table of Integrals, Series,
and Products. Academic Press, Boston, eighth edition.

62



	1 Introduction
	2 Spherical harmonics
	3 m-points test statistics
	3.1 Motivation and definition
	3.2 Closed-form expressions

	4 Null asymptotics
	4.1 Finite m-points statistics
	4.2 Infinite m-points statistics

	5 Non-null asymptotics
	5.1 Consistency against fixed alternatives
	5.2 Asymptotics under general local alternatives
	5.3 Asymptotics under rotationally symmetric local alternatives

	6 m-points tests
	7 Rotational invariance
	7.1 Aggregation of randomly-rotated tests
	7.2 Rotation-averaged invariant test statistic

	8 Numerical experiments
	8.1 Comparison of V- and U-tests
	8.1.1 Computational cost
	8.1.2 Empirical sizes
	8.1.3 Power under local alternatives

	8.2 Power under fixed alternatives
	8.3 Rotational invariance
	8.3.1 Aggregation of randomly-rotated tests
	8.3.2 Rotation-averaged invariant test statistic


	9 Discussion
	A Proofs of the main results
	A.1 Proofs of Section 3
	A.2 Proofs of Section 4
	A.3 Proofs of Section 5
	A.4 Proofs of Section 7

	B Technical Lemmas
	B.1 Lemmas of Section 3
	B.2 Lemmas of Section 4
	B.3 Lemmas of Section 5

	C Additional simulation results
	C.1 Power under fixed alternatives
	C.2 Asymptotic distribution under rotated local alternatives


