Electronic Journal of Statistics
Vol. 14 (2020) 2123-2154

ISSN: 1935-7524
https://doi.org/10.1214/20-EJS1716

On the power of axial tests of
uniformity on spheres

Christine Cutting!, Davy Paindaveine*!'? and Thomas Verdebout'

1 Université libre de Bruzelles
ECARES and Département de Mathématique
Avenue F.D. Roosevelt, 50
ECARES, CP114/0/

B-1050, Brussels
Belgium

2 Université Toulouse Capitole
Toulouse School of Economics
1, Esplanade de I’Université
31080 Toulouse Cedex 06
France

Abstract: Testing uniformity on the p-dimensional unit sphere is arguably
the most fundamental problem in directional statistics. In this paper, we
consider this problem in the framework of azial data, that is, under the
assumption that the n observations at hand are randomly drawn from a
distribution that charges antipodal regions equally. More precisely, we focus
on axial, rotationally symmetric, alternatives and first address the problem
under which the direction @ of the corresponding symmetry axis is speci-
fied. In this setup, we obtain Le Cam optimal tests of uniformity, that are
based on the sample covariance matrix (unlike their non-axial analogs, that
are based on the sample average). For the more important unspecified-0
problem, some classical tests are available in the literature, but virtually
nothing is known on their non-null behavior. We therefore study the non-
null behavior of the celebrated Bingham test and of other tests that exploit
the single-spiked nature of the considered alternatives. We perform Monte
Carlo exercises to investigate the finite-sample behavior of our tests and to
show their agreement with our asymptotic results.
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1. Introduction

Directional statistics are concerned with data taking values on the unit hyper-
sphere SP~! := {x € R? : ||x]|? := x'x = 1} of RP. Classical applications,
that most often relate to the circular case (p = 2) or spherical one (p = 3),
involve wind and animal migration data or belong to fields such as geology,
paleomagnetism, or cosmology. We refer, e.g., to Fisher, Lewis and Embleton
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(1987), Mardia and Jupp (2000), and Ley and Verdebout (2017) for book-length
treatments of the topic and for further applications.

Arguably the most fundamental problem in directional statistics is the prob-
lem of testing for uniformity, which, for a random sample X4, ...,X,, at hand,
consists in testing the null hypothesis that the observations are sampled from
the uniform distribution over SP~!. This is a very classical problem in multi-
variate analysis that can be traced back to Bernoulli (1735). As explained in
the review paper Garcia-Portugués and Verdebout (2018), the topic has recently
received a lot of attention: to cite only a few contributions, Jupp (2008) pro-
posed data-driven Sobolev tests, Cuesta-Albertos, Cuevas and Fraiman (2009)
and Garcia-Portugués, Navarro-Esteban and Cuesta-Albertos (2020) proposed
tests based on random projections, Lacour and Pham Ngoc (2014) studied the
problem for noisy data, Paindaveine and Verdebout (2016) obtained the high-
dimensional limiting behavior of some classical test statistics under the null
hypothesis while Garcia-Portugués, Paindaveine and Verdebout (2020) trans-
formed some uniformity tests into tests of rotational symmetry.

A classical uniformity test dates back to Rayleigh (1919) and rejects the null
hypothesis for large values of || X, ||, where X,, = 1 3> | X is the sample mean
of the observations. This test will detect only alternatives whose mean vectors
are non-zero, hence is therefore typically used when possible deviations from
uniformity are suspected to be asymmetric. In particular, the Rayleigh test will
show no power when the common distribution of the X;’s is an antipodally
symmetric distribution on the sphere, that is, when this distribution attributes
the same probability to antipodal regions. Far from being the exception, such
antipodally symmetric distributions are actually those that need be considered
when practitioners are facing azial data, that is, when one does not observe
genuine locations on the sphere but rather axes (a typical example of axial data
relates to the directions of optical axes in quartz crystals; see, e.g., Mardia and
Jupp, 2000). Models and inference for axial data have been considered a lot in
the literature: to cite a few, Tyler (1987) and more recently Paindaveine, Remy
and Verdebout (2020) considered inference on the distribution of the spatial sign
of a Gaussian vector, Watson (1965), Bijral, Breitenbach and Grudic (2007)
and Sra and Karp (2013) considered inference for Watson distributions (see
the next section), Dryden (2005) obtained distributions on high-dimensional
spheres while Anderson and Stephens (1972), Bingham (1974) and Jupp (2001)
considered uniformity tests against antipodally symmetric alternatives.

Now, while the literature offers both axial and non-axial tests of uniformity,
axial procedures unfortunately remain much less well understood than their non-
axial counterparts, particularly so when it comes to their non-null behaviors.
Strong results have been obtained for non-axial tests of uniformity regarding
their asymptotic power under suitable local alternatives to uniformity and even
regarding their optimality (we refer to Cutting, Paindaveine and Verdebout,
2017 and to the references therein), but virtually nothing is known in that di-
rection for axial tests of uniformity. This provides the main motivation for the
present work, that intends to fill an important gap by studying the non-null be-
havior of some classical (and less classical) axial tests of uniformity. Quite natu-
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rally, we will do so in the semiparametric distributional framework that has been
classically considered for non-axial tests of uniformity, namely the framework of
rotationally symmetric distributions indexed by a finite-dimensional parameter
(k,0) € RT x SP71 and an infinite-dimensional parameter f € F (a family
of functions we define in the next section). Within this semiparametric model,
the null hypothesis of uniformity takes the form Hg : x = 0. In this paper, we
first derive the shape of tests that are locally and asymptotically optimal un-
der any f € F for the specified-8 problem. We then focus on the unspecified-6
problem and discuss its connection with the specified-8 problem. We derive the
limiting behavior, under sequences of contiguous alternatives (for any f € F), of
the tests provided in Anderson and Stephens (1972) and Bingham (1974). Do-
ing so, we obtain in particular the limiting behavior, under local alternatives, of
the extreme eigenvalues of the spatial sign covariance matrix, which is a result
of independent interest; see Diirre, Tyler and Vogel (2016) and the references
therein for a recent study of these eigenvalues.

The outline and contribution of the paper are as follows. In Section 2, we in-
troduce the class of (rotationally symmetric) alternatives to uniformity that will
be considered in this work, which deviate from uniformity along a direction 6
and have a severity controlled by a concentration parameter x. In this frame-
work, we identify the sequences (k,,) that make the corresponding sequences of
alternatives contiguous to the null hypothesis of uniformity. In Section 3, we
tackle the problem of testing uniformity under specified 8 and show that the
resulting model is locally asymptotically normal (LAN). We define the resulting
optimal tests of uniformity and determine their asymptotic powers under con-
tiguous alternatives. In Section 4, we turn to the unspecified-0 problem, we show
that our LAN result naturally leads to the Bingham (1974) test of uniformity,
and we study the limiting behavior of this test under contiguous alternatives.
In Section 5, we turn our attention to tests that take into account the “single-
spiked” structure of the considered alternatives. We characterize the asymptotic
behavior of these tests both under the null hypothesis and under sequences of
contiguous alternatives. While all results above are confirmed by suitable numer-
ical exercises in Sections 3-5, we specifically conduct, in Section 6, Monte-Carlo
simulations in order to compare the finite-sample powers of the various tests.
We provide final comments and perspectives for future research in Section 7.
Finally, an appendix contains all proofs.

2. Axial rotationally symmetric distributions

In this section, we set the notation and describe the class of axial distributions
we will use as alternatives to uniformity. A celebrated class of axial distributions
on the sphere is the one that collects the Watson distributions, which admit a
density (throughout, densities over SP~! are with respect to the surface area
measure) of the form

X L(P%l) exp(k (x'0)?) x €SPt (1)
or(p—1)/2 ’ ’
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where 0 belongs to SP™1, k is a real number, and where the value of the nor-
malizing constant ¢, , can be obtained from (3) below; as usual, I' denotes
Euler’s Gamma function. Since this density is a symmetric function of x, it
attributes the same probability to antipodal regions on the sphere, hence is in-
deed suitable for axial data. The Watson distribution is rotationally symmetric
about 0, in the sense that if X has density (1), then OX and X share the
same distribution for any p x p orthogonal matrix O such that O8 = 0; con-
sequently, 8 will be considered a location parameter. The Watson distributions
are the rotationally symmetric (or single-spiked) Bingham (1974) distributions.
The parameter k is a concentration parameter: the larger |k|, the more the
probability mass will be concentrated—symmetrically about the poles £6 for
positive values of x (bipolar case) or symmetrically about the hyperspherical
equator S := {x € SP~1 : X’ = 0} for negative values of r (girdle case). Of
course, the value k = 0 corresponds to the uniform distribution over the sphere.

In this paper, we consider a natural semiparametric extension of the class of
Watson distributions, namely the class of axial distributions admitting a density

of the form .

Cp,k, F(p_) —
o S [k (0)?), xes (2)

where 6 and k are as in (1), f belongs to the class of functions F := {f : R —
R™ : f monotone increasing, twice differentiable at 0, with f(0) = f’(0) = 1},

and where
oy =1 [ 02 52 0 ®)

The parameter k is still a concentration parameter, that shares the same in-
terpretation as for Watson distributions. The restriction to F above is made
for identifiability purposes. If x # 0, then f and the pair {+6} are identifiable,
but @ itself is not (which is natural for axial distributions). For x = 0, the uni-
form distribution over the sphere is obtained (irrespective of f), in which case
the location parameter € is unidentifiable, even up to a sign. The corresponding
normalizing constant is ¢, := lim,_g ¢p «, r. The distribution associated with (2)
is rotationally symmetric about @, and if X is a random vector with this dis-
tribution, then X’@ has density s+ ¢, . (1 — s2)P=3/2 f(ks?)[[|s| < 1], which
explains the expression (3). In the present axial case, this density is of course
symmetric with respect to zero.

The semiparametric class of distributions just introduced will be used in the
paper as alternatives to uniformity on the sphere. We will consider the follow-
ing hypotheses and asymptotic scenarios. For 8 € SP~1, a sequence (k,) in R
and f € F, we will denote as P(ar,in, ¥ the hypothesis under which X,,1,..., X,
form a random sample from the density x + ¢ .. ¢ f(kn (x'0)?) over SP~1. This
triangular array framework will allow us to consider local alternatives, associated

with suitable sequences (k) converging to zero. The null hypothesis of unifor-

mity will be denoted as P( ™). The sequence of hypotheses PE, ,1 . determines a

sequence of alternatives to umformlty the larger |k, |, the more severe the corre-
sponding alternative, whereas the sign of x,, determines the type of alternatives
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considered, i.e., bipolar (for k,, > 0) or girdle-like (for k,, < 0). At places, it will
be of interest to compare our results with those obtained in the non-axial case,
that is, in the case where X,1,...,X,, have a common density proportional
to f(kn,x'0) still with f monotone increasing (rather than f(k,(x'8)?)).

Our first result identifies the sequences of alternatives Pgrj,{m f that are con-

tiguous to the sequence of null hypotheses P(()n).

Theorem 2.1. Fizp € {2,3,...},0 € SP~!, and f € F. Let (k) be a sequence

in Ry that is O(1/\/n). Then, the sequence of alternative hypotheses Pgnl){n’f and
the sequence of null hypotheses P(()n) are mutually contiguous.

In other words, if k, = O(1/+/n), then no test for Ho,, : {P(()")} against Hip, :
{ngflm #} can be consistent. Actually, it will follow from Theorem 3.1 in the next
section that 1/4/n is the contiguity rate, in the sense that if k,, = 7/y/n (for some

non-zero real constant 7), then there exist tests for Ho,, : {Pén)} against Hq,, :

{P(J’lm f} showing non-trivial asymptotic powers (that is, asymptotic powers
in («, 1), where o denotes the nominal level). The contiguity rate in the axial
case thus coincides with the one obtained in the non-axial case; see Theorems 2.1
and 3.1 in Cutting, Paindaveine and Verdebout (2017).

3. Tests of uniformity under specified location

In this section, we consider the problem of testing uniformity over SP~! against
the class of alternatives introduced in the previous section, in a situation where
the location @ is specified. In other words, this corresponds to cases where
it is known in which direction the possible deviation from uniformity would
materialize. Depending on the exact type of alternatives we want to focus on
(bipolar, girdle-type, or both), we will then consider, for a fixed €, the problem
of testing H{™ : {PI"} against (i) H\" : UpsoUser {ngllf}, against (i) H{™ :

Uk<o User {ngf}, or against (iii) Hgn) t Unzo Urer {sz’f}. Optimal testing
may be based on the following Local Asymptotic Normality (LAN) result.

Theorem 3.1. Fizp € {2,3,...}, 0 € SP71, and f € F. Let k, = Top/\/1,
where the real sequence (1,,) is O(1) but not o(1). Then, letting

) _ P\ r g2 1 _2p-1)
Al ._\/ﬁ;{(xme) p} and Tyi= =707,

we have that, as n — oo under Pén),

(n)

Py 2

skns f (n) n

An = log 7(,”) = T’rLAg — EFP —+ OP(].), (4)
dP{

where A(en) is asymptotically normal with mean zero and variance I'y,. In other

words, the sequence ({sz,f : k € RY}) (where we let ng&f = P(()")) is locally
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asymptotically normal at k = 0 with central sequence AéTL), Fisher informa-
tion T'p, and contiguity rate 1//n.

This result confirms that 1/4/n is the contiguity rate when testing uniformity
against the considered axial alternatives. Note also that the central sequence
rewrites

AYY = /n(p6's,0 - 1),

where S, = n 'Y " | X,;X/, is the sample covariance matrix of the ob-
servations (with respect to a fixed location, namely the origin of R?). Con-
sequently, optimal testing of uniformity for axial data will be based on S,,.
This is to be compared with the non-axial case considered in Cutting, Pain-
daveine and Verdebout (2017), where optimal testing of uniformity is rather
based on X,, = n~! 2?21 X,;- This will have important consequences when
considering the unspecified-0 case we turn to in Sections 4-5.

More importantly, the optimal axial tests of uniformity in the specified loca-
tion case directly result from the LAN property above. More precisely, Theo-
rem 3.1 entails that, for the problem of testing 7—[(()") : {Pg")} against UxsoUfper
{Pg}; 1, the test gbgfg rejecting the null hypothesis at asymptotic level o when-
ever

Ty = = > 2, (5)

VIp
is locally asymptotically most powerful; here, z, = ® (1 — a) denotes the
upper a-quantile of the standard normal distribution. A routine application of

Le Cam’s third lemma shows that, under P(eil,){mf with k, = Tp/yv/n (7 > 0),

Tén) converges weakly to a Gaussian random variable with mean F,l,/ ’r and

variance one. Therefore, the corresponding asymptotic power of (bgf is

lim Py T8 > 2] = 1— @ (2o — TY/?7). (6)
Note that this asymptotic power does not converge to « as p diverges to infinity.
This may be surprising at first since departures from uniformity here are of a
single-spiked nature, that is, only materialize in a single direction out of the p
directions in SP~!. The fact that this asymptotic power does not fade out for
larger dimensions is actually explained by the fact that we did not consider local
alternatives associated with x,, = 7/4/n but rather with k,, = 7p/y/n, which
properly scales local alternatives for different dimensions p (note also that the
behaviour of high-dimensional Watson distributions—see Chapter 8 in Chikuse
(2003)—intuitively explains that, at least in the Watson case, the concentration
should indeed scale linearly with the dimension).
Optimal tests for the other one-sided problem and for the two-sided problem
are obtained in a similar way. More precisely, for the problem of testing ”Hén) :

{Pé")} against U,<oUfer {Pg?;f}, the test gbé") rejecting the null hypothesis of

uniformity at asymptotic level & whenever Tén) < —2z4 is locally asymptotically
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most powerful and has asymptotic power

lim Py [Ty < —za] = ®(—zq — I¥/?7)

n—o0

under Pén,)i s with £, = 7p/y/n (7 < 0). The corresponding two-sided test, (bgi

say, rejects the null hypothesis at asymptotic level @ whenever |T9(”)| > Za/2-

This test is locally asymptotically maximin for the two-sided problem and has

asymptotic power
lim Py

n—oo 0,650, f

15" > 2a/2] = 2 = ®(zay2 — T/°7) = @(2a/5 + }/?7)

under P(Bﬁ){mf with k, = 7p/v/n (7 # 0). Again, the local asymptotic powers
of these tests do not fade out for larger dimensions p but rather converge to a
constant larger than a.

We conducted the following Monte Carlo exercise in order to check the va-
lidity of our asymptotic results. For any combination (n,p) of sample size n €
{100, 1000} and dimension p € {3,10}, we generated collections of 5000 indepen-
dent random samples of size n from the Watson distribution with location 8 =
(1,0,...,0) € R? and concentration k, = 7p/y/n, for 7 = =2, -1,0,1,2; see
Section 2. The value 7 = 0 corresponds to the null hypothesis of uniformity
over SP~1 whereas the larger the non-zero value of |7] is, the more severe the
alternative is. Kernel density estimates of the resulting values of the test statis-
tic Tg(n) in (5) are provided in Figure 1, that further plots the densities of the
corresponding asymptotic distributions (for the null case 7 = 0, histograms of
the values of T(S") are also shown). Clearly, these simulations confirm our asymp-
totic results (yet, unsurprisingly, larger dimensions require larger sample sizes
for asymptotic results to materialize).

4. The unspecified location case: The Bingham test

We now turn to the unspecified-0 version of the testing problems considered in
the previous section. We focus first on the one-sided problem of testing H(()n) :
{P(()n)} against Hﬁ") : Ugesr—1 Ugso Ufef{sz’f}. It is convenient to reparam-
eterize the submodel associated with x > 0 by writing ¥ = /0. In this new
parametrization (which, unlike the original curved one, is flat), the testing prob-

lem writes ’H((Jn) : {Pgl) = P(()n)} against Ugere\ {0} User {ng}}7 that is, simply

consists in testing ’H(()n) : ¥ = 0 against HY‘) : 19 # 0. Theorem 4.1 below
then describes the asymptotic behavior of the corresponding local log-likelihood
ratios.

To be able to state the result, we need to introduce the following notation.
For a matrix A, we will write vec A for the vector obtained by stacking the
columns of A on top of each other. We let J,, := (vecI,)(vecl,)’, where I,
is the ¢ x ¢ identity matrix. Finally, with the usual Kronecker product ®, the
p? x p? commutation matrix is K, := Zf,jzl(eie;-) ® (eje}), where ey is the fth
vector of the canonical basis of RP. We then have the following result.
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F1G 1. Plots of the kernel density estimates (solid curves) of the values of the test statistic Te(n)
in (5) obtained from M = 5000 independent random samples, of size n = 100 (top) or 1000
(bottom), from the Watson distribution with location 6 = (1,0,...,0)" € RP and concentra-
tion k = Tp/v/n, with 1 = —2,—1,0,1,2 and with p = 3 (left) or p = 10 (right); for T = 0,
histograms of the values of Tén) are shown. The densities of the corresponding asymptotic
(./\/’(1"1/2 1)) distributions are also plotted (dashed curves). Throughout this paper, kernel
density estimates are obtained from the R command density with default parameter values.

Theorem 4.1. Fizp € {2,3,...} and f € F. Let 9,, = (p//n)"/*1,, where
(Tn) is a sequence in RP that is O(1) but not o(1). Then, letting

1 p 2
A = S, — -1 d T):=——(1.+K,—=J
p\/r_zvec< o p) an " p+2(pz+ T p),
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we have that, as n — oo under Pén),

(n)
dPﬁz,f _ '\ A (n) 1 AN ’
log —== = (vec(Tp1),)) A — §(vec(7'n7'n)) I'yvec(t,7,) +op(l), (7)

Py "

where A™ is, still under Pé"), asymptotically normal with mean vector zero
and covariance matriz I'y.

Theorem 4.1 shows that the contiguity rate for 9 is n~/4, which corresponds
to the contiguity rate n~'/2 obtained for & in Theorem 3.1 (recall that ¥ =
V£0); however, as we will explain below, the limiting experiment in Theorem 4.1
is non-standard. Writing A~ for the Moore-Penrose generalized inverse of A, a
natural test of uniformity is the test rejecting the null hypothesis at asymptotic
level o whenever

" e A (n) (P42 1
Q™ = (AM)T; A = (Q)(tr[si] — p) > X, 1o (8)

where we denoted as szl_a the upper a-quantile of the chi-square distribution
with d, := p(p + 1)/2 — 1 degrees of freedom. This test, which rejects the null
hypothesis when the sample variance of the eigenvalues S\nl, ceey S\np of S, is
too large, also addresses the problem of testing uniformity against the one-sided
alternatives associated with x < 0 or against the two-sided alternatives associ-
ated with k # 0. This procedure, which is known as the Bingham (1974) test
(hence will be denoted as ¢ping in the sequel), is often regarded as the simplest
test of uniformity for axial data; see Section 10.7 in Mardia and Jupp (2000).
When applied to the unit vectors X,; = Zp;/||Znill, ¢ = 1,. .., n, obtained from
Euclidean data Z,;, i = 1,...,n, this test is also the sign test of sphericity from
Hallin and Paindaveine (2006), and it follows from that paper that, as an axial
test for uniformity on the sphere, the Bingham test is optimal against angular
Gaussian alternatives (see Tyler, 1987), that is, against projections of elliptical
distributions on the sphere.

Local asymptotic powers of the Bingham test can be obtained from the LAN
result in Theorem 3.1 and Le Cam’s third lemma. We have the following result.

Theorem 4.2. Fizp € {2,3,...}, 0 € SP71, and f € F. Let k, = Top/\/1,

where the real sequence (1) converges to 7. Then, under Pg?,){mf,

(n) D .2 2(171)72)
) B, (2220, (9)

where X% (6) denotes the non-central chi-square distribution with ¢ degrees of free-
dom and non-centrality parameter . Under the same sequence of alternatives,
the asymptotic power of the Bingham test is therefore

. n n 2(p — 1)72
Jm P10 g = 1w, (3 22T o)

where Wy(-;68) is the cumulative distribution function of the x3(8) distribution.
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F1G 2. (Left:) Plots of the kernel density estimates (solid curves) of the values of the Bingham
test statistic Q™) in (8) obtained from M = 5000 independent random samples of size n =
2000 from the Watson distribution with location @ = (1,0,...,0)" € RP and concentration k =
Tp/v/n, with T = —4,-3,0,3,4 and with p = 3; for T = 0, histograms of the values of QM
are shown. The density of the corresponding asymptotic distributions in (9), which do not
depend on the sign of T, are also plotted (dashed curves). (Right:) The corresponding results
for p =10 and n = 10000.

This result in particular shows that the Bingham test is a two-sided proce-
dure, as the asymptotic power in (10) exhibits a symmetric pattern with respect
to girdle-type alternatives (7 < 0) and bipolar alternatives (7 > 0). This power,
unlike the powers of the specified-0 tests in the previous section, converges to «
as p diverges to infinity, which materializes the fact that, for larger dimensions,
the Bingham test severely suffers (even asymptotically) from the unspecification
of 8. Note also that since the Bingham test is invariant with respect to rotations,
its limiting power naturally does not depend on the location parameter € under
the alternative.

We conducted the following simulation exercise to check the validity of the
asymptotic results of this section. In dimension p = 3, we generated 5000 mu-
tually independent random samples of size n = 2000 from the Watson distribu-
tion with location 8 = (1,0,...,0) € R? and concentration , = 7p/+/n, for
T = —4,-3,0,3,4; see Section 2. We did the same in dimension p = 10, with
sample size n = 10000. For both dimensions p, Figure 2 reports kernel density
estimates of the resulting values of the Bingham test statistic Q). They per-
fectly match with the corresponding asymptotic distribution in (9). The results
also confirm the two-sided nature of the Bingham test, that, irrespective of 7,
asymptotically behaves in the exact same way under 7 = +7y.

Our results indicate that the Bingham test shows non-trivial asymptotic pow-
ers under the contiguous alternatives identified in the previous section. However,
a key point is the following: if (7,,) — 7 in the LAN result of Theorem 4.1,
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then, under Pgln)?f with 9, = (p/v/n)"?r,, A" is asymptotically normal
with mean s, = I',vec(77') and covariance matrix I'p, so that the sequence of
asymptotic experiments at hand does converge to a Gaussian shift experiment
(A ~ N(sr,T},)) involving a constrained shift s,. As a result, the Bingham
test is not Le Cam optimal for the considered problem: this test, which would
rather be Le Cam optimal (more precisely, locally asymptotically maximin) for
an unconstrained shift s € RP2, is here “wasting” power against multi-spiked al-
ternatives that are incompatible with the present single-spiked axial model. This
is in line with the fact that the Bingham test, which rejects the null hypothesis
of uniformity when the sample variance of the eigenvalues ;\nl, ce an of S,, is
too large, uses these eigenvalues in a permutation-invariant way (in the consid-
ered single-spiked models, it would be more natural to consider specifically A1
and/or j\np to detect possible deviations from uniformity).

5. The unspecified location case: Single-spiked tests

A natural question is then: how to construct a test that is more powerful than the
Bingham test? We now describe two constructions that actually lead to the same
test(s). Focusing again at first on the one-sided problem involving the bipolar
alternatives, we saw in Section 3 that, in the specified location case, Le Cam

optimal tests of uniformity reject H(()") : {Pé")} in favor of Uxso Uper {ngll)f}
for large values of Aén) = \/ﬁ(p 0'S,,6 — 1). In the unspecified location case, it

is then natural, following Davies (1977, 1987, 2002), to consider the test, (bE:L)
say, rejecting the null hypothesis of uniformity at asymptotic level o when

Tin) = sup A(gn) = \/ﬁ(pj\nl —1) > cpa+s (11)
fcsSr—1

where 5\n1 still denotes the largest eigenvalue of S,, and ¢, o 4 is such that this
test has asymptotic size a under the null hypothesis.
A similar rationale yields natural tests for the other one-sided problem and

for the two-sided problem: since Le Cam optimal tests of uniformity reject Hé") :
{Pén)} in favor of Ux<oUyser {Pé";,f} for large values of —Aén) =/n(p6's,6—
1), the resulting unspecified-0 test, ¢(_n) say, will reject the null hypothesis of
uniformity at asymptotic level a when

T = sup (—Aén)) = —\/ﬁ(p;\np —1) > cpa,— (12)
6ecSr—1
where ¢, o — is such that this test has asymptotic size o under the null hypoth-
esis. Finally, since Le Cam optimal tests of uniformity reject ’H(()n) : {P(()")} in
favor of Uxo User {Pgl,)i’f} for large values of |A‘(9”)| = \/ﬁ’p 0'S,,0 -1
sulting unspecified-0 test, (b(i" ) say, will reject the null hypothesis of uniformity
at asymptotic level a when

Tin) = sup \Aé")| = y/n max (|p5\n1 -1y, |p;\np —1]) > ¢pa,4s (13)
9csr-

, the re-
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where cp o+ is still such that this test has asymptotic size a under the null
hypothesis of uniformity.

Another rationale for considering the above tests is the following. For the
sake of brevity, let us focus on the one-sided problem involving the bipolar
alternatives, that is, the ones associated with « > 0. A natural idea to obtain
an unspecified-0 test is to replace 8 in the corresponding optimal specified-0
test ¢gf with an estimator 6,,. Now, under Pg};’f, we have E[X,,1] = 0 and

1 _
E[X,uX),] = g7 (x)06' + %i“)ap ~00)

(see, e.g., Lemma B.3(i) in Cutting, Paindaveine and Verdebout, 2017), with

1

97() = Eg . [(X110)%] = ey s / (1= ) P92 f(s?) ds,
-1

It is easy to check that, for any f € F, the function x — g¢;(k) is differentiable
at 0, with derivative g(0) = Varén)[(X;ﬂH)z] > 0, where Varén) still denotes

variance under Pén). Consequently, for x > 0 small, we have g¢(k) > gf(0) =
1/p, so that @ is, up to an unimportant sign (recall that only the pair {+6} is
identifiable), the leading unit eigenvector of E[X,,1X/] (for many functions f,
including the Watson one f(z) = exp(z), this remains true for any x > 0).
Therefore, a moment estimator of @ is the leading eigenvector 0, of S, =
LS XX, Note that in the Watson parametric submodel {P(") TR>

0,k,exp
0}, this estimator 6,, is also the MLE of 6. The resulting test then rejects the
null hypothesis of uniformity for large values of

n

hence coincides with the test ¢ n (11). A similar reasoning for the other

o
one-sided problem leads to the test qﬁ(f).

The critical values in (11)-(13) above can of course be obtained from the
asymptotic distribution of the corresponding test statistics under the null hy-
pothesis. For p = 3, the asymptotic null distributions of Tin) and TS") were

obtained in Anderson and Stephens (1972), where the corresponding one-sided
tests qﬁf) and ¢(_n) were first proposed. We extend their result to the two-sided
test statistic Ti") and, more importantly, to the non-null case. The key to do
so is the following result.

Theorem 5.1. Fizp € {2,3,...} and f € F. Let Z be a p X p random matriz
such that vecZ ~ N(0,V,), with V, = (p/(p+ 2)) (L2 + Kp) — (2/(p + 2))J .
Then, (i) under Pén),

(Vi) ® ()
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where Ly max (T€SP., Lp min) 15 the largest (resp., smallest) eigenvalue of Z; (i)

under ngf)@n,f’ where K, = T,p/\/n involves a real sequence (,) converging to T,

(Vo) > ()

where L% (resp., ngiTn) is the largest (resp., smallest) eigenvalue of Z, =
Z+(27/(p+2)W,, with W, :=diag(p—1,—-1,...,—1) for7 >0 and W, :=
diag(—1,...,—1,p—1) for 7 <O0.

A direct consequence of Theorem 5.1(i) is that simulations can be used to
obtain arbitrarily precise estimates of the asymptotic critical values needed to
implement the tests (;ng), qb(f) and ¢(in). For instance, the test qb(f) will re-
ject the null hypothesis of uniformity at asymptotic level o whenever Tj_") =
\/ﬁ(p;\nl — 1) > ™ where ¢™  denotes the upper a-quantile of m inde-

D,0, Dy0,+
pendent realizations of L;**. Interestingly, the following corollary shows that

simulations can actually be avoided in dimensions p = 2 and p = 3, as the
asymptotic null distribution of Tin), 7™ and Tf) can be explicitly determined

for these values of p (the result for T_YL) and 7™ in dimension p = 3 in (15)
below agrees with the one from Anderson and Stephens, 1972).

Corollary 5.1. (i) Under the null hypothesis of uniformity over St, the test

statistics Tin), Tfn), and T i") converge weakly to L5'®*, where Ly®* has cumu-
lative distribution function

0 (1 —exp(—£*))I[¢ > 0]; (14)

(ii) under the null hypothesis of uniformity over S2, the test statistics TJ(rn) and

7™ converge weakly to L5, where LY'** has cumulative distribution function

s {D(V50) + D(¥FE) + 307 (¥34) — 1} 1] > 0], (15)
whereas the test statistic Tin) converges weakly to Lz := max(L§a*, — L),

where Ly has cumulative distribution function

0 {20(2E) + 60" (¥2L) — 2307 (*2L) — 1} 1[¢ > 0] (16)

(here, ®" is the second derivative of the standard normal distribution func-
tion ®).

Writing A¢(A) for the ¢th largest eigenvalue of the p x p matrix A and de-

noting as 2 equality in distribution, Theorem 5.1 entails that, under the null
hypothesis,

T Bopmax — \((Z) 2 A\ (~2) = —\(Z) = —Lin 27t
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This shows that, for any dimension p, the test statistics T_f_") and T™ share
the same weak limit under the null hypothesis, which is confirmed in dimen-
sions p = 2, 3 by Corollary 5.1. Maybe surprisingly, this corollary further implies
that, for p = 2, the two-sided test statistic T in) has the same asymptotic null
distribution as TJ(F") and Tﬁn). This can be explained as follows: since S,, has

trace one almost surely, its eigenvalues ;\ng, ¢ =1,...,p sum up to one almost
surely (incidentally, this implies that the quantities \/ﬁ(pj\ng —-1,¢4=1,...,p,
do not admit a joint density, not even asymptotically so, which makes the proof
of Theorem 5.1 rather challenging). For p = 2, it follows that TJ(rn) =7 = Tj(:n)
almost surely, which of course entails that these three tests statistics share the
same weak limit, not only under the null hypothesis but under any sequence
of hypotheses. In line with this, Ly#* = —L5%" = max(L5?*, —L"™) almost
surely for any 7 € R.

To check the validity of Theorem 5.1 and Corollary 5.1, we conducted the
following numerical exercises in dimensions p = 3 and p = 10. We gener-
ated 5000 mutually independent random samples of size n = 2000 (for p = 3)
and n = 10000 (for p = 10) from the Watson distribution with location 6 =
(1,0,...,0) € RP and concentration k, = 7p/y/n, for 7 = —4,-3,0,3,4.
Figure 3 plots kernel density estimates of the resulting values of TJ(rn), e

and Tin), along with the densities of the corresponding asymptotic distribu-
tions; for p = 3 and 7 = 0, these densities are those associated with the dis-
tribution functions in (15)—(16), whereas, in all other cases, they are kernel
density estimates obtained from 10° independent realizations of Lya*, —Lmin,
and max(Lgfix, —ngiT“), respectively; see Theorem 5.1. Clearly, the results sup-
port our asymptotic findings. It is seen that the one-sided test qbsf) not only
shows power against the bipolar alternatives it is designed for (those associated

with 7 > 0) but also against girdle-type ones (those associated with 7 < 0),

which is actually desirable. The same can be said about the one-sided test qbgn),
but each of these tests, of course, shows higher powers against the alternatives it
was designed for. In contrast, the two-sided test ¢>$ )

pattern for positive and negative values of 7.

shows a symmetric power

6. Finite-sample comparisons

In the previous sections, we conducted Monte-Carlo exercises in order to check
the correctness of our null and non-null asymptotic results, but it is of course of
primary importance to compare the power behaviors of the various tests con-
sidered in this work. In this section, we therefore study the finite-sample powers
of the Bingham test ¢1(3T1L31g and of the test ¢$l) (we could similarly consider the
tests qS(_") and ¢>§? )), and we compare them with those of the optimal specified-6
test ¢(072- Our asymptotic results further allow us to complement these finite-
sample comparisons with comparisons of the corresponding asymptotic powers.

We conducted the following Monte Carlo experiment. For any combina-
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p=3 (n=2000) p=10 (n=10000)

© _ it © _
o P o -
— 1=4 ”i’
— =3 |lv i
’ - =0 i 1
. = X — =3 % | U
2 oe '!, s = "v l
4 I
~ ~ f ’ Pl \
S {11 s (e
‘i”’l ‘ h |"‘ I .
Ll il
o .J‘!!!!!Il'" i _ o | :L...llll...mil" [N
° T T T T 1 ° T T T T T 1
0 2 4 6 8 2 4 6 8 10 12
29 =1 o
w
- : e
'_ o (=] " ,‘ \
: | |‘
{ |
g1 S |“‘ 1
= 2
||||‘ ” I
il
| J ) .
e r T T T 1 e I T T T T 1
0 2 4 6 8 2 4 6 8 10 12
fi
© _ 1 o R
2 S
.| - N
+H o o
| ] '”
i
S 3 | ”|l|
« it
| il
o LLiy !!nlllll o I .nlllziﬁ"""
2 =
r T T 1 T T T T 1
0 2 4 6 8 2 4 6 8 10 12

Fic 3. (Left:) Plots of the kernel density estimates (solid curves) of the values of Tj_n) =

Vi(pin1—1) (top), ™ = —V(pAnp—1) (middle) or Tin) = max(Tin),Tin)) (bottom), ob-
tained from 5000 independent random samples of size n = 2000 from the Watson distribution
with location @ = (1,0,...,0) € RP and concentration k = Tp/\/n, with T = —4,-3,0, 3,4
and with p = 3; for T = 0, histograms of the corresponding test statistics are shown. The den-
sity of the corresponding asymptotic distributions are also plotted (dashed curves). (Right:)
The corresponding results for p = 10 and n = 10000. See Section 5 for details.

tion (n,p) of sample size n € {200,20000} and dimension p € {3,10}, we
generated collections of 2000 independent random samples of size n from the
Watson distribution on SP~! with location @ = (1,0,...,0) € RP and con-
centration k, = 7yp/y/n, with 7, = 0.8/, £ = 0,1,...,5. The value £ = 0
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corresponds to the null hypothesis of uniformity, whereas £ = 1,...,5 provide
increasingly severe bipolar alternatives. In each sample, we performed three

tests at asymptotic level o = 5%, namely the specified-0 test qbgl) in (5), the

Bingham test ‘bl(;l)qg in (8), and the test gbf) in (11); for p = 3, the asymptotic

critical value for ¢T) was obtained from Corollary 5.1(ii), whereas, for p = 10,
an approximation of the corresponding critical value was obtained from 10000
independent realizations of L;'** in Theorem 5.1.

Figure 4 shows the resulting empirical powers along with their theoretical
asymptotic counterparts (for any given p and 7y, the asymptotic power of ¢SLn)
was obtained from 10000 independent copies of the random variable L2* in

p,Te

Theorem 5.1). The results show that, as expected, the optimal specified-0 test
outperforms both unspecified-0 tests. The test gbf) dominates the Bingham

test (bgglg and this dominance, quite intuitively, increases with the dimension p.
Clearly, rejection frequencies agree very well with our asymptotic results for
large sample sizes.

7. Final comments and perspectives for future research

Axial data are commonly met in applications, which explains that statistical
procedures for such data are presented in most directional statistics monographs
and have been the topic of numerous research papers; we refer to Fisher, Lewis
and Embleton (1987), Mardia and Jupp (2000), Ley and Verdebout (2017),
and to the references therein. However, the non-null properties of axial tests of
hypotheses are barely known, compared to those of their non-axial counterparts.
Since this is in particular the case for axial tests of uniformity, we systematically
studied in this work the asymptotic power of several axial tests of uniformity.
In particular, we derived the asymptotic powers of the Bingham and Anderson
tests under contiguous rotationally symmetric alternatives. Our results identify
the underlying contiguity rate and allow for theoretical power comparisons.
Throughout, our asymptotic findings were confirmed via simulations.

Far from being of academic interest only, our results will be useful to practi-
tioners. First, our results guarantee that the tests we study in this work indeed
show power against axial alternatives to uniformity. Second, the specific limiting
powers we provide allow one to determine the sample size that should be used
to achieve a given target power. Last but not least, our results suggest that a
natural approach in practice is to combine the outcome of the various tests of
uniformity we studied, as this will provide some insight on why a possible rejec-
tion occurs. For instance, if the Bingham test does not lead to rejection but the
Anderson tests do, then we may infer that the departure from uniformity does
not materialize in a single direction but is rather spread over several spikes. As
another example, comparing the outcomes of the various Anderson tests will
inform practitioners on the bipolar or girdle nature of the distribution.

The non-null asymptotic analysis conducted in this work essentially settles
the low-dimensional case. Perspectives for future research therefore mainly re-
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FIG 4. Rejection frequencies (solid curves) of three axial tests of uniformity over SP~1
obtained from 2000 mutually independent random samples of size n from the Watson distri-
bution with location @ = (1,0,...,0)" € RP and concentration x = 1yp/+/n, with £ =0 (null
hypothesis of uniformity) and 7 = 0.8,1.6,2.4,3.2,4.0 (increasingly severe bipolar alterna-
tives). The tests considered are the test d)iﬁr) in (5), the Bingham test (]b](;ir)]g in (8), and the
test (;53?) in (11). The corresponding asymptotic powers (dashed curves) are also provided;
see Section 6 for details.

late to the high-dimensional framework. It is rather straightforward to extend
the contiguity and LAN results in Theorems 2.1-3.1 to the case where the di-
mension p = p, diverges to infinity with n at an arbitrary rate. However, in high
dimensions, it is extremely challenging to derive the non-null asymptotic powers
of the Bingham and Anderson tests under suitable local alternatives. For the
Anderson test, for instance, this is due to the fact that eigenvalues of sample co-
variance matrices suffer complicated phase transition phenomenons which, close
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to uniformity, result in a lack of consistency. These challenging questions are of
course beyond the scope of the present work, hence are left for future research.

Appendix A: Proofs of Theorems 2.1 to 4.2

These proofs require the following preliminary result.

Lemma A.1. Let g : R — R be twice differentiable at 0, (k,) be a sequence
in Ro, and (py) be a sequence in {2,3,...}. Assume that &y, is o(p,) asn — oo.
Then,

1
R,.(g9) = cpn/ (1—32)(1’"*3)/29(/&7132)ds
-1

K 3K2 K2
= 9(0) + p—:g’(o) + 72pn(pn”+ ) g"(0)+o (p—;) ,

with ¢y =1/ [, (1 — s2)P=3)/2 4.

PROOF OF LEMMA A.1. Recall that if X is uniformly distributed over SP» 1,
then, for any 8 € SP»~!, we have that 8'X has density ¢, (1—s2)®»=3)/2][|s| <
1], that is, the distribution of 8'X is symmetric about zero and such that (8'X)2 ~
Beta(1/2, (p, — 1)/2). Consequently,

1

cpn/ s2(1 — s2)Pn=3)/2 45 = B[(0'X)?] = i, (17)

1 Pn

and
1

3
¢ sH(1 — s2)Pn=3/2qs = E[(0'X)}] = ————— 18
p"/,l ( ) (6'X)’] Pn(pn +2) (18)

From (17), we can write
1
Rn(g)—g(O)—]/j—”g’(O) = ¢p, / (1=5") =72 (g(kns®) — g(0) — knsg'(0)) ds.
n -1

1/2

Letting ¢ = |ky|"/*s and using (17)—(18) then provides

Ru(g) — (0) — ]’j—:g%m

_ /°° ) <g(|§—zt2) —9(0)—|,’i:—zt29’(0)> "

t4
or, equivalently,

Kn 3“i
R(g) = 9(0) = 529'(0) — 55-p25579" (0)
3Kk2

P (Pn+2)
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0 Kn 42\ _ _ Kn 42/
:/ ot (g(mlt) 9(0) |mlﬁ{/(O)) dt_%g,,(()% (19)

t4

— 00

where h,, is defined through

1 2\ (pn—3)/2
(=) (- (=) I[Jt] < ma] /7]
Eis hy(t) = - .

. 1/2 4 2 (pn_3)/2
ftvs (wfee) (0= (i) )

Since £, is o(py), it can be checked that the sequence (h,) is an approzimate
§-sequence, in the sense that [*_h,(t)dt =1 for any n and [*_h,(t)dt — 1
for any € > 0. Hence,

o Ko $2) — _ En 42/
lim hn (1) <g(nn|t ) = 9(0) — iz t%g (0)> "

4
n—oo J_ o t

. g(‘::|t2) —9(0) — \22|t29,(0)
= lim )
t—0 t4

which, by using L’Hopital’s rule, is equal to

2 n 1 2 2 n 7
Bn g’ (I';n‘t ) — \:Mg’(o) _ 1 . g’( Fn tz) —g’(O) 1

[fn

. [Kn _ ="
b 4¢3 2 t—0 et — 29 ()
The result thus follows from (19). O

The proof of Theorems 2.1-3.1 actually only requires the particular case of
lemma A.1 corresponding to p, = p. We still presented this more general version
of the lemma as it allows one to extend Theorems 2.1-3.1 to high-dimensional
asymptotic scenarios where p,, would diverge to infinity with n (this would prove
the claims in high dimensions provided in the last paragraph of Section 2).

PROOF OF THEOREM 2.1. In this proof, all expectations and variances are
taken under the null of uniformity Pé") and all stochastic convergences and op’s

are as n — oo under P(()n). Throughout, we write ¢7; := (log f)* and E,; =
E[l7 k(5 (X7,;0)%)].
Consider the local log-likelihood ratio

(n) n
A, :=log L)e’”"’f = Z log Cpen. F (i (X5,,0)°)
dPE)n) i=1 “p

=n <10g Cp’gi"’f + Enl) + Z (log f (K (X},:0)%) — En1)

P i=1
=: Lyp1 + Lpa.
Lemma A.1 readily yields
1
log —Cp’;"’f = —log (cp/ (1- 82)(p_3)/2f(/£n82) ds)
-1

P
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_ Kn 3I</72’L " 2
‘_bgo*"5+dmp+mf<m+0“”>

K 3Kk2 K2
= = f(0) + =2 + o(K2). (20)

P 2p(p+2) 2p?

Similarly,

1
B, = cp/ (1- 82)(”_3)/2@’1(/@7152) ds

-1

2
= B 1(0) g 14 (0) + ol)
2
=B (0 = 1) o). ()

Combining (20) and (21) provides
2

2 2
3 -1
n/fg _ 3nky o) = _n/izn(p )
2p 2p(p+2) p%(p +2)
Turning to L,s, write

n n
lOg f(Rn(X/ 0)2) - Enl
Lo = +/nV, g Wi == V1V, E ne ,
i=1 i=1 VnVy

where we let V,, := Var[log f(k,(X],;0)?)]. First note that, since

Ly = + o(nni).

1
E,s = cp/ (1-— 52)(”*3)/2@72(&”52) ds
-1

En o, 3K2

= 0 5(0) + ——2—0,(0) + o(k2
00 + g al0) + o)
3K2 9
= " — + o(k3), 22
P DY (k) (22)
we have
_ 2nkZ(p—1)

Vn = En _E2 =
n Tl( 2 nl) pg(p+2)

which leads to

A, = 7@ + \/WM + o(nk2) i Wi + o(nk?). (24)

P?(p+2) P*(p+2) P
Since W,;, i = 1,...,n, are mutually independent with mean zero and vari-
ance 1/n, we obtain that
2kt (p—1)2 2nk2(p — 1)
E[A2] = (E[A,])* + Var[A,] = %—1—0 2K+ St o(nk2).
[A2] = (B[A)) + Var(d,] = R Pl onid) + e B o)

(25)
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If , = o(1/y/n), then (25) implies that exp(A,,) = 1+ op(1), so that Le
Cam’s first lemma yields that Pénlln ¢ and Pé") are mutually contiguous.
We may therefore assume that k, = 7,,/y/n, where (73,) is O(1) but not o(1),

or, equivalently, that k, = 7,p/y/n with the same sequence (7,,). Then, (24)
rewrites

(p—1)72 2(p —17'2
An:_ & Wi
pr2 T pre2 Z +oll

Applying the Cauchy-Schwarz inequality and the Chebychev inequality, then
using Lemma A.1 and (23), yields that, for some positive constant C' and any € >
0,

> EWEIIWail > €]]

i=1

1 CVnEny
< n\/E P[|[Wai| > €] \/E WA Var[W,,;] = g\/nE[Wr‘m < v
1/2
R R
(e ot (P +otr2)

where we have used the fact that ¢} ,(0) = ¢7,(0) = 0. This shows that
S, Wi satisfies the classical Levy-Lindeberg condition, hence is asymptoti-
cally standard normal (as already mentioned, W,;, ¢ = 1,...,n, are mutually in-
dependent with mean zero and variance 1/n). For any subsequence (exp(A,,,))
converging in distribution, the weak limit must then be exp(Y), with ¥ ~
N (—n,2n), where we let n:= ((p —1)/(p + 2)) limy, o0 7,2, . Mutual contiguity
of Pgin ; and P{™ then follows from the fact that Plexp(Y) = 0] = 0 and
Elexp(Y)] = 1. O

PROOF OF THEOREM 3.1. As in the proof of Theorem 2.1, all expectations
and variances in this proof are taken under the null of uniformity P((Jn) and all

stochastic convergences and op’s are as n — co under Pé"). Recall that we have
obtained in the proof of Theorem 2.1 that

(p—1)72 2(p —17'2
An = - & Wi
p+2 * p+2 Z +oll

2
T2
_? p+ ‘Tn|F1/2 Zan +OP( )

=1

where Y"1 Wi = (1//nV,) o0 (log f(kn(X),;0)?) — E,1) is asymptotically
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standard normal. Since (Tanl/ ®)is O(1), it is therefore sufficient to show that

d, :=E Krpl/?Ag") - ;—:' 3 Wm> T =o(1). (26)

To do so, write

oA T N
Fp AG |Tn|ZW
=1

= \/TiTn i (p\/vnrpuz((xgio)? _ %) _ %(logf('%"(xlmo)z) . En1)>

M,
= . 27
A (27)
Then using the fact that E[(X/,,0)?] = 1/p and E[(X],0)*] = 3/(p(p + 2))
(see the proof of Lemma A.1) provides Var[(X!/,,0)%] =T',/p?, we obtain
1 2
B[M;] = (p\/VnFZjl/2 ((Xﬁue)g—]—))—m(bg flEn(X %19)2)—]5”1)) 1

—onV,—20p Ty VT [((x;19>2—]%> (log f(%(xgle)z)—Enl)} ,

ITn
which, letting g(z) := zlog f(x), rewrites
Enl

2nV, — znp\/Vnr;W':—"‘ (E[(X;”-G)2 log f(kn(X,,0)%)] — 7)

B[M;]

Vi

Kn

— V., — 2/nV, I 1/27"(

|7nl

E[g(50(X},0)%)] = VB ). (28)

Lemma A.1 provides

Blo(r, (X110)%)] = [ (1= 52)079 200,52 ds =~ 4 o(02).

Using this jointly with (21) and (23), it follows from (27)—(28) that
9 3vVnkn Vikn \ \/ﬁmn 3v/nk2 " 1 2
(B 4o (2 4 BIE($1(0) — 1) + o /n2)
dn =2- nk2 F 1/2
VIlmal (M5 + o(ni) )

27, (I‘an + 0(1))

VoIl (Tp72 + 0(1) 2
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as was to be shown. O

PrROOF OoF THEOREM 4.1. First note that by proceeding strictly along the
same lines as in the proof of Theorem 3.1, one can show that, for any se-
quence (6,,) in SP~1, and any real sequence (7,,) that is O(1) but not o(1),

apy 72
log T Ok f TnA(n) — =Ty +op(1), (29)
dp{ R

under P(()n), with k, = 7,p/+/n (that is, the stochastic second-order expansion

in (4) remains true if one replaces the fixed location 8 with an n-dependent
value 8,,). Therefore, noting that the parameter value 9,, = (p/+/n)*/?7, in the
statement of the theorem corresponds to 8,, = 7,,/||Tx| and &, = p||7,[]?/vV/7,
we have

n (n)
ap{V dP . o
1 n>f =1 o/ lTnll 2l T ll2 /7, f _ QA(’VE) B " r .
T Py lrnl"AT e = 5 Tp +op(D)

under Pén). Now, since the central sequence in Theorem 3.1 rewrites

) _ P b2 1\ (g _ L

= pv/n (0 ® 8)'vec (sn - ]191,,) = (vec(66'))'A™ | (30)

this rewrites

apy) ESE
1 nof VWA Tl 1
o) (vec(TnT))) 2T, +op(1)

under Pé"). By using the identities (vec A)'(vec B) = tr[A’B] and K, (vec A) =
vec(A'), straightforward calculations yield ||7,,||T, = (vec(7,,7},))'Tpvec(T,T.,),
which establishes (7). Since the asymptotic normality result readily follows from
the multivariate central limit theorem, the theorem is proved. ]

PROOF OF THEOREM 4.2. Denoting as Eé") and Varé") expectation and

variance under P((Jn)7 one has (see (30))

1 !/
lim BV [ASYA™] = lim E{Y lA(") <p\/ﬁ (0 © 6)'vec (sn - Ip)> ]
n—o0 p

n—oo

= lim Var{”[AM](0©0) =T,(0©).

n—oo



2146 Chr. Cutting et al.

Therefore, Le Cam’s third lemma implies that, under Pgin P with k, = 7p/\/n,

(r # 0), A™ is asymptotically normal with mean vector 7T, (8 ® 6) and co-
variance matrix I'p, so that, under the same sequence of hypotheses,

n n - n D
QM = (AM)T,A™ 337 (9),

with
5= 700 0)T, T, T,(000) — L (2 2) - 21T
-7 e Cp+2\ p/ o p+2
The asymptotic power in (10) readily follows. O

Appendix B: Proofs of Theorem 5.1 and Corollary 5.1

PROOF OF THEOREM 5.1. Since E[X,,1X/,] = (1/p)I, and E[vec(X,,1X/,;)
(vee(Xn1X]1)) ] =1/(p(p+2))(I,2 +K, +J,) under P(()n) (see, e.g., Lemma A.2
in Paindaveine and Verdebout, 2016), the multivariate central limit theorem
yields

1 1
VnveeS, — -1, ) BN(0, =V, ).
P 2 ' P
p p

Now, by using (30), we obtain that, under Pén),

1 1 1
E [\/ﬁvec (Sn — EIP) Ag")} = npE [Vec (Sn - —Ip)vec’ (Sn — ;Ip)]vec(HO’)
p

1 2 2
= —V 00') = 00’ — 1,),
p(p2 p) vec(00") pryre 2vec( ) o+ 2) vec(I,)

so that Le Cam’s third lemma shows that, under ng,)%,f, where K, = T,p/v/1n
is based on a sequence (7,,) converging to 7,

1 D 2T 1
V/nvec (Sn — 51,,) - N(p - 2vec(00’) — vec(I,), va)

p(p+2)

which rewrites

\/ﬁvec(Sn — En) z N<0, 12Vp>, (31)
p
where
1 2T 2T
X, = - - I, + 00[
<p Vnp(p + 2)) P Vn(p+2)

- Ga i %)90/ * <:‘, - m)(lp - 00)).
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We need to consider the cases (a) 7 > 0 and (b) 7 < 0 separately.
In Case (a), 3, has eigenvalues

1 2(p— Dt 1 27
Mg = -4 L7 and A= = Ay —m— - —— (32
YT V(e + 2) ? Pp o Vnp(p+2) (32)

Fix then arbitrarily 6s, ..., 0, such that the p x p matrix G, := (0,02, ...,6,)
is orthogonal. Letting A,, := diag(An1, An2; - - -, Anp), we have X,,G, = G,A,,
so that G, is an eigenvectors matrix for 3,,. Clearly, &,1 = \/ﬁp(j\nl — An1)
is the largest root of the polynomial P,i(h) := det(v/np(S,, — An1l,) — hI,),
whereas &,, := v/np(Anp — Anp) is the smallest root of P,,(h) := det(v/np(S, —
Anplp) — hI,). Letting

Zn = \/ﬁp(G;SnGz) - An) = G;\/ﬁp(sn - En)G;m (33)

rewrite these polynomials as P,,;(h) = det(v/npG},S, Gy, — v/npAn;I, — hl,) =
det(Zy, + /np(Ay, — A\p;I,) — hI,), j = 1,p, which gives

P,1(h) = det(Z,, + diag(0, —v,,...,—v;) — hl,)

and
P,,(h) = det(Z,, + diag(v;,0,...,0) — hl,),

where we wrote

2(p—1 2 2

Vaplp+2) " Vapp+2)|  p+2

Note that (31) readily implies that vecZ, = /np(G, ® G,) vec(S, — ;)
converges weakly to vecZ ~ N(0,V,). It readily follows that (&,1,&n,)" con-
verges weakly to (€1,&,)’, where & is the largest root of the polynomial det(Z +
diag(0, —v,, ..., —v,)—hl,) and &, is the smallest root of the polynomial det(Z+
diag(v;,0,...,0) — hL,). This implies that

() = (o))

D & 2T p—1 o m

2(8) ) =)
Clearly, n; is the largest root of the polynomial det(Z + diag(0, —v,,...,—v;)+
(2(p — 1)7/(p + 2))I, — hI,), that is the largest eigenvalue of Z + (27/(p +
2))diag(p — 1,—1,...,—1), whereas 7, is the smallest root of the polynomial
det(Z+diag(v,,0,...,0)—(27/(p+2))I, — hI,), that is, the smallest eigenvalue
of Z + (27/(p + 2))diag(p — 1, —1,...,—1). This proves the result for 7 > 0.

We turn to Case (b), for which X, has eigenvalues

1 27 1 2(p— D)t
An =...=)\n’, =———— and N =—-—+—-—"—- 34
' LT Vnp(p + 2) Pp o Vnp(p+2) (34
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Here, we accordingly fix arbitrarily 61, ..., 60,_1 such that the pxp matrix f}p =
(01,...,0,_1,0) is orthogonal. Still with A,, := diag(An1, An2, ..., Anp), we have
Enép = GpAn, so that C-‘:p is an eigenvectors matrix for 3,. As above, &, :=
VIp(An1 — An1) is the largest root of the polynomial Py (k) := det(v/np(S, —
Anal,) — hI,), whereas &, := \/ﬁp(j\np — Anp) is the smallest root of P,,(h) :=
det(v/np(S,, — Anpl,) — hL,). Letting

Zy, = Vnp(GLS, G, — Ay) = Ghv/np(S, — 2,)Gy, (35)

rewrite these polynomials as P,;(h) = det(\/ﬁpé;Snép — Vnpp;I, — hl,) =
det(Z,, + /np(A, — A\p;I,) — hI,), j = 1,p, which here gives

P,1(h) = det(Z,, + diag(0, ...,0,v,;) — hl,)

and
P,,(h) = det(Z,, + diag(—v,,...,—v,,0) — hl,),

with the same v, as above. Of course, we still have that vecZ, = \/ﬁp(ép ®
Gp)’vec(Sn — %,,) converges weakly to vecZ ~ N(0,V,). It readily follows
that (&,1,&np)" converges weakly to (€1,&p)’, where & is the largest root of the
polynomial det(Z + diag(0,...,0,v,) — hI,) and &, is the smallest root of the
polynomial det(Z + diag(—v,, ..., —v,,0) — hI,). This still implies that

() = ()50

D & 2T —1 ( m )
— +— = :
(fp> P+2<p_1> "y
Clearly, n; is the largest root of the polynomial det(Z + diag(0,...,0,v,) —
(27/(p+2))I,—hl,), that is the largest eigenvalue of Z+(27/(p+2))diag(—1,...,
—1, p—1), whereas n, is the smallest root of the polynomial det(Z+diag(—v, ...,

—v7,0) + (2(p — 1)7/(p + 2))I, — hl,), that is, the smallest eigenvalue of Z +
(27/(p + 2))diag(—1,...,—1,p — 1). This establishes the result for 7 < 0. O

PROOF OF COROLLARY 5.1. According to Theorem 5.1, L;'** is equal in

distribution to the first marginal of £7) = (Egp), . ,6,(,’7))’, where Egp) >...> €,(,p)
are the eigenvalues of Z = (Z;;), with vecZ ~ N(0,V,). Note that Z;; = Zj;
almost surely for any 1 < i < j < p, so vec Z may not have a density with respect
to the Lebesgue measure on ]Rp2, but vech Z might in principle have a density
with respect to the Lebesgue measure on RP(P+1)/2_ If vech Z indeed has such
a density, then Theorem 13.3.1 of Anderson (2003) can be used to obtain the
density of £%) from that of vech Z. However, since tr[Z] = (vec I,) (vecZ) =0

almost surely, vech Z does not admit a density and the eigenvalues éﬁ” ) 62(7;) )

add up to zero almost surely (and thus do not admit a joint density over RP
either).
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We solve this issue by considering a sequence of p x p random matrices Zs,
(k=1,2,...), with 0x(> 0) converging to zero as k goes to infinity, and such
that vec Zs ~ N(0,V,5), with

P 2—90
= —(I K,)—-—J,.
Vp,5 p—|—2( p2 T p) p+2Jp

Of course, Zs, converges weakly to Z, so that the continuous mapping theorem

ensures that K(p) (E(lgi, e ,81(36 ) (here, Eﬁ;) > ... > 6%) are the eigenval-

ues of Zs) also converges weakly to £P) = (f?’,...,éﬁ}’))’. Let then D, be
the p-dimensional duplication matrix, that is such that D,(vechA) = vecA
for any p x p symmetric matrix A. Write W5 := vechZs = D, (vecZs),
where D, = (D, D,,)"'Dj, is the Moore-Penrose inverse of D,. By definition
of Zg, the random vector Wy has density

a 1 _
Wr—>h5(w):ﬁexp(fiw’(Dp{ﬁ(Ipz +K,) Z_g.] HD ) >

where
(p+ 2)p(p+1)/4
2P +3p=2)/4(p)p(p+1)/4

ap =

is a normalizing constant. By using the identities K,D, = D, and D, (vecI,) =
Dy, (vecI,) = vechl,, it is easy to check that

(D, {212 +K,) - 533,}1(D,))

_p+2
2

2—0

1 2

/ p+2

D {2“?2 +Kp) + m%}[’p
p+2 p+2

2-9

p+2

% D, { (Ip> + Kp) +

Using the identities (vec A) (vecB) = tr[A’B] and K, (vec A) = vec(A’), the
resulting density for Zgs is therefore

z — f(z) = hs(vechz)

%JP}DP(VGC}I z))

p+2 1
p ( T (vech z)’D;{ﬁ(IPz +K,)+

ap
—=ex
Ve

_ Gy p+2 , 2-9

=7 exp( I (vecz) {Ipz + o Jp}vecz)

— %exp(f 1%192 {(ter) + %(trz)z})
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Theorem 13.3.1 from Anderson (2003) then implies that K(p) (Eg’g), . ,El(fs))
has density

(b1, ) %exp (— % {(ieﬁ) + 25—;5(;2&)2})
x( 11 (zk—zj)> Ity > ... > 4],

1<k<j<p
with
(p + 2)plr+1)/4

b, == —.
P o 43p-2)/4pp(p+1)/4 [T-.T(%)

We now turn to the particular cases (i) p = 2 and (ii) p = 3 considered
in the statement of the corollary. (i) Our general derivation above states that

6 = (12 12y has density (£1,05)" — T(£1, )]0y > €3], with

T(lr,65) 1= —— (01 — Lp)e~ HEHE T35 (s t)'),

1
V21h

Direct computations allow checking that Z(¢1, £2) is the derivative of the function

V20 B+ (o))

VPR
25/2¢, _2 ((2-0)0+ (24 0)6
T erapr’ (b< 25(5 + 2) >

It follows that Zﬁ) has density
£y
61 ’—)/ I(El,gg)deg

[ V2 (Bei) 2 )

V(2 +9)
L 2P eii%(@“s)gl”“‘s)&)r
(2+0)3/2 25(6 + 2) -

V28 L 25/24, e;ﬁ@< 40, >
V(24 6) (2 +6)3/2 2600 +2))

Taking the limit as § — 0, we obtain that 6(2)( L) has density ¢ +—
20y exp(—£3)I[¢; > 0]. From Theorem 5.1, this is the density of the asymptotic

distribution of TJ(F") = /n(pAn1 —1). Part (i) of the result then follows from the

fact that Ti") =7" = Ti”) almost surely for p = 2 (see the discussion below
the corollary).
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(i) For p = 3, the density of £ = (6% {2 {3y is
(01,02, 03)" = T (1,4, L3)I[l1 > Lo > 5],
with

125

01,5, lg) = ———
T, b ts) 21678

(01— £2) (01— £3) (£g — £3) e~ T2 {EHBHE)F 25 (L4 b2+:)°)
Lengthy yet straightforward computations show that J(¢1, {2, ¢3) is the deriva-
tive of the function €3 — K (41, {2, ¢3), with

K(fl, €2,€3) =

25V/5 (¢, — £3)
487(1 + )2

) {2(201 + 205 — €3) + 5(ly + b3 — 20y) Y T2 {BHETE) T35 (L+62+£:))

5v10(4; — £3)
288 /m(1 4 6)5/2

x{20(20} + 50105 + 202) — 25(5(¢1 — £3)* — 18) — 62(5(¢1 — £3)* — 36)}

o ity e et —t)? q)(\/5(2(£1 + by + l3) — 8(4y + €5 — 252)))_
6/5(1+6)

Therefore, (Eg),ﬂg?)’ has density

£y

(01,03) — ( 5

= (K(€1,01,03) — K(€1,l3,03))1[t1 > £3],

Ty, €y, 03) d€2>11[€1 > (5]

with
IC(£17£13£3) - K(£17€33€3) =

_ 25\/5(61 — 63)

487 (1 + 6)2 (2001 + 205) + 5(Ls — 1y) e~ 2 LRATE) T 204307
i

25V/6(01 — 3)

ar(L gy 220+ L)+ 3(6 — ) e HHHARIT (2
™

5v 10(61 — 63) _ 20(2%+21@31(€§):;”5(51*43)2
I 24(1+
288 /(1 + 0)5/2°

x{20(20] + 50105 + 203) — 25(5(¢1 — £3)* — 18) — 62(5(¢1 — £3)* — 36)}
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V5(2(201 + £3) — 6(€5 — £1)) _ V5(2(01 + 2€3) — (41 — £3))
XF( 61/0(1+0) ) (I)( 64/0(1+0) )}

Taking the limit as 6 — 0 shows that the density of (653), éég))’ is

100410
288./7

5(3+2103+3)

(€1—03) (2024501034202 e™ 6 N[=20; <3< —11/2].

(36)
(n) _

(fl,fg) = —

From Theorem 5.1, the density of the asymptotic null distribution of T}

\/_ (pAn1 — 1) coincides with the density of E( )( L), After marginalization
n (36), this last density is seen to be

/5 _522 /5 542 3 /5 9 _ﬁ
— 2 — —/ — — >
61 — { 27‘(6 6 4 o (521 4 } Ml O]

— {20V + () 43 e () it > 0]

which proves the result for Ti”), hence also for T (recall from the discussion
below the corollary that T(n) and T(n) share the same weak limit in any dimen-
sion p). Finally, the result for Ti follows from (36) by using the fact that T(")
converges weakly to max(f(s) EéB)). O
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