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Abstract

Vector Gaussian processes are becoming increasingly important in machine learning and
statistics, with applications to many branches of applied sciences. Recent efforts have al-
lowed to understand smoothness in scalar Gaussian processes defined over manifolds as well
as over product spaces involving manifolds. This paper challenges the problem of quantify-
ing smoothness for vector Gaussian processes that are defined over non-Euclidean product
manifolds. After noting that a constructive RKHS approach is unsuitable for this specific
task, we proceed through the analysis of spectral properties. Specifically, we find a spectral
representation to quantify smoothness through Sobolev spaces that are adapted to certain
measure spaces of product measures obtained through the tensor product of Haar mea-
sures with multivariate Gaussian measures. Our results allow to measure smoothness in a
simple way, and open for the study of foundational properties of certain machine learning
techniques over product spaces.

1 Introduction

1.1 Context

The paper deals with the smoothness of continuous vector-valued Gaussian processes defined on the product
of two spaces, with one of them being non-Euclidean, namely a hypersphere of d dimensions embedded in a
(d + 1)-dimensional Euclidean space.

Gaussian processes (Seeger, 2004) are ubiquitous in machine learning, statistics and numerical analysis. Vec-
tor (i.e., multivariate) Gaussian processes have recently received attention after the constructive approaches
proposed by Hutchinson et al. (2021). The impact of such processes on the machine learning community
ranges from regression (Chen et al., 2023), Bayesian optimization and active learning (see the discussion in
Hutchinson et al., 2021, and references therein), to relevance vector machines (Quinonero-Candela, 2004),
sensor networks (Osborne et al., 2008), text categorization (Kazawa et al., 2004), informance vector machines
(Lawrence et al., 2002), gradual learning (Yuan et al., 2022), and multitask learning (Bonilla et al., 2007;
Xing et al., 2021).

Vector Gaussian processes arise within the framework of multiple output learning of a vector-valued function
f=(f1,...,fp)" that is observed over a finite set Y = f(X) := {f(z1),..., f(zy)}, from training data z
collected over the training set X = {x,,...,zy}. Specifically, we suppose that x is defined over a product
space T(4F) = S x R* with S¢ being the unit sphere of dimension d and R¥ being the k-dimensional
FEuclidean space. The output space Y, where f is defined, has dimension p.

The problem can be tackled either assuming that f belongs to a reproducing kernel Hilbert space (RKHS)
of vector-valued functions or assuming that f is drawn from a vector Gaussian process.

We start by illustrating the RKHS perspective for vector-valued functions that are reproduced through
matrix-valued kernels, denoted K throughout, being matrix-valued functions from Y(4%) 5 Y(d:k) jnto RP*P,
A vector RKHS is a Hilbert space, H 7 composed of vector-valued functions f such that, for all ¢ € RP and
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all z € Y(4F) | the linear combination f(z)"c is obtained through

f@) e = (f(), K (e,

where (-, ,)gL(N is the inner product on H . The kernel K is positive semidefinite: for any arbitrary system

cL of dlmensmnal real vectors and any finite collection of points {x in the input space, we have
k 1 OL p- y p Ly k) 1 p P

Z K(z), z))cx > 0.

h=1k=1

For a thorough review about RKHS for both scalar- and vector-valued settings, as well for material about
regularization in RKHS, the reader is referred to Hofmann et al. (2008) and Alvarez et al. (2012).

Although RKHS are a powerful instrument to quantify smoothness of scalar-valued Gaussian processes, the
same does not hold for the case of vector Gaussian processes, where the role of the matrix-valued kernel
remains unclear. Hence, we opt here for the alternative of matrix-valued kernels through vector-valued
Gaussian processes.

1.2 Why Studying Smoothness? Why Product Spaces?

Smoothness plays a fundamental role in numerous applications to machine learning and statistics. We men-
tion here the most recent development in Gaussian process regression. The recent work by Rosa et al. (2023)
deals with Bayesian contraction rates under the framework of Gaussian process regression with random de-
sign. Posterior construction rates provide a nice way to illustrate how a given class of posteriors concentrates
around the true data generating process. Rosa et al. (2023) prove that the contraction rates depend on the
smoothness of the underlying Gaussian process, the prior of which is defined through a Matérn kernel (Porcu
et al., 2023).

Well-known results from probability theory connect the smoothness properties of the Gaussian process with
those of the associated kernel (Yadrenko, 1983; Adler and Taylor, 2007). An intuitive way to look at the
geometric smoothness properties of the Gaussian process is by working under the framework of Sobolev
spaces.

Another relevant motivation for studying smoothness of Gaussian processes on manifolds is related to the
use of computational tools of kernel cubature and kernel discrepancy beyond the usual Euclidean manifold.
Barp et al. (2022) illustrate the importance of Sobolev spaces when quantifying kernel cubatures. These
topics have been popular in statistics, machine learning, and numerical analysis. Kernel cubature has been
applied in several contexts, and the reader is referred to Hubbert et al. (2023), with the references therein.

Studying smoothness on non-Euclidean manifolds has been important to several disciplines. For the special
case of the manifold being a d-dimensional sphere, applications include kernel cubature (Marques et al.,
2013; 2022), Stein’s method to numerically calculate posterior expectations in directional statistics (Barp
et al., 2022), and approximation of solutions of some classes of PDEs (see e.g. Fasshauer, 2007). Not to
mention that certain classes of kernels on spheres ensure that the solution of the PDE belongs to the RKHS
and, through the use of an appropriate kernel method, can be consistently approximated (see Fuselier and
Wright, 2009; 2012; Hubbert et al., 2015).

The product space Y(%*) has received increasing attention in the statistics and machine learning communities.
Applications from several branches of science justify this context, such as atmospheric science, environmental
science, remote sensing, geophysics, geology, geotechnics, social science, or neuroscience (Christakos et al.,
2000; Wingeier et al., 2001; Shirota and Gelfand, 2017; Sanchez et al., 2019; 2021; Porcu et al., 2021).

1.3 Challenges and Contribution

While scalar Gaussian processes are well understood, the literature on smoothness of vector Gaussian pro-
cesses in machine learning is scarce, with the notable exception of Cleanthous (2023), who provides an
ingenious construction for a Gaussian process defined over a ball embedded in R”.
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The literature is substantially lacking in characterizing the smoothness of vector Gaussian processes that
are defined over product spaces. Our paper contributes in this direction. Specifically,

a) we consider continuous vector Gaussian processes defined over the space Y(%*) as being previously
defined;

b) we take a spectral path to smoothness, through a proper spectral representation for a vector Gaussian
process on YT(@¥) and consequently for the related matrix-valued kernel;

¢) we construct a suitable Sobolev space for such a vector Gaussian process;

d) we provide a spectral characterization of smoothness that relies on the properties of the matrix-valued
kernel.

1.4 Outline and Notation

Section 2 provides a succinct mathematical background. Section 3 illustrates the way to construct proper
Sobolev spaces through spectral representations over the space T(%¥). Proofs are technical and deferred to
an Appendix. Section 5 concludes the paper with a discussion.

Hereinafter, Z, = {k € Z : k > 0}, i stands for the complex imaginary unit, p, d and k for positive integers,
and || - || for the Euclidean norm on R*. Bold letters denote vectors or matrices of size p x p. A refers to
the conjugate of a complex matrix A, and AT to its transpose. In order to work in multidimensional spaces,
we consider the multi-index notation: for @ = (a1,...,ax) € ZX and h = (hq, ..., hi) € R*, we set

k k
i=1 i=1

and for a, B € Z%

k
aﬂ:HafL7 aZB@O‘ZZﬂH VZ7
i=1
with the usual understanding that 0° = 1.

2 Vector Gaussian Processes

Let
TR = 8% x RF = {& = (x,t) € R x R* : ||| 401 = 1,t € RF}.

A p-variate (vector) Gaussian process, {Z(z) : & € T(**} is an uncountable collection of random vectors
such that, for any finite collection of points x, ...,z € Y(@*) the vector (Z(z;)",..., Z(zy)")T, having
dimension (px N)x 1, is a Gaussian random vector. A p-variate covariance kernel on T(**) is a matrix-valued
function .

K : Y@k o pldk) _, gexp
defined as

K (£7 g) = [I?Z] (&7 g)]?,jzl’ £7g c T(dak)7

where I?ij (@, g) = I~(ji (g, g) foralli,j € {1,...,p}and z,y € T (45 and where K is positive semidefinite,
that is, the pN x pN block matrix [/IZ (,,,z,,)] =1 is symmetric and nonnegative definite for any set of

Lmy &

points x,,...,zy € TF),

Hereinafter, we focus on the case where the mapping K is continuous, isotropic on S and stationary in R¥,
meaning that

K(z,y) = K((z,y),t—t'), (1)

for x = (x,t), y = (y,t'), with (-,-) denoting the dot product in R+ and a continuous mapping K :

[~1,1] x RF — RP*?, Throughout, K will be called a kernel for simplicity, albeit this should be called as
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the isotropic profile of the kernel K. This will not give rise to confusion as from now only the mapping K
will be used.

The fact that we consider kernels K of the type (1) has implications on the spectral representation of the
associated p-variate Gaussian process, Z. Arguments in Porcu et al. (2021) prove that

Z2@) =Y Y AL (OYngal@). z=(z,1)c TP, (2)

n=0qg€A, 4

Here, A, q is a set of finite cardinality, denoted dim(H2), associated with the spherical harmonics
Yn,q.4, which form an orthonormal basis for all Lebesgue-square-integrable measurable functions on the
d-dimensional sphere, S?. The sequence {Ag’q(-)} of vector Gaussian processes in R* determines the prop-
erties of Z.

In particular, under the assumption that
cov (A2 ,(t), AL (t) = bpn 0gq Chlt—t),  nn' €Zy, q€Ana ¢ € Ana,

for a sequence {C2(-)}2°, of matrix-valued covariance kernels such that {dim(H2)Cd(t—¢')}°° , is summable
at t = t', a direct application of the addition theorem for spherical harmonics (Erdélyi, 1953, formula 11.4.2)
shows that

cov(Z(z), Z(z')) = K(s,h)
= ) dim(3)CLR)GY I 2(s),  se[-1,1], heRF, (3)
n=0

where = (z,t), 2’ = (&/,t'), s = (x,2’), h=t—t'. In (3), when d > 1, G\=D/2 ig defined in terms of the
Z _ (d-1)/2
Gegenbauer polynomial G%d 1)/27 normalizing as Ssbd Dz (ﬁ]l_lim(l), while for d = 1, §% = T,, is the nth

Chebyshev polynomial of the first kind. Arguments in Alegria et al. (2019, Theorem 6.2) furthermore prove
that the expansion (3) is unique.

Equation (2) can be coupled with Cramér’s theorem (Cramér, 1940) to attain
2@ =Y Y [ () 2= (@) X, )
n=0¢€An q Rk

where {&, 4(d-)}7°, is a sequence of vector-valued measures with orthogonal increments, that is,

E (qu(A)é'n/,q(B)) = Op=nF(AN B), for all ¢, n, n’ and all Borel sets A and B in R* where F, is

a matrix-valued measure of bounded variation such that F,(dw) is a positive semidefinite matrix for all
w € RF,

Under the additional condition Y, dim(Hg) [pu &n,c(dw) < 0o, Equation (3) becomes
cov(Z(z), Z(z)) K(s,h)

> dim(3cd) / e F, (dw) ) D2(s),  se 11, heRY,  (5)
n=0 Rk

Clearly, C¢ is real matrix-valued if, and only if, F,,(A) = F,(—A), for all Borel sets A in R¥. A stronger
condition for this to happen is that &,(—A) = £,(A)T. Throughout, we shall always work under the
assumption of real matrix-valued covariance kernels.

3 Understanding Regularities of Vector Gaussian Processes

The geometric properties of the vector Gaussian process {Z(z) : & € T(*)} are intimately related to those
of the matrix-valued kernel K. An intuitive approach is to provide a Karhunen-Loéve expansion of a vector
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Gaussian process in R?, with input space T(%*)_ Since the product space Y(%*) is not compact, an extension
of the arguments provided for the scalar case by Clarke De la Cerda et al. (2018) suggest that a sensible
strategy is needed to provide a legitimate Karhunen-Loéeve expansion of vector-valued functions. There are
indeed two possibilities:

a) to compactify the space Y(%*) by considering the space Tgfl’k) := 8% x [0, T]*, with T a positive constant.
Under such a construction, a Karhunen-Loéve expansion can be namely obtained. Yet, this approach has a
cost in that it does not allow for traditional spectral expansions as much as in (4) and (5), respectively;

b) to consider the measure space

(T(d’k),B,/J/r(d,k)), (6)
where B is the Borel sigma-algebra over Y(%*) and where fiy.n is a product measure defined through
pyar (dz) = oq(de) x v(dt), x € YR,

where o4 is the Haar measure, i.e., the Lebesgue measure for the sphere, and v is the Gaussian measure
in R* with zero-vector mean and identity covariance matrix, i.e., v(dt) = (27r)’k/26’”t”i/2dt. Under this
choice, the Karhunen-Loéve expansion for the vector Gaussian process Z can be attained at the expense of
defining a suitable orthonormal basis that is legitimate for this measure space. Our paper takes this path.
Hence, we start by defining a proper orthonormal basis for the case considered here.

We illustrate our routine through the following scheme.

The Route to Smoothness

1. Consider the measure space in Equation (6).
2. Provide an orthonormal basis.

3. Provide a suitable Karhunen-Loéve expansion.
4. Define a proper Sobolev space.

5. Quantify smoothness.

The following sections detail each of the steps in this routine.

3.1 A Constructive Approach to Orthonormal Bases

Consider the normalized Hermite polynomials H, on the real line defined by

(—1)% & df _e
("4’!)71/262d78€627 £€R7H:0’1)2,'~'~

forms a complete orthonormal system for L?(R,v), with the standard Gaussian mea-

Hi(8) =

The family {Hn},ggz+
sure dv = (2m) /2 ¢ /2d¢, ie.,

1 [ e
= /_ HAOH (e e =5

Moreover, the [-th derivative of the Hermite polynomials satisfies

! K.
$ a6 = (_'l), Hy 1(6). ")

On RF, k > 2, we define the normalized multiple Hermite functions ®, with o € Z’i through the identity

Bo(h) = HHai (hi), heRk (8)
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It can be namely verified that these functions form an orthonormal basis of L2 (IR’“7 1/).

Hence, we have completed Step 2 in our Route to Smoothness.

3.2 Expansion for the Matrix-Valued Kernel

The sequence {C,(-)}52, in the series expansion (3) is summable at zero. Further, from well-known
properties of matrix-valued positive definite functions (Chiles and Delfiner, 2012), we have that, for ev-
ery n = 0,1,..., the matrix-valued function C), having elements Cjj ., 7,7 = 1,...,p, satisfies Cij,n(h)2 <
Ciin(0)C;;n(0), for 4,5 =1,...,p. This in turn implies that, for every finite measure A, the mapping C,, is
in L2(R*, A) for all n. This is obviously true for the Gaussian measure v.

From (3) in concert with the fact that
(d 1)/2 (s)

W <1, sel-1,1],

95{1—1)/2 ‘ _

we conclude that the convergence of the series (3) is uniform.

At this point, since the multivariate Hermite polynomials that have been defined at (8) form a complete
orthonormal basis in L2(R¥,v), we have that, for every n = 0,1, ..., the positive definite functions C,,
R*¥ — RPXP can be uniquely expanded in terms of Hermite polynomials, that is,

= > Yia®a(h), heRF,

k
a€Zl

where the series converges in L?(R*, v), and where {'Yg,a}aezk C CP*P is a summable sequence of matrices
+
such that
Yie= [ Clth@a(h)v(dh), neZiach. (9)
Rk

Consequently, the kernel K in (3) can be uniquely expanded as

Zdlm (F) Y A W Palh)GED/2(s),  (s,h) € [-1,1] x R (10)

aczZk

We call the indexed set {'yn a} (r,0) €% C CP*P the Gegenbauer-Hermite spectrum of the p-variate kernel K,

where the indexes take value in the set

Qo i={(n,@): n€Zi,acZt}. (11)

3.3 Defining the Sobolev Spaces

For given (,m € Z,, let C% m(( 1,1),R¥; RPXP) be the space of functions R defined in (—1,1) x R*, with

values in RP*P, such that d ~ 9P R exist and are continuous for j = 0,1,...,¢ and 0 < |8| < m, where —s
represents the differentiation in (—1,1) and §® the partial derivative in R* of multi-index 8.

Define

(1 = )P 45 u(dh), (12)

IR, = Sy // h)

J=01B|<m

dsJ

*

where |||, is the Froebenius norm in RP*?_ induced by the Froebenius inner product (A4, B), := tr(AB’), so
that ||A||> = tr(AA4’), with tr denoting the trace operator.

Finally, define the Sobolev space Wg,z" ((=1,1),R¥; RP*P) as the completion of the space
CS™((—1,1), R¥; RPXP) with respect to the norm (12) (with the usual identification of a.e. equal functions).
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Remark 3.1. The choice of this particular norm is due to the actual meaning of the variables in our setting:
in fact the differentiation with respect to s is connected to a differentiation on the sphere with respect to the
geodesic distance, defined as arccos({-,-)) between any pair of points on the spherical shell. The measure

d —
(1 — 32) /2-1 ds corresponds to the surface measure o4 on S¢.

3.4 Quantifying Smoothness

In the following we intend to obtain estimates from below and from above for the Sobolev norm (12). We
will use the equivalence relation f ~ g to relate functions f, g, meaning that cg < f < C'g with constants
¢,C > 0 that can only depend on (d, k,{,m). Note that this is the case if the constants depend also on j
or on 3, since it will always be intended that j < ¢ and |8| < m, so they only take values in a finite set
depending on (,m, k.

Our search from smoothness starts by defining a proper spectral inversion of K under the Fréebenius norm
| -]/2. To do so, for B € Z* and j € Zy such that |3] < m and j < ¢, we define

=L

We now define a sequence {s; g}; g with generic element s; g being identically equal to

Sip 72 Z H'ynaH (n + 1)31+2igB. (14)

n=j a>p

(1- sQ)d/%Hj ds v(dh). (13)

*

WKsm

We are going to prove that the quantities (13) and (14) are actually related, and that they are both crucial
to quantify smoothness.
We start with a technical result that clearly illustrates the relation between these two quantities.

Proposition 3.1. Let {,m € Z,. Given the continuous kernel K : (—1,1) x R¥ — RPXP that is isotropic
on S¢ and stationary on R* as in (10), we have that

1Ky = Z > I,ﬂNZ > sie

J=0[B|<m 7=0]B|<m

Hence, ”KH%/VC’"‘ < 0o if and only if sjg < oo, for all j < ¢ and B € Z% such that |B] < m.
d,k

Proposition 3.1 derives from Lemma A.2 given in Appendix. Clearly, it does not provide a friendly way to
check when a given function K belongs to the Sobolev space Wd for given quadruple (d, k, ¢, m) of suitable
integers. The next result (proof in Appendix) provides an estimate that helps shedding some light in this
direction.

Proposition 3.2. In the conditions of Proposition 3.1,

HKHng ~ 80,0 + S¢,0 + Z So,8" + Z S¢,8-
|B"|=m |B"|=m

A further step ahead can be done by introducing the space of square summable multi-sequences, with respect
to a measure 4 in the set Q, defined in (11):

[eS)
52(:”) = {7n7a}(n,a)€§2k C (Cpo : Z Z ||’)’n,a||i Hn,o < o0

n=0a>0

We are ready to state the main result (proof in Appendix), which completes our quest for smoothness over
product spaces.
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Proposition 3.3. Let (,m € Z, and the measure i>™ be defined as

A=+ D) 1+ (4 DX ] [1+ Y @ Xaspr| . (n.a) € Qy, (15)
|B"|=m

with Xn>¢ and xa>p being equal to 1 if n > ¢ and o > B', respectively, and to 0 otherwise. Then, for a
given continuous kernel K : (—1,1) x R¥ — RP*P that is isotropic on S* and stationary on R* as (10), we
have that K belongs to the space delzn if and only if {‘yff,a} € r2(usm).

Hence, we have proved that under the spectral construction proposed in this paper for a Gaussian measure
space, quantifying smoothness is equivalent to prove summability conditions for the matrices 73,1. One
can certainly argue that these conditions are analytically tricky to check. Yet, Proposition 3.3 provides the
building block to deduce the simpler condition below (proof in Appendix).

Corollary 3.4. Consider i®™ one of the following measure in

ASm=m+ D" 1+ m+ D)%) |1+ Y of |, (na) e, (16)
|8'|=m
or
=+ D1+ (n+ DX 1+ ]a™]  (n,a) € Q. (17)

If {’757&} € (2(mS™), then K belongs to the space Wdc,:"

4 Example

For d > 1,a>0,b>0and n € (0,1), consider the following univariate nonseparable kernel (Emery et al.,
2021):

(L —m)*" exp(=d[|A|})
(1 — 2nsexp(—allh|?) + n? exp(—2al|h|?)(d-1)/2’

K(s,h;a,b,n) = se[-1,1],h € R*,

To calculate its Gegenbauer-Hermite spectrum, we start with the Gegenbauer expansion (Emery et al., 2021)

K (s, hia,bn) = (1=0)"" 370" exp(—(an +b)[RIHG/2(s)
n=0

=Y dim(H)Co(hia,b,n)SEV/2(s), se[-1,1],h e RF,

n=0

with
d—1)(1—n)* 1y

2n+d-1

C(hsab,m) = exp(—(an + B)||AILZ).

The Gegenbauer-Hermite spectrum is given by (9). Accounting for the properties of Hermite polynomials
(Magnus et al., 1966, Section 5.6.2), one finds

Ve = / Csi(h; a,b,n)®a(h)dh
Rk
0 if one or more components of a is odd

d— N o—|la ) ‘a‘/Q
(d=1)(1—m)¢~n" g~ ll/2 kol ( 1 —1) otherwise.

2n+d—1 (a/2)! (1/2+an+b)* \ 1+2(an+b)
Using the duplication formula for the gamma function (Olver et al., 2010, formula 5.5.5), it is seen that
—lal/2 ol k21
2(a/2)! \/ (1/2+I;n'+b)k belongs to (0, (27) / ]. Since, furthermore, (m —1) and 7 belong to (—1,1) and
(0,1), respectively, it follows that {’yﬁya} € £2(u>™) for any ¢,m € Z, . Accordingly, owing to Proposition
3.3, K belongs to Wg,ln for any {,m € Z,..
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5 Conclusions

Our work provides the foundations to smoothness quantification of Gaussian processes defined over some
specific product space involving a d-dimensional sphere. Some comments are in order. The results presented
in Section 3 can be extended to product spaces involving other manifolds. For instance, classic harmonic
analysis arguments prove that the d-dimensional sphere might be replaced by a compact two-point homoge-
neous space at the expense of replacing the normalized Gegenbauer polynomials in (3) with their counterpart
over such spaces, known as Jacobi polynomials (Cleanthous et al., 2020). We are not aware of whether our
results would hold for other general networks such as graphs with Euclidean edges (Porcu et al., 2023). For
such cases, even spectral representations become questionable, so that more mathematical effort is needed
in this direction.

Future works may involve the verification of the results presented in this paper for specific classes of scalar
and matrix-valued kernels, such as the ones proposed by Porcu et al. (2016; 2018), Alegria et al. (2019) and
Emery et al. (2021).

Also, extensions to our work to kernels that are not isotropic on the sphere could be based on spectral
characterizations such as the one proposed by Jones (1963) for axially symmetric processes on S?, i.e.,
processes that are stationary over longitudes, but not over latitudes, of the 2-sphere. Having some insight
in this direction would help to overcome the restrictive assumption of isotropy and allow for wider classes of
kernels in vector Gaussian process regression.
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A Technical Lemmas, and Proofs

Lemma A.1. Let o, B, € Zﬁ_. If a+e > B, then one has:

|
ﬂ ~ aP. (18)
(a+e — pB)!
Proof. The claim holds because cl(ﬁi,ei)afi < % < CQ(ﬁi,Ei)a?i, i=1,2,...,k (Olver et al., 2010,
formula 5.11.12). In particular, the constants depend on 8 and e. O

For the next lemma we will need to state some formulas. From Olver et al. (2010, formulas 18.9.19, 18.9.21
and 18.7.4), we have

.

15 Gnls) = 27 (\), Gat(s) ~ Gat(s), Yn>j, YA>0, (19)
i90 (s) = iT (s) =nGL _((s), ¥Yn>1 (20)
ds7m T dsT Y T el -
where (), = F&j\')]) is the Pochhammer symbol (Olver et al., 2010, formula 5.2.5). Using Olver et al., 2010,

Table 18.3.1 and formula 18.14.4, we get

721220 (1 + 2))
nl(n + \)I'(A)?

1
/ Gn(s)Gi(s) (1 — 52))\_1/2 ds = Spmry Vmyn' >0, VYA>0, (21)
-1

1
/ G2 (s)G0/(s) (1 — 32)_1/2 ds ~dppn, VYn,n' >0, (22)
—1
Finally, from Muller (1966, equation 11),

dim(Hg)  2n+d—1
GaVRgy T d-1

Yn>1, Vd>1, (23)

dim(HL) =2, Vn>1.

Lemma A.2. Let (,m € Zy. For B € ZX and j € Zy such that |B] < m and j < (, define I; g and s; g as
per (18) and (14). Then the following estimates hold:

Lo~ 20 3 Il o D 2= (21)

_ |
n=j a>p A
and
Tip ~ sjp- (25)
Proof. By (10),
2

1 || o j L
Lo = [, X dme) 3 vta 9P0a(n 5020 | (1= ds wian)
- n=0

lee|>0
*

i ~
Z Z <Pyg,a Pyz’,a’>* Jn,n/ Ja,a’a

n,n'=0 |al,|a’| >0

where . .
~ dJ d7
Jnne o= dim(HE)dim (H / — —

= dim(O)din (34) [

G (1= )T as
S

Sgld—l)/Q(S)

n’

10
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and
o = | 0P04(R)0P Dy (h) v(dh).
Rk

Note that, jn,n/ =0 for n < j. For n > j > 0, we distinguish two cases, depending on whether d is greater
than 1 or not. First, let us examine the case when d > 1 and n > j > 0. In this case, we have, by (19),

A dim(3¢) dim (HZ,) * ijG(d—l)/Z(s)ijG(d’l)/Q(s) (1_82)d/271+j ds
n,n G’Eld—l)/Q(l) G(t%—l)/Q(l) . dsi ™ dsi n’

dim(¥g)  dim (3G,) [ a1z, ta-1)/245 oy d/2-1+4j
G () G(dl)/z(l)/ Gy T ()G T () (1= 8%) ds.

By (21) and (23), we obtain

5 2n+d-1 on' +d—1 1 B o
I~ ( nt > < nt >/ G;d,jl)/%_]( )G(d 1)/2+]( )(1 —52)d/2 145 ds
—1

d—1 d—1 n'=j
B (2n+d— 1)2 72242 (n + j +d —1)
- (

d—1 n—j)! (n—i—d 1)1"(%—1—]’)2 e
Since
2n+d-1
-1 ~ntl

and (Olver et al., 2010, formula 5.11.12)

72242 (n+j+d—1)

~ (n d—3+2j
(0= D+ SO ~ T

the previous result simplifies into

o~ (n41)371F25, . (26)
Let us now address the case when d = 1. For n > 5 = 0, we have

jn,n/ = dim(XK,, d1m / G9(5)52%, (s ( - )71/2 ds
~ 5n,n/7

based on (22). For n > j > 0, we have, by (18), (19), (20) and (21):

7 : 1\ 1 b 0 & oo 2\7—1/2
T = dim(3, )dim (3H,) @9 (s ) v Goi(s) (1—57) ds

= am O (3 )01 - 0 [ GG 0 (1P a

mn+j— 1).5
2(n -5t "

n

= dim(H},)dim (3, )n

~ (n —+ 1)2‘76”7"/.
Hence, (26) remains valid when d = 1.

11
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On the other hand,

_ B8 B
Joor = /Rka HH )0 HH v(dh)

j=1

/R ) H 9% H,, H 0% H, v(dh)
k /|

/ H i | a] Bfl Oé _ﬁ] HO/*ﬁ] (h ) V(dh‘)

al o'! k
= \/(a B)! \/ /RLH Hoj—p, ( 1:[ ot g, (h;) v(dh)

al o'l
) \/<a ~B)! \/ @B oo ) Barp ) w0t

and then, since the multivariate Hermite polynomials are an orthonormal basis of L?(R*, v),

o a>p. (27)

ch a’ = 76&,&’, =
= Ta—p)

Thus, from (26) and (27) we obtain (24) and then (25) using (18). O
Lemma A.3. Let o, 3,8 € ZX. Ifa >3’ > >0, then af < .

Proof. In the scalar case, a,b,b’ € Z, with a > b > b implies a® By applying this to each component
we obtain the claim. O

Fix B € Z4 with |8] < m, let
g:={B'€Zy: B'28, |F|=m}

and
Ag={a€Z;: a>p}.

Lemma A.4. The set Ag can be written as

Ag=A4guU ] 4p (28)
B'elg

whereAﬂ—{aEZ+ la] <m, o> B}.

Proof. If o € Ag, then either || < m or there exists 8’ € Ig such that 8 < 8’ < a.. One can construct
such B’ by increasing those components ; of 8 that satisfy 3; < «; until reaching |8'| = m. O

Proof of Proposition 3.2. Given j < ¢ and |8| < m, in the definition (14) of s; g, the sum runs over every
n > jand a € Ag.
We have that

o if n > ( then (n+1)% < (n+1)%,

o if n < (then (n+1)% < (¢ +1)%.
Moreover, by (28), if o € Ag then either a € gﬂ or a € Ag: for some B’ € Ig:

12
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. ifaeﬁ,; then a? < m™
o if a € Ag: with B’ € Ig, then by Lemma A.3, it holds af <af.

Then we can estimate from above all the terms H'y,‘.faHi (n+1)4=42aP in the definition (14) of s; g with
the corresponding term

o inscp witha>p' > gif |a) >m, n > (,
o in ((+1)%sp g witha > B > Bif |a| >m, n<(,
o inmMscp if |o) <m, n >,

o in (C+1)%m™sgp if |a| <m, n < (.

As a consequence

si8 < (CH 1) m™sg0+m™sco+ (C+1D* Y sop+ Y scp,
|B"|=m |B"|=m

and then summing up all the terms (the number of such terms only depends on (, k,m), we get

¢
HKchm ~Y Y sip~sootscot D, sopt Y scp

J=0[B|<m |B’|=m |B[=m.

since the estimate from below is trivial. O

Proof of Proposition 3.3. By Proposition 3.2, all we have to do is to prove that

o0
S0,0 + S¢,0 + Z So,p + Z S¢.p = Z

18'|=m 18"|=m n=0a>0

* g, (29)

where 7§ is given in (15). Indeed, from (14), one has:

(n + 1)d—1a0’

50,0 =
n=0a>0

(n+1)4- 14+2¢ B _ (n+ 1)d_1+2<xn2< Ot'BIXazﬂﬁ

5¢,8 =
n=Ca>p’ n=0a>0
$¢.0 = Z Z H7n a” Tl—|— 1 120 = Z Z ||7n a|| ’/l+ 1 o 1+2<X7L>C aO
n=¢( a>0 n=0a>0
w0 =30 Y tal’ 00" =3 Y [l (14 D e vz
n=0a>p’ n=0a>0

where a® = 1. This all adds up into

Bm =+ D" 14+ (4 D Y o Xazp + 0+ 1) xuxc+ Y, @ xazp
|B'|=m |B"|=m

=+ D) 1 (1)) (14 Y o Xazg | - O
|8’ |=m

13
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Proof of Corollary 3.4. Obviously,

<+ )T 1+ e+ DX 1+ > o
18/ =m

Moreover, af’ < |a|™, so that 218 1=m af’ < D(m,k)|a|™, where D(m, k) > 1 is the number of multi-
indices in Zﬁ_ of module m (an integer depending only m and k). Accordingly,
e < (n+ 1) 1+ (n+1)*] [L+ D(m, k)| ™)
< D(m,k)(n+ D) [+ (n+1)*] [1 + |af™].

Thus, considering the measure in (17) or in (16), if {v{,} € (™), then {vZ ,} € (*(i>™) and the
result follows by Proposition 3.3. O
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