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Abstract

This paper studies the problem of equivalence of Gaussian measures induced by
Gaussian random fields (GRFs) with stationary increments and proves a sufficient
condition for the equivalence in terms of the behavior of the spectral measures at
infinity. The main results extend those of Stein (2004), Van Zanten (2007, 2008)
and are applicable to a rich family of nonstationary space-time models with possible
anisotropy behavior.
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1 Introduction

Space-time models have become increasingly popular in scientific studies such as ge-
ology, climatology, geophysics, environmental and atmospheric sciences, etc ([7], [9] and
[30]). Gaussian random fields (GRFs) are ubiquitous in space-time modeling due to the
prevalence of central limit theorems and the mathematical/computational amenability
of the multivarite normal distributions. Most of the parametric models proposed in the
literature are GRFs with specific parametric covariance structure (see [8], [14], [32], and
[15] for rich families of space-time covariance functions). One of the main objectives in
statistics then is to find consistent estimates for the parameters, and finally use them for
prediction of the underlying random field at unobserved locations. Given a parametric
family of Gaussian random fields, an important question is to determine whether all the
parameters are consistently estimable. First step to answer this question demands an
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Spectral conditions for equivalence of GRFs with stationary increments

investigation on the equivalence or singularity of the corresponding Gaussian measures
induced by this family of GRFs on their space of sample functions, since if two sets of
parameters in the Gaussian models give equivalent Gaussian distributions, then it is
impossible to find consistent estimators for these parameters involved regardless of
the method chosen for estimation (see for example [40] for a discussion on inconsis-
tent estimation in Matérn covariance functions under the framework of fixed domain
asymptotics). Another application of equivalence of Gaussian measures comes from
covariance structure misspecification, and its effect on spatial interpolation (see [30]).
Therefore, finding explicit conditions for deciding whether two Gaussian random fields
induce equivalent Gaussian distributions on their spaces of sample functions has direct
impact in evaluating the prediction error in interpolation of spatial data, and thus proving
asymptotically optimal prediction under misspecified covariance structure. There are
other applications of equivalence and perpendicularity of GRFs in spatial modeling. For
example, we refer to [12], [18], [27], [26], and [4] for the application in covariance
tapering.

Equivalence of Gaussian measures is a classical problem in probability theory that
has been studied since the 1950’s. We refer to the books [13], [17], [38], [21] and
references therein for systematic accounts. Necessary and sufficient conditions for the
equivalence of Gaussian measures induced by stationary Gaussian processes in terms of
their mean and covariance functions are given in [17]. Their extensions to stationary
isotropic Gaussian random fields are proved in [28] and [38].

However, investigation on the equivalence of nonstationary GRFs has been limited
to some special cases. For instance, we refer to [6] on mixed fractional Brownian
motion, [3] on Volterra processes, [29] on Gaussian random fields that are equivalent to
fractional Brownian sheets, [31] on a family of intrinsic random functions with power
law generalized covariance functions (including fractional Brownian fields), and [33, 34]
and [36] on certain Gaussian processes/fields with stationary increments. Also, there are
some recent results on equivalence of measures for multivariate GRFs [25], for GRFs on
spheres [1], and for self-similar GRFs [20].

Our work is mainly motivated by [31] and by [33, 34] where explicit sufficient
conditions for the equivalence of Gaussian processes with stationary increments in terms
of their spectral densities similar to the criterion in [17] for the stationary case have been
established. The main purpose of this paper is to extend their results to the setting of
Gaussian random fields with stationary increments which may have different regularities
in each direction. Besides of theoretical interest, our results are applicable to anisotropic
nonstationary space-time Gaussian models.

The rest of the paper is organized as follows. We start Section 2 by introducing some
useful Hilbert spaces connected to the frequency domain, and study their structure. In
Section 3, we state the main results of the paper, which are sufficient conditions for
equivalence of GRFs with stationary increments using the tail behavior of their spectral
densities. In the last section, we apply the main results (Theorems 3.5 and 3.6) to a rich
family of anisotropic nonstationary spatio-temporal Gaussian models.

2 Preliminary

Let X = {X; : t € R?} be a centered GRF with stationary increments. The covariance
structure of X is fully described by [39]. For simplicity, we assume that X (0) = 0 and
the covariance function of X can be written as

C(t,s) = B(X,X,) = / (e'N) — 1) (e7H=NM — 1) F(dN), (2.1)
]Rd
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where F is a non-negative symmetric measure on R? \ {0}, called the spectral measure
of X, that satisfies

/ A F(d\) < (2.2)
re 14 |A]? ' ‘

It follows from (2.1) that X has the following spectral representation:
X(t)< / (BN — 1) W(dN), (2.3)
Rd

where W is a complex-valued Gaussian random measure with mean 0 and control
measure F.

If the spectral measure F' is absolutely continuous with respect to the Lebesgue
measure on R¢, we will call its Radon-Nikodym derivative, denoted by f(\), the spectral
density of X. We will give conditions for the equivalence of GRFs with stationary
increments in terms of their spectral densities, but first, we recall the definition of
equivalence of GRFs.

Definition 2.1. For a fixed set D C R¢, we call two GRFs X = {X; : t € R}, Y =
{Y; : t € R} equivalent on D if they induce equivalent measures' on the measurable
space (RP,B (RP)), in which B (RP) is the o-field generated by the cylinder subsets® of
RP. Moreover, we call X and Y locally equivalent if they are equivalent on all bounded
subsets of R?.

The spectral representation (2.1) makes an important bridge between the problem of
equivalence of GRFs and the description of the space generated by the linear combina-
tions of the kernel functions. For that purpose, in this section we define for a fixed and
bounded set D C R, an incomplete Hilbert space £$, = span {e;(\) := e!*» —1:t € D}
with the inner product

e = [ aWal) Py,

We denote the closure of £, in L?(F) by Lp(F). Also, for T > 0, denote by lly = [T, T]¢
the cube with side 27T

Observe that the functions in £¢, are entire functions defined on C? (see [24] for
definition and more properties), and they are of finite exponential type. Recall that an
entire function ¢ on C? is called of finite exponential type if

) 1

lim sup — max log ’gp(z)| < 0.
r—oo T |lz|l=r

However, in general, the elements in the completed Hilbert space, £p(F'), may not have

the same properties as the functions in £%,. This problem is discussed in details in

[22, 23]. In this paper, we assume that the spectral measure F has a density function

f(A\) that satisfies the following condition:

(C1) There exist constants ¢, k,n > 0 such that f(\) > i forall A e R? with
[A| > k.

This assumption on the spectral density will imply the elements in £ (F') to be entire
functions of finite exponential type. These properties enable us to apply the Paley-Wiener
type theorems to get nice description of the elements in the Hilbert space Lp(F) for
D =1Ir.

1Two measures defined on the same measurable space are called equivalent if they are mutually absolutely
continuous with respect to each other.

2A cylinder subset of R is a set of the form {f € RP : f(t') € B1,..., f(t") € B,}, where t',... t" € D
and By, ..., By are Borel sets in RR.
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The next two lemmas will prove these statements. The following lemma is taken from
[35] and we state it here again for completeness.

Lemma 2.2. Suppose that the spectral density f satisfies (C1). Then for fixed T > 0,
there exists positive constants C' and M such that for all functions ¢ of the form

d(N) =D ap (N — 1), (2.4)

k=1

where a;, € R and t* € Iy, we have for all z € C¢

16(2)] < Cll¢lp exp{M]|z]}. (2.5)

Moreover, for fixed C'y > 0, there exists a positive constant C> such that for all functions
of the form (2.4), we have
[6(2)] < Ca 2] (|9l p (2.6)

for all |z| < C4.

One can use (2.5) to define the limiting functions in Ly, (¥') in such a way that they
also satisfy both (2.5) and (2.6). We will prove this in the next Lemma.

Lemma 2.3. Suppose that the spectral density f satisfies (C1). Then, for eachT > 0,
the space L1, (F) consists of the restriction to RY of entire functions on C¢ of finite
exponential type. Moreover, (2.6) holds for all functions ¢ € L. (F).

Proof. The idea of the proof is similar to [23], p. 304. Take a sequence ¢, € Lf;,, such
that ||¢, — ¢|| » — 0 for some ¢ € Lr,.(F). Then, it is a Cauchy sequence in L*(F'), and
using (2.5), we get

0n(2) = dm(2)| < Clign — ¢mll g exp{M|z]} (2.7)

This means for each fixed z € C%, the sequence {¢,(z),n > 1} is a Cauchy sequence in C.
So, it is convergent and, moreover, the convergence is locally uniform. Denote the limit
by ¢(z). Now, since limit in L?(F) sense implies the almost everywhere convergence for
a subsequence, ¢ = 25 a.e. with respect to F'. From now on, we will take 5 as our favorite
version of the limits of functions in £f; . Therefore, the elements in the space Ly, (F),
are not only the L?(F) limits of functions in L., but also the pointwise limits as well.
Thus, both (2.5) and (2.6) are true for all the elements in L. (F'). The only thing left
to prove is that these functions ¢ are entire functions on C?. But this is true since any
element of the space L. (F) is the locally uniform limit of functions of the form (2.4)
which are obviously entire functions, and thus, they are entire functions as well (This is
called the Weirerstrass Theorem; see, for example, Proposition 2.8 on p. 52 of [11]). O

This lemma shows that if the spectral density satisfies the assumption (C1), we can
complete the space Ly} in such a way that the resulting functions are locally uniform
limits of entire functions, and hence, they are entire functions of finite exponential type.
Furthermore, since (2.5) is true for all the elements in the Hilbert space Ly, (F'), we can
see that the point evaluators, i.e. the functionals on Ly, (F) of the form ¢ — ¢(z) for
each fixed z € C? are bounded operators. Now, we can apply the Riesz Representation
Theorem (See [16], Theorem 3. p. 31) to prove that the space L. (F') is a Reproducing
Kernel Hilbert Space (RKHS) in the sense of [2]. This means that there exists a function
K7(-,-) : R* x R? — C such that (i) Kr(w,-) € L, (F) for all w € R, and (ii) for every
¢ € L1, (F) and w € R?, we have the following kernel property

(0 Krw. Ny = [ o0Rro ) Fa) = (o). 2.8)
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Also, it is worthwhile to mention that the set of all functions {Kr(w,-) : w € R%}
is dense in Ly, (F) (To see this, note that if ¢ € Ly, (F) is orthogonal to Kr(w,-) for
all w € RY, then ¢(w) = (¢, Kr(w,-)) = 0, which implies ¢ = 0). Futhermore, for all
¢ € L*(F), the function

w = (Y, Kp(w,.)) g (2.9)

is the orthogonal projection of ) on Ly, (F') (See the proof in [2], p. 345). We denote
this projection by WLHT(F)1/J.

Finding explicit forms of the reproducing kernels is not an easy job. However, in
order to prove the results in Section 3, we only need to establish upper bounds for the
growth rate of the diagonal elements of the reproducing kernels at origin and also at
infinity. The following proposition proves an important growth rate for the diagonal
elements in the reproducing kernels.

Proposition 2.4. Suppose that the spectral density f()\) of F satisfies (C1). Then, for
fixed T > 0 and Cy > 0, there exists a positive constant C5 such that

Kr(w,w) < Cy Jw]? (2.10)

for all w € R? with |w| < Cy.

Proof. Since for any fixed w € R%, Kr(w,.) € L1, (F), we can apply Lemma 2.3 to these
functions. It follows from (2.6) that

K (w0, M| < Co N | (w, )| p = Co [A(Kr(w, )"

for allw € R? and A € C? with |\| < C;. By taking \ = w, we obtain the desired result. O

We also need to define another Hilbert space based on the tensor product of the
elements in Ly, (F). For this purpose, first we define £f; ® L to be the span of

functions (e; ® e5)(w, A) 1= e(w)es(A) with ¢, s € IIy. Now, denote by Ly, (F) ® L, (F)
the closure in L*(F ® F) of the space Lf; ® Lf; . According to Theorem 1 on p. 361 of
[2], the new Hilbert space L1, (F) ® L1, (F) is also a RKHS with reproducing kernel

(w1, A1), (w2, A2)) = K (wr,w2) Kr(A1, A2). (2.11)
This implies that for ¢ € L1, (F) ® L. (F),
<¢,KT(W7~) ®KT(A7')>F®F :w(wa)‘) (212)

We finish this section by a lemma stating that the norm of the elements in spaces
L, (F) depends essentially on the tail behavior of the spectral measure F'. To this end,
we define the following notation. For two functions f,g : R? — R, we write f(\) < g()\)
as |\| — oo, if the ratio f(A\)/g()\) is bounded from below and above by positive and finite
constants which are independent of A as |A| — co.

Lemma 2.5. Suppose fy and f, are two spectral densities satisfying the condition (C1),
and further fy(\) < f1(\) as |A| = oo. Then, L1, (fo) = Ln.(f1), and further there exist
positive constants Cs and Cy such that

Csllolly, < lolly, < Calloly,

for all ¢ € Ly, (fo).
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Proof. Suppose g € L.(fo). There exists functions g, of the form (2.4) such that
g — gnll;, — 0 as n — co. Now, using Lemma 2.3, we get

lo =g, = [ 19) = 9O fi () ar

< Callg —gnll?, / I f1(N) dA (2.13)
[A[<Cy

2
+ Cllg = gnlly,

which implies g € L, (f1). Thus Lu.(fo) € L, (f1). Similarly we have Ly.(f1) C
L, (fo). Finally one can see that (2.13) holds if we replace g — g, by ¢ € L11,.(fo) This
leads to the second part of the lemma. O

3 Main results

In this section, we study the equivalence of GRFs with stationary increments, and
clarify its connection to the Hilbert spaces constructed in Section 2. In particular, the
role of the reproducing kernels of the RKHS Ly, (') will be emphasized. We start this
section by an extension of Theorem 5 on p. 84 in [17] (Theorem 1 on p. 149 in [38])
for stationary Gaussian processes (fields) to Gaussian random fields with stationary
increments. Some extensions of the criteria for equivalence of stationary Gaussian
processes (fields) have also been obtained by [33, 34] and [36]. The following theorem is
an extension of Theorems 3.3.9 and 3.3.10 in [36] and also Theorem 4.3 in [33].

Theorem 3.1. Two centered GRFs with stationary increments and spectral measures Fj
and F} are equivalent on D if and only if:

O 9l g, = 10l , Vo € L], and
(ii) There exists a function ¢ € Lp(Fp) ® Lp(Fp) such that for all ¢,s € D

<6t7€s>FO - <et,63>F1 = <¢76t X 65>F0®Fo' (3.1)

Proof. The proof is essentially a reconstruction of the proof of the Theorem 5, p. 84
of [17], and is given here for the sake of completeness. The starting point is however,
Theorem 4 on p. 80 of the same reference. The proof there can be adapted to our
context with little change since it only involves the “entropy distance” between the
Gaussian measures, and thus is true for general GRFs (See also [5], Theorem 4.1, 4.4 pp.
180-185 ). After doing so, we get that two GRFs with stationary increments and spectral
measures Fy and F} are equivalent on D C R?, if and only if

I0llg, < 0llr, Vo€ LD,

and A = [ — A*A is a Hilbert-Schmidt operator in Lp(Fp), in which I is the identity
operator on Lp(Fy), and A : Lp(Fy) — Lp(F1) with A¢p = ¢ for all ¢ € Lp(Fp). Now,
since A is a self-adjoint operator, if it is also a Hilbert-Schmidt operator, by the Spectral
Theorem (See [10], Corollary 5 p. 905 ), we can conclude that there exists an orthonormal
basis for Lp(Fp) consisting of the eigenvectors of A, denoting them by ¢;,j = 1,2, ...,
with corresponding eigenvalues A;,j =1,2,... with ) j )\? < oo. Note that we can write
AT =205 (Ady, ¢k;>2FD. The square root of this quantity is called the Hilbert-Schmidt
norm. This norm doesn’t depend on the choice of the orthonormal basis (See [10],
Lemma 2, p. 1010). Therefore, we can rephrase Theorem 4 in the following form: two
GRFs with stationary increments and spectral measures Fj and Fj are equivalent on
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D, if and only if,
basis for L (Fp).

Now, take an arbitrary orthonormal basis for Lp(Fy), ¢é1,¢d2,..., and suppose
Dok <A¢j,¢k>2FO < oc. Define ¢o(w,A) = 3 ; ;. (A¢j, dk) pp #j(w)Pk(A). We can see that
||¢0||20®F0 = ZM (Ao, ¢k>2po < 00, and thus by the form of 1)y, it’s clear that it belongs
to Lp(Fy) ® Lp(Fp). Also, observe that

D g, = |9l g, Vo € LS, and 3, (Ady, ¢k>2Fo < oo for any orthonormal

<1/}07 ¢j & ¢k>Fg®Fg = <A¢ja ¢k>F0
= (I - A"A)¢;, ),
= <¢j7¢k>FD - <¢j7¢k>F1'

This shows that (3.1) holds for orthonormal basis of the space L(Fp). Therefore, by
continuity of inner product (3.1) will be true for all the elements in £ (Fy), especially
for e; and e; when t,s € D.

Conversely, suppose there exists a function ¢ € Lp (Fo)®Lp(Fp), such that (¢;, ¢x) ; —
(9, k), = (Y0, 0j ® Ok) o, fOT an orthonormal basis ¢;’s for Lp(Fy). Then, we have

S (800005 = 3 (652605, — (050007, )

g,k Jik
2
= Z <¢07 (bj ® ¢k>F0®F0
Jik

2
< Yollry0m, < o0

This completes the proof. O

Theorem 3.1 is stated in a general form for GRFs with stationary increment, with
no restriction on their spectral measures. However, verifying the second condition in
this theorem, which involves finding a function ¢ € Lp(Fy) ® Lp(Fp) with the property
(3.1), seems to be hard. If we put the condition (C1) on one of the spectral measures
(say, Fp), we get the following theorem using the reproducing kernels of Ly, (Fp). In
fact, this theorem clarifies what must be the function v in Theorem 3.1.

Theorem 3.2. Two centered GRFs with stationary increments, and spectral measures
F, and F, with F} satisfying assumption (C1), are equivalent on Il for some T > 0 if
and only if:

@) ||<%I)HF0 = ||¢llp,, Vo € L5,

(i) (w,A) = K9(w, A) — [ra K (w,7)KQ(N,7) Fi(dy) € L, (Fo) ® L, (Fy), where
K2(.,.) are the reproducing kernels of the space Ly, (Fp).

Proof. First, assume that the measures induced by them are equivalent. Then, by
Theorem 3.1, there exists a function ¢ € Ln, (Fy) ® L, (Fo) such that (3.1) holds.
Now, because of bilinearity and continuity of inner product together with the fact that
,CHT (Fo) = ‘CHT (Fl), we get

<¢17 ¢2>FD - <¢1a ¢2>F1 = <¢a d)l & ¢2>F0®F0 (32)

for all ¢1,¢s € L, (Fy) = L, (F1). Now, simply choose for fixed w, A € R?, ¢;(y) =
K9 (w,v) and ¢2(y) = K%(\,~), and replace them in (3.2) to get

P(w,A) = Kp(w, A) — RdK%(wﬁ)K%(Am) Fy(dy).
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Conversely, since ¢ € L. (Fy) ® L.(Fy), by the reproducing kernel property we
get ¥(w,\) = (¢, K3(w,.) ® K(\,.)) o5, - AlsO, note that by the form of ¢/, we have
P(w,A) = (Kp(w, ), KX, ) g, — (K2(w, ), K3.(), .)) j, - Combining them together, we get

<K%(w7 ')7 K%(/\’ ')>F0 - <K%(w7 ')7 K%()‘v ')>F1 = <¢7 K%(“’? ) ® K%(Aa ')>FO®F0' (33)

Now, since the span{K%(w,.);w € R} is dense in Ly, (Fy)(= Ln, (F1)), Equality (3.3)
holds true for all the elements in Ly, (Fp). O

Checking the first assumption in Theorem 3.2 may not be easy in general since we
need to compare the norms of all the elements in the space Lf; under two different
measures. For that purpose, in the following, we will find equivalent conditions which
may be easier to verify in application.

It is well known (See [10], p. 1009 ) that for ¢ € L?*(F ® F), a Hilbert-Schmidt
operator on L?(F) can be defined as follows

(60) @) = [ v X)) F(@y) (3.0

for every ¢ € L?(F). If we use specifically the v in Theorem 3.2, and restrict the domain
to L, (F), we will have again a Hilbert-Schmidt operator on Ly, (F). Note that the
image of the operator % is in fact inside the L. (F). To prove this, observe that for
¢ € ‘CHT (F)'

(men. (6)) (@) = / (66) () B (w,2) F(dz)

R4

- / / Sy (z, y) K (w, 2) F(dz) F(dy)
R4 J R4

- /]Rd/]Rd Rd¢(y)KT(x7V)KT(yaV)KT(w, z) F(dz)F(dy)
x (F(dy) = Fa(dv))
- /]Rd Rd¢(y)KT(w77)m (F(dv) — Fy(dv))F(dy)

- /R B)0(w,y) F(dy) = (90)(@)

This argument shows that ¢ € Ly, (F) for any ¢ € L1, (F'). Also, observe that since
Y(w, A) = (A, w), the operator v is self-adjoint. This fact together with compactness of
this operator (Since v is a Hilbert-Schmidt operator, it is already compact, see [10], p.
1009) enable us to use the Spectral Theorem for compact normal operators (See [10],
Corollary 5, p. 905), which we will use in the proof of the next theorem. In fact, the next
theorem is an extension of Theorem 4.3 in [33] to the setting of random fields and shows
that the first condition in Theorem 3.2 can be replaced by 1 ¢ (), where o(¢) is the
spectrum of the operator ¢. Recall that o(¢)) is the set of all A € C such that A\ — ¢ is
not an invertible operator where I is the identity operator (cf. [10], p. 902).

Theorem 3.3. Two GRFs with stationary increments and spectral measures F; and F}
with Fj satisfying the condition (C1), are equivalent on IIr if and only if the function
defined by

Y(w A) = Kp(w,A) = [ Kp(w,7) KR\ 7) Fi(dy) (3.5
Rd

belongs to Ly, (Fu) ® L, (Fp), and 1 ¢ o(¢).

EJP 24 (2019), paper 8. http://www.imstat.org/ejp/
Page 8/19


http://dx.doi.org/10.1214/19-EJP270
http://www.imstat.org/ejp/

Spectral conditions for equivalence of GRFs with stationary increments

Proof. From (3.2), by putting ¢; = ¢2 = ¢, and the definition of the operator v in (3.4),
we get

2
||¢||F1 —1_ (Yo, ¢>F0 (3.6)

I, I,
for all ¢ € Ly1,.(Fp). This simply implies that first (1)) C (—o0, 1], and second there exists
a finite positive constant C such that [|¢[|,, < C||¢|;, forall ¢ € Lf;  since ¢ is a bounded
operator. This fact shows that proving v € L?(Fy ® Fp) is helping us to verify half of
what we need in the first condition of Theorem 3.2 as well. What remains is to show that
1 ¢ o(¢) if and only if there exists a positive constant ¢ such that ||¢||, < c|/¢||, for all
¢ € Ly,

First, suppose that [¢[/; < c||¢[p, for some ¢ > 0. If 1 € o(+)), it means that
there exists ¢ € L, (Fo) with [|¢]|, = 1 such that ¢y¢ = ¢. Putting it in (3.6), we
get [|¢|l = 0 which is contradiction. Conversely, suppose 1 ¢ o(¢), and also there
exists a sequence ¢, € Lf;, such that [|¢,| = 1foralln > 1, and |¢nl|r — 0 as
n — oo. Since v is a self-adjoint compact operator, by Corollary 5 on p. 905 in [10],
there exists a countable orthonormal basis for L1, (Fj) consisting of eigenvectors of
, denoting them by g,,7 = 1,2,... with corresponding eigenvalues ;. Now, each
¢, has the representation ¢, = Z;’il anjg; for a,; € R. Putting this sequence (3.6),
we get that (¢, ¢n)p — 1 which means 327 a7\, — 1 as n — oo. Now, since

1= ||gi>n||fFO = >, a;,;, we can rewrite the above equation as 0 < >°%, a7 ;(1 — A;) = 0
(This quantity is non-negative since all the eigenvalues are bounded above by 1). Since
1 ¢ o(v), and {)\;,j = 1,2, ...} has no accumulation points in C except possibly 0 (See
[10], Corollary 5, p. 905), there exists € > 0 such that sup{};,j > 1} =1 — e. However,
this implies that >-72 | a7, (1 — Aj) > €372, a7; = e for all n € IN, which is contradiction
by the fact that this sequence must go to 0 when n goes to co. This completes the
proof. O

Remark 3.1. Notice that based on the proof of Theorem 3.3, we can change the first
condition in Theorem 3.2 to

(i)' There exists a positive constant ¢ such that 9l < cll¢llp, forall ¢ € L.

As Lemma 2.5 emphasizes that the behavior of the spectral measure at origin does
not affect the structure of the space Ly, (F'), one might expect the same formation
in terms of the equivalence of Gaussian measures. The following theorem shows that
changing the spectral measure on bounded subsets of R? will not affect the equivalence
of the corresponding GRFs. In other words, for checking the equivalence of GRFs, only
the behavior of their spectral measures at infinity is important.

Theorem 3.4. Suppose two GRFs with stationary increments have spectral measures Fj
and Fy such that Fy satisfies the condition (C1), and Fy = Fy on I¢, where I is a bounded
subset of R?. Then, these two GRFs are locally equivalent.

Proof. Define Fy(d)\) = 1;¢(\)Fy(d)). First, we show that F, and F; will produce locally
equivalent GRFs with stationary increments. For that, fix 7' > 0. We will investigate the
equivalence of measures on Il. The function v appearing in Theorem 3.3 in this case is
given by

blw ) = / K(w,1)EZ(N ) Fold).

Notice that by the reproducing kernel property,

B, N) = oy (K9, )11()) (V) = Tomy (KR IL1() @) (3.7)
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Spectral conditions for equivalence of GRFs with stationary increments

The specific representation of the function ¥ (w, A) in (3.7) helps us to show that ¢ (w, \) €
L1, (Fo) ® L1, (Fy). The idea of the proof is to first show that 1(w, \) € L? (Fy ® Fp) and
then, use the projection technique to further derive that ¢(w, \) € L, (Fy) ® L. (Fo).-
Note that

[Wler = [ IFeoc (5 10) [, Fide)
< [ 1307, Faldo)
Rd

- /Rd </}Rd|K%(wwy)211(’Y) Fo(d'y)> Fy(dw) (3.8)
~ [ uK$0) Rl

<C [ hPFu(an) <+
I

The second inequality in (3.8) is based on Proposition 2.4 and the fact that [ is
bounded. Now, we prove that the projection of ¢)(w, A) to the space Lr1,.(Fp) ® L1, (Fo)
is in fact itself. This verifies that ¢(w, ) € L, (Fo) ® L1, (Fp). To this end, observe that

(ﬂIHT(FO)@ﬁnT (Fo)(w))(wv >‘) = <¢’ K%(wa ) ® K’?"(/\’ ')>F0®F0
B /]Rd Rd?/J(x, y)K%(w’x)mFO(dy)Fo(dx)
_ /Rd/Rd%T (K22, )11()) () Ko, 2) Ko (N g)
x Fo(dy)Fo(dr)
/Rd”/lnT (K2(A, )11() (2) K (w, ) Fo(dx)

e, KOOI (@)
= P(w, A).

This implies ¢ € L1, (Fo) ® L, (Fo)

It remains to show that 1 ¢ o(¢). For that purpose, take an arbitrary ¢ € L, (Fp),
and observe that (We use the fact that K% (w, \) = K3(\,w), see [2], p. 344.)

/ B\, w) Fo(de)

/ (/KT (@, 7) Fo(dv)> Fo(dw)

:/1 Rdd)(W) K2\, v)KS(v,w) Fo(dw)Fy(dv)

- / SO KD ) Fold)

I
= T L, (Fo) (f11) (N).

Therefore, if 1)¢ = ¢, it implies in particular that ||¢] , < H$11||F0. This means ¢ = 0
almost everywhere with respect to Fj in /. Hence, since ¢ is an entire function, this
implies that ¢ = 0. Thus, 1 cannot be in the spectrum of .
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Spectral conditions for equivalence of GRFs with stationary increments

So far, we proved GRFs with spectral measures F; and ﬁl are locally equivalent, but
since Fy = F; on I, similarly, we can say that F; and F} produce locally equivalent GRFs.
Putting these two together, we get the desired result. O

Theorems 3.2 and 3.3 give necessary and sufficient conditions for equivalence of
GRFs with stationary increments, but it might be difficult to verify the conditions in these
theorems. In the literature, there are sufficient conditions for equivalence of certain
GRFs in terms of their spectral densities. These conditions are easily verifiable once
the two spectral densities are known. For example, we refer to [17], Theorem 17, p.
104, [28], Theorem 4, and [38], theorem 4, p. 156 for stationary GRFs; and to [33, 34],
and [31] for some nonstationary cases. The following is the main theorem of this paper
which gives an explicit sufficient condition in terms of the spectral measures for the
equivalence of GRFs with stationary increments.

Theorem 3.5. Suppose that the spectral measure Fy and F; have positive densities f
and f; with respect to the Lebesgue measure, and F; satisfies the condition (C1). If
there exists a finite constant C' > 0 such that ||¢ 5 < C||¢[/5, forall ¢ € L, and

) = FNY o N
/)\|>k:< fo\) )KT@’A)fo(A)dK (3.9)

for some k > 0, then GRFs with stationary increments and spectral measures F; and F
are equivalent on Il .

Proof. Applying Theorem 3.4, we can change the value of f; on any bounded set, without
having any consequences on the equivalence. So, we assume here that fo = f; on |A\| < k.
The function v in Theorem 3.3 here will be of the form

bl ) = [ K2(w, ) ERO) (fom - fm)) dy

R4

Jo— /1
— g, (Ko .
fo
(Since |K3(w, A)|* < K9(w,w)K%(A, \), (3.9) implies that K9 (w, )zl e L2(F) for all
w € RY. Hence using the orthogonal projection is eligimate). Now, it follows that
2

Fo(do.))
Fo

fo—f1)

TLp(Fo) <K%(UJ, ) )

Re JRA R
fo—h
- /Rd fo g,

_ 0 oo (10 = O’ .
—/Rd</Rd|KT< (A A0)) Fo(d7)> Fold)

_ Jo(v) = f1(7) ’ 0
_/]Rd( fO(rY) ) KT(V?V)fO(PY)dA/

_ M 2 . N
_/w|>k-< fo(7) )KT(%’Y)fo(v)d'y<

K%(w,.) Fo(dw)

by the integrability assumption (3.9). Hence v € L?(Fy ® Fp).
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Spectral conditions for equivalence of GRFs with stationary increments

Now, we apply similar arguments as in the proof of Theorem 3.4 to show that in fact
¥ € L, (Fo) @ L1, (Fp). To this end, observe that

(WLHT(FO)®LHT(FO)(¢))(W7)\) = (¢, K3(w,.) © Kp (X, >F0®Fo
/ (2, y) K (@, 2) K2 On ) Fo(dy) Fo(d)
ReJRA

_/}Rd/]RdWLnT(Fo)<K%(ZE,')foﬁ)fl)(y)K%(w,x)[W
X Fy(dy)Fo(dx)

= [ i (KEOD ) o) K Ro(a)

— WEHT(F0)<K%(A7.)fOfOf1>(w)
Jo—f1

fo

This completes the proof. O

= gy (K P 0) = v,

In (3.9), in addition to the behavior of the spectral densities at infinity, the growth
rate of the diagonal elements of the reproducing kernels of the space L. (Fp) at infinity
also plays an important role. Since finding explicit forms of reproducing kernels are
difficult, we need at least to find upper bounds for the growth rate of the diagonal terms.
The following condition on spectral density helps us to accomplish this task:

(C2) For spectral density f, there exist an entire function ¢, on C? of finite
exponential type such that f(\) = |¢o(A)|” as || — oo on R

The following lemma shows that under (C2) we have an upper bound for the behavior
of the reproducing kernels on the diagonal at infinity.

Lemma 3.2. Suppose fy is a spectral density such that it satisfies (C'1) and (C2) for
some entire function ¢y. Then, for T' > 0, there exists a finite constant C' > 0 such that
the reproducing kernel K9 of Ly, (fo) satisfies
Kj(w,w)

fo(A)

for all w, A € R? with |\| large enough. In particular,

|K%(w, N)|* < C

|K2 (A, M) < (3.10)

Jo(A)
for all A € R¢ with |\| large enough.

Proof. The idea of the proof is similar to the one in Lemma 3 in [34]. Put f(\) = |¢o(N)|*.
Since f and fy are comparable at co, and f is bounded around 0, it is clear that f is
satisfying both conditions (2.2) and (C1). This means we can define Lr1,.(f) the same way,
and this space is also a RKHS. Consider an arbitrary orthonormal basis for this space,
and denote them by v,k = 1,2, .... Now, by Lemma 2.3, they are entire functions on C¢
with finite exponential type which doesn’t depend on k. Further, we know 1,69 € L?(R%)
since

/ [k (A)do(N) 2 dA = / A dA = 1< oo,
R4 R4
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Spectral conditions for equivalence of GRFs with stationary increments

Therefore, we can apply the Paley-Wiener Theorem ([24], Theorem 3.4.2, p. 171) to get
Yrpo = gi for certain functions g, € L?(B) where B is a bounded subset of R? (Here h
stands for the Fourier transform of h). By Parseval’s identity, we can deduce that g;’s
are orthonormal in L?(B). It follows from Bessel’s inequality that

SIS Z]/ i) g, (1) dt

ei<t’)‘>‘ dt = m(B),

2

<

B

where m(B) is the Lebesgue measure of B. Therefore,

> lk(NIP <m(B)/F(N) < C/fo(N)
k

for A € R? with |\| large enough. Now, consider the reproducing kernels of L.(fo),
denoting them by K%(w,.). Since f(\) < fo(\) as |\| — oo, by Lemma 2.5, K(w,.)
belong to L, (f) as well for 1l w € R¢. Thus, we can expand it using the basis 1/, and
get K7.(w,A) = 32, (K7(w,.), ¥x) ;41 (), and then by Cauchy-Schwarz and Lemma 2.5,
we get

2
[K2(w, )" < [|Kp(w Hwak

CHKT Hfo ZW’k
- cKT<w,w>Zwk< ",

k

IN

which makes the proof complete. O

Theorem 3.5 in combination with Lemma 3.2 leads to an appealing result. If the
relative difference between two spectral densities is square integrable at infinity, then
the corresponding GRFs with stationary increments will be locally equivalent. We finish
this section by proving this fact.

Theorem 3.6. Suppose that the spectral measures F; and F; have positive densities f;
and f; with respect to the Lebesgue measure, with fj, satisfying (C1) and (C2) for some
entire function ¢, on C¢ of finite exponential type. If there exists a finite constant k& > 0

such that 2
'A;>k( Jo(N) dA < oo, (3.11)

then GRFs with stationary increments having spectral measures F;; and F; are locally
equivalent.

Proof. Thanks to Lemma 3.2 and Theorem 3.5, it is sufficient to prove that 1 ¢ o(¢). In
spirit of Theorem 3.4, we can assume that fy = f; on |\| < k. Now, take an arbitrary
element ¢ € Lp(fy), and observe that by using the multidimensional Paley-Wiener
Theorem ([24], Theorem 3.4.2. p. 171), we derive that ¢¢( is the inverse Fourier
transform of a squared integrable function g with bounded support, B in R?. This implies

that
/ e M g(7) dy
B

g/fmw<m
B

2

1B(A\)do(N)]* =
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Spectral conditions for equivalence of GRFs with stationary increments

for all A € R?. This means ¢¢, is bounded on R?. This fact together with (3.11) imply
that ¢f";—0fl € L?(fy). Now, observe that

(6) ) = | 6(v(A ) Fofde)

_ fol) — Hi) )
-/ dqs(w)( R R (M >F0(d’7)> Fo(do)

_ Jo(n) = £H(0)
_ /Wk qub(w)K%(A,v)K%w,w)( 1

T TR A
_ /M>k¢(v) (m) ) KI007) Foldv)

= Ly (Fo) <¢ﬁ);0f11w>k}> (A)-

) Fol(dw) Fo(dv)

Now, similar to the proof of Theorem 3.4, if )¢ = ¢, we get that [|¢|| ;, < HW“’“ Tv>ry H .
Fo

fo
Letting k — oo, by the Dominated Convergence Theorem, we get ||¢[|;, = 0. This implies
that ¢ = 0. Thus, 1 cannot be in the spectrum of ¢) and this concludes proof. O

4 Application

In this section, we apply the results in Section 3 to some anisotropic GRFs with
stationary increments. In particular, we consider GRFs with stationary increments and

spectral density of the form

fA) = S 4.1)

(Sl

where A = (A1,..,Aq) € RI\{0}, 3; > 0 forall j =1,...d, and v > 3_, 7. The latter
condition guaranties the integrability condition in (2.2) for spectral measures (See
Proposition 2.1 in [37]). Fractal and smoothness properties of this family of GRFs are
discussed in [37]. Now we apply Theorem 3.6 to determine the equivalence of Gaussian
measures induced by these GRFs.

To this end, first notice that (C1) is obviously satisfied for spectral densities of the
form (4.1). The next lemma shows that these spectral densities also satisfy (C2).

Lemma 4.1. Spectral density functions of the form (4.1) satisfy condition (C2).

Proof. First of all, it is obvious that

1 1

~

(S ) (S )

as |A\| = oco. Therefore, it suffices to prove the lemma for functions of the form on the
right hand side. Now, similar to the construction made in the proof of Lemma 2.3 in [19],
we can find a function ¢ € L?(B) for some bounded subset B C R such that

¥

1 ~
= |60
(1+ i)’

2

)

as |A\| — oo, which QAS is the Fourier transform of ¢. By the Paley-Wiener Theorem ([24],
Theorem 3.4.2. p. 171), ¢ is actually the restriction on R¢ of an entire function on C¢
with finite exponential type. This finishes the proof. O
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Spectral conditions for equivalence of GRFs with stationary increments

The next theorem proves that, under certain conditions, the mixture of spectral
densities of the form (4.1) will be equivalent to the one with the lowest decay rate
at infinity. Similar results of this type have been proved by [33] and [6] for linear
combinations of independent fractional Brownian motions.

Theorem 4.1. Suppose X and Y are two independent centered GRFs with stationary
increments with spectral densities of the form (4.1) with parameters (3;,7) and (8},7'),

respectively. Then, if
B;
7> Z <6’) 1<]<d{5’ 7 (4.2)

then X and X + Y are locally equivalent.

Proof. Using Lemma 4.1 and Theorem 3.6, we only need to show

/ (ZJ 1P |ﬁ]) X < 0. (4.3)
A (i )

By using the inequality (a + b)p < 2P(aP + bP), we can break the integral in (4.3) into
d integrals. Thus, it’s enough to show for each fixed j =1, ...,d

285
I ::/ MR i< oo @.4)
=1 (55 )

Since || > 1, this implies that |\;| > 1/+/d for some k € {1,...,d}. We distinguish two
cases: Case I is when k£ = j, and Case II is when k£ # j. In both cases, we use the
following fact that, for positive constants g and ~, and nonnegative constant b, there
exists a finite positive constant ¢ such that for alla > 0

> (Eb 1_b o0 yb
7@:@—(7—?7)/ Y g
/0 (a+ zP)” o (1+yP)? 4

B caf(vfﬁf%) if By —0b>1,
o if By — b < 1.

(4.5)

First, let’s consider case 1. By applying (4.5) d times, we have

R T =
rl‘)\‘ )

, [e’¢) ‘)\leBJ’Y
<c / d\; < o0
- ’ 2')’,_er» j 1/ J
1 (|>\]‘5J) #3 B

vd

since 6} (27’ - Z,# r ) > 2857 + 1 due to condition (4.2).

Next, we consider case II, where k # j. Similar to case I, we use (4.5) iteratively, but
we take the integration in different order. Denote the integration in \; for ¢ # j, k by
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Spectral conditions for equivalence of GRFs with stationary increments

d>\\ j.k» and observe

00 o] o] |>\j|2ﬁj7
L< | dw | .. S dNjdA
L 0 0 ﬂi-) K

vd — (Zg:1 |Ar

o0 o0 oo 1
< C/ d)\k/ / L 2647 d/\\jJC
L 0 0 T BB

29— 57
d 4 A
va _d__/2 (Zr:l |)\T|ﬁr) j j
> 1
2B,

L N2V~ = &
B r#k gl
NE (‘)\k|ﬁk) J

Q)

dA < 00,

where the second and the third inequality follow since 27’5} > 287 + 1 and

By, (27’ — 22{_7 — Z#k ﬁi) > 1, respectively using the assumption (4.2). This finishes
J i

the proof. O

Next, we consider a similar situation as in Theorem 4.1, but this time we put discrete
spectral measure mixed with the ones of the form (4.1). For that purpose, consider
discrete spectral measure of the form

F{=") =F({y"}) = an, (4.6)

n|2
where 7" € R%, a,, > 0, for n > 1, and Zzo:l %an < oo. If{4",n=1,2..}isa
bounded subset of R¢, then in view of Theorem 3.4, this spectral measure will not affect
the equivalence of Gaussian measures. Therefore, we consider here only the case where

[v"| = o0 as n — oo.

Theorem 4.2, Let X and Y be two independent centered GRFs with stationary incre-
ments with spectral measures Fx and Fy. Suppose F'x has density with respect to
Lebesgue measure on R?, denoted by f, which satisfies both conditions (C'1) and (C?2),
and Fy is a discrete measure of the form (4.6). Then, if

o
L < oo, .7
n;v fm)

for some N > 1, then X and X + Y are locally equivalent.

Proof. First of all, using Theorem 3.4, we can assume «,, = 0 forn = 1,..., N, without
having any consequences on the equivalence of Gaussian measures. Second, observe
that for all ¢ € Lf;, [|6ll ., < ¢l g, 4, » which by Remark 3.1, is equivalent to condition
(i) in Theorem 3.2.

All we need to prove is then to show that the function ¢ in Theorem 3.2 is in
L1, (f) ® L1, (f). For that, note that the function ) can be written as

(W, 7) =D anKr(w,y")Kr (X m). (4.8)
n>N

Observe that functions of the form Kr(.,7")Kr(.,7™) belong to the space Lf; ® L
since Kr(.,7")’s are the reproducing kernel elements of Lf; . Therefore, if we can show
that ||wH?®f < +o0, it implies that the function ¢ defined in (4.8) is the L?(f ® f) limit of
the partial sums and hence, ¢ € L. (f) ® L, (f) since L, (f) ® L1, (f) is the closure
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Spectral conditions for equivalence of GRFs with stationary increments

in L?(f ® f) of the space L, ® Lf,.- To this end, observe that

||7/}Hf®f < Z ||O‘nKT(-a’Yn)KT(-a’Yn)”f@f
n>N

= Z anKr (7", 7")

n>N

<Cy

n>N

< 400,

(a7
™)
by the assumption (4.7). The proof is complete. O

Finally, we give another application of Theorem 3.6. We consider the spectral
densities of the following form

fA) = ! 55 (4.9)

(5 lm)

where A = (A1,..,\q) € R\{0}, 0 < H; < 1forallj = 1,..,d, and Q = Z;l:l H%
According to Remark 2.2 in [37], every positive function of the form (4.1) is comparable
to a function of the form (4.9) as |A\| — co. See [37] for the explicit relationship between
the parameters (51,...,84,7) in (4.1) and (Hy,...,Hy) in (4.9). [37] proved that the
smoothness and fractal properties of a Gaussian random field with spectral density (4.1)
is characterized by the corresponding parameters (H,..., H;). The following theorem
shows that a similar phenomenon occurs for equivalence of these Gaussian random
fields.

Theorem 4.3. Suppose fj and f; are spectral densities of the form (4.9) with parameters
H ? and H ]1 (7 = 1,...,d), respectively. Then, GRFs with stationary increments and spectral
densities fy and f, are locally equivalent if and only if H} = Hj forall j = 1,...,d.

Proof. The sufficiency is obvious, so we only need to prove the necessity. Suppose for
some k € {1,...,d}, H) < H}. By Lemma 3.2 in [37], there exist c¢1, ¢y > 0, such that for

all t € R?
d .
ey It < e
j=1

for i = 0, 1. If we simply choose ¢t € R? with ¢, = {, and t; =0 for j # k, we get

d .
7S e ) I (4.10)
j=1

2
Het”fl < CﬁlQ(H,ing)

5 < —0 asl—0.
ledly, — &

This violates the necessary condition for equivalence of Gaussian measures in Theorem
3.1. O
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