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Abstract. The paper deals with the problem of estimation by the independent
observations over a random variable of an unknown probability measure in Hilbert
space.
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1. In this work we set and discuss the problem of estimation by the
independent observations over a random variable of an unknown probabil-
ity measure in Hilbert space. This is a random variable with values in the
same space and probability distribution of which is the estimated measure.
Approaches to such problems may be different. We discuss the evaluation
related to finite-dimensional projections, having in mind that these esti-
mates can recover the estimated value with any degree of precision. In
this case, it is possible to apply appropriate methods and results for finite-
dimensional case. We use certain facilities of nonparametric estimation and
show the consistency of the proposed method. The limit theorems showing
the degree of accuracy of the method are proved. Moreover, we pose and
solve the task of evaluating various characteristics of the measure (or weak
distribution) in a Hilbert space.

In the beginning properties of generalized weak distribution in infinite
dimensional Hilbert space are studied. These preliminary results are not
only of interest in themselves, but are used in solving the basic problem.

2. Consider real, separable Hilbert space H and o-algebra B of its Borel
sets. Thus, the measurable space (H, B) in sense of [1] is considered. Denote
by P the set of all finite-dimensional orthogonal projections on H and by
N the set of all finite-dimensional subspaces of Hilbert space H. So, for
any P € P we have PH € N. When we need to specify the dimension
of finite-dimensional space, or a projector or the range of the orthogonal
projection, we specify the appropriate index putting it for space or operator
respectively at the top or bottom.

The set P, '(A) is the cylindrical set in H, where P;, € P is the projector
on L € N and A so called base of cylinder is the Borel set in L. Cylinder
sets in H with the bases in L generate o-algebra, which is denoted by B(L).
It is clear, that B(L) € B. Union of all o-algebras B(L) is an algebra, which
is denoted by By. It is called the algebra of cylinder sets. It is known that
the o-closure of By is B.

In some cases, we need the chains of growing finite-dimensional sub-
spaces {L,},L, C Lyi1,L, € N,n € N (where N is the set of natural
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numbers) such that U L, is tight in H. Here and below, in such situa-
n=1

tions, the index n indicates the dimension of the space L. In such cases,

the algebra U B(L,) = B, is more simple, consists of a countable set of o-
n=1
algebras and has basic, for us, the property that the o-closure of B’ coincides

with B.

For any finite-dimensional subspace L of the Hilbert space H, consider
signed finite measure iy, defined on the Borel o-algebra B, of the sets from
L. Assume that the family of measures {ur, L € N'} is adapted in the sense
that for all spaces L; C Lo, L; € N,i = 1,2, and for any Borel set A € By,
we have

Kry (A) - ML2(PE11(A> M LQ) (1)

The family of measures {ur, L € N} satisfying the condition (1) and
defined for any finite dimensional spaces L for a given separable Hilbert
space H is called a weak distribution. We use for this weak distribution the
designation p* = {ur, L € N'}. If any measure pur, L € N is nonnegative,
then the weak distribution p* = {ur, L € N'} is called positive and we write

*

p* > 0. In case, when the chain of growing finite dimensional subspaces

{L,},L, C Lyy1,L, € N,n € N is considered for which U L, is tight in

H, then the sequence of measures {p, ,n € N} on By, and satisfying the
condition

pr,(A) = pr, . (P (A) 0 L),

is called the sequence of finite dimensional distributions (mainly so-called
sequence of nonnegative measures).

In this paper we use the terminology of a weak distribution for both
cases. The full variation |p*| of the weak distribution p* = {puz, L € N'} is
colled the weak distribution (sequence of finite dimensional distributions)
lw*| = {|lpucl, L € N}, where |ur| denotes the full variation of measures
p = pif — pug- Certainly, |pp| = pif + pz.

If we know a priori, that there exists the measure o on H, then by related
given weak distribution {yur,,,n € N}, it is possible to uniquely reconstruct
the measure. Indeed, knowing iy, for the sequence of subspaces {L,,}, such

that L,, C L, and U L, is tight in H, first to define by p the measure

n=1
won B(L,), so that u is defined on the algebra By = U B(L,). Since this

algebra generates B, then it is clear that p is unlquely deﬁned on B too.
However, in practice, for a given weak distribution it is not always known

whether or not this distributions generated by some sort of measure on

a Hilbert space. To establish this fact additional conditions are needed.



On one statistical problem in the Hilbert space

o7

Different approaches to these questions and the results can be found in a
vast literature (see [2-5]).
Denote by Cp(H) the space of continuous and finite functions on L.
Cr(H) is a Banach space in uniform norm ||¢| ¢, (zy = sup |¢(x)|. Further,
zel

let C*(H) be the space of continuous and finite cylindrical functions. Recall
that a function ¢(x) is called cylindrical if there is a 5, measurable function
v, such that the following representation is true

p(z) = pr(Prr). (2)

In this case, L is called the support of this function. In the definition
of C*(H) in addition we request that ¢, € CL(H) for some L. C*(H)
is a linear normed space. In the uniform norm its closure coincides with
C(H)- the space of continuous and finite functions on H, with the norm
lellew) = sup |o(z)]. Denote by CL(H) the space of continuous and finite

cylindrical functlons with base in L. Then C*(H U chH

For the functions from space C*(H) an 1ntegra1 on weak distribution
{ur, L € N} can be defined. This integral following [1] is written in the
form [, p(z)p*(dz) and defined as

| st tan) = [ o), 3)

where ¢y, is the function from (2). The measures p are adapted, so the
definition (3) is correct. This can be seen as well in the usual case (see. [1]).
If Ll C L2 and

o(x) = o1, (PL,x) = ¢1,(Pr,).
Then for x € Lo
o1, (Pr,@) = @1, (2).
Therefore it follows from adapting property that

sz 90[/2 )/’LLQ d‘r fL 90L1 )(Ple):uL2<dx)
= [1, er. @, (P (dy)) = [}, er(@)pr, (dz).

The integral, defined in such a way, satisfies the properties of the linear
operation

/H (cx1(2) + capa())*(dr) = 4 /H o1 (2" (d) + ¢ /H o)1 (d),

where ¢; € R, p; € C*(H),i =1,2.

Let M*(H) be the space of weak distribution on H. This is a linear
space with the operations: for pf = {ut},7 = 1,2 and ¢ € R we have
witps = {ur+p2} and cp; = {cpu’ },i = 1,2. It is possible to set the duality
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between C*(H) and M*(H) by formula (p, 1*) = [, p(x)p*(dz) = p*(p).
As we have seen, this duality is well defined. It is also easy to show that
the following equality is valid

()55 (dr) + / (@) dz).

H

[ otod i) + it - [

H

So that
(crp1 + oo, 1) = cr(pr, %) + calpa, 1)
and
(@, cupy + capiy) = ealp, p3) + ea{py i)
Thus the weak distribution is a linear form on the space C*(H).

Note also the following properties of the integral in the weak distribution:
a) If p(z) € C*(H), p(x) > 0 and p* > 0, then

/H p(x)p(dz) = 0.

b)If the sequence of cylindrical functions ¢,(z),n € N, has the joint
support L, converges to cylindrical function ¢(z) on measure |uz|, and is
majorized by integrable with respect to measure |uy| cylindrical function
Y (x) with support L, then

n—oo

i [ (o (do) = /H () (d).

¢) For the weak distribution p* = {ur, L € N'} and (N, N)-measurable
function ® : H = H it can be defined related to that weak distribution
pp = {pg, L € N'}, where pp(A) = p(971(A)), A € B(L).

d) Under the condition c) the formula of change of variable holds

/H (@) (dz) = /H (@) ().

e) If ¢(x) is integrable by u*, then

| /H () (do)] < /H (@) |1 |(d).

Let Mj(H) be the space of measures on L. Then the direct prod-
uct H M} (H) represents an isomorphic (in the sense of bijections) set in
L

M*(H). Indeed, for any fixed in both sets we obtain respectively the space
Mj;(H) as direct multiplier for first case and the same for other case as
interception of each one-point subset M*(H).

It is possible to introduce in M*(H) a norm. Suppose, that u* € M*(H).
We define the norm p* as the common value of total variations of measures
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lppll = pk (H)+p2(H) on L. In future assume that ||z || = 1. In case when
weak distribution is positive, we speak about weak probability distribution.

The main problem of this theory is to find conditions for which weak dis-
tribution is generated by measure. The classical Kolmogorov type theorems
give positive answer to this question, so that any measure always exists in
the space of all functions (more precisely in R>). The question when this
measure is concentrated in a Hilbert space H is solved in topological theo-
rems under the Minlos-Sazonov type conditions. Other conditions in weak
distribution terms (or pre-measures) were established by Bourbaki and Sko-
rokhod. As Skorokhod has shown (see. [1]), for positive weak distributions
these conditions can be reduced to the question of extending the integral in
weak distribution to a wider class of functions.

From the above definitions it is easy to see that the integral in the weak
distribution can also be defined not only for continuous, but for cylindrical
bounded measurable functions, or direct determination from the beginning,
or as the limit of continuous cylindrical functions. But it turns out that
this is not all. The integral can be extended further to some non-cylindrical
functions.

The notion of weak distribution is in fact, equivalent to the notion of
a quasi-measure (see [3]). Indeed, as we have outlined above, the family
of {By,L € N} forms a limit structure, indexed by L, with a limit of

Furthermore, p* is also a finitely additive set function on By. So triple
(H, By, p1*) is a space with quasi-measure. Using this fact, we can define the
characteristic functional of a weak distribution, as a characteristic functional
of quasi-measure.

For each y € H, we define a linear mapping f,(z) = (z,y)n of the space
(H,Bp) on R. Since the function f,(z) = (z,y) is a cylindrical function, we
can determine the measure f,, in R using the relationship

wy(A) = (£, (A)), A€ B(R).

Then the characteristic functional of quasi-measure can be determined
from

X (@) = /R e"dpuy(t).

It is clear that the concept of weak distribution and its characteristic
function are equivalent. In the general case, the problem of determining
the conditions on the characteristic functional for which the measure in
the Hilbert space is determined by the weak distribution has not yet been
solved, but some interesting questions in these terms are solved efficiently.
In particular, by one-dimensional measures p,(A) the whole weak distribu-
tion can be restored (but not the measure generated by this distribution.
This is possible only under the extra conditions). This makes it possible
to define different functionals of weak distribution, such as the moment
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functions. For example, the first two moments can be calculated using the
following formulas:

ma(y) = / " by (dt) = /H (v, 2)p (dz) = ((0), 9)

o0

ma(nos) = [ [ tsalatds) = [ .00 00 (d2) = 0 O e)

The second of these form is called the correlation form. In terms of the
correlation we can give simple conditions for the discussed problem in the
case of weak positive distributions: if the correlation form ms(yq, ys) is con-
tinuous in Sazonov topology 75(H ), then the weak distribution is generated
by measure in H. Gaussian weak distribution with a identity correlation
operator is not generated by a measure in the initial Hilbert space, but is
generated by measure in the kernel topology, i.e. in the extension of the
given Hilbert space using a Hilbert-Schmidt operator (see [3]).

In the general case, i.e. for a sign-changing weak distributions, such a
criterion is known

Theorem 1 ([3]). Let u* be the weak distribution such that for any e >
0 and for some p > 0, there exists an environment U of zero in (H,7s(H)),
such that

w(An{y e H:|(x,y) > p})| <e (4)

for any A € By and x € U. Then u* is generated by measure from H
and conversely. And if the initial weak distribution is positive, then for the
validity of the statement it is necessary and sufficient to find for any e > 0
a compact K such that, pr,(L — PL(K)) <e for any L € N.

Consider a bounded measurable function f(x) = f(z1,xe,...,x,) in R™.
Then, for any y; € H,© = 1,2, ...,n we can consider the cylindrical function

f(@) = F((@,01), (2, 92), o5 (2, 90)) ()

and the integral makes sense

/ f(:zc),u*(dm) = f(tl, tg, ceey tn)uyl,yg,...,yn (dtldtgdtn)
H

Ly

Where L,, is the finite dimensional subspace of H and unitarily isomor-
phic to R",, fty, 4,...4, the image of the weak distribution p* in L,. If f(z)
is the uniform limit of cylindrical functions f,(x), then we assume that

n—o0

/H flay (o) = lim | (o)

when this limit exists.
We can specify the classes of non-cylindrical functions for which the in-
tegral [, f(z)p*(dr) can be extended. We describe one of these classes.
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Let f(x) be continuous on (—oo, +00), real, bounded by limited unit, pos-
itive, decreasing, vanishing at infinity function lim f(x) = 0. The set of
T—00

such functions is denoted by F. We show that for any function from F
there exists the integral [, f(—||lz|*)p*(dz). Indeed, the function f,(z) =
f(—=(P,x, P,z)) is cylindrical and uniformly converges to f(z). Here P, is
the orthogonal projection on the n-dimensional subspace L, C H. At the

same time, L, are chosen so that they increase and U L, is tight in H.

For the numerical sequence o, = | L, fo(x)pt(dx),n =1,2,..., when n > m
then

|an - O‘ml = |an fn($) n fL fm Mm(dx”
= | [1, Fa(@)paldr) = [ (@) pn(d)] < [ |fu(@) = fn(@)]|pn|(d2)

< || (Ln) sup [ fu(x) = fn(2)]

Because of the uniform convergence, the last expression can be made arbi-
trarily small at m,n — oo. Therefore, the number sequence {«,,} converges
to some .

Denote by W(u*) the set of integrable by p* functions. It is clear that
F C W(u*). Since the total mass is the same for every L, then we will
assume that |pr(L)| = 1 and write |p*(H)| = 1.

Theorem 2. To induce by measure the weak distribution p® it is neces-
sary and sufficient that

i /H f(—ellzlPy(dz) = £(0), feF (6)

Proof. If * is induced by measure u, then using Fatou-Lebesque the-
orem
lim [y, f(=ellll®)p(de) = Tim [, f(=ellal®)p(dz)
= [y lim f (—ellzl*)p*(dz) = F(O)u(H) = f(0).

Conversely suppose we have (6) and check the validity of (4). For any set
A € By there exists L € N, such that A € B;. Note, that since

W (An{y e H: |(z,y)| > p})| < (L0 {y € H: [(z,y)] > p})|

then (4) it is sufficient to check for A = L.
Introduce the notation A, = {y € H : |(z,y)| > p}. By the condition
(6) for any 0 < § < 1, there is €9 > 0, such that

/ F=zl|P)(de) > 1= 6, when 0<% < .
H



62 Nadaraya E., Khechinashvili Z., Sokhadze G., Tkeshelashvili A.

So we write

L=< [ f(=EllelP)pclde) < [i,, F(=EllylI?)]ps(dy)]
+ Jo -z F(EIYIP) e (dy)| <

(LN A+ sup  f(=Ellyll*)(1 = |uc(L N AL)|)

yeL:|(z,y)|<p

= sup  f(=Elyl)+ A= sup  f(=Ellyl*)lpL(L N Al

yeL:|(z,y)|<p yeL:|(z,y)|<p

From that we obtain

(LN A <1— (7)

= s fEP)
yel:|(zy)|<p

For an arbitrary p > 0, consider the open sphere: U = {z € H : ||z|| < p*}.

Using the inequality |(z,y)|*> < ||=|/[ly]] < p?|ly||, we obtain the following

estimation

min  sup f(—EIIyIIQ) > f(0)
€U yeL:|(z,y)|<p

and from (7)

)
LNA)|<1———. 8
Fix first p > 0, then for the given € > 0 choose 4, such that f(0) > 1— 2.

d determines g¢. Finally from (8) we obtain |u,(LNA,)| < ¢ for any z € U.

Remark 1. This theorem is a generalization of the Skorokhod result
(see [1], Lemma 2) in the case of sign changing weak distribution. For
positive measures in [1] the function f(z) = e” is used on [0, c0).

Remark 2. Further, when considering the weak probability distribu-
tions, we need criteria only for positive quasi-measures.

A good example of the construction described above is the case, when the
weak distribution is positive and is given by adapted system of probability
distributions:

p=A{F,(x1, 22, ....,xy),n=1,2, ..}
with the adapting conditions

Fn(ﬂfl,.ﬁl?g, ey Iy—15 — OO0, Typt1y -y l’n) = O,
Frim(x1,Toy oy, +00, .., +00) = F (21, 29, ..., ),
Fn(xly T2, 7xn) = Fn(xipa:iz? "'7377571)7

where iy, 19, ...,1, any permutation of the indexes. Here we have an in-
creasing system of finite dimensional spaces (without loss of generality we
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can assume {L, = R",n = 1,2,...})) and ug~ are the Lebesgue-Stieltjes
measures generated by distribution F),(x1, za, ..., ).
In such cases the integral by weak distribution

/H F () (dz) = /H [(@)F(dx).

The situation becomes more evident when the positive weak distribution
is smooth. We call such a weak distribution p* = {uz, L € N'} that for each
L measure py, is absolutely continuous with respect to Lebesgue measure

d
mpy,, with density ﬁ@) = fr(z1, %9, ..., Taim ). In this case the adapting
L

condition of measures is equivalent to following: if L; C Lo, then

fL1($1,5U27---,33dimL)

= fR fR fR ng(fEh ooy Ldim Ly 5y Ldim Ly+15 Ldim L1425 -"7xdimL2)
AT dim 1,419 dim Ly 42+ AT dim L, -

And if dim L = 1, then [, fi(z)dx = 1.

The system of functions f(x) = {fr(x1, %2, ..., Taim1), L € N} satisfying
these conditions is called an adapted system of densities.

Smooth weak distribution is always given by adapted system of the
densities and we write integral by the smooth weak distribution as

| et = [ e@r@a) = [ @)

H
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