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Summary: We prove such a multivariate version of Bernstein’s inequality about
the tail distribution of degenerate U-statistics which is an improvement of some
former results. This estimate will be compared with an analogous bound about
the tail distribution of multiple Wiener-It6 integrals. Their comparison shows
that our estimate is sharp. The proof is based on good estimates about high
moments of degenerate U-statistics. They are obtained by means of a diagram
formula which enables us to express the product of degenerate U-statistics as
the sum of such expressions.

1. Introduction.

Let us consider a sequence of iid. random variables &1,&5,..., on a measurable space
(X, X) with some distribution p together with a real valued function f = f(z1,...,xx)
of k variables defined on the k-th power (X%, X*) of the space (X, X) and define with
their help the U-statistics I, x(f), n =k, k+1,...,

Li)=2 2. f&&) (1.1)
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We want to get good estimates on the probabilities P (n_k/Qk!\Invk(fﬂ > u) for u >0
under appropriate conditions.

Let me first recall a result of Arcones and Giné [2] in this direction. They have
proved the inequality

eou2/¥
o2k (1 ¥ s (un—k/QU—(k+1))2/k(k+1)> (1.2)

for all u >0

P (k!n_k/2|lnik(f)| > u) <ciexpg —

with some universal constants c;, co and c3 depending only on the order k of the U-
statistic I,, (f) defined in (1.1) if the function f satisfies the conditions

z;€X,1<j<k
1915 = [ Pl ou(do) . dee) < 0% (1.4)
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and it is canonical with respect to the probability measure p, i.e.

/f(.fl,'l,...,.fl?j_l,u,il;'j+1,...,.ka),u(dU):0 fOI' all 1 S] Sk
and z, € X, se{l,...k}\{j}.

A U-statistic defined in (1.1) with the help of a canonical function f is called degenerate
in the literature. Degenerate U-statistics are the natural multivariate versions of sums
of iid. random variables with expectation zero.

Actually Arcones and Giné formulated their result in a slightly different but equiva-
lent form. They called their estimate (1.2) a new Bernstein-type inequality. The reason
for such a name is that the original Bernstein inequality (see e.g. [3], 1.3.2 Bernstein
inequality) states relation (1.2) in the special case k = 1 with constants ¢; = 2, c3 = 3
and c3 = 1 if the function f(z) satisfies the conditions sup |f(z)| < 1, [ f(z)u(dz) =0
and [ f?(z)u(dr) < o?. (Bernstein’s inequality states a slightly stronger estimate in
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the case k = 1. It states this inequality with constants ¢; = 1, co = 5 and c3 = % if

there is no absolute value inside the probability at the left-hand side of (1.2).)

Our goal is to prove such an improvement of this result which gives the right value of
the parameter ¢ in formula (1.2), and we also want to explain the probabilistic content
of such an improvement. For this goal let us first make a more detailed comparison
between Bernstein’s inequality and estimate (1.2).

Let us consider the sum S, = > §; of iid. random variables &,...,&, such that
j=1
E& =0, P(|&1| < 1) =1, and consider the probability p,(u) = P <ﬁ5’n > u) for all

u > 0. Put 02 = E£7. Bernstein’s inequality implies that

Ku
V/no?

with some number K < 1. A similar estimate holds for 0 < u < Cy/no? for any
number C' > 0, but in the case u > \/no? only a much weaker inequality holds. (See
Example 2.4 in [10] for an example where only a very weak estimate holds if u > y/no?.)
This means that Bernstein’s inequality has the following perturbation type character.
For small numbers u (if 0 < u < ey/no? with some small ¢ > 0) the expression in
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2
pn(u)ﬁexp{—(l— )u } for all 0 < u < v/no?

the exponent of the upper bound given for p,(u) is a small perturbation of —%, of
the expression suggested by the central limit theorem. For u < const./no? a similar
bound holds, only with a worse constant in the exponent. If u > y/no?, then no good

Gaussian type estimate holds for the probability p,, (u).

Next I formulate the main result of this paper, Theorem 1, which is an estimate
similar to that of [2]. But, as I will show, it is sharper, and it has a perturbation type
character, similar to Bernstein’s inequality.

Theorem 1. Let &,...,&, be a sequence of iid. random variables on a space (X, X)
with some distribution . Let us consider a function f(x1,...,xy), canonical with respect
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to the measure ju on the space (X*, X*) which satisfies conditions (1.3) and (1.4) with
some 002 < 1 together with the degenerate U-statistic I, . (f) with this kernel function f.
There exist some constants A = A(k) > 0 and B = B(k) > 0 depending only on the
order k of the U-statistic I, 1 (f) such that

u2/k

P(kin™"|L, x(f)] > u) < Aexp q —
2052/k (1 +B (un—k/ZU—(k+1)>1/k>

(1.5)

for all 0 <u < nk/2gk+1,

Remark: Actually, the universal constant B > 0 can be chosen independently of the
order k of the degenerate U-statistic I,, (f) in inequality (1.5).

To understand the content of Theorem 1 better let us recall the following limit
distribution result about degenerate U-statistics, (see e.g. [4]). If the canonical function
f of k variables satisfies condition (1.4), then the degenerate U-statistics n=*/21I,, ,(f)
converge in distribution to the k-fold Wiener-It6 integral J,, (f),

Jor(f) = %/f(a:l,...,xk)uw(dxl)...uw(dxk), (1.6)

of the function f with respect to a white noise uy, with reference measure p. Here p
is the distribution of the random variables £;, j = 1,2,... appearing in the U-statistics
I, k(f). Let me recall that a white noise py with reference measure p on (X, X)
is a set of jointly Gaussian random variables puw (A), A € X, u(A) < oo, such that
Euw(A) =0, Epw (A)pw (B) = n(AN B) for all A € X and B € X. The definition of
Wiener-It6 integrals can be found for instance in [6] or [8].

The above result suggests to describe the tail-distribution of the Wiener—Ito6 integral
Juk(f) and to show that Theorem 1 gives such an estimate which the above mentioned
limit theorem and the tail distribution of J,, x(f) suggests. At this moment there appears
an essential difference between the problem discussed in Bernstein’s inequality and its
multivariate version.

We want to estimate both the U-statistic I, (f) and the Wiener-It6 integral
Juk(f) by means of their variance. (Let me remark that the integral in formula (1.4)
equals the variance of (k!)*/ 2J.k(f), and it is asymptotically equal to the variance of
(KNY2n=k/2], .(f) for large n. At least, this is the case if f is a symmetric func-
tion of its variables. But, since I, x(f) = Inx(Sym f), Jux(f) = Jur(Sym f), and
Sym f||2 < ||f||3 we may restrict our attention to this case.) But while the variance
and expectation determines the distribution of a Gaussian random variable, the distribu-
tion of a Wiener—It6 integral is not determined by its variance and (zero) expectation.
Hence if we want to compare the estimation of degenerate U-statistics by means of
their variance with a natural Gaussian counterpart of this problem, then it is natural
to consider first the following problem.

Find such an upper estimate for the tail distribution of Wiener—Ito6 integrals which
holds for all of them with a prescribed bound on their variances, and which is sharp in
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the following sense. There is a Wiener—It6 integral whose variance is not larger than the
prescribed bound, and which satisfies a very similar lower estimate. Then the estimate
for degenerate U-statistics has to be compared with such an estimate for Wiener-It6
integrals. The following Theorem 2 and Example 3 give an estimate for Wiener—Ito
integrals with the desired properties. (These results were proven in [11.) They suggest

to compare the upper bound in Theorem 1 with the function const. exp {—% (5)2/ k}

with some appropriate constant.

Theorem 2. Let us consider a o-finite measure j on a measurable space together
with a white noise py with reference measure . Let us have a real-valued function
f(zy,...,z1) on the space (X*,X*) which satisfies relation (1.4) with some 0% < o0o.
Take the random integral J,, 1 (f) introduced in formula (1.6). This random integral
satisfies the inequality

P Tk (f)] > u) < Cexp {—% (%)M} for allu > 0 (1.7)

with an appropriate constant C = C(k) > 0 depending only on the multiplicity k of the
integral.

Example 3. Let us have a o-finite measure p on some measure space (X,X) to-
gether with a white noise puw on (X, X) with reference measure . Let fo(z) be a
real valued function on (X,X) such that [ fo(z)?n(dz) = 1, and take the function
fz1,...,2k) = o fo(x1) - folzk) with some number o > 0 and the Wiener—Ité integral
Jui(f) introduced in formula (1.6).

Then the relation [ f(z1,...,xk)% u(dz1) ... p(dzy) = o2 holds, and the random
integral J,, 1 (f) satisfies the inequality

un 2/k
PNk (f)] > u) > THGXP {—5 (—) } for allu >0 (1.8)

(5)

Q|

with some constant C > 0.

By Theorem 1 there are some constants a > 0, C; > 0, 1 > C3 > 0, Cha < 1 such
that under the conditions of this result

B 1 su\2/k U 1/k
P(kin k/2|In,k(f)‘>u)§AeXp{_§ (;) (1—01 <W> )}

Hfo<u< ank/2gk+1

and
un2/k
P(kin™ 2|1, x(f)| > u) < Aexp {—Cz (—) } if anf/2gM T <y < nf/2ok T
g
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A comparison of these estimates with Theorem 2 and Example 3 shows that Theorem 1
has a behaviour similar to that of Bernstein’s inequality. For relatively small numbers

u > 0, more precisely if 0 < u < enf/2¢%*! with some € > 0, the expression in the
exponent at the right-hand side of this estimate is very close to —% (%)2/

suggested by Theorem 2 and Example 3. In the more general case u < nf/2g+t1 a

, the term

similar, but somewhat worse estimate holds. The term — (%)2/ " in the upper estimate
is multiplied by a constant C'; > 0 which may be much smaller than % So the estimate
of Theorem 1 — unlike formula (1.2) — has a perturbation type character.

On the other hand it may seem that the estimate (1.2) has the advantage that it
yields a bound for the tail-distribution of a degenerate U-statistic for all numbers u > 0,
while formula (1.5) holds only under the condition 0 < u < n¥/2¢%+1. Nevertheless,
formula (1.5) implies such an estimate also for u > n*/20*+1 which is not weaker
than the inequality (1.2) (at least if we do not bother about the value of the universal
constants in these estimates). To see this observe that relation (1.3) remains valid if

o2 is replaced by any 62 > o2. As a consequence, for n¥/2 > u > nF/2g**1 rela-

tion (1.5) holds with the replacement of o by ¢ = (un_k/ 2)1/(k+1), since all conditions

of Theorem 1 are satisfied with such a choice. It yields that P(k!n="/2|L,.(f)| >

u) < Aexp{_m (5)2%} = Ae_(uQn)l/(k+1)/2(1+B)1/k‘ On the other hand,

o2/k (1 +c3 (un_k/20_(k+1))2/k(k+1)) > cqu?/k+1)p=1/(k+1) " hence the right-hand

side of (1.2) can be bounded from below by cre—c2(@ )V /es - Thyg relation (1.5)
implies relation (1.2) if n*/2 > u > n*/2¢*+1 with possibly worse constants é; = A, ¢y
and &3 = 2¢2(1+ B)Y/*. If u > n*/2_ then the left-hand side of (1.2) equals zero because
of the boundedness of the function f, and relation (1.2) clearly holds.

Actually the condition u < n*/2¢¥*+! was rather natural in Theorem 1. It can be
shown that in the case u > n*/2¢*+1 there are such degenerate U-statistics satisfying
the conditions of Theorem 1 for which the probability P(n=*/2k!I,, x(f) > u) is much
greater than the expression suggested by the limit theorem for degenerate U-statistics
together with Theorem 2 and Example 3. Such an example is presented in Examples 4.5
in [10] for & = 2. With some extra work similar examples of degenerate U-statistics of
order k could also be constructed for any k = 2,3, ....

Let me say some words about the method of proofs. Theorem 1 will be proved
by means of good estimates on high moments of degenerate U-statistics. They can be
obtained with the help of a new type of diagram formula which enables us to write
the product of degenerate U-statistics as the sum of degenerate U-statistics. Such a
formula may be interesting in itself. It is a version of an important result about the
representation of a product of Wiener—Ito integrals in the form of sums of Wiener—Ito
integrals. It makes possible to adapt the methods in the theory of Wiener—Ito integrals to
the study of degenerate U-statistics. It also gives some insight why the tail distributions
of degenerate U-statistics and Wiener—It6 integral satisfy similar estimates.

This approach is essentially different from that of earlier papers in this field, e.g.
from the proof of paper [2]. T had to choose a different method, because the technique
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of previous papers was not strong enough to prove Theorem 1. They give only such
weaker estimates for high moments of degenerate U-statistics which are not sufficient
for our purposes. This weakness has different causes. First, previous proofs apply
an estimate called Borell’s inequality in the literature, which does not supply a sharp
estimate in certain cases. This has the consequence that we can get only a relatively
weak estimate about high moments of degenerate U-statistics in such a way. (See the
end of my paper [11] for a more detailed discussion.) Beside this, earlier papers in this
field apply a method called the decoupling technique in the literature, and this method
has some properties which enable only the proof a weaker version of Theorem 1.

The decoupling technique contains some randomization procedure, and as a more
careful analysis shows, its application allows us to prove only relatively weak estimates.
The randomization procedure applied in the decoupling technique makes possible to
reduce the estimation of the degenerate U-statistic we want to bound to the estimation
of another degenerate U-statistic which can be better handled. But this new U-statistic
has a larger variance than the original one. As a consequence, this method cannot
give such a good estimate which ‘resembles’ to the limit distribution of the original
U-statistic. Hence for relatively small numbers u it supplies a weaker estimate for the
distribution of degenerate U-statistics than formula 1.5.

Let me still remark that at recent time some new estimates are proved about
the tail distribution of degenerate U-statistics. (See [1], [5], [7].) They may supply a
better bound in certain cases with the help of some additional quantities related to the
properties of the kernel function of the U-statistic. Such problems will be not discussed
in this paper, but I would remark that the method of this paper may work also in such
investigations. The diagram formula supplies a better estimate for the moments of a
degenerate U-statistic if its kernel function has some nice properties. There is some
hope that the recent results about the tail distribution of degenerate U-statistics can
be proved in such a way.

This paper consists of six sections. In Section 2 the proof of Theorem 1 is reduced
to a moment estimate for degenerate U-statistics formulated in that section. To under-
stand the content of this moment estimate better I also present its Wiener—It6 integral
counterpart. Theorem 2 follows from this moment estimate for Wiener—Ito integrals in
a standard way. This proof will be omitted, since it can be found in [11]. The proof of
Example 3 can also be found in [11], hence its proof will be also omitted. Sections 3, 4
and 5 contain the proof of the diagram formula for the product of degenerate U-statistics
needed in the proof of the moment estimate in Section 2. The diagram formula about
the product of two degenerate U-statistics is formulated in Section 3, and its proof is
given in Section 4. Section 5 contains the formulation and proof of the diagram formula
for the products of degenerate U-statistics in the general case. In Section 6 the moment
estimate given is Section 2 is proved by means of the diagram formula. In such a way
the proof of Theorem 1 is completed.



2. The reduction of the proof of Theorem 1 to a moment estimate.

Theorem 1 will be proved by means of the following

Proposition A. Let us consider a degenerate U-statistic I, 1 (f) of order k with sample
size nand with a kernel function f satisfying relations (1.3) and (1.4) with some 0 <
0% < 1. Fiz a positive number n > 0. There exist some universal constants A = A(k) >
V2, C = C(k) > 0 and My = My(k) > 1 depending only on the order k of the U -statistic
I, 1 (f) such that

2M 2

kM
E (n—k/%un,k(f)) <A1+ Cym)*M (g> (kM) 52M

(2.1)
for all integers M such that kMy < kM < nno?.

The constant C' = C(k) in formula (2.1) can be chosen e.g. as C = 2+/2 which does not
depend on the order k of the U-statistic L, ,(f).

To understand the content of Proposition A better I formulate its Wiener—Ito in-
tegral counterpart in the following

Proposition B. Let the conditions of Theorem 2 be satisfied for a multiple Wiener—Ito
integral J,, 1 (f) of order k. Then, with the notations of Theorem 2, the inequality

BRI (DM <1-3-5---(2kM —1)o*™  foral M =1,2,... (2.2)

holds.

By the Stirling formula Proposition B implies that

kM
Bk Tk (H))*™M < %UW <A (Z) (kM )M 2M (2.3)

for any A > /2 if M > My = My(A). The right-hand side of formula (2.2) is almost as
large as the right-hand side of formula (2.3). Hence the estimate (2.3) gives an almost
as good estimate as Proposition B. We shall use this estimate in the sequel because of
its simpler form.

Proposition B can be considered as a corollary of a most important result about
Wiener—It6 integrals called the diagram formula. This result enables us to rewrite the
product of Wiener—Ito integrals as a sum of Wiener-Ito integrals of different order. It
got the name ‘diagram formula’ because the kernel functions of the Wiener—Ito integrals
appearing in the sum representation of the product of Wiener—It6 integrals are defined
with the help of certain diagrams. As the expectation of a Wiener—It6 integral of order
k equals zero for all £ > 1, the expectation of the product is equal to the sum of the
constant terms (i.e. of the integrals of order zero) in the diagram formula. In such a way
the diagram formula yields an explicit (although somewhat complicated) formula about
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the moments of Wiener—Ito integrals. Proposition B can be proved relatively simply by
means of this relation. Since it is written down in paper [11], I omit the details.

We shall see that there is such a version of the diagram formula which expresses
the product of degenerate U-statistics as a sum of degenerate U-statistics of different
order by means of some appropriately defined diagrams. Proposition A can be proved
by means of this version of the diagram formula similarly to Proposition B. The proof
of Proposition A with the help of this version of the diagram formula will be given in
Section 6. The main difference between the proof of Propositions A and B with the help
of the corresponding diagram formula is that in the case of degenerate U-statistics the
diagram formula contains some additional new diagrams, and their contribution also
has to be estimated. It will be shown that if not too high moments of U-statistics are
calculated by means of the diagram formula, then the contribution of the new diagrams
is not too large.

To better understand the content of Proposition A let us compare formulas (2.1)
and (2.3). These estimates are very similar. The upper bound given for the 2M-th mo-
ment of a degenerate U-statistic in formula (2.1) is less than A*-times the upper bound
given for the 2M-th moment of the corresponding Wiener—It6 integral in formula (2.3)
with some universal constant A > 1. Moreover, the constant A is very close to 1 if
the parameter M is relatively small, if M < eno? with some small number ¢ > 0. But
the estimate (2.1) holds only for not too large parameters M, because of the condition
kM < nno? in it. Because of this condition Proposition A gives a much worse bound for
the 2M-th moment of a degenerate U-statistic if M > no? than inequality (2.3) yields
for the 2M-th moment of the corresponding Wiener—It6 integral. The above mentioned
properties of the moment estimates in Proposition A are closely related to the behaviour
of the estimate in Theorem 1, in particular to the condition u < n*/2¢%+1 in it.

Theorem 2 can be proved by means of the Proposition B and the Markov inequality

P(|Juk(f)] >u) < E‘]“u“;# with a good choice of the parameter M. This is a rather
standard approach, and this proof is written down in [11]. Hence I omit it. Theorem 1
can be proved similarly with the help of Proposition A and the Markov inequality, but
in this case a more careful analysis is needed to find the good choice of the parameter M
with which the Markov inequality should be applied. I work out the details.

Proof of Theorem 1 by means of Proposition A. We can write by the Markov inequality
and Proposition A with the choice n = % that
E (Kn=*/21, 1 (£))*"

P(EIn 2|1, o (f)] > u) < oM

u

Vno

for all integers M > My with some My = My(k) and A = A(k).

We shall prove relation (1.5) with the help of estimate (2.4) first in the case D <
2 < n*/2c* with a sufficiently large constant D = D(k, C) > 0 depending on k and the

2
Y/ 2/k
< A 1-2/<:M<1+(J kM) <U>
[
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constant C' in (2.4). To this end let us introduce the numbers M,

_ 1 yu\2/k 1 1 yu\2/k 1
WM = 2 (;) ()" 2 <E> 14+ B (un—k/Qa—(k+1))1/k (25)

1+ B2

with a sufficiently large number B = B(C) > 0 and M = [M], where [x] means the
integer part of the number .

Observe that VEM < (%)1/1€ VEM (un_k/Zo_(k“))l/k <1, and

' /noe —
—\ 2 _
vVEkM vVEM 1/k
1+C i <1+ B i < 1+B<un*k/20*(k+1)>
Vno Vno

with a sufficiently large B = B(C) > 0 if % < n*/2¢*. Hence

2 _\ 2
v/ k _ V k
32kM(1+C kM) (3)2/ <1 21<:M<1+C kM) (5)2/
e Vno u e no u
NOTA% (2:6)
1+ CYX=>
Sl' ( ﬁa) <1
¢ (

1+ B (un—k/2g—(k+10)/F T e

if = < nk/2g%  If the inequality D < = also holds with a sufficiently large D =
D(B,k) > 0, then M = [M] > M, because of the definition of [M] in formula (2.5)
and the relation un~*/2¢**1 < 1. With such a choice the conditions of inequality (2.4)
hold. By applying it together with inequality (2.6) we get that

P(EW 2L, 1.(f)] > u) < Ae "M < Acke kM

if D <2 < n¥/2g*. This means that inequality (1.5) holds in this case with a pre-
exponential constant Ae¥. Since e ¥ is bounded from below for % < D relation (1.5)

holds for all 0 < & < n*/26* with a possible increase of the pre-exponential coefficient
AeF in it. Theorem 1 is proved.

Let us observe that the above calculations show that the constant B in formula
(1.8) can be chosen independently of the order k of the U-statistics I, 1 (f).



3. The diagram formula for the product of two degenerate U-statistics.

To prove Proposition A we need a good identity which expresses the expectation of the
product of degenerate U-statistics in a form that can be better handled. Such an identity
can be proved by means of a version of the diagram formula for Wiener—It6 integrals
where the product of degenerate U-statistics is represented as the sum of degenerate
U-statistics with appropriate kernel functions. In such a formula the kernel functions of
the sum representation are defined with the help of some diagrams, and to get a useful
result we also need a good estimate on their Lo-norm.

We shall prove such a result. First we prove its special case about the product of
two degenerate U-statistics together with a good estimate on the Lo-norm of the kernel
functions in the sum representation. Then the result in the general case can be obtained
by induction.

In the case of the product of two degenerate U-statistics the result we want to prove
can be obtained with the help of the following observation. Let us have a sequence of
iid. random variables &1, &s, ... with some distribution p on a measurable space (X, X)
together with two functions f(z1,...,2,) and g(z1,...,7,) on (X*, X*) and on
(X*2, Xk2) respectively which are canonical with respect to the probability measure .
We consider the degenerate U-statistics I, i, (f) and I, x,(g) and want to express their
normalized product kylka!n=(F1k2)/21 4 ()1, 1,(g9) as a sum of (normalized) degen-
erate U-statistics. This product can be presented as a sum of U-statistics in a natural
way. Then by writing each term of this sum as a sum of degenerate U-statistics by
means of the Hoeffding decomposition we get the desired representation of the product.
This result will be formulated in Theorem A.

In this Section Theorem A will be described together with the introduction of the
notations needed for its formulation. Its proof will be given in the next Section.

To define the kernel functions of the U-statistics appearing in the diagram formula
for the product of two U-statistics first we introduce a class of objects I'(k1, k2) we
shall call coloured diagrams. We define graphs v € T'(kq, k2) that contain the vertices
(1,1),(1,2),...,(1, k1) which we shall call the first row and (2,1)...,(2, k3) which we
shall call the second row of these graphs. From each vertex there starts zero or one
edge, and each edge connects vertices from different rows. Each edge will get a colour
+1 or —1. T'(ky, ko) consists of all v obtained in such a way. These objects v will be
called coloured diagrams.

Given a coloured diagram v € T'(ky,ks) let B,(vy) denote the set of upper end-
points (1, j) of the edges of the graph v, B, 1)(7) the set of lower end-points (2, j) of
the edges of v with colour 1, and B _1)(y) the set of lower end-points (2, j) of the
edges of v with colour —1. (The letter ‘b’ in the index was chosen because of the word
below.) Finally, let Z(7) denote the set of edges with colour 1, W (~) the set of edges
with colour —1 of a coloured graph v € I'(k1,k2), and let |Z(vy)| and |W(v)| denote
their cardinality.

Given two functions f(z1,...,2k, ) and g(z1,...,2k,) let us define the function

(fog)(T1)s > T(1k1)> T(2,1)s -+ T(2,k2))

10



= f($(1,1)7 o a$(1,k1))9($(2,1), . ,w(z,kz)) (3.1)

Given a function h(xy,,...,2,,) with coordinates in the space (X, X’) (the indices
ui, ..., u, are all different) let us introduce its transforms P, h and @, h by the formulas

(Pu 1) (@u: w € {u, .oy ur} \ fuy}) = /h(:z;ul,...,a:ur)u(d:cuj), L<j<r (32)
and
(Qu 1)@y 2,) = h(xul,...,qu)—/h(xul,...,qu)u(d:cuj), L<j<r (3.3)

At this point I started to apply a notation which may seem to be too complicated,
but I think that it is more appropriate in the further discussion. Namely, I started
to apply a rather general enumeration uq, ..., u, of the arguments of the functions we
are working with instead of their simpler enumeration with indices 1,...,r. But in the
further discussion there will appear an enumeration of the arguments by pairs of integers
(I,7) in a natural way, and I found it simpler to work with such an enumeration than
to reindex our variables all the time. Let me remark in particular that this means that
the definition of the U-statistic with a kernel function f(x1,...,xx) given in formula
(1.1) will appear sometimes in the following more complicated, but actually equivalent
form: We shall work with kernel function f(x,,,...,x,, ) instead of f(x1,...,xy), the
random variables §; will be indexed by u,, i.e. to the coordinate x,, we shall put the
random variables &;, ~ with indices 1 < j,, < n, and in the new notation formula (1.1)
will look like

La=5 X F(Gut). (1.1)

JusF i wu

Let us define for all coloured diagrams v € I'(ki, k2) the function a,(1,j), 1 <
J < ki, on the vertices of the first row of v as a,(1,j) = (1,7) if no edge starts from
(1,75), and a,(1,j) = (2,;5') if an edge of v connects the vertices (1,j) and (2,7).
Given two functions f(z1,...,2k, ) and g(x1,...,xx,) together with a coloured diagram
v € I'(k1, k2) let us introduce, with the help of the above defined function a(-) and
(f o g) introduced in (3.1) the function

= (fog)(Ta, (1,1)r s Ta, (1,k1)> T(2,1)s- - > T(2,ks))-

(In words, we take the function (f o g), and if there is an edge of 7 starting from a
vertex (1,7), and it connects this vertex with the vertex (2, '), then the argument z(; ;)
is replaced by the argument x5 ;) in this function.) Let us also introduce the function

(f © g)’Y (x(l,j)a T(2,5), .7 S {17 ) kl} \ Bu(7)7 j/ € {17 o 7k2} \ B(b,l))
= Il Pes II  @en (3.5)

(2,4")€B,1)(7) (2,4")EB®,—1)(7)

(f Og),Y ((E(j’l),x(j/’z), j S {]_, . .,l{?l} \ Bu(’Y), 1 S j/ S kg) .
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(In words, we take the function (f o g) , and for such indices (2,7') of the graph v from
which an edge with colour 1 starts we apply the operator Py ;) introduced in formula
(3.2) and for those indices (2, j') from which an edge with colour —1 starts we apply the
operator ()2 ;) defined in formula (3.3).) Let us also remark that the operators P, ;
and Q2 ;) are exchangeable for different indices j’, hence it is not important in which
order we apply the operators P, ;) and Qs ;) in formula (3.5).

In the definition of the function (f o g), those arguments (5 ;) of the function

(f og), which are indexed by such a pair (2, ;') from which an edge of colour 1 of
the coloured diagram ~ starts will disappear, while the arguments indexed by such a
pair (2,7’) from which an edge of colour —1 of the coloured diagram ~ starts will be
preserved. Hence the number of arguments in the function (f o g), equals kq + ko —
2|B,1)(7)| = |Bw,—1)(v)], where |B, 1y(v)| and |B(,—1)(v)| denote the cardinality of
the lower end-points of the edges of the coloured diagram + with colour 1 and —1
respectively, In an equivalent form we can say that the number of arguments of (fog),
equals ky + ks — (2| Z()] + W ()]):

Now we are in the position to formulate the diagram formula for the product of
two degenerate U-statistics.

Theorem A. Let us have a sequence of iid. random wvariables £1,&2,... with some
distribution p on some measurable space (X, X) together with two bounded, canonical
functions f(x1,...,xE, ) and g(x1, ..., xE,) with respect to the probability measure p on
the spaces (X*1, X*1) and (X*2,X*2). Let us introduce the class of coloured diagrams
I'(k1, k2) defined above together with the functions (f o g)~ defined in formulas (3.1)—
(3.5).

For all v € T' the function (f o g) is canonical with respect to the measure p with
k() = ki+ka—(2|Z()|+|W (7y)]) arguments, where | Z(7)| denotes the number of edges
with colour 1 and |W ()| the number of edges with colour —1 of the coloured diagram ~y.
The product of the degenerate U-statistics Ik, (f) and I, k,(g), n > max(k1,ks), de-
fined in (1.1) satisfies the identity

k1 !n_kl/zln,kl (f)k2!n_k2/2ln,k2 (9)

12
[ (n—= (ki + ko) + [WH)+[Z2(0)]+ )

n(n) =1
=2 220 (3.6)
Y€ (k1,k2)

n W2 (DI =* 2L (f 0 9)4),

where Z’(n) means that summation is taken only for such coloured diagrams ~ €

1Z()]

['(k1, k2) which satisfy the inequality ki1 + ko — (|1Z(v)| + [W(y)|) <n, and [] equals
j=1

1 in the case |Z(y)| = 0.

The La-norm of the functions (f o g) is defined by the formula
1(f o 9)415 = /(f 0 9)2(x,5) (24, 5 € {1, ki} \ Bu(7), 4 € {1,..., k2} \ Bp,1))
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11 p(dza ) 11 p(dxa,jn).

(1,5): ge{1,....,ka }\ Bu(7) (2,37): 3" €{1,....,k2}\B(s,1)

If W(~v) =0, then the inequality

1(f ©9)yll2 < 1 f2llgll2 (3.7)

holds. In the general case we can say that if the functions f and g satisfy formula (1.3),
then the inequality

1(f © 9)ll2 < 2O min(| fll2, [|gll2) (3.8)

holds. Relations (3.7) and (3.8) remain valid if we drop the condition that the functions
f and g are canonical.

Relations (3.7) and (3.8) mean in particular, that we have a better estimate for
|(f ©g)~]|2 in the case when the coloured diagram 7 contains no edge with colour —1,
i.e. if |IW ()| = 0, than in the case when it contains at least one edge with colour —1.

Let us understand how we define those terms at the right-hand side of (3.6) for
which k() = 0. In this case (fog), is a constant, and to make formula (3.6) meaningful
we have to define the term I,, 5, ((f o g),) also in this case. The following convention
will be used. A constant ¢ will be called a degenerate U-statistic of order zero, and we
define I, o(c) = c.

Theorem A can be considered as a version of the result of paper [9], where a
similar diagram formula was proved about multiple random integrals with respect to
normalized empirical measures. Degenerate U-statistics can also be presented as such
integrals with special, canonical kernel functions. Hence there is a close relation between
the results of this paper and [9]. But there are also some essential differences. For
one part, the diagram formula for multiple random integrals with respect to normalized
empirical measures is simpler than the analogous result about the product of degenerate
U-statistics, because the kernel functions in these integrals need not be special, canonical
functions. On the other hand, the diagram formula for degenerate U-statistics yields
a simpler formula about the expected value of the product of degenerate U-statistics,
because the expected value of a degenerate U-statistic of order £ > 1 equals zero,
while the analogous result about multiple random integrals with respect to normalized
empirical measures may not hold. Another difference between this paper and [9] is that
here I worked out a new notation which, I hope, is more transparent.
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4. The proof of Theorem A.
The proof of Theorem A. Let us consider all possible sets {(u1,u}), ..., (u,u))}, 1 <1<

min(k, ko) containing such pairs of integers for which us € {1,... k1 }, v}, € {1,..., ka},
1 < s <, all points uq,...,u; are different, and the same relation holds for the points
ul,...,u;, too. Let us correspond the diagram containing two rows (1,1),...,(1,k1)

and (2,1),...,(2,k2) and the edges connecting the vertices (1,us) and (2,u}), 1 <
s < 1 to the set of pairs {(u1,u}),..., (u,u})}, and let T'(k,ks) denote the set of all
(non-coloured) diagrams we can obtain in such a way. Let us consider the product
k'L iy (f)Ek2! Lk, (g), and rewrite it in the form of the sum we get by carrying out a
term by term multiplication in this expression. Let us put the terms of this sum into
disjoint classes indexed by the elements of the diagrams 7 € I'(k1, ko) in the following
way: A product (&, ., &5, )9, ,@;2) belongs to the class indexed by the graph
5 € T'(k1, ko) with edges {((1,u1), (2,u})), .., (1, w), (2,u)} if ju, = jl., 1 < s <1,
for the indices of the random variables appearing in the above product, and no more
coincidence may exist between the indices ji,..., Jk,, 71, -, j,’@. With such a notation
we can write

W R (D el L(9) = 3 0 SRR, ) (Fag)y), (4)
yer

where the functions (fog)5 are defined in formulas (3.1) and (3.4). (Observe that

although formula (3.4) was defined by means of coloured diagrams, the colours played

no role in it. The formula remains meaningful, and does not change if we replace the

coloured diagram + by the diagram 74 we get by omitting the colours of its edges.) The

quantity k() equals the number of such vertices of 4 from the first row from which no

edge starts plus the number of vertices in the second row, and the notation Z/(n) means
that summation is taken only for such diagrams 4 € T' for which n > k(7).

Let the set Vi = Vi(¥) consist of those vertices (1,u1) = (1,u1)y, ..., (Lius,) =
(1, us, )~ of the first row {(1,1),..., (1, k1)} of the diagram ¥ from which no edge starts,
and let Vo = V(%) contain those vertices (2,v1) = (2,v1)4, ..., (2,vs,) = (2,vs,) from

the second row {(2,1),...,(2,k2)} of v from which no edges start. Then k() = s1 + ko,
and the function (f o g); has arguments of the form x(; ), (1,u,) € V1 and (2,
1 S v S kg.

Relation (4.1) is not appropriate for our goal, since the functions (fog)s in it
may be non-canonical. Hence we apply Hoeffding’s decomposition for the U-statistics
In’,;m(m)@ in formula (4.1) to get the desired representation for the product of
degenerate U-statistics. Actually some special properties of the function (f o g)5 enable
us to simplify a little bit this decomposition. (The Hoeffding decomposition is a simple
but important result which gives an explicit method to rewrite a general U-statistic
in the form of sums of degenerate U-statistics. It has an equivalent reformulation by
which an arbitrary (kernel) function of several variables can be rewritten as the sum of
canonical functions with different number of variables. It has a concise explanation for
instance in the Appendix of [4]. In the subsequent considerations I write down what
this result yields in the present situation.)
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To carry out this procedure let us observe that a function f(z,,...,xy, ) is canon-
ical if and only if P, f(xy,,...,%y,) = 0 with the operator P,, defined in (3.2) for all
indices u;. Beside this, the condition that the functions f and g are canonical implies
the relations P ,)(fog)y = 0 for (1,u) € V4 and P (fog)y = 0 for (2,v) € Va.
Moreover, these relations remain valid if we replace the functions (fog)5 by such
functions which we get by applying the product of some transforms P(3 ,) and Q(2,.),
(2,v) € {(2,1),...,(2,k2)} \ Vo for them with the transforms P and @ defined in for-
mulas (3.2) and (3.3). (Here we applied such transforms P and @ which are indexed by
those vertices of the second row of 4 from which some edge starts.)

Beside this, the transforms P, ,) or Q) are exchangeable with the operators
Poy or Qa,p) if v # v', Prayy + Q2,0) = I, where I denotes the identity operator,
and P2 ,)Q 2,0y = 0, since P34)Q(2,0) = P2,v) — P(227v) = (0. The above relations enable
us to make the following decomposition of the function (f o g)5 to the sum of canonical
functions (just as it is done in the Hoeffding decomposition): Let us introduce the class
of those coloured diagram I'(y) which we can get by colouring all edges of the diagram
~ either with colour 1 or colour —1. Some calculation shows that

(fog)y= 11 (Pow) +Qaw) | (Fogs= D (fog)y, (42)

(2,1.))6{(2,1),...,(2,k2)}\V2 ’761—‘(’7)

where the function (f o g), is defined in formula (3.5). We get the right-hand side of
relation (4.2) by carrying out the multiplications for the middle term of this expression,
and exploiting the properties of the operators Ps .,y and Q2. Moreover, these proper-
ties also imply that the functions (fog), are canonical functions of their variables z(; ),
(1,u) € V1 and x (24, (2,v) € Bp,—1)(7) U Va. Indeed, the above properties of the oper-
ators Pz ) and Q(2,,) imply that Py ,)(fog), = 0if (1,u) € V1, and Py ,y(fog)y =0
if (2,v) € Bgp,—1)(7) U Va.

Let Z(7y) denote the set of edges of colour 1, W (~) the set of edges of colour —1 in
the coloured diagram ~, and let |Z(y)| and W ()| be their cardinality. Then (f o g)~ is
a (canonical) function with k(v) = k1 + ke — (|[W(y)| + 2|Z(y)|) variables, and formula
(4.2) implies the following representation of the U-statistic I, j ) ( fo g);y) in the form
of a sum of degenerate U-statistics:

n_(k1+k2)/2/5(‘)!1 ke ((Fo9)s)
(k)2 5™ ()20 ()L 1) ((f 0 9)-) (4.3)
ver (%)
with J,(v) =11if |Z(y)| =0, and
[Z ()]
[T (n— (k1 + k) + W)+ [Z(7)] +J)

Jn(’y) = nZ)] if |Z(7)’ > 0.
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The coefficient J,,(y)n!4! appeared in formula (4.3), since if we apply the decompo-
sition (4.2) for all terms (m):y(ﬁjuyu),fj(m), (L,u) € V1, (2,v) € {1,...k2}) of the U-
statistic k()L x(3) ((f © 9)5), then each term (fog)4 (&), 0> Ejany> (Lw) € V1, (2,0) €
Vo U V4) of the U-statistic I, k() ((f © g),) appears J,, (y)nZ(MI times. (This is so, be-
cause k() = k1 +ka— (|W(v)|+2|Z(~)|) variables are fixed in the term (fog), from the
k(%) = k1+ka— (W (v)|+|Z(7)]) variables in the term (f o g)+, and to get formula (4.3)
from formula (4.2) the indices of the remaining |Z(7)| variables can be freely chosen
from the indices 1,...,n, with the only restriction that all indices must be different.)
Formula (3.6) follows from relations (4.1) and (4.3). (To see that we wrote the
right power of n in this formula observe that n=(F1152)/2p[Z2(N1 = n=k()/2p=IWNI/2 )

To prove inequality (3.7) in the case |[W(7)| = 0 let us estimate first the value of
the function (f o g)?y(a:(lyu),m(g’v), (1,u) € Vi, (2,v) € V5) by means of the Schwarz
inequality. We get that

(fog)?y(x(l,u)?x@,v)’ (17u) S Vla (27U) S ‘/2>

< /fQ(x(l,u)ax(Q,v)a (1,U) € V17 (27'0) € B(b,l) (7)) H ,LL( dx(Qﬂl))
(2,9)EB,1)(7)

/ P, 20) €VaUBen(),) [ w(deew)
(2,9)€B,1)(7)

= H P(2,u)f2(90(1,u),$(2,v)7 (Lu) e Vi, (2,v) € B(b,1)(7))
(2,9)€Bw,1)(7)

H P9 (%2, (2,0) € V2U B 1y(7))
(2,v)€B(p,1)(7)
(4.4)
with the operators P defined in formula (3.2).

Let us observe that the two functions at the right-hand side of (4.4) are functions
of different arguments. The first of them depends on the arguments x(q ., (1,u) € V1,
the second one on the arguments x(5,y, (2,v) € V2. Beside this, as the operators P
appearing in their definition are contraction in Li-norm, these functions are bounded in
Ly norm by || f||3 and ||g||3 respectively. Because of the above relations we get formula
(3.7) by integrating inequality (4.4) and applying Fubini’s theorem.

To prove inequality (3.8) let us introduce, similarly to formula (3.3), the operators

Qujh(xul""’wur) = h(CL’ul,...,ZCuT) +/h(xu17"-axur)u(dxuj)7 1 SJ S T,

in the space of functions h(xs,,...,7,,) with coordinates in the space (X, X). (The
indices u1, ..., u, are all different.) Observe that both the operators @, and the oper-
ators P,; defined in (3.2) are positive, i.e. these operators map a non-negative function

to a non-negative function. Beside this, Q,; < Quj, ie. Quj — @y, is a non-negative
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operator, and the norms of the operators Q; L and P,, are bounded by 1 both in the

Li(p), the Lo(p) and the supremum norm.

Let us define the function

—_—

(f Og)’Y (Cc(l,j)am(2,j’)a j € {17 .- '7k1} \ Bu(fy)v j/ € {]-7 <o 7k2} \ B(b,l))

= 11 P 11 Q(2,51)

(2,4")€B1,1)(7) (2,4")EB®,-1)(7)

(f Og)’y (x(j,l)am(j’,2)7 j € {]., .. .,kl} \ Bu(’}/), 1 S j/ S kg)

—_—

with the notation of Section 3. We have defined the function (f o g), with the help
of (fog), similarly to the definition of (f o g), in (3.5), only we have replaced the
operators Q3 ;) by Q2 ;) in it.

We may assume that [|g[l2 < || f|l2. We can write because of the properties of the
operators P,; and Q. listed above and the condition sup |f(z1,...,z%)| < 1 that

(Fog), < (Iflolg)y < (1o]g])n, (4.5)

where ‘<’ means that the function at the right-hand side is greater than or equal to
the function at the left-hand side in all points, and 1 denotes the function which equals
identically 1. Because of relation (4.5) to prove relation (3.8) it is enough to show that

IGeloh =l 1T Pes II  Qeslslecn.zeml|
(2,5)€B(p,1)(7) (2,5)€B,-1)(7) 9 ( ) )
< 2WO|g]|,.

But this inequality trivially holds, since the norm of all operators P, ;y in formula (4.6)

is bounded by 1, the norm of all operators Q(g’j) is bounded by 2 in the Lo(u) norm,
and [B,—1)| = [W(7)l.
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5. The diagram formula for the product of several degenerate U-statistics.

The product of more than two degenerate U-statistics can also be expressed in the form
of a sum of degenerate U-statistics by means of a recursive application of Theorem A. We
shall present this result in Theorem B and prove it together with an estimate about the
Lo-norm of the kernel functions of the degenerate U-statistics appearing in Theorem B.
This estimate will be given in Theorem C. Since the expected value of all degenerate
U-statistics of order k > 1 equals zero, the representation of the product of U-statistics
in the form of a sum of degenerate U-statistics implies that the expected value of this
product equals the sum of the constant terms in this representation. In such a way
we get a formula for the expected value of a product of degenerate U-statistics which
together with Theorem C will be sufficient to prove Proposition A. But the formula we
get in this way is more complicated than the analogous diagram formula for products
of Wiener—Ito integrals. To overcome this difficulty we have to work out a good “book-
keeping method”.

Let us have a sequence of iid. random variables &1, &5, ... taking values on a mea-
surable space (X, X) with some distribution u, and consider L functions fi(z1,...,zk,)
on the measure spaces (X*,X*), 1 < [ < L, canonical with respect to the mea-
sure u. We want to represent the product of L > 2 normalized degenerate U-statistics
n_kl/zkl!]nykl(fkl) in the form of a sum of degenerate U-statistics similarly to The-
orem A. For this goal I define a class of coloured diagrams T'(kq,...,kr) together
with some canonical functions F., = F,(fk,,..., fx,) depending on the diagrams v €
[(ki,...,kr) and the functions fi(z1,...,2x,), 1 <1< L.

The coloured diagrams will be graphs with vertices (I, ) and (I,7,C), 1 <1 < L,
1 < 5 < ki, and edges between some of these vertices which will get either colour 1
or colour —1. The set of vertices {(,7),(l,4,C), 1 < j < k;} will be called the [-th
row of the diagrams. (The vertices (I, j,C) are introduced, because it turned out to be
useful to take a copy (l,j,C) of some vertices (I, j). The letter C' was chosen to indicate
that it is a copy.) From all vertices there starts either zero or one edge, and edges
may connect only vertices in different rows. We shall call all vertices of the form (I, j)
permissible, and beside this some of the vertices (I, j, C') will also be called permissible.
Those vertices will be called permissible from which some edge may start.

We shall say that an edge connecting two vertices (l1, j1) with (l2, j2) or (a permis-
sible) vertex (l1,j1,C) with another vertex (l3,j2) such that lo > Iy is of level I3, and
(I2,7) will be called the lower end-point of such an edge. (The coloured diagrams we
shall define contain only edges with lower end-points of the form (I, j).) We shall call
the restriction (1) of the diagram ~ to level [ that part of a diagram ~ which contains
all of its vertices together with those edges (together with their colours) whose levels
are less than or equal to [, and tells which of the vertices (I, j,C') are permissible for
1 < 1" < 1. We shall define the diagrams v € I'(k1,...,kr) inductively by defining
their restrictions () to level [ for all { = 1,2,..., L. Those diagrams 7 will belong to
['(kq,...,kr) whose restrictions v(l) can be defined through the following procedure for
alll=1,2,..., L.

The restriction y(1) of a diagram 7 to level 1 contains no edges, and no vertex of
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the form (1,7,C), 1 < j < kq, is permissible. If we have defined the restrictions (I — 1)
for some 2 <1 < L, then those diagrams will be called restrictions (1) at level [ which
can be obtained from a restriction (Il — 1) in the following way: Take the vertices (I, j),
1 < j < ki, from the [-th row. From each of these vertices there starts either zero or
one edge, and they get either colour 1 or colour —1. The other end-point of these edges
must be such a vertex (I’,j') or a permissible vertex (I’,j',C) with some 1 < I" < I
which is not an end-point of a vertex in (I — 1). We define (1) first by adjusting the
coloured edges constructed in the above way to the (coloured) edges of (I — 1), and
then defining the set of permissible vertices in v(l). It contains beside the permissible
vertices of (I — 1) and the vertices (,7), 1 < j < k;, those vertices ([, 7, C") for which
(1,7) is the lower end-point of an edge with colour —1 in ~(l). I'(ky, ..., kr) will consist
of all coloured diagrams v = (L) obtained in such a way.

Given a coloured diagram v € I'(kq, ..., k1) we shall define recursively some (canon-
ical) functions Fj  with the help of the functions fi,..., f; for all 1 <1 < L in the way
suggested by Theorem A. Then we put Fy, = Fp,, and give the desired representation
of the product of the degenerate U-statistics with the help of U-statistics with kernel
functions F, and constants J,,(l,v), v € I'(k1,...,kr), 1 <1 < L.

Let us fix some coloured diagram v € I'(kq,...,kr) and introduce the following
notations: Let B, _1)(l,y) denote the set of lower end-points of the form (I, j) of edges
with colour —1 and B 1)(l, v) the set of lower end-points of the form (I, j) with colour 1.
Let U(l,~y) denote the set of those permissible vertices (I’,7) and (I, 5,C) with I’ <
from which no edge starts in the restriction v(l) of the diagram ~ to level [, i.e. either
no edge starts from this vertex, or if some edge starts from it, then its other end-point
is a vertex (I’,j) with I’ > [. Beside this, given some integer 1 < I3 < [ let U(l,11,7)
denote the restriction of U(l,~) to its first [y rows, i.e. U(l,l1,7) consists of those
vertices (I, 7) and (I’, j,C) which are contained in U(l,~), and I’ < l;. We shall define
the functions F(vy) with arguments of the form z(;/ ;) and z(y ; ¢y with (I',j) € U(l,7)
and (I’,5,C) € U(l,). For this end put first

Fiy(zny, 5 %a,1) = [Ty, - Tk 1)) (5.1)
To define the function Fj , for [ > 2 first we introduce a function oy (-) on the set of
vertices in U(l — 1,7) in the following way. If a vertex (I’, ') or (I’,j’,C) in U(y,l — 1)
is such that it is connected to no vertex (1,7), 1 < j < ky, then oy, (U',5") = (', j'),
a5, 5,C) = (U',5',C) and if (I’, j") is connected to a vertex (I,7), then a;~(I',j") =
(1,9),if (', 7', C) is connected with a vertex (I, j), then oy (I, 5',C) = (I, j). We define,
similarly to the formula (3.4) the functions

Fiq(zq g, zqgoy, (U 5) and (U, 5,C) € UL L= 1,7), gy, 1 <j < ki)
= Fl—l,’Y(xOél,’y(l/,j’)?xal,,y(l’,j’,C% (l/,jl) and (ll,j/,C) € U(l — 1,”}/)) (52)
fl(x(l,1)7 ) x(l,kl))a

i.e. we take the function Fj_; , o f; and replace the arguments of this function indexed
by such a vertex of v which is connected by an edge with a vertex in the [-th row of ~
by the argument indexed with the lower end-point of this edge.
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Then we define with the help of the operators P,; and @, introduced in (3.2) and
(3.3) the functions

il’,y(.]?(l/,j/),x(l/,j/7c), (l/,j/) and (l/,j/,C) - U(l,l — 1,’}/),
x5, J €Ll ki} \ Baiy(l,7))

S | ) 11 Q1.4
(1,5)€B®5,1)(1,7) (L,j)eBw,~1)(1,7)

Flﬁ(x(lzdl),.I‘(lzjj/7cr), (l/,jl) and (l/,j/,C) S U(l,l - 1,’7), x(m), 1 S] < kl),
B (5.3)
similarly to the formula (3.5), i.e. we apply for the function Fi(7y) the operators P j
for those indices (I, j) which are the lower end-points of an edge with colour 1 and the
operators Q(; jy for those indices (I, j) which are the lower end-points of an edge with

colour —1.

Finally we define the function Fj . simply by reindexing some arguments of the
function F ., to get a function which is indexed by the vertices in U(l,~). To this end
we define the function A; ,(-) on the set of vertices {(,7): (1,5) € {({,1),...,(l,ki)} \
B(b,l)(laf}/) as Al,’y(l7j) = (l7j7 C) if (laj) S B(b,—1)<l77)7 and Al,’yaaj) = (17]) if (l,j) S
{(la 1)7 ) (lv kl)} \ (B(b,l)(lary) U B(b,fl)(l77))' Then we put

Fi(xw gy, zw ey, (U g") and (I, 5, C) € U(l,7))
- Fl,’Y('T(l/,j’)?x(l',j',C)7 (l/,j/) and (l/,j/, C) - U(l,l — 1,’}/), (54)
LA (1,5) (l7j) € {(l’ 1)7 RR) (la kl)} \ B(b,l)(l77))'

Now we can formulate the following generalization of Theorem A.

Theorem B. Let us have a sequence of iid. random wvariables 1,82, ... with some
distribution p on a measurable space (X, X) together with L > 2 bounded functions
fi(z1,...,mx,) on the spaces (X*, X*) 1 <1 < L, canonical with respect to the prob-
ability measure p. Let us introduce the class of coloured diagrams T'(k1, ..., k1) defined
above together with the functions F, = Fr~(f1,..., fr) defined in formulas (5.1)—

(5:4)-
l

!
Put k(y(1) = 2. kp = 2 C1B. (27 + 1Be. -1y (P )l), where | B,y (p: )] de-
p:

p=2
notes the number of lower end-points in the p-th row of v with colour 1 and |B, —1)(p, )|
s the number of lower end-points in the p-th row of v with colour —1, 1 <1 < L, and
define k() = k(v(L)). Then k(v(l)) is the number of variables of the function Fj .,
1<I<L.

The functions F, are canonical with respect to the measure p with k(v) variables,
and the product of the degenerate U-statistics I, k,(f), n > max. ki, defined in (1.1)

satisfies the identity

L L

_ 1(n, L) _ _
[Tkt 2, () = 3 (H ""“’”)" W2 b DL, o (F),
=1

’yGF(kl,...,kL) =1
(5.5)
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L
where W (v)| = > [Bw,~1)(1,7)| is the number of edges with colour —1 in the coloured
=2

diagram vy, and Z/(n’L) means that summation is taken for those v € T'(ky,..., kL)
which satisfy the relation k(y(l — 1)) + ki — (|Bp,1)(L,7)| + |Bw,—1)([,7)]) < n for all
2 <1 < L. Beside this, the constants J,(l,7), 1 <1 < L, in formula (5.5) are defined
by the relations J,(1,v) =1, and

|B(b,1)(l7’Y)| .
(n— (k(v(I = 1)) + k1) + [Bw,—1)(l, )| + [ B,y (L, 7)| + 4)

n!Be. (7))l

Jj=1

, (5.6)

Jn(l77) =

2 <1< L, if |Bpny(l,v)| > 1, and Ju(l,v) = 1 if | By (l,7)| = 0, where | B, 1)(1,7)|
and |B,—1)(l,7)| denote the number of those edges in v with colour 1 and with colour
—1 respectively whose lower end-points are in the [-th row of .

Let T'(ky,...,kr) denote the class of those coloured diagrams of T'(ky,..., kL) for
which every permissible vertex is the end-point of some edge. A coloured diagram v €
[(k1,...,kr) satisfies the relation v € T'(ky, ..., k) if and only if k(y) = 0. In this case
F, is constant, and I, 1) (Fy) = F,. For all other coloured diagrams v € I'(k1,...,kr)
k(y) > 0. The identity

L L) [
E (H kl!n_kl/QIn,kl(fkl)) _ Z HJn(l,’Y) n~IWnI/2 ., F, (5.7)
=1

~veTl(k1,....,kr) \=1

holds.

Theorem B can be deduced relatively simply from Theorem A by induction with
respect to the number L of the functions. Theorem A contains the results of Theorem B
in the case L = 2. A simple induction argument together with the formulas describing
the functions Fj, by means of the functions F;_; , and f; and Theorem A imply that
all functions F’, in Theorem B are canonical. Finally, an inductive procedure with
respect to the number L of the functions f; shows that relation (5.5) holds. Indeed,
by exploiting that formula (5.5) holds for the product of the first L — 1 degenerate
U-statistics, then multiplying this identity with the last U-statistic and applying for
each term at the right-hand side Theorem A we get that relation (5.5) also holds for
the product L degenerate U-statistics.

A simple inductive procedure with respect to [ shows that for all 2 < [ < L

! !
the diagram ~(I) contains k(v(l)) = 21 k; — 22(2|B(b71)(p, Y)| + |Bw,~1)(p,7)]) per-
p= p=

missible vertices in its first [ rows which are not an end-point of an edge in (/). In
particular, k(y) = 0 if and only if v € T'(k1,...,kr) with the class of coloured dia-
grams [(kq,..., k) introduced at the end of Theorem B. Since ET, (f) = 0 for all
degenerate U-statistics of order k > 1, this property together with relation (5.5) imply
identity (5.7).
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In the proof of Proposition A we shall also need an estimate formulated in Theo-
rem C. It is a simple consequence of inequalities (3.7) and (3.8) in Theorem A.

Theorem C. Let us have L functions fi(x1,...,xk,) on the spaces (X*, xk) 1 <1<
L, which satisfy formulas (1.3) and (1.4) (if we replace the index k by index k; in these
formulas), but these functions need not be canonical. Let us take a coloured diagram
v € I'(k1,..., kL) and consider the function F, = Fr, (f1,..., fr) defined by formulas
(5.1)—(5.5). The La-norm of the function F. (with respect to a power of the measure
p to the space, where F. is defined) satisfies the inequality || Fy |2 < 2WNI5(L=U)
where |W ()| denotes the number of edges of colour —1, and U(y) the number of rows
which contain the lower vertex of an edge of colour —1 in the coloured diagram .

Proof of Theorem C. We shall prove the inequality
|Fy |2 < 2WEDNGU=UEN) - for all 1 <1< L, (5.8)

where |[W(l,~)| denotes the number of edges with colour 1, and U(l,~) is the number
of rows containing a lower point of an edge with colour —1 in the coloured diagram
v(1). Formula (5.8) will be proved by means of induction with respect to {. It implies
Theorem C with the choice | = L.

Relation (5.8) clearly holds for [ = 1. To prove this relation by induction with
respect to [ for all 1 < [ < L let us first observe that sup 2_|W(l’7)||Fl,y| < 1 for all
1 <[ < L. This relation can be simply checked by induction with respect to [.

If we know relation (5.8) for | — 1, then it follows for [ from relation (3.7) if
|Bey,—1)(l,v)| = 0, that is if there is no edge of colour —1 with lower end-point in the [-th
row. Indeed, in this case ||y~ (f1,. .., fi)lle < [ Fi—1qll2llfille < 1 Fi—14(f1s -5 fi1)l2-
o, [W(l,v)|=|W({—-1,v)|,and U(l,) = U(l —1,7). Hence relation (5.8) holds in this

case.

If |Bp,—1)(l,7)| > 1, then we can apply formula (3.8) for the expression || Fj |2 =
1Fi4]l2 = [[(Fi—1,5 © fi)5)|l2, where 5(1) is that coloured diagram with two rows whose
first row consists of the indices of the variables of the function Fj_; ,, its second row
consists of the vertices (I,7), 1 < j < k;, and F(l) contains the edges of 7 between
these vertices together with their colour. Then relation (3.8) implies that ||F,[l2 <
20Be.vl||Fi_y ,|l2 < 20WULNHIBe, - G0 o (-1=U(=1.7) jf B, —1y(L,y)| > 1. Be-
side this, [W(l —1,7)| + |Bp,—1y(l,7)| = W (l,v)|,and | =1 = U(l - 1,v) =1 - U(l,~)
in this case. Hence relation (5.8) holds in this case, too.
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6. The proof of Proposition A.

Proof of Proposition A. We shall prove relation (2.1) by means of identity (5.7) and
Theorem C with the choice L = 2M and fi(x1,...,z,) = f(x1,...,2) for all 1 <
| < 2M. We shall partition the class of coloured diagrams v € I'(k, M) = T'(k,... k)
with the property that all permissible vertices are the end-points of some edge to classes
['(k,M,p), 1 < p < M, in the following way: v € I'(k, M, p) for a coloured diagram
~v € I'(k, M) if and only if it has 2p permissible vertices of the form (I, j, C'). (A coloured
diagram ~ € T'(k, M) has even number of such vertices.) First we prove the following
estimate:

There exists some constant A = A(k) > 0 and threshold index My = My(k)
such that for all M > My and 0 < p < kM the cardinality |I'(k, M, p)| of the

set I'(k, M, p) can be bounded from above by A22? (QS;W) (%)kM (kM)FMAp,

We can bound the number of coloured diagrams in I'(k, M, p) by calculating first
the number of choices of the 2p permissible vertices from the 2kM vertices of the form
(1,7,C) which we adjust to the 2kM permissible vertices (I, j) and then by calculating
the number of such graphs whose vertices are the above chosen permissible vertices,
and from all vertices there starts exactly one edge. (Here we allow to connect vertices
from the same row. Observe that by defining the set of permissible vertices (I, j,C)
in a coloured diagram v we also determine the colouring of its edges.) Thus we get

that |T'(k, M,p)| can be bounded from above by (2];24)1 +3-5---(2kM +2p—1) =

(Zgéw)%. (The appearance of the factor 1-3-5---(2kM + 2p — 1) in this
estimate can be explained in a standard way. Let us list the 2kM + 2p vertices in some
order. The first vertex can be connected with 2kM + 2p — 1 vertices by an edge. Then
the first vertex from which no edge starts can be connected with 2kM + 2p — 3 vertices.
Continuing this procedure we get the above product for the number of possible system

of edges between the already fixed vertices.) We can write by the Stirling formula,
(2kM+2p)!
T ()]

A (g)kMer (KM + p)*M+P with some constant A > /2 if M > M, with some M =

My(A). Since p < kM we can write (kM + p)*M+P < (kM)FM (1 4 ﬁ)kM (2kM)P <
(kM)FM+per2r  The above inequalities imply that

similarly to the estimation of the right-hand side of formula (2.2) that

kM
IT(k, M, p)| < A(zgf) (Z) (KM)FMFP220 i M > My, (6.1)
as we have claimed.

Observe that for v € I'(k, M, p) the quantities introduced in the formulation of The-
orems B and C satisfy the relations |W (v)| = 2p, |Fy| = ||[Fy|l2 and U(7y) < |W(y)| = 2p.

Hence by Theorem C we have n"W(V)|/2|Fy| < 2 Pg2M-U() < op (naz)_p oM <
nP2P (kM)~Po?M if kM < nno? and o2 < 1.
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This estimate together with relation (5.7) and the fact that the constants J,,(l,7)
defined in (5.6) are bounded by 1 imply that for kM < nno?

- EM
B(n L) < 30 a WO R <SPk, M, p) P2 (kM) 7o,
~€eT (k,M) p=0

Hence by formula (6.1)

E (n—k/QkIIn,k( fk))QM <A (2>W (kM) M % (%M) (2@) v

e = 2p
2kM

<A (3>W (kM) g2 (14 2¢/21)

e

if kM < nno?. Thus we have proved Proposition A with C' = 2v/2.
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