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Abstract

We prove a multivariate functional version of de Jong’s CLT (J Multivar Anal
34(2):275-289, 1990) yielding that, given a sequence of vectors of Hoeffding-
degenerate U-statistics, the corresponding empirical processes on [0, 1] weakly
converge in the Skorohod space as soon as their fourth cumulants in # = 1 vanish
asymptotically and a certain strengthening of the Lindeberg-type condition is verified.
As an application, we lift to the functional level the ‘universality of Wiener chaos’
phenomenon first observed in Nourdin et al. (Ann Probab 38(5):1947-1985, 2010).

Keywords U-statistics - Functional limit theorems - Contractions - Product
formulae - Hoeffding decompositions - Universality
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1 Introduction and (simplified) statements of main results
1.1 Motivation

Degenerate U -statistics (see Sect. 2 for definitions) are the fundamental components of
Hoeffding decompositions for generic random variables of the type f (X1, ..., X»),
with X1, ..., X, an independent sample, and are thus pivotal objects in stochastic
analysis [20, 24, 28, 30, 44]. A special case of degenerate U -statistic is given by
homogeneous sums [33, 37,43], which are in turn the building blocks of Gaussian and
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Poisson Wiener chaoses [35, 41], as well as the basis of the Fourier-Walsh expansion
of mappings defined on discrete cubes [22, 39]. For future reference, we recall that a
homogeneous sum of order p > 1 is a random variable Q,( f,, X) with the form

n p
Qn(fn,x)z Z fn(ilv-u’ip)l_[Xi]»
=1

ityenip=1

where X = (X;);en is a sequence of independent, mean zero and unit variance random
variables and f;, is a symmetric kernel (i.e. f,,(i1, ..., ix) = fu(izq), - - - iz@m)) forall
permutations 7w of {1, ..., n}and all 1 <iy,...,i, <n) satisfying f,(i1,...,ip) =
0, whenever there are j # [ such thati; =i;.

In the landmark paper [11], P. de Jong proved the following surprising result: If, for
n € N, W, is a (non-symmetric) normalized degenerate U -statistic of a fixed order p,
then W, converges in distribution to a standard normal random variable Z, provided
lim,, E[W,f] = E[Z*] = 3 and a further Lindeberg-Feller negligibility condition is
satisfied.

De Jong’s theorem is the ancestor of the class of ‘fourth moment theorems’ estab-
lished in the last decade for elements of the Wiener chaos of Gaussian and Poisson
random measures—see e.g. [35,Chapter 5], as well as [17, 19].

In [16], the authors used Stein’s method in order to establish quantitative uni- and
multivariate counterparts to de Jong’s theorem. The techniques introduced in [16]
put forward several combinatorial quantities that proved useful in further situations:
for instance, as demonstrated by the references [13, 15, 18] the technical findings of
[16] allow one to derive quantitative (functional) CLTs for symmetric U -statistics that
are expressed in terms of purely analytical quantities, that is, norms of so-called of
contraction kernels.

The aim of the present paper is to prove a multivariate functional version—in the
sense of weak convergence in the Skorohod space of cadlag mappings—of the main
results of [11, 16], under a slightly stronger Lindeberg condition (see Condition 1.2
below). As a direct application, in Sect. 1.4 we derive a functional version of the
universality of Wiener chaos phenomenon first detected in [37].

Our main findings appear in Theorem 1.4 and Theorem 1.5 below. To the best of
our expertise, these statements are the first examples of fourth moment theorems for
random elements taking value in a metric space without a Hilbert space structure. See
[3] for related results in a Dirichlet/Hilbert setting.

1.2 Setup and main theorems

We now introduce our objects of study, fix some notation and conditions, and state our
main results. For the sake of generality, and at the cost of a slightly heavier notation
than the one adopted in [10, 11], from now on we will work in the framework of
triangular arrays.

Throughout this section, we fix positive integers d and 1 < p; < p» < -+ < pg,
where d always denotes dimension. Form € N, suppose that X gm)’ o X ,(Z'Z) are inde-
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pendent random elements, defined on a suitable probability space (£2,,, Fpm, Py,) and
assuming values in the respective measurable spaces (E ](m>, 5](m)), e (E,(,'Z), 5,(lff)).
We will denote by E,,, Var,, and Cov,, the expectation, variance and covariance with
respect to PP, respectively. We will systematically assume that lim,,— 1, = +00
and, to simplify the notation, we will sometimes suppress the dependence on m. For
k=1,...,dand m € N we assume that W (k) = W(”‘)(k) is a (completely) degen-
erate, non-symmetric U -statistic of order p; based on X im), X ,(,';'), with the
form

Wk =wmk = > wrlk= Y Wik,

J€Dp, () J€Dy, (1)

where W; (k) is a degenerate kernel depending on {X, : n € J}—see Sect. 2 below.
Here and in what follows, for p, n € N, we write

Dpy(n):={J S [n]: |J]|=p}

for the collection of all (Z) distinct p-subsets of [n] = {1, ..., n}.
W.lLo.g. we will assume that Var,, (W (k)) = 1 forall k = 1,...,d and all
m e N.By W = W™ we denote the vector W = (W (1), ..., W(d)T and, for

t [0, 1]1let W, = W™ = (W™ (1), ..., W™ (@) be given by

WOm= Y WPm= Y W k=l
JE€Dy, (Lnmt]) 1<ii<-<ip, <[nmt]
(D
where |x] denotes the integer part of the real number x. Then, for each m € N, the
process

WO = (W 1), ..., W @) = (W™)oe < )

is an element of the Skorohod space D ([0, 1]; RY) of cadlag functions from [0, 1] to
R?. As anticipated, in this paper we provide sufficient conditions for the sequence
W m e N, to converge in distribution to a continuous Gaussian process Z =
(Z(1), ..., Z(d))T with respect to the Skorohod topology on D([O0, 1]; R?) (see e.g.
[4,Sections 14-15] for details).

Note that, by degeneracy and since the py’s are pairwise distinct, for0 < s <t < 1
and 1 <[, k < d we have

Cov(W™ (), W™ (k) = En[WW OW™ 0] =80 > En[W)" ()]
Je’Dpk(L”mSJ)

= k10 1 (Lnms]) |
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where we set

o2 i)=Y En[W®?]. k=1.....d. 0= <ny.
JeD,, (j)

In particular, we have or%l’k(O) = 0and crnzl’k(nm) = Var(W™ (k)) = 1.
‘We will now introduce and discuss the Conditions 1.1, 1.2 and 1.3 under which our
main findings (Theorems 1.4 and 1.5) are stated.

Condition 1.1 (Convergence of time-changes). There are functions vg : [0, 1] — R,
1 < k < d, such that the pointwise limits

lim oy, (lnms]) = ve(s), s €[0,1], (3)

m— 00

exist.
Note that the vi are necessarily non-decreasing on [0, 1] and satisfy vx(0) = 0 as
well as vg (1) = 1. However, we need not assume any regularity of the functions vy.

In order to concretely relate Condition 1.1 to functional results, we let Z =
(Z(1), ..., Z(d))" be a centered Gaussian process with independent components,
defined on a suitable probability space (€2, F, P) and such that, for 1 < k < d, the
covariance function of Z(k) = (Z;(k)):¢[o0,1] is given by

Cov(Zs(k), Zi(k)) = B[Zs(K)Z; (k)] = vi(s A1), 4)

implying that (Z{(1), ..., Z;1(d))T is a standard Gaussian vector in RY. Tt is easily
verified that the d-dimensional process Z has the same distribution as

(Bvl(l)(l)v ey B”d(t)(d))te[o,l] )

where (B(1), ..., B(d)) is a standard Brownian motion (initialized at zero) in R¥.
This yields in particular that Z has a.s.-IP continuous paths if and only if the functions
vi’s are continuous.

Following [10, 11, 16] we further introduce the quantities

m
Q,zn!k = 122,,1 Z Em[W; )(k)z] and
Je€Dp, (np):
iel
(m) 1\4
Dm,k = sup w .
]EDpk("m): Enl[ij (k)2]2
En W™ (k)2]>0

Note that, e.g. by Jensen’s inequality, one necessarily has that D,, , > 1.

Condition 1.2 (Reinforced Lindeberg condition). For all 1 < k < d, limy,— o
Dm,kQ,Zn,k =0.
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This condition roughly ensures that none of the individual random variables X l.(m),

1 <i < ny, has an asymptotically dominant impact on the variance of W (k),
1 <k<d.

The following condition is inherent to all de Jong type CLTs such as e.g. those
proved in [11, 16].

Condition 1.3 (Fourth moment condition). For all 1 < k < d we have lim,,_, »
En[W™ (k)*] = 3.

The forthcoming Theorems 1.4 and 1.5 are the main achievements of this work.

Theorem 1.4 Let the above definitions and notation prevail and suppose that Condi-
tions 1.1- 1.3 hold. Then, the process Z has continuous paths and, as m — oo, the
distributions of the sequence (W), e weakly converge to the law of Z, with respect
to both the Skorohod and uniform topologies.

An assumption such as Condition 1.1 does not appear in the finite-dimensional
settings of [11, 16]. It cannot be easily dispensed with without affecting the unicity of
the limit in the previous statement. The following result shows that, if Condition 1.1
is removed, then the sequence (W), cn is still relatively compact, and each limit
law is the law of a continuous Gaussian process.

Theorem 1.5 Suppose that the sequence (W), e satisfies Conditions 1.2 and 1.3.
Then, the collection of their laws is tight, hence relatively compact, in the class of
distributions on the Skorohod space equipped with either the Skorohod or the uniform
metric. Moreover, if the laws of a subsequence (W("i)) jeN converge weakly, then
the limit is the law of a continuous, d-dimensional centered Gaussian process with
independent components.

The detailed proofs of Theorems 1.4 and 1.5 are deferred to Sect. 3. We observe that
the proof of Theorem 1.5 implicitly shows that, if (W(™),, . satisfies Conditions 1.2
and 1.3, then from every subsequence (WOmi)y jeN one can extract a sub-subsequence

(W(m/f')) jen verifying Condition 1.1 for some continuous functions vy, whose defini-
tion depends on the choice of the subsequence.

Some representative examples of kernels directly verifying the assumptions of
Theorem 1.4 are described in Example 1.12, yielding in particular that, for all p > 3
and all integers a € {2, ..., p — 1}, there exists a sequence of homogeneous sums
whose associated empirical processes converge in distribution to a multiple of B (17/4),
where B is a standard Brownian motion issued from zero. It is important to notice that
such a limit behaviour is in principle not achievable in the framework of symmetric and
degenerate U -statistics. Indeed, in [13,Corollary 3.7] itis proved that, given a sequence
of symmetric and degenerate U -statistics of order p > 2 verifying asymptotic relations
that are roughly equivalent to Conditon 1.3, the corresponding sequence of normalized
empirical processes always converges in distribution to a multiple of B(t7).

Remark 1.6 (a) Theorem 1.4 provides a strong functional extension of the finite-
dimensional de Jong type theorems from [11, 16] under very mild additional
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assumptions. As already observed, Condition 1.1 and Condition 1.3 are indeed nat-
ural in this context [11, 16], so that only Condition 1.2 might appear non-optimal,
since—whenever there is a k such that Dy, is unbounded in m—it is strictly
stronger than the usual negligibility condition demanding that lim,,, Qrzn’ =0
forall 1 < k < d, see again [11, 16]. To address this issue, we observe first that,
in many instances, the Dy ,, are in fact bounded in m for all 1 < k < d and in
this case, the two conditions are in fact equivalent. This happens in the case of
homogeneous sums such that the underlying sequence X has a uniformly bounded
fourth moment (see Sect. 1.4 below). Moreover, it is not clear whether the con-
vergence of finite dimensional distributions of W to those of Z would still hold,
if one replaced Condition 1.2 with the weaker variant (see Sect. 3.1.1 for details).
Some preliminary computations have indeed shown that, if one only assumed that
limy; oo Qrzn’ ¢ = O0forall 1 <k < d, one might have to replace Condition 1.3

with the assumption that lim,, oo E[W, (k)*] = 3vi(t)? for all # € [0, 1] and all
1 < k < d, which would be much more complicated to verify than Condition 1.3.

(b) Note that Conditions 1.1-1.3, implying the joint convergence of the random pro-
cesses W(’")(k), 1 < k < d, are just the aggregation of the conditions for the
componentwise convergence of these processes.

(c) We find it remarkable that one uniquely has to take into account the behaviour of
the fourth moments of the components of W at time 1 and not at other times
t<1.

(d) We compare our Theorem 1.4 to a few existing functional CLTs (FCLTs) for
degenerate (symmetric and non-symmetric) U -statistics in the scarce literature on
this topic. In accordance with the univariate case (see e.g. [14, 21, 44]), in order
to satisfy a FCLT, a symmetric degenerate U -statistic of order p > 1 must have a
variable kernel, i.e. one that depends on the sequential parameter m. In the recent
work [13] we have proved FCLTs for this situation with sufficient conditions
for convergence that are expressed in norms of contraction kernels and, hence,
are completely analytical in nature. A more general class of statistics is given
by the so-called weighted, degenerate U-statistics of order p. These have the
form U, = 215i1<_,_<ip5na(i1, e i)Y (Xiys .., X)), where X, ..., X,
are i.i.d. elements of some space E, a(iy,...,ip), | <iy,...,ip < nisasym-
metric array of real numbers that vanishes on diagonals (i.e. a(iy,...,ip) =0
if ii = iy for some [ # k) and v, is a symmetric, canonical kernel, i.e.
ElY, (X1, ..., Xp)IX1, ..., Xp—1] = 0 a.s. In particular, they constitute a strict
subclass of the non-symmetric U-statistics investigated in the present paper. In
the case p = 2, [32] derives functional limit theorems for weighted degenerate
U -statistics by using methods that heavily depend on the peculiarities of the case
p = 2. In the very recent paper [12] the first and the second author have intro-
duced a functional version of Stein’s method of exchangeable pairs and applied it to
prove quantitative, multidimensional FCLTs for degenerate weighted U -statistics.
As explained in detail in [12,Subsection 1.5], the limit theorems that build on the
bounds of [12] rather involve third absolute moments and absolute values of the
coefficient arrays and, hence, are complementary to the present ones involving
fourth moment conditions. As to FCLTs for homogeneous sums, apart from our

@ Springer



The multivariate functional de Jong CLT

paper [12] we only mention the two references [31] and [2], where, again, [31]
only considers the case p = 2 of quadratic forms. The paper [2] instead, con-
siders homogeneous sums of arbitrary order p but the results of this paper are in
question. Indeed, we have found that the argument leading to [2,Theorem 1.1] is
flawed, as carefully explained in part 2 of [12,Remark 5.6].

1.3 About our approach

Our method of proof turns out to be a combination of a quantitative, multivariate CLT
for vectors of degenerate U -statistics to obtain convergence of finite-dimensional dis-
tributions (see Lemma 3.1 below), and a martingale representation, which we exploit
via Doob’s L*-inequality, in order to derive tightness. In order to conclude from Con-
dition 1.3 that the fourth cumulant of W,(m)(k), 1 < k < d, also converges to zero
for all fixed t € [0,1) as m — oo, we elaborate on a result from the monograph
[11] (see Lemma 3.2 below). Moreover, for the application of Lemma 3.1, we prove
and make use of several new results about degenerate U -statistics and their Hoeffding
decompositions in Sect. 2, which are of independent interest.

Since in his original proof of the one-dimensional CLT [10], de Jong made use of a
classical martingale CLT due to Heyde and Brown [23], it is a natural question whether
one could similarly apply a FCLT for martingales, like for instance [34,Theorem
2.34], in order to derive Theorem 1.4. Indeed, adapting the computations beginning
on page 286 of [10] and using our Lemma 3.2, one could verify that (an adaptation
to deterministic time changes of) the “square bracket condition” (2.48) in [34] holds
for all fixed ¢t € [0, 1]. Since the uniform negligibility condition (2.46) in [34] is
satisfied for any sequence of normalized L?-martingales, [34,Theorem 2.34] could
be applied to yield another proof of the one-dimensional version of Theorem 1.4. In
order to derive the full multidimensional result, one could try to similarly adapt a
multivariate FCLT for martingales to our setting, like for example [45,Theorem 2.1].
However, the mixed square bracket condition (3) in [45] seems to be less amenable
to analysis in the present setting than its univariate counterpart, i.e. condition (2.48)
in [34]. Hence, adapting the techniques used in [11] so as to obtain our multivariate
result appears considerably more difficult. One of the main reasons for this fact is that
de Jong’s arguments rely on a large collection of exact combinatorial identities, that
one uses in order to verify the square bracket condition evoked above. In contrast, our
direct arguments merely use probabilistic inequalities, which makes the structure of
the proof significantly simpler and probably also more robust. Finally, we mention
that our arguments are in principle quantitative in nature and that, via an elaboration
of Stein’s method for diffusion approximation [1, 12, 26, 27], one would be able to
prove a quantitative version of Theorem 1.4. Since, at the time of writing, we are only
in the position to do this with respect to the stronger L'-topology on D([0, 1]; R?),
we decide to leave this point open for further investigation.
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1.4 Application: universal FCLTS for homogeneous sums

We will now apply our main results to the setting of homogeneous sums: as a conse-
quence, in Theorem 1.10 we will establish functional versions of the main findings
of [37], where the authors proved the universality of Gaussian Wiener chaos with
respect to the normal approximation of homogeneous sums. Such a result roughly
states that, if a sequence of homogeneous sums with Gaussian arguments verifies a
CLT, then so does the sequence obtained by replacing the Gaussian input with an
arbitrary collection of independent random variables (see e.g. [37,Theorem 1.2] for a
precise statement). The findings from [37] have found applications e.g. in the analysis
of disordered systems [8, 9], mathematical statistics [29], random matrix theory and
free probability [36, 40].

In this subsection, we let (2, F, IP) denote a suitable probability space on which all
random quantities subsequently dealt with are defined. We will consider the following
sequences of real random variables:

e X = (X;)ien denotes a (generic) sequence of independent, mean zero and unit
variance random variables in L*(P);

e & = (G;);en is asequence of independent standard normal random variables; and

e P = (P;);en is a sequence of independent, normalized Poisson random variables,
i.e. there are A; € (0, co) and independent Poisson random variables N; with mean
A; such that P; = Ni/\/)u_,‘— \/)»_,',i e N.

On the sequence X, we will further impose the integrability condition that

B = supE|X;|* < 0. 5)
ieN

This is in particular satisfied if the random variables X;, i € N, are i.i.d, since we have
assumed that they are in L*(IP). We observe that, in the case of the Poisson sequence
P, condition (5) can be equivalently re-expressed in terms of the coefficients A;. In
fact, since ]E[PI.4] =3+ Ai_l, the sequence ‘P satisfies (5) if and only if inf; ey A; > O.

In what follows, we let n,, = m and, for given arrays a(Jm)(k), J € Dy, (m),

(m)
a

1 <k < d, of real numbers we suppose that W}m)(k) = (k) [1;c; Xi is given as

Wi ) =a" W T Xi = a0 X, .

iel
Thus, fork =1, ...,d,
wme = 3 d" o] 6)
J€D,, (m) iel

is a homogeneous sum or homogeneous multilinear form of order py and, in particular,
itis anon-symmetric, degenerate U -statistic. As before, we will systematically assume
that
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Var(W™ k) = Y @ k? =1, fork=1.....d.
J€Dy, (m)

Then, as in (1) and (2), we use these d homogeneous sums to define the random
element W) = (W (1), ..., W (g))T with values in D([0, 1]; R?).

Note that from (5), for 1 < k < d and all J € D), (m) such that a(Jm) (k) # 0, we
have that

. m gl x4
E[W™ (k)*] _ 9 W E[H:e] Xi] e =<

(]E[W;f")(k)z])z agm)(k)4 (E[Hiej X?]) ieJ

Hence, also

sup Dy, x < BP* < 00.
meN

In this context, one would typically like to replace the fourth moment condition,
Condition 1.3, by a condition, which is rather expressed in terms of the coefficient

arrays. To this end, let us first define the symmetric functions fk(m) : [m]P* — R by

1 _(m) . . .
A G i) :={W{i‘ """ i B AL i)l = P

0, otherwise.

Observe that the function fk(m) vanishes on diagonals, that is, fk(m)(i Leenip) =0
if two coordinates of (i1, ..., i,,) coincide. Then, we have
m
W k) = Qpm, ™. %) == > [ i) Xy e Xy,
ilyeenrip, =1
= pi! Z £ i) Xy Xiy,

l§i1<---<ipk§m

as well as

2 _ (m) 2 _ n2 [ £(m)
Omk = 12,357;1 . Z a{i,jz,---,jpk}(k) = (px!)” Inf; (fk ) )
15/2<~»-<jpk§m:

.jZ’---».jpk #i
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where

1 m
nfi (") = oo 2 A
J

,,,,, Jme=1

= Z fk(m)(iijzvn'ﬂjpk)z

1§j2<~-<jpk§m

denotes the influence of the random variable X; on the variance of W (k) (see [22,
33]). Thus, we have shown that, under (5), Condition 1.2 is equivalent to

lim max Inf;(f™) =0 for 1<k<d. )

m—00 1<i<m

Forl <k <dand 1 <r < p; — 1, we define the contraction kernel fk( *rf(m) :
[m]?P—2r > R by

f(m)*rf(m)(il, . l-p/\—r’ jla cee jpk*r)

Z St I F Gt s B 1)

Consider the following condition.

Condition1.7 For all 1 < k < dand all 1 < r < p; — 1 it holds that
im— ool ™% £ 12 = 0.

Here, || f; ey, 1 ™)1, denotes the L2-norm of the contraction kernel fr )y, fk(m) with
respect to the (2 px — 2r)-fold product of the counting measure on [m], i.e. with respect

to the counting measure on [m]>?% 2"

Proposition 1.8 Suppose that (5) and Condition 1.7 hold and that py > 2 for all
., d. Then, Conditions 1.2 and 1.3 are satisfied as well.

Proof We have already shown that Condition 1.2 holds if and only if (7) holds. Relation
(7) however holds true by virtue of Condition 1.7 and display (1.9) in [37]. That
Condition 1.3 holds under Condition 1.7 as well, follows from a combination of
[37,Proposition 1.6] and the estimate (1.13) in [37]. m]

Note further that the functions 031 «([ms]) from Condition 1.1 are in this situation
more explicitly given by

[ms]

opilmmsh = > a® =p! Y MG i) = S s) . (8)

‘IEDpk(L"mSJ) 014y lpk_l
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Theorem 1.9 Suppose that the sequence X of independent, mean zero and unit vari-
ance random variables satisfies (5). Moreover, assume that the sequences (S fk(m))meN,
1 < k < d, defined in (8), satisfy Condition 1.1, that Condition 1.7 holds and that
pr = 2forallk = 1,...,d. Then, the sequence (W'),,cn of processes, defined
through (2) and (6), converges in distribution with respect to the Skorohod topology to
the continuous, centered Gaussian process L. = (Z.(1), ..., Z(d NI with independent
components, which is defined via (3).

Proof This follows from Theorem 1.4 and Proposition 1.8. O

The proof of Theorem 1.9 (via the implicit use of Proposition 1.8) strongly relies
on the techniques developed in [37]. As anticipated, we will now prove a functional
version of the universality results from [37]. For completeness, we will also include
the discussion of universality of Poisson homogeneous sums, as provided by [19, 42].

Theorem 1.10 (Functional universality of homogeneous sums). With the above nota-
tion and definitions, consider the following assumptions:

(A1) There are functions vy : [0, 1] — R such that limm_mo(ka(m)) = v point-

wise, 1 <k <d.

(Azx) Asm — 00, (Qp (m, f™, %), ..., Qp,(m, £\, %) converges in distri-
bution to a d-dimensional standard normal vector.

(A3,x) The sequences Q p, (m, fk(m), Xmen, 1 < k < d, satisfy Condition 1.3.

(Aa,x) The above defined sequence (W(m)(l), L W d)’, meN, of processes
based on X, converges in distribution with respect to the Skorohod topology
to a continuous centered Gaussian process 1 = (Z(1), 2@ with

independent components, whose covariance function is given by (3).
(As) Condition 1.7 is satisfied.
(Ag) One has inf;cy A; > 0.

Assume that Assumption (A1) holds and pr > 2 for all k = 1,...,d. Then, the
following implications are in order:

(A3.p) = (Ar,6) & (A3.8) & (As,8) & (As) 9
= V X satisfying (5) : ( (Ar.x) AN(Az x) A (A4’x)).

If, additionally to (A1), also (Ae) holds and pr > 2 forallk = 1,...,d, then we
have in fact that

(Azp) & (A28) & (A3,8) & (As6) & (As) (10)
= V X satisfying (5) : ( (AZ,X) A (A3 x) A (A4’x)).

Proof Suppose first that (A1) holds. That (A2 ), (A3,6) and (As) are all equivalent
is a consequence of [37,Proposition 1.6] (even without assuming (Ap)). Of course,
(A4,6) implies (A, ). By Theorem 1.9 applied to &, under (A1) we have that (As)
implies (A4 ), since & obviously satisfies (5). Moreover, again by Theorem 1.9 and
by Proposition 1.8, if the sequence X satisfies (5) and if (A5) holds, then (since we have
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assumed (A1)), we can conclude that (A3 x) and (A4 x) hold, immediately implying

(A2, x) as well. Finally, [19,Theorem 1.11] ensures that (A3 g3) implies (A2 ).
Suppose now that both (A1) and (Ag) hold. Then, [19,Theorem 1.11] guarantees

that (A @) also implies (A3 ). ]

Remark 1.11 (Removing condition (A;)) If Condition (A1) is removed, then the con-
clusions of Theorem 1.10 continue to hold, provided condition (A4 x) is replaced
by

(Ai1 x) The collection of distributions of the above defined sequence (W(’")(l), cey

wom (d))T, m € N, of processes based on X, is relatively compact with
respect to the Skorohod topology, and every converging subsequence admits as
alimit a continuous centered Gaussian process with independent components.

The proof of this fact follows the same lines as the proof of Theorem 1.5 (see Sect.
3.3); the details are left to the reader.

Example 1.12 (Fractional products) For every integer p > 3 we will now demonstrate
the existence of a sequence of symmetric kernels £ : {1, ..., m}? — R, vanishing
on diagonals and such that Conditions 1.7 and (A1) in Theorem 1.10 (for d = 1) are
satisfied, with v (s) = v(s) = sP/¢, for some integer 2 < a < p — 1. The definition of
£ is based on a slight variation of the construction of fractional cartesian products,
as described in [7,Chapter XIII], as well as in [6, 38]. Fix a, p as above, and consider
an injective mapping ¢ : N — N with the properties that, forall k > 1, (a) ¢([k]?) C
[£%], and (b) @ ([k+ 1])\@([k]*) C [(k+ 1)*]\[£%]. Such a mapping is easily defined
by recursion on k. Observe in particular that Property (a) implies that, forall N > 1,
the image of the restrictionof ¢ to [ N 1/ 4]1¢ is contained in [ N ]. Consider in addition a

collection {S7, ..., S,} of non-empty distinct subsets of [p], satisfying the properties
that (i) |S;| = a, and (ii) each index i € [p] appears in exactly a of the sets S;
(yielding in particular [p] = U;S;). For every i and every vector t = (t1,...,1p), we

set ws,t = (f : k € §;), where the indices belonging to §; are implicitly listed in
increasing order. Our aim is to use the mapping ¢ and the sets S; in order to define a
sparse subset F, of [m]? for every integer m > p“ (this last relation is required in
order to ensure that [[m'/%|] contains at least p elements): the nature of the sparsity
of F,, will be encoded by the ratio p/a, corresponding to its fractional dimension [6,
7]. For every m > 1 we start by setting

FO .= {k — (k.. kp) 1k = (p(s, 1), ..., p(s, 1)), for some t € Afml/”} C [ml”.

where the symbol Aﬁ, indicates the class of all vectors (1, ..., 1) such that 1 <
ty < -+ <t, < N;whenm < p4, F,(,)l can be empty. The injectivity of ¢ readily
implies that, when m > p“, the entries of any k = (ky,...,k,) € F,g are pairwise
distinct, and also that, if k # K’ belong to F", then k cannot be obtained from K’ via
a permutation of its entries. We eventually set

Fp i=sym(F2) C [m]P, m > 1,
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that is, F, is the class of those (ki, ..., kp) such that (ko(1), ..., ks(p)) € F,g for
some permutation o. Immediate combinatorial considerations imply that there exists
a finite constant b > 0 such that, as N — oo, |Fy| ~ b - NP/ Form > pe, we
define

1

MGy, iy) i ———
! P (N Fu'2

lFm(ils"'vip)s (ils"'aip) € [m]p'

The computations in [38,Section 6.2 and Section 6.3] readily imply that £ verifies
Condition 1.7. Moreover, since

|Ey N [Ltm 17| ~ | Flmy| ~ b - t?/9mP/e, (11)

we deduce that Assumption (A;) in Theorem 1.10 is satisfied with v(r) = tP/a,
Using the chain of implications (9), we infer that, given a sequence X of centred unit
variance random variables verifying (5), the corresponding empirical process W,
defined via (1), converges in distribution to {B,p/. : t € [0, 1]}, where B is a standard
Brownian motion. Selecting pairwise distinct integers py, ..., pg yields examples of
d-dimensional sequences verifying Conditions 1.7 and (A1) in Theorem 1.10. For the
sake of completeness, a proof of (11) is sketched in Sect. 3.4.

Remark 1.13 In the finite-dimensional setting considered in [37] (see, in particular
Theorem 1.2 therein), universality of Gaussian homogeneous sums is established under
the weaker condition that sup; . E|X; I> < oo (of course without implying (A3.x),
in this case). This is not possible following our method of proof in the functional
situation, since it is based on Theorem 1.4, which is a genuine fourth moment theorem.
On the contrary, the proofs in [37] rely on a combination of Malliavin calculus on
Gaussian spaces and an invariance principle for multilinear forms, proved in [33] via
an elaboration of the Lindeberg swapping trick. Since this invariance principle only
requires finite third moments, it is possible to dispense with fourth moment conditions
on X in that framework. See also [8,Theorem 4.2].

Remark 1.14 Proposition 1.8 and Theorems 1.9 and 1.10 all require that py > 2 for
all k = 1,...,d. This is because display (1.9) in [37] used in their proofs relies on
this assumption. Relation (7), however, still implies Condition 1.2, even if p; = 1. In
this case, writing al.(m)(l) for a{(l."}l)(l), we have Inf; ( l(m)) = al.('")(l)z. Moreover, a
straightforward computation shows that, for p; = 1, item a) below implies Condition
1.3. Therefore, by part b) of Remark 1.6, if p; = 1 and (5) and all of the following
hold:

a) lim max ai(m)(l)2 =0;
m—>o0l<i<m

b) lim Z}l"{” al.(m)(l)2 = v (s) for some v; : [0, 1] — R;

c) ;rlll_e)gsumptions of Theorem 1.9 are satisfied for the (d — 1)-dimensional sequence
of processes (sz(m, f2(m), X), ..., Qp,(m, fd(m), %)) N substituted in place
of (W™) e !
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then the whole d-dimensional sequence (Qm (m, fl(m), X), ..., Qp,(m, f;m), .’{)) N
me

converges in distribution with respect to the Skorohod topology to the continuous, cen-
tered Gaussian process Z = (Z(1), ..., Z(d))" with independent components, which
is defined via (3).

2 Degenerate U-statistics and Hoeffding decompositions

In this section we prove and collect useful auxiliary results about degenerate U-
statistics based on an independent sample. For reasons of simplicity, we abandon
the setup of triangular arrays in this section. Thus, we let (2, F,P) be a generic
probability space, on which independent random elements X1, X5 ... are defined that
have values in the respective measurable spaces (E1, £1), (Ez, &), . . . . Moreover, for
n € Nfixed welet [n] := {1, ..., n}and, for J C [n], we define F; := o (X;,i € J).
Note that, whenever

n n
f: ]_[ E; - R is ®€j — B(R) - measurable
j=1 j=1

such that
Y= f(X1,....Xn) € L'(P),

then there is a P-a.s. unique representation of the form

Y = Z YMzi:( Z YM) (12)

MC|[n] s=0 “MC[n]:
|M|=s

where, for each M C [n], the summand Y, is measurable with respect to Fs and,
furthermore,

E[Ym | F;1=0 holds, whenever M ¢ J .

Note that, in particular, there are measurable functions

fu: []Ej - R, Mcnl,
jeM

such that Yy = fy (X, j € M). The representation (12) is the celebrated Hoeffding
decomposition of Y. The following well-known explicit formula for the Hoeffding
components Yy;, M C [n], is easily deduced from the exclusion-inclusion principle:

Y=Y (=HDMVIEY | 7)1, (13)
JCM
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yielding in particular that Yj; = E[Y] a.s.-P. Equation (13) directly implies the linearity
of the Hoeffding decomposition. It should also be noted that, whenever Y € L?(P)
for some p € [1, oo], then automatically Y; € L?(P) for all M C [n]. Moreover, if
Y € L?(P), then its Hoeffding components are mutually orthogonal in L?(P).

For p € [n], we call Y a (completely) degenerate U -statistic of order p, based
on X1, ..., X, if its Hoeffding decomposition (12) is of the form

> vy, (14)

JeD,(n)
i.e. if Yy = 0 P-a.s. whenever |M| # p. Here and in what follows we write
Dp(n) :={J S [n] : |J]=p}

for the collection of all (Z) different p-subsets of [n].

Now suppose that we are given two positive integers m and n, as well as p € [n]
and ¢ € [m] and consider two degenerate U -statistics V based on X1, ..., X;, and
W based on X1, ..., X, of respective orders ¢ and p. Hence, we have the respective
Hoeffding decompositions

Z Vy and W = Z Wy .

JeD,(m) JeD,(n)

We further assume that E|W|*, E|V|* < co. Moreover, for [ € [m] and k € [n] let us
define

2 2

'=m E E[ d = m E E[wW
ey =M f"j (V7] an Qk W af (W]
JeDy(): JeD,(k):

jeJ jeJ

as well as

ofy = Y E[V]] and ofy := >  E[W]].
JeD, () JeD, (k)

In particular, we have Gii,v = E[V2] and Unz w= E[W?2] as well as the inequalities

2 2 2 2
Oiw < 0pw and of w <0, w (15)

and analogous ones for V in place of W. Note that VW is an integrable function of
X1, ..., Xuvm. Hence, it follows from (13) and the assumptions on V and W that it
has a Hoeffding decomposition of the form

VW = Z Uy (V, W).

MC[nvm]:
IM|<p+q
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For simplicity, we write Uy (W) for Up (W, W) and Up (V) for Up(V, V) so that

Vi= Y Uy(V) and W2= )" Un(W)

Mc[m]: NC[n]:
IM|<2q INI<2p

are the Hoeffding decompositions of V2 and W?2, respectively. We will use the con-
ventions Uy (V) = 0 and Uy (W) = 0 implicitly, whenever M ¢ [m] and N ¢ [n],
respectively. Let us define the collection Sp = Sp(m, n, g, p) of all quadruples
(I,J,K,L) € D;(m)* x D,(n)?* such that

i) INK=JNL=4,

G) B#AINT=I\(INL)#I,

i) P £TNT=J\(JNK)#J,

(iv) 9 #KNJ=K\(LNK) # K and
WM PALNT=L\(LNK)#L.

Similarly, we denote by &1 := S&i(m,n, p) the collection of all quadruples
(I,J,K,L) € Dy(m An)* such that

i) INJ=KNL=40,
G)PW£INK=I\UNL)#I,

(i) £ JNK=J\(JNL)#J,
(iv) £ KNJ=K\(INK)# K and
WM BALNTI=L\(LNJ)#L.

Moreover, we define the quantities

So(V.Wy= > E[V,V;WgW.] and,if p=gq,
(1,J.K,L)eSy

SV, Wy= Y E[ViV,WkW.].
(1.J,K,L)eS;

In particular, we have So(W, W) = S1(W, W). More generally, if p = g, m < n and
Vy = Wy forall J € D,(m), then S1(V, W) = Sp(V, V).

Remark 2.1 The quadruples (I, J, K, L) € Sp play a crucial role in all proofs of de
Jong type CLTs via the quantities So(V, W) (see [11, 16]). Note that these quadruples
are all bifold, meaning that each elementi € / U J U K U L lies in exactly two of
the sets I, J, K, L. In particular, there can be no free index, which is an element that
appears in only one of the sets I, J, K, L. Moreover, no two of the sets I/, J, K, L
can be the same and each of these sets is disjoint to precisely one other among these
sets. An analogous remark applies to the quadruples (/, J, K, L) € 5. Note further
that the existence of a free index for a quadruple (7, J, K, L) necessarily implies
E[V;V;Wg W] = 0 by degeneracy. This fact will be tacitly exploited throughout the
following.
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Lemma 2.2 There exists a finite constant C, 4, only depending on p and q, such that

So(V. W) = =Cp 4 maX(Unzz,VQZ,W’ Ur%,WQrzn,V)'

Proof This follows from a straightforward generalization of Propositions 3.5 and 3.6
of [16] to the situation of possibly different m and n and possibly non-unit variances
. We omit the details here. O

Lemma 2.3 We have that
So(W, W) < EIW*] =30,y +2poy yon -

Proof This follows from the first inequality in equation (2.13) of [16] by noticing that
the left hand side of this inequality is nonnegative and by taking into account that

Var(W) = an, w 18 not necessarily equal to 1, here. O

The next two lemmas will be of vital importance for proving convergence of finite
dimensional distributions. Lemma 2.5 is an extension of results and techniques pro-
vided in [16,Section 3], whereas Lemma 2.4 is taken directly from there.

Lemma 2.4 (Lemma 2.10 of [16]) There is a finite constant k,, only depending on p
such that

> Var(Un(W)) < EIW*] =30,y + k0,7 wom w -

MC[n]:
1<|M|<2p—1

Lemma2.5 (i) If p =gq, then

> Var(Uy (V. W)

MC[nvm]:
IM|<2p—1

) 2 2 2
< pmln(gn’womyv, Qm,Voll,W) + POman,VOmAn,WOman,VOman,W

+< > Var(UM<V>))1/2~< > Var(UM<W))>

MC[mAn]: MC[mAn]:
1<|M|<2p-1 1<IM|=2p—1

+ S1(V, W) —So(V,W).

1/2

(it) If p # q, then

> Var(Un(V.W)) < min(qop wom v. POmyoaw) — So(V. W)

MC[nvm]:
IM|<p+q—1

n ( 3 Var(UM(V)))U2 . ( 3 Var(UM(W)))

MC[mAn]: MC[mAn]:
1=IM|=2(pvg)—1 1<IM[=2(pvg)—1

1/2
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Proof We begin with some computations that are valid in all different cases.

> Var(Un(V.W)) =Var(VW) = > Var(Upy (V. W))

MC[nvm]: MC[nvm]:
IM|<p+gq—1 [M|=p+q
= Var (VW) — Y Var( 3 v,WK)
MC[nvm]: JeDy(m),KeDy(n):
|M|=p+q JUK=M
=Var(VW)— Y > E[Vivywg W]

MC[nvm]: 1,J€Dy(m),
IMI=p+q K, ,LeD,n):

INK=JNL=0,
IUK=M=JUL
=Var(VW)— Y E[V;V,WgW,.]
1,J€Dy(m),
K,LeDy(n):
INK=JNL=0
=Var(VW)— »  E[V|E[Wg]- > E[V;V; Wk WL]
1€Dy(m), 1,J€Dy(m),
KeD,(n): K,LeD,(n):
INK=P INK=JNL=/,

P£INT=I\(INL)#I,
G£INI=I\(JNK)£J]

—8pq Y. E[Viw/]E[vkWk]
I,KeD,(mAn):
INK=y

Noting that
Var(VW) = Cov(V2, W?) + E[V2E[W?] — E[VW]?

and also, for reasons of degeneracy, that

> E[ViV; Wk WL] = So(V. W)
1,J€Dy(m),
K,LeDy(n):
INK=JNL=@,
PAINT=I\(INL)#I,
B£INI=J\(JNK)#£J]

we hence obtain that

> Var(Un(V, W) = Cov(V?, W) + E[VZIE[W?] — E[VW]

MC[nvm]:
IM|<p+q—1
— > E[VIE[WR] - So(V.W) =5, > E[V,W/]E[VkWk]. (16)
1€Dy(m), 1€Dy(m),
KeDp(n): KeD,(n):
INK=0 INK=0
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We now deal with the individual terms appearing on the right hand side of (16).

> E[VIEWR]= > E[V[E[Wi]- > E[V/]E[Wk]

1€D,(m), 1€D,(m), 1€D,4(m),
KeD,(n): KeD,(n) KeDy(n):
INK=f INK £
2 2 2 2
=E[VIE[W’]— > E[V/]E[Wg].
1€D,(m),
KeDy(n):
INK £
Hence,

> Var(Um(V,W)) = Cov(V?, W?) —E[VW]

MC[nvm]:

[M|<p+q—1
+ Y E[VZIE[WR] - So(V.W)—=8,, > E[ViW/|E[VkWk].
1€Dy(m), I,KeDy(mAn):

KeD)(n): INK =y

INK #

Moreover, if p = g then

> E[Viw]E[vkWk]
I,KeDy,(mAn):

INK=0
2
=< > ]E[V,W,]) - Y E[ViW/]E[Vk Wk]
1€Dy(mAn) 1,KeDy(mnn):
INK #£0
=E[VWI* - > E[ViW/]E[VkWk].
I,KeD,(mAn):
INK #0

Hence, using that E[VW] = 0 if p # ¢, we obtain that

> Var(Uu(V,W)) = Cov(V?, W?) — 28, B[V W]

MC[nvm]:
IM|<p+q—1
+ Y E[VZE[WR]-So(V.W)+8,, Y. E[V,W/]E[VkWk].
1€Dy(m), I,KeD,(mAn):

KeD,(n): INK #0

INK #0

A7)
In particular, if p # g, then
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> Var(Un(V.W)) =Cov(VE, W3+ > E[VZE[Wg] - So(V. W).

MC[nvm]: 1€Dy(m),
IM|<p+q—1 KeDp(n):
INK #%
(18)

Now,

> EVEWI- Y EAY Y Ew

1€Dy(m), 1€Dy (m) iel KeDp(n):

KeD,(n): max(K NI)=i

INK #0

= QQ;%,W Z E[V}]= qgrzz,WE[V]2 = qQ%,WUrzz,V ]
1€D, (m)

and, analogously,

Y E[VFIE[WR] < pos, vEIWE = pog, vo,w -

1€D, (m),
KeD,(n):
INK #0
Hence,
Z ]E[Vlz]E[WI%] = min(qgrzl,w";i,v’ PQan,vUnz,W)- (19)
1€Dy(m),
KeDpy(n):
INK #0
We have
Y EviwiEvkwk|= Y Evw]l Y [E[vewk]
I,KeD,(mAn): 1€D,(mAn) KeD,(mnn):
INK £ INK £
S Y Y Evewd
1€D),(mAn) iel KeD,(mAan):
max(INK)=i
S\ 12 S\ 12
= Y EvlY( X mv)( X mwi)
1€D,(mnn) iel KeDpy(mnn): KeD,(mnn):
max(INK)=i max(INK)=i
= POman,VOmAan,W Z ’E[Vl WI:H
1€D,(mnn)
1/2 1/2
< pommmvenmw( Y EVA) (Y EWH)
1€Dy(mAn) 1€D,(mAn)

= POman,VOman,WOman,VOman,w -

@ Springer



The multivariate functional de Jong CLT

Hence, we obtain the inequalities

—DPOmAn,VOmAn,WOman,VOman,W =< Z E[ViW;]|E[Vk Wk ]
1€D,(m),
KeDy(n):
INK#0

= POman,VOmAn,WOman,VOman,W - (20)

We estimate the term Cov(V?2, W?) seperately according to whether p = g or not.
First assume that p = ¢. Then, due to the orthogonality of Hoeffding components we
have

Cov(VZiWhH = Y E[Un(V)Uv(W)]= Y E[Un(V)Un(W)]
MC[m], MC[mAn]:
NC|n]: 1<|M|<2p
1<IM[IN[<2p
= > EUuMUMM]+ > E[Uu(V)Un(W)]
MC[mAn]: MC[mAn]:
1<|M|<2p—1 |M|=2p
=TT +T1.

Using the Cauchy-Schwarz inequality twice we can estimate

LI \/Var(UM(V))\/Var(UM(W))
MC[mAn]:
1<|M|=2p—1
172 1/2
5( > Var(UM(V))> ( > Var(UM(W))>
MC[mAn]: MC[mAn]:
1<|M|<2p—1 1<|M|=<2p—1
On the other hand, we have
T = Z Z ]E[V[ Vi Wk WL] = Z ]E[V[ Vi Wk WL]
MC[mAn): 1,J€D,(m), 1,J€D,(m),
[M|=2p KLeD,,(n) K.,LeD,(n):
I1UJ=KUL=M INJ=KNL=%,
1UJ=KUL
= Z E[V]VJWKWL]
1,J€D,(m),
K,LeD,(n):
INJ=KNL=0
=2 Y E[ViwE[V,W,]+ > E[ViV,; Wk W, ]
1,J€Dy(mnn): 1,J€Dy(m),
INJ=y K,LeDy(n):

INJ=KNL=0,
PAINK =I\(INL)#I
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=2 Y E[ViW/]E[V,W,]+ Si(V. W)

1,J€D,(mAn):
INJ=p

=2B[VWP -2 Y E[ViW/E[V,W,]+Si(V. W),

1,J€Dy(mAn):
INJ#%

where we have used that, due to degeneracy,

Z E[V]VJWKWL] = Z E[V[ VJWKWL]
1,JED,(m), 1,J.K,LED,(mAn):
K.LeD,(n): INJ=KNL=0,
INT=KOL=p, G£INK=I\(INL)£]
PAINK =I\(INL)#I
= > E[ViV;WgkWL] = S1(V, W).
1,J,K,LeDy(mnn):

INJ=KNL=0,
GAINK=I\(INL)#I,
P£INL=J\(JNK)#J

Hence, if p = g then we obtain that

1/2 1/2

COV(V2,W2)§( Z Var(UM(V))) ( Z Var(UM(W))>
MC[mAn]: MC[mAn]:
1=|M|<2p—1 1=|M|<2p—1

+2E[VWP =2 Y E[V,W|E[VkWk]+ S1(V. W).

I,KeDy(mAn):
INK ()

2n

Altogether, in the case p = ¢, we obtain from (17)-(21) that

Y. Var(Un(V.W)) < pmin(o; o v € voyw)
MC[nvm]:
IM|=p+q—1

+ POmAn,VOmAn, WOmAn,VOman,w + SV, W) = So(V, W)
12

+< > Var(UM(V>)>]/2~( > Var(UM<W))) :

MC[mAn]: MC[mAn]:
1<IM|<2p—1 1<|M|<2p—1

proving part (i). Let us now assume that p # g. Letr := p Ag < pV g =: 5. Inthis
case, clearly, E[V W] = 0. Moreover, similarly as before, we have
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Cov(VZ,Wh = Y E[Uu(MUx(W)]= > E[Un(V)Uu(W)]
MC[m], NC[n]: MC[mAn]:
1<|M|<2q, I<|M|<2r
1<IN|=2p
= Y EUu(MUu(W)]
MC[mAn]:
1<|M|<2s—1
< Y Nar(Un )y Var(Un (W)
MCZ[mAn]:
1<|M|<2s—1
1/2 1/2
5( > Var(UM(V))> ( > VaI(UM(W))) .
MC[mAn): MC[mAn]:
1<|M|<2s—1 1<|M|<2s—1
(22)
This finishes the proof of (ii). O

Corollary 2.6 In the situation of Lemma 2.5 (i) assume that, additionally, m < n and
Vy = Wy hold for all J € D, (m). Then, we have

> Var(Uy (V. W) <EIVH =30,  +2poy yom v+ (Cpg +20)0r wor w

MC[nvm]:
IMI<2p—1

1/2 172
+ <E[V4] — 30;1,,‘/ + K,,G,%l’vg,%l’v> . (IE[W4] — 303,W + K[;O’r%’WQl%’W)

where K p, is a finite constant depending only on p.

Proof Since S{(V, W) = So(V, V) in this case, the result follows immediately from
Lemmas 2.5 (i), 2.4, 2.2, 2.3 and (15). O

Corollary 2.7 [f, in the situation of Lemma 2.5 (ii), we additionally have p < q, then

Z Var(Up (V. W) < (Cpq +4) max(“ﬁ,v@i,w Unz,WQrzn,v)
McC[nvm]:
IM|<p+q—1

1/2 172
+ (E[V4] —30,y + "qu%l,Vng,v) : (E[W4] - Uﬁ,W) ’

where Kk is a finite constant depending only on q.
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Proof This follows from Lemma 2.5 (ii), Lemma 2.4 (applied to V) and from the
obvious facts that

> Var(Uy(V)) = Y. Var(Up(V)),

MC[mAn]: MC[m]:

1<|M[=2(pvg)—1 1<|M[<2g—1
> Var(Uy (W) < > Var(Upy(W)) = Var(W2) = E[w*] — aj’w‘
MC[mAn]: MC[n]:
1<|M|=2(pvg)—1 1<|M|<2p
]
3 Proofs

In this section we provide detailed proofs of Theorem 1.4, Theorem 1.5 and relation

an.
3.1 Proof of Theorem 1.4
The proof of Theorem 1.4 will follow the classical two-step procedure (see

[4,Section15]) of establishing convergence of finite dimensional distributions and
checking tightness.

3.1.1 Convergence of finite dimensional distributions
We fix time points 0 < #] < £ < ... < t; < 1 and, with r := Id, consider the
random vector V = V) = Vi, ..., Vr)T € R of degenerate U -statistics, defined

as follows. Given an integer | <i < r, writei = al 4+ b withintegers0 <a <d — 1
and 1 < b <[ and define

Vii= W@ +1).
In other words, we have
V=MW", oW, W ), WP, W@, W @)

Moreover, for the same i we write 11,, (i) := |ty ], 0m ()2 = Var(V;), ¢i ‘= pat1
and

b ()% = mmax > E[W{™ @+ 1)?].
=" JeDy, (D))
jeJ
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Then, we have the straightforward inequalities

o) <1 and ¢ (i) < 05 4y < max 0 . (23)

Let &, = (S,'(nlz))lsi,ksr € R denote the covariance matrix of V. Then, for 1 <
i <k <r,such that

i=al+b, k=dl+b', where 0<a<d <d—1 and 1<b,b <I, (24)
we have

i = En[Wi (@ + DWV (@ + D] = 80,0 En[Wi" (@ + 2] = 84,000 ) .
In particular, the diagonal elements of %, are given by sl.(’"il) = 0,421 (i),l1<i=<r.

Thus, thanks to Condition 1.1 we have that ¥,, converges to the covariance matrix
¥ = (8i k)1<i.k<r» Whose elements are given by

Sik = Sa im0 (1) = Sq.0vas1 (1), (25)

if again i and k are as in (24). Finally, we denote by N = (Nl(m), e, Nr(m))T
and N = (Ny, ..., N,)T centered Gaussian vectors on (2, F,P) with covariance
matrices X,, and X, respectively.

Next we make use of the well-known fact that the collection H3 of all functions
hecC? (R"), each of whose partial derivative of order < 3 is uniformly bounded, is
convergence determining for weak convergence on R3. Then, by the triangle inequality
we have

|En[A(V)] = E[R(N)]| < [Enlh(V)] — E[A(N™)]| + [E[R(N )] — E[A(N)]| .
(26)

Note that the second term on the right hand side of (26) converges to zero as m — 0o,
since limy;, 00 Xy = 2.

In order to deal with the first term as well, we apply the following central lemma,
which is a slightly modified version of [18,Lemma 4.1 (a)], adapted to the present
notation. The main difference is that in the statement of the result in [18], the term
G (i )2 has already been replaced with the more concrete term g; /n,, (i), which is
its value in the particular case of symmetric U -statistics. The proof given in [18],
however, works in the more general present situation as well.

In what follows, for 1 < i,k <r, we let

ViV = Z Um(i, k)
MC[ny () Vi (k)]:
|M|=qi+qk

denote the Hoeffding decomposition of V; Vj.
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Lemma 3.1 Under the above assumptions, there are constants kg € (0, 00), only
depending on q;, 1 <1i <r, such that the following holds: For any h € H3, there are
constants C1(h), Co(h) € [0, 00) such that

Ci(h) < 172
}Em[h<V)]—IE[h<N<m>>]|s%Z(qi+qk)< > Varm(UM(i,k>))

ik=1 ME[npm ()i (k)]:
IM|<qi+qk—1

205 (h d "
i=1

MS[ny ()]
IM|<2g;—1
V2rCa(h)
+ ;Tf() PN OR MOR 27)
i=1

We will also rely on the following crucial lemma, which essentially goes back to
de Jong’s monograph [10].

Lemma 3.2 Under Conditions 1.2 and 1.3 and with the notation of this subsection, we
have that
lim E[V*] =30 () =0
m-—00

foralll <i <r.

Proof Fix 1 <i < r given as in (24). Then, we have

vi= > wl@+n= Y bW+,
JEDpa_H (nm () JEDpa_H (nm)

where, for J € D, ., (n,,), we let

br=[]10<jznmin -
jeJ

This ensures that the coefficient sequence () JE€D,, () is of rank one in de Jong’s
terminology (see [10,Subsection 4.1] and Remark 3.3 (b), below) and we obviously
have 0 < 1{1<j<pu, ) < 1forall 1 < j < n,. Hence, by [10,Proposition 4.1.2.] we
have lim,—, o E[V*] — 30;: (i) = 0. o

Remark 3.3 (a) We mention that the statement of [ 10,Proposition 4.1.2.] actually only
implies the statement lim,,—, o ]E[Vl.“] — 36,‘,‘, (i) = 0 of Lemma 3.2 under the
stronger condition that Dy ,, is bounded in m for each 1 < k < d. However, as
can be seen from the proof of [10,Proposition 4.1.2.], the result remains true under
the more relaxed Condition 1.2, since the quantities T’ and (z/)* appearing there
still converge to zero, thanks to the inequality

(t")* < Dt < Duo},,

the second part of which holds true by virtue of [16,Proposition 2.9]. The first
(and easy) part of it is proved in [10].
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(b) In[10] the following definition of a rank one coefficient sequence (ay) JED () is
given: One has |a;| < 1 forall J € D, (n,) and there is a sequence (¢;)1<;j<n,,
such that a; = ]_[jej cjforall J € D,(ny).
In order to prove that the first term on the right hand side of (26) converges to zero,
we will make sure that the right hand side of (27) goes to zero as m — oo. By (23)
and the assumption of Theorem 1.4, for the last term we have

lim_ Y22 D 4in/Kgom (D dm (i) = 0. (28)

m— 00 9q1 —
=

In order to deal with the first two terms, we invoke Corollaries 2.6 and 2.7. Thus,
suppose again that 1 <i < k < r are given by (24).

Case 1: a < a’: In this case, we have ¢; = p,+1 < pa+1 = qk and, hence, we are
in the situation of Corollary 2.7. Thus, we have that

Yo Var(Un(. k) < (Cyg + ar) max(op, (), (k). o (k) ()
MC[ny (D) Vi (k)]:
IM|<qi+qx—1

12 172
+ (E[v,j‘] — 30 (k) + kg 02 ()2 (k)) : (E[v;‘] —ot (i))

2
< (Carqe +qr) max oy,

12 12
+ (E[Vk“] — 30 (k) + g, max. Q,Zn’u> . (E[Vf]) , (29)

where we have applied (23) for the second inequality and used «,, to denote a finite
constant depending only on g;. By Lemma 3.2 and Condition 1.2, the right hand side
of (29) thus converges to zero as m — 0.

Case 2: a = a’: In this case, we have ¢; = p,+1 = pa+1 = qk and, hence, we are
in the situation of Corollary 2.6. Thus, we have that

Vary (Up G 0) = > Varu(Uy(, k)
M [y (i) () : My (K):
IM|<qi+qx—1 IM|<qi+qx—1

< B[V =304 () + 2qi02 ()2 () + (Cqp.qr +20i) b2 (K)o (K)

1/2 1/2
+ (JE[V;‘] — 3o (i) + kg0 ()P, (i)) : (E[v,j‘] — 3ok (k) + kg 05 ()2, (k))
4 4,. 2 2
= ]E[Vz 1= 3am(l) + 24 I?L?éd Om,u + (CQ[JI:' + 26]1) 1I§nuaéd Om,u
4 4 2 172 4 4 2 172
+ [ ELV;"] = 30, () + kg lrfnl,?;(d Qm,u) . (]E[Vk] — 30, (k) + kg 1r§n:féd Qm,u) )
(30)
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where we have again applied (23) for the second inequality and used k4, and g, to
denote finite constants depending only on g and g;, respectively. Again, by Lemma
3.2 and Condition 1.2, the right hand side of (30) thus converges to zero as m — 0.
From (27),(23), (28), (29) and (30) we thus conclude that

lim [E, [A(V)] = E[h(N™)]| = 0
and, thus, by (26) that
lim [En[2(V)] = E[h(N)]| =

for each h € H3. Note further that, by the definition of ¥, we have the distributional
identity

NEZ (@), .. Z,(), .. 2y (). ... L))"

Hence, we have established the convergence of the finite dimensional distributions of
W to those of Z.

3.1.2 Conclusion of the argument

We will now finish the proof of Theorem 1.4 by proving tightness of the sequence
(W), e in D[O, 1]. This will be done by verifying that

(W™, 5) P 0, asm— oo, (31)
where, for x € D[0, 1] and § > 0,
w(x,8) = sup{|lx(t) —x(s)| : 5,1 €[0,1],]t —s| <&}

denotes the modulus of continuity of x. Since W(()m) = 0 for all m € N and by the
finite-dimensional distribution convergence established in Sect. 3.1.1, this will imply
Theorem 1.4 by the Corollary to [5,Theorem 13.4]. Let us introduce the following
notation: Fix 1 <[ < d that we will from now on suppress from the notation whenever

convenient, and, form € Nand 0 < j < n,,, define A(m) (Z)(l) - (m) o,
]—'j(.m) = o(X}m), ey X;m)) and S;m) =37, A;m). Then, by degeneracy, for each

m e N, (S(m))1<j<nm is an (]—"(m))0<j<,,m— martingale. Note that with this notation

at hand, we have W(m) = S, (m) | for each 7 € [0, 1] and [4,Theorem 8.4] and the
Corollary to [5,Theorem 13. 4] together imply that (31) holds, if, for each k € N we
have

lim lim sup AP, (

A—>00 m—00

() _ glm) _
Jmax_ [S{7) = s [z2)=0. (32)
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Note that the additional /n appearing in the statement of [4,Theorem 8.4] does not
appear here, since our processes are already normalized at time ¢ = 1. Let us thus fix

k € N. Then, the sequence (S,irg. — S/Em))OSiSnm—k is an (f,gﬁ?)ofisnm_k- martingale.
Thus, by first applying Markov’s and then Doob’s L*-inequality, we have that

A2P ( sim _ gm) o )\)
m(p max_ |8 — 8] =
2
(m) (m)
< . — m m
_Em[(oﬁggj;_kl%, Sk |) 1 ko< <nm—i 1S — S @}]

! 4 A\a A
2B (pomax %= 1) | = (3) szl - 5T

0<i<n,,—k

) S Ealsgr )+ Bals 1) -

Now, firstly, by Condition 1.3, we have
lim E,|SY[* = lim E,[W™@)*=3. (34)
m— o0 m m—00

Secondly, using the inequality | Y7, a;[* < n3 3", |a;|*, and by Condition 1.2 we
obtain that

En|S"|" = En

3
> wrol <(0) ¥ ewrol

JeDy, (k) JeDy, (k)

K\’ m) 12\ 2
s(m) Dt Y (Bl WP 0P)

JeDy, (k)

k 3
s(pl) Duick, . Eu|W/ 0

JeDy, (k)

m— 00

k 3
< (pl) Doy, — 0, (35)

where we have used the fact that E,, | Wy")(l)|2 < Qi’l for all J € Dp, (k). Thus,
(33)-(35) imply that

4\424 2048 1
: 2 (m) (m)
lim sup AP, (Oglmgil:—kwk L= 8 | > A) < <§) 2 — TRy

foreach A > 0 and k € N fixed, so that (32) is indeed satisfied. This finishes the
argument for tightness.
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3.2 An additional argument explaining the continuity of the limiting process Z

Note that, by [5,Theorem 13.4] our conditions necessarily entail the remarkable fact
that the limiting Gaussian process Z has continuous paths, which might be quite
surprising at first glance. Thus, we will now give another argument for this fact,
which additionally explains why it is true. To this end, define the vector V™ =
(V™ (1), ..., V™ (d)) of continuous processes, defined by linear interpolation, i.e.
forl <1l <d welet

V@) = W) + (nmt — G = D) (W0 =W ), <1<

m nm m Nm Nm

)

and V" (1) = W) (1) = W (1). Then, for fixed 1 < [ < d and with the same
notation as above, it is easy to see that

IV (@) = WM () loo = max |AM].
1<i<n,,

Thus, using e.g. [25,Theorem 3] in the third inequality below, for € > 0 we can
bound

nm

Pu(IV™ () = W™ (Dl > €) = Py max |A™ ]| > €) <Y Pyu(|A] > ¢)

1<i<ny,
Nm nm 2
<e*Y Ry ‘ > W<”’)(1)‘ < B(ppe~ 42]14:,”[( > W}””(Z)Z)}
i=1 JEDp, (i): JeDp, (i):
ieJ iel
Nm
=B(petYy Y Ea[wiP 0w 0]
i=1 J,KeDy, (i):
ieJNK
—4 S (m) 1\4 (m) ,\4 172
=By Y (B[ WO W 04)
i=1 J, K€Dy, (i):
ieJNK
Nm
<BPEDus Yy Y En[WSM O E[WE ()7
i=1J,KeDy, (i):
ieJNK
2
= B(pne ™’ mIZ< Y El[W0)? ])
J€Dp, (i):
ieJ
< B(pye™* mlo,m,z Y Bl W]
i=1JeDy, (i):
ieJ

m—00

= B(p)e *Dmic;,, "— 0,
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where B(py) is a finite constant only depending on p;, see [25,Theorem 3]. Thus, we
have proved that, for each 1 < [ < d, |V () — W™ (l)||o and, a fortiori their
Skorohod distance, converges to zero in probability as m — 00, so that [5,Theorem
3.1] implies that the processes V@ (1) and W™ (1) must indeed have the same distri-
butional limit, if any.

3.3 Proof of Theorem 1.5

Suppose that Conditions 1.2 and 1.3 hold for the sequence (W), .N. Since the
above argument for tightness does not make use of Condition 1.1, tightness still holds.
Let (W), be a given subsequence. By relative compactness, there is a further
subsequence (WY, o that converges in distribution to some process Z. Again
by [5,Theorem 13.4] we can conclude that Z has values in C ([0, 1]; R4). Thus, the
projections 7; : D([0, 1]; RY) — RY, x — x(1), t € [0, 1], are Pz-a.s. continuous,
where Pz denotes the law of Z on D([0, 1]; Rd). Hence, the continuous mapping
theorem implies that the finite-dimensional distributions of (W(m’k))keN converge
to those of Z and, e.g. by a uniform integrability argument, one makes sure that
the covariance matrices of the finite dimensional distributions of (W(””k))keN also
converge to the respective ones of Z. Thus, the argument leading to (25) goes through
with the right hand side replaced by the variance of the corresponding coordinate of Z
at t,. Now, since Lemma 3.2 applies under Conditions 1.2 and 1.3, the same reasoning
as in Sect. 3.1.1 ensures that the finite dimensional distributions of (W('"’k))keN have
a Gaussian limit, implying that Z is indeed a continuous, centered Gaussian process.
The non-correlation, and therefore the independence, of the components of Z follows
from the fact that Hoeffding degenerate U-statistics of distinct orders are orthogonal
in L2. The proof is complete.

3.4 Proof of relation (11)

Wefix p > 3and2 < a < p—1asinExample 1.12, and adopt the notation introduced
therein. It is sufficient to show that

|Fpy O [Ltm 1P| ~ [F), . (36)

arelation that is implied by the next statement.

Lemma 3.4 Consider a nondecreasing integer-valued sequence (£(m))p,>1 such that,
asm — oo, £(m) ~ o - m, for some a € (0, 1). Then

|Fr2 n [E(I’I’l)]p| ~ |F£9(m)|'

Proof For every ¢ > 1 we write k = k() to denote the unique integer such that
L e [k, (k+ 1)%), in such a way that Fy = Fja(;). We have that

|Foy NIE@)IP| = [Fy |+ [(Fpy O LI\ Fa gy -
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Using the relations

|(Fp NI\ Fa | < 1 F ey 1901 = 1 Fa oy | ~ K€Gm)P !

< e(m)(li—l)/ﬂ — O(ml’/a),

we immediately deduce the desired conclusion. O
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