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THE MULTIVARIATE FUNCTIONAL DE JONG CLT

CHRISTIAN DOBLER, MIKOLAJ KASPRZAK AND GIOVANNI PECCATI

ABSTRACT. We prove a multivariate functional version of de Jong’s CLT (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, Peccati
and Reinert (2010).

KEYwORDSs: U-statistics, functional limit theorems, contractions, product formulae, Hoeffding decom-
positions, universality

AMS 2010 CrassiFicATION: 60F17, 60D05, 62G20,

1. INTRODUCTION AND (SIMPLIFIED) STATEMENTS OF MAIN RESULTS

1.1. Motivation. Degenerate U-statistics (see Section 2 for definitions) are the fundamental com-
ponents of Hoeffding decompositions for generic random variables of the type f(Xjy,...,X,), with
X1, ..., X, an independent sample, and are thus pivotal objects in stochastic analysis [Hoe48, Ser80,
KB94,ES81,LRR16]. A special case of degenerate U-statistic is given by homogeneous sums [MOO10,
NPR10a, Rot79], which are in turn the building blocks of Gaussian and Poisson Wiener chaoses
[PT11,NP12|, as well as the basis of the Fourier-Walsh expansion of mappings defined on discrete
cubes [0’D14, GS15]. For future reference, we recall that a homogeneous sum of order p > 1 is a
random variable @, (f,,X) with the form

Qn(frnX) =" D fulin,....ip) [ Xar

i1yemyip=1 =1

where X = (X);en is a sequence of independent, mean zero and unit variance random variables and
fn is a symmetric kernel (i.e. fu(i1, -+ in) = fuliz1),.--ix@m)) for all permutations « of {1,...,n}
and all 1 <'iy,...,i, < n) satisfying f,,(i1,...,ip) = 0, whenever there are j # [ such that 4; = ;.

In the landmark paper [dJ90], 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;}] = 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’ established in the last
decade for elements of the Wiener chaos of Gaussian and Poisson random measures — see e.g. [NP12,
Chapter 5], as well as [DP18,DVZ18|.

In [DP17|, the authors used Stein’s method in order to establish quantitative uni- and multivari-
ate counterparts to de Jong’s theorem. The techniques introduced in [DP17| put forward several
combinatorial quantities that proved useful in further situations: for instance, as demonstrated by
the references [DP19, DKP21,D6b20] the technical findings of [DP17] 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 [dJ90, DP17|, under
a slightly stronger Lindeberg condition (see Condition 1.2 below). As a direct application, in Section
1.4 we derive a functional version of the wniversality of Wiener chaos phenomenon first detected

in [NPR10a].
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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 [BC20] for related results in a Dirichlet/Hilbert
setting.

Acknowledgments. This work is part of the first author’s habilitation thesis at Heinrich Heine
Universitéat Diisseldorf. The research leading to this paper was supported by the FNR grant FoORGES
(R-AGR-3376-10) at Luxembourg University. This work is also part of project Stein-ML that has
received funding from the European Union’s Horizon 2020 research and innovation programme under
the Marie Sklodowska-Curie grant agreement No 101024264. We thank an anonymous referee for
several useful remarks. Data sharing not applicable to this article as no datasets were generated or
analysed during the current study.

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 [dJ90,dJ89], from now on we will work in the framework of triangular
arrays.

Throughout this section, we fix positive integers d and 1 < p; < py < ... < pg, where d always
denotes dimension. For m € N, suppose that X fm), . ,XT(LZ) are independent random elements, defined
on a suitable probability space (€, Fin, Pry) and assuming values in the respective measurable spaces
(E%m),é'l(m)), ce (E,(@TI),&(LZL)). We will denote by E,,, Var,, and Cov,, the expectation, variance and
covariance with respect to P,,, respectively. We will systematically assume that lim,, .o 1y = +00
and, to simplify the notation, we will sometimes suppress the dependence on m. For k = 1,...,d
and m € N we assume that W(k) = W™ (k) is a (completely) degenerate, non-symmetric

(m)

U-statistic of order p; based on Xfm), .o, Xy, , with the form
Wk =Wk = Y Wk = Y Wik,
JEDp,, (nm) JEDp, (nm)

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

Dp(n):={J C [n] : |[J| =p}
for the collection of all (Z) distinct p-subsets of [n] = {1,...,n}.

W.lo.g we will assume that Var,,(W()(k)) = 1 for all & = 1,...,d and all m € N. By
W = W we denote the vector W = (W(1),...,W(d))T and, for t € [0,1] let W; = ng) =
W™ (1), ..., W™ (d))T be given by
(1) Wk =Y Wi k) = 3 W{(Z}__ﬂ.pk}(k), k=1,....d,

JED,, ([nmt)) 1<i1<....<ipy, < |1t

where || denotes the integer part of the real number z. Then, for each m € N, the process
(2) W = (WD (1), W (@) = (W™ ocicn

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))” with respect to the Skorohod topology on
D([0,1]; R?) (see e.g. [Bil68, Sections 14-15| for details).

Note that, by degeneracy and since the p’s are pairwise distinct, for 0 < s <t<land 1 <[,k <d
we have

Cov (W™ (1), W™ (1) = B [WE OW™ ()] =80 > En[W)™ (k)?]
JEDyp;, (lnms])
= 0k107 1 ([ms])
where we set
o2 k@)= Y Enl WSk, k=1,...,d 0<]<np.
JE€Dyp, ()
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In particular, we have afﬂ,k(O) =0 and afmk(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 vy : [0,1] — R, 1 < k < d, such
that the pointwise limits

(3) lim afmk({nmsj) =ug(s), sel0,1],

m—o0

exist.

Note that the vy are necessarily non-decreasing on [0, 1] and satisfy v;(0) = 0 as well as vi(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),...,%(d))" be
a centered Gaussian process with independent components, defined on a suitable probability space
(Q, F,P) and such that, for 1 < k < d, the covariance function of Z(k) = (Z(k))ico,1) is given by

(4) Cov (2 (), Zu(k)) = E[Zo(k)Zi ()] = vn(s A L),

implying that (Z(1),...,Z1(d))? is a standard Gaussian vector in R?. It is easily verified that the
d-dimensional process Z has the same distribution as

(B (D Buyy(d)) 0.1

where (B(1), ...,B(d)) is a standard Brownian motion (initialized-at zero) in R%. This yields in partic-
ular that Z has a.s.-IP continuous paths if and only if the functions v’s are continuous.
Following [dJ89,dJ90,DP17| we further introduce the quantities
2 . (m) (1.)2
O = | max > En Wy (k)] and
JE€Dp,, (nm):
i€J
. B W)™ (k)]
DmJ{; = sup TQQ .
JEDp (nm): B [W ;7 ()]
B [W™ (%)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,—s00 D k02, ;. = 0.

This condition roughly ensures that none of the individual random variables XZ-(m), 1 <4 < ny,, has
an asymptotically dominant impact on the variance of W(m)(k:), 1<k <d.

The following condition is inherent to all de Jong type CLTs such as e.g. those proved in [dJ90,DP17].
CONDITION 1.3 (Fourth moment condition). For all 1 < k < d we have lim,, o Eq, [W(m)(k)4] =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 Conditions 1.1- 1.8
hold. Then, the process Z has continuous paths and, as m — oo, the distributions of the sequence
(W(m))meN 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 [DP17,
dJ90]. 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(m))meN
is still relatively compact, and each limit law is the law of a continuous Gaussian process.

THEOREM 1.5. Suppose that the sequence (W(m))meN 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(mﬂ'))jeN converge weakly, then the limit is the law of a continuous, d-dimensional centered Gaussian
process with independent components.
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The detailed proofs of Theorems 1.4 and 1.5 are deferred to Section 3. We observe that the proof
of Theorem 1.5 implicitly shows that, if (W(m))meN satisfies Conditions 1.2 and 1.3, then from every
subsequence (W (")) oy one can extract a sub-subsequence (W(m3’ ))jeN verifying Condition 1.1 for
some continuous functions vy, whose definition 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(t?/%), 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 [DKP21, Corollary 3.7| it is 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(t?).

REMARK 1.6. (a) Theorem 1.4 provides a strong functional extension of the finite-dimensional de
Jong type theorems from [dJ90, DP17| under very mild additional assumptions. As already ob-
served, Condition 1.1 and Condition 1.3 are indeed natural in this context [dJ90,DP17]|, 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
limy, 00 Q?n =0 forall 1 <k <d, see again [dJ90,DP17|. To address this issue, we observe first
that, in mahy 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 Section 1.4 below).
Moreover, it is not clear whether the convergence of finite dimensional distributions of W to those
of Z would still hold, if one replaced Condition 1.2 with the weaker variant (see Subsection 3.1.1
for details). Some preliminary computations have indeed shown that, if one only assumed that
limy, 00 972”7 = 0 for all 1 <k < d, one might have to replace Condition 1.3 with the assumption

that lim,, oo E[Wy(k)4] = 3vi(¢)? for all t € [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 processes 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 ¢ < 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 uni-
variate case (see e.g. [DM83,Gre77,Ser80]|), 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 param-
eter m. In the recent work [DKP21| we have proved FCLTSs for this situation with sufficient condi-
tions 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, degener-
ate U-statistics of order p. These have the form Up =31 o o5 < alin, -5 ip)¥n(Xip, ., XG,),
where X,..., X, are i.i.d. elements of some space E, a(ii,...,ip), 1 <iy,...,4, < nis a sym-
metric array of real numbers that vanishes on diagonals (i.e. a(iy,...,iy) = 0 if 4 = i, for some
I # k) and 1y, is a symmetric, canonical kernel, i.e. E[¢),(X1,...,Xp)[X1,...,Xp-1] =0 as. In
particular, they constitute a strict subclass of the non-symmetric U-statistics investigated in the
present paper. In the case p = 2, [Mik93| 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 [DK21]| the first and the second author have introduced 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 [DK21, Subsection 1.5], the limit
theorems that build on the bounds of [DK21] 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 paper [DK21| we only
mention the two references [Mik91| and [Bas94|, where, again, [Mik91] only considers the case
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p = 2 of quadratic forms. The paper [Bas94| instead, considers homogeneous sums of arbitrary
order p but the results of this paper are in question. Indeed, we have found that the argument
leading to |[Bas94, Theorem 1.1] is flawed, as carefully explained in part 2 of [DK21, 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
distributions (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 Condition 1.3 that the fourth
cumulant of ng) (k), 1 < k < d, also converges to zero for all fixed ¢ € [0,1) as m — oo, we elaborate
on a result from the monograph [dJ90] (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 Section 2, which are of independent interest.

Since in his original proof of the one-dimensional CLT [dJ89], de Jong made use of a classical
martingale CLT due to Heyde and Brown [HB70], it is a natural question whether one could similarly
apply a FCLT for martingales, like for instance [MPU19, Theorem 2.34], in order to derive Theorem
1.4. Indeed, adapting the computations beginning on page 286 of [dJ89] and using our Lemma 3.2, one
could verify that (an adaptation to deterministic time changes of) the “square bracket condition” (2.48)
in [MPU19| holds for all fixed ¢ € [0,1]. Since the uniform negligibility condition (2.46) in [MPU19]
is satisfied for any sequence of normalized L2-martingales, [MPU19, 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 [Whi07, Theorem 2.1]. However, the mixed square bracket condition (3)
in [Whi07]| seems to be less amenable to analysis in the present setting than its univariate counterpart,
i.e. condition (2.48) in [MPU19|. Hence, adapting the techniques used in [dJ90] 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 |Bar90, Kas20b, Kas20a, DK21],
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.

1.4. Application: universal FCLTS for homogeneous sums. We will now apply our main results
to the setting of homogeneous sums: as a consequence, in Theorem 1.10 we will establish functional
versions of the main findings of [NPR10a|, where the authors proved the wniversality 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. [NPR10a, Theorem 1.2| for a precise statement). The findings from [NPR10a]
have found applications e.g. in the analysis of disordered systems [CSZ17, CSZ20|, mathematical
statistics [Koil9], random matrix theory and free probability [PN10, NPPS16].

In this subsection, we let (€2, F,P) 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 = (Xj)ien denotes a (generic) sequence of independent, mean zero and unit variance random
variables in L*(P);

e ® = (())ien is a sequence of independent standard normal random variables; and

e P = (P)en is a sequence of independent, normalized Poisson random variables, i.e. there
are \; € (0,00) and independent Poisson random variables N; with mean \; such that P, =

Ni/v/Ai = Vi, i €N,

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

(5) B = sup E|X;|* < oo.
1€N



6 CHRISTIAN DOBLER, MIKOLAJ KASPRZAK AND GIOVANNI PECCATI

This is in particular satisfied if the random variables X;, ¢ € N, are i.i.d, since we have assumed that
they are in L4(]P’). We observe that, in the case of the Poisson sequence 3, condition (5) can be
equivalently re-expressed in terms of the coefficients A;. In fact, since E[Pf] =3+ )\;1, the sequence
P satisfies (5) if and only if inf;ey A; > 0.

In what follows, we let n,, = m and, for given arrays af]m)(k), J € Dy, (m), 1 < k < d, of real
numbers we suppose that W}m)(k:) = agm)(k) [I;cs Xi is given as

Wi (k) = o (k) T] X = o™ (k)X .
icJ
Thus, for k=1,...,d,
(6) Wk = 3 & w ] x
JEDy, (m) ieJ

is a homogeneous sum or homogeneous multilinear form of order pp and, in particular, it is a non-
symmetric, degenerate U-statistic. As before, we will systematically assume that

Var(W(m)(k)) = Z af,m)(k:)2 =1, fork=1,...,d.
JE€Dp, (m)

Then, as in (1) and (2), we use these d homogeneous sums to define the random element W™ =
(W (1),..., W) (d))T with values in D([0, 1]; R?).
Note that from (5), for 1 < k < d and all J € D, (m) such that agm)(k) # 0, we have that
(m) (.14 4
E W(m)(k)4 ajy (k‘) E HieJ Xz-
[ J ] _ [ ]QZHE[Xf]Sﬁpk-

(E0wr) (sl x]) =

Hence, also

sup Dy, 1, < P < 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 f,gm) : [m|Pr — R by

f(m)(il i ) o {$G§Z?___7ipk}(k), if |{i1’--"ipk}| = Pk
L e eylpy) =

0, otherwise.
Observe that the function f,im) vanishes on diagonals, that is, fém) (41,...,1p,) = 0 if two coordinates
of (i1,...,1p,) coincide. Then, we have
m
W (k) = Qp (m, £, 2) = Y F i) Xy Xy,
01,000py, =1
:pk! Z ]gm)(ilw-wipk)Xil ""'Xipk

1<i1 <...<ip, <m

as well as
Ghp= max Y ag (0 = () Infi ().
=M << <y <
2oy
where
nl(fk )_ (pk—l)' Z fk (%]2,---’]@6) - Z fk (%]2,---’]@6)

" §2edpp=1 1<j2<...<jp, <m
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denotes the influence of the random variable X; on the variance of W™ (k) (see [MOO10, GS15]).
Thus, we have shown that, under (5), Condition 1.2 is equivalent to

(7) lim max Inf;( ém)) =0 for 1<k<d.

m—o0 1<i<m

For 1 <k <dand 1l <r <p,—1, we define the contraction kernel fém) *. fém) : [m]?Pr=2" — R by

flg;m) *p flgm)(ll, ce ,Z.pkfrajl?’ o ’jpkir)

= Z flgm)(il,...,ipk_r,ll,...,lr)fk(:m)(jl,...,jpk_r,ll,...,lr).
l1,..,lr=1

Consider the following condition.

CONDITION 1.7. For all 1 < k < d and all 1 < 7 < pj — 1 it holds that limy, el /™) %+ £ |2 = 0.

Here, || f,im) *p f,im) |2 denotes the L?-norm of the contraction kernel f,gm) * ,im) with respect to the

(ng — 227")—f01d product of the counting measure on [m], i.e. with respect to the counting measure on
)P

PROPOSITION 1.8. Suppose that (5) and Condition 1.7 hold and that py > 2 for all 1,...,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 [NPR10a|. That Condition 1.3 holds under
Condition 1.7 as well, follows from a combination of [NPR10a, Proposition 1.6] and the estimate (1.13)
in [NPR10a]. O

Note further that the functions 2, (|nym,s|) from Condition 1.1 are in this situation more explicitly
given by

[nms]
8) allnms)) = > al®P=pd Y £ i) = SH ().
JE€Dp,, ([nms]) 1,eeipy, =1

THEOREM 1.9. Suppose that the sequence X of independent, mean zero and unit variance random
variables satisfies (5). Moreover, assume that the sequences (Sf,im))meN, 1 <k <d, defined in (8),
satisfy Condition 1.1, that Condition 1.7 holds and that pr > 2 for all k = 1,...,d. Then, the
sequence (W ™), n of processes, defined through (2) and (6), converges in distribution with respect
to the Skorohod topology to the continuous, centered Gaussian process Z = (Z(1),...,Z(d))T with
independent components, which is defined via (3).

Proof. This follows from Theorem 1.4 and Proposition 1.8. U

The proof of Theorem 1.9 (via the implicit use of Proposition 1.8) strongly relies on the techniques
developed in [NPR10a|. As anticipated, we will now prove a functional version of the universality
results from [NPR10a]. For completeness, we will also include the discussion of universality of Poisson
homogeneous sums, as provided by [PZ14,DVZ18|.

THEOREM 1.10 (Functional universality of homogeneous sums). With the above notation and defini-
tions, consider the following assumptions:

(A1) There are functions v : [0,1] — R such that limmﬁoo(Sf]gm)) = vy pointwise, 1 < k < d.

(Agx) Asm — 00, (Qp, (M, fl(m),%), o, Qpy(m, fdm), XN converges in distribution to a d-dimensional
standard normal vector.

(A3 x) The sequences Qp, (m, f,gm),%)meN, 1 <k <d, satisfy Condition 1.3.

(Asx) The above defined sequence (W™ (1),..., W™ ()T, m € N, of processes based on X, con-
verges in distribution with respect to the Skorohod topology to a continuous centered Gaussian
process Z = (Z(1),...,Z(d))" with independent components, whose covariance function is given
by (3).

(As) Condition 1.7 is satisfied.
(Ag) One has inf;ey A; > 0.
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Assume that Assumption (A1) holds and pr > 2 for all k = 1,...,d. Then, the following implications
are in order:

(9) (Asp) = (Az) & (A38) & (Ass) & (A5)

= VX satisfying (5) : ( (Aa,x) A (Asx) A (Asx)).
If, additionally to (A1), also (Ag) holds and py > 2 for all k =1,...,d, then we have in fact that
(10) (Azp) & (A2e) & (A36) & (Ass) & (45)

= VX satisfying (5) : ( (Agx) N (Asx) A (A47x)).

Proof. Suppose first that (A;) holds. That (As ), (As,e) and (As) are all equivalent is a consequence
of [NPR10a, Proposition 1.6] (even without assuming (A;)). Of course, (A4¢) implies (As ). By
Theorem 1.9 applied to &, under (A;) 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 (Aj)
holds, then (since we have assumed (A1)), we can conclude that (As x) and (A4 x) hold, immediately
implying (A x) as well. Finally, [DVZ18, Theorem 1.11] ensures that (A3 ) implies (A2 e ).
Suppose now that both (A;) and (Ag) hold. Then, [DVZ18, Theorem 1.11| guarantees that (Asg ¢)
also implies (A3 ). O

REMARK 1.11 (Removing condition (A;)). If Condition (A;) is removed, then the conclusions of
Theorem 1.10 continue to hold, provided condition (A4 x) is replaced by

(A x) The collection of distributions of the above defined sequence (W™ (1), ..., WM (d))T m € N,

T oof processes based on X, is relatively compact with respect to the Skorohod topology, and

every converging subsequence admits as a limit 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 Section 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 f(™) : {1,...,m}P — R, vanishing on diagonals and such that
Conditions 1.7 and (A;) in Theorem 1.10 (for d = 1) are satisfied, with v;(s) = v(s) = s/, for some
integer 2 < a < p — 1. The definition of f™) is based on a slight variation of the construction of
fractional cartesian products, as described in [Ble01, Chapter XIII|, as well as in [BJ04, NPR10b|. Fix
a,p as above, and consider an injective mapping ¢ : N* — N with the properties that, for all £ > 1,
(a) p([k]*) C [k%] , and (b) @([k + 1]*)\@([k]*) C [(k + 1)?]\[k?]. Such a mapping is easily defined
by recursion on k. Observe in particular that Property (a) implies that, for all N > 1, the image of
the restriction of @-to [[N/?]]% is contained in [N]. Consider in addition a collection {Si, ..., S,} of
non-empty distinet 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,...,tp), we set mg,t = (t : k € S;), where the indices belonging to S; 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]P 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 [Ble01,BJ04|. For every m > 1 we start by setting

FP = {k = (k1,.... kp) 1 k= ((mg,t), ..., o(7g,t)), for some t € A? } C [m]P.

m |ml/a|

where, the symbol AL indicates the class of all vectors (¢1,...,t,) such that 1 < ¢ < --- < ¢, < N;
when m < p®, FO can be empty. The injectivity of ¢ readily implies that, when m > p®, the entries of
any k = (k1,...,kp) € F¥ are pairwise distinct, and also that, if k # k’ belong to Fy", then k cannot
be obtained from k’ via a permutation of its entries. We eventually set

B, :=sym(FY) C [mP, m >1,

that is, I, is the class of those (ki,...,kp) such that (k,q),..., ks ) € FY for some permutation o.
Immediate combinatorial considerations imply that there exists a finite constant b > 0 such that, as



FUNCTIONAL DE JONG THEOREMS 9
N — oo, |Fn| ~b- NP/ For m > p%, we define

PELE i) (i1, wip) € [P

The computations in [NPR10b, Section 6.2 and Section 6.3] readily imply that f (m) verifies Condition
1.7. Moreover, since

FI iy, nyiy) ==

(11) |[Fo O [LmJJP] ~ [Flgmy | ~ b 87/ 4mPe,

we deduce that Assumption (A;) in Theorem 1.10 is satisfied with v(t) = t*/*. 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/a :
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 (A;) in Theorem 1.10. For the sake
of completeness, a proof of (11) is sketched in Section 3.4.

REMARK 1.13. In the finite-dimensional setting considered in [NPR10a| (see; in particular Theorem
1.2 therein), universality of Gaussian homogeneous sums is established under the weaker condition that
sup;en E| X2 < oo (of course without implying (As 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 [NPR10a| rely on a combination of Malliavin
calculus on Gaussian spaces and an invariance principle for multilinear forms, proved in [MOO10] 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 [CSZ17, Theorem 4.2].

REMARK 1.14. Proposition 1.8 and Theorems 1.9 and 1.10 all require that pp > 2 for all k =1,...,d.
This is because display (1.9) in [NPR10a| used in their proofs relies on this assumption. Relation (7),

however, still implies Condition 1.2, even if p; = 1. In this case, writing az(m)(l) for a%)(l), we have

Inf; ( fl(m)) = az(m)(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 agm)(1)2 = 0;

m—o0l1<i<m

b) lim ZZLZTSJ agm)(1)2 = v1(s) for some vy : [0,1] — R;
m—0o0
c) the assumptions of Theorem 1.9 are satisfied for the (d — 1)-dimensional sequence of processes

<Qp2 (m, fém),%), o Qpy (m fém),%)>meN substituted in place of (W), _y,

then the whole d-dimensional sequence (Qpl (m, fl(m),%), oo Qpy(m, fém),%)) y converges in dis-
me

tribution with respect to the Skorohod topology to the continuous, centered 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, X ...
are defined that have values in the respective measurable spaces (E1, &), (F2,&2),. ... Moreover, for
n € N fixed we let [n] := {1,...,n} and, for J C [n], we define F; := o(X;,i € J). Note that, whenever

f: H E; =R is ®€j — B(R) - measurable
j=1 j=1
such that

Y = f(X1,...,Xn) € L}(P),
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then there is a P-a.s. unique representation of the form

(12) Y=Y Yy= Z( > YM>

MC[n] MC[n]:
|M]=s

where, for each M C [n], the summand Y3 is measurable with respect to Fj; and, furthermore,

E[Ya | F7] =0 holds, whenever M ¢ J.

Note that, in particular, there are measurable functions

fu: [] Ei =R, MCn],
JjeEM
such that Yy = far(Xj,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:

(13) Yu =) (~D)MVEY|F)],
JCM

yielding in particular that Y = E[Y] a.s.-P. Equation (13) directly implies the linearity of the Ho-
effding decomposition. It should also be noted that, whenever Y € LP(P) for some p € [1, 0], then
automatically Yy; € LP(PP) for all M C [n]. Moreover, if Y € L?(PP), 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

(14) Y= > Y,

JEDy(n)
i.e. if Yy = 0 P-a.s. whenever |M| # p. Here and in what follows we write
Dy(n) :=4{J C [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 X7, ..., X,, and W based on Xj, ..., X,, of respective
orders ¢ and p. Hence, we have the respective Hoeffding decompositions

V= Z V; and W = Z Wiy.

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

2 2 2
= max Vv and := max w
Ql Vo 1<J§l [ J] Ok, W 1252k [ J]
JeDy(1): JeD,(k):
jeJ jeJ

as well as
Uﬁv = Z E[V?] and J;W = Z E[W?].
JEDG(1) JeDy (k)

In particular, we have o2, |, = E[V?] and o2 ;;, = E[W?] as well as the inequalities

2 2 2 2
(15) Ow < onw and  opw < 0w

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

VW= > Un(VW).

MCnVvm)|:
|M|<p+q

10
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For simplicity, we write Uy (W) for Upr (W, W) and Uy (V') for Ups(V, V) so that

V2= )" Uu(V) and W?= > Un(W)
MC[m]: NC|n]:
|M|<2q IN|<2p

are the Hoeffding decompositions of V2 and W2, respectively. We will use the conventions Up; (V) = 0
and Uy (W) = 0 implicitly, whenever M € [m] and N Z [n], respectively. Let us define the collection
So = So(m,n, q,p) of all quadruples (I, J, K, L) € D,(m)? x Dy(n)? such that

i) INK=JNnL=1,

(i) 0AINJ=I\(INL)#I,

(i) 0£JNI=J\(JNK) #J,

(iv) 0 #KNJ=K\(LNK)# K and
(v)y 0£#LNI=L\(LNK)# L.
Similarly, we denote by S := Si(m,n,p) the collection of all quadruples (I,.J, K;L) € Dy(m A n)?
such that

i) INnJ=KnNL=10,

i) 0AINK=I\(INL)#1,
i) 0A£JNK=J\(JNL)#J,
iv) 0 #KNJ=K\(INK)# K and
(V) 0£LNI=L\(LNJ)=#L.

Moreover, we define the quantities

So(V, W) = Z E[ViV;WgWg] and, if p =g,
(I,J,K,L)eSo

SIV,W)y= Y EWVV,WgW.].
(I,J,K,L)eSt

In particular, we have So(W, W) = S1(W,W). More generally, if p = ¢, m < n and V; = W for all
J € Dy(m), then S1(V,W) = Sp(V, V).

REMARK 2.1. The quadruples (I, J,K, L) € Sy play a crucial role in all proofs of de Jong type CLTs
via the quantities So(V, W) (see [dJ90,DP17]). Note that these quadruples are all bifold, meaning that
each element ¢ € T 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 (I, J, K, L) € S;. Note further that the existence
of a free index for a quadruple (I, J, K, L) necessarily implies E[V;V;WxrWp| = 0 by degeneracy. This
fact will be tacitly exploited throughout the following.

LEMMA 2.2. There exists a finite constant C, 4, only depending on p and q, such that
2 2 2 2
So(V,W) > —Cpqmax oy, v 0n.w» Tn wom.y) -

Proof. This follows from a straightforward generalization of Propositions 3.5 and 3.6 of [DP17] to the
situation of possibly different m and n and possibly non-unit variances . We omit the details here. [J

LEMMA 2.3. We have that
So(W, W) < E[W*] = 30y, w + 2p0,. 100wy -

Proof. This follows from the first inequality in equation (2.13) of [DP17| by noticing that the left hand
side of this inequality is nonnegative and by taking into account that Var(W') = 0'7% w is 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 provided in [DP17, Section 3|,
whereas Lemma 2.4 is taken directly from there.

11
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LEMMA 2.4 (Lemma 2.10 of [DP17]). There is a finite constant k, only depending on p such that

Z Var(UM(W)) < IE[W4] — 3Ji7w + ”pai,WQi,W-
MClin]:
1<|M[<2p—1

LEMMA 2.5. (i) Ifp=q, then
Z Var(UM(V, W)) < pmin(@%,wafn,v, Q?n,VO-?@,W) + POmAR,V OmAn,W TmAn,V Oman, W

MCnvm]:
|M]<2p—1

(0 o) (X ve@u) e smw) - s,

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

(i) If p# g, then
Z Var (Up (V,W)) < min(qgiwa?n,v, pgfnyafhw) — So(V, W)

MClnVm)|:
|M|<p+q-1

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

MC[mAn]: MC[mAn):
1<|M[<2(pVg) -1 1<|M|=2(pvq)—1

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

> Var(Un(V,W)) = Var(VW) — Y~ Var(Un(V,W))

MC[nVvm]: MClnVm|:

[M|<p+q—1 | M|=p-+q

= Var(VW) - 3 Var( 3 VJWK)
MC[nVm]: JEDg(m),KeDp(n):
|M|=p+q JUK=M

=Var(VW)— > EVIV,WiWL]

MC[nvm]: I,J€Dg(m),
|M|=ptq  K,LEDy(n):

INK=JNL=0,
IUK=M=JUL
= Var(VW).— Z E[ViVWrWi]
IvJEDq (m)7
K,LeDp(n):
INK=JNL=0
=Var(VW)— > E[VZ]E[WZ] - > E[ViV WirWi]
IeD,(m), 1,J€Dy(m),
KeDy(n): K,LeDy(n):
INK=0 INK=JNL=0,

0A£INT=I\(INL)#I,
PAINI=J\(JNK)#J]
—bpg Y. E[VIWE[VEkW]

I,KeDg(mAn):
INK=0

Noting that
Var(VW) = Cov(VZ, W?) + E[VZ|E[W?] — E[VW]?
and also, for reasons of degeneracy, that

> E[ViViWrWy] = So(V, W)

1,J€Dy(m),
K,LED,(n):
INK=JNL=0,
OAINT=I\(INL)#I,
0£INI=J\(JNK)£]

12
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we hence obtain that
> Var(Uy(V,W)) = Cov(VZ,W?) + E[V?|E[W?] — E[VW]?

MC[nVvm]:
|M|<p+q-1
(16) N Z E[VFE[WE] = So(V.W) = 85 Z E[ViW;|E[VkWk] .
IEDq(m), IEDq(m),
KEDp(n): KEDp(n):
InK=0 INK=0

We now deal with the individual terms appearing on the right hand side of (16).

> EVFIEWE] = > E[FIEWER] - > E[VZE[WE]

IEDQ (m)v IEDQ (m)v IEDQ (m)v
KeDp(n): KeDp(n) KeDp(n):
INK=0 INK#)
=E[VIEW? - Y  EVE[WZ].
I1eDy(m),
KeDy(n):
INK#£0
Hence,
> Var(Uy(V,W)) = Cov(VZ,W?) — E[VIW]?
MC[nvm]:
|M[<p+q-1
+ > E —So(ViW) =8 Y. E[ViIW/]E[VkWg].
IeDy(m), I ,KEDy(mAN):
KeDp(n): INK=0
INK#(

Moreover, if p = ¢ then

S wiEVn
I,KeDy(mAn):

INK=0
V.
:( > E[VIWI]> - > E[ViW/|E[VkWk]
IeD,(mAn) I, KeDp(mAn):
INK#£0
=EVW]P - Y EVIW/]E[VkWk].
I,KeDyp(mAn):
INK#(

Hence, using that E[VW] = 0 if p # ¢, we obtain that
> Var(Un(V,W)) = Cov(VZ,W?) - 26, E[VIW]?

MCnvm|:
|M[<p+g-1
(17) + ) E ~ S V.W) 48,0 > E[VIWI|E[VkWx].
I€Dy(m), I JKeDp(mAn):
KeDy(n): INK#0
INK#0

In particular, if p # ¢, then

(18) > Var(Un(V,W)) = Cov(VEW?) + > E[VP|E[Wi] - So(V, V).
MC[nvVm)|: 1€Dy(m),
|M|<p+q—1 KeDp(n):
INK#(
Now,

> OEDPEWE = Y EDAY. Y EWE

IeDy(m), IeDy(m) i€l KeDy(n )
KeDy(n): max(KNI)=1
INK#£0

13
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2 2 2 2 2 2
<qoiw > E[VP=qo wEV] =qolwomy,
I€Dy(m)

and, analogously,

> E[VPIE[WE] < poh vEW] = po, vonw -

I€Dy(m),
KeDy(n):
INK#£0
Hence,
(19) Z E[VIQ]E[WIZ(] < min(qgiwd?ny, pan,vUrzz,W) :
1€Dq(m),
KeDp(n):
INK#0
We have
> EVWENWk]|[ < > [EVwi] Y ([E[VeW]|
I,KeDy(mAn): IeDy(mAn) KeDy(mAn):
INK#0 INK#)
= > [EBVwil> > [E[VeWk]|
IeDy(mAn) 1€l KeDp(mAn):
max(INK)=i
51\ 1/2 5\ 1/2
< > EpwS( Y EvE) (LY EWR)
IeDy(mAn) 1€l KeDp(mAn): KeDy(mAn):
max(INK)=1 max(INK)=i
< POmAn,V Oman,W Z |E [VIWI] ‘
IeDy(mAn)
1/2 1/2
< pan/\n,Van/\n,W( Z E[‘/IZ]> ' < Z E[WIQ])
IeDy(mAn) IeDy(mAn)

= POmAn,V OmAn,WImAn,VOmAn,W -

Hence, we obtain the inequalities

—POmAn, V. OmAn,WImAn,V Oman,W < Z E [VIWI] E [VK WK]

IeDy(m),
KeDp(n):
INK#D

(20) < POman,V Oman, W OmAn,V Oman, W

We estimate the term Cov(V2, W?) seperately according to whether p = ¢ or not. First assume that
p = q. Then, due to the orthogonality of Hoeffding components we have

Cov(VZ W) = > E[UnV)UNW)] = Y E[Uu(V)UM(W)]
MC[m)], MC[mAn]:
NC[n]: 1<IM|<2p
I<IM|,|N|<2p
= > E[0uWMULW)]+ > E[Uu(V)Un(W)]
MC[mAn]: MC[mAn]:
1<|M|<2p-1 |M]|=2p
=T +T5.

Using the Cauchy-Schwarz inequality twice we can estimate

ml< Y\ Var(Ua (V) Var Uy (W)

MC[mAn]:
1<IM|<2p—1
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S( > Var(UM(V))>1/2-< > Var(UM(W))>1/2.

MC[mAn]: MC[mAn]:
1<|M|<2p—1 1<|M|<2p-1
On the other hand, we have
To= Y S EWiVIWkWL] = > E[ViV,WkW]
MC[mAn]: I,Je€Dy(m), 1,J€Dp(m),
|[M|=2p  K,LEDp(n): K,LeDy(n):
IUJ=KUL=M INJ=KNL=0,
IUJ=KUL
= ) EMVV,WiW]
1,J€Dp(m),
K,LEDp(n):
INJ=KNL=0
=2 > E[ViW/E[V,W,] + > E[ViV;WgWi]
1,J€Dy(mAN): 1,J€Dp(m),
INnJ=0 K,LEDp(n):
INJ=KNL=0,

0AINK=I\(INL)#I

=2 > E[VIW/E[V,W,] + Si(V,W)

I1,JeDy(mAnN):
InJ=0
=2BVW]> -2 > E[ViW/E[V,Wy] + Si(V, W),
I1,J€Dp(mAn):

INJ#)

where we have used that, due to degeneracy,

> E[ViV,WikW,] = > E[ViV; Wi W]
1,J€Dp(m), 1,J,K,LeDy(mAn):
K,LEDp(n): INJ=KNL=0,
INJ=KNL=0, DAINK=I\(INL)#I
PAINK=I\(INL)#I
= > E[ViV;WgWL] = 51(V,W).
1,J,K,LeDyp(mAn):

INJ=KNL=0,
0AINK=I\(INL)#I,
0£JINL=J\(JNK)#J

Hence, if p = ¢ then we obtain that

et < (Y va@u) (5 vaouon)

MC[mAn]: MC[mAn]:
1<|M|<2p—1 1<|M|<2p—1
(21) +2RVWP -2 > E[VIW|E[VkWk] + S1(V, ).
I,KeDy(mAn):
INK#0

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

S Var(Uu(ViW)) < pmin(ed o2y, 0% votw)
MClnVm)|:
|M|<p+q—1

+ POmAN,V OmAn,W TmAn,V Oman,W + Sl(va W) - SO(V, W)

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

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

15
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proving part (i). Let us now assume that p # ¢q. Let r :== pA ¢ < pV ¢ =: s. In this case, clearly,
E[VW] = 0. Moreover, similarly as before, we have

Cov(V2W?) = > E[UuWUNW)] = Y EUu(V)Un(W)]
MC[m], NC[n]: MC[mAn]:
1<|M|<2q, 1<[M|<2r
I<|N|<2p
= 2. EUuM)UnW)
MC[mAn]:
1<|M|<2s—1
< 3 WVar(Ua(v))y Var(Ua (W)
MC[mAn]:
1<|M|<2s—1
1/2 1/2
(22) g( > Var(UM(V))> ( > Var(UM(W))> :
MC[mAn]: MC[mAn]:
1<|M|<2s—1 1<|M|<2s—1
This finishes the proof of (ii). O

COROLLARY 2.6. In the situation of Lemma 2.5 (i) assume that, additionally, m < n and V; = W;
hold for all J € Dy(m). Then, we have

Z Var (Up (V,W)) <E[VY] - 30;‘;7‘/ + 2p072n7vg72n7v + (Cp,q + 2p) ingi,w

MC[nvm]:
|M[<2p—1

1/2 1/2
+ <E[V4] - 30_31,\/ + KPO-TQn,VQ?n,V> : <E[W4] - 30??,1/1/ + ’fpai,wgi,w>
where k) is a finite constant depending only on p.

Proof. Since S1(V,W) = Sy5(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. If, in the situation of Lemma 2.5 (ii), we additionally have p < q, then

Z Var (U (V;W)) < (Cpg + ) maX(U?n,VQ?L,W, 0-7217W93n,\/)
MC[nVvm]:
|M|<p+q—1

1/2 1/2
+ (]E[V4] — 30_31,\/ + K’qo-?n,VQ?n,V) : (E[W4] - Ui,w) ;
where kg s a finite constant depending only on q.

Proof. This follows from Lemma 2.5 (ii), Lemma 2.4 (applied to V') and from the obvious facts that

Z Var (Up (V) < Z Var (Un (V) ,

MC[mAn]: MC[m]:
1<|M|<2(pvg)—1 1<|M[<2-1
> Var(Uy(W)) < Y Var(Uy(W)) = Var(W?) = E[W*] — o) .
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 (11).

3.1. Proof of Theorem 1.4. The proof of Theorem 1.4 will follow the classical two-step procedure
(see |Bil68, Sectionl5|) of establishing convergence of finite dimensional distributions and checking
tightness.

16
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3.1.1. Convergence of finite dimensional distributions. We fix time points 0 < t; <ty < ... <t <1
and, with r := Id, consider the random vector V = V(") — (Vl,...,Vr)T € R” of degenerate U-
statistics, defined as follows. Given an integer 1 < ¢ < r, write ¢ = al + b with integers 0 < a < d—1
and 1 < b <[ and define

- _wm
V=W (a+1).

In other words, we have

m m m m m m T
V= (W), W), wire),. . Wi ), W), W @)

Moreover, for the same i we write 1,,(i) 1= |nmty|, om(i)? := Var(V;), ¢; := par1 and

(i) = max 35 E[WV (1),
=T JEDp, y (n (0):
jeJ

Then, we have the straightforward inequalities

(23) Um( ) <1 and (Pm( ) < Qm ,a+1 < 121]??(1

Qm,k :
Let X, = (Sgrz))lgi,kgr € R™™" denote the covariance matrix of V. Then, for 1 <4 < k < r, such that
(24) i=al+b, k=dl+V, where 0<a<d <d—-1 and 1<bV <I,
we have
s = B [W (@ + YW (@ +1)] = G0 0B [W™ (@ + 1)2
Sik = m[ ty (a+1) Ly (a’ + )] = Oa,a m[ ty (a+1)
( n) _

In particular, the diagonal elements of X, are given by Sid W o2,(4),

aafafn(i).

1 < ¢ < r. Thus, thanks to
Condition 1.1 we have that 3, converges to the covariance matrlx Y = (8ik)1<ik<r, Whose elements
are given by
(25) Sik = g, lim 02 (1) = 04 a'Vat1(ts) 5

m—r00
if again 7 and k are as in (24). Finally, we denote by N (™) = (Nl(m), e ,N,gm))T and N = (Ny,...,N,)T
centered Gaussian vectors on (€2, F,P) with covariance matrices ¥, and X, respectively.
Next we make use of the well-known fact that the collection Hz of all functions h € C3(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
(26) B [(V)] = E[(N)]| < [En[a(V)] = E[R(N™)]] + [E[R(NT)] = E[(N)]] .

Note that the second term on the right hand side of (26) converges to zero as m — oo, since
limyy, o0 m = 2.

In order to deal with the first term as well, we apply the following central lemma, which is a slightly
modified version of [DP19, Lemma 4.1 (a)|, adapted to the present notation. The main difference is
that in the statement of the result in [DP19], the term ¢,,(i)? 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 [DP19], however, works in the more general present situation as well.

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

ViV, = > U (i, k)
MC[nm (i) Vim (k)]:
IM|<qi+qs

denote the Hoeffding decomposition of V;Vj.
LEMMA 3.1. Under the above assumptions, there are constants kg € (0,00), only depending on g;,

1 <i <, such that the following holds: For any h € Hg, there are constants C1(h),Ca(h) € [0,00)
such that

r 1/2
[Enh(V)] — BN < DB 5~y qw( S Var (U k>>)
MC|

R C 1 (0) Vo ()
|M|<gi+qr—1

17
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2029(11[; ol <MCZ Var’”(UM(i’i))y/Q

Clnm (4)]:
|M|<2¢;—1

(27) fc? Zq,@% i) oml(i).

We will also rely on the following crucial lemma, which essentially goes back to de Jong’s monograph
[dJ89.

LEMMA 3.2. Under Conditions 1.2 and 1.8 and with the notation of this subsection, we have that
lim E[V4] —304.(1) =0
forall1 <i<r.

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

Vi = Z W}nﬂ(a +1) = Z bJWﬁm) (a+1),
JEDp, 1 (nm (i) JEDp, 1 (nm)

where, for J € Dy, (1), we let
bs =] Tasjcnny
jed
This ensures that the coefficient sequence (by) JEDpy 1 (Mm) is of rank one in de Jong’s terminology
(see [dJ89, Subsection 4.1] and Remark 3.3 (b), below) and we obviously have 0 < ]1{1<j§nm(i)} <1
for all 1 < j < n,,. Hence, by [dJ89, Proposition 4.1.2.] we have lim, . E[V;*] — 302, (i) = 0. O

REMARK 3.3. (a) We mention that the statement of [dJ89, Proposition 4.1.2.] actually only implies
the statement lim,, oo E[Vi*] — 3072 (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 [dJ89, Proposition
4.1.2.], the result remains true under the more relaxed Condition 1.2, since the quantities 7" and
(7')* appearing there still converge to zero, thanks to the inequality

(7)) < D' < Dine,
the second part of which holds true by virtue of [DP17, Proposition 2.9]. The first (and easy) part
of it is proved in [dJ89].
(b) In [dJ89] the following definition of a rank one coefficient sequence (@) jep,(n,,) 18 given: One has

laj| <1 for all J € Dy(nm) and there is a sequence (¢j)i<j<n,, such that a; = [[;c;¢; for all
J € Dp(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 — co. By (23) and the assumption of Theorem
1.4, for the last term we have

(28) lim \/_CZ

m—o0

Zqzw—qzam i)’ pml(i) = 0.

In order to deal with the first two terms, we invoke Corollaries 2.6 and 2.7. Thus, suppose again
that 1 <7 <k < r are given by (24).

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

> Var,, (Un(i,k)) < (Cyq0 + ax) max (o2, ()02, (k), 02, (k)2 (i)
MC[nm (i) Vnm (k)]:
|M|<qi+aqr—1

+ (B[ - 30%(k) + mqkam)w;(ks))” (B - oh)

< (Couan + ar) max o,

18
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1/2 1/2
(29) + (EIVA] = 308, (k) + g, max o2,,) " - (EIVY)

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 — oo.

Case 2: a = d’: In this case, we have ¢; = py11 = ps1 = @k and, hence, we are in the situation of
Corollary 2.6. Thus, we have that

> Vary, (Un(i,k)) = Y Var, (Un(i, k)

MC[rm (i) Vam (k)]: MClnm(k)):
|M|<gi+qr—1 |M|<gi+q,—1

< EV;'] = 300,(i) + 24i07, (D)7 (1) + (Cor g + 2a5) ¢ (k) (K)

1/2 1/2
T (E[v;‘] 3oh (i) + mqiamz')soa(i)) - (E[v;:*] 30 (k) + nqkafnw)wmm)

4 4 /. 2 2
S E[‘/z ] - 30m(2) + 2% 1213%21 Qm,u + (Cqm%’ + 2%) 1213;[ Qm,u

1/2 1/2
49 o 4 2 ) 47 o 4 2
(30) + <E[VZ | =30, (1) + Ky, 1Iéll?%(d gm7u> <E[Vk] 30, (k) + Kg, élua%(d gmu) ,

where we have again applied (23) for the second inequality and used kg, and kg to denote finite
constants depending only on g, and ¢;, respectively. Again, by Lemma 3.2 and Condition 1.2, the right
hand side of (30) thus converges to zero as m — oc.

From (27),(23), (28), (29) and (30) we thus conclude that

lim [E,,[h(V)] — E[,(N™)]| =0

m—o0

and, thus, by (26) that
lmn B, [1(V))— E[(N)]| = 0

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

NZ2(Z, (1) 320, (1), .. Zey (), ., Zay (d) T

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), nin D[0,1]. This will be done by verifying that

(31) w(W(m),é) IP)—m>0, as m — 0o,
where, for x € D[0,1] and 0 > 0,
w(z,d) :=sup{|z(t) — z(s)| : s,t €[0,1],|t — s| < 4}

denotes the modulus of continuity of x. Since W(()m) = 0 for all m € N and by the finite-dimensional
distribution convergence established in Subsection 3.1.1, this will imply Theorem 1.4 by the Corollary
to [Bil99, 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, for m € N and 0 < j < ngy,,

define A = W) - W (1), F™ o= o(x{™,...,XI™) and S = 320 AM™. Then,

by degeneracy, for each m € N, (S](m))lgjgnm is an (]:](m))ogjgnm— martingale. Note that with this

notation at hand, we have ng) =S5 EZ:?L ‘] for each t € [0, 1] and [Bil68, Theorem 8.4] and the Corollary
to [Bil99, Theorem 13.4| together imply that (31) holds, if, for each k£ € N we have
(32) lim lim sup )\2IP’m< max |S,(§T2 - S,gm)| > )\) =0.

A—00 m—00 0<i<nm—k

Note that the additional \/n appearing in the statement of [Bil68, Theorem 8.4] does not appear here,
since our processes are already normalized at time t = 1. Let us thus fix £ € N. Then, the sequence
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(S,(ﬁz — S,gm))ogignm,k is an (f]ng)OSiSnm*k‘ martingale. Thus, by first applying Markov’s and then

Doob’s L*-inequality, we have that

)\Q]P’m( max ‘S,(;j:z — Slim)| > )\>
1

0<i<nm—k

IN

EmK max |S(m)—S,(€m

2
) }
0<i<ng—k K+ ‘ {maxo<i<n, kIS5 —SE™ |22}

< sl (eIt = s71)'] < (5) s 5k =5t
“”3) < (5)' 5 (Buls* + Eals{ ).

Now, firstly, by Condition 1.3, we have
(34) lim E,,|S{"™

‘4
m—00

= lim E,[W™ ()4 =3.

m—0o0

Secondly, using the inequality | Y"1 | a;[* <n3Y" " | |a;|*, and by Condition 1.2 we obtain that

En|S{" [ =En| Y wiM0)| < <p> S EJwmM)
JEDy, (k) JEDy, (k)

<(3) s 3 (b0

JEDp, (k)

k\° m
<(£) P 3 g

JEDy, (k)

k 3
(35) < (m) Diny02,, =570,

‘ 4

where we have used the fact that Em‘Wﬁm) (l){2 < Q?ml for all J € Dy, (k). Thus, (33)-(35) imply that

. m m 4\424 2048 1
timsup P (_max V87 - 51712 0) < (5) 55 =57

for each A > 0 and k € N fixed, so that (32) is indeed satisfied. This finishes the argument for tightness.

3.2. An additional argument explaining the continuity of the limiting process Z. Note that,
by [Bil99, 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™) = (Vm(1) ... V™) (d)) of continuous processes, defined by linear interpolation, i.e. for
1 <1 <d welet

VI (1) 1= WE0) + (et — (= D) (WD 1) W @), L i<

nm nm nm nm nm

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

VO (@) = W (1)]|oo = max |AM™)].

1<i<nm

Thus, using e.g. [IS02, Theorem 3| in the third inequality below, for £ > 0 we can bound

P (VO (1) = W (1) > ) = B max [A™] > ¢) < fpm(mgm > ¢)
=1

1<i<nm,
Tm Nm 2
<Y Ea| Y w§m><z)\4g3<pl)e‘4ZEmK > Wﬁ’”’(l)QH
i=1 JEDy, (i): i=1 JE€Dp, (i):
ieJ icJ

20
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“BEetY. D Bl 0w 02

1=1 J,K€Dp, (i):
1ieJNK

By, Y (B W™ 0B WP @)1]) .

i=1 J,K€Dp, (i):
1€JNK

SB(pl)&?%Dm,lZm: Z Em[Wﬁm)(l)z]Em[Wém)(l)z}

i=1 J,K€eDp, (i):
1€JNK

2
LD DU wﬁmu)
Je'Depf](l)

< B(p)e ‘D lele Z )2]

i=1 JeDp, (7)
e
m—00

= B(p))e *Dpiop,; — 0,
where B(p;) is a finite constant only depending on p;, see [IS02, Theorem 3|. Thus, we have proved
that, for each 1 <1 < d, [V (1) = W) ()| and, a fortiori their Skorohod distance, converges to
zero in probability as m — oo, so that [Bil99, Theorem 3.1] implies that the processes V(™ (1) and
W) (1) must indeed have the same distributional limit, if any.

3.3. Proof of Theorem 1.5. Suppose that Conditions 1.2 and 1.3 hold for the sequence (W(m))meN.
Since the above argument for tightness does not make use of Condition 1.1, tightness still holds.
Let (W(ml))leN be a given subsequence. By relative compactness, there is a further subsequence
(W(mlk))keN that converges in distribution to some process Z. Again by [Bil99, Theorem 13.4] we
can conclude that Z has values in C([0,1];R%). Thus, the projections m; : D([0,1];R?) — R?, z s
x(t), t € [0,1], are Pz-a.s. continuous, where Pz denotes the law of Z on D([0,1];R?). Hence, the
continuous mapping theorem implies that the finite-dimensional distributions of (W(mlk))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(mlk)) 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 Subsubsection 3.1.1 ensures that the finite dimensional distributions of
(W(m’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). We fix p > 3 and 2 < a < p— 1 as in Example 1.12, and adopt the
notation introduced therein. It is sufficient to show that

(36) [ 0 [[tm 7] ~ [ Ff
a relation that is implied by the next statement.

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

|[Ep N [Em)IP| ~ [F .

Proof. For every ¢ > 1 we write k = k() to denote the unique integer such that ¢ € [k%, (k 4+ 1)%), in
such a way that Fy = Fya(y). We have that

|[Fp N L) | = [y |+ 1(Fy 0 )P\ gy |-



22

CHRISTIAN DOBLER, MIKOLAJ KASPRZAK AND GIOVANNI PECCATI

Using the relations
(R, O )P IONERe | < [ FGkemyy sy | = Fkegeqmy | ~ k(Em)P~ < e(m)®=D/% = o(m?/®),

we immediately deduce the desired conclusion.
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