On the generalized Brascamp-Lieb-Barthe inequality, a Szego type limit
theorem, and the asymptotic theory of random sums, integrals and
quadratic forms *1

Florin Avram Murad S. Taqqu
Université de Pau Boston University

March 6, 2005

Abstract

This paper describes a purely analytic approach for establishing central limit theorems for sums or
integrals fteIT P, (Xt)dt and quadratic forms ft’selT b(t — 8)Prm.n (X, Xs)dsdt of Appell polynomials
P (Xt), Ppon(Xe,Xs), where X is a linear process, that is, X; = fueRd a(t — u)dé,, t € R4, where
&, t € RY has stationary independent increments. We review known results and outline some open
problems related to this approach.

1 Introduction

1. Time series motivation. One-dimensional discrete time series with long memory have been ex-
tensively studied. The FARIMA family, for example, models the series X;, t € Z as the solution of an
equation

¢(B)(1 — B)'X; = 0(B)e; (1)

where B is the operator of backward translation in time, ¢(B),0(B) are polynomials, d is a real number
and ¢; is white noise. Using this family of models, it is usually possible via an extension of the classical
Box-Jenkins methodology, to chose the parameter d and the coefficients of the polynomials ¢(B),6(B)
such that the residuals €; display white noise behaviour and hence may safely be discarded for prediction
purposes.

In view of the prevalence of spatial statistics applications, it is important to develop models and methods
which replace the assumption of a one-dimensional discrete time index with that of a multidimensional
continuous one.

This review paper was motivated by the attempt to extend certain central limit theorems of Giraitis
and Surgailis, Fox and Taqqu, Avram and Brown and Giraitis and Taqqu to the case of multidimen-
sional continuous indices. We have not yet achieved this goal, but we offer some natural conjectures and
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the observation that the main part of the one-dimensional analytical approach does extend to the wider
multidimensional setup.

The crucial tools are reviewed in two appendices. In Appendix A, section 2 we review several forms
of the Brascamp-Lieb-Barthe inequality, a generalisation of the Holder and Young inequalities which is
instrumental for our calculations. In Appendix B, section 3 we review the well-known diagram formula for
computing moments/cumulants of Wick products, and its application for studying discrete and continuous
time series.

Throughour the paper, we will review the results in [6] and [8], which have been only established in the
classic discrete sum one-dimensional setup, but we will adopt a unifying measure theoretic notation,
in order to be able to discuss possible extensions.

2. The model. Let £4, A C R? denote a set indexed process with mean zero and finite second moments,
independent values over disjoint sets and stationary distribution, and let X;, ¢t € R% denote a linear random
field

= alt —u U d
Xo= [ at-wem), rert @

with a square-integrable kernel a(t), ¢+ € R For various other conditions which ensure that (2) is well-
defined, see for example Anh, Heyde and Leonenko [2], pg. 733.

By choosing an appropriate ”Green function” a(t), this wide class of processes includes, for example,
the solutions of many differential equations with random noise &(du).

The random field X (¢) is observed on a sequence I of increasing finite domains. In the discrete-time

case, in keeping with tradition, the case Iz = [0,7 — 1]¢, T € Z, or Iy = I, = [1,n]?, will be assumed. In
the continuous case, rectangles It = {t € R : —T;/2 < t; <T;/2,i = 1,...,d will be taken. For simplicity,
we will assume always T} = ... =T; = T — 00, but the extension to the case when all coordinates converge

to oo at the same order of magnitude is immediate.

3. Asymptotic behavior of quadratic form estimators. The asymptotic behavior, in particular, the
asymptotic normality of quadratic forms of stationary discrete time series, plays an important role in the
choice of appropriate models. Let us recall, for example, the context of parametric estimation of Gaussian
processes, where for an AR(1) process X, 11 = ¢X,, + €541, the Yule-Walker estimator 55 of ¢ is given by

T
Zi:l XiXi—l
T
i X7
and thus the asymptotic behavior of these quadratic forms will be instrumental in providing confidence
intervals for the estimation of ¢.

Limit theory for quadratic forms is a subset of the more general one of providing limit theorems for
sums/integrals and bilinear forms

¢ =

St = / hXy)dt, Qr = / bty — t2) (X, Xi,)dtdts (3)
telr

t1,to€lT

where X, is a stationary sequence. In the discrete time case, ST and Q7 become respectively

T T T
Sr=> hX:), Qr=Y_3 bli—j)h(XX,).
=1

i=1 j=1



These topics, first studied by Dobrushin and Major [18] and Taqqu [37] in the Gaussian case, gave rise
to very interesting non-Gaussian generalisations, and are still far from fully understood in the case of the
continuous, ”spatial” multidimensional indices arising in spatial statistics.

It is well-known in the context of discrete time series that the expansion in univariate/bivariate Appell
polynomials determines the type of central limit theorem (CLT) or non-central limit theorem (NCLT)
satisfied by the sums/quadratic forms (3). Hence, we consider below the problem (3) with h being an
Appell polynomial.

4. The problem. In this paper we consider central limit theorems for quadratic forms
Qr = gpm,n) - / l;(t — 8) Py (Xe, Xs)dsdt (4)
t,selr

involving the bivariate Appell polynomials

Ppn(Xe, Xs) =Xy, X, X, oo, Xt myn>0,m+n>1,

m n

which are defined via the Wick product : Xq,..., X, : (see Appendix B).
For a warm-up, we consider also sums

Sp =8 = [ Pa(Xadt (5)
elr

involving the univariate Appell polynomials

Pm(Xt) =: Xt,...,XtZ

m

We will assume that E|¢7, [2™+™) < oo in order to ensure that Q7 has a finite variance.

The variables X; will be allowed to have short-range or long-range dependence (that is, with summable
or non-summable sum of correlations), but the special short-range dependent case where the sum of cor-
relations equals 0 will not be considered, since the tools described here are not sufficient in that case.

5. The method of cumulants. One of the classical approaches to establish asymptotic normality
for processes having all moments, consists in computing all the scaled cumulants x 7 of the variables of
interest, and in showing that they converge to those of a Gaussian distribution, that is, to 0 for k£ > 3.

For symmetric bilinear forms in stationary Gaussian discrete-time series X, with covariances r7;_;,%,j €
7Z, a direct computation yields the formula

Xk = x(Qr, .., Qr) = 2" (k = ) Tt((Tr ()Tr(f))"] (6)

~

where Tp(b) = (bi—j,1,5 = 1,...,T), Tr(f) = (ri—j,i,7 = 1,...,T) denote Toeplitz matrices of dimension
T x T and Tr denotes the trace. A limit theorem for products of Toeplitz matrices provided by Grenander
and Szego(58) and strenghened by Avram(88) yields then the asymptotic normality, under the condition
that b(A)f(A) € Lo.



In the case of bilinear forms in Hermite/Appell polynomials P, ,(X,Y) of Gaussian/linear time series,
or in continuous time, more complicated cumulants formulas arise from the so-called diagram expansion.
Still these, can be expressed as sums/integrals involving a combinatorial structure similar to (6).

6. The spectral approach. We will assume throughout that all the existing cumulants of our stationary
process X; are expresses through Fourier transforms cy(t1, ta, ..., tx) of "spectral densities” fr(A1, ..., \k—1) €
Ll, i.e:

; k=1y (4.
cr(t1, ta, ... ty) Z/A R Sezzf':l A=) (O ey Apo1) p(dA)epa (A1)
1503 A—1€

= / €' 2= fi (A, o M) 60 Ag) p(dAr)...pu(d)
Al,...,AkES N

J=1

where, throughout the paper, integrals involving delta functions will simply be used as a convenient notation
for the corresponding integrals over lower dimensional subspaces. Throughout, S will denote the ”spectral”
space of discrete and continuous processes, i.e. [—, 7T]d with Lebesgue measure normalized to unity, and
R? with Lebesgue measure, respectively.

Replacing now the time functions ¢y, lN), a by their Fourier representations yields spectral integral repre-
sentations for the cumulants xx(ST), xx(@7) corresponding to a particular graph (or matroid) structure.

7. Delta graph integrals. Let G = (V, £) denote a graph with V vertices, E edges and co(G) components.
Let M denote the V x E incidence matrix of the graph.

Definition 1 The incidence matriz M of a graph has entries M, . = %1 if the vertex v is the end/start
point of the edge e, and 0 otherwise.

Definition 2 (Delta graph integrals). Suppose that associated to the edges of a graph G = (V,E) there
is a set fe(N), e=1,..., E of functions satisfying integrability conditions

fe € Lp.(u(dN)), 1 < pe < o0,

where p is normalized Lebesque mesure on the torus [—m, | or Lebesque mesure on R.
A Delta graph integral is an integral of the form.:

Jr = JT(G7 f67e = 177E) =

\%4 E

A O R0 g5 [T Arte) [T nan) (7)

v=1 e=1

where £,V and M denote respectively the number of edges, vertices, and the incidence matriz of the graph
G, where
(ul, veny UV), = M()\l, ceny )\E‘)/

and where a prime denotes a transpose. Finally,

_ sin(Tx/2)

Ar(r) = "0 ®

1s the Fejer kernel.



This concept arose from the study of cumulants of sums/quadratic forms of stationary Gaussian pro-
cesses. A simple computation based on the diagram formula [8] — see also Proposition 2— shows that the
cumulants Xk(SrEFm)) and Xk(Qgpm’")) are sums of Delta graph integrals.

To obtain the central limit theorem by the method of cumulants, one wants then to show that
limp_ e T‘lxg(Sg)) is finite and that limp_, T‘k/QXk(Sg)) =0 for k > 3.

To establish this one can use a ”Szego-type” limit theorem for Delta graph integrals. Such a result
(which extends the Grenander and Szego result for traces of Toeplitz matrices) was provided in Avram-
Brown [6], in the discrete time case.

Quoting Tutte [38], it is probably true that "any theorem about graphs expressable in terms of edges
and circuits exemplifies a more general result about matroids”, a concept which formalizes the properties
of the "rank function” r(A) obtained by considering the rank of an arbitrary set of columns A in a given
arbitrary matrix M (thus, all matrices with the same rank function yield the same matroid). Indeed, Tutte’s
”conjecture” was true in this case; a matroid Szego-type limit theorem, in which the graph dependence
structure is replaced with that of an arbitrary matroid, was given in Avram [8].

8. Delta matroid integrals. A matroid is a pair £, 7 : 26 — N of a set £ and a "rank like function” r(A)
defined on the subsets of £. The most familiar matroids, associated to the set £ of columns of a matrix
and called vector matroids, may be specified uniquely by the rank function r(A) which gives the rank of
any set of columns A (matrices with the same rank function yield the same matroid). Matroids may also
be defined in equivalent ways via their independent sets, via their bases (maximal independent sets) via
their circuits (minimal dependent sets), via their spanning sets (sets containing a basis) or via their flats
(sets which may not be augmented without increasing the rank). For excellent expositions on graphs and
matroids, see [34], [35] and [39]. We ask the reader not familiar with this concept to consider only the
particular case of graphic matroids, which are associated to the incidence matrix of an oriented graph.
It turns out that the algebraic dependence structure translates in this case into graph-theoretic concepts,
with circuits corresponding to cycles.

Here, we will only need to use the fact that to each matroid one may associate a dual matroid with
rank function r*(A) = |A| —r(M)+r(M — A), and that in the case of graphic matroids, the dual coincides
with the matroid associated with the C' x F matrix M* whose rows ¢ = 1, ..., C' are obtained by assigning
arbitrary orientations to the circuits (cycles) ¢ of the graph, and by writing each edge as a sum of + the
circuits it is included in, with the 4 sign indicating a coincidence or opposition to the orientation of the
cycle 1.

Definition 3 Let f.(\), e = 1,..., E denote functions associated with the columns of M and satisfying
integrability conditions
fe € Lpe(dﬂ)v 1 S pe S OO) (9)

where p is Lebesgue mesure on R or normalized Lebesgue mesure on the torus [—m,w|. Let M denote an
arbitrary matriz in the first case, and with integer coefficients in the second case. Let f.(k),k € I denote
the Fourier transform of f.(\), i.e.

fulk) = /S ¢ fo(\) ()

Tt is enough to include in M* a basis of cycles, thus excluding cycles which may be obtained via addition modulo 2 of
other cycles, after ignoring the orientation.



A Delta matroid integral is defined by either one of the two equivalent expressions:

1%
= JT(M,fe,ezl,...,E):/ hfati).fetin) [T di (10)
yees . . v=1
-/ AW L00)--fe0w) [T Ar(u) T] n(dr) (11)
ALy ABES v=1 e=1

where (i1, ....,ig) = (1, jv)M and (uy,...,uy) = M(A\1,...,Ag)" and where, in the torus case, the linear
combinations are computed modulo [—m, 7).

Observe that (11) is the same expression as (7). A “Delta matroid integral” is also called a “(Delta) graph
integral” when the matroid is associated to the incidence matrix M of a graph (graphic matroid).

9. The Szego-type limit theorem for Delta matroid integrals. Let
1 .
zj=—¢€l0,1], j=1,--- E, (12)
Dj

where p; is defined in (9). Theorem 1 below, which is a summary of Theorems 1, 2 and Corollary 1 of
[8], yields an upper bound and sometimes also the limit for Delta matroid integrals, in the case of discrete
one-dimensional time series. The order of magnitude obtained is:

ay(z)=V —r(M)+ nax sz —r* = AériaxE[co(M —A) - Z(l — zj)] (13)
: =

where we define
colM —A)=V —r(M—A). (14)

Note: In the case of graph integrals, the function co(M — A) represents the number of components, after
the edges in A have been removed.
The function aps(z) is thus found in the case of graph integrals by the following optimization problem:

The ”graph breaking” problem: Find a set of edges whose removal maximizes the number

of remaining components, with deA( —zj) = ZjeA(l — pj_l) as little as as possible.

The function apy(2) is then used in the following theorem which is a Szego-type limit theorem for Delta
matroid integrals.

Theorem 1 Let Jp = Jp(M, fe,e = 1,..., E) denote a Delta matroid integral and let r(A),r*(A) denote
respectively the ranks of a set of columns in M and in the dual matroid M*.

Suppose that for every row | of the matriz M, one has r(M) = r(M;), where M is the matriz with the
row | removed. Then:

1.

Jr(M, fe,e = 1,..., B) < epy T (15)

where cpr is a constant and oapy(z) is given by (13).



2. If, moreover, ay(z) =V —r(M) = co(M) (or, equivalently, > .., z; < 1*(A),VA), then:

jEA

C

et [ 5100100 Fe0s) T ) = 1017) (16)

c=1

Jr(M) _
% co(M)

where (A1,..Ag) = (Y1, ..., yo)M* (with every A reduced modulo [—m, 7] in the discrete case), and C
denotes the rank of the dual matroid M*.

3. If a strict inequality apr(z) > co(M) holds, then part a) may be strengthened to:

Jr(M) = o(T*M)y

Remark. The results of the theorem, that is, the expression of ajs(z) and the limit integral J(M™)
depend on the matrix M only via the two equivalent rank functions r(A),r*(A), i.e. only via the matroid
dependence structure between the columns.

10. Central limit theorems for variables whose cumulants are Delta matroid integrals. We
draw now the attention to the convenient simplifications offered by these tools for establishing central limit
theorems, cf. [6], [7], [8]. They arise from the fact that the cumulants are expressed as sums of integrals
of the form (7) and their order of magnitude may be computed via the graph-optimization problem (13).
Then a Szego-type limit theorem (Theorem 1) is used to conclude the proof. This shows that the central
limit theorem can sometimes be reduced to a simple optimization problem.

We quote now Corollary 2 of [8].

Corollary 1 Let Z7 be a sequence of zero mean random variables, whose cumulants of all orders are Delta
matroid integrals:

Xk(Zr) =Y Jr(@)

GEGy,
where G, are such that
a(G) < k/2,VG € Gy,
Then, a central limit theorem
I
oT1/2
holds, with 0% = > Geg, J(G*), where J(G*) is defined in the Theorem 1(b).

— N(0,1)

This results reduce complicated central limit theorems for Gaussian processes to simple ”graph breaking
problems”. For example, the result on bilinear forms of Avram(92), Theorem 4, and of Giraitis and
Taqqu(97), Theorem 2.3, follow from the easily checked fact that the conditions of Corollary 1 hold in the
extremal points of the polytope in Figure 1.

Remarks

1. The extremal points are solutions of equations ag(z) = 1, obtained for certain specific graphs G € G,.
The fact that at these points the inequalities ag(z) < k/2, VG € G maybe checked via the graph-
breaking problem described after equation (13). An example is presented at the end of the paper.
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Figure 1: The domain of the central limit theorem

2. Giraitis and Taqqu expressed the upper boundary of this polytope in a convenient fashion:

dm(21) +dm(21) + 220 = 1 (17)
where d,,(2) =1 —m(1 —2)*.

11. Sketch of the proof of Theorem 1. We sketch now the proof of the Szego-type result for Delta
graph integrals given in [6], in the discrete one-dimensional setup, and for a connected graph. Note that
in a connected graph there are only V' — 1 independent rows of the incidence matrix M (or independent

variables u;), since the sum of all the rows is 0 (equivalently, uy = — Zz‘)/:_ll uy). Thus, the general formula
(14) simplifies here to (M) =V — 1.

1. The first step for proving Theorem 1 is to establish that the measures

V-1 V-1 V-1
T 'Ap(= Y uy) [ [ Ar(uw) [ dueun)
v=1 v=1 v=1

converge weakly to the measure dg(uq, ..., uy—1) This convergence of measures holds since their Fourier
coefficients converge —see [20], Lemma 7.1- and since the absolute variations of these measures are

uniformly bounded, as may be seen by applying the corresponding Brascamp-Lieb-Barthe inequality
(see Theorem 2 below) to the Delta graph integral, using estimates of the form

1A7[[ 1 < k(s)TH ™
with optimally chosen s,, v=1,--- V.



2. The main idea behind the proof of Theorem 1 is to integrate in (11) first over the complement of
the space generated by the u,’s, v = 1,...,V. This is easier in the graph case, when, fixing some
spanning tree 7 in the graph, we have a one to one correspondence between a set of independent
cycles (with cardinality C') and the complementary set of edges 7°. Assume w.l.o.g. that in the list
(A1, ..., AE), the edges in 7¢ are listed first, namely (A¢,e € 7¢) = (A1, ..., \¢). We make the change
of variables y1 = A1,...,yc = A¢, and (uq,...,uy—1) = M()\l,...,)\E)’, where M is the first V — 1
rows of M. Thus,

(Y15 Yoy UL, oy uy 1) = (ﬁf) (AL, AR)

where the first rows are given by an identity matrix I completed by zeroes. Inverting this yields

(>\17"'7)\E) = (yly"'7y07ul7"'7uV—1) (M* | N)

i.e. it turns out that the first columns of the inverse matrix are precisely the transpose of the dual
matroid M*. Note that (A1,...,Ag) are linear functions of (y1,...,yc,u1,...,uy—1) such that when
up = ... = uy_1 = 0 the relation (A1,...,A\g) = (y1, ..., yc)M* is satisfied.

Definition 4 The function

C

(1, e tyar)) = / AODF00)- 150w [T dinte) (18)
Yy

1Yo €S =1

where \. are represented as linear combinations of y1, ..., yc, u1, ..., uy_1 via the linear transformation
(Ao AE) = Y1y ooy YO, ULy eoey Uy —1) (M* | N) defined above will be called a graph convolution.

Note: A key point in the discrete one-dimensional setup was then to show that under appropriate
L, conditions, the Brascamp-Lieb-Barthe inequality (GH) (see Theorem 2 below) ensures the conti-
nuity of the graph convolution functions J(u1, ..., u,(as)) in the variables (u1, ..., u,(pr)). In the spatial
statistics context [3], [4], this continuity was usually assumed and indeed checking if this assump-
tion may be relaxed to L, integrability conditions in the spectral domain is one of the outstanding
difficulties for the spatial extension.

Recall now that (M) = V — 1. The change to the variables yi,...,yc, u1,...,uy—1 and integration
over yi, ..., yc transforms the Delta graph integral into

1% V-1
/ J(ur, oy 1) [[ Ar(uo) [ dpe(un)
UL, uy 1 €S v=1 v=1

Finally, the convergence of the Fejer kernel to a § function implies the convergence of the scaled Delta
graph integral Jp (M, fe,e = 1..., E) to J(0,...,0) = J(M*, fe,e = 1..., E'), establishing Part 2 of the
theorem.

Remark. It is not difficult to extend this change of variables to the case of several components and then
to the matroid setup. In the first case, one would need to choose independent cycle and vertex variables
Y1, -y Yr(ar+y and uq, ..., up(pr), note the block structure of the matrices, with each block corresponding to



a graph component, use the fact that for graphs with several components, the rank of the graphic matroid
is r(M) =V — co(G) and finally Euler’s relation £ —V = C — co(G), which ensures that

E=(V- co(G)) +C = (M) + r(M*)

12. Conclusions. The problem of establishing the central limit theorem by the method of moments is
related to some beautiful mathematics: the Brascamp-Lieb-Barthe inequality, the continuity of matroid
convolutions and the matroid weak Szego theorem.

This leads to fascinating mathematical questions like strengthening the matroid weak Szego theorem
to a strong one (i.e. providing correction terms).

The analytic methodology presented above suggests also the following conjecture:

Conjecture. A central limit theorem holds in the continuous one-dimensional index case, with the
same normalization and limiting variance as in the discrete one-dimensional index case, if f € L -1,b €
1
L gt where the exponents 21, 2z lie on the upper boundary of the polytope in the Figure 1.

These tools are also expected to be useful for studying processes with continuous multidimensional
indices. Let us mention for example the versatile class of isotropic spatio-temporal models, of a form
similar to (1) (with the Laplacian operator A replacing the operator B), recently introduced by Anh,
Leonenko, Kelbert, McVinnish, Ruiz-Medina, Sakhno and coauthors [1], [2], [3],[4], [32]. These authors use
the spectral approach as well and the tools described above hold the potential of simplifying their methods.

Finally, even for unidimensional discrete processes, these tools might be useful for strengthening the
central limit theorem to sharp large deviations statements, as in the work on one-dimensional Gaussian
quadratic forms of Bercu, Gamboa, Lavielle and Rouault [13], [14].

2 Appendix A: the Brascamp-Lieb-Barthe inequality

Set here V.=m and E = n. Let M be a m x n matrix, x = (z1,...,Z,,) and let [;(x),...l,(x) be n linear
transformations such that

(1(x), ...y ln(x)) = (1, .., 2m) M.
Let f;, 7 =1,...,n be functions belonging respectively to
Ly, (dp), 1<pj <00, j=1,...,n.
We consider simultaneously three cases:
(C1) p(dzx) is the Lebesgue measure on the torus [—m, 7)™, and M has all its coefficients integers.

(C2) p(dx) is the counting mesure on Z™, M has all its coefficients integers, and all its non-singular minors
of dimension m x m have determinant +1.

(C3) u(dr) is Lebesgue measure on (—oo, +00)™.

The following theorem, due when n; = 1,Vj in the first case to [6], in the second to [7] and in the last
to [10], with arbitrary n; yields conditions on

Zj = —, jzl,...,n,
Pj

10



so that a generalized Holder inequality holds. The key idea of the proof in [6], [7], is that it is enough
to find those points z= (z1,...,2,) with coordinates z; equal to 0 or 1, for which the inequality (GH)
below holds, then by the Riesz-Thorin interpolation theorem, (GH) will hold for the smallest convex set
generated by these points. This yields:

Theorem 2 (Brascamp-Lieb-Barthe inequality). Suppose, respectively, that the conditions (C1),
(C2) and (C3) hold and let f;, j = 1,...,n be functions f; € Ly, (u(dz)), 1 < p; < oo, where the
integration space is either [—m,m|", Z", or R, and p(dz) is respectively normalized Lebesgue measure,
counting measure and Lebesque measure. Let z; = (p;) ™.

For every subset A of columns of M (including the empty set (), denote by r(A) the rank of the matrix
formed by these columns, and suppose respectively:

(c1) Y z<r(A), VA
JjEA

(c2) Y zj+r(A%) = r(M), VA
JjEA

T
(c3) sz =m, and one of the conditions (c1) or (c2) is satisfied.
j=1

Then, the following inequality holds:

T m T
(@) \ J TL50;600 TLauten|< K T 150,
i=1 j=1

j=1

where the constant K in (GH) is equal to 1 in the cases (C1) and (C2) and is finite in the case (C3) (and
given by the supremum over centered Gaussian functions — see [10]).
Alternatively, the conditions (c1-c¢3) in the theorem are respectively equivalent to:

1. z = (z1,...,2n) lies in the convex hull of the indicators of the sets of independent columns of M,
including the void set.

2. z=(21,...,2n) lies above the conver hull of the indicators of the sets of columns of M which span
its range.
3. z = (21,...,2n) lies in the conver hull of the indicators of the sets of columns of M which form a
basis.
Examples:

1) As an example of (cl) , consider the integral

J= / / Fu(@n) folws) falws + w2) fals — w9)dardas
TJT

where T" denotes the torus [0,1], so fj(x £1) = fj(z), j=1,...,4. Here m = 2, n =4 and the matrix
1 01 1
M= (0 11 —1>

11



has rank r(M) = 2. The flats consist of (), the single columns and M. Only () and M are flat, irreducible,
and not singleton. Since (al’) always holds for (), it is sufficient to apply it to M. The theorem yields

[T <A fillyz falliyz 130z falliyz

for any z = (21, 22, 23, 24) € [0, 1]* satisfying z1 + 20 + 23 + 24 < 2, e.g. if z = (0,1,1/4,1/2), then

1< (s 1) ([ 1ol ([ i) " ([ fiwas)

2. To illustrate (¢2), consider

1/2

S= > Y Ala)fa(w) fa(zr + 29) falzr — 32).

I1=—00 L2=—00

Since m,n and M are as in Example 1, we have r(M) = m and the only flat and irreducible sets
which are not singleton are () and M. Since it is sufficient to apply (¢2) to ), the theorem yields

‘S| < Hfl”1/21”f2H1/Z2Hf3”1/23”f4H1/Z4 for any z = (21722723724) € [07 1]4 satisfying z1 + 22 + 23 + 24 2 2,
1/2
s 18| < T (DI )

3 Appendix B: the application of the diagram formula for computing
moments/cumulants of Wick products of linear processes

1. Wick products. We start with some properties of the Wick products (cf. [24], [36]) and their
application in our problem.

Definition 5 The Wick products (also called Wick powers) are multivariate polynomials:

an n n
. () — ) oy
SYly ey Yn N, [exp(; zjy])//Rn exp(zlz z]y])dz/(y)]

corresponding to a probability measure v on R™. Interpret this as a formal expression if v does not have a
moment generating function, the Wick products being then obtained by formal differentiation.

z1==2n=0

A sufficient condition for the Wick products : y1,...,yn () to exist is ElY;|" <oo,i=1,...,n.
When some variables appear repeatedly, it is convenient to use the notation

: thla s 7thl7‘”7)/tk7 s 7Ytk = Pnl,...,nk(}/tla 7Ytk)
~~
ni ng

(the indices in P correspond to the number of times that the variables in “: :” are repeated). The
resulting polynomials P, . ,, are known as Appell polynomials. These polynomials are a generalization
of the Hermite polynomials, which are obtained if Y; are Gaussian; like them, they play an important role

in the limit theory of quadratic forms of dependent variables (cf. [36], [24], [5]).
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For example, when m =n =1, P 1(X;, X)) = X4 X — EX; X, and the bilinear form (4) is a weighted
periodogram with its expectation removed.
Let W be a finite set and Y;, i € W be a system of random variables. Let

=
be the ordinary product,
YW
the Wick product, and
x(YW) = x(Yi,i € W)

be the (mixed) cumulant of the variables Y;,i € W, respectively, which is definedk as follows:

T T

0
X(Yl,...,Yn) = mlogEexp ZZ]
i1

z1="=2n,=0

The following relations hold ([36], Prop. 1):

YW= ) VU (1) (V) x (YY),

Uucw {V}
w _ Z . YU . ZX(YVI) YVT Z YU YW\U)
ucw {V} ucw

where the sum ) ;; -y is taken over all subsets U C W, including U = (), and the sum ) vy is over all
partitions {V} = (Vi,...,V;), r > 1 of the set W\U. We define Y? =: Y? .= (Y?) = 1.

2. The cumulants diagram representation. An important property of the Wick products is the
existence of simple combinatorial rules for calculation of the (mixed) cumulants, analogous to the familiar
diagrammatic formalism for the mixed cumulants of the Hermite polynomials with respect to a Gaussian
measure [33]. Let us assume that W is a union of (disjoint) subsets W1y, ..., Wy. If (4,1),(4,2), ..., (i,n;)

represent the elements of the subset W;, ¢ = 1,...,k, then we can represent W as a table consisting of
rows W1,..., Wy, as follows:
(171)7 '7(17n1)
......... =W. (19)
(kv 1)7 .,(]C,le)

By a diagram v we mean a partition v = (V1,...,V,), r = 1,2,... of the table W into nonempty sets V;
(the “edges” of the diagram) such that |[V;| > 1. We shall call the edge V; of the diagram ~ flat, if it is
contained in one row of the table W; and free, if it consists of one element, i.e. |V;| = 1. We shall call the
diagram connected, if it does not split the rows of the table W into two or more disjoint subsets. We shall
call the diagram v = (V4,...,V;) Gaussian, if |Vi| = --- = |V;| = 2. Suppose given a system of random
variables Y; ; indexed by (i,j) € W. Set for V.C W,

I Yy and YVi=:(Vi;,(i.j) €V): .
(4,5)eV

13



For each diagram v = (V4,...,V;) we define the number

L= [ x(¥%). (20)

j=1
Proposition 1 (cf. [24], [36]) Each of the numbers

(@) EYW =Exy" . . . vyW),
(i) EGCYWr.....vWey),
(i53) (YW, oy W),

(i) xCYWro . yWey)

s equal to
> 5

where the sum is taken, respectively, over
(i) all diagrams,
(ii) all diagrams without flat edges,
(iii) all connected diagrams,
(iv) all connected diagrams without flat edges.
If EY; j =0 for all (i,j) € W, then the diagrams in (i)-(iv) have no singletons.

It follows, for example, that E : YW := 0 (take W = W, then W has only 1 row and all diagrams have
flat edges).

3. Multilinearity. An important property of Wick products and of cumulants is their multilinearity.
This implies that for Q7 defined in (4) that

Xk(QT) "'7QT) —
k
/ XC Xty Xy X X et X Xy X X o) [ b —sidtids
ti,s; €17

i=1

where the cumulant in the integral needs to be taken for a table W of k rows Rj...., R, each containing
the Wick product of m variables identically equal to X, and of n variables identically equal to X, .
A further application of part (iv) of Proposition 1 will decompose this as a sum of the form

k
Z / R’y (ti, 32’) H gti—sidtidsi
k) ti,si €Il i—1

vyel'(ni,...,n

where I'(nq,...,n;) denotes the set of all connected diagrams v = (V1,...,V;) without flat edges of the
table W and R (t;,s;) denotes the product of the cumulants corresponding to the partition sets of .

Example 1: When m = n = 1, the Gaussian diagrams are all products of correlations and the symmetry
of b implies that all these 2*~1(k — 1)! terms are equal. We get thus the well-known formula (6) for the
cumulants of discrete Gaussian bilinear forms.

14



Example 2: When m = n = 1 and k = 2, besides the Gaussian diagrams we have also one diagram
including all the four terms, which makes intervene the fourth order cumulant of X;.

4. The cumulants of sums and quadratic forms of linear processes. Consider

T

T T
St =2 Pn(Xy), Q"= > bli—]) Pnn(Xu, Xs;). (21)

i=1 i=1 j=1

By part (iv) of proposition 1, applied to a table W of k rows Rj...., Ry, with K = n; + ...ny variables,
and by the definition (20) and of I+, we find the following formula for the cumulants of the Wick products
of linear variables (2):

XC Xy gseees Xty 5t Xty oo » Xty ) = Z /{Q,Jﬂ,(f} (22)

YEL (n1,..Mk )

where I'(nq,...,n) denotes the set of all connected diagrams v = (V1,...,V;) without flat edges of the
table W, k= x| (€n) - - v, (€1, ) and

Tyt ntx) = ]Ity (23)
j=1
k
= / H [CAL(th — 8j71) . d(tj7n1 — Sj,nl) . (Al(tk’l — Sk,l) . d(tkﬂ% — Skﬂ%)] dSl, . ,dST
515,87 €1 j=1
K T K

(24)

= / [
ALy AR

where s; ; = s, if (4,5) e Vi, I =1,...,7r.

We will apply now this formula to compute the cumulants of (21), in which case each row j contains
just one, respectively two random variables. We will see below that this yields decompositions as sums of
Delta graph integrals with a specific graph structure.

Y
I
>
—
)
>
—
>
[
>
~—
—
S
&

For example, it is easy to check that the variance of SFE,? ) is:

2

X2(5§~2)) =2 / JO1)f(A2)Ar(A1 — A2)Ar(A2 — A1) H p(dAe).

)\17)\263 e=1

Note that there are two possible diagrams of two rows of size 2, and that they yield both a graph on two
vertices (corresponding to the rows), connected one to the other via two edges.

(2)

For another example, the third cumulant x3(S;.”) is a sum of terms similar to:

3
2? / FODFO2) FO3)AT(A1 = A2)Ar(A2 = A3)Ar(Az = A1) [ [ (o).
)\1,)\2,)\365

e=1

This term comes from the 22 diagrams in which the row 1 is connected to row 2, 2 to 3 and 3 to 1.
The general structure of the graphs that we get is as follows (see [8]):
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1. In the case of cumulants of sums, we get graphs belonging to the set I'(m, k) of all connected graphs
with no loops over k vertices, each of degree m.

2. In the case of cumulants of quadratic forms, we get — see Figure 2 — graphs belonging to the set
['(m,n,k) of all connected bipartite graphs with no loops whose vertex set consists of k pairs of
vertices. The ”left” vertex of each pair arises out of the first m terms : Xy, ,..., Xy, : in the diagram
formula, and the "right” vertex of each pair arises out of the last n terms : Xy, ,..., X, : The edge
set consists of:

(a) k "kernel edges” pairing each left vertex with a right vertex. The kernel edges will contribute
below terms involving the function b(\).

(b) A set of "correlation edges”, always connecting vertices in different rows, and contributing below
terms involving the function f(\)). They are arranged such that each left vertex connects to m
and each right vertex connects to n such edges, yielding a total of k(m 4 n)/2 correlation edges.

Thus, the k "left vertices” are of degree m + 1, and the other k vertices are of degree n + 1. (The
“costs” mentionned in Figure 2 refer to (13)).

n "1—2'1' edges
m"l-z"edges N — correlation edges

with cost 1— 7

kernel edges

with cost 1- Zy

k pairs of "1- z ’

kernel edges

Figure 2: The graphs appearing in the expansion of cumulants of quadratic forms. Here k=4,
m=>5, n=4. The figure displays only some of the k(m+n)/2=18 correlation edges.

The following proposition is easy to check:

Proposition 2 Let X(t),t € I denote a stationary Gaussian process. Then, the cumulants of the sums
and quadratic forms defined in (21) are given respectively by:

Xk = Xk (Sy o ST = 3T Ry 0y (D)
~vel(m,k)
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and
Xkmmn = Xk( (m, n)’ ceey ngm,n)) = Z Ry T«/(T)

~vyel'(m,n,k)
where Ap(x) = % is the Fejer kernel, I'(m, k), T'(m,n, k) were defined above, and
mj
@) = [ a@a- [ MMart S ) [[atw) TT55 A) [[an (25)
telf AL AR o i=m(j—1)+1 i=1 j=1 i€V i=1
k mj nj
) = I A Y WA Y A b
st AL AR o N =1 i—m(j—1)+1 i=n(j—1)+1

K
x [[a(ni Ha)\’ HdZA +> A Hd)\ HdA’Hduz (26)
=1

Jj=1 ieV; 1€Vj i=1 i=1 i=1

These graph structures are simple enough to allow a quick evaluation of the orders of magnitude aps(z),
via the corresponding graph-breaking problems; for the case of bilinear forms we refer to Lemma 1 in [8].

For the case of sums, the domain of applicability of the CLT is 1 — z; > 1/m. We check now that at
the extremal point 1 — z; = 1/m we have

ag(z1) = mjop(A) = mjtx[co(G —A)— Z(l —z)] = mjmx[co(G —A)—|A|(1 —21)] < k/2,VG € Gy, (27)
ecA

where we interpret p(A) as a ”profit,” equal to the "gain” co(G — A) minus the “cost” > . (1 — z). We
thus need to show that at the extremal point 1 — 23 = 1/m,

co(G — A)] < |A|/m+k/2, VG € G.

Indeed, this inequality holds with equality for the "total breaking” A = £ (which contains (km)/2 edges).
It is also clear that no other set of edges A can achieve a bigger "profit” p(A) (defined in (27)) than the
total breaking, since for any other set A which leaves some vertex still attached to the others, the vertex
could be detached from the others with an increase of the number of components by 1 and a cost no more
than m%; thus the profit is nondecreasing with respect to the number of vertices left unattached and thus
the total breaking achieves the maximum of p(A).
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