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Fluctuations in Salem-Zygmund
almost sure Central Limit Theorem*

Jurgen Angst’ Guillaume Poly’

Abstract

We consider the following family of random trigonometric polynomials of the form
Sn(0) == ﬁ > on—y ak cos(kl) + by sin(k@), where the variables {ax,bx}r>1 are iid.
and symmetric, defined on a common probability space (2, 7, P). In the seminal paper
[SZ54], Salem and Zygmund proved that for Rademacher coefficients, IP—almost
surely and for allt € R

lim 1 /27T et gp = eit2/2.
n—+oo 2T J,

To the best of our knowledge, the natural question of the fluctuations in the above

almost sure limit has not been tackled so far and is precisely the object of this article.

Namely, for general i.i.d. symmetric random coefficients having a finite sixth-moment

and for a large class of continuous test functions ¢ we prove that

1 2m €_§dt Law 2
Vi 5 [ otsaona— s 22| = x 053,

where the limit variance is given by X3 := o3 + % (E[ai] — 3). Here, the constant
0’35 is explicit and corresponds to the limit variance in the case of Gaussian coefficients
and cz2(¢) is the coefficient of order 2 in the decomposition of ¢ in the Hermite
polynomial basis. It thus turns out that the fluctuations are Gaussian and not universal
since they involve the kurtosis of the random coefficients.

The method we develop here is robust and allows to use Wiener chaos expansions
for proving CLTs for functionals of general, non-necessarily Gaussian, random fields.
It combines contributions from the Malliavin-Stein method, noise stability results, and
algebraic considerations around Newton sums and the Newton-Girard formula.
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Fluctuations in Salem-Zygmund almost sure CLT

1 Introduction and statement of the results

Let us first introduce our basic notations, motivate the problematic in consideration
and state our main results.

1.1 Setting and motivations

On a suitable probability space (2, F,P), we consider a family of real random vari-
ables {ay,br}r>1 that are all independent and identically distributed, their common
distribution being symmetric with unit variance. We then consider the product space

(Q,F,P) & ([0,2#],3([0,2%]) , ;lj;)

on which we define the new random variable X : (w,z) € Q x [0,27] — z, whose law

P is then uniformly distributed on [0,2x], that is P = g—ﬁ and by construction X is

independent of the whole sequence {ax, b }1>1. Besides, for Z € Lt (IP & I?’) we set

1

"o

E[Z] := /Q Z(w,)dP(w) € L* (1?)) , Bl7]: /027r Z(-,x)dz € L*(P).

For z € R, we then define:
1 n
Sp(x) := —= Y agcos(kx) + by sin(kx). (1.1)
o>

In this setting, the celebrated almost sure central limit Theorem established by Salem
and Zygmund in [SZ54] asserts that IP—almost surely, for any ¢ € R, as n goes to infinity

n—roo

D [eitSn(X)} et/2.

In other words, P—almost surely, S, (X) converges in distribution under P towards a

7:2
standard Gaussian N(0, 1). Equivalently, if we denote by y(dz) := e~z j;? the standard
Gaussian distribution, then for any continuous and bounded function ¢ we have P—almost
surely that

B 16 (S,(X)) 7502 7(0) == [ olah(de). (1.2)

Moreover, it was shown in Corollary 1 of [AP21], that for some appropriate distance d
between distributions, we have in fact P—almost surely, for all 5 < 1/6

d(Sp(X),N(0,1)) =O(n"?).

Our goal in this article is to address the natural question of the fluctuations in the
almost sure convergence (1.2) above. Let us precise what we mean by fluctuation
here. By analogy, if the P—almost sure convergence (1.2) is seen as a strong law of
large numbers, we are looking for the associated CLT. Namely, we are looking for
a normalization sequence r,, tending to infinity such that r, (IAE [¢ (Sn(X))]) — 'y(gb))
converges in distribution under PP, towards a non trivial limit random variable Zj.
Among the natural associated questions, one may then ask: is the limit variable Z,
Gaussian? Hoes does it depend on ¢? And more importantly, does it depend on the
particular law of the coefficients (ay, b), and if yes how does it depend on the latter?
In the jargon of the domain, this last question is the question of the universality of the
fluctuations in Salem-Zygmund CLT.
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Let us now emphasize some of the motivations behind this study. First, there are
natural observables associated to trigonometric polynomials which can be written in
terms of integrals on the circle. To cite a few, let us mention the Mahler measure

N 2m
M(S,) = Bllox(1S,(X)]) = 3= [ ox(IS. @))da,

the defect, or signed area for real trigonometric polynomials

1

T or

D(S,) = Bisign(s, ()] = 5 [ sign(S, (0)d.

or else the so-called Leray measure

1 I dzx

L(S,) := lim Z?E[]Msn(xnss] = lim %/o s, @)<eg

Up to standard truncation and/or regularization techniques, the results obtained below

provide CLT for these observables, in both Gaussian and non-Gaussian contexts, which
to our knowledge cannot be found in the literature.

In fact, our initial and main motivation is the study of another natural observable of
the field, namely the zero set of the random trigonometric polynomial considered. As
shown in [AP21] in the trigonometric case and in [Gas23] in the more general context
of Riemannian manifolds, it turns out that extensions of the original CLT by Salem-
Zygmund allow to establish almost sure asymptotics for the nodal set associated to a
smooth random field. In the trigonometric case, via the celebrated Kac formula, we have
indeed formally

#{z € [0,2n], Sy (z) = 0}

n

= B[(Su(X)¥(S,,(X)/n)]

where ¢(z) = 1,—0 and ¢(x) = |z|. Therefore, the study of the fluctuations of functional
of the form E [¢(Sn(X))] can be seen as a first step to understand the ones of more
intricate functionals such as the number of zeros, see Remark 5 below for more details.

The study of the fluctuations in Salem-Zygmund CLT and in particular the fact the the
limit depends or not on the particular common law of the coefficients {ay, b, } ,>1 can also
be seen as a first step towards a better understanding of the universality phenomenon
for trigonometric models, which is the object of a vast literature, both at microscopic
and macroscopic scales, see [Flal7, IKM16, APP18, DNV18, NV22] and the references
therein.

As we shall see below, the fluctuations in Salem-Zygmund CLT do depend on the
distribution of the coefficients, via their fourth moment. The non-universality of the
fluctuations we establish here could thus be seen as a partial explanation to the surprising
phenomenon that, for random trigonometric polynomials whose degree tends to infinity,
the first order asymptotics — i.e. the expectation — of the number of zeros, is generally
universal [Flal7, APP22], whereas the second order asymptotics — i.e. the variance - is
not, as observed in the references [BCP19, DNN22]. This situation is somehow typical
of random trigonometric polynomials models as for other models of random polynomials
such that the celebrated Kac polynomials, the fluctuations are indeed universal as they
do not depend on the specific distributions of the coefficients {ay, by }x>1. The reader
can consult for example the references [Mas74, NV21] for more details.

Finally, in the spirit of Salem-Zygmund almost sure CLT, let us mention that some
related approaches, but with a strong arithmetic flavor, have been used in the setting
of Laplace eigenfunctions on the torus via the so-called Bourgain de-randomization
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Page 3/40


https://doi.org/10.1214/23-EJP931
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Fluctuations in Salem-Zygmund almost sure CLT

method, see [BW16, Boul4]. One difference between these ideas and our approach is
that the genericity of the eigenfunctions is there mainly related to the generic arithmetic
properties of the eigenvalues, whereas in our setting, the genericity is exclusively related
to the randomness of the coefficients, even if the latter are seen as frozen.

1.2 Statement of the results

In order to state precisely our mains results, let us briefly recall basic concepts
around Hermite polynomials. For any integer p > 0, we shall denote by H,, the p-th
Hermite polynomial which is classically defined by

Hy(x) = (-1)1e% T [=%].

dxd
It is well known that Hermite polynomials form a complete orthogonal system in
L? (v) so that any square integrable function ¢ can be expanded in the following way
d(z) = > 7o ck(®)Hi (), where the sum converges in L?(v) and where the ¢, (¢) denote
the so-called Hermite coefficients of ¢. As we have v(H?) = k!, by orthogonality, one
obtains in particular that

1) = [ @) = Y O
R k=0
The first main result of the article describes the fluctuations in Salem-Zygmund CLT in
the particular case where the coefficients are i.i.d. standard Gaussian variables.
Theorem 1. Suppose that the variables (ax) and (by) are all independent with standard
Gaussian distribution and that ¢ € L?(y). Then as, n goes to infinity, we have the
convergence in distribution

Vit (Bl (Sn(X))] = 7(6)) =2 N(0,02), (1.3)
n—roo
where the variance of the limit Gaussian distribution is given by
> k! sin(z) b
2 . 2
02 = ;Ck(gﬁ)%/ﬁ (x> dx < 40o0. (1.4)

Remark 1. The above theorem shows that the exact rate of convergence in Salem-
Zygmund CLT is of order 1/+/n, which was indeed conjectured in [AP21] when quantifying
the convergence for some ad-hoc metric. A motivating and representative example is
the one where ¢(x) = z? and in that case

n

\/E(JAE[S,L(X)2]1)—¢E<;ZW1>.

In this particular example, the convergence thus reduces to the classical CLT fori.i.d.
random variables and the Gaussian nature of the limit should not be surprising. Note
that the k—th moments of the sin. function appearing in the limit variance are well
studied, and can be easily upper bounded. For example, following [BBL10], one has

[ () e V[

Remark 2. The proof of Theorem 1 takes fully advantage of the Gaussian context, via the
so-called Wiener chaos decomposition and the Malliavin—-Stein approach. In particular,
via Peccati-Tudor Theorem, one can restrict to a finite number of chaoses and the use of
square field operator then allows to reduce the convergence in law to the convergence
of a scalar sequence.

3T

. k
sin(x) B
. dzx = 5"
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Let us now describe the second main result of the article, i.e. the fluctuations in the
more general context of symmetric coefficients. The price to pay to extend Theorem 1 to
distributions which are not anymore Gaussian is to narrow the class of applicable test
functions ¢. To this purpose, we introduce the following condition.

< k<1, qb(x):O(e“%),

(1.5)

JA>0 st > Jer(¢)|kAY < oo
k=0

Condition (1.5) deals with the growth rate of Hermite coefficients and thus, it requires
the prior knowledge of the Hermite decomposition of the considered test function. In
order to facilitate some potential applications of our results, we can formulate the
alternative hypothesis that the test function belongs to the space C3 of C3 functions with
compact support. The link between Condition (1.5) and this more classical hypothesis is
detailed in Section 3.1 below.

Remark 3. Note that Condition (1.5) is in fact rather mild, in particular, it allows to
consider test functions ¢ with arbitrary exponential growth rate. Indeed, we have the
well known following Hermite decomposition of the exponential function, for a > 0

T — : a?/2 of
= ch(a)Hk(x), with c¢r(a) :=e R
k=0 '

so that, if @« > 0 and for any A > 0 such that Aa < 1, we have indeed

o0

3 fer(@) kA" = 223 (Aa)* < +oo.
k=0

k=0

Since the above discussion can be extended to complex variables, the above Condi-
tion (1.5) in particular allows to consider characteristic functions. Note moreover that
the condition guarantees the finiteness of series of the following forms, which will
naturally appear in the course of the proofs below, for 3, C,T arbitrary positive constants

cr(9)k! kP C*
ck(9) k'kﬂ < +00, < 400, ck(¢ < +o0.
2 > Vi 2 K7

We now describe the fluctuations for general symmetric coefficients.

Theorem 2. Suppose that the variables (a;) and (by) are all independent and identically
distributed, their common law being symmetric, with unit variance and a finite moment
of order six. Suppose moreover that the test function ¢ satisfies Condition (1.5) or else
that it belongs to C2, then as n goes to infinity, we have the convergence in distribution

n—oo

Vit (B 6 (S.00)) =(6)) == N(0,53), (1.6)

where this time the variance of the limit Gaussian distribution is given by

1
¥2 .= 0'35 + —co

502(0)” (B [a1] = 3). (1.7)

Remark 4. Of course, the main novelty of this last result when compared to the first
Theorem 1 is that the limit variance does not coincide with the one obtained in the

Gaussian case. Therefore, the last Theorem 2 is a typical example of a non-universality
statement. Quite surprisingly, the correction term is simply given by the product of
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the kurtosis of the common distribution of the coefficients factorized by the second
Hermite coefficient of the test function. As a result, if the latter vanishes - it occurs e.g.
if ¢ is an odd function- then the limit variance is indeed universal. Going back to the
simple example ¢(z) = x> mentioned in Remark 1 above, the classical CLT applied to
i.i.d. continuous variables (aj + b7)/2 — 1 yields for example

~

Vi (B[:(07) - 1) =va (3T 45 1)

0 N (0.5 (Blat] - 1))

n— oo

Note that in the case of Rademacher coefficients, i.e. if ay, by take values in +1, then
one has \/n (IAE [S,L(X )2] — 1) = 0, so that the non-universality is then obvious.

Remark 5. As already mentioned above, this non-universality result can be thought
as a first partial explanation to the surprising phenomenon that, when looking at the
large degree asymptotics of the number of zeros of random trigonometric polynomials,
the expected number of zeros is universal, whereas the variance is not. Thanks to Kac
formula, the number of zeros of the function S,, can be expressed as an integral functional
of (S,(X), S (X)) or (8,(X),S5,(X),S”(X)) under P, see [AP20, AP21]. Theorem 2
above shows that, dealing with more simple observables of the type E[¢(S,(X))], their
fluctuations are already non-universal. In fact, the study of CLT for the number of real
zeros of random trigonometric polynomials is the object of the forthcoming article [AP23]
by the authors. In its philosophy, the method employed to establish a CLT for the number
of zeros is largely inspired from the one presented here, nevertheless some additional
and serious technical difficulties have to be addressed.

The detailed proofs of Theorem 1 and Theorem 2 are the object of the next Section 2
and Section 3 respectively. To facilitate the reading of the paper, the proofs of some of
the technical estimates are postponed in the last Section 4.

1.3 Ingredients and heuristics of the proofs

Before giving the detailed proofs of our main results in the next sections, let us give
here the heuristics of the proofs and describe the mathematical ingredients involved. We
deliberately place ourselves here in a slightly more general context since the method we
develop is not restricted to trigonometric sums, but would apply to more general sums
of random variables.

Suppose that we are given a sequence (or a triangular array) of random variables
{U; n}1<i<n defined on some probability space (Q1, F1,P1), as well as another sequence
of random variables {a;};>1 that are centered with unit variance and defined on another
probability space (s, F2,P5). We also consider a test function ¢ : R — R with enough
integrability and which is centered with respect to the Gaussian distribution. We assume
the following condition of normalization for the sum of interest.

n 2 n
(CN) Vn > I,le € Ql, E]P2 (Z aiUi,n(w1)> = Z Ui,n(wl)Q =1
=1 1=1

We are interested in proving a central limit Theorem for a quantity of the form
r Ep, [¢ (31, a;U; )], where r,, is a suitable deterministic sequence. In the setting of
this article, we have for instance U, ,, = cos(iX)/+/n, if we omit the sinus contribution.

Step 1. The first step is natural and consists of exploring this question in the
somewhat simpler case of Gaussian coefficients, that is to say when the sequence {a }>1

EJP 28 (2023), paper 44. https://www.imstat.org/ejp
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is a sequence of i.i.d. standard Gaussian variables. In a such case, the machinery of
Wiener chaos is a perfectly adapted tool as one can expand the functional ¢ into the
orthogonal basis of Hermite polynomials

¢(x) =Y cx()Hi(),
k=1

and one is left to establish a CLT for the Wiener expansion

¢ (i aiUi,n) Hj, (i: aiUi,n>
i=1 =1

Thanks to the normalization condition (C.N), for each integer k, the quantity of
interest r, Ep, [Hy (3., a;U; )] belong to the Wiener chaos of order k and the previous
equality is the so called Wiener chaotic expansion of r,, Ep, [¢ (3", a;U; ,,)] which theo-
retically exists under an L? integrability condition. Indeed, the Wiener chaotic expansion
simply consists in decomposing variables according to the Hermite polynomials basis,
the orthogonal basis associated to the standard Gaussian distribution on R% or RN.
That being said, Wiener chaos display remarkable properties with respect to Gaussian
convergence: (i) a sequence of random variables lying in a Wiener chaos of fixed order
k > 1 has a Gaussian limit in distribution if and only if its fourth cumulant tends to zero
which is pretty easy to check in practice and (ii) the separate convergence in distribution
can be upgraded to joint convergence. One can consult the dedicated articles [PT05]
and [NPO5] for a detailed overview.

(WE) Tn ElPl

= Z Ck ((b)rn IEJ]P1
k=1

Step 2. Once the Gaussian case is resolved, one may still write the above Wiener
expansion (W.E) formally, even in the case where the random variables {a;},>1 are not
Gaussian anymore under P;. The problem is that, one then loses the rich structure
of Wiener chaoses provided by the aforementioned properties (i) and (ii) and one also
loses the fact that the chaotic components are orthogonal. To overcome these issues,
one needs to somehow “simplify” the expressions r,, Ep, [Hy (Z?Zl a;U; )] which are a
priori polynomial quantities of the variables (a1, - ,a,), in such way that they become
homogeneous polynomials in these variables.

Namely, one can decompose

Hy, (i aiUi,n>
i=1

where Qi : R” — R is a homogeneous polynomial of degree k, with no diagonal
terms, and Ry, is a remainder which tends to zero as n — oo. This procedure is purely
algebraic and as detailed in Section 3.3 below, it can be carried out through the so
called Newton-Girard formula which, given a set of numbers {1, - ,z,}, relates the
symmetric polynomial expressions e, ; = 3 Ti, Ty * - - T4, With the Newton sums
N, = >, zt. Concretely one gets

P (_Nn,')mj
SRS D DR | by e

mi1+2mao+...+pmy=p j=1
mi,...,mp>0

(S) rnE]Pl :Qk,n<al7"' ;an)+Rk,n7

11 <ip<- <17y

Applying this to the case where z; = U, ,a; and assuming the natural condition that
maxi<;<n |Uina;| = o(1) in some probabilistic sense, which roughly expresses the fact

that no variable U, ,, dominates, we get that |N,, ;| < max; |U; »|la;|' "2, U?,a; which
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may be neglected for ! > 3 in some probabilistic sense. Then, the Newton-Girard formula
considerably simplifies at the first order as one gets

_ (_Nn,l)ml(_Nn,Q)mZ .
enp = (—1)P Z o + Remainder.

mi1+2ma=p

Noticing that, on the one hand H,(z) = Emﬁzmz:p(—l)mﬁm#&m, and on the

other hand that N, » ~ 1 which is ensured by the normalizing condition (C.N) and the
law of large numbers, one thus obtains the following version of Equation (S)

Hk (Z Uimai)] ~ Z cn(il,...,ik)ail Ct Qg
=1

1<i1<ig-<ip<n

(S/) Tn ]EIPI

with
Cn(ily N ,ik) =Tn k! ]EIPl [Uil,n R U”’n} .
Step 3. Once these first two steps are achieved, the conclusion follows from the

combination of two results borrowed to the theory of noise sensitivity. First of all, given
an homogeneous sum of degree k, say

Qk(xlf"axn): Z f(i17"'aik))xi1"'xika

i< <ip

one can associate its maximal influence function

= = ) DY ) 2
Ti=T,= 11;1]3%;” Z | flkyia, - ig)=.
G < - <ip
If the maximal influence 7 is small (in a suitable quantified manner), then as established
in [MOO10], under suitable renormalization conditions, one can make the following
asymptotic identification in law, where ¢4, ..., g, are i.i.d Gaussian variables
Law
Qk(ah o >an) ~ Qk(gh T 7gn)

Keeping this in mind and coming back to our problematic, it is then sufficient to prove
that all the maximal influence functions of the homogeneous sums

Tn Z i, - @i Bp, [Uihn T Uik»"]

1<i1<ig--<ip<n

tend to zero as n goes to infinity. It is indeed the case, using the observation that, as
shown in [NPR10, Equation (1.10)], if an homogeneous sum evaluated in Gaussian stan-
dard random variables has a Gaussian limit (as established in Step 1), then necessarily,
its maximal influence function tends to zero. As a conclusion, we can infer that the
asymptotic behavior of the left hand side of Equation (S’) coincides with the one where
we replace the non-Gaussian coefficients {ay },>1 by Gaussian ones. The conclusion then
follows from Step 1, where we established the desired CLT in the Gaussian framework.
Note that this invariance principle for homogeneous sums has been already used with
success in [NP10] for establishing CLTs for renormalized traces in the context of random
matrices.

2 Fluctuations in the Gaussian case

The object of this section is to give the detailed proof of Theorem 1, describing the
fluctuations in Salem-Zygmund CLT for i.i.d. standard Gaussian coefficients. We will
first treat the case where the base function ¢ is an Hermite polynomial and then deduce
the general case where ¢ € L%().
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2.1 Dealing with projections on Wiener chaoses

In this section, we shall first and specifically deal with the case where ¢(z) = Hy(x).
Note that in this latter case, we have [ Hy(z)dy(z) = 0 for all ¢ > 1 so that we shall in
fact establish a central limit Theorem for the sequence of random variables (£}, ,) where
we have setn > 1and ¢ > 1

Fpq = vnE[H, (5,(X))]. (2.1)

Note that F, 1 = v/n E[H, (5,(X))] = n E[S,(X)] = 0 so that the interesting cases
naturally correspond to indices ¢ > 2. The object of the section is to establish the
following result.

Theorem 3. Under the probability IP, for any ¢ > 2, we have the following convergence
in distribution as n goes to infinity

! i 4
Fn . Law N(O, 0_2) where 0_2 = i / w dx. (22)
" n—oo a 1 2r Jr x

As already mentioned in Section 1.3, the proof relies on the so-called Malliavin-Stein
approach. Let us briefly recall the heart of this method in the finite dimensional setting.
Note that, the quantities we manipulate here live by essence in a finite dimensional
Wiener space since for each n > 1, S,,(X) involves only a finite number of Gaussian
coefficients. So let us consider n > 1 and let us place ourselves in the probability space
(R™, B(R™),y,) where v, = ®, is the n-dimensional standard Gaussian distribution.

Let us denote by L the celebrated Ornstein-Ulhenbeck operator, thatis L := A—Z-V.
This operator is symmetric with respect to ~,,, we have standard decomposition

L’(va) = EPKer(L+kD),
k=0
Ker (L 4+ kI) = Vect Hy, (x; k; = = Wk.
(Lo (T ea] =) =
=0 i=0 k-th Wiener chaos
Then, introducing I'[-, -] = V-V the square field or “carré du champ” operator associated

with L, for any F € Ker (L + kI) such that IE [F?] = 1 and for some constant Cj, only
depending on k, the total variation distance between the variable F' and a standard
Gaussian can be upper bounded by

drv (F,N(0,1)) < Cy\/Var (T |F, F)).

One might consult for example [NP09] or else Lemma 2 below for a non quantitative
analogous statement. In fact, in order to bound Var (T' [F, F]) and establish the asymptotic
Gaussianity, it is necessary and sufficient to show that |E [F4] — 3 = 0, but we shall use
instead the Poincaré inequality which ensures that Var(Z) < E [I'[Z, Z]] for any variable
Z in the domain D of the carré du champ operator.

In order to apply in our context the Malliavin-Stein method, without any loss of gen-
erality we may consider that our coefficients {ax, b, }1<x<n are the coordinate mappings
of the space (R*", B (R®"),72,). Next, we must observe that, for any n > 1, for every
fixed value of the random variable X in [0, 27| and under PP, the random variable S, (X) is
a standard Gaussian random variable which belongs to the first Wiener chaos induced by
the coefficients. Hence, H, (S,(X)) and E [H, (Sn(X))] belong to the g-th Wiener chaos
as established in the next lemma.

Lemma 1. For every integer n > 1, we have E [H, (Sp(X))] € W,

EJP 28 (2023), paper 44. https://www.imstat.org/ejp
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Proof of Lemma 1. As already stated above, for any fixed z € R and under P, we can
observe that S, (z) = ﬁ >r_, ai cos(kz) + by sin(kx) is a random variable with Gaussian
distribution, which is centered and with variance

E [S,(z)*] = % XH:COSQ(k‘x) + sin?(kz) = 1.
k=1

Then, by definition of Wiener chaos, for every ¢ > 1, H,(S,,(z)) € W,. Let us recall that
W, is a closed subspace of L?(P) under the almost sure convergence. Thus, using for
instance Riemann approximation, we get

1 2m

B(H, (Sa(X)) = g7 | Ha(Su(@)da

151 2
= lim ~ > H, (Sn (’”)) eW,. O

Given that, thanks to Lemma 1, (F}, 4),>1 belongs to the ¢g-th Wiener chaos, in order to
prove that F), , converges in distribution towards A (0, 03), it is necessary and sufficient
to establish that I' [F,, 4, F}, 4] converges towards the corresponding constant qcrg, where
I' is the aforementioned square field operator. The convergence can be established
either in probability or in L?(P) since these two topologies coincide on a finite sum of
Wiener chaoses. More concretely we shall rely on the following lemma whose proof may
be found for instance in [NP05]. We refer to [NP09] for stronger quantitative versions
via Stein’s method.

Lemma 2. Let (X,,),>1 be a sequence of random variables on (2, 7, P) such that that
there exists ¢ > 1 with X,, € W, for all n > 1 and such that, as n goes infinity ¢)
E [X2] — o? and i) Var [['[X,,, X,,]] = 0. Then, under P and as n goes to infinity, one
has the following convergence in distribution X,, — N(0,02).

In order to implement this strategy, one must compute I'[F,, , F}, ;] and establishes
that its variance tends to zero. To do so, we first establish the following lemma, where
D,, denotes the classical Dirichlet kernel

D, (z) := %Zcos(k‘x) = %COS (n + 1x> si.n (Z) (2.3)
2

Recall that the notation IE stands for the expectation with respect to the measure IP.
To simplify the notations, if Y is and independent copy of X, also independent of the
coefficients {ay, by }x>1, we will still denote by E the expectation with respect to the
joint law of (X,Y’). In the same way, if (X7, X5, Y7,Y3) are independent copies of X also
independent of the coefficients {ax, by }r>1, we will still denote by I the expectation with
respect to their joint law.

Lemma 3. For all ¢ > 2, there exists a constant C; > 0 only depending on ¢ such that
foralln > 1

Var [['[F,,q, Fnq]] < C’qnzlﬁ [|[Dn(X1 —Y1)Dp (X2 — Y2) Dy (X1 — Xo)|].

Proof of Lemma 3. Remark that for any =,y € R, we have

E[S,(z)Sh(y)] = % Z cos(kx) cos(ky) + sin(kz) sin(ky) = Dy (x — y). (2.4)
k=1

EJP 28 (2023), paper 44. https://www.imstat.org/ejp
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Then, using both the chain rule and the bilinearity of the carré du champ operator I [+, -]
we may write since H,(z) = ¢H,—1(7)

L [Fogs Fag] - =1 [EIH, (S0(X)], E[H, (S,(Y)]

=ng’E [Hy—1 (Sn(X)) Hy—1 (Sn(Y)) B[S, (X)Sn(Y)]]

= ng?E[Hy_1 (S0(X)) Hy_1 (S,(Y)) Dp(X —Y)].

In order to control the variance of I'[F}, 4, F}, ] and avoid lengthy computations induced
by the use of the multiplication formula on Wiener chaoses, we may rely on Poincaré
inequality which infers that

Var [ [Frg, Fnql] SE [T [y g, Fogl s T [Fng, Fogll] -

Keeping in mind that I'[-, ] is a diffusive operator, it obeys the chain rule and we
may write for (A, B, C, D) being for instance in Wiener chaoses - but it remains true for
variables in the domain D N () -, LP(€1, F1, P)

T'[AB,CD] = BDT'|A,C] + BCT[A, D] + ACT[B, D] + ADT B, C].

Then, applying the above chain rule to the four random variables A = E [Hq—1 (Sn(X1))),
B=E[H;—1(5.(}1))], C =E[Hy—1 (Sp(X2))] and D = E[H,_1 (S, (Y2))] which all belong
to W,_1, and again using the bilinearity we get

E L[ [Fng, Fagl T [Frg, Fagll] = ”292(9 - 1)2 X (‘1"1' E"’ 6+ 5)7

with
A= EE [D,(X1 = Y1) Do (X2 — Y2) Do (X1 = Xo)Hon,g(X1, X2, Y1, Y2)]
B :=EE[Dyy(X1 — Y1) Dy (X — Y2) Dy (X1 = Yo) Ho (X1, Y2, Y1, X))
C :=EE Dy (X1 — Y1) Dy (X2 — Y2) Du (Vi — Xo)Ho 4 (Y1, X2, X1, V3)]
D :=EE D, (X, — Y1)Dp(Xy — Y2) Dy (Y1 — Ya) Mo o (Y3, Ya, X1, X5)]

where we introduced the following notation to simplify the expressions

Ho,g(X1, X2,Y1,Y2) = Hy2 (5,(X1)) Hy—2 (Sn(X2))
Xqul (Sn(yl)) qul (Sn(y2)) :

Noticing that each of the above variables is invariant by the operations X; < Y; or
X9 < Y;, we get finally

E[T [T [Fn,qa Fn,q] T [F’fhib Fn,qm = 4n2q2(q - 1)2117 (2.5)

where, by the triangle inequality and Fubini inversion of integrals, we have

i<t® [ 1D (X1 — Y1) Dy (Xa — Ya) Do (X1 — Xo)|
X [|Hn,q (X1, X2, V1, Y2) ]

Then, using Holder inequality, we can write

1/4 1/4

2
B ([Hn,q(X1, X2, Y1, Y2)|] < [T E [Hya(Sa(X0)*] " E [Hy-1 (Sn(Y2))]
i=1
Here, one should again keep in mind that, for any given value of =, we have the identity
in law S, (z) ~ N(0,1) under P, so that if N ~ AN(0,1) under P, the right hand side of
the last inequality can be replaced by the following constant term.

1

E (| Hpq(X1,X2,Y1,Y2)[] <E [Hy2(N)*]? E [Hy—1(N)*]

Nl=

EJP 28 (2023), paper 44. https://www.imstat.org/ejp
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Injecting this estimates in Equation (2.5) establishes the lemma with the constant

1

Cy:=14¢*(q¢— 1)’E [Hq—z(N)ﬂ ‘B [qul(N)ﬂ

N

O

Thanks to Lemma 3, in order to prove that Var [I' [F}, 4, F}, 4]] tends to zero as n goes
to infinity, we are thus left to prove that the quantity

n2E[|Dn (X1 — Y1) Dn(Xa — Y2) D (X1 — X2)]]

tends to zero, which is the object of the next lemma.

Lemma 4. Provided that X;, X5, Y7, Y> are independent and uniformly distributed over
the interval [0, 27], we have

27 10%(”)3
n EHDn(Xl —Yl)Dn(XQ—}/g)Dn(Xl —X2)|] =0 " n—>—oo>0
Proof of Lemma 4. From the expression (2.3) above of the Dirichlet kernel, for any
y € [—nm, nrl, using that |sin(6)| > 2(6| on [0, 7] we have
‘Dn (g)’ < [sin(3)| _ #|sin(3)]
n

nlsin(z5)] =yl

Performing a change of variables and using the previous bound, we then obtain

n2E [| Dy (X1 — Y1) Dn(Xs — Ya) Do (X1 — X3)|]
L[ () | (58 [ (25%)
— 2
167N [—n7m,nw]* |l'1 — y1| |JJ2 — y2| |x1 _ $2|

d:l?l dlL‘Q dyl dy2 .

Besides, for any value z; € [—nm, nn] it holds that, for some absolute C' > 0

3 Z1—Y1 3 Y1
/ L (252) )dy1§/ L5 (3)] 4, < Ctog(n)
[—nm,nm] |$1 - yll [—2nm,2nm7) ‘y1|

As a result, setting I,, = [—nm, nn|, we deduce that

1 / [sin (M52) | [sin (%25%2) | [sin (252 |
I3

167n2 |x1 — 1] |xe — Yo |x1 — @a|

dx1dradyidys

n

1 |sin (%25%2) | |sin (215%2) | </ | sin (25 )dy1> 1 dzadys
In

~ 167n? I3 ‘1‘2 — y2| |CC1 — £C2| |371 -

. ZT1—Ta 3 T2—Y2
< Clog(n) [ |sin (®32)] </ [sin (*25*2) |dy2> dzidzs
In

16702 Jp2  |z1 — 22 |22 — Yo
C2 1 2 sin (Z1=%2 03 1 3
SM/ Mdl’l dm2gﬂ_>0_ O
16mn? J; 5, T — @2l 8n

In view of Lemma 2, to complete the proof that I'[F, ,, F,, 4] tends to a constant go it
remains to show that the expectation converges. This is precisely the object of the next
lemma.

Lemma 5. For any ¢ > 2, we have as n goes to infinity

E[[[Foq, Fogl] —— qq!/]R (mm)q(x)dx.

n—oo 27 x
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Proof of Lemma 5. Using Equation (2.4), we write

Bl Foall = aB[F2,] = a8 | (VAEH,(5,00))
= qnE [E[Hy(S, (X)) B [H,(S,(Y))]

= qnE [E[H,(Sn(X))Hy(Sn(Y))]
qq'nE (B[S, (X)S,(Y)]]

= ¢qnE[D,(X —Y)7]

= qqnE[D, (X))

-2 e
2 n

As g > 2, we observe that

. (3)] = o () oy <

Besides, for a fixed x, we also have as n goes to infinity

D, (f) — cos ((n - 1)x> sin (2) sin(z)

2n nsin (21) n—00 T

g sin(z/2)]?

||

€ L'(R, dz).

We conclude by Lebesgue dominated convergence. O

The combination of Lemmas 1 to Lemma 5 established above achieves the proof of
Theorem 3 for the projection in each ¢-th Wiener chaos.

Remark 6. Note that by the celebrated Peccati-Tudor Theorem, allowing to deduce the
joint convergence in a finite number of chaoses from the convergence of the projections,
see e.g. [PT05], we may in fact infer that under the distribution P and for any fixed
integers q1, ..., q,, we have

og 0 0
2 t.

(Frgis-- s Fng) Law  arfo, 0 o2 .0
n— 00 . . X

: . 0

0 0 agr

2.2 The case of an infinite expansion on Wiener chaoses

In this section we deal with the case of a general test function ¢ € L?(vy) and complete
the proof of Theorem 1. As a first step one needs to establish the following lemma, where
we recall that the Hermite coefficients cx(¢) are such that

L2 o ~
¢ = cn(¢)Hy, and F,y = nE[Hy (Sy(X))].
k=0
Lemma 6. We have the following identification in L?

ﬁ(lﬁ /¢ )dy (@ ) ch (2.6)

EJP 28 (2023), paper 44. https://www.imstat.org/ejp
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Proof of Lemma 6. First of all, relying on the proof of Lemma 5, and using the fact that
|Dy,(z)| < 1, we may write

E[F2,] < anBID.(X)|" < ¢in B [IDa(X)] < Cql.
Indeed, as seen in the proof of Lemma 5, the sequence n E[|D, (X)|?] is convergent,
hence bounded by some constant C' > 0. Gathering the facts that (i) F,,, € W,, (ii)
Wiener chaoses are orthogonal spaces and finally (iii) ¢ € L*(y) = Yo, cx(¢)?k! < oo,

together with the previous estimate implies that the series in Equation (2.6) is converging
in L?(P). O

Next, relying on Theorem 3 for the projection in each chaos and, as already noted in
Remark 6, the celebrated Peccati-Tudor Theorem allowing to deduce the joint conver-
gence in a finite number of chaoses from the convergence of the projections, we may
conclude that under P and for any fixed integer Q) > 1

Q Q
> Fug = N0,y Klo}).
k=2 k=2

This central convergence gathered with the fact that

2

supE Z k() Fuk <C Z ce(0)’kl = o(1),
2t k=Q+1 k=Q+1 Qe

achieves the proof of the Theorem 1.

3 Fluctuations for general symmetric coefficients

We give in this section the detailed proof of Theorem 2. As already mentioned above,
the methods employed in the above Section 2 are very specific to the Gaussian framework
and do not apply for general symmetric distributions. We shall therefore replace the
fruitful Malliavin-Stein approach by a combination of ideas among which

* a combinatorial formula, allowing to express power of sums of independent vari-
ables as homogeneous polynomials in the entries, up to negligible terms. This point
is the object of the next Section 3.3;

* noise sensitivity methods to reduce the asymptotics behavior of homogeneous
polynomials with independent entries to their analogue in the Gaussian framework.
This point is the object of Section 3.5 below.

3.1 It is enough to work under Condition (1.5)

In the rest of Section 3, we will give the proof of Theorem 2 under the hypothesis that
the test function ¢ satisfies Condition (1.5). In this brief section, we detailed how the
case of a test function ¢ belonging to C2 can in fact be reduced to the case of a function
satisfying Condition (1.5).

Let us consider # a function belonging to the Schwartz class such that 6 is compactly
supported in [—1, 1] and 6 is a probability density. For A > 0 we write 04(-) = A 6(A -) so
that 0, ()= 5(?). For ¢ € C3, we may then write the decomposition

VIB[B(Sa(X) =1(@)] = VAE[px0a(Su(X)) =76 x04)]
+ VRE[(¢ = ¢#04) (Sn(X)) =7 (o —dx0a)].

EJP 28 (2023), paper 44. https://www.imstat.org/ejp
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First, since (¢ — ¢ * 04) is three times differentiable with bounded derivatives, relying
on [AP21, Theorem?2] we may infer that, for some relevant C > 0,

sup B [ [V B1(6 — ¢+ 04) (Su(X)) =7 (6 = 6+ 04)]| | < Cl6D = 6 5 0al]o ——0,

n>1
(3.1)
where the last limit combines the fact that 64 is a regularizing kernel with the fact that
#®) is uniformly continuous (since it is continuous with compact support). Now, note
that the Fourier transform qg is properly defined since ¢ € C2. Therefore, taking into
account that 0, is supported on [—A, A], we have

\/ﬁlﬁ[fﬁ*HA(Sn(X))—fy(qb*eA)] = vn 9,4(15)(;?(1&)]@ ez’tsn(X)_e_;} &t
= VRE[U,4 (S,(X)) = v(W4)],

where we have set U 4( f ) 0.4(t)b(t)eit dt. Now, remark that the new function ¥ 4
satisfies Condition (1. 5) thanks to Remark 3 above. Establishing the result for a fixed
value of A and then letting A — oo leads to the desired claim since the bound (3.1) is
uniform in n.

3.2 Hermite series approximation

Let us now justify that, in the non-Gaussian framework, the variable E [¢ (S, (X))]) is
well defined if ¢ satisfies the sole Condition (1.5), and that it is then well approximated
by the associated Hermite sums. Under Condition (1.5), it might not completely clear
how to give a meaning to the term E [¢(Sn(X))]. Indeed, one cannot use any more
that S,,(X) ~ N(0,1) since {ay, by }x>1 are not Gaussian any more. In order to bypass
this problem, we may prove that, under Condition (1.5), the Hermite expansion of ¢
converges uniformly on each compact set. Namely we have the following lemma.

Lemma 7. If the test function ¢ satisfies Condition (1.5), then its Hermite expansion
Eszo ck(¢)Hg(x) converges uniformly on each compact set of R. In particular, ¢ is
continuous and almost surely with respect to IP we have

ch I/E Hk n(X))} e I/E\) [¢(57L(X))] . (3.2)

N —oc0

Proof of Lemma 7. Let us recall the following criterion for Hermite series which may
be found in [San91, p. 367]. For the sake of readability, we first state the criterion
with the notations of the citation and we shall then translate it using our convention.
In comparison with our probabilistic notations, the physics convention for Hermite
polynomials is the following h,,(z) := 2% H,,(v/2z). The initial criterion is the following.
Convergence criterion in physics notations Let f be a measurable function which is
locally integrable and let us define F(z) = [ f(t)dt as well as G(z) = —2a f(z) + F(z).
We assume
i) Flz)=0 (e'“”2>7 for some 0 < k < 1,

i7) / e_EZGQ(x)dgc < 00.

Then, setting
F(x)hn(z)dz,

Cn 1=

1 _
2nnly/m /,Oo c

the series > ° | ¢, hy () converges uniformly on each compact set of R towards F(z).
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Let us now translate the above condition using our notations. We may write

F(z) = chhn(x)

= 3 (W /O:O eu2F(x)2”/2Hn(\f2u)du> 2"2H, (v2z)
Z% (/Oo F (;‘i) Hn(u)'y(du)> H,(v/2z).

n -0

Then, making the identification ¢(z) = F(x/v/2), i.e. F(x) = ¢(v/2x), we have naturally
F'(y) = V2¢'(v2y) so that

G(x) = —20F'(y) + F(z) = —20v2¢'(V22) + ¢(V2x)

and

/GQ(x)e_wzdx = / (—Qx\/igb’(\/ix)+¢(\/§x))26_$2dx
— V7 [ (~206/(2) + ()" 7(da),

Therefore, the above criterion translates as follows.

Convergence criterion in probabilistic notations. Let ¢ a real function such that
i) ¢x)=0 (e“%> ,for0 <k <1,
.. < 2
i) [ (6(0) ~ 20 (0))" 1(dn) < .

Then, the Hermite series >, cx(¢)Hy(x) converges uniformly on each compact set of
the real line towards ¢(x).

Naturally, the first point above coincides with the first point in the definition of Condi-
tion (1.5). Otherwise, using the fact that H;,(x) = kHy_1(z) and the classical induction
formula xHy,_1(z) = Hi(z) + (k — 1)Hi_1(x), the Hermite expansion of ¢(z) — 2z¢/(z) is
given by

$(z) = 22¢'(x) = ) [en(9) — 2 (ker(9) + (k +2)k + 1)c2(9))] Hi(2),

k

and under Condition (1.5), following Remark 3, we have indeed

> Kl ew(@) — 2 (ke() + (k +2)(k + 1)exsa(6))]* < +oo.
k

As a consequence, Condition (1.5) indeed implies the uniform convergence of the Hermite
expansion on each compact set and therefore the continuity of the function ¢. Now notice
that S, (x) is a trigonometric function of x of degree n and then is bounded. As a result,
for any fixed integer n and the coefficients {ax, b; }1>1 being fixed, Z;Ij:o ck(9)Hy (Sp(x))
converges uniformly on [—7, 7] towards ¢(S,(x)) as N goes to infinity. Integrating with
respect to the Lebesgue measure on [—, 7] gives the desired conclusion. O

3.3 Newton-Girard formula: the link with Hermite polynomials

This section contains the combinatoric material which is necessary to establish the
main Theorem 2. More precisely, we shall relate Hermite polynomials evaluated at
Sy (X) with some homogeneous polynomials without diagonal terms in the coefficients
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{ak, b }x>1, the latter being easier to manipulate in view of establishing a central limit
Theorem. We first recall below the explicit expression of Hermite polynomials

Lp/2]

m,.p—2m
Vp >0, Hpy(z) p'z S

(p — 2m)Im!2m’
Then, we fix the following notations for the so-called Newton sums

1

Z(ak cos(kX) + by sin(kX))?,

Vp>2, enp(X):=

1 P
T E H (ag, cos(k; X ) + b, sin(k; X)),
k1. kp€l]1,n]] i=1

ki1<...<kp
and we adopt the conventions e, 1(X) = N, 1(X) and e, o(X) = 1.
In particular, with the notations of the introduction, we have naturally N, ;(X) =
Sp(X). The so-called Newton-Girard formula relates symmetric polynomials with the
Newton sums, see e.g. Equation (2.14’) in [Mac95]. Namely, for all p > 1, we have

enp(X) = (17 Y H (s (O] (3.3)

']m7
m1+2m2+ Apmp=
.ymp>0

A key step in our approach is to decompose the aforementioned formula according to
the positivity of m; for j > 3. Namely, one may write

enp(X) = My p(X) + Ry p(X),

with the convention that R, ¢(X) = Ry 1(X) = R, 2(X) =0 and

. X))
Vp >0, M,,(X) = (=1)P Z H ']m] , (3.4)
mi1+2ma=p j=1
ml,mzzo
Vp >3, R,,(X) :=(-1) Z ﬁ—))mJ (3.5)
p > 3, p = KIT . .
mi1+2ma+...+pmp=p j=1
mi,...,mp>0
3j>3,m;>0
Note that M,, ,(X) can itself be rewritten as
lp/2] p—2m m
(=Np (X)) (=Nn2(X))
M, ,(X)=(-1)P . d
yp( ) ( ) 7; (p—Qm)'m’Qm
2 —zm m
()7 (N (X)) [(Na2(X) — 14+ 1))
= (p — 2m)Iml2m
lp/2] p—2m [ m
(=)™ (Na (X)) l <m> ]
=y : Npao(X)—1)
_ I 1om Z (Nno
— (p — 2m)!m!2 =\ k
lp/2] Lp/2J p—2m
n,1(X)) !
N, o(X)—1
Z Z (p— 2m 'k' (m — k:)‘2m( n2(X) = 1)
k=0 m=k
lp/2] lp/2] m— —2k—2(m—k
S (=1)* (N, (X)—l) pz: (=)™ (Nna (X)) 2hm2lm=h)
o gl2k (p— 2k — 2(m — k))!(m — k)12m—F
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Lp/2] Le—2K)/2) _\m ~2k—2m
momk S DR ey DT N (X))
o flgk o (p—2k—2m)lmi2m
p/2) 1y
_ N (=D k Hp—21(Nu1 (X))
= Z L1k (Nn,Q(X) 1) (p—Qk‘)'

In other words, we have for every p > 0,

Hy(No1 (X))
SEEEEES = enp(X) = Bup(X)
~ Lpf (1= Nu2(X)" Hy_ox (N1 (X)) (36)
Pt K12k (p — 2k)! '
=0if p=0

Then, interchanging the role played by Hy (N, 1(X)) and e, x(X) — R, x(X) in the last
Equation (3.6), leads to the following key formula.

Proposition 1. For every p > 1 we have the relation

5] .
H, (N, 1(X)) L (=1D)R(1 = N,y o(X))F
0 = CR Rt ey ()~ B 3

Proof of Proposition 1. Let us first assume that p is an even integer, namely p = 2¢ with

g > 2. If we formally introduce the notations ¢ = % and forallk >0

Hop (N, 1(X tk
ay = w, br == enok(X) — R ok(X), c(t) = —

then Equation (3.6) reads as follows, for all ¢ > 1

q tk
aq = by — an,k,
k=1
which in turn implies that for all ¢ > 1
44k a4k
aq—l—zyaq,k = 70—k = [axc(t)], = b
k=1 " k=0

Since our conventions entail that by = agcop = 1 we have a*c(t) = b which can be reversed
so that a = b x ¢(—t). As a result, for all ¢ > 1 we get indeed

q _1\k
ng (Nn,l(X)) _ Z (Nn,2(X) 1) (en,(2q—2k)(X) _ R71,,(2q—2k)(X)) )

| k!
(29)! = 2k k!
The case of odd integers can be managed exactly in the same way. Precisely, if we set

_ Hoppr (N (X))
ap ‘= %l

bk = enoki1(X) — Ryori1(X),

then Equation (3.6) becomes this time, for every ¢ > 0

9 4k
-7 [
Gqg = by — 71 Ga—k:
k=1""
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which in turn implies for all ¢ > 0 that a * ¢(t) = b(t). Reversing again the relations we
naturally obtain for every ¢ > 0 that

q _1\k
Mot N1 (X)) = Z N pX) = 1) (en,Q(Q—k)+1(X) - Rn,2(q—k)+1(X)) . g

(2q + 1)! par 2k !

Let us introduce the following quantity, which will play an important role in the sequel

5]
Rop =B |—R,,(X)+
k=1

(Nn2(X) — D

L (e 2tl(X) — Rup (X)) 3.8)

Then, taking the expectation with respect to Ein Equation (3.7) yields the key decompo-
sition

% X E[Hp(Sn(X))] =E[enp(X)] + R p- (3.9)
As we shall see in the next section, the term R,, ,, can be thought as a remainder term
as n goes to infinity, so that Equation (3.9) in fact allows to reduce the study of the
asymptotics of \/n [H,(S,(X))] to the one of N [en,p(X)]. The advantage and the
pertinence of this approach is that there exists universality results for homogeneous
polynomials that allow to establish central limit Theorems outside the Gaussian context.
In some sense, the last Equation (3.9) will enable us to extend Gaussian techniques used
in the proof of Theorem 1 to the non-Gaussian framework.

3.4 Some technical estimates

As announced just above, the goal of this section is to establish that, as n goes to
infinity, the term R, ,, in the last Equation (3.9) goes to zero in a suitable sense, keeping
track of the dependence in the parameter p. To facilitate the reading of the paper, the
(rather technical) proofs of all the results stated in this section are postponed in the last
Section 4 of the article.

The first lemma below deals with an L? estimate with respect to P of terms of the
form I lenp(X)(1 — Ny 2(X))] which appear in the definition of R,, , in Equation (3.8).
Namely, we have the following upper bound.

Lemma 8. There exists a positive constant C' such that, as n goes to infinity,

~ C
E |E[eny(X)(1 — Npo(X)]?| < ——.
nE [Bfenp (X)L~ Nua ()] < o)
The next lemma allows to treat, in a P—almost sure sense, the analogue quantities
with higher powers of (1 — N,, 2(X)). Again, we search for estimate which behaves nicely
in function of both variables n and p.

Lemma 9. There exists a positive constant C(w) such that for every j > 2 and every
p,n > 1 we have P—almost surely

. -
Vi [B [(1 = Nua(X)Y enp(X)] | < Clw)? Viog(n)

pls

(Vo8

Finally, the third lemma below provides an almost sure estimation of the quantity
| Ry »(X)| for which it appears crucial to track the dependency with respect to the
parameter p. In the statement below, we separate small values of p from large ones since
the arguments in the proof differ. Note that the hypothesis that the sixth moment of the
random coefficient is finite plays an important role here.
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Lemma 10. There exists a positive constant C = C'(w) such that for any p € {3,4,5,6}
and uniformly in X we have P—almost surely

1 2
R p(X)] < w (3.10)
and forallp > 7
[Rn,p(X)| < C(w) log(n)P"* max W» — |- (3.11)
721" N2

Based on the previous estimates, we can now formally state in which sense the family
of variables (R, ;) are negligible as n — co. Precisely, we have the following theorem,
whose detailed proof is also given in the last Section 4 of the article.

Theorem 4. Under Condition (1.5), the following sequence of random variables is well
defined and tends to zero in distribution under P as n goes to infinity

fzp' ¢o(9) R p| = 0. (3.12)

Let us now go back to the key Equation (3.9) and examine how the above estimates
allow to reduce the convergence of \/n E[¢(S,(X)] to the one of the homogeneous sums
(vnElen ,(X)])p>1. Since, Hy =1 and H;(z) = x, we have

/ o(x)y(de), B [H, (8,(X))] = BIS, (X)) =0,

and thus, relying on Lemma 7, we may infer that almost surely with respect to IP we have

Vit (Bl (5,001 - [ otantda)) = Vi lin Y- (0B [H, (5,00)].

p=2

Then, thanks to Proposition 1 (Newton-Girard decomposition), we can write for every
q > 3 that

VY (@) E[Hy (Su(X))] = c2(¢) Vi B[Hz (Sn(X))]

+\fz plep(@ enm X)|++n ZP!Cp(¢)Rn
p=3

Next, we use the last Theorem 4 to handle the remainder and we deduce that

hmpr'cp Rnp—>0

q—o0 n— 00

As a result, to study the limit behavior of \/HIAE[qﬁ(Sn(X )] as n goes to infinity, one is then
left to studying the limit in distribution of the infinite series

Vn ea(9)E [Ha (S,(X))] + v/ Z plep($)E [enp(X)],

p=3

where the last sum converges IP—almost surely. Moreover, one can even restrict to the
case of a finite sum. Indeed, let us recall that

\/ﬁlﬁ[en,p(xnzi > E|]] (ak, cos(kiX) + by, sin(k; X))

N2 k<. <kpy<n  Li=1

(NS}

EJP 28 (2023), paper 44. https://www.imstat.org/ejp
Page 20/40


https://doi.org/10.1214/23-EJP931
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Fluctuations in Salem-Zygmund almost sure CLT

A simple computation then yields that
P [Bfenp(X)P] = npPEE eqp(X)enp (V)

1 P
- mﬁﬁ > B[] eos (ki (X -Y))
k1 <ko<---<kp

i=1
=l Y
p: P

p
E H cos (k:lX)l
k1 <ko<--<kp

i=1
1 1
< np!Q— E 1< np!2—
np npP
ki<ko<--<kp_1

np~1
ol = pp!.

(p—

As a result, keeping in mind that for every n > 1 the random variables {Ex e, »(X)]}p>1
form an orthogonal system we may infer that for any integer @ > 1

2

E fzpvcp E [en,(X)] ch OPEE [E [en, (X))
p=Q
<> (@
p=Q

Thanks to Condition (1.5), as noted in Remark 3, the rest of the last series goes to zero
as @ goes to infinity. This leads in particular to

limsup sup E pr'cp PE] [enp(X)] =0. (3.13)

Q—oo0 n>1

As a conclusion, to study the limit behavior of /n E[¢(S, (X)] as n goes to infinity, it is
then sufficient to compute the limit in distribution of the finite sum

Vi ea($)E [Hy (Sn(X))] + Vi Z pley($)E [en (X)) (3.14)

The situation becomes now considerably simpler as we deal now with homogeneous,
finite degree polynomial expressions in terms of the coefficients {ax, bx }x>1.

3.5 Universality principles for homogeneous sums

We can now complete the proof of our second main Theorem 2. The motivation behind
the introduction of the combinatorics material in Section 3.3 above, yielding to the study
of the asymptotics of the last Equation (3.14), is precisely that remarkable central
limit Theorems and invariance principles for homogeneous polynomial expressions
are already available in the literature, sometimes referred as noise stability or noise
sensitivity results, see [MOO10, NPR10] and the references therein.

The key observation here is that all the variables \/n (IAE [enp(X )])3< 0 are then
P>

homogeneous polynomials evaluated in the variables {ay, b }1<r<n, Without diagonal
terms in the precise sense of [NPR10, Definition 1.1]. Namely, in order to stick to the
notations of the latter reference, let us first remark that, under the probability IP, the

whole family of random variables (\/EIAE [enp(X )]) s has the same distribution as
nzL,p=z
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the new family (\/ﬁ]@ [Enp(X )]) . where we have set
n>1,p>3
1 p
Enpl(X) = — > I T (azk, cos(k:i X) + az, -1 sin(k; X))

1<k <...<kp<ni=1

If we introduce the set

i j, ki = k;
b= <k < N
Ban {("“’ kp), 1S ki < 2n, B, g), ki €22, kj=ki—1 [’

then expanding the product, we can write alternatively

\/EE [gn,p(X)] = Z f2n,p(k/'1a s kp)akl - Oy,

1<k <...<kp,<2n

with fa,, ,(k1,...,k,) being the following symmetric function vanishing on the diagonal

1 -~ k; . ki +1 .

—E H cos (2X> sm( J;_ X) if (ki1,...,kp) € BE,
ik, €2Z

j, kj €2Z—1

0 if (ki,.... k) ¢ BE.

In order to prove a central limit Theorem for both sequences

(VAR [2,(x))) and (Vi Ele,,(X)])

n>1,3<p<Q n>1,3<p<Q

we will apply Theorem 1.2 of [NPR10], which allows to reduce the general central limit
Theorem to its Gaussian analogue.

The Gaussian case: suppose first that the variables {ay, by }1>1 are independent standard
Gaussian random variables. Then, relying on Theorem 3 and Remark 6 above, we may
infer that

a2 0 0

-~ 0 2 0
(VREH,(sn(X))]) 2 w0, o

3<p<Q n—roo o )

0o - 0 Jé

Now, for p € {3, -+ ,Q}, applying Equation (3.9), we have the decomposition

VIE [Hy(X)] = Vap!E [enp(X)] + Vi p! R p-

One may then apply Theorem 4 to the particular case of ¢(x) = H,(«) which naturally
fulfills the requirement (1.5) and we get v/n R, , — 0 in probability. Hence, by Slutsky
Lemma, one recovers (so far in the Gaussian case only) that

(VAR B [en,p (X)) L, A(0, Diag(3, ... ,0%))

3<p<Q nroo

and in the same way, since the vectors have the same law under P

(\/ﬁ P E [’gn,p(X)]) LAY, A(0, Diag(02, ..., 03)).

3<p<Q n—oo©
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The general case: Now, let us go back to the general case of i.i.d. non-Gaussian coeffi-
cients that are centered with unit variance and a bounded sixth moment. Recall that, as
computed in the end of Section 3.4, we have then the uniform bound

B [Blen,(X))°] = npE [B[,(X)]°] < ppt.

Given the convergence established just above in the Gaussian framework and relying
on Theorem 1.2 of [NPR10], due to the homogeneous nature of the sums, we then
automatically obtain the invariance principle

(V! B enp(X)]) oY, N(0, Diag(03, .., 03)),

3<p<Q oo

and again since the sequences of the same law under IP

' = Law . 2 2
(VAP Elenp(X)]),_ =" N(0.Diag(03. ...02)).
Incorporating the second chaos component: In view of Equation (3.14), we are left to
incorporate the contribution coming from the second chaos projection. First, as noted in
Remark 1

Vi e (9)E [Hy (So(X))] = vV ea(@)E [(Su(X)? —1)]
c " a? + b2
_ f/(? Z ( k;’ ko 1) .

k=1

By the standard central limit Theorem for independent and identically distributed random
variables, one then naturally deduce the convergence in distribution

~ Co 2
Vit ea( @) [Ha (500N o A (0,200 (el - 1) ).

We are now left to establish the joint convergence of the variables /n E [H> (S, (X))] and

(\/ﬁ p! E [enp(X )}) . To do so, it could be tempting to apply the multidimensional
3<p<

Theorem 7.10 of [NPR10], but we have to pay attention here to the fact that the variables
{ak,br} and {(a? + b?)/2 — 1} are not independent, so that the result does not apply.
Instead, we can adapt the original proof, making use of the standard Lindeberg’s trick
consisting of replacing the variables one after the other by Gaussian ones. Doing so, one
gets the following proposition, whose detailed proof is given in Section 4.5.
Proposition 2. Under P, we have the following joint convergence in distribution as n
goes to infinity

1 & CL% + b% S Law
<ﬁk (), (x/ﬁp”E[en,p(X)])ggng> L N, 3),

with

Elai] — 1
>, := Diag ([Cllg,oé...,aé) .

We can now complete the proof of Theorem 2. By Proposition 2, we get that

p=3
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ca(0)? <
— N (O, 2 (E(a%) -1) + ch(q§)20i> .

n—oo 2
k=3

Letting Q — oo and relying on the tail estimate (3.13), we then obtain that

p=3

— N (o, % (E(a) — 1) + ch(qs)%—,%) .
k=3

Note that, from Remark 1 and the expression of the limit variance in Theorem 3, we
have 02 = 1 so that the above variance can be indeed rewritten

22 R 02(¢)2 (E( 4) 7 1) +i (¢)2 2
o =5 ay Ck Ok
k=3
Co 2 >
= 28 (B(af) - 3) + Y cul0)’0}
k=2
c2()?

== (]E(a‘ll) — 3) + ai,

which indeed completes the proof of Theorem 2.

4 Proofs of technical estimates

In this last section, we give the rather technical proofs of the lemmas and theorems
stated in Section 3.4, as well as the proof of the last Proposition 2 on the joint central
convergence.

4.1 Proof of Lemma 8
We first notice that E [en,p(X)(1 — N, 2(X))] can be made explicit as follows

Blenp()1 = N2 = i 3 Y BlA(X)

ko=1ki...,kp€[|1,n|]
ki1<...<kp

where we have set k = (ko, k1,...,kp) and

Ax(X) := [(ar, cos(koX) + by, sin(koX))? — 1]

x TT0_; (ak, cos(k; X) + by, sin(k; X)).
In particular, taking the square and the expectation with respect to P, we get

S 2
A= B [E [enp(X)(1 = Naa(X))]
1 .
- EE [Ax(X)Ay(Y)].
2+p Z
n 1<ko,lo<n (4.1)
ki....kp€l[|l,n]]
by, lp€l|ln]]
k1<...<kp
1<...<lp

The next lemma establishes the decorrelation of Ay (X) and A;(Y) whenever multi-
indexes k and 1 are different. It plays a crucial role in the proof of Lemma 8.
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Lemma 11. If k # 1, then E [Ax(X)A4(Y)] = 0.

Proof of Lemma 11. Let us first show that I [Ax(X)A1(Y)] = 0 as soon as we have
(k1,...,kp) # (I1,...,1,). Indeed, suppose that there exists 1 < r < n such that &k, ¢
{l;, 1 <j < p}. Then, in the case where we further assume that ko, lo ¢ {k;,{;, 1 <1i,j <
p}, by independence of the coefficients, one can write

Ax(X)AI(Y) = (ag, cos(k,X) + by, sin(k,. X))B
where B is integrable and independent of (ay,, b, ). In particular, we get
E[Ax(X)A1(Y)] = E[(ak, cos(k,X) + by, sin(k,X))]E[B] = 0.
In the same way, if k. = kg # lp, we can decompose Ay (X)A;(Y) as
[(ak, cos(k,X) + by, sin(k, X))* — (ax, cos(k,X) + by, sin(k, X))] B’

where B’ is integrable and independent of (ax,., by, ). In particular, since the coefficients
are symmetric, we get again IE [Ax(X)A;(Y)] = 0. In the last case where k. = kg = Iy, we
have the similar decomposition

ay.. cos(k, + by sin(k, ay.. cos(k, + by sin(k, —1
(ax, cos(k X) + by, sin(k, X)) [(ax, cos(knX) + b, sin(k, X))* —1]° B

where B” is again independent of (ag,, b, ) and the same conclusion holds. Let us now
suppose that (k1,...,kp) = (l1,...,1p) and ko # l. In the case where we have moreover
ko ¢ {k; =1;, 1 <i < p}, we have as above

Ax(X)A(Y) = [(ako cos(koX) + by, sin(koX))? — 1] C

where C is integrable and independent of (ag,, bx,) so that again IE [Ax(X)A;(Y)] =0. In
the last case where ko, ly € {k; = [l;, 1 <1i < p}, one can write similarly Ay (X)A,(Y) as
the product

[(an, cos(koX) + by, sin(koX))® — (an, cos(koX) + by, sin(koX))] C’

where ' is integrable and independent of (ay,, b, ), hence the result. As a conclusion
we get E[Ax(X)A4(Y)]=0if k # 1. O

By Lemma 11, Equation (4.1) simplifies into

1 ~
A= —— Y EE[A(X)Ak(Y)], 4.2)
" 1<ko<n
ki....kp€l|l,n]]
k1<...<kp

and we are left with estimating the term EB [A (X) Ay (Y)].

Case 1: Let us first suppose that kg ¢ {k;, 1 < i < p}. Taking the expectation with
respect to IP, we get by independence of the coefficients

[(a, cos(koX) + by, sin(koX))? — 1]

E[A(X)Ac(Y)] =E x [(ar, cos(koY) + bg, sin(keY))? — 1]

x [T [(ax, cos(kiX) + by, sin(k; X)) (ax, cos(k;Y) + by, sin(k;Y))].

=1
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A direct computation then yields the expression

B [A(X) Aw(Y)] = (E )H Y))

+<]%1Hl>cos(2ko(x Y)) Hcos (X —Y)) (4.3)

i=1

+ (W) cos(2ko(X +Y)) Hcos (X -Y)).

i=1

Case 2: Let us now suppose that kg € {k;, 1 < i < p}. A rather fastidious but direct
computation then yields similarly

E[Ak(X)Ax(Y)] =

1
o (2E[a), ] + 6 E[ay, ]) cos(3ko(X —Y)) H cos( Y))
1<i<p
ki#ko
1
+§ (18 Elay,] + 6 E[ay, ] — 16) cos(ko(X — Y)) H cos( Y))
Kty (4.4)

L

t+a5 (6 Elay,] — 38 E[a},] + 24) cos(3ko X + koY) ] cos(ki(X —Y))
1<:i<p
ki7#ko

+35 (6 Elaf ] — 38 Elaj, ] + 24) cos(koX + 3kY) [] cos(ki(X —Y)).
1<i<p
ki#ko

Taking the expectation with respect to I?’ we have

E Hcos(k:i(X -Y))

where € = (e1,...,¢,) is a p—uplet of independent Rademacher random variables with
P(e; = 1) =P(e; = —1) = 1/2. In particular, we have

Z E Hcos(ki(X -Y))

p
F....kp€l|1nl]

= ]EE |:]lz€:1 Eiki:0:|

i=1
k)1<...<kp
1 1 1
=E. | — JIRSY | < — 1= ———.
€l pp Z Sioieiki=0| = nP Z n(p _ 1)!
kr..okpel|Lnl] Kr.okp_1€[|L,nl]
ki<...<kp ki<...<kp_1

In the same manner, we get

E | cos(2ko(X — Y)) HCOb (X —Y))
=1

= L. {]1250k0+25’:1 ciki=0| >
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where € = (g9, €1,...,¢p) is a (p+1)—uplet of independent Rademacher random variables,
from which we deduce that

1 ~ 1
oy Z E |cos(2ko(X - Y)) H cos(ki(X —Y)) nTU'
1<ko<n =1
k1. kp€lll,n]]
k1<...<kp

Proceeding similarly for each of the terms in Equations (4.3) and (4.4), and coming back
to Equation (4.2), we obtain that there exists a universal constant C' = C (El[aj, ], E[a} ])
such that

B [Blenp(X)(1 = Naa ()] < 5%y (4.5)

4.2 Proof of Lemma 9

We now proceed with the proof of Lemma 9. We first notice that

n

Npo(X) = % > (ak cos(kX) + by sin(kx))?
k=1

— Z a2 cos?(kX) + b2 sin®(kX) + agby, sin(2kX)

b 1N ai -0
1 Z a + b + - Z % %k 5k cos(2kX) + Z arby sin(2kX).
k 1 k 1

To control the term |1 — N3 ,,(X)|, we will use different laws of iterated logarithm. First,
using the standard law of iterated logarithm for i.i.d. variables, and since we have
trivially log o log < log, we have that P—almost surely, there exists a constant C' = C'(w)

such that
zn: ai + b2
2
k=1

Two handle the two remaining terms, we use the law of iterated logarithm for random
trigonometric polynomials, as established in [SZ54, Thm 4.3.1 p.270]. Let us recall it
below. Take (r4);>1 some deterministic sequence, and (ex);>1 an independent sequence
of Rademacher symmetric random variables. Then, almost surely

—n| < C(w)y/nlog(n).

n
sup Z exTy cos(k0)
00,27 —
lim sup 1027 [r=1 — 5 < 2. (4.6)
n—00 log(n) > p_ 17

Besides, as noticed in [SZ54, p 265], this result can be extended in the same way to
linear combinations of sine functions. Now, if (X}) is a sequence of i.i.d. symmetric
random variables, one can always identify the laws of (X}) and (e, X)) where (i) is an
independent sequence of i.i.d. symmetric Rademacher variables. Applying (4.6) with
respect to the Rademacher variables conditionally to (Xj), we then get that almost
surely, there exists a constant C' = C'(w) such that

n

sup
0€0,27]

X, cos(k0)
k=1

< C(w)y/log(n) Z X2, (4.7)

and similarly for random combinations of sine functions. In our context, note that the
random variables {ayby}r>1 and {a} — b} };>1 are symmetric, therefore applying (4.7)
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combined with the strong law of large numbers, we get that almost surely, there exists a
constant C' = C(w) > 0 such that

" a2 — p? "2 — b2\ 2
sup k 5 kcos(2kz)| < C(w)y/log(n) Z < k k)
z€(0,27] | 4 =1
< C(w)v/mlog(m),
and similarly
sup arby sin(2kz)| < C(w)y/nlog(n).
z€[0,27] k=1

Gathering all theses bounds implies that P—almost surely

log(n)

sup |1 — N, o(z)| < Clw)y/ ——. (4.8)
z€[0,27] n
Hence, for all j > 2 the latter implies that
; log(n)j
[ [ = Nap (X)) np(X)]| < Bllen,p (X)) Ol [ 222 . 4.9)

Thus, one is left to estimate the remaining term llen,p(X)|]. We simply notice that
EE [e,,(X)?] < ﬁ, indeed by independence of {ax, by }r>1 one has uniformly in X

P
E[e,,(X)?] = — Z H E [(aki cos(k; X) + b, sin(k; X))?
kg <ko<-<kpi=1
so that

E[e,,(X)?] <. (4.10)

A

Since we have assumed the finiteness of the sixth-moment of the random variables
{ak, br }x>1 we may use hypercontractivity results for the homogeneous sum e,, ,(X), see
for example [MOO10, Propositions 3.11 and 3.12], which entail the fact that L? and L*
norms are equivalent for this sequence of random variables. More precisely, Proposition
3.12 of the latter reference guarantees that for some constant C' > 0 and uniformly in
the variable X

(014
E [en,(X)*] < SR (4.11)

Note that, one could have obtained the same kind of estimate by a simple computation
of [emp(X )4], but we used the above hypercontrativity argument in order to avoid
computations.
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By Markov inequality, we have then

P

N
=[]
=
W=
=)
=
3
s
s
V
3
00w
IN
f\w‘ =
=
(]
=
N
=
)
3
]
>
~——
N

1 4 1/4 4
== > (sz—!) E HEnen,pi(X)n]
nz P1,P2,P3,P4 \i=1 i=1
) 4 1/4 4 1
<— Z (Hpﬂ) H]E]E[enpl(X)4:|Z
n: P1,p2,P3,p4 \i=1 i=1
4 /4 , 4 1/4
@11 1 Cpi C
YLy () (MG) <9
2 b p2.ps.pa (il i=1 pi: nz

Hence, relying on Borel-Cantelli Lemma, there exists a constant C'(w) > 0 such that for
every p,n > 1 we have

3

ns

E [Jenp(X)[] < C(w)}g- (4.12)

Combining (4.9) and (4.12) gives that, P—almost surely, there exists a constant C'(w) > 0
such that for every j > 2 and every n,p > 1, we have

Vn ’I/E\) [(1 — Nn,z(X))j enyp(X)} ’ < C(o.))j mﬂﬁ;

14

p:

NS

which brings the desired conclusion.

4.3 Proof of Lemma 10

We now give the proof of Lemma 10 which provides bounds for the remainder
term R, , and tracks the dependence on the integer p. Recall that by convention
R,1 = R, 2 = 0. Let us first give uniform bounds on the terms N, ,,(X) and N3, (X).
Here and in the sequel, C'(w) stands for a constant only depending on {ay, bx} and which
may change from line to line. We proceed as in the proof of Lemma 9, using the law of
iterated logarithm established by Salem and Zygmund. Namely, using the estimate (4.7),
since the variables {ay, by }1>1 are symmetric, there exists a constant C = C(w) such
that P—almost surely

n

sup Z ay cos(kx) + by sin(kz)| < C(w)+/log(n)

n
2 72
E a; + b
z€f0,27] [, k=1

< C(w)y/nlog(n).

so that uniformly in X

[N, 1(X)| < C(w)y/log(n). (4.13)
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We deal with the term |N,, 5(X)| in the same manner. Indeed, expanding the cube and

linearising the trigonometric functions, we have

n n n
Z ay, cos(kx) 4 by sin(kx)) Z aj cos® (kx) + Z b3 sin® (k)
k=1 k=1 k=1

+3 Z azby cos? (kz) sin(kz) + 3 Z arbi cos(kx) sin’(kx)
k=1

k=1
3 sin(kz) — sin(3kx)

3cos (kx) + cos(3kx) 3
= by,
Z Z ;
- in(kz) — sin(3k - kx) — cos(3k
+3Za%bk " sin(kx) 4sm( x) +3Zakbi " cos(kx) 4005( x)
k=1 k=1
br, and akbi are symmetric, we may apply

Then, noticing that all the variables a3, b7,
the estimate (4.7) for each of the eight terms above and we conclude that uniformly in X

n

(ay, cos(kz) + by sin(kz))®

1 n
V3B S 6 g 4t 1a2bt ||

< Cw) 1372
so that
1
Nus(X)] < O Y2220, @.14)
n
By definition, for p = 3, we have
1 log(n)
R, 3(X) = gNn’g(X), therefore |R, 3(X)| < C(w)T.
For j € {4,5,6}, we simply write
11 . Cw) _ Cw
INn g (X)) < —— = > (lak| + [be])’ < 5,2) < 9. (4.15)
nzt M n= "

Law of large numbers
Injecting these estimates in the trivial upper bound

L u .

IRy (X)) < > 11 vy I 1Nn (™ (4.16)
mi+2mo+-4pmy=p \j=1 7 j=1
m12>0,--- ,mp>0
35>3,m;>0
we get
1 1 log(n
B a(X)] < & [Nt ()N s ()] § V()] < Ca0) 22,
In the same way, using (4.8), we get
1 1
[Rus(X)] < = [No 1 (X)2 N3 (X)| + = g [NVn2(X)Nns(X)|
3
log(n)

6
7 Ve (KO Naa (X + 5 N (X)) < O V2

https://www.imstat.org/ejp
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and
‘Rn,G(X)‘ |Nn1( )Nn,Z(X)Nn,S(X ’an )SNHB(X)’
yNng \+1\Nn2< X)N,. <X yan X)2N,4(X)]
+5\Nn,1< W s(X)] + & [Nuo(X < ol )lostr)”

Let us now consider larger values of p. As we have assumed a finite 6—th moment for
the random variables {ag, b } x>1, using Markov inequality we get

P (2 17) < EL]

5

Hence, Borel-Cantelli Lemma ensures that, for some constant C(w) > 0, we have
k> 1, k| + [be] < C@)kT.

As a result, for every j > 7 the triangular inequality entails

1 n
N, (X)] = Z (aj cos(kX) —|—bksm(kX))
n’ k=1
w)i—0 &
< GV S (g + b))
nz g
nJEG 1 — 1
< Clwyt——x = ap| + bk < C(w)? 6 (4.17)
< OO X g D]+ ] < )
Law of large numbers
Combining the estimates (4.8), (4.13), (4.14), (4.15), (4.17), we getforp > 7
P mq+mg
H mJ| < C( )m1+m2+m3 1Og(n) 2
i1 nms
ﬁ( >mjﬁ(0(w)j6>mj
= i\ it (4.18)

p 1 Z?:S mj+g Z.;?:7 m;+ 15 Zé):7 gma
< C(w) log(n)¥ x () |

n

Notice that under the condition Z§:1 jm; = pand 35 > 3, m; > 0, we have always

ZmJ+ ZmJ 10 Z]mj =

and naturally if >37_; jm; > p/2

Let us come back to the upper bound (4.16) and remark that on the one hand

p
1
> HWSL

mi1+2ma+---+pmp=p j=1
m12>0,- ,myp>0
35>3,m;>0
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7 jmj < p/2, we have necessarily that m; +2my +---+
,3,4,5,6} such that im; > {5 and in that case

and on the other hand that, if >-7_

6mg > & so that there is an 1ndexze {1,2
p p
1 1 1
|| et vard | Ewres
Jj J [ﬁ}.j:7mj.] J

j=1
As a result, for p > 7, we obtain from Equations (4.16) and (4.18) that

» 1 1 1
R < Cllog(m)t x | -+ 1A 52 ]
nzo n [ﬁ] m1>0, ,mp>0j= 7
Z]p:1jmj:17
Z?:?jmj<p/2

']m]

Otherwise, the last sum can be upper bounded by
D> e
m;<p 0<m;<+o0 j= 7

Z H Al m7 —
m1 20, ,mp>0 5= 7 M
Ej-;ljmj:p <6 7<i<+oo
25:7 Jjm; <p/2
(p+1)°ex L T
p p 7tgtot,) s p'.
Therefore, we conclude that
2p p 1 p’ 1
[Rnp(X)] < C(w)Plog(n)? x | — + — 15
7,20 n [ﬁ]
1 P71 )
3p Y
% n (5]

4.4 Proof of Theorem 4
Let us now give the proof of Theorem 4 ensuring that the term R,, , can be treated
as a remainder term. First of all, using the content of Lemma 10, we may infer that

C(w) log(
‘ ST g Zp'|cp

1p 1
T

oo

Zplcp(¢)Rn,p(X)
n| &7 gk

vn
p=3
+O(w) og(n)?/? v prcp |max(

On the one hand, we notice that under Condition (1.5), the following series is convergent

prcp LJ
72

On the other hand, by dominated convergence, we have also
=0.

< 00.

" 3p

lim E lle
Tl*) OO\/> p | p n 20
https://www.imstat.org/ejp
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Indeed, for n and p large enough, we have ns=3 < AP where A is the positive constant
appearing in Condition (1.5). As a result, uniformly in the variable X, we have P—almost
surely

lim
n—-+o0o

lep () R p(X) | =0.

Note that, since all the bounds are uniform in X € [0,2n] the involved series are
convergent and we can interchange limit and expectation to get

n— oo

E Zp!cp(¢)Rn7p(X)] 2250 (4.19)

Then we fix an integer > 1 and we write

p=3
Q 5] (e
+ \/ﬁzp'cp((b)z 2k E[(lan 2(X)) €n,p Qk(X)}
p=4 k=2 ’
3] o A
+ \ﬁzplcp Z( 1)F1E [(1]\2%};()())}3”@%()()
p=>5 k=1 :

= An’Q + Bn’Q + Cn’Q.

Let us first deal with A,, . Relying on Lemma 8 and Minkowski inequality one obtains
(for a constant C' > 0 possibly changing from line to line)

Q
plep(9 =
Blazg] < 3Ol B0 < 1) enpa(X)]
p=3
:O(%) using Lemma 8
< Ql - "Cp
ni p:3

<oounder (%)

Letting ) — oo and then n — oo we obtain that A,, ., which exists and belongs to L?(P),
tends to zero in L?(P) and thus in probability.

Let us now deal with the term B,, . Using Lemma 9 and the triangle inequality, we
get (for some absolute constant C'(w) > 0 possibly changing from line to line)

£
2

1 ~ .
|Bn.ql < ZPHCP Tk,\/ﬁ ‘E [(1 - Nn,Z(X))ken,pf%(X)] ‘
= k=2
Lemma 9 Z '| L%J 1 )k n%fg
C o D EE—
> el = R PETE
EJP 28 (2023), paper 44. https://www.imstat.org/ejp

Page 33/40


https://doi.org/10.1214/23-EJP931
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Fluctuations in Salem-Zygmund almost sure CLT

To remove the logarithm in the numerator, we can simply argue that

k

log(n) < Cn3 and thus log(n) ns=% < Cns
Then we distinguish two cases, either k£ > max ( ) and we get
1 npElr 1 7 »i8 1 1
FHp—2mt BT Sl

Otherwise k < [%| and we get (since k > 2 anyway) that

1 n%‘%k 1 1
2Kk (p — 2k)17  nis 5]V

Gathering these two facts, one obtains

Bugl < Cleo chp I 5o (pag + 25 )

- Z“"C (6))

Following Remark 3, the last series is convergent under the assumption (1.5) and thus
we may let () — oo and get that B,, ., is well-defined and tends to zero almost surely and
hence in probability as n goes to infinity.

It remains to handle the case of C,, . Relying on Equation (4.8) established in the
proof of Lemma 9, we know that IP—almost surely

1= Naa(0)] £ Clw) YA,
Therefore, we get uniformly in X € [0, 27]
Q &
Cnccl <3 pHln(o) Z S () R an ()]
p—

Either £ > [ %] and in this case, given that for any value of p by Lemma 10, we have

C(w) log(n)™max(2.p/2)

n
we get, since for any exponent log(n)? < y/n,
k
G (logn)\ ¥ 1 Cw)?
An,p . ok ! n Sl)l(p|Rn-,P—2k( )| T L%J :

In the opposite case where k < [%], and in the subcase where [§] > 7 that is to say if
p > 14, we may use the second bound in Lemma 10 to get

App < C(w)plog(n)%k (1 15)7 1>.

» = ok \n L)l %

Gathering these two cases for p > 14 and making the sum for £ € [1, | £|] leads to

Z i () supl a0 < S0
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1 2|7 1 Viog(n)

nligl! n®
Then, using a dominated convergence argument which is based on Condition (1.5) and
Remark 3, we may deduce that

- w)P E|7 Tog(n as.
5 len(@ll (L= S+ ctor (S5 + 1) ) 22
44" :

p=14 144 n 40

Finally, we can treat separately the finite number of terms p € [5,13] and let first Q go
to infinity and then n go to infinity in order to get that C,, ., goes almost surely to zero
as n goes to infinity. This concludes the proof of Theorem 4.

4.5 Proof of Proposition 2

We finally give here the non-trivial proof of Proposition 2 on the joint convergence
of the second and higher degree components. As mentioned in Section 3.5, the result
can not be deduced directly form the ones of [NPR10] since the variables {ay, by} and
{(a? +b?)/2 — 1} are not independent. The proof below is largely inspired from the ones
of the latter reference and it relies on the Lindeberg’s replacement trick, for which we
need to introduce a certain number of convenient notations. For any finite collection of
variables (x,y) := (2, Yr)1<k<n We shall set

Q2 (X) = TZ and v] € {35 ap}
1 J
Q;((xy) = — H oy, cos(k; X) + yr, sin(k; X)) | .
2 kykielln)]  Li=1
k1<...<k;

Suppose that we are given the family of random variables {as, b;} and another inde-
pendent family of i.i.d. standard Gaussian variables {gi, Jx}. Then, we shall adopt the
following notations, Vi € [1,n — 1]

(x,¥)og = (ak,br)1<k<n — zero replacements
(x,¥),, = (9% Gr)i<k<n — n replacements
(Xay)i = {(glvgl)a"' 7<gi7§i)a(ai+1vbi+1)7"' 7(an7b7l)}7

that is, we replace the ¢—first pairs of variables by their Gaussian analogues. Assuming
that {ag, bk }x>1 do not follow a symmetric Rademacher distribution, we may set

2, 12
2 ay + by 1 4
o Var( 5 1)2(E[a1]1)>0.

Then, for some auxiliary sequence {zj},>1 of standard Gaussian random variables which
is independent of {ax, b, gk, Gk }>1, we need to introduce similarly, Vi € [1,n — 1]

1 2 4 b2
w = — (m _ 1)
Vo 2 1<k<n

u, = (Zk)lgkgn
u = <z Zi M_l 1 M_l
1 IR Rt B \/E 9 L) \/E 92 .
In the same way, for any finite collection of variables (x,y) and any index i € {1,--- ,n}
we set
(X> Y)(l) = {(xla y1)7 Tty (xifh yifl)v (07 0)1 ($i+17 yi+1)a Y (xna yn)}a
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that is to say the sequence that one obtains by setting z; = y; = 0 in (x,y). We also set
u the sequence obtained by setting u; = 0 in u. In order to compare the distributions
of homogeneous polynomial with Gaussian and non-Gaussian entries, let us compare

their characteristic functions. With our “iterated replacements” notations, we thus want
to estimate, for any ¢t = (ta,--- ,t,) € RP™!

A,(t) =T [eitzQz(uo)-‘ri s tzQz((X,Y)o)} B [eitzQz(un)+i PatQu((xy),,)

exp (itng(uk_l) +iztlQl ((X7Y)kl)>]

k=1 =3
—Z]E exp (ng(uk) +iztzQz ((x,y)k)ﬂ :
k=1 =3

= 22:1 (Ak - Bk) )

where we have set

Ak = E

exp (itzQz(uk1) +iztlQl ((x7 Y)k—1)>]

=3

—E |exp (ltzQz(uk 1 "’Zztle ( X, }’)(k) ))]
=3
and .
By, IE |exp (it2Q2(uk) +1 ZtlQl ((&ﬂk))]
1=3
—E

exp (thQQ JrZZtIQz ( X,Yy) M))]

To proceed, we may decompose for any [ € {3, ---,ptand k € {1,--- ,n} the symmet-
ric sums in the following manner

1 J
Q(xy)) = — Z H zy; cos(k; X) + yg, sin(k; X))]
2 gy kiellin)]  Li=1
ki<..<k;
k%{k’lv""kj}

=Ry r

E H (xk}i CO&(le) + Yk; Sll’l(kle))‘|

kiookyelllnl] - Li=1

k1<...<kj
ke{ki, - .k;}
=Si,k
and similarly
J
1 .
Qu((xy)1) = — E ([ (@, cos(k:iX) + s, Sln(kiX))l
2 gy kiellin)]  Li=1
k1<...<k‘j
kg{ki, - k;}
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+ 1 Z E H (zk, cos(k; X) + yg, sin(k; X))

J
2 ko kiellln)] L=t
k1<...<kj;
ke{ki, - k;}

:Sl,k

We then notice that
= QuY)Y), R =Qu(xy)), )P =y
)(k)

Therefore, performing a Taylor expansion up to the order three at the points (x,y),”;

and u,(f_)1 we get

A, =z‘t2]E{”2Q2(“’“ D+ an((x,y)kh)U\lﬁ <a§;b§_1)]

+i g tE [ Q) HEL 1 (i) g
=3 ’
-3 Zfl sttty B {eitQQz(ugﬁl)—H et ((x’y)’(“kjl) S1,kSy k}
2 1= NS

p (k) 2,32 ~
Zf/ dtgtl/E eztzQz(u,c D+ tlQl((X7Y)k_1) U\l/ﬁ (ak-zi-bk _ 1) Sl’,k:|

) : k) 2,52 2
—%t%E |:62t2Q2(“k1)+l - 3tle(( xy)§ 1) a%n (ak;rbk _ 1) :|
~ 6 bG
+0 (maxle[[g,p]] E [|Sl,k|3 + %}) .
In a similar way we have:

X it (R)y 44 Pt , (k)
Br =itE [ it2Q2(uy )+ 1@ ()] T
+i Zg) 4F |: thQQ(uk )+Z v tlQ,<(x, ;c Sl .
=3
_% Soiy—stitvE eit2Q2(u§“k))+i i=a i@ ((x’”kk)) Si.eS J

it W) Lise g (k)
_le,:[ toty IE | €' 2Q2 () +i LQL(( )i )\Z/%Sl/,lj

+0 (maxle[[g,’pﬂ E [‘Sl,klg + ni?ﬁ}) .

One the one hand, since ay, bk, gk, Gk, 2z and o' ((af + b7)/2 — 1) are centered and since

the index k appears in both Sj; and Sk,l but not in the variables (x,y),(ckj1 = (x, y)( )

nor in ué ) = uff)l, then by independence the first order terms in the above Taylor

expansions vanish. On the other hand, as {a, by }x>1 have a symmetric distribution then
computing the expectation with respect to terms of index k gives

P v (k) 2 42 .
Z Loty IE { e tlQl((x’Y)kfl) - ! (ak _2|— A o 1) Szuk]

sk

Jt%lE[%Qz(“i% an@i(eeni?) 2
2

= ovn
P (k) (k)
Z t2tl/E |: lt2Q2(ul‘ )—H P tlQl((x’y)k )\Z/I%Sl/,k:| = 0.
=3
2 2
In the same way, since {_~ (% - 1) }x>1 have variance one we get

B {eitzczz(uf))ﬂ S Qi (x3)f") Z’%}
n
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=k |e 3 5

a°n

2
ib@m?QHzﬁﬁ@(@wWJlCﬁ+bi_1>].

Finally, taking into account that {ay, bk, gk, g} are all independent, centered with vari-
ance one, we may compute the expectation with terms of index &k as before and we get
that

p ) )45 5p
Z Lty E [eltzQz(“k )+i tzQz( )Sl W Sir :|

1,l'=3

* N -~
Z tity B [sz(Uk DL tlQl((x’y)kl)Sz,kSl/,k]
1,l'=3

Hence, the terms of order two coincide in the Taylor expansions of A, and By, for every
k € {1,--- ,n}. Gathering all these facts implies that the difference of characteristic
functions can be controlled as follows

(t)=> A= Bi=0 (+ZZE[|5“«|3+|5“€'D
=1 1=3 k=1

Then, relying on the hypercontractivity principle given in Lemma 4.2 of [NPR10], that
we apply for the sequence of independent random variables (x,y)x which is bounded in
L3 and the homogeneous sums S; ;, and S’I,k, we get for some constant C' depending on p
and E [af]

p n P
MY B[Sl + 18] <o) m m > st
=3 k=1 1=3
p n
#03 s, B [50] LB (30
=3 == k=1

In order to conclude the proof, without loss of generality, we readopt the renumbering of
the homogeneous sums used at the beginning of Section 3.5. Namely we have that

@ca%(n”E{ = max \/ ka \/Iank (fan,1) + Inforp—1(f2n,1)

< /2 max Inf; (font),

1<i<2n

where, following the notations of [NPR10, e.q. (1.5)], Inf;( f2,,,;) denotes the influence of
the index i, namely

Inf;(fon,) :== > fon (s, -+ i1)?.

1<ia<ig---<;<2n

As established in Section 3.5, in the case of Gaussian coefficients, each of the homo-
geneous sums /nE [e, ;(X)], which is induced by the symmetric kernel f5, ;, has a
Gaussian limit in distribution as n goes to infinity. Hence, relying on Equation (1.10) of
[NPR10], we know that for every j € {3,--- ,p}, maxi<;<2y Inf;(fa2, ;) goes to zero as n
goes to infinity. Finally, we also notice that

iEW4::§E@4
k=1 k=1
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n

Z Z Jona(in,ig, - yip)?

k=1 {2k,2k—1}N{i1 <ig<-- i1 }#0

2n
Z Z f2n,l(il;i27"' )’”)2

k=1ke{i1<ia<---,i}

| (VABEenX)) | < 2y

in virtue of the computations of the L2-norm of /n E [en,1(X)] which are given at the end
of the Section 3.4. Gathering all these facts guarantees that A, (¢), the difference of the
characteristic functions, tends to zero as n goes to infinity, which leads to the desired
conclusion.
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