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ON THE CONVERGENCE OF MOMENTS IN THE CLT FOR
TRIANGULAR ARRAYS WITH AN APPLICATION
TO RANDOM POLYNOMIALS

BY

CHRISTOPHE CUNY (Noumea) and MICHEL WEBER (Strasbourg)

Abstract. We give a proof of convergence of moments in the Central Limit Theorem
(under the Lyapunov—-Lindeberg condition) for triangular arrays, yielding a new estimate
of the speed of convergence expressed in terms of vth moments. We also give an application
to the convergence in the mean of the pth moments of certain random trigonometric poly-
nomials built from triangular arrays of independent random variables, thereby extending
some recent work of Borwein and Lockhart.

1. Introduction and results. This paper concerns the convergence of
moments of order v in the CLT for triangular arrays of independent random
variables, and more precisely the speed of convergence. We obtain a general
estimate of the speed of convergence and a new explicit simple form when
v > 5 (with a good control for large v based on the use of an optimal
Rosenthal inequality). This proof is based on a classical approach (replacing
step by step the variables under consideration with normal variables, see e.g.
Billingsley [3]). Next, we give an application to the convergence in the mean
of the pth moments of certain random trigonometric polynomials built from
triangular arrays of independent random variables.

Before entering into the matter, we will discuss known facts related to
the convergence of moments in the CLT. Let {X,, s, 1 <k < k,, n > 1} be
a triangular array of real centered independent, square integrable random
variables and set, for every n > 1 and 1 < j,k < k,,,

k
ag’j = IEXij, s%k = Zai:j’ Sn = Spkn>

J=1

k
Sn,k:§ Xnj,  Sn=Snk,-
j=1
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Following Brown [5], we introduce the (generalized) Lindeberg condition of
order v > 2:

kn
(Ly) > E{ X0l 1x,15esny} = 0(sh), (Ve >0) n — oo,
j=1

This is also (see [2]) called Lyapunov’s condition. As already noticed by
Brown, this condition is equivalent, for v > 2, to

kn
(L)) > ElXal" =olsy), n— oo
j=1

It is a well known fact (Lindeberg theorem, see [3] or [11]) that under (L2),
{S,/sn} converges in law to the standard normal law. Now, since E (52 /s2)
=1, we have

lim E(S%,/s% ) =1 =ma,

n—oo ’ ’
where mg = EW? and W is a variable with standard normal law. More
generally, for v > 0, write m, := E|W|". If 0 < v < 2, we have the following
proposition.

PROPOSITION 1.1. Let {Xy 5, 1 <k < kyp, n > 1} be a triangular array
of real centered independent, square integrable random wvariables. Let 0 <
v < 2. Assume that (L2) holds. Then

lim Lwﬂ‘ =

v ve
n—o0
Sn

Now, consider the case v > 2. We first give a general estimate for the vth
moment of the sum of n independent random variables. Then we extend the
above moment convergence result to the case v > 2. Moreover, an estimate
of the rate of convergence is provided. In the case v > 5, this estimate turns
out to be very simple.

THEOREM 1.2. Let v > 2. Let {Yy,1 < k < n} be real centered indepen-
dent random variables with finite moment of order v. Write Sy, =Y p_1 Vi
and s, = (3 5y EY;2)'/2. Then there exists a universal constant C such

that
Snl\” T E|YY
Sn sv
S\ L EYl” R
e (190) | < o TN TG, o
Sn STVL Sn

and, for v > 5,
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E M V_m <(c Y Y ZZ:lE’Yk‘V_i_ZZ:lE’Yk‘B
Sn 1 logv s s3

sh3 s3

" S BNV 3 Y BV }

As a corollary we obtain

THEOREM 1.3. Let v > 2. Let {X, 1, 1 < k < ky, n > 1} be a trian-
gular array of real centered independent random variables having moments
of order v. Assume that (L) holds. Then (E|Sy|")/sy converges to m, as
n — 00, with the speed given by Theorem 1.2 (see Lemma 2.1 below). Further
if v > 3, the estimate of the rate of convergence can be simplified:

v v k h
§ " EIX, kY
‘E <—|S"|) —my| < <C Y > max (—k:l | nk’ > ,
Sn logv ) he{1,1/(v-2)} sv

n
where C is a universal constant.

For this result (without speed of convergence), one usually refers to [2], [6]
or [7]. See also [13] and the references therein (notably the works of Kruglov)
for an extension to non-homogeneous Markov chains. In [4], the proof relied
on a version of this result, i.e., on the study of an array of variables, while
the references cited there ([2] and [6]) deal only with a simple sequence of
independent variables. In a series of papers ([5]-[8]) Brown was interested
in related problems and stated a version of Theorem 1.2 in [7], but without
an explicit proof.

There are, however, also convergence results with speed of convergence,
and we shall now compare them with Theorems 1.2 and 1.3. In an ear-
lier paper by von Bahr [1] concerning sequences of independent random
variables, the rate of convergence is specified (see Theorem 4, p. 816), but
instead of |E (|Syh|/sn)” — mu|, a more complicated difference is estimated:
|E (|Sn|/sn)” — P —my|, where P is an expression built up from the Fourier
inversion formula allowing one to express E (|.S,,|/syn)” by means of the first
v terms of the Fourier expansion of the characteristic function of |Sy|/sp,
with a suitable control of the error. In [10], an estimate in terms of trun-
cated moments is given in the iid case when v < 4, v # 2. Generalizations
of this result to higher moments, using Chebyshev—Cramér expansion, are
also given. In [9], the case of independent random variables is considered
and results similar to ours are obtained when 2 < v < 4.

Before passing to applications to random polynomials, we should also
mention that we could not find in the existing literature a complete detailed
proof of the convergence of moments in the CLT for triangular arrays of
independent random variables.
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Recall now a convergence result recently obtained by Borwein and Lock-
hart [4], on the LP-norms of some random polynomials built from sequences
of iid random variables. Given a sequence {X, X,, n > 1} of iid centered
real random variables, with unit variance, if E|X|¥ < oo for some v > 2,

then
27

1 14
Jm o S E|gn ()" d0 = I"(1+ v/2),
where g,,(0) = Y 7_; Xpe*? and I'(s) = §o u*"te " du is the usual Gamma
function.

Using Theorem 1.3, we will also prove the following extension of this
result to triangular arrays of independent random variables.

THEOREM 1.4. Let {X, 1, 1 <k < kp, n > 1} be a triangular array of
real centered independent random variables with IEXik = 1, satisfying the
Lindeberg condition (L,) of order v > 2. Then

2

) 1 y
Jiﬂgom | Elgn(0)]"d6 = I(1+v/2),

where q,(0) = Zk 1 Xn e ko

2. Proofs of Proposition 1.1 and Theorem 1.2. Throughout the
rest of the paper, C' denotes a universal constant, which may vary at each
occurrence. Before going into the proof itself we will discuss the relations
between conditions (£,) and (£),) and give certain useful (although simple)
estimates.

LEMMA 2.1. Let {X,, %, 1 <k <k, n> 1} be a triangular array of real
random variables. Then:
(i) For any 0 < p < v, condition (L,) implies (L,).
(ii) For any pu > 2, conditions (L,) and (L)) are equivalent.
(iii) For any 2 < p < v, we have

Tttt (Tl Bt}

sn sk

Proof. (i) Let € > 0. As

k k v
m B X k1 x, o >esn} ) g L E{ X k"1 x, o >esn)
m = ’

Sn sy

the claimed implication is immediate.
(ii) We only need to prove one implication, since the other is trivial. Let
e > 0 and assume that (£,) holds for some p > 2. We have
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kn kn
(21) D E[Xpil* < (e52)" 2 E{ Xkl 1{x, 0<esn )
k=1 k=1
o
+ ) CE{IXn kL x, o5t )
k=1
kn kn
< (esn)' 2 EIXn il + ) D E{I X0k L(x, sesat )
k=1 k=1
kn
<+ Y B Xkl L(x, 5esn) )
k=1

which proves (L£},).
(iii) Let 2 < p < v. By (2.1), for any € > 0 we have

kn kn,
ZE ’ka’,u < 5“_2“9% + ZE {|Xn,k|#1{|Xn7k\>ssn}}
k=1 k=1

kn
< P25 4 (g5, ZE | X k|
k=1
So
kn
Zk:l]E |Xn,k|u < gh—2

< +
Sh

k

v
S’I’L

Taking now ¢ = (Zﬁ’;l E|X,x|"/s%)"#=2) leads to the conclusion. m

(2.3)

REMARK. One can prove (iii) without the coefficient 2, using Holder’s
inequality in some appropriate spaces.

Proof of Proposition 1.1. Assume first that 0 < v < 2. So (L) is satisfied
by assumption and (S, /sy,) converges in law to W (Lindeberg’s theorem).
Now write, for C' > 0,

Sl [1Sal”
el g ‘ﬂJ«&K%ﬁ]+E[
STL Sn

The second term is less than 1/C?7¥, and for fixed C, the first term tends
to E[|W["1{w|<cy] by Lindeberg’s theorem, which proves the result. m

[Snl”

v
Sn

15, 1<0sa} |-

Proof of Theorem 1.2. Let v > 2 and n > 1. We proceed by combining
Billingsley’s approach in [3] with the Taylor formula. Let {ng, 1 < k < n}
be independent centered normal variables with En,% = Uz = IEYk2 that we
take independent of {Y}}1<k<p. For 1 <k <n and ¢ real, put

Ee=>_ Vit D gy k() =[Gt Vel"s  vnk(t) = [Enptingl”.

1<j<k k<j<n
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Let 1, (x) := sgn(x)|z|”, and write the Taylor formula of order 2 for u, 4
and vy, i
un,k(l) = un,k(o) + VYk'l;bl/fl(gn,k)
1
+u(v = 1) (1= 8)Y2unk(s)”2/Vds,
0
Un k(1) = vk (0) + vnky—1(n k)
1
+rv(v—1) S (1- s)nﬁvn,k(s)(”*z)/l’ds.
0
Notice that u, ;(0) = v, (0) and w, ,—1(1) = vy, x(1). Hence, by summing
the differences of the previous equalities over k, next taking expectations
and using independence, we obtain
(2.5)  E|S,|” —E|W,|”
n 1
=3 {V(V = 1§ (1 = 9B [V (n ()™ = un o (0) =27 ds
k=1 0

(2.4)

1

+u(r = 1) [ (1= $)E [ (00 (0) 27 = vy () *~2/)] ds},
0

2

where W, is a normal variable with variance s;, .

Now we estimate
ot ()¢ 2 — 1 (0D = [+ Yl 72 — €nl 7,
[0,k ()™ = 0k (O) 2V = | &g+ st = [kl
We will use the following well-known estimates:
Ve,y >0, Ve € (0,1],  [a% —y?| <[z —y[%
Va,y >0, Va > 0, (z +y)* < 207D (o 4 y2) < 29z 4 y),
where (o — 1)T = max(0, — 1).
CASE 1. Assume first that 0 < v —2 < 1. Let 0 < s < 1. We have
‘un’k(s)(V—Q)/u - un’k(o)(y—2)/z/| < |8Yk|1j—2,
[0 e ()27 — 0, (0) 72| < [ismy 2,
Consequently,
(2.7) E[Snl” —E[Wal’| <v ) (E|Vi]” +E|nl").
k=1

Now E|ng|" = oE|W|" and o} = (EY;?)"/? < E|Y;|". Hence the theorem
is proved in this case.
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CASE 2. Assume that v > 3. Let 0 < s < 1. We have
(28)  Junk(s)¥ ™2 —up 1 (0) 2]
max{|€n k|,|&n k+5Yx[}
= S (v —2)2" 3 dx
min{|&n k| |€n,k+5Yk|}

< s(v = 2)[ Vel (|6l + [ Vi)™
< (v =227 |Yi| (|6l 7 + slYa["70).

A similar computation can be made for v, ;. Hence, by using the indepen-
dence of Y}, and &, i, we get
n
(29)  [EIS." ~E[Wal'| < v(v — ) - 223 S E Vil +Elmil?)
k=1

n
+ 3 Elensl HE NP+ Elnuil®) .
k=1
First we examine the term E |€, " 3.
If0<v—-3<2, thenE \{mk\”’?’ < sv73.

If v > 5, using the Jensen inequality and the fact that the variables {Yy%,

1 <k < n} are centered, we have

v—3 v—3

(2.10) E &7 <2772 (E (‘ Y Y ) +E (‘ > m ))
1<j<k k<j<kn

<2V (RS, |V 4 sLTE|W YT,

By using Rosenthal’s inequality (for the best constant, see [12]), we have

v—3 n

v
2.11 E|S," 3 < (cC (si7 + S EMI).
] G B R ol
Further, as E |[W|™ < C(m/logm)™, m = 2,3, ..., for every v > 3 we arrive
at

v v—3 n
2.12 E g 473 < (57 + DB
212 Bl s () (s + 3B

Now, by incorporating (2.12) into (2.9) and in view of the assumption that
Nk 2 N(0,01), we obtain

14 v "
) v V| < v v
213) IS Bl < (0 ) {X®mr o

n

+ (sz—?’ + Zn:E lYk!H) > (E WP+ ai’)}-

k=1 k=1
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But o = (E|Y%|2)"/? < E|Y;|, and also o} = (E|Y;|?)%/? < E|Y;|?, so that
[ |Sn|” — E[Wa "]

<( o ) {ZEW (s;3+zn:1@|m"3)zn:1@m|3}.
k=1 k=1

Dividing both sides of (2.13) by s, and developing the right hand side, leads

to
)" VSR BV E|Y:|?

(2.14) |E [Snl | < (0 X 2 k=1 B[V Zk  E Y|
Sn log v s¥ s3

ZmMﬁV3ZmMW%
Theorem 1.2 now follows from estimates (2.7) and (2.14). =

Slrlz 3 g3

Now, we turn to the proof of Theorem 1.3. Let {X,, 1, 1 <k <k, n > 1}
be a triangular array of independent variables. For every n > 1, apply
Theorem 1.2 to the k, variables {X,, 5, 1 < k < kj,}. The first statement
of the theorem follows from assumption (£!,) and the first two assertions of
Lemma 2.1.

Let us prove the second statement. We only prove the case v > 5, the
case 3 < v < 5 follows similarly. By applying Lemma 2.1(iii) successively
with 4 =3 and p = v — 3, we have

Skt B Xnif) 2(2;1EUXM\ ]>1/ -

(2.15) S s
kn b ko N L
Zk71E|Xnk| 3 <2(Zk1E|Xn7k| >(” 5)/(v—2)
v—3 = P .
4 sv
Thus
(2.16) SR E Xl R E Xl o Ay B X\ OO0
. Sqlfb 3 83 SV .

By inserting estimates (2.15), (2.16) into (2.14) we get

E (ﬁ) —my
Sn

<|C anlE’Xnk’V ZillE’Xn,k’V V=2
- logy

v
sy sy

(2.17)

n

(anlE‘Xnk‘V> 4)/(v— 2)}

v
Sn

v k:n v h
< <C’ v ) max <—Zk:1E’Xn’k’ ) .
logv ) he{l,(v—4)/(v—2),1/(v—2)} sy
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The second statement of Theorem 1.3 follows from the fact that for v > 5,
1/(v—=2) < (v—4)/(v —2) < 1. The proof is now complete. =

The following result concerning triangular arrays of weighted indepen-
dent random variables is now a rather straightforward consequence of The-
orem 1.3.

THEOREM 2.2. Let {&, 5,1 < k < kp,n > 1} be a triangular array
of real centered independent random wvariables such that Efnk =1 and
let {an,k, 1 <k < kp,n > 1} be a triangular array of real numbers with

Zill a? . = 1. Assume that for some v > 2,

kn
sup sup E|&,x]" < oo, Z lankl” = o(1).
n>11<k<kn Pl

Put S,, = Zgll an kén k- Then
lim E|S,|" =
n—oo

Furthermore, if v > 3, then Ziil lank|® = o(1) and the estimate of the
speed of convergence in the above limit takes the form

I/kn
ESnV_ 1/< Qp,
IS, —mul < (01 ) S lana

k=1

Proof. The convergence results from Theorem 1.3. The fact that
Zz’;l |ank |3 =0(1) follows easily from our assumptions on {a, x, 1 <k <k,
n > 1} (or may be deduced from Lemma 2.1). To obtain the speed, we ap-
ply Theorem 1.2, noticing that (since Zill lank|? = 1) we have, for v > 3,

ity langl” < 5y langl?, and for v > 5, ST fans 70 < 1.

3. LP-norms of random trigonometric polynomials. The following
theorem extends Borwein—Lockhart’s result of [4] to triangular arrays of
independent random variables.

THEOREM 3.1. Let {X, 1, 1 < k < kp, n > 1} be a triangular array of
real centered independent random variables with IEXEL,C = 1, satisfying the
Lindeberg condition (L,) of order v > 2. Then

21
1
lim —— g E|g.(0)]” do = (1 +v/2),

where q,(0) = Zk 1 Xn ke ko

It will follow from the proof that the result remains true under the
slightly weaker assumption that there exists 0 < m < M such that m <
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EX2 < M for any n > 1 and any 1 < k < k,. For any positive integer n
andOER—ﬂZ put

kn kn ~1/2
Cn(0) = ZXk cos(k:@)(ZcosQ(k:G)) ,
k=1 k=1
(3.1) o . iy
Snp(0) = Z X, sin(k6) ( Z Slng(k‘@))
k=1 k=1

The proof of Theorem 3.1 makes use of the following lemma.

LEMMA 3.2. Under the assumption of the previous theorem, for any se-
quence {0} of real numbers which are not multiples of m we have

lim E|C,(6,)]" =E|W|, lim E|S,(6,)]" = E|W|".
n—00 n—00
REMARK. The result is in fact true without any restriction on {6, }. This

is clear for C),. The only problem is that S,, is not well defined, but |S,|
may be extended by continuity to multiples of .

Proof of Lemma 3.2. We first recall a result of [4]: there exists a constant
C > 0, independent of m, such that for every 1 < k < m,

cos? ) sin?(16)
. >
(3.2) fz cos?( k:¢9 > Cm, HHlle; 2 (k) = Cm

Notice that the sine sum is well defined, by continuity, for multiples of .
Consider the array {Y, 5, 1 < k < k,, n > 1} of random variables defined
for n,k > 1 by

Yok = Xy cos(kb) [ZCOS 10y, }_1/2.

To prove the lemma it suffices to show that this array satisfies condition (£,).
Observe that s,, = 1 in this case. Fix ¢ > 0. Then

kn kin
ZE 1Yokl iy, sey) < Z(
=1 k=1

since {Xp 5, 1 < k < k,, n > 1} satisfies (£,). We conclude thanks to
Theorem 1.2. The case of S, follows from the same arguments using the
second part of the lemma. =

v/2
> EllXnkl"Lx, y>evomn] = (1),

The proof of Theorem 1.4 can now be finished as in [4]. We include it for
the sake of completeness. We first prove that, for any 6 not a multiple of =,
the sequence of pairs {(Cy,(0), S, (0)), n > 1} converges in law to (W1, Wa),
where Wy, Wy are independent with standard normal law.
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We show first that for any «, 5 € R, {aC,,(0) + 3S,(0)} converges in law
o +v/a2+ B2W.

Let o, € R. Let {Y,,1 < k < kp,n > 1} be defined by Y, =
X i(acos(kf) + Bsin(kd)). We want to apply the Lindeberg theorem, so
we need to check whether condition (L2) is satisfied. In this case, s, =
(o4 (acos(kO) + Bsin(k6))?)1/2,

Now, for any 6 ¢ nZ, both sequences

kn kn,

1 ) 1o,
{E;cos (kﬁ),nZl} and {E;s.m (kﬁ),nZl}

converge to 1/2; and the sequence

kn
{k‘i Z cos(k@) sin(k), n > 1}
" k=1

converges to 0. Hence, {s,/vkn} converges to y/a? + 32, and for n large
enough, we have, for any € > 0,

kn

(33) 2 ZE |Yn k‘ 1{\Yn k|>€3n}]
Sn k=1

9 2 kn 2y
< (m) ZEWM' PSRN o ey Sl O

since {Xp 5, 1 < k < kp,n > 1} satisfies (L)), so (L2). Hence, by the
Lindeberg theorem, {aC),(6) + 3S,(0)} converges in law to \/«a? + 52 W7.

Since this is true for any «, 6 € R, we deduce that the sequence of pairs
{(Cn(0),5,(0)), n > 1} converges in law to (Wi, W), where (W7, Ws) is a
Gaussian vector. Moreover we already saw that the covariances

Zk 1 cos(k0) sin(k0)
(Zk 10052(k9))1/2(2k | sin?(k6))1/2

E [Cn(0)5n(0)] =

tend to 0 as n — oo.

So W1 and Ws are uncorrelated, hence independent. We deduce that
{kn?1gn(0)], n > 1} converges in law to (W2 + W2)/2)'/2 for any 0 €
R — wZ. Observe now that

|qn(9)|y 14 14 — 14 v
(34) T < (CR(0) + Sp(0))"% < 2727 H(|Cu(O)]” + [Sa(0)]").
By Lemma 3.2, the sequences {E |Cy(6)|", n > 1} and {E|S,(0)|", n > 1}
are uniformly bounded in § € R — 7Z (actually, uniformly on R by the
remark made after that lemma). Hence, in order to prove the theorem, it
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suffices to prove that {(E |g,(0)|") /k,”/ ’n > 1} converges for almost all
6 to I'(1 +v/2). Let K > 0. Put Z,(0) = 2"/271(|C.(0)| + |S.(0)"),
T = 2/27(|Wh|¥ + |[Wa|¥) and U = (W 4+ W3)/2)'/%. We may write

Elg,(0))" _ Elan Oy, @rsrvial | Blan@O" Ly, 0> rvin]

ki k) e

E [|Qn(9)’V1{\qn(9)|>K\/En}]
k12
S E[Z,(0)11z,0)>k}] < EZn(0) = E[Z,(0)1(2,0)<K}]
<(EZ,(0) —ET) +E[T1{7s k3]

+ (E[Tlir<ky] — E[Zn(0)112,0)<K}])-

Since {|¢n(0)|/Vkn, n > 1} converges in law to U, it follows that {Z,(0),
n > 1} converges in law to 7. Further, by using Lemma 3.2 we see that
EZ,(0) — ET as n — oo. We therefore obtain

. E|gn () v

n—oo

(3.5)

n

Letting K go to infinity yields the claimed result. m

REMARK. In the last step of the proof, we proved that

(3.7) lim £l (O

n—00 k;”/2 - F(l + V/Q)

for any 8 € R — «Z. This has, in view of an inequality due to Petrov,
consequences on the probability that 6 is not a root of g,, for n large.
Indeed, we have the following corollary.

COROLLARY 3.3. Let vo > vy > 2. Let {Xp 4, 1 < k < kyy,n > 1}
be a triangular array of real centered independent random variables with
E X2 ok =1 satisfying the Lindeberg condition (L,,). For any 6 € R — 7Z,
we hcwe
(1 +v1/2) ) Y/ (vamin)

lim inf P{g,,(0) # 0} > (p(1 + vy /2)

where g, (0) = S5y Xy e

Proof. From Petrov’s inequality [14, inequality (2), p. 392], if X is any
random variable and s > r > 0, then X € L*(P) implies
11Xl

P{X?éo}l/r l/s > HXH
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Applying now this inequality for X = |g,(0)|/ ks/?, and using the above
remark, we can easily conclude the proof. m

We also have the following result.

THEOREM 3.4. Let {X, 1, 1 <k < kyp,n> 1} be a triangular array of
real centered independent random variables satisfying the Lindeberg condi-
tion (L) of order v > 2. Let {Yy, 4, 1 < k < ky, n > 1} be an indepen-
dent copy of {Xnk, 1 <k < ky, n>1}. Then for any increasing sequence
{pn, n > 1} of integers, the sequence of random trigonometric polynomials

kn
Zn(0) = (X cos(pit) + Yok sin(pi0))
k=1
satisfies
1 2w
lim — | E(Z.(0)]" db = m,.
n—oo 277'3; 0

Proof. Apply Theorem 1.2 to the array {X,, cos(prf) + Yy, i sin(pi0),

1<k<kpn>1}. m
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