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Abstract

In this article, we first discuss how triplewise independent random variables (rvs)
are connected to a complete bipartite graph. Using the connection, we construct
a sequence of triplewise independent rvs. We next consider a variance gamma
(VG) approximation of sums of such triplewise independent rvs. Using Stein’s
method and the generalized zero-bias transformation, we obtain our bounds.
Related limit theorems are also discussed.
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1 Introduction

For a sequence of mutually independent and identically distributed (i.i.d.) random
variables (rvs) X1, X, ..., X, with E[X;] = u and Var(X;) = 02, for 1 < i < n, where
0 < 0 < o0, it is known that the standardized partial sums
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where % denotes the convergence in law. This result is known as the Lindeberg-Lévy
central limit theorem (CLT); see [1] and [2]. It is also known that mutual independence
in general cannot be relaxed to the weaker notion of pairwise independence; see [3].
Moreover, it cannot even be relaxed to triplewise independence; see [4]. This article
mainly focuses on approximating the partial sums of triplewise independent rvs.

In general, the K-tuplewise independence is defined as follows (see, Definition 1 of [5]).

Definition 1 Let K € {2,3,4,...}. An indexed family of rvs X;, i € I, is K-tuplewise
independent if the rvs X; , X;,,..., X;, are mutually independent for any K-tuple of distinct
indices %1,42,...,ix-

Counterexamples to the CLT can be traced back to [6], who constructed a sequence
of pairwise i.i.d. rvs taking the values 1 and —1 with equal probabilities. By Theorem
1 of [6], the absolute values of the partial sums of that sequence can be bounded
by a fixed random variable (rv), so that their standardized counterparts S,, converge
in distribution to zero. Pruss [7] constructs a counterexample to the CLT which is
a sequence of K-tuplewise i.i.d. rvs, where K can be arbitrary, and the marginal
distribution can be any symmetric distribution with finite variance. Bradley and Pruss
[8] construct a sequence of K-tuplewise i.i.d rvs, which is strictly stationary. Recently,
Avanzi et al. [3] provide a survey of further constructions and construct a broad family
of counterexamples for pairwise independence. Later, Beaulieu et al. [4] modify the
construction of Avanzi et al. [3] to one which is based on a suitable sequence of graphs,
each graph giving a family of K-tuplewise i.i.d. rvs. The rvs obtained from all graphs
can be arranged into an array, each graph giving one row. They provide an increasing
sequence of graphs giving triplewise independent rows and standardized row sums
converging in law to a variance-gamma (VG) distribution, which is not normal, see
Subsection 4.1 of Beaulieu et al. [4]. From that array, a sequence can be extracted such
that its standardized partial sums do not converge to a normal distribution because
it has a subsequence that converges to the VG distribution.

In this article, we consider the VG approximation to the partial sums of triplewise
independent rvs. The present article is, to the best of our knowledge, the first work
to derive bounds with respect to a probability metric for triplewise independent rvs.
Using Stein’s method and the generalized zero-bias transformation, we obtain error
bounds for the approximation problem considered.

The organization of the article is as follows. In Section 2, we discuss some preliminary
results, which will be useful later. In Section 3, we discuss the VG distribution and
its related results. In Section 4, we discuss our approximation results. We derive error
bounds for the VG approximation to the partial sums of triplewise independent rvs.

2 Notations and Preliminary Results

In this section, we introduce some notations and discuss important preliminary results.
Let us first recall the definition of a complete bipartite graph ( see, for instance, [9]
for more details).



Definition 2 A complete bipartite graph is a special type of bipartite graph where the set
of vertices is partitioned into two disjoint sets and each vertex of the first set gives an edge
to each vertex of the second set.

Next, we see how the triplewise independent rvs are connected to a complete bipartite
graph (see, [4] for more details). Consider a complete bipartite graph G, with m
vertices in each set and m? edges. Let {vy,vs,...,v,,} be the vertices in first set and
{w1,ws,...,wy} be the vertices in second set. Let n = m?2. Let My, Mo, ..., M,
be the sequence of i.i.d discrete uniform rvs on the set {1,2,...,l}. More precisely,
P(M; =1i) = %, foralli € {1,2,...,1}. We now assign the rvs My, Ms, ..., M,, to
each vertex of first set of vertices of G,,. We also assign the rvs M,,y1,..., Ma,, to
the second set of vertices of G,,. For every pair 1 <i<mand m+1 < j < 2m, let

us define
Dy {1, if M; = M,

0, otherwise.

Note that D; ; gives the edges that connect M; and M;. Let n be the total number
of edges. We relabel the rvs {D; ;}, 1 <i < j <n, as Dy,Ds,...,D,. By Remark 2.1
of [4] and Definition 1, we observe that the sequence {D1, Do, ..., D,} is triplewise
independent. Under the above setup, let us define
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The following theorem provides the asymptotic distribution of W (see, Section 4.1 of
[4] for more detail).

W (2.1)

Theorem 1 Let {Gm}y>1 be the sequence of bipartite graphs, where i.i.d. discrete uniform
rvs My, ..., Moy, are assigned to the vertices of {Gm}. That is, Mi,..., Mm are assigned
to the m wvertices of first set, and Mpy41,..., Moy, to the m wvertices of second set. Then,

w \/%, as m — oo (or, equivalently, as n — o), where Z ~ VG(l —1,0,1,0) and VG

denotes the variance-gamma distribution (see Definition 3).

Next, we define Wasserstein and bounded Wasserstein distances (see [10]). Consider
the function space

Hw = {h:R — R | his 1-Lipschitz and |h(z) — h(y)|< |z — y|}, (2.2)
where ||h||= sup,cr|h(x)|. Then, for any two random variables Y and Z,

Sup [E[A(Y)] = E[(2)]| := dw (Y, Z) (say) (2.3)

is called the Wasserstein distance. Also, when we choose the function space

How = {h: R — R | his 1-Lipschitz, ||]|< 1 and ||//||< 1},



so that dy,,, = dpw (say) is called the bounded Wasserstein distance.

Next, we discuss components of Stein’s method. In general, the method is based on
the fact that, any real-valued rv Z has a distribution Fz if and only if there exists an
operator A (also called the Stein operator) such that E(Af(Z)) = 0, where f € F (a
suitable function space). This characterization leads us to the Stein equation

Af(x) = h(z) — Eh(Z), (2.4)

where h is a real-valued test function. Replacing x with a rv Y and taking expectations
on both sides of (2.4) gives

ER(Y) — Eh(Z) = E(Af(Y)). (2.5)

The equality (2.5) plays a crucial role in Stein’s method. For a real valued test function
h, the problem of bounding the quantity |[ER(Y) —Eh(Z)| relies on the bounds for the
solution of (2.4) and behavior of Y. For more details on Stein’s method, we refer to
the reader [11-14] and the references therein.

3 Variance gamma distribution and related results

In this section, we discuss some important results related to the VG distribution. Let
us first recall the definition of a VG distribution (see [15, 16]).

Definition 3 The VG distribution with parameters » > 0, § € R, ¢ > 0, p € R has
probability density function

r—1
1 6 (z—p) ( |z — pl ) 2 602 + o2
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R L b =) B G ) NI

with support R. Here K, (z) is a modified Bessel function of the second kind, defined by
Ky(z) = [Te ™ cosh(t) cosh(vt) dt. For arv Z with density (3.1), we write Z ~ VG(r, 0, o, ).

Many probability distributions such as Laplace, product-normal, gamma, normal,
among many others, belong to the VG family. For more details, we refer the reader to
[15-17], and the references therein.

Next, we discuss Stein’s method for the VG distribution. The following proposition
gives a Stein equation for the VG distribution (see [17]).

Proposition 2 Let Z ~ VG(r, 0, o, u) with density given in (3.1). Then a Stein equation for
Z s given by

(@ =) f"(@) + (o7 +20( — 1)) f'(2) + (10 — (@ = ) (2) = h(z) ~ E(R(Z)), (3.2)

where h € H is a real-valued test function.



The following corollary gives the Stein equation for VG(1,0, 1,0) distribution. Note
that the VG(1,0,1,0) distribution corresponds to the distribution of the product of
two independent standard normal N (0, 1) rvs, whereas the VG(n, 0, 1,0) distribution
arises as a sum of n independent copies of such rvs (see Theorem 1 of [18]).

Corollary 3 Let Z ~ VG(1,0,1,0) with density given in (3.1). Then a Stein equation for Z
is given by

zf" () + f'(x) — 2f(2) = h(z) — E(h(2)), (3-3)

where h € H is a real-valued test function.

The next result gives the solution to the Stein equation (3.3), which essentially follows
from Lemma 2.3 of [19]. Let CF(R) be the space of k-times continuously differentiable
functions on R that, along with all their derivatives up to order k, are bounded.

Proposition 4 Let h € C; (R). Then the unique bounded solution f : R — R to the Stein
equation (3.3) is given by

fn(@) = ~Ko(lal) /0 " oWy dy — Io(x) / ~ Kolly)hy)d, (3.4)

where h(y) = h(y) — BEh(Z), Ip(x) and Ko(z) are modified Bessel functions, defined, for all
reR,veR, by

x ) v+2k

- 1
Iy(m):];)m (5 and K, (x)

(v (2) = L ().

- 2sin(vm)

Next, we discuss the properties of the solution to the Stein equation (3.4). The
derivation of the following properties follows from Theorem 2.1 and Lemma 2.4 of [19].
Lemma 5 Suppose that h € C’g’(R). Let fj, be defined in (3.4). Then,
. 3 - .
1£1I= 31l 1f11= IRl 1F” 1= 2011 +5|All,

1S = 4n” | +5(10 | +4.89|I|, | £ 1= 813 | +-9)| A" || +6.81 || [|+15.75]| |,

and we also have
. 3 . 9 -
lzf @< 20kl llf @< S1R1L e @< SR,
where || f||= supger|f(z)| and h(z) = h(z) — E(h(Z)), and Z ~ VG(1,0,1,0).
Lemma 6 Let f be the solution of Z of the Stein equation (3.3). Also, let Asf(z) :=
zf"(x) + f'(x), z € R. Then

(A2 f)|| < ||W]| + g )| and [lcaz sy < 10" ) + % )] (3.5)



Remark 1 Note that the quantity ||(A2f)’|| in (3.5) can alternatively be bounded using the
inequality (3.16) of [20] as

I(A20) < 2 (36)

The advantages of this bound are discussed in Theorems 11 and 12. Indeed, (3.6) leads us to
obtain the error bounds for the Wasserstein distance for the VG approximation to sums of
triplewise independent rvs.

4 Main results

In this section, we discuss our main results and their relevance to the literature. Before
stating our results, we need the following setup.

4.1 The setup

Let {Gy,}m>1 be the sequence of bipartite graphs. Let My, ..., Ma,, be a sequence
of ii.d. discrete uniform rvs that are assigned to the vertices of {G,,}. That is,
My, ..., M, are assigned to the m vertices of first set, and M,,41, ..., My, to the m
vertices of second set. Observe next that the number of vertices = 2m and the number
of edges n = m?. Define

Ni(l) := N;(V(m) = the number of M;’s equal to 7 within the sample {M;}ie,, and

Ni(2) := N;@(m) = the number of M;’s equal to i within the sample {M, P

Then N®= (Nl(p), e 7Nl(p)) ~ Multinomial(m, (%, el %)) for p = 1,2. Moreover
N® and N®? are independent. Let

L 1, it My =i,
g M= 0, otherwise.

By definition, we have N;(V = >y 1 and N;® = Z?Z”_H I;, since I; ~
Bernoulli(7).

Hence, we can write (2.1) as

Zl'—1 N,ON,@ -t
B 11— 1)

Note that E[N;Y] = E[N;®] = ™ Var(N;)) = Var(N;P) = 2(1 — 1) and
E[N, VN, D] = o2,

Define,
Ni(l) _m Ni(2) _m
X, =———2° and V= ———b (4.2)
NETTE Ve



such that E[X;] = E[Y;] = 0 and Var(X;) = Var(Y;) = 1.
Let

X' = N@D _ m and v/ .= N, _

7 7 I i 7 I .

Hence from (4.2) and (4.3) we get
2
m m m
NN, = (X{ + 7) (Yz’/ + 7) =XjY/ + T(X’L{ +Y)+ NE

So, from (4.1) and (4.4) we can write

l
) m
; A AL ZXY’+Z (X! +Y]) -

Note that

! 1
ZX/ Z Ni(l)f?):ZNi(l)7z%szm:0and SV =0,
i=1 i=1

i=1 =1

From (4.2) and (4.3), we have
ZX v/ = Z (1- E)Xz‘Yz‘ =" - 1) > XY
i=1 ! l [
Using (4.7) and (4.6) in (4.5), we have
: m 1. < m?
NOYND = 1 - X7 4+ —.
; rl z); A

Using (4.8) in (4.1), noting that n = m?, we get

1 1\ <
—J=(1=-= X,Y,.
W l( l); v,

We now have the following lemmas, which will be used later.
Lemma 7 Let X; and Y; be two rvs as defined in (4.2). Then

1-— 2
E[XJ)|=E[Y{] = —t—, 1>2

Moreover,

(4.5)

(4.6)

(4.9)

(4.10)

(4.11)



Proof Note that,

Nz(l) _m .3 1 mh 3
E|XiP| =E|(——L) | = 715[ A } (4.12)
( 7(1_}>)] (- 1)*? ( )
and
NY =+ L+ + I (4.13)
Therefore,
1) m .
N, 77:2(1377
Jj=1
Hence,
3 . 2 3
E[(ND = 2)7] = Bl ™)) - T BN D)) + 355 BN V) - T
Using (4.13), we have
m 2
(N2 = (Zg)
j=1
Hence,
(N =531+
=1 g7k
Since I]2 = I,
(Ni(l))2 :Z[]’-FZijk. (4.14)
Jj=1 Ji#k

Taking the expectation on both sides of (4.14), we get

E(N; D)) = SR + Y B[ 1].
Jj=1 Jj#k
So,
1

E[(N; D)2 = ? +m(m—1)=.

~

Using (4.13), we write

m m
CARIESS SV Y BT SV S AN
Jj=1 Jj=1 Jj#k Jikl
distinct

Since I7 = I; and I} = I},

ZI +3> Lile+ > Ll (4.15)

J#k Ikl

distinct

Taking the expectation on both sides of (4.15), we get

ZIEI]-i—BZIEI L+ Y E[I0).

J#k gkl
distinct



Hence, we get

1)\3 m 1
E[(N; D)3 = 7 3mim = 1) 55 +m(m = 1)(m = 2) .
Therefore,
m_m\_my Ly 2
B|(v® =) ] =Fa-pa-9.
Moreover,
1 m, 1 2 1-2
EJ|X; 3] = -1 -3) = —L 1>2. 4.1
(T(l - 7)) I I
Similarly, we obtain
1-2
B = ——L—, 22 (4.17)
T-1)
To find the upper bound of the third moment of X; and Y;, we write
1-2 -
L __t=2 (4.18)
JaEa-h  Vml-D)
Note that,
(I—22? =P —dl+4<PP—1=1(1—-1), 1>2.
Hence,
l
EIXF) =BV < /L ix2 (419)
This proves the result. U

We now define the zero-biased distribution of order n (see, [19, Definition 1.1] for more
details).

Definition 4 Let W be a mean-zero rv with finite, non-zero variance 2. We say that W)
has the W-zero biased distribution of order n if for all n times differentiable functions f for
which E[W f(W)] exists,

EWF(W)] = o°E[4nf (W*™)],

where Ap f(z) = 2 YT f(x) and Tf(z) = zf' (). Here T™ denotes n-times compositions of
T, thatis, T" =T oT o---oT (n times).

Next, we present an important property of a zero-biased distribution similar to [19,
Lemma 1.1].

Lemma 8 Let Z1,...,Z; be independent mean zero rvs with ]EZ? =1. Set W := 25:1 Z;
and EW? =1 . Let I be a random index independent of the rv Z; such that P(I = i) = %
Let W =W — Z; = Zj# Z;. Then Wy + Z7 has the W-zero biased distribution, where

Z7 = Z;(l) has the Zr-zero biased distribution of order 1.



Proof Since EZ; = 0 and ]EZZ-2 =1foralli=1,...,l, we have EW? = Zé:l IEZE = [. Hence,
for all smooth functions f, we write E[W f(W)] = IE[f (W*)].
Now,

EWf(W)] =

l

(z %) 10| = 3stz o)

i=1
Since W = W; 4+ Z; and W is independent of Z;, applying the zero-bias identity we get

E[Zi f(W)] = E[Z:f(W; + Z:)] = BZIEf (Wi + Z).
Note that

E[Zif(W)] = Ef (Wi + Z{),

since EZZ = 1. Therefore,

IEf (W ZEf (W; + Z§).
i=1

Now using the definition of random index and P(I =) = %, we obtain

l l
STEFWi+ Zi) =1 %Ef’(Wi + Z) = IEf (W; + Z7).
i=1 i=1
So,
Eff (W") =Ef (Wi + Z7).
This completes the proof. O

Lemma 9 Let X; and Y; be defined in (4.2) where X; follows the same distribution as X
and Y; follows the same distribution as Y for i = 1,2,...,l. Let W; = \% Zé:l Z;, where
Zi = lel Then

E|w, — w,;*®| < Z% 1>2. (4.20)
Proof Given W; = % 22:1 Z;. By Lemma 8, we have
A 7,%(2)
W@ —w, - 2L 4 2L
Now,
(2 1 l zr | Z1*®
Wl* = — Zi — — + .
v DIV AR
Therefore,
zr  zr® 1
w—wy@ =L 2L (7, 7,52,
=W A \ﬁ( 1= 2Zr7)
Now,

E |y - )| = %E\(ZI 7'®)| < J[E|ZI\+E|ZI*<2>\}

E|Z|=E|X[Y7|< \JEX[?\/EY;? = 1,

10

Again we know,



and
2 Fr—, * * 1
E|Z;®|= BIX7Y7 |= EIXF [E|YT |= JEIX[E|Y]’.

Therefore,
1 1
]EW—W*(Q)’<—1 “EIXPEY 1> 2. 421
=W < 1+ EIXPRYE], 02 (4.21)
)\ 1/3
By Holder’s inequality for any rv with finite third moment, we have (IE|X | ) >
1/2 1/3
(IE|X\2) . Since EX? = 1, we have (E|X|3) > 1, and therefore,
ElX[P> 1. (4.22)
Similarly,
E[Y[?> 1. (4.23)
Using (4.22) and (4.23) in (4.21), we have
1 1 51
EW—W*(Q)‘<—IEX3EY3[1+7}:7—IEX3IEY3, 1> 2. 4.24
- W) < ZEXPEYP[14 7] = { xRV, 1z (424)
Using (4.11) in (4.24), we get
]E‘Wl —Wl*(z)’ < §ﬂ, 1> 2.
4 m
This proves the result. O

The following result is a special case of [19, Theorem 4.1], for the case n = 2.

Theorem 10 Let W; be defined as in Lemma 9 and Z ~ VG(1,0,1,0). Let f be the solution of
the VG(1,0,1,0) Stein equation (3.3). Assume that (W, Wl*(z)) s given on a joint probability
space so that I/Vl*(Q)has the Wy-zero biased distribution of order 2. Then for h € C’g (R), we
have

E[h(W) - E[R(2)]| < [|(Aop) || B Wi = W) (4.25)

Next, we obtain an error bound for VG approximation to partial sums of triplewise
independent rvs. Recently, Beaulieu et al. [4, Subsection 4.1] established a limiting

result, which shows that the partial sums of triplewise independent rvs converge to a
VG distribution.

Theorem 11 Let W) be defined as in Lemma 9 and Z ~ VG(1,0,1,0). Assume that
(Wl,Wl*(Q)) is given on a joint probability space so that Wl*(Q)has the Wj-zero biased
distribution of order 2. Then

51 95
dyw (W), Z) < 1%[”}/” +3 Hh(ac)H], 1> 2. (4.26)
Also, we have
dw (W, Z) < %g, 1>2. (4.27)

11



Proof (i) Using (3.5) and Lemma 9 in (4.25), we get (4.26).
(ii) Using (3.6) and Lemma 9 in (4.25), we get (4.27). O

Next, we obtain an error bound in approximating a statistic that has an asymptotic
VG(l —1,0,1,0) distribution.

Theorem 12 Let W, be defined as in Lemma 9 and Z ~ VG(l —1,0,1,0). Then

5VI(1—1)
dow (W, 2) < 555 [Hh |+2Hh H 1> 2. (4.28)
Also, we have
495 VI(1 — 1)
wWi, 2) < o= —, 1> 2. (4.29)

Proof (i) Let W(;) := XY, so that W = % Zé:l W(;)- Using the VG(I —1,0,1,0) Stein

equation (3.2), we have

[EA(W;) — BR(Z)| = E[Wlf”ma) + (= D) - Wif (W)

_ZE[ o W) + (W) — W(i)f(Wl)]

—ZE[ (W d" (W) + f (W) = Wy F (W) | (W,

Wiy Wiy - W(z)]] : (4.30)
Fix 4, and define V; := Z#i Wy Then Wy = Wi,y + V. Next let
.7‘—2' = U(W(l), ey W(i71)7 W(i+1)7 ey W(l)) (0’ - algebra).

Hence,

]E[W(z')f”(Wz) + (W) = Wiy F(Wy) ‘ fzc]

= E[W(i)f//(w(i) + V) + Wy + Vi) = Wiy fF(Weey + Vi) |- (4.31)
Define a shifted function gy, (x) := f(z + V;). Then g&n)(m) = f(m)(x + V;), and therefore,

g4l = supl ™™ (@ + ;)|
zeR

= sup| /") (y) (4:32)
yeR
= |7 (4.33)

Hence, the derivative norms are invariant under translations. Using (4.31) with gy, (z) :=
f(x 4+ V;) and then applying Theorem 11, we get

sl gl =2
(4.34)

5
E[Wiyav, W) + 9v, (Weiy) = Wiaygv, W)l < 1

12



Using (4.34) in (4.30), we get (4.28).

(ii) Following steps similar to case 1, noting that ||(Aaf)’|| is bounded as in (3.6), we get
(4.29).

This completes the proof. O

Remark 2 Note that if m — oo, then from (4.28) and (4.29), we have W, A Z, where
Z ~ VG(l —1,0,1,0), I > 2. Note that Beaulieu et al. [4] prove that the partial sums of
triplewise independent rvs converge to a VG distribution. We obtain the order of convergence

O(mfl) (or, equivalently, O(nié)) for this limiting result, which is novel in our opinion.
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