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Applying to the moment inequality of negatively dependent random variables the complete
convergence for weighted sums of sequences of negatively dependent random variables is

discussed. As a result, complete convergence theorems for negatively dependent sequences of
random variables are extended.

1. Introduction and Lemmas

Definition 1.1. Random variables X and Y are said to be negatively dependent (ND) if

P(X<x,Y<y)<PX<x)P(Y<y) (1.1)

for all x, y € R. A collection of random variables is said to be pairwise negatively dependent
(PND) if every pair of random variables in the collection satisfies (1.1).
It is important to note that (1.1) implies that

P(X>x,Y>y)<P(X>x)P(Y>y) (1.2)

for all x,y € R. Moreover, it follows that (1.2) implies (1.1), and, hence, (1.1) and (1.2) are
equivalent. However, (1.1) and (1.2) are not equivalent for a collection of 3 or more random
variables. Consequently, the following definition is needed to define sequences of negatively
dependent random variables.
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Definition 1.2. The random variables Xj, ..., X, are said to be negatively dependent (ND) if,
for all real x1,...,x,,

P<_ﬁ(X1 < xf)) < ﬁP(Xj < X)),

(1.3)

P<é(X’ > xj)> < fl[p(x,- > x)).

An infinite sequence of random variables {X,,;n > 1} is said to be ND if every finite subset
Xi,..., X, is ND.

Definition 1.3. Random variables X1, X»,...,X,, n > 2, are said to be negatively associated
(NA) if, for every pair of disjoint subsets A; and A; of {1,2,...,n},

COV(f1 (Xi,'i S Al), f2 (X]',‘j S Az)) <0, (1.4)

where f1 and f; are increasing in every variable (or decreasing in every variable), provided
this covariance exists. A random variables sequence {X,;n > 1} is said to be NA if every
finite subfamily is NA.

The definition of PND is given by Lehmann [1], the concept of ND is given by
Bozorgnia et al. [2], and the definition of NA is introduced by Joag-Dev and Proschan [3].
These concepts of dependence random variables have been very useful in reliability theory
and applications.

B First, note that by letting f1(X1, Xa, . ..,anl) = I(X,<x1, X0 <50 X1 <0 1) s S2(Xn) = I(X,<x0)
and f,(X1, X, ..., Xn-1) = Ixisxy, X050, Xna5x01)r f2(Xn) = I(x,5x,), separately, it is easy to see
that NA implies (1.3). Hence, NA implies ND. But there are many examples which are ND
but are not NA. We list the following two examples.

Example 1.4. Let X; be a binary random variable such that P(X; = 1) = P(X; = 0) = 0.5 for
i=1,2,3. Let (X3, Xy, X3) take the values (0,0,1), (0,1,0), (1,0,0), and (1,1,1), each with
probability 1/4.

It can be verified that all the ND conditions hold. However,

P(X1 +X3 < 1, X2 SO) = % ﬁ P(X1 +X3 < 1)P(X2 SO) = g (15)

Hence, X1, X5, and X3 are not NA.

In the next example X = (Xj, X, X3, X4) possesses ND, but does not possess NA
obtained by Joag-Dev and Proschan [3].

Example 1.5. Let X; be a binary random variable such that P(X; = 1) = 5fori =1,2,3,4. Let
(X1, X2) and (X3, X4) have the same bivariate distributions, and let X = (X1, X5, X3, X4) have
joint distribution as shown in Table 1.



Journal of Probability and Statistics 3

Table 1
(X1, X>)
(0,0) 0,1) (1,0) (1,1) Marginal
(0,0) .0577 .0623 .0623 .0577 24
0,1) .0623 0677 .0677 .0623 .26
(X3, X4) (1,0) .0623 0677 .0677 .0623 .26
1,1) .0577 .0623 .0623 .0577 .24
marginal .24 .26 .26 .24

It can be verified that all the ND conditions hold. However,
P(Xl = 1/ i= 1/2/314) > P(Xl = X2 = 1)P(X3 = X4 = 1)’ (16)

violating NA.

From the above examples, it is shown that ND does not imply NA and ND is
much weaker than NA. In the papers listed earlier, a number of well-known multivariate
distributions are shown to possess the ND properties, such as (a) multinomial, (b)
convolution of unlike multinomials, (c) multivariate hypergeometric, (d) dirichlet, (e)
dirichlet compound multinomial, and (f) multinomials having certain covariance matrices.
Because of the wide applications of ND random variables, the notions of ND random
variables have received more and more attention recently. A series of useful results have
been established (cf. Bozorgnia et al. [2], Amini [4], Fakoor and Azarnoosh [5], Nili Sani et al.
[6], Klesov et al. [7], and Wu and Jiang [8]). Hence, the extending of the limit properties of
independent or NA random variables to the case of ND random variables is highly desirable
and of considerable significance in the theory and application. In this paper we study and
obtain some probability inequalities and some complete convergence theorems for weighted
sums of sequences of negatively dependent random variables.

In the following, let a, < b, (a, > b,) denote that there exists a constant ¢ > 0 such
that a, < cb, (a, > cby) for sufficiently large n, and let a, = b, mean a, < b, and a, > b,.
Also, let log x denote In(max(e, x)) and S,= 27:1 X;.

Lemma 1.6 (see [2]). Let Xy,...,X, be ND random variables and { f,;n > 1} a sequence of Borel
functions all of which are monotone increasing (or all are monotone decreasing). Then { f,(X,);n > 1}

is still a sequence of ND r. v. ’s.

Lemma 1.7 (see [2]). Let Xy, ..., X, be nonnegative r. v. s which are ND. Then

E<ﬁx,.> <Tex, a7
j=1 j=1
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In particular, let Xy, ..., X, be ND, and let ty, .. ., t, be all nonnegative (or non-positive) real numbers.
Then

E <exp <it]-Xj> > < ﬁE(exp(th,-)). (1.8)

Lemma 1.8. Let {X,;n > 1} be an ND sequence with EX,, = 0 and E|X,|’ < oo, p > 2. Then for
B, =31, EX?,

n
E|S7I|p < CP{ZE|Xi|p +Bfl/2}/ (19)
i=1
n
p/2
E(gl;ia;ﬁSdi) < cplog”n{;HXAP +B }, (1.10)

where c, > 0 depends only on p.

Remark 1.9. If {X,;n > 1} is a sequence of independent random variables, then (1.9) is

the classic Rosenthal inequality [9]. Therefore, (1.9) is a generalization of the Rosenthal
inequality.

Proof of Lemma 1.8. Let a > 0, X; = min(Xj,a), and S, = X, X. It is easy to show that
{X];i > 1} is a negatively dependent sequence by Lemma 1.6. Noting that (e* — 1 — x)/x?
is a nondecreasing function of x on R and that Ele <EX; =0, tX; < ta, we have

, Xi—1-tX)
E(e) =1+ tEX; + E<%tzxi2>
i
<1+ (et“ -1- ta)a’zE'X;2 (1.11)
<1+ (e"-1-ta)a’EX}
< exp{ (e —1-ta) a‘ZEXf}.

Here the last inequality follows from 1 + x < e¥, for all x € R.

Note that B, = 3| EX? and {X};i > 1} is ND, we conclude from the above inequality
and Lemma 1.7 that, for any x > 0 and h > 0, we get

-h 1S, _ o-h - hX; ha T hX;
e "E(e > e xE<1i=_1[e >§e xE[E(e >

< exp{—hx + <eh” -1- ha) a*ZB,,}.

(1.12)
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Letting h = In((xa)/B, +1)/a > 0, we get

ha _q _ g X _Buy (xa X
(e 1-ha)a B, == a21n<Bn+1>ga. (1.13)

Putting this one into (1.12), we get furthermore

e—th<ehS,n> < exp{g - gln<§ + 1) } (1.14)

n

Putting x/a = t into the above inequality, we get

P(S,>x) < zn:P(Xi >a)+DP(S), > x)

—

P(X; > a) + e " Ee"

M-

]
—_

<

1

n 2
< ;P(Xi > %) +exp{t - tln<tx?n + 1>}
2

z x x -
§P<Xi > ?> +et<1 + E) )

(1.15)

Letting —X; take the place of X; in the above inequality, we can get

2 x 2\
P(-S,>x)=P(S,<-x)< » P(-X;>— +et<1+ >
Sr(x> )10

(1.16)

Thus

n 2 -t
P(IS] 2 %) = P(Sy 2 x) + P(Sy < —x) < > P(1Xi] < ’t—c) + 2ef<1 + %) . (1.17)

i=1

Multiplying (1.17) by px?~!, letting t = p, and integrating over 0 < x < +oo, according
to

+oo
EIXP = pf xP'P(IX] > x)dx, (1.18)
0
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we obtain

+00
E|S,|P = pf xPIP(|S,| > x)dx
0

n et . x +00 o 52 P
sz J;) xP P(lXi| > ;)dx+2pe”j xP 1+ dx
i=1

0 pBa

1.19
+00 up/Z—l ( )

= p+1nEXiP P (pB, P/ZI
P DB + pel (pB) |

n
— pptl w2 (P P\ pgr/2
p §E|X,| +p2eB(5,5)B,

where B(a, ) = fé x* (1 - x)Pldx = o7 x 1+ x)"“Pdx,a, p > 0is Beta function. Letting
cp, = max(pP™!, p'*P/%e?B(p/2,p/2)), we can deduce (1.9) from (1.19). From (1.9), we can
prove (1.10) by a similar way of Stout’s paper [10, Theorem 2.3.1]. O

Lemma 1.10. Let {X,;n > 1} be a sequence of ND random variables. Then there exists a positive
constant ¢ such that, for any x > 0and alln > 1,

2 n
1-P X P(|X <cP X . .
< (max| k|>x>) YP(l >0 < (;nkax| k|>x) (1.20)

1<k<n

Proof. Let Ax = (|Xk| > x) and a, = 1 - P(Uj_; Ax) = 1 — P(maxi<k<n|Xk| > x). Without loss of
generality, assume that a, > 0. Note that {I(x,>x)—EI(x,>x); k > 1} and {Ix,<-x)—EI(x,<-x); k >
1} are still ND by Lemma 1.6. Using (1.9), we get

n 2 n 2
E (Z(IAk - EIAk)> =E <Z(I<Xk>x> = Elxs) + (Ix<mx) = Ef<xk<—x>)>
k=1

k=1

n 2 n 2
<2E <Z (Ixesx) — EI(Xk>x))> +2E <Z (Ix<—x) — EI(Xk<—x))>

k=1 k=1
n
<c) P(Ap).
k=1

(1.21)

Combining with the Cauchy-Schwarz inequality, we obtain

S P(A) =P <Ak/ UA]'> =>E (IAkIU,il AJ’)
k=1 k=1 j=1

k=1

k=1 j=1

- E<i(IAk - EIAk)>IU7=1 a+ SP(A)P <CJA]~>
k=1
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1/2

n 2 n
< <E <Z(1Ak - EIAk)> Ely, A,-> + (1= as) Y P(Ax)

k=1 k=1

n k=1

n 1/2 n
< <@anZP(Ak)> + (1) D P(Ax)
k=1

n

< %<C(1; an) + an}<z_1P(Ak)> +(1- “")kz:;P(Ak)-

(1.22)
Thus
n
a; > P(Ag) < c(l-ay), (1.23)
k=1
that is,
2 n
1-P X P(|X < cP X . .
< (max| k|>x>) YP(l >0 < (;nkax| k|>x) a2y

2. Main Results and the Proofs

The concept of complete convergence of a sequence of random variables was introduced by
Hsu and Robbins [11] as follows. A sequence {Y,;n > 1} of random variables converges
completely to the constant c if >,;”; P(|X,, — c| > €) < oo, for all € > 0. In view of the Borel-
Cantelli lemma, this implies that Y¥;,, — 0 almost surely. Therefore, complete convergence is
one of the most important problems in probability theory. Hsu and Robbins [11] proved that
the sequence of arithmetic means of independent and identically distributed (i.i.d.) random
variables converges completely to the expected value if the variance of the summands is
finite. Baum and Katz [12] proved that if {X, X,;; n > 1} is a sequence of i.i.d. random variables
with mean zero, then E|X[P**? < oo(1 < p < 2, t > —1) is equivalent to the condition that
S n'P(Z1, 1Xi|/n'P > €) < oo, for all € > 0. Recent results of the complete convergence
can be found in Li et al. [13], Liang and Su [14], Wu [15, 16], and Sung [17].

In this paper we study the complete convergence for negatively dependent random
variables. As a result, we extend some complete convergence theorems for independent
random variables to the negatively dependent random variables without necessarily

imposing any extra conditions.

Theorem 2.1. Let {X, X,,; n > 1} be a sequence of identically distributed ND random variables and
{ank; 1 <k <n, n>1}anarray of real numbers, and let r > 1, p > 2. If, for some2 < g < p,

N m+ D3]k 2 Glawl 2 m+ )77} =miCD, pm 21, (2.1)
EX=0 forl1<q(r-1), (2.2)

Zaik «<n® for2<g(r-1)and some 0 <6 < %, (2.3)
k=1
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then, for r > 2,

EIX[P Y < oo (2.4)

if and only if

Zam

> en' > <o, Ve>0. (2.5)

[ee]
an"zP max
1<k<n

n=1

For 1 < r < 2, (2.4) implies (2.5), conversely, and (2.5) and n"2P(maxi<k<n|anXx| > n'/P)
decreasing on n imply (2.4).

For p =2, g = 2, we have the following theorem.

Theorem 2.2. Let {X,X,; n > 1} be a sequence of identically distributed ND random variables and
{ank; 1 < k <n,n>1} an array of real numbers, and let r > 1. If

N(n,m+ 1)£ﬁ{k; || > (1 + 1)*1/2} ~m, nm>1, (2.6)

EX =0, 1<2(r-1),

n (2.7)
Yl = 0(),
k=1
then, for r > 2,
EIX]*"Vlog|X]| < oo (2.8)
if and only if
;nr—2p<lr£1&>; Zam | > en! > <oo, Ve>O0. (2.9)

For 1 < r < 2, (2.8) implies (2.9), conversely, and (2.9) and n""2P(maxi<k<y|anXi| > n'/?)
decreasing on n imply (2.8).

Remark 2.3. Since NA random variables are a special case of ND r. v. ’s, Theorems 2.1 and 2.2
extend the work of Liang and Su [14, Theorem 2.1].

Remark 2.4. Since, for some 2 < g < p, Sren |ankl?"™ <« 1asn — oo implies that

N(n,m + 1)£ﬁ{k > 1 |an| > (m + 1)‘“?’} <mi™ VP asn— oo, (2.10)
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taking r = 2, then conditions (2.1) and (2.6) are weaker than conditions (2.13) and (2.9) in
Li et al. [13]. Therefore, Theorems 2.1 and 2.2 not only promote and improve the work of
Li et al. [13, Theorem 2.2] for i.i.d. random variables to an ND setting but also obtain their
necessities and relax the range of r.

Proof of Theorem 2.1. Equation (2.4)=(2.5). To prove (2.5) it suffices to show that

k
Sorer (| S

> enVP) <o, Ve>0, (2.11)

where a;. = max(a,;,0) and a,; = max(-ay;,0). Thus, without loss of generality, we can
assume that a,; > 0 foralln > 1, i < n. For 0 < a < 1/p small enough and sufficiently large
integer K, which will be determined later, let

1
X,(”') = _naI(a,,,-Xi<—n“) + aniXiI(u,,,-|X,-|§n“) + nal(am-Xpn“)/

2
X() (aniXi nu)l(n“<a,,,~Xi<£n”P/K)’

3
X() (amX t+n )I —enl/P /K<a, Xi<—n®)s

2.12
O S @)
= (aniXi + 1) (g, x,<—ent/r /) + (AniXi = 1) (g, X5en1 /7 /K) s
sV = me , j=1,234;1<k<n n>1.
Thus S,= Zle AniX; = Z;-lzl SS}Z Note that
1/ ! G) 1/
P)C Py, .
<1r2§1§>]<1|5nk| > 4en ) C ]L=J1<1r2&>; Snkl >en ) (2.13)
So, to prove (2.5) it suffices to show that
= < r-2 (6)) 1/p -
I En P(Q@ S| > en ) <o, j=1,2,34 (2.14)
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For any q' > g,

Z q(r-1) i Z Zl(r 1) < i Z ]-—q’(r—l)/p

B H(ja1) < = (1) s

< D (N(m,j+1) = N(n,j))j e
j=1

(2.15)
< ZN(n ])< ~q-D/p _ (j 1) 1)/p>
j=1
« S0P < g
=1
Now, we prove that
nVPmax ES | —0, n— oo. (2.16)
1<k<n

(i) For0 < g(r—1) <1, taking g < ¢’ < psuch that 0 < 4'(r — 1) < 1, by (2.4) and (2.15),
we get

nPmax
1<k<n

es()

n
<nP Y (ElawXill(a,x<ne) + n*P(lanXi] > n%))

= (2.17)
n n
<n VP <ZE|am~Xi|q D@y Xl T T g, <) + 1T DS Elay Xl “‘”)
i=1 i=1
< pVprecad ) 00— 0.
(ii) For 1 < g(r - 1), letting g < 4’ < p, by (2.2), (2.4), and (2.15), we get
n~"Pmax
1<k<n
n
< nil/pz(E|aniXi|I(|anixi‘>na) + n"‘P(|am~Xi| > n“))
i=1 (2.18)
){ q'(r-1)-1 ) ,
J/pZ <E|amX | < |ani Xi| ) L, <ne) + 1% (r—l)Elam,Xilq (r-1)
i=1

« n—l/p+a—uq%r—h —0.
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Hence, (2.16) holds. Therefore, to prove I; < oo it suffices to prove that

I1 7" 2P ( max
Z 1<k<n

Es<1>| > gnl/P> <o, Ve>O. (2.19)

Note that {Xﬁ); 1<i<n,n>1}isstill ND by the definition of Xfi) and Lemma 1.6. Using the
Markov inequality and Lemma 1.8, we get for a suitably large M, which will be determined

later,
+ <§E(Xa_>>2>m] (220)
i1

[ee)
L « an_z‘M/PE<max Sill) ES,/
n=1

1<k<n

© n
< 3 MPlogMn

n=1 i=1
2111 + 112.

Taking M > max(2,p(r-1)(1-aq')/(1 - ap)), thenr -2 - M/p+aM —aqg'(r - 1) < -1, and,
by (2.15), we get

o2 n
Iy < 3> MPlogMny, <E|aniXi|MI(|um-x,~|3na) +nM P (janXi| > n”‘))

n=1 i=1
* L ! ! ! /
< an—2—M/P10gMnZ <E|aniXi|q (rDpaM=4(=1) 4 paM=q(r=1)E|q x| (f-1)>
n=1 i=1 (2.21)
[ee]
< nr—Z—M/p+aM—uq’(r—1)logMn
n=1
< oo.

(i) For q(r-1) < 2, taking g < ¢’ < psuch that '(r-1) <2 and taking M > max(2, 2p(r—
1)/(2-2ap +apq' (r—1))), from (2.15) and r -2 - M/p+aM - Maq'(r —1)/2 < -1, we have

[ele] n
Lp < Y™/ PlogM”[ZE |aniXil 7O n A D L
n=1 i=1

M/2
+n2a—aq’(r—1)Elanixilq'(r—l):l
(2.22)

0
< Zn—r—Z—M/pﬂxM—Maq’(r—l)/ZIOgMn
n=1

< o0.
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(ii) For g(r — 1) > 2, taking g < 4’ < p and M > max(2, 2p(r - 1)/(2 - pd)), where 6 is
defined by (2.3), we get, from (2.3), (2.4), (2.15),andr -2 -M/p+6M/2 < -1,

g n M/2
lip < 32 M/Mloghn [Zaii + 2 D E |, X ‘r_l)]

n=1 i=1
o (2.23)
« an—Z—M/p+6M/21ogMn
n=1
< 0.
Since
@ S
<ZX > en! > <Z(am =) (gacayXi<en'/v /K) > EN /P>
i=1 (2.24)
C (there at least exist K indices k such that a, Xy > n%),
we have
(2
P<ZX7(11') > 511””) < Z P(ay, Xi, > n®, a,;, Xi, >n%, ..., ani Xip > n).
i=1 1<iy <iy<-<ig<n (2.25)

By Lemma 1.6, {a,;X;;1 < i < n,n > 1} is still ND. Hence, for g < 4’ < p we conclude
that

K
p(Sx2-ev) e 5 TTr(ax, o)

i=1 1<ii<ip<e<ig<n j=1

. K
< <ZP(|aniXi| > ”a)>
in1

" K
< <Znu4’(71)E|am.Xi|q’(r-1)>

i=1

(2.26)

—ag' (r-1)K
<<nm7(r ) ,

via (2.4) and (2.15). Xf? > 0 from the definition of Xfl.). Hence by (2.26) and by taking a > 0
and K such thatr -2 - aKq'(r - 1) < -1, we have

0 n 0
L= an-zp<Zij> > snl/”> < Yo DK ¢ o, (2.27)

n=1 i=1 n=1

Similarly, we have XS) <0and Iz < 0.
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Last, we prove that Iy < co. Let Y = KX/e. By the definition of Xf;l.) and (2.1), we have
S(k|>sn1/’”> <Z|X |>£n >

" en'/r
P<IL_J1<ani|Xi| > >>
snl/p
P<ﬂni|Xi| > >

Z P(ly|> (nj)l/”> (2.28)

(]+1) <a S

P (max

1<k<n

IN

<

D483b4=

]
—_

j

™M

(N(n,j+1) - N(n, ]))ZP(1< Y <1+1)

j=1 I=nj
oo [1/n]

= ZZ (N(n,j+1)=N(n,j))PA<|YP <I+1)
I=n j=1

~
=

q(r-1)/p
> P(I<|YP <1+1).

R~

Ms

(

Iy
]

Combining with (2.15),

o © /1\9r-1/p
14:an—zz<;> PI<|YP <1+1)
n=1 I=n

!
an—z—q(r—l)/plq(r—l)/pp(1 <|YP<I+1)
2 (2.29)

M

I
—_

8

l

=Y IPI<|YP <1+1)
=1

=~ E|YPUD = EXPU < oo

Now we prove (2.5)=(2.4). Since

j-1
{E]i)é'anjx | < {Eﬁx Zam i +{2]a;2 ;anixi'/ (2.30)
then from (2.5) we have
an 2P<max|an]X | > nl/”> 0. (2.31)
1<j<n

n=1
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Combining with the hypotheses of Theorem 2.1,

P(max|an]-Xj| > nl/r'> —0, n— oco. (2.32)

1<j<n

Thus, for sufficiently large n,

P<max|an]~X]~| > nl/p> < (2.33)

1<j<n

N —

By Lemma 1.6, {a,;X;;1 < j < n,n > 1} is still ND. By applying Lemma 1.10 and (2.1), we
obtain

n

ZP<|anka| > nl/f’> < 4CP<max|anka| > nl/P>. (2.34)
=1 1<k<n

Substituting the above inequality in (2.5), we get

in”ziPOankXH > nl/P> < 0. (2.35)
n=1 k=1

So, by the process of proof of I < oo,

[ee] n

EIXPU = Zn”zzp<|anka| > n””) < o0. (2.36)
n=1 k=1

O

Proof of Theorem 2.2. Letp =2,a <1/p =1/2, and K > 1/(2a). Using the same notations and
method of Theorem 2.1, we need only to give the different parts.

Letting (2.7) take the place of (2.15), similarly to the proof of (2.19) and (2.26), we
obtain

n?max

1<k<n

Esfj,j' O Bt G BN S (2.37)
Taking M > max(2,2(r — 1)), we have

In < Zn‘l_(l"z“)(M/z"(r"m logMn < co. (2.38)

n=1

Forr -1 <1, taking M > max(2,2(r —1) /(1 - 2a + 2a(r — 1))) , we get

(o)
Ip < Znil*(1*2”‘(”1)*2”‘)]\4/2*(”1)logMn < co. (2.39)

n=1
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Forr-1>1, EX? < oo from (2.8). Letting M > 2(r — 1), by the Holder inequality,

S [ n M/2
112 < an—Z—M/ZlogMn Zaii + nZa—Za(r—l)E(aniXi)Z(r1)]

n=1 | i=1
- . V-1 4, N\ r-2/-) M2
< Zn’*Z*M/zlogMn <Zai5r_l)> <Zl> (2.40)
n=1 | \i=1 i=1
0
« Zn—l—M/Z(r—1)+(r—1)logMn < oo
n=1
By the definition of K,
0
L« > TR <o, (2.41)
n=1

Similarly to the proof (2.31), we have

(2.42)
Y™ log|Y|)

= E

lZ
3p!
S VS

IXP log|X] )

< o0o.

Equation (2.9)=(2.8) Using the same method of the necessary part of Theorem 2.1, we can
easily get

E<|X|2(H) 1og|X|> ~ inr_ziPOankXH > n1/2) < 0. (2.43)
n=1 k=1

O
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