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1 Introduction
Random variables X and Y are said to be negative quadrant dependent (NQD) if

PX <x,Y <y)<PX <x)P(Y <y) (L1)

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

PX>xY >y) <PX>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, Ebrahimi and Ghosh (1981 [3]) showed that (1.1) and (1.2) are not
equivalent for a collection of three or more random variables. Accordingly, the following
definition is needed to define sequences of extended negatively dependent random vari-
ables.

Definition 1.1 Random variables Xj, ..., X, are said to be extended negatively dependent
(END) if there exists a constant M > 0 such that for all real xy,...,x,,

P<ﬂ(x, < x,)) <M[]PX; <x)),

Jj=1 Jj=1
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p(ﬂ(xj > x,)> <M[[PX;>x)).

Jj=1 Jj=1

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

Definition 1.2 Random variables X3, X5, ..., 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(fA(Xii € A1), fo(Xj5) € Az)) <0,

where f; and f; are increasing for every variable (or decreasing for every variable) functions
such that this covariance exists. A sequence of random variables {X;; i > 1} is said to be NA
if its every finite subfamily is NA.

The definition of PNQD was given by Lehmann (1966 [4]). The definition of NA was
introduced by Joag-Dev and Proschan (1983 [5]), and the concept of END was given by
Liu (2009 [6]). In the case M = 1, the notion of END random variables reduces to the well-
known notion of the so-called negatively dependent (ND) random variables which was
introduced by Bozorgnia et al. (1993 [7]). These concepts of dependent random variables
are very useful in reliability theory and applications.

It is easy to see from the definitions that NA implies ND and END. But example 1.5 in
Wu and Jiang (2011 [8]) shows that ND or END does not imply NA. Thus, it is shown
that END is much weaker than NA. In the articles listed earlier, a number of well-known
multivariate distributions are shown to possess the END properties. In many statistical
and mechanic models, an END assumption among the random variables in the models is
more reasonable than an independent or NA assumption. Because of wide applications
in multivariate statistical analysis and reliability theory, the notions of END random vari-
ables have attracted more and more attention recently. A series of useful results have been
established (cf. Liu (2009 [6]), Chen et al. (2010 [9]), Shen (2011 [10], 2016 [11]), Wu et
al. (2014 [12]), Liu et al. (2015 [13]), Qiu and Chen (2015 [14]), Wang et al. (2015 [15]), Xu
et al. (2016 [16]), and Wang and Hu (2017 [17])). Hence, it is highly desirable and of con-
siderable significance in the theory and application to study the limit properties of END
random variables theorems and applications.

Chow (1988 [1]) first investigated the complete moment convergence, which is more
exact than complete convergence. Thus, complete moment convergence is one of the most
important problems in probability theory. Recent results can be found in Chen and Wang
(2008 [18]), Gut and Stadtmller (2011 [19]), Sung (2013 [20]), Wang and Hu (2014 [21]),
Guo (2014 [22]), Qiu (2014 [23]), Qiu and Chen (2014 [24]), Wu and Jiang (2016 [25]) and
Wu and Jiang (2016 [26]). In addition, Li and Spétaru (2005 [2]) obtained the following
complete moment convergence theorem: Let {X, X,;; n > 1} be a sequence of independent
and identically distributed (i.i.d.) random variables with partial sums S, = Z?:l X, n>1.
Suppose that ¥ >1,0<p<2,¢>0. Then

E|X|"? < oo, ifg<rp,
EIX|?In|X| <00, ifg=rp,
E|X]? < oo, ifg>rp,
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if and only if
oo

./ > W 2P(1S, — nb| > x"n'?) dx <00 forany e >0, (1.3)
& p=1

where b=EX ifrp>1and b=0if0O<rp<1.
Furthermore, Chen and Wang (2008 [18]) showed that (1.3) and

oo
D PPE(lS, —nb| ~ ¢} <co foranye >0

n=1

are equivalent.

2 Conclusions
The purpose of this paper is to study and establish the equivalent conditions of com-
plete moment convergence of the maximum of the absolute value of the partial sum
max;<i<n |Sk| for sequences of identically distributed extended negatively dependent ran-
dom variables. Our results not only extend and generalize some results on the complete
moment convergence such as obtained by Chow (1988 [1]) and Li and Spataru (2005 [2])
from thei.i.d. case to extended negatively dependent sequences, but also from partial sums
case to the maximum of partial sums. Our research results and research methods provide
some useful ideas and methods for the study of the complete moment convergence of the
maximum of partial sums for other dependent random variables.

In the following, the symbol ¢ stands for a generic positive constant which may differ
from one place to another. Let a, < b, denote that there exists a constant ¢ > 0 such
that a, < c¢b, for sufficiently large #, Inx means In(max(x, e)) and / denotes an indicator

function.

Theorem 2.1 Let {X, X,;; n > 1} be a sequence of identically distributed END random vari-
ables with partial sums S, =Y, X;, n > 1. Suppose that r >1,0<p <2,q >0 and EX = 0

for1 < p<2. Then the following statements are equivalent:

E|X|? < oo, ifg<rp,
EIX|?In|X| <00, ifg=rp, (2.1)
E|X]? < oo, ifq>rp,
it q
Z n”z’q/p]E{ max |Sk| — 8;/1”1’} <oo foranye >0, (2.2)
) 1<k<n +
it q
Z n”Z]E{supk’”p|Sk| - 8} <oo foranye>0. (2.3)
n=1 kzn *

Remark 2.2 Our Theorem 2.1 not only generalizes the corresponding results obtained by
Chow (1988 [1]) and Li and Spéataru (2005 [2]) from the i.i.d. case to END sequences, but
also |S,| being replaced by max;<x<, |Sk|. So Theorem 2.1 generalizes and improves the
corresponding results obtained by Chow (1988 [1]) and Li and Spétaru (2005 [2]).
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3 Proofs
The following three lemmas play important roles in the proof of our theorems. Lemma 3.1
can be obtained directly from the definition of END sequences.

Lemma 3.1 Let {X,;n > 1} be a sequence of END random variables and {f,;n > 1} be a
sequence of Borel functions, all of which are monotone increasing (or all are monotone de-
creasing). Then {f,(X,);n > 1} is a sequence of END r.v.s.

Lemma 3.2 (Liu et al. 2015 [13]) Let {X,;n > 1} be a sequence of END random variables
with EX,, = 0 and E|X,|P < 0o, p > 2. Then there exists a positive constant c depending only
on p such that

n n pl2
E(|S,1P) fc{ZE|X,~|p+ (ZEX?) }
i=1 i=1

and

n n pl2
12 ) < 4 24 2
E(gg|s,| )_cln n{ZIE|X,| + (Z;Exl) }

Lemma 3.3 Let {X,;n > 1} be a sequence of END random variables. Then, for any x > 0,

there exists a positive constant ¢ such that for all n > 1,

2 n
1-P(max [l >x)) Y P(1Xl > ) < cP( max 1X,] > x).
( max |X| > kXI: (1%l > %) = eP( max Xk >

Further, if P(max;<k<, |Xx| > %) — 0 as n — o0, then there exists a positive constant c
such that forall n > 1,

n
ZP(|X1<| >x) < cP(max | Xk >x>.
] 1<k<n

Proof From the proof of Lemma 1.4 in Wu (2012 [27]) and by Lemma 3.2, we can prove
Lemma 3.3. g

Proof of Theorem 2.1 We first prove that (2.1) = (2.2). Note that

o0
q
Z n"z‘q/pIE{ max |Sg| - sn”p}
n=1

1<k<n +

[e%s} n”p

= Z n'~2ap qxq_lP( max |Sg| —en''? > x) dx
0 1<k<n

n=1
S 00
+ E n'~2ap qxq‘lp( max |Sg| — en''? > x) dx
1 Ip 1<k<n

n=

nl

o0
< Zn"zp(lmkax 1Sk| > en”p)
<k<n

n=1
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S 00
+ Z n'~2ap xq‘lP( max |Sg| > x) dx
nllp 1<k<n
n=1
=I+].

By Corollary 2.1 in Liu et al. (2015 [13]), I < co. Hence, in order to establish (2.2), it is
enough to prove that

1<k<n

o 00
Jjz an—Z—qlp x971P( max |Sk| >« ) dx < c0. (3.1)
P nllp

Let x > n'7, r! <& < 1 and an integer N > max((r — 1)(er — 1), g(arp)™). Define, for

1<k<nmn=>1,

X = =T (X < =) + Xl (IXi] < 2%) + 21 (X > 2%),
X,(f) = (Xi — &%) (x* < X < x/(4N)),
X = (X +4%)I(~x/(4N) < Xj < =x%),

X = (Xp + 2)(Xe < =/ (4N)) + (Xi - x%)I(X;c = x/(4N)),

k
sO=3"x7, j=1,2,34.

It is obvious that Sy = Z]il S,Y) . Hence, in order to establish (3.1), it suffices to prove that

o0 00 .
JO2N g / xq-lp< max || > x/4) dx<oo, j=1,2,3,4. (3.2)
) nllp 1<k<n
Note that

j P, ifq<rp,

Z W < Lnj,  ifg=rp,

n=1

1, ifg>rp.
By combining this with (2.1), Markov’s inequality and

P ( max [S," | > &/ 4) < P(there is k, k € [1, 1] such that X" #0)

1<k<n

< nP(|X| > x/(4N)),

we get
o 9]
@ < r-l-alp 1p(1X 4N))d
J _; /nupx (| | > x/( )) x

e8] (j+1) l/p

<> q’PZ/ XTI P(4N|X]| > /%) dx

n=1
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e}
WS IP(ANIX] > )
j=n

A
M2

S
I
—_

j
an 1- q/p ia/p- 1IJ(ALNIXI >11/p)

n=1

‘M8

~.
I
(=

Yo T PAN|X| > j1P), if g <rp,
K X5/ InjPAN|X| > '), if g = rp,
YT JPTIPAN|X| > M), ifg>p

E|X|"? < oo, ifg <rp,
< {EX|?In|X| <00, ifq=rp, (3.3)
E|X|? < oo, ifg>rp.

From the definition of X ,((2), it is clear that X,(f) > 0. Thus, by Definition 1.1 and (2.1),

P(lrgkax 52| >x/4) (iX,((Z) >x/4>

k=1

< P(there are at least N indices i € [1, #] such that X; > x"‘)

Z ﬁP(|X,-}.| > x)

1<ij<ig<--<iny=<nm j=1

N (P(1X] > x)) < NN (B X))

IA

IA

< I’lN x—arpN .

Hence, by the definition of N, —arpN + g —1< -1l and —(ar —1)N +r -2 < -1,

<< an 2— q/p+N/ x—arpN+q—1 dx

s nllp

00
< Z nr—Z—q/erNn(—arpNJrq)/p
n=1

00
_ Zn—(ar—l)N—Zw
n=1

< 00. (3.4)
Similarly, we can show
79 < c0. (3.5)
In order to estimate J&, we first verify that

sup max x 1|IES 1)| —0 asn— . (3.6)

x>nllp 1<k<n
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When 0 < p <1, by Markov’s inequality and E|X|? < oo,

sup max x’1|ES,(<D| < sup x’ln(x"P(|X| > x"‘) + IE|X|I(|X| < x"))
xznl/p 1<k<n

xznl/p

< sup (na PR IX|P + a7 HE|X Px*0P))
xz”l/p

< n_(l_a)@_l_l)

— 0 asn— oo.

When 1 <p<2,by EX =0 and E|X|? < 0o, we get

sup max x_l‘ES,((D‘ < sup (nx_1+°‘P(|X| >x°‘) +x_1nE|X|I(|X| >x°‘))
x>nllp 1<k<n

xz"l/p
< sup nx—l—otrp+a]E|X|rp < n—(ar—l)—(l—ot)/p
x>nllp

— 0 asn— oo.

That is, (3.6) holds. Hence, in order to prove J < oo, it suffices to prove that

oo

o0
](1) 2 Z n'2-alp /
1,

1 nllp 1<k<n
n=

xq‘1P< max |S,((1) — ]ES,<(1)| > x/8> dx < o00. (3.7)

Obviously, X,((l) is increasing on X, thus by Lemma 3.1, (XY k> 1}isalsoa sequence of
END random variables. In view of Lemma 3.2, taking u = max(rp, q) and

r—1

- r—1
l.a’1 177 _
—1)+p 573 1

s>max<2,u, Tan 1 q—arp),
2 (5

)
a+% l-«a

we obtain

S 'S}
JO <« S e / 271 ( max [s{) - ES{|") dx
n=1 nllp

1<k<n

oo

xR |X{1) |S dx

< Z nr—l—q/p In® 1 /

el nllp
o o)
—2— —1- 1)\2\5/2
+ an 2-q/p+s/2 lnsn/ x4 1 S(E(Xf )) )S dw
n=1 nllp

2 L F,

(3.8)
If u < 2, then by E|X|* < 0o and |X{1)| <,
0 [
jél) < Z nr—2—q/p+s/2 In® 1 / xq—l—s (E|X|u)5/2xa(2—u)s/2 do
- ol nllp
00
< Z nr—2—((uu/p—l)/2+(1—a)/p)s In® 7 < 0o (3‘9)
n=1

fromg-1-(1-o+au/2)s<-landr-2 - ((eu/p-1)/2+ 1 -a)/p)s< -1.
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If u > 2, then IE(X{D)2 < EX? < c0. Hence,

00 00
]él) & Z nr—2—q/p+s/2 In® nn(q—s)/p - Z nr—2—(l/p—1/2)s In® 7 < 0o (310)

n=1 n=1

froms>gandr—-2-(1/p-1/2)s < -1.
For 71(1), by the C, inequality and (2.1),

o0 00
< it g f X115 (x5 P(1X] > x%) + EIXPI(1X] < &%) dx
n=1 nllp

o]

0
< § :nr—l—q/p In® 12 / (xq—l—s+as—apr]E|X|rp + xq—l—S]E|X|rpxa(s—rp)) do
- 1/p

n=1 n

)
< Z nr—l—ar—s(l—a)/p In® 1

n=1

< o0

fromg-1-arp—-s(l1-a)<-1landr—1-ar—-s(l - a)/p <-1. By combining this with
(3.3)-(3.5) and (3.7)-(3.10), we get that (3.2) holds. This ends the proof of (2.1) = (2.2).
Secondly we prove that (2.2) = (2.3). By (2.2) holds for any ¢ > 0, we get

oo
n’_z/ P(sup KPSk > & + x”q) dx
0

k>n

oo

oo
< Yol f P(
j-1 0

00 o) 00
< Z 201 Z/ P( max k72| > ¢ + xl/q) dx
j=1 i=j V0

2i-1<fe<2i

sup kKVP(S| > e + xl/q) dx
k>2/-1

s o)
< 2(”‘1)i/ P( max  |Si| > (g + Y7 2“‘””’) dx
12:1: 0 2i715k<2i| | ( )

S 00
< Z 2(”1’q/p)i‘/ P( max |Sg| > 20V 4 xl/q> dx
Par) 0 1<k<2i

oo 00
< E nr_z_q/p/ P( max |Sx| > e27 VP t/P +x1/q) dx
el 0 1<k<n

o0
q
= Z n’_z_q/pE(max |Sk| — (82_1/1’)711/1’)
n=1

1<k<n +

< OQ.

That is, (2.3) holds.
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Finally, we prove that (2.3) = (2.1). By (2.3) and max;<x<y | Xkx| < 2 max;<x<, |Sk/|, it fol-

lows that
oo
r-2 -1 g
Zn ]E[supk P Xk —8] <oo foranye>O0.
n=1 kzn *
Therefore,

R,

-1
q
n"21E<sup KYP1X0 | - s)
i1 sz‘ +

3
2

Ly

~.
ii

il

2

. , q
> Z(H”IE( max 270VP x| - 8)
N

2 <k<+1

2 M

o1
2("1)// P( ‘max 270D X | > 6 + x“q> dx
0

>
S 2 <k<i*!
o0
>y 2<’-1>fp< max | Xy > 21'/1’2”1”“8), (3.11)
- 2 <k<+1

T
N

it implies that P(maxy g o1 [Xi| > 2/Px) — 0, j — oo for any x > 0. Thus, by Lemma 3.3,
for any x > 0, there is ¢ > 0 such that for sufficiently large j

VP(|X| > 2Px) < cp< max [Xi| > 2’%).
Y<keritl

Consequently, taking & = 277 in (3.11),

oo 0
0 > 22('_1)// P( max 2777|Xy| —1>x1/q) dx
— 0 2 <k<2+l
j=1
oo
0

> Z2’j/ P(|X| > 2j/1’(1 + xl/q)) dx
j=1

& 00
— Zz(r—q/}’)l/ P(|X| S oflp +x1/q) dx
=1 0
00 00 o(i+1)qlp
> Z2(r—q/P)fZ/ P(|X| S ojlp +x1/q) dx
j=1 iy J2ar
o0 o0
> Zz(r—q/,ﬂ)j Zziq/pp(p(l > 2i/p(21/p + 1))
j=1 i=j
oo i
= Z Z 2(rfq/p)1’2iq/pp(|X| S Czi/p)
i=1 j=1
32 27 P(1X| > c27P), ifg<rp,

> 3 3% 2 In2P(|X| > 27), if g =rp,
Y5 24P P(X] > 2),  ifg>rp
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Yoo nIP(|X| > en''?) > E[X|7, ifg<rp,
> 1 20w nnP(X| > en'’?) > EIX|PIn|X], ifq=rp,
S0 n?PIP(IX| > cn'?) > E|X]1, ifg>rp.
Hence, (2.1) holds. This completes the proof of Theorem 2.1. O
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