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EQUIVALENT CONDITIONS OF COMPLETE MOMENT
CONVERGENCE AND COMPLETE INTEGRAL
CONVERGENCE FOR NOD SEQUENCES

XIN DENG AND XUEJUN WANG

ABSTRACT. In this paper, seven equivalent conditions of complete mo-
ment convergence and complete integral convergence for negatively or-
thant dependent (NOD, in short) sequences are shown under two cases:
identical distribution and stochastic domination. The results obtained in
the paper improve and generalize the corresponding ones of Liang et al.
[10]). In addition, an extension of the Baum-Katz complete convergence
theorem: six equivalent conditions of complete convergence is established.

1. Introduction

Let {Z,,n € N} be a sequence of random variables and a,,, by, ¢ > 0. If

(o ]
(1.1) ZanE{b;1|Zn| —e}d <ooforalle >0,
n=1
then the above result was called the complete moment convergence by Chow [6].
It is easy to show that it is a more general concept than complete convergence.
Recently, based on the Baum-Katz complete convergence theorem (see Baum
and Katz [2]) and complete moment convergence of Chow [6], Li and Spataru
[9] investigated the refinement of complete convergence and established the
following result.

Theorem 1.1. Set {X, X,,,n > 1} be a sequence of independent random vari-
ables with identical distribution. Let EX = 0, and let 0 < p < 2, r > 1 and
q > 0. Set

f(z) = Zn’"_QP(|Sn| > a:n%), x> 0.

n=1
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Then the following are equivalent:

(i) /00 flx?)dx < oo for all e > 0;

E|X|7 < oo, ifg< L,
(i) § BIX[Prlog® |X| < oo, ifq= -,
E|X|Pr < oo, if ¢ > ;.

Chen and Wang [5] showed that the refinement of compete convergence and
complete moment convergence are equivalent, that is to say, (1.1) is equivalent
to

(1.2) / S anP(|Za] > ehby)da < 00, Ve > 0.

n=1

Later, Liang et al. [10] referred to (1.2) as being a complete integral conver-
gence. Obviously, it can exactly describe the convergence rate of a sequence of
random variables than complete convergence.

Furthermore, Liang et al. [10] extended the i.i.d. assumption to identically
distributed and negatively associated (NA, in short) random variables and ob-
tained the following new version.

Theorem 1.2. Let {X, X,,n > 1} be a sequence of identically distributed NA
random variables. Let 0 <p <2, r>1, ¢ >0, and let

_ - r—2 %
f(x) = Zn P (1211?§n|5k| > an ) , > 0.

n=1

Then the following are equivalent:
> 1 1 +
: r—2—-=- == .
(1) z:ln re | <lr<n]?§n |Sk| snpq> < oo for all e > 0;
i—

(ii) /OO fz?)dzx < oo for all € > 0;

E|X|7 < o, ifq< L,

) EIX[PTlog | X| < oo, ifq= o,

(iii) , r
E|X|P" < o0, ifqa> o,
EX =0, when 1 < p < 2.

Inspired by Theorem 1.2, we will establish seven equivalent conditions of
complete moment convergence and complete integral convergence for nega-
tively orthant dependent (NOD, in short) sequence under two cases: identical
distribution and stochastic domination. These results will improve and extend
Theorem 1.2 for NA random variables to a more general case: NOD random
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variables. In addition, we get six equivalent conditions of complete conver-
gence, which can be regarded as the extension of the Baum-Katz complete
convergence theorem in Baum and Katz [2].

Now let us recall the concept of NOD random variables as follows.

Definition 1.1. A finite collection of random variables X1, X», ..., X, is said
to be negatively upper orthant dependent (NUOD) if for all numbers z1, zo, . . .,
L,

(1.3) P(Xl >$1,X2>.1‘2,...,Xn>$n)SHP(Xi>l‘i)
=1

and negatively lower orthant dependent (NLOD) if for all numbers z1, 2, . . .,
Tn,
(1.4) P(Xy <1, X2 <y, Xy <) < [[P(XG < ).

i=1
A finite collection of random variables X, Xo,..., X, is said to be negatively
orthant dependent (NOD) if they are both NUOD and NLOD. An infinite
sequence {X,,,n > 1} is said to be NOD if every finite subcollection is NOD.

The concept of NOD random variables was introduced by Joag-Dev and
Proschan [8]. Obviously, independent random variables are NOD. Joag-Dev
and Proschan [8] pointed out that NA random variables are NOD, but neither
being NUOD nor being NLOD implies being NA. Meanwhile, Hu [7] introduced
the concept of negatively superadditive dependence (NSD, in short) and pointed
out that NSD implies NOD (see Property 2 of Hu [7]). So we can see that NOD
is much weaker than NA and NSD. A number of useful results for NOD random
variables have been established by many authors. We refer to Volodin [19] for
the Kolmogorov exponential inequality, Asadian et al. [1] for Rosenthal’s type
inequality, Zarei and Jabbari [28], Wu [24], Wang et al. [20], Sung [18], Yi
et al. [27] and Chen and Sung [4] for complete convergence, Wang et al. [21]
and Sung [17] for exponential inequalities, Wu and Jiang [25] for the strong
consistency of M estimator in a linear model, Shen [12, 14] for strong limit
theorems of weighted sums, Shen [15] for the asymptotic approximation of
inverse moments, Wang and Si [22] for the complete consistency of estimator
of nonparametric regression model, Qiu et al. [11] and Wu and Volodin [26] for
the complete moment convergence, and so on.

The following concept of stochastic domination will be used in this work.

Definition 1.2. A sequence {X,,n > 1} of random variables is said to be
stochastically dominated by a random variable X if there exists a positive
constant C such that

P(|X,| >z) <CP(|X| > =x)

for all z > 0 and n > 1.
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Throughout this paper, let I(A) be the indicator function of the set A and let
| ] be the integer part of . The symbol C' denotes a positive constant which
is not necessarily the same one in each appearance. Denote XT = XI(X >
0), X~ = —XI(X < 0) and logz = Inmax{x,e}, where In is the natural
logarithm. a,, = b,, stands for a,, < C1b,, and a,, > Csb,,, where C; and C5 are
positive real numbers.

2. Preliminaries

In this section, we will present some important lemmas which will be used
to prove the main results of the paper.

The first one is a basic property for NOD random variables, which was
established by Bozorgnia et al. [3].

Lemma 2.1. Let random variables X1, Xo, ..., X, be NOD, and f1, fo,..., fn
be all nondecreasing (or nonincreasing) functions, then random wvariables

fi(X1), f2(X2), ..., fu(Xy) are NOD.

The next one plays an important role to prove the main results of the paper.
The details of the proof could be referred to Lemma 1.10 of Wu [24].

Lemma 2.2. Let {X,,n > 1} be a sequence of NOD random variables. Then
there exists a positive constant C' such that, for any € > 0 and all n > 1,

2 n
— . . < . .
[1 P (fg%xJXz > 5)} Y P(Xi|>e)<CP (@agxnw > s)

i=1
The following one is the Rosential-type maximal inequality which can be
found in Wu [24].

Lemma 2.3. Let {X,,n > 1} be a sequence of NOD random variables, and
satisfy EX, = 0, E|X,|? < oo, ¢ > 2. Then there exists a positive constant
C, depending only on q such that

J q n n 4/2
> OXi| <Clog?n{ Y E|X|+ (Z Exf>
=1

i=1 i=1
Lemma 2.4. Let « > —1, 8 > 0, and let {Y,,n > 1} be a nondecreasing
sequence of nonnegative random variables. If

Zn"‘P(Yn > an”) < 0o for all x> 0,

n>1

FE max
1<j<n

then
lim P(Y, > xn®) =0 for all z > 0.

n—oo
The details of the above lemma can refer to Lemma 3.4 in Liang et al. [10].

The last one is a basic property for stochastic domination. For the proof,
one can refer to Wu [23] or Shen et al. [16].
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Lemma 2.5. Let {X,,n > 1} be a sequence of random variables which is
stochastically dominated by a random variable X. For any a > 0 and b > 0,
the following two statements hold:

E[Xn|" I (|Xn] <b) < CLEIX|M (|X] < b) + 0P (|X] > D)],

E\X,|“T (| X,]| >b) < CRE|X|*I (| X]| >b),

where Cy and Cy are positive constants.

3. Main results and their proofs
Theorem 3.1. Let 0 < p < 2, 7> 1, ¢ > 0 and let {X,X,,,n > 1} be a
sequence of NOD random variables with identical distribution. Assume further
that EX = 0 when 1 < p < 2. Denote S, = > X;, Sék) =S, — X4,
k=1,2,...,n,n>1, and

[e.9]

Z " 2P<max |Sk|>a:np),x>0.

Then the following statements are equivalent:

) /OO f@t)dx < oo for all e > 0;

+
1 Bl
(ii) Z % E < rgnl?%(nwk\q —snm) < oo for alle > 0;
E|X]7 < oo, qu<p,7
(iii) < E|X|P"log|X| <00, ifq=-L -
E|X|Pr < o0, if g > 2 o

o0 +
(iv) Zn’"_%iE (121132( A |q - enpq> < oo for all e > 0;
n=1

oo +
r—2—gg — Pq :
(v) E n" E <lr<nl?é< |Xk| en > < oo for all e > 0;

3
Il
-

o0 +
(vi) Z n"*E (sup k7i|5k|% - 6) < oo for alle > 0;

k>n
> 1 1 +
(vii) Z n"*E (sup k™ ra| Xgle — 6) < oo for all e > 0.

Proof. In order to prove the equivalence of the above seven statements, we will
give proving process as the order in the following chart:
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(iv) = (v)

I l

(il) == (i) «— (iiQ)

J 1

(Vi) = (vii)

(ii)=(iv): Note that

|81 = [Sn — Xi| < |Sul + | Xk| < [Snl + [ Sk] + [ Sr—1] <3 max |S,].

Thus, we have
o0 +
gL 1 a1
E n"2"%E max \S,(Lk)h — enpa
1 1<k<n
—

Sl 00
o1 1 1
= E n" "2 b P max |S¥ i —enii >z | dz
‘ o 1<k<n
-

IN

N g [ 1 111

E n Pa P | max |S,|v >3 4enri +3 vz | dx
‘ o 1<k<n

o

o0 [ee)
— 34 2:17{—2—&/0 P (1r<nkaé<n 1S, |7 — 3 aenpi > y) dy
n—

(letting = = 3%y)

o0 +
P! r_o_ L . a1
(3.1) = 3q Z:ln i | <1I§nka%<n|5n|q 60nM> (0 =3 4¢g) < 0.

(iv)=-(v): Note that

1X5| =[S, — S| <

1 n
o125

(k) (k)
2 + 1S5 |S3lglg§<n|5n B

which together with the similar proof of (3.1) yields (v).
(v)=-(iii): It is easy to see that

oo +
r—o— L 1 1
00 > E n ra | max |Xj|¢ —enpa
1<k<n

s o)
re2— L 1 1
= E n Pa P | max |Xy|¢« —en?a >z |dx
0 1<k<n
1

i 1 E’ﬂﬁ 1 1
> E n" 2" b P | max |Xy|¢s —en?d >z |dx
0 1<k<n
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(3.2) > Ein’“_QP <lrgnka§<n | Xi] > 257”1‘?) ;

which implies that

(3.3) i n'~2p (1r<nsz(n | Xi7 > 5n> < o0, Ve>0.
n=1 ==

Then by Lemma 2.4, we get

(3.4) P<1r<nkaé<n|Xk|é >snv1q) —0, n—o00, Ve>0.

From (3.4), we can see that for V z > 0, € > 0,

P ( max |Xk|% > enpi +az) — 0, n — oo.

1<k<n
Therefore, it follows from Lemma 2.2 that, for sufficiently large n,
P < max |Xk|é > enva +x>
1<k<n
> CZP(|X;€|% > enpi —|—:v), Vz>0ande>0.
k=1

Taking e = 1 in (v) and combining with the above inequality, we can obtain
that

00 +
r_g— L 1 1
0o > E n pa | max |Xj|a —npa
1<k<n

O_C 1 o0 1 1
:anﬁ*ﬁ P(max | Xg|a > nea +x> dx
0

1<k<n
n=1

>0y [P (Pt > i a) da
n=1 0 k=1
o 1 o0 1 1

=Czn“1*ﬁ/ P(|X|E > nwa +x) dx
n=1 0

:C’an_l_*q/ipﬂ)ﬂ > y?) dy (lettingy:x—i—nqu)
n=1 nrd
o] ) 00 (m+1)Pa

=0y wE Yy [ PX|>yh)dy
n=1 m=n v mP4
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(3.5)

Q

Q

X. DENG AND X. WANG

m

—CZqu P(|X] >mp)ZnT717$
n=1
C'S mr T P(|X| > mb), if g< L
m=1
c > mﬁ_llong(|X| >m%), if g = p%
m=1
C S mmIP(|X| > mr), ifg> -
m=1
CS mrt S P(jv < |X| < (G+1)F),
m=1 j=m
C 52 mriHogm 30 P(j7 <|X| < (j+1)7),
Jj=m
C Y ml Y P < |X| < (+ 1)),
m=1 j=m
s 1 J 1
Cle(JP <[X|<(G+1)7) Zlmm 7
J= m=
00 1 7
C Y P(7 <|X| < (G+1)7) Y meitlogm,
j=1 m=1
00 1 J
O P(7 <|X|<(G+1)7) S mih
j=1 m=1
L s . 1 .
C’z:l]MP(]P<\X|§(]+1)p), 1fq<ﬁ
=
. L1 . 1 .
C Y jrlogjP(j» <|X|<(j+1)F), ifg=__
=1
= It . 1 ; 1
CZIJ P@Er <[X|<(G+1)7), if ¢ > oo
J=
CE|X|s, ifg< L
CE|XP"log|X]|, ifq:pir
CE|X|P, if g> -

Due to the above proof, (iii) holds immediately.
(if)=(vi): It follows from (ii) that

+
(supk Pq\Sk|q —s)

an )

n=1

n=1

o0

1=1 n=

201

2i—1

k>n

22”/

r—2 -1 1
Zn sup k™ Pa|Skle > e+t ) dt

(supk: PQ|S;€\Q >€—|—t>d

if g <
if g =
if ¢ >
if g <
if g =

if ¢ >
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oo o]
< C’Z?i(7'_1)/ P( sup k7ﬁ|5kﬁ > <€+t> dt
i=1 0

k>2i-1
< -5 [0 S APAE
_C;2 ]Z/O P<2jrp<agc<2jk |Sk|a >e+t)dt
s oo 1 1 ]
=C P k™5 |Sy|e t)aey 2ir=b
S [ (e, kA ) 0
<N 9i=1 [ p k7 | S|4 t) dt

< CZQJ'(T—U/O P (1?]1:12(2] |Sk‘<1 > 2 Pa (5+t)) dt

<CZQJT 17*/ P(max |Sk|<1 > 2% 6+x>dm (lettlngx—Qw t)

1<k<2i
oo 2711 00
.
<C 9i(r=2-55) Pl max |S >0 2% etx)dr
22 L P e, 15
7=0mn=2J
<C» n'" 2_*/ (max |Sk|q > 27 mnws+x) dz
- N
= Z mE<I<nax |Sk|q—50np<1> (€0 =27 ms)
1
< 00.

(vi)=-(vii): Noting that
k| Xy = k77| Sk — Sp1]
< k7 (|Sk] + [Sk1l)
< KRSk + (k= 1) 77 Sk

<2 sup j7FIS], k>2
i>k—1

and similar to the proof of (3.1), we can get (vil) immediately.
(vii)=-(iii): Similar to the proofs of (3.2) and (3.3), we have by (vii) that

(3.6) an ’p (supkz M|Xk|q >€> < oo, Ve>0.

n=1

(3.7) lim P (sup v | Xy |1 > 5) =0, Ve>0.

n—oo k>n
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Otherwise, there exist g > 0, 0 > 0 and a positive sequence {n;,j > 1} with
n; T 0o, such that

P (sup kiﬁ\Xkﬁ > 50> >4, Vj>1.

k>mn;

Without loss of generality, we assume n; + 1 < n¢
where 0 < Cy < 1. Thereby, we have by r > 1 that

Zn’r 2P <supk 1"1|Xk“1 >50>

n=1

j+1 as j sufficiently large,

oo llogn;i1] ) )

> Z Z n"2p (sup k™ ra| Xpla > 50)
7=1n=|log(n;+1)] hzn

>

> (log(n; +1)))"" (1 = w) p ( sup ke[ X[ > 50)
j=1

[lognj41] k>(log 1)

> C’Z(lognj)’ulp < sup k_pl*q|Xk|§ > 50>

k>logm;y1]

> C’Z(lognj)’“*lp < sup k:_pl*q|Xk|é > 50> = 00,
j=1

k2njy1

which is contradictory with (3.6). Hence (3.7) holds. Note that for V & > 0 and
n>1,

P( max k-~ P<I|Xk|q >€) SP(Supk_qu|Xk|‘11 >€>7
k>n

n<k<2n

which together with (3.7) yields that

lim P( max k= M|Xk|<1 >s>=0, Ve >0.

n—o00 n<k<2n

Taking ¢ = 2~ %a + x, z > 0 in the above equality, we have by Lemma 2.2 that,
for sufficiently large n,

2n—1
P< max k| X7 > 275 +x> >0y P(k—ri\xué > 9 9 —|—x)
n<k<2n o

2n—1

>CZ (IXil7 > (2n)74 (2750 + )

(3.8) = CnP(IX|7 > (2n)71 (277 + 1)).
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Consequently, taking ¢ = 277 in (vii), we have by (3.8) that,

00 +

1 1 1

o0 > n"2E (sup k™ va | Xp|a — Q_M>
Z k>n | |

/ <supk_z’lq|Xk; > 2 % +x> dz
k>n
/ (max k™ Pq|X;€\q > 27 Pq—i—:ﬁ)dac
n<k<2n

>CZnT 1/0 P (1X]5 > (2n) 7 (275 +)) da

n=1

[
. HMS HM8 I

Y

8

CS wrid /i P(IX| > y) dy (letting y = (2n)5 (2~ 7 + ).
n=1 n

Pq

The rest proof is similar to (3.5). Hence, (iii) is proved by (vii).
(iii)=>(i): The proof can refer to Theorem 2.1 in Liang et al. [10]. But there
are several differences, which Will be listed as follows.

(1) In the process of proving Z n"2 [P < max |Sk| > an;) dzx < oc:
=1

(a) According to the deﬁmtlon of X,i(4), we can get

R P xin®
I, = Zn /1 P 1211]?%(” Z Xni(4)| > T

n=1 i<k

< in’“—Z /OO (Lnj(p( | >z np/4N))

- 1
n=1 i=1
0o o) qn;

< r—1 €

<>n / P{|X|> = | dx
n=1 1

(3.9 = Z n" "5 <X| > > dy (letting x =n"~ b pay),

n=1 "pq

which together with proof of (3.5) yields that Iy < oco.
(b) Applying Lemma 2.3, C, inequality and Jensen’s inequality to I}, we
have

M/2
I < C’Zn logn) / x~Ma { (Z B(X,(1 EXm-(l))Q) }dm
1
—|—CZn ¥ (logn)™ /Oox—Mq {zn:E|Xm»(l) —EXm(l)|M}dx
1 i=1
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Z logn)

_OO " M/2

/x*Mq (ZEXgia)) +ZE|Xm LAy
1 i=1

=: I11 + Lo

By the choice of M in Liang et al. [10], we can still get IT < co.
(2) There are no detailed proof in Liang et al. [10] for

an 2P(max | Skl >5qnp> < 00.

n=1

Here we give the details.
To begin with, by the truncation in Liang et al. [10], we have

n" %P ( max |Sg| > eqnp)
1<k<n
r—2
n" P <1r<n];aé<n ZXM
- r—2 Eqnp
P Xm- 2
[e%} k sqnl
r—2 P
P Xoni

oo k 1
r—2 . einw
+ Z:ln P (1121;‘:3(” ng(él) > )
(3.10) = J1+Jo+ J3+ Js.
Analogously to (3.9) and E|X|P" < co (implied by (iii)), we have

[e'e] q %
Jo< S P <X| > E47v )

IN
10 110

S ei(i+ 1)
- B (G < )

P”ﬂ8 H

1 i
el el(i+1)» .
P X< ——7 r
1 <4N<| s —IN > "

i=1

<.
Il

Q
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Replacing = by ¢ and removing the sign of integral in the proof of I} < oo,
I, < 00 and I3 < oo in Liang et al. [10], we can easily get J; < oo, Ja < 00

and J3 < 0o, respectively. This completes the proof for (iii)=(i).
(ii)<(i): Actually,

o0 +
_9_ 1
} :nr 2 pqE(HlELX |Sk|q _gnm>
1<k<

o0
= an 25 P(max |Sk\q — enva >t> dt

1<k<

[ s

Hence we get that (ii) is equivalent to (i).

an 2/ ( max \Skﬁ > xnplq) dx (letting t = nﬁ(x —¢))
1<k<n

d

It is well known that complete moment convergence can imply complete

convergence, therefore we can get the following corollary.

Corollary 3.1. Let 0 <p <2, r>1, and let {X, X,,n > 1} be a sequence of
NOD random variables with identical distribution. Assume further that EX =

0 when 1 < p < 2. Denote S, —2:)(“5(1C =85,— X, k=1,2,...

i=
Then the following statements are equwalent

(I) B|X|P" < oo;

(IT) Zn’” 2P<max | Skl >5nP> < 00 for all e > 0;

n=1

- r—2 k) % .
(III) nzln P <1r<nkax 1S > en ) < oo for all e > 0;

- : .
(Iv) ; P (121}?2(“ | Xk| > en > < oo for all e > 0;
(V) Z " 2P<Supk p|Sk|>8)<OOf07’all€>0
n=1 k>n
= 1
(VD) Z n'=*p (sup k™7 | Xg| > 5) < oo for all e > 0.
k>n

n=1

Proof. The proof can be shown as the order in the following chart:

,n,n>1.
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(III) == (IV)

[

(I) == (I)

Lo

(V) == (VI)

At first, we prove (IV) = (I). By (3.3), (3.4) and Lemma 2.2, we get that for
sufficiently large n,

1 - 1
(3.11) P(1r<n;§l§n|Xk >5np> >CkZ_IP<|Xk| >5np>, Ve >0.

Thus, taking € = 1 in (IV) and combining with (3.11) and r > 1, we have

oo
r—2 1
oo>Zn P(lr%l’?%(n|Xk|>nP)
n=1
o0 n L
>0 3P (1l > )
n=1 k=1

= C’Zn’ulP (\X\ > n%)
n=1

:Cinpl iP(m<|X|p§m+1)

n=1 m=n
:C’Z P(m < |X|P Sm—i—l)Zn"_l
m=1 n=1

%

CY (m+1)P(m<|XPP<m+1)
m=1

o0
>C Y EIXIP'I(m < |XPP<m+1)
m=1

(3.12) > CE|X|".

Next, we prove (VI) = (I). By taking ¢ = 277 in (VI), (3.6), (3.7) and (3.8),
we can obtain

(oo}
r—2 -1 -1
o0 > n" P supk 7| Xg| > 2 P)
> (pap et
> anzp( max k7| Xp| > 2_11>)

n<k<2n
n=1
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>0 0T P(IX] > nk).
n=1

The rest proof is the same as (3.12). Hence (I) follows from (VI).

(I) = (II) can be verified by the similar process of proving (3.10). The
rest proof can be easily obtained by Theorem 3.1. This completes the proof of
corollary. O

Remark 3.1. We point out that Corollary 3.1 can be regarded as an extension
of the Baum-Katz complete convergence theorem (see Baum and Katz [2]).

By Definition 1.2, Lemma 2.5 and the similar proof of Theorem 3.1, we can
get the following result.

Theorem 3.2. Let0 <p < 2,7 >1,q> 0 andlet {X,,,n > 1} be a sequence of
NOD random variables, which is stochastically dominated by a random variable
X. Assume further that EX,, =0 when 1 <p < 2, and

P(IX,| > z) > CP(|X] > z)

for any x > 0, where C' is a positive number. Then (i)-(vil) in Theorem 3.1
are equivalent.

Remark 3.2. Theorems 3.1 and 3.2 also hold for other dependent sequences,
such as negatively associated (NA) sequence, negatively superadditive depen-
dent (NSD) sequence and extended negatively dependent (END, see Shen [13])
sequence. The keys to the proofs of Theorems 3.1 and 3.2 are Lemmas 2.1-2.3,
which are satisfied for NA sequence, NSD sequence and END sequence.
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