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Let {Y;, 1 < i < n}and {Z;, 1 < i < n} be sequences of random variables. For any ¢ > 0

and a > 0, bounds for E(| 3%, (Y; + Z;)| — ea)” and E(maxj<xey| Z;‘:l Y+ Z)| - ea)+ are obtained.
From these results, we establish general methods for obtaining the complete moment convergence.
The results of Chow (1988), Zhu (2007), and Wu and Zhu (2009) are generalized and extended
from independent (or dependent) random variables to random variables satisfying some mild
conditions. Some applications to dependent random variables are discussed.
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1. Introduction

Let {X,, n > 1} be a sequence of random variables defined on a fixed probability space
(Q, ¥, P). The most interesting inequalities to probability theory are probably Marcinkiewicz-
Zygmund and Rosenthal inequalities. For a sequence {X;, 1 < i < n} of iid. random
variables with E|X;|7 < oo for some g > 1, Marcinkiewicz and Zygmund [1] and Rosenthal
[2] (1 <g<2and g > 2, resp.) proved that there exist positive constants A, and B, depending

only on g such that

q

n n
E|D(Xi—EX))| <A D EXi|? forl<g<2, (1.1)
i=1 i=1
n q n n /2
E[D(Xi—EX;)| <Bg3 DEIXi|"+ <2E|X,~|2> for g > 2. (1.2)
i=1 i=1 i=1




2 Journal of Inequalities and Applications

The following Marcinkiewicz-Zygmund and Rosenthal type maximal inequalities are well
known. For a sequence {X;, 1 <i < n} of i.i.d. random variables with E|X;|7 < oo for some
q > 1, there exist positive constants C, and D, depending only on g such that

k q .
Emax E(Xi —EXi)| < Cq;]EIXiI" for1<q<2, (1.3)
k q . . 2
Elmkax (Xi—EX;)| <Dy ZE|X1'|7 + <ZE|Xi|2> for g > 2. (1.4)
<ksn| i e P

Note that (1.3) and (1.4) imply (1.1) and (1.2), respectively. The above inequalities
have been obtained for dependent random variables by many authors. Shao [3] proved that
(1.3) and (1.4) hold for negatively associated random variables. Asadian et al. [4] proved that
(1.1) and (1.2) hold for negatively orthant dependent random variables.

For a sequence of some mixing random variables, (1.4) holds. However, the constant
D, depends on both g and the sequence of mixing random variables. Shao [5] obtained
(1.4) for ¢-mixing identically distributed random variables satisfying 32, ¢'/2(2") < oo.
Shao [6] also obtained (1.4) for p-mixing identically distributed random variables satisfying
>, p*4(2") < co. Utev and Peligrad [7] obtained (1.4) for p*-mixing random variables.

The concept of complete convergence was introduced by Hsu and Robbins [8]. A

sequence {X,, n > 1} of random variables is said to converge completely to the constant
0 if

> P(X, -6 >€) <o Ve>0. (1.5)

n=1

In view of the Borel-Cantelli lemma, this implies that X,, — 0 almost surely. Therefore the
complete convergence is a very important tool in establishing almost sure convergence of
summation of random variables. Hsu and Robbins [8] proved that the sequence of arithmetic
means of i.i.d. random variables converges completely to the expected value if the variance
of the summands is finite. Erdos [9] proved the converse.

The result of Hsu-Robbins-Erdos has been generalized and extended in several
directions. Baum and Katz [10] proved that if {X,,, n > 1} is a sequence of ii.d. random
variables with E|X;| < oo, E|Xj|P! <00 (1 <p <2, t>1)is equivalent to

i(Xi - EX;)

i=1

int‘zp <
n=1

> enl/”> <o VYe>0. (1.6)

Chow [11] generalized the result of Baum and Katz [10] by showing the following complete
moment convergence. If {X,,, n > 1} is a sequence of i.i.d. random variables with E|X; "' < oo
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forsome 1l <p <2andt>1, then

> (Xi- EX,-)‘ - enl/”> <o Ve>0, (1.7)

i=1

[o0)
Znt—Z—l/pE
n=1

where a* = max{a,0}. Note that (1.7) implies (1.6) (see Remark 2.6).

Recently, Zhu [12] obtained a complete convergence for p*-mixing random variables.
Wu and Zhu [13] obtained complete moment convergence results for negatively orthant
dependent random variables.

In this paper, we give general methods for obtaining the complete moment
convergence by using some moment inequalities. From these results, we generalize and
extend the results of Chow [11], Zhu [12], and Wu and Zhu [13] from independent (or
dependent) random variables to random variables satisfying some conditions similar to
(1.1)—(1.4).

2. Complete Moment Convergence for Random Variables

In this section, we give general methods for obtaining the complete moment convergence
by using some moment inequalities. The first two lemmas are simple inequalities for real
numbers.

Lemma 2.1. For any real numbers a, b, ¢, the inequality holds
(la+b=lc)™ < (lal = le))™ + [b]. (2.1)

Proof. The result follows by an elementary calculation. O
The following lemma is a slight generalization of Lemma 2.1.

Lemma 2.2. Let {a;, 1 <i<n}and {b;, 1<i<n} betwo sequences of real numbers. Then for any
real number c, the inequality holds

+ +
<max|ai +b;| - |c|> < <max|a,-| - |c|> + max|b;|. (2.2)
1<i<n 1<i<n 1<i<n

Proof. By Lemma 2.1, we obtain

+
(m.aXIai +bi| - |CI> = max(|a; + b| - [c)" < max{(|ai| - [c)" +|bi}
1<i<n 1<i<n 1<i<n (2 3)

+
< max(|a;| —|c|)* + max|b;| = <max|ai| - |c|> + max|b;|.
1<i<n 1<i<n 1<i<n 1<i<n

The next two lemmas play essential roles in the paper. Lemma 2.3 gives a moment
inequality for the sum of random variables.
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Lemma 2.3. Let {Y;, 1<i<mn}and {Z;, 1 <i< n} besequences of random variables. Then for any
g>1,e>0a>0,

+ q
n 1 1 1 n n
i=1 i=1 i=1
Proof. By Lemma 2.1,
n + n + n
E( > (Yi+Z) —ea> §E< ZYi‘—ea> +E Zzi‘. (2.5)
i=1 i=1 i=1

On the other hand, we have by Markov’s inequality that

n + (o)
E< ZYi‘—ea> :f P< —ea>t>dt
i=1 0

n

S

i=1

:f P( Y, >ea+t>dt+J P< Y; >ea+t>dt
0 i=1 a i=1
gaP< Y, >€a>+J P< Y, >t>dt (2.6)
i=1 a i=1
E|S™.Y; q n 9 ~co
< M +E ZYI ldt
edqq-1 = a td
q
1 1 1 L
Substituting (2.6) into (2.5), we have the result. O

The following lemma gives a moment inequality for the maximum partial sum of
random variables.

Lemma 2.4. Let {Y;, 1 <i<n}and {Z;, 1 <i<n} besequences of random variables. Then for any
g>1,e>0,a>0,

q

+ Emax
1<k<n

k k

>y,

i=1

k

Zz,-‘. (2.7)
1

i=

: (1 1 ) 1
—€a <(—+—— )—Emax
el gq-1/a%! icksn

E (max Y+ Z;)
1<k<n 1

i=
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Proof. By Lemma 2.2,

k * k * k
; Dl = < | - il 2.8
E<1ng1léag>:l ;(Y, +Z;) ea) < E<{2&>1<1 ;Yl‘ ea> + Eg&)ﬁl ;Z,' (2.8)
The rest of the proof is similar to that of Lemma 2.3 and is omitted. O

Now we state and prove one of our main results. The following theorem gives
a general method for obtaining the complete moment convergence for sums of random
variables satisfying (2.9). The condition (2.9) is well known Marcinkiewicz-Zygmund
inequality.

Theorem 2.5. Let {X,;, 1 < i < n, n> 1} bean array of random variables with E|X,;| < oo for
1<i<n n>1 Let {a, n>1}and {b,, n > 1} be sequences of positive real numbers. Suppose
that the following conditions hold.

(i) For some 1 < q < 2, there exists a positive constant C, depending only on q such that

q n
<COE|X,|T va>1, (2.9)
i=1

n

2. (X - EX)

i=1

E

where Xfm- = Xl (|Xnil < an) + anl (Xni > an) — anl (Xpi < —ay).
(11) Z:f:l bna;q Z?:l E|Xm'|q1(|Xni| < an) < 0.

(iil) 3%, bua;t Sy ElXoilI(1Xil > an) < oo.

Then
0 b n +
Za—"5< > (Xni — EXui)| - ean> <o Ve>0. (2.10)
n=1"" i=1

Proof. Observe that

E|X;|" = E1Xui|"T(|X | < an) + agP(|Xui| > an) o)
2.11
< ElXil TT(Xoi] < @) + @l E[ Xl L(1Xoi] > an),

Elxni - X;11| = E|(Xui — an) I(Xni > an) + (Xui + an) 1 (Xpni < —ay)| (212)
< E|Xn1|I(|Xm| > an)'
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Then we have by Lemma 2.3, (2.9), (2.11), and (2.12) that

i%lf( —ean>

n=1""1
S, - EX)
i=1

n

> (Xni — EXyi)

i=1

1 1 n P
(eq Ta- 1>Z_Z
& 1’l
Za—

=1

IN

3000 X, - EGt-X,))

(2.13)
1 1 o0 " n
<G5+ ) S S EX I 23 2 S X - X
et q n=19n i=1 n=1 i3
1 1 &by
< -+ — = X T (| Xi] < an
<Co(Gi+ 757) S S I0%a < o)
1 1 &by <
oG+ 7)< 2 S S ER Xl > ).
1 1 nzla" i=1
The above two series converge by (ii) and (iii). Hence the result is proved. O

Remark 2.6. If (2.10) holds, then X7 by P(| 311 (Xui — EXpi)| > €an) < oo for all € > 0, since

+
n
E( Z(Xni - EXyi)| - €an>
i=1
n
Z ni — EXm

(8
(3

—ea, > t> dt
> ea, + t) dt
> Zean>.

Hence complete moment convergence is more general than complete convergence.

(2.14)
> (Xui = EXni)

i=1

n
> eanP<

> (Xui — EXyi)

i=1

When g > 2, we have the following theorem. Condition (2.15) is well-known Rosenthal
inequality.

Theorem 2.7. Let {X,;, 1 < i < n, n> 1} be an array of random variables with E|X,;| < oo for
1<i<nn>1 Let{a, n>1}and {b,, n > 1} be sequences of positive real numbers. Suppose
that the following conditions hold.
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(i) For some q > 2, there exists a positive constant C, depending only on q such that

q q/2
<C {ZE|X <ZE|X ) } Yn>1, (2.15)

i —EX)

where X! . = Xpil (|1 Xni| < an) + anl (Xpi > ay) — anl (Xpi < —ay).

(11) Z:f:l bna;q Z?:l E|Xni|q1(|Xni| < an) < 0.
(iif) 3524 bna1_11 it EIXil I(1Xni] > an) < oo.
(iv) 3%, b(S", E|Xl"/al)1"? < oo for some 0 < 7 < 2.

Then (2.10) holds.

Proof. The proof is same as that of Theorem 2.5 except that

i—% <ZE|X >q/2 = ibn <§;E D

1an \i=1 =1 i1 | 9n
0 n ] q/2 !
< an <ZE i > <since < 1> (2.16)
s -1 | 9n n
[ee] n X T q/z
< by <ZE = > < co.
=1 i-1 | 9n
O

Corollary 2.8. Let {a,, n > 1} be a sequence of positive real numbers. Let {X;, 1 <i<n, n>1}
be an array of random variables satisfying (2.15) for some q > 2. Suppose that the following conditions
hold.

(i) 3oy an’ ity EIXil (Xl < an) < 0.
(i) >4 a;l Z?:l E| X il I(|X0i| > an) < co.
(iil) >0 (h E|Xnil" /al)® < oo for some 0 <r <2and 0 <s < q/2.

Then

i(Xni - EXni) —€

i=1

a,,> <o VYe>0, (2.17)

1
—E
S (
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and hence,

n

> (Xni = EXumi)
i=1

Sr(

n=1

> ean> <o Ve>D0. (2.18)

Proof. By Remark 2.6, (2.17) implies (2.18). To prove (2.17), we apply Theorem 2.7 with b, = 1.
Since 0 <s<q/2,

— E |Xni|r s = = |Xni|r "\ 2.19
S( X <(Z(2E7E < oo, (2.19)

Hence the result follows by Theorem 2.7. O

The following theorem gives a general method for obtaining the complete moment
convergence for maximum partial sums of random variables satisfying condition (2.20).

Theorem 2.9. Let {X,;, 1 <i < n, n> 1} be an array of random variables with E|X,;| < oo for
1<i<nn>1 Let{a, n>1}and {b,, n > 1} be sequences of positive real numbers. Suppose
that the following conditions hold.

(i) For some 1 < q < 2, there exists a positive constant C, depending only on g such that
q p q aep g oniy on gq

k q

n
<C Y E|X,|T vn>1, (2.20)
i=1

Emax
1<k<n

(X = EXG)
1

i=

where X;“- = Xuill (| Xnil < an) + anl (Xpi > an) — anl(Xyui < —ay).

(ii) X521 buan’ Sy E1Xnil T(1Xoil < an) < 0.

(ifl) 3521 buay' Sy EIXuil [(1 Xl > an) < 0.
Then

k

N
(Xni — EXi)| - ean> <o Ve>D0. (2.21)
1

b
Z—"E max
- ay 1<k<n

n

i=
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Proof. The proof is similar to that of Theorem 2.5. We have by Lemma 2.4, (2.20), (ii), and (iii)

that
> +

Z(X - EX};)

Z(Xm EXy)| -

n=1

b
Z—"E max
an 1<k<n

q

1 1 b,
<4y -
< (54— ) 2 2 Emax

1 q- n= 1a

[©e]

E max
Ay, 1<k<n

sa,(% %)2—%2 |‘7+2Z ZE|Xm
(&)

k
zmrxfﬂmr%w

(2.22)

n=1 "1 1

|Xm|q1(|Xm| < ap)

1 1 » n
+ {Cfl<€_q + _) +2}Za_nz | Xl (| X0i] > an) < o0.

Hence the result is proved. O

Remark 2.10. If (2.21) holds, then >.7>; b, P(maxXi<j<y]| Zle (Xni — EXyi)| > ean) < oo for all

€ > 0, since, as in Remark 2.6,
.
—-€ay > ea,P| max
1<k<n

E( max
1<k<n

When g > 2, we have the following theorem.

Z(Xm EXu)

Z(Xm EXi)

> 2€an> (2.23)

Theorem 2.11. Let {X,;, 1 <i < n, n> 1} be an array of random variables with E|X,;| < oo for
1<i<nn>1 Let{a, n>1}and {b,, n > 1} be sequences of positive real numbers. Suppose
that the following conditions hold.

(i) For some q > 2, there exists a positive constant C, depending only on q such that

Emax
1<k<n

Z(X - EX};)

q q/2
<C{ZE|X <ZE|X > }fornZl, (2.24)

where X, = Xpil (| Xnil < an) + anl(Xui > an) = anl (Xpi < —an).
(i) 352y buan’ Sy EXnil T(1 Xl € an) < o0,
(iii) X2 buayt S E| Xl I(|Xni| > an) < co.
(iv) 32, by (S8, ElXil"/al)?? < oo for some 0 < r < 2.
Then (2.21) holds.
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Proof. The proof is similar to that of Theorem 2.9 and is omitted. O

Corollary 2.12. Let {a,, n > 1} be a sequence of positive real numbers. Let {Xpi, 1<i<mn, n>1}
be an array of random variables satisfying (2.24) for some q > 2. Suppose that the following conditions
hold.
(1) o2 an’ ity ENXuil T(1 Xl < an) < oo,
(i) 352 ap" iy ElXnill(1Xnil > an) < oo,
(iil) >0y (Sh E|Xnil" /al)® < oo for some 0 <r <2and 0 <s < q/2.

Then
(oo} 1 +
> —E( max Z(Xm EX,)| -€a, ) <o Ve>0, (2.25)
o ay 1<k<n
and hence,
0 k
> P max| > (Xui — EXu)| >€ay ) <oo Ve >0. (2.26)
o 1<ksn |4

Proof. By Remark 2.10, (2.25) implies (2.26). As in the proof of Corollary 2.8,

. o /o iy r\ N\ V)
S (EE)) - e

Hence the result follows by Theorem 2.11 with b, = 1. O

3. Corollaries

In this section, we establish some complete moment convergence results by using the results
obtained in the previous section.

Throughout this section, let {¥,(t), n > 1} be a sequence of positive even functions
satisfying

Wa(lt)
It

W (It)
|t

T, L oasl? (3.1)

for some p > 1.
To obtain complete moment convergence results, the following lemmas are needed.

Lemma 3.1. Let X be a random variable and {¥,(t), n > 1} a sequence of positive even functions
satisfying (3.1) for some p > 1. Then for all a > 0 and n > 1, the followings hold.

(i) If g > p, then E|X|71(|X| < a)/a? < E¥,.(IX])/¥,(a).
(ii) EIX|I(|X]| > a)/a < E¥,(IX]) /¥, (a).
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Proof. First note by W,(|t[)/[t| T that ¥,(|t|) is an increasing function. If g > p, then
. (|E) /|tP | implies ¥, (|t])/[t]7 |, and so

(X)) | ¥aOXI(X| < @) | XII(X] < @)

¥i(a) ~ v, (a) = P (3.2)
Hence (i) holds. Since W, (|t)/|¢] 1,

‘{’I!(I(i)l) . %(lxgﬂﬂ >a) |X|I(|i(| >a) s
So (ii) holds. .

Lemma 3.2. Let {X,i, 1 <i < n, n > 1} be an array of random variables with E|X,i| < oo for
1<i<nn>1 Let {a, n>1}and {b,, n > 1} be sequences of positive real numbers. Assume
that {¥,(t), n > 1} is a sequence of positive even functions satisfying (3.1) for some p > 1 and

EYi(1Xnil)

Zb 12 Y, (a,) < co. (3.4)

Then the followings hold.

(1) Ifq > P, then Z;.lo:1 bna;q Z?:l E|Xni|q1(|Xm'| < an) < co.
(i) >0y bya;! Sty E) Xl I(|1 Xnil > an) < oo.

Proof. The result follows from Lemma 3.1. O

By using Lemma 3.2, we can obtain Corollaries 3.3, 3.4, 3.5, 3.6 from Theorem 2.5,
Corollary 2.8, Theorem 2.9, Corollary 2.12, respectively.

Corollary 3.3. Let {a,, n > 1} and {b,, n > 1} be sequences of positive real numbers {¥,(t), n >
1} a sequence of positive even functions satisfying (3.1) for some 1 < p < 2. Assume that {X,;, 1 <
i <n, n>1}isan array of random variables satisfying (2.9) for q = p and (3.4). Then (2.10) holds.

Corollary 3.4. Let {a,, n > 1} be a sequence of positive real numbers {¥,(t), n > 1} a sequence of
positive even functions satisfying (3.1) for some p > 2. Assume that {X,;, 1 <i<n, n>1}isan
array of random variables satisfying (2.15) for some q > max{p,2s} (s is the same as in (3.6)),

$ $EEXul)

¥, (an) o0, (3.5)

n=1 i=1

Z<Z |Xm|> <oo forsome0<r<2, s>0. (3.6)

n=1 n

Then (2.17) holds and hence, (2.18) holds.
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Corollary 3.5. Let {a,, n > 1} and {b,, n > 1} be sequences of positive real numbers {¥,(t), n >
1} a sequence of positive even functions satisfying (3.1) for some 1 < p < 2. Assume that {X,;, 1 <
i <n, n>1}isanarray of random variables satisfying (2.20) for g = p and (3.4). Then (2.21) holds.

Corollary 3.6. Let {a,, n > 1} be a sequence of positive real numbers {¥,(t), n > 1} a sequence of
positive even functions satisfying (3.1) for some p > 2. Assume that {X,;, 1 <i<n, n>1}isan
array of random variables satisfying (2.24) for some q > max{p,2s} (s is the same as in (3.6)), (3.5),
and (3.6). Then (2.25) holds and hence, (2.26) holds.

Remark 3.7. Marcinkiewicz-Zygmund and Rosenthal (type) inequalities hold for dependent
random variables as well as independent random variables.

(1) For an array {X,;, 1 <i < n, n > 1} of rowwise negatively associated random
variables, condition (2.20) holds if 1 < g < 2, and (2.24) holds if g > 2 by Shao’s [3] results.
Note that {X;”., 1 <i<n, n>1}isstill an array of rowwise negatively associated random
variables. Hence Corollaries 3.3-3.6 hold for arrays of rowwise negatively associated random
variables.

(2) For an array {X,;, 1 <i < n, n > 1} of rowwise negatively orthant dependent
random variables, condition (2.9) holds if 1 < g < 2, and (2.15) holds if g > 2 by the results of
Asadian et al. [4]. Hence Corollaries 3.3 and 3.4 hold for arrays of rowwise negatively orthant
dependent random variables. These results also were proved by Wu and Zhu [13]. Hence
Corollaries 3.3 and 3.4 extend the results of Wu and Zhu [13] from an array of negatively
orthant dependent random variables to an array of random variables satisfying (2.9) and
(2.15).

(3) For an array {X,;, 1 < i < n, n > 1} of rowwise p*-mixing random variables,
condition (2.24) does not necessarily hold if g > 2. As mentioned in Section 1, Utev and
Peligrad [7] proved (1.4) for p*-mixing random variables. However, the constant D, depends
on both g and the sequence of p*-mixing random variables. Hence condition (2.24) holds
for an array of rowwise p*-mixing random variables under the additional condition that D,
depending on the sequence of random variables in each row are bounded. So Corollary 3.6
holds for arrays of rowwise p*-mixing random variables satisfying this additional condition.
Zhu [12] obtained only (2.26) in Corollary 3.6 when the array is rowwise p*-mixing random
variables satisfying the additional condition. This additional condition should be added in
Zhu [12]. Hence Corollary 3.6 generalizes and extends Zhu's [12] result from p*-mixing
random variables to more general random variables.

Finally, we apply the complete moment convergence results obtained in the previous
section to a sequence of identically distributed random variables.

Corollary 3.8. Let {X,, n > 1} be a sequence of identically distributed random variables with
E|Xi|Pt < oo for some 1 < p < 2and t > 1. Assume that for any q > 2, there exists a positive

constant C, depending only on q such that
/2
2> } (3.7)

where X:, = X;I(1Xi| < n'/P) + n?/PI(X; > n'/P) = n'/PI(X; < —n'/P). Then (1.7) holds.

E

n
2 (X - EX3)
i=1

n
14 <ZE|X;‘”.
i=1

q n
< SEIX;
i=1
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Proof. Let Xy,; = X; for 1 <i < n,n > 1. We apply Theorem 2.7 with a, = n'/? and b, = n'2.
Take r and g > 2 such that p < r <min(2,pt}, q/p—-t>0,and (r/p-1)(q/2) =t +1 > 0. Then
it is easy to see that

SIS EXFI(1Xi € /7)< oo,

n=1 i=1

S S EX (X > 1) < oo (38)
n=1 i=1

S £Xil
;nt2<§ nr/p> <o

Hence the result follows from Theorem 2.7. O

Corollary 3.9. Let {X,, n > 1} be a sequence of identically distributed random variables with

E|Xi|Pt < oo for some 1 < p < 2and t > 1. Assume that for any q > 2, there exists a positive
constant C, depending only on q such that

q <C {ZE|X <ZE|X >q/2}, (3.9)

where X:, = X;I(1Xi] < n'/P) + n!/PI(X; > n!/P) = n'/PI(X; < —=n'/P). Then

Emax
1<k<n

Z(X - EX;;)

k +
Z(X EX)‘—en P> <o Ve>0. (3.10)

[o'e)
Znt‘z‘l/ PE( max
1<k<n

n=1

Proof. As in the proof of Corollary 3.8, (3.8) are satisfied. So the result follows from
Theorem 2.11. O

Remark 3.10. If {X,, n > 1} is a sequence of i.i.d. random variables, then conditions
(3.7) and (3.9) are satisfied when q > 2. Hence Corollaries 3.8 and 3.9 generalize and
extend the result of Chow [11]. There are many sequences of dependent random variables
satisfying (3.7) for all g > 2. Examples include sequences of negatively orthant dependent
random variables, negatively associated random variables, p*-mixing random variables, ¢-
mixing identically distributed random variables satisfying 372, ¢'/?(2") < oo, and p-mixing
identically distributed random variables satisfying 3> p?/9(2") < oo. The above sequences
of dependent random variables except negatively orthant dependent random variables also
satisfy (3.9) when g > 2. Hence Corollaries 3.8 and 3.9 hold for many dependent random
variables as well as independent random variables.
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