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Let X={X;;: 1 <i,j <n}beann xn array of independent random variables where n > 2. Let 7w be a
uniform random permutation of {1, 2, ..., n}, independent of X, and let W = Z?:] Xizn(@i)- Suppose X is
standardized so that EW = 0, Var(W) = 1. We prove that the Kolmogorov distance between the distribution
of W and the standard normal distribution is bounded by 451 ZZ,‘:] E|X;; |3/n. Our approach is by Stein’s
method of exchangeable pairs and the use of a concentration inequality.
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1. Introduction and statement of the main result

Motivated by permutation tests in non-parametric statistics, Wald and Wolfowitz [23] proved a
central limit theorem for the combinatorial statistics Z?:l aiby iy where {a;, bj: i,j € [n] :=
{1,2,...,n}} are real numbers and 7 is a uniform random permutation of [n]. Their result
was generalized to real arrays {c;;: i, j € [n]} by Hoeffding [14]. Extension to random arrays
{Xij: i, € [n]} where the X;; are independent random variables was considered by Ho and
Chen [13]. Using the concentration inequality approach in Stein’s method, they proved a bound
on the Kolmogorov distance between the distribution of ) 7_; Xix(;) and the normal distribu-
tion with the same mean and variance. The bound in Ho and Chen [13] is optimal only when
|X;j| < C for some C > 0. A third-moment bound for a combinatorial central limit theorem for
real arrays {c;;: i, j € [n]} was obtained by Bolthausen [2], who used Stein’s method and in-
duction. However, the absolute constant in the bound in Bolthausen [2] is not explicit. A bound
with an explicit constant for real arrays with |¢;j| < C was obtained by Goldstein [11] using
Stein’s method and zero-bias coupling (see also Chen, Goldstein and Shao [6]). Under the same
setting as Ho and Chen [13], Neammanee and Suntornchost [18] stated a third-moment bound.
They used the same Stein identity in Ho and Chen [13], which dates back to Chen [3], and the
concentration inequality approach. However, there is an error in the proof in Neammanee and
Suntornchost [18], where the first equality and the second inequality on page 576 are incorrect
because of the dependence among S(t), AS and M(t). Although the bound obtained by Neam-
manee and Rerkruthairat [17] (see Theorem 1.1 on page 1591) simplifies to a third-moment
bound plus a term of a smaller order, the latter contains an undetermined constant. Besides, the
proof of Theorem 1.1 uses a result of Neammanee and Rattanawong [16] (see (23) on page 21),
whose correctness is in question.

1350-7265 © 2015 ISI/BS


http://www.bernoulli-society.org/index.php/publications/bernoulli-journal/bernoulli-journal
http://dx.doi.org/10.3150/13-BEJ569
mailto:matchyl@nus.edu.sg
mailto:stafx@nus.edu.sg

336 L.HY. Chen and X. Fang

In this paper, we give a different proof of the combinatorial central limit theorem. Our result
gives a third-moment bound with an explicit constant under the setting of Ho and Chen [13]. Our
approach is by Stein’s method of exchangeable pairs and the use of a concentration inequality.
The use of an exchangeable pair simplifies the construction of a Stein identity as compared to
the construction in Ho and Chen [13], Neammanee and Suntornchost [18] and Neammanee and
Rerkruthairat [17].

Stein’s method was introduced by Stein [21,22] and has become a popular tool in proving
distributional approximation results because of its power in handling dependence among random
variables. We refer to Barbour and Chen [1] and Chen, Goldstein and Shao [6] for an introduction
to Stein’s method. The notion of exchangeable pair was introduced by Stein [22], and first used
in Diaconis [10]. The concentration inequality approach was also introduced by Stein (see Ho
and Chen [13]) and was developed by Chen [4,5] and Chen and Shao [7,8]. This approach pro-
vides a smoothing technique and a way of obtaining third-moment bounds on the Kolmogorov
distance.

The following is our main result.

Theorem 1.1. Let X = (X;;: i, j € [n]} be an n x n array of independent random variables
where n > 2, EX;; = ¢;;, Var X;; = Ul% >0 and ]EIX,-J-|3 < 00. Assume

Ci~=c-j =O, (11)
where c;. = sz:] cij/n, c.j =Y cij/n. Let w be a uniform random permutation of [n],
independent of X, and let W =Y _"_| Xin(). Then
ey
1 & |
_ _ 2 - 2
Var(W) = — Z o+ — Z . (1.2)
i,j=1 i,j=1
(2) assuming Var(W) =1, we have
sup| P(W < 2) — ®(2)| <451y, (1.3)

zeR
where ® is the standard normal distribution function and
y=- imxi»ﬁ (1.4)
= '
Specializing Theorem 1.1 to the case where o;; = 0, we have

451 &
sup| P(W <2) = ®(@)| = — 3 e, (1.5)

zeR i, j=1
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Moreover, if |c;j| < C forall i, j € [n], then

sup| P(W <z) — ®(z)| <451C. (1.6)
zeR

Remark 1.2. The constant 451 in (1.5), and therefore that in (1.6), can be reduced by a modifi-
cation of the proof of Theorem 1.1 for the special case where o;; = 0. The error bound in (1.5)
was obtained by Bolthausen [2] except that the constant in his bound is not explicit. In the case
where |c;j| < C, the error bound in (1.6) is of the same order as that in Goldstein [11] and in
Theorem 6.1 of Chen, Goldstein and Shao [6], although the constant in Theorem 6.1 of Chen,
Goldstein and Shao [6] is 16.3, which is smaller. The constant 16.3 is not directly comparable
to the constant 451 in (1.3) and (1.5) as the bounds in (1.3) and (1.5) are of third moment type,
which may be smaller.

Remark 1.3. Any n x n array of independent random variables {Y;;: i, j € [n]} with EY;; =
Wij, VarY;; = al%. >0 and I[<I|Y,~j|3 < 00 can be reduced to the array in Theorem 1.1 satisfying
(1.1) by defining ¢;j = w;j — pj. — p.j + .. and X;; = Y5 — . — pj + fh...

Theorem 1.1 has the following corollary for simple random sampling from independent ran-
dom variables.

Corollary 1.4. Let {Y1,...,Y,} be independent random variables with EY; = u;, Var(Y;) =

Giz > 0. For a positive integer k < n, let {Yg,, ..., Yg} be uniformly chosen from {Yy,...,Y,}
without replacement, and let V = Zf:l Y, . Then we have

P(V_k‘_‘ y) _ o)
o

BRI
<— [kZE‘ (Y—u,>+—(Y—

sup
zeR

(1.7)

+(n— )

where

p=) wi/n. o’ =Var(V)= Z ?+ k; Z( =
i=1

and ® is the standard normal distribution function.

Proof. Using the same idea as in the Poisson approximation for the hypergeometric distribution
in Corollary 3.4 of Chen [3], we let the n x n array Y be such that the first k rows are 1ndepen-
dent copies of {Y1, ..., Y,} and the other rows are zeros. Then L(}_"_, Yiz)) = E(Z —1Ys).
Therefore, the bound (l 7) follows from Theorem 1.1 and Remark 1.3.

Our interest in Corollary 1.4 is motivated by the work of Wolff [24] who considered sampling
without replacement of independent random variables in the construction of random embeddings
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which are with high probability almost isometric in the sense of Johnson and Lindenstrauss
[15]. In Corollary 1.4, if u; = 0 for all i € [n], then ol = fz;‘zl al.z and the error bound in

(1.7) reduces to Hlk 27: 1 ElY; |3. Wolff [24] studied this special case and obtained the bound

no3
% Z:'l:l IElYi|3 for the Wasserstein distance. The case where o; = 0 for all i € [n] in Corol-
lary 1.4 was considered by Goldstein [12] using zero-bias coupling, where a similar bound with
a smaller constant was obtained for the Wasserstein distance (see Theorem 5.1 of Goldstein [12]).

Although we will not consider Wasserstein distance in this paper, we wish to mention that a
Wasserstein distance bound can be obtained for the normal approximation for £(W) where W is
defined in Theorem 1.1. The proof for the bound will not require a concentration inequality and
the bound will have a smaller constant. Indeed, a bound with a smaller constant has been obtained
for the Wasserstein distance in Theorem 6.1 of Goldstein [12] in the case where o;; = 0.

In the next section, we prove a concentration inequality using exchangeable pairs (Lemma 2.1)
and apply it to random variables with a combinatorial structure similar to that of W in Theo-
rem 1.1. In Section 3, we prove our main result, Theorem 1.1, by Stein’s method of exchangeable
pairs and the concentration inequality approach.

2. A concentration inequality for exchangeable pairs

Assuming the existence of an exchangeable pair (S, S) satisfying an approximate linearity con-
dition, the next lemma provides a bound on P(S € [a, b]).

Lemma 2.1. Suppose (S, S’) is an exchangeable pair of square integrable random variables and
satisfies the following approximate linearity condition

E(S' - SIS)=—-AS+R (2.1

for a positive number A and a random variable R. Then, for a < b,

P(S €la,bl)
E|S| +EIR —
- ST+ EIR|/A b—a 2.2)
ES? —EISR|/A—1/2\ 2
1 1 2
+ Var( E( — (8" = $)°I(|S"— S| <9)IS ) ).
ES2 —E|SR|/A—1/2 21
where
E[S' — S|
3:% (2.3)

provided that ES? —E|SR|/A» —1/2 > 0.

Remark 2.2. Bounding the last term on the right-hand side of (2.2) involves studying the condi-
tional distribution of (S’ — )2 given S. Truncating |S" — S| at § allows us to keep within third
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moments. Shao and Su [20] has also used a concentration inequality for exchangeable pairs in
their study of character ratios of the symmetric group. Their concentration inequality, which is
different from ours, is easier to prove than ours but may not be easy to apply to the combinatorial
central limit theorem.

Proof of Lemma 2.1. Without loss of generality, assume § < co. From the exchangeability of S
and S/,

E(S" = $)(f(S) + f(5)) =0 (2.4)

for all f such that the above expectation exists. Therefore,
E(S" = S)(f(S) = £(9)) =2E(S = §') £(S).

Using the approximate linearity condition (2.1) for the right-hand side of the above equation, we
have for absolutely continuous f,

ESf(S) = %E(S’ — S)(f(S’) — f(S)) + %ERf(S)
2.5
1 §'=$ 1
= —E(S’—S)/ I (S+1)dt + —ERF(S).
2 0 A
The identity (2.4) was introduced by Stein [22] and (2.5) was obtained by Stein [22] in the case
R =0 and by Rinott and Rotar [19] for R # 0.
Let f be such that f'(w) =1(a —8 <w < b+8) and f(%52) = 0. Therefore, | f| < 252 + 6.
Using the property that for all w, w’ € R,

(w/—w)f B f(w+1t)dr >0,
0

we have
1 S'—S
—IE(S/—S)/ I (S+1n)det
2A 0

NE
%E(S/—S)/ F(S+ndi(|S" =S| <8)I(S €la,b)
0

v

EI(S €la,b]) = (5" — 8)°1(|S' - S| <)

1
21
=EI(S € a, b])[E(%(S’ —8)’1(|s' =8| < 6)|S) - E%(S/ —8)’1(|s' =8| < 5)}

+EI(S €a, b])]E%(S’ —8)’1(|s' - 5| <)

=—R; + R».
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Using the Cauchy—Schwarz inequality,
R < \/Var(]E(%(S’ —8)’1(|s' =8| < 8)|S>).

E(S' — S)* =2ES(AS — R) = 2AES> — 2ESR.

From (2.1),

Therefore,

Ry=P(S€la, b])Ei(s’ ~5)*~P(Sela, b])E%(S’ —8)*1(|s' - S| > 3)

2
> P(Se [a,b])(ES2 - ESTR> _P(se [“’b])é%;w
= P(Se [a,b])<E52 _ ESTR _ %)
> P(Se [a,b])<E32 _ w _ %)

where in the last equality we used the definition of § in (2.3). Using the fact that | f| < b%“ + 4,

we have
- b—a 4 E|R|
-\ 2 A

The lemma is proved by applying all the above bounds to (2.5). g

IESF(S)| < (b%a +8>E|S|, HERf(S)

Now we apply Lemma 2.1 to establish a concentration inequality for a sum S which is defined
as follows. Let X be the n x n array defined in Theorem 1.1 satisfying (1.1) and

1 & 1 <
2 2
" Z"i/+n_1 D=1 (2.6)

i,j=1 i,j=1

For n > 6 and m € {2, 3, 4}, we remove the last m rows and columns from the original array X.
Let 7 be an independent uniform random permutation of [n — m]. Define the variable S by

n—m
S=" Xiz). (2.7)
i=1

To prove a concentration inequality for S, we need the following lemma which estimates the
second moment of S.
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Lemma 2.3. Let S be defined by (2.7) for some m € {2, 3,4} and n > 6. Suppose y < 1/co where
y was defined in (1.4). Under the assumptions (1.1) and (2.6), we have

n—1 2n 24n RS < n 24n 2.8)
n—2 (n—4)c2/3 =52~ “n—-5 m-57% '
Proof. Writing Zlii#i%m Zlik#snfm as
)IEEEIED DD DD DR DI D DR D
1<i,jk,l<n—m 1<i=j<n—m1<k,l<n—m 1<i,j<n—m1<k=I<n—-m 1<i=j<n—m 1<k=I<n—m
and using the assumption (1.1),
n—m
s? =E<Z Xir(i)) ZEX,T(Q + Y EXiwXje()
i=1 1<i#j<n—m
n—m l
= DB+ o= ) > EXuX
o =@\ ikizn—m | <kstl<n—m
| 1
2 2
= 0Tm D (d+al)+ —m) > e
i =1 @ \<istj<n—m1<kstl<n—m
1 n—m 1 n—m
2 2
= Z ojj + — Cij (2.9)
n—m = n—m =
1 n—m (nm n—m n—m
Cik cjl — Cil Cjk + Czk)
(n—m)a) 42 =1 =1 =1
n—m 1 n—m
_ 2 2
i,j=1 i,j=1
1 n—m n n n
@521 \ki=n—m+1 k=n—m-+1 I=n—m+1

with the falling factorial notation (n —m) ) := (n —m)(n —m — 1). Under the assumption (2.6),
ES? is close to 1 intuitively. We quantify it as follows. From (1.1) and (2.6),

20 IE

i=1 k=n—m+1

| <mn—1).

S £ )

ij=1 k=n—m+1
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Similarly,
n—m n

Cij Clj
i,j=1 I=n—m+1

<m(n—1).

Moreover,

n

<m? Z c,%l <m*(n—1).

n

n—m
2 ). cu

n 2
k,l=n—m+1

i,j=1 k,l=n—m+1 k,l=n—m+1
Therefore, from (2.9),
1 " Cm+m?)(n—-1) n 24n
ES?< ——— 2 )
_n—m—lz(al]+clf)+ (n—m) _n—5+(n—5)2

i,j=1

Now we prove the lower bound. Since y < 1/cq, using Holder’s inequality, we have

n 2/3
Y. (h+a)= ) EX%s(sn)l”(ZEw) < 2n/c)>.

I<i, jsni>n—m I<i,j<mi>n—m i j=1
or j>n—m or j>n—m
Therefore,
n—m
2y 2
_ T (n—=5)?
- LY ehrd) -
- : —-m 1<i,j<nii>n—m lj (n - 5)2
“or ?>n7m
_n-l 2n 24n
=2 - -9 .

In the next proposition, we provide a concentration inequality for S.

Proposition 2.4. Ler S be defined by (2.7) for some m € {2,3,4}. Suppose y < 1/co where y
was defined in (1.4), and cy and n > 6 are large enough to satisfy

0. 1 2n 24n 4/n n 24n

2 (n—4)c2/3 T m—52 n—4 ,,_5+(n_5)2>0- (2.10)

Then forall a < b,
P(S €la,bl) <ci(b—a)+ 2y, (2.11)
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(1 n 24n 2/n
Cl_(i/n—5+(n—5)2+n—4>/9 (2.12)

64n N 8n N 16n (L 1 320 7N V2 /6 o)
Ccr = C . .
2T a4t n—4r n—4 n—4 n—4

Proof. For any m € {2, 3, 4}, we construct an exchangeable pair (S, S") by uniformly selecting
two different indices I, J € [n —m] and letting N X]T(]) — XJI(J) + X]-[(J) + XJT(I). An
approximate linearity condition with an error term can be established as

where

and

E(S" — 519)

= _; Ei{lXiz(j) + Xjriy] — [Xiz) + Xjz (pllS
n—m)p) , .4
1<i,j<n—m

I E{Z iﬂ Xij —2(n —m)sjs}

(n—m)q Py

(2.14)

=—-AS+R,
where A =2/(n —m — 1) and

2 n—m
R 71&(2 X S).

T (n—m) e

To apply the concentration inequality in Lemma 2.1, we need to:

1. Bound vVERZ?/A.
2. Bound

N
= —

By = \/w(w:(%(y —8)’1(|s' =8| < 5)]5)).

VER?

n—m 2
2
S — ] o) Xii|S

8 (2.15)

3. Bound

First,
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2 n—m n—m 2
= —(n - Var(IE( Xij S)) + (E Z X,‘j)
\ ij=1 ij=1

2 n—m n—m 2
<——— | Var Xii )+ Cij

\ i,j=1 i,j=1

2 n—m n 2
— 2 .
B (f’l —m)(z) Z Uij + ( Z cl])

i,j=1 i,j=n—m+1

n

n—m
2 2 2
doohitmE Yy

i,j=1 i,j=n—m+1

2

S -
(n —m)@)

2 “ - 2m/n
(S e 5 e 22

< -
(n —m)() \ et ot (n —m)()

where we used the assumptions (1.1) and (2.6). Therefore,
VER? - 4./n
A T n—4
Next, we bound § of (2.15). From the fact that

(2.16)

| Xiz(j) + Xjei) — Xive) — Xjr(p P

3 3 3 3 .17
<16(1Xiz(pI” + 1 X jel” + 1 Xizih|” + 1 X jz(jy ),

we have

ElS — S
71 3
=E Yo E(Xiw + Xje(h) — Xie(h — Xje I'1X)

(n— m)(z) 1<i,j<n—m

16
<E——— Y E((1Xieoy P +1Xje )P + 1 Xie () P+ X ey ) 1X)

(n— m)(z) 1<i,j<n—m

- 64n
=7
(n—m)()

Therefore,

V. (2.18)
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Now we turn to the final step of bounding By. Denote
of; = Xy + Xje() = Xie(p) = Xje)* 1 (1 Xy + Xje () — Xin(j) = Xje)] <8)-
We have
1

5 B((S" = S)’1(|S' =8| <8)IX,7) =

1 T
pran Sl DENCHE

1<i#j<n—m

Therefore, with | - | denoting cardinality when applied to a subset of [n],

B} = Var(E(%(S/ —8)’1(|s' - 5| < 8)|S)>
< w(%uz((s/ —5)%1(|S — 5| < )X, r)>
=nd
=— 1 Var(af;) + Cov(af;, af /)
16(1’1 o m)z 1<i;é§<:n—m N lsi._/,il‘zj;gn—m, N Y
i A i =3
+ Z Cov(afj, Oéir/j/)}
1<i,j,i’,j' <n—m,
i) =4
=R+ R+ R3.

The terms R and R; are easy to bound.

n—m

2 8né
Ril< ———— 3 SEIXiew) + X)) — Xieth) = Xjei ' £ — s
[Ri| < 16(n_m)2ij:1 | !T(I)+ jt(j) it(j) j‘L’(l)' =n—4

i (2.19)

From Cov(X,Y) < (Var(X) + Var(Y))/2, (2.17) and the restriction that i # j,i’ # j/,
i, j,i’, j'}| =3, we have

8 3
|Ry| < 1601 —m)2 Z ElXizi) + Xje(j) — Xizj) — Xje]
1<i,j,i’,j'<n—m,
i i 03
1)
< —(n—m)2 Z (E|Xit(i)|3+E|th(j)|3+E|Xit(j)|3+E|Xjr(i)|3)
lgi.j,i/,j/gn—m.
i1, A7 i i =3
IRENI RN (2.20)
88(n —m —2) i
R ———— [(n —m=D Y ElXirip P+ D0 ElXiel
n i=1 I<i#j<n—m
16n6
< Y.

“n—-4
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Letoff = (Xix + Xjt — Xit = X 10”1 (1 Xik + X j1 — Xit — X ji| < 8). For |{i, j, ', j'}| =4,

T T _ T T T T
Cov((xij, ai/j,) = Eoj;a; ;0 — Eaj By 0
1 1y
(n - m)(4) 1<k, k' ,I'<n—m,
\(k,l,k’,l/)\:4
L Y | T R
7 il gl
(n —m)@) YL —m)e Y
1<k#I<n—m 1<k'#lI'<n—m
I ™ N S 3 Bkl Eok"
C (n—m)a T (- m) )2 CALE
( ) 1<k, k' I’ <n—m, ( ) 1<k, k' I’ <n—m,
[{k, 1K 1"} |=4 [{k, 1K 1"} |=4
I 3 EoklEak!
Mgkl
[(n —m))]? Yo

1<k,l.k',l'<n—m,

kALK #1 (kLK 1) <3

- Ha-m 6 > EaMEok!
(n —m)@)(n —m) @) R

1<k, k' I’ <n—m,

(kLK 1'}|=4
I 3 EoklEak"!
i i1l
[(n —m)))? Yol
1<k, k' I’ <n—m,
kALK £ (kLK 1) <3
Therefore,
"y
1 4(n —m) — 6 E(af)? + E(ek’)?
|R3| < ——— Z Z ij i’ j
16(n m) 1<i,j,i’,j’ <n—m, (”l m)(2) (n m)(4) 1<k,l,k' I’ <n—m,
(i, .0} 1=4 [k, LK1} |=4

1 /
2 T

+ —
2
n—m
[( )(2)] 1<k,l,k' I’ <n—m,
kALK £ | (kLK 17} <3

E(af!)? + E(aﬁ’l.’ﬂ]

o
~ 16(n —m)?

4
<D [(n—m)(n—m—l)2

1<i,j,i’,j’ <n—m,
(i, j.i’, j Y 1=4

><< > B2+ Y E(af/j’,)m) 2.21)

1<k#l<n—m 1<k’#l'<n—m
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4
+ (n—m)(n —m —1)2

x( > B2+ Y E(af,}:)z/Z)]

1<k#l<n—m 1<k’#lI'<n—m

! k12
e T T — L > Y. E(e))

1<i,jil,j'<n—m, 1<k#l<n—m
Hi.j.i’,j =4

n 3
n
< — E E|X; Xii—Xu—XilP<32 dy.
= 2(n—m)3_ | Xk + Jjl il jk| = (n_4) 4

i,j.k,l=1

From (2.19), (2.20), (2.21), and then applying (2.18), we obtain

B2 < 8n n 16n 3 n o\’ 5
0=|m—22 " n_4 n—a) %7
8n 16n n\° 32ny?
< 32 .
_|:(n—4)2+n—4+ (n—4>j|n—4

Now we are ready to obtain a concentration inequality for S using Lemma 2.1. From (2.2), and
applying the bounds (2.16), (2.8), (2.18), (2.22), we obtain

(2.22)

P(S €la,b])

n 20 4yn
S((\/n—S—i_(n—5)2+n—4)
/(n—l 2n 24n
’1_2_(n—4)c(2)/3_(n_5)2
4/n n 24n 1 b—a
n—4 n—5+(n—5)2_§>>< 2 H)
n ( 8n n 16n +32( n >3 /32n>
n—4r n-—4 n—4 n—4

/(n—l 2n 24n 4./n n_. 24n 1)
=2 a—aP w52 n-4\n-5 w-s52 2))7

<ci(b—a)+cyy. O

Remark 2.5. Lemma 2.3 and Proposition 2.4 still hold if S is defined similarly as in (2.7) but
with any m rows and m columns removed from the array X where m =2, 3, 4.
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Remark 2.6. From Proposition 2.4, the error in Neammanee and Suntornchost [18] can be cor-
rected by conditioning on (using their notation)

J,K,L,M,t(J), 7(K), t(L), (M),
[Xijrie{l. K, o7 WD), t7 (M)}, j e {L, M, 1 (), T(K)}},

and by applying our Proposition 2.4 instead of their Proposition 2.7.

3. Proof of the main result

From (1.1), EW = 0. The variance of W can be calculated as follows. From (1.1),

Var(W) = Var (Z X,-n(i))

i=1

n
=Y Var(Xiz@i)+ Y. Cov(Xiniy» Xjn(j))
i=1 I<izj<n

n
=Y EXiriy — i)+ Y EXize) — i) Xjr(j) — €j2)

i=1 l<i#j<n
1
=;ZE<XU )+ s Z > EXi—ci)(Xji—cj)
i,j=1 1<17é]<nl<k7él<n
= l ; (ol%- —I—cl-z) CikCjl
n .=
i,j=1 1<17&]<nl<k;ﬁl<n
1 ¢ 2 2 1 . 2
= 2l G 2
i,j=1 i,j=1

n

__Z t1+— iy

i,j=1 i,j=1

This proves the first part of the theorem. In the following, we work under the assumption that
Var(W) = 1, that is,

—Z of; n—1ZCU : 3.1)

i,j=1 i,j=1
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We assume y < 1/451, that is, co = 451 in Proposition 2.4. Otherwise the bound (1.3) is obvi-
ously true. From (3.1) and Holder’s inequality, we have

n 2/3
n—1< Z EX;; (Z E|Xij|3> =n*3y2/3, (3.2)

i,j=1

Therefore it suffices to prove Theorem 1.1 for n > 203000. For n > 203000 and y <
1/451, (2.10) is satisfied, and the concentration inequality (2.11) in Proposition 2.4 is appli-
cable.

We follow the notation in Section 1 and construct an exchangeable pair (W, W’) by uniformly
selecting two different indices I, J € [n] (the ranges of I and J are different from those in the
proof of Proposition 2.4) and let W=W-— X]n(]) — Xjn(j) + X]n(j) + Xjn(]). Following the
argument as in (2.14), we have

E(W' — W|W)=—-AW + R, (3.3)

where A =2/(n — 1) and

n(n —1 (JZI Xij )

The following bound on vER?

ole— 2 (3.4)
YT (n—1yn '

is obtained by using the assumptions (1.1) and (3.1).
From the fact that (W, W’) is an exchangeable pair and satisfies an approximate linear-

ity condition (3.3), the following functional identity can be proved by the same argument as
in (2.5).

1 ERf(W
EWf (W)= T E(W — W)(f(W’)—f(W))%—#. (3.5)
Let f be the bounded solution to the Stein equation
fw) —wfw)=I(w=2) - Q). (3.6)

It is known that (Chen and Shao [9])

|f<w>|s@, S| <1 VweR 3.7)



350 L.HY. Chen and X. Fang

and

2
|(w+uw) fw+u)— (w+v)f(w+v)| < <|w| + g)(lul + [vl). (3.8)

From (3.6) and (3.5), what we need to bound is
P(W<2)—2(2)

=Ef/(W) —EWf(W)

: W =W\ 1 e :
:Ef(W)(l—T>+ﬁE(W—W)/(; (f'W) = f/(W+0)dt

ERf(W)
A
= R1 + Ry — Rs.

From (3.4) and (3.7), and recalling A =2/(n — 1), we have
|R3| < 1/+/n. (3.9)

To bound R; and R, we need the concentration inequality obtained in the last section.
From (3.3) and (3.4),

4 1
<2) +2VER? < —1<1+7),
p—
E(W — W)? =21 — 2EWR ) 1" (3.10)
>2) —2+/ER? > (1——).
n—1 Jn

We bound R; first. From (3.6),
1 w-w
Ry = E(W — W) fo (WFW) = (W +0) £ (W +1) dr

1
t 1, Z E(Xin(j) + Xjn) — Xiny — Xjn(j))
I<i#j<n

Xin()+Xjny=Xint) =X jn(j)
X / [1(U =z~ Xizi) — Xjn()
0
—I(U <z — Xiz() — Xjn(jy — D] dt
=Ry 1+ Ry,

where U = Zki{i’j}an(k). Noting that U is independent of {X;z(y, Xjx(j), Xin(j)» Xjrn()}
given 7 (i), w(j), and that the conditional distribution of U given 7 (i), w () is the same as that
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of § in (2.7) for m = 2 under a relabeling of indices, we can apply the concentration inequality
(2.11) to obtain the following upper bound on |R3 »|.

1
(R22l = Z E(Xix(j) + Xjn) — Xiz) — Xjn(j))
1<i#j<n

Xin(p+X ju)=Xini) =X jx(j)
x/ I(=(tV0) < U = (z = Xingy = Xju(j)
0

<—(tA0))dt
1
5 2 EXixG)+ X = Xint) = Xjn(j)
I1<i#j<n
Xin ()X jry=Xin iy =X jz(j)
x/ (c1lt] + c2y) dr
0
c1
= Z ElXix(j) + Xjnt) — Xix) — Xjz(h
" izitjzn

2y
Ty Z E|Xix(j) + X jn () = Xint) = Xjm(i®
1<i#j<n

1
=< 801)/ +C2)/<1 + ﬁ)

In the last inequality, we used (2.17) and

2
Y ElXin() + Xjr) = Xinty = Xja(p > = n(n = DE(W' — W)
1<i#j<n

54n<1+\%>

which follows from (3.10). For R; 1, from the property (3.8) of f with w =U, u = X;z() +
Xjn(jy> V= Xin() + Xjn(j) +1,

1
[Ry1] < in Z EXiz) + Xjriy — Xiziy — Xjn(j))
I<i#j<n
KXin(pHX jn@y=Xin) =X jn(j) V21
X/ <|U|+T>(2|Xin(i)+xjn(j)|+l)dt
0

1 V27
= > E<|U| + T) [(Xinu) + X jn(iy — Xin() — Xjn(9) 20Xin) + X ju(p)|
I<i#j<n
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+ | Xin(jy + Xjrniy — Xina) — Xjn(/>|3]

2
24 V2
524<\/ LR L ”)y,
n

-5 (n—5)? 4

where we used (2.8), (2.17) and

| Xix() + Xjnty — Xin) — Xja ()21 Xz + X jn ()
< R (1 Xiz ()P +1X 20y ) + F (IXiz P + 1X () P)-

Therefore, with

n 24n
= — 4 — 3.11
c3 \/n—5+(n—5)2 (3.1D)
1
|IR2| < (8ci+ca| 14+ — +24C3+6\/2ﬂ)7/. (3.12)
Jn
Next, we bound R;.
R =Ef' (W)(1 W' - wy:
1= 2
_ 1
T2 =12

- X+ Xje — Xix — X)?

x Y ]E(f’(W)(l n )|

1<i,jkl<n,
i k£l
I=i,]=j,7r(i)=k,n(j)=l>
1 Xi + Xjk — Xik — Xj1)? ) .
e — E( F/(w)(1 - J J =k, =1
Py Z <f( )( - 7 () =k, 7 ()
S

since X, 7 and (/, J) are independent. For each choice of i # j, k # 1, let Xk — {Xf{f,l: i',j e
[n]} be the same as X except that {X;¢, Xi;, X jk, X j;} has been replaced by an independent copy

(X X, X;.k, X}z}~ Define

n
ijkl _ Z ijkl
W _ Xi/n(l’/)'
vt
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Then,
Wik is independent of {X;k, X1, X ji, X ji} and L(WK) = L(W). (3.13)
Next, we define a new permutation ;jy; coupled with 7 such that
L(miju) = L(m|m (@) =k, 7(j) =1).

This coupling has been constructed by Goldstein [11]. Let 7;; denote the transposition of i, j.
Define

bid ifl=m(j), k=m(),
I RS if1=m(j), k£ m(0),
Tk =Y 7.7 ) i1 £7(j), k=mr), (.14)
7=t (), j
T

'Tﬂ_l(l),i'rﬂ_l(k),j'rij lfl#ﬂ(]),k¢7f(l)
Let

n
Wijia = D Ximj0)-
—

Since W;ji; has the conditional distribution of W given 7 (i) =k, w(j) =, and since X and 7
are independent, we have

. Y., — X.)2
E<f,(W)(l_(le+X]k Xik X,z))|n(l.):k7n(j):l>

21

(Xit + X jx = Xix = Xj)?
=Ef/(Wijkl)<1 - 5 l ).
A
Therefore,
Ri=Ef w1 W' —wy
1= 2
1 Xir + X jk — Xik — X j1)? y 1 (vyijkl
S E(1- Wiji) — /(WY
(n(n_l))z 1<i;<n < A (f( z]kl) f( ))
TijkA
1 Xit+ Xji — Xik — X0\ ./ eiinl
_ E(1- WU,
e o ( 2 (W)
Tij kAl

Define index sets Z = {i, j,w ' (k),7~'()} and J = {k,I, (i), 7(j)}. Then |Z| = |J]| €
{2,3,4}. Letting S = Zi,ﬂ Xz (i7), We can write

Wijki =S+ Z Xirmiju i
i'el
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and

ijkl _ ijkl
W =S+ Xitzy,
i'el

Since § is a function depending only on the components of X outside the square Z x J and

{m(@): i ¢1},

.. i jkl
S is independent Of{Xi[,Xjk,Xikszlv E Xtz ity E X;’]n(i/)}
i'eT i'eZ
(3.15)

given 7~ (k), 71 (1), 7 (i), 7 ().

The conditional distribution of S given V), n=V({), w (), 7 ( j) is the same as that of S in
(2.7) under a relabeling of indices. From (2.8), E(|S| lw =Y k), 7=V (1), m (i), () < c3 where ¢3
was defined in (3.11). From (3.13), (3.7) and (3.10),

| KXot + Xje = Xk = Xi0)™\ i
N E(1- we
(i —1))? Z ( 2 e

i)k
(Xir + Xjx — Xik — Xj1)?
=—  _|Ef (W E{1- : j
(n(n —1))? e 1<i,%:l<m < >
i)kl
’ 2 1
2 NG

Therefore,

1 Xit + Xjx — Xie = X;0*\ , (Wi
|R1|§'m Z E(l—( 1 2k £ ) )(f(Wijkl)_f(W]kl))

“ 2\
1<i,j.k,l<n,
i) k£l
n 1
Jn
-l L > E(i- Xt + Xj — Xi = Xj0)?
(n(n —1))2 A 2A
<i,j.k,I<n,
i) k£l
ikl 1
x (f’(5+ > Xifni_,k,(i’>> - f’<5+ > :X;{n(i’)>)‘ t
i'el i'eT
1
<Ri1+Ri2+ —,
= Ky,1 1,2 «/ﬁ
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where using the Stein equation (3.6),

1 (X11+X]k ]I)
(n(n —1))2 Z E<1 2)¥ )

1<i,j,k,0<n,
i#jk#l

Ri1=

X ((S + Z Xi/ﬂi_ikz(i/)>f<s + Z Xi/”i.ik/(i’)>
i'eT

i'eT
ijkl ijkl
(S + Z X; ﬂ(t/)>f<s + Z X; n(l’)))
i'el i'eT

and

Z el1— (Xi+ Xk — Xie — X 1)?
2\

1<i,j.k.I<n,

i ]kl

1
Rir=|———
’ ‘(n(n —D)y?
jkl
( (S + Z Xl/nljkl(l/) < Z) - I<S + Z Xlljn(l/) =< Z)) ‘
i'eT i'el

Applying (3.8), (3.15), (2.8) and (3.1), R1,1 can be bounded as follows.

Ru=Ga—ny

B _ ] ) V21
X Z E{E(|S||7r Yy, n =Yy, (i), m(j)) + —}
1<i,j,k,l<n, 4
i)kl
jkl
IE{ ( Z Xirmijun| + Z Xlljn(u) )
i'el i'el
X Xk —
8 '1 (Xir + X jk - X’ |n‘(k),n‘(l),n(i),n(j)}
A
- c3+/2n/4
= nz(n _ 1)2
kl
X Z max{ (Z |Xz/n,,k,(z/)| + Z’X;]ﬁ(l )
1<i,j,k,l<n, i'el i'eT
i )kl

(ZIXzn,,k,<z/>|+Z|X§’f§i,/>|> 2+ X4+ X2+ X2 )}

i'el i'el
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c3++/21/4
= m Z max ]E[|Xik| X il + 1 X -1y iy | + 1 X =10y ()|
S
ijkl i jkl i jkl ijki
+|Xm(l>|+|Xjn<j>|+|X,,71(k)k|+|Xf I
2 l/kl
253 2 o+ 3 21
i'el i eI

16
+ ?(|Xﬂ|3 +1X el + 1 X+ |ij|3))}

V2m/4) & NG -1
EmﬁﬁﬁTﬂgzmmm4ijy y}
n 4 n

i,k=1
- g n V2N 1 1 V21t\n—1
max c — )| —, c b ,
= ST )\ T T )Y

where we used

Xi+Xjk —Xir — X
2\

'1 — (3.16)

maxd 1 Xir + X jk — Xix — X j1)?
’ 24

and

n
Y ElXil<n

ik=1
Now we bound R ».
l 2= \T T
‘( (n—1))2
X; X — X0 — X 2
% Z E{E[(l _ (X + jk ik ]l) )
~“ 2\
1<i,j,k,l<n,
ijk#l
jkl
< <S + Z Ximjutn = Z) - I<S + Z X:]n(ﬂ) Z))’
i'el i'el
nl(kml(l),n(i),n(j)m
1

<
T (n(n—1))2
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X Xir— X — X 2
« Z E{E['l—( il + jk ik jl)

21

1<i,j.k,l<n,

i#].k#l

ijk
X I(z - max{z Xirm (i) Z Xi,ﬂ(i/)}

i'eZ i'el

<S<z-— min{z Xi’n,-jkl(i’)’ Z Xz”ﬁz/) }) |

i'el i'el

7 ), 7N, (), n(j)} }

Recall (3.15) and the fact that the conditional distribution of S given =Yk, 771D, 7(),
7 (j) is the same as that of S in (2.7) under a relabeling of indices. We can therefore apply the
concentration inequality (2.11) to obtain the following upper bound on R; ».

R12<; Z El_(Xi1+Xjk_Xik_le)2
T (I’l(n - 1))2 1<i,j.k.l<n, >
TiFj kAL

Z Xitmij i)

i'eT

8 n—1 1
< —,32—— 1+—)y,
‘clmax{ﬁ n y}+cz< +ﬁ>y
where we used (3.16) and (3.10). Therefore,

C C — a _’ C —_— _— .
! ! 3 4 \/E n 2 \/l; \/}Tl

Summing (3.17), (3.12), (3.9) yields an upper bound on sup, g | P(W < z) — ®(2)] as

+

ijki
D X

i'eT

oo

sup| P(W < z) — ®(2)|
zeR

1 3/2
<(40c1 +2( 14 — )er + 14427 + 56¢3 + 2 —— v,
Jn n—1
where we used (3.2). Recall c¢gp =451 and n > 203000. Using cg = 451 and n = 203000, the
upper bound in (3.18) is calculated to be smaller than 451y . Since c1, ¢ and c3 decrease as n
increases, (1.3) holds for n > 203 000. This completes the proof of Theorem 1.1.

(3.18)

Remark 3.1. Radoslaw Adamczak has brought to our attention an inconsistency between (4.3)
and (4.6) in Ho and Chen [13]. This error can be corrected by defining p given (I, K, L, M) in
(4.6) as mr g 1y in (3.14) in this paper. This correction will not affect the rest of Ho and Chen [13].
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