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L' BOUNDS IN NORMAL APPROXIMATION

BY LARRY GOLDSTEIN
University of Southern California

The zero bias distribution W* of W, defined though the characterizing
equation EW f(W) = o2E f/(W*) for all smooth functions f, exists for all
W with mean zero and finite variance o 2. For W and W* defined on the same
probability space, the L! distance between F, the distribution function of W
with EW = 0 and Var(W) = 1, and the cumulative standard normal & has the
simple upper bound

IF — @]y <2E|W* —W|.

This inequality is used to provide explicit L! bounds with moderate-sized
constants for independent sums, projections of cone measure on the sphere
S(£F), simple random sampling and combinatorial central limit theorems.

1. Introduction. The zero bias transformation and its use in Stein’s method
[21] for normal approximation was introduced in [10]. There, it was shown that for
any mean zero random variable W with finite variance o2, there exists W* which
satisfies

(1) EWf(W)=0a2Ef' (W*)

for all absolutely continuous f with E|W f(W)| < oo. We say that such a W* has
the W-zero biased distribution. Study of the zero bias distribution was motivated
by the size bias transformation and Stein’s characterization of the normal (see, e.g.,
[22]), which shows that Z ~ W (0, o'2) if and only if

2) EZf(Z)=0’Ef'(Z)

for all absolutely continuous f with E|Zf(Z)| < o0.

It is helpful to consider the transformation characterized by (1) as a mapping
W — W* whose domain is the collection of all mean zero distributions with vari-
ance 2. From Stein’s characterization (2), it is immediate that this transformation
has as its unique fixed point the mean zero normal distribution with variance o2.
It seems natural, then, that an approximate fixed point of the transformation would
be approximately normal and that we can measure the distance of the distribution

of W to the normal by the distance between W and its zero bias version W*.
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Here, we consider the L' distance between distribution functions F and G given
by

o0
(3) IF—Glh =/OO|F(t)—G(t)|dt
and known by many names, including Gini’s measure of discrepancy, the Kan-
tarovich metric (see [19]), as well as the Wasserstein, Dudley and Fortet—Mourier
distance (see, e.g., [3]). If F is the distribution function of a mean zero, variance 1
random variable W and F* is that of W* having the W-zero biased distribution,
Lemma 2.1 of [8] yields that

) IF —@|li <2||F* = Fl,

where & is the cumulative distribution function of the standard normal. To bound
the right-hand side of (4), it can be convenient to use the dual form of the L!
distance (see [19]) given by

&) IF = Glli =inf E|X — Y|,

where the infimum is over all couplings of X and Y on a joint space with marginal
distributions F and G, respectively. Since the dual representation (5) says that
|| F* — F||1 is upper bounded by E|W* — W| for any coupling of W and W*, the
following result is immediate.

THEOREM 1.1. Let W be a mean zero, variance 1 random variable with dis-
tribution function F and let W* have the W -zero biased distribution and be defined
on the same space as W. Then, with ® the cumulative distribution function of the
standard normal,

IF — [y <2E|W* - W]|.

The goal of this work is to apply Theorem 1.1 to obtain L' bounds to the nor-
mal for a variety of examples and to express the resulting upper bounds as a third-
moment-type quantity multiplied by an explicit, moderate constant; in particular,
we study sums of independent variables, projections of cone measure, simple ran-
dom sampling and combinatorial central limit theorems.

In Section 2, we begin by considering the case where Y = "7 | Y; is the sum
of independent mean zero random variables with finite variances aiz = Var(Y;),
not only to illustrate the method, but also to take advantage of the fact that the
particularly simple construction of Y* in this case allows for the computation of
constants in the bound which are explicit functions of the summand distribution.
In particular, letting / be an independent random index with distribution

o2
(©) PU=0)= .
j=197
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the argument proving part (v) of Lemma 2.1 in [10] shows that removing Y; and
replacing it by a variable Y;* having the Y;-zero bias distribution, independent of
{Y;, j # 1}, gives a variable Y * with the Y -zero bias distribution, that is, that

(7) Y=Y -Y 4}

has the Y-zero biased distribution. We apply this construction and Theorem 1.1 to
derive Theorem 2.1 and Corollary 2.1, which yields, for example, that if F is the
distribution function of W = n~1/2 ?:1 U;, the sum of n 1.i.d. variables with the
uniform distribution standardized to have mean zero and variance 1, then

E|U?
3/n

that is, we obtain a Berry—Esseen type bound, using the L! metric, with a constant
of 1/3.

In Section 3 we present two constructions of the zero bias distribution Y* for
Y =3"; ¥; which can be used in the presence of dependence. Both of these con-
structions are related to the one used for size biasing which is reviewed in Sec-
tion 3.1. The first zero bias construction, presented in Section 3.2, can be applied
to random vectors Y € R” which are coordinate symmetric (also called uncondi-
tional), that is, vectors for which

IF — ®||; < foralln=1,2,...,

8) (Y1,....Y) =a(e1Y1,....enY,)  forall (ey,...,eq) € {—1, 1}

The second construction of Y*, presented in Section 3.3, depends on the existence
of an exchangeable pair (Y’, Y”) as in Stein [23], whose components have mar-
ginal distribution equal to that of Y, and which satisfies the linearity condition

) EY"I)Y)=(1-=-1Y’ for some A € (0, 1).

This construction appeared in [10] and was applied in [9] to obtain supremum
norm bounds in normal approximation.

The zero bias construction given in Section 3.2 is used in Section 4 to obtain
bounds for the normal approximation for one-dimensional projections of the form

(10) Y=0 X

where for some p > 0, the vector X € R” has cone measure Cj; and 6 € R" is of
unit length. To define Cj, let

NUGSES lxeR” DY o lxil? = 1} and
i=1

(11) .
B(t") = lxeR”:Z|x,~|p < 1}.

i=1
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Then, with ;1" Lebesgue measure in R”, the cone measure of A C §(¢7) is given
by

(12) @Z(A):w, where [0, 1]JA={ta:a e A,0<t <1}

W (B(Ey)

Theorem 4.1 provides a normal bound for the projection Y in (10) in terms of
explicit and moderate constants and the quantity ) 7_, |6; |> depending on the pro-
jection #. Cone measure, for p = 1 and p = 2, respectively, includes the special
cases of the umform distribution over the simplex ) 7_, |x;| = I and the Euclidean
sphere Y7, xl =1 in R". For these two special cases and for F the standardized
distribution function of the projection (10), Theorem 4.1 specializes to, respec-
tively,

9 4
F—®|| < — 0-3+— and
[ ||1_ﬁ§|,| —
(13)
9 n
IF -l < —=Y 6P+ ——
N2

for@ =n—1/2(1,..., 1), the sums in (13) are replaced by n=1/2,

In Section 5, we turn our attention to simple random sampling of subsets of
size n from a set A of N numerical characteristics, where each subset is selected

uniformly, that is, with probability (]:l’ )_1. The zero bias construction in Section 3.3
is applied in Theorem 5.1 to yield, under some basic nontriviality conditions, the
following bound to normality for the distribution function F of the standardized
sum of the characteristics in the sample,

oo ()11,

az=) la—al,

ach

where

a is the average of the elements in 4 and o2 is the variance of the sum of the
sampled characteristics, whose explicit form is given in (70).

In Section 6, we study the accuracy of the normal approximation in the combi-
natorial central limit theorem. In particular, we apply the zero bias construction in
Section 3.3 to variables of the form

n
(14) Y =) a0,
—
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for n a positive integer, {a;, j}1<i, j<n the elements of a matrix A € R"*", and 7 a
uniformly chosen random permutation on 4,,, the symmetric group. Theorem 6.1
yields, for the distribution function F of the standardized variable Y in (14),

-l = —2 1o+ e ),
(n—1o3 n—=1 (=12

where

n
az = Z lajj —ai. —a.; +a..|3,
i,j=1
a;.,a.; and a.. are the averages of a;; over j, i and both i and j, respectively, and
o2 is the variance of Y, whose explicit form is given in (88). When the elements
of the population + or the matrix A behave “typically,” the bounds provided by
Theorems 5.1 and 6.1 will be of the best order, n~1/2.

The zero bias transformation was introduced in [10] to provide smooth function
bounds of order 1/n for simple random sampling, and the coupling given here in
Section 5 for that case is related to the one used there. In [9], the zero bias trans-
formation is used to obtain bounds on the supremum, or L*° distance, between
the distribution of the sum Y in (14) and the normal, in terms of the maximum
of a;;; the coupling construction of W to W* in Section 6 of this paper was first
given there. Here, the L' distance is used and the form of the bounds improved,
in that they are expressed in terms of third-moment-type quantities. Also, in [9],
supremum norm bounds, again in terms of the maximum of a;;, were computed
for Y when 7 has a distribution constant on cycle type. The bound (4) was first
shown in [8] and applied there to derive the L! rate of convergence to the normal
for hierarchical sequences X1, X», ... of random variables whose distributions for
some k > 1 and f:R¥ — R satisfy

Xn+1=f(Xn,lvan,k)a n215
where X, 1, ..., X, k are i.i.d. with distribution equal to that of X,,.

2. Independent variables. In this section, we demonstrate the application of
Theorem 1.1 and the construction (7) to produce L' bounds with small explicit
constants for the distance of the distribution of sums of independent variables to
the normal. The utility of Theorem 2.1 below is reflected by the fact that the L'
distance on the left-hand side of (16) requires computation of a convolution, but
is bounded on the right by terms which require only the calculation of integrals of
the form (3) involving marginal distributions.

The proof of Theorem 2.1 requires the following simple proposition. The first
claim is stated in (iii), Section 2.3 of [19]; the second is well known and follows
immediately from the dual form (5) of the L' distance. For H a distribution func-
tion on R, let

H'w)=sup{x:H(x) <u}  forue(0,1)

and let U (a, b) denote the uniform distribution on (a, b).
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PROPOSITION 2.1.  For F and G distribution functions and U ~ U0, 1), we
have

IF —Gli=EIF~'(U)-G~'(U)I.
Further, for any a > 0 and b € R, where F, , and G, are the distribution
functions of aX + b and aY + b, respectively,

[ Fap — Gaplli =alF = Gll1.

Note that one consequence of the proposition is that the L! distance, as the
infimum in (5), can always be achieved. In what follows, we will find it convenient
to express relations like the second claim in Proposition 2.1 in a notation where the
random variable replaces its distribution function, thus, |[aX —aY |1 =a|| X —Y||1.

THEOREM 2.1. Let X;,i =1,...,n, be independent mean zero random vari-
ables with variances O'l-z = Var(X;) satisfying Y_!'_, al.z =1, and let

n
W=>Y X
i=l1

Then for F the distribution function of W and ® that of the standard normal,
(15) |F — @[y <2E|X] — X/,

where X} is any variable having the X;-zero biased distribution, independent of
{(Xj,j#i},i=1,...,n,and I is a random index, independent of {X,’,X?‘,i =
1, ..., n}, with distribution P(I =i) = oiz.

Letting G; and G be the distribution functions of X; and X}, respectively, we
have

n
(16) IF = @lh <2)"6?GF — Gilh.
i=1
In particular, when W = n~1/2 X, for X, X1,..., X, iid. with mean zero, vari-
ance 1 and distribution function G,

2
17 F—®|; <—=IG* -G,
) I ||1_ﬁll Il

and G*, the distribution function of X*, may be given explicitly by
(18) G*(x) = E[X(X —x)1(X <x)].
PROOF. The coupling (7) yields W* — W = X7 — X, with I having distribu-

tion as in (6), so (15) follows immediately from Theorem 1.1.
Now, let U;,i =1, ...,n, be a collection of i.i.d. U (0, 1) variables and set

(Xi. X}) = (G (U, (GH ™" (W), i=1,....n;



1894 L. GOLDSTEIN

by Proposition 2.1, we have
E|X] — Xi| =G} — Gil1.
Averaging the right-hand side of (15) over [ then yields (16) by

n n
IF — @1 <2E|X} — X;1=2)_ofE|X{ — Xi|=2) o?IIG} — Gil.
i=1 i=1
When the variables are i.i.d., oiz = 1/n, and using Proposition 2.1, the bound
becomes

n
2
2) 6l 1Gf = Gilh =2IG}, = Gyyyalh = WIIG* — Gl
i=1
proving (17).
It is shown in [10] that for X with mean zero and variance 1, the distribution
function G* of X* is absolutely continuous with respect to Lebesgue measure with

density p*(x) = —E[X1(X < x)]. Hence, the distribution function of X* is

G*(x) = —E(X /xoo 1(X < u)du)

= —E(X/xdu 1(X fx)) =E[X(X —x)1(X <x)]. 0
X

Applying (17) and (18) in particular cases leads to the following corollary.

COROLLARY 2.1. Let By,..., B, be i.i.d. Bernoulli variables with success
probability p € (0,1),g =1 — p and X; = (B; — p)/./pq. Then for the distribu-
tion function F of the sum W =n~1/? "_1 Xi, having the standardized binomial
B(n, p) distribution, for everyn =1,2, ...,

2 2 3
p-+q°  E|Xi|
IF— [ < =
Vnpq NG
[noting that E|X,1* = (p* + ¢*)//Pq].
For F the distribution function of the sum W = n~1/2 ?=1 Ui of Uy, ..., Uy,

i.i.d. variables with the mean zero, variance 1 uniform distribution ‘L([—«/g , «/5],
foreveryn=1,2,...,

F—op, < Y3 _EIXiP
N W
(noting that E|X1]? =3+/3/4).
If X is any mean zero, variance 012 random variable with distribution func-
tion G and Z has the N (0, 022) distribution and is independent of X, then when




L! BOUNDS IN NORMAL APPROXIMATION 1895

012 + 022 =1, the distribution function F of the variance 1 sum W = X + Z satis-
fies
IF — @[l <207 G* ~ G|

PROOF. For X = (B — p)/./pq, by (18), we have

pq p -p q
G*(x) = <x—|— ) forx € [——]
v Pq v Pq VP4 Pq
that is, X* is equal in distribution to (U — p)/./pq, where U ~ UJO0, 1]. Hence,
by Proposition 2.1,

U — B — 1 2442
Mﬁ—Gm=H p_Bopl _ 1 y_p) =211
VP4 NIZ FRNG Y 2./pq

and the claim now follows by (17) of Theorem 2.1.
For the uniform distribution U[—+/3, v/3], (18) yields

3x3 3 1
\/;g +%+§ forxe[—\/g,\/g].

Now applying (3), we obtain

G*(x)=—

V3
IG* =Gl = o

The final claim of the corollary follows from (16) with n = 2 and the fact that
the normal is a fixed point of the zero bias transformation. [

Corollary 2.1 yields constants 1 and 1/3 for the standardized Bernoulli, and the
Uniform, respectively. Though it is perhaps of greater interest that such constants
can be computed explicitly as a function of the underlying distribution, the follow-
ing proposition gives a bound for the nonidentically distributed case in terms of a
universal constant ¢y, which can be shown to be at most 3. In particular, let

2E|X* — X|
E|X|3

’

(19) c1 = sup

where the supremum is taken over all X with EX =0, EX> =1, E|X|? < 0o and
E|X* — X| = | X* — X||1, that is, with X* achieving the minimal L' coupling
to X.

PROPOSITION 2.2. For F the distribution function of any variance 1 sum
W= Z?:] X; of independent mean zero variables X;,i =1, ...,n,

n
||F—¢||15012E|X,'I3, where ¢ < 3.
i=1
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PROOF. Let X have mean zero, variance 1, and finite absolute third moment,
and let X* be any variable on the same space as X, having the X-zero bias distri-
bution. Applying (1), with f(x) = (1/2)x2 sgn(x), for which f/(x) = |x|, yields

E|X*|=LE|X].
By the triangle inequality and Hélder’s inequality, using EX? = 1 to bound E|X|
by E|X|?, we have
E|X* - X| < E|X*|+ E|X| < JEIXP + E|X? = 3E|XP,
yielding ¢ < 3.
Dropping the requirement that EX> = 1 in (19), by scaling we have

2 Var(X)E|X* — X|
E|X|? ’

(20) €] = sup

where the supremum is taken over all X with EX=0,0 < EX? <00, E|X|? <0
and X* achieving the minimal L' coupling to X.

Now, with (X;, X ;") achieving the minimal L! coupling for i =1,...,n,
(16) and (20) yield

n

IF — ®lly <2 o/E|X] — X;l
i=1

202E|XF — X

n n
= i TV eix P <e Y ENX P
§1< o JEIP e Y EIX)

i=1 O

Finally, we remark that as the supremum in (19) is taken over a class of random
variables determined by two constraints, the content of [13] and [15] suggests that
it may be attained on a three-point distribution.

3. Coupling constructions. In this section, we present two constructions
which may be used to obtain a variable Y* having the Y-zero bias distribution in
the presence of dependence. The first applies when Y is a sum of the components
of a coordinate-symmetric vector defined in (8); the second construction uses the
exchangeable pair (Y’, Y”) of Stein satisfying the linearity condition (9), which
first appeared in [10]. We begin by reviewing the construction for size biasing as
presented in [11], as both zero bias constructions below are related to it.

3.1. Size biasing. The zero bias characterization (1) is similar to, and, indeed,
was motivated in [10] by, the characterization of the size biased distribution Y* for
a nonnegative random variable Y with finite expectation p,

1) EYf(Y)=uEf(Y?),
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holding for all functions f for which E|Y f(Y)| < oco. Under the nontriviality con-
dition P (Y = 0) < 1 or, equivalently, the condition i > 0, the characterization (21)
is easily seen to be the same as the more common specification of the size bias
distribution F*(y) as the one which is absolutely continuous with respect to the
distribution F'(y) of ¥ with Radon—Nikodym derivative

dF*(y) _y

dF(y)

For the construction of Y* when Y = }; ¥;, the sum of the components of a
vector Y of nonnegative dependent variables with finite means u; = EY;, follow-
ing [11], we note that for every i = 1, ..., n, there exists a distribution YD guch
that for all functions f:R" — R for which the expectation on the left-hand side
exists,

23) EY; f(Y) = i Ef (YD)

we say that Y has the Y-size biased distribution in direction i. By specializing

(22)

(23) to the case where f depends only on Y;, we recover (21), showing that Y. i(') =4
Y7, that is, that the ith component of Y has the Y;-size bias distribution.

Without loss of generality, by removing any trivial components of Y for which
i = 0 and lowering the dimension of Y accordingly, we may express (23) in the
language of (22): denoting the distribution of Y as F (y), the distribution F a )(y)
of Y% is given by

(24) dFD(y) = 2LaF(y),
i

that is, YV is absolutely continuous with respect to Y, with Radon—Nikodym
derivative y;/u;. Now, as shown in [11], choosing an independent index [ €

{1,...,n} proportional to the mean of the components of Y, that is, according
to the distribution (6), where aiz is replaced by p;, the variable
n
s _ )
(25) Y' = 2:1 Y;
]:

has the Y -size biased distribution.

Hence, by randomization over I, a construction of Y’ for every i leads to one
for Y°. We may accomplish the former as follows. Write the joint distribution of
Y as a product of the marginal distribution of Y; times the conditional distribution
of the remaining variables given Y;,

(26) dF(y) =dFi(y)dF 1, ..., Yi—1, Yi+1---» Ynl¥i),
which gives a factorization of (24) as
o dFO(y)=dF" () dF (1, ..., i1, Yit1-- - Yulyi)s
where d F (y;) = i— dF:(y;).

1



1898 L. GOLDSTEIN

Comparing the relation in (27) between the marginal distributions Fii (vi) and
F;(y;) with (22) provides an alternate way of seeing that Yl-(l) =4 Y.

The representation (27) says that one may form Y by first generating Yi(’)
having the Y;-sized biased distribution, and then the remaining variables from their
original distribution, conditioned on y; taking on its newly chosen sized biased
value. For Y already given, a coupling between Y and Y*® can be generated by
constructing Yl.(l) and then “adjusting” as necessary the remaining variables Y,
Jj # i, so that these have the conditional distribution given Y; taking on its new
value. Typically, the goal is to adjust the variables as little as possible in order to
make the resulting bounds to normality small; see [9] and [11] for examples.

In the case where Y;, i =1, ..., n, are independent, clearly Y]l: =4 Y; for all
J # i. Hence, the construction given above reduces to simply choosing one sum-
mand at random with probability proportional to its expectation and replacing it
with its biased version. We note that in both zero and size biasing, a finite sum
Y =3, Y; of independent variables is biased by choosing at random and then re-
placing the randomly chosen variable by a biased version; in size biasing, the vari-
able is chosen proportional to its expectation and in zero biasing, to its variance.
The zero bias transformation was so named due to its similarity to size biasing and
its application to mean zero random variables.

3.2. Coordinate symmetric variables. Of the two zero bias constructions pre-
sented here, the one for coordinate symmetric random vectors Y € R” as defined in
(8) is closest to the size biasing construction just described. To begin, note that for
all Y such that EY? < 0o, by replacing the variable Y on the left-hand side of (21)
by Y2, we can define the square bias distribution Y¢ of Y by the characterization

EY?f(Y)=EY’Ef(Y°)

for all functions f for which the expectation of the left-hand side exists. Naturally,
when Y has mean zero and variance o2, this identity becomes

(28) EY’f(Y)=02Ef(Y®).

To make an extension analogous to the one from (21) to (23) for size biasing, let
the components of Y € R” have mean zero and finite variances Var(Y;) = aiz. For

such Y, foralli = 1, ..., n, there exists a distribution Y such that for all functions
f :R"* — R for which the expectation of the left-hand side exists,
(29) EY}f(Y) =0} Ef(Y);

we say that Y’ has the Y-square biased distribution in direction i. By specializ-
ing (29) to the case where f depends only on Y;, we recover (28), showing that
Yl.i =4 Y, that is, that the ith component of Y has the Y;-square bias distribution.

By removing any component of Y which is constant and lowering the dimension
accordingly, we can assume, without any loss of generality, that each component
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is nontrivial, that is, that aiz > 0 foreveryi =1, ..., n. Parallel to (24) in the case
of size biasing, we may now equivalently specify the Y’ distribution as the one
which is absolutely continuous with respect to Y, with

2
(30) dF'(y) = =5 dF(y).

1

Now, let Y be coordinate-symmetric as defined in (8). Applying (8) marginally
and pairwise yields ¥; =4 —Y; and (Y;, Y;) =4 (=Y;, Y;) for all i and distinct i, j,
respectively. Hence, when all components of Y have finite second moments, taking
the following expectation using these distributional equalities yields

31) EY; =0 foralli and EY;Y; =0 forall i # j.

Proposition 3.1 shows how to construct the zero bias distribution Y* for the sum Y
of the components of a coordinate-symmetric vector in terms of Y’ and a random
index in a way that parallels the construction for size biasing given in (25). We let
Ua, b] denote the uniform distribution on [a, b].

PROPOSITION 3.1. Let Y € R” be a coordinate-symmetric vector as in (8),
with Var(Y;) = oiz €(0,00) foralli=1,2,...,nand

n
Y=>v.
i=1

Let Yi,i = 1,...,n, have the “squared bias” distribution given in (29), I be a
random index independent of Y and {Y',i =1, ..., n} with distribution

o?
(32) Pl=i)=—="

j=19j

and U ~ U[—1, 1] be independent of all other variables. Then

— 1 1
(33) Y*=UY]+) Y]
J#

has the Y -zero bias distribution.
PROOF. Let f be an absolutely continuous function with E|Y f (Y)| < co. Av-

eraging over the index /, integrating out the uniform variable U and then applying
(29) and (8) to obtain the fourth equality and fifth equalities below, respectively,
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we have

G’Ef (Y*) = ozEf/(UY,I +)° Y})
J#

n 2
=02} %Ef’(UYﬁ- + ZY_})
i=1

J7Fi

_ Z”:GZE(f(YZ + 3 YD) = [ (Y] + 3 Y}))
27 2v}

i

Y, <f(Yi + X YD)~ (Vi Y Yf))
L 2
i=1

= ZEY,-f(Y,- +y Y,)
i=1 j#i
=EYf(Y).

Thus, Y* has the Y-zero bias distribution. [

The construction for zero biasing implicit in Proposition 3.1 is parallel to the
one given in Section 3.1 for size biasing. The factorization (26) suggests that we
write (30) as
- dF () =dF ) dF (1o yimts Yiet - dalyi)

k]

y2dF;(y;)
2

i

where dFii (yi) =

the relation given in (34) between the marginal distributions Fii (i) and F;(y;)
provides an alternate way of seeing that Yl.i =4 Y°. As for the size biasing con-
struction in Section 3.1, given Y, Proposition 3.1 and (34) now give a coupling
between Y and Y™, where an index I =i is chosen with weight proportional to
the variance aiz, the summand Y; is replaced by Yl-i having that summand’s “square
bias” distribution and then multiplied by U and, finally, the remaining variables are
adjusted according to their original distribution, given that the ith variable takes on

the value Y. l.i. This construction will be applied in Section 4.

3.3. Use of the exchangeable pair. Let Y be a mean zero random variable
with finite, nonzero variance. The following description of a coupling of Y toa Y*
having the Y -zero biased distribution appears in [10]; its simple proof and some of
the consequences below needed for the constructions in Sections 5 and 6 appear
in [9].
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PROPOSITION 3.2. Let Y',Y" be an exchangeable pair with Var(Y') = o2 €
(0, 00) and distribution F(y', y"") which satisfies the linearity condition (9). Then

(35) EY =0 and EY' —Y")?=2x02,
and when YT, Y¥ have distribution

(y/ _ y//)2
(36) dF (', y") = Er =y dfo .

and U ~ U[0, 1] is independent of Y', Y%, the variable
Y*=UY"+ (1-— U)Yi has the Y'-zero biased distribution.

The following construction of YT, Y* is in the same spirit as the ones given in
Sections 3.1 and 3.2. Given Y’, first construct Y” close to Y’, such that (Y, Y")
is exchangeable and satisfies (9), and use it to form the difference Y’ — Y”. Then,
perhaps independently, construct the parts of Y7, Y¥ which depend on the “square
biased” term (Y’ — Y”)2. Finally, construct the remaining parts of Y, Y* by ad-
justing the corresponding parts of Y’, Y” to have their original joint distribution,
given the newly generated variables.

We can describe the constructions used in Sections 5 and 6 in a bit more de-
tail, where the pair Y’, Y” is a function of some collection of underlying random
variables {£y, o € X} and an index I C X, possibly random but independent of
{4, @ € X}, and the difference Y’ — Y” depends only on {&,, « € I}, that is, for
some collection of functions b;(&,, o € i),

37 Y =Y =by(&y, a €1).

Since one may first generate I, then {&,, @ € I}, and finally {&,, @ € I°} conditional
on {&,, a € I}, we may write the joint distribution of all of the variables as

(38) dF(i,6x, 0 € X) = PA=1)dFi(§x, @ €1)dFi|i(§a, o ¢il0, o €1).
Now, consider the distribution F ¥, which is F-square biased by (y/ — y”)?:

o' —y")?

T e __ s 7
(39) dF (a0 € X) = F o —pms

dF(, &y, a € X).

Using (35) and (37), we obtain
2002 =E(Y — YV =Ebj((q.a €D =) PA=1Eb] (£q, a €1),
icX
S0, in particular, we may define a distribution for an index I with values in subsets
of X by

Ty

2102

P =i) = with r; = P(I = i) Eb} (&, @ €1).
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Hence, substituting (37) and (38) into (39),
dF' (i, &, a € X)

_ PA=Dbi (€ a €)
a 2102

dFi(&y, o €i)dFy|i6y, a ¢ i€y, a €1)

(40)
B CED e e d e @ ¢ il @ e
= i(Ey, o0 €l)d Fyeij(Ey, 0 ¢1|Ey, 0 €1
2062 Eb2 (g a€d) 0 Flitse «
= PA" =i)dF (&, €1)dFici(Ea, @ ¢ ilEq, @ €1),
where

b} (Eq, o €1)

dF (¢, aci)= >0 " =7
i (G ) Eb? (&4, €1)

dFi(u, o €1),
giving a representation of d F' (i, £, @ € X) parallel to the one for d F(i, £, a €
X’) in (38). This parallel representation gives a parallel construction as well: first
generate I', then {S(I , o € i} according to d F;f and finally, {£,, o ¢ i} according to
dFici(§o, a 1|6y, 0 €1).

For the two examples in Sections 5 and 6, the index I is uniform over some
range, so by (40), over that same range, I' and {5;, « € i} are jointly drawn from
the distribution with proportionality

(41) dF (. 6. € i) ~ b} (Eq. 0 €1) d Fi(Ea, o €1).

With I and {&,, @ € X} given, the coupling proceeds by generating I' and {éj ,o €
I'} according to (41), then adjusting the remaining given variables. For making
the bounds small, the goal is to make changes as little as possible, so that the zero
biased variable is close to the original.

In Section 5, this procedure results in S, a function of the variables which can
be kept fixed throughout the construction, and variables 7/, 77 and T+ on a joint
space such that

(42) Y =S5S+T, Y'=S+T" and Y =S5+T%
and hence
Y*—Y' =0T+ -U)T*-T.

Here, the underlying variables {&,, @ € X} are {X', X", X2, ..., X,,} and the dif-
ference Y/ — Y” = X’ — X” so that I is nonrandom, that is, it indexes the variables
X', X" with probability 1, and b(X’, X") = X' — X"

In Section 6, {7 (i),i € {1,...,n}} play the role of {&,,x € X}, I={I,J} is
uniform over all pair of distinct indices in {1, ..., n} and the difference Y’ — Y” is
given by

43) by (k) keli, j}) = (aine) +aj) — (@xG) +ajaim)-
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Note that even when I is uniformly distributed, the index I' need not be; in par-
ticular, the distribution (94) given by (41) with b; = by; ;) [as in (43)] selects the
indices I' = {17, J T} jointly with their “biased permutation” images {K T, LT} with
probability that preferentially makes the squared difference large. We return to the
exchangeable pair construction in Sections 5 and 6.

4. Projections of cone measure on the sphere S (Z'I’,). In this section, we
use the zero biasing construction in Section 3.2 to derive Theorem 4.1, providing
bounds to normality for projections 6 - X, where X € R" has cone measure €, on
the sphere S (Z’Z,), defined in (12) and (11), respectively, and @ € R" has unit length.

The resulting L' bound (55) is in terms of explicit small constants [see also (13)]
and depends on @ through the factor Y, |6;|*> which yields the best possible rate of
n~1/2 when the components of # are equal.

In the case p = 2, cone measure is uniform on the surface of the unit Euclidean
sphere in R” and [7] shows that the k-dimensional projections of X are close to
normal in total variation. The authors of [16] derive normal approximation bounds
using Stein’s method for random vectors with symmetries in general, including
coordinate symmetry, considering the supremum and total variation norm. Study-
ing here the specific instance of cone measure allows for the sharpening of general
results to this particular case.

Cone measure is uniform on S(¢,) only in the cases p =1 and p =2, and the
authors of [18] obtain a total variation bound between cone and uniform measure
for p > 1. In some sense, then, the contribution here is related to the central limit
problem for convex bodies which strives to quantify when projections of uniform
measure on high-dimensional convex bodies have some one-dimensional projec-
tion close to normal. A large body of work in this area is generally concerned with
the measure of the set of directions on the unit sphere which give rise to approx-
imately normally distributed projections and do not provide bounds in terms of
specific projections; see, in particular, [1] and [5] for work continuing that of [24].
In principle, the techniques developed here can be used to shed light on aspects
of the central limit theorem for convex bodies; see the remarks at the end of this
section.

Let X € R” be an exchangeable coordinate-symmetric random vector with com-
ponents having finite second moments and let # € R” have unit length. Then, by
(31), the projection of X along the direction 6,

n
Y=Y 6:X;,

i=l

has mean zero and variance o2 equal to the common variance of the components
of X. To form Y* using the construction outlined in Section 3.2, as seen in (34)
in particular, requires a vector of random variables to be “adjusted” according to
their original distribution, conditional on one coordinate taking on a newly chosen,



1904 L. GOLDSTEIN

biased, value. Random vectors which have the “scaling conditional” property in
Definition 4.1 can easily be so adjusted. Let L£(V) and £L(V|X = x) denote the
distribution of V, and the conditional distribution of V given X = x, respectively.

DEFRINITION 4.1. Let X = (Xy,..., X,) be an exchangeable random vec-
tor and » C R the support of the distribution of X;. If there exists a function
g:D — Rsuch that P(g(X1) =0)=0and
g(a)
g(X1)

then we say that X is scaling g-conditional or, more simply, scaling-conditional.

(44) £(X2,...,Xn|X1:a):°C< (Xz,...,Xn)> foralla € D,

Proposition 4.1 is an application of Theorem 1.1 to projections of scaling-
conditional vectors.

PROPOSITION 4.1. Let X € R" be an exchangeable, coordinate-symmetric
and scaling g-conditional random vector with finite second moments and, with
0 € R" of unit length, set

n
Y=> 60X, o2=Var(Y) and F(x)= P(Y/o <x).
i=1
Then any construction of (X, Xf) on a joint space for each i =1, ..., n with Xf

having the X;-square biased distribution provides the upper bound

(xh
0,UX! — X +(g—’—1> 0. X
1 (UX7 1) 2(X)) J; Y

’

2
(45) IF—®lh =—F

where P(I =1i) = 91-2, U~ U[—-1,1] and I and U are independent of each other
and of the remaining variables.

PrROOF. Foralli =1,...,n,since X is scaling g-conditional, given X and Xl’:,
the vector
. X! X! (X! X
X’=(g( ) 1,-..,8( l)Xi—l»X,l',—g( ) i+1,-~~,—g( ’)Xn>
g(X;) g(Xi) g(Xi) g(Xi)

has the X-square bias distribution in direction i as given in (29); in particular, for
every h for which the expectation on the left-hand side below exists,

(46) EX?h(X) = EX? ER(XY).

We now apply Proposition 3.1 to Y = (61 Xy, ..., 6,X,). First, the coordinate
symmetry of Y follows from that of X. Next, we claim

Y =6:1Xi,...,0,X")
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has the Y-square bias distribution in direction i. Given f, applying (46) with
h(X) = f(6i1X1,...,0,.X0) = f(Y)
and then multiplying both sides by 91‘2 yields
EO?X?f(Y)=EO?X?Ef(Y') or EY?f(Y)=EY?Ef(Y).

Finally, since X is exchangeable, the variance of Y; is proportional to 91.2 and the
distribution of [ in (32) specializes to the one claimed.

Now, (33) of Proposition 3.1 yields, with Y* having the Y -zero biased distribu-
tion,

n
Y*—Y=UY/+) Y/ =)

J#l i=1
n
= U@[X} + ZQJ'X§ - ZQJ‘XJ'
J#l Jj=1

=0,(UX] — X))+ Y 0;(X} - X))
J#1

xh
—0,UX' - X))+ 9-<g I —1>X-
1( I 1) ]; J g(XI) Jj

xh
—o,UX! — X +<g—’—1) 0:X:.
1 (UX; 1) 2(X)) j; Y

The proof is completed by dividing both sides by o, noting that Y*/o = (Y /o)*,
and invoking Theorem 1.1. [J

Proposition 4.2 shows that Proposition 4.1 can be applied when X has cone
measure. We denote the Gamma and Beta distributions with parameters «, 8 as
I'(«, B) and B(«, B), respectively, and the Gamma function at x by I'(x).

PROPOSITION 4.2.  Let C), denote cone measure as given in (12) for some
p>0.

1. Cone measure GZ is exchangeable and coordinate-symmetric. For {Gj, e}, j =
1, ..., n} independent variables with G ; ~T'(1/p, 1) and ¢; taking values —1
and +1 with equal probability,

G \\/P Gn \\/P b
(47) X:(el(Gl ) ""’8”((;1 ) >~@g, where Ga =Y G;.
1 N

i=a
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2. The common marginal distribution X; of cone measure is characterized by
Xi=aq—Xi and |Xi|’~B(1/p,(n—1)/p),

and the variance 0,12’ p = Var(X;) is given by

ra/pr rea
(48) o2, = o/ satisfying lim n*7o? = -O/P)
o rd/priln+2)/p) n—>00 o I'/p)
3. The square bias distribution X l’ of X; is characterized by
(49) Xi=q—Xi and |X{|”~B(3/p.(n~1)/p).
In particular, letting {G ;, G/j, €j, j =1,...,n} be independent variables with
G;~T(/p,1), G’j ~T'(2/p,1) and ¢; taking values —.1 and +1 with equal
probability, for each i =1, ..., n, a construction of (X, Xj) on a joint space is
given by the representation of X in (47) along with
. G+ G, \!/r
(50) Xi=¢ (’73) :
The mean my, ;, = E|Xf|f0ralli =1,...,nis given by
I'4/p)T'((n+2)/p)
(51) Mp,p =
r'a3/pIin+3)/p)
and satisfies
'« 3\ 1l/(pvD)
(52) lim n'/Pm, p= “/p) and my, , < (—) .
n— 00 ’ F(S/p) ’ n-+2

4. Cone measure G;’, is scaling (1 — |x|P)V/P-conditional.

The proof of Proposition 4.2 is deferred to the end of this section. Before pro-
ceeding to Theorem 4.1, we remind the reader of the following known facts about
the Gamma and Beta distributions; see [4], Theorem 1.2.3 for the case n = 2 of
the first claim, the extension to general n and the following claim being straight-
forward. For y; ~I'(«;, 1),i =1, ..., n, independent and «; > 0,

4!

(53) vi+y2~T(ag +az, 1),
Y1+

"’B(Oll,az), and

n
Y1 Yn ) .
e and E y; are independent;
<z:-;1 ZANDVETY ’

the Beta distribution B(«, 8) has density
I'a+B)
L@ (B)

i=I

Pap(u) = w1 =)’ Myepo

(54)
P+l (@+p)

and ¥ > 0 moments .
Mo+ B +«)' ()
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THEOREM 4.1. Let X have cone measure GZ on the sphere S(Z’;,) for some
p > 0and let

n
Y =) 6X
i=1

be the one-dimensional projection of X along the direction 8 € R" with ||0] = 1.
Then with anz’p = Var(Xy) and m; , = E|X%| given in (48) and (51), respectively,
and F the distribution function of the normalized sum W =Y /o, p,

n
mn,p> 3 <l ) 4
55 F—®|; <3 6;°+1—v1 ,
(55) Il I < ( ;lezl . —

On,p

where ® is the cumulative distribution function of the standard normal.

We note that by the limits in (48) and (52), the constant m,, /0y, , that mul-
tiplies the sum in the bound (55) is of the order of a constant, with asymptotic
value

i Mp,p I'4/p)vI'(1/p)
1m = .
= oy p F(3/p)3/2

Since, for # € R"” with ||#] = 1, we have

1
DI = —,

the second term in (55) is always of smaller order than the first, so the decay rate
of the bound to zero is determined by 3, |6;|*. The minimal rate 1/./7 is achieved
when 6; = 1//n.
In the special cases p =1 and p =2, C}, is uniform on the simplex
" ,|x;| =1 and the unit Euclidean sphere Y_7_, x? = 1, respectively. By (48)
and (51) for p =1,
2 3

and my 1 =——,

T L+ 1) nt2

n,

and, using (52) for p =2,

these relations yield

Ml _ 3 /LH-H) gi and 2 < 3n </3.
On,1 2(n + 2)2 \/§ Opn,2 n+2

Substituting into (55) now gives the claim (13).




1908 L. GOLDSTEIN

PROOF OF THEOREM 4.1. Using Proposition 4.2, we apply Proposition 4.1
for X with g(x) = (1 — |x|?)!/? and the joint construction of (X, X' ;) given in

item 3.

Using the triangle inequality on (45) yields the upper bound
X

(56) <E|9,(UX§ - X)|+E

(505
0;X;

(X1) J#l

For X with the common marginal of X, we have

X X 12\ 12 x 3\1/3
() 1) <o

which, with X! having the square bias distribution of X, implies that
X PP

On,p

E

)

On,p On,p On,p On,p

E|X| < = E|X.

n,p

Bounding the first term in (56) by applying the triangle inequality, using the fact
that U is independent of 7 and X!, E|U|=1/2 and P(I =i) = 6? yields

n
E0//(IUX]+1X1)) = El6/1(31X]1+1X71) = EY_16;P (31X} + 1X:1)
(57) N

2Z|9|E|X| 2mn,,2|9|

i=1
Now, averaging the second term in (56) over the distribution of / yields

g(XI - g(Xf) 2
( (X)_l)j;” §E<g<xi> );‘%X"@
Using (47), (50) and g(x) = (1 — |x|?)/?, we have

gX) :< Gin )“P .

g(Xi) Gin+G; '

The variable G; and, by (53), the sum G , are independent of X1, ..., X,; hence,
the term (59) is independent of the sum it multiplies in (58) and therefore equals

(60) ZE’ 8(X) 1’15 > 0;X;(67
8(Xi) j#i

i=1
To bound the first expectation in (60), since G1,,/(G1,, + G}) ~ B(n/p,2/p),
we have

61) E‘g(Xf)—1‘:E<1—<&)W><(lv1> 2
g(Xi) Gin+G; “\p n+2

(58) E

(59)
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since for p > 1, using (54) with « =1,
G 1/p G 2
(I i L D I R S
Gin+G; Gin+G; n+2)/p n+2

while for 0 < p < 1, using Jensen’s inequality and the fact that (1 — x)!/? > 1 —
x/pforx <1,

G 1/p G 1/p
(-(enre) )=-(aie)

n A\ 2
n+2 p(n+2)

We may bound the second expectation in (60) by oy, ,, since

(E > 00X, )25E<Zejxj> _Var<29 X >_ T2 07 <07 .

j#i j#i j#i J#i
Neither this bound nor the bound (61) depends on i, so substituting them into (60)
and summing over i, again using » ; 91-2 =1, yields

g(X’ ’ 1 2
(62) E‘ I‘E 0;X ;|67 <oy (—\/1) .

Adding (57) and (62) and multiplying by 2/0, , in accordance with (45)
yields (55). O

PROOF OF PROPOSITION 4.2.
1. For A C S(E’;)), e=(e1,...,e,) € {—1, 1}" and a permutation 7 € 4§, let
Ae = {XZ (e1x1, ey enxn) € A} and An = {XZ (x,r(l), ey xﬂ(n)) (S A}.

By the properties of Lebsegue measure, u” ([0, 1]Ae) = n"([0,1]A;) =
w ([0, 1]A), so by (12), cone measure is coordinate symmetric and exchange-
able.

Next, [20], for instance, shows that

— Gl 1/p Gn 1/p
(63) (|X1|,...,|Xn|)—d(<G1’”> "”’(Gl,n) >

Letting C and C¢ be the distribution functions of X ~ GZ and (e1X1,...,e. Xn),
respectively, the coordinate symmetry of X implies that

C(x)=Ce(x) forallee{—1,1}",
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so averaging yields

1
Cx =5 > Cex).

n
ec{—1,1}"

Therefore, for ¢;,i =1, ..., n, i.i.d. variables taking the values 1 and —1 with
probability 1/2, we conclude that X =4 (¢1X1,...,&,Xy) =4 (€11X1], ...,
&n]Xy|). Combining this fact with (63) yields (47).

2. Applying the coordinate symmetry of X coordinatewise gives X; =4 —X; and
(63) yields | X;|” = G;/ G, which has the claimed Beta distribution, by (53).
As EX; =0, we have

(64) Var(X;) = EX? = E(|1X;|7)¥?

and the variance claim in (48) follows from (54) fora =1/p,B=mn —1)/p
and k =2/ p. The limit in (48) follows from the fact that for all n, x > 0,

nI'(n)

©5) 100 I'(n+x)

which can be shown using Stirling’s formula.
3. If X is symmetric with variance o> and X! has the X-square bias density, then
for all odd functions f, since —X2 f(X) =4 X% f(X),

EX’f(=X) _E(=X’f(X)) _EX*f(X))
2 - - 2

= = Ef (X",

Ef(-x")=

showing that X! is symmetric.
From (54) and a change of variables, X satisfies | X|” ~ B(«/p, 8/ p) if and
only if the density p|x|(u) of | X] is

pT'((a+B)/p) uo‘_l(l _ up)ﬂ/p_
['(a/p)T(B/P)

Hence, since |X;|? ~ B(1/p, (n —1)/p) by item 2, the density p|x; (u) of |X;|
18

(66) pix|(u) = "yeo.n-

pl'(n/p) (l_up)(n—l)/p—ll
r'{/p)'(n —1/p)

Multiplying by u? and renormalizing produces the | X fl density

pix;|(u) = uel0,1]-

_ u? pix(u)
P|Xff|(”) = W
(67) ’
_ pT((n+2)/p) u2(1 _up)(n_l)/p_
Ir'a/pIin—1/p)
and comparing (67) to (66) shows the second claim in (49). The representation
(50) now follows from (53) and the symmetry of X;.

yeron,
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As in (64), the moment formula (51) follows from (54) for « = 3/p, B =
(n—1)/p and « = 1/p, and the limit in (52) follows by (65). Regarding the
last claim in (52), for p > 1, Holder’s inequality gives

3 \Up
—E|X!< EX”’””:(—) ,
Mp,p | |_( | |) P

while for 0 < p < 1, we have

G +G,\!/r G +G, 3
mn,p=E|X1|=E< i+ l) §E( i+ l)—

Gin+G! Gint+G:) n+2

4. We consider the conditional distribution on the left-hand side of (44) and use
the representation (and notation G, ) given in (47). The second equality below
follows from the coordinate symmetry of X, and the fourth follows since we
may replace G1, by G2,,/(1 — |a|?) on the conditioning event. Further, using
the notation aJ.L (V) for the distribution of aV, we have

L(X2,..., Xy|X1 =a)
(s(62) " mlge) () =)
oC 129 s &n €1 =a
Gl,n Gln Gln
(o(52) " mlg) lgn) " =)
=L\ & ey Ep
Gin Gin Gin

G- \/P G, \P|G
=£<82< 2) ( ) 2”—1—|a|1’
Gl,n Gln

(68) 1/p o PG
() () 1)
(o)) )
el ) ()

=g@e™".

In the penultimate step, we remove the conditioning on G1/G1,, since (53) and
the independence of G| from all other variables gives that

( Go G,
G2,n U G2,n

) is independent of (G1, G2,,)

and so, in particular, is independent of G1/(G1 + G2.,) = G1/G1 n.
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Regarding the right-hand side of (44), using 1 — | X |7 = > , | X;|” and the
representation (47), we obtain

¢@ (X, Xo) g(X1) = g(a)(

(X29'~~7X}’l) )
(IXalP + -+ X, 7)1/

(a)<(ez(Gz/Gl,n>1/P, e sn(Gn/Gl,n)l/P))
((G2/G1p) 4+ (Gn/Gra)/P

:g(a)<<szG”p,. snG,/"’>>
(Ga+---+Gp)l/P

G, 1/p G, 1/p
oo &) ()"
G2,n 8 GZ,n

=i g@C, ",
matching the distribution (68). O

In principle, Proposition 3.1 can be applied in conjunction with Theorem 1.1
for any coordinate-symmetric vector where one can construct a coupling between
the marginal variables and their square biased versions, and where conditional
distributions such as the one on the left-hand side of (44) can be handled. For X
having the uniform distribution over a convex body symmetric to the coordinate
planes, the conditional distributions of interest are uniform over the intersection of
the body with the hyperplanes X; = a. The marginal coupling appears to be more
elusive, but may be especially tractable when the body has some particular shapes.

5. Simple random sampling. We provide an L' bound for the error in the
normal approximation of the sum

(69) Y=) X

of a simple random sample of size n from a set 4 of N real numbers, not all equal.
It is straightforward to verify that ¥ has mean p and variance o2 given by
2_ n(N —n)

(70) pw=na and o’= Y (a—a)?®  where a=— Za
N(N_l)aeA aeA

The bound below depends also on a3, the third-moment-type quantity given by

= la—al’.

ach

THEOREM 5.1. Let{Xy,..., X,} be a simple random sample of size n from a
set A of N real numbers, not all equal, with n and N satisfying

(71) 2<n<N-—1.
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Then, with the sum Y given by (69), the distribution function F of the standardized
variable W = (Y — 1) /o satisfies

4az (n(N —n) n\?
1 -0l < 23 (R ) (1+ %) -

Using n/N < 1, we see that the theorem provides the “universal” upper bound
16a3 /03, although if the sampling fraction n/N is close to 1/2, the bound im-
proves substantially, close to 2.25a3 /0.

Since W and a3 /0 are invariant upon replacing a by (a —a)/ Y pen(d —a)?,
we may assume below, without loss of generality, that the collection # satisfies

(72) > a=0 and Y a’=1.
aeh aeh

If we consider a sequence 4y of collections of N numbers, not all equal, then the
bound will be of (the best) order 1/ VN as N — oo if the deviations a —d, a € Ay
are comparable and the sampling fraction n/N is bounded away from 0 and 1; in
particular, under (72), o2 will be of order 1, the deviations of order 1/+/N and a3
(and therefore the bound) of order 1/ VN.

PROOF. By (72),

N —
2N =n) g = 3 lal,
N(N —-1) oy
so it suffices to prove that
4a n\?2
(73) 17— ol =22 (14 3)
o N

Since distinct labels may be appended to the elements of +4, say as a second
coordinate which is neglected when taking sums, we may assume that the members
of A are distinct. In addition, and for convenience only, we consider all samples
from 4 as though drawn sequentially, that is, obtained with order.

Inequality (71) is imposed so that various expressions have simpler forms [see,
e.g., (84)], in order to leave at least one unsampled individual with which to form
an exchangeable pair, and also to yield

(74) e (0,1).

A= ————
n(N —n)

To form an exchangeable pair, let X, X", X5, ..., X,, be a simple random sam-
ple of size n + 1 from 4, that is, with distribution

PX =x'X"=x"Xo=x2,.... X, =2x)

= ;Jrlll({x/,x”,xz, ..., Xp} C oA, distinct),
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where Ny = N!/(N — k)!, the falling factorial. The pair

n n
Y=X'+>'X; and Y'=X"+)X;
i=2 i=2

is clearly exchangeable with common marginal distribution that of ¥ in (69). Since

v/ _1 / mv/N 1 1
EXN17Y)=-Y and EX"|Y)=-——=—Y,
n N —n

with A as in (74), we have
EY"'")/Y)=EY' -X' +X"1Y) =01 -1Y/,

proving that linearity condition (9) is satisfied.

We now follow the construction of the zero bias variable outlined in Section 3.3.
Since Y/ — Y” = X’ — X", choose X', X* independently of X', X", X5, ..., Xn,
and with distribution proportional to the squared difference (Y’ — Y")? = (X' —
X")?, that is, according to the distribution

_ (@b
(75) q(a,b) = Tl({a, b} C A).

Now, the remainder of the sample from which we will construct ¥ and Y* must
have the conditional distribution of X», ..., X,, given X' = X', X" = X*, that is,
it must be a simple random sample of size n — 1 from A \ {XT, X¥}.

However, we would like these n — 1 variables to correspond as closely as pos-
sible to the values in {X», ..., X,,}. For this reason, consider the difference and
intersection

S ={Xa, ..., X))\ (X, XF} and R ={Xs,..., X, Nn{XT, X*).

The difference set . contains the variables in our original sample which can be
used in the sample taken according to the conditional distribution given the inclu-
sion of X' and X*, and R’ contains the variables which cannot be common to
both samples, that is, variables which must be replaced by others when forming
Y'and Y*. In particular, if the intersection R’ is empty, then {X», ..., X,,} serves
as the size n — 1 simple random sample from the complement of {X T, X*}. Other-
wise, R’ is of size 1 or 2 and variables in R’, in the order given by their indices,
are replaced by those in a set R, of the same size as R, obtained by taking a
simple random sample from the values available, that is, from the complement of

Q={X, ..., X, U{XT, X%}

In each case, the total resulting collection of the n — 1 variables thus obtained
are uniform from A \ {X', X*}, that is, they have the conditional distribution of
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Xo,..., X, given X' = X7, X" = X*; hence, (42) holds with
S = Z a,
aces
T'=>Ya+X, T'=> a+X’,
aeR’ aeR’
TT:Zat—i—XT and Ti:Za—}—Xi.
acRf e

With U ~ U[O0, 1] independent of all other variables, by Proposition 3.2, a cou-
pling of the zero biased variable Y* and Y’ is given by

Y*=UX"+(1-U)X*+5+ Y a and Y'=X'+5+ ) a,
acRf acR’
and therefore their difference V is given by
V=Y*—Y' =UX"+(1-U)X"-X'+ Y a- ) a
acRt aeR’

Now, using X' =4 X* and the independence of U, we may bound E|V | by

2 a|+E| ) a

acR’ acR’

(76) E|VI<E|X"|+E|X'|+E +E

We bound the four terms of (76) separately.
Since E(X')?> =1/N, we have

EIWNX'|<E(WNX)=1<(EVNX')" <

which gives the following bound on the second term of (76):

1
(77) Z|a| E|X'|= —E|V/NX'| < —E|«/—X| =Y lal = as.
aeA \/N ach

From (75), the marginal distribution of X equals

(a) 1( 24 1) fora € A
= - — or .
qi(a 5 a N a
Therefore, for the first term in (76), using (77), we have
(78) EIXT|=)" lalgi(a) = Z lal + Z la| < a3.
acA CIGA aeA

Moving to the last term in (76), since {X», ..., X,} and X T X%t are independent,
for any a € A,

PlaeR)=Pac{Xs, ..., X, n{x", x*H
=P@e{Xs ..., XxHPaec{X", X

—1 1

=2P@e{Xa, ..., X, HhP(X =0a)= (”T> (a2 + N)’



1916 L. GOLDSTEIN

which implies that

—1 1
E|Y a|<E) |a|=Z|a|P(ae$’)="—Z|a|(a2+—)
N N
aeR’ aeR’ ach ach
(79)
n—1 ( 3 1 2n
= Z|a| +_Z|a|>§_a3’
N ach N ach N
using (77).

Beginning in a similar way for the third term in (76), since P(IRT|€{0, 1,2)=1
and P(a € R, |.RT| =0) =0 for all a, we have

E| > a|< ) lalP(aeR")
acRt acR’t
(30)
=Y lalP@e R IR =D+ > lalP@@e R, |RT|=2).
acRt acRt

By independence, the joint distribution of (X3, ..., X,) and X T, X*, whose real-
izations are denoted x,—; and u, v, respectively, is given by

(81) PGt 1, 0) = (N1 1({x2, ..., X0} C A, distinet)g (u, v),

with g (u, v) as in (75). Without further mention we consider only the event of
probability one where x,_1 is composed of distinct elements and u # v. Although
Xn—1 1s ordered, with a slight abuse of notation, we treat y,—; as an unordered set
in expressions containing set operations, such as x,—1 N {u, v}. Taking B to be an
ordered subset of A of size 1 or 2, the conditional distribution that R = B, given
Xn—1 and u, v, is uniform over all sets the size of the intersection of x,_1 and u, v,
taken from the complement of their union, that is,

1
(N = | xn—1 U {u, v} 3
X (BN (xp—1Ufu,v}) =3, |B| = xn-1 N {u, v}).

In particular, then, for 8B of size 1, using (81), we have

Plae R IR =)= > palxn1.u.v)p(xa-1.u,v)

Xn—1,U,V
=2 > p@Xa1,1,0) P, ;)
“eXn—l,U¢X”_l
1
=2 2 q(u,v)
UEKn—1,VE Kn—1 N —n (N)p-1

{u,v}Uxn—17a
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- wn D X

v}Fa Kn—10{v,a}=2, xn—13u
2(n — )(N = 3),2
(82) == o 2 4w
( _n)( )n—l {M,U};a

_2n—=1)(N—n+1)

Y q,v)

(N)3 (o)
(83) :2("_1)(N_”+1)((1—l)—a2),
(N)3 N

where, in (82), the factor (N — 3),_ counts the number of ways that the n — 2
additional elements required in x,_; can be taken from the N — 3 available and
the n — 1 counts the number of positions that # could occupy in the ordered set
Xn—1. In addition, in the last equality, we have used

Z qu,v) = Z (u—v)?=-—— Z (u? — 2uv +v?)
{u,v}za {u v}Fa 2N {u,v}za
Z(u —uv) = Zu—— Zuv
{u v}Fa {u v}Fa {u,v}za
Nelshpp @ <3
u#a u;éa
N —1 a®

_ N
=y U-a-5

:(1—%)—642.

Dropping the —a” term in (83) to get an upper bound and using (77) and the
fact that N > n > 3, we have the following upper bound on the first term in (80):

Z|a|P(aeaz*,|3z*|=1)sz(n_l)(N_”H)( —l>Z| |

ach (N)3 aeh
(34)
2n—1)(N —n+1) 2n
=< az < —as.
N(N —2) N

To handle the second term in (80), we have, likewise, for a and b distinct,
P(R'=(a.b))= Y p@blxn-1.u.v)p(n—1.1.v)
Xn—1,U,V
> 1 1 q(u,v)
= u,
Hu,viNy,—11=2 (N—=n+1)2(N)n-1
({u,v}Uxn—1)N{a,b}=2
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1 1
_ oooquv)y > 1
(N =n+ D2 (Nn-1 (, @)= Xn—12{u,v},

xn—1N{a,b}=2

1y (N4

S N=ntD: Mt {u,v}%b}zg"(”’ 2
—1 1

_ (Yl )2 Z Q(M, U)

N2 (N=2)2 A bi=o

_(n—1) 1 1

(N2 (N-2N

Using symmetry, summing over b # a and multiplying by 2 (since a can be
chosen as the first or second variable in the set R of size 2) yields

2(n— 1), 1 1

(N2 (N=22N

(N =2)(1 —a® = b?) — (a + b)?).

Paec R, IR |=2)=

(N = 1)(N —=3) — (N> =3N)a?).

By (71), N > 3, over which range the factor —(N? — 3N) multiplying a? is
negative; discarding it yields the upper bound
2 =1 (N-DIN-=3)1  2n—1)»

(N2 (N=22 N N(N-2)

Pae R, |RT|=2) <
so, by (77),

2(n—1 2
(85) ZIaIP(aeJ%T,|J{T|:2)§ua352(1) .
N(N —2) N
ach
Inequalities (80), (84) and (85) yield the upper bound on the third term in (76),
=<2+ (7))
a -~ — as.
R VARV
aeR’

Combining the bounds on the four terms of (76) given in (77), (78), (79) and
(86) gives

(86) E

nZ
ElV|I<2l14 — .
e (+N)a3

By (72), EY =0, so W = Y /o and since W* = (Y/o)* = Y*/o, Theorem 1.1
gives

IF — @[l <2E|W*" — W|=

< — —
o o

2E|V| 4a3< n)z
1 ,
Ty

which is (73). O
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6. Combinatorial central limit theorem. We now use Theorem 1.1 to derive
L' bounds for random variables Y of the form

n
(87) Y =>"aixa)
i=1

where 7 is a permutation distributed uniformly over the symmetric group 4,, and
{aij}1<i, j<n are the components of a matrix A € R"*". Letting

1 & 1 & 1 &
a.=— Z ajj, ai.z—Zaij and a.jz—Zaij,
= i iz

straightforward calculations show that the mean y and variance o2 of ¥ are given
by

1
(88) W =na. and o’ = P Z(aizj - a,-z, — a,zj +a?);
ivj

the fact that (94) below is a probability distribution yields an equivalent represen-
tation for o2,

1

2_
(89 T T Wa-,

Z [(@ix +aji) — (air +aji)].
kil

In what follows, we assume for the sake of nontriviality that 0> > 0. By (89),
02 =0 if and only if a;; — a;, does not depend on i, that is, if and only if the
difference between any two rows of A is some constant row vector.

Motivated by deriving approximating null distributions for permutation test sta-
tistics, Wald and Wolfowitz [25] proved the central limit theorem as n — oo for
the case where the factorization a;; = b;c; holds. This was later generalized by
Hoeffding [12] to arrays {a;;}1<;, j<n in general. Motoo [17] gave Lindeberg-type
sufficient conditions for the normal limit to hold.

In the supremum norm, von Bahr [2] and Ho and Chen [14] obtained Berry—
Esseen bounds when the matrix A is random, which yield the correct rate O (n™ 1/2y
only under some boundedness conditions. Bolthausen [6] obtained a bound of the
correct order in terms of third-moment-type quantities, but with an unspecified
constant. Goldstein [9] gave bounds of the correct order under boundedness, but
with an explicit constant, for the cases where the random permutation 7 is uni-
formly distributed and also when its distribution is constant on cycle type.

For each n, Theorem 6.1 provides an L! bound between the standardized vari-
able Y given in (87) and the normal, with an explicit constant depending on the
third-moment-type quantity

n
(90) az= Y lajj—ai. —a.j+a..
i,j=1
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When the elements of A are all of comparable order, o2 is of order n and a3 of
order n%, making the bound below of order n~!/2.

THEOREM 6.1. For n > 3, let {aij}?jzl be the components of a matrix A €

R"™ " let w be a random permutation uniformly distributed over 8, and let Y be
given by (87). Then, with u, o2 and a3 given in (88) and (90), F the distribution
function of W = (Y — n)/o and ® that of the standard normal,

17— ol = 16+ % _, 8 )
(n—1)o3 n—1 ((n-1)>2

PROOF. Since
n
Y —pu= Z(ai,n(i) —aj. — Az + a..),
i=1

without loss of generality, we may replace a;; by a;; — a;. — a.; + a.. in which case
n n
91) > aij=) aij=0
i=1 j=1

and (90) becomes az =) ; ] | |>. We will write ¥ and 7 interchangeably for Y’
and ',

Construction of Y T, Y*: We follow the construction outlined in Section 3.3; see
also [9]. For 1 <i, j <n, let 7;; be the permutation which transposes i and j.
Given 7/, take (I, J) independent of 7/, uniformly over all pairs 1 <1 # J <n,
that is, with distribution

- L.
(92) pi(, j) = —10 # ).
(n)2
Now, set 7"/ = 7’77 ; and let Y” be given by (87) with 7" replacing 7. In particu-
lar, 7”7 (i) =7’ (i) fori ¢ {I, J}, so

(93) Y =Y = (a1 +asqy) — a2y +arzm)-

We note that the difference depends only on 7, J, w/(I), #'(J) having distribution
p1(i, j) p1(k, 1), where k and [ are the realizations of 7z’ (1) and 7t/ (J), respectively.
It can easily be shown (see [9]) that the pair Y, Y” is exchangeable and satisfies
the linearity condition (9) with A =2/(n — 1).

To construct (Y7, ¥Y#) with distribution (y/ — y")>dP(y',y")/E(Y' —Y")?
of (36), note first, using (93) and then (35) for the second equality, that

42
Y Waik +aj) — (@i +ajp))* =2h0* =

EY — Y”)2 ==
2 2 )
n“(n—1) e n—1
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noting that the summand is zero if i = j or k = /. Still following the outline given
in Section 3.3, to begin the construction of Y" and Y*, choose IT, JT, KT, L7
independently of the remaining variables, according to their original distribution
biased by the difference (93) squared, that is, with distribution

[(aik +aji) — (air +a;x)]?
E(Y/ _ Y//)2

_ aik +aj) — (ai + aj)l?
a 4n%(n — 1)o?

in particular, P(IT=J")= P(KT = L") =0. Now, set

p2(i, j k1) = p1G, ppi(k, 1)

(94)

T Th1(kt) gt if L'=x("),K"#7J7),
7= . if LT#£7("), K =7(Jh),
HTH_I(KT),ITTﬂ_l(LT),]T’ OtherWiSC,

and ¥ = H.I‘T]T’]T. Note that {7z 7(IT), 7T (U} = (z*UT), n*(JT)} = (KT, LT).
As the conditional distribution of &, given that it takes particular values on some
collection of indices, is uniform over all permutations restricted to take those val-
ues, the variables Y7 and Y* given by (87) with 7 replaced by 7' and ¥, respec-
tively, have joint distribution (36).

Calculation of E|Y* — Y'|: By Proposition 3.2,

Y —Y =UY"+(1-0U)Y* -Y
n n n
=UY aipip+ A =U) D a0~ D dini)-
i=1 i=1 i=1
With
1= T uE T &, 7 @hy,
we see that if i, j ¢ 4, then (i) = 77 (j) = 7¥(}).
Hence, setting V =Y* — Y’, we have
95) V= Z(Uai,n’f(i) + (1 = U)a; 5y — Gin(i)-
ied
Further, letting
R=|{x("), m(IH}N{KT, LT}
and 1, =1(R =k), since P(R <2) =1, we have

V=V1,+ V1 4+ V1, and therefore
(96)
E|\VI<E|V|ILL+ E|V|1; 4+ E|V|1y.
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The three terms on the right-hand side of (96) give rise to the three components of
the bound in the theorem.

For notational simplicity, the following summations in this section are per-
formed over all indices which appear, whether in the summands or in a (possi-
bly empty) collection of restrictions. In what follows, we will have equalities and

bounds such as
o > laull(aix +aji) — (@i + a0l
=" lail(a} + % + af +d%) < 4n’as.

Due to the form of the square on the left-hand side, if the factors in a cross term
agree in their first index, they will have differing second indices and likewise if
their second indices agree. This gives cross terms which are zero by virtue of
(91), since they will have at least one unpaired index outside the absolute value
over which to sum, for instance, the index k in the term Y |a;;|a;xa;;. Hence the
equality. The inequality follows from the fact that for any choices t1, (2, k1, k2 €
{i, j, k, 1} with ¢] # k1 and (» # k2, perhaps by relabeling the indices appearing
after the inequality,

1/3 2/3
(98) Y la i lag ., < (Z |a,-,-|3> (Z |akz|3> =n’a3.
k1l i,j

i,j.k,1l

Generally, the power of n in such an inequality, in this case 2, will be 2 less than
the number of indices of summation, in this case 4.

Decompositionon R=2:0n1;, 4 ={I T T}. As the intersection which gives
R =2 can occur in two different ways, we make the further decomposition

V=Vl + Vo),
where 1o = 1(w(I") = KT, 7(JT) = L") and 1o, = 1(n(I") = LT, n(J7) =
KT). Since 7" = on 15,1, by (95),
Viai= Y (Ua i)+ —Uay iy — i)l
ie(lt,Jt)
=[Ulay xity + ayi xi )
+ (L= U)(ap piqty + age piny) = (@t oty +age pom) 12,1
(99) =[U(asi 2ty + ay 5
+ A =U)api zty +ast i) = (@ri 2ty + ag gz ) 120
=1 =U)asi zty st ity = At 2ty — At ) 12

= (1 — U)(al'?“,L’i' +a‘]+,KT - a1+,KT - a‘]l’L})lz’]
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Due to the presence of the indicator 15 1, taking the expectation of (99) requires
a joint distribution which includes the values taken on by 7 at 17 and J¥, say s
and ¢, respectively. Since s and ¢ can be any two distinct values and are independent
of IT, J7, KT and LT, we have, with p1 and p> given in (92) and (94), respectively,

p3(, j. k.1, s, 1)
(100) =P(I" I K LT n (@), (T = G k.15, 1))
(aix +aji) — (aig +ajr)]?
4n3(n — 1)%02

Now, bounding the absolute value of the first term in (99) using (97),

— (i ok D (s 1) = © 165 £ 1).

1 .
E|(1=U)ap pilloy =5 > laill(s =k, t =1)p3(i, j.k,1,s,1)

1 .
- §Z|ail|p3(l’ ],k,l,k,l)

1
T 8n3(n —1)202
B
~ 2n(n — 1)202
Using the triangle inequality in (99) and applying the same reasoning to the re-
maining three terms shows that E|V|12,1 < 2a3/(n(n — 1)20%); since, by symme-
try, the term V15> can be bounded in this same way, we obtain

> laull(aix +aji) — (@i + a0l

as - 4aj
nin—1)202 " (n—1)302"
Decomposition on R = 1: As the event R = 1 can occur in four different ways,

depending on which element of {7 (I7), 7 (J7)} equals an element of {K T, LT}, we
decompose 1; to yield

(102) V1=V 1+ V1L o+ V1 3+ V14,

where 171 = 1(x(I") = KT and 7(JT) # LT), on which & = {IT, JT, 7 =1 (L")},
specifying the remaining three indicators in (102) similarly. Now, using (95), and
the fact that on 1; 1, we have 77 = T Tp-1(17), g+ and nt = T Tp—t(rty, Jt Tyt 1t> SO
that 77 (x =1 (L)) = ¥ (x =1 (L)) = w(J) it follows that
V1= Z (Ua; piiy + (1= g2y — Giniiy) 11,1
ie(It, Jt,m=1(LT)}

(101) ElV|1 <

= [Ulayi ity +ayi gty + Gn-10ty 2t -1(L1)
+ (L= U)ags zaty +ayt zity + g1t ai@-1(Lty)
(103) —(art zaty Fagt pty F a1ty p-1win) 11
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=[Ulayi g+ a1 +az100) 2(h))
+ A =U)(aps g +ayr gt +az-10t) 20h)
—(ayi, ki +ayr iy T ag-10n,00) 1
=[Uays v + (1 = U)ay pr +aye gt —ags gt)
— Ayt gty — dx-iwhy,Lt +ax-1whaehn

For the first term in (103), dropping the restriction ¢ # [ and summing over ¢ to
obtain the first inequality and then applying (97) with |a;;| replaced by |aj;|, we
obtain

1
EUlay: pillii= Y lajill(s =k, t £DpsGi, j. k1,5, 1)

(104) > lajillaix + aji) — (@i +aj)l

< -
~ 8nZ(n — 1)2%02
< aij’ .
~2(n—1)3202

The second, third and fourth terms in (103) result in the bound (104), with |a |
replaced by |a;/|, |aji| and |a;i|, respectively, and applying corresponding forms
of (97) on each gives

2a3
(105) E|\Uay: 1+ + (1 =Uagt 1+ +ayi gy —aps gl < =D
For the fifth term in (103), involving a ;+ (;+) without a uniform variable factor,
we obtain

Elasi ol =) lajil(s =k, t #Dp3(, j. k.1, s.1)

1
(106) < =17 Y lajilaix +aji) — (@it +aj))?

< a3

~ (n—1)202%
Note that for the final inequality, although the sum being bounded is not of the
form (97), having the index ¢, the same reasoning applies and that, moreover, the
five indices of summation require that n? be replaced by n? in (98).

To handle the sixth term in (103), involving Ar—1(1t), LT W need the joint dis-
tribution

P4(l’ jv ka l? S, t? M)
=P, JL KN LT (), n (I, n V(L)) = G, j k. L, s, 1, 0),

accounting for the value u taken on by 7 ~'(LT). If / equals s or 7, then u is already
fixed at i or j, respectively; otherwise, 7 ~1 (L) is free to take any of the remaining
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available n — 2 values, with equal probability. Hence, with p3 given by (100), we
deduce that

p3(i, j, k1,5, 1), . it (l,u) €{(s,0), @, )}
p4(i’j’k’lvs’tvu): P3(i,j,k,l»s»t)—2» ifl¢{s,t}andu¢{i,j},
n_
0, otherwise.

Note, for example, that on 1; 1, where 7(I") = K and 7(JT) # L7, the value u
of 77 Y(L7) is neither 1" nor J7, so the second case above is the relevant one and
the vanishing of the first sum on the third line of the following display is to be
expected.

Now, calculating using the density p4, for the sixth term in (103), we have

Elaz-15) 0111
== Z |aul|1(s = k’ l # l)p4(lv jv ka lv S, tv I/l)
= laulpati, j. k.1 k, t,u)

t#l
. 1 .
= laiklpsG, ok koko) +—— > lawlpsG, j.k, 1k, 1)
T2 gl ugi, )
1 ..
=——> 2 laulp2l.j k. Dpie,1)
I#£1,ugli.j)
1 ..
107 =~ > lawlpaG, j. kD)
3 1l k)ugli.j)
1 ..
zm Z |aul|P2(17],k,l)
2 ugli,j)

1 2
< =1 D lawll@ix + aji) — (@it + aji)]

as

(108) =< m,

where the final inequality is achieved using (97) in the same way as for (106).
The computation for the seventh term in (103) begins in the same way as that
for the sixth, yielding (107) with a,; replacing a,,, so that

Elaz-11t) 2t 111

1 ..
(109) =—— > lawlp2G, j. kD)
)3 11 Kyt )
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1
= 4an2(n — D)o >l @ik + aji) = (ait + a ;i)
n’a;
<
~ (m)3(n — 1)o?
3a3

< -
~ (n—1)20%’

where we have applied reasoning as in (97) and replaced n? by n* in (98) due to
the sum over six indices.

Returning to (103) and adding the contribution (105) from the first four terms
together with (106), (108) and (109) from the fifth, sixth and seventh, respectively,
we obtain E|V |11 1 <7a3/((n— 1)262). Since, by symmetry, all four terms on the
right-hand side of (102) can be handled in the same way as the first, we obtain the
following bound on the event R = 1:

28a3

110 ElVil1 < ——.
(110) VIS =

Decomposition on R =0: We have
Lo=1(x(" ¢ {K', LT}, =(J") ¢ (KT, LT)),
g=0" 0 77 &N, 77N,
and, from (95),
Vi = > (Ua; i) + (A= U4y 71y — Giziy) Lo
ie{It,Jt w1 (k)71 (L)}
= [U(ayr g+ +ayi 1)+ (1= U)agp o+ +age g+)
(111) T a1yt 1L ()
— (@t 2ty Ayt gty T A1y, kA1, 21) o
Since the first four terms in (111) have the same distribution, we bound their
contribution to E|V |1y, using (97), by
4EUlayi gi|lo < 4EUlayi g+l

=22|aik|p2(i, J. kD)
_ 1

" 2n2(n — o2
R

~ (n—1o?

(112)
> laikl(aix + aji) — (@i + aji) 1
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The sum of the contributions from the fifth and sixth terms of (111) can be
bounded as

2E’Clﬂ—l(L'I')’n(‘]'5')}10
=2 > lawlpaG, j. k.1 s,t,u)
s¢{k,l},t¢{k, 0}

2 . .
= 2 z i |aut|p3(lv_]7kal7s,t)
W= 2 gtk ) 1k D udli, ) st

n—3
<
~2(n—2)n3(n

2n(n — 3)as
“(mn—=2)(n—-1)>2%0?2

(113) 557 2wl + ajp) = (@i + o)l

2a3

B —
~ (n—1)0?
where inequality (113) is obtained by summing over the n — 3 choices of s
and dropping the remaining restrictions, and the next by following the reasoning
of (97).

For the sum of the contributions from the seventh and eighth terms of (111),
summing over the n — 3 choices of ¢ and then dropping the remaining restrictions
to obtain the first inequality, we have

2E|ap noqnllo=2 Y laislpaG, j. k1,5, 1)
selk )1k}
1
= 23— )22 > |lais|[(aix +aji) — (@it +aji)
selk. ) gk, 1) st

(114)

P
(115) < "y 3
~ 2n3(n —1)%02
2(n —3)as - 2a3
“m—-1202" (n—1Do?’
The total contribution of the ninth and tenth terms together can be bounded

like the sum of the fifth and sixth, yielding (113) with |a,;| replacing |a,|, then
summing over the n choices of ¢ gives

> aisI(@ix + aji) — (air + aji))?

2E}an—1(m)’”|10
n—3
<
~2(n —2)n?(n —1)2%02
- 2n(n — 3)a3 - 2a;3 .
" m=2)(n—12%%2 " (n—1o?

(116)

Z lawt [ (@i + aji) — (@i +aji)]?
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Adding up the bounds for the first four terms (112), the fifth and sixth terms
(114), the seventh and eighth terms (115) and the ninth and tenth terms (116)
yields

(117) ElV|1p < — 293
0= (n—1Do?

Since W* = (Y/o)* =Y*/o, we have E|W* — W| = E|V|/o. Hence, sum-
ming the R =2, R =1 and R = 0 contributions to E|V| given in (101), (110)
and (117), respectively, the proof of the theorem is completed by applying Theo-
rem 1.1. [

7. Remarks. In Section 3.2, a new method of constructing zero bias couplings
is presented which closely parallels the construction for size bias couplings. Apply-
ing also an existing construction, the zero bias method for computing L' bounds
to the normal is illustrated in four situations.

The zero bias transformation for normal approximation is not restricted to the
L' norm. The supremum norm is considered in [9] through the use of smoothing
inequalities, although useful bounds there are only obtained when |Y* — Y| can
be almost surely bounded by a quantity small relative to Var(Y). This restriction
at present prevents the application of the zero bias method from computing supre-
mum norm bounds in various examples, cone measure being one. It is hoped that
this restriction may be relaxed in future work.

The Stein equation also presents the possibility for deriving total variation
bounds in a way similar to the manner in which the L' bounds used here were
derived in [8]. Letting a random variable denote its own distribution, recall that
the total variation distance between the distributions of X and Y can be defined in
terms of differences in expectations over bounded measurable test functions #:
(118) IX =Yty =5 sup |ER(X) — ER(Y)|.

2
|h|=<1

Now, consider the Stein equation, with o?=1, say, for such an A,
f'(x) = xf(x) =h(x) — Eh(Z),

where Z is a standard normal variable. Stein [23] shows that if |#| < 1, then f is
differentiable with | f/| < 2 and hence, for a mean zero variance 1 random vari-
able W,

|[ER(W) — ER(Z)| = |[Ef (W) — EWf (W)
=|Ef' (W) — Ef' (WH| < 4[lW — W*|i1v.
Dividing by 2 and taking supremum over /4 as indicated in (118) yields
IW = Zlltv <2I|W — W¥|lTv,

a total variation bound parallel to the L' bound in Theorem 1.1.
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