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CHI-SQUARE APPROXIMATION BY STEIN’S METHOD WITH
APPLICATION TO PEARSON’S STATISTIC

BY ROBERT E. GAUNT!, ALASTAIR M. PICKETT? AND GESINE REINERT?
University of Oxford

This paper concerns the development of Stein’s method for chi-square
approximation and its application to problems in statistics. New bounds for
the derivatives of the solution of the gamma Stein equation are obtained.
These bounds involve both the shape parameter and the order of the deriva-
tive. Subsequently, Stein’s method for chi-square approximation is applied to
bound the distributional distance between Pearson’s statistic and its limiting
chi-square distribution, measured using smooth test functions. In combination

with the use of symmetry arguments, Stein’s method yields explicit bounds

on this distributional distance of order n™!.

1. Introduction. One of the first statistical tests which a student learns is
based on Pearson’s chi-square statistic, denoted by X> and commonly used to test
goodness-of-fit in classification problems. Under the null hypothesis of fit to (any)
specified distribution over m classes, X* converges in distribution to a chi-square
random variable with m — 1 degrees of freedom, as the sample size increases.
There are many rules-of-thumb as to when it is valid to use Pearson’s test, gener-
ally based on experience and simulation experiments; the most famous such rule,
oft quoted in school textbooks, is that the expected values in each class should be
at least 5 under the null hypothesis. This restriction is now considered by many
authors to be conservative—indeed for some datasets, any such stipulation quickly
becomes a severe handicap; see, for example, [31]. Error bounds can be used to
rigorously improve such rules-of-thumb and base them on the experimenter’s par-
ticular needs.

The most common method of analysing the asymptotics of X2 is by way of
normal approximation, using the Lindeberg—Levy multivariate central limit theo-
rem. Knowledge of the convergence rate of the central limit theorem shows that
X? converges to its limit at rate of at least n !/, where n is the overall size of the
sample. This strategy has been applied to the approximation of quadratic forms to
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obtain bounds on the distance to a normal distribution using Stein’s method; see,
for example, [9].

In this paper, we consider convergence in the square directly, using Stein’s
method, to obtain an explicit bound on the rate of convergence of order n~! for
smooth test functions. This may seem counter-intuitive at first sight, but can be
attributed to the fact that there is an additional symmetry structure to the prob-
lem that is not exploited when using a normal approximation; it is this symmetry
which gives rise to the improvement in the order of the chi-square approximation.
Another motivation for studying chi-square approximations directly is that some-
times the underlying normality does not hold; see, for example, [12].

In order to obtain explicit bounds for such a chi-square approximation, we em-
ploy Stein’s method. Stein’s method was introduced in [32] for assessing the dis-
tance between a probability distribution and the normal distribution. At the heart of
Stein’s method for normal approximation is an inhomogeneous differential equa-
tion, known as the Stein equation:

(1.1) f1) = xf (x) = h(x) — ®h,

where ®h denotes the quantity EA(Z) for Z ~ N (0, 1). Evaluating both sides of
(1.1) at a random variable W and taking expectations gives

(1.2) E[f"(W) — Wf(W)] =Eh(W) — ®h.

Thus, the quantity EA(W) — ®h can be bounded by solving the Stein equation
(1.1) and then bounding the left-hand side of (1.2). Associated with (1.1) is the
Stein operator

(1.3) Af@) = f'(x) = xf(x),

defined for differentiable functions f.

Over the years, Stein’s method has been extended to many other distributions,
such as the Poisson [5], multinomial [20], exponential [4, 27], Laplace [29],
variance-gamma [14] and the gamma distribution [21, 25], which we develop fur-
ther in this paper. For multivariate normal approximations, the method was first
adapted in [2] and [16], viewing the normal distribution as the stationary distribu-
tion of an Ornstein—Uhlenbeck diffusion, and using the generator of this diffusion
as a characterising operator (1.3) for the normal distribution.

This generator approach was used by [21] to extend Stein’s method to the
gamma distribution. Through this method, [21] obtained the following Stein equa-
tion for the I'(r, A) distribution with probability density function %x’ —le=hx,
x>0:

(1.4) xf" () + (r —ax) f'(x) = h(x) = Trzh,

where I', 3 h denotes the quantity EA(X) for X ~ I'(r, ) (this characterisation
of the gamma distribution was known from [8]). It therefore follows that a Stein
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operator for the chi-square distribution with p degrees of freedom is

1
(1.5) Ap f() =xf"(x) + E(IJ—X)f/(x),

defined for all twice differentiable functions f, and a Stein equation for the chi-
square distribution with p degrees of freedom is

1
(16) 5f"@) + 5 (0 = 0 f @) =h@) = xGh.

where X(zp)h denotes the quantity EA(X) for X ~ X(Zp).

Luk [21] obtained the second essential ingredient of Stein’s method for gamma
approximation by bounding the derivatives of the solution f of the gamma Stein
equation (1.4). Let h® denote the kth derivative of a (k times differentiable) func-
tion £, and let

Cix=1{h:RT >R:3c>0,a <isuchthatVx eR,£=0,1,...,k—1,
|h® (x)| < ce® and h*~D is absolutely continuous}.
Then, for h € C i,

k)
17 179 < "’ L =,

where [| f| ;= [| flloc = supy~g If(X)I-
An alternative bound was obtained by [13], improving a bound of [28]. If /& €

Cy.k—1, then

V2w +e” + 2 }|
Vr+k—=1 r+k—1

where 19 = h. (Indeed [13, 21] and [28] imposed stronger conditions on the test
function £, although by slightly modifying their proofs one can weaken the as-
sumptions to those stated above.) The bound (1.8) involves one fewer derivative
of the test function A than (1.7), and also—and more importantly in the context
of chi-square approximation—(1.8) involves the shape parameter r. For the X(zp)

distribution, inequality (1.7) gives a bound || f®| < %Ilh(k) ||, whereas bound (1.8)
is of order p~!/? for large p.

In Section 2, we obtain new bounds for the solution of the gamma Stein equa-
tion. Of particular interest is the bound of Theorem 2.1, which is of order p~! for
large p:

as 19| k=1,

(1.9) P = ———@|n%

r+k—1 ) k=2

The p_l rate, which is optimal (see Remark 2.2), means that (1.9) is more suited
to the applications considered in this paper than either (1.7) or (1.8).
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The rest of this paper applies Stein’s method for chi-square approximation to
problems in statistics. Before bounding the distance between Pearson’s statistic
and its limiting chi-square distribution, we illustrate Stein’s method for chi-square
approximation by considering a simpler example in which the random variables
are independent and identically distributed. Specifically, let X be a n x d matrix of
i.i.d. random variables X;; with zero mean and unit variance. Then the statistic

1 d n 2
(1.10) Wdzgz(Zx,-j)

j=1\i=1

is asymptotically X(Zd) distributed, by the central limit theorem. From the Berry—
Esséen theorem, one might expect W, to converge (in the weak convergence sense)
at a rate of order n~!/2. In contrast, in Theorem 3.3, through the use of symmetry
arguments, we are able to obtain bounds of order n~! for smooth test functions.
Our bound (1.9) for the solution of the Stein equation allows an improvement on
the O(dn—') and O(d'/?n~') bounds that would result from an application of
(1.7) or (1.8). Though, for nonsmooth test functions, we expect a n~1/2 rate to be
optimal; see Remark 3.4.

In Section 4, we use Stein’s method for chi-square approximation to obtain
bounds for the distance between Pearson’s statistic and its limiting distribution.
This is a more challenging application, because, unlike (1.10), Pearson’s statis-
tic cannot be written in terms of i.i.d. random variables (knowledge of whether
the outcome of the jth trial falls in the first m — 1 cells allows one to determine
whether it fell in the mth cell). In particular, by using symmetry considerations, we
are able to obtain a bound of order n~! for smooth test functions (Theorem 4.2).
This is the first O (n~1) bound for the rate of convergence of Pearson’s statistic that
holds for all m > 2. While [17] proved that the rate of convergence of Pearson’s
statistic in Kolmogorov distance is O (n~!) for all m > 6, they did not give an ex-
plicit bound. In Theorem 4.3, we obtain a O(n_l/ 2) bound that holds for smooth
test functions which has smaller constants and a better dependence on m than the
bound of Theorem 4.2. Both of the bounds depend on n and the null hypothesis
cell classification probabilities py, ..., p, in the correct manner, in that they tend
to zero if and only if np, — 0o, where p, = min;<;<;, p;. A simple consequence
of these bounds is a Kolmogorov distance bound for the rate of convergence of
Pearson’s statistic (Corollary 4.2). The dependence on 7 is suboptimal, but Corol-
lary 4.2 is the first Kolmogorov distance bound for Pearson’s statistic that tends to
zero if and only if np, — oo.

The rest of the article is organised as follows. Section 2 gives new bounds for the
derivatives of the solution of the gamma Stein equation. In Section 3, we demon-
strate Stein’s method for chi-square approximation by considering an example in
which the random variables are independent and identically distributed. In par-
ticular, symmetry considerations can be used to obtain bounds of order n~!. In
Section 4, we obtain bounds for the distance between Pearson’s statistic and its
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limiting chi-square distribution, one of which is of order n~! for smooth test func-
tions. A bound for the rate of convergence of Pearson’s statistic in Kolmogorov
distance appears as a corollary. Proofs of technical results are postponed to Sec-
tion 5.

2. Stein’s method for the gamma distribution. First, we briefly review some
of the existing literature of Stein’s method for the gamma distribution. We shall
need some of this theory to obtain our bounds for the derivatives of the solution of
the gamma Stein equation.

The following characterisation of the gamma distribution (see [8] and [21]) is
the starting point for Stein’s method for gamma approximation. The random vari-
able X has the I'(r, A) distribution if and only if

2.1) E[Xf"(X) + (r — .X) f'(X)] =0

for all twice differentiable functions f : R™ — R which are such that the expecta-
tions E|Zf"(Z)|, E| f'(Z)| and E|Zf'(Z)| are finite for Z ~ ['(r, 1). This charac-
terisation leads to the I'(r, 1) Stein equation (1.4).

It is straightforward to verify that

1 x
22) Fw=—— [ (b = Tuh)par
xp(x) Jo
1 o0
(23) =——— [ ko -Tunpoa,
xp(x) Jx
where p(x) = Ayt —le=* solves the I'(r, 1) Stein equation (see [33], page 59,

I'(r)
Lemma 1). The r%presentations (2.2) and (2.3) of the solution become difficult to

work with if one is interested in bounding higher order derivatives. Luk [21] used
probabilistic arguments to obtain an alternative representation of the solution for
which it is possible to write down a simple formula for derivatives of general order.
From this formula for the kth order derivative, [21] deduced the bound (1.7), and
[13] used this formula and some more involved calculations to obtain (1.8) (see
also [28]).

With the introductory results now stated, we turn our attention to deriving our
order r~! bound for the solution of I'(r, 1) Stein equation. In proving our result,
we do not need to make use of either (2.2) or the formula in [21] for the solution;
the bound follows from a simple application of (1.7) and the following lemma.

LEMMA 2.1. Let f’ be the solution (2.2) of the Stein equation (1.4). Then, if
h:RY — R is bounded,

2.4)

xf" )| <20k = Trahll < 4|hll.
Suppose now that h € Cy i for k > 1. Then
(2.5) lxf 420 < 4|n®]
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and

2.6 e 00 = @+ VEER[AY].

PrROOEFE. First, we show that, for bounded #,
2.7 lxf” )| <20k =Ty k.
From (1.4) and the triangle inequality,
[ f" )] < b = Tpshll + | = 2x) /().
Now, for 0 < x < 7, from (2.2),
r—»Aix [*

xp(x) Jo

|(r = 2x) f'(0)| = (h(t) = Ty3h) p(t) dt

r—Aax [X
<|h=Typhl|l—— | p@)dr.
xp(x) Jo
Note that with p(x) = Z5x"~'e™* it holds for all ¢ > 0 that (1p(1))’ = (r —
At)p(t). Hence, for 0 <x < ¢,

r—Ax *
xp(x)/o p(t)dt

r—Ax [Xr—Aat
p(t)dr
X

0<

“xpx) Jo r—A

: /x(t ) dt =1

xp(x) Jo P o

With an analogous argument for the case x > ¢,
bound (2.7) follows, and with it inequality (2.4).

We now use (2.4) to prove inequality (2.5). The technique used to achieve this is

similar to the proof of Proposition 4.2 of [10] (the technique has since been further

developed in [11]). The I'(r, A) Stein equation with a straightforward induction on

k gives

28  xf* )+ +k—ax) fEV ) —kaf P ) = O ().

Note that, since & € C; g, it follows from (1.7) and (1.8) that f(k) (x) and f(k_l)(x)
exist and are bounded, and consequently x f **+2) (x) also exists and is bounded.
Rearranging (2.8),

29  xfC P+ +k—a0) @) =P ) + kO w),

using representation (2.3), the

which we recognise as the I'(r + k, 2) Stein equation with f replaced by f ®,
and h(x) — Ty, 7 replaced by A (x) := h® (x) + krf® (x). Now h(x) is bounded
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and has zero mean with respect to the I'(r + k, A) distribution. Indeed, for X ~
C(r+k, 1),

Eh(X) = E[Xf (X)) + (r +k —2X) & D (x)] =0,

by characterisation (2.1) of the I'(r + k, A) distribution, since the expectations
E|Xf* 2 (X)|, E| f*+*D(X)| and E|Xf**+D(X)| are finite. Hence, it follows
from (2.4) that

[ 2 0] = 2h 00 + ko] =20 + k] £O) < 4[a 0],

where the final inequality follows from (1.7).
Finally, we prove inequality (2.5). From (2.8),

hafED @) = =0 ) = kaf P00 + 0+ 0 LD @) + 2 f P ),
and applying the triangle inequality gives
Mar @O < [nO) +ka] £ O + ¢ + o[ fED] + [xf E2 0.
Inequality (2.6) now follows on bounding || f® |, || f*TD | and |xf %+ (x)|| us-
ing inequalities (1.7), (1.8) and (2.5), respectively. [

The following theorem follows easily from Lemma 2.1.

THEOREM 2.1. Let k > 2 and suppose h € C,_y—1 and that h*=2) js bounded.
Then

(2.10) |F Ol s ——

0l )

where h'©) = h. In particular, for the derivatives of the solution of the X(Zp) Stein
equation (1.6), we have, for k > 2,

@11 N (3||h<" DY+ 2.

PROOF. From (2.8), it follows that
®) () —
Fr@) r+k—1 {
and applying the triangle inequality gives
1 _ -
108 = e D G DD 4 e S D 02D o )

Using (1.7) to bound || f*~V| and using (2.5) to bound [lxf® (x)| and
lxf* D (x)|| gives the desired bound. In the case k = 2, we use (2.4) to bound
llxf % (x)||. For the last assertion, take r = % pand A = %, yielding

O « & .
(2.11) follows by noting that k — 1> 1. [

h(k_l)(x) ok — l)f(k_l)(x) —xf(k+1)(x) + )fo(k)(x)}’
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REMARK 2.2. The bound (2.10) of Theorem 2.1 is of order r ! as r — 0.
This is indeed the optimal order, which can be seen as follows. Evaluating both
sides of the I['(r, ) Stein equation at x = 0 gives

, 1
£/ = ~[h(0) = T 1],

Also, evaluating both sides of equation (2.9) at x = 0 gives that

1
(k) _ (k—=1) _ (k—=1)
f (0)_r+k—l{h O)+ (k—DAf (0)}, k>2.
We therefore have that
MO (h 0+ - [h(O) r,kh]>7

which for a general test function £ is of order r~!. Repeating this procedure shows
that the optimal order for || f®| is O(r~ 1) as r — oo.

3. A squared central limit theorem. Let X be a n x d matrix of i.i.d. random
variables X;; with zero mean and unit variance. In this section, we use symmetry
considerations to obtain a bound of order n~! for the distance between the statistic

(3.1 Z(Zx,,)

jlll

and its limiting x (zd) distribution. To elucidate the proof, we first consider the case
d = 1; the general d case follows easily as W, is a linear sum of Wj. For ease
of notation, set W = W and X; = X;;. Let C ll; (R™) denote the class of bounded
functions 4 : R™ — R for which h®) exists and derivatives up to kth order are
bounded. Stein’s method for the chi-square distribution yields the following result.

THEOREM 3.1. Let X, X4, ..., X, be i.i.d. random variables with EX = 0,
EX? =1 and EX® < 0o, and let W = W be defined as per equation (3.1). Then,
for h e C3(R™),

4EX8
(32)  |ErR(W)— X(l)h\ {aollhll +ap|B'|| + o || + 3|

b

where X(zl)h denotes the expectation of h(T) for T ~ X(l) and
ap =2+ 69|EX3,
a1 =38+ 654|EX?|,
ar =203 + 1781|EX?|,
a3 =321 4 1320|EX3|.
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PROOF. The proof comes in two parts. The first part includes expansions and
bounds, whereas the second part includes the symmetry argument.

Proof Part 1: Expansions and bounding. Let S = ﬁ Y1 X, so that W = S2.
We also let S@ = § — ﬁX ; and note that S) and X; are independent. Using the

Stein equation for a X(zl) random variable, we require a bound on the expression

E[Wf"(W)+1(1— W) f(W)]. Define the function g : R — R by g(s) = 1 f (s?).
Then simple differentiation shows that

1
(3.3) E[Wf”(W) e W)f/(W)] —E[¢"(S) - Sg'(S)].

The right-hand side of this equality can be recognised as the quantity to be bounded

in the Stein equation for the standard normal distribution, with g’ instead of g [see

equation (1.1)]. Thus, our problem is reduced from that of a X(21) to that of a normal.
As the X; are identically distributed,

ESg'(S) = [ZExlgm VnEX18'(S).

Taylor expansion of g”(§) and g’(S) about SV, using independence and that
EX;=0and EX% =1 gives

1
E[g"(S) — S¢'($)] =Eg"(sV) + ﬁEXlEgG)(S(l)) + R

— VnEX Eg'(SV) —EX?Eg"(SM) — Ry — R;
=Ri — N — R,

where

1 X1
R = —EX} <4><S“> 6 —)
1 n 18 + lﬁ

EX3
N:mEg@(s(“) and
1 X,
R, = —EX7} (4)<S(1) 6 —)
2 on 18 + 2\/5

for some 61,6, € (0, 1). In order to bound these terms, note that
P () =31"(s%) + 1252 O (s2) 4+ 4s* f D (s?)
so that

3.4) 189 )] < 3|7 + 1252 FOY + 45| £ @
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Letég =SM +0 % In bounding R, and throughout this proof, we shall use that,
for0 € (0, 1),

X1\4 _ E|X|Pte
1 1 1 1
(3.5) E|xVel| = E‘Xf (S( ) +9ﬁ> ‘ <29 [E|X|PE|S( N+ W}
as la + b9 <2971 (|a|? + |b|9) for g > 1.
We begin by bounding Ry;
1
IRi| = —EIX?BJ‘”(SQZI) + 1285 FO(65) + 455 FDE))
EXx*
1+ X+ 2]
16 EX©
+ 21N BRSO + =5
n n
EX*71 16 EX* EX®°
1S+ Hf<3>||[ = |+ s =+ =],
n n n
using that IE(S(I))2 2= <1 and the inequality
E(s1) = (n — DEX* + 32(n ~bH-=2 Ex*
n n

to obtain the last inequality. The bounding of R is similar, with the modification
that the order of the moments of X is increased by 2:

1 4 EXS
IRal = - EX£7] + [ £ [EX“ + —]

16 Ex%? EXS8
+—]f¥ [3EX4 L BT, —2]
3n n n
It remains to bound N. By Taylor expanding g (S1) about S,

EX3
N=="—Eg®(S) + R,
rJn g7 (S)+R3
where
EX3 X
Ri=——1EXx (4)(5(1) 0 —)
3 n 18 + 3ﬁ

for some 63 € (0, 1). We bound Rj3 similarly to Ry and R»,

3 12 E|X|?
Ral < X 1]+ N1+ 2]
n n n

16 EX* E|XP
+—||f(4)||[3+—+ . “
n n n
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It remains to show that IE%;]Egm(S) is of order n~!/2. Here, the symmetry
argument enters.

Proof Part 11: Symmetry argument for optimal rate. We shall approach this
problem using a form of normal approximation: since S ~ N (0, 1), the O (n~1/?)
central limit theorem convergence rate to the standard normal Stein equation can
be applied with test functions g®. Using (1.1), the Stein equation with test func-
tion g for a standard normal random variable is given by

(3.6) Y (x) —x ¥ (x) = P (x) — g,

Now the test function g® (s) = 3sf”(s%) + 253 f®)(s?) is an odd function
[g(3)(—x) = —g(3)(x)], and so must then be the density of g(3)(Z) for Z stan-
dard normal, and hence must have zero mean, giving that ®g® = 0. The following
lemma gives bounds on the solution of this Stein equation; its proof is in Section 5.

LEMMA 3.1. For the solution { of (3.6), we have that
G |y =3 +2(>+2)]
(3.8) |xy/ ()| < 6x?| "] +4x* (x> + 1)| f
3.9 Y] =62+ )| "] +2(2x* + 32 + 8)[ fV[ +4x* FD.

Now, performing Taylor expansions as in the first part of the proof,

Eg®(S) = E[y/(S) — S¥(S)] = R4 + Rs,

where

R4:iEX“//”(S(‘>+94ﬁ)
Jn Jn)’

3 1
Rs = EX“//”<S( ) +95f>

2Jn
for some 64, 65 € (0, 1). Using (3.9) and E| X | < 1, we obtain that

1
|R4| < EE|X1¢/”(§94)|

—{6Hf”HE\X1 265, + DI+ 2 fOE|X: (285, + 385, + 8)]

S

+4] rDE[X &)

1
< {6171+ 16170 | + B8 1021 +61 7))

S

+HAE[X & (191 + 19D
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The last expression we bound with (3.5) to obtain

N P G) ElXP? : )
Rl = = {611+ 16171+ (14 =25 )2l 7] + 61 7))

Ex* IEI|X|
+32(3+ =+ 220 ) 1O+ 1)
1 2E|X|3] "
=—16|3
v GERE (T
3E|X|? 16EX* 16E|X)
+afso+ L S8 8RN o)
Ex* EX
raafs B AT o)
Similarly,
|Rs| < 2f{6||f”||ﬂ*1<X3(2594 + D]+ 2] F B[ X7 (28, + 383, + )|
+4| P EX7, )
= L afmxp + 20,
T Jn
3E|X|° 16E|X]PPEX* 16E|X
+[59E|X|3+ X1 + X + | |i|“f(3)n
n n
E|X]’EXx* EX7
+ 16[3mixp 4 PATEXC | B '}uf@u}
To conclude, we have shown that
) 3IEX3|
[ER(W) — x{yh| < |Ri+ |R2| + R3] + N (R4l +|Rsl),

and summing up these remainder terms gives

1
[ER(W) = x{iyh| < A + B2 £ + B3] £}
where
3 EXx* 57 /27 18 9E|X |
[ (L )y 200
Bi st +| |[2+2+n X7+

3 . AEX i 177 21 3
Bo=12+4(14+= )IEX +—+|IEX| 189 + T+ E|X]|
n
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2 n
N 16(EX*)? N 16EX° N 16EX8
3n n? 3n2
64EX4 N 24E| X PEX*

n

n

48EX*  24E|XPPEX* 1/9 48 s 24E|X[
- - - EXP + —5—|

n n

1
B3 =48 + 16(1 + —)Ex“
n

+ }IEX3|[192+72E|X|3 +

64E|X|?  24E|X|
+ 75—+ 3 .
n n
The B; can be simplified using that n > 1 and 1 < E|X|* < E|X|b for2 <a<b,
as well as the inequalities E|X|3(EX*)3/4 < E|X]PEX* < E|X|” and (EX*)? <
EX8, which follow from Holder’s inequality. Carrying out this simplification gives
that

Br < (2 +69|EX3|)EX?,
B < (32 4 447|EX3|)EX?,
B3 < (107 + 440|EX3|)EXS.

Finally, using inequality (2.11) to translate bounds on the derivatives of the solu-
tion f to bounds on the derivatives of the test function 42 completes the proof of
Theorem 3.1. [

REMARK 3.2. Instead of using (2.10) to bound the derivatives of f, we could
have used (2.5), which would have reduced the moment requirements on X to
sixth order and also weakened the conditions on the test function /4, and would
have resulted in the bound

EXx6
[BA(W) = xyhl = =—{rollall + v 1] + va[[”

h

where

vi = Ai + Bi|EX?

’ i:Ovlazv

for universal constants A; and B;. This approach does not easily adapt to give the
right order in d for W,, whereas the previous approach does, as will be seen in
Theorem 3.3.

Moving onto the case of d > 1, the following generalisation of Theorem 3.1 is
almost immediate.

THEOREM 3.3.  Suppose the X;; are defined as before with bounded eighth
moment, and let Wy be defined as in Equation (3.1). Then, for a function h €
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C g’ (R™) and for any positive integer d,

4dEX8

m{aollhll + o Hh’” +a2”h”” +O‘3Hh(3)H}’

(3.10) [ER(Wa) — x{ph| <
where the «; are as in the statement of Theorem 3.1.

PROOF. Define W) = %(Z?:l Xij)z, so that W, = 2?21 Wjy. Using the
X (2d) Stein equation and conditioning gives

1
Eh(Wa) ~ xiph = B[ Waf (W) + 3(d = Wa) f (Wa)|

Il
E

1
E[W(j)f//(Wd) + 5(1 - W(j))f/(Wd)]
1

~.
Il

Il
B

1
E[E[W(j)f”(wd) +50 - W(j))f/(Wd)‘
i

~.
I

W(]), Ceey W(j_1), W(j+1), ceey W(d)]:|.

Since [|g™ (x +¢)|| = |g™ (x)| for any constant ¢, bound (3.2) from Theorem 3.1
can be used to bound the above expression, which yields (3.10). [

REMARK 3.4. The premise that the test function must be smooth is vital.
Consider the following example in the univariate case with the single point test
function h = xypy. Let X;,i =1, ..., n =2k, be random variables taking values in
the set {—1, 1} with equal probability. Then EX; =0, Var X; =1 and

Er(W) = P(Xi: Xi= 0) = (2kk) (%)2/( A \/% = \/g

by Stirling’s approximation. Furthermore, X(zl)h =IP( X(ZI) =(0) =0, and hence the
total variation distance between the distribution of W and the X(21) distribution is

of order n~1/2_ It is an open question whether a bound of order n~! in Wasserstein
distance can be achieved.

REMARK 3.5. The bound (3.10) allows for d — oo. Of course, for large d,
the statistic W, will be approximately normally distributed because the chi-square
distribution approaches the normal distribution as d increases.
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4. Application to Pearson’s statistic. Now we tackle the Pearson chi-square
goodness-of-fit test, introduced in 1900 in [26].

THEOREM 4.1 (Pearson’s X2 test). Consider n independent trials, with
each trial leading to a unique classification over m classes. Let the vec-
tor p= (pi1,..., pm) represent the nonzero classification probabilities, and let
(U1, ..., Uy) represent the observed numbers arising in each class. Then Pear-
son’s chi-square statistic, given by

(4.1) W= Z (Uf np;)”
]

is asymptotically X(zm—l) distributed.

The aim of this section is to ascertain how fast W converges (in the sense of
weak convergence) in terms of n, m and pq, ..., pn. To date, the application of
Stein’s method to this problem has been fairly limited. To the best of our knowl-
edge, the only work thus far on this topic are the unpublished papers [22] and
[23]. The first of these papers [22] uses an exchangeable pair coupling to study
the asymptotic properties of the statistic with a uniform null distribution using a
smooth test function, and in it is derive a bound of order n~!/2, but with an un-
manageably large constant. In the second paper [23], a bound (Theorem 1.3) of
[16] for the multidimensional central limit theorem is used to derive a bound, in
the Kolmogorov distance, on Pearson’s statistic with general null distribution:

250m
(4.2) sup|P(W < 2) = P(Yn—1 <2)| £ 75—,
z>0 px "/
where Y, ~ X(Qm_l) and p, = minj<; <, p;. The dependence on m in this bound
can actually be improved by using Theorem 1.1 of [3] in place of Theorem 1.3 of
[16], which yields the upper bound 400m /4 p 3/ Zp=1/2,

An explicit O(n™ 1/2y bound for the dlstance between Pearson’s statistic and its
limiting chi-square distribution is given by (4.2). However, this rate is not optimal.
In [37] Edgeworth expansions are used to show that

sup[P(W <2) =P(Yp—1 =2)[=0(n™""D/"), m=2,

z>0
and this was improved, for m > 6, by [17]:
sup[P(W <2) —P(Yu_1 <2)|=0(n""), m=6.
z>0

However, [37] and [17] do not give explicit upper bounds. It should also be noted
that [36] and [1] have used Edgeworth expansions to study the rate of convergence
of the more general power divergence family of statistics (see [7]) constructed
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from the multinomial distribution of degree m (which includes Pearson’s statistic,
the log-likelihood ratio statistic and Freeman—Tukey statistics as special cases) to
their x¢,, _;, limits.

In this section, we obtain explicit bounds for the distributional distance between
Pearson’s statistic and its limiting chi-square distribution. We now present our
bounds, starting with one of the main results of this paper: a Pearson chi-square
weak convergence theorem for smooth test functions with a bound of order n~!,

which holds for all m > 2.

THEOREM 4.2. Let (Uy,...,Uy) represent the multinomial vector of n > 2
observed counts, where m > 2, and suppose that np; > 1 for all j =1,...,m.
Denote the Pearson statistic by W. Let h € C g (R™). Then

[ER(W) = X(u_1)h]

2
4 moo
(4.3) (}: ) {19]|R ]l 4 366| k' | + 2016 4"
NI

<
(m+ n ot
+ 5264 h®|| + 106,965 || 4 302,922 D[ }.

When the constants are large compared to n, then the next result may give the
smaller numerical bound.

THEOREM 4.3.  Supposenp; > 1forall j=1,...,m.Then, for h € Cg(R"'),

12 moo
4.4) |ER(W) — x2 k| < ————16||h]| + 46| K| + 84|n” —
| m—nh| (m+1)ﬁ{ |4 + 84] ”};Jp_j

_m_

. L 1
Let Px = MiN|<j<y Pi;usIng that 27:1 \/—P_j =< N

diate from (4.3) and (4.4).

the next corollary is imme-

COROLLARY 4.1. Suppose that np, > 1. Then, for h € Cg (RT),
12

4.5 ER(W) — x2,_1\h| < ——={6lIh]| + 46| 1’| + 84|n"

(4.5) [BROW) = Xin-h] = —={0lRI + 46| + 8447} )

and, for h € Cg(Rﬂ,
[ER(W) = Xgu_1)h]

4
(4.6) i
n

9|1kl + 366|h'| +2016]A
1 / 1

*

+ 5264 || + 106,965 | || 4- 302,922 D[ }.
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Applying a basic technique for converting smooth test function bounds into Kol-
mogorov distance bounds, which can be found in [6], page 48, to bound (4.5) gives
Kolmogorov distance bounds for the rate of convergence of Pearson’s statistic. The
standard proof is given in Section 5.

COROLLARY 4.2. Let Yy denote a X(Zd) random variable and suppose
npy > 1. Then

sup|P(W <z) —P(Yyu—1 < 2)|

z>0
! {8 + 21 + 72 } m=2
(nps)'/10 (np)'3  (np )3T ’
< {19 + b + 2 } m=3
o (np*)1/6 (np*)1/6 (np*)1/3 ’ ’
1 37(m —3)1/6  72(m —3)1/3
(m — 3)1/3<np*)1/6{ (npa)1/6 (np)1/3 } "=

REMARK 4.4. The assumption np, > 1 is very mild [bounds (4.3) and (4.4)
are uninformative otherwise] and is included for the sole purpose of simplifying
calculations. Indeed, we do not claim that the numerical constants in our bounds
are close to optimal. In order to simplify the calculations and obtain a compact
final bound, we make a number of simple and rather crude approximations. We
do, however, take care to ensure that these approximations do not affect the role of
m, n and py, ..., py in our final bounds.

REMARK 4.5. For fixed m, bounds (4.5) and (4.6) depend on n and p, in
the correct way, in the sense that they tend to zero if and only if np, — oo. This
is an established condition under which Pearson’s statistic W converges to the
X(zm_1) distribution; see [18]. However, if we allow m to vary with n, then Theo-
rem 4.3 shows that this is not a necessary condition; some cell probabilities may
be of the order n~! as long as m is large and the bound could still be small. To

illustrate this point, assume that p; = n~! and for J=2,....m, pj = ”(’fn;JI)

Then 7" | p; = 1 and the bound in Theorem 4.3 is of order % + \/% . As long as

m =m(n) — oo as n — oo such that m/n — 0 as n — oo the chi-square approx-
imation is valid.

REMARK 4.6. Considering the situation where m — oo as n — 0o more gen-
erally, [19] gives an example of when this might occur in contingency table analy-
sis by considering cross-classification of discrete variables. In [35] it is shown that
the null distribution of the Pearson statistic is asymptotically normal if np, — oo
and m — oo. Note that this result is consistent with the chi-square convergence
result since the chi-square distribution converges to the normal as the degrees of
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freedom increase. An attractive property of the bound (4.5) is that it does not in-
volve m, so that it tends to zero if np, — 0o and m — oo. However, the bound
(4.6) does involve m and as a result tends to zero only if the stronger condition
npy/m — oo holds. This, along with the very large numerical constants indicates
a weakness in the bound; the price we pay for the faster n~! convergence rate.

REMARK 4.7. The Kolmogorov distance bound of Corollary 4.2 has a subop-
timal dependence on n. This is perhaps to be expected, as the bound was derived
by applying a fairly crude nonsmooth test function approximation technique to the
smooth test function bound (4.5). However, it is the first bound in the literature for
the rate of convergence in Kolmogorov distance of Pearson’s statistic that depends
onn and py, ..., p, in the correct manner, in the sense that it tends to zero if and
only if np, — oo. In fact, to the best of our knowledge there does not exist bound
in any metric for the rate of convergence of Pearson’s statistic that depends on n
and py, ..., p; in this manner.

This demonstrates the power of Stein’s method, which allows us to use the mul-
tivariate normal Stein equation to effectively deal with the dependence structure of
Pearson’s statistic (see the proofs of Theorems 4.2 and 4.3). A direction for future
research would be to use Stein’s method, with an approach tailored to nonsmooth
test functions, to Pearson’s statistic. With this approach, it may be possible to ob-
tain a bound which tends to zero if any only if np, — oo but with a better rate
inn.

Let us now prove Theorem 4.2; the proof of Theorem 4.3 is much simpler and
is given in Section 5.

PROOF OF THEOREM 4.2. As was the case for the proof of Theorem 3.1, the
proof comes in two parts. The first part includes expansions and bounds, and the
second part includes the symmetry argument.

Proof Part 1. Expansions and bounding. Let S; = #(Uj —npj), so that §;

/NP
denotes the standardised cell counts, and notice that ZTzl /p;jSj=0;also Uj ~

Bin(n, p;) for each j. Now,

This is analogous to the already studied case of independent summands in a chi-
square statistic. The key difference in this application is that the S; are not indepen-
dent, although they can be constructed from independent indicators. Let 1;(i) be
the indicator that trial i results in classification in cell j, and let I~J @)=1;i)—p;
be its standardised version. Then it is clear that §; =

1 ~ .
W ;jl:] Ij(l)
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To take advantage of the independence of the indicators /;(1), ..., I;(n), we de-
fine S;’) =S;— J%ﬁlj(i) and denote the vector (S, ..., 5) by S©. Note that

S® is independent of / (i) for all j. The following expressions for the moments
of the S;l) are straightforward.

LEMMA 4.1. The second, fourth and sixth moments of Sj(.i) are given by

. — (1 =p: .
B(s(y = @ DAZP) Py
n n

2

(=1 (=1 P
pj)? + (= pp)(1 = 13p; +23p%) + ~2,
Pi(pj) N Py(pj)  Pi(pj)

np; (npj)?>  (npj)°n’

OV _ 201 _
E(s{)* =30

E(SY)° =151 - p;)* +
where
Pi(pj) =(1—pj)(1 —87p; +724p; — 1626 p7 + 1044p?),
Py(pj)=5(1—p))*(5—47p; +68p7),
P3(pj) = —(1=2p;)(1 = 60p; +420p% — 720p7 + 360p7).

If npj = 1, then EIS\| < 1, BE(S1)2 < 1, EISY)P < 434, B(s\)* < 4,
IS5 < 425/° and E(S|")° < 42.

PROOF. The equalities can be obtained by using the formulas for the first
six moments of the Binomial distribution, which are given in [34]. To obtain
the inequalities for the fourth and sixth moments, note that in the interval [0, 1]
the functions g{(p) =3(1 — p)?> 4+ (1 — p)|1 — 13p +23p?| + p? and g2(p) =
15(1 — p)3 + | P1(p)|+|P2(p)| + | P3(p)| take their maximum value at p = 0. The
inequalities for the first, third and fifth absolute moments follow from applying
Hoélder’s inequality to the inequalities for the second, fourth and sixth moments,
respectively. [

We shall take a similar approach to before, where we converted the X(zl) Stein
equation into the N (0, 1) Stein equation; this time, however, we shall convert to a
multivariate normal, which has Stein equation (see, e.g., [15]):

4.7) VIEV£(s)—s!Vf(s)=h(s) — Eh(Z),
where Z ~ MVN(0, X). In analogy with (1.3), we define the Stein operator
(4.8) Amvne,x) f(8) = VI BV f(s) —s" V£ (s).
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Since for S = (Sy, ..., S;u), the covariance matrix of S is Xg = Xy, where Xy de-
notes the covariance matrix of U, it follows by a simple random sampling without
replacement argument (see [30], Section 7.3) that Xg = (0 %), has entries

O’jj:1—pj and ij:_\/m’ Jj #k.
The following connection between the x (Zm_ 1 and MVN(0, Xg) Stein equations

will be proven in Section 5.

LEMMA 4.2.  Let AmvN,xg) be given in (4.8) and let A,,,_1 be given in (1.5).
Let f € C*(R) and define g : R™ — R by g(s) = %f(w) with w =", si2 for
S=1(S1,...,8n). I]‘ZTZl /Djsj =0, then

AMVN(©,£¢)8(8) = Am—1f (w).

We wish to bound EA,,_1g(W), which by Lemma 4.2 is equivalent to bound-
ing EAMvN(0,55)&(S). As the indicators (1), I;(2), ..., I;(n) are identically dis-
tributed, it follows that

LIS
ZESJ%(S) ZZ EI (1)—(S)
=0

ll]l

= —IEII—S
IZ\/_ (H—=(S).

j=1

We now Taylor expand and use the independence of S(1) and the 1;(1) to obtain

” g L B ag
> ES;—(S)=+nY —EI[;(HDE—(SV
j=1 ! 95 =1 VPi ! 95 &)

2
Z Z kIEI DI (DE-—— i € (SD)+ N1+ R,

j=lk=1
where

1 m m m 1 ~ 83g (@)

Ny = ———EL(DI(MI(DE-—=-—(8V),
2 ”;1;; PPl ITETA
1 m m m m 1 ~ 848

R =— ————EL(DLMD LD (D) ———— ().
6”;1222 PipkpiD R DEDERED

Here and throughout the proof, & denotes a vector with m entries with jth entry

¢ 9 7.
sJ_Sj + /mpj-J
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expanding gives

ES;j—(@) = EI DL (DE—7— (S( )+ Ni+ R
; 79, ; ,; PiDk os ,ask
m m 1 82
=> > EL(DI(DE-—"—(S)
j=1k=1 v PjPk dsj 95k
+Ni+No+ Ry + Ry,
where
Ny =——= ——EL;(WI(DEL(D) (S),
ﬁ;,;; pipkbi 505,05y
R ——Liiii;m(m (DEI (1)1(1)3448@)
’ 2n SR R ds;dsidsids;

i=lk=11=11=1 v PiPkPIPt

Note that the vector & in the above formula for R; is in general different from
the & in the expression for R;, as was the case in the proof of Theorem 3.1.

As (1) = (1 — p)1;(i) and, for j # k, [j()Ix(i) = (1 (i) — pj)Ii(i) =
—pjli (i), since each trial leads to a unique classification, taking expectations gives

@4.9) EIL;i);()=p;(1—p;) and EL;)k()=—pipr, j#k,

and so

|
fEIj(l)Ij(l)=1—pj=0jj;

Dj
EI; () Ik(i) = — /P pr =0ik, j#£k.
N / I
Therefore,
m m
E[ZZGJk ( )_ZS_(S):| —N; — N — R — Ry,
o 0sj0sk

and it remains to bound the terms N, Np, R; and R».
3
First we deal with N;. Taylor expanding %(S) about SU) yields

No = N3+ R3,

where

m

1 1 - 3¢
- —  _EI,()L(DEL(HE——2—(SD
ﬁ;g;vpmkm ’ 3Sj3Sk3Sz( )
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and

m 4

1 m m 5 8 g
— —EI,(DH)(DHELH (1) ———(§).
n;g;tzl Jompm T s asasidsy s

We can immediately bound R;, Ry and Rj3 to the desired order of O(n_l), but
a more detailed calculation, involving symmetry arguments, is required to bound
N; and N3 to this order. We begin by bounding R;. Recalling that /;(i)/;(i) =

(I=pp;Q), ij(i)lk(i) = —p;li(i) for j #k and I;(i) I (i) = 0 for j #k,

11N 1-—
Ril=—3" p’El(l) (5)—22 3/2E1k<1) 3@)'
=1 P; i=1k£j Pk
(4.10) . »
g
<L —El-(l)—(&)]+ ] }
P LI o

To obtain the desired O (n~!) rate for Ry, we need to show that the two expecta-
tions given in (4.10) are O(1). This is somewhat involved, and is deferred until we
have bounds of a similar form to (4.10) for R, and R;. The terms R, and R3 cam
be bounded using a similar approach,

m m m
Rl +[Rs| < o ZE: 22 T——
niSik=11=1 m

3l 22—
==y p’Eh(l) 2(5)‘

j=1i1=1 VI ]

m m 4
N PjPk ‘ d%g ‘
+ ElL(1 .
Z,;; pi a )asjaskasf@

j=1 1

|E; (l)lk(1)|E‘Il(1) (§)‘

jds kasf

Collecting the bounds for Rj, R, and R3 and then using that 0 < p; < 1, j =

1, ..., m, to simplify the resulting bound gives
|R1|+ |R2| + |R3|
1 (&1 UN | dg
56—{2 E|7;(1) 4@)\ 9Y. Y B
j=1 J j=1k=1Pi 957 9s)
“4.11
+ZZ 3/2 1(1) (E)‘
j=1k#j Pj
O PRI
£o3 33 Vgl ) T8 )
j ;0s 31
j=lk#ji=1
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To bound the expectations on the right-hand side of (4.11), straightforward dif-
ferentiation gives

84

CE (o) =3 (w) + 1252 fO (w) + 45" 1@ (),

asj J J

and similar expressions hold for mixed partial derivatives. Hence, for any j, k, [, ¢,
84g

@ <3 Vi 3 2 2 2 2 (3)
aSjaskaslas, )| = ”f ”+ (sf+sl<+sl +St)||f ”

(4.12) 4 4 4 4 )
+ (5 + s s+ ) [

The following lemma is proved in Section 5. Some of the inequalities given in
this lemma are only used in the proof of Theorem 4.3 but are collected here for
completeness.

LEMMA 4.3. Forall j,k=1,...,m, we have E|I;()&]| <2p;, EI;(DE <
4p; Bl (DEY| < 14p;, EI;(DE} <27pj and EI;(1)EP < 305p;.

Using inequality (4.12), Lemma 4.3 and the triangle inequality, the expectations
on the right-hand side of (4.11) can be bounded as follows:

_ s
0570508705,
<3 f"|EL; )
(4.13) + 3| fON[BL;(DE] +EILj(DE +ELj(DE +EILj(DE]]
+ [ fDNELDED + B (DE +EL(DE+EL(DE
< pi{31 "] + 48] £ + 108] £ 2}

Applying this bound gives the desired O(n~') rate for the remainder terms Rj,
R>, Rj3:

| 1; (L) €]

|R1| + [R2| + | R3]

L 3)
< Lia) 148159

+108”f(4)||}!z + 9m? +ZZ p"+9iii PkDI

j=1P j=tk#i VPI jSikji=1

1 U
= {107 + 160[ £ +360] D} > o
j=117
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Recalling that 1;(i)Ix (i) =0if j # k and (4.9),
Ni+ N3

~ g 1
El; (DI (DE -(81)
j=lk=1 PjP/% ds;dsj

m m m ~. 3
LS ELOLD e 8
j=lk=1I=1 W 0sj0skas;

:4
~. W

By Taylor expanding in the usual manner,
N1+ N3 = N4+ Ry,
where

No=3—7=12 ——1—p)l- 219/)E OB ZZ\/_Ea az(s)

J J=lk#j

j=li=1 j

m m m a3g
+2Z ZZ«/PijPlEm(S)},

h(1) ——— (’s‘)‘

ds as,fasl

I (1) —5——

8s28s 058y (8)‘

m m m m
+2) > > > JPipkPiE

84
0 )
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We can bound R4 by applying inequality (4.13):

1 m m m
Ral = 2= 3177+ 48]+ 108||f<4>n}{22 LS

For N4, by writing partial derivatives of g in terms of derivatives of f,

1 o]
NG ZJ—_U P =2p){3ES; f/(W) +2ES] £ O (W)}
j=1

Ny =

- Z Z JPIES; £ (W) + 2ES; 52 £ O (W))

j=1k#]

=233 (= p)J/PHES /(W) +2ES7 S, O (W))

j=11=1
m m m
+43 5SS Pk piES; Sk Sif O (W)t
Jj=lk#jl=1

Since ZT=1 /P;jS; = 0, the final two sums in the above display equal 0.
2 (3 3,03
Fu;therrr:'?re, 21}1:1 Zg# /ijESjSkf( (W) = — ’}1:1 /ijEij( )(W) and
i1 2k j /PjES; (W) =0. Hence,
(3

Z{\/—_(l (1= 2pES; f(W)

1

N.
|Ng| = NG

1
(4.14) +2[ﬁ(1 - P —2p)) +Jp_j]ES§f<3><W)}'

Z { IES; f"(W)| + |Es3f(3>(W)|}

Proof Part 11: Symmetry argument for optimal rate. To complete the proof, we
show that the expectations ES; f”(W) and IESJ3- F® (W) are of order n~!/2, and
we do so by applying symmetry arguments similar to those used in the proof of
Theorem 3.1. We use a form of multivariate normal approximation, and base our
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approximation on the MVN(0, Xg) Stein equation

m m

(4.15)
a=1b=1

where h1(s) = s, f" (XL, 52), ha(s) = sj. FICR s2) and Z ~ MVN(O0, g).
Due to the symmetry in the test functions /| and h», so that as &;(s) =
for i = 1,2, if Z ~ MVN(0, Xg), then Eh(Z)

Y PN
> ow Ol Z:jl Sazy —(8) = hi(s) ~ Ehi(2),

sides of (4.15) at S and taking expectations gives

m m

2y,
Eh;(S) = E [22%8 i

a=1b=1

) - Z S

)

Now Taylor expand in a similar manner to before to obtain

|Eh;(S)| = |Rs.; + Re.il < |Rs.i| + |Re.ils

where
m m m
aZ:w 1CZ:1 PaPbP
=YYy —
a 1b=1c=1 a

3y,
EI (DI, (l)m(é)
8310"
LIEI a(DIy(HEL (l)m(‘é)

Bounding Rs; and Re ; is now almost routine:

W
|R51|_ {Z 32
2\/_ a=1 a/
1

939>

a=1b#a V PaPb

_ ! {i 1
T 2Vn D pa?

m m

1
+

and

E|1, (1)a vi

(s)]

33y
el (5)”

Oy

|1, @)‘

9
E|1(1) b <s>”

33,
lreny 2

(&)\

L )asaasb(‘)sc (’g')”

—hi(—s)
= Eh,(Z) = 0. Evaluating both
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Combining these bounds and then using that p; < 1 gives

i

GO |

1
[Ehi(S)] < 2[{2 37

E|l (= (S)‘

(4.16) +3ZZ

a=1b=l1

m m m

+2222 phpc

a=1b#ac=1

It now just remains to bound the expectations involving the derivatives ;. The
bounds in the following lemma are proved in Section 5.

ﬁm
Bl la(1) 5 — T (&)1}.

LEMMA 4.4. The third-order partial derivatives of the solutions 1(s) and
Yo (S) of the Stein equation (4.15) satisfy the following bounds:

Y LFen
as asbas.(s) - 2 ||f(4>”[8+3(s +sb+s + 5 )]
“4.17) a ¢ ;
+ ng(S) I[32 +5(s* + s + 52 +s;¥)],
Uz e,
as asbas (S)‘_ 2 ||f(4)H[4+S +sb+s + 35~ ]
a c
(4.18) + 35 | £©||[384 4 5(7sF + 757 + 752 + 275?)]
4096 128
OIS+ B s st 435D

On applying Lemmas 4.3 and 4.4, we now have

Eu@g aw @ﬂ

3)
||f IIEI 0

+5 P ONBEL (1) + 3(EL,82 + B2 + El&2 +ELLY)]

16
+33 || FONBEL) + 5(ELE, +Bl.&y +ELE! +ELE])]

©)
< a|:”f2 ”+ (8+3 4.4 F@| + 2(32+5'4'27)Hf(5)ﬂ
IIf(3)|| 224 9152
=pa[ > ||f(4)“ ”f(S)H]
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and
E|l,(1

(-t aSb8SC<s>\
LF O @ )

< Pa| = —<4+6 IO+ 35 (384+5-6-27)Hf H

4096 128

+1r© n( 5 +6:305)
| £ || 9552 706,816

= pa[ L e+ 22101+ TR0 )

Substituting into (4.16),
I f& || 224

9152
B )| < 5= [ 5 + SO+ 5210

e +3f§ b +2iiim}
a=1

Pa  Z1p=i VP D bac=1

1 I |
< — 2| f| + 135 F@D| +785| —
ﬁ{ (R I I ||}a§1
and, by a similar calculation,
1 m
Ehr(S)| < —1{2
[En®)| < (201

where we rounded the constants up to the nearest integer. Finally, we substitute
these inequalities into (4.14) to bound Njy:

Mol = (5 242151+ (5 135+ 202) 1)

3 moop\?
2. ) ©) -
+<2 785+819)||f | + 100,974 f ”}(; pj)

1 m 2
< Lis1£ | 1 405 £9 + 1997 £ + 100974] £ (Z ) .

n
In conclusion,
[ER(W) = xGu_tyh| < [R1|+Ra| + | R3] + |Ra| + | Nal.
To arrive at (4.3), we sum up these remainders and use the inequality Y " 1<

J=lpj =
oo i=1P; -2 )? to simplify the bound. Finally, we use (2.11) to translate bounds on
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the derivatives of the solution f to bounds on the derivatives of the test function #,
which completes the proof of Theorem 4.2. [

5. Further proofs.
PROOF OF LEMMA 3.1. From Lemma 1.4 in [33], v exists and

_ A [ 3 ya—Ls?
Y(w) =e2 g7 (s)e” 2" ds

w

w
=—e%w2/ g(3)(s)e_%s2 ds.

—00
From g@® (s) = 3sf"(s%) + 253 f ¥ (s?), we get that
(5.1) 189 o)) < 3lxl] £7] +21x 1P £

Hence, for w > 0
o o0
| <30Jet [~ st as g 2] et [ et
w w

=307+ 2w +2)| .

Similarly, for w <0

w)] <3]f"er*” w(—S)e_%szds—I—Z 3 ez’ w(—s)3e_%32ds
] =3l [ IrOLete [

=371+ 2w +2)[ £
proving the first bound. The second bound uses (3.6) to obtain
2 () = 12 (0) + 28D ()

and the bound then follows directly with (3.7) and (5.1). For the last bound, differ-
entiate (3.6) to get

’

Y =29 () + ¥ () + g ()
and combine (3.7), (3.8) and (3.4). [

PROOF OF LEMMA 4.2. The derivatives of g are

og 1
@(S)— zsjf(w),

9%g 1

SO =5/ +s7f"w),
J

82g

0sj0sk

© =spsf w),  j#k
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Note that we can write the multivariate normal Stein equation (4.7) as

AmvNo, zs)g(s)—zﬁua 2(5)+Zzaﬂca o5k ZSJa

Jj=1 5j J=lk#j

Now, as 3% pj =1,

ZG/J 55 2(5)— —f (w)Z(l —p,)—i—f”(w)Z(l — pj)s;

Jj=1 Jj=1 Jj=1

—1
=T f )+ wf " (w) — £ w) Zl pjst.
j:

Similarly, since Z;"zl ZZ;]. /D PkSjSk = —Zj 1p]s (recall Z] 1 /PjSj =
0),

Z Z Ojig - a (s)=—f"(w) Z Z JPiDkssk = f" (w) Z Pjs;.

J=1k#]j j=1k#j

Finally,
m m
g 1 1
Yosiz @ == (w) Y s =wf (w).
. 8Sj 2 . 2
Jj=l1 j=l1
Putting all the above together gives that

1
AMyN©, )8 () = wf” (w) + 5("1 —1—wf'(w)=Au_1 f(w),

as required. [J

PROOF OF LEMMA 4.3.  Suppose first that j = k. As S;l) and /;(1) are inde-
pendent, we have

0: 2
El;(1)E2 = IEI~(1)(S(-1) + —’1-(1))
<EL({E(SY)? +2E[S| + 1) < 4p;
— J J Jj pj’
where we used that 0 < 6; < 1 and np; > 1 to obtain the first inequality. Similarly,
E1;()g} < pi[E(S)* +4E[SSV ] + 6E(5Y)? +4E]S("| + 1]

<pid+4-4 L 6+441)<27p;
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and
6 (1)\6 M5 (1)\4 M3
E1;(DE] < p[E(S;”)° +6E|S; [ + 15E(S; )" + 20E[S; |
(1\2 (H
+ ISE(S; )" + 6E[S; 7| + 1]
<pj(4246-4256415.4420-43* 1154+ 6+ 1) <305p;,
where we used Lemma 4.1 to bound the absolute moments of S;D. Also,
1
E|7;(D&;| < p;(E[SS"|+1) <2p;
and
3 (1)3 (1y2 (1)
E|7;(1)&; | < pi[ElS; " +3E(S; )" +3E[S; [ +1]
<pi#* 343 +1) < 14p;.
When j # k, it is clear that the same bounds still hold, as /;(1)I; (1) =0. [0

PROOF OF LEMMA 4.4. Since the covariance-matrix Xg is nonnegative defi-
nite, the solution of the Stein equation (4.15) is well defined and is given by (see

[24]):
Vi(s) = — /0 T E[hi(e s + /1 — 2Z)] du.

By dominated convergence,

G o0 [k o
—w(s) = —f e Bl ————(e s+ 1 — e_2“Z):| du,
0

085,05p05, | 05,08505
and so
0*Yi © sup|_ 0 hi —
—)| < THUE|———-—(e7¥s 1 —e 24Z)|du.
8sa3sb8sc( )’ - A © 0545085058, (e + © ) "

We now obtain bounds for the third-order partial derivatives of &1 and h,. By
straightforward differentiation,

33h,
05,05p05.
=2[8ja +8jb + 81 f O (W) + 4[5 (sa + 5p + 5¢)

+ 5b5c8ja + 5a5¢8jb + Sasp8 jc ] f P (W) + 85 j5a5pse f O (w),
33h,
05,05p05.

= 684858 [P (w)

(s)

(s)
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+125[54858 jc + 558 a8 jc + 5e8jadjp] f D (w)
+ 457 (sa + s + 5¢) + 357 (bS8 ja + SascS b + 5as68je) | f O (w)
+ 8s]3-sasbscf(6)(w),

where 6;; =1 and §;; = 0 if j # k. We can bound these partial derivatives by
using the inequalities 8 <1 and []j;_; lax| < %ZZZI lag|" for n > 1. Doing so
yields the bounds

33h

JE < 6 3) 6 4) 2 2 2 2
05,05p05c | [ £+ 60 N (s + s, + 52 +57)

~
w2
N

+ 2] O (2 + 5 + 52 —i—s?),

33h,

e < 6| fr® 6l £F@® | (s2 2 2, 32
35,05p050 |~ £+ 6l £ (52 4 55 + 52 4 357)

~
w2
N

+ | s I (Tsd + 75} +7s% + 27s;-‘)
4
+ §||f(6) H(sg +s,§ +sc6 +3s?).

We now use the inequality for the third-order partial derivative of /i, (s) to bound
the third-order partial derivatives of yr»(s). The random vector Z ~ MVN(0, Xg)
can be written as (Z1, ..., Zy), where Z; ~ N(0,1 — p;) and Cov(Z;, Zy) =
—/PjPk for j # k. On applying the inequality |a; + az|" < 27" Yay|” + laz|"),
where r > 1, we have

GV

08,085,085,

®|

< [T B [ol O] + 12l O 6 57+ 574 353)
+(1—e ) (22 + 23 + 22+ 327)]
+ 8] O [e™* (Tsy + Tsyy + Ts¢ +27s7)
+(1—e (12 + 72} + 722 +2727)]
+ 132 | £© ) [e70 (s + 59 + 58 + 3sj6~)
+(1—e—M)%zg+-zg+-z§+3z§ﬂ}du

3
_ I

12
<=t IO+ 53+ 5p + 52+ 357]
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8
+ 351 FON[384+5(7s5 + Tsj + s +27s7)]

4096 128
ol

T 27( +sb+s + 359 )]

To obtain the last inequality, we used that E22 =1l-p;j<l1, IEZ =3(1—- pj)2

3and EZ§=15(1 — p;)* <15, j=1,...,m, and the formulas Jole 3 (1 —
e ) du =%, [Pe (1 —e )2 du = B and [{Pe (1 —e ) du = 4%.
This completes the proof of inequality (4.18), and inequality (4.17) follows from

a similar calculation. [

PROOF OF THEOREM 4.3. As was the case in the proof of Theorem 4.2, we
require a bound for the expression EA,,_1 f (W), which is equivalent to bounding
EAMVN@,55)&(S). By using Taylor expansions in a similar manner to that used in
the proof of Theorem 4.2, we have that

[BA(W) = XGu_1yh| = [EAn—1f(W)] = [EAuvN©.55)8(S)| < |R1| + Ral,

where

3

—IEI DIL(D (1
ZZZ — (DI 5—=—e ,ask (&)

3

1 |22 1 d0°g
—EllllIEIl
ﬁZZZ — (DIDEL (D 7——r T 81(5)'

N
and again & denotes a vector with m entries with jthentry &§; = S; \/#ﬁl (D)

for some 6; € (0, 1). Carrying out a calculation similar to the one used to obtain
“4.11) yields

" 1E 1a3g
|R1|+|R2|_2f X B )§<E)‘
m m 1
Y Y el 2(s>'
j=1k=1~Pi ds;ds
(5.2) o m
+ZZ@E1,<1> (5)‘
j=1kzj Pi

I;d )as,as 8s1(£)”
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To complete the proof, we require bounds on the expectations on the right-hand
side of (5.2). Now recall that g(s) = 411 f(w). By a straightforward differentiation,

dg

—(8) =35, f"(w) + 257 f P (w),
st

and so, for any j, k, [,

3

(53) | ()| < (Isj| + skl + )| £/ + 5 (|sj B Isel® + 1) | £

3sj0s ka 51

To bound the expectations, we also use the inequalities E|/;(1)&| < 2p; and
E|Ij(1)§,§| <14p;, j,k=1,...,m from Lemma 4.3. Using (5.3) and these in-
equalities yields

3

35950

|1 (153 ) <3217+ 2140, £ =20, 3161+ 141 ).

Hence, we obtain the bound

1 m
O — ol = DL T8N 3 s
54 NIV NN
=y j=1kAj =1

6 U |
< Sl ey -

Using inequality (2.11) to translate bounds for the derivatives of the solution f to
bounds on the derivatives of the test function s completes the proof. [J

PROOF OF COROLLARY 4.2. Leta > 0, and for some fixed z > 0 define

1, ifx <g,

o () — 1—2(x —z)z/;)zz, ifz<x<z+a/2,
20x — (z+ ) /a?, ifzdaf2<x<z4a,
0, ifx>z+c.

Then A, exists and is Lipshitz continuous with ||k || = 1, ||A,, || =2/« and ||, || =
4/a* Let Yy bea X(Zd) random variable, then by (4.5),

P(W<z) =P(Yp-1=<2)
(55) =< Eha(W) - IEha{(Ym—l) + IEho{(ym—l) - IP)(Ym—l =< Z)
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<

2+ 46, | + S4[AL]} + B < Yoy =24 )
\/m o o o =Iyp-1=
12 92 336
:W{6+;+?}+P(Z§Yd52+a).
*

Now, for d = 1 (which corresponds to m = 2),

P +a g—X/2 a1 2o
(ZSY1§z+ot)=/ dxf/ dx =,/ —.
z 27T X 0 m s

For d > 2, the mode of Y; is given by d — 2. The density of Y> is clearly bounded
by %, and, for d > 3, the density of Y, can be bounded by

1 J 1 1
/2—1_.—x/2 d/2—1_—(d-2)/2

S — e P<—— _@d-2 e R —

24/21 (%) - 2d/2r(g)( ) ~ 2 /7d=2)

where the last inequality follows from Stirling’s inequality I'(x + 1) >
V27 x*+t1/2e=* which holds for all x > 0. Therefore,

2o/, ifm =2,

(5.6) P(z <Yyu_1 <z+a)<i9/2 " ifm=3,
Y itm=4
rmm—3 "=

Bounds for m =2, m =3 and m > 4 now follow on substituting inequality (5.6)
into (5.5) and choosing an appropriate «. For m = 2, we take a = 52.75n~!/3; for
m =3, we choose @ =25.27n~1/¢; and o = 30.58(m — 3)1/6rf1/6 is taken when
m > 4. We can obtain a lower bound similarly, which is the negative of the upper
bound. The proof is now complete. [
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