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Abstract

We propose a new version of Stein’s method of exchangeable pairs, which, given a
suitable exchangeable pair (W, W’) of real-valued random variables, suggests the
approximation of the law of W by a suitable absolutely continuous distribution. This
distribution is characterized by a first order linear differential Stein operator, whose
coefficients v and n are motivated by two regression properties satisfied by the pair
(W, W'). Furthermore, the general theory of Stein’s method for such an absolutely
continuous distribution is developed and a general characterization result as well as
general bounds on the solution to the Stein equation are given. This abstract approach
is a certain extension of the theory developed in the papers [5] and [13], which only
consider the framework of the density approach, i.e. n = 1. As an illustration of
our technique we prove a general plug-in result, which bounds a certain distance
of the distribution of a given random variable W to a Beta distribution in terms of
a given exchangeable pair (W, W') and provide new bounds on the solution to the
Stein equation for the Beta distribution, which complement the existing bounds from
[18]. The abstract plug-in result is then applied to derive bounds of order n~! for
the distance between the distribution of the relative number of drawn red balls after
n drawings in a P6lya urn model and the limiting Beta distribution measured by a
certain class of smooth test functions.
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1 Introduction

Since its introduction in [31] in 1972 Stein’s method has become a famous and useful
tool for proving distributional convergence. One of its main advantages over other
techniques is that it automatically yields concrete error bounds on various distributional
distances. Being first only developed for normal approximation it was observed by several
authors that Stein’s idea of linking a characterizing operator for the target distribution
to a differential equation, the Stein equation, carries over to many other absolutely
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continuous and discrete distributions, where, in the discrete case, the differential
equation has to be replaced by a suitable difference equation. Among those other
distributions, to which Stein’s method has been successfully extended, are the Poisson
distribution (see e.g. [6], [1] or [3]), the Gamma distribution (see [22] or [28]), the
exponential distribution (see e.g. [4], [25] and [14]), the Laplace distribution [27] and,
more generally, the class of Variance-Gamma distributions [16]. Stein’s method for the
Beta distribution has been developed independently in the paper [18] as well as in the
preprint [11].

Although in both works [18] and [11] a rate of convergence for the relative number
of drawn red balls in a Pdlya urn model was derived using Stein’s method for the Beta
distribution, the actual approaches were quite different. In [18] the authors developed a
useful and widely applicable technique to find a whole class of characterizing operators
for a discrete distribution, whose probability mass function is known explicitly, and
compared one of these operators to the Stein operator of the limiting Beta distribution.
In contrast, the preprint [11] built on a coupling approach by developing a new version of
the exchangeable pairs approach of Stein’s method for a rather large class of absolutely
continuous distributions on the real line. This new version of the exchangeable pairs
approach differs from that in the framework of the density method as developed in [13]
and [5], since it allows for a modification of the Stein equation, which is adapted to a
given exchangeable pair and does not necessarily rely on the characterization by the
density method. Recently, in [21], a nice generalization of the density method, which
does not necessarily assume absolute continuity of the given distribution, was given and,
as an application, it was shown, how the situation of the Pdlya urn example from [18]
may be fitted into this framework.

The main purpose of the present paper is to give a more easily readable account of
the method and ideas from [11] by keeping the class of Beta distributions on [0, 1] and the
Pélya urn model as a running example. In addition, we derive new numerical bounds on
the solution to the Stein equation for the Beta distribution and, for smooth test functions,
also on its first order derivative. For Lipschitz-continuous test functions, these bounds
complement those given in [18] in the sense that they are neither uniformly worse nor
uniformly better in the parameters of the Beta distribution. Furthermore, we use a new
iterative procedure to obtain uniform bounds for derivatives of any order of the solution
to the Beta Stein equation with sufficiently smooth right hand side. Incidentally, this
is the first paper to give bounds on higher order derivatives of the solution to the Beta
Stein equation. It should be mentioned that, generally, obtaining bounds on higher order
derivatives of the solution to the Stein equation is quite a difficult problem, because the
explicit representations of those derivatives become more and more complicated. Hence,
to date bounds on higher order derivatives of the solution are still quite rare in Stein’s
method.

For instance, the paper [9] obtains sharp bounds on higher order derivatives in the
context of the normal and exponential distributions by exploiting very peculiar identities
and facts about these distributions, which are not available for more general absolutely
continuous distributions. Also, if one succeeds in deriving a tractable generator repre-
sentation of the solution to the Stein equation as suggested in [2], one can usually use
this form of the solution to obtain bounds on higher order derivatives. This has been
used for the multivariate normal [19] and for the Gamma distribution [22]. However,
in contrast to the bounds from [9], these bounds usually do not exhibit the smoothness
property of the inverse of the corresponding Stein operator. In the case of the multi-
variate normal distribution with non-singular covariance matrix, one can combine the
generator representation with a partial integration to obtain bounds on higher order
derivatives, which demand one fewer order of smoothness from the test function than
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the bounds from [19]. This has been accomplished independently in [15] and [10]. The
recent paper [17] combines bounds obtained from the generator representation with the
iterative method from the present article in order to obtain new bounds on derivatives of
arbitrary order of the solution to the Gamma Stein equation, whose dependence on the
shape parameter of the Gamma distribution is superior to previous bounds.

We also indicate, how our iterative method can be applied to obtain bounds for the
solution to a Stein equation for the exponential distribution, which are better than those
previously obtained. We thus suggest that exploiting this iterative procedure can become
a fruitful technique for a larger class of distributions.

The remainder of this paper is structured as follows: In Section 2 the general
approach is motivated by means of a natural exchangeable pair in the context of the
Pélya urn model and it is stressed by means of this example that the framework of
exchangeable pairs within the density approach as developed in [13] and [5] is not
always suitable and why one might want to use a different Stein characterization.
Furthermore, our main application, Theorem 2.1, a quantitative distributional limit
theorem for the relative number of drawn red balls is stated. Then, motivated by this
example, in Section 3 a general version of Stein’s method for a large class of absolutely
continuous distributions adapted to a given exchangeable pair is developed. In Section 4
the theory from Section 3 is specialized to the class of Beta distributions and Theorem
2.1 is proved. Finally, in Section 5 several proofs for statements from Sections 3 and 4
are given.

Acknowledgments. Most parts of the research which led to this article have been
accomplished during the authors PhD studies and, hence, there is a certain overlap
with the author’s PhD thesis [10], see also the unpublished paper [11]. The author was
supported by the DFG via SFB/TR 12 during this time. We also refer to Appendix A of [10]
for a version of de I’'Hépital’s rule which covers (locally) absolutely continuous functions
and which is general enough to justify all invocations of this famous tool within this
article. Finally, Appendix B of [10] contains some identities about the Gibbs sampling
procedure, which are generally useful in the exchangeable pairs version of Stein’s
method and which will be used in the present paper. I am grateful to an anonymous
referee whose detailed and valuable comments and suggestions helped me improve the
presentation of my results.

2 The Poélya urn model and motivation
of our general approach

The classical Pélya urn model can be described as follows. Fix positive integers r, w
and c. At the beginning an urn contains r red balls and w white balls. At each discrete
time point n € IN a ball is drawn from the urn uniformly at random and this ball together
with ¢ other balls of the same colour is returned to the urn. If we denote by S,, the
number of drawn red balls after the first n drawings, n € IN, then we can write

Sn=>_X;, (2.1)
j=1

where X; denotes the indicator of the event that the j-th drawn ball is red, j € IN. It is
known from elementary probability theory that for each n € N and all z4,...,z, € {0,1}
we have

1 (r 4 i) [T =g~ (w + )
(s +w+cl)

P(Xlza:l,‘..,Xn:xn): s (22)
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where k := > "_, x;. In particular, this shows that the sequence (X;);cn is exchangeable.

It now follows from (2.2) that for each £k = 0,...,n we have

)

IS+ ) TS (w + )
P(Sn - k) - (k) ln:_ol(s—i-w—kcl)

or, with a := § and b := %

() ()
5

where, for a real number z and a nonnegative intger m, we define the generalized

binomial coefficient by

P(Sn = k) = (2.3)

(x) z(z—1)-...-(x—m+1)

m m!

The distribution of S,, given by (2.3) is usually referred to as the Pdlya distribution
with parameters n € IN and a,b > 0. It is a well-known fact that the distribution of
%Sn converges weakly as n — oo to the distribution Beta(a,b) with parameters a and b,
where, for general a,b > 0, the Beta distribution Beta(a,b) with parameters a and b is
defined by the density function p := p, ; with
Pap() = {B(}I’b)xal(l et (2.4)
0, else.

Here, B(a,b) denotes the Euler Beta function B(a,b) = fol 2% 1(1 — z)*~'dz which is
related to the Gamma function I'(t) = [, '~ 'e~*dx via

B(a,b) = (2.5)

From now on denote by

1 1
W= Wy = —S, = = > X, 2.6
nS n ! (2-6)

the relative number of drawn red balls after the first n drawings from the urn. Denote by
C11(]0,1]; R) the space of all continuously differentiable real-valued functions on [0, 1]
which have a Lipschitz-continuous derivative.

Theorem 2.1. Let Z ~ Beta(a,b). For each h € C**([0,1]; R) we have that
E[(W)] ~ Elh(Z)]|

<C’(a,b)”h,oo< ab (a+b)C(a+l,b+l)(1+a+b—1)>

n a+b+ 6 n
Cla+1,b+1 +b—1
P SR (1 ),

where the constants C(-,-) are defined in (4.6) and (4.7) below and |h" ||~ denotes the
minimum Lipschitz constant of h'.

The proof will be given in Section 4. In the paper [18] the authors even proved a con-
crete upper bound of order n~! for the Wasserstein distance between the distributions
of Z and W from Theorem 2.1 and also showed that the rate n~! is optimal. Since the
Wasserstein distance is induced by 1-Lipschitz test functions, this implies that their result
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is stronger than Theorem 2.1 as far as the class of test functions is concerned. However,
it should be mentioned that their method of comparing Stein operators can only be
applied in situations, where the distribution of W is explicitly known. Contrarily, the
exchangeable pairs technique which is used here, in general, seems to be more flexible
in this respect. For instance, our plug-in result, Theorem 4.4 below, might be beneficial
for other applications, where the exact distribution of W is not at hand. Moreover, even
in the situation of Theorem 2.1 there exist parameters a,b > 0 and test functions h
such that our bound is smaller than the one obtained in [18]. To see this, fix n and let
a = b tend to zero. Also, let h € C11(]0,1]; R) be such that ||A/||cc = ||h”||~c = 1. Then,
as C(a,a) =4 if a < 1 and by continuity of C(a, a) in a, we see that the bound given in
Theorem 2.1 converges to %(1 —1/n) < % whereas the bound from [18] converges to
the bigger value -

Recall that a pair (X, X’) of random elements on a common probability space is called
exchangeable, if

(X, x) 2 (X, X).

Representation (2.6) for W suggests constructing another random variable W' such that
W and W' make up an exchangeable pair using a Gibbs sampling procedure. Noticing

that also the random variables X7, ..., X,, are exchangeable, the construction of W’ can
be simplified to the following:
Observe X; = 21, ..., X,, = z,, and construct X/, according to the distribution £(X,|X; =

Z1,...,Xn—1 = Zn_1). Then, letting
! 1 1 I
W =W —-X, +-X, 2.7)
n n

the pair (W, W’) is exchangeable. Note that [IW — W’| < 1 is small which suggests that
the exchangeable pair (W, W’) be beneficial for a Stein’s method approach to the proof
of weak convergence of L(W,,) to Beta(a,b). From the exchangeable pairs approach
within normal approximation (see e.g. [32], [8] or [7]) and for non-normal approximation
(see [13] and [5]) we know that exchangeability of (W, W’) is not enough to guarantee
distributional closeness of W and of Z ~ Beta(a, b) but that a further regression property

has to be satisfied.
Proposition 2.2. The exchangeable pair (W, W') satisfies the regression property

a+b a
E[W —W|W| = —W) =Map(W),
[ W] n(a+b+n—l)(a+b ) Yad(W)
where '}/al,(l') = (a+ b)(ai-‘rb - 'I) and \ = )\n = m

Proof. We have W’/ — W = %u _ % and by exchangeability of X7, ..., X,, it clearly holds

n

that E[X,,|W] = E[X,|S,] :%Sn = W. Also, by the definition of X/, and since X, only
assumes the values 0 and 1 we have for any z1,...,z,-1 € {0,1}

E[X’I{L|X1 =T1,.-- 7Xn = -rn] = E[Xn|X1 =T1y.-- ;Xn—l = xn—l]
r+eyil)

:P(anl‘Xllea"anfl:wnfl): T+w+c(n71)7

and hence,

n—1
E[XuXh,Xn} = T+CZJ':1 Xj _ r+cnW —cX, .
r+w+cen—1) r+w+eln-—1)
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Thus, since (W) C 0(X1,...,X,), we obtain

r+cenW —cW
r+w+c(n—1)
r+cn—-1W  a+(n-1W

:r—l—w—i—c(n—l) a+b+n—1"

BIX,|W] = E[E[X;|X1,...,Xn] |W} _

Finally, we have

1 _
7a+(n l)W_lW
na+b+n—-1 n
a—(a+b)W a+b ( a
a

n(a—l—b—i—n—l):n(a—i—b—i—n—l) +0b

1
E[X/, — X,|W] =

n

E[W' —W|W]

—W),

as was to be shown.
O

From the theory developed in [13] and in [5] we know that if a given exchangeable
pair (W, W’) satisfies a regression property of the form

1

XE[W’—W\W] = (W) +R, (2.8)
where A\ > 0 is a typically small constant and R is negligible in size, then £(WW) can be
approximated by the absolutely continuous distribution whose density has logarithmic
derivative v, if and only if the following additional condition is satisfied: It must be the
case that

1 !
5E[(W - W)W~ 1, (2.9)

which is often paraphrased as that the term on the left hand side in (2.9) must satisfy a
law of large numbers in order for the approximation to be accurate. Comparing (2.8) to
the statement of Proposition 2.2 we see that according to the theory from [13] or [5] the
only possibility would be to approximate the distribution of W by a distribution whose
density has logarithmic derivative equal to (a constant multiple) of

a
a+b

)

for x in the support of this density, which should be equal to [0, 1] in this case. Since the
logarithmic derivative 1), ; of the density p, ; of Beta(a,b) is given by

Pop(®) a—1—(a+b—2)z
Pap(T) z(1 - 1) ’

d
Yap(x) = ——logpap(e) =

O<z<1, (2.10)
dzx

and we already know that
W, 2> Beta(a,b) asn — oo,

we conclude by way of contradiction that the law of large numbers (2.9) cannot hold.
Indeed, we will see in Proposition 2.3 below that that the term on the left hand side of
(2.9) is close to the non-constant random quantity W (1 — W) rather than to the constant
1. From Proposition 2.2 and some experience with the exchangeable pairs approach
within Stein’s method we conclude that it would be desirable to have a Stein operator L
of the form

Lg(z) = nap(2)d' (z) + Yap(x)g(z) (2.11)
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for the Beta distribution Beta(a,b). Indeed, in Section 4 we will see that a random
variable Z ~ Beta(a,b) satisfies the Stein identity

E Z(l—Z)g’(Z)+(a+b)<aL+b —Z)g(Z)] =0 (2.12)
for all ¢ in a suitable class of functions, i.e. we can let n,(z) = n(z) = z(1 — z).
Evidently, the Stein identity (2.12) was first found in [30] and it was also used in [18].
The statement of the following Proposition will make it possible to exploit the above
constructed exchangeable pair (W, W’) in connection with the Stein identity (2.12) in
Section 4.

Proposition 2.3. For the above constructed exchangeable pair (W, W') we have

2n+b—a)W —2nW? +a

E[(W' - W) W] = n?(a+b+n—1)

and hence

b—
w4~

iE[(W’—W)%W] =Wl -W)+ 5 o

2

Proof. From general facts about Gibbs sampling (see e.g. Appendix B in [10]) it is known
that

E[(W —W)|W] = (E[Xn|W] + E[E[X2|Xy, ..., Xp 1] | W]

1
n2
—2E[X, E[X,|X1, ... ,Xn_1}|W]> .

Since X2 = X,, we have from the proof of Proposition 2.2 that

a+nW —X
E[X2|X1,...,Xpn1] = E[Xu|X1,..., Xp_1] = ——M8M 2,
[ n‘ 1, ) 1] [ | 1 1} a+b+n_1
and hence ( W
a—+(n—
E[B[X2|X1,..., Xp || W] = ———F—
[ [ n| 1, y An 1]| } a+b+n_17

where we have used E[X,,|W] = W again. Finally, we compute

1

E[X,E[Xn|X1,..., X ]|W] = mE[aXn +nWX, — X2 |W]
AW+ nW2—-W  (a—1)W +nW?

a+b+n—1  a+b+n—1

Putting pieces together, we eventually obtain

1 a+(n—1)W (a—1)W +nW?
E[(W' — W)W :—(W —9 )
[( )l ] n? Jra—l—b—&—n—l a+b+n—-1

2 - -2 2

:(n+b a)W —2nW —|—a. (2.13)
n?(a+b+n—1)

The last assertion easily follows from (2.13) and from A = m
O

One main aspect of the theoretical contribution of this article is to emphasize that it
is no coincidence that

%E[(W’ — W)W (W) = W1 —W),
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but that this is a natural replacement of condition (2.9) from the density approach to our
class of Stein operators of the form (2.15) below.

We end this motivational section by an abstraction of the ideas in the context of the
Pélya urn model and the limiting Beta distribution above. Suppose we are given a
sequence of random variables W = W,, of which we know that, as n — oo, it converges in
distribution to a random variable Z with an absolutely continuous distribution and density
p with respect to the Lebesgue measure. We will also assume that p itself is absolutely
continuous (on each compact subinterval of its support (a,b), where —oco < a < b < 00
are extended real numbers). Suppose also that we can naturally construct a random
variable W’, a small random perturbation of W, such that (W, W’) is an exchangeable

pair, |IW — W’| is small in a certain sense and that a regression property of the form
1
XE[W’—W|W] =~v(W)+R (2.14)

holds, where ~ is a certain function on the support of £(Z), A > 0 is constant and R
is a negligible remainder term. The goal is to compute a rate of convergence for the
distributional convergence W — Z by Stein’s method of exchangeable pairs for £(Z).
By the above reasoning it would be beneficial to have a characterizing Stein operator L
for Z of the form

Lg(x) = n(z)g'(z) +v(x)g(x), (2.15)

where 7 is a function that still has to be found. One might suppose that, in order that
L characterizes £(Z), given the density p of Z and the function 7 the function 7 is
unique but we will see that this is only so up to a constant multiple of p~!. Note that by
exchangeability

0= 1 EIW' — W] = ER(W)] + B[R] ~ Bh(W)] = E(Z)], (2.16)

where the first approximation is by the assumption that R is of negligible order and the
second is by the fact that W converges to Z in distribution. Hence, it is natural to assume
from the outset that E[y(Z)] = 0. In particular, we should assume that E|y(Z)| < oo. A
natural question is, given p and ~, if there is a general formula for the function 7. In the
preprint [11] the first order linear differential equation

' (x) = v(x) — ¢Y(x)n(x) (2.17)

was found by making, for a given test function h, the ansatz g, (z) = a(x)fx(z) for the
solutions g;, of the Stein equation

n(x)g'(x) +v(z)g(x) = h(z) - E[h(Z)] (2.18)

belonging to the operator (2.15) and f; of the Stein equation
f'(@) + ¢(@)f(2) = hx) = E[M(Z)] (2.19)
corresponding to the density approach. Here, again ) denotes the logarithmic derivative

of p. In this paper we follow a different, more direct reasoning. If 7 is such that (2.15) is
characterizing £(Z), then, for suitable functions g by partial integration:

b b b
E[n(2)d'(2)) =/ n(ﬂc)p(w)g’(w)W:gnp!a—/ (' (x)p(x) + ' (@)n(x)) g(x)dz

= |’ —E[(n(2) + $(2)n(2))9(Z)] . (2.20)
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Thus, if we want this expression to equal

gl ~E[(2)9(2)],

then from (2.20) we conclude that n must satisfy (2.17). Of course, (2.17) can be solved
by the method of variation of the constant and it turns out that

—/ y@®)pt)dt, a<xz<b, (2.21)

is a particular solution which even satisfies (np)(a+) = (np)(b—) = 0 whenever E[y(Z)] =
0 and, hence, the boundary conditions

(gnp)(a+) = gigg(x)n(x)p(x) =0= ngg g(x)n(z)p(x) = (gnp)(b—), (2.22)

hold for each regular enough, say e.g. bounded, function g. Also note that every other
solution to (2.17) has the form

K
nw(x) = n(z) + @)

for some constant . In principle, the particular choice of « is arbitrary and the choice
k # 0 sometimes even yields better behaved solutions g; to the Stein equation (2.18).
In fact, it is easy to see from (3.5) below that the choice xk # 0 automatically implies
gn(a+) = gn(b—) = 0. Also, sometimes the choice « # 0 is implicit in the density approach.
For instance, if @ > —o0, b < oo and the density p is such that 0 # p(a+) = p(b—) € R,
then one can easily see that y(z) := ¢ (z) satisfies

b
Ey(2)] = / P (2)dz = p(b—) — pla+) = 0

but

_ pla) — plat)
p(x)
Hence, in all these cases, using the density approach implicitly entails choosing 7, with
k = p(a+). When developing the general theory in Section 3 we restrict ourselves to the
solution 7 given by (2.21), i.e to K = 0. We thus already mention at this point that the
density approach for p is included in the theory presented in Section 3 if and only if

#1, a<x<b.

plat) = p(b-) = 0.

However, at least if y(z) = ¢(F[Z] — z), it turns out that in many cases n given by
(2.21) has a neat analytical representation, e.g. it is given by a polynomial of degree
at most 2, whereas the choice x # 0 would introduce a complicated coefficient into
(2.18) originating from the term p(x)~!. For instance, if Z ~ N(0, 1) is standard normally
distributed and «(z) = —=z, then (2.21) yields n = 1, whereas the general expression
isne(z) =1+ rke® /2, which is difficult to handle in practice. Furthermore, if p is not
bounded away from zero, then k # 0 gives an unbounded function 7., whereas 7 given
by (2.21) usually is bounded, at least if a > —oco0 and b < oo (see, e.g. Proposition 3.5
below).

In the next section we will see that under certain mild conditions on the density p of
7/ and on the coefficient v which, of course, needs not originate from an exchangeable
pair, the operator L given by (2.15) is indeed characterizing £(Z) and prove bounds on
the corresponding Stein equation (2.18) for suitable test functions h. Finally, we want
to propose a strategy of how to proceed, if, contrarily to the above reasoning, we do
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not know the limiting density p from the outset but are only given an exchangeable pair
(W, W’) such that (2.14) holds and also

1
ﬁE[(W’ —~WPW] =nW)+5 (2.23)
is satisfied with the same constant A > 0 and a small remainder term S, where n now
is a certain given function, which is positive on a certain open interval J = (a,b) C R,
where 7 is also defined. Note that from (2.17) we have for the logarithmic derivative v
of the sought density p that
v-n
’l/) =
n
and, hence, for z € J and zq € J an arbitrary point, we have

p(x) = plo) exp( / (o) = W eXp(/: ;80@

_ % exp(/: ngt) . (2.24)

Here, of course, K = p(xo)n(zo) is the normalization constant. Formula (2.24) shows
that p is uniquely determined by v and . Furthermore, in Theorem 3.22 we will give
precise criteria for v and p defined by (2.24) to satisfy

b
/ A(Dp(t)dt = 0

and for 7 to satisfy (2.21) so that the results of the theory developed in Section 3 can
in fact be applied. This, together with Proposition 3.19 and Remark 3.20 (iii), suggests
the approximation of £(W) by the distribution with density p, if the exchangeable pair
(W, W’) satisfies (2.14) and (2.23). Note that this idea yields a certain extension of
the methodology proposed in [5], where only Stein characterizations from the density
approach are put to use.

3 The general approach

Motivated by Section 2 in this section we develop a general version of Stein’s method
for a random variable Z with an absolutely continuous distribution with respect to
the Lebesgue measure. This version is useful for those distributions, which allow for
a tractable first order linear Stein operator. This class covers many of the standard
absolutely continuous distributions. However, it should not be left unmentioned that
certain distributions, like the Laplace [27], the Variance-Gamma [16] and the PRR
distribution [26] fall outside the scope of this approach, as they only possess a second
order linear Stein operator with tractable coefficients.

For an interval J C R, we will call a function defined on R locally absolutely contin-
uous on J, if its restriction to each compact sub-interval of J is absolutely continuous.
Also, we will use the words increasing, decreasing and so on in the weak sense, unless
explicitly otherwise stated. Througout we suppose that Z has a Lebesgue density p on R
satisfying the following condition:

Condition 3.1. For some extended real numbers —oco < a < b < oo the density p is
positive and locally absolutely continuous on the interval (a,b).

By (a, b) we will henceforth denote the closure of the real interval (a, b) with respect
to the usual topology on R. Furthermore, we assume that we are given a function

on (a,b) which might be motivated by a given exchangeable pair and which has the
following properties:
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Condition 3.2. The function 7 : (a,b) — R is such that

(i) ~ is Borel-measurable and not identically equal to zero,

(ii) ~ is decreasing on (a,b),
(iii) Elv(Z)] = [ |v(t)|p(t)dt < oo and in fact E[(Z)] = [ ~(t)p(t)dt = 0.

Henceforth, we will always assume that Conditions 3.1 and 3.2 are satisfied. Note
that by Condition 3.2 there exists a point z¢ € (a,b) such that

v(z)>0 if a<z<zg and ~(z)<0 if zp<x<b, (3.1)
though it might not be unique. For definiteness, we choose
xg := sup{x € (a,b) : v(z) > 0}. (3.2)

By item (iii) of Condition 3.2 we can define the function I : (a,b) — R by

T b
I@) = [ a®pdt =~ [ (op(o (3.3)
and by the positivity of p on (a,b) we can define the function 7 on (a,b) by
I(z) 1 /1 1 /b
=——"=— tpt)dt = ——— t)p(t)dt. 3.4
n(z) @ 2@ ), Y(t)p(t) o /. Y(t)p(t) (3.4)

The following proposition lists some properties of the function I.

Proposition 3.3. Under Conditions 3.1 and 3.2 the function I has the following proper-
ties:

(a) I is locally absolutely continuous on (a,b).
(b) I is nonnegative and I(a+) = I(b—) = 0.

(c) I is increasing on (a,zo] and decreasing on [xg,b) and, hence, attains its global
maximum at x.

Proof. Of course, (a) follows from the fundamental theorem of calculus for Lebesgue
integration and the second part of (b) is immediate from item (iii) of Condition 3.2.
Finally, (c) and the first part of (b) follow from the second part of (b) and (3.1).

O

If a > —oo and/or b < oo, then it is of interest to know under what circumstances it
is possible to extend 7 to a continuous function on (a,b) because we would like to have
n(W) make sense, even if W assumes one of the boundary values a and b with positive
probability. We will see that in most cases we indeed have 7n(a+) = 0 or n(b—) = 0 if
a > —oo or if b < oo, respectively. The following Mills ratio condition is satisfied by
most absolutely continuous distributions and will in fact turn out to be equivalent to the
asserted boundary behaviour of 7. From now on, we will denote by F' the distribution
function corresponding to the density p.

Condition 3.4. The density p of Z satisfies all the properties from Condition 3.1 and
also the following:

(i) Ifa > —oco, then lim,, 1; éf)) —0.

(i) Ifb < oo, then lim,y, 1;@ gw) =0.
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Proposition 3.5. Assume that Conditions 3.1 and 3.2 hold for p and ~, respectively.
Then, the function 7 vanishes at the finite end points of the support (a,b) of £L(Z), i.e.
n(a+) = 0 whenever a > —oco and n(b—) = 0 whenever b < oo, if and only if Condition
3.4 is satisfied. Thus, in this case we can extend 7 to a continuous function on (a,b)
vanishing at the finite end points of this interval.

Not every density p satisfies Condition 3.4 as is clarified by the following example.
Example 3.6. Let 6, € (0,1), » > 1, be such that >, .,d, = 1 and define z,, :=

1- Z?:_ll 0 = > ;2,0; and I, := [zn41,2p), n > 1. Furthermore let ¢ be the unique
continuous function, which is linear on each interval I,, and such that ¢(xs,) = 63, and
q(x2n41) = 02, for n > 1 and ¢(1) := 6;. Define p to be the probability density which is a
constant multiple of ¢q. Then, p satisfies Condition 3.1 with a = 0 and b = 1 but Condition

3.4 does not hold: We have lim,, . x2,, = 0 but

Flo) | Pl Pl 1™

p(an) - p(x2n) p('x?ﬂ) Tan+1
_ 52n(p(-732n) +p(x2n+1)) > 52np(x2n+1) _ 1
2p(w2n) ~ 2p(x2n) 2’

Note that p satisfies lim,_,o p(z) = 0, so that this does not only happen because p(0+)
might not exist.

The counterexample given in Example 3.6 is quite artificial. Indeed, the following
proposition lists mild assumptions on the density p which guarantee that Condition 3.4
is satisfied. In practice, at least one of these assumptions is usually met. In particular,
note that by part (f) of Proposition 3.7 the Mills ratio limits from Condition 3.4 at finite
boundary points a or b are always zero, whenever they exist.

(x)

Proposition 3.7. Assume a > —oc. In either of the following cases lim, %

=0.
(a) The density p is bounded away from zero in a suitable neighbourhood of a.

(b) We have p(a+) = 0 and there is a § > 0 such that p is increasing on (a,a + ¢).
(c) We have p(a+) = 0 and there is a § > 0 such that p is convex on (a,a + J).

(d) We have p(a+) = 0 and there is a 6 > 0 such that p is concave on (a,a + ).

(e) The density p is analytic at a.

(f) The limit lim,,, =) exists.

Of course, similar conditions guarantee that lim,q, 1;@ ()“3) =0ifb < 0.

The proof is given in Section 5. Now, for a given Borel-measurable function & on (a, b)
such that E|h(Z)| < oo consider the Stein equation (2.18). It is easy to check that the
function
gn : (a,b) = R given by

gn(z) = m /x (h(t) — E[h(2)))p(t)dt
1 "
= —m/ (h(t) - E[h(z)])p(t)dt (3.5)

is a solution to (2.18) in the sense that g, is locally absolutely continuous on (a,b) and
(2.18) holds for each point = € (a,b) where gy, is in fact differentiable. At all other points
z € (a,b), in contrast to the usual convention, we define gj (z) by (2.18) such that this
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identity holds true on (a,b). The formula for g;, might as well be found by the method of
variation of the constant using the fact that log(pn) is a primitive function of /7, which
in turn follows from (2.17). In what follows we will always call the solution g; given by
(3.5) the standard solution to equation (2.18). It turns out that this particular solution
has the best properties. For instance, if g; is bounded then it is the only bounded solution
since the solutions of the corresponding homogeneous equation are given by constant
multiples of I~! = ~'p~!, which is unbounded by Proposition 3.3 (b). Since we do not
exclude cases where the given random variable W assumes the finite value a and/or b
with positive probability, we have to make sure that g, can be extended to a continuous
function on (a, b). Assume that ¢ > —oo. Here, and in what follows we will often write h
for h — E[h(Z)]. By de I'Hopital’s rule we have

Jo hOp®)dt - h(@)p(x)

h(z) _ hat) — E[W(Z)]

lim gy (x) = lim = lim ——<% =lim = , (3.6)
M@ =TT T W k) e w) +(ah)
if h has a right limit at a. Note that  has a right limit at a since it is decreasing. Similarly,
: h(b—) — E[h(Z)]
lim gp(x) = ,
oth 9n(x) ~v(b—)

if h has a left limit at b < oco.

Proposition 3.8. Assume Conditions 3.1 and 3.2 and let h : (a,b) — R be a Borel-
measurable function such that E|h(Z)| < co. Then, the standard solution g, to (2.18)
given by (3.5) has the following properties:

(@) Ifa > —oo and h has a right limit at a, then g, can be extended continuously to a by
h(a+) — E[h(Z)]

letting gy, (a) : )
(b) If b < o0 and h has a left limit at b, then g; can be extended continuously to b by
letting g5 (b) := hb-) — EINZ)]
7(b-)

The success of Stein’s method within applications considerably depends on good
bounds on the solutions g, and their lower order derivatives, generally uniformly over
some given class of test functions h. The next step will be to prove such bounds. It has to
be mentioned that we cannot expect to derive concrete good bounds in full generality, but
that sometimes further conditions have to be imposed either on the density p or on the
coefficient v. Nevertheless, we will derive bounds involving functional expressions which
can be simplified, computed or further bounded a posteriori for concrete distributions.
So our abstract viewpoint will pay off. Moreover, some of our general bounds will already
be explicit.

In what follows, we denote by g;, the standard solution to Stein’s equation (2.18) on W,
implicitly assuming that h satisfies the assumptions of Proposition 3.8. Furthermore,
for a function f we denote by || f|/« its essential supremum norm on (a,b). Note that
this implies for f a Lipschitz-continuous function on (a, b) that || f/||« is just its minimum
Lipschitz constant. First we give bounds for bounded and measurable test functions h.

Proposition 3.9. Assume Conditions 3.1 and 3.2 and let m be the median of L(Z). Then,
ifh: (a,b) — R is Borel-measurable and bounded we have
- 21(m) 2 [ (t)p(t)dt
The proof is deferred to Section 5. The following corollary specializes this result to
the case that y(z) = —c(x — E[Z]) and that £(Z) is symmetric with respect to its mean

E|Z],i.e. Z — E|Z] 2 E[Z] — Z. Then, it is also clear that m = E[Z].
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Corollary 3.10. In addition to Conditions 3.1 and 3.2 assume that the distribution £(Z)
is symmetric with respect to m = E[Z] and that vy(z) = —c(xz — E[Z]) for some positive
constant c. Then, for each bounded and Borel-measurable test function h : (a,b) — R we
have

Il = B2

CE|Z —ml] 8

1gnlloo <

Proof. In this case we clearly have I(m) = $E[|Z — m|] which implies the result by
Proposition 3.9.

O

In the case that Z ~ N(0,1) and ¢ = 1 this result specializes to the well known bound
lgnlle < \/FlIh — E[h(Z)]]| (see [7] or [8], e.g.).
Remark 3.11. (a) In the statement of Proposition 3.9 it might suprise that there is
no bound mentioned for ||g}||«. This is because, in general, a bound of the form
g lloo < Cllh — E[h(Z)]||sc with a finite constant C' does not exist in this setup. For
instance, for z > 0 and Z having the exponential distribution with mean one, consider
the Stein equation

2g/(x) + (1 — 2)g(a) = Ljo.5(x) — P(Z < 2). (3.9)

Identity (3.3) from [4] shows that for z > z the solution g, to (3.9) satisfies

e ?—1
/ _
gz(x) - l‘2 N
Hence, we have that
1—e™* zj0
suplgl,(z)| = —5— == o0,
>z z

proving that such a constant C in general cannot exist. Note also that this is contrary
to the density approach, where one usually has such a bound (see [5] or [7]).

(b) The Kolmogorov distance between a given random variable W and Z is induced by
the class of test functions A := 1(_ ., where z € (a,b). In this situation it is easy
to verify that the standard solution g, := g5, to (2.18) is given by

F(2)(1-F(2))
., a<zr<z F(z)(1 - F(2))
9:(z) = {F@g{_}w(z» ' cwey W gl = = = SG).

By using de I'Hopital’s rule it is not hard to check that always sup,¢(, ) S(2) <
oo. Furthermore, g, is Lipschitz-continuous and on (a,b) \ {z} it is infinitely often
continuously differentiable with
1-F(z T T
/ A-FEIp@HE) o 0 <,
g.(x) =

1(2)?
—F(2)p(z)G(x)

T)? , z<x<b,
where the functions H and G are defined in Proposition 3.13. From the negative
example of (a) we already know that, in general, there is no finite constant C' such
that
g o <C, a<z<b.

Nevertheless, even in such a situation, one may use the uniform bound on S and a
z-dependent bound on ||¢, ||« as well as particular properties of W to prove accurate
bounds on the Kolmogorov distance. This was done in [4] for the exponential
distribution. Incidentally, in the case of the Beta distribution, the function S will be
bounded for a different purpose in the proof of Proposition 4.2.

EJP 20 (2015), paper 109. ejp.ejpecp.org
Page 14/34


http://dx.doi.org/10.1214/EJP.v20-3933
http://ejp.ejpecp.org/

Stein’s method for the Beta distribution

Proposition 3.9 is already sufficient to prove that the operator L given by (2.15)
characterizes the distribution of Z. The proof is given in Section 5.

Proposition 3.12. A random variable X with values in (a,b) has the same distribution
as Z if and only if for each continuous function f on (a,b), which is locally absoulutely
continuous on (a,b) and which satisfies

EW(Z)f'(2)| = J;|f' (@) I(2)de < 0o we have

En(X)f(X)] = —EN(X)f(X)].

In particular, in this case both expected values exist.

Next, we will turn to Lipschitz continuous test functions h. In contrast to bounded
measurable test functions, there we will also be able to prove useful bounds for g. In
order that E[h(Z)] exists for Lipschitz continuous test functions h we need to assume
that E|Z| < co. The following two result, which are also proved in Section 5, include
optimal bounds for both, g5 and gj,, when A is Lipschitz.

Proposition 3.13. Assume that E|Z| < oo and Conditions 3.1 and 3.2 hold. Then, we
have for any Lipschitz continuous test function h : (a,b) — R and any x € (a,b):

F(z)E[Z] = [ yp(y)d S, (BIZ] —y)p(t)dt
I(x) I(z) ’

y
@ |gn(@)] < 7]l = 17l

JEF(s)dsG(x) + [P(1 — F(s))dsH(x)
p(x)n(x)? '
Here, for z € (a,b), the positive functions H(x) and G(z) are defined by
H(x) = I(x) — 7(x) F(z) = pla)n(x) — 7(x) F(z) and G(x) = H(x) +1(x).

Moreover, these bounds are optimal among all bounds involving the factor ||h'| -

(b) [g5,(2)] < [Ih[loc

Remark 3.14. (a) If a« > —o0 and b < oo, then it follows by an application of de

= Ja(BlZ—y)p@)dt

I’'Hoépital’s rule that the function S(x) : is bounded on (a,b). In-

I(z)
deed, if a > —o0o, for instance, we have that
“(B[Z] - t)dt _ _
0 < tim J2 B2 =)0t _ Bz} —x _E[Z]-a
sl I(x) sl () 7(a)

However, in general S(x) is unbounded, if |y(z)| does not grow at least linearly with
x. For instance, if Z ~ N(0,1) and ~(¢) = — sign(t), then we have for positive = that

_ p@)
S(x) = 1_7@@) ~ T

by the Gaussian Mills ratio inequality.

(b) The bound for |gx(x)| in part (a) of Proposition 3.13 can be written as

7(2)

lgn (@) < (1B lloo——

n(z)’
where 7 is the so-called Stein factor or Stein kernel of Z given by
1 / v
T(z) = — E[Z] —t)p(t)dt,
@)= o . (#1210

i.e. 7 is the function n which belongs to the choice vy(z) = E[Z] — z. The Stein kernel
7 appeared first in Lecture 6 of [32] and it has turned out to be a fundamental object
in Stein’s method for one-dimensional absolutely continuous distributions (see, e.g.
[23], [24] and [21]).
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Corollary 3.15. Assume that F|Z| < oo, Condition 3.1 holds and that y(z) = ¢(E[Z] — x)
for some ¢ > 0. Then we have for any Lipschitz continuous test function h : (a,b) - R
and each x € (a,b) :

@ flgnlle < e,
oy < 2 H@)G@) _ ) S F(s)ds [3(1— F()dt
B o B e ey

Remark 3.16. (i) In the case of the normal distribution (via its classical Stein equa-
tion) the bound given in Corollary 3.15 (a) reduces to ||gn|lcoc < ||#/]l0o- Formally,
this bound is a special instance of a general bound given in Lemma 3.1 of [19] for
the multivariate standard normal distribution (see also Lemma 2.6 in [7]). However,
this lemma is stated under the additional assumption that h has three bounded
derivatives, which is stronger than being Lipschitz-continuous. Yet, as has been
pointed out to me by the referee, one can use the generator representation of the
solution to the Stein equation to obtain the same bound as in Corollary 3.15 (a) for
once differentiable test functions h with bounded first derivative by applying the
well-known consequences of the dominated convergence theorem on differentiating
under the integral sign. Then, using smoothing techniques, this result could be
extended to the class of Lipschitz-continuous test functions, yielding an alternative
proof of this bound. Nevertheless, in the context of Stein’s method for the univariate
normal distribution, the best bound mentioned on g;, for a Lipschitz test function A
is [|gnllco < 2||W || (see, e.g. [7] or [8]). Hence, we believe that Corollary 3.15 (a)
is the first result that rigorously proves the aforementioned bound, although, as
described above, it can also be proved by means of existing techniques from the
generator framework.

(ii) For concrete distributions the ratio appearing in the bounds for g}, (z) may be
bounded uniformly in x by some constant which can sometimes also be computed
explicitely. For instance, this is performed for the Beta distribution in Section
4. Furthermore, for the situation of Corollary 3.15, in [12] the authors give mild
conditions for the existence of a finite constant & such that ||¢},||cc < k||?’||eo for any
Lipschitz-continuous h. In practice, these conditions are usually met. However,
there is no hope of estimating the constant £ by their method of proof. Thus, for
concrete distributions and explicit constants it might therefore by useful to work
with our bounds from Corollary 3.15 (b) or from Proposition 3.13.

(iii) For the normal distribution and also for the larger class of distributions discussed in
[13], one also has a bound of the form ||g}/||oc < C||h'||~ for some finite constant C
holding for each Lipschitz function h. As was shown by a universal counterexample
in [12], if v(x) = ¢(E[Z] — x) such a bound cannot be expected unless a = —oco and
b = co. If either a > —oo or b < oo one will have to assume that 7’ is also Lipschitz,
for example by demanding that ~ has two bounded derivatives, in order to obtain
a finite bound on ||g} ||cc. Within the density approach, however, there are many
examples of distributions, whose support is strictly included in R but for which
such bounds are available (see, e.g., chapter 13 of [7]).

Now, we show how we can use the above results and the density formula (2.24) to
give bounds on higher order derivatives of gy, if h itself is smooth enough. First note
that the constant K from (2.24) is given by

x0 b
K = afeolptan) = [ @b = [ popoa="220 @0
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and, hence, we have the explicit formula

p(x)=]mexp(/: zégdt). (3.11)

Formula (3.11) is a more general version of formula (3.14) in [24] and is also derived
in [20]. Now, if the coefficient ~ is also absolutely continuous, by differentiating Stein’s
equation (2.18), we obtain for h Lipschitz

n(@)gy (@) + g (@) (0 (2) + () = b (x) — 7' (@)gn(x) = ha(z). (3.12)

This means, that the function § := g}, is a solution of the Stein equation corresponding to
the test function ho for the distribution of Z which satisfies the Stein identity

E[0(2)1'(Z)+ (0 (2) +1(2))§(Z)] = 0.

From (3.11) we know that a density p of Z is given by

p(z) = % exp(/g: Wdt) = Kexp(/a: ;Egdt) = Cn(x)p(z), (3.13)

where K, K,C > 0 are suitable normalizing constants. Thus, if we have bounds for the
first derivative of the Stein solutions for the distribution of Z and for Lipschitz functions
h, then from this observation we obtain bounds on g for h such that h, is Lipschitz.
Note that if v(x) = ¢(E[Z] — ), this essentially means that ' must be Lipschitz as well.
Of course, in order to apply this procedure, one has to make sure that & [hg(Z )] =0 and
that g} is the standard solution to the Stein equation for £(Z) and the test function hs.

Remarkably, under mild conditions this turns out to always be the case.

Proposition 3.17. Assume that Conditions 3.1 and 3.2 hold, E|Z| < oo,

E|Z~y(Z)| < oo and that vy is locally absolutely continuous on (a,b). Furthermore, let h
be a Lipschitz-continuous function. Then, E[hg(Z)] exists and equals 0. Furthermore,
if either the derivative g, of g;, is bounded, a > —oco or b < oo, then gj, is the standard

solution to the Stein equation

n(@)f'(z) + (n'(z) +v(2)) f(2) = ha(2) (3.14)
corresponding to the distribution of Z and the test function hy = h' — v gn.

The proof is given in Section 5.

Remark 3.18. If Z ~ Beta(a,b), then (3.13) implies that Z ~ Beta(a + 1,b + 1). This
will be used in Section 4 to provide bounds on higher order derivatives of g; in the
case of the Beta distribution. If, on the other hand, Z ~ Exp(a) has an exponential
distribution with mean a~!, then Z ~ Gamma(2, a) has an Erlang distribution. Using
this fact, Proposition 3.17 and the general bounds from Corollary 3.15 applied for both

the exponential and the Gamma(2, @) distribution, one can, with some work, derive the
following bounds on the standard solution g; to the Stein equation

zg'(z) + (1 — ax)g(z) = h(z) — Eh(Za)

for the distribution Exp(«), if h is continuously differentiable on [0, c0) and both h and A’
are Lipschitz:

1 2a 2
lgnlloe < MR loo,  Nlgnlloc < Wlloe and lghlloc < Z=[IA'lloc + S 1IA" o

These bounds are better than those derived in [14] and, additionally, since we do not
have to assume that 4’(0) = 0 for the bound on ||g}/ || to be valid, one term in the bounds
of Theorems 1.1 and 1.2 from [14] would drop off, if instead our bounds were used.
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Next, we introduce the approach of exchangeable pairs satisfying the regression
properties (2.14) and (2.23) in our general framework. As was observed in [29] for the
normal distribution, in case of univariate distributional approximations, one does not
need the full strength of exchangeability, but equality in distribution of the random
variables W and W’ is sufficient. This may allow for a greater choice of admissible
couplings in several situations, or at least, relaxes the verification of asserted properties.
Thus, let W, W’ be real-valued random variables defined on the same probability space
such that W 2 W’. We will assume, that the random variables W and W’ only have
values in an interval (a,b) C J C (a,b) where both functions n and v are defined (recall
that it might be the case that 1 can only be defined on (a, b)). However, from Proposition
3.5 we know that we can let J = (a, b) if Condition 3.4 holds.

Proposition 3.19. Assume that Conditions 3.1 and 3.2 hold and that W is square
integrable with E|y(W)| < co. Furthermore, for some constant A > 0, assume that the
general regression property (2.14) and also the second moment condition (2.23) are
satisfied by the pair (W, W'). Let f : J — R be a bounded, continuously differentiable
function, which is Lipschitz-continuous and has a Lipschitz-continuous derivative f'.
Then,

Bl ) o) 0] < W i
Sl EIR + [ o IS (3.15)

where || ||« denotes the minimum Lipschitz constant of f'.
The proof is given in Section 5.

Remark 3.20. (i) The bound (3.15) can only be small, if S and R are of negligible
order.

(ii) The proof shows, that Proposition 3.19 can easily be generalized to the situation,
where there is a sub-c-algebra F with o(1W) C F and the more general regression
properties

%E[W’ —W|F] =~v(W)+ R and %E[(W’ — W) F] =n(W)+S  (3.16)

hold for some F-measurable remainder terms R and S.

(iii) If H is some class of test functions, such that there are finite, positive constants c,
c1 and c; with [|gn[lec < co, [|9}]lc0 < ¢1 and ||g}[loo < c2 for each h € H, then (3.15)

immediately yields a bound on the distance

A(£(2), L(W)) = sup | E[(W)] ~ E[h(2)]|.

Finally, in our general framework, we readdress the last issue discussed in Section
2. Namely, we suppose that we are given two functions v and 7, such that for some
—o00 < a < b < oo the function + is defined on (a,b), n is defined at least on (a,b) and the
following properties hold.

Condition 3.21. (a) The function v is decreasing and such that 0 < ~y(a+) < oo and
—o0o < v(b—) < 0. Again, we define xy € (a,b) by
xo = sup{z € (a,b) : y(x) > 0}.

(b) The function n is positive and locally absolutely continuous on (a, b).
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(c) The function -/ is locally integrable on (a,b) and, if we define

Q(zx) := /ﬂ::}ggdt, z € (a,b),

then we have QQ(a+) = Q(b—) = —oc.

Note that by definition we have Q(z) < 0 for all « € (a, b), if Condition 3.21 is satisfied.
Now, we define the density p by relation (2.24) with K being a suitable normalizing
constant. The existence of K follows from the fact that, by Condition 3.21, for each

€ (a,xo) there is a finite constant L > 0 such that Lvy(z) > 1 for each = € (a, ¢). Thus,

e (L) = s oo (L aae)

Qo)
= L/ Q' (x) exp(Q(z))dx = L/ e“du

— 00

= LeQ) <« . (3.17)

A similar calculation shows that also

b T
1 t
/ eXp(/ wdt)dat<oo
a () a0 (%)
for each d € (z0,b). Hence, p can be suitably normalized. Now, let Z be a random

variable with probability density function p. The next result is a generalization of Lemma
3, Lecture 6 in [32].

Theorem 3.22. If Condition 3.21 is satisfied, then the density p defined by (2.24) is
such that

p(x)

In particular, the theory developed in this section can be applied in this framework.

b T
EN(Z)] = / Y@®)p(t)dt =0 and n(z) = / F@E)pt)dt, a<xz<b.

Proof. Similarly to (3.17) we obtain

/a< da:—K/IO (/;Egdt)d
= Ke® W—K

and

b
/ y(z)p(x)de = —KeP@) = K

0

Thus, E[y(Z)] = 0. The second claim follows from

zﬁ /:fy(t)p(t)dt _ p(lx)[(/: Z(gexp (/ zgdt) ds

]' T
= mKeQ( )= n(z),
since K
_ Q(x)
p(z) = e
n(z)
O
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4 Stein’s method for the Beta distribution

In this section we specialize the theory from Section 3 to the family Beta(a,b),
a,b > 0, of Beta distributions as defined in Section 2. Let us fix a,b > 0 and from now on
assume that Z ~ Beta(a,b). Motivated by the Pdlya urn example, the above constructed
exchangeable pair (W, W’) and by Proposition 2.2 we define the function -y := v, as in
Proposition 2.2 and observe that

a
a+b’
It is thus easy to see that ~ satisfies all assumptions of Condition 3.2 and also that the
Beta density p := p,; given by (2.4) satisfies Conditions 3.1 and 3.4, the latter either
directly or by Proposition 3.7. We claim that the function n defined by (2.21) is given by

E(Z)] =0 since E[Z]=

nx)=x2(1—-=z), z€][0,1]. 4.1)

This is equivalent to proving that
p(x)x(l —z) = / (a=(a+b)t)pt)dt, 0<z<1, (4.2)
0

which easily follows from differentiating both sides of (4.2) and using (2.10). Thus, from
Proposition 3.12 we immediately obtain the following Stein characterization for the Beta
distribution. This result substantially extends Theorem 1 in [30] in the case of the Beta
distribution, which is weaker as it only characterizes the Beta distribution among the
class of absolutely continuous distributions with finite second moment.

Proposition 4.1. A random variable X with values in [0, 1] has the distribution Beta(a,b)
if and only if for each continuous function f on [0, 1], which is locally absolutely continuous
on (0,1) such that E|Z(1 — Z)f'(Z)| < co, we have

E[X(l . X)f’(X)} = (a+ b)E{(X - - i b)f(X)} .

For the Beta distribution and a mesaurable function h with E|h(Z)| < oo, the Stein
equation (2.18) is given by

2(1 - 2)g'(z) + (a +b) (&%b - x)g(x) = h(z) - E[h(Z)], z€[0,]  (4.3)
and the standard solution (3.5) has the form
1 T -1 .
(@) = T /0 Pt = s /I WOp)dt, 0<z<1  (4.4)
where, again, h(t) = h(t) — E[h(Z)] and
u(0) = MOV =By ) M0 = B2, ws)

if h has a right limit at 0 and a left limit at 1 by Proposition 3.8. We mention that the
same Stein equation (4.3) has already been considered in [30], [18] and in [10].
For a,b > 0 define the constant

B(a,b), a<1l b<1

a”! a<l1 b>1
Cla,b) =2(a+b ’ =7 if b and 4.6
(@) =2a+b)q, as1,b<1 a7 (4.6)

a ' 'B(a,b)"t, a>1,b>1

4 O<a<l1
C(a,a) == {Q;ﬁF(a) (4.7)
Ttz 42 L.

EJP 20 (2015), paper 109. ejp.ejpecp.org
Page 20/34


http://dx.doi.org/10.1214/EJP.v20-3933
http://ejp.ejpecp.org/

Stein’s method for the Beta distribution

From Proposition 3.9 and Corollary 3.15 we can derive the following bounds for the
solution (4.4) to (4.3). The proof is given in Section 5.

Proposition 4.2. Let h : [0, 1] — R be Borel-measurable with E|h(Z)| < oc.

1A = E[(Z)]llo
2m(L — m)p(m)

|| oo
(b) If h is Lipschitz, then ||gpn|lco < I Jb
a
given by (4.6) and (4.7).

(@) If h is bounded, then ||gp]|co < , where m is the median of Beta(a,b).

and ||g},|lec < C(a,b)||W| s, where C(a,b) is

(c) If h is continuously differentiable with Lipschitz derivative h/, then g, is Lipschitz
and [|g}) |looc < Cla+1,b+ 1)||h||oc + (a +b)C(a+ 1,0+ 1)C(a,b)||h||o-

(d) More generally, if m > 1 is an integer and h is at least (m — 1)-times differentiable
such that h9) is Lipschitz-continuous for j = 0, ..., m—1, then ||g\" || is Lipschitz

and

||g§bm)||oo <Cla+m—-1,b+m-—1)

i(ﬁ (l(a+b+l—1)C(a+l—1,b+l—1))>||h(j)||oo,

j=1\ I=j

where we define an empty product to be equal to 1.

Remark 4.3. (i) It is worthwhile to compare our bound for ||g}, ||« from Proposition
4.2 (b) to the bound ||g},|lcc < (bo + b1)||R||oc given in [18]. One can show that if
a = b, then our bound is uniformly better than theirs. However, if a # b, then there
are regions for (a,b) where our constant C(a,b) is smaller and other ones, where
their by + by is smaller. For instance, if 0 < a,b < 1, then, again, C(a,b) < by + b;.
But, if 1 < b < 2 is fixed and a tends to zero, then C(a,b) goes to infinity while their
bo + by tends to 12. In any case, neither our bound nor the bound from [18] seem to

be optimal for ||g}, || co-
(ii) Form Corollary 3.15 (b) we know that for Lipschitz h and z € (0,1)

2||W e H(x)G(x)
a+b x2(1—x)?p(x)

g ()] < = [|h [l B(x) -

By an application of de I’'Hépital’s rule, one can show that

2 2

We conjecture that if min(a,b) < 1, then

2

Bloo = —F7—+
1Bl min(a, b) + 1

)

i.e. that B assumes its maximum value at the boundary of (0,1). However, if
min(a,b) > 1, then we believe that there is always an z; € (0, 1) such that

2W oo H(z))G(21) _  2[I1]
a+b 22(1—x1)%p(z1) ~ min(a,b) +1°
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(iii) If @ = b, then the median of Beta(a,a) equals 1/2 and the bound in (a) has the
explicit form || gx||co < B(a,a)2¢t*~1||h — E[h(Z)]||s0. Unfortunately, for a # b there
is no closed from expression for the median of Beta(a,b). In such a case one could
use known inequalities about the median m in order to get bounds on |/g;||~- Since
one would have to distinguish several cases according to the values of a and b and,
hence, to the shape of the density p, we omit the details, here.

From Proposition 3.19, Remark 3.20 (ii) and the bounds from Proposition 4.2 we ob-
tain the following plug-in result, which bounds a certain distance to the Beta distribution
by terms related to a given exchangeable pair.

Theorem 4.4. Let W and W’ be identically distributed random variables on a common
probability space (2, A, P) and let F C A be a sub-c-algebra of A such that c(W) C F
and

%E[W’—W’}—] =(a+b) (aib—W) + R and

1 2

A ELW =W [ F] =W (1 -W)+ S

hold for a constant A > 0 and for F-measurable remainder terms R and S. Then, for
each continuously differentiable function h : [0, 1] — R with a Lipschitz derivative h' it
holds that

BV - EINE)| < W) (5 EIR|+ Cla )BT

N (C(a + 1,04+ )| ||oo + (@ +b)C(a+ 1,0+ 1)C(a,b)||h'| s

E o 3

where the constants C(-,-) are defined by (4.6) and (4.7).

Now we are in a position to prove Theorem 2.1.

Proof of Theorem 2.1. The claim immediately follows from Theorem 4.4, Propositions
2.2, 2.3 and the fact that in this case

b—a

R=0 S=
’ 2n

W+-—>0 and |W —W|<
2n

AR

5 Proofs

Proof of Proposition 3.5. Suppose, that a > —oo and choose y € (a,x¢). Then vy(y) > 0
and, by the nonnegativity of I and the monotonicity of v, for a < x < y we have

xT

0 <20 F@) =) [ P < 16) = [ @pa
<(0) [ o)t = 2(@)F (). (5.1)

Hence, if Condition 3.4 holds, we have

1 F
0 <liminf n(z) < limsupn(z) = limsup 1(z) < ~v(a)lim (z) =0,
zla zla zla p(LE) zla p(x)
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so that lim, |, n(x) = 0. Conversely, if n(a+) = 0, then, again by (5.1),

F(x) 1 . I(x)

. F(x) :
0 < liminf < lim sup < ——limsup —= = limsupn(z) =0.
W o S ) S50 T ) ) )

The calculation for finite b is similar by using the representation
I(z) = - ffv(t)p(t)dt and is therefore omitted.
O

Proof of Proposition 3.7. That item (a) is sufficient is clear. If (b) holds, then the claim
follows from the inequality

Fo) = [ " p(t)dt < p(a)(a - a).,

valid for x € (a,a + §). Under Condition (c) we obtain a continuous and convex function
on [a,a+ §) by letting p(a) := 0. Now, let a < x < y < a+ 0. Then, there exists a A € (0,1)
with = Aa + (1 — A\)y and by convexity we have:

p(y) — p(x) = p(y) —p(Aa + (1 = N)y) = p(y) — Ip(a) — (1 = N)p(y)
= Ap(y) > 0.

Thus, the assumptions of (b) are satisfied. If (d) holds, then again letting p(a) := 0 we
obtain a continuous and concave function on [a,a + ¢). Thus, there exists a decreasing
function f on [a,a + ) such that

p(:c):/xf(t)dt, a<z<a+id.

If there was a sequence (z,,),>1 in [a,a + §) such that z,, | a and f(x,) < 0 for each
n > 1, then for each z € (a,a + ¢) and large enough n we would have

ple) =plea) + [ "Rt < plan) + (2 — 20) f(zn) < plan) =0,

which would contradict Condition 3.1. Thus, there is an ¢ < § such that f(xz) > 0 for
all z € (a,a + ¢). Hence, p is increasing on (a,a + ¢) and (b) is satisfied. If (e) holds,
then there is an r > 0 and a real sequence (cy)x>o such that p(z) = > 5= cx(z — a)¥ for
all z € (a,a + r) and the function f : (a — r,a +7r) = R with f(z) := Y 7o ck(z —a)¥ is
well-defined. Let ng := min{k > 0 : ¢ # 0}. Then ny < co since p is positive on (a,b). If
no = 0 and hence f(a) = ¢o = limg, p(x) # 0, then there is nothing to show. Otherwise,
we have

ple)=(z—a)™ > cle—a)f " and p'(z)=(x-a)"" Y kep(z—a)m
k=ng k=no

for all € (a,a + r) and hence, by de I'Hopital’s rule,

F@) . pl) 37kl — @)

lim = =lim(x —a
zla p(x) zla p/(CC) a:,La( )Ezozno key, (.’I} — a)k'—"o
= S lim(z —a) =0.
noCp, wla

In order to prove (f) we show that always

liminf 27 g, (5.2)

zla p(z)
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if p satisfies Condition 3.1. To show this, define the function G(z) := log F'(z) for z € (a, b).
Then, G is increasing and continuously differentiable on (a, b) and satisfies G(a+) = —o0
and G(b—) = 0. If (5.2) did not hold, then

: . p(z)
¢ := limsup G'(x) = limsup
rla zla F(J?)

< +00. (5.3)
Hence, choosing § > 0 such that G'(z) < ¢+ 1 for all z € (a,a + 6] we would obtain
a+d

G(a+) - G(a+0) = —liin G'(t)dt > — uin(a +0—z)(c+1)=—0(c+1),

which would contradict G(a+) = —oo.

Proof of Proposition 3.9. With h = h — E[h(Z)], since I =1 - p, we have fora < z < b

ey = L BOROE _ROpOE o Fa)
[p(x)n(z)| I(x) - (=)
Let M : (a,b) — R be given by M (z) := ?((f)) By I’'Hopital’s rule we have
lim M(z) = lim ﬂ = lim L = — 1
aNa ea y(@)p(x)  aNay(z)  limg g (@)

which exists in [0, c0) by Condition 3.2. Here, we used the convention é = 0. Moreover,

1
1. M = =
22 () lim, ~, I(x) oo

again by Condition 3.2 and by Proposition 3.3. Furthermore, we have

p(@)I(z) —plx)y(@)F(z) _ p(x)

M'(z) = T(z)? = (0)?

(I(x) - 7(m)F(x)> >0 (5.4)

for each « € (a,b) since by the positivity of p and because + is decreasing

x

1= [ L (Op(t)dt > (@) [ ptori = ()P,

Hence, M is increasing and, thus, for each = € (a, m] we have

F(m) _ [h= Eh(Z)]]le

The same bound can be proved for « € (m,b) by using the representation

and the fact that also 1 — F(m) = 3. O

The following two lemmas, which are quite standard in Stein’s method, will be needed
for the proof of Proposition 3.13. For proofs we refer to [11], for instance.

Lemma 5.1. Suppose that p satisfies Condition 3.1 and that ff|x\p(x)dx < o0o. Then, for
each z € (a,b) we have:
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(@ [ F(t)dt=aF(x)— [ sp(s)ds;

) [2(1— F(t))dt = [ sp(s)ds — x(1 — F(x)).

Lemma 5.2. Suppose that p satisfies Condition 3.1 and that E|Z| = f;|x|p(x)dx < 00.
Then, for each Lipschitz function h, the following assertions hold true:

(a) For eachy € R we have
h(y) — E[Z)] = [2  F(s)W (s)ds — [ (1 = F(s))'(s)ds.

(b) For each x € (a,b) we have
S (h(y) = EIZ))ply)dy = —(1 = F(x)) [ F(s)h(s)ds — F(x) [/ (1 — F(s))h'(s)ds.

Proof of Proposition 3.13. First, we prove (a). Recall the representation

T

@) = 75 [ ()~ BBty
By Lemmas 5.2 and 5.1 we thus obtain that
[ () gn ()|

(1 F(x) /IF(s)h’(s)ds - F(x)/ (1 F(s)(s)ds

x b
< ]l <(1 _ F(@)/ F(s)ds+F(a:)/ (1- F(s))ds)

b

sp(s)ds))

— 1M ]|oo <(1 ~ F(2)) (a:F(x) - /Jc sp(s)ds) + F(z) (—m(l — F(z)) + /

= |h]| s <— /j sp(s)ds + F(z) (/j sp(s)ds + /: sp(s)ds>>
S (F(x)Em -[ yp(y)dy> 7

implying (a).
Now, we turn to the proof of (b). By Stein’s equation (2.18) we obtain for = € (a, b)

() = —— (h(a) = 7(@n(2)) 5.5

0w n(@)p(z
o o1 3228
N RS TR AE)
+/:(1 —F(s))h’(s)ds(_n(x)i((?);;)&gr)}?(m)). (5.6)
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Now, consider the functions H,G : (a,b) — R with

H(x) = I(z) = y(x)F(x) = n(x)p(r) — y(z)F(z) and
G(x) = H(z) +7(z) = n(x)p(z) + y(x)(1 - F(z)).

From (5.4) we already know that H is nonnegative on (a,b). Similarly we prove the
nonnegativity of G on (a,b): Since p is positive and ~ is decreasing, for z in (a,b) we have

b
G(z) = I(z) +y(x)(1 - F(z)) = —/ Y(E)p(t)dt +~(x)(1 — F(x))

> —y(x)(1 = F(z)) +~(z)(1 - F(z)) = 0.

By (5.6) we can thus bound

, / ¢ _Gl@)
lgn(2)] < (IR ]]0o (/a F(S)dsn(x)zp(x)
' s )
+/x (1— F(s))d n(x)2p(:c)>’ (5.7)

which reduces to the bound asserted in (b). Optimality of the bound in (a) follows from
choosing h(x) = z and observing that the above inequalities are in fact equalities, in this
case. To see that also the bound in (b) is optimal, for given z € (a,b) choose a 1-Lipschitz
function h such that »'(s) = 1 forall s € (a,z) and h'(s) = —1 for all s € (x,b). Then, from
(5.6) and the nonnegativity of H and GG, we see that equality holds in (5.7).

O

Proof of Corollary 3.15. Claim (a) follows from Proposition 3.13 (a) and the observation
that in this case we have

1) = [ 2wy =c [ (B121- oy,
Part (b) follows from Proposition 3.13 (b) and Lemma 5.1 by observing that in this case
H(z)=I(z) —y(z)F(x) = c(/ (E[Z] — t)p(t)dt — (E[Z] — x)F(:z:))

- c(E[Z]F(x) _ / " ip(t)dt — B[Z)F(z) + a:F(a:))

Proof of Proposition 3.12. We first prove necessity. Let f be given as in the proposition.
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First we show that F|v(Z)f(Z)| < co. We have

b

(@) (@)lp(a)da — / (@) (@) lp(x)da

Zo

En@)f(2)] = [
) zo b T
— [ @@ | [ st )| do— [ a@p)| [ 1@ )

o b zo zo
<f<xo>( / (@)p()dz — / w(x)p(x)dm>+ / Y (@)p(a) / o

-/ b o) | jlf’(t)ldt

x0 t b b
— |F(zo)|E(Z)| + / £ 0) / o+ (a)p()ddt — / F(0) / o ()p() et

Zo

dzx

b
— |F(zo)|E(Z)| + / PO ()t < oo

Repeating essentially the same calculation without absolute value signs and using
E[y(Z)] = 0 yields

Em(2)f(2)] = —Ely(2)f(2)].

To prove sufficiency it is clearly enough to show that

holds for each bounded and continuous function h. Let g, be the standard solution of
the Stein equation (2.18) corresponding to h. Then, from Proposition 3.9 we know that
llgrlle < co. Also, g is continuous on (a,b) and continuously differentiable on each
compact subinterval of (a,b). Furthermore, since I(z) = n(z)p(z) and g, solves (2.18)

we have

95, (@)1 (x) = p(2)[h(z) = v(z)gn(@)| < p(a)h(@)] + [1(2)gn ()]
and, hence,
/ablgh(x)ll(x)dx < 2[[hllo + llgnll o ElV(Z)] < o0.
By the hypothesis of Proposition 3.12 we can thus conclude that
0= E[n(X)gn(X) +v(X)gn(X)] = E[h(X)] = E[h(2)],

as desired.
O

Proof of Proposition 3.17. We first show that E[hy(Z)] exists. Since Z has density pro-
portional to np by (3.13) and by (3.12), existence follows, if we can show that

b b
[ W@lm@n@p@ld <0 and [ W@h@pd <. (68)
To show finiteness of the first integral in (5.8) note that since « is decreasing, by Fubini’s
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theorem

dz

| W @lme@n@p@ias = - [ 5@ | [ s
<= ["@ [l = [ ol / " (/@) dudt
|00 60 -1 = [ Eolben @

To
< Wlee [ 1t = Zn )t < W (EIZIEN) + BLZA2)]) <00, 6.9
since h is Lipschitz. Similarly, one shows that

b
[ W@ll@npe)d <o

Since A’ is bounded, to show that the second integral in (5.8) is finite, it suffices to prove
that

b
/ n(z)p(x)dr < co. (5.10)

[ nwntade= [ [ o

We have
)
= [t [ dede = [ Gao - enepterin < .

since E|v(Z)| < oo and E|Z~v(Z)| < oo and similarly one shows that

b
/ n(x)p(z)dr < .

0

Hence, (5.10) holds and E[hy(Z)] exists. Now, we prove that E[hy(Z)] = 0. From (3.12)
and (3.13) we see that this amounts to proving

b b
/ W (@)n()p(x)de = / 7 (@) gn(@)n(@)p(e)dz 5.11)

Using np =1, I' = yp and I(a+) = I(b—) = 0, from Fubini’s theorem we obtain that the
left hand side of (5.11) equals

/jo b (z)I(z)dz + /b b (z)I(x)dx

Zo

b

/a Y (@) / "1 (t)dtda — / W () / " 1t)dtda
/a " I'(t) / " ' (x)dxdt — /x b I'(t) /w t W (z)dadt

zo b
/ I'(t) (h(z0) —h(t))dt—/ I'(t) (h(t) — h(zo))dt
t) (h(z

)
X 0
Y(#)p(

b
0) — h(t))dt = —/ h(t)y(t)p(t)dt . (5.12)
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Similarly, using v(z¢) = 0, the definition of g; in (3.5) and Fubini’s theorem again, we
have that the right hand side of (5.11) equals

xg b
/ Vl(fv)gh(x)n(ﬂﬂ)p(x)dwr/ V' (@)gn (@)n(2)p(x)dz

Zo

" [ [ ) [ ot
e [

To _ o ObN ' t
= [ hw) [ @dar = [ hp) [ 5@
b b
—— [ ko =— [ nenop. (5.13)

where we have used E[y(Z)] = 0 for the last equality. Thus, from (5.12) and (5.13) we
conclude that (5.11) holds.
Thus, the standard solution f = f3, to (3.14) is well-defined and given by

1 v ~1 b
flx) = 77(73)2]7(95)[1 ha(t)n(t)p(t)dt = 77(33)210(33)/1c ho(t)n(t)p(t)dt, a <z <b. (5.14)
Hence,
ti () %p() () = 0 = iy )p() (2 (5.15)

by dominated convergence. Furthermore, since g;l is also a solution to (3.14) and the
solutions to the corresponding homogeneous equation are exactly the constant multiples
of n~2p~1, there is a constant ¢ € R such that

, c

g (x)=fx)+ ————, =z € (a,b). (5.16)

Now, first suppose that a > —oo. Since g solves the Stein equation (2.18) we know that
0(z)?p(@)g;, (x) = 1(x) (h(x) = y(2)gn(x)) - (5.17)

As x | a > —oo, by (3.6), the term in brackets converges to ﬁ(a) — y(a—f—),f(”fﬁz) =0 and
since lim,_,, I(z) = 0 we conclude from (5.17) that also

limn(z)*p(x)g), (x) = 0. (5.18)

zla

Hence, from (5.15), (5.18) and (5.16) we conclude that g}b = f is the standard solution
to (3.14). Similarly, one obtains this result if b < co. Finally assume that gj, is bounded.
Since lim, |, n(z)*p(x) = 0 we conclude from (5.16) and (5.15) that

0 = limn(a)*p(2)gh (@) = limn(a)*p(x) (@) + c = .

xla

O

Proof of Proposition 3.19. Let xg be defined as above and define the function G: J - R
by G(x) := f;o f(y)dy. Then, by Taylor’s formula, for each z, 2’ € I we have

G(2') — G(x) = G'(x) (2’ — ) + /l (' —t)G" (t)dt
—f@) )+ [ @ 0@

= f(z)(2' —x) + (2 —x)2/0 (1—9)f (z+s(a’ —z))ds.
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Hence, by distributional equality, we obtain
0= E[GW")] - E[GW)]

= B[ W)W —W)] + B[(W" - W)2/0 (1= )7/ (W + (W’ — 7)) ds]

I
&

1
FOV)E[W — W|W]] n E[(W’ - W)2/0 (1= 8)f (W + s(W — W))ds}

AE[f(W)/(W)] + AE[f(W)R]

VE (W’—W)2/0 (1= )7 (W + s(W' — W))ds|

yielding
E[f(W)y(W)] = —%E[(W’—W)Z/O (L=8)f (W +s(W' = W))ds| - E[f(W)E]. (5.19)
This immediately implies the identity
En(W)f' (W) +~(W) f(W)]

= B0 (W) — 5 (7 %)

— E[f(W)R]. (5.20)

Observing that

V) = f1(W + 5(W = W) < £ |ow sl W' = W]

and fol s(1—s)ds = % the bound (3.15) now easily follows from (5.20) and the properties
of f.

O

Proof of Proposition 4.2. Claim (a) immediately follows from Proposition 3.9. Similarly,
the first part of claim (b) immediately follows from Corollary 3.15 (a). For the second
part of (b) we note that by Corollary 3.15 (b) we have for z € (0, 1):

ST F(t)dt [}(1— F(s))ds

94, < 200+ ) oo gt

z e (0,1). (5.21)
Since F is increasing and 1 — F' is decreasing, we have
x 1
/ F(t)dt < oF(z) and / (1— F(s))ds < (1 — F(2))(1 — 2)
0 T

for each x € [0, 1]. Plugging this into (5.21) yields

|95 (2)| < 2(a+0)S(2)|[1]| (5.22)
where
S(z) = Fa)(1-F(z) _ 1 [yt (1—-t""dt - 5)' s
n(z)p(x) B(a,b) zt(1— )’
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By de I'Hopital’s rule, one can easily show that S(0+) = a~! and S(1—) = b~!. Thus, it
suffices to bound ||.S||. For general a,b > 0 we write

1
B(a,b)

S(x) = fi(z)f2(z), (5.23)

where

fi(z) == fi(z;a,b) == fo tafl(lmaf )b 1dt

P A s L
fa(z) := fa(z;a,b) := a—a2)p

and

For a # b we bound the functions f; and f> seperately. By de I'Hopital’s rule we have

l.afl(l _ x)bfl 1
li —lim—— =
11?01 hi(=) ml?(} azx®1 a

Also, note that

, a(1—z) P —a ffto (1 =) tdt  Ny(x)
fi(z) = patl T patl

We have N;(0+) = 0 and

>0Vze(0,1), b<1

/ _ _ Jja —l‘b_Q
Ni(@) = -2l - ) {<0we(0,1), b>1.

This implies that /V; is nonnegative and, hence, f; is increasing for b < 1 and that N; is
nonpositive and, hence, f; is decreasing for b > 1. Thus,

f1(1=) = B(a,b), b<1
0o = 5.24
121 {f1(0+)—a1, b>1. (5-24)
Since f3(x;a,b) = f1(1 — x;b,a) we have
B(b,a) = B(a,b <1
I £2llo0 = { _(l’a) (@,b), a< (5.25)
b=, a>1.

Thus, from (5.22), (5.23), (5.24) and (5.25) we have
[97]lc < C(a;0)[|W]|co,

where C(a, b) is given by (4.6) and (4.7). In the case a = b we can provide better bounds.
First note that in this case the Beta distribution Beta(a, a) is symmetric with respect to
1/2. This easily implies that

S(1/2—z)=5(1/2+x)

holds for each 0 < z < 1/2. Thus it suffices to bound S on [1/2,1). Note that

PO -F2) 1
SUD = TRa -1 ~pap 2 Pl
" S(1-)=r(@ hm1 Y lim —p(z) I
e o R e i 1Y R
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For z € (0,1) we have

oy T(z)
S'(z) = @) (5.26)
where
T(z) = n(z)p(z)(1 — 2F(z)) — F(z)(1 — F(2))v(z) . (5.27)

Thus, S is increasing (decreasing) on [1/2,1), if and only if T is nonnegative (nonpositive)
there. In the case a = b we have v(z) = a(1 — 2z) and, hence, v(1/2) = F(1/2) = 0. Thus,
recalling that I(1) = (np)(1—) = 0 we have

T(1/2) =T(1-)=0. (5.28)

By (5.28) the nonnegativity (nonpositivity) of 7" on [1/2,1) follows, if T'(y) > 0 (< 0) for
every locally extremal point y € (1/2,1). We have

T'(z) = —2n(2)p(x)* =+ (2) F(x)(1 - F(x)) (5.29)

and, hence, if y € (1/2,1) is a locally extremal point of 7', we have T'(y) = 0 and

_ 7(y)
T(y) = n(y)p(y) (1 —2F(y) + 27,(y)p(y))

=n()p(y) (1 —2F(y) + (2y - l)p(y)) : (5.30)
Now, for « € [1/2,1), consider the function

U(z) =1-2F(x)+ 2z — 1)p(x)
and note that U(1/2) = 0. For 1/2 < z < 1 we have

U'(x) = (22— D)p/(x) = pla) (22 — 1)ih(x) = W

(1-a)

and, hence, U is increasing for ¢ < 1 and is decreasing for ¢ > 1. Since U(1/2) =0 it
thus follows from (5.30) that if y € (1/2,1) is a locally extremal point of T, then T'(y) is
nonnegative for ¢ < 1 and nonpositive for a > 1. From (5.26) and (5.28) it thus follows
that S is decreasing on [1/2,1) if a > 1 and increasing if a < 1. Hence, we can conclude
that

[S]|cc = sup (5.31)

ze[1/2,1

S(1-)=a"1, 0<a<1
S(x) =
) S(1/2) =p(1/2)7", a>1.
Note that by the duplication formula for the Gamma function we have
_ 1\ 2a—2 1\2a—2 I‘(Qa)
_ 11 _ (1
p(1/2) = B(a,a) (2) (2) T'(a)?
227 10(a+1/2)T(a)  2T(a+1/2)
N Vrl(a)?22e—2 - Jrl(a)
Hence, by (5.22) and (5.31) this implies

O0<a<l1

4,
Ighlloe < 4allSllscllP oo = [1']lo {2a\/7?r(a) a>1.

T(at1/2)°

Now, we turn to the proof of (c). From Proposition 3.17 we know that g}, is the standard
solution to the Stein equation

z(1—x)f'(2) + (a+1—(a+b+2)x) f(x) = ho(z) = B (x) + (a + b)gn(z)
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corresponding to the distribution Beta(a + 1,b+ 1). Thus, since hs is Lipschitz by part
(b), applying (b) for Beta(a + 1,b+ 1) and for Beta(a,b) yields

I9hllee < Cla+1,b41)[|Ro]loc < Cla+ 1,0+ 1)([1h" ]l + (a +b)[lgh]lo0)
<C(a+1,b+D)|h" oo +Cla+1,b+1)C(a,b)|F |l » (5.32)

as claimed. The proof of (d) is very similar to the proof of (c) which is why we only give a
sketch. Defining h; ;= handfork=2,...,m

hi(z) = 2(1 —2)g" (@) + (a+ k=1 — (a+ b+ 2k —2)z) g (),
one can see by induction that forall k =2,...,m
he =h* D 4 (k—1)(a+b+k—2)g" .
Hence, by (b) and from Proposition 3.17 similarly to (5.32) we can prove that

||g;Lm)Hoo <Cla+m—1,b+m—1)|hl, |
= Cla+m—1b+m—=1)[h"™ + (m—1)(a+b+m—2)g" |
< Clatm=1b+m= DR o+ (m—1)(a+b+m=2)lgi" V).

The bound now follows from an easy induction on m.
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