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Abstract

Let X be an absolutely continuous (a.c.) random variable (r.v.) with finite vari-
ance o2. Then, there exists a new r.v. X* (which can be viewed as a transform on
X) with a unimodal density, satisfying the extended Stein-type covariance identity

Cov[X,g(X)] = c*E[g (X))

for any a.c. function g with derivative ¢’, provided that IE|¢'(X*)| < co. Properties
of X™* are discussed and, also, the corresponding unified upper and lower bounds
for the variance of g(X) are derived.
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1 Introduction

The well-known Stein’s identity, [16], [17], for the standard normal r.v. Z is formulated
as follows. For every absolutely continuous (a.c.) function g with derivative ¢’ such that
Elg(2)] < oo,

E[Zg(2)] = El¢'(Z)] (1.1)

(throughout this paper, the term ‘a.c.’=‘absolutely continuous’ will be used either to
describe an r.v. having a density with respect to Lebesgue measure on R, or to denote
an ordinary a.c. function; in any case, the meaning will be clear from the context).
This identity has had many important applications in several areas of Probability and
Statistics; see for example [16], [12] and [13]. Several generalizations to other r.v.’s can
be found in [4], [5] and [12].
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Another interesting result from the point of view of upper variance bounds is the
inequality of Chernoff, [10],

Varlg(2)] < E[(¢'(2))] (1.2)

with equality iff (if and only if) g is linear. This and its multivariate normal analogue,
[8], motivated the generalizations to arbitrary discrete and continuous r.v.’s as well as
corresponding lower variance bounds, [1], [3].

An important role of the general covariance identity given in [4] (see (2.4), below) is
in the derivation of simple and elementary proofs of the Central Limit Theorem (see [6],
[7]). Other applications concerning the rate of convergence in the Local Limit Theorem
for sums of independent r.v.’s are given in [2].

However, all the preceding results (and, in particular, the validity of the generalized
covariance identity given in [4] and the variance bounds given in [3] and [4]) require an
interval support of the basic r.v. X, which is rather restrictive.

In the present paper we avoid the restriction of an interval support, introducing an
appropriate (smooth) transformation X*, which is in fact a new r.v. corresponding to
X. The r.v. X* is always uniquely defined (provided that X is a.c. with finite variance),
having itself an absolutely continuous unimodal density. Thus, for any a.c. r.v. X with
finite second moment, there exists a new smooth r.v. X* with unimodal a.c. density
satisfying the generalized Stein covariance identity. This transformation behaves well to
convolutions of independent r.v.’s. Moreover, it appears in the upper and lower bounds
for the variance of any a.c. function g of X (and it is, in fact, the only r.v. with this
property; Theorem 3.1).

It should be noted that in a recent paper, independently of our results, Goldstein
and Reinert [11] used a similar approach (the so-called zero bias transformation), which,
in fact, is based on the same covariance identity when IE[X] = 0. They also fruitfully
applied this identity to estimate the rate of convergence in the CLT, obtaining an O(n™!)
bound for smooth functions (see Corollary 3.1 in [11]). Furthermore, they presented a
nice application for dependent samples. However, except of the definition, the results
of the present paper are completely different; our main interest is on unified variance
bounds and their connection with Stein’s identity. We are also interested on the behavior
of the inverse transform X* — X in fact we show that, under general conditions, the
distribution of X* uniquely determines that of X (Theorems 2.1 and 3.2). Finally, we
also include some illustrative examples.

2 Properties of the transformation

Let X be an a.c. r.v. with density f, mean yu, variance o2 and support S(X) (for the
sake of simplicity, we will always mean the support of an a.c. r.v. X with density f to
be the set S(X) = {x: f(x) > 0}). We simply define X* to be a random variable with
density f*, given by the relation
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Obviously the right hand sides of (2.1) are equal and thus, f* is nonnegative. An
application of Tonelli’s Theorem shows that f* integrates to 1, and therefore it is indeed
a probability density (c.f. [4], [6]). The following Lemma summarizes the properties of
X* and shows the generalized Stein’s identity (2.2).

Lemma 2.1 (i) f* is a unimodal a.c. density with mode p and maximal value
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Furthermore, the function (f*(z))'/(n — x) (defined almost everywhere) is non-
negative and integrable.

(ii) For each a.c. function g with E|¢'(X*)| < oo,
Cov[X, g(X)] = " E[g'(X")]. (2.2)

(iii) If the r.v. Y satisfies the identity

Cov[X, g(X)] = e*Elg'(Y)]

for every a.c. g with E|¢'(Y)| < oo, then Y 4 x+ (in the sense that Y and X*
have the same distribution).

(iv) S(X*) = (essinf S(X), esssup S(X)).

(v) For arbitrary scalars a # 0 and b,
(aX +b)" dax* +b.

(vi) For independent a.c. r.v.’s Xy, Xy with means 1, p, variances o2, a% and arbi-
trary scalars ay and ay with ajas # 0,

(a1X1 + G,QXQ)* g B(G1Xik + CLQXQ) + (1 — B)(a1X1 + CLQX;), (23)
where X1, Xy, X7, X5 and B are mutually independent with
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P[B=1] = —1-P[B =0

aiol + a3o3
Proof: (i), (iv) and (v) are obvious. (ii) follows from the definition of X* using Fu-
bini’s theorem, since by the assumption that E|¢'(X*)| < oo, the nonnegative functions
gu(2.1) = |g'(@)|(n — OF I < 2) and go(e.) = |/ (@)t — ) fOI(E > 2) are inte-
grable over (—oo, u| X (—o0, u] and [u, 00) X [u, 00), respectively (see also Lemma 3.1 in
[4]). (iii) follows from (ii) and the fact that

EG(XY)] = ElG(Y)]



for every bounded (measurable) function G. Regarding (vi), observe that for § =
a1 X1 + a3 X5 and ¢’ bounded, we have from (ii):

Cov[S,g(S)] = " Elg'(S™)],
where 0?2 = a?0? + a303. On the other hand,
Covl[S,g(S)] = a;Cov[Xy,g(S)] + azCov[Xs, g(S)]
= ajoiE[¢d (a1 X} + a2 Xo)] + a305 B¢ (a1 X1 + aa X3)].
It follows that for any bounded function G,
alo?

E[G(S")] = E[G(a1 XT + a2 X5)] +

o2
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E [G(Clle + CLQX;)]

= E[G(B(aX; +aXo) + (1 — B) (a1 X1 + a2 X3))]

which completes the proof.

It should be noted that in the previous Lemma, and elsewhere in this paper, the term
‘unimodal’ is reserved to denote a function A : R — IR with the property that there
exists some m € R such that h(z) is nondecreasing for z < m and is nonincreasing for
x > m; each m with this property is called a ‘mode’ of h. Of course, the assertion that
h is a unimodal and a.c. function implies that the mode(s) of h form a compact interval
[a,b] with —oco < a < b < oo (which, in the case a = b, reduces to single point).

The known identity of [4], (2.4) below, requiring an interval support of X, follows
immediately from (2.2). Indeed, when S(X) is a (finite or infinite) interval, S(X) can
always be taken to be open, and then S(X) = S(X*). Thus, for the nonnegative function
w(z) = f*(z)/f(x) (defined on S(X)), (2.2) becomes

Cov[X, g(X)] = 0" E[w(X)g'(X)]. (2.4)

The identity (2.2) remains valid for any non-decreasing (or non-increasing) a.c. func-
tion g, even in the case where E[¢'(X*)] = oo (or —oo if ¢ is non-increasing), as
it follows by an application of Tonelli’s (instead of Fubini’s) theorem. In this case,
E[(X —u)(g(X)—g(un))] = oo (or —c0). If, however, IE|¢’(X*)| = co and g is arbitrary,
it may happen that E[(X — u)(g(X) — g(n))| < oo, as the following example shows.

Example 1 Assume that X has density f(x) = (3/8) min{1,27*}, —0o < z < oo and

g@) = 3@ —1)(Ja] =tz (azms < Ja] < az01)

n=1

+ Z 2n(ag, — |z|)1 (agn—1 < |x| < ag,),
n=1

where ag = 0 and a, = 1+ 1/2+ .-+ 1/n for n > 1. It follows that 0 < g(x) < 1
and g(—x) = g(z) for all z. Moreover, g is a.c. with derivative ¢'(z) (outside the
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set {0, £ay, £ay,...}) satisfying |¢'(x)| > || > |g(x)| = g(z) for almost all z. Since
E[X] =0, E|X|=3/4, Var[X] = 1 and S(X) = (—00,0), we conclude that X* has
the density f*(z) = (3/16) [(2 — 2?)I(Jz| < 1) + 272I(|z| > 1)] supported by the entire
real line, and E|¢'(X*)| > E|X*| = oo, while E|X¢g(X)| < E|X| = 3/4.

We have shown in Lemma 2.1(iii) that X* is the only r.v. satisfying the identity (2.2),
and thus, an equivalent definition of X* could be given via the covariance identity; the
latter approach is due to Goldstein and Reinert ([11], Definition 1.1), who proved that
such a transformation is uniquely defined by this identity. Moreover, their approach
extends to r.v.’s that are not necessarily a.c., e.g., for the symmetric Bernoulli r.v. X
taking the values +1 with probability 1/2, X* is uniformly distributed over the interval
(—=1,1). Our approach, however, is restricted to a.c. r.v.’s; for this reason, the analytic
definition (2.1) is possible and, moreover, the density f* itself turns out to be an a.c.
unimodal function.

Our results also go to the opposite direction; the following Theorem shows that, in
general, the distribution of X* uniquely determines that of X.

Theorem 2.1 Assume that the r.v. Y has a unimodal a.c. density h.

(i) If the mode m of h is unique (i.e., h(x) < h(m) for all x # m), there exists an
r.v. X, such that X, dy iff the function h'(x)/(m — x) is integrable. Moreover,
X5 Y and X3 dy implies X, d X, (and thus, X, is unique).

(i) If {z : z is a mode of h} = [a,b] with a < b, then for each u € (a,b), there always
ezists a unique 1.v. X,, such that E[X,] = p and X dy. Moreover, for = a or
p = b, there exists an r.v. X, such that E[X,] = p and X, dy iff the function
R (x)/(pn — x) is integrable. Finally, if X; d Y, X; Ly and E[X,] = E[X,],
then X1 g XQ.
Proof: (i) If X is an r.v. with mean p variance o2 and density f such that X* d Y,
it follows from Lemma 2.1(i) that x must be a mode of f* = h and that h'(x)/(n — z)
is integrable. Thus, p = m and h/(z)/(m — x) is integrable. Assume now that the
function h'(x)/(m —z) (defined almost everywhere) is integrable. Observe that it is also
nonnegative (because m is the mode of h) and define the r.v. X,, with density

4 o h
fm(z) = L), where ¢ = / (z) dx > 0.
c(m —x) —co M — T
Since limiy, h(x) = 0 (because h is a unimodal density), we have E[m — X,,] = 0.

Applying Tonelli’s Theorem we have

/_n;<m—m)h'(m)dx:/_io/zmh’(m)dudx:/j:oh(u)du,



and similarly,

/:(x —m)(=H(2)) dz = / h(u) du,

m

yielding Var[X,,] = 1/c. Therefore, X}, 4y, We now show that X, is unique. Indeed,

if X* Y for an r.v. X with mean i, variance o2 and density f, it follows from Lemma
2.1(i) that p must be a mode of f* = h and therefore ;1 = m. Hence,
o?h'(x
f) = D 2

m—x

for almost all x, and thus X d X
(ii) Since h is constant in [a,b], A = 0 in (a,b). Hence, for all u € (a,b),

o h! a / oo _p!
/ W(z) dx:/ W(z) dx—i—/ W(z) dx < ia) —|—7h(b> < 0.
—oo b — T R b T — [ w—a b—p

Consider the r.v. X, with density

fulz) = () where ¢, = /_OO ()

= dx.
cu(p — )

oo U — T

Then E[X,] = p, Var[X,] = 1/c,, and therefore X dy Itis easy to see that if

x4y and E[X] = p for some r.v. X with density f and variance o2, then X d X,
Indeed, it follows from (2.1) and Lemma 2.1(i) that

fx) = = cu0” fu(®)

for almost all x. Therefore, since the mean of any r.v. X satisfying X* dy must be a
mode of h, either E[X]| = p € (a,b) (and thus X d X,) or E[X]=a (and }/(z)/(a—2)
is integrable) or [E[X]| = b (and h'(x)/(b — z) is integrable).

The following example shows that all the cases described by Theorem 2.1 are possible.

Example 2 (i) Assume that Y has the unimodal a.c. density
1
() =+ (min {2~ Jo], 1})*

with derivative h'(z) = —(1/3)sign(z)I(1 < |z| < 2) for almost all x. Then, for all
p € (—1,1), the r.v. X, with density

- 1 4 — 2
fu(x) = Byl — pl) 1](1 < |z| <2), where ¢, = glog [1 — ZQ] )

satisfies IE[X,] = p and X dy, Moreover, h'(x)/(pu — x) is not integrable for p = +1.
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(ii) Assume that Y has the unimodal a.c. density
ba) = S (min o+ 21} I(-2 < < 1) + 22— 2)I(1 <2 <2)).

Then, for any p € (—1,1], the r.v. X, with density

6

— I@E;Egi:71[<[(__2-< r<=1)+2(z-DI(l<z<?2),

fu(@)

where ¢, = (6/19) (24 log (11 +2)/(u + 1)] = 2(1 — ) log [(2 — ) /(1 — )]}, satisfies

E[X,] = p and X d Y, while #'(x)/(—1 — z) is not integrable. Similarly, for the r.v.

W = =Y with density h(—z), there exists an r.v. R, such that E[R,] = p and R}, d
iff p e [—1,1).
(iii) For the r.v. Y with density

3

() = =

|2[(2 = [z I (1 < [x] <2) + I(J2] < 1)),

there exists an r.v. X, such that E[X,] = y and X; 1Y for any mode pu € [—1,1].

3 Application to variance bounds

Upper bounds for the variance of a function ¢g(X) of a normal r.v. X in terms of ¢’
are known as the inequality of Chernoff [10] (see also [8] and [18]). Upper and lower
variance bounds of ¢g(X) for an arbitrary r.v. X were considered in [1] and [3] (see also
[4]-]7] and references therein). Both upper and lower variance bounds may be obtained
as by-products of the Cauchy-Schwarz inequality. The following Lemma summarizes
and unifies these bounds in terms of the r.v. X*; in effect, (3.1) is a Chernoff-type, [8],
upper bound; (3.2) is a Cacoullos-type, [14], [15], lower bound as obtained in [1] and
[3], in terms of a function w (see also (3.4) below).

2

Lemma 3.1 Let X be an a.c. r.v. with mean p and variance o. Then, for every a.c.

function g with derivative g', we have the following bounds.
) 2 2 / 2
E[(9(X) —g(n)] < o"E[(¢'(X7))7], (3.1)
with equality iff either E[g*(X)] = oo or

a(x—p) ifz<p,
CLQ(I’—/.L) if z > My

o(o) ~ 00 = {

for some constants ay, ay and for all x € S(X™).



(i) If Elg'(X*)] < oo,
Var[g(X)] > o E*[g/(X7)], (3-2)

with equality iff P[g(X) = aX + bl =1 for some constants a and b.

Proof: (i) Let f be a density of X. We then have
a*E[(¢'(X") )2]
[ @@ [ - didr [T @ @) [T wr s

T

f(t)(u—t)/ (4/(2)) dasdt+/ Ot -1 [ (o' @)" dode

> [0 10 (o) — 9 dt+ [T (1) (al) — )
= El(g(X) - g(n))?]

from Tonelli’s theorem and the Cauchy-Schwarz inequality for integrals. Observe that
if IE[¢g%(X)] = oo, the equality holds in a trivial way (0o = 00); otherwise, the equality
holds iff there exist constants a; and ay such that ¢'(x) = a1 + (ay — ay)I(z > p) for
almost all x € S(X*), which completes the proof.

(ii) We have from (2.2),

o' E?[¢(X*)] = Cov?[X, g(X)] < 0*Var[g(X)]
by the Cauchy-Schwarz inequality for r.v.’s, and the proof is complete.
Corollary 3.1 For every a.c. function g,
Var[g(X)] < o*E[(¢'(X"))7], (3-3)
with equality iff either E[g*(X)] = oo or g is linear on S(X*).

Note that (3.2) continues to hold for any non-decreasing (non-increasing) a.c. func-
tion g, even in the case where E[¢’(X*)] = 400 (in this case, IE[g?(X)] = 0o). Moreover,
since IP[X € S(X*)] = 1 (because the measure produced by X is absolutely continuous
with respect to that produced by X*), equality in (3.3) implies the equality in (3.2).
The converse is not always true, as the following example shows.

Example 3 Let X be uniformly distributed over (—2,—1) U (1,2) and

g(x) = xI(Jx] > 1) + 2°I(Jz| < 1).
Then p = 0, 62 = 7/3 and X* has the density f*(z) = (3/28) (min{4 — 22,3})". It
follows that Var[g(X)] = E[(g(X) — g(n))?] = 02 and 0?IE*[¢'(X*)] = Var[g(X)] <

o’E[(¢'(X*))?] = 53/15. This shows that g is ‘linear’ with respect to the measure
produced by X, and it is ‘non-linear’ with respect to the measure produced by X*.
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This example hinges on the fact that S(X) fails to be an interval. If, however, S(X)

is a (finite or infinite) interval, the known upper and lower bounds for the variance of
g(X) take the form (see [3], [4])

o B [w(X)g'(X)] < Var[g(X)] < o E[w(X)(g'(X))?], (3.4)

for some nonnegative function w defined on S(X) (in fact, w = f*/f), where both
equalities hold iff g is linear on S(X), provided that E[w(X)(¢'(X))?] < co.

The following result shows the equivalence between the variance bounds and the
covariance identity.

Theorem 3.1 Assume that for the a.c. r.v. X with finite variance 0%, the r.v. Y satisfies
one of the following.

(i) For every a.c. function g with derivative ¢,

Var[g(X)] < o B[(g'(Y))"].

(ii) For every a.c. function g with derivative ¢' such that E|g¢' (V)| < oo,

Var[g(X)] > 0”E[g/(V)]

Then Y gX*.

Proof: Assume that (i) holds. Let A’ be any (measurable) bounded function and consider
the a.c. function g(z) = x + Ah(z), where A is an arbitrary constant and h an indefinite
integral of h’. It follows that ¢ is a.c. with bounded derivative ¢’ = 1 4+ Ah/. Thus,
Var[g(X)] < oo, Var[h(X)] < oo and

Var[g(X)] = o%+4 A*Var[h(X)] +2X\Cov X, h(X)]
< o (1+ NE[R (V)] + 22 E[H(Y)]).

Therefore, by using standard arguments (see [4]), the quadratic OA* + 26\ (where 0 =
> E[(R(Y))?] — Var[h(X)] >0, § = e E[W(Y)] — Cov[X, h(X)]) is nonnegative for all
A, and thus 0 = 0. Hence, taking into account (2.2) we conclude that for any bounded
function H,

E[H(Y)] = E[H(X")]

and the result follows. The same arguments apply to (ii).

Finally, by using similar arguments and the results of Theorem 2.1, a converse of
Theorem 3.1 and Lemma 2.1(iii) can be easily established:

Theorem 3.2 Let Y be an arbitrary r.v. Then, Y has a unimodal a.c. density h such

that the function h'(x)/(m — x) is integrable for some mode m of h iff there exists some
a.c. r.v. X with finite second moment such that any one of the following holds.
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(i) For every a.c. function g with derivative ¢’ such that IE|g' (V)| < oo,

Cov[X, g(X)] = Var[ X]|E[¢ (Y)].

(ii) For every a.c. function g with derivative ¢,

Var[g(X)] < Var[X]E[(¢'(Y))?].

(iii) For every a.c. function g with derivative g' such that E|¢' (V)| < oo,

Var[g(X)] > Var[X]E?[g/(Y)].

(iv) x* 4y,
Furthermore, X is unique iff the mode of h is unique.

Theorems 3.1 and 3.2 characterize the r.v.’s X and Y which admit Poincaré type
inequalities or differential inequalities (c.f. [9], [18]). It should be noted that in the
preceding inequalities the constant equals Var[X], and this implies that the equality
is attained for ‘linear’ g. There are, however, other kinds of Poincaré type inequalities
where the constant does not equal Var[X]. The following example is relative to this
subject.

Example 4 Let X be uniformly distributed over (0,1) and Y have the density h(z) =
(3/4)(1 — 2*)I(|x| < 1). Tt follows that for every a.c. function g,
1 . 1
Varlg(X)] < SE[(¢/ (X)) = 5 [ 2(1 = 2)(¢/ @) da < cE[(g/(V))?),
for some constant ¢ < 1/3, since (1/2)z(1—2)I(0 <z < 1) < (1/3)h(x) for x € (—1,1).
On the other hand, an application to the function g(z) = z* shows that ¢ > 1/9 >
1/12 = Var[X].
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