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FISHER INFORMATION AND THE CENTRAL LIMIT THEOREM
S. G. BOBKOV™, G. P. CHISTYAKOV24, AND F. GOTZE3*

ABSTRACT. An Edgeworth-type expansion is established for the relative Fisher infor-
mation distance to the class of normal distributions of sums of i.i.d. random variables,
satisfying moment conditions. The validity of the central limit theorem is studied via
properties of the Fisher information along convolutions.

1. Introduction

Given a random variable X with an absolutely continuous density p, the Fisher infor-
mation of X (or its distribution) is defined by
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where p’ denotes a Radon-Nikodym derivative of p. In all other cases, let 1(X) = +o0.

With the first two moments of X being fixed, this quantity is minimized for the
normal distribution (which is a variant of Cramér-Rao’s inequality). That is, if EX = a,
Var(X) = 02, then we have I(X) > I(Z) for Z ~ N(a,0?) with density
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Moreover, the equality I(X) = I(Z) holds if and only if X is normal.
In many applications the relative Fisher information
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which is used as a strong measure of non-Gaussianity of X. For example, it dominates
the relative entropy, or Kullback-Leibler distance of the distribution of X to the standard

1X)12) = 100 - 12) = [ ) p(e) d.
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normal distribution; more precisely (cf. Stam [S]),

0.2 +o0 p( ZL’)
T1X)12) = DX||Z) = [ pla)log az. (1.1)
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We consider the scheme of a sequence of sums of independent identically distributed
random variables (X,,),>1. Assuming that EX; = 0, Var(X;) = 1, define the normalized
sums
Xi+---+ X,

vnooo
Since Z,, are weakly convergent in distribution to Z ~ N(0, 1), one may wonder whether

the convergence holds in a stronger sense. A remarkable observation in this respect is
due to Barron and Johnson proving in [B-J] that

Ly =

I1(Z,) — 1(Z), as n— oo, (1.2)

ie., I(Z,]|Z) — 0, if and only if I(Z,,) is finite for some ny. In particular, it suffices to
require that I(X;) < 400, although choosing larger values of ny considerably enhances
the range of applicability of this theorem.

Quantitative estimates on the relative Fisher information in the central limit theorem
are partly developed, as well. In the i.i.d. case Barron and Johnson [B-J], and Artstein,
Ball, Barthe and Naor [A-B-B-N1] derived an asymptotic bound /(Z,||Z) = O(1/n) un-
der the hypothesis that the distribution of X; admits an analytic inequality of Poincaré-
type (cf. also [J]). Poincaré inequalities involve a large variety of "nice” probability
distributions on the line all having finite exponential moments.

One of the aims of this paper is to study the exact asymptotics (or rates) of 1(Z,||2)
under standard moment conditions. We prove:

Theorem 1.1. Let E |X,|® < 400 for an integer s > 2, and assume I(Z,,) < 400,
for some ng. Then for certain coefficients c; we have, as n — oo,

¢ C2 Cl(s—2)/2)] _s=2 (=34

As it turns out, a similar expansion holds as well for the entropic distance D(Z,||2),
cf. [B-C-G2], showing a number of interesting analogies in the asymptotic behavior of
these two distances. In particular, in both cases each coefficient ¢; is given by a certain
polynomial in the cumulants s, ..., v2;41.

In order to describe these polynomials, we first note that, by the moment assumption,
the cumulants
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are well-defined for all positive integers » < s, and one may introduce the well-known

functions
_ 1 3\ Yoz \
(@) = @) D Hisn(¥) s7— (5) "’<(k+2)!

involving the Chebyshev-Hermite polynomials Hj. Here ¢ = ¢ ; denotes the density of
the standard normal law, and the summation runs over all non-negative integer solutions
(r1,...,7%) to the equation ry + 2rg + -+« + kry = k with j =r{ + -+ - + 7.

The functions ¢ are correctly defined for k = 1, ..., s—2. They appear in Edgeworth-
type expansions approximating the density of Z,,. We shall employ them to derive an
expansion in powers of 1/n for the distance I(Z,||Z), which leads us to the following
description of the coefficients in (1.3),

2 +oo dx
¢ = Z(—l)kZ/ (g7, + 24 )(q), + 2¢r) Gry - - - O, g (1.4)
k=2 o0

Here, the inner summation is carried out over all positive integer tuples (71, ..., %) such
that ri + - +r, = 25.
For example, ¢; = §73, and in the case s = 4 (1.3) becomes

L (Bxp) 4o (771 <10g1n>1 /2) . (1.5)

Hence, under the 4-th moment condition, we have 1(Z,||Z) < £ with some constant C
(which can actually be chosen to depend on EX} and I(X), only).

For s = 6, the result involves the coefficient ¢, which depends on 73,74, and 5. If
73 =0 (Le. EX} =0), we have ¢; =0, ¢; = £73, and then

1 2 1
1(Z,|2) = — (EX{ -3 — )
(Zn]|Z) 612 (EX] —3) +O<n2(logn)3/2>

More generally, the representation (1.3) simplifies, if the first & — 1 moments of X;

coincide with the corresponding moments of Z ~ N(0,1).

1(Z,]|2) =

Corollary 1.2. Let E | X;|* < +o0 (s > 4), and assume I(Z,,) < +00, for some ny.
Gien k = 3,4,...,s, assume that v; = 0 for all 3 < j < k. Then

2
_ w1 1 1
Naull2) = gy = O(F) * O<n<s—2>/2 (logn)(s—?’)/?)’ (1.6)

This relation is consistent with an observation of Johnson who noticed that if v # 0,
I(Z,||Z) cannot be asymptotically better than n~*=2 ([J], Lemma 2.12).

Note that if & < 3, the O-term in (1.6) dominates the o-term. But when k£ > 3 it
can be removed, and if £ > 5 41, (1.6) just says that

I(Z,)|Z) = o(n_(s_z)/2 (logn)_(s_?’)/Q). (1.7)
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For the values s = 2,3 there are no coefficients ¢; in the sum (1.3). In case s = 2
Theorem 1.1 reduces to Barron-Johnson’s theorem (1.2), while under a 3-rd moment
assumption we only have

1
[(Z,|2) = 0<ﬁ).
A similar observation holds for the whole range of reals 2 < s < 4. Here the expansion
(1.3) should be replaced by the bound (1.7). Although this bound is worse than (1.5),
it cannot be essentially improved. As shown in [B-C-G2], it may happen that E | X;|* <
+oo with D(X;) < +oo (in fact, with I(X;) < +00), while
c
n(S—z)/2 (log n)ﬁ’

D(Z,]|12) = n = ny(X1),
where the constant ¢ > 0 depends on s and an arbitrary prescribed value n > s/2. In
view of (1.1), a similar lower bound therefore holds for I(Z,||Z), as well.

Another interesting issue connected with the convergence theorem (1.2) and the ex-
pansion (1.3) is the characterization of distributions for which these results hold. Indeed,
the condition I(X;) < +oo corresponding to ng = 1 in Theorem 1.1 seems to be way
too strong. To this aim, we establish an explicit criterion such that I(Z,,) < 400 holds
for sufficiently large ng in terms of the characteristic function f;(t) = E X1 of X;.

Theorem 1.3. Given independent identically distributed random variables (X,)n>1
with finite second moment, the following assertions are equivalent:

a) For some ng, Z,, has finite Fisher information;
b) For some ng, Zy, has density of bounded total variation,
¢) For some ng, Z,, has a continuously differentiable density p,, such that

+o00
[ h@lde < +oc
d) For somee >0, |fi(t)] = O(t™¢), as t — +o0;

e) For somev >0,

/m (6] [t dt < +oo. (1.8)

Property c¢) is a formally strengthened variant of b), although in general they are
not equivalent. (For example, the uniform distribution has density of bounded total
variation, but its density is not everywhere differentiable.)

Properties a) — ¢) are equivalent to each other without any moment assumption,
while d) — e) are always necessary for the finiteness of I(Z,) with large n. These two
last conditions show that the range of applicability of Theorem 1.1 is indeed rather wide,
since almost all reasonable absolutely continuous distributions satisfy (1.8). The latter
should be compared to and viewed as a certain strengthening of the following condition
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(sometimes called a smoothness condition)
+oo
/ |f1(t)|” dt < 400, for some v > 0.

It is equivalent to the property that, for some ng, Z,, has a bounded continuous density
Pno (cf. e.g. [BR-R]). In this and only in this case, a uniform local limit theorem holds:
A, = sup, |pn(z) — @(x)| — 0, as n — oo. That this assertion is weaker compared to
the convergence in Fisher information distance such as (1.2) can be seen by Shimizu’s
inequality A2 < ¢I(Z,||Z), which holds with some absolute constant ¢ ([Sh], [B-J],
Lemma 1.5). Note in this connection that Shimizu’s inequality may be strengthened in
terms of the total variation distance as ||p, — p||2y < ¢I(Z,]|Z). Using Theorem 1.3,
this shows that (1.2) is equivalent to the convergence ||p, — ¢||Tv — 0.

The paper is organized in the following way. We start with the description of general
properties of densities having finite Fisher information (Section 2) and properties of
Fisher information as a functional on spaces of densities (showing lower semi-continuity
and convexity, Section 3). Some of the properties and relations which we state for
completeness may be known already. We apologize for being unable to find references
for them.

In Sections 4-5 we turn to upper bounds needed mainly in the proof of Theorem 1.3.
Further properties of densities emerging after several convolutions, as well as, bounds
under additional moment assumptions are discussed in Sections 6-8. In Section 9 we
complete the proof of Theorem 1.3, and in the next section we state basic lemmas on
Edgeworth-type expansions which are needed in the proof of Theorem 1.1. Sections
11-12 are devoted to the proof itself. Some remarks leading to the particular case
s = 2 in Theorem 1.1 (Barron-Johnson theorem) are given in Section 13. Finally, in the
last section we briefly describe the modifications needed to obtain Theorem 1.1 under
moment assumptions with arbitrary real values of s.
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2. General properties of densities with finite Fisher information

If a random variable X has density p with finite Fisher information

+oo p/(l,)Q

1(X) = I(p) = / e

dx, (2.1)

p has to be absolutely continuous, and then the derivative p’(x) exists and is finite on a
set of full Lebesgue measure.
One may write an equivalent definition by involving the score function p(x) = Z ((;)). In

general P{p(X) > 0} = 1, so the random variable p(X) is well defined with probability 1,
and thus

I(X) =Ep(X)>. (2.2)

However, strictly speaking, the integration in (2.1) should be restricted to the open set
{z : p(z) > 0}. .
For different purposes, it is useful to realize how the ratio pp((z)) may behave when

p(z) is small and is even vanishing. The behavior cannot be arbitrary, when the Fisher
information is finite. The following statement plays a ”justifying” role in obtaining of
many Fisher information bounds on the density and its derivatives.

Proposition 2.1. Assume X has density p with finite Fisher information. If p is
differentiable at the point xo such that p(zo) = 0, then p'(xy) = 0.

Proof. If p is differentiable in some neighborhood of zy and its derivative is contin-
uous at this point, the statement is obvious.

To cover the general case, for simplicity of notations let xy = 0 and assume that
c=p'(0) > 0. Since p(e) = ce + o(¢), as € — 0, one may choose gy > 0 such that

3 5
ZC 2| < pla) < ZC 2], for all 0 < |z < <.
In particular, p is positive on (0,e0]. Hence, by the definition (2.1),

CPER L [y
I(X 2/ dr > — dzx.
& o (o) oc Jo T

We split the last integral into the intervals A, = (2=("*Yg; 27"¢) and then estimate
p(z) from above on each of them, which leads to

o0
5ceg

—I(X) > 2"/ P (z)? dz.
1 = s,

n=
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Now, applying Cauchy’s inequality and using p(x) — p(5) > g for 0 < z < g, we

obtain
2
/ P de > 2n+1< / P(x) dx)
_ 2n—|—1 ( (2—n€ ) . (2—(”4—1)6 ))2 > 2—(n+1) (050)2
= p 0 p 0 = —64
As a result,
5050 (050)2
on . (n—l—l A0/
Z =t

a contradiction with finiteness of the Flsher information. Proposition 2.1 is proved.

As an example illustrating a possible behavior as in Proposition 2.1, one may consider
the beta distribution with parameters @ = § = 3, which has density

p(z) =30 (z(1 — z))?, 0<z<1.

Then X has finite Fisher information, although p(z¢) = p/(x¢) = 0 at 2o = 0 and =g = 1.
More generally, if a density p is supported and twice differentiable on a finite interval
la, b], and if p has finitely many zeros ¢ € [a, b], and p'(z) = 0, p”(zo) > 0 at any such
point, then X has finite Fisher information.
Now, let us return to the definitions (2.1)-(2.2). By Cauchy’s inequality,

130 = (X)) 2 Blo()| = [ pla)]de.
{p(z)>0}
Here, by Proposition 2.1, the last integral may be extended to the whole real line without
any change, and then it represents the total variation of the function p in the usual sense
of the Theory of Functions:

Ipllry = sup Y [p(a) — plas-1)],
k=1

where the supremum runs over all finite collections xg < z1 < - -+ < x,,.

In the sequel, we consider this norm also for densities which are not necessarily
continuous, and then it is natural to require that, for each x, the value p(z) lies in the
closed segment A(z) with endpoints p(z—) and p(xz+). Note that if we change p(x) at
a point of discontinuity such that p(z) goes out of A(z), then the measure with density
p is unchanged, while ||p||Ty will increase.

Thus, if the Fisher information I(X) is finite, the density p of X is a function of
bounded variation, so the limits

p(—o0) = lim p(z),  p(+o0)= lim p(x)

T——00 r——+00
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exist and are finite. But, since p is a density (hence integrable), these limits must be
zero. In addition, for any x,

p(x)zf_x p’(y)dyS/_x ' ()| dy </ I(X).

We can summarize these elementary observations in the following:

Proposition 2.2. If X has density p with finite Fisher information 1(X), then
p(—o0) = p(+00) = 0, and the density has finite total variation satisfying

o= [ 1) de < VTR

In particular, p is bounded: max, p(x) < \/I(X).
Corollary 2.3. If X has finite Fisher information, then its characteristic function
f(t) = Ee™™ admits the bound

If)] < % I(X), teR.

Indeed, using Proposition 2.2, one may integrate by parts,

it E e = / p(z)de™ = —/ e o/ (z) du,
which gives |t||E ™| < [T |p/(z)] dz < /I(X).

Another immediate consequence of Proposition 2.2 is that both p and p’ are square in-
tegrable, that is, they belong to the Sobolev space Wi = W#(—o0, +00) of all absolutely
continuous functions on the real line with finite Euclidean (Hilbert) norm

+o0o —+o0
e = [t [ w2

o —00

More precisely,

ee N2 de — +oop/(37)2 ) dr max p(z +Oop,(55)2 " 3/2
/_oop”d —/_OO o pla) dr < p“/_m e de < 10X (23)

Since the estimate on the total variation norm ||p||rv can be given in terms of the
Fisher information, it is natural to ask whether or not it is possible to bound the total
variation distance from p to a normal density in terms of the relative Fisher information.
This suggests the following bound.
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Proposition 2.4. If X has mean zero, variance one, and density p with finite Fisher

information, then
lp — ¢llrv <4V I(X]|Z), (2.4)

where Z has standard normal density ¢.

Proof. Using

pa) =@ = (20 = ZEoe) — 2 o) = (@) (pla) > 0)

and applying Cauchy’s inequality, we may write

p=vlre = [ W@ - @l

o0

+0o0o
< X122+ [ fallpta) - ola)] do. (25)
The last integral represents a weighted total variation distance between the distributions
of X and Z with weight function w(z) = |z|.

On this step we apply the following extention of Csiszar-Kullback-Pinsker’s inequality
(CKP) to the scheme of weighted total variation distances, which is proposed by Bolley
and Villani, cf. [B-V], Theorem 2.1 (ii). If X and Y are random variables with densities
p and ¢, and w(x) > 0 is a measurable function, then

([ v o) - awlas)” < oy = ¢ [ o s 22 .

where
“+o0

C =2 (1 +log/ @’ () dx).

The inequality also holds in the setting of abstract measurable spaces, and when w =1
it yields the classical CKP inequality with an additional factor 2.
In our case, Y = Z, ¢ = ¢, and taking w(zx) = 1/t/2|z| (0 <t < 1), we get

%(/_*“ ol o) — ()| ) < (24 log

oo -t

) D(x]|2).
One may choose, for example, t =1 — %, and recalling (1.1), we arrive at

[ kelbte) - el < 3100x12)" < 2L acxijz

It remains to use this bound in (2.5), and (2.4) follows.



10 S. G. Bobkov, G. P. Chistyakov and F. Gotze

3. Fisher information as a functional

It is worthwile to discuss separately a few general properties of the Fisher information
viewed as a functional on the space of densities. We start with topological properties.

Proposition 3.1. Let (X,,),>1 be a sequence of random variables, and X be a random
variable such that X, = X weakly in distribution. Then

I(X) < liminf 1(X,). (3.1)

Denote by 31 the collection of all (probability) densities on the real line with finite
Fisher information, and let 3;(/) denote the subset of all densities which have Fisher
information of at most size I > 0. On the set ; the relation (3.1) may be written as

I(p) < liminf I(p,), (3.2)
n—oo

which holds under the condition that the corresponding distributions are convergent
weakly, i.e.,
lim po(x)de = / p(x) dz, for all a € R. (3.3)

n—o0
—00 —00

Hence, every P (I) is closed in the weak topology. In fact, inside such sets (3.3) can be
strengthened to the convergence in the L!'-metric,

—00

lim |pn(x) dx — p(x)| dz = 0. (3.4)

Proposition 3.2. On every set B1(I) the weak topology with convergence (3.3) and
and the topology generated by the L'-norm coincide, and the Fisher information is a
lower semi-continuous functional on this set.

Proof. For the proof of Proposition 3.1, one may assume that I(X,) — I, for some
(finite) constant I. Then, for sufficiently large n, the X, have absolutely continuous
densities p,, with Fisher information at most I + 1. By Proposition 2.2, such densities
are uniformly bounded and have uniformly bounded variations. Hence, by the second
Helly theorem (cf. e.g. [K-F]), there are a subsequence p,, and a function p of bounded
variation, such that p,, (x) = p(z), as k — oo, for all points x. Necessarily, p(z) > 0
and fj;o p(z) dz < 1. Since the sequence of distributions of X, is tight (or weakly pre-
compact), it also follows that fj;o p(z) dx = 1. Hence, X has an absolutely continuous
distribution with p as its density, and the weak convergence (3.3) holds.

For the proof of Proposition 3.2, a similar argument should be applied to an arbitrary
prescribed subsequence p,,, where we obtain p(z) = lim;_,. Prs, (z) for some further

subsequence. By Scheffe’s lemma, this property implies the convergence in L!'-norm,
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that is, (3.4) holds along ny,. This implies the convergence in L' for the whole sequence
Pn, Which is the assertion of Proposition 3.2.

To continue the proof of Proposition 3.1, for simplicity of notations, assume that the
subsequence constructed in the first step is actually the whole sequence. By (2.3),

+oo
| @rdr< s
—0o0

which implies that the derivatives are uniformly integrable on every finite interval. By
the Dunford-Pettis compactness criterion for the space L' (over finite measures), there
is a subsequence p;, which is convergent to some locally integrable function u in the
sense that

/A P (2) do — /A u(z) dz. (3.5)

for any bounded Borel set A C R. (This is the weak o(L', L>) convergence on finite
intervals.) Note that, according to Proposition 2.1, p), may be replaced in (3.5) with
the sequence p’nkl{pnk >0}, Which is thus convergent to u as well.

Taking a finite interval A = (a,b) in (3.5), we get

which means that p is (locally) absolutely continuous. Furthermore, since

+00
Ipllve = [ futa)| do
is finite, we conclude that v € L'(R), thus representing a Radon-Nikodym derivative:
u(z) = p'(x). Again, for simplicity of notations, assume the subsequence of derivatives
obtained is actually the whole sequence.
Next, consider the sequence of functions

Pl
Pn(2)
They have L?(R)-norm bounded by v/ + 1 (for large n). Since the unit ball of L? is

weakly compact, there is a subsequence &, which is weakly convergent to some function
€ € L2, that is,

Lipn(z)>0-

/_:O i (2) q(w) dv — /_ :O ¢(x) q(v) da,

for any ¢ € L?. As a consequence,

[ e o is— [ ) Vol ato) d
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due to the uniform boundedness and pointwise convergence of p,,. In other words, again
omitting sub-indices, the functions p), 1, -0y are weakly convergent in L? to the function
§y/p- In particular, for ¢ = 14 with an arbitrary bounded Borel set A C R,

/P;z Lip,>0y dz — / £(x)/p(x) dx.
A A

As a result, we have obtained two limits for p{, 1,,~0}, which must coincide, i.e., we

get &/p=u=p ae. Hence,p=0=p =0and § = pTIP a.e. on the set {p(x) > 0}.

Finally, the weak convergence &,, — & in L?, as in any Banach space, yields
1) = IE oyl < €3 < lminf (g, |32 = liminf I(pn,) = I

Thus, Proposition 3.1 is proved.
Another general property of the Fisher information is its convexity, that is, we have
the inequality

I(p) < Z ol (pi), (3.6)

where p = > | a;p; with arbitrary densities p; and weights o; > 0, >, a; = 1. This
readily follows from the fact that the homogeneous function R(u,v) = u?/v is convex
on the upper half-plane u € R, v > 0. Moreover, Cohen [C] showed that the inequality
(3.6) is strict.

As a consequence, the collection 31 (7) of all densities on the real line with Fisher
information < I represents a convex closed set in the space L' = L'(R) (for strong or
weak topologies).

We need to extend Jensen’s inequality (3.6) to arbitrary ”continuous” convex mix-
tures of densities. In order to formulate this more precisely, recall the definition of
mixtures. Denote by B the collection of all densities, which represents a closed sub-
set of L' with the weak o(L!, L°°) topology. For any Borel set A C R, the functionals
q— [ 41 4(7) dx are bounded and continuous on B. So, given a Borel probability measure
7 on 3, one may introduce the probability measure on the real line

u(A) = /m [ awyas] anta) (37)

It is absolutely continuous with respect to Lebesgue measure and has some density
p(z) = 22 called the (convex) mixture of densities with mixing measure 7. For short,

plz) = [B o(z) dn(q).

Proposition 3.3. If p is a convex mizture of densities with mizing measure w, then

I(p) < /m 1(q) dr(q). (3.8)
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Proof. Note that the integral in (3.8) makes sense, since the functional ¢ — I(q) is
lower semi-continuous and hence Borel measurable on B (Proposition 3.1). We may as-
sume that this integral is finite, so that 7 is supported on the convex (Borel measurable)
set Py = UrP1(1).

Identifying densities with corresponding probability measures (having these densi-
ties), we consider P; as a subset of the locally convex space F of all finite measures p
on the real line endowed with the weak topology.

Step 1. Suppose that the measure 7 is supported on some convex compact set K
contained in B1(/). Since the functional ¢ — I(q) is finite, convex and lower semi-
continuous on K, it admits the representation

I(q) = sup l(q), g €K,

leg

where £ denotes the family of all continuous affine functionals [ on E such that (q) <
I(q), for all ¢ € K (cf. e.g. Meyer [M], Chapter XI, Theorem T7). In our particular
case, any such functional acts on probability measures as [(u) = f_Jr;o ¥(x) dp(z) with
some bounded continuous function 1 on the real line. Hence,

I(q) = sup / " y(@)b(a) da,

Pel J—x

for some family € of bounded continuous functions 1) on R. An explicit description of
¢ would be of interest, but this question will not be pursued here. As a consequence,
by the definition (3.7) for the measure p with density p,

/m Hadnte) = sup /m / :Oq@w(x)dx] dn(q)
= s [ pwidr = 1

pel 00

which is the desired inequality (3.8).

Step 2. Suppose that 7 is supported on §B(7), for some I > 0. Since any finite
measure on F is Radon, and since the set B;([) is closed and convex, there is an
increasing sequence of compact subsets K,, C (/) such that 7(U,K,) = 1. Moreover,
K,, can be chosen to be convex (since the closure of the convex hull will be compact, as
well). Let m, denote the normalized restriction of 7 to K, (with sufficiently large n so
that ¢, = 7(K,) > 0) and define its baricenter

pa(z) = / o(z) dma(q). (3.9)

n

From (3.7) it follows that the measures with densities p,, are weakly convergent to the
measure 4 with density p, hence the relation (3.2) holds: I(p) < liminf, . I(p,). On
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the other hand, by the previous step,

1o < [ T = [ i) - [ d@dra, 6w)
n n n 1
which yields (3.8).

Step 3. In the general case, we may apply Step 2 to the normalized restrictions
7 of ™ to the sets K,, = P1(n). Again, for the densities p, defined as in (3.9), we
obtain (3.10), where B;(/) should be replaced with ;. Another application of the
lower semi-continuity of the Fisher information finishes the proof.

4. Convolution of three densities of bounded variation

Although densities with finite Fisher information must be functions of bounded varia-
tion, the converse is not always true. Nevertheless, starting from a density of bounded
variation and taking several convolutions with itself, the resulting density will have finite
Fisher information. Our nearest aim is to prove:

Proposition 4.1. If independent random variables X, Xo, X3 have densities py, pa, p3
with finite total variation, then S = X7 + X9 + X3 has finite Fisher information, and
moreover,

1(8) < 5 [Ipslav Ipaliey + lpalla sy + Ipalley llpsliee]. (41)

N | —

One may further extend (4.1) to sums of more than 3 independent summands, but
this will not be needed for our purposes (since the Fisher information may only decrease
when adding an independent summand.)

In the i.i.d. case the above estimate can be simplified. By a direct application of the
inverse Fourier formula, the right-hand side of (4.1) may be related furthermore to the
characteristic functions of X;. We will return to this in the next section.

First let us look at the particular case where X, are uniformly distributed over
intervals. This important example already shows that the Fisher information (X + X5)
does not need to be finite, while it is finite for 3 summands. (This somewhat curious fact
was pointed out to one of the authors by K. Ball.) In fact, there is a simple quantitative
bound.

Lemma 4.2. If independent random variables X1, Xo, X3 are uniformly distributed
on intervals of lengths aq, as, as, then
1 1 1
I(Xi+ X+ X;5) <2 - - .
a1a9 aias ao0s3

(4.2)
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The density of the sum S = X;+ X5+ X3 may easily be evaluated and leads to a rather
routine problem of estimation of I(.S) as a function of the parameters a;. Alternatively,
there is an elegant approach based on general properties of so-called convex or hyperbolic
distributions and the fact that the density p of S behaves like the beta density near the
end points of the supporting interval.

To describe the argument, let us recall a few definitions and results concerning such
measures. A probability measure p on R? is called s-concave with a (convexity) param-
eter 0 < k < 1, if it satisfies a Brunn-Minkowski-type inequality

WA+ (1= 1)B) > (tu(AY* + (1~ )u(B)")

in the class of all non-empty Borel sets A, B C R? and for arbitrary 0 < ¢t < 1. We
refer to the papers by Borell [Bor1-2] for basic properties of such measures, cf. also [Bo]
(in fact, the values k < 0 are also allowed, but will not be needed here).

If v is absolutely continuous, the definition reduces to the property that u is supported
on some open convex set 2 C R? (necessarily bounded), where it has a positive density
p such that the function p*/(=%9) is concave on Q (Borell’s characterization theorem).
For example, the normalized Lebesgue measure on any convex body is é—concave. In
dimension one, p has to be supported on some finite interval (xg,z1), and Borell’s
description may also be given in terms of the function

L) = p(F7Y(t), O0<t<l,

1/k

where F7! : (0,1) — (w0, 2;) denotes the inverse of the distribution function F(z) =
w(xg, ), restricted to the supporting interval. Namely (cf. [Bo]), a probability measure
p is k-concave, if and only if the function L'/~ is concave on (0, 1).

We only need the following well-known fact about the convexity parameter of convo-
lutions which we formulate in case of three measures: If p1; are x;-concave (j = 1,2, 3),
then the measure pu = uq * pg * p3 is K-concave, where

COE L e (4.3)
KR K1 Ko R3

Note also that the Fisher information of a random variable X with density p is

expressed in terms of the associated function L as

I(X) = /0 1 L'(t)? dt. (4.4)

This general formula holds whenever p is absolutely continuous and positive on the
supporting interval (without any x-concavity assumption).

Proof of Lemma 4.2. For definiteness, let X; take values in [0,a;]. Since the

distributions of X; are 1-concave, the distribution of § = X; + Xy + X3 is %—concave,

1/2

according to (4.3). This means that S has density p such that p'/* is concave on the
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supporting interval [0, a; + ay + ag], or equivalently, L*? is concave on (0, 1), where L
is the associated function for S.

Note that S has an absolutely continuous density p, which is thus vanishing at the
end points = 0 and « = a; + ay + as3. Hence, L(0+) = L(1—) = 0. By the concavity,
the Radon-Nikodym derivative (L¥?) = 3 L'? L' is non-increasing, and since L is
symmetric about the point %, we get, for all 0 <t < 1,

L't)?L(t) <e¢,  where ¢ = lim L'(t)*L(t).

t—0

Hence, by (4.4),

1(x) g/o ﬁdt — ¢(ar + az + ag). (4.5)

It remains to find the constant c¢. Putting a = ajaqas, it should be clear that, for all
x >0 and ¢t > 0 small enough,

z3 7 1
F(z) =P{S <z} = — _ T R = (6a)YP. L) = — (6at)?
@=PS<a} =1 )=, F0)= () L) = - (ot
and finally ¢ = L/(¢)2 L(t) = 2. Thus, in (4.5) we arrive at I(X) < 2 (a; + as + a3)
which is exactly (4.2).

Lemma 4.2 allows us to reduce Proposition 4.1 to the case of uniform distrubutions.
Note that if a density p is written as a convex mixture

mwzég@wmw (4.6)

then by the convexity of the total variation norm,

wwséwmmw. (47)

Recall that we understand (4.6) as the equality (3.7) of the corresponding measures.
So, (4.7) is also uses our original agreement that, for each z, the value p(x) lies in the
closed segment with endpoints p(z—) and p(z+).

In order to apply Lemma 4.2 together with Jensen’s inequality for Fisher information,
we need however to require that 7w has to be supported on uniform densities (that is,
densities of normalized Lebesgue measures on finite intervals) and secondly to reverse
(4.7). Indeed this turns out to be possible, which may be a rather interesting observation.

Lemma 4.3. Any density p of bounded variation can be represented as a convex
mixture (4.6) of uniform densities with a mixing measure ™ such that

széwmw@. (48)
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For example, if p is supported and non-increasing on (0, 400), there is a canonical

representation
+o00 1

p(l’) = / — 1{0<x<m1} dﬂ'(l’l) a.e.
o 1

with a unique mixing probability measure 7 on (0, +00). In this case ||p||Tv = 2p(0+),
and (4.8) is obvious. One may write a similar representation for densities of unimodal
distributions. In general, another way to write (4.6) and (4.8) is

1
p(x> = / 1{x0<x<:c1} dﬂ-(x(bxl)?

1>z0 L1 — 20

1
Il = 2 / dr (w0, 21),

1>z0 1 — 20
where 7 is a Borel probability measure on the half-plane x; > z¢ (i.e., above the main
diagonal).

Let us also note that the sets BV(c) of all densities p with ||p||Tv < ¢ are closed under
the weak convergence (3.3) of the corresponding probability distributions. Moreover,
the weak convergence in BV(c) coincides with convergence in L'-norm, which can be
proved using the same arguments as in the proof of Proposition 3.2. In particular, the
functional ¢ — ||¢||Tv is lower semi-continuous and hence Borel measurable on B, so
the integrals (4.7)-(4.8) make sense.

Denote by U the collection of all uniform densities which thus may be identified with
the half-plane U = {(a,b) € R* : b > a} via the map (a,b) — gup(z) = ﬁ Lia<ca<n}
The usual convergence on U in the Euclidean metric coincides with the weak convergence
(3.3) of qup. The closure of U for the weak topology contains U and all delta-measures,
hence U is a Borel measurable subset of 3.

Proof. We only need the existence part which is proved below in two steps.

Step 1. First consider the discrete case, where p is piecewise constant, i.e., it is
supported and constant on consecutive semiopen intervals Ay, = [xx_1,2%), k= 1,...,n,
where xy < ... < z,,. Putting p(z) = ¢x on A, we then have

Iplltv = ¢1 + |ea — | + -+ -+ |en — cut] + cn.

In this case the existence of the representation (4.6), moreover — with a discrete
mixing measure 7, satisfying (4.8), can be proved by induction on n. If n =1 or n = 2,
then p is monotone on Ay, respectively, on A; U Ay, and the statement is obvious.

If n > 3, one should distinguish between several cases. If ¢; = 0 or ¢, = 0, we are
reduced to the smaller number of supporting intervals. If ¢, = 0 for some 1 < k < n, one
can write p = f +g with f(z) = p(x) l{z<s, 1}, 9(2) = p(¢) 1{z>4,3- These functions are
supported on disjoint half-axes, so ||p|lrv = || flltv + [|g]/Tv. Moreover, the induction
hypothesis may be applied to both f and g (or one can first normalize these functions
to work with densities, but this is less convenient). As a result,

J=h+ A+l g=g+-ta ae
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where each f; is supported and constant on some interval inside [xg,x;_1), each g; is
supported and constant on some interval inside [z, z,,), and

I fllov = I fillov + - -+ | fellov, lgllrv = llgillov + -+ llgllrv.

p=>_Ffi+Y g with [flev = lfillrv + > llgjllrv.

Finally, assume that ¢, > 0 for all £ < n. Putting ¢, = ming ¢x, write p = f + g,
where f = ¢, 1)4,) and g thus takes the values ¢;, — ¢, on Ay. Clearly,

Hence,

Ipllrv = 2¢. + [lglltv = (| fllov + [lgllTv.

By the definition, g takes the value zero on one of the intervals (where ¢, = ¢,), so we are
reduced to the previous step. On that step, we obtained a representation g = g1+ - -+g¢;
such that [|g|tv = ||g1]lTv + - - - + ||i|lrv, where each g; is supported and constant on
some interval inside [xg, z,). Hence,

p=F+> g with |plov=1[flrv+D llglrv.
j j

Although the measure m has not been constructed constructively, one may notice
that it should be supported on the densities of the form

1

ZL’j—ZL'Z'

qu(x) = 1{xi§x<xj}7 0<1< j < n.

Step 2. In the general case, one may assume that p is right-continuous. Consider the
collection of piecewise constant densities of the form

]5(113') =d Zp(xk—l) l{xk,1§x<:ck} (49)
k=1
with arbitrary points xg < ... < x, of continuity of p such that p(x;_;) > 0 for at least
one k, and where d is a normalizing constant so that fj;o p(z)dx = 1. Since p has
bounded total variation, it is possible to construct a sequence p,, of the form (4.9) which
is convergent to p in L'-norm and with d = d,, — 1. By the construction,
n—1
1
7 Ipallzv = p(@o) +p(20-1) + > Ip(ax) = pla-1)| < |pllev, (4.10)
" k=1

so all p,, belong to BV(¢) with some constant c.
Using the previous step, one can define discrete probability measures m, supported
on U and such that

pul) = / (@) dra@),  pallry = / lall ey dma(q). (4.11)
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Since U has been identified with the half-plane U, replacing dm, (q) with dm,(a, b) should
not lead to confusion. In particular, the second equality in (4.11) may be written as

1
pallry = 2 /U L (a,). (4.12)

From the first equality in (4.11) it follows that, for any 7" > 0,

/U[/qu(x) da] dmaa) = /x>TPn(~T) < /x>Tp(x) dz + |[pn = plhr-

Hence, by Chebyshev’s inequality, for any e, > 0,

ﬁn{q eU: / q(x)dx > 5k} < = (/ p(x) dx + ||pn —p[|1>. (4.13)
2| >k €k N>k
Clearly, one can choose a sequence ¢, J. 0 and an increasing sequence of indices ny such
that the right-hand side of (4.13) will tend to zero, as k — oo, uniformly over all n > ny.
In particular, the above inequality holds for 7, .
On the other hand (identifying ¢ with corresponding probability distributions), by
the Prokhorov compactness criterion, the collection of densities

{qE‘B: q(m)d:cgak}
jo|>k

is pre-compact for the weak topology with convergence (3.3), cf. e.g. [Bi]. Therefore,
by the same criterion applied to 33 as a Polish space, 7, contains a weakly convergent
subsequence 7, with some limit 7 € 3. This measure is supported on the (weak) closure
of U, which is a larger set, since it contains delta-measures, or the main diagonal in R?,
if we identify U with U. However, using (4.12) together with Chebyshev’s inequality,
and then applying (4.10), we see that, for any ¢ > 0 and all n > ny,

— > 2} < Sl < <ol
b—a = _2pnTV PliTv-

Hence, 7 is actually supported on U. Moreover, taking the limit along ny in the first
equality in (4.11), we obtain the representation (4.6).

Now, the sets G(t) = {¢ € U : ||q||Tv > t} are open in the weak topology (by the lower
semicontinuity of the total variation norm), hence, liminfy_,o m,, (G(t)) > 7(G(¢)).
Applying Fatou’s lemma and then again (4.10) and the second equality in (4.11), we get

[ levinta) = [ wGo)ar < imint [ r, Go)ar

m{(a,b)  b—a<e} = Wn{(a, b) :

~ liminf / lgllry dmuy(q) = liminf [lpu iy < [Ipllev.
k—o0 U k—o0

In view of Jensen’s inequality (4.7), we obtain (4.8) thus proving the existence part of
the lemma.
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Proof of Proposition 4.1. We may write down the representation (4.6) from
Lemma 4.2 for each of the densities p; (j = 1,2,3). That is,

pj(z) = /Q(ﬂf) dri(q)  ae.

with some mixing probability measures 7;, supported on U and satisfying

by = / lallry ds(a). (4.14)

Taking the convolution, we then have a similar representation

poemrm)@) = [ [ @ o)) dn@)dn@)dn@) e

One can now use Jensen’s inequality (3.8) for the Fisher information and apply (4.2) to
bound I(p; * pa * p3) from above by

1
3 [ [ Talav sl + sty sl + sl laslev] dma(an)dra(ashanslas)

In view of (4.14), the triple integral coincides with the right-hand of (4.1).
Proposition 4.1 is proved.

5. Bounds in terms of characteristic functions

In view of Proposition 4.1, let us describe how to bound the total variation norm of a
given density p of a random variable X in terms of the characteristic function f(t) =
E €%, There are many different bounds depending on the integrability properties of f
and its derivatives, which may also depend on assumptions on the finiteness of moments
of X. We shall present two of them here.

Recall that, if p is absolutely continuous, then

“+oo
ol = [ W@lde

oo

Proposition 5.1. If X has finite second moment and

+oo
/ [t ([F @]+ 1F @)+ [£(1)]) dt < 400, (5.1)
then X has a continuously differentiable density p with finite total variation
1 [t
Ipllry < 5/ (ILf" @1+ 21 @) + [tf(2)]) dt. (5.2)

Proof. The argument is standard, and we recall it here for completeness.
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First, by the moment assumption, f is twice continuously differentiable. The as-
sumption (5.1) implies that X has a continuously differentiable density

oo =5 [ o (5.3)

:% N

with derivative
. +Oo
pla) = —— e~ L (1) dt. (5.4)
2T J_ o
Necessarily f(t) — 0, as |t| — +o0, and the same is true for f'(¢) and f”(t). There-
fore, one may integrate in (5.3) by parts to get, for all z € R,

i e —itx
zp(x) = 5 e " F(t) dt (5.5)
and
2 1 e —itx £1
x*p(x) = ~5- e " f(t) dt.

By (5.1), we are allowed to differentiate the last equality by performing differentiation
under the integral sign, which together with (5.4) and (5.5) gives

i [T

(1+2°)p(z) = /_ e (Lf" () +2f'(t) — tf(1)) dt.

=5 N

Hence, [p/(z)] < m with a constant described as the integral in (5.2). After

integration of this pointwise bound, the proposition follows.
One can get rid of the assumption of existing second derivative in the bound above
and remove any moment assumption in Proposition 5.1. But we still need to insist on

the corresponding integrability requirements for the characteristic function including its
differentiability on the positive half-axis.

Proposition 5.2. Assume the characteristic function f(t) of a random variable X
has a continuous derivative for t > 0, with

/_+Oo E () + (1)) dt < +oo. (5.6)

oo

Then X has an absolutely continuous distribution with density p of bounded total vari-

ation such that
+o0 +00 1/4
Il < ( | Twsrea |<tf<t>>'|2dt) . (5.7)

[e.e]
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Proof. First assume additionally that f and f’ decay at infinity sufficiently fast
(so that tf(t) — 0, as |[t| — +00). Integrating by parts in (5.4) and since (tf(t))’ is
integrable near zero, we get a similar representation

1 [T _
e " (tf(t)) dt.

xp'(z) = “5-

As usual, write [p'(x)| = |1+—1m| |(1 4+ iz)p(x)| and use Cauchy’s inequality together with
Plancherel’s formula, to get

</_:O \p’(:c)|dx)2 = /_:O 1 :ig;g /_:0(1 +a2%) p'(x)? de

- 5 [ R+ leswyra.

o0

Applying the same inequality to AX and optimizing over A > 0, we arrive at (5.7).
In the general case, one may apply (5.7) to the regularized random variables X, =
X + 0Z with small parameters o > 0, where Z ~ N(0,1) is independent of X. They
have smooth densities p, and characteristic functions f,(t) = f(t)e~"*'/2. Repeating
the previous argument for the difference of densities, we obtain an analogue of (5.7),
+o0o

1oy = Poullv < / ) [ (for (1) —faz(t))lzdt/ (¢ (for (1) = Jou (1)) Pt (5.8)

with arbitrary o;,00 > 0. Since the integrals in (5.7) are finite, by the Lebesgue
dominated convergence theorem, the right-hand side of (5.8) tends to zero, as long
as 01,09 — 0. Hence, the family {p,} is fundamental (Cauchy) for ¢ — 0 in the Banach
space of all functions of bounded variation on the real line that are vanishing at infinity.
As a result, there exists the limit p = lim,_,o p, in this space in total variation norm.

Necessarily, p(x) > 0 for all z, and fj;o p(z)dx = 1. Hence, X has an absolutely
continuous distribution with density p. In addition, by (5.7) applied to p,,

+o0 +00 1/4
Iobee = tig el < i ([ " encopar [ jasiorear)

o0

The last limit exists and coincides with the right-hand side of (5.7).

Corollary 5.3. If the independent random wvariables X, Xo, X3 have finite first
absolute moment and a common characteristic function f(t), then

3 +00 +00 1/2
I(X0+ X4 X) < 3 (/ e [ \(tf(t))’\?dt) |
If X1 has finite second moment, we also have

1+ X+ 20 < 3 ([ (el +21r0) + sl ar)

[e.e]
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6. Classes of densities representable as convolutions

General bounds like those in Proposition 2.1 may considerably be sharpened in the case
where p is representable as convolution of several densities with finite Fisher information.

Definition 6.1. Given an integer k£ > 1 and a real number I > 0, denote by B ([)
the collection of all functions p on the real line which can be represented as convolution
of k probability densities with Fisher information at most I.

Correspondingly, let 3, denote the collection of all functions p representable as con-
volution of k probability densities with finite Fisher information.

The collection B; of all densities with finite Fisher information has been already
discussed in connection with general properties of the functional /. For growing k, the
classes P (I) decrease, since the Fisher information may only decrease when adding an
independent summand. This also follows from the following general inequality of Stam

1 1 1
xX+v) = 1x) T vy
which holds for all independent random variables (cf. [St], [Bl], [J]). Moreover, it implies
that p=py %+ xpr € Pr(I/k), as long as p; € P1(I), i =1,..., k.
Any function p in Py, is £ — 1 times differentiable, and its (k — 1)-th derivative is
absolutely continuous and has a Radon-Nikodym derivative, denoted by p). Let us
illustrate this property in the important case k = 2. Write

p@>=/:wmm—ymﬂmdx (6.2)

[e.e]

(6.1)

in terms of absolutely continuous densities p; and ps of independent summands X; and
X, of a random variable X with density p. Differentiating under the integral sign, we
obtain a Radon-Nikodym derivative of the function p,

“+oo

“+oo
Y@ = [ - v = [ s - dy (©:3)
The latter expression shows that p’ is absolutely continuous and has a Radon-Nikodym
derivative .

V@ = [ AWy dy (6.4
which is well-defined for all z. In other words, p” appears as the convolution of the
functions p} and pj, (which are integrable, according to Proposition 2.2).

These formulas may be used to derive a number of elementary relations within the
class By, and here we shall describe some of them for the cases Bs and Ps.
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Proposition 6.2. Given a density p € Po(I), for all x € R,

P ()| < IP*/p(x) < 1. (6.5)

Moreover, p' has finite total variation

+o00o
1P |l = / Ip" () dx < 1.

o0

The last bound immediately follows from (6.4) and Proposition 2.2. To obtain the
pointwise bound on the derivative, we may appeal to Proposition 2.1 and rewrite the
first equality in (6.3) as

> e —y)

p(x) = ———— 1y} VD1(T —y)pa2(y) dy.
. /7291@ — y) {p1(z—y)>0}

Using Cauchy’s inequality, we get

plz)? < I(Xl)/_+oop1(x—y)pz(y)2dy

e )
—+00

< 100 maxpal) [ pile - p)m()dy £ 10)I0G) ()

where we applied Proposition 2.2 to the random variable X5 on the last step. This gives
the first inequality in (6.5), while the second follows from p(x) < V/I.
Now, we state similar bounds for the second derivative.

Proposition 6.3. For any density p € Bo(I), we have p(x) =0 = p"(z) = 0 and
|p"(x)| < I3/2, for all . In addition,

1" 2
/ P(z) dr < I°.
{p(z)>0} p(.ﬁl])

Proof. Let us start with the representation (6.4) for a fixed value z € R. Note that
the function p)(x —y) p4(y) appearing in this formula is continuous in y. By Proposition
2.1, the integral in (6.4) may be restricted to the set {y : pa(y) > 0}. By the same
reason, it may also be restricted to the set {y : p;(z —y) > 0}. Hence,

p(z) = /_ - PLy)py(z —y) 1aly) dy, (6.6)

o

where {y : p1(x —y)p2(y) > 0}. On the other hand, by the definition (6.2), the assump-
tion p(x) = 0 implies that p;(y)p2(x —y) = 0 for almost all y. Therefore, 14(y) = 0 a.e.,
and thus the integral (6.6) is vanishing, that is, p”(z) = 0.

Using the representation (6.4), the bound [p”(x)| < I3/? follows from the uniform
bound (6.5) on p’ and the integral bound of Proposition 2.2.
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Next, introduce the functions u;(z) = \;ﬁ% Lipi@)>0y (1 =1,2) and rewrite (6.4) as

v - [ " (e — y)usy)) V(@ — 9)paa) dy.

o0

By Cauchy’s inequality,

p(x)* < /_ Ooul(x —y)Qw(y)Qdy/_ Oopl(x —y)pa(y) do = w(z)’p(x),  (6.7)
where we used u > 0 given by
el = [ wle =)l dy (6.5)

Clearly,
“+oo
/ u(z)? dr = I(X1)I(Xy) < I?,

o0

which is the inequality of the proposition.

Proposition 6.4. Given a density p € P3(I), we have, for all z,

" ()] < I/*\/p(2).

Indeed, by the assumption, one may write p = p;*py with p; € P1(I) and py € Po(I).
Returning to (6.7)-(6.8) and applying Proposition 6.2 to py, we get us(y) < I%/4, so
+00

u(x)2§13/2/ uy(z —y)2dy < I°2.

—00

7. Bounds under moment assumptions

Another way to sharpen the bounds obtained in Section 2 for general densities with
finite Fisher information is to invoke conditions on the absolute moments

Bs = Bs(X) = E|X|* (s >0 real).

By Proposition 2.1 and Cauchy’s inequality, if the Fisher information is finite,

- /()
ol @lde = [ falpe) P da
/— {p(z)>0} p(.ﬁl]) 1/2

1/2 IRy 1/2
([ upvwa) (f 2EEa)T
{p(z)>0} (x>0 P(T)

IA

Hence, we arrive at:
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Proposition 7.1. If X has an absolutely continuous density p, then, for any s > 0,

| et ) ds < VI,

o0

This bound holds irrespectively of the Fisher information or the 2s-th absolute mo-
ment [y being finite or not.

Below we describe several applications of this proposition.

First, let us note that, when s > 1, the function u(z) = (1 + |z|*)p(x) is (locally)
absolutely continuous and has a Radon-Nikodym derivative satisfying

[/ (2)] < sl2*™ p(x) + (1 + [f) [P (2)].
Integrating this inequality and assuming that both (X)) and (s, are finite, we see that

u is a function of bounded variation. Since u is integrable as well, we have

u(—o0) = xl_i)r_noou(:z) =0, u(+00) = xl_l)riloou(:z) = 0.

Therefore, applying Propositions 2.2 and 7.1, we get
“+oo

ue) = [y < [ Wl

oo

< el pla) de + / T4 ) @) da

o0 —00

< 8Be1 + VIX) + /BasI(X).

In addition, u(z) — 0, as * — co. One can summarize.

Corollary 7.2. If X has density p, then, given s > 1, for any v € R,

p(x) < c
1+ |x|®

with a constant C' = sBs_1 + /(1 + B2s)I(X). If this constant is finite, we also have
li_)m (14 |z|*) p(z) = 0.

In the resulting inequality no requirements on the density are needed.
Applying Proposition 7.1 and Corollary 7.2 (the last assertion) with s = 1, we obtain
the following sharpening of Corollary 2.3.

Corollary 7.3. If X has finite second moment and finite Fisher information I(X),
then for its characteristic function f(t) = E e we have

C
FOI<gp  teR
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with constant C' =14 /P21 (X).

Indeed, if p is density of X and ¢ # 0, one may integrate by parts

fit) = /_ et ) payde = /_ " () det

o0 t oo

= 1 [ @ ) e s

t o

which yields [tf'(z)] < 1+ /BoI(X).
Under stronger moment assumptions, one can obtain better bounds in comparison
with Corollary 7.2. For example, if for some A > 0, the exponential moment

+oo
ﬁ _ E62)\\X| _ / 62)\\90\ p(:L’) dz

is finite, then by similar arguments, for any x € R, we have p(z) < C e *l with some
constant C' depending on A, 5 and I(X).

8. Fisher information in terms of the second derivative
It will be convenient to work with the formula for the Fisher information involving the
second derivative of the density. We state it for convolutions of two densities with finite

Fisher information.

Proposition 8.1. If a random variable X has density p € Po, then

“+oo
1) =~ [ ¥(a) logp(a)do, (8.1)
provided that
“+oo
/ 1p"(2) log p(x)| dz < +o0. (8.2)

The latter condition holds, if E|X|* < oo for some s > 2.

Strictly speaking, the integration in (8.1)-(8.2) should be performed over the set
{z : p(z) > 0}. One may extend this integration to the whole real line by using the
convention 0log0 = 0. This is consistent with the property that p”(x) = 0, as soon as
p(z) = 0 (according to Proposition 6.3).

Proof. The assumption p € By ensures that p has an absolutely continuous deriv-
ative p’ with Radon-Nikodym derivative p”. By Proposition 6.2, p’ has bounded total
variation, which justifies the possibility of integration by parts.
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More precisely, assuming that p € s, let us decompose the open set {z : p(z) > 0}
into disjoint open intervals (a,, b,), bounded or not. In particular, p(a,) = p(b,) = 0,
and by the bound (6.5) of Proposition 6.2,

|p' () log p(x)| < I¥*/p(x) [logp(z)| = 0, as z ] ay,
and similarly for b,. Integrating by parts, we get for a,, < Ty < T < by,

[P~ [y asp

T p(z) T

= p'(x)logp(x) L / 2 p"(x) log p(x) da.

Tr= T1 Tl

Letting T} — a,, and T5 — b,, we get

bn / 2 bn
[ =~ [ ) 1ogpte) s

. p(x)

where the second integral is understood in the improper sense. It remains to perform
summation over n on the basis of (8.2), and then we obtain (8.1).

To verify the integrability condition (8.2), one may apply an integral bound of Propo-
sition 6.3. Namely, using Cauchy’s inequality, for the integral in (8.2) we have

p"(2)] 2 _ o [T 2
V() [logp(z)|dz) < 1 p(z)log™ p(z) dz.
{p()>0} V/P() o
If the moment 3, = E |X|® is finite, Corollary 7.2 yields
log(e + |z[)
2
p(x)log” p(x) < CW

with constant C' depending on I and . The latter function is integrable in case s > 2,
so the integral in (8.2) is finite. Proposition 8.1 is proved.

Of course, for smooth positive p, (8.1) remains valid without additional assumptions.
However, then the integral should be understood in the improper sense (it exists and is
finite, as long as X has finite Fisher information).

In order to involve the standard moment assumption — the finiteness of the second
moment, we consider densities representable as convolutions of more than two densities
with finite Fisher information.

Proposition 8.2. If a random variable X has finite second moment and density
p € Ps, then condition (8.2) holds, and X has Fisher information given by (8.1).

To show that (8.2) is fulfilled, it suffices to prove the following pointwise bounds
which are of independent interest.
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Proposition 8.3. If EX? < 1 and X has density p € PBs(I), then with some absolute
constant C', for all x,

, 1
p"(z)] < 01’3’1”2 (8.3)
and
" log(e + |x
) togp(o)] < o AR, (8.4

Proof. The assumption EX? < 1 implies I > 1 (by Cramer-Rao’s inequality). Also,
the characteristic function f(t) = E ¥ is twice differentiable, and by Corollary 2.3, it

satisfies
15/2
7001 < T

Hence, p may be described as the inverse Fourier transform

o) =5 | e ) a,

:% N

and a similar representation is also valid for the second derivative,

1 [
p'(z) = e "2 f(t) dt. (8.5)

—5- N

Write X = X + -+ + X5 with independent summands such that I(X;) < I and
assume (without loss of generality) that they have equal means. Then EX ]2 < 1, hence

the characteristic functions f;(t) of X; have second derivatives |f/(t)| < 1. Moreover,
by Corollaries 2.3 and 7.3,

[1/2 1 +[1/2
— Ol ——
Il ’ i

Now, differentiation of the equality f(t) = fi(t)... f5(t) leads to
()= fi@) f2(8) .. f5(t) + - + fi(t) . fu(t) f5(D),

/ : e :
hence |f'(t)] < % Differentiating once more, it should be clear that

1550 <

512 20 I3/2(1 4 1'/?)?
”t < - .
FO < -+ W

These estimates imply that

CI°/? CI°/?
<

()] < e (EF®)' < — (It} > 1)
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with some absolute constant C. As a consequence, one may differentiate the equality
(8.5) with = # 0 by parts to get

1 Foo .
/1 o 2 1" _—itx
Hence, for all x € R,

CI°/?
14 22

p" ()] < (8.6)

with some absolute constant C.

Now, to derive the second pointwise bound, first we recall that p(z) < I'/2. Hence,
[1/2
M7
where the last term 1s thus non-negative. Next, we partition the real line into the sets
A={z:p(z) < 1+x4 } and its complement B. On the set A, by Proposition 6.3,

| log p(x)| < log(I'/?) + log (8.7)

]1 /2 1
| ( )| 10g ( < [5/4\/7 log < 01[3/2 W’

and similarly, by (8.6), on the set B we have an analogous inequality

12 log(e + |x])
/' log —— < | 2(1 ) < Jo/2 e T
p"(2)] e < p"(2)] log (2(1 +2%)) < Cy o
Thus, for all z, applying (8.7) and again (8.6),
1/2

1
" () logp(z)| < [p"(x)[1og(I'?) + [p" ()| log )
log(e + |z|)

Proposition 8.3 is proved.

9. Normalized sums. Proof of Theorem 1.3

By the definition of classes Py (k =1,2,...), the normalized sum
X+t X,
vn

of independent random variables X7, ..., X,, with finite Fisher information has density
pn belonging to Py, as long as n > k.

Ly =
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Moreover, if all 1(X;) < I for all j, then p, € PBx(2kI). Indeed, one can partition
the collection Xy, ..., X, into k groups and write Z,, = U; + - - - + U with

1 . 1 Y
Ui = ﬁ E ' X(i—1)ym+j (1<i<k-1), Uk = _ Z i,
= j=(k=1)m+1

where m = [7]. By Stam’s inequality (6.1), for 1 <i <k —1

1
2kI

Therefore, the previous observations about densities from 3, are applicable to Z,
with sufficiently large n, as soon as the X have finite Fisher information with a common
bound on (Xj).

A similar application of (6.1) also yields I(Z,) < 2I(Z,,). Here, the factor 2 may
actually be removed, as a consequence of one generalization of Stam’s inequality obtained
by Artstein, Ball, Barthe and Naor. It is formulated below as a separate proposition
(although for our purposes the weaker inequality is sufficient).

and similarly ﬁ >

Proposition 9.1 [A-B-B-N2|. If (X,,),>1 are independent and identically distributed,
then

I(Z,) < 1(Zy,), forall n>ny.

We are now ready to return to Theorem 1.3 and complete its proof.

Proof of Theorem 1.3. Let (X,),>; have finite second moment and a common
characteristic function f;. The characteristic function of Z,, is thus

it _ t\"
fult) = Bt = fl(ﬁ) | (9.1)

Clearly, a) = b) < ¢).

If Z, has density p, of bounded total variation, Proposition 4.1 yields I(Z3,) =
I(p3n) < 3 |pall3v < +o00. Hence we obtain ¢) = a), as well, and thus, the conditions
a) — ¢) are equivalent.

a) = d). Assume that I(Z,,) < oo for some fixed ny > 1. Applying Corollary 2.3
with X = Z,,, it follows that

o ()] <

Hence, |fi(t)| < Ct~¢ with constants ¢ = nio and C' = (nOI(ZnO))l/zno which is d).
d) = e) is obvious.

nol(Zn,),  t>0.
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e) = c). Differentiating the formula (9.1) and using the integrability assumption
(1.8) on fi, we see that, for all n > v + 2, the characteristic function f, and its first
two derivatives are integrable with weight |[¢|. This implies in particular that Z, has a
continuously differentiable density

po(z) = — /ooe‘mfn(t)dt, 9.2)

:g N

which, by Proposition 5.1, has finite total variation

+o0o +oo
Inlley = [ @lde < 5 [ (200 20001+ 0] de

Thus, Theorem 1.3 is proved.

Remark 9.2. If we assume in Theorem 1.3 finiteness of the first absolute moment of
X (rather than the finiteness of the second moment), the statement will remain valid,
provided that the integrability condition e) is replaced with a stronger condition like

+oo
/ |f1(8)]" 2 dt < +o0, for some v > 0. (9.3)

oo

In this case, it follows from (9.1) that, for all n > v + 1, the characteristic function f,
and its derivative are integrable with weight 2. Therefore, according to Proposition 5.2,
the normalized sum Z,, has density p, with finite total variation

[pnllry < (/_:O|tfn(t)|2dt/_+oo|(tfn(t))’|2dt)1/4.

[e.e]

As a result, we obtain the chain of implications (9.3) = b) = a) = d). The latter
condition ensures that p, admits the representation (9.2) and has a continuous derivative
for sufficiently large n. That is, we obtain c).

10. Edgeworth-type expansions

In the sequel, let (X,),>1 be independent identically distributed random variables
with mean EX; = 0 and variance Var(X;) = 1. Here we collect some auxiliary results
about Edgeworth-type expansions for the distribution functions F,(z) = P{Z, < z}
and the densities p,, of the normalized sums Z, = (X; +--- + X,,)//n.

If the absolute moment E | X;|*® is finite for a given integer s > 2, define

s—2

ps(7) = () + Y i) n™? (10.1)
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with the functions ¢; described in the introductory section, i.e.,

G(5) = 9(x) 3 Hipos () ﬁ (%) (%) (10.2)

Here, Hj denotes the Chebyshev-Hermite polynomial of degree £ > 0 with leading

coefficient 1, and the summation runs over all non-negative solutions (7, ...,7x) to the
equation 7y 4+ 27y 4+ - -+ kry =k with j =r; + -+ - + 7.
Put also
T s—2
00) = [ ey = o)+ 3 Qula) (10.3)
> k=1

Similarly to ¢, the functions ) have an explicit description involving the cumulants
V3, - - > Vere of X, namely,

Qu(x) = —p(x) > Hyyaj1(x) ﬁ <§)Tl <(k%j:;)!)rk,

where the summation is the same as in (10.2), ¢f. [B-RR] or [P].
The functions ¢, and ®, are used to approximate the density and distribution func-
tion of Z, with error of order smaller than n~(~2/2. The following lemma is classical.

Lemma 10.1. Assume that limsup, . [fi(t)| < 1. If E|Xi[® < +oo (s > 3),
then as n — oo, uniformly over all x

(14 Jaf*) (Fu(x) = @iy () = o(nC7272). (10.4)

Let us emphasize that (10.4) remains valid for general real s > 2. Here, ®; should be
replaced with ®[y. For the range 2 < s < 3 the Cramer condition for the characteristic
function is not used, and the result was obtained in [O-P]; the case s > 3 is treated in
[P] (cf. Theorem 2, Ch.VI, p. 168).

We also need to describe the approximation of densities. Recall that Z,, have the
characteristic functions

where f; stands for the characteristic function of Xj. If the Fisher information 1(Z,,)
is finite, then, by Corollary 2.3, | f,,, (t)] < /7 With some constant (namely, ¢ = I(Z,,)).
Hence, given m > 1, the characteristic functions of Z,, admit a polynomial bound
|fu(®)] < e |t|™™ for n > mng and with ¢, which does not depend on ¢. Thus, for all

sufficiently large n, Z,, have continuous bounded densities

+o0o
pa(z) = = /_ e~ £ (1) dt,

:g N
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which have continuous derivatives
+o0

pg)(x):i /_ (—it) e ™ £, (1) dt (10.5)

27 J_ o

of any prescribed order.

Lemma 10.2. Assume I(Z,,) < 400, for some ng, and let E|X;|* < +o00 (s > 2).
Fiz 1 =0,1,... Then, for all sufficiently large n,

En
L+ [2P) [p)(2) = o (@)] < tin(2) ——575, T ER, (10.6)
n(—2)/2
where €, — 0, as n — o0, and
+oo
sup |[¢Yin(x)] <1, V() dr < 1. (10.7)

In case [ = 0, this lemma with the first bound sup, [¢;,(z)] < 1 is a well-known
result, which does not need to require the finiteness of Fisher information, while using
the assumption of the boundedness of p,, for large n, only. We can refer to [P], p. 211
in case s > 3 and to [P], pp. 198-201 for the case s = 2 when @3 = ¢. The result
follows from the corresponding Edgeworth-type approximation of f,(¢) by the Fourier
transforms of ¢,(z) on growing intervals such as |t| < ¢;n'/® in case s > 3. Repeating
the arguments on pp. 211-212 of [P] and applying Plancherel’s formula, one can easily
obtain the second bound in (10.7), as well. In fact, the case [ > 1 is similar, since the
appearence of the additional factor (—it)! in (10.5) does not create any difficulty due to
the polynomial decay at infinity of the characteristic functions f,.

For the proof of Theorem 1.1, the lemma will be used with the values [ = 0,1, 2, only.

11. Behaviour of densities not far from the origin

To study the asymptotic behavior of the Fisher information distance
400 / 2
T) + Tpylx
1(2,]17) = / (pn(2) + apu(@))”
—0 pa()
we split the domain of integration into the interval |x| < T}, and its complement. Thus,

define / )
oo [ G e,
|z|<Th Pn()
and similarly J; for the region |z| > T,,. If T}, is not too large, the first integral can be
treated with the help of Lemma 10.2. Namely, we take

T, = /(s — 2)logn + sloglogn + p, (s >2), (11.1)
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where p, — +o0 is a sufficiently slowly growing sequence whose growth is restricted
by the decay of the sequence ¢, in (10.6). In other words, [—T,,7,] represents an
asymptotically largest interval, where we can guarantee that the densities p, of Z, are
separated from zero, and moreover, sup,<r, ’:;’(—(;)) — 1| — 0. To cover the case s = 2,
one may put T, = /p,, where T,, — +o0 is a sufficiently slowly growing sequence.
With this choice of T,,, an estimation of the integral J; can be performed via moderate
inequalities.

In this section we focus on Jy and provide an asymptotic expansion for it with a
remainder term which turns out to be slightly better in comparison with the resulting
expansion (1.3) of Theorem 1.1.

Lemma 11.1. Let s > 3 be an integer. If I(Z,,) < +oo, for some ng, then

_a e As=y/ ( 1 )
o= n i n? Tt nl(s=2)/2] to n(s=2)/2 (logn)(s-1/2 )’

where the coefficients ¢; are defined in (1.4).

Proof. Let us adopt the convention to write 9,, for any sequence of functions satis-
fying |6,(z)| < e,n~ "2/ with ¢, — 0, as n — 00, at least on the intervals |z| < T},.
For example, the statement of Lemma 10.2 with [ = 0 may be written as

On
n = (1 s PE——— 11.2
pule) = (L+ m(a))ole) + (11.2)
where
s—2
ps(x) — p(x) () 1
us(z) = —————— = Z L
o(x) —~ p(z) n
Combining the lemma with [ = 0 and [ = 1, we obtain another representation
On
PL(w) + ) = wo) + (119
where

N

S—

N

B
Il

1
Note that the functions us and w,s depend on n as parameter and are getting small
for growing n. More precisely, it follows from the definition of ¢; that, for all z € R,

3(s—1)
@l _ o Lt
p() Vn

1+ |z3=2)
NG

and lus(z)| < Cs (11.4)
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with some constants depending on s and the cumulants of X, only. In particular, for
|x| < T, and any prescribed 0 < & < %,

ws(2)] 1 1
< and )] < = 11.5
< us(a)] < (115)
with sufficiently large n. In addition, with a properly chosen sequence p,,, we have
On 1
<2 11.6
Tyo(T,) 4 (11.6)

Hence, by Lemma 10.2, |p£((;)) -1 < % on the interval |z| < T,,.
Now, for |z| < T,

. On T W
(1 +us(z)) (1 +us(2) + W) - (I [])e(2)’

and we obtain from (11.2)
(N 1 5,

pa(x)  (Ttus(@))p(z) (14 ]z]*)p(x)?
Combining this with (11.3) and using (11.5), we will be lead to

(@) tapa@) _ wi@? S

pn() ~ (1t us(2)p(@) +; ni(@), ol < T,
where

Tpl = ws(x) T ws(z)?

T A e@ ™ T T e

T = ’lUs(ZL') 52 ey = 1 52

n3 (1+ |z|2Yp(x)2 ™ n 1+ |2]22)p(z) ™

Tny = 1 53.

(14 [z[>=2)p(2)? "

Here, according to the left inequality in (11.5), the remainder terms 7,;(x) and r,s(z)
are uniformly bounded on [T}, T},] by |6,,| n~*/3. A similar bound also holds for 7,3(z),
by taking into account (11.6). In addition, integrating by parts, for large n and with
some constants (independent of n), we have

C o
/ |rna(x)| de < :ir; / 53 /2 dg
|z|<T, n 1 X

Cen 1 2 _ O(;)
ns—2 Tgs—l Ts—ln(s—2)/2 ’

<

With a similar argument, the same o-relation also holds for the integral of |r,;(z)|.
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Thus,

(1, + 2pn)” / w? 1
W TIPn)” g W dx+o<7). 1.7
/|:v|<Tn Dn el (14 us)e Ts—1n(s=2)/2 (11.7)

Now, by Taylor’s expansion around zero, in the interval |u| < i we have

s—4
1
50— g (—1)*u* + Gu3, 0] <2
k=0

(there are no terms in the sum for s = 3). Hence, with some —2 < 6,, < 2

w; — k 2 kAT 2, o3 AT
/ —t i — Z (—1) / wiu, — + Hn/ wius C—.
wi<r, (14 us)p 2| <T, @ 2| <T, @

k=0

At the expense of a small error, these integrals may be extended to the whole real line.
Indeed, for large enough n, by (11.4), we have, for k = 0,1, ..., s—4 with some common
constant C

dx Cs . 1
/ ) wf |u8|k; < W/ i (1+|x|(3k+6)( 1))¢d$ = O(W)
z|>Th x|>1n
Moreover,
oo dx 1
2 s—=3 27 _
|t = o).
Therefore,

2 s—4 +oo
w dx 1
— —dr = E —1’“/ wzuk—+0<7).
/|2|ng (1 +us)p P =1) oo P n(s=/2

Inserting this in (11.7), we thus arrive at
" oo d 1
_ k 2 k4T
k=0 o "
In the next step, we develop this representation by expressing u, and w, in terms of
qx while expanding the sum in (11.8) in powers of 1/4/n as
s—2
aj 1
Z nil2 + O<n(s—1)/2)‘
j=2
More precisely, here the coefficients are given by

4 too dx
o = SV o) o) e S (19
k=2 >
with summation over all positive solutions (ry,...,7%) to 1 + -+ + rp = j. Moreover,

when j are odd, the above integrals are vanishing. Indeed, differentiating the equality
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(10.2) which defines the functions g, and using the property H) (z) = nH,_1(x) (n > 1),
we obtain a similar equality

0 (@) + zau(w) = o) Y (k +20) Hyror () % (%) - ((]:T;)!)”

(11.10)
with summation over all non-negative solutions (r1, ..., 7x) to ri+2ro+- - -+kry, = k, and
where [ =7 + - - - + 1. Hence, the integrand in (11.9) represents a linear combination
of the functions of the form

HT1—|—2l1—1 HT2—|—2l2—1 HT3+2[3 L H’r‘k—l—Qlk SO

Note that here the sum of indices is mod 2 the same as j. We can now apply the following
property of the Chebyshev-Hermite polynomials (see Szego 1967). If the sum of indices
dy,...,dy is odd, then necessarily

/_00 Hy (z)...Hy (2) p(z)dz = 0.

Hence, a; = 0, whenever j is odd, and putting ¢; = aqj, we arrive at the assertion of
the lemma.

Remark. In formula (11.9) with ¢; = ag; we perform summation over all integers
r; > 1 such that m + --- 4+ r, = 2j. Hence, all r, < 25 — 1, and thus the functions g,
are determined by the cumulants up to order 2j + 1. Hence, c¢; represents a polynomial

I 7y3, - v Y2541

12. Moderate deviations

We now consider the second integral
/ 2
ho [ GE@rmer,
|z|> T pn(T)
participating in the Fisher information distance 1(Z,||Z2).

Lemma 12.1. Let s > 3 be an integer. If [(Z,,) < +00, for some ngy, then

7 1
L 0<n<s—2>/2(1og n)<s—3>/2>'

Proof. Write

8 (37)2 2
Ji1 <211 +2J10 = 2/ "70[1'+2/ x°py(x) dx. (12.1)
|z|>Th Pn() |z|>T



Fisher Information 39

Using Lemma 10.1, we conclude that, for s = 3,.. .,

Jio = 0<( ! ) (12.2)

nlogn)s=2)/2

Indeed, integrating by parts we have
+00

/+o° Ppo(x)de = T2(1 — F\(T,)) +2/ (1 — Fy() da.

n

Recalling the definition (10.3) of the approximating functions ®4 and applying an ele-
mentary inequality 1 — ®(z) < X ¢(z) (z > 0), we obtain from (10.4)

Tr% (1 - Fn(Tn)> = Ti (1 - (I)S(Tn>> + Tr% ((I)S(Tn> - Fn(Tn)>

s—2
1
3k, —k/2
< Tn‘P<Tn) +C @(Tn) 1;_1 Tn n + O<T£—2 n(s—2)/2)

- O((n log ;)@_2)/2)

with some constant C. In addition,

+o0 s—2 +00
1 3k
/n (1l = F,(z))de < 1-0(T,)+C kg_l 2 /Tn zo(x)dx

1 1
+ O(T5—2n(s—2)/2 ) - O( (nlogn)(s—2)/2 ) :

With similar estimates for the half-axis x < —T,,, we arrive at the relation (12.2).

Let us now estimate .J; ;. Denote by Jff , the part of this integral corresponding to
the interval x > T,,. By Propositions 6.2, 6.4 and 8.3, for sufficiently large n one may
integrate by parts to justify the formula

+0o0
Ty = —p(T) log pu(T,) — / P! () log p(x) e (12.3)

Since p,(z) < C\/1(Zy,) for all z (Propositions 2.2 and 9.1) and since p,(T,) > 1 ¢(T},),
we see that for all sufficiently large n, |log p,(T,,)| < ¢T'? with some constants C' and c.
Therefore, by Lemma 10.2 for the derivative of the density p,, we get

0, (To) log pu(T,)| < T2 |p,,(T))
< cTi\ap/(Tn)H-o(

T5—2 n(s—2)/2 )

1

A similar relation holds at the point —T),, as well.
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It remains to evaluate the integral in (12.3). First we integrate over the set A = {z >
Ty : pn(z) < o(x)*}. By the upper bound of Proposition 6.4 and applying Proposition
9.1 once more, we have, for all x and all sufficiently large n, with some constant C'

()] < I(pn)”*V/pu(2) < CI(Zny)**\/pu(2).

Hence, with some constants ¢, ¢/

/ 7 (2) logpul@)| dz < ¢ / V(@) Nog pa()]| da

< c’/+oox2g0(x)2d:c = 0( ! )
— ns—2)"

On the other hand, for the complementary set B = (T,,,4+00) \ A, we have

/ 19! () log pu()| da < c / 2 |pl!(2)| da. (12.5)
B

We now apply Lemma 10.2 to approximate the second derivative. It yields

+00 oo oo
/n 2 p(z)] do < / x \w?(wﬂdﬁfn de")(n(s_m/z)'

Here, the first integral on the right-hand side is bounded by

+00 teo 1
20 1 R/ 2,2 —
[ et - g @lde s [t~ 1w dr = o g )

To estimate the second integral, we use Cauchy’s inequality, which gives

+o0 1 1 +o0 ) 1/2 1
/Tn 1+ 2 e | Yen(@)] dr < T ( - Pan(z) dl‘) < pTER

Therefore, returning to (12.5), we get

1
/ |y () log pn(z)| dz = 0<n(5_2>/2 (logn)(s—3)/2>'

Together with the bound for the integral over the set A, we thus have

1
+
I =o(sm (log n)<s—3>/2>‘

The part of the integral J;; taken over the axis + < —T,, admits a similar bound,
hence the lemma is proved.
The statement of Theorem 1.1 in case s > 3 thus follows from Lemmas 11.1 and 12.1.
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13. Theorem 1.1 in the case s =2 and Corollary 1.2

In the most general case s = 2 the proof of Theorem 1.1 does no need Edgeworth-type
expansions. With tools developed in the previous sections the argument is straightfor-
ward and may be viewed as an alternative approach to Barron-Johnson’s theorem.

To give more details, recall that once the Fisher information 1(Z,,) is finite, the
normalized sums Z,, with n > ng+ 1 have uniformly bounded densities p,, with bounded
continuous derivatives p), (Proposition 6.2). Moreover, we have a well-known local limit
theorem for densities; we described one of its variants in Lemma 10.2. In particular,

sup (1+2%) |pu(z) — p(2)] = o(1), (13.1)
sup (1+2%) |p, () —¢'(2)] = o(1), (13.2)

as n — 0o, where the convergence of the derivatives relies upon the finiteness of the
Fisher information.
Splitting the integration in

1(Z,||12) = /_+OO (p, () +$pn(x>>2 du

00 pn()
into the two regions, we have therefore, for every fixed T" > 1,
/ 2
Jo = / Wol@) T2a(D) 4 1), 0o o (13.3)
|z|<T pn(T)

On the other hand, write as we did before

/ 2
Jl — / (pn(x> + ,’,Upn(flf>> dl’ S 2(]171 + 2J172
|z|>T

pn()
Pl (x)? 2
2/x>T (@) dx+2/|x|>Tx pn(x) de.

As we saw in (12.3),
i1 = —po(T) 1og pu(T) + ps(~T) log pu(~T) — / P! () log p () .
|z|>T

By (13.1)-(13.2), |pl,(£T) log p,(£T)| < 2T3e~T*/2 for all sufficiently large n > ny. By
Proposition 8.3, with some constant ¢, for all z,

log(e + |z[)

/!
() log pu (o) < o 2EE,

implying
/ Py () log p ()| d < T~/
|z|>T
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with some other constant ¢’. In addition, by (13.1),

/90>Tx2p"(x)df” = /QD>TI2(pn(x)—s0(x))dx+/ 2 o(z) da

|z|>T

_ —/96<Tx2(pn(x)—g0(x))dx+/ v?p(x) da

|z|>T
< / 22 |pn(2) — o(x)| dx + / 2*o(z)dr < 2T%0(1) + 4T o(T).
| <T || >T

Hence, given € > 0, one can choose T such that J; < g, for all n large enough. This
means that J; = o(1), and recalling (13.3), we get 1(Z,]|Z) = o(1).
Let us now return to the case s > 3.

Proof of Corollary 1.2. According to the expansion (11.8) which appeared in the
proof of Lemma 11.1, Theorem 1.1 may equivalently be formulated as

W~

S—

1Z012) = S (0 [ wePuse) g0 ) (134
z —oo () n(=2)/2 (log n) =3/

I
o

where as before

ws(z) = i(q;(x)+xqj(x))n_j/2, us(z) = ‘_ () i

This representation for the Fisher information distance is more convenient for ap-
plications such as Corollary 1.2 in comparison with (1.3). Assume that s > 4 and

v3 =+ = -1 = 0 for a given integer 3 < k < s (with no restriction when k = 3).
Then, by the definition (10.2), ¢y =+ = qx—3 =0, so
s—2 s—2
w@) = 3 (@) +og@)n T, wfw) = 3 B 35
frarad’ e ¢

Hence, in order to isolate the leading term in (1.3) with the smallest power of 1/n, one
should take [ = 0 in (13.4) and j = k — 2 in the first sum of (13.5). This gives

“+00

[(ZnHZ) = p (k-2 /_ (q];_Q(I) + Zlqu_g(l'))z %

1
—(k—1)
+0(n )+ 0<n(5—2)/2 (log n)-3)72 )

Now, again according to (10.2), or as found in (11.10),

Ghoo(2) + 2qr_a(z) = ﬁ Hy- () ().
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Therefore, the sum in (1.3) will contain powers of 1/n starting from 1/n*=2

coefficient

with leading

o i ) o
= H_ der = —F—.
Ch—2 (k=112 ] k—1(x)” p(z) dx (k—1)!
Thus, ¢; =+ = cx_3 = 0 and we get
2
Yk 1 —(k—1) ( 1 )
I(ZnHZ) - (]{7 _ 1>! nk—2 + O(n ) +o n(s=2)/2 (logn)(5—3)/2 ’

14. Extensions to non-integer s. Lower bounds

If s > 2 is not necessary integer, put m = [s] (integer part). Theorem 1.1 admits the
following generalization. As before, let the normalized sums

Xi+---+ X,
vn

be defined for independent identically distributed random variables with mean EX; =0
and variance Var(X;) = 1.

Ly =

Theorem 14.1. If I(Z,,) < +oo for some ng, and E | X;|* < +o0 (s > 2), then

S 1 )
I(Z,||Z) = —t St e T Togn)—972): (14.1)

where the coefficients c; are the same as in (1.4).

The proof is based on a certain extension and refinement of the local limit theorem
described in Lemma 10.2.

Lemma 14.2. Assume that 1(Z,,) < +oo for some ng, and E |X;|® < 400 (s > 2).
Fizl=0,1,... Then for all n large enough, Z, have densities p, of class C' satisfying,
as n — oo,

(14 [2[™) (0 (2) = @) (2)) = tun(@) o(n”C7272) (14.2)
uniformly for all x, with sup, [Yi.(z)] < 1 and [Ty, (v)2de < 1. Moreover, uni-
formly for all x,

(14 |2) (0 (2) = (@) = Wima(@)o(n™C7272)
+ (L4 |27™) tna(@) (O~ 7D72) 4o(n=C72)), (14.3)

where sup, [Pr,;(x)| < 1 and [*5 4y, () de <1 (j = 1,2).

Here we use the approximating functions ¢,, = ¢ + ZZ;Q g2 as before.
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When [ = 0 and in a simpler form, namely, with ¢, ;(x,n) = 1, this result has
recently been obtained in [B-C-G1]. In this case, the finiteness of the Fisher information
may be relaxed to the boundedness of the densities. The more general case involving
derivatives can be carried out by a similar analysis as that developed in [B-C-G1], so
we omit details.

If s = m is integer, the Edgeworth-type expansions (14.2) and (14.3) coincide, and
we are reduced to the statement of Lemma 10.2. However, if s > m, (14.3) gives an
improvement over (14.2) on relatively large intervals such as |z| < T, considered in
Theorem 1.1 and defined in (11.1).

Proof of Theorem 14.1. With a few modifications one can argue in the same way
as we did in the proof of Theorem 1.1. First, in case [ = 0 (14.3) yields, uniformly in
2| < T,

1
1+ |z|®
which being combined with a similar relation for the derivative (I = 1) yields

1
———o0
1+ |25t

pa(r) = ulz) + o(n~7272)

Y

P (z) + 2pn(x) = wp () + (n_(s_2)/2)

where w,, () = Y777 (¢4(x) + zqe(x)) n=*/2. These two relations thus extend (11.2)
and (11.3) which were only needed in the proof of Lemma 11.1. Repeating the same
%, we can extend the expansion of
Lemma 11.1 with the same remainder term to general values s > 2.

In order to prove Lemma 12.1 with real s > 2, let us return to (12.1). The fact that
the relation (12.2) extends to non-integer s follows from the extended variant of Lemma
10.1, which was already mentioned before. Thus our main concern has to be the integral
J1,1 which is responsible for the most essential contribution in the resulting remainder
term. Thus, consider the part of this integral on the positive half-axis

arguments using the functions w,,(z) =

+ oo pl(x)? , e,
Ji = (@) dx = —p, (T,) log p,(T,,) — P, () log pp(x) dx. (14.4)

Applying (14.3) at = T,,, we obtain (12.4) for real s > 2, that is,

1
/ —
S e )

To prove (14.1), it remains to estimate the last integral in (14.4) which has to be
treated with an extra care. The argument uses both (14.2) and (14.3) which are applied
on different parts of the half-axis x > T),. For the set A = {z > T, : p,(z) < ¢(z)*} we
have already obtained a general relation

/A|p;;(x) log pn ()| dz = 0<n81_2),
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which holds for all sufficently large n (without any moment assumption). Hence, with
some constant c

AT: 4T? 1
| @ egn@lds < o [ TR pi@ldrro(5).  4s)
n Tn

Now, on the interval [T},,4T}] we apply Lemma 14.2 with [ = 2 to approximate the
second derivative. It yields

4T 400 400
n n 1
[l < [l [l (1)

7, 1+ |z[s? .

n

4T? 1
[ s Wanale) de - (O™ 02) 4 o(n~1+-2))

7, 1+ [x[m2

Here, as in the proof of Lemma 12.1, the first integral on the right-hand side is bounded,
up to a constant, by

400 A 1
/ rrp(r)dr = 0<7TS—371(5—2)/2)’

and for the second one, we use Cauchy’s inequality to estimate it by T}, (s=5/2) Similarly,
the last integral is bounded by

2T3( zpmg(x)?dx) < 272

o0

Since T has a logarithmic growth, we conclude that

a1 1
2 1’ _
/n z” |py ()| dx = 0<n(s—2)/2 (log n)(s—s)/2>’

so a similar bound also holds for the left integral in (14.5).
To deal with the remaining values of z, we will consider the set S; = {z > 4T} :

pn(z) < 2e V¥ } and its complement S, = (47}, +00) \ Si. By Proposition 6.3, for all
sufficiently large n, and with some constants ¢, ¢ we have

lpy () logpp(z)|de < ¢ | /po(2)|logpy(x)| dx
S1

—+00
< c’/ Ve Ve dr = 0( 1 )
4T3

S1

ns—2
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On the other hand, applying (14.2) on the set Ss, we get

pa(2)log (@)l dz| < ¢ [ |p(2)|Vrde

Sz 52
Foo T dx 1
< 22 p(z dz+c’/ -0( )
= /4T7% () - m—1/2 n(5—2)/2

1
N O(T2(2m—3)n(s—2)/z ) '

n

Combining the two estimates, the theorem is proved.

Remark 14.3. If 2 < s < 4, the expansion (14.1) becomes

1
1(Z.]12) = 0<n(s—2)/2 (log n)(g—3)/2>' (14.6)

This formulation does not include the case s = 2. In case s > 2, we expect that the
bound (14.6) may be improved further. However, a possible improvement may concern
the power of the logarithmic term, only. This can be illustrated by means of the example
of densities of the form

p(z) = / T pu(n)dP(o)  (rER).

g0

that is, mixtures of densities of normal distributions on the line with mean zero, where
P is a (mixing) probability measure supported on the half-axis (0¢, +00) with oy > 0.
A natural variance constraint on P is that

/_:o 2*p(x) dx = /:O o?dP(o) =1, (14.7)

so we should assume that 0 < oy < 1.
First, let us note that, by the convexity of the Fisher information,

< [ iteare)= [ Lare) <

oo 0] 0
hence, I(p) is finite. On the other hand, given 1 > s/2, it is possible to construct the
measure P to satisfy (14.7) and with
c
2272 (log n)7’

D(Zn]|2) =

for all n large enough, and with a constant ¢ depending on s and 7, only (cf. [B-C-G2]).
For example, one may define P on the half-axis [2,4+00) by its density
dP(o) c

= > 2
do ostl(logo)n’ 7o




Fisher Information 47

and then extend it to any interval [0y, 2] in an arbitrary way so that to obtain a probabil-
ity measure satisfying the requirement (14.7). Hence, (14.6) is sharp up to a logarithmic
factor.

Finally, let us mention that in case s = 2, D(Z,||Z) and therefore I(Z,||Z) may
decay at an arbitrary slow rate.
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