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ON CONDITIONS FOR CONVERGENCE OF THE
DENSITIES OF SMOOTHED DISTRIBUTIONS IN THE
CENTRAL LIMIT THEOREM

A.I. SAKHANENKO AND K. V. CHUMACHENKO

1. INTRODUCTION

Let &,&1,&,... be a sequence of independent identically distributed random

variables such that

M¢E=0, DE=1. (1)
Put S, = & + -+ + &,, and denote by 1 a random variable with standard normal
distribution.

The technique of smoothing is employed somehow in many articles devoted to
studying the rate of convergence of the distribution of S, /\/n to the normal law.
We dwell on one of such results.

Suppose that a random variable v is independent of S,, and 77 and has a density
v(z). Then the random variable (S,, + v)/+/n has the density

fa(x) = VnMu(vnz — Sy). (2)
Since by the Central Limit Theorem the distribution of S, /v/n is close to that of
7, the following natural question arises: under which conditions the density f,(z)
is close to the normal density ¢(z) = (27‘1’)71/267‘702/2 of the distribution of n or to
the density ¢, (z) of the distribution of n + v//n which obviously equals

o0

on(x) = VAMu(yiz — ) = / (@ — y/v/r)u(y) d. 3)

— 00
The following useful assertion was obtained by V. V. Yurinsky in the article [1]
devoted to estimations of the Prokhorov distance between distributions in the Cen-
tral Limit Theorem. It provides one of the possible answers.
Theorem A. Suppose that the distribution of £ satisfies (1) and

MI¢® =y < oo, (4)
where 7 is a fivzed number. Then there exist a density v(-) and a number C' > 0

such that

o0

/ Fnl@) — pul@)| d < Cy/v/m, (5)

— 00
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In the proof, V. V. Yurinsky used a specific density v(:) of the form v(z) =
vo(x/v)/~ which, in particular, satisfies the condition

o(t) =0 for [t[>co/7, (6)
where ¢y > 0 and
a(t) = Mt — / ¢ty (z) do (1)

is the characteristic function of the random variable v.

Since condition (6) on the smoothing density is often of purely technical nature,
it seems to be a natural step to eliminate it in order to enlarge the class of possible
smoothing densities. However, the following assertion shows that (6) is in a certain
sense necessary for (5) to be valid.

Theorem 1. Suppose that the density v(-) and the number v are such that (5)
holds for all n and for all possible distributions of a random variable & satisfying (1)
and (4). If

r> 72352 21,19, ., (8)

then (6) is necessarily true with co = 2.

This result, surprising in the authors’ opinion, will emerge after we examine in
§2 the behavior of f,,(z) in the case of an arbitrary lattice distribution of ¢ along
the lines of [2].

2. ASYMPTOTIC PROPERTIES OF DENSITIES OF SMOOTHED LATTICE
DISTRIBUTIONS

Suppose that a random variable ¢ satisfies (1) and has a lattice distribution with
maximal span h. In this case for some a € [0, h) and for all n

ZP(Sn =na+ mh) = 1.

Also, by the local limit theorem (see [3, p. 231] and [4, p. 152])
ay, = sup [vnP(S, = na+mh) — hp(znm)| — 0,
_ ~1/2 (9)
B, = Z |P(S, = na+mh)—n ho(zn,m)] — 0
m

as n — oo, where x,, ,, = (na+ mh)/y/n, with )" standing for summation over all
m
integers m here and in the sequel.

For ¢t € [0, h) put

vp(t) = Zv(mh +t), vpn(t)= Zmin{l, mh/v/n}v(mh +t). (10)

Since mh e N
/vh(t)dt:Z / v(x)de = / v(z)de =1, (11)
0 mom —00

the function vy, (-) is the density of a probability distribution concentrated on the
interval [0,h). In line with [5, p. 270] we assume the density vp,(-) to be obtained
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by “winding” the density v(-) on a circle of length h. In particular, from (11) we
see that for almost every ¢ € [0, h)
vy () < o0. (12)
For every t € [0, h) such that (12) holds, put
Anm(t) = fo(@nm +1/vn) = hp(@nm)vn(t),

t) _ n—1/2 Z |An,m(t)|- (13)

Theorem 2. Ift € [0,h) satisfies (12) then

Sup [Anm(t)| < anvi(t) + 0(0)hon (1), (14)
An(t) < (Bn + 207 Y2 0p(t) + 20,1 (1). (15)

Observe that the inequalities (14) and (15) remain consistent for all ¢ € [0, h), if
only we assume that

Apm(®)] = An(t) =00 if wp(t) = oo.

Below we present a series of simple corollaries to Theorem 2.
Corollary 1. For almost every t € [0, h)

sup |A, m(t)| =0 and A,(t) -0 as n— oo.

Corollary 2. Asn — oo

o'} h
/ fula) — ()] do — / fon(t) — b1 dt, (16)

Corollary 3. If

/ |fr(@) —on(z)|de — 0 as n— oo, (18)
—o0
then
vn(t) =h™'  for almost every t € [0,h) (19)
and, in particular,
0(2rk/h) =0 for k=+1,£2,43,.... (20)

Thus, convergence in variation (18) of the smoothed distributions implies the
vanishing of the characteristic function of the smoothing density at some points.

Observe that whether (18) holds or fails depends solely on the distribution of £
and on the density v(-). Moreover, in view of Corollary 2 the fact that (18) holds
for some lattice distribution of £ having maximal span h and satisfying (1) implies
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that (18) is true for all such distributions with the same span h, if only the density
v(+) is fixed.

We now strengthen Corollary 3 in the case when a sufficiently large class of
distributions of ¢ meets (18).

Corollary 4. Suppose that a density v(-) and a number H > 0 are such that for
all h € (H/2,H) there exists a random variable & satisfying (1), having a lattice
distribution with mazimal span h, and such that (18) holds. Then

o(t) =0 if |t|>2n/H. (21)

Theorem 1 of §1 will be obtained as a particular case of Corollary 4 for H = ~.

Condition (8) in Theorem 1 is essential, as illustrated by the following example.

Example. Let the random variable £ take the values +1 and —1 with equal
probability and let v(-) be the density of the uniform distribution on the interval
[b, b+2l], where [ is a natural number. It is easy to verify that in this case (18)—(20)
hold for h = 2. Moreover, using the estimates of [3, p. 255] instead of (9) in the
local limit theorem, we easily see that

/ fal@) — oul@)| dz < O /7

i.e. (5) holds also for all n.

Remark. For v =1 Theorem 1 fails. Indeed, in this case it only the distribution
of £ presented in the above example that satisfies both (1) and (4). Consequently,
for v = 1 inequality (5) is true, for instance, for the density v(-) of the uniform
distribution on the interval [—1, 1] for which 6(t) = ¢~ !sint.

We have thus shown that Theorem 1 is not true without condition (8). However,

the question remains open whether the constant on the right-hand side of (8) can
be diminished.

3. PrROOFS

For notational simplicity, we put

P = P(Sn = na+ kh) = P(Sn/vVn = 25,1,

22
ok =1 2hp(n k), 5k—Z|§0m_§0m l- (22)
Using this, from (9) and (2) we have
an =i —suplp — @il Ba=)_lo -l
l (23)

fo(@nm+t/vn) = \/ﬁpr(mh —1lh+1t).
1
Consequently, by definitions (9) and (13)

Y2, () = me_kv(k‘h +1t)— om Z v(kh +t). (24)
i i
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We first prove several auxiliary statements. Put
() = @(@nm +t/Vn) = o(@nm), On(t) = n~/? Z |0nm ()] (25)
m

Lemma. The following estimates take place:

€ [0.5) — supdi (1) < 20(0)/ V. (26)

> om—1] < 20000/ v, (27)

1 < 4p(0) )/ + min{2, 20(0)kh/ v/}, (28)

— sup [ — il < @(O)(h/ V) min{1, e~/ 2kh /), (29)
[ len(@) = p(@)] do < 2Mumin{1, 0}/ Vi) (30)

Proof. From the explicit form of the functions p(z) = (27r)_1/2e_””2/2 and
¢ (x) = —zp(z) it is easy to note that

Cr = sup p(x) = p(0) = (2m) V%, Gy =— sup|¢/(x)| = ¢ (1)] = e~/%9(0),

Cs = / | (z)| dx = 2p(0) < 1.

31
Furthermore, if ¢ € [0, k) then by (25) oy
t/vn 0
Vi) = Y| [ Plonn+aae < [If@lae=ca @
mo o0 —o0
From (31) and (32) we infer (26). Moreover,
o0 h
Son-1=| [ e@de =Y o - lz/an,m@) dt/v/r| < 8u(h),
" —oo m o
implying (27).
Comparing the definitions (22) and (25), we can see that
er < key = khén(h) < Cskh/v/n. (33)
On the other hand, by (22) and (27)
ek <Y om+ D Pmk <2+ 2Cs/V/n. (34)

From (33) and (34) we immediately derive (28).
For an arbitrary vy,
e} 1 0o
)= [ loe-v-s@lda< [ ( [ bl — ) da:) dt = Cyly].  (35)

0



6 Smoothed distributions in CLT

On the other hand,
w2 [ ele-ydot [ playdo=2 (36)

From (35), (36), and (31) we have

e(y) < min{2, Caly[} = 2min{1, p(0)[yl}- (37)
Observe that by (3) the left-hand side of (30) does not exceed Me(v/+/n). From
this fact and (37) we infer (30).
To prove (29), we apply (22), (31), and the elementary inequality |¢o(x) — ¢(x —
y)| < min{Cy, Cs|y|}, with z = x,, ., and y = kh/\/n.
Proof of Theorem 2. By (24)

|An,m(t)| < \/HZ |pm—k - @m—kw(kh + t) + \/ﬁz “pm - @m—khj(kh + t)' (38)
k k

The inequality (14) follows immediately from (38), (27) and the definition (23) of
Q.

Summing up (38) over all m and recalling the definitions of A, (t), £, and ey,
we obtain

An(t) <> Bav(kh +1t) + > exv(kh +1). (39)
k k

From (39) and (28) we infer (15).
Proof of Corollary 1. By (10) all terms of the series vy p(t) vanish as n — oo,
and the series is dominated by the series vy (t). Consequently,

vp(t) > v p(t) =0 as n— oco. (40)

The claim of Corollary 1 is a consequence of (40), (14) and (15).
Note that by (40) and (11) the Lebesgue Dominated Convergence Theorem yields

the convergence
h

/vn,h(t) dt -0 as n— oo. (41)

0
Proof if Corollary 2. Introduce the notation

pn,m(t) = fn(xn,m + t/\/ﬁ) - (P(xn,m + t/\/ﬁ)a
h
42
o) =S o0, o= [ 10— (o)t )
m 0

Representing the real axis as a union of intervals of the form [z, m, Tn m+1), We see
that

[e%) h
pn = / |ful(@) — ()| dz = / pu(t) . (43)

Definitions (13), (25), and (42) yield the identity

Apm(t) = prm(t) + 6nm(t) + @(Tn,m) (1 — hop(t)). (44)
With (44) taken into account, the following inequality is straightforward:
onm ()] = hp(@nm) ™" = o ()] < [Anm ()] + [8nm()]. (45)
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Recalling the notations of (22) and (42), from (43) and (45) we have

h h
0 =D ompl < /An(t)dt+/5n(t). (46)
m 0 0

To derive (16) from (46), it suffices to observe that by (26) and (41) the right-
hand side of (46) vanishes as n — oo and that by (27) >, om — L.

Convergence (17) ensues from (16) and (30).

Proof of Corollary 3. If (18) is satisfied then (19) is apparent from (17).

Furthermore, by definitions (7) and (10) we have

oo

0(2rkh) = /ei%’”/hv(x) dx
. = X (47)
_ Z/6i27rkm+i27rkt/hv(mh+t) dt — /ei27rkt/h,vh(t) dt.
™0 0
With (19) holding, from (47) we obtain
h 27
0(2wk/h) = /ei%kt/h dt/h = /(cos kx + isinkz)dx =0
0 0
for k = £1,42, ..., which proves (20).
Proof of Corollary 4. Under the assumptions made and in view of (20)
o(t)=0 forall teU, where U=|J@2rk/H, 4xk/H). (48)

k0

Since the characteristic function 9(t) is continuous, the set U in (48) can be replaced
by its closure Uy. To obtain (21), it remains to observe that Uy = (—o0, —27/H| U
[2m/H, 00).

Proof of Theorem 1. We apply Corollary 4 with H = . To prove Theorem 1,
it suffices to proceed as follows. Given an h in the interval (y/2,7), construct
a symmetrically distributed random variable ¢ satisfying (1) and (4), taking the
values 0, £h, and +2h, and having maximal span h.

Put

P(lg] = h) = pi(h) = h7>(2h =), P(|g] =2h) =pa(h) = h™>(y = h)/4. (49)

Verify that £ is a required random variable. We have to check that the functions
p1(h) and po(h) in (49) meet the following conditions for all h € (v/2,7):

h2p1(h) + (2h)%pa(h) =1,  hPpi(h) + (2h)°pa(h) = 7,
pi(h) >0, pa(h) >0, pi(h)+p2(h) <L

It is clear that for such h only the last relation in (50) may be not automatically
true. However, since the function py(h) 4+ p2(h) on the interval (v/2,) attains its
maximal value at h = 97v/14 while p1(97/14) + p2(97/14) = 37573 /42, all relations
of (50) hold for 42 > 37573 = 343/243. The so-obtained restriction on « coincides
with (8).

(50)



8 Smoothed distributions in CLT

REFERENCES

[1] . . Yurinsky, A smoothing inequality for estimations of the Lévy—Prohorov distance. Teor.
Veroyatnost. i Primenen., 20, No. 1, 1-12 (1975).

[2] C. G. Esseen, Fourier analysis of distribution functions. A mathematical study of the Laplace—
Gaussian law. Acta Math., 77, No. 1-2, 1-125 (1945).

[3] V V. Petrov, Sums of Independent Random Variables. [in Russian|, Nauka, Moscow (1972).

[4] I. A. Ibragimov and Yu V. Linnik, Independent and Stationarily Connected Variables. [in Rus-
sian|, Nauka, Moscow (1965).

[6] W. Feller, An Introduction to Probability Theory and Its Applications. Vol. 2, John Wiley,
New York (1971).

NOVOSIBIRSK



