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A NEW DIRECT PROOF OF THE CENTRAL
LIMIT THEOREM

VLADIMIR DOBRIC AND PATRICIA GARMIRIAN

ABSTRACT. We prove the central limit theorem from the defini-
tion of weak convergence using the Haar basis, calculus, and ele-
mentary probability, and we estimate the rate of convergence off
the tails. The use of the Haar basis pinpoints the role of L*([0, 1])
in the CLT as well as the assumption of finite variance.

1. Introduction

In this paper, we give an elementary proof of the central limit theorem
(CLT). The proof is elementary in the sense that it avoids the use of charac-
teristic functions and only requires knowledge of elementary probability and
calculus. The general idea of the proof is to expand the random variables in
the statement of the CLT with respect to the Haar basis and to approximate
these expansions by finite sums having m values. This allows finite sums of
independent copies of these random variables to be approximated by multino-
mial distributions. Calculations of the multinomial coefficients are then made
explicit by Stirling’s formula and Taylor series approximations. Our main re-
sult is a proof of Theorem 1.

THEOREM 1. Let (X;) be a sequence of i.i.d. random variables with mean
p and variance o®. Let f:R — R be a bounded, continuous function. Then,
for each € > 0, there exists n1 € N such that

p(r(BE DY ) b))

for all n>nq, where Y is a standard normal random variable.
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We provide a brief history of the CLT. The first major contribution to the
CLT was in 1733 by de Moivre. De Moivre proved a version of the CLT for
Bernoulli random variables in which the binomial coefficients were approxi-
mated via Stirling’s formula and Taylor series. In 1820, the work of Laplace
laid the groundwork for a more general CLT [2]. Our proof extends the work
of de Moivre by establishing a connection between the general CLT and the
multinomial distribution.

In 1935, both Lévy and Feller independently proved the CLT. Feller’s
method of proof was based on characteristic functions. [6] While Lévy had
championed characteristic functions in the 1920s by proving his Continuity
Theorem, Lévy favored more rigorous analytic methods for proving the CLT.
Lévy’s proof relied on a decomposition of sums of random variables and the
dispersion of these sums. Lévy believed that these analytic methods provided
more intuition about the CLT than the method of characteristic functions [7].

Later proofs of the CLT have also avoided the use of characteristic func-
tions. In [1] (1941), Berry calculates exact estimates of the supremum of the
absolute value of the difference between the cumulative distribution functions
for the i.i.d. sums of random variables and the normal distribution using
elementary calculus. In [9] (1959), Trotter restates the definition of weak con-
vergence of a sequence of random variables as the weak-x convergence of a
sequence of operators. The defined operators are contraction operators on the
space of functions having continuous second derivatives. These functions are
then expanded as second order Taylor polynomials with an error term which
is controlled by the assumption of continuous second derivative.

Our proof is similar to those in [1] and [9] as it uses calculus to obtain error
estimates. While the proof in [1] makes use of the cumulative distribution
functions for the relevant distributions, our proof (as well as the proof in [9])
uses weak-x convergence of the relevant sequence of measures. Although the
proof in [9] does not give a rate of convergence, the Berry—Esseen theorem
(which combines the results in [1] along with the work of Esseen in [5] and
[4]) gives both a rate and exact constant of convergence assuming finite third
moment. Our constant of convergence depends on ||f|lcc (where f is given
in the definition of weak convergence) and m (which depends on the number
of terms in the Haar expansion), however, we only assume a finite second
moment.

In [8] (1972), Stein’s method set the stage for more generalizations of the
CLT. This method establishes a normality criterion for the expectations of
differential equations of random variables for a certain class of functions. One
important advantage of Stein’s method is that it not only applies to sequences
of independent random variables but dependent random variables as well [2].

There continues to be interest in new elementary proofs of the CLT. In [3]
(2005), Dalang proved the CLT by using weak-x convergence for a sequence
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of operators on the space of bounded functions with continuous third deriva-
tives. Dalang expresses these functions as second order Taylor polynomials
and calculates their errors. He then calculates the rate of convergence in the
CLT by expressing the error as a telescoping sum of incremental errors. In
[10] (2013), Zong and Hu prove the CLT by showing that the weak-* limit
of a sequence of normalized sums of i.i.d. random variables satisfies the heat
equation.

Each of these proofs is similar to our proof due to the avoidance of charac-
teristic functions and the use of techniques from calculus. Although the proof
in [10] does not give a rate of convergence, the proof in [3] does give a rate
and constant of convergence. The constant of convergence in [3] depends on
the sup norms of the second and third derivatives of f. Although our constant
also depends on f, we use the weaker assumption that f is only a bounded,
continuous function.

The steps of our proof proceed as follows: given an i.i.d. sequence of random
variables on a probability space, we construct an i.i.d. sequence on [0, 1] with
the Borel sigma algebra and Lebesgue measure having the same sequence of
distributions. As the new sequence of random variables is defined on [0, 1]
and also has finite variance, we then expand this sequence with respect to the
Haar basis.

We then reduce the problem of showing weak convergence of this new
sequence of random variables to the case where the Haar expansions are trun-
cated to have only M terms, for some finite M which will be chosen to accom-
plish certain other objectives (Lemma 1). These truncated Haar expansions
each have m = 2™+ possible outcomes. Next, we show that the sum of Haar
expansions having only M terms is in fact the projection of a multinomial
random variable.

In Lemma 2, we identify the tails of the multinomial random variable. After
cutting off these tails, we compute the probabilities for the multinomial distri-
bution using Stirlings’s formula and Taylor series approximation (Lemma 3).
The appearance of the Gaussian density on the multinomial side can be seen
in this step.

On the Gaussian side, we express a standard normal random variable as
a sum of m independent normal random variables with coefficients being the
outcomes of the truncated Haar expansion. We then apply Fubini’s theorem to
reduce by one dimension the expression for the expected value on the Gaussian
side as an integral over a hyperplane in R™ (Lemma 4). In Lemma 5, we
identify the tails of the Gaussian. After cutting off these tails, we approximate
the integral by a Riemann sum. The Riemann and the multinomial sums
match perfectly.

In Proposition 6, by bounding the function f by its sup norm, we estimate
the sum of the absolute values of the differences between the multinomial and
Gaussian probabilities. It is here that we also obtain the rate of convergence
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of n=1/2 and the constant for convergence of 32\’/”%, off the tails. In both

instances, the restriction to “off the tails” arises since our truncations (of the
Haar expansions, the multinomial sum, and the Gaussian Riemann sum) are
based Chebyshev’s inequality, in which coarseness is the price of its generality.
Finally, in Theorem 1, we pull together the preceding results to prove the CLT.

2. Preliminary estimates

2.1. The Haar expansion and approximation. Let € >0. Let f:R—R
be a bounded, continuous function. Let Z be a random variable on a proba-
bility space (2, F, P). We may assume that F(Z) =0 and var(Z) = 1. Define
the quantile of Z to be the function X :[0,1] — R defined by

X(z):=inf{y e RIP(Z <y)>uz}.

Then, X is a random variable on the probability space ([0,1],5(]0,1]),\),
where B([0,1]) denotes the Borel sets of [0,1] and X is Lebesgue measure.
Further, X has the same distribution as the random variable Z.

For x € (0,1), let €;(x) be the ith bit in the binary expansion of z (for
dyadic rationals, choose the expansion with the tail of 0’s). We create the
following matrix of binary digits:

€1 €3 €6
€2 &5 &9
€4 E8 €13

For all = € (0,1), define P;(x) to have binary expansion given by the ith
column of the matrix. Let X;(x) := X (P;(x)). Then, (X;) is an i.i.d. sequence
of random variables on [0, 1] having the same distribution as X.

Let L2([0,1]) denote the space of all functions g : [0,1] — R satisfying

ol = [ Jafe)] dx@) < .

The Haar basis is the simplest orthonormal system in L?([0,1]) and consists
of the set S = {H; ()]0 <j <00,0<k<2/ —1}U{x[o1}, where
i k+1
25, z€ly,pt),
Hin@) = —25, xe[ffz &)
0 otherwise

and
(x)_ ]-7 SUG[O,].],
X0 =90 otherwise.

Since L
B(X) = /O X (2)d\(z) = 0,
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then
1
IXI8= [ X[ aA) = B(X?) = Var(X) =1 < x.
0
Thus, X € L?([0,1]), and

27

oo 1
=D ciwHik()
§=0 k=0

where ¢, = fol X (z)H; ;(z) dz. Then,

oo 291 3
Z Z cj, k22 J+1( )X{k} 29 Z 2%, ¢jl2iz) (— J+1(w)7
§=0 k=0 j=

where, as usual, |x| denotes the greatest integer <z, and
_J1, x=k,
Xy (7) = {0 otherwise.
For n > 1, define

Sp(z) = ZXi(x) — ZQ%CJ.)LQJ.PL_(M (—1)5+1 (Pi@)
n M )
(1) Synr () = ZXiaM(”f) = Zzzamzjmm (—1)=+1(Pi)

M
(2) orp=Var(Spa) =Y > .

LEMMA 1. Let f:R — R be a bounded, continuous function. Given any
e >0, there exists a positive integer My such that for all M > My:

! Sn(a:)> 3 ! (SnM(x)>
[ )= [ e
Proof. Note that E(22)=0 and Var(2z) =1. Let £ > 0, and define

vn )
|51,

{ENR R

By Chebyshev’s inequality,
1
AMA) < — 73 <€ and A(Bu) < Iz

< (6] flloo +1).

Sh,




360 V. DOBRIC AND P. GARMIRIAN

for L large. Since f is uniformly continuous on [—L,L], then there ex-
ists a 0 >0 such that z,y € [-L,L] satisfying |z — y| < § implies that
|f(z) — f(y)] <e. Now, let

Sn > 5}.

Cy =

. { Vi oy
Since oy — 1 as M — oo, then there exists an My € N such that for all
M Z MQI

Sn S’n,M
Var<\/ﬁ— JM\/E> < (1—0M2) +2(1—0’M)\/1—0%V1+(1—0'M)2<€52,

and so

Sn Sn,M

62
Now, let S:= A°N B§,; NC§;. Then, A(S°) < 3e. Hence,

%)+ ()

2.2. The multinomial random variable. Let

<2[[fllocA(S%) +eA(S) < (6] fllo +1).-

M

1 j .

XO,M(x) = E 22%0_]7'-2]1] (—1)EJ+1( )
j=0

for z € [0,1]. Below, we investigate the properties of this random variable.

Note that X ps is a random variable which depends on (e1,...,€a+1). From
now on, we will let m := 2M+1 for notational convenience. Thus, Xg s is
constant on dyadic intervals of length 2’(M+1)(: %) Let 01,...,0,, denote

the m possible values of X »s. It follows that

m m
g 0;=0 and E 0?=m
i=1 i=1

as E(Xo,pm) =0 and var(Xoa) =1.

We will now take a closer look at the random variable S, as of Equality (1).
Each X; s is a random variable with the m possible outcomes o1, ...,0.,. Let
K; be the random variable which denotes the number of times the outcome
0; is observed among n independent trials. Then,

(3) Spom () =Ki(z)or + -+ + K (2)0m,

where K1 +--- + K,,, =n.

Note that S, s is a scalar product of an m-nomial random variable and
the vector of outcomes. Since each outcome has probability % and the trials
are independent,

M{z€(0,1): Ki(z)=ki,....Kpn(z)=kp}) = (klnkm> (1)"

m
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and

() -2 26 () (550)

k1+ Akm=n
The following lemma allows us to cut off the tails from the multino-
mial random variable. Consequently, we prepare the ground for the usage
of Taylor’s formula. The tails of the multinomial random variable consist
of all (k1,...,km) € {0,1,...,n}™ such that ky + -+ + kp, =n and k; ¢
([Z] = [byvn], [ 2] + [by/n]] for some 1 <i<m — 1.

LEMMA 2. Let

= (', ),

Then, there exists a by such that for all b> by:

PORED YN

k1=1 km=0
ki+-+Ekn=n

L)+ Lovn] Lo 1+ Lovn]

— Z Z q(n7k1,...,km)

ki=lg]=lbvn]  kmoa=L3]-1bvn]

<&l fllso-

Proof. Recall that K; is the random variable which denotes the number
of times the outcome o; is observed, having values k;. Since each K; is a
binomial random variable, we have E(K;) = £ and var(K;) =n(L1)(1-1).
By Chebyshev’s inequality,

A(Ki—ﬁ‘>bﬁ><
m

Then, there exists a by such that for all b> by:

A
m—1

§2A<’K——’>b\/_><—<a

i=1

< —.
~ b2m

(1-+) 1
b*m

Ki—£‘>b\/ﬁf0rsomel<i<m—l>
m

Let
[ & |+by/n] [ & |+[by/n] n 1\"
L= > 2 (" ()

ki=lg]=lbvn]  kmoa=l5]-1bvn]
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Thus,

Z Zq(nakl>"'7km)

k1=1 km=0
ki+-+kn=n

L2 ] +1bvn] L2 |+[byv/n)
- Z Z q(n7k1a"~;km)

kl:L%J_\.b\/ﬁJ km—lzL%J_Lb\/ﬁJ
k14 +km=n

z": z”: (klnkm) (%)n_L"’m

ki=1 km=0
kit thm=n

- f||ooA(

In the following lemma, we will use Stirling’s formula and Taylor series to
approximate the probabilities for the multinomial distribution. For use here
and in the proof of Theorem 1, we define some functions. For n > 0, we let:

< flloo

O

n
Ki——
m

> by/n for some 1<i<m—1> <[ flloce-

m—1
m 2

(1) I = \/ﬁ(%)
For n > 0 and integers, ji,...,Jm whose sum is 0, we let:

m 2 m
(5) Him o) = =50 338+ 5 3!
and
(6) P, 1, ey i) 1= dy eI (B30dm),

LEMMA 3. Let j; = k; — | 2|, and suppose that —[by/n| < j; < [by/n] for

1<i<m—1and jym=—j1 — - — jm—1 and n>b>m?2. Then,

1 n | | 1
W(k:l"-.’km) _p(n;jl7,]m)+0(g>

The proof of this lemma is given in the Appendix.

2.3. The Gaussian side. Now we consider the Gaussian side. Let Y7,...,Y,,
be i.i.d. standard normal random variables. Then, by the properties of i.i.d.
normal random variables,

1 m
Yi=— Y
\/E;OZ (2

is a standard normal random variable.
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LEMMA 4. Define

g(z1, .y 2m) = <TZ )exp<—§;zi>.

Then.
m—1
\/m o0 o0
E(f(Y))=—"F— gl z1,. .0, z2m_1,— zi | dz1 - dzpm_1.
( ) ( /27-[-)77171 e o ;
Proof. Set
01 Y 1
o= | : |, Y = P u=|:
O/"L )/'HL 1

Define the hyperplane S C R™ as follows:

s:={<yi>mleRm:Zyi:o}.
i=1

Since the vector u is orthogonal to S, then the orthogonal projection of Y
onto S is given by:

Z::?—V, where V := (%?u)u

Since Y"1, 0; =0, then o’V =0, and so

s-5((s)) =059}

As the orthogonal projection of the random variable Y onto the hyperplane
S, Z is an (m — 1)-dimensional standard normal random variable with values
in S. Thus:

()
_ W/ﬁj(% ioy) exp<—%§;y3> ds.

Evaluating the surface integral:

m—1
]E(f(Y)) = 27‘(‘ m—1 / / (Zla sy Rm—1, Z Zi) dzi - -dzpm—1.

=1
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For the following results, let j; = k; — [ 7= ]. Then, define the sum “off the
tails” as follows:

v Lovn]

Z = Z Z
A(nmb)  ji=—|byR]  jm_1=—|bVn]
Ji+je++jm=0

LEMMA 5. Let

I & L sm 2
I;: — 0iVi e(_f ity UL)d cood 1+

y1ty2+-+ym=0
Then, there exist ng € N and by > 0 such that for all n > ng and for all b> by,

Z f( Zoﬂ) BT )

A(n,m,b)

<e(Ifllo +1).

Proof. Let

m—1
C:= {yGRm:yie[b\/ﬁ,b\/E] V1<i<m-—1and ymZyl}.
i=1

‘We have

<¢27r1>m / eXp(“Zyl>

= / / exp(——ZyZ>dy1 ey 1 < 00.

y1+y2+-+ym=0
Let

= f ZozyZ —z it 1"1)dy1 ~dYm_1.
air ] i)

Then, there exists a b1 such that for all b > by,

m _1 m 2
%(/.../e 2Zi1yidy1...dym_1> <€7

yeCe
and so
= I <e| flloo-
Suppose that b > b,. Then,

L= lim ——— Y f(fzom> (-3 om, i,

n—00
27'(77/ 7 A(n m,b)
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Here I, is a limit of Riemann sums with points of discretization (%);1‘11,

where —|by/n| < j; < |[by/n], and step size (%)”771 Hence, there exists an
no € N such that for all n > ng,

I < . i?
Z f(%;%]i) RN

A(n,m,b)

<e(llfllee +1).

3. Main results

Theorem 1 gives our proof of the CLT. The proof appeals to Proposition 6,
which provides a comparison of the multinomial and Gaussian sides; the rate
1/2 and the constant of convergence is 3 \/— These only hold off the tails

isn~
as we have truncated the Haar expansions, the multinomial sum, and the
Gaussian Riemann sum. From now on, let b > max{bg, by }, where the former
is as in Lemma 2 and the latter is as in the proof of Lemma 5.

PROPOSITION 6. Let

1 n m= m \~m
D, = L ‘ R PS> >)’
2 (m” (LZ,EJ + 155 L] +Jm> (27n) "

A(n,m,b)
2

2m

n S — O n_l .
3V2mn ( )
Proof. By Lemma 3,

D, = Z ’e—(% m, i )( G(n,j1yendm)+0O(n™1) _ 1)
A(n,m,b)

)

3

. . 2 . 2 . 3 .
where G(n,j1,. ., jm) = (§2) 2137 + (G2 — s) il 50 — Fas 2im1 di-

Then,
Dn = Z e_(% :n 1 ) (nvjla"'vjm)+o(n71) _ 1|
A(n,m,b)
< Z e~ (22X n)|an1,...,jm)+O(n_1)’.
A(n,m,b)

All of the terms which decay at a rate of n~! or faster are absorbed into the
error term O(n~1). We let

m?z m?2 ) m g
E, = 3 | 75 e i=1"n 3
n (27Tn) m <6n2 A(E < E |il )

n,m,b)

2
i

m% m2 m 'm. 1 Ji
_m: —(z I 3
< ) (6n2) > e (E |7 )

A(n,m,b)
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Approximating the sum by an integral,
m2 n 3/2
Ep<(m=1)vm- = <m) E(|X]’) +0(n™"),
where X is a standard normal random variable. Thus,
2 m(m-—1)

E, <
Vor 3vn

JrO(n*l).

Now, consider

2 R .2
m m?2 i3
Fp=|—)—r E e~ (5 X )
6n? ) ( met

27Tn) 2 A(n,m,b)

gml®-

oL 1,2
By maximizing e~ 2% |z,

m2 - n\3/2 o g2
an (ﬂ)ﬁ(—) Z e_(TZi:I 7)6_3/233/2.
" (27Tn) : m A(n,m,b)

Approximating the sum by an integral,
mg n 3/2
F,<vm-|— ] | — 673/233/2+O(n*1).
6n? m
Thus,
m _
Fn<m€ 3/233/2+O(TL 1).

Hence, we have

2 m(m-1) M _3/943/2 1 2m?
. + e 3“4+ 0(n < —F
Vor 3vn 6y/n ( ) 2mn

Since —[bv/n] <j; < |by/n| for 1 <i<m —1, then the terms

m2 m—1 . m3 m—1 .
<w> > i and (@) > Ll
i=1

i=1

E,+F,<

O(n_l).

can be absorbed in the error term O(n~!). Maximizing e_%“52|x\2 and
e~ 3% |z|* and approximating the sums by integrals,

m 2 )
m 2 (m ) Z —(Zym ﬁ) .2
—_— _ e 2 i=1 n |.7m|
m—1 2
(27T) 2 in A(n,m,b)
2

< \/E<m >(;)el 24+ 0(n7Y) = &Jr(?(’fl)

4n2 2n
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and

g 3 2
m <m_> P ONTRER
m—1 3
(27T) 2 3n A(n,m,b)
2 3/2,—2
n 9 _1y _ l6m®/%e 1
<f<3n3>(m)@ 16+0(n ) = o),

It then follows that )
2m
n < +0(n1).
3V2mn ( ) .

Finally, we prove the CLT using Lemmas 1-5. Recall from Lemma 2 that

o (8, ).

Recall from Lemma 3 that

m—1

2
dy = m(ﬁ) |
2nmw
For n > 0 and integers, ji,...,j», whose sum is O:
m m
H(”v]lv"'ajm) ::% jz Z

i=1
and

Py g1,y Jm) = d,, e (Mtssjm)
We now give a proof of Theorem 1.

Proof of Theorem 1. Let M > My, b > by, by, and n > ng. By Lemma 1, we
reduce the problem to dealing with the projection of a multinomial random
variable and we have

oo (1(3)) s
(o (5)) -0

=13 S anky k) — E(FY))

k1=0 km=0
kit-t+km=n

+e(6] flloo +1).

By Lemma 2, we cut off the tails of the multinomial random variable to obtain
L7 [+ 1bvn] L% |+ 1bv/n]

k=] 2 | —by/n) km—1=|7|—[bvn]
kit 4km=n

+ (7l flloo +1).

A <
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By Lemma 3, we further simplify the multinomial sum to obtain

T LiZadio _porey
P 7]m)f< L ) (7))

Writing Y as a sum of m independent standard normal random variables, it
follows that ﬁ S oY 4 N(0,1). By Lemma 4,

m—1
]E(f(Y))— o= 1/ / (Zla--~azm17_zzi> dz1---dzm—1,

i=1

1 m
g(z1, -y 2m) = <\/_Zolzz> exp<§; 2).

By Lemma 5, we approximate the Gaussian integral by a Riemann sum. This
approximation allows us to match the multinomial side and the Gaussian side
and apply Proposition 6:

A < +e(7lfllo +1).

where

A, <d, Z f( i= 1]101)(61{(7;,3‘1,‘..,%)_e—(%zgglé)’
A(n,m,b) \/_
+e(8]fllos +2)
2m?|| floo _
6(8||f||m+2)+m+o(n D < (9] flloo +2). .

3V2mn

REMARK 1. The i.i.d. assumption is necessary so that sums of the approx-
imating random variables have multinomial distributions. The assumption in
the dependent case requires that sums of the random variables are sufficiently
close the multinomial distributions: In order for the proof to carry through in
the dependent case, the following is a sufficient condition:

1 n -
— . )= P Sem=) kioi || <—=
Z mn(%—kjl,...,%_ij) ( M ; ) \/ﬁ

A(n,m,b)
for some C > 0.

REMARK 2. The assumption of “off the tails” can be removed and the same
rate is attained provided that there exists a C' > 0 such that

z1k01>’ Q
‘f( SN

for all (k1,...,km) € {0,1,...,n}™ such that k; + -+ + k,, =n and k; ¢
([Z] = [byvn], [ %] + [by/n]] for some 1 <3 <m — 1.
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Appendix
In this section, we give a proof of Lemma 3.

Proof. Set
1

n
mum,”%mfnw(h.“k >

By Stirling’s Formula, we have

(1+0(2))(2m) bnrtd

Wn ks k) = X .
(n7 1, ) ) (27{)%mnk§kl+§)"'k’fr’fm—‘r%)
Letting k; = [ = | + j; for 1 <i <m,
1 1 n4l
C TP pp— 1+ 0(;)2r)2n ™72 S—
@2m) 2 mn(| 2] + 1) b dFt2) (2] ) (LI Fim2)

_ (1+0(L)m’
@m) " 0 (L4 ga |2 D L (14 2 ) )

For all 1 <i<m, we set
m [ 2 ]+ji+3
oty = (1452 B At )
n
Using a Taylor series approximation, we have the following for n large enough
(as j; is bounded by O(y/n)):
3.3

. n .1 .m m%? m -
a(n,m,z):exp((a +]i+§> (“E_ 2nj21 + 3nj3 +0(n 1)>>

mip  mgi _m?_miE omii miiE

—1
2n 2n 6n2 4n? 3n3 6n3 (n )> '

= exp <.ji +

Therefore, we have

L2 | +51+3 (2 +imtd ' 4
(1 +j1 {%J) (1 +jm \‘%J) :e—H(n,jl,...,]m)’

and so
. . . . 1
l(”a]la ce a,]m) :p(nh]la' .. a]m) +O(E>a
as required. O
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