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Abstract: In this paper, we derive a valid Edgeworth expansions for the
Bessel corrected empirical variance when data are generated by a strongly
mixing process whose distribution can be arbitrarily. The constraint of
strongly mixing process makes the problem not easy. Indeed, even for a
strongly mixing normal process, the distribution is unknown. Here, we do
not assume any other assumption than a sufficiently fast decrease of the
underlying distribution to make the Edgeworth expansion convergent. This
results can obviously apply to strongly mixing normal process and provide
an alternative to the work of Moschopoulos (1985) and Mathai (1982).
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1. Introduction

Let X4,...,X,, be arandom sample and define the sample variance statistic as:

_ 1 <& 1 & _
X,==Y X,, 2= X — X% X,=(X1,....Xx,)T (1
A Ke dh= T - X (X1, Xa)T (L)

where X,, is the empirical mean, s the Bessel corrected empirical variance also
called sample variance, and X,, the vector of the full history of this random
sample. We are interested in the distribution of the sample variance under very
weak conditions, namely that it admits a valid Edgeworth expansion.

It is insightful to notice that even with the additional constraint of a multi
dimensional Gaussian distribution N'(0,¥)! for the underlying random vector
X, the distribution of the sample variance is not known. In this particular set-
ting, the sample variance is the squared norm of a multi dimensional Gaussian
and can be seen as the linear combination of independent but not Homoscedas-
tic variables. Standard theory states that the sample variance of a collection of
independent and identically distributed normal variables follows a chi-squared
distribution. But in this particular case, the different variables X; — X,, are not
independent and the result can not apply. Though they marginally have the

same variance (if we conditioned by X,,), they are correlated with each other.

lwith Sigma arbitrarily
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Hence, in general, the distribution of the sample variance in the normal case is
not a known distribution. There is however one special case, where it is a 2
distribution. Remember that when X ~ N(0,%), XTBX has a x? distribution
of degree d the rank of B if and only if BYXB = B (see for instance page 413
remark following theorem 1 of Hogg et al. (1978)). Notice that in our case, the
B matrix is B=1,, — %151,1, where I,, is the identity matrix of size n and 1,,
is the vector of size n filled with 1 as we can write

n

9 1

_ $O(X; - X2 1.2
= ! XT(I 71 171 )X (1 3)
n—1 L '

we obtain that it is a y? distribution if and only if

1

n

1 1
(I, — -1r1,)%1, - -1f1,) =1, - -1’1,
n n
In other cases, the sample variance is a linear combination of Gamma distri-
bution, and one has to rely on approximations as explained in Moschopoulos

(1985) and Mathai (1982).

This simple example explains the interest in deriving an approximation of the
distribution of the sample variance by means of Gram Charlier and Edgeworth
expansion.

2. Gram Charlier and Edgeworth expansion

2.1. Key concepts
Gram-Charlier expansion?, and Edgeworth expansion®, are series that approx-
imate a probability distribution in terms of its cumulants. The series are the
same but, they differ in the ordering of their terms. Hence the truncated series
are different, as well as the accuracy of truncating the series. The key idea in
these two series is to expand the characteristic function in terms of the charac-
teristic function of a known distribution with suitable properties, and to recover
the concerned distribution through the inverse Fourier transform.

In our case, a natural candidate to expand around is the normal distribution
as the central limit theorem and its different extensions to non independent
and non identically distributed variable state that the resulting distribution is a

2named in honor of the Danish mathematician, Jorgen Pedersen Gram and the Swedish

astronomer, Carl Charlier
3named in honor of the Anglo-Irish philosopher, Francis Ysidro Edgeworth
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normal distribution (or in the most general case to truncated symmetrical and
a stable distributions 4.

Let denote by f (respectively qAS the characteristic function of our distribution
whose density function is f (respectively ¢), and x; its cumulants (respectively

7v;). Cumulants definition state

. s it)d . O it)I
f(t) =exp Z Kj (J') and @(t) = exp Z V; (]') ) (2.1)
j=1 j=1
which gives the following formal identity:
s e (it) | -
ft) = exp | 30, =) | 600 (22)
j=1

Using Fourier transform property that say (it) é(t) is the Fourier transform
of (=1)?[DI¢](—x), where D is the differential operator with respect to x, we
get the formal expansion:

f@)=exp | > (kj =) (jl!))j

j=1

o(x) (2.3)

If ¢ is chosen as the normal density ¢(x) = \/2170 exp {— (2;*2&)2} with mean

and variance as given by f, that is, mean p = x; and variance o = ks, then
the expansion becomes
o .
(=D)’
flz) = exp ZF”T o(zx), (2.4)
Jj=3

since y; = 0 for all j > 2, as higher cumulants of the normal distribution are
0. By expanding the exponential and collecting terms according to the order of
the derivatives, we arrive at the Gram—Charlier A series. Such an expansion can
be written compactly in terms of Bell polynomials as

exp Z/@% :ZBJ-((),O,H;;,...,mj)( ,') . (2.5)
j=3 J: =0 J:

Since the j-th derivative of the Gaussian function ¢ is given in terms of
Hermite polynomial as

o) = Ve (”3 - “) 6(x), (2.6)

o’ o

4please see the extension of CLT in Gnedenko and Kolmogorov (1954)
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this gives us the final expression of the Gram-Charlier A series as

= ¢(z L K ki) He; (Z—£
1) =903 S 00l (TE) a)

If we include only the first two correction terms to the normal distribution,
we obtain

K

)= o0 [t gites (1) 4 fne, (P e m)

with Hes(z) = 23 — 3z and Hey(z) = 2* — 622 + 3 and

01

Rs(2) =Y ——B;(0,0,ks,...,%;)He; (”3 - “) .

jlod o
=57

If in the above expression, the cumulant are function of a parameter %, we
can rearrange terms by power of % and find the Edgeworth expansion.

2.2. Cumulant for weak conditions

In order to derive our Gram Charlier or Edgeworth expansion, we need to com-
pute in full generality our different cumulants. Using similar techniques as in
Benhamou (2018), we can get the various cumulants as follows:

The first two cumulants are easy and given by:

k1 =(fi2)1 — (A (2.9)
A% 0 A% 1 A% 1
_ AL , , 2.1
2 n—1 n (nfl)n+R2 (2.10)

with the different numerator terms given by:

AT g = — 4(f1)2 + 8(ATfi2)2 — (13)2 (2.11)
ARy =(f1a)2 — 4(fifis)2 (2.12)
AT 1 =6(/i1)2 — 1243 fi2)2 + 3(/i3)2 (2.13)

Ry =(fi3)2 — 2(fi3 fin)2 + (fi)2 — (k1)* (2.14)

with the natural symmetric moment estimators whose expressions are provided
in appendix section A.1. The term Rj is the second order rest and is equal to
zero if the sample is i.i.d. For general case, this term does not cancel out and
should be taken into account. It can be rewritten as

Re =(fi3)2 — (fi2)T + 2((fi2)1 (1)1 — (i fi2)2) + (41)2 — (49)7 (2.15)
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The third cumulant is more involved and given by:

L Ah AL A, AL AL
? (n—=12 (m—-—1n n? (n—=1)2n  (n—1)%n
+ A3 +R (2.16)
(n —1)2n2 ’ '

where the different numerator terms are given by:

Ag,o =- 40([‘?)3 + 120@411/12)3 - 56(/1?,553)3 - 78([&/13)3 + 48(f11 fi2/i3)3

+2(43)s — 6(413)s (2.17)
AT 1 =18(/i1 fia)s — 3(finfia)s (2.18)
A2 =(fi6)s — 6(fifis)s (2.19)
A3 =136(49)s — 408(/i1fi2)s + 160(fifis)s + 288(fi3 /i3 )5 — 144(ir fizfia)s
— 24(fi3)s + 12(fi3)s (2.20)
A3 5 =15(fiafia)s — 30(fiffia)s (2.21)
A3 5 = — 120(41)s + 360(fi1fi2)s — 12041 fia)s — 27044133 )3 + 120(fin fizfis)a
+30(fi3)s — 10(4i3)s (2.22)
Rs = — 3uopy +2(k1)° (2.23)

with the natural symmetric moment estimators given in appendix section
A.2. The fourth cumulant is even more involved and given by:

ros — As o Az Al Ajs A3 A3
* (n—=1)2  (n—-12n (n—1)n? n3 (n—=1)3n  (n—1)2n2
At A} A3 Al
i 1,3 3,2 2,3 33 p (2.24)

(n=1)mn3  (m-=1)3n2 (n—=1)2n% (n—1)3n3

imsart-generic ver. 2014/10/16 file: article_edgeworth.tex date: September 18, 2018



E. Benhamou/Gram Charlier and Edgeworth expansion for sample variance 6

with the different numerator terms are given by:

A3 = — 672(fi1)a + 2688(fif fiz)a — 1216(7fi3)a — 3120(4i1/33)a + 400(fi1fia)a + 2240(4i3 fizfia)
+960(43/i3)a — 384(fi347) 4 — 480(4i3 fizfia) s — 624(fin fifiz) s + 144(fin fiafia) s — 6(f12)4

+96(fi2/i3)a — 3(11)4 + 12(fi3414)4 (2:25)
Aé,l =- 128(12?/15)4 + 96( (11 fi2fis)a — 24(fi3fis)a (2.26)
At 2 =32(fi} fi6)a — Alfl2fic)a (2.27)
Aoz =(fis)a — 8(firfir)a (2.28)

A5 =3792(44%)a — 15168(4S fi2)s + 6144(45 fi3)4 + 18144(4743)a — 1920(41 fua)a — 11520(43 frafis)a
— 6336(/i3/i1)a + 1680(4i7 fi5)a + 2520443 fiafia)a + 3600(finfizfis)a — 624(fin fisfia)a + 234(fiz)a

— 432(fi2/13)4 + 33(fi4)4 — 252(fi3f14)a (2.29)
A3 =400(1fi5)a — 336(fin fizfis)s + 48(fiafis)a (2.30)
A 5 =28(fizfic)a — 56(/47fis)1 (2.31)

Ag o = — T440(A5)a + 29760( /15 f12)a — 10880( /4] fis)a — 36480(fi1/13)a + 3L04(fi1fia)a + 20992(fi5 fiafis)a
+ 13824(/i i) 4 — 2752(fi1 3 )a — 4368(fi3 fiofia) 1 — T248(fi1 fifis)a + 9T6(fin fizfia) s — T38(fi2)a
+ 800(flafi3)a — 57(fi3)a + 612(fi3fia)a (2.32)

Ad3 = — 336(/43 is)a + 336(fin fizfis)a — 56(fisfis)a (2.33)

A5 5 =5040(445)4 — 20160(4S fi2)4 + 6720(45 fi3)4 + 25200(f1413)a — 1680(fi1 fia)s — 13440(f3 fiafis)a
— 10080(/4122)4 + 1680(4i3 /i3 )4 + 2520(47 fizfia) 4 + 50A0(fin fi3 fiz )a — 560(fin fisfia)a
+ 630(fi2)a — 560(fi2/13)a + 35(4i3)a — 420(fi3fia)a (2.34)

with the natural symmetric moment estimators given in appendix section
A.3.

Proof. see appendix section B O

3. Conclusion

In this paper, we have derived the most general formula for the Gram Charlier
and the resulting Edgeworth expansion for the sample variance under very weak
conditions. Our formula does not assume that the underlying sample is inde-
pendent neither identically distributed. This formula can therefore be applied
to strong mixing processes like sample of an auto regressive process of order 1
(AR(1)). It extends in particular the work of Mikusheva (2015)
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Appendix A: Notations
A.1. Empirical Moments of order 1 and 2 Notation

We adopt the following notations

e moment of order 1:

i E[X7]

()1 = - (A.1)
2y, iz B XX]
(A1) = nn—1) (A.2)
e moments of order 2:
(f14)2 :7Zi:1;€ [X] (A.3)
L,k X?Xj
(fnfis): :Z”j;(n[_l)] (A1)
2 E[X2X?
(ﬂg)Q :% (A.5)
.2, 7Zi¢j;ﬁk E [XEXJX’“]
(f1fi2)2 = n(n—1)(n—2) (A.6)
(i), = Szt B XX (am

nn—1)(n —2)(n — 3)
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A.2. Empirical Moments of order 8 Notation

6y Duigjphtizmen B [XiXG Xk X1 X Xon]
(fi1)3 = nln— 1)(n—2)(n—3)(n—4)(n—5) (A.8)

 Yigitupigm B (XX X X1 Xom]

(firfiz)s = n(n—1)(n —2)(n— 3)(n — 4) (A.9)
o Digges B [XOXG XX
(itfs)s = n(n—1)(n —2)(n — 3) (A.10)
22,2 Ez J E [X?XJQXIVXZ]
(A143)s = fnfﬁl)(n — 53 (A.11)
2 'L;ﬁ]#k [X?X]Xk}
(f1fia)s = =1 —2) (A.12)
... z;ﬁ];ﬁk E I:XZ?’X;XIC}
(/L1,LL2/L3) - n(n — 1)(7'L — 2) (A13)
L E[X2X;
(s fis)s :m (A.14)
iy i B [XEXTXT]
(fi2)s = n(n =1 =2 (A.15)
L E[XEXT
(fizfia) :Z”:(n[—l)} (A.16)
o Dy B [XPXT]
(13) :%——D (A.17)
(fi6)3 ZZETM (A.18)
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A.3. Empirical Moments of order 4 Notation

Zi;ﬁj;ﬁk;ﬁl#m;ﬁn;ﬁo;ﬁp E [Xin Xk Xi XanXoXp]

.8 _
(m”*mn—nm—mmf3mp4xn—mm—®m—n
_ > ittt matnato B [X7 X5 X0 X1 X X0 Xo|

n(n—1)(n —2)(n —3)(n —4)(n — 5)(n — 6)
5y Dipiktigmen B X0 X5 Xk X1 Xm Xn]
Uihs)s = ) (= 2)(n = 3)(n = D) —5)

4,2 _Zi;éj;ek;sl;ém;én E [XfoXleXan]
Y N | P pg pry Y prp
4, _Zi;&j;ﬁk;ﬁl#mE [XfX]-XleXm]

(it fia)a = n(n—1)(n — 2)(n — 3)(n — 4)

.3, 72##1@;&1&3 [X?XJX’“XZ]
Withs)s == o — 2 = 3)
Zi;ﬁj;ﬁk;ﬁl;ﬁm E [X?X?XleXm]

nn—1)(n—2)(n—3)(n —4)
_Zi;ﬁj;&k;ﬁlE [X;‘XJZXle]

T nn—1D(n-2)(n-23)
.2 .3 _Z##k;&z;&m E [XfoXﬁXle]
(itfiz)s = n(n—1)(n—2)(n —3)(n — 4)

.2 .2 _Zz’##k#zE [X?X;’Xle]
Uihis)s == " = 2)(n —3)
Ei;sj;,skE [X?X]Xk}

(415 fi2)a

(A3 fizfis)a =

(fitfi2fia)s

o) == = 2)
Lo ks B [XPXZX?X]
Uiasiohis)s == D =D = )
L Dispn B [X0 X X]
(f fizfis)a = n(n—1(n—2)
L, z;éy;ékE [X4X3Xk}
Ufisfia)s === Ty = 2)
(ffir)a = nn—1)
.2, 7Zi;ﬁj¢kE[X14X]2X}3]
(fizfia)s = n(n —1)(n — 2)
(/24)4 :Zi¢j¢k;ﬁl E [X?XfX;?Xf]
2 n(n —1)(n —2)(n — 3)
(fi2fi6)a = W= 1)
i B [XPXIXE]
('u2ﬂ3) n(n —1)(n — 2)
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(fisfis)a = n(n — (A.38)
> E[X X
2 _ i#] J
(fi1)a T (A.39)
E [X?
(s =22 (A40)
n
Appendix B: Cumulant computation
First of all, the first four cumulants, denoted by ; for ¢ = 1,...,4 are ob-

tained through standard relationships with respect to moments denoted by p}
as follows:

K1 = 1} (B.1)
Ko = i — iy’ (B.2)

= ply — bty + 201 (B.3)
Ka = iy — Aphply — 3ph” + 1200 iy — 6y (B.4)

Hence we are left with computing the first four moments of the sample variance.
The first two moments of the sample variance are easy to compute and given
for instance in Benhamou (2018). For the cumulant of order 3 and 4, we first
compute the different moments and then regroup the terms.

B.1. Third Moment for 331

Let us do some routine algebraic computation. We have

3
8 = ng(n%l (n—1 ZX2 XX (B.5)
i#£]
= 7713(711—1 (n—1)3 ZX2 3(n —1)? ZX2 ZXsz
k£l
3(n—1) i:XE O xex)? + (O Xk X)) (B.6)
i=1 k#l k#l

Let us expand. The first expansion (3_;_; X?)? is easy and immediate:

(ZH:X?Y’ ZX‘°’+3ZX4X2 + ) X2XEXE (B.7)

i#] 1#jF#k
In the expansion of (3>°1 Xf)Q(Eﬁék X;X}), the possibilities are:
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o Zi;ﬁj X7 X;

o Zi;ﬁj;ﬁk XfXij

¢ Lip XiX7
D e

hd Zi;éj;ék;él XiQijXle

In the expansion of (3} ., XZ)(3

° Z#j X;LXJ2

. Z##k XXXy

. Z##k Xf’X?Xk

i Zi#j#k;&l X} X Xe X,

i Zi;ﬁj;ﬁk ngfxi

° Z##k# XEXJZXle

o Xigipnrizm Xi XiXp XiXom

In the expansion of (3, ; X;X;)3, the possibilities are:

3v3
* Zi;ﬁj X; ng ,
> intjrn Xi X5 Xk
Digien Xi XFXR
Dzt Ko X XX
Digiph X0 X)X X
Zi;éj;ék;él;ém XEXijXle
i ithlpmetn XiXKj X e X1 Xm
which leads to
(n=5)(n—4)(n —3)(n — 2)i$

2k X;jXk)?, the possibilities are:

3(n—5)(n —4)(n — 3)(n — 2)fi2fi}

81— _
Elsnl = (n—1)2n2 + (n—1)2n2
LA =3)(n=2)Bn = 5)isit  3(n = 3)(n = 2) (n® —6n +15) i34
(n—1)2n2 (n —1)2n2
_3(n=5)(n—2)hap}  12(n —2) (n® —4n +5) fiafisfn 6fisfn
(n —1)n? (n —1)2n2 n2
2(3n2 —6n+5) 42  3(n%—2n+5)h2fia  fie
a (n—1)2n2 (n —1)n2 n?
(n—2) (n® —3n% +9n —15) /i3
+ (n—1)2n? (B.8)
Regrouping all the terms leads to
M3} M3 M3 M3 M3
]E[Sg] :MS,O + 1,0 + 0,1 + 2,0 1,1 + 0,2
P on—1 n n—1)2 (n—1)n n?
LY Y P ¥ )

(n—=1)2n  (n—=1)n%2 (n—1)2n2
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with

M3 o = — 6048 + 18011 fio — 68/ fis — 12977 (13 + 60fiafizfin + 13713 — 6413 (B.10)
M§ o =— 5 + 34t fio — 3447443 + 33 (B.11)
M3 5 = — 12045 + 36071 fia — 120/ (i3 — 27043 i3 + 120fin fizfiz + 3043 — 1043 (B.12)
M} o =124§ — 3611 fi2 + 12043 fis + 27/13 13 — 12fin finfiz — 33 (B.13)
M3, =15445 — 46271241 + 17243 i3 + 33342 43 — 15641 finfis — 3343 + 12713 (B.14)
Mo = — 33 fia + 3fizfia (B.15)
M 5 =15/iafia — 30/i1 fia (B.16)
My =214Ffia — 6fizfia (B.17)
M§ 5 =fic — 6/i1fis (B.18)

Using previous results in the relationship between cumulant and moment
leads to the result. O

B.2. Fourth Moment for s2

Let us do some routine algebraic computation. We have

Sn = m (n—1) Zn:Xf -y XiX; (B.19)
i=1 i#j
= % (n— 1)4(§n: X))t —4n— 1)3(§n: X230 X0 X)) +6(n — 1)
nt(n—1) — v o

(i X2 X X1)? +4(n — 1)& X)Xk X+ (O XeX))* | (B.20)

i=1 k#l i=1 k#l k#l

Again, one needs to expand all the terms and look at all the various possibil-
ities to demonstrate the following relationship where we have regrouped against
each of the symmetric empirical moment estimator
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(n=7)(n—6)(n—5)(n — 4)(n —3)(n—2)i§ _ 4(n—T)(n—6)(n —5)(n —4)(n — 3)(n — 2)/iz/if

E[s3] =
(5] (n—1)3n3 (n—1)3n3
8(n —5)(n —4)(n — 3)(n —2)(3n — 7)fi3f3 n 6(n —5)(n —4)(n — 3)(n — 2) (n? — 10n + 35) f24d
(n—1)3n3 (n—1)3n3
N 2(n — 4)(n — 3)(n — 2) (3n? — 30n + 35) fu/it N 16(n — 4)(n — 3)(n — 2) (3n2 — 20n + 35) fi2fizf}
(n—1)3n3 (n—1)3n3
N 8(n —3)(n —2)(3n — s A(n—4)(n —3)(n —2) (n® —9n? + 45n — 105) 343
(n —1)2n3 (n—1)3n3
8(n —3)(n —2) (9n? — 30n + 35) 4342 12(n — 3)(n — 2) (n3 — 9n? + 36n — 35) finfisfi?
(n—1)3n3 (n—1)3n3
_A(n—7)(n—2)fefi]  24(n —3)(n —2) (n® — Tn? + 25n — 35) fi3fisfi1
(n—1)n3 (n—1)3n3
_ 8(n-2) (3n® — 21n? + 45n — 35) fisfiafi1 _ 24(n-2) (n? —4n +17) fizfisfu
(n—1)3n3 (n—1)2n3
A _ _ 4 _ 3 2 _ 4
8z (n—3)(n—2) (n* —4n® + 18n? — 60n + 105) /i3
- —+ —
n3 (n—1)3n3
_ 8(n—2) (3n® — 150> + 35n — 35) fi2/i3 N (3n* — 12n3 + 42n? — 60n + 35) (12
(n—1)3n3 (n—1)3n3
N 6(n —2) (n* — 4n3 + 16n2 — 40n + 35) /4 8 (3n2? —6n+7) fisfis
(n—1)3n3 (n—1)2n3
4 2 _ 2 7 ’ - 2
(% = o 7)ol s (B.21)
(n—1)n3 n3

Once this is done, one needs to collect all the terms and can get the final
result. O
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