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Abstract

Some asymptotic expansions non necessarily related to the central limit theorem
are studied. We first observe that the smoothing inequality of Esseen implies the
proximity, in the Kolmogorov distance sense, of the distributions of the random
variables of two random sequences satisfying a sort of general asymptotic relation.
We then present several instances of this observation. A first example, partially
motivated by the the statistical theory of high precision measurements, is given by
a uniform asymptotic approximation to (¢(X + tn))nen, where g is some smooth
function, X is a random variable and (u,),en is a sequence going to infinity; a
multivariate version is also stated and proved. We finally present a second class of
examples given by a randomization of the interesting parameter in some classical
asymptotic formulas; namely, a generic Laplace’s type integral, randomized by the
sequence (un X )neN, X being a Gamma distributed random variable.

1 Introduction

In this work we explore some asymptotic uniform approximations, for distribution func-
tions, that do not require a central limit theorem as a starting point. The matter under
investigation is well illustrated by the following example. Let X,Y be standard inde-
pendent Gaussian variables, u and v parameters and «, 5 > 3; the (exact) distribution
of the random variable (1 + X)® x (v + Y) is not easily described but, for instance,
performing a simulation experiment with varying and growing pu = v parameter, we get
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Figure 1.1: Simulated (p + X)® x (v + Y)? with increasing y = v (a = 3, 8 = 5).

the results in the next figure. A natural intuition is that as 4 = v increase the empirical
distribution of ( + X)® x (v + Y)? gets closer and closer to a Gaussian distribution.
In section 3.3 we will show that, as y and v increase independently, the distribution of
(p + X)* x (v +Y)? is well approximated, in the Kolmogorov distance sense, by the
distribution of p®v? + (aua*IVBX + prP-1 uO‘Y) which is Gaussian.

Asymptotic expansions related to limit theorems, both in the central and non-central
case, are the main subject of asymptotic analysis for random variables and their distri-
butions. Complementarily, asymptotic relations for random variables appear in the
probability and statistics literature in a variety of aspects, mostly in asymptotic ex-
pansions for normalized sums of random variables like Gram-Charlier and Edgeworth
expansions, the so-called delta method, the theory of quadratic differentiability in the
mean of Le Cam (see [Le Cam 86]) and the stochastic differentiability of Hoffmann-
Jorgensen ([Hoffmann-Jorgensen 92]), among others. The use of asymptotic expansions
for the detailed study of a distribution, which otherwise could be impossible to per-
form, is an ancient and established subject in probability theory, at least, since Edge-
worth ([Edgeworth 04]) and the first edition of ([Cramer 99]) in 1946. In the classic
and masterful exposition of [Feller 71], the subject is treated as being mainly related
to the central limit theorem. A more recent and encyclopedic presentation, is given in
[Bhattacharya et al. 76]. Although somehow outdated, [Wallace 58] is a synthetic pre-
sentation of various aspects of asymptotic expansions depending on a parameter com-
monly linked to the sample size. An analytical expository presentation in the context of
astronomy and astrophysics is given in [Blinnikov et al. 98] confirming the contemporary
interest of the theme for practical applications.

We must refer next other aspects of the theme of asymptotic expansions which are,
somehow, related to our approach. Asymptotic expansions for normalized sums of an
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i.i.d. sequence of random variables, assuming that this sum has a stable limit distribu-
tion, are discussed in [Inzhevitov 83], [Kristof 82]. Nonuniform bounds to the remain-
der term of asymptotic expansions for normalized sums of i.i.d. sequences of random
variables with common distribution function F', assuming that F belongs to the do-
main of attraction of a stable distribution function, are presented in [Christoph 91].
In [Barbe et al. 05], the sum of independent heavy-tailed random variables satisfying
an asymptotic smoothing condition is considered. The asymptotic expansion and the
correspondent error bounds for a random variable that may be written as the product
of two independent random variables, one of which may be a multivariate normal distri-
bution among others with a smooth density function, is studied in [Fujikoshi et al. 89],
[Fujikoshi et al 90], [Fujikoshi et al. 89b] and [Fujikoshi et al. 05]. An asymptotic for-
mula for (1/)) fo)\ f(Xy)dt is given in [Khaniyev et al. 04], when \ goes to infinity, that
quantity being a path mean functional for bounded measurable functions f and a semi-
Markov random walk X. The important subject of asymptotic expansions for quadratic
forms, for example, of the type ) a;,X; X}, with the random variables X; forming an
iid. sequence and {aj;} a symmetric matrix, is studied in [Go6tze et al. 05] and com-
plemented in a long series of papers there referenced.

The approximate normality discussed ahead as an application of section 3.1 was first
observed in [Ramos 07] and was highlighted in [Areia et al. 08] by means of a simula-
tion study. In [Mexia et al. 10], under the hypothesis of asymptotic linearity detailed in
section 3.2, results similar to those in section 3 are obtained; the convergence is in proba-
bility, instead of convergence in the Kolmogorov distance sense obtained here, and there
is no usable information on the rate of convergence. By observing that uniform integra-
bility of the relevant family of functions follows from the asymptotic linearity hypothesis,
the extension of these results to moment convergence is proved in [Fonseca et al. 10].
In [Esquivel et al. 09] there is a partial announcement of some of the results here pre-
sented and also a simulation study which clarifies the statistical quality of the asymptotic
approximation given in one of the examples of section 4.

2 Asymptotics for random variables

Following an idea of [Pestana 07] apropos the study in [Ramos 07] and [Ramos et al. 07],
we start by considering a generic question in the asymptotic theory for random variables.
Given that X,, = Y,, + Z,, what are the appropriate conditions to impose on the relation
Zn LY, in order to get

X, ~Y,asn>1.

That is, under what conditions may we approximate the distribution of X,, which may
be hard to compute, by the distribution of Y;, (in a sense to be determined, preferably,
in the Kolmogorov distance sense), for large n? We observe that writing for n > 1 that
X, =Y, + Z, with Z, < Y, is a sort of asymptotic equality between the sequences
of random variables (X,,),>1 and (Y;,),>1. We refer to [De Bruijn 81] or [Zorich 04 II,
p. 595-641] for an exposition of traditional asymptotic analysis and section 4 for some



examples of asymptotic relations for random variables. It is to be noticed that, to the best
of our knowledge, a comprehensive theory of asymptotic relations for random variables is
not yet available although some authors tackled this topic in particular points. See, for
instance, [Hoffmann-Jgrgensen 94, p. 443] with the definition of a stochastic remainder
term.

Remark 1. The answer for the question above is not, in general, an usual convergence
result issue (e.g. a central limit theorem) due to the fact that, possibly, the limiting
values X, Yoo and Zo, are not defined.

Always with X,, = Y,, + Z,,, one possible sense to be given to the expression Z, < Y,
is as follows.

Ve >0 lim P[|Z,] >€e|Y,|]=0. (2.1)
n——+00

For context’s sake we quote next a general result giving a first answer to the question
above, under the conditions given by formula (2.1), for non negative random variables.
It is a nice easy result but with limited practical usefulness as, in general, we don’t
control the rate convergence of the error term dy(€).

Theorem 2.1 ([Ramos 07] p. 12). Suppose that X,,, Yy, Z, > 0 are as above, that
is, satisfying (2.1). For all 0 < € < 1 There exists a sequence (6n(€))nen such that
limy, 400 O (€) = 0 and:

A, (1 2 ) ~64(0) < F, (x) < Fy, (1f> T 8u(e)

Proof. See [Ramos et al. 07] or observe that with d,(¢) := P[|X,, — Y,,| > €|Yy]] :

€z x
< < — X < <
FYn <1+6> <P |:Yn > 1+€7 n > (1+€)Yn:| +5n(€) —FXn+5n(€)

and that
1
Fx, <P [Xn <Y, < lxn] +6u(€) < Fy, (f) + () .
— € — €
O

Remark 2. With A, (€) := N2 {| X, — Yin| < €|Yin|} the result above may also be
proved with d,(¢) := 1 — P[A,(¢)]. In any case, the practical usefulness of the result is
limited to the cases where a detailed estimate of the asymptotic behavior of X, — Y, is
available.

The next results are obvious consequences of theorem 2.1 that allow a complete
answer to the generic question above, whenever the sequence (Y;,)nen converges in dis-
tribution to some random variable.



Theorem 2.2. If X,,,Y,,Z, > 0 are as above, that is, satisfying (2.1). then for all
0<e<1:

lim Fly, <

n—-+o0o

) <t @) < T @) < i A (5)

n——+00 n——+00 n—+00 1—¢

1+e¢

Proof. Just apply theorem 2.1 to the sequences (|X,|)nen, and (|Ys|)nenN- O

The next result is a well known Slutsky’s type result which follows immediately from
theorem 2.2 .

Corolary 1. Let (X,)nen, (Yn)nen, (Zn)nen be sequences of random wvariables such
that X, = Y, + Z, and for all € > 0 we have that lim,,~ P[|Z,| > €|Y,|]] = 0. If

Y, -5 Y then X, -5 v

From here on we do not suppose that condition (2.1) is satisfied. The next important
technical lemma will give us a way of proving the asymptotic approximation of the
relevant distributions, in the Kolmogorov distance sense, as soon as we can control the
asymptotic behavior of the product of a central moment of the remainder term by the
maximum of the density of the first term of the asymptotic formula.

Lemma 1 (Esseen’s type estimate). Let (X,)neN, (Yn)nen and (Zp)nen be sequences
of random variables such that for each n > 1 we have that X,, = Y, + Z,, Y, admits a
density Fy, —and that for some § €]0,1] we have E[|Z,|°] < +oco. Then:

5
T+6

sup |y, (o) — @) < O (E[120] o, (0)) 2

with Cs = (1/m)2173 24755 (1 + 1/6).

Proof. With X,, = Y;, 4+ Z,, we apply the estimate |’ — 1| = 2|sin(xz/2)| < 21-9 \w|5
valid for all 0 < § < 1 to write:

6x, (1) = by, (O] = [B [ (7 —1)]] <20 P B [1Z/°]

T
J
Now, by Esseen’s smoothing inequality (see [Esseen 45] or as quoted in [Feller 71, p.
538] or [Shiryaev 96, p. 296]) for all T' > 0:

dx, (t) — v, (1)
t

so that for 0 < § < 1:

2176T6
)

$x,(t) = Py, (1)

t LPALR

‘dtﬁ

) T
sup [Fix, (z) — Fy, ()| < /
T ™ Jo

24
‘ dt + W—ngp |Fy. ()|



giving an estimation which depends mainly on |E [|Zn|5} and on sup,, ‘F{,n(x)}, that is

2275T6
o

24
sup |Fx,, (z) — Fy, (z)| < E[|Zn|’] + = sup | i}, («)| - (2.3)
T T 5

Let us define m,, = E [|Zn|5} and M, = sup, Fy (r). Then the right hand side of
(2.3) takes the form A,T° + B,T~" with A, = % "m, and B, = (24/7)M,. This

1

. . . .. §+1 . . e .
expression attains its minimum for T = (5BT"> . Choosing this minimizer we will

have formula (2.2) as wanted. O

As a consequence, we have the following immediate corollary, a first general result
which we next show to have several particular relevant applications to specific situations.

Theorem 2.3. Let (Xp)nenN, (Yn)nen and (Zp)nen be sequences of random variables
such that for each n > 1 we have that X,, =Y,, + Z,, Y, admits a density F{/n and that

for some § €]0,1] we have E[|Z,|°] < +o0. Then, if

1
. 5|9 / _
i B [!an } 'Sgp\Fyn(wﬂ =0,
we have that:

lim_sup|Fx, (x) — Fy, ()] =0, (2.4)

n—+oo 4

that is, we have the uniform approximation, for large values of n, of the distribution
function of X, by the distribution function of Y.

3 Linear transform approximation results

In this section we study some approximation results, instances of theorem 2.3, con-
sidering cases where the first two terms in the asymptotic expansion define an affine
transformation of the initial random variable. The driving tool, both in the univariate
and multivariate cases, is to consider asymptotic Taylor type expansions. A first idea
to deal with the problem studied in this question would be to apply some form of the
delta method (see [Oehlert 92]). Nevertheless, as already pointed out in remark 1 the
delta method relies on the central limit theorem which, in general, is not applicable to
the situation under scrutiny.

Our interest in a statistical perspective of high precision measurements, in section 3.3
drove the discussion of the examples in section 3.1.



3.1 The univariate case

We recall briefly the notion of regularly varying function which will be used in the
following (see [Galambos et al. 73] or [Bingham et al. 78, p. 12]). A positive measurable
function R is regularly varying (at +o0) if and only if for some B > 0 and some finite p
it admits the representation

B t

Vo > B R(z) = z”exp (77(:1:) + /w 6(t)dt> ,

with 7 and € bounded measurable functions such that lim, i n(z) = ¢ € R and
limy 4o €(t) = 0. It is natural to say that R is regularly varying at —oo if R(—x) is is
regularly varying at +o0o. This will be the sense of the hypothesis made in the following
theorem.

Theorem 3.1. Let g: R — R be a C%(R) function and X a real valued random variable
such that:

1. With ¢'(z) # 0 for x large enough, we have that lim,_, 4~ ¢"(x)/¢' (z) =0 ;

2. 19"| is a regularly varying function at 400 and at —oo admitting an integral repre-
sentation given by:

2l ¢
Vle| 2 B \g"<x>\=rx|f’exp<n<|x|>+ /| f)dt) (3.1)

with B > 0, p > 1 some constants, n and € measurable and bounded functions such
that limy_, o €(t) = 0;

3. X has a density bounded by a constant D1 > 0;
4. X has an absolute moment of order 2p, that is, E[|X|*] < +oo.

Then, for any non-random real sequence (i )nen verifying limy, i oo pty, = +00 we have
that for some n € N large enough on, and for some constant Dy bounding:

E[/Ol(l—t)wdtu ,

19" ()|
that
F F O (D Doy x| 8 () |7
su T) — / z)| < C e 2p+1 2p+1 ,
meg} g(X+un)( ) g(1n)+g (un)X( )‘ S 0o (D1D>) [|X 7] 7 (1)

thus showing that for large n, the law of g(X + pn,) may be approzimated, in the Kol-
mogorov distance sense, by the law of g(un) + ¢ (1n)X with a rate of convergence given

by 19" (1n) /9 (1) P72,



Proof. The theorem being a consequence of lemma 1, we expose the proof in three steps.
e First step: The density of g(un) + ¢'(un)X is bounded by D1/ |¢'(1n)|-
We have that

i Fx (W) if g'(un) >0

Fy(un)+g' (un)x (@) =

_ w_g(/‘n) ; /
! FX( 9'(tin) ) £ glm) <0

thus ensuring that

1 w—g(un)> Dy
sup ( F' , 2)) = —— . sup FY < <
x€£< )+ () X )) 9G] aek X\ g (n) ) T 19 el

with D; independent of n (note that, necessarily, limy_ 100 |¢' (i1n)| = +00).

e Second step: Defining Z,, as the integral remainder term of the Taylor expansion
of g(X + pp) we show that with § = p/(p+ 1) < 1 we have:

1 1-5 1
E “Znﬂé <E [yX\%} "R H/ (1 t)g”(un+tX)dtH : (3.2)
0
The Taylor expansion of g with integral remainder allows us to write:

1
9(kn + X) = g(pn) + ¢’ (1) X + XZ/() (1 —=1t)g" (pn +tX) dt.

For the record, with the notations of previous sections we have X, = g(u, + X),
Yy = g(pn) + g'(1n) X and

1
Zyp 1= Xz/ (1—8)g" (pn +tX)dt
0

which is a random variable with a not easily described distribution. Considering § =

p/(p+ 1) observing that 26/(1 — §) = 2p and, with 511 + W =1, applying Holder

inequality in order to estimate E[|Z,|°] we get

X2 </01(1_t)g”(,un+tX)dt>5] <

/ 1(1 —t)g" (pn + tX)dt
0

E[|Z:’) = E

:| é
thus obtaining formula (3.2). Now aiming at applying lemma (1) we have as a conse-

quence of formula (3.2) that
1 "
n+1X
E[/ (1—t)~"(’f,+)dtu .
0 19" (12n)|

1-6
<E [\X|%] -E[

9" (kn)
9 (kn)

1 1
E |Zal']" -sup |Fy, (2)] <E [IX*]” Dy
z€eR




e Third step: The announced result will be proved if we show that
1 " n tX
E [ / (1 = +1X) )dtH
0

19" (kn)|
is bounded by a constant Ds. As limy, 400 |g” (n +tX)/g" (1n)] = 1, by the
continuity of ¢”, this is a consequence of Lebesgue dominated convergence theorem
if we show that the integrand is bounded uniformly in n by an integrable function
with respect to P ® A.

In the representation given in formula (3.1), let us consider bounds M,, > 0 and M, > 0
for the functions 1 and e, respectively. Also, as lim¢—, 4 €(t) = 0, let z, > 0 be such
that for |x| > x, we have |e(x)| < p — 1. Let us first observe that:

pn > max(B,x,) = |g”(,un)| > e Mipe (3.3)
This results from having for || > max(B, z,):

e(t)

ot

]

|| ||
’7(|x|)+/ Wl —Mn+log(|xB|) = n(lxl)+/ dt > —M, +log(5) 177
B

B t

As a second observation we also have that for |z| > B:

exp (n(|x)+/;| E(:)dt> < eMn ('g)ME , (3.4)

this resulting from having:

=] ¢ |z
e+ [ e < faia+ [ W

Now, for |u, +tX| < max(B,xz,) we have, by the continuity of ¢”,

=] | (¢ T
< |n(|:c|)|+/ | (t)‘dt < Mn—i—log(‘B|)M€ .
B

< sup < 400

 |z|<max(B.z,)

'@ g

9" (pn +tX) '
9" (kn)

Also for the complementary case, that is, for |p,, + tX| > max(B, z,) and p, > max(B, z,):

nt+tX
g"(un + tX) ‘ |Hn + tX‘peXp (77(|Mn + tXD + fgﬂ +X] #dt)

9" (k) |pn|” exp (n(un) + /5" @C@ (3.5)

p |pn+tX| Hn
e?Mn exp (/ @dt — / (t)dt)
B t B t

tX
Hn

<‘1+




We will now split in two sub-cases the estimation of the exponential right-hand term of
formula (3.5) of this second case. Let us suppose first that |, + tX| > p, > max(B,z,).
ln+tX| t
[

Then as
[pn+tX]| Hn ln+tX|
/ f(t)dt/ (ﬂdt:/ €M) 4 <
B 13 B t n t n
)

I+t X[ | (¢ tX
g/ M”dtglog(‘u
I ¢ Hn

<

n

‘“n+tX‘ Hn
exp / E(t)dt—/ @dt §‘1+tX
B t B t fin,

In the complementary sub-case, that is, whenever max (B, z,) < |, + tX| < pn, as:

|,U«n+tX‘ Kn Hn Hn _
/ dﬂdt_/ dwdt:_/ € g < / —et) 4
B ¢ B 1 lun+tX] T unttX|

Hn -p
< / Mdt < log ‘1 + g
[n+tX| t Hn

—p

we have that
o

(3.6)

<

also, we have that:

n +X] (3 Hn e(t tX
exp / E()dt—/ ﬂdt S‘l—f—
B t gt Pon

Finally, gathering the results in formulas (3.6) and (3.7) we have that:

p tX —-P
e*Mn . max ’1 + — =
Hn

% 2M; 62 X
1] < 2P (14—
)= * max(B,z,)% | ’

which allow us to conclude as E[| X |**] < 4-oc0. O

(3.7)

P tX

14—
Fon

tX
<1+
Hn,

tX
= *M1 max (’1 + —

q" (pn +tX)
g" (pin)

i

Hn

Remark. A characterization of the largest class of functions g for which an approximation
similar to the one obtained in theorem 3.1 is an interesting problem. Some restriction
on the growth of g is necessary; for instance, for » > 0, the function g(z) = exp(z") will
satisfy the hypothesis 1 of the theorem if and only if » < 1. In this case, using the fact
that for 0 < s < 1:

1
Ve >0 (1+x)°—1<sx sup

—— =Sz,
y€[0,x] (1 + y)l_s

10



it is easy to see that a theorem similar to theorem 3.1 holds for a non negative random
variable X under the condition that for some ¢ > 0 we have E[exp(cX)]| < +o0, that is,
for X having a exponential decaying tail. Also, if a function g with ¢’ > 0 and ¢” > 0
satisfies the hypothesis 1 of the theorem then, as a consequence of Gronwall lemma, it
will be bounded at infinity by an exponential. In fact, if for any given € > 0 and t. such
that for t > t. we have that ¢”(t) < eg'(t) and so for t > t.:

g"(t) < eg'(te) + e(g'(t) — g'(t)) = eg(tc) + 6/t " (s)ds .

by Gronwall lemma it follows that for ¢ > t., we will have ¢” () < eg'(tc)e.

3.2 The multidimensional case

We will use next the following notations. For an integer r, x = (z1,...2,) or Xg =
(20,1, -.xo,) will denote generic points of R". By X = (X1,...X,) we will denote a
vector of random variables, Fx (x) being its distribution function, fx(x) the correspond-
ing density and fx,(z;) for i € {1,...r} a marginal density. Let @, = (tn,1,-- - fnr)
be a vector such that for every ¢ € {1,...7}, limy 400 ftn; = +00. Let g: R" — R
be a C?(R") map. Recall that Dg(xg) the differential of g at a generic point xq is a
linear form over RP which whenever applied to a point x —xg € R" admits the following

representation:
T

Dg(xo)(x — x0) = »

i=1

81‘1‘ (XO)(J:»L' — 1‘071') .

Similarly, the second differential D2g(xg) of g at a generic point xg is a bilinear form
over RP x RP which whenever applied to a point (x —x¢)? € R” x R" admits the following
representation:

roor an
DQg(X())(X — Xo)(z) — Z Z axzax] (XO)(xi — .’Eoﬂ')(I‘j — Jfo’j)

i=1 j=1

We will also use the notations Dg(x) for the gradient of g taken at a point x, that is,
for the vector ((%gl(x), e %(x)), and D?g(x) for the Hessian matrix of g a point x,
that is, for the matrix (8°g/82:0x;(x)); jeq,..,4 and also | Dg(x)| and || D?*g(x)|
respectively, for the corresponding norms.

In the following we will need some results on random vectors in Euclidean spaces
and their densities, via Hausdorff measures. A very complete reference we will follow
is [Hoffmann-Jgrgensen 94, chapter 8]. The classical reference for Hausdorff measure and
some of its applications is [Federer 69]. Friendly and very readable texts on the subject
are [Evans et al. 92] and [Mattila 95]. For reference purposes we state very briefly some
definitions and important results used next. For A C R" let |A| denote the diameter of
A, that is, |A| = sup{|z — y| : z,y € A}. For § > 0 and s €]0, 7] let

Y

+o0 El
T2
M (A) = inf — x4,
r,s( ) AQU:;olOAm\AHSJ ; 25F(%+1) ’ Z‘

11



and A, s(A) := lims_yo Xg’ s(A) = supsq /\i s(A). Then A, s is the s-dimensional Hausdorff
outer measure in R". A first important result is that the A, ; measurable sets, in the sense
of Carathéodory, form a o-algebra containing the Borel sets of R". Other remarkable
properties of Hausdorff measuresare the following: A, is a regular Borel measure and
for every affine isometry M : R" — R" and every A C R" we have A\, s(M(A)) = A\ 5(A4).
Furthermore, as a consequence of the isodiametric inequality we have that A, coincides
with the Lebesgue measure over R". Finally we have the following consequence of the
change of variables theorem (see [Hoffmann-Jgrgensen 94, p. 11, formula 8.8.6]). For
M : R™! — R” smooth Borel function, h : R"™~! — R Borel function and B ¢ R" !
such that M is injective on B and with Jy/(y) being the Jacobiant of M evaluated at y:

/ B(x) dAry 1 (x) = / h(M(y)) Ju(y) dy (3.9)
M(B)

B
The following result is the multivariate analog of theorem 3.1.

Theorem 3.2. Let g : R" — R be a C*(R") function and X = (X1,...,X,) a R"

valued random variable such that:
1. With Dg(x) # 0 forx large enough, we have limy,_, o H|D2g(x)m /|Dg(x)|| = 0;

2. H|D2g(x)m is a multivariate almost radial reqularly varying function admitting
an integral representation given by:

Il
vx, x| > B H\D2g<x>m=||x\ﬂexp<n<x>+ /B ?dt) (3.10)

with B > 0 and p > 1 some constants, n : R" — R and € : R — R measurable and
bounded functions such that limy_, . €(t) = 0;

3. One of the marginals of X say, from now on and with no generality loss, X, has
a density fx, bounded by a constant Dy > 0;

4. With fx, bounded by a constant, the density of X satisfies for some constant Dy :

Vx = (21,...2,) € R" fx(x) < le(X17...7XT71)(l‘1, ce X))

5. With fx, bounded by a constant,

Jg
Oz,

vx, x| =B (x) #0;

6. X has an absolute moment of order 2p, that is, E[||X||*] < +oo;

12



Then, for any vector p, = (Un1,---fny) such that for every ¢ € {1,...r} we have

limy, 400 tini = +00 we have that for some n € N large enough on, and for some
constant Dy bounding:
1 D?g(p,, + tX)
0 HID g (k)|
that
SUp |Fy(x+p,) (%) = Feu,)+Deg(u,) X (X)| <
x€R”
D2 2p+1
< C_p_ (D1D2) %+ E[[|X|*] ez NI )
P [ Dg (k)|
thus showing that for large n, the law of g(X + p,,) may be approzimated, in the Kol-
mogorov distance sense, by the law of g(w,,) + Dg(w,,) - X with a rate of convergence
/(2P+1)

given by the sequence }HD2 g(u, H! /| Dg(m,))”

Proof. The proof follows the same steps as the proof of the theorem for the univariate
version. The only step requiring some different ideas being the first one.

e First step: The density of g(u,,) + Dg(p,,) - X is bounded by D1/ || Dg(p,,)||-

We will need some notations for what follows. Let Fj, : R" — R be the linear form
defined by:
r ag
VX = (21,00, 20) Fo(x) = Dglpn) - x= ) 2= (1) - @i
n=1 ¢

and for each y € R let Ty, (x) = g(p,,) + Fn(x) and so:
_ . ~ 0 _
T, ' (y) == {X ER":g(py) + ) Tf(un) i = y} =F, ' (y - g(m,)) -
n=1 v

Considering Xy 8(ken) € F,'(y — g(py,)) and K, := F, ' ({0}) we have that T, (y) =
xg &) L K. With the hypothesis assuring that (9g/dx,)(w,,) # 0, we have that:
r—1 Og T
X = (xl,...,xr) eK,=>x= (xl,- . ~,137"—1’_En 132%(“”) ) )
o, (Nn)

(3.11)

and, as a consequence, if we define the matrix M by

(1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
M = . 0
: : 1 0
o) gEM) GE ) g () ey ()
L 22 ) 3B ) 3B ) 2w, T 5 ()



we will have that M : R" — K,, has determinant equal to 1 and so defines a invertible
linear transformation. It now immediate to verify that

x = (x1,...,2,) € M YK,) &z, =0. (3.12)

We now proceed to show the conclusion stated in the first step. For that purpose, we
observe that as a consequence of the co-area formula (see the second transformation
formula in [Hoffmann-Jgrgensen 94, p. 11] or proposition 3 [Evans et al. 92, p. 119])
as T), is a smooth regular Borel function then T,,(X) = g(u,,) + Dg(u,,) - X admits a
density with respect to A1 given, for every y € T),,(R") by:

X
fr.x)(y) = / §X< )dAr,H(X),
T (y) YTn(x)

where J7,, () is the absolute Jacobiant of T},, and such that fr, x)(y) = 0 for y ¢ T,,(R").
Observing that Jr, x) = |[DTy(x)|| = [[Dg(p,,)|| is constant, we only have to estimate
the integral of the density of X with respect to A,,_1 For that, we first observe that by
a trivial change of variables and by the fact that Hausdorff measure A, ,_1 is invariant
by translations that:

I:= /T,;l(y) x(x) dArr—1(x) = / fx(x) dXrp1(x) =

nggW")-&-Kn

— /K Fx(z+x27 8y ax, i (z) .

Now consider h = h_,_g(.,) such that h : R" — R is defined for z € R" by h(z) =
X0

fx(z + xg_g(“")). As by (3.12) we have M~Y(K,) = {x, = 0} in R", and also as the
transformation M is linear and so its Jacobiant is Jy; = det(M*- M) = det(M - M) = 1,
applying formula (3.9) we have that:

I= fx(z+ xg_g(”n)) dAry—1(2z) = / h(z) d\,,—1(z) =
Kn M(M~1(Kn))

:/ h(M(x))Jy dzy ... dep—y =
M~ (Kn)

7;’—1 % - T
= / h (zl,...,xrl,—2221aazi (un) ) dxl...d$7q,1 =
{ar=0} 7o (Hn)
7,“71 ai -
= / Ix (:m - [ngg(“")]la e —ZZZIazmi (2] + [ng(“”)]r> dry...dr,—1 =
{,=0} 7 ()

e (p‘n) Y

2im1 Ga; .
:/{ 0 Ix (xla...,$r1,— 182 EH ) + [Xg g(un)]T day .. do,_ i <
Tp= o~ .

§D1/ le(xla'--al'rfl) dxy...dx,—1 < Dy .
R

14



where in the two last lines we have made a trivial change of variable by translation and
next used the hypothesis on the density of X.

e Second step: Defining Z,, as the integral remainder term of the Taylor expansion
of g(X + pun)

1
glp, + X) :g(un)+Dg(un)-X+/0 (1—-1)D?*g(p, +1X) - X*dt,

we show that with § = p/(p + 1) < 1 we have:
)
T

E[|zn|5}‘15 <E[pq *‘Sa} [/Ol(l—t)|HD2g(un+tX)H}dt} . (3.13)

This proof follow exactly the same proof as presented for the univariate case.
e Third step: The announced result will be proved if we show that

Lo Pe (e, + X0
E[/o S 1Tz I Il I

is bounded by a constant Dy. As limp—, 1o ||| D?g(p, + tX)||| /||| D?*g ()| || = 1,
by the continuity of D?g, this is a consequence of Lebesgue dominated convergence
theorem if we show that the integrand is bounded uniformly in n by an integrable
function with respect to P ® A.

In the representation given in formula (3.1), let us consider bounds My, > 0 and M, > 0
for the functions m and €, respectively. Also, as lim; 1 €(t) = 0, let £, > 0 be such
that for ||x|| > z, we have |e(x)| < p— 1. Let us first observe that:

W, > max(B,x,) = Hng(un)H > e Mnpr (3.14)
This results from having for ||x|| > max(B,z,):

Il e x Il
n(x) +/B (t);rpdt > —My + log(HBH) = n(x) +/ @dt >

> My + tog(IXy0-0).

As a second observation we also have that for ||x| > B:

=l ¢ x|\ Me
exp (n(x) —i—/B (tt) dt) < et (HB‘> , (3.15)

this resulting from having:

Il ¢
n(XH/ (tt)dt <

B

Ixl
n(x) +/ (tt)dt

B

Il |,
<fnel+ [ Wl <

< My +1o (” Iy

15



Now, for ||p,, + tX]|| < max(B,z,) we have by the continuity of D?g:

1

swp || D*g(x)|| - 75

||x||<max(B,z,)

D? tX
H g(p, + )H < 400 .

D2g(p,,)

Also for the complementary case, that is, for |p, +tX| > max(B,z,) and p, >
max(B,x,):

X|| e
D2y + 1X) || et + X0 exp (m(llpeg + X [) + e Lat)
1D%g(p,,) i, | exp (,7 ) + [l )dt)
<1\ ? e +X| [P
<<Hun+t H) Ao | [ f@dt_/ ),
2] 5 PR

We will now split in two sub-cases the estimation of the exponential right-hand term
of formula (3.15) of this second case. Let us suppose first that ||u,, + X/ > w, >
max(B,z,). Then as

e +X (4 el (¢ R0 )
/ d@_/ ewﬁa/ V
B t B t 2, [

e X0 (¢ XN\ P
g/ Ie()ldt§10g<Hun+ H>
(] t 2t |

<

we have that

. Hun+tXH€(7t) B IINHII@ 2, + X[\ 7
p(/B =], ‘“>§< o

In the complementary sub-case, that is, whenever max(B, z,) < ||u,, + tX|| < p,,, as

e X (4 el (£ g2 (17—
[ [y welf
B ¢ B ¢ X t e+ ’f

lleen I
< [ 1o dt§10g<\|un+txn>
I

o, +tX]| t ||/"’nH

dt| <

also, we have that:

et X0 e 1) Hn e(t) g + X[\ 77
exp (/B Tdt —/B tdt) < <M> . (3.18)
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Finally, gathering the results in formulas (3.17) and (3.18) we have that:

2 p p —p
HD g(un+tX)H§ <Hun+txu) egMn_maX«nunHXn) 7<\un+txu) ):

Dg(py,) (| [l (|
2p 2p
HM’nH max(B,:l?p) P
(3.19)
which allow us to conclude as E[[|X|**] < +oc. O

Remark. In [Mexia et al. 10] asymptotic linearity for a a C?(R") function g : R” — R
is defined by requiring that

1
Vd >0 i - D? =0.
e el

It is easy to see that if g is assimptotically linear then lim,, 4 | ‘ ‘DQg(x) ‘ | ‘ /| Dg(x)|| =
0. On the other hand, for all fixed d > 0 and x > 0 with 2 —d > 0 there exists A, € [0, 1]
such that, by the continuity of ¢”:

| 1 Cala—d) 4 (LAt d)]| g+ (- 22)d)]
@] e g1 W= () RG]
g+ (1= 20)d) |¢"()]
@ @)

and so, as 1 — 2)\, € [—1,1], if lim,— 40 |[¢"(2)| / |¢'(x)] = 0, g will be assimptotically
linear, thus showing the equivalence of the two hypothesis, at least in the univariate
case.

3.3 An application to high precision measurements

Let us convey briefly an informal approach to a statistical perspective of high precision
measurements. We are given a sequence of non degenerate square integrable random
variables Vi, ... V,,..., the observations, with m,, = E[V,], o, = /E[V;2] — E[V,,]2 and
ln, = My /0n. Suppose we are interested in determining the asymptotic behavior of the
laws either of the random variables of the sequence (g(V;,))nen or of the sequence of
reduced observations (g(V,,/on))nen. In either case, if the standardized observations
W, = (V,, — my,) /oy, all have the same distribution say, the distribution of some deter-
mined random variable V', we may always write:

Vi, = o, (V"_m" + “”) L o0 (V + 1) - (3.20)

On On

17



Now, one main idea in high precision measurements is to consider that lim,_, 1~ o =0
and that the sequence (m,)nen is bounded, or even constant, so that lim,,—, o i, = +00.
This means that as the number of observations grows, the coefficient of variation (defined,
in the literature, to be equal to 1/u,) gets smaller.

Formula 3.20 shows that the asymptotic behavior of the laws of the reduced obser-
vations is given by the asymptotic behavior of the laws of the random variables of the
sequence (g(V + fin) ner.

For the asymptotic behavior of the laws of the sequence (g(V;,))nen, suppose fur-
thermore that for all z,y the function g verifies g(zy) = g(x)g(y) and that g(z) # 0,
for  # 0, in order to eliminate trivial solutions of this functional equation '. Thus,
obtaining an asymptotic approximation in distribution for g(V;,) amounts to obtaining
an asymptotic approximation in distribution for X,, := g(V + ). In fact, if for some Y,

we have X, ~ Y, as pyn > 1 we will also have g(V,,) = g(0,) X X g(on)Y, as uy, > 1.

As a particular case of this last train of thought, we consider that X has a standard-
ized normal distribution and we get the law of of a polynomial on a standardized normal
random variable approximated by the normal law of its linear part. This amounts in fact
to a linearization procedure. We will write X € N(m, o) to denote a Gaussian random
variable with mean m and standard deviation o.

Corolary 2. Let X, := (ju, + X)® with X € N(0,1), a« > 2 and Y,, = p& + apd1X €
N (&, aud=1) and so, even when « is integer and

n
- o
ZTL = kg_z (k) Mg_ka‘ ’

Zy, is a random variable with a non trivial distribution. We have that the law of (pn+X)®
is approximately normal for large values of p,. As a Gaussian has moments of all orders,
the rate of convergence is (1/(jun) /2 T€) for all € > 0.

Proof. Apply theorem 3.1 considering g(z) = . O

The following multidimensional particular case is also relevant for STATIS data anal-
ysis methodology (see [Ramos 07)).

Corolary 3. With the notations of theorem 3.2 and of subsection 3.2, consider:

r

X = X(pp) = ] [ (ni + X0)™
=1

Then with Y, :=Y (w,,) given by:

T

r r r r r
TTeci >0 T wds | eansis' e N[ TTwsss SO0 T wny | camps™
=1

i=1 \j#ij=1 i=1 i=1 \j#ij=1

! Any continuous solution of this functional equation is of the form g(z) = |z|* or g(z) = sign(z) |z|*,
for some a (see [It6 93, p. 1443]). For having g € C*(R) we may infer that g(x) = 2*, for some a € N,
is an acceptable solution

18



we have the uniform approzimation lim,_, . sup, |Fx, (z) — Fy, ()| = 0, that is, for
sufficient large n the law of X,, is approrimately normal. The rate of convergence is, at
least, (31—, (1/p2 ;) /DF) for all e > 0.

Proof. See the appendix for a straightforward but lengthy calculation. O

4 Non linear approximations

In previous sections, theorem 2.3 was used in instances where the main tool was the
Taylor formula applied to get an asymptotic approximation by a linear transform of the
initial random variable. In this section, we show in some examples that other types of
asymptotic expansions may be treated with the same methodology.
We will write X € G(p, 9, b) if the density of X is given by:
V2 € R fipa (@) = g (o~ 50D T o (0)
x (p,§,b) T) = 5pr(p) T € [b,—l—oo[ z 9

1[5, 4 oo being the indicator function of the interval [b, +-00[. Recall that for such a random
variable we have E[X] = pd + b, V[X] = pd? and

= - (p—1)pDe=(p-1)
R o) =i S an(e) = g - U

In our first example. we study an integral transform of a rescaled random variable having
such a gamma distribution.

Proposition 1. Let X € G(p,6,b) withb > 0, p > 2, (un)nen @ sequence of non negative
numbers such that lim,_, | pn, = 400 and consider for some fixed a > 0:

a e—,u,nXt
X, = dt .
" /0 1412

Then, for iy, > 0 we have that for the constant Cy in formula (2.2) and for some constant

e= e(pa 9,b, a)
Sclx/é

1
2
n

sup ., (x) = F_1_()

pn X

which implies that, for u, sufficiently large, the law of X, may be approximated by the
law of 1/(unX), uniformly, with rate of convergence order /,Li

Proof. By an integration by parts we have the first terms of the asymptotic expansion
for the relevant integral.

a =M\t —Aa a
e 1 e 1 2t
et =1 — o+ [ e Mt
/o 1+2% 7 ) )\(1+a2)+)\/0 “arep)
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As a consequence and as the the rational function in the integral is bounded by 3v/3/8
we have, with c(a) := 3v/3/8 + 1/(ae(1 + a?)) that:

—dt— | <
1+t2dt A _)\(1+a2)+8/\2 -2

/a e N 1’ e 33 < c(a)
0

the bound on the right being justified as the rational term term containing a verifies,
for all A > 0:

L [ de?@ 1 1

X\ (14a?) /) =~ Nae(l+a?)
and that the term inside the parenthesis, as a function of A > 0, is bounded by a constant
depending only on a. Now, as E[1/X?] < 1/b> + 1/(6%p(p — 1)), we get E[|Z,|] <

c(a) - c(a, d,p,b)/p2, with c(a,d, p,b) being another constant depending only on a, &, p
and b. The distribution function of the random variable Y;, = 1/(u, X) is given by:

1
1 HUnT _1 _t=b
FYn(.’L')—l—(Spr@/b (t—b)p 16 5 dt .

This implies that the corresponding density is given by:

M717,4L' _b) 1
fina?

frola) = Fiy o) = 5t (=) i
x) = x) = —— e

" e 0T (p) \ pinw

Let us determine the stationary points of this density. Considering u(x) := 1/(unz) — b
we have with M = 1/(6°T(p)) and g(u) = u?~'(u + b)%e”5 that fy, (z) = M pung(u(z))
and so fi, (z) = Mpng' (u(z))v/(z). As we have always u/(z) = —1/p,z? # 0 we
have that the stationary points of fy; are those of g(u), that is, those points satisfying
u? — (6(p+1) —b)u — (p— 1)b = 0, that is the points

S(p+1)—bE/(S(p+1)—b)2+4(p—1)b
2

U4 = u:tu(pa 57 b) =
Now considering the regularity of fy, = g(u) it is clear that

[S(}lp [fYn(.T> = M,l,tn max(g(u_,_),g(u_)) = /’L’nd(p7 57 b) ;
x€|0,+00

with d(p,d,b) a constant depending only on p,d and b. Considering now the constant
e =c(a) - c(a,d,p,b)-d(p,d,b) we have the result stated. O

Our second example has its source in the general theme of Laplace integrals. Often,
the asymptotic behavior of models in the applied sciences is studied using this kind of
integrals. The example presented here amounts to a randomization of these models.

Proposition 2. Let « > 0, 8 > 0, a €]0,+oc[, f € C°([0,a[) such that f(0) # 0 and
f(x) =250 f(0) + O(z) and X € G(p,0,b) with b > 0 and p > (B + 1)/a. Suppose
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that (pn)neN 1S a sequence of non negative numbers such that im,_ 4 by, = +00 and

consider: £0) 3
ﬁf‘(—) .
O‘(,unX) @ a
we have that for any \g > 0 fized, for any p, > Ao/b, for the constant Cy in formula (2.2)
and for some constant ¢ = c(«a, B,p,d,b,a, X, f):

a
X, = / L f(#)e X dt and Yy, ==
0

c
sup P, (2) ~ Fy, ()] < 1
T 20
Hn
which implies that, for u, sufficiently large, the law of X, may be approximated by the

law of Yy, uniformly, with rate of convergence of order u}/(m).

Proof. Let R(x) be such that for some ¢ > 0 and for = € [0, €] we have f(z) = f(0)+ R(z)
and |R(x)| < Cz for some constant C. By observing that

+oo o 1 B
/0 e Mt = z (=) (4.1)
ON\~

we have that:

/a () e M dt — f(o)r(i

)

0 a/\g
€ a —+00
/ tﬁ_lR(t)e—Atadt—}-/ tﬁ—lf(t)e—kt"dt—f(())/ tﬁ—le—mdt‘ .
0 € €

We also have
/ P F() ] e M dt < e”/ L F()| dt =: e 4y
€ 0

and, given Ag > 0, for all A > Ay > 0,

+o00 +o0 +o0
/ 1= M gt = / th=Le= Mot o =(A=20)t% gy < o= (A=A0)e” / Pt ot gt <
€ €

< [ekoe / tB—1e— ot dt] e = i F(é) e = 1428_)‘E .
0 «

Using again (4.1) we have that

€ 5 e 1 B+1

a\ a
thus allowing us to conclude that for some fixed Ay > 0, and for all A > Ay > 0
@ o 0 1 C 1 o
/ L) e M dt — I B)r(é) < —x (F(M) +(Ay + As) sup A e )

0 ala o aQ Q A>Ao
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Now for future convenience we will define

B+1
ﬂ+1>ﬂ _ B
e %

e

_Cp bl
« (6%

A

)+(A1+A2)<

We will now proceed as in the proof of proposition 1. Define Z,, := X, — Y, and
observe that, by the estimations above we have that, |Z,| < A/(u,X)B+D/®  As a
consequence, we have that E[|Z,|] < (A/ugfﬂ)/a)]E[I/X(BH)/O‘]. Now, as X € G(p,,b)
and p > (8 + 1)/a we have that E[1/X#+1)/2] is a real constant B depending only on
a, B,p,8,b and so E[|Z,|] < (AB/pPT/*),

We now proceed as in the previous proposition. For simplicity, let M :=T'(5/a) f(0)/c.
The distribution function of the random variable Y;, = M/(11, X)?/® is given by:

Q

1 L(M B
Hn
Bl =1- oPT(p) /b

This implies that the corresponding density is given by:

a p—1 L mB a

1 M5 —5<a —b> M? «

fv,(z) = Fy, () = — =0 e una P T—— .
(@) o) o*T'(p) I /LanJrlﬁ

x

(t—byPle 5 dt .

We have now to determine the stationary points of this density. Considering u(z) :=
M8 [ (ju,z®/P) — b we have with g(u) = uP~(u + b)1TF/%~5 and also with M’ :=
a/(0PT(p)Mp) that fy, (x) = M’ug/ag(u(w)) and so fy () = M'ug/ag'(u(x))u’(x). As
we have always u/(z) = —(a/B8)(M*/? /i, ) (1 /21 (@/B)) =£ 0 we have that the stationary
points of fy, are those of g(u), that is, those points satisfying u? — (§(p + (8/c) — b)u —
(p — 1)b =0, that is the points

3(p+ (8/a)) = b /(8(p + (B/a)) — b)* + 4(p — 1)b
5 :

U4+ = Uj:u(p, 57 bu Q)B) -

Now, considering the regularity of fy, = M’ ,ug/ “g(u) it is clear that

up [fyn () = M/ max(g(us), g(u)) = p/*D(p,6,b, e, B) ,
z€[0,400

with D = D(p,d,b,a, B) a constant depending only on p,d,b,« and f,and so we may
conclude as stated with the constant ¢ = ABD. O

Remark 3. The examples presented above as well as other instances of application of the
method here developed seems to point to the following heuristic principle: a classical
asymptotic formula may be randomized provided that the source of randomization has
a density admitting a sufficiently sharp maximum. This heuristic principle was further
illustrated in [Esquivel et al. 09] with a simulation study.
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5 Conclusion and final remarks

In this work we have shown that under mild technical hypothesis it is possible to estab-
lish the rate of convergence of asymptotic approximations, in the Kolmogorov’s distance
sense, to distributions of random variables tied by some non trivial almost sure asymp-
totic relation. Other simulation results, not presented in this work, make believe that
the validity of these asymptotic approximations is much more comprehensive, thus indi-
cating the need of further studies.

Appendix

In this section we gather the proofs of theorem 2.1 and of corollary 3, for the reader’s
commodity.

Proof of theorem 2.1. Consider the set
+o0o
X
Apn(e) = ﬂ { Y:—l‘ <6}
m=n
pn(€) := P[A,(€)] which converges to 1 on account of the hypothesis and d,(¢) := 1 —

pn(€). Then we have that for x > 0 and over A, (¢)

Xn
l—e<—<1+4c¢

Yy
which implies
Y, = X = X
n<1+e n<Z n<1—e
that is
T x
An(e)ﬂ{Yn < 1+6} C An(e) N{X,, < x} QAn(e)ﬁ{Yn< 1_6} )

This in turn implies:

Finally we get:

x x
which is exactly the desired result. O
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Proof of corollary 3. The proof rests on theorem 3.2 with g(zq,

coy) = a7t
We then have:
og T .
8x'($1"”’$r):ai$?l lnmg”, Vi=1,...,r
7 =1
p#i
il 0L TT v o
Tt T xp” it i F# g
p=1
g pF#i,j
Tiyeen,Xyp) = Vi,7=1,...
axlax]( 1 ) "‘) , ) ’
(o — 1)z2i™? H xp? if i=j
p=1
pFi
and
T T
|Dg(z1,...,2,)|* = o212 H :L‘ZQ,% 4 ..+ ozt H :U?,ap.
p=1 p=1
p#l pFr
Hence, if i # j then
T T
2 | E )
o°g =1 =1
(W(xl’ U ,xr)> < pp#i,j _ Z?éj _ a?
2 = = )
HDg(xlw'-»xr)H 2 2a;—2 - 2ap 2 . 2ay €L
T P T pr
p=1 p=1
p#j p#j
which implies,
0’g
m(ﬂn) || o
< — 0, n—+4o0, Vi,j=1,...r
1Dg ()l [pnl
Analogously,
T
— 2
2 e |
0 =
(ax;g (3317 7xr)> ];751 (ai — 1)2
Dg(x ) ||* ~ _ " z?
| Dg(w1,..., 2| a?ac?o"_z H xgap i
p=1
pi
and thus,
92g
33{72(“”) ‘Ozi—l‘ .
- < — 0, n—>+4oo, Vi=1,...r
I Dg(pn)ll = [pnl
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finally showing that:

N

[ D% (1) 1 | 9% 2
= <
[ Dg(p)l [ Dg ()l ; dx;0x; () a 2 (#2) =
i#]
1
r 1 2
- ((fél%ai) o ”Zu>
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