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POLYNOMIAL EXPANSIONS OF DENSITY OF POWER MIXTURES

DENYS POMMERET!

Abstract. For any given random variable Y with infinitely divisible distribution in a quadratic natural
exponential family we obtain a polynomial expansion of the power mixture density of Y. We approach
the problem generally, and then consider certain distributions in greater detail. Various applications are
indicated and the results are also applied to obtain approximations and their error bounds. Estimation
of density and goodness-of-fit test are derived.
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INTRODUCTION

Polynomial expansions play an important part in approximation theory, as for instance when the exact
probability density function is unknown or is of no use because of its complexity. Truncations of expansions
yield approximations which are widely studied in probability theory and statistics.

In this paper we are interested in finding polynomial expansions within the frame of power mixture, a
term that we now precise. Let Y and W be independent real r.v. with characteristic functions ¢y and ¢w,
respectively, and suppose that W is non negative with probability 1 and that the distribution of Y is infinitely
divisible. Randomizing the power of ¢y with respect to (w.r.t.) W gives a r.v., denoted by X = Y*W called a
power mizture of Y-distribution and defined by its characteristic function

bx(t) = / {by (H)}" v(duw), 1)

where v denotes the distribution of W. This is a particular case of [6]. Moreover, we restrict our attention
with distributions in the class of quadratic natural exponential families (NEF); that is, the variance is a second
order polynomial of the mean. Such a class contains normal, Poisson, gamma, binomial, negative binomial
and hyperbolic distributions. However the binomial distribution will be excluded of the study since it is not
infinitely divisible.

From a statistical point of view, the concept of power mixture may be defined as a special form of mixtures
as follows: let ¢(t) be an infinitely divisible characteristic function and let, for w > 0, f(z|w) be the probability
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FIGURE 1. Poisson process.
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FIGURE 2. Power mixed Poisson process with chi-square mixing distribution.

density corresponding to the characteristic function ¢™(t). We express the power mixture by the density

frwt@) = [ flalopido),

The distribution of Y*W may be interpreted as a mixed distribution w.r.t. suitably chosen parameter, which is
known as the Jorgensen parameter (see [9], for a development).

Various statistical situations are concerned with power mixtures. We give two examples in the context of
quadratic NEF.

e Random time Poisson process. Random time transformations of processes have been studied in the
literature, especially in the cases of Markov and semi-Markov processes (see for instance [18]). In the
classical setting one starts with a Markov process Y; and defines a new process of the same type by
putting Wi = Yg,, where S; is an increasing process. Power mixtures are concerned with this situation
when Y; = Y{* is a process with independent and stationary increments. Then we may consider the
power mixture process defined by X; = Y*W¢ where W, is a specific positive process. Figures 1
and 2 show two simulated processes X;. The first one is a Poisson process such that X; has Poisson
distribution with mean ¢, ¢ > 0 (Fig. 1). The second one is a power mixed Poisson process such that
X; = Y*Wt where Y; are independently Poisson distributed with mean ¢ and W; are independently
chi-square distributed with ¢ degrees of freedom (Fig. 2). Here all marginals are independent. It is seen
that the longer the period of time, the greater the variability of the power mixture.
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e Random sums. When the distribution of W is integer valued we obtain the random sum X =Y; +---+
Yy, namely the W-fold convolution of Y. It is an appropriated model for non homogeneous population
and it is used in a wide range of statistical fields, as mixed Poisson in econometrics.

Branching processes are also concerned with power mixtures and have important applications in
genetics. Writing W,, the number of members of the nth generation in a branching process (with
Wo = 1) we have W4y, = Y1 + -+ + Yy, where Y; is the number of members of the (n + m)th
generation which stem from the ith member of the m generation (see for instance [5]).

Despite various applications, it seems that little work has been done on approximations to density (or distribution
function) of power mixtures. Interests are more often focused on scale mixtures; that is, the product YW,
for which asymptotic polynomial expansions and error bounds are explored in many papers (see for instance
[10]). Note that scale mixtures may be seen as a particular case of power mixtures in the context of Normal
distributions. Indeed, the conditional distributions of W'/2Y'|W and Y*W |W are the same when Y has centered
normal distribution (see Rem. 3.3). In that case, if W is close to 1 then it is to be expected that the distribution
of YW will be close to that of Y’s. Error bounds for the distance of the distribution of YW from its parents
are given in many papers. Also polynomial expansions are examined (see [8,19], for the normal case and [7],
for the multivariate case).

Our paper is in the continuation of such works. We are first interested in finding polynomial expansion of
the density of a power mixture when Y is an infinitely divisible r.v. with distribution in quadratic NEF. In that
case, orthogonal polynomials are obtained by differentiations of the density. This particular construction refers
these polynomials to the Meixner class (see Meixner, 1934, [15]). Their properties allow some simplifications of

the polynomial expansion of the density of Y*W. More precisely, writing h(z) = ! ’};"E’;; ) e have (see Th. 2.1
below)

hz) = 1+ ;E (;}:ﬂ{L(w(m))Wl}) %’

where L is the Laplace transform of Y, ¢ is the inverse of the gradient of log L and {Q,,} are associated Meixner
polynomials.

These expansions can be used in different ways. By truncation, one can approach the density of power
mixture. Also, these expansions may be used to obtain inequalities measuring the proximity between the
distributions of Y and Y*". Polynomial expansions of mixed distributions can also be deduced and estimations
may be envisaged. As a direct application we finally construct a goodness-of-fit test based on the density
expansion.

The paper is organized as follows. In Section 2 we introduce the notion of quadratic NEFs and their associated
polynomials. Section 3 presents expansions for densities of power mixture for infinite divisible distribution in
quadratic NEFs. Multivariate extensions are also indicated. In Section 4 we have detailed different cases of
power mixtures. Section 5 is devoted to the study of the distance between power mixture and their parents
distributions. Truncations of the expansions are also considered for approximations. In Section 6 we indicate
how these results may be used to estimate the density of a power mixture and to construct a goodness-of-fit
test.

1. QUADRATIC NATURAL EXPONENTIAL FAMILIES

In this section we point out some definition concerning the exponential families (see [2], or [12], for more
details). Let u be a positive measure on R, which is not a Dirac mass and such that the interior of the domain
of its Laplace transform, denoted by ©,, is not empty. Write

L,(0)= /exp(@a:)u(dx) and  k,(6) =log(L,(0)),



POLYNOMIAL EXPANSIONS OF DENSITY OF POWER MIXTURES 251

TABLE 1. Relations for cumulant functions: p = generating measure, k, = cumulant, ¢, =
inverse of k,,, f,, = density w.r.t. u.

NEF F(u) [ p(dz) %, (0) Yu(m) fulz,m)

Normal W 02022 m/o? exp{(2zm — m?)/(202)}
Poisson > 6p(dx)/n! exp(#) log(m) exp{log(m)z —m}
Gamma 22 1/T(N)(dw) —Alog(—9) —A/m exp{—AZL +og(2)}
Negative 28\ +: -1 )on(dz) | —Alog(l —exp@)) | log(5i%;) | exp{log(m/(A + m))z +
binomial Alog(1 —m/(A+m))}

for the Laplace transform and the cumulant function of 1 and denote by v, the inverse function of the gradi-
ent k). The natural exponential family (NEF) generated by p is the set

F={P(m,F);m e Mr =k,(0,)},
where each P(m, F) is a probability with mean m and with density w.r.t. u given by

fulz,m) = exp{gpu(m)z — ku(¢u(m))}. (2)

Note that the generating measure 4 is not necessary a probability measure. Moreover a NEF F' can be generated
by all its elements, i.e. F = F(P(m,F)), for all m € Mp. If v = P(mg, F) € F(u) we have the following
straightforward relations:

k() = ku(e + ¢u(m0)) —ku %(mo)) (3)
fu(@,m) Ful,m)(fu (2, mo)) ™. (4)

The variance of P(m, F) is denoted by Vg (m) and V is called the variance function of F'. Note that the variance
Vr(m) coincide with the hessian & (¢,,(m)). The family F is said to be quadratic if its variance function is a
second order polynomial, namely

Vie(m) = am®+bm+ec. (5)

This class of NEF is entirely described in [14] and it contains six types of families distributions. In Table 1
we have compiled some basic facts concerning the distributions the most used. In this table, the densities
fu(z,m) is considered w.r.t. a generating measure pu. For instance, in the normal case we have u(dzr) =
exp{—22/(20%)}(270?)"1/2 and f,(z,m) = exp{(2ma — m?)/(20?)} is the density of the normal distribution
with mean m w.r.t. to p. If m coincides with the mean of p then we have f,(z,m) = 1.

Associated orthogonal polynomials are constructed by deriving successively the density of P(m, F). More
precisely for all (m,n) € Mp x N, we define

Qulm0) = o (s 1) Moo /o (2 10), (6)

amm

)Y, where v = Plmg, F), ™)
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TABLE 2. Some classical orthogonal polynomials.

Name Notation | First terms Recurrence relations
Hermite | H, Ho=1 20Hp () = Hpg1(z) + 2nH,—1 (2)
Hi(z) =2z

Charlier | CY C=1 2C (r) = —aC  (x) + (n + a)Cr(x)
(@>0) |[Cf(z)=(ar—2)/a —nCh_ ()

Laguerre | L& L£y=1 —zLY(x) = (n+1)L5 ()
(a>-1) | L;(x)=—2+a+1 —(2n+a+1)L5(x)

+(n+ L3 (2)

Meixner | M&P MS”G =1 e MGP (x) = M;fﬂ@

. c,3 _ (1 +C)TL+6C c,3
(st |(c£1) | M%) = a—Be/(1-0) P EEIERE ()
type) ~

(BeR) $ I v ()

TABLE 3. Some quadratic NEFs, their variance functions and their orthogonal polynomials.

NEF F Vi (m) Polynomials Q,,(z,m) 1Qn(,m)|?
Normal o? (202)""*H,(2/V/202) | nlo=?* (for m = 0)
(for m = 0)
Poisson m C(x) nlm="
Gamma m2 /A LA(Ax/m) m=2"nIC(n + X\)/T(N)
Negative m?/X+m Myt (x) AT (m2 /A +m) "l (n 4+ X\)/T(N)
binomial

which is a nth degree polynomial in z. If F is a quadratic NEF on R, the sequence (Q,(z, mg))nen forms a
P(myg, F) orthogonal basis (see [4]); that is,

/Qn(xvm())Qk(x; mo)P(mg, F)dzr =0 if n#k.

Note also that such a construction of orthogonal polynomials is valid only for quadratic NEF which justify our
restriction here. Moreover, each density f.(x,m) may be expressed as a series expansion depending on these
polynomials. Classical orthogonal polynomials are described in Table 2 to make the paper self-contained (see
[14] and [11], for notation). Since we will use the mean parametrization for the negative binomial distribution,
we will write M* (™) instead of M*¢ for associated Meixner polynomials where ¢ = m/(A + m). The norms
1Qn(.,m)||?> = [ Q2% (x,m)P(m, F)(dx), are given in Table 3.

Let us mention a technical lemma useful for the following (see [1])

Lemma 1.1.
i) The Laguerre polynomials satisfy

I'(n+A)

20w/m) < SR

A" exp(Ax/2m).
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1) The Hermite polynomials satisfy
[Hon(z)| < exp(z?/2)2%"nl.

2. POLYNOMIAL EXPANSIONS

2.1. Expansion for quadratic NEF on R

Let F' = F(u) be an infinitely divisible NEF on R and let Y be ar.v. with distribution v in F. It excludes the
binomial case which is not infinitely divisible. Then our next result will cover the infinitely divisible quadratic
NEFs: normal, Poisson, negative binomial, gamma and hyperbolic ones. Assume that W is a non negative r.v.
independent of Y. According with (2) we denote by f.(.,mo) the density of Y w.r.t. the measure p.

Theorem 2.1. Let F' = F(u) be an infinitely divisible quadratic NEF on R. LetY be a r.v. with distribution
v = P(mo, F) and with density f,(z, mo) w.r.t. p and assume that W is a non-negative r.v. independent of Y.
If the series Y, o O™ /OmM™E(Ly (¥, (m)V =)o /|Qn (., mo)|| converges in 12(N), then the density of Y*V with
respect to p can be written as

fY*W(x) = f;t(x mO 1+Z

n>1

Lo (W (m)" ]|m0|Q"<$ o)

o Qn(.;mo)|?

where " /OM™(.)|m, denotes the nth derivative w.r.t. m taken in mo and Qn(xz,mo) are v-orthogonal polyno-
mials defined by (6).

Proof. Writing f = fy.w /fu(.,mo) the density of Y*W w.r.t. v we have the following expansion

/ Qn (9, m0) F()1(Ay) @ (2, m0) /| Q- 10)

neN

By construction of the orthogonal polynomials @,, we have

1) = 3 [ g i) (AR Qi10) Q- 10)

neN

- Zamn [ ) £ (D) oy Qi 10) Q)

neN

- Z om™ J‘ZZL ;77710)) fY*W(y)u(dy”mOQ"(m’mo)/HQn(~am0)H2

= 2 omn U exp{ (1 (m) — ¥ (m0))y — (u (1 (m)) — k(¥ (m0))) }
neN

fY*w<y>u<dy>] 0 @ 2. 110) /[ Qo m0)
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the second equality being a consequence of our assumptions. From (1) it follows that

@ = Y

neN

fw<y>u<dy>} o @ 2,110)/ [ Qo (o) [

[/eXp{ku(%(m) = Yu(mo))y = (ku(bu(m)) = ku(u(mo)))}

which establishes the formula combined with (3). O

Theorem 2.1 gives a way of evaluating and approximating the power mixture density. It is understood that
the validity of the expansion has to be studied case by case and we indicate how this result may be used in the
following sections.

Remark 2.2. Writing A(m, mo) = k(¢ (m)) — ku(¢,(mo)), we may rewrite Theorem 2.1 as

fyew(@) = fule,mo) 1+Z%[E(exp{(w‘”A(m’mO)})]'m“%

Remark 2.3. Clearly, the choice of the reference measure p modifies the values of the coefficients in Theo-
rem 2.1. The measure p can be chosen as the parent probability measure associated to Y; that is, p = v, in
order to evaluate the distance between the power mixture and its parent distribution. We illustrate this fact in
the next sections.

2.2. Multivariate extension

On R<, the generalization of the class of quadratic NEFs is called the class of simple quadratic NEFs and is
characterized by variance functions having the form:

Ve(m) = am®m+ B(m)+C,

where m = (my, -+ ,mq), a is real, B is a linear map, and C' is a positive symmetric matrix. These families are
described in [3]. Moreover, the polynomials given by (6) are generalized as follows: assume that F' is a simple
quadratic NEF and let A be an invertible matrix such that A=1Vg(m) *tA=! = I, where I denotes the identity

matrix. For n = (n1,---,n4) € N and x = (21, ,24) € R?, define
D(n)f (x,mp)
QAAn x,m = A SR ) 8
n(z,m) Fo(,mo) (8)

where qun)fu(:n,m) is the [n| = ny + - -+ 4+ ngth derivative of m — f,(x,m) in the |n|th directions Ae; (n;
times), - - -, Aeq (ng times). Here (e1,- - ,eq) denotes the canonical basis of R?. Then the sequence (Q .n)pend
forms a P(myg, F)-orthogonal basis of polynomials (see [15]). We are thus led to the following generalization of
Theorem 2.1:

Theorem 2.4. Let F = F(p) be an infinitely divisible simple quadratic NEF on R% and let Y be a r.v. with
distribution v = P(my, F') and with density f.(x,mo) w.r.t. p. Let W be a real non-negative r.v. independent

of Y and let Q a,n(x,mp) be the v-orthogonal polynomials given by (8). If the series D;")E(Ll,(wy MmOV Yo/
|Qn (., mo)| converges in I?(N), then the density of Y*W with respect to p can be written as

frowl@) = fulz.mo) 1+ZD%>[E<Ly<wu<m>>W-l>>]|moM

o Qanomo)?
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Examples of multivariate polynomials Q4 ,, can be found in [15] and their norms ||Q 4 (., mo)||? are given in
[16].

3. SOME ILLUSTRATIONS: NORMAL, GAMMA, NEGATIVE BINOMIAL AND POISSON POWER
MIXTURES.

We give illustrations of Theorem 2.1 in the normal, gamma, Poisson and negative binomial cases. They are
consequences of Tables 1-3. Since the convergence of the series depends on the choice of the distribution of
W, we will give general results under boundedness conditions for W. We follow Table 2 for notation about
orthogonal polynomials.

Proposition 3.1. Let u be the normal distribution N'(0,0%) and let Y be p distributed (i.e. u=1v). Let W be
a non negative r.v. independent of Y. If W < 2 almost surely and if E[(1 — W/2)71/2] < 400 then the density
of YW is given by:

froe(@) = po) {1+ 3 By e |

n>1

where H,, denote the associated Hermite polynomials.

Proof. Since mo = 0 we have f,(z,mo) = 1 and we get L, (¢, (m)) = exp(m?/(20?)). Under convergence
conditions we can apply Theorem 2.1 to obtain (w.r.t. the measure u):

= _Gn(@,mo)
fY*W(x) - = amn u( )) )Hm:o HQn(,mO)HQ
= 2 0?7:” [E(exp{(W — 1)m?/(20°)})]lm=0(20") "/ *H,(x/V20%)0" /nl.
n>0

The nth derivative W[ (exp{(W — 1)m?/(20?)})]|m=0 is a nth polynomial in m taken in m = 0. Its value
is obtained by recurrence and is equal to E{((W — 1)/(202))¥}(2k)!/k! if n = 2k and vanishes otherwise. Our
next goal is to prove the convergence of the series. A slight change in the proof of Theorem 2.1 shows that
O [E(exp{ (W —1)m2/(20%)})]|m=0 = E(Qn(Y*W ,myg)), which is equal to (202)~"/2E(H,, (Y*" /v/202). Hence

omn

the convergence of the series %[E(exp{(w —1)m?2/(20%)N)]|m=0/]1Q2n(-,m0)|| in I3(N) is equivalent to the
E2(Ha, (Y*W /v/202))/(22%(2n)!). From Lemma 1.1-i7) we have

convergence of the series )

D B (Han(Y™W/V20%))/(2°"(20)) < Y E(H3, (Y /V20?)/(2°"(2n)))
n!

E(exp{Z%/(40%)}) Y W

neN

IN

where Z = Y*W. Of course, the series on the right hand side converges. Moreover the conditional distribu-
tion Z/v402|W has centered normal distribution with variance W/4. Using the Laplace transform of the x?2
distribution we get

E[E(exp{Z®/(40°)}|W)] = E[(1 — W/2)7*/?] < +oo,

as soon as W < 2 almost surely and if E[(1 — W/2)~!/?] exists. O
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Example 3.2. To illustrate Proposition 3.1 we may consider W uniformly distributed on (0,1). Then we get
fy=w (@) = fr(@{1+ 22,51 Han(x/V20%)/(2n 4 1)!}.

Remark 3.3. Scale mixtures and power mixtures coincide in the normal case. Indeed, if Y has centered normal
distribution with variance o2 it clear that the density of the scale mixture W/2Y is exactly the density of the
power mixture Y*W. Then our result coincides with the one given in [8] (Th. 1), with the standard notation
Hen(x) = 27 "/?H,(x/+/2) and fixing o = 1. Note also that the condition W < 2 coincides.

Proposition 3.4. Let Y have gamma distribution with mean mg > 0 and with form parameter X > mq and let
W be a non negative r.v. independent of Y. If there exists M > 0 such that W < M almost surely then

frow(@) = fy(@ 1+ ) BV (V —n+1))(mo) " Lo(Aa/mo)/|1L3]° ¢
n>1
where V.= N(W — 1) and L) denote the Laguerre polynomials.

Proof. Applying Theorem 2.1 combined with Table 1 we get the assertion under the convergence condition.
From Lemma 1.1 ¢) we have

D BV (V= n+1)(mo) )Ly (Aa/mo)/IL3 1] < exp(Az/2mo) Y [B(V -+ (V —n+1))|(mo/N)" /n!
< exp(\z/2mo)E ZW V —n+1)])(mo/N)"/n!

= exp(Az/2mo)E Zun ,

n>1

where w, = [V -+ (V = n + 1)|(mo/A)"/n! < T([V| + n)(mo/N)"/(T([V])n!) = v,. Since vni1 /v, — % <1
almost surely then the series converges. (I

Proposition 3.5. Let Y have negative binomial distribution with mean mgo > 0 and with convolution parameter
A > 0 and let W be a non-negative r.v. independent of Y. If there exists M > 0 such that W < M almost
surely then

Fyow(@) = fy(@) Q14+ Y BV - (V =+ 1) A+ mo) " Moy (z) /| M3 |2
n>1
where V=AW — 1) and My are Meizner polynomials.

Proof. The polynomial expansion is a direct consequence of Theorem 2.1 and Table 1. We prove the convergence
of the series. Consider the series

ST{EWV - (v n ot D)+ mo) MO @)}

neN

<E {ZWQ o (V=n+ 1)) (A + mo)Q"/IIMi’(mO)(x)IIQ}
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where u, = V2. (V —n+ 1)2(A + mg) 3" A\"m2"T(\)/(T(A + n)n!) < T(|V] + n)2(\ + mo) 2" A"m2"T(\)/
(T(|V])2T(A + n)n!) = vy,. Since vy41/vn — AmZ /(A + mg)? < 1 almost surely then the series converges. O

Proposition 3.6. Let Y have Poisson distribution with mean mo > 0 and let W be a non negative r.v.
independent of Y. If E(exp(W?)) < +oc then we have

frw(z) = fy(z) 1+ZE mere(z)/nl p
n>1

where C*° denote Charlier polynomials.
Proof. We have

SAE(W - )™M /m < > E(W - 1)*"/n!
neN neN
— E(exp(W - 1)%)
< —+o00.
Then the convergence condition of Theorem 2.1 are satisfied and the result follows from Table 1. O

4. SOME APPROXIMATIONS AND ERROR BOUNDS

As said before, many papers deal with the error bounds for asymptotic expansions in scale mixtures. Some
bounds concern distance between approximations and mixture density (see for instance [21]). Some other bounds
concern distance between mixtures and parent distributions (see [8]). In the same way, we are interested in
ﬁnding error bounds for the difference between the density fy-w and its parent distribution, or its approximation
fY*W defined for k£ € N by

ko on T, m
nmmnmm{ 2 om mwwmﬁ%ﬁ%}

where p is given in Table 1.
By definition, for k = 0, we write fl% = fy. As a basic example, for the gamma distribution with mean m
and with scale parameter s = \/mg we have

@) = exp{=sz}(sM {1+ E(V)(=z + s+ 1)/(mo)
+EWV(V = 1)(z* — 22(s + 2) + 4(s + 1))/(m3)},
where V = AW —1).
For the Poisson distribution with mean mg we have
Fhe (@) = mEexp{—moH1+EW —1)(mo — 2)/(mo)
+E((W — 1)2)((ac —mg — 1)(x —mg) — 1/mg)}.
For the normal distribution with mean 0 and variance o2 we have

222 — 1
(@) = 1+EW —1)=—5—

The error bounds will be evaluated in the L' norm, as done in [20] for scale mixtures (see also the more general
distance given in [10]) and in the L norm (following [8]).
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4.1. L' error bound for gamma and Poisson densities

As noted in Remark 3.3, Normal power mixtures are equivalent to normal scale mixtures and many works
have been done on this topic (for instance see [8]). Therefore we will not develop this point here and we will
restrict our attention to gamma and Poisson power mixtures.

Proposition 4.1. Let Y have gamma distribution with mean mgy and with shape parameter A > mgy and let W
be a non negative r.v. independent of Y. Assume that there exists M > 0 such that W < M almost surely.
Then:

i) We have, for all integer k,

/ fyw (@) — 8y @) < E(PU > KV)(1 —mo/x)~ V1) 22

where U|V  has negative binomial distribution with convolution parameter |V| = |[A(W — 1)| and with mean
1-— mo/)\

(%]

ii) Denote by Fy.w the distribution functions associated to the variables Y*W | and by Fyw its associated
kth truncation. We have, for all integer k,

|Fyow(z) — FE (@) < H@)E{PU > k|V)(1 —mo/N)" 1V} 22,

where H denote the gamma distribution functions with parameters X and mean 2mg and |V| = |A(W — 1)|.

Proof. Write P(mg, F') the distribution of Y where F' = F(u). Using Proposition 3.4 and Lemma 1.1 i) we

obtain

/|fww — ffh (@) n(da) D OE(V (V= 1))mg Lo (A /mo) | £3 1P| Fu, mo)u(de)

n>k
< Z E|[(V - (V —n+1)mg(nI\") " exp(Az/2mo) £ (z, mo ) u(dx)
n>k
= [ DBV (V= n+1)mg(nIA") 7| 2% y(X, 2mo)(dz)
n>k
= Z E|(V - (V —n+1))ml(nIA") 71| 22
n>k
V]+n—
< S E(VT) o/
n>k
where (A, 2my) denotes the gamma measure with mean 2mg and shape parameter A. O

Example 4.2. For k = 0, Proposition 4.1 4) gives a bound for the L! distance of the mixture Y*" and its
parent distribution Y. We obtain

/ Py (@) — fr(@)lu(dz) < 22 {E(1 —mo/n) V1) — 1},

For instance, if W has uniform distribution on [a, ] (1 < a < b) then we obtain

/|fY*W($)—fY(x)|u(dx) < 2 {% _1}7

where C' = A/(A—mgp), u=Aa—1) and v = A(b—1).
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For k = 0 we can also deduce a bound for the Kolmogorov distance between Y*" and Y; that is,

sup | Fy.w (z) — Fy ()] < {E((1 — mo/A)~1V] }M

Sup FAYEY exp(—A(A = 1)).

We now consider error bounds for Poisson power mixtures:

Proposition 4.3. Let Y have Poisson distribution with mean mg > 1 and let W be a non-negative r.v.
independent of Y. Assume that E(exp(W?)) < +o00. Then we have, for all integer k,

L 7172
/lfy*w(x) Y*W( z)|p(dr) < [E(exp{(W—l)Q}—l) 7:01] .

Proof. Using Proposition 3.6 and combining the Jensen and the Cauchy Schwarz inequalities we obtain:

| fyow () — y*w( u(dz) =
/ /

STE((W — 1)) (@) /nl| fu (e, mo)u(da)

n>k L
< ZE —1)%") /n'Z/ (€m0 (z))? fou (2, mo) (dx)/s!]
n>k s>k
1/2
< [E(ep{W -1} - 1) Zmoﬂ

s>k

1/2

= [E(exp{(W —1)*} = 1)(mg"/(mo — 1))] O

4.2. Error bound for uniform distance: the case of gamma power mixture

Proposition 4.4. Suppose that Y has gamma distribution with mean mqg and with shape parameter X > my.
Assume that there exists M > 0 such that 0 < W < M almost surely. Write fy.w the density of Y*W w.r.t.

the Lebesque measure on R and f;[ﬂw its kth approximation. Then, for all integer k, we have

- A1
(e = Fw@] < S IBV - (V= ot D)o/ )" exp( e/ 2mo)
where V.= AW —1).
Proof. Similar to the proof of Proposition 4.1. O
Corollary 4.5. Under the hypothesis of Proposition 4.4 we have, for all k € N
2(A — 1AL
sup [fyw (x) = fifho ()] € 3BV (V=4 1)) mo/A) " exp(=(A — D) g

n>k

where V.= AW —1).

5. APPLICATIONS

5.1. Estimation

From now on we make the assumption that Y has known distribution and W has unknown distribution.
Note that the model is not identifiable if both fy and fy are unknown. One can observe that the expansions
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obtained in Propositions 3.1-3.6 depend on the moments of W. More precisely, the k-order truncations f;[ﬂw

of fy«w depend on the first £ moments of W. It may give a way for estimating f}[ﬂW by using estimates of the
moments of W. The case k = 2 is worked out in detail but the argument can be generalized to any integer.

Assume that Xq,---, X, are i.i.d. with power mixture distribution defined by (1). We check at once
that E(X) = E(Y)E(W) and Var(W) = Var(X)/E(Y?) — Var(Y)E(X)/E(Y?), which is clear by deriving
(1) (see also [10]). Highest moments of W can be expressed in the same manner. Hence we can deduce
consistent and unbiased estimators for the moments of W. For instance Ty = X /E(Y) (for E(Y) # 0) and
Ty = X2/E(Y)? — XVar(Y)/E(Y)? estimate the mean and the second moment of W, where X = 3" X;/n and
X2 =Y X2?/n.

An easy computation shows the following result:

Proposition 5.1. Under the hypotheses of Theorem 2.1, we have

2]

Fyrow (x) = 1+ a9 (mo)Qu(x,mo)/||Q1(., mo)|?
+{ay (mo)? + @19 (mo) }Qa(w,mo) /| Q2(-, mo)|%,
where a1 and Gz are empirical estimators of ay = E(W — 1) and ag = E(W — 1)(W — 2)), respectively.
We give three basic examples:
Normal power mizture. If Y has normal distribution with mean mg # 0 and with variance 02 > 0 then we can
estimate f 2] by

YW

1
2moo?

—[2]

fyow (x) = fulz, mo){l + (X = mo)(z? + 2moz — 0?)
— _ _ . 1
+(X2my — Xo? = 2X +mo +md) (2* — 0’2)W}.
Gamma power mizture. If Y has gamma distribution with mean mgy and with scale parameter s = A\/mg we

can estimate f)[f}w by

Feow @) = S mo {1+ (X = N+ 5+ 1)/ (mo)

+(82X2 4+ (A — 25X (14 \)(2® — 2x(s +2) +4(s + 1)) /(m2)}.
Poisson power mixture. If Y has a Poisson distribution with mean mg we can estimate fg}w (x) by

—[2]
fY*W

(@) = fulz,mo){1+ (X —mo)(mo —x)/mj
+(X2/m2 — X /m2 —2X /mo + 1)((x — mo — 1)(z — mg) — 1/mq)}.

The mean integrated square error (MISE) may be used to evaluate the quality of these approximations. The
MISE is defined by

—— [K]

MISE(k) = E{|fy-w()—fy-w (I*}.
We have the following property which may be generalized for all k > 2:

Proposition 5.2. The MISE(2) tends to || fy«w(.) — f)[flw(.)HQ, a.s.
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1.2 Normal density

1L Power mixture density
0.8l 2nd order approximatior ]
0.6
0.4+
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\ —_
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-2 -1 0 1 2 3 4

FiGURE 3. Densities of a normal power mixture with two components, its second order ap-
proximation and its parent distribution.

Proof. By orthogonality, it is easy to check that there exists coefficients «,, such that

(2]

MISE@) = |fyw() = 2o O+ 120 () = v O

2
= |lfyew () = FEw O+ D ajla; — ;)2
j=1

and the MISE tends to || f(.) — fyﬂw()ﬂ2 at the same rate as @;. O

As a numerical illustration, we consider a r.v. X = Y*W where Y ~ N(m,o?) is normally distributed with
mean m = 0.5 and standard deviation o = 0.5, and W is a combination of two Dirac distributions: (1—p)d1+pda,

. . . . . 1 . .
with p = 0.1. The true density of X, its second order approximation fy.«w ~ and its parent density are plotted
in Figure 3, with a sample size = 50. The true density is given by fy.w(z) = 0.1¢ay, 252(z) + 0.9¢,, 52 (),
where ¢, ,2 stands for the normal density with mean m and variance o2.

5.2. Goodness-of-fit test

Polynomial expansions of the power mixture density suggest the construction of a smooth test (see [17] for
the complete bibliography) to fit the distribution of W. Counsider X, -, X, i.i.d. r.v. from a power mixture
having the form X = Y*W, where Y has known density. We wish to test

Ho : fW = fo against H1 : fW 7é fo,

where fy denotes the density of W. Let Zy, = (21,---,2)T be the random vector with components

zj = % Z{Qj(Xi) —Eo(Q;(X))},

where {Q;(.),j = 1,2,---} are orthogonal polynomials with respect to Y that is, Q;(.) = Q;(.,mo) for
simplicity, where m denotes the mean of Y. Here, Ey denotes the expectation under Hy. We propose the test
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FIGURE 4. Normal-uniform power mixture Y*W where Y ~ N(0,1), W ~ U(1,2). Percent-
ages of rejection of the null hypothesis Hy : W ~ U(1,2), against W ~ U(0, 3), when data are
sampled form the alternative with significance level a = 5%.

statistic
T, = Z%(k)"'Z,
where (k) is a k x k symmetric matrix with components

2ij (k) = Eo(Qi(X)Q;(X)) — Eo(Qi(X))Eo(Q; (X)),

which can be estimated by consistent estimators. Imitating Theorem 2.1, if Y has distribution in a quadratic
NEF we obtain:

Eo(Qi(X)) = o [Eo(Lo (w0 (1))l

amm

and, combining Theorem 2.1 and the orthogonality of polynomials, for i < j,
Eo(Qi(X)Q;(X) = Y Eo(Qus(X))Eo(Qs(YV)Qi(Y)Q;(Y))/ Qs ()]I*.
1—j<s<itj
Then we may compute T} and use them for testing Hy as follows:

Proposition 5.3. Assume that X has finite moments of order 2k, for some integer k and suppose that Hy
holds. Then the distribution of Ty, is asymptotically (when n tends to infinity) central chi-squared with k degrees
of freedom.

To illustrate Proposition 5.3 we consider a power mixture of normal distributions, with density:

frwly) = / (270%) /2 exp{—y?/(20%)}d(0?),

where W is uniformly distributed on (1,2) and Y is normal distributed with mean 0 and variance 1. We test
Hy : W is uniform on (1,2) against the alternative: W is uniform on (0, 3). We consider tests based on T3 and
Ty. Data are sampled from the alternative with a significance level a = 5%. The percentages of rejection are
summarized in Figure 4, based on 10000 simulations, for sample sizes n = 30, 50, 100, 200.
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