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Abstract

We obtain the Information Matrix test for finite Gaussian mixtures exploiting the EM
principle, which implies the moments tested are the expectation given the data of the mo-
ments one would assess if one knew the latent component each observation belongs to. Simu-
lations indicate analytical expressions for the asymptotic covariance matrix of those moments
adjusted for sampling variability in parameter estimators provide reliable finite sample sizes
and good power against various alternatives, especially combined with the parametric boot-
strap. We apply the test to the univariate distribution of per capita income across countries
and its joint distribution with per capita CO5 emissions.
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1 Introduction

Finite mixture distributions play an important role in economics and many other disciplines,
where they are often used to model unobserved heterogeneity. For example, they have been
extensively employed for identifying “convergence clubs” of countries based on per capita GDP,
as well as within-country clustering in household income and wealth distributions (see Johnson
and Papageorgiou (2020) and Cowell and Flachaire (2015) for some recent surveys describing
the use of mixtures in each of those areas).

Classical tests (i.e. Likelihood ratio, Wald and score or Lagrange Multiplier (LM)) for the
number of components in a mixture are a devilish problem even if one assumes that the distribu-
tion of the components belongs to a specific parametric family because there are multiple paths
converging to the null along which different parameters become increasingly underidentified (see
Amengual, Bei, Carrasco and Sentana (2025) and the references therein for a detailed discussion
of these unusual features when the null contains a single univariate Gaussian component).

By comparison, testing Gaussianity of the underlying components against a more flexible
family of parametric distributions while maintaining that the number of components is cor-
rect would be relatively straightforward if one relied on the Expectation - Maximisation (EM)
principle to obtain expressions for the scores and information matrix of the model under the
alternative evaluated under the null along the lines of Almuzara, Amengual and Sentana (2019).

In this paper, in contrast, we study in detail a specification test for finite Gaussian mixtures
that is not a priori targeted to either the number of components or their normality. Specifically,
we follow Boldea and Magnus (2009), who discussed the information matrix (IM) test as part
of their illustration of the usefulness of the formulas for the score vector and Hessian matrix of
the log-likelihood function of finite mixtures of multivariate normals that they obtained using
the tools of matrix differential calculus.

As is well known, the IM test introduced by White (1982) directly assesses the IM equality,
which states that the sum of the Hessian matrix and the outer product of the score vector should
be zero in expectation when the estimated model is correctly specified. This result, also known
as the second Bartlett identity, justifies the calculation of the information matrix as either the
(minus) expected value of the Hessian or the variance of the score, so that when it fails because
the model is misspecified, it can have important consequences on the reliability of the reported
standard errors.

Unlike Boldea and Magnus (2009), though, we rely on the EM principle to show that the
moments involved in the IM test are the expectation given the data of the moments the IM test

would assess if one knew the identity of the latent component to which each observation belongs.



But given that the influence functions underlying those moment tests for each component of the
mixture effectively coincide with the list of all the distinct third- and fourth-order multivariate
Hermite polynomials, as shown by Amengual, Fiorentini and Sentana (2024) for observed multi-
variate Gaussian random vectors, the IM test for Gaussian mixtures is effectively testing that the
expected value of those polynomials weighted by the posterior probability that each observation
belongs to the corresponding component is simultaneously 0 for each and every underlying com-
ponent of the mixture. This interpretation has three important advantages. First, it allows us to
determine which of those influence functions is either redundant or spanned by the score vector,
so that researchers know the correct rank of the relevant covariance matrix, and consequently,
the right number of degrees of freedom for the IM test,! which in turn avoids the numerical
calculation of generalised inverses. Second, it may prove particularly useful for the purposes of
indicating in which specific directions modelling efforts to enrich finite mixture models should
focus. Finally, the EM principle also leads to interpretable expressions for the asymptotic co-
variance matrix of the scaled sample averages of the relevant influence functions adjusted for
sampling variability in the parameter estimators under the null of correct specification.

In fact, our approach to deriving the IM test and its interpretation is relevant for any model
in which the observations can be viewed as incomplete data, in the sense of Dempster, Laird
and Rubin (1977), so it has a much wider applicability. Microeconometric examples include the
limited dependent variable models that Gouriéroux, Monfort, Renault and Trognon (1987) and
Smith (1987) tackled with the same approach, as well as finite mixtures of other distributions and
location-scale Gaussian mixtures in which the mixing variable is continuous. In turn, dynamic
factor models and Markov switching ones are two important class of time series processes in
which our approach yields useful insights too.

Importantly, we explicitly address the widespread and often justified concern that the asymp-
totic distribution of the IM test offers a poor guide in finite samples (see Horowitz (1994) and
the reference therein) by relying on bootstrap procedures. In this respect, our Monte Carlo
simulations indicate that the parametric bootstrap, in combination with theoretical expressions
for the asymptotic covariance matrices of the influence functions, provides reliable finite sample
sizes and good power against various empirically relevant misspecification alternatives.

Finally, we apply our procedures to assess the adequacy of finite Gaussian mixtures in the
empirical applications in Pittau, Zelli and Johnson (2010) and Battisti, Delgado and Parmeter
(2015) that look at the univariate distribution of per capita income across countries and its joint

distribution with per capita carbon dioxide (CO3) emissions, respectively.

'Boldea and Magnus (2024) explicitly acknowledge that they became aware of the singularity that affects the
number of degrees of freedom in their Theorem 2 thanks to Proposition 4 below.



The rest of the paper is organised as follows. In Section 2, we formally introduce the IM test
and derive its expression in a general context with incomplete data. Next, in Section 3, we apply
our general result to finite mixtures of multivariate normals in which the latent variables are
the mixture component indicators. Then, we present the results of some Monte Carlo exercises
looking at the size and power of the tests in finite samples in Section 4, and assess the suitability
of finite mixtures for cross-country distributions of GDP per capita in Section 5. We conclude
in Section 6 mentioning some avenues for further research, with proofs and auxiliary results

relegated to appendices.

2 The information matrix test

In this section, we begin by quickly reviewing the IM test and then we obtain a new result
that will prove useful for the analysis of Gaussian mixtures in section 3, namely the relationship
between the IM test in the complete and incomplete data contexts considered by Dempster,

Laird and Rubin (1977).

2.1 The test statistic

Consider a parametric model that fully characterises y, a random vector of dimension M, as

a function of ¢, a p-dimensional vector of parameters, with p finite, by means of its probability

distribution in the discrete case or its density in the continuous one, both of which we will simply
call f(y; ¢) henceforth.

Assuming for simplicity that sampling is random, the log-likelihood function of a sample of

size N on y will be given by
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Consequently, the average score and Hessian of this model will be given by
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respectively. If we call (E)N the unrestricted maximum likelihood estimators of the parameters
of interest, we will have that Sy (¢y) = 0 and hy(¢,) negative definite.
In what follows, we maintain the regularity conditions White (1982) assumed to prove his

Theorem 4.1 on the IM test, which among other things guarantee the consistency of the max-



imum likely estimators (MLE) of the model parameters, ng, and their asymptotic normality
with a full-rank information matrix when we centre them around their true values, ¢, and
suitably scale them by v/N.

In this context, the IM test directly assesses the IM equality, which states that the sum of
the Hessian matrix and the outer product of the score (OPS) vector should be zero in expected
value when the estimated model is correctly specified.

As Newey (1985) and Tauchen (1985) showed, the information matrix test can be regarded

as a moment test based on the following influence functions:

vech(hi(¢) + si(¢)si(d)] = Dy veclhi(@) + si(@)si()], (1)

where D), is the duplication matrix of order p, which is the unique p? x p(p + 1)/2 matrix that
satisfies Dpvech(A) = vec(A) for any p x p symmetric matrix A, and D} its Moore-Penrose
inverse (see Magnus (1988)).

In practice, we need to evaluate the influence functions in (1) at ¢ N, SO0 we need to compute

the asymptotic covariance matrix of

N
\/]\]7 Z vech[hi(@y) + si(@y)si(dn)]. (2)

i=1
In his original paper, White (1982) obtained a first-order expansion of (2) around the true
parameter values, which effectively required the expected value of the third-order derivatives
of l;(¢). However, Chesher (1983) and Lancaster (1984) realised that in a likelihood context
such as this, the generalised information matrix equality implies that the expected value of the
Jacobian of (1) with respect to ¢ coincides with the (minus) covariance matrix between (1)
and s;(¢) evaluated at the true values of the parameters, ¢,. Under our i.i.d. assumption, this
implies that to obtain the asymptotic covariance matrix of (2), we simply need to compute the
residual covariance matrix from the least squares projection of (1) onto the linear span of s;(¢,),

which is given by

R(ehg) — U(P)I ™ (do)U' (¢y), (3)
where
R(gy) Uldy) | _ vech[h;(¢y) + si(¢o)si(Po)]
U(go) T(o) ] =V { si(o) } | @



Therefore, the infeasible IM test statistic will be given by the following quadratic form

N
N {le > vech[hi(dy) + si<<E>N>s;<<}>N>}} [R(o) — U(o)T " (¢po)U ()]

i=1
1 N
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i=1
where the superscript “—” denotes a generalised inverse, which is often necessary because some

of the influence functions in (1) may be an exact linear combination of s;(¢,) or appear multiple
times, as we will see in section 3 below and Appendix C.

On this basis, Chesher (1983) and Lancaster (1984) also realised that a feasible version of
the quadratic form (5) could be computed as the sample size N times the R? in the regression of
a vector of N ones onto s;(¢y) and vech[h;(dy) + si(dn)si(¢y)] using an OLS routine robust
to multicollinearity. Effectively, the inclusion of sz($ ~) as additional regressors makes the test
statistic robust to the fact that the influence functions (1) are evaluated at &x-. Nevertheless,
as explained by Horowitz (1994) and the references therein, this OPS regression has very poor
finite sample properties, so in our work below we will rely on the parametric bootstrap applied
to a feasible version of (5) which evaluates the theoretical expression (3) at the MLE ¢, as
forcefully argued by Orme (1990). The theoretical results in Beran (1988) imply that given
that the asymptotic distribution of the test statistic (5) is chi-square, and therefore pivotal,
the bootstrapped critical values should not only be valid, but also their errors should be of a
lower order of magnitude under additional regularity conditions that guarantee the validity of a

higher-order Edgeworth expansion.

2.2 The case of incomplete data

We follow Dempster, Laird and Rubin (1977) in using the term “incomplete data” to denote
situations in which it is convenient to think of the observed data y as the output of a mapping
g(.) from the complete sample space Z to the observed sample space Y, so that the complete
data ¢ is only known to lie in R, the subset of Z implicitly defined by the equation y = g({).

Let §(¢; ¢) denote the joint density of ¢ given a vector of parameters ¢p. We know from basic
probability theory that

fvid) = [ i a)ac. ©)
Throughout, we maintain the following regularity condition:

Assumption 1 The boundary of R does not depend on the model parameters ¢.

Our next result provides a general approach to computing the information matrix test when

the observations y can be viewed as incomplete data:



Proposition 1 The influence functions (1) of the IM test of model (6) are

0’Inf(¢;p) | Onf(¢; @) 9nf(C: @)
E{U@Ch[ 90 + 26 o¢' HY}a

with the expectation taken with respect to the conditional distribution of ¢ given'y over R.

(7)

Proposition 1, which is straightforward application of the law of iterated expectations, implies
we can write the influence functions underlying the IM test as the expected value conditional
on the observed variables of the influence functions underlying the IM test of the complete
log-likelihood. This interpretation is very convenient in those set ups in which the complete log-
likelihood function adopts a particularly simple form, such as in the limited dependent variable
models considered by Gouriéroux et al. (1987), who proved a special case of this expression when
f(¢; ¢) belongs to what they called a “bilinear” exponential family. These include univariate
probit and Tobit models among others, as well as their simultaneous equation versions studied
by Smith (1987). The Gaussian mixtures in the next section provide another case in point.

To compute (5), though, we also need expressions for the different elements that appear
in the theoretical expression (3). To obtain the required expressions, we find it convenient to
obtain first a general result that applies to any conceivable influence function that one may want
to use in a moment test. Let n(¢; ¢) denote a vector of influence functions of the complete data

¢ such that
E¢n(¢;9)) =0 (8)

when both the expectation and the influence function are evaluated at the same value of the

model parameters, ¢. In addition, let

m(y; @) = E¢jy[n(¢; @)yl 9)

where the subscript |y denotes an expectation E or variance V taken with respect to the
conditional density of the “complete data” ¢ given the “incomplete data” y defined over R, while
the subscripts y and ¢ represent analogous moments with respect to the marginal distributions
of y and ¢, respectively. The law of iterated expectations implies that Ey[m(y; ¢)] = 0, which
confirms the suitability of (7) to test for the correct specification of the likelihood model for the
observed data. In this general context, we can use the law of iterated covariances to prove the
following result, whose first part nests Lemma 4 in Gouriéroux et al. (1987), who focused on the
case in which the latent influence functions n(¢; @) coincide with 91nf(¢; @)/0¢ when §(¢; ¢)

belongs to a “bilinear” exponential family:

Proposition 2 Let n(¢; ¢) denote any vector of influence functions of the complete data ¢ that



satisfy (8) and let m(y; ¢) be given by (9). Then,

Vym(y; @)] = Ve[n(¢; @)] — Ey{Vey[n(S; @)y} (10)
and
om(y;9)| 0 OInf(¢; ) o 9Inf(¢; @)
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On this basis, we can compute the different elements that appear in the theoretical expression
(3) by applying Proposition 2 to the vector
veet! [ ®) O f(yi9) Onf(y: §)] Olnf(y; )\’
a¢a¢/ a¢ a¢/ Y 8¢/ 9

whose elements are the conditional expected values of

(92 Inf(¢;d) | Onf(¢; ) dlnf(C; )] dnf(¢ o))
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(12)

Corollary 1 The application of Proposition 2 to (12) yields
0l ; 01 ; 01 ;
R el R

_ PInfly;¢p)  0nfly;¢)0lnf(y;¢)] 9ln f(y; @)
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and
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Once again, the advantage of this procedure is that, in many instances, the complete model

(16)

is much simpler to work with than the observed one, something that we illustrate in the next

section with normal mixtures.



3 Finite Gaussian mixtures

3.1 Definition

Let &€ = (&4, 1&g, -+, &) denote a categorical random variable of dimension K, which
is nothing other than a collection of K mutually exclusive Bernoulli random variables with
Pr(¢, = 1) = A, such that Z,I::l A = 1. If e|l€ ~ N(0,1Ip), vi is an M x 1 vector and I'y, an
M x M positive definite matrix with «, = vech(Ty), then

X 1/2
y = kgl vk + T/ 7€) (17)
is an M-variate, K-component mixture of normals, whose first two unconditional moments are

r=E(y) = é vk = EelEye(y)], and (18)

=)= & Al0aw) T (3 ) (5 hk ) = Bellie )+ Ve Byeoy' ). (19

The natural model parameters are the mean vectors and covariance matrices of the compo-
nents v = (v1,...,Vj,...,vg) and v = (Y1, .., Yp, - - -, Y ) s respectively, and their probabil-
ities A = (A1,..., Ak, ..., Ak ), which are subject to the unit simplex restrictions A\, > 0 Vk and
Zszl Ar = 1. These restrictions can be imposed in different ways. For example, one could use

the multinomial logit parametrisation

A =L K1) A 1 (20)
k; = _— == 17 ... - 1 ; K == _—’ 20
e 41 e+ 1
or one could make
MNe=mp, k=1,...,K —Tand \g =1 -5 m (21)
and impose the inequality restrictions 7, >0 (k=1,..., K —1) and Zfi}l m; < 1 in estimation.

Nevertheless, many of the expressions below are considerably simpler if we first work with the
K elements of X\ as if they were unrestricted, and then use the chain rules for first and second
derivatives to obtain the relevant expressions for the underlying K — 1 parameters that impose
the adding up constraint. As a result, the Jacobian matrices 9A/97’ for (20) or (21) that appear
at the end of Appendix E play an important role in the practical implementation of our IM tests.
However, whether we use parametrisation (20) or (21) is inconsequential because Lemma 2 in
Appendix D.3 implies that the IM test statistics are numerically invariant.? For that reason, in

a slight abuse of notation we shall use ¢ = (v/,v', \’)’ to denote the model parameters.

?In addition, the choice of excluded category in both (19) and (20) is arbitrary, so Lemma 2 is also useful to
show that the IM test is not affected by it. Consequently, the IM test that we derive below will also be numerically
invariant to a relabelling of the components of the mixture, as this only involves a reordering of the parameters.



3.2 Influence functions

The log-density for y is given by
K 1/2
1y ) =1 { 3 MIE 201001} (22)
=1

where £*(0y) = I‘;l/Q(y — vy), with 0 = (v,,7})’, and ¢,,(.) the M-variate spherical normal
density. The identification of finite mixtures of Gaussian distributions from this log-likelihood is
proved in Proposition 1 of Teicher (1963) for the univariate case and Proposition 3 of Yakowitz
and Spragins (1968) for the multivariate one. Of course, one can always include additional
components to a Gaussian mixture that either simply replicate some of the existing ones or are
assigned 0 probability, but those components would be redundant. For that reason, identifiabil-
ity focuses on the mixing distribution. As a result, the true number of components is effectively
understood to be the smallest number of components that generate the true distribution, ex-
cluding those with 0 probability. Under those circumstances, a finite Gaussian mixture model
is a regular one, with a full-rank information matrix and parameter estimators that converge at
the usual N/2 rate.

Boldea and Magnus (2009) is the first paper to provide detailed analytical expressions for the
score and Hessian of finite mixtures of multivariate Gaussian normal variables when the mixing
probabilities are parametrised as in (21). On the basis of the expressions in their Theorem
1, Boldea and Magnus (2009) derive the influence functions for the IM test in their Theorem
2. An alternative way of obtaining the expressions for (1) is by using the EM-based formulas
in Proposition 1, with the observed data being y; for ¢ = 1,..., N and the complete data
¢, = (y},&). Not surprisingly, when we follow this alternative route, we end up with the
following numerically equivalent expressions to theirs (see Appendix E for a detailed comparison
between the two approaches):

Proposition 3 The sum of the Hessian and the outer product of the scores corresponding to a
single observation y is a block diagonal matriz whose only non-zero elements are

vivh © wi(@)T), e (k)€ (0x) — Ty T, 2, (23)
/ . 1 /—1/2 * /T % */ _ —1/2 —1/2
Ve wk(¢)2I‘k e*(Or)vec'[e"(0k)e™ (0r) — Iy ](T), " @ T, " 7)Dy (24)
~wi(¢)[e” (0)T;, /> © T Dy,

1 _,-
Vg wk(‘b))\:r; 2% (), (25)



1 _ _
Vv + k(@) Dy (T @ T vecle™ (B1)e™ (6r) — Tus)
xved [e*(0x)e™ (0)) — Tn (T2 @ T /%)Dy
1 — - * * - — —
—wi(¢) 5D (2[(T; ' @ Ty 2e* (1) (0T}, /%) — (T @ T )}Das,  (26)

2
Ly 2 e ,
T+ wn(@) gy DTy @ T vecle (04)7(65) — Tu, (27)

where wy (@) represents the posterior probability that y comes from the k' component given the
parameter values, so that

MelTe| V200, [€% (0] '
S NIT 20, (65 (6))]

However, not all those elements can be used as influence functions of the IM test. First,

wi (@) = E(&ly; @) = Pr(§y, = 1ly; @) =

(28)

Boldea and Magnus (2009) note that (25) and (27) will be zero at the ML estimators because
these vectors are proportional to the score vectors with respect to vy and -, whose expressions
appear in the proof of the proposition. They also indicate that there is no term for AgA; or
indeed any combination involving parameters from different components. Finally, (23) will also
be zero because they are linear combinations of the score vector with respect to «;. Therefore,
we are left with (24) and (26), which contain $M?(M +1) and §M (M +1)(M? + M +2) distinct
influence functions, respectively, for each component.

Unfortunately, those expressions still include redundant elements, as we explain in detail for
the special case M = K = 2 in Appendix C, which confirms the relevance of generalised inverses
for the IM test of this model, as acknowledged by Boldea and Magnus (2024). Nevertheless, the
calculation of the strictly necessary influence functions, their asymptotic covariance matrix and
the correct number of degrees of freedom can be further simplified on the basis of the following
result, which avoids generalised inverses:

Proposition 4 1. The IM matriz test based on (24) and (26) evaluated at the MLEs of
the model parameters numerically coincides with a moment test based on the influence

functions:
wk((l)){ Eﬂzgz:ﬂ } k=1,... K (29)
evaluated at the same estimators, where
Hj’o’m’o(s*l Hj*(a*{) )
H, (%) — Hj—l,l,:~-,0(€ )| Hj—l(ﬁ')Hl(Eg)
Ho,... 0,j(€7) Hj(ehy)

is the (M + 71) vector containing the distinct multivariate Hermite polynomials of order j
of a standardised random vector €* in Appendix B, which can be expressed as products of
the corresponding univariate Hermite polynomials of its elements.

10



2. The asymptotic covariance matriz of (29) corrected for the sampling uncertainty in es-
timating the model parameters under the null is the residual covariance matriz in the
multivariate theoretical regression of (29) on

wi(p) ¢ Hile*(0r)] », k=1,...,K. (30)

3. If the effective number of components is K, then the asymptotic distribution of the IM test
will be a x? random variable with degrees of freedom equal to

KM (M + 1)(M + 2)(M +7)
24

: (31)

Although the IM test is often regarded as a black box, Proposition 4 provides a simple and
intuitive moment test interpretation in which the influence functions are the distinct multivariate
Hermite polynomials of orders 3 and 4 of y standardised using the mean vector and covariance
matrix of the k** component of the mixture and weighted by the posterior probability that it
belongs to that component. Thus, this result provides a direct generalisation of Proposition 1
in Amengual, Fiorentini and Sentana (2024), which corresponds to the special case in which y
is Gaussian (K =1).

The ease of interpretation of the influence functions in Proposition 4 allows one to immedi-
ately derive tests that focus on a subset of them, such as those involving the third- or fourth-order
Hermite polynomials of a single component, which may prove particularly useful for the purposes
of indicating in which specific directions modelling efforts to enrich the estimated model should
focus. By choosing the relevant elements of the residual covariance matrix, the computation of

the corresponding test statistics would be straightforward.

3.3 The asymptotic covariance matrix

Proposition 4 states the asymptotic covariance matrix of the influence functions involved,
but it does not explain how we can compute it. Given that we can obtain in closed form the
covariance matrix of multivariate Hermite polynomials using the results in Rahman (2017), we
can use the law of iterated variances implicit in (14), (15) and (16) to obtain expressions for the

three elements of (3). Specifically, we can use expression (10) to write
Rus9) = cony |unto) { 30 bt { P} (52)
“erefs (miion) ) o (micia) )}
) Cletan )

11



where

3(e™(01)] H[e*(0
y [cov{ﬁk < [s*(Ok)] ) an ( H4[€*(0
= B, [contén &) 31 oot e )
with cov(§y,, §,ly) = [I(J = k)wi (@) — wi(d)w;(@)].

In turn, we also know that at the true values

ore{e (ieront )5 (iicton )}

)
01)
Hyle(6,)|HA(e"(6,)] Hale* (0, H e (6,) M, 0
=5 |6 ( e oo @] He-oomie-o ) =10 =0% ("0 )

because §;,§; = 0 when k # j, £2 = ¢, €;(0r) = € when &, =1 from (17), which is independent
of &, and the third and fourth multivariate Hermite polynomials of a standard normal variable
have zero means, are uncorrelated, and have covariances matrices M3 and My, respectively,
which adopt a particularly simple form regardless of the model parameters, as shown in Lemma

1 in Amengual, Fiorentini and Sentana (2024). As a result, it must be the case that

Ris() =16 =k (g 1, )

5 [1=0n)- (@0 @) (1 o 6] 1o it o) )]

In principle, one might expect the sample version of (33) to be less noisy than the sample
version of (32) in finite samples. Nevertheless, both expressions involve the same weighted
averages of the sixth, seventh and eighth powers of the elements of €*(6y), the only difference
being whether they are scaled by [I(j = k)wi (@) — wi(P)w;(@)] or wi(P)w;j(¢). In addition, a
combination of the sample version of (33) with the theoretical values of M3 and My could lead
to indefinite estimated covariance matrices. For that reason, our suggestion would be either to
compute the above expressions analytically using quadrature, in which case both calculations
yield the same result up to machine precision, or to rely on the centred or uncentred sample
versions of (32), as Chesher (1983) and Lancaster (1984) suggested.

We can use a similar procedure to obtain the covariances of (29) with (30), which we can use
to purge those influence functions from the sampling variability arising from the ML estimation

of the mixture model parameters. Specifically, we can exploit the fact that

Hi[e*(60,)] o - i
{£k< i[e*(ei)] )53‘( 1 Hy[e"(0;)] Hyle™(6;)] )} -0
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for all k and j to show that

0] Fale 0 (0] Hle (0L (0,)
= y{ (§k753|Y)<H4[5*(9k)] H4[€*(91g)]H/1[€*(0k)] Hy[ ]Hg[ )}7

but again, it is not clear which expression leads to less noisy estimates in finite samples.

Finally, we can use an entirely analogous procedure to compute

1 1

Tii(@p) = covy |wi(@p) | Hile*(0r)] |, wji(o) | Hile*(0;)]

Hs[e(601)] Hs[e*(0;)]
1 0 0
—IG=kM| 0 Iy ©
0 0 M,

1 H[e*(6;)] Hy[*(6;)]
—Ey |cov(&g,&5ly) [ Hile®(0x)] Hi[e*(0x)Hi[e*(0;)] Hile™(0x)|Hy[e*(0;)] ||,
Hy[e*(0r)] Hale*(0x)H][e*(60;)] Hale*(60x)|Hy[e*(0;)]

where My = D',,(Ip;2 + Kyar)Day and Ky, is the commutation matrix of orders m and
n, which is such that vec(B') = K,,vec(B) for any m x n matrix B (see e.g. Magnus and
Neudecker (2019)). In this respect, one important thing to note is that the expected value of
wi(¢) is not 0 but \g, which explains why we should compute the expected value of the second
moments of (30) rather than their covariance matrix. However, this is inconsequential because
working with the second moment matrix of those K vectors is effectively adding a constant to the
theoretical regression mentioned in Proposition 4, which makes no difference to the theoretical
calculations because both (29) and the remaining elements of (30) have all 0 mean under the
null. In fact, the same argument implies that in the list of regressors we can replace without
loss of generality the K components corresponding to the zero-order Hermite polynomials times
the posterior probabilities by the K — 1 scores of the underlying parameters 7 that characterise
the prior probabilities in (20) or (21). Intuitively, given that both regressands and regressors
have 0 means under the null of correct specification, the regression residuals with and without
constant are identical, and therefore so is their covariance matrix.

The expressions we have derived in this section also confirm that (4) will be singular when
the number of estimated components exceeds the number of true components, which prevents

the use of the IM matrix test in a general-to-specific search for K.
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4 Monte Carlo simulations

4.1 Size

As stated in Proposition 4, the asymptotic distribution of our proposed IM test is x? with
degrees of freedom equal to (31). However, this asymptotic approximation might not be very
reliable in finite samples. For that reason, we assess its validity by means of Monte Carlo
simulations in a sequence of quadrupling sample sizes, namely N = 100, 400, 1,600, 6,400,
25,600 and 102,400. For each of the data generating processes (DGPs) we describe below, we
generate 10,000 samples under the null and compare the version of the IM statistic that relies
on a feasible version of the theoretical expression (33) that replaces the true parameter values
¢, with their MLEs ¢ with the OPS version proposed by Chesher (1983) and Lancaster (1984)
and employed by Boldea and Magnus (2024), with the only difference that instead of relying
on numerical generalised inverses, we exploit the rank deficiencies we highlight in the discussion
that follows Proposition 3. Furthermore, for the empirically realistic sample sizes of N = 100,
400 and 1, 600, we also consider parametric bootstrap versions of these two procedures in which
we simulate B = 99 samples from the mixture model estimated under the null. A formal
justification of parametric bootstrap procedures for IM tests in regular models like the ones we
consider in our experiments follows from the results in section 2.2 of Horowitz (1994), which in
turn rely on earlier results by Beran (1988). Since the number of Monte Carlo replications is
10,000, the 95% asymptotic confidence intervals for the Monte Carlo rejection probabilities under
the null are (9.41,10.59), (4.57,5.43) and (.80,1.20) at the 10%, 5% and 1% levels, respectively.

Given that the true model parameters are unknown, it is important to estimate them ac-
curately. For that reason, we first run the EM algorithm up to a pre-specified convergence
level starting with A = K~ 1x, T, = dg[Vi(y)], and initial values for v}, which maximise the
log-likelihood function among those obtained from multiple runs of the k-means++ algorithm
of Arthur and Vassilvitskii (2007) with random initial draws for the cluster centres. Next, we
switch to a quadratically convergent quasi-Newton routine written in terms of the z’s in (21)
and the Cholesky factors of the I') s with a tighter convergence level, ensuring that we avoid the
log-likelihood poles we mentioned in Appendix D.1 by imposing 2/N < A\ <1—2/N for all k.

We can then use Propositions 3 and 4 to compute the feasible version of the IM test statistic in
(5) that takes into account the sampling uncertainty in estimating the mixture model parameters
under the null of correct specification. In this respect, Proposition 2 and Corollary 1 allow us to
obtain “closed-form” expressions for the covariance matrix of the influence functions involved,
as well as their covariances with the log-likelihood scores, and the information matrix, where by

“closed-form” we mean “up to a definite integral” that we obtain by Gaussian quadrature.
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In the univariate case, we consider Gaussian mixtures of two and three components as null
hypotheses. For the two-component case, we follow Robertson and Fryer (1969) in generating
the mixture with the “bitangential” probability density function (pdf) in Figure la, which
coincides with the borderline case between unimodal and bimodal densities. Specifically, we set
the means and variances of the components to 1/4 and 1/2, and 1/256 and 3/64, respectively,
with a mixing probability for the first component of 0.646. The rejection rates we obtain
using asymptotic critical values (see Panel A of Table 1) confirm the need for finite sample
size adjustments, especially for the OPS version of the IM test. As Orme (1990) found for
limited dependent models, the quality of the asymptotic approximation is much better when
one uses the theoretical expressions for the weighting matrix instead even in very large samples.
In contrast, Panel B of Table 1, which contains the bootstrap-based rejection rates, gives a
completely different picture: sizes are very accurate and almost all Monte Carlo rejection rates
fall within the relevant 95% confidence set.

As our second univariate null hypothesis, we consider a mixture of three normals whose
parameter values are in line with the estimates we obtain in the empirical application in sec-
tion 5.1 (see Figure le). Specifically, we set the means of the underlying components to 3, 1
and 1/4, their variances to 2/5, 1/5 and 1/100, and the mixing probabilities for the first and
second components to 0.25 and 0.45, respectively. As Panels A and B of Table 2 indicate, the
same qualitative comments apply regarding the size of the different versions of the IM test in
finite samples. Nevertheless, the quality of the asymptotic approximation to the finite sample
distribution of the parameter estimators is lower for the three-component mixture than for the
two-component one for any given sample size, which is perhaps not surprising given that the
number of estimated parameters is larger.

As for the bivariate case, given that the bootstrap takes considerably more CPU time, we
only consider as null hypothesis the two-component Gaussian mixture in Boldea and Magnus

(2009), which is fully characterised by
v1 =0, vy =51y, T1 =Ty, Ty =Ty + 1215,

and a mixing probability of 1/2. The pdf and contours of this density are depicted in Figures 2a
and 2e, respectively. In Panels A and B of Table 3 we report the rejection rates under the null
based on asymptotic critical values and bootstrapped ones, respectively. The same comments as
in the univariate examples apply, but with the OPS version performing noticeably worse in this
case. Interestingly, the size distortions of the other versions of the IM test are of the same order

of magnitude as in the univariate examples despite the higher number of estimated parameters
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and much higher number of influence functions involved. Presumably, the reason is that the two
components are much more clearly separated in the Boldea and Magnus (2009) design than in
the univariate design in Figure 1a, which makes both the asymptotic covariance matrix of the
influence functions and the information matrix closer to being block diagonal.

In summary, one can conclude that the chi-square asymptotic distribution in Proposition 4
is adequate for both versions of the test even though the finite sample rejection rates do not
necessarily converge monotonically to their limiting values, but the finite sample reliability of
our preferred version is notably higher than the N R? version used so far even after taking into
account the singularity of the asymptotic covariance matrix of the sample means of the influence
functions underlying the test evaluated at the MLEs. At the same time, the use of theoretical
expressions does not completely eliminate the finite sample distortions of the IM test, and for
that reason we recommend using the parametric bootstrap in combination with our proposed

version.

4.2 Power

We also investigate the power properties of our test by considering three types of alterna-
tives:

1. mixtures with the same number of non-Gaussian components,

2. mixtures with a larger number of Gaussian components, and

3. non-mixture distributions.

We do so by looking at the rejection rates from 2,500 samples of size N = 100 and N = 400
because power is effectively 1 for the larger sample sizes. In view of the results in the previous
subsection, we focus on the bootstrap version of the IM test statistic that relies on the theoretical
expression for the asymptotic covariance matrix evaluated at the MLEs to correct the finite
sample size distortions, as forcefully argued by Horowitz and Savin (2000).

As the first alternative hypothesis to the two-component Gaussian mixture in Figure la, we
consider a mixture of two asymmetric Student ¢’s with the same means, variances and mixing
probability as under the null, but with shape parameters n; = n, = 1/12, 8; =5 and 5, = =5
(see Mencia and Sentana (2012) for details). Given that asymmetric Student ¢’s distributions can
be understood as location-scale mixtures of normals, we can regard this alternative as an example
of unobserved cross-sectional heterogeneity in the means and variances of the components, which
is in line with the interpretation of the IM test in Chesher (1984). In addition, we consider a
symmetric mixture of three normals that represents a borderline case between unimodal and
trimodal density. Specifically, we set the means of the underlying components to —0.47, 0.47
and 0, their variances to 0.047, 0.047 and 0.018, and the mixing probabilities for the first
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two components to 0.18. Once again, this three-component mixture can be regarded as an
example of a mixture of one normal component with a second component in which the means
and variances take two possible values. Finally, the empirical application to “convergence clubs”
in cross-country GDP per capita in section 5 suggests a lognormal distribution with parameters
p = —1/4 and 0? = 1 as our third alternative. Interestingly, this alternative can be regarded as
an example of a distribution in which there are fewer components than in the estimated model,
but those components are not Gaussian. Figures 1b-d show the corresponding densities (solid
lines), as well as the pdf of the closest (in the usual Kullback-Leibler sense) mixture of two
normals (dashed lines). As can be seen from Panel C of Table 1, the IM test is able to detect
with reasonable power these three deviations from the null, especially for the larger sample size.

In turn, the first alternative hypothesis we consider to the three-component Gaussian case
is a mixture of two asymmetric Student ¢’s and a symmetric one with the same degrees of
freedom and skewness parameters as in Figure 1b for the first two components, and with the
same mixing probabilities we use for the null. In addition, we consider a mixture of four normals
with means 4, 2, 1, and 1/3, variances 2, 1/2, 1/10 and 0.015, and mixing probabilities 0.075,
0.25 and 0.325 for the first three components. Finally, we retain the same lognormal as in
the two-component mixture as an example of a non-Gaussian distribution that can only be
replicated by a Gaussian mixture with a countable number of components. Figures 1f-h show
the corresponding densities (solid lines) as well as the pdf of the closest mixture of three normals
(dashed lines). The rejection rates reported in Panel C of Table 2 show that the IM test continues
to have good power, although there is a clear decrease when the true distribution is lognormal
relative to the two-component case. The reason is twofold. First, the number of degrees of
freedom increases. And second, Gaussian mixtures with an increasing number of components
are able to approximate many distributions (see Hamdan (2006) for scale mixtures of normals,
Nguyen et al (2020) for general ones, and Norets (2010) for conditional models). We would
expect the same conclusions to apply in more complex examples in which the true DGP is a
mixture of two non-Gaussian distributions and the estimated model is the mixture of three or
more Gaussian components.

Finally, in the bivariate case, we first consider a mixture of two asymmetric bivariate Student
t’s with the same means, variances and mixing probability as under the null, but with shape

parameters 1; = 1, = 1/16, and 8, = By = —(1,1)" (see again Mencia and Sentana (2012) for
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details).? In addition, we consider a discrete mixture of three normals with

1 2 1 1
v =32, V2 = L2, V3 = 12 ' = 5127 'y = 512, I's = Elz,

and mixing probabilities 0.25 and 0.45 for the first two components. Finally, as an example of a
bivariate non-Gaussian distribution that cannot be expressed as a Gaussian mixture with a finite
number of components, we simulate two independent (standardised) univariate skew normals
with a skewness parameter such that its skewness and kurtosis coefficients are —0.85 and 3.71,
respectively (see Azzalini (1985) for details). Once again, this alternative can be regarded as
an example of a distribution in which there are fewer components than in the estimated model,
but those components are not Gaussian. Figures 2b-d show the corresponding pdfs while in
Figures 2f-h we report their contours (solid lines) as well as those of the Gaussian mixtures of
two components that best match those densities in the usual Kullback-Leibler sense (dashed
lines). The rejections rates displayed in Panel C of Table 3 indicate that the IM test is also able
to detect deviations from the null in all these bivariate experiments. As can be seen, the highest
power is obtained when the alternative is a mixture of three normals and the lowest under the
bivariate skew normal alternative. In addition, power is always quite close to one for the larger
sample size.

In summary, our results indicate that the IM test has power to detect empirically plausible
deviations of the null in which the number of components is correctly specified but their distri-
bution is not, the number of components is too low even though their distribution is correctly

specified, or the number of components is too large but their distribution is not Gaussian.

5 Empirical applications

In this section we use the IM test to assess the validity of Gaussian mixtures in two pub-
lished empirical applications that look at the univariate distribution of per capita income across

countries and its joint distribution with per capita COs emissions.

5.1 Convergence clubs

As mentioned in the introduction, Gaussian mixtures feature pre-eminently in the empirical
literature on “convergence clubs” in cross-country GDP per capita comparisons. In this section,
we revisit the empirical application in Pittau et al. (2010), who found that a Gaussian mixture

with three components provides a very good fit for the distributions of per capita income in

3If we chose the same shape parameters as in the univariate alternative in Figure 1b, then we would system-
atically obtain rejection rates close to 100% even for N = 100.
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version 6.1 of the Penn World Tables for 1960, 65, 70, etc. all the way to the year 2000. This
covers 102 countries, of which 90 have data over the entire sample span.

In addition, they found that the within-group variances of both the rich and poor groups
of countries decreased over time, while the distance between their means increased, especially
between the middle-income and high-income groups.

Finally, they found that the sizes of the different groups fluctuated somewhat, but with little
movements across components, as judged by the posterior probabilities. These features can be
seen in Panel A of Table 4 in which we report the parameter estimates, and also in Figure 3,
which displays the temporal evolution of those cross-sectional distributions.

However, the validity of the results in Pittau et al. (2010) and their interpretation crucially
depend on finite Gaussian mixtures with three components providing an accurate description
of those distributions. For that reason, we apply the IM test that we have studied in previous
sections to their data set, whose p-values, both based on asymptotic critical values and 9,999
bootstrapped samples, we report in Panel B of Table 4. As can be seem, the null hypothesis of

correct specification is never rejected, which provides formal empirical support to their claim.*

5.2 GDP growth and CO, emissions

As part of their extensive cross-country analysis of COg emissions and their relationship to
economic development, Battisti, Delgado and Parmeter (2015) estimate two-component mixtures
of bivariate Gaussian distributions using data on (log) per capita emissions and (log) per capita
GDP. Specifically, they consider a balanced panel data set of 84 countries that combines real GDP
per capita from the Penn World Table 7.1 with fossil fuel-based CO2 emissions from Marland,
Boden and Andres (2003) at five year intervals for the period 1960-2005. Our estimates are
somewhat different from theirs because we do not impose the restriction that the eigenvectors
of the covariance matrices of the two underlying components are the same (see Bensmail and
Celeux (1996)).> Nevertheless, we confirm their main result, which is that there is a low GDP-
low emissions component and a high GDP-high emissions component, as can be seen from
Figure 4 and Panel A of Table 5. Our results also confirm that the first group of countries is
larger but stable, and that there are noticeable changes in means, variances and correlations
over the sample period. Specifically, the rate of growth in average GDP per capita is larger for
rich countries than for poor ones, while the opposite happens for the rate of growth in average

COq per capita. In addition, the dispersion within components is larger for emissions than

“In contrast, the IM test applied to 2-component mixtures estimated with the same data systematically rejects
at the 5% level.

5As we explain in our concluding remarks, the modification required to deal with such parametric restrictions
is tedious but otherwise straightforward.
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for income, and while the standard deviations of both variables increase over time for the low
GDP-low emissions group of countries, they decrease over time for the high GDP-high emissions
one. Finally, the correlations between those two variables also follow different trends for the two
groups: from medium (.64) to high (.74) for the poor countries and from high (.84) to low (.37)
for the rich ones.

In this case, though, the bootstrap version of the IM matrix tests rejects the null of correct
specification at the 5% significance level for 1970 and 1980 but not for the other years. To provide
further insights into the nature of the rejections, we have carried out two additional tests that
separately look at the (co-)skewnes and (co-)kurtosis components of the influence functions (29)
for those two years. Interestingly, we find that the source of the rejections is related to the
fourth-order moments (bootstrap p-values of 1.64% and 3.37% in 1970 and 1980, respectively)
rather than the third-order ones (bootstrap p-values of 25.08% and 22.24%), which suggests that

a mixture of elliptical distributions, such as the Student ¢, might be more appropriate.

6 Conclusions and directions for further research

We explain how the EM principle applied to incomplete data can also be used to obtain
the moments underlying the IM test as the expectation given the observed data of the moments
tested if the complete data were observed. This principle also leads to interpretable expressions
for the asymptotic covariance matrix of those influence functions adjusted for the sampling
uncertainty in the parameter estimators under the null of correct model specification.

We then apply these results to finite mixtures of Gaussian random vectors, showing that
the IM test statistic can be easily computed as a quadratic form in the sample means of the K
vectors that contain the distinct third- and fourth-order multivariate Hermite polynomials of the
observations standardised with respect to the vector of means and covariance matrix of each of
the underlying components multiplied by the posterior probability of those components, with a
weighting matrix which is the inverse of the residual covariance matrix in the regression of those
influence functions on the K vectors that contains the distinct zero-, first-, and second-order
multivariate Hermite polynomials of the same standardised variables multiplied again by the
posterior probability of the components.

Our Monte Carlo exercises clearly indicate that one can substantially reduce size distortions
in finite samples by using the theoretical expressions for the aforementioned weighting matrix
that we have developed evaluated at the MLEs rather than the OPS version of the IM test
statistic put forward by Chesher (1983) and Lancaster (1984), and that a parametric bootstrap

procedure practically eliminates them. Our results also confirm the non-trivial power of the IM
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tests against many empirically plausible alternatives.

Nevertheless, like any moment test based on a finite number of influence functions, the IM test
is not consistent. As White (1982) indicated, it will have trivial power against misspecifications
that do not affect the validity in large samples of standard errors computed from either the
OPS or the average Hessian matrix. We conjecture that this low power is likely to be relevant in
admittedly contrived alternatives with the right number of components in which the distribution
of some of the mixture components is not Gaussian but the expected value of all their third-
and fourth-order Hermite polynomials are 0.

Finally, we employ the IM test to assess the adequacy of finite Gaussian mixtures to capture
the univariate distribution of per capita income across countries and its joint distribution with
per capita COs emissions. In this respect, we confirm that a Gaussian mixture with three
components provides a very good fit for the cross-sectional distributions of per capita income
in the Penn World Tables between 1960 and 2000, as argued by Pittau et al. (2010). Our
results also suggest that the two-component mixtures of bivariate normals considered by Battisti,
Delgado and Parmeter (2015) provide a good fit to the joint distribution of income and emissions
except for a couple of years in which a mixture of elliptical distributions would have been more
appropriate.

From a theoretical point of view, it would interesting to extend the Bartlett identities tests
proposed by Chesher, Dhaene, Gouriéroux and Scaillet (1999) to incomplete data situations. In
the context of finite Gaussian mixtures, in particular, we would expect the influence functions to
coincide with the fifth- and higher-order multivariate Hermite polynomials of the observations
standardised with respect to the vector of means and covariance matrix of each of the underlying
components multiplied by the posterior probability of those components. Furthermore, we could
also consider versions of the IM test based on parameter estimators different from the MLE. In
this respect, the theory of moment tests in Newey (1985) and Tauchen (1985) would immediately
provide the appropriate weighting matrix for the influence functions (1) evaluated at those
alternative estimators.

In contrast, the model we have considered in this paper may be excessively general for
some purposes. For example, an empirical researcher might have good reasons to restrict some
elements of vy or v, to be common across regimes. Nevertheless, the chain rules for first
and second derivatives would immediately give us the score, Hessian and relevant influence
functions and their asymptotic covariance matrix in those restricted models as a function of the
corresponding elements in the unrestricted model that we have considered.

At the same time, our proposed IM tests can also be extended in at least three empirically
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relevant directions. First, we could deal with switching regression models in which the linear
regression coefficients depend of a set of predetermined variables x. The main difference is that
for each component of the mixture, we would have influence functions related to the conditional
heteroskedasticity of the (multivariate) regression, the conditional skewness of its residuals, as
well as their unconditional asymmetry and kurtosis. Second, we could allow the probabilities
of the different regimes to be a function of some exogenous indicators using a multinomial logit
model specification. And third, we could allow the regimes to have a Markovian structure, as in
Hamilton (1989), which would force us to rely on a smoother rather than a filter, as in Almuzara
et al. (2019). In Amengual, Fiorentini and Sentana (2025a,b,c), we explore these interesting
research avenues.

Other relevant examples with a more microeconometric flavour would be discrete mixtures
of beta, gamma or Poisson random variables, in which case the main change would be to replace
the Hermite polynomials with Jacobi, Laguerre or Charlier ones (see Schoutens (2000) and
Bontemps and Meddahi (2011)). Our approach would also be valid for continuous mixtures of
Gaussian random variables, such as the Student ¢ distribution or generalised hyperbolic (GH)
distributions more generally, whose parameters are often estimated using the EM algorithm, by
exploiting the fact that the posterior distribution of the underlying mixing variable given the
observed ones will follow a reciprocal gamma in the case of the Student ¢ or a generalised inverse
Gaussian in the GH one (see Mencia and Sentana (2012)).

In fact, the IM tests considered in this paper can be extended to a much wider class of
dynamic models with discrete and continuous latent variables that are routinely used in macroe-
conometric and empirical finance applications, including dynamic factor models (see Ren (2025))
and non-linear state space models with stochastic volatility and non-Gaussian shocks, as long
as they can be written in the incomplete data framework of Dempster, Laird and Rubin (1977)
after a suitable data augmentation. The main difference would be that numerical techniques,
such as Markov chain Monte Carlo or particle filters, would often be required for smoothing

purposes.
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Appendices
A Proofs

A.1 Proof of Proposition 1

Given that Assumption 1 allows us to interchange integration and differentiation, we can

immediately combine expressions (3.1) and (3.2) in Louis (1982) to show that (7) holds. O

A.2 Proof or Proposition 2

First of all, note that (8) and (9) combined with the law of iterated variances immediately

implies that

Ven(¢; )] = E¢n(C )0’ (¢ )] = Ey{Vey (¢ )]} + Vy[m(y: d)],

whence (10) follows.

In turn,
e e R P
:zg{ﬁbyﬁn@wwf%meHMH{amng”IQW[amgﬁmw}H
+E¢y[n(¢; )] E¢ly [WH
= 5, {eoncy [mcio, P IED L con, L iniei o). gy [ 220G )
_&, {Covdy [n(c;qb), mnggd’)} } + covy [m(y; ), alnf;g;d))] :

But given that both Ey (m(y;¢)] and Ey [01n f(y; ¢)/0¢] are zero, we can write this last

expression as

E¢ [H(Cscﬁ)alng(qg?‘ﬁ)] ~ B, {covcy [n(g;(j,), 81“(;(;;‘1’)} } + B, [m(y;qb)@lngg;@] _

We also know from the generalised information matrix equality applied to the log-likelihood
functions of the complete and observed data that

on(¢;
[

|+ e [ntcio) G  —

and

om(y; @)

Ly [W] + Ey [m(}’;@w] =0,

d¢'

respectively, where, once again, Assumption 1 has allowed us to interchange integration and
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differentiation. Therefore, we can finally write

Oln f(y; om(y; ¢;
By [miyi IO, (oM d)]
| : o1 .
- {“(C; ¢>8I§§"’”} ~ By {covqy [n(C; ¢). W] } ,
which coincides with (11). -

A.3 Proof or Proposition 3

First, we use the EM principle to derive expressions for the scores and Hessian. The

complete log-likelihood function of a random sample of size N on ¢ = (y’,¢’)’ is given by

ﬁ;lﬂ f(Ci; ) = iiﬁm Inf(yil§e;=1;0k) + i\[;hlf(si;)‘)v (A1)

where i i
lnf(y|£k:1;9k):—1 [Mlmﬂn Dol + €7 (8,)e* (8] (A2)
Inf(&;\) ng In . (A3)

The sequential cut in (Al), (A2) and (A3) considerably simplifies the required expressions.

Specifically,
O f(y,&¢) . Olnf(yl§,=1;04) —1/2 s
3—1/k = f v —f F (ek)7
ol ) Q) ol _1;9 1 ! /= /= * */
IR _  IRIVEEON g Dg, (1 @ T ucele’ (B (64) ~ T
Olnf(y,&¢)  Olnf(&§A) _¢ 1

ON\e - oNe RN

Hence, the second derivatives will be

O’In f(y, & @) 9*In f(yl&,=1;60)

_ -1
vV, Sk vV, = &Ly
PInfly,&d) OIn f(yl€p=1;0r) o 1/2 1
Pinjly.&9) _  Pnfyille=1:61)
07407} o,

= Dy (2l @ T e (00 (00T} ) — (T @ T ) Dy,

and
Plfly. &)  PmfEN _
@M (W) "X A2 ’
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with all other cross-derivatives being zero.

The assumption of random sampling implies that the joint distribution of £;,...,&;,..., &N
given yi,...,¥,...,yn is the product of the N distributions of &; given y;, which are also
categorical but with probabilities wy;(¢) given by (28). On this basis, we can use expression

(3.1) in Louis (1982) to write

dn f(y; ) —1.6 i
) p|g MBSO ey e 60
81 N [ 61 i :1;0 1 / — —
néf’(yz ?) g _fk nf(ygiz k) y} _ —wk(¢)§ (T2 g T2y
xvec[e*(0r)e™ (0r) — L],
ol f(y;é)  _[0Inf(§&N)] ] 1
o, E o ’}’] —wk(ﬁb))\*k-

Similarly, the only non-zero elements of the first term of expression (3.2) in Louis (1982) will

be

P InJ(yle,=1:00)] ] "
0?1 =1;0 wr - _
B |6 IO ] — @)l 00T 6 T D

0% In f(y|&, =1 6) y]
9707},
1 _ _
= —wi(¢) Dy (2/(T}; " @ Ty e (81)e™ (00T ) - (T, @ T, )} Dy,

(2o

E [ﬁk

In contrast, the second term of expressions (3.2) in Louis (1982) is slightly more complex.
Specifically, we get

Oln f(y|€,=1;60k)
81/k

Ve, y} — wi(B)[1 — wi ()T, %" (B)e (6,)T;

= w( T, e 00" (0T, — wi (@) e (B 00T,

where we have used the fact that £, is a Bernoulli random variable whose variance conditional
Oln f(y|€,=1;6})

ony is wg(¢)[l — wr()]. In turn,
MV, y]

Oln f(y[§r=1;6k)
= wk<¢)[1 — wk(¢)]%F;C_l/2€*(0k)'l)€cl[€*<9k)€*/<9k) _ IM](I‘]:l/Q ® F;l/Q)DM

Cov | &, &k

allk

— wn(@)3T} e Onved [ (60" (61) — LT, © T Dy
1 - - —_
(@)1 e B )vec e (01 (03) ~ Tyl(T, 2 o T, Dy,
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Pty =i OnSER] | o) - wlel T e 60

Cov € 8l/k ’ 8)\k k
1 - 1
= wi(@)3 Ty e (00) — wi(9)5 T e (60),
Oln =1;0
[

= (@)1 — k()] Dy (T /2 @ T2 Jvecle” (64)e (6) — T
xvec[e*(0x)e” (0x) — Ty (T, /2 @ T, /%) Dy
= (@) D (T & T )uecle* 04)” (04) — T
xved [e*(0x)e” () — Ty (T, /> @ T, V/*)Dy
(@)D (T2 o Ty ol (0e"(00) T
xved [*(0)e” (0x) — I |(T; V2 @ T, V2D,

Oln f(y|&,=1;0;) Oln f(&;N)
v vy o M

= wi(¢)[1 - wk<¢>>]2 3D (T2 @ T )uecle” (0)e” (0) = T

— wi(@) Dy (T2 9 T vecle™ (B1)e™ (61) — T

Ak
_w2(¢)ﬂn' (T2 @ T vecle*(0x)e™ (0r) — Tui
and
1 A
Con | T2 8y | i)t - wetell
1 1
= wk(‘ﬁ)/\? - w/%(‘ﬁ)/\*i-

Interestingly, the second terms in the previous expressions are nothing other than the minus

products of the corresponding scores.

In addition, we must also compute all the other conditional covariances between the different
y]

where we have used the fact that &, and &; are elements of a multinomial random vector whose

components of the score. Specifically,

Oln f(yl€,=1;60) ¢ Oln f(y[§,=1;6%)

gk: al/k » Sl 81/[
1 ., _
- —wk<¢>wz<¢>¢r; Y2ex(9))ev (0,)T; 2,
k
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covariance conditional on y is —wg(¢)w;(¢). Similarly,

Oln f(yl&p = 1;0r) . Oln f(y|¢, = 1;04)
ovy, 15l v,

= —wn(@)ui(4) ;T e (0y)
xvec [e(0))e” (8)) — Iy (T, /2 @ T Y*)Dyy,
ol =1;0;) 01 PA 1 172 ,
[fk; nf(y‘;ykk k)7 ng)(f )’y] = —wk(¢)wz(¢)xlf‘k 2¢ (Or),
Oln f(y|€,=1;0) . Oln f(y|{;=1;04) y}
0y, 97
= —un(@)ui(9) ;D (T & T )ueele” (B)e™(04) — Tu

xvec [€*(0,)e*(0;) — IM](Ffl/2 ® Ffl/Q)DMv

Cov [Ek

d

Cov

COU I:gk ) El

0 =1:0 0 :
Cov [gk o f %l%;k 1i6k) lngif’”\y}
_ —wk<¢>wz<¢>2ilD’M<r;‘” 20 T ) ecle® (8,)e™ (61) — Ty

and
Olnf(&A) dlnf(&AN)] 1
cougy | AER TIED |y (i)

which also coincide with the outer products of the scores involved. Thus, to compute the Hessian

we simply need to add to the minus OPS the terms that appear in Proposition 3. g

A.4 Proof or Proposition 4

Given that joint log-likelihood function of the complete data can be written as the sum of the
marginal log-likelihood function of the multinomial random vector £ and a linear combination
with weights &, of multivariate Gaussian log-likelihood functions with parameters v and ,,, we
can exploit Proposition 1 in Amengual, Fiorentini and Sentana (2024) to express the scores of the
complete log-likelihood with respect to \i, vy and =y, as linear combinations of 1, H; [e*(0})] and
Hs[e*(0})] scaled by &, and the sum of the outer product of those scores and the corresponding
Hessian as &, times linear combinations of Ha[e*(6y)] for the vyvy term, Hg[e*(0y)] for the
vy, term, and Hyle*(0y)] for the .7, one. Therefore, we can avoid generalised inverses by
using as influence functions the terms FE{{;|y}Hs[e*(0x)] and E{&, |y }H4le*(0k)], which we
can purge from sampling uncertainty resulting from the estimation of the model parameters by
regressing on E(&,|y), E{{,|y}Hi[e*(0k)] and E{¢,|y }Hza[e*(0r)], k=1,..., K.

As for the number of degrees of freedom, in principle they correspond to the dimensions of

H3[e*(0)) and Hy[e*(0})] times the number of components, namely

K M(M+1)(M+2) MM+1)(M+2)(M+3)]  KM(M+1)(M+2)(M+7)
6 + 24 - 24 '
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However, if the true value of one or more of the \.s is zero, then E{¢,|y} = 0 for the corre-
sponding elements. Similarly, if two or more underlying components are such that 8, = 0; at
the true values, then H3[e*(0y)] = Hs[e*(6;)] and Hy[e*(0x)] = Hyle*(0;)]. Nevertheless, in
both cases the number of degrees of freedom will continue to be given by (31) as long as we

interpret K as the effective number of components of the mixture. O

B Multivariate Hermite polynomials

We follow Barndorff-Nielsen and Petersen (1979) in defining the (centred) multivariate
Hermite polynomials of order j = j; + ...+ ju > 0 associated to the M-dimensional random
vector y as

¥ [ ta-vyAm-v)
(Oy1)7r ... (Dyar )M ’

Hj, o), A] -7 207867 = (-1 (B4)

1-JM

where e(v) = (y — v). As is well known, the mean of any Hermite polynomial of positive degree
is zero when y ~ N(v,T), with A = I'"!, so they constitute a basis for testing multivariate
normality (see e.g. Amengual, Fiorentini and Sentana (2024) and the references therein).
The symmetry of the higher-order partial derivatives in (B4), however, implies that some of
the M7 multivariate Hermite polynomials of order k will be replicated several times. Specifically,
M+j—1

there are only ( P ) different polynomials for a given order, so we can avoid generalised inverse

matrices by eliminating the redundant ones. For that reason, we define

Hy ... 0(€5A)

Hy_11,. 0(e; A)

Hj(e;A) = : (B5)

Ho,... o,k(€5A)

as the (M J’kj_l) x 1 vector that contains all the non-redundant multivariate Hermite polynomials
of order j, which we will simply denote by H;(e*) for the special case of A = I/, so that
H,(e*) = e* with V[Hi(e")] = I.

The usefulness of multivariate Hermite polynomials in our context results from Proposition

1 in Amengual, Fiorentini and Sentana (2024), which implies that:

1. The scores with respect to v and v = wvech(I") of the log-likelihood function associated
to the multivariate random vector x can be written as linear combinations of H;(e*) and

Hy(c*), where e* = I~ 12¢(v) = T~1/2(y —v).

2. The sum of the outer product of those scores and the corresponding Hessian matrix can

be written as linear combinations of Ha(e*) for the vv term, Hg(e*) for the v+ term, and
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H,(g*) for the v+ one.

In Appendix C we will illustrate these results for the univariate and bivariate case.

C Redundant influence functions in two-component examples

In this appendix, we describe in d

univariate and bivariate two-compone

etail the redundant influence functions of the IM test for

nt mixtures of Gaussian variables. In both cases, we first

derive the influence functions of the complete model, which allows us to clearly identify their

redundant elements.

C.1 Univariate case

When M =1 and K = 2, expressi

ons (Al), (A2) and (A3) simplify to

N N N
> f(Cid) =D [6rnf(wil€ =1501) + S, Inf (yiléo;=1;02)] + > _Inf(£:X),  (C6)
=1 =1 =1
where
lnf(y|£k:1;0k):—1§ [ln7r+ln7k + 6*2(9k)] , (CT)
Inf(&A)=¢& In A1 + &5 In Ay, (C8)
and €*(0x) = (y — Vi) /-
This sequential cut leads to
Olnjf(y, &v,v,A) Ol f(yl&v,v) . 1
N = o = ka5 (0r), (C9)
Olnf(y, & v, v, A ol U, Loy
Olnj(y, &v,v,A) Olnf(&A) 1
ON\i e 5’%' (C11)
Similarly,
?mj(y, &v, v, A PInf(yl&v,y) e L
(Ovg)? (Ovg)? "
Pnfly.&v,v,A) _ PInfyl&rv.y) et o)
OOV, - OOV, L NTE k)
Phnfly.&v. v N _ Fnflgvy) o [2e7(0k) ~ 1]
(07g)? (07)? g 2;
and
Iy, &v,v,A) _ PInf&A)
(OAg )2 T (02 EUQ’ (€12)
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with all other cross-derivatives being 0 because of the sequential cut in (C6). In fact, there will be
no IM influence functions associated to the cross-products of the conditional mean and variance
parameters across subpopulations because the Hessian is block diagonal and the cross-products of
the mean and variance score vectors for different components are identically 0 because £,£5 = 0.

Therefore, the sum of the Hessian and outer product of the score yields the following relevant

terms:
1 *2
vive ¢ §p—[7(0k) — 1], (C13)
Tk
1 * *
VEYVE - fkT/z[g 3(0r) — 3¢ (01)), (C14)
27}
1
vide o E 3¢ (Ok); (C15)
)\kﬁk
1 * *
TVeVE - 51@@[5 4(0r) — 6*%(6y,) + 3], (C16)
k
1 *
TR Y 5’“2&% [£*2(0;) — 1], (C17)
Mo ;0. (C18)

where we have exploited the fact that 5% =& for k=1,2.

Hence, it is immediately clear that (C18) is useless. Intuitively, this simply reflects the
fact that both (20) and (21) effectively represent an unrestricted, non-parametric model for the
probabilities of the components. In addition, (C17) is proportional to (C13), which in turn is
proportional to (C10), while (C15) is proportional to (C9). Consequently, the only terms left

after regressing the IM influence functions of the complete model on its score will be

1 1

fkm[g*g(ek) —3e%(6r)] = fkmﬂg[s*(ek)],
k k

1 1
717 On) = 6200 +3] = &y Hale” (0]

Therefore, when M = 1 and K = 2 we end up with only four moment conditions to test instead
of fifteen, which is the number of potentially different elements that appear in (1).

If we then combine our Proposition 1 with expression (3.1) in Louis (1982), it is immediately
obvious that in the case of the incomplete log-likelihood function the only four influence functions

left to test would be

wpv, 9, N) 5 Hyl2* (6] (C19)
27
wk(u,'y,)\)zlizHZL[e*(Gk)] (C20)
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for k = 1,2, where

Uz dle™(61)]

Y A) = P&, = 1y;v,7,A) = T
e ) = P = e e 00T+ ol @)

1
V2
i.e., the third and fourth Hermite polynomials of the observed variable y standardised as if it

belonged to the k" component of the mixture weighted by the appropriate posterior probability.

C.2 Bivariate case

When M = 2 and K = 2, expressions (Al), (A2) and (A3) simplify to

N N N
D (¢ ) =D [Eunf(yil1i=1;01) + Lo, Inf (yil€=1;02)] + > _Inf(€; ),  (C21)
=1 =1 i=1
where y = (y1,v2),
lnf(Y|§k:1§9k):_1§ [MIn7+In|Ag| + €' (vi) Are(vr)], (C22)

e(vi) = (y — vi), with v = (vig,var), Ay = I}, with vech(Ag) = (811, 012k, 622¢), and

Inf(&;A) as in (C8). As a result, (C11), (C12) and (C18) continue to be valid, so, henceforth,

we will focus on the parameters in the mean vectors and covariance matrices of the components.
The scores of Inf(y|¢, =1; 0x) with respect to the vector of mean parameters are

(C23)

dnke1(vg) + d12e2(vi) >
01261 (VE) + d22e2(vy) /)7

S (¥ V1) = T2 V2 € (i) = Are(wy) = (

which coincide with the Higle(vg), Ag] and Hoi[e(vy), Ak bivariate Hermite polynomials of
e(vy) in Barndorff-Nielsen and Petersen (1979) defined in Appendix B.
Similarly, the scores with respect to the covariance matrix parameters v, = (V115 Y12k Yo2k)

are given by

1 —1/2 —1/2 N .
S“/k(}’;'/ka’m) = §D/2(Fk / o / Jvecle® (Vr, vy )e /(Vk77k> — Iy

1
= iDévec[Aks*(uk)e*'(uk)Ak — Ak],

where

O = O
O = O
= o O
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is the transpose of the duplication matrix and

’UGC[AKE*(Vk)E*,(Vk)Ak - Ak]

53 1xE2 (V) + 2011k012k81 (Vk)E2(VE) + 61axE3(Vk) — D11k
d11k01266F (V) + (5%21@ + 0116022k )61 (Vk)E2 (V) + G20k 012685 (VE) — 12k
5116012k87 (Vi) + (8195 + O118622)E1 (Vi )e2(Vk) + S226012KE5 (V) — G124

010k (Vi) + 20128022881 (Vi )e2 (Vi) + 039185 (Vi) — 622

Therefore, those scores coincide with the Hale(vy), Ax], Hiile(vy), Ag] and Hole(vy), Ag]
bivariate Hermite polynomials of €(v) in Barndorff-Nielsen and Petersen (1979) presented in
Appendix B.

In turn, the Hessian matrix is given by

hl/kljk (Y7 Vka’ykj) = _1'1];1 = _Ak7
—1/2r &« _
hy o (Yive,ve) = —Db[Ty e (U, vi) @I = —Dh[Age(vy) ® Ay,
and
1 1/2 4 1/2 _ _
by (Vive ) = —5D{2((T @ Ty Pe* (i vne Wi )Ty ) - (T3 @ T H))D,

_ _1D L{20(Ak ® Ape(vi)e (Vi) Akl — (A @ Ay)}Ds.

For reasons entirely analogous to the ones in the univariate case, the only terms that are
going to be relevant are the ones corresponding to the mean and variance parameters within
each regime.

Given that the outer product matrix of the score will be

{ Are(vp)e' (vi)A }
sDhvec[Are(vp)e (Vi) Ay — Ayle' (V) Ay

sAre(vpved [Are(vi)e (Vi) Ay — Ag]Dy }
%D’zvec[Aks(Vk)s’(l/k)Ak — Ak}vec’[Ake(l/k)e’(Vk)Ak — Ak]DQ

the sum of the outer product of the score and the Hessian yields the following three terms

ViV . AkE(Vk)EI(Vk)Ak — Ak

TiVE %DIQ{UGC[AkE(Vk:)E,(Vk)Ak — Ap]Age'(vy) — 2[Ae(vr) ® Ayl}
and
iDéU@C[Ake(l/k)Sl(Vk)Ak — Ak]vec’[Aks(uk)e'(l/k)Ak — Ak]DQ
JD Ll A ® Ape(vp)e (Vi) Axl — (Ap @ Ay)}Ds.

Yk

It is immediately obvious that the vivy block will be spanned by the second-order bivariate
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polynomials that appear in s, (y; vk, vy)-

In turn, the v,y block will be given by the 3 x 2 matrix

(071163 (Vi) + 2011k012k1 (V)2 (Vi) + 51033 (Vi) — O11k]
x[011k€1(Vk) + S12k€2(Vk)] — 2011k [0 1101 (VR) + d12kE2(V1)]
2[011%012k83 (Vk) + (0395 +011£022)€1 (k) e2 (Vi) + 022k 012kE3 (Vi) — S12]
x[611k81 (Vk) +012k82(Vk)] —2[2011% 012K 1 (Vk) + (0795 + 0118022k )E2 (V)]
(030183 (Vi) + 26126022881 (Vi )E2 (Vi) + 659485 (V) — Go2]
X[011xe1(Vr) 4 d12ke2 (V)] — 20128012161 (VE) + O22kE2(V)]

(671,82 (VE) + 2611k012k81 (VE)E2(VE) + 039kea, (V) — S11k]

X [012k€1 (V) + doore2 (V)] — 2012801111 (VE) + O12kE2(V)]
2[011%012k83 (Vi) + (0395 + 0116022k )e1 (Vi )e2 (Vi) + G2k 01283 (V1) — G124
X [612k81 (Vi) + O20k82 (V1)) —2[(6Top +011K622k )€1 (k) + 2092k 019582 (V)]

(07018 (Vk) + 2012k020kE1 (V)2 (V1) + S50383 (Vi) — G22k]

X [612k€1(VE) + S22kE2(V)] — 2002k [01261 (Vk) + doonea (V)]

It is tedious but trivial to see that the (2,1) and (2,2) elements of this matrix are twice as big
as the (1,2) and (3,1) ones, respectively. Therefore, the number of different elements coincides
with the number of different third moments, which is M (M + 1)(M +2)/6 = 4 in the bivariate

case. Those four terms are

531kt (V) + 30T 101068 (Vi) E2 (Vi) + 30111070585 (Wi )E1 (Vi) + 01o1E5 (V)

—36% 1,61 (V) — 3611k012kE2 (Vi) = Hao[e(vi), A,

6316012687 (W) + O11k (S116022% + 20395 ) €1 (Vk)E2(Vk) + G195 (201150 22k + G395)e5 (Vi )E1 (Vi)

+092k 070,85 (V) — 30111012kE1 (V) — (81110202k + 20395 )E2(Vi) = Harle(vi), Al

65960126E5 (V) + G2 (S116022k + 20395) €5(Vk)e1(Vk) + S12k (20118022k + 6195) €5 (Wi )E2(Vk)

+01110%0,85 (1) — (S118002k 4 20201 )1 (V1) — 3012102082 (vy) = Hyole(vr), Al
and

59orE5 (V) + 30505012585 (V1)1 (Vi) + 30221019581 (Wi )E2 (V1) + 610185 (Vi)

—30991012k81 (Vk) — 3039,82(Vk) = Hosle(vi), Agl,

which coincide with the four different bivariate Hermite polynomials of order three in Barndorft-

Nielsen and Petersen (1979) presented in Appendix B.
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Finally, the «,7; block is a symmetric 3 x 3 matrix with the following six different elements

(1,1): 5%1k5%(Vk) +45?1k512k5:{’(’/k)52(’/k) + 667 1k512k51(”k)52(”k) 6511k51(uk)
+4011%0% 0,61 (Vi )ed (Vr) — 12671012681 (Vr)E2(Vk) + 010385 (Vk) — 60118079385 (Vk) + 38714,
(2,1) : 209,010k (Vr) + 20715 D22k 011 + 30793 )5 (Vr)E2 (V1)
+6611£012% (J11%022k + 070y )e (Vi)E3(Vr) — 12671012667 (V)
+20%5, (3611k022k + 07191)E1 (Vk)E3 (W) — 66111 (S22k011k + 30705 )1 (Vi )2 (V)
+20%9, 02015 (V1) — 6612k (5116020% + 0395 )e3(V) + 6511012,

(3,1) : 071,070k (Vr) + 201180128 (6111 022k + 3015 (V1) E2 (V1)

+ (031 1,050), + 46118070020k + 6195)e3 (Vk)e3(Vk) — 11k (811022 + 56791 )e% (V)
+2019% 020k (F11%022k + 010y, )€1 (Vi) €S (VE) — 4012k (20116022% + 0391 )E1 (Wi )e2(V)
0301030k E5 (Uk) — 2k (G118022k + 50%91,)e3 (1) + O1110a0k, + 2070y,

(2,2) : 407 1k512k51(’/1~c) + 801110126 (F11%622k + 195)€5 (Vi )E2 (V)
+A(63 110505 + 401180791022k + 5192 )€3 (Wk)eF (Vi) — 4011k (011k022k + 5670z )E7 (V)
+8812k 020k (J11%022k + 0oy )e1 (Vi )3 (k) — 16812k (28115022k + 0Top,)e1 (Vi) E2(VE)
+45%2k5§2k8421(yk) — 4522k(511k522k + 55%%;)5%(’/]9) + 4511k522k + 85%21“
(3,2) : 2611090,61 (V1) + 20705, (0Tay, + 301186220 )€7 (Vi) e2 (Vi)
+6012% 022k (030 + 011%022k €3 (V1) (Vk) — 6019k (0995 + 118020k )% (V)
2035 (36705, + 611k022k)E1 (Vi )e3 (W) — 60221 (30% 0y, + S11k020 )1 (Vi )2 (V)
+2512k(5§2k53(vk) — 12(512k(532k<€%(vk) + 6512k622k7

and
(3,3) : 61gpet (i) + 4055000087 (Vi )E2(vy) + 66 2k522k51( k)Es (V)
*651%52%51(%) +44512k5§2k61('/k)€§('/k) - 125212k522k51( vi)ea (Vi)
+0501E3 (Vi) — 6050, (Vi) + 3039,

It is tedious but otherwise straightforward to prove that the (2,2) element is four times the
(3,1) one. Therefore, the number of different elements coincides with the number of different
fourth moments, which is M (M + 1)(M + 2)(M + 3)/24 = 5 in the bivariate case. Those five

terms are

5tixet (i) + 4051010185 (Vi )e2 (Vi) + 6071070161 (V) e3 (Vk) + 46115639081 (V1)ES (V)

+619kE5 (VE) — 685187 (Vi) — 12071010581 (Vi) E2 (Vi) — 60111079585 (Vi) + 30Ty, = Haole(vi), Agl,

2614012661 (k) + 207 15 (8116022 + 36T91)5 (Vi )e2(Vk) + 66116012k (511k022k + 0705 )E (Vie)E3 (k)
20555, (30115022k + O395)e1 (Vh)ED (W) + 20394 020k85 (Vg) — 1267, 0121E7 (V)

6011k (01110221 + 30991 )E1 (V1) E2(Vk) — 619k (5118022k + O30y )E5 (V) + 6011£010k = 2H31[e(vk), Ayl

5311079x€1 (Vi) + 20115012k (S118022% + 1ax) E2(vi)eS (Vi)
+ (6T16030% + 4011807010021 + 01ay,) €5 (Vi)eT (W) + 26126022k (81160221 + 0701,) €5 (Vi)e1 ()
+5%2k5%2k€%(uk) — 011k (511k522k + 56%2k) Ef(l/k) — 46719k (2511k622k + 5%21{:) €1 (I/k)&‘g(l/k)

— 692k (511k022k + 50701, )5 (W) + (O118022k + 2079;) = Hoaole(vi), A,
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201110361 (V1) + 203, (3011k022k + 5%%) e3(wr)e2(vi) + 60126020k (611%022k + 5?%) e (vr)ed(vr)
+25%2k (511k522k + 3(5%%) €§(Vk)€1(l/k) + 2512k532k5§(yk) — 651% ((51% + 5%%) 6%(1/k)

—60221, (6116022 + 30T01,) €1(Vk)e2(Vk) — 120195030185 (k) + 601250925 = 2H13[e(vy), Ay]
and

1orel (Vi) + 405500085 (Vi) o2 (V) 4 607903051 (V1)€5 (V1) + 40105050581 (Vi)ES (Vi) + 030185 (Vi)

—6679x022k1 (Vi) — 126126030581 (Vi )e2 (Vi) — 665915 (Vi) + 3050, = Hoale(vy), Agl,

which are (multiples of) the five different bivariate Hermite polynomials of order four in Barndorff-
Nielsen and Petersen (1979) presented in Appendix B.

Therefore, in addition to the singularities that we described in the univariate case, we have
additional singularities in the multivariate one reflecting the fact that the number of third- and
fourth-order bivariate polynomials are four and five respectively, which are smaller than the six
potentially different elements in the -, v block and the other six elements in the ~y;7; one.

Once again, Proposition 1 immediate implies that the same singularities that arise in the

complete log-likelihood arise in the incomplete one. Therefore, the list of influence functions to

Hsle(vy); Akl
wk((b){ H4[€(Vk:)§Ak] }’ (C24)

where wy(¢) is given in (28). Finally, the fact that

test will be

e(vy) = T)/%e(6))
vecle(wp)e'(vy)] = (T2 @ T/ % vecle™ (01)e™(01)),
vec{vecle(vi)e' i)l (vp)} = (T} @ T2 @ T}/ vec{vece* (0x)™ (0x)]€™ (8x)},
vec{vecle(v)e (vi)lved [e(wr)e' (wp)]} = (T2 @T/?or/?or)/?)

xvec{vecle*(01)e" (0x)|vec [€*(01)e™ (0k)]}

implies that the influence functions that appear in Proposition 4 span the influence functions

(C24).

D Practical considerations

D.1 Using the EM algorithm for obtaining initial values

To maximise (22) numerically, it is usually convenient to start the recursions from sensibly

chosen values. In this respect, the EM algorithm discussed by Dempster, Laird and Rubin (1977)
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allows us to obtain initial values as close to the MLEs as desired. The recursions are as follows:

N
o 11 _ _ _
o) = v 2o wk(@ Y D A D)y, (D25a)
Ak i=1
h 11 ) ~ (h
- — — — ~ ~ /
R R G L LR
k 1=1
«(h) 1 N _ _ -
Nl = D Wk A D A0, (D25c)

Given that (28) is homogeneous of degree zero in A, in principle these posterior probabilities are
compatible with values of A outside the unit simplex. Nevertheless, a useful property of the EM
algorithm is that it automatically imposes the relevant inequality restrictions on the estimators
of X because 2521 wi(¢) =1 for all y and for all ¢.

Still, the EM algorithm might get stuck in at least two situations. First, when one starts
the recursions up with v =0 ® tx and v =y Q@ ¢, where v is M x 1, ¥ M(M +1)/2, and ¢x
a vector of K ones, in which case wi(0 @ tx, 7 @ ti, X) = A for all k, so the parameter values
will not get updated because priors and posteriors coincide. One way of avoiding this problem
is to use a fast numerical clustering algorithm to choose the initial values of the v} s with which
to start the EM recursions. The second undesirable situation arises when a linear combination
of the mean vector of one component coincides with the same linear combination of y; for some
1. Given that the corresponding linear combination of y; — v, will be zero in that case, if we
choose it as the eigenvector associated to the smallest eigenvalue of T'y, and take this to zero
while A\g goes to 1/N, the log-likelihood function will become unbounded. To avoid those poles,
we systematically impose that A\, > 2/N for all k.

Unfortunately, the EM algorithm slows down considerably in the neighbourhood of the op-
timum, so it makes sense to switch to a quadratically convergent algorithm based on first and
possibly second derivatives or the expected values of the latter, whose analytical expressions
we provide in the proof of Proposition 3. In this context, it is convenient to work with the
Cholesky decomposition of the I'y, matrices to ensure that they remain positive definite. In fact,
important numerical gains can be achieved by applying the quadratically convergent algorithm
to standardised data, especially in the multivariate case. The next three subsections of this

appendix provide a formal justification to our claim.

D.2 Numerical invariance to affine transformations of the data

Consider the following full-rank affine transformation x = ¢ + Dy with |D| # 0. It is clear
that the transformed random vector continues to be a finite mixture of K multivariate normals

with mean vectors ¢ + Dy and covariance matrices DI'yD’ (k = 1,...,K). Our next result
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shows that the IM statistic is numerically invariant to the values of ¢ and D:

Lemma 1 The IM test statistics of model (17) and the analogous one for x numerically coin-
cide.

Proof. The proof is entirely analogous to the proof of Lemma 2 in Amengual, Fiorentini and
Sentana (2024), but on a component by component basis. More formally, we have seen that
the IM test statistic can be easily computed as a quadratic form in the sample means of the K
vectors that contain the distinct third- and fourth-order multivariate Hermite polynomials of the
observations standardised with respect to the vector of means and covariance matrix of each of
the underlying components multiplied by the posterior probability of those components, with a
weighting matrix which is the inverse of the residual covariance matrix in the regression of those
influence functions on the K vectors that contains the distinct zero-, first-, and second-order
multivariate Hermite polynomials of the same standardised variables multiplied again by the
posterior probability of the components.

But the EM recursions (D25a), (D25b) and (D25¢) imply that the MLEs of the mean vectors
and covariance matrices of the different components will satisfy c+D#@y, and DI, D, respectively,
while the ML estimators of the mixing probabilities will not be affected. This implies in turn
that the observations on x standardised with respect to the vector of means and covariance
matrix of each of the underlying components multiplied by the posterior probability of those
components will be numerically identical than the corresponding standardised values of y, and
the same will be true of their Hermite polynomials of arbitrary order, whence the result follows.
|

This numerical invariance is not only a desirable property in itself, but it also implies that the
sample mean vector and covariance matrix of the observations do not affect the null distribution
of our proposed test in finite samples. In fact, we can exploit Lemmas 1 and 2 to simplify the
calculation of the IM statistic as follows. First, as we explain in Appendix D.4, we can always
reparametrise the model in terms of the unconditional mean vector and covariance matrix on
the one hand, and the shape parameters of a standardised version of the mixture distribution
on the other. One computational advantage of this procedure is that we reduce the number
of parameters to be estimated by M (M + 3)/2 because the results in Day (1969) imply that
the joint ML estimators of 7 and ¥ numerically coincide with the sample mean and covariance
matrix (with denominator V) of the observations. As a result, the criterion function maximized
with respect to the shape parameters 7, X and A keeping 7 and W fixed at those restricted ML

estimators coincides with the criterion function maximized over all five groups of parameters.

40



D.3 Numerical invariance to reparametrisations

Let us now study the effect on the IM test of reparametrising the model from ¢ to ¢ by
means of the one-to-one mapping ¢ = t(¢), which we assume is a second-order continuous
diffeomorphism in a neighbourhood of ¢, whose inverse is given by ¢ = r(¢).

The chain rules for first and second derivatives imply that the influence functions underlying
the IM test of the reparametrised model will be

or'(e)  0r'(¥)

- vecldr'(¢)/0g)
O Oy

vee [1(0) + si(@)si(@)] + vee {si(9) 01, TN (o)

Then, we can show that:

Lemma 2 The infeasible IM test statistic in (5) which uses the influence functions (1) written in
terms of ¢ numerically coincides with the analogous IM test statistic that relies on the influence
functions (D26) written in terms of .

Proof. The following relationships will prove useful:

9(yise) = flysr(e)l,
dlng(yi; ¢) or'(p) 0li(@) _ Or' ()

and

Inglyise) _ 0r'(p) 0°li(e) Ir(e) _|_|:8li(¢) Ip} Qvec[0r' () /0]

Oy’  Op  0¢0¢ Op o9’ o’
o), () | Quec[0r'(p) /0]

As a result, the influence functions underlying the IM test of the reparametrised model will

be

& Ing(yi; ) L Olnglyie) Olng(yiiv)
00y’ Op oy’

hi(6) +5:(0)si(9)] 5. + [si(@) o 1)

dvec[Or' (p) /0]

_or'(e)
_ o :

e

which after vectorisation become (D26).
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But

, Oveclor’ o Ovec [Or' o
vec{[si(qb) ®Ip] [ &Ef)/ ‘P]} _ { [ 59(;0)/ ¥

_ { e [agg(f)/% ® Ip} (I, @ Kp1 @ 1) {vee [i(¢)] @ vee(T,) §

_ {avec’[ﬁg:£¢)/8@] ® Ip} {si(¢) ® vec(I,)}

_ { Oved [0r'(p) /0]
O

o1} eeioro,

®Ip} 1, © vee(T,)}si(6) (D28)

by virtue of theorem 3.10 in Magnus and Neudecker (2019) and the fact that s;(¢) is already a

vector, K,1 = I,,, and

{si(¢) @ vec(I,)} = vec {vec(Ip)s;((j))} = [I, ® vec(I,)]s;(¢).

Therefore, (D26) can be written as an (admittedly complex) linear combination of (D26)

and s;(¢y).

In fact, if we ignored the additional term (D28), the residual covariance matrix in the least

squares projection of

[57“/(900) ® or'(ey)

D D } vee [hyi(d) + si(¢o)si ()]

onto the linear span of (D27) evaluated at ¢, will be given by

or' (o) ® or' (o)
dp Op

Ir(eg) _ 9r(eo)
oy’ oy’

} [R(bo) — Ulbo) T (cbo)U(ebo)]

The inclusion of the additional term (D28), though, does not affect this residual covariance
matrix because it is a linear combination of s;(¢), and consequently, of (D27) evaluated at ¢
too. |

Intuitively, the sample average of the second summand in (D26) is exactly zero when eval-
uated at @y, so effectively, the influence functions (D26) are a linear transformation of (1).
Besides, given that s;(¢) is one of the regressors, adding a linear combination of it to the
regressand does not alter the residual covariance matrix.

Interestingly, the same numerical identity also holds for the feasible OPS version suggested by
Chesher (1983) and Lancaster (1984) because they effectively use the sample second moments
in computing the relevant residual covariance matrices. Naturally, the numerical invariance
also applies to the alternative feasible version that replaces ¢, by & N in the evaluation of the
asymptotic covariance matrices.

Lemma 2 is perhaps not entirely surprising given Chesher’s (1984) re-interpretation of the
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IM test as an LM test against neglected parameter heterogeneity, because LM tests computed
with either the information matrix or the OPS are numerically invariant to reparametrisation,
as explained in section 17.4 of Ruud (2000).
Example: Assume that y is normally distributed with mean g and variance ¢ so that, in
terms of the notation above, we would have ¢ = (u, 0?)’,
y—p)/o?
@)= whiholy o2 |

and
_ 1/0? (y—p)/o*
h(¢) = [ (- /0" (- w?/(20%) — 1/(20%) ] |

Now consider reparametrising the distribution of y in terms of its Sharpe ratio 7 = p/o and

standard deviation ¢ = o, so that ¢ = (7,1)" and r(p) = (71,1?)". Then, direct calculations

deliver
Olng(y;p) [ y/i—T }
de | P —Tvy+?)/yP
and
Olngly; ) [ 1 y/v? ]
dpdy’ [ y/v* By — 27y —?) /!t

Alternatively, starting from the score and Hessian written in terms of ¢, namely

[ o
0= | (oo -1/ |

and

e[ (4 — 7))
hilr(e)) = [ e —TE) 0 (s — )2 (200) — 1/(20%) ] ’

and using the fact that

o'(e) [ 7 d Qved [0r'(p)/0p] [ 1 0 0 2
0 2| 9 0100]

e

we can easily verify through straightforward calculations that the result (D26) is indeed correct.
D.4 Standardised multivariate discrete mixtures of normals

Consider the following mixture of two multivariate normals

y ~ { N(vy,T) with probability (D29)

N(vy,IT'y)  with probability 1 — .

Given (18) and (19), this random vector will be standardised if and only if

7TI/1—|-(1—7T)I/2:0
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and
7T(1 — 7T)(V1 — V2)<V1 — 1/2)/ + 7' + (1 — W)FQ = IM,
in which case we will denote it by €*.
Let us initially assume that vy = vy = 0, so that a fortiori § = v — vy = 0. Let I‘lLI"lL

and Ty T, denote the lower triangular Cholesky decompositions of the covariance matrices of

the two components. Then, we can write
70y + (1 — )T = Typ[nly + (1 — 7T T T T = Tigrly + (1 — m)R R,
Thus, it is not difficult to see that by choosing
Ty = [7ly + (1 — 7)RR;]5Y and Ty = TRy, (D30)

where Ry is a lower triangular matrix and [7Iy + (1 — )RR} Jy[rly + (1 — )RR s
the upper triangular Cholesky decomposition of [rI; + (1 — )RR} ], we can indeed obtain a
standardised vector €* because of the relationship between the upper Cholesky decomposition
of a matrix and the lower Cholesky decomposition of its inverse.

Now consider the case d# 0, and let
Y =n(1—m)88 + 1.

Then, it is easy to see that if we call XY, the upper triangular Cholesky decomposition of Y,
then

vi=Y,"(1-m)d, vi=-";"ns, T=","T1Y;", and Tj =", "T,Y;",

with I'; and I'y as in (D30), continue to generate another standardised vector.
In summary, we can generate a standardised, multivariate, two-component Gaussian mixture
as

e =Y, {(€ —m)8 + [Tar + &(T1r — Tap)lel,

where £ denotes a Bernoulli variable which takes the value 1 with probability 7 and 0 with
probability 1 — m, and g|§ ~ N(0,I). The intuition is as follows. First, note that (£ — 7)d
is a vector version of a shifted and scaled Bernoulli random variable with 0 mean and rank 1

covariance matrix (1 — m)d8’. But since

Loz, + (T — Tap)le,

with T';z and T’y given by (D30), is a multivariate discrete scale mixture of normals with 0
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unconditional mean and unit unconditional covariance matrix that is orthogonal to (£ — 7)d
because of the independence between & and e, the sum of the two random variables will have
variance Iy + 7(1 — 7)88’, which explains the Y3 in front of the curly brackets.

Consequently, we can think of an alternative parametrisation with two sets of parameters:
the ones that capture the first two unconditional moments of the distribution, namely T and
vech(®), and the ones that characterise the shape of the standardised distribution, which are
given by n = (&', vech/(Xp), ).

Therefore, two equivalent ways of defining and simulating y with mean 7 and variance W

are as follows. First, we can consider

(n)] with probability

1
5(n)] with probability 1 — 7 (D31)

y =7+ e, where e* = {

where W W’ denotes the lower triangular Cholesky decomposition of ¥,

vitm) = [7(1—m)88 +1n];"6(1— )
vi(n) = —[r(1- 7T)56' + IM](?U‘S7T
and
i = [r(1-m)ss + L)Y (7T + (1 — )R RG] 5Y
() = [n(1- 7r)55l + IMBU[WIM +(1- W)NLN/L](}llNL

Alternatively, we can use

y = N(vy,T T ;) with probability 7
N(vy, T T, ) with probability 1 — 7

where

v =7+ ¥Lvp(n)
and

Lip = LTy (n)
for k=1,2.

To illustrate the procedure in the bivariate case, let

5:{51],andNL:{%H 0}
2 o1 92

so that the vector of shape parameters of €* becomes 1 = (1, d2, 711, 091, 222, 7)".
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In this set up, the means of the components will be given by v, = (1/51, I/él)/ with

(1 —m)py101

Vgl =71+
1+7(1 —7)63
and
Vél ot (1 —7)thy101 n (1— TF)T/)22522\/ L+ m(l— 772)5% -

and vy = (V(12, V;Q)/ with
)
R miP1101
1+ 7(1—m)d?
and
. mY1101 T1hg902 \/ 14+ m(1—m)?
2 B - .
L+l —m)2  LHa=mat | 1+ a(l—m)(07 + 83)
As for the the lower triangular decompositions of the covariance matrices of the two components,
namely
(1 (2
0 0
v |78 | a7 0]
Y21 V22 Y21 V22
we will have
(1 1

7/1117

Y11 =
VI m(1 = m)a + (1 - m)sddy)

[+ 7(1 = m)83])[m + (1 — 7)3ed,]

(1
’Y = 17/)227
- \/[1 + (1= m) (07 + 65){m[(>3) + 23 (1 — m) — 7] + (1 — m)maedy + (1 — m) 256} 343, }
1 _ 0% (-7
21 711 b1y T2 1 .2 (1= 1)
—7%(1 — 7)m6169 V(e + 531 — ) — 7 ;‘ (1 — m)maez, "2‘ (1- 77)2%%1%%2’
[1+7(1 —m)oq][m + (1 — 7)seiy]
7= i
(2 (1
Y22 = 222729
and
@ _ @¥%an T 21
Y21 Y11 V1t Y22 [+ (1 — )5y ]oemn

V33 + (1= m) 3y + 33, + 33, (1 — 33,)] — 75, (53, — ) + 7T2'
[1+m(1—m)&3][m + (1 — m) s 3022

(

—’}/212(1 — 7T)7T(51(52%11

Similar calculations can be applied for general M, although the number of free parameters
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of ¥; and N increase with the square of the cross-sectional dimension. Extensions to mixtures
with K > 2 components are also feasible by recursively applying the above procedures to the
mixture of a spherical Gaussian random vector and a standardised Gaussian mixture with K —1
components.

It is of some interest to obtain the scores with respect to 7, vech(¥) and n from the scores
with respect to vy, v, vech(I'1), vech(IT'2) and 7. The delta method immediately implies that
the former can be written as a linear combination of the latter, whose expressions we have
derived in the proof of Proposition 3.

First of all, note that the fact that we = 1 — wy for any parameter configuration and data
implies that

A A 1
1/\+2/\2 )

so there is a linear combination of the scores with respect to the A’s which is identically equal to
1. Note also that the sample average of wy /A evaluated at the MLE of the model parameters
will be identically equal to 1 rather than 0 for all k.

Let us now try to find the score with respect to 7. We know from (18) that

or or or
— =A , =0 and — = vg.
v, M oy . "
We also know that
vi = T+ [r(1-7)88 +Iyl; 61 —7)
ve = T—Up[n(1— )88 + Ly, om
which means that
3I/k
Tk _q
or M

Hence, given that no other parameter of the natural parametrisation depends on 7, the delta

method immediately implies that the score with respect to 7 will be given by

ol(y; @) 3Vk ol(y; ¢ - 12 _ 0ly;9)
or _k:1 or vy Z/\ W e*(6r) = oy

Similarly, we would expect

oly;d) _ .1 [IM _Ol(y; 9) y

_ . ra,—1/2
dvech(¥) oy (y =)y

But we know that the score with respect to 7 evaluated at the sample mean is 0.
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E Scores and Hessian expressions in Boldea and Magnus (2009)

Theorem 1 in Boldea and Magnus (2009) provides analytical expressions for the contribu-
tion of a single observation on y to score and Hessian matrix. As we mentioned before, they
reparametrise X so that A\, = mp for k =1,..., K — 1, and A\gp = 1 — Zk | Tk. Then, they

introduce some additional notation. First,
_ K—1 _
ak:wklek /{7:1,...,K—1; aK:_(l_Zk:1 7Tk) 1I,K_l,
where ey, is the k" column of Ix_; and ¢x_1 a vector of K — 1 ones. Next, they define

by = T./%e"(0));

B, = —T,[e"(01)e"(0)) — T},
o = T, %e*(6r)
' 1D} vec{Ty V(e (8r)e (0x) — TnIT; /)

and

r-1
Ck = / 1/2/ ]: —1
Dy [T}, 7e"(0r) © T
[ (0,)T,, > @ T 1Dy
D) Ty + 200 e (8)e(6,) ~ LTy ) o T Dy
fork=1,..., K.
In this notation, Theorem 1 in Boldea and Magnus (2009) states that the contribution to

the scores of a single observation are given by

Onfly:d) AStwnld),  wk(@)

_ B E32
e 1;1 - 1_ £<:—11 - LK1 (E32)
and
Oln f(y; @) L, e (60)
olnf(yi ) _ . E33
96, w () %D,M(F—l/m &T 1/2/)060[5*(0k)€*/(0k) —Tyy] ( )

In addition, the same theorem also says that its contribution to the Hessian will be given by
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the following blocks:

PInf(y;¢) _  9lnf(y;¢)dlnf(y;9)
omwon’ - or on'! ’
P flyig) _ L, e (60)
00,01 wk(¢){ 1Dy, (T @ TV Yvecle* (0x)e™ (0x) — Tad
y [1% _ Mf(y;@] 7
Tk on
w —wi () Fl_(l/ws*(aK)
90 o LD e T Y [0 )e (0x ) — T T %}
| — L WRIEé) /
1 _Zk 1 Tk ) om 7
Ck
—1/21 4
%I f(y; ) - L e (6n)
W = —wr(®) 1= we(9)] %D/M( 1/21®1" 1/21)2)66[6*(0k) (0k) — ]
<{ [O0T 7 Jued [ (B1)e(0r) — (T, 2 0 T, /Dy |
and
PRIGS) (o) Ly,
00,00, TR ADy, (Y @ T vecle® (01)e™ (8x) — ]
<{ [ O)T? Lvec[e (01 (0) ~ 1T 2 0 T /4Dy |
for k # 1.

On this basis, they show that the sum of the Hessian and the outer product of the scores

corresponding to a single observation is given by the matrix

0o A} ... A%
Ay W, 0
W = ) )
Ar O Wi

where Ay, is a M (M + 3) x (K — 1) matrix whose k" column contains the following equations

[ (23) (24)}

They also note that Ay is 0 when evaluated at the MLE. These expressions differ slightly from
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ours because they work with 7 rather than A. Nevertheless, given that

A1 0 1 ... 0
. . . . 7-[-1 I
A= = + : —eK+< f{l) , (E34)
AK-1 0 0 1 - —lg 1
Ak 1 -1 —1 K=t
so that
oA |
on' —tgo1 )
it is easy to see that
Olnf(y;¢)  ONOlnf(y;¢) _ Oln f(y; ¢)

= =(Ig_1 —
o o OA (T =t ) =55
coincides with (E32).
Similarly, given that (E34) is affine, so that its second Jacobian is 0, it follows that

521nf(y;¢):(1 y )azlnf(y;fb) T 1
onon’ K=t 7oK1 ) 9NN e )

It is tedious but straightforward to show that analogous calculations applied to the other
terms we have derived in the proof of Proposition 3 also coincide with the results in Theorem 1
in Boldea and Magnus (2009).

Nevertheless, the advantage of deriving the scores and Hessian matrices in terms of A is that
they are also useful for alternative reparametrisations of those probabilities. For example, in the

multivariate logit case in (20), the Jacobian would be instead

O\ m m

2k C (1 | =M =N for k=1, K — 1,
Om, St em 1 Sy e+ 1

1)) Tk 1

OAK - _ Kﬁ = MNAg fork=1,..., K —1,

omy, em 150 temk 41

BN m i

9N _ Ke ¢ = NN forl £k k=1,... K —1.
om S em 1Y e 1
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Table 1: Finite sample properties of the IM test. Null hypothesis: Mixture of two univariate
normals

Panel A: Size properties (asymptotic)

Test version

OoPS M

Sample size 10% 5% 1% 10% 5% 1%
100 80.59 76.37 68.60 5.21 2.86 0.95
400 47.35 40.84 30.16 8.55 4.99 1.86
1,600 24.33 17.89 9.86 9.40 5.13 1.60
6,400 16.07  9.77  4.06 10.45 5.56 1.33
25,600 11.99 6.63 1.85 9.82 5.10 1.10
102,400 10.62 5.55 1.26 9.99 4.98 1.04

Panel B: Size properties (bootstrap)

Test version

OPS IM
Sample size 10% 5% 1% 10% 5% 1%
100 10.41 4.92 0.92 11.46 6.15 1.31
400 7.20 3.08 0.56 10.65 5.01 1.17
1,600 9.69 4.89 1.01 9.72 4.89 1.04

Panel C: Power properties of the IM test (bootstrap)

Sample size

100 400
DGP 10% 5% 1% 10% 5% 1%
Non-Gaussian mixture 46.00 36.84 19.24 94.60 90.52 71.08
Mixture of 3 normals 12.96  5.88 0.80 42.28  23.68  3.88
Lognormal 99.40 97.72 79.88 100.00 100.00 99.84

Notes: Monte Carlo empirical rejection rates based on 10,000 (2,500) replications in Panels A and B
(Panel C). OPS refers to the version of the statistic proposed by Chesher (1983) and Lancaster (1984)
and employed by Boldea and Magnus (2024), while IM to the feasible version that makes use of the
theoretical expression (33) replacing the true parameter values ¢, by their MLEs (}5 ~- Panel A contains
rejection rates based on the asymptotic critical values (see Proposition 4.3) while those in Panels B and
C are based on a parametric bootstrap procedure in which we simulate B = 99 samples from the mixture
model estimated under the null. See section 4 for details about the DGPs.
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Table 2: Finite sample properties of the IM test. Null hypothesis: Mixture of three univariate
normals

Panel A: Size properties (asymptotic)

Test version

OPS M

Sample size 10% 5% 1% 10% 5% 1%
100 80.81 76.34 68.32 2.66 1.23 0.38
400 53.15 46.82 36.72 6.79 3.79 1.37
1,600 2712 19.64 10.49 9.74 5.46 2.04
6,400 17.55 11.15 4.38 9.91 5.40 1.48
25,600 12.26 7.28 2.32 9.90 5.15 1.15
102,400 10.68 5.47 1.43 9.84 4.93 1.09

Panel B: Size properties (bootstrap)

Test version

OPS M
Sample size 10% 5% 1% 10% 5% 1%
100 10.74  4.74 0.58 9.21 4.23 0.76
400 9.01 434 0.97 10.02  4.89 0.97
1,600 8.51 3.59  0.55 10.35  5.17 1.15

Panel C: Power properties of the IM test (bootstrap)

Sample size

100 400
DGP 10% 5% 1% 10% 5% 1%
Non-Gaussian mixture 49.52 37.64 16.40 96.48 93.12 70.72
Mixture of 4 normals 36.72 25.20  8.88 97.64 93.28 60.52
Lognormal 69.20 54.00 22.76 99.76 99.52 94.68

Notes: Monte Carlo empirical rejection rates based on 10,000 (2,500) replications in Panels A and B
(Panel C). OPS refers to the version of the statistic proposed by Chesher (1983) and Lancaster (1984)
and employed by Boldea and Magnus (2024), while IM to the feasible version that makes use of the
theoretical expression (33) replacing the true parameter values ¢, by their MLEs (}5 ~- Panel A contains
rejection rates based on the asymptotic critical values (see Proposition 4.3) while those in Panels B and
C are based on a parametric bootstrap procedure in which we simulate B = 99 samples from the mixture
model estimated under the null. See section 4 for details about the DGPs.
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Table 3: Finite sample properties of the IM test. Null hypothesis: Mixture of two bivariate
normals

Panel A: Size properties (asymptotic)

Test version

OoPS IM
Sample size 10% 5% 1% 10% 5% 1%
100 99.66 99.46 98.26 8.03 5.3  3.06
400 80.56 74.50 60.67 1041 6.76  3.01
1,600 42.72 33.70 18.83 9.96 5.64 1.73
6,400 21.50 14.12 5.90 10.37 5.47 1.35
25,600 14.19 791  2.07 10.68 531 1.35
102,400 10.79 5.84 1.36 10.11 9.32 1.10
Panel B: Size properties (bootstrap)
Test version
OPS IM
Sample size 10% 5% 1% 10% 5% 1%
100 8.44 4.11 0.67 10.39 5.04 0.91
400 9.71 4.66  0.87 9.69 4.96 1.10
1,600 9.84 5.09 1.11 9.52 4.70 0.77
Panel C: Power properties of the IM test (bootstrap)
Sample size
100 400
DGP 10% 5% 1% 10% 5% 1%
Non-Gaussian mixture 57.96 47.32 24.92 94.12 88.92 62.72
Mixture of 3 normals 85.00 68.12 23.16 96.84 96.28 &83.40
Skew normal 42.16 2748  8.76 97.12 91.36 63.32

Notes: Monte Carlo empirical rejection rates based on 10,000 (2,500) replications in Panels A and B
(Panel C). OPS refers to the version of the statistic proposed by Chesher (1983) and Lancaster (1984)
and employed by Boldea and Magnus (2024), while IM to the feasible version that makes use of the
theoretical expression (33) replacing the true parameter values ¢, by their MLEs (}5 - Panel A contains
rejection rates based on the asymptotic critical values (see Proposition 4.3) while those in Panels B and
C are based on a parametric bootstrap procedure in which we simulate B = 99 samples from the mixture
model estimated under the null. See section 4 for details about the DGPs.
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Figure 1: Univariate distributions under null hypotheses and different alternatives

Fig. la: Mixture of two normals Fig. le: Mixture of three normals
Fig. 1b: Mixture of two asymmetric t’s Fig. 1f: Mixture of three asymmetric t’s
Fig. lc: Symmetric mixture of three normals Fig. 1g: Mixture of four normals
Fig. 1d: Lognormal Fig. 1h: Lognormal

Notes: In figures 1b-d (1f-h) the dashed line represents the pdf of the closest mixture of two (three)
normals. See section 4 for details about the DGPs.
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Figure 2: Bivariate distributions under the null hypothesis and different alternatives

Fig. 2a: Density of a bivariate Fig. 2e: Contours of a bivariate
mixture of two normals mixture of two normals

Fig. 2b: Density of a bivariate Fig. 2f: Contours of a bivariate
mixture of two asymmetric ¢’s mixture of two asymmetric ¢’s

Fig. 2c¢: Density of a bivariate Fig. 2g: Contours of a bivariate
mixture of three normals mixture of three normals

Fig. 2d: Density of a bivariate Fig. 2h: Contours of a bivariate
skew normal skew normal

Notes: In figures 2f-h the dashed lines represent the contour of the closest mixture of two normals.
See section 4 for details about the DGPs.
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Figure 3: “Convergence clubs” in cross-country GDP per capita comparisons

Fig. 3a: All waves

Fig. 3b: 1960, 1965, 1970

Fig. 3c¢: 1975, 1980, 1985

Fig. 3d: 1990, 1995, 2000

Notes: Data: Per capita income from version 6.1 of the Penn World Tables; pdfs of the closest mixture
(using MLE estimates) of three univariate normals.
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