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ENSAE-CREST and CEREMADE, Université Paris-Dauphine, Paris, France

Abstract. In this paper, we investigate the asymptotic behaviour of the posterior distribution in hidden
Markov models (HMMs). We obtain a general asymptotic result, and give conditions on the prior under
which we obtain a rate of convergence for the posterior distribution of the marginal distributions of the
process. We then focus on the situation where the hidden Markov chain evolves on a finite state space
but where the number of hidden states might be larger than the true one. It is known that the likelihood
ratio test statistic for overfitted HMMs has a non standard behavior and is unbounded. Our conditions
on the prior may be seen as a way to penalize parameters to avoid this phenomenon. We are then
able to define a consistent Bayesian estimator of the number of hidden states. We also give a precise
description of the situation when the observations are i.i.d. and we allow 2 possible hidden states.
Some simulations are presented to illustrate our results.

1. Introduction

Hidden Markov models are stochastic processes (X;,Y;);>0 where (X;);>0 is a Markov chain living
in a state space X and conditionnally on (X;);>¢ the Y; ’s are independent with a distribution
depending only on X; and living in . The observations are Y7., = (Y1,---,Y,,) and the associated
states Xi., = (X1, ,X,,) are unobserved. Hidden Markov models are useful tools to model time
series where the observed phenomenon is driven by a latent Markov chain. They may be seen
as a dynamic extension of mixture models. They have been used successfully in a variety of
applications such as economics (e.g. Albert and Chib (1993)), genomics (e.g. Churchill (1989)),
signal processing and image analysis (e.g. Andrieu and Doucet (2000)), ecology (e.g. Guttorp
(1995)), speech recognition (e.g. Rabiner (1989)) to name but a few. The books by MacDonald
and Zucchini (1997) and Cappé et al. (2004) provide several examples of applications of HMMs and
give a recent (for the latter) state of the art in the statistical analysis of HMMs. When the state
space X of the hidden Markov chain is finite, the number of hidden states induces a classification
of the regimes in which the time series evolves. They often have a practical interpretation in the
modelization of the underlying phenomenon. It is thus of importance to be able to infer both the
number of hidden states (which we call the order of the HMM) from data, when it is not known
in advance and the associated parameters.

In the frequentist literature, penalized likelihood methods have been proposed to estimate the
order of a HMM, using for instance Bayesian information criteria (BIC for short). These methods
were applied for instance in Leroux and Putterman (1992), Rydén et al. (1998), but without
theoretical consistency results. Later, it has been observed that the likelihood ratio statistics is
unbouded, in the very simple situation where one wants to test between 1 or 2 hidden states,
see Gassiat and Kéribin (2000). The question whether BIC penalized likelihood methods lead to
consistent order estimation stayed open. Using tools borrowed from information theory, it has
been possible to calibrate heavier penalties in maximum likelihood methods to obtain consistent
estimators of the order, see Gassiat and Boucheron (2003), Chambaz et al. (2009). The use of
penalized marginal pseudo likelihood was also proved to lead to weakly consistent estimators by
Gassiat (2002).

On the Bayesian side, various methods were proposed to deal with an unknown number of
hidden states, but no theoretical result exists to validate the methods. Reversible jump methods
have been built, leading to satisfactory results on simulation and real data, see Boys and Henderson
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(2004), Green and Richardson (2002), Robert et al. (2000), Spezia (2010). The ideas of variational
Bayesian methods were developed in McGrory and Titterington (2009).

Recently, one of the authors proposed a theoretical analysis of the posterior distribution for

overfitted mixtures, see Rousseau and Mengersen (2011). In this paper, it is proved that one may
choose the prior in such a way that extra components are emptied, or in such a way that extra
components merge with true ones. More precisely, if a Dirichlet prior D(aq, ..., ay) is considered
on the k weights of the mixture components, small values of the o;’s imply that the posterior
distribution will tend to empty the extra components of the mixture when the true distribution
has a smaller number, say kg < k of true components.
One aim of our paper is to understand if such an analysis may be extended to dynamic mixtures,
that is to HMMs. Since HMMs are much more complicated models regarding order estimation,
with unbounded likelihood ratio statistics that are still not well understood, our results do not cover
all choices of prior distributions to empty extra components or to merge them with true ones. Only
this last possibility is fully understood. Consider a finite state space HMM, with k states and with
independent Dirichlet prior distributions D(«y, ..., ax) on each row of the transition matrix of the
latent Markov chain. We prove that if the parameters o;’s are large enough, extra components
merge to true ones. We are also able to propose a Bayesian consistent estimator of the number
of hidden states, without using variable dimension algorithms such as reversible jump algorithms,
which are often difficult to implement efficiently. On the other hand, if the parameters «;’s are
small the posterior becomes harder to implement, see Section 4. Hence from a computational view-
point, choosing smaller a;’s leads to greater difficulty and it does not seem to be counter-balanced
by a more stable asymptotic behaviour of the posterior. We are thus able to give guidelines to
choose the prior in such a way that the posterior leads to interpretable results by chosing large
enough parameters in the Dirichlet prior.

In Section 2, we give a general theorem on the asymptotic behaviour of the posterior distribu-
tion. To our knowledge, this is the first general theoretical result for HMM Bayesian estimation.
Though Ghosal and van der Vaart (2006) give rates of convergence for the posterior in possibly de-
pendent observation models, they cannot be applied to the order estimation problem, as explained
in Section 2.2. In Section 3 we consider the case of finite state space HMMs. Using the general
result of Section 2, we explain how it is possible to choose the prior in such a way that the posterior
gives consistent estimation of the marginal distributions. In this case we also obtain convergence
rates. We are then able to derive a consistent Bayesian estimator of the number of hidden states,
which does not require a prior on the number of states nor the computation of marginal likelihoods
in the different candidate models. To our knowledge, this is the first consistency result on Bayesian
order estimation in the case of hidden Markov models. In the specific situation where the over-
fitting is by only one state and the observations are i.i.d., we are able to describe more precisely
what choice of the prior leads to the merging of the two states together with convergence rates. In
Section 4 we present a simulation study to illustrate our results and to investigate what happens
for other choices of priors.

2. Posterior concentration rates for HMMs : a general result

Since we could not find in the literature any result on the asymptotic concentration of the posterior
distribution in HMM models we first present a general theorem where the posterior concentration
is described in such models. We first describe the general setting and we give some notations that
are used throughout the paper.

2.1. Setting and notations

Recall that HMMs model pairs (X;,Y;), i = 1,...,n, where (X;); is the unobserved Markov chain
living on a state space X and the observations (Y;)?_; are conditionally independent given the
(X;)"_; and live in Y. The spaces X', ) can be general and we only assume that they are Polish
spaces endowed with their Borel o-fields. The hidden Markov chain (X;)?_; has a Markov kernel
Qo,0 € O where O is a subset of an euclidian space and the conditional distribution of Y; given X;
has density with respect to some given measure v on ) denoted by gy (y|z), x € X, § € ©. With an
abuse of notations we also denote v the product measure v®! on Y'. We assume that the Markov
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kernels Qp admit a (not necessarily unique) stationary distribution pg, for each € ©. We write
Py for the probability distribution of the stationary HMM (X;,Y;);>1 with parameter 6. That is,
for any integer n, any measurable set A in the Borel o-field of X" x Y™:

n—1 n

Py ((X1,..., X0, Y1,...,Y,) € A) = /Aue(dxl) H Qo (v, dxiy1) H90 (yilwi) v(dyr) - .. v(dyn).
=1 1=1 (1)

Thus for any integer n, under Py, Y7., = (Y1,...,Y,) has a probability density with respect to
v(dyy) - - - v(dyy) equal to

n—1 n
fooyt,. . yn) = /Xn po(der) T Qo (wi,dwisr) [ ] 96 (yilas) -
=1 =1

We denote 7 the prior distribution on ©. As is often the case in Bayesian analysis of HMMs,
instead of computing the stationary distribution pg of the hidden Markov chain X for each 6,
we consider a probability distribution mx on the unobserved initial state Xy. Denote £, (6, x) the
log-likelihood starting from x, for all € X', which is given by

n—1 n

Qo (x,dx1) [ [ Qo (i, daiyr) [ [ g0 (Yilas)
=1

Antt i= i=1

4y, (0,) =log l

Similarly, the log-likelihood starting from a distribution g on X is denoted £, (6, ) i.e.

2, (0,79) = log [/ ee’L(e’i)dwo(:c)] .
x
The posterior distribution can then be written as

PT (A|Y ) = fox etn(0:2) (d@) X (dx) (2)
1) = f@xx et (0:2) 7 (df) wx (dx)

for any Borel set A C ©.
We shall also use the notation Py, for the probability distribution of the HMM starting from «,
that is, for any integer n, any measurable set A in the Borel o-field of X" x Y™:

n

n—1
Pyo (X1, X, Y1,...,Y,) € 4) = /AQG(CU,dxl) 11 Qo (@i, dwia) T 90 (wilas) v(dy) - . v(dya),
i=1 i=1

so that for any 0 € ©,
]P)g = / Pg,w,u,g (dx) .
X

We denote by Ey the expectation under Py and by Ey , the expectation under Py ,.

We assume throughout the paper that we are given a stationary HMM (X, Y});>1 with distri-
bution Py, for some 6y € ©. We will be interested in the asymptotic behaviour of the posterior
distribution of finite marginals of the process. Indeed, marginals (of dimension at least 2) capture
the transition of the Markov chain together with the emission parameters as we shall explain be-
low. Thus we define for any integer [ > 2, and for any 6 € O, the probability density f;g(---) of
(Y1,...,Y;) under Py. That is for any parameter 6,

Jro (W, ...,m) = //Ja (dz1) Qo (21,dxz2) - - Qo (z1—1,dx1) go (y1|x1) - - - 9o (Wil 1)

so that f ¢ is a mixture in V! of product probability measures. When such mixtures are identifiable,
knowledge of f; ¢ leads to the knowledge of the mixing measure, which itself gives the knowledge
of the distribution of the hidden Markov chain. Mixtures of products of gaussian distributions are
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identifiable, for instance, but many other families of mixtures are identifiable, see MacLachlan and
Peel (2000), Hall and Zhou (2003), Allman et al. (2009).
Define, for any 6 € ©, real numbers pg > 1 and Ry > 0 such that, for any integer m, any x € X

Qg (x,.) — pollrv < Ropy ™ (3)

where || - |7y is the total variation norm. If it is possible to set pg > 1, the Markov chain (X,,)n>1
is uniformly ergodic and py is its unique stationary distribution.

Throughout the paper Vgh denotes the gradient vector of the function A when considered as a
function of 0, and D3h its Hessian matrix. We denote by By(7,€) the d dimensional ball centered
at vy with radius €, when v € R?. The notation a, 2 b, means that a,, is larger than b, up to a
positive constant that does not depend on n.

2.2. General HMMs

We now derive posterior concentration rates in the framework of Hidden Markov models. This
setup follows the ideas of Ghosal and van der Vaart (2006). The proof of Theorem 1 is given in
Section 6.

THEOREM 1. Assume
e (A0) pg, > 1.
e (Al1). There exists S, CO X X, D >0, A>0 and xy in X such that for any integer n,
£5,(60) — €n (00, 0) < A,
and for any sequence (Cp)n>1 of real numbers tending to 400

sup Py, [€n(0,2) — £y (60, 20) < —Cy] = 0o(1), 7 @ mx[S,] = n~P/2.
(0,z)€SR

o (A2). There exists a sequence (Fp)n>1 of subsets of © such that
7(FS) = o(n~P/?).

o (A3). There exists 5o > 0 and M > 0 such that for all 5o > § > 0,

n

N6, Fr,ydi(.,.) < (E)M

where N (6, Fy,di(.,.)) is the smallest number of 0; € F,, such that for all @ € F,, there exists
a 0; with d(0;,0) < 0. Here di(0,0;) = | fro — fro, I = [y [fr.0 = fr0;1(w)dv(y).

Then there exists K large enough such that

po— 1 logn
PT — — > K Yin| =o0 1).
llfr0 fl’9°|‘12Re+,09—1 2 . Ln] Po,, (1)
Theorem 1 gives the posterior concentration rate of || f; 0 — fi.6, ||1 up to the parameter %.

This is in sharp contrast with the results in Ghosal and van der Vaart (2006), though the proof of
our theorem follows the same lines. In Ghosal and van der Vaart (2006), applications to Markov
chains or to gaussian time series of their general theorem use assumptions that lead in some sense
to lower bound the coefficient #;;71' This corresponds to choosing a prior whose support in
O is included in a set where #;;_1 is uniformly bounded from below. Even in the simple
case of finite state space HMMSs, which are extensively used in practice, this type of priors would
be awkward. We investigate this case in details in Section 3. If such a prior is considered, then

Theorem 1 implies that the posterior distribution concentrates on {6; f; 0 = f1,6,} and also provides
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a concentration rate of the posterior distribution of order O((logn/n)/?), in terms of the L; norm
on fio — fi.6,-

In the case of over-fitted HMMs with finite state space, i.e. when 6 corresponds to a HMM
associated with kg states while the model considers HMMs associated with k& > kg states the
parameter set has to contain all possible transition matrices and in any neighbourhood {6 : || fi g —
fr.00ll1 < €} there exist parameters 6 such that p(6) = 1. Thus, one has to allow pg to be arbitrarily
close to 1. We will see that a good choice of the prior, however, acting as soft thresholding, leads
to the concentration of the posterior distribution around fg,, in terms of || fi.¢ — f1,6,//1 alone, at a
rate slower than (logn/n)'/?.

Assumption (A0) implies that at 8y the hidden Markov chain X is uniformly ergodic. Assump-
tions (A2) — (A3) mean that we can choose a sequence of compact subsets of © which behave
like finite dimensional sets. These two conditions are similar in spirit to those considered in gen-
eral theorems on posterior consistency or posterior convergence rates, see for instance Ghosh and
Ramamoorthi (2003) and Ghosal and van der Vaart (2006). Condition (A1) is close to the Kullback-
Leibler condition as in Ghosal and van der Vaart (2006), adapted to a parametric context. A non
parametric formulation could also have been provided, replacing C,, with ne2 in (A1), n=P /2 by
e in (A1) and (A2) and M by ne2 /logn in (A3).

In the following section, we explain how condition (A1) can be verified under conditions that
are classical in the HMM literature.

2.3.  About condition (A1)

Here we assume that X is compact, and that the transition kernels @)y are absolutely continuous
with respect to a measure p such that u(X) = 1, for all 6 in a neighborhood of 6y. We denote
qo(.,.) the density of Qy with respect to p ford in this neighborhood, and define

0— (0) = inf do (I7 33/) y O+ (0) = Sup gg ('Ta J?’) .
z,x'eX z,x' €X

~1
Then, by Corollary 1 of Douc et al. (2004), it is possible to set Ry = 1 and py = (1 — Z; Ez;) .

Also, following the proof of Lemma 2 of Douc et al. (2004) we find that, if pp, > 1, then
2
Pbo
Ly, (00) — Ln (00, 20) < | ——
(B0) = £ (B0, 7o) (p901>

To verify assumption (A1), assume that there exists a subset V' C © containing 6, such that the
densities ggp(z, 2") and gg(y|x) are smooth as functions of § on V' (i.e. satisfy assumptions (A6)-(A8)
of Douc et al. (2004) on V') and such that

inf 1. 4
L W

Then, for any 6, z, xo,
fn (9, CL') - En (90, LL'()) = fn (9, CL‘) - En (9, {Eo) + En (97 .TQ) - Zn (90, {)30) (5)
and following the proof of Lemma 2 of Douc et al. (2004) gives that, if (A0) and (4) hold, Py, -a.s.,

2
sup sup |, (0,2) — €, (0,20)] < 2sup ( P9 ) .
0V z,xg€X pev \po — 1

Now for § € V,

00 (8,20)—y (80, m0) = (0 — 00)" Voly (90,130)4'/0 (0 — 00)" D3ty (60 + u(0 — bo), o) (0 — 0p) (1—u)du.
(6)

Following Theorem 2 in Douc et al. (2004), n=/2Vy/,,(fy, z) converges in distribution under Py,
to M(0,Vp) for some positive definite matrix Vj, and following Theorem 3 in Douc et al. (2004),
we get that supyey, n™ ' D36, (0, z0) converges Py, a.s. to V. Thus, we may set:

S, ={0eV;[|0—6] <1/vn} xX
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so that
sup Pg, [£n(0, ) — €, (00, 20) < —Cp] = 0(1)
(0,z)€S,

follows from (5) and (6). The second part of (A1) is then satisfied as soon as 7(S,,) > n~P/2 which
is true for instance if V' is a neighbourhood of 6y and if the prior has a density with respect to
Lebesgue measure, which lower bounded by a positive constant on V. Note that the freedom in
the choice of V' implies that (A1) can be verified in situations where the true distribution can be
approximated by Py such that pg is arbitrarily close to 1, as long as it is possible to choose paths
in © to approximate 6y that avoid such pathological €’s. This is illustrated in the case of finite
state space HMMs in the following section.

3. Finite state space

Here we assume that X = {1, ..., k}. We may take u as the uniform probability measure on {1, ..., k}.
We first describe the setting in this case, and then we prove that, under some general assumptions,
Theorem 1 applies. Moreover, we prove how some choices of the prior give posterior concentration
rates for the finite marginals without additional mixing coefficient. The results obtained in Section
3.1 are valid both when the true distribution has kg = k different states and when it has a smaller
number of states.

3.1.  Posterior convergence rates for the finite marginals

Qo denotes the transition matrix (g;;)i j<x and 6 = (g;;,1 < i < k,1 <j <k —1;7,....,7) with
v; € T € R? such that go(y|z) = ¢, (y), x € X = {1,..., k} for some family of probability densities
(g)~er with respect to v. We denote O, the parameter space.

Let M}, be the set of all possible probability distributions of (Y;,)n>1 under Py for all § € ©y,.
We say that the HMM Py has order ko if the probability distribution of (Y;,),>1 under Py is in
My, and not in My, for all k < kg. Notice that a HMM of order ky may be represented as a
HMM of order k for any k > ko. Let Q° be a ko x ko transition matrix, and (7, ...., 7} ) € T* be
parameters that define a HMM of order ko. Then, 0 = (g;;,1 <i,j < k;~?, ....,720, e ,’ygo) € Oy
with @ = (gi;,1 < 4,5 < k) such that :

@ij =ay i,j <ko
Gij =dh; > ko, J<ko,

(7)

k k
0 . 0 -
Z qit = i, ¢ < ko, and Z Gil = Qrory> = ko
l:k() l:ko

gives Py = Py,. Indeed, let (X,,)n>1 be a Markov chain on {1,...,k} with transition matrix Q.
Let Z be the function from {1,...,k} to {1,...,ko} defined by Z(z) =z if z < ko and Z(x) = ko
if x > ko. Then (Z(X,,))n>1 is a Markov chain on {1,...,ko} with transition matrix Q°.

In the following we parametrize the transition matrices on {1,...,k} as (¢j)i<i<k,1<j<k—1
(implying that ¢, =1 — 25;11 ¢i; for all 7 < k) and we denote by Ay the set of probability mass
functions A = {(u1,...,up—1) : w3 > 0,...,up_1 > O,Zf;f u; < 1}. We shall also use the set
of positive probability mass functions AY = {(uy,...,ux—1) 1 us > 0,...,up_1 >0, Ei:ll u; < 1}
Thus, we may set O = A} x I'¥.

Any Markov chain on {1,...,k} admits a stationary distributio, if @y admits more than one

stationary distribution, we choose one that we denote 9. Besides (3) holds with Ry = 1 and

-1
k

po = 1—215,1&%‘]* )
j=1
so that and as soon as the transition matrix y has positive entries, pg < 1. For any 6 = (¢;;,1 <
i <k 1<j<k—1L791,.0%) € Ok, any y = (y1,...,41) in V',

flﬁ(y) = Z He (Zl) Qivio " iy_14 9y (y1) - "G, (1) - (8)

1<iy, . <k
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Let 7(u1,...,ur—1) be a prior density with respect to the Lebesgue measure on Ay, and let
w(v) be a prior density on I' (with respect to the Lebesgue measure on R%). We consider prior
distributions such that the rows of the transitions matrix @) are independently distributed from m
and independent of the component parameters ~;,7 = 1, ..., k, which are independently distributed
from w. Hence the prior density (with respect to the Lebesgue measure) is equal to 71, = 7®*@w®*k.
In this section we use a Dirichlet type prior, see assumption (F1) below, or an exponential type
prior, see assumption (FE1) below, on the transition parameters (g;;,j < k).

THEOREM 2. Let 6y = (q?j7 1<i<ko1<j<ko—1;79, ....,’ygo) € Oy, be the parameter of a
HMM of order kg < k. Assume that

o (F0)q)>0,1<i<ko1<j<ko

e (F1) 7 is continuous and positive on AY, and there exists C, oy >0, ..., ap > 0 such that
(Dirichlet type priors):

k—1
0 -1 —1
V(ug,...,up—1) € Ap, up =1— E wi, 0<m(ur,...,up—1) < Cuf'™ - up®
i=1

and w is continuous and positive on I.

o (F2) The function v — g,(y) is twice continuously differentiable in I', and for any v € T,
there exists € > 0 such that

[ sup IV, b0, ()P0, () vldy) < oc, [ sup (D2 oggs () P () vidy) < 4.
v’ €Ba(v,€) ¥ €Ba(7s€)

150D, e 4.0 Ve () | € Ly () and || 0D,y 0 D2y () [ € La(v)
o There exist a > 0 and b > 0 such that

sup / 15 (4) ldw(y) < ne.

[vlI<n®
Then, there exists K large enough such that

logn

P [Hfz,e — fuoolli(pe —1) > K Yiin | = op,, (1)

n

1
where pg = (1 — Z?Zl infy<;<k qij> . If moreover a := Zlgigk a; > k(k—14d), then

a—k(k—14d)

P |1fu0 = fraolly = 260~ =5 (log )| Y| = o0z, (1).
If we replace (F1) by

e (EF1) m is continuous and positive on Ag, and there exists C' such that (exponential type
priors):

k—1
V(u1, .. up—1) € Ag, up =1 — Zu,;,

i=1
0<m(ug,...,up—1) < Cexp(—C/uy)---exp(—C/uy)

and w is continuous and positive on T,

then there exists K large enough such that

P™ |l fi0 = froolln > 2Kn~ 2 (logn)*/?|Yi. | = op,, (1)
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The proof is presented in Appendix 6.2.

Theorem 2 provides guidelines to choose the prior. Indeed, if a Dirichlet D(ay, ..., @) prior
is considered on each row of the transition matrix of the hidden Markov chain, then choosing
large enough values for the a;’s ensures a consistent posterior distribution in terms of the L,
distance on the marginals. If one chooses exponential type priors, it is possible to get, up to a logn
factor, the posterior concentration rate of order 1/4/n for the finite marginals. Interestingly, this is
quite different from what happens in the case of overspecified mixtures as described by Rousseau
and Mengersen (2011). In the case of independent mixture models, the posterior distribution
concentrates at the rate 1/y/n around the true density of the observations (in terms of the L
distance) under very general conditions on the prior. In Rousseau and Mengersen (2011), the
authors prove that by choosing small values of «;, the posterior distribution concentrates on the
configuration where the extra components are emptied, which is desirable since it leads to an
interpretable posterior distribution. Here the story is quite different because to favour empty
components (small weights in the stationary measure p(6)) corresponds also to favour slow mixing
Markov chains, i.e. Qp’s such that p(6) is close to 1. Then the asymptotic behaviour of the
likelihood is much less stable and it is not clear that the posterior will concentrate on the correct
densities f; g,. Hence, to be able to interpret correctly the posterior distribution it is more desirable
to choose large values of ;. We do not claim however that the threshold k(k — 1+ d) on @ :=
> 1<i<k @ is sharp. Our intuition is that it is probably enough to assume, at least when kg = k—1,
that & > k(ko — 1+d), which corresponds to the number of constraints involved in the construction
(7), but we have not been able to prove it, except in the case k = 2, see Section 3.4. Although a
posterior concentration in terms of the marginals is useful, when interest lies in fitting the model
or in prediction, in some applications it is also interesting to recover the parameters correctly.
In the following section we use Theorem 2 to obtain a (partial) asymptotic identification of the
parameters by the posterior distribution and to construct a consistent procedure to estimate the
true number of states kg when k > kg.

3.2.  Application to the estimation of the number of hidden states

Let us now describe more precisely how to recover all the HMM dynamics, that is to recover the
number of hidden states, and, in the following section, given that the number of hidden states
is known, how to recover the parameters. For this, we need to understand what the posterior
concentration result says about the parameters.

To recover conditions on the parameters from conditions on the I-marginals f; g, we need an
inequality that relates the L, distance of the I-marginals to the parameters of the HMM. Such
an inequality, stated below as inequality (9), is proved in Gassiat and van Handel (2012) for
translation mixture models, with the strength of being uniform over the number (possibly infinite)
of populations in the mixture. However for our purpose, we do not need such a general result,
and it is possible to prove that (9) holds for more general situations than families of translated
distributions, under a structural assumption implying, in particular, the weak identifiability of the
multidimensional mixtures. This condition is presented in Appendix 6.5 together with the proof of
the fact that if it is verified then (9) holds (Lemma 2). This condition is implied in particular by the
strong identifiability assumption of Rousseau and Mengersen (2011), and it holds for any parametric
family (g )yer which can be represented as an exponential family, including location-scale Gaussian
mixtures, Poisson mixtures, exponential mixtures and so on. The inequality following Theorem
3.9 of Gassiat and van Handel (2012) says that there exists a constant ¢(6y) > 0 such that for any
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small enough positive ¢,

o = fuoolly 3 Py (X1 = j)

(bo) 15 <Vl =0 >
+ Z [Py (X1 € A(ir, ..., 01)) — Poy (X1 = i1+t
1<iy,...,i1<kgo
) ) Vi1 ’Yzl
+ > Po (X1 =J1--51)
(J1se-201) EA(315---581) Vi 721
. o i %
+t3 Po (X140 = j1---j1) SR (9)
(J15-201) €A(T1,.00) Vi ’Yz‘l
where A(iy, ... i) = {(j1,---.31) : | =1 < e ..ol =21 < e}. The above lower bound

essentially correponds to a partition of {1,...,k}! into k} + 1 groups, where the first k) groups
correspond to the components that are close to true distinct components in the multivariate mixture
and the last corresponds to components that are emptied. The first term on the right hand side
controls the weights of the components that are emptied (group ké +1), the second term control the
sum of the weights of the components belonging to the i-th group, for i = 1,...,k} (components
merging with the true i-th component), the third controls the distance between the mean value
over the group ¢ and the true value of the i-th component in the true mixture while the last
term controls the distance between each parameter value in group ¢ and the true value of the i-th
component. Notice now that for some constant C' > 0,

0

i1

H e T | I T FVRN Y S Y

0
Vi,

so that we get that for maybe some other constant &(6y) > 0:

7o = fuoolly o 3 Py (X, = j)

c(0 o
(0o) 1< <LV, |y =21 >e

Z ‘ Z ]P)Q (Xl:l:jl"'j[)—Pgo (Xl:l:il"'i[)|

1<iy,...;u<ko (ji,..,51)€A(1,...,01)
ko

Y1 D> PeXa=i)v -+ Z > Pe(X1=4)llvi — I
=1 iy =P <e =1 gy =P <e

It follows that as soon as
[fro = fro0lly S un
for u, tending to 0 as n tends to infinity (which is the case with u, some negative power of n if
the prior is well chosen), we get that, for any j € {1,...,k}, either Py (X1 = j) < up, or
Fie {1, ko} Po (X1 =5) lyj =7 1? Sw

This means that extra states are emptied or merge with true ones. Let ¢, be a sequence increasing
slowly to infinity and let J be the set (depending on ) such that

J=Aj : Pe(X1=7) > uncn}.

For any j € J, let A; = {i€J : Py(X1=17) |7 — wll*> < un\/Cn}, we say that the elements j;
and js of J are merging if A; N A;, # 0, what we note j; ~ jo, then we say that two elements
1 and j are equivalent if there is a sequence iy,...,%, of elements such that iy = i ~ ig,i9 ~
13, +-,9p—1 ~ i = j, and we define L as the number of equivalent classes with respect to this
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equivalence relationship. Then, under the assumptions of Theorem 2, it is possible to choose wu,
such that

P™ (L # holYin) = 0p,, (1) (10)

Under the Dirichlet type prior assumption (F1), one may take u, = (n/logn)~(@—k(k=1+d)/2a)
while under the exponential type prior assumption (FE1), one may take u, = (n/logn)~*/2. An
alternative choice for u,, could be the posterior L, risk between [-marginals, say between marginals

of order 2 :
Up = ET |:Hf2,9 - fg’é||1|Y1:n:| ;

where 6 is the posterior expectation of §. This has the advantage of being automatically calibrated.
There are various possible choices for ¢,, we suggest ¢, = v/logn, since in our simulation study,
this lead to a satisfactory behaviour. Indeed, in the case n = 500 for instance, if the posterior risk
above is of order 0.1 (as in some of our simulations) u,, logn > 0.6 which is not a reasonable choice
since it will erase all components whose weights are smaller than 0.6, whereas u,v/logn = 0.25.
Obviously, in practice, the choice of ¢, should then depend on k. A heuristically good choice for
cn is logn/k, since if k is large, most weights should be small. An estimator of the order can
then be for instance the posterior mode of L, however the whole posterior distribution of L is also
of interest.

3.3. Consistent estimation of the parameters when the order is known

When the model is correctly specified, that is when the true number of states kg is equal to k,
we are able to refine the concentration result in two ways : (i) obtain a better concentration rate
(the usual 1/4/n rate up to logn) and (ii) obtain a posterior concentration rate in the parameter
scale. We still consider the case where (9) holds. If now k = ko, following from Theorem 2, if
a = Zle a; > k(k — 1+ d) with a Dirichlet type prior, or with an exponential type prior, it holds
that

Il fr.0 = froolly S un

where u, = O(n~7) for some 7 > 0. Since now (9) implies that

l.fi.o — fro0ll; > €(00) Z Po (X1 =i1---9) —Poy (X1 =11---141) |

1<iq,.., 51 <ko
k}o 1 k70
+ Y Po (X1 =) |y =21+ 5 D Bo (X1 =3) I 7?”2}7
i=1 i=1
we obtain that, for all 41 - - - 7,
Py (X1 =d1--91) — Py (X1 =41---%1) | S un,
which means in particular that for all i, 7,
Po (X1 =1i) =Py, (X1 =1)| Sun, and |gij — g7 ;] S tn.
Since qgj > 0 for all i,j < k, then there exists a > 0 such that P™ [Ji, j, ¢;; < a|Y1.,] = op, (1)
and if ¢; ; > a for all 4,7, p(0) —1 > Z?:l min; ¢; ; > ka > 0, hence
{(p(0) = Dl fro, — froln < Kv/logn/n} n{p(0) — 1 > ka} C {[fie, — freli < K \/logn/n}

for some K > 0. We thus have that
B™ [Ifi00 — fraly < K'Viogn/nlYin| =1+ o0, (1)

and in the above inequalities we can replace u,, by y/logn/n. We finally obtain the following result
on the posterior concentration :
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COROLLARY 1. When k = ko, when (9) holds, under the assumptions of Theorem 2, if the
prior is of Dirichlet type with & = Zle a; > k(k —1+d) orif the prior is of exponential type,
there exists K > 0 such that

logn
P7 [”fz,eo — fiohh <K ng Vi | =1+ op,, (1)
and
- . logn logn
P™*o [VZaJQi,j —q | <K . v =l < K o Yin| =1+ op,, (1).

Hence, we recover the n~1/2 rate of convergence (up to a logn term), as soon as the prior
vanishes quickly enough near g; ; = 0.

3.4. Asymptotic behaviour of the posterior distribution when kq =1 and k = 2

In this section we restrict our attention to the simpler case where kg = 1 and k£ = 2. We will see
that despite its apparent simplicity, the asymptotic analysis of the posterior distribution leads to a
guideline on the choice of the prior parameters «;’s which is (almost) opposite to that proposed in
Rousseau and Mengersen (2011), in the case of mixture models. We still consider situations where
(9) holds, and choose independent Dirichlet type priors for the rows of the transition matrix. We
prove that the extra component is not emptied but merges with the true one, under large enough
«;’s for the Dirichlet prior.

When k = 2, we can parameterize 6 as 6 = (p,¢,71,72), with 0 < p < 1,0 < ¢ <1, so that

([ 1-p p B q p
QG_( q 1—q>’”9 (p+q’p+q)

when p#£0Qor ¢ #0. If p=0and ¢ =0, set py = (%, %) for instance. Also,

pe—1> P+ N2—-(p+q).

When ko = 1, observations are i.i.d. with distribution g,odv, so that one may take 6y = (p,1 —
p,7%7°) for any 0 < p < 1, or 6y = (0,¢,7°,) for any 0 < ¢ < 1 and any v, or fy = (p,0,7,7°)
for any 0 < p <1 and any . Also, for any 2 € X, Py, , = Py, and

£, (0, 2) — (60, 20) = £,(0,2) — £,,(6p, ).
We take independent Beta priors on (p, q) :
m(p,q) = Capp® ' (1=p)° " (1 - )7,

thus satistying (F1).
Let u, = K /28" with K large enough so that, thanks to Theorem 2, P™ (Bn|Y1:n) = 140p(1),

n
as soon as assumption (F2) holds, and where B,, is the set

B, ={lp+ ) N2—@+9)fo0 — fo00ll; <un}.

Then, for any sequence of sets (A,)n>1, for any D > 0, and for any sequence (¢y)n>1 of real
numbers

Epo [P™ (An|Y1:n)] = Eg, [P7 (A 0 Bu|Y1:0)] +0(1)
Jaynp, xx €00 G0 (df)my (dx)

= an een(0,x)7en(0o,mo)ﬂ(d9)ﬁx (dl‘) +o (1)

anxX
N,
= EOO |:Dn:| +0(1)
nD/2
Po, (Dn < cnn_D/Q) + —m(A, N B,)+o(1).

n

IN
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Thus, if
Pg, (Dn < Cnn_D/Z) = 0<1)a (11)
one gets

D/2
EGo []PW (Anlylzn)] < z

ma(A, N B,) +o0(1) (12)

n

Let €, decrease slowly to 0 and such that 2= tends to 0. Consider the set

Then the following holds:

COROLLARY 2. Under the assumptions of Theorem 2, in the situation where (9) holds, and if
moreover for all x, v — g(z) is four times continuously differentiable on T, and if for any v € T’
there exists € > 0 such that for any i = 1,2,3,4, if Digy denotes the i-th differential operator
(with respect to v) of g at point v/,

Dig ’
/ sup 229 () 14g, () v(dy) < +oo, (13)
v €Ba(,€) 9y

the extra component cannot be emptied at rate €, = m, that is
P (A7L|Y1:7L) - OP(I)
as soon as « > 3d/4.

To prove Corollary 2, we prove that
Ta(An N By) S u® +uf ™t 4 udtd/2e0=4/2, (14)

and that (11) holds with D = d + d/2 as soon as C), tends to infinity as n tends to infinity. Thus,
taking C,, = logloglogn and using (12), Corollary 2 follows. The detailed proof is given in the
appendix.

With extra work, it might be possible to obtain that Corollary 2 holds for any ¢,, decreasing to

0 and such that 2= tends to 0. For this, one needs to obtain the posterior concentration rate \/%

logn

n
packing numbers to cover the sets with respect to the distance || f1.0 — fi.6,ll1- It should be possible
to do it by using the entropy results in Gassiat and van Handel (2012).

instead of in Theorem 2. This requires the use of local packing numbers instead of global

4, Simulations

To illustrate the results obtained in Section 3, we run a simulation study under the following setups:
in all cases the model corresponds to a finite state space HMM, with k = 2 states and Gaussian
emissions with unknown means p; and ps and known variance:

Vil Xi =2~ N(pay 1), we{l,2}, Q= ( 1qp lfq )
We consider independent Beta(a,a)) priors on (p,q) and independent normal priors on (1, i2)
with variance 1 and mean 0.

There are various ways proposed in the literature to implement such posterior distributions. The
most well known is the Gibbs sampler which simulates the hidden states (possibly after integrating
out the parameters given the states), see for instance Frithwirth-Schnatter (2006). Unfortunately,
we have found that such algorithms do not allow to visit well the parameter space when there are
well separated multiple modes, even after combining such algorithms with parallel tempering, see
Geyer (1991) or Baragatti (2011) for a review on these methods. We have therefore considered an
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Figure 1. output of the posterior distribution on u (black) and p (red) for « = 3 (Left) and o = 0.1 (Right)

Hasting-Metropolis algorithm where only the parameters are simulated and at each iteration the
likelihood is computed; we have combined this algorithm with parallel tempering, as follows : For
each temperature T varying in the set 1 =717 < T, < --- < T, we propose at iteration ¢

W(T) = p(T) + ou(T)ey,  w'(T) = [wh(T) + ow(Tew(T)|, 0= (', w')

where i denotes the means and w the unnormalized weights. Then after the acceptance step for
each T, we propose a swap between a random pair (1;,T;), which is accepted according to the
ratio of posteriors.

Interestingly, the performance of the algorithm is strongly influenced by the prior, even for
a large number of observations. Figure 1 displays the output of three Hasting-Metropolis runs,
associated with the same data which are composed of n = 1000 independent N'(0, 1), the top graph
corresponds to a = 3, the middle graph to o = 0.1 based in the same tuning parameters as the
top graph and the bottom graph to o = 0.1 with tuning parameters chosen to have an acceptance
rate greater than 0.12. The performance is strongly deteriorated when a = 0.1, despite a rather
large number of observations. We can see that, even decreasing significantly the variance in the
proposal distributions does not prevent from being trapped in local modes, which are much more
pronounced than in the case « = 3. This might be a sign of an unstable behaviour of the likelihood
in regions where p or ¢ are small but we have no proof for this. Another aspect of the computational
difficulty induced by small values of « is the label switching issue. This issue exists whatever the
value of a of course, however in cases of small values of «, it is rendered even more difficult.
Figure 2 shows the output of the MCMC chain of g;; and goo before and after treatment of the
label switching issue, i.e. choosing the labels, at each iteration which minimize the distance to the
posterior mode (MAP) (obtained from maximizing the posterior likelihood over all the iterations).
The MAP corresponds to ¢;1 = 0.99 and ¢22 = 0.9999, in other words to a transition matrix closed
to the identity matrix. The resulting posterior on (g1, ¢22) oscillates sometimes between the values
(1,0) and (0,1) (or close to it), which shows that the relabelling was inefficient. To make it more
efficient, we use a change of parameterization on the ¢;;, we work with log ¢;; instead and minimize
the distance between the MAP and the values at each iteration in this new parameterization. The
posterior mean of g7 with the relabelling based on the logarithm of the transition matrix equals
0.18, whereas it was equal to 0.48 under the other approach for the relabelling. This phenomenon
does not take place when a = 3, the same result is obtained for both parameterization, see figure
2, in particular the posterior means of gi; after both types of relabelling are equal to 0.48. Note
that in Figure 2, the MCMC chains have been tuned to get a reasonable acceptance rate.

Hence, choosing small values for « influences strongly the behaviour of MCMC samplers, even
for large values of n, at least in the above case, i.e. when the true generating process corresponds
to a smaller value of the number of states than in the model. In particular we have not observed
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Figure 2. output of the posterior distribution on ¢11 (black) and g2z (red) for « = 3 (right) and « = 0.1 (left),
without relabelling (top), with simple relabelling (middle) with relabelling in new parameterization (bottom)

this difficulty in cases where the data was generated from a HMM with two states as in the model
(well specified case 1 below). We now study on simulations to what extend the behaviour of the
posterior is influenced by the value of «.

The data are simulated as

e Case 1 : (Well specified) ko = 2, uo = (0,4), po = 0.4, 99 = 0.7.
e Case 2 : (Mis-specified) kg =1, o = 0.

In both cases the estimation will be conducted with « =3 > k — 1 + d = 2 (posterior concen-
tration has been proved) and a = 0.1 < k — 1 + d (there is no result on posterior concentration
both in terms of the I-marginals and in terms of the parameters).

Figure 3 shows the posterior expectations of the L, distance between the 2- marginals fs ¢ and
f2.0, in case 1 (left panel) and case 2 (right panel), under n = 100,500. In each case the first
two boxplots corresponds to n = 100 with o = 3 (first) and o = 0.1 (second) and the next two
boxplots to n = 500. The last two boxplots of the right panel (case 2) correspond to n = 1000. It
appears that the impact of « in case 2 is much stronger than in case 1. In the former the posterior
distribution seems to have larger posterior (L;) risk under & = 0.1 than under « = 3, the difference
being quite significant for n = 100 and lessened for n = 500 whereas we see no real difference in
case 1, even for n = 100. In case 2, for large n, namely n = 1000, the boxplot seems to indicate
that the posterior L; risk is at least of the same order with small @ (o = 0.1) than with large «
(a0 =3).

We have also computed the posterior distribution of L, for one data set, in each situation.
The choice of ¢, = Vlogn and u,, = E™[||f2,0 — f27é 1|Y1.n] leads to posterior distributions of L
concentrated on the right value for each of the situations and both for « = 3 and a = 0.1.

5. Discussion

This paper has contributed in the understanding of the Bayesian analysis of HMMs. A positive
conclusion derived from our results is that even in mis-specified cases, i.e. when the number k&
of states in the model is larger than the true number of states kg, the posterior distribution will
concentrate on the true values of the parameter, provided the prior forbids strongly enough small
transition probabilities (for instance if the hyperparameters ¢ ; in the Dirichlet priors on the rows
of the transition matrix are large enough). However, contrarywise to static mixture models, there
are no definite conclusions when the hyperparameters «; ; are small. It thus gives guidelines for
the choice of the prior in HMM modeling with finite state space. When the number of states is
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Figure 3. boxplots of the posterior expectations of |f20 — f2,0,] for « = 3,0.1 and n = 100, 500, in case 1
(left) and case 2 (right)

unknown, one should preferably choose Dirichlet type priors with large enough parameters. This
recommandation is supported both by theoretical and computational reasons. On the theoretical
side, we have been able to prove that using such priors leads to consistent posterior distribution
and we have been able to give convergence rates. On the computational side, small parameters lead
to unstable chains, and heavier label switching issues, as our simulation study indicates. Thus, to
have confidence in the output of our simulated posterior distribution and to obtain interpretable
results one should to choose (Dirichlet) priors on the transition matrices with large enough values
for the o; ;. We have been able to give a lower bound for what "large enough" means in the general
finite state space situation, and sharpened this lower bound in the specific situations of 2 hidden
states.

Under identifiability conditions (i.e. condition (L(1))), the posterior concentration in terms
of the [-marginals can be expressed in terms of the parameters, thus enabling us to provide a
consistent estimator of the number of hidden states (when the prior is correctly specified). Note
that the posterior concentration rate of order 1/4/n for the parameter is only obtained if the number
of states is correctly specified, i.e. when k = kg.

The question of the asymptotic behaviour of the posterior distribution, in case of small param-
eters for the Dirichlet prior remains open, though the computation of the posterior distribution
becomes much more difficult in such cases. In our simulation study, the posterior distribution seems
to concentrate wih n even for small values of a. Wether it really shows consistency or wether it
can be extended beyong the simple case of kg = 1 and k& = 2 is not clear to us.

6. Appendix

6.1. Proof of Theorem 1
The proof follows the same lines as in Ghosal and van der Vaart (2006). Let (€,)n>1 be a sequence
of positive real numbers. We write

. po—1 [y €O 00200 () (d)
P 1 fro — fz,00||1m > en|Yim| = fenxx eln(0,2) =L (00,20) 7 (df) 7y (daz)
N,
=

where A, = {0 : || f1.0 — S0, \\1#}3_1 > €,}. A lower bound on D, is obtained in the following
usual way. Set for any real number C, Q,(C) = {(6,x);€,(0,x) — £,(00,29) > —C}, which is a
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random subset of © x X' (depending on Y7.,).

Da = [ ooy @O (i (do)
S7l
> e_C7T®7rX(SnﬂQn(C)),

therefore using (A1), for any sequence (C),),>1 of real numbers tending to +oo, there exists ¢; > 0
such that

P, |:Dn < 016_0”71_19/2] < Py, [Dn < e “m@7ma(S,)/2]
< Py, [r @ 7a(Sn N2 (CL)) > 7@ ma(Sn)/2]
< 2fS,,, PQO Mﬂ(ea m) - En(em mO) S _Cn] W(de)ﬂ';\g(dl‘)

T Q mx(Sp)

o(1),

by assumption (Al) again.
Thus, for any sequence (C},),>1 of real numbers tending to +oo0,

i PO — 1 N,
P [”flﬂ - fh%”lm > €n|Y1:n} = op,, (1) + D*:HD"zcme/zefcn.
But
N, — n(0:3) 0 00:20) 1 (4B 7 (d) +/ et (O:2) =0 (00.20) 1 (4 (d)
(AnNFn)xX (A NFe)xX
and

o, / el )=t B0.20) () e, (d)
(AnnFg)x X

=0[r(A.NF )] =0 (n_D/Q)

by Fubini’s theorem and the fact that, by (A1), £,(6o) — £, (00, zo) is uniformly upper bounded, so
that by taking C, tending to +oc slowly enough,

-1 N,
P |:||fl,6 - fl,a()”l#pe_l Z €n|Y1:n:| = OPQO (1) + Dfn]lD”chn—Dmefcn
where Ny = [y 7, o @)= Com0)m(df)my (d). Let now (6;)j=1,..,n, N = N(6, Fn, di(.,.)),

be the sequence of 6;’s in F,, such for all § € F,, there exists a 6; with d;(0;,6) < ¢ (for some 6 to
be fixed later). Assume for simplicity’s sake and without loss of generality that n is a multiple of
the integer [, and define

=1 n/l
qu Z1=/1 (H(Yli71+1 ----- Yi;)€EA —]P’GO((Y17~~~7YZ)€AJ))>1"J

where
Aj={(yr,--su) €Y XY+ frooWis--su) < fro; (v1,--- )}

for some positive real number ¢; to be fixed later also. Note that

1
P, (Y1,...,Y1) € 4j) — Py, ((Y1,..., Y1) € Aj) = §||fl,o_7~ — fu00ll1

Define also

wn_

- 1§j§H1%/E:L5§€An 95
Then ~
N,
EOO 7'(/Jn < an?ﬁn < N((S) Fu, d(, )) max E90¢j

D, 1<j<N:0,€A,



Asymptotics of the posterior for HMM 17

and using the usual equality

By (N1 =) = [ Bopay (1= ) sy () = [ Ep e (1~ ) (d6) m ()
(AnNFn)x X
so that:
- 1 n\M
Py, (P [|fl,9 Ji M\lm > €n|Y1: n}) <o(l)+ (5) 1<y X By, ¢;
+0 nD/zeC”/ Eo . (1 — ) 7 (d) mx (da)
(ApnNFp)x X
(15)
Now
n/l
E90 [¢J] = ]P)eo Z (]l()/li—l+17---,}/li)eAj - Pgo((yla ceey Yl) € AJ)) > tj
i=1
and
n/l
Ego.(1—¢j) =Py, Z (“Uvirir,vinea; +Poa((Yiiciss -, Yi) € Aj))
i=1
n/l
> —t; + Z (Po,o(Yiimt415- -+, Yi) € Aj) — Py (Y1,.... Y1) € Ay))
i=1

Consider the sequence (Z;);>1 with for all i > 1, Z; = (Xriciv1y oo Xui, Yii—i41, - - -, Yii), which is,
under Py, a Markov chain with transition kernel QQy given by

Qo(z,dz") = go (i 2h) - - 9o (yi|2)) Qo (2, da) ) Qo (), dachy) - - - Qo (), daxg) u(dyfy) - - - pu(dyy).-

This kernel satisfies the same uniform ergodic property as Qg, with the same coefficients, that is
condition (3) holds with the coefficients Ry and pg with the replacment of Qy by Qg, and we may
use Rio (2000)’s exponential inequality (corollary 1) with uniform mixing coeficients (as defined in
Rio (2000)) satifying ¢ (k) < Rgp;k, to obtain that, for any positive real number wu,

o —20u? (pg, — 1)*
P Uy ea, —Pg (Y1,..., ) € A))) >u| <ex 0 16
9 ; (Dvis—rsr,vinea, — Poo (Y1 1) € 4y)) p{n(2Reo + o — 1)2} (16)
and
n/l 2 2
—2lu® (pg — 1)
Py o vy i, v A+ Po o ((Yiici41, .-, Y) € 45)) > u| <exp .
;( (Yiemipr i) €4, ((Yiiot+1,- -, Yis) € 45)) n(ZRo + pr— 1)
(17)
Set now
nl fro; — fuollt €n
t, = I8 GBIl o En
J 41 ’ 41
Since for any 6, % < 1 and since consequently for 0; € Ay, ||fi0, — fi.0,ll1 > €n, we first

get, using (16),

) ex —ne;, (p90 — 1)
B, 0] < %WMMWFD} (19)
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Now, for any 6 € A,,,

n/l
—t; + Z (Po,o(Yiiei41,-- -, Yii) € Aj) = Poy (Y1,...,Y1) € Aj))
i=1
n f .—f n
= —w 7 {Po, (Y, Y) € A7) = Py (Vi 5 YD) € 4)))
n
+ 2 AP (Vi 1) € A7) = Po, (Y1, Vi) € 47))

n/l
#3 CoVirias oY) € 45) = Bal(Vi ¥ € 4))

_ n/l
>n||fl,ej fr.60111 ”Hfl,e frolls ZR

- 41
> n| fro — freolli 5"\\fl,9j —Jiolli R9p9
- 4l 4] po — 1
n 5 Ropo n 5 1
YR G - - >(—(1-2) - — _
> 5 (1= 5 ) Mo = Al = 222 > (5 (1= 2 ) = 50 ) o — ool

using the triangular inequality and the fact that || fie, — fielli < F < w

and ==L < 1. As soon as o (1 — —) — i > 0, (17) gives, for § € A,,

2Ro+po—1
2l (n 5 1\° 5
—6) < 2 - = .
Eg . (1—95) exp{ (41 (1 4l> 2€n) en} (19)

We finally get, using (15), (18) and (19)

~1 b 2l (n 5 1\?
us _rv - < /2 Cn _ _ _ o 2
M — -1
n (g) exp ne (pg, —1)°
8 (2Rg, + po, — 1)

and C, tending to +oo slowly enough, it is easy to see that

since 6 € A,

for some ¢ > 0. Taking ¢, = K Iog"

- 1
]P)Qo <]P> |:|fl,9 fl 90”12R_~_71 = €7L|Yi n:|) — 0(1)

as soon as K is large enough, and Theorem 1 is proved.

6.2. Proof of Theorem 2

The proof consists in showing that assumptions (A0)-(A3) of Theorem 1 are satisfied. Assumption
(F0) and the construction (7) allow to define a fy € Oy, such that (A0) holds with D = k(k—1)+kd.
Then using (F1), (F2) and the computations of Section 2.3, (A1) holds. To prove that (A2) and
(A3) hold, recall that if 6 = (g;5,1 <i < k,1 <j <k—1;v,....,7) is such that (¢g;;,1 < i <
k,1<j<k—1)€ Ak, then g is uniquely defined. Let us now define

k

Z;&nikqw > Up, [yl < n? J1<i<k
]_

Then, using (F2) together with (8) and Lemma 1 in Appendix 6.3, we obtain that for some constant

B
1 a
oz +n ) (|01 — 62

9

V(91792) S -F27 ||f91 f92H1 < B(
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so that for some other constant B,

B/ 1 k(k—1)+kd
L)) < | = @
N(5,Fp,d(.,.)) < {5 (U%C +n )}

and (A3) holds if v, is larger than some negative power of n. Now, (F1) gives

T(FG) = O(op™=ss oy i ),

Let then v, = n~P/2mimcick @i/ /logn and u, = n~P/?21<i<c® /\/logn. Then, (A2) and (A3)
hold. Thus, Theorem 1 implies that

logn

op,, (1) =P [Hfl,e = Juoolli(po — 1) = K Yiin

logn
= Ppm [9 € Fu and | fio — frayll1(po — 1) > K1/ =22 i | + oy, (1)
Since pp — 1> 325y mini<i<r i, for all 6 € Foy g — 1> un,
logn 1 /logn
P ||| fro — froolh (oo — 1) > K i Vi | > P [Hfz,e — ool = 2K~ i Vi |

and the theorem follows when (F1) holds. If now (FEI) holds instead of (F1), one gets, taking
Up = Un,

w(F5) = O(v, exp(—C/vy)).

Then, taking v, = 1/hlogn with small enough h gives that (A2) and (A3) hold. The end of the
proof follows similarly as before.

6.3. Derivatives of the stationary distribution : Lemma 1
LEMMA 1. The function 6 — g is continuously differentiable in (A)* xT'* and there exists an
integer ¢ > 0 and a constant C' > 0 such that for any 1 <i <k, 1 <j<k—-1,anym=1,...,k,
‘3% (m) ’ < c
Aqij |~ (infisy ginge)*

One may take c = k — 1.

Let 0 = (gij, 1 <1 <k,1 <j <k—1;7,....,7) besuch that (¢;;,1 <i <k, 1 <j<k-1)€ A(’ﬁ,
Qo = (¢ij, 1 < i < k,1 <j<k)isakxk stochastic matrix with positive entries, and pg is uniquely
defined by the equation

14 Qo = g

if pg is the vector (pg(m))1<m<k. This equation is solved by linear algebra as

. . k—1
P(gij, 1 <i<k1<j<k-1)

= =1,....k—1 ky=1- 20

fro (m) R(qij71§i§k71§j§k—1)’m ERRE! » o (k) mX::lMe(m)y (20)

where P,,, I =1,...,k —1 and R are polynomials where the coeflicients are integers (bounded by

k) and the monomials are all of degree k — 1, each variable ¢;;,1 < i < k,1 < j < k — 1 appearing
with power 0 or 1. Now, since the equation has a unique solution as soon as (g;;,1 < i < k,1 <
j <k—1) € Ak, then R is never 0 on A, so it may be 0 only at the boundary. Thus, as a fraction
of polynomials with non zero denominator, 8 — g is infinitely differentiable in (Ag)k x T'* and
the derivative has components all of form

P(gij,1<i<k1<j<k—1)
R(gij, 1 <i<k,1<j<k—1)2
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where again P is a polynomial where the coefficients are integers (bounded by 2k) and the mono-
mials are all of degree k — 1, each variable ¢;;,1 <7 < k,1 < j <k — 1 appearing with power 0 or

1. Thus, since all ¢;;’s are bounded by 1 there exists a constant C' such that for all m =1,...,k,
1=1,...,k, 7=1,...,k—1,
0qij R(gij, 1 <1<k, 1<j<k—1)2

We shall now prove that

R(gij1<i<k1<j<k—1)>( ) (22)

inf
V<isk 1S <k iz
which combined with (21) and (22) implies Lemma 1. Note that we can express R as a polynomial
function of Q@ = ¢;5, 1 <i < k,1 <j<k,i+#j. Indeed, = (pg(i))1<i<r—1 is solution of

T M=vT

where V is the (k — 1)-dimensional vector (gx;)1<j<k—1, and M is the (k—1) x (k— 1)-matrix with
components M; ; = qij — ¢i; + 1;—;. Since R is the determinant of M, this leads to, for any £ > 2 :

R= Z e(o) H qri + Z ij H (qki — do(i)i) (23)

0ESKL_1 1<i<k—1,0(i)=i 1<j<k—1,j#i 1<i<k—1,0(i)#i

where for any integer n, S, is the set of permutations of {1,...,n}, and for each permutation o,
¢ (o) is its signature. Thus R is a polynomial in the components of @ where each monomial has
integer coefficient and has k — 1 different factors. The possible monomials are of form

5 H ki H dij (i)
i€A  i€B

where (A, B) is a partition of {1,...,k — 1}, and for all i € B, j(i) € {1,...,k — 1} and j(i) # 1.
In case B = (), the coefficient 3 of the monomial is > _ .5  €(0) = 0, so that we only consider
partitions such that B # () . Fix such a monomial with non nul coefficient, let (A, B) be the
associated partition. Let @ be such that, for all i € A, qx; > 0, for all i ¢ A, gx; = 0 and ggx > 0
(used to handle the case A = ()). Fix also ¢;;j(;) = 1 for all i € B. Then, if (A’, B’) is another
partition of {1,...,k—1} with B" # 0, the monomial [ [, 4 qxi [ [, 5 @iy = 0. Thus, R(Q) equals
[Lica riIlicp Gij) times the coefficient of the monomial. But R(Q) > 0, so that this coefficient
is a positive integer and (22) follows.

6.4. Proof of Corollary 2
We first prove that (14) holds. Following (9) we get that there exists ¢(6g) > 0 and 1 > 0 such
that:

o If [y1 —2° < mand [[y2 — A0 <,

12,0 = f2.00|l; > c(60) [Hq(% — 70 +p(v2 =) + a||n =) + e — WOHQ} ,

p+q

o If [y1 —2° < mand [[y1 —A° + [|v2 =" > 20,

p q 0
_ > e(fo) | —2— + —L— || —
| f2.0 — f2,00ll; > c(6o) [p+q er—&—q [y =~ H] )

o If [y —2° < mand [[y1 — A + [|v2 =% > 20,

q p 0
_ 9 _
f2,0 = f,00|l; = c(0o) [p—i—q + Py ||72 v H] g
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o If [[y1 — 4| > n and [|y2 —2°|| > n,

.f2,0 — f2,00|l; = c(o).

Define
B} = {(]H—l]) /\p(i; (p+q)) {Hq(% —70)4-10(’72—70)”+QH’Y1—70||2+p||72—70||2} Sun},

2 2 —

Bn — {||(p+Q) /\p(+q (p+Q)) [p‘i‘QH’YI _,YOH]] < un},
9 _

B = {(p+q) /\p(Jrq (p+9) g+ =] Su”}

and
By={lp+)N2-{p+q)<un}.

Then,

7o(Ap N By) < mo(An N BL) 4 m0(A, N B?) 4 mo(A, N B3) + m (A, N B).

Notice that on A,,if p+qg>1,thenp<e, and ¢ >1—¢,, or ¢ <e¢, and p > 1 — ¢,, so that also
2-(p+a)21—én.

e On A, N BL, [la(n =) +p(r2 = )| S tns a1 =20 S wny 2|72 =" S wn, and

p S ey or ¢ < €p. This gives (A4, NBL) < udtd2ea=d/2,

e On A, NB% p=<u, andq”’yl—'yOH Supincase p+¢g<1,and p S up, 1 —q < up and
|| = 7°|| S un in case p+ ¢ > 1, leading to ma(A, N B2) < udtd + ugth+d,

e For symmetry reasons, m2(A4, N B3) = 1 (A, N B2).
e On A, N B, p S uy, and ¢ S uy, so that ma(A, N BE) < u.

Keeping only the leading terms, we see that (14) holds.
We now prove that (11) holds with D = d + d/2 and ¢, tending to infinity, which will finish
the proof of corollary 2. Let us introduce the set, for small but fixed e:

1 1 1
U,=<60= : 1< — — 2 < —= A0 — A < —
{ (0, ¢;71:72) = I =77 SN 72 —~°|l SN lg(v1 =) +p(r2 v)ll_ﬁ,
\ 1\< | 1|<
g-5lselp-5lse
so that U,, C B,,, and m3(U,, = n~3%*. Thus

D, > / een(e,m)—en(00,x)7r(d9)ﬂ_x (dz) .
Up,xXX

Let us now study £,(0,x) — £,(0g,x). First, following the proof of Lemma 2 of Douc et al. (2004)
we find that, for any 0 € U, for any =z,

1+2e>2

[0n () — £y (6, 2)] < (1 o

Thus, for any 6 € U,, and any z, and since £, (6y, z) does not depend on z,

1+26)2

En(g,x) - £n(007x) > g"(a) - én(go) N (1 — 2¢
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Let us now study £,,(0) — £,(6p).

0a(6) — £a(00) = 3 log [Pe (60 = 1iams) Z2 (40) + Po (X = 2¥ins) 22 (1)
h=1 7° ”°

and we set for k =1

Py (X, = — q
0 (X =1Y14-1) =P (X1 =1) = —,
( | ) ( ) pTq

p P
0 (X =2|Y1p-1) =Py (X1 =2) = ——.
( | : ( ) p+q

Denote pg(6) the random variable Py (X = 1|Y7.4—1), which is a function of Y7.,—1 and thus
independent of Y. We have the recursion

(1 = p)pr(0)gy, (Vi) + q(1 — pr(0)) gy, (Vi)
Pr(0)gy, (Vi) + (1 = pr(0))g1, (V)

pr+1 (0) = (25)

Note that, for any p, ¢ in |0, 1], for any k > 1,

0 .0 q
PP, 0,977 =
We shall denote by Df_ ) (.,
i — j times with respect to v3 (0 < j < 4, the order in which derivatives are taken does not matter).
Fix 6 = (p,q,71,72) € U,. When derivatives are taken at point (p, ¢,7°,7°), they are written with
0 as superscript.
Using Taylor expansion till order 4, there exists ¢ € [0,1] such that denoting 6; = t6 + (1 —

t)(p,q,7°,7°):

yimi the i-th partial derivative operator j times with respect to v; and

0n(0) = €a(00) = (71 =) D3, 63 + (v2 = 7°) D3, £ + Sn(0) + T (0) + Ru(6,1) (26)

Y1°n Y2 n

where S,,(6) denotes the term of order 2, T,,(#) denotes the term of order 3, and R, (6,t) the
remainder, that is

Sn(0) = (71 =7°)* D, 5260 +2(n — 7)) (2 =) D2, 00 + (72 —7°)’DE )2 0,

T,(0) = (1 =) D¢, ys b5 + 3(n —7°)*(v2 = 7°) DY, y2 1,60
+3(n =) (72 =)’ D3, el + (12 = 1) D aln

and
4

k _
R0, =3 () 0n =200 = 2% D s
k=0

Easy but tedious computations lead to the following results.
(1 =9°)D5, 6, + (2 —7°) D5, 65

- [Z D (Y)
k

[Q(’Yl —7°) +p(y2 — 70)]

Yo p+gq

=1

| Ly Py [ S0 =1 +p(e =)
V= gy pta
so that
sup |(y1 = %) D3, 65 + (v2 —7°) D, 65| = Op,, (1). (27)

0cUn,
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ACENESS (m% (m)) [\/ﬁq(% —1°) +plys = w0>]

p+q

[\/15; Df]if% (¥i) L} i q (n1/4<71 - 70))2 + I%q ("1/4(’72 - 70))1

g’Yo

2 " 1
2 (n4(32 = 1%)) l\}ﬁ S 0L 2 ()
k=1

k=1 Yo

1 — Dlg
+2 (040 =1%)(02 = 1")) [\/ﬁ D _(Diph = Dypi) == (Vi)
k=1

Yo

Using (25) one gets that for all integer k > 2, (D} p? = 0 and D}, p? = 0):

T Dlg
Dl pO — 1 —p—gq k—1 Y770 (1/2
" (p+q)? ;( ) 9o )

and
1,0 1,0
D”/zp’f = _D“/lpk

which leads to

2 2
1 & Dlg Dlg
o, || == (DL (i) ) | < | Bay | 222 (00)
n k=1 o o
and
_ o . . . o\ 2
g g
By || 5= S (DL =22 ) | | < { Bo | —2 ()
n: 9o 9o
Thus, we obtain
sup [S,(0)| = Op,, (1). (28)

geU’Vl

For the order 3 term, as soon as 6 € U,:

~ [ D39+ " Ta0n =1 + 902 =197
0=~ |3 (22 m) || }

p+q

n 3
3970 q 0\3 p 0 3:|
+ a Y, [ — + (2 —
; " (Vi) erq(% 7?) p+q(72 7%)
Dg DZ297 a(y1 —1°) +p(y2 —7°) q 2 P 2
-3 Y770 Y, Y Y, |: :| |: A0 + A0
Lz_l 9o (i) o (i) p+yq (p+0q)? (1 =7) (p+q)? (2=77)

2
_ ¢ Dlg 2 D229,
+0 (n1) Z(Dap%)( - <Yk>) 2 (D, p) — == ()

k=1 Yo k=1 Yo
n lg'y n 1g’y
0 0

> (DL ph) === (Vi) + 3 (DE,yeph) —— (V)
k=1 G k=1 0
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so that using assumptions (13)

sup [T,,(0)| = Og,, (n-1/4) + Op,, (1)+0 (n—1/4) Zn

0cUn,

with

2

1 < Dlg’Yo D229’YO 1 D} 9o 2 0 2 0 2 0

Zn = % Z ( 9 Ye) | + ;T (Y) D pk + .;"/0 (Yx) {D(’Yl)zpk + D('Yz)zpk + D(’Yl,’m)pk]
k=1

Now using (25) one gets that for all integer k > 1,

1 2 0 Pq? (Dlgw

2
Dlg Dq Dngv
D(%)?Pkﬂ = -2 (Yk)> +2(D#1P2) e (Vi) + — (Yk)+D(71)2pk’

l1-p—gq P+a)? \ 9y o (P+a)? 9y
2
1 p’q [ Digy, Dl gy, pg D294
——D? pb =2 7Y | —2(Dh (V) - ———— L2 (Vi) +D2, apY,
1 —p—gq (v2)2E+1 (p+q)3 o ( ) ( 'yl k) o ( ) (p+q)2 g’yo ( ) (v2)2 'k
1 pa(q —p) [ Digs ’ Dlg,
2 0 . yJ7Y0 1.0 YyJ70 2 0
T p—q o =20 g (g, O ) DR T ) DG,

and using D(2ﬂ{1)2p1 0, D(Q,Y2
that for some finite C' > 0,

Dlg 2 Dlg 4 D22g,y 2 Dlg 2
0
E90 (Z72z) < CE90 (W (Y1)> E90 (W (Y1)> + E90 ( ~ (Y1)> + E90 (M) (Y1)>

g’Yo g’YO g"/o g’Yo

)2 pd =0, D( . 72)p1 0 and easy but tedious computations one gets

so that we finally obtain

sup [T,(0) = Oy, (1). (29)
0cUy,

Let us finally study the fourth order remainder R, (6,t). We have

sup |R,(0,t)] < = AgnBin,
96Un| | Z

where, for big enough n, Ay, is a polynomial of degree at most 4 in sup,cp, (40,6 [| = ”g” (Ye) Il
and By, p, is a sum of terms of form

sup H H (D('YI)J (v2)i~ ]pk(gt)>am (30)

60U, ;7 520

where the a; ; are non negative integers such that 2?21 Zj:o ia; ; < 4.
To prove that

sup Ry (6,t)] = Op,, (1) (31)
oecU,
holds, it is enough to prove that Eg, |> ;_; AknBrn| = O(n). But for each k, py(6) and its
derivatives depend on Y7, ..., Y1 only, so that Ay , and By, are independent random variables,
and
Egy | AknBin| < Y Eoy|Akn| Egy |Benl
k=1 k=1
<

D! g
C max an< sup || ; - |4> ZE00|Bkn|

1=1,2,3,4 ~'€Ba(70,€) !
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for some finite C' > 0. Now, using (25) one gets that for all integer k¥ > 1 and for any 0,

Pr(0)(1 = pr(0)) gy, (Vi) D2 gy, (Vi) + gy, (Vi) gv, (Yi) D2 i (6) }

Drpis (0= (1 =p=d) { Pr(0)g, (Ye) + (1 — pr(0))ga (Vi)

—pk(0)(1 = P (0)) gy, (Yi) DY gy, (Vi) + 9y, (Vi) gy, (Yie) D2 pic () }
(Pr(0) g, (Vi) + (1 — pi(8)) g+, (Vi) '

Notice that for any 6, any k > 2, px(6) € (1 — p,q) so that for any 6 € U,, any k > 2, pi(0) €

[% — €, % + €]. We obtain easily that for i = 1,2, k > 2,

Dl (0)=(1—-p—q) {

26 Dlg,y/ 1
sup |D! p 0)| < ( ) sup v Yo ||+ sup |DLpr(0)] .
feln ’ S ( )’ 1 —8e v €Ba(v°,€) H Gy’ ( k) H 0cU,, | i’k ( )|

Using similar tricks, it is possible to get that there exists a finite constant C' > 0 such that for any
1=1,2,3,4,any j =0,...,%, any k > 2,

D

i+1-—1
.t

l i l
lg'Y/ i _
77/ (Yk) H L + Z Z eseu(? ‘Dé’h)j»(%)lﬁpk(e

i
sup Dzyl)j’(yz)i—jplﬁl(e)‘ < Ce SUPD [ Z
Y E€Ba(v0e) 13 g =1 m=0

0eU,

By recursion, we obtain that there exists a finite C' > 0 such that any term of form (30) has
expectation uniformly bounded:

4 % Dm
% @i, 2l 9’ T
| I I | D p i < S
Eoo ot ( (1)9.(12)=7P ’“(et)) <O ma,, max B veBato.e I 9y ®]

i=15=0

which concludes the proof of (31).
Now, using (24), (26), (27), (28), (29) and (31), we get

D, > e %00 Wp, (Un)

so that (11) holds with D = d + d/2 and any ¢, tending to infinity.

6.5. General identifiability condition for the parameters of a finite state space HMM

In this Section we prove that (9) holds under some general assumption. Let us first introduce
some notations. For all £ < n, For all I = (iy,...,i¢) € {1,---,k}*, define v = (7i,,---,%,)s
G, = Hf:l 9v:, (We), D'G,, the vector of first derivatives of G,, with respect to each of the
distinct elements in ~;, note that it has dimension d x |I|, where |I| denotes the number of distinct
indices in 7, and similarly define D?G.,, the symetric matrix in RAIXdIT made of second derivatives
of G.,, with respect to the distinct elements (indices) in v;. If b is a vector, b7 denotes the transpose
vector.

Let T = {t = (t1,...,tn,) €{1,...,k}Fo 1 t; <t;11,i =0,..., ko — 1}. For any t = (¢1,...,tx,) €
T, define for all ¢ € {1,...,ko} the set J(i) = {t;—1 +1,...,%;}, using toc = 0.

We then consider the following condition :

e Condition (L(¢)) For any t = (t1,...,tx,) € T, for all collections (nr);, (yr)r, I ¢
{1,...,t,}* satisfying 71 > 0, 77 = (%i,,.--,%,) such that v;, = 72 when i; € J(i) for
some i < kg and v, € T\ {7?,i = 1,... ko} when i; ¢ {1,...,t,}, for all collections
(ar)1, (er)r, (1)1, T € {1,...,ko}’, ar € R, ¢; > 0 and by € R4 for all collection of vectors
zr.y € RM with T € {1,...,ko}’ and J € J(i1) x --- x J(i) satisfying |27, ;| = 1, and all
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sequences (o y), satisfying oy ; > 0 and ZJGJ(“)X“_XJ(Q) arg =1,

S omGu+ > (aGy+DiGy)

IT¢{1,..,ty,}* Ie{1,...,ko}t
+ Z cr Z Oé[,JZ;JDQG,Y(I)Z]}J =0
I€{1,... kot  JEJ(ir) X xJ(ig) (32)
~
S om+ S (ad+ bl +er) =0
IT¢{1,..,ty,}* Ie{l,....,ko}*

This condition is a multivariate version of the condition that would be required if only £ =1
was considered. In this case the condition can be written as :

e Condition (L(1)) For any t = (t1,...,t%,) € T, consider (m)f:_fko (if ty, < k) a set of
nonnegative reals, (ai)fil and (bi)fil with a; € R and b; € R? and (ci)fil and z; j, 0,1 =
L,...,ko,j=1,...,t; —ti_1, with t; = 0 and z; ; € R? satisfying ||z; ;|| = 1 and ; ; > 0 and

Z;i:_fi’l a;; =1, for any (’yl)f:_f’”’ which belongs to T'\ {7?,i =1,...,ko},

k}*tko

k() kO t
Z iy T (aigW? + b?Dlgv?) + Z ot
i=1 i=1 i=1

i—

ti—1
Z ai’jzng2g,leZi,j = O, (33)
j=1

if and only if

ai:0,bi:0,zi’j:0 Vizl,...7k(), Vj:].,...,ti—tifl, 7Ti:0 Vizl,...,k—tko

Note that the partition represents the clustering structure of the extra components, up to a
permutation of the labels.

Condition (L(1)) is the same condition as in Rousseau and Mengersen (2011), so that it is
satisfied in particular for Poisson mixtures, location-scale Gaussian mixtures and any mixtures of
regular exponential families.

LEMMA 2. Assume that the function v — g,(y) is twice continuously differentiable in T' and
that for all y, g(y) vanishes as ||v|| tends to infinity. Then, if condition (L(£)) is verified, (9)
holds. Moreover, condition (L(¢)) (¢ > 1) is verified as soon as condition (L(1)) is verified.

To prove the first part of the Lemma we follow the ideas of the beginning of the proof of
Theorem 5.11 in Gassiat and van Handel (2012). If (9) does not hold, there exist a sequence of
l[-marginals (f; gn )n>1 with parameters (6™),>1 such that for some positive sequence ¢,, tending to
0, || fe.on — fe.00ll1/Nn(0™) tends to 0 as n tends to infinity, with

N, (0) = > Py (X1 = j)

1<G <Yy =2 | >en

+ > |l 3 Po (X1 = j1 -+ jo) — Poy (X1a = ir -+ i¢) |

1<it,...ie<ko | (J1,---sde) EAn(i1,..-s0¢)

o Vi Y
+ > Py (X1.0 = j1--.Je) e =
(1 reerde) EAn (i ronnrie) Yje v
i SN
1 J1 i1
- Po (X1 — i1 ---d RUU [
+ 5 Z o (X1 =J1-- 1) )

(J1seeesde) EAR(i1,...,00) Yie Yie
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with An(ih v aif) = {(jh s 7j€) : ||7j1 - ’Y?l || < Enyevey HV]Z - /7% H < En}-
Now, fron = Zle{l,.‘.,k}’f Pon ((X1,...,X¢ = I)Gyr where 0" = (Q", (77, ...,71)), Q" a transi-
tion matrix on {1,...,k}. It is possible to extract a subsequence along which, for all i =1,...,k,

either 4" converges to some limit v; or ||77*| tends to infinity. Choose now the indexation such
that for i = 1,...,11, }" converges to 77, for i =1, +1,...,t3, 7} converges to 3, and so on, for

i =try—1+1,... 1k, 7] converges to 'ygo, and if ¢, < k, for some k <k, for i =t5, +1,...,k, v/
converges to some v; ¢ {77, ... ,720}, and for i = k+1,...,k, ||[7/|| tends to infinity. It is possible
that k = tx, in wich case no 7;* converges to some v; ¢ {77,...,7, }. Such a t = (t1,...,ty,) €T

exists, because if || fe.on — fo,0,|l1/Nn(6™) tends to 0 as n tends to infinity, ||fron — fo,6,/l1, and
N, (6™) tends to 0 as n tends to infinity (if it was not the case, using the regularity of 6 — f; ¢ we
would have a contradiction). Now along the subsequence we may write, for large enough n:

N, (0™)= > Py(Xpg=D+ > || > Po (X1: = J) = Poy (X120 = 1)

I%{l,...,tko}‘Z 16{1 ,,,,, k()}z JGJ(il)X---XJ(i[)
1 2
+) > Py (X1 = J) v =1l + 5 > Po (X1 =J) ||vs =27 -
JEJ(i1) X% J (ig) JEeJ(i1) X% J (ig)

We shall use Taylor expansion till order 2. To be perfectly rigourous in the following, we need
write [ in terms of its distinct indices, (i1,--- ,47), and G, = Hyzll jiiy=t, 97, (y;), however we

shall not make such a distinction, so that unless otherwise stated, in such a case (v} — ’y?)TDlG,Y?
can denote
17|
oG
0\T
Z(W;t _'V;t) B :YI’
t=1 Vi,

and similarly for the second derivatives. We have

fe.on—fe0, = Z Po (X160 =1) G+ Z Z Py (X1 = J) = Py (X1:e = 1) | G
T¢{1,.. trg } 1e{l,...ko}e | | J€T(in)x - x ()
T 1 T
+ > Py (Xue =J) (17 =77) D'Gog + 5 > Py (X10 = J) (s —71)" D?Gy; (70— %)
JET(61) %X I (ig) JEJ(i1) %X I (ig)

with v € (77,7?). Thus, using the fact that for all y, g,(y) vanishes as ||v|| tends to infinity,
fe.on — fo,0,/Nn(0™) converges pointwise along a subsequence to a function h of form

h = Z ﬂ—IG’YI + Z (G,IG,Y? + b?DlGV?>
T¢{1,..,tg}t Ie{1,...,ko}*
+ Z cr Z O‘I,JZ?,JDZG»Y(I)ZI,J
IE{l ko)t JEJ(i1)x - xJ (i)

as in condition L(¢), with Z,¢{17___7tk0}e T+ Y req,  koye (lar] + [brll +cr) = 1. But as || fron —
feooll1/Nn(6™) tends to 0 as n tends to infinity, we have ||h]l; = 0 by Fatou’s lemma, and thus
h = 0, contradicting the assumption.

Let us now prove that (L(1)) implies (L(¢)). Let
k)*tko ti—ti—1

ko ko
T 1l 2 1T "2
E T3 G~; + (aig’y? + bz D g’y?) + E & E ai’jzi,jD g'\/?zi,j
i=1 i=1 =1 =1

be a function as in (32). If it equals 0, by grouping the terms depending only on y; , we can rewrite

J
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the equation as

ko

T2 o ) + D (@l u)9,0() + 6T (2, y) D gng (1))
1 =1

(34)

ti—ti—1

k
1=tgy+

ko
+> Z > arzry(i) Dgy, (y1)zr,5(1) = 0
=1 j=1 ‘g, ,iy=1 (j2-,"'Jg)E.](ig)X*uXJ(i@)

where we have written

zrg = (zr.0(i1), + ,21.50i0)), with I = (i, ,i0) J=(j1,,de), 21.5(i)€R?

and l
dr=cr[[ o ()
t=2
Note that if for i =1,--- ,kg and j =1,--- ,t; — t;_1, there exists w; ; € R? such that
ko
. 4 > arzr,y (1) D gy, (y1)z1,0 (1) = wi; Dy, (y1)wi

ig,yte=1 (ja, ) €J(d2) X x T (ig)

where possibly w; ; = 0. Let a; ; = [Jw; ;||? /(Zt’_t1 " lw; ;|?) if there exists j such that ||w; ;]|* >
0and ¢ =32, ;¢ 355" [|wi 1%, then

ti—ti—1 ko t’t_tb 1
Z Z c Z O‘IJZI,J() D? i (Y1) 21, (1) Z aww D? G (Y1) wi 5.
J=1 dgyeyie=1 0 (G2, ge) €T (12) X X T (i) Jj=1

and (33) implies that
a,=c, =0, =0 i=1, kg, 7w =0, i=ty+1,-k

Simple calculations imply that

k 4
= ]9 ) =0 Vg i) {1, K} w0, =0

g, ig=1 t=2

and similarly if 7 is such that there exists j = 1,---,¢; — t;—1, I = (4,42, -+ ,i¢) and J =
(4, J2, -, Je) € J(i) x --- x J(ig) such that ¢; > 0, ay > 0 and ||z;,5(4)|| > 0, then ¢;4,,... i, =0
for all 45, - ,is. Else, by considering y; for some other ¢, we obtain that (34) implies that
mr=0 VI¢{l,. .. tx}, cr=0 VIc{l,... ty}"

This leads to i

0

b;: Z bIHg%‘,t(yt):O VZ:lvako
Ggyee =1 £>2

A simple recursive argument implies that by = 0 for all I € {1,...,tx,}* which in turns implies

that ay = 0 for all I € {1,...,tz,}* and condition (L(¢)) is verified.
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