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In this paper, we study the asymptotic posterior distribution of linear
functionals of the density by deriving general conditions to obtain a semi-
parametric version of the Bernstein—von Mises theorem. The special case of
the cumulative distributive function, evaluated at a specific point, is widely
considered. In particular, we show that for infinite-dimensional exponential
families, under quite general assumptions, the asymptotic posterior distribu-
tion of the functional can be either Gaussian or a mixture of Gaussian distri-
butions with different centering points. This illustrates the positive, but also
the negative, phenomena that can occur in the study of Bernstein—von Mises
results.

1. Introduction. The Bernstein—von Mises property, in Bayesian analysis,
concerns the asymptotic form of the posterior distribution of a quantity of inter-
est 6, and more specifically it corresponds to the asymptotic normality of the pos-
terior distribution of 6 with mean 6 and asymptotic variance o> and where, if 6 is
the true parameter, 6 is asymptotically distributed as a Gaussian random variable
with mean 6 and variance o2. Such results are well known in regular paramet-
ric frameworks; see, for instance, [19] where general conditions are given. This
is an important property for both practical and theoretical reasons. In particular,
the asymptotic normality of the posterior distributions allows us to construct ap-
proximate credible regions, and the duality between the behavior of the posterior
distribution and the frequentist distribution of the asymptotic centering point of the
posterior implies that credible regions will also have good frequentist properties.
These results are given in many Bayesian textbooks; see, for instance, [1] or [24].

In a frequentist perspective the Bernstein—von Mises property enables the con-
struction of confidence regions since under this property a Bayesian credible region
will be asymptotically a frequentist confidence region as well. This is even more
important in complex models, since in such models the construction of confidence
regions can be difficult, whereas the Markov chain Monte Carlo algorithms usu-
ally make the construction of a Bayesian credible region feasible. But of course,
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the more complex the model, the harder it is to derive Bernstein—von Mises theo-
rems.

Semi-parametric and nonparametric models are widely popular, both from a
theoretical and practical perspective and have been used by frequentists as well
as Bayesians, although their theoretical asymptotic properties have been mainly
studied in the frequentist literature. The use of Bayesian nonparametric or semi-
parametric approaches is more recent and has been made possible mainly by the
development of algorithms such as Markov chain Monte Carlo algorithms, but has
grown rapidly over the past decade.

However, there is still little work on asymptotic properties of Bayesian proce-
dures in semi-parametric models or even in nonparametric models. Most of exist-
ing works on the asymptotic posterior distributions deal with consistency or rates
of concentration of the posterior. In other words, it consists of controlling objects
of the form P*[U,|X"], where P"[-|X"] denotes the posterior distribution given
a n-vector of observations X", and U,, denotes either a fixed neighborhood (con-
sistency) or a sequence of shrinking neighborhoods (rates of concentration). How-
ever, to obtain a Bernstein—von Mises theorem, it is necessary not only to bound
from above P"[U,|X"], as in the studies of consistency and concentration rates
of the posterior distribution, but also to determine an equivalent of P7[U,|X"]
for some specific types of sets U,. This difficulty explains that there is, up to now,
hardly any work on Bernstein—von Mises theorems in infinite-dimensional models.
The most well-known results are negative results and are given in [7] and [8]. Re-
cently [4] has proposed another interesting counter-example where the Bernstein—
von Mises property does not hold, due to a subtle behavior of the prior which
introduces a bias term in the posterior distribution. This phenomenon will be also
encountered in our framework and discussed below. Some positive results are pro-
vided by [9] on the asymptotic normality of the posterior distribution of the param-
eter in an exponential family with increasing number of parameters. In a discrete
setting, [3] derive Bernstein—von Mises results. Nice positive results are obtained
in [16] and [15]; however, they rely heavily on a conjugacy property and on the
fact that their priors put mass one on discrete probabilities, which makes the com-
parison with the empirical distribution more tractable. In a semi-parametric frame-
work, where the parameter can be separated into a finite-dimensional parameter
of interest and an infinite-dimensional nuisance parameter, [5] obtains interesting
conditions leading to a Bernstein—von Mises theorem on the parameter of interest,
clarifying an earlier work of [26]. More precisely, when the parameter of interest
is handled in the case of no loss of information, then some classical parametric
tools can be used (such as the continuity around the true parameter). In this paper,
such a separation cannot be considered. Other differences with our paper have to
be pointed out: The centering considered by [26] is based on the sieve maximum
likelihood estimate, whereas priors considered by [5] are merely Gaussian in the
information loss case. In Section 2.1 we describe more precisely results by [5, 26]
and establish connections with ours. An alternative set of assumptions has been
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recently proposed in [2] in the same context as in [5]. Interesting results have also
been obtained in the Gaussian white noise model, by [18] in the case of direct es-
timation and by [17] in the context of linear inverse problems. These are based on
explicit expressions of the posterior distribution.

In this paper we are interested in studying the existence of a Bernstein—von
Mises property in semi-parametric models where the parameter of interest is a
functional of the density of the observations. The estimation of functionals of
infinite-dimensional parameters, such as the cumulative distribution function at
a specific point, is a widely studied problem, both in the frequentist and Bayesian
literature. There is a vast literature on the rates of convergence and on the asymp-
totic distribution of frequentist estimates of functionals of unknown curves and of
finite-dimensional functionals of curves in particular; see, for instance, [28] for an
excellent presentation of a general theory on such problems.

One of the most common functionals considered in the literature is the cumu-
lative distribution function calculated at a given point, say F(xp). The empirical
cumulative distribution function is a natural frequentist estimator, and its asymp-
totic distribution is Gaussian with mean F'(xg) and variance F(xg)(1 — F(xg))/n.

A Bayesian counterpart of this estimator is the one derived from a Dirichlet pro-
cess prior and it is well known to be asymptotically equivalent to F;(xp); see, for
instance, [12]. This result is obtained by using the conjugate nature of the Dirich-
let prior, leading to an explicit posterior distribution. Other frequentist estimators,
based on density estimates such as kernel estimators, have also been studied in
the frequentist literature. Hence a natural question arises. Can we generalize the
Bernstein—von Mises theorem of the Dirichlet estimator to other Bayesian estima-
tors? What happens if the prior has support on distributions absolutely continuous
with respect to the Lebesgue measure?

In this paper, we provide an answer to these questions by establishing conditions
under which a Bernstein—von Mises theorem can be obtained for linear functionals
of the density of f such as F'(xp). We also study cases where the asymptotic pos-
terior distribution of the functional is not asymptotically Gaussian, but is asymp-
totically a mixture of Gaussian distributions with different centering points.

1.1. Notation and aim. In this paper, we assume that, given a distribution
P with a compactly supported density f with respect to the Lebesgue measure,
X1, ..., X, are independent and identically distributed according to P. We set
X" =(Xy,...,X,) and denote F' the cumulative distribution function associated
with f. Without loss of generality we assume that for any i, X; € [0, 1], and we
set

1
F= {f:[O, 11— Rt s.t. / fx)dx = 1}.
0

We denote £,(f), the log-likelihood associated with the density f, and if f
is parametrized by a finite-dimensional parameter 6, we set £,(0) = €,(fg). For
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any integrable function g, we set F(g) = fol f(u)g(u)du. We denote by (-, -) s the
inner product and by | - || r the associated norm in

Lyr(F)= {g S.t. /gz(x)f(x)dx < +oo}.

We also consider the classical inner product in L;[0, 1], denoted (-, -)2, and || - ||2,
the associated norm. The Kullback-Leibler divergence and the Hellinger distance
between two densities f1 and f> will be, respectively, denoted K (fi, f>) and
h( f1, f2). We recall that

12
K(f1, f») = Fi(log(f1/12)), h(f1, f2) = [f(\/ Ji(x) —/ fz(x))zdx} :

In the sequel, we shall also use

V(fi. £) = Fi((log(f1/£)?).

Let Py be the true distribution of the observations X; whose density and cumu-
lative distribution function are, respectively, denoted fy and Fy. We consider usual
notation on empirical processes, namely

1 1 &
Pa(9) =~ Y gXi),  Galg)= T > [e(X0) — Fo(g)],
i=1 i=1

and F}, is the empirical distribution function.
For any given ¢ € L[0, 1], we consider W the functional on M, the set of
finite measures on [0, 1], defined by

(L.1) v =[vdr,  wem
In particular, we have

W(P,) = Py() = %m

Most of the time, to simplify notation when p is absolutely continuous with respect
to the Lebesgue measure with g = fi—’;, we use W(g) instead of W(u). A typical
example of such functionals is given by the cumulative distribution function at a
fixed point xg,

1
Wy, (f) = F(xo) = /0 Liew f)dx,  x0€R.

Let  be a prior on F. The aim of this paper is to study the posterior distribution
of W(f) and to derive conditions under which, for all z € R,

(1.2) P [Vn(Y(f) — W (Py)) <z|X"] > Dy, (2) in Py-probability,
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where Vj is the variance of /nW(P,) under Py, and Py, (z) is the cumulative
distribution function of a centered Gaussian random variable with variance V.
Note that under this duality between the Bayesian and the frequentist behaviors,
credible regions for W(f) (such as highest posterior density regions, equal tail
or one-sided intervals) have also the correct asymptotic frequentist coverage. In
Section 2.2, we study in detail the special case of infinite-dimensional exponential
families as described in the following section.

1.2. Infinite-dimensional exponential families based on Fourier and wavelet ex-
pansions. Fourier and wavelet bases are the dictionaries from which we build
exponential families in the sequel. We recall that Fourier bases constitute uncondi-
tional bases of periodized Sobolev spaces WY where y is the smoothness param-
eter. Wavelet expansions of any periodized function /4 take the following form:

+002/—1

h(x)=60_101p0.1(xX) + Y > Oireje(x),  x€[0,1],
j=0 k=0

where 6_19 = fol h(x)dx and 0 = fol h(x)¢jk(x)dx. We recall that the functions
@k are obtained by periodizing dilations and translations of a mother wavelet ¢
that can be assumed to be compactly supported. Under standard properties of ¢
involving its regularity and its vanishing moments (see Lemma D.1), wavelet bases
constitute unconditional bases of Besov spaces B%?q forl < p,g <+ocandy >
max (0, % — %). We refer the reader to [13] for a good review of wavelets and Besov
spaces. We just mention that the scale of Besov spaces includes Sobolev spaces,
that is, WY = Bg ». In the sequel, to shorten notation, the considered orthonormal

basis will be denoted & = (@1)ren, where ¢g = 1[o,1] and:
- for the Fourier basis, if A > 1,
Po—1(x) = \/Esin(2nkx), ¢ (x) = «/Ecos(2nkx),
- for the wavelet basis, if A =2/ + k, with j e Nand k € {0, ..., 2/ — 1},
br = Qjik-

Now, the decomposition of each periodized function A € IL;[0, 1] on (¢y)seN i
written as follows:

h(x)=)_6pp(x),  x€[0,1],

reN
where 0, = fol h(x)¢y(x)dx. We denote || - ||, and || - ||, p,4 the norms associated
with WY and B, ,, respectively.
We use such expansions to build nonparametric priors on F in the following
way. For any k € N*, we set

k
Fi = {fg = eXp(Z 0.0, — c(9)> s.t.e Rk},

r=1
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where

1 k
(1.3) c(0) = log( fo exp(z em(x)) dx).
)\.:1

So, we define a prior  on the set Foo = Uy Fk C F by defining a prior p on
N* and then, once k is chosen, we fix a prior wx on Fi. Such priors are often
considered in the Bayesian nonparametric literature. See, for instance, [25]. The
special case of log-spline priors has been studied by [10] and [14], whereas the
prior considered by [30] is based on Legendre polynomials. The wavelet basis is
treated in [14] in the special case of the Haar basis.

We now define the class of priors 7w considered for these models, which we call
the class of sieve priors.

DEFINITION 1.1. Given 8 > 1/2, the prior p on k satisfies one of the follow-
ing conditions:

[Case (PH)] There exist two positive constants, c; and c», and r € {0, 1} such
that for any k € N*,

(1.4) exp(—c1kL(K)) < p(k) < exp(—c2k L(K)),

where L(x) = (logx)".

[Case (D)] Let k; = I_konl/ (2/3“)], that is, the largest integer smaller than
kon'/2P+D)  where ko is some fixed positive real number; then k is determinis-
tic and we set k :=k;, (p is then the Dirac mass at the point k).

Conditionally on k the prior 7y on Fj is defined by

6y iid. Y
~g n=nr 7t l=Aisk,
NG

where 1 is a positive constant, and g is a continuous density on R such that for
any x,

Ay exp(—Cy|x|P*) < g(x) < Byexp(—cy|x|P*),

where p., Ay, By, C+ and c, are positive constants.

Observe that the prior is not necessarily Gaussian since we allow for densities
g with different tails. In the Dirac case (D), the prior on k is nonrandom. For the
case (PH), Poisson prior satisfies the condition with L(x) = log x, and geometric
prior satisfies the condition with L(x) = 1.

1.3. Organization of the paper. We first give very general conditions under
which we obtain a Bernstein—von Mises theorem; see Theorem 2.1 in Section 2.1.
In Section 2.2, we focus on infinite-dimensional exponential families. Theorem 2.2
gives the asymptotic posterior distribution of W ( f) which can be either Gaussian
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or a mixture of Gaussian distributions. Corollary 2.1 illustrates positive results with
respect to our purpose, but Proposition 2.1 shows that some bad phenomena may
happen. Proofs of the results are given in Section 3, except for the proofs of Propo-
sition 2.1 and Lemma 2.1 which are given in the supplementary material [23].

2. Bernstein—von Mises theorems.

2.1. The general case. In the sequel, we consider a functional W as defined in
(1.1) associated with the function ¢ € L[0, 1], and we set

2.1 Y (x) =¥ (x) — Fo(¥).

Note that this notation is coherent with the definition of the influence function
associated with the tangent set {s € L, (Fp) s.t. Fo(s) = 0}, defined, for instance,
in Chapter 25 of [28] or used by [26].

For each density function f € F, we define £ such that for any x,

h(x) = vnlo g(?(i) or equivalently f(X>—f0(X)eXp( \(/ﬁ)>

For the sake of clarity, we sometime write f, instead of f and A s instead of & to
emphasize the relationship between f and 4. Note that in this context 4 is not the
score function, as defined in Chapter 25 of [28] since Fy(h) # O (in particular &
depends on n and f). Then we consider the following assumptions:

(A1) The posterior distribution concentrates around fy. More precisely, there
exists u, = o(1) such that if A,ﬂn ={feFst.V(fo, f) =< u%}, the posterior dis-
tribution of A,ﬂn satisfies

P™{A, |X"} =1+ op,(D).

(A2) There exists i1, = o(1) such that if A, is the subset of functions f € A;n
such that

e

then
}P’”{An|X”} =1+ op,(1).
(A3) Let

2
Ru(h) = JaFo(h) + 200

and for any x,

rn) = F ) + L2 log(FO[eXP<} iﬁ)])



1496 V. RIVOIRARD AND J. ROUSSEAU

We have for any ¢,

/ ( Fo((hy — tynn)?)
expl| —

- 4 Gulhy — W) + Rulh g — rxﬁh,n)) dr(f)

23) x ( / n exp(— FO(:?) - Gulhy) + Rulh f>) dn(f))_l

=1+ op,(1).

Now, we can state the main result of this section.

THEOREM 2.1. Let fo be a density on F such that ||1og( fo) ||co < 00. Assume
that (A1), (A2) and (A3) are true. Then, as n goes to infinity,

(2.4) suﬂgﬂ?’”{«/ﬁ(W(f) —W(Py)) <zIX"} - <I>F0(1/~/2)(z)| -0
Z€
in Po-probability.

The proof of Theorem 2.1 is given in Section 3.1. It is based on the asymptotic
behavior of the Laplace transform of /n(W(f) — W(P,))14,, calculated at the
point ¢, which is proved to be equivalent to exp(tzFo(xzfz) /2) times the left-hand
side of (2.3), under (A1) and (A2), so that (A3) implies (2.4).

Now, we discuss the assumptions. Condition (A1) concerns concentration rates
of the posterior distribution, and there exists now a large literature on such results;
see, for instance, [27] or [10] for general results. The difficulty here comes from the
use of V instead of the Hellinger or the IL; distances. However, note that u,, does
not need to be optimal. In the case of exponential families, obtaining a posterior
concentration rate in terms of V has no impact on posterior concentration rates;
see Section 2.2. It is also interesting to note that the loss function V is similar to
the || - ||z-norm considered in [5] (i.e., the norm induced by the LAN expansion
associated to linear paths on log f) and to the Fisher norm considered in [26].
Indeed, the proof of Theorem 2.1 gives

V(fo,
en(f>—en(fo>=—w

with R, (h ) = op,(1) pointwise (i.e., for a fixed function f). This condition is
thus to be related to Condition C in [5] and to Condition (9) in [26]. However, the
formulation of Condition (9) in [26] is not quite as general as Condition C in [5],
or as our conditions, since [26] also requires (stated in our framework)

sup  {€a(f) — €u(f0)} < —cne;.
f:V(fo. f)>en

Indeed, a concern of [26] is to obtain a Bernstein—von Mises theorem with a cen-
tering point which is the maximum likelihood (or a sieve maximum likelihood

+Gu(hy)+ Ry(hy)
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estimator), for which such a condition is quite natural. It is known now (see, e.g.,
[11]) that weaker conditions can be obtained to derive the posterior concentration
rate.

Condition (A2) could be viewed as a symmetrization of (A1) since if on A,in we

also have V(f, fo) < uﬁ, then (A2) is true. Actually, (A2) is a weaker condition
since it is only based on the first moment of log( f/ fo) with respect to the density f.
The main difficulty comes from condition (A3). Roughly speaking, (A3) means
that a change of parameter induced by a transformation 7' of the form 7' (f;) =
fh_“;h,” , or close enough to it, can be considered, and such that the prior is hardly
modified by this transformation. In parametric setups, continuity of the prior near
the true value is enough to ensure that the prior would hardly be modified by such
a transformation. A similar condition can be found in [26] [see Condition (14)].
We emphasize two major differences between Shen’s condition [26] and ours: first
Shen’s condition is based on the sieve MLE of log f, which we do not consider
since we re-center on the empirical ¥ (P,). Second and more importantly, Con-
dition (14) in [26] is expressed in terms of the conditional prior distribution of f
given 6 = W( f), which is very difficult to control in most nonparametric models,
whereas in our case the expectation is taken with respect to the prior on f.
However, (A3) still remains a demanding condition (the most demanding one)
to verify in general models, and it is often the condition which is not verified when
the Bernstein—von Mises theorem is not satisfied, as illustrated in our example be-
low. Interestingly, this condition can also be found in [5], but in a less explicit way.
Indeed, in [5], the parameter is split into (6, g), say, where g is a function (so it is
infinite dimensional), and 6 is the parameter of interest and is finite dimensional.
Two cases are then considered, namely, the case without loss of information and
the case with loss. In the former, the computations simplify greatly and the change
of parameter is only made on the parametric part 8, which usually is easy to verify.
In the latter, the nonparametric part is more influential, and this case is handled
merely in the setup of Gaussian priors for which an interesting discussion on how
this change of parameter is influenced by the respective smoothness of the prior
(see page 14 of [5]) and of the true parameter is lead. In our context, the smooth-
ness of the functional W, of the true density fp and of the prior are certainly in-
fluential, as will be illustrated in the examples below. However, for non-Gaussian
priors, the notion of smoothness of the prior is not so relevant. We rather view this
condition as a no bias condition, which also applies to the Gaussian case. Indeed,
choosing a less regular Gaussian prior allows for correct approximation of rougher
curves and thus avoids biases in the estimation of rough functionals. To make this
statement more precise, we consider now the framework of sieve models.
Consider a sequence of subsets Fj such that 7 = J; Fx and Fy ={fg s.t. 0 €
O} with @ C R'*, and (1) is an increasing sequence going to infinity. A prior
on F is then defined as a probability on &, say p(-), and given k a probability on 6,
say . This set up is quite general, and it includes in particular random histograms,
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free-knot splines, mixtures models with random numbers of components and our
example about exponential families; see Section 2.2. For notational ease, we write
hg instead of h s, and v, instead of v, fyon Assumption (A3) then corresponds

to a change of parameter from hy to hg — t@h,n. So a first difficulty comes from
expressing this change in terms of 6. In other words, for each k such that A, N O
is nonempty, construct a map 7j : A, N Oy — O and define ¥ ¢ such that

hro =ho —tyre

(equivalently fr,¢ = foe™! Vio/ */ﬁ). The aim is to build 7} such that ¥ g &~ &h,n-
Mathematically, this approximation is expressed via log-likelihoods, and we set

Pni(0) = Cn(fre0) — Cn(foe ™ Vrn/vm).

Note that
Fo(h2. )
pui(6) = —% + Gp(h1,9) + Ru(hz,)
Fo((ho — t9n.0)?) ] ]
—(— ottt = Von +Gn<he—zw,n>+Rn<h9—rwh,n)).

Relation (2.3) of assumption (A3) is then verified if uniformly over £ such that
FrNA,#9

[5.n, EXP(—Fo(h%,)/2 + G (1) + Ru(hg0))e "+ @i (6) db
[1. 0, €XP(— Fo(h3) /2 + G (ho) + Ru(hg)) 7 (6) d6

(2.5)
=1+ op,(1).

Proposition A.1 in the Appendix states that under mild conditions uniformly over

Pnik(0) = =t Fo[Ar.ohol +1G,(Ak0)
2

— %Fo((lﬁh,n —V0)?) + 2 Fo[(Whn — Vo) ¥nn] + op, (1),

where Ay ¢ is the difference 1/_/;”, — Yk o up to an additive constant, that is, there
exists a constant by ¢ € R such that

Ak o(x) = i n(x) — Yr0(x) + by g, x €[0; 1].

The function v ¢ is related to the approximation y;, of the least favorable direction
considered in [5].

As will be illustrated in subsequent examples, under many priors, we can obtain
k(T 0) = . (6) (1 + o(1)) uniformly over Ty (An N Og) so that the key (sufficient)
condition to verify (A3) is p, x = op, (1), which is implied by

(2.6) FolhgArg)=o(1) and  Fo((Ynn — ¥re)?) = o(1)
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uniformly over An; see Section 3. Condition (2.6) expresses that the difference
1/_/;,,,, — Yk ¢ has to be small enough, illustrating in this context what we mean by
a no bias condition.

The following family of examples shows the importance of this no bias condi-
tion.

2.2. Bernstein—von Mises for exponential families. In this section, we con-
sider the nonparametric models (priors) defined in Section 1.2. Assume that fj is
1-periodic and fy € L2[0, 1]. Let ® = (¢5.)2eN be one of the bases introduced in
Section 1.2; then there exists a sequence 6y = (6p; )ren* such that

o) =exp( 3 bndu) — (@) ).
LeN*
We denote Il ; the projection operator on the vector space generated by
(¢r)o<s<k for the scalar product (-, -) ¢, and

A=y —Mpuy =¥ — Mg,
where ¥ is defined in (2.1). We expand the functions ¥ and IT fo, xW on @.

k
Y=Y Unda(x),  Hpa¥@) =Y ¥nadnx),  xel0,1],

reN r=0

so that (1/~u) reN and (121'[, A a<k dengte the sequences of coefficients of the expan-
sions of the functions v and Iy, x v, respectively. We finally note that

121%” =@, ¥

Let (e,)n be the sequence decreasing to zero defined in Theorem B.1; see Ap-
pendix B. The sequence L(n) is based on the function L defined in the case (PH)
of Definition 1.1 and, in the sequel, we set L(n) = 1 in the case (D) by convention.

Using Definition 1.1, for all a > 0, there exists a constant /o > 0 large enough so
2

that P, (k > IZIZ;” ) < e‘“”g'%. Following, for instance, [11], page 221, it implies that

there exists ¢ > 0 and [y large enough such that

lone?
L(n)

Py |:IP’” (k >

X") < e—cn8,%i| =14o0(1).
Now, setting /,, = lonsﬁ /L(n), we have the following result.

THEOREM 2.2. We consider the prior (PH) defined in Definition 1.1. We
assume that ||log(fo)llcc < 00 and log(fo) € B;,q with p>2,1 <qg < oo and
y > 1/2 is such that

B<1/24+y  ifps<2 and B<y+1/ps  ifps>2,
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where p* is defined in Definition 1.1. For any k € N*, set

4(logn)? 2}

k
By =16 cRFsit. 0, — Bo)% <
k { eR 5.0, ) (61— 003)” < L) o

A=1

and assume that for any t € R,

2.7) lim max sup e -
n=>+00 k<ly ge By 1 (6 — 1A/ /)
and
08 swpl| S| +ET G J=o(1E27)
ke<ty UL 2% o0 ok 2 Ve

Then, for all 7 € R,

2.9) PT[Vn(¥(f) —W(Py) <zIX"] =) p(kIX")Pvy (2 + tnk) + 0py (1),
k

where:

- Vor = Fo(¥?) — Fo(AD),
- Mgk = NFo(Ak Y 55p4100002) + Gr(Ap).

REMARK 1. A stronger result holds for the case (D). Indeed, by replacing
k <1, with k =k in (2.7) and (2.8), where k' is defined in Definition 1.1, and by
assuming that

(2.10) Z W2 = o(n?r/ PO
A>kE

then we have

(2.11) SUIEHF’” [Vr(¥(f) —W(Py)) <z|X"] — Dy, (2)| = opy (1),
z€
where Vo = Fy(¢2).

The proof of Theorem 2.2 is given in Section 3.2. This result is a consequence
of Theorem 2.1. Conditions (A1) and (A2) are verified using Theorem B.1. Con-
ditions (2.7) and (2.8) are needed to study the asymptotic behavior of the ratio
defined in equation (2.3) which must go to 1 for condition (A3) to be satisfied. As
explained in Section 2.1 (Proposition A.1), to control the ratio defined in (2.3), we
need to express the change of parameter / to & — v, ,, in terms of a change of pa-
rameter from 6 € B to 6 — mZH( I /+/n. Condition (2.7) ensures that the prior is not
dramatically modified by this change of parameter. The following three examples
of priors illustrate this condition. For the sake of simplicity, we only consider the
case p=q =2.
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LEMMA 2.1. Assume that log(fy) € WY. We still assume that > 1/2 and
y > 1/2. Condition (2.7) is satisfied in the following cases:

- g is the standard Gaussian density and y > B — 1/4 for the case (PH), y >
B — 1/2 for the case (D).

- g is the Laplace density g(x) oce ™l and y > B — 1/2 for the case (PH) [no
further condition for the case (D)].

- g is a Student density g(x) o< (1 + x2 / d)~ D2 ynder the same conditions as
for the Gaussian density.

The proof is given is Section 2 of the supplementary material [23]. Lemma 2.1
holds for any bounded function /. For the special case ¥ (x) = Ly<y,, conditions
on y and B can be relaxed. In particular, in the case (PH), if g is the Laplace
density, (2.7) is satisfied as soon as y > 8 —1/2. By choosing 1/2 < 8 < 1, this is
satisfied for any y > 1/2 as imposed by Theorem 2.2. Note that in the case (PH),
Theorem B.1 implies that the posterior distribution concentrates with the adaptive
minimax rate up to a logarithmic term, so that choosing g8 close to 1/2 is not
restrictive.

Condition (2.8) is needed to obtain ||Ag|lco = 0((ﬁuﬁ)_1) for all k <1, as
required by Proposition A.1. Indeed, (3.12) gives \/ﬁu,% = ﬁg,%(log n)® which
goes to 0 with n, so that condition (2.8) is quite mild. It requires some minimal
smoothness on ¥ through the decay to zero of its coefficients. Note that we require
en = o(n~ /%), which is a consequence of the conditions imposed on B, y and p*,
but which is necessary in various parts of the proof. The threshold n~!/4 is often
encountered in semi-parametric analysis as the no bias condition (see, e.g., [29],
Section 25.8) and is also required in [5] in the Cox model example (i.e., with
information loss).

Conditions (2.7) and (2.8) are rather mild, so that quite generally, the poste-
rior distribution of /n(W(f) — W(P,)) is asymptotically a mixture of Gaussian
distributions with variances Vo, — FO(A%) and mean values —u, , with weights
p(k|X™). To obtain an asymptotic Gaussian distribution with mean zero and vari-
ance V) it is necessary for w,; and FO(A%) to be small whenever p(k|X") is
not. The situation where FO(A%) # o(1) under the posterior distribution corre-
sponds to the case where there exists ko such that fy € Fj,. In that case, it
can be proved that P"[ko|X"] = 1 + op,(1) (see [6]), and the posterior distri-
bution of W(f) is asymptotically Gaussian with mean W ( féko), where éko is

the maximum likelihood estimator in Fj,, and the variance is the asymptotic
variance of W( fék ). The posterior distribution therefore satisfies a Bernstein—
0

von Mises theorem, but it is a parametric instead of a nonparametric Bernstein—
von Mises theorem. However, even if FO(A%) = o(1), the posterior distribution
might not satisfy the nonparametric Bernstein—von Mises property since then
Pnk = /NFo(Ak Y5 5 k41 001.02) + op, (1), which might not be a op, (1) [note that
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JnFy(Ag > aska1 6005 corresponds to Fo(hg A g) in (2.6), so that the first part
of (2.6) leads to MUn,k = op,(1) in the setup of exponential families]. The term
WUn.k 18 a bias term in the posterior distribution. It is related to the term y, — y
in [5] in the case of information loss, since I fo,klﬁ plays the same role as y;,. In
the case of Gaussian priors the control of y,, — y is induced by a smoothness as-
sumption on the prior. Here the notion of smoothness is not so clearly defined
and the control of u, , strongly depends on a lower bound on the set of k’s
such that } ;-4 ng < 8,%, which can be interpreted as a no bias condition. In-
deed | k| < C/( 5k U2 V2521 03)"/2. Therefore for the Bernstein-von
Mises property to be satisfied over a class of functions fj, the posterior on k needs
to be almost O for k’s such that (3, 4 1/7%)1/2 is larger than [/n(3"; - 49&)1/2]_1 .
In general we cannot assess a lower bound on k for which >, ., 9& < eﬁ unless
we assume some extra conditions on the behavior on the 6y, ’s. Thus in the case
(PH), the Bernstein—von Mises theorem will often not be satisfied, even for regular
functional ¥ unless strong assumptions are put on the behavior of the coefficients
(6o5.)5- This remark is illustrated in Proposition 2.1, where we prove the nonvalid-
ity of the Bernstein—von Mises theorem for a given family of functions fy (with
various smoothness parameters).

The Bernstein—von Mises theorem is, however, satisfied in the case of a prior
of type (D), under condition (2.10). The latter is verified if either y > 8+ 1/2 or
if y > B and ¥ is a smooth function like a continuously differentiable function
in the case of the Fourier basis or a piecewise constant function (as in the case
of the cumulative distribution function). Therefore to obtain a BVM theorem, the
true density fp and the functional v are required to have a minimal smoothness
[y > 1/2 for fy and condition (2.8) on v]. Conditions (2.10), k = kY and the
constraints on § on the contrary, force the prior to approximate correctly functions
that are potentially less smooth.

We illustrate this issue in the special case of the cumulative distribution function
calculated at a given point xq : ¥ (x) = L<y,. We recall that the variance of G, ()
under Py is equal to Vo = Fo(xg)(1 — Fp(x0)). We consider the case of the Fourier
basis (the case of wavelet bases can be handled in the same way). Straightforward
computations lead to the following result.

COROLLARY 2.1. Assume that v is a piecewise constant function. Consider
the class of sieve priors defined in Definition 1.1 in the case (D) where g is either
the Gaussian or the Laplace density. Then if fo € WY, with y > B > 1/2, the pos-
terior distribution of \/n(F (xo) — F, (x0)) is asymptotically Gaussian with mean 0
and variance V. If g is a Student density and if y > 8 > 1, the same result holds.

We now illustrate the fact that for the case (PH), the Bernstein—von Mises prop-
erty may be not valid.
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PROPOSITION 2.1. Let us consider the Fourier basis and let

folx) = exp( > G (x) — c(eo)),

A>ko
where ky is fixed and for any A, 6 25+1 = 0 and

9 . sin(2m Axg)
022 = Ar+1/2 floghloglog A’

Consider the prior defined in Section 1.2 with g being the Gaussian or the Laplace
density, but the prior p is now the Poisson distribution with parameter v > 0. If kg
is large enough, there exists xo such that the posterior distribution of \/n(F (xo) —
F,(x0)) is not asymptotically Gaussian with mean 0 and variance Fy(xo)(1 —
Fo(xo)).

Actually, we prove that the asymptotic posterior distribution of /n(F(xg) —
F,(x0)) is a mixture of Gaussian distributions with means bounded from below
by ¢+/logn for some positive constant ¢ and variance Fy(xg)(1 — Fo(xg)) and
the support of the posterior distribution of k is included in {m € N* s.t. m < ck,}
where c is a constant, and k;, is defined by

kn — nl/(2y+l) (logn)—Z/(2y+1) (loglogn)_z/(2y+l);

see the proof of Proposition 2.1. It does not exclude the fact that the posterior
distribution of /n(F(x9) — F,(x0)) could be asymptotically Gaussian, but even
if it were, it would not have mean equal to zero, and therefore, the Bernstein—von
Mises property is not valid.

2.3. A conclusion. As a conclusion on the existence of Bernstein—von Mises
theorem for linear functionals of the density, we see that apart from the usual con-
centration results of the posterior distribution, the key condition is to be able to
define a change of parameter from f to fe~'Vs/ v which does not modify much
the prior. Such a construction differs, depending on the family of priors consid-
ered. In this paper we have called this a no bias condition since it means that not
only fo needs to be well approximated with such a prior but also fe~"¥s/ Vi for
all f in a neighborhood of fy. This can be problematic since the posterior (being
driven by the likelihood) is targeted to approximate correctly fy, and in the case of
adaptive posterior such as (PH), it is thus adapted to the smoothness of fy, which

might not be the same as the smoothness of fe™’ Vi/v or even foe™ Ui/ n
the case of Gaussian priors, as considered in [5], this implies that the prior is not
too smooth so that fe~!Vs/ v can be correctly approximated by sequences in the

associated RKHS. In the family of sieve priors, it means that the posterior distri-
bution concentrates on k’s that are large enough.
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3. Proofs. In the sequel, C denotes a generic positive constant whose value is
of no importance and may change from line to line. To simplify some expressions,
we omit at some places the integer part |- ].

3.1. Proof of Theorem2.1. Let Z, = /n(¥(f) — W(P,)). We have
(3.1 PT{A,|1X"} =1+ op,(1).

So, it is enough to prove that conditionally on A, and X", the distribution of Z,
converges to the distribution of a Gaussian variable whose variance is Fo(lﬁz).
This will be established if for any r € R,

. tz 7
(3.2) nlgpoo Ly (1) =CXP(5FO[W2]>a

where L, (t) is the Laplace transform of Z,, conditionally on A, and X":

L, (t) =E [exp(tv/n(W(f) — W(Py)))|An. X"]
_ E7[exp(ty/n(¥(f) — W(Pu))1a, (f)IX"]
P {A,| X"}
L4, expU/n (Y () = ¥ (P)) + £ () = €a(fo)) dm(f)
[a, exp(ln(f) — £a(fo)) dr (f) ‘

(3.3)

We set for any x,
1
(3.4) Bin(x) :/ (1 — u)e "IV gy,
0
Note that, with h = hy = \/n(log f — log fo),

1
Bin(x) < 0.5 X 1{£(0)< o)) + 1{f(x>>fo<x>}/ etloa /=log fol)) gy
0

-1 f(x)
< L= o) + Liro=focoy (log £ (x) — log fo(x)) ™" fo(fc)'

(3.5)

So, using (3.4),

2
exp(w) =1+ hx) + h7(x)

Jn NG

Bh,l’l(x)a

which implies that

h h2
F) = folx) = fo(x)( % Y

Bin())

n
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and
(R(W() = W(P) = —1Gu(F) + 1/ ( [ - fo(x))dx)

— Gy () + 1 Fo(hh) + inFo(#Bh,n&).

Jn
Since
Fo(h?)
() — £y (fo) =— > + Gy (h) + Ry (h),
we have
L= exp(Gn(h — ) + tFo(h)
- Fy(h?
+ﬁFo(thh,nw)— 0(2 )+Rn(h))dn(f)

<([ n exp( - F°(2h2) +Galh)+ Ry ) dﬂ(f))_l

B / < Fo((h — tyn.0)?)
= exp| —
An 2

+ Gn(h - t&h,n) + Rn(h - t&h,n) + Uh,n) dTl’(f)

2 —1
x ( / exp(— B0 | G+ Rn(h)) dn(f)) ,
Ap 2

where straightforward computations show that

2

Unin = tFo(hF = ) + 5 Fo(07.,)

— t 2 ~
+ Ry(h) — Ry(h —tyrp ) + —nFo(h Bp.nr)

Jn

= 1 Fo(hi)) + 1</ Fo(Bn) + ﬁFo(thh,nxlr)

t Fo(hyr) +nl (F[ (h ”ﬁ)]>+ L Fo(h2Byni)

= nlo exp| —— — — — .

0 g 0 p ﬁ ﬁ ﬁ 0 h,}’l

Now let us expand the second term of the last expression. The first and third terms
of the expression will then cancel out with this expansion. Using

(3.6) 1Vl < 201¥ oo < 00,
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the Taylor expansion of exp(—1//+/n) and the formula

h
£ = folo) exp(%),
we obtain
LAY N T ﬁv] 32
Fo[e"p(ﬁ ﬁ)}‘“’[e <1 ﬁ*zﬂ’) +0(™)
~ 2 ~
:1_ﬁFO[eh/«/ﬁl/,]+;_nFo[eh/~/ﬁw2]+O(n—3/2)'
Also,
niviiq_ Folh¥] | Folh®Byail,
Fole"Y"y ] = N + p ;
72 2 72
Fo[e"V13?] = Fo[#2] + Folhy ]+ Folh”Bpn¥r ].

N n

Note that, on A,, we have Fy(h?) = O(nu,%) and, by using (3.5),
2
e <o (o 1)) ] oo )]
fo fo

< nu? + nil,
SO, FO(thh,n) = o0(n). So, uniformly on A,, since 1/7 is bounded [see (3.6)],

h oty
Fo [e"f’(ﬁ B ﬁ)}
_ .t (Flhy] | Folh*Byav]
_1_ﬁ( e )
2 y Folh¥?]  Folh% By 40
3.7) +;—n(Fo[w2]+ OE/%H+ ol n”’ v ]>+0(n_1)
Folh*Bpa¥1  tFo(¥?)
Jn 2

_i- g[mhm + +o(1>}
=1+ o(n_l/z)
and

1y Folh*Ba¥1  tFo(i?)

nlog(ﬂ{exp(%—%)}) =—t[Fo(h1ﬁ)+ T 5 :|+0(1).
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Finally,

2
Upn = %Fo[&z] +o(1)

and up to a multiplicative factor equal to 1 4 o(1),

La(t) = eXp(gFo[lZ'Z])

y f o (_Fo((h—t&h,n)%
P 2

+ Gulh = t9h0) + Rull anh,n)) dn(f)

2 -1
y (/ exp<— "D | G+ Rn<h>) dn(f)) .
An 2

Finally (A3) implies (3.2) and the theorem is proved.

3.2. Proof of Theorem 2.2. We use the same approach as in Theorem 2.1.
We first prove that conditions (A1) and (A2) are satisfied. Let ¢, be the posterior
concentration rate obtained in Theorem B.1. Recall that:

2
- g =eon Y/ rtD(1ogn)?/Cr+D and [, = lzr(lfl;’ in the case (PH);

- &, = go(logn)r=pn=BAY/CAD and [, = & = kon!/P+D in the case (D).
Note that for any a > 0, since y > 1/2 and 8 > 1/2, we have
(3.8) (logn)?l,e2 = o(1).

Note also that in the sequel we can restrict ourselves to [ J;<; Fi. Indeed, in the
case of the prior (PH),

Pn[(g fkﬂ =3 ph)

A>1y
3.9)

< Cexp(—caly L(ly)) = 0(6_0”83)

for some positive ¢ and in the case of the prior (D) Py [(Ux<;, Fx)“]1 = 0 by defi-
nition. -

In the sequel, for any k <1, and any 6 € R*, we still denote 6 the sequence
whose Ath component is equal to 8, for A < k and whose Ath component is equal
to 0 for A > k. Then we can define

42(1%”)3/28" } A, ={fost.OeA,)
’ n — taad n

Ay = {9 e [JR st 10 —olle, < L

k<lI,
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and note that from Theorem B.1
P™{A,|X"} =14 op,(1).

To prove (A1) and (A2) we control V (fy, fo) and Fg[|log(fs/fo)|] for fy € Ap.
For any 6 € A,,, we have

V(fo, fo) <2l folleollO® — 90||§2 +2(c(0) — 0(90))2-
Note that for 6 € A,,, by using (D.1), (D.3) and (3.8),

400
(3.10) Y (Oon —00)¢| < CVLNO —bolle, + CL/ZY = o0(1).
Ar=1 o)
Therefore for 0 € A,,,
c(0) — c(6o)

= log(/1 fo(x)e—zfif(f?o»\—@\)tm(x) dx)
0

+0o 1 +0o 2
= log{l - Z(Gm — 00 Fo(¢y) + _F0|:<Z(90A - 9;\)%) }(1 +0(1))}
A=1

A=1 2
—+00
=—>"(Bor — ) Fo(¢n) (1 +o(D)) + O(116 — 6ol17,)
=1

and for n large enough,

(3.1D) |c(8) — c(B0)| <21l foll2118 — olle,-

This implies that on A,,,

(3.12) V(fo. fo) = O(ey(logn)*/L(n)).

Thus (A1) is verified with u,% = u%e,% (10~g n)3 /L(n) and ug large enough. To estab-

lish (A2), we observe that we have on A,,,

> (Bor. — 1)

LeN*

> (Bor. — 02)

LeN*

[llog fo —log folleo < +]c(@) — c(6)|

<2

=o(1)

o0

by using (3.10). So, on A,,,

V(fo, fo) < CV(fo, fp)

and (A2) is implied by (A1). Conditions (1) and (2) of Proposition A.1 are also
true.
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Now, let us study the validity of (A3): For any ¢, we study the term

T2
In=/~ eXp(—FO((hf Zﬂﬁh,n) )

4+ Gulhy — 1 9hn) + Ruly — mzh,n)) dr(f)

x (fA exp<— FO(;?) +Glhp) + Rn(hf)> dn(f))_l.

We introduce

7o / ( Fo((hy — tynn)?)
kon = |. eXp —
ApNFy 2

4 Gulhy — 1) + Rulh g — nﬁh,,») dr(f)

Fo(i2) -
x(/mfkexp(— : +Gn<hf>+Rn<hf))dnk<f>) ,

so that

T nPT[Ap N Fr| X"
(3‘13) In=2k k,n ~[ n kl ]
2 PTLA, N Fr| XM

We now study J ., using the approach described in Section 2.1 and Proposi-
tion A.1. At this stage, we have only to focus on condition (3) of Proposition A.1.
Let H, = (hg — tv)/+/n and

¥ — 190 1 - -
D — 5 5 —_ ,
.kt N - ;:1 Y, Px
then define
7 [k]
Vn
17,0 =0 —t———,
¢ NG
VD ks ﬁ( ( Jf}’fl»
= YT N2 (e@) — e 0 — 1L
Y6 ; " c(@) —c N

so that fr,9 = foe tVro/ v The function Yk.o can then be understood as the
projection of 1/_/;,,,1 on the first k components of ¢; with the constraint that
foe tVro/ V1 is indeed a probability density. Then we define Ay g = v —TI fo,k‘z
and by ¢ satisfying ¥y, , — Y0 = Ak.0 — bi . Straightforward computations show
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that

bo =m0~ @(c(e)) ~cfe- t%‘f))

Sin(nfen( - )

Jn FO(eHn-HAk,e/ﬁ)
=—1Io [ }
t Fo(efin)

To emphasize the fact that A g does not depend on 8, we write hereafter Ay :=
Ag.¢. The following lemma controls the terms H,,, by ¢ and Ag:

LEMMA 3.1. We have

| Hylloo = o(1), ||Ak||oo=o( ) lbeol = o(1)

1
nug,
uniformly on k such that F N A, # @.

The proof is given in Appendix C.1.

Note that Fo((¥nn — Yk.6)?) = Fo((Ax — brp)?) = Fo(AD) + o(1) = O(1)
uniformly over A,, and condition (3) of Proposition A.1 is satisfied with w, =1
for any n, which implies that

Pk = —tFo[Arhgl + G, (Ag)
2

- %Fo((z/‘fh,n —Yo)?) + 2 Fo[ (D — Vo)V ] + o(1).

Since Ay is orthogonal to any ¢, A < k including ¢9 = 1, we obtain, using the
expression of Ay in exponential families,

Fo(hg Ar) = —ﬁFO((Z 90A¢A) Ak),

A>k

which is independent of 6. Also,

Fo((Wn.n — i) Vnn) = Fo(A}) 4+ Fo(Yr.eAr) +o(1) = Fo(A2) + o(1),

where the last equality comes from the orthogonality between Ay and v g. There-
fore

2

! 2
Pk =tn i + EFO(Ak) +o(1)
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and for all k£ such that 7, N An #* 0,

2 2
Jk’” - €_t FO(Ak)/ze_t/'Ln.k

2
X (/ o~ Folhg)/24 G (hrie)+ Ru(hys) dmi(9)
RKNA,

-1
y (/ e—Fo(hz)/2+Gn<he>+Rn(he)dnk(g)) )(1 +o(l)).
R¥NA,,

In the following lemma, using the above approximation, we obtain an equivalent
of I,.

LEMMA 3.2.

b
L= e P02~ i BT [k X" ](1 + 05, (1))
k=1

The proof of Lemma 3.2 is given in Appendix C.2. Using (3.3) and the last
equality of the proof of Theorem 2.1 and combining the above inequalities with
(3.13), we obtain

En(1) :=E7 [exp(ta/n (W (f) — W(PY))1; (F)IX"]
= Ly(1) x PT{A,|X"} = Ly(1) (1 + o(1))
=PI (14 0(1)),

which, combined with Lemma 3.2, implies that the posterior distribution of
V(Y (f) — W(P,)) is asymptotically equal to a mixture of Gaussian distribu-
tions with variance Vor = Fo(y2) — FO(A,%), means — [, ; and weights P (k| X").
Straightforward computations prove the last part of the theorem.

APPENDIX A: A TECHNICAL RESULT

We state the following technical result that constitutes the first step to prove the
condition (A3) which expresses the change of parameter.

PROPOSITION A.l. For a sequence (uy), such that /nu, — +00, we as-
sume that the following three conditions are satisfied:

(1) Assumption (A1) is satisfied with (uy),, and there exists a sequence (1), of
integers such that P™ [k > 1,| X"] = op, (1).

(2) There exists a sequence (wy), lower bounded by a positive constant such that
wy/nu? =o(1) and

Ay C A, N (U ]—"k> N fo s.t. V(fa, fo) < wau?},

k<l,
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satisfies
P7[A,|X"] =14 op,(1).
(3) For each k such that Fj N An #+ O, thgre exists amap: Ty : An NOr — O and

a function Yy g such that for all 6 € A,, N O:
(a) kaQ — fge—ttﬁk.é)/ﬁ;
(b)

max sup  Fo[(Yn.n — Vie)] = O(1);

k<ln gcoinA,

(c) for all 6 € O such that fy € An, &h,n(x) — Yk.0(x) can be decomposed
as

Vi (0) — Y0 (1) = Ago(x) — bro,
where by ¢ is a constant such that
max sup |brg|=o(u, 'w,/?)
k=ln peorna,
and Ay ¢(x) is a function satisfying

-1 _—-1/2 -2
max  sup | Ak olloo = 0(w,, 'n "u;, )-
=" feFrNA,

Then, we have uniformly over Uy <;, Fi N Ay

Pnk(0) = =t Fo[Ak,pho]l +1Gn(Akp)
r? 7 2 L 25 7
- EFO((W,n —Yk.0)") +t Fo[(Ynn — Yr.o)¥n.n] +o(1).

The conditions considered in Proposition A.1 are mild and, apart from condi-
tion (3), are slightly stronger versions of assumptions (A1) and (A2). In the exam-
ple considered in this paper, w, = 1 and in many cases, w, increases to infinity
at most as a power of logn. The constraints on by ¢ and Ay g are mild since the
right-hand terms go to infinity.

PROOF OF PROPOSITION A.1.  We consider the change of parameter 6 +— 76
for all 6 such that fy € A, N Fi, and we study

Fo(h79)
2

B <_ Fo((ho — t¥rn.n)?)
2

Pk =— + Gu(h7) + Ry(hy0)

+ Gn (hG - “ﬁh,n) + Rn (hG - t&h,n))
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with h79 = /nlog(fr.0/fo). Recall that
=+ (oo (2 7))
= ~— log|( Fi —_— = —
1ﬁh,n 1# + " 0g\ ol €Xp \/l’_l \/ﬁ
and ||V ||l so < 00. From (3.7) of the main text,
Froa(sfon( - 7))
—1 F =Ty — - 1 ’
;log| Fojexe| 2 — o(1)
so that ||1ﬁh,n loo < +00. Writing h7,9 = hg — ti/_/h,n + t(tﬁh,n — Yk.¢) and combin-
ing the above upper bound with condition (3) of Proposition A.1, we obtain

Fo(hF,9) = Fo((he — t¥nn)?) + 2 Fo((Wnn — ¥r.0)%)
+ 2t Fo(ho (Whn — Yr.0))
— 2 Fo(Vhn (W — Vi)
Gu(h1i6) = Gu(hg = t¥nn) + 1Gu(Pin — Vo)
=Gn(ho — tY1.n) +1Gn(Ar0)

and
Ry (h10) = Ru(hg — t¥ipn)
(A.1) + t/nFo(Ynn — Yr0) + gFo((l&h,n — Yk0)?)
+ t Fo((Ynn — Yr.0)(ho — t¥n n))
so that

Pnk =tNFo(Whn — Vo) +1Gn(Ax.g).

Recall that ¥, — Y9 = Axg — br.g, Where by ¢ is a constant with respect to x,
and note that by definition of ¥ ¢, Fo (e(h9 —1Yko)/ “/’7) =1 so that since

(A2) 1V — Ykolloo =1 Ak6 — brolloo = 0(v/n),
1 = FO(e(h9_“/_/h‘n)/ﬁ"’t(‘;h,n_wkﬁ)/ﬁ)

=F (e(he—ﬂ/_/h,n)/«/ﬁ)

t : _
+ ﬁFo(e(he_’wh’”)/ﬁ(Wh,n — Yk0))

2
t e i}
n Fo(e(h9 twh'n)/ﬁ(wh,n - Wkﬁ)zB(lﬁh,n—ll'k,e),n)’
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where By, , is defined in (3.4) in the main text. Note that Fo(ethe —t¥nn)/ ﬁ) =1
and multiplying the previous expression by n, we obtain Z?=1 S; =0, with

Sy =tnFo(Unn — Vo),  S2=tFo[(Ynn — Yr0)(ho — t¥nn)],

S3 = ﬁFO[(&h,n — Vk,9)(hg — t&h,n)th(}_t&h,n’n],
S4= IZFO[(]Z’}”” B ‘/’kﬁ)ZB@h‘n—wk,m,n]’
12 - i}
%= EFO[(I//}[’” B ‘//k,e)z(hg B “//h’”)B(Iph,n—%ﬁk,e),n]
and
So = iFO[(‘/_fh n = Vo) (o — 1) B,y oy Bt )
n ’ ’ ’ han—Vk0),n " ho—tYp u,n

We successively study each term except the first one.
Sy =t Fo(Ak.0he) — thy o Fo(he) — t* Fol Whn — Yi.0)Vnn)-

Since ||1}h,n”oo <C, Bh@*t‘/}hmn = Bp,.n(1 + O(1/4/n)) uniformly over An.
Then, '

thby g 1 15 - 1 1 -
S3=— Fo[thhg—tlﬁhyn,n]+0(un1w 1/2n 1/2+wn ln lunz)

ﬁ n
+ 0(n™2|| Ak o lloo Fo(hg Bhg.n))
+ O (1ol + 1 Ak.6lloo) Fo(1ho| By )

since from condition (3)(c) of Proposition A.1, we have |by g| = o(u,; Yw, 1/ 2) and
| Ak glloo = o(w; 'n~1/2u2). We have also used that

1
2 fo(x)By,n(x) = 2/0 (1 =) f ") fir ) du < fo(x) + fo(x).
This inequality implies
2F()(h§Bh9’n) < F()(hg) + Fe(hg) < 2nuﬁwn, 2F()(|h9|Bh9’n) <2up/nwy,

therefore,

tbkvg 2

Using (A.2),

1 -
1B =i gy = 0-3lloc = H/ (I— u)eu(wh’”_wﬁ)/‘/’_l du — O.SH =o(1)
n 0), 0

o0
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and

2 T 2
S4:t Fo((w,n2 Vi,0) )(1+o(1)).

The fifth term is controlled as follows:

2\ — —
1851 < W = Violloo g o172 g — w1.0)) 2 + 0(1)
NG
(i iy,
_o(ﬁunm+nu%wn)+0(1)—0(1).
Finally,
0T 2 2
|S6|§t 1¥n.n wkﬁ”ooFO(h@Bhg,n)+0(1):0(1)‘

n

So, combining the bounds on S>—Sg, we obtain

_ th
0= t/nFo(nn — Vrg) + t Fo(Arghg) — thy o Fo(ha) — ﬁFo[thhg,n]

2F 7 _ 2 _ -
+t o((Yh.n — Vko)?) — P Fo[(Fhn — Vo) Vnn] + 0(L).

2

Using the relation

Fo(hgBpyn)

Ji

which comes from a Taylor expansion of 1 = Fy(e/¢/ V) we obtain

Fo(hg) + 0,

- 2F T "= 2
0= 1/ Fo(Fhn — Vip) + 1 Fo(Agghg) + 0 Vn = Vio))

2
— 2 Fo[(Wnn — Yi.0)Vnn] +o(1).
We finally obtain that, uniformly on Ay,
2 5
Pk = —tFo[Akphgl +1G,(Akp) — EFO((Wh,n —Vr0)7)

+ 2 Fo[(Yhn — Vi) Una] +o(1),

and Proposition A.1 is proved. [J
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APPENDIX B: POSTERIOR RATES FOR INFINITE-DIMENSIONAL
EXPONENTIAL FAMILIES

Since one of the key conditions needed to obtain a Bernstein—von Mises theorem
is a concentration rate of the posterior distribution, we now state the following
result established in [22].

THEOREM B.1. We assume that ||log( fo)llco < o0 and log( fo) € Bqu with
p>2,1<qg<oocandy > 1/2is such that

B<1/24y ifp« <2 and B<y+1/px if ps« > 2.
Then, there exists ¢ > 0 such that if

Q, =105t h < flogn 60— 61, < .08
n=10s.t. h(fo, fo) < Tn)gn and |6y — 0|, < L) En (>

lim Po{P"{Q,[X"} > 1 —exp(—cne2)} =1,

n——+00

where in the case (PH),

logn v/Qy+1)
81’1 = 80( n ) ’

in the case (D), L(n) =1,
en = eo(logm)n P/CFTDify > g,
en=con V/CBYD  iry B,

and &g is a given constant. We also have that there exists a > 0 such that

P { fo s.t. K (fo, fo) < €2 V(fo, fo) < €2} = e~

APPENDIX C: PROOFS OF LEMMAS 3.1 AND 3.2

C.1. Proof of Lemma 3.1. Let ¢y be a positive lower bound of fy. We then
have using (D.1),

1k - vk -
M%kmw__Vﬁnwmm2szﬁwnﬁ¢WMsNﬁﬂﬁﬂnhkwmb
vk 1V
00 = O
SJ_wam_J_JJWI (€n)-

Since ||1Z||OO = O(1) and since on A,,

—1/2
n V2 gl <

+00
> (Bor — 62)h3(x) = c(60) +¢(9) H

r=1
< CV1 1160 — O, + Cll6o — 1, = 0(1),
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| Hylloo = o(1).

To bound || Ak [loo, We et Yk = Y5 Vb, 50 Ak = Yy — I 1y k(Y14 Then
by using (D.1),

| Aklloo < IWgiklloo + IITT £y k Yok Nl oo
< Wik lloo + CVENTT k¥l
< ikl + CVEIY4x £,

1
< Wirlloo + CVE Ik l2 :O<W>’

where the last inequality comes from condition (2.8).
We now bound by . Since FO(A )= 0(1) and || Ag|loo = 0(/n),

Fo(eHmAk/ﬁ):FO( (H%))JFO(FO;A ))

= Fo(ef™) + LFo(e”n Ax) +o(1//n).

Jn

Note zilso that from (3.7), Fo(ef") =1+ o(1/4/n). Furthermore, since Fo(|Ax|) <
00, |[¥lloo < 00 and since n™ /% || hg oo = o(1),

Fo(e™ A) = Fo(Age/¥™) — ﬁF (Akeh@/fw)Jro(n)

= Fo(Ar) +o(1) = o(1).
‘We thus obtain that

N

Fo(efnttAi/vn
(C]) bk,9 = T log[u

Fo(eln) }:"(”’

which completes the proof of Lemma 3.1.

C.2. Proof of Lemma 3.2. To prove Lemma 3.2 we first show that the prior
7y is not affected by the change of parameter 8 — T36. For k <1, || w[k] lle, < C,
where C does not depend on k and n. So, if we set

1//[k]
Nz

for all @ € Ty (A,), using Theorem B.1 and (a + b)* < 2a* + 2b°,

Tk(A)—{Q—i—t t.GERkﬂAn}

4e2log*n  212C? - 4e21og>n
L(n) n — L)

16 —6oll7, < (1+o(1))
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since ns,% — 400. Conversely, for all & € R* N A, such that |6 — Bolle, <

1.5(logn)3/>L(n)~1?¢,,

7 [k
oy

0 — e A, NRE
for n large enough, and we can write (still for n large enough)
(C.2) R¥N A, CTi(Ay) CRFN A,
with

Ap1 = {0 € Ay st 10 — 6plle, < 1.5(logn)>*L(n)~"2e,},
Apo =10 st 116 — 6olle, < v/500gn)*>L(n)"%¢,}.
Therefore,

—Fo(h3)/2+G (ho)+Ry (he)
7t2F0(A]%)/zeftﬂn,k kaﬂAn,Z e 0 dﬂk(@)

1 1)),
f]kaA e—Fo(hg)/Z-i-Gn(he)-&-Rn(he)dm{(@) ( +of ))

Jk,n <e

e~ Foh)/2+Gu(ho)+Ru(ho) g7, (9)

2 2 kaﬂA
Jk,n > efl FO(Ak)/zeftﬂn,k n,1

1 1)).
kamA e—Fo(hg)/2+Gn(he)+Rn(hg)djrk(e) ( +o( ))

Therefore,

Sy e FoAD 2k BT A, 5 NRFIX"]
lll
Sy P A1 NRH X7

I <

(140(1)
(C.3) 1
<Y e RV i P [k X (1 + 0(1)).
k=1

Actually, using the exponential rate pointed out in Theorem B.1, we have with Py-
probability tending to 1, P"[A, ;|X"] > 1 — e‘”csg, for some positive ¢ > 0 and
i =1,2. We also have that for 0 < a < 1/2max(8; y) + 1),

ln 2
- FolAg]
a, .2 k
Fol x| G (a0 = -] < Y-
Foly2l
Rl _
n—ZG(n(g%)Z
Define the event

Q= [rkneyx!Gn(Ak)\ <n7nel, P[4y i1 X"] 2 1 — e i = 1,2,
=ln
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so that Py[25] = o(1), and on £2,,, we have

ln =12 Fy(A) /2 —tpn kO k| yn
‘e Ki%e KPTIA, 1 NRYX
an:1 I [An 2N Rk|Xn]

v

In
Z e—tZFo(A%)/ze—m,,,k [IP)T[ [len] _ ]P)T[ [(An,l)c N Rk|Xn]]

Now, we introduce
Io={k <l, s.t. P [k|X"] = r;, 'P7[(An1)¢ NRF | X"]),
= [k <L, s.t. P"[k|X"] < r,) P [(An 1) NR¥ X"}
with r,, = e~/ We have
L= (1—ry) Y e ke FoAD2p7 [ X7
kel
and

(C.4) ZPH[Hxn] —lpﬂ[( ) |Xn] ncs%/Z.
kE[]

Moreover, on £2,,, since \/ng, = o(nsrzln_“) for some a > 0 small enough,

too A\ 12/ fo0 1/2
|un,k|sc[ﬁ( > wf) (Z 9&) +n‘“nei}

r=k+1 r=k+1
0(\/78,1 +n"%nel)
< 0(n “nep).

€
This yields
Z o THnk gt Fo(Ak)/ZPn[k|Xn] < Cg2m ne —nL82/2
kely
Using (3.9) and (C.4), for n large enough,
Z e t“”"e t FO(A )/2Pn[klxn]
kely
> e—3zn—ansg > encg3/4 Z e—m,l.ke—zzFO(Az)/an [k|Xn].
kel
This yields

ll’L
(C.5) L= 3 etk RGBT [ X (1 4 (1)),

1519
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APPENDIX D: TECHNICAL LEMMA

In Section 3, we use at many places results of the following lemma.

LEMMA D.1. Set K, ={1,2,...,k,} with k, € N*. Assume one of the follow-
ing two cases:

-y >0, p=gq =2 when @ is the Fourier basis;
-0<y<r,2<p<o0o,1<q <ocowhen @ is the wavelet basis with r vanishing
moments; see [13].

Then the following results hold:
- There exists a constant c1 ¢ depending only on @ such that for any 6 = (6))). €
Rkn,

(D.1) <c1.ovVka|0lle,.

o0

> 6

LK,

- Iflog(fo) € B%,q (R), then there exists c3,,, depending on y, only such that

(D.2) > 05, <oy R,
reK,

- Iflog(fo) € Bz,q (R) with y > %, then there exists c3 ¢, depending on @ and
y only such that

(D.3) <30, REVZY

o0

> Gongr

AEK),

PROOF. Let us first consider the Fourier basis. We have

o] < D10 x llgrlleo
reK, ek,
<V2 Y 16l
rek,

which proves (D.1). Inequality (D.2) follows from the definition of B;z =WY.To
prove (D.3), we use the following inequality: for any x,

<V2 Y 160l

AE Ky

sfz(Z |sz%)l/z(z |)L|_2y>1/z‘

rEKy rEKy

> Oorgr(x)

AEKy
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Now, we consider the wavelet basis. Without loss of generality, we assume that
log, (k, + 1) € N*. We have for any x,

(z )" (5 o)

reK, reK,

12
§||9||ez< > Zso?k(x))

—1=j<logy(kn) k<2/

172

3 61(x)

reK,

with ¢_10 = 1o,1;. Since for some constant A > 0, ¢(x) =0 for x ¢ [—A, A], for
J =0,

card{k €{0,...,2/ — 1} s.t. 9k (x) #0} <3(2A + 1);

see [20], page 282, or [21], page 112. So, there exists ¢, depending only on ¢ such
that

o122
§||9||132( > 3(2A+1)2fc§,) :

0<j<log, (k)

> 0dr(x)

reK),

which proves (D.1). For the second point, we just use the inclusion B;,q(R) C
B} . (R) and

271 2
. R
2 2 2 —-2jy -2y
E 901—' E E onkfR | E 2 5—1_272/{” .
AEK), Jj>logy (kn) k=0 J>log, (kn)

Finally, for the last point, we have for any x,

2J 1 1/2 ,0i_1 1/2
= X (Z%jk) (Z %z'k(x))
k=0

Jj>log, (ky) \ k=0

> G0 (x)

K

< Cky/*77,
where C < R(BQA + 1))!/2¢, (1 —21/2-v)~1. O

Acknowledgments. The authors acknowledge the support of the French
Agence Nationale de la Recherche (ANR), under grant BANHDITS. The authors
would like to thank the anonymous Associate Editor and referees for valuable com-
ments and suggestions.

SUPPLEMENTARY MATERIAL

Bernstein—von Mises theorem for linear functionals of the density: Supple-
mentary material (DOI: 10.1214/12-A0S1004SUPP; .pdf). The supplementary
material gives the proofs of Proposition 2.1 and of Lemma 2.1.
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