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1. Introduction

The asymptotic properties of empirical processes indexed by functions have
been intensively studied during the past decades (see, e.g., Van der Vaart and
Wellner (1996) or Dudley (1999) for self-contained, comprehensive books on the
topic). Among those results, one of the most used in statistical applications is
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that a class admiting a finite uniform entropy integral and a square integrable
envelope is Donsker (Koltchinskii (1981)). In this note, we will show that this
structural condition is strong enough to carry a Donsker and a Glivenko-Cantelli
theorem over a wider class of processes which we shall describe at once. For
p = (pi)i>1 € RY and r > 0, we shall write the (possibly infinite) value

Iplle=(Ximr)" 1)

i>1

Let (2, A, P) be a complete probability space (in the sense that every P-negligible
set belongs to A), and let

Si={p=p)iz1 € [0, +00[", || p Il1< 0. 2

be the cone of positive summable sequences, which will be endowed with the
product Borel o-algebra (denoted by Bor). Consider a sequence of S-indexed
collections of probability measures (P, p)n>1,pes o0 a measurable space (X, X).
For fixed n, consider a random variable 3,, = (8;.,)i>1 from (22, A, P) to (S, Bor)
and a sequence Y,, = (Y; ,)i>1 of random variables from (2, 4, P) to (X, X), for
which the conditional law given 3, = p is P;?’Np (we also make the assumption
that those conditional laws properly define a Markov kernel). We then define

the random element
Pry, = Z Bindyi. . (3)
i>1

which is a random probability measure in the sense that Pr,,(X) = 1 and Pr,(A)
is Borel measurable for each A € X. Obtaining asymptotic results (as n — 00)
for Pr, is of interest for several reasons. The first of them is that Pr,, gener-
alizes the usual empirical measure, and also related objects from the bootstrap
theory, such as the empirical bootstrap, or more generally, the exchangeable
bootstrap empirical measure (see (Van der Vaart and Wellner, 1996, Section
3.6.2)). Our main motivation to consider such a generalization comes from the
second reason: these types of random measures play a role in the modeling of
almost surely discrete priors, such as stick breaking priors (including the two
parameter Poisson-Dirichlet process) or, more generally, species sampling pri-
ors, including the normalized homogenous completely random measures. For an
overview of all the previously cited types of random measures, see, e.g., (Hjort
et al., 2010, Chapter 3). In addition, there are several situations where objects
such as (3) do also appear in the posterior distributions or posterior expected
values of some almost surely discrete priors (see §3 in the sequel).

As usual in empirical processes theory, we shall write, for a probability mea-
sure P and an integrable function f:

P(f) = /x fap, (4)

and we shall adopt the same notation Pr(f) when Pr is a random probability
measure, in which case Pr(f) has to be understood as a random variable. As
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mentioned earlier, we will state a Glivenko-Cantelli and a Donsker result for
empirical-like processes indexed by a class of (Borel) functions F. When F is
not uniformly bounded, the definition of such objects requires additional care on
the structure of F. Throughout this article, we will assume that F is pointwise
separable relatively to a countable subclass Fy (see, e.g., Van der Vaart and
Wellner (1996, p. 110)). We will denote by B(F) the space of real bounded
functions on F that are continuous with respect to the topology spanned by the
maps {f — f(x), © € X}. We shall also denote the usual sup norm on B(F)

| ¢ ||7:=sup | (f) | -
fer

We will denote by F' the envelope function x — sup{f(z), f € Fo} Vv 1. For
e > 0, r > 0 and a probability measure @, we shall write N(e, F, || - ||g,r) for
the (possibly infinite) minimal number of balls with radius € needed to cover F,
using the usual L"(Q) norm. We shall also write ¢>°(F) D B(F) for the space of
all real bounded functions on F. For r > 0, we define the space £, as follows:
amap U : Q — B(F) belongs to £, if and only if U(f) defines a Borel random
variable on (€2, A,P) for each f € F, and if ||| ¥ |||z = E(|]| ¥ [|z) < oo.
Under the assumption that E(F(Y7 ,,)) < oo for all n, it is possible to define the
process

Gul(): £ =3 Bin (Vi) ~E(f Vi) | B,))

i>1

as the limit, as kK — oo, of the truncated sequence
k
GE() i = Bin(f (Vi) = E(S(Yin) | B,))
i=1

in the Banach space (€x 1, ||| - |||7). Also note that this limit also holds in Ex
for each » > 1 such that E(F(Y7,,)") < co. Note that the measurability of the
|| GE || is not completely immediate. The corresponding proof can be found
at the beginning of §4.

2. Main results

We state here our first result, of Glivenko-Cantelli type.

Theorem 1. Assume that || B,, |[1=1 almost surely for all n, and || B,, ||2— 0
in probability. Suppose that

lim lim E(F(Ylyn)]l{F(Yl,n)ZM}) =0. (5)

M — 00 n—00

Also assume that, for each € >0 and M > 0, we have, as n — co:

tog (N (&, Fars | 15a, vnn )) = 00 (118, 152, (6)
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where, Fyr = {flir<rry, f € F} and

P(p,y) ==Y _pidy, forpeSs, yex. (7)
i>1
Then
E(|| Gnllx) — 0. (8)

Remark 2.1. Choosing 3;, :== n~! when i < n and 0 otherwise, leads to the
usual Glivenko-Cantelli theorem under random entropy conditions (see, e.g.,
Van der Vaart and Wellner (1996, p. 123)), except for the almost sure coun-
terpart of (8). Indeed, that almost sure convergence deeply relies on a reverse
submartingale structure, which is not guaranteed under the general conditions
of Theorem 1.

Our second result is a Donsker type Theorem. Since, for fixed n, the Y;,
are only conditionally independent, such a result will not involve the Gaussian
analogues of the G, but mixtures W,, of the P, g Brownian bridges by 3,,,
for which a rigorous definition resuires additional care. To properly define them,
we proceed as follows: for p > 1 and f := (f1,..., fp) € FP and p € S, writing

fw for the centered Gaussian distribution with variance covariance matrix

Shp = |Pro((fi = PaolF) (i = Prpl(fir))) |

(.)€ p}?

we set, for each Borel set A C RP:

QL (4) = E(Qf 5, (4)).

Kolmogorov’s extension theorem ensures the existence of a probability measure
P! on ' := R”, endowed with its (P/,-completed) product Borel o-algebra X”,
which is compatible with the system {Qf, f € 7P, p > 1}. We define W, as the
canonical map on (€', X', P/ ). Unfortunately, the latter can fail to be measurable
with respect to the Borel o-algebra of (¢°°(F), || - ||#). This lack of measurability
will be tackled by introducing outer expectations (see, e.g. Van der Vaart and
Wellner (1996, Chapter 1.2)). To simplify the notations, we shall adopt the
following convention: each time a map b is defined on a probability space, the
symbol E*(h) will denote the outer expectation with respect to that probability
space. We shall adopt the same convention for outer probabilities P*.

Theorem 2. Assume that, for each n > 1, || B, ||3= 1 with probability one,
and that || B,, ||a— 0 in probability. Also assume that E(F?(Y1,,)) < oo for all
n, and that:

lin T E(F2(Vin)Tr(v,02a ) =0 9)

M —o00 n—00

/ \/1og( sup N (e || F |z, F || - [lgz2 ) ) de < oo. (10)
0 Q

probab.
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Then, for all n > 1, W,, is almost surely bounded, and || Wy, || is Borel mea-
surable. Also assume that, for a semimetric py which makes F totally bounded
we have,

*

. . P
lim lim sup | fi=f2llp,6,.2=0, (11)
620 N0 (p £VEF2 po(f1.f2)<6

5

where the symbol T, stands for the lim sup in outer probability. Then

n—ro0
dps (G W) = ‘E* B(G,)) —E*(B(W, ’—>0, 12
BL( ) S (()) (( )) (12)
where BL1 is the set of all 1-Lipschitz functions on ((°(F),|| - ||7) that are

bounded by 1.

Remark 2.2. As pointed out in the introduction, Pr, encompasses several
already well studied random measures, for which Donsker and Glivenko-Cantelli
theorems have been established during the past decades. We will hence point
out the relevance of our results with respect to the existing literature.

1. When Y,, L 3,,, each W,, is equal in distribution to the P,-Brownian
bridge. In addition, condition (11) is implied by condition (i7) in Shechy
and Wellner (1992, Theorem 3.1), namely:

For some probability measure P, we have:

sup_max { | Po((f = 9)2) = Po((f = 9)°) |, | Pu(f) = Po(f)

(f.9)eF?

| Pu(f?) = Po(f?) | } =0, (13)

where P, stands for the law of Y7 ,,. In that case, (12) has the simpler
interpretation that G,(-) converges weakly to the Py-Brownian bridge
Gp,. Hence, in this setting, Theorem 2 turns out to be a partial gener-
alization of Sheehy and Wellner (1992, Theorem 3.1), where the authors
proved, among other results, a Donsker theorem for sequence of F-indexed
empirical processes, for which the law of the sample varies with n. The
contribution of our result is that it extends to random (possibly infinite)
convex combinations of the dy; ,.

2. When, again, Y,, I 3,, when P,, := Py is constant, when f3; ,, = 0 for ¢ >
n+1, when || 8,, ||1= 1 almost surely, and when the vector (3;,)i=1....n is
exchangeable for all n, then Pr,, coincides with the exchangeable bootstrap
empirical measure. Among other results, Praestgaard and Wellner (1993,
Theorem 2.2) did establish a Donsker theorem for such objects, under the
sole assumption that F is Py-Donsker. However, their result holds with
sequences of F indexed processes which differ from G,,, namely:

Gn: f— zj; (ﬁm - %)5&,. (14)
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Not only does the centering parameter differ from G,, to én, but their
result is a Donsker theorem that holds for the conditional laws of G,
given (Y1,...,Y,). Hence, our Theorem 2 has very few similarities with
that result.

3. It also has to be noted, when Y,, L 3,,, that the processes GG, are measure-
like (see, e.g., (Van der Vaart and Wellner, 1996, Chapter 2.11)). Hence,
the result of Alexander (1987) applies, when F satisfies (10), to sums

1
Gn =~ ZGn (15)

of n independent processes having representation from (3). Though re-
lying on similar ideas, our result is different in the sense that we prove
asymptotic theorems for more general sequences, that do not need to be
expressed as sums of n independent measurelike processes.

The remainder of this article is organized as follows: in §3, we provide appli-
cations of Theorems 1 and 2 to particular types of random probability measures,
and provide simple criteria for Glivenko-Cantelli and Donsker theorems to hold.
We also discuss the possible applications of those results to Bayesian nonpara-
metrics. Most of the proofs of the results of this section are short, and hence are
written in continuation of them. Finally, in §4, the proofs of Theorems 1 and 2
and Corollary 4 are provided.

3. Some applications of Theorems 1 and 2

In this section, we will consider sequences of random measures of different types:
modified Kac processes, normalized homogenous completely random measures
(NHCRM) and stick breacking random measures. For a given type, we will pro-
vide a tractable sufficient criterion for sequences of that type to satisfy a Donsker
or a Glivenko Cantelli theorem. Both NHCRM and stick breaking measures are
encountered in Bayesian nonparametrics, and also play a role in their posterior
distributions given the observed sample. We will hence also discuss of possible
uses of Theorems 1 and 2 to frequentist asymptotics in Bayesian nonparametrics.
For that aim, let us first provide a concise background of this theory.

Write 91 for the set of all probability measures on X, endowed with the Borel
o-field M spanned by the weak topology. The Bayesian analysis with a specified
prior Pr exhibits has objects of interest, namely:

1. The posterior distribution:
Posty, : (x1,...,2n) »—)If”(Pr = -’(Xl,...,Xn) = (171,...,:17")),

where P is understood as the underlying probability measure of the non-

parametric Bayesian model (hence a probability measure on (9, M) ®
(X, )M,
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2. The posterior expected probability:
Expecty: (x1,...,7n)— {A > E@(PT(A)‘(Xl, ey X)) = (1, . ,:vn))}

Note that those two objects are rigorously classes of equivalences, for which the
representant does not have any impact for probability calculus under P. The
frequentist analysis for Bayesian nonparametrics, also called “what if” approach,
consists in assuming that the X; are i.i.d. with a distribution Py, and then
obtaining asymptotic results (of first or second order) for Expect,, (X1, ..., X,),
and P?N almost sure limit results for Post,(z1,...,2,) (those of the later
type are usually called posterior consistency and Bernstein-von Mises theorems).
Under the distribution P?N, the choice of representant in Post,, and Fxpect,
is not harmless anymore. However, the Bayes calculus often exhibits versions
that are “natural” from a statistical point of view. For the specific choice of
the (strong) topology induced by || - ||, it is our belief that Theorems 1 and
2 can play a role in establishing “what if” asymptotic results. This belief turns
out to be true when considering Poisson-Dirichlet priors (see §3.3 below). The
case of posterior consistency of NHCRM is also discussed in §3.2. Another brief
discussion on Gibbs-type priors is also presented in §3.5. The Bernstein-von
Mises phenomenon for Dirichlet processes priors (first proved by Lo (1983),
treating the case of the distribution functions of the posterior laws, and later
extended by James (2008) to a wider setup) is also revisited in §3.4.

Remark 3.1. Due to the very nature of Theorems 1 and 2, the possible use of
those two results in Bayesian nonparametrics is limited to models where the pos-
terior distributions are almost surely discrete, or at least are predominantly built
on random discrete probability measures. Such a restriction naturally excludes
the vast majority of smooth models (see, e.g., (Hjort et al., 2010, Chapter 3.4)),
where the support of Pr (and hence of each Post,(z1,...,xy)) is the set of
continuous measures.

We start this section with an application that is not related to Bayesian
nonparametrics: empirical processes with random sample sizes (also called Kac-
processes), for which the trust in the observations depends increasingly upon
the observed sample size.

3.1. Randomly sized sampling with increasing trust
For fixed n, consider a sequence Y,, having distribution P®" and an almost

surely finite N*-valued random variable 7, which is independent of the first
sequence. For fixed n, the random probability measure

1o
Kacy, == —Z(Sym,
i

is called a Kac empirical measure. Randomizing the sample size plays a role in
probability calculus for the empirical process, where Poissonization techniques
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are involved (in which case 7, is a Poisson random variable with expectation n).
But such a randomization does also reflect a situation sometimes encountered
in practice: the sample size is not known in advance but the observations can
be considered as i.i.d regardless of the observed value of the sample size. Limit
theorems for Kac random measures are well known (see, e.g. (Van der Vaart
and Wellner, 1996, Chapter 3.5)). An interesting extension of those objects is to
weaken the independence structure to a conditional i.i.d. structure of (Y ,)i>1
given 7,,. More precisely, given a sequence of probability measures (Py,) k>1 one
may assume that, for each integers n and k, the law of (Y;,,)i>1 given n, = k

is F?N. Moreover, if one makes the assumption that Pj — Py, as k — oo, for
some “true” probability measure Py, then the corresponding model illustrates
an increasing trust phenomenon: for example, people responding to a survey on
a sensible topic may be keener to reveal their true beliefs or habits (modeled
by Py) when they are ensured that a large number of other people are also
interrogated. Our application of Theorems 1 and 2 is as follows.

Corollary 1. Let F be a pointwise separable class of functions with measurable
envelope F. Let (Py)ren be a sequence of probability measures such that Py
converges to Py in the sense of (13). Let n, be a sequence of N* valued random
variables satisfying n, —p —+oo. Assume that, for each integers n and k, the

law of Y, given n, =k is F?N.
1. If F satisfies (6), with || B, ||3= 1n, as well as

lim Tim P (FH{FZM}) —0, (16)

M—o0 k—o0

then whe have

sup |Kacn(f) — Po(f)’ —p 0. (17)
fer

2. If F satisfies (10), and satisfies

lim Tim Py (F2]1{F2M}) —0, (18)

M—00 k—oc0

then the sequence of F-indexed processes

Gr + i (Kaca(-) =Py, () (19)
converges in law to the Po-Brownian bridge Gp,. If, in addition, we have

lim VE sup [Be(f) ~ Po(f)| = 0, (20)
oo feF

then the centering processes P, (-) can be replaced by Po(-) in the above
mentioned weak convergence.

Remark 3.2. Condition (20) can be understood as a condition on the rate of
trustfullness of Py as the sample size k grows. It is somehow unavoidable, since,
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if the (non random) trajectories v/k(Py(-) — Po(-)) converge in £>°(F) to a limit
trajectory 1, then the second convergence in point 2 holds toward the drifted
Brownian bridge Gp, () + 9(+), as it will clearly appear in the proof.

Proof of Corollary 1. We first prove point 1. Looking at (16), we can assume
without loss of generality that Py (F) < oo for all k > 1. Since 1, —p 00, condi-
tioning upon n,, readily gives (5) from (16), by the use of Cesaro’s convergence
criterion. The same argument combined with (13) shows that

lim sup [E(f(¥i,0)) = Po(f)| = 0. (21)

n— o0 fe]:

Now, since the weights 8; , := 1, "L1i<y,} satisfy || B |i=1 and || 8 [|3=1n, ",
all the conditions of Theorem 1 are met and we apply the latter, justifying the
centering terms Py (f) by (21). The proof of point 2 is done similarly, by formally
replacing F' by F? and by taking 3;, = 77,:1/211{1»9,”}. This entails (19), by
Theorem 2 combined with point 1 of Remark 2.2. Now the use of the centering
parameter Pg(f) instead of Py, (f) is guaranteed by (20) and straightforward
calculus. (]

3.2. Application to sequences of normalized homogenous completely
random measures

A first general class of random measures admitting representation (3) and play-
ing a role in Bayesian nonparametrics is that of normalized homogenous com-
pletely random measures (NHCRM) with infinite activity which can be de-
scribed as follows (see, e.g., Hjort et al. (2010, p. 84-85)): given any finite
measure v on (X,X) and an infinite but o-finite measure p on RT fulfilling
[ sdp(s) < oo, denote by IT a Poisson random measure on X x R with base
measure v ®@ p. Then the associated NHCRM Pr is defined as

Jpums sdIL(z, s)
S e 5dTI(z, s)"

Since p is o-finite, we can select a sequence (Ay)r>1 fulfilling p(Ax) < oo, and

represent IT as
Mk
M=) Y 6virii): (23)
E>1i=1

Pr:=B— (22)

where (n;)k>1 is a sequence of independent Poisson processes with respective
expectations p(Ax) x v(X), and (Y; pn, Jin)n>1,i>1 is an array of independent
random variables, independent of (n)r>1, and for which any pair (Y; ., Jin)
has distribution [v(X)~tv(-)]®@[p(A,) " p(-NA,)]. Plugging (23) in (22) directly
implies that Pr can be represented through (3), with Py, , := v(X)~'v(-) being
constant in p. As an application of Theorems 1 and 2, we now provide a sufficient
and simple criterion for sequences of NHCRM to satisfy a Glivenko-Cantelli or
a Donsker theorem.
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Corollary 2. Let F be a pointwise separable class of functions with measur-
able envelope F, satisfying (10). Let vy, (resp pn) be a sequence of finite (resp.
o-finite) measures, and let IL,, be the associated sequence of Poisson random
measures. Write P, := v, (X) ", (+).

1. Assume that F satisfies (5), with Y1 ,, ~ Py, and that, as n — co:

K2 .— f]R+ s%dpy(s) — o(1). (24)

' n(X) x ( Jor sdpn($)>2

Then we have

‘fx><R+ sf(z
S e sdH (z,5)

fEF

2. Now assume in addition that F satisfies (9) and that P, converges to a
probability measure Py in the sense of (13). Also assume that

/]R+ stdpn(s) = o(l/n(%) X (/]R+ s2dpn(3)>2>, (25)

Then the sequence of random elements

Gp: [ n(fxxw sf(x)dIl,(z, s) B Pn(f)> (26)

S wps sdIL,(, s)

converges weakly to Gp,.
If in addition we have

K, sup |P,(f) —Po(f)| =0, (27)
feF

then the centering trajectories P, (-) can be replaced by Po(-) in (26).

Remark 3.3. James et al. (2009) did provide the very general form of the poste-
rior probability of priors Pr that are NHCRM. They proved that, given a sample
(x1,...,2,) with distincts observations (z7,...,z%), and given the value u of
a specific random variable U, the posterior distribution Pr(%#1:-%) of such

a prior can be expressed as a convex combination of two independent compo-
(u Llyeeny In)

nents: a normalized completely random measure Pr , and a (possibly

unbalanced) bootstraped empirical measure Zi:l Wl-(u’m1 """ z")ém;ﬂ
Hence, the posterior law of Pr given (z1,...,2,) is theoretically entirely
known, by mixing Pr(%*1>-+%n) along the distribution of U,, given (1,0, 2n).

Another important feature of this representation is that, if Pr is a NHCRM with

location measure v, then all the ﬁ(u’zl """ @n) are also NHCRM, with location

measure v. Hence, we hope that Corollary 2 could be a contribution toward



2306 D. Varron

achieving (at least partially) the aim of first/second order posterior consistency

of completely random measures, under norms of the form || - || 7. However, there
is still much work to do, and a very crucial step is to understand the P?N almost
sure asymptotic probabilistic behaviour of U, given (x1,...,xy,).

Proof of Corollary 2. We start the proof with the following straightforward lem-
ma.

Lemma 3.1. For a non negative Borel function 1) on [0,00), if we have
fR+ dpn )

2

(f]R+ 8)dpn( ))

as n — oo, then, since IL, is a Poisson measure with mean measure p, ® Un,
we have

= o(1),

Var( [ vttt e0) = of( [ v e.0)°)

and hence the involved random variable is an equivalent of its expectation, in
probability, as n — oo.

We first prove point 1. With Theorem 1 at hand, it is sufficient to prove that
S wps $2dIL, (z, s)
2
(fo]W sdIL,, (z, s))

By Markov’s inequality, the numerator is Op(v,, (%) [ s2dpy(s)). By Lemma 3.1
(taking ¥ (s) := s), we have

/ sdIL, (x,8) ~p v, (X) X / sdpn(s). (29)
xRt

R+

18, 3= —p 0. (28)

Hence || B,, ||3= Op(K,?), which tends to 0 by (24). This proves point 1 of
Corollary 2. Proving (26) of point 2 is done in a similar way, formally replacing
s by s% and using (25) instead of (24). This entails

[ s v @ x [ 2dpals) (30)
X xR+ R+
S wps s*dIL, (z,s)
2
(fo]w s2dIT,, (z, s))

and hence Theorem 2 applies. The choice of normalization K, in (26) is justified
because (29) and (30) imply

—Pp Oa

(f]w sdIl,, (z, s))2
f]w s2dIL, (x, s)

1 B 1l2°= ~p K. (31)

This concludes the proof of Corollary 2. O
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3.3. Stick breaking random measures

Another general class of discrete priors (see, e.g., (Hjort et al., 2010, Chapter 3))
is that of stick breaking priors, which can be represented as in (3), with Y,, being
independent of 3,,, and with 3,, constructed as follows:

1—1
j=1

Here the V;, are mutually independent (but not necessarily identically dis-
tributed), satisfying

—log (1 — IE(VM)) = o0,

=1

to ensure that || 3,, |[1= 1 with probability 1. The class of stick breaking priors
is not included in that of NHCRM, and encompasses discrete priors of interest.
A crucial example is the two parameter Poisson-Dirichlet process. More precis-
ley, a Poisson-Dirichlet process PD(ay,, M, P,) with base probability measure
P,,, concentration parameter M,, > 0 and shape parameter a,, € [0,1) can be
represented as a stick breaking random probability measure with Y; ,, ~ P,, and
Vi ~ Beta(l — ay, My, + i) (see, e.g., James (2008)). Except for the case
ay, = 0, which corresponds to the Dirichlet process, a Poisson-Dirichlet process
does not belong to the NHCRM class. Our next result provides a sufficient cri-
terion for sequences of stick breaking random measures to satisfy a Donsker or a
Glivenko-Cantelli theorem. As in Corollary 2, the criterion can be divided into
a convergence criterion of the underlying measures P,, and a sufficient condi-
tion for the weights to behave as demanded in Theorems 1 and 2. Motivated by
the Poisson-Dirichlet process, our proposed criterion can be roughly described
as a sufficent set of conditions to ensure that, for some non random sequence
K, — oo:

1. The number of predominant weights 3; ,, is of order K,.
2. Those weights behave as if they where i.i.d with common order of magni-
tude K, 1.

Due to the particular structure of the stick breaking construction, we propose
three conditions (see (34), (35) and (36) below) to ensure that 1 and 2 are
satisfied. To heuristically explain why we propose these conditions, let us first
assume that, for fixed n, the weight constructing random variables (V; );>1 are
i.i.d. with expectation K, !. The stick breaking construction shows a picture of
first weights f3; ,, that are not too far from the respective V; ,, as long as the
correcting factor [[,; ;(1—Vj ) remains close enough to 1. Roughly speaking,
such a closeness is guaranteed as long as no V; ,, departs too far away from its
expectation. Indeed, when such a departure happens, the unexpectedly small
factor (1 — V4, ) introduces a significant gap between the 3;,,, i <ip — 1 and
the Bin, @ > io. We make the assumption that ig(n,w) is at least of order K,
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(see condition (34)), ensuring that such a gap does not happen too soon. Con-
ditions (35) and (36) are introduced to handle the case where the independent
Vin fail to be identically distributed, but the consecutive laws of V;;1, and
Vin are nevertheless similar enough. This is the case for the Poisson-Dirichlet
process, as it will be shown in Corollary 4.

Corollary 3. Let F be a pointwise separable class of functions satisfying (10),
with measurable envelope F'. Let Pr, be a sequence of stick breaking measures,
with respective underlying distributions P, and with respective sequences of
weight-constructing random variables (Vi n)i>1, n > 1.

1. Assume that F' satisfies (5), with Y1 n, ~> Py, and that

> E(V2) 1:[ E((1=Vjn)?) — 0. (33)

i>1

Then we have

sup |Pr,(f) —Pn(f)‘ —p 0.
fer

2. Assume that F satisfies (9) and that P, converges to Py in the sense
of (13). Assume that, for some determistic sequence K, — oo, writing
Zin =K, Vin, the following conditions are satisfied:

Ve >0, 36 > 0, Timy o0 P(maxig[(gKn] Zin > 1og(Kn)) <e  (34)

T i £ 8(22) TE((1-%2) ) <o 39)
i>1

j=1
[6K ]
V6 >0, lim, , PK,' > Z2, >0. (36)
i=1
Then the sequence of processes
1
f—=———(Pro(f)—P.(f)), 37
13,7 (Prelh) = Pal) 7

with B,, defined as in (32), converges weakly to Gp, in £>°(F). If, in
addition there exists 6 > 0 such that

K sup [P (f) = Po(f)] 0,
fer

as a deterministic sequence, then the centering process P (-) can be re-
placed by Po(-) in (37).
Proof of Corollary 3. Point 1 is proved by noticing that (33) implies
[| B,, |l2—=p 0 by Markov’s inequality. To prove point 2, we need to show
that || B, [la / || B, [l2—=¢ 0. By (35), we already have || 8, |[i= Op(K°).
Hence it is largely sufficient to prove that

300, ¥6 < 8o, K17 = op (11 B, 113 ). (38)
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For fixed § > 0, ¢/ > 0 and n > 1, write

[0 K]

A, /::{max Zin < log(K, }m{K;l anza’}.

5,6 e 7 g(Kn) ; )

Note that, by (34) and (36), we have
lim lim lim P(AHM) —1. (39)
6—06"=0n 500

Introducing the equalities Z; , = K,,V;,, in the expression of || 3,, ||2 entails:
i—1
=1

—+o0
Z:n\2
Kr21 || ,Bn ||§ ﬂAn,&,w = ZZZn H (1 - KJ——)) ]lAn,a,a’
i=1 j n

[0 K]
IOg(Kn) 20Kn 2
2 (1 - K ) Z Zi,n]lAn,s,s’
n i=1
~ Slog*(K,)

> exp ( —26log(Ky,) e

)51Kn]lAn 8,87
> 8Ky,

Now choosing § > 0 and ¢ > 0 small enough and using (39) proves (38). The
last statement of Corollary 3 is also a consequence of (38). O

Remark 3.4. Given a prior DP(a, M,P) a version of Post, is the map for
which, given (z1,...,zy):

k
Posty(21,...,&n) =a Rk x DP(o, M + ko, P) + (1= Rx) > Ajz},  (40)
i=1
with &k being the number of distinct obervations (z7,...,x}) with respective
numbers of ties (n1,...,ng), with (A1, ..., Ag) ~ Dirichlet(n1 — «, ..., ng — a),

with Ry ~» Beta(M + ka,n — ka), and with all the three random variables/
processes in (40) being mutually independent. Hence, Glivenko-Cantelli and
Donsker theorems for sequences Poisson-Dirichlet processes are definitely a valu-
able tool to derive posterior first/second order consistency under || - || £.

By a use of Corollary 3, we can deduce asymptotics for sequences of Poisson-
Dirichlet processes in strong topology (see Corollary 4 below). It has to be
mentioned that, among other results, (James, 2008, Section 4) did also prove
such kind of results, when «, = « and P, = P are constant in n, and
K,+1 = M+an, and hence extending the pioneering result of Lo (1983). James
took another route, by expressing PD(a, M + an,P) as a randomly weighted
convex combination of n + 1 independent Poisson-Dirichlet processes. Then, he
used standard methods in empirical processes theory: convergence of sums of
independent measurelike processes (see, e.g., (Van der Vaart and Wellner, 1996,
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Chapter 2.11) for a definition), and a multiplier central limit theorem. Finally
he used those asymptotic results together with the theory of exchangeable boot-
strap, to prove, under the || - ||+ topology:

e A first and a second order posterior consistency result for the Dirichlet
process prior.

e A first and a second order posterior consistency result for the Poisson-
Dirichlet process prior, when P is discrete.

e A first and second order posterior convergence result, for the Poisson-
Dirichlet process prior, to aP + (1 — @)Pgy, when o € (0,1) and Py is
continuous (hence an unconsistency result).

All his results were restricted to the case where F is a V-C subgraph class of
functions (see, e.g., (Van der Vaart and Wellner, 1996, p. 141)), which is an
assumption stronger than (10). However, a close look at his arguments leads to
the conclusion that all his results still hold when the V-C subgraph assumption
is relaxed to (10). Our next result, which generalizes Theorems 4.1 and 4.2 of
James (2008), can also be seen as an alternate route to prove all the three
above-mentioned posterior convergence results.

Corollary 4. Let K,, and o, be two sequences of non negative real numbers such
that K,, — oo and o, € [0,1—¢) for some e > 0 not depending upon n. Let P, be
a sequence of probability measures on X, and let F be a pointwise separable class
of functions with measurable envelope F satisfying (10). Let Pr,, be a sequence
of random probability measures having distributions PD(ay,, K, + 1,P,,).

1. Assume that F satisfies (5), with Y1, ~ P,,. Then we have

sup | Pra(f) - Pn(f)’ —p 0.
feFr

2. Assume that F satisfies (9) and that P,, converges to Pg in the sense of
(13). Then the sequence of processes

f = 1 (Prolh) = Pulh). (41)

with B,, defined as in (32), converges weakly to Gp, in ¢>°(F). If, in
addition, there exists § > 0 such that

K3 sup [P () = Po(f)| = 0,
fer

as a deterministic sequence, then the centering process P, (-) can be re-
placed by Py(+) in (41).

The corresponding proof relies on cumbersome calculations based on the usual
properties of the Beta distribution. It is postponed to §4.
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3.4. A Bernstein-von Mises phenomenon under || - || for
sequences of Dirichlet processes priors

Using the results of the preceding subsections, it is now possible to extend James’
results to a Berstein-von Mises theorem for posterior distributions of sequences
of Dirichlet processes priors PD(0, M,,P,,) with varying baseline probability
measures P, and concentration parameters M, as long as the latters are neg-
ligible in front of the sample information n. Such an approach of using priors
distributions that change with the sample size is already present in Castillo and
Nickl (2014). Note that, for a Dirichlet process PD(0, M, P,,), the (natural
version of) the posterior distribution given a sample has the following simpler
expression (Ferguson (1973)):

1 n
Posty(x1,...,2p) := PD(O, M, 4+n,0,P,+(1—10,)— E (5%.), where (42)
n
i=1

-— Mn
=

n

Corollary 5. Let M, be a sequence of positive numbers which is o(n1/2), let
P,, be a sequence of probability measures on X, and let PD(0, M,,,P,,) be the
associated sequence of Dirichlet processes. For fized n, define Posty (1, ..., Ty)
as in (42). Let F be a pointwise separable class of functions with measurable
envelope F satisfying (10) and

n@o P, (F?) < +oo. (43)

Let Py be a probability measure for which F is square integrable. Then for P?N
almost every sequence (x;);>1 we have

SN

\/E<Postn(a:1,...,a:n)— 2511) =z Gp,, in >°(F). (44)
i=1

Proof. Write

G={(f-9% (o) e F L ul{r reFiur,

3

A= {(Ii)izl, V/nsup

feg

0 (Pulh) = 3 1) = 0}

Il
-

1 n
B:= {(xi)iZh ilelg ‘E ;:1 fl) — PO(f)‘ — 0}’
1 n
C = {(Cvi)izl, VM €N, n Z_1 F2(2)1{p@n>my = Po (FQ]I{FZM})}'

Since 6, = o(n~1/?), since Py(F?) < oo and by (43), we have PYV(A) = 1.
Moreover, by (10) combined with standard covering numbers arguments, the
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class G is Po-Glivenko-Cantelli, and hence P (B) = 1. Finally PV (C) = 1
by the strong law of large numbers. Now, for every (x;);>1 € AN BN C the
sequence (Posty(21,...,%,))n>1 is a sequence of NHCRM (see, e.g. Hjort et al.
(2010)), with base measures

1
dpn(s) := 5 exp(—5)1 (0,400 (5)ds
U = (M, + n) X @, with

1 n
ni=0,Pn+(1—-0,)— O, -
a + )n; ;

Note that, by elementary analysis, we have (using the notations of Corollary 2)
K2 ~ (M, +n) ~ n. Moreover, by the triangle inequality we have

lim Tm o (F211{F2M}) —0. (45)

M — 00 n—o0

Hence, the sequence (Posty,(x1,...,2n))n>1 satisfies all the required conditions
to use (26) in Corollary 2, with the formal change of P,, into «, (note that
condition (13) is guaranteed by the definition of A and B together with the
triangle inequality for || - || 7). We hence have

\/ﬁ<P05tn(:171, B ozn) —¢ Gp,, in £°(F). (46)

Now the substitution of a, to n=*>""" | d,, is possible by definition of A. O

3.5. A discussion on Gibbs-type priors

A very important class of discrete priors Pr is that of Gibbs-type priors with
parameter o € (—o0, 1), for which

k

V, V,
Expecty,(1,...,xy,) := n‘—;l’l:rl P* + {Z/Hkk Z(nZ — U)éw;«,
™ W i=1

with P* being the mean value of Pr, and with V}, j satisfying the recursion
Vn,k = (n - Uk)vn+l,k + Vn-l—l,k-i—l'

De Blasi et al. (2013) did prove a first order posterior consistency result for
Posty(x1,...,x,) under the weak topology, and hence it would be of interest to
strenghten their result under || - || . Their proofs, however, do not relies on any
explicit representation of Post, (x1, ..., 2, ), which are not known in generality.
Instead, they successfully take advantage of the exchangeability of (X1, ..., X,,)
(in the Bayesian model) to obtain suitable bounds for the posterior variances
of Pr(A), given (z1,...,zy), for fixed A € X. Since our results are limited to
posterior distributions that are explicit, we doubt that Theorems 1 and 2 could
be useful toward that aim of generalization.
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4. Proofs

Proof of Theorem 1. The proof is an adaptation of Van der Vaart and Wellner
(1996, p. 123). We first prove the Borel measurability of the || G¥ ||#. Since
E(F(Y1,,)) < oo, for all n, there exists Qo fulfilling P(£2y) = 1 and such that
E(F(Yi,n) | B,)(w) < oo for all n > 1 and w € Q. Applying, for fixed w €
o, the dominated convergence theorem with underlying measure P, g (w), we
conclude that the pointwise dense class Fy is also dense in (F,[[ - [lp, 5 ()
This ensures the Borel measurability of || GE || for all n > 1 and k& > 1.
We now fix M > 0, and we introduce an independent, identically distributed
Rademacher sequence (€;);>1 (namely P(e; = 1) = P(e; = —1) = 1/2), which
is independent of both (3,,)n>1 and (Y,),>1. For fixed n > 1 and k > 1, we
apply Lemma 2.3.1 in Van der Vaart and Wellner (1996, p. 108) conditionally
to 3,,, for Ele Bindy;, . Because Fyy is uniformly bounded by M, we can take
the limit in (Ex,, 1, ||| - |/|7y,1) of the latter inequality, as k — oo, to obtain

B(11Gn Iz [8,) < 28( s | Y B (V)|

ﬁn>, with probability 1.

Now fix € > 0, p= (pi)i>1 € S and y = (y;);>1 € X. By (6) we have,

B s | S pes)|) <+ B pax | Spaseo ). (0

feFm i>1 Py i>1

where Fpy C Far has cardinality less than N (e, Far, P(p,y)) (recall (7)). The
maximal inequality for sub-gaussian random variables (see, e.g., Van der Vaart
and Wellner (1996, Lemma 2.2.2, p. 96)) yields, almost surely:

E(fgl}%fy | ;pzfif(yi) | )

< \/1 +log (N(e,]-'M,?(p,y))) D PPy p(y) <)
i>1

< \/1 + log (N(e,]—'M,F(p,y)D X || plla xM, from where, integrating (47):

]E( sup | Zﬁi,néif(yi,n) |

feFm i>1

ﬁn> 5 0, because || B, [l2=¢ 0,

and that convergence in probability also holds in expectation, since the in-
volved random variables take values in [—M, M] with probability one (see, e.g.,
Williams (1991, p. 130)). The proof is then concluded by noticing that

E(sup Gulf) —Gn(f]l{F<M})D < 2E(FOin)lgrzn ), (48)
fer

which can be rendered arbitrarily small by (5). O
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Proof of Theorem 2. Invoking similar arguments as in the beginning of the proof
of Theorem 1, there exist 2y having probability one, such that, for each w € Qy,
Fo is dense in (F,]| - [|p, 4 (.),2)- Moreover, given 8,, W, is Gaussian with
intrinsic semimetric bounded by || - |[p, 5 2. Hence (see, e.g., Van der Vaart
and Wellner (1996, p. 100)) we have, almost surely (K denoting a universal
constant):

E< sup | Wn(fl) - Wn(fQ) | ﬂ{Hfl*hHPnﬁ ,2<6}>

(f1,f2)€FE

( wp W)~ W (o) | )

(fr.f)EFE, |l fi=fallp, 5, 250

= ]E(E( sup | Wi (f1) = Wa(f2) | > n>
(f1.f2)€FE, ||f1—f2HPn,Bn,2§5
5
< KE*(/ \/log (N (e, Fo, || - ||Pn,Bn12>)de>

< K/ \/log sup (el Fllg.2: Fo. |l - llq,2))de, since F > 1.
Qprob

Hence, for any k > 1, that bound can be rendered less than 272 for a suitable
choice of §; > 0. Markov’s inequality and the Borel-Cantelli lemma yield

]P’( sup | Wo(f1) = Wa(f2) |> 27F infinitely often) =0.
(f1.f2)€F0, [l f1—Ffallp, g, 250k

This entails the existence of ©; C €y having probability one, on which the
process W, is || - [|p, 4, 2 uniformly continuous on Fo. Combine this with the
density (for fixed w) of Fo in (F, || - [|p,, 4, ,2) to conclude that, for any (possibly
infinite) § > 0, we have, on {;:

sup [ Wa(f1) = Wa(f2) | = sup | Wa(f1) = Wa(f2) |,
(f1.f2)€F?, (f1.f2)€F3,
l[fi=felle, g, 2<0 fi=falle, g, 2<8
(49)

which is almost surely finite. The proof of Theorem 2 is divided in two steps.

Step 1: Convergence of the marginals

For p > 1, write | - |, for the usual Euclidean norm on RP. Also write dp
for the Levy-Prokhorov distance between (Borel) probability measure on RP,
generated by | - |, namely, for two probability measures P and Q

drp(P,Q) :=inf {A >0, II(P,Q, ) < A}, where we write (50)
I(P,Q,)\) :== sup max{P(A) — Q(A"),Q(A) — P(A*)},for A>0, (51)
A Borel

and where, for a set A, we defined

A P —
AN {ZCER,yllélglfL' y|p<)\}. (52)
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Our first proposition controls the distance of the marginals of GG,, and those of

W,,. Given ¢ € £2°(F), ¢(f) stands for (¢(f1),...,0(fp)).
Proposition 4.1. For each p > 1 and £ € RP, we have
Proof. For § > 0, write

D10(0) = D B [ﬂ{m,nFm,n>>6}f(Yi’") B ]E(]l{m,nFm,n>>6}f(n*”) | ﬁ")} ’

i>1

Z2n(0) = D Bin [ﬂ{ﬁi,nFm,mQ}f(Yi’") B ]E(]l{ﬁi,nFm,msa}f(n*”) | ﬁ")}

i>1

Now, for p € S, denote by Psll,;,(é) (resp. P512;,(5)) the law of Zy ,(d) (resp.
Z3.,(6)) conditionally to 3, = p, and QS},(&) (resp. Qg)p(é)) the Gaussian
analogue of P%{%,((S) (resp. P?},(a)) We will also write Vi ,,(d) (resp. V2, (9))
for a (generic) random vector, for which the law is the mixture of (P%{;(é))peg

(resp. (Pg%,(&))pes by 3,,- The proof is then divided into two separate lemmas.
Lemma 4.1. For any 6 > 0 we have Zy,,(0) =z 0 and V1 ,(0) = 0.

Proof. We can assume without loss of generality that p = 1. Fix § and € > 0,
and choose (by (9)) n > 0 small enough to have

T 3
Tim E(F(Ylm)]l{F(YM)ZWW}) <é. (53)

n—r00

The union bound entails, for fixed n:

P(1 Z1n(0) 1p> €) < P( 1l 8o lla= 1) + B 1l B 1< 0, | Z1n(6) [p> €)-

The first term of the RHS of the preceding inequality tends to 0 by assumption.
Applying Tchebychev’s inequality conditionally to 3,,, yields:

(1l B ll4< . | Z1,0(6) Ip> €)

1 2
= ?E(ﬂ{nﬁnm} ; ﬂiﬁnvar(f(yiv")ﬂ{ﬁimf“(“m)>5} | B”))

1 2 2

<e

— )

for all n large enough, by (53) and because || 3,, ||3= 1 with probability one.
This proves the first assertion of Lemma 4.1. The second assertion is treated in
a very similar way. We omit details. Il
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Lemma 4.2. There exists ¢ > 0 such that, for anyp > 1, f € FP, 6 > 0 and
n > 1, we have (as a comparison of real functions on [0, 00[):

supH(P(z) (), Qgﬁ,(é), o) < ep®Pexp ( - m), which implies  (54)

PpES
H(Zz,n(a), Van(6), .) < ep5% exp ( - m) which entails (55)
drp(Zon(9), Van(8)) < cp™?e™125(] In(26) | +1). (56)

Proof. Fix p > 1. Since Theorem 1.1 in Zaitsev (1987) provides bounds that
do not depend on the power of convolutions, as soon as the latter are properly
defined as limits under weak convergence. Hence, for fixed p € S we apply the
second part of Theorem 1.1 in Zaitsev (1987), with 7 = 2§, for which the upper
bound does not depend on p. This proves (54), then (55) by integration, then
(56) by definition of dy p. O

Now a combination of Lemmas 4.1 and 4.2 concludes the proof of Proposi-
tion 4.1. O

Step 2: Asymptotic equicontinuity
We now turn on to proving that both (W, ),>1 and (Gy), .
cally equicontinuous.

, are asymptoti-

Proposition 4.2. We have

*

Ve >0, lim lim v sup | Gn(f1) — Gu(f2) |=
d—0n—o0 (F1,f2)EF2, po(f1,f2)<6

s

Ve >0, lim lim i sup | W (f1) = Wal(f2) |=
0=0n=00 (£ £)EF2, po(fi,f2)<s

Proof. First, from assumption (11), the proof boils down to showing that

Ve > 0, lim Tm sup | G (f1) — Gn(f2) |=0, (57)
0=0n=00 (1) f2)eF2, l[fi=felle, g, 2<0

Ve > 0, lim Tm sup | Wi(f1) = Walf2) |=0, (58)
001200 (f f)eF2, |Ifimfallp, 5 2<6

and that the involved maps are measurable, which will justify the use of IP instead
of P*. The required measurability of (58) has already been proved through (49).
Moreover, since Zi>1 BinF (Yin) < oo almost surely for all n, and by a simple
truncation argument, we see that there exists {2, having probability 1, such
that, for each w € 9, the sets

Fap,sw)={fi— fo, (fi.fo) € F% || fr — follp, g ) 2< 0}, 6>0

are open for the topology O generated by the maps {f — f(x), z € X}.
This proves the measurability requirement of (57), since G,, is O- continuous
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for w € Qg (here, we take the set Qg which was exhibited in the beginning of
the proof of Theorem 2). We will now complete the proof of (57). Fix ¢ > 0.
Conditioning by 3,, and using symmetrization as in the proof of Theorem 1, we
have, almost surely:

E( || Gn ||]-"n,;3n,6 ﬁn)
<2E( s | Bineif (Vin) |

jej:n,ﬁnyé 121

)

0n

< 20/ \/log (el F 1P, 5, .2: Fngo: |l P g, 2 )de, where  (59)
0

Supfe]:n,gn,s ;ﬁinfz(}/l,n)

TR 16,

n

Since the integrand in (59) is bounded by the integrand in (10), the proof of
(57) will be achieved if we establish that 6,, —p 0. Since F' > 1, it suffices to
prove that the class G := {(f1 — f2)?, (f1,f2) € ]-'2} satisfies the conditions
of Theorem 1, with the formal changes of f;, to f7,. All these conditions
are stralghtforwardly satisfied, except (6) for which we invoke the almost sure
comparison, for fixed € > 0:

— 2
N(Evgv || ’ ||ﬁ(ﬁn,Yn),1 ) < N( || F ||ﬁzﬁn)yn))2 €/8,F, || ’ ||?(5n,Yn),2 ) )

for which the RHS is bounded in probability as n — oo by (9) and (10). This
proves (57). The proof of (58) is very similar. We omit details. O

The proof of Theorem 2 is then achieved by combining Step 1 and Step 2
with a straightforward adaptation of Van der Vaart and Wellner (1996, p. 72,
Theorem 1.12.2). O

Proof of Corollary 4. Assume without loss of generality that K, > 3 for all
n > 1. We will prove assertions (34), (35) and (36) with K, as written in the
statement of Corollary 4. Note that Z;,, ~ K,, x Beta(l — ay,, K, + iay,). For
fixed 6 > 0 and n > 1 we have

P(lérﬁsa%n} Zin > log(K, ))

< [0K, ]Klr[g}g]l?(Zm > log(K ))

= [5Kn]]P’(Zl,n > log(Kn)>, by usual properties of the Beta distribution

K, T Kn

(1— K_n) dx

€T —Qp

log(K,)  Hn

+oo
—ltan / exp ( — 3:) dz,
1

Og(Kn)

(1 -, + K, +1
(1 —a,)T(K, +1
I(1—a,+ K, +1
T — an) (Ko + 1

= [5Kn]

>)K
< [0K ) >)
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I'(-) denoting the Gamma function. Now, by a use of Stirling’s formula for I'(-),
and because 1 — a,, > ¢ for all n, we have

F(l—an+Kn+1)K;1+an _5
T(1— an)D(K, +1)

for all n large enough. This proves (34). To prove (35), fix n > 1 and first notice
that, by the moment formulas of the Beta distribution, we have

i-1 _

%;E(zﬁn)EE«p 15)4)

) = Zin

i, 2B TE( - )

_Z (I—om)2—an)B—an)d—an ﬁ( 1—an - )

nl>1 (1+l;;n) =1 l—a, +Kp+1+jo,
(60)

IN

| A

Now consider the two following complementary cases.

Case 1: a;, = 0: In that case the RHS of (60) is bounded by

—ZH( K, +2)< 4<I§§n+2)§48’

nz>17 1

because K,, > 3.

Case 2: o, > 0: In that case the RHS of (60) can be bounded by 64 by the
following chain of inequalities (we use the classical comparisons of sums/integral
of monotonic functions in (61) and (62)):

24 1 1—«
= - 1— n . )
an(l_'_z;_:)ﬁlj_l( l—a,+Kn+1+4+ja,

i>1
_ " i
S12(_%1_2+;(1+§?_:)46Xp<_;1—an—|—1Kna—tl—|—anj)
<ple e (- (e e )
h (61)
. _l-an
S R R

IN

8 UK, 43 a, (i = anr—ay. (i —2)any "5
o s
% o K, xKn—i—?);( + Kn+3) K, +3
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48 1
<16+ — X ———r
= +anx4+1;an

48

1+ 3,

(62)

=16+

< 64.

Now, in order to prove (36), in virtue of the Bienaymé-Tchebytchev inequality,
it is sufficient to establish that

lim minE(Z2,) >0, (63)
n—oo t1<n ’

Tim maxVar(an) < 0, (64)
n—oo 1<n ’

which is straightforward using the moments expressions of the Beta distribution.
We omit details. O
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