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We develop a semiparametric Bayesian approach for estimating the mean
response in a missing data model with binary outcomes and a nonparamet-
rically modelled propensity score. Equivalently, we estimate the causal ef-
fect of a treatment, correcting nonparametrically for confounding. We show
that standard Gaussian process priors satisfy a semiparametric Bernstein—
von Mises theorem under smoothness conditions. We further propose a
novel propensity score-dependent prior that provides efficient inference un-
der strictly weaker conditions. We also show that it is theoretically preferable
to model the covariate distribution with a Dirichlet process or Bayesian boot-
strap, rather than modelling its density.

1. Introduction. In many applications, one wishes to make inference concerning the
causal effect of a treatment or condition. Examples include healthcare and assessing the im-
pact of public policies amongst many others. The available data are often observational rather
than the result of a carefully planned experiment or trial. The notion of “causal” then needs
to be carefully defined and the statistical analysis must take into account other possible ex-
planations for the observed outcomes.

A common framework for causal inference is the potential outcome setup [23, 32]. In
this framework, every individual possesses two “potential outcomes”, corresponding to the
individual’s outcomes with and without treatment. The treatment effect, which we wish to
estimate, is thus the difference between these two potential outcomes. Since we only ob-
serve one out of each pair of outcomes, and not the corresponding “counterfactual” outcome,
we do not directly observe samples of the treatment effect. Because in practice, particularly
in observational studies, individuals are assigned treatments in a biased manner, a simple
comparison of actual cases (i.e., treated individuals) and controls may be misleading due to
selection bias. A typical way to overcome this is to gather the values of covariate variables
that influence both outcome and treatment assignment (“confounders”) and apply a correc-
tion based on the “propensity score”, which is the conditional probability that a subject is
treated as a function of the covariate values. Under the assumption that outcome and treat-
ment assignment are independent given the covariates, the causal effect of treatment can be
identified from the data. Popular estimation methods include “propensity score matching”
[38, 40] and “double robust methods™ [32, 37, 39, 41]. In this paper, we follow the approach
of nonparametrically modelling the propensity score function and posing the estimation of the
treatment effect as a problem of estimation of a functional on a semiparametric model [6, 43,
48]. Our methodological novelty is to follow a semiparametric Bayesian approach, putting
nonparametric priors on the propensity score and/or on the unknown response function and
the covariate distribution, possibly incorporating an initial estimator of the first function.

For notational simplicity, we in fact consider the missing data model which is mathemat-
ically equivalent to observing one arm of the causal setup. The model is also standard and
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widely studied on its own in biostatistical applications, where response variables are fre-
quently missing, and is a template for a number of other models [33, 44]. For a recent review
on estimating an average treatment effect over a (sub)population, a problem that has received
considerable attention in the econometrics, statistics and epidemiology literatures; see Athey
et al. [4].

Suppose that we observe n i.i.d. copies X1, ..., X, of arandom variable X = (Z, R, RY),
where R and Y take values in the two-point set {0, 1} and are conditionally independent
given Z. We think of Y as the outcome of a treatment and are interested in estimating its
expected value EY. The problem is that the outcome Y is observed only if the indicator
variable R takes value 1, as otherwise the third component of X is equal to 0. Whether
the outcome is observed or not may well be dependent on its value, which precludes taking a
simple average of the observed outcomes as an estimator for EY . The covariate Z is collected
to correct for this problem; it is assumed to contain exactly the information that explains why
the response Y is not observed except for purely random causes, so that the outcome Y and
missingness indicator R are conditionally independent given Z, that is, the outcomes are
missing at random (relative to Z).

The connection to causal inference is that we may think of Y as a “counterfactual” out-
come if a treatment were assigned (R = 1) and its mean as “half” the treatment effect
under the assumption of unconfoundedness. More precisely, if ¥! and Y° denote the po-
tential outcomes when treated or not treated, then in the causal model one would observe
(Z,R,Y'R, Y°(1 — R)) and be interested in estimating EY I _EY? under the assumption that
Y%, ¥! are conditionally independent of R given Z. One can think of the missing data prob-
lem as simplifying this to observing (Z, R, Y R) and estimating EY''. To estimate the causal
effect, one could apply the missing data problem a second time, to the data (Z, R, Y°(1— R)),
to estimate EY?, or do a simultaneous analysis. In the nonparametric setup, there will be no
essential difference between the two.

The model for a single observation X can be described by the distribution of Z and the two
conditional distributions of Y and R given Z. In this paper, we model these three components
nonparametrically. We investigate a Bayesian approach, putting a nonparametric prior on
the three components, in particular Gaussian process and Dirichlet process priors. We then
consider the mean response EY as a functional of the three components and study the induced
marginal posterior distribution of EY from a frequentist perspective. The aim is to derive
conditions under which this marginal posterior distribution satisfies a Bernstein—von Mises
theorem in the semiparametric sense, thus yielding recovery of the mean response at a /n-
rate and asymptotic efficiency in the semiparametric sense.

In recent years, Bayesian approaches have become increasingly popular due to their ex-
cellent empirical performance for such problems [1, 2, 15, 19-22, 42, 54]. However, despite
their increasing use in practice, there have been few corresponding theoretical results. Indeed,
early work on semiparametric Bayesian approaches to this specific missing data problem
produced negative results, proving that many common classes of priors, or more generally
likelihood-based procedures, produce inconsistent estimates assuming no smoothness on the
underlying parameters; see the results and discussion in [30, 36]. We attempt to shed light on
this apparent gap between the excellent empirical performance observed in practice and the
potentially disastrous theoretical performance.

The structured nature of the model, with three parameters (response function, propensity
score and covariate distribution), requires careful consideration of prior distributions. As the
likelihood factorizes over the three parameters, choosing these a priori independent will lead
to a product posterior. We show that this can lead to efficient estimation of EY, but only under
unnecessarily harsh smoothness requirements on the parameters. This is in agreement with
the discussion in [30, 36], which applies to likelihood-based methods in general, including
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semiparametric maximum likelihood [24]. Within our Bayesian setup, it is possible to correct
this (partly) by modelling the response function and propensity score as a priori dependent,
thus allowing the components to share information, despite the factorisation in the likelihood.
In particular, we propose a novel Gaussian process prior that incorporates an estimate of the
propensity score function, and show that it performs efficiently under strictly weaker con-
ditions than for standard product priors (see [27] for an empirical investigation). Unlike for
these latter priors, extra regularity of the binary regression function can compensate for low
regularity of the propensity score, that is one direction of so-called “double robustness” [8,
39]. A related construction using Bayesian additive regression trees (BART) has been shown
to work well empirically [20]. It can thus be both practically and theoretically advantageous
to employ propensity score-dependent priors.

For the estimation of EY at \/n-rate, smoothness of the distribution of the covariate Z
is not needed. In our main result, we therefore model this distribution by the standard non-
parametric prior for a distribution: the Dirichlet process. In our concrete examples, the prior
modelling thus consists of a combination of Gaussian and Dirichlet processes. In the Supple-
mentary Material [28], we also consider modelling the covariate density, for instance by an
exponentiated Gaussian process. Our result seems to indicate that even when the smoothness
of the density is modelled correctly, this approach can induce a nonvanishing bias in the pos-
terior distribution of EY, an effect that becomes more pronounced with increasing covariate
dimension.

The papers [33, 35] consider estimation of EY under minimal smoothness conditions on
the parameters. Using estimating equations, the authors construct estimators that attain an
optimal rate of convergence slower than 4/n in cases where the component parameters have
low smoothness. Furthermore, they construct estimators that attain a /n-rate under minimal
smoothness conditions, less stringent than in earlier literature, using higher order estimating
equations. It is unclear whether similar results can be obtained using a Bayesian approach.
The constructions in the present paper can be compared to the estimators obtainable for lin-
ear (or first order) estimating equations. It remains to be seen whether Bayesian modelling
is capable of performing the bias corrections necessary to handle true parameters of low
smoothness levels in a similar manner as higher order estimating equations.

For smooth parametric models, the theoretical justification for posterior based inference
is provided by the Bernstein—von Mises theorem or property (hereafter BvM). This property
says that as the number of observations increases, the posterior distribution is approximately
a Gaussian distribution centered at an efficient estimator of the true parameter and with co-
variance equal to the inverse Fisher information; see Chapter 10 of [48]. While such a result
does not hold in full generality in infinite dimensions [14], semiparametric analogues can es-
tablish the BvM property for the marginal posterior of a finite-dimensional parameter in the
presence of an infinite-dimensional nuisance parameter [7, 10, 11, 31]. In such cases, care
is required in the choice of prior assigned to the nonparametric part, as oversmoothing may
induce a bias in the posterior distribution of the finite-dimensional parameter.

Our main results are two theorems for general priors on the response function and/or
propensity score, followed by corollaries for Gaussian process priors. In both cases, we com-
bine these with a Dirichlet process prior on the covariate distribution. While the first theorem
is in the spirit of earlier work, it is novel in its extension to a structured semiparametric
model and its combination with the Dirichlet process, in both a modelling and a technical
sense. The second theorem is innovative in its investigation of “half of double-robustness”,
as indicated in the preceding, and by showing that incorporating a prior perturbation in the
least favourable direction can remove potential bias from the posterior. The latter device takes
care of the usual “prior invariance condition” and has consequences beyond the model in this
paper. The corollaries for Gaussian process priors illustrate the conditions of the main results,
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and give concrete examples of inference. In the Supplementary Material [28], we present a
third theorem, which covers the case that the covariate density, rather than the distribution, is
modelled, which is again illustrated by Gaussian process priors.

An important consequence of the semiparametric BvM is that credible sets for the func-
tional are asymptotically confidence regions with the same coverage level. The Bayesian ap-
proach thus automatically provides access to uncertainty quantification once one can sample
from the posterior distribution. Obtaining confidence statements for average treatment effects
is a current area of research and there has been recent progress in this direction, for example
using random forests and regression trees [3, 53]. Our results show that Bayesian approaches
can also yield valid frequentist uncertainty quantification in this setting.

The paper is structured as follows. In Section 2, we provide a review of the model, in-
cluding the relevant semiparametric theory. Section 3 contains the two main theorems and
their corollaries, with discussion in Section 4 and the main proofs in Section 5. The remain-
ing sections are given in the Supplementary Material [28]. Section 6 gives the third theorem,
with a joint prior on the propensity score, response function and covariate density. Technical
results, auxiliary results and posterior contraction results are deferred to Sections 7, 8 and 9,
respectively.

1.1. Notation. The notation < denotes inequality up to a multiplicative constant that
is fixed throughout and |x| is the largest integer strictly smaller than x. The symbol W is
used for the logistic function given by W(x) = 1/(1 + e¢~*). We abbreviate [ f d P by Pf.
For probability densities f and g with respect to some dominating measure v, h(f, g) =
(Jf 12 _ g1/2)241)1/2 is the Hellinger distance, K ( f, g) is the Kullback—Leibler divergence
and V(f, g) = [(log(f/g))*dF. We denote by H® = H*([0, 1]¢) and C* = C*([0, 1]9) the
L2-Sobolev and Hélder spaces, respectively. For i.i.d. random variables X1, ..., X,, with
common law P the notation P,[h] = n~! Y h(X;) and G,[h] = /n(P, — Ph) are the
empirical measure and process, respectively. The notation £(Z) denotes the law of a random
element Z. We often drop the index n in the product measure Py, writing P, and write Py
instead of P,,, where 1 is the true parameter for the data generating distribution. The &-
covering number of a set ® for a semimetric d, denoted N(®, d, ¢), is the minimal number
of d-balls of radius ¢ needed to cover ® and N[j(®, d, ¢) is the minimal number of brackets
of size ¢ needed to cover a set of functions ©.

2. Model details. Recall that we observe i.i.d. copies X1, ..., X, of a random variable
X =(Z,R, RY), where R and Y take values in the two-point set {0, 1} and are condition-
ally independent given Z, which itself takes values in a given measurable space Z. Denote
the full sample by X = (X1, ..., X,,). This model can be parameterized via the marginal
distribution F of Z and the conditional probabilities a(z)~! = P(R = 1|Z = z), called the
propensity score, and b(z) = P(Y = 1|Z = z), the regression of Y on Z. The distribution of
an observation X is thus fully described by the triple (a, b, F). If F has a density f, then we
may also use the triple (a, b, f).

For prior construction it will be useful to transform the parameters by a link function.
Most smooth maps from R to (0, 1) may be used, but for definiteness we choose the logistic
function W(r) = 1/(1 4+ ¢~ "), and consider the reparametrization

2.1 n=w"'/a), " =vT'0),
and write = (%, n?). If a density f of Z exists, then we define in addition

n’ =log f.
and write by a slight abuse of notation n = (%, n”, n/).
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The density p,p, 5y = py of X can now be given as

(LY LNy r-y)
(22) p,,(x>_<%> (1—@) b2 (1 = b)) £(2).

Note that this factorizes over the parameters. If the covariate is not assumed to have a density
and n = (n%, n?), we use the same notation Py but then the factor f(z) is understood to be 1,
and the expression is the conditional density of (R, RY) given Z = z. Since p, factorizes
over the three (or two) parameters, the log-likelihood based on X ™ separates as

n
(2.3) () = 108 pab, ) (Xi) = €4 (%) + €2(n°) + £ (n),
i=1

where each term is the logarithm of the factors involving only a or b or f, and Z,{ (') is
understood to be absent when existence of a density f is not assumed. The functional of
interest is the mean response E,Y =, b(Z), which can be expressed in the parameters as

X () = / bdF = / W(nh) ()" @ dz,

where the second representation is available if F has a density.

Estimators that are ,/n-consistent and asymptotically efficient for x(n) have been con-
structed using various methods, but only if a or b (or both) are sufficiently smooth. In the
present context, under the assumption that a € C* and b € C P, Robins et al. [35] have con-
structed estimators that are /n-consistent if (o« + 8)/2 > d /4, where d is the dimension of
the covariates. They have also shown that the latter condition is sharp: the minimax rate be-
comes slower than 1/./n when (a + 8)/2 < d/4 (see [34]). The estimators in [35] employ
higher order estimating equations to obtain better control of the bias. First-order estimators,
based on linear estimators or semiparametric maximum likelihood, have been shown to be
J/n-consistent only under the stronger condition

o B 1
+ El

2a4+d  2B4+d 2
see, for example, [37, 39]. In both cases, the conditions show a trade-off between the smooth-
ness levels of a or b: higher o permits lower 8 and vice versa. This trade-off results from
the multiplicative form of the bias of linear or higher-order estimators. So-called double ro-
bust estimators are able to exploit this structure, and work well if either a or b is sufficiently
smooth. (More generally, it suffices that the parameters a and b can be estimated well enough,
where the combined rates are relevant. The inequalities even remain valid withoe =0or § =0
interpreted as the existence of /n-consistent estimators of a or b, as would be the case given
a correctly specified finite-dimensional model.) We shall henceforth also assume that the pa-
rameters a and b are contained in Holder spaces C* and CP, respectively. See [41] for a
recent discussion of double robustness.

For estimation of EY at 4/n-rate the covariate density f need not be smooth, which makes
sense intuitively, as the functional can be written as an integral relative to the corresponding
distribution F'. (Counter to this intuition [34, 35] show this to be false for optimal estimation
at slower than /n-rate.) This may motivate modelling F nonparametrically, in the Bayesian
setting for instance with a Dirichlet process prior.

All these observations are valid only if the estimation problem is not affected by the pa-
rameters a, b or f taking values on the boundary of their natural ranges. For simplicity, we
make the following assumption throughout.

2.4)

ASSUMPTION. The true functions 1/ag and bg are bounded away from O and 1 and fp is
bounded away from 0 and oo.
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2.1. Semiparametric information and least favourable direction. We finish by reviewing
the tangent space and information distance of the model, which is well known to play an
important role in semiparametric estimation theory [5, 6, 43], and enters the Bayesian deriva-
tions through the “least favourable submodel”. (See [10] or Chapter 12 of [16] for general
reviews in the context of Bayesian estimation.)

With regards to the parametrization (2.1), consider the one-dimensional submodels ¢ — n;
induced by the paths

1 —1
—=W(n"+ta), b =V(n"+1b), dF= dFeff(fefde>
ay

for given directions (a, b, f) with [fdF =0, and given “starting” point n = ng. Inserting
these paths in the likelihood (2.2), and computing the derivative %I 1—olog py, (x) of the log
likelihood, we obtain the “score function” at n = 5¢ in the direction (a, b, ). This can be
easily computed to be the sum of the score functions when varying the three parameters

separately, which are given by
Bla(X) = (R - a(‘—z))a(l),
BYb(X) = R(Y — b(2))b(2),
BI{(X) =1(2).

The operators By, Bf; , B,{ are the score operators for the three parameters. The overall score
By (a, b, {)(X) when perturbing the three parameters simultaneously is the sum of the three
terms in the previous display. The efficient influence function of the functional x at the point
n is known to take the form (see Example 25.43 of [48] with x o (y) the current y — x (17) and
¢ (y, 0) the current (R, Z), or the derivation below)

Xn(X) = Ra(Z)(Y — b(2)) +b(Z) — x ().

We can verify that this is the correct formula by verifying that this function has the two
properties defining an efficient influence function ([48], p. 426). First, the derivative at t =0
of the functional along a path ¢ +— n; = (ay, b, f;) as previously, is the inner product of the
influence function with the score function of that path: % =0 X () = Pyxn(X)By(a, b, ) (X)
for every path t — p,, of the above form. Second, the function ), is contained in the closed
linear span of the set of all score functions. Indeed, in the present case we have, for all x,

(2.5) Xn(x) = By&y(x) = Boa(x) + B} (b - /b dF) (x),

where &, is the least favourable direction given by

£,=(0.£0.6)= (O,a,b—/bdF).

The function &), is the score function for the submodel ¢ +— 7, corresponding to the perturba-
tions in the directions of (0,a,b — [bdF) on (a, b, F). The latter submodel is called least
favourable, since t — p;, has the smallest information about the functional of interest at
t = 0. According to semiparametric theory (e.g., Chapter 25 of [48], in particular formula
(25.22)) a sequence of estimators ¥, = X, (X M)y is asymptotically efficient for estimating
x (n) at the true parameter 7 if and only if

- I _
(2.6) Xn = x(no) + ;ZXWO(X,') +0P’Io (n 1/2)‘
i=1
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The sequence +/n(X, — x(no)) is then asymptotically normal with mean zero and variance
Py, )N(go, which is the smallest possible in a local minimax sense.

For a direction v = (a, b, |), the information norm corresponding to the score operator (or
LAN norm in the language of [10, 11, 31]) equals

1 1 b(l—>b
i = 2B = [ 2 (1= 2 )+ 220 4 G- 2] ar

= [la2 + 167 + [Ifl|%.

It may be noted that the three components of the score operator are orthogonal, which is a
consequence of the factorization of the likelihood. The minimal asymptotic variance Py, )7%0
for estimating x (1) can be written in terms of the information norm as

2 2 52
&m0 1155 = Pro (Biong)™ = Puo Xy

2.7
- / aobo(1 — bo)d Fo + f b dFo — x(no)>.

3. Results. We put a prior probability distribution IT on the parameter (n%, n”, F) or
n = n, nb, nf ), and consider the posterior distribution IT(-|X ")) based on the observation
X® = (X1, ..., Xn). This induces posterior distributions on all measurable functions of 7,
including the functional of interest x (7).

We write £11(v/n(x (1) — X)X ™) for the marginal posterior distribution of /n(x (17) —
Xn), where ¥, is any random sequence satisfying (2.6). We shall be interested in proving
that this distribution asymptotically looks like a centered normal distribution with variance
||§,70||%]0. For a precise statement of this approximation, let dpy, be the bounded Lipschitz
distance on probability distributions on R (see Chapter 11 of [12]).

DEFINITION 1. Let X™ = (X4,..., X,,) be i.i.d. observations with X; = (Z;, R;, R;Y;)
arising from the density p,, in (2.2), whose distribution we denote by Py = P,,. We say that
the posterior satisfies the semiparametric Bernstein—von Mises (BvM) if, for ¥, satisfying
(2.6) and [|&y, I, given by (2.7), as n — oo,

deL(Lr(vn(x () = Xa) I X™), N (0, I, 1I7,)) =70 0.

In Sections 3.2 and 3.3, we present two general results for priors on the parameters (a, b),
combined with an independent Dirichlet process prior on F. In Section 3.2, the prior on the
pair (a, b) is general, whereas in Section 3.3 we construct a prior on b using an estimator of
the propensity score 1/a, thus linking the two parameters. Following these general results we
specialize to Gaussian process priors and obtain concrete results in Section 3.4.

An alternative to using the Dirichlet process on F is to put a prior on the triple (a, b, f),
for f adensity of F. A general result can be found in Section 6 below, but it requires stronger
conditions for the BvM theorem to hold. Putting a prior on f introduces the additional bias
term (6.6), whose vanishing becomes more restrictive as the covariate dimension increases
and can be problematic in even moderate dimensions. Thus it appears preferable to directly
model the distribution F'.

3.1. Posterior distribution relative to Dirichlet process prior. Since the covariates
Zi,...,Z, are fully observed and the functional of interest x (1) is an integral relative to
their distribution F, intuitively the estimation problem should not depend too much on prop-
erties of the covariate distribution. For ,/n-estimation, this intuition is shown to be correct
in [35]. In our Bayesian setup, this suggests to put a prior on F that does not limit this
distribution.
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The standard “nonparametric prior” on the set of probability distributions on a (Polish)
sample space is the Dirichlet process prior [13]. This distribution is characterized by a base
measure v, which can be any finite measure on the sample space. It is well known that in
the model consisting of sampling F from the Dirichlet process prior and next sampling ob-
servations Zy, ..., Z, from F, the posterior distribution of F given Zy,..., Z, is again a
Dirichlet process with updated base measure v + nlF,,, where [, is the empirical distribution
of Z1, ..., Z,. (For full definitions and properties, see the review in Chapter 4 of [16].)

We utilize the Dirichlet process prior on F' together with an independent prior on the re-
maining parameters (a, b), constructed from a prior on (%, n?) using the logistic link func-
tion (2.1). Because the Dirichlet process prior does not give probability one to a dominated
set of measures F, the resulting posterior distribution of (a, b, F') cannot be derived using
Bayes’s formula. However, we can obtain a representation as follows. The parameters and
the data are generated through the hierarchical scheme:

e F ~DP(v) independent from n = (a, b) ~ II.

e Given (F,a, b) the covariates Z1, ..., Z, are i.1.d. F.

e Given (F,a,b,7Z1,...,7Z,) the pairs (R;, Y;) are independent from products of binomial
distributions with success probabilities 1/a(Z;) and b(Z;).

e The observations are X = (X1,...,X,) with X; = (Z;, R;, R;Y;).

From this scheme, it follows that F and (R, Y ™) are independent given (Z™, a, b), and
also that F and (a, b) are conditionally independent given X . We can then conclude that the
posterior distribution of F given X ™ is the same as the posterior distribution of F given Z®,
which is the DP(v 4 nlF,) distribution. Furthermore, the posterior distribution of (a, b) given
(F, X™) can be derived by Bayes’s rule from the binomial likelihood of (R, Ry ()
given Z"™ which is dominated. Thus the posterior distribution is given by

M((a,b) € A, F € BIX™)
(.1 [ JATTy Py (Ri, RiYi|Z) dT(a, b)
~JB [Tli<) Pty (Ri, RiYi|Z;) dT1(a, b)
where p(4 ) 1s the conditional density of (R, RY) given Z, given by (2.2) with f deleted or
taken equal to 1, and I1(F € -|Z ) is the DP(v 4 nF,,)-distribution. This formula remains
valid if v = 0, which yields the Bayesian bootstrap; see Chapter 4.7 of [16], and is also

covered in the theorems below. We suspect that the theorems extend to other exchangeable
bootstrap processes, as considered in [25] (see [47], Section 3.7.2).

dT1(F|Z™),

3.2. General prior on (a,b) and Dirichlet process prior on F. Define n;(n) = n:(n;
n, &,,) to be a perturbation of n = (n“, n?) in the least favourable direction, restricted to the
components corresponding to a and b:

a 1
(32) mon = (. n” - ﬁaﬁ,).

THEOREM 1. Consider a prior 11 consisting of an arbitrary prior on n = (n®, n*) and
an independent Dirichlet process prior on F. Assume that there exist measurable sets H, of
functions n = (n%, n°) satisfying

(3.3) M(ne M, Xx™) 1,

(34) sup ”b — bO”LZ(F()) d 0,
b=W(nb)meH,

(3.5) sup  |Gu[b —bol| =" 0.

b=V (nb)meH,
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If for the path n:(n) in (3.2) and every t,

Ja, Tli=1 Poeop (Ri, RiYi1Z;) dT1(n) P
Ja, Tli=1 Po(Ri, RiY;1Z;) dT1(n) ’

then the posterior distribution (3.1) satisfies the BvM theorem.

(3.6)

Conditions (3.3)—(3.5) permit to control the remainder terms in an expansion of the likeli-
hood. They require that the posterior distribution of b concentrates on shrinking neighbour-
hoods about the true parameter by (with no similar requirement for a), and hence mostly
require consistency.

The uniformity in b required in (3.5) is unpleasant, as it will typically require that the class
of b supported by the posterior distribution is not unduly large. The condition is linked to
using the likelihood and similar conditions arise in maximum likelihood based estimation
procedures, although (3.5) seems significantly weaker, as the uniformity is required only on
the essential support of the posterior distribution, which might be much smaller than the full
parameter space. The use of estimating equations can avoid uniformity conditions by sample
splitting [35]. In the Bayesian framework, one might similarly base posterior distributions of
different parameters on given subsamples, but this is unnatural so that we do not pursue this
route here.

Under (3.4) a sufficient condition for (3.5) is that the class of functions b in the condition is
contained in a fixed Fp-Donsker class (see Lemma 3.3.5 of [52]). In particular, it suffices that
the posterior concentrates on a bounded set in H® for s > d/2. While this condition is easy
to establish for certain priors, such as uniform wavelet priors [17], for the Gaussian process
priors considered below we employ relatively complicated arguments using metric entropy
bounds to verify the condition.

Condition (3.6) measures the invariance of the prior for the full nuisance parameter under
a shift in the least favourable direction 5}7’0. It is a structural condition on the combination
of prior and model, and if not satisfied may destroy the ./n-rate in the BvM theorem (see
[10] or [16] for further discussion). Although we shall verify the condition for several priors
of interest below, this condition may impose smoothness conditions on the parameters, and
prevent so-called “double robustness”. We shall remove this condition for special priors in
Theorem 2 below.

The invariance involves the component E(l)’ only, and not the other nonzero component S({
of the least favourable direction. In contrast, in Theorem 3, which puts a prior on the covariate
density f, the invariance involves the full least favourable direction (see (6.1)). Intuitively,
the Dirichlet process is a fully nonparametric prior that never causes this type of bias.

Since 5,’7’0 = ag, Theorem 1 implicitly requires conditions on ag through (3.6), even though
a does not appear in the functional y (n). Such conditions become explicit for concrete priors
below.

REMARK 1. If the quotient on the left-hand side of (3.6) is asymptotic to e*r’(1 +
op,(1)) for some possibly random sequence of real numbers f,, then the assertion of the
BvM theorem is still true, but the normal approximation N (0, [|&,, ||%O) must be replaced by
N (pen, 15y, ||3,0). See [11, 31] for further discussion. The same is true for all other results in
the following.

REMARK 2. If the supremum in (3.5), or similar variables below, is not measurable, then
we interpret this statement in terms of outer probability.
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Formula (3.1) shows that a draw from the posterior distribution of the functional of interest
x(n) = [bdF is obtained by independently drawing b from its posterior distribution and
F from the DP(v + nlF,)-distribution, and next forming the integral [ bdF. The posterior
distribution of b is constructed from the conditional likelihood of (R, R™Y ") given Z™
without involving F or its prior distribution. Instead of a Bayesian-motivated or bootstrap
type choice for F, which requires randomization given Z, one could also directly plug in
an estimator of F based on Z" and randomize only b from its posterior distribution. The
empirical distribution [F,, is an obvious choice. The proof of Theorem 1 suggests that for this
choice, under the conditions of the theorem,

dL(Ln(v/n(x () — %) X™), N (0,

Compared to the BvM theorem, this suggests a normal approximation with the same cen-

2
Ene ) = 0.

tering, but a smaller variance, since the variance in the BvM theorem is the sum ||.§,l,78 ||§0 +

||§,'7’:§’ ||%0. The lack of posterior randomization of F thus results in an underestimation of the
asymptotic variance. Using credible sets resulting from this “posterior” would give overcon-
fident (wrong) uncertainty quantification. Since our focus is on the Bayesian approach, we
do not purse such generalizations further.

3.3. Propensity score-dependent priors. To reduce unnecessary regularity conditions, it
can be useful to use a preliminary estimate a, of the inverse propensity score [35, 37, 39]. In
a Bayesian setting, [20] suggest adding an estimate of the propensity score evaluated at the
data as an additional covariate when using BART for causal inference [22]. In this section,
we employ preliminary estimators a, to augment the prior on b with the aim of weakening
the conditions required for a semiparametric BvM.

Suppose we have a sequence of estimators a, of the inverse propensity score satisfying

(3.7) lan — aoll 12(ry) = Opy(on)

for some sequence p, — 0. Since the propensity score is just a (binary) regression function
of R onto Z, standard (adaptive) smoothing estimators satisfy this condition with rate p, =
n~%/(Qa+d) if the propensity score is assumed to be contained in C%([0, 1]¢), which is the
minimax rate over this space (note that a, — ag = anao(1/ag — 1/a,) will attain at least the
rate of an estimator of the propensity score 1/ag itself). Consider the following prior on b:

(3.8) b(z) = (WP + a4, (2)),

where W’ is a continuous stochastic process independent of the random variable A, which
follows a prior N (O, 0,12) distribution for given variance o*,% (potentially varying with n, but
fixed is allowed). The additional parameter A has the role of making the prior link between
the parameters b and a flexible; the variance o,% will be required not too small below.

We assume that d, is based on observations that are independent of X1, ..., X, the ob-
servations used in the likelihood to obtain the posterior distribution. Otherwise, the prior
(3.8) becomes data-dependent, which significantly complicates the technical analysis. This
independence seems, however, unnecessary in practice. The analogous prior to (3.8) for a
continuous regression model is investigated empirically in the companion paper [27], where
it performs well when 1/a,, is trained on the same data as the posterior.

We may think of @, as a degenerate prior on a, and then by the factorization of the like-
lihood the part of the likelihood involving a cancels from the posterior distribution (3.1) if
marginalized to (b, F) (and hence x(n)). Of course, the same will happen if we assign an
independent prior to a. Thus in both cases it is unnecessary to further discuss a prior on a.
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THEOREM 2. Given independent estimators a, satisfying (3.7) and having ||dy| co =
Op, (1), consider the prior (3.8) for b with the stochastic process Wb and random variable
A~ N(, U,%) independent, and assign F an independent Dirichlet process prior. Assume
that t}fzere exist measurable sets Hﬁ of functions satisfying, for every t € R and some numbers
Up, &, = 0,

(3.9) (A2 4] < unoy /n] X ) 701,

(3.10) M((w, A) w4+ (A +m" ), e HE X)) > Poq,

(3.11) sup |Ib— bollp2ry) < &5
b=V (nP)mbeH},

(3.12) sup  |Gulb — bol| —=00.

b=V (nP):mP et}

If nonz — 00 and ﬁpnsg — 0, then the posterior distribution satisfies the semiparametric
BvM theorem.

The advantage of this theorem over Theorem 1 is that (3.6) does not appear in its con-
ditions. (The theorem adds (3.9) and (3.10), but these are relatively mild.) As noted above,
condition (3.6) requires a certain invariance of the prior of b in the the least favourable di-
rection 550 = ap, and typically leads to smoothness requirements on a. In contrast, we show
below that Theorem 2 can yield the BvM theorem for propensity scores 1/a of arbitrarily
low regularity. Thus the theorem is able to achieve what could be named single robustness.
Whether “double robustness”, the ability of also handling response functions b of arbitrarily
low smoothness, is also achieved remains unclear. Specifically, we have not been able to ver-
ify condition (3.12) without assuming that the smoothness of b is above the usual threshold
(d/2 in d dimensions).

The single robustness is achieved by perturbing the prior process for b in the least
favourable direction using the auxiliary variable A. Since the least favourable direction ag
is unknown, this is replaced with an estimate a,.

Condition (3.9) puts a lower bound on the variability of the perturbation, that is, on the
standard deviation o, of A. An easy method to ascertain this condition is to show that the
prior mass of the set A in the left-hand side is exponentially small and next invoke Lemma 4.
Specifically, by the univariate Gaussian tail bound the prior mass of {A : |A| > u,02/n} is

bounded above by ¢~2%3"/2_1f the Kullback—Leibler neighbourhood in Lemma 4 has prior

probability at least e‘”(gﬁ)z, then the lemma gives the sufficient condition u%anz > (82)2 for
(3.9), that is, oy, >> &?.

3.4. Specialization to Gaussian process priors. In this section, we specialize Theorems 1
and 2 to Gaussian process priors. In all examples, the priors on the three parameters a, b and
F are independent. Since a does not appear in (1) and the likelihood (2.2) factorizes over
a, b and F, the a terms cancel from the marginal posterior distribution of x (7). Thus the
prior on a is irrelevant, and it is not necessary to consider it.

For simplicity, we take the covariate space to be the unit cube Z = [0, 1]¢. Given a
mean-zero Gaussian process W? = (WZh : 7 € [0, 1]%), we consider both the propensity score-
dependent prior for b given by (3.8) and the more simple prior

(3.13) b(z) = W (W?).

There are a great variety of Gaussian processes, and their success in nonparametric estima-
tion is known to depend on their sample smoothness, as measured through their small ball
probability (see [45, 46, 49, 51]). We derive a proposition on general Gaussian processes and
consider the following specific examples.



3010 K. RAY AND A. VAN DER VAART

EXAMPLE (Riemann-Liouville). In dimension d = 1, the Riemann—Liouville process
released at zero of regularity § > 0O is defined by

LBJ+1

(3.14) =Y &z +/ (z— ) 12aB,, zelo,1],
k=0

where the (gx) are i.i.d. standard normal random variables and B is an independent Brownian

motion. This process is appropriate for nonparametric modelling of C A ([0, 1])-functions. We
shall investigate the effect of the smoothness parameter 8 on the BvM theorem.

EXAMPLE (Gaussian series). Another commonly used Gaussian process prior consists
of a finite series expansion with Gaussian coefficients. Let {¢/jx: j > 1,k =0,..., 274 _ 1)
denote a sufficiently regular boundary-adapted Daubechies wavelet basis of L>([0, 1]¢). We
assume it is regular enough for the decay of the wavelet coefficients to characterize all the
relevant Besov B3, -norms (which are equal to the C*-Holder norms for s ¢ N. For details
on such wavelets and Besov spaces, see Chapter 4.3 of [18].) Consider the prior

' 2011 N
(3.15) Wr=>"3" oiguvin@, gk~ N, 1),
j=1 k=0

where 277 ~ nl/ (2ﬂ+d) which tends to infinity with 7, is the optimal dimension of a finite-
dimensional model if the true parameter is known to be B-smooth and oj=2"/ (r+d/2) for
r > 0. Since we wish to perform the prior regularization via the truncatlon level Jg rather

than the scaling coefficients o;, we restrict to considering r < 8 A ,8_ , for instance r = 0.

We can view both processes as Borel-measurable maps in the Banach space C([0, 1]9),
equipped with the uniform norm | - ||s. In the following proposition, we consider a general
zero-mean Gaussian process of this type. Such a process determines a so-called reproducing
kernel Hilbert space (RKHS) (HP, | - llge), and a “concentration function™ at 778 , defined as,
for e > 0,

(3.16) (6) = inf A%, —log P(|WP] _ <é).
¢778 hGHb:Hh—r](b)lloo<8 He s (H “OO )

For standard statistical models, the posterior contraction rate aﬁ for such a Gaussian process
prior is linked to the solution of the equation

(3.17) ¢, (en) ~n(en)’.
For details, see [50] and [49].
PROPOSITION 1. Consider the prior (3.13) on b for a Gaussian process W° with values

in C([0, 11%) combined with an independent Dirichlet process prior on F. Let 82 — 0 satisfy
(3.17). Suppose there exist sequences &, € H? and §,’l’ — 0 such that

(3.18) &7 =&l =0n & =gy, Ve —0

Suppose further that there exist measurable sets 7—[,11 of functions n® such that TI(n® €
(HZ — t";‘,’l’/\/ﬁﬂX(”)) — P01 for every t € R and (3.5) holds. Then the posterior distribu-
tion satisfies the semiparametric BvM theorem.

For the examples of the Riemann-Liouville process and finite Gaussian series prior the
preceding proposition implies the following.
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COROLLARY 1. Suppose ag € C*([0, 119, by € CE([0,11%) and consider the prior
(3.13) on b with W? the random series (3.15) combined with an independent Dirichlet pro-
cess prioron F. Ifa,p>d/2 and d/2 < B < a + B — d/2, then the posterior distribution
satisfies the semiparametric BvM theorem. Moreover, when d = 1 the same result holds with
W? the Riemann—Liouville process (3.14) with parameter B.

For «, B > d /2, the parameter 8 can always be chosen to satisfy the remaining condition in
the corollary, in which case the BvM theorem holds. The values «, 8 > d/2 are one particular
pair satisfying (2.4). However, when using product priors, it does not seem possible to use
extra smoothness in one parameter to offset low regularity in the other as in (2.4). To remedy
this, we consider the propensity score-dependent prior (3.8).

COROLLARY 2. Suppose ay € C*([0, 119) and by € CP ([0, 11?). Let a,, be an indepen-
dent estimator satisfying |lanllcc = Op,(1) and (3.7) for some p, — 0. Consider the prior
(3.8) for b, where WP is the random series (3.15) combined with an independent Dirichlet
process prioron F.If B A B >d /2 and

(n/logn)—(ﬁAB)/(ZBer) <o, <1, ﬁpn(n/logn)_(ﬂAB)/(2B+d) -0,

then the posterior distribution satisfies the semiparametric BvM. Moreover, when d = 1 the
same result holds with WY the Riemann—Liouville process (3.14) with parameter B.

If =P and p, = (logn)*n=%2*+1) is the minimax rate of estimation, possibly up to
a logarithmic factor, then the above conditions reduce to 8 > d/2 and (2.4). If B is near the
lower limit d /2, then the latter condition requires that o be bigger than nearly d/2 as well, but
if B is large, then the latter condition will be satisfied for « close to zero. Thus the estimation
method is able to exploit extra smoothness in by to offset lower regularity in ag, in particular
if 0 < a < d/2, unlike the standard product Gaussian process priors, where we required both
a, B > d/2. Since it is still needed that 8 > d/2, the preceding corollary does not give full
“double robustness” in also taking advantage of extra regularity in ag if 0 < 8 < d/2. The
technical reason is requirement (3.5), which is present in all our theorems, and used in the
proofs to establish the LAN expansion of the model. Whether this is a fundamental limitation
of the Bayesian approach or a purely technical artefact is unclear.

If W? is a mean-zero Gaussian process with covariance kernel Ky»(z, z') = EWZI’ Wzb/, then

the term W + Aa,, in (3.8) is also a mean-zero Gaussian process with data-driven covariance
E[W? + 24, (D) |[W5 + 2an ()] = Ky (2, 2) + 0,200 (2)an (2).

In this case, the propensity score-dependent prior corresponds to an easy to implement correc-
tion to the prior covariance function. In particular, one can use standard methods for Gaussian
process posterior computation, such as Laplace or sparse approximations [26]. In practice, we
would also suggest to truncate the estimator 1/a, away from 0 for numerical stability. Com-
putational and empirical aspects of this new prior are investigated in the continuous regres-
sion model in a companion paper [27], where it is found that incorporating an estimator of
the propensity score in this way significantly improves the performance of Gaussian process
priors.

4. Discussion. A key technical difficulty for establishing semiparametric BvM results
is controlling the ratio (3.6) (or (6.7)). While one can use the Cameron—Martin theorem for
Gaussian priors, such results are typically more involved outside the Gaussian setting. The
hyper parameter A in the prior (3.8) removes this obstacle, allowing results for a much wider
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class of priors. For instance, one may select W in (3.8) to be a truncated prior or sieve prior,
without having to establish (3.6) directly for those priors.

Such a prior construction generalizes to other models and functionals. Consider a model
P = (P, :n €M) and a parameter x (1). For a prior of the form n =W + A§n, where W is
a continuous stochastic process, A ~ N (0, 03) and 5,, is an estimate of the least favourable
direction &, of x at no in the model P, similar results to the above should hold. We em-
phasize, however, that such a prior is designed for semiparametric estimation of the specific
functional x and will not perform any better for any other functional. It is thus suitable for
estimating a functional of interest in the presence of a high or infinite-dimensional nuisance
parameter that can have a significant impact, as in the model we study here.

5. Proofs of the main results.

5.1. Proof of Theorem 1: General prior on b and Dirichlet process prior. PROOF OF
THEOREM 1. The total variation distance between the posterior distributions based on the
prior IT and the prior I1,(-) := I[1(- N"H,)/I1(H,), which is IT conditioned to H,, is bounded
above by 2IT(H|X ) (e.g., p. 142 of [48]). Since this tends to zero in probability by as-
sumption and the total variation topology is stronger than the weak topology, it suffices to
show the desired result for the conditioned prior I1,, instead of IT.

Let X, = x (n0) + Pu Xy, so that it satisfies (2.6) with the remainder term identically zero.
The posterior Laplace transform of the variable /n(x (n) — X»,) is given by, for z € R,

I,(t) =EM [etﬁ(x(m—in)w(n)]

dT(n) dTI(F|X™),

oI/ [ (b d F—bo d Fo)=1Gu[ Fyg 1+€5 (1) —£5 (1) (4 (ny)
_/f Jg, €500 dTI(y)

in view of (3.1) and the factorization of the likelihood over a and b. This is (obviously) true
for any 7, in particular for the path n; = n;(n) defined in (3.2). We shall show that I, (t)
tends in probability to exp(t 160 ||,70 /2), which is the Laplace transform of a N (0, ||&,, ”no)
distribution, for every ¢ in a neighbourhood of 0. Since convergence of conditional Laplace
transforms in probability implies conditional convergence in distribution in probability (see
Lemma 14 below), this would complete the proof.

At the end of the proof, we shall show that, uniformly in 1 € 7—[,1,

G m —Lm) =1Gu[X2 ]+ tv/n / (bo — b)dFo+ = Hémllbo+0P0<1>,

where in = B,l; a is the component of the efficient influence function in the b direction (see
(2.5)). Inserting this Taylor expansion in the preceding display, we see that

N [ (bdF—bod Fo)+1/ [ (bo—b)d Fo 44 (n0)
-

dT(n) dTI(F|X™
Jy, RO Gy PANEIXT)

o o 1CulTig Ity ||sm||b0+op0<1>’

where )?,{; = Xno — )?,17’0 = bo — x (no). Note that the integral in the denominator is a constant
relative to n and F, since all variables are integrated out. By Fubini’s theorem, the double
integral without the normalizing constant equals

/ e@i’(m)/etﬁfbd<F—F0>dn(F|X‘”))dH(n)-
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Let F, =n~! Y"_, 87 denote the empirical distribution of the covariates. By assumption
(3.5), we certainly have that sup{|(F, — Fo)b| : b = W(n"), n € H,} tends to zero in prob-
ability. Therefore, Lemma 1 below yields that for every ¢ in a neighbourhood of zero, the
preceding display equals

ecpo(l)/ ) gt /n [ bd (Fn—Fo) , Slb—Fo ”Lz(“dl'[(n)

Since ||b — b0||L2(F0) — 0 uniformly on H,, and /n [ bd(F, — Fy) = G,[bo] + op,(1) by
assumption (3.5), the previous display equals

fGn[bon lbo— FoboHLz(F )+0P0(1)/ egg(m)dn(n)
Hn

We insert this in the expression for [,(¢), combine the two exponential terms using that
5(,{; =bo — x(no) and |\bo — Foboll12(r,) = ||57%||F0, and invoke assumption (3.6), to see

that /,,(¢) tends to eﬂus,,o I50/2 in probability. The theorem then follows by the convergence of
Laplace transforms.

We conclude by a proof of (5.1). This entails an expansion of the log likelihood ¢2 (1) —
Efl (n;) along the submodel n,. We can decompose

b b ~b Y
oy B0 GO)=GlT] 4G, 102 py — 102y, — =7,

+nPyllog py —log py, .

We shall show that the second term on the right tends to zero in probability, while the third
term tends to the quadratic tzllaolli /2, Where ag = Eb

The definition n, := (n¢, nu) with nu =nb — tuéb /+/n, for u € [0, 1], gives a path from
Nu=0 = n (not no!) to ny=1 = n;, so that log p, — 10g pn. = 8(0) — g(1) for g(u) =log py,.
We shall replace this difference in both terms on the right of (5.2) by the Taylor expansion
g(0)—g(1) =—g'(0) — g"(0)/2 — 0, where |0] < ||g"”||oo- The expansion will be uniform in
n € ‘H,, although the dependence of g and 6 on 5 is not indicated in the notation.

By explicit calculations, the derivatives of g can be seen to be

t t
g = —EBSMCIO = —ﬁr()’ — W (nh))ao,
/" tz r(..by 2 " 3 " 3
g (u)= —;r\lf (m))ag, g" ()= Wr\lf (n2)a3,

where we have omitted the function arguments (7, y, z). Since 0] < [|g” lloo < n™3/2, it fol-
lows that both /nG,0 and nPyf tend to zero in probability, uniformly in n € H,. Since
Bé’oao = )771770’
§/(0) = ——=Blag = ——=3 + —=r(b - bo)ao.
NN N
t? 12 12
g"(0) = —;r\p’(nb)ag = —;r\p’(n(’;)ag = —r(b(1 = b) = bo(1 - bo))a?

for b = W(n?), since W' = W(1 — V).

By assumption (3.5) and Lemma 11, applied with #, ; the set of functions /n(b — by)
and H, » = {r}, we have that G, [r (b — bp)ap] — 0 in probability, uniformly in {b = \IJ(nb) :
n € H,}, whence /nG, g (0) = —th[Zé’O] + op,(1), uniformly in n € H,. By again as-
sumption (3.5) and Lemma 11, G,[r(b(1 — b) — bo(1 — bo))a(%] — 0 in probability, whence
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VnG,g"(0) = Op,(n~"/?) — 0 in probability. We conclude that the second term on the right
in (5.2) tends to zero in probability, uniformly in n € H,,.
Since W'(nf) = bo(1 — bo) and [ bo(1 — bo)agd Fo = ||$,l7’0 I|%O,

~nPyg O =tV [ (bo b dFo,

—nPyyg"(0) — 2 |&4 |5 =12 Py [r(b(1 — b) — bo(1 — bo))ag]

< Pyolrlb — bolag] < 116 = boll 11 gy laollco-

Therefore, n Py, [—g'(0) — ¢”(0)/2] is equal to t/n [(bo — b)d Fo + t*||&} |17, /2 + opy (1).
The third term on the right of (5.2) is equivalent to the same expression. This concludes the
proof of (5.1). I

The preceding proof makes use of the following lemma, which can be considered a BvM
theorem for the Laplace transform of the Dirichlet posterior process. A proof of the lemma
can be found in [29].

Let I,, be the empirical distribution of an i.i.d. sample Zy, ..., Z, from a distribution Fj
on a Polish sample space (Z,C), and given Z1, ..., Z, let F, be the distribution of a draw
from the Dirichlet process with base measure v + nlF,,. Thus v is a finite measure on (Z, C),
and F,|Zy,...,Z, ~ DP(v + nlF,) is the posterior distribution obtained when equipping
the distribution of the observations Z1, Z», ..., Z, with a Dirichlet process prior with base
measure v. The case v = 0 is allowed.

LEMMA 1. Suppose G, are separable classes of measurable functions such that
SUP,cg, IFng — Fogl — O in probability and have envelope functions Gy satisfying vG, =
O(1) and FOG,%JF‘S = 0(1) for some § > 0. Then for every t in a sufficiently small neighbour-
hood of 0, in probability,

sup |E[et«/ﬁ(an—Jan)|Zl’ e Zn] _ et2F0(g—F0g)2/2‘ —0.
8€Gn

5.2. Proof of Theorem 2: Propensity score-dependent prior. PROOF OF THEOREM 2.
For the propensity score-dependent prior (3.8), the posterior distribution for /n(x (1) — Xn)
is dependent both on the data X and the estimator a,, and hence the bounded Lipschitz
distance between this posterior distribution and the approximating normal distribution in
Definition 1 is a function H (X", a,) of this pair of stochastic variables. By the assumed
stochastic independence of X and 4,, the expectation of this distance can be disintegrated
asEH(X™, a,) = [EH (X ™ a)d Ppan (a), where the expectation inside the integral is rela-
tive to X" only and concerns the “ordinary” posterior distribution relative to the prior (3.8)
with a, set equal to the deterministic function a, that is, the posterior distribution for the prior
of the form W (w + Aa) on b, for a fixed function a and (w, A) following their prior. Since
the bounded Lipschitz distance is bounded, EH (X ™, a,) certainly tends to zero if for every
n > 0 there exist sets A, with Pr(a, € A,) > 1 — 7 such that EH (X", a) — 0, uniformly
inaeA,.

In view of (3.10), there exist sets A, with Pr(a, € A,) — 1 and EIT((w,A) : w + (A +
tm~Yqa € ’HZ|X(”)) — 1, uniformly in a € A, (see the lemma below for details). Since
we assume that ||d,|loc = Op,(1) and (3.7), we can further reduce these sets to A, = {a €
An :llalloo < M, lla — aoll;2(ry) < Mpy}, and then show that EH (X, a) — 0 uniformly
in a € A,, for (every) fixed M > 0. Thus in the remainder of the proof we fix a, to be a
deterministic sequence a, in A,.
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We verify the conditions of Theorem 1. By (3.9)—(3.12), conditions (3.3)—(3.5) are met by
Hp={n:n°=w+ ray,, (w, A) € B}, for

By ={(w,A):w+ ra, € HE, |A| < 2un02/n).

It therefore remains only to control the change of measure (3.6). We need only consider the
b part of the integrals, as the a part cancels. Because the assumptions become “more true”
if u, is replaced by a bigger sequence and no? — oo, we may assume that u, — 0 and
Upno 2 — 0.

For the b term, (3.6) equals

an ol (w+kan—tao/«/7l)¢an L) drdIT(w)
[, eﬁﬁ(w+kan)¢an (M) drdTl(w)

(5.3)

where ¢, denotes the probability density function of a N(0,o?) random variable. By
Lemma 3, applied with A, = {w + Aa, : (w,A) € B,}, & = apn, & = ag, & = Mpy, wy,
the constant M in the definition of A,, and ¢, = 82 ,

t t
Zf’, (w + Aa, — ﬁao) - Ez <w + <A — ﬁ)an>
Furthermore, for |A| < 2uno,% n, we have for the log likelihood ratio of two normal densities

og Po, (1)
b, (L —1//n)

Consequently, the numerator of (5.3) equals

e? / n WOt maN g (5 ¢/ /r)dhdTI(w).
By,

sup
(w,A)EBy

=op,(1).

74| 12

< -0
- 2 2 ’
Jno? = 2no?

i

By the change of variables A —7//n ~ A’ the ratio (5.3) therefore equals, for B, ; = {(w, A) :
(w, A +1//n) € By},

b /
Joy, €0 e, G AN AN W) _ ) T (Bl X™)

R0 .
[, e b (3) drdTT(w) (B, |X™)

Since T(B,|X™) =1 — 0p,(1), it remains to show that TI(B, ;| X™) =1 — op,(1).

The set B, ; is the intersection of the sets in assumptions (3.10) (with a, = a,) and (3.9),
except that the restriction on A in By, ; is |A +1/4/n| < 2unﬁo,%, whereas in (3.9) the restric-
tion is |A| < u,~/no?2. Since t//n < u,/no? by construction, the latter restriction implies
the former, and hence IT(B, (| X My=1-0 p, (1) by assumption. [J

LEMMA 2. For given v define A, (v) to be the set of all a such that EIT((w, A) : w +
A+tn~Ya e HZIX(”)) > 1 —v. If (3.10) holds, then there exists v, |, 0 such that Pr(a, €
Ay(vy)) — 1.

PROOF. For given a and x, define

Gula, x) =TI((w,A) :w+ (A +tn"?)a e Ho | x ™ =x).

Then the given expectation is H,(a) :=EG(a, XMy and A,(v) ={a: Hy(a) > 1 —v}. By
(3.10), the dominated convergence theorem and the independence of a, and X ™) we have
EH,(4,) =EG,(a,, X™) — 1. Since 0 < H,(a) < 1, this implies that H,(@,) = 1. Then
Pr(H,(a,) > 1 —v,) — 1, for v, | O sufficiently slowly by a standard argument. [J
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5.3. Proofs for Section 3.4: Gaussian process priors. PROOF OF PROPOSITION 1. We
verify the conditions of Theorem 1. By Lemma 16 with norm || - || 0, the posterior distribution
of b contracts about b at rate 82 in L?(Fp). For HZ the sets as in the statement of the
proposition, define

Ha={(n".n") :0” e HL. W (") — bo| 2 < €5}

Then IT(H,|X™) = 1 as n — oo, by assumption. It follows that #,, satisfies conditions
(3.3)—(3.4), while (3.5) is satisfied by assumption.

It remains to verify (3.6). Following [10], we first approximate the perturbation nf by
an element in the RKHS H” and then apply the Cameron-Martin theorem. Let S,f e HP
satisfy (3.18), and set n,, ; = nn,t(nb) = nb — téf/ﬁ. By the Cameron—Martin theorem (see
Lemma 13), the distribution I1, ; of 5, if nb is distributed according to the prior IT has
Radon—-Nikodym density

dll, (") = o Un O /=216, /(2m)
dTl ’

where U, (nb ) is a centered Gaussian variable with variance ||"§,11’ , if nb ~TI, and || - ||gp 1s

1
the RKHS norm of the Gaussian process 7”. By the univariate Gaussian tail bound,

54 [ [Un ()| > M el 0] ) < 2072,

Consequently, by Lemma 4 the posterior measure of the set in the display tends to O in
probability, for large enough M. Hence the sets

By ={n": 1Us(n")| < M/ne} |&) | 0} N H,
also satisfy IT1(B,,| X)) — 1 in probability. On the sets B,,, in view of (3.18),

dIl,
dIl

2
(5.5) log (nb)’ < Mlt|/nebel + %(Cf)z — 0.

Furthermore, by Lemma 3 applied with A, = B,;, £y = éé’o, &n = e,lj, iy = g“,f and w, a suffi-
ciently large fixed constant, we have

sup [€2(np.) — €5 (n0)] = op, (D).
nPeB,

(Note that condition (7.1) holds by assumption (3.12) and Lemma 10.) By the last display
followed by the change of integration variable n” — tg,i’ //n~ v,

b (b b b
Jo DALY fy AN ) S T )

_ ory(1)
I3, ") gTI(n?) I3, ") gTI(n?) I3, R0 4T ()

’

where B, ; = B, — téfl’/\/ﬁ. By (5.5), we can next replace I1, , in the numerator by II
at the cost of another multiplicative 1 + op,(1) term. This turns the quotient into the ratio
(B, |X™)/T1(B,|X™). We have already shown that TT1(B,,|X™) =1 — op,(1), so it suf-
fices to show the same result holds true for the numerator. Now

By, ={v:v+i&)//ng Hoy Ulv: [W(v+1E2/v/n) — o 2y > €0}
Ufv: [Un(v+ &) /)| > M/ne |67 ).

The posterior probability of the first set tends to zero in probability by assumption. Since
W (n? + tEL ) /) — \If(nb)||Lz(FO) < ||§,f/ﬁ||Lz(FO) < 1/4/n, the second set is contained
in {n?: |w@H?) - boll12(ry) > 82 — C/4/n}, which has posterior probability op,(1) by
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Lemma 16, possibly after replacing sfi by a multiple of itself. For the third set, we use that
Un(P + €L/ /n) ~ N(—tl1EE 112/ /n, 1EL11Z) if n® is distributed according to the prior, by
Lemma 13. Since the mean t||§,ll’ ||]%1 /+/n of this variable is negligible relative to its standard
deviation, TI(|U,(n” + t&0 /\/n)| > M ./nel||EP||gp) differs not substantially from the left-
hand side of (5.4), whence it is also exponentially small, so that again Lemma 4 applies to
see that the posterior probability tends to zero. [J

PROOF OF COROLLARY 1. The proof follows by verifying the conditions of Proposi-
tion 1, separately for the two prior processes.

Series prior (3.15): Using the form of the concentration function in the proof of Theo-
rem 4.5 of [49], we see that (3.17) is satisfied for

_BrB
n 2+d logn.

b

&, =

Condition (3.5) is verified in Lemma 6, under the assumption 8 A B > d /2.

It thus remains only to establish (3.18), the approximation by elements of the RKHS. Write
J=J f; and define V; = span(v/jx : j < J, k). Recall that the RKHS of the Gaussian series
prior (3.15) equals

- 2
(5.6) H” = {w eVrillwlige =YY o *[{w, ¥ja) 2| < oo}.
J=J k
From the computations in Theorem 4.5 of [49], one gets that for Sé’o =ap € C* and any
é‘rlz > n_a/(2/§+d)’
_r7a+d/2/\0

b . _
(5.7) inf gl < | G ) ifr—a+d/240,
E:lE—aolloo<t? log(1/¢,) ifr—a+d/2=0.

If follows that (3.18) is satisfied if we can choose g“,f — 0 so that the right-hand side of the
display is bounded above by /n¢? and /neb¢b — 0.

e If r —a+d/2 >0, then (5.7) is bounded by \/ﬁ{fl’ for g“,’,’ >p~/Cr+d _Since we also
require 2 > n=%/C2P+d) we may take ¢? ~ n=%/CPFd) e/ Crtd) — p=a/QF+d) gince
r < B A B by assumption. Then \/ne?¢? — 0 for BAB>d/2+f — a.

o If r —a +d/2 <0, then (5.7) is bounded by /n¢” and also ;,f z n=2/@B+d) for the
choice ¢ ~n=1/2 v n=®/@B+d) If 12 < o/ (2B + d), then /nebch ~ b — 0.1f 1/2 >
/(2B + d), then /ngb ¢l ~ nP+d/2=BrP—e)/2p+d) (log ) — O for BAB > d/2+ B — .

o Ifr —a+d/2 =0, then one takes ¢, ~ [(log n)1/2p=1/2] v n~%/@B+d) This is the same
as the previous case apart from the extra logarithmic factor, so ﬁgg ;‘,f — 0 under exactly
the same conditions.

Examining all the cases, the above can be summarized as (3.18) holds if BA B > [f —a +
d/2] v 0. Together with the condition 8 A B > d/2 needed to verify (3.5) above, this is
equivalentto o, 8 > d/2and d/2 < B <a + B —d/2.

Riemann—Liouville prior (3.14): The proof follows in much the same way. Using the form
of the concentration function in Theorem 4 of Castillo [9], we see that (3.17) is satisfied for

_BrB
n 26+ (logn)”,

b

n =

&

where « is function of (8, [_3), given explicitly in [9]. Condition (3.5) is verified in Lemma 5,
under the assumption S A 8 > 1/2.
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It thus remains to establish (3.18). Recall that the RKHS of the Riemann-Liouville process

is the Sobolev space H A+1/2 From the computations in Theorem 4 of [9], one gets that for
£h =apeC¥ as ¢f -0,

B—a+1/2
= /\0‘

inf Nl S (6
Els—arloosct (&)
If follows that (3.18) is satisfied if we can choose g“,f so that the right-hand side of the display

is bounded above by ﬁ;},’ and ﬁeﬁ;}f — 0.If B <a — 1/2, simply set E,f = sé’o and

¢h = n_1/2||§,$’0||Hb. If B>a—1/2,take {f =n 2+1, so that \/neb¢l — 0 for B A B >
1/248—a. A careful analysis of all cases shows that these inequalities, together with the
requirement 8 A 8 > 1/2, are equivalentto o, 8 > 1/2and 1/2 < B <a+ B —1/2. O

PROOF OF COROLLARY 2. We verify the conditions of Theorem 2, where we replace

a, by a deterministic sequence with ||a, || = O(1) as explained in the proof of Theorem 2.

Since 85 = n—(BAB)/2B+d) (logn)“ solves (3.17) (see proof of Corollary 1), the contraction

rate follows from Lemma 17. Together with Lemmas 7 and 8 for the Riemann—Liouville and
series priors, respectively, this verifies conditions (3.10)—(3.12). To verify (3.9), we use the

Gaussian tail inequality to see that TT(|]A| > u,0,4/n) < 2¢~4im9%/2_ This is bounded above

by e~Ln@E)? for u, — 0 sufficiently slowly, since ef’, = o(oy) by assumption. Lemma 4 now
implies (3.9). O
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SUPPLEMENTARY MATERIAL

Supplement to ‘“Semiparametric Bayesian causal inference” (DOI: 10.1214/19-
AOS1919SUPP; .pdf). In the supplement, we present an additional theorem, putting a general
prior on (a, b, f), and we provide the missing proofs. We linearly continue the numbering
scheme for sections, lemmas, etc., from the main document in the supplement, and items
referred to which do not appear in the main article can be found in the supplement (e.g.,
Lemma 3).
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