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1. Introduction

Dynamic models in economics have forward-looking decision makers who form beliefs about their uncertain environment. For
instance, investment decisions depend on forecasts about the future, firms speculate about the future demand for their products,
and strategic players in a dynamic game setting make conjectures about the other players’ actions. One common approach assumes
agents inside the economic model form Rational Expectations (RE). This postulate can be enforced as an equilibrium construct
for a fully specified dynamic stochastic equilibrium model. Under this imposition of RE, the beliefs will be consistent with the
Data Generating Process (DGP) only if the model happens to be correctly specified from a statistical perspective. Alternatively, as
is done in the Generalized Method of Moments (GMM) analysis, RE is imposed by assuming that the beliefs of economic agents
coincide with the probabilities implied by the DGP.! In effect, economic agents’ beliefs are restricted to be consistent with the
outcomes of the Law of Large Numbers, justified (approximately) by looking at long past histories of data. For this latter approach,
the corresponding optimization and equilibrium conditions lead to moment restrictions that can be estimated and tested via GMM,

* We are grateful to James Heckman for many inspiring research discussions. We thank Orazio Attanasio, Stephane Bonhomme, Timothy Christensen, Bo
Honoré, Andrey Malenko, Per Mykland, Eric Renault, Tom Sargent, Azeem Shaikh, Ken Singleton, Grace Tsiang, Edward Vytlacil, Dacheng Xiu and two anonymous
referees for helpful comments.

* Corresponding author.

E-mail addresses: xiaohong.chen@yale.edu (X. Chen), lhansen@uchicago.edu (L.P. Hansen), pghansen@purdue.edu (P.G. Hansen).
1 For the conceptual underpinnings of the later approach see Hansen (1982), Hansen and Singleton (1982) and Hansen and Richard (1987).

https://doi.org/10.1016/j.jeconom.2023.105653

Received 7 October 2021; Received in revised form 7 October 2021; Accepted 6 December 2023

Available online 25 January 2024

0304-4076/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/jeconom
https://www.elsevier.com/locate/jeconom
mailto:xiaohong.chen@yale.edu
mailto:lhansen@uchicago.edu
mailto:pghansen@purdue.edu
https://doi.org/10.1016/j.jeconom.2023.105653
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeconom.2023.105653&domain=pdf
https://doi.org/10.1016/j.jeconom.2023.105653
http://creativecommons.org/licenses/by/4.0/

X. Chen et al. Journal of Econometrics 243 (2024) 105653

Generalized Empirical Likelihood (GEL), or other related methods. The expectations used in forming the moment conditions are
presumed to coincide with the subjective beliefs of the economic decision makers inside the dynamic economic model. In this
paper, we use RE to mean that beliefs of economic agents inside the economic model are consistent with the DGP implied by Law
of Large Numbers.

1.1. What we do

When formulating dynamic stochastic equilibrium models, it is common to impose RE as a simplifying assumption. Rather than
pursue the often illusive or unrevealing goal of finding a correctly specified model under RE, we take a different approach. We
suppose that the RE model is misspecified. For both substantive and empirical reasons we relax RE assumption to correct the
misspecification. By altering the potential subjective beliefs, we allow the population moment conditions to be satisfied, building on
a suggestion in Hansen (2014). Specifically, we allow for forward-looking economic agents to have subjective beliefs that depart from
the Law of Large Limits implied by the DGP. In so doing, we entertain an econometric model that is only partially identified because
there is a potentially large class of subjective beliefs for which the moment conditions are satisfied. This lack of full identification
prevails even though the moment conditions may be identified under RE. To characterize this family, we impose statistical bounds
on how far the subjective belief probabilities are from probabilities implied by the DGP. Formally, we use statistical divergence
measures to limit the set of subjective probabilities that are consistent with the population moment conditions. Since our interest
is in dynamic models with forward-looking economic agents, our methodology (i) extracts information on investor beliefs from
equilibrium prices and from survey data, and (ii) provides revealing diagnostics for model builders that embrace specific formulations
of belief distortions.

In this paper we start by considering a generic dynamic model that is posed as a vector of conditional moment restrictions. We
suppose that the conditional moment model is globally misspecified under RE, and thus empirically flawed. We then follow Hansen
and Singleton (1982) and Hansen and Richard (1987) by using the conditional moment restrictions to generate unconditional
counterparts. We replace the RE restriction by a statistical divergence bound on the potentially distorted beliefs relative to the
DGP. In effect, we use statistical divergence as a formal way to “bound irrationality”. By limiting the magnitude of the statistical
divergence, we avoid excessively large identified sets of potential parameter values. This constraint limits both the set of potential
beliefs and the underlying model parameters. While we allow for considerable flexibility in the choice of the statistical divergences,
we show that some popular statistical divergence measures are problematic: they are poor at revealing some forms of distorted
beliefs that interest us.

Specifying a probability distribution is equivalent to specifying an associated expectation operator applied to a rich class of
measurable functions of the underlying random vector. Extending this insight, we represent bounds on a family of probability
distributions as a nonlinear expectation operator constructed as follows. For each possible function we minimize the expectation of
the function of the random vector (over the set of distributions). Because of the minimization, the resulting expectation operator
is nonlinear. Since the class of functions is sufficiently large to include both a function and its negative, this operator gives both
upper and lower bounds on the admissible set of expectations. Thus we introduce a nonlinear expectation operator as a device to
represent the restrictions on the empirically plausible family of subject probabilities.

Our paper proposes inference procedures for expectation bounds as well as the corresponding bounds on model parameters.
Using duality arguments, we show how the Lagrange multipliers help to characterize extremal probabilities, which is an important
intermediate step in our analysis. As a result, our econometric analysis also provides way to make inferences about these multipliers.
These multipliers have independent interest because they suggest ways that we could reshape the DGP probabilities to match the
moment implications. In our econometric formulation, the parameter values are only set identified. To make inferences about the
sets of implied expectations, parameter values, and the corresponding multipliers, we rely on econometric theory as in Chernozhukov
et al. (2007) and Chen et al. (2018).

1.2. Related literature

This paper is similarly motivated and complementary to our recent publication (Chen et al., 2021). The Chen et al. (2021)
contribution features identification only and does not explore estimation and inference. As a consequence, it does not forge
connections with the substantial econometrics literature on misspecification that we referenced. On the other hand, the Chen et al.
(2021) paper features conditional moment conditions whereas in this paper we presume a finite number of unconditional moment
conditions as the starting point.

The idea of using a nonlinear expectation operator induced by minimization has important antecedents in the applied probability
literature. For instance, an analogous nonlinear expectation operator is central to Peng (2004)’s development of a novel control
theory designed to confront uncertainty for Brownian motion information structures.

There is a well known and long-standing literature on the important role of subjective beliefs in determining investment and
other economic decisions. This literature is too vast to summarize but it includes a variety of models of expectations in addition to
rational expectations. More recently, there has been interest in collecting additional data on agents’ beliefs and using these often
sparse data to estimate parametric/semiparametric models of subjective beliefs. For instance, see Manski (2018), Meeuwis et al.
(2018), Bordalo et al. (2020), Bhandari et al. (2019), and Attanasio et al. (2019). We allow for the incorporation of even limited
survey data by adding them into moment restrictions in our framework.
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Prior contributions have used stochastic dual programs and ¢-divergence balls. For instance, there is a mathematical overlap
between our work and recent contributions such as Shapiro (2017), Duchi and Namkoong (2021) and Christensen and Connault
(2019) and prior literature referenced by those papers.? None of these papers, however, motivates the misspecification in terms of
dynamic settings with a potentially large set of subjective beliefs of the decision makers being modeled.

A substantial body of research has emerged in operations research and statistics that studies optimization in the presence of
statistical model uncertainty about the underlying DGP pertinent for the decision problem. This research explores robustness bounds
for parameter estimation and statistical decision rules, typically restricting the misspecification to be “local.” We deliberately shun
approaches that assume this misspecification is local. In such approaches, the misspecification vanishes at a rate that is exogenously
linked to sample size. While a local approach is common in much of the related theoretical literature on estimation and inference, we
find it to be unappealing for the problem that we investigate. An important part of our econometric ambition is to make inferences
about the subjective beliefs of economic agents without imposing RE, and thus the potential misspecifications we explore are global
in nature.

Our approach is loosely related to the GEL literature on estimation and testing of moment restriction models in that both use
statistical ¢-divergence measures. GEL estimates point-identified parameters and probabilities jointly in hopes of improving second-
order statistical efficiency over GMM estimates for correctly specified moment restrictions. It presumes the expectation used in
representing the moment conditions coincides with DGP (i.e., imposing RE). See, for example, Qin and Lawless (1994), Imbens
(1997), Kitamura and Stutzer (1997), Smith (1997), Imbens et al. (1998) and Newey and Smith (2004). As in the operations
research literature, the GEL literature also explores local sensitivity by assuming that the misspecification is within a root-7 shrinking
neighborhood around the unique “true” parameter value that satisfies the unconditional moment conditions (under RE). See,
e.g., Kitamura et al. (2013), Bonhomme and Weidner (2018), Armstrong and Kolesar (2018), and Andrews et al. (2020). The global
nature of our perspective differentiates our work from this approach since our analysis features subjective beliefs of economic agents
that diverge from the DGP.

Many econometric contributions that entertain global misspecification assume that the pseudo true parameter vector is uniquely
determined. For example, Luttmer et al. (1995), Almeida and Garcia (2012), Gagliardini and Ronchetti (2019) and Antoine et al.
(2018) use meaningful bounds on pricing errors for asset pricing models to make inferences about their unique pseudo true parameter
vectors. This literature, however, does not target misspecification induced by belief distortions. See Hall and Inoue (2003), Ai and
Chen (2007), Schennach (2007), Lee (2016), and Hansen and Lee (2021) for a more generic global approach to misspecification
in moment restrictions, again featuring uniquely identified pseudo true parameters. Minimizing specification errors measured with
statistical divergence is a starting point for us; but we are interested in the implications of larger divergence bounds for both beliefs
and parameters while imposing an economic structure to the misspecification. Our approach deliberately puts the notion of a pseudo
true parameter vector to the wayside.

Our approach has several connections to work by James Heckman. Unlike many behavioral finance papers which pose specific
parametric models of investor beliefs, our approach is “nonparametric” in allowing for general subjective belief distributions. This
approach is analogous to that taken by Heckman and Singer (1984) for avoiding misspecification coming from distributional
assumptions in duration models. Moreover, while the type misspecification we consider is motivated by subjective beliefs of
economic agents which differ from RE, a similar methodology could be applied to address misspecification coming from sample
selection as considered by Heckman (1979).

1.3. Organization

The rest of the paper is organized as follows. Section 2 presents our model framework. Section 3 bounds agents’ beliefs from
the RE using the Cressie and Read (1984) family of divergences. Within this family of ¢-divergences, we illustrate how divergences
constructed from convex functions ¢ that are strictly decreasing are problematic for identifying misspecification in moment condition
models. This implies that Hellinger and minus log-likelihood divergences are problematic, but relative entropy and quadratic
divergences remain applicable for our analysis. In Section 4, using ¢-divergences, we propose a nonlinear expectation functional for
representing restrictions on the subjective expectations subject to model-implied moment conditions and a divergence constraint. We
give dual representations that make the nonlinear expectation computationally tractable. As illustrated in Section 5.1, our approach
is not restricted to ¢-divergences and applies to any convex divergences including the Wasserstein distance between the probability
measure that underlies subjective beliefs and probabilities implied by the DGP. Specifically, we consider two econometric challenges
posed by our methods. Section 6 considers inference on minimal ¢-divergence measure over all probabilities that satisfy moment
conditions. This is important because smaller divergence bounds imply an empty constraint set. This section also proposes and
justifies confidence sets for the parameter values that attain the minimal divergence. This set is a subset of the parameters of interest
consistent with divergence bounds that exceed the minimal threshold. Section 7 studies estimation and inference on nonlinear
expectation functionals associated with the family of probabilities satisfying unconditional moment restrictions and a ¢-divergence
constraint. It proposes a flexible procedure to construct confidence sets both for the nonlinear expectations as well as bounds on
individual model parameters of interest. Section 8 briefly concludes.

2 While Shapiro (2017) and Duchi and Namkoong (2021) constructed confidence intervals assuming a unique “true” parameter value, Christensen and Connault
(2019) construct bootstrapped confidence set allowing for partial-identification while imposing separable moment conditions.
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2. Model specification

In dynamic economic applications, moment conditions are often justified via an assumption of RE. This assumption equates
population expectations with those used by economic agents inside the model. These expectations are therefore presumed to be
revealed by the Law of Large Numbers implied by the DGP.

Let (£, ®, P) denote the underlying probability space and J C & represent information available to an economic agent. The
original moment equations under RE are of the form

E[f(X,0)|J]1=0 for some 8 € 6.

where the vector-valued function f captures the parameter dependence (6) of either the payoff or the stochastic discount factor
along with variables (X) observed by the econometrician and used to construct the payoffs, prices, and the stochastic discount
factor. By applying the Law of Iterated Expectations,

E[f(X,0)] =0 for some 6 € ©. (€))]

The vector-valued function f may include scaling by J measurable random variables as a device to bring conditioning information
through the “back door”.

In this paper we allow for agents’ beliefs that are revealed by the data to differ from the RE beliefs implied by (infinite) histories
of stationary ergodic data. We represent agents’ belief by a positive random variable M with a unit conditional expectation. Thus,
we consider moment restrictions of the form: for any 6 € 6,

E[Mf(X,0)] =0. (2)

The random variable M provides a flexible change in the probability measure, and is sometimes referred to as a Radon-Nikodym
derivative or a likelihood ratio. The dependence of M on random variables not in the information captured by J defines a relative
density that informs how RE are altered by agent beliefs. By changing M, we allow for alternative densities. Notice that we are
restricting the implied probability measures to be absolutely continuous with respect to the original probability measure implied
by RE. That is, we restrict the agent beliefs so that any event that has probability measure zero under the DGP will continue to
have probability zero under this change in distribution. We will, however, allow for agents to assign probability zero to events that
actually have positive probability.
Next, we give examples of how to construct moment restriction of the form (2).

Example 2.1. Consider a modification of the standard consumption-based asset pricing model with constant relative risk aversion
(CRRA) utility considered in Hansen and Singleton (1982) where the investor is allowed to have subjective beliefs that differ from
RE. We can construct a moment condition as in Eq. (2) by letting

f(X.0)=6G"R-1,

where 6 = (8, y) consists of the subjective discount factor § and constant relative risk aversion y, and X’ = (G, R") where G represents
the consumption growth of the investor and R is an n-dimensional vector of contemporaneous returns available to the investor and
1, is an n-dimensional vector of ones.

Example 2.2.  Consider the same consumption-based asset pricing model from Example 2.1. However, suppose that the
econometrician has access to a matrix of lagged conditioning variables, Z, with n rows of variables that are available to the investor
when deciding on a portfolio allocation. We construct a moment condition as in Eq. (2) using

f(X,0)=(6G"R-1,) Z. 3
The vector X now also includes the entries of Z. This approach to conditioning information is analogous to that used in Hansen
and Singleton (1982).
Example 2.3. Consider an investor with a unitary risk aversion but an inter-temporal elasticity of substitution parameter,
parameterized as %, that is unknown to the econometrician. Preferences are formulated using recursive utility as in Kreps and

Porteus (1978) and Epstein and Zin (1991). Suppose data is available on the implied return to the wealth portfolio, denoted RY.
Again the investor has subjective beliefs. We now replace the f in (3) with

0= [y ko] 7

as a first component of the function f. There are no unknown parameters in this specification. In addition we use a so-called
consumption Euler equation to form the second component of the function f:*

f2(X.,8) = [log R® +1log § + (p — 1)log G] Z

3 This is a substantive change from the so-called IS equation typically used in new Keynesian models. Those models use the logarithm of the riskless return
instead of R“.
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where Z is a vector of variables available to the investors. The f, component of f depends on two unknown parameters: 6 = (5, p).
Thus
f2(X,0)

where X includes the entries R, R, Z and Z. There will typically be overlap in the conditioning variables used to construct Z and
Z.

F(X.0) = [ S1(X) ]

Example 2.4. Suppose the econometrician observes survey forecasts ¥ of a variable of interest Y. Given a vector Z of conditioning
variables available at the time the forecast is made, one can construct a moment condition as in Eq. (2) using

F(X.0)= (Y—)?) z

where X’ = (Y, Z') and no inclusion of parameters is necessary. This restriction corresponds to the survey forecasts being interpreted
as subjective beliefs of survey participants, which could distinct from the forecasts implied by the DGP.

Remark 2.5. The approaches described in the previous examples are not mutually exclusive. Rather, the econometrician can
combine survey evidence captured by Example 2.4 with moment restrictions given in Examples 2.2 and 2.3.

For any parameter vector ¢ in Eq. (2), there are typically many specifications of beliefs M that will satisfy the model implied
moment conditions. Rather than imposing ad hoc assumptions to resolve this identification failure, we will characterize the
multiplicity by using bounds on statistical divergence. A statistical divergence quantifies how close two probability measures are. In
our analysis, one of these probability measures governs the data evolution while the other governs the investment decisions or the
equilibrium pricing relations. We define a range of allowable probability measures, and consider a family of divergences commonly
used in the statistics and machine learning literature.

3. Bounding beliefs with ¢-divergences

In this section we study a family of so-called ¢-divergences and explore within this family which divergences are most revealing
for assessing misspecification in dynamic economic models.* For the moment, fix 6 in Eq. (2) and write f(X,0) as f(X). Initially
we also abstract from the role of conditioning information, but the expectations can be interpreted as being conditioned on a sigma
algebra J as in our earlier paper, Chen et al. (2021).

3.1. Constructing ¢-divergences

Introduce a convex function ¢ defined on R* for which ¢(1) = 0. As a scale normalization we will assume that ¢’(1) = 1. The
corresponding divergence of a belief M from the underlying data generation is defined by E[¢(M)]. By Jensen’s inequality, we know
that

E[¢(M)] = ¢(1) =0
since E[M] = 1. The divergences E[¢(-)] are known as ¢-divergences. Special cases include:

(i) ¢(m) = —logm (negative log likelihood)
(i) p(m) =4 (1 - \/E) (Hellinger distance)

(iii) ¢(m) = mlogm (relative entropy)
@iv) ¢p(m) = %(m2 — m) (Euclidean divergence).

These four cases are widely used and are nested in the family of ¢-divergences introduced by Cressie and Read (1984) defined
by

1

[+ -1] <0

pom =" @
gy [ —m] >0
For n = —1 or 0, we can apply L’H6pital’s rule to obtain cases (i) and (iii) respectively. The divergence corresponding to n = —% is

equivalent to the Hellinger distance between probability densities. Empirical likelihood methods use the # = —1 divergence.® Two
cases of particular interest to us are # = 0 and n = 1. We refer to the divergence for n = 0 as relative entropy. We refer to the n =1
case as a quadratic or Euclidean divergence.®

4 Proofs and supporting analyses for this section are given in Appendix A.

5 This same divergence is also featured in the analysis of Alvarez and Jermann (2005) in their characterization of the martingale component to stochastic
discount factors.

6 Given our interest is in sets of belief distortions, our method is distinct from those designed for estimation under correct specification. In particular, our
motivation and assumptions differ substantially from the literature on GEL methods. The so-called pseudo-true parameter value that is often the centerpiece of
misspecification analysis in the econometrics literature plays a tangential role in our analysis as does point identification.
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3.2. Problematic divergences

For the purposes of misspecification analysis, we show that monotone decreasing divergence functions are problematic. For
instance, the Cressie and Read divergences defined by (4) and used in the GEL literature are decreasing whenever 5 < 0. Our
finding that the empirical likelihood (y = —1) and Hellinger (y = —%) divergences are problematic under model misspecification
is noteworthy, as both have been widely used in statistics and econometrics. Our negative conclusion about monotone decreasing
divergences leads us to focus on divergences for which # > 0 as robust measures of probability distortions.

To understand why monotone decreasing divergences are problematic, we study the corresponding population problem”:

Problem 3.1.
@
K= kgfoE[d)(M )]
subject to

E[M] =1
E[M f(X)] = 0.

When the constraint set is empty, we adopt the convention that the optimized objective is co. We call a model misspecified if

E[f(X)] #0.

For a divergence to be of interest to us, the greatest lower bound on the objective should inform us as to how big of a statistical
discrepancy is needed to satisfy Eq. (2). Therefore the infimum should be strictly positive whenever E[ f(X)] # 0. Conversely, notice
that under correct specification, E[f(X)] = 0, and M = 1 is in the constraint set of Problem 3.1. By the design of a divergence
measure, for M = 1 the minimized objective for Problem 3.1 is zero.

Theorem 3.2. Assume that ¢(m) is decreasing in m, E[f(X)] # 0, f(X) is absolutely continuous w.r.t. the Lebesgue measure on R, and
there exists a convex cone C C RY such that f(X) has strictly positive density on C and —E[f(X)] € int(C). Then for any x > 0 there exists
a belief distortion M such that (i) M > 0 on supp[f(X)]; (ii) E[M] = 1; (iii)) E[M f(X)] = 0; (iv) E[¢p(M)] < k.

Theorem 3.2 shows dramatically that when the vector f(X) has unbounded support, Problem 3.1 can become degenerate. The
infimized divergence can be equal to zero even though E[f(X)] # 0 so the model is misspecified. In this case the infimum is not
attained by any particular M, but can be approximated by sequences that assign small probability to extreme realizations of f(X).®
We view the assumption of unbounded support as empirically relevant, since moment conditions coming from asset pricing typically
have terms that are multiplicative in the returns. Note that gross returns have no a priori upper bound, and excess returns have no a
priori upper or lower bounds. The condition in Theorem 3.2 that ¢(m) is decreasing in m is crucial to the degeneracy. As we noted,
this condition is satisfied for the Cressie-Read family whenever 5 < 0.

Remark 3.3. Previously (Schennach, 2007) demonstrated problematic aspects of empirical likelihood estimators under misspecifica-
tion. She assumed the existence of a unique pseudo-true parameter value that is additionally consistently estimated by the empirical
likelihood estimator computed using the dual problem, but pointed out that such an estimator may fail to be root-T consistent under
model misspecification, where T is the sample size for iid data. In relation to this, we showed that the primal problem may also fail
to detect misspecification for any monotone decreasing divergence. This includes the n = —1 divergence used in empirical likelihood
methods. As we emphasized previously, our paper is not concerned with the point identification of pseudo-true parameter values.

For future reference, consider the dual to Problem 3.1:

sup inf E[$(M)+ MA- f(X)+v(M — 1) 5)
Ay M>0

where 1 and v are Lagrange multipliers, and 4 - f(X) denote the inner product between the vectors A and f(X). This problem is
of interest because it is typically easier to solve than the primal problem, especially when the inner minimization over M has a
quasi-analytical solution.

3.3. Relative entropy divergence

This section considers the relative entropy divergence (i.e., ¢(m) = mlogm or n = 0). Among the class of ¢ divergences, relative
entropy has same convenient mathematical properties and interpretations.

As known from a variety of sources and reproduced in the appendix, the dual to Problem 3.1 with relative entropy divergence
is:

7 In this paper we use ¥ as a definition.

8 An explicit construction of such sequences is given in Appendix A. Heuristically, we perturb the original distribution of f(X) by shifting a very small
amount of probability mass into an extreme tail so that the moment condition E[M f(X)] = 0 is satisfied. These perturbed distributions will converge weakly to
the original distribution, and the divergence will approach zero.
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Problem 3.4.
Sljp —logE [exp (=4 f(X))] .

In this problem we have already maximized over the scalar multiplier v. The first-order conditions for Problem 3.4 are
E[M* f(X)] = 0 where M* is constructed using
M= DA (X))
E [exp (=4* - f(X))]

where A* is the maximizing choice of A.

(6)

For this candidate M* to be a valid solution, we must restrict the probability distribution of f(X). Denote y(4) £ E [exp (—A
f(X))], when viewed as a function of —4, is the multivariate moment-generating function for the random vector f(X). We include
+00 as a possible value of y in order that it be well defined for all A. The negative of its logarithm is a concave function in 4, which
is the objective for the optimization problem that interests us. A unique solution to the dual problem exists under the following
restrictions on this generating function.

Restriction 3.5. The moment generating function y/(-) satisfies:

(i) w(-) is continuous in A;

(D) lim ;o w(4) = +00.?

A moment generating function is infinitely differentiable in neighborhoods in which it is finite. To satisfy condition (i) of
Restriction 3.5, we allow for y to be infinite as long as it asymptotes to +co continuously on its domain. In particular, y does
not have to be finite for all values of A. Condition (ii) requires that y tends to infinity in all directions. Restriction 3.5 is satisfied
when the support sets of the entries of f(X) are not subsets of either the positive real numbers or negative real numbers. Importantly
for us, Restriction 3.5 allows for f(X) to have unbounded support.

Theorem 3.6. Suppose that Restriction 3.5 is satisfied. Then Problem 3.4 has a unique solution A*. Using this A* to form M* in (6),
which satisfies the two constraints imposed in Problem 3.1. Thus the optimized objective for both problems (with relative entropy) is

x = —logEexp[-A* - f(X)].

4. Bounding expectations

Computing minimal divergences in Problem 3.1 is merely a starting point for our analysis. Our primary aim is to construct
misspecified sets of expectations, we use k > k to bound the divergence of belief misspecification. This structure will allow us to
explore belief distortions other than the one implied by minimal divergence. While we represent alternative probability distributions
with alternative specifications of the positive random variable M with unit expectation, we find it most useful and revealing to depict
bounds on the resulting expectations. Larger values of « will lead to bigger sets of potential expectations.

Given a measurable function g of X, we consider the following problem:

Problem 4.1.
.
K= %%E [Mg(X)]
subject to the three constraints:

El¢(M)] <«
E[Mf(X)] =0,
E[M]=1.

As before we can solve this problem using convex duality.' The function g could define a moment of an observed variable of
particular interest or it could be the product of the stochastic discount factor and an observed payoff to a particular security whose
price we seek to bound.

9 This condition rules out redundant moment conditions as well as choices of f which only take on nonnegative or nonpositive values with probability one.

10 There is an extensive literature studying the mathematical structure of more general versions of this problem including more general specifications of
entropy. Representatives of this literature include the insightful papers Csiszar and Matus (2012) and Csiszar and Breuer (2018). We find it pedagogically simpler
to study the dual problem directly and verify that the solution is constraint feasible rather than to verify regularity conditions in this literature.
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4.1. A nonlinear expectation operator

Formally, we represent the bounds on subjective expectations as a nonlinear expectation operator. While we are potentially
interested in more general functions g, we initially focus on the set B of bounded Borel measurable functions g to be evaluated
at alternative realizations of the random vector X. The mapping K from B to the real line can be thought of as a “nonlinear
expectation”, as formalized in the following proposition.

Proposition 4.2. The mapping K : B — R has the following properties'':

(D) if g2 > gy, then K(gp) > K(gy).
(i) if g constant, then K(g) = g.
(iii) K(rg) =rK(g), for ascalarr>0
() K(g)) +K(g) < K(g) + &)
All four properties follow from the definition of K. Property (iv) includes an inequality instead of an equality because we compute
K by solving a minimization problem, and the M’s that solve this problem can differ depending on g. This nonlinear expectation
operator can be extended to more general functions g depending on the application.

Remark 4.3. While K(g) gives a lower bound on the expectation of g(X), by replacing g with —g, we construct an upper bound on
the expectation of g(X). The upper bound will be given by —K(—g). The interval

[K(g), —K(-g)I
captures the set of possible values for the distorted expectation of g(X) consistent with divergence less than or equal to «.'?

There is a closely related problem that is often more convenient to work with. We revert back to a minimum discrepancy
formulation and augment the constraint set to include expectations of g(X) subject to alternative upper bounds. We then characterize
how changing this upper bound alters the divergence objective. Stated formally,

Problem 4.4.

L(9:¢) = inf E[¢(M)]

subject to:
E[M f(X)] =0,
E[MgX)]1 <9
E[M]=1.

Notice that, as stated, IL(9; g) increases as we decrease 9 because smaller values of 9 make the constraint set more limiting. Thus
we may decrease 9 till L(9;g) attains a prespecified value x used in constructing the nonlinear expectation K(g) in Problem 4.1.
Additionally, it is straightforward to verify that L(9; g) is convex in 9.

We can slightly modify this approach to obtain the lower and upper bounds simultaneously. Impose the equality constraint
E[Mg(X)]=9

instead of the current inequality constraint in Problem 4.4. Let £(9; g) denote the resulting objective function. The minimizer over 9
recovers the expectation of g under the minimal divergence M. For « > k, two values of 9 attain the relaxed divergence constraint.
These values of 9 give us the lower and upper bounds on E [M g(X)] of interest to us as described in Remark 4.3.

4.2. Bounding conditional expectations

Consider an event A with P(A) = E[1,] > 0 where 1, is the indicator function for the event A. Given a function g(X) of the data
X, we can extend our previous arguments to produce a bound on the conditional expectation. Instead of entering E [Mg(X)] < 9 as
an additional moment condition in Problem 4.4, we include

E[M1,(g(X)-9)] <0

11 The first two of these properties are taken to be the definition of a nonlinear expectation by Peng (2004). Properties (iii) and (iv) are referred to as “positive
homogeneity” and “superadditivity”.

12 All values in the interval [K(g), —K(—g)] are attained by some belief distortion M consistent with divergence less than or equal to k. To see this note that
Problem 4.1 is always attained and that ¢-divergences are convex.
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in the constraint set and vary 9 to attain a divergence target. This moment inequality is essentially equivalent to the conditional
moment bound:

E[M1, (X)) _
E [M1,]
provided that the denominator is strictly positive. The left side is recognizable as the conditional expectation of g(X) conditioned
on A.

4.3. Relative entropy reconsidered

Next we give a dual representation of K(g) in Problem 4.1 for the special case of the relative entropy divergence:'®
1
K(g) = sup Sl;p —¢logE [EXP <—Eg(X) —4- f(X)>] —éx. @
&>0

Notice that conditioned on ¢, the maximization over A does not depend on k because —¢k is additively separable. This makes it
convenient to explore the supremum over A for each & > 0. Write:

PN 1
K(&; ) & sup—¢log E [CXP <—Eg(X)—/1'f(X)>] . (€©)]
A
We deduce ¢ and the resulting moment bound by solving:

K(g) = sup [Regs ) - éx] . ©
&0

Remark 4.5. For sufficiently large values of k, it is possible the constraint on relative entropy actually does not bind. The additional
moment restrictions by themselves limit the family of probabilities, and might do so in ways that restrict the implied entropy of the
probabilities. Appendix A gives sufficient conditions under which the relative entropy constraint will bind, and provides examples
suggesting that the relative entropy constraint may bind in many cases of interest even for arbitrarily large choices of «.

By imitating our previous logic for the minimum divergence problem subject to moment conditions, the dual for Problem 4.4
with relative entropy divergence is:

Problem 4.6.

sup —logE [exp (—pg(X) — 4~ f(X))] - 9p.
>0,

The variable p is a Lagrange multiplier on the moment restriction involving g.
A natural starting point is to take the solution M* given in (6) from Problem 3.4 and compute

u, =E [M*g(X)].
By setting 9 = u,, the solution to Problem 4.6 sets p = 0 and 4 = A*. This choice satisfies the first-order conditions. Lowering 8 will
imply a binding constraint:

E[Mg(X)]-9=0.
Given the binding constraint, we may view Problem 4.4 as an extended version of Problem 3.1 (for 1 = 0) with an additional moment

restriction added. This leads to the following analog to Theorem 3.6.

Theorem 4.7. Suppose

@ 9<uy
(i) Restriction 3.5 is satisfied for the random vector: [g(X) f(X )’]/ .
Then Problem 4.6 has a unique solution (p*, 1*) for which
M= X [=p"g(X)— 4" - f(X)] ‘
E [exp [-p*g(X) — 4* - f(X)]]
This choice of M* satisfies ElM*] = 1, E[M* f(X)] = 0, and E[M*g(X)] = 9. Thus objectives for Problems 4.4 (with n = 0) and 4.6
coincide, and the optimized objective is'*

L(9;g) = —log E [exp (—p*g(X) = 4* - £(X))] - 9p".

13 see Appendix A for a justification.
14 While p*, 2*, M* depend on the choice of 9, to simplify notation we leave this dependence implicit.
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The relative entropy objective for Problem 4.4 increases as we decrease 9. For instance, by decreasing 9 in this way we could
hit the relative entropy threshold x of Problem 4.1. Both approaches feature the same intermediate problem in which we initially
condition on ¢ or p and optimize over A. For computational purposes we deduce the implied expectation of g(X) and relative entropy
by tracing out both as functions of the scalars ¢ or p.

4.4. Quadratic divergence

While the relative entropy (y = 0) divergence has many nice properties, it imposes restrictions on thinness of tails of the
probability distribution of f(X) that may be too severe for some applications.’® As an alternative, we now consider the quadratic
or Euclidean divergence obtained when we set = 1. We will not repeat the analysis of alternative bounds. Since a key input is
the dual to a divergence bound problem, we will characterize the resulting solution for bounds and leave the extensions to the
Appendix. We study the counterpart to Problem 4.1.

We impose two assumptions to ensure non-degenerate bounds.

Restriction 4.8.

(i) f(X) and g(X) have finite second moments.
(ii) There exists an M > 0 such that E[M] =1, E[M f(X)] = 0 and %IE[M2 -M]<«k.

The problem of interest is:

Problem 4.9.
@
Q= I}}I;fOE[Mg(X)]
subject to:
1
E [M? - M] <k
E[M f(X)] =0
E[M]=1.
We allow M to be zero with positive probability for mathematical convenience. Since there exists an M > 0 for which
E[M f(X)] = 0, we can form a sequence of strictly positive M’s with divergences that are arbitrarily close to bound we derive. Solving

this problem for alternative bounded g’s gives us a nonlinear expectation function Q satisfying the properties in Proposition 4.2.
As before, we give a dual characterization of the nonlinear expectation operator. In the following [a]* = max{a,0}.

Problem 4.10.

2
Do) ¥ sup —2E ([l—l[g(X)+/1~f(X)+VJ] ) —x—v.
eS0va 2 2 ¢

Proposition 4.11. Assume that Restriction 4.8 holds and that the supremum in Problem 4.9 is attained with & > 0. Then Q(g) = @(g).
Furthermore, the solution (&*, v*, A*) to Problem 4.10, corresponds to the belief distortion

+

M* = [% - g,i* [80) + 4" f(X) + V']

which satisfies the constraints of Problem 4.9 with equality, and attains the infimum, i.e. E[M*g(X)] = Q(g).

Proposition 4.11 follows from theorem 6.7 of Borwein and Lewis (1992). It characterizes the solution to Problem 4.9 when the
divergence constraint binds. Otherwise, we can obtain the expectation bound by solving Problem 4.10 for a fixed sequence of &’s
converging to zero where we maximize with respect to A and v given any ¢ in this sequence.

5. Other divergences

Our analysis thus far used ¢-divergences as the relevant notion of statistical discrepancy between probability measures.
Alternative measures, which have gained some recent interest in the operations research and machine learning literature, are the
Wasserstein distance and the maximum mean discrepancy.'® Here we briefly discuss how to extend our analysis to accommodate
statistical neighborhoods constructed using these alternative measures.

15 For instance, Restriction 3.5 may be violated for some exponentially affine models of stochastic discount factors with normally distributed shocks.
16 See for instance Arjovsky et al. (2017).

10
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5.1. Wasserstein distance and regularization

Consider a joint distribution between two random vectors X and Z. Now fix the marginal distributions while searching over
alternative joint distribution to minimize the expectation of |X — Z|” for an integer p > 1. The pth root of the objective gives a
Wasserstein distance between the pre-specified marginal distributions. The resulting optimization problem is recognizable as an
optimal transport problem.

For our analysis we combine minimization required for computing the Wasserstein distance with the minimization problems that
interest us when deducing the moment bounds. To accomplish this, let Z be statistically independent of X in accordance with the
E expectation. In addition, let M denote a positive random variable used to change the distribution of X conditioned on Z while
leaving the distribution for Z intact. This is enforced by restricting E[M | Z] = 1.'7 We then solve:

inf E[M |X - Z|"|
M=0

where
E[Mf(X)]=0
E[MgX)]<9
EM|Z]=1

When X is a continuous random vector the above problem is difficult to solve. We can follow Cuturi (2013) to add a small relative
entropy penalty to the objective function:

E[M |X - Z|?] + €E [M log M]
To characterize the solution to the penalized problem, we form the Lagrangian:

inE M (| X -Z|° logM + A- f(X - -
H}g}(&)méixlr‘rluz% [M (| I” + elog M + A+ f(X)+ pg(X) +v)] —Ev —pd

where p is a nonnegative scalar, 4 is a vector of real numbers and v can depend on Z. We may solve the “inner problem” by first
conditioning on Z:

maxgi;(l)E[M(|X—ZI”+elogM+A~f(X)+pg(X)+v) | Z] -v

d

where we use an argument that is entirely similar to an earlier derivation for the relative entropy discrepancy. This leads to solve
an outer optimization problem:
z H —pd.

Using this approach, we may approximate the solution to the original Wasserstein distance problem by setting ¢ to be sufficiently
small.

= —clogE [exp (—é [1X = ZIP+ 4. FX) + pg(X)])

4,p20

max —el [logE [exp (—é [|X - ZPP+4- f(X)+pg(X)])

Remark 5.1. Regularized Wasserman distances for a given ¢ may be computed efficiently using “Sinkhorn Iterations”. See Léger
(2020) for a recent formal justification for the convergence of these iterations for the case in which p = 2. Notice the relative entropy
penalization in our formulation has X and Z independent while the term E |X — Z|” will be zero only when Z = X. Thus even
under correct specification, penalized discrepancy will not be zero. This tension gets reduced as we make ¢ arbitrarily small.

Remark 5.2. Xie et al. (2019) note some difficulties in implementing the relative entropy regularization for small values of e.
They propose an alternative approach whereby the approximation to the minimizing M is obtained through an iterative scheme
within which e tends to zero. Moreover, they propose replacing the baseline probability used to measure relative entropy by the
one computed in a previous iteration. We cannot directly implement their approach since our optimization problem differs for the
reasons that we explained. Nevertheless, their strategy for reducing e as part of the iterations and changing the baseline probability
used in the relative entropy penalty may have a tractable counterpart for our problem.

Remark 5.3. Moment conditions of the type (2) can be defined in terms of X, or they could be reconstructed in terms of a
nonsingular transformation of X. One potentially nice property of a ¢-divergence, in contrast to Wasserstein distance is that the
divergence remains the same when applied to the probability distributions induced by the change-of-variables. Thus ¢-divergences
may be more easily interpretable in certain applications.

17 To see that this preserves the marginal distribution over Z, note that by the law of iterated expectations, for any Borel-measurable function ¢ of Z we
have that

E[M@(2)] = B[E[M @(2)| Z]] = E[@(Z)E[M | Z]] = E[p(Z)]..

11
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5.2. Maximum mean discrepancy

Let QO be the set of all probabilities over a space X of potential realizations of X. Let P denote the probability implied by the
DGP, which is an element of Q. We now consider a divergence measure over probabilities without reference to absolute continuity.
We solve

inf sup/h(x)dQ(x)—/h(x)dP(x)
0€Q ey

subject to:
/f(x)dQ(x) =0

/g(X)dQ(X) <9

and H is a conveniently chosen collection of test functions that is rich enough so that expectations reveal probabilities.

This problem is most tractable to implement when H is the unit ball of a reproducing kernel Hilbert space (RKHS). Such a space
is most conveniently constructed using a kernel k(x, y), that is symmetric, k(x, y) = k(y, x), positive definite, k(x, y) > 0, and bounded.
For instance, k could be the Gaussian radial kernel:

k(x,y) = exp (—¢ly = x|?)
By design, the implied inner product, (-,-) for the RKHS satisfies:

(k(-,x), h(-)) = h(x).

The Moore-Aronszajn Theorem informs us that such a Hilbert space can be constructed given the kernel k. Thus for any Q € Q,
[ 104060 = [ (20,1000 = Gug. )

where
Ho(y) = / k(y, x)d O(x).

It then follows immediately from a standard Hilbert space argument that
sup / h(x)dQ(x) — / h(x)d P(x) = \/m.

Since the kernel, k, is symmetric, we have [ u,(x)d P(x) = [ up(x)dQ(x), and
(Mo = mp o — ip) = (Hos Ho) = 2ug, up) + (ip, ip)

= / Ho(x)dO(x) — 2/ Ho(x)d P(x) + / up(x)d P(x).

In conclusion,

EUE/h(X)dQ(X)—/h(X)dP(X)= \// ﬂQ(X)dQ(X)—Z/ﬂQ(X)dP(X)+/MP(X)dP(X)
€

where k is associated with a RKHS. Thus we can leave the Hilbert space implicit and work directly with the kernel.

Remark 5.4. To obtain a non-degenerate divergence measure, we want the RKHS to be sufficiently rich so that the family of
expectations of the functions in this space determine a unique probability. For this reason, the kernels of interest are typically
ones that are “universal”. For such kernels, functions in the Hilbert space can approximate a continuous function on a compact set
uniformly arbitrarily well. It is common to use radial kernels, which are represented as:

k(x,y) =k (Ix = yI?).

Provided that k is the Laplace transform of a Borel measure on the positive real numbers that is not concentrated at zero, the radial
kernel is universal.'®

Remark 5.5. While the coordinates of f may not be in a RKHS, when the kernel is universal, we may be able to approximate f
with elements in the RKHS so that the optimization problem within the RKHS could be solved by standard methods.
18 gee Theorem 17 of Micchelli et al. (2006). Simon-Gabriel and Schélkopf (2018) and Simon-Gabriel et al. (2023) provide some refinements and corrections.

12
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Remark 5.6. The direct interpretation of the divergence measure in terms of unit ball H of a RKHS could be of particular interest
when the g functions of interest are known to reside in this ball, perhaps achieved by a suitable scaling. Alternatively, an applied
researcher could provide a thoughtful defense of the particular kernel that is chosen, while sidestepping the characterization of the
RKHS.

Remark 5.7. Similar to the Wasserstein distance, the maximum mean discrepancies depend on the particular construction of X,
and are sensitive to non-singular transformations of the underlying data.

6. Minimum divergence estimation and inference with unknown parameters

So far, we have suppressed the parameter dependence and focused solely on characterizing probability measures that are
consistent with moment conditions. We now include an unknown parameter vector 6, residing in a parameter space, in the
specification of the moment conditions and suggest some large sample approximations to inference. As before, we use a divergence
measured relative to the probability implied by the DGP to identify extremal probabilities of interest. As a preliminary step towards
a more complete analysis of the problem of interest, we explore inference for the following nested procedure. As an inner problem,
for each given parameter value 9, we find the probability that minimizes the divergence among those probability measures that
satisfy the moment conditions (2). As an outer problem, we then minimize this parameter-dependent divergence bound over the
parameter space.

We could view the outcome of this analysis as a way to identify what in the misspecification literature is called a “pseudo
true” parameter vector. Our aim is different, however. We use this analysis as input into our characterization of probabilities that
satisfy the moment conditions of interest. The fact that 0 is unknown increases the family of probability of interest as the moment
restrictions only need to be satisfied for one value of the # in the parameter space. Our model is only “misspecified” under the
probability implied by the DGP, and point identification of a “pseudo true” parameter vector is of no particular interest.

We focus our discussion on the use of ¢-divergences in this and the next sections, although some of our results have clear
extensions to other divergence measures. In view of the arguments made in the previous sections, we focus only on the ¢-divergences
that are not strictly decreasing. For convenience, we use the divergence in the family given by (4) for > 0. With this family, we lever
the well known Legendre transforms of these convex functions in formulated tractable dual problems. In addition to the unknown
parameters, the Lagrange multipliers are of interest for our analysis because they identify an extremal distribution, which provides
guidance on how one might reshape the distributions to satisfy the moment conditions.'” While the econometric objective posed
using duality is concave in the multipliers for each 6, this property only holds conditionally (on 6). We do restrict the multipliers
be unique for each 6 in the parameter space. Recall that Theorem 3.6 gives sufficient conditions for this uniqueness for the relative
entropy divergence (i.e., n = 0).

6.1. Extended dual problem

In this section we show how to extend our previous analysis to include parameter uncertainty. We impose the following
restrictions on the parameter space and moment conditions.

Assumption 6.1. (i) © is compact with non-empty interior @°; (ii) For each 6 € O, there is no nondegenerate linear combination
of the f(6, x) that is independent of x for all potential realizations x of X; and (iii) for each § € ©° and each x € supp(X), f(x,0) is
continuously differentiable in 6.

The problem of interest inclusive of the unknown parameter ¢ is:
Problem 6.2.
o

£ gy £O)

where for any fixed 6 € 6,
.

LO)= Al/lnzfoE [¢(M)]

subject to:

E[Mf(X,0)]=0,
E[M]=1.

19 This is a substantial extension of an original idea suggested by Back and Brown (1993).
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Problem 6.2 differs from Problem 3.1 in that it minimizes over the set of model parameters. In particular, it gives the minimum
value of the divergence k such that there exists a model parameter ¢ and belief distortion M*(9) with divergence « which satisfy
the given moment conditions. Estimation of k is important because it gives guidance to the econometrician about the minimum
divergence from rational expectations they must allow to obtain non-degenerate results.

Next we consider the dual formulation of Problem 6.2. Let ¢ £ (A’,v)’ denote the composite multipliers for the two sets of
equality constraints. The minimized divergence for a given 0 solves the dual problem

£(0) = max inf E[¢p(M)—1- f(X,0)M —v(M - 1)]. (10)
Ho M20

We further simplify this problem by bringing the minimization with respect to M inside the expectation. Let M (x, u, ) denote the
resulting solution, which is given by

1
1]t
M(x, 1.0) = <[i1[/1.f(x,9)+vj+m > , n>0 (11)
exp[d- f(x,0)+v—1], n=20
for almost all x. Substituting this solution back in to the objective (10) gives the following dual alternative to Problem 6.2:
Problem 6.3.
o
K # min £(6)

where for any fixed 6 € O,

£0) = max E[F(X,u,0)] (12)
where
Ly
! A 0 L) 0
Foomo® 4T (114 7.0+ v+ 11 tv.e o> 13)
—exp[A- f(x,0)+v—1]+v, n=0

We note that

--L 1+n
F(x, u,0) = Ty (MO O™ +v, 1 >0
“M(x,u,)+v, n=0

For each 0, the solution x*(6) to (12) of Problem 6.3 is given by the first-order conditions wrt u:

~fX.OMX, 1.0 _ 14

oF
E [E(X,ﬂ,a)] _E[ L= M 0)

Since the moment constraints must be satisfied, these first-order conditions imply a function u* of 6 so that

E [‘;—lj(x,ﬂ*(e),e)] —0 forall €@ (15)
The corresponding optimized probability distortion as a function of § using formula (11) is given by

M*(0) ¥ M(X, 4*(6),0) , (16)
and the optimized dual objective function is

L©O) =E [F(X,u*(0),0)] = E [p(M*©0))] .
Consider the set of model parameter values

FEargmin £(0)={0 €0 E [F(X,u*),0)] = x}

which is the set of minimal ¢-divergence implied parameter values. Under correct specification, x = 0, and M*(9) = 1 for 6 € 6*.
Our interest is when k > 0. While 6 is assumed to be a singleton in many investigations of misspecification, we deliberately avoid
imposing this restriction.

Assumption 6.4. O* C O0°.

By an application of the envelope theorem, we have

OLO) _ [OF, . . 0

= =E [ X (9),0)] for all 9 € @°. 17)
Let

o foecor: E[%(x,m(e),e)] =0} 18)

14
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denote the set of 0 solutions to the first-order conditions. Under Assumption 6.4 we have:
0*={0€0 E[FX,u"0).0)] =x}CO. (19)

To provide additional formulas of interest in our supporting analysis, we assume:

Assumption 6.5. For each 6 in O, (i) the matrix

} 2
H(u,0) ¥E [%(X u, 9)] is continuous in a neighborhood of u*(6).
uou

(ii) the matrix H*(9) &£ H(u*(6), ) is negative definite.

Remark 6.6. The formula for H in Assumption 6.5 is directly applicable for 0 < n < 1. As we discussed previously, we are also
interested in the case in which # = 1. In this case the F may fail to be twice continuously differentiable for some realizations x of
X. We may include this more general case provided that the expectation smooths out the kink points in the first derivative of F.

By the implicit function theorem, we have that x*(0) is continuously differentiable in 6 € ©°:

o) _ o] =1 0’ F .

o = [H*®)] E <0u00’ (X, u (0),0)).

Remark 6.7. For the relative entropy (n = 0) case, we have

OF(x,p,0) _ OM(x,u,6) _

0 00 -

Further, the v*(0) can be solved explicitly as a function of 1*(6), and the implied minimal divergence probability is

exp[4*(6) - f(X, 0)]

E (exp [4*(6) - f(X,0)])’

—M(x, u,0)A- f(x,0).

M*(0) =
Finally,
LO) =E [p(M*(0))] = —1logE (exp [4*(0) - /(X.0)]), and

9N O) _
0

Jaf(X,0)
a6 ’

(EIM*(0)f (X, 0)f (X, '9)'])_l E |M*(0)(1+4(0) - f(X,0))

6.2. Estimation

We first study the estimation of the Lagrange multipliers conditioned on the parameter 6, and then we explore the estimation
of the lower bound on the divergence.

6.2.1. Estimation of the Lagrange multipliers

By conditioning on the parameters, the minimum divergence problem has a nice mathematical structure because the dual
objective function is concave in the Lagrange multipliers.

We restrict the DGP as follows.

Assumption 6.8. The process {X, : t > 0} is strictly stationary and g-mixing.

In what follows the notation X refers to a random vector distributed according to the stationary distribution of the process {X,}.
The estimation of x*() for each 6 is a special case of an M-estimation problem with a concave objective function where the
sample counterpart to (12) of Problem 6.3 is as follows:

Problem 6.9.
| - | -
Lr(0) = — F(X,,u,0)=—= F(X,, 0),0
) mngg (X, 4, 6) T,; (X,, ur(6),6)

where 5 (0) is the corresponding estimate for p*(0) defined in (15).

This problem fits within the framework analyzed by Haberman (1989), and Hjort and Pollard (1993) among others. Since our
data is assumed to be f — mixing, we apply Chen and Shen (1998) for results on time series M-estimation.
We proceed by obtaining a functional central limit approximation for:

T
VT [£10) - £O)] = % 3 [FCX 4r(6),60)  F(X,. 4*(0). 0)] + F}(0) 20)
t=1

15
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where

T
1
7 D [F(X,, u*(0),0) = EF(X,, u*(0),0)] . 1)
=1
Only the term F}(9) contributes to the asymptotic approximation. To see why, note that since F is concave in y for each ¢, a gradient
inequality for such functions implies that

F;(G) def

<L Z [F(X,. 147(0).0) = F(X, 1*(0).0)] < [u7(0) — u*(0)] - h(0),

\/_

where
W) ¥ — Z —<X,, 4*(6),0).

This leads us to focus on a joint functional central limit approximation for F;(6) and 4} for making approximate inferences using
Ly(0).
Assumption 6.10.

(D {F;0) : 0 € 6} is Donsker, converges weakly to a tight Gaussian process {G(9) : § € 6} with zero mean and covariance

function

C*(6,,0y) & lim Cov [F1.(6)), Ff(6y)] = Y Cov [F(Xy, 1 (0,).0)), F(X ;. 147 (6),60,)]

==

(ii) The process {h7.(9) : 6 € O} is Donsker, converges weakly to a tight Gaussian process {G,:(9) : 0 € ©} with zero mean and
covariance function

V*(gl,ez)ngi_{r;oCOU [15.0)), B5.(05)] = Z Cov [—(xl,ﬂ 9,), 91) (xwu (65),6,)

Jj=—00

Sufficient conditions for the central limit approximations entail verifying weak convergence for any finite collections of 6’s in
conjunction a tightness restriction implied by some form of stochastic equicontinuity. Such an approximation may be obtained from
more primitive assumptions on the f-mixing coefficients of data-generating process { X, : 0} and restrictions on the functions of
X, and 6. See Doukhan et al. (1995), and Dedecker and Louhichi (2002).

Applying theorem 2 of Kato (2009) we obtain the following result part 2, together with (20) implies result part 1.
Result 6.11. Under Assumptions 6.1, 6.5 and 6.10, we obtain:

1. The estimated minimal divergence L(6) has the asymptotic representation

VT [£1(60) - L©O)] = F}(8) +0,(1) uniformly in 6,

and converges weakly to a tight Gaussian process {G(0) : 6 € O} uniformly over O.
2. The estimated family of Lagrange multipliers u;(0) has the asymptotic representation

VT [up(0) = ()] = = [H*©)] ™" 1:(0) + 0,(1) uniformly in ©,
and converges weakly to a tight Gaussian process {[H*)]! Gy:(0) : 6 € O}

6.2.2. Estimation of k
We use a simple plug-in estimator for k

=min L(6
Ky = min L7.(0),
for L£,(0) given in Problem 6.9. We obtain a corresponding set estimate of ©* as

(-); ={0€0: Ly (0) <xp+np}, for somenp 20, np = oP(T‘l) .

Under mild conditions including those ensuring the uniqueness of u*(6), we obtain a direct extension of Theorem 3.6 of Shapiro
(1991) from iid data to stationary f — mixing data,

Result 6.12. ﬁ(ET — K) = minggg+ F;(O) +0,(1) w mingcg+ G(O).

For any finite sample we have E[x x but E[x;] increases as T increases. Observe that if ©* is a singleton {6}, then

] <
Kr
\/_ T (x4 — k) » G(6,), which is a mean zero normal random variable with variance C*(6,, 6).
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6.3. Confidence sets via quasi-posteriors

In devising inferential methods, we target sets of solutions to the first-order conditions. In the case of the unknown model
parameter 6, this leads us to construct confidence sets for @ defined in (18). When O is a singleton then @ coincides with 6%, and
the FOC approach provides an asymptotic exact coverage for ©*. When @ is allowed to be a set that contains at least two solutions
to the first-order conditions, then © could be larger than 6*, which might make our inferences for ©* conservative.*

We find the estimated multiplier to be of interest because it allows to characterize the extremal probability density relative to
the probability distribution implied by the DGP. This leads us to combine the first-order conditions for § with those for u:

oF
a(x, u,0)

VF(x,u,0)=
OF
25 (6 1, 0)

with F(x, u,0) given in (13). Then the joint set of first-order conditions with respect to g = (¢, 0’) is:
E[VF(X,p)] =0. (22)

We let B be the space of admissible parameter values for . To formulate a tractable inference approach, we view (22) as the moment
conditions for a “just-identified” GMM estimation problem.

Remark 6.13. If O is assumed to be a singleton {6,}, then the sample analog of Problem 6.3 will lead to the joint asymptotically
normal frequentist estimates for (4*(6,), 6,). Several papers, such as Schennach (2007), Broniatowski and Keziou (2012), and Lee
(2016), have used these just-identified moment conditions to establish root-T" asymptotic normality of their estimators for (1*(,), 6,)
jointly for possibly E[f(X,0)] # 0 with iid data. Almeida and Garcia (2012) establish root-T" asymptotic normality for (x*(6,).6,)
under stationary strongly mixing data. In what follows we do not restrict © to be a singleton.

We follow a recently developed approach of Chen et al. (2018) to compute critical values for confidence sets based on a “quasi
posterior” designed to allow for set-valued ©. We implement their approach using a continuously-updated GMM criterion function
of Hansen et al. (1996):

T / T
1 1 _ 11
Lr(p)=—5 [; ; VF(X,,m] (= ()] [; ; VF(X,,m] (23)

where, for each g, [ (B)]” is the generalized inverse of X, (f), which is a consistent estimator of X(f):

T
) 1
2(p) = lim Var (ﬁ g{ VF(X,, ﬂ)) (24)

T

—1 and a prior IT over

where Var(-) denotes the covariance matrix of the argument in parentheses. Given Ly (f), the data X & {X,}
B, the quasi-posterior distribution I for g given X is defined as

exp[T Ly (P)1d I1 ()
Jg explT Ly ()1 IT(f)

Next we explore how to make (i) joint inferences for the multipliers and parameters and (ii) marginal inferences for the parameter
vector.

Al (p | X) = (25)

6.3.1. Confidence sets for the parameter and multiplier vectors
Let

B (f=(u"(0).0): 0 €O)

be the potentially enlarged composite parameter space. Draw a sample f’s from the quasi-posterior I, using a numerically
tractable Monte Carlo sampler. Chen et al. (2018) suggested to use an adaptive sequential Monte Carlo (SMC) algorithm that
is known to perform well for drawing from irregular, multi-modal distributions. Construct a confidence set B}. for B such that
limy_, o, Pr(B C B}) = a as follows:*

1. Draw a sample {f!,..., "} from the quasi-posterior distribution II; in (25).
2. Calculate the (1 — a) quantile of {Ly(8"),..., Ly(B™)}; call it .
3. Our 100a% confidence set for B is then:

Bi={(peB: Lr(p)>c). (26)

20 Such an outcome could be checked in the actual estimation.
21 This is procedure 1 in Chen et al. (2018).
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Remark 6.14. As Chen et al. (2018) note, confidence sets for individual components of the g vector can be constructed by
minimizing over the remaining parameters and using a chi-square one threshold.?> An analogous approach can be used to construct
confidence sets for sub-vectors of g such as the vector of Lagrange multipliers.

6.3.2. Confidence sets for 0 based on the profiled moment condition

While the multipliers provide valuable diagnostics, in this subsection we suppose the focus is on the underlying model parameters
0 € O. This leads us to modify the previous approach to achieve further computational simplicity by using the quasi-analytical
formula for the multipliers as a function of the underlying parameters. This opens the door to a plug-in procedure that allows us to
extend the previous approach in a tractable way.

Recall that u*(0) satisfies (15). Importantly, u* is treated as a function of 6. Provided that the multipliers are uniquely identified
as a function of the parameters, we can easily deduce a point-wise (in #) limiting distribution for the resulting estimator x;(6) at the
usual parametric rate of convergence. We may deduce either by applying a standard GMM approximation for inference. By using a
functional central limit theory we can get a full characterization of the limiting distribution for u; as it depends on 6.

We then wish to base estimation of § € © on the moment condition:

OF . B
E[SC X 0).0)] =0 (27)

plugging u(0) for u*(#). Plug-in approaches require an adjustment for the estimation of x;-() when making inferences about the
0 € O of interest. This leads us to construct:

ou

w OF —(9)] Z—F(x,”*(G),e)

( .0)= —(Xﬂ(9)9)+

_OF,
—0—9(st 0).0)-E [006 (X, u*(0), 9)] ( [a o (X, u*(0), 0)]) —(x u*(6),0)

The second-term in this adjustment is needed for making inferences that adjust for the estimation of x*(). This adjustment includes
two terms that contribute multiplicatively to central limit approximation:

(i) the term:
E[aga ~(X, u*(6), 9)]

captures the local impact of estimation of x* in moment condition (27),
(ii) and the term:

-1
oF "
—<1E[a o ~ (X, u*(0), 9)]) a_(X’M (0),0)

adjusts for the estimation of y*(0) using u;(0) based on the moment condition (15), say - Z, ] a (X,, ur(9),0) = 0,(T~ 172y
uniformly in 6.

We make inferences about the identified set © for 6 of interest using a continuously-updated GMM criterion function:
= 1 = -
Ly (0) = _EGT(H)/[ZT(H)] Gr(0) (28)

where
| w oF
GO % =N (X, 4 (0),0),
(0 T;(m(,w())

1

and ,(6) is a consistent estimator of X*(0) ¥ lim,_ , Var (— yr o

ﬁ t=1 90
<\/LF Z,T=1 %(X » 1*(0),0) ) since the latter ignores the impact of the plug-in estimation y(0). While %(X ;»0) depends on u*, as is
standard in plug-in approaches, we may replace x* and its partial derivatives with consistent estimators and compute an asymptotic
covariance estimate >, (0) based on:

(X,,H)) Importantly, >*(6) will differ from lim;_, , Var

{ (X, ur (0), 9)+[ <e>] Z (X, 1(0).0) : 2,...,T}.

Remark 6.15. There has been substantial research on plug-in approaches to estimation. For instance, Hansen (1982) provides
an GMM characterization for a finite-dimensional plug-in estimator.?® This does not cover our application because y* is infinite-
dimensional. On the hand, x*(0) can be estimated at a standard parametric rate, making the analysis very similar. For a treatment
of plug-estimators allowing for more general nonparametric auxiliary estimator, see Ackerberg et al. (2014).

22 gee their procedure 3 and theorem 4.4 for details.
23 See Hansen (2008) Section 4.2 for an elaboration,
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With plug-in adjustment, we follow the previous approach to provide confidence sets for 8. Given L;(0), the data X = { X, ,}tT=1,
and a prior IT over O, the quasi-posterior distribution I, for 6 is

explT Lr(0)1dI1(9)
JoexplTLy(0)ldIT(6)

We draw a sample {6',...,0V} from the quasi-posterior IT;. We seek a CS @a for @ such that limy_,, Pr(@ C @a) =a.
Confidence sets for ©:

A0 | X) = (29)

1. Draw a sample {6, ...,6"} from the quasi-posterior distribution IT; in (29).
2. Calculate the (1 — a) quantile of {L(8),..., Ly(6N)}; call it ere.

3. Our 100a% confidence set for @ is then:

6,={0€0:LrO)>"). (30)
7. Estimation of nonlinear expectation functionals and inference

This section presents estimation and inference for the nonlinear expectation functionals we constructed in Section 4. In other
words, we show how the econometrician can estimate bounds on the subjective expectations consistent with pre-specified moment
conditions and a given statistical divergence neighborhood.

Many prior treatments of misspecification use a divergence objective for estimation and for identifying a unique “pseudo-true”
parameter. The results in Section 6 could be applied directly to support such an analysis while allowing for a non-singleton set of
“pseudo-true” parameters. Our aim in this section is different, however. We characterize extremal distributions for the expectations
of functions, g, and the corresponding parameters vector when divergence bound is constrained to be less than a pre-specified « > k.
We reveal the full probability bound by repeating this exercise for alternative choices of g. In some applications, a specific g may
be motivated by investor preferences. We allow g to depend on the unknown parameter vector 0. This gives us the flexibility to
deduce and estimate model-based ambiguity sets of parameters implied by a given statistical divergence bound, x. We reveal the
full nonlinear expectation bound by repeating this exercise for alternative choices of g.

We consider two approaches to constructing confidence sets. First, we propose a direct approach which approximates the
nonlinear expectation by a finite-sample counterpart. Next we suggest an alternative simulation-based approach which relies on
augmenting the moment conditions and the parameter space by including the expectation of g as an additional parameter. This
augmented approach allows us to apply the results of Section 6 for estimation of the non-linear expectation.

7.1. Bounding expectation functionals using divergence balls

We first extend the previous results by letting x be a parameter satisfying x > k. We start with a real-valued measurable function
g of x and 0. We are interested in applications to multiple choices of g, but for notational convenience we leave the dependence
of solutions on g implicit, and similarly for x.2* For a given g, we consider the following problem designed to confront parameter
dependence:

Problem 7.1.

K ¥ min K(8) where

0O
K@) ¥ inf E[Mg(X,0)] subject t
(@) nf [Mg(X,0)] subject to

E[Mf(X,0)]=0,
E[M] =1,
E[p(M)] < k.

Problem 7.1 is analogous to Problem 4.1 but with two differences. The first is that it includes a minimization over the unknown
model parameter 6 to reflect the econometrician’s parameter uncertainty. Second, it allows additional flexibility for the model
parameter 6 to enter the agent’s function g to be bounded. Notice that to characterize agent’s subjective probabilities it would
suffice to let g be a measurable function of X, only. We allow for the additional generality in g(X,,0) to give researchers more
flexibility in diverse applications. This additional flexibility will be useful in making inferences about model parameters.

Since k > k, the constraint set for M is not empty at least for some values of 6 € ©.

Similar to the previous section, the dual problem is

K(0) = supmax inf E[Mg(X,0)+ EHM) — k) — 4- f(X,0M —v(M — 1)] (31)
g0 M M20

24 A consequence of this simplicity is that we recycle some notation in this section relative to previous sections that we use in analogous ways.
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where y % (4, v)’ denotes vector of the composite multipliers for the equality constraints. We solve the inner problem inf y;54[-] by
bringing M inside the expectation. Let M (x, &, u, 6) denote the resulting solution:

1[4 - NN
M6 0) = ([n(g) L2+ (5,0 +v = gx, 0)] + 11| ) . >0 32
exp O f(x, O +v—gx,0 -1,  n=0

for &£ > 0 and almost all x under the stationary distribution for {X,}. By substituting this solution into the objective (31), we restate
the dual problem as:
Problem 7.2. For 6 € O,

K(0) = supmax E[F(X,&, u,0)],

&0 H

where
Ln

.
Flx, &, p,0) < —léTn(['1(5)_1[A~f(x,6’)+v—g(x,6‘)]+IIT”] ) ! +v—-¢éc, n>0
—Eexp [((O7UA- f(x,0)+v—g(x,O)] - 1] +v—éx , n=0

We note that

£ gy
Flx. 1.6) = Ty (MO O™ +v—Cx . n>0
—EM(x, u,0) +v—éx, n=0

The solutions to Problem 7.2 are given by the first-order conditions wrt (u, & > 0):

OF B oF B
E [E(X,é,ﬂﬁ)] =0, E[ag (X,é,/dﬁ)] =0,

where:

—f(x,OM(x,¢, 1, 0)

oF -
op o Em0= [ 1— M(x. & p.0)

oF
] , a—é(x,cf,ﬂ,ﬁ) =M (x,&, 1, 0)) — k.
As to be expected from the dual problem, these first order-conditions capture the constraints:

-Elf(X,0)M(X,& u,0)] =0
1-E[M(X,& pn,0)] =0
E[¢pM (X, &, pu.0)] — k=0 (33)

Remark 7.3. More generally we should allow for £ > 0 in (33) by replacing the 3rd equation by
£20, EEPMX,E pu,00]—x)=0.
Appendix A gives sufficient conditions under which the relative entropy constraint binds. This rules out £ = 0 as an optimal solution.
Let u,(0),&,(0) denote the solution to (33), and
M,(0) £ M (X.,£,(0). 1,(6).0)
given in (32) denote the implied extremal probability.
Remark 7.4. In this section we focus on moment functions f and g such that, for any 6 € 0, there is are unique multipliers
(1,(0),&,(0)) and a unique belief M, (0) = M (X, &,(0), 4,(9),6) given in (32) solves the dual Problem 7.2.
The optimized dual objective function in Problem 7.2 becomes
K(0) = E [F(X,£,00), 14,(0),0)] = E [M,(6)g(X,0)] .
Let
, & arg ngn K@) = {0 €6 : E[M,0)g(X,0)] =K}, (34)

which informs us of the parameter configurations that are needed to attain the lower bound on the expectation of g. Using a parallel
construction and substituting —g for g, a set ©, informs us of the parameter configurations that are needed to attain the upper bound
on the expectation of g. Suppose that ©, c ©°, then we have

0K(09)

@KQQ;:“{Oe@": 5

= 0} = {9 €0’ : E [%(X,fo(ﬁ),ﬂa(g),g)] =0}.
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Remark 7.5. For relative entropy (n = 0) divergence, we have

oF — M __ 0f(x,0)  dg(x,0)
g (& 0) = —E (6,6, 0) = =M(x, 6, 1,0) 4 == = ==
And

exp [£,(0)7!(4,(0) - F(X,0) — g(X,0))]

E (exp [£,(0)71(4,(0) - f(X,0) — g(X.0)])

M,(0) =

7.1.1. Sample analog estimation of the nonlinear expectation functional
We conclude this subsection by exploring estimation and inference using the sample counterpart to Problem 7.1 for x > k. :
Problem 7.6.

Ky € min £(6) wh
r = min r(0) where

T T
def 1 1 N R
K (0) % maxmax o Z, F(X;.6.1.60) = = ; F(X,.&0). (0).0) . (35)

where £(), 4(0) are the estimates of E,(0), u,(0)
We proceed in an analogous way as in Section 6.2 with the following modifications:

(i) we use the augmented multiplier vector (&, u) instead of y;
(ii) our minimized objective from Problem 7.6 recovers our lower bound on the expectation of g instead of «.

Denote

T
o 1
FR0) 2 — Y [F(X,.£,(0), 1,(0),0) — K(O)] .
VT =
Under these analogous assumptions, by a slight extension of theorem 3.6 of Shapiro (1991) from iid data to stationary g — mixing
data, we obtain the following asymptotic result for the estimated nonlinear expectation K;:

Result 7.7. \/f Ky —K) = mingeg, F1(0) + 0,(1) » mingeg , Go(0), where G, is a tight Gaussian process on ©.

Precise assumptions and expressions for the asymptotic covariance function are given in Appendix B. For any finite sample size
T we have E[K;] < K, but E[K;] increases as T increases. If ©, = {6,} is a singleton, then ﬁ(KT —K) w G,(6y), which is a mean
zero normal random variable with variance C,(6,, 6,) given in Appendix B.

When 6, might not be a singleton, in the stochastic programming literature, there are currently four popular approaches for
confidence sets construction using the above Result 7.7: (i) Monte Carlo simulations, (ii) non-asymptotic large deviation bounds
(see, e.g., chapter 5 of Shapiro et al., 2014), (iii) subsampling and (iv) the extended bootstrap (see, e.g., Eichhorn and Romisch,
2007). To the best of our knowledge, most papers on DRO using convex divergence have simply assumed that ©, is a singleton
when constructing confidence intervals (see, e.g., Shapiro, 2017; Duchi and Namkoong, 2021).

In the statistics and econometrics literature, both the subsampling approach (see, e.g., Chernozhukov et al., 2007; Romano and
Shaikh, 2010) and various modified bootstrap approaches (see, e.g., Diimbgen, 1993; Fang and Santos, 2019; Hong and Li, 2020)
have been used to construct confidence intervals for Hadamard directional differentiable functionals such as K for iid data. We note
that both approaches lead to less powerful inference when 0, is a singleton.

In principle, any of these existing approaches can be extended to our framework with p-mixing weakly dependent time series
data. For concreteness, we will describe in the next subsection a procedure to construct confidence sets for K via the numerical
bootstrap method of Hong and Li (2020) with a modified weighted bootstrap for time series data.

7.2. Confidence sets for K via numerical weighted bootstrap

Next, we describe a numerical weighted bootstrap procedure to obtain confidence sets for K based on the method of Hong and
Li (2020).

The first step in the bootstrap iteration is to simulate positive random weights {W; : r = 1,2, ..., T} with autocorrelation satisfying
the following conditions

@ (W, :1=1,2,...,T} is strictly stationary and independent of {X, : r=1,2,...,T}
() Ew]1 =1, IE][WB] < oo, and Cov(W,,W,,;) = @(j/J) where «(-) is a positive symmetric kernel function with ©(0) = 1 and
integrates to one with lag truncation parameter J.2°

25 When data are weakly temporally dependent, choosing J = O(T'/?) ensures asymptotically consistent coverage.
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One example is to simulate the random weights {W,}IT=1 as exp(1) random variables. When data is iid this is known as the Bayesian
bootstrap. Another example is to let (W, — 1) have standard normal marginal distribution as in Chen and Fan (1999) for time series
data. They term this a “conditional Monte-Carlo approach”. We include more general random weights along with an adjustment for
temporal dependence.
The second step is to draw the following bootstrap quantities. Let F7’1(9) denote the weighted bootstrap counterpart to F.(6):
s

F7b~(9) “ T Z (W, = DIF(X,,&0), 4(0),0) — Kr(0)]] .
Conditional on the data {X, }T I
Appendix B). Given a positive deterministic sequence ¢; such that e; — 0 and erﬁ — oo, define

the process {FTb(é') : 0 € O} converges weakly to the Gaussian process {G,(0) : 6 € O} (see

Db & el {mln [Kr(0) + er FL(0)] - m1n ICT(G)} o
T

Result7.8. Leter — 0 and eTﬁ — oo. Under some mild regularity conditions, we have: conditional on the data, ID)’} » Minyeg, Go(0).

Result 7.8 implies that the sampling distribution of the bootstrap quantity ]D)bT converges to the asymptotic distribution of

ﬁ (K — K). See Appendix B for details. Applying this insight, one can use the following procedure to obtain a confidence set
for K with asymptotic coverage probability a:
Confidence sets for K:

1. For b=1,..., N, compute the weighted bootstrap statistic ]D)b

2. Calculate the I_T”‘ and = 1+"’ quantiles of ]D)” Call them q ., and q; 1+ Tespectively.
2 T2
3. Form the confidence set as the interval
1 1
CS% = |Kp +T72 ~q; o Kp+T72 ~q: e | - (37)
" i

Remark 7.9. If one chooses g(X,0) = ¢, i.e. an individual component of the parameter vector, then the corresponding estimate
K, gives a lower bound on values of § which rationalize the moment conditions with divergence no greater than «.

Remark 7.10. This same weighted bootstrap approach can be used to make inferences about the parameter dependent minimum
divergence ({ﬁ [ET(B) —£(9)] : 0 € 6}) and the corresponding Lagrange multiplier process ({\/f [MT(9) - ;4*(6’)] 10 € O))
building on Result 6.11 in Section 6.2. This same approach also would support inference for the augmented Lagrange multipliers
(&,(0), u,(0)) from Problem 7.2. See Appendix B for details.

7.3. Bounding expectation functionals by augmenting the moment conditions

We next describe an alternative approach framed in terms of a vector of moment conditions augmented to include expectations
of g, which is a direct target of estimation. This opens the door to using a quasi-posterior method analogous to what we described
in Section 6.3.

Consider the following problem that is analogous to Problem 6.2 for any fixed 9:

Problem 7.11. For any fixed 9,
-
L(9) £ min £(0, 9)
where
-
LO,9) = 1}}1;0193 [¢(M)]
subject to:

E[Mf(X,60)] =0,
E[Mg(X,0)]—-9=0,
E[M]=1.

For a given value of 9, this problem has the same mathematical form as that in Section 6, except that we now have an additional
moment condition:

E[M - [g(X,0)-8]1=0

Since we added a moment restriction, IL(J) > k.
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Denote 6 ¥ (¢’,9) and
[0 2 (f(x,0),8(x,0) - 9)".

We slightly strengthen Assumption 6.1(ii)(iii) to hold for #¢ and f%(x,6%). Let 4 & (A, 4,) and u & ((A9),vY.
As input into Problem 7.11, we construct £(6,9) by solving the dual problem with optimized objective,

L£(0,9) = max E [F”(X, /4”,9“)] =E [F”(X, I CN 9“)] =E [¢(M*(9"))]
L
where F4(x, u%, 6%) and M*(6?) are defined in the same ways as those in (13) and (16) respectively, with u“, 6%, f%(x,0) replacing
u, 0, f(x,0) respectively.

To obtain the bounds and parameters of interest, we search over 9 until L(9) equals the ¥ > k of interest. As mentioned in
Section 4.1, L(9) is convex in 9. Let 9, < 9, be the two solutions to

L(9,) =1L(9,) =« .
Then by the convexity of L, {9 : L(9) < x} =[9,,9,] and {9 : L) > k} = (-0, 9,) U@, +0).
We consider the following sample analog of Problem 7.11
Problem 7.12. For any fixed 9
Ly(8) & min £7(0,9)

where
1 - 1w
L00,9) € max — Y FUX,, 4% 0% ==Y FX,, us(0%,6%.
(6. 9) “L%XT,; (X, u,0% T; (X, H.(6%),60%)

We then solve for
Ly@,) =Ly@,) =« for §, <39, .

Note that §, is an estimator for 9, = K (in Problem 7.1), and —4, is an estimator for the counterpart K when g is replaced by —g.
We propose a method for inference about the solution to Problem 7.11 that is entirely analogous to what we proposed for
Problem 6.2, with 6%, u, f%x, 0% replacing 0, u®, f(x,®), respectively. In particular, confidence sets for % can be constructed in
ways analogous to those described in Section 6.
We base inferences on E [‘P(X PITER 9“)] = 0 where

Fé(x, u®,0% —x
@ | OF° a pa
Px,pt, 00 E 5 0ut, 09 |,

O (e u®, 09
o7 (%> 1%, 6)

Importantly, we do not include the partial of F* with respect to 9 among the set of moment conditions used for inference, as it is

not included in the construction of ¥. It is replaced by the first entry of ¥ that we include to enforce the divergence restriction.

There will be two sets of solutions to the moment conditions corresponding to the upper and lower bounds on the expectation of g.
Form the sample objective

T ! T
1 {1 1
Ly(u,0=—-=|= Y(X,, u,0° (091 | = Y(X,, u,0° 38
r(u,0% z[rg("‘ >][T<u ) [T;(,u )] (38)
where X;(u% 607 is a consistent estimator of X(u?, 0% = limp_ Var <\/L7 Z,T:1 Y(X,, /4”,0“)). With this approach, the profile
quasi-likelihood ratio statistics for 9 is defined as
OLR(®) & 2T [maex Ly (4. 6%) — max Ly (u“. . ,9)]
ua,09 e,
we can compute a simple 100a% confidence set for 9 as:
{9: 0RO <22, ). (39)
where y? denotes the a quantile of the y? distribution.
Remark 7.13. In the relative entropy (1 = 0) case, we have
M(x, 4%, 0%) = exp [A* - f4(x,0%) + v — 1]

used in representing beliefs as a function of the multipliers: 4* = (', 4,)" and v. Form:

Fo(x, 1%,0,9) = —exp [A- f(x,0) + A,[g(x,0) = 9+ v —1] +v
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==M(x,u",0)+v

with partial derivatives given by:

oF* —f(x,09)M (x, u®, 0%
0% =
ou® (e 4%, 6%) 1— M(x,u", 6%
oF“ a 0f%x,0%)
or 09 = =29 27 M(x, ul, 0%).
90 (x, u*, 0% %0 (x, u%, 0%

We use the moment restriction: E[¥ (X, u¢,0%)] = 0 for statistical inference, where
—M(x, u*,0%)+v -«
=[x, 09)M (x, u“, 09)
1= M(x, u?, 0%
_a. 9f4(x,09 a pa
A == M (x, 1, 0%)

Y(x,u’, 0% =

Remark 7.14. While the method in Section 7.2 is applicable more generally, we only know of convenient sufficient conditions for
the method in this subsection under the point identification of the § parameters and multipliers (and two-point identification of 9.)
For justifications of this method in a fully point-identified GMM setting, see Gallant and Jorgenson (1979), Eichenbaum et al. (1988),
and Newey and West (1987). Chen et al. (2018) justify this method (procedure 3 in their paper) allowing for partial identification
(of #) but impose an additional domination condition, which we have not verified. Nevertheless, we suspect that the approach in
this subsection may be more generally applicable, but leave it for future exploration.

8. Discussion and conclusion

In this paper, we assume that a generic dynamic model of finite-dimensional unconditional moment restrictions is misspecified
under rational expectations, but is valid under agents’ subjective beliefs. The subjective beliefs, however, are not uniquely identified.
We view the subjective belief specification as a form of “bounded irrationality”. This leads to use a statistical measure of divergence
of the subjective probabilities relative to the probabilities implied by the data generation as a way to formally bound this irrationality.
This paper devises and justifies econometric methods that support this empirical approach. We are naturally led to replace point
identification by set identification of both the subjective beliefs and the parameters of the moment restrictions. We represent the
implied probability bounds of the empirically relevant subjective beliefs with a nonlinear expectation functional. To support this
approach, we present several estimation and confidence set construction for the nonlinear expectation functional.

Our recently published paper (Chen et al., 2021) uses a similar perspective to explore identification using conditional moment
restrictions and dynamic counterparts to the divergence measures we consider in this paper. A future challenge is to extend the
econometric methods in this paper to apply to the population characterizations given in Chen et al. (2021).

Several papers (including a suggestion in Hansen, 2014 and the analysis in Ghosh and Roussellet, 2020; Korsaye, 2022) treat the
minimal divergent beliefs and corresponding model parameter (assuming point-identified) as the target of estimation. In contrast,
we view the distorted probability recovered in this way merely as one possible measure of subjective beliefs; but we do not view
it as the only plausible measure of these beliefs. Additionally, we do not necessarily view an identified parameter vector associated
with the minimal divergent beliefs as the only parameter value of interest. We take a more eclectic approach because we do not
see why the subjective probabilities used by market participants must appear to the econometrician to have minimal divergence
relative to rational expectations. Instead we consider it more fruitful to characterize and bound sets of plausible beliefs and model
parameters consistent with certain levels of divergence from the data generating process, and to perform a sensitivity analysis with
respect to the level of divergence.
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Appendix A. Proofs and derivations for Section 2

A.1. Proof of Theorem 3.2

Construct a sequence z; \, 0 such that = ;< % for all j. Then choose r; € RY such that
(1= z)ELf(X)] + 7;r; = 0

ie.

1—7x.
rj= —< ””/>E[f(X)]

J
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Let B(r,¢) denote an open ball with center r and radius e. Since —E[f(X)] € int(C) there exists an ¢ > 0 such that the open ball
B(-E[f(X)],e) C C. Since C is a cone and 7; < % it follows that B(rj,€) C C. Write v(e) = vol[B(0,¢€)] > 0.%° Now, construct a
sequence of belief distortions M; as follows:

M;x)=0-z;)+x; 1{f(x) € B(rj,e)}

1
v(e)hgf ()]
where hg(y) is the density of the random variable Y = f(X) under the objective probability measure P. By construction, we have
that for all j € N

*M;>0
< E[M;]=1
* E[M, /(X)] =0.

Additionally note that M; > (1 — x;) with probability one. Since ¢(-) is decreasing, we have that ¢(M;) < ¢(1 — z;) with probability
one. By continuity, ¢(1 — x;) - ¢(1) = 0. By monotonicity of expectations we see that

0 < E[$(M)] < Elp((1 — ;)] = (1 — ;) = 0.

The statement follows immediately. []
A.2. Proof of Theorem 3.6

The negative of a log moment generating function is strictly concave. Conditions (i) and (ii) guarantee that the function
y is continuous and coercive. It follows from Ekeland and Témam (1999, Proposition 1.2, Ch. IL.1, p.35) that the supremum
in Problem 3.1 with relative entropy divergence is attained uniquely at vector we denote A*. Since y is differentiable, A* is
determined uniquely by solving the first-order conditions. Moreover, from known results about moment generating functions we
may differentiate inside the expectation to conclude that the first-order conditions with respect to 4 imply

exp(4* - f(X))
E[exp(4* - f(X))]
This can be seen directly via the dominated convergence theorem. Thus M* is feasible for Problem 3.1.
To verify that M* solves Problem 3.1, note that for any other M > 0 with E[M] =1,

JX)| =E[M*f(X)] =0.

E[M(log M —log M*)] > 0,
and thus
E[M log M] > E[M log M*).
The first expression is nonnegative because it is the entropy of M relative to M*.?” Compute
E[M log M*] = E[M(4* - f(X))] —1ogE [exp (4* - £(X))] .
Thus if E[M f(X)] =0,
E[M log M*] = —log E [exp (4* - f(X))] .
We conclude that
ilgf E[M log M] > —1ogE [exp (4* - £(X))]
where B = {M € L'(Q,8, P) : E[lM] = 1,E[M f(X)] = 0}. Furthermore, the right-hand side is attained by setting M = M* and that
other M € B that attains the infimum is equal to M* with probability one. []

A.3. Derivation of Eq. (7)

By standard duality arguments, the dual formulation of Problem 4.1 is the saddlepoint equation

sup inf B [Mg(X)+EMlogM —x)+ A+ Mf(X)+v(M = 1)] (40)
£50,4,v M20

where &, 4 and v are Lagrange multipliers. Since the objective function is separable in M, we minimize

Mg(X)+EMlogM — )+ A- Mf(X)+v(M — 1)

26 Here we use the definition vol(S) = [ 1(y € S)dy.
27 Formally E[M(log M —log M*)] = E[M*¢$(M /M*)] with ¢(x) = xlogx, so the expectation is non-negative by Jensen’s inequality.
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with respect to M. The first-order condition is
gX)+E+ElogM + A~ f(X)+v=0.
Thus,
1
exp (~1 [0+ 4+ 70X )
B [exp (~ 1 100+ 2+ £001)
Substituting back into Eq. (40) gives Eq. (7).

M =

Journal of Econometrics 243 (2024) 105653

We can connect these results to our earlier analysis of dual Problem 3.4 by defining an alternative expectation & using a relative

density:
exp [~1g(0)]
Eexp |- 1ex)

Then write the objective as

Reg g = sgp ~&logBexp[—4- f(X)] - ElogEexp [—%g(X)] .

Since the last term does not depend on A, we may appeal to Theorem 3.6 for the existence of a solution where Restriction 3.5 is

imposed under the change of measure.?®

A.4. When will the relative entropy constraint bind?

We first give a high-level sufficient condition under which the relative entropy constraint in Problem 4.1 binds. Write

K(g:¢) = max —{log E [eXp <—%g(X) +4- f(X))] — &k
Let A(g;£) denote the maximizer in the definition of K(g, ), and define
exp [— ég(X )]
8 (o [-zs0))
exp [~ 1g(0) + AE S (X))

B (exp [~ 1500 + 401 (0)] )

M(g:¢) =

M,(g;¢) =

Restriction A.1.

limE [M,(g:£)g(X)] — E [My(g; £)g(X)] >0

Proposition A.2. Under Restriction A.1,

.0
lim —K(g; &) =
/;lﬁ)lar: (8;:8) =

and therefore the relative entropy constraint in Problem 4.1 binds for any value of k > k.

Proof. An application of the Envelope Theorem gives that
;—éK(g;é) = —logE (exp [—ég(X) +A(g:8) - f(X)D - éE[Mz(gié)g(X)] —x
= éH(g;«S) —x
where
H(g: &) = ~£logE (exp [—%gm + A(g;5>f(X>]) — E[Mj(g: )g(X)].
Applying L'Hopital’s rule, we see that
lim E(g: ) = lim B[ M (2: £6(0)] ~ E [Ms(g:9800)] > 0.

The result follows. []

28 For computational purposes, there may be no reason to use the change of measure.
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Restriction A.1 is difficult to verify in practice. To make things more concrete, we give two somewhat general examples under
which the relative entropy constraint will bind.

Example A.3 establishes that the relative entropy constraint will bind in Problem 4.1 whenever the target random variable g(X)
has a lower bound g with arbitrarily small probability near that bound.

Example A.3. For simplicity, omit the moment condition E[M f(X)] = 0. Suppose that
(i) ess inf[g(X)] =g > —o0,
(if) lim,_oP {g(X) <g+ e} =0,
Then for any « > 0, the relative entropy constraint in Problem 4.1 will bind.
Example A.3 rules out indicator functions for the choice of g. Bounding such functions may be of interest if the econometrician
wishes to consider bounds on distorted probabilities. We consider a version that allows for these in Example A.4
Example A.4. We consider a scalar moment condition with a support condition and consider bounds on indicator functions of the

moment function. Suppose

(i) f(X) is a scalar random variable;
(ii) ess sup(f(X)) =u < oo,
(i) lim,_oP{f(X) > u—e} =0.
(V) g(X) =1{;(x)5r forr>0;

Then for any « > 0, the relative entropy constraint in Problem 4.1 will bind.

The statement that the relative entropy constraint binds for any « > 0 in Examples A.3 and A.4 follows immediately from
Lemmas A.5 and A.6 respectively. These two examples suggest that the relative entropy constraint will bind in many cases of
interest even for arbitrarily large choices of «.

A.5. Auxiliary results
Lemma A.5. Let g =ess infg(X) and assume that
liir(l)P{g(X) <§+€} =0.
Then for any k > 0, there exists a constant { > g such that for any belief distortion M satisfying M > 0, E[M] = 1, and E[Mg(X)] < ¢,

we must have that E[M log M] > k.

Proof. Write
ne)=P{ex)<g+el
and observe that A(¢) > 0 and h(e) — 0 as € — 0. Define an event A(e) by
A© = {sX0) <g+e}
Now, let { =g + % Then for any M satisfying the constraints, we have that

g+ > EIMg(X)]

€
2
=E [Mg(X)1] + E [Me(X)1 ]
> g B [M1,] + (g + O [M1,]
> g+ € [M1x]
=g+e(l -0 M)
where Q(e; M) = E [M1,,)]. Rearranging, we obtain the bound

%ZI—Q(G)

which simplifies to
1
> —.
0O(e) 2

It follows that

EMIs0]l _ 06 1

E[M|A = = > .
MIAON= T ]~ e ~ 2he)
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Additionally, since M > 0 we have the trivial inequality
E [M|A(e)] > 0.

Now, let F(e) denote the s-algebra generated by the event A(e). Applying Jensen’s inequality conditional on F(e) to the relative
entropy, we obtain

E[M log M] > E [E[M|F(e)] log (B[ M|F (e)])]
= n(e) 2 1og Q(S)] +11 = )] (—%)

h(e) h(e)
1 1 1
> 5 loe [Zh(e)] Te

where the second term comes from the fact that the function ¢(m) = mlog m is bounded from below by —e~!. Choosing e sufficiently
small so that the lower bound exceeds « gives the desired result. []

Lemma A.6. Let f(X) be a scalar random variable. Assume that M > 0, E[M] = 1, E[M f(X)] = 0 and that P{f(X) < u} = 1. Then
forany r>0
u

E[M1(f(X) < -] <
u+r

Proof.
0=E[M f(X)]
=E [MfX)100cn] +E [MFOO1 00050
< 1B [M1(xcr)] + UE [M1f(x)5_p)]
<=+ DE [M1 0] -

Rearranging gives the desired result. []

Note that this upper bound is sharp so long as X has strictly positive density near X and —r. It can be approximated by letting

M approach a two-point distribution with a point mass at x with probability = = %r and a point mass at —r with probability

l—-7==".
X+r

Lemma A.7. Letu=ess sup f(X) and assume that
lir%P(f(X) 2u—¢e)=0
€
Then for any x > 0 and r > 0 such that P{ f(X) < —r} > 0, there exists a constant § > 0 such that for any belief distortion M satisfying

M >0, E[M] =1, E[M f(X)] =0 and

u
EIMr00-n] 2 57 =6,

we must have that E[M log M] > k.

Proof. Write
h(e) = P(f(X)>2u—e)

and observe that hA(e) > 0 and h(e) —» 0 as € — 0.
Now, take ¢ € (0,u +r) and define the following events
A={f(X) < -r}
B(e)={-r< f(X)<u-—¢}
Se)={f(X)Zzu—e}.
Observe that A, B(e) and S(e) are mutually exclusive. Using the fact that 1p, = 1 -1, — 1, with probability one, we obtain
0=E[M f(X)]
=E[M f(X)1,4] + E[M f(X)1p] + EIM f(X)1g)]
< ~rE[M1,]+ (u— ©)E[M1p,] +uE[M 1]
= —rE[M1,] + (- eE[M(1 — 1, — 15| + uE[M 1]
SWu=—¢e)—(u+r—eE[M1,]+eE[M1g,]
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Rearranging, we obtain the lower bound
E[M1 ]>w E[M1,]- —2—¢
s@l 2 = AT wrr-o
Now, for any M such that

€ r

E[M14]> u+r §(u+r)(u+r—e)

we have that

E[M1 ]>(U+f—€)< u € r u—e )
sl Z2 —— -5 =

€ u+r 2@Wu+nu+r—¢e) @U+r—e)

(utr—e) r
> € 2(u+r)(u+r—e)

>1r
2u+r

It follows that

E[Mls(e)] S 1 r

E[M|S(e)] = E[I—S(e)] > o urr

Now, let F(¢) denote the c-algebra generated by the event S(e). Applying Jensen’s inequality conditional on F(e) to the function
¢(m) = mlog m, we obtain
E[M log M] > E [EIM|F(e)] log (E[M |F(e)])]

E[M 15(6)] E[Mls(e)] 1
> h(e) "o log < o > + (1 = h(e)) (_Z>

1 r 1 r 1
> = log - —.
2u+r 2h(e)u+r e

Note that we have used the inequality x log x > —é for all x € R. Now choosing e sufficiently small so that the lower bound exceeds
x gives the desired result. []

Appendix B. More details for Section 7

To simplify notation we let u* = (&, u')’ and u¢ = (&,, u))’. Similar to Problem 6.9, for each fixed 6, the optimization problem (35),
is a standard M -estimation problem with concave criterion in u“. Therefore we easily obtain that problem (35) provides consistent
estimators %(0) = (£(9), 4(9)') for u4(6), and

T T

1 1
Kr(0) = — F(X,,u%0)= = F(X,, i°00),0) .
7(0) “},%XT; (X,. 1%, 0) TZ{ (X,. 4°0).0)

We also obtain similar asymptotic results as follows:

T
VT [K7(60) - K(0)] = ﬁ X [F(X,, 40).0) = F(X,, u(0),0)] + F2(0) (41)
t=1
where
1 T
F0) 4 7 ; [F(X,. u(0).0) - K(0)] .

We again show that only the term F}(6) contributes to the approximation (41). Again due to the concavity of F in u“ for each ¢, a
gradient inequality for such functions implies that

(X,, 40),0) = F(X,, u(6),0)] < [4°(0) = pl(O)] - hi:(6),

T
1
0<—= Q) [F
Vi
where
ne.o) e L Z o X #50).0).
This leads us to make the following assumption similar to Assumption 6.10.
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Assumption B.1.

(i) The empirical process {F](0):0€0}is Donsker, which converges weakly to a tight Gaussian process {G,(0) : § € ©} with
zero mean and covariance function

o0
C,(6,,0,) & T11—I>I010 Cou [F(0)), F2(8,)] = Z Cov [F(Xy, ul(6,),0,), F(X 145 1y (6,), 0,)]
Jj=—o0
for any 6,6, € ©.
(ii) The empirical process {h3.(0) : 0 €O} is Donsker, which converges weakly to a tight Gaussian process {G,,(0) : 6 € ©} with
zero mean and covariance function

V,(0,,0,) € Jim Cov ZACHNACS)
o)
JoF JoF
= Y Cov [a—wm,ug(el),el), oy X1 1(62).62)
Jj=—o0
Result B.2. Under Assumption B.1, we obtain the following result:

1. T [K7(0) — K(0)] = F2(0) + 0,(1) uniformly in 6 € 6,
and converges weakly to the Gaussian process {G,(0) : 6 € O}.
2.\T [2%0) - ua(0)] = - [HZ(Q)]_I h9.(6) + 0,(1) uniformly in 0 € 6,
and converges weakly to a tight Gaussian process { [Hg(é))rl Go(0) : 0 € O).

Here for any 6 € ©, H*(u%,0) £ E [dﬁd’;ﬂ, (X, u%, 9)], and H4(0) £ H(u?, 0) is negative definite.

B.1. Numerical weighted bootstrap

We let {W,}IT= ) be a positive correlated random vector that is independent of the original time series data {X, ,}TT=1 and satisfies
the following assumption.

Assumption B.3. (i) {W, },T:] is strictly stationary and independent of data {X, }IT:] ;
(i) EIW,] = 1, Var[W,] = 1, E[(W,)*] < 0, Cov(W,, W) = o/ J), where w() is a positive symmetric kernel function with lag

truncation parameter J.
We note that
E[F2(0)|X]=0

and
T-1
CovlF(0)), FRO)IX1 = ). @(j/I)Cr;(6,,0),
j=—(T-1)
=
Crj01.6,) = = Y IF(X,.E0)). 4(8)).0) = K (ODIF (X, 6,). 4(6:). 6,) = Kr(6,)].

1=1

Following the proof in Chen and Fan (1999) for their proposition 5.1, we can show that conditional on the data { X, }rT=1’ the process

{FZIZ(H) : 0 € O} converges weakly to the Gaussian process {G,(0) : 6 € ©}. Result 7.8 follows from Theorem 2.2 of Lachout (2005)
and Theorem 3.1 of Hong and Li (2018).
Let the bootstrap random weights {W,} satisfy Assumption B.3. Given Result 6.11, we have the following results.

Remark B.4.

1. Let F;”(G) denote the weighted bootstrap counterpart to F;.(6):
Lz
Fph0) 2 — 3 [(W, = DIF(X,, up(6),0) = L(0)]] .

VT 2
Conditional on the data, the bootstrap process {FT*b(H) : 0 € 6} converges weakly to that of the process {F}(0) : 6 € 6} and
(VT [£10) - £(0)] : 0 € B).
2. Let h*T"’(Q) denote the weighted bootstrap counterpart to A7.(0):

T
o) s =3 [(vv, - 1>[%<xt,ur<9),9>1 .

VT i
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Conditional on the data, the bootstrap process {h;b(e) : 0 € O} converges weakly to that of the process {h7.(0) : 0 € 6}.
Let H;(0) be a consistent estimate of H*() using the original data, then the bootstrap process {— [HT(B)]_1 h;”(e) 10 €06}
converges weakly to that of the multiplier process {\/7 [yT(e) - ;4*(9)] 0ol
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