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In this paper, we establish an axiomatically founded generalized recursive smooth
ambiguity model that allows for a separation among intertemporal substitution,
risk aversion, and ambiguity aversion. We axiomatize this model using two ap-
proaches: the second-order act approach a la Klibanoff et al. (2005) and the two-
stage randomization approach a la Seo (2009). We characterize risk attitude and
ambiguity attitude within these two approaches. We then discuss our model’s ap-
plication in asset pricing. Our recursive preference model nests some popular
models in the literature as special cases.
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1. INTRODUCTION

The rational expectations hypothesis is a workhorse assumption in macroeconomics
and finance. However, it rules out ambiguity-sensitive behavior. In addition, it faces se-
rious difficulties when confronted with experimental evidence (Ellsberg 1961) or asset
markets data (Hansen and Singleton 1983 and Mehra and Prescott 1985). Since Gilboa
and Schmeidler’s (1989) and Schmeidler’s (1989) seminal contributions, there is a grow-
ing body of literature that develops theoretical models of decision making under am-
biguity.! In addition, there is also a growing body of literature that applies these util-
ity models to finance and macroeconomics.? This literatures demonstrates that these
models are useful for explaining many economic phenomena.

In this paper, we establish an axiomatically founded generalized recursive smooth
ambiguity model that allows for a separation among intertemporal substitution, risk
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aversion, and ambiguity aversion.> An axiomatic foundation is important because
the choice-based assumptions on preferences make the model testable in principle.
We axiomatize our model using two approaches: the second-order act approach a la
Klibanoff et al. (henceforth KMM) (2005) and the two-stage randomization approach a
la Seo (2009). We characterize risk attitude and ambiguity attitude within these two ap-
proaches. We then apply our model to asset pricing and derive its pricing kernel using a
homothetic specification. We show that an ambiguity averse agent attaches more weight
on the pricing kernel when his continuation value is low in a recession. This feature
generates countercyclical market price of uncertainty and is useful in explaining asset
pricing puzzles (Hansen 2007, Hansen and Sargent 2010, and Ju and Miao forthcoming).

Our dynamic model is built on the static smooth ambiguity model developed by
KMM (2005). This static model delivers a utility function over the space of random con-

sumption as*
Vic)= v1</ vou ! </ u(c)dw(s)) d,u(ﬂ')), c:S - Ry, (1)
P S

where S is the state space, P is a set of probability measures on §, u is a probability mea-
sure over P, u describes risk attitude, and v o u~! describes ambiguity attitude. The set
P reflects model uncertainty or the decision maker’s ambiguity about the “true” distri-
bution of consumption. This model permits a separation between ambiguity and am-
biguity attitude, and allows smooth, rather than kinked, indifference curves. Both fea-
tures are conceptually important and empirically useful. In addition, KMM (2005) show
that this model includes the multiple-priors model of Gilboa and Schmeidler (1989) as
a special case when ambiguity aversion goes to infinity under some technical regularity
conditions.

Embedding their static model in a dynamic environment, KMM (2009a) develop
a recursive smooth ambiguity preference model. This dynamic model suffers from a
limitation that intertemporal substitution and attitudes toward risk or uncertainty are
intertwined. This inflexibility limits its empirical applications and makes compara-
tive statics of risk aversion hard to interpret.® For example, calibrating this model in
a representative—agent consumption-based asset-pricing setting, Ju and Miao (2007)
show that somewhat implausible parameter values are needed to explain the equity pre-
mium puzzle. By contrast, after separating out intertemporal substitution as in our gen-
eralized recursive smooth ambiguity model, Ju and Miao (forthcoming) show that the
empirical performance improves significantly.

We summarize our preference model when restricted to the space of adapted con-
sumption processes as follows. Consider an infinite-horizon setting and denote time by

3Roughly speaking, risk refers to situations where known probabilities are available to guide choices,
while ambiguity refers to situations where probabilities are vague so that multiple probabilities may be
available. Ambiguity aversion means that individuals dislike ambiguity.

4For alternative axiomatizations of an essentially identical functional form, see Chew and Sagi (2008),
Ergin and Gul (2009), Nau (2006), and Seo (2009).

5See Epstein and Zin (1989) for an early discussion of the importance of the separation between in-
tertemporal substitution and risk aversion in a pure risk setting.
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t=0,1,2,.... The state space in each period is S. At time ¢, the decision maker’s infor-
mation consists of histories s’ = {s1, 52, ..., s;} with sy € S given and s, € S. The decision
maker ranks adapted consumption plans ¢ = (¢;);>o. That s, ¢; is a measurable function
of s’. His preferences are represented by the recursive form

Vsr<c)=W(ct,v1< /P vou1< /S u(V(sr,s,H)(c))dw(sm)) dw(ﬂ)», @)

where V (c) is conditional utility or continuation value at history s*, W :R? — R is a time
aggregator, Py is a set of one-step-ahead probability measures on § at history s’, and
ug 1S @ probability measure over Py:. The measure u represents second-order beliefs
about distributions governing one-step-ahead resolution of uncertainty. Given some
assumptions similar to those in KMM (2009a), we show that w is obtained by Bayesian
updating from an initial prior.

When the set Py consists of a set of conditional likelihood distributions ,(:|s) in-
dexed by an unknown parameter z € Z, we use (2) to derive a model with learning,

Vi (c) = W(ct, v! (/Z vou~! (/; uVist 5,,1)(€)) d’7TZ(SH_1|St)> d/.Ly(Z))), 3)

where uy(z) is the posterior distribution of z given s’. More generally, the learning
model in (3) allows z to be a hidden state that follows a Markov process because Pg:
can be history dependent.

Our generalized recursive smooth ambiguity model nests some popular models in
the literature as special cases.

¢ The subjective version of the recursive expected utility model of Kreps and Porteus
(1978) and Epstein and Zin (1989) is obtained by setting v = u in (2). In this case,
the two distributions ug and 7 can be reduced to a one-step-ahead predictive
distribution:

P(St+1|st) = /7) m(Se41) d gt (7). (4)
st

This is the standard Bayesian approach that rules out ambiguity-sensitive behav-

ior. If we further set v(x) = u(x) = —exp(—x/8), we obtain the multiplier prefer-

ence model or the risk-sensitivity model discussed in Hansen and Sargent (2001).5

Here 6 is a robustness parameter, which enhances risk aversion.

e The generalized recursive multiple-priors model of Hayashi (2005) is obtained as
the limit of (2) under some technical regularity conditions when ambiguity aver-

6This multiplier model is dynamically consistent according to the standard definition and the definition
in this paper. Hansen and Sargent (2001, 2007b) also propose several other models of robustness. Some of
them, e.g., “constraint preferences,” are dynamically inconsistent according to the standard definition as
pointed out by Epstein and Schneider (2003). However, the constraint preferences satisfy a different notion
of dynamic consistency defined in Section 19.4 of Hansen and Sargent (2007b, pp. 407-412).
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sion goes to infinity:

Vi(c) = W<c,, ul < min / u(V(St,StH)(c)) d7r(st+1)>>.
7Py Js

This model nests the recursive multiple-priors model of Epstein and Wang (1994)

and Epstein and Schneider (2003) as a special case, as discussed in Hayashi (2005).

e The recursive smooth ambiguity model of KMM (2009a) has a discounted aggre-
gator and takes the form

Viu(e) = u(c) + B~ ( /Z ¢( /S Vgt (©) dwz<s,+1|s‘>) d,ust(z))-

The concavity of ¢ characterizes ambiguity aversion. The curvature of u describes
both intertemporal substitution and risk aversion. Thus, they are intertwined.

e The multiplier preference model with hidden states of Hansen (2007) and
Hansen and Sargent (2007a) is obtained by setting W (c, y) = h(c) + By, u(x) =
—exp(—x/61), and v(x) = —exp(—x/62), 01,60, > 0, in (3). In this model, there
are two risk-sensitivity adjustments. The first risk-sensitivity adjustment for the
distribution 7, (-|s") reflects the decision maker’s concerns about the misspecifi-
cation in the conditional distribution given the parameter value z. The second
risk-sensitivity adjustment for the distribution wy reflects the decision maker’s
concerns about the misspecification of the posterior distribution.

To provide an axiomatic foundation for the model in (2), we need to choose a suitable
domain for preferences. As is well known from Kreps and Porteus (1978) and Epstein
and Zin (1989), one needs to define a hierarchical domain of choices so as to separate
intertemporal substitution from risk aversion. In our second-order act approach, we
take the product space of current consumption and the continuation compound lottery
acts as the primary preference domain. Hayashi (2005) first introduces the domain of
compound lottery acts to provide an axiomatic foundation for a generalized recursive
multiple-priors model. A compound lottery act is a random variable that maps today’s
state of the world into a joint lottery over current consumption and a compound lottery
act for tomorrow. It is the dynamic counterpart of the horse-race roulette-wheel act
introduced by Anscombe and Aumann (1963).

Our first axiomatic characterization consists of five standard axioms to deliver recur-
sive expected utility under uncertainty and two additional axioms related to ambiguity.
The five standard axioms deliver W and u in (2). The two additional axioms deliver v
and u . To pin down a unique v and a unique ., we need more choices available to the
decision maker. Because p is a second-order probability measure over the first-order
probability measures on S, to elicit this belief, it seems natural and intuitive to assume
that choices contingent on the first-order probability measures are observable. These
choices are modelled as second-order acts in KMM (2005) in a static setting. Extending
their insight to our dynamic Anscombe-Aumann setting, we define a second-order act
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as a mapping that maps a probability measure on § to a compound consumption lot-
tery. We then define auxiliary preferences over second-order acts and impose an axiom
that these preferences are represented by subjective expected utility. This representation
can be delivered by imposing additional primitive axioms from the standard subjective
expected utility theory.”

As in KMM (2005, 2009b), we impose the last axiom that connects preferences over
second-order acts and the original preferences over pairs of current consumption and
continuation compound lottery acts. In doing so, we introduce the notion of a one-step-
ahead act—a compound lottery act in which subjective uncertainty resolves in just one
period. We then construct a second-order act associated with a one-step-ahead act that
maps a probability measure on S to a compound lottery on the consumption space. This
compound lottery is obtained by averaging out states in the one-step-ahead act using
the probability measure on S. The last axiom says that the decision maker orders pairs
of current consumption and the one-step-ahead act identically to the second-order acts
associated with the one-step-ahead acts. The intuition is that the decision maker’s rank-
ing of the former choices reflects his uncertainty about the underlying distribution of the
choices, which is the domain of the second-order acts.

One critique of the KMM (2005) model raised by Seo (2009) is that second-order
acts and preferences over second-order acts are typically unobservable in the finan-
cial markets. For example, investors typically bet on the realization of stock prices, but
not on the true distribution underlying stock prices. A similar critique applies to the
Anscombe-Aumann acts as well because these acts are also unobservable in financial
markets: the realizations of stock prices are monetary values, not lotteries. However,
both Anscombe-Aumann acts and second-order acts are useful modelling devices and
are available from laboratory and thought experiments.® More concretely, when mea-
sures in Py correspond to conditional distributions indexed by an unknown parameter
asin (3), the second-order acts are bets on the value of the parameter. In an asset pricing
application studied by Ju and Miao (forthcoming), P, consists of two distributions for
consumption growth in a boom and in a recession so that the second-order acts are bets
on the economic regime. In a portfolio choice application studied by Chen et al. (2009),
Py consists of two distributions for the possibly misspecified stock return models so that
the second-order acts are simply bets on the statistical model of stock returns.

It is possible to dispense with the auxiliary domain of second-order acts following
Seo’s (2009) axioms. Building on his insight, we provide an alternative axiomatization
for (2) without second-order acts. Adapting Seo’s (2009) static setup, we introduce an

7In a recent critique of the static KMM model, Epstein (2010) argues that Ellsbergian choices on S should
lead to Ellsbergian choices for second-order acts. In response, KMM (2009a) argue that second-order acts
are modelling devices to deliver Ellsbergian choices on the state space S of primary interest. To accom-
modate Ellsbergian choices for second-order acts, one can simply expand the state space to incorporate
measures on S.

8To further illustrate this point, we quote Kreps (1988, p. 101): “This procedure of enriching the set of
items to which preference must apply is quite standard. It makes perfectly good sense in normative appli-
cations, as long as the Totrep involved is able to envision the extra objects and agree with the axiom applied
to them. This need be no more than a thought experiment for Totrep, as long as he is willing to say that it is
avalid (i.e., conceivable) thought experiment.”
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extra stage of randomization. As a by-product contribution, we construct a set of fwo-
stage compound lottery acts, which allows for randomization both before and after the
realization of the state of the world. We then define the product space of current con-
sumption and the continuation lotteries over two-stage compound lottery acts as the
single domain of preferences. We impose five axioms analogous to the first five axioms in
the second-order act approach. We replace the last two axioms in that approach with a
first-stage independence axiom and a dominance axiom adapted from Seo (2009). Given
these seven axioms, we establish a dynamic version of Seo’s static model. To the best of
our knowledge, our paper provides the first dynamic extension of Seo’s static model.

We should mention that each of our two different adopted axiomatic approaches is
debatable. For example, some researchers (e.g., Seo 2009 and Epstein 2010) argue that
second-order acts or preferences on these acts are either unobservable or may not be
totally plausible. In the two-stage randomization approach, a failure of the reduction of
compound lotteries may not be normatively appealing.

After providing axiomatic foundations, we characterize risk attitude and ambigu-
ity attitude. Our characterization in the second-order act approach is similar to that
of KMM (2005), suitably adapted to our dynamic setting with Anscombe-Aumann-type
acts. In this approach, ambiguity aversion is associated with aversion to the variation
of ex ante evaluations of one-step-ahead acts due to model uncertainty. In the two-
stage randomization approach, we distinguish between attitudes toward risks in the two
stages. We define absolute ambiguity aversion as an aversion to a first-stage mixture of
acts before the realization of the state of the world compared to the second-stage mix-
ture of these acts after the realization of the state. We show that this notion of ambiguity
aversion is equivalent to risk aversion in the first stage. In particular, ambiguity aversion
is associated with the violation of reduction of compound lotteries. We also show that in
both approaches, risk attitude and ambiguity attitude are characterized by the shapes of
the functions u and v, respectively.

The remainder of the paper proceeds as follows. Section 2 reviews the atemporal
models of KMM (2005) and Seo (2009). Section 3 embeds the KMM (2005) model in
a dynamic setting and axiomatizes it using the second-order act approach. Section 4
embeds the Seo (2009) model in a dynamic setting and axiomatizes it using the two-
stage randomization approach. Section 5 applies our model to asset pricing. Section 6
discusses related literature. Appendices A-E contain proofs.

2. REVIEW OF THE ATEMPORAL MODELS

In this section, we provide a brief review of the atemporal models of ambiguity pro-
posed by KMM (2005) and Seo (2009). We embed these models in a dynamic setting
in Sections 3 and 4. Both atemporal models when restricted to the space of random
consumption deliver an identical representation in (1). The two models differ in do-
main and axiomatic foundation. For both models, we take a complete, transitive, and
continuous preference relation > as given.

Consider the KMM model first. KMM originally study Savage acts over S x [0, 1],
where the auxiliary state space [0, 1] is used to describe objective lotteries. Here we
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translate their model into the Anscombe-Aumann domain. Let S be the set of states,
which is assumed to be finite for simplicity. Let C be a compact metric space and let
A(C) be the set of lotteries over C.° An Anscombe-Aumann act is defined as a mapping
g:8 — A(C). Let G denote the set of all such acts. To pin down second-order beliefs,
KMM introduce an auxiliary preference ordering =2 over second-order acts. A second-
order act is amapping g: P — A(C), where P C A(S). Let G? denote the set of all second-
order acts.

The preference ordering > over G and the preference ordering =2 over G are repre-
sented by

U(g) = fp ¢(Z w(s)ﬁ(g(s))) du(m) Vgeg (5)

seS

and
Ul(g) = /P o (i(g(m)))du(m) Vged?,

where ¢ :2(A(C)) — R is a continuous and strictly increasing function and i2: A(C) — R
is a mixture-linear function.!”

The previous representation is characterized by the following axioms.!! (i) The pref-
erence > satisfies the mixture-independence axiom over the set of constant acts A(C).
(ii) The preference over second-order acts > is represented by the subjective expected
utility of Savage (1954). (iii) The two preference relations > and =2 are consistent with
each other in the sense that g > & if and only if g* =2 42, where g is the second-order
acts associated with g defined by g%(w) = Y ses 8(s)m(s) for each 7 € P and h? is defined
similarly. The interpretation for the last axiom is the following. If the decision maker
prefers f to g, then the average of f across states over all possible beliefs (distributions)
should also be preferred to that of g. The reverse is also true.

The last two axioms are controversial as argued by Epstein (2010). To illustrate the
plausibility of these axioms, consider the following example. Suppose there is an Ells-
berg urn containing 90 balls. A decision maker is told that there are 30 black balls and
60 white or red balls in the urn. But he does not know the composition of white or red
balls. There are four bets as in Table 1. The Ellsbergian choice is

g1 > g but g4 > g3.

One justification is that the decision maker is unsure about the probabilities of white
and red balls and is averse to this ambiguity.

Suppose there are two possible distributions over the set of ball color § = {b, w, 1}:
w1 =(1/3,2/3,0) and 7, = (1/3, 0, 2/3). Consider the second-order acts associated with

9We use the following notations and assumptions throughout the paper. Given a compact metric
space Y, let B(Y) be the family of Borel subsets of Y and let A(Y) be the set of Borel probability mea-
sures defined over B(Y). Endow A(Y) with the weak convergence topology. Then A(Y) is a compact metric
space.

10A function f is mixture linear on some set X if f(Ax 4+ (1 — A)y) = Af(x) + (1 — A)f(y) forany x, y € X
and any A € [0, 1].

The proof can be obtained from our proof of Theorem 1 in Appendix A.
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b w r
g 10 0 0
19 0 10 0
g3 10 0 10
g 0 10 10

TasLE 1. This table shows four acts, g1, g2, g3, and g4, with payoffs contingent on three events
{b}, {w}, and {r}.

sl )
g 10/3 10/3
g 20/3 0

g 10/3 10
g 20/3 20/3

TaBLE 2. This table shows four second-order acts, g%, g%, g%, and gi, associated with four acts
g1, 82, 83, and gy, respectively. Their payoffs are contingent on two distributions 7; and .

gi,i=1,...,4, gl-2(7'rj) = Zse{b,w,r} gi(s)mj(s), where j =1,2. We write their payoffs in
Table 2. The previous consistency axiom implies that

g% =2 g% but gi ~2 g%.

This behavior can be consistent with expected utility over second-order acts as long as
the decision maker is risk averse, because g7 and g7 give sure outcomes, but g5 and g3
are risky bets. The intuition is that second-order acts average out uncertain states (ball
color) by definition and such hedging may eliminate ambiguity (see Gilboa and Schmei-
dler 1989). So it is possible that the decision maker is ambiguity neutral for second-
order acts, but ambiguity averse for bets on the Ellsberg urn. Of course, one can de-
sign thought experiments to display Ellsbergian choices for second-order acts, which
are ruled out by the KMM model.

Seo (2009) provides a different axiomatic foundation for (5) by dispensing with the
auxiliary set of second-order acts and the associated preferences over this set. He con-
siders the domain of lotteries over Anscombe-Aumann acts, A(G), and a single prefer-
ence relation > defined over it. Notice that by restricting attention to lotteries over con-
stant acts, we have the domain of two-stage lotteries A(A(C)) as a subset of A(G), and
by further making the first-stage randomization degenerate, we have A(C) as a subset of
A(A(C)), hence of A(G) too.

Seo (2009) shows that the representation of preference > takes the form'?

U(p) = /g fp ¢<Z w(s)a(gm))) du(m)dp(g) ¥peA©). ©)

seS

1211 Seo’s (2009) original representation, he takes P = A(S). When we adapt his dominance axiom for P,
we can allow P to be an arbitrary subset of A(S). For example, the proofin Seo’s appendix gives an example
of a finite set P.
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When p is degenerate at some g € G, (6) reduces to (5).

In Seo’s approach, the representation is characterized by the following axioms.
(i) The preference > satisfies the mixture-independence axiom on the set of one-stage
lotteries A(C). (ii) The preference > satisfies the mixture-independence axiom on the set
of lotteries over acts A(G). (iii) A dominance condition holds. To state the dominance
axiom formally, we define a two-stage lottery a(p, 7) € A(A(C)) induced by p € A(G) and
mePasa(p,7)(B)=p({geg: g2(7T) € B}) for any Borel set B on A(C). Dominance says
that for any p,q € A(G), p = q if a(p, m) = a(p, w) for all w € P. Seo’s approach does
not deliver uniqueness of the second-order belief u in general. For example, if ¢ is lin-
ear, then any p with an identical mean [, 7 du(7) yields the same ranking. It is unique
in some special cases, for example, if ¢ is some exponential function. We refer to Seo
(2009) for a characterization of the uniqueness of w.

3. AXIOMATIZATION WITH SECOND-ORDER ACTS

We embed the atemporal KMM model reviewed in Section 2 in a discrete-time infinite-
horizon environment. Time is denoted by t =0, 1,2, .... Let S be a finite set of states at
each period. The full state space is S*°. Let C be a complete, separable, and compact
metric space, which is the set of consumption choices in each period.

3.1 Primary domain

To introduce the domain of choices of primary interest, we consider the set of com-
pound lottery acts introduced by Hayashi (2005). A compound lottery act is identified
as arandom variable that maps a state of the world into a joint lottery over consumption
and a compound lottery act for the next period. Hayashi (2005) shows that the set of all
such acts G satisfies the homeomorphic relation!3

G~ (A(C x G))S.

It is a compact metric space with respect to the product metric. By abuse of notation,
we may refer S to the set of states as well as its cardinality.

Up to homeomorphic transformations, the domain G of compound lottery acts in-
cludes subdomains G*, 7, M, and C*, which are defined as follows.

o Adapted processes of consumption lotteries are
G* >~ (A(C) x G")°.
e Adapted processes of consumption levels are
Fo(CxF)S.

13Two topological spaces X and Y are called homeomorphic (denoted X ~ Y) if there is a one-to-one
continuous map f from X onto Y such that f~! is continuous too. The map f is called a homeomorphism.
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e Compound lotteries are
M= A(C x M).

e Deterministic consumption streams are
C® ~CxC™®.

The subdomain G* is obtained by randomizing current consumption only, but not
over acts. This domain corresponds to the one adopted by Epstein and Schneider (2003).
The subdomain F is obtained when there is no randomization. It is adopted by Wang
(2003). The subdomain M is obtained by taking constant acts. Epstein and Zin (1989)
define recursive utility under objective risk over the domain C x M, while Chew and
Epstein (1991) axiomatize this utility over the domain M >~ A(C x M). The space of
deterministic consumption plans C* is obtained by taking constant acts with no ran-
domization.

Relations among these subdomains are expressed as

g D Gg* O F
U U U
M DAC®) D (A(C))*® D C™.

For any ¢ € C, we use 8[c] to denote the degenerate lottery over c. When no confusion
arises, we tend to omit the symbol of degenerate lottery and write down the determinis-
tic component as it is. For example, a deterministic sequence y = (¢, ¢y, ¢2, ...) is used
as it is, instead of being denoted like (cg, 6[(cy1, 6[(c2, 8[---DDI)-

3.2 Preferences

We consider two preference relations over two domains. Of primary interest are the
decision maker’s preferences > at each history s’ over pairs of current consumption
and continuation compound lottery acts C x G. Each pair is called a consumption plan.
To recover the decision maker’s second-order beliefs, we introduce another preference
ordering over second-order acts. Take a set of one-step-ahead probability measures
Py C A(S) as a primitive for each history s’. A second-order act on Py is a mapping
f:Pg — M. Let I(Py) denote the set of all the second-order acts on Py:. Let zft denote
the conditional second-order preference defined over 3(Py ) at each history s’.

3.3 Axioms

We start by introducing five standard axioms for the preference process {>}. First, we
assume weak order (complete and transitive), continuity, and sensitivity. This ensures
the existence of a continuous functional representation of preference (see Debreu 1954).

Axiom Al (Order). Forall t and s', =y is a continuous weak order over C x G and there
existy,y € C® such thaty >y y'.
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Second, we assume that preference over acts for the future is independent of current
consumption. This axiom is adapted from Koopmans (1960) and is essential for the
representation to have a form in which current consumption and continuation value
are separable.

AxtoMm A2 (Current Consumption Separability). For all t and s, for all ¢,c’ € C and
g8 €9,

(c,8) =g (c,8) = (,8)=u(c,g).

Third, we assume that preference over risky consumption is independent of history.
This axiom ensures that utility is stationary (or time invariant) in the pure risk domain
C x M. Tt also implies that preference over deterministic consumption streams is inde-
pendent of history.

Axiom A3 (History Independence of Risk Preference). For all t,  and s, 55, for all
(c,m), (<, m')eCxM,
(c,m) =g (,m') = (c,m)=g(c/,m).
Fourth, we impose an independence axiom a la von Neumann and Morgenstern
(vNM) for timeless gambles. This axiom is essential to have an expected utility repre-
sentation in the pure risk domain.

Axiom A4 (Independence for Timeless Lotteries). For all t and s, for all m,m',n € M
and A € (0,1),

(c,m) >y (c,m) <= (c,Am+(1—MNn)>g(c,\m'+ (1 —Mn).

Fifth, we impose dynamic consistency to connect conditional preferences across
histories. It is essential to deliver a recursive form of utility representation. The idea
is that if two plans give the same consumption today, but may differ in the continua-
tion choices, then the plan that is preferred tomorrow is also preferred today. Because
of our large choice domain, we need to define the notion of stochastic dominance so as
to formulate our dynamic consistency condition.

DEerINITION 1. Given p, g € A(C x G), say that p stochastically dominates g with regard
to > if

p({(c,g)eCxG:(c,g) =g (c,)}) = q({(c,g)eCxG: (c,g) =y (c,®)})

for all (¢, g) € C x G. If, in addition, there is some (c, g) € C x G such that > is replaced
with >, then we say p strictly stochastically dominates gq.

When p, g € A(C x G) stochastically dominate each other, we say that p and g are
stochastically equivalent with regard to >. Note that in the above definition, we allow
p or g to be ameasure on C x M, say p € A(C x M). In this case, we view p € A(C x G)
with the support C x M.
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Axiom A5 (Dynamic Consistency). For all t and s', for all c € C and g,g € G, if
g(s) (strictly) stochastically dominates g'(s) with regard to >« ; for each s € S, then
(c, g) >t (>'sf) (c, g/)

Because we allow lotteries as outcomes of acts whereas preference at each period is
defined over pairs of current consumption and continuation acts, our preceding formu-
lation of dynamic consistency is more general than that in the literature (e.g., Epstein
and Zin 1989, Epstein and Schneider 2003, Hayashi 2005, and KMM 2009a). When we
restrict attention to smaller domains used in the literature, we obtain the standard defi-
nition. For example, suppose the choice domain is the adapted consumption processes
C x F and the utility representation is given by (2). Our Axiom A5 implies the follow-
ing: Forall ceC and d,d € F ~ (C x F)3, if d(s) =g (>4)d'(s) for each s € S, then
(c, d) =5t (=4t) (c, d/)

Now, we introduce two axioms on {zf[} so as to embed the atemporal KMM model in
the dynamic setting. First, we follow KMM (2009a) and assume that the preference over
second-order acts falls in the subjective expected utility (SEU) theory of Savage (1954),
in which Py is the state space and M is the set of pure outcomes.

Ax1iom A6 (SEU Representation of Preference Over Second-Order Acts). For each s,
there exists a unique countably additive probability measure gy : Py — [0, 1] and a con-
tinuous and strictly increasing function  : M — R such that for all §, g € I(Pg),

frye /P://(f(w))d,usz(w)zfp p(g(m)) dpg: (7).

Moreover, i is unique up to a positive affine transformation if uy(J) € (0, 1) for some
JC Pyt

Second, we introduce an axiom that connects preference relations {>} and {:f,} us-
ing one-step-ahead acts and their corresponding second-order acts. A one-step-ahead
act g41 € G is acompound lottery act in which subjective uncertainty resolves in just one
period. Define the set of one-step-ahead acts as

Gr1=1{8+1€G: g+1(s) e M, Vs € §}.

DEerINITION 2. Given a one-step-ahead act g, € G4, its corresponding second-order
act on Py is given by gil 1Py — M, where

gri(m =Y gu(s)m(s)
sesS

for each 7 € Py:.

14Because i is independent of history s’ in this axiom, we implicitly assume that zf, restricted to con-
stant acts in J(Py ) is independent of s’.
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The axiom below states that the preference {>,} over the subdomain of one-step-
ahead acts and the preference {zf,} over the subdomain of the corresponding second-
order acts are consistent with each other.

Axiom A7 (Consistency With Preference Over Second-Order Acts). For each s', for every
ceCandgyi, hi1 €6,

(c, g+1) =t (¢, h-‘rl) — g_2|_1 >2 h%—l

st

3.4 Representation

Now we state our first representation theorem.

THEOREM 1 (Representation). The preference process {>:, zf,} satisfies Axioms A1-A7 if

and only if there exists representation ({Vyu}, W, u, v, {ug}) such that the following condi-
tions are valid.

(i) OnC x G, each = is represented by

Vi(c, g) = W(c, v (/ vou ! (Z (s)
Pt

seS
X/c gM(st,s(c’,g/))dg(S)(C’,g’)) dI-Lsf(77)>> (8)

foreach (c,g) € C x G, where W:C x R — R is continuous and strictly increasing
in the second argument, and u,v:R — R are continuous and strictly increasing
functions.™

(ii) OnC x M, each Vy coincides with

V(c,m)= W(c, u! (/ uVc,m))dm(c, m’))) Y(c,m)eCx M. (9)
CxM
(iii) On J(Py), each zf, is represented by the function

Vi(g) = / voulou(g(m) dug(m) Yged(Py),

)

1

wherevou™" o= and ii: M — R is a mixture-linear function

i(m) =/ uV(c,mY)dm(,m') VmeM. (10)
CxM

In addition, we have the following uniqueness result, up to some monotonic trans-
formations.

15Note that the domains of W, u, and v may be smaller than those specified in the theorem. We do not
make this explicit so as to avoid introducing additional notations.
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TueoreM 2 (Uniqueness). Let {>, =2} satisfy Axioms AI-A7. If both ({Vy}, W, i1, b,
{fig}) and ((Vie}, W, u, v, {us}) represent {=, >§,}, then there exist a strictly increasing

function ® and constants A > 0 and B such that for all s', iy = ug and
Va=®oVy,  W(,)=0W(,®7'())
uo®=Au+ B, vod=u.

Our representation in the theorem nests several models as special cases.

1. When there is no randomization (i.e., g(s) is a degenerate lottery for all s € §), the
representation reduces to (2) on C x F. As discussed in Section 1, many popular
utility models are special cases of (2).

2. Inthe purerisk case, (9) is the recursive expected utility model of Kreps and Porteus
(1978) and Epstein and Zin (1989).

3. In the deterministic case, the representation reduces to the Koopmans form
Vie,y)=W(c,V(y), (11)
where (¢, y) € C x C*°.

Our preference model incorporates an information structure with hidden states. As
an example, suppose z is a parameter taking values in a finite set Z. Let

Py = {m,(-|s") € A(S): z € Z}, (12)

where 7, (-|s") is a conditional distribution on S given history s’ and the parameter
value z. The distribution 7, (-|s*) may be derived by the Bayes rule from a more primitive
family of distributions {7,},cz on $°°. Each =, represents a statistical model. Then the
representation in (8) reduces to (3) when g(s) is a degenerate lottery for all s € S.

Theorem 1 does not say anything about how measures u at all histories s’ are re-
lated. In application, it is natural that wy is obtained by Bayesian updating from the
initial prior u = u . To deliver this result, we consider (2) in the special case with (12).
We follow KMM (2009a) and assume a full rank condition. Extending KMM’s (2009a)
Assumption 10, we introduce a marginal rate of substitution assumption for smooth
functions W, u, and v:

WV (c)/dc(s"™")
Vs (c)/dc(sh)

= 3(5)"/ (85" dpg (2),
c=¢ zZ
where 7, (s1"|s") is the conditional probability of s’ ™" given s’, ¢ is a constant consump-
tion plan, and c(s'™") and c(s") are consumption levels at histories s'™" and s’, respec-
tively. In addition, B(¢) = W5 (¢, V') is the discount factor, where V' = W (¢, V). As in
KMM (2009a), we can show that if the full rank condition holds, then the marginal rate
of substitution assumption is equivalent to Bayesian updating of w.
Theorem 1 does not say anything about the existence and uniqueness of a solution
for {1} to the recursive equation (8). Following a similar argument to that in the proof
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of Theorem 2 in KMM (2009a), we can show that {V;:} exists. We need additional condi-
tions for the uniqueness. Epstein and Zin (1989) provide sufficient conditions for recur-
sive expected utility. KMM (2009a) give sufficient conditions for their recursive smooth
ambiguity model. Marinacci and Montrucchio (2010) derive sufficient conditions for
general recursive equations that may be applied to our model.

3.5 Ambiguity attitude

Because our model nests the deterministic case (11) and the pure risk case (9), we im-
mediately deduce that the function W characterizes intertemporal substitution and the
function u characterizes risk aversion in the usual way. We turn to the characterization
of ambiguity aversion. We adopt the behavioral foundation of ambiguity attitude de-
veloped by Ghirardato and Marinacci (2002) and KMM (2005). Epstein (1999) provides a
different foundation. The main difference is that the benchmark ambiguity neutral pref-
erence is the expected utility preference according to Ghirardato and Marinacci (2002),
while Epstein’s (1999) benchmark is the probabilistic sophisticated preference.

We first consider absolute ambiguity aversion. According to our first axiomatiza-
tion, ambiguity comes from the multiplicity of distributions in the set Py. The decision
maker’s ambiguity attitude is toward uncertainty about the possible distributions in Py.
To characterize this attitude, we define the lottery m(g, 1, py) € M associated with the
one-step-ahead act g1 and the second-order belief uy on Py as

Mg 41, ') = / > gri(s)m(s) dpg ().

st seS

Since ) ¢ gt1(s)m(s) is the outcome of the second-order act gil(rr) associated with
g1, m(g41, myt) is simply the mean value of gi | with respect to the second-order belief
st . Alternatively, from the definition of predictive distribution in (4), we observe that
the lottery m(g. 1, py) is also the mean value of the act g ; with respect to the predictive
distribution induced by u. The following definition of ambiguity aversion states that
the decision maker is ambiguity averse if he prefers a sure lottery obtained as the mean
value of a given act to the act itself.

DEerINITION 3. The decision maker with {>} exhibits ambiguity aversion if for all s’,
forallceCand g1 € G4q,

(Ca m(g-‘rl’ /*‘Ls’)) Zsf (C, g-‘rl)'

Similarly to this definition, we can define ambiguity loving and ambiguity neutrality
in the usual way. An immediate consequence of this definition is the following proposi-
tion.

PROPOSITION 1. Suppose {>=y} satisfies Axioms AI-A7. Then {>y} exhibits ambiguity
aversion if ¢ = vou~! is concave.'®

167f y o u~! is concave, it is easy to check that {>} satisfies the uncertainty aversion axiom of Gilboa and
Schmeidler (1989).
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The proof of this proposition is straightforward and is omitted. Clearly, when vo u~!

is linear, {>} displays ambiguity neutrality. Thus, the ambiguity neutrality benchmark
is the recursive expected utility model. We need additional conditions to establish the
converse statement that ambiguity aversion implies concavity of v o u~!. The reason is
that, to prove this statement, one needs to know preferences over binary bets on some
Py, but our axioms and representation hold only for fixed Py:. To deal with this issue in
the KMM model, KMM (2005) consider a family of preference relations indexed by rich
supports of second-order beliefs, and impose an assumption that ambiguity attitude
and risk attitude are invariant across these supports (see their Assumption 4). We can
adapt their assumption to establish the converse statement. Since the proof is similar to
the proof of Proposition 1 in their paper, we omit it here.
We now turn to comparative ambiguity aversion.

DEerINITION 4. Let the representations of the preferences of persons i and j share the
same second-order belief uy on the same support Py for all s*. Say that {>-,} is more
ambiguity averse than {zﬁt} ifforall s’, forallc e C,me M, and g1 € G4,

(com) =) (c.ge1) = (e,m) =k (¢, g41),

and if this property also holds for strict preference relations >/, and - "
N s

The interpretation of this definition is similar to that of Definition 5 in KMM (2005).
The idea is that if person i prefers a lottery over an uncertain act whenever person j does
so, then this must be due to person i’s comparatively higher aversion to uncertainty.
This cannot be due to aversion to risk, because the act g, itself may be a lottery and
the conditions in the definition imply that persons i and j rank lotteries in the same
way. Because the difference in beliefs is ruled out in the definition, the behavior in the
definition must be due to differences in ambiguity attitude. The following proposition
is a partial characterization. We omit its straightforward proof.

ProPOSITION 2. Suppose {zét} and {iﬁz} satisfy Axioms A1-A7 and their representations
share the same second-order belief uy on the same support Py for all s'. Then {=!,} is
more qmbiguity averse thcm { zi t} if .there. exist cqrresponding utility representations such
that V' cxpm =Viexa, W=W/, ut =u, andv' =V o v/, whereV is a strictly increasing
and concave function.

As in the case of absolute ambiguity aversion, one needs more information to es-
tablish the converse statement that comparative ambiguity aversion implies concavity
of W. As discussed earlier, we may make an assumption similar to Assumption 4 in KMM
(2005) to establish this statement.

4. AXIOMATIZATION WITH TWO-STAGE COMPOUND LOTTERY ACTS

To embed Seo’s (2009) atemporal model in a dynamic setting, we adapt his atemporal
domain—the set of lotteries over Anscombe-Aumann acts—to a dynamic setting. This
leads us to consider the set of two-stage compound lottery acts.
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4.1 Domain

We consider preference relations > at each history s’ defined on the domain C x A(H),
where H is a set of two-stage compound lottery acts constructed as follows. Inductively
define the family of sets {Hy, H1, ...} by

Ho = (AC))S
Hy = (AC x A(Hp)))®

M, = (AC x A(Hi-1)))°

and so on. By induction, A(C x A(H,_1)) and H, are compact metric spaces, for every
t>1. Let H* =[];2, H;. It is a compact metric space with respect to the product metric.

We consider sequences of acts (g, i1, hy, ...) in H* that are coherent. That is, h; and
h,,1 must be consistent for all # > 0 in the sense that is made precise in Appendix B.
The domain of coherent acts, a subset of H*, is denoted by H. The details of the defi-
nition of coherent acts and formal construction of the domain are given in Appendix B.
The domain H satisfies a homeomorphic property analogous to those shown in Epstein
and Zin (1989), Chew and Epstein (1991), Wang (2003), Gul and Pesendorfer (2004), and
Hayashi (2005).

THEOREM 3. The set H is homeomorphic to (A(C x A(H)))3, denoted as
H~ (AC x A(H)))".

When attention is restricted to constant acts, we obtain the subdomain consisting of
two-stage compound lotteries, which satisfies the homeomorphism

L>~A(C x A(L)).
Relations among the domains defined so far are summarized as

HD G D g O F
U u U U
L DOM>DAKLC®) D (AC)® D C™.

In particular, the set of compound lottery acts G and the set of compound lotteries M
studied in Section 3 are subsets of H and £, respectively.

We now introduce some useful notations. For any two-stage compound lottery acts,
h,h € H,and any A € (0, 1), we use Ak + (1 — M)A’ € A(H) to denote a lottery that gives
h with probability A and 4’ with probability 1 — A. We use Ak & (1 — M)A’ € H to denote
a statewise mixture. That is, for each s € S and each Borel set B € B(C x A(H)), Ah &
(1= A)H (s)(B) = Ah(s)(B) + (1 — AR/ (s)(B). Forany p,q € A(H), Ap+ (1 — Mg € A(H)
denotes the usual mixture.
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4.2 Axioms

We impose the following axioms on the preference process {>}. The first three axioms
are analogous to Axioms A1-A3.

there exist y,y' € C*° such thaty >z y'.

Axiom B1 (Order). For all t and s', =y is a continuous weak order over C x A(H) and

Axiom B2 (Current Consumption Separability). For all ¢t and s', for all ¢,c’ € C and
p>q €AH),

(c,p) =g (c,q) < (c,p)=u(c,q.

AxioM B3 (History Independence of Risk Preference). For all t,  and s', §, for all
(c,a),(c',a") €C x AL),
(c,a) =g (c',d) = (c,a)=;(c,d).

Next, we assume independence conditions for “timeless” gambles, similar to Ax-
iom A4. There are two kinds of such timeless gambles here: One is made before the
realization of the one-step-ahead subjective uncertainty, and the other is made after
that.

Axiom B4 (First-stage Independence). For all t and s', for all p,q,r € A(H) and
Ae(0,1),

(€, p) =g (¢,q) <= (¢, Ap+A=Mr) =g (c,Aq+ (1= M)r).

Axiom B5 (Second-Stage Independence). For all t and s', for all c € C, for all [, m,n €
A(C x A(H)) and X € (0, 1),

(¢, 8[I]) =g (c,8lm]) <= (c,8[A® (1 —Mn]) =y (c, 8[Am & (1 — Mn]).

To connect preferences across histories, we impose a dynamic consistency axiom,
similar to Axiom A5.

DErINITION 5. Given a, b € A(C x A(H)), say that a stochastically dominates b with re-
gard to > if

a({(c', p) e C x A(H): (¢, p') =g (¢, p)}) = b({(c, p') € Cx A(H): (¢, p') =gt (¢, P)})

for all (¢, p) € C x A(H). If in addition there is some (c, p) € C x A(H) such that > is re-
placed with >, then we say a strictly stochastically dominates b. If @ and b stochastically
dominate each other, we say that a and b are stochastically equivalent with regard to >:.

Note that in this definition, we allow a or b to be a measure on C x A(L), say
a € A(C x A(L)). In this case, we view a € A(C x A(H)) with the support C x A(L).
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Axiom B6 (Dynamic Consistency). For all t and s', for all ¢ € C and h,h' € H, if
h(s) (strictly) stochastically dominates h'(s) with regard to >y  for each s € S, then
(C, 6[h]) >t (>s’) (C, 5[/’1/])

Finally, we embed Seo’s (2009) dominance axiom to the set of one-step-ahead acts.
A one-step-ahead act is an act for which subjective uncertainty resolves in just one pe-
riod. We define the set of one-step-ahead acts as

Hii={hy1€H: hy1(s) e L,Vs e S}
DEFINITION 6. Given &, € Hy1 and 7 € A(S), define /(h, 1, 7) € L by

[(hyr,m) =) hyy(s)m(s).

seS

Given p,1 € A(H4q) and 7 € A(S), define a(p 1, 7m) € A(L) by
a(py1, ML) = pyi({hyr € Hyr: I(hyy, 7m) € L})

for every Borel subset L C L.

We take a set of one-step-ahead probability measures, Py, as given for each history s
and impose the following dominance axiom on this set. We allow this set to be different
from A(S) to permit more flexibility in applications as discussed in Section 1.

Axiom B7 (Dominance). Forall t and s', forall c € C and p,1, p’Jrl € A(H4p),

(Csa(ps1, ™) =g (Coa(plyy, ™) YTePy = (¢, pa1) =g (¢, Pl

where Py C A(S).

To interpret this axiom, imagine that Py is a set of probability distributions, which
contains the “true” distribution unknown to the decision maker. Given the same cur-
rent consumption c, if the decision maker prefers the continuation two-stage lottery
a(p41, ) induced by p_ 1 over another one a( p’Jrl , ) induced by p’Jrl for each probabil-
ity distribution 7 € Py, then he must also prefer (¢, p1) over (c, p’+1).

Compared to the axioms in Section 3, First-Stage Independence (Axiom B4) and
Dominance (Axiom B7) are the counterparts of the SEU Representation of Preference
Over Second-Order Acts (Axiom A6) and Consistency With Preference Over Second-
Order Acts (Axiom A7). Thus, we can dispense with second-order acts.

4.3 Representation

The following theorem gives our second representation result.
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THEOREM 4 (Representation). The preference process {>} satisfies Axioms B1-B7 if and
only if there exists a family of functions ({Vyu}, W, u, v) and a process of probability mea-
sures {jz} over Py such that for each s', the function Vi :C x A(H) — R represents >y and
has the form

Vi(c,p)=W ,—1(// o—1<
(¢, p) (c v " 7Dstv u ZW(S)

ses
x/ uWﬁ@%ﬁMMmddOdeﬂ@m0>(B)
CxA(H)

for (c, p) € C x A(H), where W is continuous and strictly increasing in the second argu-
ment, and u and v are continuous and strictly increasing.

We also have the following uniqueness result, up to some monotonic affine transfor-
mations.

THEOREM 5 (Uniqueness). Let {>y} satisfy Axioms BI-B7. If both WVt W, i1, 9, {jig)
and ((Vy}, W, u, v, {ug}) represent {=}, then there exist a strictly increasing function ®
and constants A, B, D, E with A, D > 0, such that

Va=®oVy,  W(,)=dW(,d1())
Ho®=Au+ B, Vo®d=Dv+E.

As in the static model of Seo (2009), the process of second-order beliefs {u,} is not
unique in general. For example, when ¢ = v o u~! is linear, {uy} is indeterminate. It
is unique if ¢ is some exponential function. The existence of a solution for {1} to the
recursive equation (13) follows a similar argument in the proof of Theorem 2 in KMM
(2009a). We may apply sufficient conditions in Marinacci and Montrucchio (2010) to
establish uniqueness. The following list shows how the above model nests the existing
models.

1. On the subdomain C x G, the representation reduces to (8), which further reduces
to(2)onC x F.

2. On the subdomain C x A(L), we obtain a pure risk setting where the two-stage ran-
domization is present. In this case, each V;: coincides with the common represen-
tation

Vic,a) = W(c, vl (/ vou ! </ u(V(c,d)dlc, a’)) da(l))), (14)
L CxA(L)

where (¢, a) € C x A(L).

3. On the subdomain C x M, we obtain a pure risk setting where only the second-
stage randomization is present. In this case, the model reduces to (9).
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4.4 Risk aversion and ambiguity aversion

As discussed before, the function W describes intertemporal substitution. Now, we dis-
cuss how ambiguity aversion is separated from risk aversion in the two-stage random-
ization approach. We begin by characterizing risk aversion. In doing so, we restrict
attention to the subdomain C x A(£) without subjective uncertainty. In this case, the
utility representation takes the form in (14). Because there is two-stage randomization,
we have two risk attitudes toward the risk in the two stages (or in the first order and the
second order).

For the risk in the second stage, we remove the first-stage risk by assuming that the
first-stage lottery is degenerate. We then obtain the representation of recursive risk pref-
erence given in (9). We can define risk aversion in the second stage in a standard way
and show that it is completely characterized by the concavity of u.

Turn to risk aversion in the first stage. We define absolute risk aversion in the first
stage as follows.

DerinITION 7. The decision maker with preference {>,} exhibits risk aversion in the
first stage if for all s', ce Cand [,I' € £, A € [0, 1],

(e, SN @ (1 — M) =gt (e, XS+ (1 — M)BII'D). (15)

We can similarly define risk loving and risk neutrality in the first stage. In Defini-
tion 7, AS[I1+ (1 — A)8[l'] € A(L) represents a lottery in the first stage and 8[Al® (1 — A)!']
represents a degenerate lottery over the mixture Al @ (1 — A)/’ in the second stage. Ac-
cording to this definition, the decision maker may not be indifferent between these two
lotteries, even though they give the same final outcome distribution. In particular, if the
decision maker believes that the degenerate lottery is like a sure outcome and must be
preferred, then he displays risk aversion in the first stage.

Note that if we replace > with ~ in (15), we obtain a dynamic counterpart of Seo’s
(2009) Reduction of Compound Lotteries axiom. Thus, according to our Definition 7,
violation of the Reduction of Compound Lotteries reflects the decision maker’s attitude
toward the risk in the first stage. The following proposition characterizes this risk atti-
tude.

PROPOSITION 3. Suppose {>=} satisfies Axioms BI-B7. Then {>y} exhibits risk aversion
in the first-stage if and only if v o u™! is concave.

An immediate corollary of this proposition is that, given Axioms B1-B7, the Reduc-
tion of Compound Lotteries axiom is satisfied if and only if v o u~! is a strictly increas-
ing affine function. In this case, the two lotteries / and a in (14) can be reduced to a
compound lottery and hence (14) reduces to a model belonging to the class of recursive
expected utility under objective risk.

Next, we consider comparative risk aversion.
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DEFINITION 8. Say that {zit} is more risk averse than {zi .} in the first stage if for all s,
ceC,leLl,andac A(L),
ol =) () = (¢, 8ll]) = (¢, a),

st

and if this property also holds true for strict preference relations >£ . and >§t.

Take current consumption ¢ as given. Suppose person j prefers a “sure” outcome
(with the outcome being a lottery) to an arbitrary lottery for tomorrow. This must be
due to j’s aversion to risk. Facing the same choices, if person i is more risk averse than
person j in the first stage, then person i should dislike what person j dislikes.

ProprosITION 4. Suppose {iét} and {zi,} satisfy Axioms BI-B7. Then {ii,} is more risk
averse than {zé /) invthe first stage ifand only if thgre fzxist gorrequnding uﬁlily represen-
tations such that V'|c.ac) = Viexawy W =W/, ut =u/, and v' =V o v/, where ¥V is a
strictly increasing and concave transformation.

By Definition 8, persons i and j rank deterministic consumption plans in the same
way and rank lotteries in the second stage in the same way. Thus, (W', u’) and (W/, u/)
are ordinally equivalent. Proposition 4 shows that person i is more risk averse than per-
son j in the first stage if and only if v is a monotone concave transformation of v/.

Now, we consider ambiguity attitude. Because ambiguity attitude deals with subjec-
tive uncertainty, we focus on the subdomain C x A(H, 1) in which uncertainty resolves
in just one period. We define absolute ambiguity aversion as follows.

DEerINITION 9. The decision maker with {>} exhibits ambiguity aversion if for all s’,
ceC, hyq, h/+1 € Hyp,and A €0, 1],

(¢, 8[Ah11 @ (1 — DA 1) =gt (¢, AB[hg1]+ (1 — D)S[H ). (16)

We can similarly define ambiguity loving and ambiguity neutrality. Definition 9 says
that if a first-stage mixture of acts is preferred to their second-stage mixture, then the de-
cision maker is ambiguity averse. The intuition for this definition is that hedging across
ambiguous states is valuable compared to randomization of acts before the realization
of the states. It is related to Gilboa and Schmeidler’s (1989) definition of ambiguity aver-
sion, which states that hedging across states for two indifferent acts is valuable to an am-
biguity averse decision maker.1” When > st is replaced with ~¢ in (16), then it becomes
the dynamic counterpart of Seo’s Reversal of Order axiom. Thus, ambiguity attitude is
associated with the violation of the Reversal of Order axiom.

An example taken from Seo (2009) illustrates Definition 9. Restrict attention to a
static setting. Consider an Ellsberg urn that contains 100 black or white balls, but the
exact composition is unknown. The state of the world is the color of the ball. Let f be the

17Given Axiom B4 (First-Stage Independence), our definition implies the following Gilboa and Schmei-
dler definition of ambiguity aversion: (¢, 8[A41]) ~¢ (¢, [/ |1) = (¢, 8[Ah1 @ (1 = VA (1) =y (¢, 8[h41])
foralls,cecC, hyy, W, €Hyp,and A € [0, 1].
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act that gives $100 if the chosen ball is black and nothing otherwise. Let g be the act that
gives $100 if the chosen ball is white and nothing otherwise. Let p be a lottery with 50%
chance of winning $100. Experimental evidence reveals that most people are indifferent
between f and g, but prefer p to f and p to g. The first-stage mixture % f+ %g is still
an ambiguous act. But the second-stage mixture % fe % g gives an identical lottery p no
matter whether the chosen ball is black or white. Thus, it is intuitive that an ambiguity
averse decision maker prefers % fe % gto % f+ % g.

As Seo (2009) and Segal (1987, 1990) point out, ambiguity attitude is associated with
violation of the Reduction of Compound Lotteries.!® We now characterize this relation-
ship. In his atemporal model, Seo (2009) shows that Reduction of Compound Lotteries
and Reversal of Order are equivalent under Dominance. Adapting his argument to our
dynamic two-stage compound lottery acts framework, we show below that ambiguity
aversion is identical to risk aversion in the first stage.

PROPOSITION 5. Suppose {>=y} satisfies Axioms BI-B7. Then {>y} exhibits ambiguity
aversion if and only if {=u} exhibits risk aversion in the first stage.

An immediate implication of this proposition is that ambiguity aversion is equiva-
lent to concavity of v o u~!. In addition, the decision maker is ambiguity neutral if and
only if v o u~! is a strictly increasing affine function. As a result, the four distributions
h, m, ug, and p can be reduced to a compound distribution and the model reduces to
recursive expected utility under uncertainty.

Finally, we study comparative ambiguity aversion.

DEerINITION 10. Letthe utility representations of {> ; .} and {zi .} share the same second-
order belief ug on the same support Py Say that {>},} is more ambiguity averse than

{:i,} ifforall s’,allceC,leL,and h 1 € H,y,

(¢, 81M) =/, (¢, 8Thia]) = (¢, 811 =, (¢, Slhp1]),

st
and if this property also holds true for strict preference relations >£ . and >£,,.

To interpret this definition, fix current consumption at ¢ and consider two sure out-
comes for tomorrow, with one outcome being a lottery and the other outcome being
a one-step-ahead act. Suppose person j prefers the sure lottery outcome to the sure
one-step-ahead act. This must be due to person j’s aversion to subjective uncertainty
or ambiguity. Facing the same choices, if person i dislikes what person j dislikes, then
person i must be more ambiguity averse than person j because differences in beliefs are
ruled out.

The following proposition states that in the framework of two-stage randomization,
comparative ambiguity aversion is identical to comparative risk aversion in the first
stage.

18Halevy (2007) finds experimental evidence to support this view. This view is controversial because
nonreduction of compound lotteries is arguably a “mistake.”
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PropPoOSITION 6. Suppose that {zi,,} and {zi,} satisfy Axioms B1-B7 and that their repre-
sentations share the same second-order belief ug on the same support Py for all s'. Then
{zit} is more ambiguity averse than {zﬁ .} if and only if {>,} is more risk averse than {:ﬁt}
in the first stage.

Given Axioms B1-B7, an immediate corollary of this proposition is that a decision
maker’s preferences have a representation with a concave function v o u~! if and only if
he is more ambiguity averse than a decision whose preferences are represented by recur-
sive expected utility. This result connects our definition of ambiguity aversion in Defini-
tion 5 to our definition of comparative ambiguity aversion in Definition 6. It shows that
recursive expected utility is the dividing line between ambiguity loving and ambiguity
aversion.

What is the relationship between the notion of ambiguity aversion defined in this
section and that in Section 3? Because the preference domain of choices is different
under the two approaches in these two sections, ambiguity aversion reflects different
natures. But the utility representations under these two approaches give identical func-
tionals in the domain of adapted consumption processes. In addition, these two ap-
proaches give identical characterizations of ambiguity attitude in terms of the function v
for fixed u orvou!.

Unlike the second-order act approach in Section 3 or KMM (2005), the two-stage
randomization approach does not need to have a rich support of uy to establish that
absolute or comparative ambiguity aversion implies concavity or comparative concavity
of vo u~!. The reason is that the presence of two-stage randomization provides rich

choices of lotteries, which allow us to use the standard analysis for objective risk.

5. APPLICATION

We use the representation in (3) to illustrate the application of our general model in
finance. In that model, the decision maker does not observe a finite parameter z € Z
and has ambiguous beliefs about the possible consumption distributions 7, indexed
by z (Py in (2) is a set indexed by z). We first derive the utility gradient (Duffie and
Skiadas 1994) for the utility function defined in (3). The utility gradient is useful for
solving an individual’s optimal consumption and investment problem. It is also useful
for equilibrium asset pricing. We define the gradient of a utility function 1} at ¢ given z
as the adapted process (¢7) such that

lim Y0(e 1+ #2) = Vo(©) :E[Z g,za,]. (17)
t=0

al0 a

Let V; denote Vi (c) in (3) and define
Ri(Vig1) =v  (Epvou (EBa,,uVig1))),

where we use u; and 7, ; to denote the posterior distribution uy and the conditional
distribution 7, (-|s"), respectively.
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PRrRoOPOSITION 7. Suppose W, u, and v are differentiable. Then the utility gradient (£7)
at c for the generalized smooth ambiguity model is given by &7 = A&7 for all t, where

Ay =Wiler, Re(Vig1)) (18)

. ﬁ Wa(es, Rs(Vag) v o ™ (B, Ju(Vir)))

VR Ver1) w0 (u (B, [u(Vez)]))

s+, & =1 (19)
s=0

This proposition demonstrates that under some regularity conditions, our gener-
alized recursive smooth ambiguity model delivers a unique utility gradient, which is
tractable for applications. By contrast, the widely adopted recursive multiple-priors
model implies a set of utility supergradients due to its kinked indifference curves (see
Epstein and Wang 1994). After we obtain the utility gradient, we can easily derive
the pricing kernel. The pricing kernel M7 | between date ¢ and ¢ + 1 is defined as

i1 = €7.1/&/- The pricing kernel is often referred to in the literature as the intertem-
poral marginal rate of substitution or the stochastic discount factor.

In applications, it proves important to work with tractable parametric utility func-
tionals. Our model permits flexible parametric specifications. Inspired by Epstein and
Zin (1989), we consider the following homothetic functional forms in (3):

W(c,y) =[(1— B)c' P + By! =175, p=0 (20)
1-vy

u(c) = , v>0,#1 21)
I—v
xi=n

v(x) = , n>0,#1, (22)
I-m

where B € (0, 1) is the subjective discount factor, 1/p represents the elasticity of in-
tertemporal substitution (EIS), vy is the risk aversion parameter, and 7 is the ambiguity
aversion parameter. If n = vy, the decision maker is ambiguity neutral and our model
reduces to the recursive utility model of Epstein and Zin (1989) and Weil (1989). The
decision maker displays ambiguity aversion if and only if n > y. By the property of cer-
tainty equivalent, a more ambiguity averse agent with a higher value of n has a lower
utility level. The preceding interpretations are justified by our axiomatic foundations in
previous sections. We refer the reader to Ju and Miao (forthcoming) for more discussions
on the specification in (20)—(22).

The key to understanding asset pricing puzzles in a representative—agent consump-
tion-based framework is to understand the pricing kernel. We now derive the pricing
kernel for the homothetic generalized recursive ambiguity model. As is well known in
the literature of recursive utility, we can write the pricing kernel in two ways.

ProrosiTION 8. The pricing kernel in terms of continuation values satisfies

_ _ —y L —(m=y)
: =B<ﬂ> p( L ‘)p V(Er VDTN (23)
e+ Ct Re(Vig1) Ri(Vig1) ‘
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Alternatively, the pricing kernel in terms of the market return under complete markets
satisfies

3

1— -y

1- 1— _
—p 1_7 1_1_7 —p 1y =

z = Ct_+] L 1 4 Cr+1 P
t+1_(B( ¢t ) ) <Rz+1) (Eﬂz”[('g< ¢ ) Rt+1> ]) , (24

where R, 1 is the market return from periods t to t + 1 that satisfies

X1 =Rip1 (X, — <), (25)
where (X;) is the wealth process.

When 7 = vy, the homothetic recursive ambiguity model reduces to the Epstein—Zin—
Weil model. In this case, the pricing kernel in (23) or (24) reduces to that in Epstein and
Zin (1989) and Hansen et al. (2008). Why is our generalized recursive smooth ambiguity
model useful in explaining asset pricing puzzles? Equation (23) reveals that there are two
adjustments to the standard pricing kernel B8(c,,1/¢;)~". The first adjustment is present
for recursive expected utility of Epstein and Zin (1989). This adjustment is the second
term on the right-hand side of (23). The second adjustment is due to ambiguity aversion,
which is given by the last term on the right-hand side of (23). This adjustment has the
feature that an ambiguity averse agent with n > y puts a higher weight on the pricing
kernel when his continuation value is low in recessions. This pessimistic behavior helps
explain the equity premium puzzle and the risk-free rate puzzle, and also generates the
time-varying equity premium.

Ju and Miao (forthcoming) study the quantitative implications of the above homoth-
etic specification using the pricing kernel in (23), when z is governed by a regime switch-
ing process. They show that our model proves successful in explaining many asset pric-
ing puzzles quantitatively.

6. RELATED LITERATURE

Our paper is related to a small literature on axiomatically founded dynamic models of
ambiguity. Our second-order act approach is closely related to KMM (2009a).'° Un-
like that paper, we adopt a hierarchical Anscombe-Aumann-type domain. This domain
allows us to impose simple and intuitive axioms. More importantly, it permits a separa-
tion of intertemporal substitution from attitudes toward risk or uncertainty. Our utility
representation allows for flexible parametric specifications, and nests the KMM (2009a)
model and some other popular models in the literature as special cases such as the re-
cursive expected utility model (Kreps and Porteus 1978 and Epstein and Zin 1989) and
the multiplier preference model with hidden states (Hansen 2007 and Hansen and Sar-
gent 2007a). In addition, this representation permits an information structure with hid-
den states that could be unknown parameters as in KMM (2009a) or Markov processes.

19Hanany and Klibanoff (2009) also provide a dynamic extension of the KMM (2005) model. Their ap-
proach is nonrecursive in that they first define preference over consumption plans and then determine
conditional preferences by updating beliefs.
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Our preference domain in the second-order act approach is built on Hayashi (2005),
who first constructs the domain of compound lottery acts G. He chooses A(C x G) as
the preference domain, while we adopt C x G as the primary domain of preference {>:}.
Our domain choice proves to be more convenient in our setting. Hayashi (2005) em-
beds Gilboa and Schmeidler’s (1989) static multiple-priors model in a dynamic environ-
ment and establishes a generalized recursive multiple-priors model. His model permits
a separation of intertemporal substitution from attitudes toward risk or uncertainty. It
generalizes the recursive multiple-priors model of Epstein and Wang (1994) and Epstein
and Schneider (2003). Epstein and Schneider (2003) axiomatize the recursive multiple-
priors model and prove that dynamic consistency leads to rectangular sets of priors and
to prior-by-prior Bayesian updating as the updating rule for such sets of priors. Wang
(2003) also axiomatizes this model and some updating rules for preferences that are not
necessarily in the expected utility class. Hanany and Klibanoff (2007) follow a nonrecur-
sive approach and extend the Epstein and Schneider model by allowing updating of the
set of priors to violate consegentialism. As KMM (2005) point out, one limitation of the
multiple-priors model is that there is no separation between ambiguity and ambiguity
attitude. The set of priors may reflect the decision maker’s perceived ambiguity or his
attitude toward ambiguity. This confounding makes comparative static analysis hard to
interpret.

Our second axiomatization using the two-stage randomization approach extends
Seo’s (2009) static model to a dynamic setting. To the best of our knowledge, our paper
provides the first dynamic extension of Seo’s static model. As a by-product contribution,
we construct a domain of two-stage compound lottery acts H, which contains G and
allows for randomization both before and after the realization of the state of the world.
We then dispense with second-order acts and the associated preferences over these acts.
We define a single preference relation {>} over C x A(H).

Our characterization of ambiguity attitude in the two axiomatic approaches is based
on the foundation of Ghirardato and Marinacci (2002). Ambiguity aversion reflects
somewhat different natures in the two approaches because of different choice domains,
though the characterization in terms of concavity of v o u~! is identical. In the second-
order act approach, ambiguity aversion is an aversion to the subjective uncertainty
about ex ante evaluations of one-step-ahead acts. In the two-stage randomization ap-
proach, ambiguity aversion is associated with the violation of reduction of compound
lotteries, as also pointed out by Segal (1987, 1990) and Seo (2009). Segal uses the antici-
pated utility model and considers objective lotteries, while the Ellsberg paradox is often
viewed as a phenomenon associated with subjective uncertainty. Seo does not provide
a formal definition of ambiguity aversion and characterizations of ambiguity attitude.
We provide such an analysis and characterize the link between ambiguity aversion and
reduction of compound lotteries. Our result that ambiguity aversion is identical to risk
aversion in the first stage is similar to Theorem 5 in Ergin and Gul (2009), who refer to
risk aversion in the first stage as second-order risk aversion.

Maccheroni et al. (2006b) provide a dynamic extension of the static variational
model of ambiguity developed by Maccheroni et al. (2006a). The static variational model
includes the multiple-priors model and the multiplier preference model of Hansen and
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Sargent (2001) as special cases. The dynamic extension does not separate intertemporal
substitution from attitude toward risk or ambiguity. Variational preferences are also sub-
ject to the limitation concerning the separation of ambiguity from ambiguity attitude.

Our model is also related to the literature on recursive utility under risk or uncer-
tainty (Kreps and Porteus 1978, Epstein and Zin 1989, Chew and Epstein 1991, Skiadas
1998, and Klibanoff and Ozdenoren 2007). This literature does not deal with ambiguity.
In the framework of Klibanoff and Ozdenoren (2007) or Skiadas (1998), preferences de-
pend on the filtration. Unlike their framework, we take the filtration as given and, thus,
cannot make comparisons of representations across filtrations.

Recursive utility models allow for preferences for the timing of the temporal resolu-
tion of uncertainty. As is well known in the literature on recursive expected utility pref-
erences, a nonlinear time aggregator is needed to permit nonindifference to the timing
of the temporal resolution of uncertainty. Strzalecki (2009) shows that even without a
nonlinear aggregator, or with standard discounting, most dynamic models of ambigu-
ity aversion (including the models discussed above) result in timing nonindifference.
In particular, decision makers with such preferences prefer earlier resolution of uncer-
tainty. The only model of ambiguity aversion that exhibits indifference to timing is the
multiple-priors utility model. Our paper does not study this issue. Presumably, Strza-
lecki’s analysis can be applied to our setting.

Finally, like most papers in the literature on dynamic models, we follow a recursive
approach and maintain dynamic consistency. This approach is normatively appealing
and computationally simple in applications because the usual dynamic programming
method can be applied. This approach typically shares the drawback of lacking a “re-
duction” or “closure” property as discussed in KMM (2009a).2° This means that our re-
cursive model (2) over adapted consumption processes does not have the reduced static
KMM smooth ambiguity functional form. Siniscalchi (2011) follows a different approach
to formulating dynamic models of ambiguity. He takes an individual’s preferences over
decision trees, rather than acts, as primitive. His approach allows for dynamic inconsis-
tency. He formalizes sophistication as an assumption about the way individuals resolve
conflicts between preferences at different decision points. It remains to see whether
dynamic smooth ambiguity preferences can be formulated in his framework.

APPENDIX A: PROOFS OF THEOREMS 1 AND 2

We prove the sufficiency of the axioms. The proof of necessity is routine.

A1l Representation of risk preference

When {>} is restricted to the domain C x M, Axiom A3 (History Independence of Risk
Preference) implies that {>} induces a single preference relation > defined on C x M.
By Axiom A1 (Order) and Debreu’s (1954) theorem, there is a continuous representation
V:C x M — R of =. We fix such a representation.

20Epstein and Schneider (2003) and Maccheroni et al. (2006b) are exceptions.
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Fix some arbitrary ¢ € C throughout the proof. By Axiom A2 (Current Consumption
Separability), V' (c, -) and V (¢, -) represent the same ranking over M; hence V' has the
form

V(c,m)=W(c,V (€ m)) (26)

for some function W that is strictly increasing in the second argument. By Axiom A4
(Independence for Timeless Lotteries), V' (¢, m) is ordinally equivalent to an expected
utility representation on C x M. Thus, we have the form

V(c,m)= g“(/ ucd,mydm(c, m/)>, 27
CxM
where 7 is a vNM index and ¢/ is a monotone transformation.
LemMA 1. Given Axioms Al and A3, Axiom A5 implies that
(¢, 8[(c',m]D) = (¢, 8l(c",m"]) = (/,m)=(c",m")
foranyceCandm,m € M.

ProoF. We restrict attention to the subdomain C x M. By Axiom A3 (History Indepen-
dence of Risk Preference), we can replace {>} with > in Axiom A5 (Dynamic Consis-
tency). Suppose (¢, m’) = (¢, m”). Then (¢, m") > (cy, mg) = (', m’) = (¢cp, mg) for
any (cg, mp) € C x M. Thus, 8[(c’, m')] stochastically dominates 8[(c”, m"”)]. By Ax-
iom A5, (c, 8[(c’,m")]) > (c, 8[(c", m")]). Suppose (c, 6[(c',m")]) > (¢, 8[(c", m")]), but
(', m') < (¢",m"). By continuity of > from Axiom Al, there exists some (¢, mg) € C x M
such that (¢/, m’) < (cy, mg) < (¢, m"”). Thus, 8[(¢”, m")] strictly stochastically domi-
nates 8[(c¢’, m')]. By Axiom A5, (c, 8[(¢’,m)]) < (¢, 8[(c”, m")]), which is a contradic-
tion. O

Now, we deduce
u(cd,mh=u(",m") << (¢ 8[(,m)]) = (c8[(c",m")]) (by(27)
& (d,m)>=(",m") (byLemmal)
— V,m)=V(",m").

Hence, # and V' are ordinally equivalent representations of > on C x M, implying that
there is a monotone transformation u such that %@ = u o V. Plugging this equation
into (27) yields

V(c, m)= {(/ ulVc,m))dm(c, m’)). (28)
CxM

Define W by W(c, x) = W(c, {(u(x))), which is strictly increasing in the second argu-
ment. Then

Vic,m) = W(c, g(/ uVc',m))dm(c, m/))>
CxM
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= W(c, §<u ou! o/ uV,m))dm(c, m’)))
CxM

= W(c, u1</ u(V(c’,m’))dm(c/,m/)>).
CxM

A2 Extension to the whole domain

By an argument similar to the proof of Lemmas 8 and 9 in Hayashi (2005), we can use
continuity of > from Axiom A1, Dynamic Consistency (Axiom A5), and compactness of
C to show that for each (c, g) € C x G, there exists a risk equivalent (c,m) € C x M such
that (c, g) ~4 (¢, m) for each s’. Thus, for each s’, define Vi :C x G — R by

Vit(c,8) =V (c,m), (29)
where m is such that (c, g) ~ (¢, m). Using this definition and (26), we obtain
Va(e,g) =V (e,m)=W(c, V(@ m)=W(c,Vu (G g)). (30)

From Axioms A6 (SEU Representation of Preference Over Second-Order Acts) and A7
(Consistency With the Preference Over Second-Order Acts), we obtain

I/S[ (/C\’ g-'rl) = gs’ <\/’P III(Z g+1(S)7T(S)> d/"(’s’(ﬂ-)>: (31)

s seS

where £, is a monotone transformation. By restricting attention to M, we can use Ax-
iom A3 (History Independence of Risk Preference) to set & = & for all s”.

Define v = ¢ o i ! o u, where iz is defined in (10).2! Using Axiom A6, we immediately
obtain part (iii) of the theorem. Plugging this definition of v into (31) yields

Vi (€, 841) = f(fp voulo ﬁ(Z 8+1 (s)w(s)) dmr(w))

s seS

=§</ vou—1<Zw<s> / u(V(c’,m’))dg+1<s><c’,m’>>dwm),
Psl CXM

seS

where the second equality follows from (10).
When restricting V;: to the domain M, we obtain

Vg (S, m) = fovou‘l</ u(V(c/,m/))dm(c/,m/))
CxM

=V, m) = §</ uV(c',m'))dm(c, rn’))
CxM
for all m € M, where the last equality follows from (28). Therefore, we have £ ovou=! =,
implyingu='o ¢ loé=0v"l.

2INote that i is increasing on M when M is ordered by first-order stochastic dominance; therefore, its
inverse exists.
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Define

y=Vi(C g41) = g( / vou (Z 7(s) fc » u(V(c',m"))dg1(s)(c, m’)) dw(w)).

s seS

Using (30), we obtain

Vi(e,g41) =W (e,y) =W (e, Lou™ o L7 (1)) =Wic,u o 7N(y))

=Wlc, 1o 1o ( o _1(
<cu e & /7;:” u ZW(S)

s seS

X/ M(V(C/,m/))dgH(S)(C’,m/)> dMst(W)>)
CxM

= W<c, v ! (/ vou ! <Z (s)
Pv[

seS

X/ u(V(c’,m/))dgH(s)(c/,m’)) dMsl(“’))),
CxM

where the third equality follows from the definition of W in Appendix Al.

For any g € G, for each s € § and each (¢/, g’) in the support of g(s) € A(C x G),
there exists a risk equivalent (¢, m’) € C x M such that (¢, m’) ~u 5 (¢, g'). Let g, be
a one-step-ahead act such that g, (s)(L") = g(s)(L) holds for all pairs L ¢ C x G and
L’ c C x M, where L' consists of all risk equivalents (¢’, m’) of corresponding elements
(c’, g) in L. By construction, g1 (s) and g(s) are stochastically equivalent. By Axiom A5
(Dynamic Consistency), (¢, g) ~ (¢, g+1). Therefore,

Vs‘t(c7 g) = I/St(c’ g+1)

= W<c, v ! (/ vou ! (Z (s)
Pv[

seS

X/ u(V(c/,m’))dgH(s)(c’,m’)) d;w(w)))
CxM

= W(c, vlo (/ vou_1<27-r(s)
Py

s seS

X/c gu(V;r,s(C’,g’»dg(s)(C’,g/)> dw(#)»,

where we have used the fact that g(s) and g, (s) are stochastically equivalent to derive
the second equality.

A3 Proof of uniqueness

Suppose ({I7s:}, W, i, 9, {fg}) and ({Vie}, W, u, v, {ug}) represent the same preference.
On the domain of deterministic consumption streams C*, each Vi coincides with the
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common function  and each ¥ coincides with the common function V. Since ¥ and
I/ are ordinally equivalent over C*, there is a monotone transformation ® such that

V(y)=®oV(y) forallyeC™.

By (29), we have Vy = ® o V.
Since

W, V() =V(c,y) =@V (c,y)) = DWW (c,V(y)) =PW(c, LV (»))),

we deduce that W(c, -) = (W (c, ®~1())).

OnM, fo, puV(c',m'))ydm(c',m')and [, 4 a(V(c',m')dm(c,m') are equivalent
mixture-linear representations of the risk preference conditional on the fixed current
consumption ¢. Therefore, there exist constants A4, B with 4 > 0 such that

av,m))=AuV,m))+B forall (c,m)e M.

Since V =® oI/, we obtain it o ® = Au + B.
By construction from Appendix A2, To i~ ! o it = iy = vou~! o it. By (10), we compute

L:t(m):/ av(c,m))ydm(c,m)
CxM
:/ Ho®WV(c,m))ydm(c,m)
CxM
=f Au(V(c',m))dm(c',m') + B
CxM

= A/ uV(,m))dm(c,m)+ B= Au(m) + B.
CxM

Let i2(m) = w. Then we have
Uo ﬁ_l(Aw +B)=vo u_l(w).
Since i1 o ®(w) = Au(w) + B, it follows that
Dot l(Aw+B)=voi ' (Auou (w) +B)=bodu(w)).
Thus, we obtain
To®(u (w) =vou H(w).
By replacing u~!(w) with x, we obtain © o ®(x) = v(x). Finally, uniqueness of u follows

from Axiom Ab5.

APPENDIX B: PROOF OF THEOREM 3

Given a compact metric space Y, let 5(Y) be the family of Borel subsets of Y and let
A(Y) be the set of Borel probability measures defined over B(Y), which is again a com-
pact metric space with respect to the weak convergence topology. Inductively define the
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family of domains {Hy, H1, ...} by

Ho = (A(C))S
Hy = (AC x A(Hp)))®

M, = (AC x A(H,_1)))°,

and so on. By induction, A(C x A(H,_1)) is a compact metric space and so is H;, for
every t > 0. Let d; be the metric over H,. Let H* = [];2,H,. This is a compact metric
space with respect to the product metric d(h, h') =Y ;24 (1/2")d(h;, b)) /(1 + di(hys, B))).

The domain to be constructed is a subset of H*, which consists of coherent acts.
Define a mapping 7 :C x A(Hy) — C by

(¢, po) =¢
for each (¢, pg) € C x A(Hyp). Define a mapping pg: Hi — Hg by
po(h1)(s)[Bol = h1(s)[my ' (By)]
for each 1 € H1, s € S, and By € B(C). Define a mapping pg: A(H1) — A(Hp) by
po(pDIHol = pilpy ' (Ho)l

for each p; € A(H;) and Hy € B(Hyp).
Similarly, define 71 :C x A(H1) — C x A(Hy) by

(¢, p1) = (¢, po(p1))
for each (c, p1) € C x A(Hy), define p;: Hy — Hy by
p1(h2)(5)[B1] = ha(s)[m ' (B)]
for each h; € Hy, s € ), and By € B(C x A(Hp)), and define g1 : A(H,) — A(H;) by
p1(pH1 = palpy (H)]

for each p; € A(H;) and Hy € B(H1).
Inductively, given m;_1:C x A(H,—1) — C x A(H;—2), pi—1:H: — H,—1, and
Pr—1:A(H;) = A(H,—1), define 7 :C x A(H;) — C x A(H;_1) by

(¢, pi) = (¢, pr—1(P1))

for each (c, p;) € C x A(H;), define p; : H;11 — H; by

pi(hey 1) ($)[B] = hyy1 ()7, (B)]
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for each ;41 € Hy11,s€ S, and By € B(C x A(H,_1)), and define p;: A(H;11) — A(H;) by

pr(pisDIH = prialpy '(Hy)]

for each p,.1 € A(H,y1) and H; € B(H;).
Define

H= {h = (h07 h1> h27 . ) € H*: hl =Pt(ht+1)> = 0}

For each s € S, the sequence (hy(s), h1(s), ha(s),...) € [17oo A(C x A(H,—1)) is viewed as
a sequence of constant acts since

hy(s) € A(C) C Hy
hi(s) € A(C x A(Hp)) € Hy

hi(s) € A(C x A(H;—1)) C Hy,

and so on.
The lemmas below verify that such constant acts are also coherent. They are imme-
diate from the definition of H.

LEMMA 2. For every h € H and s € S, the sequence (hy(s),hi(s), hy(s),...) €
[1720 A(C x A(H,—1)) satisfies hy(s) = pi(hi11(5)).

LEMMA 3. Foreveryt >0, hy € H;, and hy 1 € Hyyq, if hi(s) = pt(hey1(s)) for every s € S,
then /’lt = Pt(ht+1)-

Let

0= {(qz) e[JAMHD: g = pi(qup1), Vi = O}

t=0

A= {(at) e[ JAC x A(H,—1)): ar = pi(arsr), Vi = o}.
t=0

LEMMA 4. We have the homeomorphic relation

A~ACx Q).

ProOE. Given (a;) € A C []2yA(C x A(H;-1)), by the Kolmogorov extension theorem
there exists a unique a € (C x [];2, A(H,—1)) such that

MI8e, A(H,_H? =

for each ¢ > 0, where mrg denotes marginal. Define a mapping ¢£: 4 — A(C x Q) by
&((ar)) =a.
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We need to show a € A(C x Q). For each ¢ > 0, let

Qr =1{(qs, qr+1) € A(H) X A(Hig1): g = pe(qeg1)} X 1_[ A(H7).
TH#L 41

We derive that

a(Cx Q) = mrngA(H,)xA(H,H)a(C X {(qr, Gr+1) € A(Hy) x AHeg1): e = pe(qe+1)})
=mrge, n,)@(C X pr(A(H,r1)))
= a;41(C x pr(A(H;41)))
= a1 (m41(C x A(Hy41)))
= pr+1(ar12) (m41(C x A(Hi41)))
= a2 (7} (m141(C x A(Hi41))))
=a;12(C x A(Hi1)) =1

Therefore,
o0 T
aCx Q)= a(ﬂ(c x Q:)) = Tlgnooa(ﬂ(c x Q») =1.
t=0 t=0

e Mapping ¢ is one-to-one: This follows from the uniqueness of Kolmogorov exten-
sion theorem.

e Mapping & is onto: For every a € A(C x Q), the inverse is given by (a;,) €
[1729 A(C x A(H,—1)) such that
ar =IMIZe  A(H,_)?
for each ¢t > 0. To show (a;) € A4, take any B; € B(C x A(H,_1)). We deduce that
ai(By) = a(B[ < |1 A(Hn)
|
> a({(c, (g:)) €C x Q: (¢, q1) € B/})
=a({(c, (g:)) €C x Q: (¢, pi(qi+1)) € Br})
=a({(c, (gn) €C x Q: (¢, qr1) € m ' (B))})
= a1 (m; ' (By)

= pr(a1)(Be).

Since

1=a,(CxA(H;—1)) =a,(By) + a;(Bf)
> pi(ai1)(Br) + Pt(ﬂz+1)(B;C) =pi(ar41)(C x A(H;—1)) =1,
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we obtain
ai(By) = pr(a1)(By).

e Mappings ¢ and ¢! are continuous: This is immediate from the nature of the
product topology. O

LeMMmA 5. We have the homeomorphic relation
H~ AS.
PrOOF. Define ¢: H — A5 by
E(h)(s) = (ho(s), hi(s), ha(s), ...).
It follows from Lemma 2 that £(/) € A.

e Mapping ¢ is one-to-one: Suppose £(h) = £(h'). By definition of ¢, we have
(ho(s), h1(s), ha(s), ...) = (hy(s), k| (s), h5(s), ...) forall s € S, which implies h = /.

o Mapping ¢ is onto: Take any & € AS. By definition,
h(s) = (ho(s), h1(s), ha(s), ...) € [ A€ x A(Hi—1))
t=0

for each s € S. Then §‘l(fz) = (hg, hy, hy, ...) € H* satisfies h(s) = fzt(s) for each
¢t and s. By Lemmas 2 and 3, the sequence (A, k1, hy, ...) is coherent and hence

& (h) e .
e Mappings ¢ and ¢! are continuous: This is immediate from the nature of the
product topology. O
Let

o] t
p*— {(pt) € HA(H HT>: Mg 3¢ Pir1 = Pef-
=0 \r=0

LEMMA 6. For any (p;) € P*, there exists a unique p € A(H*) such that

mrgl—[;:[) HTp = D:.

Moreover, there exists a homeomorphism x : P* — A(H*).

The proof follows from Lemma 1 in Brandenberger and Dekel (1993).
Let

t
H =1 (ho,.... h) e [ Ha: hfzpf(hﬁl)m:o,...,t—l}
=0

for each ¢t > 0 and let

P={(p)eP": p(H')=1,t>0}.
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LemMA 7. The equality x(P) = A(H) holds. As a result, P ~ A(H) holds through x.

Proor. The C part: Let p = x((p;)) for some (p;) € P. Let
o0
Ii=Hx [] -
T=t+1

for each r > 0. Then we have H c I'y ¢ H* for each ¢ > 0, (I';) is decreasing, and

mtzo Ft == H-
Since p is the Kolmogorov extension of (p;), we have

pT)=pi(H) =1

for every ¢ > 0. Thus, p(H) = p((;»oI'1) =lim p(I';) = 1.

The D part: Pick any p € A(H)_that satisfies p(H) = 1. Let (p;) be the sequence of
marginals defined by p, = mrgr: g, p for each # > 0. Then p,(H") = p(I';) > 1, where
the second inequality follows from I'; > H. Since p, is a probability measure, we have
p:(H") = 1. Since p is the Kolmogorov extension of (p;), we have p = x((p/)). O

LemwmA 8. Forevery (q;) € Q, there exists a unique (p;) € P such that

mrgHtpt =(;.

Moreover, Q and P are homeomorphic.

Proor. Define a sequence of mappings (¢;), & :H; — [[._o H- for each ¢ > 0, by
ff(hf) = (’}.{0, DR 5/};[)’

where iz\t = h; and iz\f = pT(EH) forr=0,1,...,¢t—1.
By construction, each (&) is a one-to-one mapping and &,(H;) = H'. Therefore, we
can define the sequence of inverse mappings (5[1), 5,_1 :H' — H, given by

&N hoy oy he) = hy,

which is a projection mapping that is continuous.
For (q;) € Q, define the corresponding sequence (p;) € P by

P(ED) = qi(&7(ED)

for each E; € B(]‘[ionT) and r > 0. We can see that (p;) € P since p;(H') =
qt(f,_l(Ht)) = q:(H;) = 1. By construction, mrg;, p: = g foreach ¢t > 0. O

Now, Theorem 3 follows from the fact that H ~ A5, A ~ A(C x Q), O ~ P, and
P~ A(H).
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Finite-step-ahead acts and denseness
Finally, we define finite-step-ahead acts and show that the union of all the sets of finite-
step-ahead acts is dense. Let

Myt = {hy1 € (AC x ACH)))’: Vs €S, hii(s) € ACC x AL))}.

Since H ~ (A(C x A(H)))3, we can embed H, | into H, where the range of . is embed-
ded into £ since £ >~ A(C x A(L)). Inductively, define

Hir={hyir € (AC x ACH)))’: Vs €S, hyr(s) € AC x A(Hy (1))}

Similarly, we can embed ., into H. We call { J,. H+ the domain of finite-step-ahead
acts.

LEMMA 9. The domain of finite-step-ahead acts | J,-, H- is a dense subset of H. Also,
UTEl A(C x A(H4+)) is a dense subset of A(C x A(H)).

This result is analogous to Proposition 1 in Hayashi (2005) and its proof is omitted. It
is useful to establish the existence of a risk equivalent as in Lemma 9 of Hayashi (2005).
We implicitly applied a similar result in Appendix A.

APPENDIX C: PROOFS OF THEOREMS 4 AND 5

We prove the sufficiency of the axioms. The proof of necessity is routine.

C1 Representation of risk preference

When {>} is restricted to the domain C x A(L), Axiom B3 (History Independence of Risk
Preference) implies that {>} induces a single preference relation > defined on C x A(L).
By Axiom B1 (Order) and Debreu’s (1954) theorem, there is a continuous representation
V:C x A(L) — R of ». We fix such a representation.

By Axiom B2 (Current Consumption Separability), V' (c, -) and V (¢, -) represent the
same ranking over A(£), hence V' has the form

V(c,a)=W(c,V(C,a)) V(c,a)eC xAL) (32)

for some function W that is strictly increasing in the second argument. Because of Ax-
iom B4 (First-Stage Independence), V' (¢, a) has the form

Ve, a)= Z(/ U(l)da(l)>, 33)
c

where ¢ is a strictly increasing function and U is a vNM index.
Because of Axiom B5 (Second-Stage Independence), U has the form

ul)= dJ(/ ﬁ(C/,a/)dl(C/,a/)>, (34)
CxA(L)
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where ¢ is a strictly increasing function and % is a vNM index.
By Axiom B6 (Dynamic Consistency) and a similar argument as in Appendix Al,
u and V are ordinally equivalent. Hence, we deduce that

u(d,a)y=u(,a), (35)

where u is a strictly increasing function.
Plugging (33), (34), and (35) into (32) yields

Vic,a) = W(c, §<f d)(/ uV,a))dl, a’)) da(l))).
L CxA(L)

Now define W by
W(c,x)=W(c,{odou(x)),
which is strictly increasing in the second argument. Then we have
We, {z)=W(c,u od™'(2) (36)

and hence,

Vic,a)= W(c, ulogp™! (/ ¢(/ u(V(c,a)dlc, a’)> du(l))).
L CxA(L)

Let v = ¢ o u. We obtain representation (14).

C2 Extension to the whole domain
Define Vi :C x A(H) by
Vi(e, p)=V{(c,a) 37)

for each (¢, p) € C x A(H), where a € A(L) is such that (¢, p) ~¢ (c, a). The existence
of such a risk equivalent a follows from Lemma 9, Dynamic Consistency (Axiom B6),
compactness of C, and continuity of > (see Lemma 9 in Hayashi 2005). Using definition
(37) and (32), we derive

Vi(c, p) =V (c,a) =W(c,V (G m)) =W (c, Vy(G, p)). (38)

When our Axioms B1, B4, B5, and B7 are restricted to A(H. 1), they satisfy the con-
ditions in Theorem 4.2 in Seo (2009). By this theorem, V (¢, -) restricted to A(H, 1) is
ordinally equivalent to a second-order subjective expected utility representation, and
hence has the form

Vit (C, p41) = Lot (/H Ut (hyt) dp+1(h+1)> (39)
+1

and

Ui = | dm(Zw(s) | ay(c’,a/)dhﬂ(s)(c’,a/))dw(w), (40)
Py s CxA(L)



462 Hayashi and Miao Theoretical Economics 6 (2011)

where { and ¢ are strictly increasing functions and 7 is a vINM index. By Axiom B6
(Dynamic Consistency) and a similar argument in Appendix Al, iy and V" are ordinally
equivalent over C x A(L). Thus, there is a monotone transformation uy such that

U (c,a)=ug(V(c,a)) (41)

for every (¢/, a’) € C x A(L).
Equations (33) and (37) imply that on A(£),

g(/ U(l) da(l)) =V (¢ a)=Vyu(C a) =y (/ Ug (1) da(l)),
L L
which in turn implies that on £,

LU =V(c,8ll) =Vu(c, 8ll1) = L (Us (1)).

Hence, we deduce that

U= " 0loU,

g(/ U da(l)) ={y (/ {i'olo U(l)da(l)).
L L

By the additivity of integral formula, we have

which implies that

Glollax+(1—a)y)=al o l(x)+ (1 —a)l; o L(y)

for all x, y in the range of U and all « € [0, 1]. Therefore, {;s and ¢ are identical up to
positive affine transformations. Thus, without loss of generality, we can take { = ¢ and
Uy = U forall s*.

Equations (34), (35), (40), and (41) imply that on £,

d)(f ro(d,a’)dl(c’,c/)) =U)=Uu()
CxA(L)

=¢7S,</ ustoV(c’,a/)dl(c/,a’)>,
CxA(L)

which in turn implies that
pouoV(c,a)y=U@Ic,a'])=Uau(8[c',d']) = by oug oV (c',a).

Hence, we have ¢ o u = ¢ o uy, which implies that

¢</ ro(c/,a/)dl(c/,a/)> =(l)st(/ q,’)s_tloq’)oro(c/,a/)dl(c/,a/))
CxA(L) CxA(L)

By the same reasoning as above, ¢ and ¢ are identical up to positive affine transfor-
mations. Therefore, without loss of generality, we can set ¢ = ¢ and ug = u for all s’.



Theoretical Economics 6 (2011) Substitution and ambiguity preferences 463

Now, plugging (39), (40), and (41) into (38), we obtain that, on C x A(H1),

I/S’ > ZW 5
(¢, p41) (e z( fH ) /P St¢<Zw<s>

seS

< u(V(c’,a/))dhms)(c’,a/)) dust(ﬂ)dp+1(h+1)>)
CxA(L)

=W<c, u—lo¢—1<fml fm(p(zw(s)

seS
X / u(V(c,a")dhyi(s)(c, a/)> dpg () dp+1(h+1)>>,
CxA(L)

where the second equality follows from (36).

Finally, we extend the above representation to the whole domain C x A(%). A risk
equivalent always exists as discussed before. By a similar argument as in Appendix A2,
for every s’ and every h € H, there exists a one-step-ahead act 4,1 € H, such that i(s)
and /.1 (s) are stochastically equivalent. We call 4| the equivalent one-step-ahead act
of h. By Axiom B6 (Dynamic Consistency), we deduce

(C7 6[h]) ~t (C7 8[h+1]) (4’2)

Suppose that p € A(H) has a finite support {h!, n%, ..., h™}, with p = ¥, a;8[h],
aj€(0,1),and ) ;; =1. Foreach A/, i =1,...,m, let h', | € H,, be its equivalent one-
step-ahead act. Let p,1 € A(H,1) be a probability measure with a finite support such
that the support is {h}rl, hil, ...,h’j_ll}, and foreachi=1,...,m, p+1({hﬂrl}) = p({h'}).
By repeated applications of Axiom B4 (First-Stage Independence) and (42), we obtain
(c, p) ~¢ (¢, p+1)- This relation is also true for arbitrary ¢ € C because of Axiom B2 (Cur-
rent Consumption Separability). By continuity of >, the claim extends to arbitrary p.
Hence, we have

Va(e, p) =Va(c, p11)

=W<c, u_lod)_1</;{+l /thgb(Zw(s)

seS

x f w(V (¢, ay) dhy(s)(c, a’)) dpsg () dp+1(h+1)>)
CxA(L)

= W<c, ulto ¢—1(fH fm ¢>(Z (s)

ses
« / u(Vst,s«:’,a’))dh(s)(c/,aw) dMsr(W)dp(h)>),
CxA(H)

where we use the fact that 4(s) and 4, (s) are stochastically equivalent to derive the last
equality. Defining v = ¢ o u, we obtain the representation as in the theorem.
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C3 Proof of uniqueness

Suppose ({I7Sz}, W, i, v, {pe}) and ({Vi}, W, u, v, {ug}) represent the same preference.
On the domain of deterministic consumption streams C*, all Vy coincide with the com-
mon function ¥ and all ¥V, coincide with the common function V. Since VV and V' are
ordinally equivalent over C*, there is a monotone transformation ® such that

Vy)=®oV(y)

for all y € C®. By (37), we have Vy = ® o V.
Since

W(e, V() =V(c,y) =@V (c,y)) =PW(c,V(y)) =PW(c, > LV (»))),

we have W (c, z) = ®(W (¢, P~ 1(2))).

On L, fch(L) uV(c,a))dl(c,a) and fch(ﬁ) a(V(c',a))dl(c,a’) are equivalent
mixture-linear representations of the second-stage risk preference conditional on the
fixed current consumption ¢ defined in Appendix C1. Therefore, there exist constants
A, Bwith 4 > 0 such that

a(V(c',a))=AuV(c,d))+B

forall (¢, a’) € C x A(L). Since V =® oV, we obtain it o ® = Au + B.
On A(L),

/fmal(/ ﬁ(V(c’,a’))dl(c/,a/)) da(l)
L CxA(L)

and

/ Uoul(/ u(V(c’,a’))dl(c/,a/)> da(l)
L CxA(L)

are equivalent mixture-linear representations of the first-stage risk preference condi-
tional on the fixed current consumption ¢. Hence, there exist constants D, E with D > 0
such that

Dot </ av(c,a))dlc, a’)) =Dvou! (/ uV(c,a)dlc, a’)> +E.
CxA(L) CxA(L)

From the previous result, we have
/ av(,a)dic,a) =f dodWV(c,a)dl,a)
CxA(L) CxA(L)

=A uVc,a)dl(,a)+B.
CxA(L)

Let fch(ﬁ) uV (', a))dl(c,a') = x. Then we have

o Y (Ax+B)=Dvou'(x)+E.
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From it o ®(x) = Au(x) + B, it follows that
Do N(Ax+B)=voi '(Auou (x)+ B) =D o ®(u"(x)).
Thus, combining the above two equations, we obtain
Do®(u(x))=Dvoul(x)+E.

Sovo®P=Dv+E.
APPENDIX D: PROOFS FOR SECTION 4.4
PROOF OF ProOPOSITION 3. Ifvou~!is concave, it is straightforward to check that {>}

isrisk averse in the first stage. We now prove the reverse direction. Pick any /1, I, € £ and
A € [0, 1]. By Theorem 3, we have

Vie,My+ (1= M) =W (e, v (Awou V() + (1 = Mvou L (V*(h)))),
where
Ve = / u(V(c, a))dic, a)
CxA(L)

is a mixture-linear function on £. Also we have
V (e, 8 & (1— ML) = W(c, v (f vou LAWVE(I) + (1 - A)V*(lz)))>.
c

From the definition of risk aversion in the first stage, we have (c, S[Al{ ® (1 —A)l2]) =y
(¢, Al1 + (1 — M)Dp). Thus,

Mou ')+ (1= MNvou '(V* () <vou YAV (1) + (1 = MV*(Ip)).

We may vary /; and /, to cover the whole domain of vo u~!. The above inequality implies
that vo u~! is concave. O

PRrROOF OF PROPOSITION 4. Suppose {zi,} is more risk averse than {zi,} in the first stage.
By definition they rank deterministic consumption streams in the same way and rank
lotteries in the second stage in the same way. So there exist representations such that
Vi=Vi,Wi=Wi,and u' = u/.

Since v!(V(-)) and v/ (V/(-)) are ordinally equivalent over C*, there is a monotone
transformation ¥ such that v\ = ¥ o v/ . It remains to show that ¥ is concave. Let
v,¥,y" € C* be such that (c, 5[5[y]]) ~§, (c, AS[8[Y']1 + (1 — A)S[8[y"1]). This is possi-
ble due to continuity of preference ordering. Thus, we have v/(V/(y)) = A/ (V/(y)) +
(1 — M)/ (Vi(y"). Since >/, is more risk averse than >/, in the first stage, we have
(¢, B[y > (¢, Ad[8[y'Tl + (1 — A)8[8[y"1]), which implies v'(V*(y)) > A'(V'(y)) +
1 =)' ").

Since vi(Vi(-)) = vi((VI(-))) =¥/ (V/(-))), we obtain

V(! (VI(y)) = 2@ (VI (y))) + (1= DT (VI(Y"))).
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One can choose y, ¥/, and y” so as to cover the whole range of u/ o /. Thus, ¥ is concave.
The proof of the other direction of the proposition is routine. O

ProoOF OoF PrRoOPOSITION 5. When we restrict to the subdomain C x A(£), we immedi-
ately deduce that ambiguity aversion implies risk aversion in the first stage. Now, we
consider the reverse statement. Given /1, h/“ € H.1, we define a € A(£L) as in Defini-
tion 6. We then have

(c, a(AS[hg1]1@® (1 — N)S[A 4], 7))
= (c, Aa(8[h41], m) & (1 — Ma(S[H 4], ™))
=y (¢, Aa(8[hy1], m) + (1 = MDa(8[h',], m))
= (¢, a(A8[h 1]+ (1 = M)S[H,1, ),

for all = € Py, where the relation >y follows from the definition of risk aversion in the
first stage. By Axiom B7 (Dominance), we obtain

(¢, A8[h41]1@ (1 — M)S[A 4] =g (¢, A8[h1]+ (1 = V)SIA ).
It follows from the definition that the decision maker is ambiguity averse. O

ProoOF oF ProposiTION 6. First, we show that comparative risk aversion in the first
stage implies comparative ambiguity aversion. To show that i is more ambiguous averse
than j, we need to show

(e, 8l =, (e, 8lhpi])) = (¢, 81D =L, (¢, 8lhi1)). (43)

st
Given hy 1 € Hy1 and py € A(Py), define b(hy 1, ug) € A(L) as
b(hyt, pgt)(L) = g ({7T € Pg: l(hyy, m) € L})

for every Borel set L C £, where [(hyq, m) =) hiq(s)m(s).
For any preferences {>} satisfying Axioms B1-B7, we use Theorem 3 to compute

V(c,b(hyt, ps))

= W(c, vl (/ vou ! (/ uV(c,a)dl, a/)> db(h,q, Mst)(l)))
L CxA(L)

= W(c, vl ([ vou ! (Z (s) u(V(c',a"))dhi(s)(c, a’)) d/.Ly(’]T)))
P CxA(Hy1)

s seS

- I/st(ca 8[h+1])7

where we use the change of variables theorem (Aliprantis and Border 1999, p. 452) to
derive the second equality. This implies that (¢, b(h41, s )) ~ (¢, 8[h4+1]). Likewise, we
have (c, b(h’+1, wst)) ~¢ (C, 5[h’+1]). Thus, (43) is equivalent to

(. 811 =), (e, b(hypr, w) = (¢, 81D =, (¢, b(hy, ).

st
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This relation holds true because i is more risk averse than j in the first stage.

Turn to the proof of the converse statement Fix a set E C S such that A =
fp 7(E)dug(m) € (0,1). Suppose (c, 8[/]) > _S, (¢, A8[I'T+ (1 — M)8[!")) for 1,1, 1" € L.
Let h1 be the one-step-ahead act that gives /' if event E happens and gives /”, other-
wise. Then by definition, we can show that b(h,1, ug) = AS[I'] + (1 — )\)6[1”]. Using
the representation in Theorem 3, we can verify that (c, b(/’l+],/.1/bt)) s‘ (c, 8[h41]) or
(¢, AS[I'T+ (1 — MH8[I"D) Nst (¢, 8[h41]), which 1mphes (¢, 8[1) = _5, (¢, 8[h41]). By com-
parative amb1gu1ty aversion, we have (c, 8[/]) >}, (c, 8[h+1]) Since (¢, AS[I'] + (1 —
N8l ~ (¢, 8lhy1]) holds as well, we obtain (c, 8[/]) >}, (¢, AS[I'] + (1 — 1)8[I"D).
Hence, we have

(¢, 8] zit (c, AT+ (A=) = (¢, 8l =4 (¢, ASII'T+ (1= V)B[I").

We can extend this result to all A € (0, 1) by continuity (Axiom B1) and Axiom B4 (First
Stage Independence). We can also extend this result to all finite lotteries over £ by re-
peatedly applying the above argument. We finally extend it to all lotteries over £ by
continuity of preferences (Axiom B1). O

APPENDIX E: PROOFS FOR SECTION 5

PrOOF OF ProPOSITION 7. Define
$i(a) =Vi(c+ ad)
for an adapted process (8;). Using (20)-(22), we have
di(a) =W(ci+ ad;, Ri(Vigi(c + ad))).
Taking derivatives in the preceding equation yields

¢1(0) =Wi(cr, Ri(Vit1)) 8y

Wa(cr, Ri(Vig1)) {Uou‘%Emﬂuﬂéun>
VR(Vig1) W (u N B [0 (VieD]D)

Define A, asin (18) and &7 as in (19). We obtain

Emﬂwwaodﬂwn}

52
¢m»=m&+E{IH¢H¢m}

where E; is the conditional expectation operator with respect to the predictive distribu-
tion Y, u/(z)m;(+|s"). From this equation and the definition in (17), we can derive that
£ =EFN,. O

Proor ofF ProposiTioN 8. When the utility function takes the homothetic form, we
use Proposition 7 and the definition of the pricing kernel to derive (23). Alternatively, we
may write the pricing kernel in terms of the market return as in Epstein and Zin (1989).
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In a complete market, wealth X, satisfies
4
X, =E, [Z g }
t

That is, time ¢ wealth is equal to the present value of the consumption stream. By
Lemma 6.25 in Skiadas (2009), we have

Vi =M X:. (44)

a_( M\
Vi \1-p '

Thus, the consumption-wealth ratio satisfies

By (18), we have the relation

-1/p
A A
%=%=<1 tﬁ> Ar. us)
t t —
Eliminating A; from (44) and (45) yields
PR R
Vi=MXi=(1=B)7e " X7

(46)

P

1

1 1
=(1-B)Trc, "R " (Xic1 — o) TP,

where we use (25) to derive the last equality. Note that the second equality implies that

X 1 (V"7
Ct_l—B Ct

As a result, for unitary EIS (p = 1), the consumption-wealth ratio is equal to 1 — B.
Now, substituting (46) into (23) and manipulating, we derive

= L p=Y ey Loy —(n=v)
—p p P 4 P 1\ T—y
z Ct+1 t+1Rt+1 (Eﬁzt[ €1 Rt+1]) !
M ,=8B o
l p pl—p l p pl—p
Rt( t+1Rt+1) Rt( t+1Rt+1)

Writing in terms of consumption growth and manipulating, we obtain

1=y

—P\ 1=, 1- -pP 12y 7(1117‘)’7)
Cia1 -» —X_1 Cir1 T—p B
Mf+1—(ﬁ(%) ) R (Ew[(ﬁ(;—*) Rz+1> D

In complete markets, the following Euler equation holds:

EJM7 (Rl =1.

t+1
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By substituting the preceding pricing kernel into this Euler equation, we obtain
1—y 1—y —(n—y)
-p s - = -y
1=Et{(ﬁ(£> Rt+1) p(Ewu[<B<Ct—+l> Rt+1) p:|) }
Ct ’ Ct
_ 1\ qn-p
c p -5
(o) "))
t

Noting that E; = E,, E_, and using the definition of R;, we obtain

Thus,

so that we can write the pricing kernel as (24). O
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