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ABSTRACT

This paper investigates Euler equations involving security prices and household-
level consumption data. It provides a useful complement to many existing studies
of consumption-based asset pricing models that use a representative-agent frame-
work, because the Euler equations under investigation hold even if markets are
incomplete. It also provides a useful complement to simulation-based studies of
market incompleteness. The empirical evidence indicates that the theory is re-
jected by the data along several dimensions. The results therefore indicate that
some well-documented asset-pricing puzzles do not result from aggregation prob-
lems for the preferences under investigation.

THE PAST TWO DECADES HAVE WITNESSED an explosion in theoretical and empir-
ical investigations of the relation between security prices and macroeco-
nomic variables. An extensive literature has focused on representative-agent
consumption-based asset pricing models that attempt to explain stock and
bond prices by analyzing the behavior of a representative agent who maxi-
mizes expected lifetime utility. Early empirical investigations of these mod-
els conclude that various aspects of the model are strongly at odds with the
data ~e.g., see Grossman and Shiller ~1981!, Hansen and Singleton ~1982,
1983!, and Mehra and Prescott ~1985!!.

Two explanations for these empirical failures have been proposed. First,
an extensive literature has investigated modifications and generalizations of
the preferences of the representative agent. This approach has been success-
ful in some dimensions. For instance, preferences exhibiting habit persis-
tence have been used to construct models that are able to match some aspects
of the data ~e.g., see Constantinides ~1990! and Campbell and Cochrane ~1995!!.
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A second explanation has investigated the extent to which the poor em-
pirical performance of consumption-based asset pricing models can be at-
tributed to ancillary assumptions that underlie the representative-agent
framework. Much of the motivation for studying the representative-agent
model stems from the fact that, under a complete markets assumption, its
predictions coincide with those of a competitive equilibrium in a decentral-
ized economy. However, a complete markets structure involves some fairly
strong assumptions concerning the nature of the information agents possess
and the sophistication of insurance markets available to them. Several pa-
pers reject these assumptions statistically, thereby casting doubt on the im-
plications of representative agent economies ~e.g., see Attanasio and Davis
~1997!, Cochrane ~1991!, Mace ~1991!, and Hayashi, Altonji and Kotlikoff
~1995!!. Several recent studies, using theoretical arguments or simulation
techniques, conclude that deviations from market completeness may hold
some promise to explain a variety of asset-pricing puzzles ~e.g., see Constan-
tinides and Duffie ~1996! and Heaton and Lucas ~1996!!.

This paper provides statistical evidence on the importance of market in-
completeness by directly analyzing the Euler equations for individual con-
sumers, rather than those for the representative consumer. The paper uses
conditional as well as unconditional information to conduct statistical infer-
ence, and therefore the papers by Hansen and Singleton ~1982, 1983! are the
most interesting reference points in the representative agent literature. By
comparing test results with results from the representative agent literature,
the economic importance of market completeness becomes clear because, un-
der market completeness, these test results should be similar. This analysis
also provides a useful complement to simulation-based studies of market
incompleteness, because the relations under investigation hold under fairly
general conditions and make relatively few assumptions on issues that affect
the result of simulation studies. Additionally, theory is evaluated in a direct
fashion as opposed to the more indirect criteria used by simulation studies.

The main purpose of the paper is to provide a detailed comparison of em-
pirical tests and behavioral parameters obtained using household data with
findings from the representative agent literature. To allow such compari-
sons, I focus on a standard time-separable constant relative risk aversion
~TS-CRRA! utility function. Using a TS-CRRA preference specification, time
series studies have concluded that, whereas equilibrium restrictions pertain-
ing to risky assets are sometimes supported by the data, this is almost never
the case for restrictions pertaining to riskless assets. Moreover, the set of
restrictions involving both assets is typically strongly rejected by the data.
Here I investigate whether these stylized facts also hold when estimating
Euler equations involving household-level data.

The paper concludes that some implications of the theory are rejected by
the data. To some extent the findings are similar to those of the represen-
tative agent literature, because the implications of the model pertaining to
the riskless asset are strongly rejected for a large number of instrument
sets. The implications of the model pertaining to the risky asset are also
often rejected, but some instrument sets that yield rejections for the riskless
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asset do not yield rejections for the risky asset. Estimates of behavioral
parameters are very robust, which is important because the CRRA param-
eter is intimately related to the price of risk. Estimates of the rate of relative
risk aversion are in the concave region of the parameter space, and implied
risk aversion is moderate.1

Besides the importance of the empirical results within the TS-CRRA frame-
work, the results are indicative of the usefulness of analyzing decentralized
economies in this way. Estimating Euler equations from panel data is com-
plicated by econometric problems and data problems such as the presence of
measurement error in the data. However, empirical results in this paper
indicate that the analysis of nonlinear Euler equations using panel data is
worthwhile. A search for appropriate preferences using household data should
therefore provide a useful complement to the rich literature that uses the
representative agent paradigm. Because the estimates obtained in this study
rely on weaker assumptions, estimated behavioral parameters are more eas-
ily related to the preferences of individual agents. These estimates are there-
fore more appropriate for use in simulation exercises than estimates obtained
using time-series data.

The paper proceeds as follows. Section I provides a detailed motivation for
this study by discussing relevant theory and existing research. Section II
discusses the data and the econometric framework. Section III presents and
discusses the empirical results. Section IV concludes and outlines avenues
for future research.

I. Motivation

Consider an economy populated by a large number of agents with identical
preferences for consumption, but with different endowment streams. These
agents do not have access to a complete market in contingent claims, but
they have a riskless asset ~a bond! and a risky asset ~a stock! available to
smooth their consumption. Given this market structure and a time-separable
specification of preferences, each agent i maximizes expected lifetime utility

Max
ci, t ,bi, t11,si, t11

E0 (
t50

`

b tu~ci, t ! ~1!

subject to a sequence of budget constraints of the form

ci, t 1 pt si, t11 1 qt bi, t11 5 ~ pt 1 dt !si, t 1 bi, t , ~2!

where ci, t is per capita consumption in period t; bi, t represents per capita
holdings of the riskless asset in period t; si, t represents per capita holdings
of the risky asset in period t; pt is the price of the risky asset in period t; dt

1 As an anonymous referee pointed out, estimates of behavioral parameters based on orthog-
onality conditions are not meaningful if the orthogonality conditions are rejected by the data.
Parameters estimated in this study may inspire some confidence because they are very robust
across estimation exercises, including those where the theory is not rejected by the data.
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is the dividend on the risky asset in period t; qt is the ~normalized! price of
the riskless asset in period t; b is the discount factor; u~{! is the per period
utility function; and Et is the mathematical expectation conditional on in-
formation available at t.

This optimization problem yields the following first-order conditions:

@u '~ci, t ! 2 li, t #ci, t 5 0 ~3!

@2li, t qt 1 bEt li, t11#bi, t 5 0 ~4!

@2li, t pt 1 bEt ~ pt11 1 dt11!li, t11#si, t 5 0, ~5!

where li, t is the Lagrange multiplier associated with the time t budget con-
straint. If we assume that all households consume strictly positive amounts
and limit our sample to those households holding bonds and stocks, we can
use ~3!, ~4! and ~5! to obtain

1 5 bEt
1

qt

u '~ci, t11!

u '~ci, t !
~6!

1 5 bEtS pt11 1 dt11

pt
D u '~ci, t11!

u '~ci, t !
. ~7!

If agents have access to a complete market in contingent claims, the Euler
equations ~6! and ~7! hold not only for individual consumers but also for a
representative consumer, with the aggregate marginal utility of consump-
tion taking the place of the individual’s marginal utility of consumption.
Those Euler equations have received considerable interest in the empirical
literature that relates equilibrium prices and consumption. Using a time
separable constant relative risk aversion specification ~TS-CRRA!, the model
has been investigated along several dimensions. Hansen and Singleton ~1982,
1983, 1984! report statistical tests based on the orthogonality between the
Euler equation errors in ~6! and ~7! and variables in the agent’s information
set. They reject the model statistically and in some cases obtain parameter
estimates in the nonconcave region of the parameter space. They reject the
Euler equation involving the riskless asset ~6! more often than the one in-
volving the risky asset ~7!. When considering both Euler equations jointly
the model is strongly rejected by the data.2

2 This paper constructs tests similar to those of Hansen and Singleton ~1982!, which can be
interpreted as testing whether agents ignore valuable predictive information. The model has
also been found strongly at odds with the data along other dimensions. When exploiting only
unconditional information the model restrictions point toward implausibly large values of the
parameter of relative risk aversion ~e.g., see Mehra and Prescott ~1985! and certain results in
Hansen and Singleton ~1983! and Grossman, Melino, and Shiller ~1987!!. Hansen and Jagan-
nathan ~1991! investigate other implications of the model which also point to large estimates of
this parameter ~see also Cochrane and Hansen ~1992!, Cecchetti, Lam and Mark ~1994!, and
Burnside ~1994!!.
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In short, the empirical performance of the consumption-based asset pric-
ing model using the TS-CRRA preference specification has not been a suc-
cess. In response, the literature has investigated two modifications to this
basic framework which are of particular interest here.3 A first line of re-
search has investigated alternative preference specifications,4 and has achieved
considerable success in improving the empirical performance of the TS-
CRRA specification but has not succeeded in explaining all aspects of the
data ~e.g., Kocherlakota ~1996! argues convincingly that the equity premium
puzzle is not explained by any of these alternative preferences!.

The second modification to the basic framework addresses the importance
of the complete markets assumption. The existence of a complete market in
contingent claims allows agents with different endowment patterns to ar-
range their consumption profiles as advantageously as possible, giving rise
to perfect correlation between agents’ marginal utilities and identical corre-
lations with market prices. The economy can therefore be studied by focus-
ing on the Euler equation for the representative agent’s problem because the
correlation between the representative agent’s marginal utility and prices is
the same as the correlation between an individual’s marginal utility and
prices.

If agents do not have access to complete markets, marginal utilities will
not be perfectly correlated, and the Euler equation for the representative
agent will not necessarily have an obvious connection with the competitive
equilibrium of an economy which consists of identical agents who all have
preferences equal to those of the representative agent. This is problematic
because the performance of consumption-based asset pricing models has been
assessed not only by means of formal test statistics but also in terms of
implied values of behavioral parameters.

Casual observation suggests that this theoretically convenient structure of
marginal utility may be hard to achieve with existing opportunities for risk
sharing. Also, a number of recent studies show that the existence of a set of
contingent claims markets can be statistically rejected ~e.g., see Attanasio
and Davis ~1997!, Cochrane ~1991!, Mace ~1991! and Hayashi et al. ~1995!!.
Therefore, an interesting second modification of the original consumption-
based asset pricing model involves relaxing the assumption that agents have
access to a complete market in contingent claims.

3 The literature contains various other attempts to deal with these problems besides those
addressed here ~e.g., see Grossman et al. ~1987! and Heaton ~1993! on the issue of time
aggregation!.

4 Mankiw, Rotemberg, and Summers ~1985! investigate nonseparability between consump-
tion and leisure; Dunn and Singleton ~1986! examine time-nonseparabilities; and Eichenbaum,
Hansen, and Singleton ~1988! estimate models with time-nonseparabilities and nonseparability
between consumption and leisure. Epstein and Zin ~1989b, 1991! and Weil ~1990! introduce
nonexpected utility preferences, and Epstein and Zin ~1989a! investigate a first-order risk aver-
sion specification. A particular form of time-nonseparability, called habit formation, has been
fairly successful in matching the moments of the data ~e.g., see Abel ~1990!, Campbell and
Cochrane ~1995!, Cochrane and Hansen ~1992!, Constantinides ~1990!, and Detemple and Za-
patero ~1991!!.
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Recently, an interesting literature has developed which addresses the quan-
titative importance of deviations from market completeness by means of sim-
ulation techniques. Simulations for economies with complete markets are
compared to economies where agents do not have access to complete markets,
but have certain assets available to insure themselves. Whereas early studies
~e.g., Telmer ~1993!, Lucas ~1994!, and Rios-Rull ~1994!! conclude that econo-
mies with market incompleteness have similar outcomes as those with com-
plete markets, Heaton and Lucas ~1996! find that some asset-pricing puzzles
can be resolved when transactions costs are taken into account. ~See also Lutt-
mer ~1996! on this issue.! Constantinides and Duffie ~1996!, using a theoret-
ical argument, show that market incompleteness can resolve some asset-
pricing puzzles if shocks to the income processes are sufficiently persistent.

This paper investigates the quantitative importance of incomplete markets
by studying the Euler equations ~6! and ~7! directly. By investigating such re-
strictions at the disaggregate level, a search for appropriate preference spec-
ifications can be conducted, which is a useful complement to investigations using
time-series data on the one hand, and to simulation-based inference on the other
hand. The use of time-series data has some advantages compared to disag-
gregate data, such as less dramatic measurement error problems and the avail-
ability of long time series. However, the interpretation of estimated parameter
values is subject to a set of ancillary assumptions regarding the validity of ag-
gregation. Compared to simulation-based inference, the techniques in this pa-
per obviously face numerous econometric and data constraints, but the results
are less sensitive to a variety of assumptions which turn out to critically affect
simulation, such as the persistence of idiosyncratic shocks to income and the
net supply of bonds. ~See Constantinides and Duffie ~1996!, Kocherlakota ~1996!,
and especially Heaton and Lucas ~1996! for the importance of these assump-
tions for simulation studies.!

In this paper I use data from the Panel Study on Income Dynamics ~PSID!
to investigate Euler equations at the disaggregate level. I investigate equa-
tions ~6! and ~7! using a constant relative risk aversion specification

u~ci, t ! 5
1

g
ci, t

g , ~8!

where 1 2 g is the coefficient of relative risk aversion. I obtain estimates of
the behavioral parameters and tests of the model by exploiting the fact that
the econometric errors associated with Euler equations ~6! and ~7! should be
orthogonal to variables in the agents’ information sets.

This research is related in part to the literature on the permanent income
hypothesis and liquidity constraints ~see Attanasio and Browning ~1995!,
Deaton ~1992!, Hall and Mishkin ~1982!, Runkle ~1991!, and Zeldes ~1989!!.
Studies of the permanent income hypothesis that use panel data essentially
test the orthogonality between the error associated with equation ~6! and
variables in the household’s information set. This paper provides a more
general analysis of these market structures. First, I estimate and test not
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only the Euler equation involving a riskless asset, but also the Euler equation
involving a risky asset, as well as both Euler equations jointly. These tests are
motivated by stylized facts in the time-series literature. Whereas Hansen and
Singleton ~1982, 1983, 1984! find strong evidence against the model when in-
vestigating the Euler equation involving the riskless asset and the Euler equa-
tions for the riskless and risky assets jointly, the Euler equation associated with
the risky asset is often not rejected by the data. Other studies investigating
different aspects of the data confirm that the Euler equation involving the risk-
less asset is very strongly at odds with the data ~e.g., see Weil ~1989! and Co-
chrane and Hansen ~1992!!. Second, a vast literature suggests that preferences
are often conditional on demographic variables such as age. I investigate the
extent to which including such demographics in the Euler equation improves
the fit of the model. Third, I investigate in detail to what extent the inclusion
in the sample of households who are not at interior positions affects estima-
tion and testing. To the extent that the studies mentioned above address this
issue, they use different selection criteria from the ones used in this paper.
Fourth, I use different test statistics compared to many existing studies. Most
importantly, previous studies investigate a linearized version of the Euler equa-
tions. For instance, Attanasio and Weber ~1993, 1995! investigate aggregation
using a linearization of equation ~6!. They find that incorrect aggregation se-
verely affects estimation and test results in that context. I estimate the Euler
equations ~6! and ~7! using nonlinear estimation, because linearization may
yield implausible parameter estimates.

Besides the literature on the permanent income hypothesis, there are three
other studies which are related to this paper. Interesting studies by Mankiw
and Zeldes ~1991! and Brav and Géczy ~1996! use panel data to study the
equity premium puzzle. Mankiw and Zeldes also use the PSID but stress the
moments of the Euler equation errors and do not investigate the relation to
variables in the information set. Moreover, their results do not rely on for-
mal statistical procedures and stress the properties of per capita consump-
tion as opposed to consumption at the household level. Brav and Géczy
use the Consumer Expenditure Survey ~CES! and extend the analysis of
Mankiw and Zeldes in several ways. The critical difference with my inves-
tigation is that they work with per capita consumption. Therefore, the im-
plications of the model they investigate are not generally valid under
incomplete markets.5

5 Mankiw and Zeldes ~1991! and Brav and Géczy ~1996! proceed by constructing yearly av-
erages of the per capita consumption of stockholders and nonstockholders. They use these av-
erages to perform a calibration that examines the extent to which the inclusion of nonstockholders
in the sample biases estimates of behavioral parameters. One can think of this procedure as
correcting for the presence of households at corner positions, while aggregating those house-
holds who end up at an interior position ~using a market completeness argument or the aggre-
gation techniques of Grossman and Shiller ~1982!!. Mankiw and Zeldes find that the bias is
considerable but that the high rate of relative risk aversion implied by the stockholder sample
is still high. Interestingly, Brav and Géczy ~1996! obtain a more moderate value for the rate of
relative risk aversion. While these studies use panel data, after performing aggregation they
can more usefully be thought of as time-series studies because the performance of the model is
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One study that directly addresses nonlinearities, the properties of house-
hold consumption, and the importance of demographics is by Altug and Miller
~1990!, who estimate the nonlinear Euler equation ~7! for a nonseparable
specification and use demographics as preference shifters. However, they do
so under the maintained assumption of market completeness. They cannot
reject the implications of ~7!. The problem with this result is that although
Altug and Miller do not reject market completeness, later studies have at-
tributed this finding to their testing strategy and instrument selection ~e.g.,
see Attanasio and Davis ~1997!, Cochrane ~1991!, Mace ~1991!, and Hayashi
et al. ~1995!!. If market completeness does not hold, Altug and Miller’s non-
rejection of restrictions implied by Euler equations is difficult to interpret.
In any case, an investigation of Euler equations under alternative assump-
tions seems worthwhile.

II. Data and Estimation

The empirical investigation uses data from the Panel Study of Income
Dynamics ~PSID! for the period 1974 to 1987. The PSID has been used ex-
tensively in existing studies of life-cycle optimization ~e.g., see Hall and Mish-
kin ~1982!, Hotz, Kydland, and Sedlacek ~1988!, Mankiw and Zeldes ~1990,
1991!, Runkle ~1991!, and Zeldes ~1989!!. The PSID has certain disadvan-
tages, such as the fact that it does not contain a satisfactory measure of total
consumption; therefore, I follow existing studies that use the PSID by using
household food consumption as the consumption measure. The construction
of household food consumption and data selection issues are discussed in
Appendix A.6

In the PSID, the household is the unit of observation and the only con-
sumption measure available is household consumption. Consequently, the
fact that preferences are defined at the level of the individual complicates
empirical testing. I solve this problem by including an exponential function
of household size in periods t and t 1 1 in preferences ~see below!. A related

determined by the properties of aggregate consumption. In my study, the performance of the
model is determined by the time-series properties of household consumption. In the PSID, the
properties of per capita consumption and individual household consumption are quite different,
which leads one to expect differences between my results and those of Mankiw and Zeldes
~1991! and Brav and Géczy ~1996!.

6 The use of food as a measure of total consumption is obviously problematic ~e.g., see Atta-
nasio and Weber ~1995!!. One could justify this by invoking additive separability between food
and other consumption. However, for the purposes of testing consumption-based asset pricing
models additional motivation is appropriate. The work of Shiller ~1982! and Hansen and Ja-
gannathan ~1991! indicates that the problem with the empirical performance of asset-pricing
models can be summarized in terms of the insufficient variability of consumption. It seems that
food consumption would be one of the consumption categories that is relatively smooth as com-
pared to total consumption. To the extent that this is correct, it makes sense to think of the
tests in this paper as being excessively strong. Failure to reject in this paper would probably
lead to failure to reject when using total consumption variability. Although the tests under
consideration in this paper are harder to relate to consumption variability than the ones in
Shiller ~1982! and Hansen and Jagannathan ~1991!, intuition suggests that for most tests the
performance of the model is intimately related to the variability of consumption.
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issue is that a vast literature suggests that preferences are often conditional
on demographic variables such as age. Therefore, I analyze the Euler equa-
tions with and without an exponential function of such variables included as
preference shifters. The Euler equations including preference shifters are
given by

1 5 bEt
1

qt
S ci, t11

ci, t
Dg21

exp@ f1 fsi, t11 1 f2 fsi, t #exp@d demoi, t11# ~9!

1 5 bEtS pt11 1 dt11

pt
DS ci, t11

ci, t
Dg21

exp@ f1 fsi, t11 1 f2 fsi, t #

3 exp@d demoi, t11# , ~10!

where fsi, t stands for family size in period t; demoi, t stands for a vector of
preference shifters at time t; f1, f2 are scalar parameters; and d is a vector of
parameters.

Parameter estimates and test statistics are obtained by exploiting the or-
thogonality between the Euler equation errors and variables in the agent’s
information set using a generalized method of moments ~GMM! framework
~see Hansen ~1982!!. The framework is similar to the one used in Hansen
and Singleton ~1982! in a representative agent context, but the panel aspect
of the data generates some additional difficulties. Appendix B discusses the
estimation of the Euler equations including preference shifters, but the case
without preference shifters is obviously included as a special case. It must
be noted that the estimation framework is very general. For instance, it
allows for the panel to be unbalanced.

In the GMM framework, the choice of instruments becomes a crucial issue
because it can critically affect estimation and test results.7 Results are re-
ported for several instrument sets. Most of these instrument sets are fairly
small, because the small time dimension of the dataset ~T 5 12! limits the
number of instruments in case one wants to construct covariance matrices in
a general nonparametric way. Family size in periods t 1 1 and t is included
in every instrument set. The first instrument set used contains a constant,
the lagged riskless rate of return and the unemployment rates for the house-
hold head’s occupation lagged once interacted with the age of the household

7 Instruments affect test results because the GMM estimator used in this study exploits
orthogonality between the Euler equation error and the instruments that are in the agent’s
information set. Therefore, test statistics and estimated parameter values are the result of an
optimization problem that is defined by the choice of instrument set. The choice of instruments
may also be important to mitigate problems due to the presence of measurement error. It is well
known that in linear environments measurement error problems can be addressed by the ap-
propriate choice of instruments ~for a discussion in the context of linearized Euler equations see
Runkle ~1991!!. In nonlinear environments, this problem is harder to handle. Note that the
instruments used in this paper would go a long way toward solving the problem in a linear
environment. However, for the model under consideration this is an outstanding issue that is
not resolved in this paper.
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head. The second instrument set reported on is larger: besides family size
and lagged family size it includes a constant, the lagged interest rate and
stock market return, the occupational unemployment rate for the household
head, this unemployment rate interacted with his0her age and the unemploy-
ment rate interacted with his0her education. A third instrument set is meant
to address the importance of demographics in Euler equations. It contains
the instruments in the second instrument set plus the age of the household
head.

An important motivation for using the PSID to analyze the issues outlined
in Section I is that the PSID allows construction of samples of households
who are at interior solutions. This allows investigation of the extent to which
tests of Euler equations are affected by including households in the sample
for whom this Euler equation does not necessarily hold. Moreover, compar-
ison of restricted and unrestricted samples can illustrate the extent to which
tests of Euler equations using time-series data are affected by including
households who are at corners. To identify households at interior solutions,
I use a 1984 question from the PSID which asks households for their hold-
ings of liquid assets and stocks. This question is the same as that used by
Mankiw and Zeldes ~1991! to analyze aspects of the equity premium puzzle.
The question allows the construction of four samples of interest: ~i! a sample
including all households that satisfy the selection criteria; ~ii! a sample in-
cluding only households in ~i! who have nonzero holdings of the relevant
asset; and ~iii! and ~iv! samples including only households in ~i! with hold-
ings of the relevant asset larger than $1,000 or $10,000, respectively. This
question is discussed in more detail in Appendix A.

The construction of returns on stock and bond markets is crucial to the
analysis. To match returns with the time dimension of consumption, I con-
struct yearly returns as the average of twelve returns on one-year invest-
ments which expire at the end of every month of the year. This construction
is motivated by the interpretation of consumption as yearly totals ~f lows!
and not stocks at one point in time. The bond returns are returns on rolling
over three-month Treasury bills and are obtained from Moody’s. The stock
returns are returns on the Standard and Poor’s 500 composite.

III. Empirical Results

The discussion of the empirical results intends to address several ques-
tions. First, which theoretical implications are statistically rejected? Second,
how robust are the estimates of behavioral parameters?8 Third, should Euler

8 As explained in Section I, these issues are motivated by findings in the representative
agent literature. Empirical studies that use time-series data have shown that the Euler equa-
tion involving the riskless asset is more often rejected than the one involving the risky asset.
When considering both Euler equations jointly the evidence against the model is usually very
strong. Using a variety of criteria, several studies in the representative agent literature find
very large estimates of the rate of relative risk aversion. It must be noted that when using
criteria similar to the ones in this paper, estimates of the rate of relative risk aversion are not
very large but are sometimes in the nonconcave region of the parameter space.
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equations be estimated conditional on demographic variables? In answering
this question, I analyze the impact of demographic variables on estimates of
behavioral parameters, as well as their impact on test statistics. Fourth, does
the inclusion of households who are at corners yield misleading conclusions when
formal test statistics are used or when behavioral parameters are estimated?

Summarizing my results at the outset, the evidence supports two main
conclusions. First, test statistics provide a considerable amount of evidence
against certain implications of the consumption-based asset-pricing model. I
limit my investigation to instrument sets that are highly correlated with the
observables in the Euler equation ~asset returns and consumption growth!.
However, some instruments, such as lagged consumption growth, are ex-
cluded to avoid the most serious measurement error problems. For the in-
struments that I investigate, I find that the Euler equation associated with
the riskless asset is rejected by the data for a very large number of instru-
ment sets. In the case of the Euler equation associated with the risky asset,
however, the evidence is more mixed, with certain instrument sets yielding
a statistical rejection and others a statistical nonrejection. When both Euler
equations are considered jointly, the evidence against the model is typically
also quite strong. A second conclusion is that estimates of behavioral param-
eters are very robust. Estimates of the discount rate are intuitively plausi-
ble, and estimates of the rate of relative risk aversion are in the concave
region of the parameter space and indicate relatively moderate risk aver-
sion. This finding confirms results from the representative agent literature
when similar orthogonality conditions are used.9

Tables I through VII present results using three different instrument sets.10

Tables I, II, and III give results obtained using the first instrument set,
Tables IV and V those obtained using the second instrument set, and

9 For instance, see Hansen and Singleton ~1983!. These low estimates of the parameter of rel-
ative risk aversion contrast with others that are obtained in the representative agent literature.
When using only unconditional information in the representative agent literature, parameter es-
timates are often intuitively implausible. In particular, for the TS-CRRA utility function, one ob-
tains implausibly large values of the parameter of relative risk aversion ~e.g., see Mehra and Prescott
~1985! and certain results in Hansen and Singleton ~1983! and Grossman et al. ~1987!!. Those re-
sults can be interpreted as performing an analysis similar to the one in this paper, but with only
a constant instrument ~see Kocherlakota ~1996! for an in depth exploration of these empirical re-
sults!. The techniques advocated by Hansen and Jagannathan ~1991!, which stress different as-
pects of the data, also point to relatively large values of the parameter of relative risk aversion.

10 The computer programs used to obtain the results in Tables I–VII are written in FOR-
TRAN. In all cases the Davidson–Fletcher–Powell ~DFP! optimization algorithm is imple-
mented using the GQOPT package contained in the IMSL statistical library. In all cases analytical
derivatives are used in the optimization procedures. Ideally, one would like to present results
for as many instrument sets with good instruments as possible, so that readers can indepen-
dently conclude how much evidence against the model is provided. This strategy is followed in
representative agent studies that exploit conditional information ~e.g., see Hansen and Single-
ton ~1982, 1983!!. Given space considerations here, I can only report on a small number of
instrument sets. Different instrument sets with correlation patterns similar to the observables
typically have very different power properties. The empirical results below report on instru-
ment sets with different power properties, which attempt to “summarize” the power properties
of the wide range of instrument sets I investigated.
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Table I

Estimation and Test Results for the Euler Equation Associated with the Riskless Asset—
Using Instrument Set One

Estimation and test results obtained by GMM estimation of the Euler equation

1 5 bS ci, t11

ci, t
Dg21S 1

qt
Dexp@ f1 fsi, t11 1 f2 fsi, t # 1 ei, t11,

where ci, t is consumption of household i at date t, qt is the ~normalized! price of the riskless asset in period t, fsi, t is the size of
household i in period t, and ei, t11 is an error term. Point estimates and standard deviations are presented for parameters b and
g 2 1. Results for f1 and f2 are not reported. Instrument set one includes five instruments: family size in periods t 1 1 and t, a
constant, the riskless rate of return lagged once, and the unemployment rate for the household head’s occupation lagged once
interacted with the age of the household head. Given that there are four parameters to be estimated and five instruments, test
statistics have one degree of freedom. Test statistics are computed according to Lemma 4.1 in Hansen ~1982!. Two different test
statistics are constructed that differ in the construction of the variance-covariance matrix used in the computations. Both test
statistics allow for contemporaneous correlation between households’ Euler equation errors. In Panel A, test statistic 1 constructs
the variance-covariance matrix using the raw sample orthogonality conditions. Test statistic 2 constructs the variance-covariance
matrix using demeaned sample orthogonality conditions. The use of test statistic 2 therefore leads to a more powerful test than
the use of test statistic 1. In Panel B, test statistics do not allow for contemporaneous correlation between households’ Euler
equation errors. In both panels, column 1 contains results obtained using all households in the sample, and columns 2, 3, and 4
contain results obtained using increasingly stringent asset holding criteria. For each column, H denotes the number of house-
holds included in the sample and N denotes the number of observations included in the sample.
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All Households Asset Holdings . 0 Asset Holdings . 1000 Asset Holdings . 10,000

Panel A: Contemporaneous Correlation in Covariance Matrix

b 0.923 0.905 0.934 0.968
~Standard deviation! ~0.042! ~0.079! ~0.044! ~0.056!
g 2 1 21.030 21.238 21.115 20.541
~Standard deviation! ~0.313! ~0.516! ~0.392! ~0.995!
Number of instruments 5 5 5 5
Degrees of freedom 1 1 1 1
Test statistic 1 7.227 5.745 6.223 6.632
~Significance level! ~0.007! ~0.016! ~0.012! ~0.010!
Test statistic 2 18.128 11.020 12.929 14.838
~Significance level! ~0.000! ~0.001! ~0.000! ~0.000!
Iterations on covariance matrix 1 1 1 1
H 3555 2452 1465 428
N 18813 14691 9464 2961

Panel B: No Contemporaneous Correlation in Covariance Matrix

b 0.923 0.905 0.934 0.968
~Standard deviation! ~0.027! ~0.063! ~0.033! ~0.073!
g 2 1 21.030 21.238 21.115 20.541
~Standard deviation! ~0.194! ~0.406! ~0.274! ~1.309!
Number of instruments 5 5 5 5
Degrees of freedom 1 1 1 1
Test statistic 77.981 41.713 36.543 80.098
~Significance level! ~0.000! ~0.000! ~0.000! ~0.000!
Iterations on covariance matrix 1 1 1 1
H 3555 2452 1465 428
N 18813 14691 9464 2961
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Table II

Estimation and Test Results for the Euler Equation Associated with the Risky Asset—
Using Instrument Set One

Estimation and test results obtained by GMM estimation of the Euler equation

1 5 bS ci, t11

ci, t
Dg21S pt11 1 dt11

pt
Dexp@ f1 fsi, t11 1 f2 fsi, t # 1 ei, t11,

where ci, t is consumption of household i at date t, pt is the price of the risky asset in period t, dt is the dividend in period t, fsi, t

is the size of household i in period t, and ei, t11 is an error term. Point estimates and standard deviations are presented for
parameters b and g 2 1. Results for f1 and f2 are not reported. Instrument set one includes five instruments: family size in
periods t 1 1 and t, a constant, the riskless rate of return lagged once, and the unemployment rate for the household head’s
occupation lagged once interacted with the age of the household head. Given that there are four parameters to be estimated and
five instruments, test statistics have one degree of freedom. Test statistics are computed according to Lemma 4.1 in Hansen
~1982!.

In Panel A, two different test statistics are constructed that differ in the construction of the variance-covariance matrix used
in the computations. Both test statistics allow for contemporaneous correlation between households’ Euler equation errors. Test
statistic 1 constructs the variance-covariance matrix using the raw sample orthogonality conditions. Test statistic 2 constructs
the variance-covariance matrix using demeaned sample orthogonality conditions. The use of test statistic 2 therefore leads to a
more powerful test than the use of test statistic 1. In Panel B, test statistics do not allow for contemporaneous correlation
between households’ Euler equation errors. In both panels, column 1 contains results obtained using all households in the
sample, and columns 2, 3, and 4 contain results obtained using increasingly stringent asset holding criteria. For each column, H
denotes the number of households included in the sample and N denotes the number of observations included in the sample.
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All Households Asset Holdings . 0 Asset Holdings . 1000 Asset Holdings . 10,000

Panel A: Contemporaneous Correlation in Covariance Matrix

b 0.784 0.681 0.699 0.800
~Standard deviation! ~0.161! ~0.201! ~0.228! ~0.130!
g 2 1 21.516 22.231 22.262 21.742
~Standard deviation! ~0.733! ~0.854! ~1.082! ~1.014!
Number of instruments 5 5 5 5
Degrees of freedom 1 1 1 1
Test statistic 1 3.012 2.929 2.594 1.909
~Significance level! ~0.082! ~0.087! ~0.107! ~0.167!
Test statistic 2 4.022 3.876 3.308 2.275
~Significance level! ~0.044! ~0.048! ~0.068! ~0.131!
Iterations on covariance matrix 1 1 1 1
H 3555 770 495 198
N 18813 5197 3448 1465

Panel B: No Contemporaneous Correlation in Covariance Matrix

b 0.784 0.681 0.699 0.800
~Standard deviation! ~0.056! ~0.121! ~0.222! ~0.154!
g 2 1 21.516 22.231 22.262 21.742
~Standard deviation! ~0.287! ~0.584! ~1.120! ~1.152!
Number of instruments 5 5 5 5
Degrees of freedom 1 1 1 1
Test statistic 151.527 12.934 9.034 8.873
~Significance level! ~0.000! ~0.000! ~0.002! ~0.002!
Iterations on covariance matrix 1 1 1 1
H 3555 770 495 198
N 18813 5197 3448 1465

In
com

plete
M

arkets
an

d
S

ecu
rity

P
rices

137



Table III

Estimation and Test Results for Both Euler Equations Estimated Jointly—Using Instrument Set One
Estimation and test results obtained by GMM estimation of the Euler equations

1 5 bS ci, t11

ci, t
Dg21S 1

qt
Dexp@ f1 fsi, t11 1 f2 fsi, t # 1 ei, t11

1 5 bS ci, t11

ci, t
Dg21S pt11 1 dt11

pt
Dexp@ f1 fsi, t11 1 f2 fsi, t # 1 ei, t11

where ci, t is consumption of household i at date t, qt is the ~normalized! price of the riskless asset in period t, pt is the price of
the risky asset in period t, dt is the dividend in period t, fsi, t is the size of household i in period t, and ei, t11 is an error term. Point
estimates and standard deviations are presented for parameters b and g 2 1. Results for f1 and f2 are not reported. Instrument
set one includes five instruments: family size in periods t 1 1 and t, a constant, the riskless rate of return lagged once, and the
unemployment rate for the household head’s occupation lagged once interacted with the age of the household head. Test statistics
are computed according to Lemma 4.1 in Hansen ~1982!.

In Panel A, given that there are four parameters to be estimated and five instruments per equation, test statistics have six
degrees of freedom. Two different test statistics are constructed that differ in the construction of the variance-covariance matrix
used in the computations. Both test statistics allow for contemporaneous correlation between households’ Euler equation errors.
Test statistic 1 constructs the variance-covariance matrix using the raw sample orthogonality conditions. Test statistic 2 con-
structs the variance-covariance matrix using demeaned sample orthogonality conditions. The use of test statistic 2 therefore
leads to a more powerful test than the use of test statistic 1. In Panel B, given that there are four parameters to be estimated
and five instruments per equation, test statistics have six degrees of freedom. Test statistics do not allow for contemporaneous
correlation between households’ Euler equation errors. In both panels, column 1 contains results obtained using all households
in the sample, and columns 2, 3, and 4 contain results obtained using increasingly stringent asset holding criteria. For each
column, H denotes the number of households included in the sample and N denotes the number of observations included in the
sample.

138
T

h
e

J
ou

rn
al

of
F

in
an

ce



All Households Asset Holdings . 0 Asset Holdings . 1000 Asset Holdings . 10,000

Panel A: Contemporaneous Correlation in Covariance Matrix

b 0.833 0.764 0.723 0.894
~Standard deviation! ~0.138! ~0.140! ~0.190! ~0.069!
g 2 1 21.393 21.941 22.323 20.826
~Standard deviation! ~0.670! ~0.659! ~0.882! ~0.438!
Number of instruments 5 5 5 5
Degrees of freedom 6 6 6 6
Test statistic 1 9.029 11.479 31.711 9.724
~Significance level! ~0.171! ~0.074! ~0.000! ~0.136!
Test statistic 2 15.844 14.370 34.897 29.539
~Significance level! ~0.014! ~0.025! ~0.000! ~0.000!
Iterations on covariance matrix 1 1 1 1
H 3555 740 413 103
N 18813 5029 2990 769

Panel B: No Contemporaneous Correlation in Covariance Matrix

b 0.833 0.764 0.723 0.894
~Standard deviation! ~0.048! ~0.097! ~0.193! ~0.095!
g 2 1 21.393 21.941 22.323 20.826
~Standard deviation! ~0.260! ~0.498! ~0.966! ~0.931!
Number of instruments 5 5 5 5
Degrees of freedom 6 6 6 6
Test statistic 3999.605 921.965 432.539 179.860
~Significance level! ~0.000! ~0.000! ~0.000! ~0.000!
Iterations on covariance matrix 1 1 1 1
H 3555 740 413 103
N 18813 5029 2990 769
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Table IV

Estimation and Test Results for the Euler Equation Associated with the Riskless Asset—
Using Instrument Set Two

Estimation and test results obtained by GMM estimation of the Euler equation

1 5 bS ci, t11

ci, t
Dg21S 1

qt
Dexp@ f1 fsi, t11 1 f2 fsi, t # 1 ei, t11

where ci, t is consumption of household i at date t, qt is the ~normalized! price of the riskless asset in period t, fsi, t is the size of
household i in period t, and ei, t11 is an error term. Point estimates and standard deviations are presented for parameters b and
g 2 1. Results for f1 and f2 are not reported. Instrument set two includes eight instruments: family size in periods t 1 1 and t,
a constant, the riskless rate of return lagged once, the risky rate of return lagged once, the unemployment rate for the household
head’s occupation lagged once, this unemployment rate lagged once interacted with age of the household head, and this un-
employment rate lagged once interacted with education of the household head. Given that there are four parameters to be
estimated and eight instruments, test statistics have four degrees of freedom. Test statistics are computed according to Lemma
4.1 in Hansen ~1982!.

In Panel A, two different test statistics are constructed that differ in the construction of the variance-covariance matrix used
in the computations. Both test statistics allow for contemporaneous correlation between households’ Euler equation errors. Test
statistic 1 constructs the variance-covariance matrix using the raw sample orthogonality conditions. Test statistic 2 constructs
the variance-covariance matrix using demeaned sample orthogonality conditions. The use of test statistic 2 therefore leads to a
more powerful test than the use of test statistic 1. In Panel B, test statistics do not allow for contemporaneous correlation
between households’ Euler equation errors. In both panels, column 1 contains results obtained using all households in the
sample, and columns 2, 3, and 4 contain results obtained using increasingly stringent asset holding criteria. For each column, H
denotes the number of households included in the sample and N denotes the number of observations included in the sample.
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All Households Asset Holdings . 0 Asset Holdings . 1000 Asset Holdings . 10,000

Panel A: Contemporaneous Correlation in Covariance Matrix

b 0.939 0.897 0.972 0.981
~Standard deviation! ~0.030! ~0.065! ~0.012! ~0.010!
g 2 1 20.908 21.288 20.685 20.057
~Standard deviation! ~0.235! ~0.400! ~0.172! ~0.088!
Number of instruments 8 8 8 8
Degrees of freedom 4 4 4 4
Test statistic 1 8.210 9.521 9.494 22.970
~Significance level! ~0.084! ~0.049! ~0.049! ~0.000!
Test statistic 2 26.483 55.404 38.621 40.310
~Significance level! ~0.000! ~0.000! ~0.000! ~0.000!
Iterations on covariance matrix 1 1 1 1
H 3555 2452 1465 428
N 18813 14691 9464 2961

Panel B: No Contemporaneous Correlation in Covariance Matrix

b 0.939 0.897 0.972 0.981
~Standard deviation! ~0.019! ~0.066! ~0.010! ~0.073!
g 2 1 20.908 21.288 20.685 20.057
~Standard deviation! ~0.155! ~0.412! ~0.140! ~0.029!
Number of instruments 8 8 8 8
Degrees of freedom 4 4 4 4
Test statistic 118.608 45.331 141.411 1560.268
~Significance level! ~0.000! ~0.000! ~0.000! ~0.000!
Iterations on covariance matrix 1 1 1 1
H 3555 2452 1465 428
N 18813 14691 9464 2961
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Table V

Estimation and Test Results for the Euler Equation Associated with the Risky Asset—
Using Instrument Set Two

Estimation and test results obtained by GMM estimation of the Euler equation

1 5 bS ci, t11

ci, t
Dg21S pt11 1 dt11

pt
Dexp@ f1 fsi, t11 1 f2 fsi, t # 1 ei, t11

where ci, t is consumption of household i at date t, pt is the price of the risky asset in period t, dt is the dividend in period t, fsi, t

is the size of household i in period t, and ei, t11 is an error term. Point estimates and standard deviations are presented for
parameters b and g 2 1. Results for f1 and f2 are not reported. Instrument set two includes eight instruments: family size in
periods t 1 1 and t, a constant, the riskless rate of return lagged once, the risky rate of return lagged once, the unemployment
rate for the household head’s occupation lagged once, this unemployment rate lagged once interacted with age of the household
head, and this unemployment rate lagged once interacted with education of the household head. Given that there are four
parameters to be estimated and eight instruments, test statistics have four degrees of freedom. Test statistics are computed
according to Lemma 4.1 in Hansen ~1982!.

In Panel A, two different test statistics are constructed that differ in the construction of the variance-covariance matrix used
in the computations. Both test statistics allow for contemporaneous correlation between households’ Euler equation errors. Test
statistic 1 constructs the variance-covariance matrix using the raw sample orthogonality conditions. Test statistic 2 constructs
the variance-covariance matrix using demeaned sample orthogonality conditions. The use of test statistic 2 therefore leads to a
more powerful test than the use of test statistic 1. In Panel B, test statistics do not allow for contemporaneous correlation
between households’ Euler equation errors. In both panels, column 1 contains results obtained using all households in the
sample, and columns 2, 3, and 4 contain results obtained using increasingly stringent asset holding criteria. For each column, H
denotes the number of households included in the sample and N denotes the number of observations included in the sample.
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All Households Asset Holdings . 0 Asset Holdings . 1000 Asset Holdings . 10,000

Panel A: Contemporaneous Correlation in Covariance Matrix

b 0.780 0.682 0.813 0.916
~Standard deviation! ~0.135! ~0.197! ~0.261! ~0.022!
g 2 1 21.535 22.218 21.621 20.121
~Standard deviation! ~0.590! ~0.843! ~1.563! ~0.494!
Number of instruments 8 8 8 8
Degrees of freedom 4 4 4 4
Test statistic 1 6.752 5.848 6.377 4.804
~Significance level! ~0.149! ~0.210! ~0.172! ~0.308!
Test statistic 2 16.701 11.411 13.808 5.768
~Significance level! ~0.002! ~0.002! ~0.007! ~0.217!
Iterations on covariance matrix 1 1 1 1
H 3555 770 495 198
N 18813 5197 3448 1465

Panel B: No Contemporaneous Correlation in Covariance Matrix

b 0.780 0.682 0.813 0.916
~Standard deviation! ~0.046! ~0.118! ~0.117! ~0.008!
g 2 1 21.535 22.218 21.621 20.121
~Standard deviation! ~0.233! ~0.572! ~0.765! ~0.170!
Number of instruments 8 8 8 8
Degrees of freedom 4 4 4 4
Test statistic 204.913 28.479 47.974 295.465
~Significance level! ~0.000! ~0.000! ~0.000! ~0.000!
Iterations on covariance matrix 1 1 1 1
H 3555 770 495 198
N 18813 5197 3448 1465
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Table VI

Estimation and Test Results for the Euler Equation Associated with the Riskless Asset—
Using Instrument Set Three: Demographics included in Euler equation

Estimation and test results obtained by GMM estimation of the Euler equation

1 5 bS ci, t11

ci, t
Dg21S 1

qt
Dexp@ f1 fsi, t 1 f2 fsi, t #exp@d demoi, t11# 1 ei, t11

where ci, t is consumption of household i at date t, qt is the ~normalized! price of the riskless asset in period t, fsi, t is the size of household i in
period t, and ei, t11 is an error term. Point estimates and standard deviations are presented for parameters b and g 2 1. Results for f1, f2, and d
are not reported. Instrument set three includes nine instruments: family size in periods t 1 1 and t, a constant, the riskless rate of return lagged
once, the risky rate of return lagged once, the age of the household head, the unemployment rate for the household head’s occupation lagged once,
this unemployment rate lagged once interacted with age of the household head, and this unemployment rate lagged once interacted with
education of the household head. Given that there are five parameters to be estimated and nine instruments, test statistics have four degrees
of freedom. Test statistics are computed according to Lemma 4.1 in Hansen ~1982!. Two different test statistics are constructed that differ in the
construction of the variance-covariance matrix used in the computations. Both test statistics allow for contemporaneous correlation between
households’ Euler equation errors. Test statistic 1 constructs the variance-covariance matrix using the raw sample orthogonality conditions. Test
statistic 2 constructs the variance-covariance matrix using demeaned sample orthogonality conditions. The use of test statistic 2 therefore leads
to a more powerful test than the use of test statistic 1. Column 1 contains results obtained using all households in the sample. Columns 2, 3, and
4 contain results obtained using increasingly stringent asset holding criteria. For each column, H denotes the number of households included in
the sample and N denotes the number of observations included in the sample.

All Households Asset Holdings . 0 Asset Holdings . 1000 Asset Holdings . 10,000

b 0.979 0.989 1.013 1.013
~Standard deviation! ~0.028! ~0.031! ~0.029! ~0.018!
g 2 1 20.964 21.022 21.143 20.280
~Standard deviation! ~0.257! ~0.298! ~0.329! ~0.270!
Number of instruments 9 9 9 9
Degrees of freedom 4 4 4 4
Test statistic 1 7.218 6.566 5.899 8.767
~Significance level! ~0.124! ~0.160! ~0.206! ~0.067!
Test statistic 2 17.186 14.470 11.627 32.590
~Significance level! ~0.001! ~0.005! ~0.020! ~0.000!
Iterations on covariance matrix 1 1 1 1
H 3555 2452 1465 428
N 18813 14691 9464 2961
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Table VII

Estimation and Test Results for the Euler Equation Associated with the Risky Asset—
Using Instrument Set Three: Demographics included in Euler equation

Estimation and test results obtained by GMM estimation of the Euler equation

1 5 bS ci, t11

ci, t
Dg21S pt11 1 dt11

pt
Dexp@ f1 fsi, t11 1 f2 fsi, t #exp@d demoi, t11# 1 ei, t11

where ci, t is consumption of household i at date t, pt is the price of the risky asset in period t, dt is the dividend in period t, fsi, t is the size of
household i in period t, and ei, t11 is an error term. Point estimates and standard deviations are presented for parameters b and g 2 1. Results
for f1, f2, and d are not reported. Instrument set three includes nine instruments: family size in periods t 1 1 and t, a constant, the riskless rate
of return lagged once, the risky rate of return lagged once, the age of the household head, the unemployment rate for the household head’s
occupation lagged once, this unemployment rate lagged once interacted with age of the household head, and this unemployment rate lagged once
interacted with education of the household head. Given that there are five parameters to be estimated and nine instruments, test statistics have
four degrees of freedom. Test statistics are computed according to Lemma 4.1 in Hansen ~1982!. Two different test statistics are constructed that
differ in the construction of the variance-covariance matrix used in the computations. Both test statistics allow for contemporaneous correlation
between households’ Euler equation errors. Test statistic 1 constructs the variance-covariance matrix using the raw sample orthogonality con-
ditions. Test statistic 2 constructs the variance-covariance matrix using demeaned sample orthogonality conditions. The use of test statistic 2
therefore leads to a more powerful test than the use of test statistic 1. Column 1 contains results obtained using all households in the sample.
Columns 2, 3, and 4 contain results obtained using increasingly stringent asset holding criteria. For each column, H denotes the number of
households included in the sample and N denotes the number of observations included in the sample.

All Households Asset Holdings . 0 Asset Holdings . 1000 Asset Holdings . 10,000

b 0.847 0.713 0.782 0.962
~Standard deviation! ~0.115! ~0.180! ~0.224! ~0.107!
g 2 1 21.472 22.537 22.374 21.338
~Standard deviation! ~0.539! ~0.815! ~0.329! ~1.122!
Number of instruments 9 9 9 9
Degrees of freedom 4 4 4 4
Test statistic 1 4.312 5.413 6.873 4.143
~Significance level! ~0.365! ~0.247! ~0.142! ~0.386!
Test statistic 2 6.825 9.855 16.051 6.318
~Significance level! ~0.145! ~0.042! ~0.002! ~0.176!
Iterations on covariance matrix 1 1 1 1
H 3555 770 495 198
N 18813 5197 3448 1465
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Tables VI and VII those obtained using the third instrument set. Results for
the first two instrument sets are meant to support the main conclusions.
Results for the third instrument set address the importance of demograph-
ics in Euler equations.

Tables I, IV, and VI contain results for the Euler equation associated with
the riskless asset, Tables II, V, and VII contain results associated with the
Euler equation for the risky asset, and Table III contains results obtained by
considering both Euler equations jointly. In each table, column 1 contains
results for the largest sample, which includes those households at corners;
column 2 contains results obtained with a sample that only includes house-
holds reporting nonzero holdings of the asset~s! under investigation; and
columns 3 and 4 contain results for households reporting holdings of the
asset~s! under investigation larger than $1,000 or $10,000, respectively.

Every table contains point estimates and standard errors for the behav-
ioral parameters. Estimates of parameters that capture the importance of
family size and preference shifters are omitted to save space. The tables
further include the test statistic associated with the overidentifying restric-
tions and the significance level associated with this statistic, which can be
obtained by noting that the test statistic is asymptotically distributed as a
chi-square statistic with degrees of freedom equal to the number of over-
identifying conditions. To clarify how this significance level is obtained, the
number of instruments used in each table and the number of overidentifying
conditions are also listed. Every table also includes H, the total number of
households included, and N, the sample size, as well as the number of iter-
ations on the covariance matrix required to obtain the results listed.

Table I presents results for the Euler equation associated with the riskless
asset obtained with five instruments. Panel A contains estimates and test
statistics obtained using the covariance matrix ~B8! ~in Appendix B! and the
potentially more powerful test statistics obtained using covariance matrix
~B10!. Panel B contains results obtained using the covariance matrix ~B9!,
which does not allow contemporaneous correlation between the Euler equa-
tions of different households at a point in time.

All of these results are obtained using the one-round GMM estimator in
~B5!. Standard errors are computed using ~B7! and test statistics are com-
puted using ~B6!. First, consider estimates of the behavioral parameters in
Table I, Panel A.11 The estimate of the rate of time preference b is between
0.905 and 0.968, values that are widely considered to be intuitively plausi-

11 For the covariance matrices used in Panel A of Table I, computation of an x-round, x . 1
GMM estimate does not yield satisfactory results. However, for the covariance matrix used in
Panel B, such estimation is feasible. The results of this exercise are listed in Table CI of Ap-
pendix C. Comparison of this table with Panel B of Table I shows only small differences in
parameter estimates and test statistics. The table also shows that the estimates converge rel-
atively quickly over GMM rounds. This is reassuring when interpreting Panel A, because these
one-round GMM estimates are not often used in the literature. The fact that the results are
comparable to one-round estimation, in cases where x-round ~x . 1! estimation is feasible, is
indicative of the potential value of one-round estimation in general.
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ble. Also, the estimate of the rate of relative risk aversion 1 2 g is between
0.541 and 1.238. These values are in the concave region of the parameter
space and, moreover, indicate moderate risk aversion. Except for the esti-
mate of the coefficient of relative risk aversion in column 4, all parameters
are also estimated relatively precisely when using conventional significance
levels.

Interestingly, comparison of column 1 with columns 2, 3, and 4 indicates
that the inclusion of households at corners in the sample does not signifi-
cantly bias the estimates of behavioral parameters. Inspection of the test
statistics in Panel A of Table I shows that the test statistics are highest in
column 1. However tempting it may be to interpret this as more evidence
against the sample with household at corners, the results merely indicate
that at the 5 percent level the theory is rejected by the data, even when
households at corners are excluded. Notice that, as expected, the tests com-
puted using covariance matrix ~B10! are more powerful than those computed
using covariance matrix ~B8!. Finally, consider the test results in Panel B of
Table I. Test statistics are dramatically higher than those in Panel A. The
data therefore indicate that there is substantial positive correlation between
Euler equation errors of different households at a point in time. By neglect-
ing this correlation, one would conclude that the evidence against the model
is far more dramatic than indicated in Panel A.

Table II contains results of estimation of the Euler equation associated
with the risky asset, obtained with five instruments. The results in Panels
A and B are obtained using the one-round GMM estimator in ~B5!, using the
covariance matrices in ~B8!, ~B10!, and ~B9!.12 The behavioral parameters
are significantly estimated in most cases, and just as in Table I the esti-
mates are quite robust across columns. Compared to Table I, the estimates
of the parameter of relative risk aversion are larger and the estimates of b
are significantly smaller. This finding is similar to findings in several pa-
pers in the representative agent literature. Kocherlakota ~1996! provides
intuition for this finding in the case where only unconditional information is
used.

As anticipated, test statistics obtained using ~B10! are higher than those
obtained using ~B8!, but they still yield several nonrejections at the 5 per-
cent level. At the 1 percent level, the theory is not rejected for any sample,
even for the more powerful test statistics. So, although the theory is strongly
rejected for the Euler equation involving the riskless asset in Table I,
Table II indicates that it is frequently not rejected when testing the Euler
equation involving the risky asset. This finding is representative for a large

12 Table CII in Appendix C shows that when using the x-round ~x . 1! GMM estimator for
covariance matrix ~B9!, the estimates are similar to those in Table II, Panel B, obtained using
the one-round estimator. The test statistics are smaller in each column, and significantly smaller
in column 4. This significant difference for the column 4 results has to be interpreted with
caution, as the results in columns 4 ~the smallest sample! are usually not as well behaved as
those in columns 1, 2, and 3.
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number of instrument sets that I investigate: The Euler equation involving
the riskless asset is usually strongly rejected, whereas the one involving the
risky asset is rejected for some instrument sets and not for others. These
findings are similar to those of studies in the representative agent literature
that have exploited similar restrictions ~e.g., see Hansen and Singleton ~1983!!.
Parameter estimates obtained here are also relatively similar to those stud-
ies; however, those obtained here are more robust and parameters are more
precisely estimated than in those studies.

Representative agent studies find that the theory gets little support from
the data when testing both Euler equations jointly. Table III, Panel A, con-
firms that in several cases the theory is rejected at conventional significance
levels even when allowing for market incompleteness. Estimated values of
behavioral parameters are usually in between the point estimates in
Tables I and II. Just as in Tables I and II, estimated parameter values in
column 1 are not very different from those in columns 2, 3, and 4. Table III,
Panel B indicates that accounting for contemporaneous correlation between
households’ Euler equation errors is even more crucial here than in the one-
equation cases in Tables I and II. Without taking these correlation patterns
into account, all samples would yield very dramatic rejections.

The results in Tables IV and V, obtained with an instrument set with eight
instruments, are indicative of the robustness of the results given in Tables I
and II. With regard to the estimated parameter values, the results are re-
markably robust. Estimates of the parameter of relative risk aversion are
larger in Table V than in Table IV and estimates of b lower. However, the
test statistics indicate differences from the statistical evidence documented
in Tables I and II. Inspecting test statistics obtained with the covariance
matrix ~B10! in Table IV, Panel A, and Table V, Panel A, it can be seen that
the Euler equation associated with the risky asset, as well as the Euler
equation associated with the riskless asset, are now rejected.13

Finally, Tables VI and VII are meant to illustrate the importance of in-
cluding preference shifters in the Euler equation. These two tables use the
same instrument set used to generate Tables IV and V, except that the age
of the household head, which is now also a regressor, is also included in the
instrument set. Therefore the total number of instruments is now nine, but
the number of overidentifying conditions is four, the same as in Tables IV
and V.

The results in Tables VI and VII show that including the preference shifter
does not dramatically affect estimates of behavioral parameters. When the
preference shifter is included, the statistical tests also indicate some non-
rejections at conventional significance levels for cases where Table IV, Panel
A, and Table V, Panel A, indicate rejection. This seems to indicate that the
data support the inclusion of demographics in the Euler equation. Overall,

13 Table IV, Panel B, and Table V, Panel B, indicate that Euler errors are positively corre-
lated across households, and that ignoring this correlation biases test statistics. Tables CIII
and CIV in Appendix C again indicate that the x-round results ~x . 1! are rather close to the
results obtained in Table IV, Panel B, and Table V, Panel B, respectively.
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this analysis of the importance of demographics is rather favorable to the
use of general equilibrium models to explain asset prices, for although the
evidence suggests that these models omit relevant variables ~the demograph-
ics!, omitting these demographics does not bias estimates of behavioral pa-
rameters, and therefore may not critically affect the implications of the model.

IV. Conclusion

This paper tests Euler equations involving riskless and risky assets using
household-level data from the PSID. The Euler equations under investiga-
tion are implied by theory for a variety of economic environments. One of the
few assumptions underlying these Euler equations is that households have
a risky and a riskless asset at their disposal in seeking to smooth consump-
tion over time. No assumptions have to be made about the precise nature of
the interaction between individuals, the nature of other available markets,
or the factors that may limit a household’s ability to smooth consumption.
Whereas empirical testing of these Euler equations faces serious limitations
in terms of data availability, this investigation should prove a useful com-
plement to a large research project that investigates general equilibrium
relationships between asset prices and aggregate consumption by using a
representative-agent construction. Whereas representative agent models are
readily testable and face less severe data problems, empirical rejections may
indicate that the ancillary assumption of market completeness is too strong.
The results in this paper are also a useful complement to a growing litera-
ture that investigates the importance of market incompleteness by means of
simulation. Whereas the approach in this paper is subject to data limita-
tions and econometric difficulties, the implications of the model that are
tested are relatively robust with respect to certain assumptions that criti-
cally affect the results of simulation-based studies, such as the persistence of
idiosyncratic income shocks or the net supply of bonds.

A robust conclusion of this paper is that for the preference specification
under consideration here, Euler equations at the household level are not
supported by the data in all dimensions, even for households at interior
solutions. Therefore, investigations of market structures other than a com-
plete contingent claims market may not be successful when adopting the
preferences under consideration in this paper. It must be noted that al-
though not all implications of the theory are supported, the results suggest
that in certain cases it receives support from the data in certain dimensions.
For example, the Euler equations pertaining to the risky asset are not re-
jected for a large number of instrument sets. Moreover, estimation yields
robust estimates of the behavioral parameters and the data indicate moder-
ate levels of risk aversion.

The results allow several other conclusions. They indicate that a more
detailed investigation of the presence of demographic variables is war-
ranted. Whereas including demographics in the Euler equation yields lower
test statistics, it does not affect estimates of behavioral parameters. Behav-
ioral parameters relevant for asset pricing are estimated using panel data,

Incomplete Markets and Security Prices 149



under fairly general assumptions. To the best of my knowledge, this is the
first study that uses panel data to estimate the discount rate under weak
assumptions. Also, available estimates of parameters such as the rate of
relative risk aversion are new, because existing estimates were obtained un-
der radically different assumptions.

These results suggest a number of extensions. First, inspection of the re-
sults raises questions about the reliability of the test statistics. It may be
inappropriate to rely on the asymptotic properties of these test statistics. In
particular, it is possible that several of the nonrejections obtained in Tables I
through VII are due to the lack of power of the tests because of the small
time dimension of the data set. Given the importance of these test statistics,
it would be desirable to evaluate their small-sample performance. To inves-
tigate this further, a detailed Monte Carlo study of the performance of the
test statistics within the context of the present model may be informative.
Repeating the tests in this paper for data sets with a longer time dimension
might also prove interesting.

Another natural extension of this paper is the search for a preference
specification that implies Euler equations that are not rejected by the data
~at least for households at interior solutions!. There is an extensive litera-
ture that conducts such a search by using the Euler equations for the rep-
resentative agent. It seems worthwhile to investigate those specifications at
the household level and verify whether their success or lack thereof in tests
of representative-agent models is confirmed by tests of household Euler equa-
tions. This suggests that tests similar to those conducted here may be in-
structive for highly nonlinear specifications involving time-nonseparabilities,
nonexpected utility, and first-order risk aversion. Preferences based on habit
formation have enjoyed some success, and it will be particularly interesting
to assess their performance at the household level.

Another potentially interesting extension concerns the investigation of re-
strictions implied by the model other than the restrictions investigated here.
In particular, tests involving Euler equation error moments using data at
the household level may prove interesting. In existing tests of Euler equa-
tions using time-series data, such tests typically yield dramatic rejections,
and imply values for behavioral parameters other than those obtained using
tests of orthogonality conditions.

This work on alternative preference specifications may also prove useful for
a growing literature that analyzes asset pricing by simulating general equi-
librium models. It seems particularly interesting to use estimates of behav-
ioral parameters in such exercises which can be easily related to the preferences
of individual agents populating the economies under consideration. Estimates
such as those obtained in this paper seem to be good candidates.

Appendix A. Data Selection

This appendix describes the data selection procedure for the Panel Study
of Income Dynamics ~PSID! data used in the empirical analysis. I use data
from the PSID for the years 1974 to 1987. The data are taken from the 1987
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respondent and nonrespondent files of the PSID and include all data on
families headed by a male, including single males. Observations on individ-
uals in the poverty subsample are included in the sample if they fulfill the
selection criteria.

The central issue is the construction of the consumption measure. The
most important problem is that the PSID allows only the construction of a
measure of food consumption. I therefore follow the existing literature by
using food consumption as the consumption measure. Another problem is
that this food consumption measure is defined at the household level, and
the theory is at the level of an individual agent. As explained in Section II,
the latter problem is solved by working with household consumption and
including a function of family size in the Euler equation. All consumption
measures in the PSID are in nominal terms. They are converted to real
terms by def lating by the food consumption price index, which is obtained
from the Economic Report of the President.

The measure of consumption is constructed by aggregating ~i! money spent
on food in restaurants; ~ii! money spent on food in the home which is not
purchased with food stamps; and ~iii! the monetary value of food obtained
through food stamps. The expenditure information on food in and outside
the house in interview year t 1 1 is interpreted as referring to year t. Other
authors have assumed that expenditure on food consumed in the home and
restaurants in year t is a weighted average of the responses from interview
year t 11 and interview year t, usually with the respective weights being
0.75 and 0.25. It must be noted that this construction of the consumption
measure interprets the relevant PSID questions as referring to a f low vari-
able, as opposed to a stock at a point in time. The reason that different
studies have not treated this information in a consistent way is that the
questions asked are not without ambiguity ~see Altug and Miller ~1990!, Hall
and Mishkin ~1982!, Mankiw and Zeldes ~1990,1991!, Runkle ~1991!, and
Zeldes ~1989! on this issue!. Stock and bond returns are constructed to match
the construction of the consumption series.

For each Euler equation, results are reported for four different samples.
The first sample is the same regardless of the Euler equation under inves-
tigation and includes all observations for which the following data selection
criteria are satisfied:

1. The household head has to be between 25 and 60 years of age.
2. Yearly hours worked by the household head have to be between 100

and 4160.
3. Total real food consumption in 1987 dollars has to be less than $12,000

per person and more than $720 per person and total real family food
consumption has to be less than $30,000.

4. There can be no missing data on the demographic information used in
the estimation exercises. The different demographic variables used as
regressors are: age of the head, age of the head squared, family size in
period t, family size in period t 2 1, dummies indicating whether the
head is married or not in periods t and t 2 1, and the race of the head.
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Also, the educational achievement of the household head is used as a
selection criterion because it is used in the construction of the instru-
ment set. It must be noted that some estimation exercises using these
demographics are not reported in the paper.

This first sample has 18,813 observations. For all Euler equations under
investigation, estimation and test results are reported for three other sam-
ples, which are meant to include only households with strictly positive hold-
ings of the relevant assets. The samples are created by including only
households who state they have nonzero holdings of the relevant asset, or
holdings larger than $1,000 or $10,000. To select these households, a series
of 1984 questions from the PSID are used. These questions essentially ask
households whether they have positive holdings of a relatively riskless and0or
a risky asset at that time. Specifically, for the riskless asset the questions
~questions #V10917 through #V10921! ask:

~i! “Do you ~or anyone else in your family living there! have any money
in checking or savings accounts, money market funds, certificates of
deposit, government savings bonds, or Treasury bills, including IRAs?”

~ii! if affirmative answer to ~i!
“If you added up all such accounts for all of your family living there,
about how much would they amount to right now?”

~iii! if no answer to ~ii!
“Would it amount to $10,000 or more?” and dependent on this answer
“$1,000 or more?” or “$100,000 or more?”

For the risky asset the questions ~questions #V10912 through #V10916! are:

~i! “Do you ~or anyone in your family living there! have any shares of
stock in publicly held corporations, mutual funds, or investment trusts,
including stocks in IRAs?”

~ii! if affirmative answer to ~i!
“If you sold all that and paid off everything you owed on it, how much
would you have?”

~iii! if no answer to ~ii!
“Would it amount to $10,000 or more?” and dependent on this answer
“$1,000 or more?” or “$100,000 or more?”

The main purpose of using these questions is comparison of estimation
and test results between the sample that only includes households at inte-
rior conditions and the sample that also includes households at corner so-
lutions. Analysis of the samples that only include households with asset
holdings larger than $1,000 or $10,000 is interesting from two perspectives.
First, these samples are less likely to contain classification errors ~house-
holds at corner solutions!, and therefore it is interesting to compare them to
the sample that also includes households at corner solutions. Also, compar-
ison of estimation and test results between the different samples with pos-
itive asset holdings can indicate whether they have different characteristics.
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The questions listed above also allow construction of a sample of households
with asset holdings larger than $100,000; however, that sample is not used
here because it is too small to allow a formal statistical analysis.

It must be noted that the selection criterion used in this paper is poten-
tially problematic. The most important problem is that for every year that a
household is included in the sample, it is classified as an asset holder or a
non-asset holder on the basis of this 1984 question. This may obviously give
rise to misclassifications. Also, a potential problem with the interpretation
of the results is that the difference between the second and the first sample
for the analysis of a given Euler equation is not necessarily totally made up
by households who are non-asset holders in 1984. A household may simply
not be present in the sample in 1984, yet be an asset holder in every other
year. For a more detailed discussion of the 1984 PSID question see Mankiw
and Zeldes ~1990, 1991!.

Appendix B. Estimation and Test Procedures

This appendix discusses estimation of the Euler equations using the gen-
eralized method of moments ~GMM! framework ~see Hansen ~1982!!.14 The
framework is similar to the one used in Hansen and Singleton ~1982! in a
representative agent context, but the panel aspect of the data generates
some additional difficulties. To illustrate the generality of the results ob-
tained in this manner, such as the framework’s ability to allow for unbal-
anced panels, the estimators and test statistics are discussed here in some
detail. Euler equations ~9! and ~10! are repeated here for convenience, lagged
once, as

1 5 bEt21
1

qt21
S ci, t

ci, t21
Dg21

exp@ f1 fsi, t 1 f2 fsi, t21#exp@d demoi, t # ~B1!

1 5 bEt21S pt 1 dt

pt21
DS ci, t

ci, t21
Dg21

exp@ f1 fsi, t 1 f2 fsi, t21#exp@d demoi, t # ~B2!

where fsi, t stands for family size in period t; demoi, t stands for a vector of
preference shifters at time t; f1, f2 are scalar parameters; and d is a vector of
parameters.

Because of a number of econometric complications the discussion of the
estimation procedure is rather lengthy. To limit its length, only the one-
equation case is discussed. The estimation techniques used for estimating

14 Several authors have convincingly argued that the estimation of Euler equations for ra-
tional expectations models may be subject to problems when using panel data ~e.g., see Altug
and Labadie ~1994!, Altug and Miller ~1990!, Chamberlain ~1984! and Runkle ~1991!!. Problems
may arise because the underlying econometrics assume the existence of observations on a large
number of time periods for each household. Available data sets such as the PSID typically
contain only a limited number of observations on each household. It must be noted that al-
though this criticism may be valid, the importance of this problem can only be addressed by
means of a Monte Carlo analysis.
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both Euler equations jointly are a straightforward extension of the tech-
niques used for one equation. The empirical results for both Euler equations
jointly allow for contemporaneous correlation between the Euler equation
errors for the risky and riskless assets when computing the covariance ma-
trix of the orthogonality conditions.

Consider the error associated with the Euler equation ~B1! or ~B2! and for
simplicity label it ei, t , where t is the time index and i is the household
index. Theory specifies Et21ei, t 5 0. Consider a maximum of T observations
on H households. Consider M instruments per household zi, t21

1 , . . . ,
zi, t21

n , . . . , zi, t21
M . Then consider vi, t

n 5 ei, t zi, t21
n . Using the law of iterated ex-

pectations we know that Evi, t
n 5 0, for all n and i. Theory therefore specifies

a total of M 3 H orthogonality conditions. One can in principle simply use
these M 3 H orthogonality conditions to estimate the parameters by GMM.
This strategy seems interesting, given that GMM allows for potential het-
eroskedasticity and correlation patterns for Euler errors of different house-
holds at a point in time or across time. However, the dimension of the GMM
covariance matrix of the orthogonality conditions is M 3 H when using this
strategy. This is problematic given that we have a maximum of T observa-
tions per household, and H is much larger than T. Each element of the
covariance matrix is therefore the sum of T outer products, and the covari-
ance matrix will have rank T , M 3 H. Since the inverse of this covariance
matrix is used in the test statistics, GMM tests will be hard to interpret.

In principle, this problem can be addressed by imposing enough restric-
tions when computing the covariance matrix to ensure that it has full rank.
However, given the enormous difference between M 3 H and T in the prob-
lem under study, these restrictions would have to be quite stringent. This is
problematic because a priori one would expect certain heteroskedasticity
and correlation patterns to be critically important, and restrictions needed
to make the matrix full rank would precisely restrict those patterns.

For these reasons, I take another approach to solving the dimensionality
problem, which allows for general heteroskedasticity and correlation pat-
terns. Noting that the panel is unbalanced, denote the number of house-
holds in the sample at time t as Ht . Consider the M orthogonality conditions
Evtn, n 5 1, . . . , M, where vtn 5 ~10Ht !(i51

Ht vi, t
n . For these M orthogonality

restrictions estimation and testing by GMM then becomes possible with
very general and unrestricted covariance matrices as long as M , T.

The GMM estimator simply exploits the fact that if the theory is cor-
rect then ~10T !(t51

T vtn should be close to zero. Define the M 3 1 vector
vt 5 ~vt1, . . . ,vtM!' and consider the estimate of the M 3 M covariance matrix

ZV 5 ~10T ! (
t51

T

[vt [vt '. ~B3!

The construction of this covariance matrix is critically important to deter-
mine the model’s empirical performance. For now, we just note that [vtn, the
estimate of vtn, has been constructed by obtaining estimates [eit using the
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nonlinear two-stage least squares ~NL2SLS! estimator, which is a consistent
estimator in this context. Before we discuss this issue in more detail, we
first focus on an important problem with applying GMM in the context of
the empirical exercise in this paper. Denote the ~K 3 1! parameter vector by
f. In most empirical applications in the literature, GMM estimates ~ Zf! for
the K parameters are then obtained by minimizing

JT 5 F~10T ! (
t51

T

vt~f!' G ZV21F~10T ! (
t51

T

vt~f!G , ~B4!

The covariance matrix of T 102~ Zf 2 f! can be computed as ~ ZH ' ZV21 ZH !21, where
ZH is a consistent estimate of the M 3 K matrix H 5 E @dvt0df ' # . A test

statistic is obtained by computing T JT , evaluated at the optimum Zf. This
statistic is asymptotically distributed as xM2K

2 , provided that ZV is a consis-
tent estimate of the covariance matrix ~see Hansen ~1982!!. The inverse of
this covariance matrix is often referred to as the optimal weighting matrix.
GMM estimates obtained by minimization of JT in ~B4! are often referred to
as two-round estimates. If desired, one can use parameters obtained in this
way to construct estimates [eit , which can be used to construct a new ZV and
will lead to new estimates Zf. This procedure can be iterated at will to pro-
duce 3, 4, 5 , . . . ,x round estimates. However, asymptotic properties of esti-
mates obtained in that way and assorted J-statistics are the same as for the
two-round case.

For the empirical exercise conducted in this paper, it is critically impor-
tant to take into account contemporaneous correlation between households
when computing the covariance matrix. However, when performing two-
round estimation with the inverse of that covariance matrix as the weight-
ing matrix, we generally do not obtain satisfactory results. The objective
function seems to be poorly behaved, and in many cases the parameter es-
timates do not converge. To resolve this, I obtain parameter estimates and
construct test statistics based on a one-round GMM estimator. These test
statistics are based on Hansen’s Lemma 4.1 ~1982, p. 1049!. The more con-
ventional two-round estimators are based on Hansen’s Lemma 4.2 ~1982,
p. 1049!. Consider minimizing

JT 5 F~10T ! (
t51

T

vt~f!' GWF~10T ! (
t51

T

vt~f!G ~B5!

for an arbitrary M 3 M weighting matrix W. From Hansen ~1982! we know
that

mT 5 TF~10T ! (
t51

T

[vt'G ZQ2F~10T ! (
t51

T

[vtG ~B6!

is distributed xM2K
2 , where ZQ 5 ZP ZV ZP ' and ZP 5 I 2 ZH~ ZH 'W ZH !21 ZH 'W. Note

that all matrices in ~B6! are evaluated at Zf, the value of the parameter that
minimizes ~B5!. Also note that the notation ZQ2 stands for the generalized
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inverse of ZQ. The matrix ZQ has dimension M 3 M but rank M2K. The
reason for this is the structure of the matrix ZP. Note that in contrast the
matrix ZV used in ~B4! does have full rank M ~see Newey ~1985!!.

The covariance matrix of T 102~ Zf 2 f! can be computed as

~ ZH 'W ZH !21~ ZH 'W ZVW ZH !~ ZH 'W ZH !'21 ~B7!

Note that ~B7! reduces to ~ ZH ' ZV21 ZH !21 for W 5 ZV21, the optimal weighting
matrix.

In principle one can perform the optimization problem in ~B5! for any
choice of weighting matrix W. However, the weighting matrix should differ
considerably from the inverse of the covariance matrix for the optimization
problem to be well defined. Also, common sense suggests it should be con-
structed using the same instruments as used in the orthogonality condi-
tions. We have Ht households in the sample at time t. The total sample
size N then equals (t51

T Ht . For a given 1 3 M vector of instruments zi, t 5
~zi, t

1 , . . . , zi, t
M ! define Zt 5 ~10Ht !~z1, t

' , . . . , zHt , t
' !' . I use the inverse of

(t51
T Zt

'Zt as the weighting matrix W. This choice of W effectively reduces
the minimization in ~B5! to NL2SLS. If the data displayed homoskedastic-
ity, were uncorrelated over time, and were uncorrelated over households,
this choice of W would equal the inverse of the covariance matrix ZV ~up to
a constant!. The purpose of the computations in ~B6! and ~B7! is to correct
for deviations of these assumptions in the data when computing test sta-
tistics and standard errors.

Another important issue that has to be discussed is the computation of the
covariance matrix ZV used in ~B6! and ~B7!. Consider once again the covari-
ance matrix given by ~B3!

ZV 5 ~10T ! (
t51

T

[vt [vt '. ~B8!

In accordance with rational expectations this covariance matrix does not
allow for Euler errors to be correlated over time for a household. The com-
putation of ZV in ~B8! does however allow for heteroskedasticity of unknown
form, and it allows Euler errors of different households at time t to be ar-
bitrarily correlated.15 This is important because the rational expectations
framework does not restrict these correlations. Their exact error structure
will depend on the structure of the market underlying the data, and markets

15 Even though rational expectations preclude nonzero correlation over time for a given house-
hold, I check for its impact on test statistics. It is important to verify its importance because
panel data are very likely affected by measurement error. This measurement error could lead to
serial correlation. See the appendix in Runkle ~1991! for this argument in the context of esti-
mation of linearizations of equation ~9!. Notice that the covariance matrix in ~B8! also does not
allow for correlation of the Euler error of household i at time t with the Euler error of household
j at time t 1 x, x Þ 0. The correlation of these errors over time is found to be quantitatively a
lot less important than contemporaneous correlation.
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with more extensive risk sharing will exhibit a higher positive correlation.
In the extreme, complete markets will lead to perfect risk sharing and per-
fect correlation. To assess the importance of this type of pattern in the data,
I compare test results obtained using ~B8! with test results obtained using

ZV 5 ~10T ! (
t51

T S(
i51

H

[vi, t [vi, t
' D ~B9!

where vi, t is the M 3 1 vector ~10Ht !~vi, t
1 , . . . ,vi, t

M !' . The covariance matrix in
~B9! allows for arbitrary heteroskedasticity but restricts Euler equation er-
rors to be uncorrelated. The difference between the test statistics based on
~B8! and ~B9! is therefore indicative of the importance of contemporaneous
correlation between different households’ Euler equation errors. An addi-
tional advantage of studying results obtained with ~B9! is that with this
covariance matrix the objective function in ~B4! is very well behaved. There-
fore, we can compute the two-round J-statistics in ~B4! as well as the one-
round statistics in ~B6!. The empirical results below indicate that in this
case these statistics show little difference for a given sample. This is reas-
suring when interpreting the one-round statistics obtained with covariance
matrix ~B8!. In this case the minimization of ~B4! ~the more conventional
two-round case! is problematic, as mentioned above.

A last issue regarding the computation of the covariance matrix ~B8! is
that an alternative is also presented in the empirical results. Even though
we are dealing with a panel data problem, by summing over the orthogonal-
ity conditions we have effectively reduced our problem to a GMM framework
with T 5 12 observations. Typically for such sample sizes power is low. I
have therefore constructed an alternative for ~B8! to be used in ~B6! and
~B7! which is potentially more powerful. Consider

ZV 5 ~10T ! (
t51

T S [vt 2 S~10T ! (
t51

T

[vtDDS [vt 2 S~10T ! (
t51

T

[vtDD'. ~B10!

The intuition behind ~B10! is clear. Under the null, we have ~10T !(t51
T Svt 5 0

and ZV in ~B10! is identical to ZV in ~B8!. However, under the alternative ~B10!
will lead to a smaller covariance matrix than ~B8! and therefore to a more pow-
erful test statistic. It turns out that in many cases this small sample correc-
tion makes a difference in the samples under investigation.
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Appendix C. GMM Estimation with Iteration on the Weighting Matrix

Table CI

Estimation and Test Results for the Euler Equation Associated with the Riskless Asset—
Using Instrument Set One

Results Obtained by Iterating on the GMM Weighting Matrix
Estimation and test results obtained by GMM estimation of the Euler equation

1 5 bS ci, t11

ci, t
Dg21S 1

qt
Dexp@ f1 fsi, t11 1 f2 fsi, t # 1 ei, t11

where ci, t is consumption of household i at date t, qt is the ~normalized! price of the riskless asset in period t, fsi, t is the size of household i in
period t, and ei, t11 is an error term. Point estimates and standard deviations are presented for parameters b and g 2 1. Results for f1 and f2 are
not reported. Instrument set one includes five instruments: family size in periods t 1 1 and t, a constant, the riskless rate of return lagged once,
and the unemployment rate for the household head’s occupation lagged once interacted with the age of the household head. Given that there are
four parameters to be estimated and five instruments, test statistics have one degree of freedom. Test statistics are computed according to
Lemma 4.2 in Hansen ~1982!. Test statistics do not allow for contemporaneous correlation between households’ Euler equation errors. Column 1
contains results obtained using all households in the sample. Columns 2, 3, and 4 contain results obtained using increasingly stringent asset
holding criteria. For each column, H denotes the number of households included in the sample and N denotes the number of observations
included in the sample.

All Households Asset Holdings . 0 Asset Holdings . 1000 Asset Holdings . 10,000

b 0.923 0.908 0.932 0.972
~Standard deviation! ~0.029! ~0.065! ~0.038! ~0.061!
g 2 1 21.063 21.253 21.180 20.516
~Standard deviation! ~0.200! ~0.413! ~0.288! ~1.160!
Number of instruments 5 5 5 5
Degrees of freedom 1 1 1 1
Test statistic 71.640 40.164 31.336 87.241
~Significance level! ~0.000! ~0.000! ~0.000! ~0.000!
Iterations on covariance matrix 4 4 4 4
H 3555 2452 1465 428
N 18813 14691 9464 2961
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Table CII

Estimation and Test Results for the Euler Equation Associated with the Risky Asset—
Using Instrument Set One

Results Obtained by Iterating on the GMM Weighting Matrix
Estimation and test results obtained by GMM estimation of the Euler equation

1 5 bS ci, t11

ci, t
Dg21S pt11 1 dt11

pt
Dexp@ f1 fsi, t11 1 f2 fsi, t # 1 ei, t11

where ci, t is consumption of household i at date t, pt is the price of the risky asset in period t, dt is the dividend in period t, fsi, t is the size of
household i in period t, and ei, t11 is an error term. Point estimates and standard deviations are presented for parameters b and g 2 1. Results
for f1 and f2 are not reported. Instrument set one includes five instruments: family size in periods t 1 1 and t, a constant, the riskless rate of
return lagged once, and the unemployment rate for the household head’s occupation lagged once interacted with the age of the household head.
Given that there are four parameters to be estimated and five instruments, test statistics have one degree of freedom. Test statistics are
computed according to Lemma 4.2 in Hansen ~1982!. Test statistics do not allow for contemporaneous correlation between households’ Euler
equation errors. Column 1 contains results obtained using all households in the sample. Columns 2, 3, and 4 contain results obtained using
increasingly stringent asset holding criteria. For each column, H denotes the number of households included in the sample and N denotes the
number of observations included in the sample.

All Households Asset Holdings . 0 Asset Holdings . 1000 Asset Holdings . 10,000

b 0.787 0.657 0.650 0.659
~Standard deviation! ~0.064! ~0.135! ~0.243! ~0.155!
g 2 1 21.615 22.445 22.626 22.824
~Standard deviation! ~0.302! ~0.599! ~1.083! ~0.809!
Number of instruments 5 5 5 5
Degrees of freedom 1 1 1 1
Test statistic 121.004 9.014 4.919 1.426
~Significance level! ~0.000! ~0.002! ~0.026! ~0.232!
Iterations on covariance matrix 7 5 6 8
H 3555 770 495 198
N 18813 5197 3448 1465
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Table CIII

Estimation and Test Results for the Euler Equation Associated with the Riskless Asset—
Using Instrument Set Two

Results Obtained by Iterating on the GMM Weighting Matrix
Estimation and test results obtained by GMM estimation of the Euler equation

1 5 bS ci, t11

ci, t
Dg21S 1

qt
Dexp@ f1 fsi, t11 1 f2 fsi, t # 1 ei, t11

where ci, t is consumption of household i at date t, qt is the ~normalized! price of the riskless asset in period t, fsi, t is the size of household i in
period t, and ei, t11 is an error term. Point estimates and standard deviations are presented for parameters b and g 2 1. Results for f1 and f2 are
not reported. Instrument set two includes eight instruments: family size in periods t 1 1 and t, a constant, the riskless rate of return lagged once,
the risky rate of return lagged once, the unemployment rate for the household head’s occupation lagged once, this unemployment rate lagged once
interacted with the age of the household head, and this unemployment rate lagged once interacted with the education of the household head.
Given that there are four parameters to be estimated and eight instruments, test statistics have four degrees of freedom. Test statistics are
computed according to Lemma 4.2 in Hansen ~1982!. Test statistics do not allow for contemporaneous correlation between households’ Euler
equation errors. Column 1 contains results obtained using all households in the sample. Columns 2, 3, and 4 contain results obtained using
increasingly stringent asset holding criteria. For each column, H denotes the number of households included in the sample and N denotes the
number of observations included in the sample.

All Households Asset Holdings . 0 Asset Holdings . 1000 Asset Holdings . 10,000

b 0.937 0.899 0.961 0.982
~Standard deviation! ~0.020! ~0.065! ~0.015! ~0.002!
g 2 1 20.941 21.282 20.817 20.112
~Standard deviation! ~0.160! ~0.406! ~0.175! ~0.040!
Number of instruments 8 8 8 8
Degrees of freedom 4 4 4 4
Test statistic 105.804 44.038 95.646 858.480
~Significance level! ~0.000! ~0.000! ~0.000! ~0.000!
Iterations on covariance matrix 5 3 4 9
H 3555 2452 1465 428
N 18813 14691 9464 2961
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Table CIV

Estimation and Test Results for the Euler Equation Associated with the Risky Asset—
Using Instrument Set Two

Results Obtained by Iterating on the GMM Weighting Matrix
Estimation and test results obtained by GMM estimation of the Euler equation

1 5 bS ci, t11

ci, t
Dg21S pt11 1 dt11

pt
Dexp@ f1 fsi, t11 1 f2 fsi, t # 1 ei, t11

where ci, t is consumption of household i at date t, pt is the price of the risky asset in period t, dt is the dividend in period t, fsi, t is the size of
household i in period t, and ei, t11 is an error term. Point estimates and standard deviations are presented for parameters b and g 2 1. Results
for f1 and f2 are not reported. Instrument set two includes eight instruments: family size in periods t 1 1 and t, a constant, the riskless rate of
return lagged once, the risky rate of return lagged once, the unemployment rate for the household head’s occupation lagged once, this unemploy-
ment rate lagged once interacted with the age of the household head, and this unemployment rate lagged once interacted with the education of
the household head. Given that there are four parameters to be estimated and eight instruments, test statistics have four degrees of freedom.
Test statistics are computed according to Lemma 4.2 in Hansen ~1982!. Test statistics do not allow for contemporaneous correlation between
households’ Euler equation errors. Column 1 contains results obtained using all households in the sample. Columns 2, 3, and 4 contain results
obtained using increasingly stringent asset holding criteria. For each column, H denotes the number of households included in the sample and
N denotes the number of observations included in the sample.

All Households Asset Holdings . 0 Asset Holdings . 1000 Asset Holdings . 10,000

b 0.792 0.702 0.793 0.932
~Standard deviation! ~0.050! ~0.120! ~0.159! ~0.020!
g 2 1 21.598 22.239 21.881 20.575
~Standard deviation! ~0.237! ~0.558! ~0.885! ~0.369!
Number of instruments 8 8 8 8
Degrees of freedom 4 4 4 4
Test statistic 176.344 26.703 31.234 122.316
~Significance level! ~0.000! ~0.000! ~0.000! ~0.000!
Iterations on covariance matrix 14 4 5 11
H 3555 770 495 198
N 18813 5197 3448 1465
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