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Discounting and Divergence of Opinion*

Elyés Jouini' Jean-Michel Marint Clotilde Napp¥

September 16, 2008

Abstract

The objective of this paper is to adopt a general equilibrium model and determine the
socially efficient discount rate when there are heterogeneous anticipations about the future
of the economy as well as heterogeneous time preference rates. Among others we tackle
the following questions. Is the socially efficient discount factor an arithmetic average of the
individual subjectively anticipated discount factors as in the certainty equivalent approach
of Weitzman (1998, 2001) ? As a sort of additional risk or uncertainty, can beliefs dispersion
lead to lower discount rates 7 Is it socially efficient, when diversity of opinion is taken
into account, to reduce the discount rate per year for more distant horizons ? Does the
socially efficient discount rate converge in the long run to the lowest individual subjectively
anticipated discount rate as in the homogeneous beliefs setting ? More generally, what is

the shape of the yield curve ?

1. Introduction

The concept of a discount rate is central to economic analysis, as it allows effects occurring at
different future times to be compared by converting each future dollar amount into equivalent
present dollars. The problem of the determination of a discount rate has acquired renewed
relevance lately in order to analyse environmental projects or activities! the effects of which will
be spread out over hundreds of years, and the evaluation of which, through Costs and Benefits
Analysis (CBA), is very sensitive to the discount rate being used. For instance, concerning
global climate change, it has been argued that the strong conclusions of the Stern Review were
essentially driven by the low assumed discount rate (see, e.g. Nordhaus, 2007 or Weitzman,
2007).

As underlined by e.g. Nordhaus (2007) or Weitzman (2007), there is an important distinction
between the wutility social discount rate and the consumption social discount rate. The former

refers to a pure time preference rate that discounts utility. It reflects the level of impatience
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or, for long time horizon projects, the relative weights of different people or generations. The
latter is the rate used to discount future consumption. There are essentially three determinants
of the level of this discount rate. The first determinant is related to a psychological “preference
for the present” effect and is represented by the utility discount rate. The more impatient
the individuals, the higher the value of one unit of consumption today relative to one unit of
consumption tomorrow, the higher the discount rate. But there are other reasons to discount
future consumption. The second determinant is related to a wealth effect while the third
determinant is related to a precautionary savings effect. These two effects are directly impacted
by agents’ beliefs about the future of the economy. In this paper we are interested in the
properties of the consumption social discount rate since our aim is to determine the value today
(in present dollars) of future dollars amount in order to apply it for CBA.

A critical feature that must be taken into account is divergence of opinion about the future
of the economy. Forecasting for the coming year is already a difficult task. It is natural that
forecasts for the next century/millennium are subject to potentially enormous divergence. It
is doubtful that agents or economists currently have a complete understanding of the determi-
nants of long term economic evolutions. The debate on the notion of sustainable growth is an
illustration of the degree of possible divergence of opinion about future of society. Some will
argue that the effects of improvement in information technology have yet to be realized and the
world faces a period of more rapid growth. On the contrary, those who emphasise the effects
of natural resource scarcity will see lower growth rates in the future. Some even suggest a neg-
ative growth of the GNP per head in the future, due to the deterioration of the environment,
population growth and decreasing return to scales.

Another critical feature that must be taken into account is the heterogeneity of utility dis-
count rates among agents. These rates may reflect different levels of impatience. In a setting
with long-lived agents that represent present and future generations, these rates may also reflect
divergence of opinion about the importance granted to the welfare of future generations relative
to the present. The important debate among economists (and also among philosophers) on the
notion of intergenerational equity is an illustration of this possible divergence. Some will argue
that intergenerational choices should be treated as intertemporal individual choices leading to
weigh more present welfare. Others will argue that fundamental ethics require intergenerational
neutrality and that the only ethical basis for placing less value on the welfare of future gener-
ations is the uncertainty about whether or not the world will exist and whether or not these
generations will be present.

In this paper we explicitly take into account possible disagreement among agents about
the future of the economy and about the treatment of future generations. As underlined by
Weitzman (2001), “these and many more are fundamentally matters of judgment or opinion,
on which fully informed and fully rational individuals might be expected to differ”. In such
a framework, our aim is to determine the socially efficient discount rate and to analyse its

properties; in particular, we want to determine the analog of Ramsey Equation® in a fairly

’In a deterministic setting, the well-known Ramsey equation gives the following expression for the discount
rate

1
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general heterogeneous, time-varying and stochastic® setting. Among others, we wish to tackle
the following questions. Is there general equilibrium foundation for synthesizing opinions by
taking an average as in the certainty equivalent approach of Weitzman (1998, 2001) ? How do
discount rates vary with the degree of beliefs and tastes divergence 7 Is it socially efficient, when
there is beliefs heterogeneity, to reduce the discount rate per year for more distant horizons 7
More generally, what is the shape of the yield curve ?

The last questions about the shape of the yield curve are of particular interest. There is a
wide agreement that discounting at a constant positive rate for long time horizons is problem-
atic, irrespective of the particular discount rate employed. Indeed, with a constant rate, the
costs and benefits accruing in the distant future appear relatively unimportant in present value
terms. Hence decisions made today on this basis may expose us to catastrophic consequences
in a distant future. Weitzman (1998) summarises this succinctly when he states : « To think
about the distant future in terms of standard discounting is to have an uneasy intuitive feeling
that something is wrong somewhere ». A recently proposed solution to this problem is to use
a discount rate which declines over time. It is clear that using a declining discount rate could
make an important contribution towards the goal of sustainable development. But what formal
justifications exist for using a declining discount rate and what is the optimal trajectory of the
decline? ? In a deterministic world, decreasing discount rates can arise as a result of known
changes in the growth rate, changes in risk aversion, etc. Additional motivations emerge once
uncertainty is considered. For example, Weitzman (1998, 2001) considers uncertainty on the
discount rate itself. Starting from the fact that there is a huge divergence of expectations about
future discount rates among economic experts, Weitzman (1998, 2001)°® introduces a probabil-
ity distribution for the future discount rate and its behaviour over time. The author adopts a
certainty equivalent analysis in order to determine the discount rates for varying horizons and
obtains decreasing discount rates. More generally, Gollier (2002a), Dybvig et al.(1996), Weitz-
man (1998, 2001) show in different contexts that from today’s perspective, the only relevant
limiting scenario is the one with the lowest interest rate. In the presence of uncertain growth,
Gollier (2002a, 2002b) shows that the shape of the yield curve depends upon preferences for
risk and prudence, and higher order moments of the utility function. Regardless of whether it is
the discount rate or the growth rate that is uncertain, the nature of the distribution of random
growth is of particular importance; for instance, decreasing discount rates are obtained with
Bayesian learning in Weitzman (2004), and Gollier (2007) shows that serial correlation in the
growth rates leads to downward sloping yield curves when the representative agent is prudent.
Decreasing discount rates also emerge from the specification of a sustainable welfare function
a la Chichilnisky (1996) and Li and Lofgren (2000). Lastly, there is considerable empirical

and experimental evidence to show that individuals are frequently hyperbolic discounters (see,

where p denotes the rate of pure time preference, g is the per capita growth rate of consumption and 1/ is the
elasticity of marginal utility, or equivalently the degree of relative risk aversion.

3 As in standard models of the term structure of interest rates (see, e.g., Cox et al., 1985, Ingersoll and Ross,
1992, Vasicek, 1977, Cochrane, 2001).

4See Groom et al. (2005) for a survey.

"Weitzman (2001) undertakes a survey of over 2 000 academic economists, and a so-called blue ribbon selection
of 50, as to their opinion on the constant rate of discount to use for Cost Benefit Analysis. The responses were
distributed with a gamma distribution with mean 4% and standard deviation of 3%.



e.g. Loewenstein and Thaler, 1989, Loewenstein and Prelec, 1992). In this paper, we want to
examine if divergence of beliefs and heterogeneity of time preference rates can be a justification
for the use of declining discount rates in a general equilibrium framework. More generally, we
want to analyse if the equilibrium yield curve with beliefs and tastes heterogeneity has desirable
properties.

Our theoretical framework builds upon Jouini and Napp (2007) and generalizes it to take into
account heterogeneous time preference rates and infinite horizon. The agents hold heterogeneous
expectations about the future of the economy. Our model encompasses disagreement about the
future growth rate or about its distribution and dynamics (since we allow for stochastic growth
rates) or, for example, disagreement about the possible impact of economic activity on the
climate®, or disagreement about the estimation of the possible economic damages that would
be induced by climate change. In our model, the agents also differ in their rate of pure time
preference. This may reflect different levels of impatience as well as different conceptions of
intergenerational equity or disagreement about the probability that the world will exist at a
given future date (see the Stern Report for the link between this probability and the pure
time preference rate). Note that while the aim of Jouini and Napp (2007) was to provide an
aggregation procedure, the aim of this paper is to analyse the properties of equilibrium discount
rates. Asin Gollier (2002a, 2002b), Weitzman (1998, 2001, 2007) and Nordhaus (2007), we focus
on an exchange economy in order to analyse the tradeoff between current and future wealth,
in particular for CBA. Nevertheless, our model can also shed some light on the analysis of
the tradeoff between current production and the environmental and economic welfare of future
generations; indeed, our results permit to characterise the marginal cost we are willing to invest
in any technology that can reduce climate change impact in the future.

We provide the following answers to the questions above. We first obtain that the certainty
equivalent approach of Weitzman (1998, 2001) and Reinschmidt (2002), that consists in taking
the arithmetic average’ of the individually recommended discount factors is compatible with
an equilibrium approach if we assume that all utility functions are logarithmic and that all
the agents have the same endowment and the same time preference rate®. More generally,
for logarithmic utility functions, the socially efficient discount factor is given by a weighted
average of the individually recommended discount factors, the weights being determined by
the individual time preference rates and the initial endowments. For more general CRRA
utility functions with relative risk aversion level 1/7, the right concept of average to consider
within an equilibrium approach is not the arithmetic average but an n—average. This average
is, as in the logarithmic case, a weighted average. Finally, there is a bias induced by agents
heterogeneity. Except in very specific settings, it is not possible to recover the socially efficient

discount factor as an average of the individual subjectively anticipated” discount factors. These

%One agent may assume that economic activity will lead to a 1°C excess temperature in 50 years with a 95%
confidence interval of 0.5°C, while another agent may assume that economic activity will lead to a 3°C excess
temperature with a 95% confidence interval of 1.5°C.

"See also Nocetti et al. (2008) for an approach leading to (possibly weighted) arithmetic averages.

$More precisely, it suffices that the product of the endowment and of the time preference rate be the same for
all the agents.

9For a given agent 4, the individual subjectively anticipated prices, discount rates and discount factors are
those that would prevail if the economy was made of agent ¢ only.



specific settings are first, the already mentioned logarithmic utility setting, and second, the
setting with deterministic heterogeneity in pure time preference rates and no beliefs dispersion
(which includes the setting with rational agents and deterministic time preference rates of Gollier
and Zeckhauser, 2005, or Lengwiller, 2005). In a general setting, there is an aggregation bias
and we show that it can be quite significant. The bias can be towards higher or lower discount
rates depending on the relative position of n with respect to 1. This result is consistent with
the interpretation of beliefs and time preference heterogeneity as an additional source of risk or
uncertainty in the future, leading agents to value more or less future consumption (with respect
to present consumption) depending on the relative level of prudence and risk aversion.

We examine the impact of beliefs and time preference heterogeneity on the expression of the
discount rate as well as on the relationship between the discount rate and the time horizon (the
possible shapes of the yield curve). Increased beliefs dispersion leads to a decrease of discount
rates when n is greater than one. We show that aggregate pessimism as well as aggregate
patience reduce the socially efficient discount rate. Since these aggregate levels are given by
stochastic, time-varying (risk-tolerance) weighted averages of the individual levels of pessimism
and patience, possible correlation effects are induced. This leads in the medium term to a rich
class of possible shapes for the yield curve. In particular, our model can fit observed behavior
of the yield curve in financial markets where the "long term rate" (30 years) is usually higher
than the short term rate. More precisely, our model is compatible with yield curves that are
increasing in the short term and in the medium term (that corresponds to the financial markets
long term) and that are decreasing in the long term.

We show that the yield curve is always decreasing in the (very) long run. Indeed, the bias
due to beliefs dispersion vanishes in the long run and the asymptotic discount rate is given by
the lowest individually anticipated asymptotic discount rate among all agents '°. Note that this
lowest individually anticipated asymptotic discount rate does not necessarily correspond to the
rate of the most patient agent as in the homogeneous beliefs setting. For example, in the case of
homogeneous time preference rates, the asymptotic discount rate is given by the discount rate
of the most pessimistic agent which would consist to focus on the worst case scenario among the
agents (if each agent is associated to some scenarios). More generally, both the distributions
of time preference rates and of pessimism are necessary to determine the asymptotic discount
rate. In the setting of a CBA, this leads to discount long term costs and benefits at the lowest
anticipated rate inducing a bias towards the optimal policy of the agent who values the most
future consumption in the long term. In fact, the agent who values the most future consumption
(either because she is very pessimistic about the future or because she is very patient or any
combination of these two possibilities) makes the market for long term bonds and therefore
imposes her price. This provides us with a guideline for long term CBA. This is especially
useful since, while the observed risk free rate provides a useful tool for CBA in the short term,
financial markets are not very helpful when benefits and costs of the set of current potential

actions are expected to last in the medium and/or in the long run'!.

10Note that we retrieve at the consumption discount rate level results that are already known at the utility
discount rate level. This transfer of properties from utility to consumption discount rates is immediate when
agents share the same beliefs.

UFor example, greenhouse gas that one emits today yields very long term costs like global warming. Liquid



The paper is organized as follows. Section 2 presents the theoretical framework. Section 3
deals with socially efficient discount factors and discount rates and in particular, analyses their
link with their individual subjectively anticipated counterparts. Section 4 is devoted to long
term considerations. In Section 5, we analyse more in detail the shape of the yield curve in
specific settings. The conclusion summarises the main contributions of the paper. Proofs of
aggregation results and other extensions of Jouini-Napp (2007) are in Appendix A. Appendix

B consists of the proofs of all other results.

2. The theoretical framework

We consider a continuous-time Arrow-Debreu economy with an infinite horizon, in which risk
averse agents try to maximize the expected utility of future consumption. A filtered probability
space (2, F, (F}), P) is given. Each agent indexed by i = 1,...N, has a current endowment at
time ¢ denoted by e,’fi and a Von Neuman-Morgenstern utility function for future consumption
of the form E<' [fooo exp~ Jo i (sw)ds (¢t (w)) dt|, which means that agents may differ in their
subjective beliefs (represented by the probability measure Q), in their pure time preference
rate process p', and in their endowment process e*'. The utility function u can represent the
individual’s utility function but may also incorporate the preferences of his descendants.

As in Jouini-Napp (2007), agents have different expectations about the future of the econ-
omy. In a purely financial framework, such beliefs heterogeneity might result, for instance, from
different subjective probabilities of occurrence of a boom or of a krach. In a macroeconomic
setting, beliefs heterogeneity might result from heterogeneous growth rate forecasts. More gen-
erally, beliefs heterogeneity might also result from differences of opinion about the likelihood
of a catastrophe, about the probability distribution of the impact of human activity on the cli-
mate or on the possible damages resulting from climate change. In our model, agents may also
disagree about the pure time preference rate. This may reflect different levels of preference for
the present. With long-lived agents that represent present and future generations, this reflects
different conceptions of intergenerational equity.

For tractability reasons and in order to focus on the impact of beliefs and time preference
rate heterogeneity, we restrict our analysis to homogeneous utility functions of the power type,
i.e. we suppose that agents share the same CRRA utility function'? for consumption, of the form
' (x) = /1. As far as beliefs heterogeneity is concerned, the unique assumption we essentially
make is the equivalence of the probability measures Q°. In other words, we assume that the
agents have the same set of possible events (i.e. events with a positive subjective probability!?).
Letting (M ’) denote the positive density process of Q' with respect to P and letting D! =
exp Jo #(s)ds denote the individual pure time preference discount factor at time ¢, the utility
function of agent i can equivalently be written in the form E [ [;° M (w) D} (w)u (¢t (w)) dt] .

We let e* = Zf\i 1 e*' denote the aggregate endowment process. We make the assumption

financial instruments with such large durations do not exist. For the sake of comparison, US treasury bonds have
time horizons that do not exceed 30 years.
20ur approach can be extended to the case with HARA utility functions of the form u'(x) = (6 + x)_% :
3Note that this is a natural assumption for the existence of an equilibrium. Otherwise some agents will consider
as possible some events that are considered as impossible by others and optimal demand in the associated Arrow-
Debreu asset will be (positively or negatively) infinite.



that e* and M? satisfy the following stochastic differential equations

dey = pefdt + ore;dW; eg =1
dM} = 8 MjdW;

where W denotes a standard unidimensional ((F}), P) —Brownian motion and where y,, o+ and
6% stand respectively for p(t,w), o(t,w) and §°(t,w), which means that they might depend upon
time and states of the world. There is no Markovian assumption; the coefficients x, o and §° for
i=1,..., N may depend on the entire past history of the economy'.

Let us recall the following notation. For a given process (d;) , the Doléans-Dade exponential
& (§) denotes the quantity exp(f(;f dsdWy — %fg 62ds). With this notation we have, for all 4,
M =& (57).

According to Girsanov Theorem, for agent i, aggregate endowment is an Itd6 process with
diffusion parameter o(t,w) and with subjective drift parameter p’ (¢, w) = pu(t,w)+o(t, w)s'(t,w),
which means that in our model, agents differ in their expected instantaneous growth rate of
aggregate endowment and agree about its volatility!®. Note that even if the agents agree on
the instantaneous level of risk o(¢,w), the fact that u'(t,.) is stochastic permits disagreement
among agents about the level of risk. For instance, agents for which the stochastic process p’
exhibits positive (resp. negative) serial dependence will weigh more (resp. less) extreme events
(see Gollier, 2007). Even in the extreme case where there is no time dependence, where o is
constant and where p is a discrete random variable (independent of ¢ and of W), the variance
of the logarithmic return between date 0 and date T is equal to o*T + Var (/ﬂ) T? allowing for
divergence of opinion among agents about the level of risk.

Note that the process p’ as well as §° are (F}) adapted stochastic processes, which may be
updated continuously according to the available information. In particular, the individual beliefs
§° we consider might result from Bayesian updating as in e.g. Detemple and Murthy (1994)
and Zapatero (1998) or from adaptative learning as in Brock and Durlauf (2001). For instance,
if the states of the world are associated to different possible levels of climate change (different
levels of excess temperature), F [ ftT pi(s, w)ds‘ Ft} will represent the average logarithmic return
between dates t and T" that is anticipated by agent ¢ at date ¢t based on date t scientific knowledge
about climate change and its possible impact on the economic growth.

In our general framework, an Arrow-Debreu equilibrium is defined, as usual, by a positive

price process ¢* and a family of optimal consumption plans (y*l) such that markets
i=1,...,
clear, i.e.
YLyt =e

where y' (¢, M, D, e) = arg MAX g 2 1, (i e, )de] <O E [fOOO M;Dyu (cy) dt] .

1YWe only assume that for all T, fOT || dt < o0, fOT |Uf| dt < oo, and fOT ‘(6,’5)2 dt < oo, almost surely.
More precisely, letting W} = W; — fot 8'ds, we obtain through Girsanov Theorem that W' is a Brownian

motion under Q¢ and de} = (,LLt + at(5i) e;dt + orel dWi.




3. Discount factors and discount rates

As in Jouini-Napp (2007), we start from an Arrow-Debreu equilibrium (q*, (y*l) - N) . Note
i=1,...,

that since our utility functions satisfy Inada conditions, all equilibria are interior, hence there
exist positive Lagrange multipliers (A;),_;  such that for all 4, the equality M} D! (ny> =
Aig; holds for all t. We let v, = %

We fix a date ¢t > 0, at which a cost or benefit is incurred. The socially efficient discount
factor A? between date 0 and date ¢ is the price of a zero coupon bond maturing at time ¢ and
is given by A® = E[qf]. The (average) socially efficient discount rate R' is defined as R' =
—% log At. Analogously, the discount factor A% and the discount rate R"* that would prevail if
the economy was made of agent i only are given by R" = —% log AV = —% log £ [MtiDiu’ (62‘()] .
These are the discount factor and discount rate that agent ¢ ”anticipates”.

The aim of this section is twofold. First, to analyse the link between the socially efficient
discount rate R! and the individual subjectively anticipated discount rates R%'. Second, to
analyse the expression of the socially efficient discount rate R' and, in particular, how it departs
from the standard setting.

We first consider to what extent individual subjectively anticipated socially efficient discount
factors can be averaged into a consensus discount factor. Our question can be rephrased as
follows: can the socially efficient discount factor A? be represented as an average of the individual
AT ?

Proposition 3.1. 1. If there is no beliefs heterogeneity and if time-preference rates are
deterministic, i.e., if §'(s,w) = §(s,w) and p' (s,w) = p'(s), then the socially efficient
discount factor is an n—average of the individual subjectively anticipated socially efficient

discount factors, more precisely

N 1/
At — Z,}/’L (At,i)n
i=1
2. In the general setting,
o If=1, then A' =N ~, (A7) .
e Otherwise, we have
N 1/
Al < Z% (At’i)n forn <1
i=1
and
N 1/
Al > nyi (Am)77 forn > 1,
i=1

with equality holding only when the divergence in individual characteristics N* =
M'D? is deterministic, i.e. if N'/N7 is deterministic for all (i, j).

Proposition 3.1 means first that the right concept of average to consider for discount factors

(in the case of power utility functions) is an n—average, which is an arithmetic average only in the



case of logarithmic utility functions. Moreover, this n—average is a weighted average, the weights
being given by the parameters v,. These weights are deterministic and they will be analysed
more in detail in Section 5. Finally, except in very specific settings, it is not possible to recover
the socially efficient discount factor as an average of the individual subjectively anticipated
discount factors. These specific settings are first, the setting with deterministic heterogeneity in
pure time preference rates and no beliefs dispersion'® (which includes the setting with rational
agents and deterministic time preference rates of Gollier and Zeckhauser, 2005), and second,
the setting with logarithmic utility functions. In a general setting, there is an aggregation bias.
The price at date 0 of a zero-coupon bond maturing at date ¢ is lower (resp. higher) than the
(weighted n—) average of the subjectively anticipated prices for n < 1 (resp. > 1). This means
that with beliefs dispersion and/or stochastic time preference heterogeneity, individuals value
less (resp. more) one unit of consumption at date ¢ when n < 1 (resp. n > 1).

As far as the magnitude of these biases are concerned, we shall see in Section 5 that the
difference between the socially efficient discount rate and the rate associated to the n—average
of the individual subjectively anticipated discount rates can be significant.

Let us elaborate on why these biases (with respect to the n—average) are in opposite direc-
tions depending on the position of 1 with respect to 1. The interpretation of 1 as a degree of
relative risk tolerance is not enlightening for our purpose. It seems more meaningful to observe
that the condition n > 1 is equivalent, in our setting, to the condition that prudence is larger
than twice absolute risk aversion. Indeed, this last condition'” appears as crucial in intertem-
poral choices analysis; Gollier and Kimball (1996) show that, in a standard portfolio problem,
the opportunity to invest in a risky asset raises (resp. reduces) the aggregate saving if and
only if absolute prudence is larger (resp. smaller) than twice absolute risk aversion. Moreover,
Gollier (2000) studies the problem of the optimal use of a good whose consumption can produce
damages in the future and shows that scientific progress providing information on the distribu-
tion of the intensity of damages induces earlier prevention effort only if prudence is larger than
twice risk aversion. Hence, a possible interpretation of the central role of 7 = 1 is the following.
Interpret beliefs heterogeneity and time preference heterogeneity in a stochastic setting as ad-
ditional risk or as less information or more uncertainty about the future. According to Gollier
and Kimball (1996) or Gollier (2000), this should lead agents to value more future consumption
in the case n > 1 and less future consumption in the case 1 < 1, which is essentially the result
of Proposition 3.1.

Notice that Proposition 3.1 implies that the approach that consists in considering an arith-
metic average of the individual subjectively anticipated discount rates is compatible with a
general equilibrium approach as far as agents are endowed with logarithmic utility functions.

We now analyse more precisely the expression of the socially efficient discount rate and, in
particular, we compare it with the standard setting. For this purpose, let us first recall some

results about the risk free rate. In the standard setting with rational beliefs and homogeneous

16Note that no beliefs dispersion does not mean that individuals are rational; they can all share the same
subjective belief. Analogously, all time preference rates p® need not be deterministic but they need to be written
in the form p’(t,w) = p(t,w)a’(t) where p is a common term and where a’ is a deterministic process.

'"This condition has been thoroughly studied by Gollier (2000) and has appeared in different contexts (Dreze
and Modigliani, 1972, Caroll and Kimball, 1996, Sinclair-Desgagné and Gabel, 1997, Dionne and Fombaron,
1996).



time preference rate p, the risk free rate is given by

11 1
f ( - 22 ) g2

r! (stdd) = p + (1 + ) o (3.1)

noo2n U
where all parameters p, i, o hence 7/ may depend upon t and w. This is an extension of Ramsey
Equation to a stochastic setting, which illustrates the patience effect, the wealth effect as well
as the precautionary savings effect on the risk free rate. In our setting with heterogeneous time
preference rates and beliefs, we obtain (see Proposition A-2 in Appendix A) that the risk free

rate is given by

;o 1+ 60 11< 1> )
" =pp+———5—(1+-)0"+p (3.2)
b ) 27) " B

with pp = SN 750", 0 = SN 7i6%, and pp = 1 (1—n)Var™ (§) where 7; = ¥

o+ represents
agent ¢ risk tolerance and where Var™ (§) represents the variance of the 8%s across the agents
when agent 7 is endowed with a weight 7;. In other words, the homogeneous time preference rate
p of the Ramsey formula is replaced by the average time preference rate pp and the objective
growth rate p is replaced by the average subjective growth rate y+ d370. Furthermore, there is
an additional term pg that is directly related to beliefs’ dispersion and whose impact is towards
an increase or a decrease of the risk free rate depending on the position of 1 with respect
to 1. This is a straightforward generalization of Jouini-Napp (2007) that takes into account
heterogeneous time preference rates. Note that “the precautionary savings term” is the same
in Equations (3.1) and (3.2) since, as previously underlined, in our model all agents necessarily
agree on the volatility level o (as a consequence of the equivalence of the subjective probability
measures Q°). Notice also that even when all parameters p, 8%, 1 and o are constants, the risk
tolerance weighted averages pp and s as well as the variance term pg are time-varying and
stochastic, hence the risk free rate is also time-varying and stochastic (which is not the case in
the standard setting).

Comparing Equations (3.1) and (3.2), it is easy to see that there are essentially three possible
ways through which beliefs and time preference rates heterogeneity may lead to lower risk
free rates; first, a negative correlation between impatience and risk tolerance or a low level of
impatience, second, a positive correlation between pessimism and risk tolerance or a high level
of pessimism, third, a negative beliefs dispersion effect that corresponds to the case n > 1.

The following proposition enables us to show that analogous results are obtained for the

socially efficient discount rate. We adopt the same notations as in Equation (3.2).

Proposition 3.2. The socially efficient discount rate R! is given by
t 1 1o %
R' = - log E | D¢ M; Byu!(€])] (3.3)

1 _ t
= —ElogEQt [exp—/ rgds} (3.4)
0
, _ ot _ ot B dqQ, _ s
- X . D, = , M, = -
with By exp( pr(s)ds> D, exp( fOpD(s)d:;) M; = & (0n) and T = & <5M 77)

Notice first through Equation (3.4) that when r/ is deterministic (or when r/ and % are
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independent), all that we have just said about the impact of beliefs and time preference rates
heterogeneity on 7/ is true of R'. In particular, aggregate patience, aggregate pessimism, as well
as increased beliefs dispersion when 1 > 1 induce a socially efficient discount rate that is lower
than in the standard setting.

More generally, the comparison of Equation (3.3) with the expression of the socially efficient
discount rate in the standard setting, which is given by R (stdd) = —1log E [exp (—pt) v/ (e})],
permits to exhibit three determinants of the impact of beliefs and time preference rates hetero-
geneity on the discount rate: first, the consensus time preference factor D, second, the belief
(density) M, and third, the aggregation bias B. The analysis of the effect of these three factors
on the discount rate (between date 0 and ¢) is less straightforward than for the (instantaneaous)
risk free rate at a given date t. However, the main conclusions remain valid. Indeed, excess
patience at the aggregate level, in the form of an average time preference rate f(f pp(s)ds that
is lower than the standard time preference rate fot p(s)ds leads to a higher D hence, ceteris
paribus, to a lower discount rate R'. Beliefs dispersion for 77 > 1 leads to a nonpositive parame-
ter pp and to a factor B that is greater than 1, hence, ceteris paribus, to a discount rate that
is lower than in the standard setting. Analogously, increased beliefs dispersion in the form of
a higher Var7(d) leads to an increase in B for n > 1 hence, ceteris paribus, to a decrease in
the discount rate. As far as aggregate pessimism is concerned, intuitively, a pessimistic belief
increases the expected value of a decreasing function of the total endowment e*, hence should
lead to a lower discount rate R. The case with deterministic parameters p; and o, illustrates
this intuition. Indeed, it is then easy to obtain (see Appendix A, Proposition A-3) that, if the

consensus belief is neutral or pessimistic, i.e., when dy; < 0, then
1 !/ * 1 / *
—ElogE (M (ef)] < —glogE [ ()],

hence the effect of pessimism only is toward a lower discount rate. In fact, we obtain that the
impact of beliefs heterogeneity is towards a lower (resp. higher) socially efficient discount rate
if the consensus belief is neutral or pessimistic (637 < 0 ) and when 7 > 1 (resp. the consensus
belief is neutral or optimistic, i.e. dpr > 0, and when 7 < 1). This result is in the spirit of the
findings of Dumas et al. (2008) that obtains, in a specific sentiment framework, that “whenever
risk aversion is [an integer| greater than 1, an increase in the variance of sentiment reduces the

expected values of all the future stochastic discount factors.”

4. Long term considerations

We now turn to (very) long term considerations. In particular, is it socially efficient, when
diversity of opinion is taken into account, to reduce the discount rate per year for far distant

horizons 7 We obtain the following result.

Proposition 4.1. We suppose that for all i, the individual asymptotic discount rate R =

tlim RY exists'®. The asymptotic socially efficient discount rate exists and is given by the lowest
— 00

18 These limits can be replaced by limits along sequences, i.e. R = lim,_, oo R for some sequence t,, such
that limt¢, = oco. In this case, the asymptotic socially efficient discount rate would be defined along the same
sequences.
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subjectively anticipated discount rate i.e.

R>® = tli%loRt =inf {R®"i=1,..,N}.

Let us remark that in a model where each individual corresponds to an expert who consults
a subjective model in order to recommend discount rates, the existence of B> for all 4, means
that each expert is able to propose an asymptotic discount rate.

Proposition 4.1 shows first that the bias, due to beliefs heterogeneity, that we have exhib-
ited in the previous section vanishes in the long run. The socially efficient discount rate behaves
asymptotically as the discount rate associated to an average of the individual subjectively an-
ticipated discount factors. Indeed, under the conditions of the proposition, the socially efficient
discount rate R' converges to the lowest individual subjectively anticipated discount rate as
does the rate associated to any of the considered averages of the anticipated discount factors.
The fact that the dispersion term vanishes in the long term may seem counterintuitive accord-
ing to Equations (3.2) and (3.3). Indeed, the bias between R and an average of the R's is
represented (up to a constant) by the variance of the §%s and it is not clear whether or not this
variance term is negligible in the long run. In particular, the unweighted variance of the d's is
exogeneously given in our model and does not necessarily converge to zero. The fact that the
weighted variance vanishes is then directly related to the dynamics of the stochastic weights
7;. Furthermore, we emphasise that the bias vanishes only asymptotically, and we shall see
in the next section that we may have to consider very far horizons (hundreds of years) before
observing this asymptotic behavior.

Proposition 4.1 proves foremost that, from today’s perspective, among the possible subjec-
tively anticipated asymptotic behaviors R, the only relevant asymptotic behavior is the one
with the lowest discount rate. In other words, in a setting with heterogeneous agents, only the
agent with the lowest anticipated discount rate matters in the long run. In fact, the agent who
values the most future consumption (either because she is very pessimistic about the future or
because she is very patient or any combination of these two possibilities) makes the market for
long term bonds and therefore imposes her price. Mathematically, from today’s perspectives,

all the other agents become negligible in the long run, because their

weight” has been reduced
by the power of compound discounting at a higher expected discount rate. Asymptotically, the
value of the socially efficient discount factor is then given by the discount factor that would
prevail in an economy made of the agent with the lowest rate only. In the case of homogeneous
beliefs and heterogeneous time preference rates, this implies that the asymptotic discount rate
is given by the rate associated with the lowest rate of impatience. In particular, the result of
Gollier-Zeckhauser (2005) on the asymptotic discount rate with heterogeneous time preference
rates!? remains valid in a stochastic setting. In the case with homogeneous time preference rates
and heterogeneous beliefs, Proposition 4.1 implies that the asymptotic socially efficient discount
rate is given by the rate of the most pessimistic agent. More generally, both the distributions
of time preference rates and of pessimism are necessary to determine the asymptotic discount

rate (which is the lowest anticipated discount rate).

9See also Blanchard and Fischer (1989) and Li and Lofgren (2000).
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In the setting of a CBA, this leads to discount long term costs and benefits at the lowest
anticipated rate inducing a bias towards the optimal policy of the agent who values the most
future consumption in the long term. How does Proposition 4.1 relate to the previous results
of, e.g., Dybvig et al.(1996), Gollier (2002b), Weitzman (1998, 2001), who show - in a standard
stochastic setting with a representative agent with rational beliefs and a given time preference
rate parameter - that the long term discount rate is associated with the scenario with the lowest
possible rate (worst case scenario). Proposition 4.1 brings about an additional element in favor
of the choice of low discount rates in the long run. Indeed, the result about the worst scenario
implies that for each agent denoted by i, the asymptotic rate R* corresponds to his worst
scenario (over possible states of the world). Proposition 4.1 implies then that the asymptotic
behavior of the socially efficient discount rate is given by the lowest (among agents) of the lowest
possible rate (among possible scenarios or states of the world). As an illustration, consider the
simple case in which the instantaneous rate of growth of aggregate endowment denoted by p is
a discrete random variable, independent of ¢ and of W, taking values i, ..., ; with probability
pi,...,ps and suppose that o, 6%, p' are constants. We easily get that for all i = 1,...N,
the asymptotic subjectively anticipated discount rate is given by the rate associated to the
worst possible scenario, i.e., R®* = p' + % (infj:L.__,J pi+ aéi) — %% (1 + %) o2, According to
Proposition 4.1, the socially efficient discount rate is then given by the lowest possible rate
among the agents, i.e. R™® =inf,_; n (pi + O'(Si) + mfﬁﬂ% — %% (1 + %) o2.

In order to determine the whole shape of the yield curve, we must determine explicit formulas
for the socially efficient discount rates. As seen in Proposition 3.2, we need to analyse how the
individual risk tolerances 7; evolve over time, since they are key features in our analysis. Besides,
we have seen that the covariance between individual risk tolerances and individual beliefs and
taste parameters play an important part. This means that it is necessary to consider specific

settings in order to analyse the shape of the yield curve.

5. Specific settings and the shape of the yield curve

We consider the setting with constant parameters. In such a setting, we know that in the
standard model with rational beliefs and homogeneous time preference rates, the yield curve is
flat and the socially efficient discount rate is given for all t by Rt = p + % - %% (1 + %) o2. The
aim of this section is to analyse the impact of beliefs and time preference rates heterogeneity
on the shape of the yield curve.

More precisely, we assume that the aggregate endowment process parameters p and o are
constant as well as the individual beliefs and time preference parameters 6° and p*. We suppose
that for all ¢, the relative level of endowment of agent ¢ satisfies e*' = wie* for some constant

w;. Moreover, we assume that, for all 7,
) 1 ‘ 11 /1 9
pl+<—1> w+ oo —<—1>0 >0 5.1
U ( ) 21 \n (51)

which is a necessary condition for the individual optimization problems to be well defined. Note
that assuming constant ¢’s may seem incompatible with learning. However, we consider the

case with constant parameters as an approximation of the situation where all the parameters
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are stochastic and where learning is regularly compensated by new shocks on the drift u.

For all i, the individual subjectively anticipated discount rate R%‘ is time and state inde-
pendent and given by R’ = p' + %msi - %% (1 + %) 02. We recall that even in this setting
the consensus characteristics d); and pp as well as the aggregation bias pp are time-varying,

stochastic processes.

5.1. Logarithmic utility functions

As we have underlined it in Section 3, the case of logarithmic utility functions is very specific.
Indeed, in that case, the socially efficient discount factor can be expressed as a weighted arith-
metic average of the individual subjectively anticipated ones, more precisely A' = ", 7; AV (see
Proposition 3.1) and there is no aggregation bias B in the expression of the socially efficient
discount rate (see Equation 3.3).

Note that Condition (5.1) is equivalent in the logarithmic setting to the condition that all

time preference rates be positive. We obtain the following result.

Proposition 5.1. In the case of logarithmic utility agents with positive time preference rates

p', we have

1. The weight vy, of each individual subjectively anticipated discount factor in the socially

efficient discount factor is given by ~; = Ziiii:jpj’ i=1,...,N.
2. The socially efficient discount rate satisfies
N
R = p—o%— %log Z%exp— (pi —I—éicr) t| for allt >0,
v o
R = p—o’+ ;’yi (p* +0d'), R® =pu—o+ Z:llan (p* +0d').

The yield curve (Rt) , 1s downward sloping.

We recall that in the standard setting with logarithmic utility functions, the yield curve is
flat and for all endowment distribution, the rational discount rate R’ is given by R! = p—o? for
all ¢. When beliefs and time preference rates are heterogeneous, Proposition 5.1 shows that the
yield curve (i.e. the socially efficient discount factor as a function of time) is always downward
sloping. The behavior of the socially efficient discount factor as a function of beliefs dispersion is
more complex since it depends on the correlation between individual characteristics (w;, p*, 5i).

In order to focus on the impact of beliefs dispersion, Figure 1 and Figure 2 represent the
yield curve in a 2 agents setting with no pessimism /optimism on average, i.e. 6% + 6% = 0.

Figure 1 represents the yield curve in the particular setting with w; = we and p' = p2.
In this case, the discount factor is an equally weighted arithmetic average of the individual
subjectively anticipated discount factors, as in Weitzman (1998, 2001). The short term rate is
the rational rate and the long term rate is the pessimistic rate. Moreover, for all ¢, the discount

rate R! decreases with beliefs dispersion.
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Insert Figure 1

The setting with possibly different endowment levels (but still with p' = p?) is illustrated
in Figure 2. The consensus discount factor is an endowment-weighted arithmetic average of the
individual subjective discount factors. The yield curve is still downward sloping. The short term
rate is an endowment weighted average of the individually anticipated short term rates, which
differs from the rational rate if wy # ws. If there is a positive correlation between optimism
and initial endowment, then the short-term discount rate is higher than in the rational setting
and an increase in beliefs heterogeneity increases the short-term rate. The long term rate is
still given by the pessimistic rate and an increase in beliefs dispersion always decreases the long
term rate. More generally, an increase in beliefs dispersion lowers the yield curve when there
is a negative correlation between optimism and initial endowment and rotate it clockwise when
there is a positive correlation between optimism and initial endowment. Finally, an increase in
the initial relative wealth of the optimistic agent induces a higher short-term discount rate and
a greater spread between the short-term discount rate R? and the long-term discount rate R,

the spread being always positive.

Insert Figure 2

Table 1 sums up the possible results with two agents who are on average rational, i.e.
61 + 6% = 0. The results are similar with N agents that are on average rational.

If there is a (pessimistic or optimistic) bias on average, i.e. if & Zf\il §' =6 # 0, then there
is an additional optimism (when § is positive) or pessimism (when § is negative) effect on the
discount rate.

We can consider settings with a continuous distribution on the individual beliefs (52) as
a limit of a setting with a large number of agents. If we suppose that initial endowment is
equally distributed?’, then we obtain as an easy extension of the discrete setting that the
discount factor is an average of the individual subjectively anticipated discount factors, i.e.
Al = E° [Am] . Assuming a Gamma distribution on the individual subjectively anticipated
discount rates (resp. a normal distribution on individual beliefs), we retrieve the expression of
the discount rate in Weitzman (2001) (resp. in Reinschmidt, 2002).

It is interesting to notice that while the socially efficient discount rate always converges in
the long run to the lowest individual subjectively anticipated discount rate, the future short
term rates are stochastic and may remain higher than the rational rate and may even converge
in the long run to the highest anticipated risk free rate. Consider for instance the setting with
pt = p?, 61 + 62 = 0 and wy = we. It is then easy to obtain that for all ¢, 71(¢) and 7o(t) have
the same distribution, which means that none of the agents "wins” and the short term rate
remains equal on average to the rational rate. What happens now if, for instance, one agent
is pessimistic (or optimistic) with M! = £ (§) and the other is rational with M? = 1. In this
case, the weights v, are the same as in the previous setting since they do not depend upon

individual beliefs. However, agent 1 is “wrong” while agent 2 is “right” and it can be shown

20More precisely, we need that E° [%] =E'[M'].
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that?! 71(t) —¢—0o 0 and T2(t) —¢—c0 1, a.s. Hence, by Equation (3.2), the future risk free rate
converges in the long run to the rational rate. More generally, when agent 1 is “more wrong”
than agent 2, future short term rates converge to the short term rate that would prevail in the
economy made of agent 2 alone, while the socially efficient discount rate converges to the lowest

anticipated discount rate.

5.2. Power utility functions

We now consider the case of power utility functions. As we have underlined it previously, there
are essentially two different settings, n < 1 or 7 > 1, for which the impact of beliefs dispersion

is opposite.

5.2.1. The case n < 1

Let us start by considering the specific case 7 = 1/2. In this case, we recall that in the standard
setting the yield curve is flat and, for all ¢, Rt = 2u — 302. We consider two agents, who are
rational on average. Note that Condition (5.1) is equivalent in this setting to the condition that
p— o + inf; (pi + Uéi) > 0.

Proposition 5.2. Consider the case of power utility functions with n = 1/2. Suppose that
1 =6>0,0%=—6, w =ws, p' = p> =0 and that u — o> — o6 > 0.
1. The ratio (%) is given by

Mo p—o?+0d

v \n-o?—as

2. The discount rate is a decreasing function of t and is given by

1
R = 2u=30% = 2In (1) exp™ 7 + (3,)” exp™” 42717, exp 87
RY = 2p—30" + 280 (v; —73) — 01172,
R® = 2u—302—206.

According to the first point of the proposition, the relative weight of the optimistic agent is
greater than the relative weight of the pessimistic agent, i.e., v; > 7, : there is an optimistic
bias at the aggregate level. This result is valid in the general setting with 7 < 1 (see Appendix
A, Proposition A-4). This implies in particular that an increase in beliefs dispersion leads to
an increase of the short term rate. Notice that in the long term an increase in beliefs dispersion
leads to a decrease of the socially efficient discount rate since it corresponds to a more pessimistic
belief for the more pessimistic agent.

The main result we obtain is the fact that the yield curve is decreasing. We have already
seen that the bias between the discount rate R and an average of the R's is represented (up to a
constant) by the beliefs dispersion term Var7 (5). In the case of logarithmic utility functions,

there is no beliefs dispersion term and, as already seen, the socially efficient discount rate R’

21See Yan (2008) for related issues.
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decreases with ¢ and converges to the more "pessimistic" individual subjectively anticipated

<%) 12 ~ InN (0,6v/t) . In particular, this

implies that, for large t, "7 is large with respect to 79 or 79 is large with respect to 71'

rate. In the case 7 = %, we have Z—j (%) =
" with a
probability near 1. Loosely speaking, there are two kinds of states of the world, those for which
71 vanishes for large ¢ and those for which 79 vanishes for large ¢. The beliefs dispersion term
%VarT (6) = 717262 vanishes then asymptotically. The socially efficient discount rate curve is
then globally decreasing and converges, as in the logarithmic case, to the most pessimistic rate.
Everything works then as if we had two scenarios one with the optimistic rate and one with
the pessimistic rate and the asymptotic socially efficient discount rate is associated to the worst
scenario as in Gollier (2002a, b) and Weitzman (1998, 2001). This reasoning is valid for general
n < 1. Indeed, we then have 3—? (%) = (%)n ~InN (0, 2775\/{5) , and as in the case n = 1/2
the beliefs dispersion term %(1 —n)Var™ (§) vanishes asymptotically.

In Figure 3 we represent the socially efficient yield curve as well as the rates associated to
the n—average and to the arithmetic average of the individual discount factors??. All these
curves converge asymptotically to the rate associated to the most pessimistic belief but the
"n" one is a much better approximation of the yield curve than the "arithmetic" one. The
distance between the yield curve and the "n" curve measures the impact of the bias due to
beliefs dispersion. The variance term increases the short rate but its impact decreases with ¢

and vanishes asymptotically. However this impact can remain non negligible for centuries.

Insert Figure 3

We have assumed so far that both agents are endowed with the same initial endowment.
If we relax this assumption, we still obtain decreasing yield curves converging to the most
pessimistic rate. However, when the more optimistic agent has a larger initial endowment, she
has a greater weight in the average formula and the impact of her optimism lasts longer. The
yield curve has then a higher starting point at ¢ = 0 and its initial slope is smaller. When
the more pessimistic agent has a larger initial endowment, she has a larger weight, the starting

point of the yield curve is lower and the convergence to its asymptotic rate is more rapid.

5.2.2. The case > 1

As already underlined, the discount rate exhibits both an average belief/time preference effect
that is measured by 3. 7;6° and by > 7;p* and a beliefs dispersion effect that is measured by
the variance term. As in the case n < 1, the average effect induces a decrease of R; when t
increases (since the associated rate converges asymptotically to the lowest rate) and the variance
term decreases and vanishes asymptotically. However, in the case n > 1, the beliefs dispersion
term 3(1 — n)Var™ (6) is negative. This leads then to two opposite effects when ¢ increases,
the average effect inducing a decrease of R; and the dispersion effect inducing an increase of
R;. Depending on the relative size of these effects, we may obtain decreasing curves as in

the case n < 1 as well as increasing then decreasing curves as in Figure 4. The case n > 1

22In order to evaluate the integrals and expectations that are involved in the formulas we used the adaptive
quadrature implemented in the R function INTEGRATE to approximate the target integral. This function is based
on QUADPACK routines DQAGS and DQAGI (R. Piessens and E. deDoncker-Kapenga,1983) available from Netlib.
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leads then to a richer family of possible shapes and is compatible with the fact that long-term
rates in bonds markets (i.e. ¢t = 30) are usually higher than short-term rates. In the case of
an initially increasing yield curve, this initial shape results from beliefs dispersion and is not
retrieved when we approximate the yield curve by the rates associated to the n—average or the

arithmetic average of the individual discount factors as can be seen in Figure 4.
Insert Figure 4

6. Conclusion

When public investment projects entail costs and benefits in the very long run, a question arises
about the selection of the relevant discount rate to use for the Costs and Benefits Analysis.
Indeed, financial markets do not provide a guideline in this case. In this paper we provide an
equilibrium analysis of the effect of expectations heterogeneity and pure time preference rates
heterogeneity on the socially efficient discount rate in a (quite general) stochastic setting.

First, we show that the certainty equivalent approach of Weitzman (1998, 2001) that consists
in taking the (unweighted) arithmetic average of the individually recommended discount factors
is compatible with an equilibrium approach if we assume that all utility functions are logarithmic
and that all agents have the same initial endowment and the same time preference rate?.
However, for more general endowment and time preference rate distribution, the average is a
weighted average. Furthermore, for more general utility functions, the right concept of average
to consider within an equilibrium approach is not the arithmetic average but an n—average.
Finally, there is a bias induced by beliefs and pure time preference rates dispersion.

Beliefs and time preference rate heterogeneity impact the socially efficient discount factor
as would an additional source of risk. Increased beliefs and/or time preference rates dispersion
leads to lower socially efficient discount rates when 7 is larger than one.

In the long run, we show that the asymptotic socially efficient discount rate is the lowest
individual subjectively anticipated discount rate which depends on both distribution of patience
and pessimism across agents. This is another element in favor of decreasing discount rates in
the long run.

In the short and in the medium term, beliefs heterogeneity leads to a richer class of possible
shapes for the yield curve. In particular, we may obtain increasing yield curves for the first 50

years as it is often the case in financial markets.

Appendix

A Aggregation of individual beliefs and time-preferences

The aim of this Appendix is to extend the results of Jouini and Napp (2007) to our setting with
an infinite horizon and heterogeneous time preference rates. We deal with aggregation issues in
the spirit of Varian (1985, 1989), Abel (1989), Calvet et al. (2002), Shefrin (2005).
Proposition A-1 We let N* denote the individual composite characteristic M*D".

23In fact, it suffices that the product of the time preference rate and of the initial endowment be the same for
all the agents.
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1. The individual characteristics N* can be aggregated into a consensus characteristic N such

that
qf = Nyu! (ef)

with

2. The consensus characteristic N can be written in the form N = BDM where M is a
consensus probability belief, D is a pure time consensus discount factor and B is an ag-
gregation bias, related to beliefs dispersion. More precisely, the martingale process M and
the finite variation processes D and B satisfy dMy = dp My dWy, dDy = —ppDydt, dBy =
—pgBidt with Mo = Dy = By =1 and

N N
Sy = > b, pp=)_Tip
i=1 i=1

N
pp = %(1 - 1) [Zﬂ (6% —5?\4] =5 (1=n)Var™ (d)
=1

DN | =

Proof
1. Since ¢* is an interior equilibrium price process, we know that there exist Lagrange multipliers
(\;) such that for all 7 and for all ¢,

1 . -

TN () = g (6.1)

{2

S N i %
ince > ;" y; = e, we get
N 1/n
qf = Ny (ef) with N; = [Z v (N;)"] : (6.2)

i=1

2. We can write that dyi = a;(t)dt+b; (t) dW, for processes (a;) and (b;) such that Zf\il a; (t) =
wee; and Zfi 1 bi (t) = oef. Analogously, we introduce the processes p and oy such that
dN;y = ppy (t) Nedt + 6 (t) NedWe. We apply 1t6’s Lemma to both sides of Equation (6.2).

Identifying the diffusion parts and the drift parts and after simple computations, we obtain
N
oy = Oy =) 7
i=1

1 N i\ 2 2
UN = 5(77—1) [Zﬂ'(fv) — 0

i=1

N
— g Tip'.
i=1

It is easy to check then that IV is of the form N = BDM. R
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Proposition A-2 The risk free rate is given by

1 11 1
y - 2
rl=p +[u+6Mcr]—<1~|—>a +p (6.3)
Py 27\ 7 b
. N ; N ~ N i\ 2 —
with Sy = Y30, 70", pp = 2,0, Tip', pp = 5 (1= 1) [Zi:l i (07) — 5?\4} =3 (1—n)Var ().
Proof We adopt the notations of Proposition A-1. We let p,« (resp. o4+) denote the drift
(resp. diffusion) parameter of the process ¢*, i.e. dgf = p,qidt + o¢«q;dW;. Since ¢* is a state
price density, we obtain as in the standard setting that r/ = —f14+- We know from the proof of

Proposition A-1 that ¢* = Nu' (e*), hence we get through Itd’s Lemma that

5 u! (6*) .
Mg+ = :U’u’(e*) + un +om mae

where f1,(.+) denotes the drift parameter of the process u' (e*). We easily deduce that
N N
-1 : 11 1 1
Tf:ZTipZ-l-* p+ ZTZ'5Z ol — - <1+>02—(n—1)VarT(5).
i=1 " i=1 21 g 2
Proposition A-3 If 1 and o are deterministic and §p; < 0, then —1log E [Myu' (ef)] <

—1log E [V (e})]. If we further assume that 1) > 1 then —1log E [My By (e})] < —1log E [/ (€])].

Proof The result can be found in Jouini-Napp (2007) for a finite horizon 7' and homogeneous

time preference rates and is adapted here to the case T' = oo and heterogeneous time preference
rates. If @); is defined on F; by % = M; and letting W** = W, — f; Iy (u) du, we have,

()7 = exp (—1/77 [/Ot (uu _ ;aﬁ> du+ /Ot audwl?tD exp (-1/77 /Ot oubar (1) du> .

If 657 <0, then exp (—1/77 fg’ w0 () du) > 1, hence,

E [Mt (e;*)*l/”} > Ep@ [exp <1/77 [/Ot <:uu - ;Ui> du +- /Ot U“dWEtD]
o ([ (s o) [ ]
> B[]

It now suffices to remark that B; > 1, a.s. for n > 1 to conclude. W
Proposition A-4 Consider the case of power utility functions. Suppose that §' =6 > 0 and
6% = =8, w1 = wo and p' = p? = 0, then there is an optimistic bias (7, > v5) for n <1 and a
pessimistic bias (v, < 7y5) for n > 1.
Proof The result can be found in Jouini-Napp (2007) for a finite horizon 7" and is adapted here

n n
to the case T' = 0o. Since w; = wa, the relative weights (%) and (/\%) must satisfy

=
==F
==

[ ot
o (MY M) + (M2 Ag) "}
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g(z)=E

For n < 1, we show that \; < Aa. We prove 1) that ¢g (1) < 0, and 2) that g is increasing with
x, which implies that for Ay > Ay we would have = < 0, which is impossible. We have

oo MO & (M2)" /22)? — MO — (M2 22V (1 -1

g LR s R LA
0 (w (M})" + (M) J2)™ "

which is positive for n < 1 and proves 2). Now, g ( fo [ 1 1/n {(J?ﬁ:ﬁ&gﬁ?:m dt.

With deterministic coefficients, (M?!)" and (M2) can be written in the form (M1)"(t) =
) &
Z (t) (e (t))% and (M )77 (t)=Z(t) (e* (15))_777 for some deterministic process Z. It is easy to

(M1)"—(2)"
see that TOENTE0!

ey - (a2’
D ey

—i7; 18 increasing in e*, hence decreasing in (e*)l_l/ ", leading to

E

<B|Ee) ) B

b=y

{O)" + ()} "

1\7
Since F { (Mt) ( = 1/"} 0, we obtain that g (1) < 0. W

B Proofs

Proof of Proposition 3.1
We let ¢ = M}Diu/(e). By Proposition A-1, we have

N 1/n
- (S| e

1/
This implies that ¢* = {ZZ i (@) } "
1. If 6 = 6 and if pi(s,w) = p(s), we have M = M for all i and A% = DiE []\Zu’(ef)} . We
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then have

N i 1/m
- (X (e ]
=1

11/

N .
Z’Yi (At,z)n
i=1

2. In the case n = 1, we have A = F [Zf\il 'yiq}:*- = Zf\il vE [¢f ] = Zf\il 7, AbE

In the case n < 1, we have

Ay =

N
Z%‘
i=1

N
Z%‘
i=1

hence At < [Zfil v (At,i)n} 1/71‘

In the case n > 1, using Minkovski’s Lemma, we get analogously that

v .ﬂ””” 4

()"
1/n
N
(qé*yulm B ;%

i*
qt

IN

, N
X _ Zf)/z (At,i)n
=1

E

> (qi > vE[q]",

i=1 i=1

11/
hence A > [Zfil Vi (A“)"} "
S a1/
When N?/N7 is deterministic for all (i,5) we get as in 1. that A? = [Zf\il Vi (At”)n} " m
Proof of Proposition 3.2
Equation (3.3) results from the definition of RY = —1log E [¢;] and from Proposition A-
1. For the second equation, we adopt the notations of Appendix A for the drift anf diffusion

parameters of the process ¢*. We then have

t 2 t
exp/ <uq* — (0(12) ) ds —i—/ oq*dWS]
0 0

2
o gr dWs— [ hg)ds] '

Rt

1
_ZlogE
o8

= —% log E expfg Higrds expfot
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Since p« = —rf (see the proof of Proposition A-2), this implies that

2
R — _% log E |exp™ Jirtds eprg o dWs— [ U#*)ds

It is easy to obtain by Proposition A-1 and Ité’s Lemma that o, = 6y — % Hence R! =
—%log E@ {exp’ Jo ngs} .
Proof of Proposition 4.1

We start by identifying bounds for the socially efficient discount rate in 1. and we prove the
result for the asymptotic socially efficient discount rate in 2.
1. For n = 1, we know by Proposition 3.1 that A’ = Zfil 7, A% hence

sup (’yiAt’i) < At < sup AH.

2 (2

] L/m
For n < 1, we have seen in Proposition 3.1 that A" < [vazl Vi (At”)n} . Since YN 5, =1,

we get that A® < sup; A"*. Moreover, as seen in the proof of Proposition 3.1 we have

N 1/n
A'=E (Z o (qi*)n> :
i=1
hence for all 7 we have
AL > B [(% (q,?*)n)l/n] =FE [(%)1/” qﬂ :

and
At > sup <(%)1/n At,i) .

For n > 1, we get analogously that A’ > sup; <(fyz~)1/ K A“) . Moreover, since for all nonneg-

ative real numbers (a;) we have, for n > 1,
we then get that, for n > 1,

N/n Abi

[/ N 1/

A = E (Z%(Qi*)n> ]
N
qt :Z(%)

=1

< FE (%)1/7, Z*]
i=1

_ Rt —inf; RMt [ ot

2. Consider first the case n = 1. Since A% = exp , we have sup; A"* = exp

us denote by I an agent such that inf; R®? = R°! we have then inf; R%* = R*! for ¢ large

enough. Furthermore, it is immediate that sup,; (’yiAt’i) >y exp*Rt’It. By 1, we then get, for
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t large enough,
1 3 1 _Rt
—3 log (exp*Rf It) <R'< —3 log (’yl exp R It)

or equivalently

Rt,[ < Rt < _log (’71) +Rt,[
- - t

hence lim;_,o Rf = R/ = inf; R,

Consider the case 7 < 1. As in the case n = 1 and with the same notations, it is easy to verify
that, for ¢ large enough, sup; ((%)1/77 AM) > ('71)1/77 exp ®"'t and that sup; A% = exp 1",
Hence, we have Rt —;_,oc R°! = inf; R

Consider now the case n > 1. We have
Z ()M At < (Z (%’)1/77> sup A" < N sup A"
i=1 i=1 ¢ ‘

For t large enough, we then have
01 1 t or 1/m
R tIOgNSR <R" / log vy

and Rt —t—00 ROO’I = infl- Roo,i‘ |
Proof of Proposition 5.1

1. The relative endowment level w; of agent ¢ must satisfy

o0 & i > 1 i o 1 [ i 1
w; B / *e*dt]—E[/ i *dt}—E[/ —exp ” M’dt]—/ exp P 'dt = -
i { ; 4y € ) 4 Yy DY p t X Jo p Ap

__wipt
hence v, = Z;ijj'

2. The expression for R? is a direct consequence of the fact that Rf = —% log [2?21 Vi exp*Rit ,
obtained in Proposition 3.1. The expression for R? is easily obtained by taking the limit when ¢
converges to 0 in the expression of R’. The expression for R* results from Proposition 4.1. W
Proof of Proposition 5.2

1. Since w; = wa, the relative weights v, must solve
o 1/2 1/2 1/2 1/2
B[ [ (04 = 2 ()] [0 081) 7425 (022) ] at] =
This is equivalent to
> (—pto?/2-52/2)t 2 (=)W, 2 (—6—0) W,
exp\ /' E [(71) exp'®” 7 — (73) exp' 0T t} dt =0
0

or

o0 (5—0)2 (5+0)2
/ exp(—u+a2/2_52/2)t <(71)2 expt Pt — (72)2 exp 3 t> dt = 0.
0

This implies that
(n)? _ (-u+0®—0d)

(v5)*  (—p+0%+40d)
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. 1/
2. We know that R! = —%log [{2?1 Y (Mt’)”} ! (ezk)l/”} . It is then easy to obtain that
Rt =8 _ 2 1 g — %lnE [(’yl exp(1—a)We +75 exp(’”‘;"’)wf)lm} . For n = 1/2, we have Rt =
2u702+§ — %ant with
Vi=E [(%)2 exp?®/2mIWe 4 (7)) exp 2O/ 2FIWE Loy ) exp 272 |

We have then

)2 2 2
Vi = (71)?exp?®27) 4 (7,)% exp®O/2F0) 12y vy, exp® !
= exp? (31)? exp(0/22D)1 4 () explP/2270) 9y, )

hence .
R = 2= 30" = S n ((31)” exp™7" 4 (1)” exp® 7! 429, 7, exp 307

The result on R*® comes from Proposition 4.1. The result on R comes from taking the limit

when ¢ converges to 0 in the expression of Rf. W
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Figure 6.1: This figure represents R’ as a function of ¢ in the case of logarithmic utility functions,
same time-preference rates (pl = pz), same relative initial endowment levels (w; = ws), and for
three different levels of beliefs dispersion 65, j = 1,2,3 (agent 1 has a belief §; and agent 2
has a belief —d;). The straight line represents the rational rate. We take = 1.8%, 0 = 3.6%
and p near 0. We take 0; = 0.07, 2 = 0.14, d3 = 0.21. The three curves are decreasing (see
Proposition 5.1). For all ¢, the discount rate R’ decreases with the level of beliefs dispersion
(see Table 1), hence the three curves do not cross and the lowest curve corresponds to the
highest level of beliefs dispersion. The three curves start from the rational rate. Each curve C;
converges asymptotically to the pessimistic discount rate p + pu — 02 — 06 e
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Figure 6.2: This figure represents R' as a function of ¢ for three different levels of beliefs
dispersion ¢, j = 1,2, 3 in the case of logarithmic utility functions, equal time-preference rates
(pl = ,02) and a positive correlation between wealth and optimism. The straight line represents
the rational rate. We take u = 1.8%, 0 = 3.6% and p near 0; §; = 0.07, 05 = 0.14, 63 = 0.21
(agent 1 has a belief 0; and agent 2 has a belief —§;); w; = 0.8, wy = 0.2 . The three curves
are decreasing (Proposition 5.1), each curve C; converging asymptotically to the pessimistic
discount rate p+ p— o2 — ;. Since wy > ws, for small ¢ the discount rate R increases with the
level of beliefs dispersion (Proposition 5.1), and for larger ¢, it decreases with the level of beliefs
dispersion, hence the three curves cross. Since w; # we, the three curves start from different
points, which are given by p+ pu — 02 + (w1 — wa) 06 j- The lowest curve at ¢ = 1000 correspond
to the highest level of beliefs dispersion.
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Figure 6.3: This figure represents the socially efficient discount rate for v; = v,,7 = 0.4, p =0,
u = 0.018, o = 0.036, and 6 = 0.35 as well as the curves associated to the n—average (resp.
arithmetic average) of the individual discount factors. The discount rate curve dominates the
n—average that dominates the arithmetic average. With these parameters values, the rational
rate is equal to 3.2%.
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Figure 6.4: This figure represents the socially efficient discount rate for v; = 0.6,n = 1.2,
w=10.04, 0 =0.036,6 = 0.7 as well as the curves associated to the n—average (resp. arithmetic
average) of the individual discount factors. The arithmetic average dominates the n—average
that dominates the discount rate curve.
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