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Abstract

This paper presents an equilibrium model in a pure exchange econ-
omy when investors have three possible sources of heterogeneity. In-
vestors may differ in their beliefs, in their level of risk aversion and
in their time preference rate. We study the impact of investors het-
erogeneity on equilibrium properties. In particular, we analyze the
consumption shares, the market price of risk, the risk free rate, the
bond prices at different maturities, the stock price and volatility as
well as the stock’s cumulative returns, and optimal portfolio strategies.
We relate the heterogeneous economy with the family of associated ho-
mogeneous economies with only one class of investors. We consider
cross sectional as well as long run properties.

1 Introduction

We analyze financial markets with three possible sources of heterogeneity
among agents: they may differ in their beliefs, in their level of risk aversion
and in their time preference rate. We analyze agents interactions, and the
impact of heterogeneity at the individual level, in particular on individual
consumption, individual valuations, individual portfolio holdings and risk
sharing rules. At the aggregate level, we analyze properties of the market
price of risk, of the risk free rate, of the bond prices, and of the stock price
and volatility. We identify the channels through which heterogeneity impacts
the different equilibrium characteristics and show that heterogeneity by itself
permits to explain some critical features of financial markets.



Consistent with observations that “equity risk premia seem to be higher
at business troughs than they are at peaks” (Campbell and Cochrane, 1999),
we show that the market price of risk is always monotone decreasing in the
aggregate endowment.’ Interestingly enough, this result is very general and
holds for any distribution of the parameters of risk aversion and beliefs.
It is heterogeneity and its impact on the fluctuations of the relative levels
of risk tolerance which generates this behavior. It should be noted that
even though this result is in the spirit of the findings of Chan and Kogan
(2002) or Campbell and Cochrane (1999), unlike in those papers, we do
not need to impose habit-formation preferences (keeping-up-with-the-Joneses
preferences).

We also identify conditions under which the risk free rate is increasing in
the endowment level. This is a desirable feature of financial markets models
because empirical studies have confirmed that the short term rate is a pro-
cyclical indicator of economic activity (see e.g. Friedman, 1986, Blanchard
and Watson, 1986).

Our analysis of the term structure of interest rates shows that there are
distinct horizons at which distinct agents drive the long term bond yield. In
equilibrium, each agent effectively demands a different long run interest rate,
coinciding with the interest rate in the corresponding single agent economy.
The yield curve is defined stepwise, with each subinterval being associated
with a given agent in the sense that the marginal rate on that subinterval
corresponds to the rate in the economy populated only by this agent.? It
is interesting to note that this subdivision of the yield curve into different
segments holds in the long run even though the different agents (except one)
associated to the different habitats do not survive in the long run.

This finding confirms the previously noted fact that survival and long run
impact are different concepts. As far as risky assets are concerned, we also
show that the long run return of these assets are impacted by nonsurviving
agents and we provide an example where the agent who drives the long
run discount rate is different from the agent who drives the long run risky
returns and both of them are different from the surviving agent who drives
the instantaneous risk free rate in the long run. In particular, the long run
short term risk premium is then determined by the surviving agent while the

!This has been noticed as early as Dumas (1989), in the case of two agents.

2 Interestingly enough, with more than two agents, the investment horizon is generally
non-monotonic in the individual agent’s interest rate, so that agents demanding a higher
rate may dominate the shorter end of the yield curve.



long term risk premium (the spread between the long run risky and riskless
returns) is determined by two different agents, namely those who respectively
drive the long run risky and riskless returns. Heterogeneity leads then to a
term structure of risk premia that is not flat and there are cases where the
long term risk premium is higher than the instantaneous risk premium. In
other words, the presence of heterogeneity modifies the long term relation
between risk and return and introduces a distortion between the long term
and the short term risk-return tradeoft.

Let us describe in more detail how heterogeneity operates. Even though
the individual levels of risk aversion, optimism and patience are constant, het-
erogeneity leads to time and state varying levels of risk aversion, optimism
and patience at the aggregate level. Indeed, the aggregate parameters can
be written as a risk tolerance weighted average of the individual parameters.
Since the levels of risk tolerance are time and state dependent, this gener-
ates at the aggregate level waves of risk aversion, of pessimism/optimism,
and of patience. To illustrate this, let us focus on ”"extreme” states of the
world (very high or very low level of aggregate endowment, or distant future
states of the world). We find that the agent who values the most these states
dominates the other agents in terms of consumption shares or relative risk
tolerance. In very bad (very good, distant future) states of the world this
agent corresponds to the agent with the highest individual required market
price of risk® (lowest individual required market price of risk, lowest survival
index’). The aggregate level of risk aversion (optimism, patience) is then
given by the level of risk aversion (optimism, patience) of the dominating
agent. For example, more pessimistic agents dominate the economy in bad
states of the world when there is only beliefs heterogeneity, which leads to a
pessimistic bias at the aggregate level. This can explain excess of pessimism
in periods of recession without referring to irrational behavior. Analogously,
more risk averse agents dominate the economy in periods of recession when
there is only risk aversion heterogeneity, which leads to more risk aversion at

3The individual market price of risk of agent i is given by 6; = ;0 — §; where ;, §; and
o respectively denote the individual level of risk aversion, the individual level of optimism
and the volatility of aggregate endowment. The individual (required) market price of risk
reflects the agent’s motives to invest in a risky asset. It increases with the level of risk
aversion and with the level of pessimism.

. . .. 2
4The survival index of agent i is defined by x; = p; +; (11— %)+ %63, where p;, Vi, 0;,
and o respectively denote the individual level of time preference, risk aversion, optimism

and the drift and volatility of aggregate endowment.



the aggregate level. Brunnermeier and Nagel (2008) find that the fraction of
wealth that households invest into risky assets does not change with the level
of wealth and conclude that the households’ relative risk aversion is constant
at individual level. On the other hand, fluctuating risk aversion of a represen-
tative agent, as in habit preference models (Campbell and Cochrane, 1999),
would help matching aggregate data. Our results describe in which way in
equilibrium with heterogeneous agents fluctuating relative risk aversion at
the aggregate level is not inconsistent with constant relative risk aversion at
the individual level.

In order to analyze the impact of such fluctuating aggregate parameters on
the equilibrium prices (interest rates and market price of risk), let us compare
our heterogeneous economy with different benchmarks corresponding to the
different homogeneous economies that we would obtain if all the agents were
of the same type, namely the type® of agent 4. In our setting, the market price
of risk appears as a risk tolerance weighted average of the individual market
prices of risk (the prices that we would obtain in the different benchmark
economies). It then fluctuates in time and states of the world between the
lowest and highest individual market prices of risk. For very bad (good,
distant future) states of the world, the market price of risk is given by the
highest individual market price of risk (the lowest market price of risk, the
market price of risk of the surviving agent). This phenomenon that operates
in extreme states of the world is in fact more general leading to a market
price of risk which is decreasing in the level of aggregate shocks.

Contrary to the market price of risk, the risk free rate is not a weighted
average of the individual risk free rates’. The equilibrium risk free rate can
lie outside the range bounded by the lowest individual risk free rate and by
the highest individual risk free rate. However, in “extreme” states of the
world, the risk free rate behaves as a risk tolerance weighted average of the
individual ones and the ”dominating” agent governs the risk free rate.

The equilibrium long term bond yield is given by the individual long term

5If we consider a model with n agents then there are n possible benchmarks. In the
following, the equilibrium prices in the i*" benchmark economy (i.e. in the homogeneous
economy where all the agents have agent ¢ characteristics) will be called agent ¢ individual
prices.

6The individual risk free rate of agent i is given by r; = p; +7; (1 + 6;) — 37 (v + 1) 02,
where p;,7;,d;, 4 and o respectively denote the individual level of time preference, risk
aversion, the individual level of optimism, the drift and the volatility of aggregate endow-
ment.



bond yield of the agent with the highest savings motives (lowest individual
risk free rate). This is due to the fact that this agent most values the very long
term bonds. A related interesting finding we obtain is that the agent who
drives the long run-long term bond yield differs from the agent who drives
the long run risk free rate, even though the bond yield is an average of the
risk free rates. In particular, in the long run, the yield curve is driven, at one
end, by the risk free rate of the agent with the lowest survival index whereas
at the other end, it is driven by the risk free rate of the agent with the highest
savings motives, or, equivalently, the lowest risk free rate’. In between, the
long run yield curve is governed stepwise by different agents that maximize a
trade-off between savings motives and survival. For example, when there is
only heterogeneity in beliefs, one end of the long run yield curve is dominated
by the most rational agent (maximization of the survival motives), the other
end is dominated by the most pessimistic agent (maximization of the savings
motives) and in the middle, the long run yield curve is governed, in intervals,
by more and more pessimistic agents (maximization of a trade off between
rationality and pessimism).

We also analyze the behavior of stock volatility, which converges to divi-
dend volatility. In the long run, only the surviving agent is present (in terms
of consumption shares or risk tolerance levels) and the stock volatility in the
heterogeneous economy converges to the surviving agent’s individual stock
volatility, which is the dividend volatility. We show that for finite times stock
volatility fluctuates between bounds determined by the maximal difference
between market prices of risk associated with different agents. We get similar
bounds for the optimal portfolios. When all levels of risk aversion are larger
than one, then in the limit all agents determine their optimal portfolios using
the market price of risk associated with the surviving agent.

We now discuss other related articles. The whole literature on equilib-
rium risk sharing in complete markets with heterogeneous risk preferences
starts with the seminal paper by Dumas (1989). He considers an equilibrium
production economy, populated by two agents with heterogeneous risk prefer-
ences and provides a detailed investigation of numerous dynamic properties
of the economy, including consumption sharing rules, equilibrium optimal
portfolios and properties of the interest rates. Wang (1996) investigates the
Dumas (1989) two agent risk sharing problem, but in a Lucas-type exchange

"This result is in the spirit of Wang (1996) who considers a model with two agents that
have different levels of risk aversion.



economy. Assuming that one of the agents is exactly two times more risk
averse than the other, Wang derives a closed form expression for the equilib-
rium state price density and semi-closed form expression for the equilibrium
yield curve. He shows that this simple economy is able to generate a very rich
dynamics for the yield curve, whose shape changes over time with the state
of the economy and is generally non-monotonic. Bhamra and Uppal (2009a)
consider the Wang (1996) model, but with general risk aversion and show
that heterogeneity may lead to excess stock price volatility. Bhamra and
Uppal (2009b) extend the analysis of Bhamra and Uppal (2009a) and derive
expressions for the consumption sharing rule and equilibrium characteristics
in the form of infinite series.

Chan and Kogan (2002) consider an extension of the Wang (1996) model,
but with keeping-up-with-the-Joneses preferences and a continuum of agents
with heterogeneous risk aversions. They provide extensive numerical analysis
of the equilibrium and show that the model is able to generate equilibrium
moments of asset prices and returns that coincide with those observed em-
pirically. Xiouros and Zapatero (2010) derive a closed form expression for
the equilibrium state price density in the Chan and Kogan (2002) model.
This allows them to better understand the precise impact of preferences het-
erogeneity on equilibrium dynamics. Cvitani¢ and Malamud (2010) study
how long run risk sharing depends on the presence of multiple agents with
different levels of risk aversion.

Another quite large direction of the complete market risk sharing litera-
ture concentrates on the equilibrium effects of heterogeneous beliefs. With
CRRA agents differing only in their beliefs, the equilibrium state price den-
sity can be derived in closed form and therefore many equilibrium properties
can be analyzed in detail. See, e.g., Basak (2000, 2005), Jouini and Napp
(2007, 2010), Jouini et al. (2010) and Xiong and Yan (2010). Several papers
study the market selection hypothesis, stating that irrational agents cannot
survive in a competitive market, as they will constantly lose money bet-
ting on the realization of very unlikely states of the economy. For example,
Sandroni (2000) and Blume and Easley (2006) show that this hypothesis is
indeed true in the framework of a general, complete market, discrete time
economy with bounded growth (implying that the aggregate endowment is
bounded away from zero and infinity). Namely, they show that only the
agents with the most rational (correct) beliefs will survive in the long run,
and the consumption share of irrational agents (i.e., those whose beliefs are
less correct or less efficiently updated) will go to zero and they will vanish
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in the long run. In particular, survival in bounded economies is independent
of risk preferences. Yan (2008) shows the market selection hypothesis is still
true even with unbounded growth, but survival does depend on risk aversion.
He analyzes the same model as the one studied in the current paper: stan-
dard exchange economy populated by an arbitrary number of agents with
heterogeneous risk aversion, discount rates and beliefs, and the aggregate
endowment following a geometric Brownian motion. Yan shows that only
the agent with the smallest survival index survives in the long run, but the
survival index depends on both risk preferences and beliefs. However, he also
shows that this market selection mechanism is very slow and it may take a
very long time for an irrational agent to disappear. Berrada (2010) comes
to a similar conclusion in a two-agent setting with heterogeneous beliefs and
learning. Fedyk, Heyerdahl-Larsen and Walden (2010) extend Yan’s (2008)
model by allowing for many assets. They show that errors made by an ir-
rational agent due to his incorrect beliefs about the multiple stocks in the
economy tend to aggregate and lead to a dramatic increase in the speed of
the market selection mechanism.

Given the above mentioned survival results, it is natural to ask whether
the long run equilibrium quantities converge to those determined by the
single surviving agent. Yan (2008) shows that this is indeed true for both
the market price of risk and the interest rate. It is also possible to show
that the same is true in the Blume and Easley model. Surprisingly, Kogan,
Ross, Wang and Westerfield (2006), henceforth, KRWW (2006), show that
this convergence result is not anymore true for unbounded growth economies
and assets with long maturity payoffs. KRWW (2006) consider a continuous
time economy, populated by two CRRA agents with identical risk aversion
and heterogeneous beliefs, maximizing utility from terminal wealth; they
show that, as the horizon of the economy tends to infinity, the agent with
incorrect beliefs (i.e., the irrational agent) does not survive. Nevertheless, he
still may have a significant equilibrium impact on the stock price for a large
fraction of the economy’s horizon. Cvitani¢ and Malamud (2011) extend
the results of KRWW (2006) to a multi-agent setting with heterogeneity in
both preferences and beliefs and show that, with more than two agents, a
new related phenomenon arises: irrational agents who neither survive nor
have any price impact may still have a significant impact on other agents’
equilibrium optimal portfolios.

However, as both KRWW (2006) and Cvitani¢ and Malamud (2011) note,
these results are limited to economies with no intermediate consumption and
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agents maximizing utility only from terminal wealth at a finite horizon 7. Ko-
gan, Ross, Wang and Westerfield (2008), henceforth, KRWW (2008), study
the link between survival and price impact in the presence of intermedi-
ate consumption and allow for general utilities with unbounded relative risk
aversion and a general dividend process. They show that in order to have
non-surviving agents who impact the long-run equilibrium state prices, it is
necessary to assume utilities with an unbounded relative risk aversion that
grows sufficiently fast at infinity. The assumption of unbounded risk aversion
is strong, especially given that most existing models in finance assume that
the agents have CRRA preferences. Our results on the long run behavior of
the yield curve show that the phenomenon of decoupling price impact and
survival can also be present in models with intermediate consumption: non-
surviving agents may still have a significant impact on long maturity bond
yields and long run cumulative stock returns. This result complements the
results of KRWW (2008): even though, with bounded (constant) relative risk
aversion, long run state price densities converge to those determined by the
single surviving agent, long run bond prices do not converge to those when
the maturity is sufficiently long.

Other papers with non-CRRA utilities include Hara et al. (2007), Berrada
et al. (2007) and Cvitani¢ and Malamud (2009).

In Section 1 we present the model, we study homogeneous equilibria in
Section 3, analyze the equilibrium market price of risk and risk free rate in
Section 4, the equilibrium drift, volatility, risky asset returns and optimal
portfolios in Section 5, survival issues in Section 6, and bond prices and the
term structure of interest rates in Section 7, conclude with Section 8, and
provide the proofs in Appendix.

2 The Model

We consider a continuous-time Arrow-Debreu economy with an infinite hori-
zon, in which heterogeneous agents maximize their expected utility from
future consumption.

Uncertainty is described by a one-dimensional, standard Brownian motion
Wi, t € [0, 00) on a complete probability space (2, F, P), where F is the
augmented filtration generated by W;. There is a single consumption good
and we denote by D the aggregate dividend or endowment process. We make



the assumption that D satisfies the following stochastic differential equation
th = ,thdt + O'Dtth _D() =1

where the mean growth rate p and the volatility o are constants.

There are N (types of) agents indexed by i = 1,..., N. Agents have dif-
ferent expectations about the future of the economy. More precisely, agents
disagree about the mean growth rate. We denote by p; the mean growth rate
anticipated by agent 7. Letting

5, = Hi — |
o
denote agent i’s error in her perception of the growth of the economy nor-
malized by its risk®, we introduce the probability measure P!, defined by its
density Z; = diWi=35%t From agent ¢ point of view, the aggregate endow-
ment process satisfies the following stochastic differential equation

th == /LZDtdt + O'DtthZ DQ =1

where, by Girsanov Theorem, W/} = W; — §;t is a Brownian motion with re-
spect to P?. The fact that agents agree on the volatility parameter is implied
by the assumption that all individual probabilities P* are equivalent to P
for every finite t. This assumption is quite natural’. Moreover, as already
noticed by Basak (2000), or Yan (2008), this parametrization is consistent
with the insight from Merton (1980) that the expected return is harder to
estimate than the variance. Note however that, even though P and P! are
equivalent when restricted to F; for any t < oo, they are mutually singular
on F. Indeed, since W, has a drift §; under P’ and the drift is 0 under
P, the strong law of large numbers for Brownian motion implies that, when
t — 00:

Wi/t — 0 P — a.s. (1)
Wi/t — 6 P' —a.s. (2)

8The parameter §; also represents the difference between agent i’s perceived Sharpe
ratio and the true one.

9Note that if P? were absolutely continuous with respect to P and not equivalent, and if
there existed an event A with a positive probability for some agent and a zero probability
for another one, equilibrium could not be reached because either the demand of the first
agent would be +o0o or the demand of the second agent would be —oo.
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This means that the measure P is supported on those paths of W that stay
equal to zero on average, whereas P* is supported on those paths of W that
increase (or, decrease if 0; < 0) as d;t on average. Clearly, these two sets
of paths do not intersect and therefore the measures P and P! are mutually
singular on F.

Note also that agents are persistent in their mistakes as in e.g. Kogan et
al. (2006) or Yan (2008, 2010). This setting is the most simple and natural
extension to the case with disagreement of a standard rational model where
all agents know that the true growth rate is a constant p . The restriction
implied by such a modeling is that agents systematically overestimate (op-
timism) or underestimate (pessimism) the growth rate. This restriction is
consistent with the interpretation of the bias on the beliefs as a behavioral
bias characterizing the behavior of individuals towards risk, like the individ-
ual distortions of the underlying probability distributions, from behavioral
decision theory literature. With such an interpretation, an individual is more
or less pessimistic in the same way as she is more or less risk tolerant or impa-
tient'". The choice of constant parameters can also model “tastes for assets”
as in e.g. Fama and French (2007). In this case, a positive 6 would cor-
respond to the agents who like the asset whose dividends are given by the
aggregate endowment process D and a negative ¢ to the agents who dislike
that asset. Furthermore, even though assuming constant 6°’s may seem in-
compatible with learning, the case with constant parameters may be seen as
an approximation of the situation where all the parameters are stochastic and
where learning is regularly offset by new shocks on the drift . Indeed, as un-
derlined by Acemoglu et al. (2009) a small amount of uncertainty (about the
model characteristics) may lead to a substantial (non-vanishing) amount of
long run disagreement: long run disagreement is discontinuous at certainty.
Disagreement is then the rule rather than the exception. When rationality
of beliefs is defined relative to what is learnable from the data rather than
to some model, rational agents may exhibit drastic differences in beliefs even
when they have the same information and even if they observe infinite se-

10Tf the bias corresponds to a behavioral bias having decision theoretical foundations,
then it is consistent to suppose that the bias is persistent: agents remain optimistic or
pessimistic. Our notion of optimism/pessimism coincides in our setting with the notions
of optimism/pessimism adopted by e.g., Yaari (1987), Chateauneuf and Cohen (1994) and
Diecidue and Wakker (2001). Chateauneuf and Cohen (1994) relate it to the notion of
First Stochastic Dominance, while Yaari (1987) and Diecidue and Wakker (2001) relate it
to the notion of Monotone Likelihood Ratio. These notions coincide in our setting.
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quences of signals. Persistent disagreement is also obtained in models with
learning when agents exhibit overconfidence as in Scheinkman and Xiong
(2003), Xiong and Yan (2010) or Dumas et al. (2009).

Agent i’s utility function is given by w; (¢) = cl:iﬂ’l for 7; > 0, where
v; is the relative risk aversion coefficient. In the following, we let b; = vl
denote the relative risk tolerance of agent 7. Agent i’s time preference rate is
denoted by p;.

Agent i’s utility for a given consumption stream (¢;) is then given by

‘ (S) 1=y
B { / —104
0 I —

where E" denotes the expectation operator from agent ¢’s perspective. There
are then in our setting three possible sources of heterogeneity among agents:
heterogeneity in beliefs, heterogeneity in time preference rates and hetero-
geneity in risk aversion levels.

N
Agents have endowments denoted by <e*i> with Ze*i = D. We assume
i=1

that markets are complete which means that all Arrow-Debreu securities
can be traded. A state price density (or stochastic discount factor) M is a
positive process such that M (t,w) corresponds to the price of the asset that
pays one dollar at date ¢t and in state w. For a given state price density M,
agent ’s intertemporal optimization program is given by

(Oinr) : max {EPZ’ [ /0 h e~ () dt} | E [ /0 h M, (¢, — €) dt} < 0} .

We adopt the usual definition of equilibrium.

Definition 2.1 An equilibrium consists of a state price density M and con-

sumption processes (ci) such that each consumption process (ci) solves agent
N

i’s optimization program (O;pr) and markets clear, i.e., Zcit = Dy.
i=1

We assume that such an equilibrium exists and in the following we let M
(resp. ¢;;) denote the equilibrium state price density (resp. the equilibrium
consumption processes).
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In order to deal with asset pricing issues, we suppose that agents can
continuously trade in a riskless asset and in a risky stocks''. We let S° denote
the riskless asset price process with dynamics dS? = r;S?dt, the parameter
r denoting the risk free rate. Since there is only one source of risk, all risky
assets have the same instantaneous Sharpe ratio and it suffices to focus on
one specific risky asset. We consider the asset S whose dividend process is
given by the total endowment of the economy and we denote respectively by
s and og its drift and volatility. We let

ps + DSt — 7
gs

7

denote the asset’s Sharpe ratio or equivalently the market price of risk. The
parameters r, s and og are to be determined endogenously in equilibrium.

We let B (t,T) denote the price at time ¢ of the pure-discount bond price
delivering one dollar at time T, i.e.,

B(1,T)= - F, [Mr].

We also introduce the average discount rate (“yield”) Y (¢,T) between time
t and time T' defined by

Y (t,T)=— log B(t,T).

T—1t

In order to deal with long run issues, we recall the following terminol-
ogy. We say'? that two processes X; and Y, are asymptotically equivalent if
lim;_, % = 1 P-a.s. which we denote by X; ~ Y, P-a.s. We say that a
process X; asymptotically dominates a process Y; under P if lim;_, % =0
P-a.s.

The quantity %i represents the consumption share of agent ¢ at time ¢ (in
equilibrium). We also introduce the quantity

bicit
N
> =1 bjcje

HWe refer to Duffie and Huang (1985) and to Riedel (2001) to show that our Arrow-
Debreu equilibrium can be implemented by continuous trading of such long-lived securities.
12As in e.g. Kogan et al. (2006).

(3)

Wit =
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which represents the relative level of absolute risk tolerance'” of agent ¢ at
time ¢, and plays an important part in describing the equilibrium (see, e.g.
Jouini and Napp, 2007).

3 Equilibrium in homogeneous economies

We start by considering the equilibrium characteristics that would prevail in
an economy made of agent ¢ only, or that would prevail in our economy if all
the initial endowment were concentrated on agent 1.

We denote by M; the equilibrium state price density in an economy with
only agent ¢. By the first order conditions in the homogeneous economies, we
have

M't - eipitZ'tD;% = e_(pi+7i(M_L22>+%6?)t + (6i_’Yi0’)Wt.
71 .
The market price of risk 6; = %ﬁf%, the risk free rate r;, the

survival index k; (Yan, 2008), the stock’s drift p;s and volatility ;5 are
respectively given'* by

1
0; = (vio — 6;), i = pi + Yilti — 5 (i +1) 07,

0.2

1
fiz'EPi—i‘Vi(/ﬁ—?)‘i‘i(S?a

lis = 1; + ob; and 0,5 = 0.

The risk free rate represents the agent’s savings motives. The savings motives
increase with pessimism and with patience. We index by [, the agent with
the highest savings motives, i.e., such that r;, = inf; ;.

The market price of risk represents the agent’s motives to invest in the
risky asset. It increases with pessimism and with risk aversion. We index by
Iy,... (Ip. ) the agent with the highest (lowest) market price of risk.

With these notations we have M;; = e " ~%W and the survival index
satisfies k; = —%E [log My]. Tt can then be interpreted as the growth rate of

13The relative level of absolute risk tolerance of agent i at time t is given by

) [ % ()]
w; J i

Yletting pa, and oy, respectively denote the drift and volatility of the state price
density M;, the market price of risk and the risk free rate satisfy r;; = —pa, (t) and
Qit = _UMi (t)
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the state price density M;. It decreases with patience, rationality, and risk
aversion when p > § The survival index differs from the risk free rate by an
[to’s term, more precisely we have r; = k; — %63 We index by [ the agent
with the lowest survival index.

We make the assumption that each of the criteria is minimal (or maximal)
for one agent only, i.e., that Iy, Ix, Ip , and Iy are well defined and
unique. If there is only heterogeneity in time preference rates, the agent with
the lowest survival index is also the agent with the highest savings motives
(agent [ coincides with agent Iy) and is the most patient agent. If there is
only heterogeneity in beliefs, agent I is the most rational agent and differs
from the agent with the highest savings motives who is the most pessimistic
agent. If there is only heterogeneity in risk aversion and if pu > "72, agent [
is the least risk averse agent.

The next proposition can be readily verified. It sums up the main results
about the equilibrium characteristics in the homogeneous economies.

Proposition 3.1 Considering the homogeneous economies made of agent 1
only, the following properties hold almost surely under P :

e The state price density of the agent with the lowest (resp. highest)
market price of risk dominates the other state price densities for positive

(resp. megative) large values of W, i.e. limpy, 100 % =0 for
Omin

all i # Iy and limy, . % =0 for all i # Iy

max *

e The state price density of the agent with the lowest survival index

asymptotically dominates the other state price densities, i.e.,

limy o A%I;t =0 for all i # Ik.

o The savings motives drive the risk free rate and the bond price. We
have, for all (t,T), B; (t,T) = e " and Y; (t,T) = r;. The bond
price of the agent with the highest savings motives asymptotically dom-
inates the other bond prices, i.e., limp_, | o % =0 for all i # I.

In particular, different agents dominate different prices (associated to

their respective economies); agent [y dominates the long run bond prices,
agent Ix asymptotically dominates Arrow-Debreu prices, agent Iy . dom-
inates the prices of the Arrow-Debreu assets associated to the very good
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states of the world and agent I, dominates the prices of the Arrow-Debreu
assets associated to the very bad states of the world.

We next consider how these comparative results among homogeneous
economies can help us to better understand the equilibrium properties of
heterogeneous economies.

4 Risk free rate and market price of risk

In this section we shall see that, in the heterogeneous economy, the interest
rate has complex stochastic dynamics, as does the market price of risk, al-
though the latter is somewhat simpler to study than the former, as it is a
weighted average of the market prices of risk in homogeneous economies.

If we denote by uys and oy the drift and the volatility of the state price
density process M, it is easy to obtain as in the standard setting that the short

_ ps(t)+DeS; -

term rate r; and the market price of risk 6; o5 " are respectively

given by r, = —pup(t) and 0y = —op(t).
The next proposition gives us the expression of the risk free rate and of
the market price of risk in our heterogeneous setting.'®

Proposition 4.1 The market price of risk is given by

N
0, = E wit0;,
i=1

and the risk free rate is given by'®

N N
1
Ty = Zwitm + 5 Z (1 — bl) (01 — 9t>2wit
i=1 i=1

where we recall that wj = IZC” and where 0; = v,0 — 6; and r; = p; +

Dok brcrt’
Yikbi — %'yi (7: + 1) 02 respectively denote the market price of risk and the risk

free rate in the economy populated by agent i only.

5Detemple and Murthy (1997, Proposition 5) gives the expression of the risk free rate
and of the market price of risk in a model with portfolio constraints, heterogeneous beliefs,
heterogeneous risk aversion levels and homogeneous time preference rates.

16We thank Roman Muraviev for indicating this simple expression for the risk free rate.
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The risk free rate and the market price of risk fluctuate in time and state
of the world and these fluctuations are directly related to the fluctuations
of the relative levels of risk tolerance wy. In particular, when one agent
dominates the others in terms of risk tolerance then her individual market
price of risk (risk free rate) dominates the equilibrium market price of risk
(risk free rate). The market price of risk is a weighted average of the market
prices of risk in the homogeneous economies. It fluctuates between the two
bounds which are the lowest and the highest market price of risk in the
different homogeneous economies. The risk free rate differs from a weighted
average of the homogeneous risk free rates and, in particular, can be lower
than the lowest risk free rate, or higher than the highest risk free rate. For
instance, consider the case where only d; is heterogeneous. It is easy to see
that r; is then given by

1
Ty = E“t [’I“Z] + 5(1 — b)V(L?"wt [51]

where E“t and Var“t are respectively the expectation and the variance op-
erators associated with the weights w;. In particular, in the case N = 2,

%1

e’ = e and 0; = —0, 1o lies in [ry, 5] if and only if |1 — b0 < 2vy0. In
general, we have the following result.

Corollary 4.1 e The market price of risk satisfies

min ¢; < 6; < max6;.
1 K2

In addition, we have

lim 0, W;) =min0; =0;, , lim 0t W,) =max0; =0

Wi——+o00 min Wy ——o0
and the long run market price of risk is given by limy_,o, 0, = 0y,

e The risk free rate satisfies

N
Ty < Zwitm < maxr; if vi <1 for all i,
i=1 !
N
ry > Zwitm > minr; =7y, if vi > 1 for all i.
K2
i=1
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In addition, we have

thlrllwr W) =rg, thinimr t, W) =11,

almost surely under P and the long run risk free rate is given by
limy oo r =174 -

The result on the long run risk free rate can be seen as the generalization
of Yan (2008, Corollary 1) to the case with heterogeneous risk aversions and
time preference rates. The long run behavior of the risk free rate and of the
market price of risk is driven by the agent with the lowest survival index
only. She is the only surviving agent (in the sense of the consumption share,
or of the relative level of risk tolerance), hence is the only one to have a long
run impact the instantaneous risk free rate and market price of risk.

Analogously, only the agent with the lowest (resp. highest) market price
of risk impacts the behavior of the risk free rate and of the market price of
risk in the heterogeneous economy for very high (resp. very low) values of
W,.'". In particular, the market price of risk in the heterogeneous economy
reaches the two bounds in very good and very bad states of the world. It is
minimal in very good states of the world, and maximal in very bad states of
the world.

The next corollary shows how the market price of risk fluctuates with
aggregate endowment.

Corollary 4.2 The market price of risk 0; = 0 (t, W) is monotone decreas-
ing in Wy for any parameters of the model. That is, the market price of risk
is always monotone decreasing in the level of the aggregate endowment.

This property generalizes to the whole range of possible levels of aggre-
gate endowment the fact that the market price of risk is governed by the
agents with low market prices of risk for high levels of aggregate endowment
and by the agents with high market prices of risk for low levels of aggre-
gate endowment. Roughly speaking, an increase in aggregate endowment
increases the weight of the agents that are more exposed to risk and thus of
the agents that have lower market prices of risk. Note that this monotonicity

1"That agent is the only agent present in the economy (in the sense of the consumption
shares or of the relative levels of risk tolerance) in those states; see Proposition 6.1 and
Corollary 6.1 below.
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property is consistent with the observed variations of the equity premium.
Indeed, there is evidence that the equity premium is time varying and as
noted by, e.g., Campbell and Cochrane (1999) “equity risk premia seem to
be higher at business cycles troughs than they are at peaks”. This result gen-
eralizes the result obtained by Jouini and Napp (2010) in the specific setting
of agents who only differ in their beliefs and who are on average rational.
It is quite striking to obtain the monotonicity result for any distribution of
the characteristics (risk aversion level, beliefs, time preference rates). It is
heterogeneity and its impact on the fluctuations of the relative levels of risk
tolerance w;; which generates this behavior.

We also get monotonicity results for the risk free rate in the case of
homogeneous risk aversion.

Corollary 4.3 If risk aversion is homogeneous, that is b; = b for all i, then

o if the sequences —o(8;) +0.5(b—1)(62)—p; and (;) are anti-comonotone,
then ry is monotone increasing in Dy,

o if the sequences —a(8;) + 0.5(b — 1)(6?) — p; and (8;) are comonotone,
then ry is monotone decreasing in D;.

For instance, if time preference parameters are also homogeneous, and
if agents have logarithmic utility functions, we immediately get that the
risk free rate is increasing in the aggregate endowment. For general utility
functions, we still obtain the monotonicity result as long as agents are not
biased in their beliefs. These results remain valid if time preference rates p;
are no longer homogeneous but comonotone with the beliefs §;. These results
are consistent with observed behavior: empirical studies have confirmed that
the short term rate is a procyclical indicator of economic activity (see e.g.
Friedman, 1986, Blanchard and Watson, 1986).

5 Stock price dynamics; optimal portfolios

We have determined the expression for the market price of risk 6; and for
the risk free rate r, and analyzed their long run properties in Section 4. We
now analyze the expression of the drift pg(t) and volatility og () of the stock
price and their long run properties. We also analyze the long run properties
of the price-dividend ratio and of the cumulative returns. In particular, are
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they given by the equilibrium quantities in the economy consisting of the
surviving agent only?

We recall that in the homogeneous economies the volatility is a constant
given by o . In the homogeneous economy populated only by agent ¢ it is
easy to obtain that the stock price is finite if and only if, as in Yan (2008),
pi + (i — Dy — 37i(v — 1)o? > 0. The stock price-dividend ratio at time ¢
is then constant and given by

( ) {/ ]\J\{[le))t } - [p" +(%’_1)Mi—%%(%—1)02 _1.

The cumulative expected return on rolling all the money in stock between
time ¢ and time 7' is then given by

it

R(LT) = E, [S_I()] _n(3)) -0

and the associated yield curve,

1 1
T — T—thgRi t,T)=p+pi+ (vi — Dps — 5%‘(%‘ —1)o?

is flat and the same for all . We next consider what happens in the presence
of heterogeneity.

5.1 Volatility and price-dividend ratio

In our heterogeneous economy, we obtain the following results on the volatil-
ity and the price-dividend ratio. Recall that 6; = v,0 — 6, .

Proposition 5.1 1. The wvolatility parameter of the stock price is given

by
Et I:L[too(et — HT)MTDTCZT}

E, [ M.D, dr]

og (t) =0+
In particular,

0 + min 6; — max6; < af < 0 4+ max6f; — min#6;,
(] K3 (2 (2
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2. The long run stock price volatility satisfies

lim og (t) =0

t—o0
almost surely under P.

3. The long run price-dividend ratio satisfies

almost surely under P.

4. Suppose risk aversion is homogeneous. Then,

o If0.5(1—0)d62+ p;—0d; is anti-comonotone with §; then g—tt is monotone
increasing in Wy and the excess volatility is positive, i.e. og(t) > o.

e If0.5(1 — b)0? + p; — 0d; is comonotone with &; then ff is monotone
decreasing in Wy and the excess volatility is negative, i.e. og (t) < o.

The volatility is not a constant as in the standard setting, due to the
stochastic market price of risk. It can fluctuate in time and state of the world.
In particular, as in Bhamra and Uppal (2009a), agent’s heterogeneity may
lead to excessive volatility. Point 4. shows that the same kind of conclusions
might be obtained when beliefs and time preference rates are heterogeneous.
For instance, with homogeneous time preference parameters'® and log utility
functions, beliefs heterogeneity leads to an increase of stock volatility. The
same result applies for b < 1 if all agents are pessimistic. The previous
proposition also gives us the range in which volatility fluctuates. As far as
long run properties are concerned, we obtain a positive answer to the question
raised at the beginning of the section: only the surviving agent (i.e., the agent
with the lowest survival index) has an impact on the long run volatility and
price-dividend ratio.

However, we now show that even though non-surviving agents do not
have an impact on the long run volatility and price-dividend ratio, they may
have an impact on the long run returns.

18This condition may be replaced by assuming that time preference parameters and
beliefs are anti-comonotone across the agents.
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5.2 Cumulative returns

The cumulative expected return on rolling all the money in the stock between
time t and T is given by

RULT) — B, {S_f Dssslds] ()
Sy
ST (T pog14s D
o [D_ieft D.si'a } BulDr] 2 (5)

where PFF) is the probability measure on Fr whose density with respect to
the restriction Pr of P on Fr is proportional to Dy. We also denote by P!
the extension'” of the probability measures P}l) to the set of infinite paths.

Equation (5) shows that the long run behavior of %’i is a key element in
the determination of the asymptotic cumulative equity return. As seen in
Proposition 5.1, this ratio is asymptotically given by (%) e and is constant.
However, even though this convergence is an almost sure convergence under
P, it is not clear whether or not the limit remains the same under P,
Indeed, the restrictions of the measures P and P") on each sigma-algebra F,
are equivalent, but they are mutually sin%;ular on F,. Since Dy is a geometric
Brownian motion with volatility o, I/Vt(1 = W; — ot is a Brownian motion
under P, Therefore, by the same argument as in (1)-(2), the strong law of
large numbers for W, implies that PV is supported on the set of paths of W,
that grow as ot when t — oo, whereas W/t — 0 under P.

The optimal consumption of agent i can be rewritten as follows

(1)
. ,—p; bt —b; N
Cit = € Pi Mt 1<Zit ) Cio

where

(1)

1 (D _1s2
pi) = pi—6i0° and Zi(t) = M0

and where Wt(l) is a standard Brownian motion under P). Thus, under
this new measure everything looks the same, apart from the fact that agents
have discount rates given by pgl) = p; — 0;0% and that the drift is given by
puM) =y + o2, This means that, under PY), the surviving agent is no more

agent Ix but agent A(1) characterized by

19The existence of such a probability measure is guaranted by the Kolmogorov extension
Theorem.
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(050 + va) (™ = %(’2) + %53(1)) = min (o +5(u® - %(’2) + %57:2)-

This suggest that survival and long run impact are different concepts. In
the following we will illustrate the fact that the long run impact is determined
by different agents depending on the asset under consideration.

Intuitively, one would expect from Equation (5) that the cumulative eq-
uity returns converge to those determined by agent A(1). In fact, the long
run return in the homogeneous economy populated by agent A(1) only pro-
vides a lower bound for the long run return in our economy. Since a change
of probability leads to a change of surviving agent, it is possible to obtain
other lower bounds by the introduction of well chosen artificial probabilities.
The next proposition provides such lower bounds based on the consideration
of a parametrized family of such artificial probabilities.

Proposition 5.2 Lett = NT. We have almost surely under P :

T—o0

1 -1
lim inf (T'—t)""log R(t, T') > pu + max (‘502(1 —a)’ + (E) )
where A(a) is characterized by

1 1
PAa) — 5A(a)0204 + Yage) (1 — 502 + o’a) + 553(04)

1 1
= min (pi — 802+ (u — 502 + a2a) + 5522) . (6)

Example 5.1 Assume that all agents have the same level of risk aversion
v and the same time preference parameter p, but have heterogeneous beliefs
that vary continuously taking values in [Omin, Omax] With dmin < 0 and dmax >
(v = 1)o + 1] 0% > 0. We have

1
p— Oa@o o+ 0553&(&) = min(p — §;0%a + 5522)

which leads to
5A(a) =0
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as long as o*a € [Omin, Omax) - We have then

lim inf (T —t)"'log R(t,T)

T—o0

> ypu+p—0.5(y—1)0*—(y—1)*0*+0* Jmax (—=0.5(1 —@)® + (v — 1)oa)
o[ dmjn by

The maximum is reached for
af=(—-1oc+1

which gives
Sa- = *((y—1)o+1) > 0.

By construction, the long run return in this economy is higher than the long
run return in the economy populated by agent A* only. Note also that

—1
o+ (%) =p+p+(y—1)(e—050%+ 08+ (1 —7)o?)
which means that the long run return in the homogeneous economies increases
with 6; if and only if v > 1. In this case we also have that the long run
return in the homogeneous economy goes to infinity when d; goes to infinity.
Consequently, for v > 1, we have that the long run return is higher than
the long run return in the homogeneous economy populated by agent A* with
dar = 02((y—=1)o+1) > 0. The long run return in this economy corresponds
then to the long run return in a homogeneous economy populated by agent B

with 0 > 04 > 0 and such that

limTigﬁo (T—t)" log R(t,T) = p+p+(y—1)(p—0.502 + 065 + (1 —7)o?).
As we show in Sections 6 and 7 below, in this economy we have that the long
run return is determined by the agent with 6 = dg > 0 while the long run
discount rate is determined by the agent with 0 = dmin < 0 and the long run
short rate, volatility and stock price are determined by the agent with 6 = 0,
which 1s the only surviving agent.

This example illustrates the fact that the agent who drives the long run
discount rate may be different from the agent who drives the long run risky
returns and both of them may be different from the surviving agent who
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drives the instantaneous risk free rate in the long run. Furthermore, the
long run risk premium (the spread between the long run risky and riskless
returns) is higher than the instantaneous risk premium. The presence of
heterogeneity modifies the long term relation between risk and return leading
to an additional premium in the long run.

5.3 Optimal Portfolios

For simplicity, everywhere in this section we assume that every agent i is
endowed with a fixed number 7; of stock shares, so that we do not have to
include the replicating portfolio for the agent’s endowment.

Let us consider the investment strategy of agent ¢ in the risky asset and
in the riskless asset that permits to implement the equilibrium consumption
process c;. Such a strategy is characterized by a process 7;; that corresponds
to the amount of money held in the risky asset at date ¢t by the agent under
consideration. If we denote by w;; the financial wealth of agent ¢ at date t
corresponding to this strategy, we have

dwit = Wit (Ttdt -+ Wit(Sfl(dSt —+ Dtdt) — Ttdt)) — Citdt (7)
= wit(’r‘t dt —|— Witgt(etdt + dBt)) — Citdt. (8)
In the following, we denote by 7/7*°" the myopic (instantaneously mean

variance efficient) portfolio given by

myopic __ 61 + et

it =
YiOt

and we denote by 798" — 7, — 7™OPI the hedging component of the

optimal portfolio, i.e. the component that hedges against future fluctuations
of the market risk premium.

The following proposition characterizes the optimal portfolio and provides
its long run composition.

Proposition 5.3 1. The optimal portfolio is given by

Et [j;ooa%é-z + (bl — 1)97-)M7-Ci7-d7']
Ey [ [ Mycirdr)

oyt = 0 +

In particular,

J J J J
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2. If we further assume that ~v; > 1, for all v, then, almost surely under P,

0; + 91}(

lim 7; =

hedging

3. Suppose risk aversion is homogeneous. The sign of (1 — b)

e s positive if the sequences
1
J
1
J

are both anti-comonotone with (9;);

e is negative if the sequences (9)-(10) are both comonotone with (9;).

The long run risky portfolio corresponds then, for each agent, to his
optimal risky portfolio when facing an asset whose risk premium corresponds
to the long run risk premium of our heterogeneous economy, that is to say
the risk premium that would prevail in the economy populated by agent [x
only.

6 State price density, consumption shares and
survival issues

In this section we first analyze how the state price density M fluctuates
with W, (or equivalently with aggregate endowment) as well as its long run
behavior.

Proposition 6.1 e For each state of the world, the state price density
lies in the range bounded by the lowest and the highest individual state
price densities

min M; < M < max M,.

1<i<N 1<i<N

e The long run behavior of the state price density is given by M; ~
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o If all the state price densities My = M;(t,W,;) are decreasing in Wy,
then

— the state price density M, = M (t,W;) is also decreasing in Wi,
— the state price density M, = M (t, W;) satisfies

. M (t, W) MW
Wi——o00 ¢ Omax Wi——+o00 c GminM
Omax0 [emaxt Onin0 Iemint

almost surely under P.

When the agents have the same level of risk tolerance b (and possibly
differ in their beliefs or in their time preference rates), it is easy to check
that the equilibrium state price density is a weighted power average of the
state price densities in homogeneous economies (the power being given by the
common level of risk tolerance). In the general setting, the first point shows
that the state price density M can still be interpreted as a kind of average
of densities M;. In the long run and in extreme states of the world, the state
price density M is equivalent to the state price density that would prevail
in an economy made of homogeneous agents with a different endowment
distribution. This class of homogeneous agents is given by the agent who
dominates the individual state price densities M; in the considered states of
the world: agent Ix asymptotically, agent I . in the very bad states and
agent I, . in the very good states.

The long run result implies, in particular, that except agent [, the agents
have no price impact in the sense of Kogan et al. (2008, Definition 2) since
we have for all s > 0,

fim Mees/Me
t—o0 MIKt+s/M1Kt

However, we see in other sections that there may be price impact in the
sense that the prices of assets may not be asymptotically the same as in
the economy with only the agent who has the lowest survival index. Note
however that this only holds for assets with very long finite maturities, such
as zero coupon bonds.

Let us explore deeper these survival and dominance issues through an
analysis of the behavior of the consumption shares and of the relative levels
of risk tolerance.
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As in Kogan et al. (2006) or Yan (2008), we say that investor i becomes
extinct if limy | o %i = 0, that she survives if extinction does not occur and
that she dominates the market asymptotically if lim; o 33* = 1. We easily
deduce from the properties of the individual state price densities obtained
in Proposition 3.1 the following properties of the consumption shares and

relative levels of risk tolerance, the first of which was obtained by Yan (2008).

Corollary 6.1 e Only the agent with the lowest survival index survives
and dominates the market asymptotically, i.e., lim;_ %i = 0 for all
1 # I, and lim;_ %Ltt = 1.

e Only the agent with the lowest survival index impacts asymptotically
the relative level of risk tolerance, i.e., limy . w; = 0 for all i # Ik,
and lim;_,o wre = 1.

o We have limy, oo w; (t, W;) = limp,_oo 5 (¢, W) = 0 for all i #

Iy, .. andlimy, .o wy, (¢, W) = limpy,_ %5‘“‘ (t, W) = 1. We have

limyy, oo w; (£, Ws) = limw,—_oo B (£, W) = 0 for all i # Iy, and

max

limyy, oo Wi, (8, W) = limyy, oo S (£, ;) = 1.

o We have %W’):Vt) = Wit [bi(Qt —0;) — Zj w;ib; (0 — 9]-)} and there is a
shift following good news in the relative levels of risk tolerance towards

agents with a relatively high b;(6; — 0;).

This implies that only the agent with the lowest survival index (resp. with
the highest/lowest market price of risk) dominates the market in the sense of
the consumption shares, or in the sense of the risk tolerance asymptotically
(resp. in very bad/good states of the world). As previously seen, this agent is
the agent who values the wealth more than the other agents in the considered
state.

Note that the agent with the highest b;(6; — 6;) is the most optimistic
agent when there is only heterogeneity in beliefs, and is the least risk averse
agent when there is only heterogeneity in risk aversion levels. In both cases
this agent is the one who has the highest risk exposure and is then the most
favored by good news.
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7 Bond prices

The most striking result of this section is that each part of the (asymptotic)
yield curve is dominated by different agents. We first start by considering
the long run average discount rate.

As seen in Section 3, in the homogeneous economies the average discount
rate between time ¢ and 7" is the same for all (¢,7") and given by the constant
risk free rate. Indeed, we have in the homogeneous economy made of agent ¢
only, B; (t,T) = e~ ™97 'and Y; (¢,T) = r;. The yield curves, representing,
for all time ¢, the discount rates Y; (¢,7") as a function of T'— ¢, are the same
for all time ¢t and flat.

In the heterogeneous economy, the yield curves are not flat. The instan-
taneous discount rate defined by limr_; Y (¢,7') is given by the risk free rate
ry. The next proposition characterizes the long run discount rate.

Proposition 7.1 The long run average discount rate is determined by the
agent with the highest savings motives, i.e., for all t,

Tlirfm Y (t,T) =ry,

almost surely under P.*"

The same reasoning as above holds: when one agent dominates the in-
dividual price of an asset then she makes the price of that asset in the het-
erogeneous economy. As seen in Proposition 3.1, the agent with the highest
savings motives dominates the price of the very long term bond because it
is most attractive for her. That agent then drives the asymptotic average
discount rate. This proposition is the extension, to the setting with three
possible sources of heterogeneity (and many agents), of the proposition of
Gollier and Zeckhauser (2005) for the case of heterogeneous time preference
rates, of Wang (1996) for heterogeneous levels of risk aversion and of Jouini
et al. (2010) for heterogeneous beliefs.

In the setting with heterogeneous time preference rates only, the same
agent drives the long run discount rate and the long run risk free rate. Indeed,
in that case, the agent with the lowest survival index is also the agent with
the highest savings motives, namely the most patient agent. Apart from this

2ONote that for a fixed finite ¢t measures P and Q are equivalent, and so the convergence
is also @Q-almost surely.
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setting, it is quite striking that the agent that drives the asymptotic average
discount rate differs from the agent that drives the long run risk free rate,
even though the discount rate is an average of the risk free rates. Indeed,
we have Y (¢,T) = —ﬁ log EtQ [exp — ftT rsds] where () is the risk-neutral
probability measure, with r; — 7. while Y (¢,7) —7_ 71,- Analogously,
we have Y (t,T) = —7= log E; [%—ﬂ with Aﬂfl—f ~ ]]\\/ZI:: while Y (¢,T) ~
Vi (1,T)

In the case with heterogeneous beliefs only, the risk free rate converges
to the rate of the most rational agent whereas the long run discount rate is
driven by the most pessimistic agent.

In particular, Proposition 7.1 as well as Corollary 4.1 imply that when ¢ is
large enough, the yield curve representing Y (¢,7') as a function of (7" — t) is
driven by the risk free rate of the agent with the lowest survival index (agent
Ik ) at one end of the yield curve, i.e., for small values of (1" — t), whereas at
the other end, i.e., for (7' — t) large enough, it is driven by the risk free rate
of the agent with the highest savings motives or equivalently the lowest risk
free rate (agent Iy). The aim of the remainder of this section is to show that
the yield curve is defined stepwise, and that each subinterval is associated
with a given agent in the sense that the marginal rate on that subinterval
corresponds to the rate in the economy made of that agent only. Moreover,
that agent is the agent who most values a given zero coupon bond associated
to the subinterval and is characterized by a maximization program involving
a weighted average of the savings motives and of the survival index.

In order to show this, we first identify the relevant subintervals, as follows.
In the homogeneous economy made of agent 7 only, the price, seen from date
0, of a zero coupon bond between time ¢ and time 7" and in state w is given
by E; [Mir] = e mi(T=te=rit =6:We This implies that for A € [0,1], we have
E\r [Myr] = e vNTe=0iWar where

1
is a weighted average of the survival index and of the risk free rate. Since
(l; (A), A €[0,1]) is a family of line segments, there exist pairs of values

(([jv)‘j) ) j = 1, ,K) such that

mjn lz ()\) = l]]. ()\) for all A € ()‘ja >‘j+1)
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where \g = 0 and Ag,; = 1. For example, for A near 0, agent I, satisfies
ri, = inf; r; and for A\ near 1, agent Ik satisfies k7, = inf; K;.

Intervals (Aj, A\j+1) are exactly those that will determine the stepwise
behavior of the yield curve. This is basically due to the following: The index
l; (\) drives the asymptotic behavior of the price Exr [M;r] in the sense that

lim Exr [Mr]

=0 forall i+ I, when A € (\;, \; 11
Too EAT [MIJ-T} J ( J J+1> ( )

This is due to the fact that the price E; [M;r] involves both the state price
density M;; whose long run behavior is driven by the survival index and
the bond price B; (t,T"), whose long run behavior is driven by the savings
motives. For A = 0, we retrieve the fact that agent [ (with the lowest risk
free rate) dominates the prices of the zero coupon bond B; (0,7") when T is
large enough. For A = 1, we retrieve the fact that agent I (with the lowest
survival index) dominates the state price densities M7 for T' large enough.
For A € (0,1), we obtain that agent [; (with the lowest index [; (\), mixing
the survival index and the savings motives) dominates the prices Exr [M;7]
when 7' is large enough.

In order to interpret how the agents dominating each subinterval are
chosen, consider, for example, the case with heterogeneity in beliefs only.
Agent [ is then the most pessimistic agent and agent [k is the most rational
agent. Agent [ is the most pessimistic agent once agent I is excluded, agent
I, is the most pessimistic agent once agents I, and [; are excluded, etc.
Moreover, the intervals (A, Aj+1) on which I;,(\) = min, [; (\) are given by

I [ : e
A o (o, 7o) Note that apart from agent I (who might be optimistic

or pessimistic) all the agents I; (for j = 0,..., K — 1) are pessimistic. This
is due to the following: In the case with heterogeneity on the beliefs only,
minimizing 1;(A) amounts to minimizing the average of the survival index
and of the risk free rate associated to the i-th agent. The survival index
reaches its minimum for the lowest J; in absolute value (i.e., for the most
rational agent), while the risk free rate increases with ¢§;. Starting from the
most rational agent, it is clear that the only way to possibly decrease [;(\)
consists in moving in the direction of more pessimism.

We are now in a position to state our main result on the bond prices and
the yield curve.
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Proposition 7.2 e The bond prices satisfy

C}Yjé E; [Mljat}

YK
CIKO MIKt

Ey [Mog] ~ 4B [My,0r] and B (t, at) ~

for all « € ()\jl+1 , Ai]) almost surely under P.
11
o We have, for a € (A—j, /\jil),

Y (a) = tlirgloY(t,at) == i . (ke —aly, (1))

almost surely under P.
and the convergence is uniform on compact subsets of (1,00). We have

lim, 1 Y(a) =71y, and lim,_.o Y (o) = 7p,.

e The marginal rates associated to the long Tun yield curve (the instan-
taneous forward rates) are given by

d
V(@) —1)] =,

on ()\jl+1 , %)

The above result provides then the shape of the long run yield curve.
However, it is important to notice that, asymptotically, yield curves at differ-
ent dates are obtained through homothetic transformations and not through
translations. In other words, for ¢ large enough, all yield curves will have the
same shape, but at different scales.

Different segments of the (asymptotic) yield curve are determined by
different agents with different characteristics. More precisely, the marginal
discount rate for the interval (ﬁ, /\—1J) is determined by agent I;.

Intuitively, we can interpret the individual agent interest rate r; as the
effective agent ¢’s discount rate. The agent with the lowest discount rate is
effectively the most patient and therefore determines the long end of the yield
curve. On the other hand, the short end of the yield curve is determined
by the single surviving agent. As the maturity changes from the short to
the long end, the corresponding interest rate changes along the yield curve,
switching sequentially between different agent’s interest rates. Thus, for each
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particular agent ¢, Proposition 7.2 provides an explicit expression for the
range of maturities that agent i’s interest rate corresponds to. When there
are only two agents in the economy, the short (long) end of the yield curve
is determined by the agent with a higher (lower) individual interest rate.
However, this is not anymore true when there are more than two agents in
the economy because the single surviving agent K is not necessarily the agent
with the lowest individual interest rate.

It is interesting to note that even though only one agent survives in the
long term, non-surviving agents might continue to have an impact on the
yield curve. One may argue that the impact of agent I; is only between
( Ajlﬂt, %t) and is then at more and more distant horizons when ¢ increases.
However, we can construct examples where non surviving agents impact
prices and where this impact does not vanish asymptotically, as illustrated
in the following.

Example 7.1 Assuming heterogeneity in beliefs only, we know that v, cor-
responds to the risk free rate in the economy populated by the most rational
agent and ry, corresponds to the risk free rate in the economy populated by
the most pessimistic agent only. Let us consider an asset (a growing perpe-
tuity) with a deterministic dividend flow dy = dyexp(rt) with riy <7 < 1,
The price at date t of this asset in the economy populated by agent I only
15 given by

o0 ) d )
pr = dy exp (ijt)/ exp ((F — rr)s) ds = 0 exp (7t)
¢

’I“]K—T'

in terms of date t prices. On the other hand, the price p, of this asset in
the heterogeneous economy is infinite in terms of date t prices. Indeed, if we
denote by 7 the marginal discount rate (from date t point of view) at date
s (i.e. T3 = _B(i,s) BBB(E’S)) we know that Ty is arbitrarily close to ry, for s
sufficiently large. More precisely, let s be such that v, <7 —¢ fore >0 and

for all v > s. We have

P, = do exp (1) /too exp (/t('r’ _ fv)dv) du
> do exp (7t) exp (/t(r _ mdv) /:o exp (/u(r _ mdu) du

and it is easy to see that the last integral is infinite and so is p;.
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We will now state the last result of this section that provides an intuitive
link between survival and the long run bond price impact of Proposition 7.2.
In order to state it, we need some definitions.

Recall that the T-forward measure Q7 is defined by

— fT rsds
e Jo

dQT = ————dQ.

50, T)

Consequently,
T E,[Mr X]
E9 x] = LT
t [ ] Et [MT]

for any random variable X.
We will say that an agent ¢ survives with respect to the family of measures

{QT} fort = AT if
lim sup Eg;[ciTD;l] > 0 (12)

T—o00

with positive P-probability. We have the following result.

Proposition 7.3 An agent i survives with respect to the family of T-forward
measures for t = XT' if and only if

L) = min ().

Consequently, agent i has an impact on the bond price B(AT,T') if and only
he survives with respect to Q.

The result of Proposition 7.3 is very intuitive. As we mention above,
the segment of the yield curve determined by agent i corresponds to the
maturities for which the long-run discount rate coincides with the individual
rate of agent 7. Survival with respect to the family of T-forward measures
precisely means that the effective discount rate of the agent corresponds to
the maturity of the forward measure. It is also interesting to note that the
market price of risk #7 under the T-forward measure coincides with the T-
forward expectation of the true market price of risk,

of = B [6r]. (13)
In particular, it follows from (12) that
. . T
Jim 03 = lim EZ100] = 1)

1
oo )\—j) almost surely under P.

for j € (
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7.1 Examples

Example Suppose that there are two agents with parameters (71, p1,01) =
(5,0.95,0.5) and (79, pa,d2) = (2.5,0.98,—1). That is, agent 2 is less risk
averse, more impatient and pessimistic. In this case, a direct calculation
shows that agent 1 is the single surviving agent with r; ~ 1.1 whereas ry =
0.93 < r; and hence agent 2 will dominate the upper end of the yield curve.
Our asymptotic results predict that the yield curve Y (¢, 7) should be close to
r1 in the short end, and close to r5 in the long end. Figure 1 below illustrates
how the yield curve evolves with the natural state variable, the consumption
ratio ¢yy/co . Clearly, the whole yield curve should become flat at the level
r1 (respectively, ro) when consumption ratio is sufficiently high (respectively,
sufficiently low). We see that this is indeed true, but the process is much
slower for the short end than for the long end of the curve. Namely, the yield
curve gets almost flat and close to ro for maturities above 30 years already
when c¢1/cg is less than 0.25. By contrast, when c¢19/ca equals 4, the yield
curve shows absolutely no signs of convergence to its long run value of rq,
and even for cjg/cop = 100 it starts significantly deviating from r; for long
maturities, approaching ry. Interestingly enough, for moderate values of the
consumption ratio ¢jg/cqp, the short end of the yield curve is strictly above
the maximal individual rate ry.

In view of Proposition 7.3, it is instructive to understand the relationship
between survival and price impact in this example economy. To this end,
we provide the plot of the drift of log(cy;/ce;) under different measures as a
function of ¢y;/co; in Figure 2 below. These drifts are computed in Appendix
B.21

As we can see from this figure, the drift of the ratio under the physical
measure P is essentially flat and always positive. This stands in perfect
agreement with the fact that only agent 1 survives under P. Thus, on average,
the quotient ¢y4/co; will be always growing exponentially fast even for very low
levels of ¢1;/co;. The behavior is drastically different under the risk neutral
measure () and the T-forward measure Q7 with 7' = 50. By Proposition 7.3,
agent 2 should be the only one surviving under Q7 when T is large, and so
we expect the drift of log(cy;/car) to be negative when ¢y, /¢y is not too large.
This theoretical prediction is in perfect agreement with Figure 2. Indeed, the
drift is negative for ¢yy/co; < 17. However, the drift exhibits an unexpected
pattern and is first decreasing in ¢y4/cos, and only then starts increasing and

21'We thank the anonymous referee for suggesting us to make this very intuitive plot.
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Yield Curve

Figure 1: Yield curve for different values of the consumption ratio ¢;/cs
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Figure 2: The drift of the log consumption ratio log(cy;/co;) as a function of

the consumption ratio ¢14/co.
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gets positive. The reason is that, naturally, the difference between the drift
under P and the drift under Q7 is determined by the market price of risk
0T given by (13). Since agent 2 is quite pessimistic, we have 6y < 0 < 6;.
For moderate values of ¢14/cq;, agent 2 dominates the economy and we have
O ~ 0, < 0, whereas 01 =~ 0, for large values of ¢;;/cy;. Therefore, 01 changes
sign when c¢y;/co; increases and starts converging to 6y, pushing the drift up.

The behavior of the drift under the risk neutral measure is different: it
is always increasing in cy;/cy, but, as the drift under QT it is negative for
small values of ¢1;/co;. The behavior of the drift under @ is different from
that under Q7 because the market price of risk 6, increases linearly from
the value 6y at c1;/co; = 0 to the value 6 for large c¢y4/co, whereas 9? stays
approximately equal to 05 for moderate values of ¢;4/co;, and only then starts
converging to ¢;. Note finally that, as in (1)-(2), the measures P and @ are
equivalent when restricted to F;, but they are mutually singular for ¢ = oc.
Indeed, since 6; — #; a.s. under P, the measure () is supported on the paths
of Wy such that W;/t ~ 0, as t — oo.

Note that Figure 2 suggests that both agents 1 and 2 may happen to
survive under (). Quite remarkably, this is indeed true and it is possible to
explicitly characterize the long run behavior of the economy under @), as is
shown by the following proposition.

Define

G = valby —b1)0] + Ya(bads — bi61)0 + K2 — Ky
G = by — 51)93 + Y1(bo0y — b101)02 + Ko — Ky

A direct (but tedious) calculation shows that
G =G = (61—6)* > 0.
Proposition 7.4 Let n = 2. The following is true:

o [f(1 > (o > 0 then only agent 1 survives in the long run under @), that
is c1y/coy — +oo almost surely under Q;

o [f0 > (1 > (o then only agent 2 survives in the long run under @), that
is c1i/cor — 0 almost surely under Q;

o [f(1 > 0> (y then, for Q almost every path, we have either limy_,, c17/cor =
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+oo or limy_,o c17/cor = 0 and

Q ngfolo cir/cor = +OO’]:t} = ¢(c1e/car)

(14)
Q [Th_f)l;o C1T/02T = 0|fti| = 1- (b(Clt/Czt)
where . b(
ff exp (—2 f
o(z) = ( o )
[ exp( 2 [ UQ(y)>
with

b(y) = boky —biky+ (b —bo)r(y) — 0.5(by — b2)0? () — O(y) (101 — bads)

o(y) = (br —b2)0(y) + (b1d1 — bads)

2

o) = 3 buwly sz ok 5 30 (1= ) (6-6(0) Py

=1

bley

_— = 1- )
biev + by | WQ(?J) wl(y)

wi(y) =

The result of Proposition 7.4 is quite remarkable: it shows that, for an
open set of parameters, it is possible that both agents survive in the long
run with positive probability, even though they never survive simultaneously.
Furthermore, the corresponding state prices (14) depend on the consump-
tion allocation (¢4, co;). This fact may have very important economic conse-
quences, as is illustrated by the following example: consider the price F} r of
a futures contract whose payoff is some function f(rr). of the short rate rr
at maturity. Then,

Fir = EP[f(rr)].

When 7' — oo, formula (14) implies

Frr — ¢lew/ex) f(r) + (1= o(crr/ca))f(ra).
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In particular, the price of a futures contract Fjr with even a very long
maturity will depend on the initial consumption allocation, which in turn
depends in a very non-trivial way on the initial endowments of the agents.
Since, generally speaking, equilibrium allocations may be non-unique, this
also means that the long-run long run behavior may also be non-unique. To
the best of our knowledge, this is a new phenomenon that has never been
shown for this class of models before.

Example. In the case where only p varies, i.e., U = [pmin, Pmax] X {7} X {J},
we have

(p(A),7(A),0(A)) = (Pmin, 7, 0)

and the long run term structure is constant. The whole long run yield curve
is associated to the lowest level of impatience.

Example. Consider now the case where only 7 varies. More precisely,
suppose U = {p} X [Ymin, Ymax] X {0} . It is shown in Appendix that for
the case where the economy is shrinking, u < 02/2, the whole yield curve
(which is flat in this case) is associated to a single agent (the most risk-
averse agent with v = .y, or the least risk-averse agent with v = Yuin,
depending on how large iS Ymax). When the economy is growing, if the
highest risk aversion is large enough, the yield curve is determined for short
horizons by the agent with the lowest level of risk aversion (i.e., ¥ = Yin)
and for long horizons by the agent with the highest level of risk aversion (i.e.,
Y = Ymax). We have then two different habitats and the more distant one
in time is associated to a higher level of risk aversion than the less distant
one. As noted by Wang (1996), long term bonds are more attractive to more
risk averse agents as hedging instruments against future downturns of the
economy. Indeed, the more risk averse investors are more averse to low levels
of future consumption. Consequently they exert a stronger influence on their
equilibrium price. However, y,.cx should be large enough with respect to
Ymin, for this phenomenon to occur. If not, we may have an inversion : .
determines the short term rates and 7., the long term ones.

8 Conclusions
We study equilibrium in a complete financial market, populated by CRRA

agents who differ in risk aversion, in beliefs on the growth of the economy;,
and in time preference rates. We show that the market price of risk is a risk
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tolerance-weighted average of the market prices of risk that would arise in
the agent-corresponding homogeneous economies, while this is not true for
the risk-free rate. In the long run, as time increases, these two quantities con-
verge to those of the homogeneous economy corresponding to the surviving
agent, which is the one with the lowest survival index. We obtain analogous
results for the price-dividend ratio and price volatility. On the other hand, we
construct examples in which the (asymptotic) price of an asset is not neces-
sarily the one that would arise in the homogeneous economy corresponding to
the surviving agent, thus illustrating the long-term impact of non-surviving
agents. In our model the market price of risk is always decreasing in the
level of the aggregate endowment, in agreement with empirical observations.
The average discount rate and the long run risk free rate may differ from
each other, and we show, more generally, that each part of the (asymptotic)
yield curve is dominated by different agents. Moreover, the two agents driv-
ing the short end and the long end of the yield curve may differ from the
agent who drives the long run risky returns. Furthermore, the long run risk
premium may be higher than the instantaneous risk premium. Additionally,
we obtain results on the agents’ optimal portfolios, and results on long run
behavior of the state price density, agents’ consumption shares and agents’
risk tolerances, both as time increases and as aggregate wealth takes extreme
values. In future work, it would be of interest to see how our results extend
to economies with non-CRRA agents, with more general aggregate dividend
process, and with agents who update their beliefs on the growth of economy.

A Appendix

The following lemma provides an expression of the state price density M as
well as bounds on M in terms of the state price densities in homogeneous
economies. It is a direct analog of Lemma A-1 from Cvitani¢ and Malamud
(2010).

Lemma A.1 1. Letting F (aq, ..., a,) be the function defined as the unique
solution to SN | F~%ab =1, we have M = F (¢]yMy, ..., N My) .

2. Let ' > 1 be such that I'b; > 1 for all i and v < 1 be such that vb; <1
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for all i. Then,

N g N r
(Z C%MM;M> <M< (Z C;‘/Oi/FMil/F> . (15)
i=1 i=1
Proof of Lemma A.1

In the setting with heterogeneous agents, the first-order conditions of
the agents optimization programs (O;ys) give us the existence of Lagrange
multipliers \; such that, for all ¢, the equilibrium state price density satisfies

Mt = )\ie_pitZitci_t%. (16)
Since prices are in terms of date 0 consumption goods, we have My = 1 and
Let

bi = 1/v
denote the relative risk tolerance. The optimal consumption of investor i is
given by
cir = e PPN Zh e = (g M) DM,

In equilibrium we require that

n
E cit = Dy
i=1

or equivalently

> (M) M =1 (17)

Let F(ay,--- ,a,) be the function defined as the unique solution to
Y Flha) =1, (18)

Then, a direct consequence of the equilibrium equation is that
M = F(clyMy, -+, cNoMn).

Let I' > 1 be such that I'b; > 1 for all ¢ and v < 1 be such that vb; <1
for all i . We have 3, (¢ Mi)” M; " = 1 which gives (¢}iM;,) M;* <1 and

. PR
Z (cioMir)™ M,

)

F>12 3 (M) M,
The bounds on M, follow from there.
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B Proofs for Section 4

Proof of Proposition 4.1
Assume that M can be written in the representation

th = Mt(—Ttdt - Qtth)

The risk free rate is then given by r; and the market price of risk is given by

;. Since
M, = F(C%Mlta s 707V1\(7)MN15)

we have,

. 1 .
dM; =Y "l Fo dMy + 3 > il Faa,d(Miy, Mj;).
i 1,7

7

By definition,
sz't = Mit (-’T’Zdt - QZth>

and the formula v
0y = Z witb;,
i=1
follows directly. As far as the risk free rate is concerned, we have
d<Mit> M]t> - MltM]teﬂjdt

which with (52) leads to

N N N
s = Z Wity — (Z 81&)#) (Z ‘9]' (1 — bj> th>
i=1 i=1 J=1

1 N N 2 1 N
2
+ 3 (; (1 — b) wkt) (; 91%‘1:) + 3 Z (1 —b;) 07wy

i=1

Proof of Corollary 4.1
The first point is immediate.
Using the inequality
a®+ v > 2ab,
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we get
2
% <Z |1 — b %) (Z Giwit> + % > L= by 07wy
k i 1/2 i 1/2
Z <Z |1 — by wkt) (Z 9z‘wz‘t> (Z 11— by H?Wit) . (22)

k

Now, applying the Cauchy-Schwarz inequality

(=) (£4) =z

to

T, = |1_bi|1/2 1/2

Oiw;/” and y; = |1 — b[1/2 1/2

we get the first or the second inequality depending on the sign of the (1 —b;)
s. The limits are obtained from the behavior of the w; s in extreme states of
the world.

The long run results are immediate from Corollary 6.1.
Proof of Corollary 4.2

We have,

wit = e My F'F,,

and therefore

dwl-t (Wt )
AWy

e (th £ Fai — M Fy, Z CJ(J)FCLJ th -+ M Z Cj(J)Faiajd—VVt

J

= —wltb 9 +wzt9t—w2t Z w]t 1 b, )6 wlt(l b; )Ht—i-wtht Z (1 —bk) Wkt -
J k
(23)
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Therefore,

do, B dwi (W)
aw, Z b dW,

= Z wit b i (vio — 0; + 0, — 0, Z wit b; (vi0 — 0; + 04)
= — Z wie b 07 + 206, Z wit b; 0; — 07 Z wit b
Applying the inequality a® + b* > 2|ab| to
= Zwitbiﬁf, b2 = 9? Zwitbi

together with the Cauchy—Schwarz inequality

1/2
(Z wit b; 91-2 Z Wit bi) > Z wit b; “91' |

which is what had to be proved
Proof of Corollary 4.3

d
dvri;t ~aw, [Z wir = b (Z bl "Jﬂ> *

Given X = (z1,...,xy), denote

= E Wity
i

Since the weights sum up to one, this is an expectation on {1, - -

-,n} and
we can also define Cov,, and Var,,. Let

R = (Ti)izl,---,Na 5 = (bi)izl,---,N and © = (9‘)'—1

i)i=1,-- ,N-

Then, a direct but tedious calculation implies that
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j_% = —Cov,(86, R) + £(©)Cov, (8, R)

+ £(8)Cov, (86, 0)—E(0)Var(30) —E£(0)*Cov.,(©, §)+£(8)*Cov.. (63, )
+ %5(@)2 (Covu(©8,9) — £(0) Var.(5))
+ %(Covw(ﬁ (B—1)€2,0) + Cov,, (0, B) E((1 — 3)?)
+ Cov. (5,0) (26(©)€(80) — E(OYE(B) — £(86%))

In particular, if risk aversion is homogeneous (that is, 8 = (b,--- ,b))
then we get

d?”t

1
_t _ _ — 1 =Cov. (62
W bCov,, (O, R) + b(b )2C0 ».(07,0)

= —Cov,(—ba(6;) + 0.5b(b — 1)(62) — bpi, (5)))  (25)

and the claim follows.

C Proofs for Section 5

Proof of Proposition 5.1
1. We can rewrite the defining identity for the stock price as

t 00
/ MTDTdT + St Mt = Et |:/ MTDTdT:| .
0 0

Thus,
MtDtdt ‘I— d(StMt) = %dBt

for an adapted process ; given by

v = E, Utoopt (M, D.) dT:|

where D denotes the Malliavin derivative?”. Using Ito’s formula, we get

Yt = StMt<_9t —+ Uf)

22For a general presentation of Malliavin derivatives and Malliavin calculus we refer
to Nualart (1995). We also refer to Detemple et al. (2005) for specific applications in
financial models.
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Let us now calculate ;. We have
Dy(M,.D,) =D(M,)D, + M,oD,
and

Dy(M,) = Dy(F(JsMyy, - -+ , XN My.,)) Zc F,,Dy(M;;) = —M,6,.

Ve = Ly [/ (U - QT)MTDTdT:|
t

which gives o7. The derivation of the upper and lower bounds is straightfor-
ward.
2. Since

Thus,

0, = Zwit@,

we get

Et [6t+u Mt+u Dt+u
Et [Mt-l-u Dt+u

Z 9, Et wzt+th+th+u]

-0
T ™ Ei[Myyu Dy

£k
By (50), we get

bi W
Wit < ———Citpu Dy, < e Wi TniWVec, 26
ity = in; b; ittull iy (26)

for some v; > 0. Now, the same argument as in the proof of Proposition 7.2
(based on Lemma A.1) implies that

. Et[€_¢.(t+u)+nth+th+u Dt+u] _

t—o00 Et [6 i (tHu)+ni Wig Mt+u Dt—i—u]

and from the law of large numbers we have

. E, [efwi(tJru)erWHu My Dyt
lim =0
t—o0 E, [Mt+u Dt+u]

for all i # Ir. With (26), this leads to

Et [6t+th+th+u]
Et [Mt+th+u]

— QIK- (27)
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and then to

tlim o =o.
3. We have 3 ~ D
t T
— =5 dr| .
D, ' { ¢ MD, T}

Note we can rewrite the aggregate consumption condition as

=3 (38 (M) ey 29

i=1

Then, the same argument as in the proof of Lemma A.1 gives us

(5 (o)) <2« (5 o 2) ) o

7 7

for I' > 1 such that I'b; > 1 for all © and for v < 1 such that yvb; < 1 for all
1. Similarly, we have

(S (earaliie]) ) oo
< (% (orre 53] )

Since all finite dimensional norms are equivalent, there exist constants K; >
K5 > 0 such that

DM, D, M. D M;
—1\v TiVliT TAT . —1y7i T
Le Z(CitDt J“Ei [ DM ] = b [ DM, ] =M Z(CztDt ) B [ Dy My } .

Z Z (31)

Pick now an € > 0 and let T" > 0 be so large that
S (51
S (5) 0 <

then by (31) we have




for all ¢ > 0. Now, the same argument as in the proof of Proposition 7.2
implies that, for any 6 > 0,

E Do Mg _)6—9(%);;
“I' DM, ‘

Consequently, because of uniform boundedness, guaranteed by (31), we can
interchange limit and integration and we have

T T —1
Dy gMiig / -0(%)
E a1 N D)1 d.
t[ o DM, de} 0 € wd

Since € > 0 is arbitrary and 7' can be made arbitrarily large, we are done.
4. After some algebraic manipulations, we have

St oo t N,
2L g = Jo Geds T g
D t[/t Y A

G=rt+0i0—p

where

is the risk-adjusted discount rate and
N, = o 05 Ji0s—0)2ds— [ (0s—0)dWs

is an exponential martingale. Thus, IV, is a density process of a measure dv
and, under this measure, we can rewrite

St |:/+oo o :|
—=E/ e~ I Gdsqr
D, L

Lemma 1 in Mele (2007) implies that %tt is increasing (decreasing) if and only
if (; is decreasing (increasing).
Furthermore, if g is such that

St
=t — g(t
Dt g( 7Wt)
then, by the Ito formula,
dg /oW,
af — o+ g/g t



and hence excess volatility is positive if and only if g is monotone increasing.
Thus, we need to check monotonicity of the risk-adjusted discount rate (.

We have
8@ . 87",5 I 89t o
ow, oW, oW,
and 90
t _ w; )
o 2b Var®(0;)

and hence we need that

Cov¥i(bod; + 0.5b(1 — b)d? + bp;, 6;) — 2bo Vari (4;)
= Cov¥i(0.5b(1 — b)d7 + bp; — bad;, 6;).  (32)

Proof of Proposition 5.2
Introduce a new measure dP(® such that its restriction on Fr is given by

Da
AP\ — T _4p
g E[Dg] "

where Pr is the physical measure. Under the measure dP®, W, has drift
oa, dW; = th(a) + o?adt, and D; has a drift u + o%a. By the Kolmogorov
extension theorem, we can extend this measure to the set of infinite paths.
Then, we can rewrite the expression for R(t,T) as

E,Dr| D S T o a1
R(t,T) = %ngt(l) |:l)_7;1 €ft DsSs d5:| (33)

By (31) we have,

— max; Y; : S
Lo=Kson i mimSi gﬁgKlg:Sile.

Consequently, S;/D; is uniformly bounded both from zero and infinity and
hence

pot (log(L2/L1) + log EY [eftT D,ST ds ] >

T—o0

<+ (0=t (log(L/La) + log BV [l P57 1) (3
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and thus

p 4 lim inf (7 — t)log BV [eff DsS§1d5:|
< lim inf (7" — t)_1 log R(t,T) < lim sup (T — t)_l log R(t,T)

T—o0 T—00

< p + lim sup (T —¢t) 'log EY [eftT DSSS_ldS} . (35)

T—o00

The optimal consumption of agent ¢ can be rewritten as
RGO .
ey =e P bltMt bl(Zl-(ta))b’Cio

where

(@)

(@) _1s2
pi" = pi — 6o’ and Zi(ta) = Wi 0t

Thus, under this new measure everything looks the same, apart from the fact
that agents have different discount rates. Note that the stock price is still
calculated under the original, physical measure, but we can rewrite it as

S, 1 { /OO ] 1 /°° E,[ M, D}~ D]
2= E M,D.dr| = E,[D¢ z dr
D,  MD, "|/, M,D; |, D7 E,[D2]

1 ) (@ -
= E\|DYE M.D 7 d 3
Z‘ZtDt/t' t[ T] t [ T } T ( 6)

We define agent A(«) as (being the analog of agent If)

(P +7a(pt o’ a—0.50%)+0.565) = min (p* +7(ut 0 a—0.50%) +0.557)

(37)
By Corollary 6.1, under the measure P(®), we have

Mt ~Y C;2<g) e_pA(a) tZA(a)tD?:VA(a) .
Similarly, in complete analogy with the proof of Proposition 5.1,
B My Diye] ~ B [ME, Die |

under P and we obtain that

lim — = Sy P —qg.s.



by the same argument as in the proof of Proposition 5.1.
Now, Jensen’s inequality implies

E, [D% D;a St eftT DyS;*ds ]
Ey[Dg]
ey e 11—« ST fTDS_lds

= IOg Et[DT] + lOg Et DT D—e t s

log E; [ST eli DsS:"ds ] = log £ [D7] + log

T

> Ep[log(Sr/Dr)] + / ' E(D,/S,)]ds + E{*[log(Dx*)]+log E;[Dg]

(39)
We have
log E;[D}] = E; [ea((#70.502)T+oWT)]
— log <€aawt 60.5(17)\)Ta202+Ta(u70.502)>
= ocaW, + T« (u + 0.502((1 —Na — 1)) (39)
and
E@log(DL )] = E[log(e(1-) (+@-03)0)T+oWi™ )

= (1-a)(p+ (a=05))T + (1 —a)o (W, —c*aXT) (40)

Since St/Drp converges to Sa(a) P(®) —almost surely, a slight modification of
the proof of Proposition 5.1 implies that in fact

T
lim (1-0)7'T0 [ EGQ(D/S)ds = Syl
T—o00 T

and
lim 7! E*[log(Sr/Dr)] = 0.

— 00

and, by the law of large numbers,

lim 7 'log S; = 7lim logD; = \(u—0.507).

T—o0
Hence,
limTinf T 'log R(t,T) > —X(u—0.507)
+ a(p+050*((1-=Na—1)) + (1—a) ((p+(a—0.5)0%) + (1-X) Sz(la)
(41)
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Proof of Proposition 5.3
1. By the budget constraint, the wealth is given by the present value of
future consumption, that is

Mtwit — Et |:/ MTC’L'TdT‘| — CiOEt |i/ €pibi7M;biebi(6iWT%5?7)d7:| )
t t

Similarly to what we did with the stock price (Proof of Proposition (5.1), we
get that

/t M c;.dt + Myw;; = E; {/00 MTcdeT]
0 0
is a martingale and hence
Mycydt + wyd My + Mydwy + d{ My, wy) = v dW,y
where, by the Clark-Ocone formula,
v = Ey [Dy(M,cir)dr] .

By the Ito’s formula,
Yo = Wi My(—0; + oymit)

Now, by the rules for Malliavin derivatives,

Dy(M,c;,) = D, (6—PibiTM;—bieb,-(6i WT—%637)>

= (1 — bi)e_pibiTMT_biDt(MT)ebi(éiWT_%éfT) + e—pibm—MTl—bibiéiebi(éiWT—%éff)

= _(1 — bi)e—pibTM—biQTMTebi((SiWT—%(S?T) + e_PibiTMi—bi biéiebi(&WT—%dfr)

= (b;0; + (b — 1)0,)M,c;r  (42)
Thus,
v = Ey {/ (bi5¢ + (bi — 1)9T)MTcde7-}
t

and we get

Ey [ [7(0:6; + (b — 1)6,) Mrc;rdr]
Ey [ Mecipdr)

oy = 0 +
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2. Suppose now that 7; > 1. Let I' > 1 be such that I'b,; /(1 — b;) > 1
for all j and v < 1 be such that vb,;/(1 —b;) <1 for all j. Then, the same
argument as in the proof of Lemma A.1 gives us

W
ey e (1—b )\ L
(S0 (o maemesrggoay o)) < piag 2

J
yr\ "
J

Denote

Note that

EMYS) s

Mt(IK) CgK)

1-b;
— i b;
— e (pibitor (b (D”“) " Lt <—Z“+“) (44)
Dy gt Ziy

is independent of ¢.
By Lemma A.1, we have

M, c;y, ~ Mt(IK) cz(iK)‘

and a direct application of (43) and the same argument as in the proof of
Proposition 7.2 implies that

Ei My Citu) ~ Et[Mt(—il—i) C%ii]

By the same argument as in the proof of (27) (but based on the bounds of
43), we get that

-1
lim E, [Wj ttu Dy Mt € t4u)
t—00 Ey [Mt+u Cit-‘ru]

and in complete analogy with the proof of (27), we obtain

E; [9t+th+u0it+u] ~ Q(IK)Et[Mt—i-ucit—i—u]-
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and from there

Et [9t+th+uCi t+u] Et [Mt(+u) ngt—ii]

lim = gUx)
oo . Ji T
t Mt Cit Mt( K) ’EtK)
and (1) (I)
lim Et[Mt+u Cit+u] _ Et[Mt+ﬁ Cztiu]
t—o0 M ciy Mt( x) Z(iK)

Now, let us prove that

% B0y My Gty du — Q(IK)/ Ey[My1, zt—l—q)t] du
0 M, cgt x)

lim
t=oo Jo M iy

and

lim

t—o0 Cit t—o0

o0 o0 I
Wi _ / EiMruCite / EMicif)
0 M; c;y 0 M, C(IK)

By the Lebesgue dominated convergence theorem, it suffices to show that
there exists an integrable function g(u) such that

M\ ™y Zirea\"
( M, ) © Tz, < g(u)

By (29) and using the fact that for a > 0, there exists a constant K > 0

such that N
(Z xz> <K Z xy,

E, [Mt—i-u C; t+u]

= E,
M ciy

we have

1-0b; b;
Mg L
M, Zit

1-b;
,fyj 7 bl
<KEe b>(§ (g) ) (<>§—> . (45)
t it

Now, using the Young inequality

i lighi < (1 — b))z + by

o4



we get that

—j 1=b; b;
o-pitr—0(-0) ( Zir (Dr it Zir
Zjr \ Dy Zit
1= 1-b; 1=
N N i s oo (=t Zir (Dr
Z. \D, Z. \ D,

Zir (D' Zir (D'
< K |eri-0Zit (T —py(r=t) 23 ([ Er 4
< (e 7 (Dt) +e 7 D, (46)

E [MtJru Czt+u —uS; 1
< K u
M ciy Z ‘

and hence

which is integrable by the assumption that Si > 0. As a direct consequence,
we have

& + U0
lim m; =
3. We define
o9 Zb Ml b;
f(t, VVt) = F, / e Pibi(T— t)—

Then, the wealth w;; of agent i satisfies
Wy = ng’Mt—bie’ptf(t, Wh).
An applucation of Ito’s formula implies that

(d/dWy) f(t, W)
f(t7 Wt)

T;t0¢ = 51171 + thl +

and hence

hedgin -1 (d/th)f(t’ Wt)
it o = =0y f(t, Wt)

To determine the sign of the hedging portfolio, we need to check whether f
is monotone increasing.
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We have

[e) i 1-0b;
—pibi(T—1) ZiT MT

€ b, 1 1—bi

t Zy M,

— B [ o= Pibi(T—t) = 0.5b; 82 (r—t)+8ibi(Wr —We) —(1=by) [ (rs+0.56)ds+ [, (5ibi+(bi—1)05)dW5}

= El { / e Il C“dsdr] (47)
t

where P; is a new measure with density process

Ey

(;];l = e f(f (6ibit(bi—1)0s)%ds + [;7 (8:bs+(bi—1)0s)dWs

and

Gt = pibi +0.56;07 4+ (1 — b;)ry + 0.5(1 — b;)07 — 0.5(8;b; + (b; — 1)6;)?
= pibi +0.5b;(1 — ;)07 + (1 — b;)ry + 0.5(1 — b;)b; 07 + 8;b;(1 — b;)0,  (48)

Thus, it all reduces to checking monotonicity of
1
Cz(Wt) =1+ 56103 + (5lb19t

Suppose that risk aversion is homogeneous. Then, the derivative of (; is given
by

Cov“i (bod; + %b(l — b)8; + bp;, 0;) — 20°(0, + ;) Var* (6;)

Thus, we get the result (using the fact that 6, € [min; 6;, max; 60;]).

D Proofs for Section 6

Proof of Proposition 6.1
We easily get from Equation (17) that

min M; < M < max M,;. (49)
1<i<N 1<i<N
The second point is immediate. Note that F(ay,- - ,ay) > F(d, -+ ,dly)

whenever a; > a} for i = 1,--- N. The state price density M, is then decreas-
ing in W, whenever all the state price densities M;; are decreasing in W; for
1 =1,---N. The long run results are immediate.
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Proof of Corollary 6.1
By Lemma A.1, M, > CWK e Pt 7y 4 D, ;K . Let, for each k, 4, = 1 —
dxo L. Then, for i # Ik

_ b b ) B vr -1 ) _
oDyt = e MM Zlfeig < et (e ! 2D K) " Zbeo D!

b;
t Vi
e Pite, Zit i o
= < 10 DVIK 'Yz) _ ebi(/ﬂK—Hi)t‘i'bi(’YIK—%)UWt. (5())

- ¢
e Pkt c ZIKt

By definition, x;, —#; < 0 and therefore c; D, converges to zero by the law
of large numbers. Since ) . ¢; = D, we have lim;_, chtDt_1 = 1. The limits
when W, goes to +00 or —oo result directly from Corollary 6.1.

Recall that the relative level of risk tolerance is given by w;; = ﬁ
j=1Y3Cjt
Differentiating the equation Z]\il F~ba) =1, weget F,, (]o My, ..., My) =

% M wj; hence the relative level of risk tolerance can be written in the form

wit = o M;F~F,,

and then
dw (Wr) JAMy i 2 g WM
d—I/Vt :Czod—VVtF Fo, = cigMiF™ F‘%ZF“J €50 dW,

L dM,
M F ZFM g dWJ (51)

If we differentiate the formula

Y Fhrar —F =0
k
with respect to a; and then with respect to a;, we get

Faiaj = ((1 — b]> + (1 — bz)) Witwtht(CZéMth%M )
- M Z(l = be)wie Fo, Fa; + 035(b; — 1)(cMy) > Mywy  (52)
k

where §;; is equal to 1 for ¢ = j and to 0 for ¢ # j. Replacing in (51) and
recombining the different terms leads to

(;Ttt = Wit bZ(Qt — 01) - ijtbj (gt - 9]) . (53)
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E Proofs for Section 7

Proof of Proposition 7.1
We have E; [M;r] = exp(—r;(T —t) — k;t —0;W;). We obtain as a corollary
to Equation (15) that

N

(fjc%”ﬂ [M-ﬂ””) < E,[My] < (Zc}é”a [MZ-T]”F) (54)

i=1 =1

From this we obtain limy_.o, 7 In By [My] = rj, and since B(¢,T) = M%Et [M7],
we get
71irn Y(t,T)=ry.

Proof of Proposition 7.2
For A € (A\j_1, ;) and t = AT we have

. EJMr]
lim ——— — 0
T—o00 Et [MIJ-T]

for ¢ # I;. The long run behavior of E;[My] for a € (/\'1+1’ /\i) derives

directly from there and from Equation (54). By definition, B(¢,T) is equal
to M%Et [M7] which gives the long run behavior of B(t, at).

. B 11
Since =t converges to 0 almost surely we have, for a € ()\—j, Py ),

lim Y (¢, at) =
Jlim (t,at) po—

[K/IK - allj (1/&)]

and the long run instantaneous forward rate at date at seen from date ¢ is
given by ;..
As far as the uniform convergence is concerned, note that

d t 1 LBt at)
—Y(t,at) = ————InB(t,at) — da .
do (t at) (at—t)2 n Bt at) at —t B(t,at)

Let P be the equivalent martingale measure, corresponding to M;. We have
B(t,at) = EF [exp—ftat rsds] and L B(t,at) = EF [—trat exp — ftat rsds] .

at
If we denote by @, the probability defined by its density % = %
exp— [, Tsds

then we have LY (¢, at) = ﬁ (—Y(t, a) + EP [Tat]) :

Q
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We also have

(Z C;g/”f) exp [(ozt —t) miin li(O)]
B(t, at) (Z er) exp [(at —1) max 1;(0)
; —1at% In (Z 036/7) — max 1;(0)

<Y(t,at) < = atfln (Zc ) — miinli(O)

which gives us that —=Y (¢, at) is bounded on the compact subsets of (1,00) .
Using the expression for r; given by Proposition 4.1 we also have that rq;
and hence ﬁEtQt [rat] are bounded on the compact subsets of (1,00). The
mappings a — Y (¢, at) are then uniformy Lipschitz on the compact subsets
of (1,00) and the convergence of Y (¢,at) to Y (a) is then uniform on the
compact subsets of (1,00).

2=

Proof 1 (Proposition 7.3) Let A € (\;, Aj11). Clearly, it suffices to show

that .
Exrleir Dy My]

Exr[Mr)
for alli # 1(j). Indeed, since

Z cer My = 1,
k

it immediately follows that agent I(j) is the only one surviving in the long
TUn.
Now, by Proposition 7.2,

0 (55)

Exp[Mr] ~ C}YjéEAT [ My a] (56)
for A € (A\j, A\j+1). Furthermore, by (49),

My < m’?XMkT < ;MkT
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and therefore

Eyrleir DEI Mr] < Z Eyrleir DEI Myr] .

Therefore, by (56), the required assertion (55) will follow if we prove that

I Exrleir DEl M1
im
T—oo  FEyr [Mljat]

e}

(57)

for alli # 1(j) and all k. We will consider two different cases.
Case 1. k # I(j). In this case, the trivial bound c;p D' < 1 implies

Exrler D;Fl Myr] < E\r[Myr]
Exr [Mp ] = Exr [Mpa

and (57) follows from (11).
Case 2. k = I(j). In this case, the same argument as in (50) together
with the market clearing condition implies that

cir D' < min {10 )i —00Wr g
Then, fort = N\T, we get

Eyleir D7 Migyr] Ey[cir Dyt el0=7i0)Wa]

E, [Mj(j)T] a E, [e(6i—7io)wt]

< Eyr 6*91(j)(WT*WXT)*0~5(91(j>)2(1*>\)T
% min {eb (NI(J) Ki)T+b; 9[(3) 0;) 1}

Denoten = bi(krgy — ki) » ¢ = b (01) — 6i) and Cy = (Wip. We need
to consider the cases ¢ > 0 and ¢ < 0 separately.
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If ¢ > 0 that is 07 > 0;, then,

E)\T

e—el(j) (Wp—Wxr)—0.5 (91<j>)2(1—)\)T % min {eb (K'I(J) Ki)T+b; 9[ Gy~ —6;) 1} ]

= FEyr [efal(j)(WTfWAT) 0502(3)(1 AT min {ect+<(WT*WAT)+77T, 1}]
1
2n(1-MNT

=" (nT+Ct) ) )
X / e~ /(2T(1=N)) 6*91(3')95 0.507 ;) (1=A)T eCetCz+nT g,

o0

1
mr(1—MNT

+oo
% / e~ T2/ (2T(1=N) e—ef(j)m—o.f)ef(].)u—,\):r de
'(nT+Ct)

(et (n=0.56% ;) 1=A)T 1

vors

S T+ (-NT)
y / o7/ o (0 +0) (I-NT)V2 g

+oo
4 e 9P 075, 1-NT _ = 1 o= 2/2 p=0r(Ha(AI-NDV? ..

Vo S ren o
(59)
Now, using the identity

_ 2 2
6x/2eya:dx — eV/2

e @2 gy = V)2 N(y—v)

| 7L

where

N(y) = e 2 4y

7
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15 the cdf of the normal distribution, we get

(Ct+ (n=0.56%; (1-\)T 1
V2T
=T T+C)((A-NT)~1/2
X / e~ /2 o (=01()+0) (A=NT)V2 1.
a-nr 1 [T

V2T =1 T+ (1-NT) 1/
ect+(nfo.59§(j>(1fx))T 60.5(79,@%)2 1-nT

X N(= 0T+ Co)((1=NT) ™2 = (=01 + ) (1= NT)?)
+ 670.5(9?(].)(17,\)T 60.59?(3.)(17)\)T

X (L=N(=¢' T+ C)((1 = NT)™2 + 01y (1 = NT)V?))
— Ot + (+(1=A)C(=01(;)+0.50))T

X N(= ' T+ C)((1=NT) ™2 = (=01 + ) (1= NT)?)
+(1L=N(=¢' T+ C)((L=NT)2 + 055 (1 = NT)V?)) .

—0.502

T oe () 6—12/2 6—91(1)37((1—)\)71)1/2 dx

(60)

The following lemma s well known.

Lemma E.1 We have

. N(x) ’ 1 — N(x) 1
1M —— = 1m = .
T——00 6712/2(_33)71 z—too e~ p—1 /2T

Because, for generic parameter values, we will have exponential decay, the
factor x=! in the asymptotics of Lemma .1 can be neglected. Similarly, by
the strong law of large numbers for Brownian motion, Wyr/T — 0 almost
surely, and therefore, in the expressions of the form Wyr + aT = T (a +
Wir/T), the term with Wyr can be also ignored when calculating long run
behavior.

We first observe that the term
e+ (1=X)¢(=07(;)+0.5¢))T

6
X N(=¢' T+ C)((1=NT) 2 = (=i +¢) (L= NT)?) o

always converges to zero. Indeed, if n+ (1 — X)((=0y(j) + 0.5¢) < 0 then we
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are done. If n+ (1 — X\)((=0r;) + 0.5¢) > 0 we have

=T (1= NT)™2 = (=01 + O (1= NT)
= —CHA=NT)2T (n+ (L= A (i) +€))) (62)
< —CHE=ND) T+ (1= M=) +0.5¢)))

s negative and converges to —oo, so that Lemma F.1 applies and we need to
show that

N+ (1= A)¢(=01)+0.50) = 0.5¢* (1= A" (n+ (1= A)((=0r;;)+¢))* < 0,
that s,
G =X + (1=X1)?2C (=0 +0.5¢) — 0.57°
—0.5(1 = A\)*C(=01¢) + O)* = n(1 — N (=015 + €)
= — 050> = 0.5(1 = A)*C3(67;)) + n(1 — \)¢Or)
= —0.5(n— (1= N)¢Oi)* < 0

(63)

which s what had to be proved. Thus, we only need to show that the term
L= N(=¢ 0T +CA=NT)2 + bry (L= NT)?)

converges to zero. This happens precisely when 0 < —C7'n + O (1 = N).
We have

— ¢+ O (1= X)
= —(bi (015 — 0:) " bilkrgy — ki) + Oy (L= A

By the definition of the agent 1(j), we have

(64)

ki) — (L=A) 05607 = ligy < L(A) =k — (1=X)0.567.
Therefore,

= (1= A) 0.5(=(01g) — 0:)* + 2015 (0r5y — 0:))  (65)
< (L= XN) 015 (015 — 63)

which 1s what had to be proved. The case ¢ < 0 1s completely analogous.
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Proposition E.1 The drift 1"/ of the log consumption ratio log(cis/ca)

such that
Ei[dlog(cii/car)] = e dt
1S given by
2 — under the physical measure
@f — zf,} under the risk-neutral measure
gf — [2} under the T-forward measure
where ,
0 = b (k; — 1 — 0.567)
0= 0+ b (6 + 6)6
0= 6 + b (0, + 6)0]
where

0T = E2 [0s]

1s the market price of risk under the T-forward measure.
Proposition E.2 For A € (A\j, \j11), we have
QT
Expl0r] — 01
almost surely under the physical measure.

Proof 2 Indeed, it follows directly from (51) that

min; b;

cir D7Y < wir < —
max; b; min; b

and the required assertion follows directly from the identity.
QT = Z wiT 9z .
Proof 3 (Proof of Proposition E.1) We have
cip = e*pibit Mt—bi Zf’tz Cio s

and therefore

Clt/CZt _ e(pgbg—p1b1)t Mtbg—ln 6(6151—bzéz)Wt+0.5(b25%—b15%)t )
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Recalling that
Mt_l th = —Ttdt — et th,

we get that, under the physical measure,

(cie/co) Hd(cie/car) = ((paba — pib1) + 0.5(bads — b167))dt

+ (by — by) (M, dM; + 0.5(by — by — 1)07dt)

+ (b10y — bada)dW; + 0.5(b101 — bady)?dt — (by — by)0,(by6y — bydy)dt

= ((pgbg — p1b1) + 05([?253 — bléf) — (bg — bl)’l“t + 05([)2 — b1)(b2 — bl — 1)03
4 0.5(b181 — bads)? — (by — b1)Bs(b16y — 62(52))6125

+ (=(bg — b1)0; + (b107 — bods))dW;

(68)
and the claim follows by direct calculation. The only exception is the case
under the T-forward measure, which follows from Lemma F.2 below.

Proof 4 (Proof of Proposition 7.4) The proof follows directly from (68)
and Proposition 5.22, p.345 of Karatzas and Shreve (2008).

Lemma E.2 The density process of the T-forward measure is

t 5 th
e Jo 6 dWi —0.5 [ (67)2dt :

where ) .,
0F = EP [07].

Proof 5 (Proof of Lemma E.2) A direct calculation, based on the same
Malliavin calculus techniques implies that, under the risk-neutral measure,

dB(t,T) = rdt + oP(t, T)dWE,

where
BHT) = 6, — EC 0] = 6, — EilMr6r]

Therefore,
dE[Myr) = d(M;B(t,T)) = B(t,T)dM, + M, dB(t,T) — o®(t,T) 6, dt,

and hence R .
07 = E? [0;].
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