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Abstract

We study the co-evolution of asset prices and agents’ wealth in a financial market
populated by an arbitrary number of heterogeneous, boundedly rational investors. We
model assets’ demand to be proportional to agents’ wealth, so that wealth dynamics can
be used as a selection device. For a general class of investment behaviors, we are able to
characterize the long run market outcome, i.e. the steady-state equilibrium values of asset
return, and agents’ survival. Our investigation illustrates that market forces pose certain
limits on the outcome of agents’ interactions even within the “wilderness of bounded
rationality”. As an application we show that our analysis provides a rigorous explanation
for the results of the simulation model introduced in Levy, Levy, and Solomon (1994).
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1 Introduction

Consider a financial market where a group of heterogenous investors, each following a different
strategy to gain superior returns, is active. The open question is to specify which agents will
survive in the long run and how agents’ interaction affects market returns. This paper seeks
to make a contribution in this direction.

At this purpose we investigate the co-evolution of prices and agents’ wealth in a stylized
market for a long-lived financial asset, populated by an arbitrary number of heterogenous
agents. Agents decide, period after period, which fraction of their wealth to invest in the
financial asset. Their investment decisions are modeled in a general manner, as some smooth
functions of past realizations of prices and dividends. An important feature of our model is
that the dynamics of price and wealths are closely intertwined. In fact, agents impact market
prices proportionally to their relative wealth, and, at the same time, market price realizations
determine agents’ wealths. In other words, the dynamics of price and wealths acts naturally
as a selection device operating on the set of different investment strategies, while, at the same
time, the successful strategies determine the price and wealth dynamics.

By focusing on the asset price dynamics in a market with heterogeneous agents, our paper
clearly belongs to the growing field of Heterogeneous Agent Models (HAMs), see Hommes
(2006) for a recent survey. We share the standard set-up of this literature and assume het-
erogeneous investors to decide whether to invest in a risk-free bond or in a risky financial
asset.! In the spirit of Brock and Hommes (1997) and Grandmont (1998) we consider stochas-
tic dynamical system and analyze the sequence of temporary equilibria of its deterministic
skeleton. As opposed to the majority of HAMs, which consider only a few types of investors
and concentrate on heterogeneity in expectations, here we develop a general framework which
can be applied to a quite large set of investment strategies, so that heterogeneity with respect
to risk attitude, expectations, memory and optimization task can be accommodated. In fact,
we characterize long run behavior of asset prices and agents’ wealth distribution for a general
set of competing investment strategies.

An important feature of our model concerns the demand specification. Many HAMs (see
e.g. Brock and Hommes (1998); Gaunersdorfer (2000); Brock, Hommes, and Wagener (2005))
employ the setting where agents’ demand is not changing with wealth, i.e. exhibits constant
absolute risk aversion (CARA). In contrast, we assume that demand increases linearly with
agents’ wealth, which corresponds to the so-called constant relative risk aversion (CRRA)
property. An advantage of this approach is that wealth dynamics acts as a selection mecha-
nism and thus determines long run survival. On the contrary, in CARA models a selection
mechanism has to be introduced ad hoc time by time. Furthermore, experimental literature
seems to lean in favor of CRRA rather than CARA (see e.g. Kroll, Levy, and Rapoport (1988)
and Chapter 3 in Levy, Levy, and Solomon (2000)).

The analytical exploration of the CRRA framework with heterogeneous agents is difficult,
because the wealth dynamics of every agent have to be taken into account. Despite this
obstacle, the recent papers of Chiarella and He (2001, 2002), Anufriev, Bottazzi, and Pancotto
(2006), Anufriev and Bottazzi (2006) and Anufriev (2008) make some progress. In particular,
the last studies introduce a geometric tool, so-called Equilibrium Market Curve (EMC), which
can be used to carry out the equilibrium analysis. All these studies, however, are based
on the assumption that the price-dividend ratio is exogenous. This seems at odd with the

IRecently, also some models with heterogeneous agents operating in markets with multiple assets (Chiarella,
Dieci, and Gardini, 2007) and with derivatives (Brock, Hommes, and Wagener, 2006) have been developed.



standard approach, where the dividend process is exogenously set, while the asset prices are
endogenously determined. In our paper we overcome this problem, and use the EMC approach
to analyze a market for a financial asset whose dividend process is exogenous, so that the price-
dividend ratio is a dynamic variable.?

The CRRA setup with exogenous dividend process allows us to link our model with agent-
based simulations, and in particular with one of the first agent-based model of a financial
market introduced in Levy, Levy, and Solomon (1994) (LLS model, henceforth). Their work
investigates whether some stylized empirical findings in finance, such as excess volatility or
long periods of overvaluation of asset, can be explained by relaxing the assumption of a fully-
informed, rational representative agent. Despite some success of the LLS model in reproducing
the financial “stylized facts”, all its results are based on simulations. Our general setup can
be applied to the specific demand schedules used in the LLS model, and, thus, provides an
analytical support to its simulations.

As we are looking at agents’ survival in a financial market ecology, our work can be classified
within the realm of evolutionary finance. A seminal work of Blume and Easley (1992), as well
as more recent papers of Sandroni (2000), Hens and Schenk-Hoppé (2005), Blume and Easley
(2006) and Evstigneev, Hens, and Schenk-Hoppé (2006), investigate how beliefs about the
dividend process affect agents’” dominance in the market. There are two main differences of
our work with this literature. First, whereas their work focuses on portfolio selection, we
focus on relating asset returns in terms of the risk-free rate. Indeed, in their model an investor
can choose among a number of different risky assets, while in our model agents can invest
either in a risky or in a riskless asset. Second, although these contributions assume that
each investment strategy depends on the realization of exogenous variables, i.e. dividends, our
investors can also condition on past values of endogenous variables such as past prices. As a
consequence in our framework prices today influence prices tomorrow through their impact on
the agents’ demands. This is important especially when the stability of the surviving strategy
is investigated. In fact, when the investment strategy is too responsive to price movements,
fluctuations are typically amplified and unstable price dynamics are produced. Indeed, we
show that local stability is related to how far agents look in the past.

This paper is organized as follows. Section 2 presents the model and leads to the definition
of the stochastic dynamical system where prices and wealths co-evolve. Section 3 studies
the equilibria of the deterministic version of the dynamical system and introduces the tools
to investigate their stability. Section 4 applies the general model to the special case where
agents are mean-variance optimizers and explains the simulation results of the LLS model.
The analysis of the general model is completed in Section 5, while Section 6 summarizes our
main results and concludes. Proofs are collected in Appendices at the end of the paper.

2 The model

Let us consider a group of N agents trading in discrete time in a market for a long-lived
financial asset. Assume that the asset is in constant supply which, without loss of generality,
can be normalized to 1. Agents can lend the share of wealth which is not invested in the
financial asset in return of an exogenously given constant interest rate vy > 0 per period,
i.e. they can buy a risk-less asset. This asset serves as numéraire with price normalized to 1

2Recent model of Chiarella, Dieci, and Gardini (2006) is another example of the HAM built in the CRRA
framework with exogenous dividend process. In contrast to our approach, the market in Chiarella et al. is
populated by only two types of agents, fundamentalists and chartists, and it is cleared by a market-maker.



in every period. The financial (risky) asset pays a dividend D, at every time ¢ in units of the
numéraire, while its price P, is fixed through market clearing.

Let W, ; stand for the wealth of agent n at time ¢. It is convenient to express agent’s
demand for the risky asset in terms of the fraction xz,,; of wealth invested in this asset, so that
agent n invests an amount x, W, ; in the risky asset at time ¢. If the dividend is paid before
trade takes place, wealth of agent n evolves as

P+ D
Witr1 = (1= @) Wae (L4 15) + 20t Wy % ’ (2.1)
t
where the price at time ¢ + 1 is fixed through the market clearing condition
N n WTL
3 Tt Wntfl _ (2.2)
n=1 Py

In this system prices and wealth co-evolve because the price depends on the current agent’s
wealth via (2.2) and, at the same time, the wealth of every agent depends on the contempora-
neous price via (2.1). Before deriving the solutions of these equations, we devote our attention
to the individual investment decisions z, ;.

2.1 Investment Functions

We intend to study the evolution of the asset price and agents’” wealth under an investment
strategies as general as possible. Therefore, we avoid any explicit formulation of the demand
and suppose that the investment shares x,,, are general functions of past realizations of prices
and dividends. Following Anufriev and Bottazzi (2006) we formalize this intuitive concept of
investment strategy as an investment function.

Assumption 1. For each agent n = 1,..., N there exists an nvestment function f, which
maps the information set, containing realized dividends and prices, into an investment share:

xn,t - fn(-Dty-Dt—h Dt—27 cee -Pt—h-Pt—Qa . ) . (23)

Agents’ investment decisions evolve following individual prescriptions. Notice that since
the investment choices should be made before the trade starts, the information set contains
all the past dividends up to D;, and all the past prices up to P,_;.

Assumption 1 leaves a high freedom in the demand specification. The only essential restric-
tion is that the investment share does not depend on the contemporaneous trader’s wealth.
This implies that the demand for the risky asset is linearly increasing with the trader’s wealth.
In other words, ceteris paribus investors maintain a constant proportion of their invested
wealth as their wealth level changes. Such behavior can be referred as a constant relative risk
aversion (CRRA) framework.?

A number of standard demand specifications are consistent with Assumption 1. In Sec-
tion 4.1, as an application, we consider agents who maximize mean-variance utility of their
next period expected return. Other investment behavior can also be accommodated within
our framework, for instance, one can consider agents behaving in accordance with the prospect
theory of Kahneman and Tversky (1979).

3The distinction between constant relative and constant absolute risk aversion (CARA) behavior was in-
troduced in Arrow (1965) and Pratt (1964), who also relate these concepts with utility maximization. Under
CARA framework agents maintain a constant demand for the risky asset as their wealth changes.

4This is shown, for instance, in Chapter 9 of Levy, Levy, and Solomon (2000).
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The generality of the investment functions allows modeling the agents’ forecasting prac-
tice with a big flexibility too. The formulation (2.3) includes as special cases both technical
trading, when agents’ decisions are driven by the observed price fluctuations, and more fun-
damental attitudes, e.g. when the decisions are made on the basis of the price-dividend ratio.
It also includes the case of constant investment strategy, occurring when agents assume the
stationarity of the ez-ante return distribution.

Despite high flexibility, our setup does not include a number of important behavioral rules
of agents. Since the current wealth is not included as an argument in the investment function,
all the demand functions of CARA type are not covered by our framework. Also the current
price is not among the arguments of (2.3). Therefore, investors deriving their investment share
conditional on the (hypothetical) current price cannot be reconciled with our setup.

2.2 Co-evolution of Wealth and Prices

Given the asset price and agents’ wealths at time ¢ together with the dividend and agents’
investment strategies at ¢t + 1, prices and wealth at ¢ + 1 are simultaneously determined by
the evolution of wealth (2.1) and by the market clearing condition (2.2). To obtain an explicit
solution for Py, and thereafter W, we can use (2.1) to rewrite the market clearing equation
(2.2) as

N

P D
Pt = 3 tnesaWa (<1 — ) (14 77) + e Bt ‘;1)) _
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The solution of this equation with respect to P, gives
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Wealth evolution (2.1) then determines individual wealth W), ,.; for every agent n. The
resulting expressions can be conveniently written in terms of the price return and dividend
yield defined, respectively, as

ki = -1 and Yi+1 = )

as well as in terms of agents’ relative wealth

Wit

Ont =

Zm Wm,t .

Dividing both sides of (2.4) by P; and using that P, = Y x,,,W,,;, one derives the evolution
of price returns. Together with the resulting expression for the evolution of wealth shares, it
gives the following system:

Zn ((1 +71) (Tnpr1 — Tng) + Yo Tng xmt-&-l)gpmt
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According to the first equation, the return depends on the totality of agents’ investment
decisions for two consequent periods. High investment fractions for the current period tend to
increase the current price and, hence, the return. This effect is due to an increase of current
demand. Moreover, the effect of agents’ decision on the price return is proportional to their
relative wealth. The second equation in (2.5) shows that the relative wealth of every agent
changes according to the agent’s relative performance, where the return of each individual
wealth should be taken as performance measure.

2.3 Dividend Process and Dynamical System

The last ingredient of the model is the dividend process. The previous analytical models
built in the CRRA framework, such as Anufriev, Bottazzi, and Pancotto (2006), Anufriev
and Bottazzi (2006) and Anufriev (2008), assume that the dividend yield is an i.i.d. process.
This assumption implies that any change in the level of price causes an immediate change
in the level of dividends. In reality, however, the dividend policy of firms is hardly so fast
responsive to the performance of the firm’s assets, especially when prices are driven up by
speculative bubbles. In this paper we consider the alternative setting, where the dividend
process is completely exogenous with respect to the financial market.

Assumption 2. The dividend realization follows a geometric random walk,

Dy =Dy (1+g), (2.6)
where the growth rate, g, is an i.i.d. random variable.
Rewriting this assumption in terms of dividend yields and price returns we get

1+ 9141

2.
1+ K (2.7)

Yt+1 = Yt
Equations (2.5) and (2.7) together with the investment functions (2.3), rewritten as functions
of price returns and dividend yields, specify the evolution of the asset-pricing model with N
heterogeneous agents.

3 Equilibrium Returns and Agents’ Survival

The dynamics of our model is stochastic due to the fluctuations of the dividend process. Fol-
lowing the typical route in the literature (cf. Brock and Hommes (1997), Grandmont (1998)),
we start from the analysis of the deterministic skeleton of this stochastic dynamics. The skele-
ton is obtained by fixing the growth rate of dividends in (2.6) at the constant level g > —1.
Our simulations, discussed later in this paper, show that the local stability analysis of the de-
terministic skeleton gives considerable insight for the case when the growth rate of dividends
is a random variable.?

Before we start, let us introduce the investment decision weighted with relative wealth as

N
(21), = ToaPns (3.1)
n=1

5Tt is important to keep in mind that the agents do take the risk due to randomness into account, when
deriving their investment functions. Given agents’ behavior, we, as the modelers, set the noise level to zero
and analyze the resulting deterministic dynamics.




where the time of the decision, ¢, and the time of the weighting wealth distribution, s, can be
different. The deterministic skeleton for N agents whose investment functions depend on the
lagged price returns and dividend yields® can be then written as

( Tptt1 = fn(kb K1, e oo keopat Yot Yo - - - 73/th+1) ) Vne{l,...,N}

(L+75)+ (ki1 + Y1 — 75) Ty

Pnt+1 = Pn, ) V?’LE{L...,N}
t+ t (1+Tf)+(kt+1+yt+1_rf) <xt>
(1 + rf)<l‘t+1 - xt>t + yt+1 <fL‘t xt+1>t (32)
ki1 =rp+ ’
(e (1 = @14)),
_ 1ty
\ ytﬂ_ytl—l—kt'

Given the arbitrariness of the size of population N, of the memory span L, and the absence
of any specification for the investment functions, the analysis of dynamics generated by (3.2)
is highly non-trivial in its general formulation. However, as we show in Section 3.1, the
constraints on the dynamics set by the dividend process, the market clearing equation and the
wealth evolution are sufficient to (i) uniquely characterize the steady-state equilibrium level
of price returns, (ii) describe the corresponding possible distributions of wealth among agents,
and (iii) restrict the possible values of steady-state equilibria dividend yields to a well specified
set. Furthermore, in Section 3.2 we derive general conditions under which convergence to these
equilibria is guaranteed.

The primary issue is whether, when the variables are restricted to the set of economically
relevant values, the dynamics is well specified. In particular, the requirements of positive
prices and positive dividends imply, respectively, that the price returns should exceed —1 and
the dividend yield should be larger than zero. The following result shows that under such
restrictions and when, in addition, agents are not taking short positions in both assets, the
dynamics in (3.2) can always be described by a well-defined dynamical system.

Proposition 3.1. Assume that agents do not take short positions in both the risk-less and the
risky assets. In other words, given investment functions f, as defined in Ass. 1, assume that

the image of f, belongs to (0,1) for every n. (3.3)

Then the system (3.2) defines a 2N +2L-dimensional dynamical system of first-order equations.
The evolution operator associated with this system

T(@1, ..o 01, - ons ks Ry, -, yn) (3.4)
1s well-defined on the set
D =(0,1)" x Ay x (=1,00)" x (0, 00)*, (3.5)

consisting respectively of investment shares x,,, wealth shares @,, price returns k; and dividend
yields y;, wheren = 1,... . N and | = 1,...,L, and Ay denotes the unit simplex in N -
dimensional space

Ay = {(gpl,...,gpN) : Zzzl Om =1, on >0 ‘v’m}.

5Tn order to deal with a finite dimensional dynamical system, we restrict the memory span of each agent
to a finite L. Notice however that L can be arbitrarily large.
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Proof. We prove that the dynamics from D to D is well-defined. The explicit evolution
operator T, which is used in the stability analysis, is provided in Appendix A.

Let us start with period-¢ variables belonging to the domain D and apply the dynamics
described by (3.2) to them. Since k; > —1, the fourth equation is well define and ;. is
positive. As a result, the first equation defines the new investment shares belonging to (0, 1)
in accordance with the assumption in (3.3). It, in turn, implies that in the right-hand side of
the third equation all the variables are defined, and the denominator is positive. Thus, k;
can be computed. Moreover, the denominator does not exceed 1, as a convex combination of
numbers non-exceeding 1. Then, a simple computation gives

ke >ty ((L7)(=1) +0)gms = —1.

Finally, it is easy to see that both the numerator and the denominator of the second equation
are positive and that ¢, .11 = 1. Therefore, the dynamics of the wealth shares is well-
defined and takes place within the unit simplex Ay. n

In addition to proving the existence of a well-defined map”, this proposition also shows that
when the short position are forbidden, the agents’ wealth shares are bounded between 0 and
1. This makes sense because only short investment positions can give rise to a negative wealth
for some agents. Throughout the remaining part of this paper we impose the no-short-selling
condition (3.3).

3.1 Location of Steady-State Equilibria

In a steady-state, aggregate economic variables, such as price returns and dividend yields, are
constant and will be denoted by k* and y*, respectively.® Every steady-state has also constant
agents’ investment shares (z7,...,z%), and wealth distribution (¢%,..., ¢} ). Concerning the
latter we introduce the following definition.

Definition 3.1. In a steady-state equilibrium (x7,...,z%;¢%, ..., @ k% y*) an agent n is
said to survive if his wealth share is strictly positive, ¢ > 0.

In every state of the economy there exists at least one survivor. In a steady-state with M
surviving agents (1 < M < N) we will always assume that the first M agents survive. The
characterization of all possible steady-states of the dynamical system defined on the set D is
given below.

Proposition 3.2. Steady-state equilibria of the dynamical system (3.2) evolving on the set D
exist only when the dwidend growth rate g is larger than the interest rate ry.
Let g > ry and let (z7,...,2N; 97, -, ©N: K55 y") be a steady-state of (3.2). Then:

- The steady-state price return is equal to the growth rate of dividends, k* = g;

- All surviving agents have the same investment share x, which together with the steady-
state dividend yield y* satisfy

* g_rf

= . 3.6
= (36)

X

"With some abuse of language we usually refer to (3.2) and not to the first order map T in (3.4) as “the
dynamical system”. The explicit map T will be used only in the proofs.

8Notice that in the steady-state all L lagged values of the return and yield, which were introduced to define
the evolution operator 7, are equal to their contemporaneous values, i.e. to k* and y*, respectively.
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Figure 1: Location of equilibria for g > r;. Left panel: The Equilibrium Market Curve is shown
with two investment functions, I and II. In total there are three intersections with the EMC,
corresponding to three different steady-states. In A and C agent I survives with ¢; = 1. In point
B agent I survives with ¢y = 1. The abscissa of a point gives the corresponding dividend yield,
while the ordinate gives the investment share of the survivor. Right panel: When the investment
functions are intersecting at some point belonging to the EMC, there exists a set of steady-states. All
of them are given by A and have the same dividend yield and agent’s investment shares. However,
the wealth shares are arbitrary non-negative numbers satisfying ¢1 + @2 = 1.

- The steady-state wealth shares satisfy

‘ M
: 0,1 <M
o € (0.1] Zf = and ngfnzl. (3.7)
o, =0 if m>M —
Proof. A proof obtained with a simple algebra is provided in Appendix B. ]

We have established that a steady-state can only exist when g > ry. This result begs
a question of what happens in the opposite case, when the dividend growth rate is smaller
than ry. The answer on this questions will be postponed to Section 5. For the moment we
just assume that g > ry. Then many situations are possible, including the cases with no
steady-state, with multiple steady-states, and with different number of survivors in the same
steady-state. Below we illustrate all these possibilities and discuss their economic implications.

Above all notice that in all the steady-state equilibria the price grows with the same
rate as the dividend. In contrast, the steady-state level of dividend yield depends on agents’
behaviors. Proposition 3.2 implies that the dividend yield, y*, and the investment share of
survivors, x}, are determined simultaneously by (3.6). To find out how, let us introduce the
following definition.

Definition 3.2. The Equilibrium Market Curve (EMC) is the function

g—Ty
l(ly) = ——— defined for y > 0. 3.8
)= 39

With this definition, since the investment share z is given by the value of the agent’s
investment function, (3.6) can be rewritten as the following system of M equations

W) = fulg g9 y7)  V1i<m< M. (3.9)



The solution y* is the dividend yield, and [(y*) is the survivors’ investment share in the steady-
state. Condition (3.9) can be expressed graphically. Namely, all possible pairs (y*, ) can be
found as the intersections of the EMC with the cross-section of the investment function of
each survivor by the set

{k’t:kt_l:...:kt_L+l:g; yt-‘rl:yt:.":yt—[r‘rl:y}‘ (310)

We illustrate the use of the EMC in the left panel of Fig. 1 where a market with two
agents is considered. Starting with arbitrary multi-dimensional investment functions, let us
consider their cross-sections by the hyperplane (3.10). The resulting one-dimensional functions
of the variable y are shown by the thin curves marked as I and II. Now draw the EMC
(3.8) on the same diagram as a thick curve. According to (3.9), all possible steady-states of
the dynamics are the intersections between the investment functions and the EMC. In this
situation, obviously, there exist three steady-states. Point A corresponds to the case when
(3.9) is satisfied for agent 1. Therefore, in this steady-state he survives and, being alone, takes
all available wealth, ¢} = 1. The equilibrium dividend yield y* is the abscissa of point A,
while the investment share of the survivor, z7, is the ordinate of A. Finally, the equilibrium
investment share x7; of the second agent can be found as a value of his investment function at
y*. Notice that in this case 27 > x7;, which is important for stability as will become clear later.
In the other two steady-states the variables are determined in a similar way. In particular,
agent [ is the only survivor at ', while at B only the second agent survives.

In all the steady-states in the left panel of Fig. 1 only one agent survives. Proposition 3.2
implies that the survival of more than one agent requires existence of a common intersection
between their investment functions and the EMC. Such situation is illustrated in the right
panel of Fig. 1. Every steady-state must have yield y* and average choice z} as determined by
the coordinates of the point A. However, any wealth distribution (i.e. all possible combinations
of ¢; and ;s satisfying to ¢ + ¢ = 1) defines some steady-state. Generally, the steady-
states with multiple survivors, corresponding to the same point on the EMC, will form a
manifold defined by condition (3.7). In all such steady-states the economic variables (return
and yield) are the same, and the behavior of survivors must also be the same. Therefore, such
equilibria may be indistinguishable when looking at the aggregate time series. However, the
wealth shares of survivors can be different.

The EMC is an useful graphical tool which can be used to illustrate different long run
possibilities arising under the dynamics of (3.2). It is, obviously, possible that the dynamics
do not possess any steady-state (if no investment function intersects the EMC). It is also
possible that the system possesses multiple steady-states with different levels of dividend yield
(as in our first example), as well as multiple steady-states with the same level of yield (as in
our second example). At the same time, the EMC shows that the often heard conjecture that,
in the world of heterogeneous agents, “anything goes” is not necessarily valid. Even when
the strategies of agents are generic, as in our framework, the market plays its role in shaping
the aggregate outcome. The steady-states of system (3.2) can lie only on the EMC, which is
a small subset of the original domain. The shape of the EMC is entirely determined by the
exogenous parameters of the model, as g and 7¢, and does not depend on agents’ behavior.

To complete the discussion of the steady-states, notice from the EMC diagram that more
“aggressive behavior” in the steady-state (i.e. investment of larger wealth fraction to the
risky asset) will imply smaller equilibrium dividend yield. More aggressive behavior will push
demand up, and lead to larger price level, which decreases the dividend yield. This negative
effect, however, is exactly offset by the positive effect of taking the larger position in the risky
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asset. Indeed, the excess return in the steady-state according to (3.6) is given by

g—Ty

*
xo

gty —rp=

Y

that is inverse proportional to the investment level 2. However, every survivor takes exactly
x} of this excess return. We formulate it as the following

Corollary 3.1. At any steady-state equilibrium described in Proposition 3.2, the wealth return
of each surviving agent is equal to g.

Thus, for survivors all the points in the EMC are welfare-equivalent. We stress, however,
that different equilibria generally have different survivors.

3.2 Stability of Equilibria

In order to characterize the long-run dynamics of our financial market, we now turn to deriva-
tion of the local stability conditions for the steady-states found in Proposition 3.2. For this
purpose we assume that all the investment functions entering in the dynamics (3.2) are dif-
ferentiable with respect to their arguments.

3.2.1 Evolutionary selection of agents

The positive excess return earned in the steady-states allows the market to play the role of a
natural selecting force. In fact, it rewards some agents at the expense of others, shaping in this
way the long-run wealth distribution. The first part of our stability analysis focuses on this
“natural selection” which operates on agents’ wealth shares. We show that some steady-states
can be ruled out as unstable. The following general result holds.

Proposition 3.3. Consider the steady-state equilibrium (x{, TN T, .,go*N;k*;y*) de-
scribed in Proposition 3.2, where the first M agents survive and invest x%. It is (locally) stable
if the following two conditions are met:

1) the investment shares of the non-surviving agents are such that
1+9g  x,

< *
g—Try L,

1-2

<1 Vme{M+1,...,N}. (3.11)

2) the steady-state (x’{, U VRPN o y*) of the reduced system, obtained by eli-
manation of all the non-surviving agents from the economy, is locally stable.

The system generically exhibits a fold bifurcation when the rightmost inequality in (3.11)
becomes an equality, and it exhibits a flip bifurcation if the leftmost inequality in (3.11) becomes
an equality.

Proof. To derive the stability conditions, the (2N + 2L) x (2N + 2L) Jacobian matrix of
the system has to be computed and evaluated at the steady-state®. For the stability of the
system, the eigenvalues of this Jacobian should be inside the unit circle. In Appendix C we
show that condition 1) is necessary and sufficient to guarantee that M eigenvalues of the
Jacobian matrix lie inside the unit circle. Among the other eigenvalues there will be M zeros.
Finally, all the remaining eigenvalues can be derived from the Jacobian associated with the
“reduced” dynamical system, i.e. without non-surviving agents, evaluated in the steady-state.
This implies condition 2). O

9General references on the modern treatment of stability and bifurcation theory in discrete dynamical
systems are Medio and Lines (2001) and Kuznetsov (2004).
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Figure 2: Stability conditions. Left panel: According to (3.11), the steady-state is stable (against
the invasion by the non-survivors) if the non-survivors are less aggressive, i.e. their investment shares
lie below the investment share of the survivors. Right panel: Stability of a steady-state when
investment depends upon the average of past L total returns. In a stable steady-state for L = 1,
the pair (y*, (f'(y* + g))/U'(y*)) belongs to the dark-grey area. When L = 2 the stability region
expands and consists of the union of the dark- and light-grey areas. When L — oo the stability
region occupies all the space below “fold” line (f'(y* + g))/l'(y*) = 1. Crossing the border of the
stability region causes the corresponding type of bifurcation, where NS stands for Neimark-Sacker.

This proposition gives an important necessary condition for stability. Namely, the invest-
ment shares of the non-surviving agents must satisfy (3.11). The leftmost inequality is always
fulfilled for reasonable values of g and ry. The rightmost inequality shows that the survivors
should behave more “aggressively” in the stable steady-state, i.e. invest higher investment
share than those who do not survive. This result is intuitively clear, because as long as the
risky asset yields a higher average return than ry, the most aggressive agent has also the
highest total wealth return. For example, (3.11) implies the instability of equilibria B and C
in the left panel of Fig. 1. We illustrate it more thoroughly in the left panel of Fig. 2. In
the stable equilibrium the investment shares of the non-surviving agents should belong to the
gray area, i.e. lie below the investment shares of survivors.

Proposition 3.3 can be also viewed as a result about survival of some investment strategies
against an “invasion” by other investment strategies, i.e. evolutionary stability. At the steady-
state the dynamics is not affected by the agents who are not surviving, so that the non-survivors
can be discarded from the analysis. Nevertheless, if a new, more “aggressive” investment
strategy is introduced with an infinitely small fraction of wealth, it destroys the old equilibrium.

3.2.2 Stability of equilibrium with survivors

According to condition 1) in Proposition 3.3, when (3.11) is satisfied, the non-survivors can
be eliminated from the market. The dynamics can then be described by the reduced system,
that is, the same system (3.2) but with only M agents. When is the corresponding steady-
state equilibrium stable? The general answer to this question is quite complicated, since the
stability depends on the behavior of the survivors in a small neighborhood of the steady-state,
i.e. on the slopes of their investment functions. More precisely, the stability is determined
by the average values of partial derivatives of agents’ investment functions weighted by the
agents’ equilibrium wealth shares.
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Consider the steady-state (x’{, PN VSR 2N o y*) and denote the vector of lagged
returns and yields as e* = (k*,... k*; 4%, ...,y*). In the notation below index m =1,..., N
and index [ = 0,..., L — 1. Denote the derivative of the investment function f,, with respect
to the contemporaneous dividend yield as fY, the derivative with respect to the dividend
yield of lag [ + 1 as f¥, and the derivative with respect to the price return of lag [ + 1 as f*.
Furthermore, consistently with our previous notation, we introduce

M M M
Y= enfmle), (Y=Y _gnfi(e), ('Y= enfile
m=1 m=1 m=1

which are the weighted derivatives of investment functions evaluated in the steady-state. Fi-
nally, we denote as I'(y*) the slope of the Equilibrium Market Curve [(y) defined in (3.8) at
the steady-state equilibrium y*.

The next proposition reduces the stability problem to the exploration of the roots of a
certain polynomial.

Proposition 3.4. The steady-state (:U’{, ST PT O BT y*), described in Proposition
3.2, with M survivors is locally stable if all the roots of polynomial

L

Qu) = p"*

<<fY>M +Z<fyl L1l

>ML—H> (3.12)

=0

lie inside the unit circle. If, in addition, only one agent survives, then the steady-state is
locally asymptotically stable.

The steady-state is unstable if at least one of the roots of polynomial Q(p) is outside the
unit circle.

When the investment functions are specified, this proposition provides a definite answer to
the question about stability of a given steady-state. One has only to evaluate the polynomial
(3.12) in this steady-state and compute (e.g. numerically) all its L + 1 roots.

Even in its general formulation, Proposition 3.4 allows us to get some insight about the
determinants of stability. For example, when the investment strategies of all survivors are
non-responsive to a change in the yield (i.e. all the derivatives of the investment functions are
0 in the steady-state), the expression in parenthesis becomes zero and the stability condition
is obviously satisfied. Using a continuity argument, this also implies that the steady-state is
stable if the relative average slopes of the investment functions are small enough with respect
to the slope of the EMC.

Recall that in the case of many survivors (as depicted in the right panel of Fig. 1), there
exists a set of steady-states corresponding to different distributions of wealth among survivors.
Since the stability conditions depend on the partial derivatives of the investment functions
weighted with the equilibrium relative wealth shares, some of the steady-states on the same
manifold (i.e. with the same dividend yield and investment share) can be stable, while other
can be unstable.

3.2.3 An example with investment conditioned on the total return

Let us consider a special case which will also be important in the applications of Section 4.
Suppose that agents’ investment functions depend upon the average of past L total returns,
given by the sum of price returns and dividend yields. For example, agents might care only

13



about total returns and not track its two separate components. Formally, assume that indi-
vidual investment shares are given by

Tt = fo (% S (s + k:)) . (3.13)

=1

Simplifications in the polynomial (3.12) lead to

*

~ L-1 M / * *
Olu) = p+t — 1+p+ . + p (1+ a _M)Hg) ) J““;:L((yy*)wL 9 (3.14)

If all the roots of Q(u), evaluated in the corresponding steady-state, lie inside the unit circle,
the dynamics is locally stable. From the results of Section 3.1 it follows that the equilibrium
yield is given as a solution of I(y) = f(y + ¢g). Thus, the last fraction in the polynomial (3.14)
gives the relative slope of the “average” investment function of the survivors and the EMC at
the steady-state.!?

Proposition 3.3 and 3.4 give exhaustive characteristics of the stability conditions, but they
are implicit. When L = 1 this requirement can be made explicit. Namely, the following result
holds.

Corollary 3.2. Consider a steady-state of the system (3.2) with investment functions (3.13)

and lag L = 1, where all the non-survivors have been eliminated. The steady-state is locally
stable if

—y* (f'ly"+9)) y*
1+g+y* I'(y*) y +2(1+g)

(3.15)

The steady-state generically exhibits flip or Neimark-Sacker bifurcation if the right- or left-
most inequality in (3.15) turns to equality, respectively.

Proof. This follows from standard conditions for the roots of second-degree polynomial to be
inside the unit circle. See appendix E for the details. O

Conditions (3.15) are illustrated in the right panel of Fig. 2 in the coordinates (y*, { f')/I').
The steady-state is stable if the corresponding point belongs to the dark-grey area. From the
diagram it is clear that the dynamics are stable for a low (in absolute value) relative slope
(f')/U at the steady-state.

How does the stability depend on the memory span L? A mixture of analytic and numeric
tools helps to reveal the behavior of the roots of polynomial (3.14) with higher L. The stability
conditions for L. = 2, derived in appendix E, can be confronted with the L = 1 case, see the
right panel of Fig. 2. An increase of the memory span L brings stability to the system. With
the next corollary we also prove that this is a general result.

Corollary 3.3. Consider a steady-state of the system (3.2) with investment functions (3.13).
Provided that

(f'(y" +9))
I'(y*)
the corresponding steady-state is locally stable for high enough L.

<1, (3.16)

10To be precise, recall that we use the one-dimensional cross-section, by the hyperplane (3.10), of a multi-
dimensional investment function. It is the relative slope of this cross-section (averaged among survivors) and
the EMC in the intersection that matters for the stability.
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To summarize, if L is finite and low, the system can be stabilized by decreasing the average
slope of survivors’ investment functions with respect to the slope of the EMC. Furthermore,
if inequality (3.16) holds, an increase of memory span always stabilizes the system.

4 An example with Mean-Variance Optimizers

In this section we analyze the co-evolution of price returns, dividend yields and wealth shares
for a specific set of the agents’ investment functions. We consider agents who are allocating
wealth between the risky and the risk-less asset as to maximize their one period ahead mean-
variance utility. We assume that agents’ expectations of future variables are computed using
averages of past observations. Agents are heterogeneous in their degree of risk aversion and
in the length of memory they use to estimate future variables.

We proceed along two lines. First, we perform simulations of the system when the growth
rate of dividends is stochastic and explain the simulations by the results of Section 3. Second,
we apply these results to the analysis of the LLS model and resolve some puzzles put forward
by Zschischang and Lux (2001) regarding the interplay between risk aversion and memory
length in the simulations of Levy, Levy, and Solomon (1994) and Levy and Levy (1996).

4.1 Mean-Variance Optimizers

Throughout this section it is assumed that the growth rates of the dividends is given by

g=1+gmn—1,

where log(n;) are i.i.d. normal random variables with mean 0. The variance of the dividend
growth rate is denoted as 03. Thus Assumption 2 on the dividend process is satisfied, and in
the deterministic skeleton the dividend grows with rate g. Let us further assume that g > ry,
so that results from Section 3 can be applied.

Agents maximize the mean-variance utility of total return

U= Ex (ki1 + Yer) + (1 — x)ry] — %Vt[ﬂ?t(k’tﬂ + Y1),

where F; and V; denote, respectively, the mean and the variance conditional on the information
available at time ¢, and ~ is the coefficient of risk aversion. Assuming constant expected
variance V; = o2, the investment fraction which maximizes U is

Ekev1 + Y1 — 1y
Yo

) (4.1)

Ty =
Agents estimate the next period return as the average of L past realized returns. Following

condition (3.3), the short positions are forbidden, and the investment shares are bounded in
the interval [0.01,0.99]. The investment functions are given as follows:

: 1/1 L
fa,L = min {099, max {001, a <E ZT:l (kt,T -+ ytff) — Tf) }} s (42)

where o = y0? is the “normalized” risk aversion and L is the memory span. Notice that o
and L can differ across agents.
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Figure 3: Dynamics with a single mean-variance maximizer in a market with ry = 0.01 and
stochastic dividend with average growth rate ¢ = 0.04 and variance JZ = 0.1. Two levels of
memory span of the agent with lower risk aversion are compared. Top-left panel: log-price.
Bottom-left panel: investment shares. Top-right panel: dividend process. Bottom-right
panel: equilibrium on the EMC.

To derive all possible equilibria we turn to the deterministic skeleton, fixing 03 =0, let
the price return k£* be equal to g, and consider the cross-section of investment function (4.2)
by the hyperplane (3.10). All the steady-state equilibria can be found as the intersections of
the EMC with the cross-section function

Fuly) = min{0.99,max{0.01, w}} : (4.3)

«

which is shown by the thin curve on the bottom-right panel of Fig. 3. Notice that (4.3) does
not depend on L, that is the memory span does not influence the location of the steady-states.
Geometrically, all the multi-dimensional investment functions differed only in L collapse to the
same one-dimensional curve. With a single investor the following result follows immediately
from Proposition 3.2.

Corollary 4.1. Consider the system (3.2) with g > r; and with a single agent investing
according to (4.2). There exists a unique steady-state equilibrium (z*, k*,y*) and it is charac-
terized by k* = g and A, = (y*,x*) with:

* * g—r
v =nJalg—rs)—(9g—1f), "= af- (4.4)
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The bottom-right panel of Fig. 3 illustrates this result. The market has a unique steady-
state, A,, whose abscissa, y*, is the dividend yield, and whose ordinate, x*, is the agent’s
investment share. The position of this steady-state depends on the (normalized) risk aversion
coefficient . It is immediate to see that when « increases, the line z = (y + g — rf)/a
rotates clockwise, so that the steady-state dividend yield increases, while the investment share
decreases. Eq. (4.4) confirms it, as dy*/0a > 0 and dz* /0o < 0.

What are the determinants of stability of the steady-state equilibrium A,? First of all,
notice that we can apply the stability analysis of Section 3.2.3, because the investment function
fa,r is of the type specified in (3.13). The stability, therefore, is determined both by the
memory span L and by the ratio of the slopes of the function f, and the EMC in the point
A,. Straight-forward computations show that this ratio does not depend on « and it is always
equal to —1. Corollary 3.3 then implies that for any given normalized risk aversion « the
dynamics stabilizes with high enough memory span L.

To confirm that these results are applicable also for a stochastic system, we simulate the
model with investment function f, and stochastic dividend process. We plot the resulting
dynamics in Fig. 3. The top-right panel shows the realization of dividend process. Given
this process, simulations are performed for investment strategies with the same level of the
risk aversion and two different memory spans, collapsed in the same curve as shown in the
bottom-right panel. The left panels shows dynamics of prices (top) and investment shares
(bottom). When the agents’” memory span L = 10 (solid line), the steady-state is unstable
and price fluctuates. These endogenous fluctuations are determined by the upper and lower
bounds of the investment function and are much more pronounced than the fluctuations of
the exogenous dividend process. When the memory span is increased to L = 20 (dotted line),
the system converges to the stable steady-state equilibrium and observed fluctuations are only
due to exogenous noise affecting the dividend growth rate.

We turn now to the analysis of a market with many agents, being particularly interested in
assessing agents’ survival in the long run. The bottom-right panel of Fig. 4 shows investment
functions (4.3) for two different values of risk aversion, v and o/ < . According to Proposition
3.3, the survivor should have the highest investment share at the steady state. Since at y
the agent with high risk aversion, «, invests less than the agents with low risk aversion, o/, he
cannot dominate the market. As a result the steady-state A, is unstable. Whether the less
risk averse agent can dominate the market depends on the stability of the second steady-state,
Ay, that is on his memory span. If the memory span is high enough, the steady-state A, is
stable and the less risk averse agent dominates the market.

Fig. 4 shows the market dynamics when one agent has risk aversion a and memory L = 20
(which produces a stable dynamics in a single agent case, cf. Fig. 3), and the other agent has
risk aversion o/ < a and memory L’. Simulations for two different values of the memory span
L' are compared. When the memory span of the less risk averse agent is low, L' = 20, the
steady-state A, is unstable (see dotted lines). Wealth share of both agents keep fluctuating
between zero and one. However, when the memory of the less risk averse agent increases to
L’ = 30, the new steady-state A, is stabilized and he ultimately dominates the market (solid
lines). The steady-state return now converges, on average, to g+vy., < g+y. Interestingly, in
our framework low risk aversion leads to market dominance at the cost of lowering the market
return. In fact, the agent with a lower risk aversion dominates the market, but produces lower
equilibrium yield by investing a higher wealth share in the risky asset. However, as stated
in Corollary 3.1, the total wealth return is g, independently from the survivor investment
strategy.
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Figure 4: Dynamics with two mean-variance maximizers in a market with r; = 0.01 and
stochastic dividend with average growth rate ¢ = 0.04 and variance JZ = 0.1. Two levels of
memory span of the agent with lower risk aversion are compared. Top-left panel: log-price.
Bottom-left panel: wealth share of the agent with lower risk aversion. Top-right panel:
dividend yield. Bottom-right panel: EMC and two investment functions. The agent with
lower risk aversion o’ produces the steady state A, .

4.2 The LLS model revisited

The insights developed so far can be used to evaluate various simulations of the LLS model
performed in Levy, Levy, and Solomon (1994); Levy and Levy (1996); Levy, Levy, and Solomon
(2000); Zschischang and Lux (2001). In fact, as far as the co-evolution of prices and wealth is
concerned, the LLS model is built on the same framework as considered in this paper.

In the LLS model, agents at period ¢ maximize a power utility function U(Wiyq,7) =
th_:l“/ (1 —~) with relative risk aversion v > 0. Furthermore, to forecast the next period total
return 2,41 = ki1 + Yio1, agents assume that any of the last L returns can occur with equal
probability. Solutions of the maximization of a power utility are not available analytically
but can be shown to give a wealth independent investment shares. This property holds for
any perceived distribution, g(z), of the next period total return, which is discrete uniform in
this case. Let us denote the expected value of the total return as z, and the corresponding
investment function as f¥F (7, g(z)). As this investment function is unavailable in explicit
form, the analysis of the LLS model relies on numeric solutions.

Since our results in Section 3 are valid for any functional form of the investment function,
we are able to give an analytic support to the LLS model. In the example with mean-
variance maximizers, we have seen that the risk aversion determines the capability of agents
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to invade the market, whereas the memory span influences the stability of the dynamics.
These properties hold as long as the investment function on the “EMC plot” shifts upward
with decrease of the risk aversion. As the following result shows (see Anufriev, 2008 for a
proof), the function f#¥ (v, g(z)) has this property.

Proposition 4.1. Let ffp stand for the partial derivative of the investment function f¥F

with respect to the risk aversion coefficient v. Then the following result holds:
5= EP > EP <
If zz0, then f =0 and [, =0

In our setting, when a positive return is expected, agents with lower risk aversion invest
higher share. Consequently, Propositions 3.3 and 3.4 provide rigorous analytic support to the
simulation results of the LLS model.

In Levy and Levy (1996) the focus is on the role of the memory. The authors show that
with a small memory span the log-price dynamics is characterized by crashes and booms. Our
analysis shows that this result is due to the presence of an unstable steady-state and to the
upper and lower bounds of the investment shares. Furthermore, this steady-state becomes
stable if the memory is high enough. Simulations in Levy and Levy (1996) confirm this
statement; when agents with higher memory are introduced, booms and crashes disappear
and price fluctuations become erratic. In our view, these fluctuations around the steady-state
of the deterministic system are simply due to the exogenous noise of the dividend process, and
not due to the endogenous agents’ interactions.

In Zschischang and Lux (2001) the focus is on the interplay between the length of the
memory span and the risk aversion. Their simulations suggest that the risk aversion is more
important than the memory span in the determination of the dominating agents, providing
that the memory is not too short. The argument has not been put forward in a decisive way
though, as the following quote from Zschischang and Lux (2001) (p. 568, 569) shows:

“Looking more systematically at the interplay of risk aversion and memory span,
it seems to us that the former is the more relevant factor, as with different [risk
aversion coefficients] we frequently found a reversal in the dominance pattern:
groups which were fading away before became dominant when we reduced their
degree of risk aversion. [...] It also appears that when adding different degrees of
risk aversion, the differences of time horizons are not decisive any more, provided
the time horizon is not too short.”

Our analytic results make clear how and why this is the case. Agents with low risk aversion
are indeed able to destabilize the market populated by agents with high risk aversion. However,
this “invasion” leads to an ultimate domination only if the invading agents have sufficiently
long memory. Otherwise, and this complements the conclusions of Zschischang and Lux (2001)
and related works, agents with different risk aversion coefficients will coexist.

Another new result concerns the case of agents investing a constant fraction of wealth. In
Zschischang and Lux (2001) the authors claim that such agents always dominate the market
and add (p. 571):

“Hence, the survival of such strategies in real-life markets remains a puzzle within

the Levy, Levy and Solomon microscopic simulation framework as it does within
the Efficient Market Theory.”
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Our analysis allows to make this statement more precise. The agents with constant investment
fraction are characterized by the horizontal investment functions, for which Proposition 3.4
guarantees stability, independently of L. If these agents are able to invade the market suc-
cessfully, they will ultimately dominate. However, their market invasion will fail, as soon as
other agents are more aggressive in the steady-states created by invaders.

5 Non-selecting market dynamics

Our analysis so far dealt with a market where dividends are growing at a higher rate than
the risk free asset. Indeed, the steady-state equilibria described in Proposition 3.2 can exist
only for g > ry. One may wonder what happens in the opposite case, when the dividends
grow, on average, more slowly than r¢. For instance, some simulations of the LLS model were
performed with positive risk-free rate and constant dividend (i.e. g = 0), and these simulations
do converge. To understand why and where they converge in this Section we return to the
setting with general investment functions and analyze the case of g < r;. We show that
prices are always growing at the rate 7, no matter the initial set of investment strategies.
Furthermore, the dividend yield converges to y* = 0. As a result the wealth return is r for
any investment strategy, and no selection on the set of investment strategies occurs.

The reason why we did not find any steady-state when g < ry despite a convergence of
the LLS simulations is very simple. Since the domain D given in (3.5) is not a closed set, the
dynamics can easily converge to a point which is outside of D. One possibility is the point
with zero dividend yield, another is where the price return £* = —1. Both cases were not
included in the definition of domain D, because they lie outside the possibilities considered in
our model. In the former case the dividend must be zero, while in the latter case the price
sequence is not defined.

Formally, however, the dynamics (3.2) is well defined also on the set

D' =(0,1)Y x Ay x [~1,00) x [0,00)" . (5.1)

Let us, therefore, extend our analysis on the dynamics defined on D’, and in this way char-
acterize possible behaviors of the system when it is asymptotical converge to a steady-state
equilibrium with zero dividend yield. The next result applies.

Proposition 5.1. Consider the dynamical system (3.2) evolving on the set D' introduced
in (5.1) and assume that the no-short selling constraint (3.3) is satisfied. Apart from the
steady-state equilibria described in Proposition 3.2, the system has other steady-states equilibria

(@1, N @1, PN KN YY) where:
- The price return is equal to the risk free rate, k* = ry.
- The dividend yield is zero, y* = 0.

- The wealth shares satisfy

N
: 0,1 <M
#m € (0.1] Zf " and Z oy =1. (5.2)
wr =0 if m>M —
Proof. See Appendix F. m

20



le+10

le+08 |- -
1le+08

1406 le+06

10000

Price

Dividglds
=
(=}
[=}

100

0 100 200 300 400 500

L L=10
L=20 ------
. 08| -
[}
g 3
Z 061 >~
s k=l
2 04 =
2 =
E a
02
l’ "
i 1
0 \
| | | | |
0 100 200 300 400 500 0 100 200 300 400 500

Time Time

Figure 5: Dynamics with a single mean-variance maximizer in a market with ry = 0.05 and
stochastic dividend with average growth rate g = 0.04 and variance 03 = 0.1. Top-left panel:
log-price for two different values of memory span L. Bottom-left panel: investment shares.
Top-right panel: dividend process. Bottom-right panel: dividend yield.

Contrary to the steady-state equilibria with positive dividend yield, in the steady-states
derived in Proposition 5.1, the total return of the asset, k* + y*, coincides with r¢, the return
of the risk-less asset. In these steady-states, therefore, there is no difference in the investment
opportunities. The investment shares of agents are unambiguously determined through the
investment functions, while the wealth shares are free of choice, so that any number of agents
can survive. Survivors may behave differently, i.e. homogeneous behavior is not necessary, as
opposed to the steady-states with positive yield. This is due to the fact that the total return
is the same for all investment strategies.

Corollary 5.1. At any steady-state equilibrium with y* = 0 as found in Proposition 5.1, the
wealth return of each agent is equal to 7.

The local stability of the steady-state equilibria with zero dividend yield can be analyzed
along the same lines of Proposition 3.3.

Proposition 5.2. Steady states of the dynamical system (3.2) evolving on the set D', in
which the dividend yield is zero, can be stable only if the dividend growth rate g is less than
the risk-free interest rate .

Let g < ry and let (x}‘,...,a:}‘v;cp‘{,...,gpj‘v;k*;y*) be a fized point of (3.2) with y* = 0.
This point is locally stable if all the roots of polynomial

Qul) = 4+ s ) Y 6.3
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Figure 6: Dynamics with two mean-variance maximizers in a market with r; = 0.05 and
stochastic dividend with average growth rate ¢ = 0.04 and variance 03] = 0.1. Two levels
of memory span of the agent with lower risk aversion are compared. Top-left panel: log-
price dynamics. Bottom-left panel: wealth share of the agent with lower risk aversion «’.
Top-right panel: investment shares. Bottom-right panel: dividend yield.

lie inside the unit circle.
The steady-state is unstable if at least one of the roots of polynomial Qo(p) is outside the
unit circle.

Proof. See Appendix G. m

As a comparison with results from the previous section, in Figs. 5 and 6 we plot the results
of market simulations when agents are mean-variance optimizers, with investment functions
(4.2). Fig. 5 shows market dynamics for a single agent with memory span either L = 10 or
L = 20. The only difference between simulations shown in Fig. 5 and those in Fig. 3 is the risk
free rate, which is now equal to 0.05, so that g < ry. Whereas with g > r; the market is stable
with long memory and unstable with high memory, with g < r; the market dynamics stabilizes
no matter the value of L.!'' Moreover, the price grows at the constant rate r; (top-left panel),
no matter the exogenous fluctuations of the dividend process (top-right panel). Since the price
grows faster than the dividend, the dividend yield converges to 0 (bottom-right panel). Notice
also that at the steady-state the agent is investing a constant fraction of wealth equal to the
lower bound of (4.2), i.e. 2* = 0.01 in this case (bottom-left panel).

"By applying Proposition 5.2 to the investment function f in (4.2), and noticing that, due to the lower
bound, the investment function is always flat at y* = 0, it can be shown that the steady-state y* = 0 is stable
for any value of L.
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Fig. 6 shows the market dynamics when two mean-variance optimizers, with different values
of risk aversions, are active. It differs from Fig. 4 only for the value of risk free interest, now
g < r¢. No matter the memory of the most aggressive agent, the price dynamics stabilizes
(top-left panel). Prices grow at the constant rate ry, despite the exogenous fluctuations of the
dividend process. Since prices are growing faster than dividends, the dividend yield converges
to 0 (bottom-right panel). At the steady-state both agents are investing * = 0.01 (bottom-left
panel) and their wealth shares are both positive (top-right panel).

Summarizing, when g < r¢, in accordance with Proposition 5.1, market returns are equal
to the risk free rate, independently from the noise of the dividend process and from the initial
set of investment strategies. As a result, all the investor are gaining the same returns and the
market is not selecting among them.

6 Conclusion

In his recent survey, LeBaron (2006) stresses that agent-based models do not require analytical
tractability (as opposed to HAMs) and, therefore, are more flexible and realistic for what
concerns their assumptions. In this paper we show that flexibility can be achieved in an
analytically tractable framework as well. In fact, we perform an analytic investigation of a
stylized model of a financial market with an arbitrary set of heterogenous agents. Under the
assumption that impact of different agents on the market depends on the fraction of wealth
which agents are able to accumulate, we derive existence and stability results for a general
set of investment functions and an arbitrary number of agents. Moreover, we show that the
steady-state equilibrium asset return and agents’ survival can be characterized by looking at
the intersection of each agent investment function with the equilibrium market curve (EMC).
It turns out that our analysis of the corresponding deterministic skeleton is also helpful for
the understanding of simulations with a stochastic dividend process.

As an application of our framework, we consider an example with mean variance maximizers
agents, where each agent is characterized by two parameters, degree of risk aversion and length
of memory used to estimate future variables. When the growth rate of dividends is bigger
than the risk free rate, the agents with lower risk aversion dominate the market, provided
that their memory spans are big enough. If it is so, the market dynamics converges to the
stable steady state equilibrium, where prices are growing as fast as the dividends and the
dividend yield increases with the risk aversion. In this case price fluctuations are due to the
to the exogenous fluctuations of dividends. Otherwise, when the memory is not high enough,
agents with different investment strategies coexist and the price fluctuations are endogenously
determined. When, instead, the growth rate of dividends is smaller than the risk free rate,
steady-state equilibrium asset returns are equal to risk free returns and the dividend yield
converges to zero, no matter the ecology of agents. As a result wealths returns are equal for
all investment functions and there is no selection.

Due to the generality of our approach, results from the analysis with mean-variance opti-
mizing agents can be applied even when the functional form of the investment function is not
known explicitly. Using this property, we have been able to relate our work to the simulation
study of Levy, Levy, and Solomon (1994, 2000), and to resolve a number of issues concerning of
the interplay between risk aversion and memory as reported in Zschischang and Lux (2001).
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Appendix

A Dynamical System defined in Proposition 3.1

After Proposition 3.1 we have shown that the system of equations in (3.2) leads to the well-defined map from
the domain D, specified in (3.5), to itself. Here, we explicitly provide the evolution operator of the first-order
dynamical system of 2N + 2L variables. We use the following notation for time ¢ variables

Tnts Pnte Yne{l,...,N} and kei, yeq Yle€{0,...,L —1}, (A1)

where k;; and y;; denote the price return and the dividend yield at time ¢ — [, respectively. We order the
equations in the system in four separated blocks: X, W, K and Y. They define, respectively, N investment
choices, N wealth shares, L price returns and L dividend yields. The last two blocks are needed to update the
lagged variables. The map T referred in (3.4) is given by

[ 214010 = fi(keos - ken—13Y (U0, keo)s Ye0s - 5 Y1)
L onatr = v (keos - ken—13Y (Y60, ko) Y05 - - - Yen—1)
V141 = PilTit- BN P 0N Y (Y0, ko)
K[fl(kt,o, ok Y (Y600 k6,0), Y0y Yt L—1) 5 -
I (keos - ke =15 Y (2,0, ke.0)s Y05 - - - Yt.—1)5
L1ty s TNty PLts---y PN, ts Y(yt,()a kt,o)
W (A.2)
VNi+1 = PN (Il,h BN Pt - N Y (Yo, Keo);
K |:f1 (kt,()» LR kt,Lfl; Y(yt,o; kt,O), Yt,05 -+ yt,Lfl)v sy
IN (ko k=Y (Y0, ko), Y0, - Yo n—1)5
Tity--- s TNt PLty -+ PNES Y(yt,o, kt,o)]
kit1,0 = K[fl(kt,m ok Y (Y600 K6,0), Y0y - Yt L—1) 5 -
In(keos - ke 13 Y (U605 ko), Y05 - -5 Yt.0—1);
% - Tity ey TN PLts - PN Y (Y0, kt,O)}
ki1 = ko
| kiv1,0-1 = kyr—o
[ Yev10 = Y(yt,0,kt0)
Yt+1,1 = Ut,0
Y: ) .
L Yit+1,L-1 = Y,L-2,

where the following three functions Y, K, and @, have been introduced. The function

1+yg
Y(y,k)=y 11k (A.3)

gives the dividend yield as a function of past realization of the yield and return, as in the right-hand side of
the fourth equation in (3.2). The function

K[zl,...,zN;:cl,...7xN;<,01,...,g0N;y} =

N N
(1 + Tf) Zm:l(zm — xm)‘Pm +y Zm:1 TmZmPm
N )
Zm:l xm(l - Zm)(pm

:Tf+
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gives the price return as a function of the investment choices, wealth shares and the dividend yield as in the
right-hand side of the third equation in (3.2). Finally,

dsn(xlvvaawlvawNayvk) =
1+rp+(k+y—rf)zn

= ©p Yne{l,...,N}, (A.5)
Lty + (k+y—7s) s Tmom

specifies the wealth share of agent n as a function of the investment choices, wealth shares, the dividend yield
and price return'? as in the right-hand side of the second equation in (3.2). O

B Proof of Proposition 3.2

To solve for the equilibrium of the system (3.2), one can substitute time variables with equilibrium values and

solve the resulting system for (z7,...,2%;¢7, ..., ¢N; k" y*). The system to be solved is as follows
x::fn(k*,...,k*;y*,...,y*), Yne{l,...,N},
1 k* * *
ot = AT R TV T an g g ey
(L+rp) + (K +y* —rp) (z*)
Er=ry 4+ ——"—,
<:I:* (1—x*)>
«_ o« 1ty
YoV e

Since y* and investment shares are positive, from the third equation k* > r¢, while the fourth equation fixes
k* to g. Thus, equilibria exist only when g > r;. In particular, it means that £* 4+ y* —ry > 0. Then, the
equations for the wealth shares imply that every surviving agent invests z), = <x*>, which is independent of
n. Therefore, all the survivors invest the same share, z3. Plugging this share into the third equation, one gets
(3.6). O

C Proof of Proposition 3.3

A fixed point of the system (A.2) will be denoted as
T* = (:r*{,...m}‘v;ga’{,...,@*N;k*,...,k*;y*,...,y*).
—_— —

L L

To derive the stability conditions in different equilibria, the Jacobian matrix has to be computed. The Jacobian
depends on the derivatives of the functions Y, K and @,, introduced in Appendix A. We compute now the
derivatives of these functions with respect to different arguments and perform the straightforward computation
in the fixed point *. For the function Y introduced in (A.3) the derivatives are given by

oY 1 oY 1

AR R A A (C.1)

YYV=__—- -7 =
oy  1+k*’ Ok (14 k)2

I2Notice that since the sum of the wealth shares is equal to 1 at any period, one of the equations in the
system (e.g. the last equation of the block W) is redundant and the dynamics can be fully described by
the system of dimension 2N + 2L — 1. However, the computations are more symmetric when the relation
Nt =1-— Zan;i ©m,¢ is not taken into account explicitly.
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For the function K introduced in (A.4), for all 1 < m < N, we have

oK W L7+ (B +y* —rp)a),

Kom = — = ,
Oz " (w(1=a)
o 0K — o —1—k+ (k" +y*—rp)a, ’
Oz, (x*(1 —a*))
Kom — 0K - ry— k* + (k* + y* — rf)sc:‘n (02)
Oom m (z*(1 —a%)) ’
*2
g 9K _ @)
y <x*(1 — x*)>
Finally, for the function @,, introduced in (A.5) and for all 1 <m < N, we have
Pm = = (Kt y — 1) O — ) ’
Orm L4ry 4 (k* +y* —rp)(z*)
gom = OPn _ 0 (L4 ry) + (K" +y" —rp) (6725, — prar,)
" Opm Loy + (K +y* —rp){a*) ’
. " (C.3)
@y_(‘?@n_ . xn—<x>
" Oy on L+rp+ (k*+y* —rp){a*)’

where 6" is the Kronecker’s delta. Using the block structure introduced in Appendix A, the Jacobian can be
written in general form as:

92X 29X  9X  9X
oX AN 0K oY
AW OW W AW
J= X oW 98X 9Y
Clox ax 9K 9K
oxX PAY 0K oY
oYy 9y 9y 9y
oX A%Y% oK Y

(C.4)

The block 9X/0X is a N x N matrix containing the partial derivatives of the agents’ present investment
choices with respect to the agents’ past investment choices. Since the investment choice of any agent does not
explicitly depend on the investment choices in the previous period

7]

and this block is a zero matrix. The block 0X/0W is a N x N matrix containing the partial derivatives of the
agents’ investment choices with respect to the agents’ wealth shares. This is also a zero matrix and

ox
oW
The block 0X/0X is a N x L matrix containing the partial derivatives of the agents’ investment choices with

respect to the past price returns. Let us introduce a special notation for partial derivatives of the investment
functions:

Ofn
Okt

=0, 1<n,m<N,

n,m

=0, 1<n<N

n,m

8fn _ Y afn
Y11 " Oyt

= fat, =fr, 1<n<N, 0<I<L-1.

Then

[M] fho 4 fY . yY* for I =0 (the first column)
0K |, ) S otherwise .
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The block 9X/9Y is a N x L matrix containing the partial derivatives of the agents’ investment choices with
respect to the past dividend yield. This block is given by

[BX} foo + fY vy forl =0 (the first column)
99 ], e otherwise .

The block 9W/9X is N x N matrix containing the partial derivatives of the agents’ wealth shares with respect
to the agents’ investment choices. It holds

oW
|:6x:|nm¢flm+¢fl'Kmma 1§n7m§N-

The block OW/OW is a N x N matrix containing the partial derivatives of the agents’ wealth shares with
respect to the agents’ wealth shares. It holds

[3W

8%7] :¢£M+¢Z.K9om’ 1<nm<N.
The block 9W/9X is a N x L matrix containing the partial derivatives of the agents’ wealth share with respect
to lagged returns. For 1 <n < N and 0 <[ < L — 1, it reads

[GW] @k (S, KA (R fYYE) 4 KYYR) 4@y YR forl=0
oK n,l a gpszm szfyl%l otherwise .

The block 9W/9Y is a N x L matrix containing the partial derivatives of the agents’ wealth share with respect
to lagged dividend yields. For 1 <n < N and 0 <[ < L — 1, it reads

[GW] ok (K (fle 4 fYYY) + KYYY) 4 Y Y'Y forl =0
9Y n,l B ¢ﬁ2m K= fo otherwise .

The block 9K /90X is the L x N matrix containing the partial derivatives of the lagged returns with respect to
the agents’ investment choices. Its structure is simple, since only the first line can contain non-zero elements.
It reads

0<I<L-1, 1<n<N.

X ’

[&K] _JK® forl =0 (the first column)
0 otherwise

l,n

The block 9K /9W is the L x N matrix containing the partial derivatives of the lagged returns with respect
to the agents’ wealth shares. It also has L — 1 zero rows and reads

0<I<L-1, 1<n<N.

)

0K _ JK¥# forl=0 (the first column)
oWl

0 otherwise

The block 90K /90X is the L x L matrix containing the partial derivatives of the lagged returns with respect to
themselves. It has a typical structure for such matrix with 1’s under the main diagonal

SR (fRo 4 fRYE) 4 KYYE S Kl SR it K f
1 0 0 0
L 0 1 0 0
oK . . , . .
0 0 1 0

The block 9K /dY is the L x L matrix containing the partial derivatives of the lagged returns with respect to
the lagged dividend yields. It is given by

S (fE 4 fYYY) £ KYYY S K S Ko Uit Y fem fre
0 0 0 0
IX| _ 0 0 0 0
oY . : , . .
0 0 0 0
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The block 9Y/0X is a L x N matrix containing the partial derivatives of the lagged dividend yields with respect
to the agents’ investment choices. This block is a zero matrix

]

The block 9Y/OW is a L x N matrix containing the partial derivatives of the lagged dividend yields with
respect to the agents’ wealth shares. This is also a zero matrix and

)

The block 9Y /90X is a L x L matrix containing the partial derivatives of the lagged dividend yields with respect
to the past price returns. The only non-zero element of this matrix is in the upper left corner, i.e.

=0, 0<I<L-1, 1<m<N.

lm

=0, 0<I<L-1

l,m

oK

[8% ] _JY* forl=j=0 (the first row, the first column)
0  otherwise.

L,j

Finally, the block 8Y/9Y is a L x L matrix containing the partial derivatives of the lagged dividend yields with
respect to themselves. This matrix is given by

Yv 0 0 0
1 0 0 0
9] o 1 0 0
ay . N . .
0 0 ... 10

With all these definitions, one obtains the following statement about the Jacobian in the equilibria of the
system.

Lemma C.1. Let x* be an equilibrium of system (3.2) described in Prop. 3.2 and let first M agents survive
in this equilibrium. The corresponding Jacobian matriz, J(x*), has the following structure, where the actual
values of non-zero elements, denoted by the symbols *x, are varying.

o ... o0 ... 00 ....0O0 ... O * R T T 2 3

: 2% X

: [ &% |1 77 ]
0 0 0 ... 0]0 0 0 0 * R . T TR S
* * 0 ... 0|« * % * 0 0 0]0 O 0 0
[ & ] e [ 25 ] [ PRs | 5
* * 0 ... Ol ... * % * 0 0 0]0 O 0 0
0 0 0 00 0 0| O 0 0[O0 O 0 0
* * * x| * * K| x * R
0 0 0 00 0 0 0| 1 0 0[O0 O 0 0
0 0 0 00 0 0 0| O 1 0 0 0 0
0 00 00 00 0 gfg 0 0 00
0 0 0 00 0 0 0| O 0 0[1 O 0 0
o ... 00 ... 0{0O ... 0 0 ... 0 0 ... 00O O ... 1.0

The solid lines divide the matriz in the same 16 blocks as in (C.4). In addition, the first and the second
column-blocks as well as the second row-block are split into the two parts of sizes M and N — M, corresponding
to the survivors and the non-survivors, respectively.
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Proof. Let us start with the first row-block having N rows. The first two blocks of columns in this block,
0X/9X and 9X/OW, are always zero. Two other blocks, 9X/0K and 9X/9Y, in general contain non-zero
elements and simplified, because in the equilibrium £* = g and therefore Y¥ =1 and Y* = —y* /(1 + g).

To simplify the second row-block, notice that ¥ = ¥ = 0 in this equilibrium. Indeed, the numerators
of the corresponding general expressions in (C.3) are 0, because all the survivors invest the same share in the
equilibrium (i.e. z} = <x*> = ¢} for all n < M), while for the non-survivors ¢} = 0. This immediately implies
that the two last blocks, 9W/9XK and OW/0Y, contain only zero elements. Furthermore, from the Equilibrium
Market Curve relation (3.6) we get in the equilibrium

L+rp+(g+y" —rp)ag=1+yg. (C.5)

Thus, in the equilibrium

87W _ gom — (o — i )y +g—rp)/(1+g) forn < M (agent n survives)
X |, m "o otherwise ,

and all the rows corresponding to the non-survivors in this block are zero rows. Moreover, all the columns
corresponding to the non-survivors contain only zero elements as well, since then §)* = ¢, = 0. We denote as
&® the remaining (non-zero) part of the block 9W/9X .

The simplifications in the next block lead to

S = ¢ulg —rs)/(L+g) for n,m < M
] =P = —pran (Y +g—r)/(1+g) forn < M,m>M (C.6)

[GW
(L 4rp+ab(y +g—rp)/(1+g) forn>M.

ow

The block of the elements from the first line of the previous expression is denoted as ®%; the block of the
elements of the second line is denoted as ®% ¢; while the block of the elements from the third line (i.e. when
n > M) only the diagonal elements are non-zero.

It is obvious that in the next row-block with L rows the elements are zero in all the lines but the first.
The only exception from this rule are the elements below the main diagonal in the block 9K /9K which are all
equal to 1. To compute the elements in the first row consider the derivatives of function K derived in (C.2).
For the first block, 9K /90X, notice that for the non-surviving agents K*= = 0, while for the survivors, i.e. for
m< M

1—|—7’f
Kom =gt — T
=gy

(C.7)

Analogously, in the next block, 9K /0W, for all the survivors K¥m = 0, while for all other agents m > M the
elements are given by

KPm — .’L';knrf — g+x:n(%* tg - Tf) — x;kn (m:n — (Ei)(yi—’—;cg — Tf) 7 (08)
(1 - zo)zo (1 - xo)xo
where (C.5) was used to derive the last equality.
The simplifications in the blocks 9K /90K and 0K /0Y are minor. Notice from (C.2) that the derivatives
K*m for all the non-survivors are zeros, while for the survivors (m < M) they are given by

1+g
K'Z?n — * .
= ay)as

(C.9)

Thus, all the sums in the first row of this block have to be taken only with respect to the surviving agents.
Finally, in the last row-block the simplifications are straight-forward. O

The rest of the proof of the Proposition is now clear. Consider the Jacobian matrix derived in Lemma C.1.
The last N — M columns of the left column-block contain only zero entries so that the matrix possesses
eigenvalue 0 with (at least) multiplicity N — M. This eigenvalue does not affect stability. Moreover, these
columns and the corresponding rows can be eliminated from the Jacobian. Analogously, in each of the last
N — M rows in the second row-block the only non-zero entries belong to the main diagonal. Consequently,
@¢n for n > M are the eigenvalues of the matrix, with multiplicity (at least) one, and the rows (together with
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the corresponding columns) can be eliminated from the Jacobian. Using the third line of (C.6) we get the
following N — M eigenvalues
Ittty o) 14+ (g —rp)(n/a3)

1+g 1+g

mn

where the last equality follows from (C.5). Recall that the equilibria we consider, exist only when g > 7.
Then, with a bit of algebra, the stability conditions —1 < p,, < 1 can be simplified to conditions (3.11).
Finally, notice that the elimination of the rows and columns which we have performed reduce the Jacobian
to the shape which correspond to the Jacobian of the same system in the same equilibrium but without
non-surviving agents. O

D Proof of Proposition 3.4

Let us proceed with a reduced Jacobian obtained from the matrix in Lemma C.1 after eliminating the rows
and columns corresponding to the survivors. We denote this Jacobian as L, and an identity matrix of the same
dimension (2M + 2L) x (2M + 2L) as I. Then the characteristic polynomial whose roots are the eigenvalues
of L is the determinant det(L — uI). First, we analyze it and then we identify new eigenvalues.

Let us look at the second column block of the size M in this determinant. The only non-zero elements
in this block lie in the rows of the second row block, in the part which was called [#Z]. The elements of
this part have been computed in the first line in (C.6). Thus, this column block can be represented as

|vb+b1| ... [vb+by ||, where v = (g —7f)/(1+ g) and the following column vectors have been introduced
b = 0 ... 0 | —¢i —¢h | 00 o] o0oo0 ... 0|,
by = 0 0| 1=p ... 0 | 00 0] 00 0 |,
by = 0 ... 0] o l—p | 00 0] 00 .. 0

We consider each of the columns in the central block as a sum of two terms and, applying the multilinear

property of the discriminant to the whole matrix L — pI, end up with a sum of 2M determinants. Many of
them are zeros, since they contain two or more columns proportional to the same vector b. Actually, there

are only M + 1 non-zero elements in the expansion. The simplest has the structure H bi| ... | bu H in the
second column block. Since the only non-zero elements in this block are the terms 1 — p belonging to the main
diagonal, the determinant of that part is equal to (1 — u)* det IN, where the matrix IV is defined as follows

k k kr— YL—1
- 0 £ +enff T 7O+ 5y SR
' ko K kL1 ' ' vL—1
0 —n faf +eifiy Fap Y 9+ fa It
K1 K*M | cg fF*0 +cy f¥ +aKY—p e fM1 cy fFL-1 ca fY0 + fY +KY ey 91 cy fUL-1
0 0 1 —n 0 0 0 0
0 0 0 0 —n 0 0 0
0 0 cq 0 0 1—pn 0 0
0 0 0 0 0 1 —n 0
0 0 0 0 0 0 0 —p

The non-zero elements in this matrix have been computed during the proof of Lemma C.1. Namely, the
constant ¢; = Y* = —y*/(1 + g), the values of K® are given in (C.7), c2 = (1 + g)/(z%(1 — %)) comes
from (C.9), and the derivative K¥ = x3/(1 — z3) is computed from (C.2). Finally, by {f*) and (f%) for
l=1,...,L, as well as < f Y> we mean the averages of the corresponding derivatives of the survivors’ investment
functions weighted by their equilibrium wealth shares.

Coming back to the computation of det(L — pI), recall that there are other M non-zero blocks in the
sum for this determinant. They are obtained when in the second column block all the vectors are b; apart
from the one column v b. But all these determinants can be simplified since M — 1 of their columns have only
one non-zero element 1 — x4 on the diagonal, and after eliminating the corresponding columns and rows the
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remaining column in the second block will contain the element —v ¢}, in the diagonal and zero elements in
other positions. Therefore

M
det(L—pI) = (1— )™ det N—(1—p)™ - L=EN 0 det N = (1= )™ (1—p—2—"L) det N. (D1
eUE—uT) = (1) det N—(1=p) Gl 3 g det N = (1=~ (1=p= G ) det N (D)

From this expression we obtain the eigenvalue equal to 1 of multiplicity M — 1. Notice that when M = 1 there
are no such eigenvalues. That is why the system with one survivor is asymptotically stable (of course if all
the roots of polynomial (3.14) are inside the unit circle.) When M > 1 the eigenvalue 1 obviously corresponds
to the movement of the system along the manifold of equilibria. Therefore, it is only the wealth distribution
which is changing in the equilibria but not the other quantities.

Another eigenvalue obtained in the expansion (D.1) is (14 ry)/(1 + g). It does not affect the stability,
since 7y < g. All the remaining eigenvalues can be obtained from (M +2L) x (M + 2L) matrix N. We expand
this matrix on the minors of the elements of the first row in the last block. Simplifying the resulting minors,
we get

det N = (—1)Ee =t det Ny (M) + (1 — p)(—p) =~ det No(M), (D.2)
where
Yo Y Y1 YL—-2 YrL—1
.. 0 o+ f) 11 1 fi
0 .. —u 50+ oo et e
Ni(M) = K*t .. K™ | ¢y fYo 4 fY 4L KY ¢y fU1 ... cg fYL-2 co fYL-1 7
0 ... 0 1 —n 0 0
0 0 0 1 0 0
0 0 0 0 1 —u
and
kr_ kr_
—uo. 0 Ao +eafy (P ne
0 —u Ilf/})+c1f}v} 11\6/11 JCJI\C4L72 fJIT/IL71
NQ(M) = K" ... KTM | ¢ fko +c1 fY +caKY—u c2 fkl R ) ka*Z c2 ka*1 s
0 ... 0 1 —n 0 0
0 0 0 1 0 0
0 0 0 0 1 —p

The determinants of these two matrices of similar structure are computed in a recursive way. The following
lemma is used.

Lemma D.1.

T T2 T3 oo Ip—1 T

1 = 0 ... 0 0

0 1 - ... 0 0 n

0 0 1 0 0| = oyt Sgypnh (D.3)
: : k=1

0 0 0 ... —pu O

0o 0 0 ... 1 —p

Proof. Consider this determinant as a sum of elements from the first row multiplied on the corresponding
minor. The minor of element zj, whose corresponding sign is (—1)**1, is a block-diagonal matrix consisting of
two blocks. The upper-left block is an upper-diagonal matrix with 1’s on the diagonal. The lower-right block
is a lower-diagonal matrix with —u’s on the diagonal. The determinant of this minor is equal to (—u)"~* and
the relation to be proved immediately follows. O

31



Consider now the expansion of the matrix N1 (M) by the minors of the elements from the first column. The
minor of the first element —p is a matrix with a structure similar to N1 (M), which we denote as Ny (M — 1).
The minor associated with K** has a left upper block with M —1 entries equal to —p below the main diagonal.
This block generates a contribution ™1 to the determinant and once its columns and rows are eliminated,
one remains with a matrix of the type (D.3). Applying Lemma D.1 one then has

det Ny (M) = (—p) det Ny (M — 1) + (—1)M K= p M=t (—1) B+ (fY o 1+nyl b l)

Applying recursively the relation above, the dimension of the determinant is progressively reduced. At the
end the lower right block of the original matrix remains, which is again a matrix similar to (D.3). Applying
once more Lemma D.1 one has for N;(M) the following

M
dot Ny (M) = (~1)MHEH M1 S o (g0 1+nyl )

+ (=DM ((KY +ea (M) e LZ_1<fy">uL”) -
1=0
— (—1)MALFL M1 |:MLKY n (<fY>'uL—1 n Lzl<fyz>uL—1_l> ) <_ % _sz)] ]
=0 o/

The determinant of matrix No(M) can be computed analogously and we obtain

M L—1
At No(M) = ()M S0 I (e ft 4 3 ot ¢
=

+(71)M+L+1HJM( y +01(K ¥ <fY L=14 ¢ Z<fkl L—1— z)
= (—1)MHLFL M1 [_ML-H + et KY + <Cl<fY>ML—1 n i<fkl>ML—l—l) ) <_ (llj_# +HC2)} )
=0 <> >

Plugging the two last expressions in (D.2) we finally obtain

L-1

BN = (P [ () ) (- )+
L-1
e 7M)(71)MuM+L72|:7uL+1 F et KY (Cl<fY>luL71 I Z<sz>luL717l) , (7 (11_*’% +M02)} _

= (~)MHEMHE2 (= B e K (1= (1= )+

+(—(11_+ﬁ+/~t02>(01<fy> L1 - (1—p +C1Z<fm B S T z)} _

= (—1)MHLMFL=2 (1 +aKY— u) X

L-1 L—1
X [u“l — (cl<fy>uL teo d (Ut = (- p) Z(f"")/f‘l‘lﬂ
1=0 =0

where in the last equality we used the relation —ca(1+ 1 KY) = —(1 4 ry)/(x5(1 — x¥)), which can be easily
checked using the definitions of the constants ¢z, ¢; and KVY.

Thus, we have found another zero eigenvalue of multiplicity M 4+ L—2 and yet another eigenvalue 14+c¢y KY =
(14+7£)/(14 g) which lies inside the unit circle since ry < g. The stability will depend only on the roots of the
polynomial in the squared brackets. After some simplifications and using the relation x}(1 — 2%) = —y*l'(y*),
which can be directly checked from the definition of the Equilibrium Market Curve, we get the polynomial
(3.14).

O
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E Proof of Corollaries 3.2 and 3.3

When L = 1 the polynomial Q(u) in (3.14) can be simplified and it is given by
1 1
;ﬂﬂ@%—c(w%),

where C' = 27]\7{:1 fh* + 9)es /U(y*). Let us introduce two quantities, trace and determinant, as follows
Tr = —C(1 + ¢g)/y* and Det = —C(1 + (1 + g)/y*). According to standard results for the second-degree
polynomial (see e.g. Medio and Lines (2001)), we get the following conditions for stability, whose equality
correspond to the bifurcation loci of fold, flip and Neimark-Sacker bifurcation respectively,

1—Tr+Det >0, 1+Tr+Det>0, and Det<1.

Using our definitions of Tr and Det we get the conditions C < 1, C' < y*/(y*+2(1+g)) and C > —y*/(1+g+y*)
respectively. The first condition is redundant, while the last two give (3.15).

For larger L the results on stability are limited. First, we can derive the loci of fold and flip bifurcations
substituting, respectively, 4 = 1 and p = —1 into polynomial Q(x) in (3.14). Straight-forward computations
show that the line C' =1 is a locus of fold bifurcation for any L, while the curve C' = y*/(y* + 2(1 + g)) is a
locus of flip bifurcation for any odd L (and there is no flip bifurcation, when L is even).

Second, plugging p = e, where 1 is arbitrary angle and i is the imaginary unit, into equation Q(u) =0
we can derive the locus of Neimark-Sacker bifurcation. In case of L = 2 the equation can be solved and, after
tedious computations, one get the condition

C* (y* +3(1+9)y" +2(1+9)°) +2Cy™* —dy™ =0.

This second-order curve is depicted in the right panel of Fig. 2 in coordinates (y*, C).
Finally, we analyze the case L — oo. Rewrite polynomial (3.14) as follows

L
Ou) = pb1 (MQ_ill—_(ll///g (”U_”)%) c) . (E.1)

We want to proof that all the roots of this polynomial lie inside the unit circle of the complex plane for L high
enough. Consider the region outside the unit circle (including the circle itself), fix 4 = po and let L — oo.
Since |ug| > 1, the first term in (E.1) cannot be equal to zero. Therefore, 1o can be a root of the characteristic
polynomial only if the expression in the parenthesis cancels out. First, assume that |uo| > 1. Then when
L — oo the expression in the parenthesis leads to pg = 0 which contradicts our choice of pg. Second, let
lol = 1 but po # 1. In this case the expression |1 — (1/u)" | is bounded (uniformly with L), and so, again
taking the limit L — oo we obtain ug = 0. Thus, the only remaining possibility is puo = 1, which wul imply
C =1, that is to the locus of fold bifurcation. Since we know that when the relative slope is C' = 0, the
steady-state is stable by continuity it follows that whenever C' < 1 the steady state is stable too. This implies
(3.16), and proofs Corollary 3.3. O

F Proof of Proposition 5.1

In Proposition 3.1 we have proved that the system is well defined on D given in (3.5). Along the same lines
it is straightforward to show that 7 is also well defined in D’. In particular, an extension for zero dividend
yield does not create any problem. Since D C D’, the fixed points defined in Proposition 3.2 are also the fixed
points in D’. In those points, of course, y* # 0.

In all other fixed points y* = 0, while other quantities are obtained again from (B.1). From the third
equation it immediately follows that k* = ry. Thus, the investment in the risky and the riskless asset yields
the same return. Therefore, the wealths of all agents increase with the same rate, the second equations (B.1)
are always satisfied, and no other restrictions on the agents’ wealth shares are required. O

G Proof of Proposition 5.2

The procedure in this proof is analogous to the one we use for proving Propositions 3.3 and 3.4. In particular
we use the derivatives and the general Jacobian structure which has been derived in Appendix C. The next
Lemma, which is analogous to Lemma C.1 describes the Jacobian matrix for the steady-states with zero yield.
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Lemma G.1. Let * be a steady-state of dynamics (3.2) described in Proposition 5.1 and let the first M
agents survive in this equilibrium. The corresponding Jacobian matriz, J(x*), has the following structure,
where the actual values of non-zero elements, denoted by the symbols x, are varying.

o ... 00 ... 0{O0 ... 0 O ... O|x ... *x =« * *x ... Kk %
: L& ] & ]
0 0 0 010 0 0 O|* ... % % * * ... K %
* * 0 011 0 0 0] * * * * *
[ o° ] S | v ]
* * 0 010 1 01 *  * * * ... x
0 0 0 010 0 1 010 0 0 0 0 0 0
0
* * 0] *  x * * * ok
0 0 0 010 0 0 01 0 0 0 0 0 0
0 0 0 010 0 0 010 1 0 0 0 0 0
0 0 0 010 0 0 010 0 llrri 0 0 0
0 0 0 00 0 0 00 0 0 1 0 0 0
o ... o0 ... 0jO0 ... 00 ... 0O ... 00 0 0O ... 10

The solid lines divide the matriz in the same 16 blocks as in (C.4). In addition, the first and second column-
blocks and second row-block are split into the two parts of sizes M and N — M, corresponding to the survivors
and the non-survivors, respectively.

Proof. Let us start with the first row-block having N rows. The first two blocks of columns in this block,
9X/0X and 9X/OW, are always zero. Two other blocks, 9X/0K and 9X/9Y, in general contain non-zero
elements and simplified, because in the equilibrium &* = ry and y* = 0, and therefore Y¥ = (1 +¢)/(1 + 7y)
and Y* = 0.

To simplify the remaining row-blocks, notice from (C.3) that ®*» = 0 and ®¢™ = 6™, while ¢F = ¥ =

oh (x — (x))/(147y) in this equilibrium. This follows immediately from the relation k* +y* —ry = 0. At the
same time from (C.2) we have K¥m =0, KY = <z*2>/<x*(1 —a*)), and K*m = =K =¥ (1471¢)/{z*(1—

>Thus, in the first block of the second row-block, 9W/0X, the elements are equal to ¥ - K¥» and they are
zeros as soon as either n or m is larger than M. In the next block, 9W/9W, all the elements are zeros, apart
from the main diagonal elements. All the elements of the next block, 9W/0X, contain the multiplying term
@k so that they are non-zeros only for the surviving agents. We denote the corresponding part of the block as
[#*]. Similarly, in the block 9W/9Y all the elements are the sums containing either the term @ or the term
®Y . so that they are non-zeros only for the surviving agents. We denote the corresponding part of the block
as [PY].

In the next row-block, with L rows, the elements are zeros in all the lines but the first. The only exception
from thisrule are the elements below the main diagonal in the block 9K/9X which are all equal to 1. For
the elements in the first row we use the derivatives of function K derived above. Consequently, in the first
block, 9K /90X, for the non-surviving agents we have K*m = 0. Analogously, in the next block, 9K/0W, all
the elements are zeros. The simplifications in the blocks 9K /9K and 0K/0Y are minor. Notice from (C.2)
that the derivatives K*m for all the non-survivors are zeros, therefore all the sums in the first row of this block
have to be taken only with respect to the surviving agents.

Finally, in the last row-block the simplifications are straight-forward. O

In the remaining part of this proof we identify different multipliers of the matrix derived in the previous
Lemma. From the first line in the fourth row-block we immediately obtain the eigenvalue (1 + g)/(1 + 7y)
and condition g < r¢ for stability. Elimination of this line together with the corresponding column creates a
zero line in the same block. Proceeding recursively, we obtain the eigenvalue 0 with multiplicity L — 1 and
eliminate the fourth line- and column-block entirely.
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From the second column-block we get the eigenvalue 1 with multiplicity V. These eigenvalues correspond
to the directions of change in the wealth distribution between different agents. (Recall from Proposition 5.1
that the wealth shares are free of choice.) Consequently, there are no asymptotically stable equilibria. At
the same time, it is clear that these eigenvalues, lying on the border of the unit circle, do not prevent the

steady-state from stability.
From the last N — M columns of the first column-block we obtain the eigenvalue 0 with multiplicity NV — M.
Eliminating corresponding columns and rows we get the following matrix

k k kr_ kr_

H 0 1 1! e fE

. k k k[.ﬁz kI;—l
0 K 1% M for Y

Na(M) = K21 KoM | S K#m fho _ > K#m ki > szka*Q S KEm kafl
3( ) = oo m m 12 m m m m m m B

0 0 1 — i 0 0
0 0 0 1 0 0
0 ... 0 0 0 1 —u

where, as we found in Lemma G.1, the derivatives are K*» = —K®n = @ (1+7)/(z*(1 —2*)). This matrix
has the same functional form as matrices N1 (M) and Ny(M) whose discriminant we computed in Appendix D.
Proceeding in analogous way, we get

M L-1
det N3(M) = (_1)M+L+1 “M71 Zm:1 K (Zz:o T];l'uLilil)_F

L1
F (1ML M (_ uk 4 Zz:o Zm szfﬁllﬂLflfl) _
1 + rf

= —(—1)MHLAL M1

— (_1)M+L M-—1

I

<z*(1 - 9:*)>

4 (—1)MALHL M (7 Rz

147y

L+1
(,U, + <x*

(1

_ x*)>
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