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Procedural rationality, asset heterogeneity and market selection

Guillaume COQUERET®* Bertrand TAVIN®

“EMLYON Business School, 23 Avenue Guy de Collongue, 69130 Ecully, FRANCE

Abstract

We extend the agent-based model of Anufriev and Bottazzi (2010) to the case with many risky
assets. We show that under the procedural equilibrium, all assets with nonzero aggregate demand
must have the same price returns. Heterogeneity in price returns appears when some assets face zero
demand. In this case, the returns are essentially driven by the matrix of wealth-weighted products
between demands and they generate a rich variety of patterns for agents’ market shares. We
formalize the dynamics of deterministic skeletons in our market model and consider the associated
Jacobian matrix, for which we provide a closed form expression up to a matrix inversion. We then
introduce the characteristic ratio of an investment strategy, which involves the average dividend
yields of the risky assets and the investors’ portfolio compositions. When equilibrium returns are
uniform and when the number of assets is not smaller than the number of agents, the equilibrium
with a single survivor can only be stable if the survivor has the maximal characteristic ratio.
Moreover, we prove that this stability criterion holds as long as the noise in the system is sufficiently
small. We confirm all our findings with a thorough empirical analysis of numerical simulations,
with and without noise. All in all, our results form a theoretical rationale for portfolio strategies
tilted towards firms that pay high dividend yields.

Keywords: Heterogeneous Agents, Multi-Asset Framework, Procedural Rationality, Market
Selection, Stability Analysis, Deterministic Skeleton
JEL: G12, C62, D81

1. Introduction

The purpose of most mathematical models is to propose an intelligible - thus simplified - version
of an observable phenomenon, for example in physics, biology, finance or economics. The construc-
tion of any model is the result of an inevitable trade-off. A simplistic model will be computationally
tractable, but will often fail to capture some desired properties of the phenomenon being modeled.
Complicated models are usually built to overcome this limitation, but they are, by nature much
harder to handle: closed-form solutions do not exist and they can only be quantitatively charac-
terized with the help of numerical methods, such as discretizations, simulations, approximations,
etc. In the extreme case when the defining assumptions are very general, and hence ambitious,
the solution cannot be described beyond its existence. Thus, it is a genuine challenge to propose a
framework for which intelligible relationships can be analytically deduced from realistic, non-trivial
assumptions.

In this paper, we make an attempt in this direction by generalizing the economic setting of
Anufriev and Bottazzi (2010) to the case when more than one risky asset can be traded. We provide
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comprehensive insights on the links between asset returns, dividend yields, portfolio compositions
and market shares when the equilibrium is of procedural type. We also determine the connection
between market selection, investment strategies and asset characteristics.

The themes we discuss are strongly related to the literature on Heterogeneous Agent Models
(HAMs). While most frameworks are initially intended for multiple agents and assets, the main
contributions are usually obtained for a limited number of assets and/or agents. For instance, the
seminal paper by Brock and Hommes (1998) includes only one risky asset and up to four agent
types.!. These agent types often correspond to stylized investment strategies in which investors
believe that prices either revert to their fundamental values (fundamentalists), confirm recent ten-
dencies (trend-chasers) or oscillate in the short term (contrarians).

The purpose of the present paper is to allow for a larger palette of assets and agent demands.
Some contributions in this direction include the beliefs-based CAPM of Chiarella et al. (2010) and
Chiarella et al. (2013), the very complete chapter of Evstigneev et al. (2009), the empirical tests of
Coqueret (2017) and the demand-driven model of Koijen and Yogo (2017).

Our study is closest to that of Anufriev and Bottazzi (2010), as we propose an extension of their
economic setting. Nevertheless, while they focus on the characterization and stability of equilibria,
we take another route and shed some light on market selection and deterministic skeletons. Our
approach also strongly relates to that of Anufriev et al. (2012), but in contrast to their results, we
will show that most often surviving agents can have inhomogeneous demands. Also, even though
we do provide insights on the relationship between asset returns, it is not the primary goal of the
paper.

Rather, we choose to investigate the evolution of market shares and our interest lies in their
terminal values. The topic of market selection is increasingly popular, especially in evolutionary
finance, and we refer to Yan (2008), Palczewski and Schenk-Hoppé (2010) and Kogan et al. (2016)
for models in continuous time and to Amir et al. (2005), Hens and Schenk-Hoppé (2005), Amir
et al. (2013) and Bottazzi and Dindo (2014) for models in discrete time. Earlier seminal models
of market selection, e.g., Blume and Easley (1992) and Sandroni (2000), evaluate market selection
based on agents’ consumption choices and on the accuracy of their predictions. In these models,
trajectories are exogenous to agent demands: they depend on states of nature.

In sum, our framework is that of Anufriev and Bottazzi (2010), but the main topic is market
selection, as in Evstigneev et al. (2008). The main difference between the two models lies in the
complement to risky assets. In Evstigneev et al. (2008), what is not invested on the market is
consumed while in the present paper, the portion that is not invested in risky assets goes to the
risk-less asset. As such, our model is purely financial in nature.?

!The present paper strongly relates to the literature inspired by the ideas of Brock and Hommes (1998) In
continuous time, results can be found in Bhamra and Uppal (2014) and Buraschi et al. (2014) and the references
therein. In discrete time, the recent work of Li et al. (2016) spans two asset classes and also four trading strategies.
The following articles all consider at least one small dimension:

- One asset, two traders: Hommes et al. (2005)
- One asset, many traders: Brock et al. (2005), Shapiro (2009), Anufriev and Dindo (2010)
- Two traders, many assets: Chiarella et al. (2007).

?Both choices can be justified. For instance, the model of Evstigneev et al. (2008) corresponds to a setting in
which the agent will need to retrieve cash-flows regularly. This is relevant for a retired individual with no labor
income. If we think of an active individual, the consumption is covered by his labor income or jobseeker allowance.
As a result, he invests a portion of his savings in assets directly or via a mutual fund. The endowment and potential
gains will be retrieved after a long period of time, say, more than 10 years, and the individual is only concerned with
pure financial performance, as in realization utility preferences (see e.g., Barberis and Xiong (2012), Ingersoll and
Jin (2012) and Frydman et al. (2014)). The discussion of the relevance of either configuration lies beyond the scope



Lastly, the final theme we discuss is the approximation of random systems by their deterministic
skeletons. The literature provides results in this direction. In Zhu et al. (2011b), the authors
investigate the relationship between the deterministic skeleton of an heterogeneous agent model
and its stochastic counterpart, namely when noise is added to the dividend process. To do so they
rely on results obtained in Zhu et al. (2011a). The textbook Freidlin and Wentzell (2012) details an
analysis of the effect of random noise added to dynamical systems in continuous time. In Dieci et al.
(2006), the authors rely on the analysis of the deterministic skeleton as well as simulations to study
the evolution of the market share of different types of traders. They argue that the deterministic
skeleton plays an important role in understanding the dynamics of the stochastic system. The
concept of deterministic skeleton has also been used in operations research, for example in Besbes
and Zeevi (2012). Finally, the deterministic approximation of a stochastic system is also addressed
by Benaim and Weibull (2003), but through the lens of game theory.

In the layout of our results, we start by considering two different cases. When aggregate
demands are all non-null, we are able to characterize a condition under which an agent will survive
at equilibrium: his profits are persistently higher than the wealth-weighted average profit. If agents
have all the same level of leverage in risky assets (or, say, consumption rate as in Evstigneev et al.
(2008)), then this strategy is to invest in the highest dividend paying asset in a proportion that is
arbitrarily close to 100%. The second case is when demands violate the no short-selling restriction.
It can then happen that the model becomes degenerate. But when it does not, interesting patterns
emerge and we illustrate them in the case of deterministic skeletons. Unfortunately, it is then much
harder to determine a dominating strategy. In fact, it is highly probable that domination in this
case is also determined by initial market shares.

Our contributions can be summarized as follows. We extend the model of Anufriev and Bot-
tazzi (2010) to the case with many assets. We discuss the configurations in asset demands which
imply homogeneity or heterogeneity in equilibrium price returns. We provide and discuss the corre-
sponding equilibrium relationships between returns, demands, market shares and dividend yields.
Finally, we study market selection under deterministic skeletons. When aggregate demands are
non null, a criterion that differentiates strategies is able to warrant survival upon equilibrium. Fur-
thermore, we provide a characterization of the noise in the system under which survival holds in
some almost-sure sense. When some aggregate demands are null, this criterion fails and survival
will be conditioned on initial market shares.

The remainder of the paper is structured as follows. In Section 2, we present the model and we
obtain the dynamics of the key variables under the condition ensuring that prices remain positive. In
Section 3, we characterize the PCE of our market. To do so, we identify two situations whether there
exists at least an asset with zero aggregate demand or not. In Section 4 we deal with the discrete
dynamics of our market model by means of the associated Jacobian matrix. Market selection and
stability of fixed-points with a single survivor are solved in Section 5 where we introduce the notion
of characteristic ratio associated to a strategy. In Section 6, we provide empirical illustrations of
how the market dynamics behave in the two situations, with and without zero aggregate demand
assets. Moreover, in the latter two sections, we clarify the conditions under which random shocks
on dividends do not affect our asymptotic results. Finally, we conclude in Section 7. All proofs are
gathered in the Appendices of the paper.

of this paper. Clearly, our choice is to focus on the financial market and not on the entire economy.



2. The model

The economic setting is exactly the same as that of Anufriev and Bottazzi (2010), except that

(k)

t,n
for the wealth of investor n at time ¢ and for the fraction of his wealth invested in the k" asset.
Throughout the paper, the superscript ¥) will always refer to assets and their time-t prices are

we consider N agents and K assets. We summarize the framework briefly. W;,, and z;’,; will stand

written Pt(k). We assume that consumption is ignored and each agent’s wealth is reinvested so that
at time ¢, agent n possesses meﬁ’jz / Pt(k) shares of asset k and (1 — YK | :c(k))Wm shares of the

t,n
risk-less asset. We assume that, at all time, the rank of the (K x N) demands’ matrix x; is full,
that is, equal to min(K, N). This simply means that assets or agents are not redundant. At the
beginning of time ¢ 4+ 1, asset k generates a random positive dividend Dﬁ)l per share while the
risk-less asset yields a cashflow with constant rate ry > 0.

The dividend process D = {Dy,t > 0} is a K-dimensional positively valued stochastic process
in discrete time. It is defined on the probability space (€2, (Ft)ien ,P), where Q is the set of the
states of nature, P is the true (historical) probability and F = {F;,t > 0} is the filtration generated
by D. At time t, F; is the o-algebra representing the information available to the agents. Said
differently, the time ¢ state of the system is F;-measurable.

The risk-less asset has a totally elastic supply and as such, its price remains unchanged. The
dynamics of the wealths can then be written as:

Wt-i—l,n(RH—l) = (1 - Z $1(5f2> Wt,n(l + Tf) + Wt,n Z $§Z%, (1)
k=1 k=1 By
where P11 is the vector of all risky assets’ prices at time ¢ + 1. We underline that the above
equation shows the main difference between our model and that of Evstigneev et al. (2008). In the
above equation, what is not invested goes to the risk-less asset while in Evstigneev et al. (2008),
it goes to consumption. We work with a constant supply of risky assets and P;;1 is set so as to
equate aggregate supply and demand for all assets, i.e.:

N
S Wirin(Pa)atth . = P, k=1,...,K. (2)
n=1

Now, as is noted in Anufriev and Bottazzi (2010), given the accumulation of dividends, the economy
will grow continuously and it is more relevant to work with the discounted version of the model, in
which the key quantities are normalized by (1 + r¢) at each period:
Wy = Wt,n 7 pgk) _ Pt(k) : egk) _ Dlgk) ) (3)
’ (1+7rp)t (L+rp)t Pt(f)l(l—i-rf)

We underline that the filtration F can be equivalently defined as being the filtration generated
by the process e. To ease notation, we rewrite the discounted version of system (1) and (2) in
vector format:

Pt+1 = Ty41Wi41
wip = diag (1y + @} [diag(py) 'pry1 — 1k + erp1]) wp (4)
= diag(wy) (1y + 2} [diag(pe) ' pey1 — 1k + €r41])

where w41 is the N —dimensional column vector of all discounted wealths and x;41 is the (K x N)
matrix of invested fractions.®> Moreover, e; stands for the (K x 1) column vector of dividend yields

31n the sequel, we alternatively speak of investment fractions, agent demands or portfolio strategies when referring
to ;.



and diag(-) is the operator which maps a vector into a diagonal matrix of the same dimension
with diagonal values equal to the elements of the vector. As is customary, v” and M’ denote
the transpose of vector v and matrix M. Finally, the curvy strict inequality v > Op denotes
element-wise inequalities.

We will use the following notations throughout the paper:

- 1y is the unit column vector in RY;

- Oy is the zero column vector in R¥:

- Iy is the N-dimensional identity matrix;

- Ok n is the (K x N) matrix filled with zeros.

In addition, A; = x}1x will denote the aggregate risky positions of agents, and we will refer to
these quantities as their leverage. The following result sums up the basic properties of the system
defined in Equation (4). It generalizes Proposition 2.1 of Anufriev and Bottazzi (2010) to a multi-
asset framework. In essence, it shows the relationship between assets’ price returns r; and agents’
market shares ¢, defined as:

riy1 = diag(pr) 'prs1 — 1k, o = wy/(Tywy).

Proposition 1. Under the assumption that the initial price vector py has only positive elements,
the prices will remain positive provided that

(diag(ziwy) — :ct+1diag(wt)m;)_l (xp41diag(wy) [y + @) (€41 — 1k)]) = 0k, VE>0, (5)

which is satisfied if for all t,

i) = eo,1), Vke{l,...,K}, Vne {l,...,N},
i) 0< A =YK et <1, vne{1,...,N}, (6)
iii) YN x>0, Vke{l,...,K}.

Whenever the above condition (5) is met, the vector of returns is equal to
riv1 = (diag(zow;) — zepdiag(wy)a)) " (xgadiag(wy) [Iy + 2 (err1 — 1x)]) — 1k (7)
= (diag(xir) — mt-i—ldiag(q,)t)wl/f)il (41 — ) Pt + T4 1diag(dy)wresy1)
the growth rate of rescaled wealths pyy1 = diag(w;) 1wy — 1 is given by
prr1 = @y (i1 + err1), (8)
and finally, agents’ market shares have the following dynamics:

1y + @} [reg1 + ery1]
1 4 1y diag(pe)x} [rer1 + ery1]

¢i 1 = diag(y) x (9)

The proof of the proposition, along with all proofs, can be found in the Appendix.

We underline that the restriction (6) can be interpreted as the multi-dimensional equivalent
of the condition in Proposition 2.2 in Anufriev et al. (2006). Essentially, the requirement is that
all portfolios are long-only (positive demands (i) with no leverage (i7)), and that the aggregate
demand is strictly positive for all assets (i7¢). While these requirements are quite standard in the
literature (see e.g. Assumption 2 in Anufriev et al. (2012)), we will see in Sections 3 and 6.2 that
the most interesting (i.e., realistic) configurations are those for which short-selling is allowed.



The investment functions of the agents have the same properties as those in Anufriev and
Bottazzi (2010), that is to say: they are functions of the L past returns. Formally, we write this
as: :rgk,z = f,(lk) (re—1,...,7—1). The vector format of all demands will be written as a multivariate
function f;. A commonplace example is when agents have mean-variance preferences and base their

forecasts on sample moments. In this case, demands have the following forms:

1
Ttn = 72;71“1‘4“ (10)
Yn 7

where X, , is agent n’s estimator of the covariance matrix of total returns (price returns plus
dividend yield) and g 5, is the estimator of the corresponding means. Both estimators are computed
with the knowledge of the last L returns. If L is not sufficiently large (i.e., greater than K), then
3, cannot be the sample estimator because it is then singular. We refer to Pantaleo et al. (2011)
and Turtle and Wang (2016) for recent discussions on this topic. Finally, v, > 0 in (10) is the risk
aversion parameter of agent n: when it increases, it reduces the leverage implied by the positions
taken by agent n.

3. Procedural rationality

In this section, we define the type of equilibrium for which we will carry our analysis. We then
derive the relationships between portfolio compositions (x), market shares (¢) and asset returns
(r) in such equilibria.

3.1. Fundamental identities

A vast strand of the literature on HAMs focuses on the fixed points of dynamical systems such
as the one described in Proposition 1. These steady states are characterized by constant returns (or
prices) and constant market shares. The remaining degree of freedom lies in the choice of portfolio
compositions. In this case, agents are allowed to change their beliefs and/or preferences and adjust
their investment strategy accordingly (e.g. with respect to past performance for trend-chasers and
contrarians). An alternative perspective, proposed by Anufriev and Bottazzi (2010), is to fix the
investment fractions and market shares at equilibrium, while letting the asset returns loose. As
argued by Anufriev et al. (2012), this second option leaves room for nontrivial correlation patterns
among returns and is thus more in line with the stylized behaviors observed on financial markets.
While it is clearly out of the scope of the present paper to discuss the theoretical or empirical
relevance of each option, we choose to adopt the second approach. Henceforth, equilibria will
therefore be defined as follows.

Definition 2. A procedurally consistent equilibrium (PCE) is a trajectory of the system defined by
(7) and (9) with fized investment shares x; = x* and wealth distributions ¢, = ¢*.

We start by briefly investigating the case when there is only one agent on the market (N = 1).
We recall that the case N = 1 and K = 1 is solved and discussed in details in Anufriev and Bottazzi
(2010). We assume that all demands are nonzero z®) £ 0 for k= 1,...,K. Intuitively, an asset
with zero demand can simply be removed from the market. The dynamic system then simplifies to

i1 = f(reo,...,rer-1)
Tt+1,0 = R(f(rao, .- 7"'t,L71)793taet+1)
Tyl = Tt , (11)
Tir1,L-1 = Tt L-2



where R(y,x,e) = (1+x'(e —1x))(diag(z) —yx') "'y — 1 (note that the first term 14 '(e —1x)
is a constant). We write r;; for the vector of returns at time ¢ — [.

Given the notorious complexity stemming from the random dividend yields ey, it is customary
to carry an analysis in which these yields are fixed to their (positive) average value € which satisfies
e # 1 and e > 0. This yields the so-called deterministic skeleton of the system. Now, if agents’
investment choices are fixed to x as is required in the definition of PCE, then returns are also
frozen because R(x,x,€) remains constant. Consequently, we will omit the time dependence in
the subscripts as often as possible to ease the notations.

The following lemma shows that when there is only one investor, all returns are equal (the
assets can of course still be distinguished by their total returns if their dividend yields differ).

Lemma 3. If N =1, then at a PCE, the returns of the K assets v* and the demands x* satisfy

the following vector identity
ez (12)
P ———1g.
1— 1z ™

Note that the returns are all positive when condition (6) i7) is satisfied. When the demands sum
to one, the equilibrium returns are not finite and when the investor uses leverage (i.e., 1-a* > 1),
the returns are negative. When there is only one asset, there is a one-to-one relationship between
x* and r* (the so-called Equilibrium Market Curve; see Proposition 3.1 in Anufriev and Bottazzi
(2010)). When many assets are available, there are an infinite number of demand vectors «* that
yield the same return r*.

We now turn to the general case with N investors and in this case the system is

i1 = f(reo,...,rer—1),
b1 = Pz, O, €01, R(F(re0,. - Te,0-1), Tt Dt €441))
riv10 = R(F(reo,. - 7Te0-1), %, Gt €441) .
Tt+11 = Tt0 ) (13)
Tt+1,L-1 = TtL-2

where, by Proposition 1,

e 1y +2'(r+e)
®(2, ¢ e,m) = diag(d) X 177 Gaa(@)a(r + &)’

R(y,x, ¢, e) = (diag(xe) — ydiag(¢)z) ' ((y — )¢ + ydiag(p)z'e) .

Just as in the case with only one agent, invariant ¢ and « imply constant returns when the div-
idend yields are fixed to e. We start by tackling a trivial case with an important assumption. For

notational conciseness, we introduce the aggregate (market) demand of asset k: 2k) = ZnN:1 qﬁnx%k)
and the corresponding vector is denoted by z. A crucial assumption is the following.

(A) The aggregate demands are not all equal to zero: z = x¢ # Of.

In the case when all z(®) are null, the equilibrium can only be reached when r = —e. This
case is somewhat similar to that of Proposition 4.1 (iii) of Anufriev and Bottazzi (2010) in which
the aggregate demand for the asset is also equal to zero. The distribution of market shares can
then have any form (the ¢, need only to be positive and sum to one). Henceforth, we assume that
assumption (A) holds.



3.2. Nonzero aggregate demands

We now consider two configurations. In the first one, all z(*) are nonzero (strictly positive or
negative) and in the second one (in the next subsection), z(¥) = 0 for at least one k (and up to
K —1). Surprisingly, the following proposition shows that when none of the 2(8) are equal to zero,
the equilibrium price returns are uniform.

Proposition 4. No zero aggregate demand. Assume z¥) # 0 for all k € {1,...,K}. At a
PCE, there can be N° € {1,..., N} surviving agents (i.e., with strictly positive market share). We
denote the vector of their market shares ¢° = Ono. If their demand matriz, which is a subset of x,
is written x°, then it must satisfy the following relationship:

. (#)(x°)e

T (e @)1k

(14)

We highlight that under condition #ii) in 6) demands are strictly positive and under i), the
returns are positive at equilibrium. A nice property at equilibrium is that the weighted average of
individual total performance can be shown to be equal to the (unique) return of assets:

(¢°) (z°)'e N
=7
1—(¢°)(x°)' 1k
and the growths of rescaled wealths (x°) (r* + €) are all equal to this value.
There are many degrees of freedom embedded in Proposition 4.* Let us consider the market as

a whole. ¢* denotes all market shares (¢° concatenated with additional zeros) and «* stands for
all asset demands. Then of course the completed version of Equation (14)

L @Yaye | (=)

Tl (@)@ T 1 (2 1k
is also true. The demands of the vanishing agents are simply not taken into account. The progressive
disappearance of agents depending on their portfolio choice is an captivating topic and we initiate
a discussion on this topic in Section 5.

Both forms (14) and (16) naturally share strong similarities with the simplified version (12).
More surprisingly, their expressions also recall those obtained in Anufriev et al. (2012), in which the
model assumptions are slightly different.® In equation (3.5) of Anufriev et al. (2012), the expected
return at equilibrium is equal to the sum of two terms. The first one is the risk-free rate; the
second one is the market-weighted average of dividend yields divided by the aggregate position
in the risk-less asset. This second term is equivalent to the constant term r* in (16). Another
close similarity with the result of Anufriev et al. (2012) is that equilibrium returns are all equal in
the cross-section at the PCE. We nevertheless underline that this is a strong requirement which
is obviously not in line with returns observed on financial markets. As we will show subsequently,
more general patterns emerge when some aggregate demands vanish.

The impact of aggregate demands on the equilibrium return 7* is worth commenting. The
second equality in (16) characterizes this effect. The equivalence

(@) (@) (r" + &) =

(15)

T

1 = rlg. (16)

or* el)(1— (z")1k) + (z*)e
oz0) (1 - (Z*)/IK)2 20 =T (17)

“This is also the case with only one asset, as is shown in Corollaries 4.1 and 4.2 of Anufriev and Bottazzi (2010).
5If only because the risk-free asset remains endogenous throughout their article, while we get rid of it via the
normalizations in (3).



is in fact deceptive, because r* is most often increasing in zU). More precisely, the equivalence
in (17) implies that the equilibrium return is increasing in z(9) as long as the total return of the
4t asset is positive. But given the singularity stemming from the denominator, r* is increasing in
2() to 400 to the left of the singularity and increasing from —oo to the right of the singularity.
Accordingly, investors should invest as much as they can in high-dividend yield assets, with a limit
such that the global aggregate demand is strictly smaller than one. This is an insightful constraint
on the source of leverage that investors should use. If an investor is willing to invest a large share
of his wealth (possibly even more than he can afford), then he can either resort to debt (via the
risk-free asset) or short-selling. The requirement that 1 — (2*)'1x > 0, which ensures both positive
returns and wealth growth, implies that agents should ultimately rely more on the short-selling
of some assets (and not on debt) to finance possibly large positions in other assets. There is
nevertheless a limit to short-selling: the long positions must overall offset the short ones so that
the numerator in (16) remains positive.

We end this discussion with one last comment. The most striking and counter-intuitive feature
of the model is that it allows assets to have demands with opposite signs while having equal price
returns. This stands in contrast with the basic economic mechanism that pushes prices up (resp.
down) when the net demand is positive (resp. negative). Fortunately, we switch below the more
challenging case when some demands z(*) can vanish and in this case the relationships between
demands and returns are far more intricate.

3.3. Some zero aggregate demands

We now turn to the case where some assets face zero aggregate demands. Obviously, this
requires that condition (6) be violated. We write ¥ for the equilibrium vector of returns for
the KT assets with nonzero demand and r° for the vector of returns for the K9 assets with zero
demands (obviously, K = K* + K°). The corresponding demand matrices are denoted by &* and
2°. In sum, we decompose the basic elements of our study into

r* = " r* = r and e* = e
2 ’ 0 n e |

To preserve consistency with our previous conventions, we write x?’j for the value located at the j"
row and " column of x°. We proceed similarly with the other vectors and matrices. Additionally,
we introduce the following notation:

a

4 +,0
A A ) , (18)

A* = o ding(¢") (") = ( AVE A0

where AT, A? and A+0 = (A%%) are respectively (K* x K*), (K°x K°) and (K*, K°) matrices.
A* is the matrix of (relative) wealth-weighted products between demands. Said differently, A* is
the collection of wealth-weighted second order cross-moments of demands.

For simplicity, and without any loss of generality, we will assume in the following proposition
and in the sequel of the section that all agents survive. In all generality, the number of non-
vanishing agents can lie anywhere between 1 and N, as in Proposition 4 (the stars and diamonds
for ¢ and « can be interchanged as in Equations (14) and (16)).

5Tt seems unlikely that regulatory institutions, such as the Bank of International Settlements, would advocate or
encourage such a strategy.



Proposition 5. At least one zero aggregate demand. With the notations used above, the first
K#* equilibrium returns are all equal, similarly as in Proposition 4:

L (¢)@yer | (¢)(2)e
L= (@) (@) L= 1 (") (@")1k

r 1Ki7 (19)

and the remaining K° returns satisfy the following relationship:
r0 = —&’ — (A IALE(rE 4 ). (20)

Since we assume that rank(x) = min(N, K), which in turn implies rank(z") = min(N, K°), the
existence of K zero demands requires N > K and hence rank(A®) = K9 so that its inverse is well
defined in (20). The expression for ¥ is the same as that of 7* and we need not further comment
on it.

On the other hand, the identity (20) is not straightforward to interpret, but we can rewrite
it in an alternative form. First of all, the components of the equation can be decomposed as
AY = 20diag(¢p*)(x?)’ and A%* = xdiag(¢*)(zT)’. Second, there is no reason a priori that assets
should have ezactly the same return (it is never the case in practice). So let us assume until the end
of the subsection that K* = 1, so that the returns are likely to be all different. Simple algebra’
provides a new form of (20):

r0 4+ e

—— — —argmin { (y + AOT)A(y + AOF) (21)
= argmin { (mi + y’:c0> diag(¢*) (azi + y'mo),} . (22)
yERKO
+

This identity implies that, given ¥, r¥ is such that

d= (r* +&)'z"diag(¢")(2") (r" + &) = (p")'diag(¢")p"

is minimal (the vector of wealths’ growth p is defined in (8)). By the definition of a PCE, it must
hold that p* = ply. Hence, d = p? and the returns of those assets with zero aggregate demand
are such that the squared growth of wealth is minimal. This is a surprising feature of the model.
Assuming that the growth rate of wealth is positive, this indicates that the equilibrium mechanism
minimizes the profitability for investors.

3.4. An identity with some zero demand assets

We now try to characterize the dependence between the total returns of assets when they can
face zero aggregate demand. As before, we assume K* = 1 so that assets are likely to have different
equilibrium returns. We focus on assets with zero aggregate demands because an analysis for r¥ is
already detailed in Section 3.2. We will refer to the assets with zero demand as the ZD assets.

"The second equality can be viewed as the computation of the estimator of generalized least squares regressions:

argmin (y — Xb)'A(y — Xb) = (X'AX) ' X' Ay,
b

see Chapter 9 in Greene (2000).
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Rewriting equation (20) as A%(r0 + &%) = —AOF (r* + &%), we extract the i'" value:

ZA U) 4 g0y = —ADE(p* 4 &)
) ) 1
& (00 400y = A AVE(p )+ DAY (00) 4 D)) (23)

JFi

= AO Z ¢n550 i 55 7" + et —|— Z x%’j(ro’(j) + é&(j))
Z Z n=1 j?éz

Demand-weighted total returns of other assets

At a PCE, a ZD asset’s total return is thus equal to a simple linear combination of all other
assets’ total returns. The coefficients of the linear combination depend on A* solely. We recall that
in equation (23), the values A?,i are always positive, therefore the sign of the relationship between
two ZD assets is entirely driven by A?’j.

In a dynamic setting, the economic mechanisms are much more complicated, but as the conver-
gence to the equilibrium nears, the above relationship becomes more and more salient. We provide
an illustration of the equation (23) at work with an example in Section 6.2.

With regard to market selection in the presence of ZD assets, it is not possible to factor out
market shares in the final computations and this prevents us from deriving simple analytical results
such as those in Section 5. As we will show in the Section 6.2, the same strategy can lead to
survivorship or to disappearance, depending on the initial market shares.

4. System dynamics

In this section we work with constant portfolio composition & and dividend yields e so that
the system describing the evolution of price returns and market shares becomes endogenous. We
formalize the discrete evolution operator and then study the system dynamics in terms of its
Jacobian matrix. In this section we consider that condition (6) is met.

4.1. Discrete evolution of the system
At time t > 0, the current state of the system is written S; = (rt(l), ... ,rgK); .1, - .,¢t7N).

The system has K + N — 1 independent variables because Zﬁ);l ¢tn = 1, but we work with the
K + N dimensional representation, as in Anufriev and Dindo (2010). It evolves in the domain
D = (—1,4+00)% x Ay, with Ay the simplex of market shares

N
AN:{(¢177¢N)7Z¢TL:1, ¢n20 fOI'n:].,,N}

n=1

The dynamics of the system is given by the explicit evolution operator G, defined on D and
such that S;11 = G (S;). Using Equation (13), the operator G is written as

rir1 = (diag(zey) — wdiag((bt)a:’)*l (xdiag(¢r)x’e)
G : ¢ — d (¢ ) X 1N+m/(rt+1+é) 9 (24)
t+1 lag( @t 1+1, diag(pt)a’ (r+1+€)

or, with ® and R, as

G - Ti41 = R(mam7¢taé)
' bii1 =P (x, ¢, €,7441)

11



The deterministic and discrete dynamic system under scrutiny is denoted by (Sy, G) and has
parameters (x,e). As we work under condition (6), it evolves within D provided that Sy € D.
Indeed, if the system state at time ¢ is in D, prices are positive at time ¢+ 1 because we work under
condition (6). This, in turn, ensures that the returns at time ¢ + 1 are greater than —1 so that
rir1 € (—1,+00)%. Because prices stay positive, and agents cannot go short under condition (6),
the agent wealths stay non-negative which ensures that the vector of market shares ¢;11 belongs
to the simplex Ap.

We denote by S* a steady state equilibrium of this system, that is S* such that S* = G (S*).
The vertices of the simplex Ap are obvious steady states with a single survivor.

4.2. The Jacobian matrix of the system

The Jacobian matrix of the system is denoted by J. It can be written as a (K + N) x (K + N)
block matrix:

B R T
- (2 1) -
where R = %5tt T = Zeet gy = 2011 and F = 20151 And the blocks R, T, H and F have

respective sizes K x K, K x N, N x K and N x N.

In the proposition below, we give the expressions to compute the elements of each block of J
in the general case.

Proposition 6. The elements of the Jacobian matrix J have expressions, for k,i =1,..., K and
nqg=1,...,N,

87"&)1 Opii1 or iﬂ ( u ~ 0]
T — O, i = O’ dkl x 7’) (l r _|_ e(l) — xg)rr- ,
orl? or® Do ; Yl (ridy+€0) =il

k k) [ (k

3¢t+17n 1+ Z b1 iL'n (73&31 + elk )> 5 EkK_l xé ) (T£+)1 + ek )>
= - tn

Obiq 1+zv L2 gt (rf) 4+ E®) + S0 S gl () +E0)

K o) (14 200 2l gal! (ridy +60)) = (2 6r0at?) (1+Zl vl (rfY, +20))

+¢t,nk§1 <1+Zv—12l 1(25tva?v ( O —i—e(l)))

X dez (Zx(l T (Tt_H +e()) - x((ll)rgl)] )

where D = (diag(x;) — xdiag(dy)x’) " is a K x K matriz with elements denoted by dy; and dng
is the Kronecker delta: 6pq =1 if n = q and 6,4 = 0 otherwise.

We now have expressions for the elements of the blocks to form the Jacobian matrix J. The only
numerical computation to be performed is the matrix inversion to obtain . The other expressions
are tedious but straightforward to compute.

We now consider the expression of the Jacobian matrix at a fixed-point equilibrium S* =
(r,...,r*5é%,...,¢y) of the system. It is denoted by J (S§*) with the following block structure

R(S") T (S ) | (26)

T8 = ( H(S) F(S)

12



Proposition 7. At a fixed-point equilibirum S*, the elements of the Jacobian matriz J (S*) have

expressions given below, for k,i=1,...,K andn,q=1,..., N,
87“&)1 OPt41.n 87’t(k)1 a 5

i (S*) =0, 7 (S*) =0, - (S*) =—r" di 5L)7 (27)

67’,@ argk) agf)tm 12::1 lzz:l

1%

OVt1,n /s ron - (k) = (k) - S )
96 (5)=5nq*m Ly (2 = Do by | Y di D x| (28)
t,q k=1 v=1 i=1 l;l

where the dy; are the elements of the matriz D* = (diag(z¢*) — xdiag(¢*)z’) ™.

4.8. Characteristic polynomial

The Jacobian matrix J corresponds to the linearization of our discrete non-linear system at
its current state, and allows one to grasp its dynamics. At a fixed-point S*, the roots of the
characteristic polynomial - or eigenvalues - of J (S*) can be used to determine the stability of the
system. The idea is that if the spectral radius of J (S*), denoted by o (J (5*)), is strictly smaller
than one then the considered fixed-point is stable. The spectral radius of a matrix is the max of
the modulus of its eigenvalues

0(J (8") = max {|Gul}

where the (,, are the eigenvalues of the Jacobian matrix. We refer, among others, to Medio and
Lines (2001) for a detailed presentation of the stability analysis of discrete nonlinear systems by
means of their Jacobian matrix. At equilibrium, the Jacobian matrix has the following block
structure

OK,K T(S*) )) (29)

J(57) = ( Onri F(S7)

with the elements of the blocks 7 (S*) and F (S*) given in Proposition 7. With this block structure,
the characteristic polynomial of J (S*) is written, for ( € C

Given the properties of the determinant of a triangular matrix by blocks, see Meyer (2000)
(Chapter 6 p. 467), P;(() is obtained as

Py(¢) = det (—(CIk) det (F (8*) — ¢In)
= (=0)" det (F (8*) = (In).

Zero is a root of Pj(¢) with multiplicity K. This root does not affect the stability of the
fixed point. Hence, the stability is driven solely by the spectral radius of F (S*). This matrix
corresponds to the Jacobian matrix of the market share portion of the system. The expression for
Pj(¢) is in line with the intuition stemming from the expression of the evolution operator G, that
is: the fixed-point equilibrium is stable if its market share sub-part is stable. We denote by Pr the
characteristic polynomial of F (S*), it is written, for ( € C

Pp(¢) = det (F (S%) = (In) -

Given the expression for the elements of F (S*) in Proposition 7, it is unlikely to obtain a
workable expression for the characteristic polynomial Pr in the general case.

13



4.4. Special cases

We now examine two special cases of interest. The first is when there is only one survivor at
equilibrium (a steady state with a single survivor). This case is important because equilibriums
with multiple survivors are unlikely when agents are truly heterogeneous and condition (6) is met.
This idea is detailed in Anufriev and Bottazzi (2010) for the single risky asset case and we discuss
it in the next section.

When there is only one survivor at a fixed-point equilibrium we can assume, without loss of
generality, that the first agent survives, so that we have ¢7 =1 and ¢; =0 forn =2,...,N. In
such a case, the Jacobian matrix obtained in Proposition 7 can be simplied further and the lower
right block matrix becomes

= 0 ... ... 0
= 1
FES)=1 o (30)
Lo . -0
== 0 ... 0 1

Given the lower triangle structure of this matrix, its characteristic polynomial is written

1 N-1

P = — 1-— :

0O = (1555 —¢) 1-0)

We see that, in such a case, Pr has two roots: H%
r* > 0 we have H% < 1. The problem arises from 1 that is a multiple root of Pp because it
means the considered fixed-point is non-hyperbolic and we cannot conclude upon its stability (or
unstability) using an analysis based on the Jacobian matrix. That’s why here we need to rely
on another approach as it is developed in Section 5. For a detailed treatment of the notion of

hyperbolic fixed-point and the case of non-hyperbolic fixed-points we refer to Medio and Lines
(2001) (Chap. 3 p.76).

The second special case is when there are exactly two agents and two risky assets, that is when
N = K =2, and the two agents survive at a steady state S*. In this case, the stability of the fixed
point is driven by the spectral radius of the 2 x 2 matrix F (S*). Because in the two-dimensional
case the eigenvalues of the matrix are known in closed form, it is possible to express the condition
on the spectral radius of the matrix in terms of a condition to be fulfilled by the trace and the
determinant of this matrix. We refer to Medio and Lines (2001) (Chap. 2 pp. 52 and 53) for the
stability analysis of a two-dimensional discrete system. This condition is written

o(F)<le|trtF|—1<det(F)<1 (31)

and 1 with multiplicity N — 1. As soon as

Figure 1 presents the spectral radius and the stability area for the case N = K = 2 in terms of
the trace and determinant of F (S*). The stability area is the interior of the triangle formed by
the points with coordinates (0, —1), (2,1) and (—2,1). Sadly, given the complexity of F (S*) given
in (28), it is impossible to further clarify the constraint (31) in terms of the input variables x, ¢
and e.

5. Market selection

For any fixed portfolio compositions @, it is possible to recursively compute the dynamics of the
system described by Proposition 1 given the trajectory of the dividends e;;1.® The corresponding

8More precisely, this will also require initial market shares and initial prices or returns.
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Figure 1: Stability area. We show the spectral radius of F as a function of its trace and determinant in the
two-dimensional case N = K = 2. The region inside the black triangle is where the spectral radius is smaller than
one.

deterministic skeletons can then be interpreted in light of the theoretical results of Section 3.
Henceforth, we set the focus on the key topic of market selection which tries to determine which
agents will survive.

5.1. General results

When demands are constant, the following lemma shows that the market shares evolve endoge-
nously. They are simply updated with the realizations of dividend yields. Indeed, the market shares
are impacted by returns in a way that can be expressed only with the previous market shares, fixed
demands and earned dividend yields.

Lemma 8. When demands are constant, the market shares evolve according to

1y + @' (ding(@ey) — adiag(¢)a’) " diag(zdr)ers:

$r1 = diag(ey) x , : : — - (32)
1+ 1y diag(¢)a’ (diag(xdr) — mdiag(¢;)a’) ™ diag(zdr)ers
As a consequence, aggregate demands evolve according to
. rer1 + 1k

zir1 = diag(z , 33
. (=) 1+ 2(re41 + exy1) (33)

and zero aggregate demand is a permanent state for an asset: for any k,
zgk) =0 = zt(_]i)l =0. (34)

Unfortunately, the conditions under which the system (32) remains well-behaved (i.e the shares
always lie between zero and one) is an open and difficult problem in the general case. It can be
easily proven that it is the case under condition (6) because the inverse matrix in the numerator
is always defined with positive elements (it is the inverse of an M-matrix). When short-selling is
allowed, singularities may appear depending on the choice of & and €, but also on the initial point
¢o. As we will see in Section 6.2, the convergence of market shares to their equilibrium value may
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not be achieved through a monotone path. Two necessary conditions for the system to be well
behaved are obviously that the matrix diag(x¢;) — xdiag(¢:)x’ be well conditioned and that the
denominator be nonzero at all times. When (6) fails, these conditions are not guaranteed and the
system can degenerate.

Note that the second part of the lemma provides a direct link between aggregate demand for
an asset and its price return. All other things equal, the asset with the highest return will see the
absolute value of its demand increase. The formula also has another strong implication. Under
reasonable assumptions, the denominator in (33) will always be positive’ and clearly, the numerator
is also always positive. Hence, aggregate demands never change signs. Thus, as the equilibrium
nears, there are three possibilities:

° [ ri41+1k

k
m} — 1 and the aggregate demand z§ ) converges to some non-zero value;
t k

(P) < o [%] L e € (0,1) and the aggregate demand zt(k) converges to zero;
(k)

° [ Tepatle L — ¢ > 1 and the aggregate demand z; ~ diverges: the system is degenerate.

1+z)(rir1+est1)

Note that in the case of nonzero aggregate demands, all returns are equal, which is consistent
with the first case above. This is another illustration of the relationship between equilibrium returns
and aggregate demands. When returns are inhomogeneous, the above classification shows that zero
aggregate demands become likely (the other option being degeneracy of the system). We underline
that this also depends on the number of agents because the number of assets with zero aggregate
demands must be strictly smaller than the number of agents (see Section 3.3 for further details).

5.2. Survival with nonzero demands and constant dividend yields

In this section, we are interested in the dynamic behavior of the market shares ¢, when they
converge to the equilibrium in the case of the deterministic skeleton. We say that an agent survives
upon equilibrium if its market share is strictly positive. The purpose of this section is to identify a
condition pertaining to portfolio compositions that implies survival. To this end, we introduce the
characteristic ratios

£ ot

R, = Zh=tIn €
11—, )

, in vector form, R = (Iy—diag(x'1g)) 'a'e = diag(1y—2'1x) 'x'e. (35)

and the key matrix
M = diag(z¢;) lxdiag(ds)x’. (36)

We omit the time-dependence of M for notational simplicity. Below, we detail our major results
on survival.

Proposition 9. We assume condition (6) is fulfilled so that all demands are nonzero. The evolution
of market shares satisfies

. K K oo
i1 g (143530 Sau). )
t,i j=1k=1 q=0

In the case of the deterministic skeleton, if K > N, then surviving agents at a PCE all have the
same R, equal to r*.

Tt seems intuitive that an asset with positive (resp. negative) demand be linked to future positive (resp. negative)
total returns: agents ask for profits and avoid losses and prices should reflect this basic economic principle. Hence,
the demand-weighted sum of future total returns should always be positive.
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With the above properties in hand, we are able to prove a deeper result in the case K > N. In
this case, and because we are solely interested in survival, we can assume without loss of generality
that all characteristic ratios are unique (or simply that the largest one is unique). The following
theorem shows that having the maximum ratio is key to survival.

Theorem 10. Under (6) and when N < K, if Ry is the mazimum characteristic ratio, then the
market share of the first agent (¢v1) is the only one for which 1 is a Lyapunov stable equilibrium
point for the deterministic skeleton. Formally, Ye > 0, there exists 6(e¢) > 0 such that if i1 >
1 —6(e), then ¢rp51 > 1 —€ for all s > 1.

One way to paraphrase this result is to say that having the maximal characteristic ratio guaran-
tees survival. When agents have fixed strategies it is always possible to compute their characteristic
ratios and to determine those who survive. Note that when leverages are unconstrained, the ratios
can be arbitrarily high and, in turn, the notion of optimal policy can only be defined among a given
set, of strategies.

When leverages are all equal, the ratios are proportional to ’e. Hence, the maximum ratio is
reached by investing everything into the asset that pays the largest dividend yields. Unfortunately,
this leads to an asymptotic violation of (6) because most aggregate demands decrease to zero.
However, if we apply item M37 of Berman and Plemmons (1994) to the inverse in (7), it is possible
to show that the system in this case stays well-behaved: shares remain positive and bounded by
one. Unfortunately, the asymptotic zero demands imply that the statement of Theorem 10 does
not hold. This configuration in demands is nonetheless instructive and we provide an enlightening
example in Appendix J.

When agents have identical leverages and their portfolios meet condition (6), the best family of
strategies consist in investing a large proportion in the asset that pays the largest dividend yields
and an arbitrarily small (but strictly positive) proportion to all other assets. We emphasize that
there is some empirical evidence that firms with higher dividend yields are more profitable for
investors (see e.g. McQueen et al. (1997) and Visscher and Filbeck (2003)).

Lastly, we comment on the condition K > N in the theorem. Formally, we were only able
to prove the result when the number of agents is no larger than that of assets. Empirically,
thousands of simulations with various portfolio configurations have shown that the maximum R,
policy always dominates the market. While we have not been able to prove the stability criterion in
the general case, it is possible to show the following implication: 7y = *1g = ¢111,1 > ¢ When
k corresponds to the agent with maximal characteristic ratio. When uncertainty has faded and
returns have converged, having the highest characteristic ratio warrants a non-decreasing market
share. We formally state and provide the proof of this result in Appendix K.

5.8. Random dividend yields

A natural question that arises pertains to the validity of the above result when the dividends
are no longer constant. The usual argument is that if the randomness is modest, then the system is
only marginally perturbed and converges to the fixed-state described in the deterministic case. In
different contexts, Benaim and Weibull (2003) and Zhu et al. (2011b) show that stochastic systems
asymptotically converge to the deterministic equilibria when the noise is sufficiently small. Below,
we formally discuss this assertion for our model in more detail.

We seek to characterize the condition under which the survival result in Theorem 10 remains
true. Starting from the vector of average dividends e, we add some noise in the following fashion:

time-varying dividends are constructed as perturbations around their average values: egi)l =ek) ¢

éi)l, where ¢%) = {Et(k),t > 0} is a real valued stochastic process in discrete time defined on
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(Q, (Ft)ien ,P). The noise process 5(]“) has a zero mean and support S = (—m(k),m(k)>, so that
dividends have support
I = (6® — 50 e® 4 x®)) (38)

Note that the positiveness of dividends imposes é*) > k() In the proposition below, we provide an
upper bound on £®) under which the survival criterion of Theorem 10 holds in some probabilistic
sense.

Proposition 11. Under the assumptions of Theorem 10, if the supports of the dividends are such
that

(k) . Rl - Rn
max £ < min—————"—,
g (14\1 + 1fin)
then the Lyapunov stability holds in the following almost-sure sense: Ye > 0, 30(€) > 0 such that if
¢r1 > 1—0(e), then P({¢pys1 > 1—€,Vs>1}) = 1.

Said differently, with the condition on the noise provided in Proposition 11, the result of The-
orem 10 holds in a P-almost sure sense. A notable feature of the proposition is that it imposes
no structure of correlation on the dividends: neither in the cross-section dimension (the covariance
matrix between assets), nor in the time domain (the auto-correlations do not matter).

The assumption that dividend yields do not vary much is in fact quite realistic. Indeed, firms
know that their dividend policy is a signal sent to analysts and investors. Hence, they tend to
smooth their dividends in time. Dividend contractions are viewed as an indication of poor economic
health and are avoided at all cost. Symmetrically, large increases in dividends are expensive because
executives know they will not be able to cut them in the future. In sum, dividends are usually quite
stable. We refer to Lintner (1956), Leary and Michaely (2011) for more details on the matter.

5.4. Links with the related literature

In this section, we shed some light on how to interpret our results through the prism of the
work of Evstigneev et al. (2008) and Sandroni (2000).°

5.4.1. Comparison with Evstigneev et al. (2008)

There are three major differences between the model introduced in Section 2 and that of
Evstigneev et al. (2008). The first difference is that homogeneity in risky exposure (or, equivalently,
in consumption) is a crucial assumption in the proofs of Evstigneev et al. (2008). In our model
we do not impose such restrictions, and many simplifications do occur when we set ’'1x = A1y.
Nevertheless, in all generality, our results underline the mixed effects stemming from the portfolio
composition. We show that for a given characteristic ratio, a lower leverage can be compensated
by investing more in assets with higher dividend yields. A key feature of our results is that they
allow the comparison of any set of portfolio compositions, while Evstigneev et al. (2008) only focus
on the optimal one and do not provide any criterion to determine which strategy will survive if
none of the agents pick the best policy.

The second key discrepancy between the two approaches is that in Evstigneev et al. (2008),
agents choose between risky assets and consumption while in our model, the choice is between risky
assets and a riskless asset. The impact on our results of this modeling assumption is an intriguing

10We thank an anonymous referee for inviting us to dig deeper into these considerations.

18



question. With our notation, replacing the riskless asset by consumption would imply the following
law of motion for the wealths:

K (k) (k)
P1+D
Witn(Pevn) = pWen 3 o) =, (39)
k=1 t

where 1 — p is the rate of consumption, which is fixed across agents. In Appendix L, we briefly
show that in all generality, this new model does indeed alter the results. In particular, equilibrium
returns are no longer homogeneous across assets and, more importantly, the survival criterion does
not hold anymore. Still, if we assume, as in Evstigneev et al. (2008), that ’1x = 1y, then the
models do share some properties. For instance, equilibrium returns in this case are uniform. In
addition, the asymptotic variation of market shares when one agent dominates the economy is
favorable only to the agent with maximum demand-weighted dividend yield. This condition is the
same as in our model when agents have the same leverage (i.e., #'1x = A1y). Overall, switching
from the riskless asset to consumption does generate some difference between the models when
demands are unconstrained. However, if agents have the same aggregate risky exposure, then the
two frameworks lead to comparable behaviors and conclusions.

Lastly, the third difference of our setup with Evstigneev et al. (2008) pertains to the assumptions
on dividends. In Evstigneev et al. (2008), dividends are functions of i.i.d. states of nature and
they are hypothesized to fulfill some positivity conditions (individually and at the aggregate level).
In the present paper, the assumptions are quite different. First of all, the individual distributions
of dividend yields in our model are only determined by their support and their mean, which is
assumed constant over time (see Proposition 11). Second, we impose no structure at all in the
correlation of dividend yields, both across assets and across time. This is a major shift from the
traditional assumptions in the literature.

Finally and most importantly, we do not work with dividends per se, but with dividend yields.
Implicitly, we posit that dividend payments depend on the price level of the asset. This suggests
for instance that among two firms with equal yields, the larger firm - in terms of price - will pay
larger dividends. This is the main reason why the survival criteria are at odds (concentration in
assets versus diversification). In Evstigneev et al. (2008), by Equation (18), the total wealth is i.i.d.
and bounded from above (hence prices also have an upper limit), while in the present article, prices
and wealths either increase to infinity or vanish, depending on the sign of equilibrium returns. This
feature is critical because it drives the relative importance of price returns and dividend yields
within total returns, which, in turn, determine who survives.

It is unfortunately impossible to harmonize both approaches because we cannot consider that
both dividends and dividend yields are i.i.d.: this would imply constant prices. Moreover, the
proportional betting scheme based on dividends does not have any sense in our economic setup, if
only because dividends do not have constant means.

Nonetheless, there is a configuration that helps reconcile both approaches. Suppose, as in
Evstigneev et al. (2008), that risky exposures are uniform across agents (z'lx = A1y) and that
the first agent survives (his portfolio has maximum «’e). For simplicity and comparison purposes,
we also set vy = 0 so that P; = p;. Then, by the first line of (4), p; o @1, asymptotically.
Hence, at a PCE, D,y; = diag(p;)ei+1 x diag(xi)eir1. When prices have reached their stable
values, the proportional dividend policy is a multiple of diag(x;)e. Thus, the surviving agent in
our specification and the optimal portfolio of Evstigneev et al. (2008) invest in the same assets.

5.4.2. Connection with Sandroni (2000)
It is possible to analyze the link between our condition based on the characteristic ratio and the
rule relying on the expectation of the log-growth rate in Sandroni (2000), given in his Proposition
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1. With our notations, the latter is written for agents 1 and n (n # 1) as: there exists a > 0 such
that for all ¢ we have

E [ln (1 + pt+171)]]:t] > E [ln (1 + Pt+1,n)|ft] + a. (40)

In Sandroni (2000), this is a sufficient condition for agent n to vanish from the market. If we
start from our rule based on the characteristic ratios, it implies a weak form of Sandroni’s rule and
becomes a necessary condition for agent n to vanish. The derivation of this implication is given
below.

We work under the assumptions of Proposition 9 and Theorem 10: we are close to equilibrium
but not at equilibrium and dividend yields are stochastic. We further assume ry = 0.

First, suppose that agent 1 has maximum characteristic ratio. From the computations in the
proofs of Proposition 9 and Theorem 10 we have that there is h > 0 and 8 > 0 such that, for all
t > h, given F;

P11 Pryim S8 P—as. (41)
¢t,1 ¢t,n
and 3 = ¢(1 — \,)(R1 — R,,) with the notations in the above mentioned proofs. From the definition
of market shares
W+1,1 Wi+1,n
1" w 1w
( ]\;Utjﬂ) - ( A{Ut’iﬂ) >3, P-—a.s. (42)
(1ywr) (Thyw)
that is v
w
P11~ Pt+ln > 5N,7t+1, P—a.s. (43)
1Nwt
And we finally get, because 1§1V/w1:+t1 > 0 but not greater than a constant independent of ¢
N
P11 — pry1n > 0, P —a.s. (44)
We also have
In (1 + pt+171) > In (1 + Pt+1,n) , P—a.s. (45)
which implies
EIn (1 + pe1,0) | Fi] 2 Elln (1 + pryin)| 7ol - (46)

This is a weak form of the condition in Sandroni (2000). Under the setup described above, the
rule we obtain in our market model implies a weak form of the rule devised in Proposition 1 of
Sandroni (2000). Hence, where Sandroni’s Proposition 1 gives a sufficient condition for an agent
to vanish in terms of log-growth rates, our rule implies a related necessary condition for an agent
to vanish.

5.4.8. General remarks

At a deeper level, we shortly comment on the way our reasoning differs from that of existing
contributions. Devising an optimal fixed strategy requires stability in the modeling assumptions. In
the bulk of the literature, this stability stems from i.i.d. randomness that drives wealth or perturbs
the system. This is for instance the path taken by the literature on Kelly schemes, initiated in Kelly
(1956) and thoroughly surveyed in MacLean et al. (2011). Both Breiman (1960) and Finkelstein
and Whitley (1981) assume i.i.d. payoffs and are able to single out an optimal fixed strategy. When
noise is no longer i.i.d., as in Algoet and Cover (1988) and Sandroni (2000), then optimal portfolio
decisions must be time-dependent.
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Proposition 1 of Sandroni (2000) provides a sufficient condition that ensures survival for one
agent: conditionally on prior information, this agent must have strictly superior expected logarith-
mic (gross) returns at all times, compared to all other agents. This is an intuitive result but it is
too general since the condition is very binding. Proposition 2 and Proposition 4 in the same paper
are much more specific and insightful: assuming homogeneous discount factors across agents, it is
shown that agents who survive are those who eventually make accurate predictions. It is the end
of the trajectory that matters and not its beginning. In spirit, this reasoning is very close to the
way we proceed. Since total returns are unknown before equilibrium in our model, survival cannot
be determined in advance when portfolios are fixed. As is shown in Appendix K, the only agents
who are assured to have growing market shares at the PCE are those with maximal characteristic
ratios. In a sense, they are those who are eventually able to make the most accurate predictions.
This is why the concept of PCE is so useful. Working on fixed points allows to introduce stability
in payoffs and hence to determine which fixed portfolios are asymptotically optimal.

6. Numerical investigations

6.1. Nonzero demands

We illustrate the survival criterion of Theorem (10) with a simple example. The portfolio
compositions, dividend yields and initial market shares are defined in Table 1. We consider two
cases. In the first one, Agent 1 and Agent 2 have the same characteristic ratio, but in the second
one, Agent 1 has the highest ratio of all. The first two agents begin with a 30% market share, with
the remaining 40% going to the third agent.

Case 1 Case 2
Agent 1 Agent 2 Agent 3 e TAD Agent 1  Agent 2 Agent 3 e TAD
Asset 1 0.200 0.100 0.050 | 0.010 0.149 0.200 0.000 0.050 | 0.010 0.183
Asset 2 0.200 0.120 0.100 | 0.020 0.159 0.200 0.120 0.100 | 0.020 0.193
Asset 3 0.200 0.100 0.000 | 0.030 0.149 0.200 0.100 0.000 | 0.030 0.192
Asset 4 0.030 0.300 0.000 | 0.022 0.168 0.030 0.300 0.000 | 0.022 0.053
R, 0.034 0.034 0.003 - - 0.034 0.025 0.003 - -

Table 1: Parametrization. We provide agents’ demands (:c;k)) along with asset dividend yields (€) and correspond-
ing R,. Initial returns are equal to zero for all assets. TAD stands for terminal aggregate demand. In the first case,
the first two agents have equal R,, and in the second case, all R,, differ. The discrepancies between the two cases
are highlighted in bold. Condition (6) is satisfied.

In Figure K.9, we plot the time-series of market shares (¢:,) and price returns rt(k) for case

1 (left) and case 2 (right). In the bottom graphs, we see that the convergence to the (unique)
equilibrium return of Proposition 4 is rather slow. After 300 (left) and 500 (right) iterations of
the system, the fourth asset’s return is still a few percentage points away from the target value.
Numerical simulations of the system as well as plots presented throughout Section 6 are done with
R, version 3.4.3. The code is available upon request.

In the upper plots of Figure K.9, we observe an illustration of Proposition 9. In the left graph,
Agent 1 and Agent 2 have equal characteristic ratios, and hence, their market share does not
vanish, but rather increases to some terminal value (close to 50%). On the contrary, the weight of
Agent 3, who has a lower ratio, decreases to zero. In the right graph, only one agent survives: his
market share progressively increases to one. Agent 1’s higher characteristic ratio translates into a
dominating position. Note that the very small change in parameters between the two cases does
not alter the final values of returns.
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Case 1 Case 2
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Figure 2: Non-zero demands. We plot agent shares (top) and asset returns (bottom) with case 1 (and maturity
T = 300) on the left and case 2 (with T'= 500) on the right. The equilibrium return in both cases is given by (14) is
equal to 0.0342.

6.2. Zero demands

Obviously, assets in financial markets do not have equal price returns. We thus propose a new
configuration which will lead to only one asset with nonzero demand. As is recalled in Proposition
5, this requires more agents than assets with zero demands. We thus stick with four assets, but now
consider five agents (one of whom will vanish). Agents start with uniform market shares. In order
to reach zero demands, all agents resort to short-selling for at least one asset. The details of the
parametrization are given in Table 2. We underline that not all configurations lead to interesting
interpretations. As is suggested by Equation (32), some even imply degenerate skeletons with
negative market shares and/or infinite returns.

In Figure 3, we plot the time-series of aggregate demands (left) and asset total returns (right).
In addition, we provide the static proxy for the returns provided by equation (23). Obviously, the
values are expected to coincide at equilibrium, and the plot allows to monitor the speed of this
convergence. In Figure 4, we plot agent shares. The left graph corresponds to the case when they
have initial equal weight while in the right graph, we have set ¢g = (0.15,0.05,0.1,0.1,0.6).

Given the dynamical essence of the system, we take a chronological approach in our analysis:

1. We first see on the right graph that assets with negative aggregate demand (1 and 3) start by
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Agent 1 Agent 2 Agent 3 Agent4 Agent 5 e Raw demand
Asset 1 0.020 0.400 -1.015 -0.190 -0.150 | 0.010 -0.935
Asset 2 -0.200 1.120 0.090 0.130 -0.180 | 0.020 0.960
Asset 3 0.200 0.000 -0.200 -1.250 0.800 | 0.030 -0.450
Asset 4 1.090 -0.300 0.294 0.060 0.600 | 0.022 1.744
Exposition 1.110 1.220 -0.831 -1.250 1.070 - -
Leverage 1.510 1.820 1.599 1.630 1.730 - -
R, -0.238 -0.090 -0.004 -0.016 -0.459 - -
0% 0.200 0.200 0.200 0.200 0.200 - -

Table 2: Parametrization. Agents’ demands (z”)) are shown along with asset dividend yields () and corresponding
R,,. Original market shares ¢ are provided on the last line. Initial returns are equal to zero for all assets. Exposition
is computed as the sum of an agents positions 22{:1 xﬁf). Leverage is the sum of positions in absolute value. Raw
demand is the aggregate demand x¢ when the distribution of agents is uniform: ¢ = 15 /N. The terminal aggregate
demands are all null, except for the second asset which has a TAD of 0.703. The agents’ demands do not satisfy
condition (6).

0.75- 0.15- Assets
(7]
g 4_‘3 g Asset 1
e 2B —— Asset 2
[0} o
[a] = Asset 3
0.10-
0.50- Asset 4
Assets
Asset 1
== Asset 2 0.05-

i /556t 3 | Mﬂ‘_
0.25-

Asset 4

0.00- {

(A
Va4

0.00-

0 100 T 200 300 0 100 T 200 300
Figure 3: Zero demands. We plot the evolution of aggregate demands (left) and asset total returns (right) related

to the deterministic skeleton with parameters of Table 2. In the right graph, the dotted lines show the proxy for total
returns of ZD assets computed using the equilibrium relationship of Equation (23).

having negative returns, while it is logically the opposite for the other two (assets 2 and 4).
The total return structure is also favorable to these two assets. Mechanically, the agents who

have the largest cumulative positions in these assets see their market share increase (Agents
1 and 2).

2. Then, we arrive around point A (¢ ~ 50) in the Figures. At this point, the demands for
assets 1 and 3 are already very close to zero and will remain negligible as shown by Lemma
8. Consequently, the returns of assets 1 and 3 are not driven by their demand but by other
quantities. We can thus check the empirical relevance of equation (23) at this point. The
dotted curves in Figure 3 show the theoretical equilibrium relationships. The spreads with
the true values are still sizable at point A, but the trends seem preserved. Indeed, after
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Figure 4: Market shares under some zero demands. We plot agent market shares with parameters of Table 2
and ¢o = (0.2,0.2,0.2,0.2,0.2) on the left and ¢ = (0.15,0.05,0.1,0.1,0.6) on the right.

point A, the total return of asset 3 is starting to increase, and follows the tendency of the
dotted turquoise line. Likewise, for asset 1, even though a small positive bump occurs, the
total returns are bound to stay significantly negative. As for asset 4, the true value clearly
does not mimic the proxy, simply because the aggregate demand for this asset is still largely
positive.

3. Progressively, we reach point B, just before t = 200, when the demand for asset 4 vanishes.
After this point, the hard and dotted curves start to coincide and all indicators and quantities
have approximately reached their equilibrium values.

Finally, the comparison of the two graphs in Figure 4 show how initial market shares impact
the final outcome. In the first case, only agent 4 vanishes, while in the second one, agents 3 and 5
both disappear. The best strategies also differ: agent 2 dominates when initial weights are equal,
but agent 1 prevails in the second configuration. An classical intuition is that dominating positions
are meant to persist because superior financial power can either influence the market or at least
reap benefits and dividends over the long run. The right graph of Figure 4 shows that ill-advised
strategies are particularly hurtful. While agent 5 starts with more than half of the market shares,
its portfolio composition appears to be (by far) the least profitable (or the most penalizing) because
it leads to an irreversible decay.

6.3. Random dividends

In this final subsection, we add noise to the deterministic trajectories studied above. In line
with the notations of Section 5.3, the support of the dividends is symmetric around their mean:
I, = |e®) — k®) ek) 4 k*) | We work with four values for x*): 0.001, 0.005, 0.01 and e*). The
first three values are fixed, meaning that the dispersion (standard deviation) is equal across assets.
The fourth alternative, corresponds to the highest level of dispersion compatible with the positivity
of dividends. This limiting case implies that higher dividends on average are more volatile: the
standard deviation is proportional to the mean. Thus, in the figures below, this case is referred to
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as ‘Prop.. Here we have implicitly assumed, for simplicity, that the support is symmetric around
the mean, as we did in Section 5.3.

For each one of the four values of amplitudes x¥) detailed above, we run 10,000 simulations of
the system up to time T = 500. This is a reasonable horizon for the convergence of the system.
Henceforth, ‘terminal’ values are associated to this maturity. Dividends are sampled uniformly
on their support and are independent both in time and in the cross-section. In Figures 5 and 6,
we illustrate the configurations with non-zero demands of Section 6.1. Each Figure pertains to a
different type of agent: Agent 1 (in Figure 5) survives, while Agent 3 (in Figure 6), vanishes.

In the top graphs of Figure 5, we show the distribution of Agent 1’s terminal market share.
Both distributions are centered around the value reached in the deterministic case (0.485 in Case 1
and 0.913 in Case 2). Additionally, the distributions confirm the intuition: as the amplitude of the
support of the dividends increases, then so does the dispersion of the market shares. Nonetheless,
even when dividends are allowed to vary between zero and twice their average value (purple bars),
the histograms clearly indicate that Agent 1 will survive.

This is further confirmed by the lower graphs which plot the evolution of the market shares
through time. In the right graph, survival is unambiguous and Agent 1 eventually fully dominates
the market. Just as in the deterministic case, this was expected because Agent 1 has the highest
characteristic ratio. We see that all curves display a similar behavior, even when the shocks are the
largest. This corroborates the theoretical Proposition 11.1! If the left graph seems less compelling,
the conclusion remains the same: Agent 1 will ultimately survive as well. In this case, the market
share of Agent 3 rapidly decreases to zero and the Brownian-like variations of Agent 1’s market
shares only reflect the economic confrontation with Agent 2. These two agents have their shares
updated by the current levels of dividends but none of them can asymptotically beat the other
because they have the same characteristic ratio.

In order to illustrate the situation of a vanishing agent, we plot the same quantities for Agent 3
in Case 1 in Figure 6. The distribution of market shares is highly concentrated around a very small
figure (1.7 x 107%) and even when dividends have the largest dispersion, the final market share does
not exceed 4 x 1075, A look at the trajectories confirms the ineluctable disappearance of the agent.
We show the path between t = 100 and ¢ = 300 so that the differences between amplitudes are
discernible. Indeed, in contrast with Agent 1’s market share in Case 1, there is not much variety
in the behavior of Agent 3’s relative wealth: it inevitably shrinks to zero at a pace that does not
depend on the dispersion of dividends. We do not report the evolution of market share for Agent
3 in Case 2 because the numerical results are almost identical to those plotted for Case 1 in Figure
6.

We then switch to the case with asymptotic zero aggregate demands. As is underlined in
Section 5.1, in such configurations, the system may reach a singularity and lead, for instance, to
negative market shares. Among the 10,000 simulations we ran, some of them did yield degenerate
trajectories. The proportion of these paths varies strongly with the size of the support of the
dividends. For the three fixed values of k¥, it is equal to 0, 0.1% and 9.4%, respectively. When
k) = &) the proportion increases to 39.6%.

1Tp fact, the upper bound in the Proposition is far from optimal and rather conservative when dividends are jointly
i.i.d. With the parametrization of Case 2, this bound is equal to 0.0033. Hence, only the first amplitude fulfills the
condition but we see that survival is ensured even with larger values of x") . This is because in the proof of the
Proposition, we consider the least favorable scenario at all times: lowest possible dividends for Agent 1 and highest
possible dividends for other agents: it is the price to be paid for almost sure convergence in the general case with no
particular assumption on correlations. Hence, the upper bound on x®) can probably be sharpened, i.e., increased,
in the case of serially and cross-sectionally uncorrelated dividends.

25



Case 2

Case 1
400-
Amplitude Amplitude
[ 0.001 900- [ 0.001
. 0.005 . 0.005
300- B 0.0t Z M oo
> . Prop. é . Prop.
%
c
()
° 600-
200-
300-
100-
0- - 0 -
0.425 0.450 0475, 0500 0.525 0.550 0.89 0.90 0.91 0.92 0.93
are Share
Amplitude
¢ 0.001
e 0.005
* 0.01
* Prop. 0.8-
0.50- s
<
n
()
5 0.6-
£
[} Amplitude
* 0.001
* 0.005
0.45- & 0.01
© Prop.
0.4-
100 200 300 Tfime 400 500 0 100 200 Time 300 400 500

Figure 5: Market shares with non-zero demands - Agent 1. The upper graphs show the distribution of terminal
(T = 500) share for the first agent. The histograms are stacked and the colors relate to the amplitude (x*)) of the
support around the means. The lower graphs plot the first ten trajectories of Agent 1’s market share. Each column

(left and right) corresponds to one parametrization in Table 1.

In this last case, we study the distribution of the time at which degeneracy occurs.'? To do so
we denote by 7 the first date when a market share reaches a negative value:

7 =inf {¢t > 0;3n s.t. ¢r,, <0},

and, by convention, we set 7 = +oo if the system is well-behaved. 7 is a stopping with respect
to the filtration F. Figure 7 represents the histogram of values smaller than 500 taken by 7 over

12\We thank an anonymous referee for pointing this question to our attention.
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Figure 6: Market shares with non-zero demands - Agent 3. The left graph shows the distribution of the
terminal (T = 500) share of the third agent. The histograms are stacked and the colors relate to the amplitude (k)
of the support around the means. The right graph plots the first ten trajectories of Agent 3’s market share. Both
graphs correspond to the first parametrization in Table 1 (Case 1).

the 10,000 trajectories. This figure allows us to visualize the distribution of 7 conditional on the
appearance of a degeneracy before T' = 500. We report that 95% of the negative values are attained
between ¢ = 100 and ¢ = 200 and none after ¢ = 350. From this, we infer that 7" = 500 is a suitable
horizon to have a good description of the long run dynamics of the system, in particular if it is
stable or explosive. This numerical result is a further confirmation that it makes sense to put the
deterministic skeleton at the center of our formal study.

600 -
400 -

200-

100 150 200 Time 250 300 350

Figure 7: First occurrence of degeneracy. We plot the distribution of the first time that a market shares falls
strictly below zero, conditionally on the fact that it happens before T = 500 (i.e., well-behaved trajectories are
discarded).

The case with large uncertainty in dividends is the most interesting one and we further investi-
gate its properties. In Figure 8, we plot the evolution of market shares and aggregate demands for
the first ten well-behaved simulations we ran with x*) = &*)_ We do observe randomness in the
paths, but all converge fairly rapidly and around ¢t = 150, all points are highly concentrated and
clearly correspond to the deterministic trajectory. The convergence is obviously faster for smaller
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values of k). This is a final illustration that the deterministic skeleton is a good approximation
of the stochastic system, as long as the perturbations are sufficiently small - provided that the
trajectory is not degenerate.
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Figure 8: Zero demands. The left graph plots the market shares of Agents under the parameter values described
in Table 2. The right graph shows the corresponding aggregate demands for assets.

In order to gauge the likelihood of facing such a degeneracy of the system, we simulated a large
number of trajectories for fixed values of x¥), namely 0.1%, 0.5% and 1%, as well as x*) = &¥), For
each set of parameters we ran a total of one million simulations organized as 100 batches of 10,000
trajectories of 500 time steps. This large scale simulation study encompasses two billion instances
of our market model. For each batch we computed the probability of facing a degenerate system.
Having 100 such batches allows us to quantify the variability of our estimation. We compile the
descriptive statistics of our results in Table 3. Again, the risk of degenerative systems is in line
with the intuition: the probability that a trajectory leads to a degenerate system increases with the
magnitude of the noise. Namely, when the maximum noise is 0.1% or 0.5% we almost never face a
degenerate system. However, when the noise is qualitatively large, the risk is fairly high (around

40%).

®) =01% k® =05% r®) =1% r*) =gk

Minimum 0.0000 0.0000 0.0775 0.3690
1st Quartile 0.0000 0.0010 0.0865 0.3849
Median 0.0000 0.0010 0.0913 0.3930
Mean 0.0000 0.0013 0.0912 0.3930
3rd Quartile 0.0000 0.0015 0.0956 0.4011
Maximum 0.0000 0.0035 0.1035 0.4165

Table 3: Simulation results. Distribution of the probability of facing a degenerate system when simulating trajec-
tories for different levels of the noise added to the dividend processes. To obtain these results we ran 100 batches
of 10,000 trajectories of 500 time steps. The mean (bold) corresponds to the unbiased estimation, using one million
simulations, of the proportion of trajectories leading to a degenerate system.
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Overall, the numerical investigations carried out in this section confirm the formal results ob-
tained above and they also allow us to conjecture that Proposition 11 can be extended to the case
with some zero demands, as long as the trajectories are well-behaved.

7. Conclusion

The generalization of the framework of Anufriev and Bottazzi (2010) to many assets yields a
rather tractable model for asset returns. When all aggregate demands are non null, equilibrium
returns are all equal and it is possible to determine a criterion that ensures survival upon equilib-
rium. This criterion holds in an almost sure sense when dividends are allowed to oscillate closely
to their means. When some aggregate demands vanish, the relationship between returns, demands
and dividend yields is altered. In this case, the market-weighted matrix of cross-demands plays a
determinant role.

Unfortunately, zero aggregate demands are much harder to handle analytically. First, they can
lead to a degenerate model, with negative or infinite market shares for instance, and the conditions
that ensure the stability of the model in this case are still to be determined in closed form. Second,
the diversity in returns at an equilibrium point complicate the task of finding “winning” strategies
ex-ante. Our intuition is that initial market shares are likely to shift the relative profitability of
portfolio policies. Future work will be required to theoretically or empirically confirm or contradict
this conjecture and also to further assess the properties of models when agents can increase their
leverage through short-selling.
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Appendix A. Proof of Proposition 1

Plugging the third expression of the system (4) in the first, we straightforwardly get

Di+1 = Tr1diag(wy) (1N + {diag(pt)_lpt—kl — 1k + 6t+1D -

Then, isolating the terms in p;;1, we obtain

—1
Piy1 = (IK - $t+1diag(wt)$2diag(17t)71) (zr1diag(wy) [1n + ) (€141 — 1K)])

= diag(py) (diag(ziwy) — $t+1diag(wt)wz/s)_1 (ze+1diag(wy) [1y + @y (€41 — 1k)]) . (A1)
(A.2)

where we have used the identity p; = x;w;. Equation (A.1) is the vector analogue of the expression
obtained in the proof of Proposition 2.1 in Anufriev and Bottazzi (2010). The first formula of the
proposition is proved and we now turn to the second statement.

We proceed iteratively and assume that p; has only positive elements, so that all wealths are
also positive. We factor (A.1) into three matrices: diag(p;)A~'B. Under 6, B is strictly positive.
The transposed form A’ = diag(x,w;) — x;diag(w;)x;, | implies that it is a Z-matrix (that is, with
negative off-diagonal elements). The sum of the k** line of A’ is equal to

al (k) <A (k) () al (k) < ()
J J
Z Lt Wtn — Z Z TnWtnTiyi1n = Z T Wen 1 — Z Tttin | o
n=1 J=1
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which is strictly positive when (6) holds. As such, A’ is strictly diagonally dominant and is non-
singular (see e.g. Berman and Plemmons (1994), chapter 6). This implies that A’ is in fact an
M-matrix and its inverse has positive elements only. Therefore, since A= = ((A’)~!)’, when the
initial prices are all positive, then recursively, the prices remain always positive.

The vector of returns is given by

Ty = diag(py) P — 1k
= (diag(pt) — mt+1diag(wt)w;)_1 (xi41diag(wy) [1n + ) (€41 — 1k)]) — 1k
= (diag(ziwy) — wt+1diag(wt)a:;)_1 (xip1diag(wy) [In + ) (€41 — 1k)]) — 1k,  (A.3)

where we have simply used the first line of (4) in the last equality. The second equality for 7
comes from basic calculus along with the identity (to be extensively used in most proofs):

x*diag(¢p™ )1y = diag(x*¢*)1x = =™ ¢". (A4)
Note that (A.3) is obvious given (A.1). The growth rates of wealths are easy to compute given the
third line of (4):

w1 = diag(wy) (Iy + @4 [re41 + €u41])
and dividing both sides by the total wealth at time ¢ + 1 (that is, 1yw;41), we get the dynamics
of the wealth shares

diag(wy) (1n + @} [re41 + €41])

Vydiag(wy) (1n + @} [Ter1 + €41])

¢t+1 =

If we divide the numerator and denominator by the total wealth at time ¢, this is equivalent to

(In + ) [Te41 + €1+1])
Vydiag(w;) (An + x} [rey1 + erq1]) /(Tywy)

The last equality of the proposition stems from the simple observation that

(1ydiag(w)1y) /(Pywe) = 1.

¢r11 = diag(ey)

Appendix B. Proof of Lemma 3

By definition, at equilibrium, the x; are all equal and so are the returns (given the form of R).
From the first line of (11), we thus have x* = f(r*,... r*). Moreover,

R(xz,x,e) = (1 +x'(e — 1)) (diag(x) — xa') ' — 1

. _ 151
=(1+2'(e—1 d ! K ) -1
(1-+ /(e — 1)) (ding(a) ! + ) o — 1

1x (1)
1-1 ~ 1k

_ ((1 + /(e —1k)) (1 T ) - 1> 1

=(1+2'(e —1g)) <1K +

1-1x

1
=|l(1+2'(e-1 — | -1]1
(0 we- 1) (=55 ) 1) 1
B r'e 1
T2l ©

where we have used the Sherman-Morrison identity for matrix inversion (see e.g. Chapter 3 of
Meyer (2000)) in the second line.
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Appendix C. Proof of Propositions 4 and 5

We start with Proposition 4 by considering the case ¢* > 0x when all investors survive (i.e.,
have a strictly positive market share). Quite obviously, at a PCE, the growth rate of rescaled
wealths (equal to p* = (x*)'(r* + €)) is constant across agents (if not the shares ¢ would not be
stationary). This can formally be shown by plugging ¢11 = ¢+ = ¢* in equation (9):

1y + (%) (r* + €e)

¢" = diag(¢") 1 diag(¢*)(z*) (r* + &)’

(C.1)
which implies
(") (r* + e) = [1ydiag(¢*)(z*) (r* + €)] x 1y, (C.2)

which is a vector with constant values. Now, multiplying both sides of the equilibrium version of
equation (7) by (diag(x*¢*) — x*diag(¢*)(x*)’) gives

(diag(z* ¢*) — x*diag(¢p*)(z*)) r* = z*diag(¢™*) [In + (z*)' (€ — 1k)]
— (diag(z"¢") — $*d1ag(¢ )(x")') 1k,

which simplifies to
(ding(@¢") — 2" diag(¢") (")) r* = o*diag(")(2")'e (€.3)
because of identity (A.4). This further leads to
= (diag(x*¢*) — :c*diag(qb*)(az*)/)*l x*diag(¢p*)(z*) e,

which is obvious given the second line of (7). This equality can be viewed as the multivariate
equivalent of equation (51) in Anufriev and Bottazzi (2010). Now, equation (C.3) is equivalent to

2" diag (") (@") (" + &) = diag(a" ¢")r", (C.4)
and hence plugging equation (C.2) into this expression gives

[1ydiag(@*)(z*) (r* + €)] x x*diag(¢p*)1n = diag(z*¢*)r*. (C.5)

13

Since the inverse of a diagonal matrix with nonzero terms™ is well defined, we get

r* = [Lvding(¢")(2") (r* + €)] x diag(2"¢")'a" diag(¢") Ly,
which, given identity (A.4), simplifies to
v = [Uydiag(¢")(z") (r" +€)] x 1k,
so that * has the form r* = alx. Multiplying both sides by 1%, we get
oK = K[Vydiag(¢™)(z") (ol + )],
that is:

_ Tydiag(¢")(a)'e
1 — 1)y diag(¢")(x*) 15

1 -
3We are assuming nonzero aggregate demands for all assets.
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When only N° < N investors survive, then the same analysis can be carried out on the truncated
vector ¢° = Ono and truncated demands matrix x° in which the demands of the vanishing agents
were removed.

The proof of Proposition 5 follows the same lines. The only problem is that zeros appears in
the r.h.s. of Equation (C.5) unless we restrict it to = and =¥, which gives the first statement of
the proposition (the two versions of r® in equation (19) are equal because the additional lines in
the second expression correspond to the assets with zero demand and thus have no impact). The
second statement stems from the equality (C.4). Its last K° lines (with zeros in the r.h.s) can be
written, given the decomposition (18),

AOE(rE +et) + A%(r0 + &%) = 00,
from which the second claim of the proposition follows. We recall that A%* is a (K% x K¥*) matrix
so that the dimensions indeed match.
Appendix D. Proof of Propositions 6 and 7

Proof of Proposition 6. The first two expressions are deduced from the structure of ® and R in
Equation (13). Because the function R does not depend on the elements of the vector r, we have

ar)
L (D.1)
or,'
And the upper left block of J is a K x K matrix filled with zeros. We also have
Oi1n o Oirin 01
e 5 S Sl ., (D-2)
87“t i=1 8rt+1 a’l“t

because, inside the sum, the partial derivatives involved at the right side of the product are zero.
Consequently, the lower left block of J is a N x K matrix filled with zeros.

We now consider elements of the upper right block. We begin with an expression for the columns

of this matrix. The column n is obtained as %;‘;’:, with

Tt41 = A(wa ¢t)_lB(ma ¢t)é7

where, A, B and C are K x K matrices respectively written

Az, d) = (C(z, ¢1) — Bz, ¢r)),
B(z, ¢;) = zdiag(dy)x’, C(x,d;) = diag(xay).

The column 7 is obtained as

-1
G = oy Bt A e
= —Ala?b‘jnAlBe Alaagfne
(0wt
_D ( aifn (ress + &) ;;fn rt+1>
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with D = A~1. We have used the formula for the derivative of the inverse of a matrix that can
be found in Magnus and Neudecker (2007) (see Chapter 8, Section 4 Theorem 3 p. 171).

Element-wise, the vector expression obtained above becomes

87’(k) 1
aq;: ;dkl (Zm (rt+1+e()) wﬁ)rﬁll , (D.3)

where the dj; are the elements of D. This partial derivative depends on ¢, via the k™ line of
D. This gives the upper right block of J.

Given the structure of @, the n'" component of ¢, depends on ¢; via ¢; itself but also via
r411. This component is written

Pin (1 + i 2P (ngi)l + é(k)>)
k k — .
1+ Zé\il ZkK=1 ¢t,q96((1 ) <r£+)1 + e(k))

Gt1,n = (D.4)

The elements of the lower right block are equal to

8(bt—i—l,n K a(ﬁt—s—l,n 6735?1
Obrq o 37}(?1 Odra

forn,gq=1,...,N.

Among the three partial derivatives involved in the above expression, we still need to compute
two. For the partial derivative in the middle, we have

D6r1n _ bral?  (Zahdems”) (dnn (1+Zz o (ridy +20)))
o 1+ Sl b (] + ) (1450 S dugad) (ry + )
¢ X (E o)) (1+zl,1xn> (10, + &)
= Pt,n

1+ Z =1 Zl 1 ¢t qwq (T”)l ™ e(l)) ( Z =1 Zl 1 ¢t,q$q (T§Q1 + é(l)))2

o (14 530 S (1 +20) - (S 1) (14 S (1 +20)

(1+Z LR 1¢tq$q (Tt+)1+e(l)))

The last partial derivative to be computed (left side of the initial expression) is obtained as

Odrirn  (1+ i ah” (rﬁ?l +e®)) 5
bt 1+ YN, YK 6,8 O (P + &) "
Ptn (Zk=1 Tq (Tt(+)1 +e®) )) (1 + i (7}@1 + é(k)»
! (1 + 30 S praadt (r,§+)1 + é(k)))2

1+ YK o ( D +e®) SK (rﬁﬁ)l +e®)
1+Zv 1Zk 1Pt vx ( "‘e(k)) Zv IZkz 1¢tvxv (rt-i- +elk ))

where d,, is the Kronecker delta (1 if n = ¢, 0 otherwise). Gathering the terms completes the
proof. O
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Proof of Proposition 7. The proof starts with the expression in Proposition 6 and proceeds
with simplifications stemming from relationships holding at equilibrium. They are based on the

expressions (15) and (16), obtained in Section 3.1 where the PCE is studied. At equilibrium, we
have forn=1,...,N

XA () =

where r* is the common value of price return for all assets. We also have, from Zévzl Gtn =1, 50
that

1+Zz¢tnx (rtﬂ—i—e( )):l—i-r*.
n=1k=1

The elements of the two matrices on the left side of J are all zeros. The elements of T (S*) are
explicitly given by

=1 =1
K K
=3 (o) 3 (0 60) - 3l
i=1 =1 1=1
K _ K
= Z dp; (r*x,(f) r* Z x(l)>
=1 =1
K K
- _T*delzxg )
=1 l;éz

where the d; are the elements of the matrix D* = (diag(x¢*) — zdiag(¢*)x’) . We now turn to
the elements of F (S*). They are obtained as follows

0bt41,m (5%) = 1+ 35 am () (Tg_’i)l + é(k)) ( ) TK 133 (rg_’i)l n é(k)> )
Y - - Ptn
OPi.q 1+ 50 S0 drad (rg—)l + é(k)> YN YR bt (ﬂ@l + e(k))
i o) (14 20 S b (rf +E0)) - (ZU 110 (1 + 2t ) (ridy +e0))
t,n
k=1 (1 + 3 Y d’tvﬂf (Tt-gl + e(l)»
K
<Y (el (4 0) - a0 )
=1 =1
(k) * (k)
Lo » Kot (1) = (S0 drend )(1—1—7’) KoK
:W<nq_¢t7nw>+¢t,n’; (1—’—7") lz:ld]le'
1#1

¢}, S
=0ng = o |1 1( qumk)>;d;ﬂz:v(l :

#i

where in the last line we have replaced ¢; by the equilibrium notation ¢*. O

34



Appendix E. Proof of Lemma 8

From the second part of (7), we get

ris1 = (diag(zy) — zdiag(p)z') " (zdiag(py)z'es 1)

so that
(diag(zbr) — adiag(d)x') ris1 = wdiag(¢r)a’erss, (E-1)

hence adding and subtracting diag(x¢;)e;y; on the r.h.s. implies
riy1 + ey = (diag(xgy) — mdiag(¢t)w')_1 diag(xps)est1.- (E.2)
Plugging this into (9) yields the first result. Then, multiplying both sides of (9) by x, we get

Iy + &' (re1 + err) _ Azt xdiag(epy)x’ (rep1 + ert1)
1+ 1 diag(¢e) @’ (Te41 + €t41) 1+ 2z (reg1 + €441)

ziy1 = xdiag(y) x

From (E.1), we have that

(zdiag(de)x) (ri41 + err1) = diag(xde)ri1 = diag(ze)res1,
so that combining both expressions above,

ri+ 1k
1+ Z;(rt+1 + 6t+1)

zi+1 = diag(zt)

The final statement of the lemma is obvious given this expression.

Appendix F. Properties of M

The matrix M defined in (36) will play a crucial role in subsequent proofs, in this section, we
unveil some of its properties. In the remainder of the proofs [M];; and [v]; are the straightfor-
ward notations for the elements of matrices and vectors. We omit the time-dependence of M for
notational convenience. The elements of M are equal to

_ Zl]il ¢t,l3’3z(i)$l(j)

N (@)
n=1 Qst,nmn

[diag(x@)_lxdiag(@)w'} ; (F.1)

One first property of this matrix is that when ¢;; converges to 1 (and all other ¢;; to zero), M
converges to the (K x K) matrix

MO =1 : |=] : | (F.2)

332 xl(l) xl(K)

where the rows are all identical and x; denotes the I-th column of the matrix &. We recall that
A= fo:l xl(k) < 1 is the leverage of the i'" agent. The following lemma provides additional
properties of M.

Lemma 12. Under (6), the following holds:
i) the row sums of M (and thus all of its elements) are strictly smaller than some constant v < 1.

Thus, lim M7 = 0K,K~
q—00
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it) Ik > 0 such that Vo(e) >0, ¢y >1—0(e) = Yo | My — M(1)i] < rd(e), Vi,

i1i) for any small € > 0, there exists §(e¢) > 0 such that
=160 = [Z M- Mmq] <e Vi), (F.3)
- y

All inequalities are meant element-wise.

Proof. Proof of i). First of all, all elements of M are positive if we assume that (6) holds. The
column sums are equal to

Z i 1¢tl9€l xz(j) _ DY\ ¢t,l$l(i))\l
j=1 Zn 1¢tn ® nN:1 ¢t,n$$f)
where by (6) i) the leverages \; are strictly smaller than one. Hence, the ratio is indeed smaller

than one and we denote v < 1 the largest of these ratios. Since all elements of M are positive, all
elements must also be smaller than v. Moreover, the elements of M? satisfy

[M2u—ZMkMkj Smaka]ZMk<u
k=1 k=1

and iteratively we get [MY);; < 19, hence the limit qlg%o M7 = 0k g holds.
Proof of ii). We have

N @), ()
My — 2 = Don— 1 PtnTn (a;)n )
1 (z)t nTn

_ zn# Grnrs) (2 — )
SN gt

therefore
i ‘M x(j)’ < i 2 ontl P, n:l:g)|x(j) — a:l(j)| e ¢t,n:££f) JK:1 |x£3) — a:l(j)]
L/ — i - i ’
j=1 Zn 1 ¢t nx( ) Eﬁlzl ¢t,nx7(1)

so that when ¢y; > 1 —6(e) & 32,4 ¢r.n < 6(€), we have, since sums of demands “E 2P are

strictly smaller than one,

i |M;j — M(1)i] < 20()

2N <o), (F.4)
j=1 >N, Cbt,nffgz)

A\ —1
where k is the largest possible value of the inverse aggregate demands (Zgzl gbt,n:ngf)) , which,

by (6) is bounded. This completes the proof of the first implication. We underline that the above
inequality implies the weaker inequality

36



Proof of iii). We have

|
M=

M2 = M ()| =

{ M My — M (1) M (1)1}

=
Il

1

I
M=

(it — o217

=
Il
—

I
M=

{ My (M — 2 + 2P (M5 x‘”)}’

[y

Mg — 2] 4 32l a1y — 27|
k=1

IA
M= 7

k

Il
N

In the last line, we have used the inequality M; < v < 1. The inequalities (F.4), (F.5) and
Py xl(k) < 1 lead to |[M? — M (l)?];;| < 4ké(€) and recursively, it holds that

M~ M(1)7)] < 2°k(e).

We now use the fact that both M? and M () converge to O x when g — oo (the proof for
M (1) is the same as for M). For a given €, we consider the largest n, which we call n(¢), such that
for all 4 and 7,

> [MT— M) < €/2. (F.6)
g=n(e)+1
The other half of the series satisfies
n(e) n(e)
STIMT — M(1)%);5| < rd(e) Y 27 < k()2 (F.7)
q=1 g=1
To reach the desired threshold, it suffices to set 6(€) < —frs. O

Appendix G. Proof of Proposition 9

We start with the final statement. If (6) is satisfied (nonzero aggregate demands), p;4+1 has
only strictly positive elements which means that vanishing agents disappear slowly and that their
market shares reach zero only asymptotically. Upon equilibrium, we are in the case of uniform
returns 7* = r*1x and plugging this in (C.4), we get

x* (diag(@*)(x*) ("1 + ) — 7" ¢*) = Ok.

If K > N, given the number of equations and the number of variables in the above system, it must
hold that

diag(¢™)(x*)' (r*1x + €) — r*¢* = 0.
Recalling that ¢* = diag(¢™)1y, this implies
diag(¢*) [(z*) (r*1x +€) —r*1n] = On.

Now let us assume that all N agents survive which yields (z*)'(r*1x + €) — r*1y = On. This is
equivalent to
R = diag(ly — 2'1x) '2’e = r*1y,
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i.e., all characteristic ratios are equal. If less than IV agents survive, the reasoning is the same, on
the sub-matrices pertaining to these agents.
The expression in the proposition stems directly from (32) and (E.2) which we re-write as

iy +a (Ix — diag(ccqbt)*lccdiag(qbt)zc/)71 eri1
1+ ¢ipia
1y + o (Igx — M)il €11
1+ @i peia '

Pr1 = diag(gr) x (G.1)

= diag(¢) x

We highlight that it is indeed possible to factor out the term diag(x¢;) in the matrix inversion.

Since lgn M1 = Ok f, the expression in the proposition is simply the explicit version of the above
q—00

equation with the inverse matrix replaced by its Neumann series.

Appendix H. Proof of Theorem 10

In order to ease readability, we have divided the proof into three parts.

STEP ONE: Asymptotic behavior of M when ¢;; — 1.
In the statement of the theorem, the first agent is the one with maximum R,, that is Ry > R; for
Jj=2,...,N. We henceforth suppose that ¢;; > 1 — d(€), which is equivalent to Zé\fzz brj < 6(e).
For improved notational clarity, we write M, for M (1). The second point of Lemma 12 implies
that the matrices M and M, are close, thus it is useful to understand what happens when M is
replaced by M, in the numerator of (G.1):

In+pe=1y+a' (Ix —M,) e

=1y+ (IK — 1K:L'/1)71é

vt (Lo 4 1T 5 H.1
N K

where in the third line we have used the Sherman-Morrison identity.

STEP TWO: the crucial decomposition
Now, let us consider an agent n € {2,..., N} and compare the ratios ¢11 /¢ ; between agent one
and agent n. From (37), we deduce

M =
M =

G411 Prain _ . (

el () - ) S

q=0

Il
—

l

Il
—

J

where ¢ = (1 + ¢,pi11)~" > 0 is bounded. We split this expression into two and from point iii) in
Lemma 12, it is clear that the first part

M=
M=

1l=1

(«f —29) i{[Mq]jl — [M]0 + [Mf]jl}e(”) (H.2)
q=0

K ) 00
c (Z > (o) = 2) S {0 - [Mf]ﬂ}é”) (H.3)

j=11=1
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can be shrunk as much as desired so that when §(e) is sufficiently small, the spread in variation of
market shares is driven by the second (constant) part:

K K ) ) 0o
vin = ¢ (2 > (2 - 2) Z[Mf]ﬂe@) (H.4)

o5 pr
—c ((az’1 —al) (IK + 11[_(:'3\/11> )

e ([me]l - [@el+ T lwd - 1 f"h [a:_h)
= T (el = An) — ['elu(1 — M)

= ¢(1 = Ay)(Ry — Ry) > 0,

where we have used expression (H.1) in the second equality. The strict inequality stems directly
from Ry > R,.

In sum, the difference between the relative variation in shares consists of vy, > 0 plus a term
that can be made arbitrarily small through 6(e). Thus, for 6(e) sufficiently small, ¢;1 > 1 — d(e)
will in turn imply ¢ys1 > 1 — € for all future dates ¢ + s.

STEP THREE: the other market shares
Step 2 proved the stability of the fixed point with ¢;; = 1 when Ry > R; for j = 2,...,N. In
Step 3 we consider the stability of the fixed point with ¢, — 1 for an arbitrary n # 1 where we
still have Ry > R, for n = 2,...,N. In particular, it still holds that R; > R,,. The derivation
of ¢ry1.1/ben — dey1,n/Ptn > 0 is essentially the same as previously. Therefore, only the new
expression of v, is detailed below.

From what we have shown previously, it appears clearly that for a sufficiently small §(e), equa-
tion (H.2) is dominated by the term vy, in (H.4). If we change the assumption over ¢ to an
arbitrary n (i.e., ¢¢,, > 1 —d(€)), then M, = M (n) and the term reads

1z \ _
n = /o / I n
vy c((wl x,) ( K+ 1 _)\n> e)

([='eli(1 = An) — [2e]n(1 = A1)

. C
1=,
> 0.

Compared to the original formula (H.4), it is only the multiplicative constant that has changed.
Again, this means that in the new configuration in which another agent comes close to dominating
the market (¢¢,, > 1 — d(€)), the largest increase in market share will be that of the first agent.
Thus, it is not possible that ¢;, increases to one because ¢;1 will never decrease to zero. In
conclusion, 1 can only be a Lyapunov equilibrium for the agent with maximum characteristic ratio.

Appendix I. Proof of Proposition 11

We summarize the principle underlying the proof of Theorem 10 as follows: when ¢;; is suffi-
ciently close to 1, then

Gr+11 P4l _ e+c(1— M) (R — Rn), n#1,
¢t,1 ¢t,n
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where € is arbitrarily small. The idea behind the generalization to random dividends is to exploit
the (possibly small) space between R; and R,, in the above expression. When the dividends are
random, it translates into

P11 Pryim <[$'6t+1]1 [$/6t+1]n>
= — — =¢€(etr1) +c(l— A - , n#1,
bt btn (er1) Fl n) 1—X\ =X\, 7
and given the form (H.3), ¢(e;+1) can be bounded by a multiple of € (average dividends can be
replaced by the upper bound of their supports to obtain an upper bound). Hence the relative
variation of the first market share is again driven by the second term and is the highest across all

agents (and hence positive) when

K () (9 K () ,(9)

=171 et+1 j=1Tn et+1
— >0 1. I.1
-\ 1=\ 7 (L)
Now, we recall that we already have that R; > R, i.e.,
]K:lmgj)é(j) JK=1 :L-glj)é(j) n 1
1—X 11— ’

Let us define the perturbation away from the mean dividend §t +1 egi)l — &l If it is bounded in

absolute terms by k > 0, i.e., |§t | < K, then
S @ ) Shal @+l S @) - ) el @) + )

1—X 1-—A\, - 1—)\1 1— M,
A1 An
—Rl—Rn—K<1)\l+1)\n)

so that (I.1) holds whenever
Ry — R,

(25 )

Thus, for a given vector of average dividends e, the Lyapunov stability of 1 for ¢ is ensured as

long as for all dates ¢t > 1 (I.1) holds, which is guaranteed if the support of egk) is inside the interval

I (m (O,éw _ mRR) o mRR) |
2+ ) (2 )

Appendix J. Diagonal demands

K<

In this section, we explore a special case in which the demand matrix = is diagonal (this
implicitly assumes N = K). We write x%k) =gz, ifn==Fkand xﬁf) = 0 otherwise. The crucial law
of motion of market shares (32) then simplifies to
(n)
¢t+1,n x 1+ wnetJrl,

¢t,n 11—z,

from which we conclude that in the deterministic case, the statement of Theorem (10) holds even if
(6) is violated. Moreover, a surprising property of the model is that upon equilibrium, the returns
satisfy r* = R, i.e., price returns equal the characteristic ratios. This is inferred from the second
line of identity (7).

This simple example illustrates the central role of characteristic ratios in the model and high-
lights that the survival condition of Theorem (10) can remain valid when condition (6) fails to hold
asymptotically.
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Appendix K. Evolution of market shares upon equilibrium

Proposition 13. We assume condition (6) is fulfilled so that all demands are nonzero. In this case,
when 1y = *1g (returns have reached their equilibrium values), agents with maximal characteristic
ratio R, have increasing market shares. Moreover, the strategy that maximizes R, is the only one
that has non-decreasing market shares independently of the level of other market shares.

The proof of the proposition requires an intermediate lemma.

Lemma 14. For N-dimensional positive vectors x, y and ¢, the following holds:

el () 21 (K.1)

Proof. We proceed iteratively. For N = 1, the statement is clearly true. For any N > 1, we assume
that (K.1) holds and we define

SN GnTn + BN1TNL
N b
n=1 PnYn + ONF1YN+1

f(dnt1) = (K.2)

and
TN (Zg:l Pnyn + <15N+1y1v+1> — YN+1 (Zgﬁ Pnn + ¢N+133N+1>
(Zr]yzl Py + ¢N+1yN+1)2
TN Yone1 Pn¥n — YN+1 D p—1 Pnn
(25:1 nyn + ¢N+1yN+1>2

so that f is either increasing or decreasing, depending on whether

f(on+1) =

I

N
TN+1 > anl Ony
yni1 - XN by

or not. This condition is independent of ¢ 1. We provide a scheme of these two cases in Figure
K.9. Accordingly, an upper bound for f(¢n41) is

- either xy41/yn+1 (for o411 — +oo when f is increasing: point B in the right graph) ,

N
- or %’;Vl Onn (for ¢n+1 = 0 when f is decreasing: point A in the left graph).
n=1 PnYn
Given that (K.1) holds, this means that the upper bound is also true when one element is added
to the set. Hence, the statement remains true and the result is proven iteratively. ]

We now turn to the proof of Proposition 13. Our goal is to show that the profit of agents with
maximal R, is larger than the average share-weighted profit. Indeed, by equation (9), this implies
an increase of market share. We recall that in this case all returns (in the cross-section) are equal

to r* = % The dynamic version of equation (C.1) when shares only are allowed to

evolve as
1y + (%) (r*1x + e)

L+ (@) (z*) (r*1k + €)
(equivalently, this is the simplified version of equation (9)). The relative evolution of shares is thus

)
(@) (r *1K+e) ((9)'(x*) "1k +€)) x 1x
+ (@) (z*) (r* 1k + e) '

$r+1 = diag(ept) (K.3)

diag(¢p) ' prs1 — Iy = (K.4)
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Figure K.9: Plot decreasing (left) and increasing (right) f function defined in (K.2) in blue. The important points

Zijzl Pnyn

YN+1

are A: f(0) = m B: f(4+00) = xn+1/y~n+1 and the singularity location C: ¢n41 = —

n=1 #nYn

Because the denominator is positive, agent n’s share will increase when the numerator is positive,
i.e., when

K N K
Zx% (r* + ek Z(Z)ZZ:UZ(k)r + etk >0
k=1

k=1
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s
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where we have used the property Zi:l ¢; = 1 several times and omitted the star superscript over
x and time-dependence of the ¢; for notational simplicity. (1) is obvious; (2) comes from the
expression of r*; (3) is obvious; in (4) we simply deleted one common term on both sides; (5) is a
rearrangement (putting the term below in (4) on the Lh.s.); (6) and (7) are straightforward.
Hence, by Lemma 14, upon equilibrium, agents with maximal R,, do not have decreasing market
shares. Moreover, this result is independent of ¢. Indeed, (7) may hold for other agents, but it will
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depend on the configuration of market shares.

Appendix L. Replacing the safe asset by consumption

In this section, the time-dependence of variables will always be indicated, even when dealing
with equilibrium values. This allows to maintain generality in all expressions along the way of
the reasoning. Throughout the section, it will most often be assumed that aggregate demands are
non-null and that both individual demands and dividends are constant.

One of the defining equations of the law of motion in our system is Equation 1:

K K (k) (k)
A oPE +D
Wt+1,n<H+1) = (1 — kzlxg’72> th + th ];1 ,CC;TLW’

in which it is clear that the first term on the r.h.s. pertains to the money invested in the riskless
asset. In the body of the paper, we get rid of r; by considering discounted quantities, hence we
have set 7y = 0 to ease the presentation of the reasoning. In Evstigneev et al. (2008), the agent
consumes a portion 1 — p of his wealth, hence the dynamics take the form

w1 = pdiag(wy)x; (diag(pt)_lpt+1 + €t+1> , (L.1)

which is the vector equivalent of (39). In this case, with the notations of the paper, plain algebra
leads to

P = pdiag(py) (diag(@iwy) — pxe i diag(wy)a)) " (241 diag(w,) e 1) ,
and hence to

. . —1 )
rip1 = (diag(ziwy) — pryprdiag(wy) ;) (w1 diag(wy)zi(perss + 1x) — zawy)

= (diag(zi¢ps) — pae1diag(ee)zy) ™ (zer1diag(de)z)(per + 1x) — i) | (L.2)

where in the second line we have simply replaced wealths by market shares. From (L.1), we infer
the dynamics of market shares:

brot = diag(epe) (x}(req1 + 6t+1))‘ (L.3)

dixy (i1 + er41)

Since p is equal across agents, it disappears in the above line.

At a PCE (¢¢41 = ¢ and x411 = @), and assuming that all agents survive and that aggregate
demands are non null, the deterministic skeleton must satisfy xj(r;y1 + e141) = ¢ly, where ¢ =
Pl (rey1 + ery1). As expected, the demand-weighted total returns are equal across agents, as in
Appendix C. From (L.2), we have

(diag(aipy) — payy1diag(dr)xy) ey = @ip1diag(o) i (perr1 + 1) — ey, (L.4)
that is,

paey1diag(de)xy(rir1 + epq1) = diag(xigy) i1 + Ty — 11 1diag(dy) il

Plugging x}(ri+1 + e441) = cln gives (with @411 = x; and nonzero aggregate demands)

rev1 = (ep— 1)1g + diag(wt¢t)_1wt+1diag(¢t)mglK. (L.5)
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If we assume @15 = 1x and constant investment shares, this simplifies to r.4+1 = ¢plk, which is
very similar to the first part of Proposition 4 in which equilibrium returns are all equal.
We pursue the layout by adding and subtracting diag(x¢¢;)e 1 to the r.h.s. of (L.4) to get

rep1 + ey = (diag(@edy) — paegidiag(on) @) T (weridiag(dy)z) 1y — zidy + diag(zir)err1)
= (Ix —pM) ™' (M1 — 15 +e441), (L.6)

where the second line holds for fixed demands x; = @ and M is defined in (36). This is the equation
that will drive the dynamics of market shares, via (L.3). If we equate the first line of the above
equation with e;11 added to (L.5) and if we assume K > N so that we can discard @, then it can
be shown that upon a PCE,

diag(¢py) (clN — (ep— Dxylg — wédiag(wt(ﬁt)*1wtdiag(¢t)ac21;( — w;etﬂ) =0y,
so that if all agents survive,
R=(1y — pzilg)™! (mgetﬂ — (IN — m;diag(mt(bt)_lmtdiag(qbt)) :1:21;(> x 1.

This ratio is the counterpart of R is the body of the paper. Unfortunately, the additional compli-
cated term is ¢;-dependent. Thus, it is impossible to infer a simple condition of survival a priori
from this expression in the general case. Nevertheless, if we impose x}1x = 1y, then again strong
simplifications occur and
- $£6t+1
L—p
This is, up to a multiplicative constant, the same value as in the body of the paper (under uniform
leverages x;1x = A1y with A € (0,1): in the two models p and A have a similar role).
Finally, in the spirit of the proof of Theorem 10, we unveil the asymptotic behavior of (L.6)
when one (say, the first) agent dominates the market. In this case, M — 1xa! and the Sherman-
Morrison formula applied to (L.6) implies

T+l T €41 = (IK + 1KZDI1> (()\1 — 1)1[{ + et+1).

p
1—Ap

The difference in market share evolution between agent 1 and agent n is likely to be asymptotically
driven by the constant term

Vi = (@) — ) (IK + 1K:L~'1) (M — 1)1k + i)

_ 1
- 1—)\1/)

p
1—MAip
(A = A= Mdn 2+ {(1 = pAn)[me]s — (1= ph)[we]u}) -

If the demand configuration is such that £'1x = XA = A1y, then vy, > 0 < [xe]; > [ze],, which is
the same condition as in the baseline model. Likewise, it can be shown that if another agent sees
his share increasing to one M — 1xx) for n # 1, then agent 1 will at some point see its market
share increase faster than agent n.
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