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We analyse the dynamics of a Cournot duopoly with heterogeneous players to investigate the effects of
micro-founded differentiated products demand on stability. The present study, which indeed modifies and
extends Zhang et al. (2007) (Zhang, J., Da, Q., Wang, Y., 2007. Analysis of nonlinear duopoly game with
heterogeneous players. Economic Modelling 24, 138-148) and Tramontana, F., (2010) (Tramontana, F.,

B(jé 2010. Heterogeneous duopoly with isoelastic demand function. Economic Modelling 27, 350-357), reveals
113 that a higher degree of product differentiation may destabilise the market equilibrium. Moreover, we show
that a cascade of flip bifurcations may lead to periodic cycles and ultimately chaotic behaviours. Since a
Keywords: higher degree of product differentiation implies weaker competition, then a theoretical implication of our
Bifurcation findings, that also constitute a policy warning, is that a fiercer (weaker) competition tends to stabilise (desta-
Chaos bilise) the unique positive Cournot-Nash equilibrium.
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1. Introduction

The present study analyses the dynamics of a Cournot duopoly
within the framework developed by the recent literature (see Bischi
et al,, 2010) that deals with the dynamics of nonlinear oligopoly
models based on expectations different from the simple naive forma-
tion mechanism implicit in the original model by Cournot (1838). In
particular, we consider differentiated products and focus on the
dynamic role played by the degree of product differentiation (see
the original contributions by Chamberlin, 1933, and Hotelling, 1929,
for the notion of differentiated goods and services).

While Cournot (1838) considered a duopoly with a single homoge-
neous product, more recently the economic literature offered duopoly
models with (horizontal) differentiated products (see, e.g., Dixit,
1979; Singh and Vives, 1984) which allow goods and services to be sub-
stitutes or complements, in models with a standard linear demand
structure.

As is known, the forecasts as regards the behaviour of the competitor
in a duopoly game are crucial in order to make the optimal (rational) out-
put choice. The pioneering work by Cournot (1838) introduced the first
formal theory of oligopoly in economics, and treated the case with naive
expectations, so that in every step each player assumes the last values
taken by competitors without any forecasts about their future reactions.

* Corresponding author. Tel.: +39 010 209 95 03; fax: +39 010 209 55 36.
E-mail addresses: Ifanti@ec.unipi.it, fanti.luciano@gmail.com (L. Fanti),
luca.gori@unige.it, dr.luca.gori@gmail.com (L. Gori).
T Tel.: 439 050 22 16 369; fax: +39 050 22 16 384.

0264-9993/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.econmod.2011.11.010

Recently, several works have considered more realistic mecha-
nisms through which players form their expectations about decisions
of competitors, and have shown that the Cournot model may lead to
periodic cycles and deterministic chaos. While several articles (see,
e.g., Agiza, 1999; Agliari et al,, 2005, 2006; Bischi and Kopel, 2001;
Kopel, 19962) assume that both duopolists adopt the same decision
mechanism as regards expectation formation (i.e. the case of homo-
geneous players), another branch of literature exists where firms
are assumed to have heterogeneous expectations (Agiza and
Elsadany, 2003, 2004; Agiza et al,, 2002; Den Haan, 2001; Leonard
and Nishimura, 1999; Tramontana, 2010; Zhang et al., 2007). In par-
ticular, the present paper is strictly related to Zhang et al. (2007)
and Tramontana (2010) and analyses a Cournot duopoly game with
heterogeneous players. However, in contrast with these two works,
which consider a market for a single homogenous product, we intro-
duce a micro-economic founded demand structure of differentiated
products, which may be substitutes or complements between them.
Other differences that distinguish the present study with those of
the existing literature are the following: (i) production costs are
assumed, as in Tramontana (2010), to be linear to simplify the analy-
sis, while Zhang et al. (2007) assume non-linear (quadratic) costs,
and (ii) a system of linear demand, as in Zhang et al. (2007), exists,
while Tramontana (2010) assumes, following Puu (1991), a non-
linear (isoelastic) demand system.

2 An interesting extension of the model by Kopel (1996) is Wu et al. (2010).
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The horizontal differentiated duopoly considered here introduces
microeconomic foundations proposed, among many others, by
Singh and Vives (1984). Note that while the investigation of the static
Cournot differentiated duopoly has produced several works (see
Appendix A), less attention has been paid to the study of the dynam-
ics in such a model. We aim therefore to fill this gap within the liter-
ature on nonlinear dynamic oligopolies.

The main result of the present analysis that an increase in product
differentiation may destabilise the unique Cournot-Nash equilibri-
um: despite the rise in profits that an increase in the extent of product
differentiation can lead to, it may also cause unpredictable market
fluctuations. Moreover, from a mathematical point of view, we show
that the destabilisation of the fixed point can occur through a flip bifur-
cation and also that a cascade of flip bifurcations may lead to periodic
cycles and deterministic chaos.

The paper is organised as follows. Section 2 develops the model with
micro-foundations of the differentiated products demand and presents
the two-dimensional dynamic system of a duopoly game with hetero-
geneous expectations (bounded rational and naive). Section 3 studies
both the steady state and dynamics for Cournot differentiated duopoly,
showing explicit parametric conditions of the existence, local stability
and bifurcation of the market equilibrium. Section 4 presents numerical
simulations of the analytical findings, while also showing that complex
behaviours through standard numerical tools (i.e., bifurcation diagrams,
Lyapunov exponents, shape of the strange attractors and basins of at-
traction, sensitive dependence on initial conditions and fractal dimen-
sion of the chaotic attractor). Section 5 concludes.

2. The model

Since in the present study we concentrate on the effects on stabil-
ity of horizontal product differentiation in a Cournot duopoly, it is of
importance to set up the microeconomic foundations of the differen-
tiated commodity setting and clarify the economic reasons why we
assume specific demand and cost functions.

We assume the existence of an economy with two types of agents:
firms and consumers. There exists a duopolistic sector with two firms,
firm 1 and firm 2, and every firm i produces differentiated goods and ser-
vices, whose price and quantity are given by p; and g;, respectively, with
i={1,2}

The inverse demand functions of products of variety 1 and 2 (as a
function of quantities) come from the maximisation by the represen-
tative consumer of the following utility function:

1
U(Qh Qj) = a;q; + a;q;— 3 (Biqiz + quj'z + quiqj> (1)

subject to the budget constraint p;q; + p»>q> +y =M, and are given by
the following equations (see Appendix B for details):

p1(41,42) = a—q;—dq,, (21)
p2(q1,9,) = a—q,—dq;. (2.2)

Following Correa-Lopez and Naylor (2004) and Fanti and
Meccheri (2011), we assume that firm i produces output of variety i
through the following production function with constant (marginal)
returns to labour: g;=L; where L; represents the labour force
employed by the ith firm. Firms face the same (constant) average
and marginal wage cost w>0 for every unit of output produced.
Therefore, the firm i's cost function is linear and described by:

Ci(q;) = wlL; = wg;. (4)
Profits of firm i in every period can be written as follows:

m(a.4;) = pi(01.9)) di—was = [pi(41-45) —w]ar (5)

From the profit maximisation by firm i={1, 2}, marginal profits
are obtained as:

Om (G1.92) _ o 5q, —dg,—w, (6.1)
aq;

M2(41:92) _ g, —dg, ~w. (6.2)
aq,

The reaction or best reply functions of firms 1 and 2 are computed
as the unique solution of Eqs. (6.1) and (6.2) for g¢; and g, respective-
ly, and they are given by:

o, (qq, 1 7
%:0@%(42)7—2[“ w—dg,], (7.1)
a 2(q17q2) 1

—”quo(z,qz(ql)fz[a w—dq,] (7.2)

Since information in the market are usually incomplete, expecta-
tions play an important role when the mechanics of a duopoly game
are under scrutiny. For instance, if firms do not know the output of
the concurrent firm in advance, they are not able to compute the out-
put that maximises their profits and then every firm can adopt vari-
ous mechanisms of expectations formation about the quantity
offered by the rival. In this respect, we follow Zhang et al. (2007)
and Tramontana (2010) and consider heterogeneous firms in the
sense that they are assumed to adopt different mechanisms to decide
the output in each time period. In particular, we assume the following
heterogeneous expectations: firm 1 (2) has bounded rational (naive)
expectations about the quantity to be produced in the future by the
rival. Bounded rationality implies that the “bounded rational”® firm
increases/decreases its output according to the information given by
marginal profits obtained in the last period depending on a certain
degree or intensity of reaction. This adjustment mechanism with re-
spect to which firms decide to increase (decrease) the price if margin-
al profits are positive (negative), has been suggested and called
"myopic" by Dixit (1986). In contrast with the first one, the second
firm is a naive player in the sense that it expects that rival will pro-
duce in the future a quantity equal to those produced in the last peri-
od. This adjustment mechanism, according to which the last values
are taken by the competitors without estimation of their future reac-
tions, dates back to the first formal theory of oligopoly by Cournot
(1838).

Therefore, given these types of expectations formation mecha-
nisms, the two-dimensional system that characterises the dynamics
of the economy is the following:

0 ia o, ,
Qre1 =1 T 0y ;- (8.1)
Qa1 = G2

where a>0 is a coefficient that “tunes” the speed of adjustment of
firm 1's quantity at time t+ 1 with respect to a marginal change in
profits when q; varies at time t.* Using Eqs. (7.1) and (7.2), the
two-dimensional system that characterises the dynamics a differenti-
ated Cournot duopoly can alternatively be written as follows:

Qre1 = qre T Oqq [a_zq“_d‘b.f_w
a—w—dq, , : (82)
Qo1 = Qo = —

3 This term again follows Zhang et al. (2007) and Tramontana (2010).
4 Notice that the intensity of the reaction by the bounded rational firm is given by
aq1, , which is proportional to the size of the firm.
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From Eq. (8.2) it can be seen that the degree of horizontal product
differentiation, d, plays a twofold role on marginal profits of firm 1
and then on the quantity it will produce in the future. Indeed, for
any 0<d<1 (—1<d<0), arise in the absolute value of d, (i.e. the de-
gree of substitutability (complementarity) increases): (1) directly re-
duces (increases) the weight of the reply of firm 1 because marginal
profits reduce (increase) since the degree of competition becomes
lower (higher), and (2) indirectly tends to reduce (increase) the reac-
tion of firm 1 through a negative (positive) effect on the production of
firm 2. Definitely, a rise in the (absolute value) of d at time t has a
potentially uncertain effect on the quantity produced by the bounded
rational firm at time t+ 1.

3. Local stability analysis of the unique positive Cournot-Nash
equilibrium

From an economic point of view we are only interested to the
study of the local stability properties of the unique positive output
equilibrium, which is determined by setting ¢, ;+1=¢1, r=¢; and
Q2 t+1=0q2, += (2 in Eq. (8.2) and solving for (non-negative solutions
of) g1 and gy, that is:

* * * a—w
1 =4 =¢ “3rd 9)

where w<a should hold to ensure g*> 0.
The Jacobian matrix evaluated at the equilibrium point given by
Eq. (9) is the following:

2+d—2a(a—w) —da(a—w)
_ (Jn le>: 2+d 2+d
J (]21 J2 _d 0 ’ (19)
2

The trace and determinant of the Jacobian matrix Eq. (10) are re-
spectively given by:

2+d—2a(a—w)

T=Tr()) =Jn +Jn =53 (11)
—ad*(a—

D = Det()) = Ik —hraln = 55 g (12

so that the characteristic polynomial of Eq. (10) is:

G(\) = N2 —tr(J)A + det(]), (13)

whose discriminant is Q: = [Tr(J)]?> — 4Det(J).

We now study the local stability properties of the Cournot-
Nash equilibrium Eq. (9) by means of well-known stability
conditions for a system in two dimensions with discrete time
(see, e.g., Gandolfo, 2010; Medio, 1992), which are generically
given by:

(i) TC:=1-T+D>0. (14)

(iy F=1+T+D>0
(ili) H=1-D>0

The violation of any single inequality in Eq. (15), with the
other two being simultaneously fulfilled leads to: (i) a flip bifur-
cation (a real eigenvalue that passes through —1) when F=0;
(ii) a fold or transcritical bifurcation (a real eigenvalue that
passes through + 1) when TC=0; (iii) a Neimark-Sacker bifurca-
tion (i.e., the modulus of a complex eigenvalue pair that passes
through 1) when H=0, namely Det(J) =1 and |Tr(J)|<2. For the

particular case of the Jacobian matrix Eq. (10), the stability con-
ditions stated in Eq. (14) can be written as follows:

—a(a—w)(4+d*) + 42 +d)
22+ d) >0
(ii) Tczw>o . (15)
2(2 +d) + a(a—w)d?
22 +d)

i) F=

(i) H= >0

From Eq. (15) it can easily be seen that while conditions (ii) and (iii)
are always fulfilled, condition (i) can be violated. Therefore, the Cour-
not-Nash equilibrium ¢,* = ¢,* = q* can loose stability through neither
a transcritical nor Neimark-Sacker bifurcation. The stability condition (i)
in Eq. (15) represents a region F in the (¢, d) plane, i.e., the speed of ad-
justment and the degree of horizontal product differentiation, bounded
by the economic model assumption cv>0 and — 1<d<1. Therefore, the
following equation B(d), i.e. the numerator of F in Eq. (15), represents a
bifurcation curve at which the positive equilibrium point q,*=¢q,*=¢q*
looses stability through a flip (or period-doubling) bifurcation, that is:

B(d) = —a(a—w) (4 +d°) + 42 +d) = 0. (16)

A simple inspection of Eq. (16) leads to the following remarks.

Remark 1. The bifurcation curve B(d) is hump-shaped® and inter-
sects the horizontal axis at d=df: =C—Kand d =d5: = C+ K, where

2 o 2\/—0{2(a—w)2 +2a(a—w) +1 (17)
a(a—w)

The fixed point q* is locally asymptotically stable (B(d)>0) when
df<d<d5 (see Fig. 1). Moreover, there are no real solutions of B(d) for
d when a(a —w)>2.41 (see Appendix A for details).

Therefore, when the combination of the speed of adjustment and
the market size® is fairly high, i.e. a(a—w)>2.41 (resp., low, i.e.
a(a—w)<0.8), the Cournot-Nash equilibrium Eq. (9) of the dynamic
system Eq. (8.2) is locally unstable (locally asymptotically stable)
irrespective of the degree of product differentiation d, while within
the intermediate range 0.8<a(a—w)<2.41, the degree of product
differentiation crucially matters for stability. However, we must in-
vestigate whether the real solutions (if any) for d are feasible from
an economic point of view in such a case.

In particular, it is now of importance to establish whether the stabil-
ity region is reduced when products of variety 1 and 2 tend to become
either substitutes or complements (i.e., whether the loss of stability of
the market equilibrium may occur only through a reduction in the de-
gree of substitutability between products), because our preceding
mathematical analysis has revealed that the Cournot-Nash equilibrium
Eq. (9) may occur through either an increase or decrease in the value of
the parameter d.

In other words, in order to have an interesting economic interpreta-
tion of the results, it is crucial to know whether and how the bifurcation
values d =df and d = df are included between —1 and 1.

By using the Budan-Fourier theorem (see Appendix A for details)
we are able to establish that the introduction of a higher differentia-
tion between products has always a clear-cut stability effect, as the
following proposition claims.

Proposition 1. Let 0.8<a(a —w)<2.41 hold. Then, starting from a
stability situation, when the parameter d is reduced (i.e., the degree

5 This can be ascertained by looking at the (negative) sign of the coefficient of d? in
Eq. (16).
6 Broadly speaking, a—w> 0 captures the size of market demand.
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of product differentiation is increased), the Cournot-Nash equilibri-
um looses stability through a flip bifurcation when d =d¥.

Proof. See Appendix A.

From an economic point of view, Proposition 1 shows that when a
firm attempts to increase profits by reducing the degree of competi-
tion through an increase in product differentiation, it also tends to
destabilise the market equilibrium. Moreover, ceteris paribus as
regards the size of market demand, a — w, the higher the speed of ad-
justment « is the closer to unity (perfect substitutability) d is.

Therefore, depending on the relative size of both the market de-
mand and speed of adjustment, we have the following three cases:

Case (1). a(a—w)<0.8. There exists two real solutions of B(d) for
d, namely df<—1 and d5>1. The Cournot-Nash equilibrium
Eq. (9) is locally asymptotically stable irrespective of the degree
of product market differentiation.

Case (2). a(a—w)>2.41. No real solutions exist of B(d) for d. The
Cournot-Nash equilibrium Eq. (9) is locally unstable irrespective
of the degree of product market differentiation.

Case (3.1). 0.8<a(a —w)<2.41 and O<a< ;2. Then — 1<df<0. The
Cournot-Nash equilibrium Eq. (9) is locally asymptotically stable for
any 0<df<1. It looses stability through a flip bifurcation when the
degree of products of variety 1 and 2 become complements.

Case (3.2). 0.8<a(a—w)<2.41 and « = 2, Then df=0. The
Cournot-Nash equilibrium Eq. (9) is locally asymptotically stable
for any 0<df<1. It looses stability through a flip bifurcation when
the degree of product differentiation increases up to the point in
which the two firms act as two separate monopolists in their own
market.

Case (3.3).0.8<a(a—w)<241 ando > 2. Then 0<df<1.The Cour-
not-Nash equilibrium Eq. (9) looses stability through a flip bifurca-
tion when products of variety 1 and 2 from perfect substitutes
(homogeneous) tend to become less substitutable between them.

4. A numerical illustration

The main purpose of this section is to show that the qualitative
behaviour of the solutions of the duopoly game with heterogeneous
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Fig. 1. Bifurcation diagram for d. Initial conditions: q;, ¢=0.03 and q;, o =0.01.

player described by the dynamic system Eq. (8.2), can generate, in ad-
dition to the local flip bifurcation and the resulting emergence of a
two-period cycle, complex behaviours. To provide some numerical
evidence for the chaotic behaviour of system Eq. (8.2), we present
several numerical results, including bifurcations diagrams, strange
attractors, Lyapunov exponents, sensitive dependence on initial
conditions and fractal structure.

According with the aim of the paper, we take the degree of product
differentiation d as the bifurcation parameter, and choose the following
parameter set only for illustrative purposes: =22, a=2 and w=1,
which represents Case (3.3).

Fig. 1 depicts the bifurcation diagram for d. The figure clearly shows
that an increase in the extent of product differentiation (i.e., the param-
eter d moves from 1 to values smaller than 1), implies that the map Eq.
(8.2) converges to a fixed point for 1>d>0.2287. Starting from this in-
terval, in which the positive fixed point Eq. (9) of system Eq. (8.2) is sta-
ble, Fig. 1 shows that the equilibrium undergoes a flip bifurcation at
df =0.2287. Then, a further increase in product differentiation implies
that a stable two-period cycle emerges for 0.2287>d> — 0.2. As long
as the parameter d reduces a four-period cycle, cycles of highly period-
icity and a cascade of flip bifurcations that ultimately lead to unpredict-
able (chaotic) motions are observed when products are complements.
As an example, the phase portrait of Fig. 2 depicts the strange attractor
and basin of attraction for d = — 0.46.

Another numerical tool useful in order to determine the constellation
of parameters for which trajectories converge to periodic cycles, quasi-
periodic and chaotic attractors, is the study of the largest Lyapunov
exponent as a function of the parameter of interest (which, in the
present paper, is assumed to be the degree of product differentiation,
d). As is known, there exists evidence for quasi periodic behaviour
(chaos) when the largest Lyapunov exponent is zero (positive). Let Lel
be the largest Lyapunov exponent of our system. Then, for the above pa-
rameter constellation and initial conditions, in Fig. 3 we plot Le1 against
the parameter d (see, e.g., Fanti and Manfredi, 2007). In order to better
characterise the largest exponent from a quantitative point of view,
and take account for the fact that a long (periodic or aperiodic) transient
can exist, the dynamical system is left to evolve for t=10° time units
and then the Lyapunov exponents are calculated during a time of
order t=10°. This allows to unambiguously detect the existence of
chaotic motions in the range of values of d with respect to which Lel
is steadily positive. Moreover, the Lyapunov dimension evaluated
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Fig. 2. Phase portrait (d = —0.46).
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according to the well-known Kaplan-Yorke conjecture (see Kaplan and
Yorke, 1979), corresponding to d = —0.46 is DL=1.175.”

As is known, the sensitivity dependence to initial conditions is a
characteristic of deterministic chaos. In order to show the sensitivity
dependence to initial conditions of system Eq. (8.2), we have comput-
ed two orbits of the variable q; whose coordinates of initial conditions
differ by 0.00001. Fig. 4 depicts the orbits of g; with initial conditions
¢1,0=0.03 and ¢, c=0.01, and g4, o =0.03001 and g5, c =0.01001 at
d= —0.46. As expected, the orbits rapidly separate each other, thus
suggesting the existence of deterministic chaotic.

5. Conclusions

We analysed the dynamics of a differentiated Cournot duopoly
with firms' heterogeneous expectations, and investigated the effects
of a micro-founded differentiated product demand. The main result
is that a higher degree of product market differentiation may destabi-
lise the unique Cournot-Nash equilibrium, while also showing the ex-
istence of deterministic chaos. This result suggests a twofold effect:
while an increase in the extent of product differentiation tends to
increase profits, it may also cause the loss of stability of the equilibri-
um through a flip bifurcation. In this sense, our findings constitute a
policy warning® for firms that want to differentiate their products in
order to reduce competition.

7 The Lyapunov dimension is computed as DL<s +Z;k;:1)“k, where Ay is the kth Lya-

punov exponent, s is the largest number for which i: A>0and Ay +Mp+ ...+
As +1<0 (see Medio, 1992).

8 Note that in the present study we do not state the normative implications that
unpredictable fluctuations triggered by the players' behaviour are either privately or
socially harmful. Indeed, although the common sense always seems to attribute a neg-
ative connotation to unpredictable fluctuations, it has been shown that in some cases
chaotic fluctuations can be preferable to stable trajectories towards a stationary state
(see Huang, 2008; Matsumoto, 2003). In order to investigate whether chaos is desir-
able or not it would be necessary (as made by Matsumoto (2003) as regards a pure ex-
change economy with a discrete-time price adjustment process) to calculate some
statistical properties (see also Day, 1994) of the quantity chaotic dynamics (e.g., the
density function of chaotic trajectory) to obtain an average measure of long-run wel-
fare (e.g. profits or social welfare), to be compared with the same measure evaluated
at the equilibrium, but this interesting exercise is beyond the scope of this paper. In
this sense, however, chaotic fluctuations can be not undesirable. We thank an anony-
mous referee for having raised this interesting point.
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Fig. 4. Sensitivity dependence to initial conditions (q; versus time). Initial conditions:
q1, 0=0.03 and q,, c=0.01 (red line), and q;, ¢=0.03001 and q,, c=0.01001 (blue
line). (d=—0.46).

The economic intuition behind the result is that the higher the
degree of product differentiation, the lower the level of competition
and the higher the output produced by each firm whatever the quan-
tity produced by the rival. The larger amount of output produced by
each single firm in comparison with the case of homogenous products
is responsible for the loss of stability of the market equilibrium and
the resulting complex dynamic events. An interesting theoretical
implication is that a fiercer (weaker) competition tends to stabilise
(destabilise) the economy.

However, we ask ourselves whether and how this result is robust
to the underlying economic theoretical extensions (for instance,
when returns to labour are decreasing (i.e. quadratic wage costs) or
the labour market is unionised). The answers to these questions are
left for future research.

Appendix A Proof of Proposition 1

The proof of Proposition 1 amounts to simply show that (i) at
most only the root d=d} can be included in the interval (—1, 1),
and (ii) d =d5> 1 always holds.

Let us begin by providing a standard version of the Budan-Fourier
theorem.

Theorem 1. Budan-Fourier theorem

For any real number a and b such that b>a, let F(a) = 0 and F(b) # 0
be real polynomials of degree n, and C(x) denote the number of sign
changes in the sequence {F(x), F'(x), F'(x), ..., F"(x)}. Then the number
of zeros in the interval (a, b) (each zero is counted with proper multi-
plicity) equals C(a) — C(b) minus an even non-negative integer.

Armed with this theorem, the following proposition holds.

Proposition A.1. Only one of the two roots for d (d=d?}) of the flip
bifurcation boundary B(d) =0 is included between — 1 and 1, while
the root d = dJ is always larger than 1.

Proof. The proof uses the following line of reasoning. First, let us
rewrite the bifurcation curve (see Eq. (16) in the main text) at
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Table 1
Threshold values and application of the Budan-Fourier theorem for the number of
zeros in the interval de (—1, 1).

12/5<z<2 4/5<z<2 z<4/5

—1 1 —1 1 —1 1
G(d) - + - + + +
G'(d) + + + - + -
G"(d) _ _ _ _ _ _
Number of sign changes (C) 2 1 2 1 1 1
Variation (C(—1)—C(1)) 1 1 0

Table 2
Threshold values and application of the Budan-Fourier theorem for the number of
zeros in the interval d € (— o, «).

12/5<z<0

— + o
G(d) - -
G'(d) + -
G"(d) — —
Number of sign changes (C) 2 0
Variation (C(—®) —(C(«)) 2

which the positive fixed point g* looses stability through a period-
doubling bifurcation as follows:

B(d) := —oz(a—w)d2 +4d + 8—4a(a—w) = 0. (A1)

Then, by denoting z = a(a — w), we define the following function:

G(d) := —zd*—4z + 4d + 8. (A.2)

By a simple inspection of G(d), it is easy to establish that the discrim-
inant of G(d) is negative forz > 12 = 2.41 and thus real solutions for d of
B(d) do exist if, and only if, z<!2 Then, we find that G'(d) = —2zd + 4
and G"(d) = — 2z. Therefore, the following inequalities hold:

<12. /

. > > < "
(i) G)Z0ez_5: G(1)Z0=z_2 G(1)<0, (A3)
(ii) G(—l)%O;zgg; G(=1)>0; G (—1)<0. (A4)

Tables 1 and 2 resume the numerical results of the application of
the Budan-Fourier theorem. As is shown: (1) in the last row of
Table 1 only one root of d included between —1 and 1 does exist;
(2) in the last row of Table 2 two sign changes when d=—« do
exist; (3) by comparing the number of sign changes when d=—
and when d= —1, we observe that there exist no roots (one root)
for d included between —  and — 1 when 12 > z > 2 (z<%); therefore,
since from Table 1 we observe that there is one root (no roots) for d
included between — 1 and 1 when 12 > z > 4 (z<%), then we conclude
that for any 12 > z > 0 one root d> 1 always exists.

It follows that since the Cournot-Nash equilibrium Eq. (9) of the
two-dimensional system Eq. (8.2) is stable for any df<d<d5, and
since —o<df<1 and d5>1, then starting from a stability situation, the
Cournot-Nash equilibrium Eq. (9) can loose stability only when d
decreases beyond d=df. Moreover, it can easily be ascertained that
di=0 if a = -2, df<0 for any O<a<;2; and df>0 for any o > 2.
QED.

Appendix B
In this appendix we shortly describe the microeconomic founda-

tions that lead to the demand functions represented by Eqgs. (2.1)
and (2.2) in the main text.

In addition to the duopolistic sector, a competitive sector that pro-
duces the numeraire good y exists.

We also assume the existence of a continuum of identical
consumers which have preferences towards q and y represented by
a separable utility function V(g; y), which is linear in the numeraire
good. The representative consumer maximises V(q; y) = U(q) +y with
respect to quantities subject to the budget constraint p;q; + p2q2 +
y=M, where q=(q1, q2), ¢; and g are non-negative and M denotes
the consumer's exogenously given income. The utility function U(q) is
assumed to be continuously differentiable and satisfies the standard
properties required in consumer theory (see, e.g., Singh and Vives,
1984, pp. 551-552). Since V(q; y) is separable and linear in y, there
are no income effects on the duopolistic sector. This implies that for a
large enough level of income, the representative consumer's optimisa-
tion problem can be reduced to choose g; to maximise U(q) —p1q;1 —
D2G2 + M. Utility maximisation, therefore, yields the inverse demand
functions (i.e., the price of good i as a function of quantities):
pi= g—q” = Pi(q), for ;>0 and i={1, 2}. Inverting the inverse demand
system above gives the direct demand functions (i.e., the quantity of
good i as a function of prices): ¢;=Qi(p), where p=(p1, p2) and p,
and p, are non-negative.

In order to have explicit demand functions for the goods and
services of variety 1 and 2, a specific utility function should be as-
sumed. We consider a simplified version of the model proposed by
Singh and Vives (1984), which is usually adopted to represent a
micro-founded demand system of differentiated products. On the
demand side of the market, the representative consumer's utility is
a quadratic function of two differentiated products, q; and g, and a
linear function of a numeraire good, y.°

Therefore, we assume that preferences of the representative
consumer over q are given by (see Eq. (1) in the main text):

1
U(Qi-, Qj) =0;G; + 4~ 5 (Biqiz + [5]‘%‘2 + quiqj)7 (B.1)

where —1<d<1 represents the degree of horizontal product differ-
entiation. More in detail, if d =0, then goods and services of variety
1 and 2 are independent. This implies that each firm behaves as if it
were a monopolist in its own market; if d=1, then products 1 and
2 are perfect substitutes or, alternatively, homogeneous; 0<d<1 de-
scribes the case of imperfect substitutability between goods. The degree
of substitutability increases, or equivalently, the extent of product dif-
ferentiation decreases as the parameter d raises; a negative value of d
instead implies that goods 1 and 2 are complements, while d=—1
reflects the case of perfect complementarity.

If a; # aj, then a demand asymmetry between firms i and j exists,
which can be interpreted as a quality difference between products
supplied by the two firms, as in Hdckner (2000). This asymmetry
implies a vertical (quality) differentiation between the two products.
Since we are interested to exclusively analyse the dynamic role
played by the degree of horizontal differentiation (i.e., the parameter
d) we assume that g; = a;=a. Furthermore, we normalise the coeffi-
cients of the squared terms in the utility function (i.e., the slopes of
the inverse demand functions) to unity, that is ;= 3;= 1. Therefore,
the present utility specification slightly differs from that adopted by
Singh and Vives (1984), because the notation has been simplified
without loss of generality.'® Standard maximisation of utility function
(B.1) with respect to products of variety 1 and 2 straightforwardly

9 The quadratic utility function is the usual specification of preferences proposed by
Dixit (1979) and subsequently used, amongst many others, by Singh and Vives (1984),
Qiu (1997), Hackner (2000), Correa-Lépez and Naylor (2004), Gosh and Mitra (2010),
Fanti and Meccheri (2011). The important feature of such a utility function is that it
generates a system of linear demand functions.

10 En passant, we note that this simplification is usual, e.g. Correa-Lépez and Naylor
(2004), Gosh and Mitra (2010), Fanti and Meccheri (2011).
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determines the corresponding demand functions as given by
Egs. (2.1) and (2.2) in the main text.
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