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Abstract

This paper models a good for which there are dynamic network exter-
nalities, and investigates the properties of the Markov Perfect equilibrium
(MPE) that arises when there is monopoly or oligopoly supply. The
framework is a continuous-time overlapping-generations model with con-
stant probability of death in which every member of a cohort born at some
time ¢ must make a once-and-for-all decision as to whether to purchase
a good which enhances such a member’s income. (One interpretation of
such a good would be education; the key idea, though, is to capture the
notion that the size of the network has a positive externality, which has
application beyond education). Each cohort is heterogeneous in regards
to the effect of this good on an individual’s earnings. Furthermore, the
enhancement of earnings at every moment depends on how many other
people at that time also possess the good. Hence, each member of a co-
hort faces the problem of forecasting how many people in the future will
purchase the good. Key results are that positive network externalities
may lead to steady-state price less than marginal cost, disadvantageous
market power, and multiple equilibria (only one of which is the limit of a
finite-horizon solution).

1 Introduction

This paper models a good for which there are dynamic network externalities, and
investigates the properties of the Markov Perfect equilibrium (MPE) that arises
when there is monopoly or oligopoly supply. The framework is a continuous-time
overlapping-generations model with constant probability of death in which every
member of a cohort born at some time ¢t must make a once-and-for-all decision
as to whether to purchase a good which enhances such a member’s income. One
interpretation of such a good would be education; the key idea, though, captures
the notion that the size of the network has an externality, which has application
beyond education. Each cohort is heterogeneous in regards to the effect of this
good on an individual’s earnings. Furthermore, the enhancement of earnings at
every moment depends on how many other people at that time also possess the
good. Hence, each member of a cohort faces the problem of forecasting how
many people in the future will purchase the good. Such a forecast is predicated
on the assumption that future generations (like present and past generations)
attempt to maximize the present discounted value of lifetime resources. All
consumers also understand that suppliers follow time-consistent strategies, i.e.,
cannot commit to an entire path of output.

With this structure of dynamic demand, we investigate the MPE for both
monopoly and oligopoly supply, and contrast this with the equilibrium outcomes
when firms are perfect competitors and when firms are assumed able to commit
to paths of output through time. Our key results are:

1. With increasing marginal costs of production and sufficiently large positive
network externalities, there exist parameter values such that steady-state



level of monopoly output is greater than the steady-state level of perfectly
competitive output. When this occurs, steady-state price is less than
marginal cost. This is similar to the finding in Driskill and McCafferty
(2001) for addictive goods.

2. With sufficiently large positive network externalities, market power may
be disadvantageous in the sense that industry profits are not maximized
by monopoly.

3. For the infinite-horizon model, there exist parameter values for which there
are two stable MPE. We prove that only one of them is the limit of a
finite-horizon equilibrium as the horizon tends to infinity.

2 The model.

The basic building blocks of this model are specifications of consumer and firm
behavior. The key assumption about consumers is that they know whether
firms can commit to paths of output or whether they cannot and instead choose
time-consistent, i.e., Markov, strategies. This distinction, familiar from the
durable goods monopoly problem, allows us to highlight the importance of the
assumption of time-consistent behavior by firms in this dynamic analysis. The
more compelling assumption to us is that of a Markov strategy space for firms,
but the assumption of commitment ability provides a useful benchmark.

2.1 Demand

Consider an overlapping generations model in which, at every moment, a gen-
eration of size p is born. Each member faces a constant probability of death
also equal to p. At the moment of birth, individuals must make an irrevocable
choice of whether or not to purchase a good at price p which affects their life-
time earnings. If they choose to not purchase the good, they receive through
the rest of their life a constant flow of income R,. If they choose to purchase
the good, they receive a flow income R,, that depends on the total number of
people alive who have also purchased the good. Let u denote the size of the
group of members of a generation that choose to purchase the good and z denote
the size of the total group of people who are alive and have also purchased the
good. The evolution of the stock of people alive who have bought the good is
thus governed by the differential equation

Z=u—pz (1)

where Z = %. That is, increases in the stock equal new purchasers minus the
deaths of previous purchasers.

Members of each generation are heterogeneous in how their lifetime earnings
are affected by the purchase of the good. Perfect annuity markets exist, there
are no bequest motives, and everyone can borrow and lend at the fixed interest

rate r, which is also each individual’s rate of time preference.



A member of generation z, i.e., someone born at time ¢ = x, maximizes
expected utility:

c

t=00

max/ e P (e)e ")t (2)
t=x

subject to his or her budget constraint. If the individual does not purchase the

good, the budget constraint is:

W= (r+pw+ Ry —cq 3)

where r is the constant rate of interest at which people can borrow and lend, w
is non-human wealth and ¢, is consumption. If the individual does purchase
the good, the budget constraint is

W= (r+pw+ Ry —cm—p (4)

The optimal program requires consumption to be constant. Hence, the present
discounted value of this constant rate of consumption equals the present dis-
counted value of lifetime resources. If one does not purchase the good, the
present discounted value of lifetime resources is

t=00 R
/ Rye—r+o)—o) gy — R (5)
t=x 4+ 4

where, as noted, R, is a positive constant.

If one purchases the good, the present discounted value of lifetime resources
is e

/ Ry (2)e= 0= s _ (6)
t=x

Because consumption is constant, each member of generation x chooses whether
or not to buy the good based on which choice gives him or her the highest present
value of lifetime resources. We assume that there is an externality associated
with the number of people alive who have purchased the good. If there is
a positive externality, an individual’s earnings are an increasing function of z.
This might be the case if the good in question were basic education, for example:
the more people there are that can read and write, the more valuable it is to
any individual to be able to read and write. If there is a negative externality,
then an individual’s earnings are a decreasing function of z. This might occur
if the good in question has "congestion effects."

To capture this externality, we assume that for individual ¢ of generation =,

Ry;7(2) = Ry + Az(), (7)

where A is a constant (either positive or negative) and, for each individual, ]:Bin””
is a positive constant. Assume, though, that individuals in any generation are
heterogeneous in terms of R:* and that the distribution of R:* over members of
a generation is uniform with highest value R,, and lowest value R,,. Without



loss of generality, think of the members of any generation as being sequenced in
order of decreasing values of Ri*. The relationship between R%:* for the last
member of a generation that purchases the good and the size of the group of
members of a generation that purchase the good is thus:

Rm - Em
7p .

Ri,f =R, —au, @ (8)
For any generation z, an (interior) equilibrium distribution of its members be-
tween those that purchase the good and those that don’t is determined by
equality of lifetime resources for the marginal member:

t=oco N R
RET + Az(t)]e rHP=2)gy —p= 2 9
A;E[ z(t)]e P=i, (9)

Using (7) and integrating and rearranging yields:
t=o00
p=R—au(z)+ A/ 2(t)e” A=) gy (10)
t=x

where for notational convenience we have made the following definitions of new
variables

Ry — R, a A
REi;aEL;AE (11)
r+p r+p r+p

The forecasting problem faced by members of generation x is thus determination
of the occupational choices of all future generations.

The solution to this forecasting problem depends upon which of two as-
sumptions are made about firm behavior. The first assumption is that firms
can commit to a path of output through time. This assumption, which means
that firms do not follow time-consistent strategies, implies that the demand
curve that constrains firms is simply equation (10).

The second assumption is that firms choose Markov strategies. We as-
sume that individuals know the structure of the model, which means that along
with knowledge of parameters and functional forms for the various structural
equations in the model, they know that firms use these time-consistent Markov
strategies in their attempts to maximize the present discounted value of profits.
This knowledge, along with the equation of motion for z, allow people to infer
that future values of the equilibrium price and equilibrium output of the good
are a linear function of the state variable z:

p(t) = H + hz(t) (12)
u(t) = vo +7z(t). (13)
where H, h, 7, and v are as-yet-to-be-determined coefficients that are functions

of the underlying structural parameters of the model. Using (13) along with
(1), we can rewrite (10) as:

p(z) =xo —au+ xz (14)



where

A
= — 15
X r+2p—17 (15)
and LR
_ X%
= 16
Xo rtop ( )

Under the assumption that firms choose Markov strategies, equation (14) is
the downward-sloping instantaneous demand curve that constrains firms at any
moment in time. This demand curve shifts through time as the value of z, the
stock of people alive who have purchased the good, changes. The direction of
this shift is determined by the sign of , which in equilibrium is a function of
all the structural parameters in the model. We will eventually show that x % 0

if and only if A % 0. That is, we will show that if there is a positive externality
(A > 0), then the demand curve shifts out as z increases. If there is a negative
externality (A < 0), then the demand curves shifts in as z increases.

Equations (15) and (16) describe a pair of relations between (v, x) and
(Y05 Xp)- Firm behavior will provide another pair of relationships for these
four variables. These four relationships then determine the four equilibrium
values of these variables.

What is useful for our purposes is that the demand curve (14) and the
relationships (15) and (16) are isomorphic to those derived from the model of
addictive behavior in Driskill and McCafferty (2001). Thus, we can graft onto
this demand model the oligopolistic supply model in Driskill and McCafferty
(2001), and exploit the theorems proved there.

2.2 Firm behavior

Now consider firms. We first specify a cost structure, and then investigate opti-
mal behavior under the aforementioned two assumptions about firm strategies:
one in which firms can commit to a path of output through time, and a second
in which firms choose time-consistent Markov strategies.

2.2.1 Cost structure

We follow Driskill and McCafferty (2001) in that we allow for the possibility of
multiplant firms and rising marginal costs of production. In particular, there are
n identical firms indexed by i, each of which owns I/n of M identical production
units, each unit indexed by m and having instantaneous cost of production given
by
¢

Cp = Fpy + cotiy, + 5ufn;m =1,2,..., M, (17)
where F,, denotes plant fixed costs, u,,is plant output, and ¢y and ¢ are non-
negative constants. Assuming firms minimize costs by producing equal amounts
at each plant, firm cost of production will be given by

2 ¢ .
2 Fie=—i=1,2, .., 18
u; + Fi c i 7 n (18)

nc

C; = cou; + 5



where w; is firm output and Fjare firm fixed costs. This assumption about
cost functions leaves the industry cost function invariant to the number of firms
within the industry.! Note that for simplicity we ignore integer constraints and

take the number of plants and number of firms as exogenous?.

2.2.2 The commitment equilibrium

Firms take as given other firms’ strategies and the optimal behavior of consumers
as embodied in equation (10). Tt is useful for this problem to define

t=00
Ae = A/ 2(t)e” (TR =) gy
t

=x

and re-write (10) as:
p= A+ R —au; ((10.1))

Ae = Ac(r+p) + Az ((10.ii))

The i firm’s problem is to choose a strategy u;(t) so as to maximize the present
discounted value of profits:

maxII; = / {p(Ae, u, 2)u; — (co)u; — Euf}e*”dt
u; €S; 0 2

st. z=u—pz

and
p=A+R—au

Ae = Ac(r +p) + Az

n
where v = Y u; and S;, the firm’s strategy space, is defined as S; = {u;(t)
i=1
such that u;(¢) is continuous and differentiable}.
Define the current-value Hamiltonian as:

nc

H, = {\+R—oulu; — (co)u; — 5

ui + 0ifu — p2]
+iAe(r +p) + A2

First-order conditions are:

A+ R —au—au; — (co) — ncu; + 6; — 6¢, =0
0: = (r+ )0 + A9,

I This feature means that a merger, for example, that would simply change the number of
firms but not the number of plants, would not change the industry cost function.

2Endogenization of the number of plants and firms would be desirable, but is simply beyond
our modeling abilities. One way to think of our specification is as an intermediate-length
?run” where number and scale of plants and number of firms is fixed; only in the ”long run”
are these choice variables.




G; = —pd; — Ui.

Because our interest in this commitment equilibrium is primarily as a bench-
mark, we leave out the details of the dynamic analysis and analyze the steady
state. The steady-state equilibrium level of output of the symmetric equilib-
rium, denoted as @ (n), where the subscript "C" is mnemonic for commitment
and the parenthetical "n" signifies that the value depends on the number of
firms, is computed as

_ R—co
tic(n) = - . (19)
atc—mrmy ta {a o p(T+p)}

This will provide a benchmark for comparison that will aid in understanding the
results from the more appealing assumption of time-consistent firm behavior.

2.2.3 The competitive benchmark

As a focus of comparison, consider the competitive equilibrium, found by assum-
ing price equals marginal cost. The steady state of this equilibrium, denoted as
U, (where the subscript "oo" is used to emphasize that price equals marginal
cost also results from letting n — o00) is readily computed as:

R—CO

o+ c— <2O)

Uoo(n) = A
p(r+p)

2.2.4 Comparison between perfect competition and commitment

Note that the difference between the two steady-state levels of output is the
following term in the denominator of G (n) :

:L{a—p(ip)}. (21)

Hence, steady-state output in the commitment equilibrium is less than steady-
state output in the perfect competition equilibrium whenever A < ap(r + p),
and is greater if A > ap(r + p). Heuristically, we can understand this result by
noting that if A < 0, monopolistic or oligopolistic firms would restrict output
relative to perfect competition. For A > 0, the case of positive externalities, a
tension arises between the impulse of firms with market power to restrict output
in the face of downward-sloping demand and the impulse to "build" demand by
expanding output. The value of A at which these two forces just counterbalance
each other is ap(r+ p). For positive network externalities of greater magnitude
than this, the "build demand" force is sufficiently large that steady-state output
exceeds the competitive level.



2.2.5 Firm behavior with Markov strategies

Continue to assume that firms take as given other firms’ strategies, but now
they are constrained by the demand curve (14). The i'" firm’s problem is to
choose a strategy u;(t, z) from a strategy space S; so as to maximize the present
discounted value of profits:

maxIl; = {(p(u, 2))u; — cou; — Eu?}Ff’”tdt (22)
u; €EP 0 2
st Z2=wu; + Zuj(z, t) — pz (23)
JFi
p=x9—au+xz (14)

n

where u = Y u; and S;, the firm’s strategy space, is defined as S; = {u;(z,t)
i=1

such that u;(2,t) is continuous and differentiable in (z,t)}.

First-order conditions are:

0
p—l—a—f_ui—co—ncui—l—)\i:p—aui—co—ncui—&—)\i:0 (24)
A= Nir+p = u(z,1) = xui + a)_uj(z,t) (25)
J#i J#i
lim A\ (T)e™™ =0 (26)
T—o0

where ); is the firm’s current-value costate variable that, as is well known, mea-
sures the marginal increase in the maximized value of (22) from an infinitesimal
increase in z.

Observe from (24) that the oligopolist’s first-order condition differs from a
one-shot oligopolist’s by the value of the costate variable, ;. That is, a one-
shot oligopolist would choose output such that instantaneous marginal revenue
would equal instantaneous marginal cost:

MR MC
———  ————
p —au; — (co +necu;) =0

If A; > 0, output is greater than the one-shot level, and if A\; < 0, output is
less than the one-shot level. If this were to be the case, firms would invest
(de-invest) in building (reducing) demand by producing more (less) today than
would be produced under the myopic rule of (instantaneous) marginal revenue
equals (instantaneous) marginal cost. Also observe that if it were the case that
Ai + au; > 0, then output would be so high that marginal cost would be above
price. What we will show is that for A > 0, at any moment A\; > 0. We also
show that for A > 0 and sufficiently large, there are some structural parameter
values such that \; + au; > 0 in the steady state.



Time-differentiating (24), equating this to (25), and substituting (24) for \;
in the resulting expression yields a linear relationship between u; and z. This
linear relationship is the firm’s strategy: w; = K + kz. Assuming a sym-
metric equilibrium, aggregation of this relationship yields a linear relationship
between u and z. Noting that in equilibrium this must equal (13), equating
coefficients yields the following pair of relationships between (x,~y) and (x, 7o),
respectively, derived from firm optimization:

_ e+ 5) +eH{r+20} —7* 20+ (2 1)o)
{r+2p—29(1-2)}

=¢(7) (27)

~fr+p— (1= Heoxo) = (25)
Tolfall+ = +eHr+p— (2 1))

n—1

(1= 2) +an ()]

where v = nk and vy = nK.

2.3 The Markov perfect equilibrium

Definition: A Markov Nash equilibrium for the above game is:

1. A decision rule u* = d(p, z,t) that satisfies the consumer’s dynamic opti-
mization problem Vz, t;

2. An n-tuple of Markov strategies {uj (¢, 2), us(t, z), ..., ul (¢, 2)} € S1 X Sz X
... X8, such that for every possible initial condition {zp,¢o}:

JH(ufuf) > T (ug, )
for every u; € S;, 4,5 =1,2,...,n; i # J;

3. A market-clearing condition that requires Vz, t,
ut = Z u;(z,t)
L

Note that the market-clearing condition implies that there exists an equi-
librium price function p = (z,t), implicitly defined by equating d(p, z,t) to

doui(z,t).

3 Solution

As noted, even though the structure of the demand side of this model differs
from the addictive structure found in Driskill and McCafferty, it leads to an

10



instantaneous demand curve that is isomorphic in form to that of Driskill and
McCafferty (2001). The supply side is identical to the supply side of Driskill
and McCafferty (2001). Thus, we can exploit the theorems from Driskill and
MCafferty (2001), albeit the interpretations will be different.

First, let us note that the value of v that solves ¢(y) = 9(v) can be used
recursively to solve for x, X, and v,. The features of the equilibrium value of
~ are described in the following proposition.

Proposition 1 If

1 2
A< W{a [ (1+) +p] +c(r+p)}
P n n n
(%))
then there exists a unique solution v* < p to the equation ¢(7)
thermore, if

0<A<p(r+p))} {a [r(1+i)+2:] +c(r+2)},

$(y). Fur-

[+ (%
then
0 < 7" <p;
X > 0
h > 0.
If
A=0
then
X:’y:hzo.
If
A<O
then
o< 0
x < 0
h < 0.

Proof. See Driskill and McCafferty (2001), appendix A. =

Remark 2 We look for restrictions in parameter values to insure existence of
values of v* < p because we are interested in stable equilibria. It turns out
that there are positive values of A that don’t satisfy the above restriction but for
which there exist two solutions, both of which are less than p. We will address
this issue later and show that only one of these values is consistent with the
equilibrium of a finite-horizon analogue of this model. The interesting feature
of the upper bound restriction on A is that, for any value of A, there exists a
large enough value of c, the marginal cost parameter, to ensure existence of a
unique, stable equilibrium.

11



With these solutions in hand, the key features of the equilibrium for this
model are described in the following proposition.

Proposition 3 Given the equilibrium solutions (v, v*, x5, X*), the perfect Markov
equilibrium of the preceding game is fully described by the following equations
that characterize firm strategies, consumer decision rules, and equilibrium price
and output functions:

u; = Jo, 7, (strategies)
noon
where v solves
o(v) =¥(v);
D= Xo— U+ Xz (demand)

where x = h+ay = ¥(x) = ()
Uy pp = UMPE — VZ + 72 (output)

p=p—hzZ+ hz (price)

where an overbar denotes a steady state value and

_ R—c
UMPE = ( ) ;
_ A 1| _a(r+p)—x
ate p(r+p) ' n |:r+p(1+1n)'y]
A
p = R+7umpe {—@};
p(r + p)
_ UMPE
z = —=.
p

Proof. See Driskill and McCafferty (2001), appendix A. m

4 Comparisons

4.1 The competitive solution

Comparison between the steady-state level of output under perfect competition
and the steady-state solution in the preceding proposition shows that whether
or not the competitive level of output is greater or less than the oligopolistic
level of output depends on the sign of a(p+1)—x. The variable x, of course, is
endogenous. Insight into the comparison comes from considering the first-order
condition for the firm, equation (24), which we re-write here in a useful form:

MC
—_——~
p— (co + new;) = — (A — awy) (29)

12



At any instant, (\; — cu;) thus measures the gap between the competitive con-
dition of price equal to marginal cost. Now, from the definitions of steady-state
variables, we can find that

B v alptr)—x
_(,\i—auz‘) —m

Because in a stable equilibrium, r + p — (n — 1)k > 0, this implies that p % MC

as a(p+r) % X-

What x measures is the value of building (or depleting) future demand. Big
positive values of x infer that changes in z lead to big shifts in the demand
curve. Of course, y is endogenous, and the question is what parameter values
give rise to different values of x. The following propositions describe these
relationships for the case of monopoly. The first proposition deals with results
for which the parameter A is restricted by an upper bound a(r + p)2. The
second proposition deals with results for which the parameter A lies within the
interval (a(r + p)2, a(r + p)? + ap(r + p), while the third proposition deals with
results for which A > a(r + p)? + ap(r + p).

Proposition 4 Assume the conditions for existence and uniqueness are satis-
fied.  Then, if A < a(r + p)?, the competitive steady-state level of output is
greater than the monopoly steady state value of output.

Remark 5 For A < 0, the solution to the model is isomorphic to a model
of durable goods with adjustment costs (corresponding to the parameter o in
this model), depreciation (corresponding to the parameter p in this model) and
increasing marginal cost (corresponding to the parameter ¢ in this model). As
shown in Karp (1993) and Driskill (1997, 2001), in such a model the steady-
state competitive level of output is greater than the oligopoly level. What this
proposition indicates is that the implications of time-consistent behavior also
make this the case even with A > 0.

Proposition 6 Assume the conditions for existence and uniqueness are satis-
fied. Then, if a(r+p)? < A < a(r+p)?+ap(r+p), the competitive steady-state
level of output may be greater than, less than, or equal to the monopoly steady-
state level of output, depending on the value of c.

Remark 7 The behavior of the steady-state level of output is not monotonic in
c. A sufficiently large value of ¢ is necessary to insure existence of a unique
equilibrium, but beyond that larger values of ¢ reduce Uy pg.

Proposition 8 For A > a(r + p)? + ap(r + p) and for ¢ sufficiently large to
satisfy the condition for a unique stable equilibrium, the competitive steady-state
level of output is less than the monopoly steady-state level of output, depending
on the value of c.

13



For the case of increasing marginal cost (of sufficient magnitude), the last
two propositions tell us that monopoly output could be greater than competitive
output. For such cases, a further implication is that, in the steady state, price
is below marginal cost:

Proposition 9 If Uy pp > Us, then p < MC.

Proof. Steady-state price is

B =R+ Typp(n) [—a + p(r’ip)} .

Thus, p minus marginal cost is

R—cy+unmpr(n) |:Oz —c+ :| .
p(r+p)
For this equation to be negative, it must be that
_ R—¢ _
Unpp(n) > — o =g (30)
Ry

Remark 10 Of course, there must be restrictions satisfied such that profits in
such a case are sufficient to cover fized costs.

4.1.1 Comparison with the commitment equilibria

Insight into the above results can be developed by a comparison between the
commitment and Markov equilibria. For positive externalities, we focus on
results for monopoly, which are analytically tractable, and then provide a con-
jecture for the more general case.

By comparison of Ty pgp and uco, we see that: Te(n) S Typr(n) as
{a — ﬁ} 2 m} For the case of negative externalities, we
have the following proposition that says that Uy prp < Tc.

Proposition 11 If A <0, then to < UppE-

Proof. From the consumer’s problem, we know that

B A
Xﬁr—|—2p—7'

Hence, A = xp+ x(r+p—~). Because 7 < p and x < 0 if A < 0, this implies
that A is the sum of two negative numbers, xp and x(r + p — ), so A < xp.

X __A _ X
et oot > 7"+p}' Thus,

{Q_P(TAﬂ?)}>{a_rip}

14

Consequently, ﬁ < which implies {




Now, A < 0= v<0, so

o — X
o— X > (rJrlﬂ)
r+p 1— (I-=2)y

r+p

That is, we are multiplying {oc — 7_3‘17} by a number that is less than or equal
1

—aDy Hence,

T T r+p

X

{a_ X }>1 ) :1{ a(r+p) = x }

r+p n 17(1—&)7 nlr+p—(1-21)y
r+p

to one (1), namely

X
< GETD)
_ (1— n )Y

T+p

where again we multiply { } by a number less than or equal to one

(1), namely % Hence,
st}
pr+p) )~ mnlr+p—(1-3)y
|

For the case of positive externalities (A > 0) we focus on the case of
monopoly. In this case, we also find that the steady-state commitment equilib-
rium level of output is greater than the steady-state MPE level of output:

Proposition 12 If A > 0, then Tc(1) < Tmpr(l).

Proof. Again, A = xp+ x(r + p — 7). Because if A > 0, then v < p and
x > 0, this implies that A is the sum of two positive numbers. Hence, A > xp.

Consequently, ﬁ > %, which implies {—ﬁ} < {— X } Thus,

v ) <

Comparison of the expression for Typg(1l) and uc(1) shows that this means
ﬁMpE(l) < ﬂc(l) [ ]

5 Disadvantageous market power

The above comparisons also suggest that there may be disadvantageous market
power. Again we can exploit the isomorphism between Driskill and McCaf-
ferty (2001) and report the following results on what Karp (1996) has dubbed
"disadvantageous market power."

15



Proposition 13 Assume the conditions for a unique stable equilibrium are sat-
isfied. Then for A < a(r+p), there exists n > 1 such that steady-state industry
profits are mazimized. For a(r + p) < A < a(r + p) + a(r + p)?, steady state
industry profits are greater under perfect competition than under monopoly.

Proof. See Driskill and McCafferty (2001). m

6 Multiple stable equilibria and a selection cri-
terion

When A > 0, the model can be characterized as one with increasing returns.
As might be expected in a model with increasing returns, there are parameter
values for which there exist two stable equilibria. We demonstrate this for the
tractable case of duopoly, and show that only one of the two stable equilibria is
the limit of the solution to the finite-horizon version of the model.

For the case of duopoly, the equation ¢(v) = () reduces to the following
quadratic equation:

3 ~
72—1(T+2p)’}/+A=0, A

%. (31)

For the roots to this equation to be real, we need the following restriction on
the parameters of the model:

~ 9 )

A< 64(r+2p) (32)
We assume throughout that this is satisfied. Denote the smaller root of (31) as
v, and the larger as v,. If A< 0,7, <0and vy, >p. If A> 0, two possibilities
emerge. First, if 0 < A< %rp—i— %rpQ, then 0 < v; < p < v5.> On the other
hand, if 2rp + 3rp? < A < Z(r +2p)% and 2p > 3r, then 0 < v, < 7, < p.
For example, if p =2, r =1, and A= 22(?475, then v, = % and v, = %.

Because most of the literature has viewed as less problematic the case of
multiple equilibria where only one of the equilibria is stable, our primary interest
is in situations in which multiple stable equilibria exist, that is, in situations in
which parameter values are such that 0 < v; < 75 < p. Note, though, that
our results apply to the case where one stable and one unstable equilibria exist,
that is, for the case where parameters are such that v; < p < 7,.

Assume a horizon of length 7. The first-order conditions for the consumer
differ from those in the infinite-horizon case only in that, in the finite-horizon
case, Ac(T) = 0. This means that at T consumers act myopically and choose
consumption so as to equate price to instantaneous marginal utility:

p(T) = R — au(T) (33)

3Note that %rp + érp2 < %(r +2p)2.
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The other difference between the finite and infinite-horizon game is that
the equilibrium output function in the finite-horizon game has time-varying
parameters:

u*(t) = o(t) +v(8)z(t). (34)

Following the same steps as in the infinite-horizon case, the consumer’s first-
order conditions can be manipulated to yield the following instantaneous de-
mand curve:

p(t) = xo(t) — cu(t) + x(t)=(t) (35)

where the constraints on x(t), x(t), vo(t), and (t) obey the following differ-
ential equations:

x = x(r+2s—v)—A (36)
Xo = Xo(r+s)—R—x (37)

Note that (33) and (35) together imply the following terminal conditions on

{xo(T), x(T)} :

Xo(T) = ao (38)
x(T) = 0 (39)

Turning to firm behavior, the only difference between the first-order conditions
for firms in the finite-horizon and infinite-horizon case is that, in the finite-
horizon case, \;(T) = 0. This means that at T, firms act as one-shot profit
maximizers and choose output such that instantaneous marginal revenue equals
instantaneous marginal cost. The other key difference is that firm strategies
have time-varying parameters:

w; = ko(t) + k(t)z(t), i = 1,2.

Repeated time-differentiation and substitution of the first-order conditions along
with use of the equilibrium price and output functions yields the following differ-
ential equations that must be obeyed by the parameters {x(¢), x(t), v, (t), v(t)} :

2 4+q(r+2p)(3) — A

A = 40

i e .
o Xo () 41
Yo (%)04 ( )

Yol(30) (r+2p = (37)) + (3a7) — (5¢7) = (r + p) (a0 — ©)]

(3)a

Equations (38) and (39) constitute a system of differential equations in the four
parameters X (t), x(t), vo(t), and v(¢). The system can be solved recursively
starting with (38), which only involves 7, and then moving to (39), and thence
to (36) and (37). By construction,the critical values of these parameters are

+
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the values of the parameters from the autonomous infinite-horizon problem.
Terminal conditions are derived from the first-order conditions at T

D) = o (42)
o1 = L9 (43)

(3a)

We can now state the following proposition:

Proposition 14 Let z,u, and p denote the equilibrium stock of consumption
capital, equilibrium industry output (and consumption), and equilibrium price,
respectively, in the finite-horizon game. For any zg, t > 0 and any arbitrarily
small € > 0, there exists a horizon length T > t sufficiently large such that
2(t) — 21()] < e, [it) — ui(8)] < &, and |p(t) - pi(8)] < =.

Proof. We need to show that the parameters x,(t), x(t), 7,(t), and y(t) spend
more and more time ”close” to the critical values x§ 1, X7, 75,1, and 77. Because
of the recursive nature of the problem, it will suffice to show that v(t) — 77 as
T — oo. Consider (28). Denote the r.h.s. as §(y). The relevant properties of
0 are:

2A
0(0) = —3*04—9(’7(T))<0,
0 —27+%(7“+2p)'
= N :
2
—4
1 _ - .
0" = 3a<0’
1
T = 5r+2) >0,

That is, 6() is a concave function with a value of zero at v§ and 3. Further-
more,because 0(y(T)) < 0 and ' (y(T)), it must be that v(T) < ~}. Hence,
vt € (0,7),7 <0. Hence, as T — 00,7(t) — ;. m
The above relationship between 6(y(T')), 6(v), and + is illustrated in Figure
1:
222 4+2x— 5
theta

gamma
1

-0.125 T

-0.25 T

-0.375 7
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Figure 1

7 Conclusion

With less than perfect competition, the presence of strong positive dynamic
network externalities may lead to networks so large that steady-state price is
less than marginal cost. Furthermore, the presence of positive dynamic network
externalities also creates disadvantageous market power: steady-state industry
profits will be lower with fewer firms in the industry.

Finally, positive dynamic externalities may produce multiple stable equilib-
ria. In such a case, though, we prove that only the smallest equilibria is the
limit of a finite-horizon solution.
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