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Abstract We investigate the classical Ramsey problem of economic growth when the plan-
ner uses non-constant discounting. It is well-known that this leads to time inconsistency, so
that optimal strategies are no longer implementable. We then define equilibrium strategies
to be such that unilateral deviations occurring during a small time interval are penalized.
Non-equilibrium strategies are not implementable, so only equilibrium strategies should
be considered by a rational planner. We show that there exists such strategies which are (a)
smooth, and (b) lead to stationary growth, as in the classical Ramsey model. Finally, we prove
an existence and multiplicity result: for logarithmic utility and quasi-exponential discount,
there is an interval / such that, for every k in I, there is an equilibrium strategy converging
to k. We conclude by giving an example where the planner is led to non-constant discount
rates by considerations of intergenerational equity.

Keywords Time inconsistency - Markov strategies - Ramsey models - Nash equilibria -
Intergenerational equity - Implicit differential equation

JEL Classification E43 .- 044

1 Introduction

Forty years ago, Phelps and Pollak [14] noted that the classical Ramsey model of economic
growth [15] relies on a stationarity postulate: discounting at a constant rate, even if this rate
is 0 as Ramsey suggests, means that “the present generation’s preference ordering of con-
sumption streams is invariant to changes in their timing”. This mathematical postulate then
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implies another, deeper, economic postulate, which they call perfect altruism: “each gener-
ation’s preference for their own consumption relative to the next generation’s is no different
from their preferences for any future generation’s consumption relative to the succeeding
generation’s”. In other words, a constant discount rate requires each generation to save as if
it would still be around when the time comes to reap the benefits of its investments; they act
as if, paraphrasing Keynes’ famous words, in the long run, we’ll all be there.

Phelps and Pollak then represented the preferences of the present generation by the utility

function:

u (co) +8 Y a"u(cy) (1)

n=1

where ¢, represents the consumption of generation n, « reflects time preference, and § is the
degree to which the present generation values other people’s consumption relative to their
own: as § increases from 0 to 0o, we go from extreme selfishness (“apres moi le déluge”) to
extreme altruism, § = 1 being the standard case where the discount rate is constant. They
then proceed to show that the first-best strategy (straightforward optimization of the crite-
rion 1) is not implementable, unless the present generation can commit future ones. In the
absence of such a commitment mechanism, one has to resort to a second-best strategy, in
fact a Stackelberg equilibrium of the associated leader-follower game, which they compute
explicitly for CRRA utilities, u’(¢c) = ¢~ P, p > 0. They find that this second-best strategy
is not Pareto optimal. A few years later, Dasgupta [2,3] also revisited the Ramsey problem,
seeking to define and test various criteria of distributive justice between generations, and he
reached the same conclusions.

The line of research opened up by Phelps and Pollak has been active ever since. We refer
to [6] for a critical review of the literature up to 2002, including other shortcomings of the
constant discounting model and other attempts to find an alternative model. In this paper,
we will focus on one of the many issues that have been raised about the non-constant dis-
counting model, namely the non-uniqueness of equilibria. In [13], Phelps revisited his earlier
work with Pollak, and put it in a continuous-time framework, akin (but not equivalent) to
the original Ramsey model: the generation alive at time ¢ equates the marginal utility of its
consumption, u’ (¢(t)), to the marginal utility of bequeathed capital, V’ (k(t)):

V (k) ::/0 (u (c k(@) —u(c(k)))dt, k(O0)=k

Here c(k) is the candidate equilibrium strategy, and it is assumed that k(1) — k whent — oo,
fast enough so that the right-hand side converges. Phelps then pointed out that there is no
way of determining &, beyond putting upper and lower bounds on possible values. In other
words, if all generations agreed what sustainable level of capital k they were aiming for,
their equilibrium strategy would be determined, but he could see no way of determining k
from standard rationality arguments. He concluded that this indeterminacy may leave room
for an ““ethic”, that specifies some obligations that each generation is expected to meet: “by
telling each generation what to expect of other generations, morals may make determinate
the altruistic behavior of each generation”

This line of thought was followed by Krusell and Smith [12] in the discrete-time frame-
work, and, more interestingly for our purposes, by Karp in the continuous-time framework.
In a series of remarkable papers [8§—11], he puts the whole analysis back into the framework
of the Ramsey model, which, as is well-known, drives the economy to some steady state k.
Karp then concludes, as Phelps does, that there is not enough information to identify the
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steady state. He does, however, provide upper and lower bounds that any candidate steady
state must satisfy, and he shows that there is a natural ordering between them.

It would seem that by now, there is not much else to be said. There is, however, still one
piece missing in the puzzle: to our knowledge, no one has ever proved the existence, much
less the multiplicity, of equilibrium strategies in time-inconsistent versions of the Ramsey
model. What has been done is to identify necessary conditions that & has to satisfy if there
is to be an equilibrium strategy c(k) such that k() — k, and then to show that there is a
continuum of such k: Karp calls them “candidate steady states”. But he does not show that
any k in this continuum corresponds to an equilibrium strategy, i.e. that, corresponding to a
multiplicity of candidates, there is really a multiplicity of strategies; the reason, as he points
out in [9], is that he “cannot appeal to any of the standard sufficiency conditions”, so that
his analysis “relies entirely on necessary conditions”. Krusell and Smith [12] proved such a
result in the discrete-time framework, but the strategies they consider are discontinuous (step
functions with countably many jumps).

In the following, we will provide some non-standard sufficiency conditions, and prove
that, in the case of logarithmic utility and quasi-exponential discount, there is a multiplicity
of continuous equilibrium strategies: an open interval / C R of candidate steady states is
identified, as in Karp, but in addition it is shown that for each k in that interval, there exists
an equilibrium strategy which is C? and converges to that steady state. We believe this result
is robust, in the sense that it would hold for more general preferences and discount rates, but
we have chosen this framework in other to keep the computations down. The basic intuition
of Phelps is thus laid on firm mathematical ground.

The model is given in Sect. 2. In Sect. 3, we define equilibrium strategies directly in
the continuous framework, and in Sect. 4 we characterize them by a non-local version of
the Hamilton-Jacobi-Bellman (henceforth HIB) equation. Similar results are known in the
discrete-time case (see for instance the hyperbolic Euler relation of Harris and Laibson [7]).
In the continuous-time case, Karp obtained a dynamic programming equation, namely Eq. 5
of [9]. In this paper, we carry the computations further than he does, so that we obtain the
necessary conditions in two equivalent forms, both of which we believe to be more trans-
parent than Karp’s formulation, and in addition we prove that they are also sufficient. In
other words, we prove a verification theorem. In this way, we obtain a theory of strategic
equilibrium which closely parallels the classical HIB theory of optimal control, and which
we feel is interesting for its own sake.

In Sect. 5, we explore the case when the discount factor is quasi-exponential:

R(t) = Aexp (—8t) + (1 — A) exp (—pt)

with § < p and A > 0. This case was already considered by Karp in the case 0 < A < 1, but we
also consider the case A > 1, which corresponds to altruistic time preferences. As mentioned
earlier, we show that there is an open (non-empty) interval / C R such that all steady states
belong to the closure / and every k € I is the steady state of some C? equilibrium strategy,
defined on a neighbourhood of k and converging to k, and we define a natural ordering between
them. Finally, in Sect. 6, we show that a very simple model of intergenerational equity leads to
quasi-exponential discount. Previous versions of this paper have been made available in [4,5].

2 The model

We consider the classical Ramsey model with non-constant discount rate. There is only
one good in the economy, which can either be consumed or used for production. The
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decision-maker at time ¢ discounts the utility of future consumption with a non-constant
discount rate. Specifically, the utility he derives from a consumption schedule c(s), with
t<s1<s5 <sp,is

52
U (c () =/ R(s —t)u(c(s))ds 2)

51

for some utility function u : [0, co) — R and some discount function R. We assume that
u is strictly increasing, twice continuously differentiable and strictly concave. The discount
function R is continuously differentiable and positive, with

RO)=1, R(@) =0, /00 R(s)ds < oo 3)
0

The decision maker at time ¢ strives to maximize the objective:

/ R(s—1tu(c(s))ds “4)
t
under the resource constraint:

dk

W Fk) —es), ko) =k, )

where k(s) is the amount of capital available at time s, and k; is the initial amount avail-
able at time . We assume that the production function f is strictly increasing, concave and
twice continuously differentiable, with f(0) = 0. As usual, consumption ¢ and capital k are
non-negative:

c) =0, k()=0 (©)

It is by now well-known that using non-exponential discount rates creates time inconsis-
tency, in the sense that the relative ordering of two consumptions schedules ¢ (s) and ¢z (s),
both defined on #; < s < 1, can be reversed by the mere passage of time. To see this,
take r; < #p < s1, and suppose Uy, (c1 (-)) < Uy, (c2 (+)), so that, at time 71, the decision-
maker prefers ¢ to ¢1. If R(t) = exp (—rt), then U, (¢ (-)) = exp (r (12 — 11)) Uy, (c (+)),
so we have Uy, (c1 (-)) < Uy, (c2 () and the relative ordering persists. In the non-expo-
nential case, however, Uy, (¢ (-)) is no longer proportional to U, (c (-)), and we may have
Uy, (c1 (+)) > Uy, (c2 (+)), so that the ordering is reversed: at time #, schedule ¢ (-) is pre-
ferred to c1 (). As a consequence, the successive decision-makers cannot agree on a common
optimal policy: each of them will have his own. Optimizing the intertemporal welfare (4) at
t = t; under the constraint (5) will lead to a #;-optimal policy ¢; defined on s > 1. At any
subsequent time #, > 0, the decision-maker will revisit the problem, setting ¢ = #, in (4) and
(5). He will then find an optimal schedule ¢ (-) on s > #; that is different from c (-).

In other words, for general discount functions, there are a plethora of temporary optimal
policies: each of them will be optimal when evaluated from one particular point in time, but
will cease to be so when time moves forward. In the absence of a commitment technology,
there is no way for the decision-maker at time ¢ to implement his optimal (first-best) solution.
He will then consider the problem as a leader-follower game between successive players,
and seek a Stackelberg equilibrium.
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3 Equilibrium strategies: construction and definition

Whereas in the time-consistent case we are looking for optimal controls , in the time-inconsis-
tent case we will be looking for equilibrium strategies. We restrict our analysis to stationary
Markov strategies, in the sense that the policy depends only on the current capital stock and
not on past history, current time or some extraneous factors.

Definition 2 A stationary Markov strategyis apair I, o, where I C [0, 00) is an interval and
o : I — [0, 00) is a continuously differentiable function such, if kg € I, then the solution
k(t) of the differential equation:

dk
T S k() —o (k(@)), k()= ko @)
remains in / for all > 0.

For each k € I, the strategy prescribes a consumption ¢ = o (k). Such a strategy is given
by ¢ = o (k). Equation 7 then describes the dynamics of capital accumulation from ¢ = 0.

Definition 3 A stationary Markov strategy (I, o) converges to k if k € I and for every
ko € 1, the solution k(¢) of (7) converges to k when r — oo.
We will say that k is a steady state of . Note that we must have
f (k) =0 (k)

In order to keep notations simple, we will denote stationary Markov strategies as o instead
of (I, 0), unless the underlying interval I needs to be considered. We shall say that o is con-
vergent if it converges to some k. We will consider only convergent strategies, so that the
integral (4) is obviously convergent, and its successive derivatives can be computed by dif-
ferentiating under the integral.

We will define equilibrium strategies by going to the limit from the discrete case. Cut the
time interval [0, oo[ into subintervals of length ¢ > 0. Let ¢ be the left endpoint of such an
interval, and assume the decision-maker at time ¢ can decide the consumption ¢ on all of the
interval [#, t + e[. We will seek a leader-follower equilibrium of this game, and let ¢ — 0.
One interpretation of that is that the decision-maker holds power during his lifetime, but that
the latter is small compared to the planning horizon.

A convergent Markov strategy ¢ = o (k) has been announced and is public knowledge.
The decision maker begins at time ¢ = 0 with capital stock k. If all future decision-makers
apply the strategy o, the resulting path ko (7) obeys

dkg
= f (ko(t)) —o (ko(t)), t>=0 (8)
ko(0) = k. ©)

The decision-maker at time O is free to fix consumption on [0, €] at any level c. She
expects all future decision-makers to apply the strategy o, and she asks herself if it is in her
own interest to apply the same strategy, that is, to consume o (k). If she commits to another
bundle, ¢ say, the immediate utility flow during [0, €] is u(c)e. Attime ¢, the resulting capital
will be k + (f (k) — ¢) &, and from then on, the strategy o will be applied which results in a
capital stock k. satisfying

dk,
pT [ ke(@) —o (ke()), t=¢ (10)
ke(e) =k+ (f(k)—c)e. (11)
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The capital stock k. can be written as k. () = ko(¢) + k1 (t)e where 1

dk
d—t‘ = (f' (ko() — o' (ko)) ki (1), 1> (12)
ki(e) =ok)—c (13)

where f’ and ¢’ stand for the derivatives of f and o. Summing up, we find that the total
gain for the decision-maker at time O from consuming bundle ¢ during the interval of length
& when she can commit, is

u(c)e +/ R(s)u (o (ko(t) + k1 (2))) dt,

and in the limit, when ¢ — 0, and the commitment span of the decision-maker vanishes,
expanding this expression to the first order leaves us with two terms

/R(l)u (0 (ko(1)))dr +¢ [M(C) —u (o (k)) +/0 R(tu' (o (ko(1))) o’ (ko(t))kl(t)dl]-
0

(14
where k| solves the linear equation
dk
— = (ko) = (ko)) ki (1), 120 (15)
ki1 (0) = o (k) — c. (16)

Note that the first term of (14) does not depend on the decision taken at time 0, but the
second one does. This is the one that the decision-maker at time 0 will try to maximize. In
other words, given that a strategy o has been announced and that the current state is k, the
decision-maker at time 0 faces the optimization problem:

max Pi (k,0,c¢) (17
where
Py (k,0,¢) =u(c) —u(ok)) +/0 R()u' (o (ko(1))) o’ (ko(1)) ki (2)dt. (18)

In the above expression, ko(¢) solves the Cauchy problem (8), (9) and k1 () solves the linear
Eqgs. 15 and 16.

The same analysis will apply to decision-making at any time ¢ > 0. We are led to the
following:

Definition 4 A convergent Markov strategy (I, o) is an equilibrium strategy for the intertem-
poral decision model (4) under the constraints (5) and (6) if, for every k € R, the maximum
in problem (17) is attained for ¢ = o (k):

1 To see this, plug k. (t) = ko(t) + k1 (¢)e into (10) for t > ¢, keeping only the terms of first order in €, and
get

dk¢ , ,
= k@) +ef (ko) ki (1) — o (ko(1)) = e0” (ko (1)) k1 (1)

Comparing this with (8) gives (12). Equation 13 is obtained by substituting the expansion kg (¢) = k +
5%(0) =k+e(f(k)—o(k))into (11).
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o (k) = argmax P; (k, 0, ¢) (19)
c>0

The intuition behind this definition is simple. Each decision-maker can commit only for
a small time ¢, so she can only hope to exert a very small influence on the final outcome. In
fact, if the decision-maker at time 0 plays ¢ when she is called to bat, while all the others are
applying the strategy o, the end payoff for her will be of the form

Py (ko) +¢ePy(k,o,¢)

where the first term of the right hand side does not depend on c. In the absence of com-
mitment, the decision-maker at time 0 will choose whichever ¢ maximizes the second term
e Py (k, 0, c). Saying that o is an equilibrium strategy means that she will choose ¢ = o (k).
Given the stationarity of the problem, if the strategy ¢ = o (k) is chosen at time 0, it will be
chosen at any future time ¢ and as a result, the strategy o can be implemented in the absence
of commitment. Conversely, if a strategy o for the intertemporal decision model (2), (5), and
(6) is not an equilibrium strategy, then it cannot be implemented unless the decision-maker
at time 0 has some way to commit his successors. Typically, an optimal strategy will not be
an equilibrium strategy.

Note that this is the minimal requirement for rationality: if a strategy o (k) is not an equi-
librium strategy, then, by definition, at some time ¢ the decision-maker will have an incentive
to deviate unilaterally and consume some c¢(¢) # o (k(¢)) during some brief period. In other
words, the strategy o (k) will not be implemented past time 7. No rational planner would
consider such a strategy at time 0, because she knows that the plan simply would not be
executed.

4 Characterization of the equilibrium strategies

The main result of this section is that the equilibrium strategy can be fully specified by a
single function, the value function v(k), which is reminiscent of- although different from - the
value function in optimal control. We will show that the value function satisfies two equiva-
lent equations, the integrated Eq. IE and the differentiated Eq. DE, the latter one resembling
the classical Hamilton—Jacobi—Bellman (HJB) equation of optimal control. This similarity is
reassuring since it shows how standard methods from control theory can be adapted to analyze
the impact of time inconsistency. Unfortunately, the similarity is superficial only, since (DE)
is anon-local equation (and not a partial differential equation like (HJB)) and we will demon-
strate that its solutions exhibit different qualitative behavior. In the knife-edge case where the
discount rate is constant, the non local term in (DE) collapses, and (DE) becomes identical to
(HJB). Consequently, when the discount rate is constant, the equilibrium strategies are also
optimal from the perspective of all successive decision makers.

Given a Markov strategy o (k), continuously differentiable and convergent, we shall be
dealing with the Cauchy problem (8), (9). The value ko(¢) depends on current time 7, initial
data k, and the strategy o. To stress this dependence, it is convenient to write ko(f) =
K (o t, k) where K is the flow associated with the differential Eq. 8. It is defined by

W = f(K(o:1.0) — o (K (0: 1, k) (20)
K(o;0,k) =k. 21

The following theorem characterizes the equilibrium strategies and its proof is given in
Appendix A. There are two parts in this characterization: a functional equation on the value
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function v(k) and an instantaneous optimality condition determining current consumption.
In the following, i is the inverse of marginal utility u’:

W) =y=c=i()

Theorem S Let (I, o) be a convergent strategy. If it is an equilibrium strategy, then the value
function

v(k) = /OO R)u (o (K (o;t,k)))dt (22)
0

satisfies, for all k € I, the functional equation

o0
v (k) :/ Ru(iov (K (iov'st,k)))dt (E)
0
and the instantaneous optimality condition
u' (o (k) = v'(k) (23)

Conversely, if I C [0, 00) is an interval and a function v : I — R is twice continuously
differentiable, satisfies (IE), and o = i o V' is non-negative and converges to k > 0, then
(1, o) is an equilibrium strategy.

The instantaneous relation (23) expresses the usual tradeoff between the utility derived
from current consumption and the utility value of saving. This is a standard condition in a
world where there is one commodity that can be used for investment or consumption. It can
be rewritten as follows:

o (k) =i (v'(K) (24)

Equation IE is an equation for the unknown function v (k). Let us spell out what it means.
Given a candidate function v, we must first solve the Cauchy problem (20), (21) witho = iov’.
Second, we calculate the right-hand side of Eq. IE, which is an integral along the trajectory of
capital stock. The final result should be equal to v(k). Equation IE is therefore a fundamental
characterization of the equilibrium strategies and it takes the form of a functional equation
on v.

In order to contrast the equilibrium dynamics with the dynamics resulting from using
the optimal control approach, the following proposition gives an alternative characterization,
the differentiated Eq. DE, which resembles the usual Euler equation from optimal control
and its proof is given in Appendix B. As we mentioned in the introduction, it is related to
(but different from) Eq. 5 of [9], and to dynamic programming relations in the discrete time
framework. It seems to us, however, that there is no equivalent of the integrated Eq. IE in the
previous literature.

Theorem 6 Let I C [0, 00) be an interval and v : I — R be a C? function such that the
strategy o = i o V' is non-negative and converges to k > 0. Then v satisfies the integrated
Eq. IE if and only if it satisfies the following functional equation
oo
—/ R'(uoi (v (K(iovstk))dt =suplu(c)+v'(k)(f(k)—c)]  (DE)
0 c

together with the boundary condition:

v (k) =u(f (k) /Ooo R(t)dt (BC)
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We may rewrite the differentiated Eq. DE in a more familiar way:
p(kyv(k) = sup [u(c) +v' (k) (f (k) — ©)] (25)
[
where:

SR u (o (K (035,K)) dt
o2 R(s)u (o (K (05 5, k) ds

p(k) =

is interpreted as an effective discount rate. Equation 25 then tells us that, along an equilibrium
path, the relative changes in value to the consumer must be equal to the effective discount
rate. The effective discount rate is here endogenous to the model and its presence reflects the
strategic behavior of the current decision maker resulting from internalizing the behavior of
future decision makers.

With exponential discounting, R() = e , the effective discount rate is constant, p (k) =
o for all k, and (DE) is the ordinary (HJB) equation

dov(k) = sup [u(c) + ') (f (k) = 0] (26)

—dot

Next, consider piecewise exponential discounting, R(t) = e % fort < v and R(¢) =
e % fort > v, with t > 0. Equation DE is now:

Sov(k) = sup [u(c) + (o — 81) g(k) 4+ v'(k) (f (k) — ¢)] 27
where
g(k) = /00 eMuoi (v (K (iovst,k)) dt.

This integral is clearly positive, so the extra term (59 — §1)g (k) has the sign of (g — 81). If
8o > 81, for instance, it yields additional incentives to save, relative to the exponential case.

Neither Eq. IE nor Eq. DE are of a classical mathematical type. If it were not for the integral
term, Eq. DE would be a first-order partial differential equation of known type (Hamilton-
Jacobi), but this additional term, which is non-local (an integral along the trajectory of the
flow (20) associated with the solution v), creates a loss of regularity in the functional equation
that generates mathematical complications. As a result, existence and uniqueness problems
arise as they typically do in dynamic games.

5 Existence and multiplicity of equilibrium strategies
5.1 Reduction to a system of ODEs

From now on, we shall use the following specifications:

R(t) = rexp (—6t) + (1 — L) exp (—pt) (28)
u(c) =1Inc (29)

Using a logarithmic utility simplifies the computations, but the results extend to general
power utilities u(¢) = ¢!=?/ (1 — 0), with 6 > 0, and presumably to more general utilities
as well. The use of quasi-exponential discount factors, on the other hand, is quite essen-
tial, because it will reduce Eq. IE to a system of two differential equations, as was already
observed by Karp [9, Egs. 7, 8].
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Without loss of generality, we shall assume that:
0 >3 (30)

Obviously R(0) = 1. If A > 0, then R(¢) does not change sign: R(¢) > 0 forevery ¢t > 0.
The rate of time preference is:
o drexp (—é8t) + p (1 — A) exp (—pt)
r —
rexp (=8t) + (1 — L) exp (—pt)

3D
and we have:

r(0) = A8 + (1 — X) p (spot rate)
r(oo) = § (long term rate)

There are four distinct cases:

Case 1 0 <X < 1. Then r(0) > r (00), and the discount rate decreases with maturity. This
is the hyperbolic case, well documented in the psychological literature (see [6]),
which reflects preference for immediate gratification. We have r(¢) > 0 for all
t > 0.

Case2 1 <A< ﬁ. Then 0 < r(0) < r(o0), and the discount rate increases with matu-
rity. In view of the remark by Phelps and Pollack which we quoted in the beginning,
this can be seen as extreme altruism. We have r(t) > 0 for all t > 0.

Case3 A > ﬁ. Then r(0) < 0 < r(00). The discount rate increases from negative to
positive values: we have r(t) < 0 for ¢t < ﬁ In %AT’I

Case 4 A < 0. Then R(#) becomes negative when t —> 00

The two last case have no economic interpretation that we can see, so in the sequel we
will be assume:
0<A< P
p—3a
We plot the discount factor R(t) for p = 0.1, § = 0.05, A = 0.5 (case 1), A = 1 (expo-
nential case, constant discount) and & = 1.5 (case 2). The highest curve corresponds to the
hyperbolic case (case 1), the lowest one to extreme altruism (case 2) , and the exponential
sits in the middle.

R() 1.0
0.

0.8
0.7 4
0.6
0.5 1
0.4 4
0.3 1
0.2 1

0.1 4
0.0 t t t t i
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We draw the same picture for discount rates:

) 0.10 T

0.09 T
0.08 T

0.07 T
0.06 T

0.05

0.04 +
0.03 T

0.02 +

0.01 T

0.00 t t t t i

To simplify notations, we set:
a=(@+p)/2 and b= (8- p)/2,

Proposition 7 Let I C [0, 00) be an interval and v : I — R be a C? function such that the
strategy o (k) = 1/v' (k) converges to ko € I. Then v satisfies (DE) and (BC) if and only if
there exists a C' function w : I — R, such that (v, w) satisfies the system.:

(f—%)v’—lnv’:av—{—bw, (32)
(f—&)w’—(ZA—l)lnv’:bv—l—aw (33)
with the boundary conditions:
ko) = & 1;)‘l koo) = o 1_7)Ll k 34
U(oo)—(8+ 0 )nf(oo)—(a+b+a_b)nf(oo) (34
A 1= A 1—2
w(koo):(E_T)lnf(kOO):(m_m)lnf(km) (35)

Note that, by Theorems 5 and 6, o = 1/v’ then is an equilibrium strategy that converges
to k. The proof is given below. Note that it gives explicit formulas for v and w, namely

o0
v(k) :/ (re™ + (1 =1 e ) In(o (K (031, k) dt, (36)
0
o0
w(k) :/ (Ae"” —(1—- A)e””)ln (0 (K(o;t,k)))dt 37)
0
5.2 Multiplicity of equilibrium strategies

For the next result, we define & as follows:

~
2
_—~
=
N
Il
S
{
>
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Note that, since A >0, we have % + 1;% >0, so this defines k uniquely. If A8 +
(1 — 1) p >0, we also define k as follows:

F)=x+0-1p

Theorem 8 Assume f is C> fork > 0. Then there is a non-empty open interval A such that:

(@) if (I, o) is an equilibrium strategy converging to koo € I, then koo € A
(b) forany ke € A, there is an open interval I containing koo and an equilibrium strategy
(I, o)converging to ks

The interval A is given by:

Casel 0 <X < 1:then A= ]k, /2[
Case2 1 <A< ﬁ: then A = lk, k[
Note that A5 + (1 — &) = r(0), the spot rate of time preference.
In the exponential case, when § = p, or A = 1, we find the classical relation f” (koo) = p.
In the general case, we find a continuum of possible equilibrium strategies, and correspond-
ing asymptotic growth rates, and their range is fully characterized (except for the endpoints).
So the proof should be in two parts: first showing that every possible k. is in that range, and
then showing that every point in that range is a possible k. Later on, we will show that the
equilibrium strategy converging to k has further properties that makes it the rational choice
among the many possible equilibrium strategies.
The proof of the Theorem is given in the Appendix C. Note for future reference that it
gives the additional information:

1
" (koo) = 38
v (ko) 7 ko) (38)
/ _ f/ (koo) —a
w (koo) = o () (39

We do not know if there are equilibrium strategies converging to the endpoints k and k.
The proof in Appendix D.2 carries through without changes, but the linear stability condi-
tion in Appendix D.1 does not. In other words, we can find functions (v, w) satisfying the
conditions of Proposition 7, but we do not know if the strategy o = i (v') converges to k or k.

5.3 There are no subgame perfect strategies

Consider an equilibrium strategy o converging to k*. By definition, if the decision-maker
at time ¢ applies a new equilibrium strategy ¢’ and if subsequent decision-makers stick to
o, he/she will be punished. The question is whether this threat is credible, that is, whether
subsequent decision-makers will earn more by switching to o’ or sticking to o.

Definition 9 Let (/, o) and (I ,o! ) be two equilibrium strategies converging to ko and k..
We shall say that o is eventually dominated by o’ if, for any starting point k € I, there is
some ¢t > 0 such that:

e if strategy o has been applied up to time s > ¢, then the decision-maker at time s prefers
o'too

e if strategy o’ has been applied on the interval [s, s'], with 1 < s < s’, then the decision-
maker at time s’ prefers o’ to o
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The following result shows that all strategies in the interior of A are eventually dominated
(except perhaps for those converging to the endpoints).

Proposition 10 I[f0 < A < 1, and k* < koo < k, then any equilibrium strategy converging
to k* is eventually dominated by an equilibrium strategy converging to koo. If A > 1 and
k < koo < k*, then any equilibrium strategy converging to k* is eventually dominated by an
equilibrium strategy converging to keo.

In the case 0 < A < 1, this result was first observed in Karp [9] Proposition 3: more
conservative rules (in the sense that they increase the steady state levels of capital and con-
sumption) eventually dominate less conservative ones. In other words, current generations
will be willing to reduce their level of consumption in order to increase the welfare of future
ones, provided the effort is not too substantial. In the case, A > 1, the opposite holds: less
conservative rules dominate more conservatives ones. The only non-dominated strategies,
k* = k in the first case and k* = k in the second, may not be implementable because they
do not satisfy the stability condition.

To prove Proposition 10, we will consider the equilibrium value as a function both of the
initial point kg, as before, and of the terminal point k. Write:

V (ko koo) = /Oo R(t)u (o (K (6:1,ko))) dt
0

where & is an equilibrium strategy converging to k... We will need the following obvious
lemma:

Lemma 11 Let f(x, y) be a C' function of two variables such that:

Frx) = ()
a
w0 =90
X

Then:

9
(,Tf(X,x) =¢'(x) =y (x)
y

Apply this to V, at a point kg = k™ = koo. We have, by formula (38):

V(k*, k*) = /OOOR(t)lnf (k*)dt = (5 + I%A) In f (k*) = L_mf (k*)

8 1 (k)
i ) =
ko S k)
and hence:
koo

1
INACYIGENIG)

L1
GAVAD)

There are now two cases to consider:
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e 0 <X <1.Then f'(k*) > f’ (k) onthe whole existence interval, and % (k*, k*) > 0.

It follows that there is some ¢ > 0 and some ko, > k* such that, for all ko with |ko — IE} <
g, we have:

V (ko koo) > V (ko, k*)

e A > L.Then f' (k*) < f’ (k) on the whole existence interval, and 8%/0 (k*, k*) < 0.
From the atlove, we see that there is some ¢ > 0 and some ko, < k* such that, for all kg

with ’ko — k| < &, we have:
V (ko. koo) >V (ko, k*)

This concludes the proof.

6 Intergenerational equity

In the classical Ramsey model, the same rate of time preference is applied to the short to
middle term (where the present generation is alive) and in the middle to long term (when we
are all dead, and costs/benefits accrue to people yet unborn). This means that this parameter
is put to two different uses:

e for weighing consequences to me of my own actions
e for weighing consequences to others of my own actions

In a seminal paper, Sumaila and Walters [16] separate the (psychological) impatience
of the present generation from its (ethical) concern for future generations. We will give a
continuous-time version of their model. Consider a population with a birth rate « > 0 and
a death rate @ > 0, so that the growth rate is y = o — w. Denote by N the population at
time ¢ = 0, so that the population at time ¢ is N exp (y¢). All individuals, born and unborn,
have the same utility function, and the same individual rate of time preference r. The social
planner, operating at time 0, evaluates the expected lifetime utility of individuals at their
birth, and aggregates the utility of all individuals, born and unborn, using a Pareto weight
exp (—ms) for those born at the time s.

Assume now the planner at time 0 is considering an investment which will result in a
public good being available at time #, bringing utility « to all individuals alive at that time.
There are N exp (yt) of them, Ne™®' of whom were alive at time 0, and NaeVSe =9 dg =
Nae® e~ ds of whom were born between s and s + ds. The social welfare function, eval-
uated at time 0 is:

'
(Nef“’tefrt +/ eﬂ”Naef‘”’easefr(t*s)ds) u=NRtu
0

The planner’s discount rate is therefore:

R(t) = T—r e~ (@tnt _
T —o—r T —o—r

¥ T withy —a —w (40)

We shall assume that 7 > y (the discount rate applied to future generations’ utilities is
greater than the growth rate of the population) so that both discount rates on the right-hand
side of (40) are positive. We then distinguish three cases:
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6.1Casel:y <m <a+r

This is the altruistic case, when we treat future generations not very differently from ourselves.
Then m — y < r + w, and we are in the quasi-exponential case (28), with

o
S=m—y, p=r+ow, A=——
oa+r—m

Clearly 0 < A < 1, so we are in the hyperbolic case (discount rate decreases with matu-
rity). With these specifications, we find, as above, that the existence interval is A = ]k, k[,
with:

ff)=r8+0-p=r—y
1 r+w

62 Case2:r >r+aandy <r

This is the case when we discount the utilities of future generations at a much higher rate
than our own: the same event, happening at time ¢ and bringing utility u, will be worth e™""u
for me today if the beneficiary is myself, but only e~"" if the beneficiary is someone else.
Since 7 > r + o, we have r + w < m — y, and we are in the quasi-exponential case (28).
with
T—r
S=r+w, p=1—y, A=——--—

T—a—r

p__ TV
p—8 m—a-—r

Clearly . > 1, so we are in the non-hyperbolic case (discount rate increases with maturity).

If y <r,wehave A < ﬁ, and the existence interval is A = ]k, IE[, with:
flfk)=r+0-1p=r—y
- 1 r+w
/ —_ —_ —
f (k) g N (1;)\) T+ (r—v)

63 Case3:r >r+aandy >r

The inequality y > r means that the growth rate of the population is higher than the individ-
ual rate of time preference. This leads to the pathological case when A > ﬁ. The existence
interval is A = ]k, oo[, with:

FER) =" 0y

6.4 Summing up

We have shown that any capital level k, between k and k (Case 1), between k and k (Case 2
with y < r), or higher than k (Case 2 with y > r) is the steady state of some equilibrium
strategy. We do not know, however, how far away from k, that strategy is defined. In par-
ticular, for the planner at time t+ = 0, the range of strategies available in equilibrium will
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depend on her initial level of capital, so that she may not be able to reach all the ko, € A as
steady states.

In addition, when the economy moves closer to ko, the initial strategy will be dominated
by another one with a lower (in Case 1) or higher (in Case 2) steady state. It is to be expected
that, from that time on, future generations will defect from the strategy chosen at time t = 0,
and that the economy will then move slowly towards & (in Case 1), k (in Case 2 with y < r)
or towards infinity (in Case 2 with y > r). In other words, the equilibrium strategies we have
found are not subgame perfect.
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Appendix A: Proof of Theorem 5
A.1 Preliminaries

Before proceeding with the proof of the theorem, let us mention some facts about the flow /C
defined by (20), (21 ). To make notations simpler, we will use (¢, k) instead of K (o; t, k)
when the omission of the dependency on o causes no ambiguity.

Note first that, since Eq. 20 is autonomous, i.e. the right-hand side does not depend explic-
itly on time, the solution which takes the value k at time O coincides with the solution which
takes the value /C(¢, k) at time ¢ > 0. This is the well-known semi-group property, namely:

K(s,K(t, k) =K (s+t,k) 41)

Next, consider the linearized equation around a prescribed solution ¢+ — (¢, k) of the
nonlinear system (20), namely:

dk
Ts] = (f (K (5, k) — o' (K (5, k) k1 (s) (42)

This is a linear equation, so the flow is linear. The value at time ¢ of the solution which
takes the value k at time O is R(¢)k, where the function R : R — (0, co) satisfies:

dR
- = (f (K (s, k) — o' (K (s, k) R(t) (43)
R(O0) = 1. (44)

From standard theory, it is well known that, if f and o are C k then K is Ck~!, and:

oKt k)

—% = RO

oK (t, k

BEE — Ry (50~ o).

where R () is computed by setting ko(t) = KC(¢, k) in formulas (43) and (44)
Let us now turn to the actual proof of Theorem 5.
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A.2 Necessary condition

Given a Markov equilibrium strategy o, we define the associated value function v(k) as in
formula (22)

v(k) 1= /00 R(t)u (o (K(t, k))) dt (45)
0

Differentiating with respect to k, we find that:
/ o / / 8IC
vik) = R®u (o (K(t, k))) o (K(t, k)) %(t,k)dt
0

= /OO R(Hu' (o (K (t,k))) o’ (K(t, k) R(t)dt
0

Since o is an equilibrium strategy, the maximum of Pj (k, o, ¢) with respect to ¢ must be
attained at o (k). The function Pj itself is given by formula (18), where ko(¢) = K(t, k) and
where k| is defined by (15) and (16), so that k1 (t) = R(¢) (o (k) — ¢). Substituting into (18),
we get:

Pr(k,0,¢) = u(c) —u(ok))
+/ Ry’ (o (K(1,k))) o (K(t,k)) R(1) (0 (k) — ¢) dt
0

Since u is concave and differentiable, the necessary and sufficient condition to maximize
P1(k, o, ¢) with respect to c is

u'(c) = /00 R(Ou' (o (K (¢, k) o’ (K(t, k) R(t)dt
0

which is precisely v'(z, k), as we just saw. Therefore, the equilibrium strategy must satisfy
u' (o (k)) = v'(k)
and, substituting back into Eq. 45, we get Eq. IE.

A.3 Sufficient condition

Assume now that there exists a function v satisfying (IE), and consider the strategy o = i o v'.
Given any consumption choice ¢ € R, the payoftf to the decision-maker at time O is

Py (k,o0,¢) = u(c) —u (o))
+/ R(t)u/ (o (K(t,k))) o’ (K, k) R(@) (o(k) —c)dt
0

= u(c) —u (o (k) +v'(k) (o (k) — ¢)
=u(c) —u (o k) —u' (k) (c — o (k)

<0

where the first equality follows from the definition of R, the second equality is obtained by
differentiating v with respect to k, the third equality follows from the definition of o, and the
last inequality is due to the concavity of u. Observing that P;(k, o, o (k)) = 0, we see that
the inequality P;(k, o, c¢) < 0 implies that ¢ = o (k) achieves the maximum so that o is an
equilibrium strategy.
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Appendix B: Proof of Theorem 6

Let a function v : R — R be given. Consider the function ¢ : R — R defined by
[e.¢]
pk) = v(k) —/ R(t)u (o (K(o;1,k)))dt (46)
0

where o(k) = i (v/ (k)). Consider v (¢, k), the value of ¢ along the trajectory t —>
K (o; t, k) originating from k at time 0, that is

Y, k) =@ (K(t, k)
=v (K(t, k) — / R(s)u (o (K (s, K (t,k))))ds
0
= v (K(t, k) — /OO R$S)u (c(K (s +1t,k)))ds
0

= v (K(t, k) — /00 R(s —Hu (o (K (s, k)))ds
t

where we have used formula (41).
We compute the derivative of this function with respect to #:

oy

5 kD= V(K@ k) Lf (K (k) =i (o (K, 5)))]

+u (o (K(t,k))) +/ R'(s — Hu (o (K (s, k))) ds

t

From the definition of i, we have

w (i (v (K. kD)) —v" (K (. k)i (v (K (2. k))) = sup {u(e) —v" (K (1. k)) c}

Substituting in the preceding equation, and recalling that 0 =i o v’ gives

%(k, 1) = sup {u(c)—i—v/ (K (t, k) (f (K(t, k) — c))} —|—/ R'(s — u (o (K (s, k))) ds
c t

= sup {u(c)+v' (K (1, k) (f (K(1,k)) — c))}+/0 R (s)u (o(K (s, K(t,k)))) ds

where the second equality is obtained by using a change of variable and formula (41). If (DE)
holds, then the right-hand side of the last equation is identically zero along the trajectory, so
that v (k, 1) = ¥ (k) does not depend on 7. Letting 1 —> oo in the definition of ¥/, we get:

Y(k) = tlim ’v (K(t, k) — /00 R(S)u (c(K (s +1,k))) ds]
—>00 0

— v (®) _/OMR(W (o (R))ds = v (k) —u (f (zz))/ooo R(s)ds

and hence, if (BC) holds then, ¥ = ¢ = 0 and Eq. IE holds.
Conversely, if v(k) satisfies Eq. IE, then the same lines of reasoning shows that Eq. DE
and the boundary condition are satisfied.
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Appendix C: Proof of Proposition 7

We begin with a Lemma:

Lemma 12 Let o (k) be any convergent Markov strategy. Denote its steady state by k. Let
h 1 [0, 00] —> R be any C function with exponential decay at infinity. The following are
equivalent:

1(k) Z/Oooh(t)u (o (K(o;t,k)))dt 47
I -0t + [ T 0w o (K 031, K) di + hO)u (0 |) = 0
I (ko) = /O "0 f (ko) 48)
Proof Consider the function ¥ (k, t) defined by:
P = 100K = [ b6 = 0o (K o5, b0 ds
Differentiating with respect to ¢ we hatve:
o

vl I'(K(o:1,k) (f (K (o5 1,k) — 0 (K(0;1,k))))

+/OO W(s —Hu (o (K(o;s,k))ds +h0)u (ok))
t

If (47) holds, then v is identically zero, and so is its derivative %, so (48) holds.

Conversely, if (48) holds, then % vanishes, and ¥ (k,t) = ¥ (k) does not depend on ¢,
so that:

Y(k) = tlim ’I (K(t, k) — /Ooh(s —Hu (o (K (o; t,k)))ds]
—>00 t
=1 (koo) — /Ooh(s)u (koo) dt
0
as desired. ]

Now for the proof of Proposition 7.

Proof Suppose that v(k)satisfies (DE), (BC) and o (k) = 1/v'(k) converges to some kqo.
Substituting the expression of R(¢) into (DE), we get:

sup [u()+v' (k) (f(k)—0)] = —/O[OEM“”—{—(I —Me )] In(o (K(o:t,k))dt  (49)

Setting u(c) = In c in the left-hand side of (49) leads to:

sup [Inc +v'(6) (£ (6) = )] = (f(k) - ) v/ (k) — Inv' (k)

v’ (k)
Define v(k) and w(k) as in formulas (36) and (37). Equation 49 becomes:

(f(k) — %) v —Inv' = avk) + bw(k) (50)
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Writing this into Eq. 50 gives (32). To get (33), we use Lemma 12 with
o(k) =i (v'(k)) =1/v'(k)
h(t) = re ¥ — (1 —r)e
so that 2(0) = (21 — 1). We get an equation for w(k):

, 1
w' (k) (f (k) — 7Y (k))
—/oo (A8 — (1 =) pe ™) u (o (K (031, k) dt — (22— )Inv' =0 (51)
0

which is easily seen to coincide with (33), and a boundary condition

A 1T—=A

w (koo) = (3 - T) In f (koo)

So v and w satisfy the Eqgs. 32 and 33, together with the boundary conditions (34) and (35).
Conversely, suppose vy and w; satisfy the equations and the boundary conditions, with
the strategy o = 1/v| converging to koo, so that:

1
(f_17) vi —In (v]) = av; + bw,

1

Ao 1=
V] (ko) = (5 + 7) In f (koo)
| P (52)
(f — —,) w) = bvy + ajw;
v
Ao 1=
wi (ko) = (3 - 7) In f (keo)
P
Consider the functions:
va(k) = / (e ™ + (1 = 1) e ) In (o1 (K (o151, k) dt (53)
0
wy (k) = / (re™ — (1 = 1) e ) In (o1 (K (o151, k) dt (54)
0

Applying Lemma 12 with / = v and I = w; successively, we have:

vy (k) (f — o1) +/0 (re™ + (1 = 1) e ) In (o1 (K (o151, k) dt +In (01 (k) =0

03 (ko) = (5 + 1_—A) In £ (keo)
3 P
ws (k) (f —o1) + /OOO (re™ — (A =1 e ) In (o1 (K (o151, k) dt =0
w2 (koo) = (& - 1_7)L) In f (keo)
é P

and hence:
vy (k) (f —o1) +1In(o1(k) = ajva + biwy

, (55)
wy (f —o01) =axvs +bowy
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Substracting (55) from (52), and setting v = v; — vy, w = w; — wy, we get:

1
(f——,)v’:av—i—bw
vl

v (keo) =0 (56)
(f—i,)w/:bv—i-aw

v

w (koo) = 0

Obviously v = w = 0 is a solution. In Lemma 13 (see below), we show that it is the only
one, so v; = v and w; = wy. Equation 53 then becomes:

o0
vi (k) = / (re™ + (1 =) e ") In (01 (K (015 1, k))) dt
0
which is precisely Eq. IE. Since v; satisfies (IE), it satisfies (DE) and (BC). ]

Lemma 13 [f (v, w) is a pair of continuous functions, which are continuous on a neigh-
bourhood Q2 of koo, continously differentiable for k # koo, and which solve (56) for k # koo,
then v =0and w = 0.

Proof Set f(k) — l/v’l(k) = ¢(k), and note that ¢(k) — oo when k — koo. The system

can be rewritten as:
v\ _ab (v
ow' ) bal\w

The characteristic equation of the matrix on the right-hand side is:

A —2ar+d>-bpr=0

and the roots are A = # =dand A = % = p Changing basis, we can rewrite the system

()-GO

where V and W are suitable linear combinations of v and w. The solutions are:

_ p _ o
V(k) = Cyexp (m), W (k) = Cyexp ((p(k))

where C1 and C; are constants. Since 1/¢(k) — £o0o0 when k — ko, and both signs occur,
one for k < koo and the other for k > ko, the only way we can get V (ko) = W (koo) =0
is by setting C1 = C, = 0. O
Appendix D: Proof of Theorem 8

D.1 Part (a)

Assume that there exists a local equilibrium strategy o (k) = 1/v/(k) converging to some
koo, with v and w of class Cc2.
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The evolution of the capital stock is given b:

dk

i S (k) — )

and since v is CZ, we may linearize it around k. to get:

dx _ , v (koo)
dr ~ (f ko)t (koo)z)x

Convergence to ko requires that

v (koo)
0 57
o (ho? < (57)

I (koo) +

We have to compute v’ (ko) and v (ko). The boundary conditions (34) and (35) give:
av (koo) + bw (o) = In f (koo)

Equation 32 then gives f (koo) V' (koo) — 1 — Inv’ (ko) = In f (koo), the only solution
of which is
1

S (ko)
Differentiating (32), and evaluating it at k = ko, we get:
(f' (ko) — a)
bf (keo)

To compute the second derivative of v at ko, we differentiate (33), using the fact that v
and w are C2, and we evaluate it at k = koo- We get:

v’ (koo) =

w' (ko) =

" koo , ,

:, (i ))2 [/ (ko) —a — @1 = 1)b] = b* — (a — [’ (keo))’
and hence:
, V' (koo) (@ — (20— 1)b) f' (koo) + b* —a?
koo = -
T Hv’(koo)Z flkeo) —a— (20— 1)b
Substituting:
a? —b? 1

@-@r=Db ~ Fy Lk
a+QRLr—Db=X+U—-1)p

we find that inequality (57) can be rewritten as follows:

/ _ 1
flkoo) =28+ (1 —=2)p —
which will be satisfied provided f’ (ko) lies between the roots of the numerator and denom-
inator. In other words, we must have ko, € A. Note (38) and (39) for future reference.
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D.2 Part (b)

We will prove that the system (32), (33) has a C? solution (v, w) satisfying (34), (35) and
defined in some neighbourhood 2 of k~,. By Proposition 7, this will prove that v satisfies
(DE) and (BC) on . If in addition k < koo < k, the equilibrium strategy o (k) = 1/v'(k)
converges to ko, as we observed in the preceding subsection, so that it is a local equilibrium
strategy converging to koo, as announced.

Introduce a new function (k) defined by:

w(k) == avk) + bw(k) —In f (k)
Note that, according to (34) and (35):

w(koo) =0

Take (v(k), i(k)) instead of (v(k), w(k)) as unknowns. The first equation becomes:
fv—1—Infv =u

The equation x —In(1 +x) = w has two solutions, x_ (1) < 0 < x4 (u) for © > 0, none
for u < 0, and the single solution x = 0 for u = 0. In other words, there are two smooth
branches coming out of 0 (note that x_ (1) behaves like —, /it and x ¢ (1) like /i for e close
to 0). Dropping the subscripts + and —, we find that the system (32), (33) describes in fact
two dynamical systems in the region © > 0, that is:

av(k) +bw(k) —In f(k) >0

while the region u < 0 is forbidden. The two dynamical systems are described by the equa-
tions:

dv _ 14+ x(w)

I 7][(]() uk) =0 (58)
de 1 14x L4 ()

— = ——————"D v, k — 59
k= TR xgo DoWevRAaTE T T T 69

Dy (e, v, k) = (b2 —az) v+apu+la—Q2r—1)b]lln f(k) + QL — 1) bIn(1 +x) (60)

where x is either x4 or x_ according to which determination is chosen. We are looking for a
pair (v(k), w(k)) of solutions of (58), (59), defined and C Zina neighbourhood of k,, with
(k) > 0 in that neighbourhood and p (ko) = O.

We will get rid of the indeterminacy between x4 or x_ by taking x as the independent
variable. Then

w=x—1In(1+x)

1 X
du=1\{1- dx = dx
1+x 1+x

becomes a function of x, and the Egs. 58, 59 and 60 then become:

L S 61)
dx 14+xD(x, v k)’

d 1

LA S 62)

dx D (x, v, k)
with:
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D (x,v,k) = (1+x)Dg (i, v, k) +ax(1 + x) — xf'(k)
1+ x)
S k)

= (1+x) |:2ax+[(2k— )b —alln + (b* —a?) v] —xf'(k)

Note that, by the boundary condition (34):

D (0, veo, koo) = (@ = (24 = ) b) In f (koo) + (b* — @%) ves
=la—Q@r— Db+ (b* —d?) LJFE In f (koo) =0
- a+b a->b s
We are looking for a solution of that system such that k(0) = k... But for x = 0 and
k = koo, both the numerator and denominator on the right-hand sides of (61) and (62)
vanish. In other words, we are dealing with a singularity. To blow up the singularity, we
introduce a new variable s, and consider the new system (which is now autonomous and
three-dimensional):

X bk x(0) =0 (63)
ds

dk x2

E=f(k)1+x, k(0) = koo (64)
W2 00) = v (65)
ds

where there are now three unknown functions (x (s), k(s), v(s)), defined near s = 0. We have
D (0, voo, koo) = 0.
The linearized system near (0, koo, Voo) iS:

d X

X
— =Alk 66
s : (66)

v
k

with (all derivatives to be computed at (0, koo, Voo)):

aD 9D 3D
dx dv 0k
A= 0O 0 O

0O 0 O
oD
a(o,km,um) =a+ 2r— 1)b—f’(koo)
oD
o (0skoo, vog) = b —a?
v
D ,
o (O koo, voo) = —12h = Db —al f (ko)

The matrix D has at most one non-zero eigenvalue.

D.2.1 Case I: a + (2% — Db # f'(koo)

In that case, the eigenspace associated with the zero eigenvalues is the plane Eq defined by
the equation:

(@+@r—1)b— f (ko)) x + (b* —a®) v — (2 — )b —a) f (koo) k =0
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The matrix can obviously be put in diagonal form. By the central manifold theorem
(see for instance [1], Theorem 1),? there exists a map h(v, k), defined in a neighborhood
O of (Veo, keo) such that h (vVeo, koo) = 0 and the manifold M defined by the equation
x = h(v, k) isinvariant by the flow. In other words, the function / (v, k) satisfies the functional
identity:

dh K% an
h2— k — =D (h, v,k
o0 T O ak (h, v, %)

The map / and the central manifold M are as smooth as f': they are C2, for instance, if
f is C3. Note that M is two-dimensional and tangent to Eg at (0, Ueo, koo):

dh b? — a?

— (Voo, ko) = —

v a+ QRr—1)b— f(kso)

% ) — Rr—1)b—a 'k
9k (Voos ko) = a+(2k—1)b—f’(koo)f (koo)-

Note also that there is another invariant manifold N, which is tangent to the eigenvector
associated with the non-zero eigenvalue. Each of these invariant manifolds gives a different
type of solution to the differential system.

We are interested in the solutions which lie on the central manifold M. They can be found
by substituting x = ak 4 Bv + h(k, v) in the equations, yielding

% — (@M k(0) =k 67)
as ~ IO hay FO =k

D ke 2 0(0) = v (68)
ds

while x is found by substituting x(s) = & (k(s), v(s)).
Eliminating the variable s from (67) and (68), we get

dv f k)
dk 1+ ak+ v+ hk,v)’

v (koo) = Voo

The solution of this initial-value problemis v (k) = v (k), where ¢ (koo) = Voo and ¥ is C 2
if 7 is C2, thatis, if f is C3. Substitutinginx = h(k, v), we get x (k) = ak+Bv+h (k, ¥ (k)).
Finally, u(k) = x(k) — In(1 + x(k)) is also C2, and so is bw(k) = u(k) —avk) +
In f (k).

D.2.2Case2:a+ 2r— 1)b = [’ (koo)

In that case, the computations change somewhat. Substituting in the equations, we get:

I +x) 2 |
70 + (b a)v] xf' (k)

= (x,v.k) X2+ B (x,v.k) (k — ko) + ¥ (x, v.k) (U — Vo)

D(x,v,k) =(1+x) |:2ax + (f' (koo) — 2a) In

2 For the sake of commodity, Carr requires that the linearized matrix at the fixed point be block diagonal.
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where «, B, y are smooth functions which are non-zero.at (0, vso, koo). Proceeding as above,
we introduce a new variable s, and we replace the system (63), (64) (65) with the following:

j—j:a(x,v.k)xz—i—ﬂ(x,v.k) (k —koo) +y (x,v.k)(V—1s), x(0)=0 (69)
& _ riky 2 L0 =k (70)
ds_f T 0) = ko

dv 2
— =x“, v(0) =vs (71)
ds

where there are now three unknown functions (x(s), k(s), v(s)), defined near s = 0. We can
no longer apply the central manifold theorem, because all the eigenvalues of the linearized
system vanish. So we introduce a new change of variables, namely:

k(s) — koo v(s) — Voo
K =— V ="
() 20) () 20)
which yields:
dK d k — ke f k) 2
—_— = =—- —2axK —2B8xK" —2y(1 KV
ds ds x? rx px v +ox
and:
dv dv—
47 S V7Y | _ogxV —28xKV = 2p(1 + x)xV?
ds ds x2
so that the system (69), (70), (71) becomes:
d
d—x — ax? 4 Bx2K + (1 + x)yx2V, x(0)=0 (72)
)
dK f 2
2o 2axK —2BxK2 =2y (1+x)xKV, K(0) = Koo (73)
ds 14+ x
dv 2
d—:l—Zoth—Z,BxKV—Zy(l—i—x)xV , V() =Vy (74)
s

with f = f (koo + sz), 0=« (x, Voo + x2V, koo + sz), and so forth. The system (72),
(73), (74) clearly has no zeroes for x = 0, so that, by the standard Cauchy-Lipschitz theorem
for solving ordinary differential equations, it has a unique (local) solution for any values
Ko > 0, Vo, and the solution depends smoothly on the initial values. Any such solution
(x(s), K(s), V(s)) will yield a solution (x(s), k(s), v(s)) of the original system (69), (70),
(71) by setting:

k(s) = Koo +x(5)2K (5), v(s) = Voo + x(s)*V () (75)

Since %(0) = f (koo) # 0, one can take K instead of s as the independent variable near
s = 0 (corresponding to K = K), thereby getting new functions x (K) and V(K) instead
of x(s) and V (s). The equations become:

dx P+ BR2K +y (1+ )2V

ax _ aX” + Bi°K +y (1+X)x L E(Ke) =0 76)
dK L 243K —2B5K2—2y (1 + %) KV

dv 1 —2aiV —2BXKV —2y (1 + %) V2 -

— = VRV Z v UADV gk =ve ()
dK —2aXK —2BxK?2 -2y (14+%)XKV

f
I+x
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The right-hand side is smooth at (0, K+, Vo) and % = 1 at this point. So problem (76),

(77) has a unique (local) solution, and it is as smooth as the right-hand side, that is to say, as
smooth as f” (because of the function §(k)), so we need f (k) to be Cr.If ()E(K), V(K)) is
such a solution, we write it back into the formulas (75):

V(K) = voo + X(K)?V(K)
k(K) = koo + X (K)?K

so that:

v(K) —veo  V(K) 1
= —_—
k(K) — koo K S (ko)

It follows from the inverse function theorem that v is a smooth function of k, with:

when K — 0

dv 1
v (koo) = Voo, ﬁ (koo) = 7 (ko)

To sum up, we have shown that in the case where A = 1/2, there is a continuum of smooth

(at least C2) (k(x), v(x)) solutions of the system (61), (62), each of whom leads to a smooth
pair of function (v(k), w(k)) satisfying (32), (33), with 0 (koo) = 0 and v (keo) = Voo-
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