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1 Introduction

The neoclassical one-sector growth model with infinitely-lived households and endogenous labor
supply combines two of the most fundamental macroeconomic tradeoffs in a simple dynamic
general equilibrium setting: the division of output between consumption and investment and
the division of time between productive activities and leisure. It is therefore not surprising that
this model forms the non-stochastic backbone of real business cycle theories, which have been
developed to simulate the reaction of output and employment to various types of exogenous
shocks. What is surprising, though, is that the labor-leisure tradeoftf is typically disregarded in
deterministic models of economic growth and that rather little is known about the structure of

the solutions of these models when the labor supply is endogenous.!

Nevertheless, there exist a couple of papers that point to interesting properties of the solutions
of the one-sector growth model with endogenous labor supply. Eriksson (1996) shows that
the long-run growth rate in such an environment typically depends on the specification of
the preferences (both when growth is due to exogenous technological progress and when it is
generated endogenously). De Hek (1998) shows by means of a numerical example that there
can be multiple (i.e., finitely many) steady states when consumption and leisure are substitutes.
Kamihigashi (2015) addresses multiplicity of steady states in a more systematic way and proves
that the model can have any finite number of steady states or even a continuum of steady
states. Moreover, multiplicity of steady states can occur for all values of the time-preference
parameter between 0 and 1 and for all production functions satisfying standard assumptions.
All three of the above mentioned papers use a social planner version of the model. Sorger (2000),
on the other hand, studies the model as a decentralized market economy and allows that the
households differ from each other with respect to their initial capital holdings (they are assumed
to be identical in all other respects). He finds that even with the standard parameterizations

used in real business cycle models, there exists a continuum of steady states that differ from

YEriksson (1996) writes that “The choice between work and leisure has been remarkably neglected in the
theory of economic growth” [Eriksson (1996), p. 533] and even the very comprehensive and more recent survey
of economic growth theory provided by Acemoglu (2009) does not discuss the case of elastic labor supply except

for briefly mentioning real business cycle models in section 17.3.



each other not only with respect to the distribution of capital among households but also with

respect to the level of aggregate output.

The only paper that we are aware of which discusses the emergence of more complicated dy-
namics is De Hek (1998), who provides an example with an asymptotically stable solution that
is periodic with period 2. He concludes his paper by posing the question of “whether this model
with leisure-dependent utility is able to generate more complex dynamics, in particular, chaos”
[De Hek (1998), p. 270]. In the present paper we provide an affirmative answer to this question.
We first extend the findings by De Hek (1998) by proving that, for any time-preference factor
between 0 and 1, there exist a production function and an instantaneous utility function —
both satisfying standard assumptions — such that the resulting model admits a periodic opti-
mal solution with period 2. Then we construct an economy for which there exists an optimal
solution that has period 3. The existence of a solution with period 3 is known to imply the
existence of periodic solutions of all periods [see Sarkovskii (1964)] and it implies the occurrence

of topological chaos [see Li and Yorke (1975)].

We use the same approach for the two cases with period 2 and period 3, respectively. The
first step is to derive necessary and sufficient conditions on the time-preference factor S and
the production function f for the existence of an instantaneous utility function u such that the
economy defined by f, u, and § admits a given periodic solution. In a second step we show
that this necessary and sufficient condition can be satisfied even if one restricts the technology
to be of Cobb-Douglas type. For the case of period 2, this approach works for any value of
the time-preference parameter 5. For the case of period 3, however, the construction works
only for very strong time-preference. This had to be expected because of the results by Mitra
(1996) and Nishimura and Yano (1996), which imply that solutions with period 3 can occur in
a general class of optimal growth models (including the one-sector optimal growth model with
endogenous labor supply studied in the present paper) only if the time-preference factor § is

smaller than (3 —/5)/2 =~ 0.38.

The rest of the paper is organized as follows. Section 2 describes the model, section 3 presents

and discusses the main results and their implications, and section 4 contains the proofs.



2 The model

We consider an infinite-horizon economy in which capital and labor are used to produce a
single output good that can be consumed or invested. A social planner seeks to maximize
welfare, which depends on the allocation of output to consumption and investment and on the
allocation of time to labor and leisure. In the present section we describe the model, state the

assumptions, and define feasible and optimal allocations.

Time evolves in discrete periods t € Ng = {0,1,2,...}. Let us denote by k; and ¢; the period-t
factor inputs of capital and labor, respectively, and by f(k;,¢;) the amount of output that is
available in period ¢t. This amount consists of output produced in period ¢ plus non-depreciated

capital from the previous period. The production function f satisfies the following assumption.

Assumption 1 (i) The function f: Ry x [0,1] — R, is continuous, concave, homogeneous of
degree 1, and continuously differentiable on R, x (0, 1].

(ii) For every k > 0 it holds that f(k,¢) is strictly increasing and strictly concave with respect
to /.

(iii) For every ¢ € (0,1] it holds that f(k,¢) is strictly increasing and strictly concave with
respect to k.

(iv) There exists k& > 0 such that f(k,1) = k.

Output can be used for consumption and for investment and we denote by ¢; the amount that

is consumed in period t. A sequence (ky, £;, ¢;);-% is called a feasible allocation if the conditions

e+ ki1 = f(ke, 0y),
0 S Et S 17
Ct Z 07

ke >0

hold for all ¢t € N.

Throughout the paper we assume without further mentioning that the initial endowment of the

economy with capital, ko, is such that kg € [0, k]. Together with assumption 1 this implies that
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every feasible allocation satisfies k; € [0, %] and ¢, € [0, k] for all + € Ng. When we specify the
preferences over allocations, we may therefore restrict the domain of the instantaneous utility

function accordingly.

The economy is endowed with a single unit of time per period such that 1 —¢; denotes the time
that is available for leisure. The preferences of the social planner are described by the welfare

functional .
Z 5tu(0t, 1-— Et)7 (1)
t=0

where u is an instantaneous utility function depending on consumption and leisure and where

[ is a time-preference factor.

Assumption 2 The function u : [0,k] x [0,1] = R is continuous, strictly increasing, and

strictly concave.
Assumption 3 It holds that 5 € (0, 1).

An economy is a triple (f,u,). Suppose that an economy (f,u, ) and an initial capital
endowment k € [0, k] are given. A feasible allocation (kt, ¢, c;) 5 is said to be interior if
(k, 4y, ¢;) € (0,k) x (0,1) x (0,k) holds for all ¢ € Ny, and it is said to be optimal from r, if it
maximizes the welfare functional (1) over all feasible allocations with the given initial capital
endowment kg = k. A feasible allocation (k:t,ét,ct)f:"g is called an optimal allocation of the

economy (f,u, ), if there exists an initial endowment x € [0, k] such that (K, £;, ;)55 is an

optimal allocation from k.

3 The results and their implications

In this section we investigate whether there exist economies ( f, u, #) that admit optimal alloca-
tions which are periodic of period 2 or 3. Our approach is as follows. We first derive conditions
on the production function f and the time-preference factor § which are necessary and sufficient
for the existence of an instantaneous utility function u such that the economy (f, u, ) satisfies

assumptions 1-3 and such that a given allocation qualifies as a periodic optimal allocation for



(f,u,5). Then we show that these necessary and sufficient conditions can be satisfied even by

a Cobb-Douglas production function.

We start with the case of period 2. A feasible allocation (ki, £, ¢;),-% is said to be periodic of
period 2 if there exist real numbers k,, ky, £q, £y, cq, and ¢, such that (k;, £;, ¢;) € [0, k] x [0, 1] x
[0, k] for i € {a,b}, k, # ky, and

(kayly,cqo) ift=0mod 2,
(kt7€tact) = (2)
(kb,gb, Cb) if t =1 mod 2

hold. We have the following theorem.?

Theorem 1 Let f and B be given such that assumptions 1 and 3 hold. Suppose furthermore
that there exist real numbers ko, ky, la, and U, with k, # ky such that (k;, ¢;) € (0,k) x (0,1)
holds for i € {a,b}. The following two statements are equivalent:

(a) There exists an instantaneous utility function u satisfying assumption 2 and real numbers
ca € (0,k) and c, € (0,k) such that the allocation defined by (2) is an optimal allocation for
the economy (f,u, ).

(b) 1t holds that

62f1(ka7£a)fl(kb7£b) =1 (3)

and

[1 - Bfl(kmga)][f(khfb) + kb - ka - fl(kmga)ka - fQ(kmga)Eb] > 0. (4)

The proof of the theorem can be found in section 4.1. Note that the conditions stated in part
(b) of the theorem involve only the production function f and the time-preference factor 5. We
will now show that these conditions can be satisfied for any feasible value of 5 € (0,1) even if

one restricts the technology to be described by a Cobb-Douglas production function.

Example 1 Let a € (0,1) and g € (0,1) be arbitrary constants and define A = 1/(af). We
consider a Cobb-Douglas production function of the form f(k,¢) = Ak®¢*=~. Tt holds that

2Throughout the paper we denote partial derivatives by subscripts. For example, u1(cq, 1 —£,) is the partial
derivative of the instantaneous utility function u with respect to its first argument evaluated at the point
(cas1 — €,). Analogously, fa(k,?,) is the partial derivative of the production function f with respect to its

second argument evaluated at the point (kq,¢,).



filk, ) = aA(k/0)>7" and fo(k,£) = (1 — a)A(k/€)*. Suppose furthermore that k,/l, = 7,
where v > 1 is arbitrary. Because of A = 1/(af), condition (3) is satisfied if and only
if ky/l, = 1/v < 1. It follows that k, = ¢, and k, = (1/7)¢,. Note furthermore that
Bfi(ka,ly) = (ka/ly)* ' < 1. This implies that condition (4) is satisfied if and only if the term
in the second bracket is strictly positive. Using the Cobb-Douglas specification and the results
mentioned so far, we can express the positivity of the term in the second bracket of (4) as

114, > T(,, where
Ty =Ay 4+ —(1—a)Ay* and T, = v + oAy

It is obvious that T is positive. As for T3, we see that lim, ,; 71 = 1 + oA > 0 such that
one can always find a value v > 1 for which 7} becomes strictly positive. But if both 77 and
T, are positive, then one can find two numbers ¢, € (0,1) and ¢, € (0, 1) such that the above
inequality T1¢, > T»l, holds: just let £, be an arbitrary element from the interval (0,1) and
choose ¢, from the non-empty interval (0,71¢,/T3). Hence, we have demonstrated that, for
every time-preference factor 5 € (0, 1), there exists a Cobb-Douglas production function f and

numbers k,, ky, {4, ¢, with k, # k, such that condition (b) of theorem 1 holds.

Together with theorem 1 the above example gives rise to the following corollary.

Corollary 1 For every 8 € (0,1) there exists a Cobb-Douglas production function f and an
instantaneous utility function u satisfying assumption 2 such that the economy (f,u, ) admits

an optimal allocation which is periodic of period 2.

This finding is more general than that of De Hek (1998) in the sense that it guarantees the ex-
istence of optimal allocations of period 2 for all time-preference factors 5 € (0,1). On the other
hand, we do not say anything about the stability of these optimal allocations. The stability
properties would depend on the second-order derivatives of both the production function and
the instantaneous utility function. Since these derivatives are not restricted except for being
negative, we believe that optimal allocations of period 2 would exist for all time-preference

factors 5 € (0,1) even if we were to impose their stability as an additional requirement.



Let us now turn to the case of period 3. A feasible allocation (k;, s, ¢;),-% is periodic of period
3 if there exist real numbers k,, ky, k., Lo, ly, L., cq, Cp, and ¢, such that k,, k,, and k. are

mutually different from each other and such that

(kayla,co) ift =0 mod 3,
(ke broce) = S (ky, by, ) if t =1 mod 3, (5)
(keyleyce) if t =2 mod 3

holds. To state our main result regarding optimal allocations of period 3, we need to introduce

some notation. Let us consider an allocation of the form (5) and define

Foop = f(kay la) + ke — ky — fi(k, &)k — fa(ky, €y) L,
Fyae = [k, O) + ko — ke — fi(ke, Le)ke — [2(ke, €c) by,
Fopa = f(ke, €e) + kp — ko — fi(ka, la)ka — f2(Kas Ca)Le,
Gaab = f(Kay la) + ko — ko — fi(ke, €e)ke — falke, €e)la,
Grve = [k, ly) + kp — ke — fi(ka, la)ka — fa(ka, £a)ls,
Geca = flkele) + ke — ko — fi(kp, €o)kp — fo(k, €p)Le

The proof of the following theorem is presented in section 4.2.

Theorem 2 Let f and B be given such that assumptions 1 and 3 hold. Suppose furthermore
that there exist real numbers k,, ky, ke, Lo, by, and {. such that ko, # ky, ky # ke, ko # ke, and
(ki, ;) € (0,k) x (0,1) hold for all i € {a,b,c}. The following two statements are equivalent:
(a) There exists an instantaneous utility function u satisfying assumption 2 and real numbers
ca € (0,k), ¢, € (0,k), and c. € (0,k) such that the allocation defined by (5) is an optimal
allocation for the economy (f,u, ).

(b) 1t holds that

32 f1(ka, £a) 1 (Ko, €6) fr(Ke, Le) = 1, (6)
B2 f1(ka, £a) f1(Fe, €c) Facy + Guse > 0, (7)
Bfi(ke; le)Geca + Fpae > 0, (8)
Bf1(ka, la)Gaap + Fepa > 0, (9)

8



62f1(ka: ga)fl(kca gc)Gcca + ﬂfl<ka7 ga)Gaab + bec > Oa (10)
52]61(]{;@7 ga)fl(kca gc)Facb + 5f1(kaa ga)Fbac + Fcba > 0. (11)

Having derived the necessary and sufficient conditions on f and § for the existence of an econ-
omy (f,u, ) that admits an optimal allocation of period 3, we now show that these conditions
can be satisfied even if we restrict the technology to be of the Cobb-Douglas variety. This is

the purpose of the following example.?

Example 2 Let us specify the production function by f(k,¢) = Ak*¢'~* with a = 1/3 and the
time-preference factor by 8 = 7/20. Furthermore, we choose the allocation variables k, = 1507,
ky, = 2143, k. = 3200, ¢, = 2/5, ¢, = 57/100, and ¢, = 21/25. The productivity parameter A
is determined in such a way that condition (6) holds, which yields a unique value A ~ 2079.

With these specifications it is straightforward to verify that conditions (7)-(11) hold.*
From theorem 2 and example 2 we obtain the following corollary.

Corollary 2 There exists a Cobb-Douglas production function f, an instantaneous utility func-
tion u satisfying assumption 2, and a time-preference factor 8 satisfying assumption 8 such that

the economy (f,w, ) admits an optimal allocation which is periodic of period 3.

To explain the implications of the above results let an economy (f,u, /) be given such that
assumptions 1-3 hold. It follows from standard results on dynamic programming® that, for
every initial capital endowment x € [0, k], there exists a unique optimal allocation from x.
Moreover, there exists a continuous function A : [0, k] + [0, k] such that the set of all optimal
allocations of the economy (f,u, ) coincides with the set of all trajectories of the difference
equation

ko1 = h(ky) for all t € Ny (12)

which start in initial states ko € [0,k]. The function h is called the optimal policy function

for (f,u,B). Equation (12) says that the capital stocks in every optimal allocation form a

3This is just one of several examples that we have found.

4The verification has been executed with the software Mathematica®.
5See, e.g., Stokey and Lucas (1989), Miao (2014), or Sorger (2015).
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trajectory of a continuous dynamical system defined on the one-dimensional compact state
space [0, k]. When the economy (f, u, 3) admits an optimal allocation of period 3, it follows that
the corresponding difference equation (12) has a periodic trajectory with period 3. Continuous
dynamical systems which are defined on a one-dimensional state space, such as (12), are very
well-studied and it is known that the existence of periodic solutions with period 3 has strong
implications.® First, according to Sarkovskii (1964) it follows that a difference equation that
admits a periodic solution of period 3 admits periodic solutions of all periods p € N. Second,
according to Li and Yorke (1975), the existence of a periodic solution of period 3 implies
that the dynamical system (12) exhibits topological chaos. This means in particular that
there exists an uncountable set S of initial capital endowments such that the unique optimal
allocation emanating from any s € S is neither periodic nor asymptotically periodic and that,
for any pair {k, '} C S, the two optimal allocations starting in x and ', respectively, become
arbitrarily close to each other without converging to each other. Hence, theorem 2 and its
corollary prove that the neoclassical one-sector growth model with endogenous labor supply
can generate very complicated dynamics and that its optimal allocations can display sensitive

dependence on initial conditions.

Whereas we could establish the existence of optimal allocations of period 2 for any feasible
time-preference factor 5 € (0, 1), this is not possible in the case of optimal allocations of period
3. It is known from Mitra (1996) and Nishimura and Yano (1996) that an optimal allocation
with period 3 can only exist if 3 < (3 —1/5)/2 =~ 0.38. The economy presented in example 2
features 5 = 0.35. We do not know whether the bound (3 — v/5)/2 is sharp for the class of

models under consideration.

Both theorems 1 and 2 are established by a constructive proof. The crucial step in this construc-
tion is the specification of the instantaneous utility function u. We define it as the minimum
of two (in the case of theorem 1) or three (in the case of theorem 2) strictly concave quadratic
polynomials in consumption and leisure. The construction is non-trivial because we have to
ensure that the first-order optimality conditions for the economy (f,u, ) are satisfied along

the given periodic allocation. This gives rise to the conditions stated in part (b) of the theorem

6See, e.g., Collet and Eckmann (1980), De Melo and Van Strien (1993), or Sorger (2015).
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1 or 2, respectively. Due to the boundedness and convexity imposed in assumptions 1-2 and
the strict time-preference resulting from assumption 3, the first-order conditions are sufficient

for optimality.

Finally, the reader may be wondering why we impose smoothness of the production function
f in assumption 1 but do not make an analogous assumption on the instantaneous utility
function u. The reason is that the function u employed in the constructive proofs of theorems 1
and 2, respectively, is the minimum of finitely many smooth polynomials. This function is
not differentiable along the one-dimensional manifolds at which the graphs of the polynomials
intersect. It is possible, however, to replace the function u in these proofs by a smooth function
satisfying assumption 2 without violating any of the first-order conditions. This is the case
because the first order conditions involve the partial derivatives of the function u only at the
(two or three) points along the allocation, and because these points are separated from the
manifolds along which the non-differentiability occurs. Thus, the two theorems would remain
valid if we were to strengthen assumption 2 by imposing smoothness of the instantaneous utility

function.

4 The proofs

4.1 Proof of theorem 1

The following lemma presents necessary and sufficient first-order optimality conditions for an

interior feasible allocation of the form (2).

Lemma 1 Let (f,u, ) be an economy satisfying assumptions 1-8 and suppose that there exist
real numbers kg, ky, la, by, ca, and c, such that kg # ky and (k;, €;,¢;) € (0,k) x (0,1) x (0, k) for
i € {a,b} hold and such that the utility function u is continuously differentiable locally around
both of the two points (cu, 1 —4,) and (cy, 1 — €). The sequence (ky, by, )55 defined by (2) is
an optimal allocation for the economy (f,u, ) if and only if the following conditions hold:
o+ kp = f(ka, ), (13)
o+ ka = [k, by), (14)

11



52fl<ka7£a)fl<kb7€b) = 17 ( )
Ul(Cb,l _Eb) = Bfl(kaaga)ul(cml _Ea)v ( )
U1 (Cay 1 — L) fo(kay ba) = us(ca, 1 — £,), (17)

(18)

uy(cp, L — Cy) fa(kp, b) = ua(cy, 1 — £p).

ProOF: Consider the allocation specified by (2). Because of (k;, £;, c;) € (0,k) x (0,1) x (0, k)
and (13)-(14) this allocation is feasible and interior. It is known that, under assumptions 1-3,
an interior feasible allocation is an optimal allocation if and only if the first-order optimality

conditions

U1 (Ct, 1— gt) = Bfl(kt+17 €t+1)’d1 (Ct+1, 1— €t+1> for all ¢t € No, (19)

uy (e, 1 —0) fo(ke, by) = us(cy, 1 — €;) for all £ € Ny (20)
as well as the transversality condition

lim ﬁtul(ct, 1- gt)kt-&-l =0

t—+o00
are satisfied. These conditions require differentiability of the production function f and the
instantaneous utility function u locally around the allocation, which has been assumed for f in
assumption 1 and for u directly in the lemma. The first-order condition (20) holds along the
given allocation if and only if (17)-(18) are satisfied. The Euler equation (19) holds along the

given allocation if and only if (16) as well as the corresponding equation

U1 (Ca, 1 = o) = Bfr(kp, €y)ur(co, 1 — £p) (21)

are satisfied. Multiplying the left-hand sides and the right-hand sides of (16) and (21) we obtain
(15). Conversely, if (15) holds, then one of the two Euler equations (16) and (21) is redundant.
In other words, equations (16) and (21) together are equivalent to equations (15)-(16). Finally,
the transversality condition holds because of the boundedness of the allocation, the interiority

of (¢;, 1 —¢;) for i € {a,b}, and assumption 3. This completes the proof of the lemma. O

Note that conditions (15)-(16) together with k, # k, imply that (c,,l,) # (b, €p). Indeed, if
(€ayla) = (e, ly) = (c,€) holds, then it follows from (15)-(16) that fi(k.,¢) = fi(ks, () = 1/,
which contradicts k, # ky, due to the strict concavity of the mapping k +— f(k,{).

12



Equations (16)-(18) are the only conditions stated in lemma 1 which involve the instantaneous
utility function. Since these equations are homogeneous in the partial derivatives u;(¢;, 1 — ¢;)
and uy(c;, 1 —¢;) for i € {a, b}, we may normalize these partial derivatives by setting u;(c,, 1 —

¢,) = 1. Solving (16)-(18) under this normalization yields

uica, 1= Ly) = 1, (22)
uy(cp, 1 = by) = Bfi(ka; la), (23)
uz(Car 1 = o) = faka, la), (24)
uz(cp, 1 — ) = Bfi(ka, la) fo(ko, &) (25)

It remains to find out under which conditions there exists an instantaneous utility function
satisfying assumption 2 and conditions (22)-(25). To this end we prove the following auxiliary

lemma.

Lemma 2 Let X and Y be non-empty and compact intervals on the real line and let x,, xp,
Ya, and y, be real numbers such that z; € int (X) and y; € int'Y hold for all i € {a,b} and
such that (xa,Ya) # (p, yp). Furthermore, let wy,, wip, Wae, and wey be positive real numbers.
The following two statements are equivalent:

(a) There exists a function w : X XY +— R which is continuous, strictly increasing, and strictly
concave and which is continuously differentiable locally at the points (xa,ys) and (xp,yp) with

partial deriwatives
wi (74, yi) = wi and wy(w;,y;) = wy for i € {a,b}.

(b) The inequality
(wla - wlb)(xb - xa) + <w2a - w?b) (yb - ya) >0 (26)

holds.

PRrROOF: We first prove that (a) implies (b). By strict concavity of w and (x4, y.) # (xp, ys) it
follows that

W(Tq, Ya) < W(Tp, Yp) + w1p(Tq — Tp) + Wap (Yo — Yb)

13



and

w(xp, Yo) < W(Ta,Ya) + Wia(Ty — o) + Woa(Yb — Ya)-

Combining these two inequalities, we obtain

wip(Ty — Ta) + Wap(Yo — Ya) < W(Tp, Yp) — W(Ta, Ya) < Wia(To — Ta) + Waa(Yp — Ya)-

Obviously, this implies (26).
The proof that (b) implies (a) is divided into three steps.

STEP 1: Inequality (26) is equivalent to

wlb(xb - xa) + w?b(yb - ya) < wla($b - xa) + wQa(yb - ya)'

Hence, there exist real numbers w, and w, such that
wip(Ty — Ta) + Wop(Yp — Ya) < Wy — Wa < Wia(Ty — Ta) + Waa (Yo — Ya)- (27)

STEP 2: We define for all ¢ € {a,b} and all ¢ € R, the quadratic polynomial g(-,-|i,¢) :
X xY — R by

9(w,yli,e) = wi +wii(r — ;) + woi(y —yi) — € [(95 - le')Q +(y — ?/z)Q] .

Since the numbers wy; and ws; are strictly positive for all i € {a, b} it follows that g(x,y|i,0)
is strictly increasing with respect to (z,y) for all i € {a,b}. Since X X Y is compact, this
property is robust to small perturbations of . Hence, g(z,y|7,¢) is strictly increasing for
all sufficiently small positive numbers € and all i € {a,b}. It is also clear that g(z,y|i,¢) is
strictly concave for any positive € and all i € {a,b}. The inequalities in (27) can be expressed
as 9(TayYa|a,0) < g(2a,ya|b,0) and g(zp, v |0,0) < g(zp,ys|a,0). Due to continuity of g,
these strict inequalities remain true if € is a sufficiently small positive number instead of 0. It
is therefore possible to find a positive number & such that g(z,y |1, &) is strictly increasing and

strictly concave with respect to (x,y) for all i € {a, b} and such that

g(xaa Ya | a, é) < g(xm Ya, ’ b7 5) and g(*rln Ub | b7 5) < g(xbv Yb | a, 5) (28)
hold.

14



STEP 3: Finally, we define the function w : X x Y +— R by

w(z,y) = min{g(z,y[1,€) [i € {a,b}}.

As a minimum of continuous, strictly increasing, and strictly concave functions, the function w
itself is also continuous, strictly increasing, and strictly concave. The inequalities stated in (28)
imply furthermore that w is continuously differentiable locally around the points (x,,y,) and
(xp, yp) and that its partial derivatives at these points are given by wq(z;, ;) = g1(xi, v | 1,€) =
wy; and we(zi, ¥i) = g2(xi,yi | 1,E) = wy; for all i € {a,b}. This completes the proof of the

lemma. O

To conclude the proof of theorem 1 we apply the above lemma with X = [0,k], Y = [0, 1],
w(z,y) =u(zr,l —y), z; = ¢;, and y; = 1 — ¢; for all i € {a,b}. This shows that there exists
a function u : [0, k] x [0,1] + R such that assumption 2 is satisfied and such that the partial
derivatives of u at the points (¢4, 1 — ¢,) and (¢, 1 — ;) exist and are given by (22)-(25) if and
only if the inequality

[1 - Bfl(kavga)](cb - Ca) + fZ(kaaga)[l - 5fl(kav€a)](€a - gb) >0
holds. We can use (13)-(14) to eliminate ¢, and ¢, from this condition, which yields
[1 - Bfl(kayga)][f(kb>€b) — ko — f(kmga) + Ky + fQ(kaaga)ga - fQ(kavga)gb] > 0.

Linear homogeneity of f implies that fo(kq, la)la — f(ka,la) = — f1(ka, la)ke. Substituting this

into the above formula, we obtain (4). This completes the proof of theorem 1.

4.2 Proof of theorem 2

The general strategy of the proof is the same as in the case of theorem 1. Some of the details,
however, are more complicated. We begin by stating the first-order optimality conditions for
an interior feasible allocation of the form (5). Since the proof of the following lemma 3 is

completely analogous to that of lemma 1 it is omitted.

Lemma 3 Let (f,u,3) be an economy satisfying assumptions 1-8 and suppose that there exist

real numbers ko, ky, ke, Lo, Co, Le, Ca, Cb, and c. such that kg # ky, ky # ke, ko # ke, and
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(i, €i,ci) € (0,k) x (0,1) x (0,¢) for all i € {a,b,c} hold and such that the utility function u is
continuously differentiable locally around each of the three points (cq, 1 — £y), (¢p,1 — 4p), and
(Cey 1 —L.). The sequence (ky, Uy, ;)5 defined by (5) is an optimal allocation for the economy
(f,u,B) if and only if the following conditions hold:

o+ Ky = f(kasla) s o+ ke = fkp, b) . cct ko= [f(ke,Le), (29)
B3 fi(kas Ca) fi (Ko, 0) fi(ke, £e) = 1, (30)
ur(cp, 1 = by) = Bfi(ke, be)ui(ce, 1 = Le), (31)
ui(ce, 1 = Le) = Bfi(ka, la)ui(ca, 1 — L), (32)
i (e 1 — 6) folks 03) = us(ca 1 — €3 for alli € {a,b,c}. (33)

As in the case of optimal allocations of period 2, one can see that conditions (30)-(32) imply
that not all three points (c¢q, 1 — 4,), (¢, 1 — £;), and (c., 1 — £.) can coincide. However, we
need the stronger result that these three points are mutually different from each other. The

following lemma establishes this property.

Lemma 4 Let (f,u, ) be an economy satisfying assumptions 1-3 and suppose that there exist
real numbers ko, ky, ke, Lo, Uy, Le, Co, Cb, and c. such that kg # ky, ky # ke, ko # ke, and
(i, €;,ci) € (0,k) x (0,1) x (0,¢) for all i € {a,b,c} hold and such that the utility function u is
continuously differentiable locally around each of the three points (cq, 1 — £y), (¢p, 1 — £p), and
(Cey 1 —L.). If the sequence (kg by, ct) 55 defined by (5) is an optimal allocation for the economy
(f,u, B) then it follows that the three points (cqu, 1 —4y), (cp, 1 —£€p) and (c., 1 —L.) are mutually

different from each other.

PROOF: Since the economy satisfies assumptions 1-3, standard arguments from dynamic pro-
gramming imply that optimal allocations exist and that the optimal value function V : [0, k]

R is bounded, continuous, and strictly concave. Moreover, it holds for all i € {a, b, c} that
(¢i, l;) = argmax{u(c,1 — €) + BV (f(ki, ) —c) | c € [0, f(k;, 0)], ¢ € [0,1]}.
Since (ki £;,¢;) € (0,k) x (0,1) x (0,k) holds for all i € {a,b,c} it follows that

0 € {uilci, 1 =)+ Bplp € OV (f(ki, i) — i)},
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where 9V (k) denotes the subdifferential of the strictly concave function V at k.” Now suppose

that (cq, 1 — £4,) = (¢, 1 — £y) = (¢,1 — £). The above condition implies that

—W € OV (ky) N OV (k).

Because V is strictly concave and ky, # k. by assumption, the right-hand side of this formula is
the empty set. Hence, we obtain a contradiction to the assumption (cq, 1 — 4,) = (¢, 1 — &),

which proves the lemma. 0

Equations (31)-(33) are the only conditions stated in lemma 3 which involve the instantaneous
utility function. Since the equations are homogeneous in the partial derivatives u;(¢;, 1—¥¢;) and
us(ci, 1=4¢;) for i € {a, b, c}, we may normalize these partial derivatives by setting u(c,, 1—£,) =

1. Solving (31)-(33) under this normalization yields

g
=
@)
<
—_
|
)
=
I
g
=
=
Il
=
[\
S
=
—~
%
£
)
o
S~—
S
=
—~
X
e
)
o
SN~—

We can now state the analogue of lemma 2 for the case of period 3.

Lemma 5 Let X andY be non-empty and compact intervals on the real line and let x,, xp, x.,
Ya, Yo, and y. be real numbers such that x; € int (X) andy; € int Y hold for alli € {a,b,c} and
such that the three points (Ta,Ya), (Tv,Ys), and (x.,y.) are mutually different from each other.
Furthermore, let wi,, Wiy, Wi, Waq, Wap, and wy. be positive real numbers. The following two
statements are equivalent:

(a) There ezists a function w : X XY — R which is continuous, strictly increasing, and

"In parts of the literature, the terminology ‘subdifferential’ is only used for convex functions, whereas it is

replaced by ‘superdifferential’ in the case of concave functions.
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strictly concave and which is continuously differentiable locally at the points (Ta,Ya), (Tb,Ys),
and (¢, y.) with partial derivatives
wi (i, y:) = wi; and wa(w,y;) = wy fori € {a,b, c}.

(b) It holds that

(wip — wia)(Ta — ) + (W2p — W2a) (Yo — 1) > 0, (40)
(wie — wip) (xp — Tc) + (Wae — wap) (Yo — ye) > 0, (41)
(wie — w1a)(Ta — @e) + (W2e — W2a) (Yo — Ye) > 0, (42)
Wia(Tp — Ta) + Wip(Te — p) + Wie(Ta — Te)

> Waa(Ya — Yo) + w2 (Yo — Ye) + Wae(Ye — Ya), (43)
Wia(Te — Ta) + Win(Ta — Tp) + Wic(Ty — Tc)

> Waa(Ya — Ye) + Wap(Yp — Ya) + Wae(Ye — Us)- (44)

PRrROOF: We first prove that (a) implies (b). Since the three points (24, Ya), (s, ¥s), and (x., y.)

are mutually different, it follows from strict concavity of w that

W(Zas Ya) < W(Th, Yp) + Wip(Ta — Tp) + Wap(Ya — Us), (45)
W(TayYa) < W(TeYe) + Wie(Ta — Te) + Wae(Ya — Ye), (46)
w(@p, Yp) < W(Tas Ya) + Wia(Tp — Ta) + Waa (Yo — Ya), (47)
w(wp, Yp) < W(Te,Ye) + Wie(Ty — Te) + Wae(Yp — Ye), (48)
W(Te, Ye) < W(Ta, Ya) + Wia(Te — Ta) + Waa(Ye — Ya), (49)
w(xe, ye) < wl@p, yp) + win(Te — o) + wap(Ye — Y)- (50)

Combining (45) and (47), one obtains (40). In the same way, one gets (41) from (48) and (50)
and one gets (42) from (46) and (49). Adding (46), (47), and (50) yields (44), and adding (45),
(48), and (49) one obtains (43).

The proof that (b) implies (a) is split up in the same three steps as the proof of the corresponding

lemma 2.
STEP 1: We first prove that there exist real numbers w,, w;,, and w, such that the inequalities
Wip(To — Ta) + Wap (Yo — Ya) < Wp — We < W1a(To — Ta) + Waa(Yb — Ya), (51)
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W1e(Te — xp) + Wae(Ye — Yp) < We — Wy < Wip(Te — Tp) + Wap(Ye — Yp), (52)

wlc(xc - :L'a) + w2c(yc - ya) < We — W < wla(xc - xa) + w?a(yc - ya) (53)

hold. To this end, we define the real numbers

Ay = wip(Ty — o) + Wop (Yo — Ya) » Bra = Wia(Ts — Ta) + Waa(Yp — Ya),
Ay = Wie(e — ) + Wae(Ye — Yb) s Bey = wip(@e — 2p) + wop(Ye — W),

Aca - wlc(xc - xa) + w2c(yc - ya> y Bca - wla(xc - xa) + w2a(yc - ya);

and the open intervals Iy, = (Apa; Bpa), Ieb = (A, Bey), and I, = (Acq, Bea)- It follows from
(40)-(42) that all three of these intervals are non-empty. Furthermore, it follows from (43)-(44)
that Ay, + Ay < Bey and A, < By, + Bep. This, in turn, implies that

{6ba + 5cb ‘ 5ba S Ibm 5cb € [cb} N [ca 7é (Z)

Consequently, there exist real numbers 6y, € Ipy, 0cp € I, and 6., € I, such that 0., = dpg+0cp-
Let w, be an arbitrary real number and define w, = w, + &y, and w, = w, + ... Then it follows
that w, — wg = O € Tpay, We — W = g — Opa = Oep € Iy, and w, — Wq = 0pq € Ioq. Obviously,

this is equivalent to (51)-(53).

STEPS 2 AND 3: Since these steps are completely analogous to the corresponding steps in the
proof of lemma 2, we omit many details. One starts by defining for all i € {a,b,c} and all

e € R, the quadratic polynomial g(-,-|7,¢) : X x Y — R by
g(w,yli,e) = wi +wi(r — ;) + waiy —yi) — € [(I - %’)2 +(y — yz)Q] .

If € is positive but sufficiently small, g(-, - |4, ) is strictly increasing and strictly concave for all

i € {a,b,c}. Then, one defines the function w: X x Y — R by

w(z,y) = min{g(z,y|i,¢) |7 € {a,b,c}}.

If € is positive but sufficiently small, then it follows that w is a continuous, strictly increasing,
and strictly concave function. Furthermore, the inequalities in (51)-(53) ensure that w is
continuously differentiable locally around the three points (z4,va), (zs, %), and (x.,y.) and

that its partial derivatives at these three points are given by wi(x;, v;) = g1(x;, y; |i,€) = wy;
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and wy(x;,y;) = go(xi,yi | i,€) = we; for i € {a,b,c}. This completes the proof of the lemma.

O

To conclude the proof of theorem 2 we apply the above lemma with X = [0,k], Y = [0, 1],
w(z,y) =u(zr,1 —y), x; = ¢, and y; = 1 — ¢; for all i € {a,b,c}. This shows that there exists
a function u : [0, k] x [0,1] + R such that assumption 2 is satisfied and such that the partial
derivatives of u at the points (¢, 1 — €,), (¢, 1 — &), and (c., 1 — £.) exist and are given by

(34)-(39) if and only if the inequalities

(u1p — u1a)(Ca = ) + (uzp — uza)(lp — la) > 0,
(u1e — urp)(cp — ) + (uge — ugp)(le — €y) > 0,
(wie — uia)(ca =€) + (U2e — u2a)(le — La) > 0,
U1a(Cy — Ca) + urp(ce — ) 4 Ure(Ca — Ce) > Ua(ly — La) + uap(le — ly) 4 Uge(la — Lc),
)

ul(l(CC — Cq + ulb(ca — Cb) + ulc(cb — Cc) > u2a(€c - ga) + u2b(£a - gb) + UZC(&) - gc)

hold, where the numbers wuy; and uy; for i € {a,b,c} are defined in (34)-(39). We can use (29)
to eliminate c¢,, ¢, and ¢, from these conditions, and we can use linear homogeneity of the
production function to replace fo(k;, €;)0; — f(ki, ¢;) by —fi(ki, €;)k; for all i € {a,b,c}. This
leads to conditions (6)-(11) and the proof of theorem 2 is complete.
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