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Abstract

We prove the existence of competitive equilibrium in an optimal growth
model with elastic labor supply under general conditions. The proof of ex-
istence of equilibrium relies on recent results on existence of Lagrange mul-
tipliers. It requires less stringent assumptions than the literature which
are often violated in applied macroeconomic problems. In particular, we
do not require either the Inada conditions, strict concavity or differen-
tiability. We give examples to illustrate the violation of the conditions
used in earlier existence results and where there is a corner solution, but
a competitive equilibrium can be shown to exist following the approach
in this paper.
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1 Introduction

The optimal growth model is one of the main frameworks in macroeconomics.
While variations of the model with inelastic labor supply are used widely in
growth theory, the version with elastic labor supply is used in business cycle
models, both for exogenous and endogenous fluctuations. Despite the central
place of the model with elastic labor supply in dynamic general equilibrium
models of macroeconomics, existence of competitive equilibrium in general set-
tings has proved to be a challenge. Results of existence of equilibrium ([5], [7],
[10], [13]) use strong conditions for existence. This paper establishes existence
of equilibrium under very weak conditions: neither Inada conditions, nor strict
concavity, nor constant returns to scale (or more generally, homogeneity), nor
restrictions on cross-partials of the utility functions.

The approach taken in this paper is a direct method based on existence
of Lagrange multipliers to the optimal problem and their representation as a
summable sequence. The problem with inelastic labor supply was considered
by [14]. This approach uses a separation argument where the multipliers are
represented in the dual space (€°°) of the space of bounded sequences £*°. While
one would like the multipliers and prices to lie in ¢!, it is not the dual space
([8]). Previous work following [16], the representation theorems followed separa-
tion arguments applied to arbitrary vector spaces (see [3], [2], [6]). The Le Van
and Saglam ([14]) approach also uses a separation argument but imposes re-
strictions on the asymptotic behavior of the objective functional and constraint
functions which are easily shown to be satisfied in standard models. This is
related to [9]. There is a difficulty in going from the inelastic labor supply to
the elastic labor supply model: While one can show that the optimal capital
stock is strictly positive, without assuming Inada conditions, one cannot be sure
that the optimal labor supply sequence is strictly positive. Thus, the paper by
[13] which took the approach of decentralizing the optimal solution via prices
as marginal utilities had to make additional strong conditions on the utility
function to ensure that the labor supply sequence remains strictly positive. As
we show, following [14], that the Lagrange multipliers to the social planners
problem are a summable sequence, we can directly use these to decentralize the
optimal solution and not have to make strong assumptions to ensure interiority
of the optimal plan. Thus, the Inada conditions do not have to be assumed.
As the separation theorem does not require strict concavity or differentiability,
these strong assumptions on utility functions can be dropped. This is especially
important as an important specification of preferences in applied macroeco-
nomics models is with linear utility of leisure where strict concavity is violated.
This specification also results in the planners problem in models with indivisible
labor ([11],[17]). The relaxation of Inada conditions is especially important as
they may also be violated in utility and production functions of the CES class
which are also widely used in the applied literature. Furthermore, there is no



need to make any assumption on cross-partial derivatives of the utility function
as in [1], [5], [7], [10] and [15].! Thus, whether labor supply is backward bending
or not, and whether consumption is inferior or not plays no role in existence of
equilibrium.

The organization of the paper is as follows. Section 2 provides the suffi-
cient conditions on the objective function and the constraint functions so that
Lagrangean multipliers can be represented by an é}r sequence of multipliers in
optimal growth model with leisure in the utility function. In section 3, we
prove the existence of competitive equilibrium in a model with a representative
agent by using these multipliers as sequences of prices and wages. Section 4
provides examples where many of the conditions used to assert existence of an
equilibrium are violated. In particular, there is a corner solution but show that
a competitive equilibrium exists following the approach of the current paper.
Section 5 concludes.

2 Lagrange multipliers in the optimal growth
model

Consider an economy where the representative consumer has preferences defined
over processes of consumption and leisure described by the utility function

oo
2 : t
,8 U(Ct7 lt)
t=0
In each period, the consumer faces two resource constraints given by

ct+ kg1 < F(ke, L)+ (1 —0)ky,
L,+L; = 1,Vt

where F' is the production function, ¢ € (0,1) is the depreciation rate of capital
stock and L; is labor. These constraints restrict allocations of commodities and
time for the leisure.

Formally, the problem of the representative consumer is stated as follows:

maXZﬂtU(Cu lt)

t=0

s.t. Ct+kt+1 < F(l{?t,l—lt)+(1—6)]€t, VtZO
¢t > 0, k>0,0>20,1-10;>0, Vt>0
ko > 0is given.

IThese papers essentially show the isomorphism of the dynamic problem with endogenous
leisure to one without endogenous leisure, and the assumptions are used to show monotonicity
of the optimal capital path which combined with the static labor-leisure choice gives existence
in the original problem.



We make a set of assumptions on preferences and the production technology.
The assumptions on the period utility function u : Ri — R are:

Assumption Ul: wu is continuous, concave, increasing on Ri and strictly
imncreasing on Rﬁ_ L
Assumption U2: u(0,0) = 0.

The assumptions on the production function F : Ri — R, are as follows:
Assumption F1: F s continuous, concave, increasing on Ri and strictly
imncreasing on Rﬁ_ L
Assumption F2: F(0,0) = 0,limg_,o Fi(k, 1) > §,limp_ oo Fr(k, 1) < 0.

The assumptions Ul, U2, F1 are standard. Note we do not assume strict
concavity, differentiability or Inada conditions for the utility and production
functions. Assumption F2 is a weak assumption to ensure that there is a maxi-
mum sustainable capital stock, and thus the sequence of capital is bounded.

We have relaxed some important assumptions in the literature. [3] assumes
that the production set is a convex cone (Theorem 3). [4] assumes the strictly
positiveness of derivatives of utility functions on ]Ri (strictly monotonicity as-
sumption). In our model, the utility functions may not be differentiable in
R?2 .2 [15] assumed the cross-partial derivative u’, has constant sign, ul(z,z)
and u}(x,x) are non-increasing in z, production function F' is homogenous of
degree o < 1 and Fyz, > 0 (Assumptions U4, F4, U5, F5).3

We say that a sequence {cq, byl }1=0.1,... .00 is feasible from ko if it satisfies
the constraints

Ct+kt+1 F(kt,l—lt)+(1—5)kt, VtZO,
Ct > Oakt207lt2,1_lt20a Vt207

IA

ko > 0is given.

It is easy to check that, for any initial condition kg > 0, a sequence k = {k:}2,
is feasible iff 0 < ky1q < F(k, 1) + (1 — §)k; for all t. The class of feasible
capital paths is denoted by TI(kg). A pair of consumption-leisure sequences
{c,1} = {e, 11 }52, is feasible from ko > 0 if there exists a sequence k € II(ko)
that satisfies 0 < ¢; + kip1 < F(ky, 1 — 1) + (1 — 8)ky and 0 < I, < 1 for all ¢.
Define f(k¢, L) = F(ke, Lt) + (1 — &)k;. Assumption F2 implies that

fe(+00,1) = Fi(4+o0,1)+(1-9) <1
fe(0,1) = Fr(0,1)+ (1 -6) > 1.

From above, it follows that there exists k > 0 such that: (i) f(k,1) = k,
(ii) & > k implies f(k,1) < k, (iii) k < k implies f(k,1) > k. Therefore for

any k € II(kg), we have 0 < k; < max(ko,k). Thus, k € £3° which in turn

2Let F(k,L) = k*L'~%, a € (0,1). This function is not differentiable even in the extended
real numbers at (0,L) or (k,0) for L > 0, K > 0. The assumptions in [4] that u. >> 0,
u; >> 0, and D?u is negative definite on Ri are obviously violated.

3See section 5 for a further discussion of assumptions in the literature.



implies ¢ € £3°, if {c,k} is feasible from kg. Denote x = {c,k,1} and F(x) =

— Z ﬁtU<Ct,lt), (I)%(X) = C¢ + k/’t+1 — f(kt7 1-— lt), @?(X) = —C¢, @g’(x) = _kta
=0

P (x) = =1y, PP (x) = I, — 1, Vt, P, = (D], @7, D}, |, @}, D7), Vt. The planning

problem can be written as:

min F(x) s.t. ®(x) <0,x € £ x 3 x £ (P)

where 7 @ 03 x4 x LT — RU {400}
O = (Pf)i=0,..,00 : LT X LT X LT — R U {+o0}

Let C = dom(F) = {x €l x LT x LT|F(x) < +oo}
I' = dom(®) = {x €l x T xLT]|P(x) < +o0, Vt}.

Proposition 1 Let x,y € £ x £° x £5°,T € N. Define

T o Tt ’Lf tST
Ty (X7Y)_ -
ye of t>T

Suppose that the two following assumptions are satisfied:

Ti: If x € C,y € (5 x {3 x {5 satisfy VI > Ty, x*(x,y) € C, then
F(xT(x,y)) — F(x) when T — oc.

T2: Ifxel,y el and xT(x,y) €T, VT > Ty, then

a) ®y(x"(x,y)) = ®4(x) as T — oo

b) IM s.t. VT > Ty, ||@:(xT (x,¥))|| < M

¢) YN > Ty, Jim [B,(x" (x,y)) ~ Bi(y)] = 0.

Let x* be a solution to (P) and x° € C satisfies the Slater condition:

sup ®;(x%) < 0.
t

Suppose xT (x*,x°) € CNT. Then, there exists A € 4\{0} such that
F(x) + Ad(x) > F(x*) + Ad(x*), ¥x e (CNT)
and A®(x*) = 0.

Proof: It is easy to see that £3° x £5° x £3° is isomorphic with £5°, since, for

example, there exists an isomorphism
I: 07 — 037 x 0 x L7,
II(x) = ((xo, x3, X6, - - .)(x1, T4, T7,...), (T2, T5, Ts, . . .))

and
—1
II (u,V,S):(’U,O,’UO,50,U1,U1,81,U2,’U2,82,...).



Thus, there exists an isomorphism IT" (030 x50 é‘f)/ — (Eﬁro)/. It follows from
Theorem 1 in [14] that there exists A € (£5°x £ ><€°+°),. Let A=1I'(A) € (ﬂﬂ’f)'.
Then, the results are derived by the analogous arguments where a standard
separation theorem used?® as in the Theorem 2 in [14]. m

Note that T'1 holds when F' is continuous in the product topology. T2c is
satisfied if there is asymptotically insensitivity, i.e. if x is changed only on a
finitely many values the constraint value for large ¢t does not change that much
([9]). T2c is the asymptotically non-anticipatory assumption and requires ® to
be nearly weak-* continuous ([9]). T'2b holds when when I' = dom(®) = £
and ® is continuous (see [9], [14]).

Proposition 2 If x* = (c*,k*,1*) is a solution to the following problem®:

min — Z ﬁtu(ct, lt) (Q)

t=0

s.t. ¢t + kt+1 — f(kt,l — lt) S O7
—¢; <0, =k <0, 0< 1 <1,

then there exists A = (A", A2, A3, A4, \%) € O O x O x 0L x 0 X # 0 such

4As the Remark 6.1.1 in [6], assumption fj(0,1) > 1 is equivalent to the Adequacy As-
sumption in [3] and this assumption is crucial to have equilibrium prices in E# since it implies
that the production set has an interior point. Subsequently, it allows using a separation
theorem in the infinite dimensional space to obtain Lagrange multipliers.

5 A solution exists following a standard argument which is sketched for completeness. Ob-
serve that the feasible set is in a fixed ball of £>° which is weak*-(£>°, £') compact. We show
that the function ) 72 Btu(ct,lt) is continuous in this topology on the feasible set. Since
the weak* topology is metrizable on any ball, we can take a feasible sequence (ct(n),l:(n))n
converging to some (ct,l:) in the feasible set. Since any feasible consumptions sequence is
uniformly bounded by a number depending only on kg, for any € > 0 there exists Ty such that
for any T' > Tp, for any n, we have

Z Btu(ei(n),le(n)) < e, Z Blulee,li) < e

t>T t>T

Hence,

+o00 T—1
D Bllulee(n), le(n)) — ulee, 1)]| < D Blulee(n), le(n)) — uler, le)| + 2e.
t=0 t=0

Since weak™® convergence implies pointwise convergence, the result is established.



that: Vx = (¢, k,1) € £ x £ x L°
ZﬁtU(CZ,lt Z)‘ cf ki — f(k{,1-107))
t=0

+Z)\tct ZAfk +Z/\4l*+z/\5 1-1)

A(er+ kigpr — f(ke, 1= 1)

Mg

Y

ﬁtu(ctv lt) -

t=0

+i)\ct+o§:>\3kt+2)\4lt+2)\5l—l (1)
t=0 t=0

-
Il
=]

N+ ki — f(k;,1=17)) =0, ¥t>0 (2)
Mer =0, Vt>0 (3)

NoEkF=0, Vt>0 (4)

MNIF=0, Vt>0 (5)

N1 —=1;)=0, Vt>0 (6)

0 € f'au(e;,lf) — () +{Af), vi>0 (7)

0 € B'Oaulcs, 1) = Npdaf (ky, L) +{N\} — (A2}, Wt >0 (8)
0€ N f(ki, Ly) +{N} — {Ni1) VE>0 (9)

where Oyu(cs,1}), 0; f(kf, L}) respectively denote the projection on the ith com-

ponent of the subdifferential of the function u at (cf,l}) and the function [ at
(ki, L7).

Proof: We first check that the Slater condition holds. Indeed, since f;(0,1) >
1, then for all ko > 0, there exists some 0 < k < ko such that: 0 < k < f(k, 1)
and 0 < k < f(ko,1). Thus, there exists two small positive numbers ¢, £1 such
that:

O<k+e<f(k,1—e1)and0<k+e< f(ko,1—c1).

Denote x° = (c% k% 1°) such that c® = (e,¢,...), kK = (ko,@,a...), 19 =
(e1,€1,...). We have

®5(x%) = co+ ki — f(ko,1—lo)

= c+k—f(ko,1—21) <0
PI(x") = e 4ko— fkr,1—1)

= c+k—f(k,1—e1) <0
OI(x") = e4k—flhi1—e1)<0, Vt>2

PI(x") = —e<0, Vt >0, &5(x") = ko <0



PP(x0) =k <0, Vt>1, ®}(x")=—e,<0,Vt>0
PP (x") =¢e; —1<0, Vt >0.
Therefore, the Slater condition is satisfied. Now, it is obvious that, VT, xT (x*, x")
belongs to £3° x £ x €. As in [14], Assumption T2 is satisfied. We now check

Assumption T1. For any x € C, X € ( x £5° x Y such that for any T,
xT(x,x) € C we have

T
FO@R) = - Bu@ ) - Y Bu@i.
=0 t=T+1
AsX € 030 X AT x L2, sup|é~2\ < 400 , there exists m > 0, Vt, |gt| < m. Since
¢

B € (0,1) we have

Z Bru(m, 1) = u(m,1) Z p"— 0as T — oo.
t=T+1 t=T+1
Hence, F(xT(x, §)) — F(x) when T' — oo. Taking account of Proposition 1,
we get (1)-(6).
Finally, we obtain (7)-(9) from the Kuhn-Tucker first-order conditions. m

3 Competitive equilibrium

Definition 1 A competitive equilibrium consists of an allocation {c*,1*, k*, L*} €
032 XU X LT X LY, a price sequence p* € Eﬁr for the consumption good, a wage
sequence w* € Zi_ for labor and a price r > 0 for the initial capital stock ko such
that:

i) {c*,1*} is a solution to the problem

max Z Bru(cr, 1t)

s.t. pc < WL+ 7" + rkg

*

where 7 is the mazimum profit of the firm.

ii) {k*,L*} is a solution to the firm’s problem

oo

o0
™ = max pr [f(key Lt) — kiya] — Z wy Ly — rky
sit. 0 S kt+1 S f(kt,Lt), Lt 2 O,Vt

ii1) Markets clear

¢ + kt+1 = f(k{,Ly) Vt
y;+L; = 1Wt
and k§ = ko



Theorem 1 Let {c*,k*,1*} solve Problem (Q). Take
pf =\ for any t and r > 0.

There exists fr,(kf, Ly) € Oaf (ki, L}) such that {c*,k*, L*, p*, w*,r} is a com-
petitive equilibrium with wi = A} fr(kj, L}).

Proof: Consider A = {\}, A2, A3 X% A5} of Proposition 2. Conditions (7), (8),
(9) in Proposition 2 show that du(c;, ) and 0f (kf, L) are nonempty and there
exist uc(cf,lf) € owu(ct,ly), wlch,lf) € Oaulc),ly), fulkf, L) € o1 f(k;,Ly)
and fr(kf, L}) € 9o f(kf, L}) such that Vit

Bluc(ci,1F) =M\ +X2 =0 (10)
Brui(c 1) = A fo(ki L) + A = A7 =0 (11)
M fe(kf L)+ A = A, =0 (12)

Define w} = A} fr.(kf, L}) < +oc.
First, we claim that w* € ZEL.

We have
oo [e.e] oo
+oo > Y Bulcf, 1) Zﬂt (0,0) > Y~ Bluc(e}, 1)y + D Bu(ef, )i,
t=0 t=0 t=0
which implies
Zﬁtul i )l < +oo, (13)

and

8

+oo > Y AR L= ALF(0,0) Z (K, LY) k*+Z)\ fo(kr, LL;

t=0 t=0 t= t=0
which implies

Z)\ fr(kl, L) LE < +oo. (14)

Given T, we multiply (11) by L} and sum up from 0 to T. Observe that
T T T
VI Blu(er, i ZA folks LOLE+Y N LE =Y MLE. (15)
t=0 t=0 t=0
0<> NL; <

ogiAmg



Thus, since L} =1 — ¥, from (15), we get

T T T
S Bluler, 1) = > Blwler, I+ M fulk;, L)L
t=0 t=0

t=0
T T
Y ONL - ML
t=0 t=0

Using (13), (14), (16), (17) and letting T — oo, we obtain

S Bruiler. Zﬁtul eI + SN L (k)L L)L

t=0

t=0
+ Z NLF — Z MLF < 400.
t=0
Consequently, from (11), >0 Af fr(kf, Lf) < +oo i.e. w* € 4. So, we have
{e*, 1%, k*, L*} € (5° x (3° x 45° x (3, with p* € 1 and w* € (%
We now show that (k*,L") is solution to the firm’s problem.
Since p; = A, wi = A} fr(kf, L}), we have

™= MUK LY) = ki) = DN fu (ki LY) L = ko
t=0 t=0

Let :

T
ZAl (ki L7) = ki) = > M fo(ki, L) Lf — kg
t=0

T
— <Z/\H kt,Lt —kt+1 Z)\ fL k:, Lt —’I’ko) .
t=0

From the concavity of f, we get

T

T
Ap > D N felki, L) (R — k) = > M\ (ki — Kega)
t=1

- t=0
= SekT, L7) = Mol(kf — Ka)
+Apfulkr, Lp) = AMpoa (kT = kr) = Ap (K74 — brn).-
By (4) and (12), we have: Vt =1,2,...,T
N fo (kT LE) = Mol (K — ko) = =X (kY — ki) = Nk 2 0.
Thus,
Ap > (K — Fron) = —Mkjy + Akres > —Abkg .

Since A! € £}, supk}.,, < 400, we have
T

lim Ar > lim — Apkj , =0.

T—+o0 T—+



We have proved that the sequences (k*, L") maximize the profit of the firm. We
now show that c* solves the consumer’s problem.

Let {c,L} satisfy Z e < sz‘Lt + 7+ rko. (18)
t=0 t=0

By the concavity of u, we have:

A= Zﬁtu(cf, ;) — Zﬁtu(ct, ly)
=0 t=0

>3 Bluc(ep (e — e+ 3 Builei, 1) (@ 1),

t=0 t=0
Combining (3), (6), (10), (11) yields
A= A=A —e) + Y ALk 1= 1) + A7 = M)~ 1)
t=0 t=0
S Al e +2A o SN+ N 1)
t=0 t=0 t=0
- Z AT+ Z A,
t=0 t=0
> Do —e)+ ) (wi+ A0 — ) =
t=0 t=0
Do =)+ Y wily =)+ Y A1)
t=0 t=0 t=0
> D Nl —a)+ > wi(L— L)
t=0 t=0
Since . -
T = Z)\%c;‘ - Zwt*L;k rko,
t=0 t=0

it follows from (18) that

oo o0 oo o0
Zp;"cz‘ — waLf —rky — <Zp’t"ct - ZwILt - rk())
t=0 t=0 t=0 t=0

> 7 -7 =0

A

v

Consequently, A > 0 that means ¢* solves the consumer’s problem.
Finally, the market clears at every period, since V¢,c; + ki, = f(k},L})
and 1 -l =L} m

10



4 Examples

We give two parametric example illustrating the violation of standard assump-
tions made in the literature and that there is a corner solution - in the first
there is zero labor and in the second, zero capital - so that the existing results
cannot be applied to establish existence of equilibrium. For this example, using

our results we calculate the competitive equilibrium.

4.1 Example 1: Competitive equilibrium with L} = 0,[; =
1
Consider an economy with a good that can either be consumed or invested as

capital, one firm and one consumer. The consumer has preferences defined over
processes of consumption and leisure described by the utility function

Z Bulc, ly) = Zﬁt(ct +mly),
t=0 t=0

The firm produces capital good by using capital k; and labor Ly = 1 — I;.

The production function f(ks, L) = (k& + L)Y, 0 <a<0,0<B<1<6,f
a@—1)

170 _
is concave and increasing. Assume that m = ] (ﬁ) - a . The planning
o}
problem is
max Z B (ct +mly)
t=0
s.t. ¢t + kt+1 S (k? + Lt)l/g, Vit Z 0
Lt + lt = 1, Vt Z O
¢t > 0,k >0,0;>20,1-10,>0,Vt>0
ko > 0is given.

Inada conditions are not satisfied for both the utility and production func-
tions. The utility function is also not strictly concave.’
Let Ay = (\))2_;, \¢ # 0 denote the Lagrange multipliers. The Lagrangean

is

H = Zﬁtu(Ct,lt) - ZA}(Q + ki1 — f(ke, 1= 1))
t=0 t=0

+ Z)\fct +Z )‘?kt + Z /\flt + Z)\?(l )
t=0 t=0 t=0 t=0

6From the example it will be clear that we make utility linear in consumption only for ease

of calculation.

11



It follows from Kuhn-Tucker necessary conditions that, V¢ > 0

0 = ﬁt )\1 + )\2

0 = fA'm éAl(ka—i—l—lt) RV
0 = gx BNk +1— 1) 7 4+ 23— AL
0 = Alet+kepr — (b + L))

Mep = 0,Xk =0,AH, =0,\2(1 —1;) = 0.

It is easy to check that, the above system of equation has a solution:

)\:1 _ ﬁt )\*2 )\*3 _ )\*4 A*E’)
% ,604 9

o= (7 =k ),
Cf = (ks)a/e — ks >0,

o= 1,

L: = o

As we know from section 3, if we define the sequence price p; = \i1 = 3! for
(-0
the consumption good and w; € Aj'0sf(k, L) = A\ fr(ks,0) = B5ks °

then p; € £}, w; € ¢} and {c*,k*,L*,p*,w*,r} is a competitive equilibrium.

4.2 Example 2: Competitive equilibrium with £ =

Now consider the production function f(k;, L;) = (k¢ + L&)'/? where 0 < o <
0,0 < B <1< 6 and the utility function

a—0
1 /3\" D
u(cg, ly) = ¢ + 9 (9) ly

We obtain the Kuhn-Tucker conditions, V¢ > 0

0 = B'=A\+XN
1 5 t a—1 «@ 4 5
0 = §(§>0(9 l)ﬁ *)\ Lt (kt+L ) +)\ —)\
1
0 = 9>\ (ke + L9)7° + X3 — AL,
0 = A+ ker — (ke + L)Y
Mep = 0,Xk =0, =0,A2(1—1;) =0.

The system of equation has a corner solution k; = 0 and

VSR B L T L)
L = (%)W:LSE(O’”

¢ = (L)™' >0

If = 1-1L,

12



4.3 Violation of some assumptions in the literature

The firm produces the capital good, which is used as an input, by using capital
k; and labor L;. Define the production set

Y; = {(Zt, —Lt) ceRxR_: 2t +kt S f(kt,Lt)7kt 2 O,Lt Z 0}

where f(ki, L) = (k& + L)Y?, 0 < a < 6,1 <.

We show that {0} #Y N (-Y).

Let y; = z; + k¢ denote the output. In this economy, z; = y; — k; is the net
output. Then

Yy = {(ye — ke, —Lt) e R x R_ :yy < f(ky, Ly), ke > 0,Ly >0}

For any ki € (0,1), f(ky,0) = & and 0 < &k < & = f(ks,0). There
exists € > 0 such that e + k; < f(k¢,0). Let denote y§ = € + k;. We have
x =(g,0) = (y§ — kt,0) € Y since y§ < f(k,0). Clearly —e + k; < f(ky,0) so
—2=(—¢,0)= ((— &+ k¢) — k¢,0) € Y. This implies 0 # z € Y N (=Y.

Moreover, for any A > 0, if A.x € Y then \e + k; < f(ks,0). Let A\ — +o0, a
contradiction. Thus Y is not a cone (Assumption in [3], Theorem 3).

5 Discussion and Conclusion

This paper studies existence of equilibrium in the optimal growth model with
elastic labor supply. This model is the workhorse of dynamic general equi-
librium theory for both endogenous and real business cycles. The results on
existence of equilibrium have assumed strong conditions which are violated in
some specifications of applied models.

This paper uses a separation argument to obtain Lagrange multipliers which
lie in ¢*. As the separation argument relies on convexity, strict convexity can be
relaxed; this also means that assumptions on cross partials of utility functions
are not needed (as in [1], [5], [7], [10] and [15]); and homogeneity of production is
not needed. These above papers assume normality of leisure (rule out backward
bending labor supply curves) to show that the capital path is monotonic but this
is inessential to show existence of a competitive equilibrium. The representation
theorem involves assumptions on asymptotic properties of the constraint set
(which are weaker than Mackey continuity (see [3] and [9]). The assumptions
ensure that the either the optimal sequence {c:,1:}$2, is either always strictly

interior or always equal to zero. Thus, one does not have to impose strong
u(e, €)

conditions, either Inada or lim._,o — 400 as in [13] to ensure that the
sequence of labor is strictly interior. 6This later condition is not satisfied, for
example, in homogeneous period one utility functions. The existence result also
does not employ any differentiability assumptions. Thus, it covers both Leontief

utility and production functions ¥ = min(K/v,L/u) and Y/L = (1/v)K/L.
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This implies that the intensive production function, y = f(k) where y = Y/L
and k = K/L is effectively a straight line with slope 1/v up to the capital-labor
ratio k* = K*/L* and is horizontal thereafter. Another well known model
where differentiability is violated is the Intensive Activity Analysis Production
Function but existence follows from our results.

A careful reader will observe that we can introduce tax and other distortions
for the existence of a competitive equilibrium as long as concavity is maintained
in line with the results in the literature. For monotonicity results, stronger
results need to be imposed.

References

[1] Aiyagari, S.R., Christiano, L.J. and Eichenbaum, M. (1992) The output,
employment, and interest rate effects of government consumption, J. Mon.
FEcon. 30, 73-86

[2] Aliprantis, C.D., D.J. Brown and O. Burkinshaw (1997) New proof of the
existence of equilibrium in a single sector growth model, Macro. Dynamics

1, 669-679.

[3] Bewley, T.F. (1972) Existence of equilibria in economies with finitely many
commodities, J. Econ. Theory 4, 514-540.

[4] Bewley T. F. (1982) An integration of equilibrium theory and turpike the-
ory, J. Math. Econ. 10, 233-267.

[5] Coleman IT, W.J. (1997) Equilibria in distorted infinite-horizon economies
subject to taxes and externalities, J. Econ. Theory 72, 446-461.

[6] Dana, R.-A. and C. Le Van (1991) Optimal growth and Pareto optimality,
J. Math. Econ. 20, 155-180.

[7] Datta, M., L.J. Mirman and K.L. Reffet (2002) Existence and Uniqueness
of Equilibrium in Distorted Economies with Capital and Labor, J. Econ.
Theory 103, 377-410.

[8] Debreu, G. (1954) Valuation equilibrium and Pareto optimum, Proc. Nat.
Acad. Sci. U.S.A. 40, 588-592.

[9] Dechert, W.D. (1982) Lagrange multipliers in infinite horizon discrete time
optimal control models, J. Math. Econ. 9, 285-302.

[10] Greenwood, J. and G. Huffman (1995) On the Existence of Nonoptimal
Equilibria in Dynamic Stochastic Economies, J. Econ. Theory 65, 611-623.

[11] Hansen, G.D. (1985) Indivisible labor and the business cycle, J. Mon. Econ.
16, 309-327.

14



[12]

[13]

[16]

[17]

Le Van, C. and Y. Vailakis (2003) Existence of a Competitive Equilibrium
in a One Sector Growth Model with Heterogeneous Agents and Irreversible
Investment, Econ. Theory 22, 743-771.

Le Van, C and Y. Vailakis (2004) Existence of Competitive Equilibrium in
a Single-Sector Growth Model with Elastic Labor, Cahiers de la MSE, N°
2004-123.

Le Van C. and H. Saglam (2004) Optimal Growth Models and the Lagrange
Multiplier, J. Math. Econ. 40, 393-410.

Le Van, C and M.H. Nguyen and Y. Vailakis (2007) Equilibrium dynamics
in an aggregative model of capical accumulation with heterogeneous agents
and elastic labor, J. Math. Econ. 43, 287-317.

Peleg B. and M. E. Yaari, (1970) Markets with Countably Many Commodi-
ties, Int. Econ. Rev. 11, 369-377.

Rogerson, R. (1988) Indivisible labor, lotteries and equilibrium, J. Mon.
Econ. 21, 3-16.

15



