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Abstract

This paper considers an endogenous growth model with human capital accumula-
tion. It gives sufficient conditions and a necessary condition for the existence of a
unique competitive equilibrium with externalities. These conditions are more strin-
gent than those which prevail for the existence of an equilibrium defined as the
solution to a fixed-point problem.
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1 Introduction

In his well-known 1988 model of endogenous growth with external effects,
Lucas defines the equilibrium as the solution to a fixed-point problem. Initi-
ated by Arrow (1965) and Romer (1986), this definition is now widely used
in macroeconomics. However, the equilibrium that is generated by such a
definition does not necessarily coincide with a competitive equilibrium with

1" Corresponding author. Tel.: +33-5-6112-8549; fax: +33-5-6122-5563.
E-mail addresses: hippolyte.d-albis@Quniv-tlsel.fr (H. d’Albis), levan@univ-paris].fr
(C. Le Van).

Preprint submitted to Elsevier Science 4 June 2005



https://core.ac.uk/display/6489505?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

externalities. In this paper, we illustrate this idea using a simple human cap-
ital driven endogenous growth model to show that the family of “competitive
equilibria” is contained in the family of “equilibria”.

The model we use is a modified version of Uzawa (1965) and Lucas (1988)
with no physical capital nor population growth. By reducing the economy to
a single sector we drastically increase the tractability of the model. Neverthe-
less, since such a framework has been barely used in the literature? , a natural
extension of our work would be to consider physical capital accumulation.
Another key characteristic of our model hinges on the human capital accumu-
lation specification that is supposed to be an increasing and concave function
of the schooling effort. Uzawa (1965) makes the same assumption (see also
Caballé and Santos, 1993 or Chamley, 1993) while Lucas (1988) assumes it is
simply linear.

Considering this simple economy with human capital externalities, we first
characterize the equilibrium defined as the solution to a fixed point problem
and obtain the following results: (7) if the exogenous maximal growth rate is
greater than the discount rate, the equilibrium growth rate is strictly positive
for at least some time. (i) A path is an equilibrium if and only if it satisfies
the Euler equation and a transversality condition of the optimal growth prob-
lem. Notably, the transversality condition is shown to be necessary using the
assumption on parameters that guaranties that the optimization problem is
restricted to a set of consumption paths that yield a bounded intertemporal
utility. (477) There exists a unique equilibrium and along this equilibrium, the
growth rate is constant. Remark there is also a continuum of solutions to the
Euler equation, along which the growth rate converges to the maximal growth
rate, but we show they violate the transversality condition. As a consequence,
the human capital driven endogenous growth model we consider has a rather
simple dynamic behavior and does not generate indeterminacies: this features
distinguishes it from its multi-sector counterpart (See Boldrin and Rustichini,
1994, Benhabib and Perli, 1994, Xie, 1994, and Alonso-Carrera and Freire-
Serén, 2004).

Then, we characterize the competitive equilibrium demonstrating the following
results: (i) any C%-competitive equilibrium is an equilibrium. Remark that
Gomez (2004) obtains the same result for the Uzawa (1965) - Lucas (1988)
model with human and physical capitals. Then, we derive our main result: (v)
an equilibrium is a C?-competitive equilibrium if the production function is
globally not too convex and only if the human capital technology is a strictly
concave function of the schooling effort. The first condition is similar as in Le
Van, Morhaim and Dimaria (2002) for the Romer (1986) model. The second

2 One of the exceptions is Lahiri (2001) who analyzes the impact of capital mobility
on indeterminacy.



condition ensures the intertemporal labor income to be finite when we use
equilibrium wages. It is satisfied in Le Van, Morhaim and Dimaria (2002)
who assume that the marginal productivity of the knowledge technology is
infinite at the origin. (vi) Using results (iiz), (iv) and (v), we conclude that,
upon existence, the competitive equilibrium is unique. Finally, we point out
that when there is no externalities, and that the equilibrium consequently
coincides with the optimum, result (v) still hold. Hence, (vii) the optimum is
not a C*-competitive equilibrium if the human capital technology is a linear
function of the schooling effort.

The rest of the paper is organized as follows. Section 2 presents the model and
the assumptions. Section 3 and Section 4 respectively study the fixed-point
problem and the competitive equilibrium. Section 5 concludes.

2 The model

Consider a human capital driven endogenous growth model. Let ¢;, u; and h;,
respectively denote the consumption, the labor supply and the human capital
at time ¢ > 0 of an infinitely-lived individual. The problem writes:

m
max [;° Le P dt
(cu) a

0<h =\ (1 —uy) hy, ho > 0given
s.t. 0 S C = }_lz (Utht)a

Ogutél

where h, is an externality and where ht denotes the first difference with respect
to time. Parameters satisfy the following restrictions: p € (0,1), A > 0, p > 0,
a € (0,1), v > 0. Finally, ® is a function whose properties are discussed
below.

Observe that our problem could be extend to the case where the utility func-
tion is unbounded from below (i.e. for 1 < 0) by applying to the continuous
time environment the argument developed in Alvarez and Stokey (1998) or in
Le Van and Morhaim (2002). Moreover, assume:

H1 ®:[0,1] —[0,1],®(0) =0, ®(1) =1, & >0, " < 0.

Assumption H1 implies @' (0) > 1; moreover®, ® (0) = 1 is equivalent to
® (z) = z.

3 Consider the function Z () = ® (z) — x with = € [0,1] and suppose @' (0) = 1;
then Z' () < 0; since Z (0) = Z (1) = 0, conclude that Z (z) = 0.



H2 )\ > p.

Parameter A measures the maximal possible growth rate. Assumption H2
hence introduces a lower bound to this rate.

H3 p> M\u(a+7).

Assumption H3 ensures that the optimization problem is restricted to a set of
trajectories that yield a finite intertemporal utility.

H4 The function h is piecewise C! while functions ¢ and u are piecewise con-
tinuous.

It is useful to define ¥ (z) :==1— & (f) where ¥ (0) =1, U (A) =0, ¥ <

0, ¥” < 0. The problem (P1) is consequently equivalent to:

max [o° i (\I/ (%))W h{F R e Ptdt

. (P2)
5.t.0 < h < Ah, hg > 0given.

3 The solution to the fixed-point problem

Definition 1 Let h = (h;),5, be the solution to (P2). h depends on the path
= (i_zt) o Let us posit h = F (1_1) An equilibrium 1s a path h such that

>

~

h=F(h).

=

Lemma 2 Assume H1-H2; an equilibrium path h could not be a constant path.

PROQOF. Consider first an equilibrium path h such that 1; = 1 where 4, is
the equilibrium value of u. In this case, hy = hg, Vt. Consider another path
h which satisfies the constraints in (P1) and is such that (i) u; = 1 — ¢ for
t €10,7] and u; = 1 for t > 7 and (i) hy = hg, Vt. Let A denotes the difference
in utility between the two paths:

h#(a+7) -
A="0 / e Pt ((1 — )l gnar®(E)t _ 1) dt
W 0
hu(a+v) o
T orerr ) [ et
% T



Using I’'Hopital’s Rule, tedious computations yield:

A @’ T
lim — =« (A (0) — 1) / e PLdt.
p 0

Hence, assumptions H1 and H2 are sufficient to ensure lim. o (A/e) > 0. That
means that, given the externality h, h is not optimal: a contradiction. [J

Lemma 3 Assume HI and H3-Hj; let h be a path which is C? and satisfies
hy > 0,Vt and u; < 1,Vt. Then, h is an equilibrium if and only if it satisfies
the Fuler equation:

d _ h A\
“ hu(aﬂ) Ly [ 2t v —pt
dt { t h, hy ©
— _E\Iﬂ @ + U @ 0 @ e platu—1 —pt (1)
hy hy hy hy ! ’
and the transversality condition:

. . op—1
lim e—rppety (M) (g (e =0 (2)
t——+o00 t ht ht o

In particular, it satisfies:

U (w) [p—vep (o + )] = ¥ ()
(1 —ap) (¥ ()" (¥ (v) " = 0" (1n)

t:

where v; = ht/ht.

PROOF. Let h be an equilibrium; assume it is C?. It is easy to check that
(i) h satisfies the Euler condition (1), and (ii) the Euler equation (1) and the
transversality condition (2) are sufficient conditions for optimality. Let us now
prove that the transversality condition (2) is also necessary. Let V; be the value
function at period t¢:

N [e'e) _P(S_t) h an _
V, (he) = max / ¢ o (2} penpomgs
s L hs s s

0<hy < Ahy, Vs > t,

hy = th given.

Let 7= s —t and x, = h;,,, hence V; rewrites:



. 00 p—PT . op
Vi () = max /0 eu <qf (i)) LR dr
0<z, <Az, V1 >0,

Ty = ht'

It is obvious that, V¢, V;(0) = 0 and that V; is concave. Moreover, V; is
differentiable (see Benveniste and Scheinkman, 1979) and:

1

~ ~ ap—
V/ (h) = —a¥’ (dhf/ dt) (qf (dht/dt» hor—tpym,
t ht

Now obsgrve, using the budget constraints, that V7, EHT < fALte’\T and z, <
20 = hye™ and, using H1, that ¥ < 1; moreover, u < 1; then, V¢ :

iLga-‘r’Y)N

0<V, (ﬁt) < /0 ePat)=plr g

I

and consequently:

h[()a+7)ﬂe)\(a+'y),ut

v () < BT 1 ey,

Therefore, using H3, conclude that lim;_,o, e 'V} (izt) = 0.

Then, since V; (h) = Vi (he) — Vi (0) > VY (he) hy, it yields that:

—pt —ptyyy! ht ht e apT Y@
e PV (hy) > —ae™ PW I U I h{*hi".

We hence obtain the transversality condition (2) by replacing k; by h;. Finally,
differentiating (1) and rearranging using h; = hoefol vudn vields (3). O

Theorem 4 Assume HI-H/; there exists a unique C?— equilibrium path fl; it
grows at a constant rate v such that:

ﬁ:l_u(a+7> if @ (0) =1, (4)
~ )‘_p . /
> ) if @(0)> 1. (5)

PROOF. We proceed showing that (a) there exists a unique equilibrium path
that grows at a constant rate 7 € (0, A); (b) there is no equilibrium path whose
growth rate is not constant.



(a) Let us show that there exist two steady-states to (3): a first one denoted
v that belongs to (0, A) and which is unstable and an other one, A\, which is
stable. With (3), define function G such that

—V W) lp—vulaty)] -V (@)
(1= ap) (W ()" (T (v) " =¥ (v)
Hence, v satisfies G () = 0. Since, the denominator of G is strictly positive,
v solves the equation:
v (2)
(D)

G(v)=

—v==p—v[l-pla+y)].

When 7 goes from 0 to A, using H1, the first member is non decreasing from
—A®" (0) to —\, while, using H2-H3, the second decreases from —p to —p —
A[1 — p (a4 7)]. Hence, there exists a unique solution  for all v € (0, \). It
satisfies 7 > (A —p) /[l — p(a+7)] & ' (0) > 1.

Moreover, observe that, since ¥ (\) = 0, then G (\) = 0 but remark that the
solution such that v, = X for all £ does not correspond to an optimal path
since the associated consumptions equals zero for all ¢.

Finally, some computations yields to:
—V @) lp—tpla+ )] -V @)1 - platy)]
(1 —ap) (¥ (2))* (¥ (7)) = ¥ (7)

Using H1-H3, concludes that G’ () > 0. Consequently 7 is unstable while A
is stable.

G (v) =

(b) Consider any solution (v;) to (3) which is not constant over time. Since
is unstable, () either converges to 0 if vy < ¥ or converges to A if vy > 7.
Since 0 is not a steady-state, it cannot exist a solution such that vy < . We
now show that solutions that converge to A violate (2). Define first function
J such that:

J(t) = 6(*Pt+u(o¢+7) IN vudu> (W (1)L > 0.

Hence, condition (2) is equivalent to lim; . J (¢) = 0. Now, observe that
U (1) ~ =V (\) g, with &, = X\ — v;. Hence, replace to obtain

T (1) ~ e~ Mletmtg=nloctn) [ eudu (gt (\) g )

Equivalently, with (3), one has: o, ~ (v, — A) (p — A (e + 7)) / (ap — 1); solv-
(o= Au(at )t

ing this equation, it yields that —W' (\) g, ~ Ae” @1 with A > 0. Then,
_p=2ulaty)
iz (T

J(t) ~e )Aa“_l.



_platy)(d—ap

)A
Consequently, using H3, lim; .o, J (1) = e G-m@n) A%~ > (. [

4 The competitive equilibrium

A competitive equilibrium is well-defined for some proper spaces of prices,
wages, consumption, human capital and labor. Since 0 < hy < AP (1 — wy) hy,
a feasible human capital path h belongs to the set L7 such that:

Ly = {h ssup [hy e M < oo}. (6)
Similarly, a feasible consumption path c satisfies 0 < ¢; < (hy)*"”. Hence

c € L with:
LY = {c s sup || e MO < oo} . (7)
t

Moreover, the price path p must be such that [;° p;c;dt < oo for any ¢ € LS°.
Hence, p € L, with:

Lzl) = {p : /o pe| MO < oo} : (8)

Firms have the information that labor supply is uniformly bounded. They
thus choose a labor path n that belongs to L;° with:

Ly = {n s sup ng| < oo} . 9)
t

Consequently, the wage path must be such that [j°wnhdt < oo for any
n € L% and any h € L$°. Therefore, a feasible wage path is such that w € L}
with:

Ll = {W : /OO lwy| eMdt < oo} . (10)
0

Definition 5 The list (c*,u*, p*, w*, h*,n*) € L x [0,1]% x L} x Ly, x Ly® x
L2 is a competitive equilibrium with externalities if:

1. The paths (c*,u*, h*) are solutions to the consumer problem:

s
max [ e Pdt
(c,u) "

fOoo p:Ctdt S fooo wzuthtdt + II*
st.q hy = AP (1 — w;) by, ho > 0 given
Ct Z 07 0 S Uy S 1



2. The path (n*) is solution to the firm problem* :

IT* = max {/OO i (b)Y (neh})™ dt — /oo w:nth;‘dt} (12)
0 0

3. Markets clear:

Lemma 6 A C?—competitive equilibrium is an equilibrium.

PROOF. We show that the solution to the competitive equilibrium attains
the max in problem (P1) and that the constraints and the equilibrium condi-
tion are satisfied. Remark first that (i) the equilibrium condition is necessarily
satisfied in the competitive equilibrium, that (i) constraints on h; and u, are
satisfied by construction, and that (iii) the constraint on ¢; is satisfied by the
market clearing condition on the competitive equilibrium.

Let c* be the path such that ¢ = (u)* (h})*™” and ¢ be a feasible path such
that ¢, = (uhy)® (hy)”. Consider the program (11). It can be easily shown
that there exists ¢ > 0 such that ¢pf = e (¢:)* . We now show that:

or 1 cile Ptdt > [5° 1 ce Ptdt. Using the concavity of the utility function,

1t is equlvalent to: OOCZ“ "¢t — e P'dt > 0 and consequently, up to a

positive constant, to: [;° p; [¢f — ¢ dt > 0. Using the constraint (11), it turns
to be equivalent to: [5° w; (u;h; — uhe) dt > 0. It is then sufficient to show
that: [5° wyuyh;dt = max [;° wjuhedt, where the max is taken over all (u, h)
which satisfy the first constraint in (P1). Suppose it is not true and that
there are (ut, hy) such that: [° wiurh;dt < [5° w;uhidt or equivalently such
that: [5° picidt < [5° wiughidt+11*. Then it should exist a function e, which is
positive on a set with positive Lebesgue measure, such that: [;° p; (¢} +¢) dt <

Jo° wiughydt+11*. This should imply: [5° ()" 8) e Ptdt < [5° () ) e~ Ptdt which
is impossible. [

Lemma 7 Assume H1-Hj.

(i) Let @' (0) > 1, then there exists ¢ > 0 such that if o+ < (1 A /\—’L) +¢,

the equilibrium is a C?—competitive equilibrium.

(11) If ' (0) = 1, there is no C*—competitive equilibrium.

4 Remark that it is equivalent to choose the path (nh)*.



PROOF. At the equilibrium, one has, up to a positive scalar, p, = e~ ?* (¢&)" "

Wy = apy (ﬁt)a_l (izt)aJr%l ,and ¢, = (ﬁt)aﬂ (n)”. We proceed showing that,
at the equilibrium: (a) the consumer satisfaction is maximized, (b) the firm
profit is maximized, (¢) the wage path belongs to L} only if ® (0) > 1, and
(d) the price path belongs to L, if ® (0) > 1 and a+v < 1+¢ for some £ > 0.

Y

(a) With (11), the utility is maximized if A > 0 with:

oo AM co M
A E/ oty —/ C—te’ptdt,
0 M 0 [

for any feasible path ¢;. The concavity of the instantaneous utility function
implies (¢ — c) /p > &' (¢, — ¢) , which yields:

A > / Br (& — ¢,) dt.
0

Then, using the consumer’s budget constraint and recalling that u, = ¥ (v)
where v = (dh;/dt) /h:, one has:

/Oooﬁt (¢ —¢p)dt = /Ooou?t [\If (V) hy — T (v) ht] dt.

By concavity, one has:

Az/ooowt[@(a)—\p'(a)a] (he — he) dt

o  (dh, dh
0’ T T dt
+/0 bl () ( dt dt )

~ « —1
Observing that v, = ae ! (7)™ " (ht)( e and replacing yields:

at+y)p—1

Az [Tae (@ (5) 7 (i)'

i W (2) = W (9) 9] (he — ) dt
e o (1) o (G- G

dt dt

Now, replacing the Euler condition for problem (P2) in the first integral of
the right hand side and integrating by parts, one obtains:

A {a (e"” (v (ﬁ))auq (ﬁt>(a+7)u—1 o (;9)) (iLt B ht>]oo

0

and since hg = hg, one has:

A > Tim ae ' (¥ (2)) 7 (7))

t—o0

10



Using the transversality condition for problem (P2), conclude that A > 0.
(b) With (12), the profit is maximized if:
~ 7 vt+a A N\ — ~ 7
APy (ht) (nt) ! = wtht.
By replacing p, and w; conclude that it is true.

(¢) The equilibrium wage path belongs to L}, only if ® (0) > 1. Replacing
Wy, one has:

/Oo |w,| Mdt — o (U (ﬁ))Ma—l hg(oﬁ'y)fl /oo (e(/\fp)tef/(u(a#y)fl)t) dt.
0 0

Observe with Theorem 1 that this integral is finite when @’ (0) > 1 because
v>(A=p)/[1—p(a+7)] and that, when &' (0) = 1, the integral is infinite.

(d) The equilibrium price path belongs to L, if ' (0) > 1and a +v<1+¢
for some € > 0. Using p;, one indeed has:

0 0

The integral is finite if 7 > [A(a+v) —p] /[(1 — p) (o +7)]. Deduce from
Theorem 1, that the latter inequality is true for o« + v < 1. Since 7 is
continuous with respect to (a+ ) and since the function ¢ € 0, 4+o00] —
[AC — p] /[(1 — p) (] is increasing, then, for ¢ > 0, sufficiently small, if 0 <
a+v < 1+e¢e then v > [Aa+7)—p]/[(1—pn)(a+7)]. Moreover, since
a+ v < p/Ap, we obtain that o +v < min{l, p/Au} + ¢ implies that

> [AMa+y)=pl /11— p)(a+7)]. O

As a corollary of lemmas 3 and 4, we have:

Theorem 8 (i) Assume H1-H/ and ' (0) > 1; there exists ¢ > 0 such that if
a+v < (1 A ﬁ) + ¢, then there exists a unique C?—competitive equilibrium.

(i1) Assume HI1-Hj and ®' (0) = 1; there is no competitive equilibrium.

PROQOF. Given the previous results, it is immediate. [

Corollary 9 When there is no externalities (i.e. for v = 0), the optimal
solution is a C*—competitive equilibrium if ® (0) > 1 while it is not if ' (0) =
1.

11



5 Conclusion

In this paper, we have developed a simple economic model in which human
capital accumulation yields endogenous growth. We use this framework to
show that equilibria defined as the solution to a fixed-point problem, aren’t
always competitive equilibria with externalities. This result hinges on the ex-
istence conditions which are more stringent for a competitive equilibrium. In a
nutshell, the equilibrium may exist provided that the optimization problem is
restricted to a set of trajectories that yield a finite utility while the existence
of the competitive equilibrium requires further restrictions on the spaces of
prices and wages. Consequently, there is little doubt that our result extend
to more relevent economic models that should include, for instance, physical
capital. Nevertheless, the formal demonstration would not be easy since it
requires to prove the existence of a solution to the fixed-point problem.
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