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We discuss the role of the elasticity of substitution in the local determinacy properties of a
steady state or a stationary balanced growth path in a general multisector economy with
CES technologies. Our main results are the following: We give some sufficient conditions
for the occurrence of local indeterminacy in exogenous and endogenous growth models.
We show that local indeterminacy takes place even without a capital intensity reversal
from the private to the social level if the productive factors are weakly substitutable.
Moreover, we show that the conditions for local indeterminacy in exogenous growth
models and in endogenous growth models may be qualitatively different.
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1. INTRODUCTION

The aim of this paper is to discuss the role of the elasticity of substitution or factor
substitutability in the local determinacy properties of a steady state or a stationary
balanced growth path in a general multisector economy with CES technologies.
We prove two new results. First, local indeterminacy occurs without a capital
intensity reversal, provided the elasticity of substitution between factors is “weak”
(less than 1). Second, allowing the elasticity of substitution between factors to be
different from unity provides sufficient flexibility in these models to recognize that
conditions for local indeterminacy in exogenous growth models are qualitatively
different from those for endogenous growth models, unlike what the literature
might suggest.

Under perfect competition, it is now well known since the contributions of
Kehoe and Levine (1985), Muller and Woodford (1988), and Kehoe et al. (1990),
that equilibria are generically locally determinate in models with a finite number
of infinitely lived agents whereas local indeterminacy, that is, the existence of a
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continuum of equilibrium paths, is a rather standard feature of models with an
infinite number of finitely lived agents, such as OLG models.! On the contrary,
under imperfect competition, locally indeterminacy also arises in economies “a la
Ramsey” with infinitely lived agents.

There is a large literature on indeterminacy in macroeconomics. Increasing re-
turns, imperfect competition, and money are some of the main transmission mech-
anisms that provide room for the existence of sunspot fluctuations based on shocks
on expectations.? Following Woodford (1986) who proves that local indeterminacy
is a sufficient condition for the existence of sunspot equilibria, many contribu-
tions have focused on coordination problems raised by multiple equilibria® and on
macroeconomic instability based on the volatility of expectations.* Indeterminacy
and sunspots indeed provide a possible explanation of business-cycle fluctuations.
The most recent contributions, such as those from Benhabib and Nishimura (1998,
1999), show that exogenous-growth multisector models are compatible with real-
istic market imperfections and can provide a good match to macroeconomic time
series.’> Most of the papers in the literature deal with infinitely lived agents in order
to match the frequency of fluctuations observed in the data.

Since Romer (1986) and Lucas (1988), much attention has also been given
to stability of equilibria in endogenous growth models.” The common feature of
most of these contributions is the consideration of Cobb-Douglas technologies
and sector-specific and/or intersectoral external effects.® Focusing on production
functions with unitary elasticity of substitution prevented any discussion of the
role of factor substitutability.

Although Cobb-Douglas technologies are widely used in growth theory, recent
papers have questioned the empirical relevance of this specification. Duffy and
Papageorgiou (2000), for instance, consider a panel of 82 countries over a 28-year
period to estimate a CES production function specification. They find that for the
entire sample of countries the assumption of unitary elasticity of substitution may
be rejected. Moreover, dividing the sample of countries into several subsamples,
they find that capital and labor have an elasticity of substitution greater than unity
in the richest group of countries whereas the elasticity is less than unity in the
poorest group of countries. It therefore seems necessary to question the robustness
of indeterminacy with respect to the elasticity of substitution.’

Boldrin and Rustichini (1994) and Drugeon et al. (2003) consider two-sector
growth models with general neoclassical technologies and intersectoral external-
ities. Bond et al. (1996) also examine the effects of distortionary factor taxation,
which is formally equivalent to sector-specific external effects. These authors pro-
vide conditions for local indeterminacy of equilibrium paths. However, no clear
condition on the size of the elasticity of substitution is given.

We consider in this paper an (n 4 1)-sector continuous-time economy with CES
technologies and sector-specific externalities. Our goal is to characterize the local
stability of a steady state or a stationary balanced growth path and to evaluate the
influence of the input elasticity of substitution. The model with exogenous growth
consists of a pure consumption good and n capital goods that are produced using

https://doi.org/10.1017/51365100504030159 Published online by Cambridge University Press


https://doi.org/10.1017/S1365100504030159

438 KAZUO NISHIMURA AND ALAIN VENDITTI

capital and labor. We assume that the instantaneous utility function is linear. The
model with endogenous growth consists of one consumable capital good and n
pure capital goods. We assume that each good is produced without fixed factors.
As in the standard literature, we assume that the instantaneous utility function is
homogeneous with a constant intertemporal elasticity of substitution.

Building on some recent empirical studies of disaggregated U.S. data by Basu
and Fernald (1997), we assume that the aggregate technology of each sector has
constant social returns, which implies that individual firms exhibit small decreasing
returns. This divergence between private and social returns is explained by the
existence of mild external effects. It follows that the standard duality between
Rybczynski and Stolper-Samuelson effects, which holds in optimal growth models,
is broken in our framework.

Based on the destruction of this duality, it has been shown by Benhabib and
Nishimura (1998) in a two-sector exogenous growth model with sector-specific
externalities that the steady state is locally indeterminate if the consumption good
is capital intensive at the private level but labor intensive at the social level.'® Local
indeterminacy then requires a capital intensity reversal.

However, all these results have been established using Cobb-Douglas technolo-
gies. We use CES production functions and study the role of the elasticity of
substitution in the stability properties of the steady state or the stationary balanced
growth path in general multisector models. We show that local indeterminacy
takes place even without a capital intensity reversal if factor substitutability is
weak, that is, the elasticity of substitution is less than 1. Moreover, we prove that
factor substitutability must be sufficiently weak in exogenous growth models for
local indeterminacy to take place whereas this is not necessarily true in endogenous
growth models.

This paper is organized as follows. The next section sets up the basic model of
production. Section 3 examines the conditions for indeterminacy in the exoge-
nous growth model while Section 4 deals with the endogenous growth model.
Section 5 contains some concluding comments. Most of the proofs are gathered in
the Appendix.

2. BASIC MODEL OF PRODUCTION

Output y; is produced by inputs xo;, ..., x,;. There are n + 1 outputs yo, yi, ...,
¥u- The production functions are CES, and the representative firm in each industry
faces the following function:

n —1/p;
y,=<2ﬁi,xijpf+e,(xj)> , j=0,....n, )

i=0

with p; > —1 and o; =1/(1+ p;) >0 the elasticity of substitution. The posi-
tive externalities, e;(X ), will be equal to > " b;; Xl-;pf, with b;; >0 and X; =
(Xoj, X1, ..., Xnj) where X;; denotes the average use of input i in sector j. We
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assume that these economywide averages are taken as given by the individual firm.
At the equilibrium, since all firms of sector j are identical, we have X;; = x;; and
we may define the social production functions as follows:

n —1/p;
yji= <Z(,Bij +bij)x,‘;p/> . (2)

i=0

We assume that in each sector Y " (B;; + b;;) = 1 so that the production functions
collapse to Cobb-Douglas in the particular case p; = 0. Notice also that the returns
to scale are constant at the social level, and decreasing at the private level.!! Our
formulation is, however, compatible with constant returns at the private level if we
assume that there exists a factor in fixed supply such as land.'? In this case, the
income of the representative consumer will be increased by the rental of land.

A firm in each industry maximizes its profit, given output price p; and input
prices wo, ..., w,. Its profit is

n
=Py Y Wik
—

Assumption 1. Forany i, j=0,...,n, B;; >0.

It is well known that with CES technologies, depending on the value of the
elasticity of substitution, the Inada conditions may not be satisfied. It follows that
Assumption 1 is necessary but not sufficient to guarantee that a positive amount of
every good is produced. Therefore, in the rest of the paper, we restrict our analysis
to the case of interior solutions for which every good is produced by a positive
amount and every input is used by a positive amount in the production of every
good.

To focus the analysis on the elasticity of substitution, we assume that it is
identical accross sectors, that is, p; = p, j =0, ..., n. The first-order conditions
subject to the private technologies (1) are the following:

piBiiyi/xi)' " =w, i,j=0,...,n. 3)
From (3), we have
xij/yi=(piBij/wi) ™ =a;;(w;, pj), i,j=0,...,n. 4

We call a;; the input coefficients from the private viewpoint. If the agents take
account of externalities as endogenous variables in profit maximization, the
first-order conditions subject to the social technologies (2) are

piBij+0ipi/xi) P =wi i j=0,m,
and the input coefficients become

El,'j(W,‘,pj)z(pjléij/wi)l/(l-'_p), i,j=0,...,l’l,
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with f;; = Bi; + bi;. We call @; the input coefficients from the social viewpoint.
However, as we show below, the factor-price frontier, which gives a relationship
between input prices and output prices, is not exactly expressed with the input
coefficients from the social viewpoint. We define

aijwi, pp) = (Bij/Bipaijwi, pj),

which we will call the guasi-input coefficients from the social viewpoint, and it is
easy to derive that

aij(wi, py) =a;;(wi, p))(Bij/Bip)” .

Notice that 4;; = a;; if b;; =0, i.e., there is no externality coming from input i in
sector j, or p =0, that is, the production function is Cobb-Douglas.

On the basis of these input coefficients, we now establish various lemmas. We
first show that the factor-price frontier is determined by the quasi-input coefficients
from the social viewpoint.

LEMMA 1. Denote p=(po, ..., pn), w=Wo,...,wn), and A(w,p)=
[flij (W,’, pj)] Then,p = A(w,p)/w.

Proof. Substituting (4) into the real production function (2) gives

2 7-1/p
yj:[ prl Z(ﬁl/+blj)(ﬂ ) ‘| .
ij

It follows that

p;%p = Zﬁij <;};> v Z [(ﬂz}/ﬂu <ﬂu) H—ﬂWi‘| . (5)
i=0 !

i=0

Multiplying both sides of this equality by pl/ (e gives

n

Pj Z [(ﬂl}/ﬂl} (p]ﬂl]> ﬂ) i] = Zfl,‘jwi.
Wi i=0

i=0
|

The total stock of factors is a vector x = (xo, ..., x,) with x; = Z?:o x;;. From
the full employment conditions, we derive the factor market-clearing equation,
which depends on the input coefficients from the private perspective.

LEMMA 2. Denote x=(xg,...,%x,), y=0o,..., ), and Aw,p)=
[a;j(wi, p;j)]. Then, A(w,p)y =x.
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Proof. By definition, x;; =a;;y;, and thus,

§ Xij = § aijyj = Xi-

We now examine some comparative statics. Since the function A(w, p) is homoge-
neous of degree zero in w and p, the envelope theorem implies that the factor-price
frontier satisfies Lemma 3.

LEMMA 3. dp = A(w,p)'dw.

Proof. Differentiating equation (5) gives

and therefore,

A 1
LGRS o
dpj = ﬂ_j # dWi = a,'de,'.
! i=0

i=0 Wi
|
The factor market-clearing equation finally satisfies
LEMMA 4.
da’ da’
A(w,p)dy + dw+—d =dx with —
(w.p)dy Zw( - o p> "
- [3_} and 2~ [3} ,
aWS s=0,...,n ap apé s=0,...,n
Proof. Starting from )_; a;;y; = x;, we have
" 8(1,‘]‘
Zal]dy]+zy] dW3+Z aps de dei-
s=0 s=0
|

The total derivative of the system can be summarized by the following equation:

", da’ da’
I - il
H(dy)= Zy’ ap (dx) with H= Zy’
Jj=0 dp
0

dw
I 0 A
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Under Assumption 1, we now define (n + 1) x (n + 1) positive matrices

B = [IBilj/(Hp)] and B= [ﬁij/ Z’/(ler)]-

Assumption 2. B and B are nonsingular matrices.

Let us also define the two following diagonal matrices:

W BN
W= : : and P= :
0 . oW 0 e o

From (4), we get A= W-BP, A= W’léP, and thus under Assumption 2,
Al =P 1B~'w, A~ = P~' B~!'W. Note also from Lemmas 1-2 and the above
diagonal matrices that

I+p I+p
0 Po
Wlw=B""Pp & : = B! : (6)
% p T+o
and
y=P 'B 'wx. 7
Factor rentals are functions of output prices only, w; = w; (p), whereas outputs are
functions of factor stocks and output prices, y; =y;(x,p), i =0, ..., n. Finally,
we obtain
dy 9y
ax  oap Al *
Pl op1= . 8)
ow  ow 0 Al
ax dp

Without external effects, thatis, b;; = 0, the matrix [0y /dx] reflects the Rybczynski
theorem whereas the matrix [dw/dp] reflects the Stolper—Samuelson theorem.
From the duality between these two effects well known in trade theory, we get
[0y/dx]=[0w/dp]. However, in the presence of externalities, the Rybczynski
effects depend on the input coefficients from the private perspective whereas the
Stolper—Samuelson effects depend on the quasi-input coefficients from the social
perspective. The duality between these two effects is thus destroyed. This follows
from the fact that with market distortions, true costs are not being minimized.
Local indeterminacy of equilibria will be a consequence of this property.
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3. EXOGENOUS GROWTH MODEL WITH LINEAR UTILITY
3.1. Model

A representative agent optimizes a linear additively separable utility function with
discount rate § > 0. This problem can be described as

+00
max/ yo(t)e " dt
{xi;®} Jo

n —1/p
s.ty(1) = (Zﬂi,x,-,(t)—p + ej(Xj(t))) j=0,...,n,

i=0
xi(t) = yi () — gxi(t) i=1,...,n,
. 9
xi(1) = x;(0) i=0...n @
j=0
x; (0) given i=1,...,n,
{e;j(X;(1))}i=0 given j=0,...,n,

where x(t), interpreted as labor, is always equal to 1; yo(¢) is the output of the
pure consumption good; and g > 0 is the depreciation rate of the capital stocks.'
We can write the modified Hamiltonian in current value as

n —1/p n n
H= (Z,Biox;)”(t) +60(X0(f))> + Zwi(f) <xi(f) - inj(t)>
i=0 =0

i=0

n n =1/p
+Zp,-(r)(<25i,-xif<r> + e,-(X,-(r))) = gx,m).
j=1 i=0

Here, p;(t) and w; (¢) are, respectively, co-state variable and Lagrange multipliers,
representing utility prices of the capital goods, their rental rates, and the wage rate,
with po(¢#) = 1. The static first-order conditions are given by

Ws = pjﬁélf(yj/xsj)l—‘rp = ,BJO(yO/xSO)H_p

for j=1,...,n, s=0,1,...,n, and they are equivalent to (3). Let xl=
Gt e X)) Y =0y P =(pra oo py) and w=(wy, .o w,) L Tt
follows from (6) and (7) that the necessary conditions that describe the solution to
problem (9) are given by the equations of motion:

%:(1) = yi(x (1), p" (1)) — gx; (1) i=1,...,n,
(10)

pit) =@ +pi) —wi(p'(®) i=1,...,n.

Assumption 3. There exists a stationary point (x'*, p'*) of the dynamical system
(10) that solves x; () = p;(t) =0,i=1,...,n.'4
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Linearizing around (x'*, p'*) gives the 2n x 2n Jacobian matrix

ayl(xl*’pl*) ayl(xl*’pl*)
ox! —sl ap!
J= awl(pl*)
0 N\ )t 6+91
opl

Since in this model we have one pure consumption good, we need to eliminate
from equality (8) the columns and rows that are associated with xg, yo, po, and wy.
To do so, we introduce the following n x n matrices:

ajoao; A . a;odo;
A] = [a,-j -z j:| and A] = |:Cl,'j — lA J:|
ago aoo
fori, j=1, ..., n. The Jacobian matrix is thus as follows:

J_ Afl—gl *
S\ 0 GHor-AT")

In the current economy, there are n capital goods whose initial values are given.
Any solution from (10) that converges to the steady state (x'*, p'*) satisfies the
transversality condition and constitutes an equilibrium. Therefore, given x(0), if
there is more than one set of initial prices p(0) in the stable manifold of (x'*, p'*),
the equilibrium path from x(0) will not be unique. In particular, if J has more than
n roots with negative real parts, there will be a continuum of converging paths and
thus a continuum of equilibria.

DEFINITION 1. Ifthe locally stable manifold of the steady state (x*, p'*) has
dimension greater than n, then (x'*, p'*) is said to be locally indeterminate.

The roots of J are determined by the roots of [Al_l —glland[(6+g)I — A/l_' ].
A, is the matrix of factor intensity differences from the private viewpoint and A,
is the matrix of quasi factor intensity differences from the social viewpoint. Using
the definitions of input coefficients given in Section 2, we may indeed interpret

the elements of A; and Al as follows:
DEFINITION 2. The consumption good is said to be

(1) more intensive in capital good i than the capital good j at the private level if
a;jag — ajodo; < 0;
(i) more quasi intensive in capital good i than the capital good j at the social level if
aij&()() - ai()@Oj <0;
(iii) more intensive in capital good i than the capital good j at the social level if a;;doo —
C_lioaoj <0.

As in a Cobb-Douglas framework, it is usual to formulate the factor intensity dif-
ferences in terms of the B;; and B;; coefficients. A similar convenient formulation
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can be achieved with CES technologies. To do so at the private level, we need to
define an n x n matrix B; as follows:

1 1
o BB
0o Po
B = |p7 — P (11)
T+p
00
fori, j =1, ..., n. Considering also
L 1
1
wi 0 pir 0
Wy = : : and P = : : ,
0 W,ﬁ;ﬂ 0 pn#”

we easily obtain from (4) A, =W !B, P,. Similarly, using the quasi input coeffi-
cients at the social level and defining an n x n matrix B as

L
Bij  BioBoj  Bu’

B, = e 2 e 12)
ﬂijw ,300 ,Bioﬂ) O;p
fori, j=1,...,n, it follows that Al = Wl_lﬁl P;. Under Assumption 2, the ma-

trices By and B are invertible. By the steady state conditions, § + g =w; /p;, the
Jacobian matrix J becomes

P (B - —5 1w ¥
J = 6+ gt

0 wi(@+ 1 — B P!

We may thus relate the input coefficients to the CES parameters.
PROPOSITION 1. Let Assumptions 1-3 hold. At the steady state,

(1) the consumption good is more intensive in capital good i than the capital good j
from the private perspective if and only if B;; Boo — BioBoj < 0;

(ii) the consumption good is more quasi labor intensive than the capital good j from
the social perspective if and only if

AA v
<,3ij,300> - <,3ij.600> e
BioBoj BioBoj '
(iii) the consumption good is more intensive in capital good i (labor) than the capital
good j from the social perspective if and only ifﬁ,-j/éoo - ﬁioﬁoj <(>)0.
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3.2. Two-Sector Model

In the two-sector model with n = 1, the matrices A, and A; are scalars. From
Definition 2, if a;agy — ajpap; < 0, the consumption good is capital intensive from
the private viewpoint. Moreover, if a;jdgy — djpdo; <0, the consumption good
is quasi capital intensive from the social viewpoint. The following proposition
establishes that local indeterminacy requires a capital intensity reversal from the
private input coefficients to the quasi input coefficients.

PROPOSITION 2. Let n=1 and Assumptions 1-3 hold. The steady state is
locally indeterminate if and only if the consumption good is capital intensive from
the private perspective, but quasi labor intensive from the social perspective.

To get indeterminacy in a framework with constant returns to scale at the so-
cial level, we need a mechanism that nullifies the duality between the Rybczynski
and Stolper—Samuelson effects. As shown in Section 2, the Rybczynski effect is
given by the input coefficients from the private perspective whereas the Stolper—
Samuelson effectis given by the quasi input coefficients from the social perspective.
In the presence of external effects, the duality between these coefficients is broken
and local indeterminacy may appear. Starting from an arbitrary equilibrium, con-
sider an increase in the rate of investment induced by an instantaneous increase
in the relative price of the investment good. When the investment good is labor
intensive at the private level, an increase in the capital stock decreases its output at
constant prices through the Rybczynski effect. If, on the contrary, the investment
good is quasi capital intensive at the social level, the initial rise in its price causes,
through the Stolper—Samuelson effect, an increase in one of the components of its
return and requires a price decline to maintain the overall return to capital equal to
the discount rate. This offsets the initial rise in the relative price of the investment
good so that the transversality condition still holds.

This mechanism is very similar to the one exhibited in the contribution of
Benhabib and Nishimura (1998). There is, however, a major difference with the
current paper, which is based on the fact that as soon as the factor elasticity of
substitution is nonunitary, the quasi input coefficients at the social level depend on
the elasticity of substitution whereas the social input coefficients do not. It follows
that, depending on the value of the elasticity of substitution, the capital intensity
reversal from the private input coefficients to the quasi input coefficients does
not necessarily requires a capital intensity reversal from the private to the social
level.

Let us now precisely study the role of the factor elasticity of substitution. Con-
sider (ii) of Proposition 1. When p >0, if 811800 — B10Bo1 >0 and By Boo —
BioBo1 <0, then the consumption-good sector is always quasi labor intensive
from the social perspective. When —1 < p <0, even if B1;8p0 — BioBo1 <0, the
consumptlon good sector may be quasi labor intensive from the social perspective
when B11B0o — BioBor <0 and dominates B1; 8o — BioBor. We may therefore de-
rive the following result, which shows that when the true social input coefficients
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are considered, local indeterminacy also takes place without a capital intensity
reversal.

PROPOSITION 3. Let n=1, Assumptions 1-3 hold, and the consumption
good be capital intensive from the private perspective. Then,

(i) if the consumption good is labor intensive from the social perspective, there exists
pi € (=1, 0) such that the steady state is locally indeterminate for any p > p} and
saddle-point stable for any p € (—1, p});

(ii) if the consumption good is also capital intensive from the social perspective and

:311300 - ,311,300
510301 - .310.301 '

there exists p; > 0 such that the steady state is locally indeterminate for any p > p;
and saddle-point stable for any p € (—1, p3).

1>

This proposition shows that when the productive factors are sufficiently substi-
tutable, local indeterminacy occurs if the consumption good is capital intensive
at the private level. Note that local indeterminacy is still possible even if the con-
sumption good is capital intensive at the social level. Condition (i) only coincides
with the result obtained by Benhabib and Nishimura (1988) in the particular case of
Cobb-Douglas technologies. Therefore, when CES production functions are con-
sidered, a capital intensity reversal is not always necessary for local indeterminacy.

COROLLARY 1. Let n =1, Assumptions 1-3 hold, the consumption good be
capital intensive from the private perspective, and

B11Boo - B11Boo
BioBor ~ BioBor

hold. Then, there exists p* > —1 such that for any p > p*, the steady state is locally
indeterminate.

3.3. General Multisector Model

In a general multisector model with n capital goods, the local conditions for stability
or instability require strong properties on matrices of factor intensity differences B
or B,.In this section, we attempt to provide a generalization of the results obtained
for the two-sector model and propose new conditions for local indeterminacy. As
in the two-sector case, we have to consider the coefficients §;; and Bi ; of the CES
technologies. We impose restrictions only on the sign of the diagonal terms of
B, and B, but not on the sign of the off-diagonal coefficients. We introduce the
following sets of indices which characterize the sign of the diagonal terms in B
and B, when p =0:

B =1{je{l,...,n}suchthat B;; Bo0 — BjoBo; < O}, 13)
B ={kell,...,n}such that B Boo — ProPor < O}. (14)
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When j € B3, the consumption good is more intensive in capital good j than the
capital good j itself at the private level. Similarly, when k € B, the consumption
good is more intensive in capital good k than the capital good k itself at the
social level. Let us denote the number of elements in B and B, respectively, by
#B and #B. If #8 = n, then Bi; foo — BioPoi <Oforanyi=1, ..., n, and if #3=0
then ,3,-5/900 — ,3,-0,30,- >0 for any i =1, ..., n. These restrictions are similar to
the Metzler and Minkowsky conditions of Benhabib and Nishimura (1999) which
imply the existence of 2n eigenvalues with negative real parts.'> Our main objective
is to give conditions for the existence of at least n + 1 eigenvalues with negative
real parts from the sign patterns of the diagonal elements of matrices B and B.

To relate the sign of diagonal elements to the sign of the real parts of eigenvalues,
we introduce the following dominant diagonal properties of matrices.

DEFINITION 3. An n x n matrix C =[c;;] has a dominant diagonal if |c;;| >
Zj;ﬁi lcij| foreachi=1, ..., nor|ci| > Zi# lcij| foreach j=1, ..., n.

This definition is stronger than the quasi-dominant diagonal introduced by
McKenzie (1960) since the weighting parameters are here equal to one. We also in-
troduce a strong dominant diagonal that requires both row dominance and column
dominance.

DEFINITION 4. An n x n matrix C = [c;;] has a strong dominant diagonal
if |cii| > Z#i lcijl for each i = 1,...,n and |c;;| > Zi#j |cij| for each j =
1,...,n.

From now on we explicitly parameterize the matrices B; and B, by p, namely
Bi(p) and B (p), in order to simplify the exposition.

Assumption 4. There exists p > —1 such that for any p > p, B;(p) has a strong
dominant diagonal, and B (p) has only real eigenvalues with dominant diagonal.

Remark 1. In atwo-sector model, when we consider constructing an alternative
equilibrium with a higher investment rate, we have to decrease the initial level of
consumption. If the elasticity of intertemporal substitution in consumption is finite,
the desire to smooth consumption over time may overwhelm the technological
effects coming from the Rybczynski and Stolper—Samuelson theorems. This is why
we assume a linear specification for the utility function. As shown by Benhabib
and Nishimura (1998), such an assumption is no longer necessary as soon as a
third nonconsumption good is introduced. In this case, indeterminacy may arise
from compositional changes in outputs without too much affecting the output
of consumption. However, we still assume in the following that the elasticity
of intertemporal substitution in consumption is infinite. Such an assumption is
necessary to get precise results without resorting to numerical computations. It is
easy to notice indeed that if the utility function is nonlinear, the Jacobian matrix
J is no longer triangular and the characteristic roots cannot be analyzed. Our
strategy is therefore to give conditions on the technological fundamentals to get
local indeterminacy when the utility function is linear. As numerically illustrated
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by Benhabib and Nishimura (1998) in a Cobb-Douglas framework, the argument
mentioned above then guarantees that local indeterminacy will persist for finite
values of the elasticity of intertemporal substitution in consumption.

THEOREM 1. Let Assumptions 1-4 hold, #B > 1, and

PN

BiiBoo - Bii Boo

——— > 5)
BioBoi — BioBoi
foralli=1,...,n. Then, there exists —1 < p* < p such that the steady state is

locally indeterminate for any p > p*.

Theorem 1 suggests that local indeterminacy cannot arise with high substitutabil-
ity. We may thus provide conditions for saddle-point stability. We first introduce
an alternative restriction to Assumption 4.

Assumption 5. There exists p > —1 such that for any p € (—1, p], B;(p) has
a strong dominant diagonal, and B{(p) has only real eigenvalues with dominant
diagonal.

PROPOSITION 4. Let Assumptions 1-3 and 5 hold with #B = n. Then, there
exists p > p such that the steady state is saddle-point stable for any p € (—1, p).

Condition #8 = n with dominant diagonal guarantee that the Jacobian matrix
J has at least n negative eigenvalues. However, strong factor substitutability leads
to the existence of a unique equilibrium path.

3.4. Examples

In Theorem 1, the lower bound p*, above which local indeterminacy is obtained,
may be positive or negative depending on the values of #83 and #B. If p* < 0, then
the results cover the Cobb-Douglas case. Under #53 > 1 and suitable dominant
diagonal assumptions, it may be shown that p* <0 if #58 =0 whereas p* > 0 if
#B > 0. Simple examples may illustrate the possibility of indeterminacy in three
different interesting configurations. Following Benhabib and Nishimura (1998),
the production parameters are calibrated along the lines of a standard RBC model. '
We also consider extremely small external effects.

Example 1. We first illustrate the case #13 = 1 and #83 = 0. Consider the follow-
ing matrices of private CES coefficients and external-effects coefficients

0667 (0.6H)™ (0.61)7 D0 .
B(p)= | (0247 (0.275 (023)% |, b=[0 006 0
0 0 0.06

O™ (0. (0.1)T
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It follows that

(0.2)7 — (0.233)™  (0.23)T7 — (0.222)T7
Bl(p) = 1 1 1 1
0.1)™ — (0.097)7%  (0.1)™ — (0.094) T

0.26 0.233 0.23 0.222
B100) 0.2)7  (0.233)™  (0.23)7  (0.222)77
r=1 04 0.097 0.16 0.094 |

0. (0097 (0.  (0.094)7

and, when p = 0,

B0y = (0032 0.004 o By < (0027 0004
W =10003 0006/ * "= 10003 0.066)

We have #53 = 1 for row 1 of matrix B (p), which has a strong dominant diagonal
for any p > —1. Moreover #B =0 and the matrix B,(p) has a dominant diago-
nal for any p € (—1, —0.55) U (=0.29, +00). The eigenvalues are positive when
o > —0.409 and have an opposite sign when p € (—1, —0.409). Then, there exists
p* = —0.409 such that the steady state is locally indeterminate for any p > p* and
saddle-point stable when p € (—1, p*). The values of #85 and #B, respectively,
give the number of negative diagonal terms of B;(0) and B1(0). Under dominant
diagonal assumptions, these give the number of negative roots of B;(0) and B (0).
Therefore, if #8 =1 and #53 = 0, the Jacobian matrix when p =0 has n + 1 roots
with negative real parts.

Example 2. We now illustrate the case #8=1 and #B — #B < 1. Consider a
slight modification of the previous matrices B and b:
0.66)™  (0.68)™  (0.65)™ o 0 0
B(p)= | (02407 (02)™ (023)% |, b=[0 002 0 [. (16)

O.)™  (0.1)  (0.11)7 0 0 001

We easily obtain

Bi(p) ((0-2)ﬁ — (O.247)ﬁ (0_23)ﬁ _ (0.236)ﬁ>
p) = . ] 1 1
] (0.1)™ — (0.103)™ (0.11)™ — (0.098) T+

0.22 0.247 0.23 0.236
B1(o) = 0277 (0.247)T7  (0.23)T7  (0.236)77
= o 0.103 0.12 0098 |’

O™ (0.103)7F (0.1 (0.098)™
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and, when p = 0,

—0.047 —0.006 - —0.027 —0.006
31(0)=< ) B](0)=< )

—0.003 0.012 —0.003 0.022

We have #8 =1 for row 1 and B;(p) has a strong dominant diagonal for any
p > —1.Condition (15) is satisfied, #8 = 1 and B, (p) has a dominant diagonal for
any p € (—1, 0.150) U (0.231, 4-00). The eigenvalues are positive when p > 0.196
and have opposite sign when p € (—1, 0.196). Moreover, #5 — #B =0 and there
exists p* =0.196 such that the steady state is locally indeterminate for any p > p*
and saddle-point stable when p € (—1, p*). Note that since we use a dominant
diagonal property for B; (p) and B, (p), local indeterminacy requires at least n + 1
negative diagonal terms in B;(p) and B 1(0). When p =0 and under #8 > 1, this
requires that #B >#B — 1. Therefore, local indeterminacy cannot occur in the
Cobb-Douglas case when #B — #B < 1.

Example 3. We finally illustrate the case #53=1 and #5 — #B > 1. Consider a
slight modification of matrices (16) as follows:

1 1 1

0.66)77  (0.68)7  (0.65)™ 0 0 0

B(p)= | (024)7 (0.2)7 (0.23)7 |, b=10 002 o
O™ (0. (0.09)T 0 0 003

We easily obtain

B (p) <(0~2)‘*1” — (024777 (0.23)77 — (0.236)1+1ﬂ>
p) = 1 ] ] |
1 (0.1)™ — (0.103)™  (0.09) ™+ — (0.098) ™+

0.22 0.247 0.23 0.236
B1(o) = 0.2)™  (0.247)7  (0.23)77  (0.236)77
=1 o1 0.103 0.12 0.098 |’

0.0 (0.103)F  (0.09)7F  (0.098)%
and, when p =0,

—0.047 —-0.006
B1(0) = an

—0.003 —0.008

N —0.027 —0.006
d Bi(0)= .

—0.003 0.022

We have #8=2 and Bj(p) has a strong dominant diagonal for any p > —1.
Condition (15) is satisfied and #8 = 1. B;(p) has a dominant diagonal for any
p€(—1,-0.856) U (—0.596,0.150) U (0.231, +o0) and its eigenvalues are pos-
itive when p > 0.195, have the opposite sign when p € (—0.714, 0.195), and are
negative when p € (—1, —0.714). Moreover, we have #8 — #B = 1 and there ex-
ist p* =0.195 and p* = —0.714 such that the steady state is locally indeterminate
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for any p € (p*, p*) U (p*, +00) and saddle-point stable when p € (—1, p*). The
Cobb-Douglas case falls into this configuration. Although the sufficient conditions
of Theorem 1 imply that the lower bound p* is positive, local indeterminacy of the
steady state may still hold for some p that is strictly less than p*. When #8 > 1,
#8 > 0, and #5 — #B > 1, there are at least n + 1 negative diagonal terms in B; (0)
and B 1(0). If, in addition, dominant diagonal properties are satisfied at p =0, the
steady state is locally indeterminate at p =0 even though the lower bound given
by Theorem 1 is strictly positive.

4. ENDOGENOUS GROWTH MODEL WITH NONLINEAR UTILITY
4.1. Model

We now consider an economy without fixed factors that exhibits unbounded
growth. A representative agent optimizes a nonlinear additively separable utility
function with discount rate § > 0. This problem can be described as

+o00 t 1—o
max / eI e dr
0

c(0){xi; (0} l1—0o

n —1/p
S.t. yj(t) = (Zﬂijxij(t)p +€j(Xj([))> j=0,...,n,

i—0
):Co(l) = yo(t) — gxo(t) — c(1), - an
xi(t) = yi(t) — gx;(t) i=1,...,n,
Xi(l)zzx;j(l) i=0,...,n,
=0
x; (0) given i=0,...,n,
{ej(X;(t))}i=0 given j=0,...,n.

There is no pure consumption good: the good 0 is both a factor of production and
a consumption good. The modified Hamiltonian in current value is

- n =1/p
H = [e®1™ + po(t) ( ( Z Biox;o” (1) + eo(Xo(t))> — gxo(t) — c(t))
—0

1 i=0

n n —1/p
+ij(t)<<2ﬂijxijp(t)+ej(Xj(t))> —8xj(t)>
j=1 i=0
+> wilt) (x,- OEDPET (t)>.
i=0 =0

Here p;(t) and w; (¢) are, respectively, co-state variables and Lagrange multipliers,
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representing utility prices of the capital goods and their rental rates. The static first-
order conditions for this problem are given by

C_G = p07 (18)
wy = pBs(yi/xs)' (19)
forj=1,...,n,s=0,1,...,n,andequations (19) are equivalent to (3). It follows

from (6) and (7) that the necessary conditions that describe the solution to problem
(17) are given by the equations of motion:

xo(1) = yo(x(2), p(1)) — gxo(t) — (),
xi (1) = yi(x(t),p(1)) — gx;(1) i=1,...,n, (20)
pit) =+ g)pi(t) —wi(p()) i=0,...,n.

The production functions being homogeneous of degree one, let the growth rate
of ¢ and x; along the balanced growth path be x. From equation (18), prices must
then decline at the rate o . We define discounted variables as

() = e Mxi(0), yi(t) = e My (1), pi(t) = e pi (1), wi(t) = e”"'w;(1).

Note that e *c(t) = e ™[ po()]~ /7 =[po(t)]~1/°. Since there are no fixed fac-
tors, outputs y are homogeneous of degree one in stocks x, and homogeneous of
degree zero in prices p, and the factor prices w are homogeneous of degree one in
prices. Then equations (20) can be written as:

Xo(t) = Yo (1), p(t)) — (g + wXo(t) — [po()]7/°
Xi(t) = @), p@) — (¢ + wxi ) i=1,...,n (21)
i) =@+ g+ owpi(t) —wi(p1)) i=0,...,n.

The stationary balanced growth rate i corresponds to the stationary point (X¥*, p*)
of the above system.

Assumption 6. There exists a stationary point (¥*, p*) of the dynamical system
(21) that solves X;(t) = p,;(t) =0,i=0,1,...,n."7

From the price equations in the dynamical system (21) evaluated at (x¥*, p*) and
Lemma 1, we have (8§ + g + ou) A’'w =w, which can be reformulated as

[A' =S +g+ou 'Iw=0. (22)

Thus, w is obtained from the Frobenius root of A, that is, b+g+o w1, which
has w as eigenvector. Linearizing around (X*, p*) gives the 2(n + 1) x 2(n + 1)
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Jacobian matrix,

(B0 g (B
/- ox ap
0 (8+g+au)l—<M)
ap

where Z is a matrix of zeros except for the element of the first row and the first
column, which is (1/o)p07171/6. From equation (8), J becomes

9y (%*. n*

y(x_,p )> 47
ap

0 S+g+ou) — A"

AT (g + w1 (

J = (23)

In the current economy, there are n + 1 capital goods whose initial values are
given. Any solution from (21) that converges to the steady state (X*, p*) satisfies
the transversality condition and constitutes an equilibrium. Therefore, given ¥(0),
if there is more than one set of initial prices p(0) in the stable manifold of (¥*, p*),
the equilibrium path from ¥(0) will not be unique. Notice that the Frobenius root
of A’ implies the existence of one zero root for J. Therefore, if J has more
than n roots with negative real parts, there will be a continuum of converging
paths and thus a continuum of equilibria. Definition 1 of local indeterminacy still
applies.

The roots of J are given by the roots of [A~! — (g + w)I] and [(§ + g +
o)l — A'""]. As in the exogenous growth formulation, we may formulate the
factor intensity differences in terms of the §;; and Bi ; coefficients. From Lemmas 3
and 4 we have dp = A'dw and Ady + > i_o¥,1(da’ [oW)dW + (da’ /8p)dp) = dX.
Consider the following two diagonal matrices:

()7 - 0 (Po) ™ - - 0
W= : : and P = : . :
0 o ()T 0 (BT
The steady-state conditions give § 4+ g +ou = (w;/p;). Then, we can rewrite J
as follows:
_ _ a— —*’ 7
P—1<B—l_ g+“’ ] I)W ( Y(X_P)>+Z
J= S+g+ouw)m™ op
0 W(G+g+owml—B P!

Applying the same proof as the one of Proposition 1, we finally obtain Proposi-
tion 5.
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PROPOSITION 5. Let Assumptions 1, 2, and 6 hold. At the steady state,

(i) the consumable capital good is more intensive in the pure capital good i than the
pure capital good j at the private level iff B;j Boo — Biofoj <O0;

(ii) the consumable capital good is more quasi intensive in itself (the pure capital
good i) than the pure capital j at the social level iff

<§,-,-/§00> N (<)<ﬂ,~,ﬂw)#
.BiO,BOj /3:'0/30./ '

(iii) the consumable capital good is more intensive in itself (the pure capital good i)
than the pure capital j at the social level iﬁ“ﬁ,-jﬁoo - ,31'0,30; > (<)0.

4.2. Two-Sector Model

Considering a two-sector model, we first show that, as in the exogenous growth
framework, local indeterminacy requires a factor intensity reversal from the private
input coefficients to the social quasi input coefficients.

PROPOSITION 6. Let n =1 and Assumptions 1, 2, and 6 hold. If the consum-
able capital good is intensive in the pure capital good from the private perspective,
but it is quasi intensive in itself from the social perspective, then the balanced
growth path is locally indeterminate.

This result is based on the quasi input coefficients from the social viewpoint
which do not have real economic meaning. Therefore, we need to use the true
social input coefficients. Now, however, we have to consider explicitely the factor
elasticity of substitution. Applying the same proof as in the exogenous growth
case, we show that local indeterminacy occurs without such a reversal when the
elasticity of substitution is less than one.

PROPOSITION 7. Letn =1, Assumptions 1,2, and 6 hold, and the consumable
capital good be intensive in the pure capital good from the private perspective.
Then,

(1) ifthe consumable capital good is intensive in itself from the social perspective, there
exists p* € (—1, 0) such that the balanced growth path is locally indeterminate for
any p > p*;

(ii) if the consumable capital good is also intensive in the pure capital good from the
social perspective and

BllﬁOO /311/300

>

BioBor ~ BioBo’

there exists p* > 0 such that the steady state is locally indeterminate for any p > p*.

1>

(24)

When the technologies are close enough to a Leontief function, this Corollary
provides a new condition for local indeterminacy based on a consumable capital
good intensive in the pure capital good at the private and social levels. Moreover,
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it extends the conclusions of Bond et al. (1996), Benhabib et al. (2000), and Mino
(2001) to any economies with technologies between Cobb-Douglas and Leontief
functions.

4.3. General Multisector Model

Consider now a general multisector model with n 4 1 goods. As we can see in
the Jacobian matrix (23), n roots are determined by the matrix [A~! —( g+ wl]
without externalities and the other n roots by the matrix [(§ + g + o)l — A™']
with externalities. If A~ has a root with negative real part, it makes one root
with negative real part in the Jacobian matrix. If A’~! has a root with positive real
part, it makes one root with negative real part in the Jacobian matrix unless the
root corresponds to the Frobenius root of A'~!. Therefore, to provide sufficient
conditions in the multisector case, we start with an assumption that implies that
B and thus A have at least one root with negative real part. From now on, we
explicitely parameterize the matrices B and B by p, namely B(p) and B(p), in
order to simplify the exposition.

Assumption 7. For any p > —1, B(p) has a negative determinant.
From this Assumption, we derive Lemma 5.18

LEMMA 5. Under Assumptions 1,2,6, and 7, there exist at least one row
i €{0, ... n} such that B/ "7 < 32 g

123

Now, define the set of rows i that satisfies the inequality given in Lemma 5:
Z(p) = {i €{0.....n} such that g/ < 3 g/ } NG 1)
J#i

Next, we look at the matrix with externalities and we introduce a dominant diagonal
assumption given by Definition 4 in the preceding section for B(0) in order to obtain
n + 1 roots with positive real parts.

Assumption 8. 3(0) has a dominant diagonal.
Moreover, we introduce slight restrictions on some components of matrix B.
Assumption 9. Any row k=0, ..., n of B satisfies B # B, ] #k.

This implies that the amount of capital k used in its own industry is different from
the amount of capital k£ used in any other industries.
LEMMA 6. Let Assumptions 1-2 and 6-9 hold. Then, there exist p €

[—1,0) and p > 0 such that for any p € (p, p), é(p) has a dominant diagonal.

Moreover."®

(1) ifthere is some i € Z(p) and at least one j #i such that B;; < Bi;, then p > —1;
(i) letn>2. Ifforalli € I(p) and all j #i, Bi; > Bij, then p=—1.
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We now introduce Assumption 10, based on the open interval (p, p) given in
Lemma 6.

Assumption 10. The matrix 3(,0) has only real eigenvalues for any p € (o, p).
This finally allows us to state the result in Theorem 2.

THEOREM 2. Let Assumptions 1-2 and 6-10 hold. Then, the following cases
occur:

(i) Ifthere is some i € Z(p) and at least one j #i such that B;; < B;;, then there exist
pi € (=1, pl and p; > p such that for any p € (p}, p3), the stationary balanced
growth path is locally indeterminate.

(ii) Letn>2.Ifforalli e I(p)andall j #1i, Bii > PBij, then there exists p* > p such that
the stationary balanced growth path is locally indeterminate for any p € (—1, p*).

This theorem provides a generalization of Proposition 7 (i). In a two-sector
model with n = 1, if the consumable capital good is intensive in the pure capital
good at the private level then B has a negative determinant and Lemma 5 implies
that case (i) of Lemma 6 necessarily holds. Moreover, if B(0) has a dominant
diagonal, then ,300 > ,301 and ,311 > 310, which implies that the consumable capital
good is intensive in itself from the social perspective.

When compared with the exogenous growth case, Theorem 2 shows that the role
of the factor elasticity of substitution in the occurrence of local indeterminacy is
quite different in the endogenous growth model. In fact, B(p) is defined by input
coefficients and not by capital intensity coefficients in the current formulation. This
implies that local indeterminacy does not occur with low factor substitutability
when external effects are mild. Moreover, Theorem 2 shows with case (ii) that
local indeterminacy occurs with an arbitrarily large elasticity of substitution. This
is not the case in exogenous growth models.

In a recent contribution that corresponds to case p =0 in our formulation,
Benhabib et al. (2000) show that if B has n roots with negative real parts and
B has at least two roots with positive real parts, the Jacobian matrix has one
zero root and at least n 4 1 roots with negative real parts, and then the station-
ary balanced growth path is locally indeterminate. Notice that their conditions are
fundamentally based on the private input coefficients while our results rely on
the social input coefficients. Indeed, it clearly appears that B being a nonnegative
(n+1) x (n+1) matrix, the ocurrence of n roots with negative real parts is difficult
to obtain. On the contrary, B being also a nonnegative matrix, a dominant diagonal
property ensures the existence of n 4 1 roots with positive real parts, and local
indeterminacy is obtained under a mild additional condition on B.

5. CONCLUDING COMMENTS

The main objective of this paper has been to discuss the role of factor substitutability
on the stability properties of a steady state or a stationary balanced growth path
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in a general multisector economy with CES technologies. We have given some
easily tractable sufficient conditions for the occurrence of local indeterminacy in
exogenous and endogenous growth models. We have proved this result without
a capital intensity reversal from the private to the social level when the elasticity
of substitution is less than one. Finally, we have shown that factor substitutability
must be sufficiently weak in exogenous growth models for local indeterminacy to
take place whereas this is not necessary in endogenous growth models.

We conclude with some comments about two possible further researches. We
have assumed throughout the paper that all the sectors have the same elasticity
of substitution. It would be interesting to study how our results are modified if
some heterogeneity is introduced on this parameter. Moreover, although we have
provided indeterminacy examples with mild external effects, we have not discussed
the relationship between the elasticity of substitution and the size of externalities.

NOTES

1. See also Diamond (1965) and Galor (1992).

2. See the recent survey by Benhabib and Farmer (1999).

3. See Evans and Guesnerie (2003).

4. See Benhabib and Rustichini (1994), Benhabib (1998).

5. See also Benhabib and Farmer (1996), Benhabib et al. (2002), Nishimura and Venditti (2002).

6. From this point of view, two-period OLG models are not appropriate to deal with short-run
business-cycle fluctuations.

7. See Xie (1994), Mitra (1998), Benhabib et al. (2000), and Mino (2001).

8. All these papers are representative-agent two-sector models. However, these models possess
features of agents’ interactions through external effects. See Becker and Tsyganov (2002) for a model
that explicitly introduces a heterogeneity of agents.

9. On the basis of interest-rate elasticity of U.S. demand for money, Benhabib and Farmer (2000)
use a CES production function, with labor and real money balance as inputs, to investigate the monetary
transmission mechanism.

10. Similar results have been derived in endogenous growth models by Bond et al. (1996), Mino
(2001) and Benhabib et al. (2000).

11. Denoting by f/ (x0j, - .., Xxnj, ej(X;)) the technology of sector j, we have for any A > 1

n »j
FIOX05,5 oy Mxnj, e (X)) = A Zﬂi,‘x,«;m +Aie;(X;) <AfI(X0j, - Xnj, € (X))-
i=0

12. The technology of sector j may be formulated as follows:
—1/pj

n
—p; -
Vi = g Bijx;; ' +e;XHT; ™ ,

i=0

with 7'; the amount of land used in the production of good j, which is normalized to 1 in our formulation.
13. We assume that the instantaneous utility is linear. This implies that the objective functional
coincides with the social production function of the consumption-good sector which is nonlinear and
concave.
14. From a general point of view, existence of steady state is proved under conditions (continuity of
functions, some boundary properties of the functions on the domain) that are fairly independent from
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the local stability properties at the steady state. In our model, following the procedure introduced by
Benhabib and Nishimura (1979) and Benhabib and Rustichini (1990) for optimal growth models and
Benhabib and Nishimura (1998) for growth models with externalities, the existence of a steady state
may be proved by constructing CES production functions from some values of the prices p;, the rental
rates w ; and the coefficients B;;, b;; that satisfy the local indeterminacy conditions. However, to avoid
unnecessary complications, we simply assume the existence of the steady state to begin with.

15. A Metzler matrix has negative diagonal elements and positive off-diagonal elements, whereas
a Minkowski matrix has positive diagonal elements and negative off-diagonal elements.

16. We use indeed very similar values for the input coefficients. See also Benhabib et al. (1997).

17. When endogenous growth is considered, the same comment as in note 14 applies.

18. The result of Lemma 5 refers to some diagonal and off-diagonal elements in each column.
However, similar results hold true for diagonal and off-diagonal elements in each row, too. In the case
in which the dominant diagonal property does not hold, similar inequalities follow for each column and
each row. To avoid unnecessary complications, we only use inequalities between diagonal elements
and off-diagonal elements for each column throughout the rest of this paper.

19. The critical value p may be 400 when n =1 under condition (i) in Proposition 7. However,
when n > 2, p < 400 if the externalities are mild.

REFERENCES

Basu, S. & J. Fernald (1997) Returns to scale in US production: Estimates and implications. Journal
of Political Economy 105, 249-283.

Becker, R. & E. Tsyganov (2002) Ramsey equilibrium in a two-sector model with heterogeneous
households. Journal of Economic Theory 105, 188-225.

Benhabib, J. (1998) Introduction to sunspots in macroeconomics. Journal of Economic Theory 81, 1-6.

Benhabib, J. & R. Farmer (1996) Indeterminacy and sector specific externalities. Journal of Monetary
Economics 37, 397-419.

Benhabib, J. & R. Farmer (1999) Indeterminacy and sunspots in macroeconomics. In J. Taylor & M.
‘Woodford (eds.), Handbook of Macroeconomics, pp. 387-448. Amsterdam: North-Holland.

Benhabib, J. & R. Farmer (2000) The monetary transmission mechanism. Review of Economic Dy-
namics 3, 523-550.

Benhabib, J. & K. Nishimura (1979) The Hopf bifurcation and the existence and stability of
closed orbits in multisector models of optimal economic growth. Journal of Economic Theory 21,
421-444.

Benhabib, J. & K. Nishimura (1998) Indeterminacy and sunspots with constant returns. Journal of
Economic Theory 81, 58-96.

Benhabib, J. & K. Nishimura (1999) Indeterminacy arising in multisector economies. Japanese Eco-
nomic Review 50, 485-506.

Benhabib, J. & A. Rustichini (1990) Equilibrium cycling with small discounting. Journal of Economic
Theory 52, 423-432.

Benhabib, J. & A. Rustichini (1994) Introduction to the symposium on growth, fluctuations and
sunspots: Confronting the data. Journal of Economic Theory 63, 1-19.

Benhabib, J., R. Perli & P. Sakellaris (1997) Persistence of Business Cycles in Multisector RBC Models.
Mimeo, New York University.

Benhabib, J., Q. Meng & K. Nishimura (2000) Indeterminacy under constant returns in multisector
economies. Econometrica 68, 1541-1548.

Benhabib, J., K. Nishimura & A. Venditti (2002) Indeterminacy and cycles in two-sector discrete-time
model. Economic Theory 20, 217-235.

Boldrin, M. & A. Rustichini (1994) Indeterminacy of equilibria in models with infinitely lived agents
and external effects. Econometrica 62, 323-342.

Bond, E., P. Wang & C. Yip (1996) A general two-sector model of endogenous growth with human
and physical capital: Balanced growth and transitional dynamics. Journal of Economic Theory 68,
149-173.

https://doi.org/10.1017/51365100504030159 Published online by Cambridge University Press


https://doi.org/10.1017/S1365100504030159

460 KAZUO NISHIMURA AND ALAIN VENDITTI

Diamond, P. (1965) National debt in a neoclassical growth model. American Economic Review 55,
1126-1150.

Drugeon, J. P, O. Poulsen & A. Venditti (2003) On intersectoral allocations, factors substitutability
and multiple long-run growth paths. Economic Theory 21, 175-183.

Duffy, J. & C. Papageorgiou (2000) A cross-country empirical investigation of the aggregate production
function specification. Journal of Economic Growth 5, 87-120.

Evans, G. & R. Guesnerie (2003) Editors’ introduction to the special issue on coordination in dynamic
expectations models: Learning and sunspots. Macroeconomic Dynamics 7, 3—6.

Galor, O. (1992) A two-sector overlapping-generations model: A global characterization of the dy-
namical system. Econometrica 60, 1351-1386.

Kehoe, T. & D. Levine (1985) Comparative statics and perfect foresight in infinite horizon economies.
Econometrica 53, 433-453.

Kehoe, T., D. Levine & P. Romer (1990) Determinacy of equilibria in dynamic models with finitely
many consumers. Journal of Economic Theory 50, 1-21.

Lucas, R. (1988) On the mechanics of economic development. Journal of Monetary Economics 22,
3-42.

McKenzie, L. (1960) Matrices with dominant diagonals and economic theory. In K. Arrow, S. Karlin
& P. Suppes (eds.), Mathematical Methods in the Social Sciences, pp. 47-60. Stanford University
Press.

Mino, K. (2001) Indeterminacy and endogenous growth with social constant returns. Journal of Eco-
nomic Theory 97, 203-222.

Mitra, T. (1998) On equilibrium dynamics under externalities in a model of economic development.
Japanese Economic Review 49, 85-107.

Muller, W. & M. Woodford (1988) Determinacy of equilibria in stationary economies with both finite
and infinite lived consumers. Journal of Economic Theory 46, 255-290.

Nishimura, K. & A. Venditti (2002) Intersectoral externalities and indeterminacy. Journal of Economic
Theory 105, 140-157.

Romer, P. (1986) Increasing returns and long-run growth. Journal of Political Economy 94,1002-1037.

Takayama, A. (1997) Mathematical Economics, 2nd Ed. Cambridge, UK: Cambridge University Press.

Wielandt, H. (1973) On the eigenvalues of A 4+ B and A B. Journal of Research of the National Bureau
of Standards 77B, 61-63.

Woodford, M. (1986) Stationary Sunspot Equilibria: The Case of Small Fluctuations Around a Deter-
ministic Steady State. Mimeo, University of Chicago.

Xie, D. (1994) Divergence in economic performance: Transitional dynamics with multiple equilibria.
Journal of Economic Theory 63, 97-112.

APPENDIX

A.1. PROOF OF PROPOSITION 1
At the steady state, (6 + g) p; =w;, and thus

1

ajjag — Ajody; = ((54’”}%) ((ﬂ,-jﬂoo)ﬁ — (ﬂioﬁoj)ﬁp)’

a--aoo—a.oao_:< wj )”( Biubw _ _ Bub; )
! o (6 +8)*w; (/31‘,'1300)ﬁ (/31‘0130,‘)ﬁ ’

1

a;jdoo — Ajodo; = (ﬁ) ((,f?ij/éoo)ﬁ - (BiOBOj)ﬁ)~
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A.2. PROOF OF PROPOSITION 2

In the two-sector model, A; and Al are scalars. From Lemma 2, x; =a9yo + a1, y:. More-
over, at the steady state, y; = gxi, and it follows that

apyo + ganx; =x;1 & apyo = [1 — gaynlx; > 0.
Therefore,

A o — Qoo _apll — ganl+ aoaon g
1 — 8= —8= <
apaopo — diodol apdoo — ajodol

0

if and only if aj1ag) — ajpae; <0. From Lemma 1, p; =dogwo + a;1wi. Moreover, at the
steady state, (§ + g) p1 = w1, and it follows that

6+ @agpwo + (6 + ganuwi =w; & (§+ Qaowo =[1 — (8 + ganlw; > 0.

Therefore,

o doo
G+l -A" =06+ —7—F—F7—F
di1doo — aodoi
_ =G+ ganlap+ 6+ g)awdn _ 0
aidoo — oo

if and Only if &1]&00 — LAll()CAl()l > 0. |

A.3. PROOF OF PROPOSITION 3

Since the consumption good is capital intensive at the private level, we have 811800/ B10Po1 <
1. When p >0, this implies that (BiiBo0/BioBo1)”/ 1™ <1 with lim,_ . (Bi1Boo/
Bi0Bo1)?/ 1+ = (B11Boo/ BioBor)- On the contrary, when p € (—1,0), this implies that
(BuiBoo/ BroPon)”/ "7 > 1 with lim,,—, 1 (B11 oo/ BroBor)”/!** = +o0. Note that (811 oo/
BioBor)?/ 1 is decreasing in p.

(i) Ifthe consumption good is labor intensive at the social level, then B 1 /§oo / /§ 10 ,301 > 1.
Therefore, there exists p*e(—1,0) such that (B11800/B10Bor) > (Bi1Boo/
ﬂloﬁm)pm”) for all p > p} and (BIIBOO/BIOBOI) < (ﬂnﬂoo/ﬁloﬁm)p/“”) for all
p € (=1, p{).Local indeterminacy when p > p; and thus saddle-point stability when
p € (—1, py) follow from Propositions 1 and 2.

(ii) Ifthe consumption good is labor intensive at the social level, then Bi1Boo / BioPor < 1.
Since we have

18\11300 > 1311:300
BioBor ~ BB’

there exists p; > O such that (311500/&0301) > (B11Boo/ BroBor)”/1+P forany p > p;
and (B11Boo/BroPor) < (B oo/ Brofo)”/ " for any p € (=1, p3). Local indeter-
minacy when p > p; and thus saddle-point stability when p € (-1, p5) follow from
Propositions 1 and 2. |

1>
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A.4. PROOF OF THEOREM 1

‘We need to establish various important lemmas. To prove the first one, we use the following
Wielandt (1973) theorem:

THEOREM A.l1. Let B=CD, where D is symmetric and C + C’ is positive definite.
Let b, by, and b_ denote the number of positive, vanishing, and negative real parts of
eigenvalues of B and let d., dy, and d_ denote the number of positive, vanishing, and
negative eigenvalues of D. Then b, =d,, by =dy, and b_=d_.

Consider the following set of indices
N ={ie{l,...,n}suchthatb; < 0}.

‘We can now prove Lemma A.1.

LEMMA A.1. Let B = [b;;] be an n x n matrix with strong dominant diagonal. Assume
that #N = p < n. Then, B has p eigenvalues with negative real parts and n — p eigenvalues
with positive real parts.

Proof. We can write B as the following product: B=CD with C a strong dominant
diagonal matrix with positive diagonal and D a diagonal matrix with p diagonal elements
equal to —1 and n — p diagonal elements equal to 1. Since C has a strong dominant diagonal,
C + C' is symmetric with positive strong dominant diagonal. Therefore, all the eigenvalues
of C + C’ are positive and C + C’ is positive definite. Moreover, D satisfies d_ = p, dy =0,
and d, =n — p. The result follows from the Wielandt theorem. |

LEMMA A.2. Let Assumptions 1-3 hold. If the n X n matrix A’l has n real positive
eigenvalues, then [(8 4+ g)I — A7'] has n negative eigenvalues.

Proof. From Lemma 1, we have p = A’ w, that is,

Po doo &./0 Wo
p) \a A)\w)

Since at the steady state, (§ + g)p' = w', we have

S+ g)'w = ajwy+ Aw'
& (A.1)
[l — @+ gAw! = (8 + g)ajwo > 0.

It follows that [ — (§ + g)A’l] has a positive quasi-dominant diagonal and thus n roots
with positive real parts [see McKenzie (1960) and Takayama (1997)]. Now, denote A{A’l}
an eigenvalue of A and assume that each A{A’} is real and positive. It follows that 1 — (5 +
@A{A}} > 0, which is equivalent to (8 + g) — A{A]"'} <0. Therefore, [(§ + g)I — A}']
has n negative real roots. n

As proved by Benhabib et al. (2000), at the steady state, the sign pattern of roots of A; is
the same as that of By, and the sign pattern of roots of A1 is the same as that of 31 Consider
then the set of indices B defined by equation (13).

LEMMA A.3. Let Assumptions 1-3 hold. If B, has a strong dominant diagonal with
#B=p=>1, then [Al_] — gl1] has at least p roots with negative real parts.
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Proof. B has a strong dominant diagonal with p strictly negative diagonal coefficients
and n — p strictly positive diagonal coefficients. It follows from Lemma A.2 that B, has
p > 1 eigenvalues with negative real parts and n — p <n eigenvalues with positive real
parts. Therefore A7' = P, B['W, has p eigenvalues with negative real parts and n — p
eigenvalues with positive real parts, and thus [Al_1 — gl ] has at least p roots with negative
real parts. |

We characterize now the roots of the matrix [(§ + g)I — A’l"].
LEMMA A.4. Let Assumptions 1-4 hold and

BiiBoo - Bii Boo

BioBoi ~ BioBui

(A2)

foralli =1, ..., n.Then, there exists —1 < p < p such that forany p > p,[(8 + g)I — A’l_l]
has n negative roots.

Proof. The following limits are obtained when p goes to —1 or 4-oc:

) <ﬁii,300) W b
1m

p—+o00 \ BioPoi B BioBoi
P
Bii Boo . BiiBoo \ **
<1 = lim = 400,
BioBoi p—=1\_BioBoi
p
Bii Boo e

1
>1 = lim (’3"”’%0) =0

BioBoi p==1\ BioBoi

Under Assumptions 1-4, if the inequalities (A.2) are satisfied, every diagonal element of
B1(p) is positive when p is sufficiently large. If one diagonal coefficient becomes zero
at some value p > p, the dominant diagonal property of B;(p) is lost at 5. Therefore,
B1(p) has a positive dominant diagonal for any p > p, and under Assumption 4, there
exists —1 < p < p such that B,(p) has n positive real roots for any p > p. It follows
that A’l = Pl’1 B1(p)~'W, also has n positive real roots for any p > p. Lemma A.3 then
implies that [(§ 4+ g)I — A/l_l] has n negative real roots. |

Consider the set of indices B defined by (14). Theorem 1 is a direct consequence of
Lemmas A.2 to A.5. |

A.5. PROOF OF PROPOSITION 4

Lemma A.4 with #B = n implies that the matrix [Al_1 — gI] has n roots with negative real
parts. Moreover, we have foreachi =1,...,n
s
. .. P
ﬂttﬂOO <1 = lim :3”/300 = +4o0.
BioBoi p=~=1\ BioBoi

It follows that if Bi(p) has a strong dominant diagonal for p € (—1, p] with p > —1,
then its diagonal is necessarily negative. Assuming now that B;(p) has real roots for
any p € (—1, p], it follows that the roots of A’ are real and negative. Then, the same
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argument as in the proof of Lemma A.3 implies that [(§ + g)I — AA/fl] has n positive eigen-
values. |

A.6. PROOF OF PROPOSITION 6

In the two-sector endogenous growth model, A and A are 2 x 2 matrices. The determinant
of A~! is the inverse of the determinant of A. If the consumable capital good is intensive
in the pure capital good from the private perspective, the determinant of A is negative, so
that one root of A~! is negative. Therefore, at least one root of A~! — (g + w)I is negative.
Since (8§ + g + o)~ is a Frobenius root of A’, if the consumable capital good is quasi
intensive in itself from the private perspective, the matrix (§ + g + o)l — A'~' has one
zero root and one negative root [see Benhabib et al. (2000)]. Therefore, J has one zero root
and at least two negative roots. |

A.7. PROOF OF LEMMA 5

We prove this result by contradiction. Assume that g,/ > D i B/ for all i =
1,...,n. This is a dominant diagonal property for B. Since 8;; > 0 by Assumption 2, all the
roots of B have positive real parts and the determinant of B is positive. This is in contradiction
to Assumption 7. Therefore, there is some i such that ﬂil,/ o) < Z,- - ,Bil/ t+p), |

A.8. PROOF OF LEMMA 6

The matrix B(p) has a dominant diagonal if for any i =0, ..., n

—1
i i _
BilBi" > Zléij/ﬁi,w Ng lZBij(ﬂfj/ﬂii)”Z] > 1/Bi. (A.3)
J#i J#i

If B(0) has a dominant diagonal, then there exist p <0 < p such that this property still
holds for any p € (p, p). B

If B(p) has a nggative determinant, then from Lemma 5 there exists at least one row
i€{0,1,...,n} such that g/ < Zj#i ﬁil/(Hp). Consider therefore the set of rows
Z(p) defined by (25). Two cases need to be considered:

(i) If there is some i € Z(p) and at least one j #i such that 8;; < B;;, then for p <0,
(ﬂij//gii)—p/(1+p> > 1 and lim,,_, _, (ﬂi_i/ﬂii)_p/(l+p) = +o0. It follows that

—1
A =
plinjl [Z Bij(Bij/Bii) ‘*P] =0
J#i
Therefore equation (A.3) cannot hold when p is sufficiently close to —1 and p > —1.
(ii) Ifforalli € Z(p)andall j #i,Bi; > Bij, then when p < 0, we have (B;; /i) /7 <
1. Moreover, any row k ¢ Z(p) of B(p) will be such that ﬂ,:,f(l+p) = Z]‘#k ﬂkIJ((H'O).
In this case and under Assumption 9, we necessarily have By > B, for any j #k.
Since B (0) has a dominant diagonal, equation (A.3) holds for p = 0, but the left-hand
side of (A.3) increases with p. It follows that (A.3) holds for all p € (—1, 0], and
B(p) has a dominant diagonal within this interval. It follows that p = —1. |
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A.9. PROOF OF THEOREM 2

We need first to establish the following lemma.

LEMMA A.5. Let Assumptions 1,2, and 6 hold. If the (n + 1) x (n + 1) matrix A’ has
n+ 1 real positive eigenvalues, then [(8 + g + ou)I — A'™'] has n negative eigenvalues
and one zero eigenvalue.

Proof. The Frobenius root of A’ is A= (§ + g + o). Denote A{X} an eigenvalue
A of a matrix X. Under Assumption 1, g;; >0 for all i, j =0, ..., n, and the matrix A s
indecomposable. It follows that A is a simple eigenvalue. Moreover, if A{A’} is real and
positive, we have

ME+g+owl —A™ Y =27 —AA™Y = MAT A MAY =1
=MA) A MAY - D).

Since & > A{ V>0, wehave A{(8+g+ou)I — A'} < 0. When we consider the Frobenius
root of A’, %, it follows that A{(§ + g + o)l — A"} =0. [ ]

Theorem 2 is a consequence of Lemma 5, Lemma 6, and Lemma A.5. As proved by
Benhabib et al. (2000), along the balanced growth path the sign pattern of roots of A is the
same as that of B, and the sign pattern of roots of A is the same as that of B. If B has a
negative determinant, Lemma 5 implies that [A~! — (g + w) 1] has at least one real negative
eigenvalue. Under Assumption 10, the roots of A are real. Case (i) is obtained by continuity
from Lemma A.5 and Lemma 6. There exists p* > p such that the stationary balanced
growth path is locally indeterminate for any p € (—1, p*). Similarly, case (ii) is obtained by
continuity from Lemma A.5 and case (ii) in Lemma 6. There exist p; < p and p; > p such
that for any p € (pf, p3), the stationary balanced growth path is locally indeterminate. M
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