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Education, Innovation, and Long-Run Growth

Katsuhiko Hor{ Katsunori Yamadh

Abstract

This paper combines three prototype endogenous growth models, the
models with human capital accumulation introduced by Uzawa [1965] and
Lucas [1988], variety expansion by Romer [1990], and quality improve-
ments by Aghion and Howitt [1992], in order to investigate how these three
engines of growth interact. We show that a subsidy to human capital accu-
mulation has a positive impact on R&D effort, as well as on human capital
accumulation. On the other hand, a subsidy to R&D sectors does not affect
human capital accumulation in our model. Moreover, we show that equilib-
rium dynamics is locally saddle-path stable around the steady growth path. It
suggests that Schumpeterian growth modd&sHowitt [1999] should share
the locally saddle-path stable property. Finally, since in our model the per-
capita output growth rate is endogenously determined by both technology
improvements and human capital accumulation, it bridges the gap between
the literature on Schumpeterian growth models and that on growth empirics.
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1 Introduction

This study aims to investigate general-equilibrium interactions between two ma-
jor engines of growth, R&D investment and human capital accumulation, by in-
tegrating three major classes of endogenous growth models: human capital accu-
mulation models initiated by Uzawa [1965] and Lucas [198@4riety-expansion
models developed by Romer [1990], and quality-improvement models developed
by Grossman and Helpman [1991] and Aghion and Howitt [1992]. To the best of
our knowledge, this is the first study featuring an endogenous growth model with
these three engines of growth. A significant merit of our model is that the per-
capita output growth rate depends on both technology improvements and human
capital accumulation, allowing us to obtain the following new results. On the one
hand, a subsidy to R&D effort accelerates the R&D but not human capital accu-
mulation. On the other hand, a subsidy to education positively affects not only
R&D but also human capital accumulation.

Since Jones [1995] pointed out that ealier versions of endogenous growth
models have an empirically unsupported property of scale effect of population
on growth, two different types of endogenous growth theories, namely, the semi-
endogenous growth theory (e.g. Jones [1995], Kortum [1997], and Segerstrom
[1998], and Young [1998]), and the Schumpeterian endogenous growth theory
(e.g. Dinopoulos and Thompson [1998], Peretto [1998], and Howitt [1999]) have
become popular. The main policy implications of the former theory are that the
per-capita growth rate in the long run is pinned down to a constant including an
exogenous population growth rate, and that there is no room for policies to affect
the long-run growth rate. On the other hand, the main implication of the latter
theory is that a subsidy on R&D investment has long-run effects. Recently, Ha
and Howitt [2007] compared these two growth models and found that the evi-
dence is more supportive of the Schumpeterian endogenous growth theory than
the semi-endogenous growth theory.

In this light, we augment Howitt [1999]'s Schumpeterian endogenous growth
model to consider general-equilibrium interactions between R&D and human cap-
ital accumulation. Our motivation to consider human capital in the framework
of a Schumpeterian endogenous growth model is straightforward: while in the
usual Schumpeterian endogenous growth models human capital accumulation is
disregarded, there is a strong consensus among economists that human capital is
also an engine of growth. In particular, from the viewpoint of growth empirics
literature since Mankiw, Romer, and Weil [1992], if we disregard human capital
accumulation, then the estimators in growth regressions will be biased because the

IMore precisely, our model incorporates a general version of two-sector model. See, for ex-
ample, Mulligan and Sala-i Martin [1993], Bond, Wang, and Yip [1996], etc.
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per capita output growth will be attributable to capital accumulation, technology
progress, and human capital accumulafon.

Regarding other related literature, some studies such as Redding [1996] and
Acemoglu [1997] consider education and innovaffoifhese studies, however,
focus on complementarity between education and innovation, and hence, multi-
plicity of equilibrium as a consequence of the complementarity and welfare im-
plications associated with the choice of equilibium are the main themes. On the
other hand, our interests lies in investigating what are the subsidy policy effects in
a hybrid version of endogenous growth models where the equilibrium is uniquely
determined.

This paper is organized as follows. In Section 2, we set up the model. The
equilibrium is analyzed in Section 3. Section 4 focuses on the steady growth path
and derives its main features, and Section 5 concludes the paper.

2 The Model

In this study, human capital can be used for the production of intermediate prod-
uct and for investment in human capital creation. The population growtrate
is exogenously determined, and the population size is denotéd aghe final
goods output, which is the nuamaire in the model, is used for consumptih)(

and investments in vertical R&[Xf), horizontal R&D ¢nt), and human capital
creation Zyy).

2.1 Production structure

The final goods sector operates under perfect competition. The technology for
final goods production is given by

Y, = X1 /MAi X i (1)
t— 0 t It ’

2The model below may provide a structural basis of growth regressions: while the arguments
in production functions are just assumed in growth empirics, our model provides market structures
in which technological improvements through R&D activities and human capital accumulation are
contributing to the economic growth.

3Nelson and Phelps [1966] is the first literature investigating complementary relationship be-
tween education and innovation.

4There is another study constructing a model that integrates R&D investments and human
capital accumulation. Arnold [1998] constructed a semi-endogenous growth model with these two
sorces of R&D and human capital accumulation. However, he did not delve on a subsidy policy to
human capital accumulation. In his model, a subsidy to R&D investment would have no long-run
effects since the model is a semi-endogenous one.
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whereY; is the final goods outpuiX is a fixed resource such as land, mea-

sures the varieties of intermediate goods at tip#g; is a productivity parameter
attached to the incumbent version of intermediate produgtis the amount of
intermediate produdtused in the economy, ar@ € (0, 1) is the capital share.
Since this study assumes that the total endowment of the fixed resource in the
economy is equal to 1, we henceforth abbreviate varizbieom the production
function. Under perfect competition, the first-order condition for the final goods
sector with respect tgy is given as

pir = aAd L, (2)

wherep; is the price of intermediate product

The intermediate goods sector operates under monopolistic competition. In
this study, we assume that one unit of intermediate good is made from one unit of
human capital. By this assumption, two sources of endogenous growth-R&D and
human capital accumulation-are interacted. The profit in creating intermediate
producti is given by

[Tyt = pitXit — WXt

wherew, is the real wage for human capital. With the demand functiog dfom
(2), the first-order condition with respectxp gives the demand of;:

, 1
Xip = o e Ay W, 3

and the profits of an intermediate goods firm are given by

a

e 1 _a
Il = a(l—a)alzfaAi%‘“Wt“‘l. (4)

2.2 Innovations

Here, we consider two types of innovations. Vertical innovations improve pro-
ductivity in each intermediate goods seatadk;;, and horizontal innovations bring
new varieties into the economy.

2.2.1 Vertical Innovations

The Poisson arrival rate of vertical innovations in each sector is defined as
Zpt

=Ap—=A ;
@ AA[N[ AZAt

whereAa > 0 is the productivity parameter of vertical innovations, ahg is
the amount of resource devoted to vertical R&D for each sactétere,zy =
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Zni/ (ANy) is the per sector expenditure on vertical R&D adjusted by produc-
tivity and complexity, andd; can be regarded as the leading-edge productivity
parameter, witly = max{A; | i € [0,N;|}. Therefore, the free-entry condition is
given by .

At
N (5)
where; is the expected present value of a vertical innovation at tirfrem
the stream of future profits, arsg € [0, 1) is the general subsidy rate to R&D.
Because at every time the innovation will be replaced by the next innovator
with the Poisson arrival ratg, \; is determined as

Aazat = (1-sR)

(o] T
Vi = /t exp{— /t (rs‘f’)\AZAt)ds] T dt, (6)

wherers is the interest rate, anmd; is the profit of the incumbent on datefor
any sector with vintage technology at timeFurther, we can define the quality
adjusted value of a vertical innovation\as= V; / A;.

Finally, the intensity of the quality improvement for each vertical innovation
is captured by a parametar> 0, with which the growth rate in the leading-edge
productivity is given as ‘

% = 0AaZat. (7)

2.2.2 Horizontal Innovations

The variety of intermediate goods can be augmented by horizontal innovations
and the evolution of varieties is specified as

1,
Z5n "
At )
whereAy > 0 andf € (0,1) are the parameter&y; is the amount of nugraire

devoted to horizontal innovations, axds included as a proxy of knowledge spill
over. To guarantee the inner solution, we impose the following assumption.

N = AN

Assumption 1.
Aa > AN

Each horizontal innovation results in a new intermediate product whose pro-
ductivity is randomly drawn from the distribution of existing intermediate prod-
ucts. Further, from the definition of the value of the leading-edge intermediate
goodA; given by (6) and from the definition of the profits of intermediate good
firm with quality A given by (4), the expected value of a horizontal innovation
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is derived as [E(Ait/At)l/(l’“)]Vt. Hence, from the free-entry condition in the
horizontal R&D sector, we obtain the next condition.

1— 1
A [(@)

A A Vi = (1—-sr) nt. (8)

From the structure described, the distribution of relative productityA; con-
verges to the time-invariant distribution functibiiq) = g/, where 0< q< 1.5
Hence, in the long run, we obtain

(%)

2.3 Households’ problem

=T 1<1.

T 1to0/(1-a)

The maximization problem of a representative household is given by

max/ooo exp—(p —n)t]logCidt

wherep > nis the subjective discount rate, aGdis the per capita consumption.
The laws of motion for financial assets and human capital in per capita terms are
respectively given as

W= (re—n)W +weuth — G — (1—5)Zpe— T, (1)

and v
ht:(%) (- wh™ —nh, (w) )

whereW denotes the per capita assets the per capita amount of human capital,

u € [0,]] is the ratio of human capital devoted to the intermediate goods sector,
Zy is the expenditure on human capital accumulatjos,(0, 1), s, € [0, 1) is the
subsidy rate to expenditure on human capital accumulationpasmad v are the
co-state variables attached to the respective constraints. We divide the amount of
expenditureZy;) by A; because (1) the higher the leading-edge quality in the econ-
omy, the more difficult is the acquisition of new skills to handle the cutting-edge
technology and (2) the more the economy has human capital, the more difficult it
will be to obtain additonal human capital. Finally, the expenditure of the govern-
ment is financed by lump sum tak), and the budget of government is balanced
at any time.

5See Howitt [1999] and Segerstrom [2000] for the proof.
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From the above specifications, the first-order conditions of the problem are
obtained as

Cl= i (10)

pewe = v (1—y) (1—w) YA 'h YZ) (11)
M (1) = wyA eV Zl (- w)tY (12)
pe(re —n) = (P —n) e — i (13)

and
MWt Ut + Vi [(1— V) (L—uw) VA YZ) - n] = (p—n)v — . (14)

In addition, the usual transversality conditions (TVCs) are imposed amdh.
Combining (10) through (14), the first-order conditions are reduced to the fol-
lowing equations.

% —r-p. (15)
(1Y) ==Y (1= (1= s) AW, (16)
R= Y-y Y- Y- wA W -n (7)
and i )
Yl —
s 4o
3 Equilibrium

In this section, we derive the equilibrium path of the model. Next, as usual, it
is convenient to define new variables that are constant along the steady growth
path. Specifically, we define quality-adjusted human capital wages (W / A;),
per-capita consumption adjusted by quality and human capitat G/ (Acht)),
human capital per variety;(= hiL;/N;), the amount of output adjusted by the
quality and variety¥; = Y:/ (AN )), the share of expenditure on horizontal R&D
from total output i = Znt/Y;), and expenditure to education adjusted by quality
and human capitalf; = Zn:/ (Atht)).

From the free-entry condition of vertical R&D (5), we obtain

1-sr
Wi = )\A

. (19)



By differentiating (19) with respect tband using the definitions & in (6), (7)
and (19), A little algebra leads to

Moreover, combining (8) and (19) and using the definitiony,ofre get
1
A B
wni=(= <A—er) . (20)
A

Here, it should be noted thgtderived satisfies the inner solution condition that
¢ € (0,1) sincel’ > 1 andAa > Ay by Assumption 1.
From (7) and (16), the evolution of quality-adjusted human capital wage can

be written a8

0, _ _

o -y V'Y (1—s) VW - oAnzar. (E1)
In addition, from (15) and (17), the evolution of the quality and human capital
adjusted per capita consumption is derived as

¢ _ _
é =t —p+n—0Aaza— Y (1-y) Y(1-s) Y(1-wa'. (E2)
Finally, from the definition of;, (8) and (17), the following is derived.
I _ _
p= YY) L) (- W - gk (E3)

In this model, the market clearing conditions for final good and human capital
market at each timeare as follows.

Yt = Gilt + Znelt + Zat + it (21)
and
Nt .
/0 Xitdi = uthtLs. (22)
From (21), we have
Zat = (1—znt) Yt — (G + Zp) It (23)

By using (3) and the definitions @b andl, (22) can be rewritten as

1
W= aral 1ol L, (C2)

SNotice here that the per sector productivity adjusted expenditure on vertical RDs(also
stationary along the steady growth path.




Finally, using the definition of, (1), and (3), we have
Vi = alzfaal“*lwtﬁ, (24)
and from (23) and (24), we get

2a —a
Zne = (1—zne)a e T 2™ 1 — (G + zn)lr. (C3)

Therefore, amquilibriumof the economy consists of six variablés, w, It, Zat, U, 1t) ]
satisfying (E1) — (E3), together with (C1) — (C3).

4 Steady Growth Path

In this section, we focus on the steady growth path, wiigeag andl are constant
over time. Hereafter, we add subscrytb any variable whenever it is constant in
the steady growth path.

From (E1) and (E2), we have

U=y "(1-y)(1-%)"(p-naw” (S1)
Next, substituting (20), (24), and (S1) into (E3), we get
yV(l—y)‘V(l—%)‘Va)l’—p:Zalzfaaazkﬁ—n. (S2)

Here, it should be noted that if (S2) has a solution, it uniquely determinis

the steady state since the left-hand side of the above equation is increasing in
while the right-hand side is decreasing. Similarly, substituting (20), (24), and (S1)
into (C1), we obtain

1
= areT ety (S3)
respectively. Therefore, using (C1) and (S1) — (S3), (E1) yields

-1
_ ao al—a) ] z &% P—n
ZA*—(l—I—O'—i-l_a) { 1% )\A}al A% [ (S4)

Moreover, from (18), (20), (23), (24), and (S1) — (S4), we have
y(1—u.)
(1-y)(1-=)
Finally, from (C1), together with (S2) and (S4), we have

¢ =(1-Q)atertowi 1~ 14 w —zad7l (S5)

re=Aa [(1—SR)‘1a(1— a)a st - (1+ %) zA*} . (s6)

Therefore, (S1) — (S6) give the candidates of the steady state values of the dynam-
ical system concerning the equations characterizing the economy, (E1) — (E3),
with (C1) — (C3). Therefore, we have the following proposition.
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Proposition 1. There exisp € (n,) and A, € (0,) such that the system of
differential equations, (E1) — (E3) with (C1) — (C3), has a unique steady-state
equilibrium, where we (0,1) and , € (0,0), if p € (n,p) andAa € (A, ).

The set of steady-state values, w., |, za., U.,r.) is given by (S1) — (S6).

Proof. Since the candidates of the steady-state values are given by (S1) — (S6), it
is sufficient to show the existence pfandA , with u, € (0,1) andza, € (0,%).
From (S1), in order to satisfy, € (0, 1), it must hold that

1
y(p—n)v
(1-y)(1—-%)
Therefore, it follows from the fact that the right-hand side of (S2) is increasing

in w and that the left-hand side is decreasing, and the condition,far(0, 1) is
given by

W > W=

V(1-y)V(1-s) Y —p < {atewet—n,
or
1
y(p—n)v
(1-y)(1—=)
Since the right-hand side of the above inequality diverges4oasp — n, and
it is obvious thatu, > 0 from (S1), we find that there exists a sufficiently small

valuep € (n,») such thau, € (0,1) if p € (n,p). Finally, if follows from (S4)
that

7 +(p—n).

1<Z01120a[

-1 o
Zpny — (1+a+1a;‘a> (l—sR)‘la(l—a)alz—*aamkﬁ>0 as Ap— .
Therefore, we find that there exists a sufficiently large valpe (0,0) such that
Zp > 0if Ap € (Ap, ). O

In this proposition, the condition thate (n,p) guarantees a positive invest-
ment on human capital and the condition tAate (A 5,») guarantees a positive
R&D expenditure. In the remaining of this paper, we assume the following.

Assumption 2. We assume that € (n,p) andAa € (Aa,»), wherep andAp are
given in Proposition 1.

Then, we have the following proposition.

Proposition 2. The growth rate in the steady state is given by

Yi
QEVZQA—i‘gh‘H‘,
t



where g and g, are the respective growth rates of &nd h in the steady state,
given as

Oa= % = AAOZp« (25)
and " y
_ Yo, _
R (=T =] e

Proof. From the definition of and the fact thag is constant over time in a steady
state equilibrium, the growth rate can be written as

g=0a+ON,

wheregy is the growth rate of the variety of intermediate goodg: = N,/ N;.
From (7) and (S4), the growth rate of the leading-edge quality of technajagy,
is given by (25) in a steady state. Moreover, from the definitiohanid the fact
thatl is constant over time in a steady state, we obtain

On = 0htN.
We obtain (26) by substituting (S1) into (17), which completes the proof. o

As is discussed in the introduction, proposition 2 bridges the gap between the
literature concerning Schumpeterian growth models and that concerning growth
empirics. With our specification, the growth rate of output depends on both tech-
nological improvements and human capital accumulation. Our model provides a
structural basis for including human capital as a determinant of long-run growth
by using a Schumpeterian growth model. Hence, this study can be taken as provid-
ing a micro-foundation for reduced form analyses in growth empirics literature. It
should also be noted that this is the first study that demonstrates complete general
equilibrium policy implications by taking into account the endogenous determi-
nations of both technology improvements and human capital accumulation.

Next, we provide the policy implications of the model as theorems.

Theorem 1. The subsidy to R&D has a positive effect on the growth rate of the
leading-edge technology, but does not have any effect on the growth rate of human
capital.

7)o
— >0
OsR
and 5
Oh
I 0.



Proof. The differentiation of (S4) with respect 8 gives

dza ag \ 2 2 g
dSR = <1+U+m) (1—SR) O{(l—a)al w, . (27)
Here, it should be noted thai, is determined by (S2), independentsaf Since
the right-hand side of (27) is positive, we obtain the theorem. |

Therefore, our modification does not provide significant new insights in terms
of the effect of R&D subsidy.

On the other hand, the following theorem provides a new insight into the sub-
sidy to human capital accumulation.

Theorem 2. The subsidy to human capital accumulation has positive effects on
the growth rates of the leading-edge technology and human capital.

Jga
and P
On
— >0. 2
Js, >0 (29)
Proof. See Appendix A. ]

Figure 1 represents the effect of subsidy to human capital accumulation on
w;.. In Figure 1, the RHS curve depicts the right-hand side of (S2). Note that it
is decreasing imv,.. Two LHS curves in Figure 1 respectively depict the left-hand
side of (S2) corresponding to the subsidy rates of human capital accumulation,
S ands,, wheres, > s,. It should be noted that the left-hand side of (S2) is
equal tog, and is increasing iw. Moreover, since it is increasing 8, the LHS
curve shifts up as the subsidy rate on human capital accumulation increases from
shto §,. Therefore, Figure 1 shows that an increass,iraises the growth rate of
human capital. Moreover, since it reduces the adjusted wageoradadza, are
decreasing inw from (S4), the increase in the subsidy rate on human capital also
raises the growth rate of the leading-edge productiyity

Intuitively, the reason for the indirect positive impact of subsidy to human
capital accumulation on productivity growth is explained as follows. Since hu-
man capital accumulation is labor augmenting, an increase in the growth rate of
human capital reduces the adjusted wage rate. This raises the adjusted profit and
the expected value of firms (6), motivating the enhancement of horizontal and

"The positive effects of subsidy to R&D are clarified in standard Schumpeterian endogenous
growth models.
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gn RHS LHS (s) LHS (sn)

Figure 1: Effect of subsidy to human capital accumulatiorsoifs;, > sn)

vertical innovations. This indirect effect on the subsidy of human capital accumu-
lation, given by Theorem 2, provides a new insight into the subsidy policy, which
is the main result of this study. Hence, human capital accumulation augments the
growth rate of quality, which in turn accelerates the growth of per capita output.
Further, if we consider only the relationship between the growth rate of output and
R&D investment, as in standard Schumpeterian growth models, it misses the ef-
fect coming through human capital accumulation (and subsidy). The omission of
this general equilibrium effect was a drawback in standard Schumpeterian growth
models and is remediated with our specification.

Before completing this section, we add the following proposition.

Proposition 3. Suppose thalp € (A5, ) and p € (n,p), whereA, and p is
given in Proposition 1. Then, the system of differential equation characterizing
the dynamics of the economy, (E1) — (E3), together with (C1) — (C3), is locally
saddle-path stable around the steady state.

Proof. See Appendix B.
m|

Proposition 3 states that equilibrium dynamics is locally saddle-path stable
around the steady growth path in our model. Since our model is the human-
capital augmented version of the model by Howitt [1999] and he does not consider

12



the stability property, the result suggests that the equilibrium path in Schumpete-
rian endogenous growth models such as Howitt [1999] and its variant version of
Segerstrom [2000] should be saddle-path stable since the human capital accumu-
lation in our model has no externalities which can be source of indeterminacy of
equilibrium dynamic$.

5 Conclusion

In this paper, we augmented Howitt [1999]'s Schumpeterian endogenous growth
model to consider general-equilibrium interactions between R&D and human cap-
ital accumulation. We showed that on one hand, a subsidy to R&D investment has
a positive impact on R&D investment but not on human capital accumulation, but
on the other hand, a subsidy to human capital accumulation has a positive impact
not only on R&D efforts but also on human capital accumulation. Because in our
model, the per-capita output growth rate depends on both technology improve-
ments and human capital accumulation, the model bridges the gap between the
literature on Schumpeterian growth model and that on growth empirics.

Appendix

A Proof of Theorem 2
Differentiating both the sides of (S2), we obtain

dow, _ WHA—y) V(A —s) Yl “0
_ Yo
B ) V(- s) Yl 4 o T

1-a

Therefore, noting that the left-hand side of (S2) is equaitand the right-hand
side is decreasing iw, we obtain (29). Similarly, since from (S4. is decreas-
ing in w, it gives (28).

8Dinopoulos and Thompson [1998] construct a different version of Schumpeterian endogenous
growth model with vertical and horizontal product differentiation and numerically show that the
equilibrium is globally saddle-path stable within plausible values of parameters.
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B Local Stability of Equilibrium Dynamics around
the Steady State

To prove equilibrium dynamics is locally saddle-path stable around the steady
state, it is sufficient to show that the dynamical systerfcgfu, ;) given by (E1)
— (E3) is locally saddle-path stable around the steady state since the set of the

remaining three variable&a, U, i) with (C1) — (C3) is fully determined by the
value of (¢, w,lt). By linearizing the system of differential equations, (E1) —

(E3), we obtain
gc
G| =3 w—w ],
5’_: I —1,

wherel is the Jaccobi matrix:

ar _ 92p or 9zp _ 0% ar _ 9zp _ 0%
i UAAégc ; 36— 9MGo ~ 9 1 9 TAA] 0
— | o _ 5x.92a or _ I _ 51,02
J= 1 5%~ 56 GAA aw V(% Y)Baw ol gg)‘A al ’
h
0 % NP o

whereB= y¥(1—-y) Y(1—s,)~Y > 0. After elementary row operationcan be
reduced to

foond  goouB- Goond-%
J = 0 f,w y(l y)Bw* %
0 y(1-y)Ba! oA ZB% 0

To show that the dynamics of the economy is locally saddle-path stable around
the steady state, it is sufficient to prove that the determinadftisfnegative and
the trace is positive. Calculating the determinant ofilete obtain

or OZA 1 agh
/ y— B
detJ_—< AN —— ){y(l y)Bw! )\Zd }dl'

ac " ac
where
Z_:::’\A<1+U+1TG)|*>O
O;—C:—I*<O
g—z):%azaar oo*‘”<0
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and
9% _
ol
Therefore, the signs of these expressions hold that the determinant is negative.
Moreover, calculating the trace 8f, we obtain

ata Bl tw’ “'I -25.0.

or 7] 7]
trace]’:%—)\A az('?%—d—gh—y(l y)Baw!
where
17} _ 1 2yl
-y y)Bal =Bl (v = arEBr el T (1 y)Be!

_ 1 2 4 y— 1
= B!~ (y— g )are Bl el T

It is easy to show that this expression is always positive sinee (0,1) and
y € (0,1). Hence, all in all, we find that the trace d8fis positive. Therefore,
these results show that the steady-state equilibrium is locally saddle-path stable.
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