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Abstract. In this paper we derive the closed-form solutions for the Lucas-Uzawa
growth model with the aid of the partial Hamiltonian approach and then compare our
results with those derived in literature. The partial Hamiltonian approach provides
two first integrals [9] in the case where there are no parameter restrictions and these
two first integrals are utilized to construct three sets of closed form solutions for all
the variables in the model. We begin by using the two first integrals to find two closed
form solutions, one of which is new to the literature. We then use only one of the
first integrals to derive a third solution that is the same as that found in the previous
literature. We continue by analyzing the newly derived solution in detail also show
that all three solutions converge to the same long run balanced growth path. The
special case when the share of capital is equal to the inverse of the intertemporal
elasticity of substitution is also investigated in detail.

Keywords: economic growth, partial Hamiltonian approach, Lucas-Uzawa model, current-

value Hamiltonian.
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1 Introduction

One of the foundations of modern economic growth theory is the two-sector en-
dogenous growth model developed by Lucas and Uzawa. The model addresses
the relationship between human capital accumulation and economic growth
and the idea behind the Lucas-Uzawa model ( [5] and [11]) is to determine
optimal time paths for consumption and the amount of labor devoted to the
production of capital in an economy which has constrained levels of physical
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and human capital. One of the interesting features of the Lucas-Uzawa model
is the existence of multiple equilibria which implies different steady state values
for key economic variables in the model.

The partial Hamiltonian approach [10] uses tools from Lie group theory
and is used to construct closed-form solutions of dynamical systems such as
those arising in economic growth theory. This approach is unique and a sig-
nificant departure from the rest of the literature because unlike the previously
used methods, the partial Hamiltonian is applicable to an arbitrary system
of ordinary differential equations which means that it can be applied to more
complex models [8] in economic growth and other fields. In the context of our
paper, the partial Hamiltonian methodology yields a series of first integrals for
a system of ordinary differential equations and we use these first integrals to
find closed-form solutions for the Lucas-Uzawa model of economic growth. In
this paper we establish the closed-form solutions for the Lucas-Uzawa model
with the aid of the partial Hamiltonian approach and we compare our results
with those derived by the classical approach [1,3]. The partial Hamiltonian
approach provides two first integrals [9] for case where there are no parame-
ter restrictions. We utilize these two first integrals to construct closed form
solutions for all variables of model for two different scenarios: (i) z = z* and

(i) 2 # z* where z(t) = % where k(t) is physical capital, h(t) is human
capital and u(t) is the fraction of labor devoted to the production of physical
capital.

We begin by using both first integrals to construct closed-form solutions for
both scenarios. One solution is exactly the same as derived by Chilarescu [3]
and the second is completely new to the literature. We then use only one first
integral to determine a different solution, again under fairly general parameter
values, and show that this is the same solution that has been derived in the
previous literature (see [1,3]).

We find that in the case where z = z*, both the partial Hamiltonian ap-
proach and the classical approach provide one solution. For the z # z* case, the
classical approach yields one solution while the partial Hamiltonian approach
yields the same solution as well as providing one additional solution which is
completely new to the economic growth literature. What is especially interest-
ing about our new solution is that while the equilibrium levels of consumption
and capital stock in the new solution are equal to those found in the old solu-
tion, the amount of labor allocated to the production of physical capital and
the level of human capital are different in the new solution. In the context of
economic growth theory, this means that an economy can be in either a high
or low human capital equilibrium. The existence of three closed form solutions
is new to the literature and we also show that these closed form solutions all
converge to the same long run balanced growth path.

It is important to mention here that under a specific parameter restriction
Blp+m)
2n3—0+68—m
substitution) a third first integral was obtained and the closed form solution

for this case was new in the literature (see Naz et al [9]). The partial Hamil-
tonian approach provides three solutions for the case in which there are no
parameter restrictions and fourth solution for the specific parameter restric-

o = (where o is the inverse of the elasticity of intertemporal
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B(p+m)
27r,8—§+6,6’—7r
provides only two closed-form solutions for this model (see Chilarescu [3]) which

means that the partial Hamiltonian approach not only provides all the solutions
constructed in the previous literature (see Chilarescu [3]) but also provides ad-
ditional closed-form solutions which are completely new to the literature on
economic growth. Moreover, the special case of when the share of capital
is equal to the inverse of the intertemporal elasticity of substitution is also
discussed in detail. We then analyze our results in the context of the previ-
ous literature by comparing our results with those found by Marsiglio and La
Torre [6,7] who derived closed form solutions for the model under various types
of population growth.

The layout of the paper is as follows. In Section 2, we provide an overview
of partial Hamiltonian approach. Moreover, we introduce the Lucas-Uzawa
model and provided an overview of first integrals derived by partial Hamilto-
nian approach previously in [9]. In Section 3, the closed-form solutions of the
dynamical system of ODEs are constructed by utilizing both first integrals in
the case of no parameter restrictions. In Section 4, we use only one first integral
to derive the closed form solutions for all the variables in the model. A com-
parison of our results with those derived by the classical approach is presented
in Section 5. In Section 6, the closed-form solutions of the dynamical system
of ODEs are provided for ¢ = . Finally, our conclusions are summarized in
Section 7.

tion o = was established in Naz et al [9]. The classical approach

2 Overview of papers [9,10]

In this section, we provide an overview of partial Hamiltonian approach [10].
Moreover, the overview of first integrals for Lucas-Uzawa model derived by
partial Hamiltonian approach [9] is presented.

2.1 Overview of partial Hamiltonian approach

Let time ¢ be the independent variable and (q,p) = (¢',...,¢", p1,...,pn) the
phase space coordinates. We provide an overview of partial Hamiltonian ap-
proach [9,10]. The following definitions and results are adapted from [2,4,9,10].
The total derivative operator with respect to the time ¢ is given by

p=2 i y5 20
“ot  Tog TPigp, T
The Euler operator 6/dq" is defined as
i 9 4 1,2,....n

- = — —D—,1=1,2,
6" 9q¢' oq’
and the variational operator §/Jp; is given by

1) 0 0
— = —D—1=1,2, ..., n.
op;  Op; 31@"1 Sl
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The summation convention applies for repeated indices.
The variables t, ¢, p are independent and satisfy

pi = D(p;), ¢" = D(¢"), i =1,2,...,n.

In economic analysis, the optimal control problem for constant discount factor
case, is stated as (see, e.g. [2])

T
Maximize F = / F(t,q' c;) e Pt dt,
0
subject to ¢' = fi(t,q",c;), i=1,...,n,

subject to appropriate initiate and transversality conditions. One can define
minimization problems as well.
The current value Hamiltonian H (¢, q", p;, c;) (see, e.g. [2]) is defined as

H=F(t,q¢ ¢)+pifi(t, ¢, c). (2.1)

The Pontryagin’s maximum principle provides necessary conditions for optimal
control for the current value Hamiltonian H defined in (2.1) (see, e.g. [2])

OH 0*H
P = 0, Fez < 0,
qi:a—H _— 8H+Fi, i=1,...,n, (2.2)

op U7 T og

where I; = I5(t, p;, qi) but for a constant discount factor e~?!, we have I} =
ppi- One can compute control variables ¢; = h;(p;,¢') from first equation of
condition of maximum principle for current value Hamiltonian.

The following result is adapted from [10] and is essential for construction
of first integrals via partial Hamiltonian approach:

Theorem 1. (see [10] ) An operator X of the form

. 0 , . 0 4 0
X = g(nqzvpl)a + Tll(taqlapi)aiqi + Ci(tvqlapi)aip_

s satd to be a partial Hamiltonian operator corresponding to a current value
Hamiltonian H(t,q%, pi,c;) which satisfies (2.2), if there exists a function
B(t,q", pi) such that

0H

0H

Op;

+piD(n') = X(H) = HD(§) = D(B) + (' =65 -)(~=13)  (2.3)

holds. The first integral corresponding to the system (2.2) associated with a
partial Hamiltonian operator X of the current value Hamiltonian H(t,q", p;, c;)
is determined from

I=pn' —¢H - B, (2.4)

where B(t,p;,q") is a gauge-like function.

Math. Model. Anal., 22(4):464-483, 2017.
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2.2 Overview of first integrals for the Lucas-Uzawa model via
partial Hamiltonian approach

In this section, we provide an overview of the partial Hamiltonian approach to
solving the Lucas-Uzawa model which is taken from Naz et al [9].
The representative agent’s utility function is defined as

00 Cl—o -1
Mazx, / e Pt o #£1,
0 l1—0

subject to the constraints of physical capital and human capital (see details of
parameters:

E(t) = ykPut =P =P — 1k — ¢, ko = k(0),
h(t) = 6(1 — u)h, hg = h(0), (2.5)

where 1/0 is the constant elasticity of intertemporal substitution, p > 0 is the
discount factor, S is the elasticity of output with respect to physical capital,
7 > 0 is the technological levels in the goods sector, § > 0 is the technological
levels in the education sector, k is the level of physical capital, h is the level
of human capital, ¢ is per capita consumption and w is the fraction of labor
allocated to the production of physical capital.

The current value Hamiltonian function is defined as

l—0 _ 1
H(t,e,k,\) = 017 + Ak Pur =Pt~k — ] + pé(1 —w)h,  (2.6)
—0
where A(t) and u(t) are costate variables. The transversality conditions are

lim e "*A(t)k(t) = 0, tlggo e P u(t)h(t) = 0. (2.7)

t—o00

The Pontryagin’s maximum principle provides following set of first order con-
ditions:

A=c"", (2.8)
Lo 1A i)kﬁh_ﬁ % (2.9)
k(t) = vkPul=Ppr=P —nk — ¢, (2.10)
h(t) = 6(1 — u)h, (2.11)
A= - MButPEPIRYP L A (p + ), (2.12)
fr=p(p —9). (2.13)

The growth rates of consumption ¢ and physical capital v are given by

¢ — @ulfﬂkﬁflhlfﬁ _ M, (2.14)
c o o

“ (0+mA-p5) ¢

u_ _ % 2.1
" E A + du (2.15)
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The partial Hamiltonian determining equation (2.3), for the current value
(partial) Hamiltonian (2.6), yields

. . . . 1-8
NGt + i+ Fonk) + (o + bnf + ) = ot [ B2y (hu/k) = A
— 26 — H (& + k&, + hén) = By + kBy, + hBy,
+ [n' = (VP (wh)' =P — 7k — )| (=Ap) + [1° — £6(1 — w)h](—pp), (2.16)

in which we assume that & = &(¢,k, h),n' (¢, k, h),n*(t,k,h), B = B(t,k,h).
Note that for Lucas-Uzawa model ¢' = k, ¢> = h, pr = \, po = p, I =
pA, Iy = pp. The variables ¢ (consumption) and u (fraction of labor devoted
to producing physical capital) are control variable which are connected with
co-state variables A, p by equations (2.8) and (2.9). It is worthy to mention
here that in partial Hamiltonian operator determining equation (2.16) either
we can keep control variables ¢ and u or co-state variables A\, u as these are
connected by equations (2.8) and (2.9). First, we expand (2.16) and then we
eliminate A, p by utilizing (2.8) and (2.9). The resulting equation is then
separated with respect to powers of the control variables ¢ and u, we have

A7 & =0, (2.17)
cour P g, =0, (2.18)
uc™’: n) =0, (2.19)
7 —o&/(1—0)+pt =0, (2.20)
cd=uP =0, (2.21)
Ut gl — (1= Bk~ B~ pEB =0, (222)
7 np —wknp +ntn 4+ wké + pnt 4 prké =0, (2.23)
cou P n? 4 6hnE — on? — Sh& + pn? — pESh =0, (2.24)
: By =0, (2.25)

w: By =0, (2.26)

1: By=&/(1-o0). (2.27)

The solution of equations (2.17)—(2.27) yield the expressions for ¢, nt, n?
and B. For the case, when there is no restriction on the parameters the partial
Hamiltonian operators and gauge terms are given by

f =0, 771 =0, 772 = ei(pia)tv B(t) =0,

E=e" =

pe Pk, n? = pe P'h, B = e Pt (2.28)

1—0 1—0

B(p+)

—Tans_s755 the partial Hamiltonian

Under the parameters restriction o =
operators and gauge term are given by

_(e=D(p+m) _(e=1)(p+m)
5 =€ 7 ta 771 = —mke 7 ta

h (c=1)(ptm)
2 —le=Dietm)y

= —pB — o + 2pom — whle ’ ;
K a(l—p5) = ]
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o—1 +m
_(e=1(e )t/

B=e (1-0). (2.29)

For the partial Hamiltonian operators and gauge terms given in (2.28), formula
(2.4) yields following two first integrals with no restrictions on parameters of
economy:

I = 7,7(15_ /8) C_Ukﬁu_ﬁh_'ge_(p_é)t,
TPt uwh\ 1-8
I, = i (p—i—ﬂ'—ﬁa)k:—ac—ﬁv(l—a)(?) k
1-8)y kP
L (2 5+6U)(%> h]

Under parameter restriction o = %7 the formula (2.4) with the aid

of the partial Hamiltonian operators and gauge terms given in (2.29) provides
following first integral:

| _e=DeEm, Blp+m) uh\1-8
I;=c¢ e te [7(ﬂ+5—p)5—ﬂ—56767(?) k], (2.30)

provided 273 — 0 + 65 — m > 0 to ensure that o > 0.
The complete analysis in terms of closed-from solution under parameter
restriction o = % was provided by Naz et al [9]. The convergence of

closed-form solution to balanced growth path was established as well.

3 Closed-form solution for the Lucas-Uzawa model under
fairly general values of parameters via /; and [,

The closed-form solution via Iy and I for the case z # z* case was provided
in Naz et al [9] but was not analyzed in detail. Here, we provide closed form
solutions for the original economic variables c(t),u(t), k(t), h(t), A(t) and p(¢)
for the case z # z* explicitly in terms of variable z(¢). Moreover, we provide
closed form solutions for the original variables c(t), u(t), k(t), h(t), A(t) and pu(t)
for the case z = z* as well. We also compare our solution with the previous
literature.
By setting 11 = ¢1, we obtain

1 —
wc—ok,@u—ﬂh—ﬁe—@—@t . (3.1)

where c; is an arbitrary constant. Introducing z = %, Equation (3.1) can be

re-written as L
(L=B)v\7 1 —te=ay
— \B B 3.2
= (Y T, (3.2)

where A\ = ¢~7. Equation (2.12) with the aid of Equation (3.2) yields following
Bernoulli’s differential equation for A

A=Xp+m) = —ﬂv[w]lﬁﬁk

_(p=5)A=P),
s )
01(5

=

e
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and thus we have
1-8 B8

1
_ ByE (1—=08\ 7 _w=50-8), _Q=B)(ptm) | PT
A=c 7= f p , 3.3

¢ [(5 + 7\ 10 ¢ teee (3.3)

where ¢y is an arbitrary constant. We found explicit solution for z after sub-
stituting value of A from Equation (3.3) into Equation (3.2)

g-1 )
By (L= 7 _a=mein,]?T
S+7 a8 4
|:5+ te 2 015 ¢ ? (3 )

and z* = (ﬁ’y/(é—l—w))l/(ﬁfl) is the steady state solution. It is worthy to
mention here that the system of differential equations (2.10)—(2.13) provides
two sets of solutions depending on co = 0 and co # 0.

Thus we discuss two scenarios. Scenario I: ¢ = 0 and thus z = z*. Scenario
II: ¢2 # 0 and thus z # z*.

3.1 Scenario I: ¢ = 0 and thus z = z*

For c; = 0, we have

Equation (3.2) yields

015 _
A(t) = ————elP=9)t*h 3.6
© 1-8n° : (3.6)
and thus )
(=BT s,

Using initial condition ¢(0) = ¢¢ and k(0) = ko, Equation (3.7) gives

(1= B)\7
Co = <6162*5 ) .

Equation (2.10) provides following solution for physical capital &(¢):

_ afBco ENCEM _(Wﬁfﬂw—é)t
()*on+&a_ B) — (mo — p)B +aie . (38)

(
The transversality condition (2.7) for k is satisfied provided § < p + do and
ap = 0. Using initial condition k(0) = kg, we have

co O0+m(1—-p8) d—p

— = - >0 3.9

T 5 . ; (3.9)
as Am—m8 _ 5;—” > 0 (see proof in Proposition 1 [3]). Equations (2.9) and (3.1)
provide following expression of costate variable p

p=cePOt, (3.10)

Math. Model. Anal., 22(4):464-483, 2017.
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Next, we set I = c3 and after some simplifications, we arrive at following
expression for human capital h

d
(1 =B)(p— 6+ o)
* (ﬁry(l — )2 ko — (p+ 7 — mo)ko + Uc(J)e‘ (p;m]

o —ot

h(t) 2P les(1 = o)cGe

The transversality condition (2.7) for h is satisfied provided ¢3 = 0 and
0 < p+ do. The initial condition h(0) = hg yields

_(p=9) Z*kodo
h(t) =h ot hg= ————.
®) 0¢ U PR S

Finally, we obtain an expression for the fraction of labor devoted to the pro-

. . . _ k
duction of physical capital u = 5*

u=(p—06+6a)/(50)

and this completes the solution. We can summarize these solutions for all the
economic variables in the following simple forms:

c(t) = coef(p:s)t, k(t) = koe*(p;é)t7
5+ -
u(t) = ”J = u*, h(t) — hoe_(p(,é)t7 (3_11)
o

1
S4+m\1 7P
At) = ¢ %elP=0t = et = ( ) ,
(t) 0 H 1 By

*

provided § < p+ 60, ¢ = ((1_5)“’> O 75‘*‘”(/31_5) — 5;7%’ >0, hy = ko,

c102*P u*

3.2 Scenario II: c; # 0 and thus z # z*

The expression for A given in Equation (3.3) can be alternatively given as

J
A= (1?76)76(0—5)%[3. (3.12)
Equation (3.4) for z(t) with initial condition z(0) = zy takes following form:
Z*Z()
)= , 3.13
( ) [(Z*lfﬁ B Zéiﬁ)e_%t + Zéiﬁ]%ﬁ ( )

where ¢y = (zé’ﬁ _ 2*1*5)/((1;2)7)%'

The variable ¢(t) with ¢(0) = ¢o takes following form:

1
B - B 1) T e
c=cozf e (005)tZ7§7 Cory = ((:[ilﬂ)'y) s (314)
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where z is same as given in (3.13). The differential equation (2.10) for k results
in following integrable differential equation

. B —
k4 (m—y2' Pk = —cozg e =2 (3.15)

and it provides an expression for physical capital

B

k() = (a5 = —L—P(t)) (r + )R 2(t) T, (3.16)
(m+40)1=7
where .
F#) :/ 2(1) 5T e CEFE = gy (3.17)
0
ag is arbitrary constant of integration and W — ‘S_Tp > 0 (see proof in
Proposition 1 [3]). The initial condition k(0) = ko yields ag = ( k”)z% and
T+5)1—
thus expression for k(t) simplifies to the following form:
B=0o B T
k(1) = (ko/(com™ ) — F())eog 207 ™50 (318)

The transversality condition (2.7) for k is satisfied provided § < p + do and
Jim F(t) = ko/ (cozéﬁf")/"). (3.19)

It is important to mention here that the integrand of F'(t) is positive and
bounded therefore lim; ,o F'(t) is a finite number. Equations (2.9) and (3.1)
provide following expression for the costate variable

= crelP=9t (3.20)

Setting I = c3, we find
C*Uefpt

l1—0c

+7(1_5ﬁ)( 5+5a)( =)

and this gives an expression for human capital

{(p#*ﬂ'*ﬂ'()')k*()'C*ﬂ’}/ (1-o0) (%) Bk
] =

(Cf\(elfpi) —(ptm—mo)k+oc+ By (1- U)Zl_ﬁk) 627
V(1 =B)(p =6+ 0) '

The transversality condition for h requires to choose ¢3 = 0 and § < p +
do. Finally, the variable u, the fraction of labor devoted to the production of
physical capital can be determined from v = zk/h and it simplifies to

h(t) =

u(t) = 5151 = B)(p — 6 + 60) (ko/ (cozo ™) _F(t)) |
[By(1—0)—(p+m—m0)zP~1]( —F(t))+ozP—%¢ - =

cozy 7

Math. Model. Anal., 22(4):464-483, 2017.
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This completes the solution. We then apply the initial conditions h(0) = hy,
= ZOIZO and we summarize the solutions for all variables as follows:

B - k 8 (5+m—7B)
oft) = cozg e Tt k(t)-( 0 F(t))cozo”z(t)le ey

o

Co<g
fio 8 _(p=8)y _8
) = - - [ocozge 7 tz7oth
wolocozy | — (prm—modkozy ' +By(1-o)kl
k 8 o
(B9 =) = (p+ 7 = 70)" ) (g = F(O)enz e 7 )
CQZO
u(t) = ZO [ocozy = (p+ 1 —mo)kozy "+ By(1 — o)ko]
0
B=o
x (ko/(cozy ™ ) — F(t))

B1(1=0)~ (prtm—mo) 21—z~ F(1) + 0205 e (500

cozg 7

At) = 725 P00 u(t) = erelP= O,

where

o8 Str—mB 8
—(SErenB

t —-P
F(t) = / 2(t)% e =,
0

z*zg

z(t) = — — (3.21)
(2418 — 2(1)76)6—7‘1 B4 ¢ Jrzéfﬁ]—liﬁ
k 0 —
lim F(t)= 2 p<é<ptdo, T LN el Y
S 5= 5 o
CoZg

s (el N7 By Y
0 m\a=8n) S+m)

1-B)p—6+6 -
7( 6)(% o) _Zg[gcozg Y= (p+m—mo)kozy '+ By(1 — o)ko).

The first integrals I; and I yield two solutions of the dynamical system of
ODEs (2.10)—(2.15) given in equations (3.11) and (3.21) for fairly general values
of o and B. It is straight forward to show that

. _ *
tlg(r)lo u(t) = u*.

4 Closed-form solution for the Lucas-Uzawa model under
fairly general values of parameters via [;

Now we show how one can utilize only one first integral I; to derive the same
closed-from solution as in the existing literature which was also derived by
Chilarescu [3] via the classical approach. By setting I; = ¢1, we will arrive at
equations (3.1)—(3.4).

Here also the following two scenarios will arise: Case I: ca = 0, Case II:

Co 7é 0.
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Equations (3.5)—(3.10) for variables c(t), k(t), A(t) and p(t) will follow from
the previous section. Now instead of utilizing the second first integral, we
proceed as follows to derive closed form solutions for h(t) and u(t).

Equation (2.15) simplifies to

U_0d-—p—dc 1w (4.1)
u o
Equation (4.1) gives
§—p—2do)/o
u(t) - 5 ( So 75—/))/001‘/
as(—E=%)e )

Finally, h = zk/u gives

_8=p=da,

G U
6—p—o0)/a

The transversality condition (2.7) for h is satisfied provided § < p + do and
az = 0. Thus we arrive at the same solution for all variables as given by
equation (3.11).

For as # 0, we will follow same procedure as described in previous section
to derive equations (3.12)—(3.20). Substituting c¢(¢) and k(t) from equations
(3.14) and (3.18) into equation (2.15), we have

t—4 (p=5)
2¥koe” 7 ¢

h(t) =

c—B 7((54—71' B 5— LY

G+m=p) =)
g ko/(cozo” ) — F(t)

+ ou. (4.2)

u
u

The solution of equation (4.2) with initial condition w(0) = ug is given by (see
Chilarescu [3])

B—o

B Wuo[ko/(cozo 7

) — F(?)]

where
5 1- k S4m)(1—
H(t) = [((—i_ﬂﬁ(ﬁ) + 6“0) 002:8'3730)/0- - 5UOG(t) G_WMIS
ko

- 5“0[602(()5_0)/0 *F(t)],

o8

Glt) = /0 ()T e gy, (4.4)

The solution (4.3) holds provided

: (0 +m)(1 = 5) ko _
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and this can be re-written as

lm G(t) = OEMU BB+ gy,

t—o00 dug t—o00

where lim;_, o, F'(t) is given in (3.19). The variable h can be determined from
h = zk/u and is given by

o+ m)(1— k _ (M-8
h(t) = [((—( m=8) L 6u0G(t))e =2
B C()ZO
ko cozt!® (rt5-m8),
oo p)] e
Cozéﬁ—o)/o (5+Tr)ﬁ(1—l3) %o
We can summarize the solutions for all variables as follows:
B8 pP— k B T+d—m
c(t) = coz§ e 05)’52_57 k(t) = (70 - F(t))cozo” z(t)_le( 5 B)t,
COZ(()BfJ)/U
6+m(1—-06) ko duoko _Gtma=p),
nt) = [( + — bugG(D)) e
B COZ(()B—U)ﬂ7 Cozéﬂ—o)/a
ko o2l (rt5-mB),
()] i s
Cozéﬁ o)/o (6+ﬂ)ﬁ(1 B) uo
_ B=o
o(t) = =B g [ko/(cozy 7 ) — F(1)]
B Hi(t) ’
At) = caozo_ﬁe(p*‘;)tzﬁ, w(t) = et
where
0 — 0—
p<0<p—+do, tromf_ p>0,
154 o
t e s t . o
F(t) = / )T e IS g a) = / 2(t) 7 et
0 0
z* 20
t) = - 4.6
Z( ) [(z*l—,@ B zé_6)67 (1—[3)ﬂ(<§+7\')t é_'@]l% ’ ( )
A 015 )_% . ]{30
¢ =(—— lim F(t) = —————
Cozg ((1 _ ﬂ)7 ) tiggc ( ) COZ(()B_U)/Uv
. G+m(1-p5) ko
li (———————— F dug)———7— — 5u0G(t)] =0,
t—00 B COZ(()/?—G)/U
. e e O AN =
Jm Gt) = dug Jm F), = <5 + 7T> ’

The closed form solution (4.6) derived by only utilizing I; is exactly the same
as derived by Chilarescu [3] via the classical approach.
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5 Comparison of Closed-form Solutions for the Lucas-
Uzawa model

The closed form solutions of the Lucas-Uzawa model of economic growth have
been derived in the literature by using both the newly developed partial Hamil-
tonian approach and the classical approach. The partial Hamiltonian approach
utilizes Lie group theoretical techniques to construct a closed-form solution.
Using the partial Hamiltonian methodology, we have established three sets of
closed form solutions (3.11), (3.21) and (4.6) for the Lucas-Uzawa model with
no parameter restrictions. For the case z = z* case only one solution arises
which is given in (3.11) whereas for the case z # z* case we obtained two
solutions which are given in (3.21) and (4.6). We have shown how first inte-
grals derived via the partial Hamiltonian approach can be utilized to construct
multiple closed form solutions for the Lucas-Uzawa model. Thus there exist
three sets of closed form solutions (3.11), (3.21) and (4.6) for the Lucas-Uzawa
model with no parameter restrictions.

5.1 Comparison with Chilarescu [3]

Chilarescu [3] made a significant contribution by utilizing the classical approach
to obtain two closed form solutions of the form (3.11) and (4.6). We have
shown in previous sections that the solution (3.11) can also be constructed by
utilizing either one first integral I; or by using two first integrals I; and I>. For
the case where z # z*, we have obtained the second solution (4.6) found by
Chilarescu [3] and this solution was obtained by utilizing only one first integral
I;. Using our partial Hamiltonian methodology, we also arrive at an additional
new solution (3.21) in the case where z # z* by utilizing the two first integrals
Il and .[2.

A comparison of the closed-form solutions (3.21) and (4.6) shows that the
expressions for consumption ¢, physical capital stock k, and the costate vari-
ables A and p are the same in both solutions. On the other hand, the expressions
for the fraction of labor devoted to physical capital, u, and the level of human
capital, h, are different in our newly obtained solution. This is important in
the context of economic growth theory because it shows that an economy can
either be in an equilibrium with a higher level of human capital or in an equi-
librium with a lower level of human capital. Another important result is that
the previously obtained closed form solution (4.6) involves two numerically
computable functions F(t) and G(t) whereas our newly derived closed form
solution (3.21) involves only one numerically computable function F(¢). So our
newly derived closed form solution (3.21) which was obtained from the partial
Hamiltonian approach is fundamentally different and is also in a simpler form
than the previously obtained solution (4.6).

5.2 Comparison with Boucekkine and Ruiz-Tamarit [1]

Boucekkine and Ruiz-Tamarit [1] were the first to use the classical approach
to derive elegant closed form solutions and they obtained one solution under
no parameter restrictions which is similar to (4.6). Chilarescu [3] then utilized

Math. Model. Anal., 22(4):464-483, 2017.



478 R. Naz and A. Chaudhry

the classical approach to provide two solutions with no restrictions on the
parameters which are the same as the solutions in (3.11) and (4.6). So in
both [3] and [1], the Lucas-Uzawa model was solved by the classical approach.
For the closed-form solution (4.6), the only difference in these two works is the
evaluation of the functions F'(¢) and G(¢). In [3] , the functions F(t) and G(¢)
were computed by numerical simulations whereas in [1] these type of functions
were solved in terms of Gaussian Hypergeometric functions. With the aid
of numerical simulations, it is well-demonstrated by Chilarescu [3], that the
transitional dynamics of variables for solution (4.6) were same as derived by
Boucekkine and Ruiz-Tamarit [1].

It is important to note that the partial Hamiltonian approach also provides
one additional solution given in (3.21) which is new to the literature. Moreover,
under specific restriction o = % on parameters another first integral
was established and another set of closed form solution was derived in Naz
et al [9]. It was also shown that the closed-form solution under this specific
parameter restriction converges to the balanced growth path. The closed form
solution under this specific restriction was not derived before in literature.
Thus partial Hamiltonian approach provides four sets of closed-from solutions:
three under no parameter restriction and fourth is under parameter restriction
o = % whereas classical approach provides olny two closed-form
solutions.

5.3 Convergence to balanced growth path

The discussion of convergence of closed-form (3.11) and (4.6) is well presented
in detail in Chilarescu [3]. Boucekkine and Ruiz-Tamarit [1] analyzed closed-
form solution (4.6). Naz et al [9] provided detailed analysis and convergence
to balanced growth path for the closed-from solution under specific restriction
% on parameters. We provide here a detailed analysis of newly
derived closed-form solution (3.21). We prove that our newly derived solution
(3.21) satisfies all properties stated in Proposition 1 of Chilarescu [3]. It is

straight forward to show, for the closed form solutions (3.21) that

o =

*

. p—0+do
1 =y =
Jirg ult) = 5
It is worthy to mention here that I’Hopital rule is applied to establish lim ¢ — oo
of the fraction of labor devoted to the production of physical capital u(t). We
find the ratio of consumption to the capital stock for economy

t)  z(t) T e oL . ety d+m—7B d—p
= im —= = — .
(t) — s —F(t) Tt k() B o

co zéﬁ -

Cc

—~

I

Next, we find the ratio of the capital stock to the fraction of labor for
economy
lim @: lim @: p=0+do

( By |2
t—00 (ﬁ) t—00 Z(t) oo O+

).
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The growth rates of all the variables for the closed-form solution (3.21) after
simplifications are

¢ d0—p Pz
c- o oz
E e ()" e~ (- _Z
kB Wofloma” )= F(t)  °
'ﬁ _ oz(t)P1 ¢
h oz(t)' = + [By(1—0) — (p+ 7 — mo)2(1)5 1|4
oB2(1)P 5 — (p+ 7 — 7o) (B-1)2(1)P " ;
o2(t)P 1S + BY(L = 0) = (p+ 7 — mo)2(t)P 2
. Wl —0) = (p+7—7m0)2(t)° ] i
oz(t)P G + By(1— o) — (p+ 7 — 7o)2(t)P 1 2
. ﬁv(l —0) = (p+7—70)2(t)° i
o2() V) 1 By(1—0) — (p+ 7 — mo)=(t) L K
ﬂ_éﬁf Ao 2B
E—k h Z /\_p 6+ﬁz’ /J_p 63 (51)
where
P () — g e

— A=B)(r+3) '
R s e e

Now we analyze the dynamic growth rates provided in (5.1). First we
observe that as t — oo, g approaches to zero which shows that the rate of
growth of z(t) decreases asymptotically as we approach the steady state. The
growth rates of consumption, ¢, physical capital, k, and human capital, h,
decrease over time and approach ‘SjT” as t — o0o. Also, the growth rate of the
fraction of labor allocated to the production of physical capital, u, approaches
zero as t — oo whereas the growth rates of both costate variables, A and g,
equal (p — J) as t — oo. In the long run our newly derived solution (3.21)
solutions converge to the same balanced growth path as solutions (3.11) and
(4.6). This is important in the context of economic growth theory and gives rise
to multiple equilibria. This establishes the convergence of our newly derived

closed-form solution (3.21).

6 Closed-from solution for o = 3 case

In this Section, we consider the special case when ¢ = 3 which is commonly
discussed in economic growth theory. We obtained two closed-form solutions
for Lucas-Uzawa model under restriction ¢ = 8 whether we utilize only I; or
we utilize both I; and Is.
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For z = z* case, the closed-form solution for all variables is obtained by
taking o = 8 in (3.11) and is given by

o p—s —0490
c(t) = coe" T, k(t) = koe” T, w(t) = % _— (6.1)
1
_ 5 5
I e == I
By
provided § < p+ 98 , co = (7(611;;8);’)%7 = 7””([31_6) >0, hg = z;]fo.
Next, we take 0 = § in (3.21), the variable ¢(t) takes following form:
c(t) = cozoe_(pga)tz(t)*l.
The equation (3.17) for F(t) simplifies to
8 _(n=mBtp),
Flt)=—F"  (1—e %
(0 =~ )
and (3.19) yields
1—
f _ M (6.2)

ko B
The variable k(t) takes following form:

_(p=9)y

k(t) = kozoe™ 7 'z(t)"?

and satisfies the transversality condition provided § < p + 05. After some
simplifications, the variables h(t) and u(t) in (3.21) take following form:

_ =9,

h(t) = hge B

and u(t) = up. The condition

7(1 - 5)(2 —8+d0) _ Tlocozy ! = (o — mokozg !+ By(1~ 0)ko]

provides ug = "727%@

For z # z* case, the closed-form solution for all variables is summarized as
follows:

(=8 (=5,

c(t)=cozoe™ 7 'z(t)7', k(t) = kozoe T 7 'z(t)", h(t) = hee

—0+0
u(t) = 2=

_(p=8)
3 t

, (6:3)

At) = caﬁzgﬁe(”*é)tz(t)ﬂ, p(t) = P9t

provided
@Bh)ﬁ gg:p+ﬂﬂ*5)>a

5<p+55, Co( k‘o ﬁ

c1 625
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Zoko 2" 20

hO = ) Z(t) = — - .
u* (2415 — 23—6)677(1 N Zl—B]ﬁ

Next, we take o = § in (4.6). In (4.6), only the expressions for u(t) and
h(t) are different from (3.21). Equations (4.4) and (4.5) for o = § case reduces
to the following form:

B _(68=5+p),
t)= —————|(1— 4
cl) 55—5+p( ), (6.4)
0+m(1-p) )ko duof3
TR T b |2 = 20T 6.5
( B ) TB—o+p (65)
where 72 is given in (6.2). With the aid of equations, (6.4) and (6.5), the

equations for the variables u(t) and h(t) reduce to same equations as presented
in (6.3).

We conclude that for the special case o = 8, both solutions (3.21) and (4.6)
reduces to same solution (6.3). This also verifies the correctness of our newly
derived solution (3.21). It is important to mention here that o = 8 assumption

leads to the constancy of % and we obtain less solutions in this case. In the

previous literature only the solution (6.3) had been reported. It is important
to mention here that the (6.1) directly follows from (6.3) by setting z = z* so
it is sufficient to just mention (6.3) (see e.g [6,7]).

6.1 Comparison with Marsiglio and La Torre [7]

We can compare the closed-form solution (6.3) with the previous literature
[7]. In [7], the population dynamics were discussed for three different types of
population growth: exponential, logistic and von Bertalanffy. If we simplify the
model by Marsiglio and La Torre [7] by taking N = 1 and n = 0 to normalize
the effect of population growth to zero and if we set # = 0 in our model then
we find that both models take the same form and the only difference is in
terms of the notations used for different parameters. The solution presented
in equations (33)—(36) of Marsiglio and La Torre [7] is exactly the same as the
closed-form solution provided in (6.3). This can be established by using the
expression for z(t) which provides the alternative form of the solution (6.3) as

_1
-8

9

1-8pl—a
B(t) = e~ 18 4 y :“)/ﬁ’jro(s - (6(1—6)((p+w)/ﬁ+5—5u)t _ 1)}
- -

IVELET

= — _ S(1—u)t

c(t) kok(t)7 h(t) = hoe ;o u(t) 55 u®, (6.6)
= + (1 —

)\(t) caﬁzaﬂe(p_é)tz(t)ﬁa /L(t) = Cle(p_é)tv ‘ZZ — Lﬁ)7

which is exactly the same as presented in equations (33)—(36) of Marsiglio and
1

La Torre [7] if the population growth is normalized to zero'.
IIn[7,§=8B,=a,y=A, 71=0
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6.2 Comparison with Marsiglio and La Torre [6]

We can also compare the closed-form solution (6.3) with another solution found
in the previous literature [6] in which a closed-form solution was established by
using the dynamic programming technique. By setting N(t) = 1, 0 = 0 for
B =1 — «a, the model by Marsiglio and La Torre [6] reduces to same model as
presented here just there is difference in terms of notations used for different
parameters. The solution presented by equations (11)—(14) reduces to the form
(6.6) provided N(t) =1, g =0for f=1—a.

7 Conclusions

In this paper we establish closed-form solutions for the Lucas-Uzawa model
with the aid of the partial Hamiltonian approach and then compare our re-
sults with those derived by the classical approach. The partial Hamiltonian
approach provides two first integrals [9] in the case where there are no param-
eter restrictions. We utilize these two first integrals to construct closed form
solutions for all the economic variables in the model for two different scenarios:
(i) z = z* and (ii) z # 2* where z(t) = h(li)(lz)(t).

For the z = z* case, both the partial Hamiltonian approach and the classical
approach provide one solution. For the z # z* case, the classical approach
yields one solution while the the partial Hamiltonian approach provides the
same solution as well as one additional solution which is completely new to
the literature. In the newly obtained solution, the expressions for the levels of
consumption and capital stock are equal to those found in the older solution,
while the amount of labor allocated to the production of physical capital and
the level of human capital are different from those values found in the older
solution. The existence of three closed form solutions is new to the literature
on economic growth. We also show that the economic equilibria all converge
to the same long run balanced growth path. We have also analyzed the special
case o = [ and obtained two sets of closed-form solutions. In addition to this,
we also present a detailed comparison of our derived results with the previous
literature for the o # 3 case as well as for the o = 3 case.
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