Lucas 1988 JME
max I:( -1 )N(t)e‘/”dt

c(?) l-0
subject to:
Ne+ K = AKPNIP, % = u
H = N( Cll_“_; 1 ) + O(AKPNYB — Ne)

where c is consumption, N is labor force
that grows at the rate A, K is physical
capital, p is a positive discount factor, 4
and o are positive technology parameters,
p Is the share of capital,and o Is the
Inverse of the intertemporal elasticity of
substitution.

H = N( -1 ) + O(AKPNYB — Ne)

l-0
c° =
0 = 0(p — BANYPKP1)  lime 0K = 0

[—00



Now, along a balanced growth path
where < = «:

But from FOC,
& = (p— PANYPKI)

_ % + p = BANYPKPL,  MPK = p +ox

If production is Cobb-Douglas:

VPK — ﬁF([féN) _ ﬁANEﬁKﬁ

Ne+K _  NNYP _ o4 _ p+oK
S A - 2,

So, If % IS constant along a balanced
growth path, so is % This implies that

N ¢ _ K _
N+C’ e A+K

(A + k Is capital growth, and also output
growth defined as the growth of Nc.)



Now some Algebra: On a BGP
dA(y " 1-p
F R CONE

dt
A(L - ﬁ)<N> (NK KN)

()"
dt
A
dra-p(E-L) - pra-poa-«-u
-0
g
Top =X

Thus, k is independent of p or o.



Let the savings rate
Nc+ K
Nc+K _ p+0oK

K p
W (Ne+K\K _ _p+ox
Sl_( X >1’<_/3(K+;L)
Pk + A1)

p + 0K
Saving rate does not affect «.

Checking Transversality along a balanced
growth path:

% =+ A K@) = K(0)e+
6

A)

S:

6= o 0) = 0(0)e

lim e P K(0)0(0)ex4-0%) = Q

ifoKk+p>K+A
kK(c—-1)+p—-21>0



CALIBRATION:
2=0.013 (1-8)=75 s=0.1
K+ A= (0.024, 0.029), say 0.027 k =0.014
u = k(1—B) = 0.0105
Then, from s = £
p+(0.014)c = 0.0675

if 6=1 p=0.0535




Problem that remains: How to account for
persistent growth rate differentials between
countries? Also, technology, or the
production function implies that per capita
output and capital growth are related by,
from the production function,

Y K’
¥ =A%)
gyt — P&k = 1

which does not seem uniform across
countries. Introducing another factor, like
knowledge or human capital may help, if
combined with the removal of diminishing
returns in its production.

Finally, a good share of persitent growth is
accounted by u. What is it?



Introduce Human Capital
N = jooN(h)dh
0

Effective labor force, with fraction u(%)
working in production:

Ne= | " N(hYu(h)hdh
0

Production and wage:
Y = F(N¢,K), Wage = Fyh
Earnings = Fyhu(h)
Average skKill:
[ :N(h)hdh

[ ;"N(h)dh

If all workers have same skill, and choose
same u, N° = uhN.
Production, with external effect:

N(@)c(t) + K(t) = AKPLuh(t)N(£)]* P (ha(t))

hy =



Human capital accumulation:
h=6h(l-u)
PLANNER: Directly to Hamiltonian

cto-1 )
Max.,, ( -

+ 01 (AKP[uh(t)N(0)] P (ha(1))" = Ne)
+02(8h(1 —u))
FOC

01 =c°
0,6h = 01(1 — B)AKPuh()N@)] P (ha(2))” (hN)
01 = p01 — 01BAKP uh(ON)] P (ha(2))

02 = p2 — 01AKP[uN@®) ] Ph(t) 7 (1 - B+7)

—020(1—u)
For the equilibrium solution however:

02 = pO2 — 01BAKP[uN()] Ph(t) 77 (1 - B)

—0,5(1 —u)



BGP: Using, as before

g—i = —KO
Net K 4kt uh(ON@©) ] (ha0))”
_ MPK _ p+0K (%)
P

Again, if £ is constant, so is 5, and s is
also constant. Let

V= % =0(1l—-u)

Differentiating (x) above with A4 fixed,
(B-1)%+A-p+y) L +A-p)R =0
P-Dk+)+A-f+y)v-(-1)4=0
A-B+7)\, _
( 1-p) ) -
fy=0,x=v,1-pB+y)vislike uin

. . . ‘LL
previous model: k = 5




DERIVATION OF v (assuming at first we
are working on the efficient path so the
planner takes y into account.)

Differentiating FOC wrt u
01(1 — BYAKP[uh(t)N()] P (ha(2))7 (AN) = 825k

b pKa-plia-pryh -2 h
—ok+ B+ + A=A+ (y - B)v = g_i
02

(B—o)c+ A+ =Py = 5=



Now lets get <g—§> from FOC.
02 = pO2 — 01AKP[uN()]" P h(1)" P (1 - - 7)
—020(1 —u)
To get at <g—§>,we must eliminate midle
term with 61. But from FOC wrt v,
01(1 - BYAKP[uh(t)N()] " (ha(1))7 (AN) = 825h
Multiplying both sides by ( = >< )
O1AKP[uN()] " (ha(1))"" f”(l -B+7)

0261 -B+y)u

— =5
Substituting into FOC for the state
equation in 6,




0201 - B+ 7v)u

6, = pBh, — =5 —0,6(1 —u)
g—izp—5<l+ 17_/ﬁ>u—5(1—u)
= p—Su— ff“ﬂ ~5(1 - u)
e 1@’“;3—5
But since

v=0(1-u)=0-90u

0 y(v=90)\ _
0, P * ( 1-p ) 0
Now plugging this into the equation where

we had differentiated the FOC wrt u, which

gave us the other equation for 42 :

)
(B- o)+ 4+ (= B)v = G-

(ﬁ—G)K+l+(y—ﬁ)v=p+(ygv__g))‘5




Solving:

1"(1—ﬁXp—5—l)—&/}
i (1-p+7y)

L4 A=B)p-24) (A -=B)d+yo }
- A-B+y) (1-p+7y)
L[ a=pp-2) _5}

- Q@-B+y)

Note: if y = 0,v* = o7 1(6 + 2 — p).




However, on the competitive equilibrium
path,agents take (4,)” as exogenous:

0, = phr — 9258__;)” —026(1 —u)
, o 1A=p)p—0-2)—0y]
c(l-p+v)-0
If v=0,k=v, If o=1,
P Y
Sy R



Computing Balanced Growth Path:

s K — AKP[uh ()N (ha(0)T =

p + OK

p

p + oK
= BA(K(0)e® ) [uh(0)eN(0)e*] ™ (h(0)e™)”
= PAK(0)e") " [uN(©0)] P (h(0)e ) 47
= BA(K(0))" [uN(0)]*"

. (h(0)) (1-By) oK (B-1)t o (1-ry)vt
But, on a BGP we have
A-B+y)v=~0-P
s e DipFrvt = o0 = 1 and
BAK(0))P [uN(©0) 1P (h(0)) 7 = p+ ok
which defines the BGP relation.



Let initial conditions correspond to BGP
levels, K(0) = z1, h(0) = z».
BA(z1) " [uN(©0) 1 P(z2) 7 = p+ ok

Then

z1 = K(t)e 1)

zo = h(t)e™
along the BGP. Can draw graph of z;
against z,. (increasing). Position will
depend on v,«, p. A higher v, will imply a

higher k, and shift the curve to the right, so
for given z1, we would get a higher z,.



So
[(A-B)(p—0—4)—9y]
c(l-p+vy)-0

o <(1<1£3/+3>y) )

v=01-u); u= 55‘/

vV =—

Calibration:

Denison who gives output or capital growth
at roughly 0.027 = x+ A4

A =0.013, x = 0.014,
p=0.25 o6 =0.05
and v = 0.009 (from Denison)

v=0(1l-u) - u=0.82

(1-B+y)
(1-5)

From v = K,we get

y = 0.417

which Is enormous. As before
p +ok =.0675



Also Lucas computes, from
> :__6—1[(LﬂXn%)__5]

(1-B+y)

o V¥ u* k¥
1 .024 .52 .037
2 .016 .68 .025

3 .014 .72 .022

Note that as a result,u is too high.
Optimally, we need more time in
education. This model explains the US
data not much better than Solow’s model:
by choosing exogenous technical change
u, Solow’s model does well, but the Lucas
model can be consistent with permanent
differentials in income and growth rates
(note that in the model with human capital
v depends on preference parameters p, o)
across countries.



Multiple equilibria and BGP: Luck?
Max iy, 1.0),4a(i)} IO <0n(A(n(i))ﬁ) — L(i))e_/?l‘dt

A = A(a(@)"(LGE) - n()) (L —n)",
initial a(i) given
A 1S aggregate human capital, L Is
aggregate labor, n is aggregate labor
allocated to human capital production.

Agents take 4™ as given and optimize
wrt private human capital a(i),

" ai)di, i € [0,1],labor L(i), L = [ L())di,
and the allocation of labor

n(i), n = [ n(i)di. Then 4*7(L - n)®
represents the externalities/spillovers from

total human capital and total labor
allocated to human capital production.



Supressing index i,
H = (tn(4nP) — L) + A(A¥1a"(L — n)? (L — n)?)

H, =0->1=yAML—n)*"

B p O+y—-1
H, =0 > 73 _yA/l(L—n) r

B=n (L—n)=@dy)™

y+0

(L-n)"" = (Ady) ™
A=A -n)"

ho=pr—L = 3(p-n-m)"") -4




Letz = A4 .
z=z(p—nL-n)"")+z(L-n)"7 -1

z=z(p+(L-mL-n)"") -1

;= Z(p + (1= n)(Ady) T ) _1

y+0

Z=zp+(L-n)(zy) T -1
z = pZ+MZﬁ -1

0 = lime*z(¢)? Transversality ?

{—00



BGP for z
Let 0 +y > 1, a high labor externality.
pz+Mzﬁ =1

Note that pz + MzT7 is concave. Either
two or no balanced growth solutions
except on measure zero. ExampIeS'

pz+(1-.5)((0.1)%1 )z761 = 1

zdot

257

1.25 /
I /

0 { t T T T 1
Mzs 30 3
Z

Black:p =.04, Red: p =.085
But lower BGP iIs stable, lim,, e ?z(t) = 0.
How to determine initial A, which gives L?
Any A(0) between 0 and the higher BGP
converges to lower BGP. Indeterminacy.



A simple endogenous growth structure:

On a balanced growth path, along which
the ratio of the asset to consumption will
be constant:

c = sk
Utility of consumption is logarithmic, and
that the production function is of the
Cobb-Douglas form,

y = k- F: % =alP =wi(L)

where k represents an external effect.
Euler equation, where r is the discount rate
and g is population growth plus
depreciation, is:

S = m@)-(r+g)
The goods market equilibrium as

k _ Y o _,_ —s—o=[LB_g—
kksga(L)sgLSg

Since s Is a constant along balanced
growth, the difference between right sides
of the two equations above must be zero:



all)—s—-—willL)+r=r—-s+alll)(1-a)=0
s=r+all)(1-oa)

The second equality follows because the
marginal and average products of capital,
a(L) and w1(L), are proportional, and in
our Cobb-Douglas example their difference
IS a(L)(1—-a). We can also express s as a
function of L by using the labor market
equilibrium condition given by equation
where marginal utilty times marginal
product of labor equals marginal utilty of
leisure:

ctwo(l) =V'(1-L)
c_c_wl) 1 _ _ md)
kK~ k VA-0L) VA-L)
= v(L)
where m(L) = 222 is the marginal product

of labor divided by k. Substituting this
expressionintos = r+a(L)(1 - o) we
have:



r=v(L)—al)(l-a)

This equation can have one, two or no
solutions corresponding to the balanced
growth paths, depending on the
parameters of the model. The right-hand
side of equation monotonic in L if v(L) IS
decreasing, but if v(L) Is increasing, there
may be two balanced growth paths. An
Increasing v(L) however is only possible if
the marginal product of labor is increasing,
and this requires a significant labor
externality.



