Technical Supplement for "The Role of Mortality in
the Transmission of Knowledge".

Michael Bar*and Oksana Leukhina
November 8, 2010

1 Evolution of TFP

In this section we provide additional theoretical results about the behavior of TFPs in our
model. Suppose that mortality rates {m, ;} areii.d. across time and locations, which implies
that B, = B Vt. TFP and optimal innovation for the followers is given by:

Ay = (L=m?)" (U =ml ) [+, +7 (A — Ay) JAy] Ay (1)
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where A; = max; {A;;} and
By = BB, [(1=m (@) [(1=m? (w,)) (1 = ¥, )]0 (1= ()0

Let the optimal innovation be i (z¢ ), where z; ; = 7 (flt — At,j) /A ; is the diffusion term. In
other words, the difference in innovation activity across locations is due only to the presence
of diffusion.

Proposition 1 Suppose that some location is the leader at time t. Then the expected future
path of that location for all k = 1,2, ..., is given by

- Iy s yy26] " y VP gk
E (A {A}y mis) = B[ =md)?| - B[ —mt)*| (1= mi)*[1+77* 4,
Proof. The law of motion of TFP for a leader is given by:

Apa = (L=m)* (L=mi,)" L+ 4,

*Bar: Department of Economics, San Francisco State University, San Francisco, CA 94132.
tLeukhina: Department of Economics, University of North Carolina, Chapel Hill, NC 27599.



Taking conditional expectations, while keeping in mind that {m? j} is i.i.d. across time and
locations, gives:

B (Al {Au b miy) = B[ =m)?] (1= miy)* [1+77] 4,
Next do the same for ¢ + 2:
A = (1- mg—kl)d) (1 —m{)” [1 47" Ay
= (1=ml ) A =m!) [+ (1 —m¥)? (1 —ml )" [1+7"] A
— (1=l ) (1 =—m!)? (1—ml ) [+ 7P A

E (At+2\ {4}, ,mf_1> =
Continuing in this fashion gives:

E (Ausl{A} g miy) = B[a—mt)?] B[0-mp®] - (1 - mi)* 1+ 4,

_ r 3
B (Al Ay omisy) = B(1=mby)’| B0 =md)*] (1 =mi)* 1+ 4,
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In the next proposition, we establish the behavior of predicted TFPs for the followers.

Proposition 2 . If A;; > A, then for all k =1,2,... and for all i and j, we have

() ¢ B (Al A mis) > B (A {Ag Yo mis)
(i) E (At+k+1,i| {At,j}}]:l amtyq) E (At+k,i| {At,j}jzl 7mtyfl)
1) <
E (At+k+1,j| {At,j}jzl Jm?71> E (At+k,j| {Atyj}jzl ’mtyfl)
) E (At+k,i| {At,j}jzl amffq)
(717) - khm — J
- B (At+]€‘ {At,j}jzl ,mf_1>

=1

In all the three statements we establish the effect of initial TFP on k-period ahead prediction,
holding the mortality rates at t—1 fixed. Therefore we drop the location index in order to
make clear that locations i and j differ only by the initial TFP levels, while mj , ; = m{_, ; =
my_ 1. The first part of the proposition states that if some location is ahead of another at
time t, its k-periods ahead predicted value is also greater. The second part states that the
distance between predicted TFPs is shrinking. The third part of the proposition states that
in the long run, the predicted TFP’s of all locations converge to that of the leader.
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Proof. (i). For this part, it is convenient to write the law of motion of TFP as follows:
AtJrl,i = (1 — mzz)¢ (]. — mf_lﬁi)d) [TAt + (1 — T+ ZZZ) At,i]

Notice that A;;1; is an increasing function of A;; (recall that innovation is increasing in
TFP by lemma 2 in the paper, and therefore A;,,; is increasing in A;y;,, and so on for all
k=1,2,... we have A;,; is increasing in A;,;_1,;. Therefore A, ; is increasing in A;; (since
Atk is obtained via composition of increasing functions). This, together with A;; > A ;
implies that A4y, has first order stochastic dominance (f.o.s.d.) over Ay ;, i.e. Va >0

Pr (Amc,z' > al {A ), ,miﬁ1> > Pr (Amm > al {4}, 7m?fl>

Since f.o.s.d. implies greater expectation, we obtain:

B (Avral {Ag Yy mis) > B (Avongl {4k, by

(ii). For this part, it is convenient to write the law of motion of TFP as follows:

¢ ¢ .
Aprg = (L=m;)" (L =mi_,)" L+ (20)" + 2] Ay
where Ty = T (At — At,j) /AtJ
Since diffusion is a decreasing function of TFP, we conclude that x;;; has first order sto-
chastic dominance over x;,,;, conditional on A;; > A; ;. By proposition ??, we also conclude

that i (x41x;)" + 14, has first order stochastic dominance over i (xyix;)” + Tt+x4, which
implies that Vk = 1,2, ...

E (Z (@r4n5)" + Tern | {Ar }}]:1 ,mf_1> >E (Z (@41i) " + Teni] {At,j}}]:l >m%—1>

This implies that if location j is lagging behind location ¢ at time ¢, it is expected to grow
faster in all subsequent periods. In particular, all the time ¢ followers are expected to grow
faster than the leader in the future.

(iii). Define a sequence of real numbers:

E <At+k:,j| {As; }}]:1 ,mi’_l)
E <At+k| {Ans}i =m?fl>

By, =

7

We need to establish that {Ej ;} is (i) monotone increasing, and (ii) bounded above by 1.
Then, by the monotone convergence theorem (for sequences of real numbers) it will follow
that

lim Ej; =sup{Ey,} =1

k—o0 k

The sequence { Ej, ; } is monotone increasing by part (ii), which established that any follower’s
TFP must grow faster than that of a leader. From part (i) of this proposition, the leader is
expected to remain the leader, and therefore { £, ;} is bounded above by 1, i.e. inf), {Ej ;} =1



Vj . The monotone convergence theorem therefore implies that limy_,o, Ej; = sup, {Ex;} =
1. m

Instead of analyzing the behavior of the expected TFP, one can ask what will happen to
future values of TFPs, if after time ¢ all locations experience the same fixed mortality rates.
The next proposition presents analogous (and perhaps more intuitive) results to the ones
proved in proposition 2, for this deterministic version of the model.

Proposition 3 Let A;(J) = max {At,i};jzl denote the leader’s TFP in a J-locations econ-
omy, and |J in conditional probability or expectation to denote conditioning on number of
locations. The diffusion term then is xy; (J) = 7 (A (J) — Arj) JAr;. Suppose that all

locations have the same initial TFP (Ao ; = Ay Vj). Then,
E(At7j|J+1)>E(AtJ|J) Vle,,J

The proposition states that the predicted TFPs in all locations increase in the number of
locations. The assumption that all locations have the same initial TFP (Ay; = Ao Vj)
allows us to investigate the impact of number of locations, holding everything else constant
(ceteris paribus). This assumption implies that {At,z‘};}:l have identical distribution, but not
independent of eachother (due to diffusion).

Proof. We compare the distribution of A;;|J and A, ;|J +1, i.e. the distribution of TFP in
location j in a J locations economy and the distribution of TFP of the same location j in a
J + 1 locations economy. The TFP in location J + 1 affects other locations j = 1, ..., J only
if it becomes a leader at any time s = 1,...,¢, in which case it raises the values of all other
locations. Formally, V5 = 1,...,J and for all a > 0 we have:

Pr (Atvj > CL‘J"— 1) 2 Pr (At,j > a|J)

The inequality is strict if

J
Pr ({As7(]+1 >a} — {U (Ag; > a)} |J + 1) >0 for somes=1,..,1t

=1

Since all locations are ex-ante identical, all of them have the same chance of becoming
the leader at any period. Thus we have established that A; ;|J + 1 has first order stochastic
dominance over A, ;|.J, and since f.o0.s.d. implies greater mean, we have that E (A, ;|J + 1) >
E (A ;|J) Vj=1,..,J. This also implies that E (A j41|J +1) > E(Ay;lJ) Yj=1,...,J
because all locations have the same distribution of TFP!. m

Corollary 1 E (4, (J +1)) > E (A, (J))

Proof. The expected leader’s TFP in a J + 1 economy must be greater than that of an
otherwise identical .J locations economy for two reasons: (a) the maximum over J+1 random
variables is greater than the maximum over J random variables, even when all of them have
identical distribution, and (b) in part (i) we showed that with more locations the distribution

L All TFPs have identical distribution, but not independent of eachother, because of diffusion.
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of each TFP "shifts" in the f.o.s.d. sense, so the maximum is taken over "higher" random
variables. Formally, for all a > 0 we have

Pr (max {At7i}j:1 > a|J> < Pr (max {Atyj}‘trl > a|J>
< Pr (max {At]}‘pr1 alJ + 1)

The first inequality follows from the fact that the maximum over J+1 identically distributed
random variables is greater than maximum over any subset of those random variables. The
second inequality follows from part (i), which established that TFPs in a J 4 1 locations
economy have f.0.s.d. over TFPs in the J locations economy. Therefore, A;(J + 1) has
f.o.s.d. over A, (J), which implies E (A, (J +1)) > E (A, (J)). =

The above proposition shows that higher number of locations has positive level effect on
TFPs of all locations. Since all locations started from the same level of TFP, proposition
(3) also implies that the predicted growth rate of TFP between period 0 and ¢ is increasing
in the number of locations.

The next proposition shows that with no diffusion, the BGP in a deterministic economy
and the predicted path in the stochastic economy coinicide, provided that some restrictions
hold.

Proposition 4 Suppose that there is no diffusion, i.e. 7 = 0. We have shown that the
BGP in the deterministic economy, and the k-periods ahead predicted path for the stochastic
economy are given by:

Al = L=m)™ L+ Af (3)
E(Ailanmt) = Bla—m] - Bla—m)®] T @ -m) et A @

The superscripts d and s refer to "deterministic” and "stochastic”. If

(i) : A=A

(i) : (1—ml,)’=E [(1 . mf{)%] /E [(1 - mg)¢]

(i) (1—m" = B[(1=m})*|
then

Al =E (A AL mY ) V=12, ..

In other words, under some ristrictions on initial conditions and the constant mortality rate
in the deterministic model, the two paths in equations (3) and (4) coincide.

Proof. Notice that the BGP growth rate of TFP in deterministic model is (1 — m¥)** [1 4 77].
The growth rate of the predicted path in the stochastic model for £k = 2,3, ... is

E(A?+k+1|f4§7mty71) K [(1 —mfg’)ﬂ ) [(1 mt)%] (1 mY_ 1) 1 +w]k+1 As

E (Af,lAfmi_y) E [(1 — mi’)ﬂ -FE [(1 mt)2¢] - (1- m?—l)a5 [1+ )" A5

- E [(1 - mg)%] [1+7)
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However, for k = 1 the growth rate of the predicted path is

E (Af—&-l’Af? m?—l)
A

=F [(1 — mf)ﬂ (1 — mf_l)d) [1+7"]

Thus, for the predicted path to exhibit constant growth rate from the very beginning, the
initial condition m; ; must satisfy

Ela=m)| (1=mi) 1 +7] = B[(1-mi)*|[1+7]
B (1 —m})*|
B~ m})]

(1 - m?71)¢ =

In other words, for the predicted path to behave like BGP, the initial condition cannot be
arbitrary. Substituting the restriction on the initial condition into equation (4) gives

k
B (A7l Az miy) = B (1= md)*| [ 4+7]F 4;

Comparison of this with (3) reveals that the two paths are identical, if we set the constant
mortality rate in the deterministic model so that is satisfies

(1 —m = B |1 —m})*|

and in addition, A? = A¢, we have

A?-Hc =E (Af—l—k’Af’ m?—l) ) Vk = 1a 27

2 Evolution of Consumption

In this section we analyze the impact of mortality on consumption of young adults. Suppose
that two identical locations, ¢ and j, experience differential mortality rates mfg’,j =+ mfg’,i,
but later mortality rates are the same: m{ , . = m{,,;, Vk = 1,2,... What can we say
consumption per worker in these locations in the next period and in the long run? Another
question is, what is the ceteris paribus effect of low mortality in the leader’s location on the
followers?

Proposition 5 Suppose that locations © and j are identical at time t, i.e. Ay, = Aij,
clj = ¢y My = Mg, and m{_,; = m{ ;. In addition, suppose that m{; > mj, and
miﬂrm = miﬂrm Vk=1,2,... Then:

(=060 _ g

(3) : my; < > 1
" (1-0)¢ — ¢, Cf:/+1,i
oy
(4) : lim = >1
k=00 Cp g



Proof. (i) Consumption at ¢ + 1, and the laws of motion of land and TFP are:

, 16
g = Ay (L=i(z1y) (Mery)
v 0N 0.5A,
W Ny (U= Cmdy) e N
¢ ¢ '
Ay = (T=mi;)" (L =mi ;)" (14 (25)" +205] Ary

Substituting land and TFP into the production function, and simplifying, gives ¢/ +1; @sa

function of ¢/ ;:

0.5A,

6 6 . . 0
Ay = (L=mf)" (L =mi ;)" [N +i(we;)" + 5] Ay (1 — i (Teg15)) <(

_ (- mf ;)" (L=mi ) [+ ()" + 2] (1= i (2010))”
(1= ¢mdy) ney] " (1—i(zey))’

Comparing consumption in locations j and ¢ at time ¢ + 1:

Y
G s

Y
Cti1,5 J

T )
(1 mt,j) [1+Z mt»]) +"Et,]} (171(It+1,j))9

Cii1, _ [(=¢om? Jnes] ™" (i) Cij
i1, (1=m},) [ +iCwe) 4, —(l_i(?t“’i)e)e Chi
[(i=camt Y T T
) (1omy)”
- —0
Clr1, _ (A —i(my)) (1-¢mi,)’
C%H,i (1_i(xt+1,i))0 (1-my)”
(1—Ctm$,i)1 ’

A sufficient condition for ¢/, ;/c/,,; > 1 is that the following function be increasing:

f (m) = ¢log (1 —my;) — (1 —0)log (1 — ¢,;mi;)
Taking the derivative

L= Ctmi’,j) Tt

! _ ¢ (1 — 6) Ct
I (mi) = 1— mf,j + 1— Ctmztfj
The derivative is positive when
¢ (1-0)¢
11— mf,j 1— Ctmgtj >0
(1-0)¢ ¢
1 —¢my; 1L —m;
(1-0)¢—(1-0) Ctm?,j ¢—¢Ctm§j
(1-0)¢—¢ (1-0) Ctm?,j - ¢Ctmi{j
(1-0)¢—9¢ (1—0—9¢)¢my;
o 1=0G-¢
t.J

(1—0)¢ — oG

1-6
)
Nt,j)



(ii) By definition, we have
Yy —A . 0 (\y 1-0
Ciik,j — Mtk (1 =i (@e1ny)) ()‘t+k,j)
Comparing locations ¢ and j:

, 1-6
Cong  Avry 1 =i(eny)” (MWary)

ki Avki (L—i(zer)” (W)™

We see that the ratio of consumption depends of 3 parts: (a) ratio of TFPs, (b) ratio of
labor inputs, and (c) ratio of land inputs. Previous propositions analyzed the evolution of
(a) and (b), so now we look at (c), assuming that (, is constant over time.

v 0.5A;
ki =
T Nty+k,j
The evolution of population is
Ny = (1= Cmi;) m Ny,
Nfl+2,j = (1 - Cmft/ﬂ,j) Ni1,5 (1 - (mi{j) ntathZ{j

k-1 k—1
y _ _ y ) LAY
Nt+k,j = H(l Cmt—i—s,j) H”t+s,y Nt,j
s=0 s=0

Therefore

_ ( ! ) v
t+k,j — k—1 k—1 t,j
’ Hs:O (1 - Cm?—FS,j) ’ Hszo Nits,j !

and

. k— k— 1-6 1—6
Cong _ Aveeg (L= i(20y))" (Hs—é (1= ¢mi.,) Tl ”t+s7z‘> ) (5)

s Avki (L=i(zgr)” \TTZy (1= ¢mly,;) - TTasg nevay ()

Since locations i and j are identical at start of period ¢, we have (A/ j)l_e / ()\‘Zi)l_e =1
By proposition 2 in the paper we have limy_,o Asik ;/Airr; = 1, which then implies that
limy oot (Tpyk ) = limy oo @ (2444,;) = 7. If in addition fertility is the same in both locations?,
then the limit of consumption ratio is determined by the limit of the term

(H’;:é (1—cm?,,) )
Hl;;é (1 - Cm?—&-s,j)

2We are not claiming that in reality the population grows at the same rate in all locations, but rather
that logic of ceteris paribus requires that we hold everything but mortality rates fixed.




Suppose that location ¢ experienced lower mortality rates than location j for [ periods,
and after that mortality rates are the same in both locations. Then,

1-0
lim C?H,j _ (1 - Cm?,i) ' (1 - Cm%ﬂ,i) o (1 - Cm?ﬂq,i)

k—oo C%+1,i B (1 - Cm?il,j) (1 - Cm?ﬂ,j) (1 - Cm?—kl—l,j)

Each of the elements in the product is greater than 1, and therefore

Y

C )

t+k,
1 —L > 1
k—o0 Ct+k:,i

]

Discussion. Part (i) of the above proposition established that a one-time higher (lower)
mortality in any location, might increase (reduce) the consumption per worker in that
location, relative to otherwise identical locations. The word "might" is there because the
parameters and mortality rates must satisfy the restriction

1-0)¢—¢
(1—0)¢ — oG

Part (ii) on the other hand, establishes that in the long run, a one-time higher (lower)
mortality in any location, increases (reduce) the consumption per worker in that location,
relative to otherwise identical locations. This statement is true whenever 1 — 6 > 0, which
follows from definition of labor share.

Proposition 5 does not imply that low temporary mortality rate reduces consumption per
capita in the entire economy, but only the location with the lower mortality. Suppose that
the leader experiences a sequence of low mortality shocks?, so that the asymptotic balanced
growth path in the economy is increases (recall that A, = (1 —m¥)*?[1+]" 4,). By
proposition 2 in the paper, we have limy .o, Asizi/Arix = 1 Vi, so higher path of TFP for
the leader, implies higher path of TFP for the followers, and this leader’s impact on the
followers increases their consumption per worker.

mm <

3 Alternatively, a follower which which expereinces low mortality might become the leader.

9



