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Abstract

We use a Barro—Becker model of endogenous fertility, in which parents are subject to idiosyncratic
shocks that are private information (either to labor productivity or taste for leisure), to study the efficient
degree of consumption inequality in the long run. The planner uses the trade-oft between family size and
future consumption and leisure, to provide incentives for workers to reveal their shocks. We show that in
this environment, the optimal dynamic contract no longer features immiseration in consumption. We also
discuss the implications of the model on the long run properties of family size in the optimal contract and
show that the long run trend in dynasty size can be either positive or negative depending on parameters.
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1. Introduction

A common feature of efficient contracts in dynamic settings with private information is the
presence of a negative drift in consumption of the agent over time as the contract evolves —
immiseration (see [16,25,3,22] as examples). This arises due to the desire, by both parties, to use
future payoffs as a means to provide current incentives. Having a downward drift on average also
makes it cheaper to provide incentives in the future and hence, allows for the provision of better
insurance in the short run.

This creates a problem for trying to use these models to study some questions of interest
in welfare economics. For example: What is the optimal amount of consumption inequality to
balance incentives and social insurance? When the contracting problem features immiseration as
a feature of the optimal contract, this question has no well-defined answer — inequality should
grow without bound as time goes on and almost every member of society should have a time path
of utility that is declining over time.

One solution to this dilemma has been provided in [23,11,12] (and implicitly earlier in [4])
where different periods in the contracting problem correspond to successive generations in a
dynastic model. In that setting, these authors show that if the social planner puts higher weight on
subsequent generations than parents’ themselves do, the optimal contract features mean reversion
and hence, there is a non-degenerate stationary distribution over consumption. Implicit in this
formulation is the assumption that family size is fixed — each agent is ‘replaced’ in the subsequent
period by exactly one agent — no population growth (or shrinkage) is allowed.

In this paper, we study the form of the optimal incentive contract in a dynamic setting when
fertility choice is added to the problem through dynastic altruism. This is a natural extension of
the standard model when a period is a generation. There are two, complementary, reasons for
making this change. First, as de la Croix and Doepke [9] have shown, including family size in
overlapping generations models is crucial to match the empirical relationship between income
inequality and mean output growth. Second, it is of interest to know how this extra margin for
incentive provision affects the long run features of the optimal contract — e.g., consumption and
labor supply.

We show that in this case, the optimal dynamic contract no longer features immiseration even
when private and social weights on children are aligned. Indeed, with Barro and Becker’s style of
dynastic preferences ([5] and [6]) and i.i.d. shocks, we show that there is a stationary distribution
over consumption, continuation utilities, etc., under a variety of assumptions about the nature of
private information and the costs of children.

In some cases — when the cost of children is purely in terms of consumption goods — the result
is particularly stark: there is a unique continuation utility that is given to all children independent
of the history of shocks in the family. Further, consumption, labor supply and family size are all
i.i.d. That is, all future incentives for parents are provided through family size and none through
children’s utility.

In our model, we get an extreme version of the [11] mean reversion result: When the cost of
raising children is in terms of consumption goods continuation utility is i.i.d. even when social
and private discounting factors are identical. The reason for this is that the planner has two instru-
ments to vary future promised utility to parents: the number of children and the promised utility
to each child. Because of a homotheticity property of the Barro and Becker dynastic formulation,
it turns out that per child future utility is held fixed while the number of children is moved up and
down only as a function of the parent’s shock to provide incentives. Equivalently, under a natural
implementation of the optimal contract, total bequests for the next generation and the number
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of children are moved up and down proportionally leaving per capita bequests independent of
parent’s wealth and/or history of past shocks. This is reminiscent of an analogous result in the
Barro—Becker model without private information — that per child bequests are independent of
parental wealth (see also [5] and [2]) — continues to hold here with private information because
both consumption and family size are observable and enter separately from the shock.!

We go on to study the long run properties of dynasty size under the optimal contract. We show
that family size can either shrink or grow over time depending on the parameters of the model.
We study two cases, the first when the rate of return on capital is exogenous, the second where
it is endogenous. In the first case, when the discount factor is less than the inverse of the rate of
return on capital, we show that family size shrinks over time (i.e., fertility is below replacement)
in the optimal contract. Here then, there is immiseration in family size but not in per capita
variables. Conversely, if the discount factor is larger than the rate of return on capital (as seems
to be true empirically), family size increases without bound as long as the amount of uncertainty
about type is not too large. In this case, there is no immiseration in either family size or per capita
utility. When the rate of return on capital is endogenous an additional key factor determines the
long run properties of population size: the curvature of utility. To address this, we study a special
case of the model (goods costs for children and a taste shock to the value of leisure) and show
that if either the curvature of utility is small or the level of uncertainty is small, family size grows
without bound. Thus, in this case there is neither immiseration in continuation utility nor family
size.”

Finally, we study the contracting problem in the more realistic case when the costs of children
are a mixture of both goods and time. In this case, the properties of the optimal contract are
more nuanced — a mix of family size and children’s utility are used to provide incentives and the
i.i.d. property no longer holds. Rather, a limited form of history independence is shown to hold.
Formally, continuation utility for all children of a parent with the highest shock is independent
of history while for other shocks a similar property holds when parents’ continuation utility
is sufficiently low. These properties are enough to show that a stationary distribution over per
capital variables exists under some additional, technical, assumptions.

Our paper is related to the large literature on dynamic contracting including [16,25,3,23,11,
12] (among many others). These papers established the basic way of characterizing the optimal
allocation in endowment economies where there is private information. They also showed that, in
the long run, inequality increases without bound, i.e. the immiseration result. Phelan [22] shows
that this result is robust to many variations in the assumptions of the model. Moreover, Khan and
Ravikumar [18] establish numerically that in a production economy, the same result holds and
although the economy grows, the detrended distribution of consumption has a negative drift. We
contribute to this literature by extending the model to allow for endogenous choice of fertility.
We employ the methods developed in the aforementioned papers to analyze this problem.

The paper is organized as follows. In Section 2 we study our basic dynamic contracting prob-
lem when family size is included and the costs of children are in terms of goods. In Section 3 we

1 Since both consumption and family size are observable and they enter separately from the shock, this margin is
undistorted by the planner. When time is also an input into child rearing (see Section 4), this homotheticity argument
only works for undistorted types —i.e., those with the highest shock.

2 Hence, overall, the model is consistent with the observation that there has not been immiseration in per capita con-
sumption, but that historically, the wealthy, proxied here by high continuation utility, have had more surviving offspring.
See [8] for a thorough discussion of this observation in early England.
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study population dynamics implied by the optimal contract. In Section 4, we allow for costs to
be in terms of parents’ time. Finally, Section 5 concludes.

2. The model and basic results

In this section, we lay out the basic model that we will analyze in an infinite horizon setting
and provide some first results concerning the efficient allocation. Our model is an extension of
the intergenerational interpretation of [3,11,12] with private information about preferences over
leisure. The novelty of our approach is that we include fertility choice in the model with dynastic
altruism.

Time is discrete from O to co. At date 0, the economy is populated by N_; agents. Each agent
lives for one period. Agents, when alive, draw labor productivity shocks, can consume and have
children. The cost of raising a child is in terms of the consumption good. We assume that it takes
a units of consumption good to raise each child. We will report the results with a ‘time cost’
included in Section 4.

Preferences. Following [5] and [6], we assume that the family head has preferences over own
flow utility, ug, fertility, ng, and per child utility, U; given by:

UO =Uugn +,Bg(”lO)Uh

in which B is the intergenerational discount factor. Assuming that children are also altruistic
toward their children (i.e., the grandchildren of the family head), and so on, we obtain by substi-
tution:

Uo = uo + Bg(noyur + B>gno)g(ni)us + - --.

As in [5] and [6], this simplifies when it is assumed that g(-) is iso-elastic, g(n) = n". In this
case, it follows that g(ng)g(n1) = g(non1), etc. Under this assumption, the utility of the family
head is given by:

Uo =uo + Bngur + B*(non1)"uz + -+

To ensure concavity of the utility function we make the following assumption:
Assumption 1. n < 1.

We will also assume that utility is additively separable in consumption and disutility from
work* and that the disutility from work depends on both the level of output produced, y, and an
idiosyncratic ‘shock’, 6:

u(c,y)=u(c)+h(y,0).

We assume A(y, 6) is strictly decreasing and strictly concave in y, and hy = g—] is strictly in-

n
. y
creasing in 6.

3 Goods and time costs of this form are best thought of as short cuts for situations in which parents care directly
about consumption of their children (the goods cost) and the amount of time they spend with them (the time cost). This
formulation is standard and simplifies the analysis.

4 This is a standard assumption in dynamic Mirrleesian models, see for example [1,12-15,19,20] among many others.
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Written in this way, 6 can be interpreted as either a productivity shock or as a shock to the
value of leisure. For example, assuming that each agent is endowed with one unit of time to work
in each period and assuming that 6 is a productivity shock,

u(e) + h(y, 0) = u(e) + ;,(1 - g)
where /(-) is the utility from leisure. Alternatively, an example where 6 is a taste shock is:
1A
u(e) +h(y,0)=ulc) + 5h(1 -y

Information. The set of possible types is given by & = {0 < --- < 0;}. We assume that 6; is
drawn from @ in each period according to the probability distribution 7 (-) and that these draws
are independent across time. A history of shocks up to and including period ¢ is represented
by 6! = (6, ...,6,). We assume that the planner can observe the amount of output for each
individual (y), but cannot observe 6. Furthermore, for analytical tractability, we assume that a
strong law of large numbers holds so that if an individual has n children, a fraction 7 (9) of them
is of type 6.

Technology. There is a constant return to scale production function F(K;, L;) where K; is ag-
gregate capital and L, = ), (0")Y;(0") is aggregate effective labor hours. The initial level of
capital is given by K. For now, we assume that the rate of return on capital, R, is fixed, i.e., the
production function is given by

F(K;,L;)=RK; + L;.

We consider the case of endogenous R below when we discuss the implications of the model for
population dynamics in Section 3.

Allocation. An aggregate allocation is a vector {C;, ¥;, N;}7°, where C; : ©' - R, Y; : O —
Ry and N;11 : ©F — R Here, C;(6") is total consumption of all members of the generation
with history 67; Y;(8") is the total amount of effective labor units that all members of this gener-
ation supplies; N;11(60") is the population of the generation that immediately follows them. We
also define per capita consumption and labor supply of each member of the generation with his-
tory 0 as ¢; (0) = C; (0")/N;(0'~") and y;(0") = Y, (6")/N;(6'~1). The fertility of each member
of the generation with history 6" is n,(6") = N;;1(8")/N; (0"~ 1).

2.1. The contracting problem

We follow Alvarez [2] and present the problem in terms of aggregate allocations to en-
sure that the planner’s objective is convex. Consider a social planner who offers a contract
(C:(0Y), Y; (6D, Nt+1(9‘)};’io to each dynasty in period ¢t = 0. Each dynasty chooses a re-
porting strategy o = {o;}, which is a sequence of functions ¢, : ®@'F! — @ that maps a
history of shocks, 67, into a current report 6, € O. Any strategy o induces a history of re-
ports o’ = (09(6p), ..., 0,(0") with o’ : @'F! — @'l We denote the set of all possible
reporting strategies by Xy. Each person in generation 7 in a dynasty which has a report-
ing strategy o receives c;(0;(0")) = C;(07(8"))/N;(o;—1(0'"1)) units of consumption, will
supply y;(o;(6")) = Y;(6,(6"))/N; (o,-1(6'"")) units of efficiency labor units and will have
ni(01(6") = Niy1(01(8") /Ny (071 (6"~1)) kids.
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Consider the problem of a planner that minimizes the cost of delivering utility Wy to the first

generation parents and has to provide incentives for truthful reporting of types. We write the

contracting problem as”:

1
— 7 (0")[Ci(6") + aN41(0") — Y, (6" 1
(GO 1,0 N1 01 },OZ(;;RHT( )[Ci(6") +aNi1 (6") — Y2 (6")] (1)
subject to
—yn| CZ(G’)) < Y (6") >'>
;;;ﬁ” S _M<Nz(9’1) VTSR R @
and

i C (9[) Y(Ot) ]
ZZ’” N (Ntéef—U)+h<Nfzef—1>’9’>_

t=0 0!
ggﬁn JV: (11 (61)) [M(Nt(wet_l)))

+h< Yt(at(et))

m, 9[)] forall o € 20 (3)

Using standard arguments for the i.i.d. shock case, this problem can be reformulated as a dy-
namic programming problem with state variable W, the total promised utility to current parents,
and N, the current population. Thus, we can show that the above problem is equivalent to the
following functional equation:

V(N, W) = min Zn(@)[C(@) +aN' () — Y (6)
C(0),Y(©®),N'(0),W©)

1
+=V(N'O), W’(@)} (P)

subject to

Yn oy u(S52) (S o) v | = w @

N”{u(cj(ve)) +h<$,9)} + BW ()

>N”{u<%>+h<$ 9>}+ﬁw’(é) V6,0 € O, (5)

and

5 This problem may still not be convex. We need extra assumptions on preferences to guarantee concavity of the
period utility in consumption, efficiency units of labor and population. Also, it is standard and well known that incentive
constraints may not be convex. In Appendix A we give a set of sufficient conditions on preferences that guarantee the
convexity of the problem.
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where W/ (0) and N’(0) are future promised utility and dynasty population for a parent who
receives shock 6 in the current period.

It can be shown that the value function from this problem has a homogeneity property and
so this functional equation can be equivalently formulated in per capita terms.® That is, if we
define v(N, w) = %an) (N, w) = v(w) will not depend on N and satisfies the following
functional equation (note that all choices are, once again, per capita variables):

. l / /
v(w) = min o Zn(@)[c(@) +an®) —y©®) + En(@)v(w (9))} P
0

= n
c(6),y(0).n(0),w

S.t.
Zn(@)(u(c(@)) +h(y(©),0) + Bn(®)'w' (©)) = w, (6)
6

u(c(®) + h(y(),0) + Bn(©)"w'(6)
> u(c@) +h(y(0),0) + Bn@)"w' @) V6,0 €0. (7)

Here, n(0) is the number of children for a parent who receives shock 8 and w’(0) is the expected
promised utility to each of his children.

2.2. The stationary distribution of per capita variables

In this section, we show that the per capita variables from the contracting problem of the pre-
vious section have a stationary distribution. This is in marked contrast to the situation without
fertility where all endogenous variables trend to their lower bounds (see [16,25,3]) — immisera-
tion. Moreover, from any initial condition (N, W) we jump to the stationary distribution in one
period. This follows because of a simple characterization for continuation utilities — a property
that we call ‘resetting’. This is that the expected promised utility for every child is the same, in-
dependent of the history of the parent. Because of this property, it also follows that consumption,
hours and efficiency units of labor are i.i.d. Thus, when the cost of raising children is in terms
of consumption goods and shocks are i.i.d., the optimal contract has an extreme lack of history
dependence.

This result depends on one additional (strong) assumption on the solution to the contracting
problem from the previous section. This is that the solution can be derived from the first order
conditions from problem (P) (and that the solution to the FOC’s is unique). Of course, this will
follow automatically if the value function V(-,-) is both strictly convex and differentiable. In
Appendix A, we show that when 0 is a shock to the utility value of leisure, these assumptions on
V can be derived from first principles.

Under these assumptions, we can use the first order conditions from problem (P’) to charac-
terize the properties of the optimal contract.

Proposition 1. Assume that V (-,-) is strictly convex and differentiable and that the solution to
problem (P) (and (P")) is interior. Then,

6 See Online Appendix, Section 4, for a formal proof of this result. Available at http://www.public.asu.
edu/~rhossein.
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1. n(0"), c(0"), and y(0"), t =1,2,...arei.id.
2. n(0) =n(0,w), c(0) =c(0,w), and y(0) = y(0, w) are all monotone increasing in 0.7

As a first step in proving part 1, we will give a partial characterization of the solution in
terms of continuation utilities, w. Let A and © (9, é) be the multipliers on constraints (6) and (7),
respectively. Taking first order conditions with respect to n(9) and w’(#) in problem (P’) gives
us the following two equations:

n(9>(a + %v(w/(e)))) = ﬂnn(G)"_lw’(9)<>»n(9) +D u6.6) - ne, 9)),

0£6 06
1 n N
7(0) @)V (w'©)) = pn(©)" (An(@) D ICUESIIC 9)).
040 60

If we divide these two equations we obtain:

a+vw'®)/R _ w'0)

n@V @ @)/R " @)
The right hand side is the marginal rate of substitution between number of children and promised
utility to each child. The left hand side is the marginal rate of transformation. In other words,

it is the ratio of marginal costs of having one more child, Ra + v(w’(#)), and marginal cost of
raising promised utility of each child, n(8)v(w’(#)). This condition simplifies to:

Ra+v(w'(0)) =nw' (O (w'(©)). (8)

For intuition, imagine that the planner wants to deliver a certain level of utility to the parent
in the future. This is done by choosing the best — i.e., cost minimizing — combination of the
number of children and promised utility to each child. Increasing the number children by one
costs Ra + v(w’(0)) in terms of the future consumption good. To keep future utility of the
parent constant implies that promised utility to each child has to go down by 7 wO) This change

n(0)
“,; ((;)) . At the optimal contract, these two must exactly offset —

reduces costs by n(9)v(w’(9)) x n
i.e., (8) must hold.

From our assumption that the value function in problem (P) is strictly convex and differen-
tiable, it follows that nwv’(w) — v(w) is strictly increasing.8 Thus, there is a unique solution to
Eq. (8). Notice that in this equation, the only endogenous variable that appears is the continuation
value for the children of an adult who experienced the shock 6 in the current period, w’(0).

There are two important observations that result from this: First, since promised utility to the
parent, w, does not appear in the equation, it follows that promised utility for each child, w’(0),
is independent of w — formally, w’(6, w) = w’(#) for all w. Thus, promised utility of future
generations is ‘reset’ each period independent of the history of past shocks to the family. Second,
this equation does not depend on 6. From this it follows there is a level of promised utility w*
such that w’(9) = w* for all § € ©. We state this result as the following lemma:

7 In the Online Appendix, Section 3, we show that this result holds without assuming convexity and differentiability
by analyzing the homotheticity properties of the sequence problem. We focus on the recursive formulation here for ease
of exposition.

8 See Online Appendix, Section 4.
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Lemma 1. Assume that value function in problem (P), V, is strictly convex and continuously
differentiable and that the solution is interior. Then, there is a degenerate distribution over per
child continuation utilities at w* where w* is the unique solution to (8).

If follows immediately from this lemma that the per capita allocations are only a function of
current shock to parents and not on the history of shocks. Formally, let c(6, w), y(@, w), n(6, w)
and w’(9, w) be policy functions that are solutions to the problem (P’). We construct allocations
¢ (0"), y,(0") and n,(0") using these policy functions. First, recall that w' (0, w) = w* for some
w* and therefore w, (0") = w’(0;, w,_1 (0"~ ")) = w* for all #’, all 7 and any initial promised
utility wo. Therefore, the per capita allocations are:

c,(@t) = 0(9,, wr_1 (9”1)) = c(@,, w*),

yt(et) = )’(917 Wr—1 (Qt_l)) = Y(Qt, W*),

n(0") = n (6, w—1(6"")) = n(6;, w*).
Hence, the current allocation depends only on the current shock realization, 6;, which is assumed
to be i.i.d.

Note that, as a result of Lemma 1, if we know the value of w* and v(w™), then the efficient
allocation is obtained from the solution to the following static problem:

v(w*) = min Zﬂ(@)[c(9)+an(e>—y(e>+—n(e)v( )}

c(0),y(0),n(0)

S.t.

an) (c®) +h(y(0).0) + Bn(®)'w*) = w*,

u(c(e)) +h(y(6),0) + @) w* = u(c®) + h(y(@),0) + pn(@)"w* V0,0 € 6.

This problem is equivalent to a static Mirrlees problem with two consumption goods, ¢ and n.
Note that in this problem, the margin of choice between consumption and fertility is undistorted.
Therefore, if c¢(f) is monotone in 6, so is n(0). If the utility function u(c) + h(y, 0) satisfies
the single crossing property, using standard arguments, we can establish that y(6) and c(6) are
monotone increasing functions of 6. This concludes the proof of Proposition 1.

The results of Proposition 1 and Lemma 1 imply that the long run distribution of future
promised utilities is concentrated on w*. That is, in contrast to the case where fertility is not
included (e.g. [16,25,3]), there is not a downward drift in future utilities (at least not in per capita
terms). Note that this does not require any particular assumptions on the social discount factor
(asin [11,12]).

Unlike standard models of dynamic contracting, where the period ¢ effect of future incentives
enters only through promised utility from period ¢# + 1 on, in our environment family size is a
second instrument that the planner can exploit. What the proposition shows is that the planner
will only use fertility to provide for future incentives — per child continuation utility is the same
for everyone. This is due to a homotheticity property that is present in the Barro—Becker model of
dynastic altruism.” To see this, note that, using aggregate variables, we can write U (C, Y, N,0) =
N"(u(C/N)+ h(Y/N,8)), hence:

9 This property is also behind the well-known feature of the Barro and Becker model that bequests are independent of
wealth, cf., [2].
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UC, Y, AN 9)=()»N)n(u<£> +h AY 0 )
R AN AN’

Y
(o E) 4( L0)) =m0 v .0,

i.e., U is homogeneous of degree 1. Now consider the problem beginning with Eq. (1). The
objective in that problem is linear in C, N and Y. This, together with the homotheticity property
discussed above, implies that the aggregate allocations are homogeneous of degree one in Wy
(promised utility to the head of the dynasty). Hence, the ratio of aggregate consumption C;(6")
(and Y;(6")), to the dynasty population, N;(6'~"), is independent of Wy after any history 87 — in
particular, this holds after one period. Therefore, the per capita allocations in the first period are
independent of W;. The same intuition applies to future periods. '’

The fact that the optimal allocations in our setting are i.i.d. is an extreme result — it says
that there is no history dependence of ‘wealth’ at all'! — i.e., promised utility of children is
independent of the shock received by the parent. This is something that is unique to the particular
example where cost of raising children is in terms of goods and is independent of the type of the
parent. To see this, consider two alternatives:

1. First suppose that the cost of children is in terms of goods, but that this cost depends on the
type of the parent and denote this cost by a(0). In this case, it can be shown that continuation
utility per child depends on the type of the parent, but not on the promised utility to the
parent. Hence, there is a kind of type specific resetting in the optimal contract. Because of
this, there is some history dependence — w’ and the other per capita variables are MA(1) —
but it is limited.

2. When the costs of children are completely in terms of time, things are even more compli-
cated. There is resetting for the highest shock and at the bottom of the continuation utility
distribution only. Thus, there is full history dependence until either the highest shock is re-
alized or continuation utility drifts down to a low level. See Section 4 for a more complete
discussion of this case.

In sum, the key equation here is the one relating to the optimal choice of family size:

77U/(wt+1)wt+1 —v(wr+1) =R x MC,

where MC; is the marginal cost of one additional child including the effects of distortions arising
from Incentive Compatibility Constraints. In principle, MC; can depend on both the history of
shocks in the family and the cost structure for raising new children (e.g., time vs. goods costs).
Here (i.e., goods cost independent of type) MC; is independent of both promised utility and
current type and hence, continuation utilities are fully ‘reset’ for all types. More generally, as
long as MC; is uniformly bounded, it follows that the w, that solves this equation will also be

10" The formal proof of resetting given here relies heavily on the homotheticity properties in the Barro—Becker for-
mulation. The main result, that there is a stationary distribution over continuation utilities can be generalized to non-
homothetic settings in some cases. See the Online Appendix, Section 2.1.

1" Note that v(w) is the difference between present value of income and expenditure so it can be thought of as wealth.
In this sense, lack of history dependence in promised utility is equivalent to no history dependence in wealth.
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bounded. This implies that w’s will not drift to extreme values — there will be no immiseration
in per capita variables.'?

3. Population dynamics

In this section, we study the population dynamics that are implied by the optimal contract
discussed in the previous section. First, we show that aggregate population is a random walk
with drift. We show that under certain conditions it is possible to determine whether the drift is
downward — implying immiseration in population — or upward — implying no immiseration in
either population or per capita variables.

We provide two types of results. In the first, we show that in certain cases, Ny — 0 a.s.,
a property we call ‘population immiseration’. In this case, although there is a non-degenerate
stationary distribution over per capita consumption, the overall size of the dynasty shrinks over
time. Because of this, Ntl_"(u (¢t) + h(yt, 6;)) converges to the lower bound of utility. Thus,
although the flow utility for each individual is bounded below, the flow utility from the dynasty
head’s perspective — which is adjusted by population size — is shrinking almost surely. We show
that this is true whenever R is exogenously set to be less than or equal to the inverse of discount
factor, i.e., BR < 1.

However, the condition SR < 1 is not typically an outcome in Barro—Becker type fertility
models when the return on capital, R, is endogenous. Indeed, if model parameters are chosen so
as to match empirical (and positive) population growth, it must be true that R > 1. Even in this
case, this does not translate directly into properties of N, without further work. However, some
sufficient conditions can be given — e.g., if the uncertainty in 6 is small enough and SR > 1, then
N; — o0 a.s.

As we can see from this discussion, the determination of R is key in understanding the long
run behavior of N. For this reason, we go on to study the population dynamics of the model
in the long run when R is determined endogenously. Under certain conditions the population
growth rate can be bounded (sometimes above, sometimes below) by what it would be under full
information. We specify these conditions in Proposition 5 below.

3.1. The case with a fixed R

To begin, we extend the results in [13] to our environment with endogenous fertility and derive
a version of Inverse Euler Equation. We summarize this as a proposition:

Proposition 2. [If, in the optimal contract, consumption is always interior, the optimal allocation
satisfies a version of the Inverse Euler Equation:

1 t BR
E +1 | = - .
NH_l(Ot)”_lu/(M) Nt(gt—l)n—lu/( C;(6Y) )

Niy1(07) N6
Hence, if BR < 1, 1 c @ is a non-negative super-martingale.
Nl+1(9[)'7’1u’(t+l—,
Nig1 @D

12 Because of this basic intuition, it can also be shown that the ‘no immiseration’ result holds in other settings as well
(e.g., endowment shock models). See the Online Appendix for more discussion on this point in a two-period example
and a partial analysis of an example with persistent shocks.
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Proof. The proof of this result follows very closely the one given in [13] and is omitted. O

This result must hold independent of the cost and shock structure as long as the utility function
is separable between leisure and consumption. When, SR < 1, X; = Ny (0’)1_”/u’(c,+1 CIan))
is a non-negative super-martingale. Thus, the martingale convergence theorem implies that
there exists a non-negative random variable with finite mean, X, such that X; — X a.s.
In order to provide incentives for truthful revelation of types, we must have ‘spreading’ in
Nt+1(Qt)l"’/u’(c,ﬂ(@’“)) as long as some incentive constraints are binding. Thomas and
Worrall [25] have shown that in an environment where incentive constraints are always binding,
spreading leads to immiseration. Intuitively, the planner is relying heavily on overall dynasty
size to provide incentives and less on continuation utilities. This is something that sets this
model apart from the more standard approach with exogenous fertility.

We present the argument in the context of our model as the following corollary.

Corollary 1. Assume only local downward constraints are binding. If BR < 1, then N;(0'~') — 0
a.s.

Proof. It follows from the above that N, (8!~ )17 Ju’(c;(6")) is a non-negative super-martingale
and therefore it has to converge almost surely to a non-negative random variable Xo,. We will
show that X, must be zero.

Consider the first order conditions in problem (P’). First note that

0 BR
n(67)' "' (w @) =@y

Also, for the highest and lowest types (recall that we assume only local downward constraints
are binding)

w6, 01-1)

— 1— _
(6", 6r) "' (w'(6" ],91))=ﬁR)\+/3Rn(9t_1’91) > BRA,
- 1- - w(62,61)
n(0"1,01) " (w'(6" 1,91))=ﬂm—ﬂRm<ﬁm.

Note that if either of the constraints (on 8; or 8;) is binding we must have
n(0=",6,) " (w' (6", 61)) > n(6 1, 61) T (w' (67", 61)).
Therefore,

1 1
W@ 16)  uw(c@T,6r)

Multiplying both sides by N, (6'~1)7~1, we get

Nt(etfl)lfn Nt(etfl)lfn
w (e (01, 00)) ” ' (c; (071, 601))

Recall that ¢,(0?) is i.i.d. and hence, does not converge to any limit. Therefore, the only possi-
bility for N;(0"~1)!="/u’(c,;(6")) to converge to a finite non-negative number is N,(8'~') — 0
as. 0O
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The fact that N;(8") — 0 a.s. does not mean that fertility converges to zero, rather, it means
that it is less than replacement (for example, n,(6") < 1 most of the time). In fact, N;41(0") — 0
a.s. does not even imply that E(N;41(0")) — 0. In computed examples, it can be shown that for
certain parameter configurations (with BR = 1), E(N;+1(6")) — oo even though N;41(8") — 0
a.s. The reason for this apparent contradiction is that N, is not bounded — it converges to zero on
some sample paths and to co on others.

When SR > 1, the situation is more complicated. To see this, note that from Proposition 1,
the n; are i.i.d. and thus:

t—1

InN, =Y In(n(6,)).

s=0

where n(0) is the policy function for n from the contracting problem. Thus, N; is a geometric
random walk with drift.

In the version of the model with no uncertainty about 6 (i.e., 6; = 0 a.s.), and R fixed, it
follows from the Euler Equation that n' = = SR with probability one and hence N, — co. By
continuity, if the amount of uncertainty about 6 is small and SR > 1 it follows that N; — oo a.s.
We summarize this as a corollary'3:

Corollary 2. Suppose that BR > 1. If the variance of 0 is small, then N;(0'~') — oo a.s.

Proof. Consider the Inverse Euler Equation

E[ 1 'Gt} _ BR
Ne1 @)1 (o101 | Ni@ =D=M/ (e, (6M)

and recall that when the cost of child rearing is only in terms of consumption goods, the ¢;(6"),

and hence the m as well, only depend on the current shock 6,, which are i.i.d. by assump-

tion. Therefore, taking expectations over 6/~! we have:

E|: l |9[—1]E[ 1 |9[—1]= ﬁR E|: 1 |9[—1:|
Niy1 (697! ' (cr1(67F1) N (@' =111 L/ (e (67) '

Note that

P L e P L e o]
E|l—— "' |=E| ——— 10" ' | = E| —— |,
W (cry1(0'1h)) u'(cr (0")) u'(c: (07))

and hence,

E[N1(6")' 716" = BRN, (6"1) 7. )
Eq. (9) implies
E[n®)'"]=BR > 1.

Hence, by continuity, if the distribution of 8 is concentrated around it’s mean, E[6], it follows
that E[log(n)] > 0 and hence N; — oo a.s. O

13 Even-though the size of a dynasty may grow, it is possible that almost every dynasty grows more slowly than total
population therefore vanishing relative to total population in the limit. See the Online Appendix for more discussion.
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The discussion above indicates the importance of both R and the dispersion of the shocks in
determining the limiting behavior of overall population. Because of this, we next study the case
in which R is endogenously determined.

3.2. Population growth rate with endogenous return on capital

As we can see from the previous discussion, whether or not there is immiseration in population
depends, in part, on whether SR is larger or smaller than one. Even in the simple version of the
Barro-Becker model (i.e., when the distribution of the 6’s is degenerate but R is endogenous)
whether SR is larger or smaller than one on the balanced growth path depends on the parameters
of preferences and technology (rather than on an assumed, exogenous, growth rate). Moreover,
this is coincident with whether population growth is positive — B8R > 1 in this case — or negative —
BR < 1.

In this section, we first show that with shocks to the taste for leisure and full information,
a very similar relationship holds — there is population growth (both in mean and almost surely)
if and only if the parameters of preferences and technology are such that SR > 1. Moreover,
whether or not this holds is independent of the distribution of the shocks.

Furthermore, we can also show that the equilibrium interest rate is the same with full infor-
mation and private information. Because of this, it follows that if parameters are such that there
is positive population growth with full information and the variance of shocks is low enough,
population size will converge to infinity almost surely, N; — oo a.s. Finally, even when the vari-
ance of the shocks is high, we can say something about overall population growth even when
a.s. statements are not possible. In this case, whether aggregate population grows or shrinks de-
pends not only on BR, but also on the curvature of the utility function. We conclude by a brief
discussion of the model with productivity shocks.

3.2.1. The full information economy with endogenous R

We start by extending the model to allow for the endogenous determination of the interest
rate when 6 is publicly observed. Throughout, we restrict attention to the case where the shock
is to the value of leisure. We assume that capital fully depreciates in each period and that the
production function is given by:

F(K;, L) =AKY*L}™®

where L, =), w(0")Y, (") is the aggregate quantity of efficiency units of labor provided by
households in period . In this environment, the sequence planning problem is given by'*:

il B C; (0" 1 Y;:(6")
max;ﬂ’;n(el)Nt(Q[ l)nl:u<N,E(9’_l)>+9_;h<N,29’_1))i|

subject to
S E)[CHO") + ki @)] + K < F(K Sn (@0 )

To simplify the problem, we make the following assumption:

14 We are writing this problem as utility maximization problem rather than cost minimization problem for simplicity. It
is easy to show that the full information economy has nice properties that make these two problems identical.

Please cite this article in press as: R. Hosseini et al., Optimal contracting with dynastic altruism: Family size and per
capita consumption, J. Econ. Theory (2013), http://dx.doi.org/10.1016/j.jet.2013.04.022




YJETH:4157

R. Hosseini et al. / Journal of Economic Theory eee (eeee) eee—see 15

Assumption 2. Utility over consumption and leisure are CRRA and have the same curvature:

'~ -y
d hy.ey=22"Y
o d hO.O) =g

andn=1-o.

u(c) =

These assumptions will simplify the algebra below. In this case, period utility becomes:

A[CET 1 (N - v
Zn(@)[ e — ]

9!
From above, it can be seen that this model can be interpreted as a model with two types of
capital, ) 41 7@ ~"N,(6'"!) and K, i.e., aggregate population and physical capital. Since
the 0°s are publicly observed, the planner must be indifferent between investment in population
and investment in physical capital. That is, there should not be any arbitrage opportunity between
physical capital and population.'> The return to physical capital is given by Fx (K;11, Li41).
A unit increase in population, N;(0"), costs the planner a units of consumption good at date ¢,
and has the benefit of increasing household’s utility from leisure in the future. Since households
labor supply decisions are not distorted, the marginal utility of leisure in terms of consumption
goods is simply given by Fr (K;+1, L;+1). Hence, the return to investing in children is given by
Fr(Ki+1, Li+1)/a. Therefore, no arbitrage implies that

Fr(Ki+1, Li1)
Fi(Kiy1, L) = ————2217 =

a
Using the Cobb—Douglas formulation for F', we have
l —a Ky _
a Ly

Hence, the return on capital is given by

L l—a 1— 11—«
RF,=aA< ’*‘) =ozA< “) . (10)

K1 ao

With full information, the Euler Equation holds and hence, the population growth rate on the
balanced growth path (where consumption, total hours worked, as well as capital stock all grow
at the rate of population growth), yr;, satisfies:

-1
BRervey =1
Thus,

1
yrr = (BRpp) =7

Note that from above argument, on the balanced growth path, the capital-labor ratio is constant
and independent of time. Hence, we can solve for the population growth rate in terms of primi-

tives:
-« l—a ﬁ
= (oen(55) )
ao

15 See [17] for a more detailed study of this model with a representative agent.
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From this, we can see that population will be growing whenever the technology is sufficiently
productive (i.e., A is large) or children are cheap enough (i.e., a is small) or the representative
parent is sufficiently patient (i.e., 8 is close to 1). Furthermore, since S Rp; = 7’1;17 7. whenever
average population growth rate is positive, i.e., yrr > 1, BRpr > 1 and whenever average pop-
ulation growth rate is negative, i.e., yrr < 1, BRF; < 1. We summarize this discussion in the
following proposition:

Proposition 3. The steady state population growth rate is given by ypr — 1 =
1
(ﬂ[aA(lu_—a“)l_“])m — 1. When ygr > 1, BRpr > 1 and vice versa.

3.2.2. The private information economy with endogenous R

We now turn to the problem of characterizing the optimal contract with private information
and an endogenous R. As above, we restrict attention to the case of shocks to the taste for
leisure. We show that the interest rate in this economy is the same as in the economy with private
information. Because of this, population dynamics depend only on the full information interest
rate, Rpy (as calculated above) and the dispersion of 6.

To do this, we begin by characterizing the solution to the problem of a representative insur-
ance firm taking the rental rate of capital, Rp; = Fg, and wage, pp; = F[,, as given (the subscript
refers to the private information economy). The solution to this problem will give rise to aggre-
gate quantities of capital, K, and labor supply, L,. We then impose the balanced growth path
equilibrium conditions that the resulting shadow prices for capital and labor are constant over
time and satisfy R; = Fx(K;, L;) = Rp; and p; = Fr(K;, L;) = pp;. Finally, it must also be
true that Wy (promised utility to the head of the dynasty) is such that Vo(No, Wp) = roKo — zero
profits for the typical insurance company in equilibrium.

Consider the problem of cost minimization of an insurance firm taking Fx = Rpj, fixed and
F1 = ppy fixed (assuming that n = 1 — o) with private information:

V(N, W)= min Zn(@)[C(@) +aN' () — pp1Y (0)
C(0),Y(©),N'(0),W'(0) )
+ Ly W’(e))] (1
Rpy ’
subject to
1—0o 1 Y 1—o
Zn(@)[—c@ T PRt SOV ﬁW(e)] =W
; 1—0 0 1—0
and
l—0o 1 Y 1-0o
C(0) n _¢(N (0)) +BW(O)
1—0 0 1—
M 1—o _ A\ —o
SO 1, W-Ye) 7 +BW (@) V6,0€0.
1—0 0 l1—0o

As in the full information economy, the solution to this problem will satisfy a no-arbitrage
condition. This condition can be characterized by focusing on the first order condition with re-
spect to N'() in the above problem and the Envelope condition with respect to N. These two
conditions are given by
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1 4 / _
R—PIVN(N ), W) =a, (12)

1 —o
Vn(N, W)= A Zn(9)5¢(1\7 —-Y(©®)
0

A1 —0 AN —O
+ Z M(e,e)gqs[(zv(e)—y(e)) —(N-Y©®)] (13)

0.6,0+£6

The first equation is the first order condition with respect to N’(0). The second equation is the
Envelope condition with respect to N, where X is the Lagrange multiplier on the promise keeping
constraint and /4(60, §) is the Lagrange multiplier on the incentive constraint. Next, we show that
the right hand side of the Envelope condition must be equal to pp; (the efficiency wage rate in
the private information economy). To see this, notice that the first order condition with respect to
Y (0) is given by

n(9>p=¢(N—Y<9>)”(n<9>x + u. 9)— — D n.0)= )
06 0£0

A summation of the above equations over all 6 implies that the right hand side of (13) must be
equal to p. Hence, on a balanced growth path, Vy (N, W) = pp;.

It follows from this discussion that p PI — Rp;. We showed in the previous section that a
similar equality holds in the full 1nformat10n economy — p I — Rpy. Thus, it must be the case that

_ PFL _ PPL FL(K.L)

= Re; = Rpr* Thus, the FORD
ratios IL{F L and Kﬁ 1’ in the two economies must be the same. Therefore, the return on capital in
both economies must be equal, i.e., Rpy = Rp;. We summarize this discussion in the following

proposition:

are equal in the two economies It follows that the capital-labor

Proposition 4. Suppose the source of heterogeneity is a shock to the taste for leisure and Assump-
tion 2 holds. Then, the return to capital in the full information and private information econonty
are equal, i.e., Rpj = Rpj.

As the above analysis shows, introducing private information in the taste shock model does not
affect the balanced growth path capital-labor ratio. To see the intuition for this result, consider an
infinitesimal increase in family size at date ¢. The benefit of this increase comes from the increase
in utility of the parents from their children’s leisure. The consumption equivalent (at date ¢ + 1)
of this increase in welfare is given by — ppy; 1 E;[MRSy, | n,,,], Where MRSy, y is the marginal
rate of substitution between income Y and family size N. The cost of this increase in family size
is given by a Rpj;+1 in terms of consumption goods lost (also at date ¢ + 1). Hence, we must have

—prit+1E([IMRSy, | N,, ] =aRpr+1.

Notice that in the model with a taste shock, the marginal rate of substitution between Y4 and
Ny+1 is equal to —1. This is true independent of whether there is private information or full
information, since in (11), N and Y (9) always appear together.'® When there is no informational
friction, the above no arbitrage condition implies that the capital-labor ratio is the same as the

16 In the model with productivity shocks however, this is not necessarily true.
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one with private information (since MRSy y = ). In the presence of private information about
productivities, however, this marginal rate of substitution changes and it is affected by how tight
the incentive constraints are as well as the ratio of the productivities.

We can now characterize population dynamics in the private information economy when the
dispersion in 6 is low:

Corollary 3. Suppose that Rgy as defined by (10) is greater than =1, then if the variance of 0
is low enough Ny — 4. 00. When Rpp < ,3_1 then N; —, 5 O.

In reality, population growth has typically been positive in the past. This suggests that Rr; >
B! is the more relevant case empirically (but does not prove it).

The above corollary, while useful in showing the long run behavior of population, is limited in
that it makes some strong assumption about dispersion of shocks. While we cannot characterize
the behavior of the distribution of dynasty size, V;, in the long run, we are able to characterize
the behavior of aggregate population, i.e., average N, across all dynasties. In particular, we can
show that the following proposition holds:

Proposition 5. Suppose the source of heterogeneity is a shock to the taste for leisure and As-
sumption 2 holds:

1. Ifo =1 —n < 1, then yp; = yp; with equality only if n is degenerate. Thus, in this case, if
yr1 > 1, there is no ‘population immiseration’;

2. Ifo =1—n>1, then yp; < yr; with equality only if n is degenerate. In this case, if ypr < 1,
there is ‘population immiseration’,

3. Ifo =1—n=>1, and yp; > 1 whether yp; > (<) 1 depends on the distribution of 0. If the
amount of uncertainty is small enough, yp; > 1.

This follows from the fact that allocations are i.i.d. through an application of Jensen’s inequal-
ity to the Inverse Euler Equation.

Remark 1. When the shock is to productivity (as opposed to the taste for leisure), the relationship
becomes even more complex because it is no longer true that Ry = Rp;. It can be shown that
with productivity shocks, we still have

—ppri+1E([MRSy, | N,,,]=aRpp1.

However, contrary to the case with taste shocks, we have —MRSy, | n,,, > 1. This implies that
the capital-labor ratio has to be lower with private information and therefore, Rr; > Rp;. Thus,
in this case, it is more difficult to obtain any concrete results. Of course, if population is grow-
ing under full info (yF; > 1) and uncertainty is not too large, the continuity argument behind
Proposition 5 will still hold, but it is difficult to say much more analytically.

3.3. Numerical example

In this section we present a numerical example. Our goal is to show that for reasonable pa-
rameter values it is possible to have population growth in the model (not all dynasties vanish).
Thus, there is no immiseration either in per capita terms, or in population. In our example the
size of all dynasties grow (regardless of their shock history). To prove the propositions in the
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Fig. 1. Panel (a): Population growth under full information (solid line) and private information (dashed line). Panel (b):
Fertility for high (red triangle) and low (blue circle) productivity shocks.

previous section we made the restrictive assumption that the private types of parents are taste
shock to the value of leisure. In the numerical example we are not constrained by this. Thus,
in the example we use the more realistic setting in which the types are productivity shocks. We
continue to assume the period utility function is

-0 Y\1—0o
c (1—3)
u(e, 3 0) = T —— +¢p—"—

where y is efficiency units of labor service and thus, £ is hours worked. We assume production
function is of the standard Cobb—Douglas form:

F(K,L)=AK*“L'"™*+ (1 -8§K

where § is the depreciation rate.

Following [17] we choose 8 =0.96%, 0 =3,p=1—0,a=0.33and § = 1 — (1 —0.088)%°.
We pick A =2 and then choose ¢ = 0.5, and a = 1.1 such that the Frisch Elasticity of labor
supply is 0.5 (with parents working on average 40% of their time). Finally, for simplicity, we
assume that there are only two shocks, 6; < 6y. We assume that 7(0;) = 7(6y) = 0.5. We
choose the values for 67 and 6y so that we match the variance of log-income in the U.S., at
0.6, in the private information version of the model. For this, we use 6, =5 and 8y = 15. For
these parameter values, the annual population growth is 1.11% per year in the private information
model, close to the actual rate of growth in the U.S. (The growth rate is 1.13% per year under
full information.)

The results of this exercise are contained in Fig. 1. In panel (a) we plot the annualized pop-
ulation growth for different values of the curvature parameter (risk aversion, o). For this range
of parameters population always grows under both full and private information. In panel (b), we
plot fertility for parents who receive a low shock (blue line) and those who received a high shock
(red line). We see that for all values of the utility parameter fertilities are higher than one. Thus,
fertility is higher than replacement (i.e., higher than n = 1.0), meaning that regardless of history
of shocks, all dynasties grow in size.
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4. Time costs of Kids

In this section, we consider a variant of the model presented in the previous sections by al-
lowing for the possibility that the cost of children is partially (or entirely) in terms of the time
of parents. This version of the problem, though more realistic in some ways, does create some
technical difficulties. The first of these is that there is no simple transformation of the problem,
even in the taste shock case, which guarantees that the contracting problem is convex. Because
of this, we will need to make assumptions directly concerning which incentive constraints are
binding (and which are slack), and the convexity and differentiability of the value function.

The second difficulty comes about because the version of the ‘resetting equation’ that we
derive only holds in certain circumstances — always for the highest (undistorted) type, and for
low enough continuation values for other types (i.e., in the limit). The resetting property at the
top has important implications about intergenerational social mobility. In fact, it makes sure that
any productive parent will have children with a high level of wealth (if we consider promised
utility as a proxy for wealth).

The fact that only a limited version of resetting holds here has two other important impli-
cations. First, it implies that the stationary distribution over continuation values is no longer
degenerate. Second, per capita allocations are no longer i.i.d. Thus, what we take away is that in
more complicated and realistic versions of the model, there is still a stationary distribution over
the key variables, but their dynamics are more complicated than suggested by the case in which
cost of having kids is only in terms of consumption goods.

4.1. The contracting problem

Consider the model studied in Section 2 (that is with a fixed, exogenous, return on capital).
We focus on the version of the problem in which 6’s are productivity shocks and we add the
assumption that each child that is born requires b units of time from the parent as well as @ units
of the consumption good. It follows that the relevant amount of leisure per parent is given by

t
1— %ﬁ” — bn;(0"). Thus, the contracting problem in its recursive form is given by!”:

. 1 /
v(w) = {C(Q)’y(eﬂ%)’w/w)} 29: 7(6) [c(e) +an(®) — y(0) + En(@)v(w (9))} (Pt)

S.t.
Zn(@)[u(c(@)) + h<1 - % - bn(e)) + ﬂn(e)"u/(e)] =w,
0

u(c(®)) +h<1 — @ — bn(e)) + Bn(®)"w'(6)

> u(cd) + h(l - % - bn(é)> + Bn@)"w' @) VO <6.

For technical reasons, we will assume that only downward incentive constraints are binding.

17 The reduction of the problem from aggregate to per capita and its recursive formulation is identical to the case in
which cost of having kids is only in terms of consumption goods. We omit that step.
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Including a time cost in the model, introduces further complications. In particular, it is possible
for some types never to work. This happens when it is more efficient for an individual to produce
goods through the indirect method of having children now with the children working in the
future. This will hold when 6 < %g]. We will rule out this situation by making the following
assumption:

Assumption 3. Assume that forall6 € ©, 6 > %.

Note that this assumption does not guarantee that hours are always positive. The fact that
fertility enters leisure implies that Inada condition on hours will never be satisfied and therefore,
it might be optimal for an agent with a very low marginal utility from consumption not to work.
However, when marginal utility from consumption is high enough, it is optimal for an agent to
work.

Finally, in order to simplify the analysis, we assume that utility functions u(-) and h(-) are
both negative and that utility from consumption is unbounded below'®:

Assumption 4. The utility functions u(-) and &(-) are both negative and 1 < 0. Furthermore,
lim,_.gu(c) = —o0 and lim,, g h(m) = —o0.

4.2. The resetting property

We have shown that children’s utility is independent of parent’s promised utility when the cost
of children is in terms of goods. In this section, we show that this result extends to the time cost
version of the model, but only for the highest type, i.e., & = ;. This can be derived from the first
order conditions of the recursive formulation.

The analogue of the resetting equation for this version of the model is:

v(w'(01, w)) + bRO; + aR = nw' (O, w)v'(w' (07, w)). (14)

Note that this equation is very similar to Eq. (8). The only added term is »R0;, which is the value
of time used by the highest type to raise a child in terms of the future consumption good.

In Eq. (14), w’(6;, w) is the per capita promised utility to each child of a parent whose current
promised utility is w and whose productivity shock is the highest possible, ;. Using the same
argument as before, we see that w’(0;, w) is independent of promised utility to the parent, w.
That is, w'(07, w) = w'(67, w) for all w, w. We denote this level of promised utility by wj =
w' (07, w).

The resetting property, in this environment, means that once a parent receives the highest pro-
ductivity shock, the per capita allocation for her descendants is independent of the parents level
of wealth (and all other history) — an extreme version of social mobility holds. We summarize
this in a proposition.

Proposition 6. Assume that v is continuously differentiable and that there is a unique solution
to (14). Then, there exists a w} such that the continuation utility for the parent who receives the
highest shock has the ‘resetting’ property, w'(6;, w) = w7 for all w.

18" An alternative utility configuration would be to assume that # and & are both non-negative and that n > 0. With
sufficient Inada conditions on u and £, the optimal allocation will still be interior and the results below will still hold.
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Intuitively, the reason that the resetting property holds here mirrors the argument given above
in the case in which cost of having kids is only in terms of consumption goods. That is, since
no ‘type’ wants to pretend to have 6 = 67, the allocation for this type is undistorted. Due to
the homogeneity properties of the problem, it follows that per capita variables (i.e., continuation
utility) are independent of promised utility.

Because of this, it follows that there is no immiseration in this model, under very mild as-
sumptions, in the sense that per capita utility does not converge to its lower bound. To see this,
first consider the situation when n(6, w) is independent of (9, w). In this case, from any initial
position, the fraction of the population that will be assigned to w7 next period is at least 7 (6;).
This, by itself, implies that there is no a.s. convergence to the lower bound of continuation util-
ities. When n(6, w) is not constant, the argument involves more steps. Assume that n(6, w) is
bounded above and below — 0 < n < n(w, 8) < n. Then, the fraction of descendants being as-
signed to w} next period is at least %. Again then, we see that there will not be a.s.
immiseration. Thus, the key property that must be shown is that 0 < n < n(w, 0) < n for some n
and 7.

To show this, we show that a version of the resetting property holds when continuation utility
is low enough for any type. That is, even as promised utility, w, gets lower and lower, continua-
tion utility, w’(0, w), is bounded below. From this, it follows that (6, w) is bounded below in the
relevant range of continuation utilities. (That this bound can’t be zero follows from promise keep-
ing.) To this end, we show that as w — —o0, the optimal allocation converges to c¢(@, w) =0,
[(0,w) =1, n(@, w) =0. None of the incentive constraints are binding at this allocation and
hence, the optimal allocation has properties similar to those that hold for the highest type. For-
mally:

Proposition 7. Suppose that V is continuously differentiable and strictly convex and Assump-
tions 3 and 4. Then there exists a w; € R, such that

lim w'(w,6;) = w;.
w—>—00
Proof. See Appendix B. O

A key step in the proof is to show that when promised utility is sufficiently low, distortions,
as measured by the values of the multipliers on the incentive constraints, converge to zero. An
important part of the proof uses the fact that the utility from consumption and leisure, u(-) and
h(-), is unbounded below. Then, from Proposition 7, it follows that as long as w’(w, ) is contin-
uous, w’ will be bounded below on any closed set bounded away from 0. We have the following
corollary:

Corollary 4. Suppose that v is continuously differentiable and that nwv'(w) — v(w) is strictly
increasing. Then for all W < 0, w'(w, 0) is bounded below on (—oo, W] — there is a w(W) such
that w'(w, 0) > w(W) for all w < W and all 6.

4.3. Stationary distributions
The results from the previous section effectively rule out a.s. immiseration as long as fer-

tility, n, is bounded away from 0. This, however, is not quite enough to show that a stationary
distribution exists. This is the topic of this section. There are two issues here. First, is there
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a stationary distribution for continuation utilities and is it non-trivial? Second, because the size
of population is endogenous here, it could be growing, or shrinking, in a non-stationary way.
Hence, we must also show that the growth rate of population is constant. We deal with this
problem in general here.

Consider a measure on continuation utilities in R, ¥. Then, applying the policy functions to
the measure ¥, gives rise to a new measure on continuation utilities, 7% :

T(¥)(A) Z/Z77(9)1{(9,w);u;’(9,w)eA}(w’0)”(09 w) d¥ (w)
LA

VA: Borel setin R. (15)
For a given measure over promised values today, ¥, T (¥)(A) is the measure of agents with
continuation utility in the set A tomorrow. The overall population growth rate generated by ¥ is
given by:
Jr 2o OO, w)d¥(w) T W)(R)
Y(R) Y ®

¥ is said to be a stationary distribution if:

y(¥) =

T(W)=yW)- .

Thus, in a stationary distribution, the distribution of per capita continuation utility is constant
while population grows at rate (y (&) — 1) x 100 percent per period.

To show that there is a stationary distribution, we will show that the mapping ¥ — % is
a well-defined and continuous function on the set of probability measures on a compact set of
possible continuation utilities. To do this, we need to construct a compact set of continuation

utilities, [w, w], such that:

For all w € [w, w], there is a solution to problem (Pt);

For all w € [w, w], w'(w, ) € [w, W];

n(w, ) and w’(w, ) are continuous functions of w on [w, W];

y (¥) is bounded away from zero for the distributions concentrated on [w, w].

v

The construction of the interval [w, w], is relegated to Appendix C.
Now, we are ready to prove our main result about the existence of a stationary distribution.
Let M ([w, w]) be the set of regular probability measures on [w, w].

Theorem 1. Assume that for all w € [w, w], there is a solution to the problem (Pt) and that it is
unique. Then there exists a measure ¥* € M ([w, w]) such that T(W*) =y (W™*) - ¥*,

Proof. See Appendix C. O

This theorem immediately implies that there is a stationary distribution for per capita con-
sumption, labor supply and fertility. Moreover, since promised utility is fluctuating in a bounded
set, per capita consumption has the same property. This shows that there is no immiseration in per
capita variables. However, since full resetting does not hold, it follows that per capita allocations
will not be i.i.d. in general.
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5. Conclusion

In this paper, we have provided results concerning the form of the optimal contract in a dy-
namic setting with dynastic altruism and fertility choice. We show that in this case the optimal
contract no longer features in immiseration in consumption under a wide variety of assumptions
about the costs of children and the nature of private information. Indeed, with Barro—Becker
style preferences, goods costs for children and i.i.d. shocks, we have shown that there is a unique
continuation value for children. Because of this feature, it follows that consumption, labor supply
and fertility are i.i.d. in this case.

We have gone on to show that there may or may not be immiseration in dynasty size, depend-
ing on the specifics of the problem. Examples are given where each is shown to hold.

The model can also be used to study the form of the optimal subsidies to family size, the
efficient provision of incentives for bequests and how these two interact with labor income taxes.
Some preliminary work has been done along these lines (see the Online Appendix for details).
Our preliminary work, suggests that whether children should be taxed or subsidized depends
on the details of how incentives are provided over time as well as the nature of the cost of
children. For example, one can show that with only goods cost of child rearing it may be opti-
mal to subsidize children while introducing a time cost moves the optimal tax system towards
taxing children. These are interesting issues and questions to explore and are left for future re-
search.

Appendix A. The special case of shocks to the taste for leisure

There is a technical issue with the statement of Proposition 1. This is that in the statement
of the proposition, we are making assumptions about properties of the value function (that it is
convex and differentiable), an endogenous object. Here, we show that there is at least one case in
which we can dispense with these two extra assumptions. This is true when 6 is the taste shock
to the value leisure:

1
u(c) +h(y,0)=u(c) + gv(l —-y).

In this case, we will show that there is a simple transformation so that the constraint set in the
minimization problem (P) is convex and the objective function is strictly convex. Let’s define:

U®) = N"u<@>, H®) = N”h(l - @).
N N

For a given U (0) and H (0), we have
CO)=Nu"'(NTU®)).

Also, h~'(N""H(0)) =1 — Y(#)/N, therefore
Y@ =N-Nh'(NTTH(©9)).

Under these transformations, the promise keeping constraint (4) becomes:

Zn(@)[U(@) + éH(G) +,3W(9)] =W,
0
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and, the incentive constraints (5) become:

U©) + %Hw) +AW®) > UG) + éH(é) +EW@) Vo6

Thus, the promise keeping and incentive constraints are linear in the transformed variables.
Next, we will show that the value function in problem (P) is strictly convex. If we rewrite the
objective in terms of transformed variables we obtain:

> ) [C(@) +aN' () — Y () + %V(N’(e), W/(Q))]
(%

=Y 7 [Nu—1 (N"U®)) +aN'(0) + Nh ' (N""TH(0))
0

1 / !/
-N+ EV(N ), W (0))}.

For this objective function to be strictly convex, it is necessary that the two functions
Nh="(N~"H) and Nu='(N~"U) be strictly convex functions. That is what we assume from
now on.

We can rewrite the transformed version of the problem (P) as:

V(N, W)= min Zr{(@)[Nu_l (N7"U®)) +aN'(©0)
U®).H@®).N'©).W'©)

~N(1-hr"Y(NTTH®))) + %V(N’(@), W’(e))] (16)
subject to

Zn(e)[U(e) + éH(@) +ﬁW(9)} =W,
4

and,
U®) + %H(O) +BW®O) =U®) + %H(é) +BW(©B) V0,0c0.

We state and prove the main result of this section in the following proposition:

Proposition 8. Suppose that Nh =" (N~"H) and Nu="(N~"U) are strictly convex functions of
(N, H) and (N, U) and that for some convex set A, and all (N, W) € A, there is a solution to
the sequence problem (1). Then, the solution to the functional equation (16) is strictly convex
on A and differentiable on the interior of A. Moreover, there is a function, v : R — R, such that
V(N,W)=Nv(NTW).

Proof. To show that V (-,-) is strictly convex, we use the sequence problem version of the recur-
sive problem (16) and use the principle of optimality to show that V (-,-) is convex. Consider the
following sequence problem

. K 1 ! t t—1 —1 t—1\—"n t t
uﬂﬁgmﬂgxf)gywnMw ) (Vi) U (6)) + @ (9)

SN (- (N ) T E 9)
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subject to
> n(eqef—l)[w(e') () + ﬁWlH(@t)] —w, (oY) v,
6129?—1 4

1
U (6") + Q—Ht(e)’) + BWi41(6")

> U (07, 6,) + elHt(e)’—l,ét) +BW1(0'71,6,) Vo', 4,
t
given Wo =W, No=N.

By the principle of optimality, the value associated with the above problem is given by
V(N, W). Now, consider two possible initial conditions (N Lwh #* (N2, W?). Associated
with each of these is a set of allocations that solve the above maximization problem given by
(U@, H'(0"). N, 0", Wy, (01} and (UF©0), HZ(0"), N2, (0"), W2, 1 (6)), respectively.
Let (N, W) =A(N', W) + (1 — 2)(N', W?) and define the following allocations

Ui (6") =AU (0") + (1 — MU (0"),
H,(0")=rH(0") + (1 — M HF(6"),
N1 (6) = ANy (6) + (1= N2 (6),
WIH(Q[) = )"Wl‘]+1 (Qt) + (1= )‘)Wtzﬂ (Qt)'

Note that, since the constraint set is linear, the above allocation satisfies promise keeping and
incentive compatibility when the initial state is given by (N, W). Let V denote the value of
objective function at the allocation constructed above. Then, we must have V(]V , W) < V. Note
also that, since the objective function is convex

V<AV(NL WY+ A =0 V(N2 W)

Moreover, since the period cost functions, N h="(N""H) and Nu='(N~"U), are strictly convex,
the above inequality is strict (provided that for some €', either U (6") # U2(6"), or H}(9") #
H,z(Q’), or N}H " # Ntz+1 (0")). Hence, the function V (-,-) must be strictly convex. The same
proof can be used to show that the optimal allocation is unique.

In order to show that the value function is differentiable, we use a technique similar to [7].
To do so, we also need to use results developed by Milgrom and Segal [21]. From the argu-
ment above, we know that the value function is strictly convex and the policy functions are
unique. Now consider an interior point (N, W) and let the optimal policy at this point be given
by {U*(0), H*(0), N'*(0), W *(0)}. For any (N, W) close to (N, W), define the following func-
tion

GO — . o=l R— Py (1 =l
G(N,W)_H(g;}bl(e);n(Q)I:Nu (NTU©0)) +aN"*6) — N(1 — i~ (N""H(6)))

1 /% /%
+ EV(N ©), W (9))}

subject to

S ao|ver+ e+ pw )] =W
0
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and
U@®) + éH(O) +BW'HO) = U®) + %H(é) +BW'*@O) V6,0¢€06.

Note that since we have fixed future policies, we must have that G(N,W) < V(N, W) with
equality at (N, W) = (1(7 , W). Since the cost functions are strictly convex and the set of con-
straints is linear, the solution to the above minimization problem is unique. Moreover, by the
theorem of maximum the solution is continuous in (N, W). Hence by applying Theorem 5 and
Corollary 4 in [21], G(-,-) is differentiable. Furthermore, since the cost functions are strictly
convex, we must have that G(-,-) is strictly convex. Hence, by Lemma 1 in [7], V (-,-) must be
differentiable at (N, W).

In order to show the final property of the value function, we show that the transformation
associated with the functional equation (16) preserves that property. That is, if 7'(-) is the trans-
formation associated with the functional equation (16) and the set S is defined as the following:

S={V(N,W); Iv:R—>R, V(N,W)=Nv(NT"W)},
then T'(S) C S. Suppose that V € S, then Jv such that V(N, W) = Nu(N~"W), and

TV(N,W) = min Zn(@)[Nu_l(N_”U(G)) +aN'(0)
H(®).UO).N'©0).W'6) <
~N(1—r"Y(NTTH®))) + %V(N’(@), w’(e))}
subject to

Zn(@)[U(e) + éH(é)) +ﬂW(9)} =W,
6
and,
U®) + %H(@) +BWO)=U®B) + éH(é) +BW@H) V6,0€0.

Now, let V(N, N""W) = N~'TV(N, W) and define h(6) = N""H(0), u(6) = N~"U(0),
n(@) = N"'N'(@) and w'(0) = N(@) "W’ (9). Then the above maximization can be written as

TVIN. W)= emin o™ ;n(é’)[u_l (u©)) +an®) — (1 —h~ ' (h®)))
+ %n(@)v(w’(@))}
subject to
Zn(e)[uw) + %h(m + ﬂn(é)"w’(G)} =NT"W,
and, 9
u®) + éh(@) + Bn(0)"w' (0) > u(d) + éh(é) + Bn@)"w'(B) V0,0 € 6.

Clearly, V(N,N""W) is independent of NV and solely depends on N™"W.Hence TV €S. O

Please cite this article in press as: R. Hosseini et al., Optimal contracting with dynastic altruism: Family size and per
capita consumption, J. Econ. Theory (2013), http://dx.doi.org/10.1016/j.jet.2013.04.022




YJETH:4157
28 R. Hosseini et al. / Journal of Economic Theory eee (eeee) eee—see

From this proposition, it follows that the result of Proposition 1 will hold as long as the

solution to the contracting problem is interior. In order to guarantee that this holds we will make

the following standard assumptions'®:

Assumption 5. Period utility function satisfies the following:

1. u is unbounded below and negative and n < 0.
2. h is unbounded below and negative.

Under these conditions, the solution will be interior and thus, we have:

Corollary 5. Under Assumption 5:

1. The solution to problem (P') has the property that w' (0, w) = w* for all & and w. Hence,
there is a stationary distribution over continuation values (a point mass at w*).

2. The allocations n(8"), c(0"), and y(©0") are i.i.d. and monotone increasing in current
shock 6.2°

Appendix B. Proof of Proposition 7

We show this claim in two steps:

e Step 1: We show that leisure, consumption and fertility converge to zero as promised utility
converges to —oo — this is the content of Lemma 2 below;

e Step 2: Using step 1, we show that a limiting version of the resetting property, with type
specific resetting values, must hold as w — —oo0.

We first prove the following lemma:

Lemma 2. Suppose that the value function in (Pt) is differentiable and that Assumptions 3 and 4
hold. Then, the value function and the policy functions satisfy the following properties:

lim o)== 766,
0;
lim c(6;,w) =0,
w——00

lim n(f;, w)=0,
w——00

lim [(6;,w)=1.
w——00

19 1n addition to this assumption, we have made two extra assumptions on u# and /4 in the statement of Proposition 8.

Cl—”c

ll_‘rl
1-0o¢ &)=y 1—0y

It can be checked that all of these assumptions are satisfied for the following specification: u =
with 1 <o7,0, <1 —n.

20 Assumption 1 is only used to prove, from first principles, that the optimal allocation is interior. Alternative methods
are possible. For example, if u(0) = 0, u’(0) = oo and 7 > 0, this will also hold.
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Proof. Consider the following set of functions:

S = {f): v € C(R_), v is weakly increasing, lim 0(w)=— E (6;)0; }
w——00
0;

Define the following mapping on S as

To(w) = mianf(@i)I:c(@i) +an(0;) —01(6;) + %n(@i){;(w’(ei))]

0;

S.t.
Zn<9> (c6)) +h(1—16;) — bn(8)) + Bn(®:)"w' )] > w,

M(C(Oi)) +h(1—1(6;) — bn(6;)) + Bn(;)"w’' (6;)
u(c(®;)) +h<1 - %

1(6;) +bn(;) <1
c(6;),1(6;),n(6;) 20

- bn(e,-)) + Bn(®)"w'©;) Vi> j.

We first show that the solution to the above program has the claimed property for the policy
function and that T'0 satisfies the claimed property. Then, since S is closed and T preserves S,
by the Contraction Mapping Theorem we have that the fixed point of 7 belongs to S.

Now, suppose the claim about the policy function for fertility, does not hold. Then, there
exists a sequence wy — —oo such that for some 6;, n(wg, 6;) — n; > 0. For each j # i, define
n; =limsup,_, ., n(wg, ;). Then, we must have

imai o > . 7 - .
1ggngu(wk)/;n(9,)[anj 0;(1 an)+ [Zn(ek)ekﬂ
J
Note that by Assumption 3, we have
b IZ 66 Vj
> — T
J R@ k )Yk J
k

and therefore, if 7; > 0, we must have
_ _ I_
anj —0;+bnj0) — 27 ;n(ek)ek > —

with equality only if 72 ; = 0. This implies that

liminf 70 (w — )0 ;
iminf 79(we) > — ) w(0,)0;
0;
since 1; > 0. Now, we construct a sequence of allocations and show that the above allocation
cannot be an optimal. Consider a sequence of numbers ¢, that converges to zero. Define
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em(0) =u" " (—€ll),
(@) = (I — ) e,
w, (0;) =w <0,

for some w < 0.

Since, & is unbounded below and that the utility of deviation is bounded away from —oo, it is
possible to construct a sequence for /,,, that converges to 1. To see this, let /,,, (6;) be defined such
that

M1~ 6 — b 6) = 3
Hence, we have
w(cn(®)) + h(1 = 1y (0;) — brm(0))) + Brm @) w), (6))
— u(em () — Brm (6w, (6;) = well, (i i+ %)

which converges to co as m converges to co. Moreover, by definition, [,,(6;) converges to 1
and n,, (6;) converges to 0. Therefore, the deviation value for leisure, 2 (1 — %j@) — bn,,(6;)),

converges to h(1 — g—;). This implies that for m large enough

u(cm(ej)) +h(1 - lm(gj) - bl’l,n(@])) + ,Bnm(ej)nw;n(gj)
0iln (0:) —bnm(e,-)>

J

—u(cm(6) — Brm (0;) " w, (6;) = h<1 -

and for m large enough the allocation is incentive compatible. Therefore, the utility from the
constructed allocation is:

i = € [—1 +8Y U - j)"w] + 2 m@N (1~ 1n(6)) — b (©)))].
J 0

Itis clear that the W,,s converge to —oo and the allocation’s cost converges to — ) ; 7 (0,)0;.
Now since W, and wy converge to —oo, there exist subsequences W, and w,, such that
Wy, = wy, and therefore by optimality:

1
Zﬂ(Qj)[ka(Qj) +anp, (0;) — 0l 0;) + Enmk(ej)ﬁ(ﬁ))} 2 Ti(wy,).
0;

Hence,
- Zn(ek)ek > liminf T9(wg) > — Zn(ek)ek
n—>oo
Ok Ok
and we have a contradiction. This completes the proof. O
Since h(-) is unbounded below, given the above lemma, for low enough w € R_, the allo-

cations will be interior. Since v is differentiable by assumption, positive Lagrange multipliers
A, w(6;,0;)|;>; must exist such that
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u'(c(6:, w))[n(é’i)k(w) + ) 6,655 w) =y (6, 0i; w)} =m0,

j<i Jj>i
Bn(6;, w)"! [n(e,-ww) + Zu(@-, 05 w) — Zu(e,» 0;; w)} = n(el-)%v/(w/(ei, w)),
<t J>1
B (1 =16, w) — bn(;, w)) [n(@i))»(w) + Zu(e,-, 0 w)j|
Jj<i

9.
—E w(®;,6;; wy—h'
o 0
Jj>i

[—bh' (1= 16;, w) — bn(6;, w))

! 0:1(6;, w)
0

— bn(6;, w)) =1 (6;)6;,
J

+ B (6, w)" ' w' (G, w)} [n(enx(w) +) (6. 0;: w)]

j<i

- n;.6;; w){—bh/(l - W — bn(;, w)) + B (6, w)" W' (6, w)}

j>i J

1
= n(@i)ﬁ(v(w/(ei, w)) + a).
By Lemma 2, we must have:
lim c¢(8;, w)=0,
w—>—00
lim n(f;, w) =0,

w—>—00

lim (0, w)=1.
w— —00

Then for every € > 0, there exists W such that for all w < W, we have u’(c(Qj, w)) > %, A1 -
10, w) —bn0;,w)) > %, for some large number M. This implies that

_ Tj £
Mw) = X]: u'(c(8j, w)) YA

TONIMW) + ) (1(6,, 60,3 w) =
j<I

w(0r) €
w (c(0r, w)) Y]

€
= 07,0;; —.
wu(r,0; w)<M

In addition,

. oy TOD €
71(91—1))»(11))+j;lﬂ(91—1’9./’ w) = w1, 6115 w) = w' (cOr-1, w)) M

011,60, w) < .
=17 M
By an induction argument, we have

Zi€
w(;,0;;w) < i
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where z;_1=1,z;-0=2,zj—i =z/-1+ -+ z27—i+1 + 1. If we pick M so that z; < M, we
have that

n@;,0;;w)<e Yw<W.

Next, we define the type specific resetting values, w;, as the values of w that solve the following
equations:

nwv'(w) — v(w) =aR + bRE;.

Under our convexity assumptions, the left hand side — nv’(w)w — v(w) — is strictly increasing
in w, so that if a solution exists, it is unique.
From Proposition 6 we know that there is a w} such that:

' (w)w — v(w) =aR + bRE;.

Moreover, from the first order conditions, we know that
nv (w ;, w))w 6, w) — v(w (;, w)) aR + bRo;.

Therefore, by the Intermediate Value Theorem, there exists a unique w; > —oo which satisfies
' (w)w; — v(w;) =aR +bR6;.

Moreover, by substituting first order conditions, we get:

7 ((0)b6; +a) > n(ei)%nv/(w/(e,-, w))w'(6;, w) — n(&-)%v(w’(@i, w))
=7 ((6,)b6; + a)

0:1(6;,
—bZ( ——)M(el,e)h( %—bn(ei,wg

Jj>i J

7 ((6:)b0; + a) — be Z(l - —) /(l — W — bn(b;, w)).

Jj>i J

Since hours worked converges to 1, the term multiplied by € in the above expression is bounded
away from oo as w — —oo. From this it follows that

lim v’ (w6, w))w'(6;, w) — v(w' (6, w)) =aR + bRY;.
w——00
Continuity of v’ implies that
lim w'(6;, w) = w;.
w——00
This completes the proof.

Appendix C. Proof of Theorem 1

Before we prove the theorem, we need to construct a compact set of continuation utilities,
[w, w] such that:
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For all w € [w, w], there is a solution to problem (Pt);

For all w € [w, w], w'(w, 0) € [w, W];

n(w, ) and w’(w, ) are continuous functions of w on [w, w];

y (¥) is bounded away from zero for the probability distributions on [w, w].

Sl o e

We proceed by defining w and w. For any fixed w < 0, consider the problem:

max h(l —bn)+ Bn'w.
nel0,1/b]

Note that there is a unique solution to this problem for every w < 0. Moreover, this solution
is continuous in w. Let g(w) denote the maximized value in this problem and note that it is
strictly increasing in w. Because of this, lim,,_,¢ g(w) exists. In a slight abuse of notation, let
2(0) =limy_o g(w). Further, since w < 0, it follows that g(w) < k(1) and hence, g(0) < h(1).
In fact, g(0) = A(1). To see this, consider the sequences wy = —1/k, ny = k'/2m Then, for k
large enough, ny is feasible and therefore, g(wy) > h(1 — bny) + ,BnZwk. Hence,

h(1) = lim h(1 — bng) — Bk~'/?
k—o00
= klim h(1 — bny) + Bn]wi < li]?lg(u)k) =g(0) < h(1).
—00

Thus, in a neighborhood of w =0, g(w) < w.

Assume that b < 1 (thus, it is physically possible for the population to reproduce itself). Then,
it also follows that for w small enough, g(w) > w. Hence, there is at least one fixed point for g.
Since g is continuous, the set of fixed points is closed. Given this there is a largest fixed point
for g. Let w be this fixed point. Since g(w) < w in a neighborhood of 0, it follows that w < 0.
Following Corollary 4, choose w = w(w).

With these definitions, it follows that, as long as a solution to the functional equation exists for
all w € [w, w], the condition w’(w, 8) € [w, w] will hold. Le., requirement 2 above is satisfied.

As noted above, we have no way to guarantee from first principles that the requisite convexity
assumptions are satisfied to guarantee that a unique solution to the functional equation exists
and is unique (i.e., 1 and 3 above). Thus, we will simply assume that this holds. Given this
assumption, 4 can be shown to hold since » must be bounded away from zero on [w, w] for the
promise keeping constraint to be satisfied (i.e., n = 0 would imply expected discounted utility
is —00).

Now we can proceed with the proof of Theorem 1.

Proof of Theorem 1. Since [w, w] is compact in R, by the Riesz Representation Theorem
[10, IV.6.3], the space of regular measures is isomorphic to the space C*([w, w]), the dual of
the space of bounded continuous functions over [w, w]. Moreover, by Banach—Alaoglu Theorem
[24, Theorem 3.15], the set {¥ € C*([w, w]); ||¥|| < k} is a compact set in the weak-* topology
for any k > 0. Equivalently the set of regular measures, ¥, with ||| < 1, is compact. Since
non-negativity and full measure on [w, w] are closed restrictions, we must have that the set

{¥: ¥ aregular measure on [w, w], ¥ ([w, w]) =1, ¥ >0}

is compact in weak-* topology.
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By definition,

T(W)(A) = f > mit{w'(w, 6) € Afn(w, ;) d¥ (w).
[w, @] =

The assumption that the policy function is unique implies that it is continuous by the theorem of
the maximum. It also follows from this that » is bounded away from 0 on [w, w] (since otherwise
utility would be —o0). From this, it follows that T" is continuous in ¥. Moreover,

n
y(W) = f D _min(w,6)d¥ w) >n >0
w.w] "=

is a continuous function of ¥ and is bounded away from zero.
Therefore, the function

T(W)=———=: M([w, w]) - M([w, w])

is continuous. Thus, by the Schauder—Tychonoff Theorem [10, V.10.5], T has a fixed point ¥* e
M(lw,w]). O

Appendix D. Supplementary material

Supplementary material related to this article can be found online at http://dx.doi.org/10.1016/
j-jet.2013.04.022.
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