MPRA

Munich Personal RePEc Archive

Intertemporal equilibrium with
heterogeneous agents, endogenous
dividends and collateral constraints

Pham, Ngoc-Sang and Le Van, Cuong and Bosi, Stefano

Montpellier Business School, IPAG Business School, PSE, CNRS,
TIMAS, APD, EPEE, University of Evry, University Paris-Saclay

11 March 2018

Online at https://mpra.ub.uni-muenchen.de/84905/
MPRA Paper No. 84905, posted 26 Mar 2018 02:42 UTC



Intertemporal equilibrium with heterogeneous agents,
endogenous dividends and collateral constraints

Stefano BOSI! Cuong LE VAN Ngoc-Sang PHAMY
March 11, 2018

Abstract

We build a dynamic general equilibrium model with heterogeneous producers and
financial frictions (collateral constraints and incompleteness). First, we provide a char-
acterization to check whether a sequence is an equilibrium or not. Second, we study
the effects of financial imperfections on output and land prices. Third, we develop a
theory of valuation of land by introducing the notion of endogenous land dividends
(or yields) and different concepts of land-price bubbles. Some examples of bubbles are
provided in economies with and without short-sales.

Keywords: Infinite-horizon, general equilibrium, collateral constraint, incomplete
markets, asset valuation, rational bubbles.
JEL Classifications: C62, D53, D9, E44, G10.

1 Introduction

The interplay between asset prices and economic activities is an important topic, especially
after the Great Recession. A vast literature has flourished on this transmission mechanism
focusing on the notion of asset-price bubble. Many articles have addressed this issue in
overlapping generations (OLG) models (Tirole, 1985; Farhi and Tirole, 2012; Martin and
Ventura, 2012) while others have adopted an infinite-lived agent’s approach (Tirole, 1982;
Santos and Woodford, 1997; Kocherlakota, 2009; Hirano and Yanagawa, 2017). However,
most of this literature ignores the productive role of assets. Our paper aims to develop a
theory of asset valuation in the case the asset is not only a collateral but also an input.
We contribute to explain the asset pricing in terms of production activity. Although many
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papers have raised the question of asset valuation, most of them have focused on assets with
exogenous positive dividends (Lucas, 1978; Santos and Woodford, 1997) or zero dividend
(Bewley, 1980; Tirole, 1985; Pascoa et al., 2011). Unlike this literature, in our paper, every
agent can use the asset to produce the consumption good according to her own technology.
More precisely, we consider an infinite-horizon general equilibrium model with three assets: a
consumption good, land (to produce the consumption good), and a short-live financial asset
with zero supply. There is a finite number of agents who differ in terms of endowments,
technology, preferences and borrowing limits. In each period, agents may produce, exchange
and consume. In the spirit of Geanakoplos and Zame (2002) and Kiyotaki and Moore (1997),
agents can borrow but must hold land as collateral. The repayment does not exceed a given
fraction of land income (the sum of the value of land and its fruit) because there is lack of
commitment.

We start our exposition by proving that a list of prices and allocations constitutes an
equilibrium if and only if it satisfies first-order, transversality, and market clearing conditions
as well as budget and borrowing constraints. The challenge and key point is the necessity of
transversality conditions. To prove this, we develop the methods in Kamihigashi (2002) and
Araujo et al. (2011), Pascoa et al. (2011). Our necessary and sufficient condition allows us to
check whether a sequence is an equilibrium or not. It should be noticed that our proof can
apply to a large class of general equilibrium models used in macroeconomics. It contributes
to the novelty of the paper.

The general equilibrium perspective is suitable to represent the interference between
financial markets and economic activities. Some of equilibrium properties deserve mention.

(1) In deterministic economies, if any agent produces (this happens under Inada’s con-
dition), then agents’ marginal productivities turn out to be the same. Cases where some
agents give up the production are quite specific: they experience a very low productivity
while the others have high productivity and a full access to credit markets. However, it
should be noticed that when financial markets are incomplete or agents are prevented from
borrowing, the most productive agent may not buy land to produce. We provide examples
illustrating this idea.

(2) The steady state analysis is carried out in a simple case.! In the long run, the most
patient agent may not hold the entire stock of land. This result challenges the well-known
Ramsey’s conjecture (the most patient individual owns all the capital in the long run) and
looks more realistic. The very reason is that, in our model, any agent is a producer differently
from what happens in the growth literature where consumers rent capital to a representative
firm (see Becker and Mitra (2012) among others).

The last part of the paper develops a theory of land valuation. We focus on rational
land-price bubbles and their economic consequences.? The standard literature (Lucas, 1978;
Santos and Woodford, 1997) considers long-lived assets paying exogenous dividends. In our
model, any agent may produce with a landowner-specific technology which may be non-
linear; this prevents the standard approach from applying. Now, one unit of land yields
an endogenous amount of consumption good in the next period, the so-called dividend or
added-value of land. In deterministic economies,® (v;,d;) is called a process of state-prices
and land dividends if the the following intertemporal asset-pricing equation holds:

G = Yer1 (Gra1 + diya) (1)

IThe steady state may not exist when endowments are not stationary.

2A survey on bubbles with asymmetric information, overlapping generations, heterogeneous beliefs can
be found in Brunnermeier and Oehmke (2012).

3For the sake of simplicity, we mention here only the deterministic case. The stochastic one is presented
in Section 6.



jointly with the condition that the dividend d;,; is higher than the lowest marginal produc-
tivity of agents (the latter condition is required because every agent is allowed to produce).
Here, ¢, is the land price in terms of consumption good. Equation (1) is a no-arbitrage con-
dition: what we pay today to buy 1 unit of land is equal to what we will receive by reselling
1 unit of land plus land dividends (in terms of consumption good). Of course, when agents
share the same linear technology, we recover the Lucas’ tree with exogenous dividends. San-
tos and Woodford (1997) and Montrucchio (2004) also use no-arbitrage conditions to define
state-price process. They then use them to evaluate assets having exogenous dividends in
economies with incomplete financial markets.

In our economy, land plays three different roles: once we buy land, we can (1) resell it,
(2) use it to produce or (3) to borrow (collateral role). The land dividend represents the
two last roles. According to the literature (Tirole, 1982; Santos and Woodford, 1997), the
fundamental value of land is defined at equilibrium as the sum of the discounted values of
such endogenous dividends and the bubble is the (positive) difference between the price of
land and its fundamental value. Our approach is suitable not only for deterministic but also
for stochastic economies.

Our general result indicates that when agents are uniformly impatient, for any process
of state-price and dividends such that the discounted value of aggregate consumption good
vanishes at the infinity, the price of land equals its fundamental value. This can be viewed
as an extension of Theorem 3.3 in Santos and Woodford (1997)* to the case of productive
assets. We also prove that, under uniform impatience in bounded economies, bubbles are
ruled out for any process of state-price and dividends.

The assumption of uniform impatience can be removed in the case of deterministic
economies. In such a case, we find out some interesting features. Let us mention two of
them. First, a land-price bubble arises only if the borrowing constraints of some agent are
binding infinitely many times.® Indeed, when the borrowing constraints are not binding, the
marginal rates of substitution of all agents are the same and, hence, the no-bubble condition
becomes equivalent to a no-Ponzi scheme. Since the transversality conditions are satisfied,
the no-bubble condition is verified as well. Second, there is always one agent whose expected
value of land equals the land price.

We also provide some new examples of bubbles in economies with and without short-sales.
In the first one, agents are prevented from borrowing, their endowments fluctuate over time
and/or technologies are non-stationary. Some agents face a drop in endowments at time ¢,
but are unable to borrow and transfer wealth from period ¢ 4+ 1 to period ¢t. Thus, they may
buy land at date t—1 at a higher price, independent on their technologies, in order to transfer
their wealth from date t — 1 to date t. When the agents’ TFP goes to zero, the fundamental
value of land tends to zero as well, below the above level of price. By consequence, a land
bubble arises. In the second example, short-sales are allowed but borrowing constraints still
work. As in the first example, at any date, at least one agent is forced to save, hence she
may accept to buy land at a higher price or to buy a financial asset with low interest rates.
Therefore, bubbles may occur.

Our concept of land bubble contributes to the literature on bubbles of assets delivering
endogenous dividends. Among others, three approaches deserve mention.

Araujo et al. (2011), Pascoa et al. (2011) introduce and study concepts of bubbles of

4Theorem 3.3 in Santos and Woodford (1997) shows that, under uniform impatience, assets in positive net
supply and exogenous dividend have no bubble for state-prices that yield finite present values of aggregate
endowments

5This is only a necessary condition for the existence of bubble. This issue will be addressed in Sections
5.1.1 and 5.2.



durable goods, collateralized assets and fiat money. They provide asset-pricing conditions
based on the existence of so-called deflators and non-pecuniary returns; then, they use them
to define bubbles. In the current paper, we focus on land and non-linear production functions.

Miao and Wang (2012, 2015) consider bubbles on the firm’s value with endogenous divi-
dends. They split this value in two parts: V (K) = QK + B, where K is the initial stock of
the firm, Q is the marginal Tobin’s Q (Q is endogenous) and B is the bubble. They interpret
Q as the fundamental value of firm. This approach, which is different from ours, cannot be
directly applied for valuation of land in our model because land is used by many agents while
a stock in Miao and Wang (2012, 2015) is issued by only one firm and stock dividends are
taken as given by other agents.

Becker et al. (2015), Bosi et al. (2017a) introduce the concept of physical capital bubble
in one- and two-sector models. They define the fundamental value of physical capital as the
sum of discounted values of capital returns (net of depreciation). As above, a physical capital
bubble exists if the equilibrium price of physical capital exceeds its fundamental value. In
our model, land, as input, looks like capital. The difference is that Becker et al. (2015), Bosi
et al. (2017a) consider a representative firm while, in our work, each agent can be viewed as
an entrepreneur.

The rest of the paper is organized as follows. Section 2 presents the framework and
provides basic equilibrium properties. Sections 3 and 4 study the role of financial market
imperfections and land bubbles. Section 5 presents examples of bubbles in deterministic
economies with and without short-sales. Section 6 extends our analysis to the stochastic
case. Section 7 concludes. Technical proofs are gathered in the appendices.

2 Framework

We firstly consider an infinite-horizon general equilibrium model without uncertainty. A
model with uncertainty will be presented in Section 6. The time is discrete and runs from
date 0 to infinity. There is a finite number of agents and I = {1,2,...,m} denotes the set
of agents.

Consumption good. There is a single consumption good which is set to be the
numéraire. At date ¢, agent ¢ is endowed with e;; units of consumption good, and chooses
to consume ¢;; units of this good.

Land. We denote by L and ¢; the exogenous total supply of land and its price at date
t. At this date, agent ¢ buys [;; units of land which is used to produce F;(l;;) units of
consumption good and can be sold at a price ¢;,; at date t 4+ 1, where F; is the production
function of agent i.

The financial market opens at the initial date. If agent ¢ buys a;; units of financial
asset at date ¢ with price ry, she will receive a;, units of consumption good at date ¢ + 1.
Agents can also borrow in the credit market. However, if they do that, they are required to
hold land as collateral. The sense and the role of this constraint will be explained below.

Each household i takes the sequence of prices (q,7) = (g, 7¢)72, as given and chooses
sequences of consumption, land, and asset volume (c;,l;, a;) := (cit, i, aig);5y in order to
maximizes her intertemporal utility

P(Q? : max Zﬁtuz Czt

(62711 70’7,)



subject to, for all t > 0,

liy >0 (2)
Cip + Qeliy + 1003y < €5+ qilip—1 + Fi(lig—1) + @501 (3)
aig > —fi|@rlic + Fi(liy)] (4)

where [; _; > 0 is given and a; _; = 0 (no debt before the opening of financial markets).

Constraint (4) means that agent ¢ can borrow an amount whose repayment does not
exceed an exogenous share of land income. The parameter f; is set by law and below 1.
Parameter f; can be viewed as the borrowing limit of agent 1.

Constraint (4) can also be interpreted as a collateral constraint: agents can borrow but
they must own land as collateral. In case of default, lenders can seize the fraction f; of
agent i’s land income. Here, we assume f; < 1 because there is lack of commitment (see
Quadrini (2011) for a review of this issue). By the way, our model is related to the literature
on general equilibrium with collateral constraints (Geanakoplos and Zame, 2002; Kiyotaki
and Moore, 1997; Kubler and Schmedders, 2003). However, it is different from Kiyotaki and
Moore (1997) where the repayment does not exceed the revenue from reselling land. This
constraint corresponds to a;; > —qi+1l;+ in our notations. Moreover, Kiyotaki and Moore
(1997) look at the equilibrium properties around the steady state with r; is constant while
we will provide global analysis of intertemporal equilibria.

Our model is related to Liu et al. (2013) where land-price dynamics are investigated. Our
framework is also related to Farhi and Tirole (2012). However, we consider dynamic firms
in an infinite-horizon GE model while they focus on firms living for 3 periods in an OLG
model.

The economy, denoted by &, is characterized by a list of fundamentals

&= (ui7 ﬁh €is f’h li,*h E)

— —+00
Definition 1. Given the economy &, a list (cjt,ft, (éi,t,li,t,ai,t);;) is an intertemporal
t=0
equilibrium if the following conditions are satisfied:

(i) G, 7 € (0,00) Vt > 0.

(i) Market clearing: for all t > 0,

gOOd.’ Z é@t = Z(em + Fi(ﬁ',tfl)) (5)
=1 =1

land: Z lis=1L (6)
i=1

financial asset: Z a;r = 0. (7)

=1

(111) Agents’ optimality: for all i, (Cit,lir, Gi1)22, S a solution of the problem Pi(q,T).

Notice that the financial asset in our framework is a short-lived asset with zero supply,
which is different from the long-lived asset bringing exogenous positive dividends in Lucas
(1978), Kocherlakota (1992), Le Van and Pham (2016). When production functions are not
stationary and given by F;;(z) = dyz, land in our model corresponds to the Lucas’ tree with



exogenous dividends; in particular, when F; = 0 Vi, land is similar to fiat money as in Bewley
(1980) or pure bubble asset as in Tirole (1985).

In what follows, if we do not explicitly mention, we will work under the following as-
sumptions.

Assumption 1 (production functions). For all i, the function F; is concave, continuously
differentiable, F! > 0 and F;(0) = 0.

Notice that we consider both cases F}(0) = oo and F/(0) < oo (linear production functions
satisfy this condition).
Assumption 2 (endowments). [; 1 > 0,a; 1 =0 Vi, and e;; > 0 Vi, Vt.
Assumption 3 (borrowing limits). f; € (0, 1] V.
Assumption 4 (utility functions). For all i, the function u; is continuously differentiable,
concave, u;(0) = 0, u} > 0, u}(0) = 00.°

Assumption 5 (finite utility). For all 1,

m

iﬁfui(Wt) < 00, where Wy := Z (ei,t + E(L)) (])

t=0 i=1

Under assumptions 1, 2, 3, 4, 5, there exists an intertemporal equilibrium. A proof for

this result can be found in our working paper version (Bosi et al., 2017b). Notice that

in this proof, we allow for non-stationary production functions. However, in this paper

(except Section 5 and Section 6), we assume that the technology is stationary for the sake
of notational simplicity.

2.1 Borrowing constraints and transversality conditions

We provide the following fundamental result: a tractable necessary and sufficient condition
to check whether a sequence is an intertemporal equilibrium or not.

Proposition 1.

1. Let (q, r, (¢, L, ai)fil) be an equilibrium. There exists a positive sequence of multipliers
(At it Mi41) such that

FOCs: Biul(ciy) = Niy 9

TeNig = (N1 + Migs1) (

NitQr = (Nigs1 + fittizer)(Qerr + Fil(lz',t)) + Nit (
Nigliy =0 (12

Hi t 41 (ai,t + fi [Qt+1li,t + E(lzt)]> =0 (

(

Transversality condition: tlim Nit(qelie +10a;) =0
—00

Moreover, we have, for any 1,

o0 > Z AitCit = i (Fiai,fl) + QOli,fl) + Z NitCit
t=0

t=0

+ g; No(1+ f ’;Z) (Flim) = b Flm)) (15)

SIn the proof of the existence of equilibrium, we do not require u}(0) = co. This condition is to ensure
that ¢; + > 0 for any ¢, which is used in the rest of the paper.




2. If the sequences (q,r, (¢i, li, a;)i) and (N, i, 11;) satisfy

(a) Citslivs Nits Mity figr1 > 0; qe,me > 0 for any t;

(b) condition (3) is binding and conditions (2), (4), (5), (6), (7) hold for any t;
(c) conditions (9), (10), (11), (12), (13), (14) hold for any t;

(d) 3272 Biui(ci) < 00;

then (q,r, (¢i, i, a;);) is an intertemporal equilibrium.

Proof. See Appendix A. m

The challenge and key point of Proposition 1 is the necessity of transversality conditions
(14). To prove this, we develop the method in Kamihigashi (2002). Recall that Kamihigashi
(2002) only considers positive allocations while asset volume a;; may be negative in our
model. The detailed proof of this result is presented in Appendix A.

According to (10), we have r\;; > A1 Vi. Since f; > 0 Vi, it is easy to see that
there exists an agent ¢ whose borrowing constraint (4) is not binding. Thus z; ;41 = 0 which
implies that . \;; = A\i1+1. As a result, we obtain the following result:

Lemma 1. We have

Biu (Cz t+1)

r; = max 16

e m) ul(cm) (16)

We define the discount factor y:41 (7;¢+1) of the economy (agent i) from date t to date

t+ 1, and the discount factor @; (Q;) of the economy (agent ¢) from the initial date to date
t as follows

/B’L CZ
Y1 = Mmax /( t-‘rl)? QO = 1, Qt =M Yt =T T
ie{Lm} - wi(cig)
ﬁz Ci tu/ C;
Vittl 1= il t+1>7 Qio:=1, Qir:="i1 Vit = Brui(cit)
ui(cit) u;i(cip)

Note that ~;; < v for any ¢ and ¢. According to Alvarez and Jermann (2000), Q; can be
interpreted as the price of one unit of aggregate good in date ¢ in units of consumption good
in date 0. We rewrite constraint (4) as

Qi+10ir > — [iQ11 [QtJrllz ¢+ Fi(ls, t)}

According to definition of (Q;) and Lemma 1, we see that Q1 = Q7. Therefore, borrowing
constraint (4) is equivalent to

Qiriaiy > —fiQi [Qt+1li,t + E(lzt)}

Corollary 1 (fluctuation of borrowing constraints). At equilibrium, we have:

1. For each 1, there are only two cases:

(a) tlim (Qtﬁai,t + [iQus1(qeraliy + E(ht))) does not exist;

(b) tllglo (Qtrtai,t + fiQi1 (Qt+1li,t + Fz(lzt))> =0.



2. (transversality condition, version 2) We have, for all i,
htrgigf (QtTtai,t + fiQut1 (QtJrlli,t + Fl<lzt))> =0 (17)

Proof. See Appendix A. O

We observe that there are two kinds of transversality conditions. The first one is (14)
which is determined by the individual discount factor Siul(c;;)/ui(cio). It characterizes the
optimality of agent i’s allocations. The second one is (17) based on the economy discount
factor ); and it clarifies the role of borrowing constraints.

Remark 1. All the results in this section apply also to non-stationary production functions.

3 The role of the financial market

For each t > 1, we introduce two productive bounds:

dt = min F;/<li,tfl)> CZt = Inax F’i/(liytfl).

16{1,,771,} Ze{lvvm}

We have the following result showing the relationship among land prices, marginal pro-
ductivities, interest rates and borrowing limits.

Lemma 2. The relative price of land is governed by the following inequalities:

Yer1 (qe+1 + dir) < @ < Ve (@en + digr) (18)
fiveei (@ + Fl (L)) < (19)

for any i and t.
Proof. See Appendix B. O

According to (18), we introduce the concept of land dividends (or added-value of land,
or land yields).

Definition 2 (dividends of land). The dividends of land (d;); is defined by the following
no-arbitrage condition

Gt = Vt+1 (Qt+1 + diy1) (20)

Interpretation. Once we buy land, we will be able to resell it and expect to receive an
amount. This amount is exactly the dividend of land defined by (20). Equation (20) says
that what we pay to buy 1 unit of land at date t is equal to what we will receive by reselling
1 unit of land plus the dividend of land (in terms of consumption good). When technologies
are linear and identical (F;(X) = dX for any i), we have d; = d for any ¢, and hence we
recover the Lucas’ tree. In our general setup, (18) implies that land dividend d; is greater
than the lowest marginal productivity d, but less than the highest one d,.

In our model, land has a threefold structure: after buying land at date ¢, agents (1) resell
it at date ¢ + 1, (2) use it as collateral in order to borrow from financial markets and (3)
receive an amount of consumption good from their production process. Definition 2 states
that dividends are endogenous and capture the roles (2) and (3) of land. In fact, because
land is resold and gives dividends at each date, (20) can be interpreted as an asset-pricing
or a no-arbitrage condition.

We point out some interesting properties of land dividends.



Lemma 3 (fair financial system). dyy1 = dyq if f; = 1 Vi or (4) is not binding for any i.
Proof. See Appendix B. n

We can interpret f; = 1 as a full access to credit market for agent i. Lemma 3 points out
that the land dividend equals the highest marginal productivity if either anyone may fully
enter the credit market or borrowing constraints of any agent are not binding.

This following result shows that dividends equal the lowest marginal productivities if
every agent buys land.

Proposition 2. Focus on date t and assume l;;—y > 0 Vi. In this case, d; = d,.

Proof. See Appendix B. n
We highlight some consequences of Lemma 3 and Proposition 2.

Corollary 2. 1. If F/(0) = +oo Vi, then d; = d, Vt.
2. (equal marginal productivities.) If piy = fipis' and l;;—1 > 0, then F!(l;4—1) = d; Vi.
3. If fi =1 and F/(0) = oo for any i, then dy = F](l;4—1) Vi, Vt.

3.1 Who buys land? Who needs credits?

In this section, we point out conditions under which agents become producers and/or bor-
rowers. First, land demand depends on agents’ productivity.

Proposition 3. Ifl;; > 0, then F/(l;1) > di41.
If F/(l;4) > di41, then borrowing constraint (4) of agent i is binding.

Proof. See Appendix B. n

The first statement means that if an agent buys land, its marginal productivity must
be greater than land dividends. The second one shows that if an agent has a marginal
productivity which is strictly greater than land dividend, she will borrow until her borrowing
constraints become binding. In other words, this agent needs credit.

The next result suggests that agents with a low productivity do not buy land to produce.

Proposition 4. Focus on agent i and assume that there exists an agent j such that f; =1
and F{(0) < Fj(L). Then we have l;; = 0 Vt.

Proof. See Appendix B. m

Notice that Proposition 4 holds whatever the form of utility functions and the size of the
discount rate f;.

We can interpret f; = 1 as a full access of agent j to credit market. In this case, any
agent i with low productivity (in the sense that F;(0) < F/(L)) never produces. Proposition
4 is in line with Proposition 1 in Le Van and Pham (2016) where they prove that nobody
invests in the productive sector if the productivity of this sector is too low.

Agents can be reinterpreted as countries. In this case, our economy works as a world
economy with free trade. Each country 7 is endowed with [; o units of land. When the trade
is fully free and the international financial market is good enough (in the sense that f; = 1
for any 7), countries with a lower productivity never produce and land in these countries will
be held by the countries with the highest productivity.

"This condition is satisfied if f=1or a;,—1 > —f; [Qtli,tq + Fi(li_’t,l)].



Remark 2. When there is lack of commitment (due to financial or political frictions) char-
acterized by f; < 1, the analysis becomes more complex. In Section 5.1.1, we will present
an example where there are two agents: A and B with f4 = 0 (agent A is prevented from
borrowing) with linear technologies. In this example, at date 2t + 1, the productivity of agent
A is higher than that of agent B, but agent B may produce at date 2t + 1.

3.2 A particular case: a steady state analysis

In this section, we assume that agents have no endowments, that is e;; = 0 V¢, V¢, For
simplicity, we also assume that there are two agents, say ¢ and j, with different rates of time
preference: f; < f;.

We give an analysis at the steady state. Recall that when endowments are not stationary,
the existence of steady state may not hold.

Lemma 4. Consider two agents i and j with ; < ;. If e;y = 0 Vi,Vt, and F;(l;) = Al
Vt, where o € (0,1), then there is a unique steady state:

r = Bj (2].)
1 aA; = ad; \1a

o

Bi+fi(B;—Bi) Bj

A; 1\ 1=
zi:( ° —)1 L L=L—1 (23)
Bi+fi(Bi—Bi) g

a; + filali + F(l;)] =0, a;+a; =0. (24)
Proof. See Appendix B. n

Who will own land in the long run?

Cobb-Douglas technologies imply [;,1; > 0. Each agent holds a strictly positive amount of
land to produce themselves. In this respect, our model differs from Becker and Mitra (2012)
where the most patient agent holds the entire stock of capital in the long run. The difference
rests on two reasons.

First, in Becker and Mitra (2012), the firm is unique and consumers do not produce.
In our model, any agent produces with her own technology and can be viewed as a credit-
constrained entrepreneur.

Second, in Becker and Mitra (2012), returns on capital are determined by the marginal
productivity of their representative firm. In our framework, land dividends are interpreted
as land returns and determined by no-arbitrage condition (20).

Corollary 3 (role of borrowing limit f;). Under conditions in Lemma 4, we have:
1. Price: The relative price of land q increases in f;.

2. Output: The long-run quantity of fruits, i.e., Y := F;(l;) + F;(l;) is increasing in the
borrowing limit f;.

The intuition of point 1 is that when f; increases, agent ¢ can borrow more and, then,
land demand increases in turn raising the price of land at the end.

The point 2 is also intuitive: the higher the level of f;, the more the quantity the agent
with the highest productivity can borrow, and, finally, the more the output produced.

10



4 Land bubbles
Combining Q11 = Y1+1Q: with (20), we get
Qe = Quy1 (@1 + disr) (25)

and, so,

G0 = (@ +d)=0Q1di+ Qi1 = Qrdi + Q172(q2 + do) = Q1dy + Qads + Q2o

T
= .= Qi+ QrgrVT > 1. (26)

t=1
This leads the following definition.
Definition 3 (bubble). The fundamental value of land is defined by FVy := Y =, Qudy. We

say that a land bubble exists if the market price of land (in term of consumption good) exceeds
its fundamental value: qy > FVj.

As seen above, land dividends capture a twofold role of land: land is used to produce a
consumption good and, as collateral, to borrow. The fundamental value of land reflects the
value of these roles.

As in Montrucchio (2004), Le Van and Pham (2014), some equivalences hold.

Proposition 5 (Necessary and sufficient conditions for the existence of bubbles). A land
bubble exists (i.e., Jim Qiqr > 0) if and only if Y. (di/qr) < +oo.
—00

Proof. See Appendix C. H

Note that this result only depends on the no-arbitrage condition (25). Proposition 5
holds for any form of technologies, even non-stationary.

Since we are assuming that technologies are stationary, we have d; > min; F}(l;;-1) >
min; /(L) > 0 Vt. This leads the following result.

Corollary 4. If a land bubble exists, then >~ (1/q) < +oc.

This explains why the existence of land bubble implies that real land prices tend to in-
finity. Notice, however, that this fact only holds in the case of stationary technology. In
Section 5.1.1, this issue will be readdressed.

Interest rates, asset prices and bubbles. According to (26), we have > .~ Qid; < gy <
oo and, also, d; > min; F}(l;;—1) > min; F}(L) > 0 Vt. Eventually, we get Y >, Q; < 00.

We introduce the real interest rate of the economy p; at date ¢ as follows: 1 = 1/ (1 + p;).
We notice that p; may be negative. The condition > ,°, Q; < co writes explicitly

it;<00
=0 T1(1 + ps)

s=1

and we can reinterpret it by saying that the real interest rates are not "too low”. We also
observe that there exists a sequence of dates (t,), such that p;, > 0 for all n.

According to Proposition 5, a land bubble exists if and only if lim ————
teo Hs:l(l + pé‘)
qt+1 1

This condition implies in turn lim ——-——— = 1. Hence, in the long run, if a land bubble
. tooo g 1+ pria
exists, the rate of growth of land prices is equal to the gross interest rate.

q >0

11



4.1 No-bubble results
Proposition 6. If Q:/Q;. is uniformly bounded from above for all i, then there is no bubble.

Proof. See Appendix C. O]

Write v, = 1/ (1 + p;+), where p;; is interpreted as the the real expected interest rate
of agent 7 at date t. As above, this interest rate may be negative. According to Proposition
6, if a bubble exists, there is an agent ¢ such that her expected interest rates are high with
respect to those of the economy in the following sense:

T

1+ pir 7o
| J EREEEE
1 L+ py

Let us point out some consequences of Proposition 6.
Corollary 5. If there exists T' > 0 such that p;; = 0 Vi,Vt > T, then there is no land bubble.
Proof. See Appendix C. n

The intuition of this result is that when p; ; = 0Vi,Vt > T', the individual discount factors
coincide with the discount factors of the economy. In this case, the no-bubble condition turns
out to be equivalent to the no-Ponzi scheme. Since the transversality conditions are satisfied,
the no-bubble condition holds as well.

Corollary 5 implies that if the borrowing constraints of any agent are not binding, then,
there is no bubble. The following corollary clarifies it in other words.

Corollary 6 (bubble existence and borrowing constraints). If a land bubble ezists, there
exist an agent i and an infinite sequence of dates (t,), such that the borrowing constraints
of agent i are binding at each date t,,, that is, for all t,,

Qipo—1 = —fi [Qtnli,tn—l + Fi<li,tn—1)]

Remark 3. The binding of borrowing constraints is only a necessary condition for the exis-
tence of bubble. Sections 5.1.1 and 5.2 provide some examples where borrowing constraints
of any agent are frequently binding but bubble may not exist.

The relationship between the existence of bubble and borrowing constraints is questioned
in Kocherlakota (1992). He considers borrowing constraints: x;; > x, where x;; is the
asset quantity held by agent v at date t and x < 0 is an exogenous bound. He claims that
liminf, o (z;; — ) = 0 and interprets that borrowing constraints of agent i are frequently
binding. He did not proved that x;; — v = 0 frequently.

We define the aggregate output of the economy at date ¢ as Y := > [e; s + Fi(li—1)]
and the present value of the aggregate output as y -, QY.

The main result of the section rests on the following list of four lemmas whose proofs are
gathered in Appendix C.

Lemma 5. Ifsup;,e;; < oo and technologies are stationary, the present value of the aggre-
gate output is finite.

Lemma 6. Assume that sup, , e;; < 0o and technologies be stationary. Gien an equilibrium,
we obtain that Q) (lmqt + rtai,t) 1s uniformly bounded from below and from above as well.

12



Lemma 7. Let sup,,e;; < oo and technologies be stationary. Given an equilibrium, the
following limits exist:

tliglo Q: (Qtli,t + Ttaz',t) = tliglo (QtQtli,t—l + Qtai,t—l) Vi. (27)

Lemma 8. Let sup,, ¢;; < oo and technologies be stationary. Gien an equilibrium, if there
exists T such that
Fi(lig-1)

lit—1

fi (Qt + )li,tfl > (@ +di)lig—a Yt > T, (28)

then hmt_m) Qt (qtliﬂg + TtCLiJ) S 0.
Let us now state the main result of this section.

Proposition 7. Assume that sup;; €;¢ < 00 and fi = 1 Vi. We also assume that all tech-
nologies be stationary and not zero. Then, there is no land bubble at equilibrium.

Proof. See Appendix C. n

This proposition points out that there is no land bubble at equilibrium when the financial
system is good enough (in the sense that f; = 1 Vi), exogenous endowments are bounded
from above and the technology is stationary.

Proposition 7 suggests that land bubbles only appear when TFP of land technologies
tends to zero or/and endowments grow without bound or/and agents cannot easily enter the
financial market (f; < 1). In Section 5, we will present some examples of bubbles, where
these conditions are violated.

Proposition 7 is in line with the results in Kocherlakota (1992), Santos and Woodford
(1997), Huang and Werner (2000) and Le Van and Pham (2014), where they prove that
bubbles are ruled out if the present value of aggregate endowments is finite. Indeed, the
asset in Kocherlakota (1992) is a particular case of land in our model when Fj(X) = &X
Vi,VX. Proposition 7 also shows that land bubbles are ruled out in Kiyotaki and Moore
(1997).

Remark 4. 1. Proposition 7 still holds for any technology in the form A;F; where A;,
s bounded away from zero for any 1.

2. Interestingly, although we are considering the utility function ", Biu;(c;t), our proof of
Proposition 7 still works in more general cases (for example, when the utility function

takes the form Y, u;i(cit)).

4.2 Alternative concepts: individual and strong bubbles

According to (11), we have

0 = Aipr1 + fillip+1 Mit
, =
/\iﬂf /\i,t

_ it (th + ﬂ/<li,t) + it + Jittin (qe41 + F{(h‘,t)))
At Nit+1 Ait41

[ [ J/

Production return Collateral return

(qe1 + Fi(liy) +

8Tt should be noticed that our method here is no longer suitable for stochastic economies with incomplete
markets. This issue will be addressed in Section 6.2.2.

13



We rewrite
G = Yigs1 (Ge1 + digs1) (29)
and call d; 141 the indwidual dividend of agent ¢ at date t+1. Here d;+41 includes two terms.

The first one is X, ;11 == F/(l;¢) + it
i1

(ge+1 + F!(l;+) can be interpreted as a collateral return.

which represents the return from the production

Adjtr1
Note that the collateral return is equal to zero if f; = 0 or u; ;11 = 0 (happen if borrowing

constraint is not binding).

The asset-pricing equation (29) shows the way agent i evaluates the price of land. With
the individual discount factor 7; .41, once agent ¢ buys land, she will be able to resell land
at a price ¢;+1 and she will expect to receive d; ;4 units of consumption good as dividends.
Since the individual discount factor 7; ;41 is less than that of economy 741, the individual
dividend d, ;+1 expected by agent i exceeds the dividend d;1; of the economy.

Using (29) and adopting the same argument in (26), we find that, for all 7" > 1,

process.” The second term

T
qo = Z Qirdiy + Qirqr
=1

Definition 4 (individual bubble). 1. FV; := "2 Qi.d;; is the i-fundamental value of
land. We say that a i-land bubble exists if qo > Z;:)L Qird;y.

2. A strong bubble exists if the asset price exceeds any individual value of land, that is
qo > max; F'V; Vi.

The concept of :—bubble is closely related to bubbles of durable goods and collateralized
assets in Araujo et al. (2011) or bubble of fiat money in Pascoa et al. (2011). Given an
equilibrium, Araujo et al. (2011) provide asset-pricing conditions (Corollary 1, page 263)
based on the existence of what they call deflators and non-pecuniary returns which are
not necessarily unique. Then, they define bubble associated to each deflators and non-
pecuniary returns. In our framework, for each equilibrium, we give closed formulas for
two types of deflators (we call 7, and ~;; discount factor and individual discount factor
respectively). Unlike Araujo et al. (2011), the technology in our paper may be non-linear
and non-stationary.

By applying the same argument in Proposition 5, we obtain some equivalences.

Proposition 8. An i-land bubble exists (i.e., tlim Qirqr > 0)if and only if >, (d;s/q1) < +00.

Another added-value of our paper (comparing with Araujo et al. (2011), Pascoa et al.
(2011)) is to study the connection between the concepts of bubble and i-bubble. This is
showed in the following result.

Proposition 9. We have that:

1. FVy < FV; < qo Vi. By consequence, if an i-land bubble exists for some agent i, then
a land bubble exists.

2. There is an agent i such that her i-bubble is ruled out. Consequently, there is no strong
land bubble, that is gy = max; F'V;.

9Note that Xi7t+1li’t = F;(llt)lz’t
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3. If FVy = FV; Vi, then FVy = FV; = q¢ Vi, that is, there is no room for bubble nor
1-bubble.

Proof. See Appendix C. n

Comments and discussions. FV, < FV; < qq follows from the definitions of bubble
and i-bubble. The intuition is that, since any agent expects a higher interest rate than that of
the economy, the individual value of land expected by any agent will exceed the fundamental
value of land. Nevertheless, the converse of point 1 may not be true. In Section 5.1.1, we
present an example where ¢-bubble does not exist for all ¢ while land bubble may arise.

Points 2 shows that there is an agent whose expected value of land equals its equilibrium
price. Point 3 is more intuitive and complements point 2: when any individual value of land
coincides with that of economy, both land and individual bubbles are ruled out. However,
when any individual value of land is identical but different from the fundamental value of
land, we do not know whether land bubbles are ruled out.'”

Our concept of strong bubble is related to the notion of speculative bubble in Werner
(2014). He considers an asset bringing exogenous dividends in a model with ambiguity.
Werner (2014) defines the asset fundamental value under the beliefs of agent ¢ as the sum of
discounted expected future dividends under her beliefs. He then says that speculative bubble
exists if the asset price is strictly higher than any agent’s fundamental value. The readers
may ask why strong bubbles are ruled out while speculative bubbles in Werner (2014) may
exist. It is hard to compare these two results since the two concepts of bubbles are defined
in two different settings (with and without ambiguity).

Remark 5. It should be noticed that Proposition 9 still holds in more general cases (for
example, when the utility function is ), u;1(cit))-

5 Examples of bubbles

In this section, we contribute to the literature of rational bubbles by providing some examples
where bubbles appear in deterministic economies even short-sales are allowed.!! Notice that
dividends are endogenous determined and may be strictly positive.

5.1 Land bubbles without financial market

Focus on the case where there is no financial market. In this section, we allow for non-
stationary production functions. Let us rewrite agents’ program. The household 7 takes the
sequence of land prices (q) = (q;)72, as given and chooses sequences of consumption and land
(ci,1i) == (Cig, ;1) in order to maximize her intertemporal utility

+o00o
Piq): max»  Blui(ciy)
t=0
subject to, for all t > 0,: 1;; >0, cii+qlip <eir+ qliv—1 + Fii(lii—1), (30)

where [; 1 > 0 is given.

10See observation ”1. bubble vs i-bubble” in Section 5.1.1.
HAraujo et al. (2011) provide some examples of equilibria with bubbles in models where the utility

functions take the form > (; tu(c;¢) +€; infy>0 ui(ci ). The parameter ¢; plays the key role on the existence
>0

of bubbles.
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Under a linear technology (F;.(z) = &= Vi), the land structure becomes the same asset
structure as in Kocherlakota (1992), and Huang and Werner (2000). If F; = 0 Vi, land
becomes a pure bubble as in Tirole (1985).

(
Definition 5. A list (qt, (Ei,t,l_i,t)ﬁl)::; 1s an equilibrium of the economy without financial
market if the following conditions hold.

(i) Market clearing: for all t > 0,

m m

Zczt—zezt‘f'th (lit—1) Z

(iii) Agents’ optimality: for all i, (Ciy,1i 1), is a solution of the problem Pi(q).

Remark 6. By applying Proposition 1 and Lemma 9 (Appendiz D), we can check that an
equiltbrium for the economy without financial market is a part of an equilibrium for the
economy € with f; =0 Vi.

Let (¢, (¢;,1;)";) be an equilibrium. Denoting by A;; and p;, the multipliers associated
to the budget constraint (30) of agent i and to the borrowing constraint l;; > 0, we obtain
the following FOCs:

tui(cin) = N
ittt = Mg (Qr + Fi (L)) + Mg Mielin = 0.
As above, we introduce the dividends of land: ¢; = 41 (th + dyy1), where ;44 is the

c
discount factor of the economy from date t to date ¢t + 1: 41 := max M
ie{lom}y  wl(Ciyt)
We define the discount factor of the economy from initial date to date ¢ as follows:

Qo :=1and Q, := Hizl vs for any t > 1. Then, the fundamental value of the land is defined
by FVp:= >, Qid;. We say that a land bubble exists if gy > FVj.

5.1.1 Examples of land bubbles

We now construct equilibria with bubbles.
The economy’s fundamentals. Assume that there are two agents (A and B) with a
common utility function ua(x) = ug(zr) = In(x) but different non-stationary technologies
Fu(X) = A X, Fp(X) = B;X. For the sake of simplicity, we normalize the supply of land
to one: L = 1. We assume that eq 9 = epary1 = 0 VE.

We need the following conditions to ensure the FOCs and identify the sequence of discount
factors of the economy (7).

BA(fo%Z 2t>(—6f€_ﬁ’;jl + A1) < Bp 16_5253 ?:’—th; (31)
53(—Bf€ﬁ’;:1 2 1)(ij_B;t 2t) < Ba 16‘3;3 (;A%tﬁj (32)
P ¢
o
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These conditions are not too demanding and are satisfied if, for instance, 54 = 85 = [,

(1 - 5)63,275 (1 - B)GA,th Vi
1+7 1+p '

Equilibrium. In Appendix D, we compute the equilibrium allocations.

maX(Azt, Bgt> < and maX(AgtH, B2t+1> <

lA,thl = L> lA,Zt = 0, lB,2t71 - 07 lB,2t =1L (35)
cagt = QL+ AL, cpor + qul = ep (36)
Cair1 T QL = eap1, cBoty1 = Qo1 L+ B L (37)

as well the equilibrium prices

B Ba
1+ 8B 1+ Ba

We find also the discount factors and the land dividends

G2t = ep2t and oy = eaztr1 vVt > 0.

o 5AU/A(CA,2t) 5BU33(CB,2t+1)

Yot = — 7 B ——
UA(CA,%A) UB(CB,2t)

dgt = Agt and d2t+1 = BQt+1 Vit Z 0. (39)

and o1 = YVt >0 (38)

According to Proposition 5, a land bubble exists if and only if >~.° di/q < o0, i.e.,

i A2t +§: B2t+1 < 00

e e
i €B2t T €A2t+1

Intuition. This condition may be interpreted that land dividends are low with respect
to endowments. This implies that the existence of bubble requires low dividends. Let us
explain the intuition. In the odd periods (2¢+1), agent B has no endowments. She wants to
smooth consumption over time according to her logarithm utility (which satisfies the Inada
conditions), but she cannot transfer her wealth from future to this date.'> By consequence,
she accepts to buy land at a higher price: go: > ep oS5/ (1 + Bp), independently on agents’
productivity. A lower productivity implies lower dividends and a lower fundamental value of
land. As long as dividends tend to zero, the land price remains higher than this fundamental
value.
We point our some particular cases of our example.

Example 1 (land bubble with endowment growth). Consider our example and assume that

Ay = B, = AVt. Then a land bubble exists if and only if

oo o

1 1
Do+ <00
=0 €B2t =0 €A2t+1

Example 1 illustrates Proposition 7. Thus, under a common stationary production func-
tion and f; = 0 Vi, land bubbles may appear if endowments tend to infinity. In this example,

we see that a land bubble arises if and only if Y 1/¢; < co. By the way, this result also
t=1

illustrates Corollary 4.

Example 2 (land bubble with collapsing land technologies). Reconsider our example. If
el = epo = e > 0 Vt, then a land bubble emerges if and only if >, (At + Bay1) < 0.

12Because she is prevented from borrowing.
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This result is also related to Bosi et al. (2017a) where they show that bubbles in aggregate
good arise if the sum of capital returns is finite.
Some interesting remarks deserve mention.

1.

Bubble vs i-bubble. Since lim; o Sful(cit)g = 0 for i = A, B, there does not
exist no i-bubble for ¢ = A, B. However, a land bubble may occur. In this case,
any individual value of land is identical and equal to the equilibrium price but it may
exceed the fundamental value of land.

. i-bubble and borrowing constraints. In the above example, borrowing constraints

of both agents are binding at infinitely many dates while every individual bubbles are
ruled out and land bubbles may or may not appear. This shows that the values of
(individual) bubbles are not the shadow prices of binding borrowing constraints.

Pure bubble (or fiat money). We consider a particular case: If A, = By = 0 Vt.
In this case, the fundamental value of land is zero and an equilibrium is bubbly if the
prices of land are strictly positive in any period (g, > 0 V¢). This bubble is called pure
bubble (Tirole, 1985). Our example shows that equilibria with pure bubble may exist
in infinite-horizon general equilibrium models.

In this case, the land in our model can be interpreted as fiat money in Bewley (1980),
Santos and Woodford (1997), Pascoa et al. (2011) where they provide some examples
where the fiat money price is strictly positive. Our contribution concerns the existence
of bubble of assets with positive and endogenous dividends.

. Land bubbles vs monotonicity of prices. Corollary 4 points out that, under

stationary technologies, the existence of land bubble entails the divergence of land
prices to infinity. However, in our example with non-stationary technologies, the land
prices are given by

Ba
1+ a A2t+1

Bp
1+ BB

and we see that land prices may either increase or decrease or fluctuate over time
whenever bubbles exist. Our result generalizes that of Weil (1990) where he gives
an example of bubble with decreasing asset prices. His model is a particular case of
ours when land gives no longer fruits from some date on: there exists 7' such that
Ai=B =0Vt >T.

ot = €B,2t and g1 =

. Do the most productive agents produce? In the above examples, although agents

have linear production functions, these functions are different.

There is a case where the productivity of agent A is higher than that of agent B, i.e.,
Agiy1 > Boyiq, but agent A does not produce at date 2t + 1 while agent B produce
at this date. For two reasons: (1) agents are prevented from borrowing, (2) agents’
endowments change over time. Although A has a higher productivity at date 2t + 1,
she has also a higher endowment at this date, but no endowment at date 2t. So, she
may not need to buy land at date 2t to produce and transfer wealth from date 2t to
date 2t 4+ 1. Instead, she sells land at date 2t to buy and consume consumption good
at date 2t. Therefore, agent A may not produce at date 2t + 1 even Ag1 > Boyiq.

Using similar methods, we may construct other examples of bubbles with non-linear
production functions, for example F;;(x) = A;n(1l + x) where A;; > 0. Notice that Bosi
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et al. (2018) consider an OLG model with non-linear production functions, including Cobb-
Douglas technology, and provide some examples of bubbles, where equilibrium indeterminacy
may arise.

5.1.2 Example of individual land bubbles

The economy’s fundamentals. Consider the example in Section 5.1.1. For the sake of
simplicity, we assume that S5 = g =: 3.

We add the third agent: agent D. The utility, the rate of time preference, and the
technologies of agent D are: up(c) =In(c), pp =0, Fpi(L)= D;L.

The endowments (ep): and productivities (D;) of agents D are defined by

Bep - 4
epi+1 Gy + Di

= Vt+1

where () is determined as in Section 5.1.1. We see that such sequences (ep;); and (Dy)
exist. Indeed, for example, we choose D; = d; where d; is determined as in (39). Then, we
choose (ep4); such that fep; = yiy1€p 141
Equilibrium: Prices and allocations of agents A and B are as in Section 5.1.1. The allo-
cations of agent D are cp; = epy and [p; = 0 Vt. By using the same argument in Section
5.1.1, it is easy to verify that this system of prices and allocations constitutes an equilibrium.
We observe that agent D does not trade and vp; = fep—1/eps = Y Vt. By consequence,
limy 00 @p i@ = limy_yoo Qrqr > 0. There is a D - bubble, i.e. the equilibrium price of land
is strictly higher than the individual value of land with respect to agent D.

5.2 Land bubbles with short-sales

We now provide examples of bubbles when short-sales are allowed. These new examples
particularly contribute to the novelty of our paper.

The economy’s fundamentals. Assume that there are two agents (A and B) with a
common utility function u(xz) = ug(x) = In(z) but different non-stationary technologies:
Fui(X) = A X, Fp(X) = B X with

By > Ay,  Agiy1 > Boyyr V.

The supply of land is L = 1. Borrowing limits are f4 = fp = 1. For simplicity, we assume
that B4 = B = 5 € (0,1). Applying Proposition 1 allows us obtain the following result.

Example 3 (land bubbles with short-sales). Let endowments be given by

epo—1 =ean =0 Vi>1

€B,2t€A 2t +1 ( 5 ) ( B )
> egat + B —e + A vVt >0
(1 _,_5)2 1+ 3 B2t 2t 1+3 A2t+1 2t+1 =

€B2tCA 21 < I6; 15}
> e ~|—B><—e _—|—A_) vVt > 1.
(1+ B)? 145 B2t 2t 145 A2t—1 2t—1

Equilibrium prices are determined as follows:

B
q = Blepo+ Bo), qot = 1 f_ 563,% Vi >0, g1 = T BeA,2t—1 vt > 1,
1 B 1 _ Ay
:Q2t+ 2t vt > 1, ZQ2t1+ 21 —
Tot—1 q2t—1 Tot—2 q2t—2

13These conditions are similar to (31, 32, 33, 34) in our example of bubble in models without short-sales.
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Allocations are determined by

(lA,2t717 lB,2t71> = (O; 1)7 (ZA,% lB,2t) = (17 O) (40)
aaoi—1 = Qo + Bayy = —apo—1, apat = Qoer1 + Agp1 = —aa YVt > 1 (41)
Dividends are calculated by

dy = By and dyrpy = Agyr VE2> 0. (42)

According to Proposition 5, a land bubble exists if and only if

o [e.e]

Z BQt +Z A2t+1 < 00, (43)

e e
i CB2t T €A2t+1

As in economies without-short sales, a bubble may occur if endowments growth without bound
and/or TFP tends to zero.

The intuition of our example: Look at the economy at date 2t. Agent B knows that
she will not have endowment at date 2t +1: ep 241 = 0, and hence she wants to transfer her
wealth from date 2t to date 2t + 1 (she saves at date 2t). Therefore, she may accept to buy
land with a high price or buy financial asset with low interest rates. The same argument
applies for the agent A at date 2t + 1. Therefore, the price of land may be higher than its
fundamental value or equivalently the bubble component tlgono (:q; may be strictly positive.

Some observations should be mentioned.

1. Dividends are endogenous. Comparing our example in this section and that in
Section 5.1.1, the technologies of two agents A and B do not change but land dividends
change (see (39) and (42)). This difference is from the fact that land dividends are
endogenous defined.

2. With vs without short-sales. In Examples without short-sale in Section 5.1.1,
agents transfer there wealth from one date to the next date by the unique way: buying
land. However, in Example 3, they do so by investing in the financial market or buying
land. Thanks to the financial market, land is used by the most productive agent in
Example 3. This is not true when agents are prevented from borrowing as showed in
Section 5.1.1.

6 Extension: a stochastic model

In this section, we will extend our analysis to the stochastic case and discuss the land
valuation.

6.1 Framework and basic properties

In this section, we present a stochastic model which is based on the deterministic model
in Section 2 and that in the literature of infinite-horizon incomplete markets as Magill and
Quinzii (1994), Magill and Quinzii (1996), Kubler and Schmedders (2003), Magill and Quinzii
(2008) and references therein, or more recently Araujo et al. (2011), Pascoa et al. (2011).
Consider an infinite-horizon discrete time economy where the set of dates is 0,1, ... and
there is no uncertainty at initial date (¢ = 0). Given a history of realizations of the states
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of nature for the first t — 1 dates, with ¢ > 1, 5, = (sq, ..., 5;_1), there is a finite set S(s;) of
states that may occur at date t. A vector & = (¢,5;,s), where t > 1 and s € S(5;), is called
a node. The only node at t = 0 is denoted by &. Let D be the (countable) event-tree, i.e.,
the set of all nodes. We denote by #(£) the date associated with a node &.

Given & := (t,5;,8) and p := (¥,5p,5"), we say that p is a successor of &, and we write
p> & if t' >t and the first t + 1 coordinates of sy are (5;,s). We write p > & to say that
either > € or p = ¢&.

For each T and &, we denote D(§) := {u : p > £} the sub-tree with root &; Dy = {£ :

T
t(€) = T} the family of nodes with date T; DT(£) := | Dy(€), where Dp(€) := Dy N D(E);
t=t()

DT := DT(&); € = {u > & t(u) = t(€) + 1} the set of immediate successors of &; £~ the
unique predecessor of €.

There is a single consumption good (which is set to be the numéraire) at each node.
I'={1,2,...,m} denotes the set of agents. At each node &, each agent i is endowed e;¢ > 0
units of consumption good.

There is a single short-lived asset that can be traded at any node. Each unit of asset
purchased at node ¢ is a claim to the contingent vector (Re )eee+ of positive real dividends
in units of the consumption good. To simplify the presentation, consider the simple case
where the dividends are non-risky, i.e., Re =1 V¢'.

Each household i takes the sequence of prices (¢, r) := (g, re)eep as given and chooses
sequences of consumption, land, and asset volume (c¢;,l;, a;) = (Cig, lig, Gig)eep in order to
maximizes her intertemporal utility

Pi(q,r): max [Ui(ci) = Zui,£<ci,£)]

(cilisaq)

€eD
subject to, for all £ > &,
lie >0 (44)
Ci’g + q§li’§ -+ Tgai,g S 61'75 -+ q511-75— —+ E,f(li,g—) + (11'75— (45)
aie > —filqelic + Fio(lig)] V€ €€”, (46)

where [; & > 0 is given and q, & = 0. Notice that we allow for non-stationary production
functions.
The deterministic model corresponds to the case where D = {0,1,2,...} and u;¢(c) =

Bf(g)ui(c). Another particular case of our model, where F; = 0, f; = 0 Vi, V¢, and there is
no short-sale, corresponds to Pascoa et al. (2011). In this case, land can be interpreted as
fiat money. However, Pascoa et al. (2011) assume that agents have money endowments at
each node while we consider that agents have land endowments only at initial node.

Since constraint (46) can be interpreted as a collateral constraint, our stochastic model is
also related to Gottardi and Kubler (2015) where they construct a tractable model with col-
lateral constraints and complete markets, and provide sufficient conditions for the existence
of Markov equilibria. However, when financial markets are incomplete like in our model,
as mentioned by Gottardi and Kubler (2015), it is not easy to find out robust equilibrium
properties.

If we consider f; = 1, constraint (46) corresponds to solvency constraint (4) in Chien
and Lustig (2010) where they consider a model with a continuum of identical agents and a
complete menu of contingent claims. In our model, there are a finite number of heterogeneous
agents but financial markets are incomplete.
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The economy is denoted by £ characterized by a list of fundamentals

Es = ((ui,g, eig, Fig)een, fi, li,g(;>

il
Definition 6. Given the economy &, a list (cjg,ff, (Cigslig, dig)ﬁl) is an intertemporal
£eD
equiltbrium if the following conditions are satisfied:
(i) Price positivity: ge,7¢ > 0 VE.

(i) Market clearing: for all &,

good: Z Cig = Z(ei,g + Fz‘,g(l_i,g—)) (47)
i=1 i=1

land: Y lie=1L (48)
i=1

financial asset: Z a;¢e = 0. (49)
i=1

(iii) Agents’ optimality: for all i, (Cig,lie, Qig)eep 05 a solution of the problem Pi(q,T).
Some standard assumptions are required in order to get the equilibrium existence.

Assumption 6 (production functions). For all i and &, the function F;¢ is concave, con-
tinuously differentiable, Fj; >0, F;¢(0) = 0.

Assumption 7 (endowments). lig: >0 and a; o =0 Vi. ey >0 Vi, Vi.

Assumption 8 (utility functions). For all i and £ € D, the function u;¢ : Ry — Ry is
continuously differentiable, concave, u;¢(0) =0, uj > 0, u; (0) = co.

Assumption 9 (finite utility). For all 1,

Zuif(Wg) < oo, where We := Z (ei,g + E&(L)) (50)

¢eD i=1

Under assumptions 3, 6, 7, 8, 9, we can prove, by adapting the proof in Bosi et al.
(2017b), that there exists an intertemporal equilibrium. We next provide basic equilibrium
properties.

Proposition 10.

1. Let (q,r, (ci,li,a:);) be an equilibrium. There exists positive sequences of multipliers
(Nig: Mig)eep, (1ig)eepae)=1 such that

g Uie(cig) = Nig (51)
g redie= > (g + i) (52)
geet
lie: Mete= Y (Mg + fiig)(ae + Fle(lig) +mie  (53)
gegt
77,'{[1'75 =0 (54)
Hi gt <ai,§ + filaelie + Fi,gf(li,f)]) =0V ect (55)
Transversality condition.: 711_{1;0 Z Nig(qelie +reaie) =0 (56)

€D

22



2. If the sequences (q, 7, (¢, li, a;);) and (N, mi, pi); satisfy

(a) cig,lig, NigsMig, tier > 0; ge,7e >0 VE €D and V' € £F.

(b) conditions (45) is binding, and (44), (46), (47), (48), (49) hold;
(c) conditions (51), (52), (53), (54), (55), (56) hold;

(d) > eep wig(cie) < o0 Vi;
then (q,7, (¢i, i, a;);) is an intertemporal equilibrium.
Proof. See Appendix E. m

6.2 Land valuation
6.2.1 Individual valuation and bubble

We give an extension of analysis in Section 4.2. For each ¢’ € &%, let us denote P the
probability that the successor of & is £’. We have Zg,€£+ Peer = 1. According to (53), we
have

Nigr + fittier i,
g = > SIS (go + Fla(lie)) + 3 S

bom e ¥
Peemie | Jithig
-3 % (e + Figllog) + =500+ S e + o)) (57)
{/66-0- 7" 7;75/ D 7:)5, ,
Product;(:n return Collate;;l return
Denote d; ¢ := F} o (lige) + ij/—zf + f”” 5’ (g + Fie(lig)) and v, ¢ = é\ll—i/ V¢ € £, For each

- . — A
§, we denote Q¢ 1= HM<5 Vi, /\i,so

Z Yie(qe + dig) Z Qiedig + Z Viede

gees gegd gegy
T
=YY Qicdic+ Y Qicte (58)
t=1 £€Dz £€DT

Definition 7 (individual bubble). FV; := > > Q;¢d;¢ is the i-fundamental value of land.
t=1 gGDt
We say that a i-land bubble exists if ge, > F'V;.
This can be viewed as a generalized version of fiat money valuation in Pascoa et al. (2011)
which corresponds to the case where F; ¢ = 0 and short-sales are not allowed i.e., f; = 0.
The following result shows the role of heterogeneity of agents.

Proposition 11. 1. If there is M > 0 such that \j¢/\j e < M Yi,¥j,VE, then qo = FV;
Vi.
2. If there exists to such that v, ¢ = ;¢ Vi,V],YE with t(§) > to, then qo = FV; Vi.

Proof. Since point 2 is a direct consequence of point 1, let us prove point 1. Given i. We
have Ai¢(gelje + reaje) < MAje(gelje + reaje), so
hm Z )\15 q5l15 + Treay, 5) 0 (59)
fEDT

for any j. Taking the sum over j, we have limp_, de by Aiggel = 0 which implies that
q = FV..
O
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6.2.2 In search of a theory of valuation

Given a node &, since ), l;¢ = L > 0, there exists i = i(§) such that [;¢ > 0. By combining
this with condition (53) in Proposition 10, we have

)\i ! gl
o= 30 MO (4 41 1,9)). (60)

£/€€+ Z7§

Corollary 7. Consider a particular case (the Lucas tree): F;¢(x) = dex Vi, V€. For each &,
there is a state-price process (Yer)erce+ such that

g =Y e (qs' + d&’) (61)

gegt

Equation (61) is the traditional intertemporal no-arbitrage. According to this result, we
can apply the approach of Santos and Woodford (1997). In the deterministic case, we have
proved that there is a unique state-price process (7;) given by ~; = r;,_1 V¢t > 0. However, in

the stochastic case with incomplete markets, the uniqueness of (7¢) is not ensured. Indeed,
N et it er
= Az‘i“%g )£’E£+
In the standard case where assets have exogenous dividends, it is sufficient to define state-
price process in order to evaluate assets as in Santos and Woodford (1997), Montrucchio
(2004). In our model, not only state-prices process but also dividends need to be defined.
So, what is the dividend of land? It is value added that land brings for the economy. Since
land can be used by any agent, dividend of land at note £ € £ should be greater than

/

min; F . (li¢). This idea leads to the following concept.

for each 1, ( is a state-prices process.

Definition 8. Consider an equilibrium and fix a node . T'¢ 1= (yg,de) e+ is called a
state-price (or discount factor) and land dividend process if

d&/ Z miin F;/’f/(li@) Vfl S €+ (62)
g = > e <qg' + ds’) (63)
gegt

According to (57) or (60), the set of all state-price and land dividend process is not
empty. Definition 8 covers the traditional intertemporal pricing of assets with exogenous
dividends (Santos and Woodford, 1997; Montrucchio, 2004). It also covers the concepts of
(individual) dividends of land in our deterministic case and in Section 6.2.1 for the stochastic
case. Moreover, we propose an approach for valuation of productive assets which are more
general than the fiat money in Pascoa et al. (2011).

Miao and Wang (2012, 2015) also consider valuation of stocks with endogenous dividends.
However, their approach cannot be applied for valuation of land in our model because land
can be used by many agents while a stock in Miao and Wang (2012, 2015) is issued by only
one firm and stock dividends are taken as given by other agents.

Given a process of state-price and land dividend I' := (7¢, d¢)eep, let us denote Q¢ =
Hg/ <¢ Ve~ Hence, we can provide

T

Geo = D Y Qede + > Qe (64)

t=1 £eDy §€Dr
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Definition 9. Given a process of state-price and land dividend I' := (7, d¢)eep, the funda-

mental value of land associated to this process is defined by FVp := > > Qede. We say
t=1¢€Dy
that a I'-land bubble exists if q¢, > F'Vr.

One may ask whether we can choose d¢ = 0 V¢, which implies the fundamental value
of land equals zero, and then say that bubbles always exist. This cannot be done because
condition (62) in Definition 8 must be respected.

Before providing results on land-price bubbles, we present the assumption of uniform
impatience mentioned in Levine and Zame (1996), Magill and Quinzii (1994), Santos and
Woodford (1997), Pascoa et al. (2011).

Given a consumption plan ¢ = (¢,),ep, a node &, a vector (v,9) € (0,1) x R, we define
another consumption plan, called z = 2(c, §, 7, d), by

4 = ¥u € D\ D(g) (65)
Zg = C¢ +9 (66)
2, =c, Y > & (67)

Assumption 10 (Uniform impatience). There exists v € (0,1) such that for all consumption
plan ¢ = (c,) with 0 < ¢, < W, Yu € D, we have

U (z(c,é’,’y', Wg)) > Uy(c) Vi,Vé € D,V € [, 1). (68)

One can prove, by using the same argument in Proposition 1 in Pascoa et al. (2011), that
when (We)eep is bounded, the standard utility function Uj(c) = >, 55(5)132-75%(05), where
Bi € (0,1) and P, ¢ (the probability to reach node &) is strictly positive, satisfies Assumption
10.

The main contribution of this section is to provide conditions under which bubbles are
ruled out.

Proposition 12. Let Assumption 10 be satisfied and consider an equilibrium (q,r, (¢;, l;, a;);).

1. (Endogenous condition.) For any I' such that lim;_, deDt QeWe =0, we have gg, =
FVp .

2. (Ezogenous condition.) Assume that sup W < 0o. Assume also that inf; ¢ Fi (L) > 0.
For any process of state-price and land dividend, there is no land asset bubble, i.e.,
qe, = F'Vp VI

Proof. See Appendix E. H

Let us explain the intuition of point 1 of Proposition Proposition 12. Thanks to uniform
impatience, the ratio of savings to wealth is uniformly bounded. When the discounted value
of aggregate wealth is vanishing at infinity, the discounted value of aggregate land quantity
at infinity must be zero, i.e., bubbles are ruled out.

Some comments should be mentioned.

e Point 1 of Proposition 12 is related to Theorem 3.3 in Santos and Woodford (1997). The
common point is that the uniform impatience is required. However, there are two main
differences: (1) we deal with land (which has endogenous dividends because anyone
can use land to produce) while Santos and Woodford (1997) work with exogenous
dividends, and (ii) we only need limy 0 3 ¢ p, @eWe = 0 while Santos and Woodford

(1997) require Zt21 ZfeDt QeWe < 00.
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e Point 2 of Proposition 12 complements Proposition 7 in the current paper. Proposition
12 needs the uniform impatience but borrowing limits (f;) can be arbitrary in [0, 1]
while Proposition 7 does not need the uniform impatience but there is no uncertainty
and the financial system must be good enough in the sense that f; =1 Vi.

e Corollary 1 in Pascoa et al. (2011) indicates that there exists a plan of non-arbitrage
deflators for which fiat money has a bubble. However, under conditions of point 2 of
Proposition 12, there is no land bubble for any process of state-prices and dividends.
So, the insight in Corollary 1 in Pascoa et al. (2011) may not hold when we work with
productive assets such as land in our model.

7 Conclusion

We have built dynamic general equilibrium models with heterogeneous agents and incomplete
financial markets, which cover a large class of models used in macroeconomics. First-order
and transversality conditions have been proved. Contrary to standard capital accumulation
models a la Ramsey, in our model the most patient may not hold the entire stock of land in
the long run.

Our paper has provided an approach to the valuation of land. In a bounded economy
with stationary production functions and uniform impatience, for any process of state-prices
and dividends the price of land equals its fundamental value associated to this process; this
holds whatever the level of borrowing limit and of market incompleteness. A number of
examples of (individual) bubbles are provided in economies with and without short-sales.
Our approach can be used to evaluate other kinds of asset or input such as house or physical
capital.

Appendices
A Proofs for Section 2.1

Proof of part 1 of Proposition 1. Let us prove the transversality condition.'* Notice that our
method here is different from Araujo et al. (2011). Denote z; := (I;, a;) = (li+, ait):. We say that
x; is feasible if, for all ¢, we have [;; > 0 and

air > —filqer1liz + Fi(Lir))
aelip +reais < ejp+ qilii—1 + Fi(lig—1) + aip—1.

We claim that: if z; is feasible, then (x;0,...,%it—1, A\Zit, ATity1,...) is also feasible for all
t>1and X €[0,1].
We have to prove that:

@\l + Areaiy < ey + qili—1 + Fi(Lig—1) + aig—1 (A1)
and
AGsi1lis1 + Arsi1@i 541 < €5 sy1 + Agspilis + Fi(Alis) + Aag s (A.2)
s + fi(Ags1lis + Fi(Mlis)) >0 (A.3)
for all s > ¢.

14FQCs are obtained by applying the proof of Proposition 10 in Appendix E.
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(A.2) and (A.3) are proved by using the fact that F;(\x) > \F;(z) VA € [0, 1].
(A1) is satisfied if qil; ¢ + rea;p < 0. If qel; ¢ + rea; s > 0, we have

@\l +Areai e < qlip +reaie < ey 4 qelip—1 + Fi(lig—1) + aig—1.

So, our claim is proved.
By using the same argument in Theorem 2.1 in Kamihigashi (2002),'® we obtain that lim sup \; + (gl; ++

t—00
rta@t) S O

According to FOCs, we now have

Nit(cip + qlie +1iaie) = Nig(eir + qelip—1 + Fi(liz—1) + ai—1) (A.4)
Ait7t@it = (Nip1 + fhig41) @it (A.5)
Nitq@elie = Nigg1 + fiptir1) (@1 + F (L)) i (A.6)
i 41 (ai,t + filqi1lis + Fz(ht))) =0. (A7)

(A.5) and (A.6) imply that

it (qelie + reag )
= (i + fiptior1)(@err + F (o) lie + N1 + pier1)aig
= Nit10it + Nigg1 (@41 + Ff (lig) ) i

+ [ t4+1 (ai,t + fiq41 + Fz‘,(li,t))li,t)-
Therefore, by combining this with (A.7), we get that
Nit(qelie + reaig) — Nig1aip — Nipr1 (@1lie + Fi(lig))
= N1 (@1 + F{ (L)) i + pig (ai,t + filge41 + F{(li,t))li,t)

— Nigr1 (qelie + Fi(liy)) (A.8)
= N1 (Fillin) — LiaFy (lig)) + pijggr (ai,t + fi(@1 + E’(h,t))h,t)
— i+ (ai,t + filqeralis + Fi(li,t))) (A.9)
= =it (Fi(lig) — Lo Fi (L)) — fipipr1 (Fi(li) — Lo Fi (Lie)) (A.10)

By summing (A.4) from ¢t = 0 to T, and then using (A.8), we obtain that

T T
D Aiecie + N (arlir +rrair) = ) Aigeis + Mool -1 + Fi(li—1) + ai-1)
t=0 t=0
T
+ Z it + firtit) (Fi(lig—1) = lig—1F; (lig—1)). (A.11)
t=1

Under Assumption (5), the utility of agent ¢ is finite, thus we have

o0 [e.o] o0
Z)\i,tci,t = Zﬁfu;(ci,t)ci,t < Zﬁfui(ci,t) < o0. (A.12)
=0 =0 t=0

Combining this with the fact that limsup A; +(g¢li s + 7:a:¢) < 0, and (A.11), we obtain that there
t—o00
exists the following sum

Z Nit€it + Z it fittit) (Fi(liz—1) — lig—1F (liz—1)) < 0.

15Kamihigashi (2002) only considers positive allocations while a; ; may be negative in our model.
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We now use (A.11) to get that tlim Nit(qeli s + rra; ) exists and it is non positive.
—00

We again use (A.4) and note that ql;;—1 + Fi(lit—1) + ait—1 > 0 (because of borrowing con-
straint) to obtain that 11m 1nf Nig(cit + qilip +1eaig) > 0.

(A.12) implies that hm Aitcit = 0. As a result, we get hm mf i t(qeli e +1ea; ) > 0. Therefore,

we have lim \; +(qeli ¢ —|— rtaz,t) = 0 and then
t—o0

OO>Z)\thzt—Z)\ztezt+Z 2t+fz/ht z(zt 1)_l2t lF(li,t—l))
+ Ai,O(QOZi,fl + Fi(li,—1) + ai,—1)- (A.13)
O

Proof of part 2 of Proposition 1. Before proving this part, we should notice that this result
requires neither u;(0) = 0 nor «}(0) = co. Let us prove our result. It is sufficient to prove
the optimality of (¢;,a;,l;) for all i. Let (c},a,l;) be a plan satisfying all budget and borrowing
constraints and l£,71 —li1=0= a;,q = a;_1. We have

T

E uz Czt

t=0 —

\Mﬂ

T
Czt Czt E )\z,t Cit —
t=0

According to FOCs, we now have
Ai,t(C;t + ‘Jtl;t + rta;t) = Nig(eir + Qtlg,t—l + Fi(lg,t—l) + a;,t—l) (
TeXipy = (Nigr1 + Hie1)as (A.15
)\i,tQtlé,t = ()‘i,tJrl + fi#z’,tJrl)(QtJrl + Fz‘/(li,t))lfz,t + m,tlé,t (
Hi 41 (ai,t + filqelie + Fz‘(li,t))) =0. (

(A.15) and (A.16) imply that

Ait(qeli ¢ + 7eag ;)

= (N1 + fittigr1) (@1 + F L))y +mieliy + Nigr + pig1)ag,

= X105y + N1 (qeen + Ff L)) g+ mili s + prier <a;7t + fi(qe41 + F{(lz‘,t))lé,t)

Therefore, by combining this with (A.17), we get that
Nit(qeliy + reai ) — Nigraady — Mg (qealiy + Fi(liy))
= Ait+1 (Qt+1 + E’(li,t))lé,t + m,tlé,t + i1 (a;t + fi (Qt+1 + Fi’(li,t))lé,t>
— N1 (qeali s + Fi(liy))
= Nt (Bl ) = U Fl i) + maliy + pigsn (0, + filan + FlG)G, ). (A18)

According to budget constraints, we have

Aigr1(€itrr — Gpn) + Nie(aii s 4 read ) — N1 (qeaali g + ree10d041)
= Nl s+ reag ) — Nigrrai s — Mg (@l + Fi(liy) (A.19)
Aiopo(eio — ¢io) — Aio(qoli o + roaig) + Nio(qoli 1 + Fi(li 1)) = 0. (A.20)
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By summing these constraints and using (A.18), we obtain that
T
[Z Aig(eir — C;,t)] — Nirlarlip +rrai) + Xio(aoli -y + Fi(li _1))

{ zt zt 1) — l/t 1Fi (li,tfl)) +77i,tfll£,t—1 +Hi,t( Ay 1+fz(qt+F(lzt 1))l§,t—1}

Since this is satisfied for any feasible allocation (¢}, a}, ), this also holds for the allocation (¢;, a;, l;).
Consequently, we get that

T
[; Nit(cip — 0;7,5)}

= Nir(qrli r + rra; p) — Nir(qrlir + rra; )

T
+) {— Nt (Fi(li 1) = Uiy 1 F{ (Lig—1)) + mie—1li gy + pie (ag oy + fiqe + F (Lo 1))l§,t—1)]
=1
T
- Z [— Nit (Fi(lig—1) = Lig—1F] (Lig—1)) + Mig—1liz—1 + pig (aiz—1 + fi(qe + Fj (lig— 1))%-1)]
=1
T
= Nir(qrli r + rra; ) — i (qrlr + rrair) + Z Mi—1(li g1 — lit—1)
=1

+ Z Ai t|: z zt 1 E(lg,t—l) - (li,t—l - lé,t—l)F/(li,t—l)]

T

+ Z,ui,t (ag,t_1 + filaili gy + F (lig—1)l 1) — (a1 + fi(geliz—1 + F} (lip— l)li,tfl)))
=1
T
= Nir(qrlir + rra; ) — N (qrlir + rrair) + Z i1l 41 — lit—1)
=1

+Z)\zt[ (lig—1) — Fi(li ;1) — (lig— _l;t_l)F/(li,t—l)]
+Zfzu,t[ i) = Billir) = (a1 — Uy F' i)

+ Zﬂzt< @i+ filalip—r + Fi(liz—1)) = [aig—1 + fi(@liz +Fi(li,t—1))])‘
t=1

Since Fj; is concave, it is easy to see that Fj(l;¢) — F(l; ;) > (lix — 1; ) F'(lit) V. Thus, we obtain

T

§ uz Czt zt 2

t=0 t=0

Mﬂ

t(cip — cip) > Nirlarli r + rra;p) — Nir(qrlsr + rrair).

We will prove that lim infr_, . )‘i,T(QTl;,T + rTa'i’T) — Xiv(qrlim +rra; ) > 0. Combining this

o0
condition and the fact that Y Bu;(c;1) < oo, we conclude the optimality of (c;,a;,l;).
=0
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According to (A.15) and (A.16), we have

Nit (el g + 7o)
= o105 ¢ + Nigr1 (Qegr + Fi,(li,t))l;t + ieli ¢ + fig1 (a;ﬂg + filge41 + F‘z‘/(li,t))l;t)
= (N1 + Mi,t—i—l)a;t + Ait41 (Qt+1 + Fi/(li,t))lg’t + 77i7tl2’t + i1 fi (Qt+1 + F{(li,t))lé,t
= (N1 + pigr1) <a;,t + filgrali, + Fi(l;7t))> — (N1 + pien) filaeli s + Fi(l7 1))
+ N1 (o1 + F (L) )iy + mieli g + pigs fi (qearliy + Fi(Lig)li )
= (i1 + pig+1) (a;,t + filaeliy + Fi(%,t))) +0itliy = i + pige) Filliy)
— filia1 4 Migr1)Ge1li + Nipa (g1 + Fil(li,t))l;,t + pig1 fi (g1 + Fi,(li,t))l;7t
= (i1 + Hig+1) <a/z‘,t + figeliy + Fi(%))) +0itliy = fiNige1 + prigen) (Fi(l;,t) - lé,tﬂ@i,t))
— (N1 + Mz‘,t+1)fiﬂ"(li,t)l§,t — filAir1 + Mz‘,t+1)Qt+1l§,t
+ N1 (qer + F{ (L))o + pi1 fi(qeer + Fi (lig) ) 1

= (N1 + Migr1) (a;,t + fi(QtJrll;,t + Fi(l;,t))> + Th',tlg,t — filNig1 + fig+1) (Fi(l;,t) - lg,th‘,(li,t))
+ (L= fo)Xigr1(qerr + F(lig)) 15 4

Since this is satisfied for any feasible allocation (¢}, a},1}), this also holds for the allocation (¢;, a;, l;).

Hence, we get, by combining with FOCs of (¢;, a;,1;) and borrowing constraint associated to allo-
cation (c,al,l}), that

)\@t(Qtlg,t + rtaé,t) — Nit(qelip + meaiy)
=(Ni 41 + Migr1) <a;‘,t + filgealiy + Fz(%ﬁ)) — (Nijgr1 + Migr1) (az’,t + filqes1lig + Fz(l”))>
+ Mieli s — Mielie + fi(Nier1 + fiee1) (E(Z’Lt) — Fi(liy) — (Liy — lgyt)Fi’(li,t>
+ (= fo) X1 (s + Fi (i) iy — (1= fi) N1 (qen + Fi (i) ) i
> — Nii+1 (ai,t + filqie1liy + E(lzt))) = (L= fi)Nigs1 (g1 + F{ (Lig) ) Uit
As in proof of part 1 of Proposition 1, we notice that

lim )\i’tcu = lim )\i,teivt = lim )\i,t(qtli,t + rtai,t) = 0.
t—o0 t—o00 t—o00

Combining this with budget constraint, we get that limy oo Nit(gitliz—1 + Fi(lit—1) + ait—1) = 0.
Therefore lim;—,o0 At (fi(qi7tli,t,1 +Fi(li4—1))+ aw,l) = 0. Moreover, by borrowing constraint and
concavity of F;, we have

Gitlip—1 + Fi(lig—1) + aig—1 > (1= fi)(@ipliz—1 + Fi(liz—1)) > (1 = fi)(git + Fy (lig—1))li—1
which implies that limy oo (1 — fi)Xit(git + F; (lit—1))lit—1 = 0. Therefore, we obtain that
liTnLiorgf )\in(qu;;’T + rTa;T) — Nir(grlir + rra;r) > 0.
]

Proof of Corollary 1. Assume that there exists tlirn (Qtrtaivt + [iQi41 [Qt+lli,t + Fz(l”)]) > 0.
—00

Hence, there exists a date T > 1 such that borrowing constraint (4) is not binding V¢ > T'. Therefore,
Xt = Nit41 VE > T,Vi. By consequence, there exists C; € (0,00) such that Q; = Ci\iy Vt > T.
According to transversality condition (14), we get tlim Qi (rtai,t + qtl@t) =0.

—00
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By combining (15) and the fact that Q¢ = Cj\;+ Vt > T', we obtain lim Qc;; = lim Qe;r = 0.
t—o00 t—o00

Therefore, by using budget constraints, we get
tlggo Qi (ait—1 + @lig—1 + Fi(liz—1)) = 0.

Since f; € [0,1] and Q; = r4—1Q¢—1, we obtain the statement (b).
Condition (17) is proved by using the same argument. O

B Proofs for Section 3

Proof of Lemma 2. According to (11), we obtain q; > Y441 (th +diiq).
We prove the second inequality. We see that there exists an agent, say 7, such that [;; > 0.
Thus, 7;+ = 0. Therefore, we have

it = N1 + fittigr1) (@1 + ) (Lig))
< (Nig1 + i) (@ + F (L)) < Niare(@rer + dig)- (B.1)

By combining with (16), we get the second inequality in (18).
We now prove (19). According to FOCs, we get

Nit+1 + filtig+1 Nijg+1 + Hig41 , Mit
— 5 ) ) ) + F l + 2 B2
o i1+ g1 it (@1 + Filli)) it (B2)

Nitr1 + filkit+1 y Mit

_ L + FI(L ) + = B.3
i1+ Hij41 (g1 i(lic)) it (B-3)
> firi(qe1 + F/(lig))- (B.4)
Therefore, we obtain (19). O

Proof of Lemma 3. According to (18), we obtain dy1 < dyy1.
Since f; =1 Vi or (4) is not binding for all i, we always have p; 1 = fipi+1 Vi. So, we get

gt = Vi1 (g1 + Fi (lig)) + Zz’t

> Yoyt (@1 + Fi (Lig))

2,
for all i. Therefore dy41 > Jt+1. As a result, we have dy11 = thH. O

Proof of Proposition 2. Since /;; > 0 at equilibrium, we have n;; = 0. By consequence, we
obtain that, for all 4, ¢,

it = (N1 + Hig1) (B.5)
Nip@t = (Nijg1 + fitvigs1) (@1 + Fj (lig))- (B.6)
We see that, for all i, ¢,
q = it & fiftiten (qea1 + F(Lig)) < M(Qt—i—l + F/(lir))
it At
= Y+1(qer1 + F] (Lir))
Therefore, we obtain that q; < 411 (th +d, +1). By combining with (18), we have
Gt = Vt+1 (Qt+1 + dt+1)~
As a result, we get that dyy1 =d; 4. O
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Proof of Proposition 3. According to FOCs, we obtain

N1+ fittigr1 @ + F(Lig) Mg

1=
Nijp+1 + Mig+1 Q1+ dipr it G

(B.7)

If l;; > 0, then 1, = 0. By combining (B.7) with f; <1, we get diy1 < F/(l;1).
We now assume that diy1 < F)(l;¢). If (4) is not binding, we have p; ;41 = 0 which implies
that dy1 > F/(l;1), contradiction. O

Proof of Proposition 4. Since f; = 1, condition (11) implies that

Q@ S At e )
ge+1 + Fi(lje) — Ajit

Assume that [;; > 0, we have 7, ; = 0 which implies that

q i1t ik q
/ - S Tt S / *
Gr+1 + Fi(lit) Ait Qi1+ Fj ()
Therefore, Fj(L) < Fj(l;4) < F/(l;) < F;(0), contradiction. O

Proof of Lemma 4. Let (q,r, (i, iy aq), (¢4, lj,aj)) be a steady state equilibrium. According to
Proposition 1, we rewrite the system (9, 10, 11, 12, 13)

@?ué(ci,t) = it
= <5iué(0i,t+1) N Mi,t+1>
uj(cit) it

Biul(cit41) Mt 41 , i t+1
— 5 a2 F(L )
@ = ug(ci) i Nit (g + Fl(l) + Ait

% ’

Nitliz =0
i t+1 (az’,t + filalic + Fz(lzt)]) =0

Hii+1 Ni,t
Let us denote x; ¢ := SV Ot = .
it

At steady state, we have

r=(Bi + z;)
q=(Bi + fizi)(q + F (L)) + 0.

Since B; < B;, we have x; > x;, which implies that x; > 0. Therefore, we obtain
ai + fi[ali + Fy(l;)] = 0.

Hence, a; < 0 and then a; > 0 which implies that x; = 0. The impatient agent borrows from the
patient agent.

We consider the case where Fi(l;) = A, Fj(l;) = A;1$. Then Fj(lp) = aAply ! for h=1,j.
In this case, we have l;,[; > 0, hence o; = 0; = 0.

We see that a; < 0, which implies that a; > 0. Hence, x; = 0. The asset price is r = 3;. We

have q(% - 1) =F/(l;) = aAjl;-"_l, therefore
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Since B; + x; = ﬂj + xj, we get x; = Bj — ;. By consequence, we can compute

ad; I\
Bi+Fi(Bj—Bq)

Using l; + [; = L, we can compute the price of land

L= (A ) (A
[ R
Bi+fi(B5—B:) Bj

C Proofs for Section 4

Proof of Proposition 5. According to (26), it is easy to see that a land bubble exists if and only
if tl:gloo Qiqr > 0.
According to (25), we get that

Lo d
g0 = Qrar [J(1 + qu).

t=1
T
Since g > 0, we see that lim Qq; > 0 if and only if lim J](1+ %) < co. It is easy to prove that
t—+o00 =00 1 at
d
this condition is equivalent to » ,°, - < +o0. O
az

Proof of Proposition 6. Assume that Q;/Q; is uniformly bounded from above. According to
Proposition 1, we have 1tlim Qit(qliy + rea;y) = 0, therefore
—00

tllglo Qi(qsli +riais) = tlg})lo (5{1) (Qi,t(Qtli,t + T’tai,t)> =0

for any i. Note that > l;; = L > 0 and ) a;+ = 0 V¢, we obtain that tlim Qg =0 O
% 3 —00
Proof of Corollary 5. Since p; ;41 = 0Vt > T, we have r\;; = X\it+1 Vt > T. By consequence,
vit = Y Vt > T + 1. This implies that Q;/Q; is uniformly bounded from above. According to
Proposition 6, there is no bubble. O
o0
Proof of Lemma 5. According to (26), we get > Q;d; < co. However we have d; > F/(L) >
=0
o0
min F}/(L) > 0 Vt. Therefore, we obtain ) Q; < co. Since supe;; < oo and F;(l;¢) < F;(L) Vi, Vt,
1 —

=0 it
oo
we obtain that > Q,Y; < co. O
=0
Proof of Lemma 6. We will claim that sup, ;(Qsr¢a;¢) < oo. Indeed, (4) is rewritten as

Q104 + fiQi41 <Qt+lli,t + Fi(li,t)> > 0. (C.1)

Since Q41 = 1:Q¢, (4) is equivalent to

Qureair > — fiQu1 (Qt+1li,t + Fz'(li,t))- (C.2)
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It is easy to see that 0 < Qq¢l;+—1 < qoL < co. Therefore, we have

fiQi1 (qt+1l7, t+ Fi(l; t)) < figoL + fiQi+1Fi(L). (C.3)

By consequence, we obtain

Qiriaiy > —figoL — fiQi+1Fi(L). (C.4)

According to the proof of Lemma 5 , we see that lim;_o, @Q; = 0, and hence we get that
inf; s Q¢rea;y > —oo. Since Y it Qriaiy = 0, we have —oo < inf;; Quria;r < sup; ; Qirea;r <
Q. [

Proof of Lemma 7. We rewrite the budget constraint of agent i at date t as follows
Qicit + Quarliy + Qereaiy = Qu(eir + Fi(lit—1)) + Quaelit—1 + Qraii—1. (C.5)
According to (16) and (20), we get
Quqr = Qt+1(Qt+1 + dt+1)7 Qirt = Q1.

Therefore, we have

T T T
Z Qicit + Z Qudili 1 + Qr(arlir + rra;r) = Z Quleir + Fi(lit—1)) + qoli,—1 + ai 1.
t=0 t=1 t=0

By combining this with Lemmas 5 and 6, we obtain that

sup <ZQtCzt+ZQtdtzt 1) 0.

T—o00

This implies that there exists the sum Z (Qecit + Qudili4—1), and so does tlim Q: (qtli,t + rtaiyt).
—00
Note that hm Qicip = hm Qi(eit + Fz(lm,l)) = 0. Then, by using (C.5), we get (27). O

Proof of Lemma 8. If 1tlim Q: (rtaw%—qtli,t) > 0, there exists T} > T such that Q; (rtai7t+qtli7t) >
—00
0 Vt > T1. Hence, we get

Qe1ait + [iQis [ lie + Fi(liy)]
> Qui10it + Qui [qr41 + dig]lix = Qim0 + Qeageliy > 0

Vt > Ty. This implies that p; 41 =0Vt > T}
Therefore, r iy = Xity1 V& > Ti. By consequence, there exists C; > 0 such that @

S

CiAip YVt > Ty. According to transversality condition (14), we get tlim Q¢ (rtai,t + Qtlz’,t) =
— 00
contradiction. ]
Proof of Propostion 7. If [;; = 0, then condition (28) is satisfied.
Fi(lit—1)

If I;; > 0, by combining with f; = 1 and using Lemma 3, we have d; = F}(l;+—1) < 7

it—1

Therefore, condition (28) is satisfied. By consequence, we have tlirn Q¢ (rtai,t + qtli7t) < 0Vi. By
—00

summing this inequality over 4, we obtain 1tlim Qrq: L < 0, which implies that bubbles are ruled
—00
out. O
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Proof of Proposition 9. 1. Since Q; > Q;, it is easy to see that F'Vy < F'V; Vi, and if an i-land
bubble exists for some agent i then a land bubble exists.
2. Assume that i-bubble exists for any ¢, we have tlim Qitqr > 0 Vi. Therefore, we get
—00

tlim Q+q: > 0. Since both these two limits are finite (less than ¢g) and strictly positive, we see that
—00
tlim Q:/Qi € (0,00) Vi. According to Proposition 6 we have tlim Q+q: = 0, contradiction.
—00 — 00
3. We now assume that FVy = FV; Vi, which implies that 1tlim Qiqr = tlim Qitq- If a
—00 —00
land bubble exists, we have lim Q:¢; = lim Q¢ € (0,q0). Thus, we obtain lim Q;;/Q; = 1.
t—ro0 t—o0 t—o0
According to Proposition 6 we have lim Q¢ =0 = lim @;q;, contradiction.
t—00 t—00 B

D Proofs for Section 5

First, we give sufficient conditions for a sequence (qt, (it l,-,t)lE I ) , to be an equilibrium. Notice
that the utility function may satisfy u;(0) = —oc.

Lemma 9. If a sequence (qt, (Cits Lty pit) )t satisfies the following conditions

el
(Z) Vta VZ, Ci,t > 07 li,t 2 07 ,ui,t 2 0. Vtht > 07
(ii) first-order conditions:

_ Biui(citi1)

F!.(; ; itlis =0, D.1
W (i) (Qt+1+ m(z,t)) + Nty Mitliz (D.1)

qt

(iii) transversality conditions: tlg& Blul(cit)aqiliy = 0 Vi,
() cit+ qliz = eir + qlit—1 + Fig(lig—1),
(vi) 3 ierlie =L,

then the sequence (qt, (cit, livt)iel )t is an equilibrium for the economy without financial market.

Proof. Using the same argument in the proof of Proposition 1. O

D.1  Check for the example in Section 5.1.1

We now check all conditions in Lemma 9. It is easy to see that the market clearing conditions are
satisfied. Let us check FOCs:

Bpug(cB2t+1) Bau'y(cais1)
@t = —F——"(q2t41 + Bory1) > —F—"—"(qoe41 + Ao D.2
P gl et T Ban) 2 ey (e Aa) (D)
Bau'y(caz Bpug(cB.2
Q-1 = #(%ﬁ + Agy) > ,L’t)(fmt + Bay). (D.3)
u'y(caae—1) up(cp2t-1)
The equality in (D.2) is satisfied because
53“39(03 2t+1) 53(63 2t — QQt)
————(q2t41 + Bat11) = — 55— (q2t+1 + Bot1 D.4
u'z(cB,2t) (2204 ) q2t+1 + Baty1 (@204 1) (D-4)
= Br(eB2t — q2t) = qot- (D.5)

We now prove the inequality in (D.2). We have

Bauly(caots) _ Balgar + Az)

Got+1 + Aoir1) = ——————(qot41 + Aot D.6
U;;(CA,QL‘) ( t+ t+ ) €A2t+1 — Q2t+1( H H ) ( )
Ba(72E-ep ot + Asy) Ba
= +615 (1 eA2t+1 + Azt) (D.7)

1584 €A2t+1 + Ba
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By consequence, the inequality in (D.2) is equivalent to

BBeB,2t Baeai+1 eB2t €A2%+1
PBEBA | gy ) (PACA2EL 4 g 1) < 2 eA
5A(1+/BB at)( 1 A 2t+1)_6B1+5B1+,8A
which is the condition (31).
‘We have
Bpug(cp2 5(q2t—1 + Bot—
#(‘Dt + By) = Bi(gz 21-1) (g2t + Bat)
up(cB2t—1) eB.2t — qot
Br(24—€e49: 1+ Bar_1)
— 1+BA i (1 BB 637275 + BQt)
1385 €82t + BB

By consequence, the inequality in (D.3) is equivalent to

Baeai—1 BBeB 2t eB2t €A2i—1
) ) + B < ) )
6(71+5A t1)(1+ﬁ zt)_ﬁA1+BBl+5A
which is the condition (32).
‘We now check TVCs. We have
2t—1

BRuly(cant)qarlasis = 0 and B !y (cani1)qo—1la = o
2t—1

Similarly, we also have
BHEUg(cpa)lp a1 = BETH — 0 and B2 us(cpar-1)gat-1lp 2 = 0.
We finally verify that, for all ¢ > 0,

Bpup(cpaiy1) _ Bauy(caziit)
ug(epa) — dy(cae)
Bpu'g(cpat) _ Bauy(caat)
up(cpat—1) uw'y(cai—1)

IN

Indeed, condition (D.14) is rewritten as

B
Belenar — a) Ba(tig; et + Ax)

= 1
q2t+1 + Bogy1 T35, CA2t+1

Since qop = %63,2& q2t+1 = lfﬁeAng, condition (D.14) is equivalent to

BpeB 2t
14+ 6B

€B2t €A2t+1
B1 +B81+ B4

BAGA,ZH-I
£)(

BA( W

+ Ao + Baiy1) < 8
This is condition (33).

By the same argument, we see that condition (D.15) is equivalent to

Baeai—1
1+ Ba

€B2t €A2t—1
1+8g1+pa

)(5363,21:

Ba( 115

+ Bai—1 + Ay) < Ba

This is condition (34).
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D.2 Check for the example in Section 5.2
We will find equilibria such that

(ZA,Qt—17 lB,2t—l) = (07 1)7 (lA,2t7 lB,Qt) = (17 0) (Dlg)
ap2t—1 = qot + Boy = —ap2t—1, aB2t = qoep1 + Azpy1 = —aaz V> 1. (D.20)

It means that at any even (odd) date, agent A (agent B) borrows until her borrowing constraint is
binding and buys land.!® In this case, we have

VE>0, caze+qo+1r2a42t =€an+aaz—1
VE>0, cagir1 + 72041042641 = €42¢41
¢B,0 +1oaBp = epp + qo + Bo
Vt>1, cpoat+raapo = eBat

Vi >0, cBoatt1 + @41 +T2t410B 2641 = €B 241 + AB 2t

Since apg; > 0 and as92:—1 > 0, we have upoi11 = a2 = 0. Since agent A produces at date
2t + 1 and agent B produces at date 2¢, we have 042t = npa—1 = 0.
We have to find land prices and interest rates satisfying first-order and transversality conditions.
Transversality conditions (14) are written tliglo Bul(cit)(qlis + reair) = 0 Vi, or equivalently

lim B (gt — rat(q2e41 + A2i41)) “ 0. lim B2 ro 1 (got2 + Baty2) _
t—oo 4,2t + (qat + Bar) — qo + r2e(qoe+1 + A2i41) T too0 eq 9041 — rort1 (gt + Bar2)
lim »32t7“2t(QQt+1 + Asit1) —0 lim 52t+1(QQt+1 — rot+1(q2t+2 + Batt2)) -0
t—00 e ot — rot(qae+1 + A2it1) T too0 eg o1 + (et + A2er1) — qae1 + T2e+1(qe+2 + Baito)
FOCs can be rewritten as
By — A — A
o — e+ qo + Bo —ro(q1 + A1) S 540 Q0 +7o(q1 + A1) (D.21)
ep1 + (g1 + A1) —q1 +71(q2 + Bo) ea1 —ri(q2 + Bo)

et — rot(qae+1 + A2it1)
eB2t+1 + (q2t41 + A2t+1) — g1 + m2141(q2e4+2 + Baryo)
eaat + (g2t + Bor) — qo¢ + r2:(qoi1 + Aoit1)

7”2t:5

> f D.22
ea2t+1 — T2t+1(q2e42 + Barg2) ( )
rop1 = B ea2t—1 — r2e—1(q2t + Bat)
f1 =
eaat + (g2t + Bot) — qot + r2:(qoi1 + Aoit1)
_ _ Aot 1) — qos— _ B
S 663,% 1+ (qe—1 + A2i—1) — qoe—1 + m2e—1(q2e + 2t). (D.23)

epot — T2t(qot+1 + Aoit1)

Condition (D.21) means that 7o = yp,1 > 74,1. Condition (D.22) means that ro = v 2t41 > Y4 2t41
while condition (D.23) means that 79—y = Y42 > B2t This implies that o, = 742 and

Y2t+1 = VB,2t41-
It is easy to check that in our example, all first-order and transversality conditions are satisfied.

E Proofs for Section 6

E.1 Proof of Proposition 10

We present a proof for the case where there are many consumption goods, the claim of the short-
lived asset at node  is a positive vector (R )ece+ and production function Fj¢ are non-stationary.

16We need this because Corollary 6 indicates that bubbles only exist if borrowing constraints of agents are
frequently binding.
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Point 1. The proof is far from trivial. Here, we present a proof, inspired by that in Araujo et
al. (2011), Pascoa et al. (2011), which is different from that in the deterministic case.

Let (p, q,7, (¢, i, ai)g'll) be an equilibrium. For each agent i, we define T'—truncated optimiza-
tion problem

Pr(p,q.7) max |3 wieleie)]

T
(Civlivai)eBi (p7Q7T) EeDT
where

BzT(pa QaT) = {(Cal7a) = (Cﬁﬂlfvbf)feDT : (a) l§ = a¢ = 0 VS € DTa
ce >0,l¢ >0VY¢ e DT
(b) PeoCeo + deoley + Teotey < Peo€iy + PeoFigo les) + deoles
(c) V€ such that 1 < ¢(§) < T':
0 < peleag- + fi (qélg— +P£Fi,§(l§—)>
Pece + gele + reag < peeie +peFig(le-) + gele- + peReag-
(d) e <2L vg}.
Lemma 10. The problem PiT(p, q,7) has a solution.

Proof. Since all prices and R are strictly positive, borrowing constraints imply that a¢ is bounded
from below. Since l¢ is bounded for any &, it is easy to prove, by using the induction argument,
that ag is bounded from above. By consequence, c¢ is bounded. Hence, BZ-T (p,q,r) is bounded and
therefore compact. O

Remark 7 (on the condition /¢ < 2L in definition of B} (p,q,)).

If we define Bl (p,q,7) as in Araujo et al. (2011), it will be not easy to prove that Bl (p,q,r) is
bounded (because of the presence of short-sales). Indeed, consider a two-period deterministic model;
agent i has linear productivity F;(k) = A;k and f; = 1. If prices satify po = p1 = 1 =19, qo = 1,
q1 = R1 — A1 > 0, then the following set

{(00701,l0,a0) : 9 >0,c1>0,lp>0VEe DT,

poco + qolo + roao < poeio + pokio(li—1) + qoli—1
0 < Ryag + fi ((Illo +101Fz‘,1(lo)>
pict < pieiqn + prFia(lo) + qilo + R1a0}

= {(CQ,Cl,lo,ao) Tocp > 0,61 > 0,[0 >0 Vf c DT,
co+ (lo+ao) <eio+ Fio(li—1) +1li—1
0 < (Ai +q1)(lo + ao)

a < e+ (A +aq)(lo + ao)}-

is not bounded (for example, we can choose co = 0,c1 = 0 and ag+ 1y = 0 with ag tends to —oco and
lo tends to +00).

To encompass this difficulty, unlike Araujo et al. (2011), we impose l¢ < 2L. This trick helps

us to prove the boundedness of BZ-T(p,q,r). At the end, this condition can be removed because it is
automatically satisfied thanks to the fact that l; ¢ < L < 2L at equilibrium.
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TlTT

'L’Z’Z

We now come back to the proof of Proposition 10. Let (¢ ) be a solution of the problem

PT(p,q,7). The Lagrangian of the problem PI(p,q,r) is'”

£€DT SGDT_I fEDT_l

+ ) (PsRs%* + fi(gele- +P5Fi,£(lsf)))
£eDT\{&o}

T

+ > AL (Paei,g + PeFig(le-) + gele- + peReag— — pece — qele — Tsas)
gepT-1

+ ) Al (Pgez‘,a +peFig(le-) + gele- +peReag- — Ps%ﬂ : (E-2)
§eDr

By using Kuhn-Tucker Theorem and the duality in convex programming in Florenzano and Le
Van (2001) (Chapter 7) and Rockafellar (1997) (Chapter 28), there exist non-negative sequences
(M e)eent, (i e)eept—1, (11 e)eeprse)>1: (0f ¢ )eepr—1
such that
L (e, 10, N ool ud 00) < LT (cf0f al AT ool uf07) = 7 wiglele) < uigleie)  (E3)
&eDT £eD

for any (c, !, a), where the last inequality in (E.3) is from the optimality of (¢;,;, a;) for the original
problem (P;(p, ¢q,r)). This implies that

Zuzg Cg Z mgl§+ Z 9 2L lg)

¢eDT &eDT-1 ¢epT-1

+ Z Mz:g (pgRgagf + fi(gele- +p§Fi,§(lg*)))
£eDT\{&o}

+ > A (Psez‘,s +peliele-) + gele- + pelleag- — pece — qele — 7"5%)
EEDT_l

+ Y Al (Pfei,f +peFig(le-) + gele- + peReag- — Pszﬂ
§eDT

< Z uj¢(cie) for any (c,l,a). (E.4)
£eD

By choosing ¢ =1 =a =0 in (E.4), we have, for any ¢t < T,
Z )\nggei@ + Z 03:52L < Z uje(cig) < oo. (E.5)
¢eDt cepT-1 &eD

This implies that (A, £)T>T(§) (03:5)T2T(£) are bounded node by node.
In condition (E.4), by choosing (c,l,a) € B (p,q,r) such that le =1, e < L < 2L V¢, we have
that, for any ¢t < T,

> 77%5[15 + ) finde( Gel; e + peki(l; <D uigleig) (E.6)

gept—1 gept ¢eD

Since [, & > 0, we obtain that (nga ,“;Trg)TZt(g)Jrl are bounded node by node. So there is a subse-
quence (T});, and a non-negative sequence (\; ¢, ;¢ thi ¢, i ¢) such that, for all node &,

T, T,
(Al’g,nzg,uzg,e §) — (Nig Mg, pig, Oie) when k — oo.

1"We omit multiplier associated to constraint ¢i¢ > 0 because at optimal we always have c¢; ¢ > 0 thanks
to Inada condition.
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We fixe ¢ € DT\ Dy. Applying condition (E.4) for (¢, 1, a) such that (c,, Ly, au) = (i, lips @ip)
Vi # £, we have

wig(ce) + migle + 05e(2L — le) + i (pf% +delig +1eaie — pece — qele — 7"5“6)

+ ) Hig (Pszeaf + filaele +P£'Fi,£'(l£))>
greet

+ > A (pé’FLé’(lé) + qele + pe Rerag — perFig(lie) — qerlie — pé’Rs/ai,g)
et

Suigleid) + Y uigleig) (E.7)
£eD\DT

From this, we let & in the subsequence (T}) tend to infinity, we obtain that, for any (c¢, l¢, ag),

wig(Ce) +igle + 056 (2L — le) + Aig (Pa% + aelie + reaie — pece — qele — 7‘5%)

+ > Hig (P£’R§'a£ + fi(ae'le +P£’Fz’,£’(l£))>
greet

+ D dig (Peﬂ,e(ls) +agle + pe Rerag — peFig(lig) — qerlie — peRs’az‘,a)
greet
< uig(cig)- (E.8)

Choosing (cg, le, ag) = (cig, lig, a;¢) and noticing that [; ¢ < 2L, we have

Oic = Miglic = pigr (pg'Rg/ai,g + fi(gerlie + p&’Fi,E’(li,E))) =0V ect. (E.9)

By using (E.8) and the definition of derivatives, we also obtain FOCs (51), (52), (53).
Let us now prove transversality condition (56).

Lemma 11. limsup > Ai¢(gelig + reaie) <O0.
t—o0 £eDy

Proof. Fixe t, and take T > t, we choose (c,l,a) such that (c¢,l¢,ae) = (cig,lig,ai¢) V€ € D1
and (cg, l¢, ag) = 0 otherwise, condition (E.4) gives that
> Me (Psei,s +peFig(lie-) + aelie- +P£R£az‘,§*>} < ) uiglag) VT (E.10)
E€Dy ¢eD\Dt-1
Let k in the subsequence (T}) tend to infinity, we have
D Aie (pgez',g +peFie(lie-) + qel; e +p§Rgai,g—)} < ) uielee). (E.11)
€eD; ¢eD\Dt-1
Let t tend to infinity, notice that ) wu;¢(c;¢) < oo and w;e(ci¢) > 0, we obtain transversality

£€D
condition

Jm ;[; Aig (P&@i,s +pelie(lie-) + aelie- +P£Rsazy§*)] =0. (E.12)
ST

Combining this with the fact that budget constraints are always binding, we obtain

lim sup Z Aig (qdi,g + Tgai’g) <0. (E.13)
t—o0 ¢eD,
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We have, by noting that u;¢(0) > 0,

00> D uigcie) 2 ) uig(0) + Y uielcig)eie > D Nigbecie: (E.14)

§eD §€D £eD £eD
So, we get limy_,o00 D, Aj¢peci¢e = 0. By combining this with Lemma 11, condition (E.12), and the

£eDy

fact that budget constraints are always binding, we obtain (56) i.e., imsup, o, Y. ig(gelie +
£eDy

Tgal'@‘) = 0.

Point 2. Tt is sufficient to prove the optimality of (¢;,l;, a;). This can be proved by using the
same argument of the deterministic case.

E.2 Proof of Proposition 12

First, take v in Assumption 10, we will prove that (1 —v)(gelie + reaie) < We Vi, V€18 Indeed,
suppose that there exist i and £ such that (1 — v)(qgeli¢ + 7¢a;¢) > We. Let us consider a new
allocation of agent i: z; := z(c;, &7, (1 — 7)(gelie + 7eaig)). By noticing that v < 1 and vF(z) <
F(vyz) Yx, we can check that this allocation is in the budget set of agent i. By Assumption 10, we
have

Ui(ci) < U; (z(ci,g,'y, Wg)) < U; (z(ci,é,'y, (1 —7)(qeli ¢ + rgai,g))). (E.15)

This is in contradiction to the optimality of (¢;,;, a;).
So, we have (1 —)(qeli ¢ +rease) < We Vi, V€. Taking the sum over i, we get (1 —)geL < mWe
V€. Since L(1 — ) > 0, we get that

< ——— VE. (E.16)
v
Point 1 of Proposition 12 is a direct consequence of (E.16).

We now prove point 2 of Proposition 12. Let us consider a process of state-price and land
dividend I' := (¢, d¢)eep. We will prove that limg o deDt Qeqe = 0.
We observe that d¢ > inf; ¢ F ((lj¢-) > inf; ¢ F} (L) > 0 V€. Combining this with (64), we have

0> a5 2 > D Qede > (inf FLe(L)) > D Qe (E.17)
t>1 £€Dy i t>1 €Dy

Therefore, lim; o Zfe p, Q¢ = 0. Since W is uniformly bounded from above, we get that
limy 00 deDt Q¢We = 0. According to point 1, we obtain lim;_, Z&eDt Qeqe = 0.
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