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Abstract

We show that both real indeterminacy and asset price bubble may appear
in an infinite-horizon exchange economy with infinitely lived agents and an im-
perfect financial market. We clarify how the asset structure and heterogeneity
(in terms of preferences and endowments) affect the existence and the dynamics
of asset price bubbles as well as the equilibrium indeterminacy. Moreover, this
paper bridges the literature on bubbles in models with infinitely lived agents
and that in overlapping generations models (Tirole, 1985).
Keywords: asset price bubble, real indeterminacy, borrowing constraint, in-
tertemporal equilibrium, infinite-horizon.

JEL Classifications: D53, E44, G12.

1 Introduction

The existence and dynamics of asset price bubbles are one of the fundamental ques-
tions in economics and finance. According to the classical paper by Santos and
Woodford (1997), conditions under which bubbles exist are relatively fragile. After
the global financial crisis of 2007- 2009, this topic has regained momentum and dif-
ferent new mechanisms of bubbles have been proposed.! To date, the literature on
rational asset price bubbles has focused on two frameworks: (1) overlapping genera-
tions models (OLG) and (2) infinite-horizon general equilibrium models with infinitely
lived agents. Note that since the influential paper of Tirole (1985), numerous studies

*EPEE, Université Paris-Saclay. Email: stefano.bosi@universite-paris-saclay.fr

fIPAG, CNRS, PSE, and TIMAS. Email: Cuong.Le-Van@univ-parisl.fr

YEM Normandie Business School, Métis Lab. Email: npham@em-normandie.com

1See Farhi and Tirole (2012), Martin and Ventura (2012), Gali (2014, 2018), Hirano and Yanagawa
(2017), Miao and Wang (2012, 2018), Barbie and Hillebrand (2018) among others. The reader can
also find excellent surveys in Brunnermeier and Ochmke (2012), Miao (2014) and Martin and Ventura
(2018).



have privileged OLG models to study the existence of bubbles and their macroeco-
nomic implications. Although it is also important to study infinite-horizon models
of bubbles,? this type of framework has received relatively less attention.® As rec-
ognized by Kocherlakota (2008), Miao (2014) and Martin and Ventura (2018), our
understanding of bubbles in infinite-horizon models is far from complete.

The present paper aims to address basic and open questions about rational asset
price bubbles in intertemporal competitive equilibrium: Why do asset price bubbles
exist in equilibrium? What is the connection between the existence of bubbles on the
one hand and the economic agents’ consumption and trade on the other? How do
the existence and dynamics of the asset price bubble depend on asset structure and
economic fundamentals such as endowments?

To answer these questions, we consider an infinite-horizon general equilibrium
model with a finite number of agents, where there are one consumption good and one
financial asset as Lucas’ tree (Lucas, 1978). Our model has two key ingredients: first,
agents are heterogeneous in terms of endowments and preferences; and second, there
exist financial frictions in the form of short-sale constraints, i.e., the asset quantity
that each agent can buy does not exceed an exogenous limit. As in Tirole (1982),
Kocherlakota (1992), Santos and Woodford (1997), given an equilibrium, we say that
there exists a bubble in this equilibrium if the equilibrium asset price exceeds the
fundamental value of the asset, defined as the present value of dividend streams. An
equilibrium with (resp., without) bubble is said to be bubbly (resp., bubbleless).

Our contribution is three-fold.

First, we provide new conditions under which bubbles are ruled out. The literature
on bubbles in infinite-horizon models shows several conditions ruling out asset price
bubbles. Kocherlakota (1992) questioned the relationship between the existence of
bubbles and borrowing constraints. He pointed out that, in the presence of bubbles,
the limit infimum of the differences between asset holding and borrowing limit equals
zero. We go further by proving that in any equilibrium with bubbles, there exist at
least two agents whose borrowing constraints bind (i.e., asset holding equals borrowing
limit) at infinitely many dates, and there exist at least two agents (not necessarily
the same agents just mentioned) whose assets holdings fluctuate over time.

Another famous no-bubble condition in Theorem 3 in Santos and Woodford (1997),
which states that, under mild conditions, bubbles are ruled out if the present value
of aggregate endowments is finite. This condition still holds in a model with debt
constraints (Werner, 2014) and in a model with land and collateral constraints (Bosi
et al., 2018b). In our model with short-sale constraints, we also obtain this no-bubble
condition (see Corollary 2).

Motivated by the fact that most of the no-bubble conditions are based on en-
dogenous variables, we contribute to the literature by providing conditions based on

2Miao (2014) explains why we need to study infinite-horizon models of bubbles.
3In such models, it is difficult to characterize or compute the equilibrium. It is also not easy to
provide non-trivial examples of equilibrium.



fundamentals. The first condition (see Corollary 1) shows the role of the borrow-
ing limits: there is no equilibrium with bubbles if borrowing limits are high enough.
The second condition (see Proposition 3) shows the role of impatience: under the
assumption of uniform impatience, there is no bubble if agents strongly prefer the
present. The intuition is simple: if agents strongly prefer the present, they do not
buy the asset in the long run, ruling out bubbles. In particular, this is the situation
in finite-horizon models in which no one buys the asset in the last period eliminating
the possibility of bubbles.

The second avenue of our contribution concerns the construction of models with
bubbles where we can explicitly characterize the existence and the dynamics of bub-
bles by using fundamentals such as agents’ endowments, borrowing limits, asset div-
idends, and asset supply.

The above no-bubble conditions suggest us to focus on a two-agent model and
characterize the equilibrium in which borrowing constraints of both agents bind in-
finitely many dates (more precisely, the first agent’s borrowing constraint will bind,
for instance, at even dates and that of the second agent at odd dates). We find
that such an equilibrium exists only if (1) the borrowing limits are low and (2) the
benchmark economy (i.e., the economy without asset) experiences the so-called seesaw
property. An economy verifies the seesaw property whenever one agent’s subjective
interest rate is higher than that of another agent at infinitely many dates while be-
ing lower at infinitely many other dates. Focusing on such equilibrium, we find that
bubbles are ruled out if the value of endowments (discounted by using the interest
rates of the benchmark economy) of the agent who buys asset vanishes in the infinity
(see Proposition 4). As a consequence, there cannot exist a bubble if the benchmark
interest rates are high. The basic idea is that asset buyers’ income must be high
enough so that they are willing to buy the asset, even when the asset price exceeds
the fundamental value.

Notice that this condition concerning the benchmark interest rates is based on fun-
damentals and cannot be obtained from the famous condition in Santos and Woodford
(1997), which is based on endogenous variables. Our finding can be viewed as an ex-
tension of the no-bubble condition of Tirole (1985) in an OLG model* to our general
equilibrium model with infinitely lived agents. In this sense, our paper is the first to
create the connection between the no-bubble conditions in Tirole (1985) and those
in infinite-horizon general equilibrium models. Recall that Tirole (1985), Farhi and
Tirole (2012) need the convergence of interest rates of the economy without asset
while we do not require such convergence.

In the existing literature, there are some examples of bubbles in general equilib-
rium models with infinitely lived agents.” Concerning the asset having zero dividends

41t states that there is no bubble if the steady-state interest rate of the economy without bubble
asset is higher than the population growth rate

®Brunnermeier and Oehmke (2012), Miao (2014), and Martin and Ventura (2018) provide excel-
lent surveys on bubbles. Here, we focus on bubbles in general equilibrium models with infinitely



and positive supply (i.e., fiat money), Bewley (1980) (Section 13), Townsend (1980),
Kocherlakota (1992) (Example 1) and Scheinkman and Weiss (1986) show that, when
borrowing is not allowed, fiat money may have positive value in infinite-horizon
general equilibrium models. Santos and Woodford (1997) present several examples of
this kind of bubbles: their examples 4.1, 4.2 study fiat money in deterministic models
while their example 4.4 investigates fiat money in a stochastic model. Hirano and
Yanagawa (2017) also give sufficient conditions for the existence of stochastic bubbles
of an asset without dividend. There are a few examples of bubbles of assets with posi-
tive dividends. In a deterministic set-up, Example 4.3 in Santos and Woodford (1997)
studies bubbles of an asset with positive dividends but with zero net supply. Like us,
Example 4.5 in Santos and Woodford (1997) also investigates bubbles of the Lucas’
tree, although they use a stochastic model with a single representative household.®
Recently, Le Van and Pham (2016), Bosi et al. (2017a), Bosi et al. (2018b) show that
bubbles of assets with positive dividends and positive net supply may appear even in
deterministic models. Bloise and Citanna (2019) provide a sufficient condition based
on trade and punishment for default for the existence of the bubble of an asset with
vanishing dividends of an equilibrium whose sequence of allocations converges.

To date, no example shows how the existence and the dynamics of asset price
bubbles depend on fundamentals such as endowments and the asset structure (divi-
dends, asset supply, and borrowing limits). Our main contribution is to fill this gap.
More precisely, Section 4.3 of the present paper provides several models (without any
restriction on fundamentals) where bubbles exist. Notice that studying these models
is not easy because we have to work with a dynamical system that is non-stationary
and has infinitely many parameters (which are our model’s fundamentals). We prove
that: when the benchmark economy has low interest rates and verifies the seesaw
property, bubbles are more likely to exist in equilibrium if (1) asset supply is low,
(2) borrowing limits of agents are low, (3) the level of heterogeneity (proxied by the
differences between agents’ fundamentals such as endowments, initial asset holdings,
rates of time preferences) is high, and (4) asset dividends are low with respect to
agents’ endowments. Consequently, our results suggest that bubbles may appear if
(i) the agents’ endowments grow asymmetrically, and (ii) there is a shortage of finan-
cial assets (i.e., there is a low supply and assets provide low dividends).” We also
prove that bubbles may not exist if one of these four conditions is not satisfied.

The basic mechanism of asset price bubbles in our model is the following: the
agents’ heterogeneity and the seesaw property ensure that, at any period, at least
one agent needs to save as much as possible by buying the asset. When the asset

lived agents.
In this example, they introduce a sequence of non-stationary stochastic discount factors and
show that bubbles may exist under a state-price process but not under another state-price process.
"In our model, the intertemporal utility function is time-separable. Araujo et al. (2011) consider
the utility function )., Gru(cit) + € infi>o ui(c;¢) and show that the parameter €; plays a key
role on the existence of bubbles.



supply and borrowing limits are low, the asset price would be high (even higher than
its fundamental value) because it is the only way to smooth consumption.®

To the best of our knowledge, we are the first to show that there is a continuum
of bubbly equilibria in models with infinitely lived agents. With additional specifi-
cations, we can further provide a complete characterization of the set of equilibria
with bubbles, and compute the bubble component as a function of fundamentals. In
our models of bubbles, the asset price may converge to any value in [0, 00| or may
fluctuate over time, depending on the fundamentals’ properties. Furthermore, here
the existence of bubbles does not violate individual transversality conditions (TVC,
henceforth). Notice that individual TVC ensures the optimality of agents’ choices
and always holds in equilibrium while bubbles can exist or be ruled out.

Our third contribution is to clarify the relationship between the existence of bub-
ble, equilibrium indeterminacy and (individual) welfare.

The equilibrium indeterminacy in our model is global, and no local approximation
is invoked to prove this indeterminacy. Our proof relies on the fact that asset prices,
in some cases, can be recursively computed. Hence the sequence of prices can be
computed as a function of the initial price. Therefore, at the initial date, any value
can be an equilibrium price if it is low enough so that the price and the bubble
component will be not too high in the future, ensuring that agents can buy them. As
a result, there may be a continuum of asset prices and a continuum of equilibrium
trajectories. Notice that we require neither the convergence of these trajectories nor
the existence of a steady-state. So, the indeterminacy in our model is quite different
from the concept of dynamic indeterminacy in macroeconomics (see Benhabib and
Farmer (1999), Farmer (2019) for surveys on this issue). Our result on indeterminacy
complements the findings in Kehoe and Levine (1985), Kehoe et al. (1990) who show
that in a general equilibrium model with a finite number of infinitely lived consumers
and with complete financial markets, equilibria are generically determinate.” Unlike
them, we introduce financial frictions and prove that equilibria may be generically
indeterminate. Moreover, the real indeterminacy in our model is associated with the
existence of bubbles.

Our paper also contributes to understanding the relationship between financial
assets, the existence of bubbles, and welfare. First, we prove that the equilibrium al-
location in a model with bubble strictly Pareto dominates the autarkic one. The basic
intuition is that the financial asset, even it contains a bubble component, provides
two ways to smooth consumption: saving and borrowing. Thanks to this, agents can
transfer their wealth from dates with high endowments to dates with low endowments.
Second and more importantly, we show in Proposition 9 that, in our models where
there are multiple equilibria, the allocation of any bubbly equilibrium strictly Pareto

8We can prove that, if we introduce a new asset with which agents can borrow without limit,
there will be no bubble in equilibrium.

9More precisely, under conditions in Proposition 2 in Kehoe et al. (1990), there is a finite (odd)
number of equilibria.



dominates that of the bubbleless equilibrium (notice that the bubbleless equilibrium
is not necessarily the autarkic one). The idea is that both the asset prices and the
bubble component increase with the initial price. Consequently, the initial asset price
of the bubbleless equilibrium is lower than that of any bubbly equilibrium. When the
price increases, it helps to reduce the marginal rate of substitution of agents, which
in turn allows agents to smooth their consumption. Therefore, individual welfare
generated by any bubbly equilibrium is higher than that generated by the bubbleless
one. This point is consistent with Proposition 9 of Hirano and Yanagawa (2017). The
difference is that we work under general utility functions while they only focus on the
logarithmic utility function.

The rest of the paper is organized as follows. Section 2 presents the framework and
provides the fundamental properties of equilibrium. Sections 3 provides no-bubble
conditions. A number of models with bubbles and real indeterminacy are presented in
Section 4. Finally, Section 5 concludes and mentions future works. Technical proofs
are gathered in the appendices.

2 An exchange economy with short-sale constraints

Consider an infinite-horizon discrete-time model with short-sale as in Kocherlakota
(1992). There are a finite number m of agents, a single consumption good and an
asset. The asset structure is similar to Lucas’ tree (Lucas, 1978) with exogenous
dividend stream (d;);. Denote ¢;4,b;; the consumption and asset holding of agent i
at date t while ¢, is the asset price at date t. Agent ¢ maximizes her intertemporal
utility Z:;Og Bitui(cit) subject to the following constraints:

(1) Physical constraints: ¢;; > 0 Vt, Vi.

(2) Budget constraint: ¢;; + ¢bi+ < €;¢ + (g + di)b; 11 YV, Vi, where e;; > 0 is the
exogenous endowment of agent ¢ at date ¢ and b; _; is endogenously given.

(3) Borrowing constraint (or short-sale constraint): b;; > —bf Vt, Vi where bf > 0
is an exogenous borrowing limit.

An equilibrium is a list of prices and allocations (g, (¢;+, bi+)i)e>0 satisfying three
conditions: (1) given price, for any 4, the allocation (c¢;¢,b;¢); is a solution of the
optimization problem of agent i (i.e., Y,°% B ui(ciy) > limsupy,o Sor, Bivui(ciy)
for any sequence (¢}, b;) satisfying physical, budget and borrowing constraints), and
(2) market clearing conditions: ) .b;; = L and ). ¢;y = >, €;s + Ld; ¥t > 0, and
(3) ¢ > 0 Vt.

Denote W; = ). e;; + Ld, the aggregate resource at date t. We require standard
assumptions in the rest of the paper.

Assumption 1. Assume that u; is concave, strictly increasing, and continuously
differentiable for any i. We also assume that 5;y > 0, e;; > 0, b;_; > —=bf, d; > 0,
> Biawi(Wy) < oo Vi, t, and the net asset supply is positive (L > 0).



Assumption 2. There ezists an increasing function v(c) such that u;(c)c < v(c) Ve

and ), Biv(Wy) < oo Vi.

Notice that when ), £;; < oo Vi, and u;(c) = In(c) Ve, Vi or u;(0) is finite for any
7, Assumption 2 is a direct consequence of Assumption 1.

We start our exposition with the following result which plays a fundamental role
in understanding bubbles.

Proposition 1. Let Assumption 1 be satisfied.
(1) If (q, (ci, bi)i) is an equilibrium, we have first-order conditions (FOC):

Biwui(cie) = Niy (1a)
Nie@e = Nigr1 (Qerr + der) + 0, Mig(bie +07) =0, ;i > 0. (1b)
for any i,t. In addition, if Assumption 2 holds, then limy o A;1q(biy + bF) = 0.

(2) If the sequences (q, (c;,b;)i) and (N\;,m;) satisfy
(a) Cirsbiv, NigsMins >0, @ >0, biy > =, ciy+ qibiy = €y + (@ + di)big1 Vi, t;
(b) First-order conditions (1a-1b), and market clearing conditions;
(¢) Transversality conditions (TVC): limy_,o0 Ni1q:(bis + bF) = 0 Vi,
(d) For any i, the series y .o, [iui(c;y) converges.
then (g, (¢;, b;);) is an equilibrium.
Proof. See Appendix A. O

Proposition 1 provides necessary and sufficient conditions under which a list of
prices and allocation constitutes an equilibrium.!® Kocherlakota (1992) considers
a particular function ), Bfu;(c;¢) and states a similar result but he requires that
u;(c) <0 Veor u;(c) > 0 Ve (to ensure that the sum Y, Siu;(c; ) always converges).
Of course, his condition is not satisfied if u;(c) = In(c). Our result is more general
and also applies to unbounded utility functions, including u;(c) = In(c). Our result
is related to Proposition 1 in Bosi et al. (2018b). The difference is that we impose
exogenous borrowing limits while Bosi et al. (2018b) consider collateral constraints
and the borrowing limits depends on prices of assets in the future.

Our proof of TVC is quite different from that of Kamihigashi (2002). We cannot
directly apply the result in Kamihigashi (2002) because he only considers positive
allocations while b;; may be negative in our model. It is interesting to notice that
when u;(0) > 0 Vi, the second statement of Proposition 1 still holds if we replace
limy o0 Nigqi(big + b)) = 0 Vi by Iiminfy o0 A ¢qe(biy + 0F) = 0 Vil

Following the standard literature (Tirole, 1982, 1985; Kocherlakota, 1992; Santos
and Woodford, 1997), we introduce the notion of rational asset price bubbles.

0For the existence of equilibrium, see, among others, Bosi et al. (2018b) and references therein.
11See Remark 8 in Appendix A for a proof.



Definition 1. Consider an equilibrium. We define discount factors (Ry); by Riv1q: =
G+1 + div1. The fundamental value of the asset is FVy = > 2, Qwdy where @y =

1R . We say that there is a bubble in this equilibrium if qo > F'Vy. In this case,
thzs equilitbrium is called bubbly. Otherwise, it is called bubbleless.

Remark 1. One can prove that 1 = Ry, max; % Yt > 0.12

In our deterministic framework, the sequence of discount factors (R;) is uniquely
determined. The reader is referred to Santos and Woodford (1997), Araujo et al.
(2011), Pascoa et al. (2011), Bosi et al. (2018b) among others for the notion of
bubbles in stochastic economies where discount factors (and state price processes)
are not necessarily uniquely determined.!?

According to the asset pricing equation ¢; = (qi11 + di11)/ Ri1, we have

t
qo = Z Qsds + tht Vt Z 1. (2)
s=1

So, there is a bubble iff lim,;_, QQ;q; > 0, i.e., the discounted value of 1 unit of the asset
does not vanish in the infinity. In a particular case where d; = 0 V¢, the fundamental
value equals zero; in this case, there is a bubble iff the asset price is strictly positive
(this is the notion of bubble in Tirole (1985)).

Our main goal is to understand conditions under which rational asset price bub-
bles may exist (or be ruled out) in equilibrium as well as the implications of this
phenomenon.

3 No-bubble conditions

This section aims to study necessary conditions for the existence of bubbles and find
out new conditions under which bubbles cannot appear.

3.1 The role of borrowing constraints

The relationship between the existence of bubble and borrowing constraints is ques-
tioned by Kocherlakota (1992). However, he did not investigate whether borrowing
constraints are binding or not in equilibrium with bubbles. The following result ex-
plores such a relationship and shows our contribution with respect to Kocherlakota
(1992) as well as the connection between the existence of bubble and the trading on
the asset market.

2Tndeed, let ¢ > 0 arbitrary, then FOCs imply that ¢; > (g1 + di11) max; %12;72?2)“) Since
Zi bix = L > 0, there is an agent %; such that b;, ; > 0. Hence, 7,; = 0. By/ consequence,

a = (qr41 + dt+1)%:’133—w Therefore, we obtain our result.

13See Miao and Wang (2012, 2018) for the notion of bubble on the value of firm and Becker et al.
(2015), Bosi et al. (2017a) for the notion of bubble on physical capital.



Proposition 2 (bubble existence and borrowing constraint). Let Assumption 1, 2 be
satisfied. If there is a bubble in equilibrium, then we have:

1. (Kocherlakota, 1992) liminf, ,o(b;: + bf) = 0 Vi.

2. There exist at least 2 agents whose borrowing constraints bind infinitely often.
Formally, there exist at least 2 agents, say i, 7, and 2 infinite increase sequences
(in)ns (Jn)n such that b;;, +bf =0 and b;, + b; =0 for all n.

3. There exist at least 2 agents i and j such that the sequences (b;;); and (b;.); do
not converge.

Proof. See Appendix A. O

Points 2 and 3, which complement the result in Kocherlakota (1992), show that
the existence of bubbles implies the fluctuations of asset trading of at least 2 agents.
Let us provide a sketch and intuition of our proof. When the borrowing constraint of
any agent ¢ is not binding from some date, say ty, then n;, = 0 Vt > 1y, Vi, and hence

Ait+1 qt _ 1 oy Qg > . :
S T atdn T Fn and Q; = A4 e YVt > tog,Vi. It means that the discount

factor of any agent is proportional to that of the economy. So, the TVC which ensures
the optimality of agent i’s allocation implies that lim; o Q:qi(bis + b7) = 0. When
bubbles exist (i.e., lim; o, Q¢q; > 0), this equality cannot hold for all ¢ because the
asset is in positive net supply >, b;; = L > 0 V.

Proposition 2’s point 2 leads to the following result showing the role of borrowing
limits (b}) on the existence of bubbles.

Corollary 1. Let Assumption 1, 2 be satisfied. If there is a date T such that bid; > e;,
Vi, Yt > T, then there is no equilibrium with bubble.'

Notice that this result still applies for the case where borrowing limits are not
stationary, i.e., when the borrowing constraint of agent 7 at date t is b;; + b;, > 0
where b, > 0 is exogenous.

3.2 Interest rates, impatience and bubble

A famous result in Santos and Woodford (1997) states that, under the assumption
of uniform impatience (see infra), bubbles are ruled out if the present value of total
future resources is finite (this condition was named ”high implied interest rates” by
Alvarez and Jermann (2000)).'> In our model with short-sale constraints, we can also
prove a similar result.

“Indeed, suppose that there is an equilibrium with bubble. According to point 2 of Proposition
2, there is an agent ¢ and an infinite sequence (4,), such that b;;, + b = 0 Vn. Let n be such
that 4, > T. We have Ciin+1l = €ii,+1 — din+1b;k — qin+1(bf + bi,in) < €iin+1 — dinJrlb;k <0, a
contradiction.

5Theorem 6.1 in Huang and Werner (2000) provides a version of Santos and Woodford (1997)’s
Theorem 3 in a model with debt constraints. Proposition 12 in Bosi et al. (2018b) shows a related
result concerning the bubbles of land.



Corollary 2. Let Assumption 1, 2 be satisfied. There is no bubble if

ZQt(ZQ,t) < 00. (3)

>0 i
Consequently, there is no bubble if liminf, ﬁ > 0.

Proof. See Appendix A. O

Although Santos and Woodford (1997) work in a stochastic model with multiple
assets, their main results require the uniform impatience. By contrast, we do not
require the uniform impatience. Instead, we use transversality conditions in Propo-
sition 1. We provide here a sketch of proof. Condition (3) is used to prove that, for
any agent 7, the discounted value of asset holding Q:q;b;; converges when ¢ tends to
infinity. If there is a bubble (i.e., lim;,o Q:q > 0), then the sequence (b; ;) converges
for any i. By market clearing condition, there is at least one agent, say j, whose
asset holding b;, converges to a strictly positive value. So, this agent’s borrowing
constraint is not binding from some date on. By consequence, the TVC implies that
limy 00 Q¢q:(bjr + b5) = 0 which is a contradiction.

Corollary 2 also indicates bubbles can exist only if there is an infinite sub-sequence
of times (t,)n>0 such that the ratio Zd%t converges to zero, i.e., the dividend will
be very low with respect to the aggreéaﬁg endowment. This condition is consistent
with those in Le Van and Pham (2016), Bosi et al. (2018b).

Our goal in this subsection is to find out other conditions (based on fundamentals)
under which bubbles cannot appear. To do so, we borrow the concept ”uniform
impatience” in the existing literature (Magill and Quinzii, 1994, 1996; Levine and
Zame, 1996). Given a consumption plan ¢ = (¢;)i>0, a date t, a vector (v,0) €
(0,1) x Ry, we define another consumption plan, called z = z(c,t,v,0), by z; =
cs Vs < t, 2z =c; + 0, 2, = ycs Vs > t. We also denote Ul (c) = ZtT:o Birui(cit) and
Ui(c) = limsupy_, o UL (c).

7

Assumption 3 (Uniform impatience). There exists v € (0,1) such that for any
consumption plan ¢ = (¢;) with 0 < ¢, < W, Vt, we have

U, (z(c,t,*y’,WQ) > Us(e) Vi, Vt,Vv' € [v,1).

Proposition 1 in Pascoa et al. (2011) provides sufficient conditions for the uniform
impatience. Notice that they only consider the case where w;(c) > 0 Ve, Vi. If u;(c) =
l1—o . . l1-0o —
S Vi, where ? > 0, and there exists v € (0,1) such that £;,2=—W,'"7 + (y'77 —
1) zzitﬂ 51',3”1/%; > 0 V¢, then the uniform impatience holds. We can also consider
logarithmic utility functions: If u;(c) = In(c) Ve, Vi and there exists v € (0,1) such

that 3, > —}2(&; > o1 Bis Vt, then the uniform impatience holds.'®

For a proof, see Lemma 1 in our working paper version Bosi et al. (2019).
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Our main contribution in this subsection can be stated as follows.

Proposition 3. Assume that Assumptions 1, 2, 3 hold and e;; — dib; > 0 Vi, Vt.
There is no bubble if

. Bir1ty(€irp1 — dia1b})
1 W. = 0. 4
T THmz Bi (S €ir + Ldy) 0 (4)

This leads to two consequences.

1. When u;(c) = In(c), Biy = B Vi, Vt, and % ézgg with v € (0,1), there is
no bubble if

T—1

1
lim Wep - Wi W, max —— = (). 5
T_)OOB T 1 og P (5)

2. Whenu;(c) = Cll—; where o > 0, and there emst57 e (0, 1) such that 21 et Lo

—o s— W
(,yl - 1) Zs =t+1 !

lim 37 Wr H max Wi

T—oo vo ¢ (i — ded))”

~ 0. (6)

Proof. See Appendix A. n

Proposition 3 and Corollary 1 contribute to the literature by providing conditions
(based on fundamentals) under which bubbles are ruled out. The basic intuition is
that the value of bubble lim;_, ﬁ must be zero if the discount factors (R;); are high
enough. There are two key points helping us to get (4). First We use the uniform
impatience to find an upper bound of asset price ¢;: ¢ < L(l Vt Second, and
more importantly, by deriving an upper bound on the intertemporal marginal rate of
substitution of asset holders, we can find an upper bound of 1/R;:

1 < max Bitr1ui(€s 41 — diy1 b))

Ripr = i Bigui(D, e + Ldy)
and so an upper bound of the discount factor @);. By consequence, we obtain (4).

When borrowing limits (b}) and dividends (d;) are high (in the sense that e;; < d;b}
Vi, Vt), Corollary 1 shows that bubbles do not exist. When borrowing limits (bf) are
low (in the sense that e;; > d;b} Vi, Vt), Proposition 3 indicates that bubbles do
not exist if the agents prefer strongly the present (formally, 3;,11/5;; is low). In a
particular case, where f3;; = ' with 3 is low enough, there is no bubble. Notice that,
when there is 7" such that 8;; = 0 Vi,Vt > T, we recover a T-horizon model where

we have ¢y = ZS | Qsds and g; = 0 Vs > T', and therefore, there is no bubble.

In the case of zero dividends (d; = 0 Vt), conditions (4-6) do not depend on
borrowing limits b7. So, bubbles may be ruled out even borrowing limits are too low.
This in turn suggests that financial frictions are only necessary conditions for asset
price bubbles.

Wt > 0. (7)
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4 Models with bubbles

We are now interested in constructing model economies in which bubbles exist. Propo-
sition 2 shows that such models must contain at least 2 heterogeneous agents. So, we
should focus on a model with two types of agents, say 1 and 2.!” Suggesting by points
2 and 3 of Proposition 2, we should look at equilibria in which borrowing constraints
of agent 1 (agent 2) bind at any even (odd) date because this is the simplest model
under which bubbles may exist. Formally, we aim to find economies where there is
an equilibrium such that

biot = —b], baoy=L+0b], bioy1 =L+0b5, byoy1 = —bs. (8)
With these asset holdings, we have that

c10 =e10+ (g +do)br—1 + qob], 20 =e20+ (g +do)ba,—1 —qo(L+07) (9a)
Cioi-1 = €1,2-1 — bidoy—1 — qu—1H, co01-1 = €221 + doy—1(L + b7) + qu—1H (9b)
Cior = €10t + dot(L +05) + queH,  coor = €990 — dotby — g H (9¢c)

where H = L + b] + b5 and by _1,by 1 are given. Observe that such equilibrium
exists only if eg 9,1 — bjdoi—1 > 0 and e — doiby > 0 Vt (we can interpret that the
borrowing limits b}, b} are low).

Denote v, = Bgilﬁlt = % vVt > 0. According to FOCs in Proposition 1, we

have that, for any t > 1,

u) (61,2t + doy (L + b3) + QQtH) Gt + doy

IT=mv2-1
T (eroe—1 — bida—1 — qgurH)  Gor (10)
ul, (62,2t+1 + dor1 (L +07) + Q2t+1H) Got+1 + dot i1
L= 22 ; "
Ug (62,2t — b3dy — C]th) 4zt
and
uy (€100 + dot(L + b3) + g H) uh(eg,0r — dotby — qor H)
M,2t-1— " > V2,261~ "
uy (1,261 — bida1 — qor1 H) ub(e2,9t—1 + dor—1 (L 4+ 03) + quu—1H)
~ U/2(€2,2t+1 + d2t+1(L + bT) + C]2t+1H) > Uﬁ (61,2t+1 - bid2t+1 - C]2t+1H)
2,2t - = M1,2t "
Uy (€291 — daiby — qor H) uy(e1,9t + dot(L + b%) + o H)

70Qur results below can be extended to a model with n types of agents and asset allocation is
given by

% * *k
bl,nt = _bla bl,nt—i—l = _bla o bl,nt+n—1 = Hn - bl
* * *
b2,nt = Hn - b27 b2,nt+1 = _b27 cee b2,nt+n71 = _b2
* * *
bn,nt = 7bn, e b77,,nt+n—2 = Hn - bn, bn,nt—i—n—l = *bn

where H, = L+ . b.
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4.1 The role of the benchmark economy

In this subsection, we find out new necessary conditions (based on fundamentals) of
the existence of bubbles. Our key idea is to look at the benchmark economy, i.e., the
economy without asset. In such economy, we have ¢;; = e;; V1,t.

We now define the exogenous sequences (R} ,), (15,), (R;) by

. 72,t—1ulg(€2,t)

'71,15—1“/1(61,15) 1 =
1,t» ul2(627t_1)

uf(er1,-1)

1= ;,ta and R} = min( T,t? ;,t)' (11)

We interpret Ry, (resp., Rj3;) as the subjective real interest rate of agent 1
(resp., 2) and R; as the real interest rate between dates t — 1 and ¢ in the benchmark
economy.

Since the dividends and asset prices are non-negative, the FOCs imply that

* * _ ¥ *
2t 1 2t < R2 2ty FV2t+1 T R2,2t+1 S R1,2t+1 vt Z L.

This condition can be interpreted as follows: the benchmark economy has a so-called
seesaw property.

We also see that R, = % > R;,, VI > 2 meaning that the interest rate
of the benchmark economy is lower than that of our economy with asset. The value
of asset price bubble is by = g9 — FVy = lim;_, ﬁ. Since the function !} is
decreasing, we have

qt qt Ulz(CQ 1) U,2<62 ) v

< t> 2.
Ry---Ry = Ry R} ub(cap) ub(ean)

The positivity of the consumptions implies that Hg; < et, where we denote ey = €99
and eg11 = ej2¢41. S0, there is no bubble if lim;_, o, =%+ R* R* =0.

By summing up the above arguments, we obtain the following result showing the
role of interest rates of the economy without asset.

Proposition 4 (the role of interest rates of the benchmark economy). Consider a
model with two agents. Assume that the sequence (q:), asset holdings are given by (8)
and agents’ consumptions given by (9a-9c) constitute an equilibrium. We have

R, > R; Vt > 2 (12)
22t > Ry 1,2t — R, 1 2t+1 > R, 2,2t+1 — R§t+1 Vi>1 (seesaw property). (13)

Moreover, there is no bubble if

lim —— = 0. (14)

t-o0 RE -+ R

In a particular case where e, = e and Ry = R* Vt, there is no bubble if R* > 1.

13



The term ﬁ represents the value (discounted by using the interest rates of
the benchmark economy) of endowment of the agent who buys asset in the economy
with asset. Proposition 4 implies that, if there is bubble, the sequence of these
discounted values either diverges or converges to a strictly positive value. In the case
of convergence, the existence of bubble requires that lim; . ﬁ > (. The basic
idea behind is that the income of asset buyers must be high enough so that these
agents are willing to buy the asset even the asset price exceeds its fundamental value.

Condition (14) is new with respect to the literature of rational bubbles in infinite-
horizon general equilibrium models. Notice that it is not implied by the well-known
no-bubble condition ), Q¢(> ", e;1) < oo (see Santos and Woodford (1997), Werner
(2014), Bosi et al. (2018b)) because R; > R;Vt. The novelty of condition (14) is to
show the importance of interest rates of the economy without asset (these interest
rates are exogenous) on the existence of bubbles in the economy with assets.

Condition (14) allows us to establish the connection between the literature of
bubbles in OLG models and that in infinite-horizon models. Indeed, let us compare
it with the main result in the influential paper of Tirole (1985) who studies a pure
bubble asset (i.e., asset pays no dividend) in an OLG model. He provides a no-bubble
condition based on fundamentals: there is no bubble if the steady state interest
rates of the economy without bubble asset is higher than the population growth
rate. Condition (14), also based on exogenous variables, can be interpreted as a high
interest rates condition (indeed, it becomes R* > 1 in the stationary case, i.e., e, = e,
R; = R* Vt). So, our result is consistent with that in Tirole (1985). The difference is
that we do not require the convergence of interest rates R} as in Tirole (1985) or in
Farhi and Tirole (2012).

Remark 2. Condition (14) is violated in a number of examples of bubbles in the
literature. Indeed, in Example 1 in Kocherlakota (1992) and Example 4.2 in Santos
and Woodford (1997) of fiat money, we can verify that limt_,ooﬁ = 00, I.€.,
condition (14) is violated. Moreover, in examples of bubbles in Bosi et al. (2018b),
we have Ry =0, and hence condition (14) is also violated.

Condition (14) helps us to understand better why bubbles may exist in their models.
For example, Santos and Woodford (1997) claimed in page 41 that fiat money has
positive value because for each household the borrowing limits effectively bind infinitely
often. We go further by showing conditions (based on fundamentals) under which

borrowing constraints bind.

Remark 3 (interest rates in the economy with adjusted endowments). Assume that
borrowing limits are low enough so that ey — diby, ear — dibs are strictly positive. By
using the same arqgument in Proposition /, we can prove that there is no bubble if

€t

M )
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where Re is defined by

/
M1l (61,2t — thb’f)

/
1 _ Ye2tUy (62,2t+1 — d2t+1b§)
== —
Uy (61,2t—1 - deQt—l)

Ulg (62,2t - b§d2t)
which can be interpreted as the interest rate of the economy with adjusted endowments.

When there is no dividend (d; = 0 Yt) or agents are prevented from borrowing (b} =

by =0), then R} = R}.

Rgta Rgt-l—l (16)

4.2 The set of (bubbly) equilibria

We observe that, for z > 0, the sequence (q;);>0, defined by gy = x and the system
(10), is unique. So, we denote this sequence by (¢:(x));. Denote Sy the set of initial
prices, i.e., the set of all values > 0 such that the sequence (¢(z)) is a sequence of
prices of an equilibrium whose allocations are given by (8) and (9a-9c¢).

The following result shows interesting properties of the set Sy.

Proposition 5. Let Assumption 1, 2 be satisfied. Assume that for 1 = 1,2, the
function cul(c) is increasing in ¢, and that ey — diby > 0, €9y — dib5 > 0 Vt.

The set Sy is bounded and connected (in the sense that, if x,y € Sy and x < y,
then (z,y) C Sp). So, if the set Sy is non-empty, either it contains a unique element
or it is an interval. By consequence, we have that:

1. There is at most one bubbleless equilibrium.

2. If Sy contains at least 2 elements, there is a continuum of bubbly equilibria.
Proof. See Appendix B. n

The key point of this result is that ¢; and R; are strictly increasing in go while the
fundamental value F'Vy = ), Qud, is strictly decreasing in go. Although Proposition
5 shows important characteristics of the set of (bubbly) equilibrium, it remains to find
conditions under which this set contains at least 2 elements. We will do so in the
next subsection.

4.3 New examples of bubbles

In this section, we will provide new examples of bubbles. We will work under loga-
rithmic utility functions, i.e., u;(c) = In(c) Vi = 1,2. In this case, the FOCs give

4 — b*d doby
€21~ % ZVQ,OM —Yoo(L+b] = by 1) — H
b (er1 = bida )
€12t — doeb] J2e-11G12i-1 = 01921
Zet  etvl = — . - ~1+1 17
Qor + doy q2t—1 s ) "
€2,2t41 — doi+105 _ Yo,2t (2,26 — b3day) — H(va2 +1).
\ Qo1 + dopyq T2t
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where recall that H = L 4 b} + b5.

It is not easy to study this system because it is non-stationary and there are
infinitely many parameters. We begin our exposition by studying a specific case and
then present our results in the general case.

Example 1. Assume that 3;; = " where 5 € (0,1) (which implies that v;; = B Vt,
and Vi = 1,2) and there is no dividend (d, = 0 Vt). Assume also that by _; = L+ b},
by 1 = —b3, and endowments are periodic

(e14)t>0 = (w,e,w,e,...), (e2t)i>0 = (e,w,e,w,...) (18a)
where e,w >0 (so e, =e > 0,w; =w > 0 Vt).
1. ]f% <1 (i.e., R* > 1), there is no bubble.

2. 1If % > 1 (i.e., R* < 1: low interest rate condition), then the initial price of

1 Be—w
H 148

any equilibrium with bubble must satisfy condition qy < Conversely, we

have:
Be—w
1+8 -

this equilibrium is stationary in the sense that ¢, = %616;5“’ > 0 Vt.

(b) (Continuum of equilibria with bubble) For any value x in the interval
[0, %ﬁﬁr—_gj), the sequence (q;) determined by qo = x and #t“ = %Hiqt—%
Vt > 0,'8 is a system of price of an equilibrium with bubble. Moreover, (1)
q¢ 18 decreasing int and converges to zero, (2) the interest rate Ry = q;/qi—1

1s decreasing in t and converges to R* = % < 1.

(a) There is a unique equilibrium with initial price qo = % Moreover,

Proof. See Appendix B.1. m

Notice that in the case of bubbles in Example 1, the seesaw property (13) holds
and low interest rate condition (14) is violated (because ¢, = e and R* < 1)

Example 1 is related to existing models of bubbles in general equilibrium, for
instance, Example 4.1 in Santos and Woodford (1997), Townsend (1980), Chapter 27
in Ljungqvist and Sargent (2012) (their model corresponds to the case e = 1,w = 0 in
our model), Section 2 in Bloise and Citanna (2019). Example 1 can also be viewed as
a version of the main result in Tirole (1985) (Proposition 1) for an exchange general
equilibrium model with infinitely lived agents and short-sale constraints. With our
specification, we explicitly compute the maximum level of initial price bubble (which
equals %Bf;g” ) while it is implicit in more general models.

A value added of Example 1 is that it completely characterize the set of multiple
equilibria. By the way, it is more general than Example 4.1 in Santos and Woodford

(1997), which only examines two particular cases ¢g = 0 or go = %ﬁf;g“ )

8By convention, if ¢y = 0, we determine ¢, = 0 V¢ > 1.
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However, Example 1 and those in the existing literature do not clearly show us
how the existence of bubbles depends on the dynamics of economic fundamentals and
on the asset structure (dividends and borrowing limits). In the next subsections, we
will work in more general setups in order to investigate this issue.

4.3.1 Asset without dividends

We focus on the case of fiat money or pure bubble asset (i.e., d; = 0 Vt). To simplify
our exposition, we introduce some notations.

_ _ Pra _ P
Yot = V2,2t = s Y21 = MN2e-1 = 5 (19a)
Ba,2¢ B12t—1
€t = €29, €2¢—1 = €12¢—1, Wat = €12, Wat—1 = €22¢—1 (19b)
One can verify that == = 7=. We then denote
t
Ye-1€t-1  Y0€o 1
I, = e = 20a
! Wy w1 Ry - Ry (20a)
L+b1‘7b27_1
T+vyer 1147 1 v
Di=——+——"-—"""+.--+ L2 20b
' Wy Ry wiy Ry Rj wy (20b)

Note that I'; is exogenous and I'; > Q; = ﬁ Vt > 2 because R, > R} Vt > 2.
The following result provides necessary and sufficient conditions under which bub-

bles exist in equilibrium.

Proposition 6 (continuum of equilibria with bubble). Assume that d; = 0 Vt and
u;i(c) = In(c) Vi =1,2.

1. (Necessary condition) If the sequence (qi)i>0, asset holdings given by (8) and
agents’ consumptions given by (9a-9c) constitute an equilibrium with bubble,
then we have

1 1
—=—1,—D, Vt 21
Hg, Hqy ! ! ( )

By consequence, we have qy < HFBt Vt and therefore

t t

HD — R} Ry
Sup(rt><ooand2%<oo (22)
t=1 t

2. (Sufficient condition to have a continuum of equilibria with bubbles) Assume,
in addition, that yige1 > Yo2e41s V220 = Vi € > Wy (i€, €a > €1,
12041 > €2,2141) Vt.
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If
H(D: + 25)

€t —We

sup

< 00 23
t T, (23)

then any sequence (q;)i>0 determined by

1 1
qo € (O,q_), H_qt = H—qOFt - Dt Vit > 1 (24&)

where § = min { inf

F _
( L ) ©20 = €10 }>0 (24b)
=1 \H (D, + 2.-)

"L+ 205 4+ by 1 — by

is a system of prices of an equilibrium at which asset holdings are given by (8)
and agents’ consumptions are given by (9a-9c). Moreover, all such equilibria
are bubbly.

Proof. See Appendix B.1. O

According to condition (22), interest rates of the economy without asset must be
low. Notice that condition (22) also implies that limtﬁmﬁ = 00, i.e., the present
value of endowment of the autarkic economy is infinite. It means that the no-bubble
condition (14) in Proposition 4 is violated.

Condition (23) is a key in Proposition 6. We can compute that

et—we + (25)
I, €0 €—1 Yo V—1 €0 €—2 V0" Vt—2
E<i L—Fbi—bg’,l)_‘_ 2Hw1-~~wt 1

€0 o L+07 + 05 eo-e1(er —wy) Yo Yot

H(Dt+ : )_H’wl"'wtq L4y +Hw1"'wt72 T4+

So, (23) can be satisfied for a large class of parameters (for example, v, = v € (0,1)
and w; = e;x where x € (0,7)).

Thanks to condition (23), the value ¢ defined by (24b) is strictly positive. Propo-
sition 6 suggests that when the economy without assets has low interest rates (in the
sense that condition (23) holds), an equilibrium with binding borrowing constraints
has bubbles if the initial price ¢ is low enough in the sense that gy < ¢. It is useful
to understand how the upper bound g depends on fundamentals. According to (25),
we observe that ¢ is decreasing in the asset supply L, borrowing limits b7, 05, the
endowment ratio %, the initial asset holding b; _; of agent 1, and ¢ is increasing in
the rate of time preference 7, the initial asset holding by _; of agent 2.

To sum up, the existence of bubble requires low interest rates and seesaw prop-
erty of the economy without asset. Moreover, when these necessary conditions hold,
bubbles are more likely to exist if

1. Asset supply L is low. (Asset shortage.)
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2. Borrowing limits b7 and b} are low. (Financial frictions matter.)

3. The initial asset by _; is high and/or the initial asset by _; is low. (Heterogeneity

matters. )

4. The endowment ratios % and % are high. (Heterogeneity and seesaw
property.)

5. The rates of time preference % and /f;—f_tl are high (heterogeneity and seesaw

property).
When §;; = ' Vi,t, the existence of bubbles requires that 5 must be high
enough (this is consistent with the finding in Proposition 3).

Equilibrium indeterminacy and bubbles. Proposition 6 and Example 1 show
that, not only asset price bubbles but also real indeterminacy exist. Indeed, in equi-
librium, the agent 2 buys asset at date 2t (bgo; = L + b}) and the agent 1 buys asset
at date 2t + 1 (by 9141 = L + b3). Consumptions are given by

* *
c10 = €10 + qo(b1,—1 + bg), €20 = €20+ Go(be,—1 — L —b;)
Ciot = €12 + Qo H, Coot = €29t — QorHd
C1,2t+41 = €12t+1 — qat+1H, Co2t4+1 = €29¢41 + Gor+1H.

where the sequence of prices (¢;) is determined by (24a) and (24b). Since there is
a continuum of equilibrium price systems, there is real indeterminacy. This point is
interesting because our model contains only one consumption good and a single asset.
Our framework indicates that financial frictions and heterogeneity may generate real
indeterminacy.

Recall that ¢; is increasing in ¢;_; and hence in the initial price gq. So, for any ¢ >
1, we observe that (1) the consumptions ¢; o is increasing in g but ¢q 9;—1 decreasing
in gy and (2) cq9 is decreasing in go but co9:—1 is increasing in go.

We also observe that the presence of multiple asset prices may affect the consump-
tion inequality. Indeed, we have “~2* is increasing in ¢y and so is in gy. By contrast,

C2.2¢
C1,2t4+1

€2 2t+1

the ratio is decreasing in ¢q;11 and so is in qp.

The number of agents matters. Assume that there are n; agents of type A
and ny agents of type 2. For the sake of simplicity, we assume that ny = ny = n (
there are m = 2n agents in the economy). In this case, the asset holding of agents is

. L+ nbt L . L . .
bot = —b}, Doy = ——"t == +0b", bro = — +0b, ba2t41 = —bj
n n n

L,=—, H,=L,+b +b

3|t
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With these asset holdings, we have that

c10 =e10+ (g +do)bi—1 + qob], c20 = €20+ (g0 + do)ba,—1 — qo(Ly, + b7)
C1ot—1 = €120-1 — bidoy—1 — qu—1Hpn, Coo—1 = e€291-1 + do—1(Ly + b)) + qu_1H,
cior = €12t + do(Lyy +05) + qor Hy, o200 = €221 — dogbly — qoiHy,

By applying our above results, bubbles are more likely to exist when L,, = L/n is low
(i.e., the number of agents is high).

4.3.2 Assets with positive dividends

In this subsection, we study the existence and dynamics of bubbles of assets having
positive dividends (i.e., d; > 0 Vt > 0). Note that there are very few papers providing
examples of this kind of bubble.?

Consider a general model, according to the asset pricing equation ¢; = %,
d : . T
we have Q¢ = qi1Qu1 (1 + Z7). By iterating, we get that qo = qrQr [T, (1+ %).

Bubbles exist (i.e., lim,, Q;q; > 0) if and only if lim; . Hthl(l + %) < 00, or
equivalently

> % ¢ oo, (27)

7 qt

This means that there is a bubble if the price ¢ goes faster than the dividend d,.?°
By consequence, we obtain the following result.

Corollary 3. Consider an equilibrium whose allocations given by (8) and (9a-9c).
The existence of bubble implies that

d?t—l

doy
— = < 0 and < 0. 28a
Z €22t — b§d2t ( )

7 . €1,2t—1 — bfd2t—1

This means that the existence of bubbles in equilibrium requires a low level of
dividends with respect to the agents’ endowment in the future.?! The intuition behind
is that, the existence of bubble requires that the asset price goes faster than the
dividend. Since trading takes place at every date, the income of asset buyers and
hence their endowments must go faster than the dividends.

19See Le Van and Pham (2016) Bosi et al. (2017a, 2018b), Bloise and Citanna (2019).
20This condition was also proved in Montrucchio (2004), Bosi et al. (2018b).
21This condition is consistent with but stronger than no-bubble condition lim inf, Z(»i; - > 0 in

Corollary 2.
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Before providing conditions under which there is a continuum of bubbly equilibria,
we introduce some notations.

a = v2,0(e2,0+dob2,—1) H, = 72,0(L+b7 —b2,—1)+H ~ _ ezp0—e1,0—do(b1,—1—b2,1)
e2,1—b5d; e2,1—b5dy qo = L+2b5+b1,_1—b2,_1
oy = ~v1,2¢—1(e1,2¢e—1—bjd2t—1) H2 = H(14v1,2¢-1) _ _ er2t—1—ez0i—1—(L+207)dos—1
t 61,2t_bIth t 61,21—b1<d2t Q2t71 — oH
a — 72,2¢(e2,2¢—b3day) H — _ H(+4v22:) = — ez2t—e12t—(L+2b5)dae
2+ = Teg orp1—b3dar 241 = ey ar11—bydars1 Qot = 2H '

(29)

Recall that (RY)-the interest rates of the economy with adjusted endowments— de-
fined by (16) satisfies 1 = a;R{.
The FOCs (17) can be rewritten as

1 Qg . qi—1
= — —H;,Vt > 1, or equivalently ¢ = —— —d, Vt > 1 30
@ +di g ' - Hiq ' (30)
If (¢;) is a sequence of price, we must have
atdt Qg
—— <1 < — Vt>1. 31
A T (31)

So, the equilibrium price at each date must be bounded by exogenous values.

We now state the main result in this section, which shows that bubbles may exist
under strong heterogeneity and low dividends.
Proposition 7 (multiple equilibria with bubbles). Let u;(c) = In(c) Vi = 1,2. As-
sume that Hy > 0, apy1/Hin < G Vt and there are sequences (au)i>1, (0t)i>1 Such

O<ay<l<oy (32a)
H
Strong heterogeneity and seesaw property: a;.q > as a (32b)
Hy apa(1—ay)
% Zttill A1
Low dividend condition: 1—(oy—1)diH; >0 (32¢)
ond i < %

Then, there is a continuum of bubbly equilibria. More precisely, any sequence (qi)i>o
determined by

do € ({1515 )
and the system (17)

is a system of prices of an equilibrium in which asset holdings are given by (8) and
agents’ consumptions are given by (9a-9c). Moreover for such equilibrium, we have

O'tatdt Qg
— <@ < — Vt > 1. 33
1+ dH, 'Sy e (33)
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Proof. See Appendix B.2. m

Remark 4 (heterogeneity, seesaw property and low interest rate condition). We
interpret condition (32b) as a strong heterogeneity and a seesaw property because we
observe that

aop1Ho4 _ Yoot (1 4 Y120-1) €29t — bidoy

Hy iy 14+ v20¢ e12t — bidyy
ageHop—q _ 71,2t—1(1 + ’72,21:—2) €1,2t—1 — deQt—l
Hy, 14+ 7001 e29t—1 — bydor—1

Since the interest rates of the economy with adjusted endowments are RS = 1/a; Vt,
condition (32b) can also be interpreted as a "low interest rate condition”.

Proposition 7 is a generalization of Proposition 6. To the best of our knowledge,
Proposition 7 is the first result showing the existence of multiple equilibria with bub-
bles of assets with positive dividends in deterministic general equilibrium models.??
Note that dividends and endowments are not necessarily stationary.

It is important to mention that there exist exogenous parameters satisfying all
conditions in Proposition 7. Indeed, we can choose parameters as follows.

1. Choose oy = a, 0y = o V.

2. Choose v, = € (0,1) Vi, Vt. In this case, we have

ar _ 5(62,0 + dob2,71) Q2 _ 5(61,27&71 - by{dthl) A2t+1 _ 5(62,2t - b§d2t)
H,  B(L+b}—by_1)+ H Hy (1+5)H " Hopq (1+B)H
So, condition ?;:1 < @ is equivalent to
B(e2,0 + doba,—1) - e20 — €10 — do(br,—1 — b2 1) (34a)
B(L+b;—by_1)+ H L+2b5+by 1 —by
5(61,27&71 - dethl) < €1,2t—1 — €22t—1 — (L + 2b1<)d2t71 (34b)
(1+p)H 2H
B(egor — bsdar) €291 — €190 — (L + 205)doy (34c)
(1+5)H 2H '

3. Choose ez 941, €19 such that H; = h > 0 V¢t. Hence, H;gl = 1.

22Le Van and Pham (2016) (Section 6.1) and Bosi et al. (2017a) provide examples of bubbles of the
Lucas’ tree, where the asset price may be multiple (due to the portfolio effect) but the consumption
is not affected by the existence of bubbles. Our added-value is that the equilibrium indeterminacy
in our model is real (in the sense that different equilibria have different consumption allocations)
and the asset price affects agents’ consumptions.
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4. Given that (d;) is low, we can choose es o, €1 9141 sufficiently high so that (1 —
a)agyq > 1 and (34a-34c¢) hold. (This is a low interest rates condition.)

5. Choose (d;) and dt“ low enough such that (32b), (32c) are satisfied and 11‘21%3[ <

G- (This is a low dividend condition.)

Although Proposition 7 provides a general sufficient condition under which there
is a continuum of equilibria with bubbles, it would be useful to give examples with
explicit mechanisms. We firstly focus on parameters satisfying the following assump-
tion.

Assumption 4. Assume that v;; = 8 € (0,1) (i.e., Bir = ') and endowments are
e12—1 = bido—1 +e, €19 =bidy +w, ego—1 =bydy—1 +w, eg9 =bidy+e
where e, w > 0.

Under this specification, (a:), (H;) defined by (29) become a; = a = ﬁe , Hi=h=

'B ) ¢, and the system of price (¢;) satisfies

1 —
=L vt > 1, or equivalently ¢; = L el

—d, Vt>1 36
@ +di G a— hgi—1 P = (36)

In this case, we have the following result which helps us to identify all possible
outcomes of equilibrium.

Proposition 8. Let u;(c) = In(c) Vi = 1,2 and Assumption 4 be satisfied. Assume
that (q;) is the price of an equilibrium in which asset holdings are given by (8) and
agents’ consumptions are given by (9a-9c).

1. If % < 1 (i.e., R* > 1: the interest rate of the benchmark economy is high),
then there is no bubble.

If % > 1 (i.e., R* < 1: the interest rate of the benchmark economy is low),
then there are only three cases:

(a) There is no bubble.

(b) The equilibrium is bubbly and g, cmwerges to zero.
Be
(c) The equilibrium is bubbly, q; > H(B+1) Vt, and q; converges to H(ﬁﬁ) .

Be > 1, there is almost one equilibrium satisfying conditions
w

Be
(8), (9a-9¢) and q; > % Vt.

Moreover, when

Proof. See Appendix B.2. O
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According to Proposition 8, in equilibrium with bubbles, the asset price ¢; con-

Be_
verges either to zero or to m'zg

We now complement the gweneral results of Proposition 8 by providing examples of
bubbles for each case. We start by the case where ¢; converges to zero or to a positive
value.

Example 2 (continuum of equilibria with bubble and ¢ — 0). Let w;(c) = In(c)
Vi = 1,2 and Assumption 4 be satisfied. Assume that there exists o such that 1 < o
and

Low interest rate condition: pe > 1 (37a)
w
(0-1 di - Pe
o dt+1 w
dt < %
Low dividend condition: (1;516)_(?0“)[{ (37Db)
dy < H—
t H
oady < Be—w
\ 1+d1w H(B"’l)
and 5(62,0 + dobz,—l) < €20 — €10 — do(bl,—l - 52,—1) (370)
B(L+bf—bgy_1)+H L+2b7 + b1 — by

Then, any sequence (¢;)>o determined by the system (30) and

E(Uadl a—l]
©E\TFan  h

is a system of prices of an equilibrium at which asset holdings are given by (8) and
agents’ consumptions are given by (9a-9c). Moreover, Proposition 5 implies that there
is a continuum of bubbly equilibria. For any equilibrium with ¢y < “—;1 (including
bubbly equilibrium), the asset price ¢; decreasingly converges to zero when ¢ tends to

infinity.

Example 3 (an equilibrium with bubble and ¢; — ¢ > 0). Let u;(c) = In(c) Vi = 1,2
and Assumption 4 be satisfied. Assume also that a > 1. Let x > 0 such that
2+l > @ > 1 and define the sequence (d;) by

T

I /o4+1\t/1 hz(x +1) hz(z +1)
d_t_< za ) (d_o 1—(@—1)x)+1—(a—1)x (382)
1-8
l1—(a— 1)z € W
dy < ————, dy < —F——— b
0< 0 < hl‘(l’—{—l) s 0 q (38)

23This result is related to Propositions 2 and 3 in Bosi et al. (2018a). The difference is that Bosi et
al. (2018a) consider an OLG model with descending altruism while we study a general equilibrium
model with infinitely lived agents.
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Observe that 0 < had, < 1 Vt and zd; + d; = 1ﬁitdil' Moreover, ., d; < oo.

Define the sequence (¢;) by ¢ = “T_l + ad; Vt > 0. Then (¢) is a system of prices
of an equilibrium at which asset holdings are given by (8) and agents’ consumptions
are given by (9a-9c). Moreover, ¢; decreasingly converges to (a — 1)/h.

In this equilibrium, we have >, (d;/q;) = Zt(%) < 3, dit < o0, So, this

equilibrium experiences a bubble.
Proof. See Appendix B.2. O

Let us explain the basic intuition of our Examples 2, 3. By definition (29) of ay,
condition a = fe/w > 1 (i.e., the interest rate R* of the benchmark economy is low)
is equivalent to

B(erot-1 — bidae—1) <1 and B(eaor — bsdat)

e1t — bidy €22t 41 — b3dar i1

> 1t (39)

We can interpret that agent 1 is richer than agent 2 at date 2t — 1 but agent 2 is
richer than agent 1 at date 2¢; note that this is consistent with the seesaw property
(13). Hence, agent 1 (resp., agent 2) may accept to buy the financial asset at date
2t — 1 (resp., date 2t) even the asset price is higher than the fundamental value (i.e.,
there is a bubble). In both Examples 2, 3, we design that the sequence of dividends
is low enough in order to ensure that, for any 7,¢, the asset value ¢b;; is lower than
the resource of agent i at date ¢ so that agent ¢ can buy the financial asset.

In Example 2, there is a continuum of equilibrium prices but any sequence of price
converges to zero. In Example 3, we have ¢y = (a — 1)/h and the sequence of prices
converges to (a—1)/h > 0 (notice that, according to Proposition 8, this is the unique
bubbly equilibrium such that ¢; converges to a strictly positive value.)

In Examples 2 and 3, the aggregate endowment is uniformly bounded and the
sequence of dividends converges to zero. The following result shows that, in an
economy with unbounded and asymmetric growth, bubbles may exist and the asset
price may go to infinity.

Example 4 (asymmetric growth and multiple equilibria with ¢, — o0). Let u;(c) =
In(c) Vi = 1,2, vy = B € (0,1) (ie., iy = ['). Assume that d; = d > 0 Vt and

endowments are

* *
e1ot—1 = bidor—1 + ex_1, €19 = bida + wy

* *
€22t—1 = bydop—1 + Wo—1, €292t = bydoy + €
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Let a and ¢ be such that 0 < a < 1 < ¢. Assume that, for any t,

ea0 — €10 — do(b1,—1 — bo,_1) B(eao + doba,—1)
L+2b+by 1 —bo 1 B(L+b;—by 1)+ H
1-p
—w; > Hd
115t "
o 1
Wey1 > P lﬁet, €t > mwt,

wy > (0 —1)H(B+ 1)d.

Notice that the two first conditions ensure that ?}t—*:l < q Vt.

According to Proposition 7, any sequence (¢:):>o determined by the system (30)
and ¢y € (11‘211‘21 . 91), is a system of prices of an equilibrium in which asset holdings
are given by (8) and agents’ consumptions are given by (9a-9¢). By consequence,
Proposition 5 implies that there is a continuum of bubbly equilibria.

In this example, endowments of both agents go to infinity. However, there is an

; . et 1 : e1,2¢—1—bjd2s—1 1
asymmetric growth: £t > ey > 1, or equivalently P - Bi—a) and
1

i o bide  B—) Vt. The basic intuition of bubble in this example is consistent with
that in Examples 2 and 3. Indeed, agent 1 is richer than agent 2 at date 2t — 1 but
agent 2 is richer than agent 1 at date 2¢. Hence, agent 1 (resp., agent 2) accepts to
buy the financial asset at date 2t — 1 (resp., date 2t) even the asset price contains
a bubble. Moreover, the price ¢; goes to infinity when ¢ tends to infinity because
endowments of both agents grow without bound.

e2,2¢t—b5day

Example 5 (an equilibrium with bubbles and ¢; may fluctuate over time). Consider
a particular case where f3;; = ' Vi, Vt where 8 € (0,1), bf = b5 = 0 (no short-sales)
and eg 941 = e12¢ = 0. In this case, 7291 = Y1211 = 5, H = L and there is a unique
equilibrium satisfying condition (8)

€2.2¢ and gor—1 = (42)

B
a2t = m mel,zt—l-

In other words, the set Sy contains a unique element. This equilibrium experiences a
bubble iff >, d;/q; < oo which now becomes ), eif; +>, ;f;—:l < 00. S0, we recover
(28a).24

It is interesting to notice that, in our example there is no causal connection be-
tween the monotonicity of the sequence of price (¢;) and the existence of bubble. The
fact that the price ¢, increases or decreases in time does not depend on the existence
of bubble but depends on the dynamics of endowments.

24This corresponds to the key condition for bubbles in Section 5.1.1 in Bosi et al. (2018b)
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We now look at the consumption in our example.

c10=-e10+ (g +do)b1 1, c20=e20+ (qo+do)ba—1 —qoL (43a)

Crot-1 = €12t-1 — Gat—1L, Coor1 = €291 1+ doy 1L+ qoy 1L (43b)
Crot = €12t + dou L + gL, Co9t = €291 — qotL (43c)
Since Lq% = %62,% and Lq%_l = %el,gt_l, we see that C1,2t—1 and C2,2¢ do not

depend on (d;); but cyo (resp., co9:-1) is strictly increasing in do; (resp., doi—1).
So, when dividends decrease, bubbles will be more likely to exist but the individual
welfares will be lower.

4.4 Welfare analysis

It would be important to compare the individual welfares generated by different equi-
libria. The following result allows us to do so.

Proposition 9. Consider equilibria satisfying conditions (8) and (9a-9c). Since equi-
librium outcomes can be uniquely computed from the initial price qo, the individual
welfare of agent i is a function of qo, and so denoted by W;(qo).

Assume that the utility function u; is differentiable and strictly concave (u! < 0)
for any i = 1,2. Then, we have that:

1. For anyi = 1,2, the individual welfare W;(qo) is strictly increasing in the initial
price qq-

2. By consequence, in the case of multiple equilibria (for example, in Proposition
6, Proposition 7, Examples 1-4), the allocation of a bubbly equilibrium strictly
Pareto dominates that of the bubbleless equilibrium.

Proof. See Appendix B.3. n

Let us provide a sketch of our proof. Recall that the agent i’s welfareis ) -, B;¢ui(ciy).
By using the FOCs and the concavity of utility functions, we can show that, for any ¢,
Broi—1u1(c1,2e—1) + B1,201 (c1,2¢) and Ba optia(Co.9¢) + P2, 2041Uz2(C2,2041) are strictly positive
and strictly increasing in ¢g. By consequence, we can prove that ZtT:o Bit (ul(c”) —
ul(c;t)) converge to a positive number when 7" tends to infinity, for any two equilibria
(ao> (1)) and. (i, (¢},):) with go >

To understand the intuition behind our result, let us look at, for example 5 o;—1uy(c1.9:-1)+
1 2¢u1 (€1 2¢) which equals to

Brot—1ui(er0e—1 — bidat—1 — qar—1H) + P 2eus (€12t + dor(L + 03) + g H ) (44)

Recall that the rate of substitution M‘M)) is high (see conditions (13) and

B1,2t—1u)(e1,2t—1

(14)) which implies that ej 9,1 is relatively high with respect to ejo. When ¢
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increases, both g and go;—; increase. This implies that c; 9,1 decreases and c; o
increases, and then helps agent 1 to better smooth her consumption. So, increasing
qo is welfare-improving.

Remark 5. Our welfare analysis is consistent with that in Proposition 9 of Hirano
and Yanagawa (2017). The different is that we work with general utility functions
while they only focus on the logarithmic utility function.

Remark 6. Notice that increasing qo is not necessarily strictly welfare-improving
if the wtility function w; of some agent i is linear. Indeed, assume that u;(c) =
u;c Ye where u; > 0. We can check that W;i(qo) = Wi(q)) for any two equilibria
satisfying conditions (8) and (9a-9c) (because Py au—_1ui(c12—1) + Biaur(ci o) and
Baattiz(Caar) + Boori1ua(ca2i11) do not depend on the initial equilibrium price qo).*

Remark 7. In a particular case when assets have no dividend, the consumption
allocation of the bubbleless equilibrium coincides with that of the autarkic equilibrium.
Since the utility function is strictly concave, we can easily prove that U;(¢;) > U;(e;)
Vi. So, its allocation is strictly Pareto dominated by that of bubbly equilibrium. This
argument has been used in many papers in the literature. However, it can no longer
be applied for the case of positive dividend because the consumption allocation of the
bubbleless equilibrium is different from that of the autarkic equilibrium. By the way,
our proof of Proposition 9 is new and so part of our contribution.

5 Conclusion and discussion

In general equilibrium models with infinitely lived agents, we have provided new
conditions (based on fundamentals) under which assets (with or without dividend)
do not generate price bubbles. In general, the existence of bubbles is associated with
the fluctuations of individual asset trading. However, the existence of bubbles is not
a matter of a single factor but the result of an interaction between heterogeneous
agents in an imperfect market.

We have provided several mechanisms where bubbles and real indeterminacy exist
in equilibrium in a model economy with two kinds of agents. Our analyses suggest
that bubbles are more likely to exist if (1) heterogeneity of agents takes place at any
period, (2) borrowing limits are tight, (3) the interest rates of the benchmark economy
are low so that agents are willing to buy assets even at a high price, (4) there is an asset
shortage (the asset supply is low or asset dividends are low to agents’ endowments).
We have also proved that bubbles may not exist if one of these conditions is violated.

We end our paper by mentioning some avenues of research in the future. First, it
would be interesting to understand how our results would be extended in a stochastic
economy. Although the existing literature has shown many conditions ruling out bub-
bles in stochastic general equilibrium models, there are very few examples of bubbles

25Gee (B.29) and (B.30) in Appendix.
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in such models. To address this question, it is important to understand how agents’
decision depends on the economy’s fundamentals and the degree of incompleteness of
the financial market. Second, are bubbles always welfare-improving? It is true under
conditions in Proposition 9. However, since we have not yet found the whole set of
equilibria in the general setup, our results are not enough to conclude that bubbles
are always welfare-improving. An open question is to investigate whether in a general
model any bubbly equilibrium dominates any bubbleless equilibrium.
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A Equilibrium properties and no-bubble conditions

Proof of Proposition 1. Part 1. To prove the FOCs, it suffices to prove that:
@ Biruli(cit) > Birs1wi(Citi1) (g1 + diyr) and we have equality if b; ; 4+ b > 0. We can
do so by using the standard argument in the dynamic programming (see our working
paper Bosi et al. (2019) for instance).

We now prove the TVCs. The FOCs imply that the sequence (\;;q); is
decreasing in t. Moreover, we have

Aitqebiy = <)\i,t+1(Qt+1 +di) + 77i,t> bit = N1 (Qerr + diga)biy — 1ib;
We rewrite the budget constraint of agent ¢ at date ¢ as follows
Nig(cie —€ir) = Nia(qe + di)big—1 — Ni1qibiy

By taking the sum of this constraint from ¢ = 0 until 7" and using (1b), we get

T T
Z Nit(Cit — €it) Z ( it(qe +di)big—1 — )\i,tthi,t)
t=0

t=0
T

= Nio(qo + do)bi—1 — Nirqrbir + Z ;407

t=1

and hence )\i,o(qo + do)bi,fl + Zf:(} )\i,te@t + Zz;l ﬂi,tb;( == )\i,TQsz',T + Z?:O )\i,tci,t~
We will prove that limz_, 1 o i 7qr(b; 7+b*) exists in RT. Recall that the sequence
(Aitqt): is positive and decreasing in ¢. So, limy, . Ai+q: exists and is in RT. We

have —b7 <bj; =L —> . ;bjy < L+ 3, b;Vt, and hence

—oo < liminf \; rqrb; r < limsup \; rgrb;r < 00.
T—+00 T—+00
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Under our assumptions, we have ), A;,¢;; < 0o Vi. Indeed, we have >, Ay =
Yo Binui(cip)ein < >0, Biv(cin) <D, Biwv(D o, €ir + Ld;) < oo. Thus, we obtain that
Zt )\Ltci’t < o0 Vi.

Since Y, A\;iciy < 00, both series Y, \;,e;; and >, 7;+bf converge. By conse-
quence, limy_, oo A\ 7qrb; 7 exists in R. Therefore A; rqr(b;r + b*) converges and

lim Ajrgr(bir+0°) = TETOO Airqrbir + TEIEOO Airqrb; € R

T—~+o00
There are two cases:

e Case (a): If liminf,_, o (biy 4 b) = 0, then limy_, o Aisqi(bis + b*) = 0 because
Ai,tgt S )\i’(]qO Vt.

e Case (b): If liminf, , o (b;y + 0f) > 0, then there exist & > 0 and T such
that b;; + b > a Vt > T. In this case 7;,;, = OVt > T. For simplic-
ity of the proof, assume 7" = 0. We know that lim; , . A;+q exists. Let
¢ = limy—y 100 Airqe. We claim that ¢ = 0. Assume the contrary: ¢ > 0. In this
case ¢ = lim; 100 N 7 r 1971741 < Airqr VT. Construct a sequence (¢, b ;)

as follows:
a a
C;OZCi7O—|—C—, C;t:Ci’t,thL b;t:bl,t—C—,VtEO
’ Aio " ' Qi
Since b}, > —b; +a — & =—b+a(l— ﬁ) > —b7, Vi, the sequence (¢, b ;)

satisfies physical, budget and borrowing constraints. However ZZ;OS Bipui(ciy) >
Z;OS Bitui(ci¢) which is a contradiction. Hence ¢ = 0, i.e. limy o gy = 0.
Since by +bf = L — >, bj + b7 < L+ 37, b7Vt, we get

Nirqi(L + Z b)) > Nixqe(big + b)) > i

This 1mphes that hmt_,oo Ai,tqt(bi,t -+ b?) =0.

By combining the two cases (a) and (b), we obtain that lim; . A;:q:(bi + bf) = 0.
Part 2 (sufficient condition). It suffices to prove the optimality of the allocation
(¢i, b;). Consider another sequence (¢}, b)) satisfying physical, budget and borrowing

1) 71
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constraints. We have, for any T,

T T
Z)\z,t Cit — Cpy) > zt<62t+<qt+dt>bzt 1—thzt—€zt—(%+dt)b” 1+thit)
t=0 t=0
T-1
= Ai t+1(Qt+1 + dt+1 b;t Z )\tht it ) - QT)\i,T(bi,T - ;T)
- T-1
= —qrXir(bir — )+ Z < i1 (G + digr) — )\i7tQt> (biy — b;,t)
t=0
T-1
= —qrXir(bir — bQ,T) + m,t(bé,t —biy)
t=0
T-1
= —qrXig(bir + b — 0 + ) + > mia(V, + 0 — (biy + b))
t=0
T-1
> —qrXig(bir + b)) + Y mia(bi, +b7) > —qr Xz (bir + 7).
t=0

Therefore, we have

T T
Z <6i,tu(ci,t) — ﬁi,tu(cg7t)> > Z Nig(Ciy — i) = —qrir(bir + b7).

t=0 t=0

Denote Ur = ZtT:o Biru(ciy) and Uy = ZtT:o Bisu(c;,). Observe that the sequence
Ur converges when T tends to infinity.

If imp o0 gr i 7 (bir + b)) = 0, then limsup,_, U < limp_,o, Ur; we have fin-
ished our proof.

Remark 8. Ifu;(0) > 0, then the series Y o, N sui(c;t) always converges. By conse-
quence, conditions Up > UL—qrX; r(b;r+b5) VT and liminfr_, o qr\; 7 (bir+b5) =0
imply that limy_,o Ur > limp_,o, U}, = limsup,_, . U7

]

Proof of Proposition 2. We mainly use Proposition 1.
1. Suppose that there exists ¢ such that liminf, ,(b;; + b7) > 0. In this case,

there exists T such that b;; + b > 0 Vt > T. So, ’\i\’f“ = 4 =1 vt>T.
) ( it qt+1+di+1 Ryt
This implies that Q; = Qr :; vVt > T. By combining with the TVC, we get that

limy o0 Q:qt(b; e + bF) = 0 Vi. This is impossible because lim inf; . (b;; + b}) > 0 and
lim_, . Q:q; > 0.

2. We firstly prove that: there exist an agent, say agent i, and an infinite, in-
creasing sequence (i), such that b;; + b =0 for all n = 0,1,.... Indeed, assume,
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by contradiction, that for any agent 7, there exists 7" such that b;; > —b Vt > T. As
discussed above, we obtain that limy,_,., Qq:(b;; + b}) = 0 Vi. Taking the sum over i
and using market clearing conditions, we get that lim;_,. Q:q: = 0, i.e., there is no
bubble, a contradiction.

We now consider other agents j € {2,--- ,m}. Suppose that for any j > 2, there
. * )\-’ o o 1 .
is T such that b;, + bj > 0Vt > Tj. So, ;;tl — qtﬂitdm = &g vy > 2,Vt >
T = max;>p T}, which implies that @, = QT:J; Vj > 2,t > T. By combining
- J

with the TVC, we get that lim, o Qq:(b; + b;) = 0. Since bubbles exist, we have
limy 0o Qrqe > 0. We then get that limy o (b;, + b;“) = 0. Market clearing conditions
imply that limy_,oo by ¢ + 0] = L — limy_, ijg bj+b;=L+>" bf>0. So, there
exists 17 such that b;; + b7 > 0 V¢ > T}, which is a contradiction. By consequence,
there exist an agent, say agent 2, and an increasing sequence (7j, ), such that bjj,+b; =
0foralln=0,1,....

3. Suppose that there exist m — 1 agents such that their asset holding converges.
By market clearing conditions, the asset holding of all agents converges. So, there

exists an agent ¢ such that lim;_,, b;; > 0. According to point 1, this is impossible. [J

Proof of Corollary 2. Suppose that }°, ,Qie;; < oo Vi. Budget constraint of
agent ¢ implies that Qic;y + Qiqbir = Qreir + Qi(qr + di)biy—1. By summing this
equation over ¢ and noticing that Qiq; = Qyy1(q+1 + diy1), we have

T T
Z Qiciy + Qrarbir = Z Qeir + (qo + do)b;—1 VL.
t=0 t=0

Since ) .~ Qeir < 00 and (Qrqrb; ) is bounded (because b; r and Qrgr are bounded),
the series Y >0 @iciy converges, and so does the sequence (Qrgrb;r)r. If there is a
bubble, we have lim;_,, Q:q;: > 0. By consequence, (b;;) converges for any i. Market
clearing conditions imply that there is an agent ¢ such that b, = lim;_,. b;; > 0.
So, borrowing constraints of agent ¢ do not bind from some date on, say 1T'. Hence,

>\’Lt : : : i,
/\:1 = Qt+13fdz+1 = Rtl VYt > T. This implies that Q; = QT/\ t vt > T. By com-

bining with the TVC, we get that limy; o, Qq:(b;r + bf) = 0 VZ This is impossible
because hmt_m(blt + bf) > 0 and lim; Q;q; > 0.
If lim inf, Z > 0, there exist a date {5 > 1 and a positive constant x such that

xdy > ey Vit 2 to. Therefore, we have

to—1

ZQt Zezt ZQt Zezt +2Qt Zezt
>0 t>to i
to—1 to—1
SZQt Zezt +$2Qtdt<ZQt Zezt + xqo < 00.
t=0 t>to

Hence tho Qt(zz eivt) < 00, and so there does not exist bubble.
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Proof of Proposition 3. We need intermediate results (Lemmas 1, 2, 3).

Lemma 1. At each date t, there exists i such that b;; > b; 11 and borrowing constraint
is not binding (i.e., by +bf > 0).

Proof. Define iy such that b;,; — b, +41 = max{b;+ — b;+y1}. Then, we have b;,; —

biy.1+1 > 0. We consider two cases.
Case 1: If bio,t — bio,t-{-l > 0, then bi07t + b;k > bio,t+1 ‘I— b;k Z 0
Case 2: If bjy; — bjy4+1 = 0, then b, — b; ;11 < 0 Vi. Since > (bit — bit+1) = 0,

K3
we get that b;; — b; .41 = 0 for every 4. Since ), b;; > 0, we can choose i such that
bil,t > 0. SO, we have bil,t = bi1’t+1 and bil,t + b: > 0. ]

Lemma 2. Assume that e;; — dib; > 0 Vi, Vt, then we have

1 < max Bit+1u; (€541 — di1b})

Ry = i &M(ZZ €it T Ld,)
Proof. Recall that we have 1 = R;,; max; ’Bgﬁ—w Vvt > 0. Let t > 0, Lemma 1
implies that there exists an agent i = i(t) (depending on t) such that by, > bi)e+1
and by + b;f‘(t) > 0. Then, we have 1), = 0 and hence

Vvt > 0. (A.1)

Bi(t)»t‘*‘lu;'(t) (Cit)t41)
Bitt) iy (Cico),t)

1= Rt+1

We observe that ¢ 1 = €iyus1 + (Ger1 + dev1)bieye — Grrbigyerr > €iyer1 —
dtHbf(t) and ¢y < Wy = ZZ eir + Ld;. By consequence, we get that

I Bi(t),t—&-lug(t)(Cz‘(t),t+1> Bi(t)7t+1ug(t)(€i(t),t+1 - dt+1bf(t)) < max Bit+1us(€itr1 — diy1 b))

R ﬁi(t),tug(t)(cz‘(t),t) N ﬁi(t),tug(t)(zi eir + Ld;) T i Bigul(do, e + Ldy)
]

Lemma 3. Consider an equilibrium. Take v in Assumption 3, we have that (1 —

)by < Wy Vi, Vt.

Proof. Suppose, by contradiction, that there exist ¢ and ¢ such that (1—7)gb; s > W;.
Let us consider a new allocation of agent i: z; := z(ci,t,v, (1-— y)qtbi,t). We check
that this allocation is in the budget set of agent i because

(Ci,t +(1— ’Y)thi,t) + g (’Ybi,t) <eir+ (¢ +di)bir—
Yeis + qs(Vbis) = veis + (@ + de) (Vhis—1) < €is + (@ + di) (Vhis—1) Vs >t + 1

According to Assumption 3, we have
Ui(e;) < U; (z(ci,t,% Wt> < U (z(ci,tm, (1-— 7)qtb,»7t)>. (A.2)

This is in contradiction to the optimality of (c¢;, b;). O
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We now prove Proposition 3. Since points 1 and 2 are direct consequences of
(4), let us prove (4). According to Lemma 3, we have (1 —~v)gb;; < W, Vi, Vt. Taking
the sum over i, we get (1 —v)q. L < mW, Vt. Since L(1 — ) > 0, we get that

th
< ——— Vi A3
"I (A.3)
According to Lemma 2, we have
1 Bipraui(eiipr — diyaby)

< max
Riw = i Biui(> " eir + Ldy)

Recall that there is no bubble iff lim; .., Q;q; = 0. By combining these above argu-
ments, there is no bubble if condition (4) is satisfied.

vt > 0. (A.4)

O

B Proofs for Section 4. Models with bubbles

We firstly state and prove a condition under which a sequence is a system of prices.
This condition is very useful for the next proofs.

Lemma 4. Let Assumption 1, 2 be satisfied.

(1) The sequence (qi)i>0, asset holdings given by (8) and agents’ consumptions
given by (9a-9c) constitute an equilibrium if and only if consumptions are strictly
positive and the following conditions hold

uy(egn + di (L +07) + i H) ¢+ di

1= B.1a
72’0U'2(€2,0 + (qo + do)ba,—1 — (L +b7)) o ( )
' dos (L + b H d
1 = Y1001 U/1(€1,2t + 2t€< +035) + g H) qor + doy (B.1b)
U1(€1,2t—1 - b1d2t—1 - q2t—1H) q2t—1
1 = UIQ(€2,2t-s;1 + doi1 EL +b7) + g1 H) qary1 + doria (B.1c)
U2(62,2t - b2d2t - QQtH) G2t
N U:1<€1,2t + dot (L +05) + g H) > Yo,2t—1Uh (€221 — dotbly — qorH) (B.1d)

ui(ero—1 — bjdy—1 — qu_1H) — uh(eao—1 +do—1(L+b7) + g1 H)

Y uh(€eg,214+1 + dogy1 (L + b)) + g H) >~ uy(e1,2041 — bjdort1 — qui H)
2,2t * = /1,2t *
ub(e2.9t — dotbly — g H) uy (€1, + do(L + b3) + g H)

(B.1e)

us(eg1 + di(L +07) + uH) > ui(ern — bjdy — qu H)
1,0
7 ull (el,[) + (qo + do)bl,fl + qob’{)

(B.1f)

72’01/2(62,0 + (qo + do)ba,—1 — qo(L + b)) —
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and

tlgc{lo /31,2t+1U/1(€1,2t+1 - bid2t+1 - q2t+1H)q2t+1H =0 (B-Q)
tliglo 52,215’&/2(62,215 - dztbz - (J2tH)Q2tH =0 (B-3)

Observe that the TV Cs hold Zf}ﬂ?o Ba ottty (€aat)e 0t = tli>r£10 B1ot41u)(€1,0041)€1,2041 = 0.

(2) When u;(c) = In(c) Vi = 1,2, the sequence (q;)¢, asset holdings given by (8)
and agents’ consumptions given by (9a-9c) constitute an equilibrium if, for any t > 1,
V12t—1 = V2,261, V2,2t = V1,2t

61721‘/,1 Z 62721‘/71 -+ (L -+ QbT)dgtfl -+ 2Hq2t,1 (B4a)
62,2,5 Z 61,2,5 + (L + Qb;)dgt + 2Hq2t (B4b)
e20 > €10+ do(br,—1 —ba 1) + qo(L +2b] + by 1 — ba 1) (B.4c)

and

Y2,0(€2,0 + (g0 + do)ba,—1 — qoba,)
= (g1 + d; )= ’ 2 B.5a
% = (@ 1) es1 +di(L+07)+qaH ( )

71 2t—1(61 2t—1 — bfd%—l - Q2t—1H)

= +d ’ : B.5b
qat—1 <Q2t 2t) . th(L T b;) Yol ( )

€9.9; — bidoy — gy H
g2t = (q2tJrl 4 d2t+1) 72,2t( 2,2t oot — ot ) (B.5C)

e2,2t41 + do1 (L + 03) + qor1 H

Proof of Lemma 4. The part 1 of Lemma 4 is a direct consequence of Proposition
1. Let us prove the part 2. Since u;(c) = In(c) Vi, we have u(c) = 1/c Vi, and hence
FOCs now become

B Y2t—1U (C1,2¢) Gt + doy _ Y2t—1(€12e-1 — bidar—1 — qar—1H) qor + dos

b= uy(c12t-1) q2t—1 e10t + doy (L + 05) + gt H q2t—1
1— Yo,2tU5(C2.2041) Gart1 + Aot _ Vo2t (€290 — dotby — qo H) Qot1 + dort1
ub(ca0t) q2t e29t41 + o1 (L +07) + qor1 H qat
”Yl,Qt—lU/l(Cl,Qt) ’72,215—1“/2(02,21:) 72,2tU/2(02,2t+1) 71,2tU/1(01,2t+1)
uy(cro—1)  — uh(coz—1) uy(Ca,2t) - ()

The two last inequalities of the FOCs become

erot—1 — bida—1 — g1 H > e20t-1 + do—1(L+07) + g1 H
1,9t + doy (L + 03) + quH — 221 g0t — dotby — qo H

2,0t — o0y — qo > s e1,9t + doy (L + %) + g H
e20t41 + do1 (L +07) + o H — '

V1,261 (B.7a)

(B.7b)

V2,2t i *
€1,2t4+1 — bidasy1 — Gory1 H

35



At the first period, FOCs are

ub(c u (¢ c c
72’0, >(C21) > 71’0, 1(e1) <:>72,0ﬂ > 71,0£
U2(02,0) U1(01,0) C2.1 C11

2,0 + (go + do)b2,—1 — qobayo > e1,0 + (qo + do)b1,—1 — qob10

20 eo1 +di(L+05)+aH — L0 e11 — bidy —qH
_ mous(can) g +di e2,0 + (qo + do)ba, 1 — qobzo 1 + di
and 1 = 7 =720 "
UQ(CZ()) qo €21 + dl (L —+ bl) —+ qu o

These inequalities are guaranteed by conditions (B.4a-B.4c) while these equalities are
ensured by conditions (B.5a-B.5c¢).
According to Proposition 1, it remains to prove the transversality conditions:

tlgglo qot(b1,2t + b7) A2t = 0, tlgglo @ot+1(b1,2641 + 7)) A12041 =0

tliglo @2t (D22t + b3) Ao = 0, tliglo Qot41(b22e41 + 05) A2 2001 = 0.
Since by 9¢ = —b7 and by o1 = —b3, they becomes

tlgilo Q2t+1(b1 2041 + b)) A1 2041 = 0 and tlgglo qat(b2,2t + b5) A2 0t = 0

1
=0and lim gy HPBsy— =0 (B.10)
C1,2¢+1 t—00 Co 2t

or equivalently, tlgg Qo1 H P26

These conditions are satisfied thank to (B.4a-B.4c).
[

Proof of Proposition 5. First, we observe that ) (61’215 + do(L + 3) + qgtH) =
u) (61,2t — dotb} + (g2t + dzt)H) and uj (62,2t+1 +doy1 (L +07) + Q2t+1H) = Uj (62,2t+1 —
dor 105 + (o1 + d2t+1)H). Since e, — dib7, ear — dib; are strictly positive and the
function cu}(c) is increasing in ¢, the three numerators in FOCs (B.1a), (B.1b), (B.1c)
are increasing in qi, qa, @11 respectively. Moreover, the three denominators in FOCs
(B.1a), (B.1b), (B.1c) are increasing in qo, g2;—1, g2; respectively. By consequence, ¢;11
is increasing in ¢; for any ¢. This in turns implies that CERRAUZSEH increasing in ¢

qt—1
qt+dy
decreasing in go. Thus, the fundamental value F'Vy = )., Qd; is strictly decreasing

in go. Hence, the asset price bubble component By = qg — F'Vj is strictly increasing
in qo.

Second, we prove that Sy is connected. Let z,y € Sy with z < y, and let z € (z,y).
Since ¢(-) is a strictly increasing function, we have ¢;(y) > ¢:(z) > ¢(x). So, the
sequence (q;(z)); is strictly positive and individual consumptions generated by this
sequence are strictly positive. To prove that the sequence (¢;(z)) is a sequence of
equilibrium prices, we have to now verify FOCs and TVCs. FOCs (B.1a), (B.1b),

for any t. By consequence, ¢, is strictly increasing in ¢y and R% = is strictly
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(B.1c) are obviously satisfied. We present a proof of (B.1d) (conditions (B.1le), (B.1f)
can be proved by applying the same method). Indeed, we have

Y12t—1wy (€126 + doe(L + b3) + qu(2)H) > Y at—1wy (€12t + doe(L + b3) + qu(y)H)
72,2t—1U'2(€2,2t - d2tb§ - Q2t(Z)H) - 72,2t—1ulg(€2,2t - d2tb§ - QQt( ) )

m

U,1<€1,2t71 - b’fd2t71 — 2t 1( ) )

— uh(eg -1 + do—1 (L +b7) + qu-1(y)H)
)
)

u,1<€1,2t71 - bfdztfl — ot 1( )
— ub(egor—1 + dy—1 (L +b%) + gor—1(2)H)

because ¢ (y) > ¢:(z) Vt. So, we obtain (B.1d).
TVCs (B.2), (B.3) are satisfied because q:(y) > q:(z) V¢, w)(e10041 — bidars1 —
Qot+1H ) qor41 18 increasing in gory1, and uh(eo o — dotby — qor H )qor is increasing in go.
The two last points of Proposition 5 are a direct consequence of the fact that
By = qo — F'Vj is strictly increasing in ¢q.
]

B.1 Proofs for Section 4.3.1

Proof of Example 1. Assume that there exists a bubble, then we have ¢; > 0 Vt.
According to FOCs (B.5a-B.5c) we obtain that Hq T = iequt - % vVt > 0. From
this, by iterating, we get that

1 1 r,_ 1 (ﬂe) _1;5(1+ﬁ6+‘”+(ﬁ)t—1

- = D, =
Hq, Hqy L HQO

w w

) Vi>1 (B.11)

1. If % <1 (i.e., R* > 1), then the right hand side of (B.11) is negative if ¢ is high
enough while the left hand side is strictly positive, a contradiction. Therefore,
there is no bubble in this case.

2. If % > 1 (i.e., R* < 1). In this case, we have

(3 148
Hg, Hqq w

SR

-t (5 1+ 8 w .,
— _qu(l Hapg— (1= (-0))) ve =1

gl

(a) If o > %5 16;6“’ , then 1— Hqq ;etﬂw < 0. By consequence, the right hand side

is strictly negative when t is high enough, a contradiction. In this case,
there is no bubble.

(b) If go = 1 ﬁe w , then 1— HqOBHfB = 0. By consequence, we have ¢ = ¢ > 0
vt > 1. To verlfy that this is an equilibrium price, we must check conditions
(B.4a-B.4c) which now become e—w > 2H + Blié” This is satisfied because
B e (0,1).
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(c) f 0 < g < %511—1;”, then 1 — HQO% > 0. In this case, we see that
the sequence ¢; determined by (B.12) is positive and decreasing in ¢, and
lim; ., ¢; = 0. Conditions (B.4a-B.4c¢) which now become e — w > 2H¢,

Vt. Since gy < %ﬁtﬁw, we have 2Hq; < 2Hqy < e — w Vt. So, conditions

(B.4a-B.4c) are satisfied. Therefore, the sequence (¢;);, determined by two

conditions gy < %'Bﬁ—*g“ and (B.11), constitutes a system of equilibrium

price with bubble.

O

Proof of Proposition 6. Part 1. Bubble exists iff ¢ > 0 V¢. FOCs (B.5a-B.5¢)
now become

_ €2,0+g0b2,—1—qo(L+b7) ¢1 €21 _ €2,0 *
{1 = 72,0 o taiH TN +H =207 Y2.0(L +bf — by 1)

q1
_ vlee—Hge) qi+1 Wit _ 1 _~H
1 = Wit Hais1 at Vit Z 1 -+ H = Y€t o Yt Vit Z 1

qt+1

or equivalently

1 1 1 L4bF—by_ 1 1 1
_ 720620 B _(1 a0 + 1* 2,* 1) _ e Lt V> 1
qu 6271 HQ[) 6271 L + bl + b2 Hqt—l—l W41 Hqt W41
From this, we can compute that, for any ¢ > 2,
1 e ! <’Yt726t72 I 1+ ’Vt—z) T
Hg, Wy w1 Haq o W1 Wy
_ V1801 Yi-264-2 I yaealt+yws 143
Wy w1 Hgio Wy Wg—1 Wy
L Tt—1€t-1 N1 1
Wt wy Haq
14 v 161 L4y _164— es (1 +
_< ’Yt1+%1t1 ’7t2+”.+’7t1t1”.'722( 71))
Wy Wy Wi—1 We w3 w2
_ =161 T0Co 1
wy wy Hqo
L+b*fbgyfl
B <1 + V-1 " Vi—1€i—1 1+ Yo T Yi-1€-1 1€l L4720 L+1b’{+b§ )
Wy Wy Wi—1 W Wo w1y
1
= —1TI,—D;.
Hqo ! '

By consequence, we obtain (22).
Condition ¢; > 0 is equivalent to D;/T"; < 1/(Hgqo). We see that

1+ L+bﬁf—627,1
1471 Yt—1€t—1 14782 B L N £ | 720 L b 03
Dy o wt wt Wi—1 we w2 w1
- Jt—1€t—1 70€o
Ft we w1
* * *
_Rl'“ t*1(1_|_ 1 )_|__|_ii L+0 — by
B e e L+ b5 + b
t—1 V-1 0\ 1 2

38



where recall that 7o = 72,0, w1 = €, and == = 2=. By combining this with
t

D, /Ty < 1/(Hgqp), we get that Y.~ Ri‘é;);RZ‘ < 00.
Part 2. We have to check that (1) prices and consumptions are strictly positive,
and (2) all conditions in Lemma 4 are satisfied.

Since e; —w; > 0, condition ¢y < It
H(Dt-i— z

€t — Wt

which implies that I'; > HqyD; and ¢, — w; > 2Hq;. We have ¢; > 0 because
't > HqyD;. Condition e, — w; > 2Hq; Vt ensures that consumptions given by

(9b-9c¢) are strictly positive.

Our construction ﬁ = HLqOFt — D, Vt > 1 ensures FOCs (B.5a-B.5c¢).

By using condition e; — w; > 2H¢q;, we obtain (B.4a) and (B.4b). Moreover,

.. €2,0—€1,0 . . ..
condition ¢y < [ T v implies condition (B.4c).

Let us look at g. We can compute that

2
et —wi

) is equivalent to HngFt — Dy >

HD, =~ 2H _H(m~-gw1 4 +1(1+L+@—m4»
I, (er — wy)Ty €1 Yi—1 €0 Yo L+ b7 + 0
2H
+ Yt—1€t—1 Yo€o
(et_wt>T"'T1
:le"'wt—1 I+ 71 +Hw1"'wt—2 T+ 72 n
€ " "C—-1 Yo t-1 € " C—2 Yo Vt—2
++£<i+L+bT—b27_1)+ 2Hw1---wt 1

€0 Y0 L+ b5 + b3 eo - er—1(er — we) Yo - Y1

Recall that H = L + b} + b5. As a result, %(Dt + etfm) is increasing in L, b, b3, w,
and decreasing in e;, v, bs 1. By consequence, ¢ is decreasing in L, b7, b3, wy, b1

and increasing in e;, v, by 1.

L]
B.2 Proofs for Section 4.3.2
Proof of Proposition 7. We will prove, by induction, condition (33), i.e.,
050sls < < L%y > (B.16)
1+dyH, P S, e '

.. . d .
This is satisfied for ¢ = 1 because we choose qo € (Z47, %) AssurrL?aEhat it holds

for s = t. Let us prove it for s = ¢ + 1. According to (30) and ¢;_1 < h.b, we have

(1 4+ dHy)qgr—1 — apdy (1 +dHy) % —ady 3 — (1 — ay)dy

= < ¢ = ¢ B].?
o ay — Hyqi ay — Hto}’}—? -y ( )
< oy Q11041 (B.18)

(1 - Oét)Ht H
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where the last inequality is from (32b).

The system (30) and condition 24

Trd i, < Q-1 imply that

(1+diHy)q—1 — aud, - (1+ dth)ﬁthCIlf —ady  (0y —1)d,

_ _orardy T 1 _ owdiHy
Hige—1 — e, 1=,

@ = (B.19)

According to condition 1 — (o, — 1)d;H; >, we have 1 — ffétlgf > 0 which in turn
implies that

gy > (O't — 1)dt > at+1at+1dt+1 (B20)

where the last inequality is from the first condition in (32c). Finally, we get that
s %. Therefore, we have just proved (33).

To prove that (¢;) is a price sequence of an equilibrium, we check that all conditions
in Lemma 4 are satisfied. First, since 0 < ay < 1 < 0y, condition (33) ensures that

Second, observe that condition (33) implies that ¢ < I‘_L[tt—fl and hence ¢; < .
By definition of ¢, the inequalities (B.4a-B.4c) can be rewritten as ¢ < g Vt. So,
conditions (B.4a-B.4c) are satisfied. It also ensures that consumptions are strictly
positive.

Last, FOCs (B.5a-B.5c) are ensured by the system (30).

O

Proof of Proposition 8. Part 1. According to Remark 3, there is no bubble if
a < 1. Now, consider the case a > 1. Suppose that there is a bubble. We must have
>, di < 0o. There are only two cases.

Case 1. If there is ¢y such that ¢, < “T’l, then we have

Qto<th0 B (CL B 1))
a — hqy,

qt0+1 - qto == - dt < O <B21)

By induction, we have that ¢, < ¢;-1 < (a — 1)/h ¥Vt > to. By consequence, the
sequence ¢; decreasingly converges to a value ¢ > 0. Observe that

(Qt + dt)(a - th—l) = -1, and hence q(a - hQ) =q, (B'22)

So, either ¢ = 0 or ¢ = (a — 1)/h. Since ¢ < ¢;—1 < (a — 1)/h ¥Vt > ty, the value ¢
must be strictly lower than (a — 1)/h. As a result, ¢, converges to zero.
Case 2. ¢, > %=L V¢t > 0. Observe that

¢1(hgi1 — (a = 1))

> 0.
a— hqg;1

(ge+do+--+dt) — (@1 +do+--+dio1) = @ +di —qe—1 =

So the sequence (¢ + do + --- + dy) is strictly increasing. Since ) ,d; < oo and
q < %, this sequence is bounded, and hence converges. As a result, the sequence (¢;)
converges. So, it must converge to %
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Part 2. We now prove that there is almost one equilibrium satisfying ¢; > "“—;1 Vt,
in which asset holdings are given by (8) and agents’ consumptions are given by (9a-
9¢). Let (¢:) and (¢;) be two systems of equilibrium prices. We must have ¢, < a/h

and ¢; < a/h.
Define x; = ¢; — a—;l,a:; =q, — %1, then we have 0 < zy, 2, < 1/h and
a—l
qt—1 a—1 T ar;_q
+di=—"""- 0, +—+d; = S t+d=—"-—
e ! a — hqt—l ! h ! a — h({Et 1 —f— —) ! L 1-— hl’t_l
az;_,

Similarly, we have x} + d; = Therefore, we get that

1—ha}_,~

o alre -y
t (1 —=hzyq)(1 — hx) )

vt > 1. (B.23)

We will prove that 2y = z{, (which implies that ¢ = ¢; Vt). Without loss of generality,
suppose that zo > x(. According to (B.23), we have x; — z} > a(x;—1 —a)_;) Vt > 1.
Therefore, we have z; — x} > a'(zo — x() Vt > 1. Since a > 1, a'(xy — z{,) converges to
infinity. So, x; — x} also converges to infinity. However, this cannot happen because
both z; and z belong the interval (0,1/h).

m
Proof of Example 2. First, we see that
e HB+1
a2t:a2t+1:a55_, HQtZHQH_l:hEL
w w
2Hqoy 1 =e—w— Hdy_1, 2HGy =e—w — Hdy,
So, condition 7+ < g V¢ becomes
dobs. — —do(by 1 — by _
B(eao + doba, 1) < 20~ €10 o(b1,—1 — b2 1) (B.24)
B(L+b;—by—1)+H L+2b5+by 1 —by
20e 20e
<e—w-—Hdy 1, —— <e—w— Hd B.25
S Ty 2w (B23)
These conditions and condition ¢ > 0 are satisfied because we assume that d; <
%e—w
H
Second, observe that condition Hd"‘}{d(lﬁ 7 < ’B(ﬂ 1) ensures that l‘fjlh < 4=. So,
the interval (l‘fjlh, a; ] is well defined.
We next prove that ¢, € (ﬁ“ish, “T] Vs > 0. This holds for s = 0 because
Qo € (l‘fjllh, %1] Assume that it holds for ¢ — 1, we will prove this for ¢. Indeed,
condition d; < m is equivalent to 1 — fj:léfh > (. By combining this with
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o—1 di &
i we get that

(L+ dih)ges — ady (1+ dth) e —ady (o0 —1)dy

qs = vady = ody <B26)
a—hgi h1+;h L= 1+ddthh
U@t+1dt+1
> (o — 1)d; > dig1 > —— B.27
(o )di > oai11disa 1+ Hyoydpoy ( )
We also have
h —1
Qe — qi— 1—% 1(hge-1 — (@ ))—dt<0 (B.28)

a—hgi

because hq;—1 < a — 1. So, we have ¢ < ¢;—1 < (a — 1)/h Vt. This in turn implies
that ¢; < (a — 1)/h Vt. By consequence, the sequence ¢, decreasingly converges, and
hence it cannot converge to (a — 1)/h. As a result, it converges to zero.

It remains to prove that (q;) is a price sequence of an equilibrium. To do so, we
verify that all conditions in Lemma 4 are satisfied. First, it is easy to see that ¢ > 0
vVt > 0. Second, according to tt_++11 < @, we have ¢; < Ht“l < @-. This shows that
conditions (B.4a-B.4c) are satisfied. It also ensures that consumptions are strictly
positive. Last, FOCs (B.5a-B.5c) are ensured by the system (30).

O

Proof of Example 3. We see that 1 — (¢ — 1)z > 0 and hady < 1. So, we can
check that 0 < hxd, < 1 and xd; + d, = —2%=2 ‘v’t > 0. According to the proof of

l—hl'dt
Proposition 8, the sequence (¢;), defined by ¢, = %~ L+ zd; Vt, satisfies: q; € (& hl, %)
and ¢; + dy = - q;th,l Vt. In order to prove that (¢;) is a system of prices of an

equilibrium at which asset holdings are given by (8) and agents’ consumptions are

given by (9a-9c¢), we verify all conditions in Lemma 4.
ﬂefw
As in the proof of Example 2, condition dy < %7 ensures that a/h < g Vt.
Thus, ¢ < a/h < @ Vt. This shows that conditions (B.4a-B.4c) are satisfied. It also
ensures that consumptions are strictly positive. Last, FOCs (B.5a-B.5c) are ensured
by the system ¢; +d; = =— Vt.

]

B.3 Proofs for Section 4.4

Proof of Proposition 9. We need an intermediate step.

Lemma 5. Assume that u; is strictly concave and u! < 0. Then, By at—1u1(c12e-1) +
Bratur(cr2e) and Bogrua(caor) + Pootr1Ua(Co0ir1) are strictly positive and strictly in-
creasing in qo.
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Proof of Lemma 5. The FOCs in Proposition 1 imply that

y uy (€100 + doy(L + b3) + g H) N ub(e2,0t — dotby — gor H)
1,2t—1 ” > Y221 "
‘ uh(e1,20—1 — bjdor—1 — g1 H) ' uh(€eg2t—1 + dor—1(L + b}) + g1 H)
N uh (€211 + doy1 (L + b)) + g1 H) > ~ uh(€1,2041 — bidory1 — qor 1 H)
272 * — 172 *
' ub(e2.0t — dotby — gor H) ' wy(e1,9t + dot(L + b%) + o H)
and

B 2t—1q2—114 (61,27571 — bidg—1 — QQt71H> = [ 2y (61,2t + doy (L + 05) + Q2tH) (qor + daz)
ﬁ2,2tQ2tulg (62,2t — byday — Q2tH) = Ba2t11(qae1 + d2t+1)u/2 (62,2t+1 + dary1 (L + b7) + Q2t+1H)

Taking the derivatives of both sides of equalities with respect to gy and combining
with FOCs, we have

ﬁl,Qt—l(.I;t—l(qO)ull(Cl,Zt—l) < 51,2::—1%%1((10) <U,1(Cl,2t—1) - CJQt—1HU/1/(01,2t—1)>
= B1,2005:(q0) (ull(cl,Zt) + Hu' (c12¢)(qor + d2t)> (B.29)
< B1,2105(q0) ) (c1,2¢)

Ba. 2605 (qo) s (C2,2¢) < B2,2009,(q0) (UIQ(CZ,Zt) - Q2tHUIQI(C2,2t)>
= 52,2t+1%t+1(%) (ulg(cl,2t+1> + Hug(02,2t+1)(92t+1 + d2t+1)> (B.30)
< 52,2t+1qgt+1(QO)U5(02,2t+1)-

where we also use u; < 0 (the function wu; is strictly concave) for i = 1,2.
By consequence, we have that

5%0 (51,2t71u1<cl,2t71) + 51,2tul(01,2t)) (B.31)
= —H B ae-1ug(c1,20-1) 031 (q0) + H P12z (c1,2¢) 45 (q0) > 0 (B.32)
and
9,
0 (52,2%2(02,20 + 62,2t+1u2(02,2t+1)> (B.33)
= —Hﬁz,ztué,(cmt)qét(%) + Hﬁz,2t+1“§,(02,2t+1)qgt+1(CIO) > 0. (B.34)
O

We now prove Proposition 9. According to Lemma 5, the sequences /51 9,111 (¢1,2¢-1)+
Bratur(cror) and Paopuua(caor) + Poorr1ta(cooer1) are strictly positive and strictly in-
creasing in qq.

We now prove that the function W;(q) is increasing in ¢g. Notice that we cannot
directly prove this by looking at » - 8%0 (Bwui(ci,t)) for i = 1, 2,, because it is unclear
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that this series converge. So, we will prove our result as follows. Let gy and ¢j be the
two initial prices of two equilibria (g, (cit);) and (qi, (cj,;):). Assume that qo > qp.
Consider agent 1 and denote Ay = ZtT:o Brt (ul(cu) - ul(c’u)). We will prove that
Ar converges to a strictly positive number when T tends to infinity. Indeed, we
see that Aop = Zf:o Brt (ul(cu) — u1(C'1,t)) is strictly positive and increasing in T'
(because By a¢—1u1(c190-1) + P12:ur (c1,9¢) 1s strictly increasing in gg et ¢y o is increasing
in qo). So, it converges to a strictly positive value.
We now observe that

2T

Aoy = Z 51,t (Ul(Cl,t) - ul(cll,t)) + Br2r41 <U1(01,2T+1) - U1(C/172T+1)) (B'35)

t=0

It is easy to see that (1 2741 (u1(0172T+1) — ul(c’LQTH)) converges to zero because both
Brorriui(crars1) and Bioryiui(c) o, ,) converge to zero. By consequence, we have
Agr and Asri 1 converge to the same value. So, A; converges to a strictly positive
value when t tends to infinity.
By using the same method, we can prove that ZtT:() Bot (uz(c2p) — ua(ch,)) con-
verges to a strictly positive number when 7' tends to infinity.
]
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