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1 Introduction

Bubbles exist in many markets, not only those where assets have fundamental values
hard to determine or observe (stocks, for instance), but also some where assets have
fundamental values known to be less than their prices (fiat money, for instance). How
can bubbles be explained and what must be true for the existence of bubbles? Though
claiming that most bubbles are irrational is much easier than interpreting bubbles in a
rational way, economists have made and are still making efforts to deal with the latter.

Among the huge literature on the existence of bubbles, one strand has developed
models based on the existence of some irrational agents, often called noise traders in
the literature (see, for example, De Long, Shleifer, Summers and Waldmann (1990),
Abreu and Brunnermeier (2003), and Zurita (2004)). Papers in this strand interpret
bubbles by the interaction between the rational and the irrational.!

Another strand of the literature, has tried to model bubbles under the assumption
that all agents are rational.? In such settings, an asset bubble can be explained either by
the assumption of an infinite horizon or by the infinite presence of new agents (see Tirole
(1982) and Tirole (1985) for example). However, in order to interpret the existence of
a finite horizon bubble?® in a rational expectations equilibrium with a finite number of
agents, either a change of standard assumptions (for instance, symmetric information)
or the introduction of specific requirements (for instance, short sales constraints) has
to be made. Thus the question becomes: What is the minimum requirement for the
existence of such a rational bubble?

By the well-known no-trade theorem of Milgrom and Stokey (1982), under the
standard setting, if the initial allocation is efficient relative to each agent’s belief, then
the common knowledge of feasibility of and voluntary participation in trade will give
agents no incentive to trade, no matter whether they have private information or not.
If there is no trade in a finite horizon economy, there is certainly no bubble. Hence
the ex ante inefficiency of the endowment allocation, or the existence of potential gains
from trade, is one necessary condition for such a bubble to exist.*

Allen, Morris and Postlewaite (1993) (AMP (1993) henceforth) define two types of
bubbles—expected bubbles and strong bubbles—in their finite-agent finite-horizon finite-
state trade model, and show that private information about the states and short sales
constraints for all agents are another two necessary conditions for the existence of
strong bubbles. An expected bubble is said to exist if it is mutual knowledge that the
price of the asset is higher than the expected dividend. They call it a strong bubble if
everyone knows that the price is higher than the maximum possible dividend. While

!Though the rational agents have incentive to take advantage of the irrational, it is possible that
noise traders may actually earn a higher expected return than rational investors do. For details, see
De Long, Shleifer, et al. (1990).

2In fact it is assumed that the rationality of the agents is common knowledge in most papers of
this strand. Under the assumption of rational expectations, these two are equivalent.

3 Among all the bubble phenomena, finite horizon bubbles are probably most puzzling.

4For a complete proof, see Tirole (1982).



the concept of expected bubbles provides a starting point for analysis, economists are
more interested in the concept of strong bubbles.

Combining these three together with a fourth requirement that the agents’ trade
should not be common knowledge, AMP (1993) presented an example of strong bubbles
in a rational expectations equilibrium with three agents and three periods.” This
model captures the "greater fools" dynamic in the sense that because of asymmetric
information, agents may hold a worthless asset at a positive price in the first period
(hence a strong bubble), in hopes of selling it in the second period to someone else who
thinks it may be worth something. In short, a rational bubble can exist in this setting
because even though everyone knows that the asset is overpriced, they may still hold
it with the belief that others might think that it is valuable.

Given the success of the Allen, Morris and Postlewaite model, economists are some-
what less than satisfied with the last assumption, the one requiring no common knowl-
edge of trades, since many bubbles do exist in reality with the public information
of agents’ actions. Conlon (2004) constructed a strong bubble example in a similar
setting® where there are only two agents. Since trades are automatically common
knowledge for the two-agent case, this result has questioned the necessity of the as-
sumption of no common knowledge of trades for the existence of a finite horizon bubble
in a rational expectations equilibrium. Another contribution of Conlon (2004) is that
the bubble in the model is not only strong but also robust to nth order knowledge,
that is (all agents know that)™ the price is higher than any possible dividend agents
will receive.

Based on the fact of the existence of nth order bubbles, one may naturally ask
whether a bubble can be robust to common knowledge. In this paper, by requiring
common knowledge instead of mutual knowledge, I develop two new concepts of bub-
bles: a common expected bubble and a common strong bubble. A common expected
bubble is said to exist if it is common knowledge that the price of the asset is higher
than the expected dividend. A common strong bubble is said to exist if it is common
knowledge that the price of the asset is higher than the maximum possible dividend.
The concept of the common strong bubble is so "strong" that it can be shown never
to exist in any rational expectations equilibrium under the standard assumption of
perfect memory. However, I am able to show that within the same framework as
the AMP (1993) model but with common knowledge of trades, a strong bubble can
exist in the case of two agents, and this bubble can still exist even when it is com-
mon knowledge that the price is higher than the expected dividend agents will receive
(hence a common expected bubble). Moreover, such a bubble, both a strong bubble

°Tt has been shown in that paper that there is no expected bubble in the last two periods under
their framework, which will be described in Section 2; hence the minimum number of periods for the
existence of a bubble is 3.

6The setting of Conlon (2004) differs from AMP (1993) in the sense that agents’ information
structures are determined both by the private signals they receive at the beginning of period 1 and
by the public signals they receive at the beginning of every period. The information structures are
chosen so that prices reveal no additional information.



and a common expected bubble, is robust to one class of symmetric perturbations in
beliefs and another class of symmetric perturbations in dividends, and can exist for
any finite number of agents.” This positive result itself, on the one hand, weakens
the assumptions of the models of bubbles by reducing the four necessary conditions
to three, and hence improves these models’ applicability and powers in interpretation.
On the other hand, the surprising result of the existence of common expected bubbles
is somewhat counterintuitive but captures the idea that agents do not rush in face of
bubbles since, given the common knowledge of the heterogeneous beliefs and the in-
formation structures, they believe that they can take advantage of it in a later period.
The fact that these bubbles are robust to certain classes of symmetric perturbations
provides insight into the structure of the bubbles. Another contribution of this paper
lies in the understanding of the structural characteristics of models of bubbles: I show
that a couple of structural conditions must be satisfied for a strong bubble to exist in
a rational expectations equilibrium in a 2-agent symmetric economy. One of them is
that the minimum number of states is 8. Furthermore, it is also worth noting that the
implicit assumption of perfect memory plays a key role in the nonexistence result for
common strong bubbles: if people might forget some information they knew before,
then a common strong bubble may happen in equilibrium.

The next section of the paper introduces the basic framework following AMP (1993),
gives four concepts of bubbles, and shows the nonexistence of common strong bubbles
in any rational expectations equilibrium. Section 3 presents a simple example of a
rational bubble with two agents; the bubble is both a strong bubble and a common
expected bubble. Section 4 characterizes necessary conditions about the number of
states and the structure of information partitions for the existence of strong bubbles
and common expected bubbles. Section 5 shows that the bubble example we described
above is robust to both strongly symmetric perturbations in beliefs and very symmetric
perturbations in dividends. Section 6 gives a counterexample of the nonexistence result
of common strong bubbles if we allow for imperfect memory. Section 7 shows the
general results for any finite number of agents. Section 8 provides concluding remarks
and directions for further study.

2 The Model

2.1 Basic Setup

The same framework is established here as in AMP (1993), except that the requirement
that the trades should not be common knowledge is removed.

T assume that each agent is distinguished from the others in the sense that either their beliefs
are heterogeneous or their information structures are different, or both. Otherwise, this result would
hold trivially since each agent can be "divided" according to endowments into any finite number of
subagents.



In the pure exchange economy under study, there are I (> 2) risk neutral® agents
(t=1,2,---,1), T (> 3) periods (t = 1,2,--- ,T) and N (> 2) states of the world
represented by w € Q. Only 2 assets exist in the market: one riskless (money) and the
other risky. There is no discount between any two periods. Each share of the risky
asset will only pay a state-dependent dividend denoted by d (w) at the end of period
T.

Agent 7 is endowed with m; units of money and e; shares of the risky asset at
the beginning of period 1. In each period ¢ and in each realized state w, agents
can exchange claims on the risky asset at a state-and-period-dependent price P; (w).
Agent i’s net trade in period ¢ when state w is realized is denoted by z; (w), and

we write z; = (Ti1, Tig, =, Tir), Tr = (Tu, Tag, -, Tp), and @ = (21,72, , 7).
Hence agent ¢’s final consumption in state w with net trades x; at price P (w) =
(P (w), Py (w),---, Pr(w)), denoted by y; (w, P (w),z;), is equal to m; + e;Pr (w) +

T
Zmit (W) [Piy1 (w) — Py (w)], where Pryj(w) = d(w). Let w;(-) be agent #’s util-
t=1

ity function. Then agent ¢’s utility in state w with net trades x; at price P (w), is
w;(y; (w, P (w), z;)). For simplicity, assume that u; (-) is the identity function for all i.

Each agent 7 has a subjective belief about the probability distribution of the state,
denoted by m; (w).” Vi =1,2,-- , I,Vw € Q, m; (w) > 0.

2.2 Information Structure

At the beginning of each period t, before observing the current price and making
the trade, agent ¢’s information about the state is represented by S;;, a partition of
the space €2, and his price-and-trade-refined information is represented by SL*.10 We
denote by s;; (w) (sL* (w)) the partition member in Sy (SL¥) containing the state w.
In other words, s;; (w) consists of all the possible states agent i believes he might be in
when the state w is realized in period t. For example, s;; (w1) = {wi,ws} means that
in period 1 agent ¢ believes he might be either in w; or wy when w; is realized.

SEX is determined by (Sy;, Pr, z¢) such that

Vw € Q, 5% (W) = s (w) N{W'|Py (W) = Py (w) and zy (W) = xp (W) V' < t}.

8 Agents are assumed to be either risk averse or risk neutral in AMP (1993). Here for simplicity,
I only consider the case of risk neutrality. All the results will remain valid for the risk averse case as
long as the potential gain from trade is high enough.

9We may either assume same utility function with heterogeneous beliefs, or assume common prior
with different utility functions, in order to give agents an incentive to trade. Here we adopt the former
one and in the next version we may also consider the latter. For other approaches to induce trade,
see AMP (1993) for details.

10Tn the AMP (1993) model, they only focus on the price-refined information S%. In their model
it is assumed that the trades are not common knowledge and hence agents cannot get additional
information from trades.



Obviously Vi = 1,2,--- , [,Vt = 1,2,--- ,T,Vw € Q, {w} C sZX (w) C 54 (w).
We assume agents have perfect memory so that

Vi=1,2,-+ ,I,Yw e QVt >t sy (w) C s (w).
Obviously this implies that

Vi=1,2,---,I,Yw € QVt >t s (w) C sl (w).

It should be noted that when agents make trades to optimize their payoffs, the
information they based on is s;X (w) instead of Sy, since it is assumed that rational
agents should make use of all the information they can obtain. As we will see, the
assumption of perfect memory plays an important role in Proposition 1, which we will
state at the end of this section.

2.3 Rational Expectations Equilibrium

Before we come to the definition of a rational expectations equilibrium, in order to be
consistent with the AMP (1993) model, two concepts have to be introduced first.

Definition 1 (Information Feasibility) Agenti’s net trades x; are information fea-
sible if in each period t, x;; is measurable with respect to player i’s price—and-trade-
refined information, SL*. Formally, x; are information feasible if

Vt=1,2,---,T,Vw € Q, 5" (w) C{w: 2y (W) = 2 (W)} .

The last part of the above expression is equivalent to V', w” € sE* (w), 2y (W) =
xi (W), which might capture more intuition than the one used in the definition. Ba-
sically, information feasibility rules out the possibility of acting differently given the
same information.

Definition 2 (No Short Sales) Agent i’s net trades x; satisfy no short sales if in
each period t and in each state w agent i’s holdings of the risky asset are non-negative.
Formally, x; satisfy no short sales if

t
Vt=1,2,--- ,T,VwEQ,ei—l—int(w) > 0.

As shown in AMP (1993), this no short sales condition is necessary for the existence
of a bubble in a rational expectations equilibrium. It should be noted that there is no
constraint on the short sales of money.

11

Denote by j; (w) the join of sy; (w), s9 (W), -+, s (w),"! and by m; (w) the meet

of s14 (W), s9¢ (W), -+, 811 (w).12

"The join j; (w) of s14 (W), s2¢ (W), -+ -
(2) for all j; (w) satisfying (1), j; (w) C
),

my

,81¢ (w) is such that (1) Vi =1,2,--- | I, j; (w) C s (w) and
Jt ( ). It is also called the coarsest common refinement.

ot L STt (w) is such that (1) Vi =1,2,--- | I, 854 (w) C my (w)
(w ) C mj (w). It is also called the finest common coarsening.

12The meet my (w) of s1; (w), s2¢ (W
and (2) for all m} (w) satisfying (1), m

6



Now we are ready to give the definition of a Rational Expectations Equilibrium in
this pure exchange economy.

Definition 3 (Rational Expectations Equilibrium) (P,z) € RY?T x R™NT 45 q
Rational FExpectations Equilibrium if

(C1)Vi=1,2,--- I, z; are information feasible and satisfy no short sales. Denote
the set of all such x;’s by F; (e;, P,x_;,S;), where S; = (Si1, Sia, -+, Sir) 13
(C2)Vi=1,2,--- I, 3; € argMaXy e p (e, P8 O Ti (w) ui(ys (w, P, )M

weN

I
(C3)Vt =12, T Vwe Q> a4 (w)=0;
i=1
(C4) ¥t = 1,2,--- [T, P (-) is measurable with respect to j, (w). Formally, ¥t =
1,2, [ T\Vwe Q, j; (w) C{w : P (W) =P (w)}.

Basically, (C1) describes the feasible set of trade for each agent, (C2) says that
each agent maximizes his expected utility given his price-and-trade-refined information,
(C3) requires that the market should clear in equilibrium, and (C4) implies that all
the information contained in price is from the join of the individual information.

2.4 Different Concepts of Bubbles

Different definitions of bubbles will lead to different results even within the same frame-
work. As a base line, we use the concept of an expected bubble, defined in AMP (1993).
As we will see, the stronger the concept of a bubble become, the harder for it to exist
in equilibrium.

Definition 4 (Expected Bubble) As in AMP (1993), an expected bubble is said to
exist in state w in period t if in state w it is mutual knowledge that the price of the
risky asset in period t is higher than the expected dividend an agent will receive, that is

Vi=1,2,--,1,P (w) >

w'eshX (w)

Definition 5 (Strong Bubble) As in AMP (1993), a strong bubble is said to exist
i state w in period t if in state w it is mutual knowledge that the price of the risky
asset in period t is higher than the maximum possible dividend an agent will receive,
that is

Vi=1,2,--- I,V € s (w), P (w) >d(W).

13Since Va; € Fj, z; are information feasible, F; depends on the information structure S;, the prices
P, and other agents’ trades x_;. Since x; satisfy no short sales, F; depends on the endowment e;.
That’s why it is written as F; (e;, P, x_;, S;).

4 Another perhaps more intuitive way to express (C2) is (C2) Vi = 1,2,---,[,x; €
Arg MAXyr ¢ 7, (e, Pa_.,5,) i [wi (i (w, Py x})) [SHX]. Tt is easy to see that (C2') is equivalent to (C2).

7



As seen from above, the concept of strong bubbles strengthens the concept of ex-
pected bubbles in a way that it requires that the asset price be higher than the maxi-
mum possible dividend, not just the expected dividend. As will be seen below, another
way to strengthen the concept of expected bubbles is to require common knowledge
instead of mutual knowledge. This requirement is reasonable since in the real world
people’s behaviors do not only depend on their own beliefs, but also depend on others’
beliefs, others’ beliefs on their own beliefs, and so on. Therefore, we might expect
to see something different when common knowledge is introduced into the concept of
bubbles.

Definition 6 (Common Expected Bubble) A common expected bubble is said to
exist in state w in period t if in state w it is common knowledge that the price of the
risky asset in period t is higher than the expected dividend an agent will receive, that is

1
Vi:1727”'Jl7vw/€mfx(w)7pt(w>> Z Wi(&)ll)d(u}//),15
Z T (w//) w//esliX(w/)

w”ESﬁX (w’)

Definition 7 (Common Strong Bubble) A common strong bubble is said to exist
i state w in period t if in state w it 1s common knowledge that the price of the risky
asset in period t is higher than the maximum possible dividend an agent will receive,
that is

Vo' € mI* (W), P (w) > d(W).

2.5 Nonexistence of Common Strong Bubbles in Equilibrium

Among the 4 definitions above, clearly the common strong bubble is the strongest one.
One may wonder if there exists such a bubble in a rational expectations equilibrium.
The answer is NO, due to the following proposition. This nonexistence result is actually
an immediate implication from Corollary 4.1 in Morris-Postlewaite-Shin (1995). Here
we adopt a different approach to proof.

Proposition 1 Under the perfect memory assumption, Vw € Q,Vt = 1,2,--- [T, it is
impossible for a common strong bubble to exist in state w in period t in any rational
expectations equilibrium.

Proof. Suppose it is possible and Jw, 3¢ such that a common strong bubble exists in
state w in period ¢ in a rational expectations equilibrium. Then m!* (w) is the set of
states where there is common knowledge among agents when w is realized. Thus we
have Vo' € mI™X (w), P (w) = P, (') > d (w'). By the feature of rational expectations
equilibrium, there must exist some agent ¢ for whom buying is at least as good as

BmPX (w) is the meet of sTX (W), sEX (W), ,sHX (w).
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selling, which implies that P; (w) < E; [Py (W') [’ € s§* (w)]. Therefore, P; (w) <

px () Pr1 (W) < maxgpmpx ) Prr1 (). Since agents have perfect mem-
ory, we have Vi = 1,2,--- | I, Szl'zt)—(&-l) (w) C s (w), which implies m{7} (w) C mf™ (w).
By induction we have P (w) < maxX,ycp,px () Pri1 (W) = max,ep,rx () d(w’). Thus
Jw* € mP¥ (w) such that d (w*) > P; (w), which causes a contradiction. m

The intuition behind the nonexistence of common strong bubbles is that if it is
common knowledge that the price today is higher than the highest dividend agents
may receive, then agents might be better off by selling the asset instead of holding it,
no matter what kind of heterogeneous beliefs they may have. Since everyone wants to
sell, there cannot be a rational expectations equilibrium any more. It is worth noting
that the result of Proposition 1 is independent of the assumption of common knowledge
of trades. In the case of no common knowledge of trades, the result is still true. The
only modification needed is replacing the price—and-trade-refined information by the
price-refined information. It is also worth noting that the result of Proposition 1
crucially depends on the perfect memory assumption. If we allow for agents to forget
some information they knew before, a common strong bubble may exist in a rational
expectations equilibrium. Such a counterexample is presented in Section 6.

Though under the standard assumption of perfect memory there is no common
strong bubble in any rational expectations equilibrium, an expected bubble, which is
both strong and common expected, can exist in a rational expectations equilibrium of
a three-period two-agent economy, as will be shown in the next section.

max; man/ES w'em

3 A Simple Example: Strong Bubbles and Com-
mon Expected Bubbles with Two Agents

3.1 Exogenous Setting

AMP (1993) has constructed a strong bubble in a rational expectations equilibrium of
a three-period three-agent economy with the assumption of no common knowledge of
trades. In this section, I will provide a simple example of the existence of strong bubbles
with two agents where trades become automatically common knowledge. Moreover, as
will be shown, the bubble in the example will also be robust to common knowledge in
the expected sense, hence a common expected bubble.

There are 2 agents (A and B), 3 periods (1, 2, and 3) and 8 states (w1, we, w3, Wy,
ws, we, wy and wg). Only 2 assets exist in the market: one is money and the other is
called a risky asset. Each share of the risky asset will pay a dividend of amount 4 at
the end of period 3 if the state is either w; or wy, and will pay nothing otherwise, as
shown in the table below.

State w; wo w3 w4 Wy W Wr Wg

dw)y 4 0 0 4 0 0 0 0




Each agent is endowed with m; unit of money and 1 share of the risky asset at the
beginning of period 1. Agents can trade in each of period 1, 2, and 3. In period 3, after
the trade is made, the dividend is realized, and then the consumption takes place.

Keeping in mind that the asymmetric information is the key to generating strong
bubbles, we achieve this goal by giving agents different information structures. Re-
mind that agent i’s (i = A, B) information about the state in period ¢ (¢t = 1,2,3) is
represented by S;;, a partition of the space {2. The specific structures of S;;’s are given
by

Sa = {{wlaw27w3aw4;w5vw8} ) {W6aw7}}
Spr = {{w1,wa, wa, ws, we,ws}, {ws,wr}}
SA2 = {{W17WQ,CU3},{W4,W5} 7{w67w7}7{w8}}

Sp2
SA3

{{W4, w57W6} ) {Wla w2} ) {wg,w7} ) {wg}}
Spz = {{wi},{wa}, {ws} , {wa} , {ws}, {we}, {wr}, {ws}}.

At first glance, this particular structure of information may seem complicated, but
as our analysis goes on, the reason why it is set in this form will become clear. So
far, there are at least three observations. First, in period 3, each agent is perfectly
informed of what the realized state is and hence there is no asymmetric information
then. Second, in period 2, agent A receives more information only when he observed
{w1,wq, w3, wy, ws,ws} in period 1, and agent B receives more information only when
he observed {w;,ws, w4, ws,ws,ws} in period 1. Third, in period 1, if the state wr is
realized, each agent knows that he will receive no dividend for sure.!'® Hence if the
price is positive in period t = 1 in state w = wy, there will be a strong bubble, and that
is part of what we are going for. The state where there is a strong bubble is called a
bubble state.

There are different approaches to generate potential gains from trade. Instead of
assuming different marginal utility levels across the states, here we let agents have

heterogeneous beliefs, as shown in the table below with weight W = 1—16.

State w; ws w3 ws4 Wy W Wy Ws
A 2 1 1 1 2 1 1 7
TB T 2 1 2 1 1 1 7

Also, the structure of the beliefs may seem complicated for now, but it will become
clear why it serves for the existence of a bubble in a rational expectation equilibrium.
So far, it is easy to observe that within the two states where there will be a dividend of
4, agent A puts a higher weight on state w;, and agent B puts a higher weight on state

16Take agent A into consideration for example. When wy is realized, agent A will have observed
the event {wg,wr}. Since in either state wg or wy, there is no dividend payment, agent A knows that
he will receive no dividend with probability 1.

10



wy. They put the same weight on state w7, and state wg, respectively. The weights
they put on events {w;,ws, w3} and {wy4,ws,ws} are also symmetric.

3.2 A Rational Expectations Equilibrium with a Bubble

Recall the standard definition given in the last section, and in our example a rational
expectations equilibrium will be a vector (P,z) € RY*® x R?*3*® such that
(C1) Vi = A, B, net trades x; are information feasible and satisfy no short sales;
(C2) Vi = A, B, x; maximize player i’s expected payoff with respect to his own
price-and-trade-refined information;
(C3)Vt=1,2,3,Vn=1,--- 8,z (W) + 25 (w,) = 0;
(C4Hvt=1,2,3,Yn,m=1,---,8,j; (wn) C {wm : Py (wm) = P, (wn)}

Although there are multiple rational expectations equilibria for this example, the
one with the equilibrium prices and trades given in the following two tables is what we

are interested in - the one in which there is a strong bubble and a common expected
bubble.

State w; ws w3 w4 Wy W Wy W
Pw 1 1 1 1 1 1 1 1
Pw)y 2 2 2 2 2 2 0 0
Ps(w)y 4 0 0 4 0 0 0 O

Yw e Qaa (w) =2p1 (W) =243 (W) =2p3(w) =0

State W1 Wy W3 Wy Wy Wg Wr Wg
Taz (W) 1 1 1 -1 -1 -1 0 0
Tpo (W) -1 -1 -1 1 1 1 0 0

a2 +amw 0 0 0 0 0 0 0 0

3.2.1 Price-and-Trade-Refined Information

First, derive the price—and-trade-refined information for each agent in each period. It
is easy to observe from the price table that P; (w) = 1 Vw € Q and from the trade table
that 41 (W) = 21 (W) = 0 Vw € Q. This implies that the prices and trades in period
1 reveal no information. Hence S4;¥ = S41, SEX = Sp;. Since in period 3, all agents
already have full information about the state before observing the prices and making
the trades,'” the prices and trades in period 3 again, reveal no information. Hence
SEX = Sas, S5 = Sps. The only new information revealed by prices and trades in
period 2 is that agents know where they are for sure when the state w; is realized.

17 Actually there is no trade in period 3 in the equilibrium under study.

11



Hence agents’ price—and-trade-refined information in period 2 is the following, with
the original information structure attached below for comparison.

S,{:QX = {{w1>w27w3} ,{w4,w5},{w6},{w7},{w8}}
Spy = {{was,ws,we}, {wi,wa}, {ws}, {wr}, {ws}}
Saz = {{wr,wa,ws}, {ws, w5}, {we, wr}, {ws}}
Sps = {{ws,ws,we},{wr,wa}, {ws,wr},{ws}}.

The following graph may give more intuition about the information structure than
the mathematical expression does. In the graph, agent A’s information sets are de-
scribed by the black solid curves; agent B’s information sets are described by the blue
dotted curves; dividend paying states are emphasized in gray color.

Period 1 Information Structure

Black Solid: Agent A !
|lBlue Dashed: Agent B !

It is worth noting that in period 2, with the price-and-trade-refined information,
agent A is better informed than agent B when event {wy, ws,ws} happens, and agent
B is better informed than agent A when event {w1,ws,ws} happens. We will see soon
that the subgroup of states {wy,ws,ws} is where agent A takes advantage of agent B
by selling the asset he believes is overpriced to agent B, and similarly, the subgroup of
states {w1,wsq, w3} is where agent B takes advantage of agent A.

3.2.2 The Existence of Strong Bubbles and Common Expected Bubbles

Second, note that there is a strong bubble in period 1 in state w; since for agent A,
sh¥ (wr) = {ws, wr}, P (wr) =1>0=d(we) = d(wr), and for agent B, sb¥ (wr) =
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{ws, w7}, Py (w7) =1 >0 =d(w3) = d(wy). Inshort, a strong bubble exists in period 1
in w7 because in that state every agent knows the asset is worthless but with a positive
current price.

In this example, m}* (w;) = Q. To see that this bubble is robust to common
knowledge in the expected sense, we need to check that Vi = A, B,Vw € Q,1 >

L Z 7; (W) d (w'). There are four cases:

Z milw) w'eshX (w)

PX(UJ)

w'es

1 w = wy: Agent A observes the event {wg, w7}, and agent B observes the event
{ws,wr}. Each of them will deduce that the expected dividend in period 3 will
be %0 + %0 = 0, which is less than the current price.

2 w = wg: Agent A observes the event {wg, w7}, and his expected dividend in
period 3 is 0, less than the current price. Agent B observes Q\ {ws, w7}, and his
expected dividend in period 3 is i4 + 11O = 6 , less than the current price.

3 w = ws: Agent B observes the event {ws,wr}, and his expected dividend in
period 3 is 0, less than the current price. Agent A observes Q\ {wg, w7}, and his
expected dividend in period 3 is 4 + 11O = 6 , less than the current price.

4 w, € Q\{ws,ws wr}, Agent A observes the event Q\ {ws, w7}, and agent B
observes the event Q\ {ws3,wr}. Each of them will deduce that the expected
dividend in period 3 will be %4 + ﬁO = g, which is less than the current price.

Therefore, the bubble in period 1 in state w7 is a common expected bubble. Actu-
ally, the reader can check that in our example the common expected bubble exists in
period 1, not only in state w7, but also in any other state.

3.2.3 Check of Equilibrium Conditions

Last, check that the prices and trades described above constitute a rational expectations
equilibrium. We check all four conditions step by step.

Check (C1): We observe from the trade table that the minimum amount of trade
in period 2 is —1. By the fact that there is no trade in either period 1 or 3 and that
each agent is endowed with 1 share of the risky asset, the no short sales condition is
satisfied for x4 and zp. To see if the z;’s are information feasible, it suffices to only
look at period 2 since no trade occurs either in period 1 or 3. In period 2, actually each
agent’s action remains the same given the same price-and-trade-refined information.!®
This implies that x4 and zp also satisfy the information feasibility condition.

18Take agent A for example.

Yw = we, si3 (W) = {we} C {wa,ws,we} = {w' 1 242 (W) = 242 (W)},
Vw € {wy,ws}, shy (W) = {wa,ws} C {ws,ws,we} = {w ZEAQ( =14
Vw € {w1,wa, w3}, sk (w) = {w1,ws,wz} = {w' : T2 (W) = 242 (W)},
Yw € {wr,ws}, sks (W) = {w} C {wr,ws} = {w' 33A2( ") =waz (W)}

2 (W)},
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Check (C2): Maximization of the expected payoff at the beginning of period 1
under the constraints of information feasibility and no short sales, is equivalent to
maximization of the expected payoft in each period given the current price-and-trade-
refined information under the same constraints.

In period 3, each agent has no incentive to trade since the price is exactly equal to
the dividend for every state.

In period 2, there are in total 4 cases:

(p2-i)

(p2-ii)

(p2-iii)

(p2-iv)

Vi € {A, B}, if agent i observes the event {w;} or {ws}, he knows that with
probability 1 the price in period 3 will be 0, which is equal to the current price,
thus he is indifferent between trading or not in period 2, so the equilibrium trade
of 0 maximizes his expected payoff in this case.

If agent A observes the event {wi,ws, w3} (or if agent B observes the event
{w4,ws,wg}), he will deduce that the expected price in period 3 will be %4 + iO +
;110 = 2, which is equal to the current price, thus he is indifferent between trading
or not in period 2, so the equilibrium trade of 1 maximizes his expected payoff
in this case.

If agent A observes the event {w,, w5} (or if agent B observes the event {wy,ws}),
he will deduce that the expected price in period 3 will be %4 + %0 = %, which is
less the current price 2, thus he has an incentive to sell any of the asset he owns
in period 2, so under the short sales constraint and given there is no trade in
period 1, the equilibrium trade of —1 maximizes his expected payoff in this case.

If agent A observes the event {wg} (or if agent B observes the event {ws3}), he
knows that with probability 1 the price in period 3 will be 0, which is less the
current price 2, thus he has an incentive to sell any of the asset he owns in period
2, so under the short sales constraint and given there is no trade in period 1, the
equilibrium trade of —1 maximizes his expected payoff in this case.

In period 1, there are 2 cases:

(pl-i)

(p1-ii)

If agent A observes the event {wg, w7} (or if agent B observes the event {ws,wr}),
he will deduce that the expected price in period 2 will be %2 + %0 = 1, which is
equal to the current price, thus he is indifferent between trading or not in period
1, so the equilibrium trade of 0 maximizes his expected payoff in this case.

If agent i observes the event other than the one described in (pl-i), he will deduce
that the expected price in period 2 will be %2 + 1—740 = 1, which is equal to
the current price, thus he is indifferent between trading or not in period 1, so the
equilibrium trade of 0 maximizes his expected payoff in this case.

The above analysis guarantees that condition (C2) is satisfied.
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Check (C3) and (C4): It is seen that the market clears in each period in
each state from the table of trades, hence (C3) is satisfied. Note that P, (w) = 1
Vw € €, hence P (-) is measurable with respect to j; (). Also note that js (w) = {w}
Vw € Q, hence Ps () is measurable with respect to js (w). To see P; (-) is measurable
with respect to js (w), note that Vn = 1,--- |6, j (w,) C {w1,ws,ws, ws, ws, we} =

{w: P (w) =P (wp) =2}, and Vn = 7,8, ja (wn) C{wr,ws} = {w: P (w) = P (wn) = 0}

This completes the check that the prices and trades given in the example constitute a
rational expectations equilibrium.

3.3 Discussion

We have shown that, in a simple finite horizon model with asymmetric information and
short sales constraints, a strong bubble and a common expected bubble can exist in
the same period in the same state in a rational expectations equilibrium with common
knowledge of trades, under the same basic setting as in AMP (1993).

It is worthwhile to make some remarks about this simple example.

(1) The initial distribution of the asset is not efficient. To see this, with zero-trade,
each agent’s expected payoft

m; + Z 7 (w) e Pr(w) + szt [P (w) — P (w)]

weN

would have been m; + %, while in the equilibrium, each agent’s expected payoff
is m; + 1. Thus our example does not violate the no-trade theorem and the
necessary condition of ex ante inefficiency is satisfied here. In fact, as the analysis
has shown, in our example those who gain from the trade are the sellers whenever
the trade takes place.

(2) The social welfare is maximized in the rational expectation equilibrium with
bubbles if there is no initial endowment of money. Note that in our example
the social welfare is maximized when in every state the social planner gives all
the assets to the agent who puts the highest weight on that state. Hence the
maximum social welfare should be %(ml +mg) + 2. When either agent has
positive endowment of money, the social welfare of the equilibrium outcome is
not maximized. However, if each agent is endowed with no money, then the social
welfare is maximized in equilibrium. To put it in another way, if the social planner
is only allowed to reallocate on the risky asset, then the equilibrium maximizes
the sum of the utilities of the agents. This implies a surprising observation that

the rational bubbles do not necessarily lead to inefficiency.

(3) The short sale constraints are binding in period 2 for the sellers whenever the
trade takes place. In the cases of (p2-iii) and (p2-iv), where agents play the seller’s
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role, since the expected price for the asset is higher than the current price, agents
would like to take advantage of this and sell as much as they can. If there were
no short sales constraints, an equilibrium would not have been reached under the
current price. This is where the no short sales assumption plays its role.

(4) The asymmetric information functions in such a way that even though all agents
know that the asset is overpriced, they are still willing to hold the asset as long as
the information on overpricing is not common knowledge in the strong sense. It is
this feature that makes a bubble possible in a rational expectations equilibrium.

(5) For simplicity, the example is constructed in such a way that even though trade
is common knowledge, it reveals no additional information to either agent.

4 Structural Characteristics for the Existence of
Bubbles

Assume there are only two agents. There is no trade in the first period and information
becomes perfect in the last period. The dividend can only take two values, Vw, d (w) €
{D,0} where D > 0.

Claim 1 Under the perfect memory assumption, suppose there is a bubble in period t
i state w in a rational expectations equilibrium in economy with state set ). Then
there is also a bubble in equilibrium in the subeconomy with state set mI™ (w).

Claim 2 Under the perfect memory assumption, for a strong bubble to exist in a ra-
tional expectations equilibrium in a 2-agent 3-period economy, there must be at least 2
states with positive dividends, that is

{w € Qld (w) > 0}| > 2.

Proof. Suppose a strong bubble exists in period 1 in state w*.

Consider agent A first. Since P (w*) > max,e.px(md(w) = 0 and P (w*) =
Eq [Py (W) [0 € shY (w*)], the fact that agent A is willing to hold the asset implies
that Jw? € i (w*) such that P, (w?) > P (w*) > 0. Since shy (w?) C i (w?) =
sBX (w*), when w is realized, in period 2 agent A knows for sure that he will receive
nothing. Give P, (wA) > 0, it must be the case that when w* is realized, in period 2
agent B’s expected return is nonzero. This implies that Jw?® € sE (w?) such that
d (wAB ) > 0. Since in equilibrium in period 2 agent A will always sell in state w* and
agent B cannot tell the difference between w? and w”?, it must be the case that in
equilibrium in period 2 agent A will always sell in state w4? as well.
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Then consider agent B, and we have similar results. Jw? € sE (w*) such that
P (wB ) > 0 and when w? is realized, in period 2 agent B knows for sure that he will
receive nothing. This implies that JwP4 € shX (wB) such that d (wBA) > (0 and in
equilibrium in period 2 agent B will always sell in state w?4.

Since in equilibrium in period 2 agent A always sells in state w4? and agent B
always sells in state wP4, wAP £ B4, m

Claim 3 For a strong bubble to exist in a symmetric rational expectations equilibrium
m a 2-agent symmetric economy, there must be at least 2 states with positive dividends,
that is

Hw € Q|d (w) > 0}] > 2.

Proof. By AMP(1993), for a strong bubble to exist in a rational expectations equilib-
rium, there must be potential gains from trade. And these gains will be distributed to
the agents in each trade. But since there is no constraint on the short sales of money;,
in each trade the agent who is buying the asset won'’t receive any gains, otherwise he
would be buying as much as he can, in which situation there would be no equilibrium.
Therefore, the agents receive the gains only if they play the role of sellers. Since it is
a symmetric economy, each agent has a positive probability to sell the asset. Consider
Agent A first. Suppose he is better off by selling the asset in period t in state wy.
Then in period ¢ there must be a state with positive dividend, denoted by wf, from
which agent B cannot tell the difference to w,. Since agent B is buying in period ¢ in
state w%, this implies that agent A is selling in period ¢ in wf. By symmetry, in period
t, there exists another state wf with positive dividend, where agent A is buying and
agent B is selling. Obviously wf # w4. =

Claim 4 Under the perfect memory assumption, for a strong bubble to exist in a ratio-
nal expectations equilibrium in a 2-agent symmetric economy, for each agent, at least
one price-and-trade-refined information set contains at least 3 states, including one
with positive dividend, that is

Vi, 3t, Jw such that |s;* (w)| > 3 and max, ¢ rx ) d (W) > 0.

Proof. Let w* be the bubble state. Suppose in period 1 agent A cannot tell difference
between w* and w4, both of which are zero-dividend states. And without loss of
generality, suppose in period ¢ in state w4 agent A can sell the asset at a positive price.
This implies that in period ¢ agent B cannot tell difference between w, and some
positive-dividend state w%, or wy € s5X (w§). Since agent B will be buying in period
t in state w%, agent A must be selling, hence in period ¢ there must exist some zero-
dividend state w' such that ' € i (w5). If ' € s5¥ (w), we are done. Suppose
not, then there must exisit some positive-dividend state w” such that w” € s5X ().
And this would again imply that there exists some zero-dividend state w” such that

w" € shX (W), Tfw” € shX (W) or w"” € sEX (W), we are done. If not, we can follow
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the same logic. Since the number of states is finite, and s (w4) does not contain any
positive-dividend states, at the end we will find a price-and-trade-refined information
set which contains at least 3 states including one with positive dividend. By symmetry
this is also true for agent B. =

Claim 5 Under the perfect memory assumption, for a strong bubble to exist in a ra-
tional expectations equilibrium in a 2-agent symmetric economy, there must be at least
8 states, that is

Q] > 8.

Proof. Suppose not and there are only 7 states instead. Assume in period t agent 7
has a price-and-trade-refined information set {w;1,w;2,w;3} and the bubble state is w*.
This implies P; (w*) = 0 and P, (w) > 0 for i = A, B and k = 1,2,3. It is easy to
know that in period 1 for agent A, s (w*) C {w*,wp1,wp2,wps}. Without loss of
generality, assume wp; € s43* (w*). Since there is no trade in period 1, the equilibrium
price should be equal to agent A’s expected price. This implies P (wp1) < P (wix)
from agent A’s perspective.

Now consider agent B. It is easy to know that in period 1 for agent B, {wp1,wps,wps} C
sEX (wp1) C {war,Was, was, wp1, wpe, wps}. But this would imply P (wp1) = P (wir)
from agent B’s perspective.

Therefore, there must be at least 8 states. m

Claim 6 For a common expected bubble to exist in period t in state w, it must be the
case that the current price is higher than every agent’s expected dividend across the
meet of the information partition containing w, that is

Vi=1,2,-,I,P(w)> E [dW)w €m™ (w)].

Proof. By the definition of common expected bubbles, Vi = 1,2,--- , I,Vu' € mf'* (w), P (w) >
E; [d (") |w" € sEX (W)].
Since E; [d (') |’ € m{™ (w)] is weighted average of E; [d (w") |w” € si* (w')], imme-
diately we have P, (w) > E; [d (') |’ € m{* (w)]. =
It turns out that the example of strong bubbles and common expected bubbles
we have presented in the previous section is actually the simplest one with minimum
number of states.

5 Robust Analysis for the Symmetric Case

According to AMP (1993), by the nature of the model, such a bubble is not robust,
neither to perturbations in beliefs nor to perturbations in dividends. However, for
an economy with symmetric structure, we find that the equilibria with these bubbles,
though are not robust to perturbations in a general sense, but might be robust to
perturbations in a symmetric sense.

In this section, we focus on three-period models with a symmetric setting.
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Definition 8 (Symmetry) The model has a symmetric setting if for anyi,j =1,2,--- |1,
there exists a bijective mapping L from {1,2,--- /N = |Q|} to {1,2,--- , N} such that
foranyt=1,2 3,

(1) Sit = Sji|L, where S| L is j’s relabelled information partition at t under L;
(2) mi (wn) = 75 (W) ;
(3) d(wn) = d (wim) ;
(4) (mi,e;) = (my, €;) -

Basically equation (1) means that it is information-symmetric. Similarly it is belief-
symmetric by (2), dividend-symmetric by (3), and endowment-symmetric by (4).

It should be noted that the symmetry assumption is more than assuming symmetry
w.r.t information, symmetry w.r.t. dividend, symmetry w.r.t. belief, and symmetry
w.r.t. endowment, respectively. That is because we require the same mapping L for
conditions (1)-(3) to be satisfied.

We call (wy,wr(m) a symmetric pair of states for agent i and j if L (L (n)) = n.

Recall that a state where there is a strong bubble is called a bubble state, denoted
by w*.

A zero-dividend state is called a bubble-related state for agent i, denoted by w*?,
if (1) it is not a bubble state and (2) agent i cannot tell the difference between this
state and the bubble state in the first period. Note there may be more than one
bubble-related state for agent 7.

A zero-dividend state is called a dummy state, w”, if when this state is realized
(1) no agents are sure about their future payoff in the first period and (2) all of them
know that the asset is worthless in the second period. A dummy state is necessary
for a strong bubble to exist in equilibrium in our model because of the equilibrium
conditions.

In a three-period model, bubble bursts in the second period, which implies that in
a bubble state all agents know that the asset is worthless in the second period. This
is the same feature between bubble state and dummy state. The difference is that in
the first period in a bubble state all agents know that the asset is worthless while in a
dummy state they are not sure about the value of the asset.

For instance, in the example of bubbles in Section 3, the setting is symmetric, and
for i = A, 7 = B, we have the relabelling function

n+3ifn=12,3
L(n)=< n—-3ifn=4,56 .
nifn=71778

It is easy to see that (wi,wy), (w2, ws), (w3, ws) (w7, wr), (ws,ws) are symmetric pairs
of states. Here wy is the bubble state, wg is the bubble-related state for agent A, ws is
the bubble-related state for agent B, and wg is the dummy state.

Now we are ready to give a definition to the symmetric perturbation.
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Definition 9 (Symmetric Perturbation) For a model with symmetric setting, a
perturbationn : 0 — R is Symmetric if for any symmetric pair of states (W, wy,) , m,n €
{1727"' >N}:

1 (wm) =1 (wn) -

Even though mathematically symmetric perturbations are of measure zero when
we consider the whole family of perturbations, it does make economic sense to look at
this particular type of perturbations. First, economic systems function in a way that
same or similar shocks are received in symmetric states. Second, symmetric states may
be generated by the same fundamental factor, and hence should be perturbed by the
same amount.

In addition to symmetric perturbations, we can have even stronger concepts for
perturbations.

Definition 10 (Very Symmetric Perturbation) For a model with symmetric set-
ting, a perturbation n: Q — R is Very Symmetric if (1) it is Symmetric;
and (2) for the bubble state w* and the dummy state WP,

n (W) =nw").

It is straightforward to see from the definition that a very symmetric perturbation
requires same perturbations not only for a symmetric pair of states, but also for a pair
of bubble state and dummy state. Since in both bubble state and dummy state the
asset is worthless and this becomes agents’ mutual knowledge in the second period, it
is reasonable to think about the situation where the dividend perturbations for a pair
of bubble state and dummy state are the same.

Definition 11 (Strongly Symmetric Perturbation) For a model with symmetric
setting, a perturbation n : Q — R is Strongly Symmetric if (1) it is Symmetric;
(2) for the bubble state w* and the dummy state w”

n(w*) =—n ") ;

and (3) for any i =1,2,--- 1, for the bubble state w* and all the bubble-related state(s)

. n(w) _ Y
@) Y (@)

A strongly symmetric perturbation is different from a very symmetric perturbation
in two ways. First, for the pair of bubble state and dummy state, the former requires
the same amount toward opposite directions while the latter requires the same amount
toward the same direction. Second, for the bubble state and all the bubble-related
state(s), the former requires the amount proportional on the prior while the latter has
no restriction on it. A strongly symmetric perturbation makes sense when we consider
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a perturbation in beliefs. Condition (2) can be interpreted as the following: if you
increase the probability for the bubble state, you have to decrease the probability for
the dummy state by the same amount. Condition (3) is reasonable because it requires
the perturbation in beliefs does not affect agents’ beliefs of having a strong bubble
when the bubble state is realized in the first period.

As will be shown next, these two particular types of symmetric perturbations are
of our interest because they play an important role in the robust analysis.

To illustrate the results, we use the example of bubbles in Section 3 for perturbation
analysis. Recall that the equilibrium is characterized by the price table and the trade
table below.

State w; ws w3 w4 Wy W Wy W
Pblw 1 1 1 1 1 1 1 1
PBw 2 2 2 2 2 2 0 0
Ps(w) 4 0 0 4 0 0 0 O

Yw e Qaa (W) =2p1 (W) =243 (W) =2p3 (W) =0

State W] Wy W3 W4 Wy Wg Wr Ws
) 1 1 1 -1 -1 -1.0 0
Z5s (W) -1 -1 -1 1 1 1 0 0

Taa(@W 44w 0 0 0 0 0 0 0 0

There are potentially two ways to make perturbations: one is through belief distri-
bution and the other is through dividend distribution.

5.1 Belief Perturbation

State w1 W2 Ws W4q Ws We w7 ws

TA 2+€A,1 1+€A’2 1+€A’3 1+€A74 2+€A75 1+5A,6 1+€A,7 7+€A,8
8 l+ep1 2+¢eps l+eps 2+¢epa l+eps l+eps l+epr 7T+epg

Suppose the original equilibrium is the one with a bubble in period 1 in state w7,
which was shown previously. Now for each state w,, the associated belief 7; (w,) (or
denoted by m; ,, for simplicity) for agent i(i = A, B) is perturbed by a very small amount
€im, Where > e, =0, 1= A, B. Suppose the information structure remains the
same and the agents trade the same way in the new equilibrium as before, then it

suffices to have the new equilibrium prices satisfy the following equations, denoted by
BP.
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Py (wn) = dp,n=1,2,---8.
P ~dy(magtean) tda(mag+ean) +ds(Taz+eas)
2 (Wn:1,2,3) = .
A1+ Ta2 +Ta3+Ea1+HEA2+EA3
Py (wnssg) — dy(Tpa+epa) +ds(mps+eps) +ds(mpe+ 5376).
w TB4a+TBs+TBe+EBa+TEBs T EBS
Py (w,) = dp,n="7,8.
Py (we) (mag+cap) + Po(wr) (Taz+ecar)
TAe+ Ta7+EAE T EAT
Py (ws) (mps+eps) + P (wr) (mp7 +€B7)
T3+ TB7 +EB3 T EBT
Zlgng&nyéﬁ,? Py (wn) (Tan +Eam)
Zlgng&n#&? (Tan +€am)
Zlgngs,n¢3,7 Py (wn) (TBm + €B,n)

Z1Sn§8,n7&3,7 (TBn + €B.n)

P (wn,1§n§8) =

5.1.1 Strongly Symmetric Perturbations

If the perturbation is strongly symmetric, then by definition we have the following
conditions.

€41 = €EB4,EB1 = E€A4,
€42 = €EBp5,EB2 = EApS,
€A3 = £€B6,EB3 = €Ap,
€A1 = EB7,EA8 = EBS,
€A = EAT = —EAS-

Keep in mind that P, (w7) = P, (wg) = 0 in our example, which means that the
price of the asset is zero in both bubble state and dummy state in period 2. Note
that P (w*) = Py (wD ) = 0 is not necessarily true in general, but it always holds for a
three-period model with a strong bubble in equilibrium.

Consider the prices specified below. It is easy to check that these prices automati-
cally satisfy the set of equations BP.

Py (w,) = dy,n=12---8.
{ B L) MY

4+ep1teasteas
0 ifn="738
2 (2 + €A71)

4+5A,1 +Ea2t€a3

Py (wn,lgngﬁ) =

Py (Wn,1<n<s)
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This implies that we have found a new equilibrium with the above equilibrium
prices. The last step is to check whether the coexistence of a strong bubble and a
common expected bubble is still true in period 1 in state w;. The answer is yes as long
as the perturbation is sufficiently small such that P, > 2,19 or —4eqq+3ea2+3€a3 <
2. This can be guaranteed by assuming max;—4 g i1<n<s |€in| < % Therefore, the
bubble in our example is robust to any strongly symmetric perturbations in beliefs if
MaX;—A,B,1<n<8 |€in| < %

It is also worth noting that this result can also be applied to a more general case
where the overpriced asset is not necessarily worthless. As long as the dividend in the
bubble state and dummy state are the same (d; = dg), hence P (w7) = P (ws), then

we still have the same result.

5.2 Dividend Perturbation

State w1 Wa2 W3 W4 Wy Wg Wy Wsg

d (Ld) 4+ (51 (52 (53 4+ 54 (55 56 (57 58

Suppose the original equilibrium is the one we studied before. Now for each state
wn, the associated dividend d,, is perturbed by a very small amount d,,. Suppose the
information structure remains the same and the agents trade the same way in the new
equilibrium as before, then it suffices to have the new equilibrium prices satisfy the
following equations, denoted by DP.

Py (wp,) = dyp+d,,n=1,2,--- 8.
Tan (di +01) +Tago (de + 02) + mas (ds + 03)
Py (wn:1,2,3) = .
A1+ Ta2+Taz3
o TBA4 (d4 + (54) + TB5 (d5 + 55) + 7TB,6 (d6 + 66)
P, (wn:4,5,6) = .
T4+ 75+ TBe
Py (wp,) = dp+,,n="7,8.
TaePs (we) + Ta7 P (wr)
TAe +TAT
e3P (w3) + TprPs (wr)
B3+ TB7
21§n§8,n756,7 TanPs (Wn)
Zlgng&n;ﬁ&? TAn
Zlﬁng&n;&&? Tpn s (W)

D 1<n<smzsr TBm

P (Wn,lgngs) =

19The number g was obtained when we check the existence of a common expected bubble in Section
3.
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5.2.1 Very Symmetric Perturbations

If the perturbation is very symmetric, then by definition we have the following equa-
tions.

01 = Oy,
0 = s,
03 = g,
0y = Og.

Consider the prices specified below. It is easy to check that these prices automati-
cally satisfy the set of equations DP.

Py (w,) = dyp+dp,n=1,2,---8.
261+92+63
Py (Wni<n<s) = { o 5. ! ifITfL 1:§77733S °
201 + 09 + 03 + 407
3 .

This implies that we have found a new equilibrium with the above equilibrium
prices. The last step is to check whether the coexistence of a strong bubble and a
common expected bubble is still true in period 1 in state w;. Similarly, the answer is
yes as long as the perturbation is sufficiently small such that P; > g, or 201 + d2 +
03 + 407 > —g. This can be guaranteed by assuming maxi<,<s |0,| < % Therefore,
the bubble in our example is robust to any very symmetric perturbations in dividends
if maxi<n<sg ‘5n‘ < %

Similarly here we don’t necessarily require that d; = dg = 0. The result holds as
long as d; = dg, which implies P (wy) = Py (wg).

P (wpi<n<s) = 1

6 An Example of Common Strong Bubbles with
Agents of Imperfect Memory

In Section 2, we have pointed out that the nonexistence result for common strong
bubbles relies heavily upon the assumption of perfect memory. Once this standard as-
sumption is relaxed, that is to say agents might forget some information they originally
knew, then it is possible to have a common strong bubble in a rational expectations
equilibrium. A simple counterexample is constructed below.

6.1 Exogenous Setting

The same as before, there are 2 agents (A and B), 3 periods (1, 2, and 3) and 8 states
(w1, we, w3, Wy, Wy, we, wr and wg). There are only 2 assets: money and the risky asset.
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The dividend distribution over states for the risky asset remains exactly the same as
in Section 3, and is shown in the table below.

State W1 W2 W3 Wg Wy Wg Wy Ws
dw) 4 0 0 4 0 0 0 0

Agents’ endowment are the same as before, that is m; unit of money and 1 unit of
the risky asset. What differs from the previous example is the information structure.
In period 1, both agents receive the same information, represented by S4; and Sp; re-
spectively, where S4; = Sp1. When it comes to period 2, both agents forget everything
they knew in period 1, and then they get to receive some new information, represented
by S42 and Sps respectively. In this case, S;s is no longer necessarily a finer partition
than S;; is, for i = A, B. In period 3, again as before, each agent is perfectly informed

of what the realized state is. The structures for the information partitions are given
by

Sa1 = Sp1= {{W2,w3,w5,we,w8} ) {Wl,w4,w7}}

Saz = {{wr,wa,ws}t, {wa, ws}, {we, wr}, {ws}}

Spr = {{ws,ws wel, {wi,wa}, {ws, wr}, {ws}}

Sas Sps = {{wi} {wa} {ws}, {wa} {ws} {we}, {wr}, {ws}}.

The heterogeneous belief about the probability distribution of the state, for each
agent, is shown in the table below with weight W = %.

State W1 Wy W3 Wyqg Wy W Wy Ws
TA 2 1 1 1 2 1 3 5
TR 12 1 2 1 1 3 5

6.2 A Rational Expectations Equilibrium with Common Strong
Bubbles

A similar calculation and check procedure will show that the above economy has a
rational expectations equilibrium that is the same as the one we studied in Section 3.
It is characterized by the price table and the trade table below.

State w; ws w3 ws Wy W Wr Wy
Pw) 1 1 1 1 1 1 1 1
Pw 2 2 2 2 2 2 0 0
Ps(w) 4 0 0 4 0 0 0 0
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Vw e Qaa (W) =2p1 (W) =43 (W) =23 (W) =0

State W1 %] W3 W4 Ws We W7  Wwsg
12 (@) 1 1 1 -1 -1 -1 0 0
Tp2 (W) 1 1 11 1 1 0 0

(@) +ap(w 0 0 0 0 0 0 0 0

Now it is time to look for the common strong bubbles in such an equilibrium.
Observe that in period 1 in any state from the set {wsq,ws, ws,ws,ws}, it is common
knowledge that the dividend in period 3 will be 0. Given a positive price 1, it is exactly
the case that it is common knowledge that the price of the risky asset is higher than
the maximum possible dividend an agent will receive, and hence there is a common
strong bubble in period 1 in any state from the set {ws, w3, ws, ws, ws}-

This counterexample shows that perfect memory is an important necessary assump-
tion for the nonexistence of common strong bubbles. In the real world, it is arguable
that not all people have perfect memory. Therefore, a common strong bubble may exist
in an economy of the real life. This seems to be a surprising result, and it provides
an alternative explanation for the existence of bubbles by the assumption of imperfect
memory, instead of the assumption of noise traders.

7 General Results

In Section 3, an example of a rational bubble that is both a strong bubble and a
common expected bubble is presented in a rational expectations equilibrium with 2
agents. Furthermore, as will be shown next, this result holds for any finite number of
agents.

Let ST = {{w}|w € Q}, and ST is called the perfect information structure for Q.
Before constructing bubble examples, we shall make some restrictions on the agents’
information structure so as to avoid trial bubbles from duplications.

Assumption 1 (Different Information Structure) Vi,j=1,--- , I,Vt=1,--- T,
Sit, Sjt # SE = Sy # Sit.

The assumption of Different Information Structure says that as long as agents don’t
have perfect information, there must be somewhere their information differs from each
other. This assumption rules out the possibility of duplicating identical agents.

Assumption 2 (Distinct Information Everywhere) Vi,j=1,--- [ IVt =1,--- T,
Vw € Q, sy (), 550 (w) # {w} = s (w) # 551 (w).
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The assumption of Distinct Information Everywhere says that as long as agents
don’t have perfect information, their information differs from each other everywhere.
It is easy to know that Assumption 2 is much stronger than Assumption 1. Assumption
2 implies Assumption 1, but not vice versa.

Assumption 3 (Common Knowledge of Trades) Vi = 1,--- IVt = 1,--- T,
Ty 18 common knowledge.

Based on the assumptions above, two propositions can be made on the existence of
strong bubbles in a rational expectations equilibrium.

Proposition 2 Under Assumption 1 and 3, for any I > 2, there exists an economy
under the framework described in Section 2, with I agents, 3 periods and 31 4+ 2 states,
presenting a bubble, both strong and common expected, in a rational expectations equi-
librium.

Proof. See Appendix 1. =

Proposition 3 Under Assumption 2 and 3, for any I > 2, there exists an economy
under the framework described in Section 2, with I agents, 3 periods and I-max {3, I }+2
states, presenting a bubble, both strong and common expected, in a rational expectations
equilibrium.

Proof. See Appendix 2. =

The strong bubble part of the result is not new, and has been analyzed by AMP
(1993) and Conlon (2004). However, by presenting a bubble, not only strong but also
common expected, the above propositions provide a new answer to what properties
of bubbles we can expect to have in a rational world. The common expected bubble
part of the result is surprising since it is somewhat counterintuitive that an expected
bubble can be robust to common knowledge in a raitional expectations equilibrium. But
actually it is the common knowledge of the heterogeneous beliefs and the information
structures that guarantees that agents have no incentive to rush in face of bubbles,
because by rational expectations they know that they can take advantage of it in a
later period.

It should also be noted that the conclusions above are independent of the assump-
tion of no common knowledge of trade. In Proposition 3 of AMP (1993), the assumption
of no common knowledge of trades was argued as a necessary condition for the existence
of bubbles in a rational expectations equilibrium. The idea of the argument is the fol-
lowing: Geanakoplos (1992) has argued that with common knowledge of trades, agents
would have behaved in the same way without the private part of their information
(originally stated as "common knowledge of actions negates asymmetric information
about events"), and then there would be no strong bubbles since there is no asym-
metric information about the states. However, as pointed out by Conlon (2004), the
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conclusion that there are no strong bubbles is only true for the new economy where
every agent has the same information, which is the common part of their original in-
formation. The bubble may still exist in the original economy since in period 1 there
is no trade and hence agents still have their private information.

8 Conclusion

Based on the work of Allen, Morris and Postlewaite (1993), Conlon (2004), and many
others, this paper develops two new concepts of rational bubbles: a common expected
bubble and a common strong bubble, and shows that in a finite-state finite-horizon
model the following results hold for any finite number of agents. First, there is no com-
mon strong bubble in any rational expectations equilibrium under the perfect memory
assumption. Second, there exists a three-period economy with asymmetric information
and short sales constraints, where an expected bubble can exist in a rational expec-
tations equilibrium, and moreover this bubble, not only a strong bubble, but also a
common expected bubble, is robust to both strongly symmetric perturbations in beliefs
and very symmetric perturbations in dividends. The first result partially answers what
properties a bubble cannot have in a rational world, and the second result tells more
about what a bubble might look like, given the results in AMP (1993) and Conlon
(2004). A counterexample of the first result is provided when agents are forgetful, and
this implies that the implicit perfect memory assumption is key to the result of nonex-
istence of common strong bubbles. The necessary structural conditions in Section 4
provide insight into the structural characteristics of models of bubbles. One important
condition is that for a strong bubble to exist in equilibrium the minimum number of
states is 8.

One direction for future work will be to show the coexistence of common expected
bubbles and higher order strong bubbles for any finite number of agents, following
Conlon (2004) in which an example of higher order bubbles is constructed for the
two-agent case. Another direction will be to introduce some irrational agents into the
model and to see whether a common strong bubble can exist in such a setting. Since
bubbles modeled in this paper are not robust to perturbations of agents’ beliefs in a
general sense, introducing noise into the model might be another good direction. It
might also be important and potentially interesting to test the theory on the existence
of rational bubbles by conducting experimental work.
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Appendix

Appendix 1:

Proof to Proposition 2:

Write Q = {wpjn=1,2,--+ ;3 +2}. Let Qp ={w, € Qn=3i —2,i=1,2,--- | I},
Qow ={w, €Qn=3i—1,i=1,2,--- I}, Q; = {wsi—2,wsi—1,ws; }, ; =L\ {ws} =
{W3Z’_2,C«J3Z‘_1}, 1= 1, 2, YN

Each share of the risky asset will pay a dividend of amount 4 at the end of period
3 if the state w € 2p and will pay nothing otherwise. Each agent is endowed with [
units of money and 1 share of the risky asset at the beginning of period 1.

The specific structures of S;;’s are given by

S = {O\{wsr,wsrs1}, {wsr, wars1}}

Sa = {\{wsi—s,wsri1}, {wsi—s,wsrs1}} YVi=2,--- 1

Stz = {Q1, Q-+, Q1 QF {war}t {wsria s {wsrea} )

S = {Q, Qi Yy QL Uy {wsiss ) {waria b {wsrse} ) Vi=2,-- 1
Siz = STVi=1,2--- I

The agents’ beliefs about the states are given by the following functions.

2Wifn=3i—2 or Wy € ng\ {(,Ugi,l}
i (wp) = 4r -1 w ifn=3I+2 Vi=1,2,--- I, W =—.
w otherwise

To see that the belief of agent ¢ is well defined, note that the number of elements
in (o is I, hence there are I states which are put with probability 21/. Since there is
only one state with probability (37 + 2) W, the number of the states with probability
Wis3[+2—1—1=2I+1. Thus, Zm (W) =Ix2W+1x (4l — 1) W+(2] + 1) xW =

weN

8IW = 1.
The equilibrium with the prices and trades given below is what we look for - the

one in which there is a strong and common expected bubble in period 1 in state w,, .

P (w) = 1VweQ.

Py (wn) = 0 Un=3I+1lorn=3]+2

2\n) 2 otherwise
- 4 ifne Qp

Py (wn) = { 0 otherwise
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VZ:1,27 ,I,VWGQ,ZEﬂ(u}):Ijg(W):O.

I—-1 if w,, € §;
Tip(wp) =< 0ifn=3I+1lorn=31+2 Vi=1,2--- 1.
—1 otherwise

Observe that neither the prices nor the trades reveal any addition information with
the settings above.

It can be similarly checked following the procedures described in the two-agent
example that the above prices and trades constitute a rational expectations equilibrium.
And since in period 1 in state w,, ,, each agent knows that he will receive nothing at
the end of period 3, given the positive price of 1 in period 1, there exists a strong
bubble in this equilibrium.

Note that m{X (w,,,,) = Q. To see that this bubble is robust to common knowl-
edge in the expected sense, we need to check that Vi = 1,2,--- [,Vw € Q,1 >

L Z m; (W) d(w'). Note that for agent 1 (or agent 7, i > 2), either

Z mi(w) w'eshX (w)

X
he will observe {W3[7 w3]+1} (OI‘ {Ld3i_3, W3]+1}), or he will observe Q\ {w3[,w3[+1} (OI‘
O\ {wsz;_3,wsrs1}). If it is the first case, his expected dividend will be %0 + %O = 0;
If it is the second case, his expected dividend will be SI]’:124 + g:go = iﬁ? In either
case, the expected dividend is less than the price. Therefore, the bubble in period 1 in
state w3y is a common expected bubble.

However it should noted under the structure above, Yw, € Q\{wsi1,wsria}, in
period 2 in state w, there are always (I — 1) agents who observes the same event
O = {wsi9,wsi_1,wsi} 'Y where i is determined such that w, € Q;. Obviously this
violates Assumption 2. In order to ensure that agents’ information differs from each
other everywhere when there is no perfect information, the number of the states has

to be large enough to guarantee the existence of bubbles.

w'es

Appendix 2:

Proof to Proposition 3:

The case of 2 agents has already been shown in section 3. Here it suffices to consider
the case when I > 3.

Write Q = {wpln=1,2,--- , [*?+2}. Let Qp={w, € Qn=10G—-1)+1,i=1,2,--- , I},
Quryw={wn €Qn=101—-1)4+2,i=1,2,--- I}, ={w, € QI (j — 1) +1 <n < Ij},
QF =\ {wig-nsn} Jk=1,2,--- 1.

Again, each share of the risky asset will pay a dividend of amount 4 at the end of
period 3 if the state w € €)p and will pay nothing otherwise. Each agent is endowed
with [ units of money and 1 share of the risky asset at the beginning of period 1.

Y Though there is one agent observing {w,} or ;\ {w,}, Q; is common knowledge in this case.
And this feature holds also for the constructed example under proposition.
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Let a;; be the ith row and jth column element of the following I x I matrix. Hence
WI(j—1)+a,; 18 the a;jth element in €.

The specific structures of S;;’s are given by

2 3 . I-1 I
I 2 ... I-2 -1
-1 1 2 .. T2
34 - I 2
2 3 .- I-1 I |

Si = {WN\A{wm;,wrzi1}, {wmk,, w21} where k; is determined by az, = I
S = {{wig-1yrey} 1 1<G S Lj#i}U {Qj 1<j<Ij# z} U{Q, {wr i} {wrea)}
Sig = S'Vi=12,-- L
The agents’ beliefs about the states are given by the following functions. Vi =
1,2,--,1,
(I-1)Wifn=1({-1)4+1o0rw, € Qu_nyw)\ {wI(i_ng} 1
i (W) = I(I-1)-1)W ifn=12+2 ,W:m.

w otherwise

To see that the belief of agent i is well defined, note that the number of elements
in Q_nyw is I, hence there are I states which are put with probability (/ —1)W.
Since there is only one state with probability (27 (I —1) — 1) W, the number of the

states with probability W is I? + 2 — I —1 = I (I —1) + 1. Thus, Zﬂ'i (w) =

Ix(I-

we

DWH+IxQII-1)-1D)W+TI-1)+1)xW=4I(I-1)W =1.

The equilibrium with the prices and trades given below is what we look for - the
one in which there is a strong and common expected bubble in period 1 in state W,

P (w) = 1Vwe.
) _ 72
Py (wy) = {021fn—[ +lorn=1°4+2

otherwise
o 4 ifn € Q D
Py (wn) = { 0 otherwise

VZ:1,27 ,I,VWGQ,Iﬂ((A}):l’Z’g((M):O.

Tip(wy) =< 0 ifn="r+1lorn=01"+2 Vi=1,2,---,1.
-1 otherwise
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Observe that neither the prices nor the trades reveal any addition information with
the settings above.

It can be similarly checked following the procedures described in the two-agent
example that the above prices and trades constitute a rational expectations equilibrium.
And since in period 1 in state W, o each agent knows that he will receive nothing at

the end of period 3, given the positive price of 1 in period 1, there exists a strong

bubble in this equilibrium.
Note that m!™X (wﬂﬂ) = (2. To see that this bubble is robust to common knowl-

edge in the expected sense, we need to check that Vi = 1,2,--- [ [.Vw € Q1 >
L Z 7; (w') d (w'). Note that for agent 1, either he will observe {wy,, wr2,1},

Z milw) w'eshX (w)

w/GSPlX (w)

or he will observe O\ {wrk,,wrzy1}. If it is the first case, his expected dividend will
be %O + %O = 0; If it is the second case, his expected dividend will be %4 +
41(1211()1__253(21_1)0 =3 1—4 m— In either case, the expected dividend is less than the price.
Therefore, the bubble in period 1 in state W, is a common expected bubble.
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