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Abstract

We consider an overlapping generations model a la Diamond (1965) with two
additional ingredients: altruism and an asset (or land) bringing non-stationary
positive dividends (or fruits). We study the global dynamics of capital stocks
and asset values as well as the interplay between them. Asset price bubbles are
also investigated.

Keywords: Forward altruism, overlapping generations, capital accumulation, fi-
nancial asset, positive dividends, rational bubbles.
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1 Introduction

According to the literature on pure rational bubbles (asset without dividend) a la
Tirole (1985), a bubble may coexist with physical capital because (1) agents want
to buy the asset at any date (the young buys the bubble from the old) and (2) the
real interest rate of the economy without bubble asset is lower than the population
growth rate (the economy experiences capital overaccumulation or low interest rate).!
Although this literature is huge, very few papers have tackled the issue of bubble when
dividends are positive. Many unaddressed questions on bubbles with positive dividend
remain. Why do these bubbles arise? What are their dynamic properties? How do the
capital and financial asset values interfere over time? What is the difference between
bubbles of assets with and without dividends?
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Our goal is to address these open issues. In addition, we generalize Tirole (1985)
with a kind of altruism. Altruism matters affecting the offspring’s saving and the
portfolio composition. Therefore, the novelty of the paper is twofold and rests on
the introduction of forward (or descending) altruism and a financial asset (or land)
bringing non-stationary positive dividends (or fruits) in the overlapping generations
(OLG) benchmark a la Diamond (1965).

First, we prove that standard Inada condition ensures the existence of an interior
intertemporal equilibrium. We do so in two steps: (1) proving the existence in finite-
horizon cases, and (2) passing to the limit, we get an equilibrium for the infinite-horizon
case. Notice that, without Inada condition, this existence result may fail. Indeed, in
a low productivity situation, households prefer to invest in financial asset instead of
physical capital, which may lead to zero aggregate capital (this is possible because
households can consume dividends).

Results on equilibrium existence are complemented by a global analysis of equi-
librium including the case of bubbly equilibria. As in the standard literature (Tirole,
1982; Kocherlakota, 1992; Santos and Woodford, 1997; Huang and Werner, 2000), we
say that a bubble exists at an equilibrium if the equilibrium price of financial asset
exceeds the present discounted value of its dividends, that is its fundamental value. In
short, we call the bubble the difference between the asset price and the fundamental
value. This equals the value at infinity of one unit of asset. In particular, when divi-
dend is zero at any date, the asset is called bubble by Tirole (1985) or fiat money by
other authors (Bewley, 1980; Weil, 1987).

We firstly prove that, if there is no bubbly equilibrium, then the economy has a
unique equilibrium. Hence, the main part of our analysis focuses on multiple equilibria
where bubbles may appear.

One of our main results is that a bubble exists only if the sum over time of ratios
of dividend to production is finite. By consequence, in a bounded economy,? a bub-
ble exists only if the sum over time of dividends is finite. This entails a number of
implications. For instance, when dividends are strictly positive, there does not exist
a steady stated associated with a bubble in the asset; this property holds whatever
the level of interest rate. By contrast, as proved by Tirole (1985), a pure bubble may
arise at the steady state: this is the very difference between bubbles in assets with
and without dividend. A particular case of our setup is Weil (1990) who provided an
example of bubble where dividends may be positive but becomes zero after a finite
number of periods.

We also show that, in a bounded economy with high interest rate (i.e., the interest
rate at the steady state of the economy without financial asset is strictly higher than the
population growth rate), there does not exist asset bubble. This result is independent
of the level of asset dividends and, in this respect, quintessential. Of course, it covers
Tirole (1985), where dividends are zero at any date, and rests on the following intuition.
As seen above, in a bounded economy, bubbles are excluded when dividends do not
converge to zero. When dividends converge to zero, we can prove that in the long
run (1) the capital stock is bounded from above by that at the steady state of the
economy without financial asset and (2) the asset value converges to zero. Combing

2That is output per capita is uniformly bounded from above.



these properties and the high interest rate condition, the discounted value of one unit
of asset converges to zero, which means that there is no bubble.

Summing up, we obtain two necessary conditions for bounded economies, under
which bubble may arise: (1) a low interest rate and (2) a finite sum of dividends.
Interestingly, we prove that along a bubbly equilibrium, capital stocks converge either
to the steady state of the economy without financial asset or to the level at which
the interest rate equals the rate of population growth. This implies in turn that asset
values must converge along a bubbly equilibrium.

Our above general findings are complemented by analyses in special cases. More
precisely, in the case of Cobb-Douglas and linear technologies, we obtain a continuum
of bubbly equilibria. Closed forms are also computed under some specifications. We
find that a higher degree of forward altruism lowers the interest rate in the economy
without financial asset. In this respect, we can say that descendent altruism promotes
bubbles. To the best of our knowledge, these examples are the first ones dealing with
bubble of an long-lived asset having positive dividends in a production economy with
concave technology.

In the last part of the paper, we revisit the connection between bubble, interest
rate and asset price. The seminal article by Tirole (1985) finds out that existence of
pure bubbles requires a low interest rate. Such conclusion rests on the boundedness of
aggregate output, including asset dividends. Indeed, in the case of high interest rate,
if a bubble exists, the asset values grow to infinity and the equilibrium feasibility is
violated. However, we argue that, in the case of unbounded growth (of the capital-free
side of production), incomes of households are high enough to cover the value of asset
with bubble (that agents may buy) even if this asset value grows to infinity (because
of high interest rate). Moreover, in such an economy, dividends are no longer required
to be bounded. This is also an added value of our paper.

At a first sight, we may be convinced that asset prices increase in time along a
bubbly equilibrium. However, we provide a counterexample of bubbly equilibrium
along which asset prices may increase, decrease or even fluctuate in time. This means
that there is no robust causal link between bubble existence and monotonicity of asset
prices.

The rest of the paper is organized as follows. Section 2 introduces the economic
fundamentals. Section 3 and 4 present some equilibrium properties and a formal defini-
tion of bubble. Section 5 provides general results on equilibrium transition for bubbles
and capital. Section 6 and Section 7 focus on particular cases and global dynamics.
All the technical proofs are gathered in Appendices.

2 Model

We consider a two-period OLG model of rational bubbles in the spirit of Diamond
(1965), Tirole (1985) and Weil (1987). Time is discrete t =0,1,2, .. ..

Production. At each date, there is a representative firm with the production
function F' (K, L) where K and L are the aggregate capital and the labor forces. We
require standard assumptions.

Assumption 1. I is constant returns to scale, concave, strictly increasing and in C?.



Let R; and w, represent the return on capital and the wage rate. Profit maximiza-
tion under complete capital depreciation implies

Ry = R (ki) = f' (k) and wy = w (ki) = f (k) — ko’ (k) (1)

where k; = K;/L; denotes the capital intensity, f (k;) = F (k¢, 1),
Generations. Assume that there are N; new individuals enter the economy at
time ¢. The growth factor of population is supposed to be constant: n = N;;1/N;.
Households. Each young agent lives for two periods and supplies one unit of labor.
Assume that preferences of households are rationalized by an additively separable
utility function

Ulc,dis1) = uley) + Pu(diyr)

where J represents the degree of patience, while ¢; and d;,; denote the consumption
demands at time ¢ and ¢ + 1 of a household born at time ¢.

Assumption 2. u is in C?, v/(c) > 0> u”’(c), v/ (0) = co.

Agent born at date t saves through a portfolio (ay, s;) of financial asset and physical
capital. Consumption prices are normalized to one. ¢, and J; > 0 denote the asset
price and the dividend in consumption units, while

by = quay and & = 0y

the values of asset and dividend respectively. The sequence of dividends (¢;) is assumed
to be exogenous.

Once households buy the asset a;, they will be able to resell it tomorrow and
perceive dividends (in term of consumption good). This asset can also be interpreted
as a Lucas’ tree or land, or stock as in Kocherlakota (1992).

Budget constraints of household born at date ¢t are written

¢+ S+ qay < owp+ gy (2)
div1+ngiv1 < Rep1Se+ (@1 + 0e1) ar (3)
rdiy1 < ngia (4)

where ¢;,1 represents the bequests from parents to offspring and x is the degree of
forward (or descending) altruism.

There are two theoretical approaches to bequests. (1) In the case of selfish prefer-
ences, households leave only unintended bequests due to lifespan uncertainty (Davies,
1981) or leave bequests to receive care in the old age and give more to the child who
provides more care. (2) In the case of altruistic preferences, households leave bequests
to offspring even if children provide no care and give more to the child with greater
needs (Becker, 1981).

Empirical studies show that bequests matter. Kotlikoff and Summers (1981) calcu-
late the share of intergenerational transfers in total households’ wealth in the United
States and find a range between 46 and 81% according to the method used. Other
studies show lower shares. About two-thirds of the studies using U.S. data support
the altruism model while those using French data support the selfish exchange model
(Laferrere and Wolff, 2006).



Our model is a model of altruistic preferences. Instead of considering as in Barro
(1974) the utility of children in the utility of parents, we introduce a ”moral” constraint
(which can be interpreted either as naive behavior or the result of social pressures (ei-
ther moral or religious)): parents leave a share of their wealth when old to offspring.
In a two-period OLG model this wealth coincides with the second-period consumption.
A commitment to leave a given fraction is more observable than a choice based on the
utility of offspring in the utility of parents (Barro and Becker, 1989). Our model is
justified on the empirical ground because, as seen above, bequests matter and many
empirical studies support an altruistic behavior. Moreover, this kind of altruism allows
us to have a tractable model.??

The market clearing conditions sum up to N;s; = K;y1 and Nya; = Nyyia401, that
is, respectively to

s; = nkyy 1 (capital) (5)

a; = nagy1 (financial asset). (6)

Definition 1. Let ky > 0, go > 0 be given. A positive list (qi, Ri, we, ¢ty div1, Grat, Sty Gy key1 )t
is an intertemporal equilibrium for the economy with forward altruism if (i) given

(Gt, Gra1, Reswe, gi), the allocation (¢, dyst, gist, St, ar) mazimizes U(cy, diyq) subject to
constraints (2, 3, 4) and (ii) conditions (5, 6) are satisfied for any t > 0.

Under Inada condition f’(0) = oo, we have k; > 0 for any ¢.5 So, in the rest of the
paper we will focus on equilibria with k; > 0 for any ¢. In this case, the consumer’s
program leads to an (equilibrium) no-arbitrage condition:

_ QH—IR—'_ Oty (7)
41

qt

meaning that what we pay to buy 1 unit of asset today equals to what 1 unit of asset
will bring for us tomorrow.

Remark 1. At equilibrium, the budget constraints become binding. Combining
them with (5), (6) and (7) we obtain a sequence (by, ki+1)i>0 which is a reduced and
equivalent form of equilibrium. Thus, from now on, we will refer to this sequence as
an equilibrium.

3 Equilibrium

This section provides some basic equilibrium properties and introduces the notion of
bubble.

Constraints (2), (3) and (4) entail ng; = xd;. Combining this with (6) and (7), we
observe that the household’s total saving s; + b; only depends on w; + ¢; and Ry;.q.

3See Bosi et al. (2016) for bubbles in an OLG model where altruism & la Barro (1974) is introduced
through a recursive utility.

4The reader is referred to Michel et al. (2006) for a review of altruism and Galperti and Strulovici
(2017) for an axiomatic theory of intergenerational altruism.

5Sections 6.2 and 7 provide equilibrium properties for the linear technology case.



Moreover, since the function u is strictly concave, the solution of household problem
is unique and we can write

nkip1 + by = Se(we + gi, Rigr) (8)

where S, is interpreted as a saving function. We require the following assumption
under which the function S, is increasing in Ry (see De la Croix and Michel (2002)
for instance).

Assumption 3. The function cu’(c) is increasing.

Since (3), (4) are binding, we obtain g, = xd;/n and d;(1+x) = Rynk,+ (¢ +;)as_1.
Combining this with (6), we get that

o
14z

gt (ke f (k) + b0+ &) - (9)

By consequence, equation (8) becomes

T

ke f' (ke) +

1+ 1+

s+ b — S (f (k) - (b + 6. f (ki) ) = 0.

Remark 2. Conditions (2), (3), (4) and (9) imply that

_ktf/(k?t) + &y

b
¢t +nkiq + ‘ = f(ke) 1+ 1t

1+z

(10)
and hence by < (1 + x) f(k;) + z&. Therefore, if k; and & are bounded from above, the
asset value will be also bounded from above.

We can summarize as follows.

Lemma 1. Let kg > 0, go > 0 be given. Assume that Assumptions 1, 2, 3 hold. Then,
the sequence (kiy1,bt)i>0 is an interior equilibrium if and only if

nk1 + b() — Sx (’LUO —f- 9o, f,(k1)> = 0
(11)

]‘ li !
7mﬂ+m—&0%a—l:ﬁﬁwa+;hﬁmfmfwﬂﬁzo fort>1
(12)
"k
bt+1 :btf(n)f-i_l) _£t+1 fOTtZO
(13)
bt > 0, kt—‘rl >0 fO’I”t > 0.
(14)

Moreover, the system (11-14), in the case it has solution, is equivalent to (11, 13,
14) and
kt—i—l - gz(kt) bta gt) (15)



where the function G : RY — R is defined as the solution of

1 , x
AL s

Hi o (F) =k + by — S, (f (k) - (be+€). /() = 0.

G. 1s continuously differentiable,

0G, 0G, G,
8kt >0, a—bt<0, a_ft>0

and G, (k,0,&) > 0 for any k > 0 any £ > 0.
Proof. See Appendix A.1. O

All assumptions in Lemma 1 are for instance satisfied with Cobb-Douglas produc-
tion function F (K, L) = AK*L'™® and isoelastic preferences U(c,d) = Inc+ SInd or
Ul(c,d) = (c"7 + Bd'=7) /(1 — o) with o € (0,1).

It should be noticed that we need to prove the existence of solution of the system
(11-14) before having the recursive equation (15). In the following, we will present the
existence of solution of the system (11-14) which is essential to explore equilibrium
properties. Before doing this, it is natural to impose the following assumption.

Assumption 4. & = sup, & < 0o or, equivalently, sup, (6;a0/n') < co.

Lemma 2 (existence of an interior equilibrium). Given kg, go. Assume that Assump-
tions 1, 2 holds and the function cu'(c) is increasing. If f'(0) = oo, then the system
(11-14) has a solution (b, ky1),5¢ and such a sequence is an interior equilibrium.

Proof. See Appendix A.2. ]

Comment. This existence result is far from trivial. One may think that it can
be easily proved by the following argument: given by > 0, any (ki by)¢>1 determined
by (11-13) is an equilibrium; so, there are multiply equilibria. However, this argument
is not correct because (k, b;);>1 determined only by (11-13) may be negative at some
date. The point is to prove that there exists by > 0 such that the sequence (ki, b;)i>1
determined by (11-13) is positive.

The existence of an interior equilibrium rests on a sufficiently high productivity of
capital (f/(0) = oo). This equilibrium may fail to exist in the case of low produc-
tivity. An example of failure with linear technology is provided in Section 6.2 and
supplemented with economic interpretation.’

Lemma 2 is a generalized version of Proposition 1.2 in De la Croix and Michel (2002)
where they prove the equilibrium existence in an OLG model as in our framework but
without financial asset. Their proof cannot be directly applied in our model because of
the presence of the long-lived asset with non-stationary dividends. Our proof consists
of two steps: (1) proving the existence in finite-horizon cases, and (2) passing to the
limit, we get an equilibrium for the infinite-horizon case. The reader is referred to
Citanna and Siconolfi (2010, 2012) for the generic existence of a recursive equilibrium
in stochastic OLG economies. It seems that their results cannot be directly applied
to our framework because we consider a production economy with a long-lived asset
having non-stationary dividends.

6See Le Van and Pham (2016) for equilibrium analysis in an infinite-horizon general equilibrium
model where the aggregate capital stock k; may be zero.



4 Definition and existence of bubbles

In this section, we present a formal definition of bubble and a characterization of bubble
existence as its direct consequence.
Solving recursively (7), we obtain an asset price decomposition in two parts

1

-
Gt = Quisresr + E Qt145014+s, where Qp qs = B R
t+1 - - - Ll+s

s=1

is the discount factor of the economy from date ¢ to t + s.

In the spirit of Tirole (1982), Tirole (1985), Kocherlakota (1992), Santos and Wood-
ford (1997) and Huang and Werner (2000), we define the fundamental value of financial
asset and the bubble.

Definition 2. 1. The Fundamental Value of a unit of asset at date t is the sum of
discounted values of dividends:

FV, = Z Qt,t+s5t+s-
s=1

2. We say that there is a bubble at date t if ¢ > F'V.

3. When 6, =0 for any t > 0 (the Fundamental Value is zero), we say that there is
a pure bubble if g > 0 for any t.

Clearly, we have ¢ = F'V; + lim, o Q¢ ¢1+G+-. Thus, condition ¢, — F'V; > 0 does
not depend on ¢t. Therefore, if a bubble exists at date 0, it exists forever. Moreover,
we also see that g1 — FVii1 = Ry (@ — FV4).

Remark 3. Our asset is related to the asset with rent (dividend) in Tirole (1985)
since both the assets bring dividends at any date. However, Tirole (1985) assumes
that the rent (dividend) is stationary while dividends are non-stationary in our model.
In Tirole (1985), there is no bubble with a positive rent, while, in our model, asset
bubbles may arise as we will show below.

Weil (1990) considers an asset (he calls land) with positive dividends, but in a pure
exchange economy, and he assumes that there exists ty such that 6; = 0 for any t > t,
while our model encompasses the productive sector and d; may be strictly positive at
any date. It should be noticed that when d; = 0 for any ¢, some others, e.g. Weil
(1987) or Bewley (1980), interpret the asset as fiat money.

For notational simplicity, we set Qo = 1 and Q¢ = Qo for any ¢t. No-arbitrage
condition (7) implies that

1 ) 1 ) 0
A e = (1 T D=
1 q1

oo v @
5y
= Qrqr(1 + o =) (1+

or
qr )



Bubbles exist if and only if limy_,» Qrgr > 0 which is equivalent to [~ (1+d;/q:) <
oo. It is easy to see that [[°,(1 + d;/q:) < oo holds if and only if >,7,d,;/q < oo.
Therefore, we have necessary and sufficient conditions (based on endogenous variables)
for the existence of bubbles of assets with positive dividends.”

Proposition 1. In the case of strictly positive dividends (6; > 0 for any t), the fol-
lowing statements are equivalent.®

1. A bubble exists at date t.
2. llng)oo QTQT > O, 1.€. hI’IlTﬁOO anT/H;I::1fI (k'T) > 0.
3. Y o0/ q < 00, dee. D20 & /by < 400,

Proposition 1 is very general because its proof rests only on the no-arbitrage con-
dition (7) and Definition 2. Here, technology and preferences play no role.

Let us give another interpretation of bubble condition )", d;/q; < oo. Look at
budget constraints

e+ S+ qay < wp+ gy
dis1+ngn < Repase + (@1 + 0i1) @
We may rewrite
Ott1
(Gt1 + Ors1)ar = Qs (1 + t_+>at-
qdi+1

Here, one buys a; units of asset at date ¢, with price ¢;. At the next date (date t + 1),
she receives (1 4 0;11/qi11)a; units of the same asset, with price ¢1. By the way,
d1+1/qi41 can be interpreted as the financial asset’s interest rate (in terms of asset,
not in terms of consumption good) between dates ¢ and (¢ + 1). So, bubble condition
Y o0 0t/q < oo may be named "low asset interest rates condition”.

Remark 4 (No-arbitrage condition revisited). The above interpretation allows us
to revisit the no-arbitrage condition (7) which can be rewritten as Ry11¢:/qie1 — 1 =
Ot+1/Grr1- Let 71 = que1/qr — 1 the inflation rate calculated with the asset prices. We
also defined ;11 = Ry11 — 1. We then obtain:

1+Tt+1_1_£

- (16)
L+ 74 Gt+1
By approximating ﬂ:—’;ﬂ ~ (14741 —741), we obtain so-called no-arbitrage condition:
Ot+1
Pep1 &~ + Ty (17)
de+1

This means that the real return in terms of consumption good (which is the numeraire)
in the production sector equals the sum of the interest rate (in terms of asset) and the
inflation rate calculated with the asset prices.

"These conditions are similar to those in Montrucchio (2004) or Le Van and Pham (2014).
8Condition §; > 0 V¢ is to ensure that ¢; > 0 at any date, which is needed to define &;/g;.



We now come back with the issue of asset bubbles. By combining Proposition 1
and Remark 2, we can prove an important consequence: bubble existence requires very
low dividends with respect to output.

Corollary 1. Consider the case of positive dividends (6; > 0 for any t).
Bubble existence implies Y oo [&s/f (ks)] < 0o. Consequently, if & = & Vt, there
does not exist a steady state associated with a bubble in the asset.

Comments.

1.

Notice that Corollary 1 does not require any condition about the boundedness
of capital stock or dividends. It also holds for non-stationary technologies.

Corollary 1 is stronger than a well-known result of literature on rational bubbles
in infinite-horizon models (Le Van and Pham, 2014, 2016): bubbles are ruled out
if the sequence of ratio of dividend to aggregate output is bounded below from
Z€ero.

Let us interpret the asset a; as land and &; as fruits of land at period t. Thanks
to Corollary 1, we realize why Weil (1990) needs to assume that trees produce
fruits only for a finite number of periods® in order to get land bubbles.

Bubbles of assets with and without dividends. The last point of Corollary 1 means
that, at the steady state, an asset yielding positive dividends generates no bubble
whatever the level of interest rates. However, bubbles of an asset without intrinsic
value (Tirole, 1985) may exist at the steady state when interest rates are low.
This is the fundamental difference between bubbles of assets with and without
dividends.

. When there is no bubble, the structure of the asset becomes that of the rent

introduced by Tirole (1985). Corollary 1 also reminds us Proposition 7 in Tirole
(1985) who considers a model with money in the utility function. Bubble for-
mation rests on transactions and speculative demand for money. Dividends (on
money) are reinterpreted by Tirole in terms of (marginal) utility, while, in our
paper, asset dividends are paid in consumption units. Tirole (1985) shows that
positive returns on money rule out the possibility of bubbles; by contrast, in our
model, bubbles may appear when dividends tend to zero (see Section 6).

Transitional dynamics of capital stocks and asset
values

In this section, we provide general results about the equilibrium transition for capital
stocks and asset values. According to Lemma 1, the interior equilibrium system is
written

J' (k1)
n

biy1 = by — & and kg = Go(ke, by, &) (18)

9Formally, there is Ty such that & = 0 for any ¢ > Tp.

10



with
b, > 0 and k‘t+1 > 0. (19)

(18) is a two-dimensional system with an infinite number of parameters, including
the degree of forward altruism x and the sequence of exogenous dividends (§;). Systems
of this kind are difficult to handle. Nevertheless, we have obtained equilibrium existence
in Lemma 2.

We first look at the set of equilibrium trajectories and, then, we give some asymp-
totic results. We observe that, for each by > 0, there exists a unique sequence (ki, by )>o
satisfying (18). So, given an equilibrium (k;11,b;), the asset fundamental value F'V; at
date 0 can be computed through by. Hence, we write F'Vy = F'Vy(by). The initial asset
value by affects the size of bubbles by — F'V;(by) along the equilibrium transition, and
indeterminacy of initial bubble entails in turn the multiplicity of bubbly equilibria.
The following lemma is one of the main contributions of the paper.

Lemma 3. Let assumptions 1, 2, 3 be satisfied.

1. The set By of all the values by > 0 such that the sequence (kiy1,bt)i>0 determined
by (18) is an equilibrium, is an interval.

2. The fundamental value function F'Vy (by) is decreasing in by while the size of
bubble by — F'Vy (bo) is strictly increasing.

3. There exists at most one bubbleless solution. Moreover, if there are two equilibria
with initial asset values by, < boso, then any equilibrium with initial asset value

b() S (bo,hb()’g] 18 bubbly
Proof. See Appendix B.1. ]
According to (18), it is easy to see that k., < G.(ky,0,&), where £ = sup, &,.

Assumption 5. There exists a unique kg, > 0 such that kg, = G.(ke,,0,€) with
Go(k,0,€) > k if k < ke, and Gu(k,0,) < k if k > ke.,.

Under this assumption, it is easy to see that k;, < max(ko, kg,) for any t. So, (k;)
is uniformly bounded from above. Therefore, Corollary 1 leads to the following result.

Corollary 2. Under Assumptions 1, 2, 3, 4, and 5, a bubble exists only if Y o & <
o0o. Consequently, if & = & > 0 for any t, there does not exist a steady state associated
with a bubble in the asset.

When )2, & = oo there is no bubbly equilibrium, and then, according to point
(3) of Lemma 3, there exists a unique equilibrium. Thanks to Assumption 5, we need
to focus only on the case Y o £ < 00 to look for economies where bubbles may arise.

Assumption 6. For b > 0 and £ > 0 small enough, there exists a unique ky¢ solution
to G.(k,b,&) = k.

Denote by k£ the solution to G,(k,0,0) = k. Observe that k7 is the level of capital
stock at the steady state of the economy without financial asset (b; = 0 and & = 0 for
any t). Notice also that limy¢ o ke = k% and kp¢ is decreasing in b.

Let us present the main result of the section: the global analysis of dynamics of
capital stocks and asset values.

11



Proposition 2. Let Assumptions 1, 2, 3, 4, 5, 6 be satisfied.

1. If f'(k%) > n, then there exists a unique equilibrium. This unique equilibrium is
bubbleless. In addition, if we add that tlim & =0, then limy o by = 0.
—00

2. If f/(kX) <nand & > & > -+ > im0 & = 0. Denote by x,, the solution to
f'(x) =n. Then, any equilibrium belongs to one of the following three cases.

(a) liminf, .o ky < ,. In this case, the equilibrium solution is bubbleless and
unique.

(b) hmt_mo l{t = k’; and hmt_mo bt = 0.

(c) limy_,o0 ky = 2, and lim;_,o, by = b, where b, satisfies T, = Gy(xp, by, 0).1°

Proof. See Appendix B.2. ]

Proposition 2 can be viewed as a generalized version of Proposition 1 in Tirole
(1985). The novel point is that we work with non-stationary dividends that rise a
challenge, while Tirole (1985) considers an asset with zero dividend (he calls it a
bubble).'' Another added value is the role of altruism which we will discuss more in
details in Section 6.1.

Let us provide the intuition for the first part of Proposition 2. Recall that the value
of bubble is the discounted value of one unit of asset at the infinity

nT

. . 1 T .
qlggo Qrar = 71520 a_OQTan = TlgIolo a_omb:ﬂ

This value depends on the the asset value, the population growth rate and the interest
rates of the economy. Since the asset value is uniformly bounded from above, and
interest rate is high (in the sense that f’(k%) > n), the value of bubble will be zero.
This is true whatever the level of dividends. Considering a particular case where & = 0
for any ¢t and no altruism (z = 0), we recover point (a) of Proposition 1 in Tirole (1985).
However, in a more general case as ours, along the unique equilibrium, the asymptotic
property of capital stocks and asset values may not hold. There is room for fluctuations
in the capital stocks if dividends &, fluctuate.'?

The second case (f'(k}) < m) is much more complicated because of the multiple
equilibria arising. However, we get also a novel result: if an equilibrium experiences a
bubble, then capital stock and asset value must converge. Asset values may converge
to zero or to a positive value.

The following result concludes the section and is a direct consequence of Proposition
2 and Lemma 1.

Corollary 3. Let assumptions 1, 2, 3, 4, 5, 6 be satisfied. The economy experiences
a bubble only if f'(k;) <n and ) ., & < oo.

10As in Tirole (1985), we do not consider the nongeneric case f/(k*) = n in our paper.

HTirole (1985) also considers another asset that bring stationary dividend (or rent). However, he
implicitly assumed that there does not exist bubble in this asset.

12Gee Le Van and Pham (2016) for an analysis in an infinite-horizon setting.
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6 Examples

In this section, we consider some particular cases and provide more explicit equilibrium
analyses. We also provide some new examples of multiple equilibria with and without
bubbles.

6.1 Logarithmic utility and Cobb-Douglas technology

We consider the case of a Cobb-Douglas production function f(k) = Ak® and a loga-
rithmic utility function U(c, d) = Inc+ Slnd with 8 > 0. The income sharing between
consumption and total saving is given by

B
d = )
Cy (we +g:) and s + qay 1+ 3 (we + gt

T 1+4

The equilibrium system is explicitly written

nky + by = P (wo + go)

1+

o aAy kY + (1n— 0)& — aby Vi s 1 (20)
aAb

b1 = TZ — &1 V>0 (21)
nky iy

by >0,k >0, VE>0 (22)

with the following parameters indexed in the degree of altruism (z):

1 — _
) oz+x7 ;E—a(% D andazl——ﬁ x )
1+ a(l+x) o 1+p1+z

Ve

With our explicit production and utility functions, we compute the reduced func-
tions:

OZA"}/Ika -+ (1 — O') ét — O'bt
n

K = (A /n) 0

g:c(ka bta ft) =

A
G (k,0,0) = 220

n

Remark 5. 1. We observe that v, = n/f(k}), so condition f'(k%) < n becomes
equivalent to v, > 1. Parameter ~, captures the distorsion with respect to the
Golden Rule.

2. Under Cobb-Douglas technology and Assumption 4, we see that (k;) is uniformly
bounded from above.

It is easy to check that these specifications satisfy Assumptions 1, 2, 3, 5, 6. More-
over, according to Corollary 2, an equilibrium is bubbly only if » ., § < oo, the case
we will focus on. Consequently, Proposition 2 applies. The following result comple-
ments Proposition 2.

13



Proposition 3. Assume that f(k) = Ak* and U(c,d) =Inc+ Blnd with 0 < § < 1.
Suppose also that & > 0 for any t and lim;_,, & = 0.

1. If v, <1 (i.e., f'(k}) > n), there is a unique equilibrium, which is bubbleless and
limy,oo by = 0. Moreover, if this equilibrium satisfies liminf,>ok, > 0, then the
ratio of asset value to production tends to zero: limy o by /(Ak{) =0

2. If o > 1 (ice., f'(k;) < n). Let (b, kir1),59 be an equilibrium, then there are
three cases:
(a) liminf, . k; =0
(b) The sequence (b;)

(¢) The sequence (b;) converges to b =n (v, — 1) z,, and (k) converges to x,, =

(aA /)07,

converges to 0, and (k;) converges to k} = (ocA%/n)l/(l_o‘),

—~

Proof. See Appendix C.1. ]

Remark 6 (comparative statics). The limit of capital stock k¥ in case (2.b) of Propo-
sition 3 increases in the degree of forward altruism (z). The limit of asset value
b=mn(v, — 1)z, in case (2.c) of Proposition 3 increases in z.

These positive effects are intuitive and from the form of forward altruism: bequests
are proportional to consumption of old and they improve income, and then saving of
young people. The more the savings of the young, the higher the amount at their
disposal to buy the financial asset and/or the physical capital.

In Proposition 3, with Cobb-Douglas technology and logarithmic utility function,
the dynamical system is more simple and we obtain more analyses with respect to
Proposition 2. Precisely, the second part of Proposition 3 does not require the de-
creasing property of dividends sequence and point (2.a) is liminf, ., k; = 0 instead of
liminf, . k; < x,, as in Proposition 2.

Let us explain the idea of the second part of Proposition 3. First, logarithmic utility
function implies that the saving rate is constant and Cobb-Douglas technology entails
that both income from physical capital R;k; and salary w; are always proportional to
the production f(k;). We then obtain the following key equation (see Appendix C.1
for more details)

by 1 by a ev1

Ak Ak aye + (1 —0) &/ (AkY) — oby/ (Akp) Ak

When liminf, o, k; > 0 and lim;_,o, § = 0, the sequence &/ (AkY) converges to
zero. By consequence, in the long run we can obtain the convergence of the ratio of
asset value to production b;/(Aky), and hence of b; and of k;.

Points (2.b) and (2.c) correspond to part (b) of Proposition 1 in Tirole (1985). It
should be noticed that Tirole (1985) does not consider the case where liminf; . k;
may be zero. However, this case may be possible. The following example provides an
illustration.
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Example 1 (equilibrium with lim; . &k = 0). Consider the selfish economy (x = 0)
with production and utility functions: f(k) = Ak* and U(c,d) = Inc + Blnd with
0<pB<l.

Let us construct the sequence of dividends (&) as follows. First, we introduce \ and

(1) by

2 T 403(1 —
)\:a+\/a+a( a)>max{l,1n<1+£)}

2(1 —a) Yo
and T; = max {e’\t, 1+ 2/70}
h l—a
where vy = —_—
Yo o 145

Second, we define a sequence (b, kiy1,&) by

_ _ _ _ Ak
by = aAyoky — nkiq and ki = s
NI
aAb -
i1 = ——1,1; — byt (23)
nky g

With this setup, lim; .o, & = 0.

In this economy with above fundamentals, the sequence (b, kiy1)i>0, determined
by (b, kiy1) = (b, kiy1) for any t > 0, is the unique equilibrium, and it satisfies
lim; oo k¢ = lim;_oo b; = 0.

Proof. See Appendix C.2. [

Example 1 indicates that there is an economy with Cobb-Douglas technology, in
which there exists an equilibrium with lim;_, k; = lim;_,. by = 0. In this example, the
sequence of dividends (&;) is strictly positive but converges to zero. However, dividends
in first days are very high comparing to capital stock. This causes the concentration of
savings in asset instead of physical capital, which implies the same situation for the next
day, and so on to infinity. The aggregate capital hence converges to zero. However, we
can verify the ratio of dividend on capital converges to infinity, i.e., lim,_ & /k; = 00
(for details, see Appendix C.2). One can prove, by using the same argument in the
proof of point (2.a) in Proposition 2 and noticing that lim; .., k&, = 0 in Example 1,
that this equilibrium is the unique equilibrium of the economy.

In the economy in Example 1, if we exclude the positive dividends, then we recover
the standard model in which lim, .okt = z,, = (ozA/n)l/(l_o‘) for any kg > 0. So,
Example 1 suggests an interesting property: the presence of financial asset having
dividends (&) may create a collapsing equilibrium (in the sense that lim; . k; =
limy .o, by = 0). This result recall us to a well-known "resources curse”, though the
situation in our article is not exactly the same discussed in the literature.

We now illustrate and complement point 2 of Proposition 3 by providing an example
where lim inf, , k; > 0 and there are multiple bubbly equilibria. Following Corollary
2, we will choose dividends decrease geometrically.
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Example 2 (continuum of bubbly equilibria with forward altruism). Let & = &/n'
withn > v, > 1 and

n

1 1
A 11—« _ A - 11—« _
kpm = min {ko, z,} < x,, = <a_) <k= (Oé 7 > gk:MEmax{ko,k}
n

£€(0,¢)
where € > 0 is solution to

Q@ 1 19

et (- 0V E/(ARS) | OrAke

Then, any sequence (by, kiy1)i>0 determined by the system (20)-(21) and by such that
Or Ak /n < by < OFAES, is an equilibrium. By consequence, according to Lemma 3,
there are continuum equilibria with bubble. Moreover, ky > k,, > 0 for any t.

Proof. See Appendix C.3. [

In Example 2, the dividends are not so high comparing to the physical capitals,
so the capital sequence is bounded away from zero. By Proposition 3, it converges
either to kX with f'(k) < n, either to z, with f'(z,) = n. In Example 2, there
exist a continuum of equilibria and hence a continuum of bubbly equilibria. For every
equilibrium, except the one having the positive bubble component, the asset value b,
converges to zero. These results are consistent with the analysis in the case where
& =0 for any ¢ as in Tirole (1985).

Remark 7. Bubbles arise in an OLG model a la Diamond (Tirole, 1985). However,
under positive bequests, an arbitrarily small degree of altruism & la Barro (1974)
immediately kills the bubble in models a la Diamond (Bosi et al., 2016).

In our paper, forward altruism is based on constraints instead of utility. In this
case, bubbles may arise in OLG models with altruism. The reason is that bequests
from old to young are proportional to consumption of old. The old people finance these
bequests and partly purchase the bubble when young.

6.1.1 Explicit solution in the case of pure bubble

In this section, we consider the dynamics of pure bubbles a la Tirole (1985) by setting
& = 0 for any t. In this case, the value of bubble equals the asset value. We provide
the explicit trajectories of both capital stocks and asset values.

The equilibrium system is written

B
ki+by=—— 24
nky + g 1+B(w0+90) (24)
nkir1 + oby = v, ARPVE > 1 (25)
nbt+1 = OéAk?_i__llbt (26)
with k1 > 0, by > 0, where
1_
o=1--2 T o, =L ltotr__n

T 1+8a(l+z) [ (k)
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Here, E is the capital intensity in the bubbleless steady state, that is the steady
state solution of (25) with b = 0:

L — p%(ka) (27)
with p,, = v,aA/n. We eventually introduce the bubble critical value:

_ 153 Yo — 1

l+x+ap
b, =
(ot a0) T 5 110

=wrw) Ly ary) P

which is positive if v, > 1.
These elements allows us to introduce the main result of this section.

Proposition 4. Assume that f(k) = Ak®, U(c,d) =Inc+ fInd with 0 < 8 < 1, and
& =0 for any t.

1. If v, <1 (ie. f'(kX) > n), the equilibrium is unique and bubbleless and the
equilibrium sequence of capital intensities is given by

-1
l1—a 1

ke =p @ KT OVE>2, Ky (wo + 9o) (29)

- n(l+p)
Moreover, limy_,o kt = ki, where ki is given by (27).
2. If v» > 1 (i.e. f'(k}) <n), the equilibrium is indeterminate. The set of equilibria
(Ks1, bt )10 is defined by (25), (26), and by € [0,b,]. Moreover,
(a) (bubbleless equilibrium) If by = 0, and, thus, by = 0 forever. The sequence
(ki) is given by (29).
(b) (bubbly equilibrium) If by > 0, then by > 0 for any t.

When by < by, we have limy_,o by = 0 and limy_,oo k; = [
When by = by, we have lim;_,o, by > 0. We also have

7:5_1

bt = nktHVt Z 0 (30)
o
e a(wo + go) p oz
e > 2 = 1— 1
b = g vt22 k n(l—a) 1+81+zx (31)
and p1 = aA/n. Moreover,
—a . T 1 -«

lim k; = pi/(l ) < k; and b, = lim b, = nv—p}/(1 > 0. (32)

t—o0 t—o00 g
Proof. See Appendix C.4. O

Definition 3. b, is the (upper) size of bubbly asset value at initial date with forward
altruism (in the case v, > 1).
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The value p}/ (172) corresponds to the value z, determined by f’ (r,) = n and
introduced in Proposition 2.

Proposition 4 illustrates and complements Proposition 2 in the case & = 0 for any ¢.
It is instructive to compare these two propositions. Proposition 4 supplies a number of
new results: explicit equilibrium sequences, a proof of global convergence, a necessary
and sufficient condition for bubble existence as well as for equilibrium indeterminacy.
All these issues remain unaddressed in theoretical papers.

Another added value of this section is that we can compute explicitly b,, the max-
imum feasible bubble at the initial date, in terms of fundamental parameters. Indeed,
recall that Tirole (1985) only proves the existence of such the maximum level. However,
under specifications in Proposition 4, this level can be computed by (28).

The explicit form also allows us to analyze the impact of some relevant parameter
(impatience and altruism) on equilibrium trajectories.

Comparative statics

1. (existence of bubble). Condition v, = n/f' (k) > 1 (i.e. low interest rates or
capital overaccumulation) is equivalent to
oll+z) B
l—a+z 144

(33)

The left-hand side of (33) decreases with z. Thus, forward altruism promotes
the emergence of bubbles.

2. Both the limits £} and b, increase in x. The intuition is similar to that in Remark
6.

3. (maximum value b,). Let us compute the effects of initial capital, patience and
altruism on the maximum level of asset value. According to (28), we have

o, ob. b
Oky’ 0B’ Ox '

4. (equilibrium transition). Consider the case of low interest rates (i.e., f'(k}) <n
or 7, > 1). Look at the asymptotically bubbly equilibrium (i.e. by = b,). We
see that by = b, increases in , so k; determined by (24) decreases in x. Since
ki1 = p1k; for any t, we see that k; decreases in x for any t. Hence, R, increases in
x for any t. By using the induction argument and the fact that b, = R;b;_1/n for
any t > 0, we obtain that b; increases in z for any t. So, along the asymptotically
bubbly equilibrium, asset value'* b, increases but capital stock k; decreases in

the forward altruism degree.

13Bosi and Seegmuller (2013) show the local indeterminacy of real bubbles (rational exuberance).
We focus instead on global indeterminacy of real bubbles.
MWhen dividends are zero, asset value and bubble coincide.
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6.2 Logarithmic utility and linear technology

We consider the case of a linear production function F(K,L) = RK + wL and loga-
rithmic utility function U(c¢;, diyq) = Ine + SIndyyy with 0 < 5 < 1. In this case, we
have

1
Ct = —ﬁ (we + g¢) and s; + qra; = % (wi + g¢)
9=175 (kef'(ke) + 0+ &) VE> 1
with go given. The equilibrium system becomes
p oz 5z g x
1 — T - - >1 (34
nkt+1—|—< 1+51+$>bt Rt g (0t st ) Y21 6
R
b1 + &1 = Ebt (35)

with k£, > 0 and b; > 0. Notice that, at the initial date, nk; + by = 1+ﬂ (w + go).
We compute the fundamental value of financial asset:
Ot - n'&,

Fry =52 = .
t=1 R t=1 Rlag

Solving recursively no-arbitrage condition in (35) yields

Rt t ns
bt = E (bo - - E&) . (36)

We now present the main result of this section, which characterizes all equilibria.

Proposition 5. Assume that F(K,L) = RK + wL and U(c,d) = Inc + flnd with
0 < B < 1. At equilibrium, we have

g
1+8

fw 1— Dt R B T
el D=
(w +g0)+1+51—D where nl+pfl+z (37)

nktﬂ + bt Dt

Hence,
1. R > n. There is no bubbly equilibrium.

2. R <n. Assume that

3 Bw 1-D' R
D—(w b o
AR L i s S

B
T w—l—go Z 5>0Vt21.

=1

Then, the set of interior equilibria (kii1,b;)i>0 is determined by conditions (36),
(37) and
by € |:a0F‘/07 —iﬂ—ﬁ(w +90>)

If by > agF'Vy, then the equilibrium is bubbly;, moreover, in this case, limy_,, by >

0 if and only if R =n.
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Proof. See Appendix C.5. ]

Condition R > n (resp. R < n) corresponds to the case of high (resp. low) interest
rate in Proposition 2. Thanks to specifications in Proposition 5 we can compute and
get a complete characterization of interior equilibrium paths.

More economic implications of Proposition 5 will be presented in Section 7.

Remark 8 (no interior equilibrium). According to (37), we see that

t 00
. B Bw 1— Dt R n® nst
Pt gy = | L) 2 2 gt

s=1 s=t+1

Hence, there is no interior equilibrium if

3 fw 1—-D" S ot
D'——(w+ go) + —— < Y oGt
1+ l+81-D = &< R

This happens when the productivity R is low. The intuition is that, when the pro-
ductivity is low, households tend to invest in financial asset rather than in physical
capital. Therefore, the capital stock k; may be zero.

7 Bubble, asset price and interest rate revisited

7.1 Does the existence of bubbles really require low interest
rates and low dividends?

The seminal article by Tirole (1985) proves that pure bubbles may arise if the interest
rate at the steady state of the economy without financial asset is below the population
growth rate. As shown above, this well-known result still holds for an asset bringing
non-stationary dividends in an altruistic economy. Both findings are based on the
boundedness of both production (per capital) f(k;) and dividend (per capital) &.

In this section, we revisit this result. Precisely, we consider an economy where the
output may grow, and we wonder whether existence of bubble still requires low interest
rates and low dividends conditions.

For the sake of simplicity, we reconsider the setup in Proposition 5 but with a non-
stationary linear technology: Fy(K,L) = RK + w;L, where R,w, > 0 are exogenous.
The equilibrium system becomes

g x g p
1_—— pr—

T
vVt >1 (38
Cha) w1
R
bit1 + &1 = — by
n

We have, as (36),

b= [y - 39
t—F O_Zﬁgs . ( )



Let us provide an example where (1) bubbles appear, (2) R > n and (3) & may be
unbounded. To do so, we choose (wy, &) and by such that

o] o] T R Lons
o /”LS /@
by € ; ﬁgm m(w + 90) (41)

Then the sequence (k1 1,b;) defined by (38), (39), (40) and (41) is an interior equilib-
rium; moreover bubbles appear if and only if by > > 2, g—igs.

The economic intuition of our counterexample is the following. When the pro-
ductivity on the capital-free side of production w; grows, the labor income of house-
holds increases. If such a productivity is high enough, salary w; may growth faster
than (R/n)!, and in this case it would be high enough to cover the value of asset with
bubbles that agents may buy. By consequence, even when the interest rate is high
(i.e., R > n), there may be a bubble.

Remark 9. Weil (1990) considers on OLG model where consumers receive exogenous
dividends. However, Weil (1990) (p. 1469) assumes that dividends become zero from
some date on to allow for the possibility of bubble. However, the above example shows
that a bubbly equilibrium is possible even if dividends are positive at any date and
may tend to infinity.

7.2 Bubbles and monotonicity of asset prices

By definition, an asset bubble appears when the asset price is strictly higher than the
asset fundamental value. Some authors are interested in checking whether a causal link
holds between the existence of asset bubble and the rise of asset price. Weil (1990)
explains why along a bubbly equilibrium the asset prices may decrease. In Proposition
5, under a linear technology, the asset price at date 0 is given by

b b.nt Rt 0 S¢,
L L AN D Dy b
as Qo Qo s=t+1R

We see that the asset price ¢ may increase or decrease or even fluctuate (in time)
along a bubbly equilibrium. In other words, there is no causal relationship between
the existence of bubbles and monotonicity of asset prices. The reader is referred to
Bosi et al. (2018) for a similar finding but in an infinite-horizon general equilibrium
with heterogeneous agents and financial frictions.

8 Conclusion

We have introduced two additional ingredients in an OLG model & la Diamond (1965):
an asset bringing positive dividends and a kind of descendent altruism. We have shown
that bubbles are ruled out if the sum (over time) of ratios of dividend to output is finite.

21



When outputs are bounded from above, the economy experiences a bubble only when
(1) interest rates remain below the population growth factor and (2) the sum (over
time) of dividends is finite. Some examples of multiple bubbly equilibria have been
provided. However, when outputs are not bounded, bubbles may appear even if the
interest rates are greater than the population growth rates or even if dividends do not
converge to zero (or even if they tend to infinity).

In standard framework, the forward altruism promotes pure bubble a la Tirole
(1985) and has a positive impact on asset values but a negative impact on the capital
stocks along the transition sequence of an asymptotically bubbly equilibrium.
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A  Proofs of Section 3

A.1 Proof of Lemma 1

Since %/(kt) = by + &, equation (12) is equivalent to Hy, p, ¢, (ki+1) = 0 where

1 T

ke (k) + b+ ), (R) =0 fort =1

The saving function S, is increasing in f’(k) because cu'(c) is increasing in x. So, the
function Hy, p, ¢, (k) is increasing in k. Since we assume that (11-14) has a solution,
we define G, (kt, by, &) the solution of equation Hy,p, ¢, (k) = 0, and hence ki =
G (ki, by, &). 1t is easy to see that G, is continuously differentiable.

We can see that a(‘?fjg) (w+ g,R) € (0,1)." Hence, Hy,p,¢ (k) increases if by
increases. By consequence, G, (k, by, &) is decreasing in b;. It is easy to see that
G (ki by, &) is increasing in both k; and &.

According to (10), we have

Hkt,bt,ft(k) =nk + bt — Sz (f(kt) —

_ ko f' (k) x&y (A1)

by
< .
nkyy + < f(ke) 1+ 1tz

1+z

Indeed, given W > 0 and R > 0, the function S, is defined by u/(W — S,) = %u’(%é’z).

Taking the derivative of both sides, we get

86}) 51{2)2”/,( R S;c) 0S,

W (W — Sx)(l

oW _(1+x 1+a %) oW’

Since g‘%; > 0, we have g‘aﬁ <1
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As a result, we get G, (k,+00,§) = —00.
The property G,(k,0,&) > 0 for any k£ > 0 any £ > 0 is easily proved by using the
definition of G,,.

A.2 Proof of Lemma 2
We prepare our proof by intermediate steps. First, we prove the following claim.

Claim 1. Let a positive sequence (&) be given. Consider a date t > 1. Given byyq >
0,k > 0, there exists by and ki1 such that

1 T
k. f' (K
1+ tf( t>+1—|—x

nkt+1 -+ bt — Sx (f(kt) — (bt + &), f/(kt+1>) =0 fO’I" t Z 1

bt ! kt
% - §t+1

bt+1 =
by >0, kg1 >0.
Moreover, ki1 and by are continuously increasing in k.
Proof of Claim 1. It is sufficient to prove that there is k;; > 0 such that

n (b1 + &)

nkeyr + I (k‘t_,_l)
— S <f<kt) 1 ixktf/(kt) + 1 _T_x (f' (/Zt-i-l) (th + £t+1) + ft)afl(kt+1)) =0 fort>1.

(A.2)

First, as in the proof of Lemma 1, we see that g%(al, as) € (0,1). So, combining this
with the fact that the saving function is increasing in f’(k;v1), we can verify that the
left-hand side of the above equation is an increasing function on k;, ;. Moreover, since
f'(0) = oo, the left-hand side is negative when £, is small enough and positive when
kiy1 is high enough. Therefore, equation (A.2) has a unique solution kyy; > 0. For
such k;11 > 0, we determine b; by

n
by = ———— (biy1 + )
t f/ (kt-}-l) ( t+1 §t+1)
It is easy to see that the function f(k;) — H%k:t f'(k;) is increasing in k;. So,
combining this with equation (A.2) and property of the saving function, we see that
ki1 and b; are continuously increasing in k. O

By using the same argument in the proof of Claim 1, we also get the following
result.

Claim 2. Let a positive sequence (§;)i>0, and by > 0,ky > 0,99 > 0 be given. There
exists by > 0 and k1 > 0 such that

/ bo f'(k
nkl +b0 _Sx<w0+go,f (kl)) :O, bl = # —61.

Moreover, ki and by are continuously increasing in kq.
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We now prove the following result.

Claim 3. Let a positive sequence (&) be given. Consider an integer T > 1. Given
ky > 0,bpy1 = 0, there exists (kyiq, b)), such that, for any 1 <t < T,

1 T
ke f' (K
T )+

nhir + b — S (£ (k) - (b + &), £ (ki) =0

btf,<kt+l)
n

bt+1 = - §t+1

by >0, kg >0.
and ko, by are continuously increasing in k.

Proof of Claim 3. We prove by using the induction argument (with respect to T).
According to Claim 1, Claim 3 holds for T" = 1.

Suppose that Claim 3 holds until 7. Let us prove it for 7"+ 1.

Let ky > 0, by, = 0. Since Claim 3 holds for the integer T, there exists (K41, b))
such that, forany t =2,.... T + 1,

T

mf%0+1+

b+ 0= 8. (70) — (5 +-60). 1)) =0

btf,<kt+1)
n

xr
bt+1 = - £t+1
by >0, ki >0.

and by is continuously increasing in ks.
We now have to prove that there exist ks > 0 and b; > 0 such that

1
) (b 6, S (k) =0 V>0
_ bif'(k2)
- n

n@+m—&0wg—

by —& VE>0
and ko, by are continuously increasing in k. Note that by depends on ks.

We can prove this by using the argument in the proof of Claim 1 and the property
that by is increasing in ks.

Note that ko, by are continuously increasing k. ]

Claim 4 (7-truncated equilibrium system). Let a positive sequence (&) be given. Con-
sider an integer T > 0. Given ko > 0,99 > 0,bpy1 = 0, there exists (ki 1,bs)l_, such
that

nky + by — Sy (wo + 9o, fl(k1)> =0

1 ! x , B
T ke (ke) + (@+&%f@HQ>7O
_ b (k)
B n

nki1 + b — S, (f(kt) - 1ta

by 1 — &

by >0, kiq >0.

forany 1 <t <T, and kq,by are continuously increasing in kg, go.
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Proof. According to Claim 2, Claim 4 holds for 7" = 0.

Suppose that Claim 4 holds. Let us prove it for T+ 1.

Let k; > 0,b741 = 0. Since Claim 3 holds, there exists (K1, bt) 1 ! such that, for
anyt=1,..., 7T+ 1,

nkiy1 + b — Sy (f(kt) _ ! xktf,(kt) + 1 _T_ x(bt + &), f/(kt+1)) =0

bef' (Kis1)
n

bt+l = - 5t+1

by >0, ki >0.

and by, ko are continuously increasing in k.
We now have to prove that there exists k; > 0,0y > 0 such that

nky + by — S, (wo + g0, f’(k:l)) —0
bof' (k1)

n

by = — &1

and by, k1 are continuously increasing in ky. Notice that b; depends on k;. We can
prove this by using the argument in the proof of Claim 1 and the property that b, is
increasing in k;. O

We now come back to the proof of Lemma 2. According to previous claims, the
T-truncated equilibrium system defined in Claim 4 has a solution (b, k[, ):<r.

Let now T tend to infinity: there exists a sub-sequence (t,,) such that lim,, (bi", k:,fﬁ;l) =
(b, kiyq) for any ¢. It is easy to see that (b, kiy1),5, is a solution to (18).

A.3 Proof of Corollary 1

Condition (10) implies that b; < (14 x) f(k:) + x&. By combining this with point (iii)
of Proposition 1, the existence of bubble implies that

Z 1+£L’ kt +.T,'£t

t=1

Since x > 0, we have lim;_,, &/ f(k;) = 0. So, there is ¢y such that (1 + x) f(k;)+x& <
(24 z) f(ky) for any t > to. As a result, we obtain

[e.e] o)

&t
+x)szzto(1+x)f(kt)—|—x§t =

B Appendix: proofs of Section 5

B.1 Proof of Lemma 3

(1) Consider the two solutions b < b3 with (b}, kt,,) and (b7, k7 ;) two corresponding
sequences of asset values and capital stocks. Suppose that b} < by < bZ. Consider the
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sequence (b, k1) generated (18). By induction, it is easy to prove that for any ¢ > 0,
we have kj, > ki1 > ki, and by < by < b7. Hence, the sequence (b, kyy1) is also a
solution of the dynamic system.

(2) Take bj and b as at point (1). For any t, we have k/,; > k7., and b; < b7,
and, therefore, f'(k},,) < f'(k?,,). Hence, FV (b)) > FV(b3) and, if by < bf, we have
by — FV (b)) < b3 — FV(b3). The function by — F'V (by) is strictly increasing.

(3) Since, for any solution, we have by—F'V (by) > 0, point (3) is a direct consequence
of point (2).

B.2 Proof of Proposition 2
We prepare our proof by the following result.

Lemma 4. Let Assumptions 1, 2, 3, 4, 5, 6 be satisfied. Suppose also that f'(k%) > n
and limy_, o, & = 0. Then, lim;_,, b; = 0.

Proof of Lemma 4. Fix & > k! such that f'(z) > n.

Let £ > 0. There exists T'(§) such that & < £ for any ¢t > T'(€). Hence, kpyy <
Gt (kr,0,€). Moreover, we see that limy_,o GL(kr,0,§) = ko for any kr > 0. Hence,
we obtain limsup,_,  k: < ko¢ for any €.

Let £ converge to 0, we have that k¢ converges to £, and hence limsup,_, . k: <
k> < z. So, there exists 1" high enough such that k; <z for any ¢t > 7.

Assume that limsup, b, > 0. Let ¢ > 0 satisfy (limsup, b;) [f'(Z)/n —1] — € > 0.
Then, there exists Ty > T high enough such that k; < z and & < € for any t > Tj.
Thus, we have

f1@)

n n

leﬂk—m—l}—£T+1ZbT —1:|—€>O.

Therefore, b1 — by = by [@ — 1] — &7y > 0, and hence

bT+2 - bT+1 - bT+1 {@ - 1:| - £T+2
> bT+1 |:f/7(11') — ]_:| —€> bT |:f/7(1x) — 1:| —e>0.

So, the sequence (b;);>r is increasing and converges to b < +oo, since from (10), (b;);
is uniformly bounded from above. Therefore, from the no-arbitrage condition (7), k;11
converges to x, with f'(x,) = n. This leads to a contradiction since, for all ¢ > T,
f'(k:) > f'(z) > n. We have proved that b; converges to 0. O

We now come back to the proof of Proposition 2.

Part 1. Assume that f'(k}) > n.

Case 1: limsup,_, ., & > 0, according to Corollary 1, every equilibrium is bubbleless.

Case 2: lim; .o, & = 0. For any & > 0, there exists 7" such that &7,y < € for any
t > 0. Hence, kryy < G (kr,0,&), which implies limsup,_, . k < koge. Let & converges
to 0, we have that ko¢ converges to &}, and hence limsup,_, . k; < £,
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According to Lemma 4, we have lim; .., by = 0. By combining this with condition
limsup,_, . k¢ < kJ, it is easy to prove that limsup;_, #?(kt)bT = 0. So, there is
no bubble. -

Part 2. Consider now the case f'(k}) < n.

CASE 1: Consider the case liminf, ,. k; < .

If limsup,_, . ki < x,, there exists a sufficiently large 7" and y,, such that kry; <
Yn < x, for any t > 0. Hence, f'(kry¢) > f'(yn) > f'(x,) = 1. By consequence, we
obtain that limg_,s mz@ = 0.

Assume now that limsup, ,._k > z,. Suppose that the solution is bubbly. Ac-
cording to point (iii) of Proposition 1, we have lim; ., & /b; = 0.

Let Z satisfy liminf; ., ks < Z < x,. Since limsup,_,  k; > x,, there exists T" high
enough satisfying kry1 < kr, kry1 < z and &pyy /by < f'(Z)/n—1 for any t > 0. For
this 7', we have

br — &1 2> br —&r > br

b Jr)
T+1 —
n

f'(z)
n
and, therefore, krio = Go(kry1, bri1,rv1) < Gol(kr, br,&r) = kry1 < Z. By induction,
the sequence (kr¢),-, is decreasing and converges to some value which is smaller that
Z < x,. This leads to a contradiction with the hypothesis limsup,_, ., k > z,. Hence,

the solution is bubbleless.

We now prove that this is the unique equilibrium. Assume that there is another
equilibrium (k;,, b})¢>0 with by > by. Since b > by, we have k; < k, for any ¢. Hence,
liminf, ;o k; < liminf, ;o k; = 0. So, we get liminf, ,,, k; = 0 which implies that the
equilibrium (k;_, b}):>0 is bubbleless. This is impossible because according to point 3
of Lemma 3 there is at most one bubbleless equilibrium.

Point (iii) of Lemma 3 implies that the equilibrium is unique.

CASE 2: liminf, , k; > x,,.

CASE 2.1. Focus first on the case liminf; . ks > x,,. There exist ¢ > 0 small and
T high enough such that, for any ¢ > T', we have k; > x,, + €. This implies

f'kin),  f'(ent€)
n n

b1 < b, < b;.

Thus, the sequence (b;) is decreasing and converges to 0.

Fix b > 0 and £ > 0. Take T sufficiently high such that br; < b, &4y < € for
any t > 0. Then, G.(kr,0,0) < kryy < Gi(kr,0,€) and, for any b > 0 and £ > 0,
liminf, . ki > ki and limsup,_, o ki < kog.

Let b, & tend to 0 we get liminf; ;o & = limsup,_, k = k.

CASE 2.2. Consider now the case liminf; ..o k; = z,. First, we prove that
liminf; o b; > b, where b, satisfies x, = G,(z,,b,,0). Suppose the contrary. Fix b
such that liminf; .. by < b < b,. From G, (kpp,b,0) = ko and x,, < G,(x,,b,0), we get
kpo > x,. Since G,(zy,0,0) > x,, we can take € > 0 satisfying G, (z, —¢€,0,0) > z,, +€.
Take also T" high enough such that kr > x,, — e and by < b. We find

kri1 = Gu(kr,br,ér) > Go(kr,b,0) > x,, + €

f'(kryq)
n

bri1 = br — &1 < by <b.
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By induction, we obtain ky,; > z, + € and by, < b for any ¢t. Hence, liminf, .. k; >
T, + € > x,, that is a contradiction.

Since liminf; ... by > b, for any b < b, and & > 0, there exists T satisfying
bris > b and &gy < € for any t. This implies ki < GL(kr,b, &) and limsup,_,  k; <
Gt (kr,b,§) = kpe. Let b converge to b,. & converges to 0. Thus, kye converges
to ky,o = x, and limsup, , &k < z, < liminf, . k. Hence, lim;_, k; = z, and
lim;_,oo by = b,,.

Remark 10. In the proof of cases (2.b) and (2.c) of Proposition 2, we do not use the
monotonicity of (&)=,

C Appendix: proofs of Section 6

C.1  Proof of Proposition 3

Part 1. If f’(kX) > n, Proposition 2 implies that there is a unique equilibrium and

this equilibrium is bubbleless. Moreover, Proposition 2 also implies that b, converges

to zero. By consequence we have lim; o, b;/(AkY) = 0 if liminf, , k; > 0.

Part 2. We have only to consider the case lim inf; , k; > 0, or equivalently inf; k; > 0.
Consider an equilibrium (b, k¢11). Conditions (20) and (21) give

bt+1 _ aby _ ft+1 _ by « o ft+1
Ak ke AR, AP ave + (1 —0) &/ (ARY) —oby/ (ARY) Ak,

(1) Focus on the first case: there exists T such that by /(Ak$) < 6%, Then,

bt+1 < bt (0 < bt (6] B bt
Ak} AR ay, + (1 —0) &/ (AkY) — oby/(AkY) Ak ary, — 003 AR

<0

for any t > T. The sequence (b;/(Ak{)) is decreasing. This implies the existence of
limy o0 b/ (AKkY) = 6, with 0 < 6 < 0%. Let us show that § = 0. Suppose that 6 > 0.
0 becomes solution of 0 = af/ (ay, — of) that is § = 6%: a contradiction. Thus, we
have lim;_,, b;/(Ak*) = 0. Since inf; ky > 0, we get lim; o, by = 0 and lim;_,, k; = k.

(2) Focus on the second case: We have b;/(Aky) > 6% for every t. Let us prove
that limy o b:/(AkY) = 0% If the contrary holds, limsup,_,. b:/(Ak}) = 60 > 0
which implies in turn the existence of ¢ > 0 and 7" high enough such that br/(Ak$) >
(14 ¢)0%. Since & — 0, we observe that

lim (1+¢) 6 a
t=00 Yay, + (1 —0)&/(AkY) —o (1 +¢)0;

«
= (1 . —(1 0r > 0.
( +€)9$a7x—0(1+€)9; (1428, >

—(1+¢)0;

Thus, there exists 7" high enough such that br/(Ak$) > (1 +¢) 0% and, for every
t>T,

a(l+¢e)0;

§it1
ayy + (1 —0)&/(Ak) —o (14¢) 0 >0

—(1+¢)0; — At k) .
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Therefore,

bry1 o br o . §ri1
Ak, Akg ane + (1 = 0) &r/(ART) — obr/(AkT)  Akp,
- a(l+e)b; &
ave + (1 —0)&r/(AkS) —o (1 +¢) 05 A(inf, k)”
> (1+4¢)6;.

By induction, we find, for every t > T, b;/(AkY¥) > (14 ¢) 6% and

b1 by be a—ay, —(1—0)&/(Ak}) + ob/(AkF) _ €11

Akgy Ak ARY ayp+ (1—0) &/(ARR) — oby/(Ak) Ak
> (1—1—5)6’2’2&_&%:_(1_0)&/(/% >+0(1+€)0$ €t+1

vy + &/ (Akf) —o (1 +¢) 03 N Ak,
oety — (1 — o) &/(Ak}) i1
= (I+¢)0; y :
e Y &R — o (L 2)6;  Akfyy
This implies that liminf, |:bt+1 [(Ak ) J(AkY) } > 0: for T high enough,

the sequence (b;/(Akf)),~ is increasing and converges to 6 > 0. Applying the same
argument of point (1), we get 6 = 0%, that is a contradiction.

It is immediate to see that lim; . b;/(Aky) = 0% and, then, k; — x,, and b; —
n (v — 1) z,/0 when t tends to infinity.

C.2 Proof of Example 1

The equilibrium system is written as

aAyoky —b aAb
kt—i—l = M, bt+1 = TZ — §t+17 bt > 0, k?t+1 > 0. (Cl)
n nky1
The proof is articulated in two steps.
STEP 1. Let (x;) be a positive sequence such that

1 1
x; > — and z; + > — 41 (C.2)
Yo YoTt+1 Yo

for every t (such a sequence exists, for example, x; = 1/ for any t). We prove that
there exists a sequence of nonnegative dividends (&) and (l_)t, ]_€t+1) a solution of system
(C.1) with

— a Ak

t+1 —

vit. (C.3)

nxy

To show that such sequences exist, consider the sequence (bt, kt+1) defined by (C.3)
and b, = aAyok® —nk,,. Since z, > 1/7, we have b, = aAyk® —nk,1 > 0 for every
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t. We define the sequence (&) with dividends (23) for every ¢ > 0. Then,

aA (CXA’Y()];‘? — n]%t+]_)

= = — (aAyok® | — nk
§i41 nk’tlJ:f‘ (a YoRip1r — 1 t+2)
_ AkE 1 k
— aAvyke, (O‘—t — =1+ ”—”i)
nk 1 Yo OCA’YOktJrl
_ 1 1
= aAyky | |z + —1——). C.4
o tH( ! YoTi+1 Yo (C4)

According to inequality (C.2), we see that &3 > 0 for every t > 0 and, therefore,
(bt, ket1) is solution of system (C.1) with sequence of dividends (&).

STEP 2. Let us now prove Example 1. We see that z; = ¢ for every t > 1, and
w9 = max{e,1+2/7} > e. The sequence (7;) satisfies restrictions (C.2). Consider
the sequence (by, k¢y1) defined by (C.3) and by = aAyk® — nk.;y, jointly with the
sequence of dividends (23). We have lim;_,, x; = oo and, according to (C.4), 41 > 0
for every t. Thus, the sequence (bt, ktﬂ) is solution of system (C.1) with lim; ., k, =
lim;_,o, by = 0.

Let us prove now that lim; .. &1 = 0. According to (C.4) and the fact that
lim;_, ; = 00, it is suﬁicient to prove that lim;_, ., Ef+1xt = 0. Solving recursively
(C.3), and using z; = e, we find that

ot

+1 ot
loar® o g2 la’® o 42
k‘a (CKA) kO Ht_l 1 aA kO _Zt L (l+s)\t—s
t+1 — ot L trs=0" oTts t+1 €
n x§ ! n x§

We notice that A is solution of A = 2?:0 a'T\=%. Then, for t > 4,

attl

t+2
- O[A ka o 3 14syt—s
k?+1$t < 0 __ 1 e ZS:O @ A Tt
n i
17at+1 — 1704t+1
o—= t+2 o t+2
OCA 1-a kg /\t_z?) alts)t—s OéA 1-a ka adat—3
= 1€ =0 = attl e :
n xg n 0

Since A > 1, we get that lim;_,., l;;toﬁrlxt <0.
By using (C.4) and the fact that lim; . ki1 = 0, limt_m r; = 00, it is easy to
check that lim; o &/k; = 0o and limy; o &/ f (ki) =

C.3 Proof of Example 2

Let (bt, kt+1) be a sequence determined by the system (20)-(21) and by € (01 AkS /n, 05 AKS).

To prove that this is an equilibrium, we check that b, > 0 and k;; > 0 for any ¢ > 0.
According to (20), we see that ki > 0 if aAy,kY > ob;, which is satisfied when

by < 0:Ak?. Therefore, we have just to prove that b, € (05 Ak® /n'™, 0F Ak®) for every

t. Let us apply the induction argument.
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(1) We show first that b, < 67 Ak implies b1 < 0E Ak, ;. Indeed, considering (20)
and (21), we find

be 1 _ b _ §i1 _ b o _ §it1
Ak Akfory, + (1 —0)§ —oby Ak, ARy Y. + (1—2% Ak
by o §i1 by Q by <o
AkY ary, — A,’gg Akto‘+1 AEY ary, — o8 Ako‘ -

(2) Then, we prove that b, > @:AkY/n'™' implies b1 > 0FAkY,/n'". Since
by < 0rAEY for every t, we have ky > k for every t. Using (20) and (21), we obtain

bt+1 B 0; i bt (67 B 5 o 0;
Ak ntt? AR ary, + —(1—52%?—0@ LAY, ntt?
. a & e
ntt+l Ve + (nlt;c;); _ :;i;l nt—i—lAk;él_i_l ntt2
- 0 o 1 ¢
nt+l o, + (nlt;x?; n  OrAR}
S 0 o IR
= L v, + (z—kaa)ﬁ n  0rAk2

C.4 Proof of Proposition 4

A bubble exists if and only if b, > 0 for any ¢.
Combining (25) and (26), we get a single dynamic equation:

Zir1 =Y — 1 VE>0 (C.5)

where z;, = nkt+1 / (ob;). The solution of the difference equation (C.5) is given by
=tz — 31 vVt > 1, provided that v, # 1.

( ) When V. < 1, there is no bubble. Indeed, if v, < 1, z; becomes negative
soon or later: this leads to a contradiction. In this case, capital transition becomes
kit1 = po, k. Solving recursively, we ﬁnd the explicit solution (29). We observe that,
according to (27), limy_,e k¢ = p}/ (1-e) = k.

(2) Let v, > 1.
(2.a) If by = 0, then (29) follows immediately.
(2.b) Focus on the case b; > 0. Then, we obtain

[(72 - 1) 20 — 1] Vfc + 1 (06)

Zt = 71_1

A positive solution exists if and only if zp > 1/ (7, —1). Hence, the existence of a

positive solution requires

Yo — 1
g

boS7

15}
ki = —_— — byl .
nkq 1 5(w0+g0) 0
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Solving this inequality for by, we find 0 < by < b,.

Now, given by € (0,b,], the sequence (ki.1,b;) constructed by (25) and (26) is an
equilibrium with b; > 0 for any .

When by < b, (that is zy > 1/ (7, — 1)), because of (C.6), we get lim,_,, 2z = 0.
According to (25), k; is uniformly bounded from above, which implies that lim;_,, by =
0. Thus, lim;_, ki = k.

When by = b,, we have z, = 1/ (v, — 1) for any ¢ > 0. In this case, k1 = pik®
where p; = aA/n for any t > 0 and b; = (v, — 1) nk; 1 /0. Solving recursively, we get
the explicit solution (30).

C.5 Proof of Proposition 5

(1) When R > n.
Denote D = %iﬁ% According to (34), and using the fact that b, + & = %bt,l
we have

1 g 1 15} T
ki1 = Dby + ———— ——(1-— b C.7
b1 = PRt 1+ﬁ( ft) ( 1—|—ﬁ1—i—x)t (C.7)
1 B 1
=D _— D _1—by). )
So, we find that nk, 1 + b, = D(nk, + bi_1) + 1[157 and therefore
nkiy1 +0p  nky 4+ by pw 1 nkiy1 + by pw 1
= — oMl Tt ke by - il
Dt Dt-1 +1+ﬁDt Dt nky + 0+1+6; s
Buw fw D! —1
= Dt —_— DS p— Dt - .
— nkt+1 + bt (nk,‘l + bo) + 1 T ﬁ SEO (nk‘1 + b()) + 1 i B D_1 (C 9)

Since nk; + by = 1+B(w + go), we obtain

t

fw D'—1 R n’
nkt-‘rl:D (nk1+b0>+mD—1 nt (bo_;§£s>

If there is an equilibrium with bubble, then by > Y 7, %55' Let us denote B :=

bo — Yoy %Z&s. Since D < R/n, we observe that b, > (%)tB, which converges to
infinity and grows faster than the right hand side of (C.9). Hence, k;y; will be strictly
negative for ¢ high enough, a contradiction. Hence, there is no bubble.

(2) When R < n. The proof in this case is easy.
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