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Abstract

We analyze the effects of monetary policies in a neoclassical growth model with
nominal rigidities and stochastic rational bubbles, where output is determined by
capital accumulation. We show that the expectations of the bubble’s bursting risk
and of the monetary policy stance after the bubble collapses affect the steady state
and dynamics of bubbles. A conventional ‘leaning-against-the-wind’ monetary policy
of a surprise rise in the nominal interest rate decreases the bubble asset price and
has typical tightening effects on output and inflation. An unconventional monetary
policy of purchasing government bonds has different effects on bubbles, output and
inflation, depending on whether bubbles are small or large. The model provides new
insights on interactions between monetary policy, safe government debt and risky
bubbles.
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1 Introduction

The spectacular booms and busts of asset prices that preceded financial crises in many
advanced economies, notably in Japan around 1990 and in the U.S. in the 2000s, have
led to important and unresolved questions for policymakers. A heated debate has emerged
around the role of monetary policies, such as the ‘leaning-against-the-wind’ policy of raising
the nominal interest rates to address asset price booms in stabilizing the economy in bubbly
episodesE] Moreover, many central banks have engaged in unconventional monetary policies
such as the quantitative easing policies of purchasing government bondsE] To the best of our
knowledge, understanding the theoretical underpinnings of the roles of such unconventional
monetary policies in bubbly episodes like those experienced by Japan and the U.S. remains
an open question. Overall, there is a demand for macroeconomic theories to analyze the
interactions of monetary policies and asset bubbles.

To this end, we develop a simple growth model with risky asset bubbles, safe government
bonds and nominal rigidities, where we study the effects of conventional and unconventional
monetary policies in bubbly episodes. The model builds on the flexible-price model with
rational asset bubbles (Hirano et al. (2015) and Hirano and Yanagawa| (2016))), which is
a neoclassical growth model with heterogeneous entrepreneurs, financial frictions and a
risky asset bubble. The heterogeneity of entrepreneurs gives rise to natural lenders and
borrowers. As is standard in the rational bubbles literature, we model a bubble asset as an
asset with no fundamental value, but is traded at a positive price. This is because financial
frictions a la Kiyotaki and Moore (1997) limit the functioning of the credit market in
facilitating borrowing and lending and depress the interest rate in the credit market. The
bubble is effectively a speculative investment vehicle for lenders. The bubble is assumed to
be risky, as its existence requires a coordination of expectations across agents and across
time. As in |Weil| (1987)), we model this fragility by assuming that in each period the price
of the bubbly asset can permanently collapse to zero with an exogenous probability.

We then introduce two important ingredients into this environment: nominal rigidities
and safe government bonds. There are monopolistic intermediate goods firms that face
costly price adjustments a la Rotemberg (1982)). There is a positive supply of safe nominal
government bonds backed by lump-sum taxes. In each period, entrepreneurs choose a

portfolio consisting of holdings of government bonds, holdings of the risky bubbly asset,

1See, e.g.,|Cecchetti et al.[(2000), Bernanke and Gertler (2001)), [Borio and Lowe| (2002), Svensson| (2011]),
Gali (2014)), |Borio| (2014)) and |Allen et al.| (2017).
“See [Reis| (2009) for a survey of these unconventional monetary policies.



investment in the capital good and lending/borrowing.

As is standard in the New Keynesian literature, we model a conventional monetary
policy as a policy that sets the nominal interest rate according to a Taylor rule. Further-
more, we model an unconventional monetary policy as changing the net supply of nominal
government bonds that are held by private agentsﬁ

The model provides three insights on monetary policies, government debt and asset
bubbles. First, because agents rationally anticipate the bursting probability of bubbles,
their expectations of the post-bubble policy stance have permanent effects on the economy
— via the effects on the size of the bubble, capital investment and output in the stochastic
bubbly steady state. Furthermore, the effects depend on the size of the bubble in the
economy.

Starting from the effects of government debt, the government debt has two opposite
effects in the bubble-less economy. On the one hand, government bonds are traded between
lenders and borrowers and facilitate saving and investment; on the other hand, they crowd
out investment by shifting resources away from production. These two effects are cancelled
out in the bubble-less economy, and thereby there is no permanent stock effect of changing
the amount of government bonds circulating in the market in the bubble-less steady state.

However, the government debt can have permanent impacts in the stochastic bubbly
steady state. When the bubble is “large,” so that speculative investment in the bubbly asset
absorbs lenders funds and completely crowds out lenders’ capital investment, an increase
in government debt crowds out funds into the bubble asset and thereby shrinks the bubble
asset price. This attenuates the expansionary effect of the bubble and causes a decrease in
capital and output. Although the government debt is neutral in the bubble-less economy,
it has negative impacts on output and capital in the large-bubble economy.

When the bubble is “small,” so that speculative investment in the bubbly asset does
not completely crowd out lenders’ capital investment, the government debt is neutral if
prices are flexible. However, with nominal rigidities, an increase in the government debt
has expansionary effects on the bubble asset price, investment and output. This result,
opposite to the case of a large bubble, is induced by an interaction between monetary

policy and government debt. In particular, the non-neutrality holds only if the nominal

3In practice, quantitative easing usually involves the monetary authority purchasing long-term govern-
ment bonds. We acknowledge that a limitation of our model is that it abstracts away from the difference
between long-term vs. short-term government bonds. Instead, we focus on the role of government bonds
that facilitate saving and investment but at the same time crowd out investment by shifting resources away
from production.



interest rate is kept below the real interest rate in the stochastic steady state. In this case,
as long as the bubble persists, it plays a role of a better asset in facilitating saving and
investment than the government bond. Hence, the bubbly asset attracts more funds and
the bubble asset price soars.

What keeps the nominal rate in bubbles low is the post-bubble monetary policy stance.
A burst of an expansionary bubble which has increased capital and output is associated
with a fall in inflation and a rise in the real return of the government bond, where the
degree of these changes depends on monetary policy stance on inflation. The real return
of investment, however, falls as the marginal cost drops. Because of these effects, the
government bond plays a role of a safe asset and an insurance during bubbles, giving rise
to the nominal rate lower than the real rate in the stochastic bubbly steady state with a
small bubble.

Another factor that keeps the nominal rate low is inflation-targeting policy in the
stochastic steady state. The New Keynesian Phillips curve implies that the real econ-
omy has to be stimulated above the neutral level — the marginal cost has to be higher than
unity — to stabilize current inflation at the target level in face of deflationary pressure in the
next period in the case of a bubble burst. To stimulate the economy to stabilize inflation,
the nominal rate has to be kept below the risky real rate in the stochastic steady state.

This observation on the real economy implies that the post-bubble monetary policy
stance on inflation and the degree of nominal rigidities affects output and investment dur-
ing bubbles. Specifically, stronger monetary policy stance on inflation mitigates a fall in
inflation when the bubble bursts, softens downward pressure on inflation during bubbles,
and leads to the marginal cost closer to unity during bubbles. A low degree of nominal
rigidities makes the slope of the New Keynesian Phillips curve steep so that less variation in
the marginal cost is required to offset the deflationary pressure from the state of a bubble
burst tomorrow.

Second, turning to the dynamic effects of monetary policy shocks, a conventional
‘leaning-against-the-wind” monetary policy of a surprise rise in the nominal interest rate
dampens the bubble asset price. Intuitively, an increase in the nominal interest rate raises
the real interest rate and discourages capital investment, resulting in a drop in the marginal
cost. The decrease in the marginal cost, in turn, lowers the return on capital and decreases
the net worth of lenders and borrowers. With relatively low net worth at hand, lenders
have less capacity to purchase a bubble asset, which leads to a decrease in the bubble asset

price. Hence, a rise in the nominal rate has standard contractionary effects on output,



investment and inflation, and at the same time it reduces the bubble asset price. This
result holds irrespective of the size of bubbles. It is worth noting that in this model output
is investment-driven as opposed to being labor-driven as in the standard New Keynesian
model. Yet, qualitatively, a rise in the nominal rate has similar contractionary effects in
this model irrespective of the presence of bubbles.

Third, unconventional monetary policy of a surprise purchase of government bonds has
different effects on bubbles, output and investment, depending on the size of bubbles. As
we mentioned, a permanent change in the government debt may or may not have stock
effects depending on the presence and the size of bubbles. However, a temporary change
in the government debt does have flow effects, which are different depending on the size
of bubbles. When the bubble is small (or when there is no bubble), lenders purchase
the bubble asset, hold government bonds, lend to borrowers and at the same time invest
in the project. With less government bonds available as a result of the central bank’s
bond purchase, the lenders shift more resources to other use. But lending/borrowing is
constrained by financial frictions and a drop in the net worth due to less government
bonds reduces the lenders’ capacity to purchase the bubble asset. Consequently, resources
freed up by the unconventional monetary policy move to investment and stimulate output,
while the bubble asset price decreases in accordance with a drop in the net worth. A key
assumption underlying this result of circumventing Barro-Wallace irrelevance proposition
(Barro| (1974)), Wallace (1981)) is that the integrated government with the central bank
finances funds for purchasing government bonds by taxing workers, who are different from
lenders and borrowers ]

When the bubble is large so that lenders do not invest in capital anymore, the same
unconventional policy of government bond purchases has opposite effects on bubbles, in-
vestment and output. With less government bonds available, lenders shift resources to the
bubble asset, which leads to a shoot-up of the bubble asset price and a gradual return to
the original level. Along the path, the growth rate of the bubble is negative and the real
rate should fall in line with the bubble path. But, the central bank, following a standard
monetary policy rule, does not adjust the nominal rate to be consistent with the real rate.
The real rate implied by the nominal rate does not fall as much as it should to stabilize
inflation, and consequently it discourages investment and decreases inflation, the marginal

cost and the net worth. Hence, when a bubble is relatively large, government bond purchase

4See (Christiano and Ikedal (2013)) for the effectiveness and transmission mechanisms of unconventional
monetary policies in various models with financial frictions.



policy has contractionary effects on investment, output and inflation, although it increases
the bubble asset price.

Overall, our model highlights the nontrivial interaction of monetary policies (includ-
ing policy shocks and policy expectations), risky asset bubbles, safe government debt and
aggregate economic activities in a New Keynesian model with capital accumulation and

financial frictions.

Related literature. Our paper is mostly related to a new generation of rational bubbles

models that features monetary policy, including|Gali| (2014} 2017)), Asriyan, Fornaro, Martin
and Ventura (2016), Hanson and Phan (2017)), Biswas, Hanson and Phan (2017),

(2017), Allen, Barlevy and Gale (2017) and Dong, Miao and Wang (2017). To the best of

our knowledge, by providing a general framework that allows for the interactions between

nominal rigidities, government debt and bubbles, our paper is the first to analyze the effects
of both conventional and unconventional monetary policies on bubbles.

Our paper borrows from the insights from a large literature on (real) theories of rational
bubbles. The literature dates back to the pioneering overlapping generations framework of
‘Samuelson| (1958), Diamond| (1965) and Tirole (1985)), which was further developed by, for
example, Weil (1987), Grossman and Yanagawal (1993), Martin and Ventura, (2012)), Farhil
and Tirole| (2012) and [Ikeda and Phan| (2015] 2016). Models of bubbles with infinite-lived

agents, which are relatively closer to the ‘workhorse’ dynamic stochastic general equilib-

rium models that are often used for policy analyses, include Kocherlakota (1992, 2009),
Kamihigashi (2008)), Aoki, Nakajima and Nikolov (2014), |Aoki and Nikolov| (2015), Miao|
land Wang| (2017) and Guerron-Quintana, Hirano and Jinnai (2017)F] More specifically, our
paper builds upon the real framework of rational bubbles, infinite-lived agents and financial
frictions of Hirano, Inaba and Yanagawa and Hirano and Yanagawa (2016]).

Our paper is also related to the literature on unconventional monetary policies, including
Reis| (2009, 2017)), |(Cardia and Woodford, (2010, [2016), (Gertler and Karadi| (2011, 2013)),
Joyce et al. (2012), Ennis (2014) and (Gourio et al.| (2017). We contribute to this literature

by providing an analysis of the effects of unconventional policies on asset price bubbles.

The plan of paper is as follows. Section [2] describes the environment. Section [3analyzes

the effects of policies on the steady states. Section [4] analyzes the dynamic responses to

SFor more comprehensive surveys of the literature, see Barlevy (2007); Barlevy et al| (2015), Miao|
(2014), Brunnermeier| (2016) and Martin and Ventura| (2017).




policies along the equilibrium paths. Section [5|concludes. Derivations, proofs and numerical

methods are delegated to the Appendix.

2 Model

We consider a discrete-time-infinite-horizon economy with two types of good: consumption
and capital goods. The economy has four types of agents: entrepreneurs, workers, firms and
a government integrated with a central bank. In the following, we describe the behavior of

each type of agents in turn.

2.1 Entrepreneurs

There is a continuum of entrepreneurs with measure unity, each indexed by j € (0, 1). For

each j, entrepreneur j has the following preferences:

oo
Ey (Z B log cz'> ,
t=0
where ¢ is consumption in period ¢, 8 € (0,1) is the preference discount factor, and Ey(-)
is an expectations operator conditional on information in period 0.
Entrepreneur j has an investment project with productivity a{ that produces capital
according to:
K = ajij,
where zi > 0 is investment in terms of the consumption good and ki is newly produced capi-
tal. The productivity is either high a{ = a' or low a{ = a’, where a” > a*. In each period
entrepreneurs meet the high-productivity investment project (hereinafter the H-project)
with probability h € (0,1) and a low productivity one (hereafter the L-project) with prob-
ability 1 — h. The probability, h, is exogenous and independent across entrepreneurs and
over time.ﬂ We call entrepreneurs with the H-project as “the H-type” and entrepreneurs
with the L-project as “the L-type”.
The heterogeneous productivity gives rise to borrowing and lending among entrepreneurs,

but frictions in a financial market limits entrepreneurial capacity of carrying out such trans-

6The i.i.d. assumption simplifies the algebra. For example, it allows us to analytically characterize the
bubble dynamics. The model with persistent productivity shocks can be solved numerically, as in [Hirano
and Yanagawa/ (2016)).



actions. Specifically, entrepreneurs can pledge at most a fraction 6 € (0, 1] of the future
return from their investment to creditors as in [Kiyotaki and Moore (1997). This limited

pledgeability leads to the following borrowing constraint:
Rt+1dg S «9qt+1ag2'z. (1)

where d{ is the real value of nominal borrowing, R;,; is the state-contingent real interest
rate and ¢, is the real price of capital. Constraint holds for each state of the economy.

For analytical simplicity, we impose two assumptions. First, the initial population
measure of the H-type and the L-type is h and 1 — h in period 0. This assumption implies
that the population measure of each type stays constant at h and 1 — h, respectively, over
time. Second, we assume capital depreciates completely after each periodm

Entrepreneurs trade three types of financial assets/liabilities: real borrowing, a nominal
government bond, and a bubble. The supply of the nominal government bond is non-
negative. As is standard in the literature following Samuelson (1958), [Diamond| (1965)
and [Tirole (1985), the bubble is an asset that has no fundamental value but is traded at a
positive price in a bubbly equilibrium, as it serves as an investment vehicle for agents who
have a demand for savings. The supply of the bubble is normalized to unity. Let bz denote
a share of a bubbly asset held by entrepreneur j and p? denote the real price of a bubbly
asset. Then the entrepreneur’s flow budget constraint is written as

: n

il ot = il = Rt (o - T ) el @

where g/ is the real value of the government bond, R} | is the nominal interest rate between
t — 1 and t, and 7, is a gross inflation rate of the consumption goodﬁ The left hand side
of consists of expenditure on consumption, investment, and the purchase of bubbly

assets. The right hand side is the available funds at date ¢, which consists of the return

"It is straightforward to extend the model with partial capital depreciation, as in [Kocherlakotal (2009)
and Hirano and Yanagawa/ (2016]).
8Tn nominal terms, the budget constraint is written as

Pic] + Pyil + PPb] = Qta{qigq +D] - Rtﬂtszl - (Gi - R?—lefl) + Ptbb{q’

where P; is the nominal price of the consumption good, PP = P;p? is the nominal value of the bubble,
Q¢ = Pyq; is the nominal return of investment, D] = P,d] is the nominal amount of borrowing and

7 = P,g] is the nominal value of the government bond. Dividing the both sides of the constraint by P;
yields the flow budget constraint in real terms (2)).



from investment in the previous period, the amount of new borrowing minus the debt
repayment, and the value of bubbly assets purchased in the previous period. No short sale

constraint is imposed for trading the bubbly asset:
bl > 0. (3)

The log utility implies that each entrepreneur consumes a fraction 1 —f of the net worth

n in each period, that is, ¢/ = (1 — 8)n], where

, o . RM, .
ni = qag_qyii — Redi_) + 7tTt gl1 + by (4)

Then the budget constraint is written as:
il +ppbl + g1 = Bl +dj. (5)

We restrict our attention to the relevant and most interesting case in which the financial
friction parameter 6 is sufficiently small that the borrowing constraint binds for the H-
type for all periods. This is the case if and only if the following condition holds:

H

L
Ci &

qt+1aL < 1< Etﬁ

H
qi+10 7, (6)
Ct+1|L Ct+1|H

Eg

where ¢! = fj EH-type czdj and cf = fj EL-type c{dj are the aggregate consumption for the
H-type and L-type, respectively, and c;yq|; is the aggregate consumption in period ¢ + 1
by entrepreneurs who are the j-type in period ¢ for j € {L,H}. The discounted return
on investment by the L-type — the left-hand-side object of the inequalities @ — has to be
at most unity, otherwise there would be no lending. The discounted return on investment
by the H-type — the right-hand-side object of the inequalities @ — is strictly greater than
unity, otherwise the credit constraint is not binding.

Condition @ implies that the H-types receive a higher return from capital investment
than than lending and speculating in the bubbly asset. Consequently, their government
bond holding and bubble holding are zero: gff = b = 0. Substituting this into yields
z{ = /Bni + d{ for the H-types. Further substituting the binding borrowing constraint

for d! yields
: 1 :
i = ni. 7
1 —0(gr41/ Riy1)a? o ")




We will confirm later that the ratio ¢;11/R;11 is independent of state-t + 1 variables.
The L-types allocate their savings, Bn{ , into four components: capital investment, hold-
ing of the bubbly asset, lending, and holding of the government bond. The utility maxi-

mization of the L-types yields the following first-order conditions:

L
Cy

1:Et6 RtJrla (8)
Ci+1|L
L R?
1 =Ep- 4 9)
Ct+1|L Te+1
oL pb
1 =g,p— Pt (10)
Ct+1|L Py

Equations — correspond to the Euler equations with respect to lending, the govern-
ment bond and the bubbly asset, respectively.

2.2 Workers

There is a continuum of workers with measure unity, each indexed by w € (0,1). As same

as the typical entrepreneur, a typical worker has preferences, given by:

Ey (Z A" log c%”) .
=0

Workers are endowed with one unit of labor in each period. They supply labor inelastically
in labor markets and earn the real wage, w;. They do not have investment opportunities

and cannot borrow against their future labor incomes:
@ <o, (1)

The flow budget constraint is given by

mn

R — w
¢y —|—pi’b;” =w; +d — Rydy” | — (gi” - —7tr 19t—1> —I—pfbé”_l + fi — z, (12)
t

where f; is the profits brought by intermediate goods firms and z; is the lump-sum tax. As

in the entrepreneurial problem no short-sale constraint is imposed:

by = 0, (13)



We restrict our attention to the case in which workers do not save in equilibrium so
that the worker consumption is given by ¢}’ = w; + f; — z:. Workers do not save because
the interest rate is too low for them to save due to the financial friction. To see this
point, for the purpose of exposition, consider a steady state. For workers to lend, the real
interest rate has to be 1/4. Equation implies that the real interest rate is given by
R = (1/B)(c r/c"), where ¢ is the L-type’s consumption and c.; is the entrepreneur’s
consumption condition on the entrepreneur being the L-type in the previous period. Note
that c.r./ ¢t < 1 because the L-types earn lower returns than the H-types (see inequalities
@); entrepreneurs switch between the two types in an idiosyncratic manner; entrepreneurs
consume a fraction, 1 — 3, of the net worth. Specifically, a fraction, h, of the L-types today
was the H-type in the previous period, who has earned the higher return than those who
were the L-types. The entrepreneurs who were the L-type yesterday have earned less than
those who were the H-type and thereby consume less today. Therefore, ¢/ cl <1 and as
a result R < 1/ so that the workers do not lend. We focus on a case in which this holds

for dynamics out of the steady state as well.

2.3 Firms

There are two types of firms: a consumption good firm and intermediate goods firms. All

firms are owned by workers.

Consumption good firm: A representative consumption good firm combines a contin-

uum of intermediate goods, {yf}ie(m), to produce output ¥, according to the aggregation

4 A
technology, y; = [ fol (yf/)%dz} with A > 1. Perfect competition leads to a demand curve:

. A
7 Py AT
Y = (ﬁ) Ye, (14)

where P} is the price of intermediate good i and P; is the price of the consumption good.

Intermediate goods firms: There is a continuum of intermediate goods firms, each
indexed by 7 € (0,1). Intermediate goods firm i produces the i-th intermediate good yi by

combining capital k! and labor [! according to the Cobb-Douglas production function:

yi = (KH)7(IH7, 0<o<1.

10



The firm minimizes the cost of production, wyli+q;k}, subject to the production technology.

The solution leads to factor prices, given by:

R (15)
we = s¢(1 = o)k 417, (16)

where s; denotes the real marginal cost, k;_; = fl )kidi denotes the aggregate capi-

€(0,1

tal, which is predetermined in period ¢t — 1, and l; = |,

ic(0.1) lidi denotes the aggregate

employment. The aggregate output is given by
Yo = k{177 (17)

Intermediate goods firm i sets price P} to maximize the net present value of profits net

of a quadratic cost of price adjustments a la Rotemberg (1982):

G w Pz 7 7 v Pl ?
Eoy Mg, |(1 +T)7ttyt — S 5 <Pf - 1) yt] , 7>0,
t=0 t—1

subject to the demand curve where Mg, = Bt% is the worker’s stochastic discount
factor between periods 0 and ¢, and 7 is the sales subsidy. The profits are discounted by the
workers’ stochastic discount factor because the firm is owned by the workers. The subsidy
is set at 7 = A — 1, so that distortion arising from monopolistic competition is zero in a
steady state with zero inflation. The term in square brackets is profits in period ¢, which
are given by the revenue minus the cost of production minus the cost of adjusting prices.

The first-order condition for this problem is

(Pti ) v A sy 1+Ty
vy 1

- — —
P

_ Yt Pti+1_1 Pti+1
P, X—1P A—1P

+ B My ( pi (Pi)2yt+1'
t t

In a symmetric equilibrium this condition is reduced to:

- Yi+1
— 1) =~ 1)+ EMY Y () — D, 18
(7Tt )7Tt ~ N1 (St ) tV p 1 U (7Tt+1 )7Tt+1 ( )

As in the standard New Keynesian model, current inflation 7; depends positively on the

marginal cost s; and the expected inflation in the next periodﬂ

9Tf we were to log-linearize the model around the steady state with 7 = 1 and s = 1, then we would

11



2.4 Government

The government consists of a central bank and a fiscal authority. A central bank sets the

nominal interest rate, R}, according to the following Taylor rule:
log(Ry) = log (R") + vxlog(m) + vy, ¥ > 1, (20)

where R" is constant and v; is a persistent shock following an AR(1) process of v; =
PmpUt + €mp. Here, €, is an ii.d. monetary policy shock. This rule implies that the
target rate of net inflation rate is zero in steady state if R" is set at the safe real interest
rate in steady state.

The fiscal authority issues the government bond of g; and imposes the lump-sum tax
of z; to finance the subsidy to the intermediate firms, 7y, = (A — 1)y;, and the interest
payment to the government bond, (R} ,/m)gi—1. The government flow budget constraint

then is given by:
t—1

TY + Jt—1 = Gt + 2. (21)

Ty

Define
o7 = g¢/ (Bne)

as the relative size of the government debt. We assume ¢7 follows an AR(1) process

log (¢{/¢%) = pg log ( f—1/¢g) + €g.t;

where 0 < p, < 1 and €4, is an i.i.d. shock. The government bond issuance is assumed
to satisfy the no-Ponzi condition, lim,_, EtMtI,/tJrsgt—i-s = 0, where Mtft 4, 1s the stochastic
discount factor of the L-type entrepreneurs, who are the only agents holding the government
bond as will be analyzed below. Given a sequence of such g;, the lump-sum tax z; is adjusted
to satisfy the budget constraint .

have a standard New Keynesian Phillips curve:

7y = K8 + BB, (19)

where Kk = %ﬁ and 7; = log(m:), §; = log(s;) are the deviations of the variable from its steady state

value, respectively. However, log-linearization is not suitable for studying the model with the probability
of bubble burst. We will solve the model globally in analyzing the model.

12



2.5 Bubbles

Following (Weil (1987), we consider a stochastic bubble that persists with probability v
and bursts with probability 1 — v. If it bursts, the price of the bubbly asset becomes zero

permanently. It is convenient to define

o

P
57%
as the relative size of the bubble.

As mentioned in condition @, the first-order condition of the L-types satisfies:

L
Cy

Etﬁ qt+1CLL S 1

Ct+1|L

There are two cases, depending on whether the inequality is strict or not.

If the inequality holds with equality, then the L-types are indifferent between lending
and investing in capital. We say that the bubble is small in t if this is the case. The label
is intuitive, as we show in the appendix that if the bubble is small, the relative size of the

bubble is smaller than or equal to ¢ — ¢, i.e.,

where ¢ = 1 — ah/(a® — 0a'?).
In contrast, if the inequality is strict, then the return from lending is so high that the
L-types strictly prefer to lend rather than to invest in capital. We say that the bubble

is large in t if this is the case. Indeed, as shown in the appendix, the relative size of the

bubble satisfies:
& > ¢ — ¢f.

The relative size of the bubble becomes greater by absorbing the L-types funds more than

what it would be a case for the small bubble.

13



2.6 Equilibrium

We close the description of the model by stating market clearing conditions. The clearing

condition for the consumption good market is:
o b e i +if = [1-2(m -1y, (22)

where if! = [,

_] . -7, —
ctitype 1 and i = /.

eL-type z{ dj are aggregate investment for the H-type

and L-type, respectively. As we mentioned, we restrict our attention to a case in which
workers do not save: d}’ = g;” = b}’ = 0. Then, the market clearing conditions for the

credit market and the government bond market are written as

di' +df =0, (23)
9 + 9t =g, (24)
where df = fj CH.type d{ dj and d- = fj CL-type d{ dj are the aggregate borrowing for the H-type

and L-type, respectively, and ¢;" = f] CH.type gg dj and gF = fj CL-type g{ dj are the aggregate
holdings of the government bond for the H-type and L-type, respectively. The market

clearing conditions for capital, labor and the bubbly asset are

ke = aill + a"if, (25)

lt = ]-7 (26)

b = / bldj = 1. (27)
je(0,1)

A competitive equilibrium for this economy is defined as follows. Given the exogenous
probability of bubble burst 1 — v and given the monetary policy rule and a sequence
of the government bond, the equilibrium consists of a set of prices {R?, Ry, w;, q;, p,
7152, and quantities {c, cF, ¢v, dff, dF, gF, gF, if, il by, U, ke, y:}52,, such that (i)
the market clearing conditions — are satisfied in each period; (ii) each entrepreneur
solves the problem of maximizing the expected discounted utility subject to the constraints
—; (iii) each worker solves the problem of maximizing the expected discounted utility
subject to the constraints —; (iv) the optimality conditions in the production sector,

([@3) (1), hold.

A bubbly equilibrium is a competitive equilibrium where the price of the bubble (condi-
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tional on not bursting) p? is positive for all t. A bubble-less equilibrium is one where p? = 0
for all ¢.

A steady state is a competitive equilibrium in which there are no policy shocks and
prices and quantities are time-invariant. A stochastic bubbly steady state is a steady state

where p, > 0, and a bubble-less steady state is where p, = 0.

2.7 System of Equations

The equilibrium can be characterized by seven equations for the same number of variables,
{ke, ng, @0, ¢, m, R, Ri}. The equation that determines the nominal interest rate, RY,
is the monetary policy rule . The equation that governs the inflation rate, m;, is
the Phillips curve . From the consumption good market clearing condition the

aggregate workers consumption is given by

o = ki [1= 2 (m = 1] = (1 86} — Bef) ne

We will state the other five equations for ki, R;, ns, ¢? and s; below. The detail of
the derivation of the equations is dedicated to Appendix [A] The evolution of capital is

summarized as:

- [1 + (;L ‘9‘;;{) h— b — (bf} a“Bn; if ¢ + ¢¢ < 6. (small bubble)
t H (1 — ¢ — (bf) By if ¢? + @) > ¢, (large bubble)

where ¢ = 1 — a”h/(a* — Oa™). The first case of ¢! + ¢ < ¢ corresponds to the case of a
small bubble, while the second case of ¢? + ¢/ > ¢ corresponds to the case a large bubble.
Equation implies that, given the amount of the net worth, capital stock is decreasing
in the relative size of bubbles and government debt. This is because resources are allocated
away from productive investment to the purchase of bubbles and government debt. This
effect is the standard crowding-out effect of bubbles and government debt.

The law of motion for the net worth is derived as

sioky_ 1+6Rt 1¢t 17— 1/7Tt
146

ng =

(29)

Equation implies that, other things being equal, the net worth is increasing in bubbles

and government debt. In particular, by selling bubble assets and government bonds to the
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L-types, the H-types can invest more in their productive projects. This is the expansionary
effect of bubbles and government debt.

The real interest rate is given by

s;1apokd ™ if ¢+ ¢7 < o,
Rt+1 _ t+1ULO Fug - t t (30)

1
sl (1= =) ok i o+ ol >0

When the L-types invest as well as do the H-types, the real interest rate is equal to the
marginal product of capital, as in the first case in equation . When the L-types do
not invest, the real interest rate is determined by the credit market clearing condition (23)),
leading to the second case in equation (30). Equations and imply that g1/ Ry11
is independent of time t 4 1 variables as we have conjectured.

The evolution of the relative size of the bubble is given by

¢t .
vB(1 = h)E, 1—osip1k] O 0aLaTis o ] if o) + ¢ < 9,
¢? _ t+1Ry a;;&zH ngyl (31)
_ t4+1 : b g
vB(1 = h)Ey 1—ast+1k;"1(1—6)aH(1—¢?—¢f)5n;ﬁl} if ¢+ 6% > 9.

This equation is derived from the Euler equation regarding bubbles @D As long as this
condition holds, the L-types are indifferent between holding the bubbly asset and lending
to the H-types.

Finally, the Fisher equation — the condition under which lenders (the L-types) are
indifferent between lending and purchasing nominal government debt — is given by equation

@D, which is written as

B(=h) Ry e 4b g
Et |:”t+1 s po—1(=8)alallhp wt_f_1:| if (bt + ?bt < (25,
1 — ng t+1f al —0aH (32)
B(=h) Ry i b g
Ee lnf;{l—mtﬂk?1(1—9)GH(1—¢?—¢§),3 ml] it ¢y +¢1 > ¢.

It is worth noting that the expectation operator in equation involves bubble and no-
bubble states, but in equation the expectation operator pertains only to stochastic

shocks €pp 41 and €g441.
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3 Steady State Analysis

3.1 Bubble-less Steady State

Let us start with the bubble-less economy, where p? = 0 and ¢? = 0. Throughout, we focus

on parameters such that:

h< (1 - @) (1— 7)., Vit. (33)

al
This condition guarantees that both types of entrepreneurs invest in capital in the bubble-
less economy. The condition requires that the fraction of L-type entrepreneurs h and/or
the pledgeability parameter 6 should be sufficiently small, so that the aggregate borrowing
by the H-types is not sufficient to completely crowd out capital investment by the L-types.
Hence, the marginal capital investors in the economy are the L-types. Note that an increase
in the relative size of public debt ¢J relaxes the condition, as it crowds out investment by
the L-types.
In the bubble-less steady state, the interest rate and the capital stock are independent

of government debt, given by

1 (af —aF)n] ™
I
R B{ LT } B,
(a' — ab)h T
b= (o )] =k

3.2 Stochastic Bubbly Steady State with Flexible Prices

It is useful to analyze the effects of monetary policies in the flexible-price special case —
where the price adjustment parameter 7 is zero. The simplicity of the flexible-price case
allows for analytical characterizations and will be a useful benchmark in analyzing the
model with nominal rigidities. The system of equations for this economy consists of (28,
and (B1), where the nominal interest rate over inflation R}/ 1 is replaced by the
real interest rate R;;; given by equation and the marginal cost is always unity, s; = 1.
The stochastic bubbly steady state is characterized by capital stock k, real interest rate R
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and bubble over net worth ratio ¢ that solve a system of three equations

apoke! if o® + @9 < ¢ (small bubble
ol y P+ ¢! < ¢ ( ) | (3)
fal! (1 _ ﬁ) ok?1 if @b + ¢9 > ¢ (large bubble)
b afl —al alpo : b
El-o — [1 — ¢ ¢+ (aL—GaH> h} 1—BP— BRI if ¢"+¢9 < ¢ (35)
(1= ¢" = ¢) =55 if o+ 69 > ¢
Uk,a—l(lfi)aLaghﬁ if o+ 9 <
1—(1—hwp = ar~ba ¢ ¢_¢. (36)

ok (1 — 0)a’ (1 o~ ngQ) B if ¢+ @9 > ¢.
where ¢ is a constant:
ath
al — Qat’

The case ¢° + ¢9 < ¢ corresponds to a small bubble, and the opposite case corresponds to

p=1-—

a large bubble.
Based on these equations, the conditions under which a stochastic bubbly steady state

exist are summarized in the result below. Detailed derivations are proofs are delegated to

Appendix

Lemma 1 With flexible prices (v = 0), a stochastic bubbly steady state exists if and only
if the following two conditions hold:

0 <vB(1—nh),

v > 1 _ Rnb(l — Q)CLHh
BL—h) (1 h)(aF —Gar)

V.

Intuitively, a stochastic bubbly equilibrium exists when the pledgeability parameter 6 is
small so that the borrowing constraint is tight enough and when bubbles are not too risky.
If the borrowing constraint were less tight, there would be less room for bubbles to mitigate
the borrowing constraint and thereby there would be no bubbles. If bubbles assets were
too risky, such assets would require a higher return to compensate the high probability
of bubble burst and would have to grow rapidly to be sustainable. These conditions are
standard in the rational bubbles literature. This is not surprising, as in the absence of
nominal rigidities, the model can be effectively mapped to a real model of rational bubbles,
such as that in Hirano et al.| (2015).

However, a key difference of our model compared to standard rational bubbles models
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is the presence of a non-zero net supply of government debt. The presence of government
debt has impacts on the relative size of bubbles and the regions for small bubbles and
large bubbles. We summarize it in the following proposition. Recall that v denotes the

probability that the bubble persists.

Proposition 2 Consider a stochastic bubbly steady state with flexible prices (v =0).

(i) The bubble is small if and only if v € (v, v(¢7)], where v(¢?) is decreasing in ¢9. The
relative size of the small bubble ¢° is increasing in v, but for given v € (v,v(¢9)] it is
independent of the relative size of government debt ¢9. Capital is also independent of

9.

(ii) The bubble is large if and only if v € (v(¢9),1]. The relative size of the large bubble
#° is increasing in v, but for given v € (v,0(¢?)] it is decreasing in the relative size
of government debt ¢9. In particular, —1 < d¢®/d¢? < 0. Capital is also decreasing

mn ¢9.

Proposition [2] states that an increase in government debt shrinks a region of the small
bubbles and expands a region of the large bubbles. In the small bubble region, an increase
in the government debt ratio crowds out the L-types’ investment. If the bubble is relatively
safe, then the relative size of the bubble is rather big because its low probability of burst
attracts the L-types demand for the bubble asset. Therefore, for the small bubble with
its size big enough, the L-types’ capacity to invest is limited and thereby an increase in
the government bond ratio completely crowds out the L-types investment. As a result, the
small bubble is switched to the large bubble.

Proposition [2]also states that for given v the government debt does not affect the relative
size of the small bubble, but it has a negative impact on the relative size of the large bubble.
For the small bubbles, the government debt crowds out investment by the L-types, and this
crowding-out effect is cancelled by its crowd-in effect, i.e. its positive effect on the net worth
and thus on investment, as in the bubble-less economy. The government debt has no impact
on the real economy and so does on the relative size of bubbles. However, the government
bond does crowd out a bubble if it is the large bubble. Because the L-types do not invest
any more in the large bubble economy, an increase in the holdings of government bonds
by the L-types has to be compensated by a decrease in the purchase of bubble assets. The

less demand for bubble assets causes the relative size of the large bubble to shrink.
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Figure 1: Stochastic steady states in the flexible-price model
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Figure (1] plots the bubble ratio ¢” and capital stock k as a function of the bubble
survival rate v in the flexible-price model, where we use parameter values set in Section
[1.1] As stated in Proposition [, Figure [I{a) shows that the region for small bubbles (i.e.,
the parameter region in which the bubbly steady state features a small bubble) shrinks as
the government debt ratio ¢9 increases. For each case of ¢Y in the figure, there is a kink
and the left area from the kink corresponds to the region of the small bubbles and the right
area from the kink corresponds to the region of the large bubbles. The figure also shows,
as stated in Proposition [2] that given the existence of the small bubble the bubble ratio is
independent of the government debt ratio, but for the large bubble it is decreasing in the
government bond ratio.

Figure[1[(b) shows, as stated in Proposition [2] that the government debt does not crowd
out capital in the small bubble economy, but it does crowd out and decreases capital in the
large bubble economy. Although the level of capital is greater than that in the bubble-less
economy so that a bubble is expansionary for all v, as the government debt increases from
@9 =0 to ¢9 = 0.2, the capital curve shifts down. To understand this crowding-out effect,
it is useful to remind that in the region of the large bubbles capital is decreasing in ¢ in
this type of model, as analyzed by Hirano et al.| (2015)). With the government debt, capital
is decreasing in ¢® + ¢, that is, too much bubbles and government debt crowd out capital.
An important observation is that an increase in the government debt does not crowd out
the bubble perfectly, i.e. —1 < d¢®/d¢? < 0, so that 1 + d¢®/d¢? > 0, causing capital to
decrease. In this sense, the bubble and the government debt are not perfect substitutes.

The bubble is a risky asset while the government debt is a safe asset. An increase in the
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safe asset does not crowd out the demand for the risky asset completely because the return
on the risky asset is higher than that of the safe asset to compensate the probability of
bubble burst in the stochastic bubble steady state where the bubble persists.

Finally, Figure 1(b) points out an interesting observation that with the government
debt in place capital is no more decreasing in in the survival rate v in the region of the
large bubble[l?] Indeed, it continues to be increasing with the government debt, hence a
trade-off between safer bubbles and production efficiency disappears when there is enough
government debt. This observation brings an important implication to Hirano et al.| (2015]),
who focus on such a trade-off in the same economy but with no government debt and study
the role of government bailout which essentially affects the survival rate v. Figure 1(b)
suggests that with the sufficiently large government debt, perfect bailout, ie. v = 1
achieves the highest capital and output.

3.3 Stochastic Bubbly Steady State with Nominal Rigidity

We now turn to the analysis of a stochastic bubbly steady state when there is nominal
rigidity (v > 0). In the bubbly steady state, agents rationally anticipate that the bubble
can burst in the next period. Therefore, in the presence of nominal rigidity, the monetary
policy rule is non-neutral even in the stochastic steady state: the anticipation of the
post-bubble policy can affect allocations and prices today. Specifically, the real interest
rate depends on the nominal interest rate and inflation, the latter of which is determined
by the marginal cost and expected inflation, which is, in turn, affected by monetary policy
stance. As in a typical steady state in the standard New Keynesian model, we restrict our
attention to a case in which the central bank stabilizes inflation completely at the target
rate in the stochastic steady state.

First, we consider the impact of monetary policy stance in a bubble burst on inflation
and the marginal cost during a bubble period. Suppose that the central bank follows the
standard monetary policy rule and a bubble is expansionary so that capital is high
in the period of a bubble burst. Then, the bubble burst, which reduces the entrepreneurs’
capacity to invest, causes the marginal cost to fall for production to be consistent with
the high level of capital which is predetermined from the previous period, and hence the

bubble burst is associated with deflation. Although the probability of a bubble burst is

10 Although it is hard to see, in the case of ¢9 = 0 in Figure 1(b), capital is decreasing in v in the region
of the large bubble.
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small, deflation triggered by the bubble burst affects inflation and the marginal cost during
the bubble period through the expectation channel in the Phillips curve . In particular,
given that deflation is realized in the case of bubble burst, it is impossible to stabilize both
inflation 7; and the real economy (the marginal cost s;) during the bubble period: if m; = 1,
sg > 1 if sy =1, mp < 1.

Next, we consider the impact of government debt on bubbles, which we summarize in

the following proposition.

Proposition 3 Consider a stochastic bubbly steady state in which a bubble burst is asso-
ciated with a fall in the marginal cost and inflation. Suppose that in the stochastic steady

state the central bank stabilizes inflation completely at zero percent. Then:

(i) An increase in the government debt increases the relative size of the small bubble.

(i) Given the nominal interest rate R™, an increase in the government debt decreases the

relative size of the large bubble.

For the large bubble the result is similar to that of the flexible-price economy, but for
the small bubble the bubble ratio is increasing in the government debt as opposed to being
independent of the government debt in the flexible-price economy. Figure 2f(a) plots the
relative size of bubbles as a function of the survival rate v for the model with nominal
rigidity in a similar manner to Figure (a) for the flexible-price model. As the government
debt ratio increases from ¢ = 0 to ¢ = 0.2, the relative size of the small bubble increases.
Figure (a) clearly shows that the bubble ratio is increasing in the government debt ratio
for the small-bubble economy. It also shows that nominal rigidity is essential for obtaining
the positive relationship. Without it, the bubble ratio is independent of the government
debt ratio.

What drives the difference between the model with nominal rigidity and the flexible-
price model in terms of the effect of the government debt on bubbles in the small-bubble
economy? As shown in the Appendix, the relative size of the small bubble in the stochastic

steady state with nominal rigidities is given by:

L

O 1+B(R- R ¢ - [1+(%>h] 3R
v F-R) ’

(37)

- —h)](al—0at) . . .
where R = calsko™! = L Uﬁgie))ighﬁ ) is the real interest rate. Equation shows

that the bubble ratio is increasing in ¢° if the nominal rate is kept below the real interest
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Figure 2: Stochastic steady states in the model with nominal rigidity
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Note: Parameter values except those for v and ¢ are fixed at those set in Section [£.1]

rate: R" < R. Intuitively, when the nominal rate is lower than the real rate, the gov-
ernment bond, which pays the nominal rate, is less useful for preserving the net worth
than the bubble asset in the stochastic bubble steady state. A bubble fills in this gap and
consequently its size increases.

Then, why is the nominal rate kept below the real rate in the stochastic small bubble
steady state? The answer is related to the fact that the government bond is safer than
the bubble asset. Unlike the flexible-price model, the real rate in the next period depends
on the marginal cost s;41 in the model with nominal rigidity. Given that a bubble is
expansionary, its collapse induces s;;; to drop and so does the real rate. In addition, a
bubble-burst-led deflation implies that the real return of the nominal rate, R} /m; 41, in the
period of a bubble burst is higher, playing as a role of an insurance. Hence, arbitrage
between the risky bubble and the safe government bond leads to the lower nominal rate
than the real rate in the stochastic steady state.

This observation — inflation in the bubble burst affects the nominal rate and the bubble
ratio in the bubble economy — brings an interesting implication for the effects of monetary
policy stance on bubbles. In particular, monetary policy with strong inflation stabilization
stance, i.e. a high value of the inflation coefficient v, in the monetary policy rule (20)),
stabilizes inflation in the bubble burst. By doing so it works to raise the nominal rate and
decreases the bubble size in the stochastic bubble steady state. Figure [f{a) shows that the
bubble ratio in the small-bubble economy is decreasing in the monetary policy stance ;.

Now we consider the effects of government debt and monetary policy stance on capi-

23



Figure 3: The effects of government debt on bubbles and capital
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tal/output. For the small-bubble economy, as shown in the Appendix, the level of capital
in the stochastic bubbly steady state with nominal rigidities is given by

1 [1—vB(1—h)](a"— 6a) "11'

k p—y
oals (1 —0)a"hp

Hence, capital is increasing in the marginal cost s. Capital is increasing in the government
debt ratio (Figure [3[(b)) because a higher level of government debt is associated with a
higher bubble ratio (Figure [3J(a)), causing severer deflation in the bubble burst, which
requires a higher marginal cost to achieve zero inflation in the stochastic bubbly steady
state. In the flexible-price model, the government debt ratio has no effect on capital
because the marginal cost is always unity. The same mechanism also explains why stronger
monetary policy stance on inflation reduces capital in the small-bubble stochastic steady
state if there is sufficient nominal rigidity (Figure [f{(b)).

Turning to the large-bubble economy, an increase in the government debt reduces capital
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Figure 4: The effects of monetary policy on bubbles and capital
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in the stochastic steady state (Figure [3|(d)) as in the flexible-price economy. However, with
nominal rigidity, the effect is mitigated because the positive marginal cost raises capital as

in the small-bubble economy.

4 Impulse Responses to Policy Shocks

In this section, we study the effects of two types of monetary policy shocks — interest rate
shocks and government-bond-purchase shocks — on bubbles and the economy around the
(stochastic) steady state for three types of the economy: the bubble-less economy, the
small-bubble economy and the large-bubble economy. We solve the model globally using
a function iteration method[™] The detail of the numerical method is dedicated to the

appendix.

"For the computational method, see e.g. [Richter et al|(2014).
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4.1 Parameters

As is standard in a New Keynesian model with nominal rigidities, the model as described
in Section 2| can only be solved numerically. The time periods in the model are quarters.
The discount factor is set to be 8 = 0.96'/% and the capital share is set to be o = 0.36.

For parameters pertaining to the real economy of the model, we follow the benchmark
case of Hirano et al| (2015). The productivity parameters are set to be aff = 1.15 and
a® = 1, with the i.i.d. probability of the high productivity state set to be h = 0.35. The
collateral ratio is set to be § = 0.1. In the numerical analysis in this section, we set the
persisting probability of the bubble as v = 0.96 for a small bubble and v = 0.99 for a large
bubble.

For parameters pertaining to nominal rigidity and monetary policy, we use standard
parameter values used in the literature on monetary economics. We set the inflation coeffi-
cient on the monetary policy rule as ¥, = 1.5 and the gross markup as A = 1.1. We set the
price adjustment cost parameter  such that the slope of the Phillips curve in the linearized
model is equal to that in the Calvo| (1983) model in which the average frequency of price
changes is once in a year[”?] We set the ration of government debt to the net worth so that
the debt-GDP ratio is about 10 percent. In this economy, the government bonds circulated
in the economy would correspond to those for facilitating intermediation and investment
in the actual economy. Admittedly it is difficult to infer the holdings of government bonds
with such motives. Yet, it would be useful to refer to the ratio of the government bonds
held by domestic non-financial sectors and private depository institutions relative to GDP
for the US, which is 13.6 percent on average during the period of 2014-16. Although we
do not intend to use this model for deriving quantitative implications, we believe that the
ratio of government debt holdings for intermediation and investment motives to GDP is
not far from 10 percent. Finally, the AR(1) coefficient for nominal interest rate shocks and

government bond purchase shocks are both set as p,,, = p; = 0.8.

4.2 Conventional monetary policy shocks

This model, even without bubbles, differs substantially from the standard New Keynesian

model. In this model, labor is inelastic and output depends only on capital. In contrast,

12Let 1 — 9 denote the probability of price changes in the Calvo model. Then, the slope of the
linearized Phillips curve is given by (1 —49) (1 — p¥) /9. A one-year of the average duration of price
changes implies ¢ = 0.75. We set 7 such that the slope of the linearized model, (1/v)A/ (A — 1), is equal
to (1 —9) (1 - pv) /9.
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Figure 5: Impulse responses to a contractionary interest rate shock
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capital is constant and output depends only on labor in the standard New Keynesian
model. Our focus of this analysis is a mechanism through which conventional monetary
policy shocks — interest rate shocks — can affect the economy and bubbles and also possible
differences of such a mechanism among the three types of the economy: the bubble-less
economy, the small-bubble economy and the large-bubble economy.

Figure |5|shows impulse responses to a 0.25 percent (1 annual percent) rise in the nominal
interest rate around the (stochastic) steady state for the three types of the economy. Three
observations are worth noting. First, the responses are almost the same for all the three
types of the economy. Irrespective of the presence of bubbles or the types of bubbles, the
responses are nearly equivalent.

Second, the conventional monetary tightening has contractionary effects on the economy
as in the standard New Keynesian model. In response to the exogenous rise in the nominal
rate, output, inflation and the marginal cost all decrease (Figure [f(a)-(c)). In spite of the
qualitative similarities with the standard New Keynesian model, a mechanism behind the
responses is different between the two models. In this model, it is investment and capital
that drive output , while in the standard New Keynesian model, it is labor that determines
output.

How does a rise in the interest rate dampen investment in this model as shown in Figure
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(d)? Because the entrepreneurs consume a fraction 1 — 3 of the net worth and the L-types

hold bubbles and government bonds, the investment, i; = i + il is given by:
iv = (1— o} — ¢f) By,

where the government debt ratio ¢{ is constant in the impulse responses in Figure[f] Given
that the bubble ratio ¢? is constant, which is indeed the case as we will explain later, the
investment is driven by the net worth (Figure [[(e)), which, in turn, is mainly determined
by the marginal cost (Figure [5fc)) as implied by equation (29).

Then, why does the marginal cost drop in response to the contractionary monetary
policy shock? An increase in the nominal rate raises the real interest rate, which dampens
investment activity by the L-types, until the return on capital investment is equated to the
real interest rate. The resulting decrease in the demand for investment leads to a drop in
the marginal cost, which causes the net worth to decreases, and slowing down investment
further.

Third, the absolute size of a bubble shrinks in response to the monetary policy tightening
for both the small-bubble and the large-bubble economies. Because the rise in the nominal
rate decreases the net worth, the L-types have less resources to purchase the bubble asset.
The demand for the bubble asset falls in line with the net worth, and consequently the

absolute size of the bubble decreases with its relative size to the net worth kept constant.

4.3 Unconventional monetary policy shocks

Now we study the effects of unconventional monetary policy shocks — government bond
purchases by the central bank — on the economy and bubbles. Because these effects can
be analyzed in the flexible-price model as well, we start from the flexible-price model and

move onto the model with nominal rigidities.

The flexible-price model. Figure [6] plots impulse responses to a 1 percent decrease
in the government debt ratio — a government bond purchase by a 1 percent of the net
worth — for the three types of the economy. Two observations are worth noting. First, the
government bond purchase has expansionary effects on output and investment for all types
of the economy.

To understand the mechanism, it is useful to consider the bubble-less economy because
of its analytical solution. Combining equations , and (30)) in the case of ¢’ +¢7 < ¢
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Figure 6: Impulse responses to the government bond purchase shock in the flexible-price
model
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This equation implies that a government bond purchase by the central bank decreases the
government bond ratio ¢f and stimulates capital in period ¢ and thereby output in period
t + 1. Because the lump sum tax is imposed on workers, the government bond purchase
effectively transfers resources from workers to entrepreneurs, breaking the irrelevance result
of Wallace (1981). However, from the next period, the opposite effect starts kicking in: a
reduction of government bonds decreases the entrepreneurs’ net worth, which is summarized
by the term in the second bracket in equation . Initially, the first effect dominates, but
the second effect kicks in and dominates around 5 quarters after the initial shock, and this
is why output and investment decrease slightly below the steady state levels around the
period.

Although the responses of output, investment and capital are similar (Figure [6[a)-(c)),

the mechanism of the expansionary effect differs substantially for the large-bubble economy.
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Figure 7: Impulse responses to a government bond purchase shock in the model with
nominal rigidities
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This is evident in the responses of the net worth and the bubble (Figure [6[(d)(e)). In the
large-bubble economy, the absolute size of the bubble and also the relative size of the bubble
increase in response to the government bond purchase in contrast with the other economies.
An increase in the relative size of the bubble boosts the net worth as implied by equation
(29), which, in turn, stimulates investment. The bubble ratio increases because the L-types
have more resources to purchase the bubble asset as less amount of government bonds are

available in the market.

The model with nominal rigidities. Having analyzed how the flexible-price economy
responds to government bond purchase shocks, we now move onto the model with nominal
rigidities. Figure [7| plots impulse responses to the same government bond purchase shock
(Figure [6[f)) for the model with nominal rigidities for the three types of the economy.
Compared with the flexible-price model (Figure @, the model with nominal rigidities
(Figure [7)) shows two distinguished features regarding the effects of the government bond
purchase. First, the government bond purchase has contractionary effects for the large-
bubble economy as opposed to expansionary effects in the flexible price model, while it has
expansionary effects for the no-bubble economy and the small-bubble economy as in the

flexible-price model.
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How can government bond purchases have negative effects on the large-bubble economy?
As in the flexible-price model, the L-types have more resources to purchase the bubble asset
as a result of an increase in government bond purchases. The bubble expands initially,
but as the government bond purchase is gradually tapered, the bubble also returns to the
original level. Along this path, the growth of the bubble p?, , /p? falls and as a result the real
rate also drops to satisfy the Euler equation @ In the model with nominal rigidity, unless
the nominal rate is adjusted to be consistent with the real rate, the fall in the real rate puts
downward pressure on inflation and the marginal cost. Because the central bank follows
the monetary policy rule , it cannot offset all the downward pressure. Consequently,
the real rate implied by the nominal rate rises, which discourages investment and decreases
the marginal cost and the net worth. Hence, the model with nominal rigidity brings a
totally opposite implication on the effectiveness of government bond purchases, compared
with the flexible-price model.

The second notable feature of the model with nominal rigidity is that the responses
of output and investment become more persistent for the bubble-less economy and the
small-bubble economy (Figure [7[(a)(d)) relative to their counterpart in the flexible-price
model (Figure [6](a)(b)). Although the government bond purchase decreases the net worth
as in the flexible-price model, the effect is mitigated by an increase in the marginal cost
(Figure [7(c)). The expansionary impact of the government bond purchase puts upward
pressure on the marginal cost, which, in turn, contributes to increasing the net worth,
making the actual decrease in the net worth gradual and moderate. In this way, the model

with nominal rigidity generates the persistent responses of output and investment.

5 Conclusion

Our paper provides a simple New Keynesian model with investment to analyze the inter-
actions of nominal rigidity, safe government bonds and risky asset bubbles. The model is
useful for studying the effects of both conventional and unconventional monetary policies
before, during and after bubbly episodes. Given the past, recent and ongoing booms and
busts in housing and stock prices in economies around the world, we hope that our model
can be useful for future research on optimal policies with respect to risky asset price bubbles.
A limitation of the current model is the absence of government bonds at different maturities
and the aspect of unconventional monetary policies that involves purchasing government

bonds at long maturities. Introducing multiple maturities to the current framework would
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increase the model’s complexity and is left for future research.
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A Derivation of Equations

Evolution of capital and the real interest rate By using the budget constraint and
reminding that the H-types do not hold the government debt and the bubble asset, the aggregate

borrowing for the H-types and that for L-types are given, respectively, as:

H _ -H H

df =i +pl + g — Bny.

where nfl = ni dj and n} = /; ng dj are the aggregate net worth for the H-types

JjEH-type jEL-type
and L-types, respectively. Substituting these borrowings into the credit market clearing condition

yields
it +if )+ g0 — Bne =0, (A1)

where n; = nf! +nl is the aggregate net worth. For analytical tractability, we assume né{ = hng.
This assumption, combined with the idiosyncratic nature of this model, implies nf{ = hn; and
nt = (1 — h)n; for all ¢.

As implied by the inequalities @, the model has two cases: (i) 1 = E;B(cF/ Cp1] r)a*qi11 and

(ii) 1 > EyB(cf /crinr)a”q+1. We analyze each case in turn.

Case (i) 1 = Eyf(cf /ciinjp)a”qr1: This condition implies that the L-types invest in an invest-

ment project. Combining this condition with equation leads to

L
Ct

0=Ef3 (Res1 — aLQt+1) . (A2)

Ct+1|L

The binding borrowing constraint in each state of the economy implies that g;1/R¢+1 has to
be independent of period-t+1 variables. Hence, q;+1 and R+1, which satisfy both such a condition
and equation , are such that R;;; = a’q;11. Substituting this equation into equation
yields the aggregate investment by the H-types as

H CLL
iy = <aL—%,H> Bhny,

where hn; = n{{ . Substituting this th into condition (A1l]) yields

al — fall

L a* b
it =B — (7 ) Bhne — 9 — 1.
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Substituting these i’ and i} into the evolution of capital (25)), we obtain:

ko= ot ot haall1l— _ab h— &b _ ok
t — a CLL—H(ZH +a CLL—HCLH ¢t ﬁnt a g,

- {1 + (“H —a ) h—¢b — ¢>§} a*Bny. (A3)

al — ot

Case (i1) 1 > Etﬁ(cf/ctH‘L)antH: In this case, the return on investing in a project is lower

than lending, and thereby if = 0. The credit market clearing condition (A1) is then given by:

1 , B
<1 B Q(Qt+1/Rt+1)aH> Bhny + ¢ B + ¢f5nt — pBny = 0.

This equation determines the discounted value of the return on capital as

qt+1 1 h
=—|1—-—. A4
Ripr fal? [ 1— ¢} — ¢f] (A4)

Substituting this into equation , we obtain:
it = (1= o - of) e
Again, substituting this investment function and i/ = 0 into the evolution of capital yields
ke = a® (1 — gb? — gi)f) Bng.
Substituting equation into condition 1 > E;3(cl/ Cit1| 1)q:+1a", we obtain

alh

b g
>1- ">
¢t+¢t aL_ealH

= ¢.

Hence, when ¢! + ¢ > ¢, only the H-types invest; when ¢! + ¢ < ¢, the L-types invest as well.

Evolution of net worth Aggregating the individual net worth and using ky_1 = a’! zf{ 1+
alif |, we obtain ny = qiki_1 + (R?_ /7)) b1 + 0% = qik—1 + (1/m) Ry ) Bri—1 + #%Bns. The

law of motion for the aggregate net worth is thus given by

stoky | + BRY 1 ¢f ni—1/m
1—¢bB ’

nyg =

where ¢; was substituted out by using .
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Evolution of bubbles The relative size of the bubble ¢? evolves over time according to

PLa/P b it the bubble persists.

ner1/ne

0 if the bubble bursts.

b
¢t+1 =

The Euler equation regarding the bubble @ is written as:

L b b b

¢y P 1-8)(1—h)n: @)1 B o) N4l

1= Etﬁ t t-fl;l _ Etﬂ( )( ) t t-‘gl t+ — Uﬁ(l o h)Et t-fl;l t+ 7 (A5)
Corl|L DY (1 =B)nerr ¢ B ¢y ML

where the t+1 variables in the final term are those in which the bubble persists and the expectation

operator F; is taken with respect to policy shocks. Now we consider the two cases in deriving the

evolution of the bubble size.

Case (i) ¢} + ¢! < ¢: 1In this case, the net worth in period # + 1 given that the entrepreneurs
are the L-type in period t is given by

Nyp1|L =Nt+1 — Ty 1|H>
=M1 — (Qt+1a ifl — Ryy1d] )

H.H
=niy1 — (@41 — Ogr41) a3y

(1 —0)a"a" hBn,
=Nyi] — .
t+1 qt+1 CLL — QCLH

Then, condition (A5|) is written as:

Gri1/ Pt
1=vp(1—-h)E; I~ skt L (1=0)alafhB
t+1 al—0aH  nipq

where ¢, 11 was substituted out by using .

Case (ii) ¢? + ¢} > ¢: 1In this case, the net worth in period ¢ + 1, held by the entrepreneurs
who were the L-type in period ¢, is given by

H,H
N1 =ne+1 — (@1 — 0ge11) a4y

=nip1 — g (1 — 0)a’’ (1 —oF - ¢;§7> Bng.

Then, condition (A5|) is written as

1= ’Uﬁ(l — h)Et

1—0’8754_1]{7?_1(1_6)011{ (1_¢g_¢t)5 =

nt41

By /DY ]
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where g;11 was substituted out by using .
Fisher equation The Fisher equation is given by equation @:

L n
¢ R

)
Ci4+1|L Tt+1

1=Efp

where ¢} = (1= 3)(1—h)ng and ¢;yq, = (1 — B)ngyq)r. The net worth in period ¢ + 1 given that

the entrepreneurs are the L-type in period ¢ is given by

1-60)alah .
N1 — Qt+1% if oY +¢f <o

1L =
nep1 — g1 (1 — 0)a” (1 — ¢t — ¢f) By if ) + ¢ > ¢

Hence, the Fisher equation is written as

B(=h) i e 4b g

I e S if 67+ 6f < ¢
B(=h) RY  sp b g

Er L Gsiiaky (1-0)at (1-9)—¢7 ) Te+1 it gr + 07 > ¢

where ;11 was substituted out by using .

B  The Model with Flexible Prices

When there is no nominal rigidity, the system of equations for this economy consists of ,
and , where the nominal interest rate over inflation R} /m 41 is replaced by the real interest
rate Ry4+1 given by equation and the marginal cost is s; = 1.

In a stochastic bubbly steady state, these four equations are reduced to the following three

equations with three unknowns, k, ¢* and R, given by

—_— aL o .
o _ [1 + (fLH—_eZ?f) h—¢"— ¢g] T P+ <9

. , (B1)
(1= ¢" — %) 155 it @'+ ¢9 > ¢
jo—1(=0)a’a’hs T
1—vB(1—h)= 7 at=ba 1¢+¢g§¢, (B2)
ok 11— 0)all (19> —¢9) B if ¢* + ¢9 > ¢.
ka—l if b g
R aro if 9"+ ¢ < ¢ (B3)

—1 .
0o (1- ) okt g0+ 9 >0
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Small bubble. Consider the case of ¢* + ¢9 < ¢. From equation (B2)), capital stock is given by:

o (1 —0)atahp =

b= 1—vB8(1—h) al—0a

The interest rate is given by equation (B3 as:

[1—vB(1 - h)](a® — Q(IH).

h= (1—0)ahp

The relative size of the bubble is given by equation (B1)) as:

! ([ (i ) on

In this economy, capital stock, the interest rate and the relative size of the bubble are all inde-
pendent of the government debt.

The relative size of the bubble is positive if and only if
1 afl — ol !
This condition is rewritten as

1 Rup(1—0)ah
VZ 30—k (=h)(ak —fal)

v.

In addition, the condition for the small bubble, i.e. ¢® + ¢9 < ¢, is written as

1= (6= 0% 8
1+ (&5 ) h] B (6 - 098

R>

or

1 1= (6 — %) ) (1— 0)a'lh

v < —

B(1—h) [1 n (%) h—(¢— ¢g)} (al — 0aH)B(1 — h)

Hence, the existence condition of small bubbles is that the probability of bubble survival lies in

v.

the interval v € (v,7). While the lower bound v is independent of ¢9, the upper bound is a
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function of ¢9. The effect of ¢9 on v is:

L

H _
—B(1—0)a"h [1 n <;‘L_0‘;H> h—(¢— ¢9)} (af — 6at)B(1 — h)
+[1— (¢ —¢7) 8] (1 = 0)a"h(a" — 6a™)5(1 — h)
~ 1_5[1+ <LH__02>h}

1
= 1-—=—<0.
Rnb

v
do9

%

Therefore, as the government bond ratio ¢9 increases, a region for the existence of small bubbles

shrinks.
Large bubble. Consider the case of ¢ + ¢9 > ¢. Arranging equations (B1)—-(B3) yields the

following equation for ¢°:

e e [ R L] i T

The solution is given by

vB(1—h)—0 vB(1—h vB(1—h)—0
l_h_¢g+/§’(19))_\/[ h+<(7_¢g] 41— ) (U~ veo)

b _
¢ = 2
2
_hew oo - (S )
-_ 2 )
vl -h)-0
I

where the inequality holds with equality when v = 1. The inequality implies ¢® + ¢9 > ¢ so that
the condition of large bubbles is satisfied. The effect of the government debt on the size of bubble

is negative, as it is summarized by

o _ 11 (1_]”‘*”6(17}”)9—&)%(1—@@

dedy ~ 2 2

¢ \/[1—h+%—¢9} —4(1—h)<vﬂﬁ<%7h_v¢g)
< _1+1<wﬁ(lh—¢g—(1— ))+2(1—h)(1_v)
= 2 2 (1—h)—(%_¢g)

(1= - (L5t - o)
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Hence, as the government debt ratio increases, the size of bubbles decreases, but the sum of the
ratios, ¢® + @9, increases. This result and condition (B2|) imply that an increase in the government

debt ratio decreases capital.

C Model with Nominal Rigidities: Numerical solution methods

We use a function iteration method to solve the model globally. This appendix describes a solution

algorithm for the bubble-less economy and the two types of the bubble economy.

C.1 The bubble-less economy

The system of equations for the bubble-less economy is given by

o'l —a” 9| L
k't = |:1 + <aL—0aL{) h — ¢t:| a ﬁnt, (Cl)
ny = syoky | + ﬁR?,lqﬁfflnt_l/m, (C2)
1-h R}
1=E Ni41 ﬁ( o—1 ()l—ﬁ)aLaHhﬁ : ’ (CS)
b oSkl g Tl
(= Dmy = 22 (s — 1)+ BME 25 (s — D, (1)
yA-1 ’ Yt
log(Ry') = log(R") + 1r log(m) + vy, (C5)

where My 1 = B¢’ /ey, ye = k{4 and ¢}’ is given by
¢ = Ky [1— 2 (m — 1] = (1= Bef) s, (C6)

and v; and ¢f follow the AR(1) processes with their shocks given by €y and €4+, respectively.
Define zy—1 = R} ¢7_ n;—1. For mitigating computational burdens, we consider the model with
one shock only, either €,,,; or €5 ;. We solve for policy functions for the marginal cost and inflation
as a function of states. The states consist of k;_1, 4—1, v4—1 and €,y in the case of €, shock
only, while the states consist of k;_1, xy_1, (bf_l and €4 in the case of €, shock only. Here we
consider the latter case. We discretize the state space as ki—1 € K = [K1,..Kp, ], v1-1 € X =
(X1, Xy, ¢) , € & = [<I>1,...,<I>n¢} and €;,; € € = [617~-7€ng] .Let S=E Kx X x®Pxe

denote the discretized state space. The model is solved in six steps.

(i) Solve the log-linearized version of the model and use the solution for an initial guess of

policy functions for the marginal cost, s° : § — R, and inflation, 7° : § — R. The
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log-linearized system of equations is given by

L
~ R a”Bnog
0 :kt — N + qug(lsi],
R sok? | R*¢, . so2k7 - R*¢, .
0 =n; — " 5t + b d)gm — ki1 — & qbgiftfl
A 1
0 :R? - Etﬁ-t-i-l - L. H (Etﬁ’t-‘rl - ﬁt)
1— Uska_li(l_i)a o’ hB
al—0aH
osko—1 (1_9L)@L0«Hhﬂ
al —0aH N 7
e 1(-0)alaTh (Etst“ —(1-0) k’*) ’
al —faH
1 X R
0 :—7Tt+ ;)\— 15t+/BEt7Tt+la

Oz—ég—Fwﬂﬁ't—{—’Ut

(ii) For each grid point on S, take s; and m; as given. Compute n;, R} and ¢} from equations

(C2), (C5) with ve = 0 and log (¢{/¢9) = pglog (¢7_1/d?) + €g, respectively. Compute ky
and ¢} from equations (C1]) and (C6), respectively. Compute z¢, y; and yi41 as x; = Rl'¢ny,

ye = k7 | and yi41 = kY.

(i) With k¢, 7 and ¢ in hand for each grid point on S, compute a vector of 711 and s;41 using
the policy functions and linear interpolation for all possible shocks in the next period €441 €
e. Similarly, compute a vector of n;11 and ¢f,, from equations (C2) and log (¢7,,/¢9) =

pglog (¢7/09) + €g 1. Use ky, mp1, ¢7 1 and nyy1 to compute ¢} ;.

(iv) Compute the time-t expected terms in equations (C3|) and (C4)) using the Gauss-Hermite

quadrature.

(v) For each point on S, adjust s; and m; so that equations (C3) and (C4)) hold. The solution

yields new policy functions s () and #’ ().

(vi) If [s' () = s’ (")| < c and |n'(-) — 7' (-)| < ¢ for some convergence criterion ¢, stop. The
policy functions s’ (-) and 7’ (-) are a solution. Otherwise, update s*1(-) and 7*! (-) as
s () = pest () + (1 = pe) 8’ (+) and 7L (1) = pert () + (1 — pe) 7 (+) for some 0 < p. < 1,
and go back to step 2.

C.2 The small bubble economy

Global solution. The system of equations for the small bubble economy in which both the

L-types and H-types invest is given by

43



CLH — CLL b L
ky = |:1 + <(IL—W{> h — ¢¢ — (bi]] a” Bng, (07)
stok{ | + BRY 1] n—1/m

ny = 1_ (Z)b,B ’ (08)
t
— n
1= Et /B(l h) 0alalh Rt (CQ)
ML gy kT IR a S Ty
1 A
(m = Dm = — 5o (s = 1) + EM Y (g — D, (C10)
YA Yt
log(Ry') = log(R") + ¢ log(m;) + vy, (C11)
b b
1=vB(1 - h)E; D1/ — (C12)
1—0os k0—1(1*9)a a’hB ny
t+1h¢ al—0aH N+l
where My | = B¢}’ /cq, ye = k{4 and ¢}’ is given by
¢ = Ky [1 = 2 (m = 1] = (1= 8o} — B¢ ) . (C13)

and v; and ¢f follow the AR(1) processes with their shocks given by €y and €4+, respectively.
We assume that the constant term R™ in the monetary policy rule is the real interest rate
in the stochastic bubble steady state so that net inflation is stabilized at zero in the stochastic
bubble steady state.

For expository purposes, we consider a case of shock €y, only. Define x;_1 = R} {¢{_n¢_1.
We discretize the state space as ki—1 € K = [K1,...Kp, |, ©1-1 € X = [X1, ..., Xpy], ¢)_, € P =
[<I>1, ...,<I>n¢] and €;,; € € = [61, ...,eng] . Let S = K x X x ® x € denote the discretized state
space.

Let 7,1, sy 1, nyy1 and ¢ denote inflation, the marginal cost, the net worth and worker

consumption when the bubble bursts. These variables are given by

T = (k2 O eg i) s

sitg = 8" (ke 2o, 07, €gev1)

Ny = Si0k] + BR?thgnt/W?Hv

ey = kY {1 - %(W;rl - 1>2} - (1= Bd)?—&-l) i1,

where 7* () and s* (-) are the policy functions for inflation and the marginal cost in the bubble-

less economy, respectively, derived in Section With these variables in hand, equations (C9))
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and (C10]) are written as

vB(1— h) Ry (1-v)B(1—h) Ry

1=F; (C14)
— —0)aLlaHh * « o— —_0alaH * )
L gy kg TN my T e o1 (labalhl w
1 A
(7Tt — 1)7Tt = ;)\ — 1(8,5 — 1) (015)
ke ¢ ke

+ B 0By (Mt = Dter + (1= 0) B (Mg — D | -

Cty1 Fe—1 Ciy1 K1

The model is solved in six steps.

(i)

(i)

(i)

Set an initial guess of policy functions for the marginal cost, s : § — R, inflation, 70 :
S — R, and the bubble, ¢" : § — R. We set s and ¥ as a solution to the linearized
model of the bubble-less economy, approximated around the stochastic bubble steady state.

We set ¢?0 (-) = ¢® for all states of the economy, where ¢° is the bubble in the stochastic
bubble steady state.

For each grid point on S, take s;, m and ¢f§ as given. Compute n;, R} and ¢] from
equations 1j 1’ with vy = 0 and log (¢7/¢?) = p, log( ?fl/qbg) + €4,t, respectively.
Compute k; and ¢}’ from equations (C7)) and (C13)), respectively. Compute x¢, y; and y4+1

_ g _ _
as oy = Ry'¢yny, yo = k{_y and yrp1 = k7.

With k¢, 2; and ¢¢ in hand for each grid point on S, compute a vector of 741 and s;41 using
the policy functions and linear interpolation for all possible shocks in the next period €441 €
€. Similarly, compute a vector of nyy1 and ¢7,; from equations and log (gbf 1/ qﬁg) =
pglog (¢ /¢9)+egi+1. Use ky, g1, ¢f 1 and ng11 to compute ¢’y ;. Similarly, for all possible

. . * * * wW*
shocks in the next period €441 € €, compute a vector of 7}, , sy, 1, nj,; and ¢}};.

Compute the time-t expected terms in equations (C12)), (C14) and (C15|) using the Gauss-

Hermite quadrature.

For each point on S, adjust s;, 7; and ¢! so that equations (C12), (C14) and (C15) hold.

The solution yields new policy functions s’ (-), 7’ (-) and ¢ (-).

If [s" ()= ()] <¢ |7 () =7 ()| < cand |¢" (-) — ¢” (-)| < c for some convergence
criterion ¢, stop. The policy functions s’ (-), 7’ (-) and ¢” (-) are a solution. Otherwise,

update 571 (-), 71 () and 4+ as 571 () = pest () + (1= po) s/ (1), 71 () = pertt (1) +
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(1 — peo) 7 (-) and @®1FL (1) = ped®t () + (1 — pe) ¥ (+) for some 0 < p. < 1, and go back to
step 2.

Stochastic steady state. We consider a case in which the constant term R™ in the monetary
policy rule is set in such a way that net inflation is stabilized at zero, i.e. # = 1. Then, the above

system of equations suggests that the stochastic steady state {k, n,s, R", qﬁb} is given by

k= [1 + (M) h—¢— ¢9] alpn, (C16)
(o) =
R e =k 1)
o:iAi1(5—1)+5(1—v)5*(7r*—1)77*, (C19)

where
=k (1 — Bt — ngg) n.

The variables in the bubble-less economy, 7*, s*, n* and ¢**, are given by

™ = 7 (k,x,¢%,0),

s* = s (k,x,¢9,0),

n* = s'ok? + BR"¢In/7*,
M = kO [1 - %(w* . 1)2} —(1— B¢9)n*,

where © = R"¢9n and 7* (-) and s* (-) are the policy functions for inflation and the marginal cost

in the bubble-less economy, respectively, derived in Section
The system |)1D is solved for {k,n,s,R",qﬁb} as follows. First, fix R”. Combining

(C16), (C17) and (C20]) leads to

L

1+ B(R-RY) 0 - [1+ (g5 ) b BR
v Fi-R) |
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—vB(1— at—0aH
where R = oalsk?™1 = L BS_Z))L(HW )

Now fix s. From equation ((C20)), k is given by

is the real interest rate in the stochastic steady state.

b= 1 [1=vB(1=h)](a® — fal?) &
) oaks (1—0)athp i

Equation (C17) determines n. Calculate z as z = R"¢9n. With k, x and ¢Y in hand, calculate
™, s*, n* and ¢¥*. Adjust s until equation (C19) holds. Finally, adjust R™ until equation (C18)
holds.

C.3 The large bubble economy

Global solution. The system of equations for the large bubble economy in which only the

H-types invest is given by (C8)), (C10), (C11) and

ky = atl (1 — ¢g — ¢?) Bng, (C21)
= B(L—h) Rr

o [n:;ﬂ —oseraky (1= 0)af! (1) — ¢]) B mer (C22)
= vB(1 - Or1 /)

1 =vB(1=hE | = sk (1= 8)al (1— o — o) /”nﬁ] (C23)

where M, = B¢y’ /¢y, y = ki_; and ¢}’ is given by , and v; and ¢f follow the AR(1)
processes with their shocks given by €,,,; and €4, respectively. As in the small bubble economy,
we assume that the constant term R™ in the monetary policy rule is the real interest rate
in the stochastic bubble steady state so that net inflation is stabilized at zero in the stochastic

bubble steady state.
As in the small bubble economy, here we consider a case of shock €,; only. Showing the
probability of bubble burst explicitly, the Phillips curve (C10)) is written as (C15)) and equation

(C22)) is written as

_ vB(1—h) Ry
1= Et n;itl — 08t+1k?_1(1 — H)QH (1 — (]5% — (Z)i]) ﬂ Tt+1 (024)
N (1- )81 -1) Ry

" g kTN — 0)al (1— ¢} — ¢f) B i

e

The model is solved in six steps.
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(i) Set an initial guess of policy functions for the marginal cost, s : 8§ — R, inflation, 7 :
S — R, and the bubble, ¢ : § — R. We set s° and 7° as a solution to the linearized
model of the bubble-less economy, approximated around the stochastic bubble steady state.
We set ¢?0 (-) = ¢® for all states of the economy, where ¢® is the bubble in the stochastic
bubble steady state.

(ii) For each grid point on S, take s, m; and #? as given. Compute ny, R} and @7 from
equations (C8), (C11) with vy = 0 and log (¢f/¢9) = pglog (¢7_,/d9) + €q, respectively.
Compute k; and ¢} from equations (C21]) and (C13)), respectively. Compute x¢, y; and yg+1

as ¢y = RY¢dng, v = k7 | and yiq = kY.

(iii) With k¢, x; and ¢J in hand for each grid point on S, compute a vector of 711 and s;41 using
the policy functions and linear interpolation for all possible shocks in the next period €, 41 €
€. Similarly, compute a vector of n,41 and ¢ 41 from equations and log (qbf 1/ qﬁg) =
pglog (¢7/d9)+€g 1. Use ki, my1, ¢7,, and ngy1 to compute ¢ ;. Similarly, for all possible

. . * * * W*
shocks in the next period €441 € €, compute a vector of 7}, , 57,1, nj,; and ¢}’f;.

(iv) Compute the time-t expected terms in equations (C15)), (C23) and (C24) using the Gauss-

Hermite quadrature.

(v) For each point on S, adjust s;, m and d)i’ so that equations 1 , 1' and l) hold.

The solution yields new policy functions s’ (-), 7’ (-) and ¢ (-).

(vi) If [s" () = &' ()] < ¢ |7 () =7* (-)] < c and |¢""(-) — ¢ (-)| < ¢ for some convergence
criterion ¢, stop. The policy functions s’ (-), 7’ (-) and ¢” (-) are a solution. Otherwise,
update s+ (), 71 () and @M as 571 () = post () + (1 — po) o (), 1 () = pert () +
(1 —pe) ' () and 1 () = ped® (-) 4+ (1 — pe) ¢¥ (+) for some 0 < p. < 1, and go back to
step 2.

Stochastic steady state. As in the small bubble economy, we consider a case in which the
constant term R" in the monetary policy rule is set in such a way that net inflation is stabilized

at zero, i.e. m = 1. Then, the above system of equations suggests that the stochastic steady state
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{k,n,s,R",gf)b} is given by , and

— (1 — b — ¢9) 8n, (C25)
1 (1—v)B(1 - h) 1

=1 ek (1= f)af (1 — & — o) (C26)

osko! = 1 —vB(l—h) (C27)

(1 =0)a (1 —¢>—¢9)p
where

= kT~ (1 —5¢b—ﬁ¢9) n.

The variables in the bubble-less economy, 7, s*, n* and c¢¥*, are given similarly as in the small

bubble economy.
The system (]Cl?[), dClQ[) and QC25[)—(]C27[) is solved for {k,n,s,R”,qﬁb} as follows. First, fix
R". Combining (C17)), (C25)) and (C27) leads to

» vB(1l—h)—0 n
PR TR T prge
Y Ti )
Now fix s. From equation (C27)), k is given by
1 1 vB(1—h) =

os(1—0)af (1—¢b —¢9) B

Equation (C17) determines n. Calculate = as © = R"¢9n. With k,  and ¢? in hand, calculate
™, s*, n* and ¢¥*. Adjust s until equation (C19)) holds. Finally, adjust R™ until equation (C26)
holds.

C.4 The small bubble economy in the flexible-price model

The system of equations for this economy consists of

k= [1 + (M> h — ¢? - ¢Zq} aLﬁnt,

al — Qat
Ok + BRG] i
t— )
1— 8
01/ P}
1 =vpB(1~- h)Et g_lt(—;ie)atLaHhﬁ ne |
- Ukt al—0aH  mnyyq

where the real interest rate is given by R; = aLakf:f. The system is solved similarly to the

previous models. Define x; = ¢n;. We discretize the state space as k;_; € K = [Ky,...K, ],
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T € X = [X1,., Xy, 0] € @ = [@y,...,0,,] and €5y € € = [e1, ..., €,,] , and define
S = K x X x ® X e as the discretized state space. In solving the system globally, what is
needed is a policy function for gbi’ . Given this policy function, and for each grid point, the first
two equations of the above system can be solved for n;, k; and Ry, and ¢f is set to satisfy the

third equation of the above system.
C.5 The large bubble economy in the flexible-price model
The system of equations for this economy consists of

ke = aH (1 - gb? - ¢§) /Bnt77

ok + BR]_ni
1—¢}p ’

1 =v6(1—h)E,

Ot/ &1
L—ok{™ (1= 6)a" (1 -0t — o) By |

nt4+1

-1
where the real interest rate is given by R, = fa’ (1 — m> kajll. The system is solved
t t

similarly to the small bubble economy in the flexible-price model.
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