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This paper introduces banks into a dynamic stochastic gen-
eral equilibrium model by featuring asymmetric information
as the underlying friction for banking. Asymmetric informa-
tion about asset qualities causes a lemons problem in the asset
market. In this environment, banks can issue liquid liabilities
by pooling illiquid assets contaminated by asymmetric infor-
mation. The liquidity transformation by banks results in a
minimum value of common equity that banks must issue to
avoid a run. This value increases with downside risk to the
asset price and the expected degree of asset illiquidity. It rises
during a boom if productivity shocks cause the business cycle.
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1. Introduction

Banking is a crucial part of the modern economy. This fact has
been reconfirmed by the recent financial crisis. Yet an effort to inte-
grate banks into macroeconomic models is still ongoing in the liter-
ature. Recent work in this strand of literature includes Chen (2001),
Rampini and Viswanathan (2010), Brunnermeier and Sannikov

∗I thank Jason Allen, David Andolfatto, Jonathan Chiu, Paul Collazos (discus-
sant), Paul Gomme, Toni Gravelle, Zhiguo He, Nobuhiro Kiyotaki, Cyril Monnet
(discussant), Shouyong Shi, Randy Wright, and seminar participants at the 2009
Bank of Canada “Liquidity and the Financial System” workshop, the 2010 BIS
RTFTC London workshop, the 2010 Federal Reserve Bank of Chicago Money,
Banking and Payment Workshop, the 2010 meetings of CEA, Midwest Macro and
SED, GRIPS, Hitotsubashi University, Financial Services Agency (Japan), Nihon
University, and the University of Ottawa for their comments. This work was con-
ducted while I was affiliated with the Bank of Canada. The views expressed herein
are those of the author and should not be interpreted as those of the Bank of
Canada. Author e-mail: tomura.hajime@gmail.com.

291



292 International Journal of Central Banking September 2014

(2011), Gertler and Karadi (2011), Gertler, Kiyotaki, and Queralto
(2011), and He and Krishnamurthy (2012). These papers highlight
various roles of banks, such as loan monitoring, debt enforcement,
and asset management. In this paper, I focus on yet a different aspect
of banks—their role as suppliers of liquid assets. I introduce this
aspect of banks into a dynamic general equilibrium model by featur-
ing asymmetric information about asset qualities as the underlying
friction. The model shows that banks supplying liquid assets must
satisfy a minimum value of common equity to avoid a bank run. This
value is determined by macroeconomic conditions. Thus, a threat of
a bank run makes banks show macroprudential behavior endoge-
nously, if banks are rational and do not have any agency problem
with depositors or equity holders as assumed in the model.

The model is a version of the AK model. The economy grows
through investments of goods into some real assets, which in turn
generates goods in each period. The opportunity to invest in real
assets arrives randomly to each investor in each period. Those who
receive investment opportunities must finance their investments by
selling their existing assets because of borrowing constraints. The
secondary market for real assets, however, is contaminated by a
lemons problem: each unit of real assets depreciates at an i.i.d.
rate in each period and the rate is the private information of the
seller. As a result, investors withhold real assets with low depre-
ciation rates because of undervaluation in the market. I call this
non-traded fraction of real assets illiquid.

I introduce banks into this environment. Banks are public compa-
nies issuing deposits and common equity. This assumption is based
on the fact that banks are public companies in practice. Using the
funds raised, banks buy real assets in the secondary market and
pool them. Through asset pooling, the idiosyncratic depreciation
rates of each bank’s real assets average out. As a result, each bank’s
total revenue becomes public information. Investors can, therefore,
resell bank deposits and equity backed by banks’ revenues without
a lemons problem. They are willing to hold these securities as liquid
assets.

Banks can pool real assets because, unlike investors, they do not
have private information about the depreciation rates of their real
assets. If they had private information, they would keep only real
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assets with low depreciation rates, reselling the other fraction of real
assets in the market. Thus, pooled real assets would be unbundled
in this case. The assumption that investors have better information
than banks reflects firms’ superior knowledge about their own pro-
duction and trading partners in practice. For example, interpret
investments into real assets in the model as including the provi-
sion of trade credit by firms to enhance their suppliers’ production
and, hence, their own production. Trade credit is normally illiquid,
as outsiders cannot easily assess its quality. The result of the model
provides an explanation as to why banks can still discount trade
credit to various firms.1

The model implies a minimum bank equity requirement based
on value-at-risk. Due to the illiquidity of real assets, the present
discounted value of future revenues from a bank’s assets is greater
than the market value of the assets. As part of multiple equilibria, a
bank suffers a self-fulfilling bank run if the face value of its deposits
exceeds the market value of its assets. To eliminate any possibility of
a run in this case, a bank must limit the issuance of deposits to the
worst possible market value of its assets in the next period. Thus,
the rest of the present discounted value of its assets must be financed
through common equity. This value is the minimum common equity
value that a bank must satisfy to avoid a run.

The minimum common equity value can be decomposed into two
factors:

Minimum common equity value
= Expected discounted value of future revenues from

the bank’s assets
− Discounted worst possible market value of the assets

in the next period
= (Expected discounted value of future revenues from the assets

− Expected discounted market value of the assets
in the next period)

1This function of banking is different from that of mutual funds. Mutual funds
bundle securities that are already tradable in the securities market. The benefit
of using mutual funds is to delegate portfolio adjustments to professional asset
managers and to save transaction costs in the market. I do not analyze this effect
of bundling here.
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+ (Expected discounted market value of the assets
in the next period

− Discounted worst possible market value of the assets
in the next period)

= Expected illiquidity of the assets (the first parenthesis)
+ Downside risk to the market value of the assets

(the second parenthesis).

Both factors on the right-hand side fluctuate endogenously over
the business cycle. Through a calibration exercise, I show that the
minimum common equity value is procyclical if aggregate productiv-
ity shocks cause the business cycle. In this case, banks need to raise
more equity during a boom than a recession. Given rationality and
no agency problem with depositors or equity holders, banks volun-
tarily satisfy this minimum equity requirement to avoid a run, if the
probability of the worst state in the next period is sufficiently high.

The cyclicality of the minimum common equity value is consis-
tent with the countercyclical capital buffer recently introduced by
Basel III. This result provides an interpretation of Basel III such that
Basel III imposes on actual banks the behavior of rational banks with
no agency problem, in case there is some irrationality or moral haz-
ard, such as risk shifting, at actual banks. Also, the model implies
that common equity (i.e., bank capital) is unnecessary in an equilib-
rium in which depositors never run to banks. In light of this result,
Basel III can be interpreted as preventing over-optimistic behavior
of banks. If banks believe that a no-bank-run equilibrium will hold,
then they have no incentive to maintain bank capital. In case such
bank expectations are over-optimistic, policymakers impose a bank
capital requirement that is robust even if a self-fulfilling bank run
can occur.

1.1 Related Literature

Besides the aforementioned papers, this paper is related to several
other strands of literature.

Kiyotaki and Moore (2012) incorporate asset illiquidity into a
dynamic stochastic general equilibrium model by introducing resala-
bility constraints. These constraints limit the fraction of assets that
each agent can resell per period. Tomura (2012) endogenizes the
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resalability constraints by introducing asymmetric information into
a setup similar to Kiyotaki and Moore’s model. The way to endog-
enize asset illiquidity in a competitive market follows Banerjee and
Maskin (1996) and Eisfeldt (2004). In this paper, I introduce public
companies functioning as banks into the model developed by Tomura
(2012).

Williamson (1988) and Gorton and Pennacchi (1990) consider
asymmetric information as the underlying friction for banking. They
model a bank as a coalition of agents to overcome adverse selec-
tion in the market. In contrast to their cooperative game-theoretic
approach, I introduce banks into a competitive equilibrium model,
in which agents take as given the competitive market prices of bank
securities when they decide whether to fund banks.

A self-fulfilling bank run due to asset illiquidity in this paper
is similar to the one analyzed by Diamond and Dybvig (1983). A
crucial difference, however, is that asset illiquidity is endogenous in
this paper. As a result, the degree of asset illiquidity fluctuates over
the business cycle. This feature of the model leads to the finding
that endogenous fluctuations in asset illiquidity result in a dynamic
minimum equity requirement for banks. Also, I find that downside
risk to the market value of bank assets is another determinant of a
minimum equity requirement. This finding is similar to the papers
by Diamond and Rajan (2000, 2001). In this paper, I derive the two
factors for a minimum equity requirement in a unified framework.

Finally, Covas and Fujita (2010) analyze the effects of Basel I
and II on real economic activity by featuring banks as the suppli-
ers of credit lines. Their model is based on Kato’s (2006) model,
which extends Holmström and Tirole’s (1998) model to a dynamic
stochastic general equilibrium model. This paper adds to their work
by discussing the model’s implications for Basel III.

2. Model of Asset Illiquidity

I start by presenting a basic model without banks to illustrate
endogenous asset illiquidity due to asymmetric information. This
model is based on Tomura (2012).

Time is discrete. There is a [0, 1] continuum of infinite-lived
agents. Each agent maximizes the expected discounted utility of
consumption of goods:
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E0

∞∑
t=0

βt ln ci,t, (1)

where β (∈ (0, 1)) is the time discount factor, i (∈ [0, 1]) is the index
for each agent, t (= 0, 1, 2, ...) is the time period, and ci,t is the con-
sumption of goods in period t. Agents generate goods from capital
stock at the beginning of each period through a linear function:

yi,t = αtki,t−1, (2)

where yi,t is output, ki,t−1 is the quantity of capital held at the
beginning of period t, and αt is the aggregate productivity shock.
This shock is the structural shock in this paper.

Each infinitesimal unit of capital depreciates at an i.i.d. rate after
production. The distribution of depreciation rates in each period is
uniform over [δ̄ − Δ, δ̄ + Δ], where δ̄ (∈ (0, 1)) denotes the mean
and Δ (∈ [0, min{δ̄, 1 − δ̄})) determines the range of idiosyncratic
depreciation rates.2 Thus, each agent holds capital with uniformly
distributed depreciation rates after production in each period.

The current depreciation rate of each unit of capital is the pri-
vate information of the agent who uses the capital for production in
the period. This assumption is motivated by heterogeneity in asset
quality in reality and the fact that the quality of an asset is often the
private information of the owner.3 I simplify the information dynam-
ics by assuming that depreciation rates in each period become public
information at the beginning of the next period.

Agents can trade depreciated capital in a competitive secondary
market. Because of the private information, every agent has a com-
mon price of capital, Qt, regardless of the depreciation rate of each
unit of capital sold. I assume that the price is independent of the
quantity of capital traded in each transaction, since a linear pricing

2The range of Δ in its definition ensures that the depreciation rates of capital
are non-negative and not more than unity.

3The qualities of consumer durables such as a car and a house are easily observ-
able examples of private information. For empirical analysis of business capital,
see Eisfeldt and Rampini (2006). Also see Ashcraft and Schuermann (2008) and
Downing, Jaffee, and Wallace (2009) on the presence of asymmetric information
in the mortgage-backed securities market.
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follows immediately from arbitrage if agents can make any number
of transactions in the market in each period.4 The realized average
depreciation rate of capital bought by an agent equals the average
depreciation rate of capital sold in the market, which is a standard
assumption in the literature (e.g., Eisfeldt 2004).

At the end of each period, agents can produce new capital from
goods. If an agent invests an amount xi,t of goods, then the agent
obtains an amount φi,txi,t of new capital at the beginning of the
next period, given the agent’s investment efficiency, φi,t. I assume
that φi,t ∈ {0, φ} (φ > 0), and that the probability that φi,t = φ is
ρ(∈ (0, 1)) for all i and t. Thus, only agents with φi,t = φ can invest
in new capital. I call agents with φi,t = φ “productive” and those
with φi,t = 0 “unproductive.” Each agent learns the value of φi,t at
the beginning of period t.

I assume that each agent cannot borrow against their invest-
ments in new capital. Even though prohibiting any borrowing is not
essential for the main result of the model as long as borrowing con-
straints on productive agents bind, the basic model without banks
has an analytical solution with this assumption.

2.1 Utility-Maximization Problem of Each Agent

The following maximization problem summarizes the environment
for each agent:

max
{ci,t, xi,t, hi,t, li,δ,t}∞

t=0

E0

∞∑
t=0

βt ln ci,t (3)

s.t. ci,t + xi,t + Qthi,t = αtki,t−1 + Qt

∫ δ̄+Δ

δ̄−Δ
li,δ,t dδ, (4)

4This point is made by Banerjee and Maskin (1996, footnote 16). Suppose that
there are two prices of capital, Q and Q′, for two different quantities of capital
gross of depreciation, X and X ′, respectively. Given that Q > Q′ without loss
of generality, each agent can sell and buy the price-quantity pairs (Q, X) and
(Q′, X ′), respectively, infinitely many times to earn an arbitrarily large profit.
Note that the private information about the depreciation rates of capital does
not matter here, since arbitraging agents do not have to take a net position in
capital gross of depreciation. The linear pricing may not hold if an agent can
participate in only one transaction in each period. Gale (1992) assumes such lim-
ited participation in a competitive market with adverse selection and derives a
quantity-contingent pricing in a separating equilibrium.
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ki,t = φi,txi,t + (1 − δ̂t)hi,t +
∫ δ̄+Δ

δ̄−Δ
(1 − δ)

(
ki,t−1

2Δ
− li,δ,t

)
dδ,

(5)

li,δ,t ∈
[
0,

ki,t−1

2Δ

]
, ci,t ≥ 0, xi,t ≥ 0, hi,t ≥ 0, (6)

where hi,t is the quantity of capital gross of depreciation that the
agent buys in the secondary capital market, li,δ,t is the density of
capital with depreciation rate δ that the agent sells in the market,
and δ̂t is the average depreciation rate of capital sold in the mar-
ket. Equations (4) and (5) are the flow-of-funds constraint and the
law of motion for capital net of depreciation (i.e., ki,t), respectively.
Equation (6) contains the short-sale constraint on capital and non-
negativity constraints on the choice variables. Note that ki,t−1/(2Δ)
is the uniform density of the agent’s capital with each depreciation
rate over [δ̄ − Δ, δ̄ + Δ]. Each agent takes as given the probability
distribution of {Qt, δ̂t, αt, φi,t}∞

t=0.
5

In equation (5), the quantity of capital net of depreciation, ki,t,
is the sufficient state variable for the agent’s capital at the beginning
of the next period, because the current depreciation rates of capital
will be public information then. Also, the realized average depre-
ciation rate of capital bought by the agent equals δ̂t, as assumed
above.

2.2 Definition of an Equilibrium

The secondary market price of capital, Qt, and the average deprecia-
tion rate of capital sold in the secondary market, δ̂t, are determined
by the following conditions:

δ̂t =

∫ ∫ δ̄+Δ
δ̄−Δ δ li,δ,t dδ di∫ ∫ δ̄+Δ
δ̄−Δ li,δ,t dδ di

, (7)

∫
hi,t di =

∫ ∫ δ̄+Δ

δ̄−Δ
li,δ,t dδ di. (8)

5All variables except αt and φi,t are state contingent. The notation of state
contingency is omitted here.
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The numerator of the fraction on the right-hand side of the first
equation is the total depreciation of capital sold, and the denomi-
nator is the total quantity of capital sold. The second equation is a
standard market clearing condition for the secondary capital market.
Given the value of ki,−1 for each i and the probability distribution
of {αt, φi,t}∞

t=0, an equilibrium is the solution to the maximiza-
tion problem for each i defined by equations (3)–(6) and (Qt, δ̂t)
satisfying equations (7)–(8) for all t.

In the basic model, I assume only that the aggregate productiv-
ity shock, αt, follows a stochastic process implying a well-defined
expectation operator, E0, in equations (3)–(6) in an equilibrium.
Because of the log-utility function, the functional form of equilib-
rium conditions is invariant to the specification of the stochastic
process.

2.3 Endogenous Asset Illiquidity

I briefly summarize the results in the basic model.6

In the equilibrium, productive agents invest in new capital if
and only if their investment efficiency, φ, is so high that φβαt >
(1 − β)(1 − δ̄). In this case, they are willing to obtain goods from
unproductive agents to enhance their investments in new capital.
The only channel for the transfer of goods from unproductive agents
to productive agents, however, is the secondary capital market
because of borrowing constraints. Thus, agents sell and buy capi-
tal in the secondary capital market when they become productive
and unproductive, respectively.

The secondary market price of capital, Qt, is identical for every
unit of capital sold because the depreciation rates of capital are the
private information of the sellers, as assumed above. As a result,
agents withhold capital with low depreciation rates to avoid the
undervaluation of the capital in the market:

Proposition 1. If Δ > 0, then productive and unproductive agents
sell only the fractions of capital with depreciation rates greater than
min{1 − Qtφ, δ̂t} and δ̂t, respectively.

6See Tomura (2012) for more detailed analysis of the basic model.
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Proof. See appendix 1 (available at http://www.ijcb.org).

I call the non-traded fraction of capital illiquid. The existence of
illiquid capital reduces the amount of goods that productive agents
obtain for their investments in new capital by selling their existing
capital:

Proposition 2. There exists unique equilibrium in the basic model.
Denote aggregate investment in new capital,

∫
xi,tdi, by Xt and

aggregate output,
∫

yi,tdi, by Yt. In the equilibrium, Xt/Yt > 0 if
and only if φβαt > (1 − β)(1 − δ̄). In this case, the value of Xt/Yt

is higher with Δ = 0 than with Δ > 0.

Proof. See appendix 2 (available at http://www.ijcb.org).

Note that there is no asymmetric information if Δ = 0. Thus, an
increase in Δ from zero to a positive number introduces asymmetric
information into the economy.

In the next section, I introduce banks into this environment. I
will show that the illiquidity of capital leads to agents’ demand for
liquid securities issued by banks. Banks, however, are subject to
a self-fulfilling bank run if their equity values fall below a certain
threshold.

3. Model of Banking

3.1 Banks

In addition to the agents described above, there is a continuum of
homogeneous banks. Banks are public companies issuing two types of
securities: deposits and common equity. Agents can buy these secu-
rities in a securities market. Those buying common equity direct the
behavior of banks as the owners. Banks can spend the funds raised
on buying capital in the secondary capital market.

When buying capital, banks cannot know the depreciation rate
of each unit of capital sold in the secondary market. This assump-
tion is the same as the one for agents. Also, banks cannot know the
current depreciation rate of each unit of their own capital after pro-
duction, until the rate becomes public information at the beginning
of the next period. Thus, banks have less information than agents.
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This assumption reflects firms’ superior knowledge about their own
production and trading partners in practice. For example, interpret
investments into capital in the model as including the provision of
trade credit by firms to enhance their suppliers’ production and,
hence, their own production. Trade credit is normally illiquid, as
outsiders cannot easily assess its quality. Investments into capital
in the model can also include other types of information-intensive
assets held by firms, such as direct investments into non-public, small
firms.7

Banks can produce goods from their capital through the same
linear function as equation (2). After production, each infinitesimal
unit of capital held by each bank depreciates at an i.i.d. rate. The
distribution of the depreciation rates is the same as the uniform dis-
tribution for each agent defined above. Banks do not have the ability
to invest in new capital.

3.2 Utility-Maximization Problem of an Agent

With bank deposits and equity, the flow-of-funds constraint for each
agent is modified to

ci,t + xi,t + Qthi,t + bi,t + (1 + ζ)Vtsi,t

= αtki,t−1 + Qt

∫ δ̄+Δ

δ̄−Δ
li,δ,t dδ + R̃tbi,t−1 + (Dt + Vt)si,t−1, (9)

where bi,t and si,t are the value of bank deposits and the number of
units of bank equity, respectively, that the agent holds at the end of
period t; R̃t is the ex post gross deposit interest rate defined below;
and Vt is the price of bank equity. Also, ζ (> 0) is an equity trans-
action cost per value of bank equity. This cost reflects the fact that
it is more costly to manage equity than deposits. The values of bi,t

and si,t must be non-negative because agents cannot short-sell bank
securities by assumption.

7Given no private information held by banks, I can exclude the case in which
banks transfer their private information to their equity holders, i.e., their owners.
Hence, each agent has an identical value of the secondary market price of capital,
Qt, even if some banks sell their capital in the market.
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Agents take as given the value of Vt and the probability distribu-
tion of R̃t+1 in the next period. The utility-maximization problem
of each agent implies the following Euler equations for Vt and R̃t+1:

(1 + ζ)Vt = Et [ΛV,t+1(Dt+1 + Vt+1)] , (10)

1 = Et

[
ΛR,t+1R̃t+1

]
, (11)

where ΛV,t+1 and ΛR,t+1 denote the stochastic discount factors,
βci,t/ci,t+1, for agents buying bank equity and deposits, respectively,
in period t.8

3.3 Flow of Funds for a Bank

The flow-of-funds constraint for each bank can be written as

DtSB,t−1 + R̃tBB,t−1 + Qt(HB,t − LB,t)

= αtKB,t−1 + BB,t + Vt(SB,t − SB,t−1), (12)

where Dt is the dividends per unit of bank equity; SB,t−1 is the units
of bank equity outstanding at the beginning of period t; BB,t−1 is the
value of deposits outstanding at the beginning of period t; HB,t and
LB,t are the amounts of capital gross of depreciation that a bank
buys and sells in the secondary capital market, respectively; and
KB,t−1 is the quantity of capital held by a bank at the beginning
of period t.9 The left-hand side and the right-hand side of equa-
tion (12) are expenditure and income, respectively. The last term on
the right-hand side is the revenue from newly issued equity if it is
positive, and the expenditure on equity repurchases if it is negative.

3.4 Bank Run

The ex post gross interest rate on bank deposits, R̃t, equals the con-
tracted gross deposit rate set in the previous period, R̄t−1, if the

8Equations (10)–(11) are the first-order conditions with respect to bi,t and
si,t for those buying bank equity and deposits, respectively. Equations (10)–(11)
hold even if banks choose not to supply deposits or equity, because equations
(10)–(11) only require some agents to be indifferent to holding bank equity and
deposits, respectively.

9Throughout this paper, the index for each bank is omitted from the notation
of the variables because banks are homogeneous.



Vol. 10 No. 3 Asset Illiquidity and Dynamic Bank Capital 303

bank does not default. A bank suffers a run, however, if the face
value of bank deposits, R̄t−1BB,t−1, exceeds the market value of
bank assets at the beginning of the period, (αt + Qt)KB,t−1. In this
case, the bank must sell its capital immediately in the secondary
market to maximize the repayment to depositors. Hence

R̃t =

{
R̄t−1, if R̄t−1BB,t−1 ≤ (αt + Qt)KB,t−1,
(αt+Qt)KB,t−1

BB,t−1
, if R̄t−1BB,t−1 > (αt + Qt)KB,t−1,

(13)

LB,t = KB,t−1, HB,t = Vt = Dt = 0,

if R̄t−1BB,t−1 > (αt + Qt)KB,t−1. (14)

The deposit recovery rate in the second line of equation (13), (αt +
Qt)KB,t−1/BB,t−1, is less than the contracted rate, R̄t−1. Thus, a
bank defaults if hit by a run, as expected by depositors running to
the bank. The deposit recovery rate is determined by the flow-of-funds
constraint (12), given equation (14). Agents running to a bank take as
given the secondary market price of capital, Qt, because each bank is
so infinitesimal that the failure of one bank does not affect Qt.

3.5 Profit-Maximization Problem of a Bank

Being a public company, each bank maximizes the cum-dividend
value of equity, (Dt + Vt)SB,t−1, for its existing equity holders in
each period. In doing so, each bank internalizes equations (10)–(11),
given the joint probability distribution of ΛV,t+1 and ΛR,t+1. Thus,
each bank takes into account the responses of its equity price, Vt,
and the contracted gross deposit rate for its deposits, R̄t, to its
behavior.10 This assumption on the behavior of a public company is
standard in the literature.11

10Each bank takes as given the equity prices and the deposit rates of the other
banks. The values of Vt and R̄t are identical for every bank in equilibrium because
banks are homogeneous.

11For example, see Woodford (2003) for the profit-maximization problem of an
intermediate-good-producing firm in a standard New Keynesian model. In this
type of model, each firm maximizes the present discounted value of current and
future profit with the same stochastic discount factor as households’, given that
households own the equity of the firm. The present discounted value of current
and future profit equals the cum-dividend equity price if a competitive equity
market is introduced into the model.
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Substituting equation (10) into the flow-of-funds constraint (12)
yields the following recursive form for the cum-dividend value of
equity, (Dt + Vt)SB,t−1:

(Dt + Vt)SB,t−1 = Ωt(KB,t−1, BB,t−1, R̄t−1)

≡ max
{HB,t,LB,t,BB,t}

αtKB,t−1 − Qt(HB,t − LB,t) − R̃tBB,t−1 + BB,t

+ Et

[
ΛV,t+1Ωt+1(KB,t, BB,t, R̄t)

1 + ζ

]
, (15)

s.t. equations (11), (13), and (14),

KB,t = (1 − δ̂t)HB,t + (1 − δ̄)(KB,t−1 − LB,t), (16)

LB,t ∈ [0, KB,t−1], HB,t ≥ 0, BB,t ≥ 0. (17)

In the profit-maximization problem, a bank chooses how much
capital to buy and sell in the secondary capital market (HB,t and
LB,t) and the amount of deposits to raise (BB,t). Once the val-
ues of these choice variables are determined, the amount of divi-
dends per equity (Dt) and the value of equity issuance or repurchase
(SB,t − SB,t−1) can be induced from equations (10), (12), and (15).

The constraint set includes equations (13)–(14), because a bank
takes into account the risk of a bank run. A bank also internal-
izes the determination of R̄t through equations (11) and (13), as
assumed above. Equation (16) is the law of motion for capital held
by a bank. In this equation, the realized average depreciation rate
of capital bought by a bank equals the average depreciation rate
of capital sold in the market, δ̂t, as assumed for agents. Also, the
value of LB,t does not depend on the depreciation rate of each
unit of capital sold by a bank, because a bank can sell its capi-
tal only randomly without knowing the current depreciation rate
of each unit of its capital. Hence, the average depreciation rate of
capital sold by a bank equals the average depreciation rate of cap-
ital held by the bank (i.e., δ̄) by the law of large numbers. Equa-
tion (17) contains the short-sale constraint in the secondary capital
market and non-negativity constraints on a bank’s choice variables.
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A bank takes as given the probability distribution of {Qt, δ̂t, αt, ΛV,t,
ΛR,t}∞

t=0.
12

3.6 Shock Process

Hereafter, I assume that the aggregate productivity shock, αt, fol-
lows a two-state Markov process: αt ∈ {ᾱ, α}; and the transition
probability function denoted by P is such that P (αt+1 = ᾱ | αt =
ᾱ) = η̄α and P (αt+1 = α | αt = α) = η

α
for all t.

3.7 Definition of an Equilibrium

Given (ki,−1, si,−1, bi,−1) for each i, (KB,−1, BB,−1, R̄−1), and the
probability distribution of {αt, φi,t}∞

t=0, an equilibrium consists of
the solutions to the maximization problems for agents and banks; the
secondary market price of capital, Qt, that clears the market; the
average depreciation rate of capital sold in the secondary market,
δ̂t, that satisfies its definition; and the equity price and the con-
tracted gross deposit interest rate, (Vt, R̄t), that satisfy equations
(10)–(11), given the stochastic discount factors for the agents hold-
ing bank equity and deposits, (ΛV,t, ΛR,t). See appendix 3 (available
at http://www.ijcb.org) for an analytical expression of equilibrium
conditions.

4. Equilibrium Dynamics

4.1 Parameter Specification

Lacking the closed-form solution for the equilibrium conditions, I
solve the model numerically. For the benchmark parameter values,
I set (δ̄, Δ, φ, β, ζ, ρ) = (0.1, 0.09, 4.75, 0.99, 0.02, 0.45), and
ᾱ = α = 0.03. With these values, the model approximately repli-
cates the following sample averages of annual data on the balanced
growth path: the real GDP growth rate (3.4 percent), the real inter-
est rate on three-month Treasury bills (3.9 percent), and the ratio

12If there is no existing equity holder for a bank (i.e., SB,t−1 = 0), then the bank
maximizes the net profit from the initial public offering and consumes the profit
right away. Because the net profit equals the value of Ωt, this case is covered by
the maximization problem (15). The net profit becomes zero in the equilibrium.
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of commercial bank credit to aggregate fixed assets (15.0 percent) in
the United States over 1948–2007; the capital-to-asset ratio of banks
required by the Basel Committee (8 percent); the annual deprecia-
tion rate of capital (10 percent); and the equity premium for S&P 500
over 1948–92 as reported by Rouwenhoust (1995) (1.99 percent).13

For dynamic analysis, I consider the following stochastic process
of the aggregate productivity shock: (ᾱ, α) = (0.0306, 0.0294) and
η̄α = η

α
= 0.75. The other parameters are fixed to the benchmark

values specified above. The two possible values of the aggregate pro-
ductivity shock represent a boom and a recession, each of which lasts
for four years on average, given the annual frequency of the model.
The conditional average of the output growth rate ((Yt−Yt−1)/Yt−1,
where Yt denotes aggregate output) is 4.36 percent when αt = ᾱ,
and 2.01 percent when αt = α. See appendices 4 and 5 (available at
http://www.ijcb.org) for the complete set of the equilibrium laws of
motion for aggregate variables that hold with this set of parameter
values. To compute a stochastic dynamic equilibrium, I use a projec-
tion method to approximate the state-space solution for the model
non-linearly. See appendix 6 (available at http://www.ijcb.org) for
the numerical solution method.

4.2 Illiquidity of Capital

Hereafter, I sketch the feature of the equilibrium with the parame-
ter values specified above. The following inequalities imply that the
investment efficiency of productive agents, φ, is so high that they
invest only in new capital:

φ−1 < Qt(1 − δ̂t)−1, (18)

1 > Et

[
βci,tR̃t+1

ci,t+1

∣∣∣∣∣ φi,t = φ

]
, (19)

(1 + ζ)Vt > Et

[
βci,t(Dt+1 + Vt+1)

ci,t+1

∣∣∣∣ φi,t = φ

]
. (20)

13The sample averages are matched by (Yt − Yt−1)/Yt−1, where Yt denotes
aggregate output; R̄t − 1; KB,t/(KB,t +

∫

ki,t : di); VtSB,t/(BB,t + VtSB,t); δ̄;
and (Dt + Vt+1)/Vt − R̄t, in order. The first three sample averages are from the
Bureau of Economic Analysis and the Federal Reserve Board. The value of ᾱ is
arbitrary, because the model can be normalized by ᾱ.
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Accordingly, productive agents sell their existing capital and bank
securities (i.e., deposits and equity) to obtain goods to invest in new
capital.14

Proposition 1 holds for productive agents as in the basic model
without banks. Thus, a lemons problem in the secondary capital
market causes productive agents to sell only a fraction of capital
with high depreciation rates.15 As a result, the average depreciation
rate of capital sold in the secondary capital market, δ̂t, exceeds the
unconditional average depreciation rate of capital, δ̄:

δ̂t > δ̄. (21)

4.3 Liquidity of Bank Securities

In contrast, bank deposits and equity are free of a lemons problem.
Given equation (21), the law of motion for capital (16) implies that
a bank loses capital net of depreciation (i.e., KB,t) if it buys and
sells capital in the secondary market simultaneously (i.e., HB,t > 0
and LB,t > 0). This result holds because a bank must sell its capital
randomly without knowing the depreciation rate of each unit of its
capital. Thus, a bank can commit to pooling its entire capital as
long as it buys capital in the secondary market (i.e., HB,t > 0).

The idiosyncratic depreciation rates of the entire capital held
by each bank average out to the unconditional average depreciation
rate of capital, δ̄. Thus, the total revenue from each bank’s assets
becomes public information. As a result, the market value of bank

14Equation (18) indicates that productive agents invest in new capital, rather
than buying capital in the secondary market. The left-hand sides of equations (19)
and (20) are the marginal costs of buying bank deposits and equity, respectively.
The right-hand sides are the expected discounted returns on bank deposits and
equity for productive agents. The costs exceed the expected discounted returns
because a high return on investment in new capital lowers the stochastic discount
factor for productive agents. Thus, productive agents do not buy bank deposits
or equity.

15Proposition 1 does not exactly hold for unproductive agents in the model
with banks. The availability of bank securities increases unproductive agents’
gains from obtaining goods by selling their capital, because they can buy bank
securities with the obtained goods. As a result, the threshold for the depreciation
rate of capital sold by unproductive agents falls below δ̂t. The threshold remains
above δ̂t − Δ for both productive and unproductive agents with the parameter
values specified above.
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securities, which are backed by each bank’s revenue, becomes free of
a lemons problem:16

Proposition 3. Suppose equations (18)–(20) hold in an equilib-
rium. If HB,t > 0 and no bank run occurs in period t, then

R̄t−1BB,t−1 + (Dt + Vt)SB,t−1 =
[
αt +

Qt(1 − δ̄)

1 − δ̂t

]
KB,t−1. (22)

Proof. See appendix 4 (available at http://www.ijcb.org).

Proposition 3 implies that the total market value of bank securi-
ties equals the present discounted value of current and future income
from bank assets, given no bank run.17 Accordingly, the market
value of bank securities exceeds the market value of bank assets,
(αt + Qt) KB,t−1, at the beginning of each period:[

αt +
Qt(1 − δ̄)

1 − δ̂t

]
KB,t−1 > (αt + Qt) KB,t−1, (23)

in which the strict inequality holds given equation (21). Thus, pro-
ductive agents can obtain more goods to invest in new capital if they
hold bank securities rather than capital.

Ex ante, unproductive agents buy bank securities in case they
become productive in the next period.18 Also, they do not buy

16Proposition 3 does not require HB,t > 0 or no bank run for all t. It holds
even if there is a positive probability of a bank run in the future.

17Note that Qt(1− δ̂t)−1 on the right-hand side of equation (22) is the marginal
acquisition cost of capital net of depreciation in the secondary market. In equi-
librium, this cost equals the present discounted value of future marginal income
from capital net of depreciation. If the cost is more than the present discounted
value of future marginal income from capital net of depreciation, then a bank
would buy no capital in the secondary market, which contradicts HB,t > 0. If it
is less, then a bank would issue an arbitrary large amount of securities to buy an
arbitrarily large amount of capital, which violates the market clearing condition
for the secondary capital market. Hence, the right-hand side of equation (22) is
the present discounted value of current and future income from capital at the
beginning of each period t.

18Thus, the stochastic discount factors for the holders of bank equity and
deposits, ΛV,t and ΛR,t, respectively, equal the one for unproductive agents. Every
unproductive agent has an identical stochastic discount factor in each period due
to the log-utility function.
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capital in the secondary market, but sell a fraction of their capi-
tal with sufficiently high depreciation rates to raise funds to buy
bank securities. They keep the other fraction of capital to avoid the
undervaluation of the capital in the secondary capital market.19

4.4 Banks’ Incentive for Liquidity Transformation

It is optimal for banks to meet the demand for bank securities,
given no bank run. In this case, banks arbitrage between the market
prices of bank securities and the secondary market price of capi-
tal, Qt. Thus, banks issue deposits and equity to buy capital in the
secondary market in each period (i.e., HB,t > 0 for all t). The pur-
chase of capital in each period makes it credible for banks to pool
capital, as described above. In the equilibrium, the marginal acqui-
sition cost of capital net of depreciation, Qt(1 − δ̂t)−1, rises to the
present discounted value of future marginal income from capital net
of depreciation, so that the arbitrage-free condition holds.20 Hence,
banks earn no rent.

4.5 Minimum Equity-to-Asset Ratio Based on Value-at-Risk

The number of possible values of the aggregate productivity shock
in the next period, αt+1, is two in each period, as assumed above.
I denote by ωt+1 the smaller market value of each unit of bank assets
in the next period, αt+1 + Qt+1, given the state of period t. Given
a sufficiently high probability of the low state as implied by the
values of η̄α and η

α
specified above, each bank limits the issuance of

deposits to satisfy

R̄tBB,t = ωt+1KB,t (24)

for all t, so that no bank run will occur in the next period.21

19This behavior implies that every agent holds some amount of capital to sell
after any history. Given equation (18), a productive agent invests in new capital,
which becomes existing capital in the next period. If a productive agent becomes
unproductive afterward, then the agent sells only part of the agent’s capital in
each period.

20This arbitrage-free condition is incorporated by equation (22). See footnote
17 for more details.

21This result is similar to endogenous borrowing constraints considered by
Geanakoplos (2010). The difference is that the cost of default arises from asym-
metric information in this paper.
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This result holds because a bank suffering a run has to imme-
diately sell its entire capital in the secondary market despite a
lemons problem. Thus, eliminating the possibility of a run in the
next period increases the value of equity, VtSB,t−1, for current bank
equity holders in each period t. Also, banks minimize equity issuance
as long as they remain free of a run in the next period. Banks prefer
deposits to equity as a funding source, because the equity transac-
tion cost, ζ, makes agents require a higher rate of return on equity
than deposits.22

The right-hand side of equation (24) is the value-at-risk of bank
assets, that is, the market value of the assets in the worst-case sce-
nario. The limit on deposits based on value-at-risk implies a mini-
mum equity-to-asset ratio that each bank satisfies to avoid a bank
run:23

VtSB,t

BB,t + VtSB,t

=
Et

{

ΛV,t+1(1 + ζ)−1
[

αt+1 + Qt+1(1 − δ̂t+1)−1(1 − δ̄) − ωt+1

]

KB,t

}

Qt(1 − δ̂t)−1KB,t

=
Et

(

ΛV,t+1

{[

Qt+1(1 − δ̂t+1)−1(1 − δ̄) − Qt+1

]

+ (αt+1 + Qt+1 − ωt+1)
})

(1 + ζ)Qt(1 − δ̂t)−1
.

(25)

The numerator is the amount of equity that a bank must issue. This
term equals the expected discounted difference between the present
discounted value of future revenues from bank assets and the limit
on deposits.24 This term is discounted by ΛV,t+1(1 + ζ)−1, which is
the pricing kernel for equity in equation (10). The denominator is
the total size of the balance sheet at the end of the period, which
equals the sum of deposits and equity value, BB,t + VtSB,t.

22To see this result, compare equations (10) and (11).
23Equation (25) is derived from LB,t = 0 and equations (10), (12), (16), (22),

and (24). Substituting LB,t = 0 and equations (16) and (22) into equation (12)
yields BB,t + VtSB,t = Qt(1 − δ̂t)−1KB,t. To confirm the first equality in equa-
tion (25), substitute equation (22) into Dt+1 + Vt+1 in equation (10) and replace
R̄tBB,t with ωt+1KB,t in the equation, given equation (24).

24Note that Qt+1(1 − δ̂t+1)−1 equals the present discounted value of future
marginal income from capital net of depreciation in period t + 1. Thus, [αt+1 +
Qt+1(1− δ̂t+1)−1(1− δ̄)]KB,t is the present discounted value of current and future
revenues from bank assets at the beginning of the next period.
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The second line of equation (25) decomposes the numerator into
two factors: the expected illiquidity of bank assets and the down-
side risk to the market value of bank assets. In equation (25), the
degree of illiquidity of bank assets in the next period is represented
by Qt+1(1− δ̂t+1)−1(1− δ̄)−Qt+1. Note that Qt+1(1− δ̂t+1)−1 equals
the present discounted value of future marginal income from capi-
tal net of depreciation, while Qt+1 is the secondary market price
of capital. The downside risk to the market value of bank assets is
represented by αt+1 + Qt+1 − ωt+1, where ωt+1 denotes the lowest
possible value of αt+1 + Qt+1 in the next period given the state of
period t, as defined above.

4.6 Numerical Example of Equilibrium Dynamics

The minimum equity-to-asset ratio is dynamic because both the
expected illiquidity of bank assets and the downside risk to the
market value of bank assets fluctuate over the business cycle. To
illustrate this result, figure 1 shows a sample path of the stochastic
dynamic equilibrium with the parameter values specified above. The
sample path is generated after the aggregate productivity shock, αt,
switches between the two values (i.e., a boom and a recession) every
four periods (i.e., years) for sufficiently many periods. This sample
path features a regular business cycle.

Figure 1 indicates that the minimum equity-to-asset ratio,
VtSB,t/(BB,t + VtSB,t), co-moves with output. This result is due
to the downside risk to the market value of bank assets. An increase
in αt raises the secondary market price of capital, Qt, through a
rise in aggregate current income.25 At the same time, it pushes up
the economic growth rate, Yt/Yt−1. Thus, the cum-dividend market
price of capital, αt+Qt, becomes higher during a boom than a reces-
sion. The expected value of αt+1 + Qt+1 increases with αt, because
the level of αt is persistent given the stochastic process of αt speci-
fied above.26 Accordingly, the downside risk to αt+1 +Qt+1 becomes

25With the log-utility function, the effect of an increase in the expected future
aggregate productivity, αt+1, on Qt is completely offset by the effect of an
expected rise in future consumption, ci,t+1, on the stochastic discount factor,
βci,t/ci,t+1.

26More specifically, the persistence is implied by the values of η̄α and η
α
.
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higher during a boom. This effect raises the minimum equity-to-asset
ratio during a boom.

The expected illiquidity of bank assets also fluctuates over the
business cycle.27 During a boom, a rise in Qt induces productive
agents to sell capital with lower depreciation rates.28 As a result,
the average depreciation rate of capital sold in the secondary mar-
ket, δ̂t, drops. This effect reduces the expected illiquidity of bank
assets during a boom. This effect, however, is dominated by the
downside risk to the market value of bank assets, because δ̂t+1 does
not fluctuate enough when αt+1 affects δ̂t+1 only indirectly through
Qt+1.

5. Implications for the Dynamic Bank Capital Rule in
Basel III

The Basel Committee announced a new regulatory bank capital
standard, Basel III, in December 2010 (Basel Committee on Bank-
ing Supervision 2010). One of the new features of the standard is
a dynamic bank capital rule called countercyclical capital buffer.
Under this rule, the national authority in each country can require
banks in its jurisdiction to increase bank capital by 2.5 percent when
excessive credit growth is observed. Basel III emphasizes common
equity as the core part of bank capital.

The cyclicality of the minimum equity-to-asset ratio shown above
is consistent with the countercyclical capital buffer. Figure 1 shows
that the banks’ share of aggregate capital, KB,t/(KB,t +

∫
ki,tdi),

increases during a boom. This result holds because an increase in the
secondary market price of capital, Qt, during a boom induces pro-
ductive agents to sell more capital in the secondary market. Banks
absorb the capital sold, given that unproductive agents do not buy
capital in the secondary market. Hence, the minimum equity-to-asset

27This feature of the model contrasts with Kiyotaki and Moore’s (2012) model,
which takes shocks to asset illiquidity as exogenous.

28The value of δ̂t remains below the upper bound, δ̄ +Δ, for all t, because pro-
ductive agents sell some capital with depreciation rates lower than δ̂t to obtain
goods to invest in new capital. See proposition 1 and equation (18) to confirm
this behavior of productive agents. The sales of high-quality capital by produc-
tive agents ensure a positive trading volume in the secondary capital market by
attracting buyers. Thus, δ̂t+1 fluctuates between δ̄ and δ̄+Δ, given equation (21).



314 International Journal of Central Banking September 2014

ratio, VtSB,t/(BB,t + VtSB,t), rises with an expansion in financial
intermediation during a boom.

Banks in the model voluntarily satisfy the minimum equity-to-
asset ratio to avoid a bank run, given rationality and no agency
problem with depositors or equity holders as assumed above. This
result provides an interpretation of Basel III such that Basel III
imposes on actual banks the behavior of rational banks with no
agency problem, in case there is some irrationality or moral hazard,
such as risk shifting, at actual banks.

This interpretation is consistent with the representative hypoth-
esis proposed by Dewatripont and Tirole (1994). In this hypothesis,
they regard a regulator as an implicit agent of depositors. Even
though they do not model a regulator explicitly in their model, they
interpret the optimal contract between a bank and depositors as the
prudential regulation that an implicit regulator should impose on
banks on behalf of depositors. In this paper, the minimum equity-to-
asset ratio can be interpreted as a regulation imposed by an implicit
regulator acting on behalf of many, small bank equity holders and
depositors.

Also, a bank run in the equilibrium described above is self-
fulfilling. As part of multiple equilibria, there exists another equi-
librium in which depositors never run to banks. This feature of the
model is the same as Diamond and Dybvig’s (1983) model. In the
latter equilibrium, banks do not have to issue common equity. In
light of this result, countercyclical capital buffer in Basel III can be
interpreted as preventing over-optimistic behavior of banks. If banks
believe that a no-bank-run equilibrium will hold, then they have no
incentive to maintain bank capital. In case such bank expectations
are over-optimistic, policymakers impose a bank capital requirement
that is robust even if a self-fulfilling bank run can occur.

6. Conclusions

I have introduced banks into a dynamic stochastic general equilib-
rium model by featuring asymmetric information as the underlying
friction for banking. Banks are public companies as in practice. In
this environment, banks can issue liquid securities by pooling illiq-
uid assets. Banks, however, suffer a run if they fail to satisfy an
endogenous minimum value for their common equity. The minimum
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equity-to-asset ratio is increasing in the expected illiquidity of bank
assets as well as the downside risk to the market value of bank assets.
It rises with a credit expansion during a boom, if aggregate produc-
tivity shocks cause the business cycle. This result is consistent with
the countercyclical capital buffer introduced by Basel III.

In this paper, banks can make bank securities free of asymmet-
ric information through asset pooling. A question remains regarding
how asymmetric information about the qualities of bank securities
affects the economy. Also, the calibration of the model implies a
smaller increase in the minimum equity-to-asset ratio during a boom
than the countercyclical capital buffer. This result is based on the
focus of the paper on a regular business cycle. It remains a question
if the quantitative implication of the model sustains in the presence
of an asset bubble, given the fact that a housing bubble in the United
States led to the introduction of Basel III after the recent financial
crisis. Addressing these issues is left for future research.
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