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We modify the 1983 Diamond and Dybvig model so that banks offer li-
quidity services to depositors, raise equity funding, make risky loans,
and invest in safe, liquid assets. Banks monitor borrowers to ensure that
they repay loans and they are susceptible to depositor runs. We model
the run decision by solving a novel global game. Relative to a social
planner, banks opt for a more deposit-intensive capital structure, their
assets may be more or less lending intensive, and the level of lending
may be higher or lower. Correcting these three distortions requires a

package of three regulations.

I. Introduction

Itis well understood that financial intermediaries (hereafter, banks) pro-
vide useful services through both the lending they undertake and the
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deposits they offer. Banks use both sides of their balance sheet to perform
these services, which exposes them to credit risk and funding (run) risk.
The efficiency of the resulting allocations from a social point of view de-
pends jointly on the overall level of lending and the mix of bank assets
and liabilities. Yet most banking models tend to focus on only one service
or type of risk, often neglecting how bank fragility endogenously affects
the structure of bank balance sheets and vice versa. We propose a new
model where banks create economic surplus for both borrowers and de-
positors but choose a balance sheet that results in excessive run risk and
an inefficient level of lending. We use the model to study alternative reg-
ulations that have been proposed since the Global Financial Crisis and
derive the optimal regulatory mix.

We start with the setup developed by Diamond and Dybvig (1983),
which explains how a bank can provide liquidity services to depositors
(savers) with uncertain consumption/funding needs. We modify the
Diamond-Dybvig model so that the bank also raises equity, makes loans
that are risky, and can invest in safe, liquid assets. We also assume that
banks and borrowers are subject to limited liability so that each of them
has incentives to take risks that they do not fully bear the costs of. We sup-
pose, similar in spirit to Diamond (1984), that banks monitor the loans to
guarantee that they are repaid. Monitoring is costly and hence must be
profitable for banks to do so. Even if savers were able to monitor borrow-
ers as efficiently as the bank, delegating this function to banks is optimal,
because banks can combine monitoring and deposit granting, which is
itself valuable. However, because the loans are risky and have an uncer-
tain liquidation value, depositors may opt to run on the bank, depending
on the conjectured ability of the bank to serve early withdrawals and the
bank’s incentives to continue monitoring borrowers. Finally, the bank is
managed by a banker who maximizes the profits accruing to her rather
than worrying about the utility of depositors or borrowers. The banker
internalizes how her choices affect run risk, deposit supply, and loan de-
mand. Depositors and borrowers rationally expect the equilibrium level
of run risk when making these decisions but are atomistic and do not in-
ternalize their marginal impact on the bank’s portfolio and run risk.
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We characterize the run decision by introducing a new specification of
the type of global game developed by Goldstein and Pauzner (2005) to
analyze Diamond-Dybvig style models. In our setup, depositors get sig-
nals about the (liquidation) value of loans that are called early to help
pay depositors. Depositors use a threshold rule in deciding to run, such
thatif their signal about the liquidation value is below the threshold, they
decide to withdraw even if they do not need to consume immediately.
Conversely, if the signal is above the threshold, only depositors with ur-
gent consumption need withdraw, while the rest keep their deposits in the
bank. The threshold depends on the deposit contract, the balance sheet,
and the profitability of the bank, because the deposit contract specifies
the return from waiting instead of withdrawing early, the balance sheet de-
termines the capacity of the bank to serve early withdrawals, and the prof-
itability of the bank governs its incentives to monitor borrowers.

The proof to establish the uniqueness of the threshold is novel and
may be of independent interest for other applications of global games.
Asin Goldstein and Pauzner (2005), there are no global strategic comple-
mentarities for depositors, but in our setup, the property of state mono-
tonicity is also absent. This property relates to whether the incentive to
take an action is monotonic with respect to the underlying fundamentals
(state) of the economy, typically required in canonical global games (see
Morris and Shin 2003). In our model, state monotonicity would obtain if
the relative incentive to run becomes stronger as the liquidation value of
loans becomes smaller. If the bank has liquid resources to serve all depos-
itors queuing to withdraw, then state monotonicity holds. But it fails to
hold once the bank runs out of liquid resources, and thus only a percent-
age of withdrawals can be met. Intuitively, once liquid assets are exhausted,
the payoff from withdrawing is higher when the liquidation value of the
bank’s assets is higher, because the probability of being at a lucky spot in
the queue is higher. Hence, state monotonicity is absent.

We employ a new argument to prove uniqueness, which does not re-
quire state monotonicity everywhere but only at threshold points. This
property is easily satisfied in our framework, and we provide intuition
about generalizing it to other environments where such perverse state
monotonicity obtains. Hence, the proof we propose could be adapted to
other applications in which improvements in fundamentals reduce the
incentives to act in some regions and increase them in others.

The modifications to the Diamond-Dybvig model that we propose are
all necessary to assess the differences between the private and social op-
tima. First, microfounding the probability of a run is crucial to understand
the determinants of run risk. In partial equilibrium, one expects that rais-
ing capital requirements or liquidity requirements will reduce the proba-
bility of a run. We show that this is true in our model. But in general equi-
librium, agents will adjust their behavior in response to regulation, and
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their new choices will feed back to alter run risk via equilibrium interest
rates.

Second, it is important to explicitly model the optimization behavior
of bankers, depositors, and borrowers in order to understand how run
risk affects their choices and welfare. Instead of assuming ad hoc welfare
criteria, such as the minimization of run risk, we model the effect of the
choices on agents’ utilities. This allows us to compare privately and socially
optimal choices. In general, they differ, though we also describe a special
case where the private equilibrium is constrained efficient.

Third, introducing costly monitoring highlights the importance of the
bank’s profitability for its stability (over and above the relative liquidity
of its assets and the runability of its liabilities). Monitoring is unobserv-
able and costly, so it occurs only if the banker finds it ex post profitable.
Policy interventions that crush bank profits can backfire if the banker
loses the incentive to monitor. In this case, depositors can opt to run be-
cause they realize bank credit risk has endogenously increased because
of the lack of monitoring. Hence, we highlight a novel connection be-
tween moral hazard and run risk, which is important for studying regu-
lations that compress banking profits."

Fourth, by modeling the utility impact of agents’ choices, it becomes
clear that borrowers and depositors care about the amount of lending
and the level of deposits that are available. Thus, the overall size of the
banking sector matters beyond just the composition of assets and liabil-
ities. The Modigliani-Miller theorem is violated in various ways in our
model, but allowing for endogenous equity issuance helps us understand
the implications of these violations for the size of the banking sector and
how the banking sector converts deposits into loans.

We focus on the normative properties of the model and derive four
main findings. First, there are three separate distortions in private bank-
ing choices. Both the private and the social planner’s equilibria can be
characterized by the mix of loans versus liquid assets, the mix of deposits
versus equity, and the level of lending that is funded by deposits (summa-
rized by the loan-deposit spread). In the private equilibrium, the banker
wants to maximize her profits from collecting deposits to extend loans.
Because she understands how run risk and how the profit margin be-
tween the loan and deposits rates are each determined, she chooses levels
of liquidity and equity that are profit maximizing for her. Compared with
the banker, the social planner cares about how these choices affect not
only bank profits butalso the utility of depositors and borrowers. We show
that the other two agents are disadvantaged in the private equilibrium

! This possibility may be of independent interest to researchers, as it highlights that runs
can occur even for financial institutions that are very liquid if they lack the incentives to
monitor.
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and explain how the asset mix, liability mix, and loan-deposit spread can
be adjusted to improve the welfare of the savers or borrowers.

Second, each distorted choice by the banker has a component tied to
the run and another component that reflects the surplus created by the
bank that accrues to either the borrowers or savers. The run component
arises because bankers are prone to take risks that raise the probability of
a run without internalizing how run risk directly matters for borrowers’
and savers’ welfare. This is because the banker is a monopolist and max-
imizes her own profits subject to limited liability, while borrowers and
savers are atomistic, so that they do not internalize how their choices af-
fect run risk.

Third, how the planner corrects the distortions depends on the weights
placed on borrowers versus savers, that is, on the implicit preference be-
tween credit extension and liquidity provision. Run risk arises from
choices on both sides of the bank’s balance sheet, and the planner would
opt for both a less deposit-intensive capital structure and a less lending-
intensive asset allocation to reduce run risk. But doing so may restrict
credit extension and reduce the surplus to borrowers. Thus, the desire
to reduce run risk is balanced against the benefits from offering deposits
and extending loans.

When savers are favored, the planner chooses a more equity-intensive
capital structure, a more liquidity-intensive asset allocation, and a lower
level of lending. Although more deposit taking requires higher deposit
rates that compress bank profit margins and discourage equity issuance,
cutting lending allows the banker to raise loan rates. The higher loan
rates offset the higher deposit costs, and equity issuance is still possible.
The deposits that are not channeled to lending are invested in the liquid
assets, further reducing run risk and offsetting some of the increase in
deposit rates.

By contrast, when borrowers are favored, the planner shifts to a rela-
tively more lending-intensive asset allocation and a higher level of lend-
ing while choosing a more equity-intensive capital structure. Increasing
lending by raising more deposits would compress profits and reduce the
incentives to provide equity. So, instead, the planner reduces the liquid
asset holdings and shifts funding away from deposits to release resources
for loan extension and maintain the incentives for equity issuance.

Fourth, individual regulations can be used to move the private choices
closer to those that a planner would choose. But no single regulation can
deliver the planning outcomes. Capital and liquidity regulations reduce
run risk but inefficiently restrict credit creation. Moreover, as banks take
excessive risk on both sides of their balance sheet, controlling risk on one
side may result in risk materializing on the other side. To replicate the
planner’s preferred allocations, a combination of three regulations are
needed to correct the three distortions associated with the bank’s asset
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allocation, capital structure, and level of lending that is deposit funded.
The asset and liability composition distortions can be corrected using a
capital and a liquidity requirement. Capital and liquidity requirements
are jointly helpful and should be treated as complementary, since they
operate on different sides of the balance sheet. Neither is very effective
at boosting the level of lending, which the planner may favor in order
to expand lending and help borrowers. To boost (or shrink) lending, other
regulations, such as deposit or lending subsidies/taxes, would be needed.

Related literature—Our analysis of runs can be contrasted to several other
approaches in the literature. For instance, a bank run in our setup can
occur because the information about fundamentals is very bad. Thus,
our analysis can be compared with many prominent papers that analyze
information-based runs, such as Chari and Jagannathan (1988), Jacklin
and Bhattacharya (1988), Allen and Gale (1998), and Uhlig (2010). Ac-
cording to this fundamental view of runs, policy interventions are needed
to correct pecuniary externalities arising from missing markets; other-
wise, the private equilibrium is constrained efficient (Allen and Gale
2004). Although we have abstracted from pecuniary externalities, the
fundamental run probability in our model depends on the bank’s liquid-
ity and capital. Thus, regulation could be used to address not only the
adverse consequences of any pecuniary externalities but also the proba-
bility that they arise.

However, a bank run can also occur because of a coordination prob-
lem among depositors even if the bank is solvent. This type of run can
be interpreted as being panic based; hence, it is important to know what
determines the panic. In the Diamond-Dybvig model, panics are a mul-
tiple equilibrium outcome. There are several ways to tackle the multiplicity
of equilibria such that the model is suitable for policy analysis. Cooper and
Ross (1998), Peck and Shell (2003), and Diamond and Kashyap (2016)
consider that the probability of a bank run is driven by sunspots. Ennis
and Keister (2005) take an axiomatic approach to equilibrium selection
and link the probability of a particular equilibrium being played to the
appropriately defined incentives of agents. Despite the fact that these ap-
proaches may be, to varying degrees, adequate for certain types of positive
analysis, the derivation of optimal policy requires microfoundations for
the incentives to run on the bank.

In order to address such concerns, we follow the global games ap-
proach—developed by Carlsson and van Damme (1993) and Morris and
Shin (1998) and applied to bank runs by Goldstein and Pauzner (2005)—
to derive a unique probability of run. This approach ties run incentives
to the fundamentals of the economy, the balance sheet structure of the
bank, and the equilibrium payoffs to depositors withdrawing early and
late. Rochet and Vives (2004) and Vives (2014) also take a global game ap-
proach but assume simpler payoffs for depositors that wait and depositors
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that withdraw, which are exogenous and do not depend on equilibrium
allocations and interest rates. Despite the microfoundation for run dy-
namics, these approaches are arguably not adequate to study optimal
regulation, because deposit rates, which are important for welfare in
general equilibrium, do not directly influence the incentives of deposi-
tors to run.

Goldstein and Pauzner (2005) consider the impact of deposit contracts
on run incentives but assume a fixed liquidation value for loans and an ex-
ogenously set upper dominance region for the global game. We propose a
new way to endogenize the liquidation value and the upper dominance
region. Apart from the new type of global game we consider, we also differ
from the aforementioned papers because we endogenize the supply of de-
posits, equity issuance, and loan demand. Hence, we allow the deposit and
loan rates to be determined in equilibrium and respond to regulations. As
we show, this isimportantin order to capture the welfare effects on differ-
ent agents, assess the consequences of banks’ private choices, and deter-
mine how a planner would alter these choices.

We should note that in both our model and the literature we have sur-
veyed so far, deposit rates cannot be indexed by the realization of the
state of the economy. Instead, if contracts could incorporate suspension
clauses, as in Ennis and Keister (2009) and Keister (2015), then run dy-
namics would differ. As noted in these papers, suspension of convertibil-
ity may not be ex post efficient, but the interaction between run dynam-
ics, ex post intervention, and ex ante convertible deposit contracts is an
interesting topic for future research.

Our analysis abstracts from policy interventions such as deposit insur-
ance and bank resolution. Government guarantees may be useful policy
interventions to reduce run risk, butitis unclear whether they would un-
ambiguously improve outcomes, because removing the disciplining role
of deposits can encourage risk-taking (see Cooper and Ross 2002). Allen
etal. (2018) study the implications of depositinsurance in a global games
framework, with a simpler banking sector than ours, while Davila and
Goldstein (2023) compute the optimal deposit insurance under a suffi-
cient statistics approach. Schilling (2022) studies the optimal bank resolu-
tion using a global games framework and finds that aggressive interven-
tion may be counterproductive.

Finally, there is a growing literature studying the complementarity of
capital and liquidity regulations, such as Walther (2016) and Kara and
Ozsoy (2019) in the presence of fire sale externalities and Van den Heuvel
(2022) in a real business cycle model with risk-taking. Our conclusion,
relevant to this literature, is that the number of optimal regulatory inter-
ventions is equal to the number of distorted margins rather than the
number of externalities in the model. In other words, it does not make
much difference if the same externality or multiple externalities distort
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multiple margins in distinct ways. What is important is whether different
margins are distorted.

II. Model

The model consists of three periods, ¢ = {1, 2, 3}, features a single con-
sumption good, and includes three types of agents. In particular, there is
a continuum of entrepreneurs, a continuum of savers, and one banker.
We will be referring to individual entrepreneurs and savers as the entre-
preneur (E) and the saver (S), and we will be also using the singular or
plural for these agents depending on the context. But it should be clear
that each of these agents is atomistic and representative of her type, tak-
ing equilibrium variables as given. By contrast, the banker (B) internal-
izes how her choices affect the equilibrium variables that matter for her
profitability.

Each entrepreneur has access to a productive—but illiquid—risky tech-
nology and chooses how much to borrow to invest in it. Funds invested at
t = 1yield A per unit of investment at ¢ = 3 with probability w (which we
call the “good” state of the world) and zero otherwise (the “bad” state). The
project delivers no output at ¢ = 2, but it can be liquidated for an uncer-
tain amount £ ~ U[£, £] with 0 < £ < 1 < £, which is realized at ¢ = 2. De-
fine A; = £ — £. All projects of individual entrepreneurs yield the same
payoff at ¢ = 3 and have the same liquidation value at ¢ = 2. Hence, we
are always referring to the representative entrepreneur and the represen-
tative project.

The banker manages an institution (bank) that stands between the en-
trepreneurs and savers. The bank is funded with equity from the banker
and deposits from savers. The funds raised at ¢ = 1 are invested into ei-
ther a liquid storage asset or a loan to entrepreneurs. The loan contract
with the entrepreneur specifies an uncontingent loan rate, and it is
backed by the entrepreneur’s project and the cash flows it generates.
If the entrepreneur fails to repay the loan, the bank can seize the project
and any cash flows that have been generated. Loans are also callable, that
is, the bank does not need to wait for the project to mature but can re-
quest full repayment at any point in time.

Moreover, the banker decides whether to monitor the entrepreneur’s
projectat ¢ = 3. Monitoring is essential because the payoff realization is
private information to the entrepreneur. Without monitoring, the entre-
preneur would report the bad state of the world and default. Because
individual projects’ payoffs are perfectly correlated, the banker needs to
incur the monitoring cost once for the whole loan portfolio, which we as-
sume is independent of how many loans are extended.

Savers are identical ex ante, and each of them has a large endowment
at ¢t = 1 thatis used to fund initial consumption and savings. Each saver
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receives an idiosyncratic preference shock at ¢ = 2 to consume early or
late, as in the Diamond-Dybvig model. Given that the preference shocks
are independent and identically distributed, some fraction of savers will
need to consume at ¢ = 2, and the rest wait to consume at ¢ = 3. Thus,
savers are ex ante identical but ex post heterogeneous, which we will refer
to as impatient and patient, respectively. The (ex ante) representative
saver invests in bank deposits or holds a liquid storage asset at ¢ = 1. De-
posits are demandable, which is important to provide incentives to the
banker to monitor, as we shall explain later.

A'loan can be recalled to pay deposits. Upon being recalled, it yields
an immediate gross amount £&. When a loan is called, the entrepreneur
forfeits the portion of the project that is funded by the loan. Depending
on the value of £, the bank may not have enough resources to fully pay
any level of withdrawals, while monitoring incentives may be weak or
strong. Aside from extremely high or low realizations of £, the bank is
at risk for self-fulfilling runs: a patient saver will demand her deposits
early if she believes that other patient savers will do the same. To address
the coordination problem and obtain a unique equilibrium, we assume
that savers receive noisy signals about the true realization of & at ¢ = 2.
These signals provide information not only about the fundamental £
but also about the beliefs of other savers and so serve to coordinate
the patient savers’ decisions. We show that there is a threshold strategy
that patient savers will follow such that when the signal is above a thresh-
old value, they do not withdraw early, and when it is below the threshold,
they run.

Moreover, on the basis of the signal, the savers form posterior beliefs
about £, and we show that there is a unique threshold £*, such that all
patient savers withdraw their deposits when they believe the true realiza-
tion is below that value and they keep their deposits in the bank other-
wise. We will refer to £* as the run threshold and denote the probability
ofarun by ¢ = (£ — £)/A;.

The liquidation value may be understood in several ways. For instance,
the incomplete project could have a secondary use in the interim period
because it can be used in conjunction with an alternative short-term tech-
nology. Alternatively, we could assume that it can be sold to some outside
investors, as in Shleifer and Vishny (1992). In other words, £ does not
strictly represent the salvage value but rather the liquidation/resale value
of long-term investment. The upper bound £ has to be high enough that
the bank can always withstand a panic for some realizations, while the lower
bound £ has to be low enough that the bank may run out of liquidity even
if a panic does not occur. We describe the importance of these bounds in
section IL.D.

We simplify the model in three ways by assuming that savers have qua-
silinear preferences, entrepreneurs have linear preferences and no initial
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endowment, and the production technology is linear. The main cost of
linearity is that it may leave agents at a point where they break even from
their savings and borrowing choices. Hence, the bank creates no value for
them, which does not distort the basic properties of the private equilib-
rium but has powerful implications for regulation. We reintroduce curva-
ture into the savers’ and entrepreneurs’ problems in other ways that
make the results less extreme while keeping the model tractable. Here-
after, we explain the implications of each of these assumptions, but none
of them are crucial for our main results.

Figure 1 presents the timeline of the model. Sections II.A-IL.D de-
scribe the agents’ optimization problems and the derivation of the run
threshold. Section IL.E characterizes the private equilibrium.

A.  Savers

Savers are endowed with ¢ at ¢ = 1 and decide how much to invest in
bank deposits, D, and how much to hold in the liquid asset, Ls. At
t = 2, a portion of savers, 0, receive a preference shock to consume imme-
diately, while the rest, 1 — §, want to consume at ¢t = 3. These shocks are
private information, are independent and identically distributed, and
are not contractible ex ante.

Deposits are demandable, early withdrawals are serviced sequentially,
and the ¢ = 2 and ¢ = 3 uncontingent gross interest rates are 7, and
R, respectively. We restrict all gross rates to be higher than 1, an assump-
tion that we relax in our extensions. This contract structure creates the
possibility of a run, since patient savers may choose to demand their de-
posits early depending on their own information and their expectations
about the actions of other patient savers.

If there is no run, that is, £ € [£¥, é], only impatient depositors with-
draw, and they receive Dr,. Patient depositors’ repayments will depend
on the state realization at ¢ = 3; they receive their promised payment,
DRy, with probability w and zero otherwise, since B defaults. In a run,
all depositors attempt to withdraw, and there is probability 0(£), defined
later, that any depositor gets Dry,.

=1 t=2 t=3
E borrow and invest in risky projects | S learn their type Investment payoff is determined
S invest in demandable bank deposits | S receive noisy signals about § E privately learn the payoff realization
and potentially in the liquid asset and decide whether to withdraw B decides whether to monitor
B raises equity and deposits and B recalls loans and pays withdrawals | Loans and deposits are repaid if the
invests in loans and liquid assets II"@ < g a run occurs payoff is A and default otherwise

Fic. 1.—Timeline.
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Savers have quasilinear preferences for consumption, such that they
value consumption linearlyat ¢ = 2and ¢ = 3. Thisis our firstassumption
that greatly simplifies the patient savers’ decision to join a run, because it
means thatall that must be computed is the expected payoff from depos-
itsatt = 2versus ¢t = 3. By contrast, if savers were risk averse, finding the
threshold that determines whether to run is much more complicated.
The complication arises because a saver needs to compute her expected
utility differential between waiting and withdrawing, accounting for all
possible out-of-equilibrium beliefs about the actions of other savers.
Computing the expected deposit payoffs is simpler than computing
the expectation of a nonlinear function of the deposit payoffs. More-
over, quasilinearity yields a very tractable deposit supply schedule, which
substantially simplifies the normative analysis. The disadvantage of line-
arity is that it reduces the usefulness of a deposit to a saver. Essentially,
the deposit becomes a pure financial instrument whose only value is that
it pays more interest than the liquid asset. Put differently, the deposit
would be equivalent to a bond.

To make deposits more useful, we assume that impatient savers enjoy
transaction benefits from having deposits when there is no run. To do
this, we suppose that this advantage is described by a concave function V
that is increasing in the amount promised and repaid, Dr,, and it ac-
crues only for 7, > 1, providing some justification for the assumption
on gross returns. Peck and Shell (2010) also have a similar assumption
about the utility from the transaction services of deposits. This additional
benefit of deposits partially offsets the stark implications of quasilinear
preferences. Modeling things this way leads to no qualitative changes rel-
ative toamodel with concave utility and no transactions services but makes
it substantially easier and faster to solve the model.

The expected utility of an individual saver is given by

run

Utility at t=1 B , d
Uy = Tl = b 1) + || B+ 80 —aeeon + LT
£
£ 3
+J B8[Dry + Ls] 4 + J B (1 — 8)[wDR, + Ls]d—g + r‘ V(D) d—g.
£ Ay ) Ay ) A,

no run, impatient no run, patient transaction services

(1)

U is the utility function for ¢ = 0 consumption with U’ > 0 and U" < 0;
Vcaptures the transaction services of deposits with V(0) = 0, V' > 0, and
V" <0; B <1 is the time discount factor.?

* The transaction services accrue to only the impatient depositors, so ¢ is subsumed
inside V.
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Savers choose the level of deposits and their holdings of the liquid as-
set to maximize (1). An individual saver takes the run threshold, £*, and
the probability of being repaid in a run, 0(£), as given. These objects
depend on the aggregate bank portfolio, and we suppose that the indi-
vidual saver is atomistic so as to not account for her impact on them. In
contrast, a social planner would internalize the effect of the choices.
Nevertheless, individual savers have rational expectations and correctly
anticipate the equilibrium level of run risk when making their decisions.
Finally, short selling of deposits and the liquid asset is not allowed, that
is, D >0 and Is > 0.

The optimal choice of deposits by S yields the following deposit supply
schedule:

‘ & dg
U'es — D — Ls) > [86 + B*(1 — 8)]n| 0(&) =
£ A (2)

+ [B6my + B*(1 — §)wRy + V'(Dry)m)(1 — q),

which holds with strict equality if savers choose to hold deposits in equi-
librium, thatis, D > 0. Condition (2) says that savers equate the marginal
utility of forgone consumption at ¢ = 1 to the expected marginal utility
gain from holding deposits in the future. In a run, all savers withdraw; an
individual saver will receive 7, per unit of deposits with probability 6(£)
for each realization of £ < £*. Otherwise, with probability 1 — ¢, a run
does not occur, and only impatient savers withdraw. In this case, an indi-
vidual saver either is impatient with probability 6 and receives the period 2
deposit rate 1, or is patient with probability 1 — 6 and receives the period 3
deposit rate R, with probability w. Absenta run, S also enjoys the marginal
benefit of transaction services, V'(Drp)rp.

Savers may also self-insure by holding the liquid asset. The optimal Lg
is given by

U'(es — D — Lg) > 86 + B(1 — 6). (3)

This condition compares the marginal loss in consumption with the ex-
pected value of storage and holds with strict equality if Ls > 0. Without
loss of generality, we consider equilibria in which Ls = 0 but D > 0, that
is, (2) holds with equality, while (3) is slack. Savers will not use the stor-
age technology whenever (i) their endowments are not excessive, (ii) the
bank offers high enough deposit rates, or (iii) transaction services are
sufficiently valuable.

Substituting the deposit schedule (2) into (1), we get the indirect util-
ity function,

Us = U(es — D) + U'(es — D)D + (1 — ¢)[V(Dn) — V' (D)D), (4)
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for the benchmark case in which Ls = 0.? Given our assumptions about
W), it is easy to show that the third term in (4) is strictly positive.* More-
over, the first two terms in (4) must be higher than Us (the utility level
from saving only using liquid assets), otherwise savers could choose s >
0 and attain that level of utility. Hence, savers are always better off using
the bank compared with autarky.

Even with our simplifying assumptions, this framework produces an
equilibrium and a set of intuitive decision rules for savers. In particular,
savers use the bank because it offers a better way to save for the future
and facilitates transactions. The former is captured by the benefit in
terms of period 1 consumption (the first two terms in [4]). The latter
is captured by the benefit from the transaction services (the last term
in [4]).

B.  Entrepreneurs

Entrepreneurs have the rights to operate real projects that are in perfectly
elastic supply, require a unit of funding at ¢ = 1, are infinitely divisible
when liquidated, and mature at ¢ = 3. For simplicity, E does not have
an endowment but borrows 7 from the bank at gross rate R, to invest in
the risky technology. Moreover, E is risk neutral and derives utility only
from consumption at¢ = 3. Finally, E is protected by limited liability when
projects mature and loans are due.

The risk neutrality of entrepreneurs together with the absence of initial
endowment is our second technical assumption. Risk neutrality means
that the entrepreneur cares only about the expected profits from operat-
ing the technology. The absence of an endowment means that the deci-
sion to default will depend only on the productivity of the technology,
not on entrepreneurs’ leverage. Otherwise, the savers’ run decision be-
comes more intertwined with how much the entrepreneur wants to bor-
row, and the relative risk aversion of the two parties will matter for how
risks are shared.

The linearity of the production function is our third technical assump-
tion. It simplifies the derivation of the loan demand but comes at the
cost of also implying that R, depends only on A. If the production func-
tion had curvature, it would substantially complicate the calculations. The

* For completeness, if Ls > 0 then the savers’ indirect utility is U5 + (1 — ¢)[V(Dnp) —
V'(Drp)Drp), where US is the utility in autarky given by U§ = U(U7'(86 + (1 — 9))) +
(86 + B*(1 — &)][es — U (B + B*(1 — 9))].

* Since D > 0, the term can be written as (1 — ¢)D[V(D)/D — V'(D)]. Because V(0) = 0,
V(D)/D is the slope of the straight line emanating from zero and passing through D. Since
Vis strictly concave, its image is always above the image of the straight line for any point
x € (0, D). Because V' is strictly decreasing, V will necessarily cross the straight line connect-
ing zero and D from above. Hence, the derivative of Vat D is strictly smaller than the slope
of the straight line.
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complication arises because the realized production depends on the bank’s
decision to recall loans, which occurs after the realization of £ is known.
The loan demand trades off the expected revenue from borrowing to
produce against the cost of repaying the loan. And it is easier to compute
the expected profits to entrepreneurs over £ > £* when production is lin-
ear rather than when itis a nonlinear function of the number of projects
that are not recalled.

In order to make the determination of R; less mechanical, while main-
taining analytical tractability, we introduce a cost of effort that the entre-
preneur incurs upon investing. We suppose that this cost is incurred be-
fore the payoff from the investment is known; we could also call this cost
an adjustment cost. We assume that this cost is convex and it pertains to
total investment.

The expected utility of an individual entrepreneur can be written as

U =f {0[A(1 = 5(& 8)T — (1 - y(£,8)IR] — e(1)}
= (&, WESIR] = A} 7 (5)

realized output loan obligation effort

where y(&, 6) is the portion of loans recalled to serve withdrawals from
impatient savers (and will be derived below). If a run does not occur,
E repays the outstanding loans in the good state, (1 — y(£,6))/, as long
as the per unit payoff, A, is higher than the promised gross loan rate R,
Naturally, E defaults in the bad state when the project pays zero. In a
run, all projects funded by bank loans are liquidated and no production
takes place. Finally, ¢(1) is the effort/adjustment cost with ¢(0) = 0, ¢ >
0, and ¢" > 0. E needs to incur this cost in order to produce before she
learns the realization of the state of the world and after run uncertainty
has been resolved. Hence, E will choose not to exert effort and thereby
avoid the cost in a run. Absent a run, given that the net payoff to E is in-
creasing in £, she will choose to produce if the following incentive com-
patibility constraint holds:

W[A — R)(1 — y(&,8)I — c(1) > 0. (6)

Entrepreneurs choose the level of investment and thus borrow I to
maximize (5). An individual entrepreneur takes the run threshold, £*,
and the aggregate portion of loans recalled, y(£, 6), as given. These ob-
jects depend on the aggregate bank portfolio, and we suppose that indi-
vidual entrepreneurs are atomistic so that they do not account for their
impact on them. A social planner would internalize the effect of the
choices. However, individual entrepreneurs have rational expectations
and correctly anticipate the equilibrium level of run risk when making
their decisions.
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The optimal choice of I by E yields the following loan demand schedule:

[[.dea - m10 = &8 - ¢ HoE = ™

" £

Condition (7) says that E equates the expected profit margin on the
remaining projects—given by the difference between the marginal prod-
uct of investment and the gross loan rate—to the marginal effort cost
over the realizations of £, where a run does not materialize.

Substituting the loan demand schedule (7) into (5), we get the follow-
ing indirect utility function:

Up = (1= )[d(DI = e(1)]. (8)

Given our assumptions about ¢, it is easy to show that (8) is always strictly
positive, that is, E is strictly better off than in autarky, where E’s utility is
zero.? If effort is costless, then [U: = 0, and the loan rate is equated to
the marginal product of the project, thatis, R, = A from (7).

Despite our simplifying assumptions about entrepreneurs’ preferences
and shape of the production function, entrepreneurs’ choices are very
conventional. Their welfare in equilibrium, given by (8), is increasing in
I and decreasing in ¢. Our setup captures these relationships in a tractable
way and succinctly identifies the distortions that any policies will aim to
correct.

C. Banker

The banker (B) makes all investment and funding decisions to maximize
her own utility. At ¢ = 1, she is endowed with ¢; and decides how much
equity, E, to put into the bank. In addition, she decides how many depos-
its to raise, D, and how much to invest in the liquid assets, L, and illiquid
loans, I, subject to the following balance sheet constraint:

I+L=D+E. 9)

If a bank run occurs at ¢ = 2, thatis, £ < £*, the bank is liquidated and
the proceeds are distributed on a first-come, first- served basis. The max-
imum level of withdrawals that can be served in full is

> To show that (8) is strictly positive, it suffices to show that ¢'(1) — ¢(I)/I > 0, given that
I > 0; otherwise, E is in autarky (short selling of projects is not allowed). Because ¢(0) = 0,
¢(I)/1 is the slope of the straight line starting at zero and passing through I Given that cis
strictly convex, its image is always below the image of the straight line for any point
x € (0,1). Because ¢ is strictly increasing, ¢ will necessarily cross the straight line connect-
ing zero and / from below, and hence the derivative of ¢at /is strictly higher than the slope
of the straight line.
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I+ L

which is also equal to the probability of being served if all depositors withdraw.

If there is not a run, that is, £ > £*, the balance sheet and profits after

t = 2 depend on the realization of £ and the level of withdrawals, . The

bank will recall and liquidate a portion y(£, N) of its loan portfolio to serve

the early withdrawals.” The amount recalled is given by
y(&€,\) = max [)\D?Z—IL’O}

The profits that B receives in the good state at ¢ = 3 are equal to the
repayment on the remaining loans minus the payment on the remaining
deposits. In the bad state, B defaults, so profits are zero. B needs to incur a
monitoring cost, X, to learn the true state of the world. Alternatively, B can
forgo the monitoring, in which case the entrepreneur will report that pro-
ductivity was zero and default, independent of state realization. Hence,
there is a moral hazard problem, akin to Holmstrém and Tirole (1997),
such that B will choose to monitor only if expected profits exceed X,

Given a level for the liquidation value £ and the level of withdrawals A,
B will choose to monitor if the following incentive compatibility con-
straint is satisfied:

w[(1 = y(&, N)IR, — (1 = N\)DR,] — X > 0. (12)

(10)

(11)

The monitoring decision is taken before B learns the true state of the
world, so incentive compatibility requires that the expected payoff to B
is higher than X. In an equilibrium where the bank is taking deposits to
make loans, (12) must be satisfied when a run does not occur, that is,
for £ > £* (and N = §); otherwise, monitoring would not take place, de-
positors would always run, and there is no gain to operating the bank.
In section I1.D, we prove that (12) is always slack for £ > £*.
The banker’s expected utility is given by

£
Uy = W(es — E) + 1—-9y(&,0) R —(1—-6)D R
o= Wia = B) + [ {el(1 =500 B~ (1-0D R |
outstanding loans loan rate patient deposits deposit rate
(13)
dg
X Kg,

monitoring cost

¢ The bank might also want to liquidate loans beyond the need to serve early withdrawals
and carry the proceeds forward using the storage technology. But this would occur only if
the realization of § is higher than the expected return from holding the loan to maturity,
which we rule out by assumption.
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where W() is B’s utility function for ¢ = 1, with W/() > 0 and W"() < 0.
The banker has also quasilinear preferences but, unlike the saver, never
needs to consume in the interim period.

D. Global Game and Bank Run Threshold

Having described the choices of all the agents, we can now determine
when individual patient savers will want to withdraw their deposits at
t = 2. The source of fundamental uncertainty in our model is the liquida-
tion value £ for which individual patient savers receive a private noisy sig-
nal. The decision depends not only on each saver’s belief about the bank’s
financial health but also on their beliefs about how other savers will be-
have given their individual signals. We show that a unique threshold signal
exists such that the individual savers withdraw only if their own signal is
lower than that threshold. As the noise in private signals goes to zero, this
threshold converges to a unique threshold for fundamentals £*, which we
have used in the analysis so far.

We prove this result in six steps using a series of lemmas and proposi-
tions. First, we derive the regions of & where savers act unilaterally, that
is, without considering others actions. Lemmas 1 and 2 establish these re-
gions, known as the lower and upper dominance regions. In the former,
an individual patient saver decides to withdraw even if no other patient
savers withdraw, while in the latter, she does not withdraw even if all savers
withdraw. Second, we show that for intermediate values of £, individual ac-
tions depend on beliefs about aggregate withdrawals, as they govern the
bank’s incentive to monitor and whether the bank has adequate liquidity
to meet withdrawals (lemma 3). Third, we show thatif a threshold strategy
is followed by all savers, then individuals can form beliefs about aggregate
withdrawals and compute unique cutoffs for the regions of £ where the
bank is expected to monitor and have enough liquidity to meet withdrawal
requests (lemma 4). Equipped with these beliefs and cutoffs, individu-
als can compute the expected payoff from withdrawing given their private
signals and posteriors about £. Fourth, we show that following a strategy
that supposes a common threshold signal is an equilibrium. Fifth, we es-
tablish the existence and uniqueness of the threshold signal and present
the logic and mathematical characterization for our novel proof, leading
to proposition 1, which establishes the uniqueness of £*. Finally, proposi-
tion 2 summarizes the results about the existence and uniqueness of a
threshold strategy equilibrium.

Step 1.—A bank is immune to runs if it both has enough liquidity to
serve all potential withdrawals and maintains incentives to monitor irre-
spective of the level of withdrawals. The maximum level of withdrawals
that the bank can sustain for given £ is equal to 6(¢) in (10), which is in-
creasing in £. Thus, there is a cutoff é such that the bank does not have
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enougAh liquidity to even serve early withdrawals for § < é and another
value £ such that it has enough liquidity to serve all potential withdrawals
for £ > £. These cutoffs are the solutions to 0(2) = dand 0(2) = 1, which
yields

(14)

Turning to monitoring incentives, note that (12) is increasing in £ and,
for now, suppose that it is decreasing in A\; we establish this below. Then,
the banker will not monitor for ¢ < &4 even if only impatient savers with-
draw, while she will monitor for £ > £ 4 even if all savers withdraw. These
cutoffs are obtained by setting (12) to zero and solving for { when N = 6
and N = 1, which yields

5D7'D — L D'rD — L

S S T = 0 DRy R — XJ(wR) P T T X Ry

(15)

Note that &4 > é and &,4 > é, with strict inequality for X > 0. This implies

that the cutoffs related to monitoring &, and £, rather than é and é are
the candidate ones to define the lower and upper dominance regions.
Consider, for example, a § € (é, £4) and N = 6. The banker would not
monitor even though the bank has enough liquidity to serve withdrawals,
because expected profits are not high enough to cover the monitoring
cost. Similarly, for £ (é, £.) and N = 1, the banker would not monitor
even though the bank has enough liquidity to serve withdrawals from
all savers, because the bank has to liquidate so many loans that the expected
profits from the remaining ones are not enough to cover the monitor-
ing cost. To establish the lower and upper dominance regions, we need to
show that £,4, £.4 € (£, £) and that (12) isindeed decreasing in . The next
two lemmas provide the conditions for these properties to hold.

Lemma 1 (Existence of the lower dominance region). For sufficiently
high £ and A, the bank has incentives to choose 6D > L.

Proof. Define z = 6D — L € [0, 8D]. Using (9), we obtain I(z) = D +
E—L=z+(1-6)D+ E, that is, z are the loans not funded by long-
term deposits and equity. We can also solve for R;, and R; as functions
of z, denoted by R;(z) and Ri(z), by substituting I(z) into (2) and (7).
Substituting all expressions in (13) and taking the first-order condition
with respect to z yields

3 1 ; 3 . . C , . 3 B
wR,(z)L* <1 - E) dE + wRI(z)L*(l 3(E, 8)I()dE — wRi( )L*(l 8) D -
s £ £
+ & (—H(E*) o Z?; L*(l — ¥(&, O)I()dE — o Z?f: L$(1 - 5)1)45) A =0,
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where . is the Lagrange multiplier on z>0 and II(¢¥) = w(1 —
(&, 8))1(z)Ri(z) — (1 — 8)DRy(z) — X are bank’s expected profits for
¢ = £*. The Kuhn-Tucker condition requires that ¢, > 0 for z = 0 to be
asolution, thatis, the sum of the first four terms must be negative or zero.
We prove by contradiction that z = 0 cannot be an equilibrium. To do
this, we sign each of the four individual terms. We then explain how by in-
voking the conditions in the lemma, we can make their sum positive at the
prevailing equilibrium allocations, ruling out the z = 0 equilibrium. Fi-
nally, we guess that there is a perturbation so that there is an equilibrium
with z > 0 and verify that in our subsequent analysis.

The first term in (16) captures the direct payoff from increasing zand is
posmvelffE (1 =1/&)ds > 0,0oré —logé > £ — log £*. Since £ > 1, the
left-hand side is increasing in the level of £, and thus given a £, the first
term can be made positive for sufficiently high £. The second and third
terms capture the direct effect of higher z on R; and R, and are both

negative. From (7), we can obtain R/(z) = —[aud(z + (1 —8)D + E) +
asc’(z+ (1 = 8)D + E)] <0, because o, and al are posmve From (2),
we get Rj)(z) = (86 +B8°(1—6)/((1 — q)wB*(1 — J; £)/Ddg/A; > 0.

The fourth term captures the effect of higher zon the run threshold £*
and operates through the three subterms in parentheses multiplying
d§* / dz: for a marginal increase in £, (i) the bank forgoes profits IT(£%)
(firstsubterm); (ii) dR;/d¢™ > 0 from (7), meaning thatloan rates increase,
which increases profitability (second subterm); and (iii) dR,/d£* > 0 from
(2), implying that deposit rates rise, which also reduces profitability (third
subterm). In any (reasonable) equilibrium where z is higher, run risk is
higher, meaning that d¢*/dz > 0, so the whole fourth term is negative for
sufficiently low ¢, resulting in sufficiently low dR,/ d¢*.

To find an equilibrium with z > 0, begin with the z = 0 solution to (16)
and start increasing A, allowing R, to adjust while keeping all other vari-
ables at the prevailing equilibrium values. Then, the first term in (16)
can be increased enough so that the sum of all four terms is strictly posi-
tive. We now guess we can perturb the z = 0 allocations by making the sec-
ond, third, and fourth terms more negative and the first one less positive
so that (16) holds with equality for ¥, = 0 and z > 0. While performing
this calculation, we kept other variables at their z = 0 values. Thus, we
need to verify that when all the other variables are optimally chosen
and z > 0, the lemma is still true. For now, we guess that this is the case
and verify it in section IIL.B. QED

The intuition underlying the lemmais simple. 6D — L are the loans that
are not funded by long-term deposits and equity, so that they represent
loans that are liquidated to serve early withdrawals. If lending is profitable
enough and loans can be potentially liquidated at high enough values,
then planning to liquidate some loans to meet early withdrawals is desir-
able. Given that 7, > 1, the lemma implies that &4 > 0 and thus establishes
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the existence of a lower dominance region because we can choose a £ suf-
ficiently close to zero such that £ < &,.”
LemmaA 2 (Existence of the upper dominance region). For sufficiently
low V' and high &, there exists £,4 < R/ Rp and (12) is decreasing in A.
Proof.  With the definition of §,, from (15), the claim we want to estab-
lish becomes

XrD

IR]T[) - DR])T[) + LR[) - T > 0 (17)

For r, = 1, when we use the balance sheet constraint (9) and lemma 1,
(17) becomes (D — L)(R, — Ry) + ER, — X/w> (1 —8)D(R, — Ry) +
ER, — X/w > 0, provided R, — R, > 0. This condition is intuitive: it says
that B’s profits from offering late deposits plus investing her own equity
are positive after monitoring costs; otherwise, the bank would not oper-
ate. If IR, — DR, — X/w > 0, (17) is also increasing in r,, so no further as-
sumptions are needed. If this is not true, (17) would, by continuity, hold
for , > 1 for n, sufficiently close to 1. The latter will hold if the marginal
benefits from payments services, captured by V' in the deposit supply
schedule (2), are sufficiently small with ¢ sufficiently high. We verify in
the equilibria we study that these conditions hold. QED

Lemma 2 implies that there is E higher than &4, such that the upper
dominance cutoff exists, but with 2 less than R;7p/ Rp. The upper bound
on £ ensures that liquidating a loan and storing the proceeds is less attrac-
tive than letting the loan mature. Hence, the bank’s profits given by (12)
are decreasing in A for all £ (because the derivative of (12) with respect
toNis —Riny/E + R, <0).

Taken together, lemmas 1 and 2 guarantee that &, and &4 are indeed
the appropriate lower and upper dominance cutoffs. Figure 2 shows
graphically the lower and upper dominance regions.

Step 2—For £ € [£i, £.4), the incentives to monitor depend on the level
of withdrawals, and a patient saver may decide to withdraw early if she
believes that other patient savers will withdraw as well. The strategic com-
plementarity in the withdrawal decision creates multiple equilibria. The
withdrawal decision depends on the perceived payoff differential between
waiting until ¢ = 3 and withdrawing at ¢ = 2. We denote this differential

7 The liquidity regulations that have been implemented since the global financial crisis,
such as the liquidity coverage ratio (LCR), still allow for banks to choose 6D > L, so that
lemma 1 can continue to hold. This is because these regulations pertain to banks’ expected
net liquidity needs. In particular, regulatory liquidity is calculated by summing the liquid
assets that banks hold (L in our model) plus some less liquid assets (such as corporate
bonds or payments coming from all other banking activities) and subtracting expected
fund outflows (6D in our model). If the realized level of inflows is unexpectedly small, then
L will be far below the level of expected deposit outflows.
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£=¢ &=tu E=Eu E=%

Banker never monitors Monitoring depends on the level of withdrawals Banker always monitors

Lower dominance region Straregic complementarities & multiple equilibria | Upper dominance region

F16. 2.—Lower and upper dominance regions.

by »(§¢, N\) and report in (18) the value it takes for different beliefs about
the level of withdrawals N when the realization of fundamentals is equal
to &:

wDR, — Dr, if N(§) >N\ > 6,
v(E,N) = ~Dr,  if min(0(¢),1) > N> A(%),  (18)
—(&1 + L)/N if 1> N> min(8(§),1).

We discuss the three regions in (18) in turn. The first case concerns beliefs
for N\ under which the banker has an incentive to monitor, so that full re-
payment at ¢ = 3 is possible. The maximum level for which this is true is
given by

(8- 1+ L)R — &Ry + X/w)
D(Rﬂ”n - ERD) ’

NE) = (19)
with dA(£)/d¢ > 0, using the chain rule and lemma 2. The payoff differen-
tial in this region is wDR;, — Dy, which is strictly positive; otherwise, no pa-
tient savers would ever wish to wait. The remaining regions have no mon-
itoring. The second one is when X > A(£) but less than min(6(£), 1). Here
the banker has enough liquidity to serve all A withdrawals. Recall that
0(¢) = (L + £1)/(Dnp) from (10). Lemma 3 shows that A(§) < 6(£). So a
patient saver’s payoff differential is —Dry,. Finally, if min(0(£),1) <N <1,
the bank cannot fully repay all savers that withdraw and is liquidated. A
saver gets zero if she waits, while she is repaid with probability 6(£)/N
if she withdraws and the expected payoff is 6(£)/NDr, = (L + £I)/\.
Hence, the expected payoff differential is equal to — (L + £7)/A. Below
we refer to this region of N’s as the full-run region.®

The next lemma says that an individual saver may still want to with-
draw, even if the bank has enough liquidity to serve all withdrawals, when
she believes that the banker will not monitor.

LemMa $ (Strategic complementarities and monitoring). & < A(£) <

0(5) for ¢ [Eld, Eud)~

% For completeness, note that this region will not exist if £ € [é, £ua)-
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Proof. 0(%) and X(E) are increasing in £, the latter from lemma 2.
Thus, X(é) > 6 with strict inequality for £ > £,4. Moreover, from the defini-
tions of #(¢) and )A\QS) in (10) and (19), 6(¢) > 1 and )A\(S) <1 for £e
£, £.a)- For £ € [£14, £), N(£) < 0(£) can be rewritten as

oe) R _E(R + X/(D)
Ry — ERD Rimy — ERI) ’

(20)

-~

which is always true because 6(£) < 1 for £ € [£y, é), while Ryry, — £R, > 0
from lemma 2. QED

Step 3—Because the sign of »(£, N) in (18) depends on beliefs about A,
a coordination problem among patient savers arises, leading to multiple
equilibria. To resolve the multiplicity, we model a global game whereby
each patient saver i receives a private noisy signal x;, = £ + g;att = 2; ¢,
are small error terms that are independent and uniformly distributed
over [—e¢, ]. These signals provide information not only about £ but also
about other savers’ signals, so that inference about their actions is possi-
ble. We seek a symmetric equilibrium characterized by a threshold signal
%" such that an individual patient saver will withdraw her deposits if
x; < x*. Under such a threshold strategy, the number of savers that with-
draw at a given level of fundamentals £ is

1 if&<x* —e
NE &™) =< 6+ (1 —8)Prob(x, < &¥) if ™ —e < & < x" +¢ (21)

1) if £> %" + e

If £ is lower than x* — ¢, then all patient savers receive signals x; < x*
and withdraw, thatis, N(§, x*) = 1. The opposite is true for £ > x* + ¢. In
this case, all patient savers receive signals x; > x* and keep their deposits
in the bank, while only the impatient ones withdraw, thatis, N(§, x*) = 6.
Finally, if £ € [x* — ¢, x* + ¢], some patient savers will receive signals that
are lower than x* and will withdraw their deposits; others will receive a
signal higher than x* and will keep their deposits in the bank. Because
g;1s independently and identically distributed, the law of large numbers
obtains and the number of savers withdrawing for a given level of £ is
NE, x*) =6+ (1 — 8)Prob(x; < x*) =6+ (1 — 6)(x* — & + &)/2¢, which
is increasing in x* and decreasing in £.

Given «*, there are two cutoffs for fundamentals £,(x*) and £;(x*) such
that the bank can serve all withdrawals for realizations & > &,(x*) and
the banker has incentives to monitor for realizations £ > £;(x*). These
two cutoffs are, respectively, the solutions to N(&(x*), x*) = 0(&(x™))
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and N(&;(x*), x*) = A(E:(x*)), the properties of which are established in
lemma 4.

LeEmMA 4 (Regions of & with illiquidity and no monitoring). Consider
signal threshold x". Then, there exist unique cutoffs £,(x*) and &; (x*), with
") < £(+°). .

Proof.  First, for x* € [Eg + &, & — €),all Eliein [E4, Ea). IFE € [€14, £),
then with (10) and (21), M(&(x™), x*) = 0(&(x*)) yields

_&g[(1 +6)Drp —2- L] + x*(1 — 8)Dnp
28[ + (1 - 6)DTD ’

E(x7) (22)
which lies in (x* — ¢, x* + ¢) because (i) N(£, x*) is continuous and de-
creasing in &, (ii) 0(§) is continuous and increasing in £, (iii) M«x* — ¢,
x) =1>0(x* —¢) for «* <&—¢ and (iv) Nx*+ex") =06<
0(x* + &) for x* > &4 + & For £ € [£,£.), 0(8) = 1, so we set &(x*) =
x* — g, that is, the fullrun region is the null set. Similarly, £5(x*) is given
by M&i(x*), x*) = N(&i(x*)), which yields
x*te—E((x")  (E(X)+ L)R — & (x*)(DRy + X/ w)

6+ (1-96) % = DRy — & () o) . (23)

Though (23) is quadratic, there exists a unique &;(x*) lying in (x* — ¢,
x* + ). First, N(§, &) is continuous and decreasing in £, while X(E) is con-
tinuous and increasing in £ because of lemma 2. Second, N(x* — &, x*) =
1> N(x* — &) for &* < £,4 — & and third, N(x* + & x*) = 6 < N(x* + &)
for x* > &4 + &. So, the two functions cross once in (x* — &, x* + ¢) and
there exists a unique £; (x*). Because \(§) < 0(£) forany £ € [£,4, £44) from
lemma 3, we get that &,(x™) < &;(x™).

To conclude, for ™ such that £ < £, we have N(£, x*) = 1 and thus set
£(x*) = Ei(x*) = x* + & For " such that £ > £,4, we have \(£, x*) = §
and set £ (x™) = &(x*) = x* — &. QED

Under threshold strategy ", the beliefs of an individual saver about ag-
gregate withdrawals are well defined, allowing her to compute the expected
payoff differential between waiting and withdrawing given her private
signal. The saver uses the signal to update her beliefs about the realization
of £. Given that both £ and ¢; are uniformly distributed, the posterior dis-
tribution of £ given x;is £|x; ~ U[x; — &, x; + ¢]. Thus, the expected payoff
differential is

1 x;+e
Alx;, x*) = %J v(&, N(E, x"))dE. (24)

A patient saver prefers to withdraw if A(x;, x*) < 0 for all x; < x* and
prefers to wait if A(x;, x*) >0 for all x; > x*. A(x;, x*) is continuous
in x;, because a change in the signal changes only the limits of integra-
tion [xi —¢& x + 8] and the integrand is bounded. Hence, a patient saver
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who receives signal x; = x* is indifferent between waiting and withdraw-
ing if

- 1o .
A(x™) = A(x", x") = —J v(E,N&, x7))dE = 0. (25)

2e ) —s

We need to establish two results: first, that a threshold strategy is an
equilibrium, that is, A(x;, x*) < 0 for x; < x* and A(x;, x*) > 0 for x; > x™;
second, and more importantly, that there exists a unique x* satisfying
A(x*) = 0. The proof of the first result is as follows.

Step 4—For signal x; < x*, decompose the intervals [x; — ¢, x; + ¢] and
[x* — & x* + ¢ into a common part ¢ = [x — &, x + & N [x* — & x* + ¢
and two disjoint parts d' = [x; — &, x; + ¢]\c and d* = [x* — & x* + ¢]\c.
Under a common threshold strategy, all savers form beliefs according
to (21). Individual signals matter for savers’ posterior beliefs about &
and the possible realizations of . Hence, (24) and (25) can be also de-
composed to common and disjoint parts, respectively, as A(x;, x*) =
Age, + Asey and A(x*) = Age, + Arer. From (21), Nis always 1 over d, thus
ANeer = [ieqv(§,1)dE = — [, (E1 + L)dE <0 from (18). Hence, it suf-
fices to show that Ag, < 0. We will use the facts that A(x*) = 0 and that
v changes sign (crosses zero) only once while being positive and negative
for higher and lower values of £ € [x* — ¢, x* + ¢]. Hence, A, > 0 and
Age. < 0, since the fundamentals are higher over d* than ¢. The fact that
vmay be increasing in £ in the lower segment of ¢ does not matter, because
vis still negative in that segment. Essentially, observing a signal x; below x*
shifts probability from positive values of » to negative values of »—recall
that noise is uniformly distributed—and A(x;, x*) < A(x*) = 0. The argu-
ment holds trivially if the interval ¢is empty. The proof for x; > x* is sim-
ilar. As in Goldstein and Pauzner (2005), single crossing of » at zero suf-
fices for a threshold strategy, should it exist, to be an equilibrium.

Step 5—To prove existence, note that A(x*) < Oforx* < &4 — &, because
this level of signal x* implies that ¢ < &4 and thus v(&, N(§, ™)) < 0 always.
Similarly, A(x*) > 0 for x* > £,q4 + &. Moreover, all the integrands and the
limits of integration in A(x*) are bounded and continuous in x*. Hence,
A(x*) is continuous in x*, which implies that there are solutions to
E(x*) = 0 given the existence of &, and &, for lemmas 1 and 2.

To prove that x* is unique, it is typical in the global games literature to
consider environments in which state monotonicity holds (Morris and
Shin 2003; Rochet and Vives 2004; Goldstein and Pauzner 2005). This
property requires that A(x*) is always increasing in x*, which implies that
the solution to A(x*) = 0 is unique since A can cross zero only once.
However, this property does not necessarily hold in our model because,
as we show in detail below, v(£, N) is decreasing in £ in the full-run re-
gion. This means that we cannot ensure that A is always increasing.
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The ambiguity arises because savers have higher incentives to run on a
stronger bank than a weaker bank, conditional on a run occurring, be-
cause their chances of getting paid are higher. We call this property per-
verse state monotonicity. To see the issue, use lemma (4) to write A(x*) as

Ao SN e+ Lag [(BYdg [ i
AR ==, s oo, | Do ¥ DR, — D) —. (26
) JX**H N, x%) 2¢ L(x*) "% L(ﬁ)(w b= Dro) 2¢ (26)

Varying x* changes both the threshold strategy and the signal that the
threshold saver receives, changing both the limits of integration and A (£, x*)
in (26). It is convenient to set x* = X + Ax and vary Ax while keeping X

s

fixed. Defining £ = £ — Ax, we can express A(x*) as A(X + Ax) equal to

- rwmx (§ + Ax)I + Lak

x—e )\ ~, X 2
(&%)  2¢ @

£ (X+Ax)— A dé Xte d§
,LAHM)MDTD % * L(ic+Ax)Ax(wDR[) DTD) % ’

where we have used the fact that A(£ + Ax, X + Ax) = \(, &), that is,
perceived withdrawals are unaffected by varying Ax, as a higher thresh-
old means that the threshold saver also has higher posterior over £.
The transformation in (27) shows that increasing Axis equivalent to hav-
ing the threshold saver think that the liquidation value is higher by an
amount Ax for all values £ in the interval [x — &, X + ¢]. This enables
the easy comparison of A(x + Ax) for liquidation values in the same in-
terval [x — &, ¥ + ¢] but for different values of Ax given by

dA(x + Ax) e Y /| dg; (% + Ax)
—_ = =+ —|1-=2"_""/14DR,. (28
dAx J aax PR (28)

NE %) 2 2
Note that the limit of integration, &(x + Ax) — Ax, also changes with Ax,
butit does not affect A(X + Ax) because ((£ + Ax)I + L)/\(£, k) evaluated
at £ = £(x + Ax) — Ax is equal to Dr, using (& (% + Ax) — Ax, %) =
A& (R + Ax), & + Ax) = 0(£,(% + Ax)) = (§(% + Ax)T + L)/(Dny).

Thus, the overall effect on A is ambiguous. A higher threshold signal
pushes down the payoft differential in the full-run region (first term in [28]),
but it increases the region where monitoring occurs (second term in [28]).
To see that the latter term is positive, totally differentiate AM(&;(x + Ax),
& + Ax) = NM&i(% + Ax)), which is the condition that gives £; (% + Ax).
Doing so yields d&; (x + Ax)/dAx = ON/0Ax - (dN/dE — ON/OdE) ™", which
is less that 1 because ON/OAx = ON/Ox* = —dN/OdE > 0 from (21) and
d\/dE > 0 from lemma 2.

Because of the perverse state monotonicity, we need to use a new
proof that covers three possible cases that are depicted in figure 3. A first
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Bx") Blx) Bx)
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FiG6. 3.—Perverse state monotonicity.

possibility is similar to what is typically studied in the literature, where v(§, N)
is always increasing in the state. If this happens to be true, the threshold
solving A(x*) = 0 will be unique, as depicted in the left panel in figure 3.
However, (£, N\) may not be increasing in the state. Instead, it could be
a situation (as in the middle panel) where there are multiple solutions
or asituation (as in the right panel) where there is a unique solution, de-
spite the fact that A(x*) is not increasing in x* everywhere in the domain.

To establish uniqueness under perverse state monotonicity, notice that
to rule out the problematic middle case, A(x*) does not need to be in-
creasing for any x* (as is typically required) but instead only needs to be
strictly increasing at candidate solutions that solve A(x*) = 0, which we
know exist. This weaker requirement is graphically depicted in figure 4.
In the left panel, where there are multiple solutions, A will necessarily
cross the x-axis both from below and from above. This means that the de-
rivative of A at the candidate solutions (circles on the x-axis) can be either
positive or negative. On the contrary, in the unique solution in the right
panel, the derivative at the candidate solution is strictly positive. Hence,
the strategy to establish uniqueness requires showing that the derivative
of A at a solution is always strictly positive.

We analyze the equilibrium, as the noise shrinks to zero, ¢ — 0. Note
that if we take the limit ¢ — 0 and use the expressions in lemma 4, the

A(x") Ax")

Fic. 4.—Graphical representation of uniqueness argument.
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thresholds for fundamentals £,(x") and &5 (x*) converge to the same thresh-
old £*, which equals x*. When we work with ¢ — 0, itis convenient to change
the variable of integration in A(x*) from £ to A. Recall that a saver who re-
ceives signal x* believes that N is given by N§&, x*) = 6 + (1 — 6)(x* —
£ +¢)/2 and that £ ~ U[x* — ¢, x* + ¢]. Thus, as £ increases uniformly
from x* — ¢ to x* + &, N decreases uniformly from 1 to . Given &, define

AE) dN
AW[(E) = J& wDRDl _ 6!

W N (U ET+ L dh
Awd(g) = J5 Drl)1 — 6 + Jg(g) )\ 1 _ 6;

where for completeness, we recall equations (10) and (19),

¢+ L <.« (I + L)R — £(DRy + X/w)
D’I"D and )\(E) B D(R]’I"D - ERD)

0(¢) =

Rewrite £ = x* + & — 2¢(N — 8)/(1 — §) as a function of A ~ UJ[6, 1].
Per change of variable of integration in (25) from § to A and examina-
tion of v(¢, N) in (18), one can see that A, (£¥) is the payoff from waiting,
while A (£¥) is the payoff from withdrawing for a patient saver when £ =
£*. The indifference condition (25) at the equilibrium £* can be written,
for e — 0, as

Awt(g*) = Awd(g*)' (29)

The following proposition establishes the key result.

PrOPOSITION 1 (Threshold uniqueness). The solution £* to (29) is
unique.

To prove the proposition, we compare the elasticities of A, and A4 at
¢ = £*. Define and calculate the elasticities as

M) = Au(®) A‘f@) - X’@)ﬁ’
: L (E1/N[dN/(1 — 8)]
Mal€) = Awal8) T = - Av($) ’

where we have used that Dr;, = (£1 + L)/6(&) from the definition of 6(£)
and therefore the derivatives with respect to the integral bounds cancel.
We shall show that

Ma(€7) > 1> na(E7). (30)
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With that and (29), A (%) > ALi(£%), that is, the difference A (£) —
Ava(€) has a positive slope at £ = £ and can cross zero only from below,
establishing the proposition.

Equation (30) will be established using lemmas 1 and 2 as well as the
next two lemmas.
~ Lemma 5 (Elasticity of payoff from waiting). Given lemmas 1 and 2,
N(E) > (\E) — 8)/z. A

Proof.  Using the definition of A(£), taking the derivative, and recom-
bining terms, we get

cpy _ NE) =8 ( ER, ) (6Dm — LR, _ N(§) — 6

N(§) = 1+ + > , (31
(E> E Rirp — SRD ED(RITD - ERIJ) E ( )

because 6Dr, — L > 0 from lemma 1 and R;rp — £R, > 0 for £ < £ from

lemma 2. QED

The lemma establishes that nwt(f*) > 1, the left part of (30). This is an
intuitive property, because it implies that a saver believes that the probabil-
ity of monitoring, given by (A(£) — 8)/(1 — &), would increase by more
than 1% if she received a 1% higher signal about £. This is because a better
& reduces the need to recall loans to pay impatient savers—the second term
of N'(£) in (31)—and the loans that are left in place can serve even more
withdrawals by patient savers if needed—the first term of N'(£) in (31).

LeMmMA 6 (Elasticity of payoff from withdrawing).

Vgl dN
J<s> N6 Ara(8).

Proof.  This follows, since the term on the left is one of the summands
defining A, 4(£) and since all the summands are nonnegative, with at least
one strictly positive. QED

This lemma establishes that 1 > n,4(£"), the right part of (30). This is
intuitive, because a part of A,4(£) is linearly increasing in ¢ (in the full
run region) and another part is positive but independent of ¢ (in the re-
gion where deposit withdrawals are paid in full). So raising ¢ increases
the payoff from withdrawing by less than one for one. Hence, proposi-
tion 1 is now established.

Step 6.—Consequently, we have the following proposition.

ProrosiTiON 2 (Threshold strategy equilibrium). Assume that the
model parameters are such thatlemmas 1 and 2 obtain. For ¢ — 0, there
exists unique £* such that a patient depositor does not withdraw at ¢ = 2
if x; > £* and withdraws if x; < £*. Therefore, a run does not occur if
£ > £%, and the bank is fully liquidated if £ < £*.

Proof.  Given lower and upper dominance regions from lemmas 1 and
2, proposition 1 shows that there exists a unique £* that the threshold sig-
nal ¥ and threshold for fundamentals, £,(x") and &;(x*), converge to for
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& — 0. Moreover, we showed earlier that a threshold strategy—whereby an
individual patient saver withdraws only if x; is below a common x"—is an
equilibrium. QED
In the rest of paper, we use the following notation for the condition that
yields £* as a function of all other predetermined endogenous variables:
GG = lmA(x") = Au(£") — Aw(E") = 0. (32)
The appendix, available online, shows that proposition 2 is also true
for positive but sufficiently small &.

E.  Private Equilibrium

The banker will choose both sides of the balance sheet to maximize her own
profits, as shown in (13). The choices of loans, liquidity, deposits, and equity
need to satisfy the global game constraint (32), which determines the run
threshold; the deposit supply schedule (2), which determines the deposit
rates; and the loan demand schedule (7), which determines the loan rate.
The balance sheet identity also holds so only three of the four variables
can be freely chosen. The banker will internalize the effect of her actions
on the run threshold, on deposit supply, and on loan demand. As a result,
conditions (32), (2), and (7) not only need to be satisfied in equilibrium
but also will be explicit constraints in the banker’s optimization problem,
the solution to which defines the private equilibrium (PE). Essentially, this
means that the banker also chooses directly the level of the run threshold
as well as the deposit and loan rates rather than letting them be deter-
mined competitively in equilibrium. Finally, the banker will never choose
allocations that result in lower welfare than her outside option. The bank
can either invest in the storage technology or lend to entrepreneurs with-
out accepting savers’ deposits. Thus, the banker’s outside option is Uy =
max[Ug, Ug], where Uj is the utility in autarky (where the bank holds only
liquid assets) and Uj is the utility when the banker does not take deposits
and lends to E using only her own capital.’

DeriNiTION 1. The private equilibrium is defined as the set of bank
assets, {/, L}, bank liabilities, {D, E}, the run threshold, £*, deposit rates,
{r, Ry}, and the loan rate, R, that maximize banker’s utility, Uy, defined
in (13) subject to the balance sheet (BS) constraint (9), the global game

? The utility in autarkyis Uy = W(ey — ) + «, where o > 0 is the storage investment sat-
isfying W(& — o) = 1. Note that if W(e) > 1, then a = 0. If the banker lends to entre-
preneurs using only her own capital, her utility is Uy = W(g — n) + o(1 + n,)n — X,
where 7, is the interest rate determined by the loan demand 1 + 7, = A — ¢(n)/w. Because
B internalizes how the choice of n affects the loan rate that entrepreneurs are willing to
accept, the optimal n > 0 is the solution to —W'(eg — n) + wA — ¢(n) — ¢'(n)n = 0.
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(GG) constraint (32), the deposit supply (DS) schedule (2), and the loan
demand (LD) schedule (7).
Each first-order condition in the private equilibrium takes the form

Uy
oC

oy
+ — =0, 33
S (83)

where C € {I,L,D,E, £, 1, Rp, R/}, ¥y are the shadow values on con-
straints ) € {BS, GG, DS, LD} and 0Y/dC the partial derivatives captur-
ing the effect of choice C on these constraints. Take, for example, the lend-
ing choice, thatis, C = I. Then (33) says that the optimal level of lending
is determined by having the banker trade off the marginal return accruing
to her, 6U, /31, against the shadow cost of funds, Yss, and the way it affects
the run threshold determination, the deposit supply, and the loan de-
mand. The optimality condition for the other variables can be similarly in-
terpreted, and we report the detailed expressions for the partial deriva-
tives in the appendix.

The optimality condition with respect to E, which is Y5 = W'(e — E),
deserves special attention because it highlights another way in which our
model differs from others in the literature. This condition says that inject-
ing more equity requires the banker to give up consumption in the initial
period in exchange for increasing the funds of the bank.' Thus, the shadow
cost of funds, Y, is inversely related to the amount of equity the banker
puts in the bank. In banking models without endogenous credit and run
risk, the higher funding costs of injecting more equity would feed in higher
loan rates and lower investment. In our model, this is not necessarily true:
higher equity can improve the safety of deposits, which can be compatible
with lower loan rates and more investment.

While the banker is free to choose any three of the quantities on her bal-
ance sheet, to explain how the model works, itis helpful to summarize the
choices in terms of three different combinations. In particular, we will sum-
marize the private equilibrium in terms of the asset allocation choice, the
capital structure choice, and the level of lending (that is deposit funded).
The three margins can be easily interpreted (see the appendix for detailed
expressions).

The asset allocation margin is

s = (G =) e (i~ )

34
dL dl (34)

dL dl

' Note that the condition does not include the term for the effect of additional equity on
constraints GG, deposit supply, and loan demand. This is true because E does not appear di-
rectly in (32), (2), or (7), but this does not mean that equity is irrelevant for their determi-
nation. On the contrary, equity issuance can affect the run probability, the deposit supply,
and the loan demand through its joint determination with other equilibrium variables.
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AAM,y; captures the decision to shift a unit of loans into liquid assets,
consisting of the effect on B’s utility via bank profitability (the first term)
and the effect via the run probability (the second term).

Similarly, the capital structure margin is

AUy _ dUy) _ Uy de*
dE dD a¢* dD’

CSM,;; = ( (35)

and it captures the decision to replace a unit of deposits with equity.
Last, the deposit lending margin is

Wy | dUy) | dUy (dE° | dE")
al " ap) " ag" \al " dp

DIM;; = ( (36)
and it captures the decision to raise a unit of deposits in order to expand
lending. This decision will raise run risk because both sides of the balance
sheet become riskier, and the only reason to do it will be to make more
credit available to the entrepreneur. So this margin is one way to describe
how the banker’s private choices affect the entrepreneur relative to the
saver.

To understand how these margins determine the structure of the
bank’s balance sheet, startin reverse order. Given a level of Dand L, DIM,;
determines the level of lending by fixing the spread between loans and
deposits; higher [ requires a lower spread, all else being equal, and vice
versa. Then, AAM;; and CSM,;; simultaneously fix Land D, or the liquidity
ratio £ = L/(I + L) and the leverage ratio k = E/(E + D), given that
E =1+ L — D from the balance sheet identity.

CoroLLARY 1. Theliquidityratio, ¢, the leverage ratio, k, and the loan-
deposit spread, R, — Ry, characterize the banker’s optimal choices."!

Before we compare the private equilibrium and the social one, we briefly
discuss the assumptions about the banker’s behavior. First, the possibility
of arun disciplines the banker, who internalizes how her lending and fund-
ing choices affect £* and hence the probability that she will make profits
(see also Calomiris and Kahn 1991; Diamond and Rajan 2000). These con-
siderations are captured by the terms multiplied by the shadow value on
the global game constraint, Y, in (33).

Second, the banker internalizes how her choices affect r,and R,,. Thisis
possible because the debt is demandable and savers can fully observe the
bank’s balance sheet. At the moment of entering into a deposit contract,

"' The statistics in corollary 1 are not exclusive. For example, one could combine (33)
with respect to L and D, on the one hand, and with respect to EFand /, on the other hand,
to obtain alternative margins to AAM and CSM. These margins would be proxied by a re-
serve ratio, L/D, and a risk-weighted capital ratio, CR = E/I, respectively.
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savers observe the balance sheet and can rationally compute the underly-
ing risks. Hence, if the banker alters the balance sheet, savers can request
new contract terms, so that their optimal supply of deposits reflects the
new risks. The banker anticipates this behavior and internalizes the im-
pact of all of her choices on deposit supply. These considerations are cap-
tured by the terms multiplied by the shadow value on the deposit supply
schedule, Yy, in (33).

Third, the banker internalizes how all of her choices affect R. These
considerations are captured by the terms multiplied by the shadow value
on the loan demand schedule, ¥, in (33).

We relax these assumptions in the extensions in section V.

III. Efficient Allocations

Our bank offers socially useful services but faces the risk of a run. Run risk
is harmful for all agents in the economy, but the effects on their respective
welfare differ. Bwould benefit from low run risk, but reducing the risk low-
ers profits. S would prefer lower run risk and more deposit services, while
E would benefit from higher lending accompanied by lower run risk.

The private banking choices are socially inefficient. B fully internalizes
how herlending and capital decisions change the probability of a run, the
depositrates, and the loan rate. Yet B maximizes her own utility, disregard-
ing the direct effect of her actions on the welfare of Sand E. In turn, S and
E are atomistic and do not internalize how their own decisions affect the
bank (and the probability of a run). To examine how private choices dis-
tort outcomes, we consider a social planner who internalizes the effects of
banking choices on all agents butis constrained by the market structure of
the economy. We show that all three margins derived in section ILE are
distorted from the planner’s perspective. Section III.A sets up the plan-
ner’s problem and identifies the sources of differences between the pri-
vate and social optimization margins. Section IIL.B presents a numerical
solution to the model and describes how the private and social planner’s
allocations differ.

A. Social Planner

The social planner maximizes the following social welfare function:
[USP = [Up, + 1U5[Us + ZU]-‘_[U]-‘_, (37)

where wg > 0, wg > 0 are the weights assigned to S and E, while we have
normalized the weight on B to 1 to facilitate the comparison with the
private optimality conditions (other normalizations are also possible).
Agents’ utilities are given by (1), (5),and (13). The planneris constrained
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by the market structure, thatis, she cannot use lump-sum transfers to allo-
cate resources across agents or complete any missing markets.' Moreover,
the planner respects the run determination given by (32) as well as the de-
positsupply and loan demand schedules (2) and (7). Given that the latter
two hold with equality in the planner’s problem, we can substitute the in-
direct utilities (4) and (8) into (37) to get

U = U + wsUs + weU;. (38)

Using (38) instead of (37) adds a lot of tractability in the optimizing con-
ditions and, as we show below, allows us to pinpoint the sources of distor-
tions in the private equilibrium that a planner would like to address. In
particular, Us depends on only D and £*, with

Uz

D —U"(es — D) — (1 = q)V"(Drp)Drj > 0, (39)
ou; o 1

Therefore, a planner who cares primarily about S would like to increase D
and reduce £*.
Similarly, U depends on only I and £, with

U _ o
&~ (L= qd(D1>0, (41)
Uy o 1

Hence, a planner who cares primarily about E would like to increase
and reduce £*.

DEeFINITION 2. The social planner’s equilibrium is defined as the set
of bank assets, {/, L}, bank liabilities, {D, £}, the run threshold, £*, deposit
rates, {1, Ry}, and the loan rate, R, that maximize social welfare, [U;kp, de-
fined in (38) subject to the balance sheet constraint (9), the global game
constraint (32), the deposit supply schedule (2), and the loan demand
schedule (7).

Each first-order condition in the planner’s equilibrium takes the form
U U U oy

+ w +'LUE

- - -+ -~ =
ac v ac ac %b " (43)

'* Because of market incompleteness, we cannot unambiguously obtain a welfare crite-
rion to maximize total surplus. Thus, we assign weights for different agents in a social wel-
fare function and study different constellations of these weights.
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where {y are the shadow values on the constraints ) € {BS, GG, DS, LD}
(analogous to ¥y in the private equilibrium). The planner’s optimality
conditions differ from the private ones, because the planner accounts
for how her choices affect S and E and thus assigns different shadow val-
ues on the same constraints ). Following the same steps as for the private
equilibrium, we can derive the same three margins for the planner (see
the appendix for detailed expressions).

The asset allocation margin for the planner can be written as AAMgp =
AAM,; + AAM,yp, where AAM,; is given by (34) and AAMyy;, is a wedge,
which captures the additional distortions that the planner takes into ac-
count and will try to correct, given by

oUs atui) (ag* ot*

AAMyyp = <ws¥ + wEf oL ﬁ) = we(l = q)"()I . (44)

Run consequences from asset allocation

Surplus to E from additional I

The first term in (44) captures the impact on run risk due to the choice of
the asset allocation between liquid assets and loans. If shifting a unit of
loans to liquid assets reduces the run probability—that is, d&*/dL —
dé*/dl is negative—then because the planner cares about S and E, she
would want a more liquid asset mix than in the private equilibrium.
The last term in (44) captures the surplus created for the entrepreneur
from an additional unit of investment, and this consideration leads the
planner to increase the level of investment to favor E. Note that in princi-
ple, a more liquid asset mix and more investment can be consistent if they
are accompanied by a bigger balance sheet.

Similarly, the capital structure margin for the planner is CSMsp =
CSMp; + CSMyyp, where CSM,;; is given by (35) and the wedge CSMyy,
is given by

ws[U" (es = D)D + (1 — q)V"(Drpy)Dr2].  (45)

oz aiuz) oL*

st = (s G2+ e )5

Surplus to S from additional D
Run consequences from liability mix

Shifting funding from deposits to equity reduces run risk and helps S and
E but reduces the surplus to S, because the last term is negative (because
of concavity of Uand V).

Finally, the deposit loan margin for the planner is DIMg, = DIM,;+
DIMyyp, where DIM,y is given by (36) and the wedge DIMyyy, is given by

Run consequences of boosting loans and deposits

U Uy [og* ot
DIMyp = (s o + wp ok ) (S5 4 %5
W (wb ogr " ag*) (al oD

(46)
— ws[U"(es = D)D + (1 — q)V"(Dry)Driy] + we(1 — q)c"(1)1.

Surplus to S and E from boosting loans and deposits
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If an additional unit of deposits to fund loans increases the probability of
a run—that is, 0£* /0l + 0£* /0D > 0—the planner would like to do less
of that. Yet the run considerations may be offset by the second term, be-
cause taking more deposits to make more loans increases the surplus to
S and E.

Having described the various wedges, we have established three of our
four main results. First, we have seen that there are three distorted mar-
gins that differ between the private and social allocations. Second, all
three wedges feature a component linking the structure of the balance
sheet to run risk and a component that captures the surplus created for
S and/or E. The planner trades off reducing run risk against improving
the surplus accruing to S and/or E when the run does not occur. In doing
so, she chooses a different asset allocation, capital structure, and level of
lending funded by deposits, which have a directimpact on the surplus and
an indirect impact on run risk.

Our third main result is that correcting these distortions involves trade-
offs, asit skews allocations toward either favoring E over S or vice versa. For
instance, holding more safe assets and fewer loans helps S because it
makes their deposits safer. Conversely, holding more loans and fewer safe
assets creates more opportunities for E but reduces the buffer that helps
mitigate the riskiness of deposits.

In section IV, we show how to implement (decentralize) the planner’s
solution with regulation. This will take us to our fourth main result that
the three distortions are distinct, and three independent tools are gener-
ally needed to replicate the planner’s allocations.

For completeness, the following corollary shows the conditions for con-
strained efficiency.

CoroLLARY 2. The private and social planner’s equilibria coincide
if all of the following conditions hold: (i) ¢’() = 0, (ii)) V"() = 0, and
(iii) U"() = 0 or e > & such that Ls > 0.

Proof. Set ¢(x) = a,xand V(x) = a,x, with a,, @, > 0 (recall that ¢(0) =
V(0) = 0). Then, oU; /6t = —[¢(I)] — ¢(I)]/A; = 0 and 8U; /0" =
—[V(Drp) — V'(Drp)Drp]/A; = 0. Moreover, (1 — ¢)c"(I)I =0 and
(1 = q)V"(Drp)Drjy = 0. Given U” = 0, all wedges AAMyp = CSMyyp, =
DIMyyp = 0. Note that U” = 0 occurs endogenously if Ls > 0, since U' =
36 + B*(1 — 8) from (3). QED

Corollary 2 says that if the bank is creating no welfare gains for Sand E,
there is nothing a planner can do to improve outcomes under the as-
sumed market structure. This is not surprising because the private and
social allocations differ only because B disregards the direct effects of
her choices on S and E. If the bank cannot create any value for S and E,
there is no scope for an intervention by the planner to improve outcomes.
In section V, we explore extensions of the model under which there are
additional reasons why private and social allocations differ. In those cases,
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a planner might make different choices than private agents even under
the conditions in corollary 2.

Finally, it is also possible that changing the nature of competition in the
deposit or loan markets could overturn corollary 2. For instance, if there
were multiple banks competing to raise deposits, it is possible that they
would be led to offering contracts that implicitly maximize saver’s welfare
subject to the banks’ participation constraints. In that case, the private
choices might match the ones made by the planner when the weights
are ws = 1 and wy = 0, while banks break even. A similar argument could
be made for the case of severe competition in the loan market. More work
investigating the role of competition would be a promising direction for
future research.

B.  Numerical Example

This section presents our benchmark numerical example and compares
the private equilibrium with the planner’s solution under different wg
and ws, focusing on the distortions in the three margins.

1. Parameterization

The full set of parameters we used to solve the model is shown in table 1.
The parametrization should be taken more as an illustrative example to
highlight the mechanisms in the model rather than as a realistic calibra-
tion of the economy that would be suitable for making quantitative state-
ments about the absolute optimal level of banking regulations. We have
experimented with various other parameter choices, and the findings that
we emphasize are quite robust.

TABLE 1

PARAMETERIZATION
Parameter Value
e 2.50
e .10
A 4.50
4] .80
Cp 27
¢ 1
o3 3
X .10

e e Ty O 2
IS
[




808 JOURNAL OF POLITICAL ECONOMY

Our model would require further modifications to use it for quantita-
tive policy analysis. For example, all liabilities are unsecured, while in prac-
tice, certain types of deposits are insured. Deposit insurance, even if par-
tial, would reduce the reliance on market discipline exerted by depositors.
Hence, deposit rates would be much lower, as we see in advanced econo-
mies. Itis also not clear whether the various regulations in practice (Basel
requirements, stress tests) are binding and whether one should be cali-
brating to match a regulated economy rather than an unregulated private
equilibrium. Another potential concern is that our model consists of
three periods, so one would need to decide how to interpret the length
of each period. Finally, the quasilinearity of preferences as well as the fi-
nite horizon of the model make depositors willing to accept a higher prob-
ability of a run than if they were risk averse or if there was a continuation
value for the bank. One could add convex bankruptcy costs to mimic a
higher degree of risk aversion as well as model the continuation value,
but doing so is not important to make our fundamental analytic points.

With these caveats in mind, let us call attention to some of the consid-
erations we took into account while choosing the model parameters. Our
objective in picking them was to obtain a private equilibrium that is rich
enough to describe the mechanisms we want to highlight rather than to
match observable variables. First, the bank is profitable enough, and
the initial equity of the banker and her preference for current consump-
tion are such that she voluntarily uses some of her endowment to buy
more equity in the bank. So the banker finds operating the bank to be
profitable. Second, the deposit services provided by the bank lead savers
to forgo self-insuring by directly holding the liquid asset. If savers were opt-
ing to self-insure, then the banking sector is underperforming as a pro-
vider of liquidity, and hence regulations that make the bank more stable
would have an additional positive effect. Third, we have chosen the pa-
rameters so that the bank makes loans and invests in liquid assets but also
plans to liquidate some loans to serve early withdrawals. The key parame-
ters responsible for this outcome are the size of the liquidity preference
shock, the distribution of the liquidation values for recalled loans, and
the riskiness of investment. Fourth, we have chosen log utility for ¢ = 1
consumption for both the savers and the banker, while the banker values
future consumption more than the savers do. In particular, U(x) = log(x)
and W(x) = ylog(x), where vy < 1." Finally, we set V(x) = ¢, log(1 + x)

¥ Assigning to the banker the same utility function requires high enough ¢, or low
enough v such that she invests enough of her wealth in equity to provide benefits to savers.
We do the second because we want the banker endowment to represent only a small part of
the total endowment in the economy, with the vast majority accruing to the savers. For
v = 1/, such that savers and the banker discount the future the same way, and for log
utility, we can obtain the same equilibrium for banker’s wealth ¢® = E + (¢ — E)/(8%y),
where Eis the equilibrium value of contributed equity.
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and ¢(x) = ¢x*,with ¢, > 1, which satisfy the general properties that were
assumed for the transaction services’ and effort cost functions.

2. Comparing the Private and Social Equilibria

Table 2 shows the PE and SP outcomes for small perturbation of the wel-
fare weights away from the private equilibrium." We focus the analysis
around the three margins derived in section IILA.

Before turning to the details, itis helpful to recall three things about the
nature of the distortions that the planner is trying to correct. First, the
banker is already internalizing everything that matters for her own wel-
fare. The problem is that she is ignoring the consequences of her choices
on the saver and the borrower. Therefore, anything the planner does to
take this into account will make the banker worse off. So the planner will
be constrained on this front by the need to make sure that the banker will
still find it profitable enough to monitor loans. The saver generally wants
safer deposits. This can be accomplished by reducing the riskiness of
the asset mix or by raising more equity from the banker. The banker will
contribute more equity only if the expected profit yield is high enough.
Finally, the borrower would like to get more loans, but since the demand
curve is downward sloping, more lending requires lower interest rates.

Initially, consider the case where the planner favors E and S equally, for
example, wy = ws = 0.1 in table 2. To address run risk, the planner
would like to increase liquid holdings in the asset mix, because o0& JoL —
0£%/0I < 0 in (44), and increase the amount of equity in the liabilities
mix, because 0¢* /0D > 0 in (45). However, to benefit E and S, the planner
needs to pay attention to the level of loans and deposits such that they do
not drop. To achieve these various goals, the overall size of the bank’s bal-
ance sheet should grow while making assets more liquidity intensive and
liabilities more equity intensive. The reduction in run risk mitigates the
upward pressure on the deposit rate, and the volume of lending has to
be high enough so that, even though the loan rate will be lower, expected
profits grow by enough to induce the banker to supply more equity.

One way to think about what is happening in this experiment is to rec-
ognize thatin the private equilibrium, the banker is restricting lending to
prop up loan rates and limiting deposits to suppress the cost of deposits.
The planning allocations correct these problems. In doing so, the banker
is made slightly worse off, but the other two agents are much better off.
Overall, social welfare rises.

Next, consider the case that the planner wants to favor S but cares little
about E, for example, wy = 0 and wy; = 0.2. Similar to the first case, the

" Given t = 1 allocations, £* is unique, but there may be other private equilibria, each
with a different unique £*.
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TABLE 2
PRIVATELY VERSUS SOCIALLY OPTIMAL SOLUTIONS

SP rorR WEIGHTS (wg, ws)

PE  (.00,.20) (.05,.15) (.10,.10) (.15,.05) (.20,.00)

I 862 785 841 873 899 906
L 052 291 119 .060 012 .000
D 875 962 919 894 873 867
E 038 044 041 039 038 038
R, 4097 4198 4131 4.089 4.051 4.042
R, 1717 1804  1.778 1.767 1.761 1.758
q 407 386 398 403 407 408
‘ 057 219 124 065 013 .000
k 042 044 043 042 042 042
R—(1-08 R, 3239 3296  3.242 3.205 3.170 3.163
I+ L 914 1.006 960 933 911 906
I-E 824 741 800 834 861 867
E(Div) 745 755 750 747 743 743
AU ... —166 —44 33 1.02 1.19

AUs s, . 3.63 1.74 71 -.10 -.30

AUp ) o — 44 -.13 -.05 —.08 -.09

AUsp (5, . 29 11 05 07 14

ASsp ) . 1.53 1.18 99 84 79

Note.—The welfare changes (last five rows) are computed relative to the level of welfare
in the private equilibrium, which is normalized to 1 for each agent.

planner would like to improve the liquidity of the asset mix to address run
risk. But the planner is nowless concerned about the surplus accruing to E
and can more easily shift some of the investment toward the liquid asset.
At the same time, the planner would like to increase equity in the liabili-
ties mix in order to address the run risk but without cutting deposits,
which is what matters for the surplus accruing to S. The planner can in-
crease both liquidity and deposits and, at the same time, guarantee that
B will inject more equity in the bank by cutting the level of lending. This
set of changes is enough to make equity funding attractive for the banker
because the loan-deposit spread rises boosting bank profitability. The
overall size of the balance sheet goes up, but the amount of lending that
is deposit funded falls.

Finally, consider the case where the planner wants to favor E but cares
little about S, for example, wy = 0.2 and ws = 0. The planner would like
toincrease lending and the surplus accruing to E. Thus, the planner shifts
liquidity to loans, which makes deposits more expensive. The planner
could then substitute away from deposits to equity to fund the higher in-
vestment, but this would be possible only if such a shift is accomplished by
maintaining enough profitability so that equity injection by the banker re-
mains attractive. Given the optimality of private allocations from B’s per-
spective, such a shift from deposits to equity—with a shift from liquidity
to loans at the same time—would not be profitable for her. However, be-
cause the planner is not concerned with helping S, it is possible to reduce
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deposit taking, which lowers the deposit rate and also the necessary
amount of liquidity that is needed to be carried for early withdrawals.
The planner shifts allocations so that more deposits are being used to sup-
portlending, even though the bank operates with a smaller balance sheet.

3. Lending, Run Risk, and Welfare in Private
and Social Equilibria

The private equilibrium may exhibit over- or underinvestment (or lending)
compared with the planner’s outcomes depending on wy and ws. Lending
falls and liquid asset holdings rise with higher ws. Both factors contribute to
ahigher liquidityratio¢ = L/(L + I). Lowerlending is accompanied by a
higher loan rate, and this induces the banker to provide more equity. The
leverage ratio k = E/(E + D) improves as a result. Even though this also
helps deposits increase somewhat, the amount of deposits that support
lending is falling, so that the loan-deposit spread rises. The opposite is
true when wy is higher. In this case, investment jumps, but deposits fall.

Naturally, the run probability is lower when more weight is placed on S.
Butlower run risk accompanied by higher £ and k can still be consistent with
higher lending. This can happen when the bank has a bigger balance sheet
and uses more deposit funding to support lending. Notice that this is what
happens when the planner cares equally about entrepreneurs and savers.

The enhanced stability of both the asset portfolio and the capital struc-
ture of the bank is beneficial to S especially because, as discussed above, it
can be accompanied by a higher level of deposit services. Lower run risk is
also beneficial to E but may come at the cost of lower investment and
hence lower surplus from production. Indeed, when investment falls be-
low its level in the private equilibrium, the entrepreneur will be worse off.
As more weight is placed on E, the level of investment increases, pushing
up the run probability and reducing the surplus from deposit services. S’s
welfare goes down, and after a point, she is worse off compared with the
private equilibrium. In this example, both S and E can be made better
off when the planner cares about them equally. B is always worse off, be-
cause she already internalized what mattered for her and any deviation
from the private equilibrium reduces her welfare. Note that the planner
not only increases social welfare Us, = Uy + wsU_J: + wE[U:, which depends
on the weights, but also the overall surplus in the economy, Ssp = Up +
Us + U;. Thus, the planner could improve the welfare of all agents if
she were able to make lump-sum transfers across agents.

IV. Regulation

We now explore how the planner’s solution can be decentralized via var-
ious regulatory interventions. We group tools into two categories. The first
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category includes tools that target the capital structure in order to get
more equity in the bank. The second category includes tools that aim to
make the asset mix more liquid. Sections IV.A and IV.B discuss the effects
when the tools are used in isolation. Section IV.C discusses how the regu-
lations can be optimally combined.

Recall that the leverage and liquidity ratios are k = E/(I + L) and
¢ = L/(I + L). Also, denote the risk-weighted capital ratio by CR = E/I
(with zero weight on L and weight of 1 on 1), the liquidity coverage ratio
by LCR =(L + &I)/(Dr,), and the net stable funding ratio by NSFR =
E + (1-6)D)/I.On top of these regulatory ratios, consider a tax (subsidy)
7p on D, a tax (subsidy) 7,0n [, a tax (subsidy) 7,0on F, and a tax (subsidy) 7,
on L.

A.  Capital Regulation

We first examine higher requirements for k£ and CR. The direct effect of
both tools would be to increase the level of equity in the bank’s liabilities.
Both kand CR affect the probability of a run directly by changing alloca-
tions in (32) and indirectly by influencing loan and deposit rates. Recall
that the banker will invest in additional equity only if the bank profits rise.
Profitability depends on the spread between the R;and Ry, so rising prof-
itability requires either higher loan rates or lower deposit rates. Hence,
either lending will have to fall so that the loan rate can rise or deposits
have to be made safer so that the deposit rate can fall. We first show that
the direct effect (i.e., keeping rates and other allocations constant) of
higher k or CR is to reduce run risk.

ProposiTION 3. For X low enough, the partial equilibrium effect of
higher k or CR on £ is negative.

Proof. Set X = 0 to make the determination of £* via (32) scale in-
variant assuming constant lending and deposit rates. Dividing by / + L,
we can express (32) in terms of k and ¢, yielding the following derivative
with respect to k, keeping ¢ and lending/deposit rates constant:

0GG _ £°R,
ok Ry — E*RD

Thus, 0£*/ok = —(0GG/0k)/(0GG/0¢|,—+) <0, since 0GG/OE|_p+ > 0
from proposition 1. Also, CR = k(1 — /). So higher k is equivalent to higher
CR, all else being equal, and thus higher CR also reduces £*. By continuity,
the proposition holds for positive but low enough X. QED

Hence, in partial equilibrium, tightening k or CR is the same as long as
Ak = ACR(1 — ¢), where ¢ is the liquidity ratio in the private equilibrium.

However, the general equilibrium effects of the two regulations on the
incentive of bankers to hold liquidity and on the deposit supply and loan
demand will differ. These differences stem from the way that k£ and CR

+ 6>wR,, + (6(£%) — 6)r, > 0.
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affect the three margins. Both affect CSM and DIM in the same way by
requiring more equity relative to deposits. Increasing k does not affect
the AAM because the bank can costlessly switch from liquid assets to
loans. This substitution is possible only if lending rates fall, implying that
deposit rates must also fall to boost profitability. By contrast, increasing
CR directly affects the AAM by lowering lending, which will lead to a
higher loan rate. The higher loan rate means that the bank can take
on more deposits than if lending had risen.

Table 3 reports the results for individually tightening k and CR, with
Ak = ACR(1 — /). We show cases in which both requirements increase
by a little and by a lot. The beneficial effect on run risk continues to hold
with general equilibrium effects under both regulations. However, the
magnitude of the decrease differs, and so do the effects on other compo-
nents of the bank’s balance sheet.

First, consider the case where k and CR are marginally tightened. To
compare the effects, notice how the AAM is differentially impacted. Loans
decrease much more under CR than k, which improves bank’s asset liquid-
ity. Thus, run risk goes down even further than what we would expect by
just increasing capital. The lower run risk makes deposits cheaper, and
the bank increases its deposit taking. S gains, while both E and B lose.
The results are similar for k, but the effects are less pronounced because

TABLE 3
SINGLE CAPITAL REGULATIONS
MILDER INCREASE IN BIGGER INCREASE IN
PE CR k CR k
I .862 .856 .862 770 .880
L .052 .064 .055 225 .019
D .875 .880 .876 941 .841
E .038 .040 .040 .053 .058
R, 4.097 4.106 4.099 4.214 4.077
Ry 1.717 1.713 1.711 1.704 1.605
q 407 405 406 .387 405
l .057 .069 .060 226 021
k .042 .044 .044 .03 .065
CR .045 .047 .047 .069 .066
R —(1—-90R, 3.239 3.249 3.243 3.362 3.274
I+ L 914 920 916 994 .899
I—E .824 .816 .821 716 .821
E(Div) 745 749 749 779 791
AU - —-.13 —-.01 —2.03 b1
AUs (4, . 17 .02 2.70 —1.23
AUg (o, - —.01 —-.01 —.61 —1.24
ASsp ) . .03 .01 .06 —1.96

Note.—The welfare changes (last four rows) are computed relative to the level of wel-
fare in the private equilibrium, which is normalized to 1 for each agent.
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the bank can shift some liquidity to lending and still satisfy the regulation.
Because of the additional lending, the bank does not boost liquidity by as
much, so the scope to increase deposits is reduced. The gains for S are
smaller, and so are the losses for E.

Considering a much larger increase in capital, we obtain the same but
stronger effects for CR. However, for k, the substitution toward lending
becomes much more pronounced. The bank actually increases lending
relative to the private equilibrium and substantially reduces its holding
of liquid assets."” Given those changes, the cost of deposits must fall in
order to make the bank profitable enough to support the higher level
of capital. This drop occurs because the total deposits fall, and S are
made worse off from this change. The higher level of lending make E bet-
ter off.

B.  Liquidity Regulation

We next examine higher regulatory requirements on ¢, LCR, and NSFR.
ProrosiTION 4. For X low enough and 6 > exp’1 orl>1/e R, the
partial equilibrium effect of higher ¢, LCR, or NSFR on £* is negative.
Proof. 'When we set X = 0 and follow the same steps as in the proof of
proposition 3, the derivative of GG with respect to ¢, keeping k (and
lending/deposit rates) constant, is

wRyR,
Rimp — E*Rn

-

30 + log O(£%)|, (47)

which is positive if log 6(£¥) > —1, given that wR, > 7, and lemma 2. In
turn, this is satisfied under sufficient conditions 6 > exp ' since §(£*) > 6
orl >0 = lexp (1 — k)n, — £*]/(1 — £*), which is true for high enough
£, Also, LCR = ((1 = §)¢ + &)/(knp) and NSFR = (k+ (1 —8)(1 —
k))/(1 — £). So increasing ¢ is equivalent to increasing LCR or NSFR,
all else being equal, and thus higher LCR or NSFR reduce £*. By conti-
nuity, the proposition holds for positive but low enough X. QED

This proposition establishes that if one fixes the leverage ratio, k, as
well as interest rates, then tightening ¢, LCR, or NSFR reduces run risk
in exactly the same way, because LCR = ((1 — £)¢ + £)/((1 — k)ry) and
NSFR =(k + (1 — 6)(1 — k))/(1 — £). Hence, in a partial equilibrium
setting, one would conclude that these three regulations are equivalent.

These regulations have the unintended consequence that extra liquid-
ity raises patient savers’ incentives to join the full run. We show that these

"> This is in contrast to models where the bank cannot raise additional equity, where
stricter capital/leverage requirements (mechanically) result in a drop in credit extension
(see, e.g., Clerc et al. 2015 and references therein).
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perverse incentives do not dominate when the fraction of patient depos-
itors is small enough or when the liquidity ratio in the private equilibrium
is above a cutoff. In the private equilibrium we examine, 7 < 0 because the
run risk is big enough to limit the strength of this channel, so the partial
equilibrium effect of higher ¢ on £* is negative.

As with capital regulations, the general equilibrium effects of liquid-
ity regulations may differ because they alter the three critical margins
differently. Table 4 reports the results for individually tightening ¢, LCR,
or NSFR, with ALCR = Al(1 — &)/((1 — k)n,) and ANSFR = A//(1 —
¢)NSFR, where k, NSFR, and ¢ are the leverage, net stable funding, and li-
quidity ratios in PE.

First, focus on ¢ and LCR, which are very similar. Mandating that the
bank must hold more liquidity changes the trade-off between investing
in risky loans and liquid assets. The higher liquid asset holdings allow
the bank to raise more deposits without increasing run risk. Although de-
posits increase, the portion that is channeled to loans falls. At the same
time, equity goes up.

Why does requiring the bank to hold more liquidity induce it to raise
both more deposits and more equity? The bank can raise more deposits
and invest them in the liquid asset to satisfy the regulation. This is prefer-
able to raising equity in order to invest in the liquid asset, because equity
is more expensive. Despite the fact that run risk decreases, the increased

TABLE 4

SINGLE LI1QUIDITY REGULATIONS

PE l LCR NSFR
1 .862 746 747 770
L .052 .258 257 217
D .875 .959 959 942
E .038 .045 .045 .044
R, 4.097 4.236 4.236 4.211
R, 1.717 1.746 1.745 1.736
q .407 .385 .385 .390
l .057 257 256 .220
k .042 .045 .045 .045
LCR .069 277 276 .239
NSFR .552 703 702 .670
R — (1 -908R, 3.239 3.363 3.363 3.343
I+ L 914 1.004 1.004 .987
I1—E .824 701 701 726
E(Div) 745 756 757 756
AU o —2.50 —2.49 —2.05
AUs () o 3.50 3.48 2.76
AUy (4 o —.51 —.51 —.35
ASsp 4 o .49 49 .36

Note.—The welfare changes (last four rows) are computed relative to the level of wel-
fare in the private equilibrium, which is normalized to 1 for each agent.
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demand for deposits pushes up the deposit rate and thus makes loans less
profitable. The bank will reduce lending to secure higher loan rates to
raise profitability. For a large enough fall in lending, the loan-deposit
spread widens so much that it becomes desirable to increase the amount
of equity.

The NSFR regulation operates via the same channels, but the effects
are less pronounced. The reason is that this regulation also partially re-
sembles a risk-weighted capital requirement. Notice that the NSFR can
be rewrittenas1 — 6 + 6CR + (1 — 6)¢/(1 — ¢) so that it operates through
affecting both capital and liquidity. Relative to the other liquidity regula-
tions, the NSFR has a milder effect on deposits. S is better off, while E and
B are worse off under all liquidity regulations.

C.  The Optimal Regulatory Mix

We examine whether and how regulation can be combined to implement
the planner’s solution as a private equilibrium. We consider the following
set of tools T = {k, CR, ¢, LCR, NSFR, 1), 7;, 7, 7. }. We expand the set
of tools beyond the capital and liquidity regulations for two reasons. First,
for managing the loan-deposit spread, these tools are inadequate. Second,
itis simpler to describe how the distorted wedges are connected using the
tax/subsidy tools. In part, this is because using the liquidity and capital
tools requires checking whether the regulations are binding.'®

The following proposition establishes our fourth main result.

ProposITION 5.  For nonzero and linearly independent wedges (44)—
(46), three tools are needed to replicate the planner’s preferred allocations.

i. Any combination of three tools among 7, 7;, 7, and 7, can be used to
implement the planner’s solution.

ii. If CR <AAMyp/(AAMyp + CSMyp + DIMyp) <1 —¢ and 6>
exp~! or £ >/, the planner’s solution can be implemented with a
combination of CR, ¢, and 7).

iii. If CR < AAMyp/(AAMyp + CSMyp + DIMyp) and 6 > exp™' or
(>0, the planner’s solution can be implemented with a combina-
tion of CR, 7, and 7).

Proof. In order for us to replicate the SP solution as a PE, the tools
must alter the margins to equate the wedges in (44)—(46); see the appen-
dix for why this is a necessary and sufficient condition. Implementation is
simple using taxes/subsidies chosen independently. Given that there are

'* Without loss of generality, the easiest way to model the additional tools is to tax (re-
ward) the banker 7p, 7, 71, and 7, per unit of D, I, I, and L and then return to (extract from)
her a lump-sum amount equal to 7,D, 7,4, 7,F, and 7,L.



OPTIMAL BANK REGULATION 81 7

three independent wedges, a combination of three taxes is needed, estab-
lishing part i.

The situation is less straightforward with capital and liquidity regula-
tions, as the Lagrange multipliers on them need to be positive so that
regulations are binding. Take, for example, an implementation with
CR, ¢, and 7, Implementation requires that YrCR + ¢, = AAMyp,
Yer + 750 = CSMyp, and —yYiCR — ¢/ — 7, = DIMyp, where Y and
Y, are the multipliers on capital and liquidity requirements £ > / - CR
and (1 — ¢)L > ¢1I. Solving for multipliers and the 7,, we get Yo =
(AAMyp ¢ + CSMyp + DIMyp)/(1 — CR(1 = £)), ¥, = (AAMyp — (AAMyp+
CSMyp + DIMyp)CR)/(1 — CR(1 = ¢)), and 7, = (—AAMypf — CSMyp
CR(1 = ¢) — DIMyp)/(1 — CR(1 — ¢)). Note that AAMyp + CSMyyp +
DIMyy, = (wsdUs /08* + wpdU; /0£*)0¢* /OL > 0 from proposition 4 for
6>explort> ?. Thus, Yz, ¥ > 0 if the conditions in point ii hold.

The implementation with CR, 7, and 7, requires Yoz = AAMyp +
CSMyp + DIMyp > 0, 7, = AAMyp — (AAMyp + CSMyp + DIMyp)CR,
and 75 = —(AAMyyp + DIMyyp); 7/ is positive under point ii and negative
under point iii, also verifying that £ can be part of the optimal mix only
in point ii. QED

Proposition 5 shows that typically capital requirements and deposit-
taking subsidies are useful ingredients of the optimal regulatory mix.
The third tool with which they would be combined varies and depends
on the sign and size of AAMyp = (wsatuz‘/ag* + wE(?U_J:/GS*)(&E*/aL—
0£%/oI) — w(1 — ¢)¢’(I)I, which depends on the weights ws and w;. Set-
ting wy = 0, the wedge captures the increase in savers’ utility from lower
run risk that follows from requiring higher liquid asset holdings. The
higher these holdings are, the easier it is to satisfy the condition in part ii
of proposition 5. However, for large enough wy, AAM,,, may become neg-
ative, so that case iii of proposition 5 could obtain, justifying a lending sub-
sidy. This is intuitive because the cost to entrepreneurs from lower lending
is more important when wy is higher. In general, combining capital regu-
lation and deposit-taking subsidies benefits savers and entrepreneurs, as
they enhance banking stability, but the use of tools to restrict or encourage
lending depends on which agents are favored most.

Having established the general properties of the optimal regulatory
mix, examining it in the context of our numerical example, can provide
additional insights. Table 5 reports the outcomes of combining regulatory
tools and compares them with the planner’s solution for a case where the
planner favors the saver. We combine one capital regulation and one li-
quidity regulation with a tool that can push the bank toward the socially
optimal level of deposit funded loans. As already mentioned, there are sev-
eral potential candidates for the third type of tool, but we will consider a
simple tax (or subsidy) on deposit taking. This tool can indirectly control
the spread between loans and deposits, which, as discussed in corollary 1,
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TABLE 5
IMPLEMENTATION OF PLANNER’S SOLUTION FOR Wi = 0.00 AND wg = 0.20
PE CR CR and ¢ CR, 4, and 7,

I .862 .829 776 785
L .052 116 .206 221
D .875 .899 938 .962
E .038 .047 .044 .044
R, 4.097 4.143 4.204 4.198
R, 1.717 1.700 1.734 1.804
q 407 .399 .392 .386
/ .057 123 210 219
k .042 .049 .045 .044
R — (1 —96)R, 3.239 3.292 3.337 3.296
I+ L 914 .946 .982 1.006
I—E .824 783 732 741
E(Div) 745 764 756 755
AUz . =.75 —1.92 —1.66

AUs 9, L .94 2.56 3.63

AUg () . —.15 —.31 —.44

ASsp () L. .04 .33 1.53

Note.—The welfare changes (last four rows) are computed relative to the level of wel-
fare in the private equilibrium, which is normalized to 1 for each agent.

is a sufficient statistic for the DIM (provided that the AAM and CSM have
been fixed by a capital and a liquidity tool)."”

As discussed, tightening CR to target the CSM increases the equity in the
bank, reduces run risk, and results in lower loan extension. If, in addition,
we impose a stricter £, we get closer to the planner in terms of the asset and
capital structure margins. But the loan-deposit rate spread (or the amount
of deposits funding investment) moves in the opposite direction of what
the planner seeks. A subsidy of 7, = —9.17% can be levied to induce
the bank to move the spread to where the planner prefers (this subsidy
is equivalent to a subsidy of 7, = —7.40% on deposit interest expenses).
The combination of the three tools can implement the planner’s solution
as a private equilibrium. More generally, using two tools that are not redun-
dant would also typically improve welfare relative to any single regulation.
However, to mimic the planner, three regulations are required.

The planner puts more emphasis on reducing run risk and increasing
the surplus from deposit services for this set of weights. Hence, capital
and liquidity regulations are useful, because they reduce run risk without
impeding deposit taking (see secs. IV.A, IV.B). Moreover, in view of corol-
lary 1 and the fact that the asset allocation and capital structure wedges

'7 The planner cannot use two liquidity or capital tools at the same time because they
will not be jointly binding. This result is consistent with the analysis in Checchetti and
Kashyap (2016), who show that LCR and NSFR regulations almost surely will never bind
at the same time. However, the collinearity of the CR and k regulations may be specific
to our model and may not even hold for high % (see the discussion in sec. IVA).
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are independent, both regulations are needed. The complementarity of
the capital and liquidity regulations arises in this case because agents’ wel-
fare is affected by both the bank’s asset and liability mix. If, instead, the
regulator had an ad hoc objective to enhance stability by reducing run
risk, then either capital or liquidity regulation could be used to accom-
plish this, and the tools would be substitutes.

Finally, one might expect that capital and liquidity requirements are not
useful when the planner would like to increase the lending in the economy
(as would be the case when the planner puts high weights on E). Table 6
shows partial and full implementation of the planner’s solution for case.
To mimic the planner’s outcome, we need to use deposit and lending sub-
sidies. The complication arises because, as we see from table 2, the plan-
ner wants higher lending but much less liquidity for this set of weights.
So raising £ will mean that the planner’s allocations cannot be achieved.
A CR can be helpful, but it will have to be combined with lending or de-
posit subsidies.

Column 2 in table 6 shows that two subsidies, 7, — 2.20 % and 7, =
—4.33 %, together can boost lending all the way to where the planner
prefers but do not replicate the planner’s solution. Column 3 in table 6
shows that these two subsidies can be combined with a capital require-
ment, CR = 4.25 %, to replicate the planner’s allocation. In this case,
capital regulation is needed because the bank is tempted to maximize
its leverage to reap the benefits of the subsidies. This helps a bit with re-
spect to run risk compared with the case where only the two subsidies are

TABLE 6
IMPLEMENTATION OF PLANNER’S SOLUTION FOR Wy = 0.15 AND wg = 0.05

PE 7pand 7, CR, 75, and 7,

(1) (2) (3)
I .862 900 .899
L .052 .010 .012
D .875 .872 .873
E .038 .038 .038
R, 4.097 4.050 4.051
R, 1.717 1.762 1.761
q 407 408 407
l .057 011 .013
k 042 .042 .042
R —(1—-90R, 3.239 3.169 3.170
I+ L 914 910 911
I—E .824 .862 .861
E(Div) 745 743 743
AU - 1.03 1.02
AUs () - —.12 —.10
AU o, - —.08 —.08
ASsp ) L .84 .84

Note.—The welfare changes (last four rows) are computed relative to the level of wel-
fare in the private equilibrium, which is normalized to 1 for each agent.
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in place, but unlike a liquidity regulation, capital regulation does not re-
strict lending materially, which is the primary objective of the planner
for this set of weights.

Our findings suggest that capital is useful as part of the optimal regula-
tory mix irrespective of which agent the planner favors, while liquidity re-
quirements are more useful for savers.

V. Extensions

To check the generality of our results, we extend the model in several di-
mensions. Our main results continue to hold. The details are presented in
the appendix.

Section D.1 considers the case when the banker does not internalize
the effect of her actions on £, resulting in higher risk in the private equi-
librium. Pareto improvements via regulation are possible in this case. Sec-
tion D.2 considers incomplete deposit contracts and a lack of commit-
ment by the banker such that the banker has an incentive to deviate
toward lending more, holding fewer liquid assets, and raising less equity
after the deposit contract has been signed. Again, we show that the need
for regulation is stronger and Pareto improvements are possible. Sec-
tion D.3 considers a banker that takes the loan rate R; as given. Lending
is higher in the private equilibrium, while the need for regulation, espe-
cially liquidity regulation, remains. Section D.4 considers a perfectly elas-
tic loan demand curve such that E drops out of the problem. Results
are consistent with those described earlier when the planner puts higher
weight on S. Section D.5 derives the equilibrium under direct lending from
S to E and shows that S would prefer to use a bank because of the pay-
ment services and the more efficient monitoring it provides. Section D.6
allows for negative deposit rates for early withdrawals. Our results continue
to hold when run risk is present in equilibrium. We also consider nega-
tive deposit rates that implement the run-proof equilibrium and show
that it is dominated by the one with positive run risk that we study. Sec-
tion D.7 examines when banks can also raise outside equity, which does
not affect our results, while section D.8 considers a planner that can use
tools to distort the deposit supply and loan demand schedules of savers
and entrepreneurs.

VI. Conclusions

Banks perform important services using both sides of their balance
sheet. Yet private choices made by banks may not be socially optimal,
and regulating banks’ activities can improve social welfare. We examined
how many of the regulations that are often mentioned in policy discus-
sions perform in a relatively familiar model of banks. We started from
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the Diamond-Dybvig benchmark precisely because it is so thoroughly
studied. The modifications we study balance tractability—to keep the
model relatively simple—against our preference for additional realistic
forces that the baseline model excludes.

Our modifications generate endogenous credit risk in banks’ portfolios
as well as the risk of an endogenous funding run. This simple pair of fea-
tures interact in interesting and unexpected ways. We draw several lessons
from the model that we believe will carry over to many other models.

First, we identify three general margins that are distorted: the rela-
tive amounts of liquid and illiquid assets, the mix of deposits and equity,
and the spread between loan and deposit rates. Second, the way that a
bank privately sets these margins diverges from what a social planner
would choose because of the failure to fully account for the risks created
by runs.

Third, the way the planner corrects the distortions in the private equi-
librium depends on the relative importance placed on savers versus bor-
rowers. If the social planner cares sufficiently about savers, the planner
chooses relatively more liquidity and equity than the banker and would
reduce bank profits by boosting deposit rates and lowering loan rates.
Thus, the planner reduces run risk, improves the provision of liquidity,
guarantees a more stable extension of credit and real production, and de-
livers more loans funded by deposits compared with the private equilib-
rium. Capital regulation is still desirable even when the planner cares little
about savers, but liquidity regulation needs to be replaced with tools that
encourage credit extension and hence actually create more risk.

Fourth, more than one regulatory tool is needed to implement the so-
cially optimal allocations. Optimal policy in models without all of these
distortions can be misleading. For example, if the liability structure is con-
strained—say, because deposit levels are exogenously determined and eq-
uity is fixed—studying asset allocations and distortions becomes much
easier. But regulation, if any is needed, will amount to fixing liquidity ra-
tios. Similarly, shutting down the liquidity demand and liquidity risk makes
it easier to focus on the optimal capital structure and level of investment.
But regulation, if again any is needed, would amount to fixing capital
ratios. Instead, when both sides of the bank’s balance sheet are endoge-
nously determined, the distortions from each side interact, and a combi-
nation of both capital and liquidity requirements emerge in the optimal
regulatory mix.

Moreover, our analysis highlights some political economy aspects of
regulation that deserve attention. The banker internalizes how her deci-
sions matter for run risk, funding structure, and the level of lending to
maximize her own welfare. Her choices from a social point of view have
real macroeconomic consequences. Regulation improves aggregate wel-
fare but reduces the rents accruing to bankers. Therefore, incentives to
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engage in regulatory arbitrage could be strong. The lack of regulatory ar-
bitrage in the model we have studied is one of its main shortcomings.

There are other interesting avenues to extend our model, some of which
we have already mentioned and are analyzed in the appendix. One further
direction would be to allow the issuance of long-term debt together with
demandable deposits and equity. Including loss-absorbing debt instru-
ments in the regulatory mix could introduce additional ways to tackle with
run risk and credit risk. But it would not constitute a full remedy by itself
because of the disciplinary role that demandable liabilities play. Moreover,
our model is flexible enough to incorporate fire sale dynamics by endoge-
nizing the liquidation value of long-term investment. Although this would
introduce pecuniary externalities as an additional reason why private allo-
cations are inefficient, it would not qualitatively overturn our main con-
clusions. Finally, one could enrich the set of risky investments from which
a banker could choose and thus increase the scope for asset substitution.
Setting the (relative) risk weights in capital requirements to capture social
risks would then be highly important.

Data Availability

Code replicating the tables in this article can be found in Kashyap, Tso-
mocos, and Vardoulakis (2024) in the Harvard Dataverse, https://doi.org
/10.7910/DVN/YSUMQK.
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