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ABSTRACT

We modelsystemicrisk in an interbankmarket. Banksfaceliquidity needsasconsumersareuncertain

aboutwherethey needto consume. Interbankcredit lines allow to copewith theseliquidity shocks

while reducingthecostof maintainingreserves.However, theinterbankmarket exposesthesystemto a

coordinationfailure(gridlockequilibrium)evenif all banksaresolvent.Whenonebankis insolvent,the

stability of thebankingsystemis affectedin variouswaysdependingon thepatternsof paymentsacross

locations.We investigatetheability of thebankingsystemto withstandtheinsolvency of onebankand

whetherthe closureof onebankgeneratesa chainreactionon the restof the system.We analyzethe

coordinatingrole of the CentralBank in preventingpaymentssystemicrepercussionsandwe examine

thejustificationof theToo-big-to-fail-policy.
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1 INTRODUCTION

Thepossibility of a systemiccrisis affecting themajor financialmarketshasraisedregulatoryconcern

all over the world. Whatever the origin of a financial crisis, it is the responsibilityof the regulatory

body to provide adequatefire walls for the crisis not to spill over other institutions. In this paperwe

explorethepossibilitiesof contagionfrom oneinstitutionto anotherthatcanstemfrom theexistenceof a

network of financialcontracts.Thesecontractsareessentiallygeneratedfrom threetypesof operations:

the paymentssystem,the interbankmarket andthe market for derivatives.1 Sincethesecontractsare

essentialto thefinancialintermediaries’functionof providing liquidity andrisk sharingto their clients,

the regulating authoritieshave to set patternsfor CentralBank intervention when confrontedwith a

systemicshock.In recentyears,the1987stockmarket crash,theSaving andLoanscrisis,theMexican,

AsianandRussiancrisesandthecrisisof theLongTermCapitalManagementhedgefundhaveall shown

the importanceof the interventionof theCentralBanksandof the internationalfinancialinstitutionsin

affectingtheextent,contagion,patternsandconsequencesof thecrises.2

In contrastto the importanceof theseissues,theoryhasnot succeededyet in providing a convenient

framework to analyzesystemicrisk soasto derive how theinterbankmarketsandthepaymentssystem

shouldbestructuredandwhattheLenderof LastResort(LOLR) roleshouldbe.

A goodillustrationof thewedgebetweentheoryandreality is providedby thedepositsshift thatfollowed

1 Thereis ampleempiricalevidenceon financialcontagion.For a survey seedeBandtandHartmann(1998).Kaufman(1994)
reviewsempiricalstudiesthatmeasuretheadverseeffectsonbanks’equityreturnsof defaultof amajorbankandof asovereign
borroweror unexpectedincreasesin loan-lossprovisionsannouncedby majorbanks.Othershavestudiedcontagionthroughthe
flow of deposits(SaundersandWilson 1996),andusinghistoricaldata(Gorton1988,Schoenmaker 1996,andCalomirisand
Mason1997).Whatever themethodology, thesestudiessupporttheview thatpurepaniccontagionis rare.Far morecommon
is contagionthroughperceivedcorrelationsin bankassetreturns(particularlyamongbanksof similar sizeand/orgeographical
location).

2 A well known episodeof nearfinancialgridlock wherea coordinatingrole wasplaid by theCentralBank is representedby
theseriesof eventstheday after thestockcrashof 1987. Brimmer (1989pp.14-15)writes that ”On themorningof October
20,1987,whenstockandcommoditymarketsopened,dozensof brokeragefirmsandtheirbankshadextendedcreditonbehalf
of customersto meetmargin calls,andthey hadnot receivedbalancingpaymentsthroughtheclearingandsettlementsystems.
[...] As margin calls mounted,money centerbanks(especiallythosein New York, Chicago,andSanFrancisco)werefaced
with greatlyincreaseddemandfor loansby securitiesfirms. With aneyeon their capitalratiosandgiventheirdiminishedtaste
for risk, a numberof thesebanksbecameincreasinglyreluctantto lend,even to clearlycreditworthy individual investorsand
brokeragefirms.[...] To forestalla freezein theclearingandsettlementsystems,FederalReserve officials (particularlythose
from theBoardandtheFederalReserve Bankof New York) urgedkey money centerbanksto maintainandto expandloansto
their creditworthybrokeragefirm customers.”
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thedistressof Bank of Credit andCommerceInternational(BCCI). In July 1991,theclosureof BCCI

in theUK madedepositorswith smallerbanksswitchtheir fundsto thesafehavenof thebig banks,the

so-called”flight to quality” (Reid1991).Theoreticallythis shouldnot have hadany effect, becausebig

banksshouldhave immediatelylentagainthesefundsin theinterbankmarket andthesmallbankscould

have borrowed them. Yet the reality wasdifferent: the Bank of Englandhadto stepin, to encourage

the large clearersto help thosehit by the trend. Somepackageshadto be agreed(as the £200m. to

theNationalHomeLoansmortgagelender),thussupplementingthefailing invisiblehandof themarket.

Sofar theoryhasnot beenableto explain why the interventionof theLOLR in this typeof eventswas

important.

Our motivationto analyzea modelof systemicrisk stemsfrom boththelack of a theoreticalsetup,and

the lack of consensuson theway theLOLR shouldintervene. In this paperwe analyzeinterbanknet-

works,focusingonpossibleliquidity shortagesandon thecoordinatingroleof theFinancialAuthorities

- which we referto astheCentralBankfor short– in avoiding andsolvingthem.To do sowe construct

a modelof thepaymentflows thatallows us to capturein a simplefashionthepropagationof financial

crisesin anenvironmentwherebothliquidity shocksandsolvency shocksaffect financialintermediaries

thatfund long terminvestmentswith demanddeposits.

Weintroduceliquidity demandendogenouslyby assumingthatdepositorsareuncertainaboutwherethey

have to consume.This providestheneedfor a paymentssystemor an interbankmarket.3 In this way

we extendthemodelof FreixasandParigi (1998)to morethantwo banks,to differentspecificationsof

travel patternsandconsumers’preferences.Thefocusof thetwo papersis different.FreixasandParigi

considerthe trade-off betweengrossandnet paymentssystems.In the currentpaperwe concentrate

insteadon system-widefinancialfragility andCentralBankpolicy issues.This paperis alsorelatedto

Freeman(1996a,b). In Freeman,demandfor liquidity is driven by the mismatchbetweensupplyand

demandof goodsby spatiallyseparatedagentsthatwant to consumethegoodof theotherlocation,at

differenttimes.If agents’travel patternsarenotperfectlysynchronized,acentrallyaccessibleinstitution

(e.g. a clearinghouse)mayariseto provide meansof payments.This allows to clearthedebtissuedby

3 Paymentneedsarisingfrom agents’spatialseparationwith limited commitmentanddefault possibilitieswerefirst analyzed
in Townsend(1987). For the main theoreticalissuesrelatedto systemicrisk in paymentsystemsseeBerger, Hancockand
Marquardt(1996) and Flannery(1996), for an analysisof peermonitoring on the interbankmarket seeRochetand Tirole
(1996)andfor ananalysisof themaininstitutionalaspectsseeSummers(1994).
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the agentsto backtheir demand.In our paper, instead,liquidity demandarisesfrom the strategiesof

agentswith respectto thecoordinationof theiractions.

Ourmainfindingsare,first, that,undernormalconditions,asystemof interbankcredit linesreducesthe

costof holding liquid assets.However, the combinationof interbankcredit andthe paymentssystem

makethebankingsystemproneto experience(speculative) gridlocks,evenif all banksaresolvent. If the

depositorsin onelocationwishing to consumein otherlocationsbelieve that therewill not be enough

resourcesfor their consumptionat the locationof destination,their bestresponseis to withdraw their

depositsat thehomelocation.This triggerstheearly liquidationof theinvestmentat thehomelocation,

which,by backwardinduction,makesit optimalfor thedepositorsin otherlocationsto do thesame.

Second,thestructureof financialflowsaffectsthestabilityof thebankingsystemwith respectto solvency

shocks.On theonehand,interbankconnectionsenhancethe”resiliency” of thesystemto withstandthe

insolvency of a particularbank,becausea proportionof thelosseson onebank’s portfolio is transferred

to otherbanksthroughtheinterbankagreements.Ontheotherhand,thisnetwork of crossliabilities may

allow an insolvent bankto continueoperatingthroughthe implicit subsidygeneratedby the interbank

credit lines,thusweakeningtheincentivesto closeinefficient banks.

Third, theCentralBankhasa role to playasa ”crisis manager”.Whenall banksaresolvent,theCentral

Banks’s role to preventaspeculative gridlock is simply to actasacoordinatingdevice. By guaranteeing

thecredit linesof all banks,theCentralBankeliminatesany incentive for earlyliquidation.This entails

nocostfor theCentralBanksinceits guaranteesareneverusedin equilibrium.Wheninsteadonebankis

insolventbecauseof poorreturnson its investment,theCentralBankhasa role in theorderlyclosureof

thisbank.Whenabankis to beliquidated,theCentralBankhasto organizethebypassof thisdefaulting

bank in the paymentnetwork andprovide liquidity to the banksthat dependon this defaulting bank.

Furthermore,sincethe interbankmarket may loosenmarket discipline, thereis a role for supervision

with theregulatoryagency having theright to closedown abankevenif thisbankis notconfrontedwith

any liquidity problem.

Fourth,whendepositorshave asymmetricpaymentsneedsacrossspace,therole of the locationswhere

many depositorswant to accesstheir wealth(money centerlocations)becomescrucial for thestability
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of the entirebankingsystem. We characterizethe too-big-to-fail (TBTF) approachoften followed by

CentralBanksin dealingwith the financialdistressof money centerbanks,i.e. banksoccupying key

positionsin theinterbanknetwork system.

Theresultsof ourpaperarecloselyrelatedto thoseof Allen andGale(1998)wherefinancialconnections

ariseendogenouslybetweenbankslocatedin different regions. In our work inter-regional financial

connectionsarisebecausedepositorsfaceuncertaintyaboutthe locationwherethey needto consume.

In Allen andGale,instead,financialconnectionsariseasa form of insurance:whenliquidity preference

shocksare imperfectly correlatedacrossregions, crossholdingsof depositsby banksredistribute the

liquidity in theeconomy. Theselinks, however, exposethesystemto thepossibilitythatasmallliquidity

shockin onelocationspreadto the restof theeconomy. Despitetheapparentsimilaritiesbetweenthe

two modelsandtherelatedconclusionspointingat therelevanceof thestructureof financialflows, it is

worthnoticingthatin ourpaperinsteadwefocusontheimplicationsfor thestabilityof thesystemwhen

onebankmaybeinsolvent.

This paperis organizedasfollows. In section2 we setup our basicmodelof an interbanknetwork. In

section3 we describethecoordinationproblemsthatmayariseevenwhenall banksaresolvent. In Sec-

tion 4 we analyzethe”resiliency” of thesystemwhenonebankis insolvent. In Section5 we investigate

whethertheclosureof onebanktriggerstheliquidationof others,andwe show underwhich conditions

theinterventionof theCentralBankis neededtopreventadominoor contagioneffect. Section6 provides

anexampleof asymmetrictravel patternsandits implicationsfor CentralBank intervention. Section7

discussesthepolicy implications,offerssomeconcludingremarksandpointsto possibleextensions.
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2 THE MODEL

2.1 BasicSetUp

We consideran economywith 1 goodandN locationswith exactly onebank4 in eachlocation. There

is a continuumof risk-neutralconsumersof equalmass(normalizedto one) in eachlocation. There

are threeperiods: t � 0� 1� 2. The goodcanbe eitherstoredfrom oneperiodto the next or invested�
Eachconsumeris endowedwith oneunit of thegoodat t � 0. Consumerscannotinvestdirectlybut must

deposittheirendowmentin thebankof their location,whichstoresit or investsit for futureconsumption.

Consumptiontakesplaceat t � 2 only. Thestoragetechnologyyieldstherisklessinterestratewhichwe

normalizeat 0� Theinvestmentof banki yieldsagrossreturnRi at t � 2, for eachunit investedat t � 0�
andnot liquidatedat t � 1. At t � 0 the bankoptimally choosesthe fraction of depositsto storeor

invest. Thedepositscontractspecifiestheamountc1 received by depositorsif they withdraw at t � 1,

andtheirbankis solvent.At t � 2� remainingdepositorsequallysharethereturnsof theremainingassets.

To financewithdrawals at t � 1 the bankusesthe storedgood,andfor the part in excess,liquidatesa

fraction of the investment.Eachunit of investmentliquidatedat t � 1 givesonly α units of the good

(with α �
1).

We extendthis modelby introducinga spatialdimension:a fraction λ � 0 of the depositors(we call

themthe travelers) mustconsumeat t � 2 in otherlocations.Theremaining � 1 � λ 	 depositors(thenon

travelers) consumeat t � 2 in thehomelocation.Soin ourmodel,consumersareuncertainaboutwhere

they needto consume.

Ourmodelis in thespirit of DiamondandDybvig’s (1983)(hereafterD-D) but with adifferentinterpre-

tation. In D-D, risk averseconsumersaresubjectto apreferenceshockasto whenthey needto consume.

Thebankprovidesinsuranceby allowing themto withdraw at t � 1 but exposesitself to therisk of bank

runssinceit fundsanilliquid investmentwith demanddeposits.Our modelcorrespondsto a simplified

versionof D-D wherethepatientconsumersmustconsumeat homeor in theotherlocation(s)andthe

4 Thisuniquebankcanbeinterpretedasamutualbank,in thesensethatit doesnothaveany capitalandactsin thebestinterest
of its customers.
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proportionof impatientconsumersis arbitrarily small. This allows us to concentrateon the issueof

paymentsacrosslocationswithout analyzingintertemporalinsurance.Our focusis on thecoordination

of theconsumersof thevariouslocations,andnoton thetime-coordinationof theconsumersat thesame

location.5

Sincewe analyzeinterbankcredit, the goodshouldbe interpretedascash(i.e. CentralBank money).

Cashis a liability of theCentralBankthatcanbemovedatno cost,but only by theCentralBank.6

If we interpretour modelin termsof paymentsystemsthesequenceof eventstakesplacewithin a 24-

hour period. Then we could interprett 
 0 as the beginning of the day, t 
 1 as intraday, t 
 2 as

overnight,andtheliquidationcost � 1 � α 
 asthecostof (fire) sellingmonetaryinstrumentsin anilliquid

intradaymarket.7

We assumethatRi is publicly observableat t 
 1. In a multi-periodversionof our model,Ri would be

interpretedasa signalon banki’s solvency thatcouldprovoke withdrawalsby depositorsor liquidation

by the centralbankat t 
 1 (intraday). For simplicity, we adopta two periodmodel,andwe assume

herethat thebankis liquidatedanyway, eitherat t 
 1, or at t 
 2. Notice thateven if Ri is publicly

observed at t 
 1 (we make this assumptionto abstractfrom asymmetricinformationproblems)it is

not verifiableby a third party at t 
 1 (only ex-post,at t 
 2). Thereforethedepositcontractcannot

befully conditionedon Ri. More specifically, theamountc1 receivedfor a withdrawal at t 
 1 canjust

dependon theonly verifiableinformationat t 
 1, namelytheclosuredecision.We denoteby D0 this

contractualamount8 in thecasewherethebankis not closedat t 
 1. On theotherhand,whenever the

5 Thedemandabledepositfeatureof thecontractin this modeldoesnot rely necessarilyon intertemporalinsurancebut may
havealternativerationales.For exampleCalomirisandKahn(1991)suggestthattheright to withdraw ondemand,accompanied
by asequentialserviceconstraint,givesinformeddepositorsa crediblethreatin caseof misuseof fundsby thebank.

6 Models in the tradition of Diamond-Dybvig have typically left the characteristicsof the onegood in the economyin the
mist.This is all right in a microeconomicset-up,but themodelhasmonetaryimplicationsthatleadto adifferentinterpretation
dependingonthefactthatthegoodis money or not. In particular, if thegoodis notmoney, but for examplewheat,thenWallace
(1988)’s criticismapplies.In otherwords,if thegoodwasinterpretedaswheatwe wouldhave to justify why theCentralBank
wasendowed with a superiortransportationtechnology. As we assumethe goodto be money, it is the fact that commercial
banksuseCentralBankmoney to settletheir transactionsthatgivestheCentralBankthemonopolyof issuingcash.Therefore
thepossibility to transfermoney from onelocationto anothercorrespondsto theability to createanddestroy money. Notice,
alsothatinterpretingthegoodascashimpliesthatcurrency crises,whichareoftenassociatedwith systemicrisk, areleft outof
ouranalysis.This is sobecause”cash” is thenlimited by thelevel of reservesof theCentralBank.

7 Sincebanksspecializein lendingto information-sensitive customers,1-α canalsobeinterpretedasthecostof sellingloans
in thepresenceof lemonsproblem.

8 This amountresultsfrom ex-anteoptimalcontractingdecisionsthatcouldbesolvedexplicitly. For conciseness,we take D0
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bankis closed(whetherat t � 1 or at t � 2) its depositorsequallyshareits assets(seeAssumptions1 and

2 below).

In order to be moreexplicit, it is worth examining the characteristicsof the optimal depositcontract

in the D-D modelwhenthe proportionof early dierstendsto zero.This providesa usefulbenchmark

for measuringtheexposureof the interbanksystemto market disciplinein our multi-bankmodel. Let

µ denotethe proportionof early diersandu be the Von NeumannMorgensternutility function of de-

positors,with u� � 0 andu� � � 0. Theoptimaldepositcontract � c1 � c2 � maximizesµu� c1� � � 1 � µ� u� c2 �
undertheconstraintµc1 � � 1 � µ� c2� R � 1� Togetherwith thebudgetconstraint,thisoptimalcontractis

characterizedby thefirst ordercondition:

u� � c1 � � Ru� � c2 � � (1)

When µ tendsto zero, it is easyto seethat c2 tendsto R SinceR � 1 and u� is decreasing,we see

immediatelythat D0 � R� Thereforeif the bank is known to be solvent no depositorhas interestto

withdraw unilaterallybeforeheor sheactuallyneedsthemoney.

2.2 General formulation of consumptionacrossspace

Travel patterns,that is which depositortravels andto which location,areexogenouslydeterminedby

natureat t � 1 andprivately revealedto eachdepositor. They result from depositors’paymentneeds

arisingfrom otheraspectsof their economicactivities. For eachdepositorinitially at location i, nature

determineswhetherhe or shetravels and in which location j he or shewill consumeat t � 2.9 To

consumeat t � 2 at location j � i �� j � thetravelersat locationi canwithdraw at t � 1 andcarrythecash

by themselvesfrom locationi to location j. Theimplicit costof transferringthecashacrossspaceis the

foregoneinvestmentreturn.10 Thismotivatestheintroductionof credit linesbetweenbanksto minimize

asgiven.Noticethatif Ri wasverifiable,D0 couldbecontingenton it andtherisk of contagioncouldbefully eliminated.

9 More generally, depositorsreceive shocksto their preferenceswhich determinetheir demandfor the good indexed by a
particularlocation.

10 Wecouldalsoaddanexplicit costof ”travelling with thecash”(i.e. bypassingthepaymentssystem).It wouldnotaffectour
results.
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theamountof goodnot invested.Thecreditline grantedby bank j to banki givesthedepositorsof bank

i goingto bank j theright to have theirdepositstransferredto location j andobtaintheir consumptionat

t � 2 asashareof theassetsatbank j at datet � 2.

A way to visualizethe credit line grantedby bank j to bank i � is to think that consumerslocatedat i

arrive in location j at t � 2 with a checkwritten on banki andcreditedin anaccountat bank j. Bank i,

in turn,givescreditlinesto oneor morebanksasspecifiedbelow.11 At t � 2 thebankscompensatetheir

claimsandtransferthecorrespondingamountof thegoodacrossspace.The technologyto transferthe

goodat t � 2 is availablefor tradesbetweenbanksonly.

To make explicit thevaluesof theassetsandthe liabilities resultingfrom interbankrelationswe adopt

thesimplestsharingrule,namely:

Assumption 1. All theliabilities of a bankhavethesamepriority at t=2.

This ruledefineshow to dividebank’sassetsat t � 2 amongtheclaimholders.It impliesthatcreditlines

arehonoredin proportionto theamountof theassetsof thebankatdatet � 2. In particularif Di is theex

postvalueof a(unit of) depositin banki, thenDi � Banki Total Assets
Banki Total Liabilities � Thisassumptionimpliesalsothat

thebankscannotdeterminethelocationof origin of thedepositors;thusdepositorsbecomeanonymous

andthebankscannotdiscriminateamongthem.Noticethatmorecomplex priority rulescouldbemore

efficient in theresolutionof liquidity crises.However, weassumethatthey arenotfeasiblein ourcontext:

this is a reducedform assumptionaimingat capturingthelimitationsof theinformationthatis available

in interbanknetworks. An additionalassumptionis neededto describewhathappensin casea bankis

closedat t � 1.

Assumption 2. If a bankis closedat time1 its assetsaresharedbetweenits owndepositors only.

Assumption2 simply meansthatwhenthebankis closedat time t � 1, only its depositorshave a claim

on its assets.Bankclosureat time1 maycomefrom adecisionof theregulator, or from thewithdrawals

of all depositors.Assumption2 implies that when a bank is closedat time 1, it is deletedfrom the

interbanknetwork.

11 For a similar characterizationof creditchainsin thecontext of tradingarrangements,seeKiyotaki andMoore(1997).
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Let πi j bethemeasureof depositorsfrom locationi consumingat location j � wherei cantake any value

including j, and let ti j be the proportionof travelersgoing from location i to j � j �� i (by definition,

tii � 0) Thematrix Π thatdefineswhereconsumersgo andin whichproportionsis relatedto thematrix

T of travel patternsby:

Π ! " 1 # λ $ I % λT (2)

whereΠ � " πi j $ i j , I is the identity matrix, andT � " ti j $ i j . This specificationallows us to parameterize

independentlytwo featuresof thepaymentsystem:λ capturesthe intensityof interbankflows andthe

matrix T capturesthe structureof theseflows. By definition, we have for all i � ∑ j πi j
� 1 For the

sake of simplicity, unlessotherwisespecified(seeSection6), we will imposethe following additional

restrictions:

Assumption3. For all j � ∑i πi j
� 1 

In thiswaywe discardthesupplyanddemandimbalancesataspecificlocationasthecauseof adisrup-

tion in thepaymentssystemor in theinterbankmarket.

Becauseof the complexity of the transfersinvolved in an arbitrary matrix Π, we will illustrate our

findingsin two symptomaticcases:

– In thefirst oneti j
� 1 if j � i % 1andti j

� 0 otherwise,with thenotationalconventionthatN % 1 ! 1 
To visualizethiscaseit is convenientto think thattheconsumersarelocatedaroundacircleasin Salop’s

(1979)model.All travelersfrom i go to locationi % 1, theclockwiseadjacentlocation,wherethey must

consumeatt � 2 Thepaymentsstructureimpliedby thistravel patterngenerateswhatwedefineascredit

chain interbankfunding, whenthebankat locationi % 1 providescreditto theincomingdepositorsfrom

locationi.

– In thesecondtravel patternti j
� 1

N 1 with i �� j  Eachtwo banksswap λ
N 1 customersso thatat

time t � 2 at location j thereare λ
N 1 travelersfrom eachof theother " N # 1$ locations.Wewill referto

thisperfectlyisotropiccaseasthediversifiedlendingcase.12

With credit chain interbankfunding, credit flows in the directionoppositeto travel. With diversified

lendingevery bankgivescredit linesuniformly to all otherN # 1 banks.In termsof paymentsmecha-

12 Thestructureof thepaymentflows in thecreditchaininterbankfundingandin thediversifiedlendingis verysimilar to that
studiedin Allen andGale(1998).
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nisms,theinterbankcreditdescribedabovecanbeinterpretedasacompensationscheme(netsystem)or

aRealTimeGrossSystem(RTGS)with multilateralcreditlines.

Let usnow introducetheplayersof thegame,namelytheN banksandtheir depositors.At t & 0 banks

decidewhetherto extendeachother credit lines. In the absenceof credit lines, all travelershave to

withdraw at t & 1, which reducesthequantitythateachbankcaninvest:this is whatwecall theautarkic

situation. On the otherhand,in the generalcasewith credit lines, the valueof final consumptionat

t & 2 is determinedby anon-cooperative gameplayedby thebanks’depositors.At t & 1 eachdepositor

locatedat i andconsumingat location j simultaneouslyandwithoutcoordinationdeterminesthefraction

xi j of his or herdepositto maintainin thebank.Accordingly, thepercentageof investmentremainingat

location j whereheor shemustconsumeis

Xj ' max

(
1 ) ∑

k

π jk * 1 ) x jk + D0

α , 0- , (3)

Becauseof Assumption1, the final consumptionof depositors* i , j + resultsfrom a combinationof a

withdrawal at time t & 1 in bank i (i.e. * 1 ) xi j + D0) plus a proportionxi j of the value at t & 2 of a

depositD j in bank j. To determinethepossibleequilibriaof thedepositors’game,we have to compare

D0 with the(endogenous)valuesof thedepositsD1 , . . . , DN in all thebanksat t & 2. Now, to determine

Di, considerthebalancesheetequationfor banki at time t & 2:

XiRi / ∑
j

π j ix j iD j & 0 ∑
j

π j ix j i / ∑
j

πi jxi j 1 Di (4)

wherethe LHS (RHS) representsthe assets(liabilities) of bank i, XiRi is the returnon its investment,

∑ j π j ix j iD j arethecreditsof banki duefrom otherbanks, 2 ∑ j π j ix j i 3 Di areits debtswith otherbanks,

and∑ j πi jxi j Di areits deposits.NoticethatAssumption2 impliesthattheaboveequationdoesnotapply

whenbanki is closedat t & 1. In this caseXi & Di & 0.

Theoptimalbehavior of eachdepositor* i , j + is xi j & 1 4 D j 5 D0, 6 i , j. Sinceit dependsonly on j, we

denoteby x j , thecommonvalueof thexi j wherex j & 1 if D j 7 D0 andx j & 0 otherwise.This allows a

simplificationof (4):

XiRi / 0 ∑
j

π j iD j 1 xi & ( 0 ∑
j

π j i 1 xi / ∑
j

πi jx
j - Di . (5)
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We establishthe following notation: D 8 9 D1 : ; ; ; : DN < = : R 8 9 R1 : ; ; ; : RN < = , and Π = is the transposeof

Π 8 9 πi j < i > j ; For agivenstrategy vector 9 xi j < i > j onecancomputetheassetsin placeatbanki 9 Xi < andthe

returnona depositatbanki 9 Di < . Thenwe checkwhetherthestrategiesareoptimal:

x?i j 8 @AB AC 1 if D j D D0

0 if D j E D0

; (6)

Any fixedpoint of thisalgorithm 9 i.e.,x?i j F xi j < is anequilibriumof ourgame.

Whenthemechanismof interbankcreditfunctionssmoothly, xi j F 1 for all 9 i : j < anddepositors’welfare

is greaterthanin theautarkicsituation. This is becauseinterbankcredit linesallow eachbankto keep

a lower amountof liquid reserves and to invest more. However, the systemis alsomore fragile. As

we show in thenext Sections,thenoncooperative gameplayedby depositorshasotherequilibria than

xi j F 1.

3 PURECOORDINATION PROBLEMS

Wefirst analyzetheequilibriaof thegamewhenall depositsareinvestedat t 8 1, investmentreturnsare

certain,andall banksaresolventsothattheonly issueis thecoordinationamongdepositors.Disregard-

ing the mixed strategy equilibria wheredepositorsare indifferentbetweenwithdrawing their deposits

andtransferringthemto therecipientbanks,we obtainourfirst result:

Proposition3.1WeassumeRi D D0 for all i (which impliesthatall banksaresolvent).Thereareat least

two purestrategy equilibria: (i) the inefficient bankrun allocationwherex ? 8 0 (Speculative Gridlock

Equilibrium)and(ii) theefficientallocationwhere x? 8 1 (CreditLine Equilibrium).

Proof. SeetheAppendix.

Several commentsare in order. In the Credit Line Equilibrium there is no liquidation while in the

Speculative Gridlock Equilibrium all the banks’assetsare liquidated. Sinceliquidation is costly and
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all banksaresolvent, the Credit Line Equilibrium dominatesthe Speculative Gridlock Equilibrium as

well asany otherequilibriumwheresomeliquidationtakesplace.TheSpeculativeGridlockEquilibrium

arisesas a result of a coordinationfailure like in D-D. If depositorsrationally anticipatedat t G 0 a

Speculative GridlockEquilibrium, they wouldprefertheautarkicsituation.

In theCreditLine Equilibrium with diversifiedlending,banki extendscredit linesto all theotherbanks

andreceivescredit lines from them. In equilibrium the debtarisingfrom bank i’s depositorsat t G 2

using bank i’s credit lines with the other banks,is repaidat t G 2 by bank i servingthe depositors

from the otherbanks. It is preciselybecausethe behavior of onebank’s depositorsis affectedby the

expectationof whatthedepositorsgoingto thesamelocationwill do, thatthisequilibriumis vulnerable

to acoordinationfailure. If thedepositorsin asufficiently largenumberof banksbelieve thatthey will be

deniedconsumptionat thelocationwherethey have to consume,it is optimalfor themto liquidatetheir

investment,whichmakesit optimalfor thedepositorsin all otherbanksto do thesame.TheSpeculative

Gridlock Equilibrium is relatedto thenotionof DominoEffect thatmayarisein paymentssystemsasa

resultof thesettlementfailureof someparticipant.Still, it mayoccurhereevenif all banksaresolvent.

Notice,thatbanksdo notplay any strategic role: only depositorsplay strategically.

From the efficiency viewpoint, whenall the banksaresolvent the Credit Line Equilibrium dominates

autarky which in turn dominatestheSpeculative Gridlock Equilibrium.13 Hencethereis a trade-off be-

tweenarisky interbankmarketbasedon interbankcreditandasafepaymentmechanismwhichforegoes

investmentopportunities.14

Both theGridlockandtheCreditLine Equilibria involve theuseof credit lines. In bothequilibriabanks

extendandhonorcredit lines up to the amountof their t G 2 resources.In the Speculative Gridlock

Equilibriumit is not thebanksthatdonothonorthecreditlines,ratherarethedepositorsthat,by forcing

theliquidationof theinvestment,reducetheamountof resourcesavailableat t G 2.

13 Whenα=1 the last two areequivalent. The costof the Gridlock Equilibrium is proportionalto 1-αH Notice that autarky
is equivalentto a paymentsystemwith fully collateralizedcredit lines like TARGET (Trans-EuropeanAutomatedReal-Time
GrossSettlementExpressTransfer),thepaymentsystemdesignedto handletransactionsin theEuroarea.

14 For ananalysisof this tradeoff in a relatedsettingseeFreixasandParigi (1998).However, evena RealTime GrossSystem
like TARGET is not immuneto a systemiccrisis. As Garber(1998)pointsout if thereis a risk thata currency will leave the
Eurocurrency area,thevery infrastructureof TARGET whereNationalCentralBanksof theparticipatingcountriesextendto
eachotherunlimiteddaily credit,providestheperfectmechanismto mountspeculative attackson thesystem.
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Thereis aclearparallelbetweenthesetwo equilibriain oureconomywith N locationsandtheequilibria

in aone-locationD-D model.Theseresultsarealsorelatedto thepapersby BhattacharyaandGale(1987)

and Bhattacharyaand Fulghieri (1994) that considerN-location D-D economieswithout geographic

risks.

The Credit Line Equilibrium can be implementedin several ways: througha CompensationSystem

wherecreditsarenetted,by a RTGS(RealTime GrossSettlement)systemwith multilateralor bilateral

credit lines,throughlendingby theCentralBankandthroughDepositInsurance.

In thisbasicversionof themodel,in theeventof agridlock,everybankis solventalthoughilliquid. Thus

no difficulty in distinguishingbetweeninsolvent andilliquid banksarisesfor theCentralBank.15 The

CentralBankhasa simplecoordinatingrole asa LOLR in guaranteeingprivate-sectorcredit linesor in

providing fiat money, bothbackedby theauthorityof theTreasuryto tax thereturnon theinvestment.16

Similarly, by guaranteeingthevalueof depositsat theconsumptionlocations,DepositInsuranceelimi-

natesany incentive for thedepositorsto protectthemselvesby liquidatingtheinvestment,thusmakingit

optimalfor banksto extendcreditto eachother.

Like Deposit Insurancewhich is never usedin equilibrium in the D-D model, the coordinationrole

of the CentralBank costsno resources(excluding moral hazardissues),sincein equilibrium it will

not be necessaryfor the CentralBank to intervene. However, in a richer modelcredit line guarantees

andDepositInsurancewould not have thesameeffect. In fact, unlike credit lines guarantees,Deposit

Insurancepenalizesthemanagersof distressedbanks,andmight offer betterincentivesto managersto

monitoreachother.

15 For ananalysisof this issueseethecompanionpaperby Freixas,Parigi, andRochet(1998).

16 For examplein the Canadianelectronicsystemfor the clearingandsettlementof large valuepaymentsthe CentralBank
guaranteesintradaycredit lines(FreedmanandGoodlet1998).
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4 RESILIENCYAND MARKET DISCIPLINE IN THE INTERBANK SYSTEM

In thenext two Sectionswetackletheissueof theimpactof theinsolvency of onebankontherestof the

system.In thisSectionwe investigateunderwhichconditionsthelossesof onebankcanbeabsorbedby

theotherbankswithout provoking withdrawalsby depositors,(this is whatwe call resiliency) andwhat

aretheimplicationsin termsof marketdiscipline.In thenext Sectionweconsidertheissueof contagion.

That is we investigatewhetherthe closureof an insolvent bankgeneratesa chainreactioncausingthe

liquidationof solventbanks.

In orderto modelthepossibilityof insolvency in asimpleway, wemaketheextremeassumptionthatthe

returnRi ontheinvestmentat locationi canbeeitherR I D0, or 0J If R K 0L banki is insolvent, in which

caseit is efficient to liquidateit, absentcontagionissues.For theremainderof thispaperweassumethat

theprobabilityof R K 0 is sufficiently low thatit is optimalfor thebanksto investall depositsat t K 0.17

Returnsarepublicly observable at t K 1 but verifiableonly at t K 2 so that no contractcanbe made

contingenton thesereturns.Noticethatby assumption1 thepublic informationthatbank1 is insolvent

cannotbeusedtheotherbanksto distinguishanddiscriminatethedepositorsof theinsolventbank.The

efficient allocationof resourcesrequiresthatbanksbeliquidatedif andonly if they areinsolvent:

Xi K MNO NP 0 if Ri K 0

1 if Ri K R
J (7)

Whetherthis efficient closurerule is a NashEquilibrium of thenon-cooperative gamebetweendeposi-

tors,will dependonthestructureof theinterbankpaymentsystem.To illustratethis,wefocusonthecase

in which onebank(say, bank1) is insolvent,andwe investigateunderwhich conditionsx K Q 1L J J J L 1R is

still an equilibrium, i.e. underwhich conditionsDi I D0 for all i. Whenx K Q 1L J J J L 1R andR1 K 0 the

17 For a largeprobabilityof failure,it is optimalto usethestoragetechnologyonly.
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balancesheetequationsS 5T give

D U V 2I W Π X Y 1

Z[[[[[[[[\ 0

R] ] ]
R

^ ________` U R V 2I W ΠX Y 1

Z[[[[[[[[\ 0

1] ] ]
1

^ ________` ] (8)

From S 8T we defineby γ theminimumof thecomponentsof thevector

V 2I W Π X Y 1

Z[[[[[[[[\ 0

1] ] ]
1

^ ________` ] (9)

Weestablishthefollowing proposition:

Proposition 4.1 (Resiliency andMarket discipline)WhenR1 U 0a necessaryconditionfor x U S 1a ] ] ] a 1T
to beanequilibriumis thatthesmallestvalueof timet U 2 depositsS RγT a whichdependsonthestructure

of interbankpaymentflows,exceedsD0]
Proof. From S 8T andthedefinitionof γ we seethatDi b D0 for all i if andonly if γ b D0

R
]

Several commentsarein order. Proposition4.1 highlightsan importantaspectof the tensionbetween

efficiency andstabilityof theinterbanksystem.Ontheonehandit establishestheconditionsunderwhich

thesystemcanabsorbthelossesof onebankwithoutany depositwithdrawal. Resiliency, however, entails

thecostof forbearanceof theinsolventbank.Ontheotherhandit establishestheconditionsunderwhich

x U S 1a ] ] ] a 1T is no longeran equilibrium. If a bankis known at t U 1 to be insolvent, depositorsmay

withdraw andwithdrawals may not be confinedto the insolvent bank,hencemarket disciplineentails

thecostof possiblyexcessive liquidation. We interpretγ asa measureof theexposureof the interbank

systemasawholeto market disciplinewhenonebankis insolvent.18

We now studyhow γ varieswith λ (theproportionof travelers)andN (thenumberof locations)in the

two casesof creditchainanddiversifiedlending.

18 As a benchmarkconsideragainthelimit of theD-D optimalcontractwhentheproportionof earlydierstendsto zero.If we
computeD0 whenu S cT U c1 ac S 1 W aT (CRRAutility function),from S 1T wehave D0

R U R aa which is decreasingin R]
Thereforemoreprofitableassetsdecreasetheexposureof thebankto market discipline.



– 16 –

Proposition 4.2Both in thecreditchaincaseandin thediversifiedlendingcase,γ increaseswith λ and

N; i.e. whentheproportionof travelersincreasesor thenumberof banksincreases,thesystembecomes

lessexposedto market discipline.

Proof. SeetheAppendix.

Whenthenumberof banksincreases,theinsolvency of onebankhasa lower impacton thevalueof the

depositsin theotherbanks.Similarly anincreasein thefractionof travelersspreadsontheotherbanksa

largerfractionof thelossdueto theinsolvency of onebank.Thisseemsquiteintuitive for thediversified

lendingcase,sincethe bankshold morediversifiedportfolios of loans. The novelty is that this result

holdstruealsofor thecredit chaincasewherebankshave thepossibility to passpartof their lossesto

otherbanksthroughtheinterbankmarket.

Wenow comparethetwo systemsfor givenvaluesof λ andN. Wethencomparetheexposureto market

disciplineof thecreditchainandthediversifiedlendingstructures.

Proposition 4.3 In caseof theinsolvency of onebank,thesystemis moreexposedto market discipline

underdiversifiedlendingthanundercreditchains;i.e. γCRE d γDIV .

Proof. SeetheAppendix.

Proposition4.3mayappearcounterintutive sincediversificationis usuallyassociatedwith theability to

spreadlosses.Theresultdependson theproportionof thelosseson its own portfolio that the insolvent

bankis ableto transferto otherbanksthroughthepaymentssystem.In adiversifiedlendingsystemthere

is morediversificationsothatsolventbanksexchangealargerfractionof theirclaims.As aconsequence

in a diversifiedlendingsystemthe insolvent bank is able to passover to the solvent banksa smaller

fractionof its losses.

The casewith threebanks e N f 3g andeverybodytravels e λ f 1g provides a good illustration. In a

diversifiedlendingsystemthebalancesheetequationse 5g become:

Di f 1
2 h Ri i 1

2
e Di 1 i Di j 1 g k i f 1l 2l 3m (10)
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This meansthat if bank1 is insolvent (i.e. R1 n 0o , depositorsat banks2 and3 obtainan equalshare

of total surplus,while bank1 depositorsreceive 50%less.After easycomputations,we find thatbank1

depositorsreceive 2
5R, or equivalently bank1 is ableto pass3

5 of its lossesto thesolventbankswhose

depositorsendup receiving 4
5R .

Considernow thecaseof creditchains.Still assumingλ n 1, thebalancesheetequationsgive:

Di n 1
2 p Ri q Di r 1 s i n 1t 2t 3u (11)

Wecancomputethelossesexperiencedby eachbank(with respectto thepromisedreturnsR) andit is a

simpleexerciseto checkthattheonly solutionis:

D1 n 3
7

R;D3 n 5
7

R;D2 n 6
7

Ru (12)

Therefore,bank1 is ableto passonahighershareof its lossesthanin thediversifiedlendingcase,which

explainsthelower exposureof theinterbanksystemto market disciplinein thecreditchainsystem.

Theresultsof this Sectionhighlight anothersideof interbankmarketsin additionto their role in redis-

tributing liquidity efficiently studiedby BhattacharyaandGale(1987). Interbankconnectionsenhance

the”resiliency” of thesystemto withstandtheinsolvency of aparticularbank.However, thisnetwork of

crossliabilities mayloosenmarket disciplineandallow aninsolventbankto continueoperatingthrough

the implicit subsidygeneratedby the interbankcredit lines. This looseningof market disciplineis the

rationalefor a moreactive role for monitoringandsupervisionwith the regulatoryagency having the

right to closedown abankin spiteof theabsenceof any liquidity crisisat thatbank.

Theeffect of a CentralBank’s guaranteeon interbankcredit lineswould bethatx n v 1t u u u t 1o is always

anequilibrium,evenif onebankis insolvent. Thestability of thebankingsystemwouldbepreservedat

thecostof forbearanceof inefficient banks.
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5 CLOSURE-TRIGGEREDCONTAGION RISK

5.1 Efficiency vs. ContagionRisk

Wenow turn to theothersideof therelationshipbetweenefficiency andstability of thebankingsystem,

andinvestigateunderwhichconditionstheclosureat time t w 1 of aninsolventbankdoesnot triggerthe

liquidationof solventbanksin a contagionfashion.Supposethatbankk is closedat t w 1x Assumption

2 implies that Xk w 0 andDk w 0x Closingbankk at t w 1 hastwo consequences.First, we have an

unwindingof thepositionsof bankk sinceπkiDk assetsandπkiDi liabilities disappearfrom thebalance

sheetof bankkx In a richersettingthis is equivalentto asituationin which theotherbankshave reneged

on their credit lines toward bankk, possiblyasa resultof the arrival on negative signalson its return.

Second,a proportionπik of travelersgoing to locationk will be forcedto withdraw early the amount

πikD0 andbanki will have to liquidatetheamountπik
D0
α x If πik

D0
α is sufficiently largebanki is closedat

t w 1, otherwisethecostat t w 2y of theearlyliquidationis πik z D0
α R { Di | x

Noticethatif πik
D0
α } 1 thenXi w 0y i.e. banki is liquidatedsimplybecausetherearetoomany depositors

going from location i to locationky thebankis closedat t w 1x The type of contagionthat takesplace

hereis of a purelymechanicalnaturestemmingsimply from thedirect effect of inefficient liquidation.

Sincethiscaseis straightforwardlet usinsteadconcentrateontheothercase,namelyπik
D0
α ~ 1x Because

of unwindingandforcedearlywithdrawal, thefull generalcaseis morecomplex. Sincexk w 0y wehave

to suppressall thatconcernsbankk from theequations� 5� . Weobtain:

Xi � k� Ri � ∑
j �� k

π j iD jx
i w � ∑

j �� k

πi jx
j � ∑

j �� k

π j ix
i � Di y (13)

where

Xi � k� w max � 1 { πik
D0

α
{ ∑

j �� k

π j i � 1 { x j � D0

α
y 0� x (14)

We now have to checkwhetherxi j � 1 for all i y j �w ky cancorrespondto an equilibrium. In this case,

Xi � k� w max� 1 { πik
D0
α y 0� andsystem� 13� becomes:
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Ri � � ∑
j �� k

πi j � π j i

Xi� k� � Di � ∑
j �� k

π j i

Xi � k� D j � (15)

Sinceby assumptionRi � R for all i �� k, � 15� becomes

� 1 � πik
D0

α
� R � ∑

j �� k

π j iD j � � 2 � πik � πki � Di (16)

Thisallows usto establisha resultanalogousto Proposition4.1.

Proposition 5.1 (ContagionRisk) Thereis a critical valueof the smallesttime t � 2 depositsbelow

which theclosureof a bankcausesthe liquidationof at leastanotherbank. This critical valueis lower

in thecreditchaincasethanin thediversifiedlendingcase.Thediversifiedlendingstructureis always

stablewhenthenumberN of banksis largeenoughwhereasN hasnoimpactonthestabilityof thecredit

chainstructure.

Proof. It follows thesamestructureof theproof of Proposition4.1. Denotingby Mk the inverseof the

matrixdefinedby system� 16� , stability is equivalentto:

������ D1� � �
DN

  ¡¡¡¡¢ � RMk

������ 1� � �
1

  ¡¡¡¡¢ £ D0

������ 1� � �
1

  ¡¡¡¡¢ � (17)

Onecanseethat all the elementsof Mk arenon negative19, thusstability obtainsiff D0
R ¤ ψk, where

ψk denotestheminimumof thecomponentsMk

������ 1� � �
1

  ¡¡¡¡¢ � Thecomputationof ψk is cumbersomein the

generalcasebut easyin our benchmarkexamples(where,becauseof symmetry, k doesnot play any

role). Onefinds:

19 The fact that the matrix Mk hasnon negative elementsfollows from a propertyof diagonaldominantmatrices(Seee.g.
Takayama1985p.385).
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Ψcre ¥ 1 ¦ λ § D0

α
¦ 1̈ ;Ψdiv ¥ 1 ¦ λ § D0

α ¦ 1

N ¦ 1 ¦ λ
¨ (18)

in thecreditchainexample,andin thediversifiedlendingcase,respectively. It is immediatefrom these

formulasthat Ψcre<Ψdiv (for N © 2) and that Ψdiv tendsto 1 when N tendsto infinity while Ψcre is

independentof N.

5.2 Comparisonwith Allen and Gale (1998)

It is usefulto compareour resultswith thoseof Allen andGale(1998).Proposition4.1establishesthat

systemiccrisesmay arisefor fundamentalreasons,like in Allen andGale. However, the focusof the

two papersis different. Allen andGaleareconcernedwith the stability of the systemwith respectto

liquidity shocksarisingfrom therandomnumberof consumersthatneedliquidity earlyin theabsenceof

aggregateuncertainty. They show thatthesystemis lessstablewhentheinterbankmarket is incomplete

(in thesensethatbanksareallowedto crosshold depositsonly in a creditchainfashion)thanwhenthe

interbankmarket is complete(in thesensethatbanksareallowedto crosshold depositsin a diversified

lendingfashion).

In our paperinterbanklinks arise,instead,from consumersgeographicuncertaintyandthe focusis on

theimplicationsof theinsolvency of onebankin termsof market disciplineandstability of thesystem.

In particularin Proposition4.3we show how thestructureof interbanklinks allows to spreadover other

banksthe lossesof onebank. We show that a diversifiedlendingsystemis moreexposedto market

discipline(i.e. lessresilient)thanacreditchainsystembecausein thelattertheinsolventbankis ableto

transfera largerfractionof its lossesto otherbanksthusreducingtheincentivesfor its own depositorsto

withdraw. In Proposition5.1weareconcernedwith thestability of thesystemwith respectto contagion

risk triggeredby theefficient liquidationat time t ¥ 1 of theinsolventbank.
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6 TOO-BIG-TO-FAIL AND MONEY CENTERBANKS

Regulatorshave often adopteda too-big-to-fail approach(TBTF) in dealingwith financiallydistressed

money centerbanksandlargefinancialinstitutions.20 Oneof thereasonsis thefearof therepercussions

thattheliquidationof amoney centerbankmighthaveonthecorrespondingbanksthatchannelpayments

throughit. Our generalformulationof the paymentsneedswherethe flow of depositorsgoing to the

variouslocationsis asymmetricoffersasimplewayto modelthiscaseandto capturesomeof thefeatures

of the TBTF policy. We interpret the TBTF policy as designedto rescuebankswhich occupy key

positionsin theinterbanknetwork, ratherthanbankssimplywith largesize.21

Considerfor examplethecasewheretherearethreelocationsª N « 3¬ . Locations2 and3 areperipheral

locationsandlocation1 is amoney centerlocation.All thetravelersof locations2 and3 mustconsumeat

location1, andonehalf of thetravelersof location1 consumeat location2 andtheotherhalf at location

3­ Thatis t12 « t13 « 1
2 andt21 « t31 « 1, t23 « t32 « 0­ 22 This impliesthat

X1 « max ® 1 ¯ D0

α ° 1 ¯ ª 1 ¯ λ ¬ x1 ¯ λ ± x2 ² x3

2 ³ ; 0́ µ ¶ (19)

and

X2 « max · 1 ¯ D0
α ¸ 1 ¯ ª 1 ¯ λ ¬ x2 ¯ λx1¹ ;0º

X3 « max · 1 ¯ D0
α ¸ 1 ¯ ª 1 ¯ λ ¬ x3 ¯ λx1¹ ;0º .

(20)

Supposenow that one of thesebanks(andonly one) is insolvent (this is known at t « 1). The next

propositionillustrateshow theclosureof abankwith a key positionin theinterbankmarket maytrigger

asystemiccrisis.

Proposition 6.1 (i) If λ » α ª 1
D0

¯ 1
R ¬ theliquidationof bank1 triggerstheliquidationof all otherbanks

(Too-big-to-fail); (ii) If λ ¼ 2α
D0

, liquidationof banks2 or 3 doesnot triggertheliquidationof any of the

othertwo banks.

20 Seefor exampletheinterventionof themonetaryauthoritiesin theContinentalIllinois debaclein 1984and,to someextent,
in arrangingtheprivate-sectorrescueof LongTermCapitalManagement.

21 TheBarings’failureof 1996is anexampleof thecrisisof a largefinancialinstitutionthatdid notcreatesystemicrisk.

22 Noticethatwe now abandonAssumption3 (thesymmetryassumption).
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Proof. To prove(i) noticethatif bank1 is closedthenX1 ½ 0, andx1 ½ 0. ThenD2 ½ X2R ½ ¾ 1 ¿ D0
α λ À R.

Thusx2 ½ 0 if ¾ 1 ¿ D0
α λ À R Á D0 Â λ Ã α ¾ 1

D0
¿ 1

R À . To prove (ii) notice that if bank2 is closedthen

x2 ½ 0Ä If ¾ 1Å 0Å 1À is anequilibriumthebalancesheetequationsbecome,when D0λ
α Á 2:

D1 Æ 1 ¿ λ
2

D0

α Ç λÈ ½ Æ 1 ¿ D0

α
λ
2

È R1 Ç λD3 (21)

D3 Æ 1 Ç λ
2

È ½ R3 Ç λ
2

D1 Ä
If R3 ½ R1 ½ R this yields D3 ½ D1 ½ R. This implies that x ½ ¾ 1Å 0Å 1À is an equilibrium whenever

D0λ
α Á 2.

Our last resultconcernstheoptimalattitudeof theCentralBankwhenthemoney centerbankbecomes

insolvent ¾ R1 ½ 0À . When D0
R is low, no interventionis needed.When D0

R is large, theCentralBankhas

to inject liquidity. More preciselywehave:

Proposition 6.2 WhenR1 ½ 0Å x ½ ¾ 1Å 1Å 1À is anequilibriumif D0
R is sufficiently low (no CentralBank

interventionis needed).In theothercase,thecostof bailoutincreaseswith D0
R .

Proof. When R1 ½ 0Å x ½ ¾ 1Å 1Å 1À can be an equilibrium if D Ã D0 ÉÊÊÊÊË 1Ä Ä Ä
1

Ì ÍÍÍÍÎ Ä When x ½ ¾ 1Å 1Å 1À Å the

balancesheetequations(5) become

R1 Ç ¾ D2 Ç D3 À ½ 3D1 (22)

R2 Ç 1
2

D1 ½ 3
2

D2 Å R3 Ç 1
2

½ 3
2

D3 Ä (23)

Solving ¾ 22À and(6.2)whenR1 ½ 0Å R2 ½ R3 ½ RyieldsD1 ½ 4
7RÅ D2 ½ D3 ½ 6

7R, whichis anequilibrium

iff D0
R Á 4

7 Ä Thecostof bailout is 0 iff D0
R Á 4

7 Å it is D0 ¿ 4
7R if f 4

7 Á D0
R Á 6

7 Ä When D0
R Ã 6

7, theCentral

Bankalsohasto inject liquidity in thesolventbanks.Thetotal costto theCentralBankbecomes3D0 ¿
16
7 R.
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7 DISCUSSIONSAND CONCLUSIONS

We have constructeda modelof the bankingsystemwhereliquidity needsarisefrom consumers’un-

certaintyaboutwherethey needto consume.Our basicinsight is that the interbankmarket allows to

minimize the amountof resourcesheld in low-return liquid assets.However, interbanklinks expose

the systemto the possibility that a numberof inefficient outcomesarise: the excessive liquidation of

productive investmentasaresultof coordinationfailuresamongdepositors;thereducedincentive to liq-

uidateinsolventbanksbecauseof theimplicit subsidiesofferedby thepaymentsnetworks;theinefficient

liquidationof solventbanksbecauseof thecontagioneffect stemmingfrom oneinsolventbank.

7.1 Policy implications

We usethis rich set-upto derive a numberof policy implications(summarizedin Table1) with respect

to theinterventionsof theCentralBank.

First, the interbankmarket may not yield the efficient allocationof resourcesbecauseof possibleco-

ordinationfailuresthat may generatea ”gridlock” equilibrium. The CentralBank hasthus a natural

coordinationrole to play which consistsof implicitly guaranteeingtheaccessto liquidity of individual

banks. If the bankingsystemasa whole is solvent the costsof this intervention is negligible and its

distortionaryeffectsmaystemonly from moralhazardissues(Proposition3.1).
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Table 1. Summary of Central Bank Inter ventions

Problem Type of Central Bank Inter-

vention

Costs Result

SpeculativeGridlock Coordinatingrole of Central

Bank

Never usedin equilibrium; no

cost,apartfrom moralhazard

Proposition3.1Ï GuaranteecreditlinesÏ DepositInsurance

Insolvency in a re-

silient interbankmar-

ket

Ex antemonitoringandsuper-

vision

Imperfect monitoring leads to

forebearanceandmoralhazard

Proposition4.1

Insolvency leading to

contagion

Orderly closure of insolvent

bank and arrangement of

credit linesto by-passit

No cost,apartfrom moral haz-

ardandmoney centerbanks;in

caseof money centerbanksit

may be too costly or even im-

possibleto organizeorderlyclo-

sure

Proposition 5.1;

Proposition6.1

Bail out Transferof taxpayermoney Proposition6.2

Second,if onebankis insolvent, theCentralBank facesa muchmorecomplex trade-off betweeneffi-

ciency andstability. Market forceswill not necessarilyforcetheclosureof insolventbanks.Indeedthe

resiliency of theinterbankmarket allows to copewith liquidity shocksof individual banksby providing

implicit insurance,which weakensmarket discipline(Proposition4.1). ThereforetheCentralbankhas

the responsibilityto provide ex antemonitoringof individual banks.However, theclosureof insolvent

banksmaycausesystemicrepercussions(Proposition5.1)whichis theresponsibilityof theCentralBank

to handle.In thiscasetwo coursesof actionsareavailable:orderlyclosureor bailoutof insolventbanks.

Given the interbanklinks, the closureof an insolvent bankmustbe accompaniedby the provision of

CentralBank liquidity to thecounterpartsof theclosedbank.23 This is whatwe calledorderlyclosure.

Assumingthat this is possible,theoreticallyit entailsno costsapartfrom moral hazard.However, the

orderly closuremight simply not be feasiblefor money centerbanks(Proposition6.1) in which case

23 For instance,in the credit chaincase,if bankk is closedtheCentralBank canborrow from bankk Ð 1 andlend to bank
k Ñ 1, thusallowing theinterbankarrangementsto functionsmoothly.
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the CentralBank hasno choicebut to bailout the insolvent institution, with the obvious moral hazard

implicationsof theTBTF policy.

Ourmodelcanbeextendedin variousdirectionssomeof whicharediscussedbelow.

7.2 Imperfect Inf ormation on Banks’ Returns

In reality, boththeCentralBankandthedepositorshave only imperfectsignalson thesolvency of com-

mercialbanks(althoughtheCentralBank’ signalsarehopefullymoreprecise).Therefore,theCentral

Bankwill have to actknowing thatwith someprobability it will be lendingto (guaranteeingthecredit

linesof) insolvent institutionsandwith someprobability it will bedenying creditto solvent institutions.

Also, depositorsmayrunonall thebankswhichhave generatedabadsignal.

Theconsequencesaredifferentdependingon thestructureof the interbankmarket. In thecredit chain

case,the CentralBank will have to interveneto provide credit with a higher probability than in the

diversifiedlendingcase.Thereforein thecreditchaincasetheCentralBankhasa higherprobabilityof

endingup financinginsolvent banks. Ex ante,therefore,the CentralBank intervention is muchmore

expensive in the credit chaincase,so that in this casea fully collateralizedpaymentssystemmay be

preferred.

7.3 Paymentsamongdifferent countries

Systemicrisk is oftenrelatedto thespreadingof financialcrisisfrom onecountryto another. Our basic

modelcanbeextendedto considervariouscountriesinsteadof locationswithin thesamecountry. When

depositorsbelongto different countries,travel patternsthat generatea consumptionneedin another

location have the natural interpretationof demandof goodsof other countries,i.e. import demand.
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Goodsof theothercountrycanbepurchasedthroughcurrency (like in autarchyin thebasicmodel)or

throughacredit line systemwherebytheimportsof acountryarefinancedby its exports.

Our resultsextendto themodelwith differentcountriesbut therole of themonetaryauthorityis some-

whatdifferent.While in ourset-upthelendingability of thedomesticmonetaryauthoritywasbackedby

its taxationpower, the lendingability of an internationalfinancialorganizationis ultimatelybacked by

its capital.Hencetheresourcesat its disposalarelimited andin caseof aggregateuncertaintyits ability

to guaranteebanks’credit linesis limited.24

24 Seetherole of theI.M.F. in the1997Asiancrisesandthe1998Russiancrisis.
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APPENDIX

Notation. Define

M Ò λ Ó Ô Õ 2I Ö Π× Ø 1 Ù Õ Ò 1 Ú λÓ I Ö λT × Ø 1 Ù
(24)Ù 1

1 Ú λ Û I Ö λ
1 Ú λ

T × Ü 1

whereI is theidentitymatrix. Wefirst needa technicallemma:

Lemma 7.1 All the elementsof M Ò λÓ are non negative: mi j Ò λÓ Ý 0 for all i Þ j. Moreover for all i,

∑ j mi j Ò λÓ Ù
1. As aconsequence,if Ri ß D0 for all i then

M Ò λ Ó R ß D0 àááááâ 1ã ã ã
1

ä ååååæ ã (25)

Proof. M Ò λ Ó Ù Ò 2I Ö Π× Ó 1. SinceΠ× is aMarkov matrix (becauseof assumption3), all its eigenvalues

arein theunit disk andM Ò λ Ó canbedevelopedinto a powerseries:

M Ò λ Ó Ù 1
2 ç I Ö Π×

2 è 1 Ù é ∞

∑
kê 0

Π × k
2k é 1

ã (26)

This implies that M Ò λ Ó haspositive elements.Moreover àááááâ 1ã ã ã
1

ä ååååæ beingan eigenvectorof Π× (for the

eigenvalue1), it is alsoaneigenvectorfor M Ò λÓ .

Proofof Proposition3.1.

(i) Becauseof assumption2, Di
Ù

0 whenxi j
Ù

0 for all j. Thereforexëi j Ô 0 is alwaysanequilibrium.

(ii) x j Ù
1 ì Xj

Ù
1. Usingtheassumptionthat∑ j π j i

Ù
1 equation(5) becomes

2D
Ù

R Ú Π× D ã (27)
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For x j í 1 to beanequilibriumfor all j, it mustbe

D í î 2I ï Πð ñ 1R í M ò λ ó R ô D0 õöööö÷ 1ø ø ø
1

ù úúúúû ø (28)

This is an immediateconsequenceof the above lemma,which implies that x í ò 1ü ø ø ø ü 1ó is alwaysan

equilibrium whenall banksaresolvent. Thereareno otherequilibria whenα í D0. Indeedif xi í 0

thenequation(5) impliesthatXi
í 0 or Di

í Ri . But Xi cannotbezero(unlessall x j arealsozero)and

Di
í Ri ý D0 contradictstheequilibriumcondition.Notice,however, thatwhenα þ D0ü Xi canbezero

evenif someof thex j arepositive,which impliesthatotherequilibriamayexist.

BeforeestablishingProposition4.2we have to computetheexpressionof matrix M ò λ ó in thetwo cases

of creditchainanddiversifiedlending.

Considerthecreditchaincasefirst, wherethematrixT is givenby:

T í õööööööööööö÷
0 1 0 ... 0

...

...

0 ... 0 1

1 0 ... 0 0

ù úúúúúúúúúúúû (29)

ThereforeT ð N í I , sothatT ð k í T ð kÿ N í T ð kÿ 2N ø ø ø . Now

M ò λ ó í � 1
1 � λ � ∞

∑
k� 0 � θT ð � k ü (30)

where λ
1ÿ λ � θø Let Θ � � 1 � θ � θN � θ2N ø ø ø � ø Thus

M ò λ ó � Θ
1 � λ 	 I � θT ð � � θT ð � 2 � ø ø ø � � θT ð � N 1 
 í 1 ï θ

1 ï θN A (31)



– 32 –

where

A � � I 
 θT � 
 � � � 
 � θT � � N 1 � �
�����������������

1 θN 1 � � � � � � θ2 θ

θ 1 θN 1 � � � � � � θ2� � ��� � ��� � � � � � � � � � � �� � ��� � ��� � � � � � � � � � � �� � ��� � ��� � � � � � 1 θN 1

θN 1 � � ��� � � θ2 θ 1

� ����������������
(32)

Considernow thediversifiedlendingcase,wherethematrixT is givenby:

T � 1
N � 1
�������������

0 1 � � � � � � 1

1 0 1 � � � 1� � � � � � � � � � � � � � �
1 � � � 1 0 1

1 � � � � � � 1 0

� ������������ � (33)

It follows thatT
�

T � � Now

M � λ � � 1
1 
 λ � I � λ

1 
 λ
T � � 1 � � 1 � θ� ∞

∑
k 0 � θT � � k � (34)

Noticethat

T � 2 � 1
N � 1I 
 N � 2

N � 1T � !
T � 3 � 1

N � 1T � 
 N � 2
N � 1T � 2 � 1

N � 1
T � 
 N � 2

N � 1 � 1
N � 1I 
 N � 2

N � 1T � � �
Finally,

T � 3 � N � 2� N � 1� 2 I 
 " 1 � N � 2� N � 1� 2 # T � � (35)
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Recursively we obtain

T $ k % βkI & ' 1 ( βk) T $ (36)

where

βk
% 1

N * 1 ( + ( 1N ( 1 , k 1 - .
(37)

Therefore

M ' λ ) % ' 1 ( θ) ∞

∑
k/ 0 0 θT $ 1 k % ' 1 ( θ) ∞

∑
k/ 0 2 θkβkI & θk ' 1 ( βk ) T $ 3 (38)

Proofof Proposition4.2. If R %
4555555556 0

R. . .
R

7 888888889 thenecessaryconditionfor x % ' 1: . . . : 1) to beanequilibrium

becomes

D % M ' λ) R % M ' λ )
4555555556 0

R. . .
R

7 888888889 ; D0

.
(39)

In thecreditchaincaseequation' 32) impliesthatthefirst row of condition ' 39) becomes

1 ( θ
1 ( θN ' θN 1 & . . . & θ ) R ; D0 (40)

or

D0

R < 1 ( 1
1 & θ & . . . & θN 1 = γCRE

N (41)

It is easyto seethatγCRE
N increasesin N andin θ (andthereforein γ). NoticethatγCRE

∞
% θ.

Underdiversifiedlending,M ' λ) is givenby ' 38) . Checkingthefirst row of ' 39) anddividing by Ryields

D1

R
% ' 1 ( θ) ∞

∑
k/ 1 > θk ' 1 ( βk ) N ( 1N ( 1 ? = γDIV

N ; D0

R

.
(42)
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Using

βk @ 1
N A 1 B C B 1N B 1 D k 1 E F

(43)

equationG 42H becomes

γDIV
N @ G 1 B θH ∞

∑
kI 1θk J 1 B 1

N A 1 B C B 1N B 1 D k 1 E K F
(44)

or

NγDIV
N @ G 1 B θH A G N B 1H ∞

∑
kI 1θk L ∞

∑
kI 1θk C B 1

N B 1 D k 1 E M
(45)

SinceG 1 B θ H ∞

∑
kI 1θk @ G 1 B θH θG 1 B θ H @ θ

F
(46)

andG 1 B θ H ∞

∑
kI 1θk C B 1

N B 1 D k 1 @ θ G 1 B θH ∞

∑
kI 0θk C B 1

N B 1 D k (47)@ θ G 1 B θH
1 L θ

N 1
@ G N B 1H θ G 1 B θHN B 1 L θ F

equationG 45H becomes

NγDIV
N @ G N B 1H θ L G N B 1H θ G 1 B θ H

N B 1 L θ @ G N B 1H θ NN B 1 L θ L 1 B θO
N B 1 L θ

(48)

from which

γDIV
N @ G N B 1H θN B 1 L θ @ 1

1
θ
L 1

N 1

M
(49)

Recallingthatθ @ λ
1P λ , we seethatγDIV

N increaseswith λ andN, andthatγDIV
∞ @ θ
M

Proofof Proposition4.3.ComparingγDIV
N andγCRE

N we obtain

γDIV
N

θ @ G N B 1HN B 1 L θ @ 1

1 L θ
N 1

F
(50)
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and

γCRE
N

θ Q 1 R θN 1

1 R θN Q 1 S θ S θ2 S θ3T T T S θN 2

1 S θ S θ2 S θ3T T T S θN 1 Q 1

1 S θN U 1
1V θV θ2 V θ3 W W W V θN U 2 T (51)

SinceθN 2 X θN 3 X θN 4 X T T T , then

θN 2

1 S θ S θ2 S θ3T T T S θN 2
X 1

N R 1 T (52)

Thus

θN 1

1 S θ S θ2 S θ3T T T S θN 2
X θ

N R 1 Y γCRE
N

θ Z γDIV
N

θ
(53)


