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Abstract

Tensions in money markets often serve as amplification nmésimafor financial crises.
In order to avoid this, central banks should accommodatekshio banks’ liquidity demand.
This requires an accurate assessment of the aggregate diéonarentral bank money and
its major determinants. Using a unique data set on the ligudtbmand of German banks,
we apply a three-parameter logistic model to estimate tiyeeggte liquidity demand and its
main determinants. In line with several recent theoretcaltributions, we find that a great
asymmetric distribution of liquidity in the banking sectarlarger dispersion of credit risk
in the interbank market, more volatile asset prices, a higkegurity mismatch, and a larger
fraction of banks persistently refinancing though centaalkboperations increase the demand
for central bank money. These findings reveal a mutual iekstion between money market
tensions and the stability of the broader financial systeahdbntral banks need to take into
account when adjusting their liquidity supply.

Keywords: Monetary Policy Instruments, Operational Framework uiglity Demand, Lig-
uidity Crises, Financial Crises.

JEL Classification; C12, E41, E58, GO1.

*We are grateful to the Bundesbank for providing us with the data. We wish to thank Armin Eder,
Andreas Barth, Ben Craig, Heinz Herrmann, Florian Hett, Dieter Nautz, Deyan Radev, Sandra Schmidt,
Isabel Schnabel and in particular Jan Scheithauer for valuable comments and suggestions. Participants at
the Bundesbank research colloquium, at the Freie Universitdt Berlin research seminar, and at the Brown
Bag Seminar of the Gutenberg School of Management and Economics contributed to this paper with helpful
discussions. The opinions expressed in this paper do not necessarily reflect the opinions of the Deutsche
Bundesbank or its staff. All errors remain our own.

"Deutsche Bundesbank, Wilhelm-Epstein-StraBe 14, 60431 Frankfurt am Main, Germany,
Phone: +49.69.9566.3708, Fax: +49.69.9566.2551, puriya.abbassi@bundesbank.de.

fEuropean Business School, Endowed Chair of the Economics of Financial Institutions, Gustav-
Stresemann-Ring 3, 65189 Wiesbaden, Germany, Phone: +49.611.7102.1225, Fax: +49.611.7102.10.1225,
Falko.Fecht@ebs.edu .



1 Introduction

The availability of funding in money markets has a major iatpan the stability of the banking
sector and on the liquidity of broader financial markets, esae Brunnermeier (2009) and Ny-
borg andOstberg (2010). In order to contain the pressure in moneketsduring the recent
financial crisis and avoid a spill-over of those tensions tttep segments of the financial sys-
tem, central banks accommodated shocks to the demand &owvessand heavily adjusted their
liquidity supply, see e.g. European Central Bank (2010)t, ¥entral banks’ success in coping
with liquidity demand shocks crucially depends on the aaiassessment of the determinants of
market's demand for central bank liquidity. Assessing thgragate demand for reserves is partic-
ularly important and essential if the demand itself is dateed by financial market liquidity and
the stability of the banking sector. To shed more light onititerrelationship between liquidity
of different markets, this paper identifies an aggregatgadity demand function for the German

banking sector and investigates how it responds to vasat#eved from economic theory.

In its weekly-held main refinancing operations (MROSs), thedpean Central Bank (ECB)
auctions liquidity for a period of one week. During our saenpkriod from June 27, 2000 to
October 15 2008, the MROs were conducted as pay-your-bitloas¢ i.e. as multi-unit price-
discriminatory auctions. Hence, the price-quantity pairs that financial institusigriace in these
auctions provide a good indication of bank’s actual williegs to pay for liquidity. We have
access to the unique record of the demand schedules of afi@@dpanks that submitted to the
ECB’s money market auctions from June 2000 onwards. Thisvallus to derive an aggregate
demand function for the complete German banking sectorowinlg the methodology of Berg
et al. (1998) and Boukai and Landsberger (1999), we ideatifgggregated bid curve by applying
a three-parameter logistic model to banks’ cumulated higldehavior for each auction within our
sample. In a second step, we explore the determinants diithe model parameters that describe
the aggregated demand functions. This analysis stronglgftie from our unique data on the daily

reserve holdings and the monthly balance sheet statidtesoh German financial institution.

We find several factors that affect the level and slope of tiggegate demand for reserves.
First, our results suggest that before the crisis a larggpedsion of banks’ reserve fulfillment

increased German banks’ willingness to pay for central bigniidity and lowered the price elas-

Prior to June 2000 and in the aftermath of the Lehman-collapse, the Eurosystem applied a fixed-rate
tender rather than a variable rate tender. For further details, refer to European Central Bank (2011).



ticity of liquidity demand. Also during the crisis, a larggispersion of banks’ reserve fulfillment
induces more aggressive bidding behavior. In contrastie@ta-crisis period, however, this effect
is observed in albut the last MRO of a reserve maintenance period. Second, weHatddur-
ing the crisis higher volatility of stock prices significgnincreased the demand for reserves and
banks’ willingness to pay. Similarly, only after August 208 large dispersion of banks’ equity
ratio elevates banks’ willingness to pay for reserves addadas higher dispersion of bids. A large
share of tradable securities on banks’ balance sheetsadecd ¢he level of the liquidity demand
before the crisis. During the crisis, a larger share of tobelassets leads to a lower willingness
to pay. Finally, we find that a rise in the ratio of banks thatsfgently refinance through cen-
tral bank operations increases both the level of reserveaddras well as its price elasticity. We
also test whether liquidity demand is determined by theamematurity mismatch on German
banks’ balance sheets. Our results suggest that a highoewelturity mismatch increases banks’

dependency on the primary money market both before andgitifarecent financial crisis.

Our findings confirm a number of recent theoretical predistioThe observation that a large
dispersion of liquidity holdings in the banking sector Iedd an upward shift of the reserve de-
mand in the primary money market implies that frictions ia thoney markets prevail. The ECB
follows a neutral liquidity policy, i.e. its allotment corigs with the aggregate amount of re-
serves that allows banks’ smooth fulfillment of reserve negpents, see European Central Bank
(2004a). Against this background, a higher dispersion anamks’ reserve fulfillments indicates
that larger amounts of liquidity need to be reallocated inithe banking sector. Thus, our find-
ings show that the larger the need for liquidity reallocatibrough the secondary money market
is, the more willing are banks to pay for funding in the eureaaprimary market for reserves.
In that sense, our study confirms the argument pointed outrdixds et al. (2010), namely that
larger idiosyncratic liquidity shocks in the banking seqtartially inhibit the liquidity insurance
role of banks and thus lead to higher secondary money maatkes.r Their argument, though,
rests on Bhattacharya and Gale (1987) and Bhattacharya agdi€ri (1994) on the basis of
the assumption that bank-specific liquidity shocks are sankable and banks therefore tend to
free-ride on the secondary market for central bank liguidithis in turn is argued to result in
an under-investment in liquidity and elevate money mar&gts. Our results could, in addition,
also reflect the fear of money market squeezes, as pointdolyddyborg and Strebulaev (2004).
As a result of the ECB’s neutral liquidity provision, somenka with excess reserves might gain
market power over liquidity-short banks. Thus, the morevasgtric liquidity is distributed in the

banking sector, the larger is the fear of such market squemzé the more banks are willing to



pay in the primary money markétin this regard, our paper builds on the findings of Fecht et al.

(2011) obtained for the period 2000 to 2001.

Our result regarding the heterogeneity in banks’ equitipsdits very well the predictions of
recent theoretical work that highlights the role of asymmméhformation about credit risk in the
secondary money market. For instance, Freixas and Jor§8)p0int out that a higher dispersion
of the credit risk increases the information risk premiunthie secondary money market. Further-
more, it might induce higher incentives for liquidity handiand contribute to a market dry-up, as
shown by Heider et al. (2010). This, in fact, might explainpwire find a significant influence of

the dispersion of the equity ratio only in the crisis period.

This paper also relates to the theoretical literature thggests an interplay between liquid-
ity needs and prices in the broader financial markets, seefdlem and Gale (1994), Acharya
et al. (2009), and Brunnermeier and Pedersen (2009). Urdério-the-market pricing, liquidity
shocks affect asset prices and lead to a higher price \itglatAt the same time a higher asset
price uncertainty induces banks to hold larger liquidit§féxs as pointed out by Allen and Gale
(2004). Brunnermeier and Pedersen (2009) find that moreileadesset prices tighten financial in-
stitutions’ liquidity constraints and thereby elevate deenand for central bank reserves. And vice
versa, they also point out that tighter liquidity consttaimay also trigger a feedback effect on
asset price volatility. Both mutually reinforcing dynamigenerate a liquidity spiral where tighter
liquidity constraints increase volatility of asset prigdsich in turn exacerbate liquidity constraints
even further. Nyborg an@stberg (2010) provide strong empirical evidence for thenfer effect,
i.e. that tensions in the interbank money market give risantincreased volatility in asset prices
in the broader financial markets. Our analysis refers toatterl channel and shows that a dry-up
of asset market liquidity associated with a higher pricatifity indeed increases banks’ demand

for liquidity. Nyborg andOstberg (2010) together with our paper imply that liquidipirals exist.

Our paper also complements earlier empirical studies ttoee banks’ bidding behavior in
central bank auctions from a bank’s individual perspecthée e. g. Linzert et al. (2007), Bindseil
et al. (2009), and Cassola et al. (2009). These papers stkavwntimney market conditions signif-
icantly affect bank’sndividual demand behavior and thus the auction outcome. Howeveg thes
papers do not intend to explain the determinants of aggeagarket demand. To the best of our

knowledge, Berg et al. (1998), Boukai and Landsberger (1888 Preget and Waelbroeck (2005)

2See also Acharya et al. (2008) for similar arguments.



are the only empirical studies on aggregate bid functionst tBey argue that fluctuations from
one auction to the other can be explained by random pertanisabn the parameters of the aggre-
gate demand curvé.Using Israeli, Norwegian and French data sets, respegtitteése authors
therefore solely focus on an identification of an econoroetrodel that describes the aggregate
behavior of Treasury bill auction participants, observadrdy the period 1995 - 1997. The cur-
rent paper is the first study that we are aware of which (ijests an aggregate demand function
for liquidity for the German banking sector, (ii) capturde tperiod as of March 2004 through
October 2008, and most importantly (iii) relates the engpirapproach to economic theory to test

theoretical predictions.

The remainder of the paper is organized as follows. The restion briefly describes the Eu-
rosystem’s operational framework. Section 3 identifies &atalemand function for the German
banking sector and discusses the results. In Section 4,aberaltte on the theoretical literature to
derive testable predictions regarding the determinamtsasket demand for central bank liquidity.
Furthermore, we use our data set to test these hypothesesornSe summarizes our key results

and draws some policy conclusions.

2 Eurosystem’s Institutional Framework

In the euro area, the demand for liquidity is predominantliyesh by reserves that banks are
obliged to hold with the Eurosystem. These reserve reqingsnare specified as an average
of the end-of-day reserve balances over a reserve mairttermariod (RMP). In our sample a
maintenance period is defined as the cycle between the firgrGiag Council meeting of two
consecutive months and might therefore have a durationmarfgpm 28 to 43 days. Reserve
requirements amount to 2% of a bank’s short-term liabdlitield by private non-banks as reported
in the balance sheet of the respective bank, two months foritie beginning of the maintenance
period? While there is an interest rate paid on required reserveitgsd reserves held in excess

remain unremunerated.

3Even though Preget and Waelbroeck (2005) attempt to attribute the variations of aggregated bid
curves across auctions in France to some random economic variables, they also conclude that the bulk of
fluctuations are mostly random.

4This consists of overnight deposits, deposits with an agreed maturity of up to two years, deposits
redeemable at notice up to two years, and issued debt securities with agreed maturity of up to two years
held by households, the non-bank corporate sector, and banks from outside the euro area.

®The Eurosystem applies a certain discretion on how to penalize under-fulfillments. Nevertheless, the
penalty rate imposed on reserve deficiencies is the highest interest rate charged such that under-fulfilling
the reserve requirements becomes the costliest option.



However, the sum of the autonomous liquidity factors isdargn the liability side than on
the asset side of the Eurosystem’s balance sheet. Thiseisnhiat the euro area banking sector
operates in a liquidity deficit vis-a-vis the Eurosystematflis, banks need to get refinancing from
the European Central Bank (ECB) in order to comply with thegerve requirements. The ECB
provides liquidity in a neutral fashion, i.e. its liquidigllotment is oriented towards the estimated
liquidity needs of the euro area banking sector. Prior th@action, the ECB publishes its bench-
mark allotment such that all banks are informed about theustnive ECB deems appropriate to

allocate, see European Central Bank (2004b).

During our sample, the ECB mainly allocates liquidity thgbuan auction mechanism to the
banking sector. In this respect, a pivotal role has beemgaasdito ECB’s main refinancing oper-
ations (MROs). These operations are conducted on a weekly.ba these auctions, banks bid
for reversed repurchase agreements (repos) with a maairiagpe week. Unlike the U.S. Fed-
eral Reserve System (FED), any bank that holds reserveshetBurosystem and meets several
eligibility requirements may participate in these tendpemations. In the first meeting of each
month, the Governing Council of the Eurosystem sets a mimirbid rate that serves as the key
monetary policy interest rate. Banks that intend to pauéied in an MRO are required to place
their bids higher than this minimum bid rate. The MROs follawnulti-unit pay-your-bid auction
format where banks are allowed to submitltiple price-quantity bids. That is, each bidder may
submit up to 10 bid-quantity pairs where the tick size is lidpsint and the quantity multiple
is 100,000 euros. These bids provide a good indication ok'samillingness to pay for central
bank liquidity and thus allow us to study the aggregate dehisehavior. But it should be noted
that this auction mechanism might induce strategic biddislgavior by means of bid shading, see
e.g. Nautz and Wolfstetter (1997). That is, the reporteddpidntity schedules might not reflect
the exact willingness to pay. Nevertheless, this is the inéstmation available under a multi-unit

discriminatory auction format.

The liquidity obtained through the ECB is redistributedhie secondary money market. That
is, instead of refinancing in the ECB’s repo auctions, anviddal bank may also obtain central

bank money from the secondary money market. In fact, bettweeonsecutive MROs, the ECB

5The benchmark allotment is the amount normally required to establish balanced conditions in the
short-term money market, given the ECB’s complete liquidity forecast. Balanced liquidity conditions
should normally result in an overnight rate close to the ECB’s policy rate, see European Central Bank
(2003)

"Beyond the MROs, the Eurosystem also facilitates liquidity through long-term refinancing operations
(LTROs). But these operations are beyond the scope of this chapter.



is usually not actively managing liquidity supply. In caadt to the U.S. FED, the ECB makes
only very infrequent use of its so called fine-tuning operadi which are usually conducted with
a small preselected group of large banks at very short niakuriThus, between two consecutive
MROs, banks generally need to resort to the secondary momelgemto satisfy their funding
needs. This creates some (imperfect) arbitrage oppagsnit-or instance, instead of bidding
for a reversed repo in an MRO, a bank can also borrow with a arekwnaturity in the Eurepo
market® The quality of collateral required in the Eurepo market ghleir than what is needed in
the MROs. Alternatively, a bank can also buy a one week Eswiap which guarantees a bank
the payment of a Eonia-swap interest rate in exchange feiviag the result of capitalizing the
Eonia rate for a life span of one wegKlhus, it permits a bank to borrow in the overnight market
a certain amount without incurring any further interese ragk. However, this constitutes only an
imperfect arbitrage, because (i) banks are not necessdnléyto borrow at the Eonia, and (ii) the
involved credit, collateral and auction risk differ in anriz@-swap compared to borrowing in an

MRO auction.

In order to contain interest rate fluctuations in the seconaeney market within a reasonable
range, the ECB provides banks with two additional standaglifies. The marginal lending
facility grants banks unlimited access to overnight ligyichit a penalty rate that was 100 basis
points above the minimum bid rate in our sample petbtlVhen drawing on the marginal lending
facility, banks have to provide sufficient collateral megtthe general eligibility criteria for open
market operations. At the deposit facility, banks can diggo®ess liquidity at a rate which was
100 basis points below the minimum bid rate. Arbitrage opputies prevent banks from trading

central bank liquidity outside the corridor set by these standing facilities.

8The Eurepo market refers to the collateralized segment of the euro area money market and constitutes
one of the highest trading platforms within the euro area. For further details see http://www.eurepo.org.

°In this interest rate swap, as with most swaps, there is no initial or final exchange of principal. The
notional principal amount is solely used to determine the two interest rate flows, which in any case are
settled via a single net payment at maturity. The European Over-Night Index Average (Eonia) is a
reference rate for the overnight segment of the unsecured money market. The Eonia swap market covers
roughly 40% of the overall OTC derivatives market, see e. g. European Central Bank (2007).

ONote that although the marginal lending rate is well above the key interest rate, it is well below the
penalty rate applied to the reserve deficiencies.



3 Identification of a Market Demand Function

3.1 Data Description: Banks’ Bidding Behavior

We have a record of all price-quantity pairs that each Gemagistered financial institution placed
in the Eurosystem’s MROs during the period June 27, 2000 tolec 15, 2008. This data is
provided by Deutsche Bundesbank and covers on average 48¥% MROs’ aggregate bid and
total allotment volume. Among all MRO patrticipants, 67% @erman banks. Thus, we have a

relatively large snapshot of overall bid-quantity pairbritted in Eurosystem’s MROs.

Until March 2004, banks anticipated future rate cuts of ti@BEon several occasions and,
therefore, simply refrained from bidding in the MROs, seg. &indseil (2004). As a result, the
ECB could not allot the intended volume of reserves needed $mooth fulfillment of reserve re-
guirements in the period until the subsequent MRO. Thisexhgsvere reserve imbalances in the
short-term money market. In order to stop the disturbingtstiic bidding behavior of banks, the
ECB adjusted its operational framework in March 2004. ThedRaturity was reduced from two
to one week and ECB'’s interest rate decisions were synctednivith the reserve maintenance
period, see e.g. European Central Bank (2003). Additigntie ECB facilitated counterparties’
anticipation of its liquidity allotment in the MROs by pustiing its assessment of the banking sys-
tem’s liquidity needs that serves as the basis for its albotinpolicy. As a result of the exacerbated
crisis in the post-Lehman period, the ECB switched its MRCtian format from a variable rate
tender to a fixed rate auction design with full allotment a®ofober 2008. In a fixed rate tender
with full allotment, every information about the MRO-raddt refinancing conditions is already
pre-announced. This new auction format reveals no infaomatn the banks’ willingness to pay
as it requires only the submission of the liquidity amounteTinterest rate at which liquidity
will be provided to MRO participant is pre-announced by teBE To account for the structural
change stirred by both reforms of the ECB’s operational &aork as of March 2004 and October
2008, respectively, we select the sample period from Mag;t2004 to October 09, 2008 for our
analysis. Furthermore, we will divide the sample into a gnisis and crisis period as of August
200711 Within this sample period, we have a total of 240 MRO auctiaes 178 for the pre-crisis

and 62 for the crisis period, respectively.

1 Structural breakpoint tests support this date as the start of the financial crisis, see Section F in the
appendix.



3.2 An Empirical Model for Aggregate Liquidity Demand

Some Preliminary Considerations

Before we suggest an appropriate econometric model toadanwarket demand function, we first
order the reported bids for each auctionRecall that the tick size is 1 basis point. This allows
a discrete and ascending ordering fot 1, ..., n distinct rounded yields that emerged from all
j = 1,...,m; submissions such that < r, < ... < r,. Second, we aggregate the liquidity
demand of all participants within each ordered yield clas$ the respective auction. In a last
step, we cumulate this sum of quantities in a way that for eationt, the collection of; yield
classes with the corresponding cumulated quantifigs,, >~ L, > Y71, Y% L, > ... >
Z;”:ll ng form our aggregated bid curve.

To control for the effect of (imperfect) arbitrage oppoities with respect to the secondary
money market, we normalize the ordered auction bid classesy the one-week Eonia swap rate,
swap™. This normalization follows Bindseil et al. (2009) and allus also to compare bids over
time. We use the one-week swap rate as it corresponds to éneggvshort-term interest rate that
is expected to prevail over the maturity of the MROs. It isréiiere less affected by outliers
than the daily Eonia. Because MROs are conducted only oncse&, vthe one-week Eonia swap
rate prevailing at the auction’s announcement day cannaffbeted by expectations about future
auction outcome$? The timing of the MROs suggests to use Eonia swap rates pribetauction

day. Hence, we normalize the submitted bids for each auctsfollows:
Et:rit—swap,}w, t=1,...,T (1)

where we use the indexto account for the auctions ardor each ordered yield class along the
market demand functionswap;® refers to the one-week swap rate that we have observed at the

announcement day of auctioni.e. one day before the repo auction.

For an intertemporal comparison of auctions with differesiumes, we will also normalize
the aggregate liquidity demand in a way that enables a urafieidunit free re-scaling:

4 aggregate liquidity demand
lit = Is ’ (2)
t

where for each auction aggregate liquidity demand at each ordered yield cldssxpressed

relative to the ECB’s aggregate liquidity supp@f{j. The ECB’s total allotment, however, reflects

12 Alternatively, we used the one-week Eurepo rate. Refer to Section C of the appendix to see that the
results remain qualitatively similar.



its aggregate liquidity supply to all banks within the eureaa(EU). Therefore, we adjust the total

allotment for the fraction of German banks (GE) as follows:

Erer cumulative required resenfs

(3)

cumulative required reservg$

with p denoting the respective reserve maintenance period. Natéltis thus a measure for the

excess liquidity demand or thedisproportional recourse to Eurosystem’s credit.

Figure 1 plots the collection af price-quantity pairs for one MRO (left figure) and several
MRO auctions (right graph) in our sample. Consider the agajesl bid curve for a single MRO
auction depicted in the left graph. Each circle represdmstimulative sum of liquidity demand

as a fraction of total allotment at the respective yield £iaghe respective auction.

Figure 1: Some Observed Aggregated Bid Curves
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(a) An aggregate bid curve for one MRO (b) The aggregate bid curves for four MROs

Notes: While the left graph reflects the aggregate bid function of one MRO auction,
the right panel shows the bid curves for all MROs conducted in December 2005. Each
dot on the respective aggregate bid curve represents the cumulated sum of liquidity
demand as a fraction of total liquidity supply for the respective bid rate.

The form of this observed aggregate bid function shows twzbntal segments at the lower and
upper ends and a decreasing part in between. The patteritiadlyirslightly concave and then
convex. These three segments may be interpreted as folldhe.upper end shows that above
a given quantity the market is not willing to absorb more iy even at very low rates. The
middle section may imply that due to arbitrage opportusitiee vast majority of bids are placed
closely around the one-week swap r&teThe lower end of the market demand function means

that at the auction there is a demand for a certain (smalluataf liquidity, for which some have

13Mind the differences for our crisis sample. We will discuss this in more detail in the next section.



Figure 2: All Observed Aggregated Bid Curves

Demand / Allotment
2
Demand / Allotment

5
spread over one-week swap rate spread over one-week swap rate

sStatar STatar

(a) Aggregate bid curves before August 2007 (b) Aggregate bid curves after August 2007

a relatively high willingness to pay. Despite large fluctoias, we observe this general pattern for

all aggregate bid curves in our sample, see Figure 2.
Empirical Model

Following Boukai and Landsberger (1999), we apply the foifgy three-parameter logistic func-
tion to model the observed aggregated bid curves:

(677

1+ eap(T)’

14 = (4)
with o > 0 and A > 0 and whereL? denotes the aggregated liquidity demand (in terms of
volume) for each normalized bid rafe 7 may be both negative and positite. The scalarsy;
andl¢ represent the coordinates of titie observed yield class of auctionThe three parameters
of our logistic function of auctiort are captured by; = (a4, A\¢, 7¢)’. We do not claim that our
specification is the only way to describe the data. In fagtipig annth order polynomial may
yield better results. However, the usage of the logistivelras various advantagesFirst, it is
flexible as it captures both the convex and concave featt@ithe demand function observed in our
data, see Figure 2. Second, it describes the price-quaelitiionship with only three parameters.

Third, as will be shown below, the fit is quite astonishinguFb and most importantly, however,

1 Alternatively, we allowed for asymmetries around 7. However, the results remained qualitatively the
same (not reported, but available on request). This is intuitive since bidders submit a schedule of demand
functions. Hence, the quantities demanded for average rates should be higher than for extreme rates. It is
reasonable to think that bids are concentrated around a mean and that bids are therefore distributed with
a single mode. In other words, this can be interpreted as the integral of a bell-shaped density function of
interest rates. This would suggest a rather symmetric distribution of bids around the inflexion point.

'5The general properties of the logistic curve are well described in Kotz et al. (2006).
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these parameters allow for economically highly relevatdrpretations. Figure 3 illustrates our

three parameters of the market demand function.

Figure 3: Logistic Market Bid Function
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a represents thenarket satiation level, beyond which there is no demand for central bank
liquidity in the primary market "regardless” of its price.b@ously, potential bids have a lower
bound since submissions below the minimum bid rate are natidered. Hence is the asymp-
totic value of L? asr approaches the lowest bid allowed, i.e. the minimum bid. r&eughly
speaking, it is the height of the almost horizontal segmeétie beginning of the curve. Since
all volumes are set equal to 1, the parameter 1 may also be interpreted as the magnitude of

unsatisfied liquidity demand.

The parameter determines the location of the market demand function andéheneasures
the position of the bids relative to the secondary money gtaidte. Due to the logistic specifi-
cation, 7 reflects the (unique) inflexion point of our market demandcfiom that happens to be
the value ofr at which the market reaches half of its satiation level, §.eThis parameter may

therefore reveal theillingness to pay or thedegree of overpricing.

A, as the scale parameter, measuresdigaersion of the bids aroundr. A larger amount of
uncertainty leads to more dispersed bids and thus to a high&urthermore, this parameter is

closely linked to the price elasticity of reserve demand, Appendix for further details.

To estimate Equatiori4), we apply the method of non-linear least squares that maasi
the sum of squared residuals. As starting values for thatiter algorithm, we use the estimates
of a linear transformation of the logistic function {d). This ensures the convergence of the

minimization algorithm to a global minimum. Hence, theselipninary parameter estimates are

11



obtained as follows

1
loglay —1) = —;—i + )\—tTit + €it, (5)

To use this specification, however, we must assign a value kollowing Preget and Waelbroeck
(2005), we use the highest observation for each auction. edery to avoid division by zero,
we use exactly 101% of this value. We can then estimate paeasig, = —5t and 3y, = /\%

for each auction by the ordinary least squares method. Netethis approach only allows for

the determination of the initial values of two parametergsha logistic curve:)ft = BL and
= 2t

~ _ _ Bu

Tt Bat "

3.3 Identification of a Market Demand Function: Empirical Results

Figure 4a presents our estimatesaofor each auction as of March 2004. It shows that before
August 2007 our point estimates @fvary roughly between 2 and 3, i.e. German banks’ satiation
is twofold and threefold higher than the level required tdilfdiquidity needs. During the crisis,
the span within which excessive liquidity demand fluctuatiekens. However, Table 1 reveals that
the average factor remains at roughly 2.5. Furthermbihows large across-auction fluctuations

implying that excessive liquidity demand varies acrosdians.

Figure 4: Estimation of Model Parameters
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Figure 4b reflects the estimates)oindr for all 240 auctions. Prior to the crisis, the estimates for

) show an average dispersion value close to z&rbhe figure reveals that German banks placed

YFor illustration reasons we have multiplied A and 7 by 100.
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Table 1: Summary Statistics: Parameter Estimates

Parameter estimates Units Mean  Std Min Max

09 Mar 2004 - 31 Jul 2007: 178 auctions

Q 249 027 1.75 3.21
A 0.35 022 0.15 1.85
T bp -2.29 172 -6.04 9.69

08 Aug 2007 - 09 Oct 2008: 62 auctions

Q 251 075 1.24 4.88
A 241 288 0.07 16.59
T bp 18.35 1643 -1.41 98.63

Notes: The table refers to Equation (4). & denotes the estimated aggregate
liquidity demand relative to total reserve requirements of the German banking
sector such that & — 1 reflects the estimated magnitude of unsatisfied (excessive)

demand. Note that we have multiplied both A and 7 by 100.

their bids very close around the one-week swap rate. Afeeotiset of the crisis, however, bids
became increasingly dispersed around their swap rate exgamt. According to Table 1, there is

on average a sevenfold increase of bid rate dispersionvestatthe pre-crisis sample.

A similar pattern can be observed for the location parameteBefore the crisis; moves
moderately close to zero. In that sense, the estimatessbbw the close link between the one-
week swap rate and the price for liquidity in the primary monsarket. The average inflexion
point of a typical market demand function is-a2 basis points. That is, the typical willingness
to pay for liquidity in the ECB’s auctions is on average 2 bgmiints lower than in the secondary
money market. During the crisis, however, banks are tylyicallling to settle for prices that

deviate on average more than 18 basis points from secondargyymarket prices.

3.4 Discussion of Results

The fact that banks demand on average more reserves thamebeyto smoothly fulfill their
requirements may imply that participating German banksrhttler as a buy-and-sell strategy
than with the incentive to buy and keep most of their liqyidiacked in their portfolios. This
conjecture may be derived from the following consideratidio contain the opportunity costs,
euro area banks have two alternative strategies to dealthgih excess reserves: (i) they may
either park their liquidity surplus in the Eurosystem’s dgipfacility or (ii) lend it in the secondary

money market. Before October 2008, however, euro area beet@urse to the deposit facility
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was rather of negligible amount, see e.g. Heider et al. (ROH@nce, there is reason to believe

that German banks lend their excess funding in the secomdangy market.

Larger fluctuations ofi throughout the crisis period are consistent with anecdataence
that German banks had a stronger preference to over-sttefliquidity needs at an early stage
of the reserve maintenance period. In order to respond $cctiange in banks’ liquidity demand
pattern, the ECB started to allot significant excess lidquidi the beginning of the maintenance
period during the crisis. This excess liquidity was therdgedly reabsorbed over the remaining
weeks of the period by reducing the allotment above the readh On average, banks still
continued to have a liquidity surplus close to zero at theafraédch period as before August 2007,
see e.g. European Central Bank (2010). This might explay lvath the lower (min) and upper

(max) end of the fluctuation range has changed.

The estimation results obtained foindicate that the secondary money market plays a pivotal
role in banks’ bidding behavior. Before the crisis, Germanks were willing to settle for yields
that deviate only slightly from interbank money market sati fact, this "rigidity” around zero
may imply that the swap market is indeed perceived as a fgotyd substitute for the primary
money market by German banks. In other words, before Augd@Y 2wap rates represented
very well the yields that the German bidders could get if tlragled on the secondary money
markets instead of at the auction. Therefore, there wasasorefor these financial institutions
to deviate significantly from secondary money market rateemthey bid at the MROs. For the
period after August 2007, however, our results change antially. The lower part of Table 1
shows that not only bids vary among German banks (mean) htaadion but also across banks
across auctions (standard deviation). This observatiggesis that different German banks faced

different funding conditions in the secondary money market

Similar interpretations may be drawn for our estimations .o¥While we observe an average
underpricing of central bank liquidity in the primary monmarket before August 2007, the Ger-
man banking sector has a significantly higher willingnesgay during the crisis. The empirical
literature identifies the volatility of bond returns as they kiriver for bank’s bidding behavior and
underpricing, see Nyborg et al. (2002), and Keloharju et28l05). These papers find that when
volatility increases, the typical bidder tends to reduaedlierage price at which he bids, lowers
his total demand, and increases the dispersion of his bitleir Evidence also suggests that the

dominating element behind the observed behavior and uridieig is that bidders have private
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information and adjust rationally for the champion’s plagl

However, all these conjectures need a further elaborafiberefore, we will devote the next
part of our exercise to the identification of potential detiexants that shape the three parameters
of our aggregate liquidity demand. For this purpose, wdedlze effects and determinants raised
in the literature to specific variables in order to assesexipéanatory power of the different theo-
ries. Our analysis will substantially benefit from our datathat we obtained from the Deutsche

Bundesbank.

4 The Determinants of Market Demand for Liquidity

4.1 Data Description

We have data on reserves from every German registered faamstitution in the period January
2004 to October 2008 that was required to hold central basé&rves with the Eurosystem. In
total, we are able to capture daily reserve data on 1975 Gefimancial institutions as of January
2004. The reserve data includes (i) each institution’s dative reserve holdings of each day
during the respective maintenance period, (ii) the bankisginal reserve holdings at the end of
each business day, and (iii) each institution’s reservairements for each maintenance period.
We consider each bank that has bid at least once in the ECB®3WH® a bidder. In the same
vein, we identify 1067 out of the 1975 German financial in$itins as MRO bidders during our

sample.

Additionally, we have each bank’s end-of-month balancestata as it is collected by Deutsche
Bundesbank within the scope of its bank balance sheettgtatigvey. All German banks are re-
quired to contribute to this poll on a monthly basis. For b# banks in our sample, we obtain
balance sheet data as of the last calendar day of each mdretdata covers each bank’s balance

sheet position for the period January 1999 through Dece20@8!8

Based on unique bank codes, we are able to merge these dataittethe data on banks’
bidding behavior from above. For our analysis we will addp same sample period as above.
Thus, as of March 2004 we have data on 57 end-of-month basdmeest statistics. Neither the data

on reserves nor the results of the balance sheet survey blielpavailable. To the best of our

"For the discriminatory auction mechanism, Ausubel (2004) has suggested the terminology champion’s
plague instead of the winner’s curse, to emphasize that the more units a bidder wins, the worse news it is.

8Further details and an overview of the complete balance sheet data is available on www.bundesbank.
de/meldewesen/mw_formbankenstatistik_bilanzmfi.en.php.
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knowledge, this is the first time that these data are joinslgdu The variables that we will derive

from these data will be motivated by economic theory as wkdigtuss in the next section.

4.2 Variables and Hypotheses

Interbank Market Frictions

Financial institutions can either seek funding from therany or the secondary money market
to fulfill their liquidity needs. This creates a scope foridge opportunities between these two

markets, which in turn may induce frictions.

One major friction is that the interbank money market is nioilgg competitive market. Banks
might gain market power in the secondary money market bedhesamount of reserves available
in the market is predetermined by the central bank’s liduidilotment!® Thus, individual banks
can try to corner the market, ration liquidity supply andesege liquidity-short banks. The ability
of individual banks to follow that strategy depends on tharitiution of excess reserve holdings
in the banking sector. That is, the more concentrated exesssve holdings are, the larger is
individual banks’ market powéf. As a consequence, banks that rely on the secondary money
market to satisfy their liquidity needs run the risk of payiexcessive rates, in particular when
reserve holdings are asymmetrically distributed. This éé&eing squeezed is what Simon (1994)
labels thdoser’s nightmare. Nyborg and Strebulaev (2004) show within a theoretical ehdigat
the fear of market squeezes leads to more aggressive biddimayior in the Eurosystem’s repo

auctions.

Imperfect information in financial markets creates a sedoteitbank money market friction.
This is because bank-specific liquidity shocks are unobédevand because banks cannot monitor
each other’s balance sheets. As pointed out by Bhattacley&sale (1987), this informational
asymmetry generates an incentive for banks to cover notthelyidiosyncratic liquidity shocks,
but also to refinance their average liquidity needs in theriink market. Banks under-invest in
reserve holdings because long-term investments usually ddigher expected yield than liquid-

ity holdings. Thus, banks try to save on these opportunistcby reducing their precautionary

9Note that the liquidity neutral allotment policy of the ECB generates a cash-in-the-market constraint.
There are a number of theoretical contributions showing that such a cash-in-the-market constraint might
induce market power in the secondary money market, see e.g. Hakenes and Fecht (2006) and Acharya
et al. (2008).

20Recall that this stems from the fact that liquidity is tight in the euro area banking sector. That is, if
one bank has more than it needs, another must have less.
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liquidity holdings and expect to manage their liquidity desvith excess liquidity offered by other
banks in the secondary money market. Among German bankegidadl savings banks and coop-
eratives may free-ride on the efforts of their head insting, ultimately proving costly for them,
see Fecht et al. (201%). In equilibrium, this under-investment in liquidity leadsan excessively
high interbank money market rate, i.e. the arbitrage-fréeribbank rate exceeds the welfare opti-
mal rate??> An excessively high secondary money market rate, howewalvies particularly large
inefficiencies if the need for liquidity reallocation is hig® The larger the asymmetry in liquidity
holdings in the interbank money market, the larger is thelfieea reallocation. This increases the
costs of the excessively high secondary money market ratiggtadity-short banks and thereby
the costs of this friction. Consequently, if reserves ang wmevenly distributed in the banking
sector, banks’ willingness to pay for reserves in the prinmaoney market should be higher. As
a strategy to protect themselves, banks may disperse tisimthile bidding aggressively. Both
theoretical arguments lead us to the first empirically tdsthypothesis:

Hypothesis 1 A larger dispersion of reserve holdings in the banking sector increases banks' will-
ingness to pay (7), banks' bid rate dispersion (\), and their excessive liquidity demand (c).

In order to test this hypothesis we use our data on bankstvese We determine the variable
remaining required reserves for each bank in our sample immediately before the auctign.e.

on the announcement day, such that

total required reservgg — cumulative holding,,

; (6)

remaining required reser =
gred &p days left of maintenance periggl

wherep denotes the respective reserve maintenance period. Thisumgereflects what each bank
needs to hold from auctiofs perspective on a daily basis to exactly fulfill its requirents within
the ongoing maintenance period. To account for the hetamtyein liquidity needs among all
German banks, we further compute ttandard deviation across all banks’ remaining required

reserves on the announcement day of auctieithin periodp.

Intuitively, as the reserve requirements become bindimgitds the end of the reserve main-
tenance period, the potential for market squeezes ingeastthus the fear of market squeezes

should also become more apparent. Moreover, at the begimfia maintenance period, banks

2For an earlier discussion of the free-rider problem within alliances see Olson Jr. and Zeckhauser (1966).

22This is, for instance, pointed out by Allen et al. (2009) who argue that it is the central bank’s role
to correct for that under-investment in liquidity by increasing the supply of reserves through open market
operations and bring down the money market rate to its optimal level.

23In fact, Freixas et al. (2010) assert that the central bank’s need to stabilize interbank money market
rates increases under more dispersed liquidity holdings in the banking sector.
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might hope for an offsetting liquidity shock in the courseloé maintenance period that balances
a given under-fulfillment. To see this, consider an event pbsitive liquidity shock that causes
banks’ accounts to exceed the remaining part of their reseuirements for the respective main-
tenance period. Any reserves held in excess of the requirexiat must then be parked at the
deposit rate, which is substantially lower than the moneyketaate. Since this would be more
expensive, these banks have an incentive to keep their miscbafore the (potential) shock re-
alizes at an appropriate level, see e. g. Pérez Quirbs adddriez Mendizabal (2006). Towards
the end of the maintenance period such an offsetting liguitiock becomes rather unlikely and
banks need to balance the under-fulfillment through a monasken transaction. Thus, during
the last days of the maintenance period also the seconibfrisecomes more relevant and banks
become more worried about a general mark-up charged in tabank money market. There-
fore, for a given heterogeneity in reserve holdings, bamicikl bid more aggressively towards
the end of the maintenance period. Hence, we expect a highielgwess to pay £), higher bid
dispersion §) and higher quantities demanded) @s the end of the reserve maintenance period
approaches. When banks, however, develop a strong preéeter{over-)satisfy their liquidity
needs at an early stage in the maintenance period, we wopdtethat increasing heterogeneity
in reserve balances should also affect the shape of aggrebat curves within the maintenance

period.

A third type of friction in the interbank money market resultom asymmetric information
about counterparties’ credit risk. Following Akerlof's thebreaking work, Freixas and Jorge
(2008) show that unobservable credit quality of countdigmteads to an adverse selection prob-
lem in the unsecured interbank market, i.e. a pooling dayilim characterized by credit rationing.
Thus, the risk premium charged is too high for the defauk aflow risk borrowers — they pay
an additional lemons premium — while it is too low for highkrisorrowers. If the fraction of low
quality borrowers increases, the overall risk premium vige. Hence, the lemons premium paid
by high quality borrowers increases as well. Eventuallydjborrowers drop out of the secondary
money market, satisfying their liquidity needs elsewherg. by liquidation of long-term invest-
ments, and leave an adverse selection of low quality bomoimethe money market. Due to this
adverse selection effect the default risk in the interbamkey market increases further leading
to an even higher risk premium being charged. In order tainirent the negative externalities
attached to the adverse selection effect within the intdelmaoney market, banks with excess lig-
uidity in the market will find it beneficial to ration their ligdity supply, in analogy to Stiglitz and

Weiss (1981). In any case, liquidity-short banks find it moostly or more difficult to refinance
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in the secondary money market the more severe the adveesgigelproblem is. Thus, those
banks will use the Eurosystem’s repo auctions more intgresadl bid more aggressively. Heider
et al. (2010), for instance, show that the adverse seleefii@at worsens when the difference in
the default probabilities between high and low quality basrs in the interbank money market
becomes larger or, more generally, the more heterogendaglderobabilities are in the banking
sector. Consequently, a higher discrepancy in the bankautlgorobabilities should also increase
banks’ participation and willingness to pay in the ECB’s MROThis rationale leads us to the

second hypothesis we aim to test:

Hypothesis 2 A larger dispersion of equity ratios in the banking sector raises banks' overall
demand («), the willingness to pay for central bank reserves in the auctions (), and encourages
bid dispersion ().

In order to test this hypothesis we require a measure fordterdgeneity of banks’ default proba-
bilities. As commonly applied, we could use credit defaulaps or credit ratings for those banks
for which those figures are available. However, those criktindicators are publicly available

information. Thus the dispersion of these indicators actbe banking sector does not measure

the severity of adverse selection problems in the interlmaokey market.

We rather use our access to the monthly balance sheetistatidierive a measure for bank’s
credit risk?* Equity, in general, meets the most straightforward, narmefinition of capital as
funds cannot easily be withdrawn. The sum of total assetetdsrihe simplest measure of bank
size, even though it excludes off-balance sheet activiliee ratio between both measures, i.e. the
equity ratio, captures a component of individual bank’s solvency risk i subject to asymmetric
information. Additionally, the equity ratio plays a cruliale in the bank’s credit rating and is also
related to each bank’s cost of raising funding in the secgnaebney market. In contrast to other
proxies for credit risk, the equity ratio is a completelynsparent measure. For our analysis, we
classify the sum of subscribed capital and reserves ledspat losses from each bank’s balance

sheet as the bank specific equity variable.

It is reasonable to assume that money market participants $@me notion whether the dis-
persion of the equity ratio and thus the solvency risk in t#ueking sector increased or decreased.
Thus, we will use thestandard deviation of the equity ratio across German banks to capture

whether adverse selection in the interbank money marketrbeanore or less severe from the

24Recall that on an individual bank basis, this end-of-month information is only available to the Deutsche
Bundesbank.
25The capital of foreign subsidiaries of domestic banks is also included in this measure.
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perspective of market participants.

Banks that are rationed in the interbank money market reby layger extent on the primary
money market to cover their liquidity needs to balance autitlity shocks. A persistent recourse
to the primary money market might also be seen as an indic#tat a bank cannot refinance in
the secondary money market. Thus, a higher fraction of btrdtspersistently participate in the
ECB’s MROs might reflect rationing in the interbank money ke&r According to this argument
a higher fraction of persistent bidders in the MROs shoutd &le accompanied by a higher level
of reserve demand combined with a more aggressive biddimavim® observed in the ECB’s repo
auctions. This idea yields to a further testable hypothesis

Hypothesis 3 A larger share of persistent bidders in the MROs shifts banks' overall reserve de-
mand («) upward and increases their willingness to pay for central bank reserves in the auctions

(7).

In order to test this hypothesis we define a bank to be a pemsisidder if it participated in
more than 90% of the preceding auctions from auctierperspective. In particular, we use an
updating approach to determine the fraction of persistelotdss such that at auctignour variable
"persistent banks” refers to all auctions uptte 1. Our variable "persistent banks” then denotes

the fraction of those banks persistently bidding in MROlstige to all participating banks.
Market Liquidity and Funding Liquidity

Banks may use the general financial market as an alternédivielity source. Selling off assets
also allows banks to cover their liquidity needs. But undgmametric information, long-term
assets can only be liquidated at a discalinthe extent of this discount depends on the ability of
market makers and informed traders to absorb these asest §die more liquidity constrained
market makers are, the higher is their bid-ask spread as$tarice argued by Brunnermeier and
Pedersen (2009Y. The more financially constrained informed traders (e.ditirnt®nal investors)
are, the lower is the price elasticity of asset demand, ttenger is the effect of a cash-in-the-
market pricing, and the larger are price fluctuations fromegiasset sales as pointed out e. g. by

Allen and Gale (1994). In any case, the expected loss indlbyea bank that aims to cover its

26When banks sell off their assets in need for reserves they act as liquidity traders in the market.
Therefore, they bear on average a loss when selling off their assets to informed market participants, see
e.g. Freixas and Jorge (2008).

#"See e.g. Benston and Hagerman (1974), Grossman and Miller (1988), Glosten and Milgrom (1985),
and Kyle (1985) for standard references on market micro structure.
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liquidity needs through asset sales is higher, the lowestasarket liquidity is and thus the higher
is asset price volatility. As a consequence, banks’ praferdo liquidate their assets is lower for
highly volatile asset prices. This also means that bankseddency on the primary money market
increases for a higher asset price volatility. We therefameclude that under the occurrence of
high asset price volatility banks should bid for larger amtsuand at higher rates in the ECB’s
repo auctions. Furthermore, as a reallocation of liquitlitpugh the asset market becomes more
costly, banks’ incentives for precautionary liquidity fivlgs should increase leading to a higher
overall demand for central bank reserves. This, in padicalaptures the main reasoning of Allen
and Gale (1994). Our fourth empirically testable prediti®therefore as follows:

Hypothesis 4 In times of low market liquidity and volatile asset prices banks willingness to pay
for reserves (1) aswell asthe aggregate reserve demand () inthe primary money market increase.

Empirically, we use the log of the Vstoxx as a measure fortgasee volatility. The Vstoxx is
an index for the Euro Stoxx 50 implied volatility and compssthe largest 50 euro area listed
firms. It is derived from the expected volatility for the futdlEuUro Stoxx 50 prices implied by the
respective stock option prices and thus captures markitipants’ expected stock price volatility

over the next 30 days rather than the realized volatility.

Apart from financial market liquidity that affects banks'st® when assets are sold under dis-
tress, banks’ asset structure might also restrain bankgyab tap financial markets in search for
liquidity. The lower the stock of tradable assets that banis on the balance sheets, the lower
is the ability of banks to sell off these assets on short aatied thereby attract liquidity. As a
conseguence, banks are again more dependent on the lgpiditision in the primary money
market and will bid more aggressively in the ECB’s MROs. Muwer, banks might have stronger
incentives for precautionary liquidity holdings, whichositd increase the level of aggregate re-
serve demand. Similarly, a high share of long-term asselsmoks’ balance sheets should reduce
under asymmetric information banks’ ability to refinanagidity shortages through asset sales.
In addition, a high maturity mismatch in the banking sectareases banks’ need to roll-over
liabilities and thus raises banks’ sensitivity to changimgrket conditions in secondary money
markets. A high level of maturity mismatch increases batigsidity risk and the vulnerability
to potential liquidity shortages, see e.g. Brunnermei@0@}. All in all, a larger maturity risk
carried on banks’ balance sheets should lead to a more aggrdsdding and a larger aggregate

reserve demand in the ECB’s open market operations.

Hypothesis 5 The lower the fraction of marketable assets and the larger the maturity mismatch
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on banks balance sheets, the more dependent banks are on the primary money market. Hence,
banks have a higher liquidity demand («) in central bank auctions and bid more aggressively (7).

To test this hypothesis, we use again items from the baldmeet statistic that we obtained from

the Deutsche Bundesbank. As tradable assets, for instaecelassify debt instruments, shares,
and other variable-yield securities. To account for theraye share of tradable assets in the
German banking sector, we compute the ratio between tradetsets and balance sheet total

across all banks.

To account for the average maturity mismatch in the Germakibg sector, we follow the
approach of Deep and Schaefer (2004) and Berger and Bouw20af)( We measure maturity
mismatch as the sum of bank’s long-term assets and shortitebilities over its equity. We
determine this measure as an average over all financidlitistis. We categorize liabilities (both
to banks and non-banks) with a maturity of up to one year anithgs deposits of non-banks at
a period of notice up to 3 months as short-term liabilities I&ng-term assets we define loans
and advances both to banks and non-banks beyond the onmgtaity. Table 2 summarizes the

expected response of our parameter estimateks, 7, to variables derived from economic theory.

Table 2: Theoretical Predictions on the Determinants of Aggregate Liquidity Demand

a A7
Remaining Required Reserves (std) + 4+ +
Equity Ratio (std) + + o+
Persistent Banks (%) + +/- +
Vstoxx (]og) + +/7 +
Maturity Mismatch (%) + +/- +
Tradable-to-Total-Assets (%) - 4/~ -
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4.3 Empirical Model

To test the hypotheses derived from the theoretical liieeatve apply the following ordinary least

square regressidt

~

0, = c+ a1 D"Res + as(1 — DI")Res + asEQR, + ayPB,

+ asVstoxz; + agMatMis; + a7 TA; + B Xy + vy (7)

whereQAt comprises the estimated paramem{th, andT; for each auctiort. We estimate this
equation by equation. Note that our analysis refers to MRf@s are performed weekly, i.e.
denotes a weekly time structure.is assumed to have a zero mean and. characteristics. As
discussed above, our right-hand side variables correspotig standard deviation across banks’
remaining required reservef{¢s), the standard deviation across banks’ equity ratibg) R),
the share of persistent bankBR), the log of Vstoxx ¥ stoxzx), the average maturity mismatch
prevailing in the banking sectod{atM:is), and the across banks’ mean of tradable assets over
balance sheet total (4) at auctiont. D' refers to a dummy variable that is one for the last MRO
conducted during the respective maintenance period adatkerwise. Furthermore, the vector
X includes an end-of-year dummy that is one for the last MRQi@uavithin a year and zero
otherwise. In additionX comprises the autoregressive component of the respectraengter up

to the fourth lag?’

Generally, we would expect the impact of all our derived afales to be of a non-linear na-
ture. This is in particular the case for the effects stemrfiiagn interbank money market frictions
and from the illiquidity in financial markets where both irghces mutually reinforce each other.
Unfortunately, it is not possible to capture each facet effibtentially prevailing (feedback) ef-
fects in our empirical analysis. However, by investigatihg explanatory power of the different
hypotheses before and during the crisis period separatel\gim to catch most of these effects.
Since financial market tensions were generally more pravalaring the crisis, we would expect
that, due to the presumed non-linearities, our hypothdsesld turn out to play an empirically

more pronounced role after August 2007.

28Following the Gauss-Markov theorem, generalized least square estimation would be more efficient
than OLS when the system errors are correlated. This could be accounted for by using Zellner’s seemingly
unrelated regression model. However, Kruskal’s theorem (Kruskal, 1968) describes that this efficiency gain
disappears when each equation contains exactly the same set of regressors on the right-hand side as in our
case.

2Since there are on average four MRO auctions during a reserve maintenance period, a lag order of four
auctions seems reasonable. This is also suggested by the AIC information criteria.
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Note that all our right-hand side variables are pre-deteechi We use the data on the an-
nouncement day, i.e. one day before the auction is conductestoid endogeneity problems. For
the balance sheet data, we use the end-of-month entriearthahlid before the respective MRO
auctiont. For instance, the entry relevant for all MROs within Sefdien005 is provided by the
balance sheet statistic on August 31, 2005. To make surethaesults are not driven by the

Lehman event, we have excluded all MROs conducted afteeSdyr 15, 2008.

Empirical Results for the Pre-crisis Period

Table 3 presents the results of our estimation. In the psiscsample, the estimates indicate
a significant and plausibly signed response of all threempeaters to reserve imbalances, only
during the last week of the reserve maintenance period. dhgbnse, our results are in line
with Hypothesis 1. According to our estimates, a changeeérhtiterogeneity of reserve balances
at the last-week-operation increasgdy 0.12 (.021 - 1.523/0.27) standard deviations. Our
results also suggest that greater asymmetry in remainiugresl reserves is associated with higher
willingness to pay. A change of these reserve imbalancesbystandard deviation will increase
the typical willingness to pay during the last week by royghl2 basis points((.021 - 0.549))
further. The bid rate dispersion, appears to rise also with higher degree of reserve imbasanc
among market participants during the last week. A changeechsymmetry in remaining required
reserves by one standard deviation increases bid shadirmugily 0.54 (.021 - 0.057/0.0022)

standard deviations, see also TabR 1.

3%Recall that both A and 7 were multiplied by 100. Our estimates presented in Table 3, however, refer
to the initial unit of A and .
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Table 3: Determinants of the Aggregate Bid Curve

Shape of Aggregate Bid Curve
0 = (cie, Xe, 7))’
Pre-Crisis: 09 Mar 2004 - 31 Jul 2007 Crisis: 08 Aug 2007 - 09 Sep 2008
Variable Hypothesis é A # & A #
Remaining Required Reserves (std) H1
*Dummy (last week operation) 1.523*** 0.057*** 0.549™** —0.989 —0.192 —1.115
(4.11) (4.17) (4.55) (0.67) (0.98) (1.05)
*[1 - Dummy (last week operation)] —0.431 0.010™* 0.049 1.001 0.008 0.742**
(0.58) (2.16) (0.89) (0.44) (0.21) (2.27)
Equity Ratio (std) H2 —4.056 —0.001 —0.152 —12.119 1.416** 8.897**
(0.56) (0.23) (0.54) (0.62) (2.10) (2.23)
Persistent Banks (%) H3 1.480 —0.495 3.221 0.084***  —0.012**  —6.891
(1.33) (1.01) (1.21) (2.91) (2.02) (0.91)
Vstoxx (log) H4 —0.22 —0.001 —0.001 0.811** 0.041 0.291°**
(1.20) (0.64) (0.37) (2.45) (1.18) (3.63)
Maturity Mismatch (%) H5 0.119*** 0.001 0.005"* 0.294** —0.001 0.028***
(2.81) (0.78) (2.22) (2.31) (0.37) (2.76)
Tradable-to-Total Assets (%) H5 —0.124™~ 0.001*~ 0.007 0.795 —1.173 —0.031***
(2.51) (2.05) (0.54) (0.83) (0.74) (3.22)
S, AR(D) 0.601"** 0.234** 0.553"** 0.324™* 0.167* 0.910"**
(7.92) (2.34) (6.97) (2.01) (1.83) (4.45)
Dummy (last week operation) 0.797"** 0.005***  —0.031"** 0.341 0.039 0.250™*
(2.75) (3.28) (2.73) (0.86) (1.11) (2.37)
Dummy (end of year) —1.101"** 0.021*** 0.043*** 0.840™** 0.145*** 0.181***
(7.62) (24.38) (3.87) (2.96) (3.07) (3.77)
cons 1.682** 0.004 —0.032 2.989 0.027 —0.072***
(1.97) (0.92) (1.03) (0-53) (0.78) (.98)
R? 0.68 0.76 0.71 0.70 0.54 0.86
Obs. 178 57

Notes: & denotes the market’s satiation level, X measures the bid rate dispersion and is closely linked to the price elasticity of demand. 7 captures the typical willingness to pay. The
estimated model is presented in Equation (7). ***,** * indicate significance at the 1%, 5%, 10% level. Newey-West HAC consistent t-statistics in parentheses. The index t refers to the
weekly MROs during the period March 9, 2004 to September 9, 2008. For this analysis, we have excluded all MROs conducted after September 15, 2008 to make sure that our results
are not driven by the Lehman-event. Additionally, we dropped the extraordinary MRO auction (with 2-week maturity and immense liquidity provision) of December 18, 2007. last week
operation is a dummy variable that is one for the last MRO conducted during the respective maintenance period and zero otherwise. Similarly, we have computed a dummy for end-of-year
effects that is always one for the last MRO within a year and zero otherwise. The results presented in the first and second row refer to the interaction of our variable remaining required
reserves and the dummy(last week operation) and [1-dummy(last week operation)], respectively.



During the rest of the maintenance period, reserve imbatamong banks tend to influence
only banks’ bid shading behavior. A one standard deviatise of the asymmetry increasas
by 0.10 standard deviations. These results indicate thdtshéear of potential market squeezes
becomes more apparent as the end of the maintenance pepamhelpes, i.e. when reserve re-

quirements become binding.

The results obtained for the average share of tradable abdesets is also in line with our
predictions in Hypothesis 5. According to our estimatesjnanease in the ratio between trad-
able assets and total assets by one percentage point witegédoy 0.46 standard deviations. A
further plausible and significant result is obtained fofThe estimate suggests a rise of 0.5 stan-
dard deviations i\ when the ratio of tradable-to-total-assets increases kypencentage point.
Before the crisis, the level of maturity mismatch in the Gannbanking sector affects and .

An increase in the maturity mismatch by one percentage palhincreased by 0.16 standard
deviations and by 0.5 basis points. We find no evidence that further vargahftect the shape of

a typical aggregated bid curve before August 2007.

Table 4: Summary Statistics: Right-Hand-Side Variables

Before vs. After 08 August 2007

Mean Std

before after before after

Remaining Required Reserves (std) | 0.104 0.110 0.021 0.044

Equity Ratio (std) | 0.067 0.077  0.002 0.004
Persistent Banks (%) | 35.465 35.557 3.302 8.253
Vstoxx (log) | 2.795 3.223 0.192 0.201
Maturity Mismatch (%) | 141.38 163.24 35.21  40.02
Tradable-to-Total-Assets (%) | 2043 1890 0.40 0.36

Empirical Results for the Crisis Period

For the crisis period, our results are shown in the right pah&ble 3. In line with Hypothesis 1,
we find that large reserve imbalances increase banks’ ghliss to pay. However, our estimates
for the crisis period differ from those obtained for the présis period in one important aspect.
While the heterogeneity played a significant role only fae thst week auction before August
2007, banks’ asymmetry in remaining required reserves@fimarket’s willingness to pay, in

the MRO before the last auction within the respective maiee period, after August 2007. The
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impact of a standard deviation change in banks’ reservelanbas increases the typical willing-
ness to pay in these auctions by 3.3 basis points. This findimgnsistent with the anecdotal
evidence that after the onset of the crisis banks had a spaigrence to (over-)satisfy their lig-
uidity needs before the end of the maintenance period appesa It is, however, puzzling that

there is no empirical evidence for an impactoanda.

During the crisis, a rise of the heterogeneity by the sameroofl magnitude is also found
to induce more dispersed bids around the respective typiflakion point. For instance, our
estimated coefficient suggests that an increase by onessthdeliation of the dispersion of bank’s
equity assets ratio risesby 0.20 standard deviations. A large heterogeneity in Batsty ratio
pushes alsa upward. This result is in favor of our second prediction agrdvides evidence
for more aggressive bidding behavior as a result of couatgrgisk combined with asymmetric
information about it. Following our estimates, an increas¢he heterogeneity among bank’s

equity ratio by one standard deviation rises banks’ typiddingness to pay by 3.6 basis points.

Additionally, we find that persistent banks affect the shapthe aggregated bid curve in a
plausible way. In fact, our results indicate that an inoeeathe fraction of persistent banks
by ten percentage points reduces bid shading behavior lghlypdé.2 standard deviations. The
same increase in the fraction of dependant banks increhsedigproportional recourse to the
primary money market by roughly 1.12 standard deviationsthBindings are revealing. First,
banks who are "persistent” to the central bank’s liquiditpyision may be dependant upon this
liquidity channel simply because they will find it more difficto obtain funding from alternative
sources. Second, banks that participate persistently B'EKROs may be considered as more
"experienced” bidders who know the auction procedure wedlugh to place their bid-quantity
schedules more successfully. Alternatively, the lattatifig may indicate that dependant financial
institutions have less incentives to perform bid shadinthasMROs constitute their main funding

source.

According to Hypothesis 4, an overall increase in bankslinghess to pay should follow
large adverse price changes in the asset market during griseds. Our estimate supports this
theoretical mechanism. In fact, considering a rise in tlgedbVstoxx by one standard deviation
(equivalent to a 1.2 percentage point increase) will leaa tise of7 by 5.8 basis points. Addi-
tionally, we find that the stock market volatility influencés This is intuitive as the number of
alternative funding sources may diminish with increasingrkat illiquidity. Hence, banks want

to make sure that they cover their liquidity needs and thasease also their (excessive) demand
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in the primary money market. We find a change in the log of \listmx one standard deviation to

elevatei by 0.22 standard deviations.

Furthermore, we find that the lower the average share of beatks between tradable assets
and their total assets the more aggressive will financiditin®ens place their bids in the MRO
auctions. In fact, a one percentage point decrease of thésune will increase by 3.1 basis
points. This is in line with Hypothesis 5. In addition, we fititht a relatively high level of
maturity mismatch in the market has a significant and pldaigibpact oni, and7. An increase of
the average share by one percentage point incréasesl+ by 0.39 standard deviations and 2.8

basis points, respectively.

Table 5: Determinants of Aggregate Liquidity Demand: Summary of Results

Pre-Crisis Crisis

a AN oFla A 7
Remaining Required Reserves (std) v v Y v
Equity Ratio (std) v v
Persistent Banks (%) v V7
Vstoxx (log) v v
Maturity Mismatch (%) v vV v
Tradable-to-Total-Assets (%) v v v

Notes: ‘v’ denotes that our results presented in Table 3 are in line with our theoretical
predictions summarized in Table 2.

5 Conclusion

Banking theory suggests a strong interplay between the wajsoraise funding in money mar-

kets and the liquidity of broader financial markets. Our ustdading of how the banking sector
demands liquidity as a whole is, however, hampered by thersltdmprehension of the key de-
terminants of aggregate liquidity demand. The first contitn of this paper is to identify an

aggregate liquidity demand function for the German banlsactor. Our second contribution is
to use this demand curve to gain a deeper insight into the migpattern of the German banking
sector before and during the recent crisis period. Our tordribution is to test the predictions of
recent theories on the determinants of aggregate liquittitgand. This analysis strongly benefits

from a rich and unique data set that we obtained from DeutBcimelesbank.

Our findings show that the larger the need for liquidity reedition through the secondary

money market, the larger the premium that banks are willingay for funding in the euro area
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primary market for reserves. This might result from a feat some banks obtain market power
in the secondary money market and squeeze liquidity-starkdd Second, our results indicate
that during times of low market liquidity more volatile aspeices increase the aggregate demand
for central bank reserves. In that sense, we complement fyydod Ostberg (2010). While
they show that tensions in the interbank money market cathifée asset prices of the broader
financial system, our paper provides strong evidence tigat Volatility of asset prices can affect
banks’ demand for liquidity. The strong evidence for bothrafels suggests that liquidity spirals
(Brunnermeier, 2009) exist. Third, we find that a large disip; of banks’ equity ratios, as a
measure of the heterogeneity of credit risk in the bankirgoseinduces both a more aggressive
bidding strategy and a bid shading behavior. Fourth, oulyaisareveals that an increase in the
ratio of banks that persistently refinance through the prgnmaoney market during the financial
crisis decreases bid rate dispersion. And fifth, a largeksbbtradable assets that banks hold on
the balance sheets is shown to reduce banks’ refinancing tieedigh the primary money market.
And sixth, our results suggest that a high level of maturitymatch of the German banking sector
increases banks’ dependence on the primary money markess ifilsum, our results show that
tensions in financial markets and adverse shocks to thdistadfithe banking sector increase

banks’ demand for reserves.

Our results strongly support the ECB’s decision to abantliguidity neutral allotment pol-
icy in October 2008. Ever since, the ECB regularly statesttia change is only of temporary
nature and will be reversed as soon as the strains are reiigsee European Central Bank (2010).
The findings of our analysis, however, challenge the resiamaif the neutral liquidity provision
policy for the post-crisis monetary policy practice. Witkth a policy, a central bank does not ac-
commodate shocks to the aggregate reserve demand. Tleerafioincrease in aggregate reserve
demand resulting from detrimental shocks to the financislesys’ stability leads to an increase
in the equilibrium rate in the primary money market and siggly also to higher rates in sec-
ondary money markets. This, in turn, may destabilize liggighort banks aggravating tensions
in the financial system. For instance, if banks’ liquidityntind increases in the primary market
for reserves because asset markets happen to be illiqeicathilibrium rate will increase. The
resulting tensions in money markets impair the liquidityfioincial markets further, raising the
demand for central bank reserves. Consequently, a ligundititral allotment policy gives rise to
self-enforcing liquidity crises. Keeping the aggregatpmy of reserves over the reserve main-
tenance period at the level of the required holdings and anogommodating the banks’ desire

to front-load the fulfillment of reserve requirements, as BHCB did at the wake of the crisis, is

29



according to our findings just not sufficient to break thidais circle.

In order to avoid a contribution to adverse liquidity spratentral banks should accommodate
shocks to reserve demand by increasing the supply of reganvparticular if these shocks result
from instabilities in the banking sector or in the generaaficial system. However, to tackle a
liquidity demand shock properly, central banks have to malyvalid estimates of its size. That
is, central banks must be aware of the determinants of reslmmand and how changes of those
determinants shape the level and slope of market liquiditpahd. This is a particularly essential
issue, since many of those determinants are themselveseaffby tensions in the money market
as our results indicate. Therefore, when deciding aboubfttienal allotment policy the central
bank has to take into account the feedback that an accomived#dbtment has on tensions in the

banking system and ultimately on the demand for reserves.
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A Goodness of Fit

In order to assess the goodness of our model fit, we estimatexttessive liquidity demand per
auction by using our parameter estimatés £ (a, Xt,ft)’) and compare these estimates with
the actual observed data. More precisely, we determinedadn auctiont the fitted quantities,
lAft = f(Tu; «9}), at each ordered yield clagg Vi = 1,...,n and compare these fitted quantities
with the observed values df,. Based on this comparison, Table A.1 provides a crosseaucti
evaluation by the means of mean absolute deviation (MAD)tardmedian absolute deviation
(MEAD). With a value of 0.059 and 0.040, respectively, ourdalocan be considered to fit the
observed data astonishing well. Figure A.1 shows exentplie fit of our model graphically. It
contrasts the observed aggregated bid curves from Figutetg) (with the fitted values using our
model with estimates parameters (solid line).

Table A.1: Fitting Evaluation Statistics

Parameter estimates mean std MAD MEAD

7@ 1.59 1.23
I 1.60 1.20 0.06 0.04

Notes: This table provides a cross-auction summary of observed (I4)
and fitted (I%) quantities.

Figure A.1: Graphical Illustration of the Goodness of Fit
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quantities (dots) for the aggregate bid curves presented in Figure 1.
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B Alternative Illustration of the Goodness of Fit

In this section, we follow Boukai and Landsberger (1999) aadhpare the fitted and observed
yields from a different perspective. Therefore, we conside particular components of the MRO
auction outcome, i.e. (i) the marginal or stop-out rate &ed(ii) (quantity-)weighted average rate
of all successful bids. The former represents the yield achvthe last bidder is still satisfied,
i.e. where the total amount to be allotted is exhausted. d@tterlreflects the quantity-weighted
average of albuccessful bids per auction. Both interest rates are published by the &tCbehalf
of the Eurosystem. To illustrate the goodness of our modelétcalculate both the marginal rate
and the weighted average rate for each auction using out fitgstic curve.

To estimate the marginal rate, we use the fact that at thédicatidity demand equals liquidity
supply, such that:

at

1+ eap(T))

L = = I; ®)

Hence, rearranging Equatids) allows us to predict the marginal rate by using our parameter
estimates as follows:

pir — (T} + Aelog(cy — 1)> + swaplwy (9)

wherea = Li We plot both the fitted marginal MRO rate and the fitted wedghtiverage rates

against their respective actual values announced by theiE@diately after each auction, see
Figure B.1. In total, there are 240 pairs of fitted and obsemadues. As our data follows the 45
degree line, we conclude that our model yields an excelleaf Gbserved values.

Figure B.1: Alternative Graphical Illustration of the Goodness of Fit
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C Alternative Specification: Results with Repo Rates

This section uses an alternative benchmark vyield, i.e. tieeveeek repo rate, to make individual
bids comparable across Eurosystem’s MRO auctions. As iratiaqu(1), we substract the cor-
respondingly dated one-week repo rate and re-estimatetiBqyd). The summary statistics are
presented in Table C.1. Obviously,remains unaffected. Forand7 our results are slightly dif-
ferent, yet qualitatively similar to those presented inl&ab While before the crisis bid shading
is performed rather weakly, the dispersion of bids incredismr August 2007. The estimates for
indicate that before the onset of the crisis the one-weel rafe exceeded the typical willingness
to pay on average across auctions. During the crisis, hawearks are willing to pay more than
roughly 18 basis points above the respective repo rate.€Tiessilts are qualitatively the same as
presented in Table 1.

Figure C.1: Estimation of Model Parameters with Alternative Specification
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Notes: These graphs show the estimations of the model parameter where the one-week
repo rate was used to benchmark the reported bids For further details see Figure 4.

Table C.1: Summary Statistics: Parameter Estimates (with Alternative Specification)

Parameter estimates units mean std min  max

09 Mar 2004 - 31 Jul 2007: 178 auctions

& 249 027 1.75 3.21
A 0.34 020 014 1.85
7 bp -0.74 147 -519 3.14

08 Aug 2007 - 09 Oct 2008: 62 auctions

a 251  0.75 124 4.88
A 218 242 0.07 16.58
T bp 1813 1599 -1.39 97.93

Notes: For further details, please refer to Table 1.
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D Marginal Demand and Elasticity along a Market Bid
Function

This section shows the close relationship between the paessof the logistic curve and the price
elasticity of demand. For this purpose, we consider the g¢tmistic representation:

«

f(ﬁﬁ)zm,

(10)

whered is a vector of the parameters, ite= («, A\, 7). To show that this expression is continu-
ously differentiable for any value af we define:

(0%

g(7,9) (1D

f(?’ 19) =

such that

p = 20 oo (12

with g(+) = <1 + exp(F;T>) andg'(-) = & <exp<F;T>). Hence the derivative with respect to
r becomes:

P GG
A <1 + exp(’";'r))

The marginal normalized rate is therefore unimodal and timemum is obtained at = 7. At this

point f'(7,19) = fx. The elasticity along the complete aggregate bid curve toam be computed
as follows:

(13)

i) = ent) = 250 () as
golk o
- exp<F;T> _ 7 an

:A(1+exp<F;T>> A1+ ean(557))

The elasticity achieves its minimum at < 7. For anyr < 7* the elasticity corresponds to
lim e4(7) = 0 since_lim exp(ff) = oo. Forr > 7%, the elasticity increases linearly in
r——00 r——00

at the constant rat¢ becauselim ,4(7) = % for lim ewp(T f) = 0. At 7 = 7, the elasticity
r—00 r—00

reachesy(7) = 5;. Both marginal demand and the elasticity along the marketchive are
shown in Figure D.1.
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Figure D.1: Marginal Demand and Elasticity along an Aggregated Bid Curve

Lo 0 |

T
-5
10
L

Demand / Allotment
1
T
-10
Marginal Demand
Elasticity of Demand
5
1

5
!

-2 0 2
spread over one-week swap rate
aaaaaaaaaaaa

-2 0 2
spread over one-week swap rate

(a) Marginal demand (b) Price elasticity of demand

Notes: These graphs show the marginal demand (dashed line, left graph) and price
elasticity (right graph) along an aggregate bid curve with a =2, A =0.03 and 7 =0
using Equation (13) and (14), respectively.

E Times Series Characteristics and Correlation

Table E.1 also reports the time-series characteristicaipftoee parameter estimates. The aug-
mented Dickey-Fuller test suggests a rejection of the nyplokhesis that the parameters have a
unit root, i.e. that they aré(1). We test the robustness of these results by applying a KR$S te
following Kwiatkowski et al. (1992), that tests whether aisgis/(0). Both test statistics confirm
that our parameter estimates can be considered as statiwarables.

Table E.1: Unit Root Tests
ADF KPSS ADF KPSS

Parameter | 09 Mar 2004 - 31 Jul 2007 08 Aug 2007 - 09 Oct 2008

estimates 178 auctions 62 auctions
& -10.28* 0.08 -4.30* 0.12
A -18.94* 0.13 -3.62* 0.08
T -4.71* 0.05 -3.29* 0.16

Notes: We provide the t-statistic and the LM-statistic for the Augmented Dickey-Fuller
(ADF) test and the KPSS-test, respectively. The lag length for the ADF-test (with an
intercept) is chosen according to the Schwarz Information Criterion while the bandwidth
choice for the KPSS-test follows the Newey-West criterion using a Bartlett kernel. * indicate
significance at the 5% level.

Table E.2 presents the results from a Pearson covariandgsisnaFor both the pre-crisis
and crisis period, the correlation coefficients and Ps5 are both negative, whereasand \
appear to be positively correlated. These results reflecsthbility of the generating process of
market demand. For instanCﬁ:M shows that banks’ aggressive bidding (large value$)dé

associated with higher bid shading behavior, i.e. highand thus decreasing price elasticity of
reserve demand. Since aggressive bidding strategy ersamesliquidity allocation, this finding
illustrates how German financial institutions protect tBelwes while bidding aggressively. Not
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surprisingly, we find this correlation to be higher during trisis.

Table E.2: Correlation Analysis Among Estimated Parameters

09 Mar 2004 - 31 Jul 2007 08 Aug 2007 - 09 Oct 2008
Pa,+ —0.41 —0.23
[0.0000] [0.0846]
Pa s —0.35 —0.46
’ [0.0000] [0.0003]
P5 0.47 0.71
’ [0.0000] [0.0000]

Notes: p-values are presented in parentheses.

F Structural Break Test

This section uses structural break tests to investigatehghéhe financial crisis had a significant
impact on the relationship between the determinants ofdhesgated bid curve and its parameters
&, A, and#. To that aim, the Quandt-Andrews test for unknown breakpois applied to our
Equation(7):

0; = c+aiD“Res + ay(1 — DI¥)Res + a3 EQR; + a4 PB;
+ asVstoxz, + agMatMisy + arTA; + ' Xe + vy (18)

We test whether there has been a break in all the equatiomptees for the full sample from
April 09, 2004 to October 09, 2008. The Quandt-Andrews telsased on standard F-statistics, see
Andrews (1993).M ax F denotes the maximum of the individuglstatistics while théve statistic
refers to their average.Since the break point is unknowenaymptotic distribution of both test
statistics are non standard and depend on the number ofcieef§i that are allowed to break and
on the fraction of the sample that is examined. Note thatisteloltions become degenerate as the
first period tested approaches the beginning of the equatiomple, or the end period approaches
the end of the equation sample. To compensate for this bahavis generally suggested to

Table F.1: Quandt-Andrews Unknown Breakpoint Test

Statistic Date Max F Ave F
@ Oct 17 2007 31.92 21.21
[0.0034] [0.0002]
A Aug 22 2007 56.41 18.95
[0.0000] [0.0005)
7 Aug 08 2007 93.82 17.92
[0.0000] [0.0020]

Notes: Estimated break date and approximate asymptotic p-values in line with
Hansen (1997) in parenthesis. Test sample: April 09, 2004 to October 09, 2008

for weekly parameter estimates 6; = (e, ):t, 7¢)’. Number of breaks compared:
177.

exclude the end of the equation sample from the testing gtoee Following Andrews (1993),
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we apply a symmetric "trimming” of 10%. Approximate asymitgp-values are calculated in
line with Hansen (1997). The results show that the detemténaf the aggregate bid curve have
significantly changed since the start of the financial crist 7, the test statistics choose the first
MRO auction after the outbreak of the crisis as the main catdifor a significant break point.
For \ anda, the statistics point to a breakpoint at August 22 and Oct@Be2007, respectively.
These results imply that the determinants of these two petemestimates have also undergone a
structural change during the second half of 2007.

However, Table F.2 shows the results of a Chow’s breakpeisit at a specified date. The
idea of this test is to fit the Equatidi8) separately for each given subsample and check whether
there are significant differences in the estimated equatidiese differences are interpreted as
structural change in the relationship. The repoffestatistic is based on the comparison of the
restricted and unrestricted sum of squared residuals. |dh&kelihood ratio statistic is refers
to the comparison of the restricted and unrestricted maximfithe (Gaussian) log likelihood
function. While the former has an exact finite samiptdistribution, thel R test statistic has an
asymptoticy? distribution with k degrees of freedom, whefeis the number of parameters in
the equation. Both statistics reveal also a structural gador the determinants @f and\ as of
August 8, 2007.

Table F.2: Chow’s Breakpoint Test

Ho : No (structural) breaks at specified breakpoints

Test Date F-statistic Log
likelihood ratio
a Aug 08 2007 2.54** 21.65***
A Aug 08 2007 3.55%* 29.66***

Notes: ****** indicates significance at the 1%, 5%, 10% level. The F-
statistic is based on the comparison of the restricted and unrestricted
sum of squared residuals. The log likelihood ratio statistic compares the
restricted and unrestricted maximum of the (Gaussian) log likelihood
function.
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