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Abstract

I investigate the effectiveness of central bank lending to undercapitalized financial in-
termediaries in mitigating the macroeconomic impact of financial crises. I show that the
requirement to pledge collateral has a contractionary effect on private credit everything else
equal when central banks provide more funding for one euro of government bonds than for
one euro of private credit. I apply the model to the Italian economy during the time of
the ECB’s three-year Longer-Term Refinancing Operations (LTROs), and show that this
collateral effect can explain why Italian banks’ private credit grew by only 2% while their
holdings of domestic government bonds grew by 30%. Finally, I find that the three-year
LTROs contained an implicit subsidy to the Italian banking system of 140 basis points.
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1 Introduction

In this paper I investigate the effectiveness of central bank lending to undercapitalized financial

intermediaries in mitigating the macroeconomic impact of financial crises. I show that the

requirement to pledge collateral gives rise to a collateral effect that has a contractionary impact

on the macroeconomy, everything else equal, and thereby reduces the expansionary effect that

such lending otherwise has. This effect arises because central banks typically provide more

funding for one euro of government bonds than for one euro of private credit. Consequently, the

possibility to borrow from the central bank can induce intermediaries to reduce private credit to

create additional space for government bonds when they have limited balance sheet capacity in a

financial crisis. I apply the framework developed in this paper to the unconventional three-year

LTROs of December 2011 and February 2012 under which the Italian banking system borrowed

AC181.5 billion from the European Central Bank (ECB). The collateral effect explains why Italian

banks’ private credit only grew by 2% (relative to no intervention (Carpinelli and Crosignani,

2018)), while their holdings of domestic sovereign debt increased by 30%. While this paper’s focus

is on the three-year LTROs, my framework could also be relevant for studying the macroeconomic

impact of other central banks’ lending programs, such as the Federal Reserve’s Term Auction

Facility and the Treasury Securities Lending Facility.

I first analyze a two-period general equilibrium model incorporating leverage-constrained

financial intermediaries that are partially financed through central bank funding. This model

allows me to analytically establish the collateral effect and to identify the deep parameters that

determine the relative strength of the collateral effect with respect to the expansionary effect

that such lending also has (Gertler and Kiyotaki, 2010; Bocola, 2016; Engler and Große Steffen,

2016; Cahn et al., 2017). To demonstrate the empirical relevance, I construct a New Keynesian

DSGE model with financial frictions which I estimate with the help of Bayesian techniques and

a moment-matching exercise using Italian data.

I capture the fact that Italian banks were undercapitalized since the Great Financial Crisis

(International Monetary Fund, 2011; Hoshi and Kashyap, 2015) by employing the Gertler and

Karadi (2011) framework, in which an incentive compatibility constraint limits the size of inter-

mediaries’ balance sheet by the amount of net worth. I extend this framework in two directions.

First, financial intermediaries have a portfolio choice between government bonds, reserves and

corporate securities, the last of which is used by non-financial corporations to finance produc-

tive ‘physical’ capital (Gertler and Karadi, 2013; Van der Kwaak and Van Wijnbergen, 2014;

Kirchner and van Wijnbergen, 2016; Bocola, 2016). Second, I introduce collateralized central

bank lending, which represents an alternative form of funding in addition to net worth and de-

posits. Intermediaries have to pledge collateral to obtain central bank funding, for which both

government bonds and corporate securities can be used. However, one euro of government bonds

provides more funding than one euro of corporate securities. The central bank supplies any

amount of funding as long as sufficient collateral is pledged. I argue in Section 2 that the three-

year LTROs contained an implicit subsidy to Italian banks with respect to the ECB’s regular
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short-term funding. I capture this implicit subsidy by temporarily decreasing the interest rate

on central bank funding with respect to that on reserves (Engler and Große Steffen, 2016), both

of which are set by the central bank. I investigate the policy both within a closed economy and

a small open economy that is a member of a currency union; these economies capture the two

extremes in terms of the influence that Italian macrodevelopments have on the Italian policy

rate, which is set by the ECB and based on macrodevelopments in the Eurozone as a whole.1

The main contribution of this paper is the identification of the collateral effect, and the key

parameters that determine its strength. I show how this effect reduces or offsets the expansion-

ary effect that central bank lending to intermediaries has on the macroeconomy in other New

Keynesian models with financial frictions (Gertler and Kiyotaki, 2010; Bocola, 2016; Engler and

Große Steffen, 2016; Cahn et al., 2017). The modeling innovation that gives rise to this effect

is the combination of i) balance-sheet-constrained financial intermediaries that are subject to

ii) differential collateral requirements when obtaining central bank funding. A second contri-

bution is that the collateral effect explains the accumulation of domestic government bonds by

Southern-European commercial banks following the announcement of the three-year LTROs as

documented in Crosignani et al. (forthcoming) and Section 2, while simultaneously explaining

the limited growth of Italian private credit by 2% (relative to no intervention, Carpinelli and

Crosignani (2018)). A third contribution is to provide an estimate of the implicit subsidy to

Italian commercial banks that was contained in the three-year LTROs, which I find to be equal

to 140 annual basis points.

A final contribution is that my model provides an explanation for the empirical finding of

Carpinelli and Crosignani (2018) that the maturity of the three-year LTROs of December 2011

and February 2012 was a key feature for these operations to have an expansionary effect on

credit provision to the real economy: the longer financial intermediaries can profit from lower

funding costs, the larger the increase in the expected discounted sum of future profits, and the

larger the relaxation of their incentive compatibility constraints. While the collateral effect still

induces a relative shift from corporate credit to government bonds, the longer maturity creates

sufficient balance sheet space for financial intermediaries to simultaneously expand the level of

credit provision to the real economy.

Related literature

In this literature review I limit myself to the papers closest related to my paper. A more

elaborate review can be found in Appendix A.

Drechsler et al. (2016), Carpinelli and Crosignani (2018), Garcia-Posada and Marchetti

1Italian macrodevelopments affect the policy rate one for one in a closed economy, while they do not affect
the policy rate at all in a small open economy that is a member of a currency union. In reality, Italy comprises
approximately 15% of Eurozone GDP, implying that Italian macrodevelopments will affect the policy rate of the
ECB. However, their influence will be much smaller than that in a closed-economy model.
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(2016), and Andrade et al. (2019) study the ECB’s unconventional LTROs at the level of indi-

vidual banks. Drechsler et al. (2016) focus on the role of the ECB as a Lender of Last Resort

(LOLR) during the European sovereign debt crisis. They find that weakly capitalized banks bor-

rowed more from the ECB, pledged riskier collateral, and actively invested the funds borrowed

from the ECB in distressed sovereign debt after the start of the European sovereign debt crisis

in 2010. Their sample, however, does not include the three-year LTRO of February 2012.

Carpinelli and Crosignani (2018), Garcia-Posada and Marchetti (2016), and Andrade et al.

(2019) specifically focus on the three-year LTROs, and find a positive effect on credit provision

to the real economy in Italy, Spain, and France, respectively. In addition, Andrade et al. (2019)

find that three-year LTROs expand loan supply by more than shorter-maturity LTROs.

Other mechanisms that explain why banks were accumulating government bonds during the

European sovereign debt crisis are moral suasion (Altavilla et al., 2017; Becker and Ivashina,

2018; Ongena et al., 2019) and risk-shifting (Acharya and Steffen, 2015; Drechsler et al., 2016;

Crosignani, 2016; Acharya et al., 2018). These papers also find that such an accumulation of

government bonds reduced credit provision to the real economy. A second reason why credit

provision to the real economy was reduced during the sovereign debt crisis was capital losses

on impaired sovereign bond holdings on bank balance sheets (Popov and Horen, 2015; Altavilla

et al., 2017; Acharya et al., 2018).

My paper also relates to Gertler and Kiyotaki (2010); Gertler and Karadi (2011, 2013),

who study the transmission to the macroeconomy of shocks to the balance sheets of financial

intermediaries. The key property of these papers is that the size of intermediaries’ balance sheets

is limited by the amount of net worth through an endogenous leverage constraint.

A key result of this paper is that there is crowding out of credit provision to the real economy

by government bonds through the collateral effect. Other theoretical papers that feature crowding

out are Kirchner and van Wijnbergen (2016) and Crosignani (2016), where it is caused by a

debt-financed fiscal expansion increasing commercial banks’ bond holdings (Kirchner and van

Wijnbergen, 2016), and risk shifting (Crosignani, 2016). Other reasons for a reduction in credit

provision to the real economy are capital losses on government bonds that reduce intermediaries’

net worth through the so-called bank-sovereign nexus (Van der Kwaak and Van Wijnbergen,

2014; Bocola, 2016).

My paper is also related to the Lender of Last Resort (LOLR) literature, of which Bagehot

(1873) was the first to argue that central banks should lent freely against good collateral at high

rates. In order for banks to take out central bank funding during a financial crisis, LOLR funding

must be subsidized in some way relative to funding sources in private markets: otherwise LOLR

lending would offer no benefit over the private market, and banks would not borrow from it. I

capture this implicit subsidy by temporarily reducing the interest rate on central bank funding

relative to that on deposit funding, in line with Engler and Große Steffen (2016).

The more recent literature that investigates the effects from central bank lending within the

standard DSGE framework can broadly speaking be distinguished between collateralized and
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uncollateralized lending. One of the first papers to explicitly model uncollateralized central

bank lending is Gertler and Kiyotaki (2010). Bocola (2016) and Cahn et al. (2017) extend this

framework to investigate the impact of the ECB’s unconventional LTROs. These papers do not

feature a collateral requirement, and therefore miss the contractionary collateral effect. As a

result, LTROs only have an expansionary effect on bank lending and output because central

bank lending directly relaxes intermediaries’ incentive compatibility constraint.

A second strand of literature features a collateral requirement to obtain central bank funding,

but the agents who borrow from the central bank are not balance-sheet-constrained (Schabert,

2015; Hörmann and Schabert, 2015; Engler and Große Steffen, 2016). As a result, these agents

can perfectly elastically acquire additional collateral in case central bank funding becomes more

attractive. This contrasts with my paper, where the combination of collateral requirements

and endogenous leverage constraints causes a tradeoff to emerge between acquiring additional

government bonds (which provide the most central bank funding per euro) and credit provision

to the real economy.

I describe some stylized facts in section 2. The two-period model is analyzed in section 3,

while the infinite-horizon model description can be found in section 4, while section 5 discusses

the calibration and estimation procedure. Section 6 presents the results from my simulations,

while section 7 discusses the results and evaluates several robustness checks. Finally, section 8

concludes the paper.

2 Stylized facts

In this section I present some stylized facts regarding the aggregated balance sheets of Monetary

Financial Institutions (MFIs) from Italy, Portugal and Spain at the time of the three-year LTROs.

I do so for two reasons. First, I show that the three-year LTROs induced MFIs from these

countries to purchase large amounts of domestic government bonds. Second, I argue that the

three-year LTROs contained an implicit subsidy for MFIs from the above countries.

Data from the refinancing operations of the ECB were collected from Bruegel (2015), while

balance sheet data of MFIs were collected from the ECB’s statistical warehouse (European Cen-

tral Bank, 2015).2 The time series have a monthly frequency. Balance sheet data of MFIs,

excluding the European System of Central Banks, are available at a country level.3 The vast

majority of euro-area MFIs are credit institutions (i.e., commercial banks, savings banks, post-

banks, specialized credit institutions, among others) (European Central Bank, 2011b).

Figure 1 shows domestic government bond holdings as a percentage of total assets of Monetary

Financial Institutions (MFIs) excluding the European System of Central Banks in Italy, Spain,

2The ECB refers to its lending operations as ‘refinancing operations’. In this section I will follow the ECB’s
terminology.

3MFIs include “credit institutions and non-credit institutions (mainly money market funds) whose business
is to receive deposits from entities other than MFIs and to grant credit and/or invest in securities” (European
Central Bank, 2011b).
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and Portugal. From the figure we see a clear increase in domestic government bondholdings

of one to one-and-a-half percentage points of total MFI assets for all three countries during

the period in which the three-year LTROs took place. The increase in holdings of domestic

government bonds is also large in absolute levels, amounting to a striking 30% measured in euros

see Appendix H. Finally, there is a clear break in the holdings of domestic government bonds

around the time of the three-year LTROs, which make it plausible that this increase can be

attributed to the three-year LTROs. These results are in line with the findings of Carpinelli and

Crosignani (2018) and Crosignani et al. (forthcoming).
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Figure 1: Domestic government bond holdings as a percentage of total assets of Monetary Finan-
cial Institutions (MFIs) excluding the European System of Central Banks in Italy (IT), Spain
(ES), and Portugal (PT) from January 2011 to January 2013. The two dashed vertical lines refer
to December 1st, 2011 and March 1st, 2012, respectively, which mark the beginning and the end
of the period in which the two LTROs took place, respectively. Source: ECB.

Figure 2 shows the stock of total refinancing operations at the ECB, as well as the country

use by MFIs in Italy, Spain and Portugal. Total refinancing operations consist of the sum of main

refinancing operations (MROs) and all longer-term refinancing operations (LTROs). MROs are

one-week liquidity providing operations in euro, while regular LTROs are three-month liquidity

providing operations.4

Figure 2 suggests three main observations. First, the stock of total refinancing operations

increased by more than 40% from AC800 billion to approximately AC1150 billion during the period

in which the three-year LTROs took place.

Second, a disproportionate share of the funding went to MFIs in Italy, Spain and Portugal.

By March 1st, 2012, more than 50% of total ECB funding had been borrowed by MFIs from these

countries, while their cumulative share in Eurozone GDP is less than one-third. Apparently, the

4This information can be found at https://www.ecb.europa.eu/mopo/implement/omo/html/index.en.html
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Country use of ECB funding
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Figure 2: Country use of the stock of total refinancing operations, consisting of the sum of of
outstanding MROs and LTROs, by MFIs in Italy (IT), Spain (ES), Portugal (PT) and the rest
of the Eurozone (RE) in AC billion from January 2011 to January 2013. The two vertical lines
refer to December 1st, 2011 and March 1st, 2012, which mark the beginning of the period in
which the three-year LTROs took place and the end, respectively. Source: Bruegel (2015).

three-year LTROs of December 2011 and February 2012 were especially attractive for MFIs in

Italy, Spain and Portugal.

Third, the use of ECB funding by MFIs from these three countries amounted to a large share

of their respective GDP. On March 1st, 2012, ECB funding accounted for AC181.5 billion and AC400

billion of debt funding for Italian and Spanish MFIs, respectively, amounting to approximately

10% of Italian GDP and 40% of Spanish GDP, respectively.

The above observations suggest that the three-year LTROs were an attractive source of

funding for MFIs from Italy, Spain and Portugal, as they borrowed significant amounts from the

ECB. This raises the question whether there might have been a subsidy element that made these

LTROs particularly attractive. At first sight, however, one would argue that this is not the case;

the interest rate was ‘fixed at the average rate of the main refinancing operations over the life of

the respective operation’ (European Central Bank, 2011a). As a result, there was no difference

in terms of funding costs between a strategy where MFIs borrowed at the ECB at a three-year

maturity, and a strategy where they borrowed at a weekly maturity, and roll over for three years

(Carpinelli and Crosignani, 2018). Therefore, there was no direct subsidy from the ECB to the

MFIs that participated in the three-year LTROs. However, there are two reasons why it can be

argued that these unconventional LTROs contained an implicit subsidy.

First, after the bankruptcy of Lehman Brothers in September 2008 the ECB started to provide

a so-called ‘haircut subsidy’ on risky securities such as distressed sovereign debt from the above-

mentioned countries (Drechsler et al., 2016). A haircut is the difference between the value of the
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collateral pledged and the amount of funding received. The haircut subsidy entailed the ECB

offering haircuts that were below private-market haircuts, thereby providing more funding for the

same amount of collateral. Without any implicit subsidy, MFIs from Italy, Spain and Portugal

would have been indifferent between private market funding and ECB funding, and would not

have borrowed from the ECB (Drechsler et al., 2016).

Second, there was uncertainty whether MFIs would be able to continue to roll over MRO

funding, as the fixed-rate full allotment policy under which this was possible was supposed to

be a temporary measure.5 The three-year LTROs eliminated this uncertainty, and was therefore

more attractive than the ECB’s regular MROs, despite the fact that the cumulative interest

payments would be the same under the two strategies (Carpinelli and Crosignani, 2018).

For these two reasons I argue that the three-year LTROs contained an implicit subsidy to

MFIs from Italy, Spain and Portugal. This was different for MFIs from countries such as Germany

and the Netherlands, whose domestic bonds were not subject to a haircut subsidy, and who took

out relatively little ECB funding over this period, as private market funding offered equally or

more attractive sources of funding (Carpinelli and Crosignani, 2018).

3 Analytical results within a two period model

In this section I develop a two-period model to analyse the key mechanisms that affect lending

by undercapitalized financial intermediaries to the real economy when the central bank provides

them with low-interest-rate funding. In particular, I show that such a policy can potentially have

a contractionary effect on lending, despite lowering funding costs for financial intermediaries. In

addition, I investigate the way in which deep parameters affect lending decisions to prepare for

the quantitative analysis in Section 6.

3.1 Model setup

The economy contains periods t = 0 and t = 1 and is populated by households, production firms,

financial intermediaries, and a government. The government consists of a fiscal authority and

a central bank, which sets the interest rate on central bank reserves and on loans to financial

intermediaries. Financial intermediaries have access to unlimited amounts of central bank fund-

ing, provided that they pledge sufficient government bonds as collateral. In addition, they are

financed by household deposits and net worth. Assets consist of corporate loans to production

firms, government bonds and central bank reserves, presenting intermediaries with a portfolio

choice similar to Gertler and Karadi (2013), and Bocola (2016). Intermediaries are subject to

an incentive compatibility constraint as in Gertler and Karadi (2011), which prevents them from

perfectly elastically expanding the balance sheet in case of arbitrage opportunities. Households

5The fixed-rate full allotment policy consisted of the ECB providing as much funding as demanded by MFIs
as long as sufficient collateral was pledged. This policy was introduced in October 2008 in response to the Great
Financial Crisis, and was supposed to be temporary. However, it is still in place today.
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choose in period t = 0 between consumption and saving through deposits and government bonds,

which are subject to quadratic transaction costs when their bond holdings deviate from the tar-

get level. Income in period t = 1 is consumed after lump sum taxes have been paid to the fiscal

authority. Households have a standard utility function that is concave in consumption. Produc-

tion firms borrow from financial intermediaries in period t = 0 to purchase physical capital in

a perfectly competitive market, and use this capital to produce goods in period t = 1 using a

production function that is concave in physical capital. After paying intermediaries the marginal

product of capital in period t = 1, the remaining profits are transferred to households. The fiscal

authority enters period t = 0 with outstanding long-term bonds that are held by households and

financial intermediaries. No revenues or expenditures are raised in period t = 0, and hence the

stock of long-term bonds at the end of period t = 0 is equal to that at the beginning of period

t = 0. At the beginning of period t = 1, the fiscal authority receives central bank profits, and

raises lump sum taxes on households to repay bondholders.

3.1.1 Central bank

Central bank reserves mR
0 enter the economy through lending dcb0 to financial intermediaries. I

assume the central bank has zero net worth in period t = 0. Therefore, the central bank balance

sheet is given by dcb0 = mR
0 . To obtain central bank funding, intermediaries have to pledge

government bonds qb0s
b
0 as collateral:

dcb0 ≤ θbqb0sb0. (1)

where 0 ≤ θb < 1 is set by the central bank, and determines how much central bank funding

is obtained for one euro of government bonds.6 Intermediaries remain the legal owner of the

bonds, and receive the accompanying cash flows after repayment of the central bank loan in

period t = 1.

The central bank sets the interest rate rR0 on central bank reserves mR
0 and the interest rate

rcb0 on central bank funding to intermediaries dcb0 . In line with the ECB’s fixed rate full allotment

policy, the central bank provides any amount of central bank funding (full allotment) as long as

sufficient government bonds are pledged as collateral.7 Central bank profits in period t = 1 are

transferred to the fiscal authority.

I argued in Section 2 that the three-year LTROs contained an implicit subsidy which I capture

by decreasing the interest rate on central bank funding with respect to that on reserves, which

will turn out to be equal to the interest rate on deposits in equilibrium. As a result, central

6In reality, commercial banks can also pledge other assets as collateral, such as corporate bonds, covered bonds,
and certain types of corporate loans. The central bank, however, typically provides less liquidity for one euro of
those assets than for one euro of government bonds. To simplify the analysis and be able to obtain closed-form
analytical expressions, I omit the possibility to pledge corporate loans as collateral in this section, as the key
objective is to disentangle the different mechanisms that influence credit provision to the real economy. However,
intermediaries will be able to pledge corporate loans in the infinite-horizon DSGE model in subsequent sections,
in which it turns out that the qualitative results from this section carry over as long as one euro of corporate
loans provides less liquidity than one euro of government bonds.

7See https://www.ecb.europa.eu/mopo/decisions/html/index.en.html.

9



bank funding becomes a more attractive source of funding than deposit funding (Engler and

Große Steffen, 2016).

3.1.2 Financial intermediaries

Financial intermediaries enter period t = 0 with net worth n0. They attract deposits d0 from

households, and obtain funding dcb0 from the central bank to purchase government bonds sb0 at a

price qb0, finance loans sk0 to production firms, and keep reserves mR
0 at the central bank:

sk0 + qb0s
b
0 +mR

0 = n0 + d0 + dcb0 . (2)

As discussed above, the central bank requires intermediaries to pledge government bonds qb0s
b
0

as collateral. Loans sk0 and government bonds qb0s
b
0 pay a net return rk0 and rb0 in period t = 1

respectively, while reserves earn an interest rate rR0 . Intermediaries pay a net interest rd0 on

deposits and rcb0 on central bank funding. Therefore, net worth n1 in period t = 1 is given by:

n1 =
(
1 + rk0

)
sk0 +

(
1 + rb0

)
qb0s

b
0 +

(
1 + rR0

)
mR

0 −
(
1 + rd0

)
d0 −

(
1 + rcb0

)
dcb0 . (3)

Intermediaries are interested in maximizing expected discounted net worth E0 [βΛ0,1n1], where

βΛ0,1 denotes the households’ stochastic discount factor, as households are the ultimate owners

of financial intermediaries. However, intermediaries face an incentive compatibility constraint as

in Gertler and Karadi (2011) that arises from the possibility to costlessly divert a fraction λa of

asset a ∈ {a = k, b} at the end of period t = 0.8,9 Depositors, however, anticipate this possibility,

and will in equilibrium only provide deposits up to the point where the continuation value of the

intermediary is larger than or equal to the benefits from diverting assets:

E0 [βΛ0,1n1] ≥ λksk0 + λbq
b
0s
b
0. (4)

The optimization problem of intermediaries is given by maximizing E0 [βΛ0,1n1] subject to (1)

- (4). In Appendix B, I derive the first order conditions, and show that the interest rate on

central bank reserves rR0 equals the interest rate on deposits rd0 , as financial intermediaries can

perfectly elastically attract additional deposits to increase reserves. Next, I consider the first

order condition that pins down the portfolio choice between corporate loans and government

bonds:

λb
λk
E0

[
βΛ0,1

(
rk0 − rd0

)]
= E0

[
βΛ0,1

(
rb0 − rd0

)]
+ θbE0

[
βΛ0,1

(
rd0 − rcb0

)]︸ ︷︷ ︸
Collateral value of

gov’t bonds

, (5)

8Note that λa does not refer to legal risk weights as in the Basel III regulations. Instead, this is a requirement
imposed by one group of private agents (depositors) on another group of private agents (financial intermediaries),
rather than a requirement imposed by the government.

9As central bank reserves are electronic accounts administered by the central bank, I assume that it is impossible
to divert these reserves.
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Throughout my analysis, I assume that rd0 ≥ rcb0 . Otherwise, intermediaries would not use any

central bank funding, as deposit funding would have lower costs while not requiring intermediaries

to pledge collateral.10 The first two terms are familiar from Gertler and Karadi (2013). The left

hand side denotes the marginal cost from reducing corporate loans by one euro, as expected net

worth decreases by rk0 − rd0 everything else equal. This wedge between the return on corporate

loans and deposits exists because of the binding incentive compatibility constraint (4). Similarly,

the first term on the right hand side denotes an increase in expected net worth from increasing

government bonds by one euro. However, the first order condition contains an additional term

relative to Gertler and Karadi (2013) which captures the collateral value that government bonds

provide: an additional euro of government bonds provides θb euros of central bank funding,

which reduces intermediaries’ funding costs when rcb0 < rd0 , and thereby raises their expected net

worth everything else equal. As such, we see that the possibility to pledge government bonds

as collateral shifts intermediaries’ portfolio choice from corporate loans to government bonds

everything else equal.

In addition, observe that the collateral value increases with the interest rate difference rd0−rcb0 :

in that case an additional euro of government bonds decreases funding costs by more, and

intermediaries will therefore want to increase their stock of government bonds. Finally, central

bank lending will not affect intermediaries’ portfolio decisions when rd0 = rcb0 . In that case,

intermediaries are indifferent between deposit funding and central bank funding. As a result,

the collateral value of government bonds is zero, and intermediaries’ portfolio choice between

corporate loans and government bonds is only determined by the expected return differences

between corporate loans and government bonds on the one hand, and deposits on the other.

Next, I employ the intermediaries’ first order conditions in Appendix B, together with the law

of motion for net worth (3), to rewrite the incentive compatibility constraint (4) in the following

way:

(1 + µ0)n0 ≥ λksk0 + λbq
b
0s
b
0, (6)

where µ0 denotes the multiplier on the incentive compatibility constraint (4). This (in)equality

says that the weighted sum of loans sk0 and government bonds qb0s
b
0 is limited by the amount of

net worth n0 when constraint (6) is binding. In that case, equality (6) can be interpreted as

the intermediary being undercapitalized, which is the relevant case in this paper, since European

commercial banks have been undercapitalized since the financial crisis of 2007-2009 (International

Monetary Fund, 2011; Hoshi and Kashyap, 2015). Finally, I assume that intermediaries carry

over bond holdings sb−1 that were acquired in period t = −1, as commercial banks in Southern-

Europe already had large holdings of domestic government bonds before the announcement of

the three-year LTROs. As a result, net worth n0 depends on the bond price in period t = 0:

n0 = nex0 + qb0s
b
−1, (7)

10Another reason for assuming rd0 ≥ rcb0 which does not feature in my model but is relevant for the real world
is the fact that credit risk on unsecured funding is larger than on secured funding, and therefore carries a higher
interest rate, everything else equal.
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where nex0 does not depend upon decisions taken in period t = 0. Therefore, an increase in the

bond price qb0 relaxes intermediaries’ incentive compatibility constraint (6) everything else equal,

and allows them to expand their balance sheet.

3.2 Analysis of a decrease in central bank funding costs

The main goal of this section is to investigate the short-run effect on credit provision to the real

economy of a policy under which the interest rate on central bank funding rcb0 is reduced while

keeping the interest rate on reserves rR0 constant, a policy which I will refer to as LTRO-policy. I

focus on credit provision to the real economy, as this is the key transmission mechanism through

which the three-year LTROs should have affected the Eurozone economy. A second goal is to

determine which deep parameters are driving the short-run impact of the LTRO-policy to inform

my estimation procedure for the full infinite-horizon model in subsequent sections.

To enhance the analysis, I introduce the variable Γcb0 , which is the difference between the

interest rate on reserves rR0 and central bank funding rcb0 . Since the interest rates on reserves

and deposits are equal in equilibrium, see Section 3.1.2, a decrease of the interest rate on central

bank funding will reduce funding costs relative to deposit funding Γcb0 ≡ rR0 −rcb0 = rd0−rcb0 (Engler

and Große Steffen, 2016). There are no other shocks, therefore my analysis is deterministic.

I start the analysis by differentiating the incentive compatibility constraint (6), the first order

condition for intermediaries’ portfolio choice between corporate loans and government bond (5),

and the market clearing condition for government bonds with respect to Γcb0 . I subsequently

substitute the last two expressions into the first to obtain the following results, the details of

which can be found in Appendix B.

Proposition 1. The bond price qb0 always increases in response to an increase in Γcb0 , i.e.
dqb0
dΓcb0

> 0.

Proof of Proposition 1. See Appendix B.

The intuition is the following: an increase in Γcb0 induces intermediaries to shift from deposit

funding to central bank funding. As they need to pledge additional government bonds as collat-

eral, the demand for bonds increases while the supply is unchanged. Therefore, the bond price

has to increase to clear the market. This result is in line with the observed drop in Southern-

European bond yields around the time of the three-year LTROs, as yields move inversely with

bond prices (Crosignani et al., forthcoming; Krishnamurthy et al., 2018).

Having established that bond prices will always increase, we can immediately see that inter-

mediaries’ net worth n0 will always increase as a result of the LTRO-policy:

Proposition 2. Net worth n0 always increases in response to an increase in Γcb0 , i.e. dn0

dΓcb0
> 0.

Proof of Proposition 2. Differentiation of equation (7) gives the following derivative: dn0

dΓcb0
=

sb−1 ·
dqb0
dΓcb0

> 0, where the last inequality follows from Proposition 1.
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Hence the LTRO-policy always increases intermediaries’ net worth n0 as a result of capital

gains on intermediaries’ existing bond holdings. Therefore, the policy relaxes intermediaries’

incentive compatibility constraints everything else equal, which allows them to expand their

balance sheets, for example by expanding credit provision to the real economy. Indeed, such an

indirect recapitalization of the financial sector was found to have an empirically relevant effect

on credit supply in the context of the ECB’s Outright Monetary Transactions (OMT) program

(Acharya et al., 2019).

Interestingly, we see in Proposition 3 that such an indirect recapitalization does not necessarily

expand credit provision to the real economy, and can even have a contractionary effect on credit

provision:

Proposition 3. The impact of a marginal increase in Γcb0 on credit provision to the real economy

is ambiguous, i.e.
dsk0
dΓcb0

≶ 0.

Proof of Proposition 3. Differentiation of the incentive compatibility constraint (6) with respect

to Γcb0 , and subsequent substition of Proposition 2 and the differentiated market clearing condition

for government bonds gives the following expression for lending to the real ecnomy:

dsk0
dΓcb0

=
1

λk − Cn0

(1 + µ0) sb−1︸ ︷︷ ︸
capital gains

effect

−λb
(
sb0 +

qb0
κsb,h

)
︸ ︷︷ ︸

collateral
effect

 ·
dqb0
dΓcb0

, (8)

where C < 0, and κsb,h > 0 the coefficient in front of the quadratic adjustment costs facing

households when purchasing government bonds. The sign of (8) is ambiguous, since the collateral

effect and the capital gains effect have opposite signs. Details can be found in Appendix B.

Besides the above-mentioned capital gains effect, we see the emergence of a collateral effect

that reduces credit provision to the real economy everything else equal: the shift from deposit

funding to central bank funding forces intermediaries to purchase additional government bonds to

be pledged as collateral. As a result, the market value of intermediaries’ holdings of government

bonds increases because of higher bond prices (first term of the collateral effect) and additional

bonds purchased from households (second term of the collateral effect). As the size of their

balance sheets is limited by the amount of net worth, lending to the real economy sk0 decreases

everything else equal. Interestingly, we see from expression (8) that the net effect of the LTRO-

policy on credit provision to the real economy can be negative if the collateral effect dominates

the capital gains effect. This suggests that the policy could be counterproductive in improving

short run macroeconomic conditions.

Note from equation (8) that the collateral effect is eliminated when λb = 0, in which case

intermediaries can expand their holdings of government bonds without tightening the incentive

compatibility constraint (6). Alternatively, if existing bond holdings sb−1 are zero, intermediaries
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will not incur any capital gains on existing bond holdings while there is crowding out of lending

to the real economy when acquiring additional government bonds. In that case, the LTRO-policy

is always contractionary when λb > 0.

In addition to disentangling the capital gains effect and the collateral effect, the analysis

also shows the crucial role of the coefficient governing households’ transaction costs κsb,h in

determining the strength of the collateral effect. To see how this parameter affects the collateral

effect, I take the partial derivative of (8), which captures the direct effect of a change in κsb,h .

Proposition 4. The direct effect from a marginal increase in κsb,h raises lending to the real

economy: ∂
∂κsb,h

(
dsk0
dΓcb0

)
> 0.

Proof of Proposition 4. See Appendix B.

An increase in κsb,h raises households’ marginal cost from changing their holdings of gov-

ernment bonds, which makes them less willing to sell government bonds everything else equal.

Therefore, intermediaries will be able to buy fewer bonds in equilibrium, which reduces the

strength of the collateral effect. At the same time, bond prices have to increase by more to

achieve market clearing, which strengthens the capital gains effect. Therefore, lending to the

real economy will increase in equilibrium.

To sum up: I show that the LTRO-policy has an ambiguous effect on lending by financial

intermediaries to the real economy, which is the key transmission mechanism through which the

LTRO-policy can affect macroeconomic conditions. I disentangle an expansionary capital gains

effect and a contractionary collateral effect. This contractionary effect arises because intermedi-

aries need to acquire additional government bonds to pledge as collateral. The possibility that

the general equilibrium effect on credit provision to the real economy can be contractionary

rather than expansionary sharply contrasts with the existing DSGE literature, in which central

bank discount window lending always has an expansionary effect (Gertler and Kiyotaki, 2010;

Bocola, 2016; Engler and Große Steffen, 2016; Cahn et al., 2017). In addition, the collateral

effect has the potential to explain why Italian banks only invested AC22.6 billion out of AC181.5

billion in three-year LTRO funding in private credit, while they invested almost four times this

amount (AC82.7 billion) in Italian government bonds (Carpinelli and Crosignani, 2018).

To quantitatively investigate whether this is the case, I will extend the current model to an

infinite-horizon DSGE model that I estimate on Italian data. From my analysis we see that

κsb,h will be an important parameter in the estimation procedure, as it is a key parameter in

determining the strength of the collateral effect. In line with the collateral policy of the ECB I

will also allow corporate loans to be pledged as collateral. While this will obviously reduce the

strength of the collateral effect, it will not eliminate it, as central banks typically provide more

funding for one euro of government bonds than for one euro of private loans.
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4 Infinite-horizon DSGE model

In this section I extend the two-period model to an infinite-horizon DSGE model to quantitatively

assess the strength of the collateral effect and the extent to which the three-year LTROs were

capable of improving macroeconomic conditions in Italy. Specifically, I employ a standard closed

economy New Keynesian model, and check in Appendix E.2 that the results carry over to a

model version of a small open economy that is a member of a currency union. I do so to check

that my results do not depend on the way conventional monetary policy is modeled; these model

versions capture the two extremes in terms of the influence that Italian macrodevelopments have

on the Italian policy rate. One extreme is that they affect the policy rate one-for-one in the

closed economy, while the other extreme is that they have zero influence on the policy rate in the

small open economy model. In reality, the Italian policy rate is set by the ECB, which bases its

policy decisions on macrodevelopments in the Eurozone as a whole. With the Italian economy

comprising around 15% of Eurozone GDP, the influence of Italian macrodevelopments will be

somehwere in between that in the closed economy and the small open economy model.

The structure of the financial sector is the same as in the two-period model and again subject

to the Gertler and Karadi (2011) incentive compatibility constraint. However, intermediaries

can also pledge corporate securities as collateral, but obtain less central bank funding than for

one euro of government bonds. The central bank sets the nominal rather than the real interest

rate on central bank funding and reserves, the last of which follows an active Taylor rule.

Households maximize the sum of expected discounted utility with habit formation in con-

sumption to more realistically capture consumption dynamics (Christiano et al., 2005). They

save through deposits, corporate securities, and government bonds, the last two of which are

subject to quadratic adjustment costs (Gertler and Karadi, 2013). Wages are sticky, as house-

holds’ wage and labor decisions are modeled as in Erceg et al. (2000). Households receive profits

from ownership of all firms in the economy, and pay lump sum taxes to the government. The

government honors outstanding obligations and purchases final goods. These expenditures are

financed from central bank dividends, lump-sum taxes and issuance of (long-term) debt.

Intermediate goods producers borrow from financial intermediaries to purchase physical cap-

ital from capital goods producers that are subject to convex adjustment costs. Final labor and

physical capital are then used for the production of the intermediate goods, which are sold to

retail goods producers who face monopolistic competition and sticky price adjustments as in

Calvo (1983). Final goods producers purchase retail goods to produce a final good that is sold

in a perfectly competitive market. The final good is used by households for consumption, by

capital goods producers for investment, by the government, and for adjustment costs arising

from households’ transactions in financial markets. A full exposition of the model can be found

in Appendix C.1.

Finally, I do not include sovereign default risk in the main text, despite the fact that Italy

was in the middle of a sovereign debt crisis at the time of the three-year LTROs. Instead, I

report in Appendix E.1 a model version which includes endogenous sovereign default risk, and
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check that my results from the main text continue to hold.

4.1 Government

4.1.1 Fiscal authority

The government has three sources of revenue: debt issue qbt bt, lump sum taxes τt, and dividends

from the central bank ∆cb
t . These revenues are used to pay for (exogenous) government purchases

of the final good gt and service outstanding government liabilities
(
1 + rbt

)
qbt−1bt−1. Therefore,

the period t government budget constraint (in terms of the price level of the final good Pt) is

given by:

qbt bt + τt + ∆cb
t = gt +

(
1 + rbt

)
qbt−1bt−1. (9)

Government debt is long-term, and its maturity structure follows Woodford (1998, 2001). These

bonds pay a cash flow xc that is decaying at a rate 1−ρ per period. Hence ρ effectively determines

the maturity structure of the bonds. In Appendix C.4.1 I formally show that the real rate of

return rbt on a bond issued in period t− 1 is given by:

1 + rbt =
(
xc + (1− ρ) qbt

)
/
(
πtq

b
t−1

)
, (10)

where πt ≡ Pt/Pt−1 denotes the gross inflation rate of the final good. Finally, lump sum taxes

τt are given by a rule which ensures the intertemporal government budget constraint is satisfied

(Bohn, 1998). A more elaborate description of the fiscal authority can be found in Appendix

C.4.1.

4.1.2 Central Bank

The central bank sets the nominal interest rate rn,rt on reserves mR
t by employing a standard

Taylor-rule that satisfies the Taylor-principle. Reserves are created when the central bank pro-

vides funding dcbt to financial intermediaries. However, unlike Section 3, I assume that part of

the central bank’s assets are financed by net worth ncbt .11 In that case, the central bank’s balance

sheet constraint (in terms of the price level of the final good Pt) is given by:

dcbt = ncbt +mR
t , (11)

Financial intermediaries have to pledge collateral in the form of corporate securities and govern-

ment bonds to obtain central bank funding. The central bank provides θat eurocents in funding

for one euro of collateral from asset class a = {k, b}. Intermediaries remain the legal owner

of the assets they pledge as collateral, and therefore receive the accompanying cash flows after

11I do so to smooth debt issue by the fiscal authority over time.
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repayment of the central bank loan in period t+ 1.12 The collateral constraint has the following

functional form:

dcbj,t ≤ θkt qkt s
k,p
j,t + θbtq

b
ts
b,p
j,t . (12)

where the central bank is in charge of the haircut parameters θkt and θbt , which I assume to be

constant over time. Just as in Section 3 the central bank provides as much funding as demanded

by financial intermediaries (full allotment), provided they pledge sufficient collateral. The central

bank receives a nominal interest rate rn,cbt on loans dcbt to financial intermediaries. Pre-dividend

net worth ncb∗t (in terms of the price level Pt of the final good) is the difference between the gross

return on loans dcbt−1 provided to financial intermediaries in period t− 1, and the gross return on

reserves mR
t−1 issued in period t− 1:

ncb∗t =

(
1 + rn,cbt−1

πt

)
dcbt−1 −

(
1 + rn,rt−1

πt

)
mR
t−1 =

(
1 + rcbt

)
dcbt−1 − (1 + rrt )m

R
t−1, (13)

where rrt and rcbt denote the net real return on reserves and central bank funding, respectively.

A fraction δcbt of ncb∗t is paid out to the fiscal authority, while the remaining funds are retained

by the central bank:

∆cb
t = δcbt n

cb∗
t , (14)

ncbt =
(
1− δcbt

)
ncb∗t , (15)

where I assume δcbt to be constant over time.13 In addition to the nominal interest rate on

reserves, the central bank also controls the nominal interest rate rn,cbt on central bank funding

by adjusting the spread Γcbt :

rn,cbt = rn,rt − Γcbt , with Γcbt = Γ̄cb + κcb
(
cbt − c̄b

)
+ κξ

(
ξt − ξ̄

)
, (16)

where Γ̄cb is the steady state spread. cbt and ξt follow lognormal AR(1) processes, with ξt

representing the quality of capital, a negative shock of which triggers financial crises as in Gertler

and Karadi (2011). Just as in Section 3 the LTRO-policy will be captured through an increase

in Γcbt , and the equilibrium interest rate on reserves will be equal to that on deposits. Therefore,

an increase in Γcbt will also decrease the interest rate on central bank funding with respect to

that on deposits.

12Financial intermediaries are not subject to limited liability in the Gertler and Karadi (2011) framework, and
will therefore always repay their creditors. In addition, I calibrate the model in such a way that intermediaries
never have negative net worth in equilibrium.

13Central banks typically operate with positive net worth, and pay part of their profits as dividends to the fiscal
authority. To ensure that both features are incorporated, I set 0 < δcbt < 1. Note that this implies that the fiscal
authority (partially) recapitalizes the central bank when pre-dividend net worth ncb∗t turns negative.
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4.2 Financial intermediaries

Financial intermediaries purchase corporate securities sk,pj,t that are issued by intermediate goods

producers at a price qkt , and government bonds sb,pj,t at a price qbt . In addition, they hold reserves

mR
j,t at the central bank. They fund their assets through net worth nj,t, risk-free household

deposits dj,t and central bank funding dcbj,t, for which they need to pledge collateral, see equation

(12). Total assets pj,t are given by:

pj,t = qkt s
k,p
j,t + qbts

b,p
j,t +mR

j,t = nj,t + dj,t + dcbj,t, (17)

Net worth in period t + 1 is the difference between the return on assets and the return on

liabilities:

nj,t+1 =
(
1 + rkt+1

)
qkt s

k,p
j,t +

(
1 + rbt+1

)
qbts

b,p
j,t +

(
1 + rRt+1

)
mR
j,t −

(
1 + rdt+1

)
dj,t −

(
1 + rcbt+1

)
dcbj,t, (18)

where rkt is the net real return on corporate securities in period t, rbt the net real return on

government bonds, rRt the net real return on central bank reserves, rdt the net real return on

deposits and rcbt the net real return on central bank funding. Following Gertler and Karadi

(2011), intermediaries are forced to shut down with probability σ, which is i.i.d. and exogenous,

both in time and the cross-section. Intermediaries that are forced to stop operating pay out all

remaining net worth to their respective household, the ultimate owner of the intermediary. As

long as they continue operating, intermediaries maximize their continuation value, which is the

sum of expected future discounted profits:

V
(
sk,pj,t−1, s

b,p
j,t−1,m

R
j,t−1, dj,t−1, d

cb
j,t−1

)
= maxEt

{
βΛt,t+1

[
(1− σ)nj,t+1 + σV

(
sk,pj,t , s

b,p
j,t ,m

R
j,t, dj,t, d

cb
j,t

)]}
,

where βΛt,t+1 denotes households’ stochastic discount factor. A similar agency problem between

depositors and managers of intermediaries arises as in Section 3 (Gertler and Karadi, 2011):

V
(
sk,pj,t−1, s

b,p
j,t−1,m

R
j,t−1, dj,t−1, d

cb
j,t−1

)
≥ λkqkt s

k,p
j,t + λbq

b
ts
b,p
j,t , (19)

which I assume to be binding throughout my simulations as the Italian banking system was

undercapitalized at the time of the three-year LTROs (International Monetary Fund, 2011;

Hoshi and Kashyap, 2015). The optimization problem of intermediary j is given by maximizing

V
(
sk,pj,t−1, s

b,p
j,t−1,m

R
j,t−1, dj,t−1, d

cb
j,t−1

)
subject to the balance sheet constraint (17), the collateral

constraint(12), the law of motion for net worth (18), and the incentive compatibility constraint

(19).

The resulting first order conditions are derived in Appendix C.2. Just as in Section 3, I find

that the equilibrium interest rate on reserves and deposits is the same, as intermediaries can

perfectly elastically obtain reserves by attracting additional deposits to arbitrage away any (ex-
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pected) return difference between reserves and deposits. Intermediaries’ portfolio choice between

corporate securities and government bonds is given by a very similar expression as equation (5)

for the two-period model:

λb
λk
Et
[
Ωt,t+1

(
rkt+1 − rdt+1

)]
= Et

[
Ωt,t+1

(
rbt+1 − rdt+1

)]
+

(
θbt −

λb
λk
θkt

)
Et
[
Ωt,t+1

(
rdt+1 − rcbt+1

)]
,

(20)

where Ωt,t+1 = βΛt,t+1 [(1− σ) + σχt+1] is the intermediary’s stochastic discount factor with

χt the Lagrangian multiplier on the intermediary’s balance sheet constraint (17). This discount

factor can be interpreted as the household’s stochastic discount factor βΛt,t+1, augmented by an

additional term to incorporate the effect of the financial frictions. Again, the second term on the

right hand side denotes the collateral effect. Observe, however, that the strength of the collateral

effect is reduced, everything else equal, because of the presence of the term (λb/λk) θkt : there is

less need to shift from corporate securities to government bonds now that corporate securities

also provide intermediaries with central bank funding.

Two other features from the two-period model carry directly over to the infinite-horizon ver-

sion of the model. First, central bank lending will not affect intermediaries’ portfolio decisions

when rdt = rcbt as the collateral value of assets becomes zero in that case. Second, the incen-

tive compatibility constraint effectively limits the size of intermediaries’ holdings of corporate

securities and government bonds by the amount of net worth similar to equation (6):14

χtnj,t = λkq
k
t s
k,p
j,t + λbq

b
ts
b,p
j,t , (21)

Finally, a fraction 1−σ of intermediaries is forced to stop operating at the beginning of each

period. They are replaced by new intermediaries which are provided with a starting net worth

equal to a fraction χb of previous period net worth of the old intermediary.

4.3 Production sector

The production sector is modeled in standard New Keynesian fashion. I will shortly outline the

setup below, with a more detailed exposition in Appendix C.3. There is a continuum i ∈ [0, 1]

of intermediate goods producers that operate in a perfectly competitive market. They issue

corporate securities at the end of period t− 1 and use the proceeds to purchase physical capital

ki,t−1 from capital producers at a price qkt−1. As in Gertler and Kiyotaki (2010), intermediate

goods producers can credibly pledge all after-wage revenues from period t to the buyers of these

securities. Shocks are realized at the beginning of period t, among which a capital quality shock

that transforms capital ki,t−1 into ξtki,t−1 effective units of capital (Gertler and Karadi, 2011).

Next, intermediate goods producers hire labor hi,t in a perfectly competitive market from labor

14Note that λkt and λbt do not represent the legal capital requirements from Basel III (according to which λbt
should be equal to zero), but capture an agency problem between two groups of private agents (namely depositors
and financial intermediaries). Such an interpretation is consistent with λbt > 0, which will be the case in my
simulations.
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agencies at a wage rate wt, and start producing intermediate goods with a constant-returns-

to-scale production function with effective capital ξtki,t−1 and labor hi,t as inputs, and capital

income share α. Output yi,t is sold to retail firms at a price mt, while the effective capital stock

(after depreciation δ per effective unit of capital) is sold to capital producers at a price qkt . As the

remaining after-wage revenues are paid out to corporate securities’ holders, I get the following

expression for the net return rkt on these securities:

1 + rkt =
αmtyi,t/ki,t−1 + qkt (1− δ) ξt

qkt−1

. (22)

As in Gertler and Karadi (2011), the capital quality shock ξt decreases the return on corporate

securities rkt for two reasons. First, output yi,t decreases as capital becomes less productive,

thereby reducing the first term of (22). Second, the capital price qkt will fall in the presence of a

binding incentive compatibility constraint (21), thereby reducing the second term in (22).

Capital producers purchase the after-production capital stock (1− δ) ξtkt−1 from intermedi-

ate goods producers at price qkt , and convert it one-for-one into new capital. In addition, they

purchase final goods to produce additional capital. However, the conversion from final goods

to capital goods is subject to quadratic adjustment costs. As a result, one unit of investment

typically results in less than one unit of capital goods. The newly produced capital stock is sold

to intermediate goods producers at a price qkt .

A continuum of retail firms transforms intermediate goods one-for-one into differentiated

retail goods. Retail firms operate in a monopolistic competitive market, and are therefore price-

setters that charge a markup over the input price mt. Following Calvo (1983), each retail firm

faces a probability ψp that they cannot choose a new price in the current period. In that case,

they can partially index with previous period inflation. Final good producers purchase goods

from all retail firms to produce a final good with a CES production function, and sell in a

perfectly competitive market.

4.4 Market clearing & equilibrium

In equilibrium, the total number of corporate securities kt must equal the total number of secu-

rities purchased by households and financial intermediaries. Similarly, the total supply of bonds

must equal the number of bonds purchased by households and financial intermediaries:

kt = sk,ht + sk,pt , (23)

bt = sb,ht + sb,pt . (24)

The aggregate resource constraint is given by:

yt = ct + it + gt +
1

2
κsk,h

(
sk,ht − ŝk,h

)2

+
1

2
κsb,h

(
sb,ht − ŝb,h

)2

, (25)
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where the last two terms represent the quadratic adjustment costs paid by households when

purchasing corporate securities and government bonds (Gertler and Karadi, 2013). The resulting

equilibrium definition can be found in Appendix D, which gives a complete overview of the first

order conditions.

5 Calibration & estimation

I employ a mix of calibration and estimation with both Bayesian methods and moment matching

to match the Italian economy as close as possible. To do so, I employ data downloaded from

Eurostat, the ECB, and the Italian National Institute for Statistics, a description of which can

be found in Appendix F.

I break the identification of parameter values into four stages. In the first two stages I employ

a model version without financial frictions and central bank lending operations, while I employ

the full model in the last two stages. Specifically, I partially calibrate my model in the first

stage by either taking parameter values that are standard in the macroeconomic literature or

targeting first order moments such as the steady state labor supply. I subsequently estimate the

remaining parameters in the second stage by employing Bayesian techniques. I calibrate some

of the parameters relating to financial frictions in the third stage, and estimate the remaining

parameters in the fourth stage through a second-order moment matching exercise on data from

the financial crisis period 2008Q1-2011Q4.

Specifically, I employ the following quarterly time series from the period 1999Q1-2007Q4 in

my Bayesian estimation: real GDP per capita, real consumption per capita, real investment per

capita, hours worked, inflation, and the three-month nominal interest rate. Unlike many papers

in the literature (Bocola, 2016; Cahn et al., 2017; Darracq-Pariès and Kühl, 2017; Kühl, 2018),

I specifically perform the Bayesian estimation on a model version without financial frictions and

central bank lending operations. Such a model version accurately captures the pre-2008 economic

environment for several reasons. First, there was no implicit subsidy to the Italian banking sys-

tem pre-2008 (Drechsler et al., 2016), which is in my model captured by rn,rt = rn,cbt .15 In that

case the collateral value of intermediaries’ assets is equal to zero (equation (20)), and hence inter-

mediaries’ choice between corporate securities and government bonds is not affected by central

bank lending operations. Second, financial frictions were likely to be absent or negligible during

the 1999Q1-2007Q4 period, which is in my model captured by intermediaries’ incentive com-

patibility constraints (19) being non-binding. Under those conditions the equilibrium allocation

coincides exactly with that in a model version without financial frictions. The choice to estimate

a model version without financial frictions is further supported by Del Negro et al. (2016), who

15Before October 2008 the interest rate on reserves was (approximately) equal to the interest rate at which
MFIs borrowed from the ECB; ECB liquidity would be auctioned to Eurozone MFIs, allowing the interest rate on
the ECB loans to be slightly higher than the interest rate on required reserves (MRO-rate). In October 2008 the
ECB switched to a fixed rate full allotment procedure, under which Eurozone MFIs can borrow at the MRO-rate

(European Central Bank, 2011b). The last case exactly corresponds with rn,rt = rn,cbt in my model.
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show that estimated models with financial frictions perform worse during normal times than

models without those frictions.16

To save space, I will only discuss the calibration/estimation of key parameters, and refer the

interested reader to Appendix G for more information on how the remaining parameters are

chosen, as well as tables with calibrated and estimated parameter values.

Two key parameters that determine the strength of the collateral effect are θjt with j ∈ {k, b}.
While the ECB does not publish the haircut 1 − θjt it applies to different asset types, Bruegel

(2018) replicates them using long-term credit ratings. Bruegel (2018) finds that the haircut on

Italian government bonds was between 3 and 7% during the sovereign debt crisis of 2011-2013.

I therefore set θbt = 0.95. Next, I set θkt = 0.40, which implies a haircut of 60% on corporate

securities. Although most assets that can be pledged as collateral at the ECB have haircuts that

are significantly smaller, my model setup does not distinguish between private assets that are

eligible as collateral and those that are not, for which the ECB provides zero euros in liquidity.17

Therefore, the 60% haircut can be interpreted as the average haircut on a portfolio that contains

both pledgeable and non-pledgeable private assets.

We remember from Section 3 that λb and κsb,h are the key parameters that determine the

strength of the collateral effect. I determine the ratio λb/λk by comparing the average spread

between the return on corporate securities and deposits with the average spread between the

Italian bond yield and the return on deposits.18 Next, I employ a moment-matching exercise

to the full model with binding financial constraints (19) to pin down κsb,h and the quadratic

adjustment costs for corporate securities κsk,h .19 The moment-matching exercise targets the

standard errors of real GDP per capita, real consumption per capita, real investment per capita,

and the credit spread between the expected return on corporate securities and deposits over the

period 2008Q1-2011Q4. Ideally, I would have estimated these two parameters in the Bayesian

estimation procedure of the model version without financial frictions to ensure consistency be-

tween the models with and without financial frictions. However, the Bayesian estimation would

not converge for this model version. Therefore, I take the point estimates from the moment-

matching exercise, and redo the Bayesian estimation on a model version that includes quadratic

adjustment costs to check that the parameter estimates from the original Bayesian estimation

are not biased. More details on this specific issue can be found in Appendix G.3.

Finally, I pin down the size of the implicit subsidy of the three-year LTROs (captured by the

increase in Γcbt in response to a financial crisis) by matching the net uptake of ECB funding by

16Bocola (2016) estimates a model version with financial constraints that are occassionaly binding by solving
the model using global solution methods and estimating it by using particle filters. Unlike Bocola (2016), my
model has too many state variables to employ such a strategy.

17For example, in 2010 haircuts varied from 1.5% for investment grade corporate bonds with a maturity less
than one year to 64.5% for non-investment grade credit claims with a maturity of more than 10 years, see also
https://www.ecb.europa.eu/press/pr/date/2010/html/sp090728 1annex.en.pdf.

18I can write equation (20) as λb
λk

= r̄b−r̄d
r̄k−r̄d in the non-stochastic steady state, since the second term on the

right hand side is equal to zero because Γ̄cb = r̄n − r̄n,cb = 0.
19Although κsk,h did not feature in the analysis of Section 3, one can argue along similar lines as for κsb,h that

it will be a key parameter for the strength of the collateral effect.
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the aggregate Italian commercial banking system over the period in which the unconventional

LTROs of December 2011 and February 2012 took place. I find the implicit subsidy to be equal

to annual 140 basis points, or equivalently 35 quarterly basis points, something I will discuss

more elaborately in Sections 6.4 and 7.

6 Results

In this section I show the results from numerical simulations of my model, which I solve by

performing a first order perturbation around the deterministic steady state. As mentioned above,

I will model the LTRO-policy by (temporarily) reducing the nominal interest rate on central bank

funding relative to that on reserves, in line with Engler and Große Steffen (2016).

I set the stage by showing the results to a regular central bank funding shock cbt, see equation

(16), which allows me to highlight the key mechanisms that are operative under the LTRO-policy.

I follow up on the two-period model analysis by investigating how the impulse response functions

change when varying key parameters that determine the strength of the collateral effect, such as

the collateral requirements θkt and θbt , and the household transaction costs parameter κsb,h .

Next I look at a scenario where the LTRO-policy is employed in the middle of a financial crisis

to properly capture the fact that the three-year LTROs took place in the middle of a financial

crisis. This crisis is initiated through a negative capital quality shock as in Gertler and Karadi

(2011). I distinguish between a limited LTRO-policy in which the interest rate spread between

the nominal interest rate on reserves and central bank funding Γcbt follows the capital quality

shock (and reverts back to the steady state following a regular AR(1)-process), and three-year

LTROs in which Γcbt is increased for 12 quarters, after which Γcbt immediately returns to steady

state. This allows me to highlight the influence of the maturity of the program on credit provision

and the macroeconomy.

6.1 A regular central bank funding shock

I start by investigating the regular central bank funding shock cbt in equation (16). This shock

reduces the nominal interest rate on central bank funding by 35 basis points with respect to the

nominal interest rate on reserves on impact, after which it reverts back to steady state, see panel

“Interest rate difference” in Figure 3. Let us first focus on the blue solid line, which denotes the

base case, and defer discussion of the red slotted line to the next section. This simulation will

allow me to identify the key mechanisms of the model, and set the stage for subsequent sections

in which I look at the interaction of this policy with financial crises.

Figure 3 shows that a reduction of the interest rate on central bank funding relative to that

on deposit funding has a positive effect on the macroeconomy: financial intermediaries expand

lending to the real economy (see panel “Corporate securities (b)”), and investment and output

increase.
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Reducing intermediaries’ funding costs increases profitability and net worth everything else

equal, and therefore raises intermediaries’ continuation value. This relaxes intermediaries’ incen-

tive compatibility constraint (21), which allows them to expand their balance sheet. As a result,

both investment and capital accumulation (not shown) increase, which ultimately leads to higher

output, a mechansim that is well known from the bank lending channel literature (Bernanke and

Gertler, 1995). However, I will refer to this effect as the subsidy effect since I explain in Section

3.1.1 that the policy of reducing central bank funding costs is meant to capture the implicit

subsidy that was contained in the three-year LTROs, see Section 2.

In addition to the subsidy effect, there are two other channels through which the positive

effects from the LTRO-policy are amplified in the financial sector. First, the initial relaxation of

intermediaries’ incentive compatibility constraint allows intermediaries to expand their balance

sheets, which provides them with additional collateral that can be pledged at the central bank

to obtain additional funding. This, in turn, further reduces intermediaries’ funding costs, which

then further relaxes their incentive compatibility constraint, and allows for a second round of

balance sheet expansion, and so on.

Second, there is the capital gains effect Gertler and Karadi (2011): the price of corporate

securities and government bonds increases as a result of the additional demand for these assets,

which in turn raises the ex post return on intermediaries’ existing holdings of corporate securities

and government bonds, see equations (22) and (10) respectively. Intermediaries’ net worth

increases as a result, which further relaxes their incentive compatibility constraints, thereby

allowing for another round of balance sheet expansion. Therefore, we see that the capital gains

effect that was identified in Section 3 is also operative within the infinite-horizon model and plays

a crucial role in the amplification of the funding shock. Interestingly, this capital gains effect was

identified to be empirically relevant in the context of another ECB program, namely the Outright

Monetary Transactons (OMT) program that was launched in Spetember 2012 (Acharya et al.,

2019). Note, however, that financial intermediaries can now also incur capital gains on corporate

securities, which amplifies the capital gains effect relative to the two-period model in Section 3.

Finally, we can already identify the collateral effect in Figure 3: while the market value of

intermediaries’ holdings of corporate securities only increases by 0.5% after 5 quarters, inter-

mediaries’ holdings of government bonds increases by more than 15%! As mentioned before,

government bonds provide twice as much central bank funding as corporate securities, and thus

have a larger collateral value. As a result, most of the additional balance sheet capacity that is

created by the reduction of intermediaries’ funding costs is taken up by government bonds which

allow intermediaries to increase the amount of central bank funding.

Also observe that consumption decreases in equilibrium, as the expansion of intermediaries’

balance sheets is not only financed by attracting additional central bank funding, but also through

an expansion of deposits. Higher household savings are achieved through higher nominal and

real interest rates, which result from higher inflation and output.

Finally, observe that the response is hump-shaped. The reason for this is that consumption
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features habit formation, and investment is subject to adjustment costs that are quadratic in the

change with respect to previous period investment.

6.2 The collateral effect

Next I investigate the collateral effect that was identified in Section 3. I start by shutting down

the effect by setting θkt = (λk/λb) θ
b
t , see equation (20). To have a fair comparison, however, I

do not only increase θkt , which would increase the steady state amount of central bank funding,

but simultaneously reduce θbt such that the steady state amount of central bank funding is equal

to the base case. This is achieved by setting θkt = θbt = 0.425, which is represented by the red

slotted line in Figure 3.20

We see that shutting down the collateral effect has a strong effect on the composition of in-

termediaries’ balance sheets. The market value of intermediaries’ holdings of corporate securities

qkt s
k
t increases from 0.1% of steady state to 0.7% on impact, whereas the peak of the market

value of intermediaries’ holdings of government bonds decreases from more than 15% to only

3%. Clearly, the collateral effect has a substantial effect on intermediaries’ credit provision to

the real economy.

However, the substantial change in the balance sheet composition of financial intermediaries

does not have large effects on the real economy. Investment, output, and intermediary net worth

increase, but not by much, whereas consumption hardly changes at all. The reason for this is the

fact that household adjustment costs from changing their holdings of corporate securities and

government bonds are relatively small, which allows them to sell corporate securities to satisfy

intermediaries’ increased demand for these securities (relative to the base case). Meanwhile,

intermediaries sell part of their government bond holdings to households to create additional

balance sheet capacity for corporate securities. As a result, the total stock of corporate securities

and government bonds hardly changes at all. The small expansion of investment and output is

caused by the fact that intermediaries do not face adjustment costs, and are therefore more

effective in credit intermediation to the real economy.

Finally, note that intermediaries borrow less from the central bank compared with the base

case. The reason is that the reduction of θbt from 0.95 to 0.425 reduces the collateral value of

government bonds (represented by θbtEt
[
Ωt,t+1

(
rdt+1 − rcbt+1

)]
) by more than the increase in the

collateral value of corporate securities, see equation (20).

The fact that the collateral effect has a large effect on the composition of intermediaries’

balance sheets, but a small effect on investment and capital accumulation is further confirmed in

Figure 4, where I decrease κsb,h from 0.0001 (blue, solid line) to 0.00005 (red, slotted line). In line

with the prediction from Section 3, we see that a decrease in κsb,h induces financial intermediaries

to increase government bonds holdings from 16% to 28% of steady state at the expense of credit

20The reason why the haircut parameter θkt increases by so little is the fact that the market value of inter-
mediaries’ steady state government debt q̄bs̄b is less than 5% of the market value of intermediaries’ steady state
corporate securities q̄k s̄k.
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Central bank funding shock 35 bps.: base case vs. θk = θb = 0.425
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Figure 3: Impulse response functions for a central bank funding shock of 35 basis points (“Interest
rate difference”) for the base case (blue, solid) versus a model version in which θkt = θbt = 0.425.
The panel “Corporate securities (b)” denotes the value of intermediaries’ corporate securities
holdings qkt s

k
t . Similarly, the panel “Government bonds (b)” denotes the value of intermediaries’

government bond holdings qbts
b
t . Central bank funding is expressed in terms of annual steady

state output.
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provision to the real economy, which flips from an expansion by 0.1% of steady state to a

contraction by 0.4%. This simulation therefore confirms the theoretical prediction from Section

3 that the net effect on intermediaries’ credit provision is contractionary when the collateral

effect dominates the capital gains effect. However, just as in the case where θkt = θbt = 0.425, the

general equilibrium effect on investment and output is small as a result of the relatively small

transaction costs for households, who increase their holdings of corporate securities relative to

the base case (not shown).

Above I have identified the collateral effect, and show that it has a relatively large effect on

intermediaries’ balance sheets, but a relatively small effect on investment and output. However,

around the time of the three-year LTROs of December 2011 and February 2012 the ECB left the

amount of funding for one euro of government bonds unchanged, while it accepted additional

asset types as collateral, thereby effectively increasing the fraction of commercial banks’ balance

sheets that could be pledged at the ECB.21 To capture this policy, I investigate in Figure 5 an

increase of θkt from 0.40 to 0.50 (red, slotted line), while keeping θbt fixed at 0.95.

We see that this policy has a more substantial and persistent effect on the economy. Whereas

most macro variables in Figures 3 and 4 return to the baseline case within 20 quarters or less,

we see in Figure 5 that intermediaries’ credit provision and output remain persistently above the

base case θkt = 0.40. The reason for this is that, contrary to the previous experiments, there is

an effective relaxation of collateral requirements: more central bank funding can be obtained for

the same amount of collateral, which decreases effective funding costs by more than in the base

case. Therefore, the subsidy effect becomes stronger, incentive compatibility constraints relax,

and more credit can persistently be provided to the real economy by financial intermediaries. I

therefore conclude that the relaxation of collateral requirements is potentially a powerful tool

that the central bank can employ in a financial crisis, a scenario which I will explicitly investigate

in the next sections.22

6.3 Financial crises

In the previous sections I investigated the effects from a temporary decrease in central bank

funding costs relative to deposit funding costs. I found that such a policy increases credit

provision to the real economy, investment and output. In addition, I identified the collateral

effect, and showed that a relaxation of collateral requirements in the form of an expansion of the

amount of central bank funding per euro of corporate securities had an expansionary effect on

the macroeconomy. The unconventional three-year LTROs of December 2011 and February 2012,

however, occurred against the backdrop of a financial crisis, whereas I have thus far looked at a

central bank funding shock in isolation. Therefore, I investigate in this section the effectiveness

21The ECB announcement of this collateral relaxation can be found at
https://www.ecb.europa.eu/press/pr/date/2011/html/pr111208 1.en.html

22Note, however, that in reality a relaxation of collateral requirements increases the central bank’s credit risk,
a feature that is not in my model as intermediaries do not default. In reality, however, credit risk considerations
can be a factor preventing the central bank from relaxing collateral requirements.
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Central bank funding shock 35 bps.: κsb,h = 0.0001 vs. κsb,h = 0.00005
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Figure 4: Impulse response functions for a central bank funding shock of 35 basis points (“Interest
rate difference”) for the base case κsb,h = 0.0001 (blue, solid) versus the case where κsb,h =
0.00005 (red, slotted). The panel “Corporate securities (b)” denotes the value of intermediaries’
corporate securities holdings qkt s

k
t . Similarly, the panel “Government bonds (b)” denotes the

value of intermediaries’ government bond holdings qbts
b
t . Central bank funding is expressed in

terms of annual steady state output.
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Central bank funding shock 35 bps.: θkt = 0.40 vs. θkt = 0.50
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Figure 5: Impulse response functions for a central bank funding shock of 35 basis points (“Interest
rate difference”) for the base case θkt = 0.40 (blue, solid) versus the case where θkt = 0.50 (red,
slotted). The panel “Corporate securities (b)” denotes the value of intermediaries’ corporate
securities holdings qkt s

k
t . Similarly, the panel “Government bonds (b)” denotes the value of

intermediaries’ government bond holdings qbts
b
t . Central bank funding is expressed in terms of

annual steady state output.
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of a temporary decrease in central bank funding costs in times of financial crises.

In Figure 6 I initiate such a crisis through a capital quality shock as in Gertler and Karadi

(2011), the size of which is calibrated to match the cumulative drop in quarterly Italian GDP

from 2011Q4 to 2013Q2 and amounts to 3.8%. Specifically, the blue solid line depicts the case

where the central bank does not engage in the LTRO-policy (Γcbt = 0). The other two simulations

feature the LTRO-policy where Γcbt increases by 35 basis points on impact by setting κξ < 0,

see equation (16), and afterwards returns to its steady state along with capital quality ξt after

approximately 12 quarters. I distinguish between the base case with θkt = 0.40 (red, slotted line),

and a policy where collateral requirements are relaxed by setting θkt = 0.50 (black, dashed line).

I start by focusing on the blue solid impulse response functions to understand the economy’s

response to the financial crisis shock in the absence of the LTRO-policy. The resulting simulations

are very similar to those in Gertler and Karadi (2011): the capital quality shock reduces the

return on corporate securities which imposes significant losses on financial intermediaries. Net

worth falls, and intermediaries’ incentive compatibility constraints tighten as a result, which

in turn reduces the amount of funding that intermediaries can provide to intermediate goods

producers for purchasing physical capital. As a result, the price of capital drops, which further

decreases the ex post return on corporate securities, as can be seen from the second term of

equation (22). Intermediaries’ net worth falls further, leading to a second round of balance sheet

tightening. The fact that intermediaries have to shrink the balance sheet does not only affect

the price of corporate securities, but also the price of government bonds, which further reduces

net worth. The shrinking of intermediaries’ balance sheets reduces central bank funding by 20%,

as intermediaries have less collateral to pledge at the central bank.

The results for the real economy are pronounced: credit provision to the real economy drops

by almost 20%, as net worth drops by more than 30%. As a result, investment drops by 10%

with respect to steady state, and a significantly lower capital stock leads to lower wages and

reduced household income (not shown). The wealth effect causes consumption to fall by 4%.

Together with the fall in investment, this results in a drop in output of approximately 3.8%, in

line with the observed drop in quarterly Italian GDP between 2011Q4 and 2013Q2.

Next I investigate the red, slotted simulations in Figure 6, in which the central bank responds

to the financial crisis by initiating the LTRO-policy. We see that this policy has a positive but

almost negligible effect on the economy. Just as in the case of the LTRO-policy without financial

crisis, the collateral effect causes intermediaries to use most of the additional balance sheet

capacity that is created by lower funding costs to be taken up by additional government bonds,

which increase by more than 15% of steady state, whereas the expansion in corporate securities

is negligible. Closer inspection learns that the same positive effects on net worth, investment,

and output exist (relative to no LTRO-policy) as in the case of an isolated LTRO-policy, but

that these positive effects are completely dwarfed by the negative effects from the financial crisis.

Therefore, the LTRO-policy is relatively ineffective in ameliorating the negative macroconomic

effects of the financial crisis.
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Financial crisis: no policy vs limited LTRO vs limited LTRO θk = 0.5

0 10 20 30 40
0

20

40

A
bs

. 
in

 b
ps

Interest rate difference

0 10 20 30 40
-4

-2

0

R
el

. 
in

 p
er

ce
nt

Output

0 10 20 30 40

-4

-2

0

R
el

. 
in

 p
er

ce
nt

Consumption

0 10 20 30 40
-10

-5

0

R
el

. 
in

 p
er

ce
nt

Investment

0 10 20 30 40
-40

-20

0

R
el

. 
in

 p
er

ce
nt

Intermediary net worth

0 10 20 30 40
-20

-10

0

R
el

. 
in

 %
 G

D
P

CB funding

0 10 20 30 40

-6
-4
-2
0

R
el

. 
in

 p
er

ce
nt

Price of capital

0 10 20 30 40
-1.5

-1
-0.5

0

R
el

. 
in

 p
er

ce
nt

Bond price

0 10 20 30 40
Quarters

-20

-10

0

R
el

. 
in

 p
er

ce
nt

Corporate securities (b)

0 10 20 30 40
Quarters

-40

-20

0

R
el

. 
in

 p
er

ce
nt

Government bonds (b)

Figure 6: Impulse response functions for a financial crisis, initiated by a capital quality shock of
3.5%. The figure compares a scenario with no additional policy (blue, solid) with a scenario in
which the central bank lowers the nominal interest rate on central bank funding with respect to
the nominal interest rate on deposits with 35 quarterly basis points in line with the capital quality
shock (red, slotted), and with the same intervention with θk = 0.5 (black, dashed). The panel
“Corporate securities (b)” denotes the value of intermediaries’ corporate securities holdings qkt s

k
t .

Similarly, the panel “Government bonds (b)” denotes the value of intermediaries’ government
bond holdings qbts

b
t . Central bank funding is expressed in terms of annual steady state output.
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Next, I investigate the degree to which the relaxation of collateral requirements makes the

LTRO-policy more effective in a financial crisis (black, dashed line). We see that net worth

increases by 3% of steady state, intermediaries’ holdings of corporate securities by 1% of steady

state, and investment by more than 1% with respect to no LTRO-policy. Just as in the previ-

ous section, financial intermediaries obtain more central bank funding for one euro of corporate

securities, and the increase in θkt reduces the distortionary effect from the collateral effect. How-

ever, output increases only marginally as consumption falls with respect to the case without

LTRO-policy, just as it did in Figure 5. I therefore conclude that the LTRO-policy is relatively

ineffective in mitigating the negative effects that the financial crisis has on the macroeconomy.

Finally, observe in Figure 6 that it looks as if central bank funding decreases for θkt = 0.50

relative to θkt = 0.40. Note, however, that the figures displays the deviation from the steady

state, and that steady state central bank funding is higher for the case with θkt = 0.50. Therefore,

to see whether the LTRO-policy expands central bank funding for θkt = 0.50, I check that the

amount of central bank funding falls by even more in the absence of the LTRO-policy.

6.4 Three-year LTROs

In the previous section we looked at what one could call a ‘limited’ LTRO-policy, as Γcbt im-

mediately started to revert back to steady state after the initial crisis response. However, the

unconventional LTROs of December 2011 and February 2012 had a maturity of three years.

Therefore I investigate in Figure 7 a policy in which Γcbt is increased by 35 basis points for 12

quarters, after which it reverts back to its steady state value. Just as in Figure 6 I compare

the baseline case of a financial crisis without LTRO-policy (blue, solid line) with the three-year

LTROs (red, slotted), and the same LTRO-policy with θkt = 0.50 (black, dashed). Setting Γcbt

at this particular value allows me to match the net uptake of ECB funding by the aggregate

Italian commercial banking system over the period in which the three-year LTROs of December

2011 and February 2012 took place, which amounted to 3.7% of annual Italian GDP (Bruegel,

2015).23 Interestingly, by pinning down Γcbt in this way I am able to obtain an estimate of

140 (=4×35) annual basis points for the implicit subsidy that was contained in the three-year

LTROs, something I will further discuss in the next section.

We see from Figure 7 that lengthening the maturity of the LTRO-policy significantly increases

its effectiveness in expanding credit provision to the real economy, investment and output relative

to no LTRO-policy. The trough in investment decreases by approximately a quarter, while output

is persistently 0.3% of steady state above the scenario in which the central bank does not embark

upon the three-year LTROs. However, we see that the collateral effect is still present. As before,

we see that most of the additional balance sheet capacity created by a reduction of intermediaries’

funding costs is used to increase their holdings of government bonds. Whereas the market value

23I match the net uptake of ECB funding rather than the gross uptake, as a substantial amount of the three-
year LTROs was used by the Italian commercial banking system to repay shorter-term ECB funding from Main
Refinancing Operations (MROs) and regular-maturity LTROs.
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of their corporate securities grows by almost 2% in the base case three-year LTROs, the market

value of intermediaries’ holdings of government bonds grows by almost 30%. Interestingly, these

numbers are very close to the growth rates reported by Carpinelli and Crosignani (2018).24 As

such it seems that my model is well capable of matching the data, which is remarkable given the

fact that I did not target these two growth rates in my estimation procedure, see Appendix G.4.

Also observe that a further manifestation of the collateral effect can be seen from the immediate

drop in intermediaries’ bondholdings after the three-year LTROs have ended, as the collateral

value of government bonds suddenly decreases at that point in time.

The key take-away from Figure 7, however, is the fact that the three-year LTROs have

an expansionary effect on the real economy (relative to no LTROs), which contrasts with the

negligible expansion under the limited LTROs in Figure 6. This result is driven by the fact

that lengthening the maturity increases the strength of the subsidy effect: the longer financial

intermediaries can borrow at an interest rate below the policy rate, the longer the period in

which their funding costs decrease, and the larger the relaxation of intermediaries’ incentive

compatibility constraints. This, in turn, allows for a larger balance sheet expansion compared

with the limited LTROs in Figure 6. Therefore, despite the fact that the collateral effect still

induces intermediaries to use most of the additional balance sheet capacity to expand their bond

holdings, the increase in balance sheet capacity is now large enough to also allow a substantial

expansion of credit provision to the real economy.

The result that the maturity of the LTROs is a key determinant for the effectiveness of the

unconventional LTROs is in line with Carpinelli and Crosignani (2018), who empirically establish

that the longer maturity of the three-year LTROs was key in reducing the credit contraction by

the Italian banking system. In addition, Cahn et al. (2017), who estimate a DSGE model with

financial frictions a la Gertler and Karadi (2011) on Eurozone data, also find that lengthening the

maturity improves the macroeconomic effectiveness of the unconventional LTRO policy. However,

their data do not contain the period of the three-year LTROs.

Finally, I look at the effect of the three-year LTROs when θkt = 0.50 (black, dashed line), as

the three-year LTROs also featured a relaxation of collateral requirements. We see from Figure 7

that the relaxation further increases credit provision, investment, and output. However, quanti-

tatively, we see that the expansionary effect from increasing the maturity of the unconventional

LTROs dominates the effects from providing more central bank funding for one euro of corporate

securities. I therefore conclude that the ECB’s lengthening of the maturity of the LTROs was

the key feature that made the three-year LTROs effective in expanding credit provision to the

real economy.

24Note that the growth rate reported here is not the same as the difference between the red, slotted line on
the one hand and the blue, solid line on the other. This last difference is expressed as percentage of the steady
state value, whereas my growth rate is calculated as the increase in the respective variable with respect to the
level of that variable under the base case scenario without three-year LTROs. This is in line with Carpinelli and
Crosignani (2018), who report the growth rates with respect to the counterfactual of no three-year LTROs.
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Figure 7: Impulse response functions for a financial crisis, initiated by a capital quality shock of
3.5%. The figure compares a scenario with no additional policy (blue, solid) with a scenario in
which the central bank lowers the nominal interest rate on central bank funding with respect to
the nominal interest rate on deposits with 35 quarterly basis points for 12 quarters, capturing the
three-year LTROs (red, slotted), and the same central bank intervention with θk = 0.5 (black,
dashed). The panel “Corporate securities (b)” denotes the value of intermediaries’ corporate
securities holdings qkt s

k
t . Similarly, the panel “Government bonds (b)” denotes the value of

intermediaries’ government bond holdings qbts
b
t . Central bank funding is expressed in terms of

annual steady state output.
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7 Discussion & Robustness

In this section I discuss some of the results of the previous sections, and check the influence of

some of the assumptions that I have made.

First I discuss the size of the implicit subsidy of the three-year LTROs. 140 annual basis points

sounds like a large (implicit) subsidy for the Italian banking system. However, Italy was in the

middle of a financial and sovereign debt crisis at the time of the three-year LTROs. One feature

of this crisis was that Italian banks experienced a sharp reduction of their foreign wholesale

funding, and were therefore having difficulties financing their balance sheets. As a result, the

provision by the ECB of unlimited funding at an attractive interest rate and relatively long

maturity made the funding very attractive to Italian banks (Carpinelli and Crosignani, 2018). It

is conceivable that Italian banks would have been forced to offer an interest rate that would have

been 140 basis points above the ECB interest rate to induce foreign investors not to withdraw

their funds. Therefore, the implicit subsidy of 140 basis points might be a reasonable estimate.

The previous paragraph touches upon another issue that could potentially play a big role

in my results, namely the presence of sovereign default risk. The Eurozone was in the middle

of a sovereign debt crisis at the time of the three-year LTROs, and the default risk of the

Italian government as indicated by the spread on credit default swaps (CDS) had increased by

approximately 300 basis points since the first half of 2011. Therefore, I check the extent to which

the inclusion of endogenous sovereign default risk affects my results in Appendix H, and find

that my results are qualitatively not affected. The underlying reason is that including sovereign

default risk does not affect the collateral effect, as government bonds continue to provide more

central bank funding per euro than corporate securities.

A third modeling issue is that I study central bank lending in a closed economy model.

Within such a model, the nominal interest rate is determined by a standard Taylor rule through

which macrodevelopments affect the policy rate one for one. However, Italy being part of the

Eurozone implies that the Italian nominal interest rate is determined by the ECB, which adjusts

its monetary policy in response to macrodvelopments in the Eurozone as a whole, rather than to

Italian macrodevelopments alone. As a result, the monetary policy response in my closed econ-

omy model will overstate the extent to which the ECB responds to Italian macrodevelopments.

To check whether this choice influences my results, I construct a small open economy that is

a member of a currency union in which the nominal interest rate on reserves is permanently

fixed at its steady state value. The resulting simulations can be found in Appendix H, where I

show that the results are hardly affected by the switch from a closed to a small open economy

model. The reason why the way I model conventional monetary policy does not affect my main

results is the fact that my results are driven by a decrease of the interest rate on central bank

funding relative to that on reserves, and because the focus of my paper is on what happens to

my economy relative to the baseline case of not engaging in the LTRO-policy. Therefore, the

specific modeling of the interest rate on reserves does not affect my results.

Finally, I check the extent to which the relative diversion rate λ̄b/λ̄k affects the results in
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Appendix H. I do so as Section 3 showed that λb is a key parameter in determining the strength

of the collateral effect. I find that my results are not qualitatively affected by a change in λb.

8 Conclusion

In this paper I investigate the effectiveness of central bank lending to balance-sheet-constrained

financial intermediaries in mitigating the macroeconomic impact of a financial crisis. A key fea-

ture of such lending operations is the requirement to pledge collateral. I find that this requirement

gives rise to a collateral effect that reduces credit provision to the real economy everything else

equal when central banks provide more funding for one euro of government bonds than for one

euro of corporate credit. As a result, intermediaries with limited balance sheet capacity will

shift from corporate credit to government bonds, so as to increase the amount of central bank

funding they can obtain. Therefore the collateral effect can reduce or offset in equilibrium the

expansionary effects of central bank lending to intermediaries that occur in other DSGE models

(Gertler and Kiyotaki, 2010; Bocola, 2016; Engler and Große Steffen, 2016; Cahn et al., 2017).

My formal analysis can be disentangled into two strands. First, I investigate a two-period

general equilibrium model with balance-sheet-constrained financial intermediaries that are par-

tially financed through central bank funding for which they have to pledge government bonds

as collateral. This model allows me to disentangle the short-run effect on credit provision into a

capital gains effect on intermediaries’ existing holdings of government bonds, which everything

else equal has an expansionary effect on credit provision, and a collateral effect that has a con-

tractionary effect everything else equal. The two-period model analysis also allows me to identify

the key parameters that determine the strength of the collateral effect.

I then extend a standard New Keynesian model with price and wage stickiness and financial

frictions a la Gertler and Karadi (2011) to include central bank lending to financial intermediaries.

In addition to government bonds, intermediaries can now also pledge corporate securities as

collateral, although one euro of corporate securities provides less central bank funding than

one euro of government bonds. I argue that the three-year LTROs can be considered to have

contained an implicit subsidy for Italian banks, which I model as a reduction of the nominal

interest rate on central bank funding relative to that on reserves (Engler and Große Steffen,

2016). I employ a Bayesian estimation procedure as well as a moment-matching exercise using

Italian data to match the Italian economy as close as possible. The estimation procedure allows

me to pin down the values of the key parameters that determine the strength of the collateral

effect.

The quantitative exercise shows that the collateral effect can explain the empirical findings

that Italian banks increased their holdings of domestic government bonds by 30% during the

period of the three-year LTROs, while credit provision to the real economy expanded by a mere

2% (relative to no LTROs (Carpinelli and Crosignani, 2018)). The exercise also allows me to

obtain an estimate of the implicit subsidy that the three-year LTROs contained for Italian banks
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by matching the net uptake of ECB funding by Italian banks. I find this implicit subsidy to equal

140 annual basis points. Finally, my model confirms that the maturity of the three-year LTROs

was key for the policy to have an expansionary effect on credit provision to the real economy

(Carpinelli and Crosignani, 2018): the longer intermediaries can profit from lower funding costs,

the larger the increase in the sum of expected discounted future profits, and the larger the relax-

ation of intermediaries’ incentive compatibility constraints. While the collateral effect remains

operative for longer-maturity LTROs and still induces a relative shift from corporate securities

to government bonds, the additional balance sheet capacity that is now created is large enough

to also allow for an expansion of the level of credit provision to the real economy.

The presence of the collateral effect could also explain why the three-year LTROs of December

2011 and February 2012 were adjusted in subsequent ECB lending operations; Under the so-called

Targeted Longer-Term Refinancing Operations (TLTROs) commercial banks can still borrow

long-term, but the amount they can borrow is linked to their loans to non-financial corporations

and households.25 While such a requirement could (partially) eliminate the collateral effect, it

could also prevent banks from acquiring as much TLTRO-funding as they otherwise would have,

as a smaller fraction of the initial funds taken out can be used to purchase additional government

bonds that can then be pledged to obtain a second round of TLTRO-funding. However, I leave

a study of this particular policy for future research.

Finally, although I focus on the three-year LTROs, the framework developed in this paper

could easily be adjusted to investigate other central banks’ lending programs at the height of

financial crisis, such as the Federal Reserve’s Term Auction Facility and the Treasury Securities

Lending Facility.
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A Extensive literature review

Early papers that investigate the effects of longer-maturity LTROs do so using estimations based

on aggregated data. For example, Giannone et al. (2012) perform a Bayesian estimation of a

VAR model using a sample up to April 2011, while Darracq-Paries and De Santis (2015) estimate

a panel-VAR for euro area countries, and focus their analysis on the three-year LTROs. Both

these papers find an expansion of bank lending to non-financial corporations and real activity.

While these papers perform their analysis at the level of the aggregated banking system,

Drechsler et al. (2016), Carpinelli and Crosignani (2018), Garcia-Posada and Marchetti (2016),

and Andrade et al. (2019) study the ECB’s unconventional LTROs at the level of individual

banks. Drechsler et al. (2016) focus on the role of the ECB as a Lender of Last Resort (LOLR)

during the European sovereign debt crisis. They find that weakly capitalized banks borrowed

more from the ECB, pledged riskier collateral, and actively invested the funds borrowed from the

ECB in distressed sovereign debt after the start of the European sovereign debt crisis in 2010.

Their sample, however, ends in December 2011, and does not include the three-year LTRO of

February 2012.

Carpinelli and Crosignani (2018), Garcia-Posada and Marchetti (2016), and Andrade et al.

(2019) specifically focus on the three-year LTROs, and find a positive effect on credit provision

to the real economy in Italy, Spain, and France, respectively. In addition, Andrade et al. (2019)

find that three-year LTROs expand loan supply by more than shorter-maturity LTROs.

LTROs also induced banks to expand their holdings of government bonds (Drechsler et al.,

2016; Carpinelli and Crosignani, 2018; Crosignani et al., forthcoming). Carpinelli and Crosignani

(2018) report that Italian banks used AC82.7 billion of AC181.5 billion in ECB funding to purchase
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additional government bonds, while only AC22.6 billion was invested in private credit. This num-

ber increased to AC0.83 in Italian government bonds per euro of LTRO-funding for banks that were

not exposed to the wholesale funding dry-up that took place in the second half of 2011. Similarly,

Crosignani et al. (forthcoming) report that the three-year LTROs induced Portuguese banks to

purchase 10.6% of the total stock of outstanding short-term domestic government bonds, and

pledge them as collateral to obtain funding from the ECB. Crosignani et al. (forthcoming) also

find that the yields on short-term Portuguese government securities collapsed in the aftermath

of the announcement of the three-year LTROs, a result in line with Krishnamurthy et al. (2018),

whose analysis covers all GIIPS sovereign bond yields and multiple ECB programs.26

Other mechanisms that explain why banks were accumulating government bonds during the

European sovereign debt crisis are moral suasion (Altavilla et al., 2017; Becker and Ivashina,

2018; Ongena et al., 2019) and risk-shifting (Acharya and Steffen, 2015; Drechsler et al., 2016;

Crosignani, 2016; Acharya et al., 2018). These papers also find that such an accumulation of

government bonds reduced credit provision to the real economy. A second reason why credit

provision to the real economy was reduced during the sovereign debt crisis was capital losses

on impaired sovereign bond holdings on bank balance sheets (Popov and Horen, 2015; Altavilla

et al., 2017; Acharya et al., 2018).

My paper also relates to Gertler and Kiyotaki (2010); Gertler and Karadi (2011, 2013),

who study the transmission to the macroeconomy of shocks to the balance sheets of financial

intermediaries. The key property of these papers is that the size of intermediaries’ balance sheets

is limited by the amount of net worth through an endogenous leverage constraint. Gertler and

Karadi (2013); Kirchner and van Wijnbergen (2016) and Bocola (2016) extend this framework

by introducing a portfolio choice between corporate securities and government debt.

A key result of my paper is that there is crowding out of credit provision to the real economy by

government bonds through the collateral effect. Other theoretical papers that feature crowding

out are Kirchner and van Wijnbergen (2016) and Crosignani (2016), where it is caused by a

debt-financed fiscal expansion increasing commercial banks’ bond holdings (Kirchner and van

Wijnbergen, 2016), and risk shifting (Crosignani, 2016). When banks are undercapitalized and

will anyhow default in case of a sovereign default, they have an incentive to increase their holdings

of domestic government bonds: these bonds have the highest payoff in the good state of the

world, while limited liability protects the banks against the bad state of the world (i.e sovereign

default). Other reasons for a reduction in credit provision to the real economy are capital losses

on government bonds that reduce intermediaries’ net worth, the so-called bank-sovereign nexus

(Bocola, 2016; Van der Kwaak and Van Wijnbergen, 2014).

My paper is also related to the Lender of Last Resort (LOLR) literature, of which Bagehot

(1873) was the first to argue that central banks should lent freely against good collateral at high

rates. In order for banks to take out central bank funding during a financial crisis, LOLR funding

must be subsidized in some way relative to funding sources in private markets: otherwise LOLR

26GIIPS-countries consist of Greece, Ireland, Italy, Portugal, and Spain.
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lending would offer no benefit over the private market, and banks would not borrow from it. I

capture this implicit subsidy by temporarily reducing the interest rate on central bank funding

relative to that on deposit funding, in line with Engler and Große Steffen (2016).

The more recent literature that investigates the effects from central bank lending within the

standard DSGE framework can broadly speaking be distinguished between collateralized and

uncollateralized lending. One of the first papers to explicitly model uncollateralized central

bank lending is Gertler and Kiyotaki (2010). Bocola (2016) and Cahn et al. (2017) extend

this framework to investigate the impact of the ECB’s unconventional LTROs. Both papers

find that LTROs have an expansionary effect on bank lending and output because central bank

lending directly relaxes intermediaries’ incentive compatibility constraint. My paper differs in

three dimensions: first, central bank funding does not directly relax intermediaries’ incentive

compatibility constraints, but only does so indirectly by decreasing intermediaries’ funding costs.

Second, the absence of a collateral requirement in Bocola (2016) implies that the provision of

central bank funding does not directly affect intermediaries’ portfolio choice between government

bonds and credit provision to the real economy, while such a portfolio choice does not even

feature in Cahn et al. (2017). Therefore, these papers do not feature the collateral effect, and

are always expansionary. Third, the central bank determines the volume of lending in Gertler

and Kiyotaki (2010) and Cahn et al. (2017), with the interest rate endogenously determined in

equilibrium. This contrasts with the ECB’s Fixed Rate Full Alotment (FRFA) policy, under

which the nominal interest rate and collateral requirements are set by the ECB, and any amount

of funding is supplied provided sufficient collateral is pledged (full allotment), a modeling strategy

followed in this paper.

Other papers that look at uncollateralized liquidity provision by the central bank also find

such operations to be expansionary (Güntner, 2015; Fahr et al., 2013). In Güntner (2015), such

operations provide additional funds to intermediaries when they loose access to the unsecured

interbank market (thereby preventing a cutback on lending to the real economy), while additional

central bank liquidity helps financial intermediaries perform liquidity services for households and

firms in Fahr et al. (2013), whose setup is based on Christiano et al. (2010). After a Bayesian

estimation on Eurozone data, Fahr et al. (2013) conclude that the LTROs helped mitigate the

contractionary impact of the impairment of money and interbank markets.

One of the first papers to explicitly introduce collateralized borrowing within a macroeco-

nomic model is Kiyotaki and Moore (1997), in which land serves as collateral. However, as

government bonds are considered to be the safest type of collateral, they typically serve as

collateral in papers in which the secured interbank market is explicitly modeled (Engler and

Große Steffen, 2016; Ferrero et al., 2017; Lakdawala et al., 2018).

A natural extension from such models is to allow the central bank to provide collateralized

funding (Schabert, 2015; Hörmann and Schabert, 2015; Engler and Große Steffen, 2016). The key

difference with my paper is that the agents with recourse to the central bank balance sheet are

not subject to an endogenous leverage constraint, and can therefore perfectly elastically acquire
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additional collateral in case central bank funding becomes more attractive. This contrasts with

my paper, where the combination of collateral requirements and endogenous leverage constraints

causes a tradeoff to emerge between acquiring additional government bonds (which provide the

most central bank funding per euro) and credit provision to the real economy. Whereas central

bank funding relaxes households’ cash-in-advance constraint in Schabert (2015) and Hörmann

and Schabert (2015), it finances credit provision to the real economy in Engler and Große Steffen

(2016). Like in my paper, Engler and Große Steffen (2016) model the unconventional LTROs of

December 2011 and February 2012 as an intervention in which the interest rate on central bank

funding is temporarily reduced with respect to that on private sector funding.

My paper is also related to the literature in which government bonds provide liquidity services

(Del Negro et al., 2017; Woodford, 1990; Brutti, 2011). Liquidity, however, is obtained by selling

government bonds rather than by pledging them as collateral, and is not necessary to satisfy

a cash-in-advance constraint, as in Schabert (2015) and Hörmann and Schabert (2015), but to

finance new investment. In Del Negro et al. (2017), central bank liquidity operations consist of

swapping less liquid assets for government bonds, which therefore has an expansionary effect on

investment.

Central bank lending is also investigated within corporate finance type of models, in which

moral hazard and risk shifting issues are more easily incorporated. Uhlig (2014) finds that

countries with higher sovereign default risk have an incentive to set looser regulation, as this

induces banks to purchase more government bonds, thereby reducing the sovereign’s funding

costs. Despite creating counterparty risk for the central bank, both Koulischer and Struyven

(2014) and Choi et al. (2019) find that it might be optimal for the central bank to relax its

collateral requirements. Doing so can mitigate the contraction in lending to the real economy

during a credit crunch (Koulischer and Struyven, 2014), and improve liquidity creation in private

markets (Choi et al., 2019).

Finally, my paper connects to the broader strand of literature that investigates unconventional

monetary policies, which can broadly speaking be separated into asset purchase programs, central

bank lending, negative interest rate policies, and forward guidance. Both the theoretical and

empirical literature typically finds these measures to be expansionary, an overview of which can

be found in Kuttner (2018).

B Two period model

B.1 Model description

B.1.1 Households

There is a representative household that cares about consumption ct in period t = 0 and t = 1

because consumption generates utility u (c) with the standard assumption that u′ (c) > 0 and

u′′ (c) < 0. Households discount the expected future cashflow in period t = 1 by the subjective
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discount factor β. In period t = 0, the household obtains an endowmentW0 and income
(
xc0 + qb0

)
per government bond sb,h−1 purchased in period t = −1. Income in period t = 0 is divided

between consumption c0, deposits d0 at financial intermediaries on which households receive a

net of principal interest rate rd0 in period t = 1, and government bonds sb,h0 , which are purchased

at price qb0. Households pay a transaction cost upon purchasing bonds, which is quadratic in

the deviation from a level ŝb,h. Upon arrival in period t = 1, households receive income from

repayment of savings d0 including interest rd0d0, repayment of principal and coupon (1 + xc1) of

government bonds, the payout of net worth n1 of the financial intermediary that it owns, and the

profit Π1 of the production firm it owns. Although the household owns the financial intermediary,

it is not capable of influencing its investment decisions. The household therefore regards the net

worth n1 as a lump sum payment from the financial intermediary. The household uses the funds

for consumption c1 and lump sum taxes τ1 that are paid to the government. The household’s

optimization problem is now given by:

max
{c0,c1,d0,sb,h0 }

u (c0) + βE0 [u (c1)]

s.t.

c0 + d0 + qb0s
b,h
0 +

1

2
κsb,h

(
sb,h0 − ŝb,h

)2

= W0 +
(
xc0 + qb0

)
sb,h−1

c1 + τ1 =
(
1 + rd0

)
d0 + (1 + xc1) sb,h0 + n1 + Π1,

where Π1 are profits from production firms in period t = 1, which are given by:

Π1 = y1 −
(
1 + rk0

)
k0 = kα0 −

(
1 + rk0

)
k0. (26)

I set up the accompanying Lagrangian for the household’s optimization problem:

L = u (c0) + βE0 [u (c1)] + λ0

[
W0 +

(
xc0 + qb0

)
sb,h−1 − c0 − d0 − qb0s

b,h
0 − 1

2
κsb,h

(
sb,h0 − ŝb,h

)2
]

+ βE0

{
λ1

[(
1 + rd0

)
d0 + (1 + xc1) sb,h0 + n1 + Π1 − c1 − τ1

]}
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Differentiation with respect to c0, d0, sb,h0 and c1 gives the following first order conditions:

c0 : u′ (c0)− λ0 = 0⇒ λ0 = u′ (c0) , (27)

c1 : βu′ (c1)− βλ1 = 0⇒ λ1 = u′ (c1) , (28)

d0 : −λ0 + βE0

[
λ1

(
1 + rd0

)]
= 0⇒ E0

[
βΛ0,1

(
1 + rd0

)]
= 1. (29)

sb,h0 : −λ0

[
qb0 + κsb,h

(
sb,h0 − ŝb,h

)]
+ βE0 [λ1 (1 + xc1)] = 0⇒

E0

βΛ0,1

 1 + xc1

qb0 + κsb,h

(
sb,h0 − ŝb,h

)
 = 1, (30)

where βΛ0,1 = βλ1/λ0 is the households’ stochastic discount factor.

B.1.2 Production firms

Production firms borrow funds from financial intermediaries to purchase physical capital k0 in

period t = 0. They employ this capital to produce goods y1 in period t = 1, with a concave

production function:

y1 = kα0 .

Intermediaries are repaid in period t = 1, together with a net rate of return rk0 . The production

firms’ optimization problem is subsequently given by:

max
{k0}

E0

{
βΛ0,1

[
y1 −

(
1 + rk0

)
k0

]}
,

where βΛ0,1 is the households’ stochastic discount factor. The production firms’ first order

condition is given by:

rk0 = αkα−1
0 − 1. (31)

B.1.3 Government

Period t = 0

The government enters period t = 0 with outstanding long-term government bonds b−1 which

are traded at a price qb0. At the beginning of period t = 0, these bonds pay a coupon xc0. A

second coupon xc1 is paid at the beginning of period t = 1, at which moment the principal b−1 is

repaid.

To meet outstanding liabilities, the government issues new bonds bnew0 at the end of period

t = 0. Bonds bnew0 pay a coupon xc1 at the beginning of period t = 1, at which moment the

principal is repaid. The cash flows from bonds b−1 and bnew0 are therefore exactly the same from

the end of period t = 0 going forward, which implies that the price of both bonds equals qb0.

Revenue qb0b
new
0 from issuance of new bonds bnew0 is used to pay the coupon xc0b−1 on outstanding
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government bonds:

qb0b
new
0 = xc0b−1.

Define the total number of bonds outstanding at the end of period t = 0 by b0 = bnew0 + b−1.

Then the government budget constraint in period t = 0 is given by:

qb0b0 = qb0 (bnew0 + b−1) =
(
xc0 + qb0

)
b−1. (32)

Period t = 1

The government enters period t = 1 with a stock of government bonds b0 on which it has

to pay a coupon xc1 per bond issued, and it has to repay the principal. Government liabilities at

the beginning of period t = 1 are therefore equal to (1 + xc1) b0. The government meets these obli-

gations by raising lump sum taxes τ1 from households, which leads to the following government

budget constraint in period t = 1:

τ1 = (1 + xc1) b0. (33)

B.1.4 Central Bank

The central bank description can to a large extent be found in Section 3.1.1 of the main text.

However, central bank profits in period t = 1 were not described at that place.

Remember that the central bank receives an interest rate rcb0 in period t = 1 on loans dcb0

issued in period t = 0, while the central bank pays an interest rate rR0 in period t = 1 on reserves

mR
0 issued in period t = 0. Hence central bank profits Πcb

1 in period t = 1 are given by:

Πcb
1 =

(
1 + rcb0

)
dcb0 −

(
1 + rR0

)
mR

0 . (34)

B.1.5 Financial intermediaries

Financial intermediaries enter period t = 0 with net worth n0. They raise deposits d0 from

households and obtain central bank funding dcb0 . To obtain central bank funding dcb0 , financial

intermediaries need to pledge government bonds as collateral:

dcb0 ≤ θbqb0sb0. (35)

These funds are used to finance loans sk0 to production firms, purchase government bonds sb0

at a price qb0, and central bank reserves mR
0 . Therefore, the balance sheet of the representative

intermediary is given by:

sk0 + qb0s
b
0 +mR

0 = n0 + d0 + dcb0 , (36)
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Lending to production firms earns a net return rk0 at the beginning of period t = 1. The

government repays the principal and pays a coupon xc1 on bonds sb0 at the beginning of period

t = 1, while central bank reserves mR
0 earn interest rR0 . Intermediaries repay principal and

interest rd0 and rcb0 , respectively, on depsoits d0 and central bank funding dcb0 , respectively. Net

worth in period t = 1 is given by:

n1 =
(
1 + rk0

)
sk0 +

(
1 + rb0

)
qb0s

b
0 +

(
1 + rR0

)
mR

0 −
(
1 + rd0

)
d0 −

(
1 + rcb0

)
dcb0 . (37)

with rb0 the net return on government bonds:

rb0 =
1 + xc1
qb0

− 1. (38)

Financial intermediaries maximize expected discounted net worth E0 [βΛ0,1n1], with βΛ0,1 the

households’ stochastic discount factor, as households are the ultimate owners of financial inter-

mediaries. Financial intermediaries face an incentive compatibility constraint as in Gertler and

Karadi (2011): after purchasing assets in period t = 0, financial intermediaries have the oppor-

tunity to divert assets at the end of period t = 0. Depositors anticipate this possibility, and will

in equilibrium provide deposits up to the point where the continuation value is larger than or

equal to the value gained by diverting assets:

E0 [βΛ0,1n1] ≥ λksk0 + λbq
b
0s
b
0. (39)

where I assume that central bank reserves cannot be diverted by the managers of the intermediary.

The optimization problem of intermediaries is then given by:

max
{sk0 ,sb0,mR0 ,d0,dcb0 }

E0 [βΛ0,1n1]

s.t.

E0 [βΛ0,1n1] ≥ λks
k
0 + λbq

b
0s
b
0

sk0 + qb0s
b
0 +mR

0 = n0 + d0 + dcb0

θbqb0s
b
0 ≥ dcb0

n1 =
(
1 + rk0

)
sk0 +

(
1 + rb0

)
qb0s

b
0 +

(
1 + rR0

)
mR

0 −
(
1 + rd0

)
d0 −

(
1 + rcb0

)
dcb0 .
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After substituting out net worth in period t = 1 with the help of the law of motion for net worth

(37), I set up the Lagrangian belonging to the intermediary’s optimization problem:

L = (1 + µ0)E0

{
βΛ0,1

[(
1 + rk0

)
sk0 +

(
1 + rb0

)
qb0s

b
0 +

(
1 + rR0

)
mR

0 −
(
1 + rd0

)
d0 −

(
1 + rcb0

)
dcb0
]}

− µ0

(
λks

k
0 + λbq

b
0s
b
0

)
+ χ0

(
n0 + d0 + dcb0 − sk0 − qb0sb0 −mR

0

)
+ ψcb0

(
θbqb0s

b
0 − dcb0

)
,

where µ0 is the Lagrangian multiplier on the incentive compatibility constraint of the commercial

bank, χ0 the Lagrangian multiplier on the balance sheet constraint of the commercial bank, and

ψcb0 the Lagrangian multiplier on the collateral constraint. Differentiation with respect to loans,

bonds, deposits and central bank funding results in the following first order conditions:

sk0 : (1 + µ0)E0

[
βΛ0,1

(
1 + rk0

)]
− λkµ0 − χ0 = 0, (40)

sb0 : (1 + µ0)E0

[
βΛ0,1

(
1 + rb0

)]
− λbµ0 − χ0 + ψcb0 θ

b = 0, (41)

mR
0 : (1 + µ0)E0

[
βΛ0,1

(
1 + rR0

)]
− χ0 = 0, (42)

d0 : − (1 + µ0)E0

[
βΛ0,1

(
1 + rd0

)]
+ χ0 = 0. (43)

dcb0 : − (1 + µ0)E0

[
βΛ0,1

(
1 + rcb0

)]
+ χ0 − ψcb0 = 0. (44)

I can rewrite the first order condition for deposits as χ0 = (1 + µ0)E0

[
βΛ0,1

(
1 + rd0

)]
, and

substitute in the first order conditions for loans, bond, and reserves to get:

sk0 : E0

[
βΛ0,1

(
rk0 − rd0

)]
=

λkµ0

1 + µ0
, (45)

sb0 : E0

[
βΛ0,1

(
rb0 − rd0

)]
=

λbµ0

1 + µ0
− θb

(
ψcb0

1 + µ0

)
, (46)

mR
0 : E0

[
βΛ0,1

(
rR0 − rd0

)]
= 0, (47)

dcb0 : E0

[
βΛ0,1

(
rd0 − rcb0

)]
=

ψcb0
1 + µ0

. (48)

We observe from equation (47) that rR0 = rd0 : in equilibrium, the interest rate on deposits equals

the interest rate on central bank reserves. Continuing, I solve for µ0/ (1 + µ0) from equation

(45), and substitute the resulting expression into equation (46) delivers the following first order

condition for the portfolio choice between corporate loans and government bonds:

λb
λk
E0

[
βΛ0,1

(
rk0 − rd0

)]
= E0

[
βΛ0,1

(
rb0 − rd0

)]
+ θb

(
ψcb0

1 + µ0

)
. (49)

Substitution of equation (48) into this expression gives the following expression:

λb
λk
E0

[
βΛ0,1

(
rk0 − rd0

)]
= E0

[
βΛ0,1

(
rb0 − rd0

)]
+ θbE0

[
βΛ0,1

(
rd0 − rcb0

)]
. (50)
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I continue by looking at the law of motion for net worth n1:

n1 =
(
1 + rk0

)
sk0 +

(
1 + rb0

)
qb0s

b
0 +

(
1 + rR0

)
mR

0 −
(
1 + rd0

)
d0 −

(
1 + rcb0

)
dcb0

=
(
1 + rk0

)
sk0 +

(
1 + rb0

)
qb0s

b
0 +

(
1 + rR0

)
mR

0 −
(
1 + rd0

) (
sk0 + qb0s

b
0 +mR

0 − n0 − dcb0
)
−
(
1 + rcb0

)
dcb0

=
(
rk0 − rd0

)
sk0 +

(
rb0 − rd0

)
qb0s

b
0 +

(
rR0 − rd0

)
mR

0 +
(
1 + rd0

)
n0 +

(
rd0 − rcb0

)
dcb0 (51)

Now I take a look at the incentive compatibility constraint of the commercial bank (39). I

start by substituting (51) for n1:

E0

[
βΛ0,1

(
rk0 − rd0

)]
sk0 + E0

[
βΛ0,1

(
rb0 − rd0

)]
qb0s

b
0 + E0

[
βΛ0,1

(
rR0 − rd0

)]
mR

0

+ E0

[
βΛ0,1

(
1 + rd0

)]
n0 + E0

[
βΛ0,1

(
rd0 − rcb0

)]
dcb0 ≥ λksk0 + λbq

b
0s
b
0 (52)

Substitution of the first order conditions for loan, bonds, reserves, and central bank funding (45)

- (48) allows me to rewrite (52) in the following way:

µ0

1 + µ0

(
λks

k
0 + λbq

b
0s
b
0

)
− θb

(
ψcb0

1 + µ0

)
qb0s

b
0 + E0

[
βΛ0,1

(
1 + rd0

)]
n0 +

(
ψcb0

1 + µ0

)
dcb0 ≥ λks

k
0 + λbq

b
0s
b
0

I can rewrite this constraint into the following form:

n0 −
(

ψcb0
1 + µ0

)(
θbqb0s

b
0 − dcb0

)
≥

(
1− µ0

1 + µ0

)(
λks

k
0 + λbq

b
0s
b
0

)
⇒

(1 + µ0)n0 ≥ λks
k
0 + λbq

b
0s
b
0, (53)

since E0

[
βΛ0,1

(
1 + rd0

)]
= 1 and ψcb0

(
θbqb0s

b
0 − dcb0

)
= 0 because of the Kuhn-Tucker conditions:

either the collateral constraint is not binding, in which case ψcb0 = 0, or the collateral constraint

is binding, in which case θbqb0s
b
0 − dcb0 = 0.

I assume that net worth n0 depends upon the bond price qb0:

n0 =
(
1 + rk−1

)
sk−1 +

(
xc0 + qb0

)
sb−1 +

(
1 + rR−1

)
mR
−1 −

(
1 + rd−1

)
d−1 −

(
1 + rcb−1

)
dcb−1

= nex0 +
(
xc0 + qb0

)
sb−1, (54)

where nex0 =
(
1 + rk−1

)
sk−1 +

(
1 + rR−1

)
mR
−1 −

(
1 + rd−1

)
d−1 −

(
1 + rcb−1

)
dcb−1. Note that I have

set xc0 = 0 in the main text.

B.1.6 Market clearing

Market clearing for corporate loans requires that loans held by intermediaries sk0 equal totals

physical capital k0 held by production firms:

k0 = sk0 . (55)
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Market clearing for bonds requires that bonds issued by the government equal bonds purchased

by households and financial intermediaries:

b0 = sb0 + sb,h0 . (56)

B.1.7 Aggregate resource constraints

To derive the aggregate resource constraint in period t = 0 and t = 1, I start from the households’

budget constraints in period t = 0 and t = 1. I start with period t = 0, and substitute

the intermediaries’ balance sheet constraint (36), the market clearing condition for government

bonds (56), and the government budget constraint (32):

W0 +
(
xc0 + qb0

)
sb,h−1 = c0 + d0 + qb0s

b,h
0 +

1

2
κsb,h

(
sb,h0 − ŝb,h

)2

= c0 + d0 + qb0
(
b0 − sb0

)
+

1

2
κsb,h

(
sb,h0 − ŝb,h

)2

= c0 + sk0 + qb0s
b
0 +mR

0 − n0 − dcb0 + qb0b0 − qb0sb0 +
1

2
κsb,h

(
sb,h0 − ŝb,h

)2

= c0 + sk0 − n0 + qb0b0 +
1

2
κsb,h

(
sb,h0 − ŝb,h

)2

= c0 + sk0 − n0 + xc0b−1 + qb0b−1 +
1

2
κsb,h

(
sb,h0 − ŝb,h

)2

. (57)

where I employed the central bank’s balance sheet constraint dcb0 = mR
0 . Now we remember from

equation (55) that sk0 = k0. In addition, intermediaries’ net worth in period t = 0 is given by

n0 = nex0 +
(
xc0 + qb0

)
sb−1. Substituting this expression into the households’ budget constraint

(57) gives the following expression:

W0 +
(
xc0 + qb0

)
sb,h−1 = c0 + k0 − nex0 −

(
xc0 + qb0

)
sb−1 +

(
xc0 + qb0

)
b−1 +

1

2
κsb,h

(
sb,h0 − ŝb,h

)2

⇒

W0 +
(
xc0 + qb0

) (
sb−1 + sb,h−1

)
= c0 + k0 − nex0 +

(
xc0 + qb0

)
b−1 +

1

2
κsb,h

(
sb,h0 − ŝb,h

)2

⇒

W0 + nex0 = c0 + k0 +
1

2
κsb,h

(
sb,h0 − ŝb,h

)2

. (58)

Next I start from the households’ budget constraint in period t = 1, and substitute the

equation for lump sum taxes in period t = 1 (33), central bank profits (34), the market clearing

conditions (55) - (56) and the law of motion for net worth n1 in period t = 1, equation (37), and
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production firms’ profits (26):

c1 + τ1 =
(
1 + rd0

)
d0 + (1 + xc1) sb,h0 + n1 + Π1 ⇒

c1 =
(
1 + rd0

)
d0 + (1 + xc1) sb,h0 + n1 + Π1 − τ1

=
(
1 + rd0

)
d0 + (1 + xc1)

(
b0 − sb0

)
+

(
1 + rk0

)
sk0 + (1 + xc1) sb0 +

(
1 + rR0

)
mR

0 −
(
1 + rd0

)
d0 −

(
1 + rcb0

)
dcb0

+ kα0 −
(
1 + rk0

)
k0 − (1 + xc1) b0 + Πcb

1

=
(
1 + rk0

)
sk0 +

(
1 + rR0

)
mR

0 −
(
1 + rcb0

)
dcb0

+ kα0 −
(
1 + rk0

)
k0 +

(
1 + rcb0

)
dcb0 −

(
1 + rR0

)
mR

0

=
(
1 + rk0

)
k0 + kα0 −

(
1 + rk0

)
k0

= kα0

Hence we find as the aggregate resource constraint in period t = 1:

c1 = kα0 . (59)

B.1.8 Some further derivations

I start by remembering from equation (47) that rR0 = rd0 . We remember from the main text that

the central bank is in charge of both the interest rate on reserves rR0 and central bank loans rcb0 ,

and that I assume that in my analysis the central bank only changes rcb0 without changing rR0 .

Therefore, I know from equation (47) that the interest rate on deposits rd0 also remains constant.

Consider now a change in the interest rate difference Γcb0 between the return on deposits and

the return on central bank funding, and assume that no further shocks occur. Therefore, I can

drop the expectations operator E0 in my analysis. I start by inspecting the households’ Euler

equation for deposits:

0 =
d

dΓcb0

{
E0

[
β · u

′ (c1)

u′ (c0)
·
(
1 + rd0

)]}
=

d

dΓcb0

[
β · u

′ (c1)

u′ (c0)
·
(
1 + rd0

)]
= β · u

′ (c1)

u′ (c0)
·
(
1 + rd0

) [u′′ (c1)

u′ (c1)
· dc1
dΓcb0

− u′′ (c0)

u′ (c0)
· dc0
dΓcb0

]
.

From this equation I find:

u′′ (c1)

u′ (c1)
· dc1
dΓcb0

− u′′ (c0)

u′ (c0)
· dc0
dΓcb0

= 0. (60)

It will be useful to have a direct relationship between the tightness incentive compatibility con-

straint of the financial intermediary, captured by the Lagrangian multiplier µ0, and the interest

rate shock Γcb0 . Such a direct relationship, however, is not directly available, but an indirect one

is in the form of equation (45). I can rewrite this relationship between the return on capital and
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the Lagrangian multiplier on the incentive compatibility constraint in the following way:

µ0 =
βΛ0,1

(
rk0 − rd0

)
λk − βΛ0,1

(
rk0 − rd0

) (61)

I show that λk > βΛ0,1

(
rk0 − rd0

)
in the following way:

λk − βΛ0,1

(
rk0 − rd0

)
= λk − λk

(
µ0

1 + µ0

)
=

λk
1 + µ0

> 0.

Now I differentiate µ0 with respect to the interest rate shock Γcb0 :

dµ0

dΓcb0
=

[
βΛ0,1

(
rk0 − rd0

)]′ [
λk − βΛ0,1

(
rk0 − rd0

)]
−
[
βΛ0,1

(
rk0 − rd0

)] [
λk − βΛ0,1

(
rk0 − rd0

)]′[
λk − βΛ0,1

(
rk0 − rd0

)]2
=

[
βΛ0,1

(
rk0 − rd0

)]′ [
λk − βΛ0,1

(
rk0 − rd0

)]
+
[
βΛ0,1

(
rk0 − rd0

)] [
βΛ0,1

(
rk0 − rd0

)]′[
λk − βΛ0,1

(
rk0 − rd0

)]2
=

λk
[
βΛ0,1

(
rk0 − rd0

)]′[
λk − βΛ0,1

(
rk0 − rd0

)]2 =
λk
[
βΛ0,1

(
rk0 − rd0

)]′
[λk/ (1 + µ0)]

2 =
(1 + µ0)

2 [
βΛ0,1

(
rk0 − rd0

)]′
λk

,

where [...]
′

denotes the derivative of the object between brackets with respect to the interest rate

shock Γcb0 . Now I continue to calculate
[
βΛ0,1

(
rk0 − rd0

)]′
:

[
βΛ0,1

(
rk0 − rd0

)]′
=

[
β

(
u′ (c1)

u′ (c0)

)(
αkα−1

0 − 1− rd0
)]′

=

[
β

(
u′ (c1)

u′ (c0)

)
αkα−1

0 − 1

]′
,

= β

(
u′ (c1)

u′ (c0)

)
αkα−1

0

[
u′′ (c1)

u′ (c1)
· dc1
dΓcb0

− u′′ (c0)

u′ (c0)
· dc0
dΓcb0

+
α− 1

k0
· dk0

dΓcb0

]
= β

(
u′ (c1)

u′ (c0)

)
αkα−1

0

(
α− 1

k0

)
dk0

dΓcb0
,

where I used equation(29) and (60). Hence I end up with the following expression for dµ0

dΓcb0
:

dµ0

dΓcb0
=

(1 + µ0)
2

λk
β

(
u′ (c1)

u′ (c0)

)
αkα−1

0

(
α− 1

k0

)
dk0

dΓcb0
= C · dk0

dΓcb0
, (62)

where C is given by:

C =
(1 + µ0)

2

λk
β

(
u′ (c1)

u′ (c0)

)
αkα−1

0

(
α− 1

k0

)
< 0. (63)
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Now I implicitly differentiate the households’ first order condition (30) for government bonds:

0 = β

(
u′ (c1)

u′ (c0)

) 1 + xc1

qb0 + κsb,h

(
sb,h0 − ŝb,h

)


×

u′′ (c1)

u′ (c1)
· dc1
dΓcb0

− u′′ (c0)

u′ (c0)
· dc0
dΓcb0

−

 1

qb0 + κsb,h

(
sb,h0 − ŝb,h

)
( dqb0

dΓcb0
+ κsb,h ·

dsb,h

dΓcb0

)⇒
0 =

u′′ (c1)

u′ (c1)
· dc1
dΓcb0

− u′′ (c0)

u′ (c0)
· dc0
dΓcb0

−

 1

qb0 + κsb,h

(
sb,h0 − ŝb,h

)
( dqb0

dΓcb0
+ κsb,h ·

dsb,h

dΓcb0

)
⇒

0 =
dqb0
dΓcb0

+ κsb,h ·
dsb,h

dΓcb0
,

where I used first order condition (60) in the last step. I then obtain the following expression for

the change in the number of government bonds held by the households:

dsb,h0

dΓcb0
= −B · dq

b
0

dΓcb0
, (64)

where B is given by:

B =
1

κsb,h
. (65)

I can also derive a direct relation between the price of government bonds qb0 and the amount

of physical capital k0. I start by combining the first order conditions for physical capital (45)

and government bonds (46):

β

(
u′ (c1)

u′ (c0)

)(
rb0 − rd0

)
=
λb
λk
β

(
u′ (c1)

u′ (c0)

)(
rk0 − rd0

)
− θbβ

(
u′ (c1)

u′ (c0)

)(
rd0 − rcb0

)
(66)

Now I substitute the expressions for the return on capital and the return on government bonds

to get:

β

(
u′ (c1)

u′ (c0)

)(
1 + xc1
qb0

− 1− rd0
)

=
λb
λk
β

(
u′ (c1)

u′ (c0)

)(
αkα−1

0 − 1− rd0
)
− θbβ

(
u′ (c1)

u′ (c0)

)
Γcb0 , (67)

where Γcb0 = rd0 − rcb0 . Using the households’ first order condition for savings (29), I can rewrite

this first order condition as:

β

(
u′ (c1)

u′ (c0)

)(
1 + xc1
qb0

)
− 1 =

λb
λk
β

(
u′ (c1)

u′ (c0)

)
αkα−1

0 − λb
λk
− θbβ

(
u′ (c1)

u′ (c0)

)
Γcb0 . (68)

Now I implicitly differentiate expression (68) with respect to the interest rate spread between

55



deposits and central bank funding Γcb0 . I do so first for the left hand side (L.H.S.):[
β · u

′ (c1)

u′ (c0)
·
(

1 + xc1
qb0

)
− 1

]′
= β · u

′ (c1)

u′ (c0)
·
(

1 + xc1
qb0

)[
u′′ (c1)

u′ (c1)
· dc1
dΓcb0

− u′′ (c0)

u′ (c0)
· dc0
dΓcb0

− 1

qb0
· dq

b
0

dΓcb0

]
= −β · u

′ (c1)

u′ (c0)
·
(

1 + xc1
qb0

)
· 1

qb0
· dq

b
0

dΓcb0
, (69)

where [...]
′

denotes differentiation of [...] with respect to Γcb0 . Implicit differentiation of the first

term on the right hand side (R.H.S.) of (68) results in the following expression:[
λb
λk
β · u

′ (c1)

u′ (c0)
· αkα−1

0 − λb
λk
− θbβ · u

′ (c1)

u′ (c0)
· Γcb0

]′
=

λb
λk
β · u

′ (c1)

u′ (c0)
· αkα−1

0

×
[
u′′ (c1)

u′ (c1)
· dc1
dΓcb0

− u′′ (c0)

u′ (c0)
· dc0
dΓcb0

+
α− 1

k0
· dk0

dΓcb0

]
− θbβ · u

′ (c1)

u′ (c0)
· Γcb0

×
[
u′′ (c1)

u′ (c1)
· dc1
dΓcb0

− u′′ (c0)

u′ (c0)
· dc0
dΓcb0

+
1

Γcb0

]
=

λb
λk
β · u

′ (c1)

u′ (c0)
· αkα−1

0

(
α− 1

k0

)
dk0

dΓcb0

− θbβ · u
′ (c1)

u′ (c0)
, (70)

where I again used (60). Now I combine (69) and (70) to find the following relation:

−β · u
′ (c1)

u′ (c0)
·
(

1 + xc1
qb0

)
· 1

qb0
· dq

b
0

dΓcb0
=
λb
λk
β · u

′ (c1)

u′ (c0)
· αkα−1

0

(
α− 1

k0

)
dk0

dΓcb0
− θbβ · u

′ (c1)

u′ (c0)

This can be rewritten in the following form:

dqb0
dΓcb0

= E + F · dk0

dΓcb0
, (71)

where E and F are given by:

E =
θbβ · u

′(c1)
u′(c0)

β · u
′(c1)
u′(c0) ·

(
1+xc1
qb0

)
· 1
qb0

> 0, (72)

F =
− λb
λk
β · u

′(c1)
u′(c0) · αk

α−1
0

(
α−1
k0

)
β · u

′(c1)
u′(c0) ·

(
1+xc1
qb0

)
· 1
qb0

> 0. (73)

Implicit differentiation of the market clearing condition for corporate loans (55) with respect
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to the central bank interest Γcb0 gives the following relation:

dk0

dΓcb0
=

dsk0
dΓcb0

. (74)

B.1.9 Government budget constraint

First I look at the government budget constraint (32), which I implicitly differentiate with respect

to Γcb0 :

d
(
qb0b0

)
dΓcb0

≡ qb0
db0
dΓcb0

+ b0
dqb0
dΓcb0

= b−1
dqb0
dΓcb0

⇒

db0
dΓcb0

= −
(
b0 − b−1

qb0

)
dqb0
dΓcb0

. (75)

B.1.10 Market clearing

Implicitly differentiating (56) results in the following expression:

db0
dΓcb0

=
dsb0
dΓcb0

+
dsb,h0

dΓcb0
(76)

I use (76), together with the government budget constraint (75), and the households’ first order

condition for bondholdings (64) to express
dsb0
dΓcb0

in terms of
dqb0
dΓcb0

:

dsb0
dΓcb0

=
db0
dΓcb0

− dsb,h0

dΓcb0
= −

(
b0 − b−1

qb0

)
dqb0
dΓcb0

+B · dq
b
0

dΓcb0

=

(
B − b0 − b−1

qb0

)
dqb0
dΓcb0

(77)

B.1.11 Incentive compatibility constraint

Now I implicitly differentiate the incentive compatibiltiy constraint (53):

n0 ·
dµ0

dΓcb0
+ (1 + µ0)

dn0

dΓcb0
= λk

dsk0
dΓcb0

+ λb ·
d
(
qb0s

b
0

)
dΓcb0

⇒

n0 ·
dµ0

dΓcb0
+ (1 + µ0) sb−1

dqb0
dΓcb0

= λk
dsk0
dΓcb0

+ λb

(
qb0
dsb0
dΓcb0

+ sb0 ·
dqb0
dΓcb0

)

B.2 Analysis of a central bank interest rate shock

Consider the impact of a shock to the central bank spread Γcb0 .

n0C ·
dk0

dΓcb0
+ (1 + µ0) sb−1 ·

dqb0
dΓcb0

= λk
dsk0
dΓcb0

+ λb

[
qb0

(
B − b0 − b−1

qb0

)
dqb0
dΓcb0

+ sb0 ·
dqb0
dΓcb0

]
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This can be rewritten in the following way:

(Cn0 − λk)
dsk0
dΓcb0

=
{
λb
[
sb0 − (b0 − b−1) +Bqb0

]
− (1 + µ0) sb−1

} dqb0
dΓcb0

,

where I used
dsk0
dΓcb0

= dk0
dΓcb0

. I rewrite this in the following way:

(Cn0 − λk)
dsk0
dΓcb0

= G · dq
b
0

dΓcb0
(78)

Since C < 0, we see that Cn0 − λk < 0. Meanwhile, G is given by:

G = λb
[
sb0 − (b0 − b−1) +Bqb0

]
− (1 + µ0) sb−1. (79)

Substitution of (71) gives the following expression:

(Cn0 − λk)
dsk0
dΓcb0

= G

(
E + F · dk0

dΓcb0

)
⇒

dsk0
dΓcb0

=
GE

(Cn0 − λk −GF )
(80)

I end by substituting (80) into (71) to get the change in the bond price as a result of a change

in the interest rate spread between deposits and central bank funding:

dqb0
dΓcb0

= E + F · dk0

dΓcb0
= E + F · ds

k
0

dΓcb0

= E + F ·
[

GE

(Cn0 − λk −GF )

]
=

E (Cn0 − λk)

(Cn0 − λk −GF )
. (81)

We know that E > 0 and Cn0 − λk < 0. If I can prove that Cn0 − λk −GF < 0, we know that
dqb0
dΓcb0

> 0. Let me start by writing Cn0 − λk −GF in the following way:

Cn0 − λk −GF = Cn0 − λk −G1F +G2F, (82)

where G1 and G2 are given by:

G1 = λb
[
sb0 − (b0 − b−1) +Bqb0

]
> 0, (83)

G2 = (1 + µ0) sb−1 > 0, (84)

where G1 > 0 since b0 = b−1. Since F > 0, we see that G2F is the only term in (82) that is

positive. Now I show that the sum Cn0+G2F is smaller than zero. In that case, Cn0−λk−GF <
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0. I start by subsituting expressions (63), (73) and (79):

Cn0 +G2F = n0 ·
(1 + µ0)

2

λk
β · u

′ (c1)

u′ (c0)
· αkα−1

0

(
α− 1

k0

)

+ (1 + µ0) sb−1

− λb
λk
β · u

′(c1)
u′(c0) · αk

α−1
0

(
α−1
k0

)
β · u

′(c1)
u′(c0) ·

(
1+xc1
qb0

)
· 1
qb0


=

(1 + µ0)β · u
′(c1)
u′(c0) · αk

α−1
0

(
α−1
k0

)
β · u

′(c1)
u′(c0) ·

(
1+xc1
qb0

) [
β · u

′ (c1)

u′ (c0)
·
(

1 + xc1
qb0

)(
1 + µ0

λk

)
n0 −

λb
λk
· qb0sb−1

]
.

We can see that Cn0 +G2F < 0 if the term inside the brackets is larger than zero:

β · u
′ (c1)

u′ (c0)
·
(

1 + xc1
qb0

)(
1 + µ0

λk

)
n0 −

λb
λk
· qb0sb−1 = β · u

′ (c1)

u′ (c0)
·
(

1 + xc1
qb0

)
(1 + µ0)n0

λk
− λb
λk
· qb0sb−1

≥ β · u
′ (c1)

u′ (c0)
·
(

1 + xc1
qb0

)(
λkk0 + λbq

b
0s
b
0

λk

)
− λb
λk
· qb0sb−1

= β · u
′ (c1)

u′ (c0)
·
(

1 + xc1
qb0

)(
k0 +

λb
λk
· qb0sb0

)
− λb
λk
· qb0sb−1

= β · u
′ (c1)

u′ (c0)
·
(

1 + xc1
qb0

)
k0

+
λb
λk

[
β · u

′ (c1)

u′ (c0)
·
(

1 + xc1
qb0

)
qb0s

b
0 − qb0sb−1

]
≥ β · u

′ (c1)

u′ (c0)
·
(

1 + xc1
qb0

)
k0 +

λb
λk
qb0
(
sb0 − sb−1

)
> 0.

Hence Cn0 − λk −GF < 0, and therefore

dqb0
dΓcb0

=
E (Cn0 − λk)

(Cn0 − λk −GF )
> 0,

for all 0 ≤ λb
λk
≤ 1. Now we remember that the change in lending is given by (80). Since E > 0

and Cn0 − λk −GF < 0, I know that dk0
dΓcb0

> 0 when G < 0. This happens when:

λb
[
sb0 − (b0 − b−1) +Bqb0

]
< (1 + µ0) sb−1.

The left hand side says that intermediaries’ incentive compatibility constraints tighten because

i) the existing bond holdings sb0 increase in value through a higher bond price and ii) because

intermediaries buy additional bondholdings, captured by Bqb0. The right hand side says that

intermediaries incentive compatibility constraints become less binding, as previous period bond-

holdings sb−1 increase as the bond price increases as a result of the central bank interest rate

shock. An increase in the monetary value of previous period bondholdings sb−1 increase interme-

diaries’ net worth. Hence intermediaries are indirectly recapitalized as the central bank policy
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increases their net worth. When the above inequality holds, it means that the indirect recapital-

ization through capital gains on government bonds is larger than the tightening of intermediaries

incentive compatibility constraints due to an expansion of bondholdings.

∂

∂κsb,h

(
dsk0
dΓcb0

)
=

∂

∂κsb,h

(
GE

Cn0 − λk −GF

)
=

1

(Cn0 − λk −GF )
2

{
∂ (GE)

∂κsb,h
· (Cn0 − λk −GF )−GE · ∂

∂κsb,h
[Cn0 − λk −GF ]

}
=

1

(Cn0 − λk −GF )
2

{
E · ∂G

∂κsb,h
· (Cn0 − λk −GF ) +GEF · ∂G

∂κsb,h

}
=

1

(Cn0 − λk −GF )
2

{
E · ∂G

∂κsb,h
· (Cn0 − λk)− EGF · ∂G

∂κsb,h
+GEF · ∂G

∂κsb,h

}
=

E (Cn0 − λk)

(Cn0 − λk −GF )
2 ·

∂G

∂κsb,h
> 0,

since 1
(Cn0−λk−GF )2

> 0, E > 0 and Cn0 − λk < 0, while the derivative of G is given by:

∂G

∂κsb,h
= λbq

b
0

∂B

∂κsb,h
= − λbq

b
0

κ2
sb,h

< 0. (85)

We can interpret this result in the following way: an increase in κsb,h implies that households will

be less willing to sell government bonds to financial intermediaries. Less space of intermediaries’

balance sheet is used for government bond holdings, which implies that there is more space on

the balance sheet to expand lending to the real economy.

I now calculate the partial derivative of
dsk0
dΓcb0

with respect to previous period bondholdings

sb−1. Similar to the partial derivative with respect to κsb,h , the only term that is directly affected

by sb−1 is G. Hence I can write down the following expression:

∂

∂sb−1

(
dsk0
dΓcb0

)
=

E (Cn0 − λk)

(Cn0 − λk −GF )
2 ·

∂G

∂sb−1

> 0,

since the derivative of G with respect to sb−1 is given by:

∂G

∂sb−1

= − (1 + µ0) < 0. (86)

The reason why an increase in previous period bondholdings has an expansionary effect ev-

erything else equal is that more bondholdings increase net worth n0 since the bond price qb0

increases. More net worth relaxes the incentive compatibility constraint, which allows financial

intermediaries to expand lending to the real economy.

60



The partial derivative of
dsk0
dΓcb0

with respect to the haircut parameter θb is given by:

∂

∂θb

(
dsk0
dΓcb0

)
=

∂

∂θb

(
GE

Cn0 − λk −GF

)
=

G

Cn0 − λk −GF
· ∂E
∂θb

=
GE

Cn0 − λk −GF
· 1

E

∂E

∂θb
=

dsk0
dΓcb0

· 1

E

∂E

∂θb
=

1

θb
· ds

k
0

dΓcb0
,

Hence we see that the sign of the partial derivative with respect to the haircut parameter θb

depends on the sign of
dsk0
dΓcb0

. Remember that the sign of
dsk0
dΓcb0

depends on two effects that work in

opposite direction. The positive effect is that increased demand for government bonds, resulting

from central bank funding becoming more attractive for which government bonds need to be

pledged as collateral, indirectly recapitalizes financial intermediaries. The negative effect arises

from additional government bond purchases crowding out lending to the real economy. Increasing

central bank funding obtained for one euro of government bonds amplifies the effects from the

policy. If the initial effect is positive, i.e.
dsk0
dΓcb0

> 0, providing more central bank funding for one

euro of government bonds as collateral amplifies the expansion in lending. A similar conclusion

is arrived at when the initial effect is negative, i.e.
dsk0
dΓcb0

< 0.

C Infinite-horizon model

C.1 Households

A continuum of households with measure one are infinitely lived, and exhibit identical prefer-

ences and asset endowments. Each household consists of bankers and workers. There is perfect

consumption insurance within the household. Each period, households provide a unique type of

labor that gives them the power to set the nominal wage rate at which they perfectly elastically

provide their labor services. However, each period they face a probability ψw that they will not

be able to change the nominal wage rate as in Erceg et al. (2000), based on Calvo (1983). I

explain the households’ wage decision in detail in Appendix C.3.5. Households can save through

deposits at financial intermediaries dt, which yield repayment of principal dt and interest rdt+1dt

in period t + 1. Households can also invest in corporate securities and government bonds with

net return rkt+1 and rbt+1 respectively, on their holdings qkt s
k,h
t and qbts

b,h
t respectively. qat and sat

denote the price and volume, respectively, of asset a ∈ {k, b} in period t. In addition, households

receive profits Πt from the production sector and the financial sector. Income is used for con-

sumption ct, deposits dt, investment in corporate securities qkt s
k,h
t and government bonds qbts

b,h
t .

However, households pay a cost when purchasing corporate securities and government bonds,

which is quadratic in the deviation of the number of securities and bonds from the level ŝk,h and

ŝb,h respectively. Such costs capture in a simple way the limited participation in asset markets

by households (Gertler and Karadi, 2013). The government levies lump sum taxes τt. Household

members derive utility from consumption and leisure, with habit formation in consumption to
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capture consumption dynamics in a more realistical way, as in Christiano et al. (2005). Utility

from consumption and leisure is subject to a preference shock εct , the log of which is a regular

AR(1) process. Households maximize expected life-time utility subject to the budget constraint:

max
{ct+i,dt+i,sk,ht+i,sb,ht+i}∞i=0

Et

{ ∞∑
i=0

βi

[
εct+i log (ct+i − υct−1+i)− χ

h1+ϕ
t+i

1 + ϕ

]}

s.t.

ct + τt + dt + qkt s
k,h
t + qbts

b,h
t +

1

2
κsk,h

(
sk,ht − ŝk,h

)2

+
1

2
κsb,h

(
sb,ht − ŝb,h

)2

= wtht +
(
1 + rdt

)
dt−1 +

(
1 + rkt

)
qkt−1s

k,h
t−1 +

(
1 + rbt

)
qbt−1s

b,h
t−1 + Πt,

After setting up the Lagrangian belonging to the household’s optimization problem, I arrive at

the following first order conditions:

ct : λt = εct (ct − υct−1)
−1 − βυEt

[
εct+1 (ct+1 − υct)−1

]
, (87)

dt : Et
[
βΛt,t+1

(
1 + rdt+1

)]
= 1, (88)

sk,ht : Et

βΛt,t+1

 (
1 + rkt+1

)
qkt

qkt + κsk,h

(
sk,ht − ŝk,h

)
 = 1, (89)

sb,ht : Et

βΛt,t+1

 (
1 + rbt+1

)
qbt

qbt + κsb,h

(
sb,ht − ŝb,h

)
 = 1, (90)

where λt is the marginal utility of consumption. The household’s stochastic discount factor

is βΛt,t+1 = βλt+1/λt. Equation (87) denotes the marginal utility from an additional unit of

consumption. Equation (88) - (90) weigh the benefit from an additional unit of consumption

tomorrow from investing in deposits, corporate securities, and government bonds respectively,

with the cost of lower consumption today.

C.2 Financial intermediaries

In the main text, the collateral constraint is given by dcbj,t ≤ θkt qkt s
k,p
j,t +θbtq

b
ts
b,p
j,t , where in the main

text I assumed θkt = θk and θbt = θb. In this appendix I will apply a more general formulation,

namely dcbj,t ≤ θkt κkt s
k,p
j,t + θbtκ

b
ts
b,p
j,t , where κjt , with j ∈ {k, b}, can be equal to:

κjt =

{
qjt “Regular collateral constraint”;

1 “No risk-adjustment collateral constraint”.

In addition to the more general formulation of the collateral requirement, I also include a reserve

requirement for financial intermediaries in the derivations. The reason for doing so, is that such
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a requirement exists for Eurozone banks. However, after the ECB’ switch to the Fixed Rate

Full Allotment policy, in which banks could obtain as much liquidity as required from the ECB

as long as sufficient collateral was put up, it is unlikely that the reserve requirement continued

to be binding, especially since the ECB lowered the requirement from 2% to 1% in January

2012. I will do the full derivations including the reserve requirement, but will assume it is not

binding anymore in subsection C.2.2, where I combine and simplify the first order conditions

for presentation in the main text. As stated above, financial intermediaries are also subject to

reserve requirements, which require them to carry central bank reserves mR
j,t that are equal to

or larger than a fraction ϑt of household deposits dj,t:

mR
j,t ≥ ϑtdj,t. (91)

Finally, for generality, I will assume that central bank reserves mR
j,t can be diverted by the man-

agers of the intermediaries, which gives a slightly more general incentive compatibility constraint

than in the main text:

Vj,t ≥ λkqkt s
k,p
j,t + λbq

b
ts
b,p
j,t + λRm

R
j,t. (92)

Just as for the reserve requirements (91), I will set λR = 0 in subsection C.2.2: in reality, central

bank reserves are electronic accounts that are at full control of the central bank, and can thus

never be diverted by financial intermediaries.

The law of motion for net worth, which includes recapitalizations by the government and

financial sector repayments is given by:

nj,t+1 =
(
1 + rkt+1

)
qkt s

k,p
j,t +

(
1 + rbt+1

)
qbts

b,p
j,t +

(
1 + rRt+1

)
mR
j,t

−
(
1 + rdt+1

)
dj,t −

(
1 + rcbt+1

)
dcbj,t + ngj,t+1 − ñ

g
j,t+1

=
(
1 + rkt+1

)
qkt s

k,p
j,t +

(
1 + rbt+1

)
qbts

b,p
j,t +

(
1 + rRt+1

)
mR
j,t

−
(
1 + rdt+1

)
dj,t −

(
1 + rcbt+1

)
dcbj,t + τnt+1nj,t − τ̃nt+1nj,t

=
(
1 + rkt+1

)
qkt s

k,p
j,t +

(
1 + rbt+1

)
qbts

b,p
j,t +

(
1 + rRt+1

)
mR
j,t

−
(
1 + rdt+1

)
dj,t −

(
1 + rcbt+1

)
dcbj,t

+
(
τnt+1 − τ̃nt+1

) (
qkt s

k,p
j,t + qbts

b,p
j,t +mR

j,t − dj,t − dcbj,t
)

=
(
1 + rkt+1 + τnt+1 − τ̃nt+1

)
qkt s

k,p
j,t +

(
1 + rbt+1 + τnt+1 − τ̃nt+1

)
qbts

b,p
j,t

+
(
1 + rRt+1 + τnt+1 − τ̃nt+1

)
mR
j,t

−
(
1 + rdt+1 + τnt+1 − τ̃nt+1

)
dj,t −

(
1 + rcbt+1 + τnt+1 − τ̃nt+1

)
dcbj,t,

where ngj,t = τnt nj,t−1 denotes a net worth injection by the government that is proportional to

previous period net worth nj,t−1, while ñgj,t = τ̃nt nj,t−1 denotes the repayment of earlier pro-

vided government support, which is also proportional to previous period net worth nj,t−1. Now

we remember the optimization problem of the financial intermediary, which is mathematically
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described in the following way, with Vj,t ≡ V
(
sk,pj,t−1, s

b,p
j,t−1,m

R
j,t−1, dj,t−1, d

cb
j,t−1

)
:

Vj,t = max
{sk,pj,t ,sb,pj,t ,mRj,t,dj,t,dcbj,t}

Et {βΛt,t+1 [(1− σ)nj,t+1 + σVj,t+1]} ,

s.t.

Vj,t ≥ λkq
k
t s
k,p
j,t + λbq

b
ts
b,p
j,t + λRm

R
j,t,

nj,t + dj,t + dcbj,t ≥ qkt s
k,p
j,t + qbts

b,p
j,t +mR

j,t,

nj,t =
(
1 + rkt + τnt − τ̃nt

)
qkt−1s

k,p
j,t−1 +

(
1 + rbt + τnt − τ̃nt

)
qbt−1s

b,p
j,t−1

+
(
1 + rRt + τnt − τ̃nt

)
mR
j,t−1

−
(
1 + rdt + τnt − τ̃nt

)
dj,t−1 −

(
1 + rcbt + τnt − τ̃nt

)
dcbj,t−1,

mR
j,t ≥ ϑtdj,t,

θkt κ
k
t s
k,p
j,t + θbtκ

b
ts
b,p
j,t ≥ dcbj,t.

Now I set up the accompanying Lagrangian of the problem to find the optimal allocation:

L = (1 + µt)Et

(
βΛt,t+1

{
(1− σ)

[ (
1 + rkt+1 + τnt+1 − τ̃nt+1

)
qkt s

k,p
j,t +

(
1 + rbt+1 + τnt+1 − τ̃nt+1

)
qbts

b,p
j,t

+
(
1 + rRt+1 + τnt+1 − τ̃nt+1

)
mR
j,t −

(
1 + rdt+1 + τnt+1 − τ̃nt+1

)
dj,t −

(
1 + rcbt+1 + τnt+1 − τ̃nt+1

)
dcbj,t

]
+ σV

(
sk,pj,t , s

b,p
j,t ,m

R
j,t, dj,t, d

cb
j,t

)})
− µtλkq

k
t s
k,p
j,t − µtλbq

b
ts
b,p
j,t − µtλRm

R
j,t

+ χt

[ (
1 + rkt + τnt − τ̃nt

)
qkt−1s

k,p
j,t−1 +

(
1 + rbt + τnt − τ̃nt

)
qbt−1s

b,p
j,t−1 +

(
1 + rRt + τnt − τ̃nt

)
mR
j,t−1

−
(
1 + rdt + τnt − τ̃nt

)
dj,t−1 −

(
1 + rcbt + τnt − τ̃nt

)
dcbj,t−1 − qkt s

k,p
j,t − q

b
ts
b,p
j,t −m

R
j,t + dj,t + dcbj,t

]
+ ψRt

(
mR
j,t − ϑtdj,t

)
,

+ ψcbt

(
θkt κ

k
t s
k,p
j,t + θbtκ

b
ts
b,p
j,t − d

cb
j,t

)
.
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This gives rise to the following first order conditions:

sk,pj,t : (1 + µt)Et

βΛt,t+1

(1− σ)
(
1 + rkt+1 + τnt+1 − τ̃nt+1

)
qkt + σ

∂V
(
sk,pj,t , s

b,p
j,t ,m

R
j,t, dj,t, d

cb
j,t

)
∂sk,pj,t


− µtλkq

k
t − χtqkt + ψcbt θ

k
t κ

k
t = 0, (93)

sb,pj,t : (1 + µt)Et

βΛt,t+1

(1− σ)
(
1 + rbt+1 + τnt+1 − τ̃nt+1

)
qbt + σ

∂V
(
sk,pj,t , s

b,p
j,t ,m

R
j,t, dj,t, d

cb
j,t

)
∂sb,pj,t


− µtλbq

b
t − χtqbt + ψcbt θ

b
tκ
b
t = 0, (94)

mR
j,t : (1 + µt)Et

βΛt,t+1

(1− σ)
(
1 + rRt+1 + τnt+1 − τ̃nt+1

)
+ σ

∂V
(
sk,pj,t , s

b,p
j,t ,m

R
j,t, dj,t, d

cb
j,t

)
∂mR

j,t


− µtλR − χt + ψRt = 0, (95)

dj,t : (1 + µt)Et

βΛt,t+1

(1− σ)
(
1 + rdt+1 + τnt+1 − τ̃nt+1

)
(−1) + σ

∂V
(
sk,pj,t , s

b,p
j,t ,m

R
j,t, dj,t, d

cb
j,t

)
∂dj,t


+ χt − ψRt ϑt = 0, (96)

dcbj,t : (1 + µt)Et

βΛt,t+1

(1− σ)
(
1 + rcbt+1 + τnt+1 − τ̃nt+1

)
(−1) + σ

∂V
(
sk,pj,t , s

b,p
j,t ,m

R
j,t, dj,t, d

cb
j,t

)
∂dcbj,t


+ χt − ψcbt = 0, (97)

with complementary slackness conditions:

µt :
[
V
(
sk,pj,t−1, s

b,p
j,t−1,m

R
j,t−1, dj,t−1, d

cb
j,t−1

)
− λkqkt s

k,p
j,t − λbq

b
ts
b,p
j,t − λRm

R
j,t

]
µt = 0, (98)

χt :
[ (

1 + rkt + τnt − τ̃nt
)
qkt−1s

k,p
j,t−1 +

(
1 + rbt + τnt − τ̃nt

)
qbt−1s

b,p
j,t−1 +

(
1 + rRt + τnt − τ̃nt

)
mR
j,t−1

−
(
1 + rdt + τnt − τ̃nt

)
dj,t−1 −

(
1 + rcbt + τnt − τ̃nt

)
dcbj,t−1 − qkt s

k,p
j,t − q

b
ts
b,p
j,t −m

R
j,t + dj,t + dcbj,t

]
χt = 0,

(99)

ψRt :
(
mR
j,t − ϑtdj,t

)
ψRt = 0, (100)

ψcbt :
(
θkt κ

k
t s
k
j,t + θbtκ

b
ts
b
j,t − dcbj,t

)
ψcbt = 0. (101)
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Now I apply the envelope theorem to find the derivatives:

∂V
(
sk,pj,t−1, s

b,p
j,t−1,m

R
j,t−1, dj,t−1, d

cb
j,t−1

)
∂sk,pj,t−1

= χt
(
1 + rkt + τnt − τ̃nt

)
qkt−1, (102)

∂V
(
sk,pj,t−1, s

b,p
j,t−1,m

R
j,t−1, dj,t−1, d

cb
j,t−1

)
∂sb,pj,t−1

= χt
(
1 + rbt + τnt − τ̃nt

)
qbt−1, (103)

∂V
(
sk,pj,t−1, s

b,p
j,t−1,m

R
j,t−1, dj,t−1, d

cb
j,t−1

)
∂mR

j,t−1

= χt
(
1 + rRt + τnt − τ̃nt

)
, (104)

∂V
(
sk,pj,t−1, s

b,p
j,t−1,m

R
j,t−1, dj,t−1, d

cb
j,t−1

)
∂dj,t−1

= −χt
(
1 + rdt + τnt − τ̃nt

)
, (105)

∂V
(
sk,pj,t−1, s

b,p
j,t−1,m

R
j,t−1, dj,t−1, d

cb
j,t−1

)
∂dcbj,t−1

= −χt
(
1 + rcbt + τnt − τ̃nt

)
. (106)

Subsititution of the envelope conditions (102) - (106) into (93) - (97), I find the following relation

between the different assets:

sk,pj,t : λk

(
µt

1 + µt

)
+

χt
1 + µt

−
(
κkt
qkt

)
θkt

(
ψcbt

1 + µt

)
= Et

{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rkt+1 + τnt+1 − τ̃nt+1

)}
, (107)

sb,pj,t : λb

(
µt

1 + µt

)
+

χt
1 + µt

−
(
κbt
qbt

)
θbt

(
ψcbt

1 + µt

)
= Et

{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rbt+1 + τnt+1 − τ̃nt+1

)}
, (108)

mR
j,t : λR

(
µt

1 + µt

)
+

χt
1 + µt

−
(

ψRt
1 + µt

)
= Et

{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rRt+1 + τnt+1 − τ̃nt+1

)}
, (109)

dj,t :
χt

1 + µt
− ϑt

(
ψRt

1 + µt

)
= Et

{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rdt+1 + τnt+1 − τ̃nt+1

)}
,

(110)

dcbj,t :
χt

1 + µt
− ψcbt

1 + µt
= Et

{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rcbt+1 + τnt+1 − τ̃nt+1

)}
. (111)

66



Now I define the following variables:

ηkt ≡ λk

(
µt

1 + µt

)
+

χt
1 + µt

−
(
κkt
qkt

)
θkt

(
ψcbt

1 + µt

)
,

(112)

ηbt ≡ λb

(
µt

1 + µt

)
+

χt
1 + µt

−
(
κbt
qbt

)
θbt

(
ψcbt

1 + µt

)
,

(113)

ηRt ≡ λR

(
µt

1 + µt

)
+

χt
1 + µt

−
(

ψRt
1 + µt

)
,

(114)

ηt ≡
χt

1 + µt
− ϑt

(
ψRt

1 + µt

)
, (115)

ηcbt ≡ χt
1 + µt

− ψcbt
1 + µt

(116)

Hence I can write the first order conditions (107) - (111) in the following way. This gives rise to

the following first order conditions:

ηkt = Et
{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rkt+1 + τnt+1 − τ̃nt+1

)}
, (117)

ηbt = Et
{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rbt+1 + τnt+1 − τ̃nt+1

)}
, (118)

ηRt = Et
{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rRt+1 + τnt+1 − τ̃nt+1

)}
, (119)

ηt = Et
{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rdt+1 + τnt+1 − τ̃nt+1

)}
, (120)

ηcbt = Et
{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rcbt+1 + τnt+1 − τ̃nt+1

)}
. (121)

Now I assume a particular function for the value function, and will later check whether the first

order conditions are consistent with it:

Vj,t = V
(
sk,pj,t−1, s

b,p
j,t−1,m

R
j,t−1, dj,t−1, d

cb
j,t−1

)
= ηkt q

k
t s
k,p
j,t + ηbt q

b
ts
b,p
j,t + ηRt m

R
j,t − ηtdj,t − ηcbt dcbj,t

Substitution of the first order conditions (112) - (116) in the value function of the typical financial
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intermediary gives the following expression:

Vj,t = ηkt q
k
t s
k,p
j,t + ηbt q

b
ts
b,p
j,t + ηRt m

R
j,t − ηtdj,t − ηcbt dcbj,t

=

[
λk

(
µt

1 + µt

)
+

χt
1 + µt

−
(
κkt
qkt

)
θkt

(
ψcbt

1 + µt

)]
qkt s

k,p
j,t

+

[
λb

(
µt

1 + µt

)
+

χt
1 + µt

−
(
κbt
qbt

)
θbt

(
ψcbt

1 + µt

)]
qbts

b,p
j,t

+

[
λR

(
µt

1 + µt

)
+

χt
1 + µt

−
(

ψRt
1 + µt

)]
mR
j,t

−
[

χt
1 + µt

− ϑt
(

ψRt
1 + µt

)]
dj,t −

(
χt

1 + µt
− ψcbt

1 + µt

)
dcbj,t

=
χt

1 + µt

(
qkt s

k,p
j,t + qbts

b,p
j,t +mR

j,t − dj,t − dcbj,t
)

+
µt

1 + µt

(
λkq

k
t s
k,p
j,t + λbq

b
ts
b,p
j,t + λRm

R
j,t

)
− ψRt

1 + µt

(
mR
j,t − ϑtdj,t

)
− ψcbt

1 + µt

(
θkt κ

k
t s
k,p
j,t + θbtκ

b
ts
b,p
j,t − d

cb
j,t

)
=

(
χt

1 + µt

)
nj,t +

µt
1 + µt

(
λkq

k
t s
k,p
j,t + λbq

b
ts
b,p
j,t + λRm

R
j,t

)
,

where the terms with ψRt and ψcbt drop out because of the slackness conditions (100) and (101).

Using this expression for the continuation value of intermediary j, I can rewrite the incentive

compatibility constraint in the following way:

Vj,t ≥ λkq
k
t s
k,p
j,t + λbq

b
ts
b,p
j,t + λRm

R
j,t =⇒(

χt
1 + µt

)
nj,t +

µt
1 + µt

(
λkq

k
t s
k,p
j,t + λbq

b,p
t sbj,t + λRm

R
j,t

)
≥ λkq

k
t s
k,p
j,t + λbq

b
ts
b,p
j,t + λRm

R
j,t =⇒(

1− µt
1 + µt

)(
λkq

k
t s
k,p
j,t + λbq

b
ts
b,p
j,t + λRm

R
j,t

)
≤

(
χt

1 + µt

)
nj,t =⇒

λkq
k
t s
k,p
j,t + λbq

b
ts
b,p
j,t + λRm

R
j,t ≤ χtnj,t.

Now I substitute the expressions for the shadow values of the different asset classes in the

expression for the expected discounted profits of the financial intermediary to obtain the following
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expression:

Vj,t = maxEt {βΛt,t+1 [(1− σ)nj,t+1 + σVj,t+1]}

= Et

(
βΛt,t+1

{
(1− σ)nj,t+1

+ σ

[(
χt+1

1 + µt+1

)
nj,t+1 +

µt+1

1 + µt+1

(
λkq

k
t+1s

k,p
j,t+1 + λbq

b
t+1s

b,p
j,t+1 + λRm

R
j,t+1

)]})
= Et

(
βΛt,t+1

{
(1− σ)nj,t+1 + σ

[(
χt+1

1 + µt+1

)
nj,t+1 +

µt+1

1 + µt+1
χt+1nj,t+1

]})
= Et {βΛt,t+1 [(1− σ)nj,t+1 + σχt+1nj,t+1]}

= Et {βΛt,t+1 [(1− σ) + σχt+1]nj,t+1}

= Et

{
βΛt,t+1 [(1− σ) + σχt+1]

[ (
1 + rkt+1 + τnt+1 − τ̃nt+1

)
qkt s

k,p
j,t

+
(
1 + rbt+1 + τnt+1 − τ̃nt+1

)
qbts

b,p
j,t +

(
1 + rRt+1 + τnt+1 − τ̃nt+1

)
mR
j,t

−
(
1 + rdt+1 + τnt+1 − τ̃nt+1

)
dj,t −

(
1 + rcbt+1 + τnt+1 − τ̃nt+1

)
dcbj,t

]}

Comparing with the initial guess for the solution, I obtain the following first order conditions:

ηkt = Et
{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rkt+1 + τnt+1 − τ̃nt+1

)}
, (122)

ηbt = Et
{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rbt+1 + τnt+1 − τ̃nt+1

)}
, (123)

ηRt = Et
{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rRt+1 + τnt+1 − τ̃nt+1

)}
, (124)

ηt = Et
{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rdt+1 + τnt+1 − τ̃nt+1

)}
, (125)

ηcbt = Et
{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rcbt+1 + τnt+1 − τ̃nt+1

)}
. (126)

We see that the solutions (117) - (121) and (122) - (126) coincide, and hence that my initial guess

for the value function is correct. Finally, the law of motion for aggregate net worth consists of

the net worth of the bankers that are allowed to continue operating, together with the aggregate

net worth given to new bankers, which is equal to a fraction χb of previous period net worth

nt−1. Together with net government support ngt − ñ
g
t , I obtain the following law of motion:

nt = σ
[ (

1 + rkt
)
qkt−1s

k,p
t−1 +

(
1 + rbt

)
qbt−1s

b,p
t−1 +

(
1 + rRt

)
mR
t−1

−
(

1 + rdt

)
dt−1 −

(
1 + rcbt

)
dcbt−1

]
+ χnt−1 + ngt − ñ

g
t (127)
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C.2.1 Financial Sector First Order Conditions

The resulting first order conditions for the financial sector are now given by:

ηkt = λk

(
µt

1 + µt

)
+

χt
1 + µt

−
(
κkt
qkt

)
θkt

(
ψcbt

1 + µt

)
(128)

ηbt = λb

(
µt

1 + µt

)
+

χt
1 + µt

−
(
κbt
qbt

)
θbt

(
ψcbt

1 + µt

)
(129)

ηRt = λR

(
µt

1 + µt

)
+

χt
1 + µt

−
(

ψRt
1 + µt

)
(130)

ηt =
χt

1 + µt
− ϑt

(
ψRt

1 + µt

)
, (131)

ηcbt =
χt

1 + µt
− ψcbt

1 + µt
(132)

ηkt = Et
{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rkt+1 + τnt+1 − τ̃nt+1

)}
, (133)

ηbt = Et
{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rbt+1 + τnt+1 − τ̃nt+1

)}
, (134)

ηRt = Et
{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rRt+1 + τnt+1 − τ̃nt+1

)}
, (135)

ηt = Et
{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rdt+1 + τnt+1 − τ̃nt+1

)}
, (136)

ηcbt = Et
{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rcbt+1 + τnt+1 − τ̃nt+1

)}
. (137)

χtnt ≥ λkq
k
t s
k,p
t + λbq

b
ts
b,p
t + λRm

R
t , (138)

nt = σ
[ (

1 + rkt
)
qkt−1s

k,p
t−1 +

(
1 + rbt

)
qbt−1s

b,p
t−1 +

(
1 + rRt

)
mR
t−1

−
(

1 + rdt

)
dt−1 −

(
1 + rcbt

)
dcbt−1

]
+ χnt−1 + ngt − ñ

g
t , (139)

0 =
(
mR
t − ϑtdt

)
ψRt , (140)

dcbt = θkt κ
k
t s
k,p
t + θbtκ

b
ts
b,p
t . (141)

C.2.2 Further simplification of the F.O.C.’s for mathematical proofs

Now I combine some of the F.O.C.’s found in section C.2.1 to obtain a better economic under-

standing and more intuition. As mentioned above, I assume throughout the simulations that

there are so many central bank reserves in the system that the reserve requirement (91) is not

binding, and hence that ψRt = 0. I start by substituting (131) for χt/(1 +µt) into the first order

conditions for corporate securities (128) and government bonds (129):

ηkt − ηt = λk

(
µt

1 + µt

)
−
(
κkt
qkt

)
θkt

(
ψcbt

1 + µt

)
,

ηbt − ηt = λb

(
µt

1 + µt

)
−
(
κbt
qbt

)
θbt

(
ψcbt

1 + µt

)
.
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Substitution of equations (133), (134) and (136) results in the following expressions:

Et
[
Ωt,t+1

(
rkt+1 − rdt+1

)]
= λk

(
µt

1 + µt

)
−
(
κkt
qkt

)
θkt

(
ψcbt

1 + µt

)
, (142)

Et
[
Ωt,t+1

(
rbt+1 − rdt+1

)]
= λb

(
µt

1 + µt

)
−
(
κbt
qbt

)
θbt

(
ψcbt

1 + µt

)
, (143)

where Ωt,t+1 = βΛt,t+1 [(1− σ) + σχt+1] refers to the stochastic discount factor of the finan-

cial intermediaries, which is equal to the household’s stochastic discount factor, augmented to

incorporate the financial frictions.

Finally, cmbining equations (142) and (143) results in the following condition for intermedi-

aries’ portfolio choice between corporate securities and government bonds::

λb
λk
Et
[
Ωt,t+1

(
rkt+1 − rdt+1

)]
= Et

[
Ωt,t+1

(
rbt+1 − rdt+1

)]
+

[(
κbt
qbt

)
θbt −

(
λb
λk

)(
κkt
qkt

)
θkt

](
ψcbt

1 + µt

)
,

(144)

Next, I combine (130) and (131) (again setting ψRt = 0) to obtain the following relation

between the shadow value on central bank reserves and deposit funding:

ηRt − ηt = λR

(
µt

1 + µt

)
.

Now I substitute equation (128) to eliminate µt/ (1 + µt):

ηRt − ηt =
λR
λk

[
ηkt − ηt +

(
κkt
qkt

)
θkt

(
ψcbt

1 + µt

)]
.

Substitution of the expressions (133), (134) and (136) results in the following equation:

Et
[
Ωt,t+1

(
rRt+1 − rdt+1

)]
=
λR
λk
Et
[
Ωt,t+1

(
rkt+1 − rdt+1

)]
+
λR
λk

(
κkt
qkt

)
θkt

(
ψcbt

1 + µt

)
, (145)

Any realistic calibration will feature λR = 0, because the central bank reserves are electronic

accounts controlled by the central bank. In that case, the first order condition shrinks to:

Et
[
Ωt,t+1

(
rRt+1 − rdt+1

)]
= 0,

which implies that the interest rates on reserves and deposits must be equal in equilibrium.

Setting ψRt = 0 in equation (131), and combining with equation (136) gives the following

expression:

χt
1 + µt

= Et
{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rdt+1 + τnt+1 − τ̃nt+1

)}
,

Now I combine (131) and (132) (again setting ψRt = 0) to obtain the following relation between
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the shadow value on deposit funding and central bank funding:

ψcbt
1 + µt

= ηt − ηcbt .

Substitution of (136) and (137) gives rise to the following relation:

ψcbt
1 + µt

= Et
[
Ωt,t+1

(
rdt+1 − rcbt+1

)]
. (146)

Finally, I assume that the ECB applies the regular collateral requirements in (C.2), and therefore

set κkt = qkt and κbt = qbt . Now, I can summarize the first order conditions for corporate securities,

government bonds, central bank reserves, deposits, central bank funding, and the incentive com-

patibility constraint (which I assume to be binding in a financial crisis), as they are presented in

the main text:

λb
λk
Et
[
Ωt,t+1

(
rkt+1 − rdt+1

)]
= Et

[
Ωt,t+1

(
rbt+1 − rdt+1

)]
+

(
θbt −

λb
λk
θkt

)(
ψcbt

1 + µt

)
, (147)

Et
[
Ωt,t+1

(
rbt+1 − rdt+1

)]
= λb

(
µt

1 + µt

)
− θbt

(
ψcbt

1 + µt

)
, (148)

Et
[
Ωt,t+1

(
rRt+1 − rdt+1

)]
= 0, (149)

χt
1 + µt

= Et
{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rdt+1 + τnt+1 − τ̃nt+1

)}
,(150)

ψcbt
1 + µt

= Et
[
Ωt,t+1

(
rdt+1 − rcbt+1

)]
, (151)

χtnt = λkq
k
t s
k,p
t + λbq

b
ts
b,p
t , (152)

where I have set λR = 0 in (152). Finally, note that I set τnt+1 = τ̃nt+1 = 0 in equation (150) in

the main text, as I do not discuss recapitalizations of intermediaries.

C.3 Production Process

C.3.1 Capital Producers

At the end of period t, when the intermediate goods firms have produced, the capital producers

buy the remaining stock of capital (1−δ)ξtkt−1 from the intermediate goods producers at a price

qkt . They combine this capital with goods bought from the final goods producers (investment

it) to produce next period’s beginning of period capital stock kt. This capital is being sold to

the intermediate goods producers at a price qkt . I assume that the capital producers face convex

adjustment costs when transforming the final goods bought into capital goods, set up such that

changing the level of gross investment is costly. Hence I get:

kt = (1− δ)ξtkt−1 + (1−Ψ(ιt)) ε
i
tit, Ψ(x) =

γ

2
(x− 1)2, ιt = it/it−1. (153)
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where ξt represents a capital quality shock (Gertler and Karadi, 2011), and εit a shock to invest-

ment adjustment costs. Profits are passed on to households, who are the ultimate owners of the

capital producers. Profits at the end of period t equal:

Πc
t = qkt kt − qkt (1− δ)ξtkt−1 − it = qkt (1−Ψ(ιt)) ε

i
tit − it,

where I substituted equation (153). The capital producers maximize the sum of expected current

and (discounted) future profits:

max
{it+s}∞s=0

Et

{ ∞∑
s=0

βsΛt,t+s
[
qkt+s (1−Ψ(ιt+s)) ε

i
t+sit+s − it+s

]}
.

Differentiation with respect to investment gives the first order condition for the capital producers:

qkt (1−Ψ(ιt)) ε
i
t − 1− qkt εitιtΨ′(ιt) + Et

[
βΛt,t+1q

k
t+1ε

i
t+1ι

2
t+1Ψ′(ιt+1)

]
= 0,

which gives the following expression for the price of capital:

1

qkt
=

[
1− γ

2

(
it
it−1

− 1

)2
]
εit − γ

(
it
it−1

− 1

)(
it
it−1

)
εit + Et

[
βΛt,t+1

qkt+1

qkt

(
it+1

it

)2

γ

(
it+1

it
− 1

)
εit+1

]
.(154)

C.3.2 Intermediate Goods Producers

I remember that period t profits are given by:

Πi,t = mtzt(ξtki,t−1)αh1−α
i,t + qkt (1− δ)ξtki,t−1 − (1 + rkt )qkt−1ki,t−1 − wthi,t.

The intermediate goods producing firms hire labor in a perfectly competitive labor market, such

that the marginal benefit from an additional unit of labor equals the marginal cost wt from an

additional unit of labor:

wt = (1− α)mtyi,t/hi,t.

Intermediate goods producers credibly pledge all after-wage profits to financial intermediaries.

Hence, in equilibrium profits will be zero. By substituting the first order condition for the wage

rate into the zero-profit condition Πi,t = 0, I can find an expression for the ex-post return on

capital:

rkt = (qkt−1)−1
(
αmtyi,t/ki,t−1 + qkt (1− δ)ξt

)
− 1.
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Now I rewrite the first order condition for labor and the expression for the ex-post return on

capital to find the factor demands:

ki,t−1 = αmtyi,t/[q
k
t−1(1 + rkt )− qkt (1− δ)ξt], (155)

hi,t = (1− α)mtyi,t/wt. (156)

By substituting the factor demands into the production technology function, I get for the relative

intermediate output price mt:

mt = α−α(1− α)α−1z−1
t

(
w1−α
t

[
qkt−1(1 + rkt )ξ−1

t − qkt (1− δ)
]α)

. (157)

C.3.3 Final Goods Producers

Final goods firms purchase retail goods yft at a price P ft from a continuum of retail goods firms

f ∈ [0, 1]. They employ the following technology to produce the final good using retalil goods as

input

yt =

[∫ 1

0

(
yft

)(εp−1)/εp
df

] εp
εp−1

, (158)

where εp is the elasticity of substitution between two different retail goods. Final goods firms

operate in a perfectly competitive market, and face a period-by-period optimization problem in

which they maximize the difference between the revenue from selling final goods yt at price Pt

and input costs which are the sum over all retail goods firms of the volume of retail goods yft

purchased from retailer f at price P ft . Final goods producers take all prices and the demand

for final goods yt as given, and only choose the volume yft to buy from retail firm f . Hence the

period t optimization problem is given by:

max
yft

Ptyt −
∫ 1

0

P ft y
f
t df,

subject to the final goods firm’s production technology (158). After substitution of (158), I

differentiate with respect to yft , and obtain the following first order condition:

P ft = Pt

(
εp

εp − 1

)[∫ 1

0

(
yft

)(εp−1)/εp
df

] εp
εp−1−1(

εp − 1

εp

)(
yft

) εp−1

εp
−1

= Pt

[∫ 1

0

(
yft

)(εp−1)/εp
df

] 1
εp−1 (

yft

)−1
εp

= Pty
1
εp

t

(
yft

)−1
εp
.

This last expression can be rewritten as:

yft =

(
P ft
Pt

)−εp
yt, (159)
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Finally, I substitute the demand curve (159) into the production technology (158) of the final

goods producers to get:

yt =

∫ 1

0

(
P ft
Pt

)1−εp

y
(εp−1)/εp
t df


εp
εp−1

=

∫ 1

0

(
P ft
Pt

)1−εp

df


εp
εp−1

yt.

Division by yt, and raising both sides of the equation to the power (εp − 1) /εp results in the

following equation:

1 =

∫ 1

0

(
P ft
Pt

)1−εp

df.

As Pt does not depend on f , I can take it outside the integral and move it to the left hand side

of the equation to obtain:

P
1−εp
t =

∫ 1

0

(
P ft

)1−εp
df. (160)

C.3.4 Retail firms

Retail firms purchase goods yit from intermediate goods proders for a price mt in terms of the

general price level Pt. They convert intermediate goods into retail goods yft , which are sold

for a real price P ft /Pt to final goods producers. It takes one intermediate good to produce one

retail good (yft = yit). All retail firms produce a differentiated retail good, and therfore operate

in a monopolistically competitive market. Hence they are capable of charging a markup over

the input price earning them profits (P ft /Pt − mt)y
f
t . Retail firms face the following demand

curve for retail goods (159). Each period, retail goods firms face price-stickiness as in Calvo

(1983). This implies that retail firms face probability ψp that they cannot adjust their prices in

the current period. The probability ψp is i.i.d. and constant across time and the cross-section of

retail goods firms. Retail goods producers that cannot choose a new price are forced to multiply

their existing price by πadjt . Hence retail goods firms face the following optimization problem:

max
{P ft }

Et


∞∑
j=0

βjψjp
λt+j
λt

[
P ft Πk=j

k=1π
adj
t+k

Pt+j
yft+j −mt+jy

f
t+j

] ,

Substitution of the demand curve for retail goods (159) gives the following optimization probelm:

max
{P ft }

Et


∞∑
j=0

βjψjp
λt+j
λt

(P ft Πk=j
k=1π

adj
t+k

Pt+j

)1−εp

yt+j −mt+j

(
P ft Πk=j

k=1π
adj
t+k

Pt+j

)−εp
yt+j

 ,
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Now I am in the position to take the first order condition with respect to P ft , where I write P ∗t

to denote the optimally chosen price for P ft :

(εp − 1)Et

 ∞∑
j=0

βjψjp
λt+j
λt

(
P ∗t Πk=j

k=1π
adj
t+k

Pt+j

)1−εp
yt+j
P ∗t


= εpEt

 ∞∑
j=0

βjψjp
λt+j
λt

mt+j

(
P ∗t Πk=j

k=1π
adj
t+k

Pt+j

)−εp
yt+j
P ∗t

 ,
Taking the price P ∗t outside of the brackets gives:

(P ∗t )
−εp

P
1−εp
t

(εp − 1)Et

 ∞∑
j=0

βjψjpλt+j

(
PtΠ

k=j
k=1π

adj
t+k

Pt+j

)1−εp

yt+j


=

(P ∗t )
−εp−1

P
−εp
t

εpEt

 ∞∑
j=0

βjψjpλt+jmt+j

(
PtΠ

k=j
k=1π

adj
t+k

Pt+j

)−εp
yt+j

 ,
This expression can be further simplified:

P ∗t
Pt

(εp − 1)Et

 ∞∑
j=0

βjψjpλt+j

(
Πk=j
k=1πt+k

Πk=j
k=1π

adj
t+k

)εp−1

yt+j


= εpEt

 ∞∑
j=0

βjψjpλt+jmt+j

(
Πk=j
k=1πt+k

Πk=j
k=1π

adj
t+k

)εp
yt+j

 ,
Finally, I can rewrite this as:

P ∗t
Pt

=

(
εp

εp − 1

) Et

[∑∞
j=0 β

jψjpλt+jmt+j

(
Πk=jk=1πt+k

Πk=jk=1π
adj
t+k

)εp
yt+j

]
Et

[∑∞
j=0 β

jψjpλt+j

(
Πk=jk=1πt+k

Πk=jk=1π
adj
t+k

)εp−1

yt+j

] .

Defining π∗t ≡ P ∗t /Pt, I can write the above expression in the following way:

π∗t =

(
εp

εp − 1

)
Ξ1,t

Ξ2,t
, (161)
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where Ξ1,t and Ξ2,t are given by:

Ξ1,t = λtmtyt + βψpEt

[(
πt+1

πadjt+1

)εp
Ξ1,t+1

]
, (162)

Ξ1,t = λtyt + βψpEt

(πt+1

πadjt+1

)εp−1

Ξ2,t+1

 , (163)

Now I take the law of motion for the aggregate price level (160), which I can write as:

P
1−εp
t = (1− ψp) (P ∗t )

1−εp+(1− ψp)ψp
(
πadjt P ∗t−1

)1−εp
+(1− ψp)ψ2

p

(
πadjt πadjt−1P

∗
t−2

)1−εp
+ ......

(164)

Iterating one period backward, and multiplying by ψp

(
πadjt

)1−εp
gives:

ψp

(
πadjt

)1−εp
P

1−εp
t−1 = (1− ψp)ψp

(
πadjt P ∗t−1

)1−εp
+ (1− ψp)ψ2

p

(
πadjt πadjt−1P

∗
t−2

)1−εp
+ ......

Hence I can rewrite (164) in the following way:

P
1−εp
t = (1− ψp) (P ∗t )

1−εp + ψp

(
πadjt

)1−εp
P

1−εp
t−1 . (165)

Division of the left and right hand side by P
1−εp
t gives the following expression:

1 = (1− ψp) (π∗t )
1−εp + ψp

(
πt

πadjt

)εp−1

. (166)

Now I move on to price dispersion Dpt ≡
∫ 1

0

(
P ft
Pt

)−εp
df :

Dpt = (1− ψp)
(
P ∗t
Pt

)−εp
+ (1− ψp)ψp

(
πadjt P ∗t−1

Pt

)−εp
+ (1− ψp)ψ2

p

(
πadjt πadjt−1P

∗
t−2

Pt

)−εp
+ .....

(167)

Iterating one period backwards, and multiplying by ψp

(
πadjt Pt−1

Pt

)−εp
gives the following expres-

sion:

ψp

(
πadjt Pt−1

Pt

)−εp
Dpt−1 = (1− ψp)ψp

(
πadjt P ∗t−1

Pt

)−εp
+ (1− ψp)ψ2

p

(
πadjt πadjt−1P

∗
t−2

Pt

)−εp
+ .....
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Hence I can write (167) in the following way:

Dpt = (1− ψp)
(
P ∗t
Pt

)−εp
+ ψp

(
πadjt Pt−1

Pt

)−εp
Dpt−1

= (1− ψp) (π∗t )
−εp + ψp

(
πt

πadjt

)εp
Dpt−1. (168)

C.3.5 Labor market

As mentioned in the main text, the labor market features staggered wage-setting by households,

which is similar in spirit to Calvo (1983), and was first introduced by Erceg et al. (2000). I

start by investigating labor agencies optimization problem. They have to assemble labor ht(i)

from each household i ∈ [0, 1], and combine this into final labor ht using a constant elasticity of

substitution aggregation funtcion with elasticity εw:

ht =

[∫ 1

0

(ht(i))
εw−1
εw di

] εw
εw−1

, (169)

Labor agencies sell the final labor ht to intermediate goods producers in a perfectly competitive

market. Hence labor agencies take the wage rate Wt and demand for final labor ht as given.

To produce final labor, the agencies hire labor from every household i ∈ [0, 1]. Each of these

households provide a unique type of labor, and hence they have the power to set the wage rate

Wt(i) at which they sell their labor. Therefore, the only choice that labor agencies have is to

determine how much labor to hire from each household i. Therefore, labor agencies’ optimization

problem is given by:

max
ht(i)

Wtht −
∫ 1

0

Wt(i)ht(i)di,

subject to (169). Taking the first order condition with respect to ht(i), I arrive at the following

first order condition:

Wt(i) = Wt

[∫ 1

0

(ht(i))
εw−1
εw di

] εw
εw−1−1

(ht(i))
εw−1
εw
−1

= Wt

[∫ 1

0

(ht(i))
εw−1
εw di

] 1
εw−1

(ht(i))
−1
εw ,

= Wth
1
εw
t (ht(i))

−1
εw = Wt

(
ht(i)

ht

)−1
εw

,

This allows me to rewrite the first order condition for the demand for household i’s labor ht(i):

ht(i) =

(
Wt(i)

Wt

)−εw
ht, (170)
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where ht is aggregate labor, Wt(i) is the nominal wage rate of household i, andWt is the aggregate

wage rate. Now I substitute (170) into (169):

ht =

[∫ 1

0

(
Wt(i)

Wt

)1−εw
h
εw−1
εw

t di

] εw
εw−1

=

[∫ 1

0

(
Wt(i)

Wt

)1−εw
di

] εw
εw−1

ht,

Dividing the left and right hand side by ht and raising to the power (εw − 1) /εw gives me the

following expression:

1 =

∫ 1

0

(
Wt(i)

Wt

)1−εw
di =

1

W 1−εw
t

∫ 1

0

Wt(i)
1−εwdi.

Multiplying left and right hand side by W 1−εw
t gives me the following expression for the aggrgeate

final wage Wt:

W 1−εw
t =

∫ 1

0

Wt(i)
1−εwdi, (171)

Now I move on to the household i’s optimization problem, which is given by:

max
{Wt(i)}

Et

{ ∞∑
s=0

(βψw)
s

[
λt+s

Wt(i)Π
j=s
j=1ω

adj
t+j

Pt+s
ht+s(i)− χ

ht+s(i)
1+ϕ

1 + ϕ

]}
,

Substitution of the labor demand curve (170) results in the following optimization problem:

max
{Wt(i)}

Et


∞∑
s=0

(βψw)
s

λt+sWt+s

Pt+s

(
Wt(i)Π

j=s
j=1ω

adj
t+j

Wt+s

)1−εw

ht+s − χ

(
Wt(i)Π

j=s
j=1ω

adj
t+j

Wt+s

)−εw(1+ϕ)
h1+ϕ
t+s

1 + ϕ

 ,

Taking the first order condition with respect to the price Wt(i) results in the following first order

condition:

(εw − 1)Et

 ∞∑
s=0

(βψw)
s
λt+swt+s

1

Wt(i)

(
Wt(i)Π

j=s
j=1ω

adj
t+j

Wt+s

)1−εw

ht+s


= εw (1 + ϕ)Et

 ∞∑
s=0

(βψw)
s
χ

1

Wt(i)

(
Wt(i)Π

j=s
j=1ω

adj
t+j

Wt+s

)−εw(1+ϕ)
h1+ϕ
t+s

1 + ϕ

 ,
where wt+s = Wt+s/Pt+s. This equation can be rewritten in the following way:

(εw − 1)
Wt(i)

−εw

W 1−εw
t

Et

 ∞∑
s=0

(βψw)
s

(
WtΠ

j=s
j=1ω

adj
t+j

Wt+s

)1−εw

λt+swt+sht+s


= χεw

Wt(i)
−εw(1+ϕ)−1

W
−εw(1+ϕ)
t

Et

 ∞∑
s=0

(βψw)
s

(
WtΠ

j=s
j=1ω

adj
t+j

Wt+s

)−εw(1+ϕ)

h1+ϕ
t+s

 ,
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Further rewriting gives:

(
W ∗t
Wt

)1+εwϕ

= χ

(
εw

εw − 1

) Et

[∑∞
s=0 (βψw)

s

(
Πj=s
j=1

πwt+j

ωadjt+j

)εw(1+ϕ)

h1+ϕ
t+s

]

Et

[∑∞
s=0 (βψw)

s
λt+swt+s

(
Πj=s
j=1

πwt+j

ωadjt+j

)εw−1

ht+s

] ,

where I have replaced Wt(i) by W ∗t , and where πwt ≡ Wt/Wt−1 = (wt/wt−1)πt. Defining the

relative new wage ω∗t ≡W ∗t /Wt, I can rewrite the first order condition in the following way:

(ω∗t )
1+εwϕ = χ

(
εw

εw − 1

)
Ξw1,t
Ξw2,t

, (172)

where Ξw1,t and Ξw2,t are given by:

Ξw1,t = h1+ϕ
t + βψwEt

(πwt+1

ωadjt+1

)εw(1+ϕ)

Ξw1,t+1

 , (173)

Ξw2,t = λtwtht + βψwEt

(πwt+1

ωadjt+1

)εw−1

Ξw2,t+1

 , (174)

Now that I have found the first order condition for the households that allowed to set a new

wage rate Wt(i), I seek to derive an expression for the final wage rate (171), which I can write

in the following way:

W 1−εw
t = (1− ψw) (W ∗t )

1−εw+(1− ψw)ψw

(
ωadjt W ∗t−1

)1−εw
+(1− ψw)ψ2

w

(
ωadjt ωadjt−1W

∗
t−2

)1−εw
....

(175)

Shifitng the time index one period back, and multiplying left and right hand side by ψw

(
ωadjt

)1−εw

gives me the following expression:

ψw

(
ωadjt Wt−1

)1−εw
= (1− ψw)ψw

(
ωadjt W ∗t−1

)1−εw
+ (1− ψw)ψ2

w

(
ωadjt ωadjt−1W

∗
t−2

)1−εw
....

This allows me to rewrite equation (175) in the following way:

W 1−εw
t = (1− ψw) (W ∗t )

1−εw + ψw

(
ωadjt Wt−1

)1−εw
(176)

Dividing left and right hand side by W 1−εw
t allows me to rewrite equation (176) in the following

way:

1 = (1− ψw) (ω∗t )
1−εw + ψw

(
πwt

ωadjt

)εw−1

(177)
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I employ a similar technique to find the wage dispersion Dwt ≡
∫ 1

0

(
Wt(i)
Wt

)−εw
di:

Dwt = (1− ψw)

(
W ∗t
Wt

)−εw
+(1− ψw)ψw

(
ωadjt W ∗t−1

Wt

)−εw
+(1− ψw)ψ2

w

(
ωadjt ωadjt−1W

∗
t−2

Wt

)−εw
+.....

(178)

Iterating one period back, and multiplying with ψw

(
ωadjt Wt−1/Wt

)−εw
provides me with the

following equation:

ψw

(
ωadjt Wt−1

Wt

)−εw
Dwt−1 = (1− ψw)ψw

(
ωadjt W ∗t−1

Wt

)−εw
+(1− ψw)ψ2

w

(
ωadjt ωadjt−1W

∗
t−2

Wt

)−εw
+.....

This expression allows me to rewrite equation (178) in the following way:

Dwt = (1− ψw)

(
W ∗t
Wt

)−εw
+ ψw

(
ωadjt Wt−1

Wt

)−εw
Dwt−1

= (1− ψw) (ω∗t )
−εw + ψw

(
πwt

ωadjt

)εw
Dwt−1. (179)

C.4 Government

C.4.1 Fiscal Authority

The government issues debt that is long-term, and its maturity structure follows Woodford (1998,

2001). Let qbt be the price expressed in terms of the final good of outstanding nominal bonds

Bt. Therefore, the government raises nominal revenue qbtBt from debt issue in period t. A bond

Bt−1 issued in period t− 1 delivers a nominal cash flow xc in period t, (1− ρ)xc in period t+ 1,

(1− ρ)
2
xc in period t + 2, etc.27Therefore, the cash flow from a bond issued in period t − 1

equals a fraction 1− ρ of the cash flow from a bond issued in period t. As such, its price equals

(1− ρ) qbt , where qbt is the price of a bond issued in period t.

To determine the nominal and the real return on government bonds, I start by considering a

government bond Bt−1 issued in period t−1: purchasing such a bond requires investors to pay a

nominal amount qbt−1Bt−1 in period t−1, and delivers a nominal cash flow xcBt−1+(1− ρ) qbtBt−1

in period t. Hence the nominal return on bonds rn,bt is given by:

1 + rn,bt =
xc + (1− ρ) qbt

qbt−1

. (180)

The same bond requires investors to pay an amount (in terms of the final good) equal to

qbt−1Bt−1/Pt−1 = qbt−1bt−1, where bt ≡ Bt/Pt. In period t, such a bond delivers a cash flow

27The average maturity of government debt is given by

∑∞
j=1 j(1−ρ)

j−1xc∑∞
j=1(1−ρ)j−1xc

= 1/ρ, which is therefore effectively

determined by ρ.

81



(in terms of the final good) equal to xcBt−1/Pt+ (1− ρ) qbtBt−1/Pt =
xc+(1−ρ)qbt

πt
bt−1. Hence the

real return on bonds rbt (in terms of the final good) is given by:

1 + rbt =
xc + (1− ρ) qbt

πtqbt−1

, (181)

where πt denotes the gross inflation rate of the final good. The government also raises revenue

by levying lump sum taxes τt on households and central bank profits Πcb
t , both in terms of the

final good. Finally, the government also receives the funds ñgt from repayment of previously

administered financial sector support. Government revenues are used to pay for government

purchases of the final good gt, which is given by an AR(1) process, for servicing existing liabilities(
1 + rbt

)
qbt−1bt−1, and for assistance to the financial sector by injecting new net worth ngt . The

government budget constraint (in terms of the final good) is therefore given by:

qbt bt + τt + Πcb
t + ñgt = gt + ngt +

(
1 + rbt

)
qbt−1bt−1. (182)

The tax rule of the government is given by a rule which makes sure the intertemporal government

budget constraint is satisfied (Bohn, 1998):

τt = τ̄ + κb(bt−1 − b̄) + κnn
g
t , κb ∈ (0, 1], κn ∈ [0, 1]. (183)

where b̄ is the steady state level of debt. κn controls the way government transfers to the financial

sector are financed. If κn = 0, support is financed by new debt. κn = 1 implies that the addi-

tional spending is completely financed by increasing lump sum taxes. I parametrize government

support as follows:

ngt = τnt nt−1, (184)

τnt = ζεξ,t−l, ζ ≤ 0, l ≥ 0.

Thus the government provides funds to the financial sector if ζ < 0 (a negative shock εξ,t−l

to the quality of capital). Depending on the value of l, the government can provide support

instantaneously (l = 0), or with a lag (l > 0). Furthermore, ϑ indicates the extent to which the

government support needs to be repaid:

ñgt = ϑngt−e, ϑ ≥ 0, e ≥ 1. (185)

ϑ = 0 means the support is a gift from the government. In case ϑ = 1, the government aid

is a zero interest loan, while a ϑ > 1 implies that financial intermediaries have to pay interest

over the support received earlier.28 The parameter e denotes the amount of time after which the

28The case where ϑ > 1 happened in the Netherlands, where financial intermediaries received government
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government support has to be repaid.

C.5 Aggregation

I start by dividing intermediate goods producers’ factor demand for capital (155) by the factor

demand for labor (156):

ki,t−1

hi,t
=

(
α

1− α

)
wt[

qkt−1(1 + rkt )− qkt (1− δ)ξt
] .

Since the individual intermediate goods producer’s capital-labor ratio does not depend on firm-

specific variables, I know that every intermediate goods producer will choose the same capital-

labor ratio in equilibrium. Therefore, I can write down the aggregate capital-labor ratio:

kt−1

ht
=

(
α

1− α

)
wt[

qkt−1(1 + rkt )− qkt (1− δ)ξt
] .

Now I can calculate aggregate supply by integrating the left and right hand side of the individual

intermediate goods producer’s production function yi,t = zt(ξtki,t−1)αh1−α
i,t :

∫ 1

0

zt(ξtki,t−1)αh1−α
i,t di = ztξ

α
t

(kt−1

ht

)α ∫ 1

0

hi,tdi = zt(ξtkt−1)αht
1−α,

while integration over yi,t gives:∫ 1

0

yi,tdf = yt

∫ 1

0

(
P ft /Pt

)−εp,t
df = Dpt yt.

So I get the following relation for aggregate supply yt:

Dpt yt = zt(ξtkt−1)αht
1−α. (186)

aid with a penalty rate of 50 percent. EU state support rules usually require financial intermediaries to repay
previously received state support with a penalty rate.
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D First Order Conditions & Equilibrium

D.1 First Order Conditions

The household’s first order conditions are given by:

λt = εct (ct − υct−1)
−1 − βυEt

[
εct+1 (ct+1 − υct)−1

]
, (187)

1 = Et
[
βΛt,t+1

(
1 + rdt+1

)]
, (188)

1 = Et

βΛt,t+1

 (
1 + rkt+1

)
qkt

qkt + κsk,h

(
sk,ht − ŝk,h

)
 , (189)

1 = Et

βΛt,t+1

 (
1 + rbt+1

)
qbt

qbt + κsb,h

(
sb,ht − ŝb,h

)
 , (190)
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where Λt,t+1 = λt+1/λt. The first order conditions for financial intermediaries are given by:

ηkt = λk

(
µt

1 + µt

)
+

χt
1 + µt

− θkt
(

ψcbt
1 + µt

)
(191)

ηbt = λb

(
µt

1 + µt

)
+

χt
1 + µt

− θbt
(

ψcbt
1 + µt

)
(192)

ηRt =
χt

1 + µt
−
(

ψRt
1 + µt

)
(193)

ηt =
χt

1 + µt
− ϑt

(
ψRt

1 + µt

)
, (194)

ηcbt =
χt

1 + µt
− ψcbt

1 + µt
(195)

ηkt = Et
{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rkt+1 + τnt+1 − τ̃nt+1

)}
, (196)

ηbt = Et
{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rbt+1 + τnt+1 − τ̃nt+1

)}
, (197)

ηRt = Et
{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rRt+1 + τnt+1 − τ̃nt+1

)}
, (198)

ηt = Et
{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rdt+1 + τnt+1 − τ̃nt+1

)}
, (199)

ηcbt = Et
{
βΛt,t+1 [(1− σ) + σχt+1]

(
1 + rcbt+1 + τnt+1 − τ̃nt+1

)}
, (200)

χtnt = λkq
k
t s
k,p
t + λbq

b
ts
b,p
t , (201)

nt = σ
[ (

1 + rkt
)
qkt−1s

k,p
t−1 +

(
1 + rbt

)
qbt−1s

b,p
t−1 +

(
1 + rRt

)
mR
t−1

−
(

1 + rdt

)
dt−1 −

(
1 + rcbt

)
dcbt−1

]
+ χbnt−1 + ngt − ñ

g
t , (202)

ψRt = 0, (203)

pt = qkt s
k,p
t + qbts

b,p
t +mR

t , (204)

pt = nt + dt + dcbt , (205)

ωkt = qkt s
k,p
t /pt, (206)

pt = φtnt, (207)

dcbt = θkt q
k
t s
k,p
t + θbtq

b
ts
b,p
t , (208)
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where I have taken κkt = qkt and κbt = qbt , and λR = 0. The first order conditions for price setting

are given by:

π∗t =

(
εpt

εpt − 1

)
Ξ1,t

Ξ2,t
, (209)

πadjt = πγPt−1, (210)

Ξ1,t = λtmtyt + βψpEt

(πt+1

πadjt+1

)εpt
Ξ1,t+1

 , (211)

Ξ1,t = λtyt + βψpEt

(πt+1

πadjt+1

)εpt−1

Ξ2,t+1

 , (212)

1 = (1− ψp) (π∗t )
1−εpt + ψp

(
πt

πadjt

)εpt−1

. (213)

Dpt = (1− ψp) (π∗t )
−εpt + ψp

(
πt

πadjt

)εpt
Dpt−1. (214)

The first order conditions for wage setting are given by:

πwt =

(
wt
wt−1

)
πt, (215)

(ω∗t )
1+εwt ϕ = χ

(
εwt

εwt − 1

)
Ξw1,t
Ξw2,t

, (216)

ωadjt =
(
πwt−1

)γW
, (217)

Ξw1,t = h1+ϕ
t + βψwEt

(πwt+1

ωadjt+1

)εwt (1+ϕ)

Ξw1,t+1

 , (218)

Ξw2,t = λtwtht + βψwEt

(πwt+1

ωadjt+1

)εwt −1

Ξw2,t+1

 , (219)

1 = (1− ψw) (ω∗t )
1−εwt + ψw

(
πwt

ωadjt

)εwt −1

(220)

Dwt = (1− ψw) (ω∗t )
−εwt + ψw

(
πwt

ωadjt

)εwt
Dwt−1. (221)
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Production equations are given by:

mt = α−α(1− α)α−1z−1
t

(
w1−α
t

[
qkt−1(1 + rkt )ξ−1

t − qkt (1− δ)
]α)

, (222)

kt−1

ht
=

(
α

1− α

)
wt[

qkt−1(1 + rkt )− qkt (1− δ)ξt
] , (223)

kt = (1− δ) ξtkt−1 +

[
1− γ

2

(
it
it−1

− 1

)2
]
εitit, (224)

1

qkt
=

[
1− γ

2

(
it
it−1

− 1

)2
]
εit − γ

(
it
it−1

− 1

)(
it
it−1

)
εit

+ Et

[
βΛt,t+1

qkt+1

qkt

(
it+1

it

)2

γ

(
it+1

it
− 1

)
εit+1

]
, (225)

Dpt yt = zt(ξtkt−1)αht
1−α. (226)

The first order conditions for the fiscal authority are given by:

qbt bt + τt + ∆cb
t + ñgt = gt + ngt +

(
1 + rbt

)
qbt−1bt−1, (227)

log (gt/ḡ) = ρg log (gt−1/ḡ) + εg,t, (228)

τt = τ̄ + κb(bt−1 − b̄) + κnn
g
t , (229)

ngt = τnt nt−1, (230)

τnt = ζεξ,t−l, (231)

ñgt = ϑngt−e, (232)

τ̃nt = ngt /nt−1. (233)
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The first order conditions for the central bank are given by:

dcbt = ncbt +mR
t , (234)

ncb∗t =
(
1 + rcbt

)
dcbt−1 − (1 + rrt )m

R
t−1. (235)

∆cb
t = δcbt n

cb∗
t , (236)

ncbt =
(
1− δcbt

)
ncb∗t , (237)

δcbt = δ̄cb, (238)

rn,r∗t = r̄n,r + κπ (πt − π̄) + κ log (yt/yt−1), (239)

rn,rt = (1− ρr) rn,r∗t + ρrr
n,r
t−1 + εr,t, (240)

rn,cbt = rn,rt − Γcbt , (241)

Γcbt = Γ̄cb + κcb
(
cbt − c̄b

)
+ κξ

(
ξt − ξ̄

)
, (242)

θkt = θ̄k, (243)

θbt = θ̄b, (244)

ϑt = ϑ̄, (245)

The relation to the nominal return and real return on assets are given by:

1 + rbt =
xc + (1− ρ) qbt

πtqbt−1

, (246)

1 + rRt =
1 + rn,rt−1

πt
, (247)

1 + rcbt =
1 + rn,cbt−1

πt
, (248)

1 + rdt =
1 + rnt−1

πt
, (249)

Market clearing conditions are given by:

kt = sk,pt + sk,ht , (250)

bt = sb,pt + sb,ht , (251)

yt = ct + it + gt +
1

2
κsk,h

(
sk,ht − ŝk,h

)2

+
1

2
κsb,h

(
sb,ht − ŝb,h

)2

. (252)
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And finally, exogenous processes are given by:

log (zt) = ρz log (zt−1) + εz,t, (253)

log (ξt) = ρa log (ξt−1) + εξ,t. (254)

log (εct) = ρc log
(
εct−1

)
+ εc,t. (255)

log
(
εit
)

= ρi log
(
εit−1

)
+ εi,t. (256)

log

(
εpt
ε̄p

)
= ρp log

(
εpt−1

ε̄p

)
+ εp,t, (257)

log

(
εwt
ε̄w

)
= ρw log

(
εwt−1

ε̄w

)
+ εw,t. (258)

D.2 Equilibrium Conditions

Let ct−1, s
k,h
t−1, s

b,h
t−1, dt−1, s

k,p
t−1, s

b,p
t−1,m

R
t−1, nt−1, d

cb
t−1, kt−1, it−1, bt−1, yt−1, r

n
t−1, r

n,r
t−1, r

n,cb
t−1 , πt−1, π

w
t−1

be the endogenous state-variables, while zt, ξt, ε
c
t , ε

i
t, ε

p
t , ε

w
t be the exogenous state-variables.

A recursive competitive equilibrium is a sequence of quantities and prices ct, λt, ht, s
k,h
t , sb,ht ,

ηkt , η
b
t , η

R
t , ηt, η

cb
t , χt, µt, ψ

R
t , ψ

cb
t , φt, nt,s

k,p
t , sb,pt ,mR

t , pt, dt, d
cb
t , ω

k
t , q

k
t , q

b
t , r

k
t , r

b
t , r

R
t , r

d
t , r

cb
t ,

wt,mt, πt, π
∗
t , π

adj
t ,Ξ1,t,Ξ2,t,Dpt , πwt , ω∗t , ω

adj
t ,Ξw1,t,Ξ

w
2,t,Dwt , it, kt, yt,

bt, gt, n
g
t , ñ

g
t , τt, τ

n
t , τ̃

n
t , and rnt , r

n,r
t , rn,r∗t , rn,cbt ,Γcbt ,∆

cb
t , n

cb
t , n

cb∗
t , δcbt , θ

k
t , θ

b
t , ϑt, and exogenous shocks

zt, ξt, ε
c
t , ε

i
t, ε

p
t , ε

w
t such that:

(i) Households optimize taking prices as given: (187) - (190), together with the wage setting

equations (215) - (221).

(ii) Financial intermediaries optimize taking prices as given: (191) - (208).

(iii) Capital producers optimize taking prices as given: (224) - (225).

(iv) Intermediate goods producers optimize taking prices as given: (222) - (223)

(v) Retail goods producers that are allowed to change prices optimize taking input prices mt

as given: (209) - (214).

(vi) Final goods producers optimize taking prices as given: (226).

(vii) Asset markets clear: (250) - (251).

(viii) The goods market clears: (252).

(ix) The fiscal variables evolve according to: (227) - (233).

(x) The monetary variables evolve according to: (??) - (245), and (246) - (249).

(xi) Exogenous processes evolve according to: (253) and (258).
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E Model variants

In this Appendix I describe two model variants to check that my results in the main text are

robust under alternative specifications. The first feature for which I check is sovereign default

risk, while the second robustness check consists of checking whether my results continue to hold

in a small open economy that is a member of a currency union.

E.1 Introducing sovereign default risk

I introduce sovereign default risk by following Corsetti et al. (2013) and Schabert and van Wi-

jnbergen (2014). The result is a setup that is very similar to that in van der Kwaak and van

Wijnbergen (2017).

Households and financial intermediaries determine in period t − 1 how many government

bonds to buy. Just as before, government bonds pay a gross return 1 + rbt (equation (10)) at the

beginning of period t in case the government does not default. However, with probability pdeft the

fiscal authority defaults at the beginning of period t, and imposes a haircut ϑ on both the cash

flow xc, as well as on the remaining stock of outstanding bonds. This default is caused by the

fact that the level of taxes that needs to be raised according to the tax rule exceeds a stochastic

maximum level of taxation (Corsetti et al., 2013; Schabert and van Wijnbergen, 2014). So in

that case the return is equal to (1− ϑ)
(
1 + rbt

)
. As a result, the expected return on government

bonds 1 + rb∗t at the beginning of period t (before the default decision is taken) is given by:

1 + rb∗t =
(

1− pdeft

) (
1 + rbt

)
+ pdeft (1− ϑ)

(
1 + rbt

)
=
(

1− pdeft ϑ
) (

1 + rbt
)
, (259)

The probability of default pdeft depends on the stock of government debt bt using a generalized

beta-distribution as in Corsetti et al. (2013):

pdeft = Fβ

(
bt
4ȳ

1

b̄max
;αb, βb

)
, (260)

where αb, βb and b̄max are parameters of the beta-dsitribution.29

In case of default the government does not have to refinance outstanding liabilities, and

thus saves an amount
(
1 + rbt

)
qbt−1bt−1. Just as in Corsetti et al. (2013) and Schabert and van

Wijnbergen (2014), however, I assume that these savings are effectively transferred to households

by reducing their lump sum taxes from τt in the case of no default (equation (9)) to τ̃t:

τ̃t = τt −
(
1 + rbt

)
qbt−1bt−1. (261)

As a result, the government budget constraint ex post default is given by the following expression

29Note that b̄max is a parameter determining the probability of default, and does not refer to a maximum level
of debt. In both Corsetti et al. (2013) and my setup there is only a stochastic maximum level of taxation, while
there is no limit to the amount of debt that the sovereign can issue.
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(compare with expression(9)):

qbt bt + τ̃t + ∆cb
t = gt. (262)

Substitution of the ex post default level of lump sum taxes (261) into the ex post default gov-

ernment budget constraint (262) shows that the government budget constraint is not directly

affected by the default, as the budget constraint is identical to the budget constraint (9) in the

main text:

qbt bt + τt + ∆cb
t = gt +

(
1 + rbt

)
qbt−1bt−1. (263)

Although the default will not directly affect the government budget constraint, there will be

an indirect effect: households and intermediaries do not anticipate that the default gains will

be transferred to households in the form of lower lump sum taxes. In addition, households’

default gains will be used to compensate financial intermediaries under their ownership for the

default losses incurred by these intermediaries. As a result of the fact that both households and

intermediaries do not anticipate the lower lump sum taxes and the recapitalization, respectively,

their first order conditions for bond holdings will feature rb∗t rather than rbt . As a result, the

probability that the government might default will be priced in by households and intermediaries,

and affect the equilibrium bond price and expected return. However, intermediaries’ aggregate

law of motion still features rbt , as they do not incur any default losses ex post.

Finally, I adjust the rule for lump sum taxes τt, and include a feedback from output to taxes:

τt = τ̄ + κb
(
bt−1 − b̄

)
+ κnn

g
t + κτ,y (yt − ȳ) . (264)

I introduce the output term for two reasons. First, such a feedback captures the fact that tax

revenues deteriorate significantly in a financial crisis. As my model does not feature distortionary

taxes through which such a reduction would automatically occur, introducing a feedback on the

level of lump sum taxes achieves the same goal.

Second, sovereign default risk will only increase in my model when the level of debt bt in-

creases. In my model, however, there is only a small increase in debt during a financial crisis,

as the government does not engage in countercyclical fiscal policy. Reducing the level of lump

sum taxes then forces the government to issue more debt, which then subsequently increases

sovereign default risk.

To sum up: the introduction of sovereign default risk changes the first order conditions for

households’ and intermediaries’ bond holdings, in which rbt is replaced by rb∗t . In addition, I see

the introduction of two new variables, namely rb∗t and pdeft . Consequently, I introduce two new

equations, namely (259) and (260).
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E.2 Small open economy member of a currency union

In this subsection I adjust my closed-economy setup to a small open economy member of a

currency union by largely following ?. Specifically, the following adjustments are made. First,

the nominal interest rate is permanently set equal to the steady state nominal interest rate.

Second, the Italian consumption and investment goods are constructed by combining domestically

produced goods and foreign produced goods with a constant elasticity of substitution between

them. Third, Italy is a small economy relative to the rest of the Eurozone. Fourth, Italian

banks only have domestic deposits. Fifth, there is a net foreign asset that domestic households

can purchase. Households are borrowing from the rest of the Eurozone when net foreign asset

holdings are negative. Sixth, the government only purchases domestically produced goods. Below

I discuss the model parts that are different from the closed-economy setup.

E.2.1 Households

The households’ maximization objective is the same as in the closed-economy version. However,

their budget constraint is extended by providing households the opportunity to hold foreign assets

Ft which pay a nominal interest rate rn,ft in period t+ 1. However, there quadratic adjustment

costs in the deviation of households’ holdings of foreign assets (in terms of the consumption price

index Pt) from a target level f̄ . Households’ nominal budget constraint is therefore given by:

PtCt +Dt + Ft +
1

2
κf

(
Ft
Pt
− f̄

)2

+ Ptτt = Wtht + (1 + rnt−1)Dt−1 + (1 + rn,ft−1)Ft−1 + Πt.

This budget constraint can be divided by the consumer price index (CPI) Pt to obtain the budget

constraint in terms of the CPI:

ct + dt + ft +
1

2
κf
(
ft − f̄

)2
+ τt = wtht +

(
1 + rdt

)
dt−1 +

(
1 + rft

)
ft−1 + Pt, (265)

where xt ≡ Xt/Pt. The real interest rate rft is given by:

1 + rft =
1 + rn,ft−1

πt
. (266)

The resulting first order condition for net foreign assets is then given by:

ft : Et

[
β
λt+1

λt

(
1 + rft+1

1 + κf
(
ft − f̄

))] = 1, (267)

whereas all the other first order conditions are identical to the one in the closed economy.

Households’ consumption bundle ct is an aggregate of domestically produced goods cht and
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foreign goods cft :

ct =

[
(1− υc)

1
ηc

(
cht
) ηc−1

ηc + υ
1
ηc
c

(
cft

) ηc−1
ηc

] ηc
ηc−1

, (268)

Households purchase cht and cft at a nominal price Pht and P ft respectively. They choose cht

and cft in such a way that their expenditures Pht c
h
t + P ft c

f
t to obtain a consumption level ct are

minimized. This results in the following first order conditions:

cht : cht = (1− υc)
(
Pht
Pt

)−ηc
ct, (269)

cft : cft = υc

(
P ft
Pt

)−ηc
ct, (270)

The domestic Consumer Price Index (CPI) Pt is obtained through substitution of (269) and

(270) into the aggregate domestic consumption bundle (268):

P 1−ηc
t = (1− υc)

(
Pht
)1−ηc

+ υc

(
P ft

)1−ηc
. (271)

Division of equation (271) by P 1−ηc
t results in the following expression:

1 = (1− υc)
(
pht
)1−ηc

+ υc

(
pft

)1−ηc
. (272)

with the relative prices pht ≡ Pht /Pt and pft ≡ P
f
t /Pt of domestically and foreign produced goods,

respectively, expressed in terms of the consumper price index.

E.2.2 Importers

Importers purchase consumption bundles cmt from every country m ∈ [0, 1] to construct an

aggregate cft of imported goods:

cft =

[∫ 1

0

(cmt )
γ−1
γ dm

] γ
γ−1

, (273)

where cmt is the final good that is produced in country m. Importers take the price P ft at which

the aggregate imported good cft is sold in the domestic economy as given, as well as the price Pmt

of good cmt from country m. Importers decide how many consumption goods cmt to purchase from

each country m ∈ [0, 1] with the goal of maximizing profits P ft c
f
t −

∫ 1

0
Pmt c

m
t dm subject to the

bundling technology (273). The first order condition for the amount of goods cmt (h) purchased

from country m by domestic importers is given by:

cmt (h) =

(
Pmt

P ft

)−γ
cft . (274)
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By argument of symmetry, the demand cht (m) from countrym ∈ [0, 1] for goods from the domestic

economy h is then given by:

cht (m) =

(
Pht

P f∗t (m)

)−γc
cf∗t (m), (275)

where cf∗t (m) denotes the index of final goods imported from other countries in the monetary

union to country m for consumption, and P f∗t (m) the price index of this imported consumption

good. Total foreign demand ch,∗t for domestically produced goods can be found by aggregating

over all countries m ∈ [0, 1]:

ch,∗t =

∫ 1

0

cht (m)dm =

∫ 1

0

(
Pht

P f∗t (m)

)−γ∗c
cf∗t (m)dm (276)

The demand for foreign goods cf∗t (m) in country m is qualitatively the same as for the domestic

economy:

cf∗t (m) = υ∗c

(
P f∗t (m)

P ∗t (m)

)−η∗c
c∗t (m). (277)

where P ∗t (m) is the consumer price index in country m, and c∗t (m) the aggregated consumption

good obtained from combining domestic and foreign goods. I assume that all the other countries

of the monetary union are the same, and face the same shocks with correlation one. Therefore,

the consumer price index P ∗t (m) will be the same in every country m other than the domestic

economy: P ∗t (m) = P ∗t . Since the domestic economy is a small member of the monetary union,

the price Pht at which domestically produced goods are sold to other countries in the monetary

union will have a negligible influence on foreign consumer price indices. Therefore, I can write

P f∗t (m) = P ∗t (m) = P ∗t , and equation (277) can be rewritten as:

cf∗t (m) = υ∗c c
∗
t (m). (278)

Substitution into equation (276), together with P f∗t (m) = P ∗t gives:

ch,∗t =

∫ 1

0

cht (m)dm =

∫ 1

0

(
Pht
P ∗t

)−γ∗c
υ∗c c
∗
t (m)dm = υ∗c

(
Pht
P ∗t

)−γ∗c
c∗t (279)

Now I substitute P ∗t = P ft since the domestic economy is a small member of the monetary union.

As a result, the foreign consumption demand for domestically produced goods ch,∗t can be written

as:

ch,∗t = υ∗c

(
Pht

P ft

)−γ∗c
c∗t = υ∗cS

γ∗c
t c∗t , (280)
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where St denotes the terms of trade, which is defined as St ≡ P ft /Pht .

E.2.3 Investment

Aggregate domestic investment consists of an investment bundle it which is an aggregate of

domestically produced goods iht and foreign goods ift :

it =

[
(1− υi)

1
ηi

(
iht
) ηi−1

ηi + υ
1
ηi
i

(
ift

) ηi−1

ηi

] ηi
ηi−1

, (281)

Capital goods producers minimize expenditures Pht i
h
t + P ft i

f
t on domestic and foreign goods

while taking the aggregation technology (281) into account, resulting in the following first order

conditions:

iht : iht = (1− υi)
(
Pht
P it

)−ηi
it, (282)

ift : ift = υi

(
P ft
P it

)−ηi
it, (283)

where P it is the price of the domestic Investment Price Index (IPI), which can be found by

substitution of (282) and (283) into the aggregate domestic investment bundle (281):

(
P it
)1−ηi

= (1− υi)
(
Pht
)1−ηi

+ υi

(
P ft

)1−ηi
. (284)

Division by P 1−ηi
t allows me to write (284) in the following way:

(
pit
)1−ηi

= (1− υi)
(
pht
)1−ηi

+ υi

(
pft

)1−ηi
. (285)

with the relative price pit ≡ P it /Pt. The expression for the period t profits of the capital goods

producers becomes the following:

Πi
t = qkt kt − qkt (1− δ) kt−1 − pitit = qkt

[
1− 1

2
γk

(
it
it−1

− 1

)2
]
it − pitit. (286)

As a result, the first order condition for investment changes into the following expression:

pit
qkt

=

[
1− γ

2

( it
it−1

− 1
)2
]
ιt −

γit
it−1

( it
it−1

− 1
)
ιt + βEt

[
Λt,t+1ιt+1

qkt+1

qkt

( it+1

it

)2

γ
( it+1

it
− 1
)]
,(287)

where as before ιt denotes the investment adjustment costs shock.

Finally, similar to the foreign demand for domestic goods for consumption purposes (equation
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(280)), I write down the foreign demand for domestic goods for foreign investment:

ih,∗t = υ∗i S
γ∗i
t i∗t , (288)

where i∗t is aggregate investment in the rest of the monetary union.

E.2.4 Domestic production

Domestic final goods are now sold at the price Pht instead of the consumer price index Pt, while

domestic retail goods producers sell their retail goods at price Phf,t instead of Pf,t. Therefore,

the demand of domestic final goods producers for retail good yf,t is now given by:

yf,t =

(
Phf,t
Pht

)−εp,t
yt. (289)

Next, I replace consumer price inflation πt by domestic producer price inflation πht ≡ Pht /P
h
t−1

in the first order conditions for the production sector, which are then given by:

π∗t =
εpt

εpt − 1

Ξ1,t

Ξ2,t
, (290)

πh,adjt =
(
πht−1

)γp
, (291)

Ξ1,t = λtmtyt + βψpEt

( πht+1

πh,adjt+1

)εpt
Ξ1,t+1

 , (292)

Ξ2,t = λtyt + βψpEt

( πht+1

πh,adjt+1

)εpt−1

Ξ2,t+1

 , (293)

1 = (1− ψp)(π∗t )1−εpt + ψp

(
πht

πh,adjt

)εpt−1

, (294)

Dt = (1− ψp)(π∗t )−ε
p
t + ψp

(
πht

πh,adjt

)εpt
Dt−1. (295)

E.2.5 Government

The fiscal authority only purchases domestic goods. As a result, the government budget con-

straint becomes:

qbt bt + τt + ∆cb
t = pht gt +

(
1 + rbt

)
qbt−1bt−1, (296)

with pht = Pht /Pt the relative price of domestically produced goods in terms of the consumer

price index.

The nominal interest rate does not respond to domestic economic developments, and is equal
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to the steady state interest rate plus an exogenous shock:

rnt = r̄n + εr,t, (297)

E.2.6 Domestic output & net international asset position

The market clearing condition for domestic output yt is given by:

yt = cht + ch,∗t + iht + ih,∗t + gt. (298)

The nominal trade balance T bt is given by:

T bt = Pht

(
ch,∗t + ih,∗t

)
− P ft

(
cft + ift

)
. (299)

I get the real trade balance τ bt through division by the domestic CPI Pt:

τ bt = pht

(
ch,∗t + ih,∗t

)
− pft

(
cft + ift

)
. (300)

This expression can be rewritten in the following way:

ch,∗t + ih,∗t =
τ bt + pft

(
cft + ift

)
pht

.

Substitution into the equation for domestic output (298) gives the following expression:

pht yt = pht c
h
t + pht i

h
t + τ bt + pft

(
cft + ift

)
+ pht gt. (301)

I rewrite the above expression into the following relation using the identities ct = pht c
h
t + pft c

f
t

and pit = pht i
h
t + pft i

f
t :

pht yt = ct + pitit + pht gt + τ bt , (302)

The nominal current account CAt consists of the nominal trade balance T bt plus the interest

payments on the internationally traded asset Ft:

CAt = T bt + rn,ft−1Ft−1. (303)

The current account Cat in terms of the domestic consumer price index is obtained through

division of the above expression by Pt :

Cat = τ bt +
rn,ft−1

πt
ft−1. (304)
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The nominal capital account CPt is equal to the difference between domestic households’ current

period holdings of the internationally traded asset and their previous period holdings:

CPt = Ft − Ft−1. (305)

I obtain the real capital account Cpt in terms of the domestic consumer price index through

division by Pt:

Cpt = ft −
ft−1

πt
. (306)

Next, the current account and the capital account must be equal in equilibrium:

Cat = Cpt . (307)

Finally, the law of motion for the net international asset position of households ft is derived

through substitution of (304) and (306) into (307):

ft = τ bt +

(
1 + rn,ft−1

πt

)
ft−1. (308)

E.2.7 Relations between prices and inflation rates

I define the terms of trade St as the nominal price of foreign goods over the nominal price of

domestically produced goods:

St ≡
P ft

P ft
, (309)

I define the real exchange rate Qt as the aggregate nominal foreign price level P ∗t over the

aggregate domestic consumer price index Pt:

Qt ≡
P ∗t
Pt
, (310)

I assume that the price of the foreign produced good is equal to the aggregate foreign price level

P ft = P ∗t because of my assumption that the domestic economy is a small country within the

monetary union. As a result, I can write pft in the following way:

pft ≡
P ft
Pt

=
P ∗t
Pt

= Qt. (311)

Similarly, I can write the relative price pht in the following way:

pht ≡
Pht
Pt

=
Pht

P ft

P ft
Pt

=
Qt
St
. (312)
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Next, consider the change in the real exchange rate Qt, which I can write in the following way:

Qt
Qt−1

=
P ∗t /Pt

P ∗t−1/Pt−1
=
π∗t
πt
. (313)

Finally, I rewrite the expression for the inflation rate πht of the domestic producer price index

Pht :

πht =
Pht
Pht−1

=
Pht
Pt
· Pt
Pt−1

· Pt−1

Pht−1

=

(
pht
pht−1

)
πt. (314)

F Data sources & preparation for estimation

In this section I describe the data sources and how I prepare the raw data for estimation of the

model. Data were collected from Eurostat, the European Central Bank, and Istat, the Italian

statistical agency. For the Bayesian estimation the time series are from 1998Q1-2007Q4, while

the time series for the moment estimation run from 2008Q1-2011Q4.

I download gross domestic product, household and NPISH final consumption expenditure,

gross fixed capital formation, and final consumption expenditure of general government, all

at current prices, from the Eurostat website. These time series represent nominal GDP, con-

sumption, investment, and government spending within my model respectively. In addition, I

download gross domestic product in chain-linked volumes (2010) million euros, which represents

real GDP. All time series are seasonally and calendar adjusted.

I calculate the GDP-deflator by dividing nominal GDP by real GDP. Next, I divide the time

series for nominal consumption, investment, and government spending by the GDP-deflator to

obtain a time series for real consumption, investment and government spending. Alternatively,

I could have downloaded chain-linked volumes time series for consumption, investment, and

government spending. However, output, consumption, investment and government spending

have the same price index within my model. As such, I should also have a common price index

when converting nominal empirical data to real data, which cannot be achieved by taking chain-

linked volumes for each individual time series, see also Pfeifer (2018).

To convert these real time series into per capita time series, I download working population

from the website of Istat. Specifically, I download the time series for the total labour force

15 years and more in thousands of persons. To obtain per capita time series for real output,

consumption, investment, and government spending, I divide the real time series by the total

labour force time series and multiply by 1000 to correct for the fact that the labour force is

expressed in thousands of persons while the real time series are measured in (2010) millions of

euros.

Inflation, measured as the quarter-to-quarter change in the consumer price index, coincides

with the producer price index within my closed-economy model. Therefore, my measure for

inflation is the quarter-to-quarter change in the GDP-deflator, rather than the empirical time
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series for the Italian consumer price index, which also includes foreign consumption goods.

I take “average number of actual weekly hours of work in main job for all employed persons”

as the time series for hours worked. This time series is downloaded from Eurostat.

I employ the time series for the Euribor 3-month money market interest rate as a proxy for the

policy rate (“Euro area (changing composition) - Money Market - Euribor 3-month - Historical

close, average of observations through period - Euro, provided by Reuters”). This time series

is downloaded from the ECB’s statistical warehouse. It is measured in percent per annum, so I

divide it by 400 to convert into a quarterly interest rate in decimals.

After having constructed time series in the above described way, I take the log of all time series

(including inflation and 1 plus the Euribor 3-month), and employ the one-sided HP-filter with

smoothing parameter 1600 to obtain the business cycle component of all time series (Pfeifer,

2018). Subsequently I throw away the first four observations as a ‘burn-in’, and demean the

resulting time series. Hence I end up with a time series with 36 observations running from

1999Q1 till 2007Q4, which is then employed in the Bayesian estimation.

Finally, I also obtain time series that are only used for the calibration and the moment-

matching exercise. These include time series for the interest rate on loans and the yield on

long-term government debt. Both time series are downloaded from the ECB’s statistical ware-

house. For the interest rate on loans I take the time series “Italy, Annualised agreed rate (AAR)

/ Narrowly defined effective rate (NDER), Credit and other institutions (MFI except MMFs

and central banks) reporting sector - Loans other than revolving loans and overdrafts, conve-

nience and extended credit card debt, Total initial rate fixation, Total amount, New business

coverage, Non-Financial corporations (S.11) sector, denominated in Euro” which has the code

MIR.M.IT.B.A2A.A.R.A.2240.EUR.N. For the interest rate on long-term government bonds I

take the time series “Italy, Long-term interest rate for convergence purposes - Unspecified rate

type, Debt security issued, 10 years maturity, New business coverage, denominated in Euro - Un-

specified counterpart sector” with code IRS.M.IT.L.L40.CI.0000.EUR.N.Z. Although I explain

in Appendix G.2.1 why the maturity of government bonds in my model is only 6 quarters, for

which one would like to employ bond yields with a shorter maturity, the above time series is the

only one available to the best of my knowledge. Both time series are measured in percent per

annum, so I divide by 400 to convert into a quarterly interest rate in decimals.

G Calibration & Estimation

I start this section by describing some modifications that I make to the standard New Keynesian

model without financial frictions, which is the model I am going to employ for the Bayesian esti-

mation procedure. Next, I describe the calibration of the parameters of this model that I do not

estimate, after which I describe how I calibrate the parameters relating to financial intermediaries

and the central bank within the full model. Subsequently, I discuss the priors and posteriors

of the Bayesian estimation procedure, as well as a robustness check that I perform. Finally, I
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describe the moment-matching exercise with which I pin down among others the coefficients in

front of households’ quadratic adjustment costs for corporate securities and government bonds.

G.1 Modifications to the standard New Keynesian model

I start by discussing two modifications to the standard closed economy New Keynesian model

without financial frictions. First, in this model there are no financial intermediaries, and therefore

there are no reserves on which the central bank can set the nominal interest rate. Therefore,

I need another asset on which the central bank can set the nominal interest. Because I want

government bond yields to be endogenously determined, just as in the model with financial

frictions, I introduce an asset which is in zero net supply and pays the nominal interest rate

set by the central bank. This way, the steady state return on this asset will be equal to the

steady state return on deposits in the model version with financial intermediaries and central

bank lending operations. The second modification consists of introducing a tax on the gross

return on corporate securities τk and government bonds τb. I do so to ensure that the pre-tax

steady state gross return on corporate securities and government bonds is equal to that in the

model version with financial frictions. Therefore, there will be a spread between the gross return

on corporate securities and government bonds before taxes on the one hand, and the return on

the asset in zero net supply on the other, just as there is a spread in the model version with

financial frictions, see also the online Appendix of Kirchner and van Wijnbergen (2016).

At this point, it is important to explain why my model version without financial frictions and

central bank lending operations features such a tax rather than the quadratic adjustment costs

that households are subject to in the model version with financial frictions. The reason is the

following. I saw in Section 3 that the coefficient κsb,h in front of the quadratic adjustment costs

for government bonds is a crucial parameter in determining the strength of the collateral effect.

And even though the coefficient κsk,h did not feature in the two-period model, it is likely to be

important for the strength of the collateral effect as well. As such, it is key for my quantitative

exercise to estimate these parameters using empirical data. However, I found in preliminary

Bayesian estimations that a model version in which these two parameters were estimated did not

converge. The reason for this failure to converge is the fact that households finance the entire

stock of government debt, and as such need to be able to hold any amount of government debt

in equilibrium. However, when households are subject to adjustment costs, they might not be

able to do so when the stock of government debt they need to hold in equilibrium is far away

from the reference level ŝb,h, as these adjustment costs increase quadratically in the deviation

from this reference level.

Therefore, I estimate a model version in which households are subject to a tax on the gross

return on corporate securities and government bonds to match the gross returns within the

model version with financial intermediaries and central bank lending operations. I subsequently

estimate the adjustment costs parameters κsb,h and κsk,h in a moment-matching exercise, see

Appendix G.4. I check whether the error I thus introduce into my parameter estimates is large
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by employing the point estimates for κsk,h and κsb,h in a Bayesian estimation of the model version

with quadratic adjustment costs (instead of the tax on the gross returns), see Appendix G.3.2.

Specifically, the introduction of a tax on the gross returns on corporate securities τk and

government bonds τb gives me the following first order conditions for households optimal choices

for corporate securities sk,hj,t , government bonds sb,hj,t , and the asset that is in zero net supply dj,t:

sk,hj,t : Et
[
βΛt,t+1 (1− τk)

(
1 + rkt+1

)]
= 1, (315)

sb,hj,t : Et
[
βΛt,t+1 (1− τb)

(
1 + rbt+1

)]
= 1, (316)

dj,t : Et
[
βΛt,t+1

(
1 + rdt+1

)]
= 1,

As the purpose of these taxes is to have a steady state return on corporate securities and gov-

ernment bonds equal to that in the model version with financial frictions, I assume that the

proceeds from these taxes are lump sum rebated to households.

Due to the absence of financial intermediaries, households hold the complete stock of corporate

securities and government bonds in equilibrium. Therefore, the market clearing conditions for

corporate securities, government bonds, and the asset in zero net supply are given by:

kt = sk,ht ,

bt = sb,ht ,

dt = 0.

G.2 Calibration

My model features a quarterly frequency. Below I discuss the calibration of parameters from

both the model with and without financial sector.

G.2.1 Model without financial frictions and central bank lending operations

Now that I have specified the modifications, I discuss the calibrated parameter values for the

model version without financial frictions and central bank lending operations. These parameters

can be divided into two groups. The first group consists of parameters whose value is either

directly chosen or taken from the literature, while the second group consists of parameters that

are manually adjusted to match specific first order moments in the data. Several of these targets

are taken from Bocola (2016), who employs a mix of calibration and estimation to match an

RBC-model enriched with financial frictions to the Italian economy. A list of calibration targets

can be found in Table 1, while Table 2 contains the resulting parameter values.

I start with the parameter values that are either directly chosen or taken from the literature.

The first of these is the capital income share α, for which I take the parameter value used by

Bocola (2016). Next I pick the feedback parameter from government debt to lump sum taxes

κb, as this parameter cannot be identified in a Bayesian estimation because of the presence of
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Ricardian equivalence in a model without financial frictions. I manually set this value to 0.05,

which is larger than the net real return on government bonds, in line with Bohn (1998). I

also handpick the steady state elasticity of substitution between different retail goods producers

ε̄p, and between different labor types ε̄w. Both are set at 11, which implies a steady state

markup of 10%. Parameter values for the Taylor-rule feedback coefficients for inflation κπ and

output κy as well as the interest rate smoothing parameter ρr and the standard deviation of

the interest rate shock σr are set to values commonly employed in the literature. I abstain

from estimating these parameters as Italian monetary policy is conducted by the ECB, which

conducts its monetary policy based on macrodevelopments in the Eurozone as a whole rather

than on macrodevelopments in Italy. As such, an estimation of the Taylor rule might produce

biased estimates.

Next I discuss the parameters that are manually adjusted to match specific first order mo-

ments. I set the subjective discount factor such that the steady state gross interest rate on

deposits is the same as in Bocola (2016). I also follow Bocola (2016) in setting the steady state

investment-GDP ratio and government spending-GDP ratio equal to 0.213 and 0.198 respec-

tively. I set steady state government debt equal to 100% of annual GDP, which is a lower bound

for the Italian debt-GDP ratio over the 1999Q1-2007Q4 period. The steady state gross inflation

rate is set to 1.005, implying a steady state net inflation rate of 2% per year, which is in line with

the ECB’s inflation target. I set the coupon payment xc on long-term government debt equal to

1% per quarter (which amounts to an annual coupon rate of 4% per year, in line with pre-crisis

average interest rates on long-term government debt), while the average maturity of government

debt is set to 6 quarters by adjusting ρ (Bocola, 2016).30

I also target the steady state credit spread (difference between the return on corporate secu-

rities and deposits) by taking the mean of the empirical time series for the credit spread over the

period 2000Q1-2007Q4. This time series is obtained by taking the difference between the interest

rate on loans and the Money Market 3-month Euribor interest rate, see Appendix F. I find an

average annual credit spread of 108 basis points, which amounts to an average quarterly spread

of 27 basis points. The time series for the credit spread starts in 2000Q1, as no data are available

for the interest rate on loans before 2000Q1. I also calculate the spread between the yield on

long-term government bonds and the Money Market 3-month Euribor, and find that the average

spread is slightly above the credit spread. Using this bond yield-deposit spread would result in

a diversion rate for government bonds λb that is (slightly) larger than the steady state diversion

rate on corporate securities λ̄k within the model version that includes financial frictions. As this

sharply contrasts with most of the literature featuring financial intermediaries with a portfolio

choice between corporate securities and government bonds (Gertler and Karadi, 2013; Kirchner

and van Wijnbergen, 2016), I reduce the steady state bond yield-deposit spread to ensure that

it is equal to the steady state credit spread, which I both set at 27 basis points per quarter. A

second reason why it is reasonable to reduce the bond yield-deposit spread is the fact that the

30Average maturity is calculated as

∑∞
j=1 j(1−ρ)

j∑∞
j=1(1−ρ)j = 1

ρ
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Target Definition Value Data
Households
1/β Interest rate on deposits 1.003 Bocola (2016)
h̄ Labor supply 0.318 Bocola (2016)
Financial targets
E[r̄k − r̄d] Credit spread (quarterly) 0.0027 See text
E[r̄b − r̄d] Bond yield-deposit spread (quarterly) 0.0027 See text
Aggregate targets
α Capital share 0.300 Bocola (2016)
ī/ȳ Investment-output ratio 0.213 Bocola (2016)
ḡ/ȳ Gov’t spending-output ratio 0.198 Bocola (2016)
q̄bb̄/ȳ Gov’t liabilities-output ratio (quarterly) 4 Lower bound 1999Q1-2007Q4
Government policy
1/ρ Maturity bonds (in quarters) 6 Bocola (2016)
xc Periodic cash-flow payment bonds 0.01 Annual net coupon rate of 4%
π̄ Inflation target central bank 1.005 2% annual net inflation

Table 1: Calibration targets for the model version without financial intermediaries and central
bank lending operations.

empirical time series for bond yields applies to government bonds with a maturity of 10 years,

see Appendix F, whereas the maturity in my model is only 6 quarters. Typically, government

bonds with a shorter maturity feature lower bond yields.

Finally, I set the coefficient in front of the (dis)utility function from labor Ψ such that

the steady state labor supply is equal to 0.318 following Bocola (2016). In addition, I adjust

the depreciation rate δ such that the above-mentioned steady state investment-GDP ratio and

credit spread are matched. Observe, though, that the value of Ψ and δ are affected by the

parameter values for the probability of changing prices (ψp) and wages (ψw), as well as the degree

of indexation for retail goods prices (γp) and wages (γw), which are estimated in a Bayesian

estimation. To be able to hit the above mentioned calibration targets during this estimation

procedure, I manually adjust Ψ and δ in a separate file that calculates the steady state for every

possible combination of ψp, ψw, γp, and γw, see Pfeifer (2018).

G.2.2 Model with financial frictions and central bank lending operations

Next I discuss the calibration of the model version that includes financial frictions and central

bank lending operations. First, this model version employs all the parameter values from the

model version without financial frictions, see Table 2. To calibrate parameters that only feature

in the model version with financial frictions and central bank lending operations, I target the

first order moments in Table 3.

Credit institutions in the Eurozone play a crucial role in the provision of credit to the real

economy, as they intermediate approximately 80% of debt financing to non-financial corpora-

tions (European Central Bank, 2015). I set the stock of government bonds held by financial
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Parameter Value Definition
Households
β 0.997 Discount rate
Ψ 30.5484 Relative utility weight of labor
Goods producers
α 0.300 Effective capital share
ε̄p 11 Elasticity of substitution (producers)
ε̄w 11 Elasticity of substitution (workers)
Capital good firms
δ 0.0203 Depreciation rate
Government policy
κb 0.050 Tax feedback parameter from government debt
τk 0.0027 Tax on gross return on corporate securities
τb 0.0027 Tax on gross return on government bonds
ρ 0.167 Maturity parameter bonds
κπ 1.500 Inflation feedback on nominal interest rate
κy 0.125 Output feedback on nominal interest rate
ρr 0.800 Interest rate smoothing parameter
σr 0.0025 Standard deviation interest rate shock

Table 2: Calibrated parameters for the model version without financial sector and central bank
lending operations. The parameter values for Ψ and δ depend on the value of parameters esti-
mated in the Bayesian estimation. The reported values for these two parameters are the values
that arise when I take the mean of the parameters estimated in the Bayesian estimation.

Target Definition Value Data
s̄k/k̄ Fraction of corp. securities held by intermediaries 0.8 See text
s̄b/b̄ Fraction of gov’t bonds held by intermediaries 0.10 See text
1/ (1− σ) Average life-time bankers 20 Gertler and Kiyotaki (2015)
φ̄ Leverage ratio 5 Bocola (2016)
λb/λk Relative diversion rate bonds over securities 1 See text
Γcb Interest spread r̄n,d − r̄n,cb 0 See main text
θk Collateral parameter corp. securities 0.4 See main text
θb Collateral parameter gov’t bonds 0.95 See main text
δ̄cb Fraction of pre-dividend CB net worth 0.10 See text

Table 3: Calibration targets for the model version including financial intermediaries and central
bank lending operations. The abbreviation “CB” refers to central bank.
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Parameter Value Definition
Financial intermediaries
σ 0.95 Probability of continuing as intermediary
χb 0.0382 Transfer share to new intermediaries
λb 0.3502 Diversion rate gov’t bonds
λ̄k 0.3502 Steady state diversion rate corp. securities
Central bank
θk 0.4 Collateral parameter corp. securities
θb 0.95 Collateral parameter gov’t bonds

Table 4: Calibrated parameters for the model version including financial intermediaries and
central bank lending operations.

intermediaries equal to 10% of the total stock of government debt. I follow Gertler and Kiyotaki

(2015) by setting the average life-time of bankers to be equal to 20 quarters, which results in a

probability of being allowed to continue operating of σ = 0.95. I explained in Section G.2.1 why

I set the steady state credit spread equal to the steady state bond yield-deposit spread, which

results in the relative diversion ratios of government bonds and corporate securities to be equal

to 1.31 Afterwards, I adjust the level of λk and λb such that the steady state leverage ratio is

equal to 5, see Bocola (2016). To ensure that the law of motion for intermediaries’ aggregate net

worth holds, I adjust the fraction of previous period net worth χb that families provide to new

financial intermediaries as starting net worth. I set the steady state fraction δ̄cb of pre-dividend

net worth n̄∗cb equal to 10%, while I already motivate my choices for θkt and θbt in the main text.

Table 4 reports the resulting values for parameters relating to the financial sector and central

bank lending operations.

The remaining parameters are determined in the moment matching exercise.

G.2.3 Model version including sovereign default risk

The model version with sovereign default risk contains four additional parameters, namely αb, βb,

κτ,y, and b̄max. The last parameter can be interpreted as the maximum level of debt enshrined

in the Maastricht Treaty, which is 60% of annual GDP. Therefore I set the market value of

maximum debt q̄bb̄max equal to 60% of annual steady state GDP.

The first two parameters are pinned down by targeting a steady state default probability p̄def

of 200 annual basis points, or 50 quarterly basis points. In addition, I target the first derivative

of the default probability function and ensure that it is equal to 0.2 in steady state. These two

targets and the steady state values of b̄, b̄max, and ȳ allow me to pin down αb = 32.2543 and

βb = 16.5907. The spread between the ex ante default steady state return on bonds r̄b and

31Note that λkt and λbt are not the legal capital requirements from Basel III (according to which λbt should be
equal to zero). Rather, λbt > 0 arises from an agency problem between two groups of private agents (namely
depositors and financial intermediaries). In this model, a positive steady state spread between the return on
bonds and deposits can only be attained when λbt > 0, see also Gertler and Karadi (2011) and Gertler and Karadi
(2013) for an elaborate discussion on diversion parameters.
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Parameter Value Definition
Sovereign default risk
αb 32.2543 Parameter default probability function (260)
βb 16.5907 Parameter default probability function (260)
κτ,y 5 Feedback from output on level of lump sum taxes
q̄bb̄max/ȳ 2.4 “Maximum level” of debt, Maastricht Treaty

Table 5: Calibrated parameters for the model version including sovereign default risk.

Parameter Value Definition
Small open economy
υc 0.5 Import share domestic consumption bundle
υi 0.5 Import share domestic investment bundle
ηc 7.512 Consumption elast. of subst. dom.& for. goods (Burriel et al., 2010)
ηi 7.851 Investment elast. of substit. dom.& for. goods (Burriel et al., 2010)
υ∗c 0.025 Import share foreign consumption bundle
υi 0.025 Import share foreign investment bundle
γ∗c 1 For. consumption elast. of subst. between goods from different countries
γ∗i 1 For. investment elast. of subst. between goods from different countries

Table 6: Calibrated parameters for the small open economy model version.

the ex post default return on government bonds r̄∗b , which should be equal to the return on a

government bond that is not subject to default risk like the German Bund, is in that case equal

to 50 quarterly basis points, or 200 annual basis points.

Finally, the parameter is κτ,y in the level of lump sum taxes (264) is set to 5, implying a

substantial drop in taxes when the financial crisis hits. As a result, the government has to issue

more debt, which subsequently increases sovereign default risk.

An overview of the additional parameters can be found in Table 5.

G.2.4 Small open economy member of a currency union

I take the same value for parameters that also feature in the closed economy. Therefore I only need

to discuss the parameters that are new with respect to the closed economy model. Specifically,

I take the elasticity of substitution between domestic and foreign goods for consumption ηc and

investment ηi from Burriel et al. (2010). These are set at 7.512 and 7.851, respectively. As

Italy is part of the European Union’s single market, and therefore trades a lot with the rest of

the Eurozone, I set the steady state share of foreign goods in the consumption and investment

bundles equal to υc = υi = 0.5. I set the foreign elasticity of substitution between goods from

different countries for consumption and investment equal to γ∗c = γ∗i = 1. Finally, I adjust

υ∗c and υ∗i such that steady state foreign consumption and investment are 20 times domestic

consumption and investment, respectively.

An overview of the additional parameters can be found in Table 6.
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G.3 Bayesian estimation of remaining parameters

G.3.1 Main estimation

I report the priors and posteriors for the parameters that are estimated using Bayesian techniques

in Tables 7 and 8. I follow Gerali et al. (2010) for the priors of the AR(1) coefficients and

standard deviations of the exogenous processes. However, Gerali et al. (2010) do not estimate

deep parameters that affect the steady state like I do. Therefore, I look to Darracq-Pariès and

Kühl (2017) for the priors of the habit formation parameter and the inverse Frisch elasticity,

while choosing priors that are less informative for the remaining deep parameters, see Table 7.

Parameter Distrib. Mean Stdv. Mean 10% Mode 90%
υ Habit formation Normal 0.7 0.1 0.4678 0.3524 0.4503 0.5858
ϕ Inverse Frisch elast. Gamma 2 0.75 1.9880 0.7843 1.6450 3.1438
ψp price-stickiness Beta 0.5 0.1 0.6776 0.6046 0.6681 0.7514
ψw wage-stickiness Beta 0.5 0.1 0.4599 0.3077 0.4543 0.6109
γP price-indexation Beta 0.5 0.2 0.1504 0.0129 0.0809 0.2848
γW wage-indexation Beta 0.5 0.2 0.4836 0.1581 0.4701 0.8110
γ Invest. adj. cost Gamma 2.5 1 2.6849 1.3011 1.9037 4.0339

Table 7: Priors (columns 3-5) and posteriors (columns 6-9) of the parameters that are estimated
with Bayesian techniques. The results are based on 2 chains,each with 800,000 draws based on
the Metropolis-Hastings algorithm.

Parameter Distrib. Mean Stdv. Mean 10% Mode 90%
AR(1)
ρz Productivity Beta 0.8 0.1 0.3948 0.2501 0.3756 0.5387
ρξ Capital quality Beta 0.8 0.1 0.6829 0.5403 0.7249 0.8277
ρg Gov’t spending Beta 0.8 0.1 0.6983 0.4996 0.6978 0.9073
ρc c-preferences Beta 0.8 0.1 0.7300 0.5538 0.7417 0.9117
ρi Invest. adj. cost Beta 0.8 0.1 0.6996 0.5260 0.7516 0.8829
ρp price-stickiness Beta 0.8 0.1 0.7098 0.5605 0.7271 0.8614
ρw wage-stickiness Beta 0.8 0.1 0.8002 0.6485 0.8461 0.9568

Stdv.
σz Productivity Invg. 0.01 0.05 0.0175 0.0140 0.0169 0.0210
σξ Capital quality Invg. 0.01 0.05 0.0058 0.0024 0.0039 0.0094
σg Gov’t spending Invg. 0.01 0.05 0.0200 0.0158 0.0192 0.0239
σc c-preferences Invg. 0.01 0.05 0.0097 0.0036 0.0103 0.0148
σi Invest. adj. cost Invg. 0.01 0.05 0.0203 0.0088 0.0130 0.0320
σp p-stickiness Invg. 0.01 0.05 0.3008 0.2122 0.2686 0.3869
σw w-stickiness Invg. 0.01 0.05 0.0096 0.0023 0.0047 0.0175

Table 8: Priors (columns 3-5) and posteriors (columns 6-9) of the parameters that are estimated
with Bayesian techniques. The results are based on 2 chains,each with 800,000 draws based on
the Metropolis-Hastings algorithm.

Tables 7 and 8 also report the summary statistics of the posterior distributions. I apply
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the convergence statistics proposed by Brooks and Gelman (1998) to check that convergence is

reached after having estimated the model.

We see that most of the posterior means differ from the prior mean, except the parameters

related to the standard deviation of the preference shock and the labor market: the posterior

means of the inverse Frisch elasticity ϕ, the probability of changing wages ψw, the degree of

wage-indexation γW , and the AR(1) coefficient ρw and standard deviation σw for the exogenous

process for the elasticity of substitution between different labor types hardly differ from the

prior mean. This is probably caused by the fact that I only employ a time series for the number

of hours worked, and do not have a time series for the wage rate. However, as the focus of

my paper is on the interactions between an undercapitalized financial sector and central bank

lending operations, I think it is reasonable to argue that my qualitative results are not driven by

the particular values for these parameter estimates.

G.3.2 Robustness Bayesian estimation

The introduction of households’ transaction costs in the model version with financial frictions

contrasts with the model version without financial frictions, where I instead employ a tax on the

gross return on corproate securities and government bonds. As such, the dynamics of the model

version with financial frictions in which intermediaries’ incentive compatibility constraints are

not binding and the collateral effect is eliminated by setting rn,rt = rn,cbt will not be the same

as the model version without financial frictions and central bank lending operations. To check

whether the error I thus introduce into the parameter estimates is large, I redo the Bayesian

estimation for a model version without financial frictions where the tax on the gross returns has

been replaced by the quadratic adjustment costs, and take the point estimates for κsb,h and κsk,h
that I find in the moment-matching exercise. The subsequent results can be found in Tables 9

and 10, which show that the parameter estimates are close to those in Tables 7 and 8.

Parameter Distrib. Mean Stdv. Mean 10% Mode 90%
υ Habit formation Normal 0.7 0.1 0.5065 0.3878 0.5089 0.6217
ϕ Inverse Frisch elast. Gamma 2 0.75 2.1085 0.7714 2.1170 3.3585
ψp price-stickiness Beta 0.5 0.1 0.7050 0.6354 0.7049 0.7723
ψw wage-stickiness Beta 0.5 0.1 0.4712 0.3135 0.5062 0.6318
γP price-indexation Beta 0.5 0.2 0.1201 0.0115 0.0607 0.2297
γW wage-indexation Beta 0.5 0.2 0.4380 0.1160 0.2974 0.7592
γ Invest. adj. cost Gamma 2.5 1 2.5782 1.1980 2.0905 3.8959

Table 9: Priors (columns 3-5) and posteriors (columns 6-9) of the parameters that are estimated
with Bayesian techniques. The results are based on 2 chains,each with 800,000 draws based on
the Metropolis-Hastings algorithm.
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Parameter Distrib. Mean Stdv. Mean 10% Mode 90%
AR(1)
ρz Productivity Beta 0.8 0.1 0.4220 0.2694 0.3945 0.5762
ρξ Capital quality Beta 0.8 0.1 0.7037 0.5336 0.8200 0.8805
ρg Gov’t spending Beta 0.8 0.1 0.6951 0.5027 0.6823 0.9117
ρc c-preferences Beta 0.8 0.1 0.7598 0.6004 0.8292 0.9264
ρi Invest. adj. cost Beta 0.8 0.1 0.7513 0.6017 0.8150 0.9018
ρp price-stickiness Beta 0.8 0.1 0.7817 0.6526 0.8048 0.9153
ρw wage-stickiness Beta 0.8 0.1 0.7988 0.6459 0.8462 0.9569

Stdv.
σz Productivity Invg. 0.01 0.05 0.0178 0.0142 0.0168 0.0213
σξ Capital quality Invg. 0.01 0.05 0.0037 0.0022 0.0034 0.0051
σg Gov’t spending Invg. 0.01 0.05 0.0201 0.0160 0.0193 0.0241
σc c-preferences Invg. 0.01 0.05 0.0093 0.0032 0.0048 0.0144
σi Invest. adj. cost Invg. 0.01 0.05 0.0252 0.0134 0.0202 0.0370
σp p-stickiness Invg. 0.01 0.05 0.3401 0.2349 0.3006 0.4428
σw w-stickiness Invg. 0.01 0.05 0.0126 0.0022 0.0047 0.0248

Table 10: Priors (columns 3-5) and posteriors (columns 6-9) of the parameters that are estimated
with Bayesian techniques. The results are based on 2 chains,each with 800,000 draws based on
the Metropolis-Hastings algorithm.

G.4 Moment matching

Finally, I estimate the remaining parameters using a moment-matching exercise. Specifically,

these parameters are the coefficient for households’ transaction costs for purchasing corporate

securities κsk,h and government bonds κsb,h , the reference level of corporate securities and govern-

ment bonds for households’ transaction costs ŝk,h and ŝb,h respectively, and the AR(1) coefficient

ρλk and standard deviation σλk for the exogenous process that governs the diversion rate for cor-

porate securities λkt :

log

(
λkt
λ̄k

)
= ρλk log

(
λkt−1

λ̄k

)
+ ελk,t. (317)

I allow λkt to vary over time because it is likely that financial constraints were binding during the

estimation period (2008Q1-2011Q4) in which two severe financial crises hit the Italian banking

system. Within my model such crises are captured by binding incentive compatibility constraints

(21), in which case shocks to λkt affect the equilibrium allocation. This contrasts with the 1999Q1-

2007Q4 period, in which such constraints were non-binding and changes in λkt consequently do

not affect the equilibrium. This is the reason why ρλk and σλk cannot be estimated in the

Bayesian estimation procedure.

Note, however, that the reference levels ŝk,h and ŝb,h are implictly pinned down by the

coefficients for households’ transaction costs and households’ steady state stocks of corporate
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securities and government bonds through the following relation:

ŝa,h = s̄a,h − [β (1 + r̄a)− 1]
q̄a
κsa,h

,

which is a rewritten version of households’ steady state first order conditions for corporate

securities (a = k, equation (315)) and government bonds (a = b, equation (316)). Therefore, the

reference level is effectively a function of the coefficient for households’ adjustment costs, which

I can write as ŝa,h = fa
(
κsa,h

)
, as all the other parameters and steady state values have already

been pinned down in earlier stages. As a result, I effectively estimate four parameters in this

moment-matching exercise: θ =
{
κsk,h , κsb,h , ρλk , σλk

}
.

I choose to minimize the distance between the empirical standard errors for real GDP, con-

sumption, investment, and the credit spread over the period 2008Q1-2011Q4 and their counter-

parts from simulations of the full model with financial intermediaries and central bank lending

operations. I set rn,rt = rn,cbt , and weigh each distance with the inverse of the squared empirical

standard error of the relevant variable. Mathematically, I can describe this problem as:

min
θ

(
MD −M (θ)

)′
W−1

(
MD −M (θ)

)
, (318)

where MD is a vector with the empirical standard errors for real GDP, consumption, investment,

and the credit spread. M (θ) denotes the model counterpart of MD, and W is a diagonal matrix

with the empirical squared standard errors for real GDP, consumption, investment, and the

credit spread on the diagonal. For each gridpoint θ, I construct M (θ) by performing 1,000

simulations. Each simulation starts from the non-stochastic steady of the model, and lasts for

10,016 periods. I subsequently discard the first 10,000 observations as a burn-in, so that I am left

with 16 observations, which is equivalent to the number of observations of the empirical data.

Next, I take the natural logarithm of real GDP, consumption, and investment, and subsequently

filter the resulting time series as well as the time series for the credit spread using a one-sided HP-

filter with smoothing parameter 1,600. Finally, I calculate the standard errors for each filtered

time series.

The initial grid consists of κsk,h = {0.01, 0.1, 1}, κsb,h = {0.0001, 0.001, 0.01}, ρλk = {0.4, 0.5, 0.6},
and σλk = {0.10, 0.15}. I limit the grid size because of the curse of dimensionality. The lower

bounds for κsk,h and κsb,h are established to prevent intermediaries’ bond holdings from dropping

below -100% in the financial crisis simulations. After performing an initial moment-matching

exercise on this grid I find that κsk,h and κsb,h are at their lower bounds of 0.01 and 0.0001,

respectively. I construct a second grid in which κsk,h starts at 0.01 and increases to 0.1 with

steps of 0.01, while κsb,h starts at 0.0001 and increases to 0.001 with steps of 0.0001. The grid

points for ρλk and σλk are the same as in the initial moment-matching exercise.

The second moment-matching exercise finds that the distance between the empirical and

simulated moments is minimized for κsk,h = 0.01, κsb,h = 0.0001, ρλk = 0.6 and σλk = 0.10. The

resulting moments and their standard errors can be found in Table 11.
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Standard deviation Autocorrelations

Data Model Data Model

GDP 0.0117 0.0098 0.7747 0.6080

[-0.5197] [-0.8879]

Consumption 0.0107 0.0086 0.6323 0.6430

[-0.6468] [0.0639]

Investment 0.0221 0.0288 0.8221 0.6335

[0.5639] [-1.0183]

Credit spread 0.0012 0.0036 0.6517 0.3129

[2.6343] [-1.4110]

Inflation 0.0034 0.0063 -0.1206 0.3426

[1.7955] [2.0268]

Government spending 0.0130 0.0143 0.4452 0.3589

[0.3469] [-0.3689]

Labor 0.0098 0.0208 -0.2272 0.3208

[2.0275] [2.2608]

Nominal rate 0.0019 0.0028 0.8789 0.5509

[1.0155] [-1.7473]

Table 11: List of standard deviations of data and model (columns 2 and 3), and first order autocorrela-

tions of data and model (column 4 and 5). t-statistics are reported between square brackets. Obtained

for κsk,h = 0.01, κsb,h = 0.0001, ρλk = 0.6, and σλk = 0.10.

We see that the resulting model moments match the data quite well. Not only is the difference

between the empirical and simulated standard errors statistically not significant except for the

credit spread, I also find that this is the case for inflation, government spending, and the nominal

interes rate, variables that I did not target. In addition, I also find that the difference between

the empirical and simulated first order autocorrelations is not statistically significant for all

variables except inflation and labor. As I did not target the first order autocorrelations of any

of these variables, I conclude that my model captures the dynamics of the Italian economy over

the estimation period reasonably well.

H Additional figures

In this section I show that my results are robust under alternative setups and different parameter

values. First, I show that the results from the main text carry over to a model including sovereign

default risk (Figures 8 - 12). A description of the model including sovereign default risk can be

found in Appendix E.1.

Second, I check that my results carry over to a small open economy member of a currency

union (Figures 13 - 17). The accompanying description of the small open economy can be found
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in Appendix E.2.

Third, I check that the model version of the main text with λ̄b/λ̄k = 0.5 rather than λ̄b/λ̄k = 1

in the main text (Figures 18 - 22).

Finally, Figure 23 shows the absolute level of domestic government bond holdings of aggregate

monetary financial institutions in Italy, Spain and Portugal normalized at 100 in December 2011.

DomesticBondholdingsNorm
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Central bank funding shock 35 bps.: base case vs. θk = θb = 0.425 (sovereign default
risk)
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Figure 8: Impulse response functions for a central bank funding shock of 35 basis points (“Interest
rate difference”) for the base case (blue, solid) versus a model version in which θkt = θbt = 0.425.
The panel “Corporate securities (b)” denotes the value of intermediaries’ corporate securities
holdings qkt s

k
t . Similarly, the panel “Government bonds (b)” denotes the value of intermediaries’

government bond holdings qbts
b
t . Central bank funding is expressed in terms of annual steady

state output.
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Central bank funding shock 35 bps.: κsb,h = 0.0001 vs. κsb,h = 0.00005 (sovereign
default risk)
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Figure 9: Impulse response functions for a central bank funding shock of 35 basis points (“Interest
rate difference”) for the base case κsb,h = 0.0001 (blue, solid) versus the case where κsb,h =
0.00005 (red, slotted). The panel “Corporate securities (b)” denotes the value of intermediaries’
corporate securities holdings qkt s

k
t . Similarly, the panel “Government bonds (b)” denotes the

value of intermediaries’ government bond holdings qbts
b
t . Central bank funding is expressed in

terms of annual steady state output.
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Central bank funding shock 35 bps.: θkt = 0.40 vs. θkt = 0.50 (sovereign default risk)
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Figure 10: Impulse response functions for a central bank funding shock of 35 basis points (“In-
terest rate difference”) for the base case θkt = 0.40 (blue, solid) versus the case where θkt = 0.50
(red, slotted). The panel “Corporate securities (b)” denotes the value of intermediaries’ corpo-
rate securities holdings qkt s

k
t . Similarly, the panel “Government bonds (b)” denotes the value of

intermediaries’ government bond holdings qbts
b
t . Central bank funding is expressed in terms of

annual steady state output.
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Financial crisis: no policy vs limited LTRO vs limited LTRO θk = 0.5 (sovereign
default risk)
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Figure 11: Impulse response functions for a financial crisis, initiated by a capital quality shock
of 3.5%. The figure compares a scenario with no additional policy (blue, solid) with a scenario in
which the central bank lowers the nominal interest rate on central bank funding with respect to
the nominal interest rate on deposits with 35 quarterly basis points in line with the capital quality
shock (red, slotted), and with the same intervention with θk = 0.5 (black, dashed). The panel
“Corporate securities (b)” denotes the value of intermediaries’ corporate securities holdings qkt s

k
t .

Similarly, the panel “Government bonds (b)” denotes the value of intermediaries’ government
bond holdings qbts

b
t . Central bank funding is expressed in terms of annual steady state output.
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Financial crisis: no policy vs LTRO vs LTRO with θk = 0.5 (sovereign default risk)
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Figure 12: Impulse response functions for a financial crisis, initiated by a capital quality shock
of 3.5%. The figure compares a scenario with no additional policy (blue, solid) with a scenario in
which the central bank lowers the nominal interest rate on central bank funding with respect to
the nominal interest rate on deposits with 35 quarterly basis points for 12 quarters, capturing the
three-year LTROs (red, slotted), and the same central bank intervention with θk = 0.5 (black,
dashed). The panel “Corporate securities (b)” denotes the value of intermediaries’ corporate
securities holdings qkt s

k
t . Similarly, the panel “Government bonds (b)” denotes the value of

intermediaries’ government bond holdings qbts
b
t . Central bank funding is expressed in terms of

annual steady state output.
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Central bank funding shock 35 bps.: base case vs. θk = θb = 0.425 (small open
economy)
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Figure 13: Impulse response functions for a central bank funding shock of 35 basis points
(“Interest rate difference”) for the base case (blue, solid) versus a model version in which
θkt = θbt = 0.425. The panel “Corporate securities (b)” denotes the value of intermediaries’
corporate securities holdings qkt s

k
t . Similarly, the panel “Government bonds (b)” denotes the

value of intermediaries’ government bond holdings qbts
b
t . Central bank funding is expressed in

terms of annual steady state output.
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Central bank funding shock 35 bps.: κsb,h = 0.0001 vs. κsb,h = 0.00005 (small open
economy)
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Figure 14: Impulse response functions for a central bank funding shock of 35 basis points (“In-
terest rate difference”) for the base case κsb,h = 0.0001 (blue, solid) versus the case where
κsb,h = 0.00005 (red, slotted). The panel “Corporate securities (b)” denotes the value of in-

termediaries’ corporate securities holdings qkt s
k
t . Similarly, the panel “Government bonds (b)”

denotes the value of intermediaries’ government bond holdings qbts
b
t . Central bank funding is

expressed in terms of annual steady state output.
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Central bank funding shock 35 bps.: θkt = 0.40 vs. θkt = 0.50 (small open economy)
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Figure 15: Impulse response functions for a central bank funding shock of 35 basis points (“In-
terest rate difference”) for the base case θkt = 0.40 (blue, solid) versus the case where θkt = 0.50
(red, slotted). The panel “Corporate securities (b)” denotes the value of intermediaries’ corpo-
rate securities holdings qkt s

k
t . Similarly, the panel “Government bonds (b)” denotes the value of

intermediaries’ government bond holdings qbts
b
t . Central bank funding is expressed in terms of

annual steady state output.
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Financial crisis: no policy vs limited LTRO vs limited LTRO θk = 0.5 (small open
economy)
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Figure 16: Impulse response functions for a financial crisis, initiated by a capital quality shock
of 3.5%. The figure compares a scenario with no additional policy (blue, solid) with a scenario in
which the central bank lowers the nominal interest rate on central bank funding with respect to
the nominal interest rate on deposits with 35 quarterly basis points in line with the capital quality
shock (red, slotted), and with the same intervention with θk = 0.5 (black, dashed). The panel
“Corporate securities (b)” denotes the value of intermediaries’ corporate securities holdings qkt s

k
t .

Similarly, the panel “Government bonds (b)” denotes the value of intermediaries’ government
bond holdings qbts

b
t . Central bank funding is expressed in terms of annual steady state output.
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Financial crisis: no policy vs LTRO vs LTRO with θk = 0.5 (small open economy)
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Figure 17: Impulse response functions for a financial crisis, initiated by a capital quality shock
of 3.5%. The figure compares a scenario with no additional policy (blue, solid) with a scenario in
which the central bank lowers the nominal interest rate on central bank funding with respect to
the nominal interest rate on deposits with 35 quarterly basis points for 12 quarters, capturing the
three-year LTROs (red, slotted), and the same central bank intervention with θk = 0.5 (black,
dashed). The panel “Corporate securities (b)” denotes the value of intermediaries’ corporate
securities holdings qkt s

k
t . Similarly, the panel “Government bonds (b)” denotes the value of

intermediaries’ government bond holdings qbts
b
t . Central bank funding is expressed in terms of

annual steady state output.
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Central bank funding shock 35 bps.: base case vs. θk = θb = 0.425 (λ̄b/λ̄k = 0.5)
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Figure 18: Impulse response functions for a central bank funding shock of 35 basis points
(“Interest rate difference”) for the base case (blue, solid) versus a model version in which
θkt = θbt = 0.425. The panel “Corporate securities (b)” denotes the value of intermediaries’
corporate securities holdings qkt s

k
t . Similarly, the panel “Government bonds (b)” denotes the

value of intermediaries’ government bond holdings qbts
b
t . Central bank funding is expressed in

terms of annual steady state output.
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Central bank funding shock 35 bps.: κsb,h = 0.0001 vs. κsb,h = 0.00005 (λ̄b/λ̄k = 0.5)
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Figure 19: Impulse response functions for a central bank funding shock of 35 basis points (“In-
terest rate difference”) for the base case κsb,h = 0.0001 (blue, solid) versus the case where
κsb,h = 0.00005 (red, slotted). The panel “Corporate securities (b)” denotes the value of in-

termediaries’ corporate securities holdings qkt s
k
t . Similarly, the panel “Government bonds (b)”

denotes the value of intermediaries’ government bond holdings qbts
b
t . Central bank funding is

expressed in terms of annual steady state output.
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Central bank funding shock 35 bps.: θkt = 0.40 vs. θkt = 0.50 (λ̄b/λ̄k = 0.5)
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Figure 20: Impulse response functions for a central bank funding shock of 35 basis points (“In-
terest rate difference”) for the base case θkt = 0.40 (blue, solid) versus the case where θkt = 0.50
(red, slotted). The panel “Corporate securities (b)” denotes the value of intermediaries’ corpo-
rate securities holdings qkt s

k
t . Similarly, the panel “Government bonds (b)” denotes the value of

intermediaries’ government bond holdings qbts
b
t . Central bank funding is expressed in terms of

annual steady state output.
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Financial crisis: no policy vs limited LTRO vs limited LTRO θk = 0.5 (λ̄b/λ̄k = 0.5)
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Figure 21: Impulse response functions for a financial crisis, initiated by a capital quality shock
of 3.5%. The figure compares a scenario with no additional policy (blue, solid) with a scenario in
which the central bank lowers the nominal interest rate on central bank funding with respect to
the nominal interest rate on deposits with 35 quarterly basis points in line with the capital quality
shock (red, slotted), and with the same intervention with θk = 0.5 (black, dashed). The panel
“Corporate securities (b)” denotes the value of intermediaries’ corporate securities holdings qkt s

k
t .

Similarly, the panel “Government bonds (b)” denotes the value of intermediaries’ government
bond holdings qbts

b
t . Central bank funding is expressed in terms of annual steady state output.
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Financial crisis: no policy vs LTRO vs LTRO with θk = 0.5 (λ̄b/λ̄k = 0.5)
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Figure 22: Impulse response functions for a financial crisis, initiated by a capital quality shock
of 3.5%. The figure compares a scenario with no additional policy (blue, solid) with a scenario in
which the central bank lowers the nominal interest rate on central bank funding with respect to
the nominal interest rate on deposits with 35 quarterly basis points for 12 quarters, capturing the
three-year LTROs (red, slotted), and the same central bank intervention with θk = 0.5 (black,
dashed). The panel “Corporate securities (b)” denotes the value of intermediaries’ corporate
securities holdings qkt s

k
t . Similarly, the panel “Government bonds (b)” denotes the value of

intermediaries’ government bond holdings qbts
b
t . Central bank funding is expressed in terms of

annual steady state output.
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Figure 23: Domestic government bond holdings of Monetary Financial Institutions (MFIs) ex-
cluding the European System of Central Banks in Italy (IT), Spain (ES), and Portugal (PT)
from January 2011 to January 2013. The bond holdings are normalized at 100 in December
2011. Source: ECB.
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