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Abstract

This paper develops a tractable model of a monetary union with a sound fiscal governance
structure and shows how in such environment the design of monetary policy above and at
the lower bound constraint on short-term interest rates can be linked to well-known findings
from the literature dealing with single closed economies. The model adds a portfolio balance
channel to a New Keynesian two-country model of a monetary union. If the monetary union
is symmetric and the portfolio balance channel is not active, the model becomes isomorphic
to the canonical New Keynesian three-equation economy in which central bank purchases
of long-term debt (QE) at the lower bound are ineffective. If the portfolio balance channel
is active, QE becomes effective and we prove that for sufficiently small shocks there exists
an interest rate rule augmented by QE at the lower bound which replicates the equilibrium
allocation and the welfare level of a hypothetically unconstrained economy. Shocks large
enough to push the whole yield curve to the lower bound require, in addition, forward
guidance. We generalise these results to an asymmetric monetary union and illustrate them
through simulations, distinguishing between asymmetric shocks and asymmetric structures.
In general, asymmetries give rise to current account imbalances which are, depending on the
degree of financial integration, funded by private capital imports or through the central bank
balance sheet channel. Moreover, our findings support that at the lower bound, as long as
asymmetries between countries result from shocks, outcomes under an unconstrained policy
rule can be replicated via a symmetric QE design. By contrast, asymmetric structures of
the countries which matter for the transmission of monetary policy can translate into an
asymmetric QE design.
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Non-technical summary

In response to the global financial crisis central banks of many advanced economies have adopted
large-scale asset purchase programmes in order to overcome the lower bound constraint on short-
term interest rates. These programmes are often labelled in a summary fashion as Quantitative
Easing (QE). Yet, these programmes allow for distinct differences between countries. This pa-
per starts out from the observation that the design of QE for monetary unions like the euro
area involves specific considerations which can be linked to the unique architecture of the euro
area, which consists of a single monetary policy and nineteen, currently imperfectly governed
fiscal policies, predominantly decided at the national level. As stressed by the Five President’s
Report, the architecture of the euro area is in many dimensions still incomplete, leading to a
call for urgent reforms in various policy domains, including progress towards an improved fis-
cal framework and better integrated financial markets. This diagnosis leads to the conclusion
that “..progress will have to follow a sequence of short- and longer-term steps, but it is vital to
establish and agree the full sequence today. The measures in the short-term will only increase
confidence now if they are the start of a larger process, a bridge towards a complete and genuine
EMU.”

A comprehensive model-based characterisation of monetary policy options near the lower bound
in the euro area should take the current incompleteness of the Economic and Monetary Union
(EMU) as given. At the same time, to ensure a robust forward-looking dimension of the design,
judgement will be needed as concerns possible short- and longer-term changes to the euro area
architecture. To address this challenge is beyond the scope of this paper. However, it seems
clear that such characterisation will not be possible without a clear view of the new steady-state
configuration to be achieved in the longer-term. Motivated by this insight, this paper singles
out the forward-looking dimension and explores how monetary policy could be designed once
the EMU has been made more complete via reforms such that it commands, in particular, over
a stable framework for the governance of national fiscal policies. Moreover, we allow, in parallel,
for the possibility of a shift towards better integrated financial markets.

This paper has a conceptual focus. The main idea is to develop a tractable model of a monetary
union with a sound fiscal governance structure. The paper shows how in such environment the
design of monetary policy above and at the lower bound constraint on short-term interest rates
can be linked to well-known findings from the literature dealing with single closed economies
(which command over a stable governance structure for a single monetary policy and a single
fiscal policy). The model adds a portfolio balance channel to a New Keynesian two-country
model of a monetary union. The portfolio balance channel allows for imperfect substitutability
between short-term and long-term debt. Moreover, domestic and foreign bonds may as well be
perceived as imperfect substitutes. In each country, all debt is assumed to be held by banks,
backed by deposits of households. Through this assumption deposit rates measure the relevant
opportunity cost of households of holding real money balances. Moreover, monetary policy can
remain effective even if the single short-term policy rate has reached its lower bound.

The main results are as follows. If the monetary union is symmetric and the portfolio balance
channel is not active, the linearised model becomes isomorphic to the canonical New Keynesian
three-equation economy in which central bank purchases of long-term debt (QE) at the lower
bound are ineffective. If the portfolio balance channel is active, QE becomes effective and we
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prove that for sufficiently small shocks there exists an interest rate rule augmented by QE at the
lower bound which replicates the equilibrium allocation and the welfare level of a hypothetically
unconstrained economy. Shocks large enough to push the whole yield curve to the lower bound
require, in addition, forward guidance.

We generalise these results to an asymmetric monetary union and illustrate them through sim-
ulations, distinguishing between asymmetric shocks and asymmetric structures. In general,
asymmetries give rise to current account imbalances which are, depending on the degree of
financial integration, funded by private capital imports or through the central bank balance
sheet channel. Moreover, our findings support that at the lower bound, as long as asymmetries
between countries result from shocks, outcomes under an unconstrained policy rule can be repli-
cated via a symmetric QE design. By contrast, asymmetric structures of the countries which
matter for the transmission of monetary policy can translate into an asymmetric QE design.

The latter finding suggests that a portfolio bias of QE, in a sense, could fix asymmetric structures.
Yet, when interpreting this finding it needs to be kept in mind that an incomplete monetary
union, in particular when characterised by a weak fiscal governance structure and excessive
exposure of banks to their own sovereign, involves additional strategic considerations that are
related, inter alia, to incentive effects and risk-sharing modalities. The various safeguards of
the PSPP (Public Sector Purchase Programme) adopted by the European Central Bank in
January 2015 incorporate such considerations. Incorporating strategic design issues of QE in
an environment of an incomplete monetary union is beyond the scope of this paper and left for
future work.

ECB Working Paper Series No 2156 / June 2018 3



1 Introduction

In response to the global financial crisis central banks of many advanced economies have adopted
large-scale asset purchase programmes in order to overcome the lower bound constraint on short-
term interest rates. These programmes are often labelled in a summary fashion as Quantitative
Easing (QE). Yet, these programmes allow for distinct differences between countries. This pa-
per starts out from the observation that the design of QE for monetary unions like the euro
area involves specific considerations which can be linked to the unique architecture of the euro
area, which consists of a single monetary policy and nineteen, currently imperfectly governed
fiscal policies, predominantly decided at the national level. As stressed by the Five President’s
Report, the architecture of the euro area is in many dimensions still incomplete, leading to a
call for urgent reforms in various policy domains, including progress towards an improved fis-
cal framework and better integrated financial markets. This diagnosis leads to the conclusion
that “..progress will have to follow a sequence of short- and longer-term steps, but it is vital to
establish and agree the full sequence today. The measures in the short-term will only increase
confidence now if they are the start of a larger process, a bridge towards a complete and genuine
EMU.

A comprehensive model-based characterisation of monetary policy options near the lower bound
in the euro area should take the current incompleteness of the Economic and Monetary Union
(EMU) as given. At the same time, to ensure a robust forward-looking dimension of the design,
judgement will be needed as concerns possible short- and longer-term changes to the euro area
architecture. To address this challenge is beyond the scope of this paper. However, it seems
clear that such characterisation will not be possible without a clear view of the new steady-state
configuration to be achieved in the longer-term. Motivated by this insight, this paper singles
out the forward-looking dimension and explores how monetary policy could be designed once
the EMU has been made more complete via reforms such that it commands, in particular, over
a stable framework for the governance of national fiscal policies. Moreover, we allow, in parallel,
for the possibility of a shift towards better integrated financial markets.

To this end, we develop a tractable model of a fiscally sound monetary union and discuss how
in such environment the design of monetary policy above and at the lower bound constraint can
be linked to some well-known findings from the literature dealing with single closed economies.
Our model builds on the framework of Harrison (2011, 2012), who adds a portfolio balance
channel in the spirit of Tobin and Brainard (1963) and Tobin (1969) to an otherwise standard
New Keynesian single economy set-up. We extend this framework to a two-country model of a
monetary union, by allowing for a certain degree of imperfect substitutability between domestic
and foreign bonds. Otherwise our model is deliberately similar to monetary union models in
the tradition of Benigno (2004). This facilitates our distinct focus on closed-form results which,
starting out from a small-scale analytical core of linearised equilibrium conditions, generalise
findings from the New Keynesian literature.

In the benchmark version of our model, which captures the notion of integrated financial mar-
kets, competitive banking systems in both countries hold portfolios which include short-term
and long-term debt issued by the governments of the two countries.? The two types of debt

!See European Commission (2016, p. 5).
2In the absence of financial market integration, banking systems in the two countries operate under autarky,
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are imperfect substitutes, reflecting portfolio adjustment costs.®> The portfolios of banks are
funded by deposits and rates of return on deposits are a weighted average of rates on short- and
long-term debt. As concerns the degree of substitutability between domestic and foreign bonds,
we assume that short-term government debt, which is linked to the standard implementation
of monetary policy via a conventional interest rate rule, carries the same rate of return across
countries. By contrast, long-term debt of the two countries is imperfectly substitutable, carrying
country-specific returns. This feature ensures that at the lower bound, where for both countries
the short-term interest rate reaches zero, there is scope to stimulate the economy via central
bank purchases of long-term government debt. We refer to this type of central bank purchases
of long-term government debt as QE. To establish under which circumstances QE is effective
or not we consider a range of monetary union specifications and ask throughout the question
whether it is possible, once the lower bound constraint on short-term rates becomes binding,
to replicate via QE those outcomes that would be achieved under an unconstrained policy rule
(i.e. under a conventional interest rate rule which hypothetically pretends that the lower bound
constraint can be ignored). It is worth emphasising that the QE design addressed in this paper
does not necessarily minimise welfare differentials across the member states of the union. We
rather ask how QE needs to be designed in a monetary union to replicate the outcomes of an
unconstrained uniform monetary policy. We perceive this as a particularly relevant benchmark
since it corresponds to the outcomes of a single monetary policy that would prevail if the central
bank was not constrained in its single and uniformly designed conventional instrument.

We consider in a first step a symmetric monetary union (where both countries are assumed to
be identical) before we then turn to the analysis of an asymmetric monetary union. Our main
results are as follows. If the monetary union is symmetric and we shut down the portfolio bal-
ance channel, our linearised model, consistent with Harrison (2012), becomes isomorphic to the
canonical New Keynesian three-equation economy, in line with Woodford (2003). In this promi-
nent reference model (with well-understood properties of interest rate rules of the Taylor-type),
short- and long-term government debt are perfect substitutes. As a result, QE at the lower
bound turns out to be ineffective, while forward guidance (i.e. the commitment of the central
bank to keep future policy rates lower for longer when the lower bound constraint ceases to be
binding) is effective, as shown by Eggertsson and Woodford (2003).# If the portfolio balance
channel is present, however, QE becomes effective at the lower bound.? To verify this claim we
consider a shock to the natural rate which has the potential to make the lower bound constraint
binding. Specifically, we prove that for realisations of this shock of a certain magnitude there
exists an interest rate rule augmented by QE at the lower bound (to be labelled, for short, as
a QFE-augmented policy rule) which replicates the equilibrium allocation and the corresponding
welfare level achieved under a hypothetically unconstrained policy rule. The QE-augmented
policy rule, in fact, embeds the standard interest rate rule (which can be implemented only
above the lower bound) as a special case, while it allows for appropriate central bank purchases
of long-term debt whenever the lower bound constraint becomes binding. For this result to hold,
the magnitude of the shock must ensure that the crisis is severe enough such that the policy rate
hits the lower bound constraint, yet small enough such that the longer end of the yield curve still

i.e. they can only hold domestic (and not foreign) bonds.

3For a similar segmentation of bond markets of different maturities, see Andrés et al. (2004).

4This ineffectiveness result of QE is consistent with the seminal paper by Wallace (1981).

®Orphanides and Wieland (2000) and Coenen and Wieland (2003) consider open economy models of single
economies and show how the portfolio balance channel can be exploited by a central bank at the lower bound by
switching from an interest rate rule to a monetary-base rule.
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has room to manoeuvre. This qualification concerning the magnitude of the shock reflects that
in the model with an active portfolio balance channel the dynamics of the IS-curve are driven
by the deposit rate. This rate measures at the same time the opportunity cost of holding real
money balances. Hence, the QE-augmented policy rule needs to respect that the deposit rate
remains non-negative in order to avoid that deposits become dominated in return by real money
balances. In other words, the non-negativity of the deposit rate is needed to maintain standard
interior optimality conditions, replacing thereby the non-negativity of the policy rate from the
reference New Keynesian model without the portfolio balance channel. For large shocks, this
constraint for the deposit rate becomes binding. But this does not mean that monetary policy
becomes ineffective, because, if not on QE, it can still rely on the forward guidance channel in
the spirit of Eggertsson and Woodford (2003).

In the next step, we extend these findings to an asymmetric monetary union in which the two
countries cease to be identical, either because they receive shocks to the natural rate of differ-
ent magnitude (“asymmetric shocks”) or they exhibit structural differences in the transmission
of monetary policy (“asymmetric structures”). Four main findings emerge. First, asymmetric
shocks give rise to equilibrium dynamics characterised by current account imbalances which act
as a built-in device to absorb asymmetric adjustment needs of the two countries. We show that
the scope for current account imbalances depends on the degree of financial market integra-
tion. In the absence of financial market integration current account imbalances will be funded
through the central bank balance sheet (akin to TARGET balances in the euro area). Relative to
this benchmark, financial market integration increases the scope for current account imbalances
which now become predominantly funded by private capital imports and exports. Second, for
sufficiently large shocks, which make the lower bound constraint binding (but do not challenge
the non-negativity of the unconstrained deposit rates in both countries), we prove that there
exists a QF-augmented policy rule which replicates the equilibrium allocations and welfare levels
of the unconstrained conventional policy rule in both countries. Third, turning to illustrative
simulations, we assume that the lower bound is reached in an environment characterised by
asymmetric shocks and symmetric structures. Upon this assumption our results support a sym-
metric QFE-augmented policy rule, meaning that the central bank purchases identical per capita
amounts of long-term debt issued by the two governments. Intuitively, this finding reflects that
the lower bound imposes a constraint on the uniform instrument of the short-term policy rate.
This creates for both countries a symmetric restriction for the portfolio adjustments induced
by the lower bound constraint, irrespective of potential asymmetries in the magnitude of the
originating shocks. In view of the findings of Benigno (2004), it is worth stressing that this
result remains unchanged if in response to asymmetric shocks the conventional policy rule at-
taches asymmetric weights to the two countries. Any uniformly applied policy rate creates at
the lower bound a symmetric restriction for both countries, irrespective of the origin of this rate
in terms of country-specific weighting schemes. Fourth, if we assume that the lower bound is
reached in an environment characterised by symmetric shocks and asymmetric structures, our
simulations indicate that asymmetric QF purchases are needed to replicate the outcomes of the
unconstrained policy rule. Intuitively, structural differences in the transmission of monetary
policy trigger an asymmetric private demand for long-term bonds, leading to different long-
term rates of the two countries in response to shocks, in the unconstrained and the constrained
environment. Yet, the central bank will be able to replicate the unconstrained outcomes via
asymmetric purchases of long-term debt if this creates a supply pattern of privately held bonds
which overturns the asymmetric demand pattern induced by the lower bound constraint and
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thereby restores the unconstrained deposit rates in both countries. We illustrate this finding by
assuming that banking systems in the two countries, while being financially integrated, exhibit
a different degree of home bias in holding government debt. Such an asymmetric structure
translates into asymmetric central bank purchase volumes of long-term debt at the lower bound,
favouring the country where banks are more strongly exposed towards their own sovereign. This
portfolio bias of QE, in a sense, fixes asymmetric structures. Within our model, this bias is
not a cause for concern since our assumption of a sound fiscal governance structure rules out
that asymmetric QE purchases can come together with adverse incentive effects for governments.

Our paper connects to related literature from various perspectives. First, an incomplete mon-
etary union, in particular when characterised by a weak fiscal governance structure, involves
in addition non-trivial strategic considerations (related, inter alia, to incentive effects and risk-
sharing modalities). The various safeguards of the ECB’s PSPP (Public Sector Purchase Pro-
gramme) adopted in January 2015 incorporate such considerations.® To address them in an
extension of the analysis of this paper is left for future work. For generic treatments of strategic
aspects see Chari and Kehoe (2008), Cooper and Kempf (2004) and Farhi and Tirole (2016).”
Second, our model shares with Benigno (2004) the motivation to understand differences of mon-
etary policy responses between symmetric and asymmetric monetary union specifications. Yet,
in order to preserve the analytical tractability of our model in spite of the challenges arising from
the lower bound constraint, we do not address fully optimal specifications of monetary policy.
Instead, we take outcomes from an unconstrained interest rate rule as benchmarks and establish
conditions under which these outcomes can be replicated via appropriately sized QE purchases
when the lower bound becomes binding. Complementing our analysis, Bletzinger (2017) stud-
ies features of fully optimal monetary policy above the lower bound in a monetary union with
portfolio adjustment costs. Third, we do not explore fiscal policy options to mitigate the lower
bound constraint in asymmetric monetary unions, as done in Blanchard et al. (2017). Fourth, to
operationalise the notion of a sound fiscal governance structure, we assume, for simplicity, that
governments follow a credible feedback rule which preserves fiscal sustainability at the going
price level, in line with the notion of a passive fiscal policy advanced by Leeper (1991). This fea-
ture allows us to abstract from the possibility of sovereign default. However, a fiscally complete
monetary union may well allow for orderly procedures for the restructuring of national sovereign
debt, as advocated by CEPR (2018).% Fifth, the idea to consider replications of unconstrained
outcomes in extensions of the New Keynesian model is related to Wu and Zhang (2017). In this
paper, dynamics of the IS-curve are driven by the short-term interest rate and unconstrained
outcomes can be replicated when this rate is replaced by an appropriate shadow rate (which
captures unconventional measures and can become negative). Eggertsson et al. (2017) consider
an extension with banks and storage costs for money in which dynamics are driven by the de-
posit rate received by savers. Similar to our paper the ability of the central bank to improve
outcomes is bounded by the deposit rate, but there is no distinction between short- and long-
term assets.? Sixth, we do no touch on issues related to global dynamics and multiple equilibria
in the vicinity of the lower bound, as done by Benhabib et al. (2001) and Mertens and Ravn
(2014). Finally, our paper contributes to the large literature on the effectiveness of standard

For details see the accounts of the Governing Council meeting in European Central Bank (2015).

"For discussions of policy aspects specific to the euro area, see Reis (2016) and Orphanides (2017).

8Depending on the degree of political integration, fiscally complete monetary unions can be characterised by
much richer specifications. For a recent discussion, see, for example, Farhi and Werning (2017).

9See Brunnermeier and Koby (2017) for reversal effects in the derivation of the effective lower bound.
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and non-standard monetary policies, as summarised, for example, by Woodford (2012).1° In
line with our focus, den Haan (2016) offers a summary of studies on the effectiveness of QE,
distinguishing, in particular, between studies which allow for the existence of a portfolio balance
channel or not.!! Our analysis also speaks to papers which attempt to disentangle effects which
can be attributed purely to forward guidance (as opposed to other channels, including the port-
folio balance channel).!?

The remainder of the paper is structured as follows. Section 2 summarises the model. Section
3 presents results for a symmetric monetary union, while Section 4 addresses an asymmetric
monetary union. Section 5 closes with concluding remarks. Technical material is delegated to
the Appendix.

2 The model

Our model extends a standard New Keynesian two-country framework of a monetary union, in
line with Benigno (2004), into three dimensions.!® First, to introduce the notion of a portfolio
balance channel, we introduce banking systems in the two countries which face in their portfolio
decisions imperfect substitutability between bonds of different maturities and country origin.
Second, we consider richer specifications of monetary and fiscal policies, by allowing for short-
and long-term government bonds and a detailed characterisation of the sources and the distribu-
tion of central bank income in a two-country monetary union. Third, we assume that the lower
bound constraint on the short-term interest rate controlled by the central bank can occasionally
be binding, leading to specifications of monetary policy rules which go beyond standard interest
rate rules and allow for QE-type central bank purchases of government debt. In particular,
the portfolio balance channel allows the central bank to conduct unconventional policies across
the monetary union via purchases of long-term debt. This channel goes beyond what standard
monetary policy can achieve which operates via adjustments in the single short-term interest
rate which uniformly applies to all short-term debt issued by the two governments.

The model economy consists of two countries, each consisting of households, firms, banks and
a government. Moreover, both countries have a common central bank which conducts mon-
etary policy across the monetary union. Households consume domestic and imported goods,
save in the form of deposits and money holdings, and work. Firms employ domestic labour for
production and face nominal rigidities when setting prices. Banks act as portfolio managers of
domestic households and invest their deposits in non-monetary assets, i.e. short- and long-term
debt issued by the domestic and foreign governments.

The two countries feature the same general structure. For this reason, our presentation refers

0From a broader perspective, QE-type policies, may suffer from limitations. For example, Ciirdia and Woodford
(2011) depart from the representative agent set-up and stress the disruptive role of financial frictions in the
intermediation process. As a result, the analysis naturally favours targeted credit easing policies as opposed to
broad-based QE-type interventions.

UEor a rationalisation of the portfolio balance channel via safety premia associated with short-term government
debt, see Krishnamurthy and Vissing-Jorgensen (2012).

2In particular, see the literature inspired by the forward guidance puzzle, as identified by Del Negro et al.
(2012). For recent contributions, see, for example, McKay et al. (2016).

13We follow the modelling approach by Bletzinger (2017) who analyses fully optimal government bond purchases
in a monetary union above the lower bound constraint.
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mostly only to one country, labelled N. With the exception of the terms of trade all other
variables are defined symmetrically for the other country, labelled S. The monetary union is
populated by a continuum of identical households, with a constant share « living in N and the
remaining share 1 — « living in S, implying that each of the two countries is characterised by
a single representative household. If not otherwise stated, variables with a country-superscript
such as 2V denote country per capita values of that variable. Moreover, any country-specific
nominal variable X, when deflated by the country-specific consumer price index P, is denoted
by a lower-case letter, thus =V = )Ig—ﬁ. Union-wide nominal variables are deflated with the
union-wide consumer price index PC.c The model is solved in a log-linear version around a
zero-inflation steady state. Variables with a hat denote percentage deviations from steady-state
values (indicated by a bar), that is #, = In(x;) — In(Z) ~ Z=Z. Variables with a tilde denote

level deviations from steady-state values, that is Z; = x; — . The following subsections motivate
and derive the equilibrium conditions for each agent.

2.1 Households

The representativeNhousehold in country N obtains utility from overall consumption ¢V and real
money balances Jg—N, and disutility from hours worked Y. The country-specific consumer price

index is given by PY. The optimisation problem is given by:

1

—1
0 N N \1l-0o™ Ny 1+ _ N 1-o,
max EoZﬁthfV (e —sely) _ (ht") " Xom' M;
e h MY DN = 1—0-1 149 1—omt PC{\Q

The utility function exhibits constant relative risk aversion with o > 0 determining the elasticity
of inter-temporal substitution, ¢ € [0, 1] denoting the degree of habit formation in consumption,
1 > 0 the Frisch elasticity of labour supply and ¢, > 0 the interest elasticity of money demand.
" denotes a country-specific inter-temporal preference shock to the otherwise constant discount
factor 3. Every period, the household’s disposable income consists of wage income WNhY,
income earned on one-period interest-bearing deposits Rg DY money holdings M carried over
from the previous period and a lump-sum payment I'N consisting of transfers from the fiscal
authority as well as domestic profits from firms and banks (see Appendix A.2 for an exact
specification of TV ). This income is used to finance overall consumption N at price PCN , New
money holdings and new deposits held with banks. The budget constraint for the household
expressed in nominal terms is:

N N N N N N N NN N
Dy + M + Pc,tct = RD,tletfl + M+ W hy + 1 (1)
PN
The gross inflation rate of consumer prices in country N is defined as Hé\ft 1= ;;ﬁ\j’l . Given that

the labour market and the market for deposits are separated between countries, both wage and
interest rates have a country-specific index V. Appendix A.2 lists the full set of the household’s
optimality conditions.!? In the main part of the paper, in order to simplify the derivation of our
theoretical results below, we focus on the interior optimality conditions without habit formation,
which in linearised form are given by:'®

~N ~N PN ~N ~N
G = Cy1 — U(RD,t — Tet4+1 — Tn,t) (2)

1 Appendix A.2 shows the optimality conditions with habit formation in consumption. This feature creates
more realistic impulse responses when illustrating our results below.

15The expectation operator is dropped in the log-linear equations to simplify the notation. Any variable with
a t+ 1 time index is not known in period ¢ and is therefore treated as an expectation.
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1
¢ht = wt ;Civ (3)

~ N Om N ompB
m = —C — 4
t st T 1-8 Dt (4)
~N
The natural rate of interest is defined as 7 = —(¢,,; — ¢, ) and follows an exogenous autore-
gressive process of the form
AN Y N
Tnt = PnThnt—1 + En,t (5)

with p, € (0,1) and 5 ; being white noise. The three optimality conditions represent the Euler
condition for the optlmal inter-temporal allocation of consumption, the intra-temporal optimal-
ity condition characterising the trade-off between work and consumption, and the intra-temporal
optimality condition that sets the marginal rate of substitution between real money balances
and consumption equal to the opportunity cost of holding money, respectively.

Following the literature on open economy models as in Obstfeld and Rogoff (1995, 2000) and
monetary union versions of such models like Benigno (2004) and Ferrero (2009), the overall
consumption bundle ¢V consumed by the household results from a two-stage Dixit-Stiglitz ag-
gregation which allows for home bias. First, the bundle is defined as a combination of domestic
and foreign (imported) consumption bundles which are, in a second step, each made up of dif-
ferentiated goods produced in the respective country. The elasticity of substitution between the
two countries is determined by 1 > 0 and the elasticity across differentiated goods within the
same country by € > 0. The home bias in consumption is given by the country-specific pa-
rameter A\y.'® The detailed derivation in Appendix A.1 confirms that consumer price inflation

. . .. . PN

is simply a weighted average of producer price inflation, defined as Hévt 41 = ;’j\,“, of the two
’ c,t

countries:

wly = AN+ (1= An)i, (6)

2.2 Firms

In each country there exists a continuum of firms that face monopolistic competition and set
the price of their differentiated product subject to a demand equation. Nominal price rigidity is
introduced by means of quadratic adjustment costs (Rotemberg, 1982). Because the model does
not feature capital, firms only employ labour h(n), which is used in the production function

y(n) = ah(n) (7)

where a is an exogenous productivity parameter, used to calibrate the steady-state output. The
optimisation problem for firm n in country N is given by

x (_Bin)
maXEOZ,Bt (n)ye(n) — WNhy(n) — 5 <Pt_1(n) - 1) Pp Lyl

where A is a stochastic discount factor related to the marginal consumption of households
who are the ultimate owners of firms. The first-order condition, as confirmed in Appendix A.2,

1For a symmetric specification of the home bias in consumption, we assume 1 — \g = 2=(1 = An).
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. . e . P3 .
results in the New Keynesian Phillips curve augmented with the terms of trade, T' = PL]’V’S, which
it
creates a link between the two countries:
AN o= galv e LN _an 1— N7, 8
Tyt = By + " Wy —ay + ( N)Ty (8)
Ty =Tyoy + 75, — 7, (9)

2.3 Banks

Given that banks in each country are identical and that we assume perfectly competitive fi-
nancial sectors, we focus on one representative bank per country which accepts deposits from
domestic households and invests them in the most profitable way. When choosing between short-
term and long-term bonds (with the latter being modelled as consols) the bank faces quadratic
portfolio balance costs. These costs may capture regulatory features or, alternatively, a certain
preference structure of bank customers. The latter is known as preferred habitat preferences
as proposed by Vayanos and Vila (2009). Without being more specific on the most suitable
micro-foundation, it is important to realise that these costs break the perfect substitutability
paradigm of financial assets. They are the key factor for unconventional monetary policy being
able to affect the real economy through the portfolio balance channel. Moreover, holdings of
long-term debt of the two countries are considered as imperfect substitutes by banks. We model
this by introducing the same type of portfolio adjustment costs between domestic and foreign
consols as between short- and long-term debt.

The balance sheet of the bank is made up of domestic deposits from households DY on the
liability side and of short-term Bfgvp and long-term Bivp debt holdings on the asset side. In
nominal terms:

Div = BgP,t + BivP,t (10)

Financial integration allows for cross-holdings of bonds issued in the two countries. Therefore,
both short- and long-term private holdings consist of domestic and foreign bonds:
N N N
Bgpi = Bspt + Bsry (11)
N N N
Brpy = Brp:+ Brry (12)
Like firms, banks face adjustment costs which imply a loss of resources, measured in terms of

domestic output. The profit maximisation problem of the representative bank can be stated as
a per-period optimisation problem in period t:

N N N S N N AN
N oy maxe Ei[RsiBspi+Rr 41Brps + RE 11 Bree — RBp Dy
DN.BN, BN B
t PspPLp ¢ PLr
2 2
N N
131 BSP,t N 2 WN BLF,t N
2%y, ) s oy, ) B
LPt N Brpt

subject to the balance sheet identities (10), (11) and (12). Gross rates of return of the various
assets between periods ¢ and ¢t 4+ 1 are denoted by the corresponding values of R. A subscript ¢
denotes a fixed nominal rate of return which is known when the investment is decided in period
t. Accordingly, the ¢ 4+ 1 time index on country-specific long-term returns Ry, indicates that the
bank, when investing in long-term bonds, optimises given ezxpected long-term interest rates, while
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realised returns on long-term bonds are subject to one-off revaluation effects (as we will further
clarify below). On the contrary, short-term bonds have a known return and they are considered
as perfect substitutes, since their return is given by the single short-term interest rate Rg set

N

by the central bank. Let § = g%vp > 0 denote the steady-state ratio of total private long-term
SP

bonds to total private short-term bonds. Moreover, the steady-state share of domestic long-term

nN

bonds in all privately held long-term bonds is given by wy = gﬁ]D € (%, 1). Any deviation from
LP

these steady-state shares is costly due to the presence of quadratic portfolio adjustment costs.

The parameters v; > 0 and v > 0 determine the size of these costs for short- and long-term
and domestic and foreign deviations, respectively.

2.3.1 Optimality conditions

The first-order interior optimality conditions, as derived in Appendix A.2, create relationships
between the different rates of return and the relevant portfolio shares. In particular, extending
the findings of Harrison (2012) to a two-country model, the linearised interest rate on deposits
can be written as a linear combination of short- and long-term rates:

5(1—&)]\[)
1+0

. 1 4 oWN ~

- R 13
Dt 1 +5 1 _1_5 L,t+1 ( )

This equation is central for our findings. The deposit rate, which is an average of the short-term
policy rate and long-term rates, is from the perspective of households the relevant opportunity
cost measure of holding real money balances. Thus, when conventional monetary policy in the
form of the short-term interest rate is constrained due to the lower bound, the central bank can
still stimulate the economy by decreasing long-term rates and thus the deposit rate. Yet, this
works only as long as the deposit rate itself has not yet reached its own lower bound constraint,
since households will cease to hold deposits if they become dominated in return by real money
balances, leading to the constraint on implementable gross deposit rates

Ry, >1 YVt (14)

Moreover, the relationships between deposit and short-term rates as well as between domestic
and foreign long-term rates satisfy

Rg,t = Rgt+ 11 [bgP,t - bgP,t] (15)
AN HS - [7N LN
RT 441 = Ri 141 + V2 [bLD,t - bLF,t} (16)
where we define 7, = 4% = Y8 and iy = val3 TN These optimality conditions illustrate
LP

—bp b wn (1-wn)

the imperfect substitutability of the corresponding financial assets. In particular, in the spirit
of Tobin and Brainard (1963), there exists a positive relationship between relative returns and
relative portfolio shares of privately held bonds.

2.3.2 Home bias and symmetric vs. asymmetric transmission channels

In the equations presented so far the variables §, 71 and 9 carry no country-specific index. This
can be rationalised as the outcome of a particular choice of assumptions which ensure that in
the two countries monetary policy works through symmetric transmission channels, defining a
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benchmark pattern of symmetric structures.

To obtain symmetric structures, we use three assumptions. First, we assume that in the steady
state the capital accounts both for short-term and long-term bonds are balanced. Second, we
abstract from home bias in short-term bond holdings. This simplification helps to overcome
the a priori indeterminate breakdown of private short-term bonds in the portfolios of domestic
and foreign banks (in view of the identical return on these bonds). Hence, we assume that in
all periods domestic short-term bonds are held according to country size, i.e. BéVDt = aBéVPt.
When combined with the assumption of a balanced capital account, this ensures that the steadif—
state per capita value of real short-term privately held debt l_)gp will be the same for both
countries.!” Third, we allow for symmetric home bias in long-term bond holdings.!® This is
done via the separate parameter wy which fixes the steady-state distribution (while transitory
deviations from this are possible via the above stated optimality conditions). For a symmetric
transmission, we assume that this parameter, when correcting for country size, is equal in the
two countries, i.e.

a(l—wy)=(1—a)(1 —ws) (17)

When combined with the assumption of a balanced capital account, this assumption ensures
that the steady-state per capita value of real long-term privately held debt Bg p will be the same
for both countries.' In sum, these features ensure that under symmetric structures the variables
4, U1, and Dy carry no country-specific index.

By contrast, country-specific (i.e. asymmetric) transmission channels of monetary policy arise if
one allows, for example, for different degrees of home bias in long-term bond holdings and relaxes
the symmetry assumption (17). This implies that the variables § and 72 become country-specific
(i.e. Oy # ds and Doy # Dag). The implications of such pattern of asymmetric structures will
be addressed in Section 4.2.

2.4 Fiscal policy

Given the monetary union structure of our model it is important to clearly distinguish between
the policy contributions coming from fiscal and monetary policy-makers. In any period, the
government (i.e. the fiscal authority operating at the country level) has to fund the service
of outstanding debt and lump-sum transfers to domestic households, PCN N, For simplicity,
government expenditure is assumed to be zero. Similar to Harrison (2012), funding takes place
through risk-less nominal one-period bonds BéVG and nominal consols Bgnsol . with value VN,
Moreover, the government receives a certain amount of seigniorage SV from the common central
bank. Consols have an infinite maturity and pay a fixed coupon of one nominal currency unit per

period. Holders of consols bear a risk of capital gains or losses since V' is not known in advance.

n real terms the steady-state capital account for short-term debt, assuming the same price level, will be
balanced if abr = (1 — a)bZz. The absence of home bias for short-term debt implies bYr = (1 — a)bYp and
b2 = ablp. Combining these expressions yields bYp = b3 p.

18We do not explicitly model the home bias in long-term bonds with a CES function as we do for consumption.
Yet, our choice of the steady-state share of bond holdings can be motivated with such a function in mind. For
the log-linear model dynamics, using a CES formulation or not is not essential.

9T real terms the steady-state capital account for long-term debt, assuming the same price level, will be
balanced if abYr = (1 — )b? . Home bias for long-term debt implies oYz = (1 —wn)bYp and b7 7 = (1 —ws)bip.
Combining these expressions yields a(1 — wn)bYp = (1 — a)(1 — wg)b3 p. Invoking the symmetry asumption (17)
implies bYp = b7 p.
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For the fiscal authority this risk only materialises if it changes the number of outstanding consols.
The government’s flow budget constraint in period ¢ in nominal terms is given by

N N N N N Ny N N_N
Bsq++ Vi B +S; = Rst-1Bsgi—1 + (1 + Vi )Boonsoisi—1 + PeiTt

consols,t

The outstanding nominal value of consols equals Bj]:VG =yN Bé\éns o1s and the ex post nominal
return is N
1+V
R}, = —+— (18)
7 Vita

These definitions allow us to rewrite the government budget constraint as
N N N N N pN N_N
Bsai+ Brgs + 5S¢ = Rsi—1Bsgi—1 + RrBra—1 + Peym (19)

where the different time indices associated with short-term and long-term interest rates capture
the main difference between short-term and long-term debt, i.e. from the perspective of the
representative period ¢t the return on outstanding short-term debt is predetermined, while the
return on long-term debt is subject to one-off revaluation effects. We assume that the government
will keep the real debt structure constant, using the rule:

BgG’,t = BgG,t (20)

Short-term government debt is the residual in the budget constraint and thus absorbs any
remaining fluctuations. In order to curb these fluctuations, fiscal transfers to households follow
a simple feedback rule which reacts to the short-term real interest rate and debt stock. The
functional form which will be used in our simulations below is given by?’

%iv =0 [RS,t—l - ﬁé\ft + bg&t—l} (21)

~ N —
with 6 = GbgP = Hbgp > 0, where we assume a parameterisation which supports a standard
assignment, consistent with a passive fiscal policy in the sense of Leeper (1991). Equation (21)
ensures that in response to a shock the debt-to-GDP ratio will over time return to its steady-

state value. It is not necessary to add long-term debt to this feedback rule, because the feedback
is indirectly passed on from short-term to long-term debt via rule (20).

2.5 Monetary policy

The common central bank controls the short-term interest rate Rg which is uniform across the
union, implying that both governments face identical short-term funding costs. In line with
standard New Keynesian specifications, we let the short-term interest rate respond to inflation
and output. More specifically, the interest rate is set by a Taylor-type rule which responds to
union-wide variables. In log-linear terms the policy rule, the aggregate inflation rate and the
aggregate output deviation are given by:

RS,t = PRRS¢—1 + (1 — pr)(PaTre + &ylr) + 55 (22)
= ol + (1 — a)fl, (23)
e =ajy + (1 - )iy (24)

20Transfers are stated as level deviations in order not to be inconsistent with steady-state levels of zero.
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with ¢, ¢y, > 0 and where the latter two equations are derived from P = PN OlPCSl*O‘ and
y = ay + (1 - a)ys with gV = 7%, respectively. Whereas standard monetary policy has a
symmetric design, unconventional monetary policy via active central bank bond purchases of
long-term debt may be conducted asymmetrically across the union. We label nominal bond
purchases by the central bank as @ (in reminiscence of QE), with Q; = aQN + (1 — @)Q7.
The central bank may then, in principle, decide to follow a country-specific purchase rule of
long-term government debt. In general, such rule, when linearised, can in real terms be written
as:

(jiv = fN() + Eé\,[t (25)

The function fV(.) is zero in any well-behaved steady state (in which the lower bound constraint
is not binding) and could for example be a reaction function similar to the interest rate rule.
The design of such a central bank purchase rule of long-term debt is of central importance for
our following analysis. Therefore, we will return to it below.

In the canonical New Keynesian model of a single closed economy the way money is injected into
the economy and the associated seigniorage income is typically of no importance. In particu-
lar, real money balances enter only one optimality condition (equation (4)) and under standard
assumptions their optimal level can be recursively determined without feeding back on the
equilibrium values of other variables. Moreover, as long as seigniorage is transferred back to
households in a lump-sum fashion (either via the government budget constraint or directly) the
central bank profit resulting from money creation has no economic implication as a result of the
Ricardian equivalence proposition. However, in a monetary union with a single central bank
which may conduct country-specific bond purchases it is necessary to model the issuance of
money, the central bank’s balance sheet and the distribution of seigniorage more accurately for
at least three reasons. First, Ricardian equivalence makes lump-sum payments irrelevant only
at the union level. Yet, the distribution of lump-sum payments between countries can affect
equilibrium allocations. It is therefore necessary to know how much money is held in each of
the two countries. Second, the central bank sets a single short-term interest rate which, by
assumption, applies uniformly to short-term debt in both economies. With a single price, there
is a shortage of instruments for simultaneous market clearing of short-term debt at the country
level. Thus, there is a need for a clearing mechanism at the union level. Essentially, this is
offered by the central bank’s balance sheet, reflecting that the central bank stands ready to buy
or sell any amount of short-term debt, wherever issued, at the single short-term interest rate
which is specified by its monetary policy rule.?! If the countries were not part of a monetary
union with a uniform conventional monetary policy this channel would be the nominal exchange
rate. Third, long-term government bond purchases create another source of income for the cen-
tral bank in addition to conventional seigniorage income resulting from standard operations. To
track these various dimensions of monetary policy, Table 1 illustrates the central bank’s balance
sheet of our model.

As discussed, the implementation of conventional monetary policy is supported by an appropriate
amount of short-term government bond holdings of the central bank. Unconventional monetary
policy in the form of QE appears as long-term government bond holdings on the balance sheet.
We abstract from reserve holdings of banks. Hence, all central bank asset purchases are funded

21This market clearing channel, in the context of the TARGET balances recorded for the Eurosystem, has
recently received attention in the literature, going back, in particular, to Sinn and Wollmershauser (2012). We
come back to this in more detail in Section 2.6.1.
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Assets Liabilities
Short-term bonds angVC Money in circulation aM™N
(1 - a)B3. (1—a)M®
Long-term bonds aQN
(1-a)Q®

Table 1: Stylised balance sheet of the central bank in our monetary union

with the issuance of money which is ultimately held by households. The balance sheet identity
corresponding to Table 1 is:

a (BScy + Q) + (1= a) (Bgy + QF) = aM + (1 — a) M (26)

This equation only holds at the aggregate level for reasons discussed above. There is no reason
why the money in circulation in one country needs to be always identical to the amount that has
initially been created through purchases of short- and long-term bonds issued in this particular
country. This degree of freedom is inherent to the definition of a monetary union.

In each period, the central bank is assumed to pay out any net interest income it earns on its
assets, implying that the total amount of seigniorage transferred to the fiscal authority in N can
be written as:

aS) =(1—(1—a)u) (Rsu-1 — 1)aBog,_ + opr(Rse—1 — 1)(1 — a)Bey
+ (1= (1= a)u) (R, — Da@N | + apa(RE , — 1)(1— a)Qf (27)

The first two elements of the sum on the right-hand side capture conventional seigniorage income
which the central bank creates by implementing standard monetary policy via purchases of short-
term government bonds Bgc. The other two terms capture the central bank’s return on its
long-term government bond holdings ). Importantly, central bank profits generated from bond
purchases in one country may be distributed to the other country. The parameters p; € [0, 1]
and po € [0, 1] control the degree of central bank income sharing among the fiscal authorities.??
A value of 1 means full income sharing, whereas 0 implies no sharing at all.

2.6 General equilibrium

In general equilibrium, the decisions of households, firms and banks need to be individually
optimal and consistent with each other via market clearing at the aggregate level, taking as
given the behaviour of monetary and fiscal policy-makers and the evolution of exogenous shock
processes. The market clearing conditions for the goods market, the short-term bond market
and the long-term bond market are:

PA;& -n P]\g; - 1-a g

N 2 N P, =N

= A 1—A = 28

Yy N <Pc]7\£> Ct +( S) <P§t> a Ct + t < )

BY. = BY +1_O‘BS BY 29
sGt = Pspy Skt T Dscy (29)

a

22Even though risk sharing has recently obtained attention in the design of QE in the euro area, we deliberately
abstain from that label as there is no risk of default in our model.

ECB Working Paper Series No 2156 / June 2018 16



1-—
BLGt = BLDt + BLFt +QY (30)

The full sets of equilibrium condltlons, both in non-linear and in log-linear form, including the
definition of the losses of real resources via price and portfolio adjustments as captured via ZV,
are listed in Appendix A.2 and Appendix A.3, respectively. These conditions can be organised
around a transparent analytical core consisting of a few equations. To derive this core it is
important, in particular, to keep track of the open economy dimension of the model which leads
to a number of linkages between the two countries.

2.6.1 Current account imbalances and financial linkages

Because of the open economy dimension of the model, the value of consumption in any of the
two countries does not have to be equal to the value of domestic output (net of resource losses
=). There is rather scope for current account imbalances (restricted below to be transitory).
Such imbalances can be funded in different ways. In particular, assuming financially integrated
markets, short- and long-term bond markets allow for cross-ownership of bonds in the two coun-
tries’ banking systems, as captured by the market clearing conditions (29) and (30), implying
that there is scope to finance current account deficits via private capital imports. Alternatively,
such deficits can be funded via the central bank’s balance sheet.

To make this precise it is helpful to realise that Walras’ law implies that consumption levels
in the two countries, in sum, are constrained by the combined resource constraint of the two
countries:

aP tct +(1— )Pstct = OCPJ?; [yiv - Eiv] + (1 - @)Pﬁg,t [yf - Ets] (31)

In order to track current account imbalances between the two countries within this combined
constraint, we introduce the notation

P = PSe — Py [y? — 27 (32)

where Q° denotes in real terms the per capita difference between consumption and output (net
of adjustments costs) in S, i.e. a positive value of Q° corresponds to a current account deficit
of S. When combining the private sector budget constraint (1), the budget constraint of the
government (19), the seigniorage contribution to the government’s budget from the central bank
(27) as well as marketing clearing via (29) and (30) it is possible to decompose Pz;g QF into five
distinct funding channels, that is:

a
P&Qf = 1—a [MtN - Mﬁl - (Bévc,t - BJSVC,t—l) - (in - Qi\il)]

+ura(Rgi—1 — 1) [Bévc,t—1 - Bgc,t—l]
20 [(Rﬁt - 1)Q£\11 - (Rf,t - 1)@%971]

+% [B8r: — Rsy—1BSp, 1| — [B3py — Rst-1Bépy 1]

1
a [B]LVF,t - Ri,tB]LVF,t—l] - [BEF,t - RﬁtBEF,t—l] (33)

Q@

1_
By construction, any current account deficit of S must be matched by a corresponding current
account surplus of N. Equation (33) states that in period ¢, whenever the value of per capita
consumption in S exceeds the value of per capita output in S net of adjustment costs, this gap
can be linked to a number of distinct sources of funding, belonging to the five rows of equation
(33):

_.I_
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1) If there is an increase in money holdings in N which exceeds the increase in central bank
holdings of (short- and long-term) debt issued in N.

2a) If ordinary seigniorage income of the central bank (earned on short-term bond holdings)
is shared and a larger amount of this income is generated from bonds issued in N than in

S.

2b) If QE income of the central bank (earned on long-term bond holdings) is shared and a
larger amount of this income is generated from bonds issued in N than in S.

3a) If markets for short-term bonds are financially integrated and banks in N buy more short-
term debt issued in S (net of redemptions) than vice versa.

3b) If markets for long-term bonds are financially integrated and banks in N buy more long-
term debt issued in S (net of redemptions) than vice versa.

For further reference below, we group these sources of funding into three broader channels,
namely 1) the central bank balance sheet (or TARGET) channel, 2) the seigniorage channel
(of both ordinary and QE-related CB income) and 3) the channel of private capital imports
(both short-term and long-term). All three channels are sources of a redistribution of resources
between the two countries and they can only materialise in asymmetric constellations. This can
be easily verified if one adds to equation (33) the corresponding equation for N, i.e.

NON _— pN_N N[, N __ =N
Pp,tQt = Pc,tct - Pp,t [?/t — S ]
which leads to the combined resource constraint of the two countries in equation (31).

The role of these three funding channels can be made consistent with the conventional insight
that a current account surplus of a country corresponds to an improvement in the position of net
foreign assets. Recall that savings of households in any of the two countries consist of deposits
and real money balances. Deposits represent claims of households which, through the balance
sheet of the banking system, are invested in a private portfolio of domestic and foreign bonds.
Similarly, real money balances can be interpreted as claims of households which, through the
balance sheet of the central bank, are invested in a central bank portfolio of domestic and foreign
bonds. In any period ¢, if savings of households in N will be more strongly invested in foreign
bonds than savings of households in S, this will contribute to an improvement in the position of
net foreign assets of V. The central bank channel in a monetary union is special, in the sense that
it can contribute to the funding of current account imbalances for a given central bank portfolio
of domestic and foreign bonds. In other words, country N can run a current account surplus
if the desire of its households to hold more real money balances (and to consume less) matches
a corresponding desire of households in S to hold fewer real money balances (and to consume
more). In the euro area, this mechanism to fund current account imbalances (i.e. a possible
disconnect between the distribution of money holdings across countries and the distribution
of central bank holdings of assets issued in the countries) is related to the TARGET balances.
Conceptually, this mechanism is of interest because it is at work even in case of poorly integrated
financial systems, as to be discussed in Section 4.
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2.6.2 Analytical core of the equilibrium conditions

This reasoning can be used to establish an analytical core of the equilibrium conditions which
consists of a block similar to the canonical closed economy New Keynesian model

éiv = éft\-f;-l -0 [Rg,t - TAr(]:\,[t-&-l - fﬁt} (34)
N _pgan el N LN g
Tyt = Bper + X Yy + s + ( N)Ty (35)
Rsy = prRsi—1 + (1 — pr) [Prfres + dyit] + et (36)
as well as of equations determining the various rates of return®
Rg,t = RS,t + 11 [BgP,t - BgP,t] (37)
R]LV,t+1 = Rit-{-l + 2 [bgD,t - bJLVF,t] (38)
- 1 . OWN (1 —wn) A
N N AN N S
Rp, = mR&t + mRL,tH + ﬁRL,t—f—l (39)
and of a law of motion of the current account (as defined in Section 2.6.1)
OF =& =9 + (1 - \)T, (40)

where the expressions in and 1} capture key linkages between the two countries. Additional
linkages for inflation, output and terms-of-trade developments are provided by the standard
auxiliary equations

~N ~N ~ S
7 _ 7 ~S ~N
Ty = Tia+Tpy — Ty
. AN S
Tet = Qg+ (1- Q)Wc,t
" "N .9
9 = agy +(1—a)g;

These linkages will become relevant below when we explore the effectiveness of standard and non-
standard monetary policies in symmetric as opposed to asymmetric specifications of monetary
unions.

2.7 Calibration

We solve our model, with all equations as summarised in Appendix A.2, around a zero-inflation
steady state. To simplify the exposition, in the symmetric baseline scenario both countries are
assumed to be identical. Hence, the country size is a = 0.5. In the steady state, the terms of
trade equal unity and the current account is balanced. Without loss of generality, per capita
output is calibrated to be unity, that is g = 7° = 1. The log-linear system in A.3 reveals that
only a few steady-state ratios need to be chosen in order to solve the model, including the ratio of
privately held long-term to short-term government bonds J, the long-term debt to output ratio
l_)g p and the ratio of money balances to privately held short-term bonds my,. As summarised in
Table 2 and in line with euro area data, we set § = 3, ng = 0.6 and my = 0.3. The parameter
of the fiscal transfer rule is set to # = 0.0328. This value facilitates persistent movements of
government debt outside the steady state, but it assures stationarity of the model, in line with
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Parameter | Value | Description
@ 0.5 Relative country size of North
AN 0.8 Home bias of consumption in North
WN 0.7 Home bias of long-term bond holdings in North
n 1.0 Substitutability of domestic and foreign goods
15} 0.9925 | Household discount factor
o 6.0 Elasticity of inter-temporal substitution
S 0.7 Habit formation parameter in consumption
P 2.0 Frisch elasticity of labour supply
Om 1.0 Interest elasticity of money demand
€ 5.0 Elasticity of substitution across goods
28.65 | Price adjustment cost parameter
1 0.0038 | Short-long portfolio balance cost parameter
Vo 0.0127 | Domestic-foreign portfolio balance cost parameter
0 0.0328 | Adjustment parameter in the fiscal transfer rule
I 1.0 Degree of income sharing from ordinary seigniorage
%) 0.0 Degree of income sharing from bond purchases
o 1.5 Inflation coefficient in the interest rate rule
Oy 0.5 Output coefficient in the interest rate rule
PR 0.5 Smoothing parameter in the interest rate rule
Pn 0.85 Smoothing parameter for the natural rate shock
T 1.0 Steady-state value of the terms of trade
mp 0.3 Steady-state ratio of money to short-term bonds
l_)g P 0.6 Steady-state ratio of long-term bonds to output
0 3.0 Steady-state ratio of long- to short-term bonds

Table 2: Calibrated parameters of the symmetric benchmark model

Leeper (1991). Conventional monetary policy is assumed to be active in line with a standard
Taylor rule (with feedback coefficients of ¢, = 1.5 and ¢, = 0.5), augmented with a smoothing
term of pr = 0.5 in order to introduce sluggishness in the interest rate consistent with Smets and
Wouters (2003, 2007). The discount factor of the representative household is set at 5 = 0.9925,
implying for all interest rates an annualised steady-state value of 3.06 percent. The remaining
parameters describing household preferences are set at ¢ = 6, ¢ = 0.7, v» = 2 and 0, = 1, in
line with Christiano et al. (2010) and Gerali et al. (2010). Moreover, we set the elasticities of
substitution between countries and across differentiated goods to n = 1 and € = 5, respectively.
The slope of the Phillips curve is calibrated to x = 28.65 as estimated by Gerali et al. (2010).
As concerns the crucial parameters which determine the portfolio adjustment costs, Harrison
(2012) presents an analysis for various values of these costs between short- and long-term bonds.
We choose a value of 1 = 0.0038. This value, after an appropriate transformation, is close
to his baseline calibration of 0.1 which he finds to be between empirical estimates of Andrés
et al. (2004) and Bernanke et al. (2004). We set the adjustment costs between domestic and
foreign bonds at v2 = 0.0127 in order to obtain meaningful spread dynamics. The home bias in
consumption is calibrated such that 20 percent of consumption is imported, implying Ay = 0.8.
For long-term bond holdings we allow a stronger integration with a home bias of only wy = 0.7.
As concerns the distribution of central bank profits across the union, we assume that ordinary

23 As indicated above, in Section 4.2 the variables § and 2 become country-specific.
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seigniorage is fully shared (u1 = 1), while seigniorage related to QE is not (ug = 0), broadly in
line with the practice of the Eurosystem. Finally, as concerns the dynamics of the shock to the
natural rate of interest we choose a standard smoothing parameter of p, = 0.85. The value of
the shock € is specifically calibrated in each of the scenarios shown below.

3 Symmetric monetary union

To facilitate a transparent discussion of our findings it is instructive to start with a symmetric
monetary union, by assuming that the two countries are in all aspects identical and face the
same shocks. By construction, a symmetric monetary union will be isomorphic to a single closed
economy, characterised by a much simplified analytical core, i.e. equations (34) - (40) reduce to

AN _ N SN AN AN
€t =Cy1—0 [RD,t T+l — Tn,t}

1 1.

W+ )8
Rs; = prRsi 1+ (1—pr) XA e V] +eny
R%,t = RS,t + 1 [B]LVP,t - BSP,t}

. AN
Tet = Bﬂ-c,t—l—

where we have used ﬁ;,vt = ﬁé\ft as well as T} = QN = 0, implying ¥ = &V, i.e. output and
consumption dynamics in each country become tlghtly linked. Moreover, we have exploited that
in a symmetric constellation, by construction, RL 1 = RL 1 Deeds to be satisfied. 24 This
reduced analytical core of a symmetric monetary union does not only reveal the special role
played by the portfolio balance channel, but it also nests the reference New Keynesian model in
the spirit of Woodford (2003) via a single parameter restriction as a special case. This insight
helps to analyse the effectiveness of standard and non-standard monetary policies in the general
setting.

Throughout, we consider constellations in which the natural rate of interest, which follows the
exogenous law of motion (5), unexpectedly experiences a negative shock. This triggers a demand-
driven recession. Moreover, for sufficiently large shocks the economy will be driven to the lower
bound constraint on the short-term interest rate.

3.1 The model without the portfolio balance channel: a special case

In line with the closed economy analysis of Harrison (2012), the only difference between the gen-
eral setting and the reference New Keynesian model is the presence of more than one interest
rate as a result of portfolio adjustment costs. In other words, in the special case where these
costs are assumed to be absent (i.e. 73 = 0), the interest rates on deposits and short-term bonds
become identical and the first three equations exactly resemble the canonical three equations of
the reference New Keynesian model, i.e. the IS curve, the New Keynesian Phillips curve and
a conventional Taylor-type interest rate rule. These equations form a well-analysed dynamic
system with the potential to determine output, inflation and the short-term interest rate. In
this system, the lower bound constraint on the nominal short-term interest rate corresponds to

24In other words, in equilibrium there is no scope for portfolio rebalancing costs between domestic and foreign
bonds. Moreover, equation (39) reduces to ngt = ITI_(;Rs,t + %Rﬁm. This expression can be residually used

to determine the newly contracted long-term rate Rg ++1 for given values of ngt and Rs,t.
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a level of zero (one) of the net (gross) rate, reflecting that the short-term interest rate measures
the opportunity cost of holding real money balances.

Moreover, consider a sufficiently large shock which drives the economy to the lower bound
constraint. It is well-known that in this situation unconventional monetary policy via QE-type
central bank purchases of long-term debt is completely ineffective. The reason for this is that
short-term and long-term assets act as perfect substitutes, implying that via the no-arbitrage
condition all assets simultaneously reach the lower bound constraint. However, as shown by
Eggertsson and Woodford (2003), there exists an alternative channel which can restore a certain
effectiveness of monetary policy. This channel works via forward guidance and it relies on the
commitment of the central bank to keep future policy rates lower for longer when the lower
bound constraint ceases to be binding.

3.2 The model with the portfolio balance channel

In general, when portfolio adjustment costs are present (i.e. ;7 > 0), the implied imperfect
substitutability between short-term and long-terms bonds creates spreads between interest rates
as evidenced by equation (37). The deposit rate, as revealed by equation (34), becomes the
single most relevant interest rate for the dynamics of the extended New Keynesian economy
with portfolio adjustment costs, i.e. it drives via the consumption Euler equation the paths of
consumption, savings and hours worked. Importantly, the deposit rate evolves over time as a
weighted average of short- and long-term interest rates, in line with equation (13). While the
deposit rate is subject to a lower bound constraint of zero (reflecting that now the deposit rate
measures the opportunity cost of holding real money balances), this is mechanically no longer
true for the short-term interest rate. Simple model extensions could achieve this (for example,
by allowing banks to hold money as an alternative to short-term bonds), but it would be equally
possible to establish a negative lower bound for the short-term interest rate (for example, by
assuming that banks face some storage cost when holding money, in the spirit of Eggertsson
et al. (2017)). Without loss of generality, we consider a lower bound value of zero for simple
comparability with the reference New Keynesian model.

3.2.1 Outcomes above the lower bound

Figure 1 illustrates the effect of a negative shock to the natural rate. The shock, starting out
from a steady-state constellation, is assumed to get realised in period ¢ = 5. Due to the sym-
metry assumption, we only show responses for one country. All inflation and interest rates in
Figure 1 are shown as annualised net nominal levels in percent. All other variables are presented
as percentage deviations from their steady-state values. On impact, the shock favours savings at
the expense of consumption. This triggers a demand-driven recession, characterised by a joint
drop in output and inflation which calls, according to the conventional interest rate rule, for a
reduction of the short-term nominal interest rate. By assumption the shock depicted in Figure
1 is sufficiently small such that the lower bound constraint is not reached. In response to the
reduced short-term rate banks rebalance their portfolios towards long-term bonds, leading to a
decline in long-term rates to be contracted from period ¢ = 5 onwards. Reflecting the existence
of portfolio adjustments costs, long-term rates fall by less than short-term rates. Moreover, we
observe a decline in deposit rates (reflecting a weighted combination of the decline in short- and
long-term rates) and monetary policy is effective in stimulating the economy to the extent that
it induces a decline in the expected real rate on deposits (as given by the difference between the
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Figure 1: Impulse responses to a symmetric negative demand shock to the natural rate in a structurally sym-
metric monetary union. All variables are shown as percentage deviations from their steady-state values, with the
exception of inflation and interest rates which are transformed into annualised net nominal levels in percent.

responses of the deposit rate and inflation).

It is worth pointing out that households, on impact, have two options to reduce consumption
out of current income. First, they increase their holdings of real money balances, consistent with
the decline of the deposit rate (which captures the opportunity cost of holding money balances).
The increase in real money balances is accompanied by a corresponding increase in central bank
purchases of short-term government debt. Second, households will attempt to hold more de-
posits. Yet, since the set-up is isomorphic to a single closed economy there is no channel, in the
absence of investment, how the additional demand for deposits could at least partly stabilise
aggregate demand. As a result of this feature, the decline in consumption is bound to trigger
an equiproportionate decline in output. Deposits may fall as well (as is the case in Figure 1).

Finally, as concerns the fiscal side of the model, in response to the shock the government issues
more short- and long-term debt (with the reaction bound to be equiproportionate because of
(20)). This increase in government debt results from two reinforcing developments, to be inferred
from the government budget constraint (19). On the one hand, when the shock gets realised
(i.e. in period t = 5), the ex post long-term rate, which is relevant for interest payments on
outstanding long-term government debt, increases since the price of consols will be bidden up
in the rebalancing of bank portfolios (see equation (18)). This one-off effect needs to be funded.
On the other hand, seigniorage revenue declines since the central bank receives lower interest
income on its assets. Over time, however, government debt levels return to their steady-state
levels, in view of stabilising transfers (which react with a lag of one period) as given by the
passive feedback rule (21).
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3.2.2 Replicating unconstrained outcomes if the lower bound is binding:
the case of a small shock

Whenever the short-term interest rate is constrained at the lower bound the central bank can
still ease monetary policy by exploiting the existence of spreads between long- and short-term
interest rates. In particular, the central bank can reduce long-term rates via appropriate pur-
chases of long-term debt, provided that the yield curve is not entirely flat. In such a constellation
purchases of long-term debt have the potential to stimulate the economy because they lower the
deposit rate. Hence, as long as the deposit rate remains positive, the central bank can stimulate
the economy despite being constrained at the short end of the yield curve.

The degree to which monetary policy can be effective in such circumstances depends on the
severity of the recessionary shock that initiates the crisis and drives the economy to the lower
bound constraint. The relevant measure for the severity of the shock is given by the strength
of the downward shift of the yield curve that would have prevailed under the unconstrained
interest rate rule, at both the short and the long end. As long as the unconstrained deposit rate
stays non-negative, it will be possible for the central bank to replicate the hypothetical outcomes
of welfare relevant variables that would have prevailed in the absence of the lower bound con-
straint. In such circumstances the central bank can make full use of the portfolio balance effect
and credibly commit to a rule which substitutes for unavailable short-term interest rate cuts
with appropriate cuts of long-term rates, induced by purchases of long-term debt and designed
to exactly replicate the deposit rate that would have prevailed under the unconstrained interest
rate rule. Intuitively, such design exists since central bank purchases of long-term debt reduce
the supply of bonds to be absorbed by private bond holdings and thereby lower the long-term
interest rate. If this supply effect, to be activated at the lower bound, overturns the increase
in private demand for long-term bonds that would have prevailed in the unconstrained environ-
ment (relative to the environment where the lower bound is binding), it is possible to create a
constellation of demand and supply in the markets for short-term and long-term bonds which
replicates the unconstrained deposit rate. This leads to our first proposition (in which starred
variables refer to the hypothetically unconstrained economy and variables without an asterisk
to the actual economy).
~ oo

Proposition 1: Consider the equilibrium allocation AN* = {éiv*, RN, miv*} of welfare rel-
evant variables in a symmetric monetary union that results from an unconstré{rged interest rate
rule consistent with Rg*t > 1, leading to a welfare level WN*. If the lower bound constraint on
short-term interest rates makes it not feasible to tmplement this allocation with a conventional
policy rule, then there exists a QE-augmented policy rule which respects the lower bound and
replicates AN* and, thus, WN*.

Proof: See Appendix A.4. B

The proposition captures a constellation in which the welfare reducing effects from the lower
bound constraint on short-term interest rates can exactly be offset by appropriately designed
QE-type purchases of long-term debt. The design which is necessary in order to overcome the
constraint combines restrictions on the conventional interest rate rule and a purchase rule for
long-term government debt.
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Corollary I: The QE-augmented policy rule is a set consisting of a short-term interest rate
rule and a purchase rule for long-term debt, to be activated only if the lower bound constraint on
the short-term interest rate becomes binding. For exposition, let us assume that the constraint
becomes binding at date t1 and that this lasts until date ta, leading to the pattern Rg, <1 if
t1 <t < ty, while R, > 1 otherwise. Then, AN* and, thus, WN* can be replicated if the
QE-augmented policy rule takes the form:

i If R*&t >1, set Rgy = Rj‘g,t and if Rgt <1, set Rgy =1
ii. Fort <ty setq =0, while for t > t1 set ¢ >0

Rgs denotes the implementable gross interest rate in levels, Rg the corresponding unconstrained
rate, which is suggested by the conventional interest rate rule and which would have prevailed in
the absence of the lower bound constraint, and ¢~ the purchases of long-term government debt
issued in N, expressed in real per capita terms, that replicate the values of the deposit rate Rg*t,
as detailed in the Proof of Proposition 1. 7

Four comments are worth to make. First, like the New Keynesian reference model discussed
above, our analysis is based on a first-order linearised system of equations. Second, the sym-
metry assumption implies that under the QE-augmented policy rule the central bank will be
able to replicate AS* and thus W** by adopting qf = ¢¥. Third, Proposition 1 covers shocks
which by assumption satisfy Rg:’; > 1. This ensures that the unconstrained deposit rate can be
replicated without violating the constraint on implementable deposit rates Rg’t > 1, as given
by (14). Forth, for Proposition 1 to hold it is crucial that the central bank can credibly com-
mit ex ante to implement the QE-augmented policy rule. This feature is needed in order to
replicate hypothetical outcomes resulting from a rule which forward-looking agents would have
perceived as being credible. In view of this feature it is easy to see that the QE-augmented
policy rule, in fact, embeds the conventional interest rate rule as a special case. In other words,
the QE-augmented policy rule coincides with the conventional interest rate rule as long as the
lower bound constraint never binds and it activates a purchase rule for long-term debt only if
the constraint becomes binding.

Figure 2 illustrates Proposition 1, focusing on a selection of responses already introduced in
Figure 1 and assuming, again, that the negative shock to the natural rate gets realised in period
t = 5. The last chart depicts the stock of long-term government debt issued in N and held by
the central bank (qN ) in real per capita terms, shown as level deviation from its steady-state
value (which is zero) or, equivalently, as a percentage point ratio of steady-state output (which
is unity). The light grey full lines (“no ZLB”) denote the impulse responses which result from
a hypothetical scenario which ignores the binding nature of the lower bound constraint. The
negative demand shock triggers a reduction of the short-term interest rate, while by assumption
the central bank does not engage in purchases of long-term debt. The size of the shock is such
that the central bank would hypothetically reduce the short-term interest rate to about minus
two percent. Since short- and long-term debt are imperfect substitutes, the long-term rate falls
too, yet not as much as the short-term rate, and, importantly, the deposit rate remains positive.
The negative welfare effects of the lower bound constraint are illustrated by means of the dark
grey dotted lines (“ZLB no QE”). In this scenario the central bank respects the lower bound
constraint (which is binding for five periods), but does not yet conduct quantitative easing. This
leads to a significant decline of both output and inflation which drop by about 50 percent more
than in the previous scenario of an unconstrained monetary policy. In the final scenario (“ZLB
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Figure 2: Impulse responses to a small symmetric negative demand shock to the natural rate in a structurally
symmetric monetary union with a binding lower bound constraint. All variables are shown as percentage deviations
from their steady-state values, with the exception of inflation and interest rates, which are transformed into
annualised net nominal levels in percent, and QE purchases, which are shown as level deviations from the steady
state of zero.

with QE”, black dashed lines) the central bank exploits the portfolio balance channel to offset
the lower bound constraint. Despite being constrained at the short end of the yield curve, the
central bank can still stimulate the economy by purchasing long-term debt and thereby reduce
long-term rates. Consistent with Proposition 1, the central bank can exactly reproduce the
paths of output and inflation (and, hence, welfare) of the unconstrained scenario since the QE-
augmented policy rule implements purchase volumes of long-term debt which exactly replicate
the deposit rate of the unconstrained scenario. With this criterion being satisfied the decisions
of households are not affected by the lower bound constraint. For the particular shock displayed
in Figure 2 central bank holdings of long-term debt reach four percent of steady-state output
in the first period after the lower bound constraint begins to bind and afterwards gradually
decline back to the steady-state value of zero. It is worth pointing out that Figure 2 describes
a constellation in which the central bank holdings of long-term debt will have returned to zero
at about the same time when the lower bound constraint ceases to be binding.

3.2.3 Approximating unconstrained outcomes if the lower bound is binding: the
case of a large shock

For a very severe recessionary shock the downward shift of the unconstrained yield curve may well
be associated with negative values of the unconstrained deposit rate, i.e. R%:‘; < 1. Such values
cannot be replicated without violating the constraint on implementable deposit rates (Rg ;> 1),
implying that the hypothetical outcomes of welfare relevant variables that would have prévailed
in the absence of the lower bound cannot be reproduced by QE-type purchases of long-term
debt. However, in such a constellation the central bank can conduct a combination of QE-type
purchases of long-term debt and forward guidance and thereby approximate the unconstrained
outcomes to a high degree. The logic of such combined response can be decomposed into two
stylised steps. First, as the lower bound constraint becomes binding, the central bank can engage
in purchases of long-term debt in order to exploit the portfolio balance channel as far as possible,

ECB Working Paper Series No 2156 / June 2018 26



y cpi s
T B B >~ ininy N SN
-2 '_: :a-" 10 " :-' 0— - -
-4 . :‘ "“.'
20t * -5
5 10 15 20 25 5 10 15 20 25 5 10 15 20 25
N N
RD RL qN
FPTTCLEL LI LI ‘I' ................ | 4 -—-—1
N KA T 2 = ! 1
I — |
2 \
-5 -5 0L
5 10 15 20 25 5 10 15 20 25 5 10 15 20 25
no ZLB ===r==: ZLB no QE = = ZLB with QE & FG

Figure 3: TImpulse responses to a large symmetric negative demand shock to the natural rate in a structurally
symmetric monetary union with a binding lower bound constraint. All variables are shown as percentage deviations
from their steady-state values, with the exception of inflation and interest rates, which are transformed into
annualised net nominal levels in percent, and QE purchases, which are shown as level deviations from the steady
state of zero.

pushing thereby the long-term rate to zero. This leads to a flat yield curve and, hence, a zero
net deposit rate, making any additional purchases of long-term debt ineffective. Second, in line
with the reasoning of Eggertsson and Woodford (2003), albeit now adopted to the crucial role
of the deposit rate, the central bank can exercise additional stimulus via forward guidance (i.e.
it can promise to keep the short-term interest rate lower for longer as would be indicated by the
conventional policy rule). This additional channel can be used to close, at least approximately,
remaining gaps with respect to the desirable unconstrained outcomes.

In practice, these two complementary channels of a flattening of the yield curve via purchases
of long-term debt and the adoption of forward guidance can, of course, be combined in various
ways, as illustrated in Figure 3 by means of example.?> Compared to Figure 2 the crisis is
more severe, leading to stronger reductions of output, inflation and the short- and long-term
interest rate in the unconstrained scenario (“no ZLB”). In particular, the shock is severe enough
to induce in this hypothetical scenario a negative deposit rate. Hence, there exists no QE-
augmented policy rule which could perfectly replicate the unconstrained outcomes. However,
Figure 3 shows that these outcomes can approximately be achieved by a combination of a
considerable amount of QE-type purchases of long-term debt which pushes the long-term rate
to zero and a commitment to keep the short-term rate at the level of zero for one additional
period. This combination approximates the unconstrained outcomes very closely (“ZLB with
QE & FG”). The fact that both output and inflation drop even less than in the unconstrained
scenario can be related to the forward guidance puzzle. As identified by Del Negro et al. (2012),
New Keynesian models typically exhibit a strong and front-loaded reaction to forward guidance
due to the forward-looking nature of the model agents.

25The simulation in Figure 3 is obtained by exogenously fixing the policy rate at the lower bound constraint
for one period longer than implied by the unconstrained scenario. In addition, the level of QE is chosen such as
to lower the deposit rate as far as possible (i.e. ngt = 1), thus still satisfying its non-negativity constraint, for
as long as the ZLB is binding.
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4 Asymmetric monetary Union

This section extends the findings to an asymmetric monetary union in which the two countries
cease to be identical because they receive shocks to the natural rate of different magnitude
( “asymmetric shocks”) or, alternatively, they exhibit structural differences in the transmission
of monetary policy ( “asymmetric structures”). In either case, the complete set of equations
(34)-(40) describing the analytical core becomes relevant. As a general feature, asymmetries be-
tween countries give rise to equilibrium dynamics characterised by current account imbalances
which act as a built-in device to absorb asymmetric adjustment needs of the two countries. We
illustrate this general result for asymmetric, yet sufficiently small shocks which ensure that the
lower bound will not be reached. Moreover, we show that the scope for current account reactions
depends on the degree of financial market integration.

Finally, this section addresses the effects of sufficiently large shocks, which make the lower bound
constraint binding (but do not challenge the non-negativity of the unconstrained deposit rates in
both countries). We generalise Proposition 1 to an asymmetric monetary union and prove that
there exists a QF-augmented policy rule which replicates the equilibrium allocations and the
welfare levels of the unconstrained conventional policy rule in both countries. We illustrate this
result through various simulations and discuss whether symmetric or asymmetric QF purchases
are needed to replicate the outcomes of the unconstrained policy rule, depending on the type of
asyminetry.

4.1 Owutcomes above the lower bound

For simple exposition of how the model works under conventional monetary policy (i.e. above
the lower bound), let us consider a constellation of sufficiently small asymmetric shocks in which
only country N experiences a negative shock to the natural rate of interest. For comparability
with Figure 1, we assume that the shock hitting N is twice as large as in Section 3.2, while
no such shock occurs in S such that the aggregate shock, which hits the two equally sized
countries, is the same.?® The key difference to the scenario of a symmetric shock discussed in
Figure 1 is that the country which receives the shock is no longer forced to absorb the reduced
demand for consumption via an equiproportionate decline in output. In view of the asymmetric
nature of the shock, equilibrium dynamics will rather be characterised by current account imbal-
ances which act as a built-in device to absorb asymmetric adjustment needs of the two countries.

Like in Figure 1 the demand-driven recession in /N induces the central bank to lower the short-
term rate. Via the rebalancing of portfolios this leads in both countries to a decline of newly
contracted long-term rates. Since long-term rates fall by less than short-term rates, the com-
position of portfolios of banks shift in both countries in favour of long-term bonds. Moreover,
deposit rates fall. Unlike in Figure 1, however, the decline of the deposit rate in S (i.e. the coun-
try which has not received a negative shock) is lower than the decline in N and thus favours, on
impact, consumption relative to savings. The additional consumption demand in S falls partly
on goods produced in N, supported by a change in the terms-of-trade which favours expenditure
switching towards N. Moreover, N gains the ability to run a current account surplus and thereby
to export savings from N to S. As discussed in Section 2.6.1, the current account surplus of
N can be funded via the central bank balance sheet channel and private capital exports from

26Tn view of the linearised environment, the output response shown in Figure 1 is identical to the aggregate
output response in Figure 4b (which features the same economic structure as Figure 1).
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Figure 4a: Impulse responses to an asymmetric negative demand shock to the natural rate in a structurally
symmetric monetary union without financial market integration. All variables are shown as percentage deviations
from their steady-state values, with the exception of inflation and interest rates, which are transformed into
annualised net nominal levels in percent, and the four right variables in the last row, which are shown as level
deviations from their steady-state values of zero.

N to S.27 To highlight the differential impact of these two channels we proceed in two steps,
summarised in Figures 4a and 4b. All variables are defined as in Figure 1, with the exception of
the final row which includes new variables which matter in asymmetric constellations, including
the terms of trade (7', shown as percentage deviation from the steady-state value of unity and
defined from the perspective of N). Moreover, the final row shows the evolution of current
account imbalances (with a negative Q0 denoting a surplus) as well as the period-t¢ contribution
to the funding of current account surpluses from the balance sheet channel (¢by_ 4) and private
capital exports (bar), all expressed as level deviations from the steady-state values of zero.?

2"The third channel identified in Section 2.6.1 facilitating the funding of current account imbalances, namely
the seigniorage channel, plays in our calibration no role as long as the economy operates above the lower bound,
since we assume that the central bank income on short-term bonds is shared, i.e. § = §7.

28Tn other words, in terms of the decomposition of Q via equation (33) offered in Section 2.6.1, the real terms

cbr— 4 and bar are computed from these definitions in nominal terms:

CBy- 2 =M} —Bfo, - QY
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Figure 4b: Impulse responses to an asymmetric negative demand shock to the natural rate in a structurally
symmetric monetary union with financial market integration. All variables are shown as percentage deviations
from their steady-state values, with the exception of inflation and interest rates, which are transformed into
annualised net nominal levels in percent, and the four right variables in the last row, which are shown as level
deviations from their steady-state values of zero.

Notice that the variables €0, cb;_ 4 and bar can equivalently be interpreted as percentage point
ratios of steady-state output.

In a first step, in order to isolate the central bank balance sheet channel, Figure 4a considers
the extreme case of a monetary union in which there is no financial integration. In other words,
we assume that the banking systems in the two countries operate under autarky such that their
deposits can only be invested in domestically issued government bonds (both short-term and
long-term), implying bgr = brp = 0 in both countries and, hence, bor = 0. Nevertheless, N
can run a current account surplus. In particular, households in S can increase consumption
(and households in N decrease consumption) since households in N want to increase real money

OlBgF =« [BéVF,t + BivF,t} -(1-a) [BgF,t + BfF,t]

As illustrated by equation (33), for given asset positions inherited from period t — 1, increases in CBY_, and
BXp contribute to a current account deficit in S.
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balances by more than households in S.2° Hence, the central bank offers an equilibrium channel
which shifts consumption from N to S. Figure 4a confirms that this shift in consumption be-
tween the two countries (leading to a current account surplus in NV and a current account deficit
in ) corresponds to a central bank balance sheet composition where some of the money held
in N is backed by central bank holdings of bonds issued in S, as indicated by cbr_ 4.

In a second step, in order to also allow for private capital exports and imports, Figure 4b con-
siders our benchmark monetary union in which financial markets are integrated. In other words,
the banking systems in the two countries, in line with the description of the full model in Section
2, manage portfolios consisting of domestic and foreign bonds (both short-term and long-term).
Under this additional assumption, households in .S can increase consumption by reducing their
deposits (which are partly invested in foreign bonds). This matches the desire of households in
N to reduce consumption and to save more via holding more deposits (which are partly invested
in foreign bonds). Hence, there is scope for private capital exports to absorb some of the savings
in N, as indicated by bapr. This reflects that financial integration offers a second equilibrium
channel which facilitates a shift of consumption from N to S.

In sum, Figure 4b shows that in the presence of both adjustment channels N can run a larger
current account surplus than in the financial autarky case depicted in Figure 4a. Moreover,
Figure 4b reveals that the current account surplus is largely driven by private capital exports,
while the central bank balance sheet channel loses importance and, in fact, switches sign. In
other words, portfolio adjustments in financially integrated markets are a strong substitute
for central bank intermediated funding of current account imbalances which arise in response
to asymmetric shocks. Finally, it is worth emphasising that it is a priori open whether the
shift towards financial market integration favours the stabilisation of the output level in N.
For the particular calibration underlying Figures 4a and 4b, the decline in output in N will
be amplified under financial market integration, but this finding is not robust to alternative
numerical specifications.3"

4.2 The model with an occasionally binding lower bound constraint

This section extends the reasoning to specifications of an asymmetric monetary union which oc-
casionally reaches the lower bound on short-term interest rates. For simplicity, we only consider
negative shocks to the natural rate which are large enough to make the lower bound constraint
binding, but, at the same time, do not challenge the non-negativity of the unconstrained deposit
rates in both countries. In view of Section 3.2.2, it is clear that only for such configurations
there will be scope for a QFE-augmented policy rule to overcome the restriction arising from the
lower bound constraint.3! Asymmetric reactions of countries can emerge if the two countries
receive shocks to the natural rate of different magnitude ( “asymmetric shocks”). Alternatively,
countries can exhibit structural differences in the transmission of monetary policy ( “asymmetric
structures”). To make this operational we assume below, in line with the discussion in Subsec-

2 Notice that in both countries the demand for real money balances increases since deposit rates (i.e. the
opportunity cost of holding real money balances) decline in N and S. However, only country N has received the
negative shock to the natural rate which favours savings relative to consumption.

39For discussions of the international transmission of shocks in open economy models and the role of financial
market integration, see e.g. Sutherland (1996), Corsetti and Pesenti (2001) and Tille (2001).

31For larger shocks, similar to Section 3.2.3., forward guidance offers an additional tool to achieve approximately
acceptable outcomes.
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tion 2.3.2, that the banking systems in the two countries may differ in the degree of home bias
of long-term bond holdings. In other words, we relax assumption (17), implying

a(l —wy) #£ (1 - a)(l —ws).

This asymmetry makes the steady-state values of privately held long-term bonds country-specific
(I_)g p 7 Bf p). Consequently, it affects the ratios between long-term and short-term privately held
debt (05 # dg). Moreover, it also changes how banks face portfolio choices between domestic
and foreign long-term bonds in the equilibrium dynamics outside the steady state as captured by
Uy, implying von # Uog. Hence, asymmetric structures generate asymmetric spread dynamics
between the long-term rates in the two countries via equation (16) for N and via the corre-
sponding equation for S.32 To simplify the algebra, we assume from now onwards, without loss
of generality, & = 0.5 (see Appendix A.5 for details).

In general, when conducting purchases of long-term debt at the lower bound, the central bank
has a certain flexibility in its response since it can freely choose the portfolio mix of long-term
bonds bought in V and S. Because of this flexibility, it can be proven that in either case of
“asymmetric shocks” or “asymmetric structures” there exists a QFE-augmented policy rule which
replicates in both countries the equilibrium allocations and the corresponding welfare levels of
the unconstrained conventional policy rule.

Proposition 2: Consider the equilibrium allocation of welfare relevant variables, consisting of
~ o0 ~ o

the pair AN* = {é{V*,h{V*,mgV*} . and AS* = {éf*,hf*,mf*} o that results from an un-
t= =

constrained interest rate rule consistent with jo; > 1 and R%":t > 1, leading to welfare levels

WN* and WS*. If the lower bound constraint on short-term interest rates makes it not feasible
to implement this allocation with a conventional policy rule, then there exists a QE-augmented
policy rule which respects the lower bound and replicates AN* and AS* and, thus, WN* and W5*.

Proof: See Appendix A.5. B

Proposition 2 summarises a broad range of constellations in which the central bank is able to
offset the lower bound restriction even if the countries display asymmetric developments. Es-
sentially, this finding reflects that QE-type purchases of long-term debt can be designed to offer
country-specific stimulus via asymmetric purchases of debt issued in the two countries. Hence,
extending Proposition 1, the design of QE which is needed to overcome the lower bound con-
straint in an asymmetric monetary union is a combination of the conventional interest rate rule
and possibly country-specific purchasing rules for long-term government bonds issued in the two
countries.

Corollary II: The QE-augmented policy rule is a set consisting of a short-term interest rate
rule and possibly country-specific purchase rules for long-term debt, to be activated only if the
lower bound constraint on the short-term interest rate becomes binding. For exposition, let us
assume that the constraint becomes binding at date t1 and that this lasts until date to, leading

32The non-equality of privately held long-term bonds, when equation (17) does not hold, can be deduced from

Footnote 19. Concerning von = m and Dog = ﬁ, note that our choice of o« = 0.5 still

ensures (1 — wn)bYp = (1 — ws)bZ p. Thus, Vay # Das whenever wy # ws.
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to the pattern ngt < 1if t1 <t <tg, while Rg,t > 1 otherwise. Then, AN* and AS* and, thus,
WN* and WS* can be replicated if the QE-augmented policy rule takes the form:
i If Rgt >1, set Rgy = Rg,t and if R’g’t <1, set Rgy =1

ii. For t <t set q,fV = qf =0, while for t > t1 set ng >0 and qf >0
Rgs denotes the implementable gross interest rate in levels, Ry the corresponding unconstrained
rate, which is suggested by the conventional interest rate rule and which would have prevailed in
the absence of the lower bound constraint, and ¢~ and ¢° the purchases of long-term government
debt, expressed in real per capita terms, that replicate the values of the deposit rates Rg} and
R%’ft, as detailed in the Proof of Proposition 2.

How does the central bank portfolio of long-term bonds, as prescribed by Proposition 2, look
like? To answer this question it is worth repeating that in this paper we look at a design of
QE which is able to replicate the outcomes of a hypothetically unconstrained uniform monetary
policy (i.e. outcomes which would have prevailed in the absence of the lower bound constraint
on the uniform short-term policy rate). In view of this, the QE-augmented policy rule may well
be consistent with a symmetric portfolio design. This will be addressed in the next subsections
which illustrate Proposition 2 through simulations.

4.2.1 Symmetric structures and asymmetric shocks

Figure 5 reconsiders the constellation of symmetric structures and asymmetric shocks in which
only country N experiences a negative shock to the natural rate of interest, as discussed in the
context of Figure 4b. Differently from Figure 4b, however, the shock is large enough to make
the lower bound constraint binding (while respecting the non-negativity of the unconstrained
deposit rates in both countries). Figure 5 indicates that the QE-augmented policy rule can be
characterised by a symmetric purchase rule for debt issued in N and S, i.e. ¢V = ¢°. Intuitively,
this finding reflects that the lower bound imposes a constraint on the uniform instrument of the
short-term policy rate. Moreover, irrespective of potential asymmetries in the magnitude of the
originating shocks, in our linear framework this constraint creates for both countries a symmet-
ric restriction for the portfolio adjustments induced by the lower bound constraint, since the
two countries are assumed to have identical structures for the transmission of monetary policy.
In particular, equations (37)-(39) indicate that the rates of return in the two countries will be
affected in the same way. This explains why the lower bound constraint can be overcome if the
central bank follows a symmetric purchase rule, consisting of purchases of identical per capita
amounts of long-term debt issued by the two governments.

It is worth stressing that our model features a conventional interest rate rule with symmetric
weights as shown in equation (22). Yet, the desirability of a symmetric purchase rule in response
to asymmetric shocks remains unchanged if the conventional interest rate rule attaches asym-
metric weights to the two countries. Intuitively, any uniformly applied policy rate creates at
the lower bound a symmetric restriction for both countries, irrespective of the origin of this rate
in terms of country-specific weighting schemes. This finding can be related to the analysis of
Benigno (2004) who showed that optimal conventional monetary policy in an asymmetric mon-
etary union may well be characterised by an interest rate rule which assigns a larger weight to
the more rigid economy. Our findings suggest that such a weighting scheme does not necessarily
translate into a corresponding weighting scheme for QE-type purchases of long-term bonds at
the lower bound constraint, provided that the monetary transmissions channels are identical.
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Figure 5: Impulse responses to a small asymmetric negative demand shock to the natural rate in a structurally
symmetric monetary union with a binding lower bound constraint. All variables are shown as percentage deviations
from their steady-state values, with the exception of inflation and interest rates, which are transformed into
annualised net nominal levels in percent, and QE purchases, which are shown as level deviations from the steady
state of zero.

4.2.2 Asymmetric structures and symmetric shocks

Figure 6 describes a constellation in which the lower bound is reached in an environment charac-
terised by symmetric shocks and asymmetric structures in the transmission of monetary policy.
To this end, we assume, ceteris paribus, that the banking system in S has a larger home bias than
in N. In particular, following our baseline calibration of equally sized countries (i.e. a = 0.5),
we assume wg > wy which implies ¥ag < Pon.3? Figure 6 shows that this structural difference
does not lead to strong differences in the impulse responses between the two countries, as long
as one ignores the lower bound constraint (“no ZLB”). Yet, with the constraint assumed to be
binding (“ZLB no QE”), this will not only deepen the recession in both countries (for the same
reasons as discussed above), but it can also be observed that the long-term rates between the two
countries differ. This is explained by the different demand pattern for long-term bonds issued
in S due to the stronger home bias of bond holdings in that country. Figure 6 indicates that
the QE-augmented policy rule which overcomes the lower bound constraint(“ZLB with QE”)

33This pattern follows from the exposition in Subsection 2.3.2 and Footnote 32.
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Figure 6: Impulse responses to a small symmetric negative demand shock to the natural rate in a structurally
asymmetric monetary union with a binding lower bound constraint. All variables are shown as percentage
deviations from their steady-state values, with the exception of inflation and interest rates, which are transformed
into annualised net nominal levels in percent, and QE purchases, which are shown as level deviations from the
steady state of zero.

leads to asymmetric purchases of long-term debt by the central bank, favouring the country
with the stronger home bias (i.e. ¢° > ¢V). For the particular calibration shown in Figure 6
(with wg = 0.9 > wy = 0.7), the central bank needs in the peak to buy 22 percent more of
bonds issued in S than in V.

Qualitatively, this finding can be rationalised as follows. The unconstrained interest rate rule
would trigger a large decline in the uniform short-term rate, inducing a reallocation of portfolios
which shifts private demand towards long-term bonds. Because of the asymmetric home bias
the private demand for long-term bonds will be asymmetric, biased towards bonds issued in
S and leading to different long-term interest rates of the two countries. If the lower bound
constraint binds, the decline in the short-term rate is less strong, inducing therefore a smaller
asymmetric portfolio shift towards long-term bonds. For the central bank to be able to replicate
the unconstrained outcomes it has to compensate for the effects of this shortfall in asymmetric
private demand. This can be achieved via asymmetric central bank purchases of long-term debt,
to be activated at the lower bound and to be biased towards S, with the intention to achieve an
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asymmetric reduction of the supply of bonds to be absorbed by private bond holdings. Under the
QE-augmented policy rule the asymmetric reduction of the supply of privately held long-term
bonds overturns the asymmetric private demand for these bonds that would have prevailed in the
unconstrained environment (relative to the constrained environment). The design of the asym-
metric intervention needs to be such that a constellation of demand and supply in the markets
for short-term and long-term bonds emerges which replicates the unconstrained deposit rates in
both countries (and via this channel all welfare relevant variables). This reasoning explains why

a stronger QE-type intervention is needed in the country with a stronger home bias, i.e. ¢° > ¢/.

In sum, these simulations suggest that, assuming asymmetric structures in the transmission
of monetary policy, asymmetric QF purchases are needed to replicate the outcomes of the
unconstrained policy rule. The assumption of a different degree of home bias is consistent
with different exposures of banks in the two countries to their own sovereign. When viewed
from this perspective, the asymmetric structure would translate into asymmetric central bank
purchase volumes of long-term debt at the lower bound, favouring the country where banks
are more strongly exposed to their own sovereign. The central bank portfolio bias of QE, in
a sense, can fix asymmetric structures. This feature disappears if the home bias of banks in
both countries converges, e.g. as a result of uniform regulation. Moreover, in our analysis any
asymmetric central bank reaction has no strategic implications since the assumption of a sound
fiscal governance structure rules out that asymmetric QE purchases could come together with
adverse incentive effects for governments. Incorporating strategic design issues of QE in the
presence of a weak fiscal governance structure and excessive exposure of banks to their own
sovereign is beyond the scope of this paper.

5 Conclusion

This paper is motivated by the idea to develop a tractable model of a monetary union in which
the design of monetary policy above and at the lower bound constraint on short-term interest
rates can be linked to findings from the literature dealing with single closed economies. As
a clear reference point for the analysis of monetary policy in a closed economy, we take the
canonical linearised New Keynesian model, with well-understood properties of a conventional
(Taylor-type) interest rate rule at positive levels of the interest rate. Moreover, in this setting,
once the lower bound constraint becomes binding, central bank purchases of long-term debt
(which we label as QE) are ineffective, while forward guidance (i.e. the commitment of the
central bank to keep future short-term rates lower for longer when the constraint ceases to be
binding) is effective, as shown by Eggertsson and Woodford (2003). Relative to this benchmark,
we introduce two extensions. First, in the spirit of Tobin and Brainard (1963), we add a portfolio
balance channel which ensures that short-term and long-term bonds become imperfect substi-
tutes. Second, following Benigno (2004), we consider two countries, belonging to a monetary
union. The countries share a common monetary policy, while fiscal policies, in the absence of
a fiscal union, are decided at the national level, subject to a sound governance structure. For
the special case of a symmetric monetary union and abstracting from portfolio adjustment costs
the setting becomes isomorphic to the reference model. In general, however, the first extension
makes purchases of long-term debt effective, while the second extension leads to the question
how the central bank should split its purchases between debt issued in the two countries. We
prove that under certain conditions there exists, as the lower bound constraint becomes binding,
an interest rate rule augmented by QE which replicates the equilibrium allocations and the cor-
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responding welfare levels that would have prevailed in the two countries under a hypothetically
unconstrained and uniformly applied interest rate rule. Moreover, our numerical illustrations for
asymmetric monetary unions suggest that the central bank’s QE portfolio under the augmented
interest rate rule can be symmetric or asymmetric, depending on whether the countries have
received shocks of a different magnitude ( “asymmetric shocks”) or, alternatively, they exhibit
structural differences in the transmission of monetary policy ( “asymmetric structures”).

For tractability, the framework is deliberately simple and many important extensions come to
mind. In particular, we leave it for future work to extend the analysis to specifications of optimal
monetary policy. Moreover, as evidenced by recent euro area developments, monetary unions
without a fiscal union tend to suffer from a weak fiscal governance structure. This leads to sub-
optimal outcomes, in line with the analysis of Chari and Kehoe (2008), and makes it desirable
in the context of our paper to extend the design of QE to incentive issues. More generally
speaking, richer frameworks should be able to distinguish between complete and incomplete
monetary unions. Finally, in view of the lower bound constraint addressed in this paper it is
worth to extend the analysis to a non-linear environment.
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A Appendix

This appendix presents selected optimisation problems in more detail (see A.1) and lists the full
economic system both in non-linear and log-linear terms (see A.2 and A.3). Most of the equa-
tions shown refer to country N, but there exists by definition a corresponding set of equations
belonging to S. For a detailed motivation and explanation of the variables refer to the main
text. In addition, the appendix contains the proofs of Propositions 1 and 2 (see A.4 and A.5).

A.1 Two-stage Dixit-Stiglitz aggregation

The overall consumption bundle ¢V consumed by the household results from a two-stage Dixit-
Stiglitz aggregation. First, the bundle is defined as a combination of domestic and foreign
(imported) consumption bundles as

n
1 —1 —1 | n—1
N = (AL T+ (1= An)r(e) T |

where 7 > 0 is the elasticity of substitution between the N and S goods and Ay € [0, 1] measures
the home bias in consumption. The Euler equation first determines how much each household
wants to consume overall. Then, the costs of that overall consumption bundle are minimised
taking the prices of N and S consumption bundles, szv and Pps , as given. The resulting price
aggregator is the consumer price index:

P = [ (B ) (5

The demand functions for cg and cg resulting from the minimisation problems are:

pN\ 7 pS n
N N N N
cp = <P§V> Anc” and  cp = <P§V> (1-An)e

The second stage of the aggregation defines domestic and foreign consumption bundles, each
made up of differentiated goods produced in the respective country, as

(3 () [ o]

where € > 0 determines the elasticity of substitution across the differentiated goods within
a country. In the same fashion as above, the respective price aggregators are obtained by
minimising the costs of each bundle, taking the prices of the differentiated goods as given. The
resulting price aggregators, PIfV and P];q , and demand functions are:

o =

o =1
/ cN(n)Eeldn] and N
0

N_ |1 [® 1 = S 1 e 1 .
_ —€ _ —&
P, = [a/o P(n) dn] and Py = [ /a P(s) ds]

11—«
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Given that exports and imports are exchanged at prices szv and P];g , the terms of trade are

S
defined from N’s perspective as T = 5—’5\,. Combining the demand equations with the price

definitions yields the demand equations for the differentiated N and S goods:

P\ (BS\ " y1-2
o= () () o

p

Aggregate demand

The aggregate demand for good n consists, besides the demand by consumers in N and S, of
adjustment costs faced by firms and banks. When adjusting prices and the portfolio composition,
respectively, firms and banks consume resources in form of domestic goods which they buy from
domestic firms. The real adjustment costs in N are denoted as ZV and the corresponding
resources are bought from firms according to the demand function:

Integrating the demand equations over the N and S populations, respectively, and adding the
adjustment costs results in the aggregate demand functions for firms located in N.

y(n):/oacN(n)dn—i-/al cS(n)dn—l—/OaEN(n)dn

n)\ ¢ PN -n PN -n —
v = () (AN(];;V> CN+(1—>\S)<PPS> L cS+aN>

The overall aggregate demand (population times output per capita) in country N is obtained
by using the appropriate Dixit-Stiglitz aggregator

o < [G) [rorme]”

together with the firm-specific demand equations in a symmetric equilibrium:

PN -n PN *’71_0[
N _ p N p S | =N
Yy = AN (PLN) c+(1=Xg) (PCS> ¢ +Z=

Noting that the adjustment costs ZV are zero both in the steady state and in the first-order log-
linearised system of equations and making use of (1 — /\5)1?70‘ = 1— Ay, the log-linear aggregate
demand equation is:

m =

34

g = Ane + (1= A& + (1= An) (A + As)Ty (A.L1)
Consumer prices obey:

#l = ANAD, 4 (1= A7, (A.1.2)

34 A symmetric equilibrium implies that all firms within one country face the same optimisation problem and
thus set the same price. Hence, P(n) = PY for n € [0,) and P(s) = P} for s € [, 1], leading to y(n) = y" and
s
y(s) =y~
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A.2 Full set of non-linear equilibrium conditions

A.2.1 Households

Phe + DY + MY =Ry, DY+ MY, + WlRY + T

,1 (z) 1
MUC'iV = (civ —gci\il) —gB qzﬂ (CH_1 gciv) °
t
MUCY =Eif— Dt ¢t+1MUC§V+1
ct+1 ¢t
(hgv) =wN MUCY
1 RN —1
X! (i) 7 =MUC,— 25—
RD,t
N =pPN7N + PNyl — WhhY

(A.2.1)
(A.2.2)
(A.2.3)

(A.2.4)

(A.2.5)

N N pN S pN N=N
- (RD,t—lDt—l - RS,t*IBSP,t—l - RL,tBLD,t—l - RL,tBLF,t—l) P et

X 2 14 Bévp ’ 1% w BiVF
= =5 ([ - 1) y§V+1(5 ”*—1> +2< N !

¢z]%\—[+1 _ N N pn NV
N — T'nt = (Tn,t—l) et
t

A.2.2 Firms

yl = ah{
N pN oy 1 N AN
w it N N an N Yi+1524+1
(1 &) + =50 25 = (I — DI = —Bfy— (10, P2
t Lpt ct+1 Y 2
A.2.3 Banks
N N N
D, = BSP,t + BLP,t
N N N
BSP,t = BSD,t + BSF,t
BéVD,t = O‘BévP,t
N N N
Brpy = Brps + Breg
b3p, 5 Py
R%t :RS,t — U1 5 -1 L
’ Woe ) Vs B
1 1
N N bgPt K bgP,t 5bg,tw]zl P ;ﬁt
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A211
A.2.12
A.2.13
A2.14

~—~ o~ o~
—_— — ~— ~—

(A.2.15)

(A.2.16)

40



1 1
bgPt K bgPt 5bgt(1 —wN)Y PA;
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LPt L

A bre oy DBt (A.2.17)
1—wy by, (1 —wn)byp, P

Notice that long-term private debt holdings and the role of the steady-state share wy could be

1 o

. . . . N o N -1 1 N =1 |71
micro-founded with the CES-specification: Byp, = |wx(Brp,) * + (1 —wn)7 (Brp,) ~

A.2.4 Fiscal sector

BSGt + V;f consolst + St - RSt 1BSGt 1 + (1 + V;f ) consols,t—1 + P tTt (A218)
BLGt - ‘/tNBconsolst (A219)
1+ VN
RY, — +Nt (A.2.20)
7 Vita
Big, Bia. 9 B3z, Biay
of _ Lot _ 9 Or _ 50 (A.2.21)
Pc,t Pc 1+mb Pc,t Pc
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N =N Bbrp SGt—1 SG
_#N = _p2LP (R — Rg= A.2.22
Ty T 5bgG ( S,t—1 PC]X S PCZV> ( )
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N N N N N nN
Big:+ Bla, + St = Rsy-1B8g, 1 + R Bl 1 + PN

A.2.5 Monetary sector

My =aM + (1 — ) Mf (A.2.23)
My =a (B3e, + Q) + (1 — @) (Béc, + Q) (A.2.24)
aSt =(1— (1 —a)m) (Rsp—1 — DaBSo,_1 + ap(Rs—1 — 1)(1 — ) Béc,
+ (1= (1= a)p2) (RY — 1)a@QL, + apa(RE, — 1)(1 - )@, (A.2.25)
~ M. b ” ¢y, 1PR
Rgt =(Rs4—1)"" | Rs ( L ) <y> ] es Rt (A.2.26)
@—fN()+5N (A.2.27)
Pc{\i = . q.t 2.

A.2.6 Market clearing

w=oayy +(1—a)y) (A.2.28)
PN\ PN\ ",
=an | 2] N (1) [ o+ 2N (A.2.29)
(PC]\Q P(ft a
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A.2.7 Prices

Pev= (PN (P5)°

P = (BY) T+ (=) ()]

A.2.8 Resulting price relations (of help in deriving the log-linear system)
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A.3 Full set of log-linear equilibrium conditions

A.3.1 Households

o . 5 . 146714 . 4 .
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brp br B
0 . N .
+ o [ = (1= )T — VRV @ + b)) (A.3.6)
LP
2 =0 (A.3.7)
fﬁt :pnffl\jtfl + 57% (A.3.8)
A.3.2 Firms
g = hN (A.3.9)
—1yN .
Aol = Bipi + LW +(1— /\N)Tt] (A.3.10)
A.3.3 Banks
1 )
dN = Hébspt 1+5bLPt (A.3.11)
bgP,t = abSD,t + (1 - )bSF,t (A.3.12)
b5p . = b3p, (A.3.13)
BgP,t = WNBth + (1= WN)ggF,t (A.3.14)
- dwN ~ (1 —wn) A
N N AN N S
Rp, = T 5RSt i 5RL,t+1 13 R} 11 (A.3.15)
. 136
RDt - RSt + bLB |:bLPt bgp7ti| <A316)
vof N Y
RN, =R? = b —b A.3.17
L+l = g0 + <WN(1 — WN)bin) [ LDt LF,t} ( )
A.3.4 Fiscal sector
_ \4N N 14+mp 7 N | IN
(1+ mb)bSG,t + 5bLGt + 3 (1 —B8)8 = 3 [RS,tfl — Tyt bSG,tfl}
O T R - )
+ = [Rg,t - 7Tc7t + bIlYG¢,1i| + = Tiv (A318)
B bLP
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l;gG,t = ‘A/;fN + l;évonsols,t (A319)
Ry, =pVN -V, (A.3.20)
brg.e = bSas (A.3.21)
) . .
BT%T{V = —9 |:R5‘7t_1 - 7}(]:\;5 + bgG,t—li| (A322)
LP
A.3.5 Monetary sector
g = aml + (1 — a)my (A.3.23)
. 5 6 5 o
iy = o b, + _—N(Iz{\]] +(1—a) b3c, + _—Sqts] (A.3.24)
mpby p mpb} p
. 1 4 . .
8 = mRS,t—l + (1= (1 —a)u) [bé‘v(),t—l - Wé\,ft}
+ (1 = a) |bess — 75+ O +As = DT
. o
+ (1= (1= o)pg) =51 + pa(l — ) —=—G (A.3.25)
mbbLP mbpr
Rsy = prRss—1 + (1= pR) [bxfres + Syl + Ry (A.3.26)
i = N +el, (A.3.27)
A.3.6 Market clearing
g = oy + (1 —a)jf (A.3.28)
9 = Aney + (1= An)E +n(1 = An) Ay + As)T (A.3.29)
QN =& — N + (1 - 2\VTh (A.3.30)
(1 +mp)bdg, = abp, + (1 — a) [Bgm + (A + Ag — 1):/1] +mbNe, (A.3.31)
. . . . 1
bhas = wnbip; + (1 —w) [biﬂt + (AN +As — 1)Tt} + o (A.3.32)
LP
A.3.7 Prices
Ty =Tyoq + 7, — 70y (A.3.33)
fteq = adtoy + (1 — )iy, (A.3.34)
wly = ANFD + (1= An)i, (A.3.35)

A.4 Proof of Proposition 1

Recall from the main text that in a symmetric monetary union the analytical core of the lin-
earised dynamics reduces to

Rsy = prRsg—1+ (1= pr) (672 + 0yel | + eny (A.4.1)

N _ N AN ~N N
G = CGy1—0 [RD,t — Met+1 — Tn,t} (A.4.2)
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ﬁé\,ft = Bﬂ—ct+1+ (1/14‘ ) (A.4.3)

and
RY, = Roy+ o [Bip, — 0] (A4.4)
Ry, = ]_15R&t+]fi5éﬁﬁ4 (A45)

Let the hypothetical outcomes of this system induced by the unconstrained interest rate rule be
denoted by starred variables. We consider a small shock such that Rg’*t > 1 will be satisfied by

assumption. The linearised QE-augmented policy rule implies that R&t = Rgt will always be

satisfied, unless the lower bound constraint is binding. In line with (25), there exists a uniquely
N
g}?v

c,t

lower bound constraint becomes binding, f%g = R%’; remains being satisfied in all subsequent

with @V = 0) which ensures that, whenever the

defined sequence ¥ (derived from ¢V =

periods. The replicability of the sequence R%“} ensures that the two-dimensional dynamic sub-

system (A.4.2) and (A.4.3) will in all periods be solved by ¢ = ¢/¥* and 7rct = i\ft*. Since

7 Nx* ~ N* AN x

hy = U =¢

. Om . omB A

m,{v* = —mciv*— uu R
o 1-p

~ o0
this feature ensures that the QE-augmented policy rule replicates AN* = {éév RN N *}t—o

and thus W*. For the remainder of the proof it is at times convenient to rewrite ¢;* via the
term ;¥ which is defined as

N
/\N == 7qt

i TN
brp

The proof proceeds in three steps: First, we rearrange equation (A.4.4) in order to establish a
relationship between Rg’t and ¢}¥. Second, as an interim step, we compactly re-write a number of

terms to prepare the replication result. Third, we solve for the unique sequence of ", ensuring

RN = RN * Vt, which can be expressed as a function of i) predetermined variables, ii) starred

N

contemporaneous variables ¢*, #2*, and iii) the sequences {RN* i iz {Bst+5520-

A.4.1 Step 1: Establishing a link between RY, and g’
To rewrite equation (A.4.4) recall that long-term bonds satisfy the relationships
BJJLVD,t = Bj:vP,t - Bj:vF,t
and
BLGt_BLDt+ BLFt"’Qt :
In a symmetric monetary union cross-holdings of bonds satisfy

11—«

N
Brpy =

leading to
Bips = Blg: — Q. (A.4.6)
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Similarly, for short-term bonds use the relationships
N N N
BSD,t = BSP,t - BSF,t

and
sat = Pspy T — Dspt + Dgoy

In a symmetric monetary union cross-holdings of bonds satisfy

11—«
N s
Bgpy = W B3py

leading to
BévP,t = Bévat - Bévc,t- (A.4.7)
The log-linearised versions of (A.4.6) and (A.4.7), after deflating by P]’\,i, are given by

C

l;N _ i)N . BéVG _ BN . Bév() (A 4 8)

SPt — VYSGit BN SCt BN T
SP SP

. . BN

bipe = blae =at —dl (A.4.9)

LGt SN
BLP

Using (A.4.8) and (A.4.9) in (A.4.4) leads to

. . . BN . BN, . BY
bN . bN _ bN LG bN 256G bN L ZSC | _ AN
9 b - 9 7N bl 7N 9 7N
LPt SPt LGt B SGt B SCt B qt
LP SP SP

This can be simplified if one uses the proportionality feature (20) of the fiscal rule, i.e.
BgG,t = BgG,t
as well as the steady-state restrictions
B B3, _ BEp+ Bl _

Bé'vc
== =1 and — = — 1+7751+mb
BiVP Bé'VP B,JSYP BéVP

to get
:N :N - [iN I N AN
bLP,t - bSP,t =my [bSC,t - bSG7t:| —q -
Hence, we can write (A.4.4) as
Rg,t = RSJ + 11 [mb [b]SVC,t - bgG,t} - ‘jiv]

or, equivalently,

TTAR N . o .
% = = [R&t - R%,t] +my [bﬁqt - bgg,t} (A.4.10)
bLP V1
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A.4.2 Step 2: Preparing the replication result

To replicate RD through appropriate variations in ¥ via equation (A.4.10) we express, as
an interim step, the two terms bSC’t and bSG,t as functions of (jiv as well as of i) prede-

termined variables, ii) starred contemporaneous variables ¢V*, 0¥ and iii) the sequences
)

{RD t+7 }] =0 {RS,tJrj};?iO'

i) Rearranging the Bgc ,~term:

Use
N N N
M;" = Bscy + @y
to express values of bSCt that are consistent with ¢¥* and RN D t as
TN RN
b M AN*_BLPAN_@EN* Um/B g*_iqAN <A411)
SCt BN 5N At = t t T = 2
Bse Bsc o —p mp

ii) Rearranging the BgG’t-term:
Recall that the budget constraint of the government (19) satisfies

N N N N npN N
BSG,t + BLG,t = RSJ—lBSG,tfl + RL,tBLG,tfl + PN tTt -5,
while the seigniorage expression (27) reduces in a symmetric monetary union to
S = (Rsa—1 = 1)Bge, 1 + (Bpy — QY

Hence, after deflating by P.%, the government budget constraint in real terms is

ct?

bth + bth = jotv 1bgG -1+ ?vt bgG,t—l +T = Siv
ot ot
with
N RN
o= _9§Z§IGD (RgfvlbsGt . Rgii]\?> + 7V
L e
ot

Linearising the government budget constraint, using the proportionality feature of the fiscal rule
(i.e. b]LVGt = bfgvgyt), yields

“ 1 0 -
byg, = —— |28, + - RY A4.12
Sth 1+mb+6 |: /8 :| ( )
with
. L+my |4 . - J7. - e 1
Gy = |:Rsvt_1 — ftoy + bgG,t—l} -2 [W?,]t - bfgvg,t_l} — (1= P& + 71
f g 5 o

A= 06 R — AN+ b

. 1 4 - . o .

Sév = 71 — ﬁRS,t—l + bgc,t—l — ’/Ti\’/vt —+ mibqt]\il
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Notice that the terln ég , depends on i) predetermined variables and ii) the contemporaneous

N*

variable 7 Act Let ZG denote the particular value of ZGt evaluated at 7.} and used below to

back out ¢¥. Next, the term RN 7+ can be recursively rewritten, by Comblnlng

and (A.4.5), i.e

A 1 - o =
N N
Rp, = 115 5RS,t + 1515 5RL,t+1v
to yield
Rﬁt = -V - /BRNtJrl + 52‘%\[1

= —pN 1+Z BJH [strg (1+5)Rg,t+g}

Let R ; denote the particular value of RY + evaluated at {RY it {RS,tJrj }520- In sum this

irnplies that there exists a uniquely defined

j=0>

. 1 0 -
byd, = —— |fai+ 2R}
SGt T 1+ mp+ 06 [ e 3

(A.4.13)

which is a function of the set of predetermined variables {Rs,t—l, IA)JSVC?FI, l;gG’tfl, V#X 1s (jﬁ 1}
as well as of ﬂ'N* and {RY i 20 {Rs,tﬂ}?‘;o.

A.4.3 Step 3: Replication result
Finally, use both (A.4.11) and (A.4.13) in (A.4.10), evaluated at RN Dt = RDt, to establish the

uniquely defined sequence

1 1 /2 . 1o OmpB -~

~N Nx — m /\N* m

=—— | —(Rs:— R ) — R —b , A4.14

= [ (R ) o (Tt - 2500 -3, )
bLP bSP

ensuring RN = le * Vt, which can be expressed as a function of i) predetermined variables,

ii) starred contemporaneous variables éV*, Wévt*, and iii) the sequences { RN* itz {Bs i+ }520-

As stated in Corollary I, assume that unexpectedly in some period t; > 0 the lower bound
constralnt becomes binding, known for sure to last until t2 Then, for ¢ < 1, by construction,
R = RDt will be satisfied since Rgt = RSt and ¢ = 0, while for ¢ > ¢; the unique

sequence (A.4.14) ensures that Rth will be replicated in all subsequent periods, consistent with
R&t = RZ‘t for t > to. q.e.d.

A.5 Proof of Proposition 2

The previous proof can be extended to an asymmetric monetary union. Recall from the main
text that the analytical core of the linearised dynamics reduces to

RS,t = pRRS,t—l + (1 = pR) [PrTres + Pylt] + €Ry (A5.1)
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as well as a pair of equations (holding in N and S, respectively), namely

Civ = éﬁn -0 [Rg,t évt+1 A7]1Vt:|
Cig = CtSH [R%,t - frcs,t+1 - fﬁt}
1 N
pt = 57rp t+1 + 1/} *Ct + (1= An)T;
gt = 57rp t+1 +— [w =& —(1— /\S)Tt]
and
Rg,t = R&t + 1 [BgP,t - BgP,t]
Rig),t = RS,t + 1 [BEP,t - BgP,t]
AN S - [N
Rriv1 = Rigp +7VoN [bLDt bLFt}
5S AN - [;s s
R} 1 = Rpgq+vas [bLD,t - bLF,t}
. 1 INWN InN(1 —wn) A
N NWN AN N N S
Rp, = 116 St + 110 Ry 1 + 1+ on L+l
~ 1 dsws = 0s(l —wg) ~
S SWS »g S S) AN
Rp, = 154 Rg T+6 Ry 1+ 1 tog Lt
and

QY =& — g + (1 - )T,

where, by construction, movements in the current account need to satisfy

Qs — _aN

(A.5.2)

(A.5.3)

(A5.4)

(A.5.5)

(A.5.6)

(A.5.7)

This representation of the core equations is consistent with Section 4.2 which restricted structural
differences between N and S, ceteris paribus, to the assumption wg # wy, while maintaining

1

a = 5. This assumption implies that some values become country-specific, namely

VQN 7é Vs, bLP %bLPa 5N #557

while bYp = b3 = bgp. Notice that in view of (A.5.7), é¥ = ¥ is no longer ensured (as is the

case in Proposition 1). Moreover, recall that the two economies are linked by

N N S
Tet = )‘Nﬂp,t + (1 - )‘N)Wpt

T;f = Tt—l + ﬁ_St é\ft
. Ly, l.s
ﬂ-c»t = 2 Ct + 2 Ct
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~ 1 ~N 1 ~S
Yo = Y T U
Let the hypothetical outcomes of this system induced by the unconstrained interest rate rule be

denoted by starred variables. We consider a small shock such that R%; > 1 and R%ft > 1 will

be satisfied by assumption. The linearised QE-augmented policy rule implies that Rg,t = Rgt

will always be satisfied, unless the lower bound constraint is binding. There exists a pair of
N

uniquely defined sequences ¢ and ¢ (derived from ¢ = g—tN and ¢@ = g—;) which ensures
c,t c,t

that, whenever the lower bound constraint becomes binding, ngt = R%:‘; and R% RDt as

well as QN QN = QS* remain being satisfied in all subsequent periods. The replicability of
the sequences of RD b RD b Q,{V*, and 7* ensures that the pairs of the equations (A.5.2) and

(A.5.3), when combined with (A.5.7) and after inserting the expressions for ﬁé\ft, ﬁft and T},

reduce to a 2x2-dynamic sub-system which will be solved in all periods by ¢ = &N*, ¢ = ¢
and 7? = ﬁé\,{*, Agt = frgt*. Next, (A.5.7) can be used to back out #¥* and §*. In view of the

pair of equations

h'* =g and hi* = g7

N ~ Sk Om ,Sx O-mﬁ >S*
m, = —=¢ R and My = —¢fF —
t 5t 1-3 Dt t P 1-3 Dt

o0
these features ensure that the QE-augmented policy rule replicates AN* = {“N * h my *} .
t=

o
and AS* = {af*,ht mf} and, thus, WV* and W5*,
t=0

For the remainder of the proof it is at times convenient to rewrite ng and (jtS via the expressions
¢ and ¢ which are defined as

. ~S

N q X q

q; B]i[ and f = Est
L LP

The proof proceeds in three steps. First, We offer a representation of the palr of equations (A.5.4)
as well as of (A.5.7) which expresses §' and qt as functions of RDt7RDt7 and QN = —QS
Second, as an interim step, we compactly re-write a number of terms to prepare the reph—
cation result. Third, we solve for the unique sequences ¢ and §;, ensuring R = RDt,

RS = RD "t and QN QN = —QS* Vt, which can be expressed as a function of 1) predeter-

mlned variables, ii) starred contemporaneous variables ¢*, ¢, ﬁévt*, Af 7 and iii) the sequences
bl

{RDH—] Jj= 0’{RD t+]}j:07{RS,t+j}j:0‘
A.5.1 Step 1: Establishing links between RDt,RDt7 in, and ¢" and §’

i) Rearranging equation (A.5.4) for Rﬁt:
Starting point:

AN 2 - [N N
Rpy=Rst+ 11 [bLP,t - bSP,t}

i1) Obtain an expression for by P
Recall that in an asymmetric union there is scope for cross-holdings of bonds.
Use for long-term bonds

N _ pN N N _ pN s N
Brpy=Brps+Brpy and  Bpg,= Brp,+ Bip: + Q'
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leading to
N N S N N
BLP,t = BLG,t - (BLF,t - BLF,t) - Qt )

which after deflating by PC{\Q can be written as

N N N
brpe =bras — Arre — @

where
S

P
Arrt = —PC’; b*Lth - bgm (A.5.8)
c,t

denotes the per capita difference of privately held real foreign long-term bonds between S and
N, which can be different from zero outside the steady state.

. . . L
Log-linearising yields, using BLTG =1,
LP

1 x 1

@ — A (A.5.9)
LP LP

l;gP,t = Ega,t -
with } B X R -
Arri= (1 =ws)bip |bip + On +As = VT = (1 - wn)bpblp, (A.5.10)

i2) Obtain an expression for bY, P
Similarly, for short-term bonds use

N _ N N N _ pN s N
Bspy = Bsps+ Bspy and  Bggy = Bsp: + Bgpy + Bsoy
leading to
N _ N s N N
Bsp; = Bsg — (Bsps — Bsry) — Bscu,

which after deflating by PC{\Q can be written as

N N N
bspy = bsgs — Ast — bscy

where
S

P t,S N
Asr = P%’VbSF,t — bsry (A5.11)
c,t
denotes the per capita difference of privately held real foreign short-term bonds between S and
N, which can be different from zero outside the steady state.

e .
Log-linearising yields, using ZSTG =1+ my and my = 25ch
sp sp
~ S A 1 -
béVP,t =1+ mb)bgc,t - mbbgc,t - ETAST,t (A.5.12)
SP

with )
Asra = bse ([B8rs + O + s = DT = 68, )

i3) Inserting (A.5.9) and (A.5.12) from the previous two steps into (A.5.4) yields

1

5N A _ N N
Rp, = Rsi+mn [bLG,t 4 TN
LpP

- . 1 . -
Apre — ((1 + mb)bgg,t - (mbgc,t + Asm)ﬂ
spP
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) . 1 - 1 /- " @
= Rgi+ 11 —mbbgat — ETALT,t + bom (mbé\[c,t + AST,t) - b;\tf} )
LP SP LP

where bngt = bgG,t and ﬁﬁz = 7, have been used.
i4) For further reference below, use in the previous equation the money market equilibrium

miy +mimy = mbc, +mbic, + G + @
to substitute out for mégat, leading to

. N _ . 1 - 1 ~ _2
Rg,t = R&t + 1 [ — mbbgG,t - BTALTvt + = (AST,t — mbgC,t)
LP

bsp
LN ~N _ ~S a’
+ . (many 4+ mimy — G — @) — BT} (A.5.13)
spP LP
ii) Rearranging equation (A.5.4) for R%t:
Starting point:
R%,t - RS,t + 1 |:b€P,t - bgP,t}
ii1) Obtain an expression for l;% Pt
For S, the corresponding equation for b*Lq py is given by
Py
bgP,t = bgG,t + P%ALT,t —q
c,t
Log-linearising yields
by = By — G+ A A5.14
Lrt = VLot ~ 33 q; + S CLT (A.5.14)
LP LP
ii2) Obtain an expression for i)g Pt
For S, the corresponding equation for bg py is given by
PN
S S 't S
b3pr = b3a: + P%AST,t —b3cy
c,t
Log-linearising yields
. . . 1 -
bgP,t = (1 + mb)bggyt — mbbgc’t -+ BTASTvt (A515)
SP

ii3) Inserting (A.5.14) and (A.5.15) from the previous two steps into (A.5.4) for R%,t yields

. . T R 1 - L 1 1~ .
Rig),t = Rgi+ |:b€G,t — G0 + = AL — <(1 + mb)bgG,t + bep [AST,t - mbgc,tD]

bip
A 5 o 1 - 1 - . qS
= Rs;+11 [—mbbgG,t + AL — . (AST,t - mbgat> - bst] (A.5.16)
brp SP P

iii) Re-expressing equation (A.5.7) for QIY:
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iiil) Starting point: .
QF = ¢ =3 + (1= )T

iii2) An alternative description for current account movements can be deduced from the funding

channels discussed in the main text. Complementing equation (33) for Q7 i.e.

o
p}ftgf = 1—a [MtN - Mﬁl - (B.]S’VC,t - BéVC,t—l) - (in - Qi\il)]

+po(Rsy—1 — 1) [BSoy—1 — Bey1)
+per [(RY, = D)QYN, — (RE, — QY]

(o
+ o [BéVF,t - RS,t—lBé‘VF,tfl] - [BfS‘qF,t - RS,t—lBgF,tfl]

1—
[B]LVF,t - RE,tBivF,tfl] - [BEF,t - Rg,thF,tfl]

[0
+

l1-«a
the corresponding expression for QV is given by
11—«

PrOY = 5 (M7 — MF | — (Bio, — BSev 1) — (QF — Q7))

+p1(1 — @) (Rsy—1 — 1) [BScy—1 — BSoy1]
+up(1— o) [(RZ, — D)QF 1 — (R}, — QY ]

1—
- [BEF,t - RS,tlegF,tfl] - [BéVF,t - RS,tleé'VF,tfl]

11—«

[BEF,t - R]LVthF,tfl] - [B]LVF,t - Rg,tB]LVF,tfl]

Keeping in mind that the movements in Qf and in are not independent, we focus on the latter
equation only.

iii3) Expressing the previous equation in real terms (at o = 1/2) and using Ap7; and Agry as
defined in (A.5.8) and (A.5.11), yields

N

P
Pp]{, QY = Agri+Arry

S

P t S S S
+Pcfv [mt - bSC,t —q ]
c,t

PS
P}
PS
Pé,\é p1g (Rs t-1—1)

1 1

+=N HS boor 1+H5 @, — HS my_q)

ibs 1 PC]\Q !
Hg,t SCit—1 — HS

b
ct 1

S

Pct
+7M2
ch’\g 2

1Pc]\1]le
c,t—1

L s N
(RLt )Hit a1 — (Rpy — )HS Pi%fl

1
- (RS,t 1HN Agst, | + RLtHctALTt 1) + (Ri,t - Rﬁ) o bLFt 1

c,t

which can be written more compactly as

PN PSt
) S

PpN QF = Asri+ A+ 2 [my — bgC,t —q;]
c,t
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+ (R}, — R}Y) HN br i1

+25 (A.5.17)
with
P3| 1 1 1
N it s s s
201 = —b3cy 1+ = @1 — my_q)
PN | 112, Iz, HS
PS, 1 1 PcNt !
pig (RSt 1—1) bgCt 1 bSCt 1
PN I, 3, 5,
PS 1 1 PN
S N cit—1 N
Mz (RLt 1) — qi—1 — (RLt —1)— i1
PN Hgt Hf,t Pgt—l
R Asr, . + RN A
S,t— IH{:\Q STi—1 Lt N Hct LTy 4
Linearising (A.5.17) yields
in = ALT,t + AST,t — mBEC,t + T?LT?L? — (ﬂg (A.5.18)
ln Tas ¢
+BbgF |:RL,t - Ri\f,t}
+z5,
with
2§]¥,t = m(i)gCt 1~ g 1) +ag — B (AST,: A+ ALn 1) (A.5.19)
1/1 _ (38 SN o
g 5 L)m (bSCt—l —bscr—1 + (AN +As — 1)Tt—1>

1/1 . N
+M2§ <ﬁ - 1) (@1 — Go1)
iv) Establishing links between ]A%g,t, R%t, va ,and @ and G’
The expression for Q{V ,when rewritten as

Ry —mbic, = O — Rpry —mmf — b [RE,— BY,] ~ 5 + 4

Bt

can be used to substitute out for the term Agp; — mi)gm in (A.5.13) and (A.5.16), leading to

the following expression for R% ¢

~ . 5 . 1 - 1 L o _ ~ qN
Rg,t = Rsi+m [—mbbg(;,t - —N Apre+ (mmiv + mm — g — th) — _If[]
br bsp b,

-1 s X _ 1 : -
#org (@ = By = o — G [RE, - A - 2+ 7]
bsp B

- - 1
= RS7t + Vi |:b

. . 1 1 1
Q,{V—mbbé\vfat— <—N+ >ALTt+mmiv}
SP ’ bLP bS’P

bsp
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bsp B bsp
~<1+1>~N (A.5.20)
—U —_— —_— q J.
' bip  bsp '

Similarly, we get for R%,t :

1 i
ALT ¢ — = }

A g ~ _ _ g
RD,t = RS7t + 121 —mbbSG t R 75
b b
LP LP

1 [= ~ . 1~ - - - -
P [ng — R — i — B [R5, - RY] — 2+ qf]
bsp B

o 1 v - 1 1 1
= Rgi+ 11 [—— in —mbbEGt—l— [ ot = ] ALTt+ mmts]
bsp b bSP

(1 1Y g
i (= +— )3 A5.21
' (bgp bSP) ! ( )

A.5.2 Step 2: Preparing the replication result

To replicate RDt, R%*t and in * through appropriate variations in ¢ and ¢’ via equations
(A.5.20) and (A.5.21) we express, as an interim step, ]figt, Rf ' I;gG ” Bth and ALT’tas functions
of (jt and (j,gg , as well as of i) predetermined variables, ii) starred contemporaneous variables éiv *
A ~N%x ~8 A A .

cts*, Tet s Top and iii) the sequences {Rg:;ﬂ 7205 {RD it ic0s {1845 }520- Notice that the term

z, as derived in (A.5.19) is already in the required format.

i) Rearranging the Rg . and Rf ,~~terms:
i1) Calculation of R]L\{tﬂ and Ritﬂz
In anticipation of the forward-looking determination of Rg . and R‘th we first solve for ]:Zg 41

and Rgtﬂ, using the expressions for N and S in (A.5.6), i.e.

. 1 A INWN AN OnN(1 —wp) A g
RY, = — Rg+-2Np NN
Dt 1+ on St + 1+ on Lit+1 T 1+ on L+l
3 1 - dsWs =g ds(1 —ws) sn
R}, = ——R —R =
Dit 11 0g St + 14 og Lt + 110g bitl
Let
AN
H, - RL s ]?g),t - 1+5 Rsy
RL 41 RD,t 1+5S RS t
51\/05'1\/ 5N(lgWN)
_ 1 1
Hi=| 5000 sy
1+5S 1+5S
The determinant of Hy is given by
) ) dg(1 — In(1 — NG
Hy| = ONen Osws s(1 —ws) on(1 —wn) NOs (s +wy — 1] £0.
1+46n1+0s 1+ g 1+dn (I1+dn) (14 4s)
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Hence,

. A on(l—w
(Rg,t 1+(5NRSt) (RDt l-i-l(SSRsvt) N1(+(5NN)

5N
R, =
7+1
|H1|
dsws PN _ dsws 1 _pH  dn(l—wn) 7 S 4 v(-wy) 1 F
_ 1+65RD,t 1405 1+oy “ WSt 1+on Rp 1+on 1+55R5t
| H|

(1 + 5N) (55&)3R%7t — 5SWSRS,t — (1 + 55) (5N(1 — WN)R%¢ + 5N(1 — wN)R&t
Onds (ws +wn — 1)

_ (5N(1—wN)—55w5R
(5N(55(w5+w]v—1) Sit

(1+0n)dsws  py  (1+305)0n(1 ~ wN) ps

OnNOg (w5+wN— 1) Dyt ONOg (wg—i—wN — 1) Dyt
or, more compactly,
Rg,t+1 = YivRe+ szﬁ’%,t + ¢3NR%¢ (A.5.22)
iy = On(1 —wn) — dsws
OnOs (ws +wn — 1)
W (1+dn) dsws
OnGs (ws +wn — 1)
" _ _(1+5s)5N(1*wN)
w Onds (ws +wy — 1)
Similarly
5S Snw AN 1P 5s(1—
A (RD,t s RSt) Troy (RD,t - mRS:t) b
L,t+1 ’H1|
5 2 5 5s5(1 5s(1— 15
_ Thon ls?,t fiogﬁ T+3s Rsy - S§+5:S)R%t T s§+5:5) oy fisit
| Hy |

(1 + (53) 5NWNR%¢ — (5NOJNRS¢ — (1 + (5]\[) (53(1 — WS)Rg,t + 55(1 — wg)f%g,t
OnOs (ws +wn — 1)

_ 53(1 — wS) — 5NwNR
Inds (ws +wny — 1) Sit
(1+0s)0nwn RS (1+0n)0s(1l — ws)R

Onds (ws +wn — 1) Dt ™ InOs (ws +wn — 1)

or, more compactly,

Rf,tﬂ = thisRss + @bzsf?g,t + ¢3SR%¢ (A.5.23)
0s(1 —wsg) — dnwn

Yis = OnOs (ws +wn — 1)
bog = (1 4+08)05(1 — ws)
Inds (ws +wn — 1)
(14 6s) dnwn
Y3g =

OnOs (ws +wn — 1)
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i2) The term Rg , can be recursively rewritten, by combining
Ry, = VN - VY,

and (A.5.22), i.e
R\ 1 = UinRsy +YonRY, + ¥snRD,

to yield
AN N AN N
Ry, = —-V.1—BRLi+ /BQVt—H
A~ o0 . ~ A A~
= VN + ijo gt [%NRS,HJ‘ +panRY iy + U RD 4

Let R ¢ denote the particular value of RLt evaluated at { RN i 520 {R3: it ieos {R&tﬂ}‘;‘;O.

i3) The term RLJ can be recursively rewritten, by combining

R}, =BVS -V,

and (A.5.23), i.e R A X A
R} 11 = 1sRsy +vasRY , + ¥ss D,

to yield
59 S 59 S
Ry, = -VZ21—BRl i+ ﬁ2Vt+1
7S o0 j » DN DS
= -V + ijo Bt [%sRS,tﬂ' + YosRpqj + ¢35RD,t+J}

Let Ri denote the particular value of R? + evaluated at {RN* Y i {R%: i) 0 {R&tﬂ- }520-

ii) Rearranging the l;gG’t and lng,t-terms:

iil) Rearranging I;g\fG’t :

Linearising the government budget constraint, using the proportionality feature of the fiscal rule
(i.e. bgG,t = b]SVGyt), yields

. 1 SN~
i )
SG,t 1+mb+5N |: Gt B Lt
with

AN L+my |4 AN | N ON [.N 3N my I N

Gr = T3 [Rsvt—l — Tt + bSG,t—l} 5 [Wc,t - bSG,t—l} - ?(1 - B8 + o —— 71

%iv = —%gP [RS,tfl - ﬁé\,ft + Bjsyc,t—l}

sN 1 1 N ~ N

St = mRSt 1\ 1=5m [bSC,t—l - Wc,t]

17 A .
+M1§ [bg(),t—l - Wcst + (AN + As — 1)Tt}

1 oN . 10g .
+<1—2u2> —qivl+u22 =G

Notice that the term ég , depends on i) predetermined variables and ii) the contemporaneous

variables 7TNt and 7 7Tct Let zg ¢ denote the particular value of 2 zGt evaluated at 7T . and 7 7r 7 used
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below to back out ¢ and ¢’. Combine with Rgg as established above to obtain the uniquely
defined

2 1 N ON A

A I —R A.5.24
which is a function of the set of predetermined variables {Rgt,l, Bgc,t—lv BgC,t—lv lA)éYG’t_l, V#X 1
GN 1,7 |} as well as of 4 ﬂ'ct , 727 and {RD i 20 {RD t+J}J oo {8 451520
ii2) Rearranging bSGt
Similarly, there exists a uniquely defined sequence

1 s 53 55
bSq — |32} — Ry 1 A.5.25

which is a function of the set of predetermined variables {Rg 1, bévc,t—h bgc?t_l, bgat_l, Vt‘i 15

AS -
GN 1, 1} as well as of 4 7T'Ct , 27 and {RD e 0,{RD 1tﬂ}J 0: {856+ }520-

iii) Rearranging the ALT’t-term:
iiil) As derived in (A.5.10) we start out from

ALT,t =(1- WS)BEP [BEFt + (AN + As — 1)Tt —(1- wN)EgPBgF,tv

implying that A o7, is a function of b LF and IA)E Fi-

iii2) In order to obtain expressions for by pe and 3‘2 4 We start out from the expressions for IV
and S in (A.5.5), i.e
AN HS ~ IN
Rpip1n = Rigp+ren [bLDt bLFt}
A SN - [is
R} 1 = Rpgq + Vs [bLD,t bLFt}
iii3) Obtain by, , — bV,
Linearisation of
N N N
bLD,t = bLP,t - bLF,t
yields
IN iN IN
WNbLD,t = bLP,t —(1- WN)bLF,t
or, alternatively,
Y ZLBN _ 1 —wnin
LDt = o oLpe VLR
Subtracting Bg y gives
. 1 /. .
N N N
N bLFt = (bLP,t - bLF,t)
WN

Next, combine this with (A.5.9), i.e

bpe =iy — N~ BTALT,t

to get
R N 1 . R
B b = <b G A, — b ) A.5.26
LDt — YLFt — N LGt — bfp bgp LTz LFt ( )
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iii4) Obtain b7, , — bip, :
Similarly, for S we get
. . 1 /.
bgD,t - bEF,t = (bgPt bLFt)
ws
and combine it with (A.5.14), i.e

~S 1
bipe = bic: — bS +b5 Apry

to get

1 @1

bl ps —bip, = s (bLGt b; 75 N bLF,t) (A.5.27)
p  YLp

iii5) Obtain bLFt and Bfﬂt:

To obtain bLF’t and IA)EF’t insert (A.5.26) and (A.5.27) as well as (A.5.10) into (A.5.5) for N and
S, leading to

1 7AR N
Ry, — R = V2N bLGt N ETALTJ —brry

78
q
RL A1 RL A+l = V2N [bLGt bztv —(1- WS)bN bLFt

. b p
— wnbYp, — (1 —ws - (A + s = )]

Similarly,
LR — i [B - T LR g
RL A1 Lit+1 — V25— VLGt — S 79 LTt — VLFt
ws P LP
X AN _ 1 g g;
R} i1 — Rp 41 = Vos— [bLG,t — g — wsb? gy
ws bip
—(1- %BN —ws)AN +Ag — )T
(1 WN)Z—)S LF,t'i_(1 ws)(An +As — 1)T;
Lp
This pair of equations can be rewritten as
iy PR [y 1— Av + A = 1T,
bLFt wN Tan LGt bN = ( WS) ( N+ As = DT
Horlgs 1= A RS s
LFi WS%‘F [bLG,t_ﬁ—i_(l_wS) ()\N—FAS—l)Tt]}
ES
WN (1 — ws)zk~
H2 = Yy Lp
(1 —wn)z° ws
LP

The determinant of Hs is given by

Det(Hz) =wnws — (1 —wy)(1 —wg) =wy +wsg —1#0
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Solving for l;g e Yields

» 1 R? t+1 RLNH—I by Rgt-{-l - R} t+1
bN = _— ? ’ _ 1 _ _pr ’ ;
LFt wn +ws —1 [wNwS Tan wg( ws) bfp Dosg
! [BN W ey A 1)T]
—C — = — 1 —ws)=x (AN + As —
wy +wg — 1 LGt bgp bgp !
L gyl {BS @y ) [ + A 1)TH
wN +wg —1 bgp LGt bEP !
BS
1 wyws @ (1 —ws) 5y RS RN
N wN +wg —1 UoN + Uag < L+l — L’H—l)
1 2N ar ] 1 bip [“S q; }
we [N, — & | _ 1 —we)LL b5, — L
wn +ws — 1 S [ LGt bgp WN + Wy — 1( S) b]LVP LGt bEP
1 by R
(1 —ws) P Ay + A5 — DT, A5.28
WN+WS—1( S)bfp( N+ As = DT ( )
Similarly, solving for l;f Feyields
brp
s 1 wyws | (L - wn)wonger (RN _ RS )
LEt oyt wg—1 | Dag Do Lyt+1 Lt+1
~g q’ .
_ b — = 1-— [ A Ag —1 T]
o e g+ (=) [ + 35 = 7]
L gt {EN —_@]V—(l—ws)l_)ip(mﬂs—n:ﬁt}
wy +ws — 1 bip b bip brp
BN
1 wywg (I~ @NJon G AN ps
- wy +wg —1 Dag + Don ( Ljt+1 — L,t+1)
1 R (']*S' 1 BN . CYN
_— b, — | - —— (1-w _LP[bN — A
OJN—I—wS—IWN |: LG bgp:| wN+w5—1( N)bip LGt bgp
1 .
———— (1 —ws) Ay + s — DT (A.5.29)
wy +twg —1
iii6) Obtain App, :
Inserting the expressions (A.5.28) and (A.5.29) for bngt and bEF,t into (A.5.10), i.e.
ALT,t = (1- wS)EiPBEF,t - (1- WN)BgPI;]LVF,t
+(1 —ws)bZp(Av + As — DT
yields
~ =S
~ A~ A~ ~ ~ q ~
Apry =& |RY (1 — Rf,t+l} +éo | bl — Bq]f/} +&3 by — 6;] +(ANn+As—1)T; (A.5.30)
LP LP
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with

I;N
X 5 1 wyws (1~ WN)oN gk
— — W o) ~
& ( s) LPon+ws —1 | g UoN
ws (1 —wg) brp
1 —ws) gy
+(1 - wn)brp oAy =
wy tws—1| van V2s
1 =g ws(l wg) =N wN(l UJN)
= = bLP ~
wNy +twg —1 1) VaN
& = 0w 1w e
2 S LPw +wg—1 N bfp N LPwN—i-wS—l S
LPwN+wS—1
& = (- wsbfp—— T N S L 7
= —w _— W —w wg )=
3 o LPwN+wS—1 N N LPwN—I—wS—l o bgp
LPwN—i—wg—l
& = (1-ws)b L (- we)+ (1—wn)b L (gl
= — —w —w —Wg)=x—
4 wgs pr s —1 S N LPw Tws—1 S bgp
+(1 —ws)bip
5 p(1 — ws) L i—wot( L
= - —w —w
Lp ws wnN +wg —1 o NwN—i—ws—l
_ 1
= by

iii7) Simplify the expression for A LTt
To further simplify (A.5.30) use (A.5.22) and (A.5.23) for R, jand R? , | to establish

RY i1 — R = (binv — 1) Rsy + (an — das) R, + (Ysn — ¥ss)RD
or, equivalently,
oN — Og .
R
InOs (ws +wny — 1) Sit
(1 + (SN) ds AN
onOs (ws +wy — 1) P
InOs (ws +wy — 1) PP

PN S
R — R

which can be simplified as

on — Og 1 ~ 1+ 60N 1 AN _1+5S 1

AN S _
Rp 1R 41 = Rs+
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Hence, (A.5.30) can be rewritten as

A - bEP ws(yl Sws) bNP wN(V12NwN) Sn — O 1 A
LTt — UJN""WS_]- 6]\765 WN — OJS—]. Sit

bS ws(l-ws) bN wn (I-wn)

+ VZS V2N 1+(5N ]. RN _1+6S ]. A%
wy +wg —1 N Wy —wg—1 Pt b wy—wg—1 Dt
v 1 —wn N ggv L 1 —wg ~q qts]
LP o g —1 | EGt N LP o g — 1 | LG =
1 — wg )
b7 AN +Ag—1
+LPwN+w 1( N+As = 1T,
iii8) Let
1—-—wsg l—wny .
AApr: = Aprs + Tl N

wy +wg —1 e wN+w5—1qt

and use Bth = 3§VGt, BEGt = Bth, evaluated at bSGt and Eg'ét, in order to establish the
uniquely defined sequence

T ws(l—w wy(1—w
ANA%T = bEP S(I/ 25 <) + bNP N(VQN ) ’ |:5N " 65 1
it

wN t+ws —1 ONds wy —wg —1
S ws(l ws) 4 bN wy(1=wn)

Rs

wN—l—c,ug—l oN wN —wg —1 ds wN—wS—l Dyt
1 —wn AN 1—ws -5
be b q b q
L wN twg —1 SGt+ LPOJN—i-wS—l SGt
1 —wg

which is a function of the set of predetermined variables {Rgt 1, BgCt 1) BgCt 1) I;Jth 1> Bth 1>
VtN17 Vtslvqt 17qt 1} as well as of 7 7Tct , Ty and {RD i I = 07{RD tﬂ}j 0 {RStJrj}?o:U

A.5.3 Step 3: Replication result

Finally, use ANAT , by , b3a , qu, RNq in the two equations (A.5.20) and (A.5.21) for RN
LTt SG’t SGt> tVLt Dt

and f%% ;» evaluated at RD,t = Rg:;, IA‘ZDJ = R%’ft, QN = QN*, to establish

SP t
B 1 1 l-wny _n 1 —ws ~SH
—v = + AN? —
! [(bgp bsp) { 1 wN—i-wg—lqt wy +twg —1 a

_ [ 11 5S¢ pNql , 1 N
121 |:bﬁb |:RL,t RL,t] + BSPZQt

. . R S 1
Rg"; = Rgi+v1 |=— in — mbbgg;t + —mml
’ b v bsp

SP
5 1 1 N
<bgp bSP !
and
HS* > ~ 1 AN 1 ~ Sx
Ry, = Rgi+v1 |—=— mbbSGt + =—mm;
’ bsp bsp
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N 1 1 ~\ l-—wy  n 1 —ws ~S”
+ —— +=—1 |[AA + —
V1 Hbfp bgp] [ LTt wN—l—ws—lqt wN—l—ws—lqt

- 11 - 1 .
+iry [_be [qut Rfﬂ + —zgt}
bsp B ’ ’ bsp
~<1 +1>~S (A.5.32)
- | =—+—1¢q 5.
bEP bsp !
This pair of equations can be compactly written as
~N q
4 _ | Oy ]
Ha- | 1 = A.5.33
’ { @ ] [ 0§ (4:5.35)
with
wg _ l-wg
H3 — wN_li_wf;_l wNw—i-wS—l
—WN N
T wnFwg—1 wytwg—1

1 ; Dt ~
@?V = I 51 —AAp
brp bsp
1 1 Nx _ 7Ngq _ o~ Nx*
+ L + L l_) Qt mbbSG7t + - mmt
brp bsp 5P
1 1 1.n [55¢ &N I N
1 [EﬂbLF [Rth RLﬂ + bon o
ng b SP SP
1 RS,t iy ~\ 4
05 = T 7 =+ AALry,
bfp bsp
1 1 Nx _ 75¢q _ ~ Sx
+ T z P mbbSG,t + =——mmy
bNP bsp SP
1 [ L 1:n [ps N L N
+ 7bLF [R q R qi| + —72’Qt
oty L0sP D b bsp
and with the determinant of H3 given by
wg __1l-wsg 1
Det(Hz) = | “Nfwg b wnfes = — 20,
_wN+ij§]—1 LUNi)L]dVS—l Wy Fws —1

Equation (A.5.33) is solved by the pair of uniquely defined sequences ¢ and ¢/, i.e.

Q1 __l-ws
@ = (wnvtws—1)| g U =wn 0%+ (1-ws) 0F  (A5.34)
S wnNFws—1
5 s o
@ = (wntws—1)| “M=50 o0 | =(1-wy) Of +ws-0f  (A5.35)
wNFwg—1 S
ensuring Rg,t = ﬁig;, }?i%yt = R%’jt, and QY = QN* = —Q7* V¢, which can be expressed as a

function of i) predetermined variables, ii) starred contemporaneous variables ¢¥*, ¢, 7%2;*, frCS’ ;
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and iii) the sequences {é%;ﬂ- 3205 {R%ftﬂ‘};im {}AES,HJ'}]?";O.

As stated in Corollary II, assume that unexpectedly in some period t; > 0 the lower bound
constraint becomes binding, known for sure to last until ¢5. Then, for ¢ < 1, by construction,

R%’; = Rﬁt, R%,t = R;%’ft and in = in * = —Qf* will be satisfied since RS,t = Rf‘gt and
¥ :~q~f =0, vzhile for t > t1 the unique sequences (A.5.34) and (A.5.35) ensure that Rg;, R%’:t
and QN* = —QtS* will be replicated in all subsequent periods, consistent with Rg; = R§, for
t > tg. q.e.d.

Notice that Proposition 1 is a special case of Proposition 2. This can be seen by going back to
(A.5.31). Imposing Ar7r; = 0 implies

1—(,05‘ ~S 1_CL)N ~N
qr — 0
wN +wg —1 wy +twg —1

Moreover, Proposition 1 assumes Q,{V =0, AST’t = 0, while th = f{]LV . by construction, and
q + mi)gat = mmy, implying 25, = 0 in (A.5.18). Substituting these expressions into (A.5.31)
yields equation (A.4.14).
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