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In a standard open-economy New Keynesian model, the effective lower bound causes anomalies: output and
terms of trade respond to a supply shock in the opposite direction compared to normal times. We introduce a
tractable framework to accommodate for unconventional monetary policy. In our model, these anomalies disap-
pear. We allow unconventional policy to be partially active and asymmetric between countries. Empirically, we
find the US, Euro area, and UKhave implemented a considerable amount of unconventional monetary policy: the
US follows the historical Taylor rule, whereas the others have done less compared to normal times.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords:
Effective lower bound
Unconventional monetary policy
Shadow rate
New Keynesian model
Open economy
1. Introduction

Since the Great Recession, many major central banks of developed
economies have faced the effective lower bound (ELB) for their policy in-
terest rates and resorted to unconventional monetary policy to provide
further stimulus. In this extraordinary environment, how do we evaluate
the role of unconventionalmonetary policy theoretically and empirically?

In a standard New Keynesianmodel (e.g., Eggertsson andWoodford
(2003) for a closed economy and Cook and Devereux (2013a) for an
open economy), the ELB yields to the classic liquidity trap. The central
bank cannot further reduce the policy rate, and monetary policy is
completely absent. However, emerging empirical studies provide over-
whelming evidence to demonstrate the effectiveness of unconventional
monetary policy; see, for example, Gagnon et al. (2011), Hamilton and
Wu (2012), Krishnamurthy and Vissing-Jorgensen (2011), Bauer and
Rudebusch (2014), and Wu and Xia (2016) for its domestic impact,
and Neely (2015), Bauer and Neely (2014), Bowman et al. (2015), and
Chen et al. (2016) for its global effects.
er Karadi, Anna Lipińska, Argia
as participants at the NBER
t Frictions, Business Cycles, and
harles Carlstrom and Timothy
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We propose a tractable New Keynesian model that incorporates un-
conventional monetary policy into an otherwise standard model to be
consistent with empirical findings.We propose a Taylor (1993)-type pol-
icy rule to conveniently summarize both conventional and unconven-
tional monetary policy; seeWu and Zhang (2017) for how to implement
a negative interest rate via QE, for example. We extend the framework
ofWu and Zhang (2017), where unconventional monetary policy follows
the historical Taylor rule by construction. In this paper, we relax this as-
sumption and allow unconventional policy to be potentially less effective,
and countries can implement them asymmetrically. Our newmodel nests
the traditional model wheremonetary policy is absent at the ELB and the
model in Wu and Zhang (2017) with fully active unconventional mone-
tary policy. We illustrate our new framework with a two-country setup,
similar to Clarida et al. (2002) and Cook and Devereux (2013a), but it
can be easily extended to the small-open economy.

During normal times, a negative supply shock from the home coun-
try leads to lower home output and terms of trade. In our model, if a
sufficient amount of unconventional monetary policy is implemented,
the same results apply for the ELB. On the contrary, the standard
model implies an oppositemovement of output and terms of trade dur-
ing a liquidity trap, andwe will refer to these movements as anomalies.

The basic mechanism that leads to these anomalies consists of two
channels. First, it transmits through inflation and the real interest rate,
whichworks the sameway as in a closed-economymacromodel. A neg-
ative supply shock leads to higher inflation for home goods. At the ELB,
the nominal rate does not move, which lowers the real rate. The lower
the CC BY-NC-ND license (
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real rate stimulates demand and hence the equilibrium output of the
home country. In the open economy with complete financial markets,
international trade further amplifies this effect through a depreciation
in terms of trade.

Whenwe allow the two countries to implement their respective un-
conventional monetary policy asymmetrically, we find different results
for the home and foreign economies. For the home country, its own pol-
icy matters the most, whereas the foreign economy relies on both cen-
tral banks. More active home or foreign policy is associated with higher
welfare, and the most efficient case is obtained when both countries'
unconventional policies follow their historical policy rules.

We explore alternative model and parameter specifications for ro-
bustness. The anomalies are generally robust for alternative models
with one exception: the anomaly for terms of trade depends onwhether
the international financial markets are complete or not, whereas the re-
sult for output is not sensitive. We also assess the robustness of these
anomalies across alternative parameter values. We find they are not
sensitive to structural parameters, including the Frisch elasticity of
labor supply, elasticity of intertemporal substitution, and homebias. Re-
sults varymore over parameters governing the preference shock, which
creates the ELB environment.We find as long as the ELB lasts for several
quarters or longer, the anomalies hold.

Finally, we seek empirical evidence for unconventional monetary
policy in the United States, Euro area, and United Kingdom. First, we
test model implications by comparing how output responds to a supply
shock in a structural vector autoregression (VAR) between normal
times and the ELB. We find that for all three countries and regions, out-
put decreases with a negative shock to the growth rate of total-factor
productivity (TFP) regardless of normal times or the ELB. This result is
in contrast to the anomaly presented in the standard New Keynesian
model. Our theoretical model suggests unconventional monetary policy
as one potential explanation for this result.1

Next, we quantify unconventional monetary policy empirically. Spe-
cifically, we compare what has been done with what should have been
done according to the historical Taylor rule. We find the US, Euro area,
and UK have implemented a considerable amount of unconventional
monetary policy, which explains why the anomaly does not appear in
the data. Moreover, the US operates its unconventional monetary policy
similarly to the historical Taylor rule, whereas the Euro area and UK
have operated less unconventionally than what they would normally
have done.



Households' Euler equation is
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Firms keep prices constantwhen they cannot reoptimize. Finally, the
PPI evolves according to

PHt ¼ 1−ζð Þ~P1−θ
Ht þ ζP1−θ

H;t−1

h i 1
1−θ

: ð2:20Þ

2.4. Market clearing and welfare

The goods market-clearing condition is

Yt ¼ CHt þ C�
Ht : ð2:21Þ

The labor market clears when

Nt ¼
Z 1

0
Nt ið Þdi: ð2:22Þ

Welfare W is defined as the second-order approximation of house-
holds' lifetime utility. Adding two countries together, the world
welfare is

WW ¼ W þW�: ð2:23Þ

2.5. Monetary policy and the effective lower bound

The monetary policy follows a Taylor interest-rate rule:

ŝt ¼ ρsŝt−1 þ 1−ρsð Þ ϕππ̂Ht þ ϕyxt
h i

; ð2:24Þ

where st is the desired interest rate, which is the interest rate implied by
the Taylor rule. Hatted variables are log deviations from the steady
states ŝt ¼ st−s and π̂Ht ¼ πHt−π , π = log (Π), and s and Π are the
steady-state nominal interest rate and inflation. xt = yt − yt

n is the out-
put gap, yt = log (Yt), and yt

n = log (Ytn) is the natural level of output,
or the equilibrium output under flexible prices when ζ= 0; see more
details in Appendix A.1. ρs captures the persistence of the interest-rate
rule, andϕπ andϕy are the sensitivities of the nominal interest rate to in-
flation and output, respectively.

2.5.1. Effective lower bound and unconventional monetary policy
During normal times, the policy rate is

rt ¼ st :

When the ELB binds st b 0,3 the policy rate rt =0. We conveniently
summarize all monetary policy actions with the shadow rate St:

St ¼ λst : ð2:25Þ

The case of λ=0 and
59≈(1)Tj≈-.72 1 Tf≈..9702 0 0 7.9702 141.6756 ≈[(�)Tj.9 TD≈s



environment with an interest-rate peg at the steady state Ŝt ¼ 0. We
find the solution that solves for any generic λ first and then impose λ
= 0 for the ELB, and ignore other potential equilibria that only arise
at the ELB. We will relax all these assumptions in the quantitative
Section 3.1.2.

When a supply shock occurs, the in
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The foreign economy, aswell aswelfare, relies on both central banks.
Amore active home unconventional policy or a less active foreign policy
is associated with higher foreign inflation and output. For welfare,
more active home or foreign policy is associated with higher welfare.
The most efficient case happens when both countries' policies are
fully active.
3.3. Alternative specifications

This section explores alternative specifications and serves as a
robustness check. Section 3.3.1 explores alternative parameter
spaces. Section 3.3.2 assesses an alternative monetary policy rule,
Section 3.3.3 excludes trade, and Section 3.3.4 investigates incomplete
financial markets.
3.3.1. Alternative parameter space
This section assesses the robustness of anomalies discussed in Sub-

section 3.1 across alternative parameter values, where we define anom-
alies when the maximum response of y and τ are positive at the ELB.6

Fig. 5 illustrates the existence of anomalies whenwe vary the persis-
tence of the TFP dynamics ρa, the persistence of the preference shifter
ρξ, the inverse of Frisch elasticity of labor supply ϕ, elasticity of
intertemporal substitution σ, home bias ν, and the length of preference
shocks Tξ, one at a time, and set other parameters as in the baseline cal-
ibration. Gray areasmark that anomalies exist, whereaswhite areas cor-
respond to the parameter space where anomalies do not appear.
The anomalies are not sensitive to structural parameters ρa, ϕ, σ, ν:
they exist as long as ρa b 0.98. This finding is consistent with the condi-
tion 0bρabρa in Proposition 1 that guarantees Λa N 0. They always exist
for all ϕ ∈ [0.1,5], σ ∈ [0.1,3], and ν ∈ [1,2].

Results vary more over parameters related to the preference shock.
The gray shades correspond to 0.86 ≤ ρξ ≤ 0.9650 or Tξ ≥ 12. Fundamen-
tally, whether anomalies exist depends on how long the ELB lasts,7

which varies substantially over ρξ and Tξ. When ρξ is too small or too
large or when Tξ is too small, the number of ELB periods is not large
enough to generate anomalies. In the case of ρξ (Tξ), anomalies are sup-
ported if ELB lasts six (three) quarters or longer.
3.3.2. CPI - based Taylor rule
Our baseline specification of the Taylor rule in (2.24) relies on the PPI

inflation. A viable alternative is to have the central bank respond to the
CPI inflation instead:

ŝt ¼ ρsŝt−1 þ 1−ρsð Þ ϕππ̂t þ ϕyxt
h i

: ð3:4Þ

Fig. 6 shows how economic quantities vary with λ= λ ∗ when the
central bank adopts the alternative Taylor rule. The economies behave
similarly to those with the PPI-based rule in Fig. 3. The impulse re-
sponses for the domestic economy and the terms of trade are lower if
the monetary policy is implemented based on the CPI inflation for
most λ, whereas the foreign quantities are higher in this case.



0 0.2 0.4 0.6 0.8 1
0

0.1

0.2

0.3

an
nu

al
iz

ed
 %
3.3.3. No-trade case
Fig. 7 plots the summary responses to the TFP shock as functions of

both λ and λ ∗ for the case with no international trade, which is instru-
mented by ν= 2. Unlike in Fig. 4, the home economic indicators only
movewith the home policy indicator λ. The foreign economy in the sec-
ond row does not move regardless of monetary policy. Welfare, on the
other hand, still depends on monetary policies of both countries.

3.3.4. Incomplete financial markets
The benchmarkmodel in Seciton 2 and our analyses thus far assume

international financial markets are complete. This section examines in-
complete markets. The contrast between the red dashed line and blue
solid line in the left panel of Fig. 8 demonstrates the anomaly discussed
in Subsection 3.1 still exists for output. See details of the model in
Appendix D.

However,whether thefinancialmarkets are complete or not does af-
fect trade-related quantities. When the market is complete, terms of
trade decrease normally in response to a negative home TFP shock.
However, they increase in the setting of incomplete financial markets,
which is consistent with what Enders and Müller (2009) find. More-
over, international trade lowers how much output increases at the
ELB, mitigating the anomaly.

4. Empirical evidence on unconventional monetary policy

This section empirically investigates unconventional monetary poli-
cies at the ELB in the US, Euro area, and UK, and compares them with
their corresponding conventional policies. First, we test model implica-
tions by comparing impulse responses in a VAR between normal times
and the ELB. This exercise allows us to assess whether the anomaly
exists in the data. Next, to quantify unconventional monetary policy,
we rely on the Taylor rule to compare what has been done with what
should have been done.
4.1. Vector autoregression

This section analyzes unconventional monetary policy in a VAR
framework. We quantify empirically how output responds to a TFP
shock in the US, Euro area, and UK. Then we compare our empirical re-
sults with implications from our theoretical model in Section 3 to draw
conclusions.

Following Galí and Gambetti (2009), we measure TFP with labor
productivity. Our VAR has two variables: the growth rate of labor
productivity,8 Δ(yt − nt), and the log of per-capita hours, nt. We use a
first-order VAR due to the short sample in the quarterly frequency.
We identify TFP shocks through the Cholesky decomposition by order-
ing labor productivity first, which assumes a shock to hours has no con-
temporaneous impact on labor productivity growth.

We estimate the VAR for the pre-ELB and ELB samples separately.
The two samples span from 1985Q2 - 2007Q49 and 2009Q1 - 2015Q4
for the US, 1999Q1 - 2011Q3 and 20011Q4 - 2017Q4 for the Euro area,
1993Q1 - 2009Q1 and 2009Q2 - 2017Q4 for the UK. The detailed data
sources for the three countries and regions are in Appendix E.



Fig. 4. Asymmetric unconventional monetary policy. Notes: For all the variables butW andW ∗, we plot the average impulse responses from period 12 to the end of the ELB to the home
country's negative TFP shock of -0.5% inperiod 12. To create the ELB environment, a series of negative preference shocks occurs in both countries in periods 1–15, and the total shock size in
each country is 23%.Wedifference out the effect of preference shocks andonly plot the additional effect of the technological shock.W andW ∗ are thediscounted lifetimewelfare. X-axis: λ;
Y-axis: λ ∗. The color from light green to dark blue corresponds to high to lowvalues. The units are annualized percentage for interest rates and inflation, percentage for output and terms of
trade, and level for welfare. The 45-degree lines represent the symmetric case λ= λ ∗. The dashed lines are the 0 contours.
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Fig. 9 plots impulse responses of output to a -1% shock to labor pro-
ductivity growth for the three countries and regions.10 Blue solid lines
represent normal times with medians in the thick lines, and 90% confi-
dence intervals in the thin lines. Red dashed lines represent the central
tendencies at the ELB. We find that for all three countries and regions,
output decreases with a negative TFP shock regardless of normal
times or the ELB. This similarity result is in contrast to the anomaly pre-
sented by the standard New Keynesian model in Subsection 3.1, and is
potential evidence for unconventional monetary policy.

The left panel is for the US. We find the impulse response at the ELB
is initially slightly lower than normal times, and then the red dashed
and blue thick solid lines track each other closely after five quarters.
Moreover, the red dashed line is within the confidence interval in
blue. In the case of theUS, we donot find anomaly, and our result is con-
sistent with Garín et al. (forthcoming) and Debortoli et al. (2016).11
10 Output is calculated as yt+j=∑τ=0
j Δ(yt+τ − nt+τ) + nt+j, where yt−1 − nt−1 = 0.

11 We find a similar comparison for Japan. Therefore, the anomaly does not exist in Japan
either, which is consistent with Wieland's (forthcoming) findings. The details of the VAR
analysis for Japan are in Appendix F.
The middle panel is for the Euro area, and the right panel is for
the UK. Both of them show that output decreases less at the ELB
than in normal times. The differences between normal times and
the ELB are statistically significant in both cases, with the UK being
more pronounced.

These findings suggest the anomaly does not appear in the data for
the three countries and regions we examined. If unconventional mone-
tary policy were the sole source that drives the difference between the
standard New Keynesian model and what we see in the data, we
would conclude that unconventional monetary policy is as active as
usual in the US and is less active for the Euro area and UK, or λUS ≈ 1
N λEuro N λUK N 0.
4.2. Taylor rule

In Subsection 4.1, the VAR qualitatively sorts the effectiveness of un-
conventional monetary policy among the three regions and countries
based on our theoretical model. In this section, we quantify the amount
of unconventional monetary policy implemented in each country or
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Fig. 5. Anomalies with alternative parameter values. Notes: X-axis: ρa in the top left panel, ρξ in the top middle panel, ϕ in the top right panel, σ in the bottom left panel, ν in the bottom
middle panel, and Tξ in the bottom right panel. Y-axis: time in quarters. Black dots: the number of ELB periods after the TFP shock. Gray shades: anomalies exist; white areas: anomalies do
not exist.
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Fig. 6. CPI vs. PPI - based Taylor rule. Notes: For all the variables butW andW ∗, we plot the average impulse responses from period 12 to the end of the ELB to the home country's negative
TFP shock of -0.5% in period 12. To create the ELB environment, a series of negative preference shocks occurs in both countries in periods 1–15, and the total shock size in each country is
23%.We difference out the effect of preference shocks and only plot the additional effect of the technological shock.W andW ∗ are the discounted lifetime welfare. X-axis: λ= λ ∗.Y-axis:
annualized percentage changes for interest rates and inflations, percentage changes relative to the steady states for output and terms of trade, and level for welfare.
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region, and assess whether this amount we observe can explain the dif-
ference between the standard New Keynesian model and what we find
in our VAR.

We quantify unconventional monetary policy by comparing what
has been done at the ELB, measured by the shadow rates of Wu and
Xia (2016) andWu and Xia (2017),12with the desired interest rates im-
plied by the historical Taylor rule.

We estimate the historical Taylor rule,

rt ¼ β0 þ β1rt−1 þ β2πHt þ β3xt þ εt ; ð4:1Þ

https://sites.google.com/view/jingcynthiawu/shadow-rates
https://sites.google.com/view/jingcynthiawu/shadow-rates
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are the same as in Subsection 4.1. The details of the data are in Appendix
E. The estimate of the simple method is 1.02, and is 1.12 from the itera-
tive method. We conclude that the US unconventional monetary policy
is as active as, if not more active than, the historical Taylor rule.

The Taylor rule is known to vary over different sample periods, and
researchers' choices of sample periods in the literature are far from
unanimous. We quantify the variation of our estimates by varying the
pre-ELB estimation sample: the beginning of the sample ranges from
t0 ∈ {1982Q1 : 1990Q1} and the end of the sample varies from t1 ∈
{2003Q1 : 2008Q4}, which covers the majority of popular choices. We
compute a λ for each combination of t0 and t1 and plot its distribution
across all possible combinations in Fig. 10. The left panel plots the
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Fig. 10.Distribution ofλ for theUS. Notes: t0 ∈ {1982Q1 : 1990Q1}, and t1 ∈ {2003Q1 : 2008Q4}.
all possible combinations of t0 and t1. Left panel: simple method; right panel: iterative method
distribution for the simplemethod, and the right panel uses the iterative
method. They both center around 1: the median for the simple method
is 1.03, and is 1.19 for the iterative method. The standard error for the
simple method is 0.065, and is 0.45 for the iterative method. The itera-
tive method displays a larger variation across different sample periods
than the simple method. On the other hand, the results from the simple
methodmight be biased if λ is far from1. This is the classic bias-variance
tradeoff.

For the Euro area and UK, quarterly real potential GDP is not avail-
able. Hence, we replace xt in (4.1) with output growth Δyt, measured
by the growth rate of real GDP. The rt for the Euro area is the 3-month
Euro Interbank Offered Rate (Euribor), and it is the Bank of England
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policy rate for the UK. The details of the data are in Appendix E. For the
Euro area, t0 ∈ {1998Q2 : 1999Q1} and t1 ∈ {2009Q1 : 2011Q3}. The ELB
period is from t1



where Θ ¼ ð1−βζÞð1−ζÞ
ζ N0. The definitions for terms of trade (2.12) and

nominal exchange rate (2.14) are

τ̂t ¼ pFt−pHt ðA:25Þ

pHt ¼ et þ p�Ht ðA:26Þ

pFt ¼ et þ p�Ft : ðA:27Þ

Combining (A.19) – (A.22) and (A.25) – (A.27), the CPI inflation can
be expressed as a function of PPI inflation and terms of trade:

π̂t ¼ π̂Ht þ 1−
ν
2

� �
Δτ̂t ðA:28Þ

π̂�
t ¼ π̂�

Ft− 1−
ν
2

� �
Δτ̂t : ðA:29Þ

The labor-supply decision (A.2) in the flexible-price economy be-
comes

σ ĉnt þ ϕn̂n
t ¼ ât þ ν=2−1ð Þτ̂nt ðA:30Þ

σ ĉn�t þ ϕn̂n�
t ¼ â�t− ν=2−1ð Þτ̂nt : ðA:31Þ

The international risk-sharing condition (A.3) in the flexible-price
economy is

σ ĉnt −ĉn�t
� 	

− ξ̂t−ξ̂
�
t


 �
− ν−1ð Þτ̂nt ¼ 0: ðA:32Þ

The market-clearing conditions (A.4) and (A.5) in the flexible-price
economy are

ŷnt ¼ ν
2
ĉnt þ 1−

ν
2

� �
ĉn�t

� �
þ ν 1−

ν
2

� �
τ̂nt ðA:33Þ

ŷn�t ¼ ν
2
ĉn�t þ 1−

ν
2

� �
ĉnt

� �
−ν 1−

ν
2

� �
τ̂nt : ðA:34Þ

The output gaps are defined as

xt ¼ yt−ynt ðA:35Þ

x�t ¼ y�t−yn�t : ðA:36Þ

Eqs. (A.6) to (A.36) and the monetary policy rules (2.24) and (2.25)



where K= σ+ ϕ− K1. The foreign country's counterpart is

dmc�t ¼ Kŷ�t þ K1ŷt : ðB:13Þ

Combining (B.12) and (B.13) with (A.23) and (A.24), the New
Keynesian Phillips curves (NKPCs) are

π̂Ht ¼ βEt π̂H;tþ1 þ ΘKŷt−Θ 1þ ϕð Þât þ ΘK1ŷ
�
t ðB:14Þ

π̂�
Ft ¼ βEt π̂

�
F;tþ1 þ ΘKŷ�t þ ΘK1ŷt : ðB:15Þ

The difference is

π̂Ht−π̂�
Ft ¼ βEt π̂H;tþ1−π̂�

F;tþ1


 �
þ Θ K−K1ð Þ

� ŷt−ŷ�t
� 	

−Θ 1þ ϕð Þât : ðB:16Þ

Next, we solve the system of equations in (B.11) and (B.16). When
λϕπ N 1, the Blanchard-Kahn condition is satisfied, and the system has
a unique solution, which is (3.1), (3.2). Next, (B.1) implies (3.3).

In our model, Θ N 0, 1 + ϕ N 0, 1 − ρa N 0, D N 0, D + 1 N 0, σ N 0,
σ0 N 0.

• When λ=1 and ϕπ N 1, Λa N 0 and λϕπ − ρa N 0.
• When λ=0, the denominator of Λa is a convex quadratic function of
ρa with one root between 0 and 1 and another root larger than 1. We
solve the root within the unit circle

ρa ¼
2σ0ð1þβÞþΘðσ=DþϕÞðDþ1Þ−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½2σ0ð1þβÞþΘðσ=DþϕÞðDþ1Þ�2−16σ2

0β
p

4σ0β
, and 0b

ρabρa guarantees Λa N 0. Moreover, λϕπ − ρa b 0.

B.2. Proof of Corollary 1

When σ=1 or ν=2, K1 = K2 = 0, so that σ0 = σ, K= σ+ ϕ, and
D =1. For the foreign economy, (B.10) and (B.15) yield to

π̂�
Ft ¼ ŷ�t ¼ 0: ðB:17Þ

The solution to (B.9) and (B.14) for the home economy is

ŷt ¼ Θ λϕπ−ρað Þ 1þ ϕð ÞΛaât ðB:18Þ

π̂Ht ¼ −Θ 1−ρað Þ 1þ ϕð ÞΛaât ; ðB:19Þ

and (B.1) implies τ̂t ¼ σ ŷt .

B.3. Proof of Proposition 2

When λ=0, (3.2) and (3.3) become

ŷt−ŷ�t ¼ −ρaΘ 1þ ϕð Þ Dþ 1ð ÞΛaât ðB:20Þ

τ̂t ¼ −ρaΘ 1þ ϕð Þσ Dþ 1ð Þ
D

Λaât : ðB:21Þ

First,

∂D
∂ν

¼ 2 1−σð Þ ν−1ð Þb0;

given σ N



.

Appendix D. Incomplete asset markets

Following Benigno (2009), there is no longer complete international
risk sharing in the model with incomplete asset markets, where only
two nominal non-contingent bonds are traded. Then the international
risk sharing condition (2.16) no longer holds, and the household's bud-
get constraint (2.2) in the baseline model changes to:

PtCt−
BHtþ1

RB
t

þ ɛtBFtþ1

RB�
t

þ ℓPt

2RB�
t

ɛtBFtþ1

Pt
−ι

� �2

¼ ɛtBFt−BHt þWtNt þ TRt þDt ; ðD:1Þ

where BHt+1 is the debt issued in units of risk-free nominal bond
denominated in H currency, and the nominal interest rate on this bond
is Rt

B. BFt+1 is the holding of risk-free nominal bond denominated in
units of foreign currency, and the nominal interest rate on this bond is
Rt
B∗. The assumption that households of the home country hold assets
denominated in foreigncurrency and issuedebt in thehomecurrency, re-
flects thenet international positionof theUSeconomy.Weassumeaqua-
dratic transition cost when deviating the real foreign bond position from
a constant real value, denoted by ι;ℓ is nonnegative, measuring this cost
in termsof units of the consumption index, and is rescaledby the factor 1/
Rt
B∗ for analytical convenience. Thequadratic cost serves for thepurposeof
determining the steady state and getting rid of the indeterminacy prob-
lem. TRt includes government transfer and the revenues obtained from
the transaction costs paid by households in the foreign country when
trading home country bonds, andDt is the profits from firms.

The first-order conditions of home country households with respect
to domestic and foreign bonds are:

βEt
Ξtþ1

Ξt

Cσ
t

Cσ
tþ1

RB
t

Πtþ1

" #
¼ 1 ðD:2Þ

βEt
Ξtþ1

Ξt

Cσ
t

Cσ
tþ1

RB�
t

Πtþ1

ɛtþ1ɛt
" #

¼ 1þ ℓ
ɛ tBFtþ1

Pt
−ι

� �
: ðD:3Þ

Utility maximization of households in the foreign country yields the
counterparts of Eqs. (D.2) and (D.3). The equilibrium in the asset mar-
kets requires that

BHt−B�
Ht ¼ 0 ðD:4Þ

BFt−B�
Ft ¼ 0: ðD:5Þ

Combining the household's and government budget constraints, we
obtain the aggregate budget constraint of the home country:

PtCt−
BHtþ1

RB
t

þ ɛtBFtþ1

RB�
t

þ ℓPt

2RB�
t

ɛtBFtþ1

Pt
−ι

� �2

¼ ɛtBFt−BHt þ PHtYt þ
ℓ�Pt

2RB
t

B�
Htþ1ɛtP�

t
−ι�

� �2

: ðD:6Þ

Appendix E. Data

• Shadow rates are downloaded from Cynthia Wu's website:

https://sites.google.com/site/jingcynthiawu/home/wu-xia-shadow-rates

• The U.S. macroeconomic variables are downloaded from the Database
of the Federal Reserve Bank of St. Louis (FRED) at http://research.
stlouisfed.org/fred2/.
– Real GDP (GDPC): billions of chained 2009 dollars, seasonally ad-

justed.
– Real potential GDP (GDPPOT): billions of chained 2009 dollars, not

seasonally adjusted.
– GDP deflator (GDPDEF): index 2009= 100, seasonally adjusted.
– Effective federal funds rate (FEDFUNDS): percent.
– Real output per hour of all persons (nonfarm business sector)

(OPHNFB): index 2009= 100, seasonally adjusted.
– Hours of all persons (nonfarm business sector) (HOANBS): index

2009= 100, seasonally adjusted.
– Civilian noninstitutional population (CNP16OV): thousands of

persons.
• The Euro area macroeconomic variables are from the ECB Statistical
Data Warehouse at http://sdw.ecb.europa.eu/home.do.
–

https://sites.google.com/site/jingcynthiawu/home/wu-xia-shadow-rates
http://research.stlouisfed.org/fred2/
http://research.stlouisfed.org/fred2/
http://sdw.ecb.europa.eu/home.do
https://www.ons.gov.uk/
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Fig. F1. Impulse response of output to a productivity shock. Notes: Impulse responses of
output to a -1% shock to labor productivity growth. The blue solid lines are normal
times, with thick lines being the median and thin lines representing 90% confidence
intervals. The red dashed line is the median impulse response at the ELB. X-axis: time in
quarters; Y-axis: percentage changes in output.
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