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In a standard ¢pen-ec ¢n ¢émy New Keynesian m ¢del, the effective I ewer b eund causes an ®malies: eutput and
terms ¢f trade resp ond t ¢a supply sh &k in the epp site directi ®n c ®mpared t ®n ¢rmal times. We intr &duce a
tractable framew ¢k t ®acc mm edate f & unc enventi enal m enetary p dicy. In eur m &del, these an ®malies disap-
pear. We all 8w unc enventi ¢nal p dicy t ¢be partially active and asymmetric between c euntries. Empirically, we
find the US, Eur ¢area, and UK have implemented a c ¢nsiderable am ¢unt o unc ¢nventi ®nal m ¢netary p dicy: the
US fdl aws the hist ¢rical Tayl o rule, whereas the ¢hers have d ¢ne less c émpared t ¢n ¢rmal times.

© 2019 The Auth ors. Published by Elsevier B.V. This is an ®pen access article under the CC BY-NC-ND license (http://

creativec emm ons. org/licenses/by-nc-nd/4.0/).

1. Introduction

Since the Great Recessi ®n, many maj ¢ central banks ¢f devel ¢ped
ec on °mies have faced the effective | dwer b eund (ELB) f ¢ their p dicy in-
terest rates and res ¢rted t ¢unc énventi énal m enetary p dicy t ¢pr dvide
further stimulus. In this extra erdinary envir ®nment, h 8w d we evaluate
the rde o unc enventi ®nal m enetary p dicy the ¢retically and empirically?

In a standard New Keynesian m ¢del (e.g., Eggertss &n and W aedf ord
(2003) feor a closed ec en omy and C ¢% and Devereux (2013a) f&r an
Spen ec ®n °my), the ELB yields t ¢the classic liquidity trap. The central
bank cann ¢t further reduce the p dicy rate, and m ¢netary p dicy is
¢ ’mpletely absent. H swever, emerging empirical studies pr ovide over-
whelming evidence t ®dem ¢nstrate the effectiveness ¢ unc enventi enal
m ¢netary p dicy; see, f&r example, Gagn ¢n et al. (2011), Hamilt ¢n and
Wu (2012), Krishnamurthy and Vissing-] ¢rgensen (2011), Bauer and
Rudebusch (2014), and Wu and Xia (2016) fer its d emestic impact,
and Neely (2015), Bauer and Neely (2014), B %wman et al. (2015), and
Chen et al. (2016) fer its gl dbal effects.
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We pr ¢ Sse a tractable New Keynesian m adel that inc &p ¢rates un-
¢ %nventi ®nal m enetary p dicy int ®an ¢therwise standard m edel t 8be
c ensistent with empirical findings. We pr ¢ ose a Tayl & (1993)-type p 9-
icy rule t &c enveniently summarize b ¢th c énventi ¢nal and unc enven-
ti enal m enetary p dicy; see Wu and Zhang (2017) for h ow t ¢implement
a negative interest rate via QE, f¢r example. We extend the framew erk
o Wu and Zhang (2017), where unc enventi énal m énetary p dicy fdl ows
the hist ¢rical Tayl & rule by c enstructi en. In this paper, we relax this as-
sumpti ¢n and all 8w unc enventi ¢nal p dicy t ¢be p entially less effective,
and c euntries can implement them asymmetrically. Our new m ¢del nests
the traditi enal m ¢del where m ¢netary p dicy is absent at the ELB and the
m &del in Wu and Zhang (2017) with fully active unc enventi enal m ¢ne-
tary p dicy. We illustrate eur new framew ¢k with a tw ¢c untry setup,
similar t ¢ Clarida et al. (2002) and C &% and Devereux (2013a), but it
can be easily extended t ¢the small- pen ec on emy.

During n ¢rmal times, a negative supply sh eck fr ¢m the h éme c eun-
try leads telower h ®me output and terms of trade. In our m odel, if a
sufficient am eunt o unc enventi ®nal m ¢netary p dicy is implemented,
the same results apply feér the ELB. On the centrary, the standard
m &del implies an epp Ssite m dvement of eutput and terms o trade dur-
ing a liquidity trap, and we will refer t ¢these m Svements as an ®malies.

The basic mechanism that leads t ethese an ®malies c ensists of tw &
channels. First, it transmits thr éugh inflati ¢n and the real interest rate,
which w oks the same way as in a cl %sed-ec n 8my macr ¢m &del. A neg-
ative supply sh ock leads t ¢higher inflati en f o h 8me g oads. At the ELB,
the n eminal rate d %s n & m oe, which | swers the real rate. The | swer

0022-1996/© 2019 The Auth &s. Published by Elsevier B.V. This is an ¢pen access article under the CC BY-NC-ND license (


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jinteco.2019.01.016&domain=pdf
https://drive.google.com/file/d/18fInsRIh-yCafTCL32jPvPT-1Ns_Tf50/view?usp=sharing
https://drive.google.com/file/d/18fInsRIh-yCafTCL32jPvPT-1Ns_Tf50/view?usp=sharing
https://drive.google.com/file/d/18fInsRIh-yCafTCL32jPvPT-1Ns_Tf50/view?usp=sharing
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jinteco.2019.01.016
zhangji@pbcsf.tsinghua.edu.cn
https://doi.org/10.1016/j.jinteco.2019.01.016
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/jie

real rate stimulates demand and hence the equilibrium eutput ¢f the
h ®me c cuntry. In the ¢pen ec ®n 8my with c émplete financial markets,
internati enal trade further amplifies this effect thr eugh a depreciati en
in terms o trade.

When we all 8w the tw &c euntries t ¢implement their respective un-
¢ %nventi ¢nal m ¢netary p dicy asymmetrically, we find different results
for the h ®me and f ¢reign ec ¢n 9mies. F ¢ the h 8me c euntry, its swn p 9-
icy matters the m ost, whereas the f oreign ec ¢n ®my relies on b ¢th cen-
tral banks. M ¢re active h 8me ¢ foreign p dicy is ass eciated with higher
welfare, and the m ost efficient case is ®btained when b ¢th c euntries’
unc cnventi ¢nal p dicies fdl ow their hist ¢rical p dicy rules.

We expl ¢re alternative m &del and parameter specificati éns f o r &
bustness. The an émalies are generally r sbust for alternative m edels
with ¢ne excepti ¢n: the an ®maly f & terms o trade depends ¢n whether
the internati enal financial markets are c 8mplete o n &, whereas the re-
sult fer eutput is n ¢ sensitive. We als ®assess the r dbustness of these
an omalies acr 8ss alternative parameter values. We find they are n ¢
sensitive t ¢ structural parameters, including the Frisch elasticity of
lab ¢r supply, elasticity of intertemp ¢ral substituti ¢n, and h ®me bias. Re-
sults vary m ¢re dver parameters g overning the preference sh eck, which
creates the ELB envir enment. We find as | eng as the ELB lasts f & several
quarters o lenger, the an ®malies h dd.

Finally, we seek empirical evidence f & unc eénventi ¢nal m ¢netary
p dicy in the United States, Eur ®area, and United Kingd em. First, we
test m ¢del implicati ens by c émparing h 8w eutput resp ends t ®a supply
sheck in a structural vect & aut ¢regressi en (VAR) between n érmal
times and the ELB. We find that f ¢ all three c duntries and regi ¢ns, Sut-
put decreases with a negative sh ock t ¢the gr owth rate of t ¢tal-fact or
pr &ductivity (TFP) regardless o n ¢rmal times o the ELB. This result is
in c entrast t ¢the an émaly presented in the standard New Keynesian
m &del. Our the ¢retical m odel suggests unc enventi ¢nal m enetary p dicy
as ene p %tential explanati on f e this result.!

Next, we quantify unc ¢nventi ¢nal m enetary p dicy empirically. Spe-
cifically, we c ®mpare what has been d ¢ne with what sh euld have been
d ¢ne acc ording t othe hist ¢rical Tayl ¢ rule. We find the US, Eur ¢area,
and UK have implemented a c ¢nsiderable am ¢unt ¢f unc ¢nventi ¢nal
m ¢netary p dicy, which explains why the an émaly d ¢s n ¢ appear in
the data. M ¢re over, the US ¢perates its unc ¢nventi ¢nal m enetary p dicy
similarly t ¢ the hist erical Tayl ¢r rule, whereas the Eur ®area and UK
have ¢perated less unc ¢nventi enally than what they w euld n ¢rmally
have d ¢ne.
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Firms keep prices ¢ enstant when they cann ¢ re ¢ptimize. Finally, the
PPI ev dves acc &rding t &

~1—0 . +
Pre = [(1=5)Py " + 4Pl (220)

2.4. Market clearing and welfare

The g ¢ads market-clearing c enditi on is
Yi = Che + Ciyt- (2.21)

The lab o market clears when
1
N¢ :/ Ne(i)di. (2.22)
0

Welfare W is defined as the sec end- order appr &imati ¢n ¢ h cuse-
hdds' lifetime utility. Adding tw ¢ c duntries together, the werld
welfare is

wY —w 4+ wr (2.23)

2.5. Monetary policy and the effective lower bound

The m ¢netary p dicy fdl ews a Tayl ¢ interest-rate rule:
St = PSet + (1=P5) [utie + Dy (224)

where s, is the desired interest rate, which is the interest rate implied by
the Tayl or rule. Hatted variables are 19g deviati ¢ns fr em the steady
states §; = s;—s and fiy, = my,—1m, m = 19g (IT), and s and IT are the
steady-state n 9minal interest rate and inflati on. x, = y, — y} is the out-
put gap, y, = 192 (Y;), and y} = 19g (Y}) is the natural level of eutput,
¢ the equilibrium eutput under flexible prices when ¢ = 0; see m %e
details in Appendix A.1. ps captures the persistence o the interest-rate
rule, and ¢, and ¢, are the sensitivities & the n ®minal interest rate t ¢in-
flatien and eutput, respectively.

2.5.1. Effective lower bound and unconventional monetary policy
During n ¢rmal times, the p dicy rate is

I't = S¢.

When the ELB binds s, < 0,2 the p dicy rate r, = 0. We ¢ enveniently
summarize all m enetary p dicy acti éns with the shad ow rate S;:

St = )\S[. (225)

The case A\ = 0and



envir enment with an interest-rate peg at the steady state 5, = 0. We
find the s duti en that s dves for any generic A first and then imp %e A
= 0 for the ELB, and ign ¢re ¢ther p ¢tential equilibria that enly arise
at the ELB. We will relax all these assumpti®ns in the quantitative
Sectien 3.1.2.

When a supply sh &k eccurs, the in
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The f ereign ec en dmy, as well as welfare, relies en b ¢th central banks.
A m ¢re active h dme unc ¢nventi ¢nal p dicy o a less active f oreign p dicy
is ass ociated with higher fereign inflati ¢n and eutput. F ¢r welfare,
m ore active h ®me o feoreign p dicy is ass ociated with higher welfare.
The m st efficient case happens when b ¢th ceuntries' p dicies are
fully active.

3.3. Alternative specifications

This sectien expl ¢res alternative specificati ®ns and serves as a
reustness check. Sectien 3.3.1 expldes alternative parameter
spaces. Section 3.3.2 assesses an alternative m ¢netary p dicy rule,
Secti en 3.3.3 excludes trade, and Secti ¢n 3.3.4 investigates inc émplete
financial markets.

3.3.1. Alternative parameter space

This secti en assesses the r ¢hustness of an omalies discussed in Sub-
secti on 3.1 acr s alternative parameter values, where we define an 8m-
alies when the maximum resp ¢nse o y and 7 are p Sitive at the ELB.°

Fig. 5 illustrates the existence o an ®malies when we vary the persis-
tence o the TFP dynamics p,, the persistence o the preference shifter
pg, the inverse ¢f Frisch elasticity ¢ lab ¢ supply ¢, elasticity of
intertemp ¢ral substituti ¢n o, h eme bias v, and the length ¢f preference
shecks T, ene ata time, and set ¢ther parameters as in the baseline cal-
ibrati en. Gray areas mark that an emalies exist, whereas white areas c o-
resp °nd t ¢the parameter space where an ®malies d ¢n & appear.

The an ®malies are n & sensitive t structural parameters p,, ¢, O, V:
they exist as 1 ¢ng as p, < 0.98. This finding is c ensistent with the c endi-
ti en O<p,<p, in Pr¢p &siti ¢n 1 that guarantees A, > 0. They always exist
ferall ¢ €[0.1,5],0€[0.1,3],and v € [1,2].

Results vary m ¢re over parameters related t ¢the preference sh ock.
The gray shades c ¢rresp end £ ¢0.86 < p¢ < 0.9650 ¢r T > 12. Fundamen-
tally, whether an ®malies exist depends ¢n hew Ieng the ELB lasts,’
which varies substantially ever pg and Te. When pg is t ¢¢small ¢ too
large o when T is t¢¢small, the number o ELB peri &ds is n & large
en dugh t dgenerate an ®malies. In the case o p; (T¢), an ®malies are sup-
p orted if ELB lasts six (three) quarters or | enger.

3.3.2. CPI - based Taylor rule

Our baseline specificati ¢n ¢f the Tayl ¢ rule in (2.24) relies en the PPI
inflati en. A viable alternative is t ®have the central bank resp end t 8the
CPI inflati en instead:

S = psSior + (1=pg) [t + ] (34)

Fig. 6 sh éws h & ec ¢n 8mic quantities vary with A = A* when the
central bank ad ¢pts the alternative Tayl o rule. The ec ¢n ®mies behave
similarly teth &se with the PPI-based rule in Fig. 3. The impulse re-
sp enses f o the d émestic ec ¢n ®my and the terms ¢ trade are | swer if
the m ¢netary p dicy is implemented based ¢n the CPI inflatien for
m st \, whereas the f oreign quantities are higher in this case.
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3.3.3. No-trade case

Fig. 7 pl &s the summary resp ¢nses t 8the TFP sh ock as functi ens of
beth A and A * f o the case with n ¢internati enal trade, which is instru-
mented by v = 2. Unlike in Fig. 4, the h éme ec ¢n 8mic indicat &s enly
m dve with the h 8me p dicy indicat or A. The f ¢reign ec ¢n émy in the sec-
ond r ow d %s n & m e regardless o m enetary p dicy. Welfare, en the
oher hand, still depends en m ¢netary p dicies o b oth c euntries.

3.3.4. Incomplete financial markets

The benchmark m adel in Secit en 2 and eur analyses thus far assume
internati ¢nal financial markets are ¢ ®mplete. This secti ¢n examines in-
c emplete markets. The c entrast between the red dashed line and blue
sdid line in the left panel o Fig. 8 dem ¢enstrates the an émaly discussed
in Subsectien 3.1 still exists for eutput. See details ¢ the medel in
Appendix D.

H ewever, whether the financial markets are c émplete o n ¢ d s af-
fect trade-related quantities. When the market is ¢ ®mplete, terms of
trade decrease n ¢rmally in resp ®nse t ®a negative h eme TFP sh ock.
H owever, they increase in the setting o inc émplete financial markets,
which is c ensistent with what Enders and Miiller (2009) find. M ¢re-
dver, internati ¢nal trade lewers h ew much eutput increases at the
ELB, mitigating the an émaly.

4. Empirical evidence on unconventional monetary policy

This secti n empirically investigates unc ¢nventi ¢nal m ¢netary p di-
cies at the ELB in the US, Eur ¢area, and UK, and c émpares them with
their c erresp ending ¢ enventi enal p dicies. First, we test m &del implica-
ti ®ns by ¢ émparing impulse resp enses in a VAR between n &rmal times
and the ELB. This exercise all ®ws us t @ assess whether the an émaly

exists in the data. Next, t ®quantify unc ¢nventi ¢nal m ¢netary p dicy,
we rely on the Tayl & rule t ¢c émpare what has been d ¢ne with what
sh euld have been d ¢ne.

4.1. Vector autoregression

This secti n analyzes unc enventi ¢nal m ¢netary p dicy in a VAR
framew ork. We quantify empirically h ®w eutput resp ends t®a TFP
sh &k in the US, Eur ¢area, and UK. Then we ¢ ®mpare ¢ur empirical re-
sults with implicati ens fr em eur the oretical m &del in Secti on 3 t ¢draw
c enclusi ens.

Fdl owing Gali and Gambetti (2009), we measure TFP with lab ¢
pr &ductivity. Our VAR has tw ¢ variables: the growth rate of laber
pr aductivity,® A(y; — n,), and the 1 8g of per-capita h eurs, n,. We use a
first- erder VAR due t ¢ the sh ¢rt sample in the quarterly frequency.
We identify TFP sh ocks thr eugh the Ch desky dec 8mp Ssiti ¢n by order-
ing lab ¢ pr eductivity first, which assumes a sh ack t ¢h eurs has n ¢c en-
temp ane dus impact on lab o pr &ductivity gr swth.

We estimate the VAR f¢or the pre-ELB and ELB samples separately.
The tw ¢samples span fr ém 1985Q2 - 2007Q4° and 2009Q1 - 2015Q4
for the US, 1999Q1 - 2011Q3 and 20011Q4 - 2017Q4 f ¢ the Eur ¢area,
1993Q1 - 2009Q1 and 2009Q2 - 2017Q4 f ¢ the UK. The detailed data
seurces for the three c euntries and regi ens are in Appendix E.
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Fig. 4. Asymmetric unc enventi enal m enetary p dicy. N etes: F o all the variables but W and W *, we pl & the average impulse resp enses fr ém periad 12 t othe end of the ELB t the h éme
¢ quntry's negative TFP sh &ck ¢f -0.5% in peri ¢ 12. T 8create the ELB envir ®nment, a series o negative preference sh &cks eccurs in b ¢th c euntries in peri ¢ds 1-15, and the t ¢al sh &k size in
each c auntry is 23%. We difference eut the effect of preference sh aks and enly pl o the additi ®nal effect of the techn 9 egical sh &ck. W and W * are the disc eunted lifetime welfare. X-axis: \;
Y-axis: A *. The c 9 & fr om light green t edark blue c orresp ends t ®high t 81 aw values. The units are annualized percentage f & interest rates and inflati on, percentage f & eutput and terms of

trade, and level f & welfare. The 45-degree lines represent the symmetric case A = A *. The dashed lines are the 0 c ent eurs.

Fig. 9 pl ¢&ts impulse resp ¢nses of cutput t ®a -1% sh ack t ¢lab o pr e
ductivity gr swth f & the three c euntries and regi ¢ns.'® Blue s did lines
represent n ¢rmal times with medians in the thick lines, and 90% c enfi-
dence intervals in the thin lines. Red dashed lines represent the central
tendencies at the ELB. We find that f ¢r all three c untries and regi ons,
sutput decreases with a negative TFP sh ock regardless ¢ n¢rmal
times ¢r the ELB. This similarity result is in c entrast t ¢the an émaly pre-
sented by the standard New Keynesian m &del in Subsecti ¢n 3.1, and is
p ¢tential evidence f ¢ unc ¢nventi ¢nal m ¢netary p dicy.

The left panel is f or the US. We find the impulse resp ¢nse at the ELB
is initially slightly 1 ewer than n ¢rmal times, and then the red dashed
and blue thick s did lines track each ¢ther cl ssely after five quarters.
M ore over, the red dashed line is within the cenfidence interval in
blue. In the case o the US, we d ®n ¢ find an 8maly, and ¢ur result s c ¢n-
sistent with Garin et al. (ferthc eming) and Deb ot di et al. (2016)."

19" Qutput is calculated as Yerj = S0 AWerr — Nesr) + Neyjy wherey, 1 —n,1 =0.

" We find a similar ¢ émparis en f o Japan. Theref ¢re, the an ®maly d %s n & exist in Japan
either, which is c ensistent with Wieland's (f ¢rthc éming) findings. The details ¢f the VAR
analysis f o Japan are in Appendix F.

The middle panel is f¢o the Eur ¢ area, and the right panel is for
the UK. Beth ¢of them show that eutput decreases less at the ELB
than in nermal times. The differences between n¢rmal times and
the ELB are statistically significant in b ¢th cases, with the UK being
m ¢e prn cunced.

These findings suggest the an ®maly d s n ¢ appear in the data fer
the three c suntries and regi ®ns we examined. If unc ®nventi ®nal m one-
tary p dicy were the s de s eurce that drives the difference between the
standard New Keynesian m¢del and what we see in the data, we
w euld c enclude that unc ¢nventi ¢nal m enetary p dicy is as active as
usual in the US and is less active for the Eur ®area and UK, & Ays~ 1
> )\Eura > )\UK> 0.

4.2. Taylor rule

In Subsecti on 4.1, the VAR qualitatively s orts the effectiveness o un-
c ’nventi ¢nal m enetary p dicy am eng the three regi ens and c cuntries
based en eur the ¢retical m adel. In this secti en, we quantify the am eunt
of unc enventi °nal m enetary p dicy implemented in each c duntry or
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Fig. 6. CPl vs. PPI - based Tayl & rule. N ¢tes: F ¢r all the variables but W and W *, we pl & the average impulse resp ¢nses fr ém peried 12 t othe end of the ELB t ¢the h ®me c quntry's negative
TFP sh &ck of -0.5% in peri&d 12. T ocreate the ELB envir énment, a series of negative preference sh ocks eccurs in b ¢h c euntries in peri eds 1-15, and the t %al sh &k size in each ¢ quntry is
23%. We difference out the effect of preference shocks and enly pl & the additi ®nal effect of the techn 9 ogical sh ack. W and W * are the disc eunted lifetime welfare. X-axis: A = A “.Y-axis:
annualized percentage changes f o interest rates and inflati ns, percentage changes relative t ¢the steady states f o sutput and terms ¢f trade, and level f o welfare.



regi on, and assess whether this am eunt we ¢bserve can explain the dif-
ference between the standard New Keynesian m ¢del and what we find
in our VAR.

We quantify unc enventi ¢nal m enetary p dlicy by ¢ ®mparing what
has been d ¢ne at the ELB, measured by the shad &w rates ¢ Wu and
Xia (2016) and Wu and Xia (2017),'? with the desired interest rates im-
plied by the hist ¢rical Tayl ¢ rule.

We estimate the hist ¢rical Tayl ¢ rule,

e = Bo + Bile—1 + Bolue + B3Xe + &, (4.1)


https://sites.google.com/view/jingcynthiawu/shadow-rates
https://sites.google.com/view/jingcynthiawu/shadow-rates
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Fig. 8. Inc emplete markets. N ¢tes: The internati ®nal financial markets are inc émplete. A negative techn 9 dgical sh ock ¢f -0.5% happens in the h éme c duntry in peri ed 12. T ¢create the ELB
envir enment, a series o negative preference sh &ks eccurs in b ¢th c euntries in peri&ds 1 — 15, and the t ¢al sh ok size in each c euntry is 23%. We difference eut the effect of preference
shacks, and enly pl o the additi enal effect of the techn d ogical sh ock. The black dashed line with circles represents the ELB case with out trade, the red dashed lines represent the case with
trade, and the blue s did lines represent the case with trade and UMP, which is the same as in n &mal times. The shaded area marks peri &ds 9 - 20, f & which b ¢th c duntries stay at the ELB

with enly the preference sh &ks and with eut unc enventi enal m ¢netary p dicy. X-axis: time in quarters; Y-axis: percentage changes relative t 8the steady states.
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Fig. 9. Impulse resp ense o eutput t 8a pr eductivity sh &ck. N otes: Impulse resp enses o sutput t 8a-1% sh ack t ¢lab or pr &ductivity gr owth. The blue s did lines are n érmal times, with thick
lines being medians and thin lines representing 90% c enfidence intervals. The red dashed lines are the median impulse resp ¢nses at the ELB. X-axis: time in quarters; Y-axis: percentage

changes in eutput.

are the same as in Subsecti ¢n 4.1. The details o the data are in Appendix
E. The estimate o the simple meth &d is 1.02, and is 1.12 fr ¢m the itera-
tive meth &d. We c enclude that the US unc enventi enal m enetary p dicy
is as active as, if n & m ¢re active than, the hist ¢rical Tayl o rule.

The Tayl ¢ rule is kn own t 8vary over different sample peri ads, and
researchers’ ch dices ¢ sample peri &ds in the literature are far fr sm
unanim éus. We quantify the variati &n & eur estimates by varying the
pre-ELB estimati ¢n sample: the beginning of the sample ranges fr em
to € {1982Q1 : 1990Q1} and the end o the sample varies frem t; €
{2003Q1 : 2008Q4}, which c overs the maj erity of p opular ch %ces. We
compute a A f o each c ®mbinati on o ty and t; and pl & its distributi en
acr os all p &ssible c ¢mbinati ¢ns in Fig. 10. The left panel pl &s the

simple
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distributi en f ¢ the simple meth ¢d, and the right panel uses the iterative
meth &d. They b ¢th center ar eund 1: the median f ¢ the simple meth od
is 1.03, and is 1.19 f¢r the iterative meth od. The standard err ¢ for the
simple meth od is 0.065, and is 0.45 for the iterative meth od. The itera-
tive meth od displays a larger variati en acr os different sample peri eds
than the simple meth od. On the ¢ther hand, the results fr em the simple
meth ¢d might be biased if A is far fr ém 1. This is the classic bias-variance
trade off.

F or the Eur ¢area and UK, quarterly real p &ential GDP is n ¢ avail-
able. Hence, we replace x, in (4.1) with eutput gr swth Ay,, measured
by the gr swth rate ¢ real GDP. The r, f & the Eur ®area is the 3-m enth
Eur ¢ Interbank Offered Rate (Eurib o), and it is the Bank ¢ England

iterative
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Fig. 10. Distributi on of \ f o the US. N ¢tes: tp € {1982Q1 : 1990Q1}, and t; € {2003Q1 : 2008Q4}. F & each c émbinati ®n o to and t;, estimate a A fr om ¢, t 8¢1. Then pl & the distributi ¢n acr &s
all p sssible ¢ 8mbinati ¢ns o tp and t;. Left panel: simple meth d; right panel: iterative meth ad.



p dicy rate for the UK. The details ¢f the data are in Appendix E. F ¢ the
Eur earea, to € {1998Q2 : 1999Q1} and t; € {2009Q1 : 2011Q3}. The ELB
periad is frem ¢



where © = 1=%)1=¢1>0, The definiti sns for terms o trade (2.12) and
n ¢minal exchange rate (2.14) are

Tt = P —Dne (A.25)
Pur = € + Piy (A.26)
Pre = e+ P (A27)

Cembining (A.19) - (A.22) and (A.25) - (A.27), the CPI inflati en can
be expressed as a functien o PPI inflati ¢n and terms o trade:

fre = iy + (1 - g) At (A.28)
= i, — (1 - g) A (A.29)

The lab ¢r-supply decisi ¢n (A.2) in the flexible-price ec en émy be-
c %mes

ot + iy = ar + (V/2—1)7} (A.30)
ot + ony = a;—w/2—1)77. (A31)

The internati ¢nal risk-sharing c enditi en (A.3) in the flexible-price
ec %n emy is

o =)= (&&)—w-17 =0, (A.32)

The market-clearing c enditi éns (A.4) and (A.5) in the flexible-price
ecn ’my are

v, V\ e v\ .
Vi = {ic? + (1—§>c£1 } +V<1—§)T? (A33)

f— g &t (1 - g) f:[‘} —V<1 - g) #. (A.34)
The eutput gaps are defined as

X =Ye—Vi (A35)

X =y =y (A36)

Egs. (A.6) t ¢(A.36) and the m enetary p dicy rules (2.24) and (2.25)



where K = 0 + ¢ — K;. The f éreign ¢ tuntry's c sunterpart is
mc; = Ky; + K13, (B.13)

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

e = BEMH 41 + OKY, —0O(1 + d)ar + OK19; (B.14)
ity = Bty (.1 + OKY; + K3, (B.15)

The difference is

e — Tl = BEe (ﬁH,r+1 —ﬁ*pﬂl) +0O(K—Ky)
X (V=) —0(1 + d)ay. (B.16)

Next, we s dve the system o equatiens in (B.11) and (B.16). When
A¢, > 1, the Blanchard-Kahn c enditi en is satisfied, and the system has
a unique s Yuti en, which is (3.1), (3.2). Next, (B.1) implies (3.3).

In }armedel, >0,14+¢>0,1—-p,>0,D>0,D+1>0,0>0,
0y > 0.

* When A =1 and ¢, > 1, A; >0 and Ay — pg> 0.

* When A = 0, the den ®minat & of A, is a ¢ ®nvex quadratic functien of
pq With ene r oot between 0 and 1 and an ¢ther r ¢ larger than 1. We
s dve the r ¢ within the unit circle

_ 200(1+3)+0(0/D+$)(D+1)— \/ [200(1+)+0(0/D+¢) (D+1) —16023
Pa = 4003
Pa<pP, guarantees A, > 0. M e &ver, A — pg <0.

, and O<

B.2. Proof of Corollary 1

Wheno=1 &v=2K =K, =0,s8that op = 9, K= 0+ ¢, and
D = 1. F ¢ the f oreign ec en ¢my, (B.10) and (B.15) yield t &

Ty =J; =0. (B.17)
The sdutien t¢(B.9) and (B.14) f & the h ®me ec en dmy is

Ve = OAdy—pg) (1 + d)Aalis (B.18)

e = —0(1—=pg) (1 + $)Aadt, (B.19)

and (B.1) implies 7; = oy;.

B.3. Proof of Proposition 2

When A = 0, (3.2) and (3.3) bec 9me

Ve=Yi = —pO(1 + $)(D + 1)Asa; (B.20)

Tt = —pO(1 + ‘75)@%&& (B.21)
First,

oD

3y = 20—0)v=1)<0,

given 0>



Appendix D. Incomplete asset markets

F dl ewing Benign ¢(2009), there is n ¢l enger c smplete internati ¢nal
risk sharing in the m edel with inc emplete asset markets, where only
tw on ¢minal n én-c entingent b ends are traded. Then the internati ®nal
risk sharing c enditi en (2.16) n ¢l enger h dds, and the h euseh dd's bud-
get c enstraint (2.2) in the baseline m &del changes t ¢

B &B /P (&B 2
pic,— Bt &b i < tBre1 _L>
RE T RF T 2RF\ P

= &Bp—Byr + WN¢ + TR; + D,

(D.1)

where By, is the debt issued in units of risk-free neminal b end
den eminated in H currency, and the n ®minal interest rate on this b end
is RE. Bry1 is the h dding ¢f risk-free n éminal b end den eminated in
units of f ¢reign currency, and the n ®minal interest rate en this b end is
RE*. The assumpti en that h euseh dds of the h éme c euntry h dd assets
den ®minated in f ¢reign currency and issue debt in the h éme currency, re-
flects the net internati ®nal p ssiti ®n of the US ec ¢n émy. We assume a qua-
dratic transiti en ¢ &t when deviating the real f ereign b end p Ssiti on fr em
a c %nstant real value, den ¢ed by t; ~ is n énnegative, measuring this c ot
interms ¢ units ¢ the ¢ ehsumpti ¢n index, and is rescaled by the fact &r 1/
RE f er analytical ¢ snvenience. The quadratic c &t serves f or the purp sse o
determining the steady state and getting rid o the indeterminacy pr ¢-
lem. TR, includes g &vernment transfer and the revenues ¢btained fr em
the transacti en c ots paid by h euseh ®ds in the f ¢reign c suntry when
trading h ®me c euntry b ends, and Dy is the pr ¢its fr ¢m firms.

The first- erder c onditi ens o h éme c quntry h duseh dlds with respect
t od emestic and f oreign b ends are:

— ' B
515{”‘“ S (D.2)

(0
Er Gy e

BIE;

(D.3)

B
B G R €| 14/ &tBrri1 i,
He €V T1 & | P '
=t t4+1 t+1 t t

Utility maximizati en ¢f h euseh 9ds in the f ¢reign c euntry yields the
c sunterparts o Eqs. (D.2) and (D.3). The equilibrium in the asset mar-
kets requires that

B—Bj; =0 (D.4)

Br—Bj, = 0. (D.5)

Ceombining the h euseh dd's and g vernment budget c enstraints, we
¢htain the aggregate budget c enstraint ¢f the h ®me c duntry:

PCi— Bt +£tBFt+l /Py <8rBFr+1 —E>2

R R 2RP\ P
/*P, (B; 2\
= &Bp—Bpr + PucYr + 2th (;t’;;; —u) . (D.6)

Appendix E. Data

 Shad ®w rates are d swnl eaded fr em Cynthia Wu's website:
https://sites.g ¢9gle.c om/site/jingcynthiawu/h ®me/wu-xia-shad sw-rates.

» The U.S. macr ®c e ®mic variables are d swnl taded fr em the Database
of the Federal Reserve Bank of St. Leuis (FRED) at http://research.

stl euisfed. org/fred2/.
- Real GDP (GDPC): billi ens of chained 2009 d dlars, seas ¢nally ad-
justed.
- Real p ¢ential GDP (GDPPOT): billi ¢ns of chained 2009 d dlars, n &
seas ¢nally adjusted.
- GDP deflat & (GDPDEF): index 2009 = 100, seas ¢nally adjusted.
- Effective federal funds rate (FEDFUNDS): percent.
- Real output per heur of all persens (nenfarm business sect or)
(OPHNEFB): index 2009 = 100, seas ¢nally adjusted.
- Heurs of all pers ens (n enfarm business sect or) (HOANBS): index
2009 = 100, seas ¢nally adjusted.
- Civilian neninstituti ¢nal p epulatien (CNP160V): theusands o
pers °ns.
» The Eur ®¢area macr %c n 8mic variables are fr ¢m the ECB Statistical
Data Wareh ¢use at http://sdw.ecb.eur ¢pa.eu/h ¢me.d &


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 resp ¢nse ¢f eutput t ®a pr eductivity sh &ck. N ¢tes: Impulse resp enses of
sutput t®a-1% shack tolab or preductivity gr swth. The blue s did lines are n ¢rmal
times, with thick lines being the median and thin lines representing 90% c enfidence
intervals. The red dashed line is the median impulse resp ense at the ELB. X-axis: time in
quarters; Y-axis: percentage changes in eutput.
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