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Abstract
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1 Introduction

Throughout the last 15 years international business cyddefs have been used to analyze the
international transmission of technology shocks. Irretipely of specific assumptions on the
structure of international asset markets and on firm’s @m&t&ng behavior, these models generally
provide a very similar account of how technology shocks iatfghe economy and are propagated
over time and across countries. Tét@ndard transmission mechanismcan be summarized as follows:
in response to a country specific positive technology shdakyestic output expands and its relative
price falls (i.e. the domestic terms of trade depreciate).thé same time, a surge of investment
induces a trade deficit which turns into a surplus once theedtimcapital stock has been built up.
The empirical success of models based on this transmissexhamism has been mixed. In a
seminal contributiorBackus, Kehoe and Kydlar(d994), hereafter BKK, show that the frictionless,
complete markets variant of the model fails to replicateesghkey properties of the data, notably it
fails to replicate the volatility of relative priceésAt the same time BKK emphasize that - conditional
on technology shocks - the model delivers heurve, i.e. an S-shaped cross-correlation function
for the trade balance and the terms of trade, which is ‘onb@6triking features of the data’The
S-curve is a robust feature of the data and qualifies as aetlyfiact characterizing international
business cycles.

In the present paper we rigorously assess the transmisgohanism of technology shocks implied
by a prototypical international business cycle model - hotter complete and incomplete financial
markets. Given that the S-curve is one of the (few) dimerssighere the prediction of the model
squares well with the evidence, we focus on this statistiginodown key parameters of the model.
However, in contrast to earlier work, we compute the cramsetation function for the trade balance
and the terms of trade using counterfactual time-seriesimdd from purging the raw time series
of the contributions of non-technology shocks. In other dgorwe compute a cross-correlation
function conditional on technology shocks. In our viewsitifinportant to focus on the conditional
cross-correlation function given an emerging consensasrding to which technology shocks are
unlikely to be the only source of business cycle fluctuatioms fact, while one-shock models that

!Subsequent research has documented this failure as wellréierf anomalies and made various suggestions for
their resolution. Examples for further evidence on anoesalinclude Backus, Kehoe and Kydlan(1995, Baxter
(1999, Ravn(1997), Ambler, Cardia and Zimmermar(2004); for partially successful resolutions seeckman and Tesar
(1999, Chari, Kehoe and McGratta(R002, Heathcote and Peri{2002, Kehoe and Perr(2002 and, more recently,
Corsetti, Dedola and Ledy20063.

2See BKK, page 94. If government shocks are considered irtiaddb technology shocks, the shape of the cross-
correlation function barely changes. If government spemaihocks were the sole impulse to the theoretical econdray, t
cross-correlation function would be tent-shaped.

3SeeGali (1999, Altig, Christiano, Eichenbaum and Linq2005 or Chari, Kehoe and McGrattg2005. While these
papers disagree in various respects, they all suggeshtnaontribution of technology shocks to business cycledhians
is substantially lower than 70 percent as argued, for imgtaim Kydland and Presco(l997).



correctly describe the effects of technology shocks mdydairedict the unconditional S-curve, it is
a necessary condition to deliver tbenditional cross-correlation function.

Of course, additional assumptions are required to obt&mttunterfactual time-series. Specifically,
in section2 we estimate a structural vector autoregression (VAR) model.S. time series data
and identify technology shocks by assuming that only théselss affect labor productivity in the
long-run. The aim of the VAR analysis is twofold. First, wengoute counterfactual time series
that would have been obtained, had technology shocks beesoth source of fluctuations. These
time series, in turn, are used to calculate the conditionadszcorrelation function for the trade
balance and the terms of trade. We find it to be S-shaped ashuelshifted to left relative to its
unconditional counterpart. This implies that, while thecomditional contemporaneous correlation
of the trade balance and the terms of trade is negative, tsgiye conditional on technology shocks.
We use the conditional S-curve to calibrate our quanteabusiness cycle model where technology
shocks are the only source of fluctuations.

Second, we use the VAR model to compute impulse response¢idaac We find that a positive
technology shock induces a hump-shaped increase in outglingestment and a hump-shaped
decline in the trade balance. At the same time the relatiiee @wf domestic goods increases, i.e.
we find a positive technology shock to induce appreciation of the terms of trade and the real
exchange rate. We treat these responses as an empiricattramation of the actual transmission
mechanism and use them to assess the transmission meclizpigsad by the prototypical business
cycle model. In other words, the empirical impulse respengé serve as a sufficient condition for
a successful theoretical account of the internationabtrassion of technology shocks.

The model, a variant of the model originally proposed by Bigqutlined in sectiori. In addition to
complete financial markets, we also consider the possiliilét only non-contingent bonds are traded
across countries (incomplete financial markets). Morgower allow for investment adjustment
costs and focus on exogenous differences in the level ohtdoby across countries. We use the
cross-correlation function conditional on technology aiteoto calibrate the model: by matching
the S-curve we pin down parameter values for the elastidityubstitution between domestic and
foreign goods, investment adjustment costs and the pemsistof relative technology. As we match
the cross-correlation function for 8 leads and lags, we sepb4 overidentifying restrictions. We
consider both asset market structures. If financial maketscomplete, we find a relatively high
elasticity of substitution, while relative technology iderately persistent. Investment costs are
absent. If financial markets are incomplete, we find a lowtieifys of substitution and relative
technology is very persistent. There is also evidence fdd mivestment adjustment costs under
incomplete financial markets.



Our assessment of the model starts with the observatioth&-curve is fairly well matched under
both model specifications. We thus turn in sectioio the underlying transmission mechanism and
compare the impulse responses of the theoretical econavitiethose obtained from the VAR model.
Here we observe a striking difference across both spedéditsitthe model calibrated under complete
financial markets predicts the terms of trade to depreciaddlze trade balance to fall sharply on im-
pact - in line with the standard transmission mechanism. oimtrast, the model calibrated under
incomplete financial markets implies a transmission meishanvhich turns the responses of the
terms of trade and the trade balance upside down: it prediceppreciation of the terms of trade
and a hump-shaped decline in the trade balance - in line W&h/AR evidence. This fundamental
difference in the transmission process, however, is notakelt of different asset marketer se. In
fact, for standard calibrations of the prototypical busgeycle model, the transmission mechanism
hardly differs across the two asset market structures.

Hence, our analysis provides evidence against the standandmission mechanism of tech-
nology shocks common to most international business cyctadals.  An exception is
Corsetti, Dedola and Ledy2004), henceforth CDL; in fact, our incomplete markets/low &taty
economy is characterized by a transmission mechanism staghey those authors as an alternative
to the standard transmission mechanis8pecifically, CDL show that if home bias is pervasive, the
elasticity of substitution between domestic and foreigadgois low and financial markets are incom-
plete, technology shocks tend to appreciate the real egehate and the terms of trade. As a result,
terms of trade movements amplify the effects of technoldygycks on the distribution of wealth
across countries. Under these circumstances, the wetfgléecations of country-specific technology
shocks are quite different relative to models based on #ralsird transmission mechanism. This pro-
vides the motivation for the following investigation and farther research outlined in the conclusion
(sectionb).

“In contrast to the present paper, CDL do not investigate thssecorrelation function for the trade balance and the
terms of trade. Instead, they focus on the relative consompeal exchange rate anomaly identifieddyyckus and Smith
(1993.



2 Time Series Evidence for the United States

In this section we use U.S. time series to establish evidendke international transmission of tech-
nology shocks. First, we compute the unconditional crassetation function for the trade balance
and the terms of trade - revisiting a key finding of BKK. Nexg @stimate a VAR model and compute
the cross-correlation function conditional on technolsgpcks as well as the contribution of tech-
nology shocks to the volatility of trade variables. Finallie compute the impulse response functions
to a technology shock.

Our analysis relies on U.S. data which are described in metaildn appendix). Regarding our
two key variables, we compute the terms of trggeas the log of the price index of non-commodity
imports of goods and services divided by the price index ofcommodity exports of goods and ser-
vices. The trade balancey;, is measured as the ratio of nominal net exports to nomineP.GA8s
macroeconomic volatility and, in particular, those of theis of trade has been much higher in the
1970s relative to the post-1980 period, we limit our sampltgta covering the period 1980:1-2005:4.

2.1 The unconditional S-curve

Before turning to our VAR model, we follow BKK and compute thieconditional cross-correlation
function for the trade balance and the terms of trade. Inrdadseparate short-run fluctuations from
long-run movements in both time series we employ the HP-filggng a smoothing parameter of
1600. The dashed line in figufiedisplays the cross-correlation function for the terms adlé (t) and
the trade balance (t+k) for k ranging from -8 to 8 quartess, for leads and lags up to two years.
As noted by BKK, the shape of the cross-correlation functesembles an horizontal ‘'S’. Note that
for our time series, the S-shape of the cross-correlationtion is more pronounced and resembles
more closely what BKK report for the non-U.S. countries iaittsample’. The function is negative
atk = 0 and crosses the axis to the right of this point: the cor@tebetweermn, andnz,,, becomes
increasingly positive fok > 0 such that future trade balance realizations are positi&s$pociated
with current terms of trade.

BKK rationalize the S-curve by appealing to a specific traissian mechanism of technology shocks
that, partly as a result of their work, may be considered thedard transmission mechanismfter

a one-time positive shock to technology domestic outputeiases and its relative price fallg; (

SWe use price indices for non-commodity imports and expartsrier to limit the impact of oil price fluctuations on
the terms of trade. We follow BKK and consider net exportsurrent prices and thus allow valuation effects to play an
important role in the dynamics of the trade balance. Notetthais quite distinct from analyzing the dynamics of thede
balance in constant prices, seeffo (2006).

SDifferences with respect to BKK are mostly due to considgrindifferent sample period; only very small changes
result from considering price indices for non-commodityorts and exports to compute the terms of trade.

"The cross-correlation pattern is also consistent with dtin of a J-curve, whereby a depreciation of the terms oftra
(i.e. arise inp:) - through sluggish expenditure switching effects - leadart increase in net exports only with a delay. This
consideration provides the starting point for the analgéBKK.
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Figure 1: GROSSCORRELATION FUNCTION FOR THE TRADE BALANCE(T+K) AND THE TERMS OF
TRADE (T); SAMPLE: U.S.DATA 1980:1-2005:4; BSHED LINE: UNCONDITIONAL, COMPUTED
AFTER APPLYING HP-FILTER TO RAW TIME SERIES SOLID LINE: CONDITIONAL, COMPUTED
AFTER APPLYING HP-FILTER TO COUNTERFACTUAL TIME SERIES OBTAINED FROM THEVAR
MODEL; SHADED AREA: BOOTSTRAPPED90 PERCENT CONFIDENCE INTERVALS

increases). Investment increases strongly and inducdism ifiet exports (., falls). After the surge
in investment dissipates, the trade balance moves intg@usuiThe contemporaneous correlation of
both variables is therefore negative, whileandnx; ;, are positively correlated fot > 1.

2.2 The conditional S-curve

To obtain a cross-correlation function conditional on temlbgy shocks we estimate a structural VAR
model. In order to identify technology shocks we follgli (1999 and others and assume that these
shocks are the only shocks which affect the long-run levelveirage labor productivity. The imple-
mentation followsChristiano, Eichenbaum and Vigfuss(@003 and is discussed in more detail in
appendix3.1. Our VAR model contains the change in the log of labor proigitgt(output/hour),
the log of per capita hours worked, the log of the terms ofdradd net exports (scaled by GDP). In
addition to these four variables we also consider the rediaxge rate and investment. To economize
on the degrees of freedom, we re-estimate the VAR model bacig, in turn, the terms of trade
with the log of the real effective exchange rate,, and the trade balance with the log of investment
over GDP. We include a constant and four lags of each endogerasiable.

Given the estimated model and the identified technology lshowe compute counterfactual time
series that would have been the result, had technology shmezn the only source of business cycle
fluctuations. We then calculate the cross-correlationtiondor the trade balance and the terms of
trade after HP-filtering the simulated series. Figlirdisplays the result. The solid line gives the



point estimate, while the shaded area displays 90 percefitlemce intervals computed by bootstrap
based on 1000 replications.

The conditional cross-correlation function displays dgratwhich is similar to the the unconditional
cross-correlation function (dashed line); in fact, it alssembles an horizontal ‘S’. However, relative
to its unconditional counterpart, the conditional cross-lation function shifts to the left, i.e. while
the unconditional contemporaneous correlation is negatie conditional contemporaneous corre-
lation is positive. This suggests that actual businessedyettuations of the trade balance and the
terms of trade are to some extent driven by non-technologgish Hence, in order to understand the
transmission of technology shocks it seems important tadamn those fluctuations of the data that
can be attributed to technology shocks.

2.3 Business cycle variance decomposition

To assess quantitatively the contribution of technologyc&s to fluctuations of the trade balance and
the terms of trade, we perform a business cycle variancendgasition followingAliig et al. (2005.
Again, we rely on the counterfactual series that would haanlthe result if only technology shocks
had occurred. We then compute the variance of these selaisedo the variance of the series that
result from all shocks occurring. Tabledisplays the results. The numbers give the fraction of the
variance that can be attributed to technology shocks (atanefrors computed by bootstrap based
on 1000 replications are given in parentheses). Of counseiniportance of technology shocks in
accounting for business cycle fluctuations has been a tépmsiderable debate in macroeconomics
since the early 1980s and is clearly beyond the scope of #misrpHere we are only interested in the

Table 1: BJSINESS CYCLE VARIANCE DECOMPOSITION

Output Hours p nx rx Investment
0.30 0.19 0.48 0.21 0.59 0.22
(0.23) (0.23)  (0.24)  (0.14)  (0.23) (0.18)

Notes: Fraction of variance accounted for by technology shocks
after application of HP filter (standard errors in parengisgs

importance of technology shocks in accounting for the sludlee S-curve: we find that technology
shocks account for 46 and 29 percent of fluctuations of thegesf trade and the trade balance,
respectively. These numbers are relatively high; in paldic if compared to the contribution of
technology shocks to the fluctuation of the other variabletided in the VAR. Technology shocks
thus appear to be an important source of the short-run fltichsaof the trade balance and the terms
of trade?

8We also estimated a larger VAR model and identified monetad,fescal policy shocks in addition to technology
shocks. Technology shocks always accounted for the bulkeobtisiness cycle fluctuations of the trade balance and the



2.4 Impulse response functions

In order to gain further insights intww technology shocks impact on the trade balance and the terms
of trade we compute the impulse response functions of thmastd VAR model. Below, we will
treat these responses as an empirical characterizatibe attual transmission mechanism. Figtire
displays the responses to a positive, one percent incnedsehinology. All variables are measured in

Output Hours
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Figure 2: TRANSMISSION OF A ONE PERCENT INCREASE IN TECHNOLOGYSAMPLE: U.S.DATA
1980:1-2005:4; S8ADED AREAS INDICATE BOOTSTRAPPED90 PERCENT CONFIDENCE INTER
VALS; HORIZONTAL AXES: QUARTERS VERTICAL AXES: PERCENT EXCEPT FOR TRADE BALl-
ANCE (PERCENTAGE POINTS OF OQUTPUT

percentage deviations from trend, except for the tradenbalevhich is measured in percentage points
of GDP. The shaded area displays 90 percent confidenceatgeoomputed by bootstrap based on
1000 replications.

The panels in the first row give the responses of output andshdaoth increase in response to a
positive shock to technologyThe second row gives the responses for the terms of traddarnicitie

terms of trade.
“The response of hours to technology shocks has been thediaiconsiderable debate. Some authors, notataly
(1999, have argued that hours are difference stationary onlfjrsif differences of hours instead of levels are used in the



balance. The terms of trade fall (appreciate) significaatlimpact, i.e. the price of U.S. imports
falls relative to the price of U.S. exports. The trade batadisplays a hump-shaped and significant
decline. We find these responses to be robust with respeeariations of the sample period and to
inclusions of additional variables in the VAR model. Theylwhierefore play a key role in our assess-
ment of the transmission mechanism implied by differentgpations of the standard two country
business cycle model.

In the last row we display the responses of the real exchaatgeand investment. As the real ex-
change rate also appreciates, pricing behavior is unliteelglay a key role in accounting for the
appreciation of the terms of trade, seestfeld and Rogof(2000. As investment displays a hump-
shaped increase, we will allow for investment adjustmestsim our theoretical model below.

Before turning to the international business cycle model,nete that our identification scheme is
meant to capture technology shocks by assuming that orgg thigocks affect U.S. labor productivity
in the long-run:’ These shocks are likely to consist of both a country-spe@ifiosyncratic) and a
global (common) component. However, to the extent thateéhmg of trade and the trade balance re-
spond to technology shocks, we are likely to pick up the ighasatic component, because the global
component will affect all countries similarly and is thexed unlikely to have a substantial effect on
the terms of trade and the trade balancé& he conditional S-curve can therefore be interpreted as
resulting from the country-specific component of technglelgocks, i.e. exogenous changes in the
level of U.S. technologyelative to its trading partners.

A more formal assessment of our VAR model is provided in apgpeB.3, where we use the cali-
brated business cycle model outlined below to carry out at®l@arlo experiment. Overall, we find
that the VAR performs quite well. In particular, the S-cuol#ained from the VAR is almost identical
to the true cross-correlation function and the impulse@asps have the correct sign.

VAR model, hours tend fall in response to a technology shdokappendixB.2 we consider this specification, finding a
similar result. However, the responses of trade variabiestikingly robust with respect to this modification.

0corsetti, Dedola and Led(2006H) make an alternative identification assumption in a difiéljespecified VAR model.
Specifically, they consider relative variables and assumaetechnology shocks are the only shocks which have a long-r
effect onrelative labor productivity across countries. Interestingly, theisults are broadly in line with ours, notably
regarding the behavior of international relative prices.

HGlick and Rogofi(1995 test a small open economy version of the internationalrtassi cycle model by comparing the
effect of country-specific and global technology shockstendurrent account. They find no effect of the global comptnen
Similarly, Gregory and Heaq1999 estimate a dynamic factor model to identify common and tguspecific factors
driving productivity, investment and the current accoukkey finding is that common factors account for almost none of
the variations in current accounts. Finallyprmandin and Foss(2006 decompose technology into a country-specific and
a global component using a (one-good) international bgsiogcle model. They find no role for global technology shocks
in accounting for current account movements.



3 The Model

In this section we analyze the international transmissibtechnology shocks in a standard two
country business cycle model. The model is a variant of thdehoriginally proposed by BKK. In
the next subsection, we closely follow the expositioriefathcote and Per2002) and then discuss
our strategy to solve the model numerically around a detdstii steady state. In a third subsection,
we calibrate the model by matching the S-curve conditionakchnology shocks.

3.1 Setup

The world economy consists of two countries, each of whicllpces a distinct good and is populated
by a representative household. Regarding internationictjed assets, we consider the possibility
of complete and incomplete financial markets, where only-camtingent bonds are traded across
countries'” In the following, s* denotes the history of events before and including tine®nsisting

of all eventss, € S, T < t, whereS is the set of possible events. The probability of histdrgt time

0 is given byr(s?).

Households allocate consumption expenditures on final goegs:), and supply labory;(st), to
intermediate good firms. The representative householduntep: maximizes

> > m(s)BesN)=e " fna(sT} 26 DU (ei(s), na(sh), @)

t=0 st
subject to a budget constraint which depends on the steicuinternational asset markets. As
further detailed below, the discount fact®may depend on the sequence of consumption and labor.

Instantaneous utility is non-separable in consumptionleisdre,1 — n;(s):

1
L=y

Ul(ci(s'),ni(s")) = [ei(sH)P(1 — ny(sh) 1+, (2)

The representative household in each country owns the ataptbck, k;(s'), and rents

it to intermediate good firms. Capital and labor are inteomaly immobile. As in
Christiano, Eichenbaum and Eva(005, we assume that it is costly to adjust the level of invest-
ment,z;(st). Specifically, the law of motion for capital is given by

i(sTFh) = (1 — 8)ki(sh) + H(zi(s'), zi(s™1)), with H = [1 — G(z(s) /(s ))]zi(sD).  (3)

2while BKK consider only complete financial marketseathcote and Per(2002) also investigate a third case: fi-
nancial autarky. In fact, they find that the model performatieely well under this assumption. However, by definition
trade is always balanced in this case, which is thus notdtidieour analysis. Note that we depart from the model in
Heathcote and Per(2002) by i) introducing an endogenous discount factor underrnmgete financial markets to ensure
the stationarity of bond holdings; ii) introducing invesm adjustment costs to account for the hump-shaped ineestm
response observed in the data; and iii) assuming that temns non-stationary and labor augmenting.



RestrictingG(1) = G’(1) = 0 ensures that the steady state level of capital is indepé¢odavest-
ment adjustment costs captured by the parameterG” (1) > 0.

Intermediate good firms specialize in the production of a single intermediate gagts!). It is
produced by combining capital and labor according to a steh@obb-Douglas production function:

yi(s') = ki(s")?[zi(s")na(s")] 7, 4)

wherez; (s') denotes technology. Letting; (s') andr;(s') denote the wage rate and the rental rate of
capital in terms of the local intermediate good, the probddimtermediate good firms is given by
(I%%CX( 5 yi(s") — wi(s)ni(s") — ri(sh)ki(sh),
subject to k;(s'),n;(s") > 0. (5)

Intermediate goods are sold on to final good producers indmihtries while the law of one price is
assumed to hold throughout.

Final good firms assemble intermediate goods produced both domesticallplammad. Let:;(s!)
andb; (s') denote the uses of the two intermediate goods in counusiginally produced in country
1 and 2, respectively. Then final goods are produced on the b&the following constant returns to
scale technology

o/(oc—1
[wl/”ai(st)(”_l)/” +(1- w)l/" bi(st)("_l)/c’] o= , fori=1

Fi(ai(s"), bi(s")) = (6)

og/(c—1
[(1 _ u})1/0 ai(st)(a—l)/a + wl/abi(st)(a—l)/g] /(e—=1) fori—2
whereo measures the elasticity of substitution between foreigh @gomestic goods and > 0.5
measures the extent to which the composition of final goods&sed towards domestically produced
goods. Final good firms solve the following problem
Jmax | Fi(s") = gf (sai(s") - g} (s")bi(s"),
subject to a;(s"), b;(s") > 0, 7)

where ¢¢ and ¢® denote the prices of intermediate goadsndb in terms of the final good;,
respectively. The budget constraint of the representdttuesehold depends on the asset market
structure. We consider both incomplete and complete iatemnal financial markets.
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Incomplete financial markets

In this case only a non-contingent bond is traded acrosstgesnlt pays one unit of the intermediate
gooda in periodt + 1 in each state of the world. Letting;(s') andQ(s') denote the quantity and
the price of this bond bought by the representative houseéhalountry: at the end of period, then
the budget constraint of househdldeads as follows

cr(s") +a1(s') + i (s)Q(s") Bus") = g (s)wi (s (s") +11(s'ka(s")] + gf (s) Bu(s'™). (8)

The budget constraint for the representative householdumtcy 2 is analogously defined in terms
of final good2.

To ensure stationarity of bond holdings, we follohendoza(1997) by assuming that the time dis-
count factor depends on the sequence of consumption anddeiBherefore we assume

t—1
BHe(sZ " Ana(sNY =0 =exp | Y —w(ai(sT),mils7)) | ©)
7=0
where
v(ei(s'),ni(s")) = In(1 + ¢lei(s) (1 = ni(s") ' )), (10)

with ¢ > 0 set to determine the discount factor in steady state.

Complete markets

Alternatively, we consider the case in which a complete Bstaie-contingent securities is traded on
international financial markets. Letting;(s’, s;11) denote the quantity of bonds bought by house-
hold i in periodt that pay one unit of the intermediate gooth ¢ + 1 if the state of the economy is
st+1, then the budget constraint of the househoidads as

cr(s') + a1 (sh) + i (s") Y Q(s", s141) B(s", s141)

St41

= g1 (s")[wi (s (s") + r1(sVka (s)] + af (s)B(s™", 50). (11)

The budget constraint for the representative householdumtcy 2 is analogously defined in terms
of final good2. For convenience, we assume that the time discount factanistant in this case, i.e.

B{a(sT}Zo  Ami(sN) =5 1) = 5"

13as discussed irBodenstein(2006) the assumption of an endogenous discount factor also ensie uniqueness of
the steady state - in contrast to other assumptions whialicendtationarity of bond holdings. While Bodenstein warns
against excluding a priori the multiplicity of steady swt@ote that an endogenous discount factor will generaltk pi
the symmetric steady state. Regarding impulse responsetidos to technology shocks, Bodenstein also points aut th
possibility of multiplicities, which are ignored if a lingaed version of the model is used. We will rely on such a wersif
the model in our simulations below. This seems sensibleusErwe thereby ignore time paths, which induce implausibly
large jumps in consumption and output in response to tecggahocks.
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Equilibrium is a set of prices for ali’ and allt > 0 such that when intermediate and final good
firms, as well as households take these prices as given, haldsesolve {) subject to the capital
accumulation equatior®)] and to either budget constrai (or (11); firms solve their static problems
(5) and (/) subject to the production functiong)(and ); furthermore all markets clear, i.e. for

intermediate goods we have

ai(s') +aa(s") = wi(sh), 12)
bi(s') +ba(s') = wa(s"); (13)
for final goods
ci(s') +xi(s') = Fi(s"), i=12;

holds, and - under incomplete financial markets - we have
Bi(s") + Ba(s') =0,
or - under complete financial markets
Bi(s',5¢41) + Ba(s',s441) =0, V 8441 € S.

Additional variables of interest are the terms of tradey(s!), the trade balanceyx(s?), and the
real exchange ratex(st). For the terms of trade and the real exchange rate in countrg have

p(s") = di(s") /ai(s") and ra(s') = gf(s") /a3 (s"),

respectively. Its trade balance is defined as the ratio ofxy@trts to output

as(s') — p(s')bi(s")
y(s') '

nx(s') =

3.2 Model solution

We linearize the model around a symmetric steady state ansider the deviations of a variable
from its steady state value. More precisely, we focus ontivelavariables, i.e. the deviation from
steady state of a variable in the home country (country 1umihe deviation from steady state of the
corresponding variable in the foreign country (countryNte that the terms of trade and net exports
in one country are just the negative of the value of the végiabthe other country. We assume that
domestic and foreign technologies, written in logs usiragsh follow the joint process

[ 21(st) ] _ [ pL P2 ] [ Z1(s'1h) (14)
Za(sh) L p2 P Z(s'1)




Note that, as in the calibrated models of BKK andathcote and Per(2002), technology spillovers
are assumed to be symmetric. In addition, to be consisténtour identification strategy used in the
VAR model, we assume that + po = 1 such that innovations to technology have permanent effects
on the level of technology. In addition, we assume fhap, > 0. As a result there is a cointegration
relation between; (s') and2,(s?), with the cointegrating vectdr1  —1 |.

This allows us to focus on relative technologfy!) = 2, (s') — 22(s'), which is stationary and follows
the AR(1) process

2(s') = pa(s'™h) +e(s!), e(s') ~ N(0,02, + 0Z, — 202, (15)

yYer

with p = p1 — po. As stressed iiolimann (1999, in the standard two country business cycle model
only relative technology matters for the dynamics of reatiariables as well as for the dynamics
of the terms of trade and trade balance. Given that we areapfininterested in the joint dynamics
of these two variables, we focus on the paramgtédre. on the persistence of relative technology,
without having to take a stand on the relative sizeypto p,. We thus rely on the processs) in
calibrating the model.

3.3 Calibration

The model outlined in the previous subsections is meantdwige a structural interpretation of the
time series evidence established in sectioi subset of the results of the VAR analysis will there-
fore play a key role in calibrating the model. In a first step,wse the conditional S-curve to calibrate
the model, given that its unconditional counterpart is ohthe dimensions where the prediction of
the model has been shown to square well with the evidencepl8iexperimentation shows that the
shape of the cross-correlation function for the trade lradaand the terms of trade implied by the
model is mostly governed by the values of three parametbeselasticity of substitution between
domestic and foreign goods, investment adjustment cosig, and the persistence of the process of
relative technologyp.

Our calibration strategy is to pin down values for these m@deameters in order to match the
conditional S-curve obtained from the VAR model. This stggtis particularly suitable, given that
values for all three parameters are not identified by first extsof the data and are at the focus of
the debate on the international transmission proces3ther parameters have little bearing on the
cross-correlation function for the trade balance and timegef trade and are less controversial in the
literature. We therefore simply follow BKK's choice of panater values.

More formally, our calibration strategy can be stated abWd. Letm, denote al7 x 1 vector

YThis is particularly true fotr, see CDL. Regarding the process for technology, the toaditiapproach is to estimate an
AR(1) process on Solow residuals for the U.S. and the resteofvorld. Our approach allows us to avoid the construction
of these series which are likely to be contaminated by measemnt error.
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containing the empirical cross-correlation function fdags and leads and lei(\) denote the cor-
responding cross-correlation function obtained from ausition of the model (averages over 20
simulations of 104 observations, corresponding to the rarrobobservations used in the VAR). As
the theoretical moments dependoa- { & x p }, we find values for these parameters by solving
the following problem

min (m(A) — ma)! W (m(3) = ma) (16)

whereWV is the efficient weighting matrix, i.e. the inverse of the dlxirapped) variance-covariance
matrix of my. We solve (6) for both asset market structures - complete and incompi¢tena-
tional financial markets. In a recent contributiornova and Sal@2005 stress identification issues
that may arise in the calibration and estimation of richlgafied DSGE models. While the present
model is relatively parsimonious, we nevertheless asshsgher the structural parameters and

x are jointly identified by our criterion functionL{). FigureA 7 in appendixC.1 shows that our
criterion function is well suited to pin down the paramei@frmterest.

Table 2: RRAMETER VALUES OF THEORETICAL ECONOMIES

Sandard values:

Discount factor (steady state) £ =10.99
Consumption share w=0.34
Risk aversion v=2
Capital share 0 =0.36
Depreciation rate 0 =0.025
Import share (steady state) 1—w=0.12

Financial markets

Complete Incomplete
Matching the S-curve; (Economy A) (Economy B)
Elasticity of substitution
between intermediate goods o =2.182 0.250
Investment adjustment costs x = 0.000 0.025
Autoregressive coefficient of technology p=0.871 0.987
Loss function: 8.911 6.116

Notes: Standard parameter values are taken fiomakus et al(1994). Values for parameters in the
second part of table are obtained by solving the objecti@®; (the last line gives its value in the
optimum.

Table? displays the results. The upper part of the table repormpeter values which are assumed
independently of the asset market structure. All valuegaken from BKK, except for the import
share which we assume to bd 2, the average in our sample. The lower part of tébteports the
values for the elasticity of substitution between domestid foreign goodss, investment adjustment
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costs,x, and the persistence of cross-country technology difteakp, obtained by solvingl(6).

The set of parameter values obtained by solvihg (nder the assumption that financial markets
are complete defines economy A (left column). The elastimitgubstitution between intermediate
goods,o, takes a value of abo@t2. This is relatively close td.5, the value used in the benchmark
economy of BKK. Investment adjustment costs are also alfisenteconomy A and the value for the
persistence of technology differentialspis= 0.87.

The set of parameter values obtained by solvir®) (nder the assumption that financial markets are
incomplete defines economy B (right column). In this case,dlasticity of substitution between

T
1k 4

0.8 4

Figure 3: GONDITIONAL CROSSCORRELATION FUNCTION FOR THE TRADE BALANCE AND THE
TERMS OF TRADE SOLID LINE: COMPUTED AFTER APPLYINGHP-FILTER TO COUNTERFACTUAL
TIME SERIES OBTAINED FROM THEVAR MODEL; SHADED AREA: BOOTSTRAPPED90 PERCENT
CONFIDENCE INTERVALS MODEL SIMULATIONS: ¢ ECONOMY A, [J ECONOMY B

intermediate goodss, takes a value 06.25.> Economy B is also characterized by very mild in-
vestment adjustment costs gs= 0.025. Christiano et al(2005, using the same specification in a
different context, report an estimate of approximately Finally, note that economy B is also char-
acterized by very persistent technology differentialRegarding the calibration of the model under
incomplete financial markets, it is interesting to obsehat there is also a local minimum which is
characterized by parameter values close to those definowpery A’

5This number is lower than the values often used or found inliteeature. Recent estimates in a similar order of
magnitude, however, are reported bybik and Schorfheid€2006). Other recent papers which suggest a relatively low
elasticity of substitution between intermediate goodsuie Kolimann (2006 andde Walque, Smets and Woutg2)05).
Note, moreover, that such a low effective elasticity mayheresult of a higher elasticity in an economy with a distidou
sector as in CDL.

181t is interesting to observe théblimann (1999 cannot reject the null hypothesis of no cointegration fherprocess of
U.S. total factor productivity and total factor productyin the G6 countries estimated on the basis of Solow refsdua

More generally, the economy defined by this local minimum framperties similar to economy A - in line with ear-
lier results reported in the literature, egaxter and Crucin(1995. However, the global optimum defines an economy
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In figure 3 we plot the cross-correlation function for the trade bataand the terms of trade. Both

economies deliver a cross-correlation function quiteelmsthe conditional S-curve obtained from

the VAR. Moreover, the theoretical S-curves are genera#jl within the 90 percent confidence in-

terval. This is noteworthy, given that we match 8 leads agd ks well as the contemporaneous
moment of the cross-correlation function when pinning d@wtructural parameters. In other words,
we impose 14 overidentifying restrictions. On the otherchdris also interesting to note that the

contemporaneous correlation is positive only in economy B.

4 The international transmission of technology shocks

Given the calibrated model, we now turn to the transmissfatechnology shock in order to assess
the ability of economies A and B to account for the time segigdence as represented by the impulse
response functions displayed in figureGiven the joint process for domestic and foreign technolo-
gies (14), we consider a one percent, permanent increase in thedédeimestic technology’. To
compare the transmission process of the theoretical ecptmithe data, we focus on the responses
of those variables included in the VAR.

Figure4 displays the results. The upper left panel shows the regpafindomestic output, which in-
creases by about 0.8 percent on impact in both economiegstdtao increase in line with the VAR
evidence (level specification). Both the response of ousipat hours are quantitatively similar to
the responses obtained from the VAR model. Economy B, asudt @famild investment adjustment
costs, also predicts small humps in the responses of output@urs - in line with the VAR evidence.
The responses of the terms of trade and the trade balancesplayed in the second row. Here one
observes a striking difference between economies A and &dmomy A the terms of trade depreci-
ate, i.e. the price of imports increases relative to thegpoicexports. In economy B, in contrast, the
terms of trade appreciate - in line with the VAR evidence.

Before discussing the role of the terms of trade in the irg&onal transmission of technology shocks
in more detail, we note that the response of the trade balsnalso markedly different in both
economies. It displays a hump-shaped decline in economy Battarn much in line with the re-
sponse obtained from the VAR model. In contrast, in econompétrade balance falls sharply
on impact and moves into surplus after about four quartersile8ly, only economy B delivers the

(economy B) which is characterized by a particularly lowstkity of substitution and this - as we show below - will
fundamentally alter the international transmission maidm of technology shocks.

18Relative to the cross-correlation function reported by Bkie S-curve which characterizes economy A is shifted to
the left. The analysis in BKK shows that such a shift is likedyresult from an increase in the elasticity of substitution
between intermediate goods. BKK'’s benchmark case is defipedvalue of 1.5.

Recall that in calibrating the model we rely on relative altes only. Now we are also interested in the value of
domestic variableper se. Therefore we have to specify the parameters governirig From the assumptiop; + p2 = 1
(see section 3.2) and the value obtained for the persist@negative technology = p1 — p2 in the calibration of the
model (see tabl&), we obtainp: = (14 p)/2andpz =1 — p1.
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Figure 4: TRANSMISSION OF A ONE PERCENT INCREASE IN TECHNOLOGYHORIZONTAL AXES:
QUARTERS VERTICAL AXES: PERCENT EXCEPT FOR TRADE BALANCE(PERCENTAGE POINTS
OF OUTPUT); © ECONOMY A, [JECONOMY B

correct prediction for the sign of the response of the reaharge rate and predicts a (mildly) hump-
shaped response for investment.

A key result of our analysis is thus that while both econordigsrer the S-curve (figurg) the under-
lying transmission process is quite distinct (figyjeln fact, as far as the terms of trade and the trade
balance are concerned, the transmission mechanism in egoBaurns the transmission process of
economy A upside down.

This is not the result of different asset market structupes se. Earlier literature, e.g.
Baxter and Crucin(1999, has established that - all else equal - moving from corapieincomplete
financial markets does hardly affect the equilibrium altama The reason for this result is that terms
of trade movements can provide implicit risk sharing undeoimplete markets and thus support an
equilibrium allocation close to the complete markets atan. To see how this works, consider the
standard transmission mechanism in an economy with incetefihancial markets, where the home
country faces a favorable technology shock. As a resulpuilgxpands relative to foreign. At the
same time the terms of trade depreciate, i.e. the price okdtoally produced goods falls relative
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to foreign intermediate goods. This change in relativegwienplies a wealth transfer from home to
foreign, partially counteracting the wealth effect of teetinology shock. Under incomplete markets,
this transmission mechanism, however, depends on thécihasf substitution between intermediate
goods?’

In fact, in the low elasticity/incomplete markets economyti transmission of technology shocks is
quite distinct from what the standard transmission medmrsuggests. Notably, the terms of trade
appreciate and thusmplify the relative wealth effect induced by the technology sh@iBL analyze
the possibility of such a ‘negative’ international transsion of technology shocks.They find that
the domestic terms of trade appreciate in response to aveosithnology shock if i) financial mar-
kets are incomplete, ii) home bias is substantial and ig)gtasticity of substitution between domestic
and foreign goods is low. To see how these features indugens t&f trade appreciation, consider an
increase in domestic technology. Ceteris paribus, thiseages domestic wealth relative to foreign
if financial markets are incomplete. As a result domestiogiign increases relative to foreign. If,
in addition, home bias is pervasive and substitution eldigts are low, this induces a more than pro-
portional increase in the demand for domestically produmeatis. In equilibrium this leads the price
of domestically produced goods to rise relative to the potéreign goods. The rise in the price
of domestic goods, in turn, supports the initial rise in detizeabsorption as it transfers wealth from
foreign to domestic residents. Apparently, economy B igatterized by the transmission mecha-
nism suggested by CDL.

To sum up, in assessing the performance of economies A ane Bnd that only economy B cor-
rectly predicts a terms of trade appreciation and a humpeghdecline of the trade balance. As a
caveat it should be noted that the quantitative performafi@onomy B is not fully satisfactory.
While the terms of trade respond too much relative to the VAidence, the trade balance responds
too little to the technology shock.

2gpecifically,Cole and Obstfel(1991) show that terms of trade movements provide complete inseragainst country
specific risk in the absence of complete financial marketeifasticity of substitution between domestic and forgigods
is equal to one.

2IThe transmission is ‘negative’, because the foreign cguoges in terms of purchasing power if the domestic economy
is experiencing an increase in technology.

22To see this more formally, we computed the standard devisiib the variables included in the VAR relative to output:
for the U.S. time series, for the counterfactual time sec@witional on technology shocks, and for economies A and B.
TableA 1 in appendixC.2shows the results. Itillustrates that economy A clearlisfai delivering the volatility of relative
prices which characterizes the data, while economy B faildaliver the volatility of the trade balance. This tradéisf
related to the elasticity of substitution between interiatedgoods, as noted Backus et al(1994 1995).
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5 Conclusion

In this paper we have analyzed the international transomssi technology shocks by confronting
the transmission mechanism of a standard internationaiésscycle model under complete and in-
complete financial markets with evidence from U.S. timeesefdor 1980-2005.

We have estimated a VAR model and identified technology shaskuming that these are the only
shocks affecting labor productivity in the long run. In a hstep, we have computed counterfactual
time series assuming that technology shocks had been tas®atice of business cycle fluctuations.
We calculated the cross-correlation function for the triadkance and the terms of trade on the basis
of these counterfactual time series (conditional S-curiRglative to its unconditional counterpart,
the conditional S-curve shifts to the left, i.e. while thecanditional contemporaneous correlation
is negative, the conditional contemporaneous correlasigrositive. A second result from our VAR
analysis is given by the responses to a positive technologgis it appreciates the terms of trade and
induces a hump-shaped decline in the trade balance.

We have then calibrated a prototypical international bessicycle model to match the S-curve con-
ditional on technology shocks, both under complete andnimdete financial markets. The complete
markets economy A matches the S-curve for parameter valass o those used in the baseline
calibration of BKK. The elasticity of substitution betwedamestic and foreign goods is about 2.2
and investment adjustment costs are absent. Under inctarfpiancial markets (economy B) the
elasticity of substitution is substantially lower and #é evidence for mild investment adjustment
costs. Technology differentials appear to be much moregierd in economy B.

To assess the ability of both theoretical economies to atcfou the transmission of technology
shocks apparent from the data, we have computed the immgpemses functions to a one percent
increase in technology. It turns out that the transmissioegss is quite distinct. Economy A pre-
dicts a depreciation of the terms of trade and a sharp detlengade balance (standard transmission
mechanism). Economy B, in contrast, predicts the termsaafetito appreciate and a hump-shaped
decline in the trade balance. Clearly, from a qualitativinpof view, only economy B can account
for the time series evidence.

In our view, the main result of our analysis may be summaraebllows: while both theoretical
economies deliver the S-curve conditional on technologgks, the underlying transmission process
is fundamentally different. In fact, as far as the termsadi& and the trade balance are concerned, the
transmission mechanism in economy B turns the transmigsiocess of economy A upside down.
Its predictions are qualitatively in line with time seriagdence for the U.S.

We have also stressed that this result is not evidence aghmsissumption of complete markets
alone. More generally, it is evidence against the standard trassam mechanism of technology
shocks. The standard transmission mechanism, in turn, eaptained under complete and incom-
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plete financial markets. In fact, the transmission mechmargtechnology shocks implied by the
prototypical business cycle model is the result of asswnpton the asset market structarel para-
meter values.

We conclude by noting that much is at stake regarding thenatmnal transmission mechanism of
technology shocks. As stressed by CDL, if the terms of trggheeciate in response to a positive tech-
nology shock, terms of trade movements fail to provide igiplhsurance against country-specific
risks. Instead, they amplify the relative wealth effectaftinology shocks.

Against this background, further research into the intiéonal transmission of technology shocks is
required. Specifically, the role of relative prices in trengmission of technology shocks is of particu-
lar interest. It therefore seems worthwhile to allow fohec dynamics in that respect by, for instance,
considering a non-tradable sector or consumer durables, ealier work byStockman and Tesar
(1995 andBurda and Gerlacfil992.
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Appendix
A Data

The data used to calculate the S-curve and estimate the VARRInace obtained from the Bureau of
Economic Analysis (National Income and Product Account®AY, the Bureau of Labor Statistics
(BLS) and the OECD. Specifically, we compute six time sedé&gplayed in figure®:
e Labor productivity growth: first difference of log outputrpleour in the non-farm business
sector (BLS: PRS85006093)

Average hours: log of hours in non-farm business sector (BR8S85006033) divided by
population (NIPA: B230RCO0)

Terms of trade: log of relative price of imports to exportslcalated on the basis of the price
index of non-commodity imports of goods and services (OEE&ynomic Outlook: USAP-
MGSX) and exports of non-commodity goods and services (OH&idnomic Outlook: US-
APXGSX)

Trade balance: nominal net exports (NIPA: AO19RC1) dividgdnominal GDP (NIPA:
A191RC1)

Investment to output ratio: gross private domestic investi{NIPA: AOO6RC1) divided by
nominal GDP (NIPA: A191RC1)

Real exchange rate: log of inverted real effective exchaageas provided by OECD (Main
Economic Indicators)
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B The VAR model
B.1 Identification

Our identification strategy is based onmiristiano et al(2003 or Altig et al. (2009. As described in
the main text, our VAR model contains the following variable

Aln (GDP,/Hours) [ Aa, |
In Hour h
Y; = nHours — L (A1)
In (Terms of Tradg) Dt
Net Exports/GDP; nTy

The structural VAR model of the economy is given by
ALY = &, (A2)

where a constant is omitted to simplify the exposition afd) denotes a'"-ordered polynomial in
the lag operatoL. Specifically, we consider four lags, i.e.

A(L) = Ag + A L + Ay L? + AL + Ay LY,

such that4, allows for contemporaneous interaction of the variablegaioed inY;. The fundamen-
tal economic shocks are contained in the 1 vectore;. We assume that these fundamental shocks
are mutually uncorrelated such that

E (gg}) = D,

is a diagonal matrix and the diagonal elementsglgfare normalized to one.
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Figure A 2: TECHNOLOGY SHOCKS IDENTIFIED INU.S. DATA USING BASELINE VAR MODEL
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Figure A 3: TRANSMISSION OF ONE PERCENT INCREASE IN TECHNOLOGBEE FIGUREZ; HERE:
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We want to estimate the coefficients of the structural VAR sidd 2). To ensure identification
further assumptions have to be made. To simplify the disonskefineZ; = [ hy pr nay ] . Also
define an elementid; = o; ;, wherek denotes the row andhe column of4;. Note that evaluating
(A 2) in the long-run withp = 4 gives

4 4
Zi:o ;11 Zizo ;.12 Aay eg
1x1 1x3 1x1 _ 1x1
4 4 7
D=0 @2l iz @22 Z &
3x1 3x3 3x1 3x1
=A(1)

Technology shocks are identified through the assumptidrotilg technology shocks have a long run
effect on labor productivity. This imposes the followingtiéction on the long-run multiplied (1):

4
Z Q512 = 0. (A 3)
=0

To see this, assume to the contrary that this sum was not Zhem, given that other shocks induce
7 10 be different from zero in the long run, also labor prodiittimay be affected by these shocks
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Figure A 4: QR0SSCORRELATION FUNCTION FOR THE TRADE BALANCE(T+K) AND THE TERMS
OF TRADE (T), SEE FIGURE1; HERE: VAR ESTIMATED WITH HOURS IN DIFFERENCES INSTEAD
OF LEVELS

in the long run, which is ruled out by assumptionbristiano et al(2003 provide a more detailed
discussion. In practice we impose this restriction on thet &guation of 4 2), given by

4 4
Aaq; = — Z ai711LiAat — Z ()éi,12LiZt + 5?7 (A 4)
i=1 1=0

which, after imposingA 3), reads as’
4 3
Aa; = — Z ;11 L' Aay — Z a;712LiAZt + ef.
i=1 i=0
Note, however, that sinag) »; # 0, this equation cannot be estimated by OLS. Instead, as atigin
proposed byshapiro and Watso(iL988, we useY;_1,...Y; 4 as instruments in a two-stage least
squares regression.
Finally, the structural shocks related # cannot be identified, as the mapping from the reduced
form to the structural form is not unique, see the discussidhe technical appendix taltig et al.
(2009. In order to estimate the structural model - leavirfgunidentified (we do not give a structural
interpretation to these estimated shocks) - we assumenthatis lower triangular. Given these
restrictions we are in a position to estimate the structdtd model (A 2) and identify technology
shocks. Figuret 2 displays the identified technology shocks. In the main tegtraport several
statistics computed on the basis of the estimated VAR mautktizese shocks.

%Here we use the fact that( L) = «(1) + o' (1 — L) together witha(1) = 0 implies

/ /
Qi 1k = QG 1 — 01,1k
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B.2 Sensitivity of results with respect to hours specificatin

To explore the robustness of the VAR results, we also contieespecification where hours enter the
VAR in first differences. Figuré\ 3 displays the impulse response functions, which are difitefier
output, investment and, in particular, for hours relativéhie baseline specification. This has been the
topic of a considerable debate, see, for instafee] (1999 andChristiano et al(2003. However,

for the present analysis it is important to note that thesasps of the trade balance, the terms of
trade, and the real exchange rate are robust with respé toeind specification of hours in the VAR
model. This is also reflected in the counterfactual S-cursplayed in figuret 4.

Output Hours
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Figure A 5. TRUE (DOTTED LINE) VS. ESTIMATED (STRAIGHT LINE) RESPONSES TO ONE PER
CENT INCREASE IN TECHNOLOGY WITH BOOTSTRAPPEM®O PERCENT CONFIDENCE INTERVALS
(SHADED AREA)

B.3 VAR Assessment

The use of VAR models to identify technology shocks on thesbaslong-run restrictions has been
criticized by, among others;ooley and Dwye(1998 andChari et al.(2005. We therefore perform

a Monte Carlo experiment similar tohristiano, Eichenbaum and Vigfuss(@#006. Note, however,
that the scope of our analysis is limited to a specific caseasgess whether the VAR model used in
section? is able to uncover the true impulse responses and the trgs-carrelation function for the
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trade balance and the terms of trade - using our calibratsith&ss cycle model as the data generat-
ing process. Since we estimate the VAR on four time seriedewiere are only two fundamental
shocks in the model, we add measurement error to labor ptisygrowth and the trade balance to
avoid stochastic singularity, as, for instance|riiand(2004). We set the standard deviation of the
measurement errors to 3%. The standard deviations of tleations to technology are assumed to
be uncorrelated and are taken from the estimates reporteddthcote and Per(2002).

Another issue is related to the existence of a VAR represientaof the DSGE model.

1 8]

0.8

0.6

0.4

0.2

Figure A 6: TRUE (DASHED LINE) VS. ESTIMATED (SOLID LINE) CROSSCORRELATION FUNCTION
WITH BOOTSTRAPPED90 PERCENT CONFIDENCE INTERVALSSHADED AREA)
Fernandez-Villaverde, Rubio-Ramirez, Sargent and 8a(2009 show that DSGE models only
have (infinite-order) VAR representations if certain caiotis are satisfied. We find that these condi-
tions hold for our calibration and the VAR modél.

We then generate data using the calibrated DSGE model (ego#). Specifically, we simulate
the model for 104 periods (corresponding to the number oéisfasions used to estimate the VAR
model), estimate the VAR model, and repeat this exercis®8 fithes.

Figure A 5 displays the results. The dotted lines display the true Iegresponse functions of the
model, the solid lines display the mean of the estimatedorespfunctions and the shaded areas in-
dicate 90 percent confidence intervals. In our view, the VARgms quite well. Except for output
it is difficult to detect any bias.

2The theoretical model can be written using the followingresgntation
Ti+41 = ACCt + Bthrl
Y1 = Cxi+ Dweg,

wherez; is an x 1 vector of state variableg; is ak x 1 vector of the variables which are observed in the empirigeRV
model, andw; is am x 1 vector of shocks to the states and the observables. Thetimonftir invertibility then reads as
follows: The eigenvalues o — BD~'C have to be strictly less than one in modulus. We find that thbdst eigenvalue
for economies A and B is 0.95 and 0.978, respectively, suathhibth economies have a (infinite-order) VAR represematio
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FigureA 6 displays the cross-correlation function for the trade hedeand the terms of trade calcu-
lated on the basis of the simulated data using the same praeed in sectiod. The shaded areas
indicate 90 percent confidence intervals. The dashed liheiS-curve stemming from the simulation
of the model with technology shocks only. Again, the VAR penis quite well in detecting the true

S-curve?®

C Empirical and theoretical moments
C.1 Identification of DSGE model parameters

In a recent contributionCanova and Sal@2005 take up identification issues that typically arise in
the estimation and calibration of richly specified DSGE mesdm principle, different combinations
of values for the structural model parameters may inducetick values for the criterion function.
To assess whether our approach to calibration is prone tdifidation problems, we compute the
value for our criterion functionl(6) for the relevant range of parameter values. Figurédisplays
the results for each combination gf p ando keeping, in turn, the third parameter constant at the
value obtained in the global minimum and for both asset niatkectures. We find that the objective
function is well behaved and reasonably curved in the relienaange of parameter values. In our view,
this experiment lends support to our calibration strategy.

C.2 Unconditional and conditional volatilities

In the main text we focus on the cross-correlation functionthe trade balance and the terms of
trade: in the raw time series, for the counterfactual timéeseand the theoretical economies. For
completeness, we also compute the relative volatilitieghefvariables included in our VAR model
across those dimensions. Tablé. shows the results.

Table A 1: SANDARD DEVIATIONS RELATIVE TO GDP

U.S. Data Theoretical
Statistics Unconditional  Conditional Economy A  Economy B
Investment 4,72 2.38 3.15 3.01
Trade balance 0.29 0.20 0.15 0.02
Terms of Trade 1.16 1.03 0.27 3.91
Real Exchange Rate 2.83 2.81 0.21 2.97
Hours 1.20 0.33 0.42 0.38

Notes: HP-filtered series have been used to calculate the standaia@tions;
Conditional refers to calculations based on counterfatiua series obtained from the VAR
model assuming that only technology shocks had occurred.

The VAR performs similarly if economy B is used as data getigaprocess. In particular, the shape of the cross-
correlation function and the signs of the impulse respomrsescorrectly estimated. However, due to highly persistent
technology differentials, the VAR estimates for the imulesponses indicate some bias.
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Complete Markets Incomplete Markets

Figure A 7: QRITERION FUNCTION (VERTICAL AXIS) EVALUATED FOR DIFFERENT VALUES OF
STRUCTURAL MODEL PARAMETERS(HORIZONTAL AXES)
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