On the International Transmission of Technology Shocks

Zeno Enders* Gernot J. Mullet
@ University of Bonn, Adenauerallee 24-42, 53113 Bonn, Germany

March 20, 2009

Abstract

Using vector autoregressions on U.S. time series and aegaigrof industrialized countries,
we find that technology shocks appreciate the terms of traddawver the trade balance; they
induce an ‘S’-shaped cross-correlation function for bahables (the S-curve). In calibrating a
prototypical international business cycle model underglete and incomplete financial markets,
we find two distinct sets of parameter values. While both megecifications deliver the S-
curve, the underlying transmission mechanism of technosbgpcks is fundamentally different.
Most importantly, only in the incomplete markets econoneytérms of trade appreciate and thus
amplify the relative wealth effects of technology shocks-saggested by the evidence.
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1 Introduction

Throughout the last 15 years international business cyoéets have been used to analyze the in-
ternational transmission of technology shocks. Irrespedf specific assumptions on the structure
of international asset markets and on firm'’s price settirtgalior, these models generally provide a
very similar account of how technology shocks impact theneowy and are propagated over time
and across countries. Thésandard transmission mechanism can be summarized as follows: In re-

sponse to a country-specific positive technology shock aftimoutput expands and its relative price
falls (i.e. the domestic terms of trade depreciate). At gn@estime, a surge of investment induces
a trade deficit, which turns into a surplus once the domesafiital stock has been built up. Under

this transmission mechanism, foreign residents will gaihereap some of the benefits of domestic
technology shocks even in the absence of explicit riskisgabecause the depreciation of the terms
of trade increases the relative value of foreign output.

The empirical success of models based on this transmisggchanism has been mixed. In a seminal
contribution Backus, Kehoe and Kydland (1994), hereaftéK Bshow that the frictionless, complete
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markets variant of the model fails to replicate several kepprties of the data, notably the volatility
of relative prices. At the same time BKK emphasize that—conditional on techgypehocks—the
model delivers th&-curve, i.e. an S-shaped cross-correlation function for the tizadance and the
terms of trade. The S-curve is ‘one of the striking featurethe data’ (BKK, p. 93), and turns
out to be robust both across countries and sample perioda.s\dized fact characterizing interna-
tional business cycles, it will also play a key role in theesssnent of the international transmission
mechanism provided by the present paper.

We estimate a VAR model on quarterly time series data cogehia post-Bretton Woods period for
the U.S. and an aggregate of industrialized countries. AGali (1999), we identify technology
shocks by assuming that only these shocks affect U.S. ladooluptivity in the long-run. We gen-
erate counterfactual time series that would have beenr@taif technology shocks had been the
sole source of fluctuations. On the basis of these time segesompute several statistics, notably
the cross-correlation function for the trade balance apdehms of trade. We find it to be S-shaped
as well, but more pronounced relative to its unconditiomairderpart. Regarding impulse response
functions, we find that a positive technology shock induclesrap-shaped increase in output, invest-
ment and consumption in the U.S. relative to the other caastmnd a lasting, hump-shaped decline
of the U.S. trade balance. In decomposing the consumptiporese, we find a strong and significant
increase in U.S. consumption and a persistent, albeitnifgignt, decline in foreign consumption.
At the same time the relative price of domestic goods in@gaise. we find a positive technology
shock to induce aappreciation of the U.S. terms of trade and its real effective exchange rat

We confront a prototypical business cycle model, i.e. aavdrof the model originally proposed by
BKK, with the evidence. In addition to complete financial kets, we also consider the possibility
that only non-contingent bonds are traded across couiftnesmplete financial markets), and allow
for investment adjustment costs. While we maintain thermgsion that prices are flexible in order to
focus on the role ofelative prices in the baseline case, we also perform sensitivitjyaisssuggest-
ing that the quantitative importance of price rigiditiediisited for the phenomena under study. We
calibrate the model targeting conditional rather than mditmnal moments, because according to an
emerging consensus technology shocks are unlikely to bertlyesource of business cycle fluctua-
tions? Specifically, we use conditional volatilities of key variabas well as the conditional S-curve

1Subsequent research has documented this failure as weth@sanomalies and made various suggestions for their
resolution. Examples for further evidence on anomaliekideBackus, Kehoe and Kydland (1995), Baxter (1995), Ravn
(1997), Ambler, Cardia and Zimmermann (2004); for paryialiccessful resolutions see Stockman and Tesar (1995), Cha
Kehoe and McGrattan (2002), Heathcote and Perri (2002)p&eind Perri (2002) and, more recently, Corsetti, Dedola and
Leduc (2008).

2See Gali (1999), Altig, Christiano, Eichenbaum and Li¢@05), henceforth ACEL, or Chari, Kehoe and McGrattan
(2005). While these papers disagree in various respedasy, ath suggest that the contribution of technology shocks to
business cycle fluctuations is substantially lower than &@ent as argued, for instance, in Kydland and Prescottl(j199
Moreover, results from a business cycle variance decoripogliscussed below suggest that while technology shoeks a
an important source of business cycle fluctuations, otheckshare likely to play a significant role as well.



to pin down parameter values for the elasticity of substitubetween domestic and foreign goods,
investment adjustment costs and the persistence of temimdifferentials. We consider both asset
market structures. If financial markets are complete, we difigirly high elasticity of substitution,
while technology differentials are moderately persisterd investment costs are absent. If financial
markets are incomplete, we obtain a low elasticity of stnstin and a very persistent process for
technology. In this case we document evidence for investamjostment costs.

Our assessment of the model starts with the observatiotita&-curve is fairly well matched under
both model specifications. We thus turn to the underlyingsmaission mechanism and compare the
impulse responses of the theoretical economies with thbsered from the VAR model. Here we
observe a striking difference across both specificationsieuthe complete markets calibration the
model predicts a depreciation of the terms of trade and ggakof the trade balance on impact—in
line with the standard transmission mechanism. In contuaster the incomplete markets calibration,
the model implies a transmission mechanism which turnsabpanses of the terms of trade and the
trade balance upside down: it predicts an appreciation @ftéhms of trade and a hump-shaped
decline in the trade balance—in line with the VAR evidencemnifarly, we find that only under the
incomplete markets calibration the model predicts a fafbieign consumption as suggested by the
VAR evidence.

Regarding the role of asset markets in shaping the tranEmipsocess, it is important to stress that
the difference across calibrations is not the result okdéfiht asset markeper se. In fact, for stan-
dard calibrations of the prototypical business cycle matiel transmission mechanism hardly differs
across the two asset market structures. Hence, our regaitistio be taken as evidence in favor of in-
complete markets as such, but as support for incompleteatsankm-low-elasticity. Put differently,
we provide evidence in favor of a particular transmissiorcha@ism which is quite distinct from the
standard transmission mechanism of technology shocks conmmost international business cycle
models.

Corsetti, Dedola and Leduc (2007), henceforth CDL, werditheto observe such a possible alterna-
tive to the standard transmission mechants&pecifically, CDL show that if home bias is pervasive,
the elasticity of substitution between domestic and farejgods is low, and financial markets are
incomplete, technology shocks appreciate the real ex@eatg and the terms of trade. As a re-
sult, terms of trade movements amplify the effects of tetdgnoshocks on the distribution of wealth
across countries. To assess this more formally, we compatdyinamic wealth effect of a domestic
technology shock, both at home and abroad. We find that uhdeomplete markets calibration, both
countries’ residents experience a positive wealth efldnder the incomplete markets calibration, in
contrast, foreign residents’ wealth is adversely affetiygthe shock.

3In contrast to the present paper, CDL do not investigate thesecorrelation function for the trade balance and the
terms of trade. Instead, they focus on the consumptionesaaiange rate anomaly identified by Backus and Smith (1993).



The remainder of the paper is organized as follows. In the sestion, we provide time series evi-
dence on the international transmission mechanism of @oby shocks. We outline and calibrate
the business cycle model under both asset market strudtuseection 3 and analyze the implied
transmission mechanism and its implications in sectiorgétizer with results from sensitivity anal-
ysis. In section 5 we offer a brief conclusion. The appendovigles details on the VAR model and
several robustness tests.

2 Time Series Evidence

In this section we use quarterly time series data for the &h8.an aggregate of industrialized coun-
tries to establish evidence on the international transoriss technology shocks. Our sample covers
the post-Bretton Woods period 1973—-2006. Before turninthéoestimation of a VAR model, we
compute the unconditional cross-correlation functiontfe trade balance and the terms of trade—
revisiting a key finding of BKK. The terms of tragg are defined as the import deflator divided by
the export deflator of goods and services. The trade balances measured as the ratio of nominal
net exports to nominal GDPIn order to separate short-run fluctuations from long-ruwvenaents in
both time series, we employ the HP-filter with a smoothing@pseter of 1600.

The dashed line in the left panel of Figure 1 displays thessoasrelation function for the terms of
trade (in timet) and the trade balance (in time- k) for k& ranging from -8 to 8 quarters, i.e. for leads
and lags up to two years. As described by BKK, the shape ofrtiesecorrelation function resembles
an horizontal ‘S’. The correlation is about zerokat= 0 and becomes negative to the left of this
point. The correlation between andnz, . is increasingly positive fok > 0, such that future trade
balance realizations are positively associated with ctiterms 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 asstandard transmission mechanism.
After a one-time positive shock to technology, domestigatitncreases and its relative price falls
(p+ increases). Investment increases strongly and inducesia feet exports. After the surge in
investment dissipates, the trade balance moves into ausurfphe contemporaneous correlation of
both variables is therefore likely to be small or negativkilew; andnx; ., are positively correlated
for k > 1.

Figure 1 about here

“We follow BKK and consider net exports in current prices égrallowing valuation effects to play an important role
in the dynamics of the trade balance. Note that this is qu##ndt from analyzing the dynamics of the trade balance in
constant prices, see Raffo (2008). The appendix providesaled description of the data.

5The cross-correlation pattern is also consistent with dtn of a J-curve, whereby a depreciation of the terms oftra
(i.e. a rise inp;) leads—through sluggish expenditure switching effects-aft increase in net exports only with a delay.
This consideration provides the starting point for the psialof BKK.



2.1 The VAR model

In the following we estimate a VAR model and identify techomy} shocks using long-run restrictions.
The model includes the following variables: the growth w@fte).S. labor productivity (output/hour),
the log of U.S. output relative to a measure of output in anegafe of industrialized countries, which
we refer to as the ‘rest of the world’ (or ‘ROW’), the U.S. tegmof trade, and the U.S. trade balance
scaled by GDP. To economize on the degrees of freedom, wacepélative output, in turn, with
relative investment and relative consumption and re-egénthe VAR model each time. Similarly,
we replace the terms of trade with the real exchange ratestsaghe effect of technology shocks
on the latter. Finally, we also consider specifications of\AR model where we substitute, in turn,
U.S. consumption and ROW consumption for relative consionp® he responses of these variables
will turn out to be important in order to assess differentlraltions of our theoretical model below.
Our identification strategy hinges on the assumption treetidogenous variables are stationary. On
the basis of the available data, however, it is not possibieject stochastic trends in relative output,
investment and consumption as well as in the trade balare#)aevefore use first differences of these
variables in our baseline specificatidrin all specifications measures for oil price changes, radati
inflation and the relative short-term nominal interest eateincluded as well. We add these variables
in order to control for a possible role of monetary policy grite rigidities in the transmission of
technology shocks, suggested by several authors (seeGalg1999 in a closed economy contekt).
We also include a constant and four lags of each of the sevables.

In order to identify technology shocks we follow Gali (192d others by assuming that these are
the only shocks which affect the level of U.S. labor produttiin the long run. Such technology
shocks are likely to consist of a country-specific (idioswtic) and a global (common) component.
However, to the extent that the other variables in the VARicWlare expressed in relative terms in
our baseline specification, respond to the identified sheekare likely to pick up the idiosyncratic
component—a positive response of relative output servas ag-post criterion indicating that we are
indeed identifying a positive innovation in relative teckogy. Common innovations to technology,
instead, can be expected to affect all countries similanly @ have a negligible effect on relative
variables. Such shocks may induce an adjustment of reledisiables only, if there are substantial
asymmetries across countries, notably in the net foreigetgsosition. We assess this possibility
in our calibrated business cycle model, but do not find imparntitative effect§. Note that the

SUsing the level rather than the difference specificationolin very similar results—notably for the terms of trade
and net exports. Results are available upon request.

"Below we study a business cycle model with flexible prices¢line case). Sensitivity analysis suggests that price
rigidities do not alter the transmission mechanism in a tjtaively important way, see section 4.4.

8See section 4.4. Earlier work also provides evidence in aupyf this finding regarding the trade balance. Glick
and Rogoff (1995) test a small open economy version of therrational business cycle model by comparing the effect
of country-specific and global technology shocks on theeruraccount. They find no effect of the global component.



business cycle model implies that relative labor proditgtig stationary, which is why we focus on
U.S. labor productivity rather than on relative labor praiiltity to achieve identification via long-run
restrictions’

In the baseline specification we only identify technologgaits. To assess their importance relative
to monetary policy shocks, we consider an alternative §ipation in which we also identify (rela-
tive) monetary policy shocks, i.e. non-systematic innioves to the relative short-run interest rate. In
this case we assume that all variables other than the tertresdef and the trade balance are predeter-
mined relative to the interest rate. In the appendix we gi®wnore details on the identification and
estimation of the VAR model.

2.2 Results

The right panel of Figure 1 displays four quarter moving ages of the identified technology shocks
(solid line) together with a conventional measure for tharae in total factor productivity, the de-
meaned growth rate of the Solow residual (dashed line). Veervk a strong co-movement of both
time series with a correlation coefficient of about 0.7.

| Table 1 about here]

Given the estimated model and the identified technologylst)age use the baseline VAR model to
compute counterfactual time series that would have beesrobd, if technology shocks had been the
only source of business cycle fluctuations. We then caleuta cross-correlation function for the
trade balance and the terms of trade after HP-filtering tinellsited series. The left panel of Figure 1
displays the result. The solid line gives the point estimatgle the shaded area displays 90 percent
confidence intervals computed by bootstrap based on 1000a&pns.

The conditional cross-correlation function displays aqrat which is similar to the unconditional
cross-correlation function (dashed line); it also reseslan horizontal ‘S’. In fact, relative to its un-
conditional counterpart, the S-shape of the conditior@sicorrelation function is more pronounced.
This difference suggests that actual business cycle fltiohsaof the trade balance and the terms of
trade are to some extent driven by non-technology shockacéjen order to understand the trans-
mission of technology shocks, it seems important to focuthore fluctuations of the data that can
be attributed to these shocks.

Similarly, Gregory and Head (1999) estimate a dynamic fagtodel to identify common and country-specific factors
driving productivity, investment, and the current accoukkey finding is that common factors account for almost nohe o
the variations in current accounts. Finally, Normandin Bodso (2006) decompose technology into a country-specific a
a global component using a (one-good) international bssiogcle model. They find no role for global technology shocks
in accounting for current account movements.

°Corsetti, Dedola and Leduc (2006) pursue an alternatieéesly and identify relative technology shocks assuming tha
these are the only shocks having long-run effect on relddiver productivity. They report very similar results, raafor
the behavior of international relative prices.



We also investigate how conditioning on technology shodtessaadditional moments which have
received some attention in the international businesseditelrature: the standard deviations of the
terms of trade, net exports, (relative) investment, anidtfue) consumption relative to the standard
deviation of (relative) output. The left panel of Table 1pd#s/s the results. In the first and the second
column, we report the unconditional and conditional staddiviations, respectively. Conditioning
on technology shocks increases the volatility of (relgtensumption, the terms of trade, and net
exports, but lowers the volatility of (relative) investnten

| Figure 2 about here|

To assess the contribution of technology shocks to flucoatof the trade balance and the terms of
trade, we perform a business cycle variance decompostiitowing ACEL. In this case, as a way
of comparison, we also identify monetary policy shocks. iAgawe compute counterfactual series
that would have been the result if either only technologyc&bmr only monetary policy shocks had
occurred. We then compute the variance of these countedies¢ries relative to the variance of the
original series after applying the HP-filter. The right plaokTable 1 displays the results. In the
third and fourth column we report the fraction of the variatttat can be attributed to technology and
monetary policy shocks, respectively. For all variablas, ¢ontribution of technology shocks to the
business cycle variance exceeds those of monetary pokmksH’

In order to gain further insights into the internationahsenission of technology shocks, we com-
pute the impulse response functions of the baseline VAR indeigure 2 displays the responses
to a one-percent increase in U.S. technology. The shaded display 90 percent confidence in-
tervals, computed by bootstrap sampling based on 100Catjolihs. U.S. labor productivity rises
significantly and persistently in response to the technoklgpck. Next, we consider the response
of relative variables (U.S. vs. ROW) indicated h¥': Relative output, investment, and consump-
tion show significant and persistent increases, displayiiddjhumps, with peak responses occurring
between 4 and 9 quarters. The response of relative consamggipears to be mostly driven by the
increase in U.S. consumption which displays a very simiktgun. Yet consumption in the rest of
the world shows a persistent, albeit insignificant, decline

The trade balance (U.S. net exports) displays a hump-shdgethe, while the terms of trade fall
(appreciate). Note that while the fall in the trade balasagradual, the U.S. terms of trade appreciate
sharply on impact; this particular co-movement underliesdonditional S-curve depicted in the left
panel of Figure 1.

1%0f course, the importance of technology shocks in accogrifion business cycle fluctuations has been a topic of
considerable debate in macroeconomics since the earlys1&&® is clearly beyond the scope of this paper. Regarding
the results for output, note that we consider relative adugply. ACEL report a contribution of (neutral) technologyca
monetary policy shocks to the variance of output of 13 anderdgnt, respectively.



The real exchange rate also appreciates significantly jporese to the shock. This appreciation,
i.e. the fact that the price of U.S. consumption rises netatid the price of ROW consumption, is
particularly remarkable, given that U.S. consumption exiseROW consumption at the same time.
Such a negative co-movement of the real exchange rate ancbtismption differential is hard
to reconcile with efficient risk-sharing across countriesag discuss below: Finally, we find no
significant responses for the remaining variables (not shomlative inflation, the short-term interest
rate differential, and oil price inflation.

Overall, these responses are robust with respect to \arsatif the sample period and to the inclusion
of additional variables in the VAR mod&. They will therefore play a key role in our assessment of
the transmission mechanism implied by different specificetof the business cycle model outlined
in the next section. In addition, we use simulated data nbthirom the calibrated business cycle
model to assess the performance of the VAR: we find that the ¥8Rnates are quite close to the
true responses, see Appendix B.

3 The model

In this section we analyze the international transmissibtechnology shocks in a standard two-
country business cycle model, a variant of the model orlyirmoposed by BKK. In the next sub-
section we closely follow the exposition of Heathcote andif2002) and then discuss our strategy
to solve the model numerically around a deterministic stestdte. We then calibrate the model to
match conditional moments obtained from the estimated VAR @h

3.1 Setup

The world economy consists of two countriéss {1,2}, each of which produces a distinct good

and is populated by a representative household. Regardigignationally traded assets, we consider
the possibility of complete and incomplete financial mask&there only non-contingent bonds are

traded across countriédIn the following, s’ denotes the history of events before and including time
t, consisting of all events, € S, 7 < t, whereS is the set of possible events. The probability of

history s at time0 is given byr(s!).

As both the real exchange rate and the terms of trade apf@gttia currency in which export prices are set is unlikely
to play a key role in accounting for the appreciation of thenteof trade, see Obstfeld and Rogoff (2000).

2Enders, Miiller and Scholl (2008) identify technology sk®asing an alternative strategy based on sign restrictions
They also find an appreciation of the real exchange rate antbtims of trade.

3while BKK consider only complete financial markets, Heateand Perri (2002) also investigate a third case: financial
autarky. In fact, they find that the model performs relagiwekll under this assumption. However, by definition trade is
always balanced in this case, which is thus not suited foaoaltysis. Note that we depart from the model in Heathcote and
Perri (2002) by i) introducing an endogenous discount factmer incomplete financial markets to ensure the statilgnar
of bond holdings; ii) introducing investment adjustmenstsdo account for the hump-shaped investment responsevetise
in the data; and iii) assuming that technology is non-statip and labor augmenting.



Households allocate consumption expenditures on final goeds’) and supply labor;(s’) to
intermediate good firms. The representative householduntep: maximizes

YD (sHBi(sHU (eilsh) mish), (1)

t=0 st
subject to a budget constraint, which depends on the steioftthe international asset markets. As
discussed below, the discount fact§(s') may depend on the sequence of consumption and labor.
Instantaneous utility is non-separable in consumptionleisdre1 — n;(st):

1

Tl =) @)

Ulei(s"),ni(s") =

The representative household in each country owns theataftkk; (s') and rents it to intermediate
good firms. Capital and labor are internationally immob#e.in Christiano, Eichenbaum and Evans
(2005), we assume that it is costly to adjust the level of stventz; (st). Specifically, the law of
motion for capital is given by

ki(sP7h) = (1 — 0)k;i(sh) + H(xi(sh), zi(s'71)),  with H = [1 — G(x(s") /i (s7H)]zi(sY). (3)

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

Intermediate good firms specialize in the production of a single intermediate gag(k’). It is
produced by combining capital and labor according to a stah@obb-Douglas production function:

vi(s') = ki(s")’[z(s")na(s)] 7, (4)

wherez; (s') measures the level of technology. Lettimg(s*) andr;(s') denote the wage rate and the
rental rate of capital in terms of the local intermediatedjdgbe problem of intermediate good firms
is given by
(I%%CX( 5 i (s") — wi(s)ni(s") — ri(sh)ki(sh),
subject to k;(s'),ni(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 countsiginally produced in country



1 and 2, respectively. Then final goods are produced on ths béthe following constant returns to
scale technology

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

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

og/(c—1
[(1 — w)7 g;(st)e=D/o 4 wl/abi(st)(a—ﬂ/a] o= , fori=2
whereo measures the elasticity of substitution between foreighdmmestic goods and > 0.5 the
extent to which the composition of final goods is biased tolwalomestically produced intermediate
goods. Final good firms solve the following problem
(nax Fi(s") = gf (s")ai(s") — af (s")bi(s"),
subject to a;(s"), b;(s") > 0, 7)

whereg? andg? denote the prices of intermediate goadandb in terms of the final good;, respec-
tively.

The budget constraint of the representative householdndispen the asset market structure. We
consider both incomplete and complete international firzuntarkets.

Incomplete financial markets

In this case, only a non-contingent bond is traded acrosstrdes. It 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 houslehalountry: at the end of period, the
budget constraint of householdeads as follows

c1(s') +21(s") +¢f (s Q(s") B1(s") = qf (s") [wi (s")n1 (s") + 71 (s )k (s")] + ¢ (s") B1 (s"1). (8)

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

To ensure stationarity of bond holdings, we follow Mendo:891) and Schmitt-Grohé and Uribe
(2003) by assuming that the time discount factor dependsesdquence of consumption and leisure.
Specifically, we make the following assumption regardirgftmctional form:

Bi(s"™1) = (1 4+ ¢[es(s") (1 — hi(s") )~ Bi(s) t>0
Bi(s%) =1,

whereé;(s') = ¢;(s')/z(s'), such that the steady-state interest rate is independehedével of
technology, and> > 0 is set to determine the discount factor in steady state.

Note that households do not internalize the effect of copgiom and labor on the discount factor. Regarding the

10



Complete markets

Alternatively, we consider the case in which a complete Bstaie-contingent securities is traded on
international financial markets. Letting;(s’, s;.1) 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, the budget constraint of househdldeads as

cr(s") + x1(s) + 4 (s) Y Q(s"s se41) Bi(s', s11)

St41

= qf (s)[wi(s")na(s") + 71(s")k(s9)] + i (s') Ba (s, su). (9)

The budget constraint for the representative householdumtcy 2 is analogously defined in terms
of the final good®. For convenience, we assume that the time discount factomistant in this case,

i.e.ﬁi(st) = ﬁt.

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, haldsedolve (1) subject to the capital

accumulation equation (3) and to either budget constr8)ni( (9); firms solve their static problems

(5) and (7) subject to the production functions (4) and (@)thfermore, all markets clear, i.e. for

intermediate goods we have

ar(s') +az(s') = w(s"), (10)
bi(s') +ba(s') = wa(s'); (11)
for final goods
ci(s') +xi(s') = Fi(s"), i=12;

and, under incomplete financial markets
Bi(s') + Ba(s') =0
holds, or under complete financial markets

Bl(St,StJ,.l) + BQ(St,St+1) =0, V St41 € S.

endogenous discount factor, Bodenstein (2006) emphatsiae& ensures the uniqueness of the steady state—in sbntra
to other assumptions which induce stationarity of bond inglsl While he warns against excluding the multiplicity of
steady states a priori, note that an endogenous discouot faitl generally pick the symmetric one. Regarding impguls
responses functions to technology shocks, Bodensteirpalats out the possibility of multiplicities, which are igred if a
linearized version of the model is used. We will rely on suakeesion of the model in our simulations below. This seems
sensible, because we thereby ignore time paths that indyglausibly large jumps in consumption and output in respons
to technology shocks.

11



Additional variables of interest are the terms of trade(s'), the trade balancex(s'), and the real
exchange ratex(s!). For the terms of trade and the real exchange rate in counivg have

p(s') = qi(s")/ai(s") and ra(s') = qi(s") /a5 (s"),

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

az(s') — p(s")bi(s")
y(sh)

nx(st) =

3.2 Model solution

We linearize the model around a symmetric steady state argid=r the deviations of a variable from

its steady-state value. More precisely, we focus on radatariables, i.e. the behavior of a domestic
variable relative to its foreign counterpart. We assumedbanestic and foreign technologies, written
in logs using ‘hats’, follow the joint process

[ Z1(sY) ] _ o1 e ] [ 21(s'71)
Z(s") L P2 P Z(s'1)

with [ eis) N[V, % ae |
| e2(s) 0 Ocrey 02

Note that, as in the calibrated models of BKK and HeathcoteRaTri (2002), technology spillovers

(12)

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) = p2(s' ) He(s),  e(sh) ~ N(0,02, + 0F, — 202, (13)

yCey

with p = p; — po. In the symmetric two-country model only the technologyatiéntial matters
for the dynamics of relative variables, the terms of trade #e trade balance. Given that we are
primarily interested in the joint dynamics of these two ahtfes, we focus on the paramegeri.e.

on the persistence of relative technology, without havintake a stand on the relative sizemfto

p2. We thus rely on the process (13) in calibrating the modeloBeve show that global shocks are
likely to play a quantitatively negligible role for the vakbles of interest even if we assume that the
net foreign asset position in steady state is different fzeno.
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3.3 Calibration

The model outlined in the previous subsections is meant ewige a structural interpretation of
the time series evidence established in section 2. A sulfigbheaesults of the VAR analysis will
therefore play a key role in calibrating the model. In a fitspps we use the conditional S-curve to
calibrate the model, given that its unconditional courdetrjs a stylized fact of international business
cycles and one of the dimensions in which the prediction efrtiodel has been shown to square
well with the evidence. In addition, we consider three mommants in order to pin down the
structural model parameters: the standard deviationedétims of trade, net exports, and investment
conditional on technology shocks, which are reported insieond column of Table *. Simple
experimentation shows that the corresponding statistiggied by the model are governed by the
values of three parameters: the elasticity of substituietween domestic and foreign googs
investment adjustment costs and the persistence of the process of relative technglogy

Our calibration strategy is therefore to pin down valuedliese model parameters in order to match
the conditional S-curve and the mentioned volatilitiesadied from the VAR model. This is particu-
larly suitable, given that values for all three parameteesat identified by first moments of the data
and are at the focus of the debate on the international tigsgm proces$® Other parameters have
little bearing on the targeted moments and are less consiavén the literature. We therefore simply
follow BKK'’s choice of parameter values.

More formally, our calibration strategy can be stated de¥e. Letm, denote & x 1 vector, where
the first five elements contain the empirical cross-coriatdtinction between two lags and leads and
the last three elements contain the standard deviatioredétims of trade, net exports and relative in-
vestment (relative to output). Let(\) denote the corresponding theoretical moments obtained fro
a simulation of the model (averages over 40 simulations 6f diservations, corresponding to the
number of observations used in the VAR). As the theoreticahents dependoh={ o \ p },

we find values for these parameters by solving the followirapjem

min (m(A) — ma) W (m(3) = ma) (14)

wherelV is a diagonal weighting matrix containing the inverse ofstendard deviation of the ele-
ments ofmy. We solve (14) for both asset market structures—completérasomplete international
financial marketg’

5In addition to the S-curve the volatility of the terms of tesahd net exports have received considerable attentiorin th
international business cycle literature. We also targetvtiatility of investment in order to pin down investmenjusiment
costs.

%This is particularly true forr, 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 fakeavorld. Our approach allows us to avoid the usage of
these series which are likely to be contaminated by measireenror.

Canova and Sala (2006) stress identification issues thatanisg in the calibration and estimation of richly specified
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| Table 2 about here]

Table 2 displays the results. The upper part of the tablerteparameter values which are assumed
independently of the asset market structure. All valuegalten from BKK, except for the import
share which we assume to bd2, the average in our sample. The lower part of Table 2 repbets t
values for the elasticity of substitution between domestid foreign goodss, investment adjustment
costs,y, and the persistence of the cross-country technologyrdiftel, p, obtained by solving (14).
The set of parameter values obtained under the assumpétiirthancial markets are complete defines
an economy which is characterized by the standard tranemisgechanisms, as we show below. The
elasticity of substitution between intermediate goeddakes a value of about 3. This is larger than
1.5, the value used in the benchmark economy of BKK, butwiitiin the range of values frequently
used in the literature. Investment adjustment costs arenapwhile the persistence of technology
differentials is moderates = 0.68.

Figure 3 about here|

In contrast, assuming that financial markets are incomplleéeset of parameter values obtained by
solving (14) is quite distinct. The elasticity of substitut between intermediate goods, takes a
value 0f0.23.1® There is also evidence for investment adjustment costs ith 0.34. Christiano

et al. (2005), using the same specification in a differentexinreport an estimate of approximately
2.5. Finally, technology differentials appear quite persistgith p = 0.98.1° Regarding the calibra-
tion of the model under incomplete financial markets, it igiiesting to observe that there is also a
local minimum which is characterized by parameter valuesecto those obtained under complete
markets?® In Figure 3 we plot the cross-correlation function for thade balance and the terms
of trade. Both economies deliver a cross-correlation fonaguite close to the conditional S-curve
obtained from the VAR. This is noteworthy, given that we rha2deads and lags and the contempo-
raneous correlation together with three additional mos@nt

DSGE models. We conduct experiments showing that underriteeion function (14) the structural parametets andy
are fairly well identified. Results are available upon rexjue

18This number is lower than the values often used or found inlitaeture. Recent estimates in a similar order of
magnitude, however, are reported by Lubik and Schorfhe2686q). Another recent paper which suggests a relatively low
elasticity of substitution between intermediate goodsalifann (2006). Note, moreover, that such a ldefacto elasticity
may conform to a higher nominal elasticity in an economy wifffistribution sector, see CDL.

Note that Kollmann (1998) cannot reject the null hypothediso cointegration for the process of U.S. total factor
productivity and total factor productivity in the G6 coues estimated on the basis of Solow residuals.

2OMore generally, this local minimum has properties simitattte global minimum under complete markets. However,
the global optimum defines an economy which is charactefigeal particularly low elasticity of substitution and thiss-a
we show below—uwill fundamentally alter the internationartsmission mechanism of technology shocks.

2IRelative to the cross-correlation function reported by BKKe S-curve which characterizes the complete markets
calibration is shifted to the left. The analysis in BKK shothst such a shift is likely to result from an increase in the
elasticity of substitution between intermediate goodsKBkbenchmark case is defined by a value of 1.5.
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| Table 3 about here]

In order to further assess the performance of the calibratedke! we turn to the implied volatility of
key variables, reported in table 3. As an empirical benckmae reproduce in the left column the
figures obtained from the VAR model under the counterfacasalmption that technology shocks
are the only source of business cycle fluctuations. In therskand third column of table 3 we
report the theoretical counterparts obtained from theéocatied model under the assumption that fi-
nancial markets are complete or incomplete, respectiwly find that under the complete markets
calibration the model greatly underpredicts the volgtitif the terms of trade. Under incomplete
markets the model predicts the volatility to be slightly tugh, but of the right order of magnitude.
Yet as far as the volatility of net exports are concerned piddormance of the model under both
calibrations is reversed. Regarding this variable, the ehedmewhat underpredicts the volatility
under complete markets, but misses the order of magnituderuncomplete markef€. Regarding
investment, the model performs fairly well under both aaitons. It is with respect to the volatility
of consumption—the only moment which has not been targeté#usi calibration—that one observes
a considerable discrepancy in the model performance acediésations. While the VAR evidence
suggests, conditional on technology shocks, a volatilftyetative consumption similar to that of
relative output, the model predicts the volatility of congation to be considerably lower under com-
plete markets. Under the incomplete markets calibrattemyblatility of consumption is fairly close
to that of output, even though it slightly exceeds it. We wilbvide a discussion of the mechanism
which underlie these findings in the following section.

4 The international transmission of technology shocks

Given the calibrated model, we now turn to the internatidradismission mechanism of technology
shocks. First, we compare the responses of the model widetbbtained from the estimated VAR

model in order to assess the empirical performance of bottehalibrations. Next, we discuss the

implications of both calibrations for risk-sharing acresaintries and compute the wealth effect of
technology shocks. We conclude this section by exploriegtfbustness of our results with respect
to assuming a non-symmetric steady state and the presepde®figidities.

4.1 Comparing model and VAR impulse responses

In order to inspect the international transmission medmaninder both calibrations, we compute the
impulse responses to a technology shock originating in émeestic economy (country 1 or ‘home’).

2These findings are reminiscent of those reported by Backais €t995) for a complete markets economy. They stress
that a low value of the trade price elasticity may go some veagdive the price-variability anomaly, yet comes at the
expense of counterfactual low values for the volatility ef exports.
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Specifically, we study the effects of an increase of relat@anology by 0.5%, as this induces an
increase of relative output similar to what we observe ferémpirical impulse response functioiis.
Figure 4 displays the results for the complete markets i@ldn (solid line) and the incomplete mar-
kets calibration (dashed line). The response of domediir lproductivity as well as the responses
of relative output, investment and consumption is remdykaiore persistent in the second case.
Domestic consumption increases under both calibrafibns.

Yet foreign consumption increases only under the completekets calibration, but falls under the
incomplete markets calibration. Similarly, the responfsthe trade balance is quite distinct in both
cases. It displays a lasting, hump-shaped decline undéndbenplete markets calibration, but falls
sharply on impact and moves into surplus after about fourtqusaunder the complete markets cali-
bration.

Figure 4 about here

Regarding the responses of the terms of trade and the rezdhege rate, one also observes a change
in the sign across calibrations. Under the complete madediisration the terms of trade and the real
exchange rate depreciate, while both appreciate undentueniplete markets calibration. In other
words, the model induces the standard transmission mesrhanrily in the first case. Interestingly,
while it predicts a positive co-movement of the consumptdferential and the real exchange rate
in this case, we observe a negative co-movement under tbmplete markets calibration.

A comparison of the model responses with those obtained fhenestimated VAR model displayed
in Figure 2 suggests that the model performance under tloenplete markets calibration dominates
the complete markets calibration. Most importantly, in finener case the response of international
relative prices conforms well with the evidence. Moreotleg, negative co-movement of relative con-
sumption with the real exchange rate as well as the declifugeign consumption, which characterize
the empirical transmission mechanism, is obtained onlyeutite incomplete markets calibration. As
a caveat we note that the model fails to deliver the right oodenagnitude for the response of the
trade balance under both calibrations.

To sum up, while the model delivers the S-curve under botibredions (Figure 3), the underlying
transmission process is quite distinct (Figure 4). In fastfar as the terms of trade and the trade bal-
ance are concerned, the transmission mechanism underctvaphete markets calibration turns the
process under the complete markets calibration upside dBwindifferently, we find that the model

ZNote that Figure 2 displays the effects of one percent iserémm U.S. technology according to the VAR model. The
implied increase in relative technology may be lower to tktert that the identified shock contains a global component.

2Recall also that in calibrating the model we have relied datike variables only. In order to compute the ‘level’
responses, we specify the parameters governing (12): frenagsumptionp: + p2 = 1 (see section 3.2) and the value
obtained for the persistence of relative technolpgy: p1 — p2 in the calibration of the model (see Table 2), we obtain
p1=(1+p)/2andp; =1 — p.

16



predicts a terms of trade appreciation and a lasting, humaped decline of the trade balance only
under the incomplete markets calibration—in line with timeet series evidence. This has important
consequences for the extent of risk-sharing as we disclms.be

4.2 Implications for implicit risk-sharing under incomple te financial markets

Depending on the calibration, the model predicts the opeagin for the responses of the terms of
trade, the trade balance and foreign consumption. Thepeness reflect a fundamental difference
as to how country-specific risk is shared internationally.s@e this, it is important to recall that the
difference in the transmission of technology shocks isimetésult of different asset market structures
per se. This follows from results established by earlier literatushowing that—all else equal—
moving from complete to incomplete financial markets doesegaly not affect the equilibrium
allocation very much. In fact, if there is no trade in a conpket of state contingent securities across
countries, there are nevertheless two mechanism througtimplicit risk-sharing may be achieved.
First, Baxter and Crucini (1995) show in a one-good moddlititartemporal trade in a single non-
contingent bond allows to achieve allocations close to tee @btained under complete markets. A
condition for this result to hold is that technology shockes ot too persistent.

Second, Cole and Obstfeld (1991) consider risk-sharingtimoagood world and find that terms of
trade movements can also provide implicit risk-sharingasicicomplete markets. Specifically, if the
elasticity of substitution between domestic and foreigodgais unity, the allocation under incomplete
markets is identical to the allocation obtained under cetepharkets within their model. To see how
this works, consider the standard transmission mechamisan economy with incomplete financial
markets, where the home country faces a favorable techyaslogck. As a result, output expands
relative to foreign. At the same time the terms of trade dapte, i.e. the price of domestically
produced goods falls relative to foreign intermediate godlkhis change in relative prices implies a
wealth transfer from home to foreign, such that the wealdcebf the domestic technology shock is
spread equally across countries.

Our calibrated model under incomplete markets, howevehasacterized by a low elasticity of sub-
stitution and very persistent shocks to relative technpldde find that in this case the relative price

Apart from different assumptions regarding internaticasslet markets, the difference in the transmission meahasis
governed by three parametees:;y andp. The value of, by governing the persistence of technology differentiaiglicity
determines the amount of technology spillovers acrosstdesn In order to assess to what extent different techryolog
processes are driving our results, we computed impuls@nsspfunctions of the model under the complete (incomplete)
markets calibration while assuming instead a high (lowyiedbrp € {0.68, 0.98}. Overall, we found the impulse response
functions of the complete market calibration to be qualiey unchanged. Regarding the incomplete markets caidma
we also found our results fairly robust with respect to asagra lower value op. In particular, the terms of trade and the
real exchange continued to appreciate, after a short pHasspreciation during the first two periods after the shock. A
exception is the response of foreign consumption which wadato be positive once a lowwas assumed. Results are
available on request. It should be noted, however, thataisguidentical technology processes results in the modlaida
to deliver the S-curve undéoth calibrations.
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of the home good appreciates in response to a technologk.sfidis has dramatic consequences
for risk-sharing, because terms-of-trade movements ngtfaihto provide implicit risk-sharing, but
instead amplify the wealth effect of technology shocks. &ppreciation raises the value of domestic
output relative to foreign output, despite the fact that defic output is now produced under a more
favorable technology. As a consequence foreign consumflts.

CDL analyze the possibility of such a ‘negative’ internaabtransmission mechanism in more detail.
They find that the domestic terms of trade appreciate in respto a positive technology shock if
i) financial markets are incomplete, ii) home bias is sulithand iii) the elasticity of substitution
between domestic and foreign goods is low. To see how thasgrés induce a terms of trade appre-
ciation, consider an increase in domestic technology. ri@gtaribus, this increases domestic wealth
relative to foreign if financial markets are incomplete. Assult, domestic absorption increases rela-
tive to foreign. If, in addition, home bias is pervasive antstitution elasticities are low, this induces
a more than proportional increase in the demand for donadistisroduced goods. In equilibrium
this leads the price of domestically produced goods to gtaive to the price of foreign goods. The
increase in the price of domestic goods, in turn, suppoesrtitial rise in domestic absorption as it
transfers wealth from foreign to domestic residents.

4.3 Wealth effects

We now turn to a more formal assessment of the explicit oricitplsk-sharing arrangements oper-
ating under the transmission mechanisms implied by botbragions. Following King (1991), we
compute the dynamic Hicksian decomposition of the consiompind labor responses to a domestic
technology shock into a wealth and a substitution effect.pVéeeed as follows. First, we calculate
the change in lifetime utility triggered by the technolodnysk. Second, we compute the permanent
lump-sum transfer that would induce the same change inntieetitility assuming counterfactually
that no shock occur¥. Finally, we calculate the percentage change in steadg-stisumption
and labor induced by the transfer payment. These changeslhasithe transfer (in percentage of
steady-state consumption) provide measures for the weffditt of the technology shock.

| Table 4 about here]

The results are reported in Table 4. The left column repbagiynamic Hicksian decomposition for
the complete markets calibration. We find that a transfer24% of steady-state consumption would
make the domestic agent as well off as the 0.5% positive tdobg shock. Similarly, the foreign

agent would have to receive the same percentage of her ss¢éséyconsumption to be indifferent

Z\\e assume that both the domestic and the foreign househtdthdhe same transfer payment such that equilibrium
relative prices are not affected by the counterfactual exypsmnt.
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between the transfer and the shock in the home country. Tegeents would induce symmetric
changes in consumption and labor that are reported (in pgrierows 3 to 6. In contrast, in the
incomplete-markets case one would have to take away sorhe &diteign agents’ resources, indicat-
ing that she is harmed by the domestic technology shock. &gative transfer would result in lower
consumption and higher labor.

This illustrates the fundamental differences in the trassimn mechanism of the model under both
calibrations. The wealth effect of the domestic technolsiggck on the home economy is positive
under both calibrations. Given full risk-sharing under @bate markets, there is a positive wealth
effect of the domestic technology shock also on the forememy. Under the incomplete markets
calibration, in contrast, there are no signs of implicikrgharing. In fact, the opposite happens: the
terms of trade appreciation lowers the value of foreign otaghich, in turn, is reflected in a negative
wealth effect experienced by foreign residents.

We also conduct a counterfactual experiment disentangfiageffects of the asset market structure
and the parameter values on the wealth effects. In the tbitdan of Table 4, we report the wealth
effects of a technology shock in the home country in a cotadt@ral setting with the parameter
values as in the complete markets case, but with incomplat&ats. Relative to the first column,
moving from complete to incomplete markets does hardlycaffiee wealth effects, showing that
in this counterfactual scenario foreign residents are @bteap benefits of the technology shock—
thereby confirming the results discussed in section 4.2@bov

4.4 Sensitivity analysis

In this section we explore the robustness of the predictafrithe model in case that i) prices are
sticky and ii) the net foreign asset position in the steadiest different from zero under incomplete
markets?’ As discussed above, both features are likely to charaetadtual economies and it is not
clear whether they impact on the international transmissfdechnology shocks in a quantitatively
important way.

To allow for price rigidities, we introduce monopolisticropetition in the intermediate good sector,
assuming that producers are restricted in adjusting pbigése Calvo mechanism. We set the average
price duration to four quarters. To close the model, we $paciaylor type interest rate feedback rule
with an interest rate semi-elasticity with respect to imdlatand output of 1.5 and 0.5, respectively.
Concerning net foreign assets, we consider a version of taehlinearized around a steady state
where the stock of debt of the domestic economy is equal ®222f GDP, i.e. the value reported for
the U.S. in 2004 by Lane and Milesi-Ferretti (2007).

The upper row of Figure 5 displays the results for the comepiearkets calibration. It shows the

2’Benigno (2009) and Benigno and Thoenissen (2008) alsodentiis case.
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response of the terms of trade and the trade balance to a @&%dogy shock in the first two
panels; the third panel depicts the cross-correlationtfons for the terms of trade and the trade
balance. The solid line shows the results for the baselise wathout price rigidities, while the
dashed line gives the responses for the sticky price economy

Figure 5 about here|

The second row shows the results for the incomplete markests.cWe compare results from the
baseline case (solid line), with results from a sticky pregsion (dashed line) and the version of
the model where net foreign assets are different from zesteiady state (dashed-dotted line). Both
modifications of the model turn out to be of limited importaricom a quantitative point of view, for
the responses of the terms of trade and the trade balancleseda@the baseline specification and the
cross-correlation function for the trade balance and thagef trade is hardly altered. These results
lend support to our approach to analyze the internatiomasmission mechanism of technology
shocks in a real and symmetric model.

In the third row of Figure 5 we consider the dynamics triggsg a 0.5% global shock in the asym-
metric model. If net foreign assets were zero in steady séagdobal shock that increases domestic
and foreign technology by the same amount would not affdative variables. We find that for the
asymmetric model, a global shock alters both the terms detend the trade balance, but the ef-
fects are quantitatively limited. This supports our intetption of the results from the VAR model,
whereby we consider the dynamics of relative variablegéiigd by a U.S. technology shocks as
being mostly driven by an idiosyncratic component. Findtythe right panel of the third row we
compute the cross-correlation function for the trade bzdaand the terms of trade assuming that
country-specific innovations to technology are correl&fedlso this modification has little bearing
on the shape of the S-curve.

5 Conclusion

In this paper we analyze the international transmissioadiology shocks by confronting the trans-
mission mechanism of a standard international busineds oyadel with time series evidence for the
post-Bretton Woods period.

In a first step, we estimate a VAR model and identify technglslygpcks assuming that these are the
only shocks affecting U.S. labor productivity in the longqairuWe use the VAR model to compute
several statistics. First, we compare the cross-corogldtinction for the U.S. trade balance and the
terms of trade (S-curve) conditional on technology shodkis its unconditional counterpart and find

2gpecifically, we assume that innovations to technology mteilsited as in Heathcote and Perri (2002), who assume a
correlation of 0.29.
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it to be more pronounced. Second, conditional on technodbggks the volatilities of the terms of
trade, consumption, and the trade balance increase wiailediatility of investment falls. Third, a
positive technology shock appreciates the terms of traderatuces a lasting, hump-shaped decline
of the trade balance. Moreover, it increases consumptioingr.S., but depresses consumption in
the rest of the world, appreciating simultaneously the k&l exchange rate.

We calibrate a prototypical international business cyctelel to match the S-curve conditional on
technology shocks as well as the relative volatility of therts of trade, the trade balance and in-
vestment, both under complete and incomplete financial esrk/nder both asset market structures
the calibrated model delivers the S-curve. However, tharpeter value for the elasticity of substitu-
tion between domestic and foreign goods is quite distirtds dbout three in the complete markets
economy and about one fourth under incomplete markets.l&@lyithe persistence of relative tech-
nology is much higher in the latter case. To assess theyabilithe model under both calibrations
to account for the transmission of technology shocks appdirem the data, we study the impulse
response functions to a technology shock. It turns out treatransmission process is fundamentally
different. Under the complete markets calibration, the ed@dedicts a depreciation of the terms of
trade and a sharp decline of the trade balance as well as maggcin foreign consumption. Under
the incomplete markets calibration, in contrast, the mgéelerates an appreciation of the terms of
trade and a lasting, hump-shaped decline in the trade la&swell as a fall in foreign consumption.
The main result of our analysis may thus be summarized asfsilwhile both theoretical economies
deliver the S-curve conditional on technology shocks, thaeulying transmission process is funda-
mentally different. In fact, as far as the terms of trade fthde balance, and foreign consumption are
concerned, the transmission mechanism under the incoenpiztkets calibration turns the responses
under the complete markets calibration upside down. Thesfigogredictions are qualitatively in line
with the time series evidence only under the incomplete etar&alibration. Note, however, that this
result is not evidence against the assumption of completketsper se, but, more generally, against
the standard transmission mechanism which may also beneltander incomplete financial markets
for a calibration different from the one suggested above.

Finally, analyzing the wealth effects triggered by a tedbgyp shock under both calibrations high-
lights that much is at stake regarding the internationalgmaission mechanism. If the terms of
trade appreciate in response to a positive technology shenks of trade movements fail to pro-
vide implicit insurance against country-specific riskstéad they amplify the relative wealth effect
of technology shocks. Against this background, furtheeaesh into the international transmission
of technology shocks is required. Importantly, it appeamrpsing to move beyond the prototypi-
cal business cycle model and to reassess the role of the ténmagle and the extent of risk-sharing
in models with an extensive margin in internationally trdd@ods. Ghironi and Melitz (2005), for
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instance, show that the terms of trade may also appreciatsponse to an increase in aggregate
technology because of entry of new firms competing for a fixadunt of labor input.

Appendix
A Data

The data are obtained from the Bureau of Economic Analys&ti@Nal Income and Product Ac-
counts, NIPA) and the Bureau of Labor Statistics (BLS), asafathe United States are concerned.
For the rest of the world and the real exchange rate, we uadia the OECD (2007). The sample
covers the period 1973:1 to 2006:4.

U.S. data

For the U.S. we use labor productivity: output per hour in tlom-farm business sector (BLS:
PRS85006093), net exports: nominal net exports (NIPA: A1) divided by nominal GDP (NIPA:
A191RC1), real output: gross domestic output (NIPA: A191R@ivided by its implicit deflator
(NIPA: A191RD3), real investment: gross private domesti@stment (NIPA: AOO6RC1) divided by
its implicit deflator (NIPA: AOO6RD3), real consumption:nsenal consumption expenditure (NIPA:
AO002RC1) divided by its implicit deflator (NIPA: AOO2RD3)yfiation: calculated using the implicit
GDP deflator (NIPA: A191RD3), short-term interest rate: &mdlFunds Rate (p.a.), quarterly (Fed-
eral Reserve Board: H15. Provided by www.freelunch.coeg| exchange rate: log of inverse of
real effective exchange rate as provided by the OECD (MamnBmic Indicators), terms of trade:
log of relative price of imports to exports—calculated oe Hasis of the implicit deflators of imports
of goods and services (NIPA: A0O21RD3) and exports of goodssanvices (NIPA: AO20RD3).
Solow residuals are calculated on the basis of hours in aon-fbusiness sector (BLS:
PRS85006033), ‘Gross domestic product (market pricesinv®’, and ‘Capital Stock, total econ-
omy’, both from the OECD Economic Outlook. We assume a chglitare of 0.36.

ROW data

The time series used for the VAR are constructed from datéhfot).S. relative to a sample repre-
senting the ‘rest of the world’ (ROW). In practice this cotigps the euro area, the U.K., Japan, and
Canada. The following quarterly data are taken from the OEEZDnomic Outlook: Real output:
‘Gross domestic product (market prices), volume’, reaéstment: ‘Private fixed investment (excl.
stockbuilding), volume’, real consumption: ‘Private canmgption, volume’, inflation: calculated us-
ing ‘Deflator for GDP at market prices’, short-term intereste: ‘Interest rate, short-term’, oil price:
‘Crude oil import price (cif), $ per barrel'.
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ROW aggregation

In order to avoid national basis effects, we construct tisé eéthe world series by first calculating
quarterly growth rates and aggregating these series vegldht each country’s GDP share in the
group’s total GDP. Euro area growth rates include West-Gegnuntil 1990Q4, and unified Germany
from 1991Q1 onwards. The weights are calculated at annuehpaing power parity (PPP) values in
the year 2000, based on data from the International Mon&tang (2007). The aggregated growth
rates are then cumulated from the normalized base yearl@r tw transform the series into levels.

B The VAR model

This appendix discusses our identification strategy drgwim ACEL. In addition, we report results
for the effects of monetary policy shocks and results fromusations assessing the VAR perfor-

mance.

Identification and further results

Using a star to denote ROW variables, we partition the sewaembkional vector of endogenous
variablesy;, as follows:

Aln (Output/Hours) [ Aay ]
Aln (Output/Output) Adyy " Ag ]
A'ln (Oil price,) gl Y =2y P '
Y, = Inflation, — Inflation; = dmy = dllftt
Short rate — short raté¢ dR; oy
In (Terms of Tradg D } . L ]
ANet Exports/GDP; i Anxy |
The structural VAR model is given by
AL)Y; = &, (B.1)

where a constant is omitted to simplify the exposition a{d.) denotes a matrix polynomial in the
lag operator.. We include four lags of each variable. The fundamental eova shocks contained
inthe7 x 1 vectore,; are assumed to be mutually uncorrelated. To fix ideagl,leienote the matrix of
coefficients onL'Y; such that4, captures the contemporaneous interaction of variablesedter,

let «; 1, denote an element of; with k£ andl indicating the row and column, respectively. We assume
without loss of generality that U.S. technology shocks hesfirst element im; and, in our baseline
specification, do not attach any particular structuralrjpretation to the other elementsdp?® We

The estimated innovations are then identified only up to tiquéar transformation defined by an arbitrary orthonormal
matrix, see, for instance, the discussion in ACEL.

23



may therefore assume a lower-triangular structuretfpfrom the second row onwards:

1 a2 api13 Q0,14
IXL 93 1x1 1x2
ap21 o2 0 0
’ ’ 3x1 3x2
3x1 3x3
Ag = ) (BZ)
77 ap31 o321 0
1x1 1%3 1x1 1x2
Q41 Q42 Q043 Q44
2x1 2x3 2x1 2x2

whereayg 22 andag 44 are lower triangular with the elements of the main diagowoahralized to one.
Formalizing the assumption that only technology shockscatbbor productivity in the long run, we
have for the elements of the long-run multipliéi(1):

4
> i =0, forn =234,
i=0

see Christiano, Eichenbaum and Vigfusson (2003) for a metaildd discussion. In an alternative

(B.3)

specification of the VAR model, we also identify monetaryippkhocks. As discussed in the main
text, we assume that all variables except for the trade baland the terms of trade are predetermined
relative to the interest rate differential; formally we leahree more zero restrictionsp 13 = 0 and
ap,14 = 0.
The estimation of the structural VAR model follows ShapiradaVatson (1988) and ACEL; we
impose the long-run restrictions given by (B.3) on the figtuaion of (B.1) which then reads as
follows:
4 3 3 3
Aay=—> ainLiAay =Y o) 1sL'AZy — > o 1 L'AdRy — Y o 15 L' AZoy + €]
=1 =0 =0 =0
Note that asyg 12, @13, ap,14 # 0, the VAR cannot be estimated recursively by O1°SVe therefore
useY;_1,...Y; 4 asinstruments in a two-stage least squares regressiotin@mesthe first equation.
When estimating the remaining equations recursively, veetiis residuals from the previous equa-
tions to instrument the contemporaneous variables in eqetion. Results are shown and discussed
in the main text except for the effects of a (relative) monetmlicy shock, which are displayed in
Figure B.1.

| Figure B.1 about here]

30To understand the relationship betweeanda/, note that
aoZi + 12y + aali—o+ a3li—3+ sty
= wZitoarZi1+axZi—o+azZi—z+ (o + a1 + a2 +as + 0449th4 — (w0 + a1+ a2+ ag)Zi—a

=0

= aAZi+ (a0 + a1)AZi—1 + (a0 + a1 + @2)AZs—2 + (o + 1 + a2 + a:s)AZt—3~

/ ’ ’
oy agy Qg
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VAR performance

The use of VAR models to identify technology shocks on thesbaslong-run restrictions has been
criticized by, among others, Cooley and Dwyer (1998) andriGttal. (2005). We therefore perform
a Monte Carlo experiment similar to Christiano, Eichenbaund Vigfusson (2007). Note, however,
that the scope of our analysis is limited to a specific caseasgess whether the VAR model used
in section 2 is able to uncover the true impulse responsesha@nlue cross-correlation function for
the trade balance and the terms of trade if our calibratethéss cycle model is used as the data
generating process. We consider a vector of endogenoablesiwhich includes four variables: the
change in domestic labor productivity, relative outpug, tbrms of trade and net expo#ts.

Figure B.2 about here]

We generate data using the calibrated business cycle model the complete markets calibration.
Specifically, we simulate the model for 150 periods (usingadditional 100 periods to initialize
the model) on which we estimate the VAR model. Results forrésponse of the terms of trade,
net exports and the S-curve are displayed in Figure B.2. Hsbet line displays the true impulse
responses (S-curve) while the solid lines display the mdaineoestimated response functions over
500 repetitions?

Afinal issue concerns the existence of a VAR representafitred SGE model. We check this using
the approach of Fernandez-Villaverde, Rubio-Ramirezg&nt and Watson (2007). The theoretical
model can be written using the following representation

Tiy1 = Axy+ Bwi
Yir1 = Cxp+ Dwpyy,

wherex, is then x 1 vector of state variableg; is ak x 1 vector of the variables which are observed
in the empirical VAR model, ana; is am x 1 vector of shocks to the states and the observable
variables. The condition for invertibility is that the eigalues ofA — BD~'C are strictly less than
one in modulus. We find that these conditions to be satisfieddth calibrations.
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CCF for nx(t+k) and p(t)
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Figure 1: Technology shocks and the S-curtetes: Left panel displays cross-correlation function for therter

of trade and the trade balance (ccf); vertical axis: cofi@iahorizontal axis: k; Dashed line: unconditional cangputed

after applying HP-filter to raw time series; Solid line: canditional on technology shocks, computed after applying
HP-filter to counterfactual time series obtained from theRvodel; shaded area: bootstrapped 90 percent confidence
intervals. Right panel displays four-quarter moving ageraf technology shocks; Solid line: shocks identified iretias

Technology shocks
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VAR model; dashed line: growth rate of Solow residual.
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Figure 2: Effect of U.S. technology shocklotes: ‘ A’ indicates that response is in relative terms (U.S. vs. ROW)
solid line: point estimate; shaded areas: bootstrappeca8ipt confidence intervals. Vertical axes: percent, exXoemet
exports (percentage points of GDP). Horizontal axes: gusrt
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Figure 3: Conditional cross-correlation function for thede balance and the terms of tradetes: ccf

for nx(t+k) and p(t); vertical axis: correlation; horizahtxis: k; solid line displays ccf conditional on technofaghocks,
computed after applying HP-filter to counterfactual timeéeseobtained from the VAR model; shaded area: bootstrapped
90 percent confidence intervals. Dashed line: ccf of coraptedrkets calibration; dashed-dotted line: incompleteketar

calibration.
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Figure 4: Effect of technology shock in theoretical ecoresni Notes: ‘A’ indicates that response is in
relative terms (home vs. foreign); solid line: complete kass calibration; dashed line: incomplete markets cdiitna
vertical axes: percent, except for net exports (percerpagegs of output); horizontal axes: quarters.
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Figure 5: Impulse response and cross-correlation funetiondifferent model specificationsiotes:
First two rows consider effects of a country-specific (ie&t0.5% technology shock, third row considers 0.5% global
shock; solid lines display results for baseline case; dhbhes: sticky price case; dashed-dotted line: non-zetdéaneign
asset position in steady state.
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Figure B.1: Effect of monetary policy shock.Notes: monetary policy shock is an exogenous increases in
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Figure B.2: Performance of VAR modelNotes. Estimated (straight line) vs. true (dashed line) respotsese
percent increase in domestic technology with bootstra@epercent confidence intervals (shaded area); right panél:
for trade balance (t+k) and the terms of trade (t) (k measareithe horizontal axis)
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Table 1: Business cycle fluctuations

Standard deviation Business cycle
relative toA output variance decomposition
Unconditional  Conditional Technology shocks  Monetarnjigoshocks

Terms of trade 2.03 2.43 0.10 0.01
(1.21) (0.11) (0.03)
Net exports 0.36 0.42 0.13 0.09
(0.16) (0.11) (0.04)
A Investment 5.66 3.98 0.14 0.07
(3.72) (0.13) (0.05)
A Consumption 0.88 1.01 0.10 0.08
(0.62) (0.15) (0.07)
A Output - - 0.08 0.07
(0.13) (0.05)

Notes. ‘A’ indicates that variable is in relative terms (U.S. vs. ROW|) statistics are computed on HP-filtered series
using a smoothing parameter of 1600. Left panel: standarititens are relative to standard deviation of relativepoitit
Conditional values are computed on counterfactual timiesebtained from feeding identified technology shocks ih&o
baseline VAR model. Right panel: fraction of variance acted for by technology shocks and relative monetary policy
shocks, respectively; results are computed using the ath VAR model where monetary policy shocks are identified in
addition to technology shocks; standard errors in parsethare obtained by bootstrap sampling.
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Table 2: Parameter values of theoretical economies

Sandard values:

Discount factor (steady state) £ =10.99
Consumption share w=0.34
Risk aversion v =2
Capital share 0 =10.36
Depreciation rate 6 =0.025
Import share (steady state) 1—w=0.12

Financial markets

Matching selected moments: Complete Incomplete
Elasticity of substitution

between intermediate goods o = 3.089 0.230
Investment adjustment costs x = 0.000 0.348
Autoregressive coefficient of technology p = 0.688 0.987
Loss function: 7.134 6.981

Notes: Standard parameter values are taken from BKK. Values farpeters in the second part
of the table are obtained by solving the objective (14); #s¢line gives its value in the optimum.
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Table 3: Key volatilities conditional on technology shocks

VAR model Business cycle model calibrated under
Complete markets Incomplete markets

Terms of trade 241 0.13 2.75

(1.38)
Net exports 0.42 0.13 0.02

(0.16)
A Investment 3.92 4.28 3.27

(0.99)
A Consumption 1.01 0.17 1.16

(0.62)

Notes: ‘A’ indicates that variable is in relative terms (U.S. vs. ROtries denote standard
deviation scaled by standard deviation A&foutput. All statistics are computed on HP-filtered
series using a smoothing parameter of 1600. Left panel.adde 1.
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Table 4: Dynamic wealth effects

Complete markets Incomplete markets  Counterfactual

Transfer Home 0.24 0.50 0.24
Foreign 0.24 —0.03 0.23
Consumption  Home 0.07 0.16 0.08
Foreign 0.07 —0.01 0.07
Labor Home —0.17 —0.35 —0.17
Foreign —0.17 0.02 —0.16

Notes: Dynamic wealth effect of a permanent 0.5% shock to techryoliighome expressed in transfer
payments and their effects on consumption and hours; Tees)sheasured in percent of steady-state con-
sumption, induce the same change in lifetime utility as tieck. Counterfactual: Parameter values of the
complete markets calibration, but incomplete markets.
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