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Abstract

Business cycles are substantially correlated across countries. Yet, most existing mod-
els are not able to generate substantial transmission through international trade. We
show that the nature of such transmission depends fundamentally on the features
determining the responsiveness of labor supply and labor demand to international
relative prices. We augment a standard international macroeconomic model to in-
corporate three key features: a weak short run wealth effect on labor supply, variable
capital utilization, and imported intermediate inputs for production. This model can
generate large and significant endogenous transmission of technology shocks through
international trade. We demonstrate this by estimating the model using data for
Canada and the United States with limited information Bayesian methods. We
find that this model can account for the substantial transmission of permanent U.S.
technology shocks to Canadian aggregate variables such as output and hours, doc-
umented in a structural vector autoregression. Transmission through international
trade is found to explain the majority of the business cycle comovement between the
United States and Canada.
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1. Introduction

It is widely documented that business cycles comove substantially across coun-
tries. Both output and hours are highly correlated across G7 countries in the business
cycle frequency, averaged to be 0.54 and 0.45, respectively.! Knowledge of why busi-
ness cycles comove is important to understand the sources of business cycles in each
country and to design external policies. One potential explanation for the observed
comovements across countries is endogenous transmission, i.e. shocks propagating
from one country to another country through international trade in goods and finan-
cial assets. Yet, most existing models in the international business cycle literature are
not able to generate significant endogenous transmission. International real business
cycle models starting from Backus, Kehoe, and Kydland (1992) and Backus, Kehoe,
and Kydland (1995) generate weak correlation of key aggregate variables such as
output and hours.? To the extent that business cycles are correlated, it is because
shocks driving business cycles are correlated.> The New Open Economy Macroeco-
nomics models, which extend the framework of Christiano, Eichenbaum, and Evans
(2005) and Smets and Wouters (2007) to the open economy setting, has also been
shown to face the same problem, namely that foreign shocks explain little of the
domestic variables in their models. This type of models provides a surprisingly poor
explanation of the endogenous transmission of foreign shocks to the domestic econ-
omy and the cross country comovements of key macroeconomic variables although
these models are judged adequate in explaining the effects of domestic shocks.* The
take away from the literature is that existing models do a poor job in explaining the
comovements in the data through the endogenous transmission mechanism.

Given this state of the literature, the contribution of our paper is two-fold. First,

We obtain G7 data from the International Financial Statistics for the period 1973Q1-2012Q2.
The data are HP-filtered.

2A few examples are Stockman and Tesar (1995), Heathcote and Perri (2002), Ambler, Cardia,
and Zimmermann (2002), and Baxter and Farr (2005). More recent papers in this literature include
Engel and Wang (2011) and Johnson (2014).

3In particular, Schmitt-Grohé (1998) demonstrates that a class of real business cycle models
cannot explain the observed dynamic effects of shocks to U.S. output on the Canadian economy
through international trade and financial assets.

4Justiniano and Preston (2010) find that estimated international business cycle models with
nominal rigidities also cannot generate substantial endogenous transmission and this class of models
fails to explain both the documented importance of foreign shocks to domestic business cycles and
the comovements of macroeconomic variables across countries. Other papers such as Adolfson et al.
(2007), Adolfson et al. (2008) and Christiano, Trabandt, and Walentin (2010) report the similar
result.



we empirically characterize the transmission of shocks across countries. We document
the effects of identified permanent U.S. technology shocks on not only the Canadian
output, consumption, investment, hours, net export but also the terms of trade.
Second, we show that the nature of endogenous transmission depends fundamentally
on the features determining the responsiveness of labor supply and labor demand
to international relative prices. We incorporate three key features in a standard
international business cycle model: Jaimovich-Rebelo preferences, variable capital
utilization, and imported intermediate inputs for production. We estimate this model
and demonstrate that it matches well with the empirical evidence, in contrast with
the negative results in the literature.

In the empirics, we identify the transmission mechanism of U.S. technology shocks
to the Canadian economy. The reasons for our empirical approach are as follows.
First, we focus on the conditional responses to a structural shock to clarify the trans-
mission mechanism. The economy can be driven by several structural shocks, each
of which may have different effects on the aggregate variables. For example, both
foreign government spending shocks and foreign technology shocks can increase do-
mestic output, but they have opposite effects on the terms of trade. While spending
shocks depreciate the terms of trade, foreign technology shocks appreciate the terms
of trade. So, a non-structural foreign shock that increases output can be a combina-
tion of these two structural shocks and have ambiguous effects on the terms of trade.
If we focus only on non-structural shocks, we may come to an incorrect conclusion
about endogenous transmission in the model.® Second, we analyze a small-large pair
of countries, Canada and the United States, to identify exogenous shocks to the home
country to examine its transmission mechanism. If both countries in consideration
are large, the feedback between countries make it difficult to pin down the transmis-
sion channel. Furthermore, shocks can propagate across countries both directly and
indirectly through a third country. As the United States is the single most important
trade partner for Canada, the U.S.—Canada pair can overcome these difficulties.

We identify permanent U.S. technology shocks using the long run identification,
which imposes that only permanent U.S. technology shocks can affect U.S. labor
productivity in the long run. We find that our identified U.S. technology shocks

5An alternative approach is the full information estimation. This approach can increase the
possibility of model misspecification as we would need to include several different types of shocks
and frictions in both domestic and foreign countries to describe the entire dynamics of the economy.
By examining conditional responses, we can focus on testing the transmission mechanism.



cause a significant boom in Canada.® Output in Canada increases by 60% as much as
U.S. output. Hours worked in Canada increases by a similar magnitude as Canadian
output, and the Canadian terms of trade appreciates. The responses are statistically
significant, so we can use them to test the transmission mechanism in the model.

In the theoretical side, we first analyze why standard international business cy-
cle models cannot generate substantial endogenous transmission. We focus on the
response of domestic hours because in the absence of a change in the level of do-
mestic technology, increases in output require an increase in hours. When there is
a positive permanent technology shock in the foreign country, the supply of foreign
goods increases, causing the domestic terms of trade to appreciate. This appreciation
of the domestic terms of trade affects both labor supply and labor demand in the
domestic economy. In standard models, on the labor supply side, domestic house-
holds become richer and decrease their labor supply. On the labor demand side, for
a given appreciation in the terms of trade, labor demand can increase. However,
the increase in the labor demand may not be sufficient to overcome the decline in
labor supply. Therefore, hours decrease in equilibrium, and standard models fail to
generate strong endogenous transmission under plausible parameterizations. We fur-
ther analyze the two common features in standard models in generating endogenous
transmission: asset market completeness and the elasticity of substitution between
domestic and foreign goods. These two features can help standard models to repli-
cate the observed consumption movement. However, to the extent that the terms of
trade and consumption are matched with the data, the relationship between domes-
tic hours and the terms of trade does not depend on either asset market completeness
or the elasticity of substitution. A lower elasticity of substitution can generate larger
transmission only because it causes larger movements of the terms of trade. These
features cannot explain jointly the response of domestic hours to foreign shocks and
the terms of trade, and endogenous transmission in these models is weak.

Second, to overcome the stark negative results in the literature, we incorporate
compelling adjustments to a standard real international business cycle model to gen-
erate substantial endogenous transmission and explain the observed business cycle
comovements. The model includes three key features: Jaimovich-Rebelo preferences,
variable capital utilization, and imported intermediate inputs for production. The
intuition for how these three key features help to generate substantial endogenous
transmission is as follows. With Jaimovich-Rebelo preferences, which allow for a low
wealth elasticity of labor supply, domestic labor supply does not decrease much. On

6We also examine the transmission of permanent U.S. technology shocks on Mexico, and the
main findings for Canada carry through to Mexico.



the labor demand side, for a given appreciation in the terms of trade, the increase in
labor demand can be substantially larger when there are both imported intermediate
inputs and variable capacity utilization. The cheaper import prices cause domestic
firms to increase the amount of imported intermediate inputs from the foreign coun-
try, increasing labor demand. Additionally, variable capital utilization amplifies the
change in other inputs in the production function. In equilibrium, the three key
features help hours to increase in the domestic economy, so output increases.

Finally, to assess the model’s ability to explain our empirical evidence, we esti-
mate standard international real business cycle models with and without the three
features above. We match the theoretical impulse responses and their empirical
counterparts using the limited information Bayesian methods as in Christiano, Tra-
bandt, and Walentin (2010). Consistent with our analysis, the model with the three
key features can explain the bulk of the transmission found in the data while the
standard model cannot. Even when we allow the shocks to be correlated between
the United States and Canada and estimate the correlation parameter, the marginal
log likelihoods of the two estimated models suggest that the model with the three
key features still matches better than the model without these features.

Our proposed mechanism contributes to the broad international business cycles
literature. For example, Corsetti, Dedola, and Leduc (2008a) and Burstein, Kurz,
and Tesar (2008) propose two different mechanisms for shocks to transmit across
countries. We need adjustments to the standard model other than the mechanisms
in those papers to deliver the results consistent with our observed movements of
both quantities and international relative prices. Although we use a small-large pair
of countries to clarify the transmission channel, our proposed features can work in
other international business cycle models including the standard two large country
models.” We also relate to the news shocks literature in an international context: the

"We are also related and contribute to a large international business cycle literature as we
provide a unified framework that can generate substantial endogenous transmission of the cycle.
Furthermore, we examine and match not only quantities but also the terms of trade across countries.
In terms of model specification, previous papers such as Mendoza (1991), Raffo (2008) and Garcia-
cicco, Pancrazi, and Uribe (2010) have used preferences with no wealth effects. We provide empirical
evidence supporting this preference specification. Baxter and Farr (2005) include utilization in their
model. However, we show that utilization itself is not sufficient for endogenous transmissions. We
are also related to Hernandez and Leblebicioglu (2013) who highlight that the change in interest
rate though working capital amplifies the effects of U.S. shocks to Mexico. However, we do not
find working capital to play any role in explaining the relationship between the United States and
Canada. Additionally, we offer an explanation how previous papers like Schmitt-Grohé (1998) and
Justiniano and Preston (2010) fail to explain the observed effects of U.S. shocks on Canada. Finally,
Enders and Miiller (2009) examine empirically the movements of the terms of trade between the



permanent U.S. technology shock process implies a gradual increase in productivity;
we can interpret that our three key features are able to generate comovement in a
slow diffusion of productivity across countries.

The remainder of the paper is organized as follows. Section 2 documents the em-
pirical evidence for the transmission of permanent U.S. technology shocks to Canada.
We describe the baseline model in Section 3. Section 4 analyzes the transmission
mechanism in the model. We estimate our model and present the results in Section
5. We discuss the sensitivity of each feature in the model in Section 6. Section 7
extends our analysis to a model with nominal rigidities. We conclude in Section 8.

2. Empirical Evidence

In this section, we document the effects of U.S. permanent technology shocks on
the Canadian economy using quarterly data for the United States and Canada in the
post-Bretton Woods period between 1973Q1 and 2012Q)3.

2.1. The VAR Model

We estimate a VAR model with U.S. and Canadian variables to identify per-
manent U.S. technology shocks using long run restrictions. The VAR has two
blocks, a U.S. block, v, and a Canadian block, ys;. U.S. block includes four

variables: the growth rate of the labor productivity (A In Zg—i), the natural log-

arithm of hours (ln hY S), and the growth rates of consumption and investment
(Alncfand Aln /). The Canadian block includes six variables: the growth rates
of output, consumption, and investment, the natural logarithm of hours, the growth
rate of the terms of trade, and the ratio of net exports to output. All variables are
in real units and per capita for the period 1973Q1-2012Q3.8 Throughout the paper,

United States and a measure of the rest of the world while we provide a clean exercise for two
countries that are tightly linked.

8The data are from Statistics Canada, OECD National Accounts and the Bureau of Labor
Statistics. The unit root and stationarity tests, which include the Augmented Dickey-Fuller and
KPSS tests on all U.S. and Canadian variables, suggest that productivity, consumption, output,
investment, and the terms of trade to be in difference. For the ADF tests, we cannot reject that U.S.
output, consumption, investment, Canadian output, consumption, investment, and terms of trade
have a unit root with a 10% significance level. For KPSS tests, we can reject trend stationarity for
the same variables. Hours in the United States and Canada are kept in level as there is no strong
evidence of non-stationarity and in the model, hours are stationary. Over-differencing, as suggested
by Christiano, Eichenbaum, and Vigfusson (2003) can cause model misspecification. Fisher (2006)
also specifies hours in level in his empirical exercise.



the terms of trade is defined as the ratio of import price index to export price index,
so a decline in the terms of trade means an appreciation for Canada.

Our identification strategy hinges on two assumptions. First, Canada is relatively
small compared to the United States, having no effects on the United States block.
More specifically, we impose a block exogeneity of the following form:

D) an ) )= o]

where the block exogeneity implies that:
A12 (L) =0 for VL.

This assumption has also been placed in earlier works such as Schmitt-Grohé (1998)
and Justiniano and Preston (2010), but they do not identify structural shocks.
Second, we identify U.S. permanent productivity shocks from U.S. block using
the long run restriction in Blanchard and Quah (1989) and Gali (1999), i.e. only
permanent technology shocks can affect U.S. labor productivity in the long run.
Specifically, U.S. block y;; can be written as a distributed lag of technology and
non-technology shocks, e/ and Y, which are orthogonal to each other:

Aln we
BE
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Aln 179

The identification leads to the restriction that C5 (1) = 0. We include four lags of
each of the variables and a constant in the VAR model.

We then compute the impulse responses of all six variables in the Canadian
block, 1, following a one-standard deviation shock in ¥}, The dynamic responses
are invariant to the ordering of the variables within gs;.

2.2. The VAR Result

The impulse response functions of all the variables for the United States are
displayed in Figure 1 and for Canada in Figure 2. Lines marked with a plus sign
correspond to the point estimate of the impulse responses, and the shaded areas are
the 95% confidence band calculated from bootstrapping 1,000 times.

Our result suggests that after a positive permanent U.S. technology shock occurs
in period 1:
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Figure 1: U.S. Responses to a positive U.S. technology shock occurring in period one.
Lines with plus sign are the point estimate and the shaded areas are the 95% confidence
intervals.

1. U.S. output, consumption, investment and hours increase.’

2. All of the Canadian aggregate quantities go up and the terms of trade appre-
ciate. Hours in Canada increase substantially, almost as much as Canadian
output. Investment also increases and its highest response is twice as large
as that of output. Consumption increases but by less than output. Canadian
terms of trade appreciates slightly more than output. Net exports to output
ratio in Canada increases significantly. The maximum response of net exports
is about half of output. The boom in Canadian output at the maximum is as
much as 60% of that of U.S. output.

3. Labor productivity increases slightly, about a fourth of Canadian output, but
not significant at the 95% confidence level.

These results are different from Schmitt-Grohé (1998), who finds that the response
of the terms of trade in Canada to an innovation to U.S. output is muted. One
potential explanation for this difference is her empirical approach, which examines
a non-structural U.S. output shock. As we argue above, a non-structural shock can
be a combination of several structural shocks, so the analysis using a non-structural
shock may lead to a different conclusion from using a structural shock.

We perform a forecast error variance decomposition of these shocks on Canadian

90n impact, the response of hours is close to zero and insignificant.
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Figure 2: Canadian responses to a positive U.S. technology shock occurring
in period one. Lines with plus sign are the point estimate and the shaded areas

are the 95% confidence intervals.

variables. As summarized in Table 1, the identified U.S. shocks explain a sizable frac-
tion but not all of the business cycle in Canada. U.S. technology shocks contribute
significantly to the fluctuations of all real variables, up to 39% of the Canadian out-
put and 24% of hours at eight-quarter horizon. The contribution to consumption in
Canada is smaller, about 26% at the eight-quarter horizon and 35% at the 20-quarter
horizon. 14% of investment and 19% of the terms of trade variation are explained by
the identified permanent U.S. technology shock at the 20-quarter horizon, implying
that other types of shocks are also important in driving these variables. These re-
sults suggest that as permanent U.S. technology shocks are relatively important, we
obtain a statistically significant estimated transmission of this shock. At the same
time, permanent U.S. technology shocks do not explain a substantially large fraction
of the volatilities of the macroeconomic variables, which supports our choice to focus
on conditional responses to identified structural shocks.

These empirical results are robust to other VAR specifications and data. For ex-
ample, we find a significant increase in both output and hours in Canada in response
to a permanent U.S. technology shock identified from U.S. productivity and hours



2 quarters ahead 4 quarters ahead 8 quarters ahead 20 quarters ahead

Output 0.12 0.23 0.39 0.52
Consumption 0.08 0.16 0.26 0.35
Investment 0.04 0.07 0.08 0.14
Hours 0.05 0.15 0.24 0.34
Net exports to output 0.04 0.07 0.23 0.4
Terms of trade 0.03 0.08 0.14 0.19

Table 1: Forecast variance decomposition of Canadian variables conditional
on permanent U.S. technology shock

data in the manufacturing sector, similar to Corsetti, Dedola, and Leduc (2008Db).
This result holds if we replace U.S. labor productivity with total factor productiv-
ity data taken from Fernald (2014), or if we replace the terms of trade with the
bilateral real exchange rate or the non-fuel terms of trade in the VAR.*® We run
other robustness checks using other data specifications.!* In all of these cases, we
obtain similar results to the findings above. We also estimate the baseline empirical
specification for two subsamples: before the Great Recession 1973Q1-2006Q4 and
after joining the North American Free Trade Agreement (NAFTA) 1994Q1-2012Q)3.
The responses of Canadian output and hours to permanent U.S. technology shocks
are significant in both subsamples, and even stronger in the 1994Q1-2012Q3 sample,
suggesting that trade may be an important transmission channel.

To check whether the transmission mechanism we documented is specific to the
United States and Canada, we examine the effects of the identified U.S. technology
shocks on Mexico, whose major trading partner is the United States. The detailed
results are presented in Appendix A.4. The relative magnitudes of the responses of
Mexican macroeconomic variables are similar to the results for Canada.

In the final robustness exercise, we identify both permanent U.S. technology
shocks and U.S. investment-specific technology shocks, as in Fisher (2006). We
summarized the detailed results in Appendix A.5. The conclusion from this exercise
is that the Canadian responses to permanent U.S. technology shocks are qualitatively
similar to the baseline.!?

OWe find that real exports and imports of machineries, automotive and industrial goods in
Canada respond to this U.S. shock more strongly than energy products, which suggests that the
shocks we recover are not oil price shocks. Oil price can be an important factor explaining the
movements of Canadian terms of trade but not the conditional responses that we focus on.

HOther data specifications are to use output, investment, consumption and the terms of trade in
log level instead of log difference, or the ratios of consumption to output and investment to output.

12We plot the responses of Canadian variables to U.S. investment-specific technology shocks. The
details are available in the Appendix Figure A6.
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2.83. U.S. and Canadian Technology Processes

Are the effects of permanent U.S. technology shocks on Canada documented
above a product of technology spillover? One way to empirically diagnose if U.S.
and Canadian technology shocks are common is to compute the correlation between
identified permanent U.S. and Canadian technology shocks. To this end, we apply
the same long run identification to Canadian labor productivity growth, hours, con-
sumption and investment growth rates to extract permanent Canadian technology
shocks. The contemporaneous correlation between the identified permanent Cana-
dian and U.S. shocks is negative and insignificant (-0.07); the correlation is only
significant and positive at lag six and negative for lag nine.'® This result provides
little support for a strong exogenous correlation component in the shock processes
of these two countries in the short run.

Technology can also spillover directly and gradually if there is some cointegrating
relationship between the United States and Canada. To check this possibility, we test
for cointegration between outputs in both countries. Table 2 reports the results from
the unrestricted cointegration rank test using the trace and maximum eigenvalue
methods as Johansen (1991) with four lags and a constant in the cointegrating vector.
All test statistics provide no strong evidence supporting or rejecting cointegration
between U.S. and Canadian output. Using the same tests for Canadian and U.S.
Solow Residuals, we find that there might be one cointegration relationship between
U.S. and Canadian Solow Residuals, but this result depends on the test statistics.

Number of vectors Eigenvalue Trace 5% critical value Max-Eigenvalue 5% critical value
0 5.72 15.41 5.43 14.07
1 0.1 0.28 3.76 0.28 3.76

Table 2: Cointegration statistics: Johansen’s test for output

Overall, these results suggests that the strong comovement between the United
States and Canada in response to a U.S. technology shock should, at least to some
extent, come from international goods and financial trade rather than only from cor-
related shocks. At the same time, there might be some slow diffusion of technology
from the United States to Canada.'* To quantify the importance of spillover com-
pared with transmission through international trade, Section 6.3 estimate the model
with the cointegrating relationship in the technology process to let the data decide,

3The five quarters centered moving average of Canadian and U.S. shocks are positively but
insignificantly correlated contemporaneously and up to 5 lags (0.10).
One can interpret this shock as news for Canada.
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and examining how technology diffusion changes the model implication about the
responses of the Canadian economy.

3. The Model

This section details our baseline model, which builds on Backus, Kehoe, and
Kydland (1995). The model is the limit of a two-country model where Canada is
a small open economy and the United States is a large closed economy. In this set
up, Canada plays no role in explaining U.S. aggregate variables. This assumption is
consistent with our VAR specification.!®

Our main departure from standard international real business cycle models is that
we include three features in the model. These three key features are the Jaimovich-
Rebelo utility function, variable capital utilization, and imported intermediate in-
puts. These features, as we later show, are key to generating sufficiently strong
endogenous transmission of technology shocks across countries. Other features in
the model include incomplete financial markets where agents can trade one-period
non-contingent bonds, and investment adjustment cost and a debt elastic interest
rate. !0

We describe the model below, where country 1, or home country, is a small open
economy and country 2, or the foreign country, is a large closed economy version of
country 1.

3.1. Households

Households in country 1 maximize the expected lifetime utility:

171—0

1+1
> . [011; - Qb{{ﬁXltHu ’ -1
max Fy Z 15} ”1 —
t=0

where subscript 1 denotes country 1, C; is consumption, Hy; is hours worked in
country 1 at time ¢, the parameter 5 € (0, 1) is the subjective discount factor, and
o > 0. The parameter v > 0 is related with the Frisch elasticity of labor supply. X,

15We also estimate a two-country model calibrated to the sizes of the United States and Canada.
The results in the paper do not change.

Investment adjustment cost can be important to match investment volatility. A debt elastic
interest rate is to ensure stationarity in incomplete financial market models. Both features are
commonly used in the literature.
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satisfies the following equation:
X = (On)™ X1, (1)

This preference specification is introduced by Jaimovich and Rebelo (2009). The pa-
rameter £ governs the wealth elasticity of labor supply. When x; = 1, the preference
is the common King, Plosser, and Rebelo (1988) (KPR) utility function. As k1 — 0,
the utility function is the Greenwood, Hercowitz, and Huffman (1988) (GHH) pref-
erences. In that case, there is no wealth effect on labor supply.

We assume that households can trade one period non-contingent bonds denomi-
nated in foreign consumption, Bf; 41, paid with interest rate RE,. To ensure a well-
defined steady state and stationarity in the model, we assume a debt elastic interest
rate of the form: .

7l = A (0Bl )
1t
where RY, is the interest rate which country 1 needs to pay and RE is the interest
rate in country 2. ¢ BE +1z+t is the real foreign asset position where ¢; is the real
exchange rate, defined as the relative price of foreign consumption goods in terms
of home consumption goods and Zy; is the technology level in country 1. Following
Schmitt-Grohé and Uribe (2003) and Adolfson et al. (2007), we assume that the
functional form of A is given by:

BF
ro 1 B G ZT
A Wiz | = oxp 0\ TaEry !
th 88
F
where (qtg—ltt“) is the steady state real foreign asset position.

Household is assumed to own capital K7;, which evolves over time under the
following law of motion:

Ky = (1= 6(uy)) Kyy + Iy (1 -5 ([ﬁil» : (2)

where d(u;) is the depreciation rate of capital which depends on the capital utilization
uy; and I is the gross investment. We assume that increasing the intensity of capital
utilization comes with a larger depreciation rate. The functional form for §(uy;) is
given by:

5
8 (u1y) = 8o 4 011 (uge — 1) + % (uge — 1)2,
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with dg, 011,021 > 0. % governs the sensitivity of the utilization to variations in
the rental rate of capital. dy is the depreciation rate corresponding to the steady
state where wy; is unity. Following Christiano, Eichenbaum, and Evans (2005), we
assume that it is costly to adjust the level of investment for capital, i.e. S (.) is the
adjustment cost satisfying S (u1) = 0, S (;11) = 0, S (u1) = s1, where py is the
steady state growth rate of output. We use the standard quadratic specification of

S as follows: ,
5(1115)_81(]115 u)
-2 — | .
Ly 2 \it—1

The household budget constraint is then given by:

1 1
Cy + p{tflt + BlDt+1ﬁ + Qth;HF < Wi Hy + let (w1 K1) + Bﬁ + thfﬁ (3)
t 1t

where p! is the relative price of investment goods in terms of consumption goods.
B, is the domestic bond with interest rate Ry, Wy, is the real wage, and R}, is
the real return to capital in terms of the home consumption goods unit.

3.1.1. Intermediate Good Producer
The intermediate good producer in country 1 specializes in the production of
home goods Y;” by combining capital service, u; K1, labor, Hy;, and imported and
domestic intermediate inputs, Ms1; and M4, respectively, using the production func-
tion:
Vip = ((ure K1) (ZuHu)l_a)kau*am (M (Myyg, Mayg))™ (4)

where a7 > 0 and ag; > 0 are the shares of domestic and imported intermediate
inputs in gross output, respectively, a (1 — a3 — ;) > 0 is the capital share, and
M (M4, May4) is the composite of home and imported intermediate good. Round-
about production is introduced to capture the role of intermediate inputs in pro-
duction and cross border trade. The functional form of M(.) is given as follows:

1 Nt 1 n=b\ -1
Muz(mm (M) 55 + () (M) ) , (5)

where v, is the elasticity of substitution across domestic and foreign intermediate
inputs.

The goods produced domestically, Yj;, can be sold to the domestic final good
producer to make domestic consumption and investment goods, or used as interme-
diate good in the production, or sold to the foreign country for their consumption,

14



investment goods and production.

3.1.2. Final Good Producer
The final good producer in the small open economy imports foreign consumption
Ff and investment Ff, goods from the foreign producer at price Pf. The final good
producer also buys domestic consumption D, and investment DI, input from the
intermediate good producer at price P[). We assume that the law of one price holds.
The final good producer combines domestic and foreign inputs to produce final
consumption using the following aggregator:

’Yl*l

= (T T +0-DTEDT ) @

where w{ > 0 is the home bias parameter for consumption goods. The final con-
sumption good price is then defined as follows:

_1
P = (w (PD)' 7 4 (1) (PE) )T

The final good producer also produces investment goods in the same way as
consumption goods, i.e.:

a1 -l 1 not %
o= (5 00+ 0-a)h (2)5) T
where w! > 0 is the home bias parameter for investment goods. For simplicity,
we assume that the elasticities of substitution between home and foreign goods for
consumption, intermediate and investment goods are the same.!” Similar to the price
of consumption goods, the investment good price is

Pl = (wl (PR) 7+ (1 —w)) () T) T

The final good producer then sells consumption C'; and investment /1; to house-
holds. The final good producer’s problem is to choose domestic and foreign inputs
to maximize his profits, which yields the following set of demands for each domestic

17The different aggregations between investment, consumption and intermediate goods allows us
to match the model with the data more closely than Backus, Kehoe, and Kydland (1995).
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and foreign consumption and investment goods:

ch:f = wlc (p{:;)—w Ch, Df, = wf (%)_w Ly,
Fl? = (1 — Wy ) (plt) o Clt7 Fllt (1 - wl) (;%) o [1t7

where the small letter p denotes relative price to the final consumption good price
Py

3.2. Technology Process

As in Rabanal, Rubio-Ramirez, and Tuesta (2011), the technology process has
a cointegrating relationship in order to model and match the permanent technology
shocks in country 1 and country 2. The technology process additionally includes a
spillover parameter that governs the contemporaneous effect of country 2 to country
1 through the correlation of shocks. Canada is small relative to the United States, so
we assume that there is no feedback from country 1 to country 2. We note that since
there is no strong evidence supporting or rejecting cointegration and spillover in the
data, we set the cointegration parameter close to zero and the spillover parameter
to zero in the baseline. This parameterization is only to ensure a balanced growth
path. We examine how changes in these two parameters affect the transmission in
the robustness check. The technology process for country 1 is then described by:

Aln th = U1 + C [ln ZQt—l —In th—l] + €1t- (7)

When the technology differential u‘l is smaller than the long run value, ¢ > 0
ensures that Aln Z;; will increase eventually so that we obtain a balanced growth

path. This specification implies that Aln Z;; and Z” are stationary processes and (

governs the speed at which the technology ratio ZQ* goes back to the long run value.

Country 2 is a closed economy, so the technology growth rate follows an AR(1)
process given by:
Aln th = U2 + ,OQA In th_1 + €9;. (8)

The innovations of technology for these two countries, ey; and ey, respectively,
have the following relationship:

(6”) =A (”“) o~ N(0,1), and A= (’ ”2) ,
€2t U2t e 0y

where 7 measures the contemporaneous effects of country 2’s shocks on country 1.
Since the paper focuses on how foreign shocks affect the domestic economy, we ignore
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the first column of A.

3.8. Prices and Equilibrium

The optimal conditions for domestic and foreign bond holdings place a restriction
on the movements of the domestic interest rate. The terms of trade are defined as

TOT, = %, and the law of one price dictates that pi, = ¢;.
1t

We define GDP as gross output subtracting intermediate inputs at the steady
state prices:
GDPy =Yy — Miyg — Moy

Country 2 produces gross output Ys; so their GDP is defined analogously:
GD Py = Yoy — Moy

The model is closed with the exogenous foreign demands for home consumption
DQCt, investment Dét, and intermediate Mo, goods as follows:

pD -2
DS — (1-uf) (-) Con, (©)
qi
ANNE
D = (1-up) (B) "n (10)
qi
o D -2
My, = ﬁ(@) Mo, (11)
(057 qi

where w§ and wl are the home biases of consumption and investment goods in
country 2, v, > 0 is the elasticity of substitution between home and foreign country in
country 2, and Clyy, Iy, Mag, are consumption, investment and domestic intermediate
inputs in country 2, respectively.

Finally, the general equilibrium requires that all markets clear, i.e.:

D§, + D{, + DS, + D3, + Mg + My, = Yy, (12)
Cor + Ior + Moz, = Y. (13)

4. Understanding the Transmission Mechanism

This section examines how our model generates substantial transmission of shocks
through international trade. We first analyze why standard international business
cycle models do not match the data. We then discuss the three key features which
can help to reconcile the model with the data.
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4.1. The Failure of Standard Models

We analyze a standard international business cycle model by shutting down the
three main features of the baseline model: the household has the standard KPR
preferences, there is no variable capacity utilization, and there is no imported inter-
mediate inputs.

Our analysis focuses on the response of domestic hours as hours play a central
role in the transmission of foreign shocks: in the absence of a change in the level of
domestic technology, increases in output require an increase in hours. From the first
order conditions, the log deviation of hours can be expressed as follows:

1

1
v

= —— [~Cu— (1= w§) TOT, + (1 - a) Zu + 0k (14)

where the hatted variables denote log deviations from steady state. This equation
allows us to decompose the movement of hours in the domestic economy into four
components: the wealth effect from the change in consumption, the terms of trade
effect, the effect from the domestic technology change and the capital accumulation
effect. To build intuition, we ignore the effect of capital accumulation since it is
quantitatively small in the short run. When there is no exogenous correlation of
technology shocks, i.e. Z3; = 0, hours in the domestic economy can increase only if

C/';<—(1—wf)T/O\Tt.

This expression implies that the standard model may be able to generate an increase
in hours, but it depends quantitatively on the relative movements of consumption and
a fraction 1 — w{ of the terms of trade. Since the home bias for consumption goods
parameter w{ is large in the data for most countries including Canada, the terms
of trade has to appreciate much more than the increase in consumption. Intuitively,
the equilibrium hours depend on the movements of both labor demand and labor
supply. A positive foreign technology shock causes the terms of trade to appreciate,
so consumption increases, and labor supply decreases due to the wealth effect. On the
labor demand side, an appreciation in the terms of trade implies that domestic goods
are more expensive than domestic consumption goods because households consume
both domestic and foreign goods, then labor demand can increase. Therefore, the
equilibrium hours can increase only if the increase in labor demand is large enough
to overcome the decline in labor supply.

In the Canadian case, consumption increases by about 0.3% on average in the
first five quarters after the shock, and the terms of trade appreciate by 0.6%. This
implies that Canadian hours can increase in this standard model if w{ is smaller
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than 0.5. However, w{ is 0.9 in the data, so equation (14) implies that hours do not
increase much, or even decrease in the short run. In Section 5.2 below, we estimate
the standard model to demonstrate this analysis.

It is important to note that to the extent that the movements of consumption and
the terms of trade are observed and replicated by the model, the analysis above does
not depend on the features that have been highlighted in the previous literature. For
example, asset market completeness as emphasized in Corsetti, Dedola, and Leduc
(2008a) and Enders and Miiller (2009) does not alter the relationship of hours and
the terms of trade in equation (14). The reason we have a different mechanism
compared with those papers is as follows. Corsetti, Dedola, and Leduc (2008a)
propose the standard model with incomplete markets together with a large elasticity
of substitution can generate a depreciation in the terms of trade and a decrease
in consumption after a foreign technology shock. Since equation (14) still holds in
their case, hours can increase only if the decrease in consumption is large relative
to the depreciation of the terms of trade. Calibrating to the unconditional second
moments, Corsetti, Dedola, and Leduc (2008a) find that hours go down, so they rely
on correlated shocks to generate positive comovement of output and consumption
across countries in their model. Since we observe an increase in consumption and
an appreciation in the terms of trade for Canada, we need a different mechanism to
explain our empirical results.

Previous literature also suggests that the elasticity of substitution is important
for standard models to generate large endogenous transmission. For example, in
Burstein, Kurz, and Tesar (2008), a small elasticity of substitution, modeled as pro-
duction sharing, can increase the output comovement across countries. The smaller
the elasticity of substitution, the larger the complementarity between U.S. and Cana-
dian goods, and the larger the movements of the terms of trade in response to U.S.
technology shocks. In equation (14), this mechanism essentially changes the magni-
tude of the terms of trade response, so a smaller elasticity of substitution in theory
can help to generate a larger transmission of shocks across countries. However, if the
model has to match the joint movements of the terms of trade, hours and consump-
tion as in our case, changing the elasticity of substitution may not be sufficient to
explain our empirical results.

4.2. How Three Features Work

We now discuss how the three key features work and interact with each other to
generate substantial endogenous transmission through international trade.

First, the Jaimovich-Rebelo preference specification is an important feature as it
allows us to adjust the strength of the wealth effect on labor supply. A small wealth
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effect can minimize the movement of the labor supply so that a small increase in the
labor demand can increase hours in equilibrium. To see this, assuming that there is
no wealth effect on labor supply, equation (14) can be rewritten as:

1

Hlt: 1
OZ—}—;

[— (1 - wf) TOT, + (1 — a) Zy + aky| . (15)

Since consumption does not appear in this equation, domestic hours can go up with-
out any change in technology and capital as long as the terms of trade appreciate.
Therefore, shutting down the wealth effect can help increase endogenous transmission
within the model substantially, consistent with the above intuition.

Second, imported intermediate inputs help to increase the responsiveness of labor
demand to the movement of the relative price of domestic goods. When the terms
of trade appreciate, imported intermediate goods become relatively cheaper. Since
domestic firms are able to use cheaper imported inputs from the foreign country
to produce for the goods with higher price, the change in the terms of trade shifts
the labor demand curve further. Given that a large share of international trade in
most countries including Canada is in intermediate goods, the imported intermediate
input channel can be quantitatively important.'®

Finally, variable capacity utilization is important to amplify the effects of the
change in the terms of trade on hours worked. Combining the first order conditions

18To see this, we assume for simplicity that there is no wealth effect on labor supply and combine
the first order conditions to get:

~ 1 Qo1 __ ~ N
Hyy = (1 -+ ————|TOT, +(1-a) Z Ky ).
1t O‘+11;< {( w1)+1—a11—a21 t+(1—a)Zi+a 1t>
The additional term, 1_OffﬁT/O\T +, compared to equation (15) shows the effects of intermediate

inputs on hours worked.
A more general production function form with a constant elasticity of substitution between home
and intermediate goods is:

y
vf—1 £

1 4 -
F(Z,K,H,Mthgl) = [w;ff(Z,K,H) s +(1—(.Uf)7f M(M117M21) f :| ! s

L vp—1

1 ym—1

1 1 am=17 Fm -1
M(M11;M21) — |:w77’zm Mll’ym 4 (1 _ wm)wn M21’Y'm. :| ,

where «f, and 7y, denote the elasticities of substitution between home produced and intermediate
inputs, and between domestic and foreign intermediate inputs, respectively. We can show that for
a given movement in the terms of trade, the movement of hours is only affected by the share of
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assuming no wealth effects on labor supply and no intermediate inputs,
1 (0% —Q
ontly = pf (1) (ko) (Z:H) ™",

implies that an increase in utilization increases labor demand further. Therefore,
utilization can increase the response of hours substantially.

We quantify the importance of these features in generating endogenous transmis-
sion and justify these features by looking at the data in the next sections.

5. Estimation

Since the analysis in the previous section focuses on hours movements assuming
that we can match the movements of the terms of trade, this section quantitatively
evaluates the fitness of our model. We find that our estimated model matches both
the responses of hours and the terms of trade, and it can generate substantial trans-
mission through international trade.

5.1. Estimation Method

We calibrate the parameters related to the steady state and commonly used in
the literature. The rest of the parameters are estimated using limited information
Bayesian methods.

5.1.1. Calibration

Table 3 displays our calibrated parameters. We set the risk aversion parameter, o,
to be 2, which is standard in the business cycle literature such as Backus, Kehoe, and
Kydland (1995). The capital share is set to be 0.36. The steady state depreciation
rate, dg, is assumed to be 0.025, which means that about 10% of capital depreciates
annually. Following Garcia-cicco, Pancrazi, and Uribe (2010), we set v to be 1.6.
The debt adjustment parameter, ¢p, is assumed to be 0.001 as in the small open
economy literature only to induce stationarity.

Other calibrated parameters related to steady state are based on actual U.S. and
Canadian data. We set the steady state growth rates of output for the United States
and Canada, p; and s, to be 0.34% per quarter, corresponding to the mean of the

intermediate and imported intermediate inputs as follows:

~ 1 — 1—w — = =
H, = - —(1—wc)TOTt—M(l_Wm)TOTt+(1_a)th+aK1t :
o+ = Wy

v
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Parameter Value

I} Discount parameter 0.99
o Risk aversion 2
¢p Debt elastic 0.001
v Governing Frisch elasticity 1.6
«@ Capital share 0.36
1) depreciation rate of capital 0.025
11 steady state output growth in Canada 1.0034
to  steady state output growth in the United States 1.0034
«1;  Canadian intermediate share 0.45
91 Canadian imported intermediate share 0.076
anp  U.S. intermediate share 0.42
w{  consumption home bias 0.90
w! investment home bias 0.77

Table 3: Calibrated parameters

data during the period 1973Q1-2012Q3. On the production side, using 2011 U.S.
Input-Output table, we set asy equal to the share of intermediate inputs in gross
output, which is 0.42. The home bias parameters for consumption and investment in
the United States (w¢, w!) are set to match the export share in total GDP (0.31) and
the share of consumption goods and investment goods in Canadian exports (0.21 and
0.12). The fraction of U.S. imported intermediate input in the production function
(cv12) matches the share of imported intermediate goods in Canadian exports (0.67).
Similarly, we calibrate the Canadian home bias for consumption and investment
goods parameters (w{,w!) to match the average import share in total Canadian
GDP (0.29), the consumption and investment shares in total import (0.25 and 0.19).
The imported intermediate share in Canadian production function (ag;) is set to
match the share of imported intermediate in Canadian imports (0.56). These share
values are calculated using the 1980-2011 Canadian trade data.

Finally, to test the model’s ability to generate endogenous transmission, we shut
down both the exogenous correlation and the cointegration in the technology process
by setting 7 = 0 and ( = 0.001 in the baseline estimation although we also estimate
these parameters in the robustness check.!”

19We note that this value for ¢ ensures a balanced growth path in the model but the cointegrating
relationship is not important for the analysis and model performance.
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5.1.2. Impulse Response Matching Step

The rest of the parameters including the elasticities of substitution between home
and foreign goods in both countries, for which we assume that v, = 79, investment ad-
justment cost, utilization cost, the Jaimovich-Rebelo preference parameter, and the

parameters governing U.S. shocks process, (7, Si, (%) ,mi,p22,02> for i = {1,2},
are estimated by the limited information Bayesian approach as in Christiano, Tra-
bandt, and Walentin (2010). Let /R () denote the theoretical impulse responses
given the estimated parameters © and calibrated parameters ©_;, and IR be the
corresponding empirical impulse responses, then IR is treated as “data”. The IR
includes the impulse responses of U.S. output, consumption, investment and hours
to identify U.S. parameter block including the technology process and demand for
Canadian goods. The IR also contains the responses of Canadian output, consump-
tion, investment, hours, net export to output ratio and the terms of trade. Since the
technology process is fairly persistent, and including long periods helps to identify
parameters, we include the first 30 periods of each response function.
We define an approximate likelihood of the data, I R, as a function of ©:

[ SIS

f (ﬁ%|@, V(@O,T)) - % exp {—% <I/]\% - IR>/V(@0,T)‘1 (ﬁ% - [R)]

|z

where Oy is the true parameter and V(0g,T') is a known object. Following Chris-
tiano, Trabandt, and Walentin (2010), we use the diagonal matrix with the inverse of
sample variance of IR’s along the diagonal as V' (0O, T'). Intuitively, with this choice
of V', © is chosen so that IR (©|0_;) lies as much as possible within the confidence
intervals plotted in Figure 1 and 2. Let p(©) denote prior distributions. Treating
this function f as the likelihood of I/}\%, it follows that the Bayesian posterior of ©
conditional on IR and V(0,7 is

f (1716, V(00.1)) p(®)
f (TRIV(©0,1))

f (OITR,V(©0.17)) =

We use the standard random walk Metropolis Hasting to estimate © with flat priors.

5.2. Estimation Results

This section presents the estimated model. All of the parameters are reported
from the posterior distributions obtained from keeping one out of 10 draws in the
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last 10,000 draws of four chains.?’

5.2.1. The Baseline Model

Parameter

Baseline
w/ correlation

Baseline

W/o 3 key
features

W/o 3 key
features w/ correlation

Canadian block

~ Elasticity of substitution 1.01 1.02 0.85 0.68
(0.94, 1.09)  (0.93, 1.15)  (0.79, 0.91) (0.61, 0.75)
S1 Investment adjustment cost 3.69 3.83 1.59 2.40
(1.44,8.04)  (1.44,828)  (0.54, 4.47) (0.50, 7.07)
K1 Jaimovich-Rebelo parameter 0.01 0.01
(0.01, 0.02)  (0.01, 0.02)
011/091  Utilization elasticity 0.03 0.03
(0.01, 0.08)  (0.01, 0.08)
Shock process
P2 AR coefficient for U.S. shock process 0.71 0.72 0.70 0.64
(0.67,0.74)  (0.68, 0.75)  (0.65, 0.75) (0.57, 0.69)
09 Standard deviation of U.S. shock 0.25 0.25 0.24 0.25
(0.22,0.28)  (0.22,0.28)  (0.21, 0.28) (0.22, 0.29)
T Direct technology correlation 0.03 0.67
(-0.18, 0.25) (0.36, 0.92)
¢ Cointegration parameter 0.00 0.85
(0.00, 0.01) (0.61, 0.98)
U.S. block
So Investment adjustment cost 0.19 0.19 0.68 0.43
(0.06, 0.54)  (0.05, 0.54)  (0.19, 1.76) (0.09, 1.14)
Ko Jaimovich-Rebelo parameter 0.03 0.03 0.03 0.02
(0.02, 0.04)  (0.02, 0.03)  (0.02, 0.03) (0.02, 0.03)
012/092  Utilization elasticity 0.18 0.19 0.09 0.06
(0.08,0.32)  (0.09, 0.32)  (0.02, 0.26) (0.02, 0.15)
Model Comparisons
Marginal Log Likelihood -169.2 -176.4 -338.8 -204.7

Table 4: Estimation Results. The parameter estimates are reported at median
of the posterior distributions, and those in parentheses are the 5-95% confidence
intervals calculated with the estimation procedure in Christiano, Trabandt, and
Walentin (2010). Marginal log likelihood is calculated using Geweke’s harmonic

mean estimator.

The first column in Table 4 presents the estimates of our baseline model, which
includes our three key features without exogenous technology shock correlation. An
important parameter in our three key features, the Jaimovich-Rebelo preference pa-
rameter (K1), which governs the wealth elasticity of labor supply, is estimated tightly
around 0.01. This estimate implies a low short run wealth elasticity of labor supply,

20We confirm that the chains have converged by the trace plots and the scale reduction parameter.
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consistent with our analysis above. Although other papers in the open economy lit-
erature such as Mendoza (1991), Schmitt-Grohé (1998), Garcia-cicco, Pancrazi, and
Uribe (2010), Raffo (2009) and others assume the GHH preferences, our paper pro-
vides empirical evidence for weak wealth effects on labor supply in an open economy
context. The second important feature, the elasticity of utilization adjustment, is
estimated to be small, 0.03. So, firms can elastically change the level of utilized cap-
ital. As shown later, this result is consistent with how Canadian utilization responds
to a U.S. technology shock in the data.

The elasticity of substitution parameter is estimated to be 1.01. This estimated
value of the elasticity of substitution is within the range of values frequently used
in the international business cycle literature.?’ The investment adjustment cost is
estimated to be 3.69 but the estimate has a wide confidence interval.??

Our estimated model matches the observed responses of the Canadian economy
well, on average. We first plot in Figure 3a the theoretical impulse responses for
U.S. macroeconomic variables with the empirical counterparts. The model can repli-
cate the increase in U.S. output, hours, consumption and investment after a positive
permanent technology shock in period one. Figure 3b displays the theoretical re-
sponses of Canadian variables, together with the empirical responses from the VAR.
Consistent with the data, in response to a positive permanent U.S. technology shock,
Canadian output, consumption, investment and hours increase and the terms of trade
appreciate. The model also captures the gradual boom in the Canadian economy,
which is due to the substantial transmission through international trade. As 7 is set
to be zero and ( is close to zero, technology in Canada does not increase. Instead,
given the gradual increase in U.S. economic activities, the strong endogenous trans-
mission mechanism within the model enables us to replicate the substantial increase
in both hours and output in Canada in the short run within five to ten quarters. The
success of the model in replicating the data is in stark contrast with the negative
results in previous studies such as Schmitt-Grohé (1998) and Justiniano and Preston
(2010), which fail to explain the transmission of U.S. shocks across countries.

To assess whether our estimated three key features are consistent with the data,
Figure 4 plots the dynamic responses of two important variables for understanding
the mechanism, Canadian real wages and capacity utilization, to a positive perma-

21The international macroeconomic literature estimates are typically around one while the esti-
mates in the trade literature ranges from 6 to 15.

22We show in Appendix A.3 that the endogenous transmission mechanism is not driven by invest-
ment adjustment cost. We estimate a version of the baseline model without investment adjustment
costs and find that the model can match the empirical responses well.
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Figure 3: Baseline Model Results: Blue lines with plus sign are the point
estimate and the shaded areas are the 95% confidence intervals. Red smooth

lines are theoretical responses of the baseline model.
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Figure 4: Other Canadian Variables. Blue lines with plus sign are the point
estimate and the shaded areas are the 95% confidence intervals. Red smooth
lines are theoretical responses of the baseline model.

nent U.S. technology shock from the model with their empirical counterparts. First,
the estimated model matches the empirical responses of the real wage in Canada
in the short run.?® Real wage is informative about the relative role of labor supply
and demand. If there is a large negative wealth effect on labor supply, the shift in
labor demand has to be large enough to increase hours in equilibrium, so we should
observe a large increase in real wage. On the other hand, if the labor supply curve
is flat, the wealth effect is small, labor demand shifts to increase hours, so we should
observe a smaller increase in real wage. Empirically, the real wage does not increase
much in the short run and increases more in the long run, suggesting that in the
short run, the wealth effect may be small, consistent with the estimated model.

Second, our estimated model also predicts a substantial increase in utilization
as in the data, as plotted in Figure A1.2* There is a clear consistency in direction
between the model and the data although the model implies a smaller response of
capacity utilization in the first 10 quarters. As variable capacity utilization is one of
the key features of our model, this result, if anything, indicates that we understate
the importance of variable capacity utilization.?

23The real wage is measured by the total wage and compensation deflated by CPI.

24Data on utilization come from the Canadian Statistics and Bank of Canada.

25In the appendix, we show that the model predicts an increase in real exports and real imports as
in the data. We also examine the real interest rate in Canada, which is a possible mechanism through
which the model generates endogenous transmission. For example, Hernandez and Leblebicioglu
(2013) highlight the change in interest rate though working capital channel amplifies the effects of
U.S. shocks to Mexico. However, we find that in the context of Canada and the United States,
conditional on permanent technology shocks, the movement of real interest rate is very small,
casting doubt on the role of interest rate in generating endogenous transmission. We also extend
the baseline model to working capital requirement for wage payment as in Neumeyer and Perri
(2005), and we find that endogenous transmission generated by this channel is negligible and the
performance of the model is quantitatively similar to our baseline model.
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5.2.2. The Standard Model

In contrast with the baseline model, the estimated standard model without the
three key features does not generate substantial endogenous transmission and fails
to account for the responses of the Canadian economy observed in the data.

We consider the baseline model without the three features: we set k1 = 1 so that
the utility function is the standard KPR preference, there is no variable capacity
utilization, and there is no imported intermediate input. We estimate this model
(called “BKK”) using the same method as in the baseline model.
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Figure 5: Estimated Model Without Three features. The theoretical impulse
responses of Canadian economy to a positive U.S. shock. Lines with plus sign
are the point estimate and the shaded areas are the 95% confidence intervals.
Red smooth lines are the responses in the standard (BKK) model. Grey dashed
lines are the responses in the simplified model with correlated technology shocks
(BKK correlated).

The estimated parameters and their confidence intervals are reported in Column
3 of Table 4. Figure 5 plots the impulse responses implied by this simplified model
and the empirical responses of the macroeconomic variables in Canada. Clearly,
the model without the three key features does not capture the dynamic responses
of output and hours as well as other aspects of the data such as consumption and
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investment. Although the model predicts a gradual increase in Canadian economic
activities, the magnitude of the increase is much smaller than observed in the data.
Note that since the estimation tries to match not only output, hours, and consump-
tion but also the terms of trade, the estimated model overpredicts the magnitude of
the terms of trade by lowering the elasticity of substitution compared to the baseline
model in order to increase hours. Nevertheless, the strong wealth effect coming from
the fact that the estimation tries to match consumption causes hours to decrease on
impact and increase only slightly in the longer horizons, consistent with our analysis
in Section 4. Without changes in hours, output in Canada cannot increase.

The last panel of Table 4 reports the marginal log likelihood statistics for each
model, which allow us to compare the performance between the baseline model and
the standard model without the three key features.?® These statistics indicate that
the data strongly prefer the baseline model to the model without the three key
features.

6. Sensitivity

This section shows that all three key features in the model are necessary for the
model’s success. We also discuss the roles of asset market completeness and correlated
shocks in generating endogenous transmission through international trade.

6.1. The Three Key Features

To demonstrate how our three key features are crucial in generating substantial
endogenous transmission, we examine the behavior of the baseline model keeping two
out of three features. We plot in Figure 6 the impulse responses in three cases when
one of the features is shut down from the estimated baseline model while keeping
other parameters at the baseline estimates. When we shut down Jaimovich-Rebelo
preferences, the model predicts much smaller responses of output and hours. On
impact, hours even decrease in Canada due to the strong wealth effect. Without
variable capital utilization, the model can replicate the positive responses of output
and hours in Canada but falls short in matching the magnitude. Lastly, without
imported intermediate inputs, the model also cannot match the large movements of
output and hours, consistent with the intuition about the role of imported interme-
diate goods discussed above. This exercise demonstrates that not only is the low
wealth effect on labor supply through the Jaimovich-Rebelo preferences important,

26See Inoue and Shintani (2015) for the discussion about model comparison.
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but imported intermediate input and variable capacity utilization are also important
for the model to generate substantial endogenous transmission.
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Figure 6: Shutting Down One Feature. The theoretical impulse responses
of Canadian economy to a positive U.S. shock. Lines with plus signs are the
point estimate and the shaded areas are the 95% confidence intervals. Red
smooth lines are the responses in the baseline model without Jaimovich-Rebelo
preferences (No JR). Grey dashed lines are the responses in the baseline model
without utilization (No Utilization). Yellow lines with square signs are the
responses in the baseline model without intermediate trade (No Intermediate).

6.2. Asset Market Completeness

The work of Corsetti, Dedola, and Leduc (2008a) and Enders and Miiller (2009)
suggests that asset market completeness matters for the transmission mechanism
in their model. We investigate whether the baseline model’s ability to generate
substantial endogenous transmission depends on the incomplete financial markets

2"We also estimate three variants of the baseline model, each only has one of the three key
features. These variants cannot quantitatively generate sufficient endogenous transmission. The
results are reported in Appendix A.2.

30



assumption. To this end, we estimate two models: the first one is a version of our
baseline model with complete markets, and the second one is the standard model
without the three key features with complete markets. The impulse responses of
the Canadian macroeconomic variables in these two estimated models are plotted in
Figure 7. Similar to the baseline model with incomplete markets, the baseline model
with complete markets is able to replicate the large positive increase in Canadian
output and hours and an appreciation of the terms of trade. In contrast, the version
of the complete markets model without the three key features fails to account for
the endogenous transmission as hours and output in Canada barely increase in that
model. Consistent with our analysis of equation (14), the relationship between hours
and the terms of trade does not change with asset market structures. When the
estimation tries to match the movements of consumption and the terms of trade, the
model without the three key features under complete asset markets cannot generate
a large response of hours as in the data.?®

6.3. Correlated Shocks

Since exogenous correlation of technology shocks may also explain the observed
boom in Canada after a positive U.S. technology shocks, we let the data speak
by estimating a version of the baseline model where the exogenous correlation of
technology (“baseline with correlation”) is estimated. The estimated parameters
of this version of the baseline model are presented in the second column in Table 4.
Notice that the estimated parameters of this model are similar to those of the baseline
model. The estimated direct technology correlation 7 is 0.03, but its 90% confidence
interval includes zero, which means that the shocks are not strongly correlated in
the estimated model. Moreover, the cointegration parameter, ¢, is estimated to be
tightly close to 0. The likelihood statistics reported in the last panel of Table 4
are also similar between the two models. Shutting down exogenous correlation of
technology while keeping the other estimated parameters, we find that the match
of the model does not deteriorate. This result suggests that the estimation assign a
negligible role to the exogenous correlation of technology shocks and a larger role for
the endogenous transmission, which is consistent with the empirical evidence in the
VAR.

Finally, to address whether exogenous correlation of technology shocks can rec-
oncile the model without our three key features with the data, we re-estimate that

28The asset market structure changes the dynamics of the economy. The complete markets model
misses the large increase in Canadian consumption. Matching consumption responses requires a
larger value of o than our baseline calibration.
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Figure 7: Importance of Asset Market Completeness Assumption. The theo-
retical impulse responses of Canadian economy to a positive U.S. shock. Lines
with plus sign are the point estimate and the shaded areas are the 95% confi-
dence intervals. Smooth red lines are the theoretical responses of the baseline
model. Grey dashed lines are the responses in the baseline model with complete
markets. Yellow lines with squared signs are the baseline model with complete
markets but no three features.

model allowing for exogenously correlated technology shock. As shown in the last
column of Table 4, the estimated parameter for the cointegrating process, (, is 0.85
and for the contemporaneous correlation of shock, 7, is 0.67, both of which are
large and significant. The estimation clearly prefers exogenous correlation in order
to explain the large responses of output, as suggested by the likelihood statistics.
However, as shown in Figure 5, although the strong exogenous correlation of tech-
nology shocks helps output in Canada to increase, the response of hours is still much
smaller than the empirical counterpart. The model also overpredicts the response
of Canadian labor productivity. The likelihood of this model is still smaller than
that of the baseline. These results demonstrate two points. First, when the model
is not able to generate substantial endogenous transmission, the estimation requires
a strong exogenous correlation of technology shocks in order to replicate the data.
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At the same time, a strong exogenous correlation implies a much larger response of
labor productivity compared to the data. Second, when the model has both endoge-
nous and exogenous transmissions of shocks, the estimated model is in line with the
empirics which points to a weak correlation of shocks.

7. Extension: Model with Nominal Rigidities

This section extends our analysis to a model with nominal rigidities (“New Open
Economy Macroeconomic,” NOEM, model). We show that the three key features are
complementary to price rigidity friction to generate substantial transmission through
international trade. The model considered is a standard NOEM model, and the
details are relegated to Appendix A.6.

We add the empirical impulse responses of Canadian inflation in the observables
to estimate the parameters of the model including the sticky price parameter.?’ The
matching of the baseline model with nominal rigidities are displayed in Figure 8.3
The model can match the Canadian responses reasonably well. For example, both
hours and output increase as much as the empirical counterparts. The estimated
parameters suggest that the three features are important in transmission in the model
with price rigidities. When we shut down the three features, also plotted in Figure
8, hours and output increase in Canada after a positive U.S. permanent technology
shocks but much lower than when the model includes three features. This result
suggests that the three key features are complementary in a model with nominal
rigidities in generating substantial endogenous transmission.

This extension exercise sheds light on the failure of the NOEM model in existing
studies to generate large transmission of foreign shocks. For example, Justiniano
and Preston (2010) find that the estimated standard NOEM model without capital
accumulation using full information methods with U.S. and Canadian data fails to
explain the substantial transmission of U.S. shocks to Canada observed in the data.
Our approach is conditional analysis but offers on a possible reason for their nega-
tive result. Since their model does not include the key features that can generate
substantial endogenous transmission, it is difficult to generate transmission from the
United States to Canada in their model. Although their NOEM model includes
nominal rigidities in the form of sticky prices and wages, markup movements associ-
ated with these frictions do not necessarily generate large endogenous transmission

29We extend the VAR specification for the U.S. and Canada to estimate the empirical responses
of inflation and the nominal interest rate in both countries to a positive U.S. productivity shock.
30The estimated model matching for U.S. sides are in Appendix Figure A7.
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Figure 8: Estimated New Open Economy Model. The theoretical impulse
responses of Canadian economy to a positive U.S. shock. Lines with plus sign
are the point estimate and the shaded areas are the 95% confidence intervals.
Smooth red lines are theoretical responses of the baseline model in a nominal
rigidities setting. The dashed grey lines are the responses when we shut down
three features keeping the rest of the estimated parameters.

when trying to match with the data such as the dynamics of inflation and real wage.
Our analysis above suggests that the three key features help Justiniano and Preston
(2010) to better explain the transmission of U.S. shocks to Canada.

8. Conclusion

This paper examines the transmission mechanism of technology shocks across
countries. We document substantial endogenous transmission of technology shocks
from the United States to Canada. We show that a standard real international
business cycle model augmented with three key features can quantitatively explain
a bulk of the transmission observed in U.S.—Canadian data.

More generally, our analysis suggests that other features that affect the labor
demand and supply conditions may be able to generate strong endogenous trans-
mission. On the labor supply side, we need features that prevent labor supply from
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decreasing sharply. This paper uses the low wealth elasticity of labor supply, and
another possibility is real wage rigidity, where households need to supply labor given
a fixed real wage. On the labor demand side, countercyclical markups such as those
generated from the deep habit mechanism can also help to increase labor demand.
Judging the relative importance of those features requires additional data and is
beyond the scope of this paper; here, we argue that our features are sufficient to
explain the observed transmission of permanent U.S. technology shocks to Canada,
and are supported by both empirical and theoretical grounds.

Much work can be done to contribute to the international business cycle literature.
For example, the“trade-comovement” puzzle established by Kose and Yi (2006) and
subsequent papers show that international business cycle models cannot explain the
positive relationship between bilateral trade and cross country correlations. Since our
analysis suggests that simple modifications of standard international business cycles
can generate substantial international transmission, one can extend our analysis to
resolve the trade-comovement puzzle. Additionally, this paper focuses on conditional
responses, so future work should try to quantitatively account for the unconditional
movements of both quantities and international relative prices.
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Appendix A Additional Results

Appendiz A.1  Impulse responses of Additional Variables

We report here the responses of real exports, real imports and real interest rate
in Canada to a positive permanent U.S. technology shocks in the data and the
model counterparts. The model is a little short at matching real exports and real
imports. If anything, this suggests the transmission through international trade is
large. We examine a model with durable goods as in Engel and Wang (2012) and
inventories as in Alessandria, Kaboski and Midrigan (2012). We find that the model
with inventories helps to generate larger responses of exports and imports on impact
compared to the baseline model. Details are available upon request.

38



Real exports Real imports Real Interest rate

4 2 CI
c o 01 —O—SVAR
283 23 e ——Baseline Model
8 Kl Rl
32 32 g O
o © kel
R S S 01

0+ 0

5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30
Period Period Period

Figure A1l: Real exports, Real imports and real interest rate in Canada. Blue
lines with plus sign are the point estimate and the shaded areas are the 95%
confidence intervals. Red smooth lines are theoretical responses of the baseline
model.

Appendiz A.2  FEstimated Standard Models with Additional Features

We show in this Appendix how adding one feature into the standard model cannot
generate substantial endogenous transmission. Specifically, we estimate three models:
standard models with Jaimovich-Rebelo preferences (with JR), with variable capacity
utilization (with Utilization), with imported intermediate inputs (with Intermediate).
The theoretical impulse responses are compared with the empirical evidence in Figure
A2.

Appendiz A.3 Investment Adjustment Costs

We present in this Appendix the estimation of the baseline model (with three key
features) without investment adjustment costs in Figure A3. Clearly, the investment
adjustment cost feature does not change the quantitative prediction of the baseline
model in generating endogenous transmission.

Appendiz A.4 U.S.—Mexico

In the empirical exercise for Mexico, we use the same specification as the baseline
using the same variables for Mexico. We then estimate the baseline model with
three key features by matching the model’s impulse responses with the empirical
counterparts. We plot the result in Figure A4. The model can match reasonably
well with the data.

Appendiz A.5 Identified Investment-Specific Technology Shocks

We augment the baseline empirical model to include U.S. price of investment
as the first variable following Fisher (2006) for U.S. block. Canadian block is the
same as the baseline. The Investment-Specific Technology shocks is the first shock
and the Neutral technology shock is the second shock identified using the long run
restriction. Figure A5 and Figure A6 plot the impulse responses of U.S. and Canadian
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Figure A2: Estimated Standard Model with One Additional Feature. The
theoretical impulse responses of Canadian economy to a positive U.S. shock.
Lines with plus sign are the point estimate and the shaded areas are the 95%
confidence intervals. Each theoretical model is the standard model and an
additional feature.

macroeconomic variables to these two shocks. The responses of the United States
and Canada to a positive U.S. neutral technology shock are similar to the baseline
empirical findings. A positive Investment-Specific technology shock in the United
States is significantly expansionary for the United States but less significant for
Canada. This rationalizes our focus on neutral technology shocks in the paper.

In addition, we estimate the baseline model augmented with permanent investment-
specific technology shocks. In Figure A5 and Figure A6, we plot the baseline model
estimated impulse responses against the counterpart when the estimated model has
no three key features along with the empirical estimates. The results suggest that
the baseline model matches well the responses of the Canadian economy to both
neutral U.S. technology shocks and investment-specific technology shocks.

Appendiz A.6  Model With Nominal Rigidities

We introduce nominal rigidities in the form of sticky prices into our baseline
model. To simplify our exposition, we only explain the structure of country 1 that
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Figure A3: Estimated Baseline Model without Investment Adjustment Costs.
The theoretical impulse responses of Canadian economy to a positive U.S. shock.
Lines with plus sign are the point estimate and the shaded areas are the 95%
confidence intervals. Each theoretical model is the standard model and an
additional feature.

is different from the baseline model. Country 2 is simply the closed economy version
of country 1. The final good producers combine a continuum of intermediate goods
Y1: (j) where j € [0, 1] to produce final good Y7, using the following technology:

Yw{fmmﬁﬂw, (A1)

where 7, is the elasticity of substitution between intermediate goods. The intermedi-
ate goods producers are monopolistic firms which produce differentiated intermediate
goods Yj4(7) using the production function of the following form:

. o —a\l—a1—« a11to
Vi () < ((uaeKr)® (ZuHy)' ™) (M (Mg, Mayy))* 7 — FCy, (A2)

where F'CY; is the fixed cost included to have zero profits in the steady state. We as-
sume that the intermediate goods firms can change the price with a fixed probability
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Figure A4: Responses of Mexico’s aggregate variables to a positive U.S. neu-
tral technology shock occurring in period one. Lines with plus sign are the point
estimate and the shaded areas are the 95% confidence intervals. The red lines
are the responses in the model with three key features.

01, in every period. Lastly, we assume that monetary policy is conducted according
to the Taylor-type rule of the form:

T AY,
InRP =In R +s,1n (7?_1{) + say In (AY}Z) , (A.3)

where R is the steady state level of nominal interest rate, 7} is the steady state
level of inflation and AYj; is the growth rate of output, and AY,, is the steady state
level of AY7;.
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Figure A5: U.S. and Canadian Responses to a positive U.S. neutral technology
shock occurring in period one. Lines with plus sign are the point estimate
and the shaded areas are the 95% confidence intervals. The red lines are the
responses in the model with three key features. The black dotted lines are the
responses in the model with no three features.
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Figure A6: Canadian responses to a positive U.S. Investment-Specific technol-
ogy shock occurring in period one. Lines with plus sign are the point estimate
and the shaded areas are the 95% confidence intervals. The red lines are the
responses in the model with three key features. The black dotted lines are the
responses in the model with no three features.
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