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Abstract

We document that, at business cycle frequencies, fluctuations in nominal variables, such as
aggregate price levels and nominal interest rates, are substantially more synchronized across
countries than fluctuations in real output. To the extent that domestic nominal variables are
determined by domestic monetary policy, and central banks generally attempt to keep the
domestic nominal environment stable, this might seem surprising. We ask if a parsimonious
international business cycle model can account for this aspect of cross-country aggregate
fluctuations. It can. Due to spillovers of technology shocks across countries, expected future
responses of national central banks to fluctuations in domestic output and inflation generate
movements in current prices and interest rates that are synchronized across countries even
when output is not. Even modest spillovers produce cross-country correlations such as those
in the data.
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1 Introduction

We document cross-country movements at business cycle frequencies in two key nominal
variables, the aggregate price level and the short-term nominal interest rate, and compare
them with cross-country movements in output. We find that the fluctuations in the two
nominal variables are substantially more synchronized across countries than the fluctuations
in output. We ask if a dynamic general equilibrium model can account for this empirical
regularity.

Our observation is based on a sample of the largest industrial economies.! Using business
cycle components? of aggregate price levels, short-term nominal interest rates, and real
GDP obtained with a band-pass filter, we find that the fluctuations in the three variables
are similar in terms of their volatility and persistence, but markedly different in terms of
their cross-country comovements. In particular, the cross-country correlations of prices
and nominal interest rates are substantially higher than those of output: For the period
1960.Q1-2006.Q4 the average (across country pairs) bilateral correlation of price levels is
0.52, that of short-term nominal interest rates 0.57, while that of real GDP is only 0.25.
Moreover, the bilateral correlations of the two nominal variables vary substantially less
across country pairs than those of real GDP. This empirical regularity is broadly robust to
the inclusion of other economies as the required data become available, the exclusion of the
Bretton Woods years, and to splitting the sample into two subsamples in 1984, the year
generally associated with the start of the so-called “Great Moderation” — a period of low
macroeconomic volatility, and low and stable inflation.

Our empirical work is related to a literature studying the degree of comovement of
macroeconomic variables across countries. It has been well documented that real eco-
nomic activity tends to move together across industrialized economies over the business
cycle (Backus, Kehoe and Kydland, 1992; Kose, Otrok and Whiteman, 2003). Recently,

however, economists, as well as policy makers, became interested in the cross-country co-

'In particular, Australia, Canada, Germany, Japan, the United Kingdom, and the United States for the
period 1960.Q1-2006.Q4. In addition, from 1970.Q1 our sample includes also Austria and France.
2Medium-term fluctuations in the data with periodicity of approximately 8 to 32 quarters.



movement of inflation (Besley, 2008; Ciccarelli and Mojon, 2005; Mumtaz and Surico, 2008;
Wang and Wen, 2007). An empirical contribution of this paper lies in documenting, in a
unified way, comovements across countries of cyclical fluctuations in both output and prices,
as well as in a short-term nominal interest rate.?

To the extent that at business cycle frequencies domestic nominal variables are largely
determined by domestic monetary policy, and central banks generally attempt to keep
the domestic nominal environment stable, our empirical finding might seem surprising.
Although we would expect some positive cross-country correlations of prices and nominal
interest rates, due to, for instance, the cross-country comovement of output, it is not obvious
why variables that individual central banks are more likely to be able to control at these
frequencies co-move more strongly across countries than real economic activity. We view this
empirical regularity as a key aspect of international aggregate fluctuations and believe that
accounting for it can provide valuable insights into how nominal variables are determined
in an international environment — an issue that has recently received a lot of attention from
policy makers.*

For a part of our sample period — the Bretton Woods years — national monetary policies
were, to some extent, constrained by governments’ obligations to maintain fixed exchange
rates with the dollar. It is well known that under fixed exchange rates, the domestic
economy is not insulated from nominal shocks that occur abroad.’ As controlling for the
Bretton Woods period does not affect our empirical finding, however, and our sample is not
biased towards countries participating in the European Monetary System (EMS), it seems
that there are other reasons for the strong cross-country comovements of the two nominal
variables than past exchange-rate arrangements.

A large literature argues that monetary policy of major central banks is reasonably well

3Wang and Wen (2007) compare cross-country comovements of inflation rates with cross-country comove-
ments of cyclical fluctuations in output. They find that inflation rates are more strongly correlated across
countries than cyclical fluctuations in output. In contrast, we focus on cyclical fluctuations in both output
and prices.

“See, for example, Bean (2006), Bernanke (2007), Mishkin (2007), and Sentance (2008).

®Some researchers (e.g., Eichengreen, 1996), however, argue that during this period central banks were
able to retain a significant degree of monetary autonomy by imposing various capital controls, and thus were
able to control the domestic nominal environment.



approximated by the so-called ‘Taylor rule’ — a parsimonious feedback rule whereby the
central bank sets the short-term nominal interest rate in response to movements in domestic
output and changes in the domestic price level.5 The high cross-country correlations of
short-term nominal interest rates can thus potentially be accounted for by the high cross-
country correlations of prices. But in equilibrium, prices and nominal interest rates are
jointly determined. How, then, do responses of national central banks to domestic economic
conditions lead to substantially stronger cross-country comovements of the two nominal
variables than of output?

In the second part of the paper, we provide a quantitative-theoretical account of our
empirical finding. As a first step it is natural to ask if a parsimonious international busi-
ness cycle model, such as the two-good two-country model of Backus, Kehoe and Kydland
(1994), can help us understand this feature of international business cycles. In order to
make the model suitable for our question, we augment it by including nominal assets in
the households’ budget constraints and in each country a central bank which, in line with
the above literature, follows a Taylor rule. We find that, to a large extent, the model does
account for our empirical finding. When calibrated to be consistent with long-run features
of the data and standard values of the Taylor rule, the model produces a slightly lower
cross-country correlation of output and slightly higher cross-country correlations of the two
nominal variables than the averages of those observed in the data.

In order to highlight the mechanism behind this result, we show that in a recursive
equilibrium the absence of arbitrage between real and nominal assets, together with a Tay-
lor rule, implies that the current price level and nominal interest rate depend on expected
future output and real returns to capital. Due to spillovers of technology shocks across
countries, a persistent domestic technology shock affects future productivity in the foreign
economy, in addition to current and future productivity in the domestic economy. Thus,

although current output (determined in large part by the current level of technology) in the

5See, among others, Taylor (1993) and Clarida, Gali and Gertler (2000) for the United States,
Clarida, Galf and Gertler (1998) for most of the G7 countries, and Nelson (2000) for the United King-
dom. Woodford (2003), chapter 1, provides a useful survey. Most studies estimate Taylor rules only for the
post-1979 period, although some, for example Clarida et al. (2000), Orphanides (2002), and Taylor (1999),
provide estimates also for the 1960s and 1970s.



two economies may be different, future output and returns to capital in the two economies
are expected to be similar, leading to similar responses of current prices and nominal in-
terest rates. Thus, according to the model, fluctuations in nominal variables will be highly
synchronized across countries even when national central banks focus squarely on stabilizing
domestic output and prices.

We find that even a modest degree of spillovers, in the range of some of the smaller
estimates found in the literature, produces correlations such as those in the data. The
result is robust also to a broad range of parameter values of the Taylor rule, as well as to
a simple extension that allows the model to be consistent with the observed dynamics of
domestic prices and interest rates in relation to domestic output. Interestingly, the result
survives when monetary policy reduces the volatility of the two nominal variables well below
their average volatility in the postwar period. This is consistent with our empirical finding
that the ‘international nominal cycle’ is substantially more synchronized across countries
than the ‘international real cycle’ even in the Great Moderation period.

The outline of the rest of the paper is as follows. Section 2 documents the empirical
regularity, Section 3 introduces the model, Section 4 describes its calibration, Section 5
presents findings for a benchmark experiment, Section 6 conducts sensitivity analysis, and

Section 7 concludes. An appendix describes the data sources.

2 Properties of nominal business cycles

Our empirical analysis is based on quarterly data series for real GDP, price levels measured
by the consumer price index, and short-term nominal interest rates, usually yields on 3-
month government bills, for Australia, Canada, Germany, Japan, the United Kingdom,
and the United States, for the period 1960.Q1-2006.Q4. In addition, we include Austria
and France from 1970.Q1. For other developed economies, the required data are available
only from either late 1970s or early 1980s. However, we prefer to trade off the number
of countries for series that include both the relatively stable 1960s, as well as the volatile

1970s. Furthermore, most of the economies for which the data are available from either late



1970s or early 1980s are European economies that participated in the EMS. Including those
countries into our sample would therefore make the sample biased towards economies that
operated under a fixed-exchange-rate regime for a substantial period of time.

All statistics discussed in this section are for business cycle components of the three
variables of interest obtained with the Christiano and Fitzgerald (2003) band-pass filter.
Before applying this filter, the series for real GDP and price levels were transformed by

taking logs. Their fluctuations can thus be expressed as percentage deviations from trend.

2.1 International nominal business cycles

In order to provide a general sense of the different degrees of synchronization of the interna-
tional real and nominal business cycles, Figure 1 plots percentage deviations from trend of
real GDP and price levels for the countries in our sample. We see from this figure that al-
though the fluctuations in both variables tend to co-move across countries, the fluctuations
in prices are more synchronized than those in real GDP.

The stronger cross-country comovement of prices, as well as nominal interest rates,
relative to that of output, becomes clearly apparent once we calculate the bilateral cross-
country correlations for these two nominal variables (i.e., the correlations of a country’s
variable with the same variable of each of the other countries) and compare them with
those for real GDP. These correlations are contained in Tables 1-3, for the six-country
sample going back to 1960.Q1, and in Tables 4-6 for the eight-country sample, which goes
back to 1970.Q1.

In the six-country sample, the mean (in the cross-section) bilateral correlations of the
nominal interest rate and the price level are 0.57 and 0.52, respectively — about twice the
mean bilateral correlation of real GDP, which is 0.27. In addition, the bilateral correlations
of the two nominal variables are substantially less dispersed in the cross-section than those
of real GDP. The coefficient of variation (i.e., the standard deviation divided by the mean) of
the bilateral correlations of the nominal interest rate and the price level are 0.22 and 0.28,
respectively, while that of the bilateral correlations of real GDP is 0.89. These findings

hold broadly also in the eight-country sample, where the mean bilateral correlations of the



nominal interest rate and the price level are both 0.59, while that of real GDP is only 0.43
(the coefficients of variation are around 0.2 for the two nominal variables, and slightly above
0.5 for real GDP).

Even though the two nominal variables differ markedly from output in terms of their
cross-country comovements, they are comparably volatile and persistent. For example, the
mean standard deviation of output in the sample of the six countries is 1.39, while the mean
standard deviation of the price level is 1.28 and that of the nominal interest rate is 1.317;
and the mean first-order autocorrelation coefficient of output is 0.92, while that of the price
level is 0.94 and that of the nominal interest rate is 0.91.

Figure 2 provides an additional representation of the stronger cross-country comovement
of the two nominal variables, relative to that of output. It plots the bilateral correlations of
the price level and the nominal interest rate against the bilateral correlations of output for
the eight-country sample. As we can see, most of the points lie above the 45-degree line,
meaning that for most country pairs, the bilateral correlations of the two nominal variables
are higher than those of real GDP.

In order to check that the high cross-country correlations of prices and nominal interest
rates are not driven by a strong comovement only in the period during which the countries
in our sample operated under the Bretton Woods agreement, we report in Tables 1-6 also
the mean bilateral correlations and coefficients of variation for the period 1974.Q1-2006.Q4,
which excludes the Bretton Woods years. As we can see, for all three variables the two
summary statistics are little affected by excluding the Bretton Woods period from our
sample.

Besides fixed exchange rates, ‘global’ commodity price shocks could be another source
of the strong cross-country comovements of prices and nominal interest rates observed in
the data. Visual inspection of Figure 1, however, shows a striking comovement of the price
levels in all postwar business cycles, not just the two cycles commonly associated with the
oil price shocks of 1973 and 1979 — the two largest commodity price shocks in the post-war

period. In order to check this more formally, we split the sample into two subsamples in

"The standard deviation of the nominal interest rate is for fluctuations measured in percentage points.



1984, the year broadly associated with the start of the Great Moderation. During this
period of relative output and inflation stability, the world economy did not experience large
commodity price shocks, such as those of the 1970s. We find that although the mean cross-
country correlations of all three variables declined after 1984, those of the two nominal
variables are still substantially higher than that of output (see Tables 1-6). For example, in
the eight-country sample, the post-1984 mean bilateral correlation of the nominal interest

rate is 0.46, that of the price levels is 0.45, while that of real GDP is only 0.19.

2.2 Domestic nominal business cycles

Kydland and Prescott (1990) have pointed out that a key characteristic of the nominal side
of the U.S. business cycle is the countercyclical behavior of prices — i.e. the aggregate
price level is negatively correlated with output over the business cycle. We find that this
characteristic of the cyclical behavior of prices is not specific to the U.S. economy. Figure
3 plots the correlation of a country’s price level in period ¢t 4+ j with its output in period
t, for j € {-5,-4,-3,-2,-1,0,1,2,3,4,5}. We see that for all economies in our sample,
the contemporaneous correlation (i.e., that for j = 0) is negative. Notice also that the price
level in all eight economies exhibits a phase shift in the direction of negatively leading the
cycle; i.e., the price level is more negatively correlated with future output than with current
output.8

In Figure 4 we extend this analysis to the nominal interest rate. We see that the nominal
interest rate in general is somewhat positively correlated with output contemporaneously,
but is strongly negatively correlated with future output, and positively correlated with past
output. Although this dynamics of the nominal interest rate is well known for the U.S.
economy (e.g., King and Watson, 1996), as in the case of the price level, it is striking that
we observe the same empirical regularity also in other developed economies. In Subsection

6.3 we investigate, therefore, if the parsimonious international business cycle model can be

8Wang and Wen (2007) find that the lead-lag pattern of actual inflation rates, as opposed to cyclical
components of fluctuations in prices, with output is also very similar across countries. Gali and Gertler
(1999) were among first to point out a systematic lead-lag pattern between output and inflation. In addition,
den Haan and Sumner (2004), using VAR analysis, find a similar dynamics of prices across G7 countries.



consistent with both, the high cross-country correlations of prices and nominal interest rates,
as well as with the observed lead-lag patterns of these variables with respect to domestic

output.

3 The model economy

A world economy consists of two countries, denoted 1 and 2, which are populated by equal
measures of identical, infinitely lived consumers. Producers in each country use country-
specific capital and labor to produce a single good, which we refer to as a “local” good.
Production in each country is subject to technology shocks, which affect the productivity of
capital and labor. These shocks are the only sources of uncertainty in the world economy.
The good produced in country 1 is labelled by a, while that produced in country 2 is labelled
by b. These are the only traded goods in the world economy. Within each country, goods a
and b are combined to form a good that can be used for local consumption and investment,
and which we refer to as an “expenditure” good. In order to purchase the expenditure good
for consumption purposes, consumers have to incur a time cost, which depends positively
on the amount of purchases made and negatively on the amount of real money balances
held. In addition to domestic money balances, consumers in each country can accumulate
capital, an internationally traded bond, and a domestically traded bond, whose nominal

rate of return in controlled by a domestic central bank.

3.1 Preferences

Preferences of the representative consumer in country ¢ are characterized by the utility

function

Eo Y  BU (cit, 1 = nig — i), (1)

t=0

1—
where U (¢,1 —n —s) = [c“(l—n—s)l_“} /(1 —7), with0 < p < 1and~ >0, and

where ¢ is consumption, ng is time spent working, and s;; is time spent in transaction-



related activities. This “shopping time” is given by the following parametric representation

Sit = K1 ( ! ”) : (2)
My

where k1 > 0, kg > 1, pjy is the domestic price level (i.e., the price of country i’s expenditure

good in terms of country i’s money), and m;; is domestic money.

3.2 Technology

We describe the production side of the economy following the three approaches to measur-
ing aggregate output: the product approach, the income approach, and the expenditure

approach.

3.2.1 Product approach to output

Consumers supply labor and capital to domestically located, perfectly competitive produc-
ers, who have access to an aggregate Cobb-Douglas production function z;H (kit,ni) =
zitkgnllt_o‘ = y;+. Here, z; is a country-specific technology level, k;; is capital, y;; is out-

put of the local good (either a or b), and 0 < « < 1 is the capital share in production.

Technologies in the two countries follow a joint first-order autoregressive process

A1 = Ao + AN + 441, ety1 ~ N (0,%), (3)

where A\; = [In 214, In 29¢]". Market clearing for goods a and b requires

ai +as = Y, 4)

big + b2y = Yo, (5)

where aq; is the amount of good a used by country 1, while ao; is the amount used by
country 2. Similarly, b1 is the amount of good b used by country 1, while by is the amount
used by country 2.

Consumption and investment are composites of foreign and domestic goods. The device



for aggregating domestic and foreign goods used here is the Armington (1969) aggregator
G(.,.)

cir+zie = G(a,bie), (6)

cor+xor = G (bay,an), (7)

where x;; is investment, and G (a,b) = (wja™" +w2b_p)_(1/p), with 0 < w1 < 1, wy =
1 —wp, and p > —1. Here, w; determines the extent to which there is a home bias in
domestic expenditures and p controls the elasticity of substitution between domestic and
foreign goods. This aggregator is a standard feature of general equilibrium models of trade.

Investment is used for capital accumulation according to the law of motion
Eitr1 = (1 —0) kit + i, (8)

where 0 < § < 1 is a depreciation rate.
The prices of goods a and b in terms of the expenditure good of country 1 are determined
competitively, and therefore given by the marginal products of these two goods

0G (ai, biy) . 0G (ax, biy) ()
— W=
Ob1y

a
q =
1t 8alt

Similarly, the prices of the two goods in terms of country 2’s expenditure good are given by

o _ G (ba,az) b _ G (bar az)

= 10
Aot 8a2t ) qot ath ( )

Using these prices, we can measure output of the two countries in terms of their respective
expenditure goods as qf,z1.H (k1i,n1t) = qfy1e and 4,200 H (ko m2r) = ¢4yer. This is
the definition of real GDP employed in our model. We thus use the following notation
GDPy; = ¢f,y1 and GDPyy = qgtygt. As the prices of the two goods fluctuate much less
than y;;, none of our quantitative results significantly changes if we instead define GDP as

measured in terms of the local good.

10



We in turn define the terms of trade e as the price of good b in terms of good a

€t = qlljt/q%t = qgt/qgm (11)

where the equality holds in equilibrium. The real exchange rate, in contrast, is defined as
the price of the expenditure good of country 2 relative to the price of the expenditure good

of country 1, i.e. ¢%,/¢%,, which, by applying relationship (11), is equal to ¢5,/¢%,.

3.2.2 Income approach to output

Consumers derive income from selling capital and labor services to the domestically located
producers at competitively determined rental and wage rates. Aggregate income measured

in terms of the local good is thus

oOH OH
kit + =—nit = yir, (12)

k
Titkit + wigniy =
an e akit Onit

where rft is the rental rate for capital and w;; is the wage rate. Here, the first equal-
ity follows by assuming perfect competition, while the second equality follows from the
constant-returns-to-scale property of the production function. Measured in terms of the

expenditure good, aggregate income of country 1 is

. OH L OH
qltaTltklt + qltaTltnlt = GDPM. (13)

Aggregate income of country 2 is measured similarly, evaluating its output of good b at the

price ¢3,.

3.2.3 Expenditure approach to output

Total expenditures in each country are related to GDP as

cit + w1 + (Q%ta% - qll)tblt> = GDPy, (14)

Cot + X2t + (qgtblt - qé‘tazt) = GDPy, (15)

11



where the expressions in the parentheses are net exports, denoted by nx1; and nxy;, respec-
tively. These equalities follow from combining the resource constraints (6) and (7) with the
goods-market-clearing conditions (4) and (5), and from using the constant-returns-to-scale
property of the Armington aggregator, together with the pricing functions (9) and (10).
Each resulting equality is then pre-multiplied by the price of the local goods to obtain

equations (14) and (15).

3.3 DMonetary policy

A central bank in each country controls the nominal rate of return R;; on a one-period
domestically traded bond, which pays one unit of country i’s money in all states of the

world in period t + 1. The central bank sets the rate of return according to a feedback rule

Ry=(1-¢)[R+vy(WGDPy —InGDP) + vy (1 — )] + ¢R; 41, (16)

where m;; = Inpy — Inp;¢—1 is the inflation rate, and a variable’s symbol without a time
subscript represents the variable’s steady-state value. In line with the literature we also
assume that the central bank “smooths” the nominal interest rate by putting a weight
0 < ¢ < 1 on the past interest rate. The central bank then supplies, through lump-sum
transfers v;; to the consumers, whatever amount of money balances consumers demand at

that nominal interest rate. The money stock in the economy thus evolves as

Mit = Myt—1 + Vit (17)

We do not attempt to justify this monetary policy rule in terms of its welfare impli-
cations. We simply take it as an empirically plausible approximation of central banks’
behavior in a number of industrialized countries, as suggested by the literature, and embed

it into the international business cycle model.

12



3.4 Consumer’s budget constraint and the balance of payments

Consumers hold money in order to economize on shopping time. In addition, they accu-
mulate capital, a one-period internationally traded bond f;;, which pays one unit of good
a in all states of the world in period ¢t + 1, and the domestically traded bond, which we
denote by dj;.? Measured in terms of the domestic expenditure good, the consumer’s budget

constraint is

a5 fit dit Mt o “ dig—1  Mig—1 | Uy
+— +cit twi = ¢ (ki + wieni) + @i fig—1 + +—+—,

1 +r,f pi 1+ Rir)  pir ’ (it ienit) + it fi Dit Dit Dit
(18)

where 'r{ is the real rate of return (in terms of good a) on the internationally traded bond,

and ¢;, is equal to ¢, in the case of country 1, and to qgt in the case of country 2.
The domestic nominal bond is in zero net supply. Therefore, in equilibrium, d;; = 0.
Furthermore, substituting into the budget constraint v; from equation (17), and using

equations (12) and (13), we obtain economy ¢’s balance of payments constraint

Q?tfz't
1+ r{

+epn+aa = Gz (ki,ni) + a6 fi—1- (19)

Notice, that equation (19), together with (14) or (15), implies that qﬁfit/(l—i—rg) —q% fit—1 =

nT;t.

3.5 Recursive competitive equilibrium

In each country, the consumer chooses state-contingent plans for c;¢, i, ki1, mat, dit, fit,
n;t, and s; in order to maximize (1) subject to (2), (8), and (18), taking all prices as given.
In all states of the world, the prices of capital and labor services, and of the two local goods
a and b, are given by their respective marginal products. In period t the state of the world

economy is defined by the vector of technology levels A, a vector of domestic endogenous

9The denomination of the internationally traded bond has only second-order effects on equilibrium, which
are not captured by our computational method. The denomination of the bond thus does not affect the
computed equilibrium allocations and prices. We could also extend the model to allow consumers in country
i to hold the nominal bond of country j, but this would only clutter the model without affecting the
computed equilibrium — a nominal exchange rate would exist that would support the equilibrium of the
current economy.

13



state variables Y; = (pi¢—1, Rit—1, kit, Vit—1, fiz—1), and a vector of foreign state variables
T = (pji—1, Rji—1,kjt, V-1, fji—1), where 9,41 = dj y—1+m; 1, and similarly for 9, 1.

The equilibrium of the world economy is then characterized by a set of pricing func-
tions for each country {r¥(\, Yi, T;), wi(A, Li, ¥5), ¢¢ (N Yi, Ti), (N, Ti, ¥), pi(A, iy X5),
Ri(\, Y4, T;)}, aset of aggregate decision rules for each country {n;(A, T;, 1), k;(X, T3, Y;),
mi(A, i, Xj), di(N, T3, 75), fi(A, T4, 75)}, and a pricing function for the rate of return on
the internationally traded bond rf (A, T, Y;), such that the allocations and prices generated
by these functions satisfy the consumer’s optimization problem, the resource constraints (6)
and (7), the goods-market-clearing conditions (4) and (5), a market-clearing condition for
domestically traded bonds d;; = 0, a market-clearing condition for the internationally traded
bond f; + fo = 0, and the monetary policy rule (16). Each country’s balance of payments
constraint (19) is then satisfied by Walras’ Law.

Because the state space is large, we compute log-linear approximations to the equilib-
rium decision rules and pricing functions in the neighborhood of the model’s non-stochastic
steady-state. In particular, we use the linear-quadratic approximation method developed
by Kydland (1989) (see also Hansen and Prescott, 1995). Before computing the equi-
librium, all nominal variables are transformed so that they are stationary. Following
Heathcote and Perri (2002) we also impose a tiny quadratic cost of adjusting holdings of
the internationally traded bond in the consumer’s optimization problem in order to ensure

stationarity of international bond holdings.

4 Calibration

Table 7 summarizes the parameter values for our benchmark experiment. In Section 6 we
study the sensitivity of our results to parameter values that are calibrated with considerable
uncertainty. The calibration is largely based on empirical estimates of steady-state relations
among the model’s variables. To start, a period in the model is set equal to one quarter. As
preferences and technology in our model are the same as those used by Backus et al. (1994),

the parameters of the utility function, the production function, the Armington aggregator,

14



and of the stochastic process for technology shocks are either the same as in their paper, or
are calibrated to the same targets.

In particular, we set the risk aversion parameter v equal to 2, capital’s share in pro-
duction « equal to 0.36, and the elasticity of substitution between domestic and foreign
goods 0 = 1/(1 + p) equal to 1.5. The share of locally produced goods in the Armington
aggregator wj is set equal to 0.761, which implies that in a symmetric steady state (one
characterized by y1 = y2, b1 = ag, and e = 1) the ratio of imports to output by /y; is equal
to 0.15. The depreciation rate § is set equal to 0.025. Given a share of investment in GDP
equal to 0.25, this depreciation rate is consistent with a steady-state capital-output ratio of
10. The capital-output ratio and the depreciation rate then imply a discount factor 3 equal

to 0.989. The weight on consumption in utility p is determined by the first-order condition

%_ W 1—-n—s
U \1l-—pup c

where ¢ is equal to 0.75, n is equal to 0.3, and s is determined by the calibration of the

for labor input

shopping-time parameters described below. The weight on consumption implied by this
condition is then 0.34. Finally, the diagonal elements of the transition matrix for technol-
ogy shocks A are set equal to 0.906, the off-diagonal elements, which measure the degree
of spillovers of technology shocks across countries, are set equal to 0.088, the standard de-
viations of the ¢’s are set equal to 0.00852, and their correlation is set equal to 0.258. The
values of Ay are chosen so that output of the locally produced good is equal to 1 in steady
state, which is a convenient normalization.

The parameters of the shopping time function (2) are chosen so that the money demand
function in the model has the same interest rate elasticity and implies the same average
velocity of money as its empirical counterpart estimated for the United States. The money
demand function in the model is given implicitly by the consumer’s first-order condition for

money holdings. In steady state this optimality condition has the form

peyr2 p 1 R
i (m) m_w<1—|—R>' (20)



Setting the curvature parameter k9 equal to 1, the money demand function has the form

% - [mcw (1 + é)]m, (21)

which has interest elasticity equal to —0.5, in line with a number of empirical studies (see
Lucas, 2000). We set the level parameter k1 equal to 0.0054, which implies annual velocity
of money equal to 6.08 — the average U.S. annual velocity of M1 in the period 1959-2006.
The estimates of the parameters of the monetary policy rule (16) vary greatly in the
literature, depending on the countries considered, periods covered, and the exact specifi-
cation of the rule (e.g., whether the central bank responds to actual inflation and output
or their expected values). For our benchmark experiment we set the weight on inflation
vy equal to 1.5 and the weight on output v, equal to 0.125 — the values used by Taylor
(1993).1° In addition, we set the steady-state inflation rate 7 equal to 0.0091 — the average
quarterly inflation rate in the United States between 1959 and 2006 — and the smoothing
coefficient ¢ equal to 0.75, which is within the range of estimates obtained in the literature

(e.g., Clarida et al., 2000; Sack and Wieland, 2000).

5 Findings

5.1 International business cycle

Table 8 reports the cross-country correlations of the price level, the nominal interest rate,
and output generated by the model for our baseline calibration, and compares them with
the data. As in the case of the data, the artificial series produced by the model are filtered
with the Christiano and Fitzgerald (2003) filter. The statistics for the model are averages
for 100 runs of the length of 188 periods each — the same as the length of the data series in
the sample that goes back to 1960.Q1.

We see that the model generates the main feature of the international nominal business

cycle: The cross-country correlations for the price level and the nominal interest rate are sub-

0Taylor uses the weight on output equal to 0.5. This value is scaled down by four in our calibration in
order to make it consistent with GDP in our model, which is measured at a quarterly rate.
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stantially higher than that for output. In addition, in line with the data, the cross-country
correlations for the price level and the nominal interest rate are similar. Furthermore, the
model’s quantitative predictions are reasonably close to the data as well. In particular, in
the model the cross-country correlations of the price level and the nominal interest rate are
0.69 and 0.68, respectively, while the cross-country correlation of real GDP is only 0.23. In
the data the mean values of these correlations are, respectively, 0.52, 0.57, and 0.27 for the
six country sample (covering the period 1960.Q1-2006.Q4), and 0.59, 0.59, and 0.43 for the
eight-country sample (covering the period 1970.Q1-2006.Q4). Given the rather parsimo-
nious nature of our model economy, and that it has only one source of shocks, it accounts
for the observed cross-country correlations for these variables surprisingly well.!! Recall
from the previous section that none of the parameter values was chosen in order to generate

this result.

5.2 Domestic business cycle

In Table 9 we report the domestic business cycle properties of the model economy and
compare them with those of the U.S. economy. In particular, we report the standard
deviations of key domestic variables, relative to that of GDP, and their correlations with
GDP at various leads and lags. Although the characteristics of domestic business cycles
differ across developed economies, the statistics reported in Table 9 for the U.S. economy
are fairly representative (see, for example, Zimmermann, 1997; Agresti and Mojon, 2001).
We also report the J-curve — a dynamic relationship between net exports and the terms
of trade — for the United States. As documented by Backus et al. (1994), in a number of
industralized economies net exports are negatively correlated with future terms of trade,
and positively correlated with past terms of trade.

The behavior of real variables in an international business cycle model has been thor-
oughly analyzed by Backus et al. (1994) and Backus, Kehoe and Kydland (1995). Here we

therefore point out only some of the key properties of the cyclical behavior of the real side

HHowever, as most other international business cycle models, and in contrast to the data, the model
generates a higher cross-country correlation of consumption than of output.
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of the model economy. In particular, the model accounts for about 80 percent of GDP
fluctuations and, in line with the data, produces consumption about half as volatile as
GDP, investment about three times as volatile as GDP, and net exports about 25 percent
as volatile as GDP. Hours, however, are somewhat less volatile in the model than in the
data. In addition, in line with the data, consumption, investment, and hours are procyclical,
while net exports are countercyclical. Furthermore, the model generates a J-curve.

As for the two nominal variables, the model correctly generates countercyclical price level
and produces standard deviations of the price level and the nominal interest rate, relative
to that of GDP, similar to those for the U.S. economy. However, the model fails to produce
the empirical lead-lag pattern of the price level and the comovement between output and
the nominal interest rate observed in the U.S. economy, as well as in the other economies
in our sample. While in the data the price level leads output negatively, in the model it
lags output negatively. In addition, the nominal interest rate is negatively correlated with
output contemporaneously in the model, while in the data the contemporaneous correlation
is positive and the nominal interest rate leads output negatively.

The failure of the model to generate the empirical dynamics of the price level and the
nominal interest rate in relation to domestic output is not surprising — these are well known
anomalies and therefore we would not expect our relatively simple model to be able to
account for them.'? However, in Subsection 6.3 we extend the model in a way that allows it
to be consistent with the key features of both, international, as well as the domestic nominal

business cycles.

5.3 The mechanism

We can gain intuition for our main result by plotting the responses of the model’s variables
to a 1% positive technology shock. These responses are contained in Figure 5. As the
focus of the paper is on nominal variables, we describe the responses of the real variables

only briefly and refer the reader to Backus et al. (1994) and Heathcote and Perri (2002)

12See Backus, Routledge and Zin (2007) for a recent attempt to account for the lead-lag pattern of the
nominal interest rate, and Wang and Wen (2007) for an attempt to account for a lead-lag pattern of inflation.
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for a more detailed analysis. In the following discussion it is useful to abstract from the
effects of nominal variables on the real economy, which in our model occur only due to an
inflation tax on real money balances held by the consumer between periods, and thus on
shopping time and the time available for leisure and work. These effects are small for our
baseline calibration and taking them into account would only clutter the description of the

mechanism without providing much insight into the main result.

5.3.1 Responses of real variables

Because the shocks in the two countries are correlated, a 1% increase in technology in
country 1 leads, on impact, to an increase in technology in country 2 by 0.258%, where
0.258 is the correlation coefficient of the &’s. In addition, due to spillovers, technology
in country 2 gradually catches up with technology in country 1. As a result of a higher
current and expected future technology level, consumption in both countries increases, but
it increases by less in country 2 than in country 1. There are two reasons for this. First,
the net present value of country 2’s future income is smaller than that of country 1. This
is because technology in country 2 does not reach the level of technology in country 1 for
a while. Second, there is intertemporal trade between the two countries: in order to take
advantage of higher total factor productivity, country 1 increases investment by borrowing
from country 2. Country 2 is thus giving up some of its current consumption in return
for higher future consumption. This intertemporal trade is reflected in the decline of net
exports of country 1, and the increase in the real return on the internationally traded bond.

Because of the initially higher technology level in country 1, GDP is initially higher in
country 1 than in country 2. However, as technology in country 2 catches up with technology
in country 1, GDP in country 2 catches up with GDP in country 1. As a result of initially
higher output in country 1, the price of good a falls, reflecting its abundance in the world
market relative to good b. The terms of trade of country 1 therefore worsen, following the

technology shock.
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5.3.2 Responses of nominal variables

The dynamics of the price level and the nominal interest rate can be understood by deriving
the pricing functions for these variables. The first-order conditions for the accumulation of

capital, and domestic and foreign bonds in country i are, respectively,

Ey [Qit <1+Tf¢+1*5) = 1,
. :

14+ Ri)Ey Qi | ——— = 1,
( % t[Qt<1+7rz’,t+1>_

(1+r)E,

4ir41
Qit a = 17
Yt ) |

where Qit = B(Uct+1 — Upr1Sei+1)/(Uet — UnSer) is country @’s stochastic discount factor.
For the following discussion it is convenient to log-linearize these conditions around the

model’s non-stochastic steady state

EiQir + Eﬁ”\kz‘,tu = 0, (22)
Rit + E:Qit — Eifizsn = 0, (23)
7+ EQu + By — @ = 0, (24)

where 7%, = (rf, —r?) /(1478 =6), Riy = (Ry— R) /(14 R), Ry = (mu—m) /(1+7), 7] =
(r{ — 1) /(1 +71) are percentage deviations of the gross rates from steady state, and @it =
log Q;:+ — log QQ; is the percentage deviation of the stochastic discount factor. Combining
equations (22) and (23), and (22) and (24), then gives, respectively, a no-arbitrage condition

for domestic real and nominal assets, and for real domestic and international assets

Et?ki,tﬂ = Ry — ETi, (25)
Et?kz‘,tﬂ = ?{ + By — Gy (26)
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In addition, combining equation (26) for country 1 with that for country 2 gives a relation-

ship between the return to capital in the two countries

~ ~
Eii i1+ B (@01 — @ en) — (@ — @) = Bz 41, (27)

where By (G310 — @ y1) — (@5 — ) is the expected change in the real exchange rate.
Notice, that due to the expected changes in the real exchange rate, the expected real
interest rates in the two countries do not need to be equalized.

Abstracting from the small inflation tax effects, we can think of the real variables as
being determined independently of the nominal variables. Thus, given the equilibrium real
quantities and prices, the equilibrium nominal interest rate and the price level in country
i are determined by the no-arbitrage condition for real and nominal assets (25) and the
(log-linearized) Taylor rule

~

Riy = vpTy + ;yi;ita (28)

where vy = v-(1+7)/(1+R), vy = v,/(1+ R), and Yi: = log GDPy —log GDP, and where
for simplicity of the exposition we set ¢ equal to zero. These two conditions state that
in each period, in equilibrium, the nominal interest rate has to be at a level that makes
consumers indifferent between holding capital and nominal bonds, and inflation has to be
such that the central bank wants to hold the nominal interest rate at that level.

Combining these two equilibrium conditions gives us a first-order difference equation in
inflation

~k ~ ~ o~ ~ >
Et?"z‘,t+1 + BT 441 = UnTyt + Uy Yig, (29)

where inflation in period ¢ depends on output in period ¢, and expectations of the return
to capital and inflation in period ¢t + 1. Solving equation (29) by forward substitution, and,
in line with the literature, excluding equilibria with hyperinflations or hyperdeflations, we
obtain the price level in period t as a sum of two terms: the price level in period ¢t — 1 and

a difference between the expected discounted sum of future real returns to capital and the
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expected discounted sum of current and future output

00 1 j . N 00 1 i

Pit = Pit—1 + Ey Z <a> Titti| — VyEt Z (ﬁ) YVZ‘,H_j_l . (30)
j=1 > 7 j=1 N7

Substituting the price level from equation (30) into the Taylor rule (28) then gives the

nominal interest rate in period t as a difference between the expected discounted sum of

future real returns to capital and the expected discounted sum of future output

Ry =E i(lylﬁf — 2 i(ly? : (31)
it t 2 A it y Lot 2 A it -
The degree of comovement of the two nominal variables across the two countries is thus
determined by the extent to which the expected discounted sums of returns to capital and
output in the two countries move together.

As follows from equation (27), due to real exchange rate changes, cross-country borrow-
ing and lending does not necessarily equate the returns to capital in the two economies.
This is indeed the case in our benchmark experiment, as we see in Figure 5: The return to
capital in country 1 increases on impact, while the return to capital in country 2 increases
only gradually as technology in country 2 catches up with technology in country 1. The
expected discounted sums of the rates of return in the two countries nevertheless increase on
impact, as in both countries the return to capital is expected to stay above its steady-state
level for much of the duration of the technology shock. A similar argument also applies
to the expected discounted sums of output. Thus, although output differs across the two
countries between the impact period and the time when country 2 catches up with country
1, the discounted sums increase on impact in both countries.

Because the price level and the nominal interest rate depend on the difference between
the expected discounted sums of returns to capital and GDP, the sign of their responses
depends on the relative weight on GDP in the Taylor rule. It turns out that, for our
benchmark experiment, the weight on GDP is sufficiently large, leading to a fall in prices

and nominal interest rates in the two countries following the technology shock in country
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5.3.3 Discussion

It is well known that models of the type used here generate much lower real exchange rate
volatility than what is observed in the data. This is because, through equations (27) and
(22), the real exchange rate is tightly linked with the countries’ stochastic discount factors,
which, for standard utility functions, display little volatility. However, as the equilibrium
condition for international capital flows (27) is not used to derive the solutions for the price
level and the nominal interest rate, (30) and (31), whether this condition holds or not is
not crucial for the mechanism in our model generating the strong comovement of nominal
variables across countries. In fact, the model predicts substantially higher cross-country
correlations of the two nominal variables than that of output even when we shut down
the international asset market (i.e., we let the countries trade in the goods market, but
we prevent them from lending to each other). In this case, for our baseline calibration,
corr(yy,y2) = 0.43, corr(py, p2) = 0.84, and corr(R;, R2) = 0.86.

In contrast, the equilibrium condition for domestic bonds (23) is used in the deriva-
tion of the equilibrium price level and the nominal interest rate. It is well known (e.g.,
Hansen and Singleton, 1983) that this Euler equation does not price financial assets well.!3
To some extent this is reflected in the failure of our model to generate the observed dy-
namics of the nominal interest rate and prices in relation to output. In Subsection 6.3 we
introduce into the current model a tax that distorts this Euler equation. As we will see,
this extension helps bring the model closer to the observed features of the domestic nominal
business cycles, but does not change our main result regarding the cross-country movements

of nominal variables.

13Canzoneri, Cumby and Diba (2007) show that the Euler equation fails to price short-term debt for a
variety of specifications of the utility function.
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6 Sensitivity analysis

In order to check the robustness of our quantitative findings, we conduct sensitivity analysis
for those parameters that are not estimated precisely in the literature, or whose estimates
vary significantly across countries. We report results for the parameters of the monetary
policy rule (vr,vy, @), the degree of spillovers (Aj2), and the extension that allows the
model to be consistent with the observed features of the domestic nominal business cycle.
We have also examined the quantitative properties of the model for alternative values of
the elasticity of substitution between home and foreign goods (o), the steady-state import
share of GDP (b1/y1), steady-state inflation rate (7), and the shopping-time parameters
(K1, k2). However, as our main finding is not particularly sensitive to alternative values of

these parameters, we do not report the results of these experiments.

6.1 Parameters of the Taylor rule
6.1.1 Weight on output

Figure 6 plots the cross-country correlations for output and the two nominal variables for
alternative values of v, which we vary between -0.05 and 0.25 — a range that covers most
of the estimates found in the literature.!* We see that except for a small interval between
0.025 and 0.06, the cross-country correlations of the price level and the nominal interest
rate are higher than that of real GDP.

Figure 7 provides intuition for the sharp fall in the cross-country correlations for the two
nominal variables, and for the nominal interest rate in particular, in the interval 0.025-0.06.
It plots the responses of the nominal interest rates in the two countries for three alternative
values of v,: 0.125 (our baseline value), 0, and 0.03, the value at which the cross-country
correlation for the nominal interest rate is the lowest. As mentioned in the previous section,
for our baseline value of v, the negative effect of the expected discounted sum of future
output on prices and the nominal interest rate is stronger than the positive effect on these

variables of the expected discounted sum of future returns to capital. The nominal interest

“The values mentioned here are the values reported in the literature, divided by four in order to make
them consistent with the measure of GDP in the model, which is expressed at a quarterly rate.

24



rate, as well as the price level, therefore fall in both countries following a positive technology
shock in country 1.

In contrast, when v, is equal to zero, the two variables are determined only by the
expected discounted sum of future returns to capital. The nominal interest rate and prices
therefore increase in both countries after the shock. In the intermediate case, when v, is
equal to 0.03, during the first 10 to 15 quarters after the shock, the response of the nominal
interest rate in country 1 looks more like that for our benchmark weight on output, whereas
that for country 2 looks more like the one for a zero weight on output. This is because the
expected discounted sum of future output in country 2 is smaller than that in country 1
(see the output responses in Figure 5). The negative effect of this sum on prices and the
interest rate is thus smaller in country 2 than in country 1, leading to an increase in the

nominal interest rate in country 2, while the nominal interest rate falls in country 1.

6.1.2 Weight on inflation

In the top panels of Figure 8 we plot the international correlations for alternative weights on
inflation. We plot these correlations for two alternative weights on output: our benchmark
weight of 0.125, and a zero weight. In empirical Taylor rules, v is usually in the range from
0.8 to 2.5. In our model, however, when v, is too close to one, the equilibrium becomes
indeterminate. This is a common feature of most general equilibrium models with interest
rate monetary policy rules. We therefore restrict v, to be in the interval from 1.05 to 2.5.
We see that except for the case of a zero weight on output and the weight on inflation being
close to our lower bound, the cross-country correlations of the two nominal variables are
higher than that of output.!®

Interestingly, the model predicts higher cross-country correlations of the two nominal
variables than that of output even when the central bank puts a large weight on stabilizing
inflation and no weight on stabilizing output. By increasing the weight on inflation and

putting zero weight on output, the central bank minimizes the volatility of the two nominal

'5The large increase in the cross-country correlation of output in the right-hand panel is due to substantial
inflation tax effects that occur with a relatively large weight on output and a small weight on inflation in
the Taylor rule.
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variables, relative to that of output. In particular, for the upper-bound weight on inflation
of 2.5, the central bank reduces the standard deviations of the price level and the nominal
interest rate, relative to that of output, to 0.11 and 0.17, respectively — well below the values
observed for the post-war period (for example, the average relative standard deviations of
these two variables for the U.S. economy are 0.82 and 0.73, respectively; see Table 9). This
finding is consistent with the observation that the cross-country correlations of the two
nominal variables remained substantially higher than that of output even during the Great

Moderation period.

6.1.3 Interest rate smoothing

Some specifications of Taylor rules have no smoothing coefficient (e.g., Taylor, 1999). Often,
however, a smoothing coefficient is included and is usually found to be in the range between
0.5 and 0.9 (see Woodford, 2003, chapter 1). In the mid-panels of Figure 8 we therefore
report how the cross-country correlations change as we vary ¢ between 0 and 0.99. We see

that our main result is robust to alternative values of this parameter.

6.2 Spillovers

The estimates of the spillover term in the transition matrix A vary substantially in the
literature. Backus et al. (1992) estimate this term to be 0.088, our benchmark value, while
Heathcote and Perri (2002) obtain an estimate of 0.025. Yet, Baxter and Crucini (1995)
find little evidence for non-zero spillovers. We therefore vary Ajo between 0 and 0.1. In
all these experiments we adjust the diagonal elements of A so that its highest eigenvalue
is the same as in our benchmark experiment. We see in the bottom panels of Figure 8
that except for the case of no spillovers, nominal variables are correlated more strongly
across countries than output. Furthermore, the gap between the cross-country correlations
of the two nominal variables and that of GDP increases rapidly as we move away from
the case of no spillovers. For example, even for a modest degree of spillovers, such as that
found by Heathcote and Perri (2002), the model generates a gap between the cross-country

correlations of the two nominal variables and real GDP close to that observed in the data
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(for example, in the case of prices, a gap of about 0.35, when v, = 0, and a gap of about

0.2, when v, = 0.125).

6.3 Domestic nominal business cycle

As noted above, in its current form the model does not generate the lead-lag pattern be-
tween domestic output and the domestic price level, and between domestic output and the
domestic nominal interest rate, as in the data. Although this is not surprising, as these are
well known anomalies, we would have more confidence in the answer the model gives to our
question regarding the international nominal business cycle if it were consistent with the
key features of the domestic nominal business cycle.

Providing a quantitative-theoretical account of the domestic nominal business cycle from
first principles is, however, beyond the scope of this paper. Instead, we proceed as follows.
Using an extended version of the business cycle accounting method of Chari, Kehoe and McGrattan
(2007), Sustek (2008) shows that fluctuations in two “wedges” in a prototype monetary
business cycle model are necessary, and to a large extent also sufficient, for generating the
observed lead-lag pattern of prices and interest rates with respect to output. These two
wedges look like total factor productivity and a tax on adjusting the holdings of nominal
bonds. The tax captures various asset market distortions, such as limited participation or
frictions leading to time-varying risk premia, while Chari et al. (2007) provide various in-
terpretations of total factor productivity. Movements in these two wedges over the business
cycle are then interpreted as resulting from the propagation of primitive shocks through the
frictions embedded in them.

Based on Sustek’s result, we introduce such a tax 7;; into each country in the current
model and choose its stochastic process so as to replicate the lead-lag pattern of the nominal
interest rate. Given this calibration, we then ask if the model generates both the observed
lead-lag pattern of the price level and higher cross-country correlations for the two nominal
variables than that for output.

In this extended model, the budget constraint of the representative consumer in country

27



7 becomes

q5s fit d;t dit—1 Mt
+ (1 + 7 - + +ci + Ty =
1+0r] (L4 7i) pit (L + Rit)  pit pie
mit—1 Vit
q;t(rftk‘it + winit) + ¢ fir—1 + ——— + — + Ty,
Dit Dit

where Tj; is the proceeds from taxing the accumulation of domestic bonds, which are rebated
back to the consumer in a lump sum way. Notice that the tax distorts the Euler equation

for domestic bonds, which now becomes
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We postulate a joint stochastic process for the tax and technology shocks

In 21 441 A Aig Az Ay In 214
T1t41 Ag1 Az Az Aoy Tt
= Ao + + €441, (32)
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where we have imposed symmetry across the two countries, set the steady-state value of 7
equal to zero, and let g,41 ~ N(0,Q), with the elements of €2 related to the innovations in
technology the same as those in ¥ (the covariance matrix in the stochastic process (3)), and
those related to the innovations in the tax set equal to zero. In light of the above discussion
about the interpretation of the wedges, the innovations in technology are the only primitive
shocks in this economy.

This stochastic process has eight parameters that need to be calibrated: Ajy, Ajo,
A3, A4, Ao1, Aoo, Aos, and Agy. We choose their values by minimizing the distance be-
tween eight moments in the data and the same moments in the model: corr(Ri¢, Ri¢—1),
corr(Ry t—1,y1¢), corr(Rys—3,y1¢), corr(Ri¢41,Y1¢), corr(Ry43,y1¢), corr(lnzy,Inzy;—q),
corr(In zy4,In 204 —1), and corr(In z14,In 22 4—3). Our choice of the leads and lags of the nom-

inal interest rate with respect to GDP means that we try to match every other cross-
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correlation in the row for the nominal interest rate in Table 9, panel B. Notice also that
matching corr(In zi¢,In 21 4—1), corr(Inzs,Inzo; 1), and corr(Inzi;,Inzs—3) ensures that
technology shocks in the extended model have approximately the same persistence and
spillovers as in our baseline calibration of the benchmark model; i.e., estimating the sto-
chastic process for technology shocks (3) on time series for Inzj; and In zy; generated by
the stochastic process (32), we find approximately the same autocorrelations and spillovers
of these shocks as those found by Backus et al. (1994). The resulting values of the eight
parameters are contained in Table 10.

Table 11 then reports the domestic and international nominal business cycle properties
of this extended economy. Recall that in the benchmark economy, the price level was lagging
output negatively, while in the data it leads output negatively. As we can see from Table
11, the extended model generates the correct phase shift of the price level. In addition, it
still produces higher cross-country correlations of the two nominal variables than that of
output. It is also important to realize that because this tax affects only the two nominal
variables (it shows up only in the Euler equation for bonds), and in our calibration we match
the observed autocorrelation and cross-country correlations of the technology shocks, the
desirable business cycle properties of real variables in the benchmark economy are also

present in the extended economy.

7 Concluding remarks

This study adds to the literature that investigates cross-country movements in key macro-
economic variables. Our empirical contribution lies in documenting that, at business cycle
frequencies, fluctuations in prices and nominal interest rates are substantially more syn-
chronized across countries than fluctuations in output. This observation is based on a
sample of six major industrialized economies for the period 1960.Q1-2006.Q4. Adding more
economies as the required data become available, or splitting the sample into subsamples
to control for the Bretton Woods and the Great Moderation periods, does not alter this

empirical regularity. This is an intriguing finding both from a theoretical point of view, as
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well as from the perspective of the current policy debate about how inflation, and nominal
variables in general, are determined in an international environment.

We then ask if a parsimonious international business cycle model, augmented to include
nominal assets and a monetary authority in each country, following a simple, empirically
plausible rule, can account for this feature of international aggregate fluctuations. We find
that it can. For a benchmark calibration, the cross-country correlation of output is slightly
lower than that in the data, while the cross-country correlations of prices and nominal
interest rates are slightly higher. Due to spillovers of technology shocks across countries,
expected future responses of national central banks to fluctuations in domestic output and
inflation generate movements in current prices and interest rates that strongly co-move
across countries even when output does not. International nominal business cycles are thus
highly synchronized even when national monetary policies focus squarely on stabilizing
domestic output and inflation. A key element of our findings is that even a modest degree
of spillovers, in the range of the smaller estimates found in the literature, is sufficient to
generate correlations such as those in the data.

We show also that introducing a tax on bonds into our model, and choosing its stochas-
tic process appropriately, makes the model consistent with both, international as well as
domestic nominal business cycles. We interpret the tax as capturing various distortions in
asset markets or time-varying risk premia. Future research should focus on exploring which
specific mechanisms can distort the Euler equation for bonds over the business cycle in a
similar way as the tax on bonds in our model. Having such mechanisms would improve
our understanding of the dynamics of domestic nominal variables in relation to domestic
output.

We view the model presented in this paper as a natural starting point for providing
understanding of the observed cross-country movements in nominal variables. It is, of
course, possible that various mechanisms from which we have abstracted can also contribute
to account for the same phenomenon. For instance, international monetary policy co-
ordination (modelled, for example, by Canzoneri and Henderson, 1992), or various goods

market rigidities and exchange-rate pass-through mechanisms (surveyed, for instance, by
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Taylor, 2000), may play a role. We believe, however, that before moving on to more complex
environments, it is necessary to understand to what extent a parsimonious international
business cycle model can account for the data. As we have demonstrated, such a model can

go a long way.

8 Appendix: Data sources

For all countries, data on real GDP and the price level (consumer price index) come from
the International Financial Statistics (IFS) database. For Germany, the consumer price
index for the period 1960.Q1-1991.Q4 is for West Germany only. Wherever possible, the
nominal interest rate is the yield on a 3-month government bond. For Austria we use the
yield on a l-year government bond, and for France and Japan we use a money market
rate. The interest rate data for Japan, the United Kingdom, and the United States come
from the IFS database; for Australia, Canada, and Germany from the Global Financial
Data database; for Austria from Datastream; and for France from the IFS database for the

period 1970.Q1-1999.Q1, and from Datastream for the period 1999.Q2-2006.QA4.
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Figure 1: Business-cycle-frequency fluctuations in output and the price level.
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Table 1: Cross-country correlations of real GDP, 1960.Q1-2006.Q4

aus can ger jap uk us
aus  1.00
can 0.53  1.00
ger -0.02 0.16 1.00
jap -0.12 -0.06 0.39 1.00
uk 0.19 045 021 0.18 1.00
us 0.23 0.72 042 021 056 1.00

mean = 0.27 CV = 0.89

Excluding Bretton Woods period
mean = 0.25 CV =1.21

pre-1984 post-1984
mean = 0.34 mean = (.16
CV =0."71 CV = 3.00

Table 2: Cross-country correlations of short-term nominal interest rates, 1960.Q1-2006.Q4

aus can ger jap uk us
aus  1.00
can 0.61  1.00
ger 0.52 0.62 1.00
jap 039 039 047 1.00
uk 0.58 0.56 063 0.63 1.00
us 0.55 084 072 043 057 1.00

mean = 0.57 CV = 0.22

Excluding Bretton Woods period
mean = 0.57 CV = 0.26

pre-1984 post-1984
mean = 0.61 mean = 0.53
CV =0.20 CV =0.37
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Table 3: Cross-country correlations of price levels, 1960.Q1-2006.Q4

aus can ger jap uk us
aus  1.00
can 0.68 1.00
ger 0.25 043 1.00
jap 033 0.63 041 1.00
uk 0.50 0.52 042 0.58 1.00
us 0.47 0.71 051 0.76 0.61 1.00

mean = 0.52 CV = 0.28

Excluding Bretton Woods period
mean = 0.50 CV = 0.29

pre-1984 post-1984?
mean = 0.60 mean = 0.30 (0.40)
CV = 0.17 CV = 1.03 (0.77)

aThe values in the brackets are for a sample that excludes Germany,
whose price level was affected by the unification in 1990.

Table 4: Eight-country sample, cross-country correlations of real GDP, 1970.Q1-2006.Q4

aus aut can fra ger jap uk us

aus 1.00

aut  0.05 1.00

can 0.74 035 1.00

fra 0.21 0.70 0.53 1.00

ger -0.10 0.68 0.18 0.47 1.00

jap 0.03 039 0.12 050 0.55 1.00

uk 026 048 056 0.74 024 040 1.00

us 0.39 056 0.69 0.67 053 052 065 1.00

mean = 0.43 CV = 0.54

Excluding Bretton Woods period
mean = 0.34 CV = 0.76

post-1984
mean = 0.19 CV = 2.07
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Table 5: Eight-country sample, cross-country correlations of short-term nominal interest
rates, 1970.Q1-2006.Q4

aus aut can fra ger jap uk us
aus 1.00
aut  0.63 1.00
can 0.65 0.64 1.00
fra 0.48 0.57 049 1.00
ger 0.58 0.73 0.70 0.77 1.00
jap 044 055 037 047 0.61 1.00
uk 0.59 045 057 047 074 0.68 1.00
us 0.58 0.61 085 0.57 077 046 0.58 1.00

mean = 0.59 CV = 0.20

Excluding Bretton Woods period
mean = 0.55 CV = 0.25

post-1984
mean = 0.46 CV = 0.48

Table 6: Eight-country sample, cross-country correlations of price levels, 1970.Q1-2006.Q4

aus aut can fra ger jap uk us
aus 1.00
aut 043 1.00
can 0.71 0.59 1.00
fra 0.66 0.72 0.82 1.00
ger 0.23 0.69 0.54 0.57 1.00
jap 036 0.57 0.62 078 0.52 1.00
uk 0.50 065 0.53 0.71 043 0.54 1.00
us 0.44 069 0.67 0.76 059 077 0.57 1.00

mean = 0.59 CV = 0.23

Excluding Bretton Woods period
mean = 0.59 CV = 0.24

post-1984
mean = 0.45 CV = 0.56
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Figure 2: Cross-country comovement of nominal variables vs cross-country comovement
of real GDP — the eight-country sample, 1970.Q1-2006.Q4.
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Figure 3: Correlations of the price level in period ¢ 4+ j with real GDP in period t.

Figure 4: Correlations of a short-term nominal interest rate in period t 4 j with real GDP

in period t.
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Table 7: Baseline calibration

Symbol Value Definition

Preferences

vy 2.0 Relative risk aversion

L 0.34 Consumption share in utility
3 0.989 Discount factor

Technology

1) 0.025 Depreciation rate

«a 0.36 Capital share in production
w1 0.761 Weight on domestic good
wo 0.239 Weight on foreign good
c=1/(14+p) 1.5 Elasticity of substitution

Shopping time
K1 0.0054 Level parameter
Ko 1.0 Curvature parameter

Monetary policy rule

m 0.0091 Steady-state inflation rate
vy 0.125 Weight on GDP
Un 1.5 Weight on inflation
0] 0.75 Smoothing coefficient
Process for technology shocks
Ag = [ 0.00072  0.00072 }
A 0.906 0.088
o 0.088 0.906
Var ¢ = Var g5 = 0.008522
Corr(ey,e9) = 0.258

Table 8: International business cycle®

Correlation
(p1,p2) (Ri,R2) (GDP,,GDP)
Model economy 0.69 0.68 0.23
Six-country sample, 1960.Q1-2006.Q4 0.52 0.57 0.27
Eight-country sample, 1970.Q1-2006.Q4 0.59 0.59 0.43

@ The entries for the model are averages for 100 runs of the length of 188 periods
each. As in the case of the data, the series for output and prices in the model are in
logs and all series are filtered with the Christiano-Fitzgerald (2003) band-pass filter.
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Table 9: Domestic business cycle

A. Model economy®

Relative Correlations of GDP in period ¢ with variable v in period t + j:

Vit j std. dev.l j=-4 -3 -2 -1 0 1 2 3 4

GDP (qy) 1.21 0.02 0.29 0.62 0.89 1.00 0.89 0.62 0.29 0.02
Consumption (c) 0.53 -0.06 0.20 0.51 0.80 0.95 0.90 0.69 0.42 0.17
Investment (z) 3.35 0.04 0.29 0.60 0.85 0.93 0.79 0.51 0.18 -0.08
Hours (n) 0.43 0.08 0.34 0.66 0.90 097  0.82 0.52 0.17  -0.10
Net exports (nz) 0.25 0.05 -0.13 -0.35 -0.54 -0.61 -0.53 -0.33 -0.11  0.06
Price level (p) 1.00 0.47 0.34 0.12 -0.13 -0.37 -0.52 -0.57 -0.54 -0.46
Nominal interest rate (R) 0.67 0.02 -024 -0.55 -0.82 -095 -0.88 -0.66 -0.37 -0.12

Correlations of terms of trade (e;) with net exports (nz4,)
J-curve -0.50 -0.64 -0.75 -0.73 -0.57 -0.27  0.08 0.37 0.54
B. U.S. economy*
Relative Correlations of GDP in period ¢ with variable v in period ¢ + j:

Vptj std. dev.b j=-4 -3 -2 -1 0 1 2 3 4

GDP 1.48 0.22 0.50 0.75 0.93 1.00 0.93 0.75 0.50 0.22
Consumption 0.52 0.15 0.37 0.58 0.73 0.80 0.78 0.68 0.53 0.34
Investment 2.99 0.35 0.58 0.78 0.91 0.94 0.86 0.68 0.43 0.17
Hours 0.90 -0.07  0.19 0.46 0.71 0.88 0.95 0.91 0.76 0.55
Net exports 0.25 -0.48  -0.52  -0.56 -0.58 -0.58 -0.52 -0.39 -0.21 -0.01
Price level 0.82 -0.70  -0.77 -0.78 -0.73 -0.60 -0.43 -0.23 -0.03 0.16
Nominal interest rate 0.73 -0.66  -0.47  -0.22 0.06 0.31 0.49 0.58 0.59 0.53

J-curve

Correlations of terms of trade (e;) with net exports (na. )
-0.09 -0.12 -0.16 -0.14 -0.03 0.17 0.39 0.55 0.60

@ The entries are averages for 100 runs of the length of 188 periods each. Except for net exports and the nominal interest rate, all artificial series are in logs;
the nominal interest rate is expressed at annual rates. Before computing the statistics, the artificial series were filtered with the Christiano-Fitzgerald (2003)

band-pass filter.

b Standard deviations are measured relative to that of GDP; the standard deviation of GDP is in absolute terms.

“Except for net exports and the nominal interest rate, all data series are in logs; net exports are measured as a fraction of trend GDP and the nominal interest
rate is expressed at annual rates. All statistics are based on series filtered with the Christiano-Fitzgerald (2003) band-pass filter. Consumption is measured
as the sum of nondurables, services, and government expenditures; investment as the sum of fixed private investment and consumer durables; hours as total

hours in nonagricultural establishments; and terms of trade as the ratio of import and export price deflators.
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Figure 5: Responses to a 1% technology shock in country 1 for the baseline
calibration; rates of return are measured as percentage point deviations from
steady state at annual rates; all other variables as percentage deviations.
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Table 10: Parameters of the transition matrix in the joint stochastic process for technology
and taxes

All A12 A13 A14 A21 A22 A23 A24
0.075 0.642 0.18 -0.44 0.808 -0.112 0.999 0.496

Table 11: Extended model with a tax on bonds

Relative Correlations of GDP in period ¢t with variable v in period ¢ + j:

Vgy;  std. dev. j=-4 -3 -2 -1 0 1 2 3 4
p 0.50 0.06 -0.17 -0.38 -0.43 -0.32 -0.05 0.25 0.41 041
R 0.85 -0.16  -0.29 -0.33  -0.19 0.10 0.44 0.67 0.68 0.48

Cross-country correlations
(p1,p2) (Ri,R2) (GDP,GDP)

0.73 0.91 0.41
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