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Abstract

This study explores the long-run effects of inflation in a two-country Schumpeterian
growth model with cash-in-advance constraints on consumption and R&D investment.
We find that increasing domestic inflation reduces domestic R&D investment and the
growth rate of domestic technology. Given that economic growth in a country depends
on both domestic and foreign technologies, increasing foreign inflation also affects the
domestic economy. When each government conducts its monetary policy unilaterally
to maximize the welfare of domestic households, the Nash-equilibrium inflation rates
are generally higher than the optimal inflation rates chosen by cooperative governments
who maximize the welfare of both domestic and foreign households. Under the CIA
constraint on R&D (consumption), a larger market power of firms amplifies (mitigates)
this inflationary bias. We use cross-country panel data to estimate the effects of infla-
tion on R&D and also calibrate the two-country model to data in the Euro Area and
the US to quantify the welfare effects of decreasing the inflation rates from the Nash
equilibrium to the optimal level.
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1 Introduction

In this study, we explore the long-run effects of inflation on economic growth and social
welfare in an open economy. Specifically, we develop a two-country version of the Schum-
peterian growth model and introduce money demand into the model via a cash-in-advance
(CIA) constraint on R&D investment in each country.! Empirical evidence supports the
view that R&D investment is severely affected by liquidity requirements. For example, Hall
(1992), Himmelberg and Petersen (1994), Opler et al. (1999) and Brown and Petersen
(2009) find a positive and significant relationship between R&D and cash flows in US firms.
According to Bates et al. (2009), the average cash-to-assets ratio in US firms increased
substantially from 1980 to 2006, and this change is partly due to their increased R&D ex-
penditures. Brown et al. (2009) provide empirical evidence that the increase in corporate
cash flow in the 1990’s drives the increase in R&D in that period. Recent studies by Brown
and Petersen (2011) and Brown et al. (2012) explain this phenomenon by providing evidence
that firms smooth R&D expenditures by maintaining a buffer stock of liquidity in the form
of cash reserves. Furthermore, Brown and Petersen (2014) show that firms use cash reserves
to finance R&D but not capital investment. Berentsen et al. (2012) argue that information
frictions and limited collateral value of intangible R&D capital prevent firms from financing
R&D investment through debt or equity forcing them to fund R&D projects with cash re-
serves. A recent study by Falato and Sim (2014) provides causal evidence that R&D is a
first-order determinant of firms’ cash holdings. They use firm-level data in the US to show
that firms’ cash holdings increase (decrease) significantly in response to a rise (cut) in R&D
tax credits,? which vary across states and time. Furthermore, these effects are stronger for
firms that have less access to debt/equity financing. These results suggest that due to the
presence of financing frictions, firms hold cash to finance their R&D investment.?

We capture these cash requirements on R&D using a CIA constraint. Given this CIA
constraint on R&D, inflation that determines the opportunity cost of cash holdings affects
R&D investment, economic growth and social welfare. In an open economy, monetary policy
may also have spillover effects across countries through international trade.

The results from our growth-theoretic analysis confirm the above intuition and can be
summarized as follows. An increase in the domestic inflation rate decreases domestic R&D
investment and the growth rate of domestic technology. Given that economic growth in a
country depends on both domestic and foreign technologies, an increase in the foreign infla-
tion rate also affects the domestic economy. When each government conducts its monetary
policy unilaterally to maximize the welfare of only domestic households, the Nash-equilibrium
inflation rates are generally different from the optimal inflation rates chosen by cooperative

1See also Chu and Cozzi (2014), who introduce a CIA constraint on R&D investment into a closed-economy
version of the Schumpeterian growth model and analyze the effects of monetary policy.

2Interestingly, firms’ cash holdings have the opposite reaction to changes in investment tax credits.

3The evidence above does not necessarily imply that inflation affects the cost of cash holdings. For
example, it may be the case that firms are able to protect its cash against anticipated inflation and that the
cost of this financial management is independent of the inflation rate. However, Pinkowitz et al. (2003) and
Ramirez and Tadesse (2009) provide empirical evidence to show that inflation has a negative effect on firms’
cash holdings because they “prefer to lower their holdings of cash in anticipation of it losing value during
inflation.” Furthermore, Evers et al. (2009) use firm-level panel data to show that high inflation depresses
firms’ R&D investment by decreasing their liquidity holdings.



governments who maximize the aggregate welfare of domestic and foreign households. We
find that under the special case of inelastic labor supply, the Nash-equilibrium inflation rates
coincide with the optimal inflation rates. However, under the more general case of elastic
labor supply, the Nash-equilibrium inflation rates become higher than the optimal inflation
rates due to a cross-country spillover effect of monetary policy. The intuition can be ex-
plained as follows. When the government in a country reduces its inflation, the welfare gain
from increased R&D is shared by the other country through technology spillovers, whereas
the welfare cost of increasing labor supply falls entirely on domestic households. As a result,
the governments do not reduce inflation sufficiently in the Nash equilibrium.

The wedge between the Nash-equilibrium and optimal inflation rates depends on the mar-
ket power of firms. Under the CIA constraint on consumption, a larger markup reduces this
wedge. This finding is consistent with the interesting insight of Arseneau (2007), who shows
that the market power of firms has a dampening effect on the inflationary bias from monetary
policy competition analyzed in an influential study by Cooley and Quadrini (2003). How-
ever, under the CIA constraint on R&D investment, we have the opposite result that a larger
markup amplifies the inflationary bias from monetary policy competition. These different
implications highlight the importance of the differences between the two CIA constraints.
The main difference between the CIA constraint on consumption and the CIA constraint on
R&D is that under the latter, an increase in the inflation rate leads to a reallocation of labor
from R&D to production. As a result, higher inflation rates would be chosen by governments
in the Nash equilibrium to depress R&D when the negative R&D externality in the form of
a business-stealing effect determined by the markup becomes stronger. In contrast, under
the CIA constraint on consumption, this reallocation effect is absent because an increase
in the inflation rate reduces both R&D and production by decreasing labor supply. Given
that increasing the markup worsens a monopolistic distortionary effect on the production of
goods, governments would reduce inflation in the Nash equilibrium to stimulate production
when this monopolistic distortion measured by the markup becomes stronger.

We use cross-country panel data to estimate the effects of inflation on R&D and find
that there is a statistically significant negative relationship between the inflation rate and
the R&D share of GDP. Our preferred regression estimate shows that the semi-elasticity of
R&D with respect to inflation is -0.374 (i.e., a 1% increase in the inflation rate is associated
with a decrease in the R&D share of GDP by 0.374 percent). We also calibrate the two-
country model to aggregate data in the Euro Area and the US to simulate the quantitative
effects of inflation on R&D. We find that the simulated semi-elasticities of R&D with respect
to inflation are -0.448 for the Euro Area and -0.266 for the US. These values are in line with
the regression estimate.

In the numerical analysis of the Nash equilibrium, we consider the case in which final
goods are produced by a CES aggregate of domestic and foreign intermediate goods, which
introduces an international business-stealing effect across countries. In other words, when
a country decreases inflation to improve domestic technology, domestic firms are able to
capture a larger share of the global market due to the substitutability of domestic and
foreign intermediate goods. This effect represents a negative externality of monetary policy.
Together with the positive externality from technology spillovers, we find that the Nash
equilibrium continues to feature an inflationary bias. Therefore, we proceed to quantify the
welfare effects of decreasing the inflation rates from the Nash equilibrium to the optimal
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level. We find that the Friedman rule is optimal (i.e., a zero nominal interest rate maximizes
welfare). In this case, decreasing the inflation rates from the Nash equilibrium to achieve a
zero nominal interest rate in both economies would lead to nonnegligible welfare gains that
are equivalent to a permanent increase in consumption of 1.038% in the US and 0.249%
in the Euro Area. However, a unilateral deviation to decrease the inflation rate from the
Nash equilibrium would hurt the domestic economy and only benefit the foreign economy.
For example, we find that a unilateral decrease in the inflation rate in the Euro Area would
reduce its welfare by 0.213% but increase welfare in the US by 1.079%.

This study relates to the literature of inflation and economic growth, which explores the
long-run effects of inflation on capital investment. Stockman (1981) and Abel (1985) provide
the seminal studies of the CIA constraint on capital investment in the Neoclassical growth
model. Subsequent studies, such as Stadler (1990), Gomme (1993), Dotsey and Ireland
(1996), Wu and Zhang (1998) and Ho et al. (2007), explore the effects of monetary policy
in endogenous growth models. Instead of analyzing monetary policy in capital-based growth
models, we consider an R&D-based growth model in which economic growth is driven by
R&D investment, which has potentially more important implications on growth and welfare
than capital investment. The seminal study in this literature of inflation and innovation-
driven growth is Marquis and Reffett (1994), who explore the effects of a CIA constraint on
consumption in a Romer variety-expanding model.* In contrast, we consider a Schumpeterian
quality-ladder model and analyze monetary policy via a CIA constraint on R&D investment
as in Chu and Cozzi (2014).> Huang et al. (2013) also analyze monetary policy via CIA
constraints on R&D but in a Schumpeterian model with endogenous market structure. The
present study differs from the closed-economy analyses in Chu and Cozzi (2014) and Huang
et al. (2013) by considering a two-country setting with international trade in intermediate
goods. Given that technologies transfer across countries through trade,® monetary policy by
affecting domestic innovation has a technology spillover effect across countries. Our open-
economy model allows us to model and explore this technology spillover effect and also an
international business-stealing effect under which the unilateral choice of monetary policy
in the Nash equilibrium may deviate from globally optimal monetary policy. As Corsetti et
al. (2010) wrote, “inefficiencies and trade-offs with specific international dimensions result
from cross-border monetary spillovers when these are not internalized by national monetary
authorities”. Indeed, we find that the Nash equilibrium features a significant inflationary
bias. Given studies in the literature, such as Dotsey and Ireland (1996), Wu and Zhang
(1998), Aruoba et al. (2011) and Berentsen et al. (2012), often find that reducing inflation
leads to sizable welfare gains, it remains as a puzzle why individual countries do not conduct
monetary policy optimally to capture these welfare gains. Our open-economy analysis shows
that inflationary bias as a result of technology spillovers may serve as a partial explanation
on why individual countries are not able to conduct monetary policy optimally even in the
long run. To our knowledge, this is the first study that analyzes monetary policy in a
growth-theoretic framework featuring R&D and innovation in an open economy.

4Chu, Lai and Liao (2013) provide an analysis of the CIA constraint on consumption in a hybrid growth
model in which economic growth in the long run is driven by both variety expansion and capital accumulation.

See Chu and Lai (2013) for an analysis of the money-in-utility approach to model money demand in the
quality-ladder growth model.

6See Coe and Helpman (1995), Bayoumi et al. (1999) and Coe et al. (2009) for empirical evidence.



This study also relates to the new open economy macroeconomics literature that explores
monetary policy coordination and competition across countries in the presence of nominal
rigidity; see for example Obstfeld and Rogoff (2002), Benigno and Benigno (2003), Corsetti
and Pesenti (2005) and Bergin and Corsetti (2013). These studies analyze interesting chan-
nels, such as output gap stabilization, terms of trade improvement and production realloca-
tion externality, and their implications on welfare gains from monetary policy coordination.
The present study complements these influential studies by exploring the internalization of
technology spillovers as an additional source of welfare gains from monetary policy coordi-
nation given that R&D investment is an important component of corporate investment that
central banks pay attention to when conducting monetary policy.

Finally, this study also relates to a small but growing literature that explores interna-
tional policy cooperation in R&D-based growth models that involve technology spillovers
and international business-stealing effects across countries. For example, Lai and Qiu (2003)
and Grossman and Lai (2004) analyze patent policy, whereas Impullitti (2007, 2010) and
Kondo (2013) explore R&D subsidies. This paper complements these interesting studies by
focusing on monetary policy.

The rest of this study is organized as follows. Section 2 documents stylized facts. Section
3 presents the model. Section 4 analyzes the effects of inflation. Section 5 provides a
quantitative analysis. Section 6 concludes.

2 Stylized facts

In this section, we use cross-country panel data to estimate the effects of inflation on R&D.
Our data set covers 34 OECD countries for the period 1960-2012 at yearly frequency. We
collect data on R&D from Eurostat/UNESCO and data on inflation, population, GDP,
imports and exports from the World Development Indicators. We also use the Ginarte-
Park index of patent rights from Park (2008) and the Fraser index of economic freedom.”
We measure the level of income by real PPP-adjusted GDP per capita and the degree of
openness to trade by the sum of exports and imports as a share of GDP. Table 1 reports the
summary statistics of these variables.

Table 1: Descriptive statistics
Mean Stdev Min Max

R&D/GDP (%) 1.8 0.9 0.3 4.8
Inflation (%) 10.3 29.1 -30.2 665.4
Income 22591.5 10021.2 2431.7 74012.5
Patent rights 3.5 0.8 1.4 4.9
Economic freedom 6.9 1.2 3.4 8.8
Population (millions)  30.3 47.3 0.3 313.9
Trade/GDP (%) 34.5 21.8 0.0 166.7
Observations 648

"The Ginarte-Park index is available once every 5 years for each country. We interpolate the data series
by assuming that any missing year takes on the same value as the previously available year. We also apply
the same procedure to the Fraser index.



Our theoretical model predicts a negative relationship between inflation and R&D. Our
regression results are consistent with this theoretical implication. Table 2 reports the results
from our panel regressions and shows a negative relationship between inflation and R&D.

Table 2: Panel regression results
Dependent variable: 100*log(R&D/GDP)

Method: Pooled regression  Country FE = Country and year FE
Regressors
Inflation -1.0827##* -0.5637H+* -0.373 7Kk
(0.000) (0.000) (0.000)
Icome 0.0032%** 0.0013%** 0.0014%**
(0.000) (0.001) (0.003)
Patent rights 11.7772%%* 17.1994%* 12.4010%**
(0.005) (0.000) (0.000)
Economic freedom 5.9472 6.5400%** 6.9683***
(0.101) (0.001) (0.003)
Population -0.1110%** -0.3795%** -0.4614%**
(0.003) (0.004) (0.000)
Openness -0.8109*** 0.0404 -0.1199
(0.000) (0.738) (0.351)
Observations 648 648 648
Adj-R? 0.4325 0.9254 0.9375

Notes: p-values in parentheses. FE denotes fixed effects.

The regression coefficients on inflation are all significantly different from zero at the 1
percent level. In our preferred regression specification with both country and year fixed
effects, the estimated semi-elasticity of R&D with respect to inflation is -0.374. In other
words, a 1% increase in the inflation rate is associated with a decrease in the R&D share
of GDP by 0.374 percent. To identify whether it is the long-run or short-run component of
inflation that is driving our results, we have also used the Hodrick-Prescott filter to extract
the trend and the cyclical component of inflation. After repeating the regressions in Table
2, we find that the negative relationship between R&D and inflation is all due to trend
inflation; see Table 3 in which we report only the coefficient of trend inflation to conserve
space.® Given that trend inflation is more likely to affect inflation expectations’ and be
reflected in the nominal interest rate that determines the opportunity cost associated with
cash-in-advance constraints, we view these results as encouraging motivating evidence for
our theory.!’

8Regression results for cyclical inflation are available upon request; see Appendix B.

9We follow Orr et al. (1995), Ardagna et al. (2007) and Ardagna (2009) to use trend inflation from the
Hodrick-Prescott filter as a proxy for inflation expectations.

10Using OECD patent databases, we have also briefly explored the effects of inflation on the number of
patent grants at USPTO by inventors’ country of origin from 1976 to 2013 and found a significant negative
relationship between the two variables; see Appendix B.



Table 3: Panel regressions using HP-trend
Dependent variable: 100*log(R&D/GDP)

Method: Pooled regression  Country FE = Country and year FE
Regressor
Trend inflation -1.2732%%* -0.7065*** -0.4662%**
p-values (0.000) (0.000) (0.000)
Observations 648 648 648
Adj-R? 0.4362 0.9214 0.9303

Notes: FE denotes fixed effects.

3 An open-economy monetary Schumpeterian model

In this section, we develop an open-economy version of the monetary Schumpeterian growth
model. The underlying quality-ladder model is based on the seminal work of Aghion and
Howitt (1992), and we consider a version of the quality-ladder model in Grossman and
Helpman (1991).!! We remove scale effects in the Schumpeterian model by allowing for
increasing complexity in innovation as in Segerstrom (1998).!? Furthermore, we modify the
Schumpeterian model by introducing money demand via CIA constraints on consumption
and R&D investment as in Chu and Cozzi (2014) and extending the closed-economy model
into a two-country setting with trade in intermediate goods. The home country is denoted
with a superscript h, whereas the foreign country is denoted with a superscript f. Both
countries invest in R&D, but we allow for asymmetry across the two countries in a number
of structural parameters. Following a common treatment in this type of two-country models,
we assume labor immobility across countries. Given that the quality-ladder model has been
well-studied, we will describe the familiar components briefly but discuss new features in
details. Furthermore, to conserve space, we will only present equations for the home country
h, but readers are advised to keep in mind that for each equation we present, there is an
analogous equation for the foreign country f.

3.1 Household

In each country, there is a representative household. In country h, the population size is
N}, and its law of motion is Nth = nN}', where n > 0 is the exogenous population growth
rate. Total population in the world is Ny = N} + Ntf , Where Ntf is the population size in
country f, which is assumed to have the same population growth rate n. The lifetime utility

See also Segerstrom et al. (1990) for another seminal study of the quality-ladder model.
12Gee for example Jones (1999) for a discussion of scale effects in R&D-based growth models.



function of the household in country h is given by'?
Uh = / e " [Inc! + 6" In(1 —1")] dt, (1)
0

where ¢ denotes per capita consumption of final goods and I denotes the supply of labor
per person in country k at time ¢t. The parameters p > 0 and 0" > 0 determine respectively
subjective discounting and leisure preference. We allow for asymmetry in 8" across the two
countries.

The asset-accumulation equation expressed in real terms (i.e., denominated in units of
final goods) is given by

d? + m? = (rf — n)af} — (7?? + n)m? + zi‘b? + wflf + T? — ci‘. (2)

al is the real value of financial assets (in the form of equity shares in monopolistic firms)
owned by each member of the household in country h. r? is the real interest rate in country h.
According to the Fisher identity, it is equal to 7 = i" — 77 where i is the nominal interest
rate and 7} is the inflation rate in country h. m! is the real value of domestic currency held by
each member of the household partly to facilitate the payment of consumption goods that are
purchased domestically and partly to facilitate money lending to R&D entrepreneurs subject
to the following constraint: b} + £"c} < m}, where b} is the real value of domestic currency
borrowed by R&D entrepreneurs to finance their R&D investment and &" > 0 parameterizes
the strength of the CIA constraint on consumption. As the household accumulates more
money m', its money lending b to R&D entrepreneurs also increases, and the rate of return
on b? is the nominal interest rate i".!* w! is the real wage rate in country h. Finally, 77 is
the real value of a lump-sum transfer (or tax if 7" < 0) from the government to each member
of the household.

The household maximizes (1) subject to (2) and b} +£"¢! < m!*, which becomes a binding
constraint in equilibrium. From standard dynamic optimization, the optimality condition

for per capita consumption in country A is

L — 3)

(L)

where 1} is the Hamiltonian co-state variable on (2). The optimality condition for labor

supply is
O el (1 + £Mil)
t - t) (4)

h=1- "
t

13Here we assume that the utility function is based on per capita utility. Alternatively, one can assume
that the utility function is based on aggregate utility in which case the effective discount rate simply becomes
p—n.

YTt can be shown as a no-arbitrage condition that the rate of return on b must be equal to i!'. The
intuition can be explained as follows. The opportunity cost for the household to hold cash is the nominal
interest rate. Therefore, in order for the household to be willing to lend cash to firms, it must be the case
that firms pay the nominal interest rate in return. If firms pay less than the nominal interest rate, the
household would not lend any cash to firms. If they pay more than the nominal interest rate, the household
would want to lend an infinite amount of cash to firms.



Finally, the intertemporal optimality condition is

i

h
=r'—p—n. (5)
U

In the case of a constant nominal interest rate ", (3) and (5) simplify to the familiar Euler
equation: ¢/ch =rh —p—n.

We consider a global financial market. In this case, the real interest rates in the two
countries must be equal such that r} = r{ = r,."> Given that the distribution of financial
assets across the two countries is indeterminate, we follow Dinopoulos and Segerstrom (2010)
to assume that monopolistic firms created by innovation of domestic entrepreneurs are owned
by the domestic household. Furthermore, there is no incentive for the household to hold
foreign currency even when the nominal interest rates differ across countries. The reason
is that given the same real interest rate across countries as a result of the global financial
market, differences in the nominal interest rates are due to differences in the inflation rates,
which in turn equal percent changes in the nominal exchange rate because the law of one
price holds in our model as we discuss below. Therefore, a small transaction cost on foreign
exchange would discourage the household from holding foreign currency.

3.2 Final goods

Final goods for consumption in the two countries are produced by competitive firms that
aggregate two types of intermediate goods using a standard CES aggregator given by

/e o1)/019/@=1)
Co = [a(y) e D07 4 (1= )y , (6)

where Y/ and Y;f denote intermediate goods produced by country h and country f, respec-
tively. The parameter o € (0, 1) determines the importance of country h’s intermediate goods
in the production of final goods. The parameter o > 0 measures the elasticity of substitution
between intermediate goods produced by the two countries. From profit maximization, the
conditional demand functions for ¥;* and th are respectively

Y = (i)”@, (7)

h
py,t

11—« iy
py,t

where p’;t is the price of Y}, and pgt is the price of Y;f . Both of these prices are expressed
in units of final goods.

Suppose the nominal price of final goods in country A is pi”t, which is denominated in
units of currency in country h. Then, because final goods can be freely traded across the two

15The nominal interest rates in the two countries would still be different if the inflation rates differ across
countries.



countries,® the law of one price holds such that the nominal price of final goods denominated
in units of currency in country f is pfvt = 5tp2t, where ¢, is the nominal exchange rate.

3.3 Intermediate goods

Intermediate goods are also produced by competitive firms. Competitive firms in country
h produce Y by aggregating a unit continuum of differentiated domestic inputs X (j) for
j €10,1]. The standard Cobb-Douglas aggregator is given by!”

v/ = exp < / 1 1an<j>dj> . 9)

0

From profit maximization, the conditional demand functions for X (j) is

pht
X/'(j) = ==y, (10)
P (J)

where p’ ,(j) is the price (denominated in units of final goods) of X/'(j). Finally, the standard
price index of Y}" is pgt = exp <f01 lnpg,t(j)dj> A8

3.4 Differentiated inputs

In country h, there is a unit continuum of differentiated inputs indexed by j € [0,1]. In
each industry j € [0, 1], there is an industry leader who dominates the market temporarily
until the arrival of the next innovation.'” The industry leader employs domestic workers to
produce X(5).2° Specifically, the production function is given by

XPG) = EEOL(), (11)

where L;L?t (j) denotes production labor in industry j of country h. 2" > 1 is the step size of
innovation in country h, and we allow this parameter to differ across countries. ¢?'(j) is the
number of quality improvements that have occurred in industry j as of time ¢.2!

Given (z")%) in industry j, the leader’s marginal cost function for the production of
XP(j) is

wy
(zh)ar ()’

(12)

mey (j) =

16Even if final goods cannot be traded, the fact that intermediate goods are freely traded is sufficient to
ensure pf’t = stpfj’t.

17Qur results are robust to a more general CES aggregator, under which the monopolistic markup of
differentiated inputs may be determined by the elasticity of substituition. For simplicity, we focus on the
Cobb-Douglas aggregator.

8 Derivations available upon request; see Appendix B.

19This is known as the Arrow replacement effect in the literature; see Cozzi (2007) for a discussion.

20Tn order to keep the analysis tractable, we do not consider production offshoring in this study; see Chu,
Cozzi and Furukawa (2013) for a North-South analysis of monetary policy with production offshoring.

21Tt is useful to note that we here adopt a cost-reducing view of quality improvement as in Peretto (1998).
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Standard Bertrand price competition leads to markup pricing. This markup ratio is assumed
to equal the step size 2" of innovation in Grossman and Helpman (1991). Here we allow for
variable patent breadth similar to Li (2001) and Iwaisako and Futagami (2013) by assum-
ing that the markup p” > 1 is a policy instrument determined by the patent authority.??
For simplicity, we focus on the case in which u* = u/ = p, and this assumption can be
partly justified by the harmonization of patent protection across countries as a result of the
Agreement on Trade Related Aspects of Intellectual Property Rights (TRIPS) effective since
1996.% Furthermore, given that patent policy is not designed by the monetary authority in
reality,?* we treat ;1 as exogenous when deriving optimal monetary policy.
Given the markup ratio y, the price of X['(j) is

h
Wy

(zh)at ()’ (13)

pZt(]) =W
Therefore, the real value of monopolistic profit earned by the industry leader j in country h
is

N oop—1 : N op—1
wy(§) = Tpﬁ,t(J)Xt’"‘ (j) = Tp’;,thh, (14)

where the second equality follows from (10). Finally, wage income paid to industry j’s
workers in country h is

) 1 ) ) 1
wp Ll (5) = ;pZ,t(J)Xf (j) = ;p’;thh- (15)

3.5 R&D

Denote v"(j) as the real value of the monopolistic firm j € [0,1] in country h. Because
wh(j) = wh for j € [0,1] from (14), v!(j) = v} in a symmetric equilibrium that features an
equal arrival rate of innovation across industries within a country.?’ In this case, the familiar
no-arbitrage condition for v is

Wit — Al

re = - : (16)

Uy

22To model patent breadth, we first make a standard assumption in the literature, see for example Howitt
(1999) and Segerstrom (2000), that once the incumbent leaves the market, she cannot threaten to reenter the
market due to a reentry cost. As a result of the incumbent stopping production, the entrant is able to charge
the unconstrained monopolistic markup, which is infinity due to the Cobb-Douglas specification in (9), under
the case of complete patent breadth. However, with incomplete patent breadth, potential imitation limits
the markup. Specifically, the presence of monopolistic profits attracts imitation; therefore, stronger patent
protection allows monopolistic producers to charge a higher markup without the threat of imitation. This
formulation of patent breadth captures Gilbert and Shapiro’s (1990) seminal insight on "breadth as the
ability of the patentee to raise price".

23S8ee Lai and Qiu (2003) and Grossman and Lai (2004) for an analysis of the harmonization of patent
protection under TRIPS.

24Gee Chu (2008) for a discussion of the political process in determining patent policy in the US.

25We follow the standard approach in the literature to focus on the symmetric equilibrium. See Cozzi et
al. (2007) for a theoretical justification for the symmetric equilibrium to be the unique rational-expectation
equilibrium in the Schumpeterian growth model.
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This condition equates the real interest rate r; in the global financial market to the rate
of return per unit of financial asset. The asset return is the sum of (a) monopolistic profit
wl, (b) any potential capital gain o7, and (c) expected capital loss \'v! due to creative
destruction, where A!" is the arrival rate of the next innovation in country h.

There is a unit continuum of R&D entrepreneurs indexed by k € [0, 1] in each country,
and they hire R&D labor for innovation. In country h, entrepreneur k’s wage payment to
R&D labor is waﬁt(k). However, to facilitate this wage payment, the entrepreneur needs
to borrow domestic currency?® from the domestic household.?” The real value of money
borrowed is b (k) = ¢"w]L (k), where ¢" € (0,1] is the fraction of wage payment that
requires the use of currency. We follow the formulation in Chu and Cozzi (2014) to impose
a CIA constraint on R&D such that the cost of borrowing is i?b'(k). Therefore, the total
cost of R&D is (1 + ¢"if)wf'L", (k). Free entry implies zero expected profit such that

v AL (k) = (1+ @ i Jwy Ly (k), (17)

where the firm-level arrival rate of innovation is A!(k) = @p Ll (k). To model two sources of
R&D externality commonly discussed in the literature, we assume @, = ¢/[(L!,)° Z]'], where
Lf’t is aggregate R&D labor. Z! denotes aggregate technology in country h capturing the
effect of increasing innovation complexity.?® This formulation of increasing R&D difficulty
also removes scale effects in the innovation process as in Segerstrom (1998).% The parameter
d € [0,1) measures the degree of R&D duplication externality as in Jones and Williams
(2000).3° The parameter ¢ > 0 determines R&D productivity. The aggregate arrival rate of
innovation in country A is

- /1 Ay = £ - (18)

3.6 Monetary authority

The nominal value of the aggregate money supply in country h is M. Then, the real value
of the aggregate money balance in country h is m{'N}* = M]'/p!,, where p, is the price

26Given that this is wage payment to workers in the domestic economy, the wage payment is naturally paid
in domestic currency. Furthermore, there is no incentive for the entrepreneurs to borrow foreign currency
and convert it into domestic currency even when the nominal interest rates differ across countries because
uncovered interest rate parity holds in our model.

2TDue to the static nature of the R&D sector in this workhorse model, we cannot deal with the case in
which R&D entrepreneurs accumulate cash holdings. However, even if we allow entrepreneurs to accumulate
cash, inflation would have the same positive effect on the cost of R&D as in our current setting in which
entrepreneurs borrow cash from the household because the opportunity cost of using cash to finance R&D
is determined by the nominal interest rate in both cases.

28See Venturini (2012) for empirical evidence based on industry-level data that supports the presence of
increasing R&D difficulty.

29GQegerstrom (1998) considers an industry-specific index of R&D difficulty. Here we consider an aggregate
index of R&D difficulty to simplify notation without altering the aggregate results of our analysis.

30We assume & to be the same across countries in order to ensure that Z! and Zf grow at the same rate
in the long run. Equation (27) shows that the balanced growth path would not exist (unless o — 1) if Z}
and th grow at different rates in the long run.
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of final goods denominated in units of currency in country h. Therefore, the growth rate
of per capita real money balance is 1/ /mf = M}'/M}' —n — «}', where 7 = p!,/pl, is
the inflation rate of the price of final goods in country h. The monetary policy instrument
that we consider is the inflation rate 7, which is exogenously chosen by the monetary
authority in country h. Given 7, the nominal interest rate in country h is endogenously
determined according to the Fisher identity i = 7" + r;, where r; is the real interest rate
in the global financial market. Then, the growth rate of the nominal money supply M} in
country A is endogenously determined according to Mth JM] =} /m}+n+7P. Finally, the
monetary authority in country h returns the seigniorage revenue as a real lump-sum transfer
ThNP = M/ ply = [mf + (7} +n)m]N}* to the domestic household.

3.7 Decentralized equilibrium
The equilibrium is a time path of allocations {7, l{, ch c{, Cy, Y, Y;f, XI5, th (7), Lg,t(j),

LL,(j), Lt (k), LY, (k) }:2,, a time path of prices {w]', w], p" . L, o, 0l 1 02, (5), 0L, (5), vl 0] e},

and a time path of policies {7/, 7 77}, such that the following conditions are satisfied:

e the representative household in country h chooses {I, ¢} to maximize lifetime utility
taking {w?7pg,t7 W?? T?} as given;

e the representative household in country f chooses {I/, ¢/} to maximize lifetime utility

taking {uf, !, ol 1} as given,

e competitive final-good firms produce {C}} to maximize profit taking {p!,, pit, Pl pf;t}
as given;

e competitive intermediate-good firms in country h produce {Y;*} to maximize profit
taking {p},, pl,(j)} as given;

e competitive intermediate-good firms in country f produce {th } to maximize profit
taking {py.;, p1+(j)} as given;

e monopolistic firms in country h produce {X/'(j)} and choose {p,(j)} to maximize
profit taking {w!} as given;

e monopolistic firms in country f produce {X/(j)} and choose {pf;t(j)} to maximize
profit taking {w/} as given;

e competitive R&D entrepreneurs in country h employ {L,(k)} to maximize expected
profit taking {w!, v"'} as given;

e competitive R&D entrepreneurs in country f employ {Lf (k)} to maximize expected
profit taking {w,{[ vl } as given;

e the market-clearing condition for final goods holds such that ¢! N} + c{ Ntf = Cy;

13



e the market-clearing conditions for labor in the two countries hold such that (!N =
Lt + Lh, and I N/ = LI, + L] ; and

e the value of assets equals the value of monopolistic firms in each country such that
al' NP = o and af N/ = o],

3.8 Aggregate economy
Substituting (11) into (9) yields the aggregate production function for Y;* given by

Yl =zM (19)

x,t)

where aggregate technology Z" in country h is defined as

1 t
ZI = exp (/ ¢"(j)djIn zh) = exp </ Mdo In zh) . (20)
0 0

The second equality of (20) applies the law of large numbers. Differentiating the log of (20)
with respect to t yields the growth rate of aggregate technology in country h given by

()

h
7 @ln 2" (21)

Similarly, the aggregate production function for th is given by

v/ =z/'L! (22)

x,t)

where aggregate technology th in country f is defined as

1 t
Z{ = exp (/ ¢/ (j)djIn zf> = exp (/ Mdvln zf> . (23)
0 0

Differentiating the log of (23) with respect to ¢ yields the growth rate of aggregate technology
in country f given by
(Lz,t)l_(s 1 f (24)
———plnz’.

zl 7

Zf
—tf = )\{lnzf =
t

Proposition 1 Given constant nominal interest rates {i",i/} in the two countries, the ag-
gregate economy gradually converges to a unique and stable balanced growth path along which
each variable grows at a constant (possibly zero) rate.
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Proof. See Appendix A. =

For the dynamics of the model, Proposition 1 shows that the aggregate economy gradually
converges to a unique and stable balanced growth path (BGP). On the BGP, the share of
labor allocated to each sector is stationary, and technologies { Z*, th } grow at a constant rate.
Consequently, (21) and (24) imply that (L",)'~%/Z" and (L{,)'~°/Z} must be stationary in
the long run. Given that the share of labor allocated to each sector is also stationary on
the BGP, L!',/N} and L{,/N/ are stationary in the long run. This analysis implies that the
long-run growth rates of home and foreign technologies are

Zh

"=t =N =(1-6n, (25)
zZh

ngZ =Mz =(1-0)n, (26)
zf

where the steady-state equilibrium arrival rates of innovation are also determined by exoge-
nous parameters given by A" = (1 — ¢)n/In 2" and A = (1 — §)n/In 2/. Differentiating the
log of (6) with respect to time yields the growth rate of aggregate consumption given by

Zt a(Ye- 1)/0 + (1 —a)(YHe=D/eZt | = (97
On the BGP, the growth rates of final goods are
yp zh L
Y—ih — Z_zh th =g"+n=(2-0n, (28)
v/ ozl L]
L == L — gl 4n= (2 —9d)n. (29)

vl ozl L
Therefore, the long-run growth rate of aggregate consumption is go = (2 — d)n, and the
long-run growth rate of per capita consumption in the two countries is g" = g/ = (1 — )n.

3.9 Steady-state equilibrium labor allocations

Here we sketch out the derivations of the steady-state equilibrium labor allocations in country
h. Integrating (17) over k yields the free-entry condition in the R&D sector given by vf)\? =
(1 + ¢"iMwP LI, Equation (16) implies that the balanced-growth value of an innovation is

v =wh/ (r — gv —i— A"), where g denotes the steady-state growth rate of v, It can be shown
that r — g" = p on the BGP.3! Substituting these conditions along with (14) and (15) into
the R&D free-entry condition yields

-1 N

I 14"t p+ NV

31 Derivations available upon request; see Appendix B.

(30)
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where lf}t = Lht /NI and l;’t = Lht /NI denote per capita labor allocations. The second
condition for solving the steady-state equilibrium labor allocations is the resource constraint
on labor given by

=140 (31)

To determine the steady-state equilibrium per capita labor supply I, we apply a? N} = v}

(i.e., the assumption of domestic innovations being owned by the domestic household) on
(2) such that
o =iy + BNy + wl Lk, 4w LY, — NP, (32)

where we have also used 77" = ! + (7' + n)m}* and the resource constraint on labor in (31).

Applying 7 — g" = p and (17) on (32) yields
NI = pup + Aoy + wi Ly, = py Y/ (33)

where the second equality follows from v = w!/(p 4+ A"), (14) and (15). Substituting (33)
and (15) into (4) yields
" =1— pd"(1+ MMyt (34)

Solving (30), (31) and (34) yields the steady-state equilibrium labor allocations.

Proposition 2 The equilibrium labor allocations in country h are given by

p=1__Ah

l:} — 1+¢hih P+/\h —, (35)

L+ pf"(1+€"it) + 750 U

1

ly = s (36)

]. + Meh(l +§ /Lh) ¢h1h pikh

#_1 )\h
I — I+ oo ptA" (37)
h J
]' + /‘Lgh(]‘ +€ /Lh) ¢}L1,Lh pj\_)\h

where i" =7 +r =7+ p+n+ gt =7+ p+ (2 — 5)n, which is increasing in 7.3

Proof. See Appendix A. =

Equation (35) shows that R&D labor I is decreasing in i" and 7" (given that i* =
7" + p+4 (2 — 0)n) via the CIA constraint on R&D (captured by ¢") and the CIA constraint
on consumption (captured by £"). The intuition of the effect via ¢" is that a higher nominal
interest rate increases the cost of R&D, which in turn causes R&D entrepreneurs to reduce
their R&D spending. The intuition of the effect via ¢" is that a higher nominal interest
rate increases the cost of consumption relative to leisure; as a result, the household increases
leisure and decreases labor supply, which also reduces R&D labor. Equation (36) shows that

32Empirical evidence supports a positive long-run relationship between inflation and the nominal interest
rate; see for example Mishkin (1992) for US data and Booth and Ciner (2001) for European data.
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i" and 7" have a positive effect on production labor I" via the CIA constraint on R&D but a
negative effect on I via the CIA constraint on consumption. The positive effect of i" and 7"
on I" via ¢" is due to the reallocation of labor from the R&D sector to the production sector.
The negative effect of i" and 7" on I" via ¢" is due to the reduced supply of labor. Equation
(37) shows that labor supply (" is decreasing in i" and 7" via both CIA constraints.

3.10 Inflation and economic growth

We now explore the effects of inflation on the growth rate of technologies. To facilitate this
analysis, we define a transformed variable ¢" = Z"/(N/)1=° and its growth rate is given by

7h
S Z,

_:__(1_6>Nth_Z‘th

— =—— (1—=9)n. 38
Using the steady-state equilibrium condition Z"/Z" = (1 — §)n, we can rewrite (21) as

h pln2" s

where the steady-state equilibrium R&D labor [" is decreasing in the domestic nominal
interest rate i and the domestic inflation rate 7" as shown in (35). Therefore, ¢" is also
decreasing in " and 7". In order for ¢" to decrease to a lower steady-state value in the
long run, it must be the case that in the short run, ¢" /¢! < 0, which in turn implies that
Z'/Zh < (1 — &)n. In other words, a permanent increase in the domestic inflation rate
leads to a temporary decrease in the growth rate of domestic technology and a permanent
decrease in the level of domestic technology ¢”. An analogous analysis would show that a
permanent increase in the foreign inflation rate leads to a temporary decrease in the growth
rate of foreign technology and a permanent decrease in the level of foreign technology ¢/.

4 Inflation and social welfare

In this section, we analyze the effects of domestic and foreign inflation on social welfare. On
the BGP, the long-run welfare of the representative household in country h is given by

oh = e + g + 60" In(1 — 1" (40)
Y '

For analytical tractability, we focus on the special case of o — 1 in (6) in this qualitative
analysis.*® Substituting (7) into (33) yields ¢! = aC;/N}*. Substituting this condition along
with (6) and ¢g" = (1 — §)n into (40) yields

pU" =InCo+6"In(1 —1") = aln Yy 4+ (1 — ) In Yy + 6" In(1 — "), (41)

33We will consider the general case of ¢ > 1 in the subsequent quantitative analysis.
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where we have dropped all the exogenous terms. The balanced-growth levels of final goods
are given by
Yo' = Zgla Ny, (42)

Yy = Z{ING, (43)
where the balanced-growth levels of technologies are given by

NI =opIn 20
(1=9)n

7t = iy, ()

N({)lf%lnzf( fy1-0
1—-0)n 77

Zi = (
Substituting (42)-(45) into (41) yields
pU" =a[lnl" + (1= 0) ")+ (1 —a)[Inlf + (1 =8 Inl]+6"In(1 —1"),  (46)

where we have once again dropped the exogenous terms. In (46), {I, 1" "} depend on i"
and 7" and {I/,1/} depend on i/ and /.

In the following subsections, we will derive (a) the inflation rate that is unilaterally chosen
by each government to maximize domestic welfare and (b) the inflation rates that are chosen
by cooperative governments who maximize the aggregate welfare of the two countries. Given
that the results differ under the following three scenarios, we analyze them separately. In
Section 4.1, we consider the case of inelastic labor supply. In Section 4.2, we consider elastic
labor supply with only the CIA constraint on R&D investment. In Section 4.3, we consider
elastic labor supply with only the CIA constraint on consumption.

4.1 Inelastic labor supply

In this subsection, we consider the case of inelastic labor supply (i.e., 0" = 97 = 0). In this
case, (35) and (36) simplify to
p=1l__Ah
ho_ 1d+ghih ppah
l’l‘ - 1 + N_l )\h Y (47)
14+¢Mih p+AP

1
h _
lm - 1 u—1 )\h ) (48)
+ 14+¢™ih p+AP

and " = 1. Due to inelastic labor supply, the effect of inflation operates solely through the
CIA constraint on R&D investment. By analogous inference, the steady-state equilibrium
allocations of R&D and production labors in country f are

u—1 by
_ 14¢Tif p+NS
lff— 1 Pﬁlp A (49)
+ 14+¢fif p+XS
1
f_
i = Tt (50)

1+¢7if p+AS
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Substituting (47)-(50) into (46) and then differentiating U" with respect to 7", we obtain
the following domestic inflation rate that is unilaterally chosen by the government in country
h to maximize the domestic household’s welfare:

1 [p—1 M\
A —1| - 1

where 7 = p+ (2 — §)n and A" = (1 — §)n/In 2" are determined by exogenous parameters.
By analogous inference, the foreign inflation rate that is unilaterally chosen by country f’s
government to maximize the welfare of the household in country f is given by

1 [p—1 N
nfzu—{ﬁ—— A —1}—n (52)

where A = (1 — &§)n/In 2.

We refer to the pair {n”,, 7/ 1 as the Nash-equilibrium inflation rates because each gov-
ernment pursues its own objective taking the other government’s action as given. An inter-
esting observation is that 7/ _ is also the foreign inflation rate that would be preferred by the
government in country h. To see this result, we differentiate U" with respect to 7/ and find
that the optimal foreign inflation rate for country h is also 7/ . Finally, we consider cooper-
ative governments who choose {7, 7/} to maximize aggregate welfare defined as U" + U/,
and we refer to these inflation rates as the optimal inflation rates denoted as {7", 7/}. We
find that {7" 7/} = {x" 7/ }. In other words, the unilateral action of each government
gives rise to an internationally optimal outcome; however, in the next subsection, we will
show that this special result is due to the restriction of inelastic labor supply. We summarize
the above results in the following proposition.

Proposition 3 Under inelastic labor supply, the Nash-equilibrium inflation rate unilaterally
chosen by each government coincides with the optimal inflation rate chosen by cooperative
governments who mazimize aggregate welfare of the two countries.

Proof. See Appendix A. =

The comparative statics of the optimal inflation rates can be summarized as follows. The
optimal inflation rate in country h is decreasing in the domestic innovation step size 2" but
increasing in the degree of duplication externality ¢ and the size of the markup p. The
intuition of these results can be easily understood if we compare the equilibrium allocation
to the socially optimal allocation. It can be shown that the first-best optimal ratio of R&D
to production labor is given by>*

lh gh
T= (-0 (53)

34 Derivations available upon request; see Appendix B.
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where ¢" = (1 — &)n. Then, we use A" = ¢"/In 2" to rewrite (30) and obtain the equilibrium
ratio of R&D to production labor given by

r :u_]- gh
T . 54
14 ¢titgh 4+ pln zh (54)

" causes the equilibrium ratio "/I" to

Comparing (53) and (54), we see that a larger z
decrease relative to the optimal ratio ZZL /Ef worsening the surplus-appropriability problem,?®
which is a positive externality. In this case, the optimal policy response is to reduce inflation
to stimulate R&D. Second, a larger § causes the equilibrium ratio 1" /I" to increase relative
to the optimal ratio ZZ? /Ef capturing the negative duplication externality. In this case, the
optimal policy response is to raise inflation to depress R&D. Finally, a larger p also causes the
equilibrium ratio " /" to increase relative to the optimal ratio [ /I" due to a strengthening of
the (domestic) business-stealing effect,3® which is another source of negative R&D externality.

In this case, the optimal policy response is also to raise inflation to depress equilibrium R&D.

4.2 Elastic labor supply with CIA on R&D only

In this subsection, we consider the case of elastic labor supply (i.e., 0" > 0) with the CIA
constraint on R&D. However, we remove the CIA constraint on consumption by setting
¢ = ¢/ = 0. In this case, (35), (36) and (37) simplify to

/.L—l /\h
h;:h h
lh . 1+¢ K3 p+)\ (55)

r h pu=1 N7
]_ + ,LLH + 1+¢hih ,0+/\h

1
Iy = , (56)

h pu—1 AP
L+ p0" + 1+ pt AP

14 pels X
lh _ 1+¢ ih ,D"r/\ ) (57)

h p—1 AP
1 + Ne + 1+¢)h’ih p+/\h

By analogous inference, the steady-state equilibrium allocations of R&D and production

labors in country f are
p=1 A\
T aTif pinT
le 1+¢73f p+X (58)

f p=1 A7
1+ p6” + 14+¢7if p+AS

1

-1 A
1+ “Qf + 1Jl:¢fif p+AS

i

(59)

35The surplus-appropriability problem refers to the case in which R&D entrepreneurs do not take into
account the external benefits to consumers when new innovations occur.

36The business-stealing effect refers to the case in which R&D entrepreneurs do not take into account the
external losses suffered by current industry leaders when new innovations occur.
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Substituting (55)-(59) into (46) and then differentiating U" with respect to 7", we obtain
the following domestic inflation that is unilaterally chosen by the government in country h
to maximize the domestic household’s welfare:

11 "\ p—1 N
== | () B -1 - (60)
¢" Lo \14+pb") 1=0p+ A

where r = p+ (2 — 0)n and A" = (1 — §)n/In2". The analogous inflation rate unilaterally
chosen by country f’s government to maximize the welfare of the household in country f is

given by

1 1 1— f —1 M

wfw:—{ ( O‘+9)“ A —1}—73 (61)
¢ [1—a\ 14+’ J1=0p+ N

where A = (1 — §)n/In2/. We next consider cooperative governments who choose {7", 7/}
to maximize aggregate welfare U" + U7, and the resulting optimal inflation rates are given

by
1[1 [2a+6"\ pu—1 A
WZ:_h{2_< h>1_5 h—l}—r, (62)
¢" L2 \ 1+ pf p+ A
1 1 2(1—a)+0f n—1 A\
t= —1| - 63
T {2(1—04)( 1+ pb’ )1—5p+)\f r (63)

We see that 7", > 7 and 7f, > 7/. In other words, the unilateral action of each
government generally leads to excessively high inflation in the Nash equilibrium due to
a cross-country spillover effect of monetary policy under elastic labor supply. This effect
captures the inflationary bias due to monetary policy competition in Cooley and Quadrini
(2003). However, the intuition of our model is different and can be explained as follows.
When a country lowers its inflation rate, the welfare gain from a higher level of technology is
shared by the other country, whereas the welfare cost of increasing labor supply (1" in (57)
is decreasing in 7") falls entirely on the domestic household. As a result, the government
does not lower the domestic inflation rate sufficiently in the Nash equilibrium. In contrast,
cooperative governments would internalize the welfare gain from a higher level of technology
in the other country.

Taking the difference of (60) and (62) yields the wedge between the Nash-equilibrium
and optimal inflation rates in country h given by

h h p—1 0" A
T, =
T a0 1200 (1 = 8) p+ AP

> 0, (64)

which is increasing in the markup p. Intuitively, a larger markup strengthens the negative
business-stealing externality as discussed before, and the resulting optimal policy response
is to increase inflation to reduce R&D. However, in the Nash equilibrium, the cost of higher
inflation that depresses the level of technology is shared by the other country. As a result,
a noncooperative government would increase inflation more aggressively than a cooperative
government would, and the wedge between the Nash-equilibrium and optimal inflation rates
is monotonically increasing in the market power of firms. This result differs from the in-
teresting result in Arseneau (2007), who shows that a larger market power of firms tends
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to reduce the inflationary bias. The different implications between the two studies are due
to the different CIA constraints. We have analyzed a CIA constraint on R&D, whereas
Arseneau (2007) analyzes a CIA constraint on consumption. In the next subsection, we
show that our model also delivers the insight of Arseneau (2007) under a CIA constraint on
consumption.

Proposition 4 Under elastic labor supply with only a CIA constraint on RED, the Nash-
equilibrium inflation rate unilaterally chosen by each government is higher than the optimal
inflation rate chosen by cooperative governments who mazximize aggregate welfare of the two
countries. The degree of this inflationary bias is monotonically increasing in the market
power of firms.

Proof. See Appendix A. =

4.3 Elastic labor supply with CIA on consumption only

In this subsection, we consider the case of elastic labor supply (i.e., 0" > 0) with the CIA
constraint on consumption. However, we remove the CIA constraint on R&D by setting
¢" = ¢’ = 0. In this case, (35), (36) and (37) simplify to

h (=N /(p+ \")

Tl (L + Y+ (e — DA (p £ AP (65)

ZZ - h h: : h Ry (66)
L4+ p0" (140 + (n— DA/ (p+ A7)

lh 1+ (:u _ 1))‘h/(/0 + )‘h) (67)

1+ pf" (14 MY+ (= DN (o + AP
By analogous inference, the steady-state equilibrium allocations of R&D and production
labors in country f are

v (=DM /(p+ M) (68)
Tl () (= DM /(o A
v _ 1 (69)

L4 pb (1+&5i0) + (u = 1M /(p+ M)

Substituting (65)-(69) into (46) and then differentiating U" with respect to ", we obtain
the following domestic inflation that is unilaterally chosen by the government in country h
to maximize the domestic household’s welfare:

no 1 1 p+ A"
e e —

ne gh O‘N/(z — 5) p—l-)\h —1 - (70)
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where = p+ (2 — 0)n and A" = (1 — §)n/In2". The analogous inflation rate unilaterally
chosen by country f’s government to maximize the welfare of the household in country f is
given by

(e

1 1 2
PYH _1}4 (71)

2 [(1—0%(2—5) p+ N

where A/ = (1 — §)n/In2/. We also consider cooperative governments who choose {7", 7/}
to maximize aggregate welfare U”" + U/, and the resulting optimal inflation rates are given

by

=
* >

1 1 AP
:—[ pre _1]_7», (72)

" [200(2=6) p+ N

s 1 prm ]
S {2(1—@)u(2—5)p+ﬂ 1] ") (73)

We see that 7, > 7" and 7/ > 7/. As in the previous case, the unilateral action of
each government leads to excessively high inflation in the Nash equilibrium due to the cross-
country spillover effect of monetary policy. However, the degree of this inflationary bias is
now decreasing in the markup p. To see this result, we take the difference of (70) and (72)
and derive the following wedge between the Nash-equilibrium and optimal inflation rates in
country h:

A" 1
mh —mh = L > 0, (74)

o N 2082 - 9)

which shows that a larger markup p would reduce the inflationary bias capturing the damp-
ening effect of monopolistic distortion discussed in Arseneau (2007). It is useful to note
from (65) and (66) that under the CIA constraint on consumption, increasing inflation does
not lead to a reallocation of labor from R&D to production but decreases both R&D and
production instead. Equation (66) also shows that when the markup pu increases, production
labor decreases. In this case, the optimal policy response is to decrease inflation in order
to stimulate production. Given that the inflation rate in the Nash equilibrium is higher to
begin with, the government needs to reduce inflation more aggressively in order to achieve
the same proportional increase in production I, which is a decreasing and convex function
in i" (and hence 7").

Proposition 5 Under elastic labor supply with only a CIA constraint on consumption, the
Nash-equilibrium inflation rate unilaterally chosen by each government is higher than the
optimal inflation rate chosen by cooperative governments who maximize aggregate welfare of
the two countries. The degree of this inflationary bias is monotonically decreasing in the
market power of firms.

Proof. See Appendix A. =
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5 Quantitative analysis

In this section, we provide a numerical analysis of the growth and welfare effects of inflation
across countries. We consider the general case with elastic labor supply and both CIA
constraints on R&D and consumption. The two-country model features the following set
of parameters {a,n,p,p,zh,zf,Hh,Qf,oz,s,6, fh,ff,¢h,¢f,wh,ﬂf}.37 Given the calibrated
parameter values, we then perform a quantitative analysis on the effects of inflation in the
two economies.

To make this quantitative analysis more realistic, we allow for a non-unitary elasticity
of substitution between home and foreign goods.*® We consider a value of 2.46 for o that
is within the range of empirical estimates in Broda and Weinstein (2006). For the value
of n, we set it to the average long-run growth rate of the number of R&D scientists and
engineers® in the US* and the Euro Area''. As for the markup pu, we set it to 1.28,
which corresponds to an intermediate value of the empirical estimates reported in Jones and
Williams (2000). We follow Acemoglu and Akcigit (2012) to set the annual discount rate
p to 0.05 and the time between innovation arrivals {1/\",1/A\'} to 3 years, which allows
us to pin down the values of {2, 2/} = {exp(g/\"), exp(g/A\)} given g. As for the leisure
parameters {#",67}, we calibrate them by setting the per capita supply of labor {I*, 1/}
to a standard value of 0.33. For the rest of the parameters, we calibrate the model using
aggregate data from 1999 to 2007** in the US and the Euro Area. To fix notation, we
consider the US as the home country h and the Euro Area as the foreign country f. We
use data on the relative size of GDP in the US and the Euro Area to calibrate a by setting
(Y™ +w" L) /(phY " +w" L + pl YT +w/ LI) = 0.58.%% As for the relative population size,
we define s = N'/N; and calibrate it to data.** We also normalize Nj to unity. The average
growth rate of total factor productivity in the US and the Euro Area is 0.7%,* and we use
this value to calibrate the duplication externality parameter § = 1 — g/n. We calibrate the
consumption-CIA parameters {£", £/} to the ratios of M1 to consumption in the US and
the Euro Area.'® The average inflation rates in the US and the Euro Area are respectively
2.7% and 2.1%.%" Given these empirical values of {7" 7/}, we calibrate {¢", ¢’} by setting
{mh  wf } = {x" 7/}. We report the parameter values in Table 4.

37Tt is useful to note that ¢ does not affect the other calibrated parameter values and the simulated welfare
effects.

38We present the equations of the non-cooperative governments’ best-response functions and their welfare
functions in an unpublished appendix; see Appendix B.

39Tn the model, the long-run growth rate of technologies is driven by the growth rate of R&D labor as
implied by (21) and (24); i.e., Z{”/Z{L =(1- 5)Lf’t/LQ’t and th/th =(1- 6)Lf,t/Lf,t. Therefore, we set the
value of n to the average long-run value of Lft / Lfﬁt and L{t / Lf’t, instead of the population growth rate.

49Data source: National Center for Science and Engineering Statistics.

‘U Data source: Eurostat.

42We do not include data from 2008 onwards due to the international financial crises.

43Data source: Eurostat.

#Data sources: Eurostat, and OECD Labor Force Statistics.

45Data source: The Conference Board Total Economy Database.

46Data source: Federal Reserve Economic Data and ECB Statistical Data Warehouse.

4"Data source: Eurostat.
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Table 4: Calibrated parameter values

o n P 1 2" 2! 0" 67 « S ) ¢h ¢’ o

2.46 | 0.035 | 0.05 | 1.28 | 1.02 | 1.02 | 1.92 | 1.84 | 0.58 | 0.50 | 0.80 | 0.16 | 0.63 | 0.33

0.56

Under these calibrated parameter values, we can compute the effects of inflation on R&D
in the two economies and compare these values to our regression estimate in Section 2. We
find that when 7" increases by 1%, R&D/GDP in the US decreases by 0.266 percent (percent
change). When 7/ increases by 1%, R&D/GDP in the Euro Area decreases by 0.448 percent
(percent change). These simulated values for the semi-elasticity of R&D with respect to
inflation are in line with the panel regression estimate of -0.374 reported in Section 2.
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Figure 1: Non-cooperative governments’ best-response functions

We can also numerically simulate the best-response functions of the two economies.
Figure 2 shows that the best-response functions are downward-sloping implying that the
monetary policy instruments {7" 7/} are strategic substitutes. Under the CES aggrega-
tor in (6), one can show that given o > 1, the market share of final goods (i.e., from (7),
ph Y /Cy = a7 /(pl,)°!) is decreasing in 7" and increasing in 7/ due to an international
business-stealing effect of technologies {Z", Z/1} on market share.*s Therefore, when the
foreign government reduces 7/ to increase foreign technology, the optimal response of the
home government is also to reduce 7" in order to improve domestic technology and com-
pete for market share. In this case, the best-response functions should be upward-sloping;
however, there is also a technology-spillover effect across countries. From (33), the level of
consumption in the home country is ¢} NJ* = p}l V" = a°C,/(p},)7~", where the aggregate
production of C; is

o/(o-1)
Cy = |a(Z1 L )7 + (1= a) (@ L] )| (75)

48Derivations available upon request; see Appendix B.
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which uses (6), (19) and (22). We see that an increase in foreign technology Z/ increases
aggregate consumption, which in turn increases home consumption (holding PZ,t constant)
capturing the technology-spillover effect. In other words, when the foreign government re-
duces 7/ to increase foreign technology, the optimal response of the home government is
to increase 7" to free-ride on the technology improvement in the foreign country. Equa-
tion (75) shows that an increase in Z/! is a closer substitute to an increase in ZI" as the
substitution elasticity o increases. The fact that the best-response functions are downward-
sloping in Figure 2 implies that this technology-spillover effect dominates the international
business-stealing effect under the calibrated parameter values.

Finally, our policy experiments are as follows. First, we lower the inflation rates in both
economies from the Nash equilibrium to their globally optimal level and examine the effects
on social welfare {U" U’}. Second, we consider a unilateral deviation from the Nash equi-
librium to the optimal inflation rate that maximizes aggregate welfare of the two economies
and examine the asymmetric implications on the two economies. Under the current set of
calibrated parameter values, the optimal nominal interest rates in both economies are zero
(i.e., the Friedman rule is socially optimal) implying that the optimal inflation rates are
{mh 7} = {—r,—r}. We first consider the case in which the two governments are coop-
erative and agree to decrease the inflation rates from the Nash equilibrium to the globally
optimal level of —r. In this case, the welfare gains are nonnegligible and equivalent to a
permanent increase in consumption of 1.038% in the US and 0.249% in the Euro Area as
reported in Table 5.4 However, a unilateral deviation to decrease the inflation rate from the
Nash equilibrium would hurt the domestic economy and only benefit the foreign economy,
and the cross-country spillover effects are quantitatively significantly. For example, we find
that a unilateral decrease in the inflation rate in the Euro Area would improve welfare in
the US by 1.079% but reduce its own welfare by 0.213%. Intuitively, a decrease in inflation
raises labor supply L/ via the CIA constraints, but the resulting expansion in production in
the Euro Area increases consumption in both economies. It is useful to note that the welfare
cost of decreasing leisure is borne by the Euro Area but by not the US. As a result, the US
experiences a welfare gain whereas the Furo Area experiences a welfare loss. The opposite
is true when the US unilaterally decreases inflation. We see in Table 5 that the Euro Area
generally experiences a larger welfare loss (or a smaller welfare gain) than the US. The reason
is that the money-consumption ratio is much higher in the Euro Area (0.63) than in the US
(0.16), which in turn implies that the CIA parameters are larger in the Euro Area than in
the US as reported in Table 4. In this case, when inflation decreases, leisure decreases by a
larger amount in the Euro Area than in the US, generating the asymmetric welfare effects
across the two countries.

Table 5: Welfare effects of monetary policy

AU" AU
Cooperative policy {Wh,ﬁf}: {—=r,—r} | 1.038% 0.249%
Unilateral policy {7 7/ = {x"_,—r} | 1.079% | —0.213%
Unilateral policy {77/ = {—r, 7l } | —0.033% | 0.470%

Q . . . . . .
49Welfare gains are expressed as the usual equivalent variation in consumption.
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5.1 Elasticity of substitution

In this subsection, we perform a robustness check by varying the value of the substitution
elasticity o € [2.2,3.1],°" while holding other parameter values constant. We find that the
Nash equilibrium inflation rates are above the optimal inflation rates as before. However,
as the substitution elasticity ¢ increases, the strength of the international business-stealing
effect increases relative to the technology spillover effect. As a result, the degree of infla-
tionary bias becomes smaller, which in turn implies that the welfare gains of decreasing the
inflation rates from the Nash equilibrium to the optimal level also become smaller. Table
6 summarizes the welfare effects when both countries decrease the inflation rates from the
Nash equilibrium to the optimal level. The qualitative pattern remains the same as before.
In particular, the US experiences a larger welfare gain than the Euro Area. At o = 3.1,
the Euro Area experiences a small welfare loss, but the overall welfare (i.e., U" 4+ U’) still
increases.

Table 6: Welfare effects of monetary policy under o € [2.2,3.1]

Cooperative policy {n",7/}={—r, —r} | AU" AU’
oc=22 1.630% | 0.406%
o=27 0.667% | 0.133%
oc=3.1 0.263% | —0.015%

5.2 CIA parameter on consumption

In this subsection, we perform another robustness check by varying the parameter value of
the CIA constraint on consumption while holding other parameter values constant. In this
case, the Nash equilibrium inflation rates continue to be above the optimal inflation rates.
As before, Table 7 reports the welfare gains when both countries decrease the inflation rates
from the Nash equilibrium to the level prescribed by the Friedman rule. As the degree of
the CIA constraint on consumption in the Euro Area decreases to the level in the US (i.e.,
h=¢l = 0.16), the welfare effects become smaller in both countries. Nevertheless, even in
the absence of the CIA constraints on consumption (i.e., &" = & = 0), the welfare gains of
decreasing inflation from the Nash equilibrium remain nonnegligible.

Table 7: Welfare effects of monetary policy under £"= &/e {0,0.16}
Cooperative policy {7" 7/ }= {—r,—r} | AU" AUY
§'=¢'=0.16 0.937% 0.140%
F=¢=0 0.261% 0.121%

®0This range of values corresponds to the range of median estimates in Broda and Weinstein (2006) for
the period from 1990 to 2001, which is the most recent period in their data sample.
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5.3 CIA parameter on R&D

In this subsection, we recalibrate the parameter values by targeting the estimated semi-
elasticity of R&D/GDP with respect to inflation in Section 2. In particular, we drop the
Nash-equilibrium inflation rates as empirical moments and recalibrate the values of {qﬁh L of }
such that the model replicates a semi-elasticity of -0.374 in both economies. The recalibrated
values of {¢", ¢’} are {0.468,0.467}. Under these parameter values, we compute the Nash
equilibrium inflation rates, which are {7"_ 7/ } = {3.70%,2.08%}. In this case, the Nash
equilibrium continues to exhibit an inflationary bias. Therefore, we proceed to quantify the
welfare effects of decreasing the inflation rates from the Nash equilibrium to the optimal
level. Table 8 reports the results, which show that both the qualitative pattern and the

quantitative magnitude of the welfare effects of inflation are largely the same as before.

Table 8: Welfare effects of monetary policy under {gbh, ¢’} = {0.468,0.467}
AU" AU
Cooperative policy {m" 7/ }= {—r, —r} | 0.989% 0.356%
Unilateral policy {7",77}= {x"  —r} [ 1.055% —0.195%
Unilateral policy {7",7/}= {—r, 7l } | —0.057% 0.561%

6 Conclusion

In this study, we have analyzed the growth and welfare effects of inflation in an open-
economy version of the Schumpeterian growth model with CIA constraints on consumption
and R&D investment. We find that economic growth and social welfare are affected by
domestic and foreign inflation. Furthermore, the cross-country welfare effects of inflation are
quantitatively significant. These spillover effects give rise to an inflationary bias in the Nash
equilibrium and prevent noncooperative governments from implementing optimal policies
even in the long run. According to our simulation results, the optimal nominal interest rates
in the two countries are generally zero;”' therefore, a supranational authority choosing a
uniform interest rate to maximize global welfare would improve welfare. Our analysis serves
to provide a quantification of the potential welfare gains from a common monetary policy in
monetary unions.”?

A natural question that arises is whether monetary policy still plays a role when fiscal
policy, such as R&D subsidies, is present. In the case of inelastic labor supply, increasing
R&D subsidies and decreasing inflation would have identical effects on the economy by
shifting labor from production to R&D. In this case, if R&D subsidies are chosen optimally,
then monetary policy would play a redundant role in the innovation process. However, in
the case of elastic labor supply and in the absence of lump-sum tax, financing R&D subsidies
could create distortionary effects on the economy. For example, suppose R&D subsidies are
financed by a labor-income tax. Then, increasing R&D subsidies raises the income tax rate
and reduces labor supply. In contrast, decreasing inflation increases labor supply via the two

1 This is true except for one special case when we set §h = §f =0.
2 A uniform monetary policy also involves other welfare costs that should be taken into consideration.
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CIA constraints as shown in (37). Therefore, the effects of these two instruments are not
identical. More importantly, fiscal policy is often determined via a political process in which
participants may not have the objective of maximizing social welfare. In contrast, monetary
policy is often viewed as less likely to be subject to such political influences.

Finally, our analysis is based on a semi-endogenous-growth version of the Schumpeterian

model that removes scale effects. It may be a fruitful extension to explore the cross-country
spillover effects of inflation in other vintages of the Schumpeterian growth model, such as
the second-generation Schumpeterian growth models in Peretto (1998), Howitt (1999) and
Segerstrom (2000). We leave this interesting extension to future research.

References

1]

2]

Abel, A., 1985. Dynamic behavior of capital accumulation in a cash-in-advance model.
Journal of Monetary Economics, 16, 55-71.

Acemoglu, D., and Akcigit, U., 2012. Intellectual property rights policy, competition
and innovation. Journal of the European Economic Association, 10, 1-42.

Aghion, P., and Howitt, P., 1992. A model of growth through creative destruction.
FEconometrica, 60, 323-351.

Ardagna S., Caselli, F., and Lane, T., 2007. Fiscal discipline and the cost of public debt
service: Some estimates for OECD countries. B.E. Journal of Macroeconomics, 7, 1-35.

Ardagna, S., 2009. Financial markets’ behavior around episodes of large changes in the
fiscal stance. Furopean Economic Review, 53, 37-55.

Arseneau, D., 2007. The inflation tax in an open economy with imperfect competition.
Review of Economic Dynamics, 10, 126-147.

Aruoba, S., Waller, C., and Wright, R., 2011. Money and capital. Journal of Monetary
FEconomics, 58, 98-116.

Bates, T., Kahle, K., and Stulz, R., 2009. Why do U.S. firms hold so much more cash
than they used to?. Journal of Finance, 64, 1985-2021.

Bayoumi, T., Coe, D., and Helpman, E., 1999. R&D spillovers and global growth.
Journal of International Economics, 47, 399-428.

Benigno, G., and Benigno, P., 2003. Price stability in open economies. Review of Eco-
nomic Studies, 70, 743-764.

Berentsen, A., Breu, M., and Shi, S., 2012. Liquidity, innovation, and growth. Journal
of Monetary Economics, 59, 721-737.

Bergin, P., and Corsetti, G., 2013. International competitiveness and monetary pol-
icy: Strategic policy and coordination with a production relocation externality. NBER
Working Paper No. 19356.

29



[13]

[14]

[15]

[16]

[18]

[19]

[24]

[25]

[26]

[27]

Booth, G., and Ciner, C., 2001. The relationship between nominal interest rates and
inflation: International evidence. Journal of Multinational Financial Management, 11,
269-280.

Broda, C., and Weinstein, D., 2006. Globalization and the gains from variety. Quarterly
Journal of Economics, 541-585.

Brown. J., Fazzari, S., and Petersen, B., 2009. Financing innovation and growth: Cash
flow, external equity, and the 1990s R&D boom. Journal of Finance, 64, 151-185.

Brown, J., Martinsson, G., and Petersen, B., 2012. Do financing constraints matter for
R&D? FEuropean Economic Review, 56, 1512-1529.

Brown, J., and Petersen, B., 2009. Why has the investment-cash flow sensitivity declined
so sharply? Rising R&D and equity market developments. Journal of Banking & Fi-
nance, 33, 971-984.

Brown, J., and Petersen, B., 2011. Cash holdings and R&D smoothing. Journal of
Corporate Finance, 17, 694-709.

Brown, J., and Petersen, B., 2014. Which investments do firms protect? Liquidity man-
agement and real adjustments when access to finance falls sharply. Journal of Financial
Intermediation, forthcoming.

Chu, A., 2008. Special interest politics and intellectual property rights: An economic
analysis of strengthening patent protection in the pharmaceutical industry. Fconomics
& Politics, 20, 185-215.

Chu, A., and Cozzi, G., 2014. R&D and economic growth in a cash-in-advance economy.
International Economic Review, 55, 507-524.

Chu, A., Cozzi, G., and Furukawa, Y., 2013. Innovation and North-South technology
transfer in a cash-in-advance economy. MPRA Paper No. 51927.

Chu, A., and Lai, C., 2013. Money and the welfare cost of inflation in an R&D growth
model. Journal of Money, Credit and Banking, 45, 233-249.

Chu, A., Lai, C., and Liao, C., 2013. A tale of two growth engines: Interactive effects
of monetary policy and intellectual property rights. MPRA Paper No. 40372.

Coe, D., and Helpman, E., 1995. International R&D spillovers. Furopean Economic
Review, 39, 859-887.

Coe, D., Helpman, E., and Hoffmaister, A., 2009. International R&D spillovers and
institutions. European Economic Review, 53, 723-741.

Cooley, T., and Quadrini, V., 2003. Common currencies vs. monetary independence.
Review of Economic Studies, 70, 785-806.

30



[28]

[29]

[30]

[31]

[35]

[36]

[37]

38]

[39]

[40]

[41]

[42]

[43]

Corsetti, G., Dedola, L., and Leduc, S., 2010. Optimal monetary policy in open
economies. Handbook of Monetary Economics, 3, 861-933.

Corsetti, G., and Pesenti, P., 2005. International dimensions of optimal monetary policy.
Journal of Monetary Economics, 52, 281-305

Cozzi, G., 2007. The Arrow effect under competitive R&D. The B.E. Journal of Macro-
economics (Contributions), 7, Article 2.

Cozzi, G., Giordani, P., and Zamparelli, L., 2007. The refoundation of the symmetric
equilibrium in Schumpeterian growth models. Journal of Economic Theory, 136, 788-
797.

Dinopoulos, E., and Segerstrom, P., 2010. Intellectual property rights, multinational
firms and economic growth. Journal of Development Economics, 92, 13-27.

Dotsey, M., and Ireland, P., 1996. The welfare cost of inflation in general equilibrium.
Journal of Monetary Economics, 37, 29-47.

Evers, M., Niemann, S., and Schiffbauer, M., 2009. Inflation, liquidity risk and long-run
TFP growth. Economic and Social Research Institute Paper DYNREGA4S.

Falato, A., and Sim, J., 2014. Why do innovative firms hold so much cash? Evidence
from changes in state R&D tax credits. FEDS Working Paper No. 2014-72.

Gilbert, R., and Shapiro, C., 1990. Optimal patent length and breadth. RAND Journal
of Economics, 21, 106-112.

Gomme, P., 1993. Money and growth revisited: Measuring the costs of inflation in an
endogenous growth model. Journal of Monetary Economics, 32, 51-77.

Grossman, G., and Helpman, E., 1991. Quality ladders in the theory of growth. Review
of Economic Studies, 58, 43-61.

Grossman, G., and Lai, E., 2004. International protection of intellectual property. Amer-
1can Economic Review, 94, 1635-1653.

Hall, B., 1992. Investment and R&D at the firm level: Does the source of financing
matter? NBER Working Paper No. 4096.

Himmelberg, C., and Petersen, B., 1994. R&D and internal finance: A panel study of
small firms in high-tech industries. Review of Economics and Statistics, 76, 38-51.

Ho, W., Zeng, J., and Zhang, J., 2007. Inflation taxation and welfare with externalities
and leisure. Journal of Money, Credit, and Banking, 39, 105-31.

Howitt, P., 1999. Steady endogenous growth with population and R&D inputs growing.
Journal of Political Economy, 107, 715-730.

31



[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Huang, C., Chang, J., and Ji, L., 2013. Cash-in-advance constraint on R&D in a Schum-
peterian growth model with endogenous market structure. manuscript.

Impullitti, G., 2007. International Schumpeterian competition and optimal R&D subsi-
dies. EUI Working Papers 2007/55.

Impullitti, G., 2010. International competition and U.S. R&D subsidies: A quantitative
welfare analysis. International Economic Review, 51, 1127-1158.

Iwaisako, T., and Futagami, K., 2013. Patent protection, capital accumulation, and
economic growth. Fconomic Theory, 52, 631-668.

Jones, C.; 1999. Growth: With or without scale effects. American FEconomic Review,
89, 139-144.

Jones, C., and Williams, J., 2000. Too much of a good thing? The economics of invest-
ment in R&D. Journal of Economic Growth, 5, 65-85.

Kondo, H., 2013. International R&D subsidy competition, industrial agglomeration and
growth. Journal of International Economics, 89, 233-251.

Lai, E., and Qiu, L., 2003. The North’s intellectual property rights standard for the
South?. Journal of International Economics, 59, 183-209.

Li, C.-W., 2001. On the policy implications of endogenous technological progress. Eco-
nomic Journal, 111, C164-C179.

Marquis, M., and Reffett, K., 1994. New technology spillovers into the payment system.
Economic Journal, 104, 1123-1138.

Mishkin, F., 1992. Is the Fisher effect for real? A reexamination of the relationship
between inflation and interest rates. Journal of Monetary Economics, 30, 195-215.

Obstfeld, M., and Rogoff, K., 2002. Global implications of self-oriented national mone-
tary rules. Quarterly Journal of Economics, 117, 503-535.

Opler, T., Pinkowitz, L., Stulz, R., and Williamson, R., 1999. The determinants and
implications of corporate cash holdings. Journal of Financial Economics, 52, 3-46.

Orr, A., Edey, M., and Kennedy, M., 1995. The determinants of real long-term interest
rates: 17 country pooled-time-series evidence. OECD Economics Department Working
Papers 155.

Park, W., 2008. International patent protection. Research Policy, 37, 761-766.

Peretto, P., 1998. Technological change and population growth. Journal of Economic
Growth, 3, 283-311.

Pinkowitz, L., Stulz, R., and Williasmson, R., 2003. Do firms in countries with poor
protection of investor rights hold more cash?. NBER Working Paper 10188.

32



[61] Ramirez, A., and Tadesse, S., 2009. Corporate cash holdings, uncertainty avoidance,
and the multinationality of firms. International Business Review, 18, 387-403.

[62] Segerstrom, P., 1998. Endogenous growth without scale effects. American Economic
Rewview, 88, 1290-1310.

[63] Segerstrom, P., 2000. The long-run growth effects of R&D subsidies. Journal of Eco-
nomic Growth, 5, 277-305.

[64] Segerstrom, P., Anant, T., and Dinopoulos, E., 1990. A Schumpeterian model of the
product life cycle. American Economic Review, 80, 1077-91.

[65] Stadler, G., 1990. Business cycle models with endogenous technology. American Eco-
nomic Review, 80, 763-778.

[66] Stockman, A., 1981. Anticipated inflation and the capital stock in a cash-in-advance
economy. Journal of Monetary Economics, 8, 387-93.

[67] Venturini, F., 2012. Looking into the black box of Schumpeterian growth theories: An
empirical assessment of R&D races. European FEconomic Review, 56, 1530-1545.

[68] Wu, Y., and Zhang, J., 1998. Endogenous growth and the welfare costs of inflation: A
reconsideration. Journal of Economic Dynamics and Control, 22, 465-482.

33



Appendix A

Proof of Proposition 1. We assume that the monetary authority adjusts 7? to ensure a
stationary ¢".”* We define a transformed variable ®; = p} ,Y/" /v . Then, differentiating ®;
with respect to t yields

b il VP b _d

—=—=4 = ——==—4+n—— Al

A A A T Ay
where the second equality follows from (33). Combining (14), (16) and (18), the no-arbitrage
condition for v} can be expressed as

-h B \1-0
Yt h K= 1) h ¥ (lr,t)
of t ( 7 t o (A2)

where ¢ = Z}'/ (Nth)lfé. Substituting the Euler equation ¢/'/c! = r' — p — n and (A2) into

(A1) yields
: 1-6
d uw—1 o (I
o () - 49

To derive a relationship between lf}’t, " and <P, we first use Pz,t = exp < fol In pgyt( J )dj) and
(13) to derive p}l, = pwf'/Z]'. Substituting this condition, (19) and (33) into (4) yields

I =1—pb" (14" 1k, (A4)
Then, using (15) and (17) yields

1+ g"i"\ (1
AP = (—> (lh—t P, (A5)
2 x,t

Combining (A4), (A5) and I} = I, 4 I" ,, we obtain

x,t?
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Combining (18) and (A6) yields the following relationship between I}';, ®' and }":
", =J"(®),q), (AT)
where . X ,
1+ pf" (1+&MM)] (14 9"t
pp L4061 =17) /1]

pp L4061 =17) /1]

3In the steady state, a stationary 7" ensures a stationary i" = 7" + p+ (2 — §)n.

P { [14 6" (14 €4%)] (1 + ¢"i%) } () o < 0. (A9)
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Based on (21), (38), (A3) and (A7), the following dynamic system in terms of ®/ and ¢! can

be described by
. 1-5
b (p-1 o |l (P2, 61)]
o G L R (A10)
-h In 27) [It, (®F ch 1-4
i Lo I (@0s)] gy, (AL1)
St St
Linearizing (A10) and (A11l) around the steady-state equilibrium yields
(I)? aj; a2 q)? — (I)h
. = , A12
{Qﬁ} {am (122}{9@1—& ( )
Jacobian matrix
where
1 1-4 M0 (1 - )
an = " <“ >—9”( L) ) iy — — 20 . {( 9)¢ th—l} >0,
p (In)° ¢h (") Iy
1-5
(go In zh) (1-96) , (gpln zh) (lf}) (1-08)¢"
o1 = (l:})a J.:I)h, < 0, Qoo = gh l:} Jgh —1 < 0.
Let k1 and ko be the two characteristic roots of the dynamic system. The determinant of
Jacobian is given by
1\ (elnzh) ()70 (1 - 5)¢h
Det = K1K2 = a11a22 — ag1a12 = <M > (@ 2 ) (hr) [( h)g Jh—1| <o.
I < Iy )
(A13)

As indicated in (A13), the two characteristic roots have opposite signs. Together with the
fact that ®" is a jump variable and <" is a state variable, these findings imply that the

dynamic system displays saddle-path stability.

Sr A

Saddle path

Figure 2: Phase diagram
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The phase diagram is plotted in Figure 2, where the @? = 0 locus is steeper than the
¢" = 0 locus. Figure 2 shows that ®" and ¢/ gradually converge to a unique steady-state
equilibrium in point A. An analogous proof would show that <I>f and g,{ also gradually
converge to their steady-state values. When {®", ¢", @,{ , g,{ } are all in the steady state, it
can be shown that the global economy is on a unique and stable balanced growth path. m

Proof of Proposition 2. Setting ® = 0 and ¢" = 0 in (A10) and (Al1) yields the
steady-state equilibrium values of ® and ¢" given by

v =) U oy e

ho elnz" 15
S = (1 _ 5)71 (lr) ’ (A15)

where [" is still an endogenous variable. From (A15) and (18), the steady-state arrival rate
of innovation in country h is exogenous and given by

i =0)m (A16)

In 2P

Substituting (A16) into (A14) yields ®" = p (p+ A\") /(u —1). We make use of this con-
dition and (A5) to obtain (30). Solving (30), (A4) and I" = [ 4 I yields the steady-state
equilibrium labor allocations in (35), (36) and (37). Substituting (35) into (A15) yields the
steady-state value of ¢". m

Proof of Proposition 3. The analogous expression of (46) for U/ is given by
pUf = a[nl" + (1 = &) Ini"] + (1 — a)[Intf + (1 = 6) Intf] + 67 In(1 — 1). (A17)

The analogous expressions of (35)-(37) in country f are

p—1 M

lf — 1+¢fif p+)\f (A18)
T . — ro

1+u9f(1+£fzf)+l—%p17

1

I = (A19)
T . — fo

1+u9f(1+§fzf)+1f:¢7lifpi7
lf + 1+(Z5flf p+>\f (AQO)

pr— - — f s
1 + :U’ef(l + gflf) + H_d)flif pi)\f

where i/ =7/ +r =7+ p+n+g/ =7+ p+ (2 - §)n, which is increasing in 7/. Under
inelastic labor supply, we set 8" = 6/ = 0 in (35)-(37) and (A18)-(A20). Then, we substitute
the resulting expressions into U" + U7 from (46) and (A17) and differentiate it with respect
to {m", 7/} to obtain the optimal inflation rates given by

B h
R = e it (A21)
" [1=0p+ A
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— 1| —r. (A22)

Proof of Proposition 4. In the absence of the CIA constraint on consumption, we set
¢ = ¢/ = 0in (35)-(37) and (A18)-(A20). The government in country h chooses 7" to
maximize the welfare of the representative household in country h. We substitute (35)-(37)
and (A18)-(A19) into U" in (46) and then differentiate it with respect to 7" to obtain the
Nash-equilibrium inflation rate 7", in country h given by (60). Similarly, the government
in country f chooses 7/ to maximize the welfare of the representative household in country
f. We substitute (35)-(36) and (A18)-(A20) into U/ in (A17) and then differentiate it with
respect to 7/ to obtain the Nash-equilibrium inflation rate 7/, in country f given by (61).
The cooperative governments choose {7", 7/} to maximize the welfare of both domestic and
foreign households. We substitute (35)-(37) and (A18)-(A20) into U" + U’ from (46) and
(A17). Then, we differentiate U"+U” with respect to {n", 7/ } to obtain the optimal inflation
rates given by (62) and (63). Taking the difference between 7", and 7" as shown in (64) and
then differentiating it with respect to u, we find that

o(mh, =7ty 140 0" A"
O (ub" +1)* 20" (1 = 8) X + p

> 0. (A23)

Equation (A23) shows that the wedge between the Nash-equilibrium and optimal inflation
rates is monotonically increasing in the market power of firms. =

Proof of Proposition 5. In the absence of the CIA constraint on R&D, we set ¢" = ¢/ =0
n (35)-(37) and (A18)-(A20). The government in country h chooses 7" to maximize the
welfare of the representative household in country h. We substitute (35)-(37) and (A18)-
(A19) into U" in (46) and then differentiate it with respect to 7" to obtain the Nash-
equilibrium inflation rate 7”_ in country h given by (70). Similarly, the government in
country f chooses 7/ to maximize the welfare of the representative household in country
f. We substitute (35)-(36) and (A18)-(A20) into U/ in (A17) and then differentiate it with
respect to 7/ to obtain the Nash-equilibrium inflation rate 7/, in country f given by (71).
The cooperative governments choose {7", 7/} to maximize the welfare of both domestic and
foreign households. We substitute (35)-(37) and (A18)-(A20) into U" + U/ from (46) and
(A17). Then, we differentiate U"+U/ with respect to {7", 7/} to obtain the optimal inflation
rates given by (72) and (73). Taking the difference between 7", and 7 as shown in (74) and
then differentiating it with respect to u, we find that

h h

M = _i P 1 < 0. (A24)
O A"+ p2ag" (2 - 6)

Equation (A24) shows that the wedge the Nash-equilibrium and optimal inflation rates is
monotonically decreasing in the market power of firms. m
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Appendix B (not for publication)

Table 9: Panel regressions on HP-detrended Inflation

Dependent variable: 100*log(R&D/GDP)

Method: Pooled regression Country FE  Country and year FE
Regressor
Cyclical inflation -0.1530 -0.2504 -0.1949
p-values (0.797) (0.261) (0.361)
Observations 648 648 648
Adj-R? 0.4036 0.9171 0.9286

Notes: FE denotes fixed effects. GDP is real PPP-adjusted GDP

Table 10: Panel regressions using the number of patent grants at USPTO
Dependent variable: 100*log(Patents/GDP)

Method: Pooled regression Country FE  Country and year FE
Regressor
Inflation -2.6463 -0.7828 -0.3087
p-values (0.000) (0.000) (0.000)
Observations 1136 1136 1136
Adj-R? 0.0959 0.9165 0.9371

Notes: FE denotes fixed effects. GDP is real PPP-adjusted GDP

Table 11: Panel regressions using the number of patent grants at USPTO

Dependent variable: 100*log(Patents/GDP)

Method: Pooled regression Country FE  Country and year FE
Regressor
Trend inflation -3.4842 -1.2313 -0.5647
p-values (0.000) (0.000) (0.000)
Observations 1136 1136 1136
Adj-R? 0.1265 0.9205 0.9419

Notes: FE denotes fixed effects. GDP is real PPP-adjusted GDP

Table 12: Panel regressions using the number of patent grants at USPTO

Dependent variable: 100*log(Patents/GDP)

Method: Pooled regression Country FE  Country and year FE
Regressor
Cyclical inflation 0.0282 0.1864 0.1830
p-values (0.964) (0.321) (0.248)
Observations 1136 1136 1136
Adj-R? -0.0009 0.9078 0.9403

Notes: FE denotes fixed effects. GDP is real PPP-adjusted GDP
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B.1 The price index p}, . Combining (9) and (10) yields
1
Y = exp < / In [(py,Y;") /P2 (7)) dj> : (B1)
0

Then, manipulating (B1) yields the standard price index of Y} given by p/' , = exp { fol In[p}, (4)]dj }
]

B.2 Proof of r — g" = p on the BGP. First, substituting (16) and (17) into (32), we
obtain ¢ N/ = w’ , +w} L} ,. Combining this condition, (14) and (15) yields ¢} N} = p Y}
as shown in (33). Then, substituting (18) into (17) and differentiating it with respect to
time yields

-h . h
Uy Wy
— = —4n, B2
i (B2)

“h -h
ho_ Ut Cy
=—=—+n. B3

Finally, we make use of the familiar Euler equation ¢/} = r — p — n and (B3) to derive
g" =17 — pon the BGP. m

B.3 The first-best optimal ratio of R&D to production labor. Using standard
dynamic optimization, we maximize a lifetime utility function given by

Uh = / e Pt [ln A tIne +0"In(1—10) + 67 In(1 — 1) dt, (B4)
0

subject to (7), (8), (19), (21), (22), (24), I = 1", +1", and If =1/, +1/,. We obtain that
the optimal ratio ]!, /I, is

lﬁt nt ((,0 In zh) (lf}’tNth)lfé

ot _ B5
1, 2a/ (1 —9) (B5)
The intertemporal optimality condition is
-
7, 2av
— = —p. (B6)
U A
Substituting (25) into (B5), we derive
e (1=0)n ,
= zn B7
lz,t 2% N £ (B7)
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Then, differentiating (B7) with respect to time yields 7' /n! = — (1 — §) n. Combining this
equation and (B6) and substituting it into (B7), we derive the optimal ratio I /I" as shown
in (53). =

B.4 The non-cooperative governments’ best-response functions and their welfare
functions.  Substituting (7) into (33) yields ¢! N} = « (Y;h)(afl)/ 7(C)"?. Substituting
this condition along with (6) and ¢g" = (1 — d) n into (40) yields

oc—1 1

pU" = In Yy +

Sn {a (Y7 +1-a) <Y0f>0;1] +0"In(1-1"),  (BS)

where we have dropped all the exogenous terms. Substituting (42)-(45) into (B8) yields

pU" = 0;1 [(1—6)Ini! + Inl)] (B9)
1 (¢Inz") (lf)l_(s " = (¢Inzf) (l{f)l_é Ur1—s\*"? =
+mln oz[ (1-96)n +(1—a)[ (1-=¥9)n ( s >

+60"In (1 —1"),

where we have once again dropped the exogenous terms. The government in country h
chooses 7" to maximize the welfare of the representative household in country h. We sub-
stitute (35)-(37) into U" in (B9) and then differentiate it with respect to 7" to obtain the
best-response function in country h given by

h
(1= 6) (V' + ) {"¢" (14 6"4") + " [1+ " (1+ )]} — wh = —2 ol
= T ataor
(B10)
where
i\ \hah o aheh (yh h;h)?
o (=D ”?quhéhmmm)’ (B11)
pt g DATE (L M) 0" (L 1] o+ €8 (N4 p) (L 0i%)” (B12)

(L4 &Mty (1 + ¢"ih)

o—1

ZI (1—s\| °
z : B13
Zé‘&( 5 )] (B13)

Moreover, the analogous expression of (B9) for U/ is given by

Qh

c—1

pUl = [(1—6)Inl/ +Intf] (B14)

(plnz") (lf)”l;;< s >2—5 =

1
+U—1ln a[ (1—-0)n 1—s

+6/In (1 —17).

o
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The analogous expression of (B10) for the foreign government’s best-response function is
given by

AJ
(1=0) (M +p) {67 (14 @) + o7 [L+ pb” (1+47)]} -0/ = o1 _(-a)
o aQf +(1—a)
(B15)
where )
@fzz(u-—l)Af¢f——u0f£f(5f+-p)(1+-¢Hf), (B16)
14 ¢lif

a2 g DN [E 000 46 (1 ]+ & (V+p) (40l

(L+¢&hif) (1+ ¢'if)

o—1
Zhih S o
Of =20z ) B1
{Zgl!; <1—8>} (BIS)

We use (B10) and (B15) to numerically simulate the best-response functions of the two
economies and use (B9) and (B14) to compute the welfare effect of monetary policy. Figure
1 and Table 5 present the results, respectively. m

B.5 International business-stealing effect. Combining (7) and (33) yields ¢} N!"/C; =
a (Y Ct)(a_l)/ 7. Substituting (6) and (42) into this condition yields
chNh @

C at(l-a)on (B19)

where Q" is a function of the variables {Z[)‘, VAL } satisfying (B13). Substituting (35),

0%z "x
(36), and (44) into (B19) and differentiating it with respect to 7" yields
9 ("N"/C) __oz(l—a)(a—l)Qh/a{ Al }<0 (B20)
87Th [Oz + (1 - a) Qh]Q Ja;l + a+((11£[;)§2h' ’

where we have used (B10). Substituting (45), (A18) and (A19) into (B19) and differentiating
it with respect to 7/ yields

9("N"/C)  a(l-—a)(c—1)Q"/o { Af } >0,

B o—1 + (1—04)/0’

(B21)

where we have used (B15). Based on (B20) and (B21), the market share of final goods is
decreasing in 7" and increasing in 7/ due to the international business-stealing effect via

technologies {ZSL, z! } ]
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