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1 Introduction

Trade disputes are often not about trade, but about technological rivalry. When Japan
took over as the leader of the semiconductors industry in the mid-1980s, it caused alarm
in the U.S., where the microchip was invented. The U.S. then started to impose a set
of protectionist measures, along with significant subsidies in the domestic semiconductor
sectors. The outcome was a renewal of its competitiveness (Langlois and Steinmueller

2000).!

Throughout history, we have seen how development in leading-edge sectors has spurred
national competition, protectionism, sometimes under the guise of trade wars. One of the
core disputes in the 2018 U.S-China trade war was over technology, an event that led to the
U.S. banning Huawei and other Chinese companies from accessing critical supplies in the
U.S. Along with increasing U.S. restrictions and controls, domestic policies inside China to
boost demand and procurement and incentivize research in these goods have soared. At
the same time, in the U.S., the passing of the America Competes Act of 2022 earmarks 52
billion dollars of funding for the semiconductors industry. In a world where there is rising
demand for technologies such as semiconductors, 5G, a race to gain an edge in emerging

technologies such as renewables and Al, a country may have a desire to react.

This paper provides a framework to explore the nexus between trade policies and tech-
nological development in the context of globalization and competition. The spirit of con-
test is captivatingly explored in Samuelson (2004), which argues that developing countries’
technological advancement can sometimes harm the interests of advanced economies, by
becoming more productive in sectors in which rich countries have a comparative advantage
(or conversely, benefit them if rapid productivity growth happens in developing countries’
comparative advantage sectors). This simple but powerful argument is based on compar-
ative static analysis over exogenous technology, and does not consider the option that one
country may attempt to influence the innovation efforts of another, nor does it consider
the costs of innovation. To re-evaluate Samuelson’s thesis when technology endogenously

evolves, and when countries have a set of instruments to influence trade and technology

IStrategy and Circumstance: The Response of American Firms to Japanese Competition in Semiconduc-
tors, 1980-1995. Strategic Management Journal , Oct. - Nov., 2000, Vol. 21, No. 10/11 pp. 1163-1173.



dynamics, we theoretically characterize optimal dynamic taxation in a workhorse Ricardian

model with endogenous technology.

We show that a government has an incentive to manipulate innovation efforts in other
countries across sectors and over time. Our main takeaway and novel finding is that even
when markets are efficient and the government has access to a full set of trade policies,
time-consistent optimal policy will involve domestic innovation policies. This motivation
goes beyond conventional industrial policies that justify subsidizing or protecting some

sectors at the expense of others on the basis of externalities and spillovers.

The framework we propose to study optimal innovation and trade policy is a dynamic
multi-country, multi-sector model with comparative advantage based trade and endoge-
nous technology accumulation through R&D and innovation. Our model builds on the
one-sector framework of Eaton and Kortum (2001) and examines optimal taxation. The
economy’s government is benevolent and can choose a set of sector-specific domestic
taxes/subsidies on R&D, as well as differential trade policies across sectors and trading
partners. When choosing these policies, the government internalizes its choices on trade
and technology development in its own country as well as in others. Other economies’
government is taken to be passive in the benchmark scenario. We first consider the case
where Home cannot commit to a sequence of taxes, then compare it to the Ramsey optimal
policy.

We carefully select this rich dynamic model as it meets three criteria. First, it nests an
efficient baseline Ricardian economy. This can help isolate the new mechanism underpin-
ning optimal policy as it obviates the need for any other classic industry policy intervention.
Second, the innovation process is such that both sectoral and aggregate trade patterns—and
hence optimal policy— can be explicitly characterized. This allows us to compare the results
with the standard workhorse Eaton and Kortum (2002) Ricardian model with exogenous
technology. Third, the enriched version of the model can accommodate many additional
features of interest, for example, economies of scale, knowledge spillovers, or externalities.
The complexity of the problem lies in the fact that these additional elements give rise to
policy interventions in a closed-economy environment, but added to the fact is that they

are intertwined with trade policies. Thus, the sharp predictions stemming from our analyt-



ically convenient results are particularly appealing given the richness of these mechanisms.

The baseline economy is efficient. Productivity (innovation efficiency) differences across
sectors shape comparative advantage, which determines trade across countries. There are
constant returns to scale in production and innovation, and a free flow of labor between
research and production. The model features Bertrand competition between producers for
each goods, where each producer competes with all other producers in the world. Al-
though the realized markup of each firm follows a distribution, the aggregate endogenous
distribution of markups is Pareto, and the expected profit of a firm is a constant share of
sales in the industry. Thus, there are constant and identical aggregate markups in each
sector. In addition, there are no other taxes, distortions, or externalities in the baseline case

that underlie conventional industrial policy motives.

In our baseline closed-economy setting, the planner would choose the same allocation
as the market. Openness itself does not affect the level of private innovation intensity: the
increased foreign competition that spurs innovation is exactly offset by the larger foreign
market effect that tends to reduce innovation effort. However, in the open economy envi-
ronment, there is scope for policy corresponding to both an intertemporal and intratempo-
ral motive to manipulate technology. Home’s planner understands that it can undertake
actions to influence foreign profits and research returns, and hence curb foreign innovation

efforts in some sectors or channel them towards those that would benefit Home.

To bring clarity to the disparate set of mechanisms, we build up our results by first
zeroing in on a dynamic technology manipulation motive in a one-sector model that is
efficient— absent any externalities or intratemporal relative prices. Consider a case when
Home is innovating and transitioning to a higher level of technology. We show that Home
country would want to suppress foreign innovation efforts by curtailing its research returns
while raising its cost of innovation. If it could commit to a schedule of trade policies (a path
of export taxes), it would suffice to implement an optimal foreign allocation and relative
prices over time. Under these Ramsey policies, Home’s export tax rises but becomes flatter
over time. This generates a higher Foreign price index today and a relatively lower future
price, reducing expected profits while pushing up the interest rate. As a result, Foreign re-

duces innovation investment and produces more, which in turn makes innovation cheaper



for Home.

The first key result to underscore is that the time-consistent Markov policies would
invoke innovation policies —even in the absence of any domestic externalities and even
though they distort domestic R&D efforts. The reason is that without commitment, the
government always has an incentive to deviate from the promised trade policy in the fol-
lowing period: it imposes a higher export tax to increase Foreign’s prices today, but cannot
commit to lowering it tomorrow. Hence, trade policies can only be used to manipulate
contemporaneous prices. To influence intertemporal prices, Home subsidizes its own inno-
vation and alters the path of interest rate and foreign wages (innovation costs) by changing

its own level of technology. This induces Foreign to innovate less and produce more.

Second, when comparative advantage is introduced, there is a rich set of interweaving
intratemporal mechanisms to alter relative prices and innovation. To uncover these differ-
ent forces, we turn to a multi-sector model in the long run and derive an explicit formula
that links a country’s optimal tariff in a given sector to the country’s comparative advan-
tage: Home would generally want to improve its terms of trade by inducing Foreign to do
more research and enhance technology in Foreign’s comparative advantage sector (as op-
posed to Home’s). To do so, it imposes a higher tariff in sectors that see larger net exports
(relative to the foreign production) and raises that tariff when net exports increase in that
sector—for example, due to openness or a rise in global demand. By reducing the demand
for foreign goods in those sectors, these tariffs can curb foreigners’ research efforts in those

sectors.

The heterogenous import tariff schedule looks very different from the uniform optimal
tariff under the fixed technology case, as analyzed in Costinot, Donaldson, Vogel, and
Werning (2015). They show that a country can exercise monopoly power to tilt relative
prices in its favor and improve welfare. A country would opt for a higher export tax in
sectors with greater comparative advantage (or a higher subsidy in the comparative disad-
vantage sectors), combined with a uniform (or zero) import tariff. The reason is that there
is more room to manipulate world prices in the comparative advantage sector—achieved
through a heterogenous export tax schedule. There is no need to levy differential import

tariffs, as a uniform tax is sufficient to bring about a reduction in foreign wages, obvi-



ating the need to distort domestic consumption prices further.”> While this force is also
present here, the novel mechanisms in our model give rise to starkly different results:
heterogeneous-sector level import tariffs serve the purpose of reducing demand for corre-

sponding foreign goods and hence Foreign’s incentives to innovate in these sectors.
d f d dh F ¢ t t t th t

Third, our framework provides additional insights when there are more than two coun-
tries. Take the example of the US and China competition in a sector such as semiconductors.
In the two-country case, our model predicts that the U.S. would want to discourage inno-
vation in China’s semiconductor industry as it is the U.S.” comparative advantage. Suppose
there is a rise in the global demand for semiconductors, then the U.S. would consequently
raise its tariffs on Chinese semiconductors, whereas China would lower its tariff on the U.S.
semiconductors. However, the two-country case precludes the realistic scenario in which
the U.S. and China are both net exporters of semiconductor products to the rest of the
world. In the multi-region scenario, both China and the U.S. would raise their tariffs levied
on each other in the semiconductor industry. But both would also impose a higher tariff on
the rest of the world’s other sector-textiles, for instance— to induce the other competitor

to shift innovation efforts into textiles and away from semiconductors.

We explore the long-run optimal policies under a number of scenarios, including a
greater demand for certain goods, the developing nation’s catching up, a fall in trade costs,
etc., in a multi-region long-run model. For illustrative purposes and to contrast with the
tixed technology case, we compute optimal policies for a multi-country model with a cross-
section of 20 two-digit level manufacturing sectors in the steady state. Our results point to

significant heterogeneity across countries/sectors in both tariffs and export taxes.

The main mechanism that optimal trade and industrial policies are employed to influ-
ence a foreign nation’s innovation efforts is robust to a range of extensions, for example,

allowing for varying returns to scale in innovation and intertemporal spillovers. In Sec-

ZBagwell and Staiger (1999) emphasize terms-of-trade manipulation and its implication for the WTO.
Trade policy in a partial equilibrium setting is explored in Gros (1987), and Broda, Limao, and Weinstein
(2008), which show that industry tariff is related to the foreign export supply elasticity. Demidova and
Rodriguez-Clare (2009) characterize optimal tariffs in a small economy, single industry, Melitz-Pareto setting.
Trade policy analyzed in quantitative or new trade theories include Caliendo and Parro (2021); Costinot
and Rodriguez-Clare (2014); Costinot et al. (2015); Demidova (2017); Lashkaripour and Lugovskyy (2016).
Costinot, Rodriguez-Clare, and Werning (2020) characterizes optimal firm-level trade policy in a single-sector
two-country Melitz model. Ossa (2014) computes optimal tariff across sectors considering traditional, new
trade, and political economy motives for protection.



tion 5, we explore a case with decreasing return to scale in innovation. The gap between
the private and social return for R&D justifies industrial policies that subsidize innovation
when there are externalities. There are also nontrivial interactions between industrial poli-
cies and heterogeneous trade policies. For example, if all sectors and countries have the
same decreasing returns to scale in innovation, and both Home and Foreign use innovation
tax to correct these externalities at the steady state, time-consistent policy will still employ
additional innovation policies. Ramsey policy can simply use a constant innovation tax to
target the externality and use a path of trade policies. But without commitment, Home
resorts to innovation policies to change future marginal innovation costs across sectors in

Foreign.

Our Markov results contrast with optimal policy in Bartelme, Costinot, Donaldson, and
Rodriguez-Clare (2019) and Lashkaripour and Lugovskyy (2016),> whereby industrial poli-
cies are used solely to correct domestic wedges/inefficiency. In both papers, the model
is static. By contrast, we focus on optimal dynamic policies with individual investment
decisions that can influence technology. Under our general setup, optimal policy depends
on the dynamic features, in addition to the gap between the private and social choice of

R&D generated in the domestic market.

Our contribution is primarily theoretical, as a first attempt to understand the basic con-
tours of optimal policy when there is technological evolution and competition. As such, our
technical contribution is to theoretically characterize optimal dynamic policy and derive
general results in a framework with elemental features, while providing explicit formulas
that give rise to sharp predictions about the structure of optimal policy in special cases. The
emphasis of dynamic terms of trade manipulation is closely related to Costinot, Lorenzoni,
and Werning (2014), which proposes a theory of capital controls as dynamic terms-of-trade
manipulation in an endowment economy. By contrast, in our dynamic economy with en-
dogenous technology, industrial policies serve as intertemporal trade policies. In general,
our approach differs from the numerical approaches to computing optimal policy in a par-

ticular environment at a moment in time.

3Bartelme et al. (2019) characterize optimal policy for a small open economy in a multi-sector Ricardian
model with Marshallian externalities. Lashkaripour and Lugovskyy (2016) study optimal industry and trade
policy with scale economies.



Our paper sidesteps from issues like international technology diffusion or policy com-
petition. First, there is already a large and expansive literature on the topic of international
technology diffusion in the global economy, but few consider optimal policy in these set-
tings.* Our paper provides a general setup and solution method that can nest cross-sector
and cross-country innovation diffusion. Second, we emphasize a country’s incentives on
trade and domestic policies and thus assume foreign countries are passive in their policies.
With foreign retaliation against Home’s actions, the main expression for optimal policy will
include an additional term that considers the impact of Home’s tariff on foreign export tax
revenue and the feedback of foreign income on Home’s optimal policies. Furthermore, the
policy will internalize the impact of Foreign import tariffs on Home export tax revenue.
While the tariff response is more subdued, the main mechanism remains unchanged. Both
Home and Foreign experience a welfare loss, but Foreign’s welfare loss is smaller than the

baseline when Foreign is not allowed to retaliate.

The paper is related to, but has little overlap with, the growth literature emphasizing
the importance of R&D on long-run growth. Optimal policies in these contexts depend
on assumptions of each theory—featuring either imperfect competition pricing, knowledge
spillovers, congestion externalities, or creative destruction. Akcigit, Ates, and Impullitti
(2019) explore policies with these features in an open economy with a one-sector model
that does not have comparative advantage aspects to trade (and hence heterogeneous tar-
iffs). Liu and Ma (2021) examine optimal R&D policy for a small open economy when
there are cross-sector spillovers and externalities without dynamic considerations. In both
of these papers, it is the presence of externalities, spillovers, or distortions that justify inter-
ventionist policies, whereas optimal dynamic policies in our setting arise from both static
and dynamic terms of trade consideration and comparative advantage for an open econ-
omy. Furthermore, our model features a dynamic economy with endogenous technology,

industrial policies serve as intertemporal trade policies.

Our paper proceeds as follows. Section 2 sets up the multi-country, multi-sector dynamic

4Innovation or international technology diffusion in the global economy include works such as Arkolakis,
Ramondo, Rodriguez-Clare, and Yeaple (2018), Atkeson and Burstein (2010), Bloom, Draca, and Van Reenen
(2016), Buera and Oberfield (2020), Cai, Li, and Santacreu (2022), Eaton and Kortum (1999), Grossman and
Helpman (1990), Grossman and Helpman (1993), Hsieh, Klenow, and Nath (2019), Perla, Tonetti, and Waugh
(2021), and Somale (2021).



theoretical framework, while Section 3 zooms in on the dynamic technology manipulation
motive in a one-sector model. Section 4 focuses on the intratemporal motive to manipulate
technology, and Section 5 concludes with a comparison of various policies in the full-

fledged dynamic model with additional rich features.

2 Theoretical Framework

2.1 Model

The model extends the endogenous technology model in Eaton and Kortum (2001), hence-
forward EK2001, to one that features multiple sectors and countries, and derives optimal
R&D and trade policies therein. We then extend the model to allow for various externalities

and international spillover.

The world has many countries and sectors. Within a sector, there is a continuum of
varieties of consumption goods. All consumers” discount factor is B. Country n € N has
a measure L, of labor, which can freely flow into the production sector as a worker or the
research sector as an innovator.

Consumer preference in each country n is } ;2 ﬁt%, where final goods is a Cobb-
Douglas function across the consumption of different sector j goods C, = Tljen, (C{;)ﬁj,
where B; is constant and reflects the share of sector j. Within each sector, consump-
tion is also aggregated with a Cobb-Douglas function across individual varieties C£ =

exp fol In c{;(w)dw. All goods are tradable with an iceberg trade cost d;;, between country

n and m.

Innovation incentive and research decision. We start by explaining innovation efforts
within each sector, as in the one-sector economy model of Eaton and Kortum (2001). All
countries n are capable of producing any variety w of good with technology g, (w) (where
industry j is suppressed for notational convenience), the distribution of which is endoge-

nous and depends on the number of researchers and research productivity.

Researchers draw ideas about how to produce goods. At a Poisson rate «,, a researcher

in country n draws an idea, which consists of the realization of two random variables. One



is the good w to which the idea applies, drawn from the uniform distribution over [0, 1].

The other is the efficiency g(w), drawn from a Pareto distribution with a parameter 6.

Let the measure of researchers in country n at t be L+, and the cumulative stock of
ideas be Ty;. Under a unit interval of varieties, the number of ideas for producing a specific
good is Poisson distributed with parameter T,;. Ideas retire with probability 6 and hence

the evolution of the stock of ideas T); is:
Tut = (1 - 5) Tn,t—l + &pt Lyt (1)

Kortum (1997) proves that when the quality of each idea is Pareto distributed, the distri-
bution of technology efficiency frontier is a Frechet distribution with parameter T;; and

6.

Firms engage in Bertrand competition: the lowest-cost producer of each good in each
market claims the entire market for that good, charging a markup just enough to keep
the second-lowest-cost producer out of the market. In equilibrium, the distribution of the
markup is Pareto with the parameter 6. Since all firms selling in the market charge a
markup drawn from the same distribution, total profits prof,; at period t earned by firms
in the market are a constant share of total sales. Let x,;; denote market m’s total spending
at t (also expenditure per variety in country m given Cobb-Douglas preferences). Thus
profits earned by either domestic or foreign firms who sell in that market is x,,;/(1 4 0).
The probability that a researcher in n draws a g that is the lowest price in market m at t is
Ttunt / Tyt a firm innovates and surpasses the current set of ideas in its own country with
probability 1/T); at time ¢, but then needs to be the cheapest source of a particular good
in country m, with probability 77,,,;. For example, the expected profit earned by a firm in
country 1 (Home country) at time ¢ is:

1 w1 L1pe
Tlm1tXmt | = 9 To, E, (2)

1 1
profir = — 5 —— | Muxie + Z

140 Ty; m#ll‘i‘Txmt

which is obtained using the fact that on expectation a constant fraction of sales goes to
profit while the remaining goes to labor income paid to production workers, and shows

that export tax of Home would affect Home firms’ profit. In addition, the expected profit
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earned by a firm in country # is

1 1 1

1 wnthpt
profut = 1507,

j j _
T X1t Y T Xmt | = 5 , 3)
1+ t{” 1nt o mnt 0 T,

which shows that import tariff on foreign country would affect their firms profit and labor

in the sector.

We can write the expected discounted value of an idea as

— V[B(1 — g5t tns Put
Unt—sgt[ﬁ(l J)] untpnsp”ofns- 4)

where 1, is country n’s marginal utility of consumption at period s and P, is its consumer
price.

A researcher is motivated by the possibility of coming up with an idea with value. Free
mobility across sectors ensures that the present value of the expected profits of being a
researcher is equal to the wage of being a worker in the production sector w, i.e., ay;vyr =
wyt. This determines the level of R&D conducted. Workers engaged in research do not
know how good their ideas will be ex-ante. Since each idea is worth v,; in expectations,
the total value of research output at time ¢ is ;¢ Ly,r¢v5¢. The average value of a researcher is
ant0ne. Total number of research workers is Lyt = 7Ly, where 1 is the equilibrium share

of research workers—or, research intensity. Thus,

XptOpnt = Wnt rntG[O,l] (5)
KptOpt < Wyt Ty =0

KptOpt > Wyt Ty = 1.

The poisson rate a,; reflects how effective the researchers are in country n’s innovation
process—-or, innovation efficiency. Innovation can exhibit CRS, that is, ay; = ay, or
have domestic externality, where ay,; = ocn(Lnrt)E_l(Tn,t_l)”, including potential DRS (e <
1), and intertemporal diffusion # # 0; or foreign externality/diffusion, where ay,; =
n (Lyrt ) 1Ty i—1)". It can be used to consider policies with input-output innovation struc-

ture across sectors, indicated by j and k, where oc{lt = oc{l Hk(T,]:,t_ﬂwjk- To highlight the role
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of policy, we consider a one-sector model and a multi-sector steady-state model with CRS
innovation in Sections 3 and 4 as our baseline. This yields an efficient world private equilib-
rium, where Home has an incentive to use optimal policies for static and dynamic terms of
trade consideration. In the event that there are direct spillovers or externalities, additional
classic industry policy motives interact with the highlighted new force.

We now define the world private equilibrium. Variables with prime denote variables in
the next period.
Definition 1 (World Private Equilibrium). The world private equilibrium consists of an allocation
of labor and consumption {L{m L{w, CL }, technology {T,]1 }, expenditures {x,}, prices {P,ﬂ} , and
wages {wy } such that consumers maximize expected discounted utility, firms maximize profits, and

the following free entry and market clearing conditions hold:

1. Free entry conditions for researchers

j

wy, = o, (L{W, Tr]l,71> (9 nTnp By > , (Vn € N,VjeNs)
n

where By, = B(1 —6) Ziiz

2. Evolution of technology
T) = o, (L{;,, Tf;,_1> L+ (16T, |, (¥neNYjeN), 6)

3. Goods market clearing conditions

1+6 ]
0 wlL [ 11X1 + Z : 1xm 7 (7)
m#l 1 + Txm h
146 ]
0 ,3] [ 7T1 X1+ Z 7Tmn-’cm ’ (8)
0 + tn ! m751
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where the expenditures are given by>

1+9
X1

ZL +ZZI3; o 1Xm+ZZﬁ]

m#1 j=1 1+ Tom m#1 j=1

m: 9 meLZnP. (10)
]

7T1mx1 9)

4. The labor market clearing conditions for each country n

5 (Lhr+ Lhy) = L. (11)
J
Proposition 1. At the steady state of the multiple-sector open economy, the private research in-
tensity r{q is the same as in the closed economy for all sectors j in country n. Openness reallocates
more labor into the comparative-advantage sectors and increases the endogenous level of technology

in these sectors.

Proof. See Appendix A. The optimal research intensity rl, in each sector j does not de-
pend on the country’s size, research productivity, or trade openness. The reason is that
accessing foreign markets increases the potential profits, but competition from foreign in-
ventions decreases them. These two effects exactly cancel out, and the level of openness
does not affect research intensity. However, the research level would depend on size, re-
search productivity, and openness. Thus, given the same level of research intensity r{;,
more labor reallocated to the comparative advantage sector increases the total number of

researchers in that sector and hence its technology Tl

2.2 Optimal trade and innovation policies

We consider two types of government policies: Markov and Ramsey policies. Under
Markov, time-consistent optimal policies, the Home government chooses current-period

policies, which are constrained to depend only on the value of the current period’s state.

T{ (w1)79 ] T{ (wl (1+Txnl)dm1) o

. - . s = —
T{(zul)_6+2n#l sz(wn(lﬂj )dl ) o7 ml T{(w1(1+Ti‘m)dnll) 6+2n7&1 (wndmn) -6

j
= T (w0 (1t ) 1)~ 7 . Note that ¥, 7}, , = 1 for any

i ] -0 n{m ] -6 ]
Tl(wl(l“'Txm)dml) +Zz#l (w dml) T (wl) +):n;é1 Ty (wn(l‘HL )dln)

5The trade shares satisfy 7'(%1 =

7

n.;nn — i Tijt(wndmn) -9

m.
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Private individuals react by taking current and future policies as given. The government
cannot commit, but correctly anticipates how future policies will depend on current ones
through the state of the economy. For comparison, we also consider the Ramsey problem,
whereby the government has the ability to commit to all its future policies at the beginning
of time, and chooses a sequence of taxes to maximize utility— taking into consideration

the private responses to the policies.

Markov policy The Home government (country 1) chooses optimal unilateral trade poli-
cies and domestic R&D policies by maximizing the aggregate of individuals’ instantaneous
utilities discounted by B. Foreigners are taken to be passive. Trade policy instruments are
restricted to the country-sector level, comprising country-sector-specific import tariffs t,
and export taxes T,];n directed at country n # 1. Domestic R&D policies are sector-specific
innovation profit tax/subsidies. We derive optimal domestic innovation summarized by
L]i . and then show how to implement it with taxes on innovation profit. The government

rebates the tax income to households in a lump-sum fashion.

The Home government determines researchers in each sector j, taking into account for-
eign private innovation decisions and equilibrium production and trade. There are number
N x N; state variables, i.e., the technologies {Té/fl} for all country n and sector j. Specifi-
cally, the government chooses L]ir with j € {1,2,.., N5}, country-sector-specific import tariff

t{q and export taxes 13];” toward country n > 1 to solve the following problem:

1-0
j _ Y j
CR R ()
1r2 txnstn
subject to the world private equilibrium characterized by
w 1 w1 < :
e = gt Buth, (Y Nex (N =1)) (12)
O‘n(Lnr/ Tn,—l) Ty
1460 [ 1 '
Twlylp =Bj |+ ) j nanxm] , (e Ns) (13)
L m;él 1 + Txm
146 1 - -
TwnL{w = Bj ]. oty n{nnxm] , (7], Nsx(N-1)) (14)
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and the evolution of technology (6), the definition of expenditures (9)-(10), the labor market

clearing conditions (11), the normalization of home price P; = 1.6

We consider unilateral policies, without loss of generality, we assume that countries
other than 1 (Home) do not invoke trade policies on one another, as reflected in equation
(14), nor innovation policies as in equation (12). Optimal conditions for the Markov policy

are derived in Appendix B.

Ramsey policy Under Ramsey optimal policies, the Home government can commit to the
i 0

path of policies. In period 0, Home government chooses a sequence of { L T t] }t—O to

maximize the present value of utility subject to the world private equilibrium, in particular

the worker-researcher choices, in each period t:

Wt Unt o yttns [ 1 WnsLips
o Pu = ;[,3(1 o)) tp_ns (5 = : ) , (15)
along with equations (6) - (11). The government decides on the entire path of policies hon-
ored in the future, particularly as future policies affects the foreign individual’s expected
value of innovation. Let /3t’yvnt be the multiplier on the worker-research constraint. Follow-
ing Marcet and Marimon (2019), the state variable now includes the cumulative promise of
past multipliers rén,t—l with

t , .
D=3 (1-08) s =(1-0)I,, , +9),  foranyn+#1landj.

s=0

Hence, the problem can be written recursively as

, x1 - (1L 1 1L
L({Tﬁm T,]1 1}) qullfSUIDl1 +ZZ[’YW (5 ;{ j>+(1—5)ri;n ~1p ;p

on n#l ] &y n
+..pL ({r;m, T,fl}) ) (16)
6 e e o j =0 j j o] Fi/0
Home consumer price is given by P; = II; [lel + L1 Tn(wn (1 + t)d1,) ] . The consumer

: : j j 0 j _o] Pi/6
price of country 1 is P, =TI, {Tl(wl(l + Ten)dn1) ™% + L1 T (Windnm ) } .

14



where we omit other constraints (6)-(11), which are the same as in the Markov problem.
See Appendix C for the full recursive problem (16), the proof of the mapping between the
original Ramsey problem and this recursive problem, and the derivations of the optimal

conditions for the Ramsey policy.

3 Dynamic Technology Manipulation

We first study an intertemporal motive to influence foreign innovation in one’s favor. To
isolate this force, we first consider a two-country, one sector case without domestic exter-
nalities. The key takeaway is that the Markov government, unable to commit to its future
trade policies, has to deploy domestic innovation policies to manipulate foreign innovation

efforts. This contrasts with Ramsey policies.

3.1 Markov policies

As Lerner symmetry holds in the one-sector, two-country model, Home’s import tariff can
be normalized to zero. The government optimises over export taxes while directly choosing
domestic innovation and allocations, respecting the world private equilibrium. Recall v,
is the multiplier on country 2’s worker-researcher choice condition (12). The following

proposition characterizes the optimal Markov policies.

Proposition 2. Under the one-sector, two-country model, the optimal Markov policy is character-

ized by zero tariffs (Lerner symmetry), export tax, and domestic innovation satisfying the following:

1+ 67y

! / /
Uy /Py 1

07120 + ’)’1’2(0 - 1)18(1 - (S) Ucy /Py g ticy X2

w/
o pa-o) 1 (%)
1 + 6 ucl MCZ /132,)/"2

innovation wedge

wi _ 1wiky
o1 N 0 T1

+ Bror + (18)

Furthermore, 7v,» = 0 at the steady state.

Proof. See Appendix D.
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Export tax Compare the export tax (17) with the one under exogenous technology: 7, =

1/(872), which captures the static terms of trade consideration. The extra term in the
e, /Py wh  q
uCz/PZ IX_Z uclxz

denominator 7,2 (0 —1)B(1 —d) captures a dynamic technology consideration.
Although the home government cannot use the current export tax to directly affect foreign’s
future marginal consumption u/,, future prices w} and Pj, the current export tax directly
enters into current period foreign price index P». Thus, it influences foreign researchers’
choices through equilibrium prices and the tightness of foreign worker-researcher con-
straint (12).

Specifically, through its first-order impact on P,, home export tax influences foreign re-
search incentives through two countervailing forces. First, higher export tax can lower

foreign research incentives by increasing the foreign interest rate: all else equal, a higher

foreign consumer price P, reduces foreign consumption x;/P, and raises its interest rate

”Cz
Bul,

duction away from innovation and produces more goods, it also lowers Home’s price index

This lowers foreign innovation incentives. Moreover, if Foreign shifts towards pro-

and makes Home’s cost of innovation cheaper. Second, higher export tax, which raises P,,

can boost foreign research incentives by lowering foreign real wages, wy / Ps.

The strength of these two countervailing forces depends on the intertemporal elasticity

Uc,
Puc,
centive to manipulate foreign interest rate disappears. But the government still wants to

of substitution. When ¢ = 0, the foreign interest rate

is constant at 1/, and the in-

affect the foreign real wage path through export taxes. Note that in this linear consump-
tion case, innovation cost consideration is at work rather than a consumption smoothing
motive. When ¢ = 1, the interest rate and wage effect cancel out, and 7 is the same as
in the exogenous technology case. When ¢ > 1, the government would want to raise the
export tax to be above that of the exogenous technology case to depress foreign innovation

incentives, while it would want to reduce it below that level if o < 1.

Innovation policy The inability of the Markov government to directly influence foreign
future wages and prices gives room for domestic innovation policies. In the "Euler” equa-
tion of innovation choices (18), there is an extra wedge term compared to the private equi-

librium. The key elements in this wedge term are the multiplier 7, on foreign worker-
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researcher constraint (12) and the derivative, denoted as der = 0 <u£2g > /0Ty, for the

N

purpose of discussion.

To unpack these terms, first note that the wedge essentially captures the impact of
Home’s next period technology state T} on Foreign’s discounted innovation value, i.e.,
Bv}. To see this, we rewrite this discounted value as

g,/ Py

Bus = p(1— 5)%—/1327/2 = B(1-9)

/ !/ /
Uey/ Py Wy

, 19

where the second equality comes from researchers’ free-entry condition (5). Hence, the
derivative der captures how the future terms in country 2’s discounted future value vary

with home T;.

Although Foreign’s current consumption c; and price P, are jointly determined along
with Home’s current-period innovation choice and technology T;, the Home government
can use its T; to affect foreign’s future marginal consumption and prices. This effect is
captured by the derivative der in the wedge. The changes in future marginal consumption
and prices lead to variations in foreign interest rates and real wages, influencing foreign
innovation incentives. This affects the tightness of the foreign worker-researcher constraint

(12)—the reason why the multiplier of this constraint ,» shows up in the wedge.

When the interest rate effect dominates, the derivative der is negative, meaning that
Foreign’s marginal utility from increasing real wage falls with T;. A higher level of tech-
nology at Home lowers its future export price and Pj, raises Foreign consumption ¢} and
lowers its future marginal utility of consumption-hence increasing the interest rate. The
real wage, however, would rise with T; as a result of the decline in P;. When the marginal

consumption- or the interest rate effect dominates— der < 0 in the wedge term.

The sign of the multiplier ,, depends on whether the home government aims to reduce
or raise foreign innovation. When the home government wants to reduce foreign innova-
tion, the multiplier 7, is negative. From the perspective of Home, Foreign’s innovation
benefit is too large relative to its innovation cost—it conducts too much innovation. For in-
stance, when home T; is low relative to innovation efficiency aj, it would want to develop

its own technology and curb foreign innovation. In this case, ;> tends to be negative, and
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along with a negative der term, produces a positive wedge.

The higher the wedge, the larger the Home innovation incentive (the right-hand side of
the equation (18) reflects the benefit as a researcher). It behaves like a subsidy to Home’s
innovation efforts. We can define the innovation subsidy 7 relative to Home firms’ current

profit as

w/
16 p-9 1 9(uic, )
1T Tely 140w, ug/P " 0T
0 T
Hence, when home T; is low and transits to a higher steady state, Home government

subsidizes industry innovation.

Note that 7,, = 0 at the steady state. In this case, the optimal export tax is the same as in
the exogenous case, and there are no innovation subsidies. The intuition is straightforward:
when the technology reaches the steady state, the government can no longer use policies
to affect the interest rate and wage path. In addition, there are no domestic externality or

comparative advantage to create policy incentives.

Numerical example To understand the Markov innovation subsidy and export tax, we
consider an example where the Home government’s technology T starts below the steady
state, while country 2’s technology is at its steady state. Figure 1 shows optimal policies

employed relative to their steady-state levels during a transition path.”

The Markov government utilizes both export taxes and innovation subsidies, as depicted
in Panel (b) and (c). The export tax has two salient features. First, it increases when T
increases over time. Second, it consistently exceeds the level in the static model of 1/ (67127).
Moreover, the gap between export tax and 1/(672,) shrinks and eventually goes to zero

when T; increases over time.

These two features reinforce our previous discussions in Proposition 2. When Tj in-
creases over time, the home country gains monopoly power and is able to impose a higher
export tax. This motive is clear from the rising 1/ (6712,), capturing the static terms of trade
effect. A higher export tax than 1/ (07, ) reflects the home government’s motives to lower

foreign innovation efforts by raising foreign interest rates.

7In this example, § =2,0=25,=09,0=0.02,a7 =1,0p =09,d = 1.1.
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In addition, Home increases subsidies on domestic research efforts to further deter For-
eign’s. As technology progresses towards its long run value, the need to manipulate for-
eign innovation incentives diminishes and eventually disappears. As a result, the export

tax equals 1/ (87122) and innovation subsidies become zero, in the long run.

Figure 1: Optimal Markov Polices: One Sector, Two Countries
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3.2 Ramsey policies

The Ramsey government can commit to a sequence of export taxes and does not need to
undertake any innovation policies. Recall that -, is the multiplier on the worker-research
constraint, and I'j» the multiplier recording the past commitment of policies with I';y =

(1 —0)T'y,—1 + You2- The following proposition characterizes the optimal Ramsey policies.

Proposition 3. Under the one-sector, two-country model, the optimal Ramsey policy is character-

ized by zero tariff, and export tax and domestic innovation satisfying the followings:

1+ 97‘(22
0 1 T woLoy uC2 /
Ty + (00— 1) (ye232 ,XZ V29T, (te,x2)

w1_1w1 1p
o1 0 T

1+ 1R = , (20)

+ B1o1. (21)

Furthermore, v, = I'yp = 0 at the steady state.
Proof. See Appendix D.

It is easy to see that the Ramsey innovation condition (21) is the same as that in the
private equilibrium (12). The reason is that with commitment, the path of export taxes is

sufficient to implement the intertemporal allocation. The formula for the optimal export
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tax in (20) looks similar to equation (17) in the Markov case. To compare, we plug in the

worker-researcher constraint (12) to equation (17), and the Markov export tax becomes

1+ 97T22

- 1 . (22)
0710 + (0 — 1) (’er,x—zz - ”erffn / (e, %2)

1—|—T,ﬁ\4:

As is clear, the multiplier y,ou /P, in Ramsey corresponds to the multiplier 7,, in the

Markov case.

However, taxes under Markov and Ramsey contain an important difference. Markov
export taxes (22) depend only on the current multiplier ,, associated with the foreign in-
novation incentive, while Ramsey export taxes TR depend not only on the current multiplier
Y2, but also on cumulative past commitments I';; 1. Past commitments I';; _; dampen
the impact of the current multiplier 7y, on the export tax, showing up as the negative term

in the denominator of equation (20).

To see why all past multipliers I';; enter the Ramsey tax equation (20), consider the fact
that the Ramsey government, with similar incentives as a Markov one, also uses export
taxes to manipulate terms of trade and foreign innovation incentives. But the difference
is that the Ramsey government can commit to a lifetime policy path at time 0, with full
knowledge that the period t’s export tax 7y directly affects foreign prices P,;, which enters
all past worker-researcher choice constraints (15) for periods s < t. When the interest rate
effect dominates, higher P,; lowers period t’s innovation incentive but increases period
s < t’s research incentives. This also explains why the past multipliers counteract the

impact of the current multiplier y,».

Numerical example Figure 2 plots Ramsey policies against static and Markov policies
in the same example as in Figure 1. Panel (a) exhibits an export tax that is higher under
Ramsey for low levels of T; than under the static case (1/(07122)), and lower in later periods.
Panel (b) shows that the path of export taxes tends to be flatter under Ramsey than under
Markov. This discrepancy arises from the ability of a Ramsey government to manipulate
not only the current foreign price P, through the current T, but also future prices P,

through commitments to future ;. Consequently, the government is able to avoid excessive
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increases in the current 7,, which could lead to undesirable distortions. In contrast, the
Markov government cannot commit to a sequence of export taxes to influence the terms
of trade, and it is obliged to implement distortionary domestic industry policies such as

innovation policies.

Figure 2: Optimal Ramsey Polices: One Sector, Two Countries
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In the long run, neither Markov nor Ramsey policies have any additional incentive to
alter the terms of trade. Both end up with the same steady state of technology and export
taxes. Note that the steady-state innovation and trade policy becomes the same as in a static
model only in the special case with one sector and no externalities. We proceed to discuss
this in detail in the following section and explore why multiple-sector and multiple-country

model illuminate additional insights.

4 Comparative Advantage: Multi-Sector, Multi-Country Model

When comparative advantage is introduced, intratemporal considerations to manipulate
foreign technology become more intricate. To make these forces transparent, we derive
optimal taxes in a long-run model with multiple sectors, countries, before incorporating
potential externalities and considering transition paths. In contrast to a uniform tariff
applied across all sectors under exogenous technology, conventionally emphasized, optimal
policies with endogenous technology consist of heterogenous tariffs and export taxes across

sectors.

Our starting point is a baseline model characterized by an efficient private equilibrium
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with no distortions, externalities, or international spillovers. Specifically, innovation has
constant returns to scale (CRS), tx{qlf = 06{1, and the allocation between researchers and work-
ers are efficient. Under Bertrand competition, the endogenous markup of each firm follows
a distribution that is invariant over time and does not depend on the destination to which

the firm sells. Hence, there are identical and constant aggregate markups across all sectors.

Proposition 4 (Exogenous Technology). When technology is exogenous,

1. optimal trade policies consist of a country-specific import tariff and country-sector-specific

export taxes that rise with a sector’s trade share in country n, n{ll. Specifically,

1+6(1—7,)
0 Y1 (14 F) 7T

=y, 14T = (23)
2. with lower trade cost, Home charges a higher export tax in sectors with higher net exports
(comparative advantage sectors). That is, Home allows for greater differentiation of taxes

across sectors.

When T is exogenous, optimal tariffs are uniform across sectors, and their overall level,
denoted by £, is not uniquely pinned down (tax neutrality holds as in Lerner (1936) and
Costinot and Werning (2019)). Thus, we can set zero tariffs in all sectors in one country.
Export taxes are used to exploit the country’s monopoly power, and they increase with
7{{11, the share of good j that country n imports from Home. In other words, the export tax
for a specific country-sector increases as the market power of that sector in the destination
country increases. This schedule of trade policies is consistent with the one proposed by
Costinot et al. (2015), where the government can manipulate relative prices in its favor by

limiting the supply of its export goods.

Proposition 5 (Two-Country Endogenous Technology). In the two-country steady state case

with endogenous technology and no domestic externalities,

1. optimal policies do not distort domestic innovation (zero innovation taxes), but consist of

heterogenous import tariffs and export taxes across countries and sectors;
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2. Home optimal tariffs satisfy

1+9 146, 1/ a.
wlL ,B]xl ! Llp ﬁ]/xl . 24
146 j 146 J/ ’

|
-y ==
0

Home’s import tariff imposed on good j increases with its net exports normalized by production
in country 2, relative to sector j' (tax neutrality holds so that one of the sector’s tariffs can be

normalized to zero).

1+97r22

0 7122

4. Openness or technological change affects optimal policies: tariffs rise by more in sectors that

3. Home optimal export taxes satisfy (1 + Tx)(l +t) =

4

see a greater increase in net exports.

PROOF in Appendix E. Proposition 5 shows that tariffs are now sector specific rather
than uniform in the exogenous technology case. Home’s tariff in sector j is (HG wlL]ip -
Bjx1) — in other words, the excess supply of labor in sector j, which relates to its net exports
of good j, nomalized by foreign sector size. This reflects the motive to reduce foreign inno-
vation efforts in sectors where Home has a comparative advantage. If Home exports more
of the sector’s goods, it would want to charge a higher tariff; if Home imports relatively
more of a good from country n, it would want to charge a relatively lower tariff, all else

equal.
The optimal tariff in equation (24) satisfies
,Y]Ln ,)/{’1’[

t‘{1 = — = — — + Const,, (25)
U (1+6)Thu

where 'y]in is the multiplier on the goods market clearing condition (14) and 'ﬂn is the
multiplier on the free-entry condition of researchers (12). The multiplier 'ﬂn reflects the
impact of a foreign country’s excess incentive of innovation on Home welfare, and 7£n
reflects the impact of excess demand of a foreign good on Home welfare. This equation
demonstrates that Home would like to use tariffs to affect foreign’s labor and production

across sectors, hence profit and incentive for innovation.

Appendix E.1 proves the optimal innovation policy at the steady state of the baseline
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model. The Home government chooses to not distort its own R&D, but would like to use
heterogenous tariffs to influence Foreign’s innovation, as shown in equation (25). The sign
of ’ﬂn determines whether Home will impose a tariff on country n in sector j. As for the
level of optimal tariffs, multiple considerations are taken into account: the impact of its
tariffs on Foreign and Home’s own labor and production, Foreign profits that affect its
technology, Home’s own tariff revenue, consumption price, and terms of trade through
changes in wages. Despite the complexity, sectoral optimal tariff can be summarized by

Home’s net export normalized by foreign sector output.

Home’s optimal export taxes show that the government would still want to use export
taxes to exploit the country’s monopoly power at the steady state, as in the case with
exogenous technology—but in conjunction with heterogenous import tariffs across sectors

aimed at influencing Foreign’s innovation.

Proposition 6 (Multi-Country Endogenous Technology). In the multi-country steady-state
case with endogenous technology and no domestic externalities,
1. optimal policies do not distort domestic innovation (zero innovation taxes), but consist of

heterogenous import tariffs and export taxes across countries and sectors;

2. On average, tariffs are higher for sectors with relatively higher net exports, for any sector j:

1 + 0 ‘ 1+0
Y (th + &n) ——wnlly, = Twlelp — Bjx1, (26)
n#1
where &y, are country-specific.® In the case where only Home and one foreign country (country

2) produce sector j and j” goods, e.g., rest of the world have “ézow = 0and DCJ;OW =0,

1460 1+6

j tj/—l iwlL ﬁ]xl 40 wlL — Byx1 .

2 29 146 1] Lo i ’
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3. Within a country

. o T
# B T x Em#l xn} ﬁ]nmnxm
n 1n*1 14+
iite. 11 146, 1] +on 27)
14+t Twnan Twnan

where &, are country specific.”

4. Home optimal export taxes satisfy

14+6(1— nill)'

j
):m#l( + m)n

(28)

5. Openness or technological change affects optimal policies: tariffs rise by more in sectors that

see a greater increase in net exports.
PROOQOF: see Appendix F.

Different from the two-country case, tariffs on one foreign country now affect other for-
eign countries’ sectoral profits and incentives to do innovation—and hence technology. The

levels of optimal tariffs and export taxes are jointly determined across countries and sectors.

With multiple countries, Home’s tariffs are on average higher for sectors with relatively

(#wl L]i p Bjx1): equation (26) shows that for that sector, the weighted

higher net exports
average of Home’s tariff across countries is higher. For a specific country/sector, the opti-
mal tariff on country # is increasing in the ratio of country n’s exports to other countries
relative to its exports to Home, as in equation (27). That is, if Home imports relatively more
from country n, it would want to charge a relatively lower tariff, all else equal. This tariff
also depends on other countries” export taxes in sector j and other general equilibrium
effects, such as the impact on other countries’ labor reallocation across sectors, as captured
in equation (27). The optimal tariffs still satisty

tL = —%‘” = — Vrn —— + Consty,

Ue (1+0)Thu,

which demonstrates that Home would like to use tariffs to affect foreign’s labor and pro-

= g lor Tt y taln gy

UcXn
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duction across sectors and the profit and incentive for innovation. The differences from the

two-country case will be further illustrated in numerical examples below.

Moreover, the same motive of not distorting one’s own R&D also holds in the multi-
country steady state case. The Home government would want to use export taxes to ex-
ploit the country’s monopoly power, in conjunction with heterogenous import tariffs across
sectors to influence Foreign’s innovation. Moreover, in the multi-country case, these taxes
depend on how much other countries export to country n (n{lm), reflecting the degree of

monopoly power Home has on country # in sector j.

From the expressions above, the tariff Home imposes on sector j is related to j’s excess
supply of labor, which is by definition (#wl le. p — Bjx1), hence net exports in the two-
country case, and analogously in the multi-country case. An important difference arises
between the two-country and multi-country cases. With two countries, one country’s net
exports in a sector are necessarily the other country’s net imports. With multiple countries,
there could exist sectors in which both Home and Foreign are net exporters to the rest of the
world. This difference has important implications for optimal policies. Unlike in the two-
country case whereby only one country has the incentive to levy a tariff in a given sector j,
it is possible in the multi-country case that Home and Foreign are net exporters of certain
goods and both countries’ unilateral polices would want to impose high tariffs in those
sectors. Whether the tariff they impose in that sector towards another country is higher
or lower than tariffs in other sectors depends on that sector’s net exports (normalized by
another country’s production, reflecting the fact that tariffs are related to the elasticity, not
an absolute level)—as is shown in the above proposition. Note that net exports of a good j
are total net exports to the world, rather than to one economy alone, gauging a country’s
overall comparative advantage. The above result also shows that an event that raises both
Home and Foreign’s net exports of good j (for instance, a fall in trade costs or a rise in

global demand in sector j) will also raise the tariffs they levy on each other in that sector.

Proposition 7. With endogenous technology accumulation and no domestic externalities, in the
steady state, Markov and Ramsey governments choose the same trade policies. Moreover, neither

type of government uses domestic innovation policies.

PROOF in Appendix G.
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Numerical Example The interlinking relationships and spillover of tariffs across coun-
tries and sectors may appear to be complex but follow the basic principle outlined in the
above proposition. That is— the within-country tariff ranking has to do with the country’s
comparative advantage. That strict ranking disappears when we deviate from the special
case, but still follows some basic trade patterns—further explored in a simple quantitative
analysis in Appendix K. Still, to gain some intuition, and to investigate predictions of the-
ory when cast in realistic scenarios, we consider an example where a third country becomes
larger. Appendix H also considers a few other cases.

There are three sectors (51, S2, and S3) and three economies: the United States (US),
China (CN), and the rest of the world (ROW). The innovation efficiencies in the three
sectors accord with US (1,0.9,0.9), CN (0.9,0.9,1), ROW (0,0, a33) with a33 varying from
0.9 to 1. Since ROW’s innovation efficiency is zero and cannot produce goods from S1
and S2, it imports them from the United States and China. Furthermore, S2 is China’s

comparative advantage (CA) sector, and S1 is U.S.’s comparative advantage sector.

Figure 3: Optimal Policies for the United States when Global Demand Rises
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Note: The upper panel plots U.S. optimal tariff on imports from China in sector 1, sector 2, and sector 3 when sector 3 in ROW becomes
more efficient, i.e. higher az3. The lower panel plots the corresponding US’s net export in sector 1, 2, and 3.

To start with, we increase w33 in the first example to make ROW larger. This led to a

surge in the global demand for goods in S1 and S2. Note that the U.S. always imposes

27



Figure 4: Optimal Policies for China when Global Demand Rises
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Note: The upper panel plots China’s optimal tariff on imports from the U.S. in sectors S1, S2, and S3 when S3 in ROW becomes more
efficient, i.e. higher a33. The lower panel plots China’s net export in the three sectors.
tariffs on S1, which is its CA sector. Larger global demand for S1 and S2 boosts exports in
these sectors, and thus the U.S. increases tariffs on both sectors. Moreover, the tariff on S2

increases by more as the net export in this sector rises faster.

Figure 3 shows that the U.S. increases tariffs on China’s sector 2 goods more than tariffs
on sector 1 goods. In addition, the U.S. imposes higher tariffs on ROW’s sector 3 goods,
aiming to induce Chinese labor to shift from sector 1 and 2 to sector 3. However, the impact
of this policy on the rise of Chinese labor in sector 3 is not significant. The same optimal
policy applies symmetrically to China, which levies a higher tariff on the US goods in sector
1 and 2, but higher in sector 2, see Figure 4. The larger the rise in global demand, the larger
the tariffs levied by both China and the U.S. to endogenously improve each country’s own

technology in that sector.

We also explore optimal policies under several alternative scenarios in Appendix H.
Specifically, we consider a case when there is an increase in China S1’s innovation efficiency
a11. In this case, China levies a relatively higher tariff on imports from U.S. sector 1 to
discourage innovation in the U.S., see Figure A-3. We also study a case when there is a rise

in the importance of sector 1 goods. Figure A-4 demonstrates that both the US and China
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would raise tariffs on importing sector 1 goods from the other country.

For illustrative purposes and to contrast with the fixed technology case, we also com-
pute optimal policies for a multi-country model with a cross-section of 20 two-digit level
manufacturing sectors in the steady state in Appendix K. Our results point to significant
heterogeneity across countries/sectors in both tariffs and export taxes. By implementing
heterogeneous tariffs, there is an additional 20% gain in welfare at the steady state com-

pared to the fixed technology case.

5 Optimal Policies during Transition

Having established separately the two key motives of government policies—to manipulate
dynamic technology accumulation and intra-period terms of trade, we proceed to examine
policies during transition when these two effects are simultaneously present. We complete
the analysis of the full-fledged multi-country-multi-sector model by introducing an exter-
nality in technology accumulation. The key result is that the two main motives are still at
play, and a conventional tax to target the externality is insufficient to implement optimal
policies. For a Markov government, there would need to be additional industrial policies
in the long run when there are externalities. Three motives underlie innovation tax or sub-
sidies: to correct for externalities, to manipulate dynamic technology accumulation, and
to account for the intertwining effects of externality and technology accumulation across

sectors.

The domestic externality is hereby modeled with returns to scale in the innovation effort.
Specifically, the innovation efficiency in country n sector j depends on a constant a}, and
the research effort in this sector,

‘X;t = 0‘]71 (L]nrt)g_ll

where ¢ # 1 captures the externality. When ¢ = 1, the economy goes back to the efficient

case with constant o/,.

We assume that all countries can use the Pigouvian innovation tax/subsidy to correct

for the domestic externality. In addition, foreign countries are still passive and do not use
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other policies. In this case, the worker-researcher choice in country n > 1 becomes

w w Lj ~ ; ;
=R e Ben (1) (29)
nrt n

wil)
where the ¢ in front of = P ——* reflects foreign country n’s Pigouvian innovation tax/subsidy.

n

Proposition 8 (Markov Policy). In the general case, the Markov policy is characterized by the

following export tax, import tariff, and innovation subsidy TéM, for n > 1 any sector j

1+6(1—7)

1+ Txn M - ~ ’ (30)
T 0L (14 B 7+ (v — 1)Bnk) / (ey )
. j j
t{iM _ ~ Tin _ €Yrn ' + Const,, (31)
Ue (1+60)Tjuc,
N N ad (ul M)
iM € 0 p(1— - < Cn ag; (L )* !
T, =(e—1)+ - ; : 32
g = (e=1) jol, 140 ug n;Zucn/pn'an o7 (32)
=
1

(& J/
-

additional subsidies

where 'ﬂn and 'yén are the multipliers for worker-researcher condition (12) and goods clearing con-

dition (14), respectively.
Proof. See Appendix L.

The optimal export tax Tin in this full model encapsulates comparative advantage—the
static terms of trade effect—as in the long-run case (28). In addition, it captures the home
government’s incentive to manipulate country n’s technology accumulation in all sectors,
similar to the one-sector case in (17). This dynamic incentive is captured by the multiplier

vk, on the worker-researcher constraints, for all sector k in country 7.

In our numerical example shown below, we find that in the long run, the second term
(Zk v, (0 — 1)Buvk) /(ue,x4) in the denominator of (30) is zero even with externalities.
This implies that export taxes have the same formula as ones without externalities in equa-
tion (28). The reason is that the government uses export taxes to manipulate dynamic terms

of trade, directly through P,. In the steady state, the relative prices across countries remain
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constant. Hence, the dynamic aspect of the export tax disappears, and the second term in

the denominator becomes zero, even with externalities.

The optimal import tariff t{i has a similar formula to the one in the long run. How-
ever, the externality shows up directly in (31) simply because we allow foreign countries to
correct the externalities through innovation taxes, as shown in equation (29). Home govern-
ment chooses country-sector-specific tariffs to affect both innovation effort and innovation
efficiency across sectors. First, as in the case without externality, the government uses these
tariffs to influence the relative prices to induce the desired innovation efforts across differ-
ent sectors in a foreign country. Second, with decreasing returns to scale in innovation, the

change in innovation effort further influences innovation efficiency zx{q (L;.lr)gf1 directly.

The optimal innovation effort satisfies the Euler equation with an extra wedge relative to
the private equilibrium. To implement this desired innovation effort, the government can
choose an innovation subsidy (32), the ratio of the wedge to current profit. This innovation
subsidy consists of two terms. The first term (e — 1) is constant and reflects the standard
incentive of industrial policies, i.e., correcting the externality. When & = 1, the first term
disappears, and the formula returns to the efficient case. The second term is related to
dynamic manipulation, as shown in the multipliers 7%, and the derivatives of future dis-
counted value to T{. Hence, the government internalizes the impact of its technology in

sector j on the technology accumulation in any sector k in other countries.

Notably, when ¢ # 1 for some k, the wedge and the innovation subsidy are not zero
even in the long run. In contrast, when there are no externalities, the wedge equals zero, as
shown in Proposition 5 and 6. The reason is that the Markov government cannot commit to
using future tariffs to adjust the next period’s LK, which affects the technology of country
n even when all T reaches the long-run steady state. It is obliged to implement extra

wy /Py
T,
innovation policy term. This becomes clear as the result is contrasted with the Ramsey

in the extra

distortionary innovation policies even at the SS, reflected by

policy below.

Proposition 9 (Ramsey Policy). The Ramsey government chooses export tax, import tariff, and

31



. . . iR
innovation subsidy Té as

1+6(1— 7'({11)

1+ Txn = — 3 (33)
Wy Ly cn
0 Lo (1 57 (7 = D (a2 = eT 2080 ) /()
j j
; T
PR — L £ on + Const,, (34)
Uc (1+6)Thue, Py / u,
éR =e—1. (35)

In addition, in the steady state, ) ,* o w]" =0, I, w;T,f” 0, for any foreign country n, even

with externality e # 1.
Proof. See Appendix J.

For the Ramsey government, a constant subsidy/tax rate ¢ — 1 on innovation is suffi-
cient to correct the externalities.!” While industrial policies fix externalities, optimal trade
policies address terms of trade/technological competition as before, for both static and dy-
namic considerations. The Ramsey government also considers its past promises on trade

policies with TX, showing up in the export tax formula.

The optimal tariffs exhibit a similar structure to that of the Markov case, related to the
multipliers of foreign worker-researcher constraints. While Markov tariffs are pinned down
by current multipliers ’y]r.n, Ramsey tariffs depend on all past multipliers F{m. Clearly—tariffs
determine a country’s cross-sector innovation benefit: in the dynamic setting, innovation
benefits in period s are also part of innovation benefits for periods m < s. The Ramsey
government internalizes the impact of period s tariffs on all the past worker-researcher
tradeoffs, and thus F{m shows up in the tariff formula. In contrast, the Markov government

cannot commit in which case it only considers the current multiplier /.

With externalities, labor allocation also affects innovation efficiency aL(LL,)S_l. For in-
stance, ¢ > 1 means that subsidies endogenously strengthen the comparative advantage

sectors and hence raise the incentives to conduct trade policies.

Most importantly, through labor allocations, tariffs determine a country’s cross-sector

101f there is foreign externality/diffusion, then txm = a;l(LLrt)SJVl_l(Til ;_1)" where m # 1. The expression
can be modified to account for international spillovers, but the wedge would no longer be a constant.
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average cost of innovation——"—
. -

4 , which affects the tightness of the constraint 'y{m. In sum,

H(LLI’)S !
the Ramsey government does not use additional domestic innovation policies other than
the constant Pigouvian tax, relying solely on a path of trade policies. At the steady state,
the Ramsey government can use committed tariffs to affect future innovation efficiency,
and thus does not impose the same policies as Markov in the case of externalities. The
Markov government is incentivized to use tariffs to affect labor allocation and its own

comparative advantage even in the steady state, showing up as an extra wedge apart from

the Pigouviann tax.

Numerical Example It is worth noting the computational challenges involved in solving
this multi-country and multi-sector model. The Markov problem includes a large number
of state variables, specifically, N x N;. In a two-country, two-sector model, for instance,
there would be four state variables. But then the Ramsey planner needs to consider all past
cumulative multipliers sz, which raises the total number of state variables to N x N; X
(N —1) x Ns. Another problem is that without externalities, the equilibrium tends to run
into corner solutions, where L]y'lr might be binding at zero for some sectors and countries.
The equilibrium under decreasing return to scale circumvents the issue of corner solutions
but still requires guessing the derivatives of future allocations and prices with respect to
current technology choices. To check the robustness of our computations, we solve the
models with both global methods under sparse grids and perturbation methods. The two

methods give identical results, and they are consistent with our theory.

Consider an example with two countries, Home (country 1) and Foreign (country 2), and
two sectors. Home has the comparative advantage in sector 1 in that its ai/a? is higher

than foreign a}/a3. In period 1, af increases and stays at this high level.!!

Figures 5 - 7 compare Markov versus Ramsey during the transition path and at the
steady state. Both cases start with the same technology levels, i.e., the steady state of
Markov technologies before the change of al. Figure 5 plots the evolution of technologies

{T],T?,T}, T2}. The Markov and Ramsey equilibrium share some salient features. When

1n this example, 0 =2,0=25,=09,6 =0.02,d =14, and ¢ = 0.99 for all countries and sectors. In
addition, 04% =1 and a% = oc% = 0.9 at all the time. At period 0, 0(% = 0.95, and it increases to 1 at period 1
and stays at this value.
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Figure 5: Technology under Ramsey vs Markov: multi-sector with externality
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oc% increases, on impact, the return of researchers in sector 1 of Home country becomes

higher, which draws more researchers into sector 1. As a result, Tl1 increase over time,
and T? falls at the Home country. The technology in Country 2 moves in the opposite
direction, as the demand for sector 1 goods decreases. Markov differs from Ramsey in
that the increase in T} in Markov is smaller. The technology gap between sectors within a
country is also smaller in Markov in the long run. These are due to the different policies

Ramsey and Markov use in the long run when there are externalities.

Figure 6: Trade policies under Ramsey vs Markov: multi-sector with externality
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Figure 7: Ramsey multiplier: multi-sector with externality
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Figure 6 compares trade policies under Ramsey and Markov. We normalize the tariff
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on sector 2 imports to zero. Given that Home has the comparative advantage in Sector 1,
Home would like to impose a tariff on this sector, see Figure 6 (a). Over time, Sector 1
becomes more productive and experiences larger exports, leading to higher import tariffs
in both Markov and Ramsey. However, the increase in tariff in Ramsey is larger and more
persistent than that in Markov. With this large and persistent increase in import tariff,

Ramsey government changes the export taxes according to equation (33).

To understand Figure 6, let us revisit the impact of tariffs on innovating incentives. With
or without externality, higher tariffs in sector 1 reduce the sector’s profit and discourage
innovation or research Ll,. When ¢ < 1, an opposing force is also present. Decreasing re-
turn to scale (¢ < 1) together with lower L1, boosts the innovation efficiency a(LL)¢"1. As
a result, the opportunity cost of innovating wy/ [a}(LL,)¢7!] falls, encouraging innovation
in sector 1. These two effects, the lower benefit versus the lower opportunity cost, work
against each other and dampen the government’s incentive for innovation when ¢ < 1. This

explains why the tariff increase in Markov is small.

The two effects are also present in Ramsey. However, the Ramsey government considers
the impact of the current tariff on all past benefits of foreign innovation, while the opportu-
nity cost only shows up in one period. As a result, the larger benefit induces higher tariffs
in Ramsey. Figure 7 shows that the Ramsey policy wants Foreign to do less innovation

in sector 1 (T 71]2 < 0) and more in sector 2, and for this reason, levies a tariff on sector 1

imports.

Figure 8: Additional innovation subsidies under Markov: multi-sector with externality
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Unable to commit to raising tariffs in the future, the Markov government resorts to inno-
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vation policies. Figure 8 exhibits the additional innovation subsidies deployed in Markov,
which is the second term in Equation (32). The classic industry policy would prescribe an
innovation tax, independent across sectors and from trade, when the externality parame-
ter ¢ < 1 is constant and the same across sectors. In contrast, even with constant ¢, the
innovation subsidies in Markov problem vary across sectors and time. The first reason is
that the Home government subsidizes sector 1 during the transition. Second, even if the
Foreign government has used industry policies to correct the externality, Home still uses
extra innovation policies at the steady state. The reason is that Home can affect foreign’s

/
future marginal innovation cost ——2*— by affecting LY, through T;.

"‘nk(L%)£71

In summary, when externalities are present, both Ramsey and Markov utilize domestic
innovation policies in conjunction with heterogeneous export taxes and import tariffs across
sectors. However, their policies diverge at the steady state. Ramsey, after imposing the

conventional externality tax, relies solely on trade policies. In contrast, Markov requires

both trade policies and additional innovation policies to achieve the desired outcomes.

6 Conclusion

Our intention in this paper has been to examine optimal policies for countries when new
technologies emerge or when the rest of the world grows. The question can be fully an-
swered only by examining a dynamic model, where there are multiple goods in a multiple-
region world economy. Two important motives for governments—a dynamic manipulation
of foreign technology and an intra-period terms of trade effect-underlie optimal policies.
Time-consistent optimal policies of a country invoke innovation and trade policies, even
when private innovation allocations are efficient. Innovation policies can be used to manip-
ulate the benefit and cost of foreign innovation investment in the absence of commitment.
In contrast to the Markov government, Ramsey optimal policies are able to avoid deploy-
ing innovation policies that distort its own innovation investment by invoking trade policies
(heterogenous export tax and tariff across sectors and over time). The full-fledged model
is important but entails non-trivial technical challenges. And yet, our model yields ex-

plicit expressions for optimal policies and more general results for various specifications,
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all of which make the mechanisms transparent. These results stand in sharp contrast to
the standard models with exogenous technology, where optimal policies call for uniform
tariffs across sectors. Future work can take up an analysis of a more quantitative nature,
engage with other models of technology competition, or with the various state-of-the-art

developments in trade theory.
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ONLINE APPENDIX TO “TECHNOLOGICAL RIVALRY AND OPTIMAL
DyNnamic Poricy IN AN OPEN EcoNnOoMmY"

BY YAN Bar, Keyu JiN, AND DaN Lu

This appendix is organized as follows.

A. Proof for Proposition 1
B. Characterization of Markov Policy
C. Characterization of Ramsey policy
D. Proof for Proposition 2 and 3: one-sector two-country
E. Proof for Proposition 5
F. Proof for Proposition 6
G. Proof for Proposition 7
H. Numerical examples
I. Proof for Proposition 8
J. Proof for Proposition 9
K. Quantitative optimal policies at baseline SS
L. Optimal innovation policy without tariff at baseline SS

M. Nash tariff at baseline SS

A Proof for Proposition 1

Note the proposition holds for general case of «,, even when there are externality or intertemporal

diffusions. At the steady state, the evolution of technology implies,
5T = &L}, = P L), (A1)
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where the second equality uses the definition of research intensity, rL = L{qr/ LL, i.e., the share of
research labor in sector j of country n. The free-entry condition implies that private research efforts

satisfy

1wyl
D= S By (A2)
o T

n

Combining the equation (A.1), (A.2), the definition of f = B(1 — ¢) Z/:g’f, and u}, = u,, P, = P, at the
steady state, we find that the steady-state research intensity for any country n and sector j is given

by
j 0
Tn,ss = .
ST 91— B(1—0)]+0

Hence, the research intensity is constant across sectors and countries.

B Characterization of Markov policy

In this appendix, we first lay out the Home government’s problem under the assumption that it
cannot commit to future policies. We then characterize the Markov policy by taking first-order
conditions. Note that the characterization of optimal Markov policy applies to the general form of

innovation efficiency, a},(L},,, Tfl 1)

B.1 Markov problem

Home government (country 1) chooses optimal unilateral trade and domestic R&D policies and

solves .
x —0
v(IT = max +,B (A.3)
({ n, 1}> {Lanin Wi, Xn, Tx”t } 1— |: ({ }):|
Subject to
w 1 w .
j ] . ] 9 - ]np ‘Bn ('ﬂn/ NS X (N_ 1)) (A4)
o (Lnr, Tn 1) Ty
T = o (L),, T L, +(1—0)T I NyxN A5
n Oén( nrrs n,—l) wr ( ) n—17 (’)/Tn, s X ) ( . )
. . , —Bi/8
P =11 | Tjwy® + Y Th(wa(1+ th)dr) =1, (7p) (A.6)

n#1l
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1+0  .j j 1 j
——w Ly, = Bi | %1 + —70 Xm|, (771, Ns)
9 1p — FJ [ 11 ngl 1+ ngcm m1-+m L1 5
1460 1 - :
—g On wLhp = B 7j7r]1nx1 + Y Ahunxm|  (7h Nsx (N—1))
1 + tn m;él

)3 (LL,+L{;p) =L, (n, N)
]

x| = ﬂZ{MZL + Z Z,B] mlxm + Z Z,B] : 1mX1, (’)’4)
]

m;él] + x m#l]
where
1+6
me Z L
. . , —p;/0
Pm :Hj T{ (wl(l + TJ]cm)dml)_g + Z Té(wndmn)_e
n#1
o L)
T} (w1) =0 4+ Y1 Th(wn (14 t,)d1,) 0
7Tj _ T{(wl(l +T3](m)dm1)_9
1= - -
" T{ (wl(l + T;cm)dml)ie + 2;1#1 TZl(wndmn)fe
M= Th (@) |
T{ (wl(l + Ta]cm)dml)ie + Tiz (wndmn)ie + Zi#{m,n} TZJ (widmi)ie
i T) (W (1 + ) d1m) 70
7Tlm -

Note that ), 7'({11,1 =1 for any m.

Note that sum up (A.7) we get the balanced trade condition for country 1

t 7T1mx1 ZZﬁ] mlxm’

m=1j=1 1 m m=1j=1

and sum up (A.8) we get the balanced trade condition for country n # 1,

N N;s N N; N;
D Y Bimtmn = ) ) Bjtnnxn + ) Bj—— 1,1
m=1j=1 m#1 j=1 j=1 1 n
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As one of them is redundant, we can drop one of the (A.8), so we end up with number (N —1)N; — 1

for 7£n with n # 1.

B.2 Optimal conditions for Markov policy

Here we first take the first-order conditions over the Markov problem (A.3) assuming interior solu-

tion. We then derive the optimal conditions for Markov policy from these first-order conditions.

First order conditions For ease of notation, we make the following definitions:

. - B w' . .
6l - {<x;> i " - } M} = P, (a17)
oy (L, Th)
where G{1 captures the future value of a researcher in future prices, and qu is the future value of

the researcher in current prices.

FOC over x1:

et BTt (1 D) <o (a9

n#l j=1
.
FOC over L,

' P ou!
o= | WL, T )+ L1 |, (A.19)
oLl

FOC over L]i P’

i\ 1+6
= (re=h) —5wr (A.20)

FOC over L],'lr forn > 1:

' P ‘ ou w ou
Mn =V, [“Jn(L]nrr T )+ Ly | + Yo = (A21)
oLy, (L, T),_y)|" 0L
FOC over L{lp forn > 1:
Hn %HETT’; - 'Y]L — Wnt Z ')’Ll:Bkl I ngn T 0 Wy (A.22)
N N
s 1+ 1+6w
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FOC over T,{n forn > 1:

k _ _ k R S S ARV AR S 12 R BN
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_ = o Ty S i 97 VArS 1 om, ‘ o
TP Zﬁ] W, + Z')’LLB] oW, X1+ Z’YLLBJ n§1 141, awn Xm + Z’VLLB] x'n Ty,
o j 1 + 4 j 11 mz j xn
E’Y —5 Lup + E Z’YLzﬁj x + E E'YLzﬁ] 2 Xm + E E'YLzﬁJ
j z;«él ] i#l m;«él Wn i#1
N . ., ] X N, t, anlm
+74ZZ!3] : m+74251 ; 2251
11 1 1
AL —— W]
0T, (LT, ) Wn

)] (A29)

it has to be the case that 'y]h =711

+zzm[ o (Ea

m#l

Simplifying conditions First, according to FOC (A.20) on L1 o
for any sector j at Home country. This implies that the marginal return of production labor has to

be equalized across sectors. We can further prove that yp/x1 = 1, = ya — y11.

With the condition ’){1 = 11 and u, = 4 — 11, we can further simplify the optimal export tax

equation (A.23) as, forn > 1 and j € [1, N

(74 —11) [1 +60(1 - ”511)]

: S (A.29)
1401 = 7hy) = 0 (TN 77t ) + (e vhuB(1 = 8) (0 — 1) M) 7

1+T£n:

For the import tariff, we can plug in the expenditure derivatives and further simplify the equation
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(A.24) to

1 Ue — 2%7&{1,71} (74 - 'YJLm) a 97T1m + 740(1 — ) 'YL197T11 Lom#{1n} 'Y]ngnjlm

148, (74—-7Ln)[1-F9( )|

or equivalently,

(va=l) 1+00-7,)]

(va = 701) 070 + 22 + T (74 - 'YLm>

1+, = :
1
1ty m

Using the equilibrium condition yp/x1 = u, = 7y4 — 11, we arrive at for each foreign country n > 1
and j € [1, N;]

| L
144, =" Tin, (A.30)

Uc

We combine the FOC for L]

1r’

L p (A.20) and T{ (A.25). Specifically, Putting in enevelop and

derivatives

i azx]/
Yo =B |7 1_5+a]

i 1
+’)’L19ﬁj [7‘[]11< 7'[11 X1+ Z
m;él 1 + Txm

5L~ (£ Eahea-00-omt) (3)

n#l k

" (1 ninoxm]

j
. . .
+ 6074 Z Bj j 511(1 - ﬂ]nl)xn

- Z 'YLn 0B; [ ] 7T117Tlnx1 + 2 ud 17Tmnxm

n#1 m;él ntl 1+ Ty
anﬁ ocpl—oTif
_074213] 7T117T1mx1+922 rn:B 1_ ) ]'xnpn Tl]:O,
1’17&1 t n#l k aT1
FOC on 'L’;{n are
Y7580 — 8)(1 = 0)ME | Byl — v}y B 3 — 7y ————0(1 — 7)) Byt x,
k (1+14) (14 14)
+%7jﬁ[9njnjx}+7ﬁ L nlox Y4B Ty 0 (1 -7 )x, =0

g e "ady) ™ T e, !
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sum over n # 1 and substitute it into the FOC on T/ , we can further write it as:

j ,},] a"‘]l,
0 1-46+
1T — T1 aT

n,

11

9 T] {’YP,317T11

+ 71168 [n{la — )] + ¥ (s = 11) ————B
n#l (1 + Txn)
] aGﬁ 7 1-0
- 9”113(1 Z 'YLnﬁJ 1~ 074 Z ,B] nllﬂlmxl} + Z Z 7Bl — P
n#1 1 nAl 1+t n#l k 1
Furthermore, because optimal tariffs satisfy
vﬁﬂ%ﬂﬁHX{v(lfﬂ) ! "Y%ﬂlﬁ‘}Hv 7)2:4J;*5 x
PPj11 j7f A Y TS T R 4 M 47 T j 7T %n
el R a1t i (+d,) "
j 1+0 i j
= vpBjmyy + (74— 711) TwlLlp — (74— 1) Bjr 0
1+6 -
(74— 11) Twlylp/
hence
, , 11 1+6 ; N N oGk _
Vi = B [7]%1 (1- 5)} toj (Y4 —v11) 5 wily, + ) Y kB — 5)—]’7xZP,} 7,
n n#l k Ty
The FOC of L]ir implies
i 1406 w1
Y11 = (Y4 —711) 0
!

Plug back into the above equation, we have the optimal conditions for Home innovation for each

sector j € [1, Ns]:

j i
‘w1 __ :;wlelp+ 1 uLw, : (1_5+8a}>
(L, T )+, 7 h e wf (L], T]>+a;’f,% Ly, oT
1r
— = (1-90 44£ xIPi=7, A31
+1+9%§12 TEu( j (A31)

Similarly, plugging in the expenditure derivatives and FOCs on tariffs t{l (A.30) to FOC (A.26)
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T}, we have a simplified FOC for T}, for each country n > 1and j € [1, Ny]

; ; ol - w ol Bi
J ! n j n n ]
Y, =B |7 1-6 : + : —'y (A.32)
Tn =B | YTn ol T N g {
Xy
- 2%151 )3 7O X + ’YLanJ Y P — the Z ,8] T X
i=1 m#l m#1 w71 1+ T
g T -3 (mﬁ — )M ) )+ L LB - 8) 2 R
(Tn) i£1 i#l k aTn

Using the expenditure derivatives and the optimal tariff conditions (A.30), we can write the FOC

(A.27) on w;

N. N
s 1
_’YPZﬁjﬂll Y11 Z [ wlL +,B]- Z 7 97r (1= )xm + B0 Z 7l'm177: 1xm]

m;él 1 + Tem m;&l
NN N 149 n
+227Ln5] Z 07T 70X + 74 ) —p Wil Z Bi—— 070, (1= 72,1 ) o
m#1 i m##1 1+ T

+ Z ﬁvM(l ~8)(1—o)M), (fﬁkn,’;l) —0,
k

n#l j

and FOC (A.28) on w,, forn > 1

1 .
orc 7 Xm + ) Bi _ 7 x,
T+, " 2 ]1+rxn "

N N;
ZZﬁ
m#1

N .
—p )BT, + 11
j

N N;
> zm(zen;ﬁnanxmw,ixn) Eol. <913] )

iA{1} m#1 m#1

N N T] j TJ]éH j
e 30 [ 5 B b+~ 3,

‘:1 m#1 1 + T xm 1 + Txn

+Zm [ Yo —1) MJ} n Z ZW [ )(1— o) M, (Z[Sknmn>] —0.  (A33)

m#l j

Summary of optimal Markov conditions The Markov equilibrium includes the variables

{ L{’u’ ’ L]np ’ T1]1 ’ T)]cn ’ t]n ’ ,)/]Ln ’ Yrn s ’Y]Tn ; Bn s Wn ,YL1, ()/4}
~— SN N~ ~—~— ~ ~ NGOG
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that satisfies the private equilibrium (A.4)-(A.12), the optimal Home innovation (A.31), export tax
formula (A.29), import tariff formula (A.30), FOC (A.32) on foreign T,];, and FOC (A.22) on foreign
production labor an, FOC (A.21) on foreign research effort Lnr, FOC on foreign wages (A.28), and

the condition u, = 4 — yr1-

B.3 Proof of ZNS T at the steady state when ocn(Lnr, T,i,_l) = 54{1.

1’1

In this appendix, we prove that when oy (L, T,i,_l) = @}, the following equation holds at the steady

state .
N; 'Y]
Z A — . (A.34)
lX]
j n
1. Use FOC (A.22) on an, we get
1w 1+6 NS
’)411@77 - ’)’]Ln 0 — Un+ Z Z’YLuBknm
Tn 1751 k
146 1+9w
k no__
+u02ﬁk1+xz§n7rnl wﬂ_"zr)'rnﬁ 1_ ) 0 xin_o

multiply by total production labor Z]-(L{;p) and use the relation x, = +w, Z]-(L{w),

1 xn j N N
')’rn 1107 = Yin¥n — Hn Z np + Z Z')’Lzﬁknmxn
j i#l k
™, - S k
+ 1, Eﬁkl o T +Y 5Bl =8)oM; =0 (A.35)
xn k

2. Use FOC (A.33) on wy,, yp = ucx1, Y11 = 0, and y4 = u., we get

- umm 43 Y (z e)

i#l j m#1

+ ZZ’YLZﬁ] <7T x”) Z,)/Ln <6:B] Z nmnxm 0 wnL{w)

i#l j m#1

N; N Tj ; Tin ;
+ u. Z Bi Z 797Im17tmnxm + ; T, Xn

':1 m#1 1 + T xm 1 + Txn

+27m [ (1-06)(c—1) M]} n 2 Z%m [ )(1— o) M, (Z,Bknmn>] —0, (A36)

m#1l j
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3. Substract equation (A.36) from equation (A.35):

1 x Neoo N ; N Ns . . .
’le—l—g n ’)’Ln n = Hn E(Lﬁp)%—ucxl Zﬁjﬂjln— ZZ’Y]LZ‘:B]' Z Gn—im'n—znnxm
j j i#1] 71
+ Z()/LnG.B] Z nmnxm + Z')’Ln np — U Zﬁl Z 797‘[ 1 7CmnXm
j m#1l j

At the steady state 7%1 = 'ij/n, the FOC (A.32) of T,i for n > 1 becomes,

4.
i i i Wnlly GO
9<1 - 13(1 - 5))’}/TnTn == Ym j + ucxl,B]nln Ou, Z ,3] ; 701 TTmnXm
Tn m##1 1+ oem
0 X Y VLB T Tt + 07}y X o
m#£1i#1 m#1
N /N . ; E)Gk .
-y (L0 -0 —o)ME) By, + 6T Zzw (1-6) Pl
i1 \ K i1k Ty
summing over j
Ny . N {1
—0(1—-p(1— ))Z')/THT] Z'ym P ¥ux Zﬁ]nm GMCZ Z Bj - 17tﬁ1nxm
j ] m;él 1+ xm
- 92 Z ZI)/Lzﬁ] mzﬂm”xm +927Ln13] Z nm”xm
j m#liz#l m##1
L k j j ach XPL
- Z Z'Yriﬁ(l - 5)(1 - U)Mz' Z:Bjnin + ZQT ZZ’YWB 1 - P (A38)
i£1 7 j iA1 & 3Tn
5. Combine equation (A.37) and (A.38)
. 1 xn Ns . Ns . 1 _|_ Ns . . Ns .
YT g7 p — Y] pXn = Zwa + Zv{n—e WLy +60(1—B(1—=6)) Y 7V, Th+ Y v
' ' j j n
N, Gk
+ Z'Y{'n [,B ] ZGT] ZZ rllB 1 - T; ?Pi =0 (A39)
j i#l k n

for n > 1 and no externalities, we have ')/]Tn = Un/ o). In

According to FOC (A.21) on L{W
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addition, at the steady state T) = % = ’%]"T’LL. Hence, equation (A.39) becomes

1 Xn j _ Ns . 1 +9 j 1_
'anl_‘_gT ’)/Lnx}’l _.”n(l—r)Ln—FZ:’)’Ln 9 wnan—FQ(l—‘B(l_&))ngnLn
3 j wnLV‘lp . j J i x7 1-0
+E7rn 7 ‘|‘E'an [,B ] E@T EZ rz,B 1_ P —0.

j Ty j j i#1 k Tn

Using 7 = W;—é))w proved in Proposition 1 and definition of G¥ from (A.17), we have

1 x L ;146
W’Jrnm# = VLuXn + Z’YLn 0 e
n
N i w _ ) x.oople=lyy 1 -
R0 s -0 | - men S ke -0 T e o
o7 j i£1 k aT;, o;
(A.40)
1460, 1)
. Multiply equation (A.40) with W on both sides and sum over j
N. j N, - N,
s i lwyL S i wpd(1—7 S w
Yo iy o], 02Ty - o)
j Ty F i 7 o),
a /ftrpl/afl /
_ ZQT] Z Z ,erﬁ (x zj wz)xiapilfa =0
j izl k % oT},
which implies
N. N7 N. _
S i wu(l—=7)L s i ow,o(1 — .
Z’ﬂn%‘f‘i'ﬂn k ( +Z rn,B 1_ )7
i Oay?Ly, /0 i ocnr o,
—oplo—1
Yoo 22“% 20 TR 1o g,
i 71k % oT),

Combining terms, we have

(7 ) 0ot pa- oy - pa - Dori - (174 ) 20D o

koo i iA\E Y 3T

Zero vector is a solution of the homogenous system of linear equations. For every n # 1,

ZsL'fn:
k ok
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C Characterization of Ramsey policy

In this appendix, we first lay out the Home government’s Ramsey problem. We then characterize

the Ramsey policy by taking first-order conditions. In C.3 we prove the steady-state properties.

C.1 Ramsey problem

. . fo'e)
At period 0, Home planner chooses a squence of { O t]”t}tzo to maximize the present value

of utility subject to the implementability constraints (private equilibrium every period):

1 —0

V = max Zﬁ

1—0’
subject to, for each t > 0

T] = "‘HL{m +(1— 5)T£zt 1 ('YJTnt)

Bj

A
P, = H [Tlt wud + Z wnt 1+t )d> ] =1, <7Pt)

n#l
Wnt —opo—1 - s—t,—0 (7711 w”SLLPS b
j Xt Pnt = Z[:B(l - 5)] Xns Pns 5 j ’ (:B ’yvnt)
Xy s=t Ths

1406 . .
0 wltLlpt Bi [”wxlﬂL Z Lmet] , (1)

m#1 1 + Txmt
1+6 i
0 wnanpt IB] [ ﬂjlntxlt + Z nmntxmf] ’ (IY]Lnt)
+ tnt m;«él

Z (L]m't + L{1pt> =1 (pnt)

j

1+6
X1t = iwumpt Ly m mf. et Y Zﬁ;

m#1 j=1 1+ Txmt m#1 j=1 +
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where

1+0 ‘
Xmt = Twmt Z L{ﬂpt
J
_F
. 2]
P = H] [Tlt(wlt(l + T )_9 + E Tzlt(w”td)_el
n#1l

The government decides the entire path of policies which will be honored in the future, as in
particular, future policies would affect the foreign individual expected value of innovation. The

Langrangian

°° i 1w L] _ _ Wt _ _
L= S Y [2[[5(1—5)}5 Ll opgt L W oprt

=0 I=0nZl s=t Ths )y (L))
00 N,

+ ZZZSIB IYTnt nrt (1 5)T;]1t 1 Tilt)

t= ]

oo Nj ) 1 _|_9 j
+ 25 ’Yth [Bj( 7T11txlt+ Z j T Xmt) — TwltLlpt]
t=0 j m#1 1+ Txmt
= 1+6 i
+ Z Z Zﬁ ’)/Lnt ﬁ] nlntxlt + Z nmntxmt) 0 w”thpt]
t=0n#1 j t m#1
Fj

+ Zﬁt'm[l — 1 [Tlt (wied) ™ + Y Th(w (1 + t))d) ™| ]
= n#1

+ ZEﬁ ll =1 (Ll + L)

+ Z:Bt74f( wleL pt T Z Z,B] xmt mltxmt+ Z 25] 7T1mtx1t X1t)
=0 7

mA =1 1+ Txmt m#l j=1

can be rewritten as

- t x%ta ] x—opo-1 & Ny t—s 1w"tL]V"Pt —opo—1
L=) B 910 EZ vnt] P DL Lo (1= 0)" | g S
t=0

n#l (L]W) izl j \s=0
where we omit those constraints that are the same as in the Markov problem.
Let

t

rimt = Z(l - é)tis’)’{'ms/ for any n #1 and j
s=0
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Recursively

Fgmt = (1 5)r] ont—1 T ’)/vnt
ot x}t 7 1 &
L= Z:B 1— ZZ’}/vnt ] i 7taprllft7 + ZZ((l
t=0 n#l j n(L ) n#l j

Hence the problem can be written as recursively,

L({Th Ty o)) =i

on X1

n#l j

+..pL ({r@, T,i})

where

Thy = (1= 0T, 1 + Yhn.

1t (o ) -

nt 1 + ’)/zmt> 0

‘X]n (L{w)

1 M X, 0P 4
T]

nt

i — -1
%n] w,x,, " P7

Similar to the proof in Section E, the FOCs of export taxes, import tariffs and L;,, combine with

T:’s give us no distortion in domestic innovation. The FOCs of Ty, Ly, Ly will give us multipliers

v and tariffs.

C.2 Optimal conditions for Ramsey policy

FOC over T{ changes to

5] T 1L5, ¢ 1L
Tl + :BE + Yp ] + Z Z 9 Tk - (1 - 5)rvn,719 Tk WnXy
1 n#l k Dﬁn n n
: anf N1 9, ot o
+ LB |+ : + Y 7L.B; 1 x o
MU ot n§1 1+ thy an ; b t] oT] ,1;1 ar] "
j j N j j
T Sl t a7T
+’Y4Z,5] - "}1xm+’Y4Zﬁj mjil}ﬂx =0

55

nl

/)




FOC over Tfén

N, k k j
s 1 1L 1L% T
k np 717 o—1 nl
0% - - - (1- (5)1“ Py (1—0)B; :
;[ on (0({1 9T5> on, 19 Tk n ]1+T,]m
j o j
T 1 - i on! o .
+ 1B Y11Bj —— 70 X0 + Y B "ﬂ Xy + E ’YL ﬁ] X1+ ) " X
7 (1+ r!m)z " 1+, 0tk A " od, S ot

1 Ny o, on )
(1+1,)2 & 1 =1 1+t 97,

Summing FOC on T;J;n over n # 1, we can further write FOC on T{

'Y]T1 BE {7T1 (1 5)} + @?{’YPﬁjn]u

+ 7108 77]11( 7T11 + Z Ya— 11) 7'51'”]1’5”
[ } n#l (1 + Tajm) !
- 67'511x1 Z 'YLmB] 1n— 07a Z 51 Tcllnjlmxl}

nA1 1+ by A

. ,
As can be seen, the wedge ZHN# Y {’y’;n (al] - éLT'Zf) —(1— 5)F’;m 12)LT”,<” WX, 7P (0 —1) (%”T})

1

I~

in Home government Euler for T] reflects dynamic terms of trade consideration. It can be fully im-

plemented by country-sector specific export tax, as the term

N k k j
s 1 1L 1Lap TT
k np —(7 o—1 nl
Vel = —s=L | —a-ork R
Z[Z’"(Mq 9Tj;> on, 19Tk L J

k 1—|—T,]m

shows up in the FOCs of export taxes. So after substituting FOCs of export taxes, the dynamic

wedges in Euler disappear.

Furthermore, sum over the FOCs of optimal tariffs

N N j
‘ : ‘ 1 ; 0o 1
'YP:BJ'”h + 9:3]'”]11x1 {'YLl (1—7my)| — —Ya), = } + (=) ) 75] 1xn
|: ] 717&1 1 + 71751 1 + t{fl i nyé (1 + Txn) 8
j 1+0 i j
= ypBim + (4 = y11) —g—wily, = (va— ) By
1+6 '
(74 —11) TwlL]lP'
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hence

i i 11 1
Jo_ _ 7/ - _
Yr = B(1—9)E |:')/T1:| + 0 T{ (v4—711) 0

j
wlLlp.

Country-sector specific tariff implement the intratemporal allocation across countries sectors.

The FOC of L]ir implies

Y11 = (va—11) 0 7’
&
plug back into the above equation, we get
1+0w 1+0w; 11 146
(74— 711) —5 — = p(1-0) (vi— 1) 7 Tg () —gwly,
X & n

Since (4 — Y11) = U, it further reduces to:

Home government Euler on home research

]
w1 . 1 wlLl

! 4!
— = s B(1-O)E [”Cw}].
o T Ucny

Government do not use industry policies.

Optimal Ramsey export tax

14+ 1, =
iR\ _j Lk _ _
GZm;«él(l + t?ﬂ )7-[{1111 + st ('ygno}j - r?;n% T,’;) WnXy apg 1(0_ 1)/(u61xn)

Optimal Ramsey tLR
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C.3 Proof of ZNS ”4” = 0 at the steady state when ocn(Lm, Til_l) = &L.

FOC over L{w

1w _ 146 1+9 N N 1+6
] nrén 2P ’Y]LHT H+Z'YL1,BI< X T wn+ZZ'YL15k7Tnz Wn
T) 1+Txn i#1 k
146 N; 1L" 1 14+ 6w
k np —k k —opo—1 n
——I — — P —0)——— =0 A.44
+ 74 Z‘Bkl"f—ngn Tt 0 wﬂ_"; 0 T}]; on aﬁ’)’vn WpXy, Iy ( 0’) 0 x, ( )
FOC over w,

1 .
Z 25] 97Tm1”mnxm + Z:B] i 1%

m#1 | 1+t xm 1+ Tan

s . . 6
> miﬁf(zwznmnw ) B, <9ﬁ] T ot + 1Pt

i#{(1} m#1 m#1

—op 2,8]7-[1” + L

s ] . . 1 ) N, ] ' '
=1 M#l 1+ T 1+t =0 T ol

E Z [ ] - D;'Yém] wmx—apa 1 (Zﬁkﬁmn> =0 (A45)

m#l j

FOC over T,];

1, B
(YTn _ﬁE ['Y]n :| 7]{7137]
3 chm i
Z')/ llB Z nmlnmnxm +’YLWB] Z nm”xm Uc Z ﬁ] i mlnm”xm

i=1 m#1 m##1 m##1 1+ xm
- 1 Bj
[ on] ] anP;lT 1 ZZ[O Tkl-'k _,)/m]wx UPU l( ) ] m} (A4:6)
i#l k
1. At the steady state 'ijn = 'ij/n, summing over j the FOC over T}:
Ny oo Ns
—0(1—B(1—0)) YV, Th + uex1 Y Bt — Oue Z Z /3] 70 ThanXom
j j j m#l Txm
- 92 )y Z'YLzﬁJ” X + QZ'YLn.BJ Y M
j m;éll#l m#1
B 1 B _ N .
_ Z [ "1, ] x, P -} Z [ Yj,f ¥ — ﬂﬁi] wix; P o= 1)Y_ B, (AA7)
i#l k i &j j
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2. Substract FOC over L{w and w;, from the above equation:

1w, L _ : & 1+9
BT v~ Yty g Pt 001 0) Y
n
"W ] x-opo—1 e 1LI’§P k 1 k —opo—1
+Z Ion Xy Pn _; 5 Tk rvn_aTIYUn WnXy, Pn =0 (A48)
n n

3. At the steady state

T,i:“;;(g”), Hn = Yru®n,
hence
L@nLop pj oopot _oJ 4 ‘ NS‘1+9 j o 1
o g Lo Vin¥n ﬂnZan"i‘Z Vin——WnLhy +0(1 — B(1 5));5%@”
Ny [1/

wyx, "P7 1 =0 (A.49)

+)

i

n

Ly o MLk 1
;jp ré}n] WnXy, UPIZ— T ; [9 T’Z’ rfm - k ’Yvn

At the steady state, the research intensity is given by

)

P = 61— p(1—20)) 40

Using this research intensity, L{w =(1- f)L{;, and L{W = 7L{;, we can cancel out the two terms

involving p, in equation (A.63). Then we have

1wyl _ : o140
Fo Ty B =t Ly Ly
n )

] 1 L 1
np _ _ np k k _ _
I] ] nalg ! Ek‘, [9 Tk I k')’zm] wnxn‘TP,‘f 1= 0.
n &y

+Z

L

4. Multiply the above equation 7"” on both sides and sum over j

N; L]
2[ nPl—Zm] Wyx —O’P(T 1_|_2 k’)’vnwn —U’P(T 1 =0.
7 LTh
Finally,

Ny .k
[y 0(1—B(1—4 o
Ek —“Zg‘(l—i— ( 55( )))wnxn”P,‘f I —o.
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The equation only holds when for every n # 1, }_,* Z{”k” =0.

D Proof for Proposition 2 and 3: one-sector two-country

Proof for Proposition 2 Markov optimal policy under one-sector two-country case.

Under the assumption of no externality and one sector, the innovation efficiency is constant

j j o o
(L Tl,fl) = x1 and aLfl

1r’
1r

(A.31) becomes

= 0 for j = 1. In this case, Home’s optimal condition for innovation

pi-s) 1 (w7

w1 1w, Llp
- = Yr2 7
1+86 Ug, ucz/PZ dTy

?1—9 T1 +,Blvl+

wedge

where we have substituted G, = (x}) 7 (P})? 1w} /ap with Uiy 2 since u;, = C;7 = x,"P§. We
2

also used the definition of Bl and v; = wy/ay. This proved equation (18) in Proposition 2.
The Lerner symmetry holds, we normalize home tariff to be zero. Using the tariff formula (A.30)
and 4 = u., we can back out the multiplier yo = y4 — uc(1+ t{q) = 0. Using these conditions and

the assumption of one sector, equation (A.29) becomes:

1+6
1+TJ€VI: REEL

ul /Py wl ’
07120 + Yr2(0 — 1)B(1 — ‘5)uc§/p§%ucllx2

where we used the condition 7155 = 1 — 711 and definition of M,, from (A.17) under one sector. This
proved equation (17) in Proposition 2.
According to Appendix B.3, ZNS YL” = 0 at the steady state when o, (L{W, T/ ) = &),. This implies

n,—1

under one sector y,, = 0 at the SS. O
Proof for Proposition 3 Ramsey optimal policy in one-sector two-country case.
The Euler equation, A.41 in the one sector case becomes:

w; 1wl uLw}
e S 1-06)E .
e

This is the same as private innovation equation.

Lerner symmetry hold, we normalize tariff to zero. The optimal Ramsey export tax, equation
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A .42 becomes:
1+ Tf =

1+ 971'22

Furthermore, According to Appendix C.3, at the SS, ZNS %" = 0 when (XL(L{;W T,J;ﬁl) =

Lo\ e :
0712 + (00— 1) (%2“ — T 732”) 72/ (e, %2)

implies under one sector y,2 = 0 and I';» = 0 at the SS.

E Proof for Proposition 5

E.1 Proof for no industry policy at SS

.. This

O]

In the baseline, innovation has constant returns to scale (CRS), a,;; = a;,. There are no other distor-

tions, no externalities nor international spillover. In Proposition 5, we consider a case with multi

sectors and two countries.

Under these conditions, the optimal

FOC over T{ changes to

N N -
b <ZZ%ﬁ U)Mi-‘) (42)

{ 1 i#1 k 1
an, N1 o, art) O TThin
F VB |+ : + Y 9.8 Wy + L
ne [aT{ n§11—|—1’3]5m an ,;l b +t{,l JT] ,1;1 JT]
j / j
Txm 87t an k BG,1 TPl —
+’Y4Zﬁ . m+fy4Zﬁ x1 + B(1-9) ZZW
The envelop condition is:
oV j
— =y, (1 -90)
o, ,

From the FOC of T;J;n

innovation choice of Home country satisfies,

(74 —711) [1 +6(1— 77{11)]

1—|—T,](.n = -
746(1 — nfﬂ) -0

From the FOC of t{q

(SN vartly) + (Terhab1 = 8) (0 — 1)ME) x5

Y4 — 'Y]Ln

144, = ,
Y4 — Y11
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= 0 and aal- = (0. At the SS, we have

In the Baseline, there are no externality and spillover, so aaL
1r

proved Z]» 'ym / an = 0 in Appendix B.3 and given lX]n are constant and do not depend on endogenous

variables, we have ZnN¢1 lejs vE.p(1— (S)zi’]‘ xqP=7 = 0and (Y 7k,B(1—6)(c — 1)ME) x,;1 = 0. The

optimal policies simplify to:

(74— ’YLl) [1 + 9(1 - 7Tj )]

1 + Tyjcln — 7

The innovation:

j
w1 wlLlp

o 0 T]

FBO- >[”’]]

u
c [Xl
which is the same as private free entry condition for researchers. So there are no distortions on

Home innovation, Home government uses heterogenous tariff and tax across sectors.

E.2 Proof for optimal tariff in Proposition 5

Optimal innovation is proved in Section E.1. In this section we prove the optimal time-consistent

trade policies at the SS in baseline model with two countries.

From the FOC for L{w

Au lyrn 9 ?Z - ’)/]L 9 —F5  Wn + Z r)/Llﬁkl _|_ xn nl 9 Wn
+6 1 —|— 1 +0w
+ Z E’)/L“Bkﬂ'm Wy + V4 Zﬁkl +xn ﬁl Wy + Z'an:B 1 - ) 0 Tn/
i#l k Txn n
in a two-country case, for any two sectors,
’Yi j ﬂ, 7;"
2 2
—_— Y = = =] . (A.50)
Ti(1+6) % T/(14+e) “
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From the FOC for T,];

; ; ol - w ol Bi
j! n n ]
(Y]Tn ,3 ’YTn 0 aTn nr + ’y”” ([X{Z)Z aTZl {')’ nln
- E'YLHB] Z lenmnxm + ,)/Ln:B] Z ”mnxm — U Z :B] 7 m17T£nnxm
m#1 m#1 Txm

i=1 m##1

wn]n
L LP 2(2’”1,81_ 1_0-) ) zn}+22 1’1:81_

’ane (Tn) i#1 i#1 k

In the baseline at the SS
j

T
9(1 - 18(1 5))7T7;T7]1 - ucxl,B]nln Quc Z ﬁ] xm. ﬂinlnﬁmxm
wnL;p
—0 2 E’)leﬁ]TC ﬂmnxm +97Lnﬁ] 2 ﬂmnxm Vin 7
m#1 n

m#1i#1
In a two-country case,

0(1—p(1— 5))7]372 = ”cxlﬁj”]u Oucpj—=— N 7T£17T]22x2

TxZ
[ P a j walh,
— 091, BTt T X2 + 075 BjTTyp X2 — Vip——
)
From the FOC for L/,
— A
Hn = ryTn“”
Combine A.51 and A.52,
“é j joJ j j o j j j
- uchBjnlz OucPj—" 105 Ty X2 — 07 B 7055 TTpp X2 + 07, BiTT0 X2 — 73y
T, + sz
;! ./
) To Poa P
= Mcx1[3j’7'f12 Oucfy —=— ] 7Ty T X2 — 077, By TTpn TTpp X2 + 071, Bjr TTpp X2 —
T; + T
In the two-country case,
j
. u —
144 = He 'YLzl
Uc
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(A.52)
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(74 —11) [1‘“9(1_7751)} 1467,

1+ TjZ = = - :
§ 740(1 — ”21) 97L27722 07), (1 + th)

Equation (A.53) can be further simplified to

j ‘ ‘ ‘ ] i ‘ .

& i 1 L L szzp - (xz ' ]/ B 1 , ]/ / sz
j UcX1Bj7ry, — Ue jﬁ]”21x2 T2 =7 UcX1Bji7ry, — Ue 7 Bjmyx2 — T

T] 1+ 7] T 141 ]

Combine with A.50 and A.54, and goods market clearing conditions, we get

1+6 ‘ 1+6
. " 1 g wlL]1 —ﬁjxl + wlL ﬁj/xl
H—th == P _
0 1§9w2L1 1+9w L

F Proof for Proposition 6

In this section we prove Proposition 6, i.e., the optimal time-consistent policies at the SS in baseline

model with multiple countries.

Let’s prove the followings hold

1 —|— 0 j 1 +6
Z(t] + &n) ——wWa Ly 0 wlL - Bjx1 (A.55)
n#1

. . T

j i Bl

tn IB]ﬂlnxl _ 5 Zm# 1+ )/cmﬁ e
— Un

140 ' 146 ]
1+, Hw, L}, L8w, L,

(A.56)
Proof:

1. Proof of equation (A.55). Similar to the proof of Proposition 5, we use the FOCs for L{w and
T} to derive the optimal policy for tariffs. We also need to use other optimal conditions, e.g.,

export tax Tin to simplify the fomula.

Sum over m # 1 of the FOCs on o,

j
ml TunXm = 0

Z Z,YLIIB] {Gnmznmlxm} L Z ﬁ] mlxm uch Z Z IBJ

m#£1i#£1 m#1 (1 + xm) m#£1 n#£1 1+t xm
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Sum over n # 1 of the FOCs on T£

; LJ
Y 01— ))'YTnT1]1 =-) ’ym ]np +) ucxlﬁ]nl —Ouc Y Z Bj n{nnxm
n#1 n#1 T; n#1 n#1m#1 1+t xm
-0 ) Z%ﬁ]” T + 0 ). 'VLnﬁJ ) Thn X
n#l m#1i#l n#1 m#1

Combine these two:

Z 9 1- r)/TnT] Z ’Y{‘” ”P + Z uchB]T[ln Uc Z ﬁ] i r'nlxm

n#1 n#1 n n#1 m#1 (1 + Txm)
which is

’y ‘
Z 9 1- ))(YTnTji - Z Vfl ”L + Uc Z ;B]'T({nxl Z ﬁ] mlx”1
n#1 n#1 Tn n#1 m#1 1 + xm)
1+6
= — Z %?‘ nL ( 0 wlL ﬁjxl)
n#1l n
At the steady state 7’@0&{1 —Uup =0,
0(1—pB(1—-9o ' 1+6
( ,B(g ) Z jnLhy = — Z 'erl nL e (—2 ; wlL — Bjx1) (A.57)
n#1 n#1 n
Home net export of sector j
Recall the FOC for L{lp, sum over country n
P lw i 140 1+90
) _ k

_')’mé?z = _’Y]LnTw” + Uy — ;;7Lzﬁknm — Uc Z:,Bk1 _'_x%;{(n Tl 0 Wn

and substitute back to equation A.57, and use t{q Y ,

Uc

6(1 —ﬁ§1 —94)) Y waLlhy = Y paLhp + Y 2 (Enlﬁk ) anmﬁ

n#l n#l n#£1i#1

Ns

- 146 146 i 1+6
; (;ﬁ 1—|—Tk Nﬁl) 0 WLy = e Z#:t]nGwnLilP_uc(e?/mL]m_ﬁjxl)
n#1 xn ntl

65



1+ 9 0 1+0 i
) k k ]
n#l n#£1i#1 n#l xn
1+6 '
:“gfwﬂ%p—ﬁﬂl
N N.
Z(ﬂl + Z thﬁkﬂnz Zﬁ 1+ Tk nﬁl) 0 wnL{w
n#1 i#l k xn
l 0
—g wlL ,Bjxl (A58)

With multiple countries, Home's tariffs are on average higher for sectors with relatively higher

net exports. For that sector, the weighted average of Home’s tariff across country is higher.

Different from the two-country case, now tariffs on one foreign country would affect other

foreign countries sector profit and incentive to do innovation, hence technology, so the levels

of optimal tariffs are jointly determined across country and sector.

In the special cases of two countries or multiple countries but only Home and one foreign

country (country 2) produce sector j and j* goods, we don’t need to consider the supply of

other foreign countries that been affected by the tariff imposed on country 2. The left hand

side of equation (A.58) only has country 2. Then again

146 1
1[5 wlL — Bjx1 +9w1L — Bjx1

gt =2
0 %sz] ”Gsz
. Now we prove
tL ,3].7'[]1.”3(1 5 Zm#l ,B] nmnxm
1+t How,L}, 1+9 wLhp
Go back to the FOC of T,];
i gi . @l Tim i
9(1 - 18(1 - 5))7TnTn = - ’)’rn j + ucxl,B]nln Ouc Z ,B] 701 TOmnXm
Tn m#1 14+ xm
-0y nyLlﬁ]n A 0v,,Bi Y ThnXm
m#£1i#£1 m#1
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using Ty,

N
) ) 1 )
0 VB = ey e 6(1 — 7l
; Lil”]’ " ni ¢ ](1+Txn) Uc ]1+Txn nl
the FOC becomes
i i j WaLhy j
0(1 = B(L=0)v7, T = = + qul:B]nln Ouc Z /3] m17'fmnxm
T; m;él 1+ xm
. 1 . .
+ Z n;nnxm (Mcﬁ]> Z nmnxm <uc,6] (1 - 7T )) + 97]Lnﬁ] Z n;nnxm
m#1 (1 + Txm) m#1 xm m#1

Combine items,

w, L]

1 . .
Q<1 - ﬁ(l - 5))5]411[—‘{17’ = ’)/Tn + MCXLB]T[ln

i’l

1
+ue Y [Bji]nmnxm Ouc Y Bj T X —l—O'yLn,B] ) T X
mz1 (14 Tem) w1+ Ty mZ1

Replace the last term w1th<1+9 wnL]np ,B] ") 77]171 1)

1 - - w,L!
6(1—pB(1— (5))5ynL{ﬂ = o, ].np + ucx1Bjmy,
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Z Z j j ( ) j 1 j
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Using the following equation

1+9 L]
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1’l
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1 . N, 1+6wnu‘Z _
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Using the FOC of Ty, we get

1 i Nsos 1+9wnL{1p
9(1—,8(1—5))5%1@1,: (1+0)w,L nyLn
Tl
j o 1+6 i T,]Cm i
+ (14 0)ucfj—"— ), X1 + e —5— 5 wyLhy — (14 0)uc Y pj—"— — T X
1+ tn m#1 1+ Txm
or _
g il x 5 YAl ﬁf1+ T X
. . p— n
1+t Hw,L}, Lo, 1],
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: 1460, 1] _
5 Zb”f Hrouhy | 00-pU-8) 7 10
" 1+6 Lo y.x, + ) 1—Fuw,1+80
. 1 B i j 1—59wnL]nP n ‘llnan . 1}
146 Ly x, UeXy

G Proof for Proposition 7

Section E.1 proves that at the steady state Markov doesn’t use any industry policy. Equation A.41

in Section C.2 shows Ramsey doesn’t use any industry policy.

According to Appendix B.3, in Markov problem, ZNS o = 0 at the steady state when o, (L{qr, T,];ﬁl) =

&]n. Furthermore, Accordmg to Appendix C.3, in Ramsey problem at the SS, ZN" m = 0 when

Yl

)y (L, Tiﬁl) = &),. Then equation A.42 shows Ramsey export taxes have the same formula as in

the Markov at the SS.

Ramsey tariff equation A.43 has the same formula as in the Markov. As ZNS Yo — = 0, the Ramsey
“n

FOCs of w,, L{w and T,]1 (A.45-A.46) are also the same as Markov, hence 'y]Ln are the same and

optimal tariffs are the same.

With no domestic externalities, in the steady state, Markov and Ramsey governments choose the

same policies and have the same allocations.
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H Numerical example

The interlinking relationships and spillover of tariffs across countries and sectors may appear to be
complex but follow the basic principle outlined in the proposition. That is— the within-country
tariff ranking has to do with the country’s comparative advantage. That strict ranking disappears
when we deviate from the special case, but still follows some basic trade patterns—further explored
in our quantitative analysis. Still, to gain some intuition, and to investigate predictions of theory,

we consider a few numerical examples.

Consider the world with three sectors (51, S2, and S3) and three economies: the United States
(US), China (CN), and the rest of the world (ROW). The innovation efficiencies in the three sectors
accord with US (1,0.9,0.9), CN (0.9,0.9,1), ROW (0,0, a33) with as3 varying from 0.9 to 1. Since
ROW’s innovation efficiency are zero and cannot produce goods from S1 and S2, it imports them
from the United States and China. Furthermore, S2 is China’s comparative advantage (CA) sector,

and S1 is U.S.’s comparative advantage sector.

Figure A-1: Optimal Policies for the United States when Global Demand Rises

Tariff on CN: S1 S2 S3

0.17 1
0.185 .
0
: -1
0.9 0.95 1 09095 1 09095 1
US net export: S1 S2 S3
0.031

0.0465 -0.195
0.046 0.0305 -0.2

0.9 0.95 1 0.9 0.95 1 0.9 0.95 1

%33 33 %33

Note: The upper panel plots U.S. optimal tariff on imports from China in sector 1 (S1), sector 2 (52), and sector 3 (53) when sector 3 in
ROW becomes more efficient, i.e. higher az3. The lower panel plots the corresponding US’s net export in sector 1, 2, and 3.

Consider the case in which ROW becomes larger, with a higher a33. This leads to a surge in the
global demand for goods in S1 and S2. Note that the U.S. always imposes tariffs on S1, which is its
CA sector. Larger global demand for S1 and S2 boosts exports in these sectors, and thus the U.S.
increases tariffs on both sectors. Moreover, the tariff on S2 increases by more as the net export in

this sector rises faster—the same reasoning for China.

Figure A-1 shows that the U.S. raises tariffs on China’s sector 2 goods more than tariffs on sector
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Figure A-2: Optimal Policies for China when Global Demand Rises
Tariff on US: S1 S2 S3
0.125 0.1

4 1

0.135 0

0.12

0.13 -1
0.9 0.95 1 0.9 0.95 1 0.9 0.95 1

CN net export: S1 S2 S3
0.012 0.0255 018
-0.185
0.025
0.0115 -0.19
0.9 0.95 1 0.9 0.95 1 0.9 0.95 1
“33 “33 “33

Note: The upper panel plots China’s optimal tariff on imports from the U.S. in sectors S1, S2, and S3 when S3 in ROW becomes more
efficient, i.e. higher a33. The lower panel plots China’s net export in the three sectors.

1 goods. In addition, the U.S. imposes higher tariffs on ROW’s sector 3 goods, aiming to induce
Chinese labor to shift from sector 1 and 2 to sector 3. However, the impact of this policy on the
rise of Chinese labor in sector 3 is not significant, although it dampens China’s labor flowing into
sectors 1 and 2. The same optimal policy applies symmetrically to China, which levies a higher
tariff on the US goods in sector 1 and 2, but higher in sector 2, and on ROW in sector 3, see Figure
A-2. The larger the rise in global demand, the larger the tariffs levied by both China and the U.S. to

endogenously improve each country’s own technology in that sector.

Next, consider a case where there is an increase in China S1’s innovation efficiency 11, which
takes on a value between 0.9 and 1. Figure A-3 shows that China levies a relatively higher tariff on
the U.S. in S1 to discourage innovation in the U.S. It would also impose a higher tariff on ROW’s
sector 3 so as to induce U.S. labor to flow towards sector 3. Overall, this results in U.S. labor (and

hence innovation) falling in sector 1.

However, from the perspective of the U.S., it will lower tariffs imposed on China’s S1 goods. The
reason is that China has become more productive in producing these goods, and thus it is more
efficient for the U.S. to increase its imports from China in sector 1. Note, however, that this result
may change if there are other forces at play—for instance, an event that causes there to be more
profits to be reaped in that sector. This can occur if, along with rising Chinese efficiency, there is also
a rise in the US efficiency in this sector, or in the importance for sector 1 goods (see Figure A-4), or if

overall trade costs have fallen. In this case, the U.S. would want to raise its tariffs on Chinese sector
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1 goods to stave off competition. These results show that in our framework, competitive policies
arise not from a country becoming better at producing another country’s comparative advantage
goods (in this case more trade is better), but from the incrementally bigger market that is “up for

grabs” and where competition is made more intense when the other country is a closer rival.

Figure A-3: Optimal Policies for China when S1 Efficiency Rises
Tariff on US: S1 S2 S3

0.14 0.142 1
0.135 0
0.13 0.14

-1

0.9 095 1 0.9 0.95 1 0.9 095 1

CN net export: S1 S2 S3
0.02 -0.19
0.024
0.015
0.01 0.022——-0.195
0.9 0.95 1 0.9 0.95 1 0.9 0.95 1
[0 « (6]

11 11 11

Note: The upper panel plots China’s optimal tariff on imports from the U.S. in sector 1 (51), sector 2 (S2), and sector 3 (53) when sector
1 in China becomes more efficient, i.e., higher a1;. The lower panel plots the corresponding China’s net export in sector 1, 2, and 3.

Figure A-4: Optimal Policies for China and US when S1 becomes more important

Tariff on US: SE) 15 S2 ] S3 Tariff on CN: S1 S2 ] S3
0.12 ’
0.18 0.16
0.1 0 0
0.16 014
0.08 0.1 1 1
0.2 0.25 0.2 0.25 0.2 0.25 0.2 0.25 0.2 0.25 0.2 0.25
CN net export: S1 S2 S3 US net export: S1 S2 S3
0.012 0.026 -0.1 0.0465 0.031
’ -0.15
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0011 0.024 0.15 0.0455
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0.022 -0.2 -0.2
0.2 0.25 0.2 0.25 0.2 0.25 0.2 0.25 0.2 0.25 0.2 0.25
B1 81 p1 61 p1 81
(a) China’s Tariffs (b) US’s Tariffs

Note: The upper panel plots the optimal tariff in sector 1 (51), sector 2 (52), and sector 3 (S3) when sector 1 becomes more important,
i.e,, higher 1. The lower panel plots the corresponding net export in sector 1, 2, and 3.

We have shown examples whereby a rise in net exports induces an increase in import tariffs—
in the case where T is endogenous and optimal policies across sectors and countries are jointly

determined. There are other points to be made here. First, the larger the comparative advantage,
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the larger the motive to impose tariffs on one another. For instance, as the overall trade costs fall,
there is more trade across all countries, and hence there is a larger incentive to undertake policies.
Second, for each foreign country, there is no simple relationship between optimal tariffs and Home
sector’s degree of comparative advantage compare to the Foreign country. As is shown from the
example above, China will raise its tariffs on the U.S. in sector 1 more if the global demand for
good 1 and 2 rises—even though sector 1 is not China’s comparative advantage sector. By contrast,
if overall trade costs fall, then China will increase its tariff on sector 2. The reason is that China
will increase its imports from the U.S. in sector 1 and thus lower its tariffs on U.S.’s sector 1 goods.
The key barometer here is the change in net exports in any given sector: a country will raise tariffs
imposed on the other country if its net exports in a sector rises; conversely, it will lower tariffs in

sectors where its net exports falls.

I Proof for Proposition 8

Appendix B lists optimal conditions for Markov policy in general case, including with externalities.
Appendix B.3 proved ZNS B — = 0 at baseline SS. The prove of ZNS o — = 0 with externality is similar,

ﬂ n

and to avoid repetition, we just highlight the differences here.

All the optimal conditions are the same except that we consider ¢ in front of the current profit
reflecting Foreign country’s Pigouvian innovation tax/subsidy
w wyL ;
n n 5 !

np j
=¢ — + BnUp, (Yrn),
o (L)t eT "

Follow the same steps in Appendix B.3, Equation A.39 now becomes
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hence

%”1i9xn T V"ZL?”LZ Vo g C0uLy +6(1 — B(1 0 (Z L Zm(y);":l)
y ‘Ew” Y- i 5 X% 1-0

+Z%n Z’an[ (1-9 } ZGT ZZ TeB(1 =6 7] x{P; 7 = 0. (A.60)
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At the steady state, the research intensity is given by

o¢
0(1—p(1—90))+de

Pl=

Using this research intensity, L{',lp = (1- 1")L{1, and L{;r = 7L{1, we can cancel out the two terms

involving p, in equation (A.60). Finally, we have
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Multiply the above equation ﬂ on both sides and sum over j
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The equation holds when for every n # 1, Y ﬁ 0, and Z]-QT,]; Zfil Yo Bl —
ax."’P.” 1 - w;
Pl ket 1-0
J) P x{P; 7 = 0.
With Zk ; rVL’,?) = 0, export taxes at the SS have the same formula as without externality;
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however, the wedges in each industry at SS will not go to zero, average wedge goes to zero at the

SS.

J Proof for Proposition 9

Appendix C lists optimal conditions for Ramsey policy, and Appendix C.3 proved ZJNS % =0 at

baseline SS. The prove of Z]NS % = 0 with externality is similar. We use the FOCs of the Ramsey

problem.

FOC over L{w

1w _ i 1+ 9 1 —|— 0 1+90
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1. At the steady state 'ijn = ')/jT'n, summing over j the FOC over T}:
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2. Substract FOC over LLP and w;, from the above equation:
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At the steady state, the research intensity is given by

o€

Pl = .
0(1—B(1—196))+ d¢

Using this research intensity, L{w =(1- ?)LL, and Lilr = ?L{Z, we can cancel out the two terms
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involving p, in equation (A.63). Then we have
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4. Multiply the above equation 7L”” on both sides and sum over j
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The equation only holds when for every n # 1, Zk Yo =,

ak (rLk)e-

K Quantitative optimal policies at baseline SS

In this quantitative analysis, the world consists of five countries with China, the U.S., Germany,
Japan, and the rest of the world (ROW). We take China as the home country and compute unilateral
optimal policies. To use observables in the data, we extend the exact hat method to compute the

counterfactual equilibrium under optimal policies in the long run.

Data and Measurement To conduct the analysis, we need sectoral-level data on gross produc-
tion and bilateral trade for each country. The data on bilateral trade flows are sourced from the
United Nations” Statistical Division Commodity Trade (COMTRADE) database, while the annual
gross production data are obtained from the OECD Structural Analysis Database (STAN) and Na-
tional Accounts and Industrial Statistics Database (UNIDO) compiled by the United Nations. The
gross production data are available for 2-digit level ISIC industries, while the 6-digit H.S. trade data
is mapped onto two-digit ISIC industries, resulting in 20 two-digit manufacturing sectors for the

year 2018.

To compute the total production of a sector in ROW, we aggregate the sectoral production of

all countries within the ROW while disregarding bilateral trade between them. However, there
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is a potential problem with this approach in which the ROW may appear excessively large and
productive in this model with endogenous technology. To address this, we conduct a sensitivity
analysis by excluding major economies and China’s trading partners from the ROW and the results

change very little.

Optimal Policies We use the ‘exact hat method’ to compute the counterfactual equilibrium under
optimal policies. This method allows us to calculate optimal policies and equilibrium changes using
bilateral trade and sector-level production data without backing out fundamental research efficiency
{lX{f[} and trade costs {d{m} We adapt the standard exact hat method but incorporate endogenous
technology adoption and optimal policies. In particular, the counterfactuals include the calculation

of the multipliers and optimal policies.

Let variables without ‘prime” denote the observed variables, which includes the trade matrix
{71'{”.} and sectoral production {%ﬁwnL{gn}. Variables denoted with ‘prime’ represent counterfac-
tuals after implementing the optimal policies, and variables with ‘hats” denote the ratios of prime
variables to the observed ones. The full system of equations that determines the counterfactual

changes can be found in Appendix K.1.

In the data, China runs a large surplus, but our exercise features a long-run counterfactual
equilibrium with balanced trade. This implies that the welfare gains computed include both the
gains from eliminating trade imbalances and those from implementing optimal policies. To separate
them, we first run a counterfactual to eliminate the imbalances. We then take the new equilibrium to
be our private equilibrium observations which are used to calculate the optimal policies and welfare

changes. The results show additional changes brought about by optimal policies.'?

Table A-1 shows the optimal policies across sectors as a consequence of heterogenous tariffs. We
take China to be the home country and consider its optimal unilateral policies. Table A-1 ranks
sectors by China’s net export as a share of world production in that sector. For example, relative to
other sectors, China’s textile sector sees the highest share of net exports, whereas China’s chemicals

are imported on net.

The first finding is that export tax and import tariffs are heterogeneous across sectors/ countries,

12When exogenous imbalances are eliminated, tax neutrality holds. Hence, a uniform increase in export
tax is equivalent to a uniform increase in tariff. We can also solve the optimal policies with trade imbalances.
In this case, tax neutrality no longer holds, and there is an additional valuation effect for the fixed amount of
deficit. Home would like to change its optimal policies to increase its domestic prices and inflate away the
deficit. To avoid this complication and focus on our main mechanism, we only consider the balanced trade
in the long run.
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and exhibit a wide range of values. China’s optimal import tariffs on the U.S. range from 14% to
35%, for instance. Tariffs also vary across countries. For electrical machinery, the optimal tariff
imposed on the U.S. is 17% whereas it is 43% for ROW. Similarly, China imposes a tax of 1.8% for
exporting machinery to the U.S. but subsidizes the ROW with an export tax of —1.7%. Of course,

all optimal taxes and tariffs are relative, as tax neutrality holds.

Second, what we can surmise from these patterns is that tariffs imposed by China on other
countries are generally higher in its comparative advantage sectors (first four sectors compared to
others ranked below). However, there is no strict ranking of tariffs that accords with comparative
advantage. Since all cross country-and-sector specific taxes and tariffs are jointly determined, no
bilateral relationship between tariff/export tax and some revealed country pair-wise comparative
advantage exists. Only in the special case, multiple region model examined in Section 4, is there a
strict relationship between a sector’s net exports/production and its optimal tariff rate. What we can
observe, however, is that there tends to be a larger gap in tariffs imposed across countries among
comparative advantage sectors. Tariffs imposed are more homogenous among the comparative

disadvantage sectors.

Tariff rates are not directly comparable across countries as they reflect individual elasticities as-
sociated with a particular trading partner, and take into account that trade costs can be different
across sector/countries. Still, there are some general intuition behind these results. Take the exam-
ple of electrical machinery: tariffs fall heavily on ROW (43%) relative to those in other sectors. But
for the U.S. (17%) and Germany (12%), tariffs in this sector are lower than in other sectors. If only
consider China’s net export to ROW, Electrical machinery is not the highest, this high tariff reflect
China particularly import less from ROW than from US and Germany, so that higher tariff in ROW

would encourage US and Germany labor move into the sector.

For ‘office and computing machinery’, the next sector down, China’s net export to the US is not
the highest in this sector comparing to other sectors. China exports a lot to the rest of the world and
therefore imposes a high tariff on the U.S. (35%) and Germany (47%) relative to other sectors. But it
levies a relatively lower tariff on the ROW (14%) because it also imports a great deal from the ROW.
Similarly, China imports a lot of ‘other transport equipment” from the U.S. and hence imposes a
lower tariff (14%). Hence one cannot conclude that the country that is imposed the highest tariff
in a sector is China’s chief rival in that sector. On the contrary, the reason is that a higher tariff
imposed on a country is caused by an incentive to induce it to move labor out of this sector because

it is not very efficient, but into other sectors where China imports a great deal. Turning to export
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taxes, we also see significant heterogeneity both across sectors and across countries. For instance,

China imposes a tax on the U.S. in the furniture industry, whereas it subsidizes the ROW.

These results stand in stark contrast to the case of exogenous technology, emphasized in past
literature. For comparison, we run the counterfactual equilibrium under exogenous technology in
Table A-2. As consistent with theory, optimal import tariffs are uniform across sectors —we fixed
the level at 25% for the US, which is about the average level under endogenous T case. Optimal
export taxes tend to be higher in sectors in which China exports relatively more (on net). For
example, textiles, furniture, office, and machinery and equipment face about 2% export taxes, while
food, paper, and chemicals face less than 0.5%. Since Home has a comparative advantage and high
monopoly power in these high-tax sectors, it can charge a higher markup upon exporting, whilst
technology remains immune to policies. Note that there is also no strict relationship between the
ordering of sector based on the "overall" comparative advantage and attendant export taxes as there
are pairwise comparative advantage, interaction among countries, and trade costs that can differ

across sectors and multiple countries.

Our finding of heterogeneous export taxes and import tariffs can perhaps help bridge the gap be-
tween the existing theories and the data. As pointed out by Caliendo and Parro (2021), the literature
remains highly disconnected from the data: " theoretical result on uniform import tariffs and het-
erogenous export tax across goods" is in stark contrast to “ the observed wide range of tariff changes
across products during the recent trade war...." If the conventional wisdom guiding trade policy re-
lates to manipulating the terms of trade, then it fails to explain the recent trade war between the
U.S. and China, for instance. To explain these observed trade policies, the recent literature pursues
mechanisms other than terms of trade manipulation, such as externalities or political considerations.
In contrast, our model shows that optimal tariffs should differ across products under endogenous

technology and technology rivalry, even absent externalities and political considerations.

A natural question is what the suggestive welfare gains amount to from this exercise. Table
A-3 reports the gains from the optimal policies. As is evident from Table A-1, under the optimal
unilateral policies, China gains by 0.58%, while ROW loses about -1.22%. By contrast, with uniform
tariff and heterogenous export tax the gains are 0.5%. Note that even with uniform tariff the gain is
about 0.5% and heterogenous export tax generate very little additional gains. Heterogenous tariffs

bring about 20% higher gains.

Note that the magnitude of our welfare gains is higher than the standard estimations, and small

welfare gains in the literature are commonplace. A higher welfare gain can result from an input-
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Table A-1: Optimal Policies with Endogenous Technology

Export Tax Import Tariff

us P GER ROW us JP GER ROW

Leather 0.57 -0.27 -2.34 035 25.76 3241 27.50 34.23
Apparel -0.11 -0.38 -1.82 -0.59 25.81 27.18 27.11 31.62
Textiles 0.13 0.33 -1.74 -0.40 28.53 28.25 26.58 32.16
Furniture 0.52 0.14 -1.42 -0.58 2723 27.06 27.42 30.19
Electrical machinery 1.80 0.79 0.88 -1.70 17.71 24.34 1231 43.41
Office -2.18 0.70 -4.55 8.33 35.35 28.24 47.48 13.98
Machinery and equip. 1.00 239 0.10 -0.38 24.68 2291 23.53 30.04
Rubber and plastics 053 0.81 -0.79 -0.84 2543 24.44 25.64 28.08
Fabricated metal 0.07 0.06 -098 -1.11 25.67 25.57 26.41 27.97
Non-metallic mineral -0.00 -0.17 -1.47 -1.27 25.83 25.74 27.39 27.89
Printing 0.04 -033 -1.52 -1.22 25.39 2549 27.16 27.11
Other transport 651 -0.66 0.25 0.39 14.25 26.79 23.65 29.21
Wood 055 -039 -1.66 -0.13 24.76 26.36 28.09 25.87
Tobacco -0.16 -0.40 -1.59 -1.38 25.15 25.16 27.02 26.99
Food 0.02 -0.36 -1.56 -0.62 25.00 25.82 27.48 26.03
Fuel 0.07 -0.26 -1.60 -0.37 24.83 25.44 27.42 26.06
Vehicles 096 065 075 -1.43 22.27 24.29 20.54 28.99
Basic metals 0.02 -0.02 -1.95 -0.34 2450 25.16 2851 2694
Paper 047 022 -222 041 24.69 25.04 29.83 2494
Chemicals 0.29 0.70 -2.69 0.75 2494 2476 30.40 24.88

Table A-2: Optimal Policies Under Fixed Technology
Export Tax Import Tariff

us JP GER ROW us JP GER ROW

Leather 143 3.16 -0.08 3.14 25.00 26.12 26.05 26.08
Apparel 094 047 -013 207 25.00 26.12 26.05 26.08
Textiles 250 170 -0.21 229 25.00 26.12 26.05 26.08
Furniture 197 0.82 0.04 143 25.00 26.12 26.05 26.08
Electrical machinery 203 021 035 1.59 25.00 26.12 26.05 26.08
Office 1.07 046 -0.01 5.02 25.00 26.12 26.05 26.08
Machinery and equipment 1.13 0.32 -0.24 0.81 25.00 26.12 26.05 26.08
Rubber and plastics 0.84 -0.40 -0.40 0.20 25.00 26.12 26.05 26.08
Fabricated metal 0.55 -0.35 -0.51 0.04 25.00 26.12 26.05 26.08
Non-metallic mineral 0.60 -0.45 -0.45 -0.09 25.00 26.12 26.05 26.08
Printing 0.31 -0.83 -0.70 -0.50 25.00 26.12 26.05 26.08
Other transport equipment 0.01 -0.61 -0.64 0.34 25.00 26.12 26.05 26.08
Wood 029 -0.35 -0.58 -0.34 25.00 26.12 26.05 26.08
Tobacco -0.02 -0.87 -0.84 -0.70 25.00 26.12 26.05 26.08
Food -0.00 -0.61 -0.77 -0.66 25.00 26.12 26.05 26.08
Fuel -0.06 -0.73 -0.81 -0.45 25.00 26.12 26.05 26.08
Vehicles -0.06 -0.76 -0.72 -0.48 25.00 26.12 26.05 26.08
Basic metals -0.09 -0.65 -0.70 0.09 25.00 26.12 26.05 26.08
Paper 0.14 -0.65 -0.73 -0.29 25.00 26.12 26.05 26.08
Chemicals 0.08 -0.25 -0.68 0.27 25.00 26.12 26.05 26.08
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Table A-3: Welfare Gain Implications

Optimal policies If view T exog

CN 0.58 0.50
us —0.40 —0.36
P —0.48 —0.49
Germany —0.34 —0.06
ROW -1.22 -1.23

output structure or from assumptions of externality. For example, Bartelme et al. (2019) use a model
with externality and find an average gain from optimal industry policies of 0.98%. Caliendo and
Parro (2015) evaluate the welfare gains for NAFTA with input-output structure. They find that
the gain for the U.S. is 0.08% and 1.3% for Mexico. In contrast, our model emphasizes the role of

endogenous technology adoption in trade policy. The welfare gain is about 0.6% for China.

K.1 Counterfactual welfare gains from optimal policies

In this section, we compute the counterfactual equilibrium under optimal policies using exact hat

method and our FOCs for the optimal policies. Variables without prime are originals from data

] .

(trade matrix 7T, ;; sectoral output %wnL{w), and variables with prime are counterfactuals after

implementing optimal policies. Variables with hat are the ratio of prime and original.

w;L;l == ’Z/’DnannLn
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The optimal trade policies are
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For the following FOCs, we use 'yTn T] = pnrLy j /6, also solve £ w, and %” instead of y, and ’ym,

hence we solve counterfactual without backing out foundementals ocn, d]nm.
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FOCs become
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(e) Equations to solve for (@, Ln, Tx'n, t/] )
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L Optimal innovation policy without tariff at baseline SS

In Section E, we prove with optimal country-sector tariffs and export taxes, time-consistent policy

do not distort domestic innovation at the SS. In this section, we show without tariffs, Home would
like to use innovation policies.

Without tariff, Home government’s Euler on T{
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85



uc—{_EE’YLntB]n—ln 14=0

Hence government Euler on home research
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and at the SS, Zj 'yln / a{d = 0 at steady state.
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1. With two countries, without tariff, the SS optimal innovation satisfies:
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(A.64)

and the optimal export tax are:

(s = m0) (14 07y

J —
v (74 - '7]L2> 97{%2

2. Sum over j of the FOC for Ly,, (A.64), we get:
i _ Oy
_5))ZLlr = EZLlp
) ]

which hold in market equilibrium, i.e., government distort own innovation across sectors
but not overall. The wedges across sectors average to zero. The sign of (’yu - ')/]L2> 97t{2
determines which sector’s R&D should be subsidized. Sectors have higher net exports would

be subsidized.
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3. With multi-countries,

L /
w1 1 W1lq w
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n#l n=1 k

wedge

Without a full set of country-sector-specific tariff, Home would subsidize/tax some indus-
tries” innovation. The wedge on innovation across sectors still averages to zero. The sign
of Oyr1(1 — 7t]1‘1) - GZHN#l ’ijn n{n = 62,11\;1(%1 - 'yén)n]in determines which sector’s R&D
should be subsidized. Sectors have higher net exports would be subsidized. It is suboptimal
as policies distort the country’s own innovation in order to affect foreign demand and inno-
vation, it is inferior to first-best policies with tariffs as it cannot target countries differentially.

Nevertheless, it is better than no policies at all.

M Nash tariff at baseline SS

Multi-sector, Multi-Country Nash: Let T denote the export tax imposed by country n on the
export to country m in sector j, and ot country m’s import tariff on country »n in sector j(follow

the flow of goods).

Country h planner solves the following problem
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subject to the private equilibrium
Ty = oLy + (1 =0T, 1, (Y NsxN)

Wy o 1 wnL{qp

o, 0 T

+p(1 - 5)G{l ({TIZI}) x5p7, (Vinh/ N; x (N—1) forn #h)

1
1+ T ) (1 + thin)

1+60 N
g WnLnp = Bi [Z
m

ninnxm] 7 (’)/]th/ N X NS)
Z (L;w + Lan) = 1/ (,unh/ N)
]
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1+6 N Ng 1 N N;

7wnZL + Y ) B T T+ ) Zﬁ]

nnmxn ('Yxnh/ N)

m#n j=1 1+ xmn1+tj m#n j=1 1—|‘t
where
Fi
N , , %
1%:ry[Z}H&wwﬂr+dmaﬂ+ﬂm»‘1
m=1
. . B w
Gh ({mi}) = [(x;> “(P)° 10;]
n

7Tj _ T,];(Z'Und(l‘i‘ﬂfajc'mn)(l"i'ti@))ie
L T (wid (1+7,) (1+£,.))~°

Use the FOCs, optimal tariffs can be simplified to:

j

j 1 thn
, Yxhh = Viph 7~ Yanh
1 _|_ t] Lnh (1+Tajrhn) 1+T¥hn
h
" Yxhh — YLhh
Optimal export tax:
(1 + Txnh)(l + t]nh) =
(7xhh - "Yth) [1 + 0(1 - nh)]
97;\1111 _ N G’Yéihrdzi _yvN ’YYl/XTmeﬂm _ tumeﬂnm _ trzhe(l nrlh Ns .k _ _ Mi
1+t a ”h) Lih (14, (1) L () (1)) () Tah Z’"#” 11 1+, * (Zk Va1 = 0) (e =15 )
For example, Under the two country case,
j]2
J— — “(
i ,)/Jd 7L2(1+T 2) T 21+Tx12
Yx1 — VL1

(Y1 —Y11) (1 + 97T£2)

Y1070 — V1o (1+ £5)070h + Va2t 0700 + (1 + ;) (21]:] TPl = 8) (0~ 1>x72)

1—|—T21—

Government wouldn’t use innovation policies at SS. Nash tariffs have similar feature that each
individual countries put higher tariff on own CA sector. Home knows that, first, Foreign will also
use optimal tariff and export tax, and second, own tariff would affect foreign’s export tax revenue,
own export tax would affect foreign’s import tariff revenue. First, if Home and Foreign are different,
the opposite policies strengthen CA and generate higher incentive of differential tariffs. Second,

both use trade policies and countries will trade less, endogenous CA are less and incentive for
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differential tariff will be smaller in the equilibrium. Overall, countries trade much less with Nash
policies, and policies are less differentiated across sectors. Both countries loss from Nash tariffs,
though Foreign has a smaller welfare loss than the case where it is not allowed to retaliate (a case

in which the Home has a welfare gain).
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