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Abstract

This paper examines both the desirability and feasibility of technology transfers in a setting where
institutions governing the security of output or income are imperfect. Based on a guns-versus-
butter model involving two countries (a technology leader and a technology laggard), our analysis
characterizes how global efficiency and the countries’ preferences over transfers depend on the
nature of technology, as well as on the initial technological distance between them and the degree
of output security. In the case of a general-purpose technology the leader might refuse a transfer,
whereas in the case of a sector-specific technology the laggard might have such an incentive.
Notably, for both types of technology, our analysis reveals the possible emergence of a “low-
technology trap,” wherein a technology transfer to the laggard is more likely to be blocked
precisely when the laggard’s initial technology is sufficiently inferior to its rival. We explore how
the degree of output security and the laggard's capacity to absorb state-of-the-art technology affect
the range of technological distances that generate such traps for each type of technology.
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1 Introduction

In the midst of ongoing geopolitical tensions between the U.S. and China lie concerns about
China’s actual or potential use of American technology to further its own military objec-
tives. While U.S. trade and investment relations with China have always been formulated
with national security issues in mind, the expansion of technologies having both military
and civilian applications has introduced new complexities (Olson, 2019). Indeed, heightened
by China’s alleged practice of “forced technology transfers” and by its recent policy shift to
foster dual-use infrastructure and resource sharing between the military and civil govern-
ment, research institutes, and companies, these concerns have prompted the U.S. to impose
sanctions on China.! Likewise, even before Russia’s invasion of Ukraine, the U.S. imposed
a series of sanctions intended to block access by Russia’s defense sector to western tech-
nologies in the aerospace, marine, and electronic sectors, that allegedly facilitate dual-use
technology.? The most direct consequence of such sanctions would seem clear enough—that
is, to limit the transfer of technology. But, although the benefits of technology transfers on
productivity have been widely studied, less is known about their potential drawbacks based
on security considerations. Could the presence of conflict between countries make technol-
ogy transfers costly to render them undesirable and thus enhance the appeal of sanctions?
Shedding light on this issue has important policy implications insofar as the diffusion of
technology is a significant factor that explains variation in income levels across countries
(e.g., Parente and Prescott, 1994; Caselli and Wilson, 2004).

This paper examines both the desirability and feasibility of technology transfers in a
setting where institutions governing the security of output or income are imperfect.® More
precisely, building on a single-period, guns-versus-butter model involving two countries (a

technology leader and a technology laggard), our analysis identifies the conditions under

!These sanctions were imposed under the Trump administration in November 2020 with Executive
Order (E.O.) 13959, and were subsequently broadened by the Biden Administration in June 2021 with
E.O. 14032. According to Sykes (2021), although the notion of “forced technology transfers” encompasses
involuntary transfers through the actual theft of intellectual property (e.g., corporate espionage), it also
includes more consensual sorts of transfers through the application of “corporate structure requirements”
(CSRs), which require foreign investors to form a joint venture with Chinese firms or give them a control-
ling equity stake; CSRs effectively allow Chinese firms to demand a technology transfer as a condition for
establishing a partnership. See the U.S. Department of State’s interpretation of China’s recent policy, once
called the “Chinese Civic-Military Fusion policy”: https://www.state.gov/wp-content/uploads/2020/05/
What-is-MCF-0One-Pager.pdf. In October 2022, the Biden administration imposed new and more compre-
hensive restrictions on the sale of U.S. semiconductor technology (having military applications) to China
(see https://www.nytimes.com/2022/10/07/business/economy/biden-chip-technology.html).

2These sanctions were authorized in April 2021 with E.O. 14024 and extended in March 2022 as described
in the U.S. Treasury’s press release: https://home.treasury.gov/news/press-releases/jy0692.

3Multiple studies have found reduced-form evidence that the quality of institutions is positively related
to per-capita income (e.g., Acemoglu et al., 2001) and that differences in institutions and government policies
explain variation in productivity levels across countries (e.g., Hall and Jones, 1999). Also, see Rodrik et al.
(2002), who find that institutions contribute more to per-capita income than trade and geography.
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which a technology transfer enhances global efficiency (or the sum of their payoffs) and the
conditions under which either a technology leader or a technology laggard would choose to
block a transfer. Both sets of conditions depend on the type of technology considered, the
extent to which countries’ technologies differ initially and the degree of output insecurity.

The model is structured as a two-stage, complete information game. In stage 1, the
technology leader declares whether it will make its technology available to the laggard (or
not) at some exogenously determined cost. At the same time, the laggard states whether it
will accept this technology. In stage 2, given those choices, countries choose simultaneously
how to allocate their respective resources to the production of butter (or consumables) and
to the production of guns (or arms). As in the standard guns-versus-butter framework
with decisions made by each country to maximize its own payoff, the allocation to guns is
motivated by the insecurity of output or butter. In our simple setting, if butter output were
perfectly secure, no resources would be allocated to guns and neither country would object
to technology transfers. But, provided that at least some fraction of output is subject to
expropriation by one’s rival, countries generally do arm, and each country’s arming decision
depends not only on the degree of output security, but also on the levels of technology
that both countries possess and the nature of the technology itself. We study two distinct
possibilities: (i) a general-purpose or dual-use technology that affects the countries’ ability
to transform their respective resource endowments into butter for consumption and into
guns for contesting output; and (ii) a sector-specific or civilian-use technology that affects
only their ability to produce consumables. For greater clarity, the analysis considers the
implications where countries differ at most in one of these two types of technology.

In accordance with the subgame-perfect, Nash equilibrium concept, we first characterize
the outcome of the second stage in terms of arming choices and payoffs as they depend on
the technological distance between the two counties and the degree of output security, as
well as the nature of the technology considered. Not surprisingly, regardless of whether the
laggard experiences an exogenous improvement in the general-purpose technology or in the
sector-specific technology, both countries tend to enjoy a positive direct payoff effect, given
their arming choices, in terms of increased output and thus a larger prize in the contest
between them.

Differences in the payoff effects across the two types of technologies derive from differ-
ences in their influence on arming choices that determine the sign of the indirect, strategic
payoff effects. In the case of an exogenous improvement in the laggard’s general-purpose
technology, both countries arm by more. While the direct positive effect noted earlier al-
ways dominates the negative strategic effect for the laggard, the opposite can hold true for
the leader. In particular, when their technological distance is large initially and the degree

of output security is sufficiently low, the laggard employs such improvements intensively in



the production of guns such that the resulting strategic effect dominates, thereby reducing
the leader’s payoff. By contrast, an exogenous improvement in the laggard’s sector-specific
technology raises that country’s opportunity cost of arming to induce it to arm by less
and produce more butter, implying that the leader’s payoff always rises. However, such an
improvement increases the leader’s arming. Although the resulting adverse strategic payoff
effect can be swamped by the positive direct effect so that the laggard’s payoff increases
like the leader’s payoff, this need not the case. In particular, when the initial difference in
their sector-specific-technology is sufficiently pronounced and the degree of output security
is relatively low but not zero, the adverse strategic effect dominates.

Whether countries differ only in terms of the general-purpose technology or only in terms
of the sector-specific technology, exogenous improvements in the degree of output security
never decrease the leader’s payoff. The laggard’s payoffs however, could fall with such
improvements. A necessary condition for this outcome is that the laggard’s technological
distance from the leader is sufficiently large. While this negative relationship holds for all
initial security levels in the case of the general-purpose technology, it holds for the case
sector-specific technology only when output is sufficiently secure to start.

Interestingly, the results described above hint at the possibility of a “low-technology
trap,” wherein a country that starts out at a low level of technology remains in such a
state.* In our model, such a trap could materialize because either the leader or the laggard
blocks the technology transfer. To explore this possibility further, we study the equilibrium
of the extended game of technology transfers, drawing from our analysis of how exogenous
improvements in technology and security affect arming and, consequently, payoffs. Along
the lines of the technology transfer literature surveyed by Keller (2004), we admit the
possibility that the laggard’s capacity to implement the superior technology held by the
leader might be limited. For both types of technology, we find that a low-technology trap
is more likely to be observed when the technological distance between the leader and the
laggard is sufficiently large to start and when the limits on the laggard’s ability to absorb
state-of-the-art technology are greater. In the case of the general-purpose technology, the
reason for this is that the leader can enjoy a higher payoff by refusing the transfer (or
imposing a sanction) and thus preserving its own advantage in predation. But, the greater is
the degree of output security, the more likely it is for the leader to consent to the technology
transfer. In the case of the sector-specific technology transfers, it is the technology laggard

who might choose to reject the transfer because the rejection induces the leader to arm less

4This self-reinforcing outcome, which is related to but distinct from a poverty trap, can be viewed in
our analysis as the result of the failure of institutions to support perfect output security. See the survey on
poverty traps by Azariadis and Stachursky (2005). Also, see Gonzalez’s (2012) insightful discussion of why
imperfect property rights are problematic for economic development and why they tend to persist over time
in less developed countries.



and produce more butter. We find further that the trap is more likely to be observed when
the degree of output security is moderate.

Admittedly, the process by which technology is diffused is much more complicated than
the way we have captured it in this paper, likely depending on trade and especially foreign
direct investment (e.g., Keller, 2004; Anderson et al., 2019; Perla et al., 2021). We chose
to abstract from such interactions in our analysis to isolate the effects of imperfect output
security on the desirability and feasibility of technology transfers. Nonetheless, it is worth
pointing out how some of our findings mirror previous results in the literature on the
welfare effects of productivity improvements. In particular, Samuelson (2004) demonstrates
that technological progress in a less developed nation can reduce the technology leader’s
welfare. By contrast, Jones and Ruffin (2008) find, in a different setting, that the leader
might gain from transferring the technology from its exporting sector to another country.
Taken together, these results are close to our finding that transfers of the general-purpose
technology can potentially increase or decrease the leader’s payoffs. However, in those
papers, the welfare effects of productivity improvements operate through a terms-of-trade
channel, whereas the effects we identify here are due to insecurity and operate through
arming incentives. Along similar lines, Bhagwati’s (1958) finding of “immiserizing” growth,
where the direct positive effect of income growth is dominated by an adverse terms-of-trade
effect, and Johnson’s (1967) finding that economic growth could immiserize a country in the
presence of distortions (such as tariffs) resemble our finding that sector-specific technology
improvements can adversely affect the laggard’s payoff by increasing the size of the contested
prize and thus inducing the leader to produce more arms.

It is also worthwhile to point out an important distinction between the transfers of
technology we consider and resource transfers intended to support peace. For example, in
Bevia and Corchén (2010) and Garfinkel and Syropoulos (2021) who study peace as the
preservation of the status quo, it is the less affluent country that tends to have an incentive
to arm and declare war (modeled as a “winner-take-all contest”) against its richer rival,
since it perceives a larger potential gain from doing so. Naturally, a transfer of resources
(a rival and excludable good) made by the richer country has the effect of evening out the
distribution of endowments and, therefore, reduces the potential relative gain from war for
the less affluent country.” By contrast, a transfer of technology (a non-rival but excludable
good) does not imply a direct loss of technological know-how for the donor. Nonetheless,
it does tend to equalize the two countries’ capabilities. What’s more, when the transfer
involves the sector-specific technology, it has a similar effect of easing the severity of conflict

as reflected in lower aggregate arming. While a transfer of the general-purpose technology

5Garfinkel and Syropoulos (2020) show a more afluent country could “burn” its own resources to similarly
support peace, but this alternative is Pareto dominated by offering a resource transfer.



also tends to even out the countries’ capabilities, it tends to induce both countries to arm
by more, thereby intensifying the conflict between them.

Our analysis relates to a number of earlier papers that highlight the effects of rent-seeking
activities to hinder the development and adoption of new technologies and products. For
example, Parente and Prescott (1999) show how monopoly rights held by labor raise the
costs and thus reduce the incentive of firms to adopt a superior technology.® Along similar
lines, Desmet and Parente (2014) argue that craft guilds in Europe blocked technological
progress and economic growth before the 18th century; but eventually, as markets expanded,
firms’ profits became sufficiently large to overcome the guilds’ resistance to new technolo-
gies. With a different focus in the context of an R&D-based growth model, Dinopoulos and
Syropoulos (2007) explore how incumbent firms can safeguard their monopoly rents due to
their past innovations through costly activities that slow down the rate by which other firms
successfully innovate to become the new incumbent. Also see Dinopoulos and Syropoulos
(1998), who show how competition between duopolistic firms for property rights over tech-
nology can hinder the diffusion or sharing of that technology through licensing agreements.
We contribute to this literature by suggesting a complementary barrier to technological
progress—namely, costly international interactions to establish property rights over inse-
cure output.

Our analysis is closest to Gonzalez (2005), who similarly studies the role of appropriative
conflict in understanding why superior technologies might not be adopted, and can be seen
as complementing his analysis in a number of ways. Most importantly, we study not only
a sector-specific technology as he does, but also a general-purpose technology that directly
expands the abilities of the contenders to arm. Studying these two types of technologies
within a unified framework allows for reasonable comparisons and reveals sharp differences
as described above. In addition, Gonzalez (2005) studies the decision makers’ simultaneous
choices to adopt a superior technology when their initial sector-specific technologies are
identical. His finding that, in equilibrium depending on parameter values, neither agent
chooses the superior technology or maybe just one does, but never both, points to techno-
logical backwardness. By contrast, we consider a two-sided game of technology transfer in
which initial differences in countries’ technological know-how play a decisive role and both

actors must consent to a transfer, finding that, depending on parameter values, differences

5See Atkin et al. (2017) who present experimental evidence suggesting that misaligned incentives between
workers and firm owners prevented the adoption of a superior technology among soccer-ball producers in
Pakistan. In a related analysis similarly emphasizing the winners and losers of innovation, Krusell and
Rios-Rull (1996) develop a dynamic, political economy model wherein those that benefit from the current
technology might attempt to block the adoption of superior technologies, with the outcome depending on the
distribution of skills among voters. More recently, Milner and Solstad (2021) study how government policies
that influence the adoption of new technologies depend not only on domestic politics, but also international
factors including global competition and relations with other countries.



in technology can persist. Finally, our simple parameterization of output insecurity allows
us to study how the degree of imperfect property rights determines countries’ arming choices
and payoffs, and ultimately the diffusion of technology.

In what follows, the next section describes the theoretical model of output disputes that
we use to explore countries’ incentives to arm for any given type of technology difference
between countries after establishing the existence of a unique equilibrium in arming in the
second stage of the game. In Section 3, we study how exogenous improvements in each of the
two kinds of technology and in the security of output matter for countries’ arming choices,
their payoffs and global efficiency. In Section 4, we turn to the first stage of the game to
consider the possibility of technology transfers, demonstrating the possible emergence of
a low-technology trap. Section 5 considers possible extensions of the analysis to explore
the robustness of the baseline model. Finally, Section 6 offers some concluding remarks,

including other possible extensions of the analysis. Technical details appear in appendices.

2 A Model of Output Disputes

Consider an environment with two risk-neutral countries ¢ = 1,2. Each country 7 holds a
secure endowment of R’ units of a resource (“labor”) that it can allocate to the production
of arms (or “guns”) and a consumption good (“butter”). We assume that these countries
have solved their collective action problems, so that each country’s decision maker acts in
the interests of its respective country as a whole.”

A key feature of the model is that it admits possible differences across countries with
respect to two distinct types of technologies in production. The first is a general-purpose
or dual-use technology, reflected in the parameter o, that transforms country 4’s resource
endowment R’ into its “effective endowment” or human capital, H* = o’ R’, and is applicable
to activities that are socially valuable (producing butter) as well as to activities that are
redistributive (producing guns). This technology would be positively related to the country’s
infrastructure, the quality of its educational system, institutions, and so on. The second
sort of technology, captured by 3¢, is specific to the production of butter (i.e., civilian uses)
which we refer to as a “sector-specific” technology. To be more precise, let G* and X°
denote country i’s output of guns and butter, respectively, and suppose that the associated
technologies exhibit constant returns to scale. Country 4’s resource constraint implies that,
for any quantity of guns produced G* € [0, H], the maximal quantity of butter it can
produce is X' = 3 (H i Gi). To fix ideas, we assume henceforth that country 1 is more

efficient or productive than country 2 in the following sense: a! > o2 (> 0) and 8! >

7 Alternatively, the model can be thought of capturing the interactions between individuals or groups of
individuals (that again have solved collective action problems) within a single country.



B2 (> 0), with at least one inequality holding strictly.® For obvious reasons, we will refer
to country 1 as the technology leader and country 2 as the technology laggard.

Let us denote the aggregate production of butter across the two countries by X =
Zi:m X*. To study the importance of the degree of output insecurity, we suppose that
a fraction o € [0,1) of each country i’s butter X’ is secure; the remainder, (1 — o) X,
goes into a common pool (1 — o) X that is contested. The degree of output security would
depend on a number of factors including formal and informal international institutions of
governance that mediate and govern disputes.” Country i’s share of this pool depends on
both countries’ arming according to the following conflict technology:

TN

¢ =¢ (G'G) = ;g i gig ,d,je{1,2},i# 7, (1)
where G = Zi:m G' denotes aggregate arming across the two countries. The function in
(1) has a number of important properties.'” First, ¢’ is a symmetric function in the sense
that ¢*(G*, G7) = ¢/ (G*,G7) for i,j € {1,2}, i # j. ' Second, ¢' is strictly increasing and
concave in country i’s arming G (i.e., ¢1,; = 9¢'/0G! > 0 and ¢! i <0). By contrast, @ is
strictly decreasing and convex in rival j’s arming (i.e., qbiGj = 0¢'/0G7 < 0 and ¢Ej i > 0).
Finally, Gf%ic;j = (¢i — dﬂ) ') [ (GIGY) % 0 as G° % G7. As will become evident, these
properties ensure the existence of a unique subgame perfect equilibrium in arming.'?

Under risk neutrality, each country ¢’s payoff is defined as
UN(GGT) =¢'(1-0) X +0X', i.j€{1,2}i#], (2)

for all G* € [0, H'], where ¢' = ¢*(G*, G7) is shown in (1) and as previously defined X =

8The restriction o? € (0, &*] requires, among other things, that both players be capable of producing
something. We could admit the possibility that country 2 is unable to produce butter (in which case we
would consider all 82 € [0, 8']). But, for technical reasons, we focus on 52 € (0, 8'].

9While one could extend the analysis to admit differences in output security across countries, our focus
on differences in technology alone allows us to highlight their importance in determining the severity of
conflict in terms of diverting resources away from the production of butter and the possibility for technology
transfers to mitigate such conflict. Interpreting agents as groups of individuals within a country, the degree
of security would depend on domestic institutions that consist of regulatory and enforcement agencies, the
police and the court system.

10This specification differs slightly from that which has been axiomatized by Skaperdas (1996) in that
here, when G! = G? = 0, the conflict preserves the status-quo distribution of output. This modification,
however, is inconsequential for the equilibrium analysis.

HBelow in Section 5 we also consider the possibility of international differences in the military-use tech-
nology and study the appeal of transfers of this technology from the leader to the laggard.

20wing to our assumption that countries are risk neutral, the game we study could be interpreted
equivalently as a “winner-take-all” contest over the pool of insecure butter, (1 — o)X, with ¢' representing
the probability that country i emerges as the victor. Our interpretation of ¢* as country #’s share of (1-0)X
could be thought of as a reduced form of bargaining. Indeed, the key insights of our analysis would remain
intact if the contested butter were divided on the basis of Nash bargaining or other bargaining protocols in
the shadow of destructive war (e.g., Anbarci et al., 2002).



BHH! — G%) and X = Dim12 X%13 The first term in the right-hand side (RHS) of (2)
represents the portion of the contested pool of butter (1 — o)X that is appropriated by
country i on the basis of its relative strength reflected in ¢'. The second term represents
country i’s secure butter. Since an increase in country i’s guns G* diverts human capital
away from its butter production, X falls with increases in G causing its payoff U’ to
fall. However, an increase in G* also raises country i’s share ¢’ of the contested butter,
and U’ is increasing in G* on this count. Clearly, for any given G’ (j # i), an optimally
behaving country ¢ chooses its guns to balance the marginal benefit of arming against the
corresponding marginal cost.'* Observe that the payoff for each country i also depends
on country j’s arming choice. In particular, for any given and feasible G, an increase in
the rival country j’s guns G’ reduces U* (i.e., Uéj < 0 for i,j € {1,2},i # j), because it
reduces country j’s contribution (X7) to global output of butter (and thus the contested
pool (1 —o)X) and because it reduces country i’s share of the contested pool ¢*.

Our central objective is to characterize the subgame perfect equilibrium of the following

two-stage game.

Stage 1: The technology leader declares whether it will make its technology available to
the laggard at some exogenously determined cost that could be bilateral, while the

laggard declares whether it would accept this technology.

Stage 2: Given the first-stage choices, the countries choose their guns simultaneously and

noncooperatively to maximize their respective payoffs.

Naturally, the two countries factor in how their first-stage decisions regarding the transfer
of knowledge affect the distribution of contested butter and their respective payoffs.

To help set the stage for this analysis, let us consider what would happen if property
rights were complete (0 = 1), so that butter output is perfectly secure. One can easily
verify that, in this hypothetical case that we refer to as “Nirvana,” neither country would
have an incentive to arm. Accordingly, each country i would devote all of its effective
endowment H' to the production of butter, so that Ul = B'H® = 3ia’R® for i = 1,2 (the
subscript “n” stands for “Nirvana”). In the presence of perfect output security, then, the
more efficient/productive country would be indifferent between (freely) sharing and not

sharing its superior expertise. By contrast, the relatively inefficient/unproductive country

3Let us add here that the analysis can be extended to allow for risk aversion and/or the possibility
that the dispute over insecure output arises probabilistically. Either way, as in our current setup, the key
mechanism through which technology transfers matter is the resolution of actual or potential conflict that
hinges on countries’ relative arming decisions.

14 Allowing for the possibility that conflict destroys some fraction of both secure and insecure output would
not affect equilibrium gun choices, but of course would affect payoffs. Even if conflict were to partially destroy
insecure output only, the results to follow would remain qualitatively unchanged.



would necessarily value having access to the other country’s superior technologies. As we
will see shortly, the presence of conflict that motivates the two countries to arm alters their

payoffs and thus their preferences over technology transfers.

2.1 Arming

We start with the arming subgame in stage 2. Partial differentiation of country i’s payoff

in (2) with respect to G* gives
Ubi=(1—0)X¢by — B [o+(1—0)¢i],i=1,2. (3)

The first term in the RHS of (3) shows country i’s marginal benefit of arming (MBY,) due
to the effect of an increase in G* (given the opponent’s choice G7) to increase the share of
contested output country ¢ obtains in the conflict. The second term shows the marginal
cost (MCY,) of arming due to the diversion of its resources available for the production of
butter. Below we analyze how these terms depend on technologies and the degree of output
security. For now, observe that, for any given G/, an increase in country 4’s guns G reduces
MB& due to the concavity of ¢ in G* and the fact that the aggregate quantity of butter X
falls due to the fall in X?. Furthermore, MCiG is increasing in G* because ¢ is increasing in
G". Assuch, U is strictly concave in G (i.e., U &1 i < 0), thereby establishing the existence
of a Nash equilibrium in pure strategies in the arming subgame. To proceed, we derive the
equilibrium of this subgame, which establishes uniqueness.

Based on (3) and the resource constraint G* € [0, H'], we can write each country i’s

(possibly constrained) best-response function, labeled B*(G7), as:
B (G7) = min { B (G7) , H'}, ij e {1,2hi # 3, (4a)

where Ei(Gj ) represents country i’s unconstrained best response that is implicitly defined
by UL, = 0:

~ . - . pI . . .,

B (G") = -G + \/(1 —0)G7 [HZ +GI + E(Hﬂ —GI)|, i,j€{1,2},i#j. (4b)
One possibility is that neither country is constrained in its arming choice. In this case,
the unconstrained best-response functions (4b) intersect at the following unique interior
solution:

~ 2(1—o0)p (B'H + B H’ +(2-0)pi

gi_20-0)F (8 '52)1+ B +(2-0)p | )

45767 + (B = B7)0 V488 + (i — Bi)? o2




for 4,5 € {1,2},i # j.'> In the special case where 3! = 32, these solutions imply G =
Gl = %(1 —o0)(H' + H?); otherwise, when ' # 3/, we have G + GJ. But, regardless of
whether or not the two countries possess identical sector-specific technologies, at least one
country (say country i) could be resource constrained (i.e., gi(Gj ) > HY), implying it is a
pure predator that specializes in appropriation (i.e., G* = B{(G7) = H').'6

Letting a superscript “x” identify equilibrium values of variables, we can summarize the

properties of the Nash equilibrium in arming as follows.

Proposition 1 (Arming.) For any given degree of imperfect output security o € [0,1),
effective resource endowments and technologies, a unique pure-strategy equilibrium of the
arming subgame exists in which both countries produce positive quantities of guns. In this
equilibrium, either (a) neither country is resource constrained, in which case G* = G' for
i = 1,2; or, (b) only one country (say country i) is resource constrained, in which case

G™ = H' and G7* = B' (H), i # j.

The reason both countries cannot be pure predators in the noncooperative equilibrium at
the same time is simple and follows from (3). If both countries were to specialize completely
in appropriation, no butter would be produced at all (i.e., X = 0). But, then, the marginal
benefit to arming would equal zero for both countries, implying that U?, < 0 for i =
1,2, which is inconsistent with our supposition that both countries devote their entire
effective endowments to arming. Nonetheless, one of the two countries could specialize in
appropriation. The exact conditions under which this possibility arises depends on whether
countries differ with respect to their general-purpose or their sector-specific technologies, as
shown in the next section. At this point, it is worth mentioning that only the technology
laggard (i = 2) might choose to specialize completely in appropriation.

In preparation for our forthcoming analysis of payoffs and their dependence on the
countries’ available technologies and the degree of output insecurity 1—o, let us temporarily
suppose that the resource constraint in arming binds for neither country and focus on their
best-response functions. Inspection of the first-order conditions (FOCs) Ué;,. = 0 based
on (3) for i = 1,2 reveals that improvements in general-purpose technologies o' or a7,
which expand respectively H® or H7, cause both countries’ marginal benefit of arming to
rise and induce each country, given the rival’s arming, to produce more guns.!” While an

improvement in country i’s butter technology ° raises its marginal cost and marginal benefit

15 Although the unconstrained best-response functions also intersect at (0,0), this point does not represent
a Nash equilibrium of the subgame in arming. In particular, if one country were to produce no guns, its
rival would arm by an infinitesimal amount and thereby capture all of the contested output.

16The shape of the unconstrained best-response functions, as described in Appendix A assuming 87 >0,
implies that Bi(Gj) > 0 in the neighborhood of the Nash equilibrium where G’ > 0, whether or not country
Jj is resource constrained. As such, it is not necessary to consider the possibility in (4a) that Ei(Gj) can
take on negative values.

70f course, the equilibrium responses will, in general, differ because both countries’ arming also adjusts to
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of arming, the expression in (4b) shows that the net effect on its own arming incentive, given
(Y, is negative. Such improvements also increase country j’s marginal benefit, but without
affecting its marginal cost; thus, an increase in 3* augments country j’s incentive to arm
(given G%). Finally, observe from (3) that, given G7, improvements in security (o 1) reduce
country 4’s marginal benefit to arming and increase its marginal cost. As a consequence,

this country’s best response will fall.

2.2 Payoffs

Once again, keeping in mind that we will study the equilibrium responses to the changes in
technology and output insecurity described above, in this section we delineate their channels
of influence on payoffs. Let 6 denote any one of the model’s parameters (e.g., § = o). Assume
(arbitrarily for now) that country 1’s arming is unconstrained by its effective endowment
while rival 2’s resource constraint on arming might or might not bind. Since Ué’j =0, we

can invoke the envelope theorem for country 1 to obtain

U, (A6

The first term in the RHS of (6) represents the direct effect of a change in 6 on 1’s payoff that

can be found by partially differentiating U! in (2) and evaluating the resulting expression
at the countries’ optimizing guns choices G* (i = 1,2). The second term in the RHS
of (6) represents the indirect (or strategic) effect through the impact on rival 2’s arming.
Because a country’s payoff generally depends negatively on its rival’s guns (i.e., Uéj <0
for 7,5 € {1,2},i # j) as argued earlier, the second term will be negative (positive) if
dG* /df > 0 (dG**/df < 0) and will vanish if dG**/df = 0.

Allowing for the possibility that the resource constraint on country 2’s arming binds,

the effect of a change in # on U?* must be written as

AU e (G, (G

The first two terms in the RHS of (7) represent the direct and indirect effects of a change in

6, along the lines discussed above in connection with country 1. If dG?*/df = 0, the third
term will vanish regardless of whether country 2 specializes completely in appropriation (in
which case UZs > 0) or not (in which case UZs = 0). Otherwise, if dG*/df # 0, we must

also take this effect into account.

each other’s direct responses. Here we discuss only the direct effect on an individual country’s best-response
function.
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3 How Technology Matters

To characterize the equilibrium of the arming subgame and deepen our understanding of
how technology matters for payoffs, in this section we organize the presentation around two
distinct cases: (i) one in which countries differ solely in their general-purpose technologies
(so that o' > a? > 0 while 3! = 82); and (ii) another in which countries differ only in
their productivity in butter (so that 8! > $2 > 0 while a! = o?).'®* With such a focus,
we can perform several comparative statics exercises that throw valuable light on countries’

incentives to participate, or not, in the types of technology transfers we consider later.

3.1 The Importance of General-Purpose Technologies

Under the assumption that ' = 82 = 1, we explore in this section how differences in
general-purpose technologies (o) across the two countries affect equilibrium arming and

payoffs. To fix ideas, assume further that R’ = %R =1 (i = 1,2), which implies H' = o',

H? =0o? and H = Zi:l,Q H' = o' 4+ o?. Thus, the impact of any change in o? given o'
(which could arise due to technology transfers) operates through the implied changes in the

effective resource endowments H? and H.

3.1.1 Arming

Imposing these assumptions on (4a) and (5) and then rearranging the resulting expressions

give respectively

B' (&Y) —min{—Gj—i—\/(l—a) Gj(oz1+a2),ai} (8a)
11 -0o)(a' +a?), (8b)

for 4,7 € {1,2},i # j. The expression in (8b) implies that there exists a unique threshold
value of a2, conditioned on the leader’s technology o' and the degree of output security o,
below which the laggard is resource constrained in its arming choice (i.e., G> H? = a?).
This threshold, denoted by ag(o), is given by

1—0 1
_ 9
3t+o (9)

ap(o)

where afy(0) < 0, with ag (0) = a!/3 and ag (1) = 0. Thus, if a? € (ap(o), '] which is
more likely to hold as output security o increases, then G* = G** = G < o2, implying
that both countries produce butter as well as guns.'” Alternatively, if o € (0, ag(o)], then

18We could allow for the possibility that countries differ along both of these technology dimensions.
However, our focus on the two different cases outlined above enables us to isolate the distinct effects of each
type of technology difference.

9Since ap(0) = a'/3 represents the maximum value that this threshold can take on for o € [0,1), any
value of o > ag(0) ensures that the equilibrium of the arming subgame is an interior solution.
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the laggard becomes a pure predator, specializing in guns production, G** = o2, such that

G = Bl(a?) = —a? + V(1 —o)a2(al 4+ a?); as one can easily verify, GI* < a! holds in
20

this case, implymg as argued earlier that both countries cannot be pure predators.

Based on the above, we can now establish the following:

Proposition 2 (General-purpose technology, arming and power.) Given any degree of
imperfect output security o € [0,1) and assuming the two countries have identical sector-
specific technologies, the unique equilibrium of the arming subgame implies that the tech-
nology leader is at least as powerful as the laggard (i.e., a® < ol implies ¢'* > ¢** as a

strict inequality when the laggard is resource constrained). Given o' (> a?):

(a) Improvements in the laggard’s general-purpose technology (o 1) induce both coun-

tries to arm more heavily, with the following implications for the balance of power:

(i) When the laggard is resource constrained in its arming choice, it increases its
guns by proportionately more, thus improving its power (¢%* 1).
(ii) When the laggard is not resource constrained, the two countries make identical

adjustments in arming choices and remain equally powerful (i.e., $'* = $>*).

(b) Improvements in security (o 1) reduce the incentives for countries to arm given their

rival’s choice, with the following implications for the balance of power:

(i) When the laggard is resourced constrained, the leader actually chooses fewer

guns, implying an erosion of the leader’s power advantage (¢'* |).

(ii) When the laggard is not resource constrained, the two countries reduce their

guns identically, thus leaving them equally powerful (i.e., ¢'* = ¢>*).

The equilibrium in arming characterized in Proposition 2 is illustrated by point E in Fig.
1(a) where the countries’ best-response functions intersect each other, in the special case of
totally insecure output (i.e., ¢ = 0) and technologically symmetric countries (i.e., a' = o2,
as well as 81 = (32). By the definition of equilibrium and due to complete symmetry
in this benchmark case, point E lies on the 45°. The thick dotted green curve depicts
the equilibrium pairs of guns that emerge for alternative values of o? (specifically, for
technological regress associated with reductions in o from ! towards 0). As shown in the
figure, such regress that causes the value of the “prize” to fall induces each country to reduce
its best response to any given arming choice by its rival. Initially, the shifts are symmetric
so that the equilibrium remains symmetric and accordingly located on the 45° line, but

closer to the origin. Hence, differences in general-purpose technologies need not imply

2045 shown in Appendix A, in the case where the two countries differ only in terms of their general-purpose
technology, B (GQ) reaches a maximum where the laggard is not resource constrained—i.e, at G** = G that
implies G'* = BY(G**) = G. As such, the technology leader chooses fewer guns and produces more butter
when its rival produces no butter than when its rival produces some butter.
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differences in arming and power across countries. However, when o falls below the threshold
ag(o) so that the laggard’s resource constraint binds, the shifts become asymmetric. In
particular, the laggard begins to specialize completely in appropriation; and, any additional
reduction in o brings about a one-for-one reduction in G?*. The technology leader’s best-
response function shifts inward; and, since its own secure endowment has not changed, its
production necessarily remains diversified. These adjustments, together with the strategic
complementarity of G' for G? in the neighborhood of the constrained equilibrium, ensure
that G'* falls. However, as established in part (a.i) of the proposition and as indicated by

the shape of the green locus, G* falls by less than G** (= a?) to induce a continuous rise
1
5-
The equilibrium adjustments in guns described above as «

in ¢ above
2 varies are illustrated in Fig.
1(b) for two distinct values in the degree of security o: o = 0 and a value of o € (0,1).
Proposition 2(b) shows that improvements in security (o 1) always induce the technology
leader (i = 1) to produce fewer guns. The same is true for the laggard (i = 2) except, of
course, when its effective endowment is exhausted by its production of guns. In the former
case where neither country is resource constrained, such improvements have no effect on

the balance of power; otherwise, they reduce the leader’s power.

3.1.2 Payoffs

It should be clear from our analysis of the two countries’ arming above that the leader

L' > a2, Specifically,

always obtains a higher payoff than the laggard: UY > U?** as «
in the case where the laggard is resource constrained, the leader’s arming is greater than
its rival’s arming, such that its share of the prize is larger (i.e., ¢'* > ¢**); furthermore,
since the leader (in contrast to the laggard) does not exhaust it effective endowment in
the production of guns, it produces some secure butter for itself (i.e., X* > X2* = ().
Even if the laggard is not resource constrained so that the two countries produce identical
quantities of guns and thus enjoy equal shares of contested output (i.e., ¢'* = ¢**), the
leader’s effective endowment is larger (i.e., X'* > X?* > 0), implying that the utility it
derives solely from its secure output of butter is necessarily larger. Nonetheless, in either
case, Hirshleifer’s (1991) paradox of power holds here. That is to say, the laggard devotes
a disproportionately larger share of its effective endowment to arming than its rival such
that 1 > G?*/G'* > o?/al.

To examine the payoff effects of changes in «
Building on the analysis related to (6) for a? € (0, o] with (2), we obtain

2 we start with the technology leader.

Uls = (1—0) o™ >0, (10a)
Ubs = (1—0) (¢ X* — ¢") <. (10b)
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Clearly, as can be seen from (10a), the direct effect of an improvement in the laggard’s
general-purpose technology a? on the leader’s payoff U™ is positive for all o? € (0,al].
The reason is that an increase in a? for given guns expands the laggard’s effective resource
endowment, thereby inducing it to contribute more butter to the common pool (1 — o) X.
By contrast, as indicated by (10b) and the result in Proposition 2 that dG**/da? > 0, the
indirect effect is negative. In particular, an increase in o induces the laggard to increase its
arming that, given G, reduces the leader’s share of the contested pool while also reducing
the size of that pool. Clearly, the direct and indirect effects push U* in opposite directions.
Although it is unclear at this level of generality which effect dominates, we can resolve this
issue as discussed shortly.

Turning to the technology laggard’s payoff U%*, we can study its dependence on o by
following the procedure outlined earlier for the leader, but this time using (7). Once again,
the direct and indirect effects of changes in ?, shown as the first two terms on the RHS of

(7), work in opposite directions:

2%
U2

UZ:

(1—0)¢** +0 >0, (11a)
(1—0) (dgh X" — ¢™) <. (11b)

Specifically, equation (11a) shows that an increase in o has a positive direct effect on the
laggard’s own payoff, while equation (11b) shows that the positive effect of an increase a?
on country 1’s arming (established in Proposition 2) has a negative impact. Additionally,
from the last term in (7), when the laggard specializes completely in appropriation—namely,
when a? € (0, ag(c))—we must also consider the indirect effect on U?* through the laggard’s
own arming G?*. This effect is positive and hence reinforces the direct effect, because in
this case Ué’g > 0 and, from Proposition 2, dG**/da? > 0. Of course, this effect vanishes
for o? € [a%(a),al], because Ué’g = 0. Nonetheless, in general, due to the presence of a
negative indirect effect whether the laggard specializes in appropriation or not, the sign of

2 on the laggard’s payoff remains unclear at this point.

the net effect of an increase in «
Once again, as we will see shortly, it is possible to sign the net effect.

How does the degree of output security ¢ matter in this context? By partially differen-
tiating the payoff functions (2) with respect to o and evaluating the resulting expressions at

the equilibrium of the arming subgame, one can obtain the direct effects for each country:
Ul = —¢™X* + X" = (1 - ¢™)X™ — o™ X7*, i,j€{1,2},i#j. (12)

Then, by summing the expressions above across countries ¢ = 1, 2, one can confirm that the
aggregate direct payoff effect U}* + U2* is zero. Thus, when one country benefits from an

increase in security, the other loses. Let us focus on country 1. When both countries are
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unconstrained, then the two countries arm identically, G* = G as shown in Proposition 2,
such that ¢1* = ¢* = 1. Thus, we have UX* = 1(a! — G) — 2(a? — G), which is strictly
positive whenever a! > o?. When country 2 is resource constrained so that G** = a?, we
have U}* = (1 — ¢'*)(a! — G'*), which is also positive since country 1 always diversifies
its production. Accordingly, the direct effect of security improvements (o 1) is positive
for the technologically advanced country and negative for the laggard.?! In addition, from
Proposition 2, we know that dG*/do < 0 for i = 1,2, implying that the indirect effect of
an increase in o on both countries’ payoffs is non-negative. Clearly, then, the technology
leader will always find security improvements appealing. However, due to the negative
direct effect, it is unclear how the laggard would view such improvements.

We now argue that, despite the offsetting effects on equilibrium payoffs at work here, it

is possible to identify more precisely their dependence on the initial values of the laggard’s

technology a? and of the security in property rights o. The next proposition explains.

Proposition 3 (General-purpose technology and payoffs.) Given any degree of imperfect
output security o € [0,1) and assuming the two countries have identical sector-specific

technologies, equilibrium payoffs of the arming subgame can be characterized as follows:

(a) Improvements in the laggard’s general-purpose technology (a? 1) always increase its
own payoff U?*, but their effect on the leader’s payoff U depends on the initial
value of o relative to a' and on o that jointly determine whether or not the laggard

is resource constrained:
(i) When the laggard is resource constrained, U* falls.
(i) When the laggard is not resource constrained, U'* rises.

(b) Improvements in output security (o 1) always enhance the leader’s payoff U'*. Their
payoff effect for the laggard depends on o, given o, and the initial value of o that

jointly determine whether or not the laggard is resource constrained:
(i) When the laggard is resource constrained, U** falls.

ii) When the laggard is not resource constrained, U?* rises.
(i) g8 :

Taking into account both the direct and indirect payoff effects that possibly move in opposite
directions as described earlier, Proposition 3 clarifies the remaining ambiguities. First,
in contrast to the technology laggard that always benefits from an improvement in its
own general-purpose technology (a? 1), the leader benefits only if, given the degree of
output security, the initial value of a? is sufficiently large to induce the laggard to produce
both guns and butter (i.e., when a? € [ag(c),al)). By contrast, if the laggard specializes

2

completely in predation (i.e., when a* € (0,ag(0))), the leader is made worse off due

2LOf course, when a' = o2, the direct payoff effect is 0 for both countries.
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to the dominance of the negative strategic effect. Specifically, the laggard applies the
entire increase in its effective endowment (due to o? 1) to arming, implying its butter
production remains unchanged at zero.?? Second, while the leader always benefits from
an improvement in output security (o 1), the laggard benefits only when it diversifies its
production; otherwise, the direct negative effect of an increase in o dominates to make the
laggard worse off.

Fig. 1(c) depicts the dependence of both countries’ payoffs on a? for ¢ = 0 and some
o > 0 as characterized in the proposition. This figure also shows the countries’ payoffs
under Nirvana U! where o = 1. As mentioned earlier, the leader’s payoff in this special case
U} is invariant to changes in a?, whereas the laggard’s Nirvana payoff U2 is increasing in
a?. By contrast, in the presence of insecurity, the leader’s payoff falls with improvements
in the laggard’s technology when the distance between their general-purpose technologies is
sufficiently pronounced and rises otherwise. Thus, the presence of insecurity and conflict has
sharply different implications for the payoff effects of increases in o than those that follow
from standard economic theory where output security is assumed to be perfect. What’s

more, while the leader always prefers improvements in security, the laggard need not.

3.2 The Importance of Sector-Specific Technologies

In this section, we study how differences in butter productivities (3¢) across the two countries
matter for equilibrium arming and payoffs. Taking a similar approach to that adopted above,
we treat the leader’s technology parameter 8! as fixed, and characterize the implications
of changes in the laggard’s productivity 42 (< B') and output security o for arming and
payoffs. To highlight the salience of differences in this sort of technology across countries,
we suppose H' = $H =1 (i =1,2).%

3.2.1 Arming

In this setting, the expressions for the best-response functions in (4a) and the unconstrained

equilibrium arms in (5) become respectively

B'(G’) = min —Gj+\/(1—a)Gj [1+Gj+gj(1—6ﬁ) 1 (13a)

7

22That the leader is made worse off only when the laggard is resource constrained might suggest a weakness
of the model. However, as shown below in Section 5, the possible dominance of the adverse strategic payoff
effect for the leader derives more generally from the tendency for the laggard to employ intensively its larger
effective endowment in appropriative activities. This tendency increases as the initial distance between
the countries’ dual-purpose technologies rises, and more so as output security falls. Thus, while a binding
resource constraint for the laggard is sufficient for the leader to find improvements in the laggard’s dual-use
technology unappealing, it is not necessary.

23(learly, this normalization holds true when o =1 and R =1 for i = 1, 2. However, it also holds true
when H' = o'R" = 1.
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for i,5 € {1,2},i # j. Inspection of (13a) reveals immediately that, when country j
specializes in appropriation (i.e., G = H7 = 1), rival i’s best-response function is invariant
to changes in /. If in addition B/(G?) = HJ = 1, then neither country’s arming depends
on country j’s butter productivity 47. The solutions for the unconstrained equilibrium in
(13b) suggest that matters differ otherwise.

Thus, to sharpen our understanding of the importance of differences in the sector-
specific technology for equilibrium outcomes, let us first derive the conditions under which
the laggard specializes in appropriation. We do so by finding the parameter values for which
G? in (13b) is greater than H? = 1. As shown in Appendix A, setting G2 =1 and solving

for 52 yield the following schedule:
L,

S_o0+42(1-0)

Bo (o) = B, (14)
where 3 < 0, By (%) =0, 5 (0)=(3— 2\/5) B~ 0.1723. Based on schedule y(c), the
technology laggard is resource constrained in its arming when output security o is relatively
low and the distance between its productivity in butter production 52 and the corresponding
productivity of the leader 3! is sufficiently high. That is to say, G** = H? =1 for o € [0, %)
when 82 € (0, 8y (0)]; otherwise, for all ¢ € [0,1), when 3? € (max{0, 8 (o)}, '), the
laggard’s resource constraint does not bind, allowing it to diversify its production.?

We can now establish the following proposition.

Proposition 4 (Sector-specific technology, arming and power.) Given any degree of im-
perfect output security o € [0,1) and assuming the two countries have identical effective re-
source endowments, the unique equilibrium of the arming subgame implies that the laggard

in butter production is more powerful than the leader (i.e., 32 < B! implies ¢** > ¢'*).

(a) Improvements in the laggard’s butter productivity (3% 1) have the following effects
on the countries’ arming choices and the balance of power depending on the initial
value of B2, given B', and o that determine whether the laggard country is resource

constrained or not:

(i) When the laggard is resource constrained, neither country adjusts its arming
choice, thereby leaving the balance of power as well as aggregate arming un-

changed.

24G8chedule Bo(0) in (14) shows clearly that a sufficient, but not necessary, condition for an interior solution
to emerge as the equilibrium of the subgame is that o > %
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(i) When the laggard is not resource constrained, it decreases its arming, whereas
the leader increases its arming, thus eroding the laggard’s power advantage, while

reducing the aggregate quantity of guns produced.

(b) Improvements in output security (o 1) always induce the leader to produce fewer guns.
Their effects on the laggard’s optimizing choices and the balance of power depend on
the initial value of o that determines, along with B' and 32, whether the laggard is

resource constrained or not:
(i) When the laggard is resource constrained, it does not adjust its arming.
(ii) When the laggard is not resource constrained, it produces fewer guns.

In both cases, the laggard’s power advantage weakens, while aggregate arming falls.

We illustrate some of the results of this proposition with the help of Fig. 2(a), which
shows the two countries’ best-response functions for various values of 5% when output is
completely insecure (i.e., 0 = 0). Point F on the 45° line depicts the equilibrium when
the two countries enjoy equal butter productivities (i.e., 3! = 32). At this point, from
(13b), the two countries arm identically: G* = G2* = G = 3(1 — o). As shown in the
figure, regress in the laggard’s butter productivity (i.e., 52 |), which reduces the size of
the contested pool and thus the marginal benefit of arming to the leader, decreases its
best response to any given arming choice of its rival—i.e., shifts its best-response function
B'(G?) inward. Such regress also decreases the laggard’s marginal benefit of arming as well
as its marginal cost. Nonetheless, as shown in the figure and established in the proposition,
the effect on the laggard’s marginal cost dominates such that its best response to any given
arming choice by the leader increases.?> Successive reductions in 32 generate equilibrium
adjustments in arms production, illustrated by an upward movement along the negatively-
sloped green, dotted-line schedule, inducing the laggard to produce more guns (G2* 1) and
the leader to produce less guns (G'* |). Once B2 falls to By(c), the laggard specializes in
appropriation, and further reductions in 32 are inconsequential for equilibrium arming by
both countries.? Since G'* < G?* holds for all 32 < B!, whether or not the laggard is
resource constrained, the country with a comparative advantage in butter (i.e., the leader)
is always less powerful than its rival (i.e., the laggard). Furthermore, whether or not the
laggard is resource constrained, reductions in 52 never decrease total guns production in
equilibrium G* = G + G?*.

Fig. 2(b) highlights the countries’ arming responses to improvements in security o for

o €03

;5] and, as such, provides more insight. Note that the length of the horizontal

25That the negative effect on the laggard’s own marginal cost dominates can be confirmed by noting the
positive effect of a decrease in 2 (given £') on B?(G") in (8b) for i = 2.

26The laggard’s best-response function B%(G*') with a flat portion shown in Fig. 2(a) for o = 0 captures
such a possibility that arises when 2 is sufficiently small relative to .
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segments of these curves, where the laggard is resource constrained and thus where arming
does not vary with changes in 32, decreases as o rises within the [0, %] interval. The flats
disappear when o > % The figure also shows, given both countries diversify production, the
equilibrium adjustments in guns in response to improvements in the laggard’s technology

(8% 1), with the G?* falling and G'* rising, to erode the laggard’s power advantage.?”

3.2.2 Payoffs

Based on our analysis above, it should be clear that, as in the case of the general-purpose
technology, the country with the better sector-specific technology tends to produce more
butter, such that the payoff it derives from its secure output alone is higher than that for
the laggard. However, in contrast to the case of the general-purpose technology, it produces
fewer guns, implying that the payoff it derives from its share of contested output alone is
smaller. Thus, as in Skaperdas (1992) and Skaperdas and Syropoulos (1997) as well as in
Gonzalez (2005), we have a variant of Hirshliefer’s (1991) paradox of power. In particular,
the less productive country tends to have a comparative advantage in arming and thus is
more powerful. The implications for the ranking of the two countries’ payoffs, however, are
not immediately obvious. In general, they depend on the degree of output security as well
as on the difference between the two countries’ sector-specific technologies.

But, given our primary objective to explore the desirability and feasibility of technology
transfers, we turn instead to our analysis of the payoff effects of exogenous improvements
in the laggard’s butter productivity (3% 1) and output security (¢ 1). From (2) and the
definitions of X’ = B(1 — G*) and X = ), X', one can see that the direct effects of an

increase in 82 on U and U?* are non-negative:

Up=1-0)¢"™ (1-G>) >0 (15a)
Uy =[(1-0)¢*+0] (1-G*)>0. (15b)

Clearly, these direct effects vanish when the laggard specializes completely in appropriation

(i.e., when G** =1 = H?). Turning to the indirect effects, we use (2) to calculate
Ugs = (1= 0)(¢g, X" = 876™) <0, i,j€{1,2}i#]. (16)

We know further, from Proposition 4, that dG?*/d3% < 0 and dG'*/d3? > 0 (with equality
for both if the laggard specializes in appropriation). Thus, combining the direct and indi-
rect effects according to (6), it is clear that an increase in 3? never makes the technology
leader worse off: dU'/dB? > 0 (again with equality for both if the laggard specializes in

appropriation). However, from (7), because the direct and indirect payoff effects of an in-

2TThis erosion corresponds to the equilibrium adjustments in guns illustrated in Fig. 2(a) as a downward
movement along the green dotted-line schedule towards point E.
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crease in 3% go in opposite directions for the laggard, whether this country would welcome
an improvement in its productivity of butter remains unclear at this point.

To identify the payoff effects of an improvement in output security (o 1), we apply the
same logic used in the case where countries differ by o' alone. In particular, equation (12)
with X% = (1 — G**) implies that the sum of the direct payoff effects across the two
countries is again equal to zero. Accordingly, we can focus on just one country. Focusing on
the technology leader, we have Ul* = (1 —¢™)B(1 — G1*) — ¢*B%(1 — G?*), where g > 2
by assumption and 1 — G'* > 0 since the leader always produces some butter. When the
laggard is resource constrained in its arming so that G?* = 1, the direct payoff effect for
the leader is positive (and thus the corresponding effect for the laggard is negative). Even
when the laggard is not resource constrained, however, the result from Proposition 4 that
G?** > G™ whenever 42 < ! implies that ¢** =1 — ¢!* > ¢!* and, as a result, the direct
payoff effect of an increase in o for the technology leader is again positive (whereas again
the direct payoff effect for the laggard is negative). An application of (16) with the result
from Proposition 4 that dG**/do < 0 (with strict equality when the laggard is resource
constrained in its arming) shows the indirect effect of an increase in o on the leader’s payoff
is non-negative. When combined with the direct effect identified above and (6), this result
implies that the leader unambiguously benefits from an improvement in output security.
But, since dG*/do < 0, the indirect effect for the laggard is strictly positive to make the
total payoff effect for the laggard shown in (7) appear to be ambiguous.

The next proposition characterizes the payoff effects of improvements in the laggard’s

butter productivity and output security, resolving the ambiguities described above:

Proposition 5 (Sector-specifc technology and payoffs.) Given any degree of imperfect
output security o € [0,1) and assuming the two countries have identical effective resource
endowments, the following characterizes equilibrium payoffs of the arming subgame:

(a) Improvements in the laggard’s sector-specific technology (82 1 given 3') have no effect
on either country’s payoff if the laggard specializes in appropriation. Otherwise, the
leader’s payoff U is increasing in 2. By contrast, the laggard’s payoff U?*

(i) is J-shaped in 32 € [max {0, B (o)}, 8] if o € (0,5), where & = 1/v/2 ~ 0.707
with im g2 max(0,50(0)} (AU /dB?) < 0 and imgex max{o,go(0)} U < limga_, g1 U,
(ii) is increasing in % € (0,8') if either ¢ = 0 or o € (&,1).

(b) Improvements in output security (o 1) always increase the leader’s payoff U'*. These
improvements also increase the laggard’s payoff U?* if it specializes in appropriation.
Otherwise, the security improvements cause U** to

(i) fall if output is sufficiently secure to start and 5% € (0,73), where B = %(\f —
1)3' ~ 0.6183";
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(ii) rise for all o € [0,1) if 8% € (B3, BY].

This proposition establishes, consistent with the discussion that precedes it, that the leader
is never made worse off with improvements in the laggard’s sector-specific technology and
is strictly better off when the laggard is not resource constrained in its arming choice (i.e.,
when 82 € [max{0, By(c)}, 81)). The laggard, however, could be worse off as the direct (and
positive) effect of increasing 32 on the laggard’s butter production X2* could be dominated
by the indirect (and negative) effect due to the rise in the leader’s arming. Such an outcome
is more likely when the degree of output security is low, but not zero, and the laggard’s
initial technology is near but above the threshold (max{0, 5p(c)}) where it produces both
guns and butter.?® These results can be visualized with the help of Fig. 3(a) that identifies
the direction of change in U?* as 32 rises in (0, 3']. For points in the grey region to the left
of the black dotted-curve that depicts o = o (52), we have X? = 0 and U?* is invariant to
changes in #2. For parameter pairs to the right of o = oy (62), the laggard diversifies its
production. The blue dashed-line curve in this set identifies the pairs of parameters under
which U?* attains a minimum.?® Thus, points to the left of this curve and above o (62)
(i.e., points in the pink region) imply dU?*/d3? < 0, whereas for points to the right of the
blue dotted curve (i.e., in the yellow and green regions) dU?*/d3? > 0.3° The blue solid-line
curve is the locus of points that ensure U?* equals lim o max{go(c),0} U% for o € [0,5). As
such, U?* in the green region is higher than U?* in all other regions.

Part (b) of the proposition establishes that, while the leader benefits from improvements
in output security under all circumstances, the laggard could be made worse off when output
security is initially high and, at the same time, its technology is sufficiently inferior relative
to that of the leader. The intuition behind this finding, which rises only if the laggard
produces both butter and guns, is as follows. When the laggard is not resource constrained,
an increase in the initial degree of output security strengthens the negative direct effect
of an increase in ¢ on its payoff U?* (i.e., makes U2* more negative), while weakening the
positive indirect effect. In contrast, the direct effect of an increase in ¢ becomes weaker
(less negative) and the indirect positive effect becomes stronger as the value of 32 rises. For
more insight, see Fig. 3(b) that identifies the direction of change in U?* as ¢ rises from 0 to
(approximately) 1. In this figure, U?* attains maximum for parameter pairs on the magenta

curve, part of which coincides with ¢ = oy (52) that again is shown as the black-dotted

28This dominance of the adverse strategic effect also arises in the dynamic, two-period setting of Gonzalez
(2005), where (given the productivity of butter) agents choose the allocation of their initial endowments to
current consumption, arming and saving, with the last two allocations supporting future consumption. That
it arises in our simpler one-period model without saving strengthens his result.

2 As implied by this figure and shown in the proof to this proposition presented in Appendix A, the
laggard’s payoff is strictly quasi-convex in 2.

30Tgnore for now the green dotted curve in the pink region.
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curve.?! Thus, U?* rises with increases in ¢ for parameter values below the magenta curve
(i.e., in the grey and green regions). In contrast, U?* falls with increases in o for parameters

values above the magenta curve (i.e., in the pink region).

3.3 Efficiency

Having discussed the effects of changes in the laggard’s productivity on equilibrium arming
and payoffs, we can now address the question of how these changes affect global efficiency.
In the rent-seeking and conflict literatures, the cost of socially unproductive activities (an
inverse measure of efficiency) is normally proxied by the aggregate quantity of guns pro-
duced. Applying this idea to the present setting, it is natural to argue that, insofar as
technological progress amplifies the absorption of resources in appropriative/redistributive
activities, it could hamper global efficiency. However, the impact of such progress on the
total quantity of guns produced is just part of the story. Productivity changes also directly
affect the output of butter. To study the overall effect on efficiency, one must account for
both effects.

We explore the above ideas, using a simple measure of efficiency—namely, the sum of
the countries’ payoffs: U = U' + U?. From the definition of country i’s payoff in (2) for
countries i = 1,2 and the fact that ¢! + ¢> = 1, one can see that

U=X=p"(H'-G")+p5(H*-G?). (17)
Our distinction between (i) “general-purpose” technologies (assuming ¢ = 1 and H® = o
for i = 1,2) and (ii) “sector-specific’ technologies (assuming H* = 1 for i = 1,2) allows us
to identify the direct and indirect effects of changes in o? on U separately from those due
to changes in 2. In particular, recalling that G = G' + G?, we can write the change in

equilibrium efficiency arising from an improvement in each type of technology as follows:

(i) dU*/da* =1 — dG*/da? (18a)
(i) dU*/dp% = (1 —G*) - Zi:m B (dG™ /dp?) . (18b)

Under regime (i) where countries differ only with respect to their general-purpose tech-
nologies, a necessary condition for productivity improvements to enhance efficiency is that
they do not raise aggregate arming by more than they raise the production of butter.??
The corresponding condition under regime (ii), where countries differ only with respect to
their sector specific technologies, is slightly different, in that one must compare the change

in the individual countries’ arming choices, weighted by their respective productivities in

31Note that U?* is not differentiable in ¢ (i.e., it has a kink) along oo (ﬂQ) for B2 € (0,8). As shown in
the proof to Proposition 5(b), U?* is strictly quasi-concave in o.
32Recall from Proposition 2 that dG/da® > 0 for initial values of o € (0,a') and o € [0, 1).
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butter, with the technology’s direct effect on butter production. Notably, as established in
Proposition 4, improvements in the laggard’s butter productivity (32 1) do not raise the
aggregate production of guns (i.e., dG/dB? < 0 always holds). However, this finding does
not necessarily imply that the just noted weighted sum of changes in arming falls. Thus,
whether an increase in 32 necessarily improves efficiency remains an open question.

The next proposition shows precisely how improvements in both general-purpose and

sector-specific technologies and in output security matter in this context.

Proposition 6 (Technology, security and efficiency.) For any given degree of output se-
curity o € [0,1), efficiency is highest when the distance in the agents’ general-purpose and

sector-specific technologies is small. Improvements in the laggard’s

(a) general-purpose technology (a? 1) raise efficiency unless the laggard specializes in

appropriation, in which case such improvements reduce efficiency;
(b) sector-specific productivity (5% 1) raise efficiency unless either:

(i) the laggard specializes in appropriation, in which case such improvements are

inconsequential for efficiency; or,

(ii) the laggard produces butter and guns, % is sufficiently close to max {0, 8y ()},
and o € (g,&), where ¢ = \/5 —2 = 0.236 and as previously defined & = 1/v/2 ~

0.707, in which case such improvements reduce efficiency.

For any given technologies, improvements in output security (o 1) enhance efficiency.

As this proposition establishes, improvements in the laggard’s general-purpose and sector-
specific technologies need not always enhance efficiency. The logic behind this finding,
alluded to earlier, is simple and intuitive. In settings where the implementation of enforce-
able contracts on arming is not feasible—perhaps due to the absence of a supranational
authority or weak laws and institutions—technological progress can induce a sufficiently
large shift in the allocation of the countries’ resources away from productive activities to-
wards distributive conflicts, and in doing so create additional social costs that outweigh the
social benefits driven by productivity gains for the laggard. The proposition suggests that
such an efficiency loss is more likely in situations where the laggard’s general-purpose (a?)
and sector-specific (32) technologies are further away from those of the leader (respectively,
o' and B') initially. Interestingly, while the parameter space for which marginal improve-
ments in the general-purpose technology reduce global efficiency is precisely the same as
the parameter space for which such improvements generate payoff losses for the leader,
the parameter space for which marginal improvements in the sector-specific technology re-
duce efficiency is a subset of the parameter space for which such improvements reduce the

laggard’s payoff, shown as the pink region in Fig. 3(a) to the left of the green dotted curve.
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Of course, when those conditions are not satisfied, improvements in the laggard’s tech-
nology do generate efficiency gains. But, while the presence of such gains is necessary to
ensure that both countries value such improvements, it is not sufficient, as suggested by
Propositions 3 and 5. Indeed, depending on whether countries differ with respect to their
general-purpose technologies or with respect to their sector-specific technologies, either the
leader or the laggard can find improvements in the laggard’s technology unappealing. Like-
wise, although Proposition 6 establishes that improvements in output security (o 1) always
improve efficiency, Propositions 3 and 5 indicate that these improvements can be unappeal-
ing to the laggard. This sort of logic provides an economic rationale for the resistance of

backward economies to economic reforms related to common security.

4 Technology Transfers

Having studied the effects of exogenous advances in general-purpose and sector-specific
technologies in the laggard on equilibrium arming, payoffs and efficiency in the second-
stage subgame, we now turn to the first stage to study the endogenous determination of
improvements in the laggard’s technology through transfers from the leader. In particular,
we seek to understand how the subgame perfect equilibrium of the extended game depends
on the nature of the technology under consideration, the technological distance between
countries, the laggard’s ability to absorb the state-of-the art technology, and output security.
To this end, we suppose that technology transfer decisions are made before arming choices.
Each policymaker declares independently in a simultaneous-move stage game whether it
accepts (A) or rejects (V) the transfer, taking into account how the transfer will affect
arming decisions, the production of butter and its distribution. The transfer materializes
(also in that stage) only if both countries choose A.

Following the literature on technology transfers, the analysis admits the possibility that
the laggard’s ability to implement the state-of-the art technology is limited by its absorptive
capacity (Keller, 2004). For example, there could be a loss in translating the blueprints
of the state-of-the-art technology and adjusting them for use by the laggard, similar to
the “iceberg” metaphor of trade costs in the trade literature.?® Let a? and b? denote
respectively the general-purpose and sector-specific technologies that the laggard acquires
if both countries agree to the transfer. A simple way to capture the laggard’s possibly limited
ability to absorb the technology in question is to suppose that a?> = Aa! and b> = B!, where
A, i € (0,1] is the effective rate of absorption. Obviously, A =1 (1 = 1) identifies the case
of a costless technology transfer. However, for a transfer to result in a technology upgrade

for the laggard, the effective rate of transfer must be sufficiently large: A € (a?/al,1]

33Cohen and Levinthal (1989, 1990) provide an extended discussion of the cognitive and organizational
aspects of absorptive capacity in the adoption of technology, underscoring the importance of in-house R&D.
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in the case of a general-purpose technology transfer and p € (3%/8',1] in the case of a

sector-specific technology transfer.

4.1 Transfers of the General-Purpose Technology

We start with general-purpose (dual-use) technology transfers. Under the conditions of
Proposition 3, we know that the laggard’s equilibrium payoff U?* is increasing in its technol-
ogy a?. Therefore, accepting a transfer to upgrade its technology (A) is a weakly dominant
strategy for the laggard.>* The leader’s payoff is also increasing in a?, but only when the
resource constraint is not binding for the laggard’s arming. When the laggard operates as

2 rises. For ease of exposition, we discuss the

a pure predator, the leader’s payoff falls as «
implications with the help of panel (a) of Fig. 4 that depicts this relationship for o = 0.
As the figure highlights, there exist circumstances under which the leader would favor the
transfer (A) and circumstances under which it would oppose it (N). Clearly, in this sub-
game, assuming the transfer results in an upgrade for the laggard, the leader’s preferences
over the transfer determine the equilibrium outcome. In particular, if the leader chooses N,
then (N, N) is part of the subgame perfect equilibrium. And if the leader chooses A then
(A, A) is the stage outcome.?”

Turning to the subgame perfect equilibrium, observe from the figure that lim,2_,, U* >
lim,2_,,1 U'*. The logic underlying this ranking is as follows. As a? approaches 0, both
countries’ arming become infinitesimal; at the same time, both the laggard’s contribution to
the contested output in the second stage and its share of that output are also infinitesimal.
Thus, as o goes to zero, the leader can realize (approximately) its payoff under perfect
security U! (= a!). At the other extreme as a? approaches a!, the two countries produce
identical quantities of guns G* = G = %al > 0 for ¢ = 1,2, such that U|,—¢ = %al <
U}. These properties together with the ones established in Proposition 3 imply that the
functional dependence of U™ on a? is V-shaped.

If A = 1, the leader’s payoff under the transfer is the one associated with point D in
Fig. 4(a). The leader’s payoff in the absence of a transfer depends on the initial value of o2,
For any value of o below the level associated with point C, the leader would refrain from
offering the transfer. Why? Although the transfer would induce the laggard to contribute
to the contested pool, it also causes the laggard to arm more aggressively in the contest
over output. Because low values of a? (underdevelopment) constrain the laggard’s ability
to arm, refusing to make the transfer caps the laggard’s power in the contest and generates
a higher payoff for the leader. By contrast, for values of a? in the interval between points

C and D, the leader favors a transfer.

34The dominance is “weak” for the laggard because its payoff from declaring either A or N is the same
when the leader declares N. One can verify that this is also true for the leader.
35Tt should be noted that (N, N) is always part of a weakly dominated subgame perfect equilibrium.
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Next, consider a value of A < 1 that implies a? = Aa! € (ag (o), al), as indicated by
point D" in Fig. 4(a) when o = 0. The laggard’s limited absorptive capacity implies that,
when o? is sufficiently large (i.e., associated with points to the right of D'), a transfer would
be inconsequential. What about for smaller values of o?? Once again, the leader would
find the transfer unappealing if the value of o is below the value associated with point C".
However, it would prefer to make the transfer if o falls within the range associated points
C’ and D'. Importantly, if a? = Aa' < ag (0) (or equivalently A < 1), then the set of initial
a? values that render the transfer appealing to the leader would be empty.

Two salient findings emerge from the above analysis. First, countries that are at the low
end of the technology ladder are more likely to find themselves locked in a “low-technology
trap” or “underdevelopment” associated with general-purpose technologies. The reason is
that, by refusing the transfer to such rivals the leader can contain their ability to arm.,
thereby securing a higher payoff for itself. Second, the more limited is the laggard’s ability
to absorb the state-of-the-art technology (A |), the larger is the range of parameter values
for which the laggard remains trapped in a low development state. Put differently, countries
with lower absorptive capacity are more likely to be denied access to the superior technology,
a sort of self-reinforcing phenomenon.

We can tease out the implications of improvements in the degree of security (o 1) here
with the help of Fig. 1(c), which shows that the leader’s payoff (which continues to be
V-shaped) rises at each value a2, while the threshold value ag(c) falls. For any given
absorptive capacity A, the horizontal line associated with the new payoff function rises to
intersect it at the same value of a> = Aa! (corresponding to point D’ in Fig. 4), but
the new horizontal line must intersect the new payoff function at a smaller value of o?
(relative to that corresponding to point C’ in Fig. 4). Thus, given any A, a higher degree
of output security (o 1) expands the range of a? values (given a') for which the leader will
find a transfer appealing; at the same time, the range of initial o values under which the
laggard finds itself in a low-technology trap shrinks. Hence, countries at the low end of the

technology ladder are less likely to be locked in a low-technology trap as ¢ increases.

4.2 Transfers of the Sector-Specific Technology

To examine the possible equilibria that arise when a sector-specific (civilian-use) technol-
ogy transfer is on the table, observe from Proposition 5 that the leader finds improvements
in the laggard’s technology appealing provided they imply b? > 3?2 € max{0, Bo(co)}, 81}
Therefore, the leader would be willing to make a transfer to the laggard under these circum-

stances.> The same proposition implies that the laggard’s equilibrium payoff is strictly in-

360therwise, when the improvement leaves the laggard resource constrained (i.e., <
max{fBo(c),0}, 8'}), the leader would be indifferent between A and N.
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creasing in %, where initially 5% > max{0, fy(o)}, under two sets of circumstances: (i) when
output is either perfectly insecure (i.e., o = 0) or sufficiently secure (i.e., 0 > ¢ = 0.707), for
any initial technological distance between the two countries; or (ii), when output security is
low or moderate (i.e., o € (0,&)), for sufficiently small technological distances.?” Applying
the logic employed in our analysis of general-purpose technologies, one can infer that a tech-
nology transfer will be appealing to both sides under these circumstances, such that (A, A)
emerges as the equilibrium of this subgame. However, Proposition 5 also shows that the
laggard’s payoff could be J-shaped for low to intermediate degrees of output security when
its initial productivity in butter 42 is sufficiently small relative to the leader’s productivity
in butter 31.3® For clarity, we explore this possibility and its implications with the help of
panel (b) of Fig. 4, which assumes o = 0.45.

When the laggard’s absorptive capacity p is sufficiently high so that a transfer results
in a large enough technology upgrade, the laggard is always willing to embrace the state-of-
the-art technology as that improves its payoff. To be more precise, the laggard will choose
A, if its original technology satisfies 32 € (0, b?), while p delivers a value of b? technology to
the laggard within the range corresponding to points E and D in Fig. 4(b). However, if
is low enough as illustrated, for example, by point E’ in Fig. 4(b) that delivers technology
b? = pB', the laggard might choose to reject technology b?>—in particular, when 2 is less
than the technology associated with point C’ in Fig. 4(b). This finding relates to our
previous result in connection with Propositions 4 and 5 that, when 2 is sufficiently low to
start, the laggard’s adoption of marginally more efficient technologies erodes its power and
lowers its payoff. In cases like the one considered here, the implied payoff for the laggard if it
were to adopt the better technology is less than the payoff it would obtain without it. This
is an interesting and, to the best of our knowledge, previously unidentified low-technology
trap. In this trap, it is the laggard who refuses to upgrade its technology. In doing so, it
can preempt a dilution of its power and avoid the implied reduction in its payoff.

As in the case of general-purpose technology transfers, a lower absorptive capacity for
the laggard (u |) expands the range of technology values that generate a trap. The difference
here is that the possibility of such a trap arises only when p falls below a critical threshold

level, the one associated with the 32 value that corresponds to point E in Fig. 4(b).

4.3 Policy Implications of Low-Technology Traps

Summarizing our analysis above, we have

Proposition 7 (Low-technology traps.) In the presence of output insecurity with differ-

ences in either the general-purpose (dual-use) or the sector-specific (civilian-use) technology,

37See the (combined) green and yellow regions in panel (a) of Fig. 3.
38See the pink region in Fig. 3(a).
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the countries that are more likely to be locked in a low-technology trap are those at the
lowest end of the technology ladder. The range of parameter values for which a trap emerges
expands as the laggards’ absorptive capacity (A or u) falls. The influence of output security
(o) depends on the type of technology considered:

(a) In the case of general-purpose technology differences, laggards are more likely to be

locked in a low-technology trap when o is relatively low.

(b) In the case of sector-specific technology differences, laggards are more likely to be

locked in a low-technology trap when o is low or moderate.

To flesh out the policy implications of the emergence of such traps, observe first that global
efficiency, U* = U 4 U?*, necessarily rises whenever both the leader and the laggard agree
to implement a transfer. That leaves open the question of whether transfers could raise
efficiency even when, given the laggard’s capacity to absorb the leader’s better technology
and the degree of output security, the laggard is trapped.

Recall from Proposition 6(a) that global efficiency declines with marginal improvements
in the laggard’s general-purpose technology (a? 1) when it is resource constrained in its
arming choice. That is not to say, however, that discrete improvements in the laggard’s
general-purpose technology via transfers necessarily reduce efficiency in such cases. As
illustrated in Fig. 4(a), provided that a? is not too small relative to o', the leader is willing
to make such transfers and global efficiency rises as a result even when the technology
laggard is constrained initially. Furthermore, since the threshold value of o, below which
the leader refuses to make a transfer, is decreasing in the laggard’s absorptive capacity A,
efforts by the leader to increase A could raise the leader’s payoff and hence global efficiency.
Nevertheless, since a trap remains even when A = 1, such efforts, however extensive, cannot
eliminate the trap for all laggards. What’s more, these efforts are not costless, and the leader
would have to balance the costs against the resulting (gross) payoff gains. Proposition 7(a)
suggests an alternative approach to reduce the importance of technology traps and raise
global efficiency—namely, by improving output security (o 1). But, while the range of
a? values, given A < 1, for which a trap emerges falls as o increases, Proposition 3(b.i)
suggests that the laggard could be made worse off. Accounting for the additional costs that
would have to be borne by both countries to improve output security further diminishes the
possible appeal of this alternative approach.

Although similar issues arise when the laggard is initially trapped at the low end of the
sector-specific technology ladder, the possibility of freeing laggards from that trap would
appear greater. The reasoning is as follows. Recall from Proposition 5 that improving the
laggard’s technology (32 1) always increases the leader’s payoff; our discussion in connection

to Proposition 6 suggests further that the leader’s payoff gains can more than offset the
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laggard’s payoff losses (see the part of the pink region of Fig. 3(a) to the right of the green
dotted curve). In such cases, the leader would have a stronger incentive to provide technical
assistance to enhance the laggard’s capacity to absorb its own state-of-the-art technology
(1 1), thereby making a transfer more appealing to the laggard. Indeed, providing complete

assistance that gives y = 1 would wipe out the low-technology trap for all laggards.

5 Extensions

In this section we sketch out two extensions of the basic model to explore the robustness
of some of our findings and, to some extent, sharpen the model’s predictive power. First,
we introduce the possible presence of international differences in the technology for arms
production and explore the leader’s incentive to grant the laggard access to its superior
technology as well as the laggard’s incentive to accept it. Second, allowing for complemen-
tarity of the countries’ inputs into butter production, we substantiate the idea that complete
specialization by the laggard in arming and appropriation is a sufficient but not a necessary
condition for the leader to find general-purpose technology transfers unappealing. Most of

the technical details are relegated to Appendix B.

5.1 The Desirability of Military-Use Technology Transfers

Given we have studied the appeal of transfers of the general-purpose (or dual-use) tech-
nology and the appeal of transfers of the technology for butter production specifically, one
might naturally wonder about differences in the military-use technology (another sort of
sector-specific technology) held by the two countries and the possible appeal of transfers
between them. Such transfers might be expected to occur between countries that form
military alliances or enter into cooperative defense agreements. But, is it also possible that
such transfers occur between adversaries? Holding fixed the leader’s resource allocation to
conflict and butter production, an improvement in the laggard’s military-use technology
decreases the amount of resources the laggard has to employ to establish a given amount of
military power and thus, given the leader’s arming choice, increases the size of the prize (i.e.,
contested output) to benefit both sides. At the same time, however, such an improvement
affects the countries’ incentives to arm. Whether the associated strategic payoff effects are
positive or negative and, if negative, which effect dominates is not immediately obvious.
To address these issues, we consider a slightly modified version of the model that allows
for differences in the military-use technology across countries. Let 7% denote the (constant)
productivity of country i’s initial resource H* in the production of guns where, as was the
case earlier, country 1 (2) is the technology leader (laggard); that is, ¥ < ~'. Then, the
amount of the effective resource endowment country i devotes to the conflict to produce

military power G* that enters the conflict technology (1) is given by ¢* = G*/~*. Under this
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slightly modified specification, each country i’s payoff continues to be as shown in (2), but
where X! = 3¢ (H - gi) and ¢' (Gi, GJ ) = ¢ ('yigi,wj g’ ) Without loss of generality, we
change policy variables. Specifically, for given values of 4* with v2 € (0,~!), each country
i allocates ¢g° units of its effective resource H® to produce military power (G* = ~'g") so
as to maximize its payoff U’. To stay focused on international differences in military-use
technologies, we assume that 3° = 1 and H* = H/2 for i = 1,2. Since gb;i = ¢'¢’ /g, we

can then write country i’s FOC for an interior solution as
Ul =(1-0)X¢'¢? /g — (' +0¢7) =0, i,j€{1,2},i# . (3)

This expression for the net marginal benefit of ¢ is clearly similar to the one for G* based
on possible differences only in the general-purpose and/or sector-specific technologies as
shown in (3). The first term represents the marginal benefit of g’ (MB;) and the second
represents the marginal cost (MCy). Yet, as confirmed below, for any o € [0,1), neither
country ever chooses, in equilibrium, to specialize in appropriation—i.e., X* > 0 always
holds for i =1, 2.

Combining the FOCs in (3') for both countries, while keeping in mind that the spec-
ification of the conflict technology implies ¢//g" = (v'/47) (¢7/¢"), yields the following
condition

¢ _ (¢ +0¢)
@ (¢ +og)’

which must hold in an interior equilibrium. Since ¢' + ¢’ = 1, this condition implicitly

(19)

defines the equilibrium distribution of power, ¢* = ¢™*(v%,7%,0), as a function of the
marginal productivities in conflict v* and 4/ and of the degree of security o. Manipulation
of (19) shows that, for o € [0,1) and 7 € (0,7'), we have ¢'* € (3,1), which readily
implies that the leader is more powerful than the laggard. Furthermore, an application of
the implicit function theorem to (19) shows that d¢'* /dy? < 0. Thus, improvements in the
laggard’s military technology erode the leader’s power."

To study the underlying drivers of this last result that informs our analysis of the payoff
effects of improvements in the laggard’s military-use technology, we obtain solutions for
the countries’ allocations of their respective resources to conflict. By substituting X =
H — ¢* — ¢’ into countries’ FOCs and then solving the resulting system of equations for g°
as functions of ¢, ¢/ and H, one can obtain

, 1— o) &l (od + &) _
g = ( oi)f(f_(z)q;%f)ff, ijel{1,2),i# (20a)

390me can also confirm that we have sign{d¢**/do} = sign{y* — +7}, implying that common security
improvements (o 1) enhance (erode) the leader’s (laggard’s) power (see Appendix B.2).
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(1 — 02) gi)zdﬂ _
o 2= i

An application of the equilibrium distribution of power ¢™* implicitly defined by (19) to

g = g+g=

(20b)

these expressions then pins down the equilibrium values ¢g** and §*.*° Keeping in mind that
¢™ € (0,1) for i = 1,2, it is easy to confirm that the coefficient on H in (20a) is less than
3. Accordingly, we have X € (0, H') for i = 1,2, which confirms our earlier claim that
neither country specializes in the production of guns.

Based on these results along with (19) and (20), we show in Appendix B.2 that improve-
ments in the laggard’s military technology (72 1) increase the leader’s allocation to conflict:
dg'* /d~v* > 0. The effect on the laggard’s resource allocation to conflict, by contrast, de-
pends on the initial value of ¥2, with lim,2_, dg** /dy? > 0 and lim,2_,,1 dg** Jdy? < 0.
Nonetheless, for all 2 € (0,~'), such improvements increase the aggregate quantity of
global resources diverted into arming (g 1) and reduce the production of butter (X* |).4!

We can now examine the effects of improvements in the laggard’s technology on global
efficiency and payoffs. Since U = U’ + U’ = X and dX*/dy? = —dg*/dy* < 0, global
efficiency falls with increases in 72.%> Turning to the individual payoff effects for each
country, we start with the laggard. Differentiation of U? with respect to 72, while invoking

the envelope theorem, yields

+
v ()

which shows the positive direct effect and the opposing indirect effect through the induced
change in the leader’s resource allocation to conflict.*> With an application of our previous
findings, we can establish that dU?*/dy? > 0, such that the direct payoff effect of 42 always
dominates; thus, the laggard would always welcome transfers in the military-use technology

from the leader. Next, turning to the payoff effects for the leader, we have
dU* (=) )/ da?
=U1§+U21*< 4 )

It is easy to verify that the direct payoff effect for the leader of an improvement in the

laggard’s military-use technology is negative, while the indirect strategic effect could be

negative or positive depending on whether the initial value of 42 is sufficiently small or large

10WWe have omitted the asterisk from variables on the RHS of each solution in (20) to avoid cluttering.

“'Exactly the opposite is true for security enhancements (o 1): dg*/do < 0.

42By contrast, as revealed by the calculus shown in Appendix B.2, global efficiency would rise if instead
the leader were to experience an improvement in its military technology (’yl 7). Furthermore, improvements
in output security (o 1) that reduce incentives to allocate resources to the conflict (and thus increase the
aggregate quantity of butter produced) would enhance efficiency.

“3Note the direct effects of a change in 4% on U** (i = 1,2) are channeled through their impact on ¢**.
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to induce the laggard to allocate more or less of its resources to the conflict. Nonetheless,
since U* = UY™ + U?* and dU*/dy? < 0 as shown earlier, the finding that dU?*/dy? > 0
readily implies dU'*/dy? < 0 for all 42 € (0,~'). Thus, the leader would always seek to

undermine military-use technology transfers to the laggard.**

5.2 Complementary Inputs and Diversification

Our analysis of general-purpose technology transfers unveiled a noteworthy insight: tech-
nologically advanced countries might refuse to share their superior know-how to prevent
laggards from using it for predatory purposes. However, the linear dependence of the coun-
tries’ payoffs on butter in our baseline model implies that this refusal arises only when
laggards are pure predators, because in this case they direct any improvements in their
general-purpose technology solely to predation. In this section, we argue that our model,
though simple, captures the essence of the problem at hand and, more generally, that spe-
cialization in arming/predation is sufficient but not necessary for the validity of the insight.

To proceed, we modify the baseline model to allow for the presence of a fixed and
complementary input in each country’s production of butter, an input that gives rise to
diminishing returns in the employment of the variable input, human capital, we had con-
sidered before. Specifically, we assume that the production function of butter in country
is given by X’ = (Hl — Gi)n, where n € (0,1] and H® = of for i = 1,2.%> One can view n
as the elasticity of butter with respect to human capital. The corresponding elasticity with
respect to the complementary input (whose value is normalized to unity for simplicity and
can thus be suppressed) equals 1 — n. To keep the analysis simple and focused, we assume
that output is perfectly insecure (i.e., o = 0), so that country i’s payoff function can be
written as: U’ (Gi, Gj) = ¢'X. Differentiation of U’ with respect to G* gives:

Ul = 0 [ (o' = G)" + (9 = @)"] = in (' = G)" ", (3")

where ¢t,, = ¢'¢/ /G* for i,j € {1,2}, i # j. As in the baseline model (where n = 1), the
first term shows the marginal benefit of arming (MBY). This term is decreasing in G and
increasing in o’. The second term represents the marginal cost of arming (MC’ZG) and is
increasing in G, with limgi_ MC@ = (, again, as in the baseline model; but, in contrast
to that model, MC’&v depends on o' and negatively so provided n < 1. However, there

is another important difference here. When n < 1, limgi_, i MC& = oo, implying each

“We can also show that, while the laggard always benefits from security improvements, the leader’s
payoff could fall, particularly if the distance between their military technologies and the initial degree of
security is sufficiently large.

45Observe that our baseline model arises as a special case of this setup when n = 1. Also note that is possi-
ble to extend the analysis to consider possible differences in the technologies for butter and guns,.We abstract
from these possibilities here to highlight the importance of differences in general-purpose technologies.

33



country ¢ necessarily produces both arms and butter in equilibrium.

We can visualize the above points with the help of Fig. 5 that shows the marginal
benefit and marginal cost for country 2 (the laggard). For comparison and contrast, panel
(a) depicts MB2 and MCP in the absence of diminishing returns (i.e., when n = 1) as
functions of G2 for several values in a? € (0, ') with a fixed value of G1. As we saw earlier,
when the value of o is sufficiently small (= 0412 and oz%l in the figure), MB% > MC% for any
feasible G2, implying that the resource constraint on the laggard’s arming choice is binding.
Allowing for diminishing returns (i.e., n € (0,1)), panel (b) illustrates the corresponding
MB?; and MC% functions for the same G' and the same values of a?. Notice especially,
from panel (a) that, when n = 1, MC? is independent of o?; by contrast, as shown in panel

2

(b) when n € (0,1), MC% rotates clockwise from the origin as o rises, with MC?% becoming

2. As illustrated in panel (b), the laggard’s optimal

infinitely large as G2 approaches o
arming decision now arises at the points where MB2 = MC% even for the smaller values
of a?, thereby always ensuring the laggard’s engagement in both predatory and productive
activities.

In Appendix B.3, we establish that, for n € (0,1), a unique equilibrium in the arming
subgame exists, with G* € (0,a') for i = 1,2. As before, when n € (0,1) an increase in
a? generates both a positive direct payoff effect and an adverse strategic payoff effect for
each side. Furthermore, numerical analysis reveals that, when n < 1 (as was the case when
n = 1), the positive payoff effect always dominates for the laggard. By contrast, the net
payoff effect for the technology leader depends on the initial value of a?.

To dig a little deeper, suppose that n is in the neighborhood of 1, so that the modified
model is an approximation of the baseline model. Even though for very low values of o?
the laggard will not specialize completely in arming and predation, its resource constraint
on arming will nonetheless be very tight. As a consequence, a marginal increase in «o?
for low initial values of a? tends to induce the laggard to apply that increase primarily to
predation. Accordingly, improvement generates a disproportionately large strategic effect
relative to the direct effect on the leader’s payoff, implying that dU'*/da? < 0. By contrast,

2 is sufficiently large to start, the resource constraint on the laggard’s arming is not

when «
very tight and the direct effect of a? on U prevails over the indirect effect, such that
dUY /da? > 0. Panel (c) of Fig. 5, which illustrates the dependence of U on a? (and is
obtained by solving the model numerically), confirms this finding for large values of n.%0
This discussion with the figure also supports the idea that our initial analysis of general-
purpose technology transfers remains intact and that the leader will once again find such

transfers unappealing when the technological distance between countries is sufficiently large

46The figure suggests that, while this relationship is V-shaped in the baseline model (as noted earlier), it
is U-shaped when n is sufficiently large but sufficiently less than 1.

34



even though the laggard is not resource constrained.

However, Fig. 5(c) also unveils another interesting (if not striking) result when the
elasticity of butter production with respect to human capital n is sufficiently small. In
particular, the leader’s payoff U* could fall with improvements in the laggard’s technology
(a? 1) for all values of a? in (0, al), not just small values. The intuition here, developed
more fully in Appendix B.3, is that, when n is smaller to make the degree of diminishing
returns in human capital stronger, the laggard tends to employ more intensively any im-
provement in its general-purpose technology in guns production.*” Thus, a reduction in n
tends to amplify the adverse strategic payoff effect relative to the positive direct payoff for
the leader, so that dU'/da? < 0 for initially large as well as small values of .

In summary, complete specialization in arming is unnecessary for the validity of our

8 Perhaps

finding that the leader need not grant general-purpose technology transfers.*
more alarmingly though, in the presence of sufficiently salient complementary inputs in
the production of the consumption good, the leader could find general-purpose technology

transfers unappealing for all possible technological distances from the laggard.

6 Concluding Remarks

While it is widely believed that productivity improvements through the diffusion of technol-
ogy represent a major driver of world economic growth, sanctions recently imposed by the
US against the technology sectors of China and Russia, particularly those that can support
the respective countries’ military strength, point to the possibility that countries might seek
to limit such improvements. This paper develops a one-period, guns-versus-butter model
with two countries, where output insecurity is the source of inefficiency; and, it is this in-
efficiency that could render a technology transfer undesirable to one of the two parties and
thereby undermine its feasibility. To be more precise, our simple setting nests the striking
benchmark case where output is perfectly secure, such that countries would not arm, and
technology transfers would never be blocked. The presence of output insecurity motivates
countries to arm, and each country’s arming choice depends on the technology held by both
countries. Thus, technology transfers from the leader to the laggard generate not only a
positive direct payoff effect, but also possibly an adverse strategic effect.

Our analysis characterizes qualitatively the total payoff effects for both countries, show-
ing the importance of the security of output, the technological distance between countries,
the laggard’s absorptive capacity and the type of technology considered. In the case of a

general-purpose (dual-use) technology, a transfer always benefits the laggard but not nec-

47 Appendix B.3 provides a detailed analysis of how complementary inputs shape the effects of improve-
ments in the general-purpose technology on the laggard’s payoff.

48 This finding also arises when: (i) we introduce risk aversion, (ii) consider a “winner-take-all” contest;
and (iii) allow output insecurity to be incomplete (i.e., o € (0,1)).
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essarily the leader. In particular, when the technological distance is large initially and the
degree of output security is sufficiently low, the laggard applies intensively any technology
improvement to building its military strength. The resulting adverse strategic effect for the
leader swamps the positive direct effect and thus reduces the leader’s payoff.*’ By contrast,
in the case of sector-specific (civilian-use) technology, the transfer always benefits the leader
but not necessarily the laggard. In this case, it is the leader who responds more aggressively
with its security policy, while the laggard tends to apply this technology more intensively
in its production of butter. When the initial technological distance is sufficiently large and
the degree of output security is small to moderate, the resulting adverse strategic payoff
effect dominates the direct payoff effect for the laggard.

Regardless of which sort of technology we consider, these findings point to the possible
emergence of a low-development or low-technology trap, wherein a sufficiently low initial
level of technology for the laggard relative to the leader makes it more likely that a transfer
would be blocked by one country—namely, by the leader in the case of the general-purpose
technology and by the laggard in the case of the sector-specific technology. Our analysis
shows that a country’s incentive to block a proposed transfer derives from the effect of the
transfer to induce more aggressive arming by the rival that undermines its own power.

Is it possible to alter the strategic interactions between countries in this conflict to
eliminate the trap? Since the presence of insecurity is essential for this effect to materialize,
it is natural to conjecture that improvements in security could make the emergence of a trap
less likely. In the case of the general-purpose technology, it is true that such improvements
expand the range of distances in initial technology for which a laggard would not be trapped.
However, they also can reduce the laggard’s payoff. Moreover, in the case of the sector-
specific technology, improved security does not necessarily enhance the appeal of technology
transfers to the laggard. A more promising approach would be to improve the laggard’s
absorptive capacity through investments by the laggard and/or assistance from the leader.
In the case of the sector-specific technology, such improvements could eliminate the trap.
But, matters differ in the case of the general-purpose technology. Specifically, even if the
laggard could fully absorb the leader’s superior technology, a trap could remain.’’ In a
more fully articulated model allowing for differences in each type of technology, one could
consider transfers of both types of technologies. But, here again, a low-technology trap
would not be eliminated if the laggard’s absorptive capacity is sufficiently limited.

One interesting and useful extension of our analysis would be to study the implications of

49As shown in the previous section, although specialization in predation by the laggard is sufficient for
this result, it is not necessary.

S0Furthermore as suggested by the extension in Section 5.2, this approach would not work if the degree
of diminishing returns (with respect to residual human capital) in the production of butter were sufficiently
strong.

36



ex-ante resource transfers for the diffusion of technology, arming and payoffs in the extended
game. Focusing on sector-specific technologies, suppose that the degree of output security,
the laggard’s absorptive capacity, and the technology gap between the two countries are such
that the laggard is locked in a technology trap. As explained earlier, the trap in this case is
due to the laggard’s refusal to accept the superior technology. For specificity, suppose the
laggard’s initial technology falls short of the level implied by point C' in Fig. 4(b) and that, if
a technology transfer were made, the laggard could only absorb an amount that is marginally
below the level associated with point £ in the same figure. Now consider an ex-ante resource
transfer from the leader to the laggard. One can show that such a transfer causes the
laggard’s payoff function in Fig. 4(b) to rotate counterclockwise around a point whose
location depends on the degree of output security.”’ In the special case of a moderately
high degree of output security, this rotation point lies southwest of point E in Fig. 4(b).
Since after the transfer the laggard’s payoff at the technology level implied by point F
rises above the payoff it would obtain under any technology below point C, the laggard
will adopt the superior technology. Under additional parameter restrictions, the resultant
diffusion of technology, in turn, improves the leader’s payoff relative to its pre-transfer
payoff. In other words, it is possible for a resource transfer to improve both countries’
payoffs by changing the laggard’s preference over the superior technology. Extending the
analysis along these lines can also shed light on the importance of asymmetries in countries’
initial resource endowments. In particular, an application of the logic of this argument in
reverse shows that, under some circumstances, the smaller is the relative endowment base of
a technologically backward country, the more likely it is that such a country will be locked
in a technology trap.

The analysis could be extended in a number of other directions. Consider, for example,
an extension with an additional country—say, the rest of the world (ROW)—that is not
directly involved in the conflict but might have an interest in promoting the diffusion of the
leader’s superior technology towards the laggard or perhaps a broader interest in limiting
conflict between the two adversaries. Alternatively, ROW might be allied with one of the

two adversaries. One could ask, depending on ROW’s objectives and constraints, how might

5!The transfer under consideration induces both countries to reduce their guns—provided, of course,
neither specializes in arming—because it reduces the value of the contested output, thus giving rise to a
non-negative strategic effect on payoffs. For the leader, the direct and adverse effects of the transfer on the
contested and secure parts of its payoff outweigh the just noted strategic effect, causing its payoff to fall.
The effect of the transfer on the laggard’s payoff depends on the technological distance between the two
countries. If this distance is large, the increase in the laggard’s secure output due to the transfer (which
is small when 2 small) and the potentially positive strategic effect noted above are overwhelmed by the
reduction in the value of the contested prize (which is large when 82 is small relative to 8'). By contrast, if
the technological distance is small, the favorable effects described above prevail, causing the laggard’s payoff
to rise. This explains the rotation in the laggard’s payoff discussed in the text. Importantly, a resource
transfer from the leader to the laggard alone always reduces global efficiency.
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it intervene and what effects its intervention would have. Of course, the answer would also
depend on the structure of technology across the three countries. But, with the appropriate
modifications, the model could be used to understand why a third (friendly) country might
provide assistance to one of the adversaries and the form that this assistance takes—for
example, a transfer of resources or technology.

One could also extend the model to consider the importance of international trade (e.g.,
in intermediate inputs) between the two adversaries. Two distinct questions emerge in such
contexts. First, for any given difference in technologies, does trade benefit both sides? In
standard settings—where, there is typically no arming or arms are kept fixed at predefined
levels—the answer to this question is a resounding yes. Because arming is endogenous in
our setting, however, this answer could be incorrect. Indeed, Garfinkel et al. (2022) have
shown that, when countries can direct their (income) gains from trade into productive and
predatory investments, sufficiently affluent countries find trade unappealing.’” But trade
(and possibly trade agreements) could take place after countries have made their arm-
ing decisions. This alternative timing of trade relative to arming choices raises a host of
new possibilities. Our preliminary analysis of such a setting reveals increased economic
interdependence that manifests itself in higher ex-post gains from trade could induce tech-
nologically advanced countries to pursue their security interests more aggressively relative
to their rivals. Thus, increased interdependence could prove disadvantageous to technolog-
ically backward countries. In sum, the sequence of countries’ arming and trading decisions
and the way countries use their gains from trade—which are especially relevant in dynamic
environments—matter.

The second question is this: How does trade that occurs after countries have armed
affect the two countries’ attitudes toward technology transfers? Perhaps unsurprisingly,
our preliminary analysis suggests that—in addition to the degree of insecurity, the type of
technology considered, and the technological distance between countries—the magnitude of
their gains from trade plays a prominent role in this context. Interestingly, even though
trade can amplify countries’ incentives to arm, trade can also enhance the appeal of technol-
ogy transfers to both sides even more.”® We plan to pursue these questions more vigorously

in future research.

52The finding is driven by the tendency of relatively poorer countries to channel more of their relatively
larger ex-ante gains from trade into arming as compared with their rivals.

53This appears to happen in models when the trade elasticity (Arkolakis et al., 2012) is sufficiently low,
so that the gains from trade are large.
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A Appendix

This appendix presents proofs of the propositions in the main text. Additional technical
details, including those related to the extension on differences in military technologies across
countries considered in Section 5.1 and those related to the presence of complementary

inputs and diversification in Sectin 5.2, can be found in Appendix B.

Proof of Proposition 1. This proposition follows from the analysis in the text. I

For greater insight, let us describe some important properties of the unconstrained best-
response function B*(GY) in (4b). First, notice that B*(G¥) approaches 0 as G/ — 0. Next,
observe that the expression for Bi(GY) in (4b) equals zero for some value of the rival’s

arming choice G7. That value, which we denote by Gg, is given by
(1-o0) (BiHi + BjHj)
Blo+pi(l1—-0)

Thus, we have limg, o B (G7) = 0, B{(GY) > 0 for GI € (O,Gé), and Bi(G7) = 0 for GI >

Gg). Additionally, one can confirm that Ei(Gj ) is strictly concave in its argument G7 for all

Gy ij€{1,2},i#]. (A1)

G € (0, G%], reaching a unique maximum at a value of the rival’s arming Glax € (0, G%):

Gﬂlax = ( 2(@’5]2 ) ( oBi+(1—0)B7 1) if 87 £
1(1—0)H = g
such that
51H’b ﬂJHJ O'/Bi'f‘(l—o')ﬁj ) } :
(anax) = ( ) <1 B /32) if B] 7& ﬁ
1
Z

(1-— O‘)H if g7 = 3,

for i,j € {1,2}, i # j, where H' = o'R' and H = H' + H?. Finally, country i’s un-

constrained best-response function crosses the 45° degree line at a unique point, labeled
G (< G%), which is given by

i (L= 0) (BH + i)

T B+0)f+(1—0)p

One can easily confirm that sign{3° — 37} determines the sign of the slope of country i’s

;i e{l, 20 # .

unconstrained best-response function, when evaluated at G* = G/ = G.°* Accordingly,
our assumption that 82 < 8 implies 0B'/dG2|g2_c1 > 0 and dB2/dG|qi_c2 < 0.7° Tt

54T see this result, note that the slope of Ei(Gj) generally equals —Ul i /Ukigi- Since Ui < 0 holds
as noted above, the sign of dBi/de is determined by the sign of Uéi i3 When evaluated at G'=G =G,
Ugigi = (1 —0)(B" — B7)/4G5.

3 Below, we also show that if (i) countries differ only in their butter productivities, and (ii) G* is a strate-
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also implies that G < G? holds regardless of the ranking of the countries’ effective resource
endowments.

From this analysis, we can conclude that B!(G2) and B2(G') will intersect at a unique
interior point: G'* = G! and G?* = 62, shown in (5). However, as argued in the main text,
it is possible that the technology laggard (i = 2) is resource constrained, implying that the
unique equilibrium is where G2* = H? and G'* = B!(H?).

A.1 Differences in the General-Purpose Technology

For the proofs of Propositions 2 and 3 to follow, we study the effects of changes in 6 €
{a?, o}, distinguishing between the two cases depending on whether the laggard (i = 2)
is resource constrained in its arming choice and thus specializes in appropriation or not.
This partition of the parameter space is determined by the value of a? in relation to the

threshold derived in the main text, ag(o) = ;—gal for o € [0,1):

Case 1: If o® € (0,a9(0)), the laggard country (i = 2) is resource constrained, in which
case G¥* = o? and G¥* = BY(a?) = —a? + /(1 — 0) a2 (a! + a?).

Case 2: If a? € [ag(0), al], neither country is resource constrained. Then, G'* = G** =
é( 2,0)=1(1-0)(a +a?).
For future reference, observe that (o) for o € [0, 1) is equivalent to

?_2 (ao (0) — a2) ,0}

Q
VIIA

2 =
oo(a) = max{al -

where a(0) = al/3. Accordingly, case 1 arises when o < oo(a?) for a? < ag (0), and case
2 arises when o > o¢(a?) for o2 € (0,al].

Oé2
ol +a2 )

m? < 3(1 — o). With that relationship and recalling that o, < 0 where o (0) = a!/3 and

2

Proof of Proposition 2. Let us define m and note that a? < ag(o) implies

ag (1) = 0, we proceed to consider the two cases just described:

Case 1, § = o?: Using the definition of m?, we can rewrite G'* shown above in this case as

N l1-0
Gl = Oé2 (1 + 2 > . (A3)

m

When combined with the arming solution for country 2 (G** = o?), (A.3) implies

Gl* 1—
=l > L (A4)

gic substitute (cor_nplement) for G’ in the noncooperative equilibrium, then G7 is a strategic complement
(substitute) for G".
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where the inequality follows from the requirement in this case, a? < ag(c), that implies
m? < (1 — o). Thus, by the conflict technology in (1), the leader is the more powerful
country when the laggard specializes in appropriation.

Next, we differentiate the expression for G* in (A.3) with respect to o2, while taking

into account the definition of m? = >, to obtain

1+

dGg'* 1+m? [1-0o

One can verify that d>G'*/(da?)? < 0, such that dG'*/da? attains a minimum at o? = ay.

Since dG"™ /da?| 42—y (o) = 1(1—=0) > 0,dG"™/da? > 0 for all & € (0, ap(c)]. Furthermore,
2

is increasing in a2, G1*/G?* is decreasing in o?. It then

follows from (1) that the leader’s power ¢'* is also decreasing in o?.

it follows from (A.4) that, since m

Case 2, § = o?: In this case, the two countries arm identically G'* = G?* = (~}, meaning
that they share power equally. In addition, from the solution for G shown above, we have
dGY /da? = dG?*/da? = dG/da? = 1(1 — o) > 0, such that increases in o? induce more

arming, while leaving the balance of power unchanged, as needed.

Cases 1 and 2, § = o: Finally, we characterize the dependence of G** on output security o

in the two cases. In case 1, where G'* satisfies (A.3) and G?* = o?, it follows immediately
that dG'*/do < 0 and dG**/do = 0, which imply from (1) that security improvements
erode the leader’s power advantage. In case 2, because G* = G** = G shown in (8b),
we have dG* /do = dG /do = —1(a! +a?) <0 for i = 1,2, implying less arming by both

countries with no change in the balance of power and thereby completing the proof. Il

Proof of Proposition 3. Again, distinguishing between cases 1 and 2, we now use equa-
tions (6) and (7) to calculate the total payoff effects of an increase in § € {a?, o} for the

leader (i = 1) and laggard (i = 2) respectively.

Case 1, § = o?: Starting with the resource-constrained country (i.e., the technology laggard,
i = 2), we proceed to fill in the three components of (7) for # = a?. Note first that (11a)
shows Ui;‘ > 0, the direct effect of an increase in laggard’s general-purpose technology on
its own payoff. Furthermore, we can use (11b) with our assumptions that imply X* =
XM 4+ X* = XM = (o' — G") and the specification for conflict in (1) that implies ¢7,, =
—¢'¢? /G to find the indirect payoff effect that works through the leader’s arming response:

dGl*
da?

Gl*
Gl*

2% dGl*

S =~ | (1= o) o+ (1 ) 7

(A.6a)

Next, we use (3) for i = 2 with the conflict technology in (1) that implies ¢Z, = —¢'¢*/G?

to identify the indirect payoff effect that arises as the (resource-constrained) laggard adjusts
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its own guns according to dG?* /da? = 1:

O[l _ (1x
W _ (1 - O’) ¢1*¢2*((X2G) _ [0- + (1 — 0-) ¢2*] . (A6b)

dGZ*
UZs

Since the leader is not resource constrained, U, é’{ = 0 always hold. Using (3) for i = 1 shows

Uclﬁ — (1 _ J) ¢1*¢2*
which we apply to simplify (A.6a) and (A.6b) respectively as

and U%@ =lo+(1—- a)¢2*]g —[o+(1-0)¢™].

ox dGl* _dGl* 1
G da?2 T da? G* da? a?

Then, adding the expressions above with that for U2 in (11a) yields:

*dGQ* i Gl* dGl*
+Ug do2 [0+ (1—0)¢"] 2 da?’

dGl*
da?

dUz* 2% 2%
da2 = Uaz + UGl
We now substitute G'* shown in (A.3) and dG'*/da? shown in (A.5) into the expression
above, while using (1) that implies ¢'* = 1 — /m2/(1 — 0) in this case, to find

2% m2

To see that dU?*/da? > 0 holds for a? € (0, ag ()], observe that d?U?*/(da?)? < 0, which

2 evaluated at

implies that dU%*/da? attains a minimum at a® = ag(0). But, since m
o? = ag(0) equals 1(1 — o), we have limg2_sq0 (o) (AU /da?) = 1 (1+30) > 0. It follows
that dU%* /da? > 0 for all a? € (0,aq ()] and o € [0,1).

Turning to the technology leader, we apply the same logic as above but based on (6) for

6 = a?. Using (10a) and (10b) with dG**/da? =1 gives

dUl*
do?

dGQ* Gl*
=Ub+Us— 5 == [0+ (1-0)¢"] =5 <0, (A.8)

as claimed in the proposition.

Case 2, = a%: Recalling that G* = G= % (1-o0) (al + 042) for i = 1,2 such that ¢™* = %
for ¢ = 1,2 when neither country is resource constrained, the easiest way to establish this
part of the proposition is to substitute these values in U*(G%,G7) for 4,7 € {1,2}, i # j
shown in (2) with X = o' — é; by differentiating the resulting expressions with respect to
a?, one can confirm that dU'/da? = 1(1 — o) > 0 and dU?*/da* = (1 + 30) > 0.

Case 1, 0 = o: Let us start with the technology leader. We know that a? < ag(c) means
that G?* = o2, which implies dG**/do = 0. With no strategic effect for the leader, the
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second term in (6) vanishes, leaving only the direct effect U*, which from (12) for i = 1,

g

simplifies as:

d;]: = (o' =G™) (1-9") >0. (A.9)

Turning to the laggard, the result that dG**/do = 0 also implies that the indirect payoff
effect for the laggard through adjustments in its own arming equals zero as well. Thus, the
third term in (7) vanishes, leaving only the first two terms. Using (12) for ¢ = 2 and (11b)
with the FOC for the leader Uél = 0, we can write the total payoff effect for the laggard

from an increase in o as:

dUz* 2% 2% dGl* 1 1) 2%
—=Ur+ UG — = — (! = G") ¢* -

dGl*
do

To sign that expression, we use the solution for G* in (A.3), to find

dGl* a2

— < 0.
do 2 /m2(1 - 0)

Now observe that the solutions for G** in this case, as shown above, with (1) imply 1—¢* =
»** = /m?2/(1 — o). Combining (A.3) with the two expressions above and this result, after
simplifying, yields:

2% 2
dga =2 JmZ0 =) - 1. (A.10)

m?(1—o) 2

2

Since m? < (1 — o) when a? < ag (o), the expression inside the brackets in (A.10) is

necessarily negative, implying that dU?*/do < 0 holds in this case as needed.

Case 2, 0 = 0: The most straightforward way to study this case is to apply the assump-
tions that H® = o' and B° = 1 for i = 1,2 with our previous finding that G* = G =
1(1—0)(at+a?) for i = 1,2 to U(G’,G?) shown in (2). Then, differentiating the re-

sulting expressions with respect to o gives dU/do = i[?yal —a?] > 0 and dU?*/do =

3la? — ap(0)] > 0, thereby completing the proof. ||

A.2 Differences in the Sector-Specific Technology
First, we derive the 5y(o) schedule in (14). To do so, let us define

A=4881 + (B — )’ 6 > 0. (A.11)
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Then, using the expression for G2* in (13b), we can write the condition that must be satisfied

for the laggard to be constrained G2 >1 as

20-0)8' (' +5°) |

A1y Sl

which implies

2

[2(1—0)B" (B' +8%) — A=A [Blo+ 82 (2—0)]* >0,

Then, using the expression for A allows us, after some tedious algebra, to rewrite the

inequality above as

1(pl 2\12 oy |1 25" 5
88" (B —p7)]" (1-07) 2_7(61—62)2_0 > 0. (A.12)
Equation (A.12) gives us the following condition for the laggard to specialize in appropria-
tion:
1 2 122
o S 0—0(62), where 0'0(62) = 5 — (ﬁlﬁ—l/BBQP with 06 < 0, (A13)

which implies o < % is a necessary but not sufficient to make the laggard resource con-

strained. The expression for fy(o) shown in (14) can be obtained by solving for the value
of 32 that makes the expression in the square brackets in (A.12) equal to zero.’®

Based on the §y(o) schedule in (14), which is relevant assuming the two countries differ
with respect to their sector-specific technologies only, we can again distinguish between
the case where the laggard (i = 2) is resource constrained in its arming choice and thus
specializes in appropriation and the case where the laggard is not resource constrained and

thus produces both guns and butter as follows:

Case 1: For o € |0, %), when 82 € (0, Bo(c)], the laggard is resource constrained such that
G* = H? = 1 and G** = BY(1) = V2(1—0) — 1> 0, where the inequality follows
from the fact that o < 1/2 is a necessary (though not sufficient) for this case to hold.

Case 2: For any o € [0,1), when 32 € (max{0, 8y(c)}, '], both countries diversify their
production, in which case the FOCs satisfy U’, = 0 shown in (3), so that G** = Gi,
as shown in (13b), for i =1, 2.

Of course, this partition can be written equivalently in terms of o as a function of 32

56There are two possible solutions, but the one which is relevant for us is that which subtracts the square
root of the discriminant as it implies (in contrast to the other solution but consistent with the schedule
00(8?)) a negative relationship between 82 and o along Bo(o).
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(see (A.13)). More specifically, the laggard specializes in arming when o € (0, 00(5%)] and
% € (0, 8o(0)], where o(0) = %, Bo(0) ~ (3 —2v/2)B' and 0¢(50(0)) = 0; and, it diversifies
its production when o € (max{oo(52),0},1) for any 32 € (0, 5%).

Proof of Proposition 4. We characterize equilibrium arming and the implications for the

balance of power as they depend on @ € {32, 0} in the two cases defined above.

Case 1, § = 3%: The solutions for arming in this case as shown above, G* = \/2(1 — o) — 1
and G?* = 1, imply that both countries’ equilibrium arming choices and thus aggregate

arming G* and power ¢™* for i = 1,2 are invariant to changes in 3.

Case 1, 0 = o: The solution for the laggard’s arming in this case trivially implies dG?* /do =
0, whereas the solution for the leader’s arming (see above) clearly shows dG** /do < 0. Thus,

we must have d¢?* /do > 0, as stated in the proposition.

Case 2, 0 = 3% Assuming both countries diversify their production, we can rewrite the
system of equations that consists of the 2 FOCs (U}, = 0 for i = 1,2) using (3), as

O = % =1 (i # 7). Then, applying the fact, from (1), that ¢%,, = ¢'¢’ /G implies

iGi/¢éj = GV /G" = ¢/ /¢', we can rewrite Q' as

_ G lorU=0)d] (A.14)

P50 = G T =)

Since ¢' + ¢/ = 1, the above expression defines the equilibrium solution ¢™* implicitly as a
function of 4/ and o, with 7 = 8¢ implying ¢* = % Appropriate differentiation of Q gives
bez > 0, Q%j < 0, and sign{Qf,} = —sign{q&i* — qu*}. Hence, d¢™ /dB’ = —QfBj/Qii > 0,
which confirms the notion in our setting that an agent’s power is increasing in its rival’s
butter productivity.®”

These observations allow us to draw two conclusions. First, 8% < g' = ¢** > ¢'*.58
Second, sign {dqbi* /da} = —sign {ﬁi —pi } for i # j, which implies that an increase in
the output security o erodes the power of the more productive country. One can confirm
these findings by differentiating appropriately the explicit solution to the equation in (A.14)

which can be shown to be given by

237

A Ty T

ij € {1,2}i# j, (A.15)

5"By the same reasoning, since Qzﬂb > 0, we also have that country i’s power is decreasing in its own
productivity: ¢%; = —Qf; /Q; <O0.

58While successive reductions in 82 with 82 = " initially (technological regress) imply G? / G' starts at 1
and rises continuously above that level, it is unclear how G' and G? themselves respond in levels to changes
in A%. Nonetheless, one thing is clear: if, as noted earlier, only one agent eventually specializes completely
in appropriation that agent must be the laggard.
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where A was previously defined in (A.11).
To study the dependence of arming on 32 in case 2 for 32 < B!, we differentiate ap-
propriately the FOCs (U, = 0) based on (3) for i = 1,2, and use those conditions in the

resulting expressions to find®’

2 1.1 1_ 32 o 1
Ucl;lGl = - IBGYEZ) < 0; UélGQ = —W < 0; (A.16a)
1 (1-o0)o'*X> _ 1 g _
UngZ == IBQGl > 0, UG10' = _1 iy < 0, <A16b)
23%¢* gl — %) o¢®
U52G2 = - a2 < 0; UélGQ = (G,Q) > 0; (A.16C)
2 (1-0)¢'¢°X! . 1 32
UG2BQ = — BQGZ < 0; UGla = _E < 0. (A16d)

Based on the expressions above, we make three observations. First, the finding that U%, ai <
0 (¢ = 1,2) is consistent with our earlier argument that agent i’s payoff is strictly concave
in its arming. Second, the expressions for U éz oi (i =1,2) show neatly how the qualitative
effect of arming by a country’s rival on its own net marginal benefit of arming depends
on their relative productivities in butter; in equilibrium, the leader’s arming is a strategic
substitute for its rival’s arming (i.e., U, él a2 < 0), whereas the laggard’s arming is a strategic
complement for its rival’s arming (i.e., U, (2;1 o2 > 0). Third, the direct effect of an increase in
% on the leader’s (laggard’s) net marginal benefit to arming is positive (negative). This last
observation explains why the best-response functions studied in Fig. 2(a) shift in response
to technical regress as shown there.

It is also easy to show that

1.2
_ 77l 2 1 2 o9
A= UGIGIUGQGQ — UG’lGQUGQGl =A <G1G2> > 0, (A17)
which is a standard condition for (static) stability of equilibrium that also ensures uniqueness
of equilibrium. By applying the implicit function theorem to the agents’ FOCs and solving
for the associated changes in equilibrium arms when neither country is resource constrained,

one can find
Gt 1 (=) (+) (=) )
g

BN —U(Q;z(;zUéwz + U(l;lGZUC%‘?ﬁ?

1—0

=

[28%¢°X? + 0 (B' — B) ¢'X'] >0 (A.18a)

59Tn what follows for the remainder of this proof, we suppress the asterisk superscript to avoid cluttering
of notation. We recognize that a more direct approach here would be to simply differentiate the solutions
G' shown in (13b); however, that type of analysis is cumbersome and obscures the channels through which
(% influences equilibrium arming choices.
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2 1[® ®» e e

—a — U22 1U11 2_U11 1U22 2

dﬁ2 A G2Gl~Glp GIGl~G?%p
1

=~ ~ 28" X" — o (8" - ) *X?] <, (A.18D)

where A > 0 was previously defined in (A.11). Inspection of (A.18a) reveals that the
leader’s equilibrium arming is increasing in the laggard’s butter productivity 82 due to its
positive direct effect on U, (1;1 noted earlier (Ucl;1 g2 > 0) and the reinforcing positive effect in
the presence of strategic substitutability (Uél Gy < 0) that lowers the net marginal benefit
of arming for the laggard (U2 5y < 0). Turning to the laggard, inspection of (A.18b) reveals
that the presence of strategic complementarity (UC%ZG1 > 0) works against the direct and
negative effect of 52 on UZ, (Uégﬂ2 < 0). Thus, the claim in (A.18b) that dG2/dS? < 0 is
not obvious and requires proof.

To establish the dominance of the direct effect of 32 that effectively requires the ex-
pression inside the square brackets in the second line of (A.18b) to be positive, we first
observe that 28! > ¢ (51 — Bz). Thus, to prove our claim, it is sufficient to demonstrate
that o' X1 > ¢?X?2. To proceed, let us define Z/ = 1—G?, such that X* = °Z'. By forming
the ratio ¢! X! /¢?X? and multiplying it by Q?(-) which equals 1 by (A.14), we can find

o' Xt <¢15121> B¢’ o+ (1-0)¢*] Z'[o+(1-0)¢]

¢2X2  \¢?B%2%) Blot o+ (1-0)¢!]  Z2[o+(1-0)¢']
Since ¢? > ¢! implies % > 1, and G! < G? implies Z'/Z? > 1, the expression in

the far right above exceeds 1; therefore, ¢' X! > ¢?X? and alGQ/dﬁ2 < 0 as needed.

To study the effects of an increase in 4% on aggregate arming G, let us deﬁne rt =
P X/ ((Z)le + ¢2X2) (i = 1,2) and note that ¢' X' > gi>2X2 irnphes x! > 5 > z2. Also,
define n’ = 8%/(3' + %) and note that 32 < B! implies n? < 5 < n'. Using these definitions
and A in (A.11) with the expressions for dG'/dS? and dG?/dS? from (A.18a) and (A.18Db)
respectively, one can find that the change in aggregate spending dG/d/3? is given by

dG 2(1
762:_ (IBQA )[,8 ¢1X1 52¢2X2_%J(I81_62) (¢1Xl+¢2X2)]
_ 2(7112/\ o) (¢1X1+¢>2X2) [ 1,1 —n2x2—%o(n1—n2)]
— _2(=o9) (71121\ o) (qlel + ¢2X2) ( — [%0'77,1 +(1- %a)nﬂ) (A.19)

Now, observe that the expression inside the square brackets in the last line of (A.19) is

a weighted sum of n' and n?.

As o rises from 0 to (approximately) 1, the value of this
weighted sum rises from n? to (approximately) % But, because z! > %, the expression inside

the last set of parentheses in the last line of (A.19) is positive. Therefore, dG/df? < 0 in
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this case, as stated in the proposition.

Case 2, 8 = o: Turning to the effects of ¢ on arming under case 2, one can use the expres-
sions in (A.16), to find:
B¢ [2—-0) B +0p]

~UlyiiUbio + Ui Uéj(,} = TR <. (A.20)

Gt 1
do ~ A [
for i € {1,2},i # j. Since déi/do < 0 holds for ¢ = 1,2, it follows immediately that
dG/do < 0. Furthermore, although arming by both countries falls, our previous analysis,
in connection with (A.14) already established that sign{d¢'/do} = —sign{s' — 3%}, which
is negative given g > (2. I

Proof of Proposition 5. To study the payoff effects of changes in the laggard’s butter
productivity (6 = 52) and output security (§ = o), we again distinguish between cases 1
and 2 defined above that capture, respectively, the scenario where the laggard specializes

in appropriation and the scenario where both agents’ production is diversified.

Case 1, = 8%: Since X?* = 0 in this case, equation (2) implies the two countries’ payoffs
are U = [gzﬁl* (1—0)+ a] X and U?* = ¢* (1 — o) X'*. From Proposition 4, we know
that neither country’s arming depends on B2. Thus, changes in 2 have no influence on
X™ or ¢™ for i = 1,2. As a result, when the laggard specializes in appropriation, neither

country’s payoff depends on (2.5

Case 1, § = o: Because X?* remains equal to 0 for small changes in o and dG**/do = 0,
equation (6) implies, by the envelope theorem, that the total impact on the leader’s payoff
equals the direct effect: dUY/do = ¢* X' > 0. From equation (7), the effect on the
laggard’s payoff is dU?* /do = —¢** X '* — ! (dGl*/dO') 51 The arming solutions G** in this
case (shown in the beginning of the proof to Proposition 4) imply ¢** = 1/ \/m , X =
B2 — 1/¢*] and dG**/do = —1//2(1 — o) = —¢* < 0. Combining these expressions
shows dU?* /do = B1¢'* > 0, thereby substantiating the claim that the positive indirect of

an increase in o outweighs the negative direct effect, as needed in this case.

Case 2, 8 = 3%2: We now turn to the case where the laggard diversifies its production, start-
ing with the leader (i = 1). Equation (15a) shows the direct payoff effect is positive
(U} > 0); since Ule < 0 (by (16)) and dG**/d? < 0 (by Proposition 4), the indirect effect
is Uke (dG* /dB?) > 0. Hence, by (6), we have dU™/d* > 0.

For the laggard, equation (7) with (15b) implies

dU2*
g2

1%
=[1-0)¢*+o] 2% - p (dch;Q > , (A.21)

59Their payoffs do depend, however, on 3.
5'The third term in (7) vanishes since dG**/do = 0.
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where Z% = 1 — G?* > 0 and dG'*/dB? is given by (A.18a) with X% = 2Z%*.%2 To
obtain the coefficient on dG'*/d3? in (A.21), we used the leader’s FOC, U}, = 0 based on
(3), in the expression for U2, shown in (16) with the implication of (1) that ¢Z, = —¢f,
and simplified the resulting expression. Clearly, the direct effect shown in the first term
is positive; in contrast, by Proposition 4 that establishes dG*/dB? > 0, the indirect effect
shown in the second term is negative. To prove the claim made in the proposition that the
laggard’s payoff can be J-shaped in 32, we begin by considering the impact for 32 close to
max{0, Bo(c)}. It helps here to divide the set of values of ¢ into the following subsets: [0.3]
and o € (3,1).

Starting with the first subset o € [0, %], observe that as 32 approaches 3o(c) > 0 from
above, Z?* approaches 0 while Z1* > 0. Equation (A.21) then implies that the sign of
dU?*/dB3? in this limit is given by minus the sign of limga\ g (o) dG'*/dB?. Notice further
that the first term inside the brackets of the second line of the expression for dG*/d3? in
(A.18a) vanishes. Keeping mind that X% = 3!Z* for i = 1,2, we have

] dGl* ] (,81)2¢1*Z1* qubl*zl*
limga g, (o) T52 =o(l—0)x limgas g, () 2N — A for o € [0, %],

where A > 0 is shown in (A.11) and ¢'* is shown in (A.15). It follows immediately from the
expression above that, when o = 0 which implies (o) > 0, limga\ g, (0) (dG™/dpB?) = 0,
and thus limﬁg\ﬁo(a)(dU2*/dﬂ2) = 0. Since ' > /32, the expression also shows that, when
o € (0,3), limga g, (r) dG**/dB? > 0 and hence limge- g, (dU?*/dB?) < 0. Finally, for

o= %, we consider the limit of dG'*/dB? as 3% approaches 50(%) = 0. As one can easily

verify from (13b), limgz_,q G = 0, which implies limga_, #"* =0 and limga_, p** = 1.3
Accordingly, the limit of the second term in brackets in the expression immediately above
vanishes. Using the solution for ¢* in (A.15), one can confirm that the limit of the first
term is strictly positive. Thus, for any o € [0, %], limga\ (o) dG*/dB? > 0 (with equality
for o = 0), which implies from (A.21) that limga\ g, (o) dU% /dB% < 0 (with equality for
o=0).

Turning to the second subset o € (%, 1), we consider the impact of 52 as it approaches

0. Interestingly, one can confirm from (13b) that limge .o G** = (0 — 1)/o, whereas

%2The third term in (7) vanishes since UZ: = 0 in this case. While in case 2 G** = Gifori=1,2as
shown (13b), we use an asterisk to indicate equilibrium solutions for arming to avoid confusion.
53While the laggard could choose a smaller quantity of guns that would continue to imply ¢? = 1 given

G' =0, equation (A.1) implies G** =1 = limg2_,q G} is the smallest quantity of G2 that induces the leader

to specialize in butter production in this limit when o = % If the laggard were to choose a smaller quantity

of guns, it would induce the leader to shift its production away from butter towards guns, implying not
only less butter production by the leader but also a smaller share ¢ < 1 of the contested pool for itself; in
addition, since 5% = 0 in this limit, the laggard would not gain from allocating any of its resource to butter
1

production. Hence, G** =1 is a best response to G'* = 0 in this limit as 82 approaches 0 for o = 5
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limg_, G = 0.4 Thus, in this limit with o € (%, 1), the laggard allocates some of
its resource to the production of butter, limg_,o Z 2 = (20 —1)/0 > 0, and the direct payoff
effect of an increase in 32 is positive and given by limga_, [(1 —0)¢* + a] 7 =2-1/o0.
But, as in the previous cases considered when o > 0, limga\ g (o) dG/dB? > 0, such that
the indirect effect will be negative. To see how these two effects compare, we find an explicit
expression for the indirect effect in that limit. To proceed, note the following: even though
limg_,o Z% > 0, we have limg_,o X = limg_, (p%2Z% = 0. Thus, the first term in the
brackets of the second line of (A.18a) divided by 52 again approaches 0 as 32 — 0. Since
in addition we have limg_,o ¢ = 0 and limga_,o A = (510)2, we can use the solution for
#'* in (A.15) to write the relevant limit of dG'*/dB3? as

. dGl* oy (/61)2 (1 _ O') Uzl*¢1*
1m52_>0 <d/82) = 1m52_>0 /82A

121 _ 1%
_ hmﬁ?%[(ﬂ) <1Aa)az

2
(2= 0)F2+ flo+ VA

X hmﬂ2_>0 |:

1—0 . 2 1—-0
= - X limga_,q 3 (5'0) = Fig2
Thus, the indirect effect is — limgz o 8'dG"/dB? = —(1 — ¢)/o®. Bringing this result and
the result above for direct effect in this limit together in (A.21), we have

: : dU?* . y
sign < limga_, ) sign{oc — &},

where & = 1//2.

In summary, dU?*/d3? = 0 at points (£(0),0) and (0, 5); therefore, 32 = By(0) and 5% =
0 represent extreme points of U?* respectively for ¢ = 0 and ¢ = . Additionally, because
1M g2\ max{0,80(c)} AU>*/dB? < 0 for o € (0,5), the value of 52 that solves dU**/df* = 0
will exceed max{0, fo(c)}. Lastly, because limga\ g,(,) dU?*/d* > 0 for o € (5,1), 2 =0
is an extreme (though not necessarily global) point.

To see that the above extremes are local minima, we now compare the laggard’s payoff
levels, first, when 32 approaches max{0, 3y(c)} from above and, second, when 32 — g1 for
o € [0,1). Focusing on this second limit, note that (13b) implies limg2 , ;1 G* = (1 — 0),
such that limg 51 Z%* = %(1 +0) and (from (1)) limgz_, g1 ¢™* = % for i = 1,2. With these
findings and our previous analysis, we use (2) and the definition of Sy(o) in (14), to find

limges o) U = BV =0 (V2= VI=0), for 0 €[0,}) (A.222)

54The logic spelled out in footnote 63, based on (A.1), applies here as well: G** = (6 —1)/c = limg2_,q G}
is the smallest quantity of G? that induces the leader to specialize in butter production in this limit for any
o€ [%, 1).
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limge ,oU>* =B (1—0), for o€} 1) (A.22b)
limgz , 51 U** = 18 (1+0), forany o€ [0,1). (A.22¢)

Comparing these limits reveals that limga_, 51 U 2% shown in (A.22c) exceeds the other two
limits in (A.22a) for o € [0, 3) and (A.22b) for o € [3,1).

On the basis of the preceding analysis we may now conclude that S, = argmings U2+
always exists. In particular, (i) Bmin = Bo(0) for o =0, (ii) Bmin € (Bo(0),1) for o € (0,5),
and (iii) Bmin = 0 for o € [7,1) are local minima. What remains unclear, however, is whether
these minima are unique. In Appendix B, we establish that d?U%*/d (52)2 | g2—g > 0 at any
A’ that solves dU?*/dB? = 0, which is a sufficient condition to ensure that the local minima
identified above are unique. In effect, this inequality implies U?* is strictly quasi-convex in

(% and, consequently, for any given o € [0,1), S = arg mingz U 2% is global.

Case 2, 0§ = o: We have already established in the main text that the direct payoff effects
of an increase in o satisfy U = X — ¢™* X* for i = 1,2, so that U}* = —U2* > 0. The
indirect effect of o on U’ is given by Ugj (dG7* /do), where Ugj = —BJ < 0, as one can
verify using (3) to form agent j’s FOC Ug;j = 0, substituting that into the expression for
Ugj that is shown in (16) with gzﬁiGj = —gbjGj, and then simplifying. The earlier result that
dG? /do < 0 (Proposition 4), therefore, implies that the indirect payoff effect is positive for
both agents. Clearly, then, the leader always benefits from improvements in security.
Whether the laggard benefits from such improvements or not depends on how the two

offsetting effects compare. In particular, we have

- dG*™
_ XQ*_ Q*X* _nl A2
(2 gk - g9 (A23)

dUQ*
do

where using (A.20) with (A.17) we rewrite dG1*/do as

dG*  FIG*[(2—0) B +op]
do (I1—-0)A

<0, ie€{1,2},i#j. (A.24)

Although the text focuses on the case where 52 € (0, '], in what follows we also consider,
for completeness, the possibility that the laggard does not have the know-how to produce
butter (i.e., 32 = 0), in which case (A.24) does not apply directly. In this case, we have
dG*/do < 0 that holds as a strictly inequality for o < % and as an equality otherwise.%
Thus, from (A.23), the indirect payoff effect for the laggard is non-negative.

To characterize the total impact of changes in ¢ on the laggard’s payoff in this case

where its production is diversified, we proceed in three steps:

55To be more precise, the solutions for arming derived earlier show that, when o < %, 82 = 0 implies

G** =1and G* = \/2(1 — 6) — 1 > 0 so that dG** /do < 0 continues to hold; however, when o > %, B2=0
implies that G'* = 0, such that dG"*/do = 0 holds.
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Step 1: Considering the sign of the limit of dU?*/do as o — max{oy (5%),0} from above,
we prove that there exists a value of 32 € (0, 5 (0)), denoted by B (= 0.0993%), such
that lim,\ (52 (dU 2/ da) § 0 for 32 § B. A salient implication of this characteri-
zation is that oo(5?) is a local maximizer of U for 52 € [0, A].

Step 2: Then, considering the sign of the limit of dU%*/do as o — 1, we show that there
exists a value of 52 € (B, BY), denoted by B (= %(\/5 — 1)B' =~ 0.6188), such that
dU?* /do § 0 as 2 é (. An important implication of this step and the first one
combined is that U* attains a maximum at some o’ € (max{oo (5?),0},1) for all
B € (B,B).

Step 3: Finally, we prove that, for any given 4% € [0, 3], U?* is strictly quasi-concave
in 0 € [0,1). The key implication of this property is that op.x = arg max, U** is
unique. More specifically, we show that: (i) omax = 00(8%) when 2 € [0,5]; (ii)
omax € (00(8),1) when 8 € (B3, ) where B ~ 0.6183"; and (iii) dU**/do > 0 for all
o €[0,1) when B2 € [, 3]

Step 1: Starting with the limit of dU?*/do as ¢ — max{oy (52) ,0}, let us suppose that
% = 0. Since dG¥/do = 0 for o > %, dU?*/do < 0 in this limit. Given dU?*/do > 0 for
o< % in this case, we have oy = 00(0) = % Let us now evaluate the limit of dU?*/do in
(A.23) as 0 — 0¢ = 00(B?) from above for any 5% € (0, By (0)]. Importantly, we now have:
G¥* 51, X 5 0; G - B (1) = /2(1 —09) — L and X* = X* — B2~ /2 (1 — 09)];
and, ¢** — 1/4/2(1 — ag). We then substitute (A.24) into (A.23) and apply the above
limits in the resulting expression for dU?*/do to transform it (after some manipulation) as

follows:

Q% 1
du ) B (82 00),

lim, o = T
1m\0<d0’ V2T =0y
where

2% 28" — (B! — ?) 00)
Ao

T(BQ,JO) =-2+V2/1 00+

and Ag = Al,_, =48'8> + (8" — 5%)° o2.

Since sign{lim,\ 4, (dU**/do)} = sign{Y}, we focus on identifying the sign of Y (-).
To this end, first note that, when we use the definitions of op and Ay in Y (-), we find
Tlg2—g = —1 <0 and T|g2_g ) = v2—1 > 0. Clearly, then, Y (-) is negative when 5% — 0
and becomes positive when 52 — 8y (0). What we do not know is how Y (-) behaves as 3
rises in (0, Bo (0)].

We now prove that dY/d3? = Y,,04(8%) + T2 > 0 which, by the continuity of T in

(2, ensures the existence of a unique value of 52, labeled B, such that T § 0 as 32 § 8.
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Differentiation of T gives

2 (al _ B2
Yo, = ! +25 (ﬁ ﬁ)vl <0

a \/5\/1 — 0p A0
26%0 n 2281 — (B' — B?) o0

T
B2 AO AO V2,
where
2 1 _ 2 2 1 _ 1_ 32
o = 14 o (Bt —p%) [26' - (B B)Uo]>0
Ao
_ 28 28" — (8" — B?) op]
Vo = 1-— AO .
: ;a2\ 2BY(BY+B?) /a2 . .
Since oy, (ﬁ ) = ——E @ < 0, we have Y,,00(8%) > 0. By contrast, the sign of Y2 is

not immediately obvious from inspection of the expression shown above, because the sign of
vy inside it appears to be ambiguous. Using the value of oy in Ay and then in the definition
of vy, however, enables us to rewrite vy (after some algebra) as follows:
Sy CE L Y
(B +8%)

We thus have dY/dS? > 0 which confirms the claim that B is unique. Using numerical
methods, we find 3 to be given by 3 ~ 0.09941.

Next, we examine the sign of lim,_ (dU**/do) when 82 € (5 (0), 8']. From (A.23) and
(A.24) one can easily verify that lim,_,0 dU?* /do = ' (1-v2)+8(1/v2) = ' (1 - 1/v2) >
0. This completes step 1.

Since dU?*/do > 0 for parameter values that imply the laggard specializes in appro-

oon(sr) = 025 B2 Z B, it follows that

00 (62) is a local (though not necessarily a global) maximum of U?* for 5% < B. Further-

priation whereas, as we have just shown, dU?%*/ do‘

more, because dU2*/dU‘U:maX{UO(52),O} > 0 when 82 > B, it is possible that U?* attains
a maximum at some o € (max{op (52) ,0},1) or, alternatively, that dU?*/do > 0 for all

relevant parameter values. The next step will shed some light on this issue.

Step 2: Let us now examine the sign of dU?*/do as 0 — 1 for any 82 € (0,3']. Using
(A.23) and (A.24) under diversification, it is easy to show that in this limit the direct effect

132

of o converges to — (51 - ,82) (< 0) whereas the indirect effect converges to % (> 0).

Putting these effects together gives

limg1 (dU* /do) = ﬁli@ [(8%)2 + 85° — (8.

Clearly, the sign of the above expression depends on the value of 32 € (0, 3']. However, it is
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straightforward for one to verify that lim,_,1 dU?*/do § 0 as B2 § B, where 3 = %(ﬁ—l)ﬁl
(=~ 0.6184'). What’s more, we have B < B.

Step 3: Since in step 1 we showed that dU2*/dU‘U:maX{o‘O(B2),O} > 0 for #? > 8 and we have
just shown in step 2 that lim,_,; dU?*/do < 0 for 5% < 3 with B < B, there must exist an
arg max, U** € (max{oy (6%),0},1). Because dU*/do > 0 in the neighborhoods of o — 0
and o — 1 when 2 € (B, 8], it is conceivable that U?* is increasing in o for all o € [0, 1).
However, it is also conceivable that the maxima identified above are not unique. In Appendix
B.1, we establish that U?* is strictly quasi-concave in ¢ € (max{oyg (52) ,0},1). In addition,
for parameter values that imply the laggard is resource constrained (i.e., o € [0, o¢(8?)] and
B2 € [0, Bo(0)] where 82(0) = (3—2v/2)3 ~ 0.1728'), we have U?* = '[\/2(1 — 0)—(1—0)]
which is increasing in ¢ at a decreasing rate. We have, thus, established that op.x =
arg max, U%* is global for all o € [0, 1).

For additional insight, we compare the laggard’s payoffs at several extremes. It is trivial

to show the following;:

| L BY(vV2—1) if B%2e(0,B(0)]
lim, o U™ = VB B8 i g2 ¢ 60 (0), 8]

Bl (51 _ 362) (61 +B2)
2(8" - B2)°
lim, 1 U = U} = 3%, for 5% € [0, 8").

limg g, U2 = , for 8% € [0, 8 (0)]

A comparison of the above levels reveals that limg_,o U2* = U2 as B2 § 0.4323L.56 ||

Al

A.3 Efficiency of Improvements in Technology and Security

Proof of Proposition 6. Let us first consider the effects of improvements in the degree
of output security, . From (17), under regime (i) we have dU*/do = —dG* /do, whereas
under regime (ii) we have dU*/do = —2ic12 B' (dG™ /do). But, Propositions 2 and 4
establish that, under both regimes, dG'*/do < 0 and dG**/do < 0 always hold (the second
as a strict inequality provided the laggard diversifies its production). Thus, dU*/do > 0
always holds.

To examine the effects of improvements in technology, we break down each of the two
parts of the proposition ((a) and (b)) into cases 1 and 2: as before, case 1 is when the laggard

specializes in appropriation and case 2 is when the laggard diversifies its production.
Part (a): General-purpose technologies (8! = 82 =1 and H' = o! > H? = o?).

Case 1. Recall from the proof to Proposition 2 that the condition for agent 2 to specialize in

56Keep in mind that 8o(0) = (3 — 2v/2)8" =~ 0.1728".
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appropriation is m? < (1 — o) (where m? = alofaz) or, equivalently, /(1 — 0)/4m?2 > 1).
Then, our previous results from the proof to Proposition 2, dG?* /da? = 1 and the expression
for dG'*/da® shown in (A.5), imply dG*/da? = (1 +m?)\/(1 —0)/4m2 > 1 +m? > 1.
Hence, from (18a), we have dU*/da? = 1 — dG*/da® < 0. One can also show, using (17),
that U* = (a! + o?) [1 — \/(1 — o) m?], which implies lim,2_,, U* = a'.

Case 2. From the solution in this case where neither country is resource constrained (8b),
we have G* = 2G = 3(1—0) (a' +a?). Thus, (17) readily implies U* = (1 +0)(a! +a?)
and, therefore, dU*/da® = (1 4+ o) > 0, such that U* reaches a maximum (for o® €

[ao(0),al]) at a? = al, where U*| 2,1 = (1 + o)al. As shown in case 1 directly above,

! a maximum value of U*(a?) for a? € [0,ag(c)]. Thus, U*(a?) reaches a

maximum for all a? € (0, '] at o? = .57

limye2 ,oU* =«

Part (b): Sector-specific technology (H! = H? =1 and ! > $2).

Case 1. Proposition 5(a) has already shown that each country’s payoff, in this case, is
independent of 2. It follows immediately that the sum of their payoffs, U* = B![2 —
2(1 — 0)],, is also independent of 2.

Case 2. Recall from Proposition 5 that the technology leader always benefits from such
progress in this case (i.e., dU'/d3? > 0). Also recall that, while the laggard benefits
from increases in 32 under most circumstances, the possibility of immiserizing growth—i.e.,
dU?*/dB? < 0—cannot be ruled out. In fact, this is what happens for parameter pairs
(52, O’) in the magenta-colored region of panel (a) of Fig. 3. Hence, if efficiency falls at all
with increases in 32, it can do so only for a subset of parameters within this region.

We now prove that this is indeed the case when 3? is sufficiently small and the degree
in security is moderate. Noting that Z¢ = H* — G*, we use (A.18) in (18b) to rewrite this

effect as
7% 1 _
Zgz — 72 _ B 5312/\ o) [252¢2X2+0(51 _52) qSle]
+ (1XU) [261¢1X1 —0'(51 _52) ¢2X2} '

For o € [0, %), we find that

, o Bl(1-o)g' X!
limgz s0(0) gz = ms?\so(o) 52A x g g (o) [8° 2+ 0) = Blo].

Clearly, the first limit in the RHS of the above expression is strictly positive. Thus, the sign

57Observe further that there exists a value of o?, a = }jr—gocl (> ao(o) = ;%gal), such that U*(a?) >
lim,2_,, U* for all a? € (a, 041]. The range of a? values for which this last inequality holds expands as o

rises (i.e., da/do < 0).
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of limga\ g, dU* /d3? is determined by the sign of the second limit. Using the expression for
Bo(o) in (14), one can confirm that

1
lim A2 @2 +0) - plo] = b [1— 3+2(1—o 0}.
82\Bo(o) |8 (2+0) = Blo] R g ( (1-0))
The sign of the expression inside the brackets depends on the value of o. One can show
that this expression equals 0 if ¢ = o, previously defined as being equal to v/5 — 2 ~ 0.236,
and limga g, dU*/d3? § 0aso % o for o € [0,%

increases in (2 if the initial value of 5?2 is sufficiently close to By (¢) and the value of o is

). Consequently, efficiency falls with

moderate—or more precisely, o € (Q7 %))

Consider now values of o > % After some tedious algebra, one can show that

. du* : 1
sign hmﬁz_md—ﬁ2 =sign< 2 — 2

which is negative if o € (%,&), where as previously defined & = 1/v/2 ~ .707. Bringing
together these last two sets of results establishes that dU*/d3? < 0 when $? is initially close
to max{0, fp(0)} and o € (g,5), and thereby completes the proof. |
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B Additional Technical Details (Intended for Online Publication Only)

B.1 Proof of Proposition 5 Continued

Case 2, § = 32: We have shown that, when o € [0, 5], there exists at least one B € [0, 1)
such that dU?*/d3?| 32=3,,, = 0. To prove that B, is unique in this case, it suffices to show
that d*U?*/(df?)?|g2—p,,, > 0. For o € (5,1), we have dU**/d?|g2_,o > 0 and U*|g2_,¢ <
U2*]/32_>51. Thus, it is conceivable that dU?*/d3? < 0 for some values of 5% € [0, 81). But,
if this inequality were true, then, by the continuity of U%* in 32, there would exist a value
of 3%, labeled /3, that imples dU2*/dﬂ2\52:B/ = 0 and d?U?*/d (52)2 |p2=pr < 0. Clearly,
then, for any o € [0, 1), to prove that U?* is strictly quasi-convex in 32 all we need to do is
prove that d2U?*/d (62)2 |p2—p > 0 at any (' that solves
U2

dGl*
CMQ—Kl—@¢?+ﬂZ%—Bl<M¢)—O- (B.1)

As this expression shows, dU?*/d3? depends on dG1*/dB3?. Tt also depends on G?*/df3? and
the balance of power ¢™*/d3?. Hence, we reproduce (A.18) here for convenience, and also
calculate the influence of 5% on ¢!* using (A.15):

dGH (1-o0) [ﬁl (8" - B%) o' 2 + 2 (62)° ¢2*Z2*}

iz 52A >0 (B.2a)
JG2 (1-0)|2 (,81)2 ¢1*z1* . ﬂ2 (61 . 52) U¢2*22*

Tm = - [ A } <0 (B.Qb)
d¢1* B ¢1*¢2* [O‘ 4 (1 _ 0.) ¢1*] [0. 4 (1 _ 0.) ¢2*]

r Flo+2(1—0) oo™ =0 (B.2¢)

Clearly, dG'*/d3? in (B.2a) depends on 32 directly and indirectly through A (since A =
481 5%+ (ﬂl — 62)2 o2). Tt also depends indirectly on 32 through G** (because Z** = 1—G%™)
and through ¢™* for i = 1,2.

With these observations in mind, we can differentiate dU?*/df3? with respect to 4% and

rearrange terms appropriately to obtain

2072 RS AN .
22U -) [ dgl* g
AP, = 7 l(al/ﬂ)+ 2<d52>
R R’
AG\ () /4G
+F1<d52>”2<d52>’ (B3)

where defining

T = éZQ* [c+ (1—0)¢*] >0
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=

m=gx(1-0)o (ﬁ1)2 o™ 71 >0
M =1202% (BP0 [c+ (1 —0) ™| + B [2—0 [0+ (1—0)¢*]]) >0
- %261ﬁ2 € [%a 1] 9

Il
= >

p

the coefficients @y, @1, P9, 'y and I'y that appear in (B.3) can be shown to be given by

Pg=mg+m +m2>0 (B.4a)
_ oo (B! 201 _ 92\ 71
P = (=)o (B ;Jf 7) 2 <0 (B.4b)
Dy=(1-0)(1—-p)Z¥*>0 (B.4c)
2 *
P (1-o0)o (ﬁ1;21§51 — 52) ¢! >0 (B.Ad)
Iy=—[o+(1-0)¢*(1-p)] <O. (B.4e)

To ensure that (B.3) is evaluated at 32 = ', we have relied on the following transformations
of dU%*/d? = 0 in (B.1), using (B.2a):
2A 1— 25 ZQ*
1 = Falo+ 0 -0)¢™] (B.5a)
A1 — o) [51 (B! — B2) cp* 21 + 2 (B2)> ¢2*Z2*]

(51)2 (51 _ 52) (1—0)opt*Zt
B2A[o + (1 — o) ¢*p ‘

In particular, we relied on the above relationships to obtain ®q in (B.4a).

zZ* (B.5b)

Inspection of (B.3) reveals that the last two terms on the first line are negative, while
all other terms are positive. Noting that d¢?> = —d¢!, we can use the definitions of ®; and
@, in (B.4), (B.5b), and the value of d¢'*/dS? in (B.2¢) to find

g™ 2 [0+ (1= 0)p) (do*
-2 () ooy 0" (=)

7% [0+ (1-0) "] [0+ (1-0)¢*] o + (1—0)
FPlot+2(1—0) v |

Since 7, and w9 in ®( are positive, to establish d2U2*/d (B2)2

) ~0
/32:5/

After some straightforward algebra that uses the definition of 7y, one can show that the

> ( it suffices to prove
52:51
d¢1*

7T0+((I>1 —(I)Q) <d52
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above inequality holds true if the following inequality is satisfied:

o+ (1-0)o"] o+ (L-0)m]

! o+ 2(1— o) o7 o>

> 0.

But the LHS of the above inequality can be rewritten as

o[l —¢* [0+ (1 —a)m¢*]]+ (1 —0) (2 — 0 —m) ¢'*¢*]
[0+2(1—0) "¢

> 0,

which is clearly positive, as needed. l.

Case 2, § = o: To establish that U?* is strictly quasi-concave in o € (max{og (52) ,0},1),
we follow the procedure employed above in establishing the strict quasi-convexity of U?* in
B2 and prove that d2U2*/d02}UZU, < 0 at any ¢’ in that range that solves dU?*/do = 0.

Recalling the definition of X = D =12 BY(1—G") and from (1) that ¢2,, = ¢*¢*/G? and
¢2G1 = —¢l¢?/G!, differentiation of (A.23) with respect to o yields

¢1*¢2*X* dGQ* B Bli dGl*
G2+ do do \ do )~

d2 U2*
do?

— /81¢2*—|—

¢1*¢2*X* dGl* 9 1
G do Fro +
Using the countries’ FOCs with the expressions for q%k for k = 1,2 shown above, which
imply
BGH [a +(1—-o0) d)”] _
(1-0)¢¢iX ’

we can simplify the expressions inside the square brackets of d?U?*/do? as

Gi*

ﬁiGi* [0. 4 (1 _ 0.) ¢z*] B le
(1 —0) i X+ 1

— 0

This allows us to rewrite d2U?*/do? as

d22>s< 1d1>k 2d2>(< ddl*
v pde g7 4G _ 1<G > (B.6)

do?2  1—-0 do 1-o0 do do \ do

where dG* /do (i = 1,2 at a fully interior optimum) is shown in (A.24). Note from that
expression that dG%* /do depends on o directly and indirectly through the impact of o on A.
It also depends indirectly on ¢ through G* = Zi:m G™. Accordingly, to find an expression
for %(dGl*/da) (i.e., the last term of the RHS of (B.6)), we decompose it as follows:

i dG _ﬁ dGle* +dG1*/d0 dG*
do \ do )] 9o\ do '

= (B.7)

_ Yk
dG*=0 G
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To obtain the direct effect (the first term in (B.7)), we partially differentiate (A.24):
9 dG
Jo \ do

The indirect effect (i.e., the second term in (B.7)) can be found by noting that dG*/do =

>, dG* /do. Then, tedious algebra using (A.24) with (B.7) and the expression for the direct

effect allows us write (B.6) as

d2U2* B Gﬂl (Bl _ ﬁ2) (1 _ O‘) dGl* dGZ* <0
MQ__@B@—wLﬂ%ﬂ<M ®>_'

R S P C e NS k) 2(8' - 8%)°0(1-0)] dG**
gGeo 1—o| 281 (B1—pYo A do

It should now be easy for one to confirm that op,.x = arg max, U is unique and that: (i)
Omax = 00(B%) when 32 € [0, B]; (ii) omax € (00(3),1) when 3 € (Q,B) where § ~ 0.6183';
and (iii) dU?* /do > 0 for all o € [0,1) when 8% € [, B']. |-

B.2 Differences in the Military-Use Technology

In what follows, we fill in some of the technical details concerning the extension that sup-
poses the two countries possess different military technologies as described in Section 5.1.
Applying the implicit function theorem to (19), we can identify the influence of 4/ and o

on the equilibrium distribution of power:

d¢” = o+2(1—0)¢ipi

[~ (¢" +0¢!) (09" + &) dy + (¢ — ¢/ )do] (B.8)

for i,7 € {1,2}, i # j.% Consistent with our claims in the main text, this expression
establishes that d¢™*/dy/ < 0 and sign{d¢™* /do} = sign{¢’ — ¢/} for i # j. Thus, an im-
provement in the rival’s military technology reduces a country’s power, and an improvement
in the degree of output security raises (reduces) the power of the leader (laggard).
Turning to the effects of 47 and o on g*, we differentiate (20b) to show
_ o (=)
dg* Ho (1—0?) (¢" — ¢7) (do™ /dr7?)

dvi o+ 2(1— 0)gigh]? (B.92)
VR (+) o W

g (PP 20020 o (1= ) (o = ) (Ao o))

do — o+ 2(1= )52 '

(B.9b)

Since d¢™ /dy’ < 0, equation (B.9a) implies sign{dg*/dy’} = —sign{¢’ — ¢/}. Thus, the

aggregate quantity of resources diverted from butter production rises when the laggard’s

58We have omitted the asterisk from the variables on the RHS of (B.8) to avoid clutter.
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military technology improves, but falls when the leader’s military technology improves. As
for the effects of an increase in o shown in (B.9b), observe that the first bracketed term in
the numerator is positive, because 1 + o2 — 2 (1 — 0)2 d'¢pl > 1 —2¢'¢? > 0. In addition,
since sign{d¢** /do} = sign{¢’ — ¢’}, the second bracketed term of the numerator on the
RHS is positive as well, implying that dg*/do < 0. Accordingly, security enhancements
induce greater aggregate butter production.

Our analysis above in connection with (B.8) showed that an increase in 4/ causes the
ratio G*/G7* (= (v'g™) /(79 ¢7*)) to fall. To understand the drivers of this change, we now
turn to study the dependence of ¢g** and ¢g/* on 47. Differentiating ¢* and ¢g7* in (20a) with
respect to ¢°, while using (B.8), gives

dg™/dy) (9" +0¢7) (0¢' + &) | (1 —0) ¢'¢ n o (¢' —¢)

] : (B.10a)

gt/ o+ 2(1—o)¢igd o¢' + ¢ o+2(1—0)p'¢l
d i) _ (6 +00) (00 +8) [ (=) | a-9) | oo
g/ o421 -0)didd o¢'+¢I o+ 2L-0)p'dl | '

respectively. To fix ideas, let us focus on ¢ = 1 as the leader and j = 2 as the laggard. Then,
from (B.10a), the result that the leader is more powerful in equilibrium (i.e., ¢** > ¢**)
implies that dg'* /dy? > 0. Turning to the effect on the laggard’s allocation to conflict, it
suffices to consider the expression inside the brackets on the RHS of (B.10b). First, observe
that ¢?* is in the neighborhood of 0 and thus ¢'* is in the neighborhood of 1, when ~?
is sufficiently small. Therefore, the first term of the bracketed expression approaches 0,
whereas the second term approaches 1. Clearly, then, dg?*/dy? > 0 in this limit; but, this
allocation rises less than proportionately in relation to g'* to cause ¢'* to rise. Second,
note that, when v2 — ~!, ¢** approaches % from below, while ¢™* approaches % from above.
Thus, the first term inside the brackets on the RHS of (B.10b) converges to —ﬁ <0,
whereas the second expression converges to 0; therefore, lim.2_,1 (de* / d72) < 0, again
causing ¢'* to rise.%

With our previous findings as well as the expressions shown in (B.10), we can now
examine the effects of improvements in the laggard’s technology on global efficiency and
payoffs. Since U = U' +U? = X and dX*/dy? = —dg*/dy? < 0, global efficiency falls with
increases in 47.0 To identify the effect of 42 on the laggard’s payoff, we differentiate U?

appropriately and invoke the implicit function theorem to find

(+)
2 7 9"\ dy2

59We can study the dependence of g>* on 4% in more detail but this is unnecessary for our purposes here.
"*The implication of (B.9a) that dg*/dy" < 0 implies, as noted in the text, that global efficiency would
rise if the leader experienced a improvement in its military technology (y* 1).
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_ (g ) { (1=0) X6 [(1 IEPNCE a;fww] (dgl*/ah?) }

gl g 9"/
1 d 1x d 2
- (@) (5)
gl 9"/
The third line in the above equation was obtained by using courEtry 1’S)F OC in the expres-
gl ¢1+0'¢2

Y lo+2(1-0)¢'¢?]"
apply (B.10a) for i =1 (and j = 2) to the above expression and simplify to find:

o (¢1 _ ¢2) (0.¢1 +¢2)
o+ 2(1— )92

o(1+40)¢?
o+ 2(1—0)91 5

sions in the second line and simplifying. Now, define = = Then, one can

dU2*
d?

= E [(1 —0)¢ld’ +o -

= = [(1 —0)prp? + ] > 0.

Clearly, then, the direct (and positive) effect of v on the laggard’s payoff dominates the
strategic (and negative) effect, such that laggard would always be willing to accept a military
technology transfer. However, as argued in the text, since U* = U*+U?* and dU* /dy? < 0,
the finding that dU?*/dy? > 0 implies dU'*/dy? < 0; thus, the leader would never offer the
laggard access to its superior military technology.

Let us briefly discuss the effects of security improvements. First, our previous results
that dU*/do = dX*/do and dX*/do = —dg*/do < 0 imply dU*/do > 0. Second, it is
very easy to show, using the FOC for country 2 at an interior solution, that dU'*/do =
X — ¢ X* — dg* /do for i,j € {1,2},i # j. Interestingly, we can show that the laggard’s
payoff (i = 2) is increasing in security o for all ¥2 € [0,7!). The leader’s payoff (i = 1) is
also increasing in ¢ if the technological distance in military technologies between the two
countries is sufficiently small; however, if this distance is large enough, then the payoff of

the leader ¢ = 1 falls at sufficiently high levels of o.

B.3 Complementary Inputs in Butter Production

In this section, we provide some technical details underlying the extension in Section 5.2,
where we considered the presence of a complementary (and fixed) input in the production of
butter, that gives rise to diminishing returns in human capital (H® = of, with 8! = 5% = 1).
In what follows, we take an alternative approach to study the equilibrium in the arming
subgame. This approach involves a transformation of the system of equations, Uéi =0
for i = 1,2 using (3”), and turns the focus to the equilibrium values of the countries’
appropriative share of contested butter and their contributive shares to the production
of contested butter. As before, ¢' identifies country i’s appropriative share. Country i’s
contributive share is given by 1’ = X?/X, where as previously defined X* = (o’ — G%)" for
i=1,2, X = X'+ X2 and n denotes the elasticity butter output with respective to human

capital.
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Applying this definition of ¥ while recalling that ¢%,, = ¢'¢’/G*, we can rewrite (3")
in the text as
G noi
G' ot -G

ULi =0 = - =0, i,j€{1,2},i#j. (B.11)

Now observe the following: First, the definitions of 1¢, MBZ, and MC&v allow us to focus
on the laggard’s relative marginal benefit and its relative marginal cost as functions of the
contributive and appropriative shares;: MBZ/MB} = G'/G* = ¢' /¢* and MCZ/MCL =
(62/61) (v /92) " " which lead to

MBE  MCL 61 [P\ (UM T
S (v?,¢%n) = MBZ - Mcg abhe <¢1> <¢2> =0 (B.12)

and which, of course, holds true in equilibrium. Second, we can solve for G* from (B.11)

to obtain G* = (bjoif;/ﬂ <a' (i,5 € {1,2},i # j). Then, using the fact that G'/G7 = ¢ /¢
with the just derived solutions for guns enables us to obtain a second relationship,

1 L2 (! + nyp?)

T (g, g% a2m) =2 _ & —0 B.13

(¥% ¢%, 0% n) 02 a2l (¢ + nyl) ’ (B.13)

which also holds true in equilibrium for n € (0,1). Since ¥' = 1 —¢? and ¢! = 1 — ¢?,

the system of equations in (B.12) and (B.13) defines the equilibrium values of 2 and ¢

implicitly as functions of countries’ general-purpose technologies and the elasticity of butter
production with respect to human capital and helps us to characterize the equilibrium of the
arming subgame, which is shown below to be unique.”" To proceed, we study the properties
of S(-) =0and T () = 0. Henceforth, we refer to these relationships as schedules S and T,
respectively.

Starting with schedule S in (B.12) that defines ¢? implicitly as a function of ¢?, one
can verify limg_,o ¥%()|o_, = 0 while lim, 1 ¥?(-)|._, = 3 for any n € (0,1).7? Fur-
thermore, sincz MB?Z, /M}Bfgois decreasing in¢¢;;nd ]\46‘%_/(}\/[(/%2 is increasing in ¢?, Sg2 <0
holds. Similarly, it is easy to confirm that MCZ/MC{, is decreasing in ¢? while MBZ /MB},
is independent of 12, such that Sy2 > 0 holds. Bringing these two results together, we have
that, for any given n € (0,1), dip*/d¢?|s—o = —Sy2/Sy2 > 0, which is akin to a form of

complementarity. Provided ¢? € (0, %), the range of wQ(-)‘ 5o €quals (0, %)

"'With the solutions for G for ¢ = 1,2 shown above, we can characterize equilibrium arming. For our
purposes, however, it suffices to focus on the equilibrium shares.

"20One can also show that ¢? — 1 would imply ? — 1 along schedule S. In fact, since the only source
of asymmetry in the model is due to differences in general-purpose technologies (o' and o) and these
technologies do not appear in S(-) = 0, this schedule is symmetric across countries. Here, we confine our
attention to values of ¢ and %2 in (0, %) because, as we will see shortly, that is the range of equilibrium
values when o? € (0,at).
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Next we explore how the laggard’s contributive and appropriative shares compare along
schedule S. Here is where the value of elasticity n comes into play. We will show that
P2 ()] s=0 § ¢* as n % %, for any ¢? € (0, 3). Thus, in the special case of n = %, W(-)\SZO
is linear in ¢%. We will also show that n > % (resp., n < %) implies 1/)2(-)‘5:0 is strictly
convex (resp., concave) in ¢?. These properties prove helpful in characterizing the leader’s
willingness to offer a general-purpose technology transfers to the laggard.

Maintaining a focus on values of ¢? € (0, %) (which ensures ¢! > ¢? and ¢! > 12 along
schedule S), one can easily confirm from the expression for MCZ/MC}, (i = 1,2) that a
decrease in n raises the laggard’s marginal cost of arming relative to the technology leader’s

corresponding marginal cost:

9 (MCE/MC) [on In(ypt/4?)

= < 0.
MC%/MCE, n?

In turn, it follows from schedule S in (B.12) that S, > 0. Because Sy2 > 0 as already
established, we have dy?/dn|s—g = —Sn/Sy2 < 0. In short, a reduction in the elasticity of
human capital in butter production n brings about an increase in the laggard’s contributive
share 92, for any given ¢? € (0, %), along schedule S.

Next, define z = (¢!/¢?)(1=3"/(1=") and note that, because ¢'/p> > 1 for any ¢* €

0,3), n % % implies 2 § 1. Now observe from (B.12) that

2n
2 I\ " 1-n 2 2
v <¢> _ P,
/o
Using the fact that ¢! = 1 — ¢? allows us to transform the last equality shown above as
1—?/¢? = (1 —2)/ (1 + z¢2/¢1). Hence, n % % implies ¢? % ¥?|5—0. In addition, we
can again use the fact that 1! = 1 — ¢? with the second equality above to find an explicit
solution for 12|s—g: ¥?|s=0 = [1 + (qﬁl/qﬁ?)%]_l. Keeping in mind that ¢! = 1 — ¢?, we

differentiate v?|s—g twice with respect to ¢ to arrive at

ign { i
(d6?)?

}:sin ¢* —p? + 3 (n_;)(;(_ﬂwz)
5=0 & I—n 372 '

With our focus on values of ¢? € (0, %), an application of the finding that ¢ % V?|s—pasn =
% to the RHS of the above expression allows us to infer that n % % implies d?¢? /(d¢?)?|s—o

0, as claimed above.” The important insight here is that the elasticity of butter with

AIIVA

respect to human capital n shapes the equilibrium relationship between the contributive

and appropriative shares governed by schedule S.

"Inspection of the above equation also reveals that limyz_,,(d*¢/(d¢®)*|s=0) = 0, which signals the
presence of an inflection point.
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For clarity, we illustrate the functions 2 (¢2, n) |s=0 associated with schedule S in panel

(a) of Fig. B.1 for three values of n: n = %, n' > %, and n” < % This panel also illustrates

the following noteworthy features of schedule S:

(a) limge o (? (-)|S:0) /$* =0 when n > 1.

(b) limgz_yo (¢ (-)|4_y) /¢* = 00 when n < 3.

(c) lim g2, (¢2 (')|S:0) /$? =1 when n = é
Once again, these features have useful implications for the payoff effects of the laggard’s
general-purpose technology. However, before getting to those implications, we need to
characterize the properties of schedule T

Schedule T shown in (B.13) implicitly defines the second relationship between 12 and
#? that also arises in equilibrium. Partial differentiation of T'() gives
1 2
T = ) (Lo ) <o

1 1
Ty = —n(¢'/¢?) <¢2+nw1+¢1+nw2><0

qbll/il o ¢2¢2
el e = R L
T, = ¢1/2¢2 >0
(0%

From the above, one can see that dy?/d¢?|p—g = —Ty2/Ty2 < 0; therefore, schedule T is
downward sloping as shown in the panels of Fig. B.1. In view of the symmetric structure
of schedule T', it should be clear that 9% = ¢? = % is a point on the schedule when a? = o'.
Given that T,» > 0 and our focus on a? € (0,a'), it should also be clear that schedule T

™ These properties

cuts the upper horizontal axis (i.e., where ¢? = %) at some point ¢? < %
of schedule T together with the fact that schedule S is upward sloping imply that, for any
given o € (0,a!), these schedules will cross each other at a unique point, the equilibrium
shares (¢2*, ¢2*) < (%, %) Since ¢ > ¢p2*4h?* at this equilibrium, we will have T}, > 0;
therefore, reductions in n shift schedule T' leftward. Panel (a) in Fig. B.1 illustrates the
equilibria that are associated with alternative values of n.

Let us now study the effects of improvements in the laggard’s general-purpose technology
(a? 1) perhaps due to a technology transfer. Observe that, while schedule S is independent
of o2, T,2 > 0. Since an increase in o? effectively reduces the laggard’s relative marginal
cost of producing guns, an improvement in the laggard’s general-purpose technology implies
a larger value of ¢? for each value of )% along that curve. This effect is illustrated in panels

(b) and (c) of Fig. B.1. In panel (b) assuming n > %, the associated equilibria are depicted

"0n a more technical note, observe that the partial derivatives of T'(-) shown above make economic sense
only for ¢* € (¢°, $*), where ¢* = ¢*(1)|7=0 < ¢ = ¢”(0)|7=o along schedule 7.
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by points B, B’ and B”; and in panel (c) where n < %, the associated equilibria are depicted
by points C, C" and C”. Importantly, in both cases, these productivity improvements induce
the laggard to increase both its equilibrium appropriative (¢?*) and its contributive (1)%*)
shares. However, there is an important difference. When n > % (panel (b)), the laggard’s
contributive share rises relative to its appropriative share (i.e., 1/>* /¢?* 1) due to the strict
convexity of 1[)2‘ g In ¢? (i.e., schedule S) discussed earlier. In contrast, when n < %
(panel (c)), the ratio 1)%* /¢?* falls due to the strict concavity of schedule S. These findings
play key roles in the welfare analysis below.

As in the baseline model where n = 1, an improvement in the laggard’s general-purpose
technology (a? 1) generates a positive direct payoff effect and an adverse strategic payoff
effect for each side. Focusing on the leader, differentiation of its payoff with respect to o2,
while using the laggard’s FOC for arming, delivers

dUY /da? 1

o = g (@7 — dGT/da’]. (B.14)

The first term inside the brackets is associated with the direct effect and the second term
with the indirect effect noed above. It is a straightforward to show that
dGQ* B ¢l* (1 —n4+ ’I?ﬂ,bQ*)

da? (1 —n)¢l* + 2nyh2* >0, (B.15)

thereby confirming the point that the strategic effect of increasing o on U* is negative. The
key question here is how these conflicting payoff effects compare to each other. Substituting
(B.15) into (B.14) and simplifying the resulting expression allows us to recalculate the net

effect as follows:

dUY /da? B o 1 1 —n+nyp?
T - & e
_ n¢1*¢2* w2* 1—n
- e T ) (B10)

Clearly, the sign of the net effect of o on the leader’s payoff depends on how the ratio of
its contributive share over its appropriative share (i.e., 1**/$**) compares with the ratio
of elasticities in butter associated with the complementary input and human capital (i.e.,
(1 —n) /n). Ceteris paribus, the more extensive the laggard’s use of the general-purpose
technology and its resources in the production of butter, as compared to the production of
guns, the more likely that the leader will find a technology transfer appealing. This is so
because increases in 1?*/$?* tend to reduce the intensity of the adverse strategic effect of
arming. But, there is another side to this. The lower is the value of n, the stronger is the

laggard’s arming response to increases in o?.
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To dig deeper, suppose n = % (so that 177" = 2 in (B.16)) and recall from our analysis
of schedule S that 1)?* = ¢>* in this case. Since dU/da? < 0 for all o? € (0,a'), the
technology leader now finds general-purpose technology transfers unappealing. Note that
this stands in sharp contrast to the related result in the baseline model.

Next, fix n at some level in [%, 1), so that 177" € (0, 1], as indicated by the slope of the
green dashed-line ray from the origin in panel (b) of Fig. B.1. Now let o rise gradually
from very low levels all the way to a!, so that the equilibrium moves from point O, to
points B, B/, B” and eventually to point O’ on schedule S. At low levels of a2 the sign
of dUY*/da? is negative. However, when a? becomes sufficiently large, dU'*/da? becomes

positive. This suggests that U'* is U-shaped in o when n € [%, 1). Interestingly, if we
11
302
1, and U™ would unambiguously decrease with increases in a? throughout its domain.

Turning to n € (0, %), which implies 1)? (¢2, n)
2

considered values of n € (3, 3], so that = € (1, 2], the slope of the green ray would exceed

‘ g_p 1s strictly concave in ¢? as shown in

panel (c) of Fig. B.1, successive increases in o® now shift the equilibrium from point O to

points C, C’, C" and eventually to point O’ on schedule S. In this case, at very low levels
of ?, the ratio ¥?*/¢?* starts at high values (> an)v crosses 177", and eventually falls to
1. Thus, U™ falls for most values of o2, as illustrated in panel (c) of Fig. 5 in the text.
It is conceivable that U'* rises with increases in o at sufficiently low levels of o2, In this
case (not shown in Fig. 5(c)), U™ would attain a maximum. However, numerical analysis

of the model reveals that this possibility arises only when n is extremely low.
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Figure B.1: The Effects of Changes in General-Purpose Technology and the Elasticity of
Human Capital in Butter Production on Equilibrium Shares.
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