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Abstract

This paper analyzes the incentives for governments to impose export subsidies when firms
invest in a cost saving technology before market competition. Governments first impose an
export subsidy or a tax. After observing export policy, firms invest in cost reducing R&D and
subsequently compete in the market. Governments subsidize exports under Cournot
competition. Under Bertrand competition, export subsidies are positive whenever R&D is
sufficiently cost-effective at reducing marginal costs, and negative otherwise. The trade
policy reversal found in models without endogenous sunk costs disappears if R&D is
sufficiently cost-effective. Thus, output subsidies seem more robust than implied by the
recent literature.

JEL Classification: F12, F13, L13.

Keywords: Product Differentiation, Strategic Trade Policy, Policy Reversals, R&D.



1 Introduction

Since Eaton and Grossman (1986), one of the major criticisms of the strategic
trade literature has been its non-robustness to the mode of market competi-
tion. If trade policy is sensitive to the choice of strategic variable by firms
and governments are uncertain about the mode of competition then strategic
trade policy can be more harmful than beneficial. In this paper, we analyze
export subsidies when firms invest in cost-reducing R&D before the market
competition stage. Governments choose export subsidies first. After observing
governments’ choice, firms invest in R&D and then compete in a third market
(in prices or quantities). We find that for sufficiently cost effective R&D'! gov-
ernments subsidize exports independently of the mode of competition. This
suggests that export subsidies are more robust to the type of the market com-
petition than implied by the recent literature.

Several authors have studied the robustness of strategic trade policy using
two kinds of models. In the first kind, in a two-stage game, governments first
commit to output subsidies and then firms compete in the market. Using this
approach Brander and Spencer (1985) show that the optimal trade policy is
an export subsidy under Cournot competition. Eaton and Grossman (1986),
however, show that the optimal strategic trade policy reverses to an export
tax if firms compete in prices.? This policy reversal highlights the lack of
robustness of strategic trade policy when governments are uncertain about the
mode of competition.

In the second kind of models, actions are chosen in a three-stage game:
governments first commit to a policy, firms then invest in R&D and later com-
pete in the market. In such models, investing in a strategic variable before the
market competition stage captures entry barriers, a feature that is fundamental
to oligopolistic market structures (see Sutton, 1991). A further appeal of these
models is that they capture firm commitment to a strategic variable before the
competition stage (Grossman, 1988). If firms can make sunk investments be-
fore the market competition stage then governments have two instruments at
their disposal: output and R&D subsidies. If governments use only R&D policy
Bagwell and Staiger (1994) show that governments subsidize R&D under both
Cournot and Bertrand Competition.> Based on this, Brander (1995) suggests

!'We refer to the cost-effectiveness of R&D as the effect of R&D on marginal costs relative
to the cost of investing in R&D.

2The reversal in the optimal export policy is explained by the fact that outputs are strate-
gic substitutes and prices are strategic complements. See Brander (1995) for a discussion on
this.

3Spencer and Brander (1983) had shown the optimality of R&D subsidies under Cournot
competition. Bagwell and Staiger (1994) develop a model where the effect of R&D investment
is stochastic. In the case where R&D reduces the mean but does not affect the variance of
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that R&D subsidies seem more robust than output subsidies. Neary and Leahy
(2000), however, dispute Brander’s claim.* They show that when governments
use two instruments (an output and a R&D subsidy at the same time) then
both instruments are not robust to the nature of market competition.”

This paper adds another argument against the claim that R&D subsidies
are more robust than output subsidies. If governments only subsidize exports
and firms invest in R&D (before competing in the market), we show that the
optimal trade policy is an export subsidy under both Cournot and Bertrand
competition, provided R&D is sufficiently cost-effective. This means that out-
put policy is more robust than previously considered by the literature. This is
true especially in industries where the marginal cost of R&D is not too high
relative to its effect on process innovation.

The papers closest to ours are Spencer and Brander (1983) and Neary and
Leahy (2000). Spencer and Brander (1983) show that governments impose
an output subsidy under Cournot competition when firms can invest in R&D
before competing in the market. They analyze two cases that are different to
ours. First, they show the optimality of output subsidies if they are set by
governments after firms decide their R&D investment. Second, they show that
output subsidies are optimal if they are set jointly with R&D subsidies before
R&D is chosen by firms. In the first part of our paper, we extend their results
to the case when R&D subsidies are not available and the government chooses
output subsidies before firms invest in R&D.

In a numerical simulation, Neary and Leahy (2000) show that if govern-
ments only use output subsidies then the Eaton and Grossman trade policy
reversal from Cournot to Bertrand competition is still observed when firms in-
vest in R&D before the market competition stage. In this paper, we show that
their result holds only when R&D is relatively ineffective at reducing marginal
costs. Our result becomes clear once one realizes that the effect of R&D on
profits depends on the level of output. Due to output expansion, an export
subsidy increases the ability of domestic R&D to shift profits from the foreign

costs (the closest case to deterministic R&D), they find that R&D should be subsidized under
both Cournot and Bertrand competition. Maggi (1996) finds a similar result in a model where
firms invest in capacities (instead of R&D) before the competition stage. The optimal policy
in his model is to subsidize capacities.

1See Neary and Leahy (2000), page 505.

®Neary and Leahy (2000) show that under Cournot competition governments subsidize ex-
ports and tax R&D, a result found in Spencer and Brander (1983). However, under Bertrand
competition, governments will tax exports and subsidize R&D. The intuition is that gov-
ernments use export policy to shift profits from foreign firms (as in models without R&D)
and use R&D policy to correct the distortion on R&D generated by the strategic behavior
of firms. Therefore, if governments use two instruments, strategic policy in the presence of
R&D is no longer robust to changes in the mode of competition.
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firm. Output expansion, due to the output subsidy, occurs under both Cournot
and Bertrand competition. Therefore, only looking at R&D, governments have
the incentive to subsidize exports both under price and quantity competition.

The sign of the optimal policy depends upon the net effect of the export
subsidy on the R&D and the market competition stage. In a model without
R&D, the sign of the strategic trade policy depends on the strategic comple-
mentarity or substitutability of the variables chosen by firms in the market
competition stage. Under R&D and Cournot competition, a unilateral ex-
port subsidy increases welfare both through its effect on R&D and on output.
This means that governments want to subsidize exports (Spencer and Brander,
1983). Under Bertrand competition, however, the two effects have the opposite
sign. If R&D is sufficiently cost effective then R&D will be relatively elastic
with respect to an export subsidy. This high elasticity of R&D will make the
effect of the output subsidy on the R&D stage stronger than the effect on
the price competition stage. In this case, governments subsidize output under
Bertrand competition. Conversely, if R&D is not sufficiently cost-effective then
the effect of an output subsidy on the price competition stage dominates the
effect on the R&D stage and the optimal policy under Bertrand competition
is an output tax.

We use the standard third country model of strategic trade as in Spencer
and Brander (1983). Two firms, one located in each country, produce a dif-
ferentiated good which is exported to a third country. There is no domes-
tic consumption and welfare is measured as producer surplus (profits) net of
subsidy costs.® In a three stage game of complete information, the domestic
government first sets an output subsidy s'. This is followed by both firms si-
multaneously deciding their investment in cost-reducing R&D (A? and A7). In
the third stage, firms compete in the product market simultaneously choosing
quantities, or prices. We also assume that governments commit to an export
subsidy while firms commit to their investment in R&D.

We proceed as follows: in section 2 we analyze output subsidies under
Cournot competition. In section 3 we perform the same analysis under Bertrand
competition. Section 4 presents a numerical simulation that highlights the ef-
fect of the convexity of the cost of R&D on the optimal trade policy. Section
5 concludes.

SPublic funds may have an opportunity cost bigger than one (as in Neary [1994]). We
abstract from this issue in this analysis.
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2 Cournot Competition

In the first stage of the game, government 1 chooses an export subsidy. Then
firms choose R&D investment. Qutput is chosen in the third stage of the game.
R&D investment generates a process innovation of size A’ (by firm ), imposing
a monetary cost of ¢(A?) upon the firm. The monetary cost is increasing and
convex in the extent of process innovation and reduces total and marginal costs
of production. Denoting firms by superscripts and derivatives by subscripts
these assumptions translate into:

» aC (xt, AY) ~ 02C (xt, AY)
ci = 28 2) g =222y 1
A BYN = AA — 9 (AZ) ( )
. 920 (2#, AY)
oo ClEA)
o obds "
¢i(A") > 0, ii(AY) >0

The choice of R&D investment is irreversible and simultaneous for both firms.
We assume that goods are imperfect substitutes and that the own-price effect
dominates the cross-price effect:”

op'(a’, x7) _w (2, 27)
oz’ oxJ

<0 (2)

We also assume the following about revenues R'(z%,27) = z'p’ (2, 27):

) . . 2, 0 ( 00 ] (NGRS |
R;i(ﬂfl,xj) — 8p($ 7;‘ )+28p (ZL‘,QZ‘ ) <0 (3)
9 (%) oz’
i (0 0% (2, 27)
R]J(x 7:1:]) = o (.TJ)2 (4)
WY, Op'(at,2%)  0p'(a’,a))
v (2t 2d = v
UCEES S T TR 0 (5)

Assumption (3) states that the revenue is concave in own quantity, and is
satisfied by demand functions that are not too convex. Assumption (4) states
that revenue decreases (at a decreasing rate) with an increase in the other
firm’s output. This is true in particular for linear demands. Lastly, (5) states
that an increase in sales of one good decreases marginal revenue of the other
(again satisfied in the case of a linear demand).

"Strictly speaking, the condition for the own price effect to dominate the cross price

. 15 Z(m’ zj) 2 15 7(1" Ij> 2 . . .
effect is (%) < (paTi’) . In this paper we restrict our attention to the case of
imperfect substitutes, that is % <0.
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Suppose that government 1 subsidizes exports giving a per-unit output
subsidy, s!, to its domestic firm. The profit function of firm 1 and firm 2 can
then be written as,

(2t 22, Al sty = RYat 2?) — CY(at, AL) — ¢(AY) + stat
= II'(zh, 2% AY) + sta!
(s, 2%, A7) = I2(s 2%, A7) = R2(a!a?) - C2(a, &%) - (&)

The net domestic benefit of country 1 is simply the profit of the domestic firm
minus the cost of the subsidy,

Bl(sl) — ﬁl(xl,xz,Al,sl) . 81131 —_ H1($1,$2,A1)

2.1 Final Stage: Quantity Competition

In the final stage, firms choose output, #, to maximize profits, IT*(z!, 2, A?, s1).
The first order condition for the two firms gives us the following expressions:

] = Ri(z!,2%) — Cl(z}, AN +s' =0 (6)

I3 = R3(z',2%) - C3(a?,A%) = 0 (7)

with second order condition:®

We assume that the second order condition is always satisfied.” Note that
assumption (5) implies that quantities are strategic substitutes, and therefore
output reaction functions are negatively sloped.

For later use we need to assume that the own effect of output on marginal
profit is stronger (greater in absolute value) than the cross effect, that is,
f[;l < ﬁﬁj. This then implies that:

1:1%11:[%2 - 1:[%21:[%2 >0 9)

The solution of the two equations in (6) gives us equilibrium outputs (as
a function of R&D levels chosen in the second stage and the output subsidy
chosen by government 1 in the first stage):

Note that IT}; = IT}; and II}; = II}; are the same as under free trade.
9This will be satisfied if marginal costs are increasing or do not decrease faster than
marginal revenue.
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Totally differentiating the two first order conditions (6) and (7) we obtain
the effect of R&D on output (keeping the output subsidy constant):

y o dzt .ci .cCi
Tai(A' A, 5) = dAT Ty *j” - i pi T *j” m*j — >0 (10)
1L, — Ry Ry ILGIL, — 15,10,
G (AL AT gy et -RLCLy STILOIA 0 11
INIC ’8)_dAj_ﬁz‘ﬁj J R [EIF. — TP.0T0 < (11)
Ly — Rty 11, — 51T,

where the inequalities come from (1), (5) and (8). The intuition is straightfor-
ward: an increase in R&D expenditure reduces the marginal cost of production
and thus shifts out the reaction curve of firm ¢. Given that reaction functions
are downward sloping, this implies that firm ¢ produces more output while firm
4 produces less. The effect of the subsidy (s!) on output is also determined by
the effect the output subsidy has on R&D of both firms. Keeping R&D levels
A' and A? fixed, the partial effects are,

13

—1 1 2 1 22

Al A2 s - >0 12

qsl( )}Al,AZ constant th% _ R%QR:{Q ( )
R? 2

2 1 2 1 12 12

ql(AuAvs) 1 A2 constant  T71 T3 = == s — <0

s 218 ot = T, — R, TT1, - 5T, o

The partial effects state that own output is increasing in own (subsidy) and
decreasing in the other subsidy. However, R&D levels are influenced by the
choice of output subsidies. Therefore, the total effect of a change in s! should
take this into account. (Expressions for (1;1 and (ﬁl above would be relevant if
output subsidies are chosen after R&D levels are set.)

2.2 R&D investment

In the R&D (i.e. second) stage, we can rewrite the profit of a firm as a function
of R&D and output subsidies:

ﬁi(AiaAj781) = ﬁi(q_i(AiaAjaSl)aqj(Ai7Ajasl)7Aiasl)
= R(¢,¢)-C(q,A) - ¢'(A) +5'¢

The first order condition for a Nash equilibrium in the choice of R&D is given
by the same first order condition as in the case of free trade:
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With the second order condition,

. AR (2", 27)

ﬁiAiAi(Aiy Aj, 51) = R;quzAz+qJAz - ;AQIAZ _CiAA_Qb%i <0. (15)

dA?
AR @a) _ pi (i 2d)gi, + Rl (2, 29,
Where, —L+ R (x', 27 )qy: + Ry (2", 27)qh: < 0 (by (4), (5), (10) and
(11)) and ¢\, T i gi, > 0.10

We now assume a condition similar to (9). It refers to the effect of R&D
on profits. Again, assuming that own effect of R&D on marginal profits is
stronger (bigger in absolute value) than the cross effect (i.e. @\, < Thins)
we get

TAiATAIAT — TAiniTAins > 0.
Note that using (1), (2), (4), (5), (10), (11) and the assumption that marginal
costs are constant with respect to output (so that q‘JN N 0), gives us

m = @y (Rl 2))d, + Rij(a',09)d), ) — Ciadh, < 0. (16)

Thus, R&D expenditures are strategic substitutes and R&D reaction functions
are negatively sloped.

To understand (16), notice that firm i sets its R&D A’ to satisfy (14).
An infinitesimal increase in A’ increases profits for firm 4 since the total cost
of production is reduced. Further, the quantity produced by firm j in the
last stage also declines which, in turn, increases the revenues of firm 4.!' This
increase in revenues has to be compared with the cost of increasing R&D
B(AY).

Consider now an increase in R&D by firm j (Aj). An increase in R&D
by firm j increases its own quantity and reduces the quantity of firm 4. The
most important effect is the reduction in 2* (for linear demands the effect on 27
vanishes), since a lower output implies that own R&D (A?) is less effective at
increasing profits. Since the marginal cost of R&D for firm 1 does not change,
this implies that the optimal level of R&D for firm 1 has to be lower after an

increase in A;. Hence gﬁj < 0.

Note that even if we assume that marginal costs are constant with respect to output
and linear with respect to R&D, (i.e. qjNN. = 0) we still need to ensure that Cha + ¢, is
big enough for (15) to hold. This implies that as R&D increases its cost-effectiveness has to
decline fast enough.

" Because of the envelope theorem, the effect of an infinitesimal change on firm #’s R&D
on profits through its effect on the quantity produced by firm ¢ can be ignored
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A,

R&D stage 2N, Qutput stage
5 Cournot Competition ‘\.‘\ Cournot Competition

*,

.'\,‘ Ay(Ay;c—s)

\"», X(x2,¢—5)
—

x/(x2;¢)

4

Figure 1: Cournot competition: Effect of an output subsidy s imposed by
government 1.

2.3 Output subsidies

In order to see the effect of output subsidies on R&D investment, we totally
differentiate the two first order conditions for the R&D stage. The following
proposition states the effect of an output subsidy on the equilibrium R&D of
both firms.

Proposition 1 An output subsidy by the domestic government increases the
equilibrium level of R€D chosen by the domestic firm and reduces the RED
level chosen by the foreign firm. That is,

dA!
e > 0
dA2
W < 0.

Proof. See appendix. m

Proposition 1 states that an increase in the subsidy s' shifts the reaction
function of both firms in R&D space. The reaction function of firm 1 shifts
outwards while the reaction function of firm 2 shifts inwards. This is illustrated
in the left half of figure 1. An output subsidy s' moves the equilibrium in the
R&D space from point C (free trade) to point S. This implies that for a small
increment in its output subsidy, firm 1 will be inside its isoprofit contour (1)
passing through the free trade equilibrium point C. This analysis, however,
does not take into account the effect of output subsidies in output space (i.e.
in the third stage). The effect in the output competition stage is illustrated
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on the right side of figure 1. Notice that an output subsidy s!, imposed by
government 1, increases domestic R&D and lowers foreign R&D (as seen in the
left half of figure 1). This reduces domestic marginal costs beyond the direct
effect of the subsidy and increases foreign marginal costs. In output space, this
means that the domestic output reaction function shifts out and the foreign
reaction function shifts in. The resulting equilibrium is at point S, which is
inside the isoprofit contour (1) that passes through the free trade equilibrium
at point C. Therefore, an output subsidy increases welfare for the domestic
country both through R&D and output.

To obtain the optimal output subsidy these two effects need to be included.
The net benefit of government 1 is B'(s!) = 71 (A!, A% s!) — s'al. Differenti-
ating B!(s!) with respect to s' we obtain,

oB'  _, dAl | dA* p dg!
Pl AU TTa g T T8 ST
Recall that, 7!, = Rj(z!,2%)¢% (A, A% s') + 2! and 7}, = 0 from the R&D
stage. Further,
dgt  , dAl | dA?

1
Tst _qA1@+qA2E+q51 > 0.

This last inequality simply states that the total effect of an output subsidy
on equilibrium output is positive, i.e. an output subsidy makes a firm in that
country more competitive in the output stage (q;l > 0). Further, an output
subsidy reduces foreign R&D while increasing domestic R&D in the second

. . i . 1 2
stage. This in turn benefits domestic production, i.e. qil% qu% > 0.

Given this, %—ﬁ simplifies to
Rl 2 =1 2 =1

%% = 7?32% + R3g — sl% =R} ((fy% + cﬁl) — sl%. (17)
The first term reflects the effect of the output subsidy on domestic benefit in the
second (R&D) stage.!? The output subsidy reduces foreign R&D (A?) resulting
in an increase in domestic profits. As a result, the effect of a subsidy s' on
benefits in the second stage is positive. The second term captures what happens
in the third (output) stage: an increase in the subsidy s' reduces the quantity
produced by the foreign firm resulting in an increase in domestic revenues (and
profits). The third term reflects the increased subsidy expenditure brought
about by an increased production for the domestic firm 51%. The sign of the

expression %—Jfll is determined by the net of the three effects pointed out above.

12Gince firm 1 is choosing R&D, Al, to maximize profits then an infinitesimal output
subsidy s'will not affect benefits.
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Notice that, starting from a subsidy s' equal to zero, an infinitesimal increase
in the output subsidy increases domestic benefit for the subsidizing country as

both the output effect ((j?l) and the R&D effect (q&ﬂi—) move in the same

direction. B
oB!
Os!

7TA2 d 1 +R2q51 >O

st=0

To obtain the precise expression for the optimal output subsidy we set %% =0:

Proposition 2 When firms compete a la Cournot, the optimal output subsidy

s is positive:
1 (=2 dA2 7
I _ 1A2 dsl + R3q Ry <qA2 dsT )
s gt 1 a1 >0
TsT qu dsl + An2 5T +q31

Proof. Immediate from (17) m

This proposition extends the results in Spencer and Brander (1983). They
analyze the case when an output subsidy is set after firms invest in R&D
and before they choose output. They find that the optimal output subsidy is
positive. They also analyze the case of subsidies to R&D and output before
the R&D stage, finding that output subsidies are also positive. Here we have
shown that output subsidies are also positive under Cournot competition if
subsidies are set before R&D investment.

Note that the separation into two effects related to each of the two stages
in which firms play will be useful to characterize the solution in the case of
Bertrand competition.

3 Bertrand Competition

Consider again a three—stage game. In stage 1, government 1 imposes an output
subsidy s'. In the second stage, firms simultaneously choose R&D. In the last
stage, firms compete in prices. We assume that goods are imperfect substitutes
and that the own-price effect dominates the cross-price effect,

dz' (p', p) oz’ (p', p)

8—]9i < O<T

oz (p', ) oz (p', )

‘ op' ‘ g ‘ Op/ ‘ 19)

Using previous notation, revenues and costs can be written as, Ri (p )

P () P = R (ph,ph), 29 (ph,pi)) and Ci(pt,p7, AF) = Ci(ai(pi, ), A,
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respectively. Revenues are assumed to satisfy the following properties:

Ru(p 7p]) = a(pz)z +2 8pi <0 (19)
o 924 (ph,

Ry (p",p") = p' g((;)f]) (20)
Ryhp) = ) ) 21

Assumption (19) states that revenue is concave in its own price, a property
which is satisfied by demand functions that are not too convex. Assumption
(20) is the standard case where revenue is increasing, at a non-decreasing rate,
in the other firm’s price. This property, in particular, is satisfied by linear
demand functions. Lastly, (21) states that an increase in the price of one good
increases marginal revenue for the other firm. This is again satisfied in the
case of linear demand.

We make the following assumptions about costs (which are equivalent to
(1) and (2) in the Cournot case):

i aéz(plvp]7AZ) A4 82éz(pz7pj7Al)
CZ = _— < 0, CZ - A Z 9
A ON = AA ) (Az)2
v 0PCH (! AY) aa' (p,pY)
CpiA = YNNG 8pi > 0, (22)
i 0%C(at AN o' (p', pY)
Cva = ona op 0
(A >0, H(AY) >0
i 00, P, A ACH(h, AY) 9 (p', )
Cpi N opt a ozt opt <0
A4 82él(pl7p]7AZ)
Ci i — 2
vy (0p°)
_ 90U, AT (', pT) | 9PCU(at, AT) (ami(pi,pj)>2 -0
Ot 0 (p')? 9 (') ap’ B
i _ 820i(pi7pjaAi)
Coipi = OpiopI (23)
A (!, AY) 9% (p', ) N O*Ci(x', A") 9z (p', p’) D' (p', p7)
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The profit function of firm 1 and firm 2 can now be written as:
ﬁl(p17p2) Al? 81) = Rl(p17p2) - él(plap27 Al) - d)(Al) + 81 ’ xl(p17p2)
= (' p* AN +st -2t (p'p?)
*(p', %, A%) = I2(p', p*, A%) = R*(p", p?) — C*(p", 1", A?) — $(A?).

The net domestic benefit of country 1 is simply the profit of the domestic firm
minus the cost of the subsidy:

B(sh) =11 (p', p*, A, s") — s' -2l (p,p?) =TI (p', p?, A1).

3.1 Last Stage: Price Competition

In the first stage, firms maximize I1*(p!, p?, Al, s') and IT?(p*, p?, A?) choosing
the price p' and p?, respectively. The first order conditions to this problem

are:
_ R R ozt
M = Ri(p',p") = Cu(p',p" AN + 5" 55 =0 (24)
M3 = B3(p',p*) — Co (v, p*, A%) =0 (25)
with the second order conditions:3
_ R R ) 821‘1
Iy = Riy(p',p°) = Con (', 07, AY) + 818 < 0 (26)

M3, = B3, (p', %) — Clapa (0", 0%, A%) <0
We assume that the second order conditions are satisfied.

For later use we need to assume that the own effect of output on marginal
profits is stronger (bigger in absolute value) than the cross effect, that is |H§z’ >

’ﬁﬁj . This implies that

ﬁ%lﬁgz - ﬁ%2ﬁ%2 >0

Note that assumptions (21) and (23) imply that the cross-partial derivative
of profits is positive (II}; > 0) for country 2. That is also the case for country

oz (p*,p7)

1 as long as —>— is not too big, which we assume. In that case, prices are
apzdp] Y Y

13Note that, for linear demands, IT¢; = IT}, and f[ﬁj = Hﬁj are the same as in the case of
8%a!
=0.
2

a(r)

free trade since
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strategic complements and price reaction functions are positively sloped. That
is, along a price reaction function,

dpi o ﬁgj
dp/ I

This is a standard result for Bertrand games with differentiated products.
The solution to the two equations (24) and (25) gives us prices as a function

of the R&D levels of both firms (chosen in the previous stage) and output
subsidy s',

>0 (27)

P =0'(A A5
To see the effect of R&D investment and subsidies on prices, we differentiate
the two first order conditions given in (24) and (25). We obtain

. o dp ﬁjC’iiA
v AT Y _ JJ " p
YalA A ) = N T (28)
X2 ]j Z] Z]
ap o dp’ —ﬁ;ﬁ.éj.
D (AL AT g1y = 22 IPA (29)

AT TG, — T T

where the inequalities come from (21), (22), (23) and (26). The expressions
above state that prices are decreasing both in domestic and foreign R&D. An
increase in R&D expenditure reduces the marginal cost of production shift-
ing the reaction curve of firm ¢ downwards. Given that prices are strategic
complements, this implies that both firm ¢ and firm j charge a lower price.

Given that the output subsidy is chosen before firms decide on their R&D,
the effect of the subsidy on prices has to take into account how it affects the
choice of R&D by both firms. The partial effects, keeping R&D levels (A! and
A?) constant, are:

2 ozt
18, (5r)

-1 1 2 1

Al A “ T o <V 7
1/}81( ’ S ) Al A2 constant Hhﬂgg - H%2H%2 ( )
7 i, (%)
JA(AL A2, 81)‘ 9p <0, (31)

Al A2 constant N ﬁhﬁ%Q — ﬁ%Qﬁb
Notice that we assume that R&D levels are kept constant, while in fact they
are influenced by the choice of output subsidies. The total effect of a change
in s', therefore, has to also take this into account.!*

In order to obtain the effect of imposing an output subsidy (before R&D
takes place), we turn now to the R&D stage.

Y Expressions for (pil and ﬂfl (in (30) and (31)) would be relevant if output subsidies are
chosen after R&D levels are set.
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3.2 R&D investment
Rewrite the profit of the firm as a function of R&D and output subsidies:
TALA SN = T (Ag, Ay, sY), 97 (A, Ay, s1), AT sh)
= R@W) - 009, A) - ¢'(a) + st (', 0)
The first order conditions for a Nash equilibrium in the choice of R&D are,

. . 1
ﬁlAl(Al, A2,Sl> - |:R%(p17p2) - C;Q(p17p27A1) + 81 <g_;2>:| X

wil (A17 AQ? 81) - éi(p17p27 Al) - qﬁ%(Al) (32)

= 0
Ta2 (AN A% s = [f??(pl,p?)—Cﬁl(pl,p?,Az)} Yha (A% AL )
—CR (", 9%, A%) = $1(A%) (33)
_—

With the second order conditions:®

N N o2 _
ow = (B-Ghes (55)) vhi

- A1 2 1 Al Qxl
oA dR;(p*, p') B dCp (" p°, A ) X Sld (3192)
A dA? dAl dA?

A~ — 1 A —2 A~
—Chiata — Chopthar — Can — 61, <0 (34)

, R (pi Ly PR

" Notice that T2EED — R (i pi )k, + Ry (0, pP)Bh: < 0 (by (20), (21), (28) and
dC?  (p*,p?,0,) ~ . . ) ~ . . U ~ . . .

(29)) and p]d# = C;gipj (pl>p]aAl)wlAi + C:;jpj (pl7pJ7Az)¢JAi + C;J'A(pl’pJ7Az)‘ In

‘1é;j (PiapjaAi)
A . dA‘L

to C;jA(pl,pj,AZ), which is negative. For the case of linear demand we also have that

general, is hard to sign. However, in the case of linear demand it is equal
ozl
d (W . . .
A = 0. Assuming also that marginal costs are constant with respect to output and
iy , o — AR (ptpd
lir}ear_with respect_ ‘Fo R&D (i.e. 'ij-N- = 0), we get Thini (AZ,AJ,SI) = w&% -
C;md)lw - QC’;jAd)JN — Can — ¢5;. This expression can only be negative (for (34) to hold)
if 2@;jA1ZJAi + Cha + @Y, is big enough. This is equivalent to saying that as R&D increases,
its cost-effectiveness has to decline fast enough, a condition similar to the Cournot case.
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_ - fo ) -1 1 [ dR3(p', p? dc?, (', p*, A%)
Fape = (B} Ch) dhops + o ( IO{AQ ) _ T 2
A —2 A —1 A
—Clhptaz — Chpthpr — CAp — 01

< 0

We assume that the own effect of R&D on marginal profits is stronger
(bigger in absolute value) than the cross effect, that is, 7'\, \; < T'; ;- This
implies that,

fF1A1A1fF2AzA2 - ﬁ-lAlA2ﬁ-2AlA2 >0 (35)

The cross partial derivative ﬁiAi AJ 18, in general, difficult to sign. However,
for the usual case of linear demand and constant marginal costs, the following
proposition establishes that R&D expenditures are strategic substitutes even
if firms compete in prices.

Proposition 3 Under Bertrand competition, R&D expenditures are strategic
substitutes for the case of linear demand and constant marginal costs:

ﬁiAiAj = _jAﬂZZAJR%(pZaPJ) - é;iAQZZAJ' - CA';,JA?ZJAJ' <0 (36)

Proof. See Appendix. m

Proposition 3 states that an increase in R&D by firm 2 reduces the marginal
profitability of R&D by firm 1. To see how this occurs, notice that firm 1 sets
its R&D, Al, to satisfy (32). An infinitesimal increase in A! has two opposing
effects on firm 1’s profits. First, profits increase due to the reduction in total
costs C'.  On the other hand the decrease in p® (due to increased R&D, Al)
decreases firm revenues.'® The first order condition (32) shows this trade off
against the increase in the cost of R&D , ¢1(A).

Consider now an infinitesimal increase in R&D by firm 2. This reduces
both p! and p?. However, the fall in own price (p?) is greater than the price
decline for the rival.'” A bigger price increase for firm 1 means that it now sells
less. Lower output reduces the effectiveness of Al in reducing total costs for
firm 1. This is captured by the last two terms of (36). The first term captures
the effect of an increase in A? on the marginal effect of A! on firm 1’s revenue.
The fall in quantity (z!), associated with an increase in A2, makes the revenue
loss of an increase in A! less important. This accounts for WAﬂZ)lN RZJ (p',p’)
being positive.

From the envelope theorem we can ignore the effect on firm 1’s price on its profits.
'"This can be easily seen comparing 1 and ¥'x; on (28) and (29), and recalling that own
effects dominate cross effects in the price stage.
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Note that the (direct) effect on costs dominates the (indirect) effect on
revenue (as shown in the proof of proposition 3). The positive effect of investing
in R&D for firm 1 weakens due to an increase in A%. Since the marginal cost
of R&D ¢1(A') is unaffected by a change in A2, an increase in foreign R&D
(A?) makes own R&D less attractive. Therefore, firm 1 optimally invests less
in R&D in response to an increase in Al, implying that ﬁiAi A <0

A corollary of the previous proposition is that the slope of firm i’s R&D
reaction function is negative. Note that R&D reaction functions are negatively
sloped (i.e. strategic substitutes) both under Cournot and Bertrand competi-
tion because the main effect of R&D comes through total costs. In both cases
an increase in R&D by firm 2 reduces firm 1’s output thereby decreasing the
capacity of Al to reduce firm 1’s total costs. Under Cournot competition, the
effect on marginal revenue adds to this effect on costs. With Bertrand com-
petition, the effect on marginal revenue dampens (but does not dominate) the
effect on costs (as shown in proposition 3).

The next section describes the effect of output subsidies on R&D and price
choices, under Bertrand competition.

3.3 Output Subsidies

In order to see the effect of output subsidies on R&D investment, we totally dif-
ferentiate the two first order conditions given by (32) and (33). Unfortunately,
no clear-cut solutions exist when we depart from the case of linear demand
and constant marginal costs. However, as this is the standard case analyzed
in much of the literature on the subject, we concentrate our analysis of output
subsidies on this scenario.

The next proposition describes the effect of an output subsidy on the equi-
librium R&D chosen by firms.

Proposition 4 Under Bertrand competition, an output subsidy by the domes-
tic government increases RED of the domestic firm, and reduces RED of the
foreign firm:

dA!
pAy > 0
dA?
ﬁ < 0.

Proof. See appendix m

The intuition for this proposition is straightforward once we consider how
R&D influences profits. Recall (from the discussion of proposition 3) that the
incentives to invest in R&D decrease if output declines: the beneficial effects
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Figure 2: Bertrand Competition: Effect of an output subsidy s imposed by
government 1.

of cost reduction are smaller if output is lower. Consider now an increase
in the output subsidy s'. The output subsidy results in a reduction in the
price of both goods. However, p' declines by a greater amount than p?. As a
result, output of firm 1 increases while output of firm 2 decreases. The output
expansion creates an even greater incentive for firm 1 to invest in R&D (shifts
its R&D reaction function out). The effect on firm 2 is just the contrary: the
incentives for firm 2 to invest in R&D decline (firm 2’s R&D reaction function
shifts in) due to the output subsidy, s'.

This is the same type of effect as was observed under Cournot competi-
tion. An increase in the output subsidy increases quantity produced thereby
positively affecting the incentives to invest in R&D for the home firm. In both
cases the foreign firm reduces its R&D due to decreased foreign production.
As one would expect, an output subsidy imposed by the domestic government
affects domestic R&D more than foreign R&D. This result, formalized in the
next corollary, is used later to determine the sign of the optimal output subsidy.

Corollary 5 Under Bertrand competition, the effect of an output subsidy on
own RED expenditures is stronger than on foreign RED expenditures:

dA? dA?
ds? dst

Proof. See appendix m

We can conduct a graphical analysis similar to the Cournot case. As with
quantity competition, an increase in output subsidy (s!) shifts the R&D re-
action function of firm 1 out and that of firm 2 in (left half of figure 2) This
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means that the equilibrium in R&D space moves from B (free trade) to S.
For a small output subsidy, this leaves firm 1 inside its isoprofit contour (1)
that passes through the free trade point B : just looking at the R&D stage
an output subsidy increases welfare for the domestic country. However, as in
the Cournot case, we have to also take into account the effect of the subsidy
in the price competition stage. This is illustrated in the right half of figure 2.
As in the case of Cournot competition, an output subsidy increases domestic
and reduces foreign R&D, reducing domestic marginal costs beyond the direct
effect of the subsidy and increasing foreign marginal costs. This means that
the domestic price reaction function shifts in and the foreign price reaction
function shifts out, moving the equilibrium from B to S. From corollary 5 we
know that even if we only take into account the effect of R&D on the price
stage, the reaction function of firm 1 will shift more that the reaction function
of firm 2. This leaves point S outside the isoprofit contour 71 passing through
point B in the price space. Therefore an output subsidy reduces welfare for
the home government in the price stage. The net effect on the two stages
determines whether an output subsidy increases or reduces welfare.

Formally, define the net domestic benefit of government 1 as Bl(s!) =

LAY A2 1) — slxl(q_ﬂl, 1_#2) Taking the derivative of B!(s') with respect to

0B' __, dal , dA? a0t oatag
Ds1 _WAldl—i_ A2d1+7rl_$ 8p1d51_88p2d3

which can be rewritten as (see appendix):

OB dz'\ o dA? ! dr' dy' 9z Ay’
sl M ( )UJAZ +m < >¢)sl ol dst T ap2 dst (37)
where m! = p! — % + s' > 0 is the gross benefit per unit sold, including
the output subsidy. Note that the terms ‘é—g capture the total effect of the
output subsidy on prices. They take into account that the subsidy also affects
the choice of R&D by both firms in the second stage (and these, in turn, affect
prices).
The first term on the right hand side of (37) shows the effect of the output

subsidy on domestic benefit in the second stage (R&D investment). A domestic

output subsidy reduces foreign R&D investment (iA < O) , which in turn

increases the foreign price p?. The increase in p? increases domestic output !
and hence firm 1’s profits. Notice that due to the envelope theorem, the effect
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of an infinitesimal increase in the subsidy s! on domestic benefit B! (through
domestic R&D) can be ignored.

The second term in (37) captures the effect of an output subsidy on do-
mestic benefit in the third stage (price competition stage). A domestic output
subsidy reduces the foreign price in the price competition stage ({bil < 0). The
reduction in the foreign price p? reduces domestic output and profits. Again
the envelope theorem allows us to ignore the effect of the output subsidy on
domestic benefits through the domestic price p'.

Notice that, starting from a subsidy s' equal to zero, an infinitesimal in-
crease in the subsidy increases domestic benefits if and only if the R&D stage

effect (17122 %) is stronger than the price stage effect, (1}?1) )

oct] [ ozt o dAZ
| _ I el =
v 75 (5) (3355 +4%)
The third term in (37) captures the increase in the subsidy bill brought
about by an increase in domestic output. It includes the direct effect of the
subsidy in the price competition stage as well as the R&D stage effect and

price stage effect. To obtain the expression for the optimal output subsidy we
need to solve

o
Os!

oB!
with the second order condition
9?B!
(831)2 < 0. (39)

Solving (38), the precise expression for the optimal output subsidy is obtained:

“2 A2 | 72
1% p (O wM% TP
s =m | 1 -2 (40)
Op?) oztdd_ | oxldu”
Opl dst Op? ds!
where m! = p! — g—g + s!* as before. The denominator in (40) is positive,®

and thus the sign of the optimal subsidy depends on whether the effect on the
R&D stage or on the price stage dominates in the numerator of (40). Define
0 — _C’:’_i.A _ _32(6«2'({1’7&)
g_zz OA*Ox?
costs of production. As we will see, the sign of the optimal output subsidy is
ambiguous and depends on the cost of R&D (¢1;) relative to the effectiveness

as the effectiveness of R&D at reducing marginal

18Qee the proof of proposition 7.

BANCO DE ESPANA 27 DOCUMENTO DE TRABAJO N.° 0701



of R&D (). Notice from (28) that WN is independent of ¢1;. Therefore dAZ

Y dSl
is the only term in the numerator of (40) that depends on ¢};. The following
lemma helps to understand the role of the cost of R&D on the elasticity of
R&D to output subsidies.

Lemma 6 The influence of output subsidies on R€D decreases as the marginal
cost of RE€D increases. Specifically,

dAl
9 dsl

do1,

dA2
9 ds?

do1,

Proof. See Appendix m

An increase in ¢1; makes R&D investment more convex. As a result, R&D
is less elastic to an output subsidy, and therefore the R&D stage effect of an
output subsidy in (40) is weaker. Whenever the R&D stage effect is weak, the
optimal output subsidy is influenced more by the price stage effect and should
be optimally set below zero (an output tax).

The domestic government only takes into account the effect of an output
subsidy on price competition when the effect of an output subsidy on foreign
R&D is smaller (¢1; becomes higher). Contrarily, the government only takes
into account the effect of the output subsidy on the R&D stage when ¢}, is
small enough. The following proposition formalizes this result, showing that
we could have an output subsidy or a tax depending on the convexity of the
cost of investment in R&D, i.e. ¢i;.1

Proposition 7 Under Bertrand competition, the optimal output subsidy s'*
can be positive or negative, depending on the convexity of the cost of RED
(¢%,). The optimal output subsidy is positive (an output subsidy) when the cost
of additional investment in RED is sufficiently low (low ¢}, ), and negative (an
output tax) when ¢, is sufficiently high. Specifically,

3p < 0o such that if ¢ty > b then s** < 0

3¢ > O jig — T, such that if ¢y < ¢ then s'* > 0.

Notice, however, that ¢, is bounded below by the stability condition (35) and therefore
cannot take values below 07‘1‘2151 - ﬂ'ZAiAj. See the proof of lemma 6.
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Figure 3: Cournot: Optimal output subsidy (81*) as a function of the cost-
effectiveness of R&D (77 = %) .
(fora—c=1,~v=0.5)

Proof. See Appendix m

As ¢, increases, the cost of investing in R&D becomes more convex. A
steeper R&D cost function makes R&D less elastic with respect to an output
subsidy. This reduces the effect of the subsidy on the foreign firm’s R&D
reaction function, leaving the effect on the foreign firm price reaction function
unaffected. This implies that the domestic government has an incentive to
reduce the output subsidy, or even tax output, as in the standard Bertrand
game without R&D investment.

The following section performs a numerical exercise to highlight the results
of price and quantity competition.

4 A Numerical Example

In this example,?’ we consider linear demands and constant marginal costs
with respect to output. In particular, assume that the inverse demand for
good i is given by: ‘ ' ‘

p'=a—b(z' +~yx?).
With 0 < v < 1. Cost functions are linear in output,

C(z%, AY) = (c— GAi) !

20The mathematica code used to generate the numerical results is available from the authors
upon request.
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Figure 4: Bertrand: Optimal output subsidy (51*) as a function of the cost-
effectiveness of R&D (77 = %) .
(fora—c=1,~v=0.5)

and the monetary cost of A’ units of R&D is quadratic:

i\2
sy = &L

The optimal output subsidy is always positive under Cournot competition,
as both the R&D stage effect (74 %) and the price stage effect (¢ ) have the
same sign (see proposition 2). R&D becomes more elastic with respect to the
output subsidy as the cost of R&D becomes flatter (i.e. ¢%; falls). In this case
the government has greater incentives to subsidize output thereby reducing
foreign R&D. Figure 3 shows the optimal subsidy as a function of the cost-
effectiveness of R&D (defined as n = %i). The optimal subsidy is increasing in
7.

The case of Bertrand competition is slightly more complicated. We have
to satisfy (39), the second order condition of the government maximization
problem. As we expected, the optimal subsidy also depends on the cost—
effectiveness of R&D (7). Figure 4 shows the optimal output subsidy, which
is increasing in 7 (decreasing in ¢%;). Note that as the R&D effect becomes
stronger (7 increases) the government reverses its policy from an output tax to
an output subsidy.?! Note also that, interestingly, there is a set of parameter
values for which free trade (s'* = 0) is an equilibrium in the Bertrand case,
even in the presence of imperfect competition.

21 For the Bertrand example in this section, (figure 4), the stability condition (35) translates
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Tables 1 and 2 present numerical results for v = 0.3 and two different
values of 7 (0.3 and 0.7). Notice that all relevant quantities are positive and
that the second order condition for the government’s maximization problem is
satisfied. Table 2 shows that, depending on the cost-effectiveness of R&D (7)),
there could be a policy reversal under Bertrand competition.??

5 Conclusions

This paper shows that for sufficiently cost effective R&D the trade policy re-
versal in Eaton and Grossman (1986) is not observed. Our result suggests that
output subsidies are more robust than otherwise implied by the literature on
strategic trade. If exporting industries make long run investments before com-
peting in the market then governments have a case for using output subsidies
even if they are uncertain about the mode of competition in the market.

We show that a necessary condition for output subsidies to be robust is
that R&D be sufficiently cost effective. If the cost of R&D is too convex then
R&D expenditures will be relatively inelastic to the export subsidy. In this
case, the effect of an export subsidy on R&D will be negligible and will thus
be arbitrarily close to the case when there is no R&D investment (Brander and
Spencer (1985), Eaton and Grossman (1986)). If R&D costs are not too convex
then R&D is responsive to an output subsidy. In this case, the effect of the
output subsidy on the R&D stage reinforces the effect of the output subsidy
on the market competition stage under Cournot competition, and dominates

into

(1-97%) -=9"?
22-7)2+7-17%)

For the value in the numerical example (y = 0.5), we require n < 1.33929 to satisfy that
condition.

?2The numerical simulations presented in section 3 of Neary and Leahy (2000) assume, for
the Cournot case, a set of parameters, which with our notation, imply b=v=0=a—-c=1
and n = 2 = 0.2. For that set of parameters we obtain an optimal subsidy s'* = 0.3089,
which roughly corresponds to what they refer to as the second—best optimal output subsidy.
This is represented by the intersection of the flatter line with the vertical axis in their figure
3.

For the Bertrand simulation, they use a set of parameters b =0 = a—c=1land n = é =04,
with inverse demands

n<

g’ =a—bp' —p’)
which means that cross price effects are as strong as own price effects. Therefore we cannot
compare directly with their results. They find that the optimal output subsidy is negative
(point C in their figure 4). If we set v = 0.5 with their other parameters, in our simulation

we obtain a negative output subsidy (i.e. a tax) equal to s'* = —0.0224. We only need to
have a cost—effectiveness of R&D beyond 0.6 to obtain a positive output subsidy, as shown
in figure 4.
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Cournot Competition: numerical simulation

Product
differentiation v 0.5 0.5
Cost-effectiveness s
of R&D =g 0.3 0.7
0.2765a 0.0689a
: 1
Price firm 1 p +0.7235¢ +0.9311c
0.3035a 0.1349a
; 2
Price firm 2 P +0.6965¢ +0.8651¢
Output firm 1 x! 0.5004 ( 7 ) 0.6648 ( 7 )
Output firm 2 z” 0.4463 (“z¢) | 0.5328 (%5%)
R&D firm 1 Al 0.1601 (%) | 0.4964 (%5<)
R&D firm 2 A? 0.1428 (%) 0.3977 (%)
T _—
Unit profit firm 1 = 0.3403 (a —¢) | 0.1684 (a — c)
pt—c + st
Unit profit firm 2 m?=p*—c | 0.3035(a—c) | 0.1349 (a — c)

Total profits firm 1 | «! 0.2076995< | 0.2659-<"
Total profits firm 2 2 0.1652 (a*bC) 0'1707((1;0)2
Benefits country 1 B! 0 1757(“—1)0) 0.1998 (a_bC)z
Benefits country 2 B? 0.1652 (a_bc) 0_1707_(“_()0)z
flﬂ';ﬁialubsi dy s 0.0638 (¢ — ¢) | 0.0995 (a — c)
Government’s SOC (325;2 _0.51?87 _0.8;41

Table 1: Numerical simulation under Cournot Competition in the third stage
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Bertrand Competition: numerical simulations

Product
differentiation v 0-5 0-5
Cost-effectiveness 02
of R&D n="5% 0.3 0.7
0.2575a 0.0483a
; 1
Price firm 1 b +0.7425¢ +0.9517¢
0.2422a 0.0598a
: 2
Price firm 2 P +0.7578¢ +0.9401¢
Output firm 1 ! 0.4848 (%5°) 0.6422 (%5°)
Output firm 2 z? 0.5154 (%5°) 0.6191 (%5<)
R&D firm 1 Al 0.1357 (%45°) 0.4196 (%5°)
R&D firm 2 A21 0.1443 (%5°) 0.4044 (%5°)
Unit profit firm 1 T 0.2278 (a—¢) | 0.0621 (a — c)
p c —|— st
Unit profit firm 2 m? =p*—c 0.2422 (a —¢) | 0.0598 (a — ¢)
Total profits firm 1 | x! 0.1455 <“‘bc)2 0.1836 =2
Total profits firm 2 | 72 0.1645=<) 0.1706=<
(a—c)*? a—c
Benefits country 1 | B! 0.1599 4= >z 0.1747%=<)
Benefits country 2 | B2 0.1645 =2 0.1706 “Z2)
Optimal e B B _
output subsidy s 0.0297 (a —¢) | 0.0138 (a — ¢)
) 9°B1! 0.8055 1.1226
Government’s SOC (05177 —=>2 — e

Table 2: Numerical simulation under Bertrand Competition in the third stage
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it under Bertrand competition. Thus, regardless of the mode of competition,
the optimal policy is an output subsidy if R&D is sufficiently cost-effective.

Our condition on the curvature of the cost of R&D is reminiscent of Maggi
(1996). In his model, firms invest in capacity and then compete in prices
in the product market. Maggi shows that going from Cournot to Bertrand
competition the optimal policy changes from an output subsidy to a tax. The
key parameter is his model is the convexity of the cost function. A more convex
cost function (i.e. steeper marginal cost) results in firm behavior closer to price
competition. The optimal trade policy in this case is an output tax. Contrarily,
a flatter marginal cost implies that the optimal policy is an output subsidy.
In contrast to Maggi (1996), in our model marginal costs are constant. Under
Bertrand competition, whether the optimal policy is an output subsidy or a
tax, depends on the convexity of the cost of R&D . Under Cournot competition,
the optimal trade policy is always an output subsidy.
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Appendix

A Proof of Proposition 1

Differentiate totally the two first order conditions given by (14) to get:

_ AJAJ 7TA%sl + 7TA AT AJ‘sl 41
dSl - ( )
Taini AJAJ' - ”Aim“mm

In order to obtain the value of the expressions in (41) we first need to sign
the total effect of subsidies on marginal revenues (including the effect on the
last stage (quantity competition). We therefore have

dRi(z1, 2?) _ _
ZdT Riy(z",2%)qh + Ryp(a',2%)gh <0 (42)

dR2 1 ,..2
% B2 (24, 2%)qh + B2y (2", 2%) 3% > 0 (43)

by (4), (5), (12) and (13). Using these signs we can now turn to the elements
in (41)

" j dR; (', 27) i i i i
TAiN: = R} qA ini +QNT — Conlpni = Can — ¢ <0
y - dR: (x x7) s
ﬂ-AiAJ R quA] + qu dA] -C Aqu <0
dR5(x", x
7TA181 = RZQAlsl + 621% — C;ACZL >0
dR3(x, x
7TA2 1= quA251 + qb% - CgAq—gl <0

where the first inequality is the second order condition of the maximization in
the R&D stage, the second inequality repeats (16), and the last two inequalities
are derived from (11), (12), (13), (42), (43), and noting that for linear demand
and constant marginal costs, ¢y ; is independent of s!. Therefore

1 ) —1 —1 —2
dA T TA2A2T AL T TA1A2T A2, -0
dsl 7L, 172, ne — Thi a2
ATATTA2A2 T TAIA2TALA2
2 _ =1 —2 —2 —1
dA®  —TA1a1 A2 + TA2A1 AL <0
ds' 72, T hipr — Ta2 a1 T s
A2A2TATAL T A2 AT A2 AL
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B Proof of Proposition 3.

Note that,

- A 0
Tatae = (Ré ~Cp + s <3_22>) Yaiaz

A A Jzt
dR%(pl,p2) _ dC;2(p17p27 Al) 1d (8_p2)

-2
A T aar 0 Taar
A1 =1 A1 =2
_CplAwAz - CpgA'(/JAz
A A2 1 2 2
_ A . -1 -1 dRz(pl,p2) dc 1(p D%, A )
Foar = (B - C) dham + ( TN Ty
—OEQAJJQAI - CA(;lA{plAl
AR P) i i pi
Here, Tul2) — i (i pi) iy, + Ri(p', p )i, < O (from (20), (21). 25)

dCt (pt,pi,AY) ~. R L
UL oo Y4 O

and (29)) and i

(p', 7, AY)eph ;. Both

the second order condition (34) and the stability condition (35) impose bounds

on ¢!; (this is discussed in the determination of the optimal subsidy).

~ Note that, under the assumption that marginal costs are constant, we have
]Ai A; = 0. If demand is linear then R;-j = 0 and the slope of the demand

function is not influenced by R&D. Formally:

d(%) Pz (pp) i P2, p) 4

da7 g (pi)? Vait opop vy "
Both linearity of demand and constant marginal costs together imply C’;ipj
N ach oty A
ppl dAJ -
Then, we can simplify both expressions 7 Nipg bo:
Thins = Uabni R0, p7) — Clptins — CL A0,
Hi] sz) iA 1L CzjﬂA i Ai I, CzjﬂA
T ML, T L, - Y PAT — T
I;,C0
o Zﬁungj I,
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1 o
_ J ]
- T i \2 X [Hij ;zAH%ijjARﬁj
(HiiHjj - Hz’sz‘j)

+Coa 13,0, (TIGIL, — T 0 )

O ATCY, o (TTE, — T T )|
Recall that, for linear demands, 1:I§j = sz Notice also that in the case of
linear demands, II’ is quadratic and all second derivatives of I:Ii(pl, p?) with
respect to prices are thus constant. Therefore, IT!, = H; ; and ng =11, If

we also have constant marginal costs, all second derivatives of C’i(pl,pQ, AY)
are constant. Therefore CA’Z A= C’Jj A+ Remember also that ‘ﬁm > ’ﬁ?-‘
P P

17|’
’C’;ml > ‘é;jA‘ and oz

op?

> . All this implies that

p [(ﬁﬁj)g (C;iA)Q + (é;iA)Qﬁﬁj ()"

asl
op*
1

Mot = 7 2 /=2
()= (im,)")
N\ i N3 A i\ 3 A Ao e A i) 2

N2 o N N
(Chia) T (I15)° = € (11)° €35 + €y s T G (1)

p p

A~ 2 _. 3 r_ . A A _ . 2
(Cpa) @)° [m; , Gpa (3)

2 |~ ¢ ~ T

((%)2 - <ﬁ§j>2> L CPZA CpZA (K

(éi. )2 (@) [yo o ol (oo

piA i 1 3p7 api ap7 | 1 5p7

5 o’ - oz’ o’ 5 oz’

)2 T 2\? op’ op op? ap’
( zz) _( ij) -

11,
Sy— 248 <0
g 47}

dx®
opJ
Azl
ap?

is between zero and one and II%, < 0. Notice that v measures

since v = —
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the degree of product differentiation and is bounded between 0 (independent
goods) and 1 (perfect substitutes). m

C Proof of Proposition 4

For later use we need to compute ﬂ}lN A and Q_biAj ai- Differentiating (29) we
obtain

Hz CJ Cz

Pnins = U TpIA TP plA
<Hz H] _HJ Hz )2
(]
. (=763, ) (T, = DT ) 4 T1,C, €2, AT,
AIAT  —

2
(1,1, — 111 )
Note that 1)yio; is zero for constant marginal costs with respect to output and
Yains is zero for marginal costs that are constant with respect to output and
linear with respect to R&D.

For the first part of the proof, we will follow similar steps as the proof of
proposition 1. We start by differentiating totally the two first order conditions
given by (32) and (33). Using Cramer’s rule:

i —J —i —i —J
dA’ _ AN T A1 + TAiAi T AGs (45)
ds!  xi = & =]
TAATAIAT — TAIAT T AIAG

To obtain the value of expressions in (41) we need to obtain the total effect of
subsidies on marginal revenues (including the effect on the last (price compe-
tition) stage). We have

dRI(p,p7) . N
% = R (', p))ai + RE; (0, p7)Phe < 0
dRi(p', p7) . o
dRi(p', p?) .
L) B i + Ry 0 <0

where the inequalities are obtained from (20), (21), (28), (29), (30) and (31).
Turn next to the total effect of R&D on marginal costs:
ACL (0., A)
dA? N

ppj(p p] Al)¢A1+C;JpJ(piapj7Ai) +CZ A(p p] AZ)
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TN =CL (0P A + CLs (0,97, Ay, =0
déi«pf,pjﬂ) o
= dsl PPJ (p p] Al)wsl + Jpj (pl,pj’ Al) il =0

where the inequalities are derived from (22), (23), (28), (29), (30) and (31). We
also assume linear demand and constant marginal cost with respect to output
(so that C;ﬂp] = C;? ips = 0). Finally, note that for linear demands, the slope of
the demand function is not influenced by R&D (equation 44)

Using these inequalities we can now turn to the elements of (45). We

will use the fact that, for linear demands, 7i = R’ and both are quadratic
with constant second derivatives with respect to prices. Therefore, Hl = HJ
and ng = ng. If we also have constant marginal costs, all second derlva—
tives of C¥(p!, p?, AY) are constant. Therefore C’;i A= C’g ;- For linear de-

. *i *i défz] (plvwvAl)
mand and constant marginal costs we have Yajni = Ypini = —FT—=— =

. aAA7 =
P = S‘Kj) Ci A = 0. Remember also that I | > ‘H p
% , and that assumption (18) means ‘CA’;Z Al > ’C;j A" All these imply that

. 02\ \ -
7_TlA1A1 = (R% - 01%2 + st (a_pl>> 1/)2A1A1

~ A1 2 1 Al ozl
dR(p? p!)  dCR(7p A7) +81d(8p2>
dAl dA? dA?

-9
+1ar
ig)! {ﬁl _CL DAL — Ol

sia¥ar — Cpatar — Can — o013
2 pl 71 Al AL ol AL 52 1
= Par (Rl - Chp) = Cliatir — Clhy¥is — 0k

2 Al Pl 72 Al
115,00 Ripl15,C 00 Al
= —Chan

T30y =TI, 115, \ Ty, 113, — 115,11,

CllA 2A
I, 113, — T3,10, I3, 114, H21H2

— 1
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G T P C T
= 5 ~2 | i 7~ Cpin
()" = (1) \ ()® - (1)
N I ¢, R I
_C;iA w-ptA el i ptA 1

a. . .\ 3
el s (Zu) )
C;)iA 27, CZiA sz
(m)* (¢, )2 AN ort \ ot
B i p'A N N R N A
B 9 N2\ 2 2 9zt | Ox! 2 Ozt Ozt
() (VB8 8 B
. . . 3
ozx* oz® oz* ozx*
oo (Lo | _ o (1 ow gl
ozt 2 Oxt ozt 2 0zt 11
Op* Op* Op* Op* ]
3/ A 2
(1) (Ciis)
A L o 4 Lo 14 1
= A2 1 _ - _
- i 22[2'7 AR 0 - B !
(Hu) <HU>
3 /A \2
)" (Cpa)
prA 4
= N [’)/2 - Z’Y - 1} - }1 (46)
()= (1))
o'
where v = — giﬂ measures the degree of product differentiation as in the proof

Op?
of proposition 3.
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)
TA2A2

=1
TALgl

(B =) o

(ARt p?)  dCEH (', p?, A2
+ok, ( 1(p,p%) o ( )

dA2 dA?2
2 72 A2 ol
—C§2A¢A2 - C§1A¢A2 — Cia — 911
1l —o - -
Va2 (R%WM - Cim) - C§2A¢2A? - CzlAwlAQ ~¢h

~1
TALAL

. . OrI\\ _
(- - (55)

~ plepl 2y dCL, (pl, p?, Al 1
02, (dRz(p ,p?) p2 ) N (355 ))

ds! B dst op2

A1 71 A1 52
—Chptg — Chop Ui
1

_ L o o o
e (R%Wil + <a_pg>) - C;mwil - C;m@bil

A A 1
—113,Cl 5 - RipI13, (g_f,l> <8m1)
H%QH%I - H%1H%1 H%1H%2 - H%2H%2 op?
) 1 1
1, (457) It (3)
N 2A
11,113, — 1T, 105, 11}, 113, — 1T, 115,

8_ml>@i, )3 ;o0 9t /i \ 3
(8101 va (1) T 3—p2<H§j>

Al Al
+C, -C,

1 9zl Ozl ()

2\ 2 i Oxl | Oal 3
(- () | T

N . o .\ 3
v Goally G (11

2t A i3
(?)?)CpiA(Hn‘) [ 15 1

(- (m)")
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ozl \ Ai 3
57 ) Cls i
= <%J pas (1) {ﬂ2+l¢+ﬂ}>0 (47)

A 2 1,2 2
_ ~ N -1 - dR2 pl,p2 dC 1(p Y )A )
7T2Azsl = (R% — Cp%) Y A2g1 +¢1Az ( 1((1 i ) - —E£

S
A2 52 A2 71
—szAwsl - CplAwsl

R -2 A ~2 A -1
= ¢A2R%1 (PI»P2)¢31 - C;ZA'(Z)sl - CglAwsl

1 A2 2 (0oz!
_ —115CheA R2 iz <3p1)
- 1 172 2 171 21771 172 2 171
H111_122 - 1_1121_112 1_1111_122 - H121_112

1
1t (5)
2A
1T}, 113, — 112,111,
i A 7 2 ot
—IL;C0 A <Hij> (W)

(,)” = ()" \ () = ()

2 [ 9zt
~ _H22 (ax1>
—C? v
p

—C? )
P A7l 2 71712 1
II111122 II121112

o M) ()
Ty (m)” T - ()’
dzt i \3 Ai N (TT
- (&) () 1<nz:j>2>2 [ )" Gl — Calty 1)

9zl \ A i3 ; o o> P\ 2
pl) prA (Hu) sz C;,jA B C;jA <H2J>

( ] I,
<(H2i)2_<H§j)2>2 T Coa Gpa

( .

(

IT,
11
L—7+—ﬁ]<o (48)

The second order condition (34) means that ﬁiAl- Ai < 0, whereas the stabil-
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ity condition (35) implies (7‘72&- N-)2 > (7?21- Aj)z' Also, from proposition 3:

N2
()
iA
Tara? = Taoar = - - {57 - _73] <0 (49)

(- (m)")

All these imply:

dAl _ _ﬁZiAiﬁlAlsl + 7_TiAiAJJ_rzAzsl 0 50
dSl - —i 2 i 2 > ( )
(Wm‘m) - (”Az‘m)
and » L » ;)
dA?  —TpipaTAza + T TaLg 0 51
1l 2 o 2 S (51)
(“Aim) - (”Aim)

Which is the statement of the proposition.
From (46), (47), (48) and (49), we can also derive the following relation-
ships, to be used later:

&
_ iA _ ;i
TALg (‘%) — ¢t = 0Tp1 — Ol = Thini (52)
opT
7?2251 <_%1A> — 07?2251 — ﬁlAiA]’ (53)
pT
_1 2 1.4
ﬂ-Alsl . 1 [7 T Z/y T 1] (54)
— = T 1
Tains 0 [37 177
2 1.4
_ [7 — 31— 1] 1 _
TAzgt0———5— — $11 = Tripi (55)
0 -1 a8

D Proof of Corollary 5

Note, first, that from (47) and (48), |Fh1,| > |FAz2.1| for 7 between 0 and 1.
Also, from (50) and (51):
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dAl dA2
ds! dst
dA! n dAZ?
ds! ds!
i -1 i -2 i =2 i -1
NINIIN S RNINLICS! TAiniTA2 T TAin T AL

(Faiad)” = (Taras)’ (Faiad)” = (Tasas)’
—7hins (Fhig + Tazg) + Thins (Fhig + Taze)
AIAT \"AlgL A2sl AIAT \" AlgL A2l
_ 2 s 2
T aa) ()
~ (Thini = Taini) (Targ + Taog1)
_; 2 _ 2
(Taiar)” = (Taias)
7TA1 1 +7TA2 1

= ——=s5 =95 >
Taini T ”AZAJ

where the inequality comes from the denominator being negative ((34) and
proposition 3), 7_TIA151 > 0 by (47) and ‘772151‘ > !ﬁQAQSl|. ]

E Derivation of equation (37)

Recall that from the first order condition in the R&D stage, 7?1A1 = 0, and also,

. . ori\1 -
7l = [R%(pl,pQ) — CL( P A) + 5! (a—;)] DA (AL A2 sY) 4 !

1
D

1 _ | ply1oo2y AL 12 1‘93731 -2 1 A2 .1

ﬂ-Az - RQ(p D )_ pQ(p y D 7A)+3 8—])2 ¢A2(A ,A ,S)

1 8$1 -2
- " e

1

dip L dAD ;) dA?

dSl szl d 1 +1/]A2 d 1 +w81
and S

dep 5 dAl 5 dA?

EE 1/JA1 qat +¢A2d T +¢81.
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where m! = p! — %—511 + s'. The last two expressions capture the total effect
of the output subsidy on prices. They take into account that the subsidy also
affects the choice of R&D by both firms in the second stage (and these, in turn,
affect prices). This effect (through R&D) is reflected in the first two terms of
the expression.

. . . 51
With these expressions we can rewrite %% :

OB _ 1 (021 ga A& (001N po 00t dy” Oeldy”
0sl op2 ) TAT dst op2) "° Opt dst = Op? dst

This is expression (37) in the main text.

F Proof of Lemma 6

Before proving the statement of the lemma, we need to derive the restrictions
on ¢%; implied by the second order condition (34) and the stability condition
(35).

From the definition of 7, \; in (46), in order to satisfy the second order

’ < 0 we need to ensure

condition 7T A

) 1
b1 > X 22[21741]:97r2181>0
((sz) - () )
éiiA 8zci(zi Al) .
where § = ——27 = —=——===~ measures how fast marginal costs are reduced

a 2
per unit of R&pD.
On the other hand, the stability condition in (35) translates into:

(1) (Chia)

2 ['72 - %’74_ 1] _Qb%l

ﬁ-ZAZAZ _ <(H§i)2_(n7{:j)2> > 1
ﬁiA¢A~ éii Q(Hii)?)
b
[ (%)
— [2_i74_1]— (bZ“ >1
3717 Tha,
using (54):
) W w [72_%74_1]
¢7, +7_[.’L A > 7.(.1 N L
A S8 By - 1]
¢l > OTpig —Ta, >0 (56)
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Since wiA a,; <0, then only (56) is binding..

From the definition of dm and dA (50), (51) and the identities (52), (53),
(54) and (55) we have

2
d_Al _ *ﬁiAiAiﬁ'lAlsl +7?iAiAj7?2Azsl B ( 97TA1 ) +¢11) TFAl L+ M
B i 2 — 5 =
ds! (WZNN‘) _( ZN-A]-) ( i ¢11) _( A1A3)2
1 <_ (‘97?2131) +¢1197rA1 L+ (7 NN)2> .
9 ; >
o (07—721 1 ¢11) — (7 NA])2
dA? _ﬁiAiAiﬁZ%l + ﬁ-iAiAJ'ﬁ-lAlsl

T T T (rha) — ()
(—07 ks + 011) = AN + T A T AL

( TALs ¢11) _( NAJ)2

l ¢117rA iAJ
9( T ALl ¢11) 7( ‘AlA])

Notice that all the terms in the expressions above do not depend on ¢}, except,
of course ¢1;. Taking the derivative with respect to ¢},

<0 (57)

8% B 0T 11 {(97?1& 1 ¢11) — (7 AAJ)Q}
—— = 2
8¢11 0 (( T ALg1 ¢11) - ( A1A7)2>

2 (= (074h10)" + 0107 h1g + (Fains)’) (OFhi g0 — 0h)

0 (675 — 1)’ — (Fin)’)”

- [ (7AW H 07h (Fain)
0 (0741, — 01)" = (Fhin)®)
26l <e7-rzlsl> — (64)? 07k — 26 (Fiai)”]

1(eRh) (67hig — 0h)” + (7hp)® 20k - 07AL)

’ (07 = 01" = (Fhs)?)

_l’_
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0182 17y [(07hia —0h)” — (Fha)’] + 26070 (07his —oh)
oon 0 ((97?1&31 —oh)" - (ﬁiAiAJ')Q)2
= 1 5 X
0 ((97?21 = oh)” - (7l AJ)2)
{ﬁiAiAJ [(eﬁlAlsl)Q — 20011 T p1g + (¢%1)2 - (ﬁiAiAi)ﬂ
2071 i i 0T A1t — 2011 Tains P11 }
1 [(07800)° — (61)° — (Fain)?]
o (07h o)~ (Fan)?)
17w W — (07 hag — Thins) (07ha + 7in)]
’ (07hn —0h)* = (Fain)”)”
> 0
where the inequalities are derived using (56). Since 947 > 0 and 947 < 0, the

statement of the proposition follows m

G Proof of Proposition 7

Rewrite the optimal subsidy as

2 2 52
1% 1 Ox! wAQ (3@1 + 1/}31
st=m | 55 (58)
op? ) 9zt dd" 4 Oa ay?
pT dsT op? dsT
where m! = p! — o rsl> 0 is the gross benefit per unit sold, including the

output subsidy. Of course, m! has to be positive (otherwise firm 1 would have
negative profits).
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Turn now to the sign of the denominator in (58). It is positive since
opl dst ~ Op? dst
ozt
0zt (-1 dA! dA? o dA! o dA?
8 a1 (mAl ds! +wA2 ds! +¢51+ (811> <¢A1 ds! +1/}A2 dst +¢51>
op!

s dA1 Dy dA2 ) JdAL dAZ gl
1% +zf}ff - +1_/Ji1‘—fy ?A” =+ o +fbi1_
NIRRT N ds® Qs

el (dal Mpaar g5 IGdAl da? gh I
apt A dst I dst C’;’JZA I, dst — ds' g, 1T}
ax& dAl_%dA2+1_ _%dA1+dA2+l

~opl A | dst Qg_f; ast g 7 23_;2 dst dst 260
ox* - dAl  ydA? 1 vydAl  dA?
61¢N(d1+§d31+5 <§ds T3 +%>)

ax - dA! 72 vydA? 1 72
3 1__ - T T 1 - 1__
1“( < 2) 2d31+0< 2>>>0

(Propos1t10n 4) and (1 - A’;) >

where the inequality comes fro
2 > 0 for  between zero and one.

Therefore the sign of s'* is the same as the sign of ¢Az dsl + ¢S1
Using equation (27) we have:

1 dp?
s dp!

2

Yo =1
Recall that

o dAZ o, [da? gk
¢A2d1 +va = TPN(mJFW-N_

-4 dAz TZJ; ng - dA2 Y
= ai <—dsl T = s < +%>

Since QZJZAZ is independent of ¢¢;, then a change in ¢!, only affects
dA

) 8¢1
in decreasing on ¢};. Left to show is that ¢ (dT + 29> can be positive or

da?
ds!

(i.e. the R&D stage effect). From lemma 6

> ( and so wN (f@f + 29>

negative for permissible values of ¢;.
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From (57) we have

dA? 1 TR NI
dst 0 (a1 R — 2 <
(‘%Alsl - ¢11) - (”Aim)
And so A2
. -1 i =i
1 il —+ = =9Yri—
im0 (G 35) =gy <0
and A2
‘f’%l\(eﬁlAl‘sl*“iAiAj) 5

By continuity, the claim of the proposition follows. m
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