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Lemmas 1 and 2 are useful in the proofs of Theorems 1 and 3.
LemMa 1. The buyers” innovation investments are substitutes:
ek, | X RO g0, ) <0 (EC1)
Capacity and innovation are complements: (3), (4), and (5).
Proor ofF LEMmaA 1. Denote r*(my, m,) =3 ., , R;(M;, g7 (M, M,, c)). By the Envelope Theorem,
(8/dmy)r*(my, my)=(9/dmy) R, (my, g (my,m,, c)). Assumption (2), specifically that (6>/dm,dq)R,(m,, q)

> 0, implies (8/dm,)q;(M;, M, ¢) < 0. Again using Assumption (2), specifically (8*/dm,dq)R,(m,, q)
>0, we conclude that
82
7’*(7711/ mz) =
om,dm, amy0q
Applying Stieltje’s integration by parts with F(—o0,¢;) =0 and Fi(°°/ e;) =1, and then applying
Leibnitz’s Rule,

d
Ry(my, g7 (mlrmzrc)) ‘11(7”1/”12/ c)<0. (EC2)

(92
€1L2|: Z R MI’ qi (Mll MZ’ C))]

66186 i1

+oo  n+o0
= Je,de / / r(my, my) dF (my, e,) dFy(my, e,)
106,

+o00 82
—_/ / ml/el) Fz(mzr 2)87}1 am r*(my, my) dm, dm,
101,

The inequality follows from (EC2) and Assumption (1), specifically that (d/de;)E (m;, ;) <0. By similar
analysis,
2 Py

+o0
E R, ) == [ SR e) o Ry, ) dm = 0

de;dq T
82
— E R .
de,dc 10y |:1§2 Z(Ml, q, (er MZ/ C))i|
+oo
:_/ / l( ir 1) q ( ir4; (m]/mZIC) ’11 (m1/m2/C)dm dF(m ej)ZO/

where the inequalities follow from (1) and (2). Finally, (5) follows from analogous arguments and
gi(My, My, ) <c. D

We generahze the definition of Q in (19) to allow dependency on the capacity c: For ¢ > 0, let Q (c)
denote the unique value of Q; € [0, Q;] that satisfies

(8/0€)Ees o [Ri(M;, Q)] = (3/3€) Exs ez [ > Ri(M,, gi(M;, M, c))]. (EC3)
1=1,2

Thus, the definition in (19) corresponds to Qi(c*).
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LEMMA 2. Suppose that buyer i has a quantity flexibility contract with A; = Q, = Q (i.e., p;(q) = wq for
q € [0, Q), for some constant w > 0). Then there exists a unique solution eX to problem (10), buyer i’s best
response; eX is a continuous function of the exercise price w. If buyer i instead has a fixed-quantity contract
(ie, A;=0), then his unique best response eX is a continuous, increasing function of his fixed quantity Q; eX
is a continuous, decreasing function of the other buyer’s innovation e;; and ef! is a continuous function of the
buyer’s bargaining confidence o; with

(9/da)ef =0 if and only if e} <ej(c,e)),

where the inequality on the left hand side is strict if and only if the inequality on the right hand side is strict.
Finally, Qi(c) isa well—dejined, continuous function of c¢ that satisfies Q;(c) < Q; for 0 <c <} ;_; ,Q; and
Qi(e)=Q; for c =3 iy, Qi

ProoF oF LEMMA 2. Let m,(m,;, w) denote the expected profit for buyer 1 conditioned on his market
size M, =m;:

m(my, w) = mag]{(l —a)R,(my, q) —wqg+ aEeZ|: Ri(M;, g7 (M, M,, ©)) — Ry (M,, c — q)] }

q¢€[0,

i=1,2

Clearly, m(m,, w) decreases with w. Let q*(m;, w) denote an optimal solution, and suppose that the
unit price w increases to w + 6; q*(m;, w) < Q remains feasible so m (m,;, w + d) € [m,(m, w) — 6Q,
a (my, w)]. We conclude that m(m,, w) is a decreasing, Q-Lipschitz continuous function of w for all
(my, e,) € R x[0,1].

Buyer 1’s optimization problem (10) can be written as

“+o0
max [ om0 dE () - e, (EC4)
and the objective is a Q-Lipschitz continuous, decreasing function of w (properties inherited from ;).
Applying Stieltje’s integration by parts with F(—o0,e;) =0 and F (oo, ¢;) =1, and then applying
Leibnitz’s Rule

192 400 400 (92 9
8_6%[00 Wl(mlrw)dpl(mlrel)z_[oo a_efpl(mlfel)a_mlwl(mlrw)dml <0.

The inequality follows from Assumption (1), specifically (6*/de?)F, (m;, e;) >0, and Assumption (2),
specifically (9/dm;)R;(m;, q) > 0, which implies (d/dm;)m,(m,, w) > 0. We have assumed that for all
e, €[0,1], g/ (e;) = g > 0. Therefore buyer 1’s optimization problem (EC4) has a strictly concave objec-
tive function and hence a unique optimal solution eX(w). In particular, eX(w) is the unique value of e,
that satisfies the first-order condition

+o g d /
[ e Fm e g mn, w)dm +gi(e) =0 (EC5)
(our assumptions g;(0) =0 and (1)—(2) imply ff;"(a/ael)a(ml, 0)(d/0my)m (my, w) dm; + g1(0) <0 and
with our assumption that g;(1) = co guarantee that (EC5) is satisfied for some e; € [0, 1)).

Now let us establish that ef(w) is continuous in w. Let H(e;, w) denote the objective function in

buyer 1’s optimization problem (EC4). Consider a sequence {w"},_; ., with lim,_  w" = w. Because
(/3¢ H(e;, w) < — g <0,
H(e, w") < H(ef (w"), w") — (ef (w") —e)* g/2 for all w" =0 and e€[0,1]. (EC6)

Fix € >0, 6 € (0, €* g/4Q) and finite N with |w" — w| < § for n > N. Because H(e;, w) is Q-Lipschitz
in w for all ¢, €[0,1],

H(e,w)<H(e,w")4+86Q foralln>N and e€][0,1]. (EC?7)
Applying (EC6) and (EC7), we find that for all n> N and e satisfying |e — e (w")| > €

H(e, w) < H(ey (w"), w) +25Q — €” g/2 < H(ef (w"), w)
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and therefore
leX(w) — ef(w")| <€ for n>N.

We conclude that ef(w) is continuous in w.
Now let us focus on fixed-quantity contracts (A = 0) and explicitly represent the dependence of ef
and m;(m,;) on (Q, e,, ;). From (EC5), the buyer’s best response ef(Q, e,, @) is the unique solution to

+o0
/ 90 Fl( 1,61)—77'1(7711,Q/ ey, aq)dmy + g (e;) =0.
o 0€

From the Implicit Function Theorem, eX(Q, e,, @;) is continuous in Q, e,, and «; and has partial
derivatives

I — J22(@/0e)F (my, €)@ /0m dQ)m (m1, Q, &, ) dimny ECS
a0 (Q e m)= [ (@2/06) Ey (s, e) (8)ms) d (EC8)
1My, e Dm(my, Q, ey, ap) dmy + g7 (e;) e1=eR(Q, ey, a1)
— [*(3/de,)E,(m;, e;)(8%/dm, d ,Q, 6, a1)d
eﬁ(Qlezlal)Z +oof_;o( é ey)F(my, e,)(0%/dmydey)m (my, Q, ey, ay) :771 (EC9)
f,oo (0%/de1)F(my, e,)(d/dmy)mm(my, Q, e, ) dmy + g7 (e;) e1=eR(Q, e, 1)
a — ["*(3/de,)F,(my, e,)(9*/dm,d ,0,e,,a,)d
gef(Qrez,Oﬁ): +wf7020( /231) 1(my, €,)(0%/dmyday)my(my, Q, ey, ay) :“1 (EC10)
1 f_w (02/de1)F (my, e1)(3/dmy)m (my, Q, €y, ay) dmy + g7 (€;) e1=eR(Q, ey, 1)

The denominator (identical in (ECS8), (EC9), and (EC10)) is strictly positive because gi(e;) >0,
(0*/de?)F (my, e;) > 0 and (9/dmy)m(my, Q,e,, ;) > 0. The numerator in (EC8) is negative
because (d/de;)F (m,,e;) <0 and (82/8m16Q)771(m1, Q, e,, a;) > 0. The numerator in (EC9) is pos-
itive because (9%/dm,de,)m (my, Q, e,, ;) = —alf *(0/dey)E(my, €,)(8%/0m,dq)R, (my, q; (my, my, €)) -
(9/0my)gi (m,, m,) dm, <0. The numerator in (EC10) can be rewritten as

7

ey =ef

{@rae)E, IR, (M, Q)1 = @/e)E..o| T R g7, M, ) |}

i=1,2

which is negative if and only if el <ei(c, e,) and is zero if and only if el =ei(c, e,).

Existence and uniqueness of Q,(c) follows from (5), (0/0€;)Ep:([Ri(M;, 0)] = 0, and our
assumption that for i = 1,2, there exists Q; such that (0/99)E, [R;(M;, q)] = 0 for q > Q; and
(9*/de;0q)E, [R;(M;, )] > 0 for q < Q. Strict joint concavity of the integrated expected profit function
guarantees that e’(c) is continuous in c for i =1, 2, and, with Assumptions (1)—(2), guarantees that
the left hand side and the right hand side of (EC3) are continuous in c. Then continuity of Q (c)
in ¢ follows from existence of (9*/de;dq)E, [R;(M;, g)]. Assumptions (1), (2) and (9/99)E, [Ri(M;, )] =
for = Q; imply that (3/de)E, . [Yis,» Ri(M, g;(My, My, )] = (9/de)E, [R/(M;, G)] for ¢ = Yoy 2Qz
and (e,, e,) € [0, 1]2, which establishes Q,(c) = Q; for ¢ > i1 Q;. Then Qi(c) < Q; for ¢ < Yic1,2 Q;
follows immediately from our assumption that the inequalities (3) and (4) are strict for 4 < Q; and

c< Zi:l,z Qi' 0

Proor of THEOREM 1. It is straightforward to show that (1) and (2) imply that

(@/de})E, [Ri(M;, Q)] <0 and (32/36’?)58162[ > Ri(My, qi (M, M, C))} =0,

1=1,2

so g/ (e;) > 0 implies that buyer i’s objective function under fixed-quantity contracts is strictly concave
in the settings with and without renegotiation. This, together with the facts that each buyer’s objective
function is continuous in his innovation and each buyer’s strategy space is compact and convex,
implies that there exists at least one Nash equilibrium in each setting. Under fixed-quantity contracts,
in the case without renegotiation, buyer i’s optimal innovation e is given by the unique solution to
the first-order condition

(0/de))E, [Ri(M;, Q)] — gi(e;)=0.
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Therefore (ef, ¢;) is unique. In the case with renegotiation, buyer 1’s best response ¢} (¢;) to innovation
level e; is the unique solution to

(1 — a)(0/3¢)E, [Ri(M;, Q)] + aiw/aei)Emz[ S Ry(M, g (M, My, c))} ~gl(e) =0

1=1,2

Note that ef(e;) > ef' if and only if

> (9/0e;)E, [Ri(M;, Q))] |e,-:e;.f- (EC11)

—pl
ej=e]

(a/aei)Eelezl: Z RI(MII ql*(Mll MZ/ C))i|

1=1,2

Because by Lemma 1 innovation investments are substitutes (EC1), (EC11) holds if and only if ¢; <e¢;.
This implies (12).

Suppose the buyers and contracts are symmetric. In the setting with renegotiation suppose that
el =e} =e¢j, and e} = e} = ¢] are symmetric equilibria with e}, > ¢]. Then

g(ep) = {(1—a>(a/ae JE, [R(M;, Q)] + a(0/e,)E [Z Ry(M,, g (Ml,Mz,c»]}

1=1,2 ey=ey=ej,
< {(1 — a)(9/3)E, [R(M;, Q)] + a(a/aei)Eelez[ S R(M,, i (M, My, c))“
1=1,2 ey=ey=e]

=g'(e)),

where the inequality follows because by Lemma 1 innovation investments are substitutes (EC1) and
because (/de?)E, [Ri(M;, Q)] < 0 and (2/de})E,, [Ty » Ri(M,, g} (My, My, ))] < 0. Because g(-) is
strictly convex, g’(e}) > g'(eJ); this contradiction establishes that the symmetric equilibrium in unique.
(12) implies " > e" if and only if e” < ¢;, which implies (13). O

Proor oF THEOREM 3. We will characterize an optimal quantity flexibility contract and associated
Nash equilibrium in investment for three parameter regions.

ReGron 1: 37, 5 Q,(c*) = c*. If the manufacturer chooses capacity c*, then under fixed-quantity con-
tracts (Qy, Q,) = (O,(c*), Q,(c*)), (ey, &,) = (e, €3) is an equilibrium in innovation. Because (e, €5, c*)
is optimal for the integrated system, by the envelope theorem

(0/30)Ege| T R, g1y, M, ) || =k

i=1,2

c=c*

Because E, , [>i_1,, R{(M;, g7 (M;, M, ¢))] is concave in ¢ and «,, €[0, 1), for ¢ > c*,

@O0, o] ¥ R, 30, M )] <

i=1,2

Therefore, under fixed-quantity contracts (Ql(c*), Qz(c*)) and innovation levels (e}, e3), the manufac-
turer’s best response is cf = c¢*.

Regron 2: 3, , Qi(c*) < ¢*. We will construct quantity flexibility contracts that implement the first-
best actions (e], 3, ¢*). Buyer 1 has a fixed-quantity contract with Q, = Q,(c*), and buyer 2 has a
quantity flexibility contract with Q, = A, = ¢* — O, (c). Assuming capacity investment ¢ = ¢* and
buyer 2 innovation e, = e3, buyer 1 chooses innovation according to

x| £, | Ry, G (€)+ auBg| 3 RV (V0 M, ) = R, Q)

i=1,2

- Ro(hy = 0, | - e}
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Because buyer 1’s best response is unique, by construction of Q;(c*), buyer 1’s best response is ef = ¢;.
Assuming capacity investment ¢ = c* and buyer 1 innovation e; = ej, buyer 2 chooses innovation
according to

max{Eq[ max {Rz(Mz,qz<M2>)+a2Ee;[Z RiM,, g/ (My, My, ) — Ry (M, ¢ — (M)

e B(Mp)el0, ¢* =0y (c*)] io1,2
— Ry (M,, qz(Mz))] — Wy (M) ” —&(e) }

Observe that for w =0, g,(M,) = c* — Q,(c*) > O,(c*) for all M, and thus buyer 2’s best response
eX > e3; as w— oo, q,(M,) — 0 for all M, and thus buyer 2’s best response eX < e;. Because buyer 2’s
best response function is continuous in w, (by Lemma 2), there exists @, such that at @, buyer 2’s best
response eX = ¢5. Under the contracts (Q;, A;, w;) = (Q,(c*), 0, wy) and (Q,, A,, w,) = (c* — Q,(c*), ¢* —
Q,(c*), @,) and innovation levels (7, e3), the manufacturer’s best response to build capacity ¢® = c*
(by the same argument as for Region 1).

Finally, we will show that fixed-quantity contracts cannot implement the first-best actions (e7, €3, c*).
By extension of the argument above, assuming capacity investment ¢ = ¢* and buyer 2 innovation
e, = ¢;, buyer 1 chooses innovation ef = ¢j under a fixed-quantity contract if and only if Q, = Ql(c )-
By extension of the argument for Region 1, assuming innovation (e, €3), the manufacturer will build
the first-best capacity if and only if

> Q=" (EC12)

i=1,2

However, >, , Qi(c*) < ¢* implies that the fixed-quantity contracts required to induce the first-best
innovation investments assuming capacity investment ¢ = c* violate (EC12), so fixed-quantity contracts
cannot implement the first-best actions.

ReGION 3: 3 » Q,-(c*) > ¢*. Our analysis will proceed in three steps. Consider the relaxed contract
design problem in which the constraint that the manufacturer’s capacity is a best response is replaced
with the weaker constraint that ¢ > »°,_; , Q;; call this problem (R). First, we will construct a solution to
(R) with fixed-quantity contracts Q,,0) capacity c =3, , Q, and associated innovation equilibrium
(é;, &,) that satisfies

e, <ei(c, &) and e, <e5(c, e). (EC13)

Second, we will prove that (Q,,Q,,E,¢,8&) is a solution to the original contract design problem
(given fixed-quantity contracts (Ql, Qz) and innovation (¢, &,), the manufacturer optimally chooses
capacity ¢). Third, we will prove that (¢, é;, &,) # (c*, e}, €5).

In constructing a solution to (R), we can restrict attention to fixed-quantity contracts. To see this,
consider any capacity ¢, general contracts (0, :(q): 0<g < Qv,.}l-:L , satisfying ¢ > Zi:Lszi and
associated innovation equilibriurn (&, &,). Because capacity and innovation are complements (3),
El € [eR(e,, ¢,0,0,0), eR(e,, c, Q,,0,0)] and ef(e,, c,-,0,0) is increasing (by Lemma 2). Because
ek(e,, c,-,0,0) is continuous (by Lemma 2), there exists Q, < O, such that eR(e,, c, Q,,0,0)=¢,. Thus,
under fixed- quantlty contracts (Q;, Q,), where Q, is defined analogously, (é;, &) is an innovation
equilibrium and ¢ >} » Q,. Recall that expected profit strictly decreases with ¢ for ¢ > ¢ where
C <y 1ZQ, Also by Lemma 2, Q(c)<Q, for0<c<) . 12Q, and Q(c) Q; for c>¥._ 12Q,
Therefore, in solving (R), we can restrict attention to ¢ <3 ,_; ,Q; and Q; < Q; for i=1,2. A solu-
tion (Q,, O, ¢, &, é,) exists because the contract parameters and innovation levels are restricted to
compact intervals, and the integrated expected profit function and buyers’ best response functions are
continuous.

We now show that our solution (Ql, Qz, C,e,6) to (R) satisfies } ., , Q,-(E) > . Because
Z,—:LZQ,(C*) > c*, if Zi=1,2éf(5) < ¢ then ¢ # c¢*. Suppose Z,—:LZQ,.(E) < € < c¢*. As in Region 2, if
D ic12 Q,(c) < ¢ there exist contracts that induce (e7(c), e3(c)) and satisfy ¢ >3, , Q;. Because Q,(c) is
continuous (by Lemma 2), there exists 6 € (0, c* —¢) such that }_,_, , Q,(¢+ 8) < &+ 6. Therefore, there
exist contracts that induce (ej(¢ + 9), e5(¢c + 0)) and satisty ¢ +8 > >_,_; , Q;. Because Il(ej(c), e;(c), c)
is strictly concave in c, these contracts result in strictly greater expected profit, so our solution to (R)
cannot have }_,_; , Q,(¢) <& < c*. By similar argument, our solution to (R) cannot have 3_,_, , 0,(¢) <é
and ¢ > c*.
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If > ,0,(é) = ¢, then as in Region 1, under fixed-quantity contracts (D, ) = (O,(c), O,(0)),
(&1, 6,) = (e1(C), ez(c)) is an equilibrium and )_,_, , Q,=¢.

For thecase }_,_; , Q.(8) > &, we will argue by contradiction to establish (EC13) and then }_,_, , Q,=¢.
Suppose

&> ¢i(5,8) and & <eiGE). (EC14)

Consider the alternate contract (Q;, Q) = (O, -8, Q,+0) for > 0. For 8 sufficiently small, there exists
an equilibrium (e3, e5) with ¢} € (ef(c, €;), ;) and e) € [e,, €5(c, ¢;)). This follows from the following:
(82/8qaez)E€2[R2(M2, 7] =0 (by Lemma 1); (6*/dgde,)E, [R,(M,, q)] >0 for g € [, — 8, Q] (because
Q,-6<0Q,<0Q); ei(c, e,) is contmuous in e, (which is implied by strict joint concavity of the inte-
grated system expected profit); and e} is continuous and decreasing in ¢; (by Lemma 2). By strict joint
concavity of the integrated expected proﬁt function,

Il(ey, ey, c) <Il(ey, €3, c) <Il(ey, €5, ¢),

so the equilibrium (e}, €}) results in strictly greater profit, contradicting the optimality of (¢, é,).
Therefore, (EC14) cannot hold. Suppose

6,>¢(6,8) and &> eEE). (EC15)

One can decrease Q, and Q, by small amounts so that there exists an equilibrium with (¢}, ¢;) with
e; €[ei(¢, e,), 6;) and e, = ¢é,. To see this, note that with ¢, fixed, one can decrease buyer 1’s optimal
innovation slightly by decreasing Q,. With ] fixed, one can reduce Q, by a small amount so that
the resulting best response ¢, = é,. The equilibrium (e}, ;) yields strictly greater expected profit, so
(EC15) cannot hold. The same arguments that rule out (EC14) and (EC15) hold when the subscript
indices are reversed. Thus, optimal contracts and associated equilibrium must satisfy (EC13). If (EC13)
holds with equality for i =1, 2, then by strict joint concavity of the integrated expected profit func-
tion, (&, &) = (¢;(¢), €5(¢)). This holds if and only if the contracts are (Q;, Q;) = (Q;(¢), Q»(¢)), which
because ) ;_; , Q;(¢) > ¢ implies };_; , Ql > ¢, a contradiction. Therefore, without loss of generahty,
we can suppose &, < €j(C, &,). It remains to show that c=3",_, , Q,. We noted above that ¢ <Y",_ 1,2 Q;
and Q; < Q, fori=1,2Ifc=>;_ 12er then Q, = Q; for i =1,2, which implies ¢ =);_ 12Q1 If
C<Xin, ,Q,, then (5) and (9?/de; dq)E, [R,(M;, q)] =0 for g > Q; imply that (8/36 )E. [R;(M;, Q)] >
(0/0e))E, o,[> 11,2 Ri(M;, q; (M;, My, ¢))] and eR(e ¢, 0,0, O) > ¢;(¢, ¢;). Therefore, Q, Q; fori=1,2
(or we would have a contradiction of (EC13)). If ¢ > 3", , Q,, then one can increase Q, and Q, by small
amounts so that there exists an equilibrium (e}, ;) with €] € (¢, ej(c, é,)] and e, = é,. The equilibrium
(€7, e3) yields strictly greater expected profit, so it must be that c=3",_; , Q..

The second step is to show that our optimal solution to problem (R) is an optimal solution to the
original problem which includes the constraint that the capacity is a best response for the manufac-
turer. First, we consider the case where ¢ > 0, and we begin by establishing that Q;>0fori=1,2
We established above for the case c=3,_; , Q,, that Q; = Q; > 0 for i =1, 2. Otherwise, ¢ < Y is12 Q;
and (9/de))E, [R;(M;, ¢)] > (8/de;)E, ., [> 11,2 Ri(M;, g7 (My, My, ¢))] and (EC13) imply that Q, € (0, ¢) for
i=1,2. Suppose that ¢ = ¢ is not a best response. Because in the optimal solution to (R) >_;_; , Q. =¢,
this implies
> k.

c=C

am(a/acwgle-z[ S R(M,, g (My, My, c»}

i=1,2

This implies

>k,

c=cC

(a/aC)Eelez[ Z R; (Mz/ q; (Mll MZ/ C))i|

i=1,2

so total system expected profit is strictly greater at (¢, é,, ¢ + ) for & sufficiently small and strictly
positive than at (¢, &,, ¢). Let ef(e,, ¢, Q;, A,, w;) denote buyer 1’s best response to innovation e, and
capacity c under contract (Q;, A;, w;). Note that

& =X, 6,0,,0,,0) <ef(é,E+8,0;,0,,0),
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where the inequality holds because capacity and innovation are complements (4). Then, because
Q>0
lim ¢, 1@, E+8,Q1, Q1 w) <ef(8,E,Q;,Q1,0)

w—>

for o suff1c1ently small. Because ef(e,, ¢, Q;, Q;, w;) is continuous in w; (by Lemma 2), there exists
w, such that ef(é,, ¢+ 3, Q,, Q,, ) =&, for & sufficiently small; let @, denote the analogous quan-
tity for buyer 2. Thus, under contracts (Q;, A;, w;) = (Q;, Q;, @;) for i =1,2 and under capacity ¢+ 6
for & sufficiently small, (¢, é,) is an equilibrium in innovation; because total system expected profit
is strictly greater at (¢, é,, ¢ + 6), (é;, €, ) cannot be an optimal solution to (R), a contradiction. Sec-
ond, consider the case where ¢ = 0. This implies &, = &, = Q, = Q, =I1(,, &, &) = 0. Let (&,(c), &(c))
denote the system-profit maximizing innovation equilibrium under capacity ¢ and fixed-quantity con-
tracts Q; =0 for i =1,2. If c =¢ is not a best response, then (9/dc)I1(0,0, ¢)|._o > 0, which implies
(3/9c)TI(é,(c), é5(c), ¢)|.—o > 0, which contradicts that (¢, é,, ¢) = (0, 0, 0). This establishes that the solu-
tion to (R) identified in step two is an optimal solution to the original problem.

We have observed that ¢ # c* or ¢; < e}(C, €,) for at least one buyer. We conclude that in Region 3,
the firms cannot induce the first-best investments with contracts of the form {Q;, p:(9): 0 <9< Q;},_1 o,
fixed-quantity contracts are optimal, and the associated Nash equilibrium is characterized by under-
investment in innovation (EC13).

In Region 1: 3, , Q,(c*) = ¢*, the firms induce the first-best investments with fixed-quantity con-
tracts for any level of bargaining confidence a; € (0,1/2] for i =1,2. It remains to show that in
Region3: 3, , Q.(c*) > ¢*, total expected profit (with the optimal contracts and associated Nash equi-
librium) weakly increases with buyer i’s bargaining confidence «;. If ¢ =0, the result is immediate;
suppose ¢ > 0. Recall that (¢, é,, ¢, Q,, Q,) represents the optimal contracts (fixed-quantity contracts)
and associated investment equilibrium for a fixed (e, @,). Increase buyer 1’s bargaining confidence
to a; +6, and let ¢; = ¢; Ree,, ¢, Ql, Ql, 0, a; + 0) denote the associated best response. From Lemma 2,
ey > e1 Ree,, ¢, Ql, Ql, 0, al) = ¢,. Because Q1 > 0, for sufficiently small 6 > 0 there exists finite w’ such
that eX(é,, ¢, Ql , Ql, W', oy + 6) = ¢, so the firms can induce the same capacity and innovation invest-
ments (¢, é,, &,) by giving buyer 1 a quantity flexibility contract with parameters Q; = A; = Q;, and
w, = w'. We conclude that problem (R), and hence the original contract design problem, has a solution
with weakly greater expected profit than (¢, é,, ¢, Ql, Qz)

It is straightforward to verify that in the symmetric biopharmaceutical example }_;_; , Qi(c*) <c* if
and only if e* > 1/2. Further, it is straightforward to show that there exists k < H such that e* > 1/2 if
and only if k <k, and that k has the asserted properties. [

Proor oF THEOREM 4. We will show that expected profit is greater with tradable options than in
our basic setting with renegotiation. From Theorem 3, }_._, , Qi(c*) > ¢* implies fixed-quantity con-
tracts are optimal in the setting with renegotiation. Let (Q}(ay, a,), Qj(a;, o)) denote the optimal
fixed-quantity quantities and (e](ay, a,), e5(ay, a,), ¢’ (a;, a,)) the associated optimal Nash equilib-
rium investments, for each (a;, ;) € [0, 1]* . From Theorem 3, total expected profit with investments
(e1(ay, ay), ej(ay, ay), € (al, a,)) is greater at a; = @, = 1 than at any other (al, a,) €0, ]2 If each
buyer i =1,2 has Q!(, 1) tradable options, then the 1nvestments (er(3, D), e, Y, c (2, 1)) consti-
tute a Nash equilibrium. To see this, observe that if the manufacturer does not speculate: ¢’(3, 1) =
Qi(3,3) + Q3(3, 3), the buyers” objective functions are identical in the setting with tradable options
and the setting with fixed- quantity contracts and a = ;. The manufacturer’s added value if he builds
capacity ¢ > Qf(3, 3) + Q3(3, 3) is lower in the setting with tradable options than with fixed-quantity
contracts. Therefore, the fact that the manufacturer does not speculate in the setting with fixed-quantity
contracts implies that the manufacturer does not speculate in the setting with tradable options. We
conclude that the firms achieve greater expected profit with tradable options than with simple fixed-
quantity contracts, and hence with any contracts of the form {Q;, p;(7): 0<9<Q;},_; ,. O



