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Online Appendix

B Additional Propositions and Proofs

B.1 Proofs of Corollaries

Proof of Corollary 1.
This follows immediately from

exp (—AemaxX) = ¢ and A [pa; + (1 — @) az] =c.

If either ¢ decreases, «; increases or as increases, ¢ decreases and thus X increases. If e, ., increases, clearly X

decreases. Finally, using X = ——1— log 5:(222, we find that % > 0 if and only if —log ¢ < &%\ = emaxo-l

Aemax 1

Proof of Corollary 2.

For T > X, an equilibrium with private information exists in which e*?" (t) = 0 for t < T — X and
e*priv (t) = emax for t > T — X. In the unique equilibrium with public information e*pub (t) = emax if and only
if ¢t > T — A. We show that X > A by contradiction. By definition, X is the deadline T" solving

VP () = VT 0) = 5 ang” (T) +az (1= 67 (1)) =

where ¢* (T') = exp (—AemaxT'). Also, by definition, A is the deadline T solving

)

>0

U U c * ¢ 0 * ¢
VP 0) <V 0) = § e o (14 (554 gy ) (107 0) =

where we use exp (—2XemaxT) = ¢* (T)>. Since ¢* (T)* < ¢* (T), a necessary condition for X < A is

- c n 0
o L, 9
2200 T eman

(1)

which implies that exerting effort to produce a second breakthrough is socially inefficient. We now show that
when this inequality holds, welfare under public information exceeds the welfare under private information for
short deadlines, .

VP (0) — VP (0) > 0 for T < min {X, A} . (2)

However, from Proposition 5, we have

V™ (0) 2 VAT (0) = max V™ (0) 2 V™™ (0).

Hence, this implies that X > A, which is a contradiction. To establish the inequality (2), we use that for T < A,

U ¢ 6
V0 =+ (01 g3 gra) (e (2henn),

and for T' < X,

Cc

S (-7 (1) - oT.

VEP(0) = Vo + an (1 67 (1) + s (1 - 6" (1))
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Using exp (—2XemaxI) = ¢* (T)z, we find that higher welfare is achieved in the public information case if

c

A

(02 55~ g ) a— o <o (7= 1520,

The term 1;5’;5?) corresponds to the expected duration of a game with maximum length 7" when the project is im-

< )

0o (1= 6" (1)) = § (1= 6" (1)) =0T < 7 (10" (1)) = 52— (1- 0" (@)%).

Rearranging, we find

plemented at the rate Aeyax and is thus smaller than T'. Hence, the right-hand side has a positive sign. Moreover,
from inequality (1), we know that the left-hand side has a negative sign. This establishes the inequality.l

Proof of Corollary 3.
Knowing that 7' < A implies T" < X by Corollary 2, this follows immediately from the second part of the
proof of that Corollary.l

Proof of Corollary 4.

The condition (2Aag — ¢) emax < 0 implies that it is socially efficient for the team to produce only one
breakthrough. The efficient level of the value of the project is thus bounded above by V) + ;. However, for
T € [X,Y], the expected value of the project equals Vp + (1 — &)2 (1 +ag) + 2 (1 — g_é) é (Vo +ai). When

2
3—? > ‘/"7,2, this exceeds Vp + o .1l

(1-2)

B.2 Large Effort Incentives (¢, > ¢)

In this section, we describe the case where effort incentives are large (¢, > ¢, see Section 6.1) in more detail. We
also state the equilibrium strategies and beliefs formally and provide a proof.
We consider deadlines of different length T of which there are four distinct cases. We define two thresholds
X, and Yy, similar to X and Y, and an additional threshold Z. The threshold X,; denotes the length of time
necessary such that an agent exerting maximum effort is successful with probability 1 — ¢,. Thus, the threshold
solves
exp (—AemaxXd) = @4

Similarly, the threshold Y; denotes the length of time that an agent would be willing to delay implementation in
exchange for the additional benefit of a second breakthrough with probability 1 — ¢,. Thus, the threshold solves

(]. - q?)d) Qo = ($Yd

The characterization of the equilibrium is very similar as before, with the exception of a final stage which lasts
up to Z for games with length exceeding X4. Once the length of the game exceeds Xy and unsuccessful agents
have exerted maximum effort until ¢ = X, successful players will implement projects at a rate d* (¢) such that
(1 — &d) d* (t) = Aemax keeping the belief constant at ¢,. The threshold Z is the maximum length of this mixing
stage which maintains maximum incentives to exert effort throughout the game,

1 (1= ) 0z — et

. €max )

— log( -
2)\€max ¢d2a1 + (1 — ¢d) Qo — C‘;\LM

€max

7 =

Proposition 8. If ¢, > ¢, then the equilibrium strategies and beliefs are as follows:

1) If T < Xy, any successful player chooses not to implement, d* (t) = 0, for all t while any unsuccessful
player chooses to exert mazimum effort, e* (t) = emax, for all t. The agents’ beliefs evolve according to ¢* (t) =
exp (—Aemaxt).

i) If Xg < T < Xgq+ Z, any successful player chooses not to implement for t < Xy and decides to implement

2

at the mizing rate d* (t) = % for t > Xy4. Any unsuccessful player chooses to exert mazximum eﬁm:t,
€* (t) = emax, for all t. The agents’ beliefs evolve according to ¢* (t) = exp (—Aemaxt) fort < X4 and ¢* (t) = ¢,

fort > Xg.
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i) If Xa+ Z < T <Yyg+ Z, any successful agent chooses not to implement for t <ty =T — Z, and decides to

2
implement at the mizing rate d* (t) = % fort > tq. Any unsuccessful player chooses to exert effort e* (t)

for 0 <t <ty which is not uniquely determined, but the effort choice must satisfy the following conditions:

@ (t) = exp ()\/0 e* (s) ds> < o% [t —to] fort € [to,td] (3)

and

b (ta) = exp (A / e (5) ds) - (1)

for to = 0. Fort > t4 the unsuccessful agent exerts maximal effort e* (t) = emax. The agents’ beliefs evolve
according to ¢* (t) = exp (—/\ fg e* (s) ds) for 0 <t <tq and ¢* (t) = ¢y fort > t,.

w) If T'> Yy + Z, any successful player chooses to implement immediately for t < tqy — Ya, not to implement,
d* (t) =0 forty—Yy <t < tgq, and to implement at the mixing rate d* (t) = % fort > tq. Any unsuccessful
agent chooses to exert effort e* (t) = % fort <tq—Yy, and to exert effort e* (t) for tqy — Yy <t < tq which is not
uniquely determined but must satisfy the following conditions (3) and (7) for to =ty — Yy, and to exert mazimal

effort €* (t) = emax fort > tq.

Proof. i) Case 1: T < Xy

The proof is here exactly the same as for Case 1 in Proposition 1, since (Ed = exp (—AemaxXd) > ¢ in this
case with large effort incentives.

ii) Case 2: Xy<T<Xy+Z

We again start by writing out the implied continuation values of successful and unsuccessful agents on the
equilibrium path for the proposed equilibrium strategies.

At the deadline, the continuation values equal

VIT) = Votar+ (1—y) s,
VUT) = Vo+ (1-¢y) .

For ¢t € [X4,T], the continuation values equal

T 1_
VY(t) = / <Vb +a1+ m — (Cemax +9) (s — t)) 2N~ 2Aemax(s=1)
t
e AT (VU(T) — (cemax +8) (T — 1))

Note that the 2 in the density function comes from the probability of one of two events occuring, “agent suc-
cessfully produces a breakthrough” or “the other agent decides to implement”. In this time interval, the rate of
breakthrough production is the same as the rate at which the other agent is deciding to implement the project.
The payoff contains the term (1 — (Eﬁd) a2 /2 because with 1/2 probability the agent will produce a breakthrough
before the other agent decides to implement the project in which case the payoff is increased by (1 — (Ed) as. The
continuation value simplifies further to

Vi) =Vo+ a1 + — (cemax + 9) e
_ 1—¢y)
o —2Xemax(T—t) d _
e Pg01 + 5 (cemax + 0) e
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The difference between being successful and unsuccessful is given by

Sy U (L= a) a2 1
Vo) -VY(t) = 3 + (cemax +9) e
_2)e.. _ - 1- &d (6%) 1
+e max(T—1) g1 + ( 2 ) — (Cemax + 9) 2Xemax
.. ¢ . d(vS®)-vY ()
We define Z such that this difference equals exactly & when ¢t = T'— Z. Notice that ————7—|;=7_z > 0,
B dvs(t) _ av¥(t)
since = —|i=r—7z = 0 and —~|;=r—z < 0.
For t € [0, X4], the continuation values equal
VE@) = Votar+(1—¢y)as—38(Xa—1),
c —~
vY (t) = [1 — €Xp (_)‘emax (Xd - t))] (VS (Xd) - X) +exp (_Aemax (Xd - t)) vy (Xd) -9 (t - t) .

The difference between the two equals

VS (t) - VY () = % + e MXat) (VS (Xa) - VY (Xq) — %) .

Strategy of successful player: Check first that the successful individual’s implementation decision strategy
d* (t) = 0 is optimal for ¢ € [0, X,] by verifying whether V' (t) > Vi + a1 + (1 — ¢* (t)) aa, where the right hand
side equals the payoff from immediate implementation. Rearranging , we obtain

. 1)
¢*(t)*¢d2af(Xd*t)a
2

which holds with equality for ¢ = X;. Furthermore, the derivative of the LHS is strictly less than the RHS,
—Aemax®” (1) < ,ai’ for t < Xy4. Hence, the relation holds for ¢ < X;. Next, we check that the successful
individual is indifferent about a decision now versus delaying a decision any amount At into the future for ¢t €
(X4, T], so that she is willing to implement at a positive rate. The expected utility of immediate implementation

at t equals -
V(tt) =Vo+ a1+ (1 — ¢y) ae.

This is exactly the same as the expected utility of waiting until ¢ + At to implement, when d* (¢) = ?e_—‘éﬂx for
d
t > Xg,

t+At s
V(Et+Att) =Vo+aq + /1t (g =6 (s—1))d" (s) (1 —¢(s))exp (/ d* (r) (1 —¢* () d7’> ds

t

t+At —
+ exp (—/t d* (r)(1—¢" (T))dr> (1= ¢4) a2 = 6A1).

Using that ¢* (r) = ¢, for 7 > X4, this simplifies further to

V(t+Att) =Vo+o1 + (1 —exp (—d* (t) (1 —¢,) At)) (ag - M)

+exp (= (6) (1= B0) A1) (1 - B) a2).

where

5 9
d* () (1— ¢4)  Aemax

= &dQQ.

Hence, we find indeed that -
V(t+ Att) = Vo + ar + (1 — ¢4) as.
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and thus the mixing strategy is an equilibrium strategy.

Strategy of unsuccessful player: Check that the unsuccessful agent’s choice of effort e* (t) = emax is optimal
by noting that V' (t) — VU (t) > £ for all ¢ provided T' < X4+ Z and V¥ (t) — VU (t) = £ for t € [0, X4] when
T = X4+ Z. The argument that an unsuccessful agent will not decide to implement is again the same as in Case 1
of Proposition 1. The expected utility when following the equilibrium strategy exceeds the expected utility when
exerting no effort, but delaying implementation, which exceeds the expected utility of implementing the project
immediately.

iii) Case 3: Xg+2<T<Y;+Z7

Notice first that the subgames for ¢ > T — Z are identical to those described above in case 2 for t > Xy
and the proof is identical. Turning to t < T — Z. For t € [0,T — Z], the continuation value for the successful
individual is

VI#)=Vo+tar+ (1—dy) e —0(T—Z —1t)

and for the unsuccessful agent

VU(t):<1—eXp<—)\/TZe*(s ))VS(T Z)—l—exp( )\/T ’ s)ds) VU(T - 2)
T-Z
—)\<1—exp< )\/ ))—5(T—Z—t).

VS - VU =S for0<t<T—2Z.
)

Hence, the difference equals

Strategy of successful player: This corresponds to the proof in Case 2 of Proposition 1. Check that the
successful individual’s decision strategy d* (t) = 0 is optimal by noting that V= (t) > Vo + oy + (1 — ¢* (t)) az
when ¢* (t) = exp( A fo ds) > ¢y + (Xd —t), which is true given the equilibrium effort strategy
specified.

Strategy of unsuccessful player: Check that the unsuccessful agent is indifferent about the level of exerted
effort for all ¢ € [0,T — Z], since V(1) — VY (t) = £. An unsuccessful agent will not implement the project
provided that

VE@)>Vo+(1—-9¢" (1) an

54

V0+a1+(1—&d)@2—§_5(xd—t)>
Voton+(1—=0"(t) oz — (6" (H)ar + (1 = 9" (t)) a2) .

We know from the successful player’s strategy that
(1 — g_ﬁd) ag — 0 (Xqg—1t) > (1—9" (1)) as.

Hence, it remains to show that

O (Hor + (L= 6" (D) oz > §

which is true because pay + (1 — @) az = £ and ¢* (t) > ¢, > ¢.

iv) Case 4: T > Yy + Z

Here again we note that all subgames starting from t =T — Y, + Z are encompassed by the proof of Case 3
above, and the continuation values at t =T — Y; + Z are

V) = Vo+a
VU = Vo+a17§

which are exactly the same continuation values as in Case 3 of Proposition 1 for ¢t = T'— Y. In this case the
strategies and the proof for the subgames t < T — (Y; + Z) are identical to that for Case 3 of Proposition 1 for
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t<T-Y. O

For T < X, the equilibrium strategies are exactly like before. For T' > X, the marginal value of a
breakthrough at and close to the deadline is strictly greater than {, unlike in the small incentives case. This also
continues to be the case for all longer deadlines. As the length of the game T increases, however, the incentives
for effort at a given time decrease. To see this, consider the incentives for effort at ¢ = 0 which are given by

VE©0) = VY (0) = 5+, (VS (Xa) = VY (Xa) = 5) -
The only part of the expression which changes with 7', is V¥ (X4) since all the other terms above are constants
and -
V(X)) =VI(T) = Vo + o1+ (1 — ¢y) ao.

VY (X,4) can be rewritten as

VU (X)) = exp (—2Xemax (T — X4)) VY (T)

Ty (et O

+ (1 — exp (—2Xemax (T — Xa))) [Vo + a1 + I
This is a weighted sum of the expected payoff conditional on either producing a breakthrough or the other
agent implementing the project prior to the deadline and the payoff from being unsuccessful at the deadline.
Both of these payoffs are independent of T" and it is only the relative likelihood of each which is affected by
T. The likelihood of being unsuccessful at the deadline exp (—2Aemax (T — Xg4)) decreases in T. Hence, the
continuation value of being unsuccessful at X is increasing in 7. There exists a deadline T' = X4 + Z where
VS (Xq) — VY (Xq) = £ and an agent is indifferent about exerting effort at t = 0, so V¥ (0) — VU (0) = £. For
T larger than X4 + Z, that is case iii) above, maximal effort by unsuccessful agents can no longer be sustained
throughout the entire game. In equilibrium, an unsuccessful agent reduces her average effort intensity before
tqy = T — Z such that ¢ (t;) = ¢,, while the successful agent fully delays. For T larger than Y; + Z, successful
agents will no longer prefer to delay their implementation decision at the beginning of the game, exactly as in
the case with small incentives.

B.3 Uniqueness

In this section, we prove uniqueness of our proposed equilibrium. We first provide a more general description
of our model and then state a sequence of lemmas that we use to prove Proposition 3 which establishes the
uniqueness of our equilibria described in Proposition 2 and Proposition 8.

B.3.1 General Model Description

To establish uniqueness we introduce some additional notation that describes the agents’ strategies. Define the
decision strategy of the unsuccessful agent by p (¢) which is the conditional probability of implementing a project
with no breakthroughs produced by time ¢ given that the other agent does not implement prior to ¢. Define the
decision strategy of the successful agent by p (t) as the conditional probability of implementing the project with
one breakthrough produced by time ¢ given that the other agent does not implement prior to ¢t. Define e () as
the effort strategy of the unsuccessful agent. Define o (¢) as the conditional probability of being unsuccessful by
time ¢ given that the other agent does not implement prior to ¢. Hence, 1 — o (¢) is the conditional probability of
being successful by that time. o (¢) changes over time according to

do
— =—Xxe(t) (o (t) —pn(t))
dt
The effort strategy of the unsuccessful agent influences "é—‘;. The implementation decision strategy of an unsuc-

cessful agent influences both "é—‘t’ and 4 (t). The implementation decision strategy of the successful agent controls
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p (t). The following relationships between these functions hold

n®)+p(t) <1

and
p(t) <o(t)
and
p)<1—0(t)

We will use the notation ~ (tilde) to denote the strategies of the other player and * (star) to denote equilibrium
strategies. The Bayesian belief ¢ (t) at a time ¢ that the other agent is unsuccessful conditional on the project
not being implemented prior to that time is

¢ (t) =

A strategy for an agent maps into a path for e (t),0 (t),u (t), p (t). We restrict our attention to strategies which
result in piecewise continuously differentiable functions of e (t), o (t), p (t) and p (t). Clearly, given the nature of
the model (fT(tT < 0 since agents do not lose or destroy breakthroughs and %v ‘;—é’ > 0 since deciding to implement
the project is irreversible. The upper bound on e (¢) also ensures that o (¢) is continuous.

We have assumed that p () and u (f) are continuous and differentiable at all but a finite number of points.
Denote the set of points where the strategy is discontinuous by x, = {t,...t0}, x,, = {t],..th} , X, = {e7, .10},

= {t%,...t5} and define y = x, U x,, and x = X, U X,,. Also, define

D, () = lim p(s) — lim p(r)

s—tt r—t—

and
D, (t) = lim ju(s)— lim p(r)

s—tt+ r—t—

These are non-zero only at points in x, and x,, respectively and represent the probability that a decision to
implement at that moment conditional on the other agent not implementing the project prior to that time. The
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objective function of the agent is:

! L= -pO\ TP _ oy
emf}?%ifpm%*/o [“*(ww) aQ}dt[l_u(t)_p(t)]dt

[ (=20 -
Yy N ——
o (gt et e
D, (t) |on + (12249-21) o

+t;2u—n<>—m +(z))[<t>((gg()g;())1}

Dy (1) o + (22 ®-p0-Da) Y,
* 3 1=k -00) 0,0~ D, 0) (,fﬂ[@i (<()<<)2)(<§%(<;i§ ))1 d
e 2 ene-ro e o (=5 ] 20 (Fie—he) )
* 2 mp@=e0{2s0 o (TG ) oo 200 (g = ) )
(D) = o) (1= (@) =50 [ + (1o P2 e
5T (1 (1) = p (1) (1L~ (1) ~ (1)
[ 50w s 00 - p)ar

stopt) < 1—o(t), u(t) <o)
do
0(0) = 1, - ==Xe(t)(o(t) — n(t))

where [ (t),p(t), 5 (t) denote the strategy of the other player. To simplify notation we will continue using the
definition of ¢ (t) = %.

We are interested in perfect Bayesian equilibria of the model so strategies must be an equilibrium for all
subgames starting at each time ¢t. We describe these by writing out the problem in terms of continuation values
for the successful V¥ (t) and unsuccessful agent VU (t) upon reaching time t. Also, write p (s|t) ji (s|t) for the

perceived probabilities that a successful and unsuccessful agent implement the project at s > t given the agent is

at t. At on-equilibrium times these are p(s|t) = 2 (fl;g()t) and i (s|t) = & (ls_);z()t). However, if an off-equilibrium
time is reached then this is no longer the case and separate equilibrium strategies and beliefs must be specified
for these subgames. As we will show below the set of symmetric perfect Bayesian equilibria we focus on involve
all times being reached with positive probability.

The continuation value of being successful is just the payoff from implementing the optimal stopping policy
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fp from that moment forward:

V() = tgf);]vo+a1+/t (s — 8 (r — 1)) dpfl:“)dw/t (=6 (r — 1)) dﬁc(l:“)dr (5)
+ 30 Dy 0l8) (a2 — 8 — 1) + Dy (1) (3 7 1)

+ (1= (#) = p (#11)) (1= 6" (#lt)) a2 = 3 [F = 1])

where f:; (t) is the optimizer or set of optimizers of equation 5. The implementation decision strategy is optimal
provided that:

Jim pt(sl0) = o () ifr =i (1)
dp* (r|t) . s
7 > 0or Dy (r|t) > 0if r €t (2)
dp (r}t) o
7 = 0ifr¢t)(t)

and these conditions ensure p satisfies the adding up constraint:

/ dﬂ;t(t) dt = o (max (£* ())) — p (&) + (0 (T) — p(T)) x 1 (max (£* (t)) =7T)
i (t)

The payoff from being unsuccessful is defined by a joint effort and stopping problem given by:

e(r|t) for Te[tﬂ

+/j{5(rt)c/tr (wl|t) d } { < ; (w|t)dw>:dr

+/;{Vs(t)—5(r—t)—0/t <w|’f)d] ()‘”‘p( [ ctwnan) a=re=pema ©

1—p(r)—o(r) t) (g =6 (r—1t) —cf (w[t) dw) ]|
> 1—u(t)—cr(t)[ +D,Lrt)1( r—tfcft e (w]t) dw)

reX\x
t<r<t,(t)

+ (1 —exp <_ /f)\e () dr)) (1— 7 (@) - 5 (@)

where fz (t) is the optimizer or set of optimizers of equation 6. The condition for the effort strategy profile to be
an equilibrium satisfies

(1—¢" (t1t))ar = (t—1t) - c/tte(r|t) dr}

*(t) = e (VI () =VY (1) —
e (t) argeren[g)i]e( (t) = VY () —ce

and the implementation decision strategy is an equilibrium provided that

Slggu(” = 1l—o0(r) ifTZfZ(t)
dp* (r|t) . o
— > 0or Dy (r|t) > 0if r €t (t)
dup* (r|t) . -
— = 0ifr ¢, (1)

where #* (t) solves (6) the unsuccessful agent’s effort and stopping problem. These conditions also ensure that it
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satisfies the adding up constraint

/ dﬂ;t(t) dt =1 — o (max (£ (t))) — p(t) + (1 — o (T) — p(T)) x 1 (max (&} (t)) = T)

£ (t)

A symmetric perfect Bayesian equilibrium may be described by a tuple (e* (¢), p* (¢), pu* (t), ¢ (1)) if p* () +
p* (t) < lforallt < T, where ¢* (¢) is the Bayesian belief an agent has at time ¢ that the other agent is unsuccessful
conditional on the project not having been implemented prior to that time. If 3t' < T : p* () + p* (¢') = 1 then
it must also include off-equilibrium strategies and beliefs (e* (r[t), p* (r|t) , u* (r|t) , ¢* (r|t)) for all times ¢ where
p* (t)+p* (t) = 1 which themselves are equilibria of those subgames, where ¢ (r|t) is the Bayesian belief an agent
has at time r that the other agent is unsuccessful conditional on no project implementation prior to that time in
a subgame starting at time ¢. We now rule out some types of decision strategies at on-equilibrium times by the
unsuccessful agent. The following lemma rules out a continuously increasing u* (t).

Lemma 1. ﬂu*(t),r>0,5>0:%>0f0rte[r—e,r].

Proof. Suppose not and Ju* (t) : dp ;t(t) > 0 for t € [r — g, 7]. If an unsuccessful agent weakly prefers to implement

then a successful agent strictly prefers to implement hence

pr(t)=0"(t) fort e (r—e,r)

and
p*(t)=1fort e (r—e,r)

if not then 3r’ > ¢t such that

Votan+(1-6 () az < Vo oy + (1= (1) = 5" (7[6)) [(1 = 6" (")) a2 = 8 (+* — )

-5 [; (yit) |:dﬂ*d(y|t) + d/~7* (y|t)] der Z (yft) [Dﬁ (y‘t)+Dp (y\t)]

d
Y Y vex
t<y<r’

7"/ d~* ,r/t
+ / wd@ﬂr > Daylt)
t

d p
Y YEX
t<y<r’

This can be rewritten as

o[ [T Dy S D i) + 05 0] (0 (- ) + (= 0 (L )

YEX
t<y<r’

<ar |- @0 -5 ) -0 @) - a-o o)+ [ T T bl

YEX |
t<y<r
However, if this inequality holds then an unsuccessful agent could do strictly better by delaying implementation
until 7’ since the comparison of payoffs would result in the same expression except with a; replacing as. The
inequality would then be strict and this would be a contradiction of the unsuccessful agent mixing at t. Hence,
¢*(t) =1 for t € (r —e,r). However, if ¢* (t) = 1 then an uniformed agent can do strictly better by delaying
implementation and exerting effort enax over a period of time since

Aemax 1 > Cemax + 0
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by assumption. O

The following lemma rules out a jump in the implementation decision function p* (¢) at a time on the
equilibrium path as long as that jump does not occur when both types, successful and unsuccessful, decide to
implement with certainty at that instant.

Lemma 2. 3% (t),0 < s < T : D, (s) >0 and p* (s) + p* (s) < 1
Proof. Suppose not and 3s : Dy (s) > 0 and p* (s) + p* (s) < 1. As above, this implies

rliglJr ¢ (T) =1

by the same reasoning as before. Hence, an unsuccessful agent at s can do better than deciding to implement
immediately by delaying and putting in effort since

)\emaxal > Cemax + ]
by assumption. O

The only equilibria involving D, (s) > 0 also have p* (s) + p* (s) = 1 whereby beliefs at times later than
s are off the equilbrium path. In this case it may be possible to support unsuccessful agents implementing the
project with appropriately specified off-equilibrium-path beliefs. However, we will exclude this type of equilibrium
as we feel for all intents and purposes that it is equivalent to imposing a deadline at time s. We thus continue
the analysis under the assumption that p* (¢) = 0 for all ¢. This also means that all times are reached on the
equilibrium path. The following lemma rules out jumps in the implementation decision function of the successful

type p* (t).
Lemma 3. 3p* (t),0<t" <T: D, (t") > 0.

Proof. We proceed with a proof by contradiction. Say there is an equilibrium with a mass point at a time ¢~
where a mass of D,- (t") = (1 —¢" (¢t")) 8 > 0 decisions to implement are made. For this to be the case then
¢ < 1. If " =1 p* (¢t) = o* (t) successful agents may only decide to implement at the rate at which unsuccessful
agents are becoming successful. Consider lim;_;-— e* (t) and lim;_,;-+ e* (¢). For there to be a mass point the
following conditions need to hold for an agent not to implement the project earlier or later:

lim Ae* (t)as (1 — @™ (t)) > —e for any € > 0
t—t"—
and
lim+ Ae" (D) as (1 —¢" () <d+eforany e >0
t—t"
The first of these inequalities implies that a successful agent will be willing not to implement in the neighborhood
immediately prior to t”. The second guarantees that a successful agent cannot do better by waiting at time ¢”.
Also note that limy_;~+ ¢* (¢°) > limy_ -~ ¢* (t”) due to the mass point. This implies there is a discontinuous
change in the effort level at ¢" if the above two conditions are to be satisfied. We show that this cannot be
maintained in equilibrium. We can write the continuation value from being unsuccessful at time ¢ =t — At as:

VU (" — At) = ds VS () 4 (V. 05 et (s) 5
( ) /tum (1—0* Gle —an OFWte) Ry~ %

(1—0"(s|t” — At)) (1 —p" (s|t” — At)) ds
+(1—0"(t"|t" — At)) Dp= (t"|t" — At) (Vo +ay — 0AL — c/t e* (s) ds)
At

AL do* (s|t"—At) dp* (s|t"—At)

o+ mvs () + (Vo + on) 7=z — €™ (5) —6) X
(1—o* (s|t” — AL)) (1 — p* (s|t” — At)) ds
+ (A —0* (" +Att" — AL)) (1 —p* (t" + At|t" — A) VY (£ + At)
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Where At may always be chosen small enough such that there are no other points of discontinuity of p* (¢) for
te[t” — At,t" + At] other than at ¢t = ¢". Now consider moving a unit of effort from ¢* —¢ to t" +¢ by augmenting
the strategy e* (t) as follows:

e (t) = e (t)—cfortelt” — ALt
e (t) = e (t)+eforte|t’,t” + At

The strategies are piecewise continuous so we can always find a At such that they are continuous over the intervals
[t — At,t) and (¢, ¢+ At]. Using a Taylor series expansion

U (4~ _ A #x\ _ YU (4~ _ A *
lim U te) —VZ te”) =—c ()\( lim V*° (t)> —c)
At—0 At t—t

+AeD,- (7|t — At) (Vo + as)

+e(l— Dy (t°]t° — At)) (A ( lim V*° (t)> — c) — O (AY)

t—t Tt

U (4~ _ A U (4~ _ *
VY = Atet) VY (1 - Ale)
At—0 At

>—e(MANWVo+ar+(1—-9¢(t"))az) —c)
+AeD, (7]t — At) (Vo + )
+e(l—=D,- "1t —A) AW +a1+(1—0 (") — D, (t7|t7 — At)) az) — ¢) — O (At)
Define the right-hand side by R then
R = —D,(t"|t7 — At) dage + D= (t7[t" — At) ce — O (At)
eD,e (7|87 — At) (¢ — daz) — O (At)
> 0

Hence, there exists At > 0 such that this change in strategy is profitable which is a contradiction that the original
effort e* (¢) is optimal and can be part of an equilibrium. O

This along with the earlier lemmas that unsuccessful individuals do not decide to implement implies that
@™ (t), p* (t) and o* (t) are all continuous.

Lemma 4. V7 (t) is continuous.

Proof. The continuity of ¢* (¢), p* (t) and o* (¢) ensures that

f(tvaz‘/b-i-oq-i-/ (ag—(s(r—t))wdr

+ (1= 5" (#lt) (1= 6" (#lt)) a2 = 3 [ - 1])

is continuous in £. Hence, V¥ () = max;. i, J (t) is continuous in ¢ by the theorem of the maximum (Berge
1963). O

Lemma 5. VY (t) is continuous.
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Proof. The continuity of ¢* (t), p* (t) and o* () ensures that

f(t,e(T|t))=Vo+/tT <a1—5(r—t)—c[e(w|t)dw> W {1—exp (—)\/:e(whf)dwﬂ dr

+ /tT (VS () =8 (r—t)— c/tre(w|t) dw> Ae (r) exp (—A/t e (wlt) dw) [L=p" (r[t)] dr

T
+ <1 ~ exp (-/t e (r) dr)) (1= 5" (T])

is continuous in e (r|t) . Hence,

T
(1= 6" (T|t)) —6(T—t)—c/t e(r|t)dr]

V() = f (¢ e(rlt)

max
e(r[)€C1([t.T],[0,emax])
where Cy ([t,T7], [0, emax)) are piecewise continuous functions with domain [¢,T] and range [0, emax] that are

continuous in ¢ by the theorem of the maximum (Berge 1963). O

Lemma 6. Suppose p* (t) and e* (t) constitute equilibrium strategies and 3s,As > 0 : % >0 and 0 <
€* (t) < emax fort € [s,s+ As], then e* (t) = W fort e [s+ As].

Proof. We use the relation d* (t) (1 — ¢™ (t)) = % Also, note that for p* () =0
o (t)
AU 10

w _ 0

dt 1-p(t)
_ AWM +d®) (-9 (1))5 (1)

=0

s R0
= [Iwa-ew -] =5

= i) -om) - 2em] o)

The incentives for delaying rather than implementing are equal if the agent is mixing, that is

t+ At 5 L.
Votart - War= [ -60-0d 0= e (- [ F@0-6 @)

t

t+AL
+ (Vo + a1 + az) (1—exp <—/t d* (s) (1 - o7 (8))d8>>

+ exp <— /t’“ d* (s) (1 — ¢ (s)) ds) (Vo+ar+ (1 —¢" (t+ At)) ag — At)

This can be rearranged to obtain
t+At N T N
[ r-n@ -6 e (— [ Ewa-eo) ds) dr

t+At ~
+ 6Atexp <_ /t @* (5) (1 — ¢ (s))ds>

t+At _
= <¢ (t) — ¢ (t + At)exp <—/t d* (s) (1= ¢" (s)) dS))
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Apply a Taylor series expansion to ¢* (¢t + At) and exp ( AL g (s) (1 —o"(s)) ds)
t+At ~
oeran= - [ @ -dma-e @) e

o" (t+ A1) = o™ (1) {1 = At 3 (1) = & 0 (1 - 6" ()] } + O ((A0?)

and apply it also to exp ( Aty (s) (1 —¢(s)) ds):

t+At B ~
exp (— / d* (s) (1 - ¢* (s)) ds) = 1—Atd" (t) (1 - " (1) + O ((At)?)

We combine these expressions and denote the expression inside of the brackets on the right-hand side by R =
6" (t) = 6" (t+ At)exp (= [ T2 d (5) (1 - ¢ (5)) ds )
R=¢" (1) az {At 3" (1) = d* (1)) (1= 6" (1))| } + Atd" (1) (1= 6" (1) + O ((A1)?)
Simplifying this expression yields
R = At[Ae* (t) ¢ (t) o] + O ((At)?)

Denote the left-hand side by L and apply a Taylor series expansion:

_6/t+mr—t)d*()(1— exp( /d* (1-¢ ())ds)dr

t+AL
+ dAtexp (/t d*(s)(1—9¢"(s)) ds)

L =6At+0 (At?)
Equating the At terms from the left- and right-hand sides leads one to conclude that § = Aé* (¢) ¢* (¢) aq O

The indifference condition implies Aé* (£) ¢ (t) az = & when d* (¢) > 0 for all ¢.

Lemma 7. Suppose p* (t), e*(t) and ¢* (t) constitute equilibrium strategies and beliefs, and 3s,As > 0 :
dp (t) > 0,0% (1) <1 and 0 < €* (t) < emax fort € [s,5+ As], then e* (t) = emax, ®* (t) = ¢y, d* (t) = zo‘fé for
t 6 [s + Ag].

Proof. Suppose not. This implies e* () < emax, ¢* (t) > ¢, from lemma 6. The following condition must hold
VS(s) = VY (s) = § for all s € [t,t + At]
for effort to be optimal. Hence, we also require

V@) —VI@t+At) = VY(t) -
(6" (t+At) —¢" ()] az = VY (t) -
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since this is true for all s. Recall

= [ se-0d @ n-e e (- [[FO0- @)

t

t+AL
1—exp <—/t d* (s) (1 —o"(s)) ds)]

t+At
+ exp <—/t d* (s)(1—9"(s)) ds) (VS (t+ At) — Atd]

+ (Vo + a1 + ag)

and
t+At N T
VS (8) — VS (¢ + At) = /t S — 1) (1) (1 — ¢ (r)) exp (-/t @* (5) (1 — 6" (5)) ds> dr
t+At ~
+ (Vo +ai +az — VS (t+ At)) ll — exp (/ d*(s)(1—¢" (s))ds)]

tHAL
— At exp (—/t d* (s) (1 —¢*(s)) dsds)

Now we can write VU (¢) as follows
t+At ~ "o
VYt = /t —0(r=t)d" (r) (1= ¢ (r)) exp <—/t d* (s) (1= ¢7 (s)) d5> dr

t+AL
Vot ) (1 — exp < JARECIET ) d))
t+AL
+ exp (—/ d* (s)(1—¢" (s)) ds) (VY (t+ At) — At6]

since the agent is indifferent about which level of effort to exert we can write it out assuming e; (t) = 0. We can
further calculate VY (t) — VY (t + At) using VY (t + At) = V5 (t + At) — £

t+AL } r
VU @)-VY (t+ At) = /t —0(r—t)d" (r) (1 —9¢" (r))exp (—/ d* (s)(1—¢"(s)) ds) dr

t

t+At
1—exp <—/t d* (s)(1—9"(s)) ds)]

t+AL
— Atd exp (/t d* (s)(1—9¢"(s)) ds)

+(V0+a1—vs(t+At)+§>

B tHAL
VU@) - VY (t+ At) =V (1) — VI (t + At) + (X - 042) [1 — exp (—/ d* (s) (1 — ¢ (s)) ds)]

Hence, we have a contradiction VU (t) — VU (t 4+ At) > V3 (t) — V5 (t + At) for d* (s) > 0 and ¢* (s) < 1. O
Lemma 8. ¢*(t) > max {¢4, ¢}

Proof. Suppose 3t : ¢* () < ¢4 then IAL > 0: ¢* (s) < ¢, for s € [f— Af,f]. However, this is a contradiction
as a successful player will strictly prefer to implement for all s € [f — Af,f] and hence ¢* (f) > ¢, which is a
contradiction that 3¢ : ¢* ({) < ¢,. Suppose 3t : ¢* (£) < ¢ then IAL > 0 : ¢* ({ — Af) < ¢. This implies
an upper bound on the value of information is (1 — " (tv)) ag + ¢ (f) ay. Thus, for any time s such that

#* (s) < ¢ = e*(s) = 0 therefore % = 0 so lim,_, ¢* (f‘) > &(tv) which is a violation of the continuity of
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@* (t). This is a contradiction given the upper bound on the arrival rate of information. O

Lemma 9. Suppose €* (t) < emax for some t then under large incentives ¢* (T) = ¢, and under small incentives
¢"(T) = ¢

Proof. Suppose not, then ¢* (T') > max {¢,,¢}. Let ¢ = inf {t|e* (t) < emax}. Being successful at time ¢ has a
continuation value given by

VI([E) =Vot+ar+(1—¢" (1) oz — 6 (T — 1)

since the optimal strategy for a successful individual is to delay until the deadline which is due to e* () = emax
and ¢* (t) > ¢, for ¢t > t. The continuation value for the unsuccessful individual is

VU (0) = (Vo+ a1+ (1= 6" (T) az = £ ) [1 = exp (~Aeyax (T — )]

A
+ exp (—Aemax (T — f)) Vo+ (1 —¢"(T)ar] -6 (T - f)
Thus, incentives for effort are given by
VE () = VU (0) = 5 +exp (Aemax (T 1)) [(1= 6" (D) a2 +¢" (1) a1 — 5|
Further, by definition of ¢, and ¢.we have

(1=¢" (1) az +¢" (T) a1 > ((1 — ¢y) az + ¢401)
> (1 )z + o) = £

Hence, V¥ (f) e (f) > § and by the continuity of VS and VYV 3w > 0 : e* (t—w) = emax Which is a

contradiction of £ = inf {t|e* (t) < emax} - O

The previous lemmas restrict the set of potential equilibria to those where ¢* (¢) is continuous, decreasing
and bounded below by max {55(1, g?)} Furthermore, if implementation decisions are taken prior to the deadline,
d

then % =0 and either ¢* =1 or ¢* = ¢, during those times.

B.3.2 Proof for Uniqueness of Symmetric Equilibria Set for Large Incentives Case

Define V°* () and VU* (t)

VS*(t) = V0+(X1+(1—($d)a2
U () = (-dg)az o\ 1
Vi) = Vot+ar + 5 (c+emax> o
i 1= ¢y) s 1) 1
— exp (~2\emax (T — 1) [qbdal Plogde (o 0 %]
Note further that
S gy YU () = (L= Pa) @2 6\ 1
R (C T o) 22
y 1—¢y) o 0 1
—2A(T—t) (1—¢q) a2 1
+e [¢da1 + B (C + emax) 2)\]
and
> forT—t<Z
VS (@)~ VU0 =St T—t=2
<sforT—-t>27
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Also, define #4(¢), VI* (t,¢) and VU* (¢, ¢)

VS (t,¢) = Vo+ar+ (1= (t)exp(—Aemax (' — 1)) a2 — 0 (T' —t) for T —t4(¢) <t <T
) VS*(t—i—f)—dt for T —tq(¢) —Z <t <T —1t4(¢),

[1 —exp (—Aemax (T —t))] (VO +ar+(1—¢(t)exp(—Aemax (T —1t))) g — %)
+exp (—Aemax (T =) (Vo + [1 = & (¢) exp (—Aemax (T' — )] a1) — 6 (T = 1)
VU (t,¢) = for T —t4(¢) <t <T
(1~ exp (“Amued)) (V5 (¢ 1) = §) + 05 (~Aemad) VU* (¢ 41) - oF
fOI‘T—Ed((i))—ZStST—{d(QS).

Note that
$ +exp (—Aemax (T — 1)) [¢ (t) exp (—Aemax (T — 1)) a1
+(1— ¢ (t) exp (—Aemax (T — t_))) az — 5]
VI (t,9) = VU (t,¢) = for T—fq(¢) <t<T
§ -+ oxp () (V5 (t48) VO (t+1) — §)
for T fg(6) — Z <t <T - Fa(d).
Hence,

for T —t4() —Z <t
fOrT—id(qﬁ)—Z:t
for T —t4(p) —Z >t

VS* (ta QS) - VU* (t7 (b)

ANV
>laxlax|o

Lemma 10. The unique equilibrium strategies in any subgame starting at t with beliefs ¢ (t) > ¢, such that
_ 0 fort<s<tq(®)

t>T—7—1 * = €max t<s<T andd*(s)= ~
> a4 (d) are e* (8) = emax for s an (s) ;;2&725 foriu(¢) <s<T

Proof. Suppose 3s > t,e > 0 such that e* (r) < empax for r € [s — g,s). If this is the case, we can check the
continuation values at s where
s=sup{rle’ (r) < 1}.

Given that e* (s) = epax for 7 > § then the unique implementation decision strategy is

5 () — 0for s<s<min{T,5+14(¢(5))}
(s) = /\)520‘_"’6 for 5+14(¢p(3) <s<Tifs+t(¢(3)<T

since the only belief at which a successful individual will implement is ¢ = ¢, when the unsuccessful agent is
exerting maximum effort. We can therefore write the continuation values as V°* (8,¢) and VVU* (5, ¢). The
contradiction now comes from noting that for ¢ > T — Z — t4(¢) and V5% (t,¢) — VU* (t,¢) > £. Therefore,
VS (r, ¢ (r) = VU* (r,¢(r) > § and €* (1) < emax for r € [§—(,5) which means e* (r) is not an equilibrium
strategy. O

Lemma 11. Suppose T > X4+ Z, then an upper bound on ¢* (t) is given by

" pgexpNT —Z —1t)) forT—Xg—Z<t<T—Z
o)< by foer—thgT

Proof. Suppose 3t', ¢* (') > ¢ exp AN (T — Z —t')) for T—Xg—Z <t' <T—Zor ¢* (t) > ¢y for T—Z <t' <T

then
(r(9),9)|r () =T —Xa—Z+ 5 —In}
+y (t’— (T—Xd—Z—i— T ln;)),ve 0,1), ¢ €[¢(t),1]

ds < t':(s,0"(s)) € {
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Now s >T — Z —t4(¢" (s)) and thus the unique equilibrium of the subgame starting from (s, ¢* (s)) is given by
Lemma 10. However, the Bayesian belief ¢ (r) in this subgame reaches

¢(r)=¢*(t/):(T_Xd—Z)+Aellmlnw1(w+7(8)<t,_(T_Xd_Z)+Aerlmln¢*1(w)

s—(T—Xa—Z)t 5o In 555
t'—(T—Xa—Z)+ 550 In ¢*Et')
perfect Bayesian equilibrium. D

where v (s) = < 1. Thus, 7 < tand ¢ (t') > ¢ (') and hence ¢* (¢') is not part of a

Together with lemma 8 this uniquely determines ¢ (t) = ¢, for t > T — Z if T > X4+ Z.
Lemma 12. Suppose T > X4+ Z then a lower bound on ¢* (t) is given by

@dfortzT—Z
") >R Pg+0 (T —Z—t) forT-Yg—Z<t<T-Z
1 fort<T—-Yy—2

Proof. Lemma 11 and lemma 8 pin down ¢* (t) = ¢, for t > T — Z. Now suppose 3s < T — Yy — Z : ¢ (s) < 1
orIs: T —Yg—Z2<s<T—2,0"(s) <y +6(T—Z—3s). IfIr<T—2:d*(t)=0fort € [r,T — Z] there is
an immediate contradiction as successful individuals would strictly prefer to implement the project immediately.
If not then using lemma 7 if d* (t) > 0 for s <t < T — Z then e* (t) = emax,®" (t) = by, d* (t) = /\fj‘jé for
t € [r,T — Z]. However in this case we also have a contradiction as V* (t) = VU (t) = V* (£) = VU* (t) < £ since
t < T — Z and the effort strategy e* (t) = emax is not optimal and cannot be part of an equilibrium.

O

These two lemmas provide an upper and lower bound on the values of ¢* (¢) in equilibrium. The proof for
uniqueness now proceeds by showing that the only equilibrium strategies which support values of ¢ between these
bounds are the ones given in the propositions.

Proof. i) Case 1: T < X4

Strategy of successful player: d* (t) = 0 for all ¢. Strategy of unsuccessful player: e* (t) = empax for all .
Beliefs: ¢* (t) = exp (—Aemaxt) for all .

ii) Case 2: X, <T < Xy+Z

Strategy of successful player: d* (¢t) = 0 for t < Xy, d* (t) = ;(;"‘_26 for t > X%. Strategy of unsuccessful
player: e* (t) = emax for all t. Beliefs: ¢* (t) = exp (—Aemaxt) for t < Xg.and ¢ (t) = ¢, for t > X,.

Lemma 10 covers Case 1 and 2.

iii) Case 3: X+ Z <T <Yy+Z

Strategy of successful player: d*(t) = 0 for t < T — Z and d* (t) = /\’}52‘1_26 for t > T — Z. Strategy of
unsuccessful player: d* (t) = 0 for all ¢t and e* () satisfies

GXP(—A/;E*(S)ds) 2&d+(T—Z—t)i

as
T-Z

exp <—)\/ e* (s) ds> = ¢,
0

for t <T — Z and e* (t) = emax for all ¢ > T — Z. Beliefs: ¢ (t) = exp (—)\ fg e* (s) ds) fort < T — Z and
" (t) =, fort >T — Z. )

Lemmas 10, 12 and 11 determine the bounds on ¢* () and that ¢* (t) = ¢4, e* (t) = emax for ¢t > T — Z.
Lemma 7 implies that d* (t) = 0 for t < T — Z which suffices along with the earlier lemmas for the equilibrium

strategy set.
iv) Case 4: T>Y;+ Z

and
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Strategy of successful player' d* (t) = implement for 0 <t < T —-Ys—Zand d*(t) =0for T - Y; — Z <

t<T—2Zand d*(t) = /\A 225 for t > T — Z. Strategy of unsuccessful player: d*(t) = 0 for all ¢. e*(t) = % for

0<t<T-Y;— Z and e* (t) satisfies

]

Qa2

exp(—)\ t e (s)d >>¢d—|—(T Z—t) =

T-Yy—Z

T-7
exp (—)\/T_Y » e* (s) ds) = ¢y

forT—Yy—Z<t<T—Zande*(t) =emax fort >T — Z.

Beliefs: ¢ (t) = 1for 0 <t <T — Yy — Z, ¢ () = exp (fxfjifydfz e* (5) ds) for T—Yy—Z<t<T—Z
and ¢* (t) = ¢, for t > T — Z.

Case 3 above covers the subgames for t > T — Z — T. It remains to show that the above strategies are unique
fort <T—Z—T.Fort<T—Z—T we have shown that ¢* (t) = 1. First, rule out that e () = 0. If this
were the case the continuation payoffs would be V¥ (t) = Vg + a1 and VY (t) = Vo + g — § — (£ — t) § where
t =inf{s >t :e(s) > 0}, therefore the strategy e* (t) = 0 is not optimal as V¥ — VY > £ Implying that 0 <

e* (t) < )%2 and individuals decide to implement immediately. We have V® (t) = Vo +aq so VU (t) = Vo + a1 — £

forth—Z—f.

VU(t)Z/tHAt<Vo+a1—c/tse*(r)dr—é(s—t))Q)\e ( 2/\/ )
+ exp (2)\ /t e e* (r) dr) (VU (t+ At) — 6At — ¢ /t o e (r) dr)

VU () = (Vo—|—oz1—ﬁ> <l—exp< 2)\/t+At r)dr))

_ /75 e 0(s—1t)2Xe* (s)exp (—2)\ /ts e* (r) dr) ds

t+At
+ exp (—2)\/ e* (r) dr) (VY (t+ At) — 6A)

VUt =Vo+a AR | exp 2)\/t+Ate*(r)dr
= _—— —_— — X —
D NN \
t+At s
- / 0(s—1t)2Xe* (s)exp <—2)\/ e* (r) dr> ds
¢ ¢
t+At
—exp (—2)\/ e* (r) dr) JAL
¢

and

hence

% (1 —exp <2>\ /t T (r) dr)) - /t Hma(s — 1) 22e* (5) exp <2)\ /t e () dr) ds
t+At
+exp (—2>\ /t ¢ () dr) SAL
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ce* (t) At + O (At?) = 6AL+ O (AL?)
We therefore require that e* (£) = 2. O

B.3.3 Proof for Uniqueness of Symmetric Equilibria Set for Baseline Case

Define

+ (1 — ¢exp [~ Aemax (T —1)]) a2 — Ote (¢)

as well as

VeU* (ta ¢) = (1 — €xXp [_)\emax (T - t)]) (Vb + a1+ (1 - (bexp [_)\emax (T - t)]) Qg — ;)
+exp [~ Aemax (T — )] (Vo + (1 — ¢pexp [~ Aemax (T — t)]) 1) — 5t ()

and

Ves* (t7 ¢) - ‘/;U* (tv d))

ﬁy\ﬁ

+ exp [~ Aemax (T — 1)) (qb exp [—Aemax (T — t)] o + (1 — ¢pexp [~ Aemax (T —1)]) a2 — E)

Note that
VI () = VI (t,¢) >

>0

provided that ¢ < %, (¢).

Lemma 13. The unique equilibrium strategy in any subgame starting at t with beliefs ¢ (t) such thatt > T—t, (¢)
is €* (8) = emax fort < s < T and d* (s) = 0.

Proof. Suppose Is > t,e > 0 such that e* (r) < empax for r € [s —g,s). If this is the case, we can check the
continuation values at s where

s=sup{rle” (r) <1}.

Given that e* (1) = epax for r > § then the unique decision strategy is d* (r) = 0 since the only belief at which a
successful individual will decide to implement is ¢; < ¢ when the unsuccessful agent is exerting maximum effort.
We can therefore write the continuation values as V.** (5, ¢ (3)), V.V* (8, 6 (8)). The contradiction now comes from
noting that

t>T =t (¢) =5>T — 1 ((5))

hence V5% (5,6 (3)) — VV* (5,6 (3)) > §£. Thus 3¢ : VI (r,¢(r) — VI*(r,¢(r)) > £ and €* (r) < emax for
r € [§ — (,8) which means that e* (r) is not an equilibrium strategy. O

Lemma 14. Suppose T > X, then an upper bound on ¢* (t) is given by

¢*(t)<{ 1for t<T—-X

pexp(MN(T —1t)) for T—X<t<T
Proof. Suppose 3t' such that ¢* (#') > dexp (A (T —t)) for T — X <t < T then

o (r(9), ) (9) =T — X + 5o~ In g
(57¢ (S))€ +’Y( (T X—’_)\e ln ))776(071)7¢E[¢(t/)71}

*

Now s > T —t. (¢ (s)), so the unique equilibrium of the subgame starting from (s, ¢
14. However, the Bayesian belief ¢ (r) in this subgame reaches ey M=¢")atr=T-X)+ /\e ~In (t,) +

(s)) is given by Lemma
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s—(T—X)++—In
1(5) = e T

<1
= (T = X) + 50— In o=

(
o™ (t)
Thus, r < ¢’ and 5* (t') > ¢" () and hence ¢* (¢') is not part of the perfect Bayesian equilibrium. O

This uniquely determines ¢* (T) = ¢ for T > X.
Lemma 15. Suppose T > X then a lower bound on ¢™ (t) is given by

« G+0(T—1t) for T-Y <t<T
0" (1) 2{ 1for t<T-Y

Proof. As noted above ¢* (T') = ¢, if T > X. Now suppose 3s: ¢* (s) < 1 for s <T —Y or ¢* (s) < ¢+ (T — s)
for T —Y <t < T. If this is the case then using lemma 7 d* (t) = 0 for ¢ € [s,T] and there is an immediate
contradiction as successful individuals will strictly prefer to implement at s than wait until 7. O

These lemmas provide an upper and lower bound on the values of ¢ (¢) in equilibrium. As before, the proof
for uniqueness now proceeds by showing that the only equilibrium strategies which support values of ¢ between
these bounds are the ones given in the propositions.

Proof. i) Case 1: T < X

Strategy of successful player: d* (t) = 0 for all ¢. Strategy of unsuccessful player: d* (¢) = 0 for all ¢ and
€* (t) = emax for all t. Beliefs: Beliefs evolve according to ¢* (¢t) = exp (—)\ fot e* (s) ds) for all ¢.

This follows immediately from Lemma 13.

ii) Case 2: X <T <Y

Strategy of successful player: d* (¢) = 0 for all t. Strategy of unsuccessful player: d* (t) = 0 for all ¢ and e* ()

satisfies .
exp (—)\/ e (s)ds> > @—i—(T—t)i
0

exp (—)\ /O T (s) ds) — 3.

Beliefs: Beliefs evolve according to ¢* (£) = exp (—)\ fot e* (s) ds) for all ¢.

Lemma 7 and ¢* (T) = ¢ (as shown above from Lemmas 13 and 14) imply that d* (t) = 0 for all t. The
restriction on e* () comes from Lemma 15. Beliefs are given by Bayesian updating.

iii) Case 3: T > (1 — ¢)aa

Strategy of successful player: d* (t) = implement fort <T —Y and d(t) =0fort >T -Y

Strategy of unsuccessful player: d* (t) = 0 for all ¢ and e* (t) = % for t <T —Y. e(t) satisfies

and

exp | —A t e (s)ds z?ﬁ+(T—t)i
SYED)

T-Y (€5)]

T —
exp (—)\/T_Ye (s) ds) =¢.

for t >T —Y. Beliefs: ¢ (¢t) =1fort <T —Y and ¢* (t) = exp (—)\fg e* (s) ds) fort >T-Y.
The proof for Case 2 encompasses the subgames for ¢ > T — Y. The uniqueness for ¢t < T — Y is completely

analogous to the proof in case 4 for large incentives of the uniqueness of equilibrium strategies for t < T —Y,; — Z.
O

and
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B.4 Modes of Communication

In this section, we provide an explicit characterization of the setup and the results when relaxing our assumptions
about the value of breakthroughs and the modes of communication as discussed in Section 6.2.

B.4.1 Setup

We assume that an individual is prepared to exert effort for a second breakthrough, az > § + /\efnax. We
also assume that an individual is prepared to delay implementation if the other player is exerting maximum
effort to produce a third breakthrough, Aazenax > 9, and that this is no longer true for a fourth breakthrough,
AQgCmax < 0.

From a modeling standpoint it is also reasonable to draw a distinction between implementing the project
and communicating that a breakthrough has been produced. Hence we allow agents to reveal at each instance
that they have produced a breakthrough without implementing the project. We denote this action by w; (¢t,n;) :
[0,7] x {0,1,2} — {0,1,...,n;} where n; denotes the breakthrough an agent has produced. We restrict this to be
non-decreasing such that an agent may only reveal that a breakthrough was produced but cannot subsequently
conceal this having previously revealed it. To simplify notation we also assume that if the other agent has revealed
a breakthrough, w_; = 1 then the action w; is no longer available. Common knowledge about the production
of 2 breakthroughs will lead to a decision in a similar way to common knowledge of the production of a single
breakthrough in the earlier model would also lead to a decision. Hence in the event that the other agent has
previously announced the production of a breakthrough then announcing and deciding to implement are equivalent
for an agent.

The history of the game at a given point in time is given by (u,v). p € {0,1,2} indicates whether no
breakthrough has been announced, p = 0, or if one has been announced which player announced it, y = 1, 2.
v € [0,t] indicates at what time the player announced successful production of a breakthrough v € (0,t]. If no
breakthrough has been announced, v = 0.

B.4.2 Short Deadline

We first consider a short deadline. The equilibrium exhibits no revelation of private information about successful
breakthroughs, w; (t,n;) = 0, no decisions on the equilibrium path prior to the deadline, maximum effort by
agents who have only produced one or two breakthroughs and zero effort by those who have produced two

breakthroughs.
We define X as

exp(—)\emaxf()ag + Aemax X exp(—)\emaxf()ag
+ (1 — exp(—AemaxX) — Aemax X exp(—)\emaxX)) ag | ¢

Note that

exp(—Aemax X s + (1 — exp(—)\emaxf()> as > ;
Also, we assume parameter values such that X < X, where X, is given by

Aemax [exp(—)\emaxf(d)ag + Xemax X exp(—)\emax)?d)ad =4.
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Proposition 9. 3T > 0 such that a symmetric Perfect Bayesian Equilibrium is
wi (tme) =

d; (t,ni, p1,v) 0 otherwise

0if pe{l,2} orn;>2

€max Otherwise

0
{ implement if p € {1,2}
6? (t”ia/%”) {

¢>f‘ (t V) — {0,0, 1} ZfM € {172}
i \b b {exp(—Aemaxt), Aemaxt eXP(—Aemaxt), 1 — (Aemaxt + 1) exp(—Aemaxt)} otherwise.

Proof. Define V; (t,n;, p,v) as the continuation value for an agent at time ¢ depending on the breakthrough they

have produced and the history of announcements of breakthroughs by themselves and the other agent.
Define x (n;) as

ni
x (ni) =Vo + Z a; + (1 — exp(—XemaxT)) n,+1 + (1 — exp(—AemaxT’) — AemaxT exp(—AemaxT)) ;42
j=1

This is the expected value of the project at the deadline conditional on an agent having n; breakthroughs in
equilibrium. Note that for n; = 1,2 and T' < X,

X (nL) - X (nv - 1) - eXp(f)\emaxT)ani + /\emaxT exp(f)\emaxT)ani-l—l

+ (1 — exp(—AemaxT) — AemaxT exp(—AemaxT)) Qn;+2
c

>X.

The potential histories in the game can be organized into the following three categories:
(1) : (¢0,0,0);(¢1,0,0);(¢,2,0,0)
(2) : (t,0,—0,v);(t 1, —1,0);(¢,2,—4,v)
(3) : (t’ 1’ 7:’ Z/);(t’ 272.? l/)

The first category contains the histories on the equilibrium path. The continuation values for the first category
are:

Vi (¢,2,0,0) = x(2)—46(T—1¢)
Vi(t,1,0,0) = (1 —exp(=Aemax (T'—1))) x (2) + exp(—Aemax (T —1))x (1)
— 3 (1= exp(Aemax (T = 1)) =0 (T = 1)
Vi(£,0,0,0) = exp(—Aemax (T — £)x (0) + Aeumax (T — t) exp(~Aemax (T — £))x (1)

+ (1 - eXp(_/\emax (T - t)) - )‘emax (T - t) eXp(_)‘emax (T - t))) X (2)

—§(T —1t) — % (1 — exp [~ Aemax (T — )] — W exp [—Aemax (T — t)]) .

The off-equilibrium-path continuation values for the second category are given by:

V;J (tv Oa —i,’l)) = VO + a1+ as
‘/i(tvlaiiv) V0+O[1+O[2+O[3

7

Vi(t,2,—i,v) = Vo+ar+ar+az+oy
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The off-equilibrium-path continuation values for the third category are given by:

Vit i) = { Votart (—exp(-Aemut)) oz + (1~ (Aemaxt + 1) exp(—Aemaxt)) as for v = ¢

i\l bt - Vo4 ay +as +ag for v <t

Vi (t 2,1 ’U) = ‘/0 + o +as + (1 - eXp(_)‘emaXt)) ag + (1 - ()‘emaxt + 1) exp(—)\emaxt)) Q4 forv =t
i\, 4,0, - Vo +aq +ag + ag + ay for v < t.

Note that ¢ > a3 immediately implies that an effort intensity of 0 is optimal when an agent believes that at least
two breakthroughs have been produced. This is the case when an agent herself has produced 2 breakthroughs
or the agent is at a history where both agents have announced that they have produced a breakthrough. In the
remaining cases effort is ey, which is optimal provided that the continuation values satisfy:

Vi (t727070) - Vl (t,l,0,0) > E
‘/i(t,LOaO)*‘/i(taOaO,O) > %
=
Vit,2,0,0) = Vi (£,1,0,0) = 5+ exp(=Aemae (T = 1) [x(2) = x (1) = 5]
"3
Vi (t,1,0,0) = Vi (£,0,0,0) = Xemax (T —t) exp(—Aemax (T — 1)) (x (2) — x (1))
+exp(—Aemax (T = 1)) (x (1) = x (0))
; (1 - eXp(_/\emax ( ))) Cemax ( - t) eXp(—)\emaX (T — t))
= =+ Aemax (T = 8) exp(—Aemax (T = 1)) (x(2) = x (1) — 5
 exp(~Aewmax (T = 1) (x (1) = x (0) - §)
>

The implementation decision strategy is optimal provided that

Vi (t,2,0,0) > Vo + ay + as + (1 — exp(—Aemaxt)) a3 + (1 — (Aemaxt + 1) exp(—Aemaxt)) ag
Vi (t,1,0,0) > Vo + a1 + (1 — exp(—Aemaxt)) @2 + (1 — (Aemaxt + 1) exp(—Aemaxt)) a3
Vi (¢,0,0,0) > Vo + (1 — exp(—Aemaxt)) a1 + (1 — (Aemaxt + 1) exp(—Aemaxt)) ao

Taking the first constraint,

X(2)=0(T—1t) > Vo+ a1 +as+ (1 —exp(—Aemaxt)) @z + (1 — (Aemaxt + 1) exp(—Aemaxt)) g

0(T—1t) < [(Aemaxt +1)exp(—Aemaxt) — (AemaxT + 1) exp(—AemaxT)] a4
+exp(—Aemaxt) (1 — exp(—Aemax (T — 1)) a3.

At t =T the inequality is satisfied. The derivative of the LHS wrt ¢ is —d the derivative of the RHS is

—Aemax [€XP(—Aemaxt)@3 + Aemaxt exp(—Aemaxt) ] .

which for 0 < ¢t < X, is strictly less than —¢ hence the inequality is satisfied for 0 < ¢t < T (§ X) . We may
apply the same argument for the other two constraints after noting:

‘/7; (t7 17 0’ O)
Vi (t,0,0,0)

(1 — exp(—=AemaxT)) @ + (1 — (AemaxT + 1) exp(—AemaxT)) ag — 6 (T — t)

>
> (1 —exp(—=AemaxT)) a1 + (1 — (NemaxT + 1) exp(—AemaxT)) a2 — 6 (T —¢) .

App. 24



This implies that the announcement strategy is optimal as well,

‘/i (t7 2707 0)
Vi(t,1,0,0)

‘/7; (t7 27 i? t)

>
> Vi(t,1,1,1)

These conditions are identical to the conditions for the implementation decision strategy earlier.
Finally, for the optimality of implementation decisions after an announcement, we require:

Vi(t,2,—i,v) > Vi(s,2,—i,v) —0(s—t) forall s € (¢,T]
Vi(t,1,—i,v) > Vi(s,1,—i,v) —0(s—t) for all s € (¢,T]
Vi (t,0,—i,v) > Vi(s,0,—4,v) —d(s—t) for all s € (¢,T]
Vi(t,2,i,v) > Vi(s,2,i,v) —0(s—t) forall s € (¢,71]
Vi (t,1,i,v) > Vi(s,1,4,v) —d(s—t) for all s € (¢, T
These are all satisfied as V; (¢,-, —i,v) = V; (s, -, —4,v) and V; (¢,-,4,v) = V; (s,-,1,v). O

Note that in the proposed equilibrium, the off-equilibrium-path belief held by a player when her partner
announces that she produced some number of breakthroughs, is that her partner produced two breakthroughs.
This off-equilibrium-path belief is reasonable, because a player with one breakthrough prefers not to disclose that
breakthrough even if she was believed to have one breakthrough. This is true because the best response of the
other player would be (i) to implement the project if she had 2 breakthroughs, (ii) to stop exerting effort and to
delay if she held one breakthrough, and (iii) to continue exerting effort until she produces one breakthrough and
delay if she had 0 breakthroughs. The benefit of announcing successful breakthroughs for the player with only
one breakthrough is that if the other player holds 2 breakthroughs then the project is implemented immediately.
The cost is that the other player would no longer exert effort for a second breakthrough after having produced
a first breakthrough. It is clear that for sufficiently short deadlines, the probability that the other player has
produced 2 breakthroughs is too low for the benefit of announcing successful production to outweigh the cost of

reducing the effort incentives of the other player. We show this more formally below.
The expected payoff from disclosing production of one breakthrough under this scenario equals

¢ = (1 — (Nemaxt + 1) exp(—Aemaxt)) (Vo + a1 + as + asz) + (Aemaxt + 1) exp(—Aemaxt)V,

where

V. = Vo+ag+exp(—Aemax (T —t)) (1 — (

exp(_AemaxT) o
Aemaxt + 1) exp(—Aemaxt) 2

exp(—AemaxT) o
(/\enxaxt+1) exp(_/\emaxt) 2

Xp(—XemaxT)
+ (1 - ()\emaitil) exp(f/\emaxt)) a3 ]

_§ (1 - exp(_/\emax (T - t))) -0 (T — t)

=+ (]. — eXp(_)\emax (T - t)))

is the payoff in the event that the announcement is not met with an implementation decision by the other player.
In this case, the updated beliefs about the value of the project are

exp(—AemaxT") o+ [1— exp(—AemaxT) a
(/\emaxt + 1) eXp(_Aemaxt) ? ()‘emaxt + 1) eXp(—)\emaxt) >

exp(—AemaxT) d1 exp(—AemaxT)
(Aemaxt+1) exp(—Aemaxt) an - (Aemaxt+1) exp(—Aemaxt
produced 0 and 1 breakthrough by the deadline given that they have not implemented the project upon receiving

where

y are the updated beliefs that the other player will have

the announcement and hence do not have 2 breakthroughs.

Proposition 10. 30 <7 < X : V; (t,1,0,0) > ¢.
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Proof. Rearranging V; (¢,1,0,0) > ¢ using the expressions above, we obtain

% (1 —exp (—Aemax (T —1t))) + m (I = (Nemax (T —t) + 1) exp(—Aemax (T — 1))
1 — (Aemaxt + 1) exp(—Aemaxt)
(T —1t)+ (£ — au) (1 — exp(—Aemax (T — 1))

= (Aemaxt + 1) exp(—Aemaxt) X [exp (—Aemax (T — 1)) as + (1 — exp(—Aemax (T — 1)) a4]

This holds with equality for ¢ = T and holds strictly for ¢ = 0. It suffices to check that for any ¢ € (0,T) the
following holds,

)\emaxt exp ( - Aemaxt)

i T—1 < — Oy
1-— ()\emaxt + 1) exp(_)\emaxt) .

L2
ag 1 —exp(—Aemax (T — t)) o3

>

Since (l_eXp(_;i"f*(T_t))) < 1, this condition is implied by

< _

exp(—Aemaxt) — exp (—AemaxT) A€maxt > i 42
T—t 1 — (Aemaxt + 1) exp(—Aemaxt) — a3 o3

o7

Note that the RHS of (7) is clearly finite. Now consider the first term on the LHS of (7),

exp(—)\emaxt) — exp (_/\emaxT)
T—t '

This term is decreasing in ¢ and thus has a finite positive lower bound of w which in the limit 7" — 0
approaches Aémax. Now consider the limit of the second term on the LHS of (7),

i )\6maxlf
m =
t—0 (1 - ()\emaxt =+ 1) eXp(f)\emaxt))

Hence 3T > 0 such that (7) is satisfied for all 0 < ¢t < T. O

B.4.3 1Infinite Deadline

To gain some intuition for what may occur a long way from the deadline we consider an equilibrium of the infinite
horizon game. This is done to avoid the complications in a game with a finite horizon, of specifying the changes
in behaviour for the subgames as we transition from behavior far away from the deadline to close to the deadline.
The infinite horizon case allows one to focus on a setting where there is no effect of a future deadline. We show
that the equilibrium strategies are similar to the equilibrium strategies in our earlier model far away from the
deadline (t < T —Y"). We find there is immediate revelation of private information about breakthroughs by each
individual, w} = n,. Hence, the project is implemented whenever the combined number of breakthroughs reaches
2, di = implement if n; +w_; > 2. This is similar to the earlier model whereby the agents immediately implement
the project upon a breakthrough. Individuals also exert less than the maximum effort level e} = % < €max a8
in the earlier model which trades off freeriding incentives with incentives to bring forward the implementation of
the project. We formalize this tradeoff in the following proposition.
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Proposition 11. A symmetric perfect Bayesian equilibrium of the infinite horizon game is
w; (t,n;) = 1ifn; >1
. . n; > 1 and p = —1
d: (tma,pv) = implement if n; =2
0 otherwise
. n; > 1 and p= —1
% otherwise

& (tpw) = {{QLO}gﬂ:_i

6; (taniuu“vy) =

0 otherwise

Proof. The continuation values are

Vi (t,2,1,v) Vo+ a1 + oz
Vi(t,2,—t,v) = Vo+a1+as+as
( ,0,0) = Vot+ar+az
Vi (¢, 1,’L,l/) = VQ+C¥1+C¥2—§

Vi(t,1,—i,v) = Vo+ar+as
Vi(£,1,0,0) = Vo+a1+a2—§

Vi(t,0,—i,v) = Vo+a1+a27§

Vi(,0,0,0) = Vo+artas- o

As soon as an agent knows that a combined two breakthrough have been produced this results in zero effort as
az < §. This is true when n; = 2 or when n; = 1 and p = —i. Otherwise, this non-zero effort strategy is optimal
provided that

‘/Z(t’ 27 7:7 l/) (t717l7V

)
V; (t,2,0,0) = V; (t,1,0,0)
V; (t,1,0,0) — V; (,0,0,0)

)

Vi (t,1,—i,v) = V; (t,0,—i,v

)

>laxlox>laox>|a

which is straightforward to verify from inspection of the continuation values. The decision not to implement the
project is optimal provided that

Vi(t,1,0,0) > Vo+a
Vi(t,1,4,v) > Vo4

Vi (t,0,—i,v) > Vo4
Vi (t, 770) > W

which is straightforward to verify. For the history (¢, 1, —i,v), the decision to implement is optimal provided that
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forall s >t
) 5 ) 5
Vi(t,1,—i,v) > (V()—l—a1+oz2+oz3—5(r—t))/\gexp _/\E(T_t) dr
t

rexp (A2 (5= 0) [ ss1 i) = 55— )

) 1)
{VO + o1 +ag +ag — ;] (1 — exp (—)\C (s — t))) + (Vo + a1 + az)exp <—)\C (s — t)) ,

which follows by { > a3. An almost identical condition holds for (t,2,i,v) and (,2,—i,v). A very similar

condition is also derived for the history (¢,2,0,0):
s . ) )
‘/i(t727070) > / (‘/’L (r72777ﬂ’/) 75(7"715)))‘76)(1) —A- (Tit) dr
. c c
+exp (—/\i (s — t)> Vi (5,2,0,0) — (s —t)]
c 1 6
= {%+Oz1+0&2+043—xj| 1—exp —)\E(s—t) + (Vo + a1 + az) exp _)\E(S_t) ,

which also follows by § > a3 The announcement strategy is optimal provided that

Vi(t,1,4,1)
‘/i (t7 27Z7t)

Vvi (tv ]-7 07 0)

>
> Vi(t,2,0,0),

both of which hold with equality. O
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