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Abstract

This paper considers the canonical sequential screening model and shows that when
the agent has an ex post outside option, the principal does not benefit from eliciting the
agent’s information sequentially. Unlike in the standard model without ex post outside
options, the optimal contract is static and conditions only on the agent’s aggregate final
information. The benefits of sequential screening in the standard model are therefore due
to relaxed participation rather than relaxed incentive compatibility constraints. We argue
that in the presence of ex post participation constraints, the classical, local approach fails
to identify binding incentive constraints and develop a novel, inductive procedure to do

so instead. The result extends to the multi—agent version of the problem.
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1 Introduction

This paper considers the canonical sequential screening model and shows that when the agent
has an ex post outside option, the principal does not benefit from eliciting the agent’s informa-
tion sequentially. Unlike in the standard model with only ex ante outside options, the optimal

contract is, instead, static and conditions only on the agent’s aggregate final information.*

Introducing ex post participation constraints contributes to the understanding of dynamic
adverse selection problems from both a conceptual and practical perspective. Conceptually, our
approach allows us to identify the reason why, in the absence of ex post participation constraints,
sequential screening is strictly better than static screening. Compared to a static screening
model where all of the agent’s information arrives ex ante, the constraints in a sequential
screening problem are weaker for two reasons: First, sequential screening relaxes incentive
compatibility constraints because it is easier to prevent the agent from lying about his ex ante
information when he does not yet know his ex post information. Second, in the sequential
model with only an ex ante outside option, the contract needs to give the agent his outside
option only in expectation rather than for all possible contingencies of ex ante and ex post
information as in the static model. Our result makes clear that the value of sequential screening
in the standard model without ex post participation constraints arises solely from the second
reason—relaxed participation constraints—rather than from the first reason—relaxed incentive
constraints. This conclusion follows because ex post participation constraints affect only the

participation constraints while leaving the incentive constraints unaffected.

Comparing sequential screening models with ex ante and ex post participation constraints
in terms of information rents reveals striking qualitative differences. The results of Esé and
Szentes (2007a,b) imply that when there are only ex ante participation constraints then the
principal can extract at no cost the entire value of the agent’s ex post information. Hence, the
agent does not obtain any rents from his ex post, but only from his ex ante private information.
In contrast, our result implies that with ex post participation constraints the agent receives

information rents from both his ex ante and ex post private information.

IThe (strict) optimality of sequential screening in the absence of ex post participation constraints has been
most cleanly established in Courty and Li (2000) and features also in Baron and Besanko (1984), Battaglini
(2005), Es6 and Szentes (2007a, b), Dai et al. (2006), Krahmer and Strausz (2008, 2011), Inderst and Hoffmann
(2009), Pavan et al. (2008).



This insight is reminiscent of Sappington (1983), who observes that in static adverse selection
problems, when the agent’s private information arrives after contracting and the agent cannot
sustain ex post losses, the optimal contract is the same as when the agent’s information arrives
before contracting. Analogously, in our dynamic setup, the optimal contract with ex post
participation constraints is the same as when all of the agent’s information arrives before
contracting. This dynamic extension of Sappington’s result is, however, not obvious. In a
static problem, ex post participation constraints reduce the set of implementable contracts to
the same set as when the agent’s information arrives ex ante. The result therefore follows
directly from implementability considerations. For dynamic setups, we show in contrast that
ex post participation constraints do not render sequential contracts infeasible.? The principal,
however, does not benefit from offering a sequential contract. Hence, our result follows from

optimality rather than implementability considerations.

We obtain our result in the canonical, unit good sequential screening framework with an
arbitrary finite number of ex ante and a continuum of ex post agent types and non-shifting
support. In particular, we consider a procurement context where the principal seeks to acquire
a good from the agent who, while observing a private signal ex ante, learns his true costs only
as the relation proceeds. Without ex post participation constraints, the optimal contract can
be implemented by a menu of option contracts. An option contract consists of a (possibly
negative) up—front payment from the principal to the agent, and gives the agent the option to
deliver the good at a pre—specified ezxercise price after having observed his true costs. Because,
ex ante, agent types have different priors about the likelihood of exercising the option, the
principal can screen the agent’s prior by offering different combinations of up—front payments

and exercise prices.

Our result implies that offering a menu with a variety of different option contracts is no
longer optimal in the presence of ex post participation constraints. To see the reason for this,
assume to the contrary that, at the optimum, different ex ante types select different option
contracts. Observe first that when the agent’s true ex post costs happen to equal the exercise
price, the agent is indifferent between production and not and, thus, obtains no additional
payoff from production. Therefore, with ex post participation constraints, the principal cannot
demand an up—front fee, because it would imply an ex post loss for the agent if his true costs

equal the exercise price. Clearly, not all contracts in the optimal menu can have positive up—

2Indeed, Courty and Li (2000)’s footnote 8 can be understood in this way.



front payments to the agent, because by lowering all of them slightly the principal could do
better. Now consider an ex ante type who, at the optimum, selects a contract with a zero
up—front payment. This type’s contract must display the largest exercise price (otherwise he
would have an incentive to pick a contract with a larger exercise price and take advantage of
both the higher up—front payment and the higher exercise price). Call this contract with the

zero up—front payment and the largest exercise price the “high price” contract.

Now, the contracts selected by the other ex ante types, by definition, have a smaller exercise
price, therefore these types produce less frequently ex post than under the “high price” contract,
and therefore the “high price” contract is more efficient. Moreover, by incentive compatibility
they must get at least the same rent which they get if they choose the “high price” contract. But
this implies that the principal is better off by offering the “high price” contract to all(!) agent
types. Because then she has to pay at most the same rent as under the sequential contract,
and production is more efficient. Therefore, with ex post participation constraints, it is not

optimal to screen ex ante types, but instead offer only a single (i.e. static) contract.?

The previous reasoning only applies to option contracts. The core analytical challenge of our
paper is to show that option contracts are optimal. In the absence of ex post participation con-
straints, the optimality of option contracts can be established by considering a relaxed problem
which only considers the “local” ex ante incentive constraints in the spirit of Mirrlees. Under
appropriate regularity conditions, the solution to the relaxed problem is automatically mono-
tone in the ex post type and thus ex post incentive compatible. In the unit good framework,
monotonicity in the ex post type implies that the good, depending on type, is produced with
probability of either zero or one, which, in turn, implies that the contract can be implemented
as an option contract. We argue that in our case, such a Mirrleesian—type, “local” approach
does not work, since the solution to the corresponding relaxed problem is not automatically
monotone in the ex post type. Instead, as the main methodological contribution of the paper,
we develop an inductive procedure to identify the binding “global” constraints. The procedure

reduces a model with n + 1 ex ante types to a model with n ex ante types by merging the two

3This argument fails if there are only ex ante participation constraints. At the optimum, the principal then
charges an up—front fee for the contract with the largest exercise price. Only the agent who is most optimistic
about his future costs chooses this contract. The agent type with the most pessimistic prior would make an
expected loss from this contract. Thus, only offering the “high price” contract would violate ex ante participation

constraints.



most extreme ex ante types of the n+1 types model. The set of binding incentive constraints for
the n+1 types model is then obtained by adding an appropriate constraint to those constraints

of the n types model which are, by induction, known to be binding.

Investigating the consequences of ex post participation constraints also contributes to a
better understanding of real-world contracts. Ex post participation constraints are empirically
relevant, since the principal’s ability to inflict ex post losses on the agent is often greatly lim-
ited in practice. In employment relations, employees typically have the legal right to leave their
employer at will. Such non—slavery conditions imply that the employer cannot inflict losses on
her employee and must respect the employee’s ex post participation constraints. Alternatively,
ex post participation constraints arise because workers are credit or wealth constrained. The
relevance of ex post participation constraints is even more compelling in procurement relation-
ships, where the agent as a corporation is legally protected by limited liability and, therefore,
cannot make losses. Indeed, procurement contracts that inflict losses on the agent simply drive
him out of business, leaving the contract unfulfilled. Similarly, legally granted money—back
guarantees give consumers the right to return the good and being fully refunded. In the mail
order business in Germany, for example, sellers are required by law to grant consumers a full

refund (including all postal charges) up to 14 days after purchase.

Our analysis predicts that in the presence of ex post participation constraints, “simple”
contracts are optimal, thus providing a rationale for “incomplete” contracts which depend only
on the agent’s final information instead of on the entire contingent information flow which the
agent observes.* Likewise, our results imply for multi-agent versions of our setup that standard,
static auctions are optimal even when agents obtain their private information sequentially.
Indeed, Es6 and Szentes (2007b) show that without ex post participation constraints, the
optimal contract with multiple agents is a “handicap auction” where in the first round, bidders
pick a premium from a menu offered by the auctioneer, and in the second round, bidders play
a second price auction where the winner pays the second highest bid plus his premium from
round 1. We argue that with ex post participation constraints, the optimal mechanism is static

and thus a second price auction with an optimal reserve price.

The rest of this paper is organized as follows. The next section introduces the setup. In

section 3, we derive the principal’s problem. In section 4, we discuss three benchmark cases. In

4For a similar result in a dynamic adverse selection model with contractible ex post information, see Chiu

and Sappington (2010).



section 5, we illustrate the main argument and the main intuition behind our result in the case
when the agent’s ex ante information is binary. In section 6, we solve the principal’s problem
for the general case and derive our main result. Section 7 discusses extensions, and section 8

concludes.

2 The Setup

Consider a principal (she) who seeks to buy a good or service from an agent (he).? The value of
the good for the principal is commonly known to be v > 0. The agent’s costs of production are
6 € [0,1]. The terms of trade are the probability with which production takes place, = € [0, 1],
and a payment ¢ € R from the principal to the agent.

Parties are risk—neutral and have quasi-linear utility functions. That is, under the terms
of trade x and ¢, the principal receives utility vaz — ¢, and the agent receives utility ¢ — 6.

Consequently, the aggregate surplusis (v — 6)x.

At the time of contracting about the terms of trade, no party knows the true costs, @,
but the agent has private information about the distribution of costs. After the principal
offers the contract but before production takes place, the agent privately learns the true costs
f. Formally, there are two periods. In period 1, the agent knows that costs are distributed
according to distribution function G; with non—shifting support [0,1], where 7 is drawn from the
set w = {1,...,n} with probability p; > 0. We refer to i as the agent’s ez ante type. In period
2, the agent observes his ez post type 6 which is drawn according to GG;. While the agent’s ex
ante and ex post types are his private information, the distributions of ex ante and ex post

types are common knowledge.

We depart from the existing sequential screening literature and consider the case in which
agent can always quit after learning the true costs 6 and receive an ex post outside option. We

assume that the outside option is type—independent and normalize it to zero.

Next, we state our distributional assumptions and introduce notation. The probability

density g;(0) = G5(0) exists, is differentiable, and is strictly positive for all § € [0, 1]. Moreover,

5The setup is isomorphic to a buyer seller relationship where the principal acts as a seller with commonly

known marginal costs and the agent as a buyer with private information about his willingness to pay.



we define by

hi,j(é’) = and hz(G) = ]’L%Z(Q),
the cross hazard rate between the types ¢ and j and the hazard rate of type i. We assume that:

h;; and h; are non-decreasing in ¢ for all i, j.

We define conditional distributions associated with a subset of types. For v C w, let

Dy = Zi@ p; be the probability of v, and define by

G0 =~ 3 pGil0), 9,0 = — 3 pigl0), hy(6) = 1)
Py Py

1€y i€y
the conditional distribution, conditional density, and conditional hazard rate conditional on the
event that the ex ante type is in . Moreover, define for two subsets 7,0 C w the conditional

cross hazard rate

hv,é(e)

Monotonicity of the (cross) hazard rates carries over to the conditional (cross) hazard rates:

Lemma 1 h,; is non-decreasing in 0 for all 7,6 C w.

For each type ¢, We define the ex post cutoff type 6; implicitly by

Because the hazard rate is non—decreasing, there is at most one solution to (2). Without loss

of generality, we label the ex ante types according to the order of the ex post cutoff types:

0, <...<0;

IN

. <40

n-

We extend the definition of ex post cutoff type to subsets « of types by defining 6, as the

solution to
v = by + hy(0,) (3)

which, by Lemma 1, is unique. The cutoff 6., displays an averaging feature in the sense that it

lies in between the lowest and highest cutoffs associated to the types in v:

7



Lemma 2 Let v,d C w be disjoint. Then 0,5 € [min{f.,, 65}, max{6.,6s}].

We close this section with the following remarks about our modeling setup:

Remark 1: As is standard in the literature on sequential screening, the agent’s ex ante private
information does not shift the support of his final ex post type. This non—shifting support
assumption facilitates the characterization of incentive compatibility off the equilibrium path.%
Moreover, the agent’s ex ante type ¢ is payoff—irrelevant in the sense that it does not directly
affect the final cost type 6. This assumption is, however, without loss of generality, because if
final costs are given as a function 6(i, s) of both the agent’s ex ante information ¢ and some ex
post information s that he receives in period 2, then we can redefine the agent’s ex post type

as the value of the random variable 0(i, s).

Remark 2: Non—decreasing hazard rates h; are a standard assumption in static screening mod-
els, because they ensure that solutions ”"automatically” exhibit a monotonicity property. To
obtain an analogous property in our setting, we also require non—decreasing cross hazard rates.
This is satisfied for large and natural families of distributions. It essentially requires that the
cumulative distributions increase faster than the densities. Hence, a sufficient condition is that

densities are non—increasing.

Remark 3: Our ranking of ex ante types by their ex post cutoff type 6; is simply a labeling
convention. It does not imply any restrictions on the stochastic order ranking of the distribu-
tions G;. In particular, our result does not require that the distributions G; be ranked in terms
of first or second order stochastic dominance, as is the case in standard sequential screening
models such as Courty and Li (2000). However, in the special case that the hazard rates h; are

decreasing in ¢, it is well-known that G first order stochastically dominates G; for 6, > 0;.

3 Principal’s problem

The principal’s problem is to design a contract that maximizes her expected utility. In this
section, we describe the principal’s problem formally. Because the agent has private information,
the terms of trade optimally depend on communication by the agent to the principal. By the
revelation principle for sequential games (e.g., Myerson 1986), the optimal contract can be

found in the class of direct and incentive compatible contracts which induces the agent to

6See Krithmer and Strausz (2008) for an elaboration of this point.



A learns A reports A reports

ex ante type ¢ ex ante type j ex post type 6’
| | | | |
T T T T T T
P offers direct A learns A decides
contract (x,t) ex post type 6 whether to quit

Figure 1: Time line

report his type truthfully at the ex ante as well as at the ex post stage. Formally, a direct

contract
(x,t) = (2;(0), ;(0)) jeworefo
requires the agent to report an ex ante type j in period 1, and an ex post type ¢ in period 2.

A contract commits the principal to a production schedule x;(0") and a transfer schedule t;(6').

A direct contract induces a game with a timing structure as illustrated in Figure 1.

If the agent’s true ex post type is # and his period 1 report was j, then his utility from

reporting €’ in period 2 is
u;(050) = t;(0') — 0;(6").
With slight abuse of notation, we denote the agent’s period 2 utility from truth—telling by
u;j(0) = u;(6;0).

The contract is incentive compatible in period 2 if it gives the agent an incentive to announce

his ex post type truthfully. That is, if for all j € w,
u;(0) > u;(0';0) for all 0,0" € [0,1]. (4)

If the contract is incentive compatible in period 2, the agent announces his ex post type truth-
fully no matter what his report in the first period.” Hence, if the agent’s true ex ante type is

7, then his period 1 utility from reporting j is

Uy = / " u(6) dGi(0).

TObserve that the fact that agent’s period 2 utility is independent of his ex ante type implies that a contract
which is incentive compatible in period 2 automatically induces truth—telling in period 2 also off the equilibrium
path, that is, if the agent has misreported his ex ante type in period 1. Observe also that, in general, optimality

does not require truth—telling off the path. See Krdhmer and Strausz (2008) for an elaboration of this point.



We denote, again with a slight abuse of notation, the agent’s period 1 utility from truth—telling
by

The contract is incentive compatible in period 1 if it gives the agent an incentive to announce

his ex ante type truthfully:
U >U; foralli,jew. (5)

To ensure the agent’s participation for all cost realizations, the contract needs to satisfy the ex

post individual rationality constraint:
u;(#) >0 foralliew,del0,1]. (6)
In contrast, an incentive compatible contract is ex ante individually rational if
Ui>0 foralliecw. (7)

Clearly, ex post individual rationality implies ex ante individual rationality. We say a contract

is feasible if it is incentive compatible (in both periods) and ex post individually rational.

By definition, the principal’s payoff from a feasible contract is the difference between ag-
gregate surplus and the agent’s utility. That is, if the agent’s ex ante type is ¢, the principal’s

conditional expected payoff is

W, = / {[v — 82:(0) — wi(6)} dG(0),

so that the principal’s expected payoff is

W=Y) pWi.
€W
The principal’s problem is therefore to find a direct contract (x*,t*) that solves the following

maximization problem:

max W s.t. (4),(5), (6).

(x;t)

10



3.1 Eliminating transfers from the principal’s problem

Our approach to solving the principal’s problem is to follow standard procedures of static
screening problems as closely as possible. Because for a given first period report, the second
period incentive compatibility constraints are the same as in a static screening problem, our first
step is to exploit the fact that second period incentive compatibility pins down the agent’s utility
as a function of the allocation x alone. This yields the familiar result that incentive compatibility
is equivalent to monotonicity of the production schedule and to “revenue equivalence”, which
means that the agent’s utility is determined by the production schedule up to a constant. We

state this standard result without proof.

Lemma 3 For all i € w, there are transfers t;(0) so that second period incentive compatibility
(4) is equivalent to
z;(0) is non—increasing in 0, (MON)

) _/9 vi(2) dz + ui(1). (RE)

Lemma 3 has three useful implications. First, we can replace the second period incentive
constraints (4) in the principal’s problem by the constraints (MON) and (RE). We can then
eliminate the constraint (RFE) by inserting w;() directly in the principal’s objective. After
an integration by parts, the principal’s objective transforms into the familiar expected virtual

surplus minus the agent’s utility of the least efficient ex post type 6 = 1:
1
0

The second implication of Lemma 3 is that (RE) also pins down the agent’s period 1 utility
Uj;, which is simply the expectation over period 2 utility. Applying integration by parts, we

arrive at the following characterization of the first period incentive constraints:

Lemma 4 Consider a contract which satisfies (RE). Then first period incentive compatibility

(5) is equivalent to
/1[xi(6’) —2;(0)]Gi(0) d 4+ u;(1) —ui(1) >0  foralli,j € w. (ICy))
0

The third useful implication of Lemma 3 is that because x; is non—decreasing, the agent’s
ex post utility w;(#) is non—increasing in his ex post type 6. Thus, ex post individual rationality

is satisfied for all types if it holds for the highest type 6 = 1:

11



Lemma 5 Consider a contract which satisfies (MON ) and (RE). Then ex post individual
rationality (6) is equivalent to

u;(1) >0 for alli € w. (IR;)

By the previous three lemmas, the following equivalent representation of the principal’s
problem obtains when we replace the payment t by the vector u = {u;(1) };e, of utilities of the

highest ex post type:

Po max Yo /0 v — 6 — ha(6)]2:(6) dGi(6) — prus(1)

st. (MON), (ICy), (IR)).

Before solving P, it is helpful to introduce some more notation. With slight abuse of
notation, we also refer to a pair (x,u) as a contract. We define a cutoff schedule with cutoff
0 c[0,1] as

) 1 ifg <,

0 otherwise.

We say that a contract (x,u) is a cutoff contract if each production schedule x;(#) coincides with
some cutoff schedule with cutoff 6;. Note that a cutoff contract can be indirectly implemented
by a menu of option contracts, which consists of an up—front payment that the agent receives
in period 1 and an exercise price which the agent only receives when he decides to produce
the good in period 2. To see this note that, under a cutoff contract, the agent is required to
produce if he reports an ex post type below QAZ after having announced an ex ante type ¢. In
this case, the ex post type 0 obtains utility 0, — 0+ u;(1). If, instead, he reports a type above
6;, the agent does not produce and obtains utility u;(1). Hence, a cutoff contract (x,u) can
be implemented by the menu of i = 1,...,n option contracts with the up—front payment w;(1)
and the exercise price 6;. In what follows, we use the notions of cutoff and option contracts

synonymously, whichever interpretation is more convenient.

4 Benchmarks

In this section we discuss three benchmark cases that will play a crucial role in the subsequent

analysis. First, we consider the principal’s problem when the agent’s ex ante type is publicly

12



known. Second, we consider the optimal “static” contract whose terms of trade do not depend
on the agent’s ex ante information. This latter contract describes the optimal contract when
the principal does not engage in sequential screening, but offers the contract only after the
agent has obtained all his private information. It is clear that the principal’s payoff from
an optimal contract lies in between these two benchmarks. Finally, we review the optimal
sequential screening contract when the principal has to respect exr ante rather than ex post

participation constraints.

4.1 Publicly known ex ante types

When the agent’s ex ante type is publicly known, the incentive constraints (/C;;) are redundant.
Absent these constraints, the ex post individual rationality constraints (I R;) are binding at the
optimum. If we now disregard the monotonicity constraint, pointwise maximization of the
principal’s objective yields that the optimal production schedule is the cutoff schedule with
cutoffs 6; as defined in (2). In particular, it satisfies the monotonicity constraint and must,

therefore, be optimal. The next lemma summarizes.

Lemma 6 If the agent’s ex ante type is public information, the optimal contract is a cutoff

contract characterized by ul (1) =0 and

22(0) = z2(0)6;) Vi€ w.

(2

In other words, if the agent’s ex ante type 7 is public information, the principal’s problem is
that of a unit good monopsonist facing the supply function G;. At the optimal contract, the
transfer is equal to the ex post cutoff type 6;, and the good is produced whenever costs are

smaller than 6;.

4.2 Optimal static contract

We refer to a contract as static if the contract does not condition on the agent’s ex ante type:
z; =z; = 2° and w;(1) = u;(1) = *(1) for all 4, j € w. The principal’s objective under a static

contract is
1
W = / 0 — 0 — hy(0)]2*(6) dG(0) — u*(1),
0
where h,, and G,, are defined in (1) for v = w.

13



Under a static contract, the incentive constraints (/C;;) hold trivially, and it follows from
inspection of P, that at the optimum, the ex post individual rationality constraints are binding.
Observe that the solution to the unconstrained problem which simply maximizes the princi-
pal’s objective is given by the cutoff schedule with cutoff 6,. In particular, it satisfies the
monotonicity constraint and is thus a solution to the constrained problem. The next lemma

summarizes.

Lemma 7 The optimal static contract is a cutoff contract characterized by u®*(1) = 0 and a

cutoff schedule
x*(0) = z(06,,).

In other words, if the principal can only offer a static contract, her problem is that of a unit
good monopsonist facing the average supply function G,. At the optimal contract, the transfer

is equal to the critical type 6, and the good is produced whenever costs are smaller than 6,,.

4.3 Ex ante participation constraints

The main benchmark for our analysis is the standard sequential screening model where the
principal has to respect only the ex ante participation constraints (7) rather than the ex post
participation constraints (/R;). In contrast to our main result, the principal does benefit from
sequential screening in this case, as shown by Courty and Li (2000). We now review this

important benchmark.

Courty and Li (2000) identify conditions so that the principal’s problem can be solved by a
“Mirrleesian” approach. That is, the optimal contract obtains from solving a relaxed problem
with only the participation constraint for the highest type ¢ = n, and all “local downward”
incentive constraints /Cj ;1. One of the identified conditions is that the distributions G; are
ordered in the sense of first order stochastic dominance.® Courty and Li (2000) further show
that if, in addition, the solution to the relaxed problem exhibits a production schedule that is
monotone in both the ex ante and ex post type, then it represents also a solution to the original

problem. The need for monotonicity puts additional restrictions on the primitives of the model.

8An alternative condition is that the distributions display a particular kind of mean preserving spreads.
Combinations of this MPS—ordering and first order dominance are also fine, but second order dominance in

general does not work.

14



The Mirrleesian approach implies that the solution to the relaxed problem exhibits deter-
ministic production schedules x“* which equal 1 whenever the aggregate surplus exceeds the

hazard rate multiplied with an informativeness measure?:

) ot pia Gia(6) —Gi(0)
LG =1 & v—0>h(g) =Lt TPm Gin .
;(0) > hy(0) . )

Hence, the remaining question is under which conditions the schedules x¢

L are monotone in

the ex post type 6 and the ex ante type ¢. For the schedules to be monotone in ¢, they must
be cutoff schedules with a cutoff 6% that is the unique solution to v — 6 = h;(6). A sufficient

condition for existence and uniqueness of AL is that h;(0) is convex in § and v < 1.

For cutoff schedules to be monotone in the ex ante type, the cutoffs are required to be
decreasing;: HSL < ... < GfL. A sufficient condition to obtain this ordering is that flz(ﬁ) is

increasing in ¢. The following lemma summarizes.

Lemma 8 Suppose G; dominates G;_1 in the sense of first order stochastic dominance for all
1=2,...,n, that 51(9) 1s convex in 0 and increasing in i, and that v < 1. Then, with ex ante
C’L) uCL)

participation constraints, the optimal contract (x exhibits productions schedules that

are characterized by the cutoff schedule x$*(0) = z(0|0SF) where 6SF is the unique solution to

%

0t = v, v—0°F = h(6°F) Vi>1.

Interestingly, the contract (x“*, u®r) violates all ex post participation constraints. To see
this note that because type n’s ex post utility at the least efficient ex post type, u, (1), is pinned
down by (RE) and the binding ex ante participation constraint (7), it follows that u, (1) < 0.
Because wu;(1) is pinned down by the binding incentive constraint /C; 1, the ordering of the

cutoffs implies that the lowest ex ante type gets the lowest utility at the least efficient ex post

type:

0> u,(1) >...>wu(1).

This ordering also reveals the intuition why sequential screening is strictly optimal as well as

the role of stochastic dominance: Because lower ex ante types are less likely to become high ex

9Courty and Li (2000) present a continuous version of this measure, while Dai et al. (2006) present it for
the case with two ex ante types. Baron and Besanko (1984) were the first to interpret the second term as an

informativeness measure of the ex ante information.
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post types, they are more willing to tolerate higher losses for higher ex post types. The optimal
screening contract with ex ante participation constraints exploits this feature. It screens ex

ante types by imposing higher ex post losses on lower ex ante types.

5 Two ex ante types

The main result of this paper is that, with ex post participation constraints, the optimal
sequential screening contract coincides with the static one. To gain intuition for this result, we
analyze in this section the case with two ex ante types. To simplify the exposition, we assume

in this section that v = 1.

Our approach to solving the principal’s problem is to consider an appropriate relaxed prob-
lem and to show that its solution also solves the original problem. As in standard screening
problems, we ignore, first, the monotonicity constraint. Second, we ignore the “upward” incen-
tive constraint (ICy;), because the solution to the problem with publicly known ex ante type
violates only the “downward” incentive constraint (IC}3).!% Hence, we consider the relaxed
problem

R: maxm(l) p1/0 [1—60— hi(0)]z1(0) dG1(0) — prus(1)

x1,r2,u1(1)

+p2 /01[1 —0— h2(0>]x2(0> dG2<8) - p2u2(1) s.t.

/O 21(0) — 22(0)]G1 (0) d6 + s (1) — un(1) > 0, (ICy)
u(1) >0, u(1)> 0. (IR))

We now argue that the solution to R is given by the optimal static contract. It will then
also be a solution to the original problem P, because the static contract trivially satisfies all
neglected constraints. The argument has two steps. First, we argue that, for any fixed levels
u1(1) and wus(1), the optimal production schedule must be a cutoff schedule. Then we optimize
over uy(1) and wus(1) and all possible cutoffs to show that the optimal contract is the optimal

static one.

Keeping u; (1) and uy(1) fixed, ICis is the only remaining constraint. By the Kuhn-Tucker

mn particular, [ [#7(6) — 25(0)]G1(6) df + uf (1) — ub(1) = — [, G1(8) < 0, since 0; < 0>.
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theorem!!, a solution to R maximizes the Lagrange function
1 1
L= [ (16 mO(0)Cy(6) ~ prus(1) + p2 [ (16~ hal6)lza(6)dGal®) ~ paua(1)
0 0

= [1(6) — 22(0)]C1(6) dB 1w (1) — ua(1)},
where A < 0 is the multiplier associated to the constraint ICyq. Re-arranging delivers
c- il — 0= n(0)] — A ()} (0)02(6) 40— (pr + Nn(1)
1 0= 10+ M) 2s0)0s) 0~ (32~ N,

Observe that we can maximize £ point—wisely. In particular, the production schedules x;(0)
and x5(f) are optimally set to 1 whenever the respective expressions in the curly brackets under

the integrals,

pl[l —0— h1<9)] - /\h1(9)> <9>
pao[l — 0 — ho(0)] + Ah12(0), (10)

are positive, and x;(0) and x9(0) are set to 0 otherwise. This implies that the production
schedules are cutoff schedules if (9) and (10) are decreasing in 6. To see that this is indeed the
case, recall that A < 0. Together with hy and hjy non—decreasing, it then follows that (10) is
decreasing in . Next consider (9). It is decreasing in @ if p; + A is non—negative, because hy
is non-decreasing in 0. Now let 6; € [0,1] be such that (9) is zero. If §; does not exist, then,
because (9) is continuous in 6, z; is either 0 or 1 everywhere and, hence, a cutoff schedule with

cutoff 0 or 1. Otherwise, we have

Pl(l - é1) >0

ha(6)

prl =601 = (0)] = Mu(6) =0 & pi+A=

From this it follows that (9) is decreasing in 6, and 0, is therefore unique. Hence, also when 0,
exists the optimal production schedules z1(f) and z5(0) are characterized by a cutoff schedule

with respective cutoffs 91 and ég.

We now turn to the second step and look for the optimal cutoff schedules and utility levels.

As argued above, the incentive constraint IC}, in problem R must be binding at the optimum,

See Theorem 1 and 2 in Luenberger (1969, p.187-189).
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because disregarding it would yield a solution that violates it (see footnote 10). Therefore,
given cutoff schedules, the principal’s problem R can be written as:

o1
R : max pl/ [1—6—h(0)] dG1(6) — prusi(1) (11)
(1)=0 0

01,01,u1(1)>0,uz

6
—i—pz/ 2[1 — 6 — hy(0)] dG2(0) — paus(1)
. 0
s.t. : G1(0) df = uy(1) — ua(1). (12)
1
This representation identifies the principal’s fundamental trade-off. The principal may screen
ex ante types by imposing a different cutoff for each type: 6, =+ 6. This allows her to fine-tune
production to the types’ different cost distributions. However, by (12), this is feasible only if
at least one ex post participation constraint is not binding. In other words, screening ex ante

type comes at the cost of giving at least one type a positive ex post utility level u;(1). We now

show that this trade—off is unambiguously resolved in disfavor of screening.

In fact, inspecting R yields us(1) = 0 at any optimum, because otherwise lowering us(1)
would relax /C5 and raise the objective. But if us(1) = 0, then (12) together with the constraint
that uq(1) > 0 implies that only cutoffs with 91 < ég are feasible. Substituting the constraint
(12) with us(1) = 0 in the objective (11) yields

0

P1 /091 [1 =0 —nhi(0)] dG1(0) — pa G1(0) db + ps /092[1 — 0 — hy(0)] dG5(8)

= pl/o 1[1_9] dG1<9)—p1/02G1(9) d9+p2/02[1—9—h2(9)] dG2(9>- (13>

Notice that, in the second line, the second and the third term do not depend on él, and the
first term is expected aggregate surplus, conditional on facing type 1. Since aggregate surplus
is maximized at 6; = 1, it is optimal to choose 0, as large as possible. Because of the restriction
él < ég, it then follows that él = ég, or, in other words, that a static contract is optimal.
Clearly, among all static contracts the optimal static contract solves the principal’s problem.
This illustrates our main result for the special case of two types: With ex post participation

constraints it is feasible but not optimal for the principal to screen sequentially.

To shed more light on the role of ex post participation constraints, recall that we can
interpret a contract ¢; = (0;,u;(1)) as an option contract with exercise price 6; and up-front

payment wu;(1). Screening ex ante types then corresponds to offering a menu with two different
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option contracts ¢; # co. To understand intuitively why the principal does not gain from
screening ex ante types, suppose that ¢y is the optimal static contract with 0y = 6, and
uz(1) = 0. Now observe that when the principal targets type 1 with an additional but different
contract c¢1, incentive compatibility requires that type 1 gets at least the same rent from c; as
from c¢y. Hence, the principal loses unambiguously from offering a contract ¢; with a smaller
exercise price, because the smaller exercise price implies that ¢; is less efficient than ¢y so that
on top of paying (at least) the same rent to the agent, ¢; also generates a smaller aggregate

surplus.

On the contrary, it is not directly obvious that the principal loses from offering a contract
c1 with a larger, more efficient exercise price 6, > 6,. The key observation which helps to
understand this is that for él > ég the incentive compatibility constraint (/Cy) is necessarily
slack, because the up—front payment to type 1 cannot be negative. Hence, when the principal
increases the exercise price 6, beyond ég, she faces exactly the standard monopsony trade—off
between extending supply and paying a higher price, which, by definition, 8, solves optimally.

But since 6; < 6, = 65, raising the exercise price 6, beyond 05 is also suboptimal.

It is instructive to see where the previous argument fails when there are only ex ante
participation constraints. Clearly, the same reasoning as above implies that it is suboptimal
to offer a contract ¢; with a smaller exercise price 6, < 0,. But, with ex ante participation
constraints, the argument is different for a contract with a higher exercise price 6, > 6,. In
contrast to the case with ex post participation constraints, the principal can now impose a
negative up—front payment u;(1) < 0 on type 1. Therefore, she can use u;(1) to extract exactly
that part of type 1’s information rent that goes beyond what is needed to guarantee incentive
compatibility.’? In fact, for fixed ¢y, it is then optimal to set u;(1) so that (IC}5) is binding.
Unlike in the case with ex post participation constraints, increasing the exercise price 6; does
therefore no longer go along with increasing type 1’s rent. Consequently, it is optimal to set the
exercise price to maximize aggregate surplus, thus 0, = 1, in accord with the optimal exercise

price 6¢F = 1 from the benchmark in section 4.3.

12We may interpret that part of type 1’s information rent that goes beyond what is needed to guarantee
incentive compatibility as the agent’s ex post information rent, because it results from the fact that all ex post
types who produce the good obtain the higher exercise price. That the principal can use the up—front payment
to fully extract this ex post information rent is equivalent to Esté and Szentes’ (2007a,b) observation that the

principal wants to disclose the maximal amount of ex post information available.
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6 Arbitrary number of ex ante types

In this section, we extend the result of the previous section to the environment with an arbitrary
number of ex ante types. The extension is not straightforward, because in contrast to the two
type case, where there are only local incentive constraints, we now have to deal with both local
and global incentive constraints. It turns out that, in contrast to sequential screening models
with ex ante participation constraints, we cannot use a “Mirrleesian” approach of focusing on
local constraints. Indeed, the major challenge in extending our result lies in identifying the

relevant incentive constraints.

6.1 Auxiliary problem: u;(1) =0

We begin by considering the problem when the utilities of the least efficient ex post types,
u;(1), are exogenously set to 0. In the next subsection, we argue that this is indeed optimal.

Thus, we first consider the problem

1
PO, max 3 p, / v — 60— ha(0)]u:(6) dCi(6) st
* 1EW 0
x;(#) is non—increasing in 0, (MON)
1
/0 [i(0) — 2,(0)]Gi(6) d > 0 for all 4, € w. (1)

Our approach to solving P is to solve a relaxed problem where we ignore the monotonicity
constraints and consider only a subset of incentive constraints. The main challenge is to identify
the relevant incentive constraints such that the solution to the relaxed problem will also be a

solution to the original problem, that is, satisfy monotonicity and all ignored constraints.

We identify a subset of constraints ICY; with the subset of respective indices (4,7). Let
Co = {(1,j) € w? | i # j}. For a subset C' C Cp, we denote by R°(C) the relaxed problem

where only the constraints in C' are considered:

R(C) - max Zpi/ol[v — 0 — hi(0)]x;(0) dGi(0) st ICy for all (i,5) € C.

To solve problem R%(C'), we will work with the Kuhn-Tucker theorem for function spaces.
By Theorem 1 and 2 in Luenberger (1969, p.187-189), {zx()}rew solves RY(C) if and only if

there are multipliers \;; < 0 associated to constraint ICy) such that {z(-)}re, maximizes the
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Lagrangian

Z/ pr[v — 0 — hi(0)]2x(0)gr(0) dO — Z >\”/ z;(0) — z;(8)]G;(0) df

kew (i,7)eC

= ) / v — 0 — hy,(0 Z Mighi(0) + ) Aiwhin(6) p 2x(0)gu(6) do,

kEw (k,j)eC i:(i,k)eC
and, moreover, \;; = 0 only if the inequality in I C’Z-Oj is strict.

By point-wise maximization, the Lagrangian £°(C) is maximized if z(6) is set to 1 when-

ever the expression in curly brackets under the integral,

Ui(0,C) = pelo— 0 — hi(0)] — D Nghu(0) + Y Aiwhin(

ji(k,j)eC i:(3,k)eC

is positive, and z(0) is set to 0 otherwise.!> We summarize this observation in the following

lemma.

Lemma 9 The schedule {zy() }rew 18 a solution to RY(C) if and only if for all (i,j) € C there
is a \i; so that

Nij <0, (KTy)

z(0) = 0 if Wul6,0) <0 Vk € w, (KTy)

\ij /O [2:(0) — 2,(0)]Gi(0)dd =0 V(i, j) € C. (KTs)

The main result of this subsection is that the static contract solves problem P°. We organize
the argument in three steps. In step 1, we look for conditions on the constraints C' so that a
solution to (KT})-(KT3) exhibits a monotone and deterministic production schedule. This will
imply that the schedule for a type k is a cutoff schedule with some type specific cutoff. In step
2, we identify conditions so that the resulting cutoffs are the same for all types and equal to
the static cutoff. Clearly, this implies that all neglected constraints are satisfied. Finally, in

step 3, we construct a set of constraints that satisfies the conditions both from step 1 and step

2.

13More precisely, it is sufficient for obtaining a maximum that the previous statement is true for almost all

6. For simplicity, we ignore issues of zero measure sets in what follows.
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6.1.1 Cutoff contracts

In line with the analysis of the two type case, it seems intuitive to follow a Mirrleesian approach
and to relax the original problem P° by considering only the “local downward” constraints
1 C’gi +1- To see why this does not work with more than two types, consider the three types
case. When we only consider the local downward constraints 1CY, and ICS;, then we have with

respect to type k = 2:
\112(6, C) = pQ[U — Q] — [pg + )\23]]22(9) + )\12]112(0). (14)

If Uy (0, C') were decreasing in 6, then the solution x5 to (K7T5) would automatically be monotone
and deterministic. Observe that since the (cross) hazard rates are non-increasing, Wy (0, C) is
decreasing provided that ps + Aoz > 0. The problem is to show that this is true. In the two
types case, we were able to sign the analogous sum of the ex ante probability and the multiplier.

Mimicking this argument, suppose there is a solution 0 so that WQ(é) =0, and thus

A

v—0 A
P2 + )\23 = p2[—A] + )\12h12(0).

2
From here, we cannot deduce that ps + Aoz > 0 because of the presence of the negative term

~

A12h12(6). For the general case, this suggests that the solution to the relaxed problem does not
automatically display monotonicity, if, for some type k, the relaxed problem involves constraints

1CY; and ICj, at the same time.
In the three types case we may however consider the relaxed problem with the constraints
ICY; and ICY;. Then,
Uy(0) = pilv—0—hi(0)] — Aizhi(0),
Ua(0) = polv—0— ha(0)] — Aasha(0),
Us(0) = pslv—0— h3(0)] + Aishiz(0) + Aashos(6).
A similar argument to show monotonicity in (9) and (10) can now be used to show that for
all types k, Wy () is decreasing in #. This implies that the solution zj to (KT,) automatically

displays monotonicity. In the general case, this argument extends to any relaxed problem where

the set of constraints is what we call directed:
Definition 1 A set C' C Cy is called directed if for all i:
(i,7) € C for somej = (k,i) ¢ C for all k, and (15)

(j,i) € C for somej = (i,k) & C for all k. (16)
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For a directed set C' C Cy of constraints, we define by

we = {Zaj | (la.]) S C}

the set of ex ante types that are part of some constraint in C', and

wo ={i| (i.j) €C}, we={j|(i.j) e Ch
Observe that wl Nwg = 0, because C is directed. If C is directed, ¥y boils down to

pr[v — 0 — hy(0)] if kdwe
\I/k(ea C) - Pk [U — 9 — hk(G)] + Zi:(i,k)ec )\mhzk(e) Zf ]C c wg (17>
pk[v —0— hk<9)] — Zj:(k,j)eC )\k]hk(9> if ke wg.

The next lemma shows that for a directed set, the functions Wy are strictly decreasing provided

they have a root in the interval [0, v].

Lemma 10 Let C be directed and \ij < 0 for all (i,7) € C. If there is a solution 6 € [0,v] to
U, (0,C) =0, then ,(0,C) is strictly decreasing in 0.

Next we show that the Kuhn-Tucker conditions (K7T3)-(KT3) imply that for all £ and all
(,7) € C there is indeed a solution 6, € [0, v] to \Ifk(ék, C) = 0 with A\;; < 0. Thus, the previous

lemma implies that the solution to the problem R°(C) automatically satisfies monotonicity.

Lemma 11 Let C be directed. Then any solution {x(-)}rew to R°(C) is characterized by a
cutoff schedule x,(0) = (0, 0;) with cutoff Oy, € [0,v] given by (0, C) = 0. In particular, the

solution satisfies the monotonicity constraint (MON).

6.1.2 Static solutions

We now identify sufficient conditions on the set of constraints C' so that the solution to R°(C')
is the optimal static contract. By Lemma 11, this amounts to identifying conditions so that

the cutoffs ék are all equal to the static cutoff 6°.

Observe first that whenever a constraint (i,j) € C is binding, i.e., fol [z; — z;] dG; = 0,
then because x; and x; are cutoff schedules by Lemma 11, the respective cutoffs must be the
same: 0; = éj. Similarly, if C' contains the constraints (i, j) and (7, k) and both are binding,
then all three cutoffs are the same: 6; = éj = @. This argument extends to any set of binding

constraints which is connected in the following sense.
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Definition 2 Consider a subset C C Cj.
(i) C'is called connected if for all (i, 7), (i, j') € C, C contains a sequence of pairs (is, js)>_, so
that

(i17j1> = (Z7.7>7 (i27j2> = <i27j)7 (i37j3> = (7:27j3)7 Tt (i57j5) = (i/7j/)'

(ii) C is called binding if for any solution {xk(-)}kews, {Nijajec to (KTy)-(KTs), it holds
Nij <0 forall (i,7) € C.

The next lemma expresses the insight that if the set of constraints is directed, connected and
binding, then for all types in the set of constraints, the solution to the relaxed problem is given

by the same cutoff schedule.

Lemma 12 Let C' be directed, connected, and binding. Then for any solution {zy(:)}re. to

RO(C) there is a 0 € [0,v] such that x,(0) = Z(0;0) for all k € we.

By Lemma 11, the cutoff 0 satisfies the equation \I/k(é, C) = 0 for all types k € we. Thus,
solving this system of |w¢e| equations pins down the optimal cutoff 6. Tt turns out that 6 actually
coincides with the optimal static monopsony cutoff, 6., when the principal faces only types in

we'-

Lemma 13 Let C be directed, connected, and binding. Then the cutoff in Lemma 12 is given

by 0 =0,,,.

An immediate implication of the previous lemma is that if we = w so that any type appears in
some constraint, then the cutoff is equal to the optimal static cutoff ,,. We call such a set C
with we = w exhausting. This means that for a directed, connected, binding, and exhausting
set of constraints C, the solution to R°(C') is the static contract. Since the static contract

(trivially) satisfies all original constraints, it is also a solution to the original problem PY:

Lemma 14 Let C be directed, connected, binding, and exhausting. Then the solution to R°(C)
is the static contract. In particular, the optimal static contract solves the problem P.
6.1.3 Identifying directed, connected, binding, and exhausting constraints.

We now develop a constructive algorithm which, for any problem P, yields a directed, con-

nected, binding, and exhausting set of constraints. The construction is non—trivial, because it

24



turns out that the relevant set of constraints depends on how the various cutoffs 0., v C w,
introduced in (3) are ordered. To illustrate this, turn again to the three types case. In the
previous subsection, we relaxed the problem by considering only ICY; and IC%;. These two
constraints form a directed, connected, and exhausting set C' = {(1, 3);(2,3)}. To see whether

the set is also binding, we check, for instance, ICS;. Ignoring this constraint yields the problem

R({(1,3)}): max >, /0 [0 — 0 — hi(0)]2:(0) dG,(0) s.t. /0 (21(0) — 25(0)]G1(6) db > 0.

In R({(1,3)}), the choice variable x5 is unconstrained, and moreover, with respect to the choice
variables x; and x3, the problem is isomorphic to the two types problem with the types 1 and
3. Thus, the solution x5 is characterized by the public information cutoff 6;. Moreover, by
“induction”, the solution x; and x3 is given by the optimal static contract in the case in which
the principal faces only the two types 1 and 3. The latter is characterized by the cutoff 0 3,
defined by (3). Therefore, the constraint /C9; writes fol 15 — 23)G1d = [1° , Gadf > 0, and,

01,3

hence, is violated if and only if
0y < 0{173}. (18)

Accordingly, if (18) holds, ICY9; must be binding at the optimum. As a consequence, C' =
{(1,3),(2,3)} is directed, connected, exhausting and binding so that we have found a solution

by Lemma 14.

For 0, > 01, 33, however, C'is not binding and we have to look for a different set of constraints
C’. It is straightforward to check that in this case the set C" = {(1,2),(1,3)} is directed,
connected, exhausting and binding. Therefore, whether the appropriate set of constraints is C'
or C' depends on the ordering of the cutoffs 6, and 6, 33. This insight is key for extending our

result to an arbitrary number of types.

Finally note that for the special case 0, = 0 3y, Lemma 2 implies 6 = 03, = 0, so
that the solution to R°({(1,3)}) itself already coincides with the static contract. Hence, it
trivially satisfies both IC9; and ICY; and solves the overall problem. Consequently, we obtain
our result that the static contract is optimal, even though neither C' nor C’ are binding by our
definition. This illustrates that our result also obtains in the special non—generic cases, where
cutoffs coincide, but requires a different (and easier) treatment. For expositional clarity, we

will concentrate on the case where the cutoffs do not coincide and only note that our result
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also hold for the special cases where cutoffs do coincide. Formally, we assume
0, # 05 forall v,6 Cw,y #9. (19)

We now construct an explicit algorithm that yields a directed, connected, binding and

exhausting subset of constraints for any configuration of cutoffs 6., that satisfies (19).

Our construction is inductive. We first reduce the number of types by merging the largest
and the smallest types and proceed until we are left with two types. The next definition
formalizes this idea. We interpret the set 2%\ () of non—empty subsets of w as an index set that
encodes the types of the compressed type space. We abuse notation and identify a type i € w

with the singleton {i} so that ¢ U j denotes {i,j} etc.

Definition 3 Inductively, for m =n,...,2, define
e Basis (m =n):
SWw,=w, a, =1, 8, =n.
e Step (m —m —1):
O win-1 = (W \ {am, B }) U{am U B},
O Qo1 = argmax{f, | v € wy,_1} is the set index with the lowest monopsony cutoff,

O P11 = argmin{f, | v € w1} is the set index with the highest monopsony cutoff.**

The algorithm results in a type space wy = {ag, f2} that has two types and by construction
exhibits 0,, < 03,. For this case, we already know from the analysis of the two types case
in Section 5 that the set Cy = {(ag, S2)} of constraints is directed, connected, binding and
exhausting. Starting with this constraint, we now expand the type space again in reverse order
and essentially add to C'y the constraint which requires that in the expanded type space ws, the
type ag does not mimic type f3. The resulting set Cj is our candidate for a directed, connected,
binding and exhausting set of constraints for ws. Proceeding in this fashion, we generate a set
C,, of n — 1 constraints for the original type space w. The procedure is formally described in

the next definition and subsequently illustrated for the three types case.

Definition 4 Inductively, form =2,...,n— 1, define
e Basis (m =2):
o Cy = {(a2, £2) }

1By assumption (19), the types a,,—1 and 3,,_1 are unique.
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o Step (m - m+1):

Define the relabeling function ppy1 : Cry — w2,y by

(am+1a 6) Zf 7= Qmtl U Bm-i—l
pm-ﬁ-l((ﬁ)/? 5)) = (’Ya Bm-i—l) Zf )= Am+1 U ﬁm—i-l
(v,0)  else

and define the set

Cm+1 = pm—l—l(Cm) U {(am—i—lv ﬂm—&-l)}-

To highlight how the construction of C), depends on the primitives, consider explicitly the case
n = 3. To generate wy, the procedure first merges the highest and the lowest type in w so that
we get wy = {{2},{1,3}}. Now if (18) holds, the highest type in ws is as = {2}, and the lowest
type is B = {1,3}. Therefore, Cy = {({2},{1,3})}. To create C3, the procedure re-labels
first the merged type 2 = {1,3} as type {3}. This yields the set of constraints p3(Cs) =
{({2},{3})} which we identify with {(2,3)}. We subsequently add to this set the constraint
(aq, 1) = (1,3), resulting in C3 = {(2,3),(1,3)}. In contrast, the expansion procedure starts
with C5 = {({1,3},{2})} for the case 6, > 013y and finally yields C = {(1,2),(1,3)}. By
construction, the sets C3 and Cf are directed, connected, and exhausting. Moreover, as we
have argued above, they are binding for the respective cases 0 < 613y and 0 > 0 3,. We
now prove that this insight extends to any configuration of cutoffs 6, that satisfies (19). This

is the key step to establish the main result of our paper.
Lemma 15 The set C, is directed, connected, binding and exhausting.

Together with Lemma 14, Lemma 15 implies that the static contract solves problem P°. In
problem P°, we set u;(1) exogenously to zero. We now consider the original problem P, in

which u;(1) is a choice variable of the principal.

6.2 Original problem: u;(1) as a choice variable

To solve problem P, we consider the relaxed problem where we ignore the monotonicity con-

straints and consider only the incentive constraints in the set C), constructed in Definition
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R : max > pi /0 [0 —0 — hi(0)]2;(0) dG;(0) — pus (1) s.t.

X1 (1), un pyy

/l[xi(ﬁ) —2;(0)]Gi(0) d 4+ u;(1) —u;(1) >0 for all (z,7) € C,,

u;(1) >0 forall i € w.

We now prove that the static contract solves problem R. This establishes the main result of

the paper that the static contract solve problem P.

Theorem 1 The static contract is a solution to problem R. Because the static contract satisfies

all neglected constraints, it is also a solution to the original problem P.

7 Extensions

7.1 Different ex ante and ex post outside options

In the analysis so far, we assumed that the agent’s ex ante outside option coincides with his ex
post outside option. This is the natural assumption when the ex post outside option is type—
independent and does not change over time. Yet from a practical perspective, it is important
to know to what extent our results are robust and extend to differences in ex ante and ex
post outside options. For example, in a procurement relationship, where the agent as a firm is
typically protected by limited liability, the agent can incur some losses without going bankrupt
when he has pledgable assets or other sources of income. In this case, the agent’s ex post

outside option is lower than his ex ante outside option.

To allow for different outside options, we normalize the ex ante outside option to zero and

set the ex post outside option to @ < 0. Thus, the ex post individual rationality (6) changes to
w;(0) >u foralliew,del0,1], (20)

while the ex ante individual rationality constraint (7) remains the same.

We argue that our result that the static contract is optimal still holds as long as « is not too
negative. To see this, note first that if we solve for the optimal contract with the adapted ex
post individual rationality constraint (20) while disregarding the ex ante individual rationality

constraint (7), the only change is that the principal can extract more utility from the agent.
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In particular, the optimal production schedule is equal to the cutoff schedule with the optimal
static cutoff 6°, and since the ex post participation constraint (20) is binding at the optimum,

we have that u;(1) = @. It follows that the expected utility of ex ante type i is
95
U =u+ / G,db.
0

Hence, if we define
95

u’ = — min G;de,
v Jo
then for w > @”, the solution satisfies automatically the ex ante participation constraint (7).
Thus, for all ex post outside options @ € [u”, 0], the optimal contract is the static one. Because
uP < 0, our result that sequential screening is not helpful with ex post participation constraints

is robust and extends to differences in ex ante and ex post outside options.

Taking the opposite approach and solving the model with the ex ante individual rationality
constraint (7) while disregarding the ex post individual rationality constraint (20) yields the
solution of Lemma 8. In particular, the individual rationality constraint of the highest type
and all local downward incentive constraints are binding. This means that the ex post type

0 = 1 of ex ante type 1 obtains the lowest ex post utility of all ex post agent types and, in

particular,
n giCL
w(l) = = — Z/ Gi(6)d0,
i—1 7O
where Hgfl = 0. Hence, the solution satisfies the neglected ex ante individual rationality

constraint (20) whenever o < a®.

It follows that as we vary the ex post outside option %, we obtain the sequential screening
models with ex ante and ex post participation constraints as two extremes: the model with ex
ante constraints for u < u® and the model with ex post constraints for u > w?. A fully fledged
analysis of the intermediate case u € (u%, uP) lies, due to intractability issues, outside the scope
of this paper. We only mention that simulation exercises for simple models with two ex ante
types show that it depends on the exact magnitude of v which of the incentive, ex ante, and
ex post individual rationality constraints are binding, and that in the interval (%, u?) different

types of static and sequential contracts can be optimal.
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7.2 Auctions

Our techniques and results extend readily to settings with multiple agents. Consequently, the
optimal mechanism with ex post participation constraints is equivalent to the static Myerson
(1981) auction that is optimal for the principal when he faces the agents after they received all
their private information. Again, this stands in stark contrast to sequential screening models
with ex ante participation constraints only. In particular, Es6é and Szentes (2007b) show that
with multiple agents sequential screening allows the principal to extract all the additional
information embodied in the ex post private information by means of an augmented second
price auction. With ex post outside options, the optimal contract is simpler and the principal

cannot extract the agent’s information rents.

8 Conclusion

This paper shows that introducing ex post participation constraints in a sequential screening
problem eliminates the value of eliciting the agent’s information sequentially. Instead, a static
contract, which conditions only on the agent’s final information is optimal. In this sense, the
value of dynamic over static contracting in the absence of ex post participation constraints is

due to relaxed participation rather than relaxed incentive constraints.

In this paper, we have taken the agent’s outside option as exogenous. In practice, the
outside option is often endogenously determined, for example, by the presence of a spot market
where the agent can trade in any period. Our paper raises the question if dynamic, long—term
contracting has some value when spot markets offer the agent an outside option at any point

in time.
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Appendix

Proof of Lemma of 1 Since h;; is non-decreasing by assumption, we have

Wiy =(g2)"" - (—=gig; — Gig}) > 0 for all 4, j € w. Hence, for 7,0 C w:

Lo = (95) 7 =9v95 — Ghgl = YN ppi(—gig; — Gig)) 20, (21)

p 1€7,j€

and this proves the claim. Q.E.D.

Proof of Lemma 2 By definition, 0,5 satisfies the equation
(0= 0y05) Y pigi(Brus) = Y piGilyus)- (22)
1€yUd 1€yUS

Now suppose that contrary to the claim, we have 6.5 > max{6,,0;}. (Similar arguments apply
to the case 0,u5 < min{6,,605}.) Then, by monotonicity of the hazard rate and the definition
of (97, 952

U_Qué < M G5(9’7U5)
Y
(

and v — 0.5 <
9(00s) e 95(0,0s)

< (v —0,08) - 94(0r08) < Go(0,05) and (v — O,0s) - g5 (0405) < Gs(0-06)- (24)

Now multiply the left inequality with p, and the right with ps; and add them up to get

(U_6)7U5> Zpigi(‘g'yué>+zpigi<9'yu6 < sz 7 wué +sz i 'yUé (25>

1€y 1€9 1€y €9

Since v and § are disjoint, this can be written as

(v = 0;05) Z Pigi(60s) Z piGi(0,0s), (26)

i€yUd 1€yUd
a contradiction to (22). Q.E.D.
Derivation of (8) and Proof of Lemma 4 By (RE),
1 11
/ u;(0) dG;(0) = / / z;(2) dz g;(0) df + u;(1) (27)
0 o Jo
1 1 1
_ / 25(2) dz - Gy(6) / _a(0)Gi0) o+ (1) (28)
0

0 0

1
= [ 060 o+ ), (20)
0
where we have used integration by parts in the second line.

31



Thus, for j = 4, it follows that

/O wi(0) dG;(0) = /0 2i(0)ha(0) dGi(0) + wi(1). (30)

Plugging this in the principal’s objective delivers (8).

Moreover, since U;; = fol u;(0) dG;(0), (29) implies that the first period incentive compat-
ibility condition U; — U;; > 0 is equivalent to (IC};), and this is what we wanted to show.
Q.E.D.

Proof of Lemma 10 Because the hazard rate hy(6) is non—decreasing and pg[v — 6] is strictly
decreasing, it follows that py[v — 6 — hy(0)] is strictly decreasing. This establishes that Wy (6, C)
is strictly decreasing in 6 for k ¢ we. In addition, A;; < 0 and non-decreasing cross hazard
rates hy;(#) imply that Zi:(i,k)ec Aithir(0) is non—increasing in 0. Hence, W (0, C) is strictly
decreasing in 6 also for k& € w. Finally, to see that W, (6, C) is strictly decreasing in 6 also for

k € wf, first rewrite Wy (0, C) for k € w, as

G 0,0) =pilo— 0~ [+ S Ny | ha(0). (31)

ji(k,j)eC

By assumption, \Ifk(é, ) = 0 for some g e [0,v]. For k € wf, this implies that

pk+ > Ak]_p’“hvfe] > 0. (32)
(k.j)eC k(0)
The non-decreasing hazard rate hy(-) therefore implies that (px + ;.4 jyec Arj) e (f) is non—
decreasing. Due to the term pglv — 6], it then follows that (31) is strictly decreasing in 6.
Q.E.D.

Proof of Lemma 11 By Lemma 9 any solution {z(+) }xew to R%(C) satisfies (KTy)-KTs. We
distinguish the three possible cases:

Case k € we: In this case, U(0;, C') = 0 by definition of ;. Since 0 < v, Lemma 10 implies
that Wy (6,C) > 0 for all § € [0,6;) and ¥(0,C) < 0 for all 0 € (6x, 1]. By (KT3), any solution
therefore exhibits (0) = 1j9,)(0)."

Case k € wg: In this case, U, (0,C) = pgv > 0 and, by (KT1), ¥ (6k, C) = Zi:(i,k)ec Nirhi (0r) <
0. Continuity of . (0,C) in € then implies there exists a ), € (0, ;] such that U, (6, C) = 0.

Because 6, < 0 < v, Lemma 10 applies so that W (6, C) is strictly decreasing in #. Hence,

15Tet 14(a) express the indicator function: It takes value 1 if a € A and 0 otherwise.
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T, (0,C) > 0 for all @ € [0,0;) and U, (0,C) < 0 for all § € (0),1]. By (KT5), any solution
therefore exhibits x4 (0) = 1p,9,)(0).

Case k € wgi: We prove by contradiction that there exists a 6, € [0,v] such that Wy (6, C') = 0.
For suppose the contrary, then, by ¥ (0,C) = prv > 0 and continuity of ¥ (0, C') in 6, it must
hold W (6, C) > 0 for all 6 € [0,v]. First, this implies, by (KT3), that for any solution it must
hold z4(0) = 1 for any 0 € [0,v]. Second, it implies that Wi (v, C) = —[pe+3 .1 jyeo Al he(v) >
0 so that necessarily Zj:(k;,j)eC Akj < —pi. Hence, there must be at least one j € w, such that
Ag; < 0, implying by (KT3) that 1Cy; is satisfied in equality. But because j € wg, we just
established that for any solution there exists a §; < v such that z;(§) = 1,4,(6). It therefore

follows

/0 [24(0) — 2,(0)|Ca(6)d8 > / ' Gu(0)d6 > 0.

0;
Using (KT3), this leads to the contradiction that A\y; = 0. Consequently, there must exist
a 0 € [0,v] such that W, (0,C) = 0. By Lemma 10, ¥,(6,C) > 0 for all 6 € [0,6;) and
U, (6, C) < 0 for all 6 € (0, 1]. By (KT3), any solution therefore exhibits z(#) = L4, (0)-
We conclude that any solution is characterized by a cutoff schedule z4(0) = z(0, 6)), where
the cutoff 6, € [0,v] solves Wy(fz,C) = 0. This solution trivially satisfies the monotonicity
constraint (MON). Q.E.D.

Proof of Lemma 12 Because C' is binding, for any (¢, j) € C it holds A\;; < 0 such that (K75)
implies

/O [z;(8) — 2;(0)]G:i(0))do = 0. (33)

Because by Lemma 11 z;(-) and z;(-) are increasing cutoff schedules with respective cutoffs 6;
and éj, (33) can only hold if 0, = éj. Connectedness then implies that for any 7,5 € we, the
cutoffs are the same. Q.E.D.

Proof of Lemma 13 From Lemma 11 and Lemma 12 it follows that 0 satisfies W, (0,C) = 0

for all k € we. Because C is directed, we have for all k € we that either k € wf, or (exclusively)
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k € wg. Multiplying \Ifk(é, C) by gk(é) and adding up delivers

0 = > Uu(h C)gk(0) (34)

kewo
= Z prl[v — 0gr(0) — prGir(9) (35)
kEwe
k6w+ J:(k,j)eC kewg i:(3,k)eC
= ) pilv = 0lgx(0) — puGr(9) (37)
kewc
- Z Z A G(0) + Z Z NG (0) (38)
k6w+ J:(k,j)eC JEwo k:(k,j)eC

The last inequality follows by re-labeling the summation index of the second double sum and by
definition of hy and h; ;. Now observe that in the last line, every pair (k, j) that appears under
the first double sum also appears under the second double sum (and vice versa). Therefore,

the last line is zero, and we obtain

~a - D hews PEGR(D)
0= milv—0lgs(0) — pGr(0) & v =04 SheeeEL (39)
k€wo Zkewc Prgr(0)
which by (3) implies = O - Q.E.D.

Proof of Lemma 14 The claim is a direct implication of Lemmata 11, 12, and 13. Q.E.D.

Proof of Lemma 15 The set C, is directed, connected, and exhausting by construction. To

show that it is binding, we have to show that any solution to (KT})-(KT3) satisfies
)\%5 <0 V(”)/,5) e C,. (40)

We only consider the case in which 01,1 < 0\(1,n}- (The argument for the reverse case is
analogous.)

Step 1: We begin by showing that
/\ln < 0. (41)

Contrary to (41), suppose there is a solution {z,()}yen to (KT1)-(KT3) so that Ay, = 0. By
construction of C,,, the pair (1,n) is the only pair in C,, that involves the index n. Together

with Ay, = 0, this implies that
U,.(0,C,) = pplv — 0 — h,(0)]. (42)
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Hence, (KT5) implies that x, = 1jg,]. Next, we determine x;. We distinguish two cases.

(1) If A5 = 0 for all § with (1,0) € C,,, the same reasoning as in the previous paragraph
delivers that z1 = 1jg4,). Since 6, < 6, by assumption, {x,(-)},e. violates the constraint
(1,n) € C,, a contradiction to the assumption that {z,(-)},e. is a solution to R(C,,).

(2) Suppose that A5« < 0 for some (1,*) € C,,. We shall derive a contradiction in a similar

fashion as in the previous paragraph by first determining x; and then comparing it to x,. Let
A={(7,0) e C, | \s <0} CC, (43)

be the set of binding constraints in C,,. It is non—empty, as it contains (1,0*). Let B be the

largest connected set in A which contains (1,*). By definition of B, we have

neEwp < (n,6) € B for all (n,0) € C,, with A5 < 0,0r (44)
(v,m) € B for all (v,n) € C, with A, <0. (45)

This implies that for all n € wp we can write

Uy(0,Cn) = pylv— 0 — hy( Z Ansha (0 Z Ayl (0) (46)
:(n,0)€Ch (v, €CH
= polv— 0 — hy( Z Ansha (0 Z Ay (47)
((n,0)eB v:(vmeB
= V,(0,B). (48)

Therefore, (KT5) for C' = C,, implies that

x,(0) = 0 if ¥y(0,8) <0 Vn € wp. (49)
1 if U,(0,B)>0

Moreover, (KT}) and (KT3) for C = C,, (trivially) imply
1
As <0, and )\75/ [2+(0) — 25(0)|G,(8)d0 = 0 V(v,0) € B. (50)
0

The conditions (49) and (50) are the first order conditions for the problem R°(B) (when the
type space is wg). Therefore, the solution x,(-) for n € wp to R%(C,,) is given by the solution
z,(-) to R°(B). Because B as a subset of the directed set C, is itself directed and, because
it is connected and binding by definition, Lemma 12 and 13 imply that for all n € wg and in

particular for n = 1 € wp, we have:
(51)

Ty =21 = ljg
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Because n € wpg, it follows, by assumption, 8, < 0, for all n € wg. By Lemma 2 it then follows
0., < 0, and thus z1(-) < x,(-). But this violates the constraint (1,n) € C,, a contradiction
to the assumption that {z,(-)},c. is a solution to R°(C,,).

Step 2: We now show the rest of (40) by induction over the number of types n. More precisely
the induction hypothesis is that (40) is true for any model with n — 1 types.

Base (n = 2): By assumption 6, < 65 so that Cy = {(1,2)}. Thus, Step 1 implies that A2 < 0,

as desired.

Step (n —1 — n): Let (x,A) = ({2x(*) }rew, {Nij Faj)ec,) be a solution to (KT)-(KT3) (for
C = C,). Contrary to the claim, suppose that

Aij = 0 for some (i, 7) € C,, with (4, j) # (1, n). (52)

We will derive a contradiction to the induction hypothesis by constructing a model with n —1
types and a solution to (KT})" '-(KT3)""* (for C' = C,,_;) which violates (40)"~1.16
By Lemma 11, (x, A) displays for each k a cutoff 0y, € [0,v] so that x) = L4,;> and

Uy (O, Cy) = 0. (53)
Moreover, the argument in the proof of Lemma 12 implies that for all (7, 7) € C:

Consider now the model with n — 1 types when types 1 and n are merged so that the new type
space is w,—1 = {{1,n},2,...,n — 1}. We indicate the variables pertaining to this model by
a superindex n — 1. From the solution (x,A) to (KT1)"-(KT3)" (for C = C,,), we propose the
following candidate solution (x"~* A\"™1) to (KT})" 1-(KT3)" ! (for C = C,_,):

= ay = lg, forallk=2....n—1, (55)
T = 1= g (56)
gt = Ay forall (v,6) € Coy with v # {1,n}, (57)
Gy (0
)\’{11_’711}5 = Ais5- Ll? for all ({1,n},9) € Cp,_1. (58)
Gy (01)

16Tn what follows, the exponent on the equation reference refers to the number of types of the model under

consideration.
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(Observe that because 01 ny > 0, 1,,} by assumption, we have by construction of the set C,_4
that (1,9) € C, if and only if ({1,n},0) € C,,_1.)
By (52), this definition implies that there is a (v,d) € C,_1 so that )\:5_1 = 0. Thus, it is

sufficient to show that
(x"~ 1, A1) satisfies (KTy)" 1-(KT3)" ! (for C =C,_1) , (59)

because then we would have found a model with n—1 types that violates (40)"~!, a contradiction
to the induction hypothesis.

We now show (59).
e That (x"~!, \"™1) satisfies (KT})" ! is trivial.
e To see that (x"~1, A\"~1) satisfies (KT3)""!, observe that since 2} is a cutoff schedule for all
k € w,_1, we only have to show that W} '(-,C,_1) equals zero at the respective cutoff of 2"

By the definition (55) and (56) of }', this means we have to show:

Vi (0, Cpa) =0 forallk =2,....n—1, and qj?l_,i}(él’ Cn1) = 0. (60)

Recall that 0 ,, > 0, (1,n) by assumption. Thus, the set C),_; is constructed by removing
(1,n) from C,, and then re-labeling the index 1 as {1,n}. Moreover, (1,n) is the only pair in

C,, that involves the index n. Thus,

For all k € w! ;\ {1,n}: (k,0) € C,,_y & (k,0) € Cp, (61)
Forall k € w, ;:(v,k) € Cho1 < (1, k) € Cp, or (v ={1,n} and (1,k) € C},). (62)

We now establish the left part of (60). For k € w;} |\ {1,n}, (61) together with (53) and (57)
implies that

U 0, Co) = pelo— O —he@)] = S X a(By) (63)
0:(k,0)eCr_1
= pk[v — ék — hk(ék)] — Z )\kéhk<ék) = \I/k<ék, Cn) = 0. (64)
6:(k,0)eChp
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Moreover, for k € w,_;, (62) together with (57) and (58) implies that

n—1»

U0k, Coot) = prlv =0k — @)1+ D A% har(6r) (65)

¥:(7,k)€CR -1

= pelv =0k — @+ ) A k(Bk) + Ay any s (0k) (66)

v:(v,k)ECH 1

y#{1,n}
= ol =0k — @)+ D Al (Ge) (67)
~:(v,k)ECR
y#1
Gy (6,) .
A - ===k (Or),
G1ny(61)

where we make use of the convention: )\?f’i}k =0if ({1,n},k) € Cp,_q and A\, = 0 if (1,k) &
Cy—1. We now distinguish two cases. If A\, = 0, then the last term in the previous expression

vanishes, and we can as well write

U Ok, Cocr) = pilo = 0k — (0] + D Mphy(Ok) + Marhn(Ok) = Vi(0r, C), (68)

v:(v,k)ECR
y#1

which is zero by (53), as desired. If A\ < 0, then 6, = 0, by (54), so that

C Gam(0) g6y

G1(6:) 5 Gi(f)  Gum() ,
—/\h 1777/ 7]{:(9]9) * . :h17k(€k>. (69)
G0 )

Consequently, we also have in this case that \Pz_l(ék, Ch1) = \I/k(ék, C'), which is zero by (53).
This completes the proof of the left part of (60).

We are left to show the right part of (60), i.e. \I'?;}L}(él,Cn,l) = 0. By assumption,

Of1.n) > Our\(1,n)- It 18 easy to see that this implies {1,n} € w;_;. Hence,

UL (00,Con) = pumlv =0 —hpam@)] = Y Aysham @) (70)
5:({1,n},0)eCr—1
— [v = 6\Ppmy91my (01) = Py Gramy (1) (71)
g1y (01)

= D> Nimsham 9y,
§:({1,n},6)€Cn_1

where in the second line we have took 1/ g{m}(él) out of the square brackets. By (58) and the
definition of Gy »y and gq1,,}, and since ({1,n},0) € C,_; if and only if (1,0) € C,, and § # n,
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this can be re-written as

Wl Gy, C ) = [0 = 0] - {p191(01) + Pugn(01)} — p1G1(61) — puGin(61) (72)

(L} g{l,n}(él)

_ Z )‘16 Gl(él)

5:(1,6)€ECH ’ 9{1,n} (91)
S#n

Now add and subtract A1,,G1(6;)/g1(61) to obtain

———{nil(o = 0 (B) — Gr(80)] ~ XaGa (0 (73)

gt (éla Ch1) =
91,0y (01)

{tin}

— > MsGiby)

6:(1,6)€Cn
S#n

1 . R R R
—_—— n|\U — 81 n 01 — Gn 91 )\1nG1 01 .
oy {10 = 000 = GuB] + 0G0}

The first two lines on the right hand side can be written as

m@>,mw—&m@n—QQM—memAMM@L:m@ﬂ.@@um.w@

9{1,n}(é1) gl(él) 9{1,n}(é1)

Moreover, since (1,n) is the only pair in C, that involves the index n, the third line becomes

91(é12 'pn[(v—él)gn(él)—Cfn(él)]+)\1nG1(é1) _ 91(é12 06,0 (75)
9g1.ny (1) 91(61) 911.my (61) ’

ICVRN e 76

T n(On, Cn),  (76)

where in the last line we have used that A, < 0 by Step 1 which implies 6; = 6, by (54).
Hence, by (53):

- 0 A 0 .
\IJT{Ll_JlL}(el’ C"_1> - Ll} ) \111(91, O") + Ll} ) \Dn(em On) =0, (77)
9{1,n} (01) 9{1.n} (91)

and this completes the proof of the right part of (60).
e To complete the proof of (59), it remains to be shown that (x"~ A\"~!) satisfies (KT3)" L.
Consider (v,8) € Cp_q. IEAZ5! =0, (KT3)"" holds trivially. If A5 < 0, then (54)-(58) imply
that 27" = 2§~'. Accordingly, (KT3)"" also holds in this case.

This establishes (59) and completes the proof. Q.E.D.
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Proof of Proposition 1 For all k£ € w, let 23(0) = 1j00,]0) be the production schedule and
u; (1) = 0 the least efficient ex post type’s utility level under the static contract. By the Kuhn-
Tucker theorem, we have to show that there are multipliers \;; < 0, (4,j) € C,,, and p, <0,

k € w, so that ({z; () }rew, {5 (1) trew) maximizes the Lagrangian

L => {/0 pilv — 0 — hy(0))24(0)gx(0) dO — pkuk(l)} (78)

kew
1
- >N U [2:(0) — 2;(0)]G:(8) df + wu; (1) — u;( } > (1)
(i,7)€Cn 0 kew
1
=Y / prlv =0 —he (O] = D Aghe(®) + D Ahir(0) p 2i(0)gi(0) dGT9)
kew 70 j:(k,j)eCh 1:(3,k)eCh

where )\;; = 0 or u; = 0 only if the respective constraints are not binding. Now, let \;; < 0 be

as in the proof of Lemma 15, and define

e — —Pr — Zj:(k,j)eCn Aej if ke Wa (80)
—Pk T+ Zi:(i,k)ecn Air if ke€wg,

Then the curly brackets in the last line are zero, and the Lagrangian L is identical to the
Lagrangian for the problem R°(C). Therefore, by Lemma 11 and 15, ({z§() }rew, {15 (1) trew)
maximizes L. It remains to be shown that p; < 0. Since A\j; < 0, the claim is trivial for
k € wg,. Fork € wg , recall from (32) in the proof of Lemma 10 that —py — (kjyecn Mg = 0.
This completes the proof. Q.E.D.
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