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ABSTRACT: We examine a model of long-term contracting in which the buyer is privately
informed about the stochastic process by which her value for a good evolves. In addition,
the realized values are also private information. We characterize a class of environments
in which the profit-maximizing long-term contract offered by a monopolist takes an espe-
cially simple structure: we derive sufficient conditions on primitives under which the opti-
mal contract consists of a menu of deterministic sequences of static contracts. Within each
sequence, higher realized values lead to greater quantity provision; however, an increasing
proportion of buyer types are excluded over time, eventually leading to inefficiently early
termination of the relationship. Moreover, the menu choices differ by future generosity,
with more costly (up front) plans guaranteeing greater quantity provision in the future.
Thus, the seller screens process information in the initial period, and then progressively
screens across realized values so as to reduce the information rents paid in future periods.
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PROGRESSIVE SCREENING

1. INTRODUCTION

Long-term contracts are a salient feature of a wide variety of economic situations. In many of
these settings, the fundamental features of the contractual relationship are not static, but instead
may be changing over time. While the dynamic nature of the relationship may be acknowledged
by all parties involved, the precise nature of the changes may be the private information of only
one of the parties. For instance, a seller need not be aware of how her buyers’ preferences have
evolved; an employer need not observe the changes in an employee’s productivity; and a down-
stream retailer need not know the effectiveness of an upstream manufacturer’s investments in cost
reduction. Clearly, optimal long-term contracts must be designed in order to account for these dy-
namic information asymmetries.

In the present work, we explore the impact of an additional source of private information on
the structure and properties of optimal long-term contracts. In particular, we are interested in
studying settings in which one party is privately informed not only about the current state of the
contracting environment, but also about the manner in which this state evolves. Returning to the
examples above, only the buyer knows how many complementary products she plans to buy; only
the employee knows the likelihood of distractions arising at home that affect her productivity; and
only the manufacturer knows its ability to implement process innovations.

We analyze these issues in the standard setting of the literature, that of an ongoing trading
relationship between a monopolist seller and a single consumer. In this relationship, the seller has
all of the bargaining power and can credibly commit to the terms of trade for the entire interaction
at the outset, while the buyer is privately informed about both her preferences in each period and
a parameter of the stochastic process which governs the evolution of her value.

Formally, we set out to characterize the profit-maximizing T-period contract (where T is po-
tentially infinite) for a single seller facing a buyer whose value evolves according to a privately
known stochastic process. In the initial period, the buyer privately observes a parameter A. In
each subsequent period, she privately observes a random shock «, and her value is the product of
all previous shocks.! The conditional distributions of shocks are ranked by first-order stochastic
dominance, so that a buyer with a higher value of A is more likely to experience “good” shocks
and have higher values in each period. We assume that the seller has the ability to fully commit to
arbitrary long-term contractual forms.” Therefore, the revelation principle allows us to restrict at-
tention, without loss of generality, to the class of direct revelation mechanisms in which the buyer
is incentivized to report her private information truthfully in every period.

Our main result is a characterization of a class of environments in which the optimal long-term
contract takes an especially simple structure. More specifically, we find simple sufficient condi-
tions on the distribution of A and the conditional distributions of shocks under which incentives
can be decoupled over time. We show that, when this is the case, the optimal dynamic contract is
a menu of deterministic sequences of static contracts that progressively screen the buyer’s values:

INote that new information arrives exogenously, unlike the endogenous information acquisition in Bergemann and
Vilimaki (2002); Gershkov and Szentes (2009); Krahmer and Strausz (2011); and Shi (2012), among others.
2This is in contrast to, for instance, Kennan (2001) and Loginova and Taylor (2008), where the seller’s lack of commit-
ment power restricts her to offering only one-period spot contracts.
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the seller introduces additional supply restrictions over time and eventually excludes all types in
order to extract rents from higher-valued buyers.

In our baseline model, we assume that the buyer has single-unit demand in each period, and
that each shock can take one of two values: it can be either a “good” shock u with probability
A, or a “bad” shock d < u with probability 1 — A. In the benchmark case where the good is
produced in each period at zero cost, the seller commits to a finite menu of price plans, each of
which presents the buyer with an entry fee and a predetermined sequence of future prices for the
good. On the basis of A, the buyer selects a plan and then is free, in each period, to exercise an
option to purchase the good at that period’s pre-specified price.> Because prices are fixed by the
seller at the beginning of the interaction, this mechanism can be implemented without eliciting
any further information from the buyer over the lifetime of the contract—the only information
that the seller needs the buyer to reveal is her choice of price plan. (These qualitative features of
the optimal contract carry over to the case of positive marginal cost.)

Moreover, each of these price plans begins with a finite-length “honeymoon” phase. In each pe-
riod of this phase, the price for the good grows by a factor d; after the honeymoon phase ends, the
price grows in each period by the larger factor u. This implies that the buyer purchases the good
throughout the honeymoon phase, regardless of the realized shocks to her value. After this phase,
however, the price grows deterministically, while the buyer’s value grows only stochastically—
with a sufficiently long time horizon, the seller terminates the relationship inefficiently early. Be-
cause prices in a plan with a longer honeymoon phase are always lower than those in plans with
a shorter honeymoon phase, longer honeymoons are attractive to all buyers. However, the entry
fees for the various plans are increasing in the length of their honeymoon phases. In order to jus-
tify paying a larger initial fee, the buyer must therefore anticipate that her future values will be
sufficiently high that the lower future prices fully compensate for the initial fee—paying a larger
entry fee is justified only if the probability of good shocks A is sufficiently high. Thus, the various
entry fees and honeymoon phase lengths serve to screen across realizations of A, while the post-
honeymoon-phase growth in prices serves to restrict supply to lower-valued buyers, reducing the
rents paid to higher-valued buyers.

We also extend our analysis to the setting where the seller faces an increasing convex cost func-
tion and drop the single-unit demand assumption. We also assume the buyer’s valuation shocks
are independently drawn from a family of continuous distributions parametrized by A and or-
dered by first-order stochastic dominance, so that larger realizations of A generate higher values.

In this more general environment, we derive sufficient conditions on the underlying primi-
tives under which incentives decouple over time; thus, the optimal contract again consists of a
sequence of static contracts. In the initial period, the buyer chooses (on the basis of A) from a
continuum of contingent price-quantity schedules, each of which is a fixed sequence of price-
quantity menus that screen across future values. As is standard in nonlinear pricing problems,
each of these menus provides greater quantities to buyers that report higher shocks. Moreover,
these menus feature more generous quantity provision for buyers reporting higher values of A,
excluding fewer realized valuations and allocating larger quantities to included buyers. Within a

3Thus, the buyer chooses among a set of priority pricing schemes a la Harris and Raviv (1981) or Wilson (1993).
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given sequence of menus, however, the quantity schedules become less permissive over time as
the seller “tightens the screws”: the set of period-(f + 1) reports that prevent exclusion is a subset
of the corresponding period-f set of reports. Thus, as in the discrete-shock case, the seller ineffi-
ciently restricts supply in order to extract additional rents, with greater restrictions for buyers that
report lower values of A. Similarly, the prices within each period’s menu in this optimal contract
are determined entirely by the standard integral payment rule that guarantees incentive compat-
ibility in static settings, depending only on the allocation rule for the period in question. Finally,
the entry fees for more permissive menus are higher than those of less permissive menus. Again,
in order to justify paying a greater initial entry fee, a buyer must anticipate higher future values—
the seller screens initial private information with entry fees and the generosity of future menus,
and then progressively screens across realized values with nonlinear prices in future periods.

As is typically the case in dynamic mechanism design, the primary hurdle we face in solving
the seller’s problem is the nature of the incentive compatibility constraints when private infor-
mation is multidimensional. In particular, incentive compatibility requires that the buyer prefers
the truthful reporting of her private information to all potential misreports, including multi-stage
deviations from truthfulness. This generates a complex and relatively intractable set of constraints
that must be satisfied by any optimal contract. One common approach in the literature for deal-
ing with this issue is to restrict attention to two-period models—this is the approach of, among
others, Baron and Besanko (1984); Courty and Li (2000); Es¢ and Szentes (2007); Krahmer and
Strausz (2011); and Riordan and Sappington (1987a,b). In such models, it is possible to simplify
the second-period constraints and work backwards to the first period; this methodology does not,
however, generalize easily to the longer time horizons we study in the present work.

We therefore employ an indirect approach to solving for the seller’s optimal long-term contract.
We solve a relaxed problem that imposes only a restricted set of constraints that are necessarily
satisfied by any incentive compatible mechanism. Specifically, we impose a set of single-deviation
constraints that rule out “one-time” deviations from truthful reporting: in each period t, the buyer
must prefer truthful reporting to any possible misreport, assuming that all future shocks are re-
ported truthfully.* We then provide easily verified sufficient conditions on the underlying envi-
ronment under which the solution to this relaxed problem depends only on the buyer’s initial
type and realized values, but not on the particular sequence of shocks generating those values. By
pairing this allocation rule with a payment scheme that is also path independent, we decouple the
buyer’s incentives in any one period from those in the next. This guarantees that truth-telling is
an optimal continuation strategy for the buyer, regardless of her history of past reports or misre-
ports. This property implies that the restricted class of constraints in our relaxed problem are, in
fact, sufficient for “global” incentive compatibility, thereby justifying our approach.

Our paper contributes to the growing literature on optimal dynamic mechanism design that
focuses on the design of profit-maximizing mechanisms in dynamic settings.” While much of

“This approach was first used in a two-period problem by Es6 and Szentes (2007), and extended to longer time horizons
by Pavan, Segal, and Toikka (2011).
SThere is also a parallel literature focusing on efficient dynamic mechanism design; see, among others, Athey and Segal
(2007a,b); Bergemann and Viliméki (2010); Gershkov and Moldovanu (2009b, 2010a,b); and Kuribko and Lewis (2010).
See Bergemann and Said (2011) for a survey of both literatures.
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the recent work in this area focuses on settings where agents arrive and depart dynamically over
time while their private information remains fixed, our paper joins another strand of the literature
where the population of agents is fixed, but their private information changes over time.°

Baron and Besanko (1984) were the first to study dynamic contracting with changing types,
deriving necessary conditions for optimality in a two-period model using an “informativeness
measure” of initial-period private information on future types. Courty and Li (2000) study a two-
period model where consumers are initially uncertain about their future demand but receive ad-
ditional private information before consumption.” In contrast, our focus in the present work is
on arbitrarily long time horizons. This allows us to explore the long-term characteristics of opti-
mal contracts; for instance, the progressive screening, “screw tightening,” and (inefficient) early
termination of the relationship by the seller are features that cannot arise in a two-period model.?
In addition, the longer time horizon necessitates consideration of a richer set of incentive com-
patibility constraints, as the buyer may misreport her value multiple times in an attempt to take
advantage of future contractual terms. As discussed above, such compound deviations introduce
additional technical difficulties in identifying the optimal contract that preclude the use of back-
ward induction common in two-period models.

Besanko (1985) and Battaglini (2005) also explore optimal contracting in dynamic settings with
more than two periods. In Besanko’s model, the buyer’s values follow a first-order autoregressive
process where each period’s value is a linear function of the previous value and an i.i.d. shock.
As in our model, the buyer’s initial-period type exerts a persistent influence on all future values;
this generates decreasing distortions if the process is stationary and increasing distortions when it
is not. Battaglini, on the other hand, studies a model where the buyer’s value evolves according
to a two-state Markov process with commonly known transition probabilities, so the shock in
period t depends directly on the realized value in period t — 1. In that setting, the distribution
of future values converges to a steady-state distribution, so the impact of the buyer’s initial type
decreases over time and the optimal contract is asymptotically efficient. In the present work,
however, shocks are conditionally independent (given A); therefore, each shock induces greater
dependence of values on the buyer’s initial type. This increasing dependence is the source of the
increasing distortions and inefficiency in our environment’s optimal contract.

Our use of a relaxed problem that imposes only single-deviation incentive constraints to cir-
cumvent the difficulties of compound deviations and dynamic incentive compatibility resembles
the approaches of Eso and Szentes (2007) and Pavan, Segal, and Toikka (2011). Es6 and Szentes

6See, among others, Board and Skrzypacz (2010); Gershkov and Moldovanu (2009a); Mierendorff (2011); Pai and Vohra
(2011); Said (2012); and Vulcano, van Ryzin, and Maglaras (2002) for models with a dynamic population and static
types, and Board (2007) and Deb (2009, 2011) for recent examples with a fixed population and changing types. Garrett
(2011) is a recent contribution that combines both dynamic arrivals and changing private information.
"Dai, Lewis, and Lopomo (2006) and Riordan and Sappington (1987b) examine similar issues in a procurement setting,
while Eso and Szentes (2007) and Riordan and Sappington (1987a) consider a two-period setting in which the principal
faces multiple competing agents. Meanwhile, Miravete (2003) empirically demonstrates the importance of sequential
screening considerations in the design of contracts for telephone service.
83ince many allocations are made over time, we also find it more compelling to consider contracts where the buyer pays
for consumption in each period instead of refund contracts as in Courty and Li (2000). It is straightforward, however,
to show that the payment rule may modified to make use of refunds instead of prices without affecting incentives—as
is standard in dynamic incentive problems, there can be many payment rules supporting the same allocation rule.
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observe that any stochastic process governing values may be transformed into a sequence of inde-
pendent shocks. This transformation transfers the dependence of value shocks into more complex
payoff functions; in their two-period model, however, they are able to provide sufficient condi-
tions for implementation of the optimal allocation. Pavan, Segal, and Toikka use a similar obser-
vation to derive a dynamic envelope formula for arbitrary time horizons and stochastic processes.’
This dynamic envelope formula is used to extend the standard static payoff-equivalence result to
dynamic settings, and then to identify sufficient conditions for incentive compatibility. While our
continuous-discrete setup with conditionally independent shocks requires different arguments to
derive the optimal contract, their unifying framework helps explain how distortions depend on
the “impulse response” of future payoffs to private information at the time of contracting. In par-
ticular, a mechanism designer distorts decisions in order to account for the buyer’s informational
advantage at the time of contracting, and these distortions are most effective at histories where the
buyer’s values are most responsive to her initial type. Since each additional shock in our model
compounds the dependence of values on A, the induced value distributions in later periods are
more sensitive to the initial type than those in earlier periods. This results in progressive screening
and increasingly aggressive exclusion of buyers over the course of the relationship.

2. ENVIRONMENT

We consider a dynamic setting in which a buyer repeatedly purchases a nondurable good from
a single seller. When the buyer pays a price p and receives quantity g of the good in period ¢, her
utility is v;g — p. The buyer’s value for the good, v;, evolves over time; in particular, we assume
that the buyer’s value is subject to a stochastic sequence of multiplicative shocks, so that

O = Xt0¢—1,

where we take v := 1 to be exogenously given and commonly known. We will denote by af the
sequence of shocks received by the buyer up to, and including, time ¢; that is,

OCt = (at, Kt 1, ,061).
In addition, the notation a’ ; will denote the sequence of shocks up to (and including) period ¢,
but after period s, so that
al = (a1, 06 01).

Finally, we will abuse notation somewhat to simplify the exposition and write v(a') to denote the
value of a buyer who has experienced the sequence of shocks af, so that

v(a') = ﬁ ar.
=1

In each period t = 1,...,T, the buyer privately observes the shocks to her valuation, which
are the realizations {a;} of a sequence of random variables {&;}, independently and identically
drawn from the conditional distribution G(-|A) with support A C RR;. Moreover, we assume

9Kakade, Lobel, and Nazerzadeh (2011) also use an independent shock representation, but their approach imposes an
additional “separability” assumption and requires the agent to report her entire private history in each period.
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that the family {G(-|A)}, is ordered in terms of first-order stochastic dominance; that is, G(+|A)
first-order stochastically dominates G(:|A") whenever A > A’

At the time of contracting (which we take to be period zero), the buyer is privately informed
about the parameter A of the distribution that generates the sequence of shocks {a;}. Specifically,
the buyer privately observes the realization A of a random variable A, where it is commonly known
that A is drawn from the distribution F on an interval A C R;. We assume that f, the density of
F, is strictly positive and differentiable on A.

In each period t > 1, the seller can produce g units of the good at a cost c(g). The relationship
between the buyer and the seller persists for T < oo periods, and is discounted with the common
discount factor 6 € (0,1]. (If T = oo, we require the additional restriction that 6 [, «dG(a|A) < 1
for all A € A to guarantee the boundedness of expected payoffs.) In the initial period, the seller
offers a long-term contract to the buyer. If the buyer accepts this offer, sales and consumption
occur in periods t = 1,...,T in accordance with the terms of the contract. We normalize the
buyer’s outside option to 0. As is standard in dynamic models of price discrimination, we assume
that the monopolist fully commits to the contract that is offered. However, commitment is one-
sided in our model: the buyer is free to break off the relationship at any time.

3. THE SELLER’S PROBLEM

The seller wishes to design and offer a contract that maximizes her expected profits. Since the
Myerson (1986) revelation principle for multistage games holds in our environment, the search for
optimal contracts may be restricted, without loss of generality, to the class of direct mechanisms
where, in each period, the agent is asked to report her new information and, conditional on having
reported truthfully in the past, she finds it optimal to report truthfully.

In particular, a contract in our setting is a sequence of payment rules p = {p(r, h)}L, and
allocation probabilities q = {g:(r+, ht)}thl, where 7; is the buyer’s report at time f, and /; is the
public history at time ¢. Note that in such a direct mechanism, vy € A, whiler; € Aforallt > 1. In
addition, i; can be defined recursively by hy := @ and h; := {r;_1,h;_1} forall t > 1, where r;_1 is
the agent’s report in period t — 1. We denote the set of time-t public histories by H;. Since the agent
is free to misreport her private information at any time, her private history is ft; := {a;, 71, hs_1},
where fip := {A}. We denote the set of time-t private histories by H;; the buyer’s strategy, given the
seller’s mechanism, is then simply a sequence of mappings 7 : H; — A fort >1,and fp: A — A.

A direct mechanism is incentive compatible if it induces truthful reporting in every period: on
the equilibrium path, the agent has no incentive to misreport her new private information. This
requires the agent to prefer revealing her private information truthfully to any misreport followed
by optimal continuation reporting (which may involve additional misreports). Thus, the complete
set of incentive compatibility constraints in our setting is large and potentially intractable.

In order to avoid this complexity, we use an indirect approach to solving for the seller’s optimal
mechanism. In particular, we consider a restricted set of constraints that are necessarily satisfied
by any incentive compatible mechanism, and then provide sufficient conditions guaranteeing that
this restricted set of constraints is, in fact, sufficient for “full” incentive compatibility in our setting.

More specifically, we require that the buyer prefers reporting her private information truthfully to
6
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misreporting in any given period and then reporting truthfully in every future period; that is, we
rule out single-period deviations from truthful reporting. The optimal allocation rule that follows
from this restricted set of constraints has a “path independence” property (that will be made clear
in subsequent sections) that is inherited from the stochastic process governing values when our
sufficient conditions are satisfied. Since there is an additional degree of freedom in choosing pay-
ment rules in dynamic mechanisms (relative to their static counterparts), this allocation rule can
be paired with a path independent payment rule that guarantees truth-telling as an optimal con-
tinuation strategy for a buyer who has misreported in the past, thereby implying the sufficiency
of the restricted set of constraints for “global” incentive compatibility.

To state the initial (period-zero) single-deviation constraint, let Up(A) denote the utility of a
buyer with initial type A who always reports her private information truthfully; thus, forall A € A,

Up(4) = —po(A +2csf [, (0 A)o(a) = pe(at, 1)) dW(wf[2), 0

where dW!(a!|A) = [T _; dG(a|A). Similarly, let Up(A’, A) denote the expected utility of a buyer
with initial type A who reports some A’, but then truthfully reports all future shocks:

Qo(X',A) = —po(N) +25f/A (g:(at, A'Yo(al) — pr(ad, A')) W' (afA). @)
Thus, the initial-period single-deviation constraint requires that
Ug(A) > Up(A',A) forall A, A’ € A. (IC-0)

As with Up()), denote by Uy (a!, ) the expected utility of a buyer in period t whose initial type
was A and whose observed shocks were a’ € A, and who has reported truthfully in the past and
continues to do so in the present and future. Then

Up(ah, A) == g (af, M)o(al) — pi(al, A)

- Z 5 t/ (gs(ay, 0t Mo (o, af) — ps(asy, af, 1)) AW~ (a | A). ©
s=t+1
Preventing a single deviation in period t requires, for all (af,A) € A" x A and all o} € A, that
Up(a!, A) = qi(ag, a1, Ao(a’) — pi(ag, o'~ A)
(IC-t)

Py o

<qs(lxit, af, a7 No(as,, af) — ps(al, zxﬁ,at’l,/\)) dWS 1 (a® ,|A).
s=t+1 At
Notice that condition (IC-f) is essentially the static incentive compatibility constraint faced by a
buyer with private information about a; alone. In a standard static contracting problem, quasilin-
earity and a single-crossing condition imply that the incentive compatibility constraints are equiv-
alent to (i) the monotonicity of the allocation rule; and (ii) the determination of a buyer’s utility
(up to a constant) by that allocation rule alone. The buyer in our setting is forward looking, how-
ever, and her utility depends upon her expectations about the future. Naturally, this implies that

the “localized” period-t constraints in our relaxed problem will involve the expected discounted
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value of current and future allocations, which we denote by

B A) = grlat, o) + Y 5 t/AH @yt Do(ed o) dWSTH @A), @)
s=t+1

Finally, a direct mechanism is individually rational if, in every period and for every history of
private signals, it guarantees the buyer’s (continued) willingness to participate in the contract by
providing expected utility greater than her outside option. These individual rationality constraints
may be summarized by the following;:

Up(A) > 0forall A € A, and (IR-0)
Ui(af,A) > 0forall (a',A) € A’ x Aandallt=1,...,T. (IR-t)

The seller’s profit from any feasible contract is then simply the difference between total surplus
and the buyer’s utility. Thus, when the buyer is of initial type A, the seller’s expected profit is

TI(A) = —po(A +):(sf/ pe(at, A) — c(qe(al, A))) AW (af]A)

= ~U(a +25f [, (@, Ayo(at) = c(@u(a, 1)) dW'(a'|A) ®)

The seller’s optimal contract maximizes profits, subject to the constraints that the consumer re-
ceives at least her reservation utility and that the consumer has no incentive to misreport her type.
Thus, any optimal contract must also solve the relaxed problem that imposes the individual ratio-
nality constraints and the restricted set of single-deviation incentive compatibility constraints:

max { / I1(A) dF(/\)}
{pa} L/A (R)
subject to (IC-0), (IR-0), (IC-t), and (IR-f) forallt =1, ..., T.

4. DISCRETE SHOCKS

We begin by specializing to the setting in which there are only two possible shocks and the
buyer’s value evolves according to a recombinant binomial tree process with “upward” transition
probability A. In particular, we let A := [0,1] and assume that each shock &; is drawn from the
discrete distribution G(-|A) on A := {u,d}, where

G(a|A) = AHy () + (1 — A)Hy(a).

(H:(+) is the Heaviside step function centered at z € R.) We assume that u > d > 0, and let
A := u —d. Thus, the buyer experiences either a “good” shock (u) or a “bad” shock (d) in each
period, and the probability A of experiencing the higher shock is fixed across time.

4.1. Simplifying the Seller’s Relaxed Problem

We approach the seller’s optimal contracting problem by first simplifying the single-deviation
and participation constraints in the relaxed problem (R). Since (IC-t) is essentially a static incen-

tive compatibility constraint, we have the following “standard” result (whose proof may be found
8
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in the appendix) that the period-t constraints may be replaced by a monotonicity condition and a
downward incentive compatibility constraint:

LEMMA 4.1. The period-t incentive compatibility and individual rationality constraints (IC-t) and (IR-t),
where t = 1,..., T, are satisfied if, and only if, for all a'=1 € A*"Land all A € A,

Uy (u, 'L A) — Up(d, a7, A) > gi(d, a1, A)A; (IC-t)
Ge(u, Y, A) > gi(d, o', A); and (MON/'-t)
Uy(d, a1, 1) > 0. (IR'-t)

Notice that at the time of initial contracting (unlike in period t > 1), the buyer’s private informa-
tion does not directly affect her flow payoffs. Rather, the realization of A only affects the buyer’s
beliefs about the evolution of her future preferences. Therefore, the buyer in period zero has pref-
erences over the entire sequence of allocations, and so we cannot appeal to a single-crossing con-
dition to simplify the initial-period constraints. However, using an envelope argument (detailed
in the appendix), we can show that the period-zero single-deviation constraint necessarily implies
that the buyer’s interim (in the initial period) expected utility depends only upon the the expec-
tation of future payoff gradients; in particular, this observation—in conjunction with the period-t
single-deviation constraints (IC'-t)—allows a reformulation of the seller’s relaxed problem (R)
into one involving only allocation rules (and not the payment rules).

LEMMA 4.2. If the period-zero incentive compatibility constraint (IC-0) is satisfied, then the derivative
U((A) of the buyer’s period-zero expected utility is given by

Z o [ (Uil ™) — i a1, ) ) AW ). (IC'-0)

We should point out that (IC'-0) is a necessary implication of period-zero incentive compatibil-
ity, but that it is not sufficient. Although this expression allows us to simplify the optimization
problem by eliminating transfers from the seller’s objective function, those transfers remain a part
of the problem’s constraints. In addition, note that the nonnegativity of allocation probabilities
implies that U (A) > 0 whenever condition (IC'-t) is satisfied for all t. Therefore, U is increasing
in any solution to the seller’s problem, and the period-zero participation constraint (IR-0) becomes

Uy(0) > 0. (IR'-0)

Finally, we may return to the seller’s problem. Since (IC’-0) must hold in any incentive compat-
ible mechanism, we may use standard techniques to reformulate the problem (R) as

— Up(0 +/ Ea‘f/ ge(a, M)o(a!) — c(qe(a!, A))) AW (af|A) dF(A)

max

{ap} / Z‘St/ < (=1 A) — Uy (d, (xt_l,)x)> 1;(?(;0 dW!(af|A) dF(A)

subject to (IC-0), (IC'-t), (MON'-t), (IR"-0), and (IR'-t) forall t = 1,...,T.
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Clearly, Up(0) = 0 in any solution to this problem, as this is merely an additive constant that is
bounded by the constraint (IR’-0); as is standard, providing additional surplus to the lowest type
only reduces the seller’s profit without generating incentives for truth-telling. In addition, it is
clear that, for all (a!~!,A) € A*"! x A, we must minimize U;(u, a'~1, A) — U;(d, &', A). However,
the constraints (IC'-t) provide a lower bound on this difference, and so these downward incentive
constraints must bind. We can then rewrite the seller’s objective function as

/Zléf/ <qt o, \o(a') — qt(d,oct1,A)A1;(I;éM—c(qt(at,A))> dW! (a![A) dF(A).

Finally, note that

T
y ot /A 3d,at 1, A) dW (')
t=1

i/( i, (e )

+ Z 5 f/ (0, d, o', Ao (ocst,uctl)dWSt(ocstM)> dW!(af|A)

s=t+1

T T
—y /A | <Z5Sf /A (e e Aot 0 ) AW (@ tM)) AW (al|\)
t=1 s=t

Interchanging the order of summations, we may write this expression as

i(st/fﬁt a1 A) dWH (af|A) = ZZaf/ od, s Vot YWl A).  (6)
t=1

t=1s=1

Substituting from Equation (6) into the seller’s problem then yields the following relaxed problem:

T
;y//\/m (qt(txt,/\)v(uct) —c(gqe(af, M)

;qt od o Mo(al g, at7h)A ey )dW( IA)dF(A)

subject to (IC-0), (MON'-t), and (IR'-t) forallt =1,...,T.

(R)

Before proceeding to the solution of the seller’s problem, it is helpful to interpret the objective
function in (R'), especially by way of comparison with a standard (static) nonlinear pricing setting.
For all t and each A € A, we can rewrite the inner integrand in this objective function as

Y, Pr(a’|A) (v(a')qe(a’, A) — c(qi(a’, 1))

ate At

- LA m) ZPr Lo T ol () e (i, A)

atc At

_ t t A/as1—F(A) t
- ZtPr(“ |A) (U(“ ) [1 - S;ﬂd@‘s)mw qe(a, A) — c(q:(a /)\))> ,

ate A

10
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where 1,(«s) is the indicator function for the event {a; = d}. Thus, the seller is essentially maxi-
mizing, in the Myersonian tradition, virtual surplus, where the buyer’s virtual value is
A/as1—F(A) A/d 1—F())

(p((xf,)\) =o(a) [1— ;]ld(txs)l — /\W = v(ah) — v(ah) ;]ld(ucs)mw. (7)

As in the static mechanism design setting, the first term in this expression is the buyer’s con-
tribution to the social surplus, while the second term represents the information rents that must
be “paid” to the buyer in order to induce truthful revelation of her private information. The
inverse hazard rate (1 — F(A))/f(A) appears since any information rents paid to a buyer with
initial type A must also be paid to buyers with higher initial types. The final term in the expres-
sion above reflects the persistent impact of the buyer’s initial-period type and future values: as is
well-established in the dynamic mechanism design literature, distortions in the optimal contract
depend upon the sensitivity of future values to the buyer’s initial private information.

To more clearly see that v(a!) Yt _; () % is the measure, in our setting, of the informational
linkage between A and v;, we can use the “independent shock approach” of Eso¢ and Szentes
(2007) to characterize the responsiveness of values to changes in A. In particular, let ¢; € [0, 1] be
a uniform random variable that is independent of A. We can then write the period-s shock «; as

5‘5(65/ A) =d + AHlf)\(gs)r

where Hy_,(-) is the Heaviside step function centered at 1 — A. Thus, we can identify the buyer
with shock a5 = d with the “average buyer” with ¢; < 1 — A, and the buyer with shock as = u
with the “average buyer” with ¢; > 1 — A. It is then straightforward to see that

3ts(Es, M) | Ji-y dHia(E)
E [ (xs(Cs,A):u} —A —0and
oA Sy dis
s (&5 M) | 1 TN dHa@E) A
5 {aA Holber 1) = d} A% Johde 1A

Thus, only the “bad” d shocks are responsive to changes in A. Of course, since the buyer’s value
is the product of multiple shocks, the overall responsiveness of the period-t value to A is then

t t
Ro(etoa Ml =o(e) L lale) {5
Thus, in order to guarantee the satisfaction of downward incentive constraints and minimize the
information rents paid to buyers with high values, the seller must introduce additional distortions
for each reported low shock, where the size of these distortions depend upon A.

Before moving on, we introduce the following condition on the distribution F of the buyer’s

initial-period private information:

CONDITION A. The distribution F of initial-period private information is such that
1—-F(A)
(1=Mf(A)

is decreasing in A.
1
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This is a sufficient condition for the monotonicity of the buyer’s virtual value: it guarantees
that ¢(af, A) is nondecreasing in A for allt = 1,...,T and all a € A'. We should note that this
condition is strictly stronger than the standard assumption that F is log-concave; however, similar
sufficient conditions are frequently needed in dynamic and multidimensional mechanism design
settings.'” Moreover, this condition is satisfied by a large variety of distributions F on the unit
interval. For instance, the uniform distribution, as well as any power distribution F(A) = A%,
where x > 1, satisfies this condition. Similarly, the beta and Kumaraswamy distributions satisfy
Condition A whenever their shape parameters area > 1 and b > 0.

4.2. Single-Unit Demand and Constant Marginal Cost

We now solve for the optimal long-term contract for the benchmark case in which the buyer has
single-unit demand in each period, and the good is produced at a constant marginal cost, so that
c(q) = cq for some constant ¢ > 0. In this case, the seller’s relaxed optimization problem is

T .
max t; 5; / Z (p(a', 1) — O)qe(a!, 1)) dW!(a!|A) AF(A)

subject to (IC-0), (MON'-t), and (IR'-t) forallt =1,...,T.

Notice that for all ¢, the seller’s objective function is linear in gi(al,A) for all af € Al and A €
A. Therefore (temporarily ignoring the constraints (IC-0), (MON'-f), and (IR’-t)), the seller sets
gi(af, A) = 1if, and only if, p(af, A) > ¢, and otherwise sets g;(a’, 1) = 0.

Consider a history (af,A) where Y. _; 1;(as) = k, and note that the condition ¢(af,A) > ¢ may

~ A/d 1—F(A)
t—k gk o >

" d<1 1-A f(A) k>_c'
A/d 1-F(A)

Since 123 [Nk Oforall A < 1, the left-hand side of this inequality is decreasing in k. Therefore,

be rewritten as

for every t = 1,...,T and every initial-period type A, the buyer is allocated an object as long as
she has experienced sufficiently few downward shocks d.!* Formally, we define
_ A/d 1—F(A)
t—k gk
= : -k >
ki (M) max{k€Z+ u'~"d <1 =1 0 k>_c}, (8)
where we let k;(A) := 0 if the set being maximized over is empty. The cutoff k;(A) is finite for all
A < 1. To see this, note that as long as F has a derivative of any order that is nonzero when A =1,
I"'Hopital’s rule implies that
. A/d1—-F(A) _
%13} mw = vy for some constant y > 0; 9)
thus, for any ¢, a buyer who has experienced more than 1/ downward shocks d will have a
negative virtual value. Clearly, if our sufficient condition on the distribution F is satisfied, then the
cutoff k¢(A) is nondecreasing in A for all ¢.

10The utility of such conditions was first noted by Baron and Besanko (1984) and Besanko (1985), and an analogous

“attribute ordering” condition was imposed by Matthews and Moore (1987) in a multi-dimensional screening setting.

HnNote that, for a buyer with initial-period type A =1, p(al,A) = v(at) forall af € Af; thus, such a buyer’s allocation is

never distorted away from the efficient allocation. We do not focus on this, however, as this is a zero-probability type.
12
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Finally, let us denote the optimal allocations in the relaxed problem as

1 t
i (af, 1) = {1 if Yoooq La(as) < ke(A),

0 otherwise.

(10)

Since the term Y'_; 1;(as) simply counts the number of realized d shocks in a given history of
signals af, it is trivial to see that g} (u,a’"1,A) > gf(d,a’"1,A) for all a'~! € A"l and A € A.
This also implies that g*(a® ,, u,a'~1, 1) > g*(a®,,d,a'"1,A) forall s > tand all &° , € AS!. Since
this holds for every realization of &° ;, it must also hold when taking expectations (given A), and
therefore condition (MON'-t) is satisfied. This fact, combined with the fact that the constraints
(IC'-t) bind, implies that the complete set of period-t (for t > 1) single-deviation constraints (IC-f)
are satisfied.

Of course, these single-deviation constraints are only a (necessary) subset of the full set of incen-
tive constraints that must be satisfied. In particular, the constraints (IC-f) guarantee only that the
buyer prefers reporting her type truthfully in period t > 1 to a single deviation from truthfulness;
this property is not, in general, sufficient to guarantee that the buyer does not wish to misreport
her type multiple times. However, the allocation rule in Equation (10) depends only on the number
of downward shocks d the buyer has experienced, but not the order in which they were received—
q; is path independent. This observation suggests that combining the optimal allocation rule with
a path-independent payment rule may lead to “full” incentive compatibility.

The payment scheme we propose is essentially a sequence of prices determined by the standard
(static) Myersonian payment rule applied to the entire range of possible values in each period, and
not just those that are possible given a particular history of reports. Thus, the “price” of the good
in each period t > 1 is simply the lowest possible reported period-t value for which the buyer still
receives the good:

ut—min{t,kt(/\)}dmin{t,kf(/\)} if Zé— 1 (as) < ke(A),
Pf(“t;/\) :{ =1 ( ) t( ) (11)

0 otherwise.

Having fixed a payment scheme for all future periods, the period-zero “entry fee” is easily pinned
down. Using the definition of Uy(A) in Equation (1), we can use Lemma 4.2 (combined with the
fact that the constraints (IC’-f) and (IR’-0) bind) to show that the initial payment must be

Zéf [, @i (@, A)o(at) = pi e, 1)) AW (@A) = Uo(A)
T

= L0 [, (@A) = pi a,2) W @A)

=1

—Z(sf/ /A 1)A AW (a 1) dp

Note that this contract (q*, p*) guarantees that p;(a’, 1) < g7 (a!, M)v(a’) for all (a,A) € A" x A,
and so the buyer’s expected flow payoff (when truthful) in each period is always nonnegative.

(12)

Therefore, the individual rationality constraints (IR'-f) are all satisfied.

13
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One natural way to think about the allocation and payment rules above is to consider the cor-
responding indirect mechanism: the seller can implement the contract described above by giving
the buyer a choice among several “plans” differentiated by their initial up-front cost and future
sequence of prices. In each period after the initial choice of plan, the seller does not elicit any
further information from the buyer, but instead simply presents her with a deterministic sequence
of prices. Since the buyer’s behavior after the initial period does not affect future prices, she can
simply make the myopically optimal choice of purchasing the good in period t if the price is lower
than her value.

This elimination of dynamic incentives is precisely the feature of the proposed contract that
guarantees satisfaction of the “full” set of incentive compatibility constraints: the contract induces
truthful reporting by the buyer even after histories in which she previously misreported her pri-
vate information (be it A or a; for some t). This is because a period-t misreport (for ¢t > 1) has one of
two effects: over-reporting the number of d shocks leads to the exclusion of the buyer in situations
where truthful reporting may have led to a profitable allocation, while under-reporting the num-
ber of d shocks leads to allocations at prices greater than the buyer’s value. As neither of these two
outcomes affects future prices or values, the buyer has no ability to manipulate the mechanism in
future periods, and so there is neither a static nor dynamic incentive for misreporting one’s value.

Thus, it only remains to verify that the proposed solution satisfies the initial-period single-
deviation constraint (IC-0). As previously noted, the “localized” version of the constraint derived
in Lemma 4.2 is generally only a necessary, but not sufficient, condition for period-zero incentive
compatibility. However, since it guarantees the monotonicity of the allocation in A, Condition A
is sufficient for incentive compatibility in the initial period. The theorem below (whose proof is
found in the appendix) demonstrates this fact.

THEOREM 1. Suppose that the distribution F satisfies Condition A. Then the contract (q*, p*), where q*
denotes the quantity schedules from Equation (10) and p* denotes the payment rules from Equations (11)
and (12), is an optimal contract that solves the seller’s problem (R').

So as to fully appreciate the optimal mechanism proposed above, it is helpful to consider the
special case where the good is produced at zero cost in each period. In this case, the condition
@(af, 1) > cis equivalent to the requirement that

A/d 1—

s=1
Thus, the optimal allocation rule is time independent, and simply sets an upper bound k(1) on the
number of downward shocks d permitted over the course of the relationship for every period-zero
report A. Moreover, given Condition A, the optimal contract partitions the set of initial-period
types into a set of intervals A, := [A,_1,A,) such that k(1) = n for all A € A,. Each of these
intervals corresponds to a “plan” of future price paths offered by the seller.

Within each plan, the path of prices is straightforward, with the price changing at a predeter-
mined rate in each period—in the plan designated for a buyer with A € A, the price grows by a
factor d in each of the first n periods, and then by a factor u in every period thereafter. This initial

14
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period of slower price growth is essentially a “honeymoon” phase, after which the slope of the
price path rises. Thus, the set of plans offered by the seller vary by the length of their honeymoon
phases, with longer honeymoon phases demanding higher entry fees. Indeed, in order to justify
paying a larger entry fee, the buyer must anticipate that her future surplus will be sufficiently high
to fully compensate her for the initial cost—paying a larger initial fee for a future price discount is
justified only if the probability A of experiencing “good” shocks u is sufficiently high.

Additionally, it is important to note that the length of the honeymoon phase in each plan is
finite, as is the number of plans offered. (This finiteness follows from the observation in Equa-
tion (9).) Thus, the seller never finds it optimal to continue serving a buyer after they have ex-
perienced a fixed finite number of downward shocks, regardless of the number of upward shocks
already experienced. Furthermore, note that k(1) is independent of the length of the time horizon
T (as well as the discount factor J). This implies that early (inefficient) termination of the contract
will occur with probability arbitrarily close to 1 given a sufficiently long time horizon T. Indeed,
the law of large numbers implies that, for all A < 1, the probability of the buyer experiencing more
than k(A) downward d shocks in the first n < T periods approaches 1 as n grows large. Once this
occurs, the buyer will make no additional payments, and will never again receive the good. Thus,
the seller commits to early termination of the relationship so as to increase her revenue.

When the cost of producing the good is strictly positive, then the optimal allocation rule g
need not be time independent, nor does the seller necessarily offer a finite number of plans. In
particular, k;(A) > kip1(A) when u < 1, and k¢(A) < kipq(A) when u > 1. In this latter case,
a buyer with a virtual value that is positive but less than the marginal cost ¢ will be excluded,
but if her value recovers with sufficiently many u shocks, she may be allocated the object again.
However, note that since ¢(af, A) < 0 whenever Yt 1;(as) > k(A), we must have k;(A) < k(A)
for all t, where k(A) is the upper bound from the costless production case discussed above—once
the buyer’s virtual value becomes negative, it remains negative and the buyer is excluded in all
future periods. Thus, the “price” of the good will eventually grow deterministically at the higher
rate u, while the buyer’s value will only probabilistically grow at that rate—as time proceeds, the
seller progressively screens the buyer by restricting supply when she receives a downward shock
d so as to extract additional rents from the buyer when she receives the higher u shocks. With a
sufficiently long time horizon T, this rent extraction leads to the eventual exclusion of all buyers.

The rationale for increasing inefficiency in the optimal contract follows from the persistent in-
formational linkage between the buyer’s private information at the time of contracting and her
values in future periods. As first shown by Baron and Besanko (1984), distortions are most ef-
fective at reducing information rents at histories where the buyer’s value is most affected by her
initial type. For instance, when values are i.i.d. in each period, the initial type is uninformative
about future values and only the initial period is distorted; on the other hand, when values do
not change over time, the initial type is perfectly informative and distortions are constant. Since
values in our environment are the product of conditionally independent shocks that depend on
the buyer’s initial type, the impact of A accumulates with each additional shock; therefore, the
distribution of values becomes more sensitive to A over time. Therefore, distortions increase over
time, manifesting in progressive screening and increasingly aggressive exclusion of buyers.

15
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4.3. Convex Costs

The results presented above extend beyond the unit-demand setting above; a similar contrac-
tual structure arises when the seller faces an increasing convex cost function and we relax the
assumption of single-unit demand. To see this, consider the case where the seller can produce ¢q
units in each period at a cost of c(q) = g*/2. Then the seller’s relaxed problem (R') becomes

max t;(sf//< ot A)gi(al, 1) — "f(z M) dW! (& |A) dF()

{ap}
subject to (IC-0), (MON'-t), and (IR'-t) forallt =1,...,T.

Pointwise maximization (for each (a!, A) tuple) of the integrand while ignoring (for now) the con-
straints yields the following solution:

g5 (&', 1) := max {v (1— Y 1a(as 1A_/(i1 [0 <)A)> ,O}. (13)

Notice that this allocation rule distorts the buyer’s quantity away from the first-best (efficient)
allocation by a factor that depends on the number of downward shocks d that the buyer reports.
Thus, a report of 4 in period t affects the buyer’s allocation in two ways: first, it leads to a decrease
in her reported value (relative to the inferred value resulting from a report of u), thereby de-
creasing the (efficient) quantity she would have been allocated in a complete-information setting;
and second, it leads to an increase in the distortion away from the efficient allocation. Moreover,
both of these effects carry through to the allocation in all future periods. Therefore, for every
t=1,...,Tands > ¢,

gi (s, u,al 7L A) > g (e, d, a7 A) forallaf Tt € AL, € A5 and A € AL

Since this inequality holds for every realization of «° ,, it also holds in expectation (conditional on
M), and therefore the constraint (MON'-t) is satisfied. Since the constraints (IC’-t) also bind, this
implies that the complete set of period-t (t > 1) single-deviation incentive constraints are satisfied.

Again, we must note that the satisfaction of these constraints need not, in general, guarantee
that the buyer prefers truthful reporting of her type to (potentially complicated) compound de-
viations. However, as was the case in Section 4.2, the allocation rule defined in Equation (13) is,
essentially, a function of A and the buyer’s reported period-t value alone—for each A € A and all
t, gi(af,A) = g;(a',A) for any af, &' € A such that v(a') = v(&'). Therefore, we make use of a
path-independent payment rule in order to incentivize the buyer to treat her reporting decision in
any period t > 1 as a single-period (static) problem.

To this end, we make use of the standard (static) nonlinear pricing rule & la Mussa and Rosen
(1978); however, instead of applying this pricing rule to the set of possible values conditional on
the reported history a‘~! (that is, over the set {uv(a!~1,dv(a’~1)}), we apply it to the entire set of
possible period-t values {uf,u!~d,...,ud"~!,d'}. Thus, letting

= ;ﬂd(‘xs)/
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we define, forallt = 1,..., T and all (af, ) € A" x A,

t
s F e g (ot AN * t—j7j—1
pi(al,A) == q; (', M)o(al) j:m%)ﬂqt(d,...,d,u,...,u)Au a1 (14)
j t—j

Note that, with the payments defined above, the buyer’s flow payoff in each period (assuming
truthful reporting of af) is

t . .
g; (', Vv (a') — p (a, A) = jm%)ﬂq;‘(d, )Mt > 0.
- i e

Therefore, the individual rationality constraints (IR'-t) are satisfied for all t+ > 1. Moreover, the
initial-period payment p§(A) is uniquely determined by combining the definition of Up(A) in
Equation (1) with the envelope condition from Lemma 4.2:

Zéf [, @@t 2)0(e) = pi (af,2)) AW (a]0)

—Z&f/ /A 1)A AW (! 1) dps

Again, it is helpful to interpret the direct mechanism above by considering its indirect counter-

(15)

part. In the period zero, the seller offers the buyer her choice from a menu of options

{Po (M), {ai (4 A), pi (S M) o baens

where each period-zero menu choice consists of an entry fee and a predetermined sequence of price-
quantity schedules. Then, in each period t > 1, the buyer is free to choose any of the t 41 price-
quantity pairs on the period-t schedule that correspond to the ¢ 4 1 possible values in period t.
Crucially, her choice in any period t > 1 does not alter the prices or quantities available to her in
any future periods. This implies that, given any initial-period report of A, the buyer’s decision
problem in each period ¢ > 1 is decoupled from her decision problem in any other period ¢’ > 1.
Her choice of price-quantity pair then (myopically) maximizes her flow utility in that period.

Notice, however, that since g; (-, A) is decreasing in the reported number of downward d shocks
for all t and all A, it is increasing in the buyer’s value. Standard results from static mechanism
design then imply that the period-t menu is incentive compatible (in the static sense), regard-
less of the buyer’s initial-period report, and so the buyer will choose the price-quantity pair that
corresponds to her true value.'"> Thus, for any initial-period report A, the contract described in
Equations (13), (14), and (15) is “fully” incentive compatible: the buyer has no incentive to ever
misreport her shocks, even when multiple deviations are permitted.

Of course, this observation does not imply that the initial-period single-deviation constraint
(IC-0) is satisfied—recall that the envelope condition in Lemma 4.2 is only a necessary implication
of period-zero incentive compatibility. However, Condition A implies that the quantity schedules
are increasing in A for all t and all possible reports a' € A’. The following theorem (with proof

12Note that this does not imply that the period-t menu is the optimal menu for (statically) screening across the buyer’s
potential period-t values in a setting where A is commonly known.
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in the appendix) shows that this property is, in fact, sufficient to guarantee that the buyer reports
truthfully in the initial period, and therefore the incentive compatibility of the proposed contract.

THEOREM 2. Suppose that the distribution F satisfies Condition A. Then the contract (q*, p*), where q*
denotes the quantity schedules from Equation (13) and p* denotes the payment rules from Equations (14)
and (15), is an optimal contract that solves the seller’s problem (R/).

In this setting, the sufficient condition on F guarantees that g; is monotone increasing in A;
therefore, the seller’s menu is infinite. However, as in the indivisible goods case, the optimal
contract permits only a fixed finite number of reported d shocks before permanently excluding the
buyer, where this upper bound depends only on the buyer’s report of A. Thus, each additional d
shock reported by the buyer not only decreases the quantity she is allocated, but it also brings her
closer to contract termination. Since such shocks occur with strictly positive probability whenever
A < 1, inefficient exclusion is unavoidable given a sufficiently long time horizon T.

5. CONTINUOUS SHOCKS

We now present a more general formulation of the model where, instead of discrete shocks,
the buyer’s valuation shocks in each period are drawn from a continuous distribution. More
specifically, we now assume that A := [A, Al with 0 < A < A < oco. We assume that f, the
density of F, is strictly positive and differentiable on A. Moreover, we assume that the support of
the conditional distribution G(+|A) is the interval A := [, &] with 0 < a < & < co. We assume
that G is twice continuously differentiable, and denote by g(-|A) the conditional density of G(-|A).
Finally, we assume that g(-|A) is strictly positive on A for all A € A. Note that we maintain our
earlier assumption of first-order stochastic dominance, implying that 0G(«|A)/9A < 0.

5.1. Simplifying the Seller’s Relaxed Problem

As in Section 4, our analysis of the seller’s relaxed problem (R) begins with simplifying the
single-deviation and participation constraints. With continuous shocks, we can use the Mirrlees
(1971) tirst-order approach (with details in the appendix) to “localize” the period-t constraints:

LEMMA 5.1. The period-t single-deviation and individual rationality constraints (1C-t) and (IR-t) are sat-
isfied if, and only if, forall t = 1,..., T, and all («'~1, 1) € A1 x A,

aitllt(oq, zxt_l,)\) = qt(oct,oct_l,/\)for all oy € A; (IC"-t)
G (e, oct’l,)\) is nondecreasing in a;; and (MON"-t)
ut(&r “t—‘l,/\) 2 0. (IR//-t)

Recall that the buyer’s initial-period private information A does not directly affect her payoffs.
Therefore, the standard single-crossing condition does not apply, and we resort instead to an en-
velope argument (with proof in the appendix) to simplify the seller’s relaxed problem and remove
the payment rules from the objective function. As with discrete shocks, this envelope condition is

a necessary implication of period-zero incentive compatibility, but it is not in general sufficient.
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LEMMA 5.2. Suppose that the single-deviation constraints (IC-0) and (IC-t) are satisfied for all t. Then the
derivative U/, (M) of the buyer’s period-zero expected utility is given by
T
— Y / gi(at, 1) 2GLIAFOA Gt a0y, (1C”-0)
= A g(wt[A)

Moreover, if the single-deviation constraints are satisfied, then the period-zero incentive rationality con-
straint (IR-0) is equivalent to the requirement that

Up(A) > 0. (IR"-0)

With these results in hand, we return to the seller’s problem. Since (IC"-0) must hold in any in-
centive compatible mechanism, standard techniques imply that the relaxed problem (R) becomes

t aG(D‘tM)/aAl F(A) toot
“Up(A +/ 25/ G rA ey SEURCIAE0

max
{a.p}

+ 25* [ @l Ayola!) = c(a:(a!, A))) dW!(&[2) E(1)
subject to (IC-0), (MON'-t), (IR"-0), and (IR"-#) forall t = 1,..., T.

Since Up(A) is an additive constant in the objective function above, it must be the case that the
individual rationality constraint (IR”-0) binds. Moreover, note that we may write

Zaf [ a, de%ww

(16)
_1,90G(ag|A) /oA
— (st/ (@, A) Y o(at a5 1) IEIVLON gyt 4t ),
Thus, the relaxed version of the seller’s problem becomes
_1,9G(as|A)/0A1 — F(A)
o // al,A) al 0!
» t(‘“ [ ) L olat )
max AXA
{ap} (R

— o(qe(a, A))) dW!(a!|A) dF(A)

subject to (IC-0), (MON'-#), and (IR"-t) forallt =1,...,T.

5.2. The Optimal Contract

As in Section 3 (and as is standard in optimal mechanism design more generally), the seller here
is essentially maximizing virtual surplus, where the buyer’s virtual value in period t = 1,...,Tis

1) 3G @s]2) /A1~ F(3)
P, 1) *2 R A PRy R 0Y

o o 1 9G(as|A) /AT — F(A)
_v(oc)+v(cx)sgw—s S(a ) )
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The first term in each of these expressions is the buyer’s contribution to the social surplus, while
the second term represents the information rents that must be left to the buyer in order to induce
truthful revelation of her private information.'® The inverse hazard rate (1 — F(A))/f(A) appears

since any information rents paid to a buyer with initial type A must also be paid to buyers with
v(a!) 0G(a|1)/0A
o . . Lo g(ald) .
of the summation in Equation (7): it is an “informativeness measure” as in Baron and Besanko

higher initial types. Finally, the additional y"!_, term is the continuous-shock analog
(1984) that reflects the persistent informational linkage between A and future values, where we
sum over all s < t to account for the different shocks through which this influence manifests.

We will now specialize the problem to the case where the seller faces the increasing and convex
cost function ¢(q) = ¢?/2. Pointwise maximization (for each (a!, 1) tuple) of the integrand in (R")
while ignoring (for now) the remaining constraints yields the following solution:

7 (', A) = max {g(a!, 1),0}

It is important to note that (unlike the buyer’s virtual value when values follow a recombinant
binomial tree), the virtual value ¢(a’, 1) need not be path independent: without additional re-
strictions on the conditional distribution G(-|A), there may be af, &' € A’ such that v(a’) = v(&')
but the summation in Equation (17) yields ¢(af, A) # ¢(&!, A).'* Meanwhile, our approach to solv-
ing for the optimal long-term contract (considering the single-deviation relaxation of the seller’s
problem) relies on pairing a path-independent allocation rule with a path-independent pricing
rule to guarantee incentive compatibility with respect to compound deviations.

To justify this approach, we require an additional separability assumption on the conditional
distribution of shocks that is sufficient for the path-independence of the allocation rule:

CONDITION B.1. There exist constants a,b € R and a function 7y : A — R such that, for all &« € A and

all A € A, 3G (|A)/0A
14
Cglay) M lesl)n(),

Notice that when this condition is satisfied, we may write the buyer’s virtual value as
1—-F(A)
fA)

1-F (/\)> :

fA) )7

that is, the period-t virtual value (and hence the allocation rule above) depends only on t, on A,

p(af,A) = v(al) (1 + ;[a + blog(as)]y(A)

=o(al) <1 + (at + blog(v(a'))) y(7)

and on the buyer’s value in that period, but not on the specific sequence of shocks generating
that value. Thus, Condition B.1 is a key part of our characterization of environments in which
incentives decouple over time.

Clearly, this condition is not without loss of generality. However, there are many natural and
commonly used parametric classes of distributions that satisfy Condition B.1. For example, when

13Recall that 0G(a|A)/9A < 0 (due to first-order stochastic dominance), and so these information rents are not paid by

the buyer, but rather fo her.

141t is still true, however, that shocks commute: ¢(af, A) = @(c'(a!),A) for all a' € A’ and all possible permutations o.
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« = Az (where z is an independent random variable drawn from an arbitrary distribution that
admits a density), then % = —4. Similarly, if the shocks are distributed according to an
exponential distribution with mean A, a Pareto distribution with minimum value A and arbitrary
shape parameter, or a truncated normal distribution with mean 0 and variance A?, then the ratio

in question again equals —%. If G is a lognormal distribution with mean A and arbitrary nonzero
q & q A g y

variance, then % = —a. Another example is the power distribution G(a|A) = (ka)* for
a € [0,1/x] and k > 0; in this case, ((‘T% oA “IOgA(m). Thus, while the class of environments we

characterize is restricted, it certainly includes many cases of interest.
Whenever Condition B.1 is satisfied, it is possible to write the optimal allocation rule as a func-
tion §; of the buyer’s reported value v(a') instead of the specific sequence of shocks a':

gi (v(a'), A) = g (a, ) = max{g(a’, 1), 0}. (18)

We then pair this path-independent allocation rule with a path-independent payment rule that
simply screens across each period’s values as in a standard nonlinear pricing problem: we define

i, A) 1= 3 (o), Aolal) = [ 5 (0),2) 40 (19)

where &' is the buyer’s lowest possible value in period-t. Thus, in each period ¢, the seller offers
what is essentially a static screening mechanism (g5 (-, A), pf (-, A)) that depends only on the initial
report of A. Note that Condition B.1 implies that incentives for truthful reporting in the period-t
mechanism are completely decoupled from the incentives in any other period—the initial-period
report of A determines the menu offered in period t, but does not affect the buyer’s incentives
within that menu. Therefore, the single-deviation constraints (IC-f) are sufficient for “full” incen-
tive compatibility. Standard results then yield the following necessary and sufficient condition for
the proposed allocation rule in Equation (18) to satisfy these single-deviation constraints:

CONDITION B.2. Forall t = 1,..., T, the allocation rule q} in Equation (18) is increasing in v(a').

Moreover, note that—since §; (v(a’),A) > 0 for all (a/,A) € A® x A—Equation (19) implies that
the buyer’s flow utility in each period (when reporting truthfully) is nonnegative. This immedi-
ately implies that the period-t participation constraints (IR-t) are satisfied for all t > 1.

The final remaining piece of the optimal contract is the period-zero payment. However, since
we have pj for all t > 1, this payment is easily determined using the integral representation of
Up(A) from Lemma 5.2. In particular, note that Equation (1) implies that

25* [ @i, e(e) = pi (', 1)) AW (of]2) = Uo(2)
:t_zl(sf/t/at 37 (0, 1) do’ AW (! [A)
T (20)

w10 0] it O aw )
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It remains to be seen that this contract is, in fact, incentive compatible, as the envelope condi-
tion derived in Lemma 5.2 is, in general, only a necessary condition for the initial-period single-
deviation constraint (IC-0). As in Section 4, the additional assumption that the quantity schedules
are increasing in A does yield initial-period incentive compatibility.

CONDITION B.3. Forallt =1,...,T, the allocation rule q; in Equation (18) is increasing in A.

This condition is the counterpart to Condition A, and the following theorem (which we prove
in the appendix) is the counterpart in this more general setting to Theorems 1 and 2.

THEOREM 3. Suppose that Conditions B.1, B.2, and B.3 are satisfied. Then the contract (q*, p*), where q*
denotes the quantity schedules from Equation (18) and p* denotes the payment rules from Equations (19)
and (20), is an optimal contract that solves the seller’s problem (R").

Having established this result, let us explore the dynamic properties of the optimal contract in
our setting. To this end, define k; (txt_l, A) to be the lowest value of a; that the buyer can report in
period f that, given her previous reports (a'~1,A) € A"! x A, leads to a nonnegative allocation
in period t; that is, let

k('™ A) i= inf {af € A2 q; (a1, 1) > 0} 1)

forallt = 2,...,T, where we let kt(oct_l,)x) := & if the set above is empty. Notice that Condi-
tions B.2 and B.3 imply that g; is increasing in A and «; for all s < t, so k; is decreasing in each of
its arguments. Therefore, the optimal contract is more permissive for those “lucky” buyers who
have experienced relatively high shocks or who have a high value of A.

Despite this permissiveness, however, the optimal contract in our environment is unforgiving:
once the buyer is excluded in period t, she is excluded in all future periods. This is most easily
seen using a recursive formulation of the buyer’s virtual value: note that the buyer’s period-(t + 1)
virtual value, given a' € A’ and A € A, may be written as

11 9G(as|A)/9A 1 — F(A)
LAY = o(alt) il °
p(appr,a',A) = o (1 + Z fus g(as|A) fA)

R 1 3G (as|A)/9A 1 — F(A) G (apn|A)/OA T — F(A)
=t (”Z«xs gt O )“’(”‘) glarald)  F)

— aap(al,A) + v(a@acé"(‘; i'j% A1 }(i(f ) 22)

Since 0G(a|A)/9A < 0 for all « and A via first-order stochastic dominance, Equation (22) implies

that ¢(a;1,a',A) < 0 for all ;41 € A whenever ¢(af,A) < 0; equivalently, k1(af,A) = &
whenever a; < k;(af~1,1). Therefore, if the buyer is excluded in some period ¢, she continues to
be excluded in all future periods, regardless of her reported shocks—once a buyer has been “cut
off,” she is cut off permanently.

In addition, the optimal contract involves a form of “tightening the screws,” as the set of reports
that lead to a positive quantity in any period t +1 < T is contained in the corresponding set for

period t. To see this, suppose that a; = k;(a’~!, 1) > a, so that the buyer is “just barely” excluded
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in period t. Since this implies that ¢(a;,a’~!,A) = 0, Equation (22) can be rewritten, for any
period-(t + 1) shock a1 > ay, as

¢ 1 0G(a;11|A)/0A 1 — F(A)
YT VR AV

Therefore, g7, 4 (a411, 4, A) = 0and k¢4q (ki(af=1,A),a!=1, 1) = &. Thus, a buyer who is on the cusp
of allocation in period ¢ is always excluded in period ¢ + 1.

Finally, recall that k;.1(af, A) is decreasing in a;. This property, combined with the observa-
tion above, implies that, for any a; > ki(a'~1, 1), the set of “admissible” period-(t + 1) reports
[ki+1(a!, A), &] that lead to a positive allocation in period t + 1 is a subset of the corresponding set
of “admissible” period-t reports [k;(a'~!, 1), &].

These features of the optimal contract are the continuous analogs of the finite honeymoon
phases that arise with discrete shocks and single-unit demand. Recall that the optimal contract
in that setting allowed, for each initial-period report A, a fixed number of “low” d reports before
excluding the buyer from future allocations, implying that the probability of contract termination
by the seller was increasing over time. In the continuous-convex setting considered here, this effect
is captured by the fact that the set of reports that lead to an allocation is shrinking over time. Thus,
the seller progressively screens the buyer by restricting supply and increasing the probability of
permanent exclusion as the relationship progresses.

6. CONCLUDING REMARKS

In this paper, we examine a model of long-term contracting in which the buyer is not only
privately informed about her value at every point in time, but also about the process by which her
value evolves. We introduce sufficient conditions on the underlying primitives that allow us to
solve for the seller’s optimal contract, taking into account the buyer’s incentives for participation
and for truthful revelation throughout the interaction. These conditions characterize a class of
environments in which incentives decouple over time. When this is the case, the optimal long-
term contract features surprisingly simple menus of options that vary not only by upfront cost
and future strike price, but also by the generosity of quantity provision over the course of the
contract. In particular, these more generous choices require greater upfront investments by the
buyer in exchange for lower strike prices. Moreover, we identify an additional mechanism by
which the seller discriminates across buyers with differing willingness to pay: over time, sales are
made to fewer and fewer buyers, as the seller progressively screens and excludes lower-valued
buyers and ratchets prices upwards, thereby reducing the rents paid to higher-valued buyers. In
the long run, this leads to inefficiently early termination of the buyer-seller relationship.

A critical assumption in our model is that the buyer’s value in each period is the product of a
sequence of conditionally independent shocks. This assumption imposes a great deal of structure
on the environment; in particular, it implies that shocks have a symmetric impact on values (that
is, the buyer’s value is a commutative function of shocks) and that the distribution of shocks in
any given period does not depend on previous values. These two properties are crucial for the
decoupling of incentives over time. When shocks are drawn from different distributions over time

or depend directly on previous values, then the solution to the relaxed problem need not be path
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independent. Of course, this necessitates a different approach to incentive compatibility than that
taken in the present work; Pavan, Segal, and Toikka (2011) provide several interesting and useful
results in this direction.

The present work sets the stage for several avenues of further inquiry. Recall, for instance,
that the optimal contract in our setting is not renegotiation-proof, so our assumption of full com-
mitment power on the part of the seller has substantial bite. Understanding the precise role of
commitment is therefore a natural topic for additional investigation. In addition, there are a num-
ber of settings where the contracting environment or the value of the relationship are influenced
by investments made by the agent. Exploring the dynamics of contracting in such an environment
would advance our understanding of incentive provision beyond the present work’s focus on ad-
verse selection. Finally, competition among both buyers and sellers in a dynamic environment
such as our own is not particularly well-understood; progress in this direction would greatly ad-
vance our knowledge and yield important insights for market analysis and design. We leave these
questions, however, for future research.

24



PROGRESSIVE SCREENING
APPENDIX OF OMITTED PROOFS
LEMMA A. Forall A, \' € A, we may write

To(X, ) = —po(N) +6 / Uy (a1, A') dG (ar|A)

+25f/At_ /ut &t A d[G(ae] A) — Glar|A)] W (&t |A).

t=2

PROOF. Notice that for any s =1,..., T, we may write
Zét/ qi(af, Ao(al) — pe(al, A7) AW (af|A)
= Z5t/ (9:(a’, A)o(ah) — pr(af, A)) AW (a']A)

+ Z (sf/ gi(a, A yo(at) — pi(ad, ') WIS (a ([A") AW (a5]A)
t=s+1

- 2 (st/ ge(at, Yo (at) — pe(al, 7)) WS (al|AY) AWP (o] A)

t=s+1
— 5 / Us (25, V') dWS (a8 |A) — 651 / U (1, 0, V') dG (a1 [V) AW (2|)
As+

+ 2 5f/ (af, A'Yo(al) — py(al, A')) W (a|A).

t=s541

Therefore, we may rewrite Up(A’, A) from Equation (2) as
(A, A) = —po(A) +5/ Ur(ar, V) dG(ar]A) = ¢ [ Us(6?, 1) dG(azl ) dG(aa|)
A
}:ét [, @, o) = pilat, ') a0,
Substituting in from the expressions above yields
oV, ) = —po(N) +5/ Uy (a1, A') dG(aq|A) — 52/2 Un (a2, @2, A') dG (a2| ') AG (1] A)
A A
42 / U (a2, a1, A') AG(a2)A) dG(a1]A) — 6° / Us(a®, ') dG(as| 1) AW2(a?]A)
A

+ Df/ gela, AYo(al) — pi(a, A')) dW!(a]2).

Proceeding inductively in this manner, we may conclude that
To(N,A) = —po(A) +6 / U (1, 1) AG (a1 A)
+ Zaf/ / Us(al, V') d[G(ar|A) — Glar| V)] AW (1 |A). O
At-1

t=2
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PROOF OF LEMMA 4.1. For any a;,a} € A, a'"! € A”"1and A € A, adding and subtracting

i (a), =1, Ao (), ol 1) + Z 5 t/ (08, af, a1, No(al ,, af, a1 AW (a5 1)
s=t+1

from the right-hand side of the single-deviation constraint (IC-f) yields
Uy (g, a1 A) > Up(ag, a1 A) + (ar — af)ge(ag, o1, Vo(al 1)

+ (ap — ) 2 55 t/ (0, af, 071, Do(al ,, ot 1) AW (2% | A)
s=t+1

= U(ag, &' A) + (& — ap) e (g, a1 A).
Letting a; = u and a} = d, we can write the constraint above as
Up(u, a1, A) > Us(d, a7, A) + qt(d,oct_l,/\)A forallaf~' € A" Tand A € A,
where A := u — d. In addition, letting a; = d and «} = u, the inequality above implies that
Up(d, a1 A) > Up(u, a1 A) — Gi(u, a1, A)A foralla' =t € A" Land A € A

Notice that rearranging the first of these two inequalities immediately yields condition (IC'-t).
Similarly, adding the two inequalities yields condition (MON'-¢).
Finally, with conditions (IC'-f) and (MON'-t) in hand, (IR-t) is satisfied only if
Ut(d,act_l,)\) >0forallal ™t € A" land A € A;
that is, only if (IR’-f) holds.

Note that the sufficiency of the conditions derived above for the period-t single-deviation and
individual rationality constraints follows immediately via basic arithmetic. ]

PROOF OF LEMMA 4.2. Using Lemma A and the definition of G(a|A), we may write

Uo(N,A) = —po(X) + 8 (A (Uy (1, ) — Uy (d, ) + Uy (d, \'))

(A=) Z(sf/ (W) — Uy, a2 ) AW @A),

With this in hand, note that

J ! t tl n o t—1 4/ t—1/.t—1
S To(V, A ;15 /AH(uf ) = Ui(d,al 7, 1)) dWH @

)
Y t =1 57\ t—1 4/ t—1/ t—1
+(A /\);:2:5 o </AH (Ut(u,oc AN = Ui(d, a7 A )) dWi =1 («a |/\)>.

Since condition (IC-0) requires that Up(A, A) = max, {Uy(A’,A)} for all A, the envelope theorem
(see Milgrom and Segal (2002)) implies that

up(A) = L ay(N, )

T
> =y /A (Wt 2) — W@ a 7)) AW @), O

A=A =1
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PROOF OF THEOREM 1. Note that we may rewrite Up(A’, A) as
AT .
= /O Y- O'E [ (d, o'~ )] dn
t=1
T
= Y O'E [g7 (o, M) (o(a') = pf (&, A))| V]
t=1
+ ZfSt [97 (o', A") (o(a") = pi (', A'))[A]
where we use the expectations operator E[-] to economize on notation. Therefore,
Go(A,A) — To(A, A / ZétIE (a7 d, a1, p)au] d
T
= 2 O'E [q7 (o, M) (o(a') = pf (&, A))[A]
t=1

T
+ ) 8B [q; (&, A') (v(a) — py (af, A'))|A'] .
=1
Since g; (!, -) is nondecreasing for all t and af (due to Condition A), so is §; (d,a'~!, ). Therefore,

Qo(A,A) — To(A, A / 25113 a7 (d, a1, 0) 8]

T

+ Y 6'E [g; (&', A') (v(a) — pf(af, A"))|A]
=1
T
— Y OB [g; (o, A) (0(a') — p (&, A'))]A]
=1
AT
— [ L L E gl da Aolal ot )A[] dn
t=1s=1

T
+ ) 0'E [q; (', M) (v(a') — pi (', 1)) |A]

=

— Y 0'E [g; (o', M) (v(a) — pi (a', A))[A] ,

t=1

~
—_

where the equality follows from the identity in Equation (6).
Foreacht=1,...,T,letm; := k;(\"), and note that for all u € A, we have

min{m;,t} ' _ o ' .
E (a7 (o, ) (0() = pi (6, D) = L ()00 ] (s = it gminion))
j=0
e G (i - ) it >,
£ (V1 = o)l (ut il — ut=mdm) iy < .
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Therefore, we may write (foreacht =1,...,T)
E [qf (&, M) (v(a') — pi (&, M) [X'] = E [g (&, A') (v(a") — pi (&, A))[A]
Yoo () [ (= )]}, i if g >,
SO A - ) utid
— Xt () [T = )

Meanwhile, note that foreacht =1,...,T,

t t
Y E [gi(alyd,a ! Aol 0t Al = X
s=1

if my < L.

<t ; 1) yt_l_j(l — ],t)jut_l_jde

) i,
so we must have

Zt: E [q?‘ (a,,d, a1 A )o(al,, as’l)A‘y}

s=1

{t(yA +d) 1A if my > t,

L t(THu (= )l A ifmy <t

This implies that, for all t such that m; > t,

A
/,DE g7 (e, Aol 0 Alu] du = [ H(ua+ @) Tady

—Z <> i 1_;1)}:_Nutfdf.

Meanwhile, for all t such that m; < t, we may write

v e s
=0

[(t — DT =) = (1 - ﬂ)j‘l} u'~ld

T R m,mt_l me—1\ ko emetk
t<mt_1>u dmy , (—1)*u .

k=0
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Thus, for all t with m; < t, we have

[ DE 7 (o d, e A o(al )] d

= (;-)“”dj/, (= D= ) = I = )|

L Al fmy—1 k, t—mi+k
(e [E 5 )

k=0

- (]t) (i1 - py] 2—» Wi

B A
B my—1 ; t—1 my —1 1)kttt t—my gmy
Y l— B (=1)%u u '
ot me+k+1\m—1 k ="

t =1\ (me =1\ _\k tomrkst
t—mt+k+1<mt—1>< k >( Dl
t—m+1 t my—1 k, t—my+k+1
= _1 t
t—mt+k+1<mt—1>< k >( JH

B t b—me+k\ ok mkt
_<mt—1—k)< k >( 'w ‘
Z

Using the binomial identity (" ')(—1)

mtz—l t t—1 m;y — 1 (_1)kyt*mt+k+1
k:Ot—mt+k+1 mt—l k

ml k t +mp—k—1 e
_ Z Z( —k—1> <] £ )(—1)]ﬂt k41
=0 1 ]+ my ]

=0 j=0

mf1]
X

= < > () 1)kpt—itk
" o1 (t'>”t_j(1 — ).

Therefore, for each t = 1, ..., T, we may conclude that
A
/, |77 (d, =Y, A)A | dp
+E [g7 (&, A) (v() = pi (@, A))[A'] = [g7 (a', A') (0(a') — pj (&, A'))[A] = 0.

Therefore, for all A,A’ € A, ﬁo(A,A) > CIO(A’ ,A); that is, for each A € A, Uo()\’ ,A) achieves a
global maximum when A’ = A, implying that the buyer has no incentive to misreport her private

Finally, note that

( )(—1)/, we may write

§

-
I
~

information in the initial-period. Combined with the observation that the mechanism (q*, p*) is
incentive compatible in all t > 1, this implies that this mechanism does, in fact, maximize the
seller’s profits. O
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PROOF OF THEOREM 2. Note that we may write Up(A’, 1) as

T T
=AAEXEmeHth%m—gmﬂﬁWJ%dw—ﬁmeMﬂ

T
+ ) 6 [q7 (&, M) (v(a!) — pf (&, A))|A]
t=1
AN T t
= [ L L E g d e e a Al d
0 =1 =1
T

_zyﬁmwA%(U—ﬁWJ%W]

+Zy (g7 (o', A) (w(a!) — pi (o, A'))|A],

where the equality comes from the identity in Equation (6) and we use the expectations operator
E[] to economize on notation. Since for all t and all 4 € A, g; (!, 4) only depends on a! through
m(at) = Y, 14(as), we will abuse notation slightly and write g} (k, #) to denote the quantity
allocated in period t to a buyer who has reported (af, ) with m(a') = k. Therefore, we can
rewrite the expression above as

R N T t—1 t_]. L
LIO(N,A):/O Z(Stzt< . > 1R — kg (k4 1, ) Aut =1 R dR dy

t

S <k> W) =A)E Y q (i A)AuTa

t=1 k=0 j=k+1
A" T N S
+;(Sk¥o r A1 =A) ;Z q; (G, A ) AuTd =
= = j=k+1
Taking the partial derivative of the expression above with respect to A’ yields
olly(M, A)
oM/

_Zétzt( - ) A/t 1— k(].—)\/)kq:(k—Fl,)\/)Aut_l_kdk

t

T t
_ 25t Z <k> ((t - k) (A/)tfkfl(l - A/)k - k()\l)tfk(l o A/)k71> Z q;k<]’ /\I)Autfjdjfl

=1 k=0 j=k+1
T t t .

4 Zdt Z t (At_k(l o A)k B ()L’)t_k(l . A’)k) Z aqt (j,A) Aut=idgi-1.
=1 K=o \k i oA

Fix an arbitrary t > 1, and note that (ignoring the 6 coefficient) the summand in the second line
of the expression above may be rewritten as

til (;) <(t —k) (A/)t_k_l(l _ /\/)k _ k(/\/)t_k(l _ /\/)k—1> i ar i, /\I)Aut_jdj_l,

k=0 j=k+1
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where we have used the fact that the innermost (rightmost) summation equals zero when k = t.
Reversing the order of summation, this quantity becomes

Ztlji ( ) (=R Q)11 = A = ()51 = A7) g A ) st Tl

j=1k=0

= E 9 (j+1,A") Al d) i <t> (=R Q)11 = A)F = k()5 (1 = Ak
/=0 o \k

Notice, however, that forany j = 0,1,...,k — 1, we may write

¥ (1) (=000 -2 -y~ - 0)
AR
i’@a—kw B oy

k=0

- (Na-narra-w T ((a-n- (1)) <k+1>) (W)
(" wya-

where the final equality makes use of the fact that

BN, o [t _Ht—j) tG+1) B
(k)“ ¥ <k+1>("“) (T S e (e

Therefore, the first and second lines of the expression for ol (A, A)/dA" sum to zero; that is,

au0 Al A t t—k - k k So0gf(j,A) t—j 7j—1
e Ve 25 20<k> <A (1— Ak —(A) ); SE= At
j=k+1
T
=) _ 0" (E[@y(x:) |A] — E[@y(x:)|A]) ,
t=1
where ®; (k) := ]t-:k 1 %};’,}‘/)Au“]’ di~1 is a decreasing function of k and x; is a random variable

drawn from a binomial distribution with parameters t and y € {A,A’'}. Therefore, the stochastic
ordering of binomial distributions implies that, for all A € A,

ST (A, ) >0 ifA <A,

Up (A, e ry
o =0 ifA =24,
<0 if A > A

Thus, holding A fixed, ﬁo(A’ ,A) is maximized when A’ = A—the buyer has no incentive to misre-
port her initial-period private information. As established in the main text, the mechanism (q*, p*)
is incentive compatible in all periods t > 1, and so this mechanism is, indeed, optimal. O
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PROOF OF LEMMA 5.1. Fix any t > 1, and notice that (IC-f) may be rewritten as

o

Us(a, ™, A) = max {w:, W Nola’ ) = pila o)

Ly &

s=t+1 At

(s, o= Aoy, s — (e, ap, ' A)) dW(sz_tM)} .

Thus, U (ay, -) is an affine maximizer, and therefore a convex function of ;. Moreover, standard
techniques imply that we can rewrite the expressions above as

U (ay, zxt_l,)t) > Ut(ocg,uct_l,)\) + qf(ﬂét,ﬂét_l,/\)(ﬂét —ay).

Thus, §¢(as, -) is a subderivative of U (a;, -). But since the U;(ay, -) is convex, it is absolutely con-
tinuous and, hence, differentiable almost everywhere. Moreover, whenever the partial derivative
exists, it must equal its subderivative. Finally, convexity implies that this partial derivative must
be a nondecreasing function of a;. Thus, the period-t single-deviation constraint (IC-f) implies
conditions (MON"-t) and (IC"-t).

In addition, recall that every absolutely continuous function is equal to the definite integral of
its derivative. Therefore, for all a! € Afand A € A,

=1 4y _ -1 R R | /
Up(ap, a7 A) = Up(a, a7, A) + ge(ag, a7, A) dag.
I3

But since the quantity schedule g;(-) is nonnegative, the integrand above is also nonnegative;
therefore, condition (IR-t) is satisfied only if U;(a, a'~1, 1) > 0.

Note that the sufficiency of the localized conditions derived above for the period-t single-
deviation and participation constraints essentially follows from the Fundamental Theorem of Cal-
culus and monotonicity of the (expected) allocation g;. O

PROOF OF LEMMA 5.2. Using Lemma A and the fact that dG(a|pu) = g(a|p)da forall y € A in
the continuous-shock setting, we may write

o(M,A) = —po(A) +5/ Uy (a1, M) g (ar|A) day
+25f/ U (o, ') (g (e |A) — gag| A7) AW (a1 |A) da.

Furthermore, recall that the constraint (IC-0) requires that Uy(A) = maxy {Uy(A’,A)} for all
A € A. Therefore, the envelope theorem (see Milgrom and Segal (2002)) implies that

T
a0 =y / (e, ) B8 g1 (40110) dg
N=A =1 A oA

oA
dG (a|A) "
= Z‘St/At 1 [ t zx,)x)éi' )] dW' 1 (a'71A)
t=1 Np=u

But t )\) BG((xt]/\)

t
; 0 /Af Boct oA
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where the final equality follows from integration by parts. Note, however, that G(a|A) = 0 for
all A, and G(&|A) = 1 for all A; therefore, 0G(a,A)/dA = dG(&, A)/0A = 0. Substituting in the
expression for oU; /da; from (IC”-t) then yields

Z(St / G (w acg";')‘)dw”wlm) das

. t = aG(“tM)/a)‘ tot
_ Z(S/qt S ),

Finally, note that g;(-) is nonnegative for all ¢, implying that §; is also nonnegative for all ¢. In
addition, dG(a|A)/0A < O for all &« € A by first-order stochastic dominance. Therefore, Uj(A)
is positive and Uy is an increasing function. This implies that we can replace the period-zero
participation constraint (IR-0) with the requirement that Up(A) > 0. O

PROOF OF THEOREM 3. Making use of the definition of p* from Equations (19) and (20), we may
rewrite Up(A’ ,A) from Equation (2) as

T
’A):Z(St/ / (o, A} do’ dW! (a!]A)
=1 o

T
- 5*// ) a0, A7) do dWH (ol )

t=1
T A
vt [0 ] a2 ey g
t=1 A JA g(af | V)
Taking the partial derivative of this expression with respect to A’ yields
BU() A, a Z) A, / t t
S - /A/ LX) 4yt aw (af|0)

_Z(St/ /t a U A d ldwt([xt’/\/)

t=1 &
L R ag(as|A’) /9N

_ t * / Yo\Ms |t )Y tra bl
g(s /t /at qf ’U )L (; (DCS|)\/) dw (lX ‘/\ )

L 0G (a|A) /9N
— 5t/ 7F (af, ) ——— L AW (af|A).
; Atqt( ) g(“t|)\/) ( ’ )
Recall from Equation (16), however, that

t = 9G (at[A')/0A TNV,
25/ )de (a’[A7)

L i aG(ocs]/\’) /oA
§ / ) Z de“""“
T t /
R AMo(al a1 Md% dwit(al , 571N,
A s oA
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Straightforward integration by parts implies that

dG (as|A") dg(as|A
/ﬂt X0 ) /\/) ( 75106 ) (a;‘ NKg = / /[x U A/)d /g(aSA‘) les,
and so

L 0G () /9N
5*/ 7r(al, M) =L AW (af | A
; A e ) < (@ |A) (a'[A)

Lo < ag(as|A") /oA
— Yyt / / 7 (0, ') do B8N A D TOR gyt (A1),
LN ke $(as[ )
Thus, we may conclude that

aUO(A’ U )\/
) = /A / N A) gt & [WH (! |A) — WH(a|A)]

Note, however, that Condition B.3 implies that, for all t = 1,...,T, 94;(v/,A")/9A > 0 for all
v’ € [al,a'] and A’ € A, and therefore

o(a )a%( N)
/M 78)\ do

is an increasing functions of a; for all s = 1,...,t. The fact that {G(-|A)} ca is ordered by first-
order stochastic dominance then implies that, forall A € A,

20 ) >0 ifAN <A,

0 s o . ;

—on =0 ifA" =4,
<0 ifA > A

Thus, holding A fixed, Uy (A, A) achieves a global maximum when A’ = A, implying that period-
zero single-deviation constraint (IC-0) is satisfied.

Finally, note that (as discussed earlier) Conditions B.1 and B.2 imply that the buyer is always
incentivized to report her private information truthfully in any period t > 1, regardless of her
reports (or misreports) in previous periods. Therefore, the contract (q*, p*) not only solves the
seller’s relaxed problem (RR”), but is fully incentive compatible: the buyer prefers truthful report-
ing to any potential deviation, regardless how complex. 0
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