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Abstract

I study a one-sided offers bargaining game in which a fully rational seller
is making repeated offers to a rationally inattentive buyer (Sims, 1998). The
quality of the good is random and is known to the seller. The buyer needs to
pay attention to both the quality of the good and the seller’s offers. I show
that the buyer attains half of the uncertain portion of the surplus as attention
costs become negligible and offers are frequent. With infrequent offers and
positive attention costs an equilibrium exists both in the finite and the infinite
horizon games. This equilibrium involves the buyer paying more for, but also
obtaining a higher surplus from, higher quality goods. Trade occurs with delay
that is decreasing with the quality of the good and persists even when offers
are frequent. Finally, I show that revealing the quality of the good to the buyer

reduces both the buyer’s surplus and overall efficiency.
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1 Introduction

Consider a seller who is making repeated offers to a buyer in an attempt to sell an
indivisible good. It is well known that if the buyer perfectly observes the good’s
price and quality the unique equilibrium involves immediate agreement with the
seller obtaining all of the gains from trade. This stark outcome stands in contrast
with our day to day experience. In most transactions, the buyer is much more likely
to be satisfied or disappointed with her purchase than indifferent about it. Similarly,
merchants rarely manage to instantly sell their merchandise to every potential buyer
that comes their way. This gap between the full information model and reality has
been the subject of much of the bargaining literature.

My main contribution is to incorporate limited attention into non-cooperative
bargaining. Many studies show that the way people allocate their attention can
have a substantial economic impact. For instance, a study conducted by Chetty et
al. (2009) found that shoppers often overpay for products because they fail to pay
attention to sales tax. In the used cars market, Lacetera et al. (2012) showed that
buyers only pay attention to the left-most digit of the odometer. The goal of my
paper is to evaluate the effects of partial inattention on the outcomes one-on-one
buyer-seller interactions.

I do so by substituting the fully informed buyer with one who is rationally inat-
tentive (Sims, 1998). Such a buyer needs to pay attention to information in order to
take advantage of it. Paying attention to more information results in better decision
making, but also involves more effort, which is costly. Being rational, the buyer
achieves the optimal balance, paying attention only to those pieces of information
that are worth the effort.

The rational inattention model serves as a natural way of extending utility max-
imization to include costly attention. The flexibility of the model, its focus on infor-
mation, and its emphasis on optimality make rational inattention especially suitable
for this purpose. Indeed, rational inattention abstracts from the specific process
behind attention just as utility maximization abstracts away from the agent’s op-

timization procedure. Thus, we use the rational inattention model as a device for



studying how incentives shape the bargaining outcomes of a partially inattentive
agent.

In my model, the rationally inattentive buyer bargains with a fully rational seller
over a good of random quality. The quality of the good, v, is observable to the seller
and is drawn once and for all at the beginning of game. Each period, the seller makes
an offer. The buyer then chooses which discrete signal structure to use; that is, how
much attention to pay to v, the seller’s past offers and the current proposal. The
signal structure, the buyer’s prior, and the seller’s possibly random offer together
determine the buyer’s attention cost. Once the buyer chooses her signal structure
for the period, nature draws a signal conditional on the seller’s current proposal,
past offers, and the good’s quality. Upon observing the signal, the buyer updates
her prior and chooses whether to accept or reject. If she accepts, trade occurs and
the game ends. Otherwise, the game proceeds to the next period.

I focus my analysis on equilibria that satisfy three conditions. The first condition
is that the buyer is attentive. That is, there are no periods in which the buyer
automatically rejects every offer regardless of the history. The second condition
disciplines the buyer’s response to off-equilibrium offers. Specifically, for each off-
equilibrium offer, I require the buyer’s strategy to be a limit of best responses to some
sequence of perturbations that put positive probability on that offer. This condition
is in the spirit of the perfect equilibrium of Selten (1975), and is needed to avoid
non-credible attention threats. I motivate and explain these conditions in section 3.
Theorem 1 shows that the set of equilibria that satisfies these conditions in the finite
horizon version of the game is non-empty. In the infinite horizon version, I focus on
equilibria to that also arise as limits of finite horizon equilibria. I prove that such a
limit exists, and is indeed an equilibrium of the infinite horizon game in Theorem 2.

My first major result establishes that in an environment with frequent offers,
the buyer obtains a significant portion of the surplus even when attention costs are
negligible. More precisely, let v be the realized quality of the good, and take v; to be
the lowest possible quality the good can attain. When offers are frequent, Theorem

4 in section 6 establishes that as the cost of attention go to zero, trade is efficient



and the buyer’s expected surplus, E [U,], becomes

EU) = 5 (E[v] —w)
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Theorem 4 is based on intuitive properties of the rational inattention cost func-
tion. For one, the function is convex in the buyer’s signals. As such, the buyer’s
optimal signal structure equates each signal’s marginal cost to its marginal benefit.
A signal’s marginal benefit is the buyer’s expected gains from trade conditional on
observing the signal. A signal’s marginal costs depend on its informativeness. A kind
of signal that is considered extremely informative is one that leads to a belief that
some events have zero probability. Because no amount of Bayesian updating can
make a zero belief positive, such signals have infinite marginal costs. The possibility
of infinite marginal costs allows inattention to remain a factor at the margin even
as total attention costs become negligible. When this happens the buyer’s marginal
benefit from signals, and therefore her expected surplus, stay positive.

My second major result is that with significant attention costs there is delay in
agreement even when offers are frequent (Proposition 3). Delay emerges due to the
seller’s equilibrium optimization problem. In the one-shot game, this problem is sim-
ilar to that of a monopolist facing a logit demand function (see Maté&jka and McKay,
2012). As such, the seller’s offer will be the one that equates his marginal revenue to
his marginal cost. The seller’s dynamic problem has a similar structure, but with the
seller’s marginal cost being the opportunity cost of forgoing next period’s profits. It
turns out that these future profits in equilibrium do not depend on the seller’s current
offer. Because of this, future profits enter the seller’s current objective function as a
fixed cost. When offers are frequent, future profits loom larger, motivating the seller
to increase his offer. However, in equilibrium, offers cannot be too high, or else the
buyer will not pay attention. Therefore, the seller’s marginal revenue must decrease.
The buyer’s costly attention, though, limits the change in the buyer’s demand with
respect to higher offers. As a result, the only way to lower the seller’s marginal
revenue is by decreasing the level of demand; that is, the probability of agreement.

The result is delay that persists even when offers are made arbitrarily frequently.



In the addition to the above two results, I show that in equilibrium a rationally
inattentive buyer gets what she pays for (Proposition 2). More precisely, both the
buyer’s surplus and the price of the good are increasing with the good’s quality. These
features are accompanied by the buyer overpaying for the good when the quality is
low, and underpaying when the quality is high. The intuition behind these features
comes from the buyer obtaining imperfect information about the good’s quality. If
the buyer had no information, the seller’s price would have been equal to the good’s
expected value for the buyer. As such, the buyer will overpay for low quality goods,
underpay for high quality goods, the buyer’s surplus would increase with the good’s
quality. With full information, the price of the good always equals to v, making prices
increasing with quality. However, with full information the buyer always obtains a
surplus of zero. The equilibrium with a rationally inattentive buyer lies between the
full and the no information extremes.

I conclude by exploring the effects of uncertain quality on bargaining outcomes.
I show that revealing the quality of the good to the buyer results in a unique equilib-
rium (Proposition 4). This equilibrium preserves the delay that arises in the baseline
model, but leads to effortless attention on the equilibrium path and to the buyer get-
ting zero surplus. The reason the buyer’s attention is effortless is because the seller
uses a deterministic strategy. Since in equilibrium the buyer knows both the seller’s
strategy and v, the buyer’s knowledge includes all there is to know about the seller’s
offers. As such, the buyer’s signals carry no information in equilibrium, resulting in
zero attention costs. However, the fact that attention is effortless on the equilibrium
path does not mean that the buyer perfectly observes the seller’s offers. In particu-
lar, my equilibrium refinement requires the buyer to take into account the marginal
cost of noticing any offer, including zero probability ones. As such, the buyer only
partially adjusts the probability of agreement in reaction to zero probability offers.

Proposition 5 asserts that revealing the quality of the product to the buyer reduces
both overall efficiency and the buyer’s surplus. From the buyer’s perspective, being
ignorant of v results in a variation in the value of the seller’s offers, which generates
positive attention costs. Since attention costs are strictly convex and the buyer

is attentive, she earns a strictly positive surplus. As for overall efficiency, keeping



the buyer ignorant of v reduces delay, but creates positive attention costs. Still,
Proposition 5 shows that the reduction in delay more than compensates for the
increase in the cost of attention. Hence, my analysis suggests that more information

can be harmful in the presence of costly attention.

Related Literature

The current paper sits in the intersection of rational inattention and bargaining. The
rational inattention literature finds its origins in Sims (1998). A large portion of this
literature is based on the linear-quadratic framework (e.g. Sims (2003), Mackowiak
and Wiederholt (2009), Van Nieuwerburgh and Veldkamp (2010) and Dessein et al.
(2013)). In these models, the rational inattentive agent optimizes over a continu-
ous variable, has a quadratic objective function and the exogenous uncertainty is
normally distributed. Under these assumptions, it is optimal for the agent to use a
normally distributed signal structure. My model differs from this literature in that
the buyer chooses a discrete action. Moreover, my buyer needs to pay attention to
the seller’s offers which are determined in equilibrium and therefore are not normally
distributed.

A strand of the rational inattention literature that is more relevant to my analy-
sis is one that deals with agents whose action is discrete. One example is Woodford
(2009) who studies a rationally inattentive firm that chooses when to review its cur-
rent pricing strategy. Using a similar framework, Yang (2014) studies coordination
games with rationally inattentive players in a global games setup. Dasgupta and
Mondria (2014) apply the discrete action framework to analyze the decisions of im-
porters. In the context of individual behavior, the studies of Caplin and Dean (2013),
Matéjka and McKay (2013), Oliveira et al. (2013) and Woodford (2014) analyze the
observable implications of rational inattention on choice among discrete alternatives.

As explained earlier, my main contribution is to consider a seller who is making
repeated offers to a rationally inattentive buyer. Yang (2013), Mat&jka and McKay
(2012) and Martin (2012) also consider one or more rational sellers making offers to

one or more rationally inattentive buyers. However, unlike my model, the aforemen-



tioned papers study models in which the seller is making a single, take-it or leave-it,
offer. Thus, theirs are static models.

A dynamic model is essential for my analysis. Without repeated offers, it would
be impossible to study inefficiencies that arise due to bargaining frictions, such as
delay. Moreover, the possibility of repeated offers is crucial for the buyer to obtain
a positive surplus when attention costs are negligible. To put it differently, one can
show that in the one period version of my model all of the surplus goes to the seller
as the cost of attention goes to zero. Hence, my model suggests that dynamics play
an important role in understanding the effect of rational inattention on bargaining.

In addition to being dynamic, my model differs from the models of Yang (2013),
Matéjka and McKay (2012) and Martin (2012) in other respects. While I focus
on bargaining, Maté&jka and McKay (2012) focus on competition between multiple
sellers. In their model, each seller attempts to sell their good to a rationally inatten-
tive buyer with a unit demand by making simultaneous take-it or leave-it offers. The
quality of each seller’s good is random and known to all sellers. Similar to my model,
the buyer needs to simultaneously pay attention to each good’s price and quality.
The authors calculate an equilibrium and conduct comparative statics. Thus, while
I focus on a single seller who is making repeated offers, Matéjka and McKay (2012)
study multiple sellers, each making a single offer. In other words, mine is a model of
dynamic bargaining while theirs is a model of static competition.

Martin (2012) studies a one-shot model in which a seller attempts to sell a single
good of random quality to a rationally inattentive buyer. The quality of the good is
either low or high, and the seller is restricted to one of two possible prices. My model,
therefore, differs from that of Martin (2012) in that I allow for repeated interactions,
a continuous range of offers and a more general distribution of qualities. Another
difference is that in Martin (2012) the buyer gets to observe the seller’s offer perfectly
at zero cost, and only needs to pay attention to the good’s quality. Letting the buyer
observe the good’s price before choosing her attention strategy results in multiple
equilibria due to the buyer’s ability to threaten with beliefs. I avoid some of this
multiplicity thanks to my refinement and my assumption that the buyer also needs

to pay attention to the seller’s offer.



Yang (2013) considers a slightly different set-up to study security design. In
his model, the seller makes a take it or leave it offer in the form of an asset based
security. Both the seller and the buyer are uninformed about the asset’s future
dividends when the offer is made. The buyer gets to observe the seller’s offer, and
may use her attention to learn about the asset’s future dividends. Yang (2013) shows
that the seller will offer the buyer a debt contract to minimize attention costs. My
model differs from that of Yang (2013) not just by the virtue of being dynamic but
also in that I abstract from the structure of the seller’s offer. In my model, the seller’s
offers are one dimensional. However, this is without loss of generality as long as the
player’s utility is linear in money. Moreover, unlike in Yang (2013), my seller has
private information about the value of the good. Finally, I assume that the buyer
needs to pay attention also to the content of the seller’s offer, while in Yang (2013)
the buyer gets to observe that content for free. Thus, while I wish to study the
outcomes of bargaining, Yang (2013) is concerned with the structure of securities.

In the bargaining literature, the natural starting point are models that use the
one-sided repeated offers bargaining protocol. Most of the papers using this protocol
considered bargaining with one-sided incomplete information in a private values set
up (e.g. Fudenberg et al. (1985), Gul et al. (1986), Ausubel and Deneckere (1989)).
Unlike the model studied in my paper, such models involve an informed buyer and
an uninformed seller. A classic result in this literature is the Coase conjecture. This
result states that there is no delay when offers are frequent and the gains from trade
are positive with probability 1. My model differs from this literature in that I assume
that it is the seller, not the buyer, that has private information. Moreover, my model
exhibits delay even when offers are frequent and gains from trade are known to be
strictly positive.

A model more closely related to mine is the one due to Deneckere and Liang
(2006). They consider an uninformed buyer making repeated offers to an informed
seller. However, the information available to the seller is also relevant for the buyer.
Thus, their model is one of interdependent values. Deneckere and Liang (2006) show
that under certain conditions, the equilibrium involves bursts of trade followed by

periods of delay. In my model, trade occurs continuously rather than in bursts, and



it is the informed party that makes the offers. Moreover, I assume that the buyer is
rationally inattentive and that values are private.

Several studies looked at one-sided repeated offers bargaining models in which
both parties have private information about the gains from trade (Cramton, 1984;
Cho, 1990). When offers are frequent, such models often result in no trade or a large
multiplicity of equilibria with various predictions (Ausubel and Deneckere, 1992).
A similar multiplicity was first pointed out by Rubinstein (1985) who studied an
alternative offers model in which the discount rate of one of the players was private
information. He showed that one can support a large set of equilibrium outcomes by
constructing belief-based threats off the equilibrium path.

Another model in which the informed party gets to make offers is the one due
to Gul and Sonnenschein (1988). Theirs is an alternating offers bargaining model
between a buyer and a seller who is uncertain about the buyer’s valuation of the
good. They show that taking the time between offers to zero results in immediate
trade in all equilibria satisfying their refinement. As in Gul and Sonnenschein (1988),
my refinement does not identify a unique equilibrium. However, my model generates
delay and a potentially negative ex-post surplus to the buyer, outcomes that cannot
arise in the analysis of Gul and Sonnenschein (1988).

My work also relates to Abreu and Gul (2000). They study a bargaining model
with general two sided offers in which each player is uncertain about the rationality
of the other. In particular, players may be irrational and insist on receiving a fixed
portion of the surplus. Thus, their model is one of two-sided offers, no uncertainty
about gains from trade, and irrationality. In contrast, mine is a model of one-sided
offers in which one side is uncertain about the gains from trade, the seller is fully

rational and buyer is rationally inattentive.

2 The Cost of Attention

I study bargaining between a fully rational seller and a buyer with limited attention.
Each period, the seller makes an offer which the buyer either accepts or rejects; if she

accepts, the game ends, otherwise the period ends and the seller makes a new offer in



the next period. Unlike in standard bargaining models, in my model the buyer makes
her decision to accept or reject with less than perfect information about the seller’s
offers. How much information the buyer has depends on her attentiveness; that is,
on how much effort she devotes to understanding both the value of the object and
the seller’s offers. The buyer knows that attention is costly and therefore, allocates
her attention rationally, which I interpret to mean optimally. The model of rational
inattention that describes my buyer is due to Sims (1998). My contribution is the

application of the model to non-cooperative bargaining.

2.1 The Extensive Form

The extensive form game is as follows: before the seller makes her first offer, she

observes the quality of the good, v; a random variable that takes on values according

to the distribution g from a finite set V = {v;,..., v}, where v; < v < vy, for all
v € V. The seller makes the buyer offers in periods m = 1,... . The number of
periods can be finite or infinite. An offer is a number, z,, € X = [0,z]', where

T > vy. Iinterpret x as a reduced form of the seller’s offers. For example, a payment
plan offered by a car dealer to a potential buyer will be represented by its expected
present value. In other words, x serves as a summary of the monetary value that the
offer transfers from the buyer to the seller.

Each period, the buyer decides whether to accept or reject the current offer. If the
buyer accepts an offer at some period m, she gets the good, pays the seller z,, and
the game ends. Otherwise, the game continues to the next period. If no agreement
is reached, the game ends with no transaction taking place. The seller’s payoff when

the buyer accepts an offer z,, in period m is:
U, := e "My (1)

where r > 0 is the (common) discount rate and A is the time difference between

offers. If no transaction takes place, the seller’s payoff is 0, independent of the

!The upper bound, Z, plays no role in the equilibrium strategies, and is needed only to ensure
compactness of the seller’s strategy space.
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good’s quality.

Let h € X™ := X x ---x X denote an m-period history of offers and for Y C R",
let A(Y') denote the set of all Borel probability measures on Y. Then, a behavioral
strategy, o, for the seller is a sequence of functions® o, : X™ 1 x V — A(X) for
m = 1,.... Thus, 0,,(h,v) is the random offer that the seller makes after history
h € X™~! given that the value of the object is v € V.

The buyer is rationally inattentive and as such, neither observes the seller’s offers
nor the quality of the good. Instead, she chooses a period m signal structure, which
is a likelihood function: I, : S x X™ x V — [0, 1], where S = {0,1,2,...} is the

discrete set of possible signal realizations. The signal structure [, satisfies:
(1) > scglm (s,h,v) =1 for every h,v, and
(2) Ly (s,+,-) is measurable for all s.

The first of these conditions ensures that [, (-, h,v) is a probability distribution
for all h,v; the second is a technical condition necessary for evaluating payoffs.
After the seller chooses x,, and the buyer chooses ,,, nature draws the signal s with
probability I,, (s, 2™, v). The buyer observes only the signal s, not the value of object
v nor the seller’s current or past offers. Based on s the buyer decides whether to
accept or reject the seller’s offer. I assume the seller observes neither [, nor s.

The signal structures represent the buyer’s choice to pay more or less attention
to the good’s quality and the seller’s offers. The flexibility of the signal structure
captures the possibility of focusing on some information that is easy to process but is
only a proxy of v and h. For instance, a buyer of a used car may pay attention only
to the left most digit of the odometer (Lacetera et al., 2012). Similarly, shoppers
may compare prices without checking which prices include sales tax and which do
not (Chetty et al., 2009).

The rational inattention modeling approach makes three implicit assumptions
about the way the buyer allocates her attention. First, it assumes the buyer has a
large collection of easily accessible data at her disposal which is related the good’s

quality and the seller’s offer. Second, her attention is selective in that she picks and

2Define X := {@}.
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chooses which parts of the data to pay attention to and which to ignore. Third, the
buyer is aware of the stochastic relationship between the data, the good’s quality
and the seller’s offers, and uses this stochastic relationship to optimallty allocate her
attention.

The buyer’s payoff depends on when she gets the the good, its value and the cost
of attention that she incurs. More precisely, the buyer’s payoff if she accepts an offer

T, in period m, and uses the signal structures /; in each period j < m is:

Uy = e ™20 (y — g, Ze rAUTDRT (1, ) (2)
J=1

where k € (0, v;) is a constant, y,, is the buyer’s belief at the start of period m about
the value of the object and the seller’s current and past offers. The term 1 is the
flow cost of attention; as I explain in the next subsection, I is the average decrease
in the entropy of the buyer’s beliefs. I interpret I as a measure of the buyer’s level
of attention and hence, k is the constant marginal cost of attention.

An outcome of the game is the period in which agreement is reached, m, the
accepted offer, z,,, the signal structures that the buyer has chosen in each period,
(l1,...,ly), and the buyer’s beliefs at the beginning of each period, (u1, ..., fm).
The seller’s payoffs are simply his transaction payoffs, while the buyer’s payoff is her
transaction payoffs minus the discounted sum of attention costs in each period. In

the next subsection, I define I.

2.2 Shannon’s measure of mutual information

Shannon (1948) was the first to suggest the use of entropy to measure information.
The idea is to measure the amount of information there is to learn about a random
variable by the entropy of its distribution. Learning the outcome of the variable,
therefore, corresponds to obtaining information equal to its distribution’s entropy.
Shannon (1948) also suggested a way of measuring how much one can learn about
a variable by observing a random signal. His answer was the expected difference

between the entropy of the variable’s unconditional and conditional distributions
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upon observing the signal. This quantity is now known as Shannon’s measure of
mutual information (Cover and Thomas, 2006).

Formally, let 1 € A(Y') be a prior on Y; that is, u is a Borel probability measure
onY C R*. In period m of my bargaining game, Y is X™x V. Takel: SxY — [0, 1]
to be a signal structure where S = {0, 1, ...}, [ is measurable in its second argument
and [(-,y) is a discrete probability. First, assume u has a finite support {y1,...,yn}.
Then, H, the entropy of p is:

n

H(p) = = pu(ys) In p(y)

i=1
To ensure continuity, I let 0In0 = 0, blng = oo if b > 0, and Olng =03 In
information theory, entropy is interpreted as a measure of the information one can
learn about a random variable. Here, I interpret it as the level of exertion needed to
understand or process the information in question. That is, it is the level of attention
that the buyer needs to fully understand the offer and the value of the good.

Let 7 be the prior distribution of the signal:

m(s) = / I(s,y)dp
Y
Then, given the signal s € S,; :={s € S|pu-I(s) > 0}, the posterior on Y is:

fE (s, y)dﬂ

HiE) = Jy U(s,y)dp

for any Borel set E C Y. Then, Shannon’s measure of mutual information, I(l, ),
is the expected change in entropy between the prior p and the posterior given p and

the signal structure [. Hence,

Ll p)= Y [H(u) —H(u)]n(s) (3)

SGSul

3For analytical convenience, I measure entropy in nats; that is, I am using the natural logarithm
in the formula above rather than to more common log,.
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which is the average change in entropy between the prior and the posterior distribu-
tion that results from seeing the signal structure [.

By assuming that the buyer’s information cost is proportional to Shannon’s mea-
sure of mutual information, I am assuming that the buyer already understands the
prior joint distribution of the offers and the value but can pay further attention to
these variables and understand more. Thus, she incurs attention costs at the margin.

For the general case; that is, if i is not discrete, one can define Shannon’s measure

of mutual information as:

1.0 = 3 [t (520 o, (@)

SESlH

which becomes the same as equation 3 when p is discrete.

Note that the cost of attention depends on the buyer’s prior. To illustrate, sup-
pose the buyer only needs to pay attention to the seller’s offers, and that the value
of the good is 2. Let [ be the signal structure that sends 0 if the seller’s first of-
fer is strictly above 2, and 1 otherwise. If the buyer’s prior about the seller’s first
offer is uniform over [0,2], then [ will send 1 for sure. In this case, [ is completely
uninformative and therefore has a cost of 0. In contrast, [’s cost would have been
positive had the buyer’s prior been a uniform distribution over [1,3]. Hence, the
informativeness, and therefore the attention cost of every signal structure depends
on the buyer’s prior information.

The fact that prior information influences attention costs captures the idea that
one needs to pay less attention to familiar information. For example, it is easier to
understand papers that use more common methodologies than it is to understand
papers that employ innovative techniques. In the model, familiar information is one
that has already been absorbed into the buyer’s prior. Examining a familiar piece
of information is therefore equivalent to acquiring a signal that results in little to
no updating i.e. barely provides the buyer with any new information. Such signals
have very low attention costs, which expresses the ease with which the buyer can

pay attention to familiar information.
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2.3 Recommendation Strategies

My first goal is to show that an optimal strategy for the buyer can be found within
a class of simple strategies that I call recommendation strategies. A recommendation
strategy is defined by two properties: there are only two signals; call them 0 and 1,
and the buyer does not randomize; she accepts for sure if and only if she observes
1. Recommendation strategies can be described by a sequence of mappings: 5 =
(Bm),y>1, Where B, (™, v) € [0,1] is the probability that the buyer receives an
acceptirecommendation. Thus, for every m, (,, is some (measurable) mapping from
X™ x V into [0, 1].

Equation 4 of subsection 2.2 implies that Shannon’s measure of mutual infor-
mation between f,, and the prior distribution, p,, over X™ x V has the following

convenient form:

e i) 00 5

The following proposition ensures that I can focus on recommendation strategies.

Proposition 1. For every strategy for the buyer there exists an outcome equivalent

recommendation strateqy [ with weakly lower attention costs.
Proof. See appendix. ]

For the one-period version of my game, Proposition 1 is easy to prove. One
can show that T (I, ) > I(I’, ) whenever [ is more informative than I in the sense
of Blackwell (1953) (see Cover and Thomas (2006), for example). Replacing any [
with the resulting distribution over actions induced by the buyer’s strategy creates
a new signal structure that is less informative than [, without changing the terms
or probability of agreement. Since a less informative signal costs less, Proposition 1
follows.

The argument above is not enough for proving Proposition 1 for multi-period
bargaining games. With multiple periods, information gained in period 1 can be

useful in period 2. If, for some reason, the cost of processing information in period
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2 were higher than in period 1, it might make sense to process that information in
period 1 rather than wait until period 2. To prove Proposition 1 for the general
case, I invoke the chain rule for mutual information which states that the expected
sum of information that is gained by observing two signals consecutively is equal to
the amount of information that results from observing both signals simultaneously.
To use this property, I view each signal structure as including two different signals:
an action recommendation and a residual. The chain rule then assures me that
processing this residual simultaneously with any future signal instead of processing
it with today’s recommendation does not increase the total cost of information.
Therefore, one can delay the processing of this residual to the time in which this
residual is used.

I appeal to Proposition 1, and assume henceforth that the buyer only uses rec-

ommendation strategies®.

3 Recommendation Perfect Equilibria

In this section I define, characterize and prove existence of an equilibrium satisfying
a refinement which I call recommendation perfect equilibrium. This refinement’s
purpose is to address some of the unique issues that arise when the buyer is rationally
inattentive. Theorem 1 establishes that recommendation perfect equilibria exist in
the finite horizon game. Moreover, the theorem shows that in equilibrium players
use simple strategies; i.e. strategies that do not depend on the past. In the infinite
horizon game I focus on limits of finite horizon equilibria. Theorem 2 establishes that
such a limit exists, is an equilibrium of the infinite horizon game, and involves simple
strategies. These simple strategies have a useful characterization which I present in

Lemma 1.

41n fact, I will treat the buyer as if she is using a pure recommendation strategy. This is without
loss of generality since the buyer’s objective function is concave and the seller does not observe the
buyer’s signal structure.
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3.1 Attentive Strategies and Credible Best Responses

In this subsection I provide a formal definition of recommendation perfect equilibrium
and state the existence result for my finite horizon game. My refinement is composed
of two parts. First, I assume that the buyer is attentive, meaning that there are no
periods in which the buyer automatically rejects every offer regardless of the history.
Second, I impose a perfection requirement similar to that of Selten (1975). More
precisely, for each off-equilibrium offer, I require the buyer’s strategy to be a limit
of best responses to some sequence of perturbations that put positive probability on
that offer. This condition is needed to avoid non-credible attention threats that may
arise when the buyer is rationally inattentive.

The first issue I address in my refinement is the possibility of the buyer auto-
matically rejecting every offer. To illustrate what I mean by automatic rejections,
take any sequential equilibrium and adjust it in the following way. In period 1 have
the buyer reject every offer, regardless of its content. At the same time, have the
seller’s first offer always be equal to . From period 2 onwards, let the players play
according to the original equilibrium as if period 1 never happened. Clearly, this is a
sequential equilibrium. In fact, I can extend this kind of logic to obtain the following

observation®:
Observation There is a sequential equilibrium without trade after any history.

I wish to avoid periods in which the buyer automatically rejects the seller’s offers
regardless of their content. Formally, I say that the buyer’s strategy ( is attentive
if for every period m there exists some price history and some quality of the good,
(™, v), such that S, (z™,v) > 0. Assumptions of similar flavor are often made in
bargaining models. For example, Rubinstein (1985) assumes that the uninformed
player never makes irrelevant offers. Similarly, Gul and Sonnenschein (1988) assume
away the possibility of periods in which all offers rejected for sure and are only made

to allow one party to send a signal to the other.

5One can actually show that for every set of periods A C {1,2,...} there exists an equilibrium
where trade occurs in period m if and only if m € A.
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There are reasons to want to avoid trade break downs based on the buyer being
inattentive. First, the model describes two parties that are engaged in active bar-
gaining. It is unreasonable to assume that one party can completely ignore the other
when the two are directly facing each other. Second, one of my goals is to show that
inattention can lead to delay. Clearly delay can be created by interspersing periods of
trade shut downs resulting from automatic rejections. What is more interesting is to
know whether inattention can cause delay even when the buyer is at least somewhat
attentive to the seller’s offers.

A second and more subtle issue that arises in my model is that a rationally
inattentive buyer can make non-credible attention threats. Such threats involve the
buyer committing to pay close attention to off-equilibrium offers. With suitably
chosen off-path beliefs, one can sustain a very large number of sequential equilibria.
These threats are possible because the rational inattention cost function does not
depend on off-path signals.

Non-credible attention threats matter in my model because the buyer is paying
attention to another player’s choice variable. In most of the current rational inatten-
tion literature, agents are paying attention only to exogenous or aggregate variables.
For example, in Yang (2013) agents need to pay attention to the fundamental value
of an asset, while in Mackowiak and Wiederholt (2009) producers need to pay atten-
tion to macroeconomic outcomes. Such variables are outside the control of any other
agent. As such, the variable’s equilibrium distribution is not influenced by possible
attention threats®.

Consider the one-shot version of my model in which the seller makes the buyer
a take-it or leave-it offer. I will show that one can construct an extreme equilibrium
in which the buyer obtains a large surplus. Assume that V' = {2,4}, k = 1 and
that both qualities can occur with strictly positive probability. Suppose further that
the seller offers 2 for sure regardless of the realized quality of the good. Let u be

the buyer’s beliefs given the seller’s strategy, o. One can show that a necessary

50mne exception is Matéjka and McKay (2012), who focus on an equilibrium with particular
assumptions on the buyer’s behavior towards zero probability prices. Their assumptions preclude
the possibility of non-credible attention threats.
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and sufficient condition for 8 to be optimal for the buyer in this setting is to have
B (x,v) = 1 p-almost surely”. Therefore, the strategy defined by g (z,v) = 1 if z
equals to 2 and 0 otherwise is optimal for the buyer. Clearly, it is also optimal for the
seller to offer 2 for sure given 5. Thus, (u, 8,0) is a sequential equilibrium. Turns
out that by using a similar construction one can support the seller offering for sure
any x in [2,2 + ¢], where § > 0 depends on the probability of v = 2.

In the above equilibrium the rejects for sure any offer that is above 2. In this
strategy the buyers reacts very differently to zero probability offers compared to pos-
itive probability ones. Such an extreme change in behavior towards zero probability
offers is non-credible. In particular, the buyer never chooses to react in this way
towards offers that are made with strictly positive probability. 1 formalize this idea
in my definition of a credible best response for the buyer.

Let Ep, [Up|pim, B,0] be the buyer’s expected utility conditional on arriving to
period m, the buyer’s beliefs over X™ x V' being p,, and future play being conducted
according to (f,0). I'll say that the beliefs p and strategies (/3,0) are consistent if
i is updated according to Bayes rule whenever possible.

The following definition formalizes my requirement that the buyer’s strategy be
credible. In particular, for every (2™, v) I identify a belief perturbation p* that puts
positive probability on (2, v). I then use p* to create a sequence of perturbations
of p,,. To create this sequence one mixes p* into p,, by putting a diminishing weight
on p*. As written in the definition below, the buyer’s strategy is credible if it is a

limit of best responses to at least on such sequence of perturbations for every (z™, v).
Definition 1. For a consistent (i, 8,0), § is a credible best response to o given p if:
1. f maximizes E,, [Up|tm, 8, 0] for all m.

2. For every (z™,v) there is a pu* € A(X™ x V) with p*(z™,v) > 0 and a
{pr, g™, e} with g = €"p* + (1 — €") p, €* } 0 and §" — (3, such that 5"

maximizes E,, [Uy|u™, ", o] for all n.

"I solve for the buyer’s general optimal strategy in the dynamic game in appendix C. To obtain
that 8 (z,v) = 1 p-almost surely is optimal here one can also use the results of Woodford (2008),
Yang (2014) and Maté&jka and McKay (2013).
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The first part of Definition 1 is standard. This part requires that the buyer’s
strategy maximizes her expected utility after every history. The second part of
the definition rules out non-credible attention threats. Similar to Selten (1975)’s
perfect equilibrium, I require the buyer’s strategy to be robust to mistakes. In my
formulation, the buyer is aware of possible mistakes in her beliefs. While I do so
for analytical convenience, the difference between mistakes in beliefs and mistakes in
strategies is insubstantial in my setup. This is because by the time the buyer chooses
her period m signal structure, the seller’s m-th offer has already been determined.
Therefore all that matters for the buyer is her beliefs over that offer, i.e. p,,. As
such, it does not matter whether we use beliefs that are consistent with perturbed
strategies, or whether we perturb beliefs directly.

To understand how the above definition rules out non-credible attention threats,
consider my previous example. Suppose we perturb the buyer’s belief from the
example by adding a probability of € that the seller offers 6 whenever the quality
of the good is 4. Let u¢ denote the buyer’s perturbed beliefs. Assume further for

concreteness that the probability of v = 4 is . Calculating the buyer’s expected

2
utility from using 3 given u¢ (see equation 2 from section 2.1) gives®:

P =1 e g (57 =5 (a-om (575) +em (2))

where 1 — € is the buyer’s expected transaction payoffs, while the remainder is the

buyer’s attention costs.

Compare 3 to the following alternative strategy: 3 (z,v) = 1 for all  and v.
That is, the buyer accepts every x offered by any quality with probability 1. The
buyer’s expected transaction payoff under 3" is 1—2¢. Moreover, since 3 is completely
uninformative, it has an attention cost of 0. Therefore the buyer’s expected utility
from ' given uf is:

E [Ubw’,,f} —1- 2

8Tn the one shot game p is sufficient for calculating the buyer’s expected utility. This is because
w is a distribution over both V' and the seller’s offer. In the multi-period version I need o to specify
the seller’s future play.
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Therefore, 8 is strictly better for the buyer than j if and only if:

1ln( 2 >+lln(2_2€>—111(2_26)—1-111(2) > 2
€ 2—¢ € 2—¢ 2—¢€ €

As € goes to zero, an application of LL’Hopital’s rule reveals that the left hand side

goes to infinity. Therefore, for all small enough €, the buyer prefers 3 over 8. One
can prove that this kind of logic will extend to all perturbations involving the buyer
offering 6.

I now present the definition of a perfect recommendation equilibrium. This def-
inition is somewhat different than the more familiar notions of perfect equilibrium
due to Selten (1975) and proper equilibrium due to Myerson (1978). In perfect and
proper equilibria one needs to perturb all information sets simultaneously using a
single set of full support trembles. In my definition, I perturb information sets one at
a time and allow different off-path histories to be evaluated using different trembles.
Moreover, in the definitions of Selten (1975) and Myerson (1978) one introduces per-
turbation to both players. In my formulation, I introduce the perturbations only on

buyer’s side, since only she can make attention threats.
Definition 2. A consistent (u, 8,0) is a perfect recommendation equilibrium if:

1. B is a credible best response to o given pu.

2. o is a best response to [ after every history.

If, in addition, § is attentive, then I say that (i, 5,0) is an attentive perfect recom-

mendation equilibrium.

From now on I will reserve the term equilibrium to mean attentive perfect recom-
mendation equilibrium, unless specified otherwise. In the next subsection, I establish
that an equilibrium exists, and that it admits a recursive structure.

I now turn to state Theorem 1, which shows two things. First, there exists an
equilibrium in the finite horizon version of the game. Second, equilibrium strategies
are simple. For the seller, a strategy is simple if it prescribes a single deterministic

offer, z,, ,, for every period m and every v. A v type seller makes this offer in period
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m regardless of the seller’s realized offers in periods m’ < m. As for the buyer, her
strategy is simple if for every m, the probability that the buyer accepts an offer x,,

made by a v type seller is by, (x, v), regardless of the seller’s offers in previous periods.

Theorem 1. There exists an equilibrium of the finite horizon game, and every such

equilibrium s in simple strategies.
Proof. See appendix. ]

Given the theorem, I will often identify equilibrium strategies § and o by their
corresponding simple counterparts, b and z. To put it differently, I will often write
b (T, v) instead of B, (z1,...,%m,v), and say that the seller uses the strategy z
rather than o.

The proof of Theorem 1 is partially constructive and partially dependent on a
fixed point argument. The main difficulty is to ensure that b is attentive. The
observation made at the beginning of this section showed that the game admits a
fully inattentive equilibrium. Requiring S to be a credible best response to o is
insufficient to rule such an equilibrium out. As such, to prove the theorem I derive a
set of necessary and sufficient conditions for (i, 5,0) to be an attentive equilibrium.
I then use a fixed point argument to show that there is some (u, 8, 0) that satisfies
these conditions. To derive these conditions, I first prove that equilibrium strategies
must admit a specific recursive structure, which I present below.

At this stage the reader may wonder about uniqueness of equilibrium. The fol-

lowing corollary states that in the one-shot game the equilibrium is unique.
Corollary 1. There exists a unique equilibrium in the one-shot game.

Proof. See appendix. ]

When there are more than two periods, one can obtain multiple equilibria. Intu-
itively, the multiplicity comes from the interdependency of current and future periods.
Future periods are influenced by the buyer’s posterior over the quality of the good at
the end of the current period. However, behavior at the current period, and therefore
the buyer’s posterior, depend on both player’s continuation values, which depend on

the future. Combined these can result in multiple equilibrium paths.
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3.2 Infinite Horizon Bargaining

In the infinite horizon game I focus my analysis on equilibria which arise as a limit
of finite horizon equilibria. Such equilibria exist and are simple, just like finite
horizon equilibria (Theorem 2). These equilibria also satisfy some useful structural
properties, which I present in Lemma 1.

Early papers in the bargaining literature also focused on limits of finite hori-
zon equilibria (e.g. Cramton (1984) and Sobel and Takahashi (1983)). I do so in my
analysis to exclude the players’ strategies from exhibiting complicated history depen-
dence. Other studies often avoid complicated dependencies on the past by focusing
on stationary equilibria (see for example Gul et al. (1986), Gul and Sonnenschein
(1988), Ausubel and Deneckere (1989) and Gul (2001)). Stationarity in its standard
form will not be possible under rational inattention. The fact that a rationally inat-
tentive buyer does not get to perfectly observe past offers creates a rigidity in the
buyer’s strategy that precludes stationary play. Focusing on equilibria that can be
approximated by finite horizon play allows us to recover some of the simplicity lost
by allowing for non-stationary strategies.

The following theorem establishes that finite horizon equilibria satisfy a form
of sequential compactness. Therefore one can attain a sequence of equilibria that
converges as the horizon becomes infinite. The theorem also states that any infinite
horizon limit of finite horizon equilibria is, in fact, an equilibrium of the infinite
horizon game. Finally, the theorem establishes that the strategies in the resulting

infinite horizon equilibrium are simple.

Theorem 2. For any sequence of finite horizon equilibria with the horizon going
to infinity, there exists a convergent sub-sequence. Moreover, every infinite horizon
limit of finite horizon equilibria is simple and is an equilibrium of the infinite horizon

game.

Proof. See appendix. ]

The proof of Theorem 2 is rather technical. The equilibrium in the finite horizon

game satisfies properties similar to the ones stated in Lemma 1 below. Using these
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properties, one can connect the convergence of b, (z,v) and z,,, to the convergence
of Zm+1 and bpi1 (Zm41.0,v). Since these are members of a countable product of
compact subsets of R, one can assure the existence of a converging subsequence.
Similar to Theorem 1, the tricky part of the proof is to ensure that the buyer’s limit
strategy is attentive. However, this ends up being ensured by the structure of the
finite horizon equilibria. Once attentiveness is established, I prove optimality of the
buyer’s limiting strategy via sufficient conditions derived in appendix C. Optimality
of the seller’s strategy is then attained via standard continuity at infinitey arguments.

The equilibrium in the infinite horizon game satisfies some structural properties,
which are used throughout the analysis. To present these properties, let (u, b, z) be
an equilibrium of the game with infinite periods. Denote the marginal of u, over V'
by fim. Given an equilibrium, (u, b, 2), take by, , to be the probability that the buyer
accepts the v-seller’s period m offer conditional on arriving to period m. That is, let
b := b (Zm,v). Define m,, as the prior probability that the buyer accepts the

m-th offer conditional on arriving to period m, i.e.
T = Z ﬂm,vbm,v (5>
v

and let w,,, be the seller’s expected profits in equilibrium conditional on v and on
arriving to m in period m terms. Note that, since the buyer’s strategy is simple,
Wy, 15 Well-defined and does not depend on the seller’s past offers.

Lemma 1 does two things. First, it shows that the equilibrium involves inefficiency
due to delay, which This delay is implied by 7, being strictly below 1 for all m.
Second, the lemma provides a characterization of the player’s equilibrium strategies

in the infinite horizon game.
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Lemma 1. Let (u,b,2) be the equilibrium in the infinite horizon game. Then for

everym = 1,... and every v:
0 < <land Wy = Zmy — K (6)

moreover, for every m, x and v:

(ol ) (2 ) dlemrn ()

1—by,(x,v) =7

bm,v o Zmop — R A [ Pm41lp — R
(i) - () () ®

The derivation of the buyer’s optimal strategy is somewhat lengthy, and is dele-
gated to appendix C. For a partial intuition, consider the following way of rewriting

equation 7 when x equals 2y, ,:

b - . 1—b
N —— | LG —rA(]—m)l J,v
V— Zm, mn(mn) /-@jgme n(l_ﬁj) (9)

The above equation comes from the buyer’s first order condition for b,,,. On the left

hand side there is the buyer’s marginal utility from accepting the m-th offer condi-
tional on (z,,,v). Accepting conditional on (z,,,,v) gives the buyer a transaction
utility of v — z,,,. However, accepting involves seeing an accept signal, which has
a cost. When considering whether to increase or decrease the probability of accept-
ing, what matters is the cost of increasing the signal’s probability at the margin.
Turns out that the marginal attention costs conditional on v depend only on the
change in the probability the buyer assigns to vY. Following an accept signal, these

beliefs change from fi,, , t0 fim,» (bymw/Tm), resulting in a marginal attention cost of

K0 (byp/Tm).

9In general, the buyer’s marginal attention costs depend on the change in the probability of the
entire history of offers and good quality, (™, v). The reason it depends only on v is come from the
seller using a simple strategy.
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On the right hand side of equation 9 is the marginal utility from rejecting the
current and all future offers conditional on (z,,,v). Note that rejecting forever
gives the buyer a transaction utility of zero. Because of this, only the total present
value of the marginal attention costs from observing an infinite sequence of reject
signals influences the buyer’s marginal utility. As in the case of accept, the marginal
attention costs of rejecting forever conditional on (2, ., v) depend only on the change
in the probability the buyer assigns to v. This leads to the expression on the right
hand side of equation 9.

Equation 9 therefore says that the buyer’s marginal utility from accepting is equal
to that of rejecting forever. Intuitively, the equality holds because every period the
buyer chooses to observe both an accept and a reject signal with positive probability.
As such, the marginal utility of accepting the m-th offer is equal to the marginal
utility of seeing reject in period m and moving to period m + 1. However, upon
ariving to period m + 1 the buyer is again indifferent at the margin between an
accept signal and a reject signal. Continuing along this sequence of indfferences
leads to equation 9.

The conditions that characterize the seller’s side are easier to derive. Since the
buyer’s strategy is simple, the value of the seller’s period m + 1 problem conditional
on v does not depend on the seller’s offer in period m. Therefore, the value of the

seller’s problem in period m is:
Wiy = MAX by (2,0) 2 4 (1 = by, (2,0)) € Winp1.0 (10)

using equation 7 one can derive this problem’s first order condition:

K

1—b, (z,v) (11)

—rA
xr—e€ Wm+1,0 =
This condition can be rearranged into wy, , = 2, » — K, Where z,,, is the solution to

the seller’s problem. One can then substitute w414, = Zm+1,, — £ and rearrange to

obtain equation 8.
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4 Getting what you pay for, Rip-offs and Bargains

In this section I highlight two features shared by all equilibria of the bargaining
game with rational inattention (Proposition 2). The first feature is that the buyer
gets what she pays for. In other words, the buyer both pays more for, and gets a
higher surplus from, higher quality products. The second feature is that the buyer
gets cheated on low quality products and gets good value when buying goods of
high quality. Thus, there are rip-offs at the bottom, and bargains at the top. These

features are captured in the following proposition.

Proposition 2. For every m, prices, acceptance probability, and the surplus remain-
ing for the buyer are all strictly increasing in v. That 1S, Zm y, bmy and v — 2z, , are
increasing i v. Moreover, the buyer makes a negative surplus on v; and a positive
surplus on vy, t.e.

V= Zmy, < 0 <Up — Z;mu,

Proof. Full proof is in the appendix. Here we take as given that b,, , is increasing in

v for all m. Repeated substitution of equation 8 into itself gives:
[e.e]
Zmop — K _ e—rA(j—m) bj:U
K £ 1 - bj,v
j=m

Since b;,, is increasing in v for all j, the above implies that z,,, is increasing in v.

To obtain that v — z,, is increasing in v, note that one can rewrite equation 7 as:

e%(@*zm,v) _ bm,v (1 - 7Tm) ez?ierl e rAU=m) 1“(11:17:7;,)
T (1 — byw)

U — Zm, being increasing follows. ]

Proposition 2 stands in contrast with the classic full information model. When the
buyer is fully informed about the seller’s product and offers, the seller obtains all of
the surplus. Thus, in the full information model, the buyer is always indifferent about

the transaction. In contrast, Proposition 2 says that a rationally inattentive buyer is
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much more likely to be disappointed or satisfied with her purchase than indifferent
about it. Moreover, a rationally inattentive buyer feels ripped off after buying cheap
products, and is satisfied with expensive ones. Thus, prices are representative not
only of a good’s quality but also the buyer’s satisfaction, features that are abscent

from the classic full information bargaining game.

5 Frequent Offers and Delay

This section shows that introducing costly attention into bargaining results in delay
which is independent of the time between offers. Theorem 2 already implies that
delay occurs in equilibrium in an environment with infrequent offers. However, as
pointed out by Gul and Sonnenschein (1988), the delay that arises in an environment
with infrequent offers can be misleading. In particular, restricting the time between
offers to be positive may conflate the time of agreement with the number of offers
needed to reach it. I therefore study what happens in my model as the time between
offers goes to zero. Proposition 3 establishes that the model’s delay persists even
when offers are made infinitely frequently. Moreover, the proposition shows that this
delay is decreasing with the good’s quality. Thus, the more there is to lose from
delay, the smaller it is.

Let B (A, k) be the bargaining game with infinite horizon where the time between
offers is A > 0 and the marginal cost of attention is k. Given A > 0, take 7 (A) =
{A,2A,...} to be the set of calendar times of the periods of B (A, ). Thus, each
period m corresponds to a calendar time of Am. A sequence of time between offers,
{AL 2, is a refining sequence if A, | 0 and T (A,) C T (A,41) for all n. The
current section is concerned with the distribution of the calendar time of agreement,
defined below.

Definition 3. A function F' : R x V. — [0,1] a timing distribution function of
B (A, k) if there exists an equilibrium (p,b,z) of B (A, k) such that for every v,
F, (t) is the probability that trade occurred on or before calendar time ¢ conditional

on the quality being equal to v.
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Theorem 3 establishes that the timing distribution functions of B (A, k) converge
as A goes to zero and k remains constant. [ interpret a lower A as an increase in the
rate in which new information accumulates, but not necessarily as an increase in the
rate in which new information is absorbed. By fixing « I assume that absorbing the
same amount of information at any given moment results in the same cost of atten-
tion, regardless of A. This assumption is inline with the chain rule of information,
which states that observing multiple consecutive signals costs the same as observing
all signals simultaneously (see section 2.3). Thus, what matters is the amount of

information the buyer absorbs, not the number of signals she uses to absorb it.

Theorem 3. Let {A,}.2, be a refining sequence, and take {F"} 2, to be a se-
quence of corresponding timing distribution functions. Then there is a sub-sequence

{A,, b, and a cumulative distribution function for every v, F,, such that F'* (t) —
F, (t) for allt and v.

Proof. See appendix. ]

Given Theorem 3, I will say that a function F' : R x V' — [0,1] is a frequent
offers timing function of By (k) if there exists a refining sequence {A,} 7 and a
corresponding sequence of timing distribution functions {F"} ", of B (A,, x) such
that F" (t) — F, (t) for all v and t.

The following proposition establishes that rational inattention leads to delay in
an environment with frequent offers. Moreover, it shows that delay is decreasing with
the quality of the good and that there is always some probability of trade occuring.
The proof of the proposition is rather involved, and is tightly connected to the proof
of Theorem 3. The key step in the proof of Theorem 3 is to approximate each F" by
a distribution G™ that is absolutely continuous over time for every v. In particular,
G™ is chosen in a way that agrees with F™ for every t € T (A,) and every v. To
construct G”, I use b,, , to create a time-dependent hazard rate for each v, A;,. These
hazard-rates can be shown to be uniformly bounded by a number that remains finite
as A goes to zero. Utilizing this bound I can embed the hazard rates in an L, space
with the appropriate measure over R, . I then evoke the sequential version of the

Banach-Alaoglo theorem to generate a weakly convergent sub-sequence of the said
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hazard rates. This results in an absolutely continuous limit F, for all v, as stated in

Proposition 3 below.
Proposition 3. Let F' be a frequent offers timing function of By (k). Then:
1. F, is an absolutely continuous for every v and satisfies F, (0) = 0.
2. F (t,v) is strictly increasing in v and in t for all t > 0.
Proof. See appendix. ]

One can get an intuition for Proposition 3 by examining the game in which the
buyer knows v. For that, let B, (A) be the bargaining game in which the quality
of the good is equal to v with probability 1. Proposition 4 below characterizes and
proves uniqueness of the equilibrium of B, (A). The equilibrium in B, (A) involves
inefficient delay which persists even when offers are made infinitely frequently, just
like the equilibrium of B (A, k). Moreover, the proposition shows that as the time
between offers goes to zero, the distribution of agreement time in B, (A) converges

to the distribution of the first arrival from a Poisson process with a rate of r (%)

Proposition 4. There exists a unique equilibrium in the game B, (A). In this equi-

librium:
1. The seller offers v every period with probability 1 regardless of the history.

2. The buyer accepts v with probability:

e (1 — e_””A) (v—kK)
A (I—e™)(v—kK)+&

(12)
3. Let F, A to be the cdf of the time of agreement in equilibrium. Then as A, — 0:
Foa, (t) > 1—e (55

Proof. Note that since the seller’s quality is known to the buyer one has fi,, =

fim+1, = 1 and b,,, = m, for all m. Equation 7 from lemma 1 then implies that
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Zm = v for all m. Equation 8 from lemma 1 then establishes that b, , equals to
TA, for all A. Finally, note that 1 — F, a, (¢) equals (1 — W*Amv)t/A". Part 3 of the

proposition then follows from L’Hoptial’s rule. ]

Delay arises in B, in order to ensure that the seller’s offer remains equal to v.
Intuitively, if the seller were to make an offer strictly below v, then the buyer’s best
response is to accept the seller’s offer for sure. As suggested by the example in
section 3.1, the only credible way the buyer can do so is to accept for sure every
offer. But if this were the case, the seller would surely make offers much higher
than v. If the seller’s price was strictly above v, then the buyer’s best response
is to surely reject the seller’s offer. Again, the only way the buyer can do so in a
credible fashion is to reject for sure every offer in period m. That, however, will mean
that the buyer is inattentive (section 3.1), which cannot happen in my equilibrium
refinement. Therefore, the seller must be charging v. The seller’s first order condition
(see equation 11) then implies that b,,, must be equal to TA.» thereby leading to
delay.

When the quality of the good is unknown to the buyer, a seller of a v quality
good may set a price different than v. Still, if period m prices are either too high or
too low, the buyer will choose either to automatically reject (i.e. m, = 0) or accept
every offer for sure (i.e. m, = 1). Since we focus on attentive equilibria, neither of
these can occur in equilibrium. Making sure that prices stay within an acceptable

range then generates delay similarly to how ensuring z,,, = v created delay in B,,.

6 Negligible Attention Costs and Surplus Splitting

In many situations, it seems unreasonable that the cost of attention is large compared
to the size of the economic surplus. Such situations may appear especially likely in
an environment with frequent offers, which can be thought of as representing a face-
to-face interaction between the buyer and the seller. In these environments, one may
presume that the outcome would be very similar to that of the game with a fully

rational buyer. Theorem 4 below shows that this is not the case.
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[ will say that (US, (71,) are frequent offer utilities of By (k) if there exists a refining
sequence {A, } 7, with a corresponding sequence of equilibria {(x", b", 2™)} -, such
that F [UP] converges to U; for i € {s,b}. Thus, U; is the expected utility of player i
in some frequent offers environment. To establish existence of frequent offer utilities,

I state the following corollary of Theorem 3.

Corollary 2. Let {A,} 7 be a refining sequence, and take {(p™, 0", 2")} >, to be a
sequence of corresponding equilibria. Then there exists a sub-sequence { ("™, b™, 2™ )}7°
such that E[U"| converges for all i € {s,b}.

Theorem 4 states that the buyer and the seller split the uncertain portion of the
surplus when offers are frequent and attention costs are negligible. The seller still
appropriates the sure portion of the surplus, which is v;. However, the rest of the
surplus is split evenly between the two players. In addition, in the zero x limit there
is no inefficiency. Thus, no surplus is lost neither due to delay nor due to costly

attention.

Theorem 4. Let {((_]5", U;)}zozl be a sequence of frequent offer utilities of By (ky)
with k, — 0. Then:

. 1
Jim U = S (Ev] +w)
. 1
Jim Uy = S (E[v] —w)
Proof. See appendix. ]

When k vanishes, efficiency is restored because the equilibrium becomes similar
to the one in the full information model. Namely, as x goes to zero, any sequence
of acceptable offers results in immediate agreement. Similarly, an unacceptable se-
quence of offers leads to disagreement until acceptable offers are made. Standard
bargaining arguments then give that trade is immediate with the seller making offers
that are just at the threshold between what is acceptable and what is not.

Which offers sit at the buyer’s margin between accepting and rejecting depend

on the buyer’s marginal cost of attention. More specifically, these offers depend on
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the marginal attention costs of rejecting all of the seller’s future offers (Lemma 1).
When offers are frequent, this marginal cost converges to zero for v; and remains
negative for all other values of v. Because the marginal attention costs are negative
at the limit, the buyer’s marginal utility from rejecting is positive. Thus, the buyer’s
marginal attention costs effectively increase the value she assigns to future periods.

The reason marginal costs remain negative as k vanishes is that rejecting for-
ever can immediately and completely misinform the buyer. In any equilibrium, as
time goes by the buyer’s belief that the good’s quality is v; goes to 1. The buyer’s
beliefs evolve in this way due the buyer accepting good offers more frequently than
she accepts bad ones. Since the worst offers are made when the seller has the low-
est quality product (Proposition 2), the buyer’s belief that the good’s quality is v,
increases over time. As k goes to zero, this process accelerates, leading the buyer
to believe that the good’s quality is v; with probability 1 within a blink of an eye.
Thus, if the buyer were to reject the offers of a seller with v # v; for even a second,
she would immediately believe that v has a probability of 0. Since no quantity of
Bayesian updating can make a zero belief positive, such signals would be infinitely
misinformative. Therefore, if kK was to remain positive, the marginal cost of rejecting
forever would have converged to negative infinity. This convergence competes with
the convergence of k to zero, eventually leading to a strictly negative limit.

To get a better sense of how infinite marginal attention costs can lead to a result

like Theorem 4, consider the following one-period version of equation 9 from section

3.2: ) -
v—21,—Kln ( l’v) = —kln <_—M) (13)
T I —m

For illustrative purposes, suppose that the probability of a reject signal conditional

on v satisfies:
bl,v =1- (1 — 7T1> 6_(7)_7}1)/21€

Then as x goes to zero, by, converges to 1 for all v, meaning that m; converges to 1

as well. In addition, for every level of k the right hand side of equation 13 is equal
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to (v —v;) /2. Therefore, as k goes to 0 equation 13 becomes:

1
U—zlﬂ,zﬁ(v—vl)

Thus, a v seller’s offer converges to (v + v;) /2, and the buyer’s acceptance probability
converges to 1.

In equilibrium the buyer does not use a lone signal as described above. However,
as Kk goes to zero in a frequent offers setting the effect of the buyer’s signal sequence
in the game’s first few moments converges to that of the above single signal. Con-
sequently, trade becomes efficient and the buyer obtains half of uncertain portion of

the surplus.

7 More Information, Lower Surplus

The current section explores the efficiency implications of revealing the good’s quality
to the buyer. To do so, I compare the equilibrium payoffs in the standard game to the
payoffs when the buyer knows v. As shown in Proposition 4 in section 5, revealing
v to the buyer results in a unique equilibrium. Corollary 3 below establishes that
this equilibrium involves the seller appropriating all of the surplus. Moreover, the
corollary shows that revealing v to the buyer results in an inefficiency of size k. The

corollary follows from Proposition 4 and Lemma 1.

Corollary 3. The expected utilities of the buyer and the seller in the equilibrium of
B, (A) are 0 and v — K, accordingly.

Proof. By Proposition , z,,, = v for all v. Therefore, by equation 5 of Lemma 1, the
seller’s expected utility is equal to v — k. To get that the buyer’s expected utility is
zero, note that we have both b, , = m,, for all m and z,,, = v for all v. The first
implies that the buyer’s attention costs are zero, while the second means that her

expected transaction utility is also zero. Thus, the buyer’s surplus is zero. O

Corollary 7 suggests that in B,, attention is effortless in equilibrium. The reasion

attention is effortless is because the seller uses a deterministic strategy. Since in

34



equilibrium the buyer knows both the seller’s strategy and v, the buyer’s knowledge
includes all there is to know about the seller’s offers, resulting in zero attention costs.

The fact that attention is effortless on the equilibrium path does not mean that
the buyer perfectly observes the seller’s offers. Indeed, perfectly observing the seller’s
offers would constitute a non-credible attention threat. Such threats are ruled out
by my equilibrium refinement. In particular, my refinement requires the buyer to
take into account the potential marginal cost of paying attention to off-equilibrium
offers. These marginal costs induce the buyer to only partially adjust her acceptance
probability in reaction to zero probability offers. The interaction between this par-
tial adjustment and the seller’s incentives that leads to delay in equilibrium, which
remains when the buyer knows the quality of the good.

Proposition 5 wishes to compare the welfare in the original game, B (A, k), to
the welfare obtained by revealing the good’s quality to the buyer. For this, consider
a hypothetical game in which both the buyer and the seller get to observe v before
the bargaining stage. By Corollary 3 this hypothetical game will give the seller
an expected utility of E [v] — x while the buyer’s ex-ante surplus will be equal to
zero. Hence, the total surplus when the quality is revealed to the buyer is given by
the expected value of v minus . Proposition 5 below shows that both the buyer’s
surplus and overall efficiency are strictly higher when the quality of the good is not
announced to the buyer. Therefore, revealing information in an environment with
rational inattention could have negative consequences on efficiency and the utility of

the inattentive individuals.

Proposition 5. There exists 6 > 0 and 7 > 0 such that for every equilibrium the
total expected surplus is larger than E [v] — k + 7 and the buyer’s expected utility is

strictly larger than 0.
Proof. See appendix. O

Proposition 5 asserts that revealing the quality of the product to the buyer results
in reduced efficiency and lower surplus for the buyer across all equilibria. From the

buyer’s perspective, being ignorant of v results in a variation in the value of the
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seller’s offers. This variation generates positive attention costs. Since attention costs
are strictly convex and the buyer is attentive, she earns a strictly positive surplus.
As for overall efficiency, keeping the buyer ignorant of v creates positive attention
costs but reduces the overall efficiency due to delay. The size of the overall ineffi-
ciency, however, turns out to be convex in the seller’s expected profits conditional
on v. When the buyer is uncertain about the quality of the good, the distribution of
the seller’s conditional expected profits becomes more concentrated, thereby reduc-
ing the overall inefficiency. Thus, keeping the buyer in the dark with respect to the
quality of the good results in less delay that more than compensated for the buyer’s
positive attention costs. Thus, when attention is costly, improving the information

of the inattentive buyer

8 Concluding Remarks

In this paper I showed that introducing rational inattention into one-sided repeated
offers bargaining gives rise to many features reminiscent of real-world transactions.
A rationally inattentive buyer earns a strictly positive surplus, even when attention
costs are negligible (Theorem 4). When attention costs are positive, trade occurs with
delay that is decreasing with the value of the good (Proposition 3). The resulting
delay is accompanied by the buyer being unhappy with cheap, low quality products,
and pleased with expensive products of higher quality (Proposition 2). Finally, I've
shown that in the presence of rational inattention, ignorance is bliss in the sense that
both the buyer’s and the total surplus are higher when the buyer does not know the
good’s quality (Proposition 5).

My starting point was perhaps the simplest of dynamic bargaining models: One-
sided repeated offers with full information. It remains an open question how much of
my insights survive the transition to other, more complex bargaining environments.
Examples of such environments include the buyer having private information, two-
sided offers, existence of an the outside option, etc. In addition, there are some
questions that remain open even with respect to the simple bargaining protocol

studied in my paper. For example, in the infinite horizon model, I focused on an
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equilibrium which was the limit of finite horizon equilibria. This refinement resulted
in equilibria that were completely forward looking and depended very little on past
offers (Theorem 2). It remains to be seen whether it is possible to obtain qualitatively
different results in more complicated equilibria .

In addition to exploring variations on the bargaining environment and solution
concept, it would be of interest to study the implications of more structured models
of attention on bargaining. As mentioned in the introduction, I view rational inat-
tention as extending utility maximization to include costly attention. Thus, just as
people study how deviation from utility maximization influence economic outcomes,
so it would be of interest to study the interaction of bargaining and other ways of

modeling limited attention.
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A Information Theory Preliminaries

Lemma 2 (Log-Sum inequality). Let (a;);_, and (b;);—, be non-negative numbers. Then:
n @ n Zn_ a;
a;ln = > a; | In ==L
Z bz’ (Z ) Zi:1 bi

with equality if and only if $* is constant.

Proof. The function f(c¢) = clne is strictly convex since f (¢) = 2 > 0. Set ¢; = ¢ and set
oy = ﬁ Then by Jensen’s inequality:

n a; a; . o Z?: a; Z:’;: a;

J j=1 j=1
the lemma follows. O

Lemma 3 (Chain rule for mutual information). Let (Z,F,p) be some probability space, and let
1:8%xZ —1[0,1] be such that [ (s1, s2;-) is measurable for all s1,s2 and 2o
for all z. Define pis, by setting:

51,82) l (81782;2) =1

_ S 2os, 1(s1,80;2)dp (2
fZ 252 ! (815 82;2) dp (Z)

~—

Pis, (E)

take:

li(s152) = Zl(é‘l,SQ;Z)
and for every sy let lj5, : S x Z —[0,1] be:

1(s1,89;2)

ngl(sl,sé;z)

l2|51 (s2;2) =

then:

I(Lp) =1I(li;p) + Z (/Z Iy (s1;2) dp) I (lo)s, s Pis, )
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Proof. Note that:

l2|g (SQaZ)
I l 9; S = l S ; ; d s
(2|(1 y2i 1) /Zgz: 2|51 (82 (fl251 82, )dp151 Pls,

(21(811(782%). ))
/ZZQ\Sl (82;2) In l(i; 82" 1)

Z S0 f( ) ) )dp
fZ 31732a )dp(Z)
l(s1,82;2) )

In{ —m—2+—
(fl(sl,SQ;z) dp
= ZZZ\SI (82;2) l_ dpl51
z g, —ln< (s1; ) )
I71(

S15%2

l(s1,89;
- [T o (0 >
l_ 515 % )
_ dpys
/ <fZ 317 > b '

and therefore, (f Iy (s1; )dp) (l2|sl;plsl) is equal to:

1 (s1,892;2
- E </ ll 517 dp)/ § l2|51 S2; 2 1n<fl (8132 ) )dpl51
1,825 %
1

S

S ([freen) [ g o

1(51,52, )
= /ZZZ S1;% l2\81 S5 % ln(fl 51752’ )dp

S1 S2

A RLIC e i

= I(pvl) - (pall)

thereby implying the desired equality.
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B Sufficiency of recommendation strategies

This part of the appendix shows that it is sufficient to focus on recommendation strategies. The
section begins by introducing required notation and the definition of general strategies for the buyer.
Then, the section defines what it means for two strategies to be outcome equivalent and when we
call a strategy for the buyer as a recommendation strategy. I then present the proof that recom-
mendation strategies are sufficient by showing that for each strategy we can construct a sequence
of outcome equivalent strategies with lower information costs that converge to a recommendation
strategy.

Let Y is some compact subspace of a finite dimensional Euclidean space. Defining 7,1 =
X™ xY, we take gg to be a borel probability measure over Zy = Y, and (Um)n]\f;1 to be a sequence
of probability transition kernels: oy, : Z,,—1 — A (X) that give the conditional probability over the
m time fundamental X,, given z,,_1 = (:rmfl,y). For n < m and z,, € Zy, we will take z,, (n)
to denote the projection of 2, on Z,. Throughout we will focus on the peirod 0 problem without
loss of generality. For M € NU {oo}, we let 0 € A (Y x XM ) denote the probability measure
derived by repeatedly application of (Um)i\fzo. Similarly, we will write: o (+|z,) € A (Zpr—p) for the

M
For

probability distribution over {z,} x X ~" resulting from repeated application of (o), _,, 11

the sake of brevity, we write o (E,,) instead of o (E,, x X™~™) for any E,, € B(Z,,).

A strategy for the buyer consists of a pair (), 3), such that A\ = ()‘M)Zzo and 8 = (ﬁm)%zo,
where A, : Z,, x S™71 — A(S) and B, : S™ — [0,1]. Thus, A, (sm|zm,sm’1) is the probability
of observing signal s,,, conditional on past signals being s™ ! and the state up to time m being z,,,
while 3, (s™) is the probability of the buyer stopping at period m conditional on having observed
the signals s™. Given (A, 3), we let uy g (-|s™) be the posterior distribution over Zj; conditional

on having reached any period n > m and having observed signals s™ from A.

Definition 4. Two strategies (), 8) and ()\', B/) are outcome equivalent if for every o and every

m, the probability that the buyer stops at period m is the same under both (A, ) and </\l, 5') .

Definition 5. A strategy (), 8) is a recommendation strategy if for every m:
Am (sm|zm, Sm_l) >0

implies s,, € {0,1}, and B, (s™) =0 if s, = 0 and 3, (s™) = 1 otherwise.

We will prove here the following proposition:

Proposition 6. For every (A, 3) there exists an outcome equivalent recommendation strategy
()\l, ﬁ,) that is weakly better for the buyer than (X, §).

To prove the proposition fix some (A, 3). We will construct the strategy (A*, %) in the following
way. Let AS (O|Zo) = ZSO )\0 (50|Zo) (1 - ,80 (So)) and )\6 (1|Zo) = Zso )\0 (50|Zo) ﬂo (80). Set BS (O) =
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0 and £ (1) = 1. Define the period 0 likelihood Iy by:

Ao (s0]20) (1 — Bo (50))
Ab (0]z0)

l() (80‘20) =

and let AT (s1, So]21,0) = A1 (s1]21, 0) lo (S0|20). Note that we can let A} send signals in .S x S since
S is countably infinite and therefore there exists a bijection from S to S x S. For every m > 1, let
B, (s™,0) = By, (s™) and for any m > 2 take X%, (Sm|2m, s™ 71 0) = A (Sm|2m, s™71).

m

Lemma 4. (\, ) and (\*, 8*) are outcome equivalent

Proof. Obviously the probability of stopping in period 0 is the same under both. As for stopping

in period 1, the probability under (A*, 8*) given some 2z is:

Ao (0]z0) Z A1 (s1]21, 80) lo (S0|20) (1 — B1 (s0,51)) =

50,51

D A1 (s1]21,50) Ao (s0]20) (1 = Bo (s0)) (1 = B1 (s0, 1))

50,51

which is the same probability of stopping under (A, 8). It therefore follows that the probability at

any period m given any z,, is the same under both, hence the two are outcome equivalent. O

Lemma 5. The expected present value of the cost of attention is lower under (X\*, 3*) than under

(A, B).
Proof. Clearly, p= g+ (-]s™,0) = ux g (-|]s™) for every m > 1, and therefore
I(Am (™) sias (1s™71)) =
I ()\jn (.|sm—l’0) e ge (,|8m—1’0))
We will now show that:
I(Ag;0)
e A / A (0]20) do (14)
XL(AT (10), s g+ (-10)) - < T (Aoj0)

+6—TA /

Z Ao (s0l20) (1 — Bo (s0))
So dO’

XTI (A1 (+|s0) s px, (+]50))
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Let:
Bo (8) Ao (8]20)
> s, B0 (50) Ao (s0]20)

Bo (8) Ao (8]z0) _
EEUE R

/\0 (S‘Zo,/\g = 1) =

and:

(1 —Bo(s)) Ao (s]20)
> sy (1= Bo (50)) Ao (s0]20)
(1 —Bo(s)) Ao (s]20) — 1o (s]20)
A5 (0]=0) A

/\0 (SIZ()7 /\8 = O)

then by the chain rule of mutual information (Lemma 3) and non-negativity of mutual information:

I00i0) = I(X:o) /Z Ny (53)20) T (Lug: i - (-]53)) do

s5=0,1

> 1(Gi0)+ [ 4 0fz0) Lllos e - (10) dor
while I (A} (+]0), pa. g+ (+]0)) is equal to:

= T (lo; pa- - (-0))

lo 50 20
Z/ < o ) dpa- g+ (20[0)

I (A1 (+[s0) ;5 1,8 (+]50))
= I(lo; pa= g+ (-0))

+/ 3 ( lo (s0]20) ) 4o
xT (A (

50 1 (-[s0) s a8 (|s0))

which is equal to:

= I(lo; pa- 5~ (0))
<Zso Ao (S0l20) (1 = Bo (30))>
+/( A (0]z0) dor )dg

xI (A1 (+]s0) 3 a8 (+80))
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therefore:

I(Xo;0)

Ao (s0lz0) (1 = Bo (s0)) x
+e_"A/ go; B o do > I()\j;0)

L (A1 (+[50) s a6 (+]50))
+ [ X5 0120) Lo - (0)) do

> Ao (s0lz0) (1 = Bo (s0)) x

+67TA/ do
L(A1 (Iso) s s (+50))
which is weakly larger than:
> 1(Ag;0)
+e’TA/)\3 (020) I (lo; pra= g+ (0)) do
>~ Ao (s0l20) (1= Bo (s0))
_i_e_”'A/ S0 dJ
I (A (+[s0) s px,8 (+]30))
which is equal to:
= I(X\;0)+ e_TA/)\S (0]z0) do x
L (lo; pa= 5= (+10)) +
> o (s0lz0) x
A dpixe - (20/0)
I (A1 (Is0) 5 a8 (+]50))
= I(Ag0)
s / X5 (0]20) do
XT(AT (+|0) , prs 5= (:10))
as required. O

Note that together, lemmas 4 and 5 imply that (A*, 3*) give the buyer a utility at least as high
as (A, 8) while achieving the same distribution over outcomes.
Construct now the following sequence: (A°, 8°) = (\*, 8*). For every n, construct (A", 3") by

taking ()\"’1, 6”’1) and replacing the strategies starting at periods n and n + 1 in a similar way
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that A§, 85, A7 and 87 replaced Mg, Bo, A1 and 1. It is easy to verify that (A", ™) converges to
some limit (A%, %), and that (A*°, 5°°) is a recommendation strategy. Moreover, by 4 and 5 that
(A%, 5°°) is both outcome equivalent to, and is better for the buyer than,(), ).
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C Optimal stopping with rational inattention

In this section we characterize the optimal recommendation strategy for the buyer under general
settings. The generalization is modest in that we allow for a more general space of outcomes and for
a more general relation between these outcomes and the buyer’s payoffs. Thus, the results provided
here are given for a general stopping problem under rational inattention in which the unknown
evolves according to a sequence of probability transition kernels, and is not limited to the one-sided
bargaining setup studied in the paper. The specialization of the results to the setup in the paper
should be pretty straightforward. This is despite the notation in this section being completely self
contained. To make it as easy as possible to move from this section to the paper, I have attempted

to keep the notation of this section as similar as possible to that of the paper.

C.1 Two formulations of the optimal stopping problem

Let Y is some compact subspace of a finite dimensional Euclidean space. Defining Z,, 1 = X™ XY,

we take gg to be a borel probability measure over Zy = Y, and (am)M to be a sequence of

m=1
probability transition kernels: ¢, : Z,,—1 — A (X) that give the conditional probability over the
m time fundamental X, given z,, 1 = (a:m_l,y). For n < m and z,, € Zy, we will take z,, (n)
to denote the projection of z,, on Z,. Throughout we will focus on the peirod 1 problem without
loss of generality. For M € N U {oco}, we let 0 € A (Y x XM ) denote the probability measure
derived by repeatedly application of (am)i\f:l. Similarly, we will write: o (-|2,) € A (Zp—p) for the

probability distribution over {z,} x X™~" resulting from repeated application of (am)M For

m=n+1-
the sake of brevity, we write o (E,,) instead of & (Em X XM_m) for any borel set E,, C Z,,.

A binary stopping strategy is characterized by a collection of mappings (Bm)%zo where f3,, :
Zm — [0,1] is measurable for each m. 0, (z,,) represents the conditional probability that the
buyer decides to stop at period m given that m has been reached and the fundamental is z,,. We
take B to be the set of all such mappings defined up to o-almost sure equality. For a fixed [,
let B = (Bm, Bm+1s---,0n) for n > m. We will write lg,, as short hand for the m likelihood
defined by g, (0; 21,) = 1— B, (2m) and lg,, (1; 2mm) = Bim (2m ), abuse notation by writing for every
p € A(Zn): I(Bm;p) instead of I(lg, ;p). Understanding that 3, is a function of z,, € Zy, we
will often use S, (zas) instead of S, (zar (m)). Moreover, when there is no risk of confusion about
zm, we will sometimes write (3, instead of B, (zm)-

We now turn to defining the buyer’s objective function. As in the main paper, for any sequence
of constants ¢ € R*>°, we will let H;V:n ¢; = 1 whenever N < n. Let v (z,,) be the value of the
buyer from stopping at perod m given fundamental z,,. We assume that v is Borel measurable
and takes value in [v,7] for —0c0 < v < 0 < ¥ < o0, thereby implying that v is integrable. For
zm € Zy, we will take vy, (2pr) = v (2a (m)), and again abuse notation and write v, instead of

vm (2p) whenever there is no risk of confusion.
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Let pg,m be the buyer’s posterior over Zj; conditional on having used § and reaching the

beginning of period m. For any m > 0, define:

m—1
Un (55 0') = p H (1 - ﬁn) (Bmvm | (ﬁm; HB,m)) do
M n=1
Taking:
M
U(Bso)=> e DU, (8;0)
j=1

We can then define the buyer’s time 1 problem as:

max (f;0) (15)

To state our theorem, we need to introduce the concept of the buyer’s quasi-value. Letting 7, =

[ Bmdps,m For a given z,,, let:

U’:;L (ﬂ|2m) = ﬁmvm - Kﬂm In (ﬁm/ﬂ—m)
—K (1 - ﬂm) In ((1 - /Bm) / (1 - WM))

It is not too difficult to see that we can rewrite the buyer’s objective function as:

M m—1
@)=Y [ I1 =5 | a0 (8lem) do
m=1 j=1

This way of writing the buyer’s objective function suggests a useful way of thinking of the buyer’s
continuation values. In particular, we will define the quasi-value of the buyer conditional on arriving

to period n > m and knowing z,:

M ) Jj—1
U (B; 0|2m) = / S e A= T (1= B U7 (82, 0) | dor (M ]2,0)
j=n k=n

as the conditional ’'value’ of the buyer conditional on z,, and arriving to period n. With this

notation in hand, we will turn to prove the following theorem:

Theorem 5. [ solves the problem 15 only if:

WmG%UM(Zm)

(16)

Tmenvm(Em) 4 (1 — ) ene " Umer(Biolzm)
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Moreover, if 8 satisfies the above conditions with m, € (0,1) for all m as well as:

lim (eTA(m”) In <1 — ﬂm)) do (ZM‘Z'IL) =0 (17)

m—00 1—m,,
o-almost surely, then B,, is optimal.

To solve this program, we will solve an equivalent program in which the buyer chooses the
ex-ante probability that she will stop in period m conditional on z,,. More specifically, take H
to be the set of all measurable mappings h : Zp; — [0, 1]M defined up to o-almost sure equality
that satisfy: (1) M

meom (zar) < 1 and (2) 2z (m) = 2y (m) implies Ry, (237) = him (z;\/[) Then

we are interested in maximizing a functional equivalent to the one in 15 defined over H instead
of B. Tt is easy to see that H is convex. We think of h,, (zps) as the probability that the buyer
stops at period m conditional on the fundamental up to and including period m being equal to
zp (m) = (xmﬂ, y) When the choice of zp; € Zy is clear, we will sometime drop z,; and simply
write h; instead of h; (zar).

Fixing some h € H and some m, we can define the corresponding conditional stopping strategies:

h
h m
A = _—
Prle) = T
1 o m_ hn
L= B (em) = —=0=0"
1- ano hn

whenever Zmz_ol h, < 1 and have 3% (z5;) = 0 otherwise. Note that 3" € B, which allows us to

n

write: fihm = figh m and I (A pnm) = I (B pgn m ). Take:

Um (h;a) = /Z (hm (Zm) v (Zm) A (1 - Z_ Iy (Zm)> I (hrm Uh,m)) do

n=0

and define the functional: u

U(hyo) = Z e "AM0,, (h:o)

m=0

then we will consider the following ex-ante program:

rgleaﬁcu (h;0) (18)

To establish the equivalence of these two programs, for every 5 € B take h® to be defined by:

—

m

RP (zar) = 1:[ (1 = Bn (20)) B (221)

n=0
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The the following facts are easy to verify and we therefore ommit their proof.
Fact 1. For every h € H and 8 € B: (1)h%" = h; (2) For every zy; for which HZ:OI (1—=5n(2m)) >
0: B2 (2a1) = Bu (2m1)- (3) U (Bi0) =U (hP:0); (4) U (hs0) =U (B";0).

Given the above equivalence, we will focus on finding a solution to the program 18 from which

we will back out the solution to 15. The main advantage of focusing on maximizing ¢ rather than

U will be that U is concave. We now turn to proving this fact.

C.2 U is concave

Lemma 6. Let ¢ : Zp — [0,1] be some measurable function. Then the function: f,,, (¢) =

v (zp)In (?tgf(}) is convex in @ for all zps.

Proof. Fix ¢ and ¢ . Then by the log-sums inequality (2):

g (ot (£ )+ (1-0)¢ (an)in (jég{j)

(zar) + (1= )¢’ <zM>>

/ ap
> (acp(ZM)-f'(l—a)Sﬁ (ZM))1D< Jap+(1—a)¢'do

as required. O
Lemma 7. U is concave in h.

Proof. Note that we can write:

Uy, (h;0) h hl( O )+1 mh 1( i )
m (o) = AmUm — K| Ap | = - B
fﬁ’r}‘ﬁzd,uh,’m ! f(l_ ﬁl)dﬂ'h,m

i 1= hy
hm In ( hm ) +11- Z h]‘ In Z_]fO J
=0

J hmdo J (1= hy ) do
= hmvm — K 1

ml 1= h,

—1=> hi|n Zﬁj !
j=0 J (1 —2 =0 hj) do

Thus, letting:
U (hizar) = hanm — khp In fom
m y M - mUm m fhmda

—k(1—eT1, 1-— h; | In
( [ <M]) jz:;) J f(lfzz»nzohj) o

o1



we can rewrite:

M

Uh;o) = / Z e AN (h; zay) do (19)
ZM m=0
Concavity then follows from equation 19 and lemma 19. O

C.3 Necessary Conditions

Note that throughout this subsection we fix 0. Therefore, we will simply write ¢/ (h) instead of

U(h;o).

Lemma 8. Let f:[0,1] = R be concave. Then for all 0 <y < A < 1:

fM - A =f()
1—A - 1—7
Proof. Set a = % By concavity: f(A) > af (v) + (1 —«) f(1). Therefore: f(A) > f(1) —
a(f(1)=f(y),or: a(f(1)—=f(y) = f(1)=f()). Dividing both sides by 1 — X gives the desired
inequality. O

Lemma 9. Suppose h mazimizes U (k). Then both:

(T )

and
M i
Z efrAj In 1 - ?c:O hy
j=m S (1 = 2k=0 hk) do

are o-integrable for all m.

Proof. We will begin by showing that Z;Vim e~ In (m> is integrable for m =
k=0 'tk )40

0. Since Zj\io e A (1 - Zi:o hk> In (M) > 0 is integrable, this implies that

M _rAj j 1-527 kg .
Simge A (Z?Fo hk) In (Mko“h:)dg) is not.

Take h° to be such that h? = 0 for all j. Then by optimality of h and lemma 8 we have that
forall0 <y <A<t

U(h) —U (A + (1 — ) R0) _ U(h) —U (vh+ (1 —7)R°)
1—A - 1—7
U(nh)—u ()

0<

IN
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where the last inequality comes from setting v = 0. Note that:

U (k) —U (A + (1= ) 1O)
11—\ N

h 1— 1['<]M]€7TA
hjvj — khy1 J it ot
Sk (f h]da> " ( 1—\ 8
> ( Soh (1= Shoom)
—rAj j y d
/ZM J:ZO ‘ =0 f Z-l]c:O hk) do g

J —AYY _h
—(1—>\th (=A%)
k=0 f 1*)‘Zk ohk) do

using the fact that for every a € [0, 1]:
0<—(aelna+(1—-—a)ln(l—a))<In2

and that In « is concave, we obtain:

h,
0< — 1/ h:l —7 _)d
B /'7n<fhjd0> 7

- (/ hy o hydo — (/ hjda> In (/ hjda>)
—/ (hj Inh; — </h]~do> In (/hjd(f)) do

In2

IN

Thus, since v; is bounded, we can rewrite:

Zfl(h)—lf((/\h+(1—)\)h/)
1—X N

M
/ Ze*TAj (hjvj — khjln (hj)> do
ZMm =0 fhde’

<1 - Zi:o hj) n ( (1 - Zi-:o hk) )
1—-A v U
7H/Z i (1 — eirAl[j<M]) eirAj | f <1 Zk—of'k) d
I e
1=A J(1=ASo ) do
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Letting:

<1 h> (1725;_0@)
1_)\ / I_Zk ohk)dU

_< A Ehoh ( 1—*25%0’%))
J(1=A2% ohk)dg

we obtain that the following inequality:

/ZZMJ<’”’J /ihjln<f:jdg>)da

MJO

G (zm3A) =

> / Z (1- e_rAl[j<M]) e "I (2ar; N) do
ZM =0

M

> i/ZM ;G—TA]’ (hjvj — kh;In (f:do>> do — (U (h)=U (h'))

holds for all A < 1. This inequality implies that there exists a sequence \; with \; — 1 and that

fZM (1 —e” 1[j<M]) e’TAJ{j (23 A) do converges to some limit L™ < co. By the log sums

: 1= oh
1-> hj|In ;
k=0 1-— fzk:O hkdO'

-\ (im) 1n< (1_A)Zi=0hj ) > (1—)\a)ln< 1_Azi=0hf >
k=0 (L= [ ke hrdo 1—=X[> _ohedo

which implies:
J (1 - i:o hk)
¢; A) > 1 - hi |1 - 20
i (zar3 A) < 1;) ]) n(f<1_ fc_ohk)da) (20)

for every zj; and all A, and therefore:

1nequahty.

M M J 1-— j,o h
Ze—rAjCj (zM; )\) > Ze—rAj (1 _ Zh]> In f ( ij?— k)

Jj=0 J=0
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Which is integrable. Hence by Fatou’s lemma:

lim/ Ze TR (2 N) do = lilminf/ Ze TAIC (2ars N) do
z — 00 ZM

l—o0 M =0

v

/ hmmf e TAJCJ (za; \p) do
Zm

l—o0
7=0

However:

(1 —A Zi:o hk)

. d J
Jim ¢ (zm5 A1) N <1 B )‘kzzohk> = [ (1 -2, hk) do

B J (1 - Zi:o hk‘)
- _ (kz_o hk> In ; (1 i hk) - (21)

J (Zi:o hk‘) do zj:o h !
J (1= Shog ) de iy ?;:okhk (1 ) ;}m)

Since equation 20 holds for all A, it must also hold in the limit, i.e.

A=1

M N ( | M N ( J > (1, i:o hk)
E e~ "2 lim ¢ (zpar3 N) > E e " 1—5 h; | In ,
j=0 I=e0 ’ . l 7=0 k=0 ! f (1 — ?@:0 hk) dO’

But:

/ f J (Zi:o hk) do B i:p hi (1 - i hk) do=0

(1-iphe)do 1= Yioh

for all j then suggests that:

M i ( J ) . (1 *Zizo hk> i
/jz_:o ;;hk 1 J (1= o he) do ¢

_ Y
is bounded, a contradiction. Therefore Z;Vio e8I In (m) do is integrable.
57 hp)do

. (=S ) ngy (=Sl
We will now prove that In <J'(1ZZ“'U o )do do and Zj —mt1€ In =5 )de do
are both integrable for all m. Suppose both are for all j < m — 1, but that one of them is not for
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j = m. Then both must not be integrable since:

v (11_—2}—0?)@ : 1 (1—2;‘ :)da
j=0 f( k=0 k) Jj=0 f Zk 0 k)

- m( (-ntan)
j hk)
—rAm E hi)

e n <f (1 Z::ooh:) do >

is integrable. Using equations 20 and 21 for every j we obtain that:

J (1 - Zi:o hk)
_ (kzzo hk> In f (1 - Zizo hk) -

( / (Zi:o hk) do Zk o i ) <
+ : - 1-
i (1 >0 0 hk> do ~Yioh

- (1 ) Zh) ; (f (< k)>dg)

/ fé (Zi_o hk-) do B i_gfj)khk <1 _ z]: hk> do =0

1= Siohs)do 1=

/ i/[: e " n (f (122_0}%) )dazoo

JR—— (1 -3 0 hk) do

J (f <(11_ %glofik))do) do=oc

a contradiction. O

O
>
N
N———

which, since

means that both:

and:

The above lemma immediately leads to the following result:

Corollary 4. Assume h mazimizesU (h). Then o {Z?:o h; = 1} > 0 implies o {Z;-n:o h; = 1} =
1.

Lemma 10. Suppose h mazimizes U. Then the function In (%) is integrable for all m.
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Proof. Suppose, by contradiction, that m is such that In (ﬂ?i’”d) is not integrable. Since In (f}ilimda) <

—In (fhmdo), we must have [In (fh’"d )da = —o00. Let h™ be such that h; =0 for all j # m

and h,, = 1 for all z3;. Then by concavity of & and optimality of &, we have for all 0 < X < 1:

0< L?(h)—d(/lh:r)\(l—)\) ht) <T(h) 0 () =1 (h) _efmm/vmda
letting:
! 1_Z£=Ohk
1-— hi | In -
1 ( kz=o k) f(l_ i:ohk> do
Cj(ZM§)\):m ) .
. 1= A ko hk
—1-=AX hi | In
( Z) J (1= Ao ) do
and:
L[ ()~ Ok 0= )
R S I A VIR ey
“(f(Ahm+<1—A>>da>
we have that:
U (h) —U N+ (1 — ) hT)
1— A\ B
—rAj vido — K e—rA] n h o
/Ze rnsin = [ 5 ringn () a

,ﬁ/z (lfe*rﬁl[](M]) <1ihk> In 1- ;:Ohk do
I=m k=0 / (1 — Y ko hk) do
_mm/fm 2N do — k(1 —e ") /Z e IC (20 \) do

and therefore we obtain that there are L and L such that:

m—1

Lge—rﬁm/gm (zM;)\)dJ+(l—e_TA)/ZCj (zar; N\ do < L

Jj=0
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for all A. Thus, there exists a sequence A; — 1 such that:
m—1
/e_TAmfm (zars M) + (L —e™"2) Z e "¢ (zar; N) do — Log
7=0

where Lo, € [L, L]. Using the log-sum inequality (Lemma 2) we obtain:
J N
(1 -3 hk> In L ZF:O i
k=0 f (1 - Zi:o hk) do
; (1= (S b
N <th>ln ( — )
k=0 Q=N ( }=0 hk) do
i s
> (1/\th> In L= A2 P
k=0 i (1 -2 hk) do

implying that for all A:

m—1 7 Z
e—rAj 20 e—’(A] k=0
otz (S n(rEE)

k=0

-1

3

Il
=]

J
while using the log-sum inequality (2):

h
h 1 m
. ( [ hmdo

)
(L= N) (L hy) )

1=\ [(1=hp)do

M + (1= N) )

+(1—A)(1—hm)ln<( (A + (1 = X)) do

> ()\hm+(1—)\))ln(f

gives:
(1 B hm)
m AN >(1—hyp)In | ———— 22
6 (201 > (1= o) (22)
we can therefore use Fatou’s lemma to obtain:
m—1
Lo > /lilm inf | e7"27E,, (zar; N) + (1- e*TA) e "¢ (zas ) | do
—00
§=0

%

/wﬁm (1= hp)In (M) do

= ; ! S7 o hi
+ (1 — E_TA) e_TAJ Z hk In ﬁ dU > —00
j k=0 A0



However, for every z;:

~ . _ 4 B Mg, + (1= N)
i n G = 5 [+ (- (=g )|
= (=D +hm( T [ hdo )
and:
, d ! 1Ak
lim ¢ (za5 M) = — (1)\ hk>ln k=0
o 2 VM AL dA |: I;) (f (1 — /\ngzo hk) do N
J 1= 3o
= — hk In 4k70
I;) (f (1= ) dcr)
; . .
f Zi:o hido Zizo Iy
+1=-%"n : - (
( kZ:o k) (f (1 — k=0 hk) do 1= 2—om
By lemma 9,

. 1- Zi:o hi
hy In ,
kzzo ’ (f(l— izohk) da)

is integrable for every j. In addition, h,, In (jl—?imda) is integrable,

hpm —1 [ hpdo—1
— =0
/h’”( . [ hmdo )d"

and:
J N\ J
/ (1 > hk) EULUMN b SULC AR [P
k=0 1=>%0le [ (1 — >0 hk) do

giving

m—1 . J 1_ Zj hk
00 > Lo+ (1—e ™)) e / > hiln k=0 do

=0 k=0 J (1 - hk> do

Y

|
—

=3
7 N
Z
&>
3
QS
S)
N———

o,

Q

V

|

8
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as required. O
Lemma 10 immediately implies the corollary:
Corollary 5. Suppose that h mazimizes U (h; o). Then o {h,, =0} > 0 implies o {h,, =0} = 1.

Definition 6. For any h € H, we say that the measurable function n : Zp; — R is an h-feasible
direction if there exists € > 0 such that for all 0 < € < & h+en € H. We denote the set of h-feasible
directions by Hy,.

Definition 7. We say that I is Gateaux diffrentiable at h € H if there exists a bounded linear
functionaldif, : Hy, — R such that for every n € Hy:

lim
e—0

(@ e -a ) - o) =0

€

Lemma 11. Suppose h mazximizes U. Let:

h
_ —rAm o —rAm m
Apm (z2m) = € Uy — K€ In (fhmda>
M I wY
+K Z eirAj (1 — €7TA1[]‘<M]) In ! Zlk:O hi
= J (1= Shog ) de

and define AU, (n) = fZ}\/I 2%:0 Ap.mnmdo. Then for every h-feasible 1, du, (n) is bounded and
satisfies:

lim
e—=0|€

S (@0 en —am - i )| =0 23

Proof. Fix some h-feasible direction 7. Assume without loss of generality that h + 7 € H, and let
Ae = 1 — ¢, while defining h* = h + (1 — ) 5. Then:

1/~ ~ B 1 = A\ 77
0= - (L{(h+e77) —u(h)) = 0% (u (h*) U(h))
_ % ram <U,;; (WA za0) — U, (B zM)> "
YAY: m=0 1- )\5
since U}, is concave (6), we have by 8:
Up (PY520) — U (hi2a) | Up, (hy2a) = Uy, (Y 20)
[REDY - 1—X\

> = (Un (hy2ar) = Uy, (h'5201))
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and therefore:

Uz (W 2p) — UZ, (B
(m( le)_/\m( ZM))+(Uﬁz(h;zM)—U§%(h1;ZM))20

for all zp;. Moreover, lemma 8 implies that (1 — )\)_1 (U;l (h’\; ZM) Uy (h;zM)) is increasing

with A. Therefore, by the monotone convergence theorem:

M . (1A e
lim / 3 e (Um (s 2) — U7, (h,zM)> N
Z

A=l g, = 1—A
M
U (b —U* (h;
= / Z e TA™ lim m ( ZM) m (13 201) do
Zn 5 A—1 1—X

R Vm —hmVm

note that: (ﬁ> = UmMm- In addition:

lim (1—=X)"" (A In LITEER BEFR o
A1 "N\ S hipdo "\ k) do

d h

_ h)\l m
A[ m‘1<fhado }

h

. (1*27:0}11')
(1_jz_:ohj)ln(f(1_z;nohj)da _
—m A 1n 1_2?:0@

1 Zhj)l f( )

1= 37 b)) do

a4 77” N 1—2?:0]13\
== [(1 ;h])l (f(l_zgn_ohﬁda)}

I ROV I R e vy
= (jzom) 1 (f 172?:0}%) dg)
v (1= ) f g ndo

=0 J (1= hj) do

and:

A=1
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thus, since:

ho | Nndo
[ (Fisa?) - o=t

i hj) 2o nido
J (1= ohs) do

we obtain that equation 23 holds. Boundedness of df, (n) for all feasible 7 follows from concavity

and:

c=0

[on-

of U and lemma 8 which imply:

1 - -
> P )\
0 = iinnf)\(u(h) i n)
~ ~ In2
> n - >So—(—— ) -7
> Z/l(h) UMh)>v (1_erA> v
thereby concluding the proof. O

Define:

For the next proof, it is useful to note that one can rewrite:

hm
Apm (2m) = e Ay, — ke TA™ n <f o do)
M j
, 1-5%_oh

+K Z e TR (1 — e_TAl[j<M]) In Z_k:o

- [(1=59_ m)d

j=m k=0 'tk | A0

m
_ e—rAmUm _ Iie_TA"L In ( m ) 1 ke —rAm In 1- E] =0 hj
J hmdo oh; )da
M
. 1— 1-—

5 S e [ Tieoh Z

jom1 J (1= g hn) do 1—2 )

Bh
= e A"y, — ke TA™ In < ) + K e ™ 1n
Th ( ) 1 - 7Th
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Lemma 12. Suppose h mazimizes U. Then:

7, (M) exp %vm (zm)

T (M) exp 20, (2,) + (1 — 7, (M)) exp %e*’“AZ;{mH (h|zm)

ﬁ’rhﬁ (2m) =

for all m.

Proof. First note that by corollaries 4 and 5 the theorem holds whenever o {h,, =0} > 0 or
o {hm =1} > 0. Suppose then that 0 {0 < h,, < 1} = 1. Fix any z,, in the support of o, and define
h#m as following: h*m = h; if j < m or j = m and zp (M) # 2z, K2 (2) = 1 — Z;-n:_ol hj (2m),
him (2m) = 01if 2y (M) = 2, and j > m. Let h* = Ah+ (1 — \) h*». Then obviously the following:

=h —h=(1-X\(h* —h)

is a feasible direction for all A € [0,1]. Note that n = n' satisfies n; = 0 if j < m or zpr (M) # 2,
Nm (2m) = 1 — Z] o hj (zm), while n; (2ar) = —h;j (2ar) whenever both j > m and zp (m) = 2zp,.
Since 7 is feasible and h is optimal, we must have that dUj, (n) < 0. Note that the pertubation
—n is also feasible, and therefore 0 > difj, (—n) = —diUy, (n). Hence, we must have dify, () = 0.

Therefore:

M
/Ahm Zm 1—Zh Zm — Z Ah)jhde'(ZM‘Zm) =0

j=m+1

which can be rewritten as:

m h
1— h —rAm _ 7rAm1 m
2 hs G (e e ()

+re A ] — Z hj (zm) | In (%)

=0 1—7rh(m

m M 7/Bh
—k|1- h; / e | ——2 | do (2a]2m
S| [ ¥ (2205 ) an e
M M 1 _ gl
—l—n/ hie " 1n (k> do (zp1|2m
j;_l ; J 1— T (k) ( ‘ )
+/ hile ™y, — ke ™ In [ —L— do (zpr|2zm
; J : o (z2alzm)
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But:

/Z Zhe_’“Akln(l ﬁ](“k)>da(zMzm):

j=m+1 k=j

k

3 1— By
—rAk k

k=m+1 \j=m+1

and therefore we obtain:

m h
1— h. m —rAm o — —rAm 1 ( m ))
jz:;) i (Zm) (e v Ke n o (1)
—rAm - 1- B’r@z
e (1= 3o e | 0 (220

j=0

J —rA_] ﬁh
_ /J m( kzohk In (17Th(]) do (zn|zm)

—rAy —rAj B;—L
/ Z h; vj — ke In o () do (zpr|2m)

j=m+1

/Z (1-2@) Y (zar3 ) do

Jj=m+1

dividing both sides by e~ "™ (1 — > ok (zm)) gives:

Um — KIn ( O ) + kln (1_612> = e U, (hlzm)

7 (M) 1— 7 (m)

dividing both sides by &, exponentiating and solving for 3" gives the desired result.
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C.4 Sufficient Conditions

Suppose 3 satisfies: B,, € (0,1) for all m and equations 16 and 17. We will show that 8 must be
optimal. Note that:

e U1 (h°|zm)
exp| ——————
ﬁln(l_ﬁm> = kln -
1- Tm, (1 — 7Tm) exp <67;Az:lm+1 (hﬁ|ZWL)> + T €Xp (U?m)

—rA

= ¢ Ui (h/3|zm) —kln ((1 — T ) €XP (e

= U 1 (h |zm) — Uy +kln (exp ( ))
e—7A
—k1n ((1 — M) €XP < - (R 2 ) + T, €Xp )

= ¢ U1 (BP|2m) — <vm —kIn (%)) (24)

Tm

Z;{m+1 (hﬁ|zm)> + T €XP v:>

and therefore:

Uy, (zM;hB) = BmUm — KBm In (im> H(le)ln(ll_ﬁm>

m - 7rm,

= (e 120) = (T2 ) ) i (122

1—-08m ey
—k1In (1 B ) + Bme AZ/[m+1 (hﬁ‘zm)

— ﬂ—m,

which implies that:

Uy, (hP]2,) = / <e—rﬂdm+1 (h%|2m) — #1n (11: B )) do (2n]2n)

m,

Using the fact that equation 17 holds we can use iterative substitution to obtain:

U (1P]20) = / Ze*’% m>1< ﬂf) do (20120) (25)

_7TJ
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o-almost surely. Rewriting

hB
Apsom (20m) = e Ay — ke "A™ In <m>
1— o hy

S hB do
J(1-2r, hi) do

+re A n

Jj=m+1

e A B
+K Z e J In ( Wj)

j=m+1

Using equations 24 and 25 we can obtain that the following holds for o-almost every z,:

R e =)

—H/ Z —mﬂln( BJ)da(zMzm)

j=m-+1
A (1]2,)
AN (B 2) = 0

Since U is concave this concludes the proof.

C.5 Quasi-Value Equivalence Lemma

In this section we prove the following lemma:

Lemma 13. Suppose 8 is optimal for the buyer given o, ans satisfies w7, € (0,1) for all m and
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equations , as well as equations 16 and 17. Then:

Up, (hP)z,) = / <vm —kIn <f:>> do (zr]2n)

/ <6TAZ:lm+1 (h?|2m) — Kn (11 ’fm >) do (zr]2n)

—
_K/

j
—rA

= /ﬁln ((1 — Tm,) €XP <e Unm+1 (hﬁzm)> + T €Xp (vm)> do (zar]2n)
K K

Proof. Note that:

U — K1n (ﬁm> = kln ((1 — M) €XP <€:Az/~{m+1 (hﬁ|zm)> 4 7 eXp (71:))

= e_TAZ;{mH (hﬁ\zm) — kln (11 —Pm >

— T,

M
e~ TAG-mM) 1y <157> do (zar|2m)

1—7Tj

which, using equation 25 implies:

1_ m —
Uy — k1N <'Bm> = —kln (ﬂl) — Ke TA/
Tm 1—7m,

M
. 1- 83, N
= —/1/ Z e TAG=M) I (1ﬂj> do (za]2m) = U (hﬁ|zm)
j=m

M
Z e~ TAG—(m+1)) 1 (1_’83> do (zar]2m)

1—m;
j=m+1 J

— T

where the last equality follows from equation 24. The conclusion then follows from U, (h'B |zn) =
fl;{m (h[3|zm) do (zpr2n) for all n < m. O
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D Equilibrium in finite horizon model

The goal of this section is to prove a characterization theorem for all equilibria of the finite horizon
game. It will eventually turn out that an equilibrium exists if and only if an object, which we call
an equilibrium average-ratio path exists. Moreover, the equilibrium will turn out to be completely
characterized by that object. The first subsection, defines, establishes the existence, and proves some
properties of this object. We then move to proving that equilibrium strategies are simple. In the
next subsection we prove lemma 1, which shows that the equilibria in the finite horizon model admits
a recursive structure. In the following subsection we connect the recursive representation back to
equilibrium average-ratio paths, which establishes the existence of a finite horizon equilibrium.
Finally, we prove some useful properties of a finite horizon equilibrium which are used later in the

analysis of equilibria in the infinite horizon.

D.1 Equilibrium Average Ratio Paths

We take W : Ry — Ry to be Lambert’s W function, defined by: W (ze*) = z, or, equivalently, as:
W (z) W),
Let ¢, = e(%m) and define the functions:

d l—e—TA —rA

2 (dvg) = 1

W (z* (v,d,q))
d(1+W (z* (v,d,q)))

R (d,v,q) =
and:
R.(dv,q)=(1—d)~" (L+W (" (v,d,q))) "

It will eventually turn out that an equilibrium exists if and only if the following object, called

equilibrium average-ratio path exists. We now define this object:

Definition 8. A collection of numbers a,, € (0,1), m=1,...,M, pp, ERy,m=1,..., M + 1,
v € V, and distributions, ¢,, € A(V), m = 1,..., M are an equilibrium average-ratio path in
B (po) if:

L. parg1,e = exp (&)

2. Forevery m=1,...,M and v: pymy = R (@m, Vs Dmt1,0)

3. Y1 (v) = po (v) and for every m =2,..., M and v:

ﬁmfl (’U) (1 - amflpmfl,v)

U (V) = Zv’ Dy (V') (1 — am—lpmfl,v'>
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4. Forevery m=1,... ., M: > O (V) pm,o = 1.

D.1.1 Preliminary facts about Lambert’s W function

In this section we prove a few facts about the positive part of Lambert’s W function, i.e. the
function: W : Ry — R, defined by: W (ze*) = 2, or, equivalently, as: W (z) " (%),

Lemma 14. dW (2) /dz = (W& (1+ W (2))) T = W (2) (z (1 + W (2))) "

Proof. By definition: W (z) €™ (*) — 2 = 0. The first equality is then implied by the implicit function
theorem. Substituting W (2) = z/e"'*) into ("' (1 + W (z)))_1 gives the second equality. O

Lemma 15. W is concave.

Proof. Calculating the second derivative of W gives:

ew (Y2 (1+ W (2) =W (2) L+ W (2) + 2 (41))
dz? 2 (14 W(2)*
_ _W(z)(W(z)—Fz(%)) “0

2(1+W(2)"

as required. O

D.1.2 Existence of M-Equilibrium Average-Ratio Path

Here we prove the following theorem:
Theorem 6. For every pg and every M there exists an equilibrium average-ratio path of Bas (po)-
Lemma 16. For every v and q, the function f(d) = R(d;v,q) is strictly convez.

Proof. Rewrite R (d;v,q):

del—e" A qe—rA
W . 1—d
R(d;v,q) =
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so a sufficient condition for R to be convex is for:

d

A —rA
dey """ ge
w < T

to be concave. Note that the second derivative of ¢ is:

- -r —r —r 2
- (1w (e a0 (L (e e
d2¢ 1-d 1-d

dd? 2 (g v st ra )\ 2
o0t -apw (452 (1w ()

so a necessary and sufficient condition for ¢ to being concave is for:

. o o o 2
9 da})—e Aqe A dall)—e Aqe A
(1—4d) <1+2W<1_d LW | =] ] <0

for all d in the range. However:

dal—ef'rAqe*"‘A

1-d)? (1492 v 4

(1-4a) ( + W( T4

0 _r 2 —rA _—rA
daql)fe Aqe A daql)fe qe
oA 2
w da}fe Aqe “

1—d

which is strictly negative for all d € (0,1). Therefore ¢ is strictly concave, implying the desired
result. O

¢(d) =

Lemma 17. For a fized v and q, then the unique solution to the equation:R (d;v,q) =1 in [0,1)

) 1—e A qefTA>

)1 e~ A e—rA)

18!

ln(exp(
1+ln( p(

moreover, R (d;v,q) <1 if and only if d € (d* (v,q),1).

d* (v, q) =
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—rA —rA

Proof. Set k =1In (c}fe q° ), one obtains that:

R(d" (v,q);v,q) = d* (v,7) (1 + W (ke))

- () @) =

1+ k
Note that: R (1;v,q) = 1 since R is continuous and:

W (7o) )
R (1;v,q) = lim

1 (14w (el =) ge2)) !

Suppose then there exist d < d < 1 such that R(d;v,q) = R (d';v,q) = 1. Let a be such that
d = ad+ (1 — ). Then by strict convexity of R:

R(d/;v,q) =R(ad+ (1 —a);v,q) < aR(d;v,q) + (1 —a)R(1;v,q) =1

a contradiction. This also proves that R (d;v,q) < 1 if and only if d € (d* (v,q),1). O

Lemma 18. For every d,v and ¢: R(d,v,q) < max {q* el "1}

v

—rA

Proof. Note that R (1;v,q) = 1 for all v,q and that R (0;v,q) = qefmc})_e . The lemma then

follows from convexity of R in d. O

Lemma 19. For every q and v such that cl_‘fmqefrA > 1/2 we have: R(d,v,q) > 1/2. If

v

< 1/2, then R(0,v,7) < R(d,v,q) for all d > 0.

1—e—TA ,—rA
Cy q

Proof. Note that R (0,v,q) = c}f‘g_mqe_rA > 1/2, while R(1,v,q) = 1. Suppose the minimizer of

R is in the interior. Since d — R (d, v, q) is convex, a necessary and sufficient condition for d to be

a minimizer of R is %—5 = 0. Taking derivative of R:

oR 1 W +182* 147 B w2
od BRI+ W  dad \(1+W): 1+ W)
B _§+ z* 147
d = d?(1=d)zx(1+ W)
_ R, R F
d  d(14+wW)
since:
0z* 1 l_e—TA A z*
= c r =
od — (1—d)?*" d(1—d)
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Hence:

B R_R
d d(1+W) o
R Rc
@}d((H-W)l) = 0

or: R°/(1+W) =1. Hence R® = (1+ W), or W = (1 —d)71/2 — 1 this means that, at the

minimum:

(1—a)? -1
R = - -
d(1—d)y~'?
11—
-
let f (d) = (1 (- d)l/z) /d. Then:
af  ta-aVPd-1+0-a)'?
dd PE
1—(1—a)?

242 (1 — d)*/?

which is never 0 in [0,1]. Then the minimum of f is either f (0) or f(1). f(1) =1 while:

(1 (- d)1/2)

f(0) Lim 7
Ta-ay” 1
= lim % —
d—0 1 2

thus, min f = 1/2. Hence, if R(0,v,q) > 1/2, we must have R (d,v,q) > 1/2 for all d. Moreover,
if R(0,v,q) = cll)_efmqeﬂ\A < 1/2, then R(0,v,q) < R(1,v,q) and R(0,v,q) < R(d,v,q) for all
d > 0, as required. O

Lemma 20. Suppose that there exists a non-decreasing function g : V. — [%,cvh} such that for
every v: g (v) < ¢,. Then for everyd € [0, 1) the function f (v) = R (d;v, g (v)) is strictly increasing
and also satisfies f (v) < ¢, for all v.

Proof. For every v; > vy note that c%l_efmg(vl)e > ¢, ° g (1}2)677'A and therefore f (v1) >
f(v2). f(v) <e¢, follows from lemma 18. O

For any § € A (V) and v € G define the correspondance: ® : G x A (V) = [0, 1] dy taking @ (v, )

Let G de the set of all v € [%, th] Y that are weakly increasing in v and satisfy v, < ¢, for all v.
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to be the set of all d € [0, 1] that solve:

ZH R(d;v,v) =1

Lemma 21. For ally and 0:1 € ® (v,0).
Proof. By definition:

w d }) e—’r-AT‘S—-rA)
R(lv’yv)_llinld< 1+ W (d 1erA eTA>>:1
1q%
therefore Y, 6 (v) R (1;v,7,) =D, 0 (v) = 1. -

Lemma 22. Suppose ® (v,0) N[0,1) # &. Then there exists a unique d in @ (v,0) N [0,1).

Proof. Assume wlog that there exists d < d < 1 such that {d, d/} C ®(v,6)N[0,1). By lemma
21 we have ) 6 (v) R(1;v,7v,) = 1. Let a de s.t. d =ad+(1—a)l. Then:

1 = aZG R(d;v,v,) + (1—0)29(11)3(1;11,%)

ZH (aR (d;v,7) + (1 —a) R(1;v,7))

> ZG R(ad+ (1 —a)1;v,7,)

ZG(U)R(d ;07%)

where the inequality follows from lemma 16 and Jensen’s inequality. Thus, d’ ¢ O (v,0), a contra-

diction. O
Lemma 23. ® (v,0)N[0,1) # @ if and only if 3,0 (v) ct=¢ "7 > 1, with ® (v,0)N[0,1) # {0}
whenever the inequality is strict.
Proof. Note that:
R(poRn) y,0,) - LEomien) Wie, opics)
L+exp(ey,) " exp (cy,)  (1+W (cy, exp(cu,)))

- () (Fain) <

since e” > x for all © > 0. Since R (d;v,q) is increasing in v and in ¢ this implies:

i

v | < 1 26
e o) 20
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—rA —r

for all v and r,,. Moreover, if > 0 (v)ci™¢ ¢ ® > 1 then:

A
—rA

0 (v)cte e .
AL 0 )):Ze(v)ci_e RS

1
exp(W(Og(l—i-W(O

Z@(U)R(O;v,r) =

implies dy the intermediate value theorem that ® (,60)N[0,1) # &, and that ® (v,0)N[0,1) # {0}
rA -7

whenever > 0 (v)ci™¢ ¢ ® > 1. Suppose now that ® (v,0) N [0,1) # @. Take d € ® (y,6) N

v

[0,1). Then dy d — R (d;v,~,) being strictly convex and equation 26 we have that

exp (aw,)

d< ——"—
1+ exp (ay,)

and therefore ) 6 (v) %—g (d;v,vy) < 0dy convexity of d — > 0 (v) R(d;v,v,)and ), 6(v)R(1;v,7,) =
1. But convexity of d — > 6 (v) R (d;v,7,) will then imply that ) 6 (v) R (d;v,~,) is decreasing

in the range [0, d], meaning that:

—rA

1< ZG (v) R(0;v,7v,) = 20 (v) a}fefmvs

as required. O

Let G be the set of all (v,6) pairs that satisfy, >, 6 (v)cl™¢ "¢ ™™ > 1, and let ¢ (v,6)
be the unique element in ® (v,0) N [0,1) for all (v,0) € G. Note that G is closed, and that ¢ is

M
continuous since it is a fixed point of a continuous function'®. For every d™ ¢ [O, %} , define

Vs (dM) = R(dp;v,¢), and v}, = R (dm;v,’y;‘nﬂ’v (dM)) for all m < M. Note that v} € G dy
lemma 20. Then for every m, let 87, (d™):

- _ @IS (1= dij (@)
o b0 () TT72g" (1 = dy; ()

m

(v;d™)

M M
Finally, define the function ¥ : [07 ”’—;”} — [0, %} dy setting: Wy, (dM) =¢ (c, 0% (dM))

v

and letting @, (™) = ¢ (vi, (d™) 0%, (d™)).

Lemma 24. U is well defined and Ugn (m) > 0 for all m.

An easy argument is to set ¢ = argmin(d—Y  6(v)R (0;v,7)) sudject to d <
exp (¢y, ) / (1 + exp (¢y,)) and use Berge’s theorem of the maximum.
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Proof. The first stage is clearly well defined. The second stage is well defined since:

d7n7:n,u (dM) dmR (dm’ v, ’Y:;H-l,v (dM))

duy —eTTA _x ei”'A
w (1—dm a}, ¢ Ym+1,0 (dM) )
- d l—e— "8 & Mye A <l
1+W (1721”m ] Vit 1,0 (M) )

for all m and therefore 6}, (d*) is well defined. It remains to de shown that (67, (™) ,~;, (d™)) €
G and 6 (0, (d™) 55, (d™)) € [0, 2=5]. (83, (¢) 73, (d™)) € G follows from ¢, > 1 for all v.
U (M) < % follows from:

R<Uh_ﬁ'vh c ) B W(vhgneXp(vh;H)) =1
) s Loy, - -
" (257) (1w (22 e (2572)))

and R (”*;;"‘ (v, cv) being strictly increasing in v (which implies that ) 63, (v) R (”’;};ﬂ ; 0, cv) <1
since 03, (v) < 0 (0;v;,) < 1 from monotonicity of 7, , in v). Note further that 73, (M) < ¢, for
every v since ¢, = R(0;v,¢,), ¥ (M) > 0 (since ), ¢, =, 0,R(0;v,¢,) > 1 for all § € A(V))
and R (d;v,¢,) is strictly decreasing for all d < *7*. Suppose now 7, .4, < ¢, for all v, and ¥ (j)
is well defined and satisfies ¥ (j) > 0 for all j > m + 1. We will show that ¥ (m) is well defined, is

in [07 ”h_“}, and v, ,, < ¢, for all v. Note that:

Uh

—rA

505 (i), (T )
> Ze* (v'dM)a (’7:1+1,v>
m b v av

Z Om (U; dM) Vrm+1,0
v

—rA

S0 (vd) k" ()"

where the inequality follows from 7y, , < ¢, and 2" > zforall A > 0and € (0,1).
But since v, was monotone for all j, 67, first order stochastically dominates 6}, ,, meaning
that Y, 05 (v;d™) i1, = D0, 000 (v;d™) %1, which is equal to 1. This proves that
(0, (d™) 75, (d™)) € G . Moreover, since the inequality Y, 65, (v;d™) c})_efm (’y,*n_s_lyv)eim >
5, 05 (vid™) ey (72252) > 1, we obtain that ¢ (65, (¢) 55, (1)) > 0. Finally 77, < c,

follows from s, , < ¢, and ¥q (m) > 0. O

Lemma 25. U is continuous, and therefore has a fized point a* € [O, %] M that satisfies: ar, >0

for all m.

Proof. Continuity of ¥ follows from ¥ being a composition of continuous functions. We can there-
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fore use Brouwer’s fixed point theorem to odtain a fixed point, and «, > 0 follows from lemma
24. O

Lemma 26. There exists an M -equilibrium average-ratio path.

Proof. By lemma 25, there exists a fixed point a* € [0, %}M of U which satisfies a}, > 0 for
all m. Set p%{v = Ymw (a*) for all m < M and p%ﬂ’v = exp (%) Letting a™ = a* and
m

path. O

IM = gx (aM ) for all m then gives a triplet (aM ,pM ., 9M ) which is an M-equilibrium average-ratio

D.1.3 Additional Properties of M-equilibrium average-ratio paths

Lemma 27. Suppose v € G, 0 € A(V) and d € (0,1] are such that 0 (vy,) < 1, 6 (v;) > 0 and
>, 0 () R(d;v,vy) = 1. Then: (1) dR(d;v,vy) < (vh — K) Jun for allv; (2) R(d;vp,Ye,) > 1; (3)
R(d;vl77vl) <L

Proof. (1): R ((vn — K) /Un; Un, ¢y, ) = 1. Since R (d; v, ", ) is strictly increasing in 7, and v and 7, <
¢y for all v this implies that R ((vy, — K) /vp; v, %) < R((vn — K) /UR; Vb, €y, ) = 1. By lemma 16,
one must have ) 6 (v) R (d,; v,fy,,) <1foralld € ((vp — k) Jun,1). Therefore, d < (v, — k) Jvp.

But the function f (d,> =dR (dl; v, %> is strictly increasing in d. Therefore:

= (3n{(22) ) 2(25)
Up, Up Uh

as required. (2) and (3) follow from lemma 20 and 6 (v;) < 1 and 6 (v;) > 0. O

Lemma 28. Let (a,p,?) be an equilibrium average-ratio path of By (po). Then pu, . is strictly

increasing in v for every m and satisfies: Pmy, <1< Pmvy -

Proof. The first part follows from lemma 20 while the second from lemma 27. O

D.2 History Independence in Finite Periods

Here we will prove the following lemma, which implies that equilibrium strategies are simple.

Lemma 29. Let (u,,0) be an equilibrium of the finite horizon game. Then for every m there
exists two functions: zy 2V — X and by, : X x V = (0,1) such that:

1. For every m and v: o, (2m|z™ 1, v) =1 for all 2™ 1.

2. For everym, v and x € X, B (m,xm_lm) = by, (x,v) for all x™ 1.
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We will prove Lemma 29 in steps, many of which will be useful later.

Lemma 30. Fora € (0,1), c € R, d € Ry, and consider the function:

voecs 1
H (zla,c,d,v) = ae—m 33+<avcm>d
l—a+ae = l—a+ae =

then H — d is strictly log-concave over x € Ry. Therefore, the problem: max,cx H (z|a,c,d,v) has

a unique solution for every a, ¢ and d.

Proof. Note that:

v—x—c

1
In(H —d) zln(x—d)lenaJrf(v—cfx)fln(lfaJrae "
K
the second derivative of which with respect to x is:

a(l—a) et

i — —2 —
o K2 (ae% +(1- a)e%y

<0

for all x € R4, concluding the proof.

O

Lemma 31. Consider the mazximization problem: max,cr, H (z|a,c,d,v). This problem has a

v—xr—cC
l—a-+tae K
l—a

x*:HdHW( a exp<v—c—ﬁ—d>>
1—a K

and satisfies the following two equations:

’U—C"E—I* 1 .
)+ ( S ) d=1"
l—a+ae = l—a+ae =

U*C*T*
ae = (J)*—d—lﬂ)
v—c—z* *
l—a+ae = z*r—d

unique solution. This solution satisfies * = d + (

and:

K, which is equivalent to:

(27)

(29)

Proof. By lemma 30, H — d is log-concave. Clearly, any solution of max H is also a solution to

maxIn (H — d). Since In(H —d) is strictly concave, the following first order condition is both

necessary and sufficient for a solution:

I (1—a)

=0
r—d H(l fa+a67vf}f*c)
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which can be rearranged to obtain equation 28 and 29. This can also be rearranged as:

a  v—z—c r—d—k
e K fr— B ———1
l1—a K

which can be rearranged to be:

1—-d K
or: p
(x — — K;) _ W ( a e'vc,{md)
K 1—a
which can be easily rearranged to give the desired equality. O

Definition 9. Suppose (3, 0, ut) are consistent. We say that a sequence {u™, 8", €"} > | is a (z™,v)
perturbation sequence for some (z",v) if there exists a p* € A (X™ x V) with p* (™, v) > 0 such
that:

Lop"=e"p* + (1 =€)
2. € >0,¢"—>0and " —

3. "™ maximizes E,, [Uz|p™, 87, o] for all n.

Given some (z™,v)-pertubation sequence, {u", 8", €"},2 |, let 71 = [ Brdu™.

Lemma 32. For all (mM,v) :

7TM€%(U_‘TM)

B (2™, v) =
M( ) 1—7TM+7T1\/[€%(U_QCM)

Proof. Let {u™, ", e”}fbozl be a (:cM , v)—pertubation sequence. By Lebesgue’s dominated conver-
gence theorem: [ 8% durr — [ Badpas, which implies [ B3,du™ — [ Barduar. Using theorem
5:

M _ . n M
B (35 ,U) = 'n,h~>n;o Bar (»T ,'U)
1
) P e;(v—xM)
= lim M T
n—o0 ]_ — ﬂ—nM _|_ W&e;(v_mM)

myex (0o

1—mp +7TM€%(v_zM)

as required. U
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Lemma 33. [ Sydun € (0,1).

Proof. By lemma 32, if [ Sydpas = 0 then Sy (z2,v) = 0 for all (™, v) contradicting 8y being
attentive, while fBMd,uM = 1 implies B/ (J:M,v) =1 for all (xM,v) which cannot possibly be in
equilibrium since then the seller must be charging Z for sure in period M, contradicting 8 being a

best reseponse to ¢ in period M. O

Note that we can now write the seller’s expected value conditional on arriving to period M,

the history being (mMﬁl, v) and offering x;:

1

f(U—IM)
_ TpME R
Uim ($M|$M 1,1)) = T Tpr
1 —7p + mages (V=om)

which by lemma 31 has a unique maximizer in X for every v. Let 257, be that maximizer.

Lemma 34. o (sz;xM_l,v) =1 for all (J:M_l,v). Moreover, Uy a (xM|x

of M1,

M-1 v) 1s independent

Proof. Follows directly from lemma 32 and lemma 31. U

In what follows, let:
_ Bm (xm, 1))
fﬂmd,“m

m

pm (2, v)

for all (z™,v).

Lemma 35. The following conditions must hold in equilibrium for all m:

1. There exists a function b, : X x V. — (0,1) such that for every (z™,v), Bm (z™,v) =
b (T, v). Moreover, by, satisfies:
Tmes @=Tm)

bm (:Cm,’l)): L —zm) e—TA —kl ( m p))
ﬂ,me;(v Lo +(1*ﬂ'm) e (v=—2zm+41,0—K 1IN prmi1(Zmi1,0,2™,0

2. T € (0,1) for all m.

3. For every m and v there exists a unique 2y, € X such that op, (zm7v|xm_1,v) =1 for all

™ L

4. For every m and v, Uy m, (xm|xm_1,v) is independent of ™ 1.

Proof. Note that we’ve shown that the lemma holds for period M. Suppose it holds for all periods
m+1,..., M. We will show that it holds for m. Let pp+1,0 = pm+1 (Zm+1,0, 2™, v), which is well
defined and independent of ™ by part (1) of the lemma. For some (z™,v), let {u™, 8", €"} ", be
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a (z™,v)-pertubation sequence. Since By (acj, v) — B (xj, v) for all (xj, v), we have by Lebesgue’s

dominated convergence theorem that: . — 7,45 for all relevant j > 0. Moreover,

n z ™ v
lim pzz—&-l (zm+17v,a:m,v) — lim 5m+1( m—+1,v, ) )

n—oo n—oo fﬁ;’}n+1dun o p7n+1,v

since 7,41 > 0. By theorem 5:

Bm (™, v) = ILm Br (2™, v)

1
ﬂ'ﬁle?(“_mm)

= lim 2
oo ﬂfne%(”_’lm) +(1—-7n) eeT(”fzm“ﬂ”“l“ Prir (Zma1,0,2™,0))

Wme%(“_””m)

1 e—TA
ﬂ'meg(v_xm) + (1 — 7Tm) e ('U_Zm+1,'u_”€1n Pm+1,'u)

thereby proving (1). To prove (2), note that m,, = 0 contradicts 8 being attentive, and m,, = 1 will
imply o,, (:Tc, ™ v) =1 for all v which contradicts 5 being optimal for the buyer. Part (3) then
follows from part (4) holding for m + 1 and lemma 31, which then also imply part (4). O

Note that Lemma 1 follows from Lemma 35.

D.3 Recursive Representation in Finite Horizon

D.3.1 Statement of Proposition

Given Lemma 29, it is clear that the only relevant belief for the buyer at period m is the marginal
of py, over V. Denote the marginal of u,, over V by [i,,. Let Bys (fi1) be the bargaining game
with a horizon of M periods with a prior distribution of fiy = o over V. We will use Lemma 1
to represent equilibria of By (f11) as a strategy for period 1 and an equilibrium of Bys_1 (fi2). For

that, we introduce the following definition of an equilibrium representation:

Definition 10. For every m, let 6, € A(V), b, : X xV — (0,1) and z,, : V — X. We say
that (0,b,2) = {(Hm,bm,zm)}%zl is an equilibrium representation of By (po) if there exists an
equilibrium (p, 3,0) of Bas (po) such that for all m, v, * € X and 2™t € X™ 1 0, = [ip,

Om (zm,v|xm_1,v) =1 and S,, (x,xm_l,v) = by, (z,v).

Given an equilibrium representation (6,b, ) of B (o), let by p := by (2m.0, ), and take mp,
to be the prior probability that the buyer accepts the m-th offer conditional on arriving to period

m, i.e.

Tm = > O (1) b, (30)
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and take:

EM+1p = K
T™+1 = 1
barpr, = TR

for all v. These quantities will be useful in the following Proposition, which establishes that the

equilibrium can be represented in a recursive manner.

Proposition 7. (0,b,2) is an equilibrium representation of Bas (o) if and only if:
1. {(Om,bm, zm)}f\fzg is an equilibrium representation of Bas—1 (62).

2. For every v and m, zpy, solves:

bm v
Zmuao T e_rAZm+1,U =k (1 - e—'r‘A + (]_b’)) (31>

3. For every v, m and x € X, by, (z,v) solves:

e—TA
v—z—e (V= zZmi10) = KIn bn (2,0) (1= 7)) _ K 1n bt (32)
’ Tm, (1 — by, (177 U)) Tm4+1

The subject matter of the rest of this section is to prove the above proposition. Note that one

can combine equation 31 and equation 32 for = z,,, to obtain the condition:

R e—rA 1 _rA
bin v 6( e ) _ Tm bin+1,v (€%> € (33)
1 — bm,v 1 — Tm 7Tm+1

D.3.2 Preliminary facts

We will begin by proving the following preliminary fact, which will help us establish that the seller’s
strategy is an interior solution.
Lemma 36. Suppose (0,b, z) satisfies equations 8 and 7 of Proposition 7. Then for every m:

1. zm, 18 strictly increasing in v.

2. bmw 1= b (Zm,u, V) 18 strictly increasing in v.

bn o,

By
3.y <v —kln ot ) <Zmay < Zmp, < Vb — Kk1n ) < Uh-
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Proof. We will prove by induction. Suppose (6,0, z) satisfy equations 8 and 7 of Proposition 7.
Then they must satisfy equation 33, which implies:

bM’U T M V=K
[l LANNSS, 1/ V4 m
l_bM,v ((1—7‘(‘]\4)6 )

which, since mps € (0,1), implies that bas, is strictly increasing in v. Since:

barw
ZMy =K+ K (1 ]\27]\/[71,)

we obtain that zps , is strictly increasing in v. Finally, note that that equation 32 implies:

1—bupo barw
ZMU_’U+I€1H<M)I€1H< M, >
’ 1—mpm M

which implies part (3) since bas., > Tar > bar,,. Suppose now (1)-(3) hold for m+1,..., M. We

will show they hold for m. First note that by equation 33, b is strictly increasing in v since by, 11

is strictly increasing in v. To obtain that z,, , is strictly increasing in v, note that:

bm v
Zmop = R (1 —e A + (11;)) + e_TAZerl,v

which is strictly increasing in v. Using equation 7 we obtain that for every m and v:

b v _ 1—bm0 _ b1
va+/.gln(’>(1€ TA)’U+I€1H<7>+€ rA <Zm+1v+liln<+l7)>
' Tm 1—7Tm ’ Tm+1

and therefore, through repeated substitution:

Zm,o + KN bmw ) _ v+ K f: e A=) 1=b0
v e 1—m;

m

j=m
Therefore:
M
b . 1—0; b
Zmowy, = Vn — K10 <mvh) + K E e TAU=M) I <M) <wvp —kln <mvh> <
’ Tm “— 1—m; Tm
Jj=m
where the inequality follows from b, , being strictly increasing for m,m +1,..., M. ]
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D.3.3 Proof of Proposition 7

We will prove by induction. Suppose first that 0y € A (V), bpr: X x V = (0,1) and zp: V = X
satisfy the conditions of Proposition 7. Then note that:

vz
TAE R

by (x,v) = —
1—mpy +7pe =

for all . Therefore, by Lemma 31, zps,, is a best response to bys. Take 111 to be the distribution
over X x V defined by v being distributed v an o (zar,0|v) = 1 for all v. By Theorem 5, S = bus
is a best response for the buyer conditional on the seller offering z,;. To show that by, is a credible
best response, fix any (x,v). Suppose wlog that © < zps,. By lemma 36 we have z), < vy, for all
v. Pick T such that T = v;, and take a to be such that:

abyr (Z,v) + (1 — ) by (x,v) = by
then define p° to be such that for every v # wv: u (ZM,v"v,) = ug (zM’v/,vl). For v, set

s
e (
ditions of Theorem 5 for every u¢ = ey + (1 — €) po. This establishes that by is a credible best

z,0) = (1 = @) fim (201,0,v) and p® (Z,v) = apo (2ar,0,v). Then clearly by satisfies the con-

response. Thus, (6as,bar, zar) is an equilibrium representation of By ().
Suppose now that (u, 8, z) is an equilibrium of Bj (ug). By Lemma 29 the equilibrium can be
represented by some (0, b, z0s). By Lemma 35:

v—x

TME

bM (.{L',U) = v—x
1—mp + e =

Then conditional on v the seller solves max,ecx H (z|mar,0,0,v). By Lemma 31 this has a unique
solution in R, . Let x5/, be that solution. By Lemma 31, 27, > & for all M. Suppose x5, > T
for some v. Note that, from Lemma 31, zs, is strictly increasing in v. Therefore, zp,, > Z.

However, z; ,, satisfies:

M i lad _
xM,thli—F/-cW(l - e =« )2x>vh
— M

but for s, > v, one must have:

M Yh—R Vp — K Vh — R
w e - > = T >
1—mpy K (s

which will, in turn, imply that s, > v for all v. But this means that z)s, > v for all v. But

then the best response for the buyer must satisfy 73, = 0, which will contradict 8 being attentive.
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Therefore, a7, < Z for all v, which implies that zps, = Zar0. Proposition 7 then follows from
Lemma 31.

Suppose now the proposition holds for Bys_1 (10) for all pg. We will show that it also holds for
By (po). Suppose first {(0,,, b, zm)}ffz1 satisfies the equations 31 and 32 of Proposition 7. We
will show that {(0y,, by, zm)}f\le is an equilibrium representation of By (uo). Note that equation
32 implies: )

ﬂ_me?(v—efrA (v=2Zm+41,0—kK ln(bm_*_lwu/‘n'm_*_l))—mm)

b (T, v) =
m( ms ) ]__ﬂ—m_|_ﬂ—me%(”_677'A(7’_Zmr+1,v_”ln(bm+1,1)/7"m+1))_$m)

Define o by oy, (zm7v|xm_1,v) =1 for all (xm_l,v), take By (2™,0) = by, (T, v) for all v, and
let 1 be the beliefs implied by the seller using o, the buyer using 8 and p being updated using

Bayesian updating (which is always possible since b, (z,,,v) € (0,1) for all (x,,,v)).

Step 1: o is a best response to 3 after every history.

Proof. In period M, conditional on v, the seller solves max,cx H (z|mar,0,0,v). By Lemma 31
Zu,v is the unique solution to this problem. Moreover, the expected value for the seller conditional
on arriving to period M and having good of quality v is zps,, — k. Suppose now that the seller’s
value conditional on arriving to period m 4 1 and on v is zp,41,, — & regardless of ™. Then the

seller will choose x,, to maximize:

max by, (T, V) Ty + (1 = by (@, 0)) 672 (

Z, 1v — KR
e X m+1,v )

which is equivalent to maximizing:

H (I|7Tm, e 8 (U — Zm+1l,v — K In (bm+1,v/77m+1)) s e A (Zm+1,v - “) 7”)

the unique solution in R by Lemma 31, equation 29 is equal to:

b (Tm,v, v) >

T =K+ efrA _ +
m,v K (Zm+1,v /‘/‘3) K (1 — bm (xm)v, ’U)

Which, by Lemma 36 implies that z,,., € [v;,v,] C X. Thus, 24, = Tm,», meaning that 2, ,

solves the v type seller’s period m problem, as required. O
Step 2: [ is a credible best response to o after every history given pu.

Proof. Note that 3 is a best response by Theorem 5. Fix any (2™, v). Suppose wlog that =, < 2z, ..

By lemma 36: z,, < vy for all v. Pick 2™ such that Z,, = v}, and take a to be such that:

aBm, (‘%m» U) + (1 - a) Brm ($m7 U) = Bm (zm,va U)
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then define 1 to be such that for every v £ v (Zl,v'7 s s vl) = lbm (zlﬂ)/, e B v,).
For v, set p¥ (2™, v) = (1 — @) fim (21,05 - - - s Zm,v, v) and g (F™,0) = fim (21,0, - - - Zm,v, v). Note
that by construction the buyer’s posterior over V after using S, and reaching period m + 1 is the
same under i, and u°. The same holds for every u¢ = eu® + (1 — €) p,, for € € (0,1). Hence,
it is straightforward to show that (B,.,...,0s) satisfies the conditions of theorem 5 when the
distribution over X™ x V is u€ = eu® 4 (1 — €) i, for € € (0,1) and future offers are drawn from

o. The fact that 3 is a credible best response follows. O

We have therefore established that {(6,,, bm, zm)}%:1 is an equilibrium representation of By (po)-
Suppose now that {(0,,, b, ,27,,,)]>7J\f:1 is an equilibrium representation of By (1p). By Lemma

35, by satisfies:
e w

b (lL’,U) = v—=
1—mpy +7mpe =

therefore, the seller’s problem conditional on arriving to period M and having a good of quality
v is maxzex H (z|mar,0,0,v). By Lemma 31 this has a unique solution in Ry. Let s, be that
solution. By Lemma 31, xps,, > & for all M. Suppose xar, > T for some v. Note that, from

Lemma 31, xpr,, is strictly increasing in v. Therefore, 2,0, > Z. However, x,s,., satisfies:

™M YhTHR _
e w )2x>vh

{)SM’vh:Ii—f—KW(l -
—TM

but for xs,, > v, one must have:

M YhK Up — K Vp — K
4 e = > = mpy >
1—mpy K Vp,

which will, in turn, imply that 7, > v for all v. But this means that zps, > v for all v. However,
this means that the best response for the buyer must satisfy mp; = 0, which will contradict 5 being
attentive. Therefore, x5, < z for all v, which implies that zps, = Zar.. Note that this implies
that zp7, satisfies equation 31. Moreover, the seller’s expected utility conditional on ariving to
period M and having a good of quality v is zps,, — £ (Lemma 31, equation 28). Suppose now that
the seller’s value conditional on arriving to period m + 1 and on v is zp,41,, — k regardless of ™.
Then the seller will choose z,, to maximize:

2

max by, (T, 0) Ty + (1 — by (T, v)) €77

Zm+1 v "5)
Ty €X ’

Note that by Lemma 35 b, must satisfy:

ﬂ_me%(v—efrA (v=2Zm+41,0—kK ln(bm_*_lwu/‘n'm_*_l))—mm)

b (T, v) =
m ( ms ) 1—m, + ﬂ—me%(v—e*"A(u_zm+1,U—K,ln(bm+1,v/7rm+1))—fcm)
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and therefore the seller’s problem is equivalent to to maximizing;:

H (],‘|7Tm, e_TA (U — Zm4+1lv — K1n (bm-‘rl,v/ﬂ-'rn—i-l)) ) e_TA (Zm-‘rl,v - H) 7”)

the unique solution in R, by Lemma 31, equation 29 is equal to:

bm (-Tm,mv) >

=K+ —rA _ +
Tmo =K+e (Zmt1v — K) + K (1 S F——

which, by Lemma 36 implies that z,,, € [v;,vp] C X. Thus, 2y, = @m,, meaning that 2, ,
solves the v type seller’s period m problem. Therefore we obtain that z satisfies equation 31.
Simple algebra reveals that Lemma 31 implies that b, must satisfy equation 32. To obtain that

{(Om, b, zm)}i\f:2 is an equilibrium representation of By;_1 (fi2), note that the strategies induced

M
m=2

by {(bm,zm)}f\r/f:2 in the game Bjps_1 (fi2) satisfy equations 31 and 32. Then {(6.,, b, 2m)}

being an equilibrium representation of Bjps_1 (fiz) follows from the induction assumption.

D.4 Proof of Theorem 1

Lemma 37. (0,b,z) is an equilibrium representation of By (o) if and only if there exists an

equilibrium average-ratio path of Bar (po), (a,p, ), such that:
1. For all m: 0,, =19, and a,, = 7.
2. For every m and v:ppmy = b v/ Tm.

8. For allm and v:

V—K 1767TA —r
Zmw — e""Azm+1,y = (1 — e‘TA) o (1 in;m (e " ) fn+iu> (34)
4. For allm, v and x € X, by, (x,v) solves equation:
_ b, (2,0) (1 — @) oA
v — oA (V= 2Zmt1,0) = Kkln (am = b, (@.0)) — kIn (Pmt10) (35)

Proof. Suppose first that (6,b,2) is an equilibrium representation of By (9) . Define ¥ = 6,
A, = T, A0 Diyy = by /T Part (4) holds due to Proposition 7. By equation: 33:

e n 1_677‘A efrA
W | LT (e = bmt10
1—7mm, Tm+1
= 1_o—rA o—TA
T i} bimt1,v
e (e (o) () )
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The fact that (a, p,¥) is an equilibrium average-ratio path follows. Suppose (a, p, 9) is an equilibrium
average ratio path. Define z,, , by equation 34 and take b,, (z,v) to be the solution to the equation

35 for every z. Note that for every m:

o —rA
(o) (62) ™ g b0 i0)

1—am

bm (Zm,va U) =

N
4 (2o ) (%) 7 pipn et (@)
—am )

substituting in equation 34 for (1 - e""A) K — (zm,v - e""AzmH)U) and noting that (y/eW(y)) =

a v—r l—e™m e TA
(o) ()it

bm (Zm,vy U) = 1_e—r2 = AmPm
v—r —rA
1+W ((ﬁli”m) (e " ) p$n+1,v>

Therefore, m = >, pob1,y = a1. Clearly, 0, = ¥,,, describes the evolution of the buyer’s beliefs

W (y) gives:

over V given the strategy b. Moreover, for every m: mp, =" 8, (V) by o = i, and by o /T = Dime.
It is straightforward now to show that z,, . solves equation 31 and b, (z, v) solves equation 32. The

Lemma follows. ]

Given the above Lemma, Theorem 1 is implied by Theorem 6.

D.5 Properties of equilibrium in finite horizon

D.5.1 Boundedness of b,,, and m,,

In the following subsection, assume that (6,5, z) is an equilibrium representation in By (1) and

let (a,p,?¥) be the equilibrium average ratio path of Bjps (uo) from lemma 37

Claim 1. Then %ﬂ'm b,y < e F Tm

Proof. By Lemma 20, p, » € [1/2,¢,] for all m and v. The claim follows from by, v /T = P, for

all m and v. O

Lemma 38. For every m,

Zm,p — e A (Zmt1p —K) < (1 — e_TA) vte TPk
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if and only if:

pe_TA R ((lm, vam+1,v)
b o Re (ama vapm-l-l,v)
1—an,

W (2" (am; Vs Pmt1,0))

m
Proof. Note that the inequality is equivalent to:

Am e"TA

(pm+1,v) < W(Z* (am§vapm+l,v))

1_m

which is equivalent to:

a —rA _
“ (Prm+1,0)° < (1 —e TA) Ina,
1—apm
or:
z (a'm;v7pm+1,v) < 611,_6 ” Inc —e e

which is true if and only if W (2* (am; v, pm+1,0)) < (1—e ") Inc, = (1 -

conclusion then follows from:

Zmw — € (Zmgiw — K) = K+ KW (2% (@m; 0, Pmti)

Claim 2. For every m and v: by, , < ”’;j—;"

Proof. Follows from Lemma 27 and Lemma 37.

Lemma 39. For every m, there exists a v such that
Zm,p — e A (Zmt10 —K) < (1 — e_TA) vte TPk
Proof. Suppose otherwise. Then by the previous lemma:

pe*TA R (am; U7pm+1,v)
mh Re (am; U7pm+1,v)

for all v. Therefore:
e~ A c
p’rrL+1,vR (am;vvpm+1m) > R(am§vapm+1,v)

As such:
—rA
E U (V) R (@m; Vs Pms1v) Pg1o > 1
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however:

—rA 1-— AP —rA
Z 'l9m (U) R° (am; Uapnb-l-l,v) pfn+1,y = Z 197n (U) #pfn-fl,v
m
v
! oA
1-a
< [t 2 Gmbmu,
- 1—apm
e—rA
= <Z ﬁm-i—l (U) ampm,v) =1
v

a contradiction. O
Claim 3. For every m, there exists a v such that:

b < (1—e) (v—r)

T (T—eA) (v —K)+ K
Proof. By Lemma 39 for every m there is a v such that:

Zm,p — e A (Zmt10 —K) < (1 — e_TA) vte TRk
but by Proposition 7, part 2:
b B (zm,v —e A (zm-',-l,v - ’i)) — K
" (Zmw = €772 (Zms10 = K))

- (1—e2) (v—r)

T (l—em)(v—kK)+k
as required. O

E Infinite Horizon Equilibrium

In this section we provide an analysis of the infinite horizon equilibria of our game. We begin by
proving that an equilibrium exists via Theorem 2. The fact that the equilibrium satisfies equations
7 and 8 from Lemma 1 will follow directly from Lemma 29 and Proposition 7. We then move
to establishing some properties shared by all equilibria of the finite horizon game. With these

properties at hand, we turn to proving Propositions 2 and 5.
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E.1 Proof of Theorem 2

E.1.1 Preliminary Lemma

Let (@, bm) oy and (a?,b%)° _, be such that b7,b, € (0,1), ¢, ¢y > 0 and (b7, c) —

Qs Oy n,m=1 m> Cm

(b, €m) for every m. Define J : X*° — Ry by:

J(xoo) _ iefrA(jfl) bjren ) (H (1 B bk)) z;
j=1 T (1 — b, + bkeﬁ(”*“*%))
J* = max J, ‘
n ppex (=o=<0) (THZ) (- o))

J, (2°) = —rA(j—1)
(™) Z e ; (1 P bne%(vfzkfc;;»
j=1 k=1 k k

Zj

and J; = max J,.

Lemma 40. J* — J*. Moreover, if z>°") € argmax.J, for every n is such that ™ — x> for

some z*° € X, then x*° € argmax J.

Proof. Since (b2, c) = (b, ¢m) for every m, for every N and € > 0, there is an N, > N such that

m?m

n > N, implies:

b?e%(u—xj—c;%) ( (1-b7)

Ti| <€

v\ e get)
j=1 bjei(vijfcj) ( ]_ — bk )

7 (1 — by + byew (VTR Ck>)

Since € X°°, this implies that for every n > N and every x*°: |J (z*°) — Jn ( )| <e+q tiNA:E
This is also true for any x> € argmax.J, implying that: [J* — J:| < €+ { ,TAx Since this is
true for all N, we have that J* — J*. If °°(") € argmax J,, for every n is such that z%°(™) — g
for some x> € X°. Fix an N and € > 0. Then since (b}, %) = (b, ¢) and x7, — z,, for all m,
there exists an N, > N such that for all n > N,:

bjex (V=i =c;) (H; L1 = by) )

al ; k:l ( — b + bpex ”*xk*Ck))
)

)

= pret (= =) (THZ) (10— o)
i:l ( b”+b”er(” TE—Ck )

n
Z;
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rA

since £>° € X°, this implies that for every n > N: |J () — J, (m"o(”))| <e+ f:ei,ia_c, thereby
implyng that J;; = J, (z>°) — J (2°°). Therefore:

| J (2%) = J|

IN

@) =g (2=0) | |, () =

- ’J(x"o) I (1’00("))’ FTE =T =0
as required. O

E.1.2 Proof of Theorem 2

By Proposition 7, we can represent every sequence of equilibria {(u™, 8", ¢6™)}.~, of B, (ko) by
their equilibrium representations, {(6™,b", 2")},_,. Note that for every m { (673, (v), b7, ., 2% ) }UGV

is an element of a compact subset of Riv. Therefore, by Cantor’s diagonal method there exists a sub-

sequence {(6™, b, 2™+ )} 7| such that { (62, (v), b7, ., 2 0) }vev converges t0 { (0, (v) , b, vs 2m.v) }pey

for all m. As a consequence, the prior probability that the buyer accepts conditional on arriving to
period m, 7)), converges to mp, := Y 6 (v) by . By Proposition 7 we have for every z € X:
—rA
n €
T pyl-e™"8 Imitw (b7, -z
(1_71_%)(@,@) (6 " (ﬂﬁlJrl )) e =

b;bz (x’ U) = A

n €
. v l—e—TA z'm-}jl"u b1y _ =z
1+ (1—7r;}L> (eh) € " 71'77;'1+1 € =

which implies that b7, (z,v) — by, (z,v) where:

—rA . e "
Am_ (e%)l_e et (bmiry ek
1—mpm Tm41

bm (:L’,’U) = A
oA v e ,
1+ (1377:7,@) (e%)l ¢ (ez+1 (7177’:7;1’1“)) e

—rA bm+1,v) ))
v—x—e v—kIn( ———=)—=z
( ( T 41 m+1,v

g
Tme "™

b
1—mm+7 e%(vﬂheﬂA (v7”1n< ;Y:Iiiv)7Zm+1’“))
m m

and therefore, " (™, v) — B (z™,v) = by (Tm,v). Note that by Claim 1: b}, , < (vn, — ) /vp
for all v and m and therefore 71t < (v — K) /vp, i.e. Ty < (vp — &) /vp. We will now show that

Tm > 0. Suppose otherwise, i.e. there is some m such that 7], — 0. Then this implies that

fim = fims1. Let:
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then using W (2) = z/e"V(*) we obtain:

l 1

100 (8 o () (o ()

and therefore f (0,1) = I. Hence, using the mean value theorem, for every M there is a k* € [0,a]
such that:

1 —rA

Pmy — c’u_e (p;ln-‘rlﬂ))e

—rA ‘

IN
|
o
g
—
|
g
—~
] S
33
+
=
~
N——

but:

of _ (1-0=R (1w (&)Y s
Ok (1—k)(1+W(L,€ ))2
1

which, since k* < 1 we have that f (k,1) /(1 — k) is bounded in the range (k,1) € [0, (vy — k) /vp] X
[0, ¢y, ]- In addition:

lim( 1—(1+W 1kkl>>22) f(:,l) _ (limf(k‘,l)> i (1(1+W(1kkl)>2)

k—0 (1— k) (1 W (%l)) k—0 k—0 k

2
assuming the limit limy_,o k™" <1 — (1 + W (ﬁl)) ) exists. Using L’Hopital’s rule:

i (- (o (2520) ) - i (WQ((’tt)V)V (<1 2)(’”» =
) 2
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17€—TA —rA

thus, % is bounded, implying that |py, , —c, (an+1,u)

— 0 and therefore p,,, =
1_ef'r'A
v

—rA
c (Pmt1.0)°  for all v. But:

M,,—o0

Zﬂm (v) Pm,py = lim Zﬂnm (U) pnm,'u =1

and therefore we’ve obtained:

—rA

_,—TrA
L= Zlam (’U)quj © (pm-i-l,'v)e
v

> Z ,um (1)) Pm+1v
v

Zﬂm-&-l (v)pm+l,v =1
v

where the inequality follows ¢, > pp,41, for all v and ¢,;, > 1 > pyy41,0,, & contradiction. Hence,
we have m,, > 0 for all m.
Thus, by Lemma 40, offering 2, , for sure in period m conditional on the quality of the good
being v regardless of the history is a best response for the seller conditional on the buyer using /.
We will now show that § is a best response to o defined by the seller offering z,, ,, for sure in

period m conditional on the quality of the good is v. Note that:

1_bmv _ bm v

ln [ —2% ) =™ (v = zppt10 — KIn mtly
1 +1,

— Tm Tm+41

therefore, for every n < m, consider the buyer’s quasi-value, U,, (8, o|x™,v), is equal to:

j=m k=m b
1 j+1v
V—Zj410 —RID| —
Tj+1

Thereby implying, by Theorem 5, that 3 is a best response to 0. We will now prove that (5 is a

credible best response to 0. Note that Lemma 36 implies that for every m and n: 27}, , € [, vs]
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and therefore z,, , € [v,vp]. As such, for every (2™,v) € X x V, there is a 2™ and « € (0, 1) such
that:
by, (2,0) + (1 — @) by, (2™, 0) = by

define ;i to be such that for every v # v: pS (21,1;’7 ce zm’vr,v/) = lm (zlyv/, ce zm’vl,v/). For
v, set ¥ (2™, 0) = (1= @) fim (21,0, - -+, Zmow, v) and p° (F™,0) = apim (21,05 - - - » Zm0, V). Note that
by construction the buyer’s posterior over V' after using 3,, and reaching period m + 1 is the same
under g, and p°. The same holds for every pu¢ = eu® + (1 — €) i, for € € (0,1). Hence, it is
straightforward to show that (8, ...) satisfies the conditions of theorem 5 when the distribution
over X™ x V is pu€ = eu® + (1 — €) pm for € € (0,1) and future offers are drawn from o. The fact
that 3 is a credible best response follows.

Note that we’ve shown that every sequence of equilibria {(u™, 8",0™)} —, in B, (o) with
M,, — 0 has a convergent subsequence {(u"*, 8™, ¢™*)};~ | whose limit (y, 3, o) is an attentive rec-
ommendation perfect equilibrium. As such, if a sequence of equilibria {(p™, 8", 0™)},~, converges

then the limit must be an equilibrium of the infinite horizon game.

E.2 Proof of equations 7 and 8

Follows from Lemma 29 and Proposition 7.

E.3 Additional Properties of Infinite Horizon Equilibria

E.3.1 Monotonicity of b,,, in infinite horizon

We now prove the following lemma.
Lemma 41. For every m, by, , s strictly increasing in v.

Proof. Consider any M-horizon equilibrium (6, b, z). By equation 33 we have that:

b N () () e
1= b 1—my

and therefore bps, is strictly increasing in v. An inductive argument using equation 33 then

establishes that b, is strictly increasing in v for all m in the finite equilibrium. Clearly, this
implies that for any limit (0°°,0%°,2%°), b%°  is weakly increasing in v. Using equation 33 again

m,v

implies that by, is strictly increasing. O
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E.3.2 Boundedness of b,,, and 7,

In the following subsection, assume that (p, b, z) is an equilibrium in the infinite horizon game. The
following three claims follow immediately from (u, b, z) being the limit of finite horizon equilibria

and Claims 1, 2 and 3. We therefore give them without proof.

Claim 4. Then i, < by, <e= my

Vp—K

Claim 5. For every m and v: by, < 2=

Claim 6. For every m, there exists a v such that:

(1 — e*TA) (v—kK)

—e ™) (v—kK)+ kK

bm'u S
) (1

E.3.3 Calculating values in infinite horizon equilibria

Lemma 42. Let (u,b,2) be an equilibrium of B (A, k) and take (F,u,w) be its corresponding
equilibrium collection. Then:

Um

ZU:MO Ze‘m(] ™) Ip ( _b”>
Hzefmu m)( bjv >
1= b,

Tm,v

Proof. By Lemma 13, we know that in equilibrium the buyer’s quasi-value in period m conditional

on 2" ' =(214,...,2m-1,,) and on v is:

m—1 _ rA(j—m) — Ty
U, (B, 0]z, v) ,%Ze <1_ij>

the buyer’s expected value conditional on arriving to period m is:

Uy = /um (Bv U|xmilvv) d,LLm

Zﬂm m (8,02 v ):Kz;ﬂm Ze‘m(j ™) In (lij)

For profits, in any finite equilibrium we have by Lemma 31 that the seller’s expected utility con-
ditional on arriving to period m and having a good of quality v is 2,,, — k. The conclusion then

follows for the infinite horizon equilibrium by Lemma 40. O
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E.3.4 Trade occurs for sure

Lemma 43. Let (u,b, z) be an equilibrium. Then for every v:
lim [T (1—85.)=0

m—r o0
j=1

Proof. Suppose otherwise. Note that by Claim 4, by, , /7y, > 1/2. Thus, we must have m,, — 0 as

m — oo. By Claim 4, by, /7y, is bounded both from above and from below, we must have:
lim & i e~ TAG—m) bjiv =0
m— 00 = 1-— bjﬂ)

for all v. But equation 8 then implies that z,,, — &, contradicting Proposition 2 which implies

Zmw = Zme, > V> K. O

E.4 Proof of Proposition 2

By Lemma 41, by, , is strictly increasing for all v. Monotonicity of z,, ,, then follows from equation
8 from lemma 1. To prove that v — z,,, is strictly increasing, take natural log of both sides of

equation 7 and rearrange to obtain:

bmv 1_bmv . bm v
Zm,w + K10 () =v+kln (> +e A (Zm+1,v + kln (“))
) Tm ]-*'/Tm 7Tm+1

which, through repeated substitution implies:

oo + 1 msvo) T (J—m)l - v 36
z’—l—n(ﬂm) v—l—nZe n(le) (36)

j=m
or:
b = , 1—b;
— 2w =k | In [ 2 ,E: —rAG=m) 1 [ 2LV
v 2’7 K Il<ﬂ_m) j:me n 1—7Tj

which implies from by, ,, being strictly increasing in v for all m. Finally, note that the above equation

implies:

m,v — — Zimw -7 1 J,v
(Wm ) exXp | Vv — Zmo + K E e n(l—wj )

j=m
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for all m and v. However, by definition of m,,: Y, firm (v) (bm,w/7m) = 1. Since by, is strictly

increasing, by, »/m, must be strictly increasing as well, which implies:
= b 1-b
—rA J,v1 rA — Yjun
vl_meUl—'_"{Ze h’l(l_ﬂ_]><0<vh vah+I€Z€ 1n<1_7TJ>
Jj=m j=m
But b;,, being strictly increasing for all j implies:
P Z efrA In b] Vh <0<k Z e —rA In bjﬂ)l
Ty L —m;
J =m

thereby concluding the proof.

E.5 Proof of Proposition 5

We begin by proving for every equilibrium we have u; > 0 and:

U1+ZM0( w1v>z,u0 (v — k)
v

veV

Let (u,b,z) be an equilibrium of B (A, k) and take (F,u,w) to be its corresponding equilibrium

collection. Repeated substitution of Equation 8 from lemma 1 implies:

o0
210 =K+ RZG*M(]’D <1;5) =wiw +K
j=1 - Y

where the second equality follows from Lemma 42. Thus, using equation 36 we obtain that:

1— 7,
() nn e (3

j=1

Note that by, is strictly increasing, and therefore by Jensen’s inequality and Lemma 42:

o]
. 1— 7,
1 > exp Z,uo(v) U—/ﬁ—wlﬂ,—szerA(]l)ln(l_bﬂ-_J>
v J,v

j=1
= exp <Z/,L0(v v —K) <u1U+Zu0 wl,v>>

Therefore implying that the total expected surplus in (u, b, 2) is strictly higher than )", o (v) (v — k).

We will now prove that the buyer’s expected surplus is strictly larger than zero. Since b, , is strictly
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. . ’
increasing, for every v > v :

,L_J,m+1 (U) _ (]- - bm,v) /Jm (U) lam (’U)
et (V) (1 ) o () P ()

thus, po first order stochastically dominates fi,, for all m > 2. Using Lemma 42 again implies:
o0

= T e (1)

Z MO Z —-rAG-1) 1y <Zy Ho 1(7)7)(71]—--_ bj,v))

ZMO i:: —rA(G-1) (Zvujf)(w] bm)>:0

where the first inequality follows from Jensen’s inequality and the second follows from g first order
stochastically dominating fi;.
Suppose now that there is no 7 for which w, + E [wy ,] > v — £+ 7 for all equilibria. then there

exists a sequence of equilibria (u™,d", 2™) with corresponding values (u™,w™) such that

u’f—FZMO( w1v—>ZMO (v—K)
v

veV

Note that for every n, m and v (g, (v),b 2% ,) is in a compact set of Ry. Therefore there
exists a convergent subsequence. Let that subsequence be the sequence itself. Let py, , = by, ., /7,
Note that 7}, < % for all m and n by claim 5 and therefore m,, = lim,_, o 7}, < % <1. We
will show that for all m: m,, > 0. Suppose otherwise, i.e. there is some m such that 7}, = 0. Then

this implies that fi,, = fim,41. Let:

then using W (z) = z/e"V(*) we obtain:

1

f k1) = <1lk> exp (W (ﬁz)) (1+W (rkkl))

and therefore f (0,1) = I. Hence, using the mean value theorem, for every M there is a k* € [0, 77]
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such that:

—rA

n l—e n e 8
pm,v - C’U (pm+1,v> ‘

INA
=
|~
//~

o
*
)
<
&
5
>
—~
=

33

+
=

<

S~—
®
!
>
N—

but:

of 1—<1—’“>(1+W(%l))2 f (k1)
ok

2
- (W () ) s | s
(kk)(HW(ﬁz))Q koo 1ok

which, since k* < 1 we have that f (k,1) /(1 — k) is bounded in the range (k,1) € [0, (vy — k) /vp] X
[0, ¢y, ]- In addition:

1= (1+w (ﬁz)f

= (Aﬁ%f W) fim, p

(e D) o
k=0 (17k)(1+W<%l))2 K

2
assuming the limit limy_,o k™" <1 — (1 + W (ﬁl)) ) exists. Using L’Hopital’s rule:

(- (o (222)) ) - i (Wz((’lft V)V(<1 ;V)(’”)) (%)

—rA
thus, % is bounded, implying that |py, , — cl—e ° (p"m+1 7j)e — 0 and therefore p,,, =
0 —ra
cl—e ° (Pm+1,)¢  for all v. But:

> (V) Py = Mligloozmil () P =1
v " v
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and therefore we’ve obtained:

—rA

—rA
1 = Zﬂm (0)6111_6 (pm-i-lﬂ))e
v

> i (0) Pt
v

Zﬂm-&-l (v)pm-&-lm =1

v

where the inequality follows ¢, > pp,41, for all v and ¢,;, > 1 > pyyg1,0,, & contradiction. Hence,
we have m,, > 0 for all m.
Note that:

Pmov = R (ﬂ—m7 vam—i-l,v)

for all m and v. Since py, 4 , is weakly increasing and m,, > 0, we have by Lemma 20 that p, , is
strictly increasing and therefore b,, , is strictly increasing. We can now use the same argument as

in the single equilibrium case to establish that

lim v =wu; >0
n— oo

and:

n—oo

lim uf + " o (0)wl, > 3 o (0) (0 = )

a contradiction.
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F Frequent Offers Environment

In this section of the appendix we prove the results of sections 5 and 6. We begin by stating some
preliminary definitions and results used in the proof of Theorem 3. We then prove an omnibus

theorem that includes Theorem 3, Proposition 3 and Corollary 2.

F.1 Preliminaries

In what follows, let ¢ be the unique o-additive measure over {2 = (R+, Br +), where Bg, is the Borel
o-algebra, satisfying ¢ ([t,t + s]) = (e — e "(t+9) for all t,s > 0. As usual, let L? (Q,dy) be the
set of all equivalence classes of measurable functions satisfying: f: Q2 — R, f is p-measurable and:
Je. |fI” de < o0, equipped with the norm: || f|l, = (fR+ Fik dcp) 1/2. A map L from L?(Q,dy) to
the real numbers is a linear functional if: L (afi +bf2) = aL (f1) + bL (f2). A linear functional
is continuous if L (f") — L(f) whenever f* — f (according to the |-||,), and it is bounded if
|L (f)| < K ||f]l, for some finite number K. It is well known that a functional is continuous if and
only if it is bounded. We let L? (Q2,dy)* be the set of continuous linear funtionals, also known
as the dual of L?(Q,dp). A sequence of functions (f") € L?(2,dy) is said to converge weakly
to f € L?(Q,dyp), denoted by f* — fif: L(f") — L(f) for every L € L?(Q,dy)". Below is a
statement of a few famous theorems from functional analysis, specialized to the current setting.

The next theorem is often seen as a consequence of the Hahn-Banach theorem.

Theorem 7. Suppose f € L? (Q,dy) satisfies L (f) = 0 for all L € L? (Q,dy)*. Then f =0, and
therefore if f* — g and f™ — h then g = h

Proof. Lieb and Loss (2010), pages 56 to 57. O

Theorem 8. Let (fn)nZO be a sequence of functions in L? (2, dp) such that for every L € L? (Q,dy)",
the sequence L (f™) is bounded. Then there exists a finite C > 0 such that || f™||, < C for all n.

Proof. Lieb and Loss (2010), pages 58 to 59. O

The theorem below is a specialization of the Riesz representation theorem specific for our

purposes.

Theorem 9. For every L € L? (9, dp)” there exists a unique g € L? (Q,dy) such that: L(f) =
fR+ g(z) f(z)p(dz). Moreover, for every g € L?(Q,dp), L,(f) = fR+ g (@) f(x)p(dx) is a

bounded linear functional.
Proof. Lieb and Loss (2010), pages 61 to 63. O

The following is a version of the Banach-Alaoglu theorem.
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Theorem 10. Let (fn)nZO be a sequence of functions bounded in L* (Q,dy). Then there exists a
subsequence (f"k)k20 and an f € L? (Q,dyp) such that f™ — f.

Proof. Lieb and Loss (2010), pages 68 to 69. O

Lemma 44. Let (f”)n20 , (g")n20 be two sequences in L? (2,dp). Suppose f* — f and g" — g
for some f and g in L* (Q,dy). Then: fR+ [ (x) g" (z)dp — fR+ f(z)g(z)de.

Proof. Note that: f"g" — fg=f"(¢" —g) + (f/™ — f) g. Then:

A [ () (¢" (2) — g (2)) dp| < [[f"l2[lg" = gll, < Cllg" —gll; = 0

Since g € L? (Q,d¢p), we have that L (h) = Jo, h(@)g(x)dp € L? (Q,dy)" and therefore Jo, (f" (@) = f(2)) g (2)dp —

0. The conclusion follows. O

F.2 Preliminary Definitions

Definition 11. An extended equilibrium collection of B (A, k) is a collection (F, F,w, 11) such that

there exists an equilibrium (u, 8, 0) for which:

1. F:R — [0,1] is a cdf satisfying; F (t) = >, po (v) F (¢, ), i.e. it is the cdf of the time of
trade, unconditional on v.

2. @: T (A) x V — R is the buyer’s quasi-value conditional on arriving to period ¢/A and on
v, i.e.

- -1
Ut v :ut/A (ﬁ70|sz ,’U)

where 2" = (21,4 ..., %m,v) is the history of offers that is made on equilibrium by a v type

seller up to and including period m.
3. F'is a timing distribution function.

4. w: T (A)xV — Ry is the seller’s expected utility conditional on arriving to period ¢/Aand

on v in period t/A terms.
Note that one can find an extended equilibrium collection for every equilibrium collection.

Definition 12. An potential extended continuous limit is a collection (F,F,w, 71) ,where:
1. F:Ry —[0,1] is an absolutely continuous cdf.
2. F:Ry xV —[0,1] is such that t — F (¢,v) is an absolutely continuous cdf.

3. w:Ry xV =Ry and @ : Ry XV — R are both continuous in their first variable.
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We say that (F, Fw, ﬂ) is an extended continuous limit of B (0, k) if there exists a refining sequence
of extended equilibrium collections, {(F”, Fmow™, ﬂ”) }Zozl of B (A, k) such that:

L. wy, = wi, and 4y, — ug, for all (t,v) € U, T (Ay).

2. F"(t) — F(t) and F™ (t,v) — F (t,v) for all t and v.

We then say that {(F", F* o w™, 11") }ZO: converges to (F, F, w,u).

1

F.3 Proof of theorem 3 and proposition 3

In the following section, we prove the following result that combines Theorem 3 and Proposition 3.

Theorem 11. Let {A,,} 7, be a refining sequence, and take {(F", F™ow™, 1]") }20:1 to be a sequence

of extended equilibrium collections of B (A, k). Then there exists a subsequence {(F"’c , F™ ™ ﬂ"’“) }:O:l
that converges to an extended continuous limit of By (k), (F,F,w,zl). Moreover, there exists two
functions: A : Ry — Ry and A\ : Ry x V — Ry such that:

1. )\ is the time dependent hazard rate of I, i.e. F(t)=1—e~ I Asds and Ay < 3r (%)
2. Aty 1S the time dependent hazard rate of F, i.e. F (t,v) =1— e Jo Asvds,
Moreover, (w, N, )\) satisfy:
3. Wiy = f:o e‘r(s_t))\sﬂ)ds
4. Uy = ftoo e~r(s=t) (As,o — As) ds
5. At/ = exp % (V=K —wpy —Uw) € [f e%] .
6. For every t:
;\t = ZU:MO (U) (m) )\t,v
7. A >0 and Atw > 0 for almost all t.

8. At s strictly increasing in v for almost all t.
Proof of Theorem

Proof of parts 1 and 2 Let A, be a refining sequence, (F", F™,w™, ") be an extended
collection of B (A,, k) for every n. Let (u™, 8™, 0c™) be the sequence of corresponding equilibria,
and let b, == B} 5 (zf/A,fu> and 7" = > jig/a (v) b, for every t € T (A,).

By Helly’s selection theorem, there exists a subsequence of (F kB "k,w"k,a"k) and a finite

collection of increasing, right-continuous functions F, and F such that F™* (t) — F (t) for all ¢ for
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which F (t) is continuous, and for every v: F™ (t,v) — F (t,v) := F, (t) for all t for which F,, () is

continuous. Let (F‘”, F™ow™, ﬂ") denote this subsequence. For every n, t and v € V define:

AP = —Alnln<1—7r’fa,ﬂ)
1 F(la]+an)
N R (F3)

" 1
>\t7U = 7?111 < A,~|7’U)

and define for every t: G™ (t) =1 — e~ Jo Aids and Gn (t,v) =1—e€" Jo Xe.wds Note that for every
teTa,:

/Ot)\?ds _ %A:A ( 1n(1_7ry))

/A,

= fZIn(lfﬂ;’)

and therefore:
t/A

Gr(t)y=1-J[(1—n})=F"(t)

j=1

and similarly G? (t) = F™ (t) for all t € Ta, . Define:

(1—e ") (vy, — K)
(1—em8n) (v, — k) + K

TA, =

and note that by Claim 5, 7} < 27, for all n. Therefore:

< 1

n

note that:

_ _ (1*67TA") (Uhfli)
1-27A, = 1—2<(1 >

—e ) (v, — K) + K

k—2(1—e") (v, — K)
(1—e ) (v — k) + K
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and therefore:

—Ailn(l—27’rAn) = A—n(ln((l—e_m‘")(vh—m)—km)—1n(f@—2(1—e_rA")(vh—f-z)))

n

Vp—K

Similarly, Claim 4 implies that by, , < 26( " )ﬁAn for all n. Therefore:

—L In (1 — 26(%':&>(IA")

Ay
Yh

_ Ain (111((1 — ") (v — k) + ) — In (“ 2 (e (- K)>)

= (1 +26(W)> r <”h; ”)

for all v. Thus, for every € > 0, there exists an N, such that for all n > N.: 0 < A" < 3r (%) +€

<1 + 26(W)) r (”h ”) + € for all s and v. This implies that:

2
s . 9 (hTﬂ) Vp — K
||)\ ||27||)\s,vH2 < <<1+ e r - c

and therefore, by the sequential Banach-Alaoglu theorem (theorem 10), there exists a subsequence

n
)‘sm

IN

and 0 < \”

S’U—

in which A" — X and A" — )\,. Note that ¢ is absolutely continuous with respect to Lebesgue

measure, with density —re"t. Letting g; (s) = —1[S§t1§7 note that the linear functional defined
by:
LG = | e
R4
6rt
< = f(s)de| < |—
T Ry

therefore: [ g; (s) A"*dyp — [ g4 (s) Asd for all t. However:

/gt (s) fsdp = /Ot fedt

and therefore we've obtain that G™* (t) — emhordt = G (t) for all t. Clearly, G is continuous
everywhere. Since F™ (t) = G™ (t) for all t € TA,, - this implies that for all ¢ € Ug>07a,,
Fm™ (t) — G (t), and therefore G (t) = F (t) for all t € U;QOTAW. For every t ¢ Uy>07a,,, , there

105



exists a sequence (ti)i>0 in Up>07a,, such that ti | t. Since F is right-continuous, we have that

F(ti) — F (t). But F (t}) = G (t) — G (t). Therefore: G (t) = F (t) for all ¢t. A similar argument
establishes that F™ (t,v) — F (t,v) = 1 — e~ Jo 4% for all ¢.

Proof of parts 3 and 4: Note that for every t € Ta,, :

ng
1— 7k
t/A n \ "k
. (1 - b?/kA,u> =4 (/\t/kAﬂ’ - )‘t/kA)

and therefore:

o0
a, = ke / 9a,, (s) (A% = AT%) dep

t

o0 o0 _
= ket (/ 9A,, (s) Aghde —/ 9a., (s) )\?"’dgp)
t t
2
however, for every A > Ay, : (gAnk (ﬂ) < T%GQTA, and therefore by the dominated convergence

theorem: ga, — —21in L? (Ry,dyp). Hence, by lemma 44:

o0 o0 B
s = we (o, @ade [T oa, ()00
t t
rt

Ke e - *° -
- = / ()\s,'u - )\s) dSO = fi/ 6_7,(8_0 ()\5’1) - )\s) ds
t

r t

forallt € UkonAnk~ Similarly, for every t € TA%:

; b'A
n r(jA, JAn, ,V
wt,l:) = K E e (18n, —t) (1 b, k >

i=t/ Ay me?
= A, Nk
= K Z eir(]A"kft) (e kT Ang v 1)
j=t/Ank
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using the mean value theorem, there exists a A}, € (0,4, ) such that:

oo
A* Ak
Hert E efr]A,Lk An}g)‘JA ng N Any v

N
Wy "
j=t/A

U

np

oo n

_ rt AZ )‘K Nk

= et [N ()N, e
t

2 vp—r 2
since we have ( ;’an)v) < <(1 + 26( " )> r (%) + e> , we can again use the dominated

. An XK . . .
convergence theorem to obtain that e "* JA"k’”gAnk — —% in L? (Ry,dy), thereby implying:

wit =k [ e yds. For every ng and t ¢ Ta, set:

~np

u = Uu
b Ay [t/ 80y |0
Nk — Nk

Wiy = w

Apy [t/ By |

Clearly, these converge to the obvious extensions of @, and wy , to all t: Uy, = & ftoo e~ r(s—t) ()\s v — 5\3) ds

e*T(S*t))\S,Uds which are continuous.

and wy, = K ftoo

Proof of parts 5 and 6: For every n; and t (not necessarily in 7Ta, ), set: pih =
expt (v—k—wih —apk). Since Ut — Uy and w”k — Wiy, we have that p'% — pr, =
exp = 1 (v — K — Wy — Ugw). Morevoer, é < piy < e“= for all v and ¢ by claim 4, meaning that
(pz ) <e 2(45), Hence, by the dominated convergence theorem, p;'% — py,, in L? (Ry,dyp). But
this means that for every g € L* (R, dg), gip}'h — gipew in L* (Ry, d<p). Thus, by Lemma 44 and
Riesz representation thoerem (theorem 9) we have that Pio A pm/_\t. Note, however, that every

t:
1 — e=An AL

np u

pt,v - 1 . efAnk)\llk

and therefore by the mean-value theorem, there exists A}, A2 € (0,A,,) such that:

ng?

g
)\nk A,ka
e __
tv T — "k
s ;lke_Ang)\t

and therefore:

el vp—k
e—Ank<<1+26( " ))r(hT)+e) A <)\?kp;“;} AZ’LGA"’“ (3r(”h N)+e)
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therefore, for every bounded linear operator L € L? (R, ,dy):

L) < I am S Loy

Vp—K

L) > e’A”k((”%( ' )>T(W)+€>L<Azk>%<xv>

and therefore p?* A™* — ). Hence, by theorem 7, p; , Ay = A, in L2 (R, dg). Therefore: \; /N =

exp + (v — K — Wy, — Tyy). Moreover, since p}t € [%,e% (Claim 4) for all t € T (A,,,) we have

Diw € [%7 e%} for all t € U, T (A,,) which implies p;,, € [%, e%} by continuity of p; , in t. Note
that for every k and every t € Ta,:

L—F™ (t—Ap,,0)\
S0 (T A P
—F(t — F(t,v)
— —_— —_— "
Zﬂo ( “F ) Z,uo < “F () >pt,
which extends to all ¢ by continuity in t of F (¢,v), F (t) and p;,. This implies:

S ()

for all ¢.

Proof of part 7: To see that \; > 0 for almost all #, assume there is an open ball, (¢, + )
such that s € (¢,¢ + €) implies A; = 0. Then:

_ 1 _ -
)\t,v/At = exp E (U — kK — € re (wﬂ_e,v -+ ut—‘—e,v))

—re
v—k —re

N\ 1—e _ e —
= (e ” ) ()\t+e,v/)\t+e) Z)\t+e,v//\t+e

for all v with a strict inequality for v; since ()\t o /)\f) <1<e5 forallt (since pZ’;l < 1 for all
t € UpT (Ay,)). Therefore:

Z/,LO Of+e As,v— (Atv) Z/,LO Of+6 As,v_;\s)ds (At-ﬁ-e,v)

At—i—e
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but Ay = 0 for all s € (¢, + €) implies:

— [ite As v_Xs ds At?“ _ — J Asv—j\s ds At,v
S () 70 o) (532) - IR (52)

AtJre

1
S o (v) e o (=R )as (AH )
v

a contradiction. Therefore A; > 0 for almost all ¢.

Proof of Part 8: Suppose there is an open ball (¢,t+¢) for € > 0 and v < v" such that
Asp = Ay, forall s € (t,t+¢€), and A, = A\ by continuity of A;,/A;. Therefore:

At,v’
)\t,v

1 ! ~ ~
= oL (1o () )

exp% (v/ —v— 2/{/ e~ ()\S’v/ - )\Sﬂ,) ds)
t+e

implying that: /{ftofe e (st ()\S’v/ - )\S,u> ds =2 (vl — U) > (0. But:

1 < >\t+e,'u’

/\t+e,v

1/ &

= exp— (v —v— 26"/{/ e =) ()\s o — )\s,v) ds)
R t+e ’
1 ! > —r(s—t)

< exp—|(v —v—2kr e (Asv/—)\syv)ds =1
H t ’

+e€

since " > 1, a contradiction. Therefore ), is strictly increasing almost everywhere.

Proof that F and F (-,v) are cdfs: Suppose otherwise. Then (\;,/\;) > 1/2 for all

t and v implies that A\, — 0. But, since )\; is bounded, we can use the dominated convergence

theorem to obtain that: (A¢w, /A) =expl (v —k—r [ e (2Xg,, — As) ds) — e > 1,

a contradiction.

F.4 A few additional properties of extended continuous limits

Let (F,F,w,ﬂ) be a continuous time limit of B (0,x) and take (5\,/\) be the hazard rates from
Theorem 11.
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Lemma 45. For almost all t: wy ., + Ui, < Vn — K.

Proof. By part 5 of Theorem 11:

_ 1 B
()\t,vh,/)\t) = €xp E (Uh — K= W, — ut,vh)

Part 6 of Theorem 11 along with );, being strictly increasing in v (part 8 of Theorem 11) implies

the desired conclusion. O

G Proof of Theorem 4

G.1 Proof of Corollary 2

Let {A,},2, be a refining sequence, and take {(u™,b", 2")} ~, to be a sequence of corresponding
equilibria. Let {(F‘ noET W™ ﬂ”) }20:1 be a corresponding sequence of extended equilibrium collec-
tions. Then by Theorem 11 there exists a subsequence {(u"*, b™, 2™*)}7° | such that { (F""’ S FTe gk ﬂ”k) }2021

converges to a continuous limit (F‘, F,w, ﬂ) But:

EUP] = > po)w)qay — > to(©)weo =01

E U] Zﬂo (v) Uy (1/a,) = ZMO (V) 0 = U

as required.

G.2 Proof of Theorem 4

Note that Theorem 11, for every U; and U of B (0, k) there exists an extended continuous limit
(F, Rw,&) of B (0, &) such that:

U = ZNO(U)wv,O
U, = Zuo(v)ftv,o

Thus, for every {s,} -, such that x,, — 0 and corresponding sequence of frequent offer utilities
, let (F’ﬂF",w",ﬂ") be the corresponding sequence of extended continuous limits of B (0, k).

Let (5\”,)\”) be the hazard rates from Theorem 11 for (F”,F”,w”,ﬂ"). Note that for every t:

(A7, /AT) € [3.1], implying that * (v, — k —w},, — 4, ) must remain finite. As such, wp,, +
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g, — vi. Since this is true for all ¢, and:

t+e
n ~n —r(s—t n n —7re n ~n
Wi v, + Uy = /i"/ € ) (2)\8,01 - )\S) ds+e (thrEﬂ)l, + utJrE,vz,)
t

we obtain that: tre
H/n/ efr(sft) (2)\21}[ — ;\Z) ds — (1 — e*re) v,
t

for all t and every e > 0. Note this implies that A\ — oo for almost all ¢, since A” > A" for all s

S,U1

and therefore:

t+e _ t+e _ _
/ Apds = / (2A7 — A}) ds
t t

t+e B
> / (27, — A7) ds
t

t+e 3 o
> / e T (27, = A7) ds — lim (1—e™"™) — =00
t

$,UL n—00 Kn
Suppose that there exists a subsequence (Fk, FF wk, ﬂk), an interval [t1, 2], and a Borel measurable
function f : Ry — R satisfying f > 0 almost everywhere in [t1, ] such that v, —k —wf, —af, >

t,vn

f (t) almost everywhere in [ty, t] for all k larger than some K. Then for k > K:

k
Wty on

to _
+ iy > / e Tt gy (2/\5;% —AF)ds

t1,vn
t1

B () .
/ e (e — 1) kpAFds
t1

t2 _ —t . . £(s) Vk
/ e "6t liminf | 27k — 1 KpAfds
ty

k—o0

Y

Y

where the second inequality follows from Fatou’s lemma. By Theorem 11, part 1: k,\} €

[0, 37 (vp, — ky,)] for all t. However, for almost every ¢ we have both f (¢) > 0 and, from before:

ty
lim inf Iik/ )\’;ds > (1 _ e—r(tz—h)) vy
k—o0 t

< &
implying that: 2ky f:f Mervds — oo. Thus, wf, ,, +af ,, — co. But by lemma 45: wf , +

n

k: . . ~ .
Uy, 4, < Un, a contradiction. Therefore v, — rk —wy, — uy', — 0 for almost all £. Since Y,

is stricly increasing in v, the difference v — x —wf’, — @7, is also strictly increasing in v. Thus:
v —k —wg, — g, — 0 for all v for almost all ¢. But this implies that for almost all ¢:

n ~n n ~n
wt,v + ut,v - (wt,m + ut,vl) —Uv—U
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. . . _ 00 e
which, since @}, —ay,, = [ e r(s—t) (A, —

—Ts

for almost all ¢ and all v. Therefore, for every t,s > 0: (wf, —wf, ) —e

converges to (1 —e™"%) (%) Note that for every n, and almost every ¢t > ¢ > 0:

t t
[om—am)as > [ on—a)as
t
> / e (AT, = AT, ) ds
= i ((w" —w” ) — e (=) (wfv — wfvl)) — 00
which implies that:

po (v) (1 = F" (t,v))
po (vi) (1 — F™ (¢, v1))

for almost all ¢t and for all v > v;. Therefore:
1—F"(t) 1—F"(t,v)
1—Fn(t,u) N Zv:uo(ﬂ) (1—F"(t,’l}l)

= o)+ Y po(v) (%)

V>

= o (v1)

And therefore:

po (v) (1= F" (£, 0)) -
0 < <zv: ( 0 1_ F" (t) ) ut,v) - ’u’tml

R e 0 po(0) (L= F* (o) 0\ -
N <1F”(t,vl) ; ( - 1—Fn (t, Ul) ) ut,v> - Ut,m
1=F2 ()N -,

o (2D,

V>
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by Theorem 11 parts 4, 6 and 8:

fou = /t T e (A — M) ds < 0
and:
S0t (S0t = [ (St (I8
> /t o—T(s—1) (Z“O (Fn(s(q)j)) )\MXS> ds

=0

po (V) (1= FF () -, .

for all n. But this implies: lim,, o @y, — 0 for almost all ¢. This means that: wy’, — v; for almost
all ¢, and therefore wy,, — *5% for all v. To extend to time 0, note first that Y, o (v) ()\{}7”/5\6’) =

1 for all n and ()\6’71}/5\8) > 1 for all v implies that exp i (v—k — wg,, —af,,) converges to a

and therefore:

strictly positive but finite number, and therefore v — k,, — wg

» — ug, — 0. As such, we have:

wg , — wg,, — 5 (v—v;) for all v. Note that for every ¢ > 0:

¢
0> = e [ O, - A ds ke,
¢
> Hn/ e ()\?m —)\th))\gds—&—e_”u?v,
0

= ((wg,vh - wg,vz) —e " (wgvh - wsz)) + e_rtu?vz

Lo (W)

taking ¢ — 0 then gives ug ,, — 0. But this implies wg ,, — v, and therefore wg, — % for all v,
which imples g, — * 2”1 since wy ,, + ug,, — v. The Theorem then follows from:

ur o= Y m@uwp,
Uy > o (v) g,
v

for all n.
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