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Abstract

Dynamic and strategic choices are often made by imperfectly-informed agents observing
a groups’ past decisions. In such context, past choices inform the tradeoffs that indi-
vidual agents currently face via two channels. The first channel is strategic in nature
i.e., an individual’s payoffs from a given action often depend on their peers’ choices. For
instance, a currency without widespread adoption is worthless and voting for a fringe
candidate is mostly futile. Agents, furthermore, learn from their peers actions. Buyers
estimate a painting’s resale value from past bids; investors impute a firm’s long-run
profitability from its stock price; et cetera. Although it is well-known that learning
over time plays a key role in decision-making, past research ascertained few insights of
note. This thesis presents two papers with results in dynamic information economics
pertaining auctions and bargaining. I discuss each paper in turn.

In chapter 2, I study the role of learning in sequential auctions under limited com-
mitment. The set up consists of a seller running a sequence of second-price auctions.
In each period, the seller first announces a reserve price (the smallest acceptable bid)
and then accepts bids. If he receives a bid, he transacts and the game ends; otherwise,
he can set a different price in the subsequent auctions.

A seller who can pre-determine all reserve prices from the outset is better off fixing
all prices equal to a price that maximizes static revenues. This nets the seller the
highest possible (expected) revenues. Sellers, however, are seldom capable of credibly
fixing prices after learning that their good failed to sell. Instead, sellers often find it
optimal to attract bids by sequentially lowering prices. Doing so, however, forces the
seller to (implicitly) compete with his past self.

The Coase conjecture posits that the seller’s revenues should converge to running
an efficient auction from the outset as market participants (i.e., the seller and buyers)

interact increasingly frequently. Note that in an efficient auction, the seller post a
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reserve price that elicits bids from all buyers who value the good more than the seller.
Such auctions are also known to not maximize revenues.

Liu et al (2019) proves that the Coase conjecture holds (at least) when there are
3 or more buyers who value independent private (IP) valuations. Buyers are said to
have IP valuations if and only if each buyer’s willingness to pay for the auctioned good
is independent of any information held by his peers. This assumption is strong and
rarely holds in real-world auctions. Does the Coase conjecture hold when one relaxes
the assumption of IP valuations? In general, each buyer’s valuations can depend on the
private information held by their peers and valuations are said to be interdependent. 1
find that the Coase conjecture can fail when valuations are interdependent.

The intuition is straightforward. As the item fails to sell, buyers deduce that their
peers hold adverse information regarding the auctioned good and hence lower their
valuations. The seller then learns that there may be fewer buyers with whom to trade.
I find that, in all equilibria, the market unravels after a finite number of re-offerings. In
each equilibrium, the seller expects the market to unravel and posts prices that informs
when the market unraveling occurs. As a result, initial revenues are bounded above
immediately running an efficient and may equal to the maximum revenue attained by
fixing prices from the outset.

Next, chapter 3 studies bargaining. Rubinstein (1982) introduced modern, micro-
foundations of bargaining.Two impatient players take turns proposing the split of a
common ”surplus” and deciding whether or not to accept said proposals. The game
ends once a proposal is accepted. The paper’s unique prediction is that players reach
an agreement immediately. This contrasts empirical evidence showing that negotiations
concluding with immediate agreement are rare. Backus et al (2020), for instance, finds
that only a 32 percent of E-bay buyer-seller transactions concluded with immediate
agreement.

To address this discrepancy, Abreu and Gul (2000) extended the model by intro-

ducing reputational types. This means that players may only be able to make large,
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pre-determined demands. In the unique equilibrium, players who are free to make flex-
ible demands and concessions to their opponent find it optimal to behave ”as if” they
are unable to do so and a war of attrition ensues. This equilibrium rationalizes that
negotiations can end with an agreement after multiple rounds of proposals.

I extend the model above by incorporating hidden effort. Such extension allows me
to consider bargaining scenarios where players take actions, as they bargain, that can af-
fect the payoff from the negotiation. I particularly focus on wartime, peace negotiations.
In such bargaining scenario, combatants negotiate the terms of a peace agreement while
they privately manage a war effort. The United Nations and other intergovernmental
organizations have observed the destructiveness of war and the fact that most negotia-
tions end without an agreement and have long proposed that combatants pause fighting
as they negotiate the terms of a lasting peace. However, the implementation of said
policy coincided with an increase in the share of negotiations ending in disagreement
from 60 to 87 percent.

The chapter shows that combatants negotiating a peace while they continue to fight.
Indeed, it may never be optimal to pause the fighting at any point during the negotiation.
This is because learning from the observed military outcomes enables players to quickly
deduce their opponent’s capacity to make concessions. In general, I find that brief
ceasefires (especially at the beginning of the negotiation) may be optimal under some
parametric cases.

The insights derived from this model, although applied in the context of wartime
negotiations, are relevant to other bargaining scenarios such as mergers and wage re-
negotiations. By studying the dynamics of hidden actions and the role of ceasefires,
the chapter provides valuable insights into the conditions under which such policies are

optimal or detrimental in various bargaining contexts.
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Chapter 1

Introduction

Information plays a key role in economics, because most decisions are made by imper-
fectly informed agents. For example, how much should a buyer bid for a painting when
its resale value is unknown? In war, under what conditions should combatants hold a
peace negotiation? What kind of information should a seller provide a about his goods
unknown common value? Moreover, when should the seller bring the good to market?
These scenarios involve imperfectly informed agents making sequential choices, while
learning from past outcomes and (sometimes) the choices made by others. In this the-
sis, I present three papers (chapters 2 and 3) on information economics, providing new

insights on the questions posited above.

Chapter 2: Learning and Sequential Rationality in Auctions. In chapter 2, I
study learning in sequential auctions when the seller has limited commitment. A seller
owns an indivisible good and auctions it to a fixed set of buyers. In each period, the
seller announces and runs a second-price auction with a posted reserve price. In such
auction, buyers can submit a bid above the reserve price or abstain (from bidding). The
highest bid wins but the winning buyer only pays the second highest bid—or the reserve
price if his fellow bidders abstained. I assume that the game ends once a buyer submits

a bid. The seller is otherwise free to re-auction his good. Crucially, I assume that once
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the seller announces a reserve price dutifully implements the auction announced, but
he cannot pre-determine the reserve prices of subsequent auctions. This assumption is
known as sequential rationality or limited commitment.

If the seller could, on the other hand, establish prices at the outset, he cannot
improve upon fixing prices equal to a revenue maximizing reserve price. The expected
payoff from such strategy is known as the full-commitment revenues. Nevertheless, a
seller who has limited commitment is seldom able to guarantee that he will post the
aforementioned price schedule and never change his mind. The intuition is clear. If the
good failed to sell at a given reserve price, the seller learns that no buyer valued the
good enough to place a bid. And the seller deduces that he must lower reserve prices to
attract bids. Nevertheless, buyers internalize this behavior, so they wait and revenues
fall. The Coase conjecture posits that as the seller interacts with buyers increasingly
frequently, revenues converge to running an efficient auction from the outset. In such
auction, the seller posts a reserve price eliciting that all buyers who value the good more
than himself place a bid.

Previous work by Liu et al (2019) found that the Coase conjecture holds when there
are at least 3 buyers and buyers have independent private value (IPV). Buyers are
said to have IPV valuations when willingness to pay of any arbitrary pair of potential
buyers are statistically independent. This assumption is stark and one (in general)
expects valuations to be influence by a ”common” value. For example, the IPV setting
would imply that wildcatters competing for drilling rights are not in agreement that a
rig’s oil reserves are key to how much the would bid for the drilling rights in question.
Alternatively, it would also imply that not all bankers bidding for a developing nation’s
sovereign bonds worry about the nation’s capacity to repay its recently issued debt.
To this end, I revisit the Coase conjecture in auctions when buyer valuations have a
common value. My main result is that the Coase conjecture fail in such case.

The intuition is straightforward. At the start of the game, each buyer receives private

information about an auctioned good’s common value. If the item fails to sell, buyers
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anticipate that their peers who received unfavorable signals would have refrained from
bidding. Consequently, buyers lower their willingness to pay for the item. Similarly, the
seller expects that the pool with whom he can trade is smaller than before.

I find that the seller can only re-auction an unsold good a finite number of times
until the market fully unravels. This means that there seller is certain that there does
not exists a buyer who values the good more than himself. This outcome holds true
in every equilibrium and regardless of the frequency at which the seller interacts with
buyers. Nevertheless, this certainty that the good can only be re-auctioned a finite
number of times provides a lower bound in initial revenues. Indeed, this lower bound on
revenues is greater than the expected revenue from running an efficient auction from the
outset, does not depend on how often the seller interacts with buyers, and may equal

to the maximum possible revenues when the seller has full commitment.

Chapter 3: Bargaining and War In chapter 3, I study bargaining. Like auctions,
bargaining is one of the foundations of economics. The modern, non-cooperative foun-
dations of bargaining begin with Rubinstein (1982). The setup consists of two players
who take turns proposing how to split a ”surplus”. For example, how should an em-
ployer and a worker split the revenue generated by their interaction?; how much are an
acquired firm’s stockholders are compensated in a merger be valued?; how do warring
nations arrive at a peace treaty? The player who receive a proposal either accept or
reject it and once a proposal is accepted, the game end. This model has a unique equi-
librium in which players reach an immediate agreement. This is counterfactual. For
example, Backus et al (2020) find that only 32 percent of E-bay buyer-seller transactions
concludes after the first offer.

Abreu and Gul (2000) were able to extend the aforementioned model and their
unique outcome rationalizes negotiations reaching an agreement after multiple rounds
of proposals. Their key insight was the introduction of reputational types. This means

that, with a positive probability, a player may be obstinate and hence only be able to
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make predetermined demands. Otherwise, players are able to make concessions and
(hence) behave strategically. In the unique equilibrium, strategic players mimic the
demands of they would make if they were obstinate and a war of attrition ensues. This
means that as long as a strategic player in not certain that he interacts with an obstinate
player, he concedes at an exponentially growing rate.

Subsequent research build upon the previously mentioned bargaining framework by
analyzing the role of several model features of note. I now provide a brief overview. First,
Compte and Jehiel (2002) proved that the unique outcome reaches immediate agreement
when players have a sufficiently large outside options. For example, a worker’s outside
option when negotiating a wage is determined by the value of continued unemployment
and the value of meeting another employer at a later date.

Meanwhile, Fanning (2016) introduced a random terminal date. Such addition ra-
tionalizes why many negotiations are increasingly likely to reach an agreement near
their deadline. Lastly, Fanning (2021) introduce a mediator who proposes mutually
acceptable agreements. The findings highlight that intermediaries can enhance bar-
gaining outcomes, but only when there is a possibility that they may fail to effectively
communicate that an agreement has been reached. This emphasizes the importance of
communication and the potential benefits of involving a third party in the negotiation
process.

From a theoretical point of view, my paper accounts for the fact that negotiations
may or may not hold in isolation. Should negotiations take place in isolation? For
instance, unions negotiate a collective agreement with their employer while they work
or during a walking-out strike. Meanwhile, peace negotiations either coincide with
active fighting or in a pre-agreed pauses i.e., ceasefires. My main result states that
holding a negotiation in isolation may lower welfare. This result holds even when players
negotiating in isolation could prevent players from incurring costs and avoid that the
negotiation ends in disagreement after multiple rounds of haggling.

In particular, I expand allow players to exert hidden effort. This extension has
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many real-world applications. For instance, in the context of merging firms, managers
invest resources towards talent retention to ensure that the consolidated firm is prof-
itable. Meanwhile, when heads of government negotiate free-trade agreements, they
lobby their legislatures to ratify the agreement. Similarly, combatants engaged in a
drawn-out conflict negotiate a peace agreement while managing a persisting war effort.
By incorporating hidden effort, the model captures the learning dynamics and strategic
considerations involved in real-world negotiations.

The model is applied to wartime, peace negotiations. I first note several empirical
observation about said negotiations. Using data from Min (2022, 2019) and Fazal (2013),
I find that approximately 25 percent of peace negotiations held after 1823 resulted in a
lasting peace agreement i.e., they were successful. While this success rate is low, it hides
a significant trend. Since 1914, the share of successful negotiations declined from 40 to
13 percent, while the median duration of wars increased from 15 months to 4 years.!
This prompts the question: Why have peace negotiations become less successful since
19147

I find that post-1914 peace negotiations are 250 percent more likely to coincide with
ceasefires. A ceasefire is a temporary pause in fighting. I estimate that 1 day in which a
negotiation coincides with a ceasefire is associated with an additional 10 days of fighting.
Is there any reason to expect this relation to be anything other than spurious? In any
case, when is it optimal to coordinate ceasefires during armed conflicts?

After the establishment of guidelines for ceasefires during the Hague Convention
of 1907, international relations experts promoted pauses in fighting as a precursor to
peace negotiations. This approach became further implemented after World War 1,
where combatants gradually exited the conflict by first agreeing to a ceasefire before
negotiating the terms of their exit. The subsequent establishment of intergovernmental
institutions such as the United Nations and the League of Nations reinforced the policy

of advocating for ceasefires preceding peace negotiations.

!The difference in means is significantly larger.
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This coincidence, by itself, does not imply a causal relation. Nevertheless, I provide
a rationale for why negotiating during a ceasefire can lead to worse bargaining outcomes
relative to negotiating while combatants are actively fighting. In my model, two players
negotiate the split of a surplus while they exert effort to manage the war effort. Each
player exert two different types of effort. On one hand, players exert defensive effort
to prevent that their opponent achieves a decisive military victory and is able to freely
impose their terms. The player further exerts effort to prevent the surplus from be-
ing destroyed. This is analogous to defending a bridge from enemy attack or a city’s
telecommunication infrastructure. This is because the value of holding a city depends
on the infrastructure and resources that it holds. Lastly and crucially, I assume that
obstinate players make pre-determined, hidden effort choices.

In the model, a ceasefire is the case where the rates at which the surplus is destroyed
or players reach a decisive military victory are nullified. I find that the decision to hold a
ceasefire must take account for the following tradeoff. On one hand, ceasefires preserve
the surplus at no cost and avoid a military victory. However, not observing how the
fighting proceeds slows down how fast strategic combatants learn that their opponent is
unable to make concessions. It also eliminates the incentive to concede as a precaution
that there may not be future opportunities to negotiate or that the future negotiation
is over a smaller surplus.

When obstinate players exert little effort to prevent the surplus from being destroyed—
a natural assumption—I find that holding a ceasefire lowers the welfare of strategic
players. Furthermore, it is never optimal to even hold a momentary pause in fighting.
Suppose that a benevolent third-party could impose upon the players when they fight or
pause the fighting. I find that the aforementioned third-party would never suggest that
combatants pause the fighting at any moment in time or after any military occurrence.
In general, however, the third-party may find it optimal to hold brief ceasefires at the

beginning of the negotiation or after the surplus is partially destroyed.



Chapter 2

Learning to Commit

Summary I study learning in auctions under limited commitment. In each period,
the seller sets the terms for an auction selling an indivisible good among multiple buyers;
but if the item fails to sell, he cannot pre-commit to the terms of future offerings. I
find that, in interdependent value settings, the seller’s equilibrium revenues are greater
than immediately running an efficient, Vickrey auction. In contrast with private value
settings, this result persists regardless of how often agents interact. This is because
learning among buyers ensures lowers buyer valuations and ensure that the seller stops

re-offering his good in finite time.

2.1 Introduction

The Coase conjecture illustrates how sequential rationality (i.e., limited commitment)
reduces profits. A monopolist sells a durable good to buyers with independent, unknwon
valuations. At each price, the probability that a buyer purchases the good and exits
the market increases with their willingness to pay. This prompts the monopolist to
progressively lower prices. In turn, a declining price schedule delays sales and lowers
profits. Coase (1972) conjectured that profits vanish as the costs of waiting for future

trade opportunities vanish.
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The Coase conjecture is robust ! and extends to other settings like sequential auc-
tions. Nevertheless, the conjecture assumes that buyers have independent and private
valuations. A buyer has a private valuation if it is unaffected by others’ private in-
formation. Such assumption rarely holds. For example, seldom known factors like a
painting’s resale value, an oil field’s deposits, and a bond’s default probability inform
a buyer’s willingness to pay. In such cases, buyers expect their peers to hold private
information that would inform their willingness to pay and (thus) buyers are said to
have interdependent valuations. Does the Coase conjecture extend to settings where
buyers have interdependent valuations? In this paper, I find that the Coase conjecture
fails in settings with interdependent valuations.

Previous research showed that the Coase conjecture can fail in durable good markets.
The conjecture fails when buyers have an outside option (Board and Pycia 2014) or the
monopolist faces capacity constraints (MacAfee and Wiseman 2008). Meanwhile, other
papers point out that as the waiting cost vanish, one can approach multiple equilibria
e.g., Fundenberg et al (1987) and Ausubel and Deneckere (1989). These papers find
that the Coase conjecture is one such limiting equilibria, but there are equilibria in
which the seller attains positive profits. In such limiting equilibria, the seller posts a
gradually decreasing price schedule and screens buyers.

Liu et al (2019), however, showed that the Coase conjecture is the sole limiting
equilibria when there are three or more competing buyers with IP valuations. This
means that limiting equilibria in which the seller profitably screen buyers do not exist
in the case of first(second)-price or English auctions. Intuitively, the seller faces a trade-
off between screening buyers and attracting competing bids. Screening buyers requires
posting an initially high reserve price, which is gradually lowered over time. Such prices
ensure that the seller extracts a large share of the trade surplus, but screening delays

when the good sells. In contrast, the seller attracts bids by starting with a low reserve

'see (for example) Kahn 1986, Fuchs and Skrzypacz 2010, Bond and Samuelson 1984, and Sobel
1991.
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price from the outset. This strategy immediately prompts the losing buyers to bid up

the winning bid. The authors find that screening is sub-optimal, because competition
among buyers extracts a large surplus share without delay.

I find that the tradeoff above does not hold when buyer valuations are interdependent
valuations. In fact, there exists a maximum, finite number of times in which the seller
may offer his good in every equilibria. This implies that equilibria can be derived via
backwards induction beginning at the earliest period in which the good may be sold.
Consequently, equilibrium revenues are unique and higher than running an efficient
auction from the outset, regardless of waiting costs. I even find that commitment
considerations may not affect revenues under mild conditions.

The intuition is straightforward. At the start of the game, each buyer receives an
independent signal that is informative of the auctioned good’s common value. If the
item fails to sell, buyers anticipate that their peers who received unfavorable signals
would have refrained from bidding. Consequently, buyers lower their willingness to pay
for the item. Similarly, the seller expects that the pool of potential buyers contracts
as the item remains unsold. These learning dynamics ensure that after a finite number
of iteration, the market unravels. This means that the seller does not expect to profit
by auctioning his good. Moreover, if the market unravels after a single iteration, then
commitment considerations have no effect on revenues.

The paper is organized at follows. Section 2.2 presents the main results in a stylized
model. T then introduce the general model in section 2.3 and the main results are in
section 2.4. Next, section 2.5 discusses the related literature. Lastly, section 2.6 presents

the discussion and concludes.

2.2 Motivation: Selling Art.

This section illustrates the paper’s main contribution, i.e. learning among buyers can

contravene the Coase conjecture. A seller can auction a painting to a fixed set of
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patient buyers until the artwork sells. If the seller has full commitment, he is better off
immediately running the revenue maximizing, static auction and keeping the painting if
it fails to sell. Keeping paintings failing to sell, however, is seldom sequentially rational.

When buyer valuations are independent and the seller has limited commitment (i.e.,
he is sequentially rational), Liu et al (2019) proves that the seller’s revenues converge to
immediately running an efficient auction as the seller transacts with buyers increasingly
frequently. This is the auction analog of the Coase conjecture. Meanwhile, when buyer
valuations are interdependent, I show that the seller can attain strictly higher revenues,
regardless of how often the seller transacts with his buyers. In fact, I find conditions for
when the seller can immediately run the revenue maximizing, static auction and find it

sequentially rational to keep his item when it fails to sell.

2.2.1 Environment

A seller offers a painting to n > 2 buyers. Each buyer ¢ has a valuation v; that depends

multiplicatively on a private value #; and a common value q i.e.,

v = Hl-q.

The private values (6;) are drawn iid uniformly between 0 and 1; meanwhile, ¢ is
high (i.e., ¢ = 1) with probability A € (0,1) or otherwise low (¢ = 0). I assume that
q is independent of the private values. Next, each buyer ¢ further observes a signal x;
that is good news (i.e., ; = 1) or bad news (z; = 0). Conditional on ¢, I assume that
the signals are drawn iid, but for each buyer i it holds that z; = ¢ with probability
m € (1/2,1). This assumption implies that the signals are informative and that the
expected common value conditional on observing a good signal is higher than observing
a bad signal: F[g|x; = 1] > E[q|z; = 0].

Meanwhile, the seller has a commonly known valuation, called 65, that does not
depend on the common value ¢q. This assumption is important since it simplifies expo-

sition and avoids the issues associated with an informed seller i.e., the seller does not
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observe a private signal that would inform buyer valuations. Also, the results presented
below can be extended to the case when the seller’s valuation depends on ¢: seller’s
valuation is €,(q). I further assume, for exposition, that the seller’s valuation is higher

than buyers observing bad news but smaller than some buyers observing good news i.e.,

Elqlz; = 0] < 05 < Elg|lz; = 1].

Next, the timing of play is as follows. Nature first draws the common value ¢, private
values (6;), and the signals (x;). It then privately informs each buyer i of (6;,x;). In
period t = 0,1,..., the seller first posts a reserve price p; € [0,1]. Buyers then decide
to wait or submit a bid b; such that b; > p;. If no buyer bids, the game continues
to period t 4+ 1. Otherwise, the game ends, the buyer submitting the highest bid wins
the auction, and either pays the second highest bid or p; provided that no other buyer
placed a bid. Moreover, if multiple buyers submit the highest bid, then each buyer wins
with equal probability. The timing of play is illustrated in figure 2.1. Lastly, if buyer ¢

wins the item in period ¢t and must pay p;: > p¢, payoffs are
i. Buyer i: 6*(6;q — pit) for common discount factor & € (0, 1),
ii. Buyers j #i: 0

iii. Seller: (1 — 6")0s + 0'pjt.

t Seller Buyers All wait t+1
| | | |
f T - T
Post p¢ Wait Game continues
bid b;t > pt
Game ends
Figure 2.1: Timing of play at each period t = 0,1, ... conditional on the item remaining unsold.

The rest of the section proceeds as follows. First, I illustrate the revenue maximizing

equilibrium under full commitment. Next, I provide a sufficient condition ensuring that
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the strategy profile above remains an equilibrium when one requires the seller to be
sequentially rational, i.e. he has limited commitment. I lastly discuss how this result

generalizes and extends to more general settings.

2.2.2 Full Commitment Benchmark

Even though I focus on the revenues that a sequentially rational seller can attain, it
is useful to first characterize the optimal strategy under full commitment. An optimal
strategy for the seller is a price schedule (p;) that maximizes expected revenues in period
0. Since such price schedules are not required to maximize revenues at each history, the
maximum revenues attained by a seller with full commitment cannot be less than the
maximum revenue with limited commitment. Hence, the full commitment benchmark
is an upper bound on the revenues that a seller can attain.

In lemma 1, I establish that the seller cannot improve posting a constant price
schedule i.e., for each period ¢, p = p € [0,1] almost surely. This is because the
seller is impatient and (as shown below) valuations fall as the item remains unsold.
Consequently, delaying when buyers submit bids both delays when payments are made
and lowers the rents that the seller extracts. It is further immediate that if a price
schedule (p;) does not prompt buyers to delay when they submit a bid, then fixing
prices at pg nets the seller the same revenues. This implies that the seller cannot
improve upon running the optimal, static auction in period 0 and never re-offering his
good again. Let p* > 6,2 be the reserve price associated with the optimal static auction,
then an optimal strategy for the seller is (p; = p*).

Next, when the seller fixes prices at p*, buyers behave myopically. This implies
that buyers expect to only submit a bid in period 0 and do so if and only if (iff) their
valuation is greater than p*. But what are buyer valuations? Buyers bid their valuation

conditional on winning since buyers face a winner’s curse. This means that buyer 7 is

2It is immediate that the optimal reserve price p* > 65; otherwise, the seller sells his painting to a
buyer for strictly less than he values the painting with a strictly positive probability.
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more likely to win if ¢ observed good news (i.e., z; = 1) and most peers j observed bad
news (z; = 0). Since E[g|z; = 0] < 6, then a buyer ¢ observing good news expects to
outbid each peer j is j observed bad news or he observes good news and a private value

that is less than 0; i.e.,

w; = 9,5E[(]|1‘i = 1,Vj 75 i,l‘j =0or T = 1,0j < 91]

I focus on symmetric equilibria for which this is the unique equilibrium. If one allows
the buyers to play asymmetric strategies, revenues are lower but this is an well under-
stood issue that is orthogonal to this paper’s contribution. I now states the following

lemma, which formalizes the results described above.

Lemma 1 (First Best) When the seller has full commitment, he posts p, = p* in each

period t and each buyer i bids w; in period 0 iff w; > p*.

The argument behind lemma 1 is standard and I delegated its prove to appendix
B.1. What matters is that a buyer submits a bid in period 0 iff they observe x; = 1
and a private value 6; that is above a cutoff 6* > 6. I further find that the cutoff 6*
is strictly increasing in 65, because buyers submitting bids (in equilibrium) must value

the good more than the seller.

2.2.3 Limited Commitment

In the previous section, I characterized an optimal strategy under full commitment.
This strategy implicitly requires the seller to not elicit bids after after the good fails
to sell in period 0. When buyers have independent private values, this strategy is not
sequentially rational since gains from trade often remain. Is this still the case in a
setting with interdependent values? I find conditions ensuring that the sequentially
rational seller can implement the optimal strategy under full commitment and present

the argument below.
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Suppose that the seller has limited commitment, but players still follow the strategy

profile described in lemma 1. I claim that this strategy profile can be sequentially ratio-
nal. If the seller posts pg = p* and the painting sells, the game is over and commitment
considerations are moot. Otherwise, the good failed to sell, which only occurs if no
buyer submitted a bid. Each buyer i expects that each alternative buyer j(# i) either
observed bad new or they observed good news, but they also observed a private value
that is below the participation cut-off i.e., §; < 60*. Buyer 7 then derives a new valuation
for the painting: v = 6;E1[q|z; = 1].

Since learning among buyer plays a key role in my result, I characterize how buyers
update beliefs given Bayes rule in detail. Considitonal on the common value ¢, both the
signals (z;) and private values (6;) are drawn pairwise independently. This implies that
a buyer 7 expects that the probability that his n — 1 peers chose to wait (conditional on
q) is the probability that a different buyer j waited to the n — 1 power. The probability

that buyer j waits equals to

Pr(j waits|q) = w(0”, q) = Pr(z; = 0lq) + Pr(z; = 1|q) Pr(6; < 0%)

Bad news good news Low 6;

(1—m)+m0" ¢g=1

T+ (1—-m6* ¢=0.

Since 7 > % and 0* < 1, buyer j is more likely to wait when ¢ = 0 than when ¢ = 1.
Further notice that, conditional on ¢, signals and private values are drawn iid across
buyers. Hence, i expects that, conditional on ¢, each pair of buyers j, k # i decided to
wait independently. Thus, the probability that his peers waited was w(6*,¢)"!. By

Bayes rule, i’s period 1 valuation is

vi1 = 0; Pr(q = 1|x; = 1,no trade at t = 0)

_ O;mAw (6%, 1)”—1
a 7r>‘w(9*7 1)n—1 + (1 — 7T)(1 — A)w(0*70)n—1 : (2'1)
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In what follows, I provide a condition ensuring that the seller values the good more
than all buyers, i.e. v;; < 0 for each buyer ¢. This implies that the strategy profile in

lemma 1 is sequentially rational.

Sufficient Condition

I now provide a condition for when the seller decides to keep his good after period 1.
Intuitively, the seller keeps his painting provided that he does not expect to extract
more rents from buyers than his valuation for the good, i.e. #s. This is certainly true
when no buyer in period 1 values the good more than the seller. In such case, it holds

that:

Lemma 2 (Learning to Commit) A sufficient condition for the seller to optimally

*

posts pr = p* in each period t is that

Pr(q=1]z; = 1,no0 trade at t = 0)
Pr(q=0|z; = 1,no0 trade at t = 0)

=(Z) )] wta e

This condition states that the seller avoids re-offering the good provided that the

event in which all buyers wait is sufficiently informative of ¢. Informally, it means that
the seller avoids re-offering his good, because learning among buyers lowers valuations

enough to expunge the seller’s gains from trade.

2.2.4 Discussion

I now discuss how and why the Coase conjecture fails in settings with interdependent
values. Firstly, negative selection in the demand pool persists, i.e. high value buyers
are more likely to bid than their low value peers, and prompts the seller to unprofitably

screen his buyers. Secondly, negative selection further prompts buyers to screen each
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other, and this lowers valuations. When the second effect is sufficiently stark, the seller
avoids screening his buyers and implements his optimal strategy.

In general, screening among buyers ensures that the Coase conjecture fails when the
seller’s valuation lies in the interior of potential buyer valuations. The seller stops re-
offering his item in finite time, which this ensures that equilibrium revenues are unique
and greater than immediately running an efficient auction. The intuition is threefold.
Firstly, the seller still screens his buyers, i.e. if the item fails to sell, agents learn that
valuations lie below a falling cutoff. Second, buyer valuations, themselves, fall over time.
Lastly, the seller increasingly expects that there are fewer buyers who value the good
more than himself.

The rest of the paper proceeds as follows. First, section 2.3 presents the general
model. I generalize the distributions of types as well as the payoff function. Furthermore,
I ensure that negative selection in the demand pool occurs in equilibrium.? Section 2.4
then states the results in the general model. Next, I present the literature review in
section 2.5 and discuss the assumptions, results, and extensions in section 2.6. Lastly,

appendix B.2 illustrates that the results herein extend to durable goods markets.

2.3 Model

This section presents the model. First, I present the primitives, i.e. types, distributions
of types, payoffs, and the seller’s valuation. Next, I introduce the timing of the game.

Lastly, I define strategies and equilibrium.

2.3.1 Primitives

A seller offers a single, indivisible item to n > 2 buyers. Each buyer ¢ has a type

7 € T = [0,1]2. Buyer 4’s type (i.e., 7;) consists of a private value §; € [0,1] and

3In order to test whether learning among buyers prevents the Coase conjecture, it must be the case
that there is negative selection in the demand pool; otherwise, the conjecture can fail due to non-learning
factors.
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an interdependent value z; € [0,1]. All random variables (i.e., (6;,x;);) are drawn
pairwise independently where each private value is distributed given a CDF K and
the interdependent values given a CDF F'. I further assume that the CDFs K and F
admit PDFs k£ > 0 and f > 0. Next, if buyer ¢ has type 7; and other buyers have
interdependent values x_; € [0,1]"!, the i’s payoff from owning the item is u(7;, z_;).
I assume that the payoff function w : [0,1]"! — [0, 1] satisfies the following regularity

conditions stated in assumption 1.

Assumptions 1 The payoff function u(-) is linear i.e., for each tuple (6;,x;,x_; =
() #i)
u(ri, o) = 08 + 2 [ 2] (2.3)
J#i
fora,p€(0,1),a+8<1,andl=a+ B+ (n—1)n.

Assumption 1 implies that the interdependent values as well as the private value
enter payoffs in a linear manner. This assumption imposes a functional form to pay-
offs, which simplifies the characterization of result. This is because, in every symmetric
equilibrium, buyers decisions to participate at an auction ran at any given period fol-
lows a threshold strategy: a buyer participates if and only if his valuation is above an
equilibrium determined threshold.

Next, I ensure that there are gains from trade; otherwise, the point of the paper is
moot. If the seller never expects to gain from auctioning his good, then it will vacuously
holds that he never auctions the good in the first place. Now, suppose that the revenue
maximizing, static auction has a reserve price of p* € [0,1] in which buyers bid their

valuation conditional on winning i.e.,

wio = Eolu(ri,x_;)|7i, i wins]

where for each type 7;, the expectation is taken with respect to the initial distri-

butions K and F. Each buyer i further expects that each buyer j(# i) bids wjo iff
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wjo > p*; otherwise, buyer j waits and does not place a bid. It is the useful to define
the CDF of valuations (w;p) as Hy and its PDF as hgy. I can now make the assumption

ensuring that there are (initially) gains from trade.

Assumptions 2 Let the seller’s valuation for the good be 05 € (0,1), then I assume
that the probability that some buyer is willing to bid more than the seller’s valuation for
the good at the optimal static auction is strictly positive but that some buyers would be

willing to bid less than the seller i.e.,

H(](es) < 1.

2.3.2 Timing and Payoffs

After establishing the setting’s primitive, I now state the timing of play. I assume the
most standard timing possible in order to ensure that the results herein are not driven
by non-standard assumptions. It should further be notice that the timing is similar to
the one provided in the example.

The timing of play is as follows. Nature first draws types (7;) and privately informs
7; to player i. The types are drawn as previously discussed. Next, at each period
t = 0,1,..., the seller first announces a reserve price p; € [0,1]. Each buyer i then
decide to wait or submit a bid b; > p;. I assume that buyer submit bids at the same
time. If buyers wait (i.e., no buyer 7 submitted some bid b;), the game continues to
period ¢t + 1. Otherwise, the game ends, the buyer submitting the highest bid wins
the auction, and either pays the second highest bid or p; provided that no other buyer
placed a bid. Moreover, if multiple buyers submit the highest bid, then each buyer wins
the auction with equal probability. The timing of play is illustrated in figure 2.1. Lastly,

if buyer ¢ wins the auction in period ¢t =0, 1,... and must pay p;, payoffs are
i. Buyer i: 6*[u(7;, z_;) — pit] for a common discount factor § € (0, 1)

ii. Buyer j #1i: 0
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iii. Seller: 8'py + S\ 5(1 — 6)6%05 = d'pir + (1 — ).

Note that if the time never sells, then each buyer ¢’s payoff equals to 0 and the seller
nets a payoff of #;. Moreover, it is important to note that I assume that types are drawn

only once at the beginning of the game.

2.3.3 Strategies and Equilibrium

I now define histories, symmetric strategies, and equilibrium. Note that I focus on
symmetric equilibria in a symmetric environment, because this paper is focused on the
seller’s commitment issue. Informally, a history is a record of all previous reserve prices
since any bid would have ensured that the game ended. A strategy for the seller is
then a map from histories to reserve prices and a strategy for buyers is a mapping
from histories and current reserve prices to a decision to wait or which bid to submit.
Meanwhile, an equilibrium imposes that beliefs are derived using Bayes rule and that
players are sequentially rational.

I first define histories. In period 0, assume a set of histories Hy with a single null
history. In period t = 1,2,..., however, a history h; details the preceding reserve prices
i.e., hy = {pr }'_4. The set of period ¢ histories is H; = [0, 1]*.

Next, I define strategies. A seller strategy is a collection of functions (p;) Vt,p; :
H; — [0, 1] such that at each period ¢ and history h¢, p;(h:) denotes the reserve price that
the seller posts. Note that I assume that players follow pure strategies for exposition.*
It is possible to consider behavioral and mixed strategies, but such extensions would be
orthogonal to the point of this paper.

I now define a buyer strategy. A strategy for buyer ¢ consists of a collection of
functions (bi), Vt,by : Hipp X T — [0, 1] U {wait}, such that at each period ¢, history

ht, current reserve price py, and type 7;, it holds that b (7;, he, pr) denotes a bid choice or

4All functions are be assumed Lebesgue measurable. Furthermore, Liu et al (2019), Fundenberg,
Levine, and Tirole (1985), and others find that almost surely neither the seller or buyers play a mixed
strategy.
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a choice to wait. I assume that a buyer that is indifferent between bidding and waiting
will submit a bid and in the case that a bidder is indifferent between multiple bids,
he submits the highest possible bid. Next, I assume a monotonicity requirement on
strategies i.e., for each period t, type 7;, history h;, and price p; if b (7, he, pr) #wait,
then for each period s > t and history hg such that (hy,py) C hs, it holds that for each
price ps € [0, 1] bis(7i, hs) #wait. This condition implies that strategies are consistent
with past decisions to participate in the auction. Lastly, beliefs are history dependent
joint measures on (7;)" .

Now that strategies and beliefs have been defined, I can define equilibrium. The
paper focuses of perfect Bayesian equilibrium (PBE) so as to not deviate from the

preceding literature.

Definition 1 (PBE) A Perfect Bayesian Equilibrium (PBE) is a collection of strate-

gies, (pt, (bit)), and beliefs such that for every period t and history hy

i. Given beliefs, strategies are sequentially rational

ii. Beliefs are derived via Bayes rule whenever possible.

2.4 Results

I now state my results. The paper’s main result is that equilibrium revenues are unique
and greater than immediately running an efficient auction, i.e. setting pg = 6. I first
present three auxiliary results. First, I prove that buyers follow a threshold bidding
strategy. This means that buyers bid their valuation conditional on winning the good
iff it lies above a time dependent cutoff. Next, this result implies the second result:
progressive pessimism. Pessimism implies that in every period, prior beliefs likelihood
ratio dominates their Bayes posteriors. This technical result drives all subsequent results

in the paper.
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I lastly find bounds on equilibrium revenues. First, I prove that an upper bound
on equilibrium revenues. In every period, the seller cannot improve upon immediately
running the revenue maximizing, static auction given his current beliefs and keeping the
good if it fails to sell. Next, I find a revenue floor that is higher than immediately running
an efficient auction and does not account § or the frequency of future re-offerings. In
each period, the seller’s revenues are greater than running any auction where upon
learning that the item failed to sell, buyers lower their valuation enough to justify that

the seller keeps his good.

2.4.1 Auxiliary Results
Skimming Property

The first auxiliary result states that buyers play a threshold strategy in every equilibrium
i.e., in every equilibrium, each player ¢ participates in an auction iff +/s valuation is
above a history-dependent cutoff. This result imposes a tractable structure behind
equilibrium beliefs. First define expectations given period ¢ beliefs as E;[-] and each

player i’s valuations given his type 7; and the public history until period ¢ as

wiy = Ey[u(i, x—;)|7, i wins].

This implies that player ¢’s time ¢ valuation is the expected he expects to net con-
ditional on winning the auction. Note that when it is useful to specify the valuation as
a function of the history, I will write it as wi(hy) = E[u(7;, x_;)|h¢, i, © wins]. Next, I

can define a threshold strategy.

Definition 2 (Threshold Strategy) Buyer i is said to play a threshold strategy iff
there exists a collection of functions (ui),Vt ui : Hyp1 — R such that i bids his valuation

in period t and history hy if wi(hy) > ui(he); otherwise, i waits.

This definition states that buyer ¢ follows a threshold strategy if he bids his valuation

conditional on winning provided that it lies above a cutoff. Otherwise, buyer i waits.
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Note that buyers bid their valuation conditional on winning is a standard argument pre-
sented Myerson (1981) and Krishna (2004). The following lemma characterizes buyers’

equilibrium behavior.

Lemma 3 (Skimming Property) In every PBE, each buyer i plays a threshold strat-

cqy.

The proofs are in the appendix, but I sketch the argument below. For each buyer
i, his type (7;) is unverifiable. This implies that when i observes a type 7;, he can
implement the strategy associated with observing type 7/ without the possibility of
being detected. This implies that the difference in payoffs between participating in the
auction relative to the payoffs he nets from waiting must be increasing in buyer 4’s
current valuation. This establishes the skimming property.

This result is key for two reasons. First, this result implies that there still exists neg-
ative selection in the demand pool. This negative selection ensures that beliefs evolve
as described in the next auxiliary result. Secondly, if buyers’ decision to participate
at auction follows a cut-off rule as described above, then the following auxiliary results
proceed regardless of the auction protocols considered. How buyers bid and interact
with each other is inconsequential when it comes to characterizing learning from the
item failing to sell. The auction format, nonetheless, matters since it determines who
participates in the optimal, static auction available to the seller. I delegate this discus-
sion to the appendix to avoid the issue of presenting a general auction format in the

main text.

Principle of Progressive Pessimism

The next result characterizes learning. Heuristically, the seller and buyers become
increasingly pessimistic regarding other buyers’ (IV) components and valuations. This
is the key insight to my main result. I first present a standard ordering on distributions

and state my result using such ordering. A CDF H|0, 1] likelihood ratio dominates
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another CDF on G0, 1] provided that the CDF G systematically gives higher weight to

lower realization of a random variable than H. The formal definition is the following.

Definition 3 (Likelihood Ratio Dominance) Suppose that Hla,b],a < b, and Gla, ]
are CDFs admitting pdfs h > 0 and g > 0, respectively. Then, H likelihood ratio dom-
inates G, i.e. H™> G, if for each pair of x,z" € [a,b] such that x < x’, it holds that

(2.4)

This is a strong notion of stochastic dominance. It implies first- and second-order,
hazard and inverse hazard rate, stochastic dominance. Indeed, if one has a sequence
of random variables (z,) and for each n, it holds that the CDF of z,, likelihood ratio
dominate the CDF of x,41, then the sequence is stochastically decreasing, i.e. it is
increasingly likely that one observes high realizations as n increase and less likely to
observe high realizations.

Next, define for each period t the CDFs F, K;, and H; as the equilibrium path
beliefs regarding each buyer’s interdependent value, private value, and valuation as of
the beginning of the period. Note that F(.), for example, refers to the seller or a buyer

i’s beliefs regarding buyer j # ¢’s value ;. I now present the result.

Theorem 1 (Progressive Pessimism) In every PBE, the expected valuations and

types are stochastically decreasing:

Vt, Fy > Fip1,Ge > Gy (2.5)

I now state an immediate corollary, i.e. valuations and the expected dispersion of

valuations falls.

Corollary 4 (Expected Dispersion in Valuations Falls.) In every PBE and pe-

riod t, the dispersion in valuation falls, i.e. for every pair of types T,7’, it holds that



24
Efloe(r) — ve(7)] = Eega[lve(r) — ve(r)]]- (2.6)

Neat, for every period t, buyer i, and type 7;, it holds that vi(7;) > vi41(7;).

These results allow me to decompose learning in the current IV setting and compare
it to a setting with private values. Such comparison clarifies the role. For exposition,
I focus on beliefs regarding valuation, i.e. vy = wvi(7;). First, let v; be the smallest

valuation for which Hy(v¢) = 1, i.e.

v = inf{x € [0,1]|H(z) = 1}

Note that v; is non-increasing in ¢ due to the skimming property. In every period
t, agents expect that buyers have valuations below v; and are distributed by the CDF
H[0, vy

If the item fails to sell, agents learn that buyers have a valuations below a cutoff

ur+1 < v;. Note that in a comparable private value setting, the seller’s beliefs regarding

buyer valuations in period ¢ + 1 is given by the CDF (’Z;H) [0,ui11]. Next, every buyer
further lowers their valuation in response to their peers lack of trade and hence the
maximum valuation in period ¢ + 1 is vgr1 < upqq1. Figures 2.2 and 2.3 illustrates the
decomposition described above.

The proof of theorem 1’s is inductive. Intuitively, when a buyer 7 observes that his

peer j # ¢ waited, he learns that vj; < u; and expects that for each pair of values z; and

/

Ty

where z; < a:;, there exists more potential values 6; for which the expected valuation
of (z;,60;) lies below v; than for realizations. Consequently, the probabilities ratio is
non-increasing is xj. The stochastic dominance discussed above follows immediately
from this observation and argument extends to beliefs regarding private values as well

as for valuations.
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Figure 2.3: Decline in valuations after the good fails to sell

Bound on Revenues

I now derive bounds on equilibrium revenues. First, I define an upper bound on revenues.
In each period, I find that the seller cannot improve upon immediately running the
revenue maximizing auction given the information at hand and never re-offering his
good. Remember that re-offering his good is often sequentially rational. Next, I derive
a lower bound. Intuitively, I calculate the revenue maximizing auction after which the
seller can commit to keep his good.

First, suppose that after period ¢, the seller commits to his optimal continuation
strategy. What strategy would he pick? I show that the seller cannot improve upon
immediately running the static optimal auction given the information he holds in period
t and keeping the good if it fails to sell. If p; denotes the optimal, static auction’s reserve

price, then the seller prevents re-offering his good by setting ps = p; for every period
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s > t with probability 1. Next, I derive an expression for the revenues attained by a
static auction. A static auction held in period ¢, when beliefs are H;[0,v], and a reserve

price of p € [0,1] nets the seller an expected revenue of
r(p, Hi) =05 + Et[X(UtQ > p){&(th7 Hy) = 05}

where v? is the second highest valuation among buyers and ¢(z, H;) are the ironed
out virtual values as given by the current distribution of valuations conditional on
winning the auction. Furthermore, the optimal static auction’s revenues are denoted as
ry and satisfy

F = ,Hy). 2.7
Ty prg[gﬁ]r(p t) (2.7)

Next, I find a period 0 revenue floor. The seller may not be able to implement
his revenue maximizing auction and never re-auction his good, but there exist some
auctions that the seller could run in period 0 whereupon learning that the item failed to
sell, buyers end up willing to bid less than the seller’s valuation. First define valuations
conditional on the seller running a static auction in period 0 with a reserve price of p,
buyers bid myopically, i.e. each buyer i bids iff wo(7;) = E[u(7;, x_;)|i wins] > p, and

yet the good remains unsold as

wO(Tiap) = E[U(T’ia CC_Z)’Z wins, vj 7é ia U)()(Tj) S p]

I present the lower bound below.

Definition 4 (Commitment Auctions) In every PBE, the price p € [0,1] defines a
commitment auction if for every type ; such that wo(7;) < p, it holds that wo(7,p) < 6s.
Nezt, 1y is a revenue floor that satisfies

Ty = m{g}ir(p, Hy) st. VYT €T, st. wo(r) < p,wo(r,p) < bs. (2.8)
pe ?
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It should be noted that the set of such auctions is non-empty as p = 6, is a com-
mitment auction. Next, denote the expected revenues from running an efficient auction
in period 0 as r§ and the equilibrium revenues in period t as r;. Also, a CDF H]a,b],
for a < b, is regular iff for each z, the function x — [1 — H(z)]/h(z) is increasing. I now

state the subsequent theorem.

Theorem 2 (Coase fails) In every PBE, revenues are below the optimal, static auc-
tion revenues, i.e. Vt, ry < ry. Meanwhile, if Ho(-)[0,1] is a regular distribution, then
the seller’s equilibrium revenues are strictly higher than immediately running an efficient

auction, namely r§ < ry < 7o.

I first make some comments before sketching the proof. The revenue floor is inde-
pendent of how often the seller offer his good and the discount factor. Therefore, the
Coase conjecture does not hold in this setting. Lastly, this lower bound need not bind
when types are two-dimensional. However, in the accompanying paper, Ramos-Mercado
(2022), T prove that when the types are one-dimensional, this revenue floor is binding.

The proof proceeds in three steps. First, suppose that after some history, the seller
offers and commits to a dynamic, trade mechanism that only depends on each buyer’s
current valuation. This mechanism consists of an allocation and payment rules as well
as a time when trade and payoffs are realized such that the outcome can be implemented
with second-price auctions with reserve prices. I show that the seller might as well focus
on mechanisms in which he only trade immediately and if the item fails to sell, the seller
keeps the item from henceforth.

The argument follows a replication argument. Fix some individually rational and
incentive compatible, dynamic mechanism. I construct an alternative mechanism where
the period in which he sells the good is either immediate or never. The proof further
shows that such mechanism yields the seller the same revenues as the initial mecha-
nism. Consequently, it is without loss of generality to focus on this restricted class of

mechanisms rather than a larger class.
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2.4.2 Main Result

The previous results leave three questions unanswered. First, under what conditions are
equilibrium revenues with limited commitment equal to revenues with full commitment?
Second, are there multiple equilibria? Otherwise, it is possible for learning to mitigate
revenue losses in some equilibria and not in others. Lastly, when the seller cannot
implement his revenue maximizing auction, what happens?

The answers to these questions are as follows. First, the equilibrium is essentially
unique, so multiplicity of equilibria does not undermine revenue predictions. Next, I find
sufficient conditions ensuring that the seller implements his optimal strategy. Otherwise,
I find that the game effectively ends in finite time. This means that the seller stops

eliciting bids almost surely by a finite time horizon and its formal definition is below.

Definition 5 The game essentially ends in finite time iff there exists a deterministic

period T < oo such that buyers almost surely wait in every period t > T and PBE.
I can now state the paper’s main theorem.

Theorem 3 The PBE is essentially unique and the game essentially ends in finite
time. Furthermore, revenues equal the optimal, static auction revenues, i.e. o = rg,if

the following condition holds:for every type 7; such that wo(;) < p*, it holds that

1-— Ho[’wo(ﬂ')] .

Folwo(7)] (29)

wo () — v(13,p") >

I now discuss theorem 2.9. First, the seller commits to the static, optimal auction
iff all excluded buyers from the optimal auction demand smaller information rents than
the loss of valuation due to learning. Otherwise, revenues with limited commitment are
lower than revenues with full commitment. However, the seller stops eliciting bids in
finite time.

The proof has two steps. First, there exists a deterministic period 7" < oo such that

in all PBE, the seller can fix prices after period t. Intuitively, the seller is sequentially
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rational, impatient, and can always implement his revenue maximizing commitment
auction. But as the item fails to sell, the maximum valuation falls enough by period T’
such that it is optimal to implement an auction that prevents re-offerings. The second
part of the proof characterizes precisely when the seller implements his optimal strategy.
I use the virtual value characterization of the optimal reserve price and the observation

that no buyer, in period 1, should be willing to bid more than the seller’s valuation.

2.5 Related Literature

The Coase Conjecture (1972) illustrates the implications of limited commitment in a
stylized manner. Intuitively, patient, high valuation buyers are more likely to buy
the good than their low valuation peers. Thus, a sequentially rational monopolist se-
quentially lowers prices to trade with his remaining buyers. But this pricing behavior
persuades some high valuation buyers to delay their purchase decision: thus, lower-
ing profits. Coase conjectured that as the seller interacts with his buyers ever more
frequently, then his price converges his marginal cost.

Indeed, Bond and Samuelson (1984), Gul et al (1986), Kahn (1986), and others
corroborate the Coase conjecture in stationary equilibria. Subsequent papers, however,
illustrate that the conjecture is not robust when either the seller follows a non-stationary
strategy or when one slightly perturbs the underlying setting. Ausubel and Denekere
(1989) prove that there exist non-stationary equilibria where the seller sustains a grad-
ually declining price schedules and attains profits that are arbitrarily close to the static
monopoly rents attainable under full commitment. Intuitively, agents posit a candidate
price schedule and if the seller ever posts a price different from the one dictated by the
schedule in question, then buyers expect that the subsequent sub-games follow a Markov
equilibrium. These Markov equilibria net the seller no profits in the continuous time
limit. Thus, the seller prefers sticking to the candidate price schedule if he interacts

with buyers sufficiently frequently.
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Board and Pycia (2014), meanwhile, added outside options for buyers and found that

all equilibria are payoff equivalent to fixing prices equal to the one-shot monopoly price.
Heuristically, equilibrium prices are greater than the lowest value among remaining
buyers: thus, remaining buyers with relatively low valuations are better off exiting the
market than waiting and expecting no consumer surplus in the future. This leads buyers
to either immediately purchase the good or exit the market. Thus, the seller can fix
prices since he has no remaining buyer with whom to trade.

Fundenberg et al (1987) also find that the Coase conjecture fails when seller have an
outside option, e.g. consume the good himself or sell it to another buyer. The seller only
offers his good until a finite, terminal period since he eventually expects that the rents
that he can extract from buyers may not compensate for him forgoing his outside option.
This result differs markedly from my result because the seller offers his good to multiple
buyers at the same time, via an auction. I too find that the seller eventually becomes
sufficiently pessimistic and decides to not re-offer his good but learning among buyers
further distorts this intuition twofold. First, learning among buyers further lowers the
total surplus above and beyond what the seller learned from his peers. Secondly, social
learning allows the seller to extract an increasing share of the surplus among the buyers
in question. Further work by McAfee and Wiseman (2008), Madardsz (2021), Bagnoli
et al (1989), von der Fehr and Kuhn (1995), Montez (2013), Feinberg and Skrypacz
(2005), Karp (1993), Ortner (2017) and others similarly find small that environment
preventing the Coase conjecture.

Next, the Coase conjecture generalizes to auctions. Vincent and McAfee (1997) first
showed that when the seller values the good strictly less than all buyers, there exists
an essentially unique equilibrium, where the seller runs a sequence of standard auctions
with declining reserve prices until a finite, terminal period in which he ensures that the
item is sold. Their paper, however, assumes a ”"gap” case in a private value setting.
This means that the seller who values the good the least values the good more than the

seller.
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Liu et al (2019) then studied the no gap case and showed that when there are at least

3 buyers and for most independent private value environments with 2 buyers, the seller
might as well immediately run an efficient auction in the limit when the time between
transactions go to zero. They show that with multiple buyers, one cannot construct
a reputational equilibrium—as in Ausubel and Deneckere (1989)—where the seller can
profitably screen his buyers and find that the unique level of profit are those attainable
by the auction mentioned above.

The intuition behind the Coase conjecture further extends to contracting settings—
see Skreta (2006, 2015), Doval and Skreta (2021), and others. When a principle commits
only to short term contracts and interacts repeatedly with agents holding private infor-
mation, he extracts information rents from his agents and changes the contracts offered.
This, in general, limits the principal’s ability to provide the agents with incentives and
restricts implementable outcomes. Doval and Skreta (2021) for instance show that these
contracts can be characterized via a generalized version of the Coase Conjecture. Mean-
while, Burzustowski et al (2021) finds that allowing the principal to implement dynamic

contracts that he can void at will, however, allows him to avoid the Coase Conjecture.

2.6 Discussion and conclusion

2.6.1 Discussion

In this subsection, I discuss how changes to the primitives affect the paper’s results. I

also discuss how results extend to more general auction and non-auction environments.

Assumptions on Primitives: Buyers My main results disregarded several issues
pertaining preferences and the signal structure. I firstly assume that all random variables
are drawn independently from each other, but types can be, for instance, affiliated
across buyers. In the motivating example, see section 2.2, this assumption allowed

me to describe how each buyer learns deduces information from each one of his peers
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separately. In general, each buyer learns from the lack of bidding decisions of their
peers, as a collective. This means that he updates his beliefs cognizant of the way the
signals are jointly drawn. Aside from this distinction, learning among buyers would
proceed as before.

The model further assumes symmetric buyers and this does not represent many
interesting settings. For example, an art collector’s valuation is more responsive to a
painting’s resale value than the director of a museum since the museum profits from
exhibiting the piece rather than reselling it. In equilibrium, however, there still exist
negative selection in the demand pool and hence the learning dynamics described herein

persist.

Assumptions on Primitives: Seller A less innocuous assumption is that the seller’s
valuation is constant and in the interior of potential buyer valuations. This assumption
avoids three issues. First, if all buyers value the good more than the seller for certain, i.e.
fs = 0, then the seller never stops re-offering his good in finite time. Indeed, this may
seem like an important case, but I claim that it is pathological. First, for every value
fs < 0, this is a “gap” case and an argument like the one presented in Fundenberg,
Levine, and Tirole (1985) shows that the seller stops re-auctioning his good in finite
time. Meanwhile, I already established this precise issue when 65 > 0.

Next, the seller’s valuation may depend on a buyers’ interdependent components.
For example, the seller may care about his artwork’s resale value at a different auction.
I find that the results herein still hold when the seller’s valuation for the good are not as
responsive to the resale value as buyers. This too can be understood with the art auction
example. The seller may resale his good at the same art markets as his buyers, but he
can also run a private sale. Therefore, his valuation for the good is not as responsive to
a low resale value at an alternative public offering.

Lastly, the seller could also observe an interdependent value component, making him

an informed principal. For example, the seller may be privately informed of the artwork’s



34

resale value and his reserve price may signal his private information. I disregard this
possibility, because it adds a significant layer of complexity that obfuscates learning
among buyers. Such considerations are important, and I plan to study this precise

question in my future work.

Assumptions on the auction procedure. The paper further assumes that the
seller runs second-price auctions. I make this assumption to simplify exposition and
to compare results with the literature, but if the decision to participate in an auction
result in negative selection among buyers, the results follow. The auction format only
matters in as far as determining who would be excluded from the optimal static auction.
Appendix B.1.3 presents a broad collection of auction in which there exist negative

selection in the demand pool and hence my result can be extended to those settings.

Is there something special about auctions? The last point of clarification is that
the results herein persist beyond auction settings. In appendix B.2, I consider a durable
good market with a single seller and a continuum of buyers with a common value. I prove
that learning among buyers contravenes the Coase conjecture in stationary settings.
This is because buyers observe the mass of consumers who previously purchased the
good and this eliminates all dispersion in valuations. Thus, the seller can extract all

rents from the remaining buyers.

2.6.2 Conclusion

The Coase conjecture predicts that limited commitment lowers profits since the seller
serially auctions his good. In this paper, I proved that this behavior can be rationalized
in settings with interdependent IV values. Moreover, it is possible for a sequentially
rational seller to attain his maximum expected revenues with full commitment.
Intuitively, learning among buyers serves as an endogenous commitment device.

When the seller runs an auction and the good does not trade, the seller and buyers first
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learn that buyers had lower valuations than expected. Each buyer further expects that
their peers’ low valuations were informed, at least partially, by interdependent value,
private information. Consequently, buyers lower their valuation for the good and this
limits, or outright prevents, items from being serially re-offered. When valuations fall
by more than buyer’s initial information rents, the seller prevents his optimal strategy
with full commitment.

I also characterize what happens when the seller cannot commit to his revenue
maximizing auction. The seller stops offering his good in finite time, he extracts an
increasing share of the trade surplus over time, and his equilibrium revenues are greater
than immediately running an efficient auction. I further show that bid shading falls
over time. Intuitively, buyers expect it to be increasingly likely that they outbid their
peers regardless of their peer’s private information. Winning the item at auction, there-
fore, becomes an increasingly uninformative event and buyers respond by bidding an
increasing share of their valuation.

My results, lastly, illustrate that the received Coasian logic is incomplete. The
Coase conjecture implies that a sequentially rational seller screens his buyers, which
results in delayed market participation and lower profits. In IV settings, however,
buyers also screen each other and this that as the seller learns from his buyers, he offers
buyers terms of trade that increasingly favor remaining consumers. When types are
interdependent, however, buyers also lower their willingness to pay, the dispersion in
valuations falls, and the seller can extract an increasing share of the remaining trade
surplus. Consequently, learning among buyers limits re-offering and the payoff relevance

of sequential rationality.



Chapter 3

Reasons for Peace

Summary Why do only 1 in 4 (8 post-1914) wartime, peace talks reach a lasting
agreement? In this paper, I rationalize wartime negotiations’ declining success and
characterize their welfare-maximizing (i.e., optimal) design. I extend the reputational
bargaining framework by adding hidden effort to manage the bargained surplus and
preclude a military resolution. Wartime negotiations’ declining success can be rational-
ized by a policy-driven increase in ceasefire during peace talks. Intuitively, combatants
only opt to negotiate after a prolonged conflict reaches a draw. Learning from active
fighting dissuades combatants from posturing and expedites when agreements arrive.
This implies that is optimal (if ever) to impose a brief ceasefire at the beginning of the

negotiation.

3.1 Introduction

Wars are costly, uncertain, and seldom won in the battlefield. Yet combatants stuck in
a bloody, extended deadlock are unlikely to negotiate a peace. And when they decide to
negotiate, they are unlikely to reach a lasting agreement i.e., be successful. I estimate
that 25 percent of negotiations held since 1823 were successful and this rate fell to 13

percent after 1914. In this paper, I study why wartime negotiations fail; why they are

36
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increasingly unsuccessful; and how to improve their design.

My key findings can be summarized as follows. Firstly, moral hazard considerations
can rationalize why a negotiation can breakdown after multiple rounds of proposals—a
common, real-world occurrence. In my model, combatants privately manage a dimin-
ishing surplus as they negotiate. Combatants allow the surplus to be destroyed before
an agreement in reached along the unique equilibrium path. This is because each com-
batant expects their opponent to disproportionately benefit from any agreement and
for their efforts to go uncompensated.

Secondly, I find that the declining success of wartime negotiations after 1914 can be
rationalized by the increased occurrence of negotiations coinciding with ceasefires. Such
occurrence is (crucially) policy-driven. My model illustrates that negotiating during a
ceasefire can lower welfare. Nevertheless, the optimal negotiation design may involve
an initial, short-lived ceasefire.

It is important to provide some background on wartime negotiations before describ-
ing the model and results in detail. Min (2020) finds that negotiations are most likely
to reach an agreement when they succeed a decisive victory or after a prolonged draw.
Negotiations following a decisive victory succeed because the losing combatant prefers
making large concessions to being annihilated. The factors prompting combatants stuck
in a draw to reach an agreement, however, are unclear and key for policy. For exam-
ple, America’s 2001 intervention in Afghanistan was only successful in cities. This led
to 20 years of draw, 17 years without formal negotiations (USIP 2021), and a 2-year
negotiation reaching a soon-abandoned agreement.

This example is representative of empirical trends since 1914. First, the median war
duration rose from 15 months to 4 years and the mean duration increased even more.
Meanwhile, the share of wars ending with a formal peace treaty declined from 62 to 42
percent over the same period. Wars are also less likely to have a pre-agreed pauses since
the share of conflicts with a ceasefire fell from 74 to 55 percent. The share of time spent

in a ceasefire also fell from 10 to 7 percent. Nevertheless, ceasefires are 250 percent more
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likely to coincide with peace negotiations after 1914. I further find that a day spent in

both a ceasefire and negotiation is associated with an average of 10 additional days of
fighting.

This last relation is stark, but is it real? If not, is there no role for ceasefires during a
peace negotiation? To answer these questions, I build a model of wartime negotiations.
Two players bargain over a surplus e.g., a territory. Each player is possibly obstinate,
meaning that that their actions are exogenously determined as in Abreu and Gul (2000).

While they bargain, players must exert hidden effort to mitigate the risk of losing
the war and the risk of destroying the surplus. Each player wins the war at an arrival
rate that depends on their opponent’s defensive efforts. I assume that obstinate players
exert high defensive effort. Such assumption can be relaxed, but doing so only serves
to strengthen the results described below.

Next, I assume that the surplus is a continuous-time Markov chain. The surplus is
initially high and is (at least partially) destroyed at a rate that depends on the players’
collective effort. As players exert more effort, the surplus is destroyed at a slower rate.
I assume that obstinate players exert some constant and arbitrary level of effort, but
note that assuming low effort is a natural assumption. Doing so, however, leads to a
stark result that I discuss later on.

Lastly, the negotiation has two phases: active fighting and ceasefires. I model a
ceasefire as the special parametric case, regardless of how much effort players exert,
both kinds of risks have an arrival rate of 0. Players take the phases as given, but the
last section introduces a benevolent social planner picks when each phase occurs.

Given exogenous negotiation phases, there exists a unique equilibrium. Strategic
players mimic the demands of obstinate types and a war of attrition ensues. In private,
however, strategic players opt to exert little effort in preserving the surplus and less to
avoid a key victory for their opponent. This is because strategic players expect to make
significant concessions in any future agreement. Thus, players negotiating during active

conflict reach an agreement faster when they negotiate while they fight rather than in
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a ceasefire.

If obstinate players are expected to exert little effort, it is optimal to never pause the
fight. This is not true in general. Nevertheless, I derive an inequality (with a closed-form
solution) stating when holding a ceasefire is optimal. Such condition derives 3 insights.
I first find that it is never optimal to only negotiate during a ceasefire. Heuristically,
this means that ceasefires should be brief. Secondly, it is only sensible to hold a ceasefire
when players expect that their opponent is unlikely to be obstinate. The last insight is
that the only times when a ceasefire may be useful is at the beginning of the negotiation
or just after the surplus falls if it occurs early into the negotiation.

The rest of the paper is organized as follows. The following section presents a version
of the model without hidden effort, which summarizes how a negotiation proceeds during
a ceasefires. Next, I present the model and characterize the unique equilibrium. 1
then present the social planner’s problem and its characterization. Section 3.3 then
summarizes the preceding literature and section 3.4 discusses results and concludes.

Lastly, I delegate the empirical analysis and technical proofs to the appendix.

3.2 Model

This section presents the basic model and my results therein. I first model the negoti-
ations coinciding with ceasefires as a symmetric version of Abreu and Gul (2000). This
is because asymmetric types add do not add new, significant insights to the theory of
war negotiations. Next, I extend the setting to allow for an imperfectly and jointly
manage surplus. My main result is that the extended setting leads to better bargaining

outcomes.

3.2.1 Benchmark: No hidden effort

Two players bargain over a surplus (s; = 1) in continuous time. Each player i either

demands a surplus share w;; € [0, 1] or accepts j’s (i.e., not i) demands. If i concedes
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to j’s time ¢ demands of wj;, payoffs equal to

(uje, uit) = e " (wje, 1 — wje) (3.1)

for some common discount factor » > 0. I assume that when both players concede
at the same time ¢, they split the surplus equally.

Each player is further obstinate with probability p € (0, 1); otherwise, he is strategic.
If a player is obstinate, he demands a constant share p € (1/2,1) of the surplus and
only accepts a share of w if w > p. Strategic players, on the other hand, are free to
make any demand or concede.

I now define strategies and beliefs. To be clear, a strategy defines the actions of a
strategic player only. A mixed strategy for player i is a CDF H; such that at each time
t, H;; denotes the probability that ¢ concedes by time t. Meanwhile, player j’s beliefs
that i is obstinate at time ¢ are ;. I further define the functions Fyy = (1 — ) Hy
and ¢ = Fit at each time ¢ whenever they are well defined. Lastly, I focus on Perfect
Bayesian Equilibrium (PBE) i.e., at each time t, strategies are sequentially rational
given beliefs and beliefs are derived from strategies via Bayes rule whenever possible.

Now that the setting is well defined. I characterize the unique equilibrium. First, I

show that c;; is well defined and ¢;; > 0 if pj < 1.

Lemma 5 At each time t, each player j concedes immediately if i = 1; otherwise, ci

is well defined and c;z > 0.

Abreu and Gul (2000) gave a proof of this statement and I generalize it for my general
model below. Next, I characterize c;;. Suppose that at time ¢ p; < 1, then ¢, cje > 0
implies that players are indifferent between conceding immediately and waiting until
time t+dt (for dt> 0) to concede. If j concedes, he nets a payoff of 1 — p almost surely.
If ¢ concedes at time t+dt, then ¢ concedes between time ¢ and t+dt with probability
(1 — i) tHdt dH;s = ciydt + o(dt) netting him a payoff of p. Otherwise, player j (once
again) nets a payoff of 1 — p. Indifference implies that
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1 —p=pepdt 4+ (1 — p)e ™ (1 — cpdt) 4 o(dt).

I then reorganize terms, divide by dt, and take the limit of dt to 0 to get that ¢;; = ¢
such that if ¢ = (1 — p)/[p = (1 — p)], then ¢ = r¢. This implies concessions arrive at a
constant rate until beliefs converge to 1. By Bayes rule, beliefs initially equal to p and
satisfy fi./pe = ¢, so gy = pmin{l,exp(ct)}. The figures C.1 and C.2 illustrates how

beliefs and concession rates evolve.

3.2.2 Bargaining with hidden effort

I now extend the model to account for the risks faced by combatants negotiating while
fighting a war: they can lose the war outright and destroy the surplus in contention. In
response, I assume that players can exert unobserved effort in order to mitigate these
risks. First, I model the surplus. The time 0 surplus is normalized to 1 (i.e., so = 1)
and at each time ¢ > 0, the surplus transitions from s,~ = lim, ~ s5 to

e with probability =
St = §4— (3.2)

0 with probability 1 — =«

(for parameters 7, e € (0,1)) at an arrival rate of & >, 7 f(1 — ;). Each player i exerts
effort e, & € {0,1} is a function that players take as given, and f : [0,1] — [0, 1] is
strictly increasing, strictly convex, continuously differentiable, f(0) = 0, and as z — 0,
f'(x) = oo. Note that players do not affect the amount by which the surplus falls.

Next, I assume that & is continuous almost everywhere. If & = 0, then players are in
a ceasefire at time t; otherwise, & = 1 implies that players fight. Also, if ¢ is obstinate,
he exerts a constant effort of e, € [0,1]. Next, I model the possibility of j decisively
defeating 4 in battle and imposes terms. Formally, j defeats ¢ with an arrival rate of
&rg(1l —ay) for function g(-) satisfying the same regularity conditions as f(-). I assume
that obstinate players exert constant, full effort i.e., a;; = 1.

I now characterize payoffs. If the surplus falls to 0 at time ¢ before players reach
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an agreement, then player ¢ nets a payoff of —Cj; such that Cy = fst r(c + eir +
ai(T_S))e*T(T*S)dT for a flow cost of fighting ¢ > 0. Next, j defeats ¢ at time ¢ and
sy > 0, then j's payoff is s;e"(t=5) — Cjst, whereas i's payoff equals to Cy. Lastly, if

concedes to j’s demands of p, then i nets a payoff of (1 — p)s;e™"*

— Cjst and j’s payoft
is psge "t — Cjst-

I now provide formal definitions. At each time ¢ > 0, players observe that the surplus
fall n = 0,1,... times at times h,; = {75}7_, for 0 = 79 < 71 < ... < 7. The set of
hpe histories is H,;. A public player strategy is then a triple (Hj;, e;;, a;¢) such that Vi,
Hi, e, aip - Hye — [0,1]2 Hy is the probability that i concedes by time ¢, e; is the
effort to preserve the surplus, and a;; is the effort to avoid j winning the war. ' Next,
at each time ¢ and history hy,, j’s beliefs that i is obstinate are pin¢(hnt). Next define

Fint = (1 — pint) Hint, cint = Fint, and s, = € for n = 0,1,..... Lastly, I focus on the

set of (public) PBE?.

Equilibrium with hidden effort
I now characterize the equilibrium with hidden effort. First, I characterize effort deci-

sions. I then derive the concessions behavior. Lastly, I characterize beliefs.

Effort decision I now characterize a strategic player’s effort decisions. If i expects
that a strategic player j follows the strategy defined in o, then his nt payoffs are W,

satisfying

—rt / —r7!
e Wint = Eo't [wintle — Citt’]

where W/, is i’s expected termination payoff. Observe that the strategies (and thus

'Notice that strategies are assumed to only depend on public information. Alternatively, one can
extend the definition of strategies to include each players preceding actions. To do this, I considered a
sequence of games in which players only make choices at times t = 0,dt,... for a constant dt> 0 and
analyze the limiting equilibria as dt goes to 0. This allows me to define private histories in the standard
way. Nevertheless, the limiting equilibria ends up is the same as the equilibrium to the continuous time
game reported in this paper.

2To simplify exposition, I do not distinguish between PBE and public PBE.
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payoffs) are only a function of time, so the Feynman-Kac formula applies and states

effort
e N .
7aVVint = —C— (eint + aint) +Cint [PSn - Wint] + Wint

+ &l f(eir) + (1 — pjne f(1 — ejnt))”WWi(nH)t — Wint

surplus destruction

+79(1 = ait)[0 = Wipe] + (1 — pje)g(1 — aje)[sn — Wint]  (3.3)

military resolution

Since ¢ expects to mix between conceding and making demands, his expected payoff
equals to conceding immediately when the remaining surplus is s, i.e.,, Wit = (1—p)sp,.
Thus, ’s effort choices solve

mave —r(e+a) = (1= p)sull —wdrf(1=0) ~Grg(l-a)su(l=p)  (3.4)
670’ b

This condition holds since effort choices are linearly separable, so j’s effort choices
does not affect his marginal choice. Also, since feasible effort choices belong to a com-
pact, convex set and f,g are strictly convex and differentiable, the optimal choice is

3

characterized by standard first order conditions (focs)®. The optimal level of effort is

constant and described below.

Lemma 6 In every public PBE, timet, andn =0,1,..., if& = 0, then e;pn = @it = 0;

otherwise, €jnt = ent and Aijpy = apt Such that

1

P s Sl 7€) f'L = ent] = ¢'[1 — and]. (3.5)

This is just a formal statement of the first order condition. Although standard, it
implies that negotiations that always coincide with active fighting can end without an

agreement.

3The regularity conditions on f and g allow me to abstract away from an moot multiplicity of
equilibria
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War of Attrition Now that effort choices have been derived, I characterize conces-

sions behavior. I first establish that players gradually concede.

Lemma 7 In every PBE and for each timet > 0, playeri, andn = 0,1, ..., if i = 1,

then j concedes. Otherwise, cip; is well defined and cipy > 0.

This lemma implies that Fj,, is differentiable and its derivative (i.e., ¢jp¢) is strictly
positive if pj,; < 1. Next, define the following terms to simplify exposition: E,; =
¢+ ent + ant, Ont = & f[1 — ent], Yo = &9[1 — ane], and 6, = & f(1 — ex). If one plugs in
¢jnt and the previously defined terms in regards to players effort into equation 3.3, it

holds that for each nt
TWint = —1rEnt + Cjnt[psn — Wine] + Wmt + [0t (2 — ,ant)
0 tjnt) [TWing1ye + (1 — )0 — Wiy (3.6)

+7nt [0 - Wznt] + Vnt[sn - Wmt]

Note that the players further internalize the effort costs incurred and the payoffs
associated with each possible event. Since ¢ is indifferent between conceding at time ¢
or time t4dt, it must be that Wi,pay = (1 — p)s, and cj; satisfies Wi,y = (1 — p)sy,.
Using this observation and re-organizing the statement, equation 3.6 can be re-written

as

T(l - p>87’L = _TEnt + CintSn [29 - 1] - [5nt(2 - ,U/jnt) + 5*ﬂjnt]3n(1 - 67[') (3 7)

+'7nt3n(2p — 1)

Define d = 1/(2p—1) > 1 and remember that ¢ = (1 — p)d. Given there definitions,
the following theorem holds when one takes the limit as dt \, 0.

Theorem 4 In every PBE and each timet, n=0,1,..., and player i if pn: < 1, then
Cint = ¢+ cn(fint, &) such that

n

Sn

Cn(ﬂintv gt) + Yt = + ¢(1 - 76)[57115(2 - #int) + 5*Hint]-
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Beliefs with hidden effort I lastly derive equilibrium beliefs. Fix (¢,n) and assume
that strategic player i expects that j is obstinate with probability f;,; < 1. Suppose
that, for some small dt> 0, that by time ¢4+dt the game continues and the surplus
remains constant i.e., s = Si+q¢. If j is obstinate, then he would have not conceded
and exerted fix effort. This implies that the probability that the game continues is
approximately Yjont = 1 — {7+ 0nt + Yt + 05 + hjne Jdt +o(dt). If j is strategic, however,
the probability that the game continued to time t+dt is approximately equal to v;sn: =
1 — {r + 2[6nt + Ynt] + hjne}dt + o(dt). Note that I am stating the linear, Taylor
approximation of the probabilities. Bayes rule implies that ¢’s time t+dt beliefs equal
to

HitYjont
MintYiont + (1 - Mjont)%tsnt

Hjnt+dt =

Subtracting p;,s from both sides and then dividing by dt implies that

Hjnt+dt — Hjnt Viont — Vjsnt O(dt)
Hintrde = Bynt (1~ s .
dt H]nt( M]nt) ( dt > + dt

Lastly, taking the limit as dt \, 0, beliefs satisfy the following ODE

,ujnt

o =10+ 710 (tint) = {en(fjnt, &) + (1 = fjne) [Ont — 05 + Ynt) }x(jne € (0,1)). (3.8)
Jn

Next, I characterize beliefs conditional on the surplus falling from s, to sp4+1. Sup-

pose that at time t+dt for am n + 1 time. If both players are strategic, then a fall in

the surplus between time ¢ and t+dt equals to 1 — e~ 20nedt

. This is because all processes
considered in the paper are jump processes. Conversely, if only ¢ is strategic, then the
surplus falls with probability 1 — e~ 9nt19:1dt ' Bayes rule implies that Hj(nt1)e+ds 18

1_6725ntdt

:u’jnt dt

Hj(n+1)t+dt = o 20pedt o [ngtowldt (3.9)
. 1—e nt 1 . 1—e%nt

Hjnt dt + ( - N]nt) Ot —

Taking the limit as dt goes to 0, then yields that the beliefs immediately after the
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surplus falls at time ¢ (i.e., 1) equal to

Mjnt[5nt + 5*]
;ijgc?* + (2 - ,ant)(snt

Vint pniryer = fin(tjnt) = (3.10)

The left-hand panel of figures C.4 and C.5 illustrates how beliefs update when the
surplus falls as a function of which type (in equilibrium) is expected to exert the most
effort. Unsurprisingly, fixing strategic effort, then as obstinate effort e, increases, the
more that the beliefs fall.

As a boundary condition, beliefs converge to 1 by the same terminal period. This
implies that beliefs evolve symmetrically both when the surplus remains constant and
falls. Since they also converge to 1 at the same time, beliefs are symmetric. Define the
belief process (un¢) such that pgp = p and at each (¢,n) such that pp, < 1, fine/pint =

r¢ + ity (jnt) if s = s4—; otherwise, pu,;+ = fi(int). I now state the following result.
Lemma 8 In every PBE, equilibrium beliefs are symmetric and equal to (fint).

Further observe that for fixed beliefs and exogenous process (&), concession behavior
is uniquely pinned down and symmetric. This implies that the equilibrium is unique.
Moreover, define & = = almost surely for x = 0,1 as x. Then, I further find that m, < 7y
i.e., negotiations that always coincide with fighting reach a peace agreement earlier than

those which always coincide with a ceasefire.

Lemma 9 For each (&), there exists a unique, symmetric PBE. Furthermore, 71 < Ty.

3.2.3 Numerical Example

I now present a numerical example to illustrate how the equilibrium behaves. This
exercise provides a graphical intuition to the results presented above. I illustrate two
informative quantitative cases and sample paths.

Let us first consider the simple case: ¢ = 1,e, = 0. The lower line in figure C.3

illustrates beliefs (on the left) as a function of time when the negotiation always coincides
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with a ceasefire; meanwhile, the top line is when combatants negotiate as they fight.
The key insight is that fighting prompts combatants to quickly reach agreements.
Next, I consider a second numerical exercise in which e, = 1/2 and € = 1/2. Figure
C.5 plots beliefs as a function of time and the number of times that the surplus falls.
When the surplus first falls (change first shift), beliefs fall since a strategic player’s
initial effort is strictly less than 1/2. However, when they fall twice beliefs are constant
in this case (since effort is equal across types) and by the third event of surplus destruc-
tion posterior beliefs increase. This result clarifies that the same event (i.e., surplus

destruction) can have a time dependent effect.

3.2.4 How to optimally organize a peace negotiation?

Up to this point, I characterized wartime negotiations when the timing of ceasefires
is exogenously given. Suppose that a benevolent social planner if free to organize the
setting in which a negotiation take place i.e., he picks (§). When and under what
conditions would he choose to hold a ceasefire? 1 state the problem and provide a
succinct characterization in closed form.

I first state the social planner’s state variable. The social planner picks a process
& = (&nt) such that at each time t, &, : Hyy — {0, 1} such that &,:(hy:) = 1 denotes
that players fight as they negotiate and &,;(hn:) = 0 implies that combatants negotiate
during a ceasefire. Note, however, that given a process £, the social planner takes
player’s strategic actions as given.

Next, I define the planner’s payoff i.e., welfare. At time ¢t > 0, n = 0,1,..., history

hnt, and process £ welfare equals to

t*
Wik (bt €) = (1 — pint) Enpe [emst* _/ rEpse " ds
t

where x(-) is the indicator function, and time t* > ¢ is the expected time in which
players reach an agreement. Intuitively, welfare at time ¢ is the expected payoff that

a strategic player nets in equilibrium. It is without loss of generality to define welfare
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without mentioning particular weights since the players are symmetric. Of course, in a
setting with asymmetric players, welfare weights may matter, but the insights derived
from such applications are not significantly different than presented in the symmetric
model. T lastly suppress history notation to avoid notation clutter. Thus, the planner’s

problem is to pick a process £ to maximize initial welfare:

Wa() = max Wo(y, €) (3.11)

I present a closed-form characterization of the problem below.

Theorem 5 (Holding Principle) It is optimal to hold a ceasefire at time t > 0 when
n=0,1,... (i.e., & = 1) times iff beliefs pun: satisfy
L~ fin (b1t T L— "
6<1n/j> [(1 - Nnt)(snt +ﬂnt(5*] +p/~Ln(/‘nt) <nt> S — + ((5nt - 6*)
- Mnt

2sp,

The proof of the theorem is a technical exercise and the condition is derived from
standard variational condition. Its interpretation, however, is quite natural. It states
that a ceasefire may be optimal if beliefs are sufficiently low given the equilibrium costs
of fighting and added risk of surplus destruction. This implies that ceasefires can only
be implemented at the beginning of the negotiation or quickly after the surplus falls
and beliefs fall. If ¢ = 0, for instance, this implies that the optimal policy boils down
to finding a time ¢ € [0, 79). The social planner urges both sides to negotiate and hold
a ceasefire, but (unlike the negotiation) the ceasefire ends for certain at time ¢ .

I conclude this section by providing a sufficient condition for when holding a cease-
fire is never useful. Suppose that e, = 0, then the optimal ¢ = 0. Intuitively, strategic
players concede to their opponent’s demand at an exponentially increasing rate in re-
sponse to the risk of surplus destruction associated with an obstinate opponent that

exerts no effort. * I formally state the result below.

1Likewise, it is clear that an obstinate player that does not exert full effort to preserve the surplus
only expedites the rate at which agreements are reached at no extra cost. Indeed, if obstinate types did
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Corollary 10 If e, = 0, then & = 1 (i.e., never holding a ceasefire) is the optimal

setting for a wartime negotiation.

3.3 Related Literature

This paper contributes to the theory of conflict. The literature, however, focuses on why
nations go to war. Fearon (1995), Brito and Intriligator (1985), and others concur that
war is the result of asymmetric information. A useful intuition goes as follows. Suppose
that two nations have contradicting territorial claims. The nations’ leaders can nego-
tiate a border between themselves and resolve the matter without a fight. Negotiating
comes at the cost of conceding some claimed territory, which is often unpopular. Con-
versely, the leaders can declare war. Wars are costly, destructive, and have an uncertain
outcome. Nevertheless, the winner imposes their terms. When the expected benefit of
fighting or the required concessions are large, nations go to war. This paper differs from

the literature by focusing how one can use bargaining to exit unresolved wars.

3.4 Discussion and Conclusion

Unlike the long-standing literature explaining why nations go to war, I study how nations
exit armed conflict. In particular, I study the use of ceasefires in wartime negotiations.
Ceasefires had been used in wartime negotiations since antiquity, but they became more

0" century. This is because ceasefires avoid further violence

widespread since the early 2
and allows for vital, non-combatant tasks to take place e.g., saving the wounded and
burying the dead.

Under mild conditions, however, I find that ever holding a ceasefire is ill-advised. In-

tuitively, negotiations coinciding with active fighting reach agreements quickly, because

it is costly to negotiate and combatants quickly learn that posturing is ill-advised.

not exert full effort in order to avoid unilateral defeat, then agreements arrive sooner without additional
effort cost. This implies that this assumption makes it harder for fighting to increase welfare.
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Ceasefires, for their part, avoid the costs of war but fail also limits learning among com-
batants: hence, it promotes posturing. This is not to say that ceasefires should never
be used in a negotiation, but they should be implemented judiciously. In particular, it
may be optimal to hold brief ceasefires at the beginning of a negotiations.

Future work should go in two directions. First, it may be very fruitful to consider how
to implement additional policy tools. This would provide a robust theoretical framework
for fine-tuning diplomacy. Second, future research should consider be applied to other
arenas in which negotiations are often contested as in collective bargaining agreements

as well as mergers and acquisitions.



Chapter 4

Conclusion and Discussion

This thesis presents 3 papers on dynamic, information economics. These are economic
scenarios in which an agent makes choices while receiving imperfect, payoff relevant
information over time. Such information may be acquired (e.g., chapter 4) or deduced
by observing the choices of others e.g., chapters 2 and 3. In both cases, these scenarios
are central to the study of economics. I summarize each paper each paper and their
results.

In chapter 2, I studied the Coase conjecture in sequential auctions. I find that such
result seldom exists when buyer valuations are interdependent. In other words, a seller
who auctions an item with an unknown, common value to multiple buyers attains more
than the efficient level of revenue provided. Crucially, this statement holds regardless
of how frequently the seller interacts with his buyers. This result is further in contrast
to the case in which buyers have independent private values (IPV). In IPV settings,
revenues must converge to their efficient level when the seller transacts with at least 3
buyers arbitrarily frequently.

The intuition behind my result is relatively simple. As the item fails to sell, buy-
ers respond by lowering their willingness to pay for the good being auctions and the

seller expects that fewer buyers would ever choose to place a bid. Hence, the market

o1
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unravels after a few rounds of re-auctioning an item that fails to sell. Ex-ante, the seller
internalizes these unraveling dynamics, posits that the future prices will be deduced by
backwards induction, and thus ensures a revenue floor above running an efficient auc-
tion. My result implies that learning can restore the seller’s pricing power by (implicitly)
preventing the seller to perpetually compete with his future selves.

In chapter 3, I study wartime negotiations.These negotiations are ineffective i.e.,
even in the time period in which negotiations were most successful only 8 in 20 negotia-
tions reach a lasting, peace agreement. Moreover, negotiations held in the last century
have been abnormally ineffective since less than 3 in 20 negotiations reached a lasting
agreement. What explains their declining effectiveness and how can one improve their
performance? I find that a key factor behind their recent decline in effectiveness has
been a policy-driven coordination of ceasefires during peace negotiations. I show that it
is (in general) ill-advised to hold a ceasefire that coincides with a negotiation as it lowers
the chances of the negotiation faltering. This too is driven by learning dynamics which
allow combatants to quickly reach a peace agreement. I further find, nevertheless, that
the optimal way to organize a peace negotiation may begin with combatants holding a
brief ceasefire. Lastly, this result (in general) contributes to the theory of reputational

bargaining.
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Appendix A

Proofs

A.1 Learning to Commit Proofs

This section of the paper presents the proofs. First, I present the proof pertaining the
motivating example. I then present the proofs to the auxiliary results. Lastly, I present
the proof of the main theorem.

Proof of lemma 2.
Proof

The proof proceeds as follows. I will posit that the seller posts the optimal strategy
and that buyers expect that the good will not be re-offered. Next, I rationalize the
conjecture posited.

Suppose that the seller posts a price schedule p; = p* for each period ¢ and the item
fails to sell in period 0. Then, every buyer who observed good news has a valuation

equal to v;; = 0;q(0*) < 0*q(0*) and

64
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O mAw (6%, 1)n1
mAw(0*, 1)1 + (1 — 7)(1 — MNw(f*,0)n1
n—1
* e w 9*,1
o (12 (o) | ot

n—1
(20 (=) 2] +1

0" Elq|lz; = 1, agent w/ 0; = 0%, wins] =

0*0s
0*—0
= 0,
7o, 1
_ 0
Os + (6% — 6s)
(A1)

Observe that the second line uses the condition stated in the prompt. Next, notice
that no buyer is willing to bid more than 64 in period 0, so the seller prefers keeping
the item and when he posts p; = p* no buyer bids with probability 1.

Assume that by period ¢t > 1, the seller maintains the prices at ps = p* for s < t.
Then in period ¢, no buyer is expected to submit a bid at any period s > 1 and thus
beliefs do not change from period 1. Consequently, all buyers still value the good less
than 6, the seller still prefers keeping the good, and he might as well fix prices at
pt =p*.

The opposite direction is immediate. Suppose that 0*q(6*) < 65, then

O A w (6%, 1)1
0, > 0%q(0") = !
2 040") = G T+ (1= ) (1 = Nw(@, 07

n—1
o (22) (%) | 04| (A2

If one re-arranges the inequality at hand, it holds

A 7r )[w[ﬂ*,l A ™ )[w[e*,u

] n—1 n—1
0s(7—)( w[&*,O]] +05 2 6" () w[G*,O]] (A.3)

1—m 1—m

and collecting terms leads to equation 2.2. [J
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A.1.1 Proof of Lemma 3, Theorem 1, and Theorem 2.

I now prove the auxiliary results. First, I prove that buyers follow a threshold strategy
in every equilibrium. Next, I establish of progressive pessimism. The last prove provides

bounds on the equilibrium revenues that the seller attains.

Buyers follow a threshold strategy, lemma 3.

Proof

I first prove that buyers follow a threshold strategy (u;). This argument has two
steps. First, I show that if buyer ¢ has a greater valuation at some period ¢ when his
type is 7 than when his type if 7/, then his valuation given type 7 remains greater than
given type 7’ for every period s > t. The next result establishes that the net payoff

between bidding right away and waiting is non-decreasing in the current valuation.

Single Crossing Property Holds The first section of the proof first establishes a

non-crossing difference in payoffs.

Proposition 11 For every pair 7,7/ € [0,1]* and z_;,€ [0,1]"7 L, A(r, 7, 2_;) =
u(r,x—;) —u(t',x_;) >0 iff A(r,7',0) > 0.

Proof

Fix some pair 7,7 € [0,1]? and a z_; € [0,1]""1. First, if A(r,7/,0) > 0, then
the non-decreasing differences condition implies that A(r,7',2_;) > 0 for each z_; €
[0,1]"71. This establishes the inverse direction. Next, suppose for contradiction that
A(r, tau';x_;) > 0 but A(r,7/,0) < 0. Since u(.) is continuous, then A(7,7’,.) is also
continuous. Since [0,1]"~! is connected, then the intermediate value theorem implies
that A(7,7/,[0,1]"71) is also connected. Hence, there exists some 2’ ; € [0,1]"~! such

that A(7,7/,2" ;) = 0 and by non-decreasing difference, it holds that

0 < |A(T,7,0)| < |A(r,7,2",)| < A(r,7,2";) = 0. (A.4)
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This is a contradiction and concludes the proof. [

Belief Independence Ordering in Valuations. Next, I establish that if buyer &
values the good more when he observes 7 than when he observes 7’ for some given beliefs
regarding x_;. Then he would still value the good more when his type is 7 rather 7/

given any other alternative belief regarding = _;.

Corollary 12 Fix some PBE, history h, and suppose that for some pair of types T, 7" it
holds that E[u(r,x_;)|h] > E[u(r’,x_;)|h], then for every h', it holds that Elu(t,z_;)|h'] >
Elu(r',z_;)|M].

Proof Fix some PBE, history h, pair of types 7,7/, and assume that Elu(r,z_;)|h] >
Elu(r’,2_;)|h]. This equivalently implies that E[A(7,7’,2_;)|h] > 0 and hence there
exists some x_; € [0,1]""! such that A(r,7/,z_;) > 0. By proposition 11, it follows

that for each 2’ ; ,A(7,7’,2" ;) > 0. Consequently, for each history A/

0= E[0|I] < E[A(r, 7, 2',)|]. (A.5)

This concludes the proof. [

Payoffs from participating in an auction increases with valuations [ now prove
that the payoff that a buyer receives from participating in an auction is non-decreasing

in his valuation conditional on winning.

Proposition 13 For every feasible terms of trade m = (p, x,t) and belief on valuations
H, buyer payoffs from participating in the terms of trade is non-decreasing in his val-
uation v. Furthermore if some buyer with a valuations v wins the item with a strictly
positive probability, then the

Proof Fix some reserve price p, a belief H, and a pair of valuations conditional on
winning v, v’ such that p < v <o’ < 1. Then, the payoff that a buyer nets equals to his
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valuation minus the second highest valuation

V) = [~ maxtyp)dHa ()

- /0 (0 — max{y P + [ (& — max{y. p)dHa(y)

> /0 "(0 — max{y, p})dHa(y) + / " (o — max{y, p})dH>(y) (A-6)

— Vi) + [ = max{y, phdHa ()

>V, H)

where Hj(-) refers to the distribution of the second highest valuation given belief
CDF H and V(x,H) is the valuation that a buyer with a valuation conditional on

winning the good when beliefs are given by H. This concludes the proof. [

Buyers follow a Threshold strategy 1 now prove that the decision to participate
in the auction must be characterized by a threshold strategy. The argument presented
here is standard.

Fix some PBE, period ¢, history h;, and a buyer i. Assume that buyer i has a type
7 and he weakly prefers to participate in the current terms of trade m;. Then it must
be the case that his payoff from participating in the current terms of trade is weakly

greater than waiting: formally, let the buyer’s valuation be v(7, hy) = E[u(r, x—;)|h]

V('U(T, ht), H(|h7-)) Z W(T, ht) = E|:Z 5Tbt+5(7', ht+5)st+5(ht+5)V(v(T, ht+5),H(.|ht+S))‘ht:| Z 0 (A7)
s=1

for byys(x, hy) is the probability that a buyer participates in an auction conditional
on the good remaining unsold by period ¢ + s, the buyer choosing not to bid right away,
and history hy, S¢4s(hi+s) denotes the probabilities that the item has failed to sell and
W (7, h) his option value from waiting. Now suppose that the buyer had a valuation
7/ such that V(v(7', hy), H(.|ht)) > V(v(7, ht), H(.|ht)). T claim that if buyer had type
7/ rather than type 7, the seller still prefers bidding. First, observe that the type is

unverifiable, so buyer i observing 7/ can replicate the equilibrium strategy he is supposed
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to pick when his type is 7 instead, and vice versa, and cannot receive strictly higher
payoff from deviating. Furthermore, as v(7/,ht) > v(7, ht) then corollary 12 implies
that his valuation in any subsequent history hyi¢ satisfies that v(7/, hegs) > v(T, hys;

moreover, proposition 13 implies that

V(T hers), H(|hets)) < V0t hsyr), H(|hsir))- (A.8)

Therefore, it holds that the PBE equilibrium payoffs satisfy

U(r', he) > E[25738+T(h5+7)V(v(t’,h5+7),H(.|hS+T))\ht} >W(th)  (A9)
7=0

as the buyer with type 7 must henceforth fix his participation to 1 and

U(T, ht) Z E[Z (STSS+T(hS+T)bs+T(t/, hS_H—)V(’U(t, hs+7), H(’h5+7—)>‘ht:| . (AlO)
T7=0

Consequently, the difference in equilibrium payoffs must satisfy

U(T/v hi) = U(T, ht) > E[Z 5785+7(h5+7)[‘/(v(t/, hstr), H(|hs+r))
=0 (A.11)

—wmamwxﬂumﬂmm}zo

However, since types are unverifiable, then the difference in options values from
delay must be greater than the payoff that a buyer observing type 7 could get if he
plays the strategy of a buyer observing 7/, i.e

Wt he) — W(t, he)

(A.12)

o0
B[ 3 87t (et (e ) { V(0 k) HC) = Vo0t HCs) }M
T7=0

This implies that that

E [ Z 6T55+T(hs+‘r)[bs+‘r(t/v hstr) —1]

7=0

(VO hetr) HURw) = V(000 B F ) | 2 0
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But since for each history hiir, V(0(7', higr), H( | higr)) = V(0(T, higr ), H( | higr))
and the choices 1 > by14(.,7) and non-decreasing in the history set order, then it must
hold that

B[ 3 87 surr st (0 ) = VO ) H )= (00t ) H ) | <0 (A13)

T=1

and

[bs(t', his) = I{V (v(t', hs), H(-hst.)) = V(v(t, hs), H(|hs 7))}

B[ 3 85k (e b (Vi) — 1 (A.14)

T=1

VO ) B ) = V0t ) ) | =0

This concludes the proof since for the only way both equations hold is for the buyer

observing history 7 to also bids immediately. [

Progressive Pessimism, Theorem 1.

Proof

This proof establishes that in every period ¢ and history hy, prior beliefs F;(-|h;)
likelihood ratio dominate posterior beliefs Ft/ (-|ht). I present the argument for interde-
pendent values since the argument for valuations and private values is identical to the
one in question. It is worth noting that these proofs go by induction and that I present
the induction step first and the initial condition.

Now that this lemma is established, it will be immediate that if H;[0, v;] likelihood
ratio dominated Hy41[0, ugt1], for ugp1 < vy, then Hy/Hy(ug41)]0, v¢] also likelihood ratio

dominates Hy11[0, tugt1].

Learning and Induction Step Fix some PBE whose threshold strategy is (uy),
period ¢, history h¢t1, and assume that the prior belief are given by a CDF F(.|h)
denote each buyer i’s belief regarding each buyer j # i’s interdependent value x; with

pdf fi(.|h:), and the item remains unsold. Since the item remains unsold it holds that for
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every buyer i v(7;, ht) < ui(hey1). Therefore, for each interdependent value z; € [0, 1]
Bayes’ rule implies that the posterior beliefs in period t, i.e. beliefs once the good fails
to sell, satisfiy

Pr(v(z;, 05, he) < ug(hag)|he) f (5]he)
Jo PrioGy. 65, 1) < wi(hesn)|hal f(v]he)dy
_ @1 L ozt KO (
o PG a3,y KO he) A0y

frr1(xjlhesr) =

A.15)

where Ky(-|h;) are the equilibrium beliefs regarding private values, i.e. each agent
1 in period ¢ and history h; expects that the private value of each peer j is distributed
given 0; ~ Ky(-|ht)[0,1].

Now, pick some pair z;, x; € [0, 1] such that z; < x;-, then as u(.) is strictly increasing
in (0, ), then so is v(.,hy) = Eu(.,z_;)|h, (+),i wins] for each history h; given that
the expectation operator preserves monotonicity. By proposition 13, it further holds
that if (0,z;) < (0,7}), then v(0,z;,h) < v(0, 2%, hy). This is because the payoff
that each buyer would net from participating in an auction as well as the equilibrium

payoff must be non-decreasing in each buyer’s valuation. Consequently, for each pair of

/

interdependent values z;, x J

such that z; > :L‘; the set of private values 6; for which buyer
J does not participate in the auction when he observes x; is smaller than comparable

set given x’:

{0 € [0,1]Jw (0,2, hy) < u(hesr)} € {0 € [0,1][w(0, 2, he) < uplhern)}.  (A.16)

Since beliefs denote a measure on the set of private values and probability measures

are monotone, then

Prt(V(%,éj, ht) S 95(ht+1)|ht) S Prt(V(xj,éj,ht) S 95(ht+1)]ht). (A]_?)

Informally, this argument states that since payoffs are strictly increasing and xg < zj,

then there exists a larger collection of private values that buyer j could have observed
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and his valuation to lie below any given cutoff. Next, if one divides ft+1(x;|ht+1) by

fe+1(xj|he41), then it holds that

S (@jlheyr) [ft(éﬂ}\ht)] [Prt(v(% i ht)
fe(xjlhe) Prt(v(xj,éj,ht)

g (hes) he) <ft(x}|ht)

wg(hosr)|he) ] = felwjlhe) (A.18)

<
frv1(xj|his1) <

/A

; were arbitrarily chosen, one can conclude that Fy(.|h¢) likelihood ratio

Since z;, x

dominates Fiy1(.|hit1)-

Initial Step In this part of the proof, I establish the initial step in the inductive
argument. Fix some price py € [0,1] and let hy = {pp}. Then suppose that the item
failed to sell, the each buyer ¢ updates his belief that his peer j # i observes z; via
Bayes rule as follows

fo(zjlh1) = fr(vo(xj’ej) s volh))fes) i T botey 50t k(,e)de Iy (A.19)
Jo Prvo(y,60;) < uwoha))fW)dy  fo FW) [og(at,5;)<uo () K (0> y)db"dy

Now, pick some pair of interdependent values x;, 2 such that z; < 27, then the same

argument in period ¢ and h; implies that

{9 S [0, 1”’00(9,1‘9) < uo(hl)} C {0 S [0, 1”1)0(9,.13]‘) < U,O(hl)}. (A20)

Consequently, by the monotonicity of probability measures, it holds that

Pr(vo(ay, 0;) < uo(h1)|ho) < Pr(vo(z;,0;) < uo(h1)|ho)- (A.21)

Lastly, if one divides f(z}|h1) by fo(zj|h1), it holds that

fo(z;|h1) - [ f(mg)] {Pr(vo(x.,éj) < ug(h1)) _ f(ah)
F@i) ] LPr(vo(x,05) < uo(ha))] — flag)

[N

(A.22)

fo(z;lh1)

Since the choice of zj,az; € [0,1] and py are arbitrary, then F(-) likelihood ratio

dominates the posterior Fy(-|h1) for each price pg such that hy = {po}. O

Proof of Corollary 4. This subsection characterizes how the dispersion in valuations

falls over time.
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Proof

I will first prove that valuations fall. Fix some PBE, period t, history h;, and
price p;. Define hy11 = (h¢, p¢), then progressive pessimism, i.e. the previous theorem,
states that Fy(-|hs) likelihood ratio dominates Fyq(-|hy1). Next, progressive pessimism
implies First order stochastic dominance. Consequently, since u(-) is strictly increasing,
then for each type 7;, it holds that

”Ut(’TZ', ht) = Et[u(Ti,Qﬁ_i”ht,Ti,i wins] Z Et+1[u(n,x_i)|ht+1,n,iwins} = Ut+1(7—’i7h’t+1)~ (A23)

Next, I show that the dispersion in valuations falls. Fix some PBE, some period ¢,
a history hy, price p;, and a pair of types 7,7’. Then let us suppress conditioning on

winning the auction and it holds that

Eyf|ve(r) — o) he] = Ex[| Exfu(r, 2—7) — u(T, )| ha] || ]

= Bi[|E[A(r, 7' 2) ]| ]

= EEA(r, 7 2 [l X (A (T, 7,0) > 0) — [A(T, 7, 2) [l X (A (T, 7, 0) < 0) [y

> B [B[A(T, 7 2—) [ X (A(T,7,0) > 0) — [A(7, 7, 2—) [ X (A (7, 7, 0) < 0)|(he, pr)]
= Eppi[|Ee[u(r, 2—i) — u(r, @) |ha] [ (he, pr)]

(
(

= Eppa[lvi(r) — v(7)||(he, po)]
(A.24)

where the third line just implements the definition of the absolute value. Meanwhile,
the fourth line uses the fact that when the indicators are active both functions are
increasing in their arguments and the beliefs in period ¢ likelihood ratio dominate their

posterior beliefs. [J

Revenue Bounds, Theorem 2.

Proof
In this proof, I provide bounds on equilibrium revenues. First, I provide an upper

bound. Suppose that after a given period, the seller can commit to a direct, dynamic
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mechanism (see Myerson 1986) where buyers who have identical, initial valuations ex-
pect to have the same equilibrium payoff. Then, I find that for any dynamic mech-
anism, there exists a comparable mechanism that either elicits trade immediately or
never trades with buyers. I show that the payoff from both mechanism are the same;
meanwhile, the restriction in mechanisms ensures that it can be implemented in the
current environment. The second part of the proof characterizes a lower bound. I find
that there exists a collection of auctions that the seller can run in period 0 after which
buyer valuations conditional on winning the good fall below the seller’s valuation of 6

and the seller might as well keep his good.

Revenue Ceiling. Fix some PBE, period ¢, and history h;. Define a contract under
full commitment as a tuple m = (z,7,7) : T" — A" 1 x R x Z, U {oo} such that for

each tuple 7 = (7;) and buyer 1,
i. Probability that buyer i wins the good is z;(7)
ii. Expected payment made by buyer i is r;(7)
iii. The expected period in which agents expect the good to trade t + T'(7).

I assume that the seller can only consider contracts in which buyers who have the
same valuation for the good win the good with equal odds and make the same expected
payment, i.e. for every pair of buyer i, j and types 7;, 7; such that v(7;, hy) = v(75, he),

it holds that
iL'i(Ti,%_Z') = .%'j(’i‘j,%_j) and T'i(Ti,f'_Z') = Tj(’]’j,’f'_j) (A.25)

Next, I define standard functions that will allow me to state which terms of trade
are feasible in a compact manner. Fix some buyer i and types 7;,7/, then define the

following functions
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i. Discounted, payoff from buyer ¢ winning the good when he observes types 7; but

reports type 7;:
qi(7i, 7)) = BT u(ry, 2y € 7_3)ai(r], 7—i) |he, § wins] (A.26)
ii. Discounted, expected payment made by buyer ¢ when he reports type 7/ but he is
actually of type 7;:
pi(T], 7, B) = BT (7, 7 )| e, i wins]. (A.27)
Next, the contract m is feasible iff it is incentive compatible and individually rational,

i.e.

Vi, i Elqi(7i, ) — pi(7i,7)] >0 (Individual Rationality)

and
Vi, 7i, 7, Gi(Ti, i) — piTi, i) > qi(Ti, 7)) — pilTi, ). (Incentive Compatability)
Replication Argument Now, pick some feasible contract m. Define an alternative

terms of trade m’ as follows. For every 7,1 let

ii. 7i(F) = 67Dry(7),
iil. and o(7) = 0" (7).
Define for each buyer i and types 7;, 7/, the functions

¢i(1i, 7)) = Elxi(T—i, 7))u(Ti, T—i) e, i wings]

and

pi(1i,7]) = E[ri(7—i, 7)) | ht, i wins].
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By construction, for every buyer i and pair of types V7;,7/, it holds that ¢;(7;,7]) =
¢.(1i, 7)) and p;(7i, 7)) = pi(7i,7}): thus as m is feasible, then m’ is also feasible. Next,

terms of trade m’s expected revenues equal to
rlm) =B Y0 n(s)| = B )] = rio), (A.25)

il i€l

so the seller expects to gain the same returns in terms of trades m and m’. This
implies that the seller, with full commitment, might as well only consider terms of trade

where he either trades in the initial period or does not trade. This establishes the proof

that ¢ <} for every history almost surely.

Revenue Floor I now prove that the seller’s revenue is greater than immediately
running the revenue maximizing auction after which the seller avoids re-auctioning his

good, i.e. 7§ <1y < 71¢. I first establish the following technical result:

Proposition 14 There exists some value p € (0s,v0(1,1)) such that for each type T
such that wo(7), Elu(t,x_;)|Vj # i, wo(1;) < p] < 6.

Before proving this result, it is important to describe why it matters. Suppose that
one dealt with a private value setting. Then, if the item fails to sell, buyers do not lower
their valuation and thus there is no such p for which the seller nets higher revenues than
by just running an efficient auction and this result is moot.

Proof This proof has several steps. First, I derive the posterior distribution on inter-
dependent values if the seller runs an auction with a reserve price p, buyers decide to
bid if their valuation is above p, but the good failed to sell. Next, I show that the initial
beliefs likelihood ratio dominate these beliefs and I order posterior beliefs by p. 1 then
show that valuations in period 1 are strictly increasing in the reserve price p. Lastly, I

prove the proposition.

Bayes rule. Pick some pair of values p,p’ € (v9(0,0),v0(1,1)) where p < p’ and for

each type 7 vo(7) = Elu(T, z_;|7;,i wins]. Then for each interdependent value realization
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xj, it holds that for each P € {p,p’} one can define f(z|P) = Pr(z|m(0;,z;) < P) and
it satisfies,

Pr(vo(0,z) < Plz)f(z)
. A.29
f(z|P) i Pr(vo(8,y) < Plz)f(y)dy e

Note that since p < p/, then for each (z,0) such that vg(0,z) < p < p/, so
Pr(vo(0,2) < p) < Pr(vo(f,z) < p'). Furthermore, if there exists some value 6 €

(0,1) such that vo(f,z) > p, then the inequality is strict. Further notice that since
p,p’ <wv1(1,1), then it holds that

1 1
/O Pr(vo(6,y) < ply) f(y)dy < /0 Privo(6,) < p'lo)f(y)dy.  (A.30)

Ordering posterior beliefs by p. I claim that this fact allows me to prove that

F(-]p), i.e. the CDF associated with f(-|p’), first order stochastically dominates F'(-|p).
Suppose for contradiction that there exists some value y € (0, 1) such that F(y|p) <
F(y|p’), then this implies that

Yy
0 < Flylp') - Flylp) = /0 Falp') - f(alp)dz

_ /y f(:r){ Pr(vo(8,z) < p'lz) _ Pr(vo(6,z) < plz) } -
0 fs Prwo(8,y) <p'l)f(y)dy [y Pr(vo(8,y) < ply)f(y)dy
y 1 1
< ) Pr(vo(0,z) < p'|x)dx - (A-31)
< [} 1@Pro0.2) <) {f(} Pr(vo(6.9) < #19)f@)dy  Jg Pr(vo(6,y) < p,m(y)dy}

< 0/0y f(x)Pr(vo(0,z) < p|z)dx

=0

This is a contradiction. Note that the third line follows from the fact that Pr(vy(6,z) <
p) < Pr(vo(8,z) < p’) and the fourth line from equation A.30. This implies that F(-[p)

first order stochastically dominates F'(-|p).

Initial Beliefs Dominate Posteriors Next, I claim that F' likelihood ratio
dominates F'(:|p) for P € (v9(0,0),v0(1,1)). Fix P, then note that for each pair
0 < x <2’ <1,it holds that Pr(vg(f,2') < Pla’) < Pr(vo(8,z) < Plz’) and vg(-,-) is a

strictly increasing function. Furthermore, if vg(q, ) > P, then the inequality is strict.
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Now, pick some pair z,y € [0, 1] such that z < y, then the aforementioned inequality
implies that
FIP)  [Prvw(8,2) < Pl2)] £(2)

= f(2)
fylP) | Pr(vo(8,y) < Ply)| f(y) = (A.32)

where the inequality is strict if vg(y,1) > P. Therefore, F' likelihood ratio dominates
F(:|p) for P € (v9(0,0),v9(1,1)) and hence F first order stochastically dominates F'(-|p)
for P € (v9(0,0),v0(1,1)).

Beliefs are continuous in p. Pick some p € (v(0,0),v0(1,1)), then observe that

for each value x € [0, 1]

1 if v(iz,1) <
Prlvy(z,0) < plz] = t(p,z) = frlnb=r (A.33)

Klvg"(z,p)] if v(z,1)>p

where vy (2, ) is well defined for each = and differentiable since u(-) is a strictly
increasing and continuously differentiable function. This implies that in all but a
Lebesgue-measure zero set, the partial derivative Opt(x,p) is well defined for each x.

Moreover, beliefs can be re-written as

ol — t(z,p)f(x) A34
T Jo ty.p) f(y)dy’ (454

so the partial derivative 0, f(z|p) is well defined almost surely. Next, I define valu-
ations given a reserve price p € (v(0,0),v(1,1)) for each type 7 as

v(1,p) = Elu(r,2-;)|Vj # i,v0(1j) < p] = /[0 - ult, x i = ()4 H fzjlp)d(z;)j2i- (A.35)
] i

Observe that the partial derivative of 0,v(7,p) is well defined and hence for each

type 7, v(T,-) is a continuous function since it is continuously differentiable.

Beliefs are increasing in p. [ now continue with the function v(r,-) for a fixed

7. I claim that for each type 7, v(r,-) is strictly increasing.
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Fix some 7 € T and a pair of reserve prices p,p’ € (v(0,0),vp(1,1)) such that p < p'.
Then as u(-) is a strictly increasing function of z_; and F(:|p’) first order stochastically
dominates F(:|p), then
v(T,p) = /[0 - ulr,zs = (2) ) [ [ f@5lp)d ()i
’ JF

< /[071]711 ulr, @i = () j£i] E F (41 d(w5) 126 = (T, P).

(A.36)

This proves that for each 7, v(7,-) is strictly increasing. Also, note that as F' likeli-
hood ratio dominate F'(-|p) for each p € (vo(0,0),v(1,1)), then it first order stochasti-

cally dominates it. Hence,

Ve T,pe€ (v9(0,0),v0(1,1)),v(7,p) < vo(T). (A.37)

Proof Conclusion. I now prove that p > 6, exists. Fix some 7 such that vy(7) <
05, then for each the previous result implies that vo(7,0s) < vo(7) < 5. This implies
that if the seller runs an efficient auction and the item fails to sell, then valuations fall
enough such that the seller keeps his good. Next, suppose that the seller picks as his
reserve price vg(1,1), then with probability 1 for every type 7 € T do not place a bid,
ie. vo(7) < wp(1l,1). Since almost surely no buyer bids, then beliefs do not update
and vo(7) = v(7,v0(1,1)) for each type 7 and it holds that there exists types such that
v(7,v9(1,1)) > b; for instance, 7 = (1,1). This implies that if the seller announces a
price that is large enough such that all buyers wait, then beliefs do not update and the
higher valuation among buyers remains higher than 6.

Next, let us consider the types 7 = €(1,1) for some e € [0,1], then the image of

vole(1,1)] is [v0(0,0),vo(1,1)]. Hence, for each type 7, there exist an €(7) such that

vole(T)(1,1)] = vo(7)

. Moreover, by the assumption of monotone differences, then for each belief regarding
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x_; it holds that

Elu(r,z—;) —u(e(r)(1,1),2_;)] = 0. (A.38)

This allows me to finish the proof by only considering the ray {e(1,1)|e € [0,1]}.

Define for each reserve price p € (vg(0,0),v9(1,1)) the value e(p) which solves

vole(p)(1,1)] = p. (A.39)

Notice that as u(-) is strictly increasing, then €(+) is strictly increasing. Next, notice
that €(1) = vp(1,1) and that for vg[e(ds)] = 65 it holds that €(ds) € (0,1).

I conclude the proof by defining one last function. Let let the maximum valuation
when the item fails to sell when the reserve price is p as m(p) = v[e(p)(1,1),p] and
note that m(-) is a strictly increasing and continuous function. As previously shown,
m(1) = vo(1,1) > 05 and m(fs) < 6. By the intermediate value theorem, there exists
value p € (05, 1) such that m(p) = 05. This concludes the proof.

O

The next result characterizes the revenue associated with a one-shot auction and
compares revenues. First, define Hjo(.) to be the distribution of the 4 highest valuation

in period 0 and given a minimal valuation participating p € [fs, p|, the revenues are

wo(1,1) 1 — Hy(x)
ro(p, Hy) = 05 + / z—0— ———=
0(p 0) P h0($)

wo(1,1)
a3 =0+ [ 6(o) - 0.}
P
(A.40)
This equation just defines the payoff to an auction in terms of the virtual value of the

highest valuation, i.e. in terms of ¢(x) = x — 12?;()9”). Next, observe that in an efficient

auction p = 05, so r§ = ro(0s, Hy. Further note that ¢(x) < x and in the case where Hy
is regular, the optimal auction with full commitment rest p* to solve ¢(p*) = 5. Hence,
the efficient auction is suboptimal and increasing the reserve price in p € (65, p*] will

increase payoffs. If p* < p, then the seller can implement his static, optimal auction
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and the commitment issue is moot; otherwise, it holds that p* > p and the revenue

maximizing, feasible auction has a reserve price of p > 6, and

P
ol Ho) 15 = [ 0(a) — 0.dH}(x) > 0. (A1)

05
Since for each ro(p, Hy) < ry, then this establishes the revenue floor assumption. O

A.1.2 Proof of Theorem 3.

Proof

I now establish that the equilibrium is essentially unique and provide a condition
for when the revenues with full commitment equal to those without it. This proof has
three parts. First, I prove that the game essentially ends in finite time. Since actions are
observable, this implies that the equilibrium is essentially unique. Lastly, I characterize

conditions for which the seller implements his revenue maximizing terms of trade.

Game effectively ends in finite time.

Lemma 15 There exists a deterministic period T < oo such that for every periodt > T,

ug(he) < 05 for every history hy and PBE.

Proof
Suppose for contradiction that there exists some PBE, period ¢, and history h;4q

such that

vt(ht+1) = mf{x S [0, 1] : Ht(x|ht) = 1} > 95

and that after a large period s € {1,2,...} and small € > 0, it holds that

Ey[1 — Hyfvegs(hess) e ]" | he] < e

Then the seller’s revenues are bounded above by the probability that the seller trades

the good in the following s periods and he extracts the maximum possible rents from the
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winner plus the static optimal period 0 rents in period s times the remaining probability

that a buyer remains who values the good more than the seller, i.e.

Te(hig1) < vi(hig1)e + 0%y (1 — Hy(Os|his1)™) — €). (A.42)

Meanwhile, if the seller runs an efficient auction, i.e. he posts p; = 0, his revenues
are greater than netting his private value 6, times the probability that a buyer values

the good more that the seller and otherwise keeping his good:
1y > 051 — Hy(05|hieg1)"] + 005 Hy [0s|heya]™ (A.43)

This implies that the difference between the expected equilibrium revenues and those
attainable by immediately running the efficient auction are bounded above as

re(he1) — rf <vi(her)e+0°rg (1 — He(Oslhey1)™) — €) — 0s[1 — He(0s|he)"] — 660 Hi[0s | he]™ (A.44)
= (ve(heg1) — 6°78)e — 80 He[0|he]™ + (8518 — 05)[1 — Hy(0s]he)™].

For sufficiently large s, it holds that §°rj < 65 and for such values of s, it further
holds that

T‘t(ht) — 7’? < (Ut(ht+1) — 93)6 — 693H[95‘ht}
< (ve(hig1) — 0s)e — 80s(1 —€) (A.45)

<1 =051 —=9)]e —d6s.

For € € [0,6,], it holds that r(ht) < rf. This is a contradiction, because it implies
that the seller strictly prefers running an efficient auction rather than continuing with
candidate equilibrium strategy. This implies that for s solving §° = 0, and € = 3§60, it
holds that by period

. 1 [Iné;
T = 598[1@} (A.46)

the item must either sells or the seller keeps his item. This concludes the proof [J
Since the game essentially ends by some finite period T, then all PBE can be char-
acterized via backwards induction. As actions are further perfectly observable, then the

equilibrium is essentially unique.
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Before moving on, I make a quick remark. Suppose that agents interact in period
t = Ay, 27, ... for some A; > 0. Then § = e "2 for some discount factor r > 0 and
one can construct a value sA; instead of s and it holds that by period T, the game must
end. In other words, as A; goes to zero, the number of times an item is re-auctioned

may diverge. But the period after which the game ends does not.

Characterizing Full Mitigation.

I lastly prove that the condition 2.9 is sufficient for the seller to implement his optimal
auction under full commitment. For every type 7; excluded from the optimal static

auction, it holds that 65 > ¢[wo(r;)]. Therefore, if inequality 2.9 holds, then

w(ri,p*) < ¢(75,p") < d(7,p*) < O (A.47)

where v(7;, p*) is the buyer i’s valuation conditional on the good failing to sell when
the seller posted pg = p* = p{j, buyers expected to good to not re-auction the good and
yet no buyer submitted a valid bid. Therefore, inequality A.47 implies that the seller
values the good more than his buyers and he cannot gain from re-auctioning his good

as he must accept a payment below his valuation.

0

A.2 Reasons for Peace Proofs.

Proof of Lemma 7. Proof

I now characterize concession behavior i.e., the probability that a player concedes
to his opponent’s demands. If ¢ is certain that j is obstinate, ¢ immediately concedes
since he is impatient and cannot extract more than 1 — p surplus from j. This is
an important observation to be noted throughout the paper. Define the cumulative
probability that player ¢ concedes by time ¢ when the surplus fell n = 0,1,... times

as Fint = (1 — print)Hint. Fix 4,n,t. T claim that if ¢ is not certain that j is obstinate
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(i.e., pjnt < 1), however, i mixes between conceding and demanding p and that is
strictly increasing and Fj,; admits a PDF i.e., at each time ¢ such that pj; <1, Fj,;- =
limg ¢ Fis = Fint.

First, I establish that Fj,; is strictly increasing for each ¢ if u;,; < 1. Suppose, for
contradiction, that after time ¢ > 0 and for a given n, it holds that ¢’ = sup{7|F;,, =
Fint} > t, so for a maximal interval [t,t'] player i does not concede provided that the
surplus remains intact. Since j is impatient, he is strictly better off conceding at time
t+dt than at t'+dt for each dte (0,¢ —t). In turn, this implies that i strictly prefers
to concede at time t' rather than at any time between s € (¢, + (¢ — t)] and since
F;; = F,p, it must be the case that Fj,; = Fj,s. This is a contradiction, because s > t/
and I establishes that Fj,; is strictly increasing when p;,; < 1.

Next, I establish that if yi;,; < 1 at time ¢ > 0, F;- = Fj;. Suppose for contradiction
that there exist some time ¢ > 0 such that Fj,— < Fj;'. Then, for sufficiently small dt> 0,

j is strictly better off demanding p, because he nets a time t payoff weakly greater than

p(Fit — Fy-) +[1 — (Fy — Fit—)]e_rdt(l —p)>1-p

This implies that j strictly prefers to wait until time ¢+dt rather than to concede
immediately, so Fj; = Fj;iq;. Nevertheless, this contradicts the result that Fj,; is
strictly increasing.

as j strictly prefers to wait: thus, contradicting that Fj; is strictly increasing. This
concludes the proof.

O

Proof of Lemma 9.

Proof

The only result that was not directly established in the text is that for each > 0,

it holds that 7,, < 79. Informally, I prove that conditional on the surplus never falling,

players reach beliefs p’ € [, 1] at an earlier date when z > 0 rather than equal to 0.

'The function F;;/(1 — p) is a CDF, so it is non-decreasing.
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Fix some time ¢ > 0, such that uo. € [p, 1], then for yoz+ = In oy it holds that

t . zsds d
Yozt = 70:;:0-1-/ Yozsds = In AH'/ MZT = IHAH‘/ [co(e70%%)+(1—€™** ) (fo(0)—b)]ds.
0 0 f] 0

If ¢ > 6(2p — 1), then [co(€70es) 4 (1 — e70=)(fo(d) — 04)] > r¢p. This implies that
Yozt > In p+ 1ot = Yoot

or that pog: > poor for each ¢ > 0 such that poy < 1. This concludes the proof.
O

A.2.1  Proof of Theorem &

Proof

I first derive the welfare as function of a player’s beliefs that their opponent in
obstinate z € [0, 1] and the number of times that the surplus fell n = 0,1,.... T use
x to avoid confusion with the primitive p and welfare can be reduced to a function of
(z,n,§) €[0,1] x {0,1,...} x {0, 1} since player strategies are Markov in (z,n,§).

The first step is to derive welfare assuming that players are in a ceasefire i.e., £ = 1.
I do this, because the argument for the more involved setting is a simple extension
of this argument. Fix some small time interval dt> 0 and suppose that the current
state is (z,n,1). If z = 1 or n > N, then welfare equals to 0 (i.e., Wypo(z) = 0)
since players never reach an agreement and/or the game is over. Otherwise, x < 1 and
n € {0,1,..., N} and two events can happen: players reach an agreement or fail to do
so. Players reach an agreement if either player concedes and a concession arrives in the
time interval dt with a probability of (1 — z)[1 — exp(—r¢/(1 — x)dt)] = rédt + o(dt)
such that lim,\oo(z)/z = 0. If players do not reach an agreement after waiting dt,
then players update their beliefs via Bayes rule to fig, (), which satisfies

(1-0)
+2(1-0)+ (1 —2)(1 —r¢/(1 —z)dt)

Zfignas () — . ~ x — = xrodt.
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This equation states that if a player is obstinate he does not concede with probability 1,
but if he is strategic, the does not concede with probability of approximately 1—r¢/(1—
x)dt. Therefore, the posterior belief is (1 + fignqt(x)) and the continuation welfare is

Wholz(1 + fionat(z))]. Since current payoff is s,, continuation valuation satisfies

Who(x) = 2r¢dts, + (1 — r¢dt) (1 — 2redt)Wiolx(1 + fionas(z))] + o(dt)

= 2r¢dts, + [1 — r(1 + 2¢)dt]Who[z(1 + fionas(z))] + o(dt).

Note that (since player randomize independently from each other) the probability
of an agreement is precisely twice the probability that any given player concedes. I also
discount the continuation welfare by r > 0. Next, I subtract W,o(x) from both sides of

the equation above and divide by dt, yielding

Who[#(1 + fionas ()] = Wao(x) | o(dt)
dt dt

0 =2r¢[s, — Who(x)] —rWiolz(1+ fionas(z))] +

Taking the limit as dt goes to 0, then yields the ordinary differential equation (ODE)

0 =2r¢[s, — Who(z)] — rWhio(x) + W,o(z)zfion(z)
= 2r¢[s, — Who(x)] — rWho(z) + W)o(z)are

=28, — (1 +20)Wyo(x) + W o(z)z0

The ODE above, combined with the fact that W,o(1) = 0, implies that welfare is

uniquely defined and equal to
1 2p—1
26(1 — 2*t% 2(1 - p)(1 — 2”71
o1 —277) = sy (L-p)1-z ") :2sn(1—p)(1—$flp) (A.48)
20+ 1 20—p)+2p—1

Who(x) = sp,

Now that the ODE has been derived for the case in which players negotiate during
a ceasefire, I study the more general case. Note that the derivation is a modest gen-
eralization of the proof above. It still remains the case that I discretely approximate

the HJB and take limits. Fix some small dt> 0. At each (x,n) such that x < 1 and
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n < N + 1, the social planner expects that an agreement is reached in one of two ways.
First, either players may attain a decisive military victory. If player ¢ is obstinate, he
concedes a military defeat with a Poisson rate of 0, but if 7 is strategic, he concedes at a
Poisson rate of 7,,;. This implies that the probability that ¢ concedes a military defeat in

a time interval of length dt can be linearly approximated to be rd, (x)dt + o(dt) where
dn(7) = (1 = 2)7ns-

On the other hand, the negotiation could end due to a player ¢ conceding. If 7 is
obstinate, he never concedes; otherwise, he concedes given a time-dependent rate h,,(x).
This implies (once again) that the probability that a player ¢ concedes in a time interval

of length dt (given n,x) is linearly approximated to be r¢ + re,(z, 1)dt + o(dt) where

¢+ cn(x,1) = (1 — x)rhy(x).

Next, if the players do not reach an agreement, then the surplus is either destroyed or
left intact. The e surplus is destroyed with an expected probability of 2r f,,(z)dt + o(dt)

where
fa(x) = 26 + (1 — 2)0pe.

Next, continuation beliefs now depend on whether or not the surplus was destroyed.
If the surplus is destroyed more than N times, then no agreement is ever reached
and welfare is precisely 0. Otherwise, when current state is (x,n) and the surplus is
destroyed, updated beliefs conditional on the n 4 1 fall in surplus is fi,(x). Notice that
this equation was derived in the main body of the text. If (in contrast), the surplus is
not destroyed further, then the beliefs update to approximately [l + (¢ + p,(z))dt].

Combining the approximations given above, it holds that
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Wi(z) = r[28n¢ + 2spcn(x, 1) + 25p,d,(x) — Ep(1 — x)]dt

1= 20(6+ enlar, 1) + dn(@))AE](L = 7dt) Wi 1)y i (@)]21 i (2)dt

+ (1 =27 fo (z)dt) Wy {x[1 + 7(p + pn(z))dt]} | + o(dt).

If one now uses the approximation of dt?> ~ 0, then the equation above can be

re-written as

Wn(x) = T[anfb + 23ncn(x7 1) + 25ndn(x> - En(l - .%')]dt + W(nJrl)y[/jn(x)]Qrfn(x)dt

+ 1= (r+2r[¢+cn(z,1) + dn(2)) + fol2)|dt]Wp{z[l + (10 + pn())dt]} + o(dt).

Next, I subtract W, (x) from both sides and divide by dt, it implies that

0 = r[25,¢ + 25pcn(w, 1) + 25pdn(7) — En(1 — 2)] + 7W 1)y lfin(2)]27 fo ()

+ Wia{z[l 4+ r(¢ + pn(z))dt]} — Wa(z)
dt

- (T + 2T[¢ + Cn(x7 1) + dn(x))

o(dt)

+ fa(@)Wala[l + (6 + pn(2))dt]} + ==

Taking the limit as dt goes to 0, it holds that

0 = r[2506 + 2suen(, 1) + 2sndn(2) — Bn(L — 0)] + 7W(pop1yy[in ()2 (2)

+ Wi (@)z[rd + pn(@)] = (r+2r[¢ + ca(@, 1) + dn(x)) + fu(2)]Wa(2).
Further notice that for each (x,n,1), it holds that
T () = ren(, 1) + (1 — 2)7[6nt — 0s + Yot

If one then adds r(¢ + 6,) to both sides, it holds that

T+ rin(x) + ros = rdp+ren(x, 1) + (1 — )10 + 2rds + (1 — 2)ryn

=7rd+rep(x, 1) + rdy(x) + rfo(z).
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This condition lastly implies that u, () = ¢, (x,1) +dp(z) + fn(x) — 0« and that the

value function satisfies

Wn(x) = 25,0 + 25n[ﬂn(£) + 0y — fn($)] - En(l - l‘)
+ Wty [ (@)12fn (@) + Wy (2)2(0 + ptn ()] — 2(¢ + i ()] W (2)

The boundary condition is that if n > N or = 1, then W,,(z) = 0.

Next, I characterize the social planner’s problem. Suppose that the social planner
could impose when players hold a ceasefire while they negotiate. The social planner,
however, must take the strategic behavior of players as given i.e., he determines a
policy £ : {0,1,...,N} x [0,1] — {0,1} where &,(x) = 1 implies that at state (n,x),
combatants negotiate while they fight; otherwise, &,(x) = 0 implies that combatants

negotiate during a ceasefire. Given a policy (), welfare satisfies

Wi () = [280¢ + 260 (@) {sn[tn(T) + 6x — fn(z)] — En(l — 2)}]
+ TWing 1)y lfin (2)]260 (X) (%) + Wi (2) 2[00 + &n (2) i (2)] = 2[d + & () b (2) | W ().

This implies that the welfare maximizing policy £*(-) solves the HJB equation

(1+2¢)Wh(z) = 25,0 + W;L(x)x¢+

(280 [t () +0x = fir (2)] = By (1=2) + T W g 1)y [fin (2) |2 (2)+ W, (2) 2 pt () =2t () Won ()]
(A.49)

Next, observe that py,(z) = ¢p(z,1) + dp(z) + fn(z), so the equation above satisfies

(1+29)W,(z) = 28,0 + W, (z)zd+
(280 [0 () = fru ()] = En (1=2) +7W 10y [fin ()2 f () + W ()220 () =240 (2) W ()] F

This implies that if holding a ceasefire is optimal, then welfare equals to P, (-) and

that this function must satisfy
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28 i (2)H{TW 1)y i ()] = 50} 2.0 () + W ()20 () = 24t () Wi (2) 42800+ < B (1-2)

Or equivalently that

{7 Pt [fin (2)]2.fn(2) + 287(0x = 0nt) (1 = ) + pin (@) 285 + Py ()2 — 2P (2)] < Ep(1 - 2)

Since P, (x) = s,2(1 —p)[l—xflﬂ], then xP) (x) = —25nxl%ﬂ and the equation above
can be re-written as
Snt1 - 1 1 E,
(= 72m(1 = p)(A = fin(2) 70 ) } fu(2) + ppin(2)(1 —270) < { 5= 4 One = 0 | (1 = ).

Next, if one divides both sides by 1 — z, it holds that

2en(1 -~ p) (“f_“)f(x) + piin(2) (11‘;”’“') < Bny G- s0).

This concludes the proof.
O
Proof of lemma 10.

Proof
Suppose (for contradiction) that e, = 0,6 = 0,€, and it is optimal to hold a ceasefire

when beliefs are 2z € [0,1) and the surplus fell n times, then the inequality derived in

lemma 5 implies that for each z

1
1—at-r E, E,
p,un(:c)< = ) < 2, +0pt — 0 2. (0 — Ont) (A.50)

This inequality implies simply forces e = 0. If € € (0, 1], then one adds a positive term

on the left-hand side of the inequality and it is easier to arrive at a contradiction.

Given that p € (1/2,1), e, =0, and § =0, then

Enl g 5154 (1= a) (0= 8)) + (1= 2) B —0) = 24 66— pa(1 —2)(5 )

Sn

pn () =
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where d = [p— (1 — p)] "' and ¢ = (1 — p)d. Since 1 — 277 >1— z and [ assume that
the inequality A.50 hold, then it must be the case that % — (0 = dnt) > ppn(x) and

plugging in the functional form of yu,(z) and re-organizing implies that

En(dp — 1/2)

n

0> +pd + [1 = p*d(1 — 2))(8 — bt)

> ¢pd + [1 — p?d(1 — x)]6
[l =p)+1-p*(1 —2)
_5[ p—(1—0p) ]
p(L—p)+1-p° (L+p)(1—p)
>6[ p—(1-p) } 5{0—(1—@

|0

The last line implies that there is a contradiction, however, the argument crucially
depends on the fact that p?d > 1. This inequality holds since it can be equivalently
written as p?> > p — (1 — p) and this equation implies that 1 — p > p(1 — p). This
concludes the proof and establishes the argument presented.

0



Appendix B

Non-proof appendices for

Learning to Commit.

B.1 One-shot Benchmark.

I return to the setting in section 2.2 and characterize the revenue maximizing, static
auction. First, I derive the optimal, symmetric bidding strategy. Next, I state the
seller’s revenue as a function of his chosen reserve price and derive the optimal reserve

price p*.

B.1.1 Symmetric Bidding Strategy.

In this subsection, I prove that buyer participating in the auction bid their valuation
conditional on winning the good in the unique, symmetric equilibrium. Note that the
seller picks price p > 6,; otherwise, he accepts payments for his good that are below his
valuation with a strictly positive probability. This implies that only buyers observing
good news bid.

I first derive the valuation of a winning buyer. Suppose that the seller posted a

price of p, buyer i bid b, and ¢ wins. Then, if buyer ¢ expects that only his peers j # ¢

92
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observing good news submit bids b(6;), for some strictly increasing function b, then the
initial probability that ¢ wins conditional on ¢ is

b1 —7) 1 =
w1y = OO ifa=

(1-mbt)+7 ifqg=0.

Since conditional on ¢, (6;, z;) are drawn iid, it holds that the odds that buyer i wins
is w(b~1(b), 0%, q)"!. By Bayes rule, it then implies that buyer i’s valuation, conditional

on winning is

Amw (b1 (b), 6%, 1) ]

= [m@l(b), 0%, 1) + (1= (1 - Muw(b1(b),6%,0)]

Note that for a strategy b(-) to form in equilibrium, it must be the case that the

optimal bid is b(#;) and hence his valuation conditional on winning is

W:M@:&[ Amw (0, 0%, 1) }

Arw(6;,0%,1) + (1 — A\)(1 — m)w(b;, 0*,0)

Next, let ®(-) denote the distribution of the second highest valuation private value
conditional on receiving good news, then each buyer i’s payoff from bidding b € [p, b(1)]
is

b=t (b)

r(b) = / [w(6;) — max{p, b(y)}dB(y).

w=t(p)

This means that the optimal bid must satisfy the first order condition, which implies

that

oy w(8) = b (B)]  w(bs) —b
0=1(b) = 0 = (B.1)

and in equilibrium B = b(6;). Hence, the equilibrium condition implies, as desired,
that
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This implies that the only strictly increasing bidding function that can be sustained
in a symmetric, monotone equilibrium is to bid one’s valuation conditional on winning.

In the following section, I use this observation to derive the seller’s problem.

B.1.2 Optimal Reserve Price.

I now state and solve the seller’s problem. Rather than picking p* the seller might as
well pick 6* such that p* = w(6*).
Suppose that the seller picks a value # and m € {0,1,--- ,n} buyers observe good

news. Then the seller expects to keep his item with odds ™ and to net a payoff of

1
r(0,m) = mh(1 — 0)6" 1 + / m(m — 1)z™ (1 — z)dx + ™6,
0

Next, the odds of m buyers receiving good news are A(m) = (MYAT™ (1 — o)™ 4
(I = X)(1 —m)™7™™]. This implies that the seller’s expected revenue from the choice
of 6 is the expected revenue of r(8) = A(m)r(,m). Lastly, the seller’s optimal choice

solves maxge|o 1] 7(0)-

B.1.3 Contracts, For Online Publication

In this subsection, I present the terms of trade that the seller may offer buyers. The
auction format is fixed, i.e. the protocol determining how buyers who participate in
the auction interact with each other. The seller, however, picks who wins the good and
how much the winner pays subject to the allocation rule being implementable by an
equilibrium.

The resulting extensive form game satisfies the following conditions. First, if a buyer
decides to not participate in the auction, then he neither wins the good nor makes a
payment. On the other hand, if at least one player decides to participate in the auction,
the item sells to whichever buyers holds the highest valuation at a price that is incentive

compatible. Lastly, I assume that buyers are treated symmetrically, i.e. if two buyers
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have the same valuation, then they expect to win the auction with equal probabilities

and to make the same expected payment.

Auction Format

I assumed that the seller runs second-price auctions; is this necessary? My result holds
if there exist negative selection among buyers choosing to participate in the auction. I
now present a general auction setting in which my results persists. First, I model the
auction procedure as a particular type of extensive form game that I call an ”auction
format”. Next, I assume that the seller gets to pick a particular kind of indirect contract
allowing that must form an equilibrium in the auction format.

I first define the set of outcomes. An outcome is either a buyer who wins the good
and the payment he makes or a failure to trade, i.e. let the set of buyers be Z, then the

set of outcomes is

X ={(i,pi)|i € Z,p; € R} U {failure}. (Set of Outcomes)

Note, the outcome x = failure means that no buyer won the good. Next, I define

the auction format.

Definition 6 (Auction Format, is an extensive form game) An auction format

is a tuple ' = {H, =, p, A, A, (3;)icz} consisting of
i. A game tree (H,>) with initial history ho,
ii. The set of terminal histories is Z(C H) such that #X = #2Z,

iii. A function assigning buyers to non-terminal histories: p: H — Z — 2- —{0}. This

function denotes who get to take an action when.
iv. A set of acts A and I assume that [0,1] C A,

v. A map from non-terminal histories to acts feasible at the history in question: A :

H_Z%QA_{Q})
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vi. In the initial period, buyers have a participation decision: i.e. p(lAlo) =7 and for
each buyer i, it holds that A(hy) = {0,1} such that if a buyer i plays 1, then they
succeeding outcomes is not in {i} UR and i does not play in a subsequent non-

terminal history.

vii. For each buyer i, there exists a collection of measurable information sets J; that are
well defined, i.e. for each set B; € J; and pair of histories h,h' € B;, it holds that
A(h) = A(K).

vigi. I assume that the game has perfect recall and o PBE.

This definition allows for the second and first price as well as English auctions. Next,

I define a strategy to the game above.

Definition 7 (Behavioral Strategy) A (behavioral) strategy for buyer i is a measur-
able function o; : T x T — A(A) such that for every set B; € J; and type T € T, it
holds that suppo;(T, B;) C A(h;) for some history h; € B;. Note that from henceforth, I

denote the set of actions directly as a function of his information set.

I can now define a PBE. Note that this is important since the seller picks an equi-

librium of the game.

Definition 8 (PBE) Given a function g = (q,p) : Z — X, a PBE is a collection of
behavioral functions (o;) and beliefs such that for every set buyer i, set B; € J; and type

T € T, it holds that o;(1;, B;) solves

ui (75, By) = gé%fE[U(Tvﬂf—i)’Bza i wins|E[qla, 0 ;]| Bi] — E[pla, 0 ]| Bi] (B.2)

where q(-) denotes the expected probability that buyer i wins the good, p(-) the payment

he makes, and the expectations are made given beliefs.

The next subsection, I allow the seller to pick an outcome function g(-) given a fixed
set of constraints. The seller implicitly picks an indirect mechanism that must form an

equilibrium in the extensive form game in question.
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Terms of Trade

I now define a set of contracts that the seller can offer buyers. The seller announces a
rule g(-) denoting who wins the good and how much the winner pays. Meanwhile, each
buyer i either reports a type 7; or decides to not participate by reporting (). For what
follows, assume that beliefs are given by 5 = {(Fj, K;)} where F; is CDF denoting each
buyer j # i’s beliefs of x;; whereas K; denote beliefs regarding the private value 6;.

Next, define a buyer ¢’s valuation given beliefs 5 and a type 7; as

v(ri, B) = Eglu(r, z_;)|7i).

I now define the terms of trade.

Definition 9 (Terms of Trade) Given beliefs § = {(F;, K;)}, the terms of trade are
a triple m = (q,m,p) consisting of a minimal trading valuation p € [0,1] as well as an
allocation and transfer rule pair (q,7) : (T U{0})™ — [0,1]™ x R"™ such that for every

collection of reports T = (r;), it holds that
i. q;(7) € [0,1] is the probability i wins and m;(T') € [p,00) i’s payment,

1. Buyers who abstain or have valuations below p neither win or make transfers:
for every buyer i report r; = 0 or r; = 7; such that v(7;,8) < p, it holds that
q’L(@?’F—Z) - ﬂ-i(@a f—l) = 07 v f—ia

1. If a buyer reports a valuation above p, the good sells: For every collection of reports

7, if some buyer i reports r; = 7; € T such that v(7;, 8) > p, then Y ;.7 ¢:(7) =1,

iv. The buyer with the highest valuation wins the good: Suppose that there exists a

report r; = T; such that v(1;, 5) > p, then define the set

W(r)={ieZ:v(n,pB) >v(r,B), orr;=0VjeI} (B.3)

and for each buyer i € W(7), let ¢;(7) = 1/#W(7),
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v. The mechanism can be implemented: there exists a strategy profile (o;) and a func-
tion g(-) such that given g(-), (0;) is a PBE and the composition of (0;) and g

implements m,

vi. The seller implements the mechanism in the revenue maximizing PBE: There does
not exists an alternative PBE (o)) such that the expected revenue to the seller from
/

implementing m via (o}

) is strictly higher than implementing m via PBE (o;).

I now explain this definition. Terms of trade are an indirect mechanism denoting
who wins the good, how much each buyer pays, and who is excluded. They also satisfy
the following conditions. First, If a buyer reports a type associate with a valuation
above a cutoff p, the item sells. Second, the agent who values the good the most wins
the auction. Note that this assumption, in general, implies that an auction like Myerson
(1981) is not feasible. Next, I assume that the mechanism can be implemented via a
mechanism in equilibrium and it maximizes the seller’s revenues.

Note that the only lever controlled by the seller is the cutoff value p. The revenues
as a function of p when beliefs are 5 = {(F;, K;)} can be expressed as a function of the
virtual values of valuations, i.e. a distribution over v(7, 3) that is expected to have a
CDF H; for each buyer i. Define the ironed out virtual value when beliefs over valuations

are H; as ¢(-, H;) and the expected revenues is

r(p. (Hi)) = Egmax x(v; > p)@(vi, Hi)}] + 0. [ [ Hi(p)
i€l
for x(-) is an indicator function.
I conclude this section noting that since the seller only manages the choice p and
incentives are increasing in valuation. Then, one can define a game where the seller still
picks reserve prices p; and buyers pick rules to participate in the auction. The resulting

games will have negative selection among buyers, so the results in this paper follow.
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B.2 Durable Goods Market, For Online Publication

Up to this point, I showed that interdependence precludes the Coase conjecture in
auction settings, but doe this insight persists in non-auction settings? The answer is
yes. I present a durable goods monopoly example in which interdependence allows the
seller to contravene the Coase conjecture in a stationary equilibrium.

A monopolist offers a durable good to a unit mass of consumers. Nature first draws
a common quality ¢ such that Ing ~ N(u,0) for (u,5) > 0. Then nature privately
informs each buyer i a private signal x; = ¢ + ¢; for ¢, ~ N(0,5),6 > 0, such that for
each pair of distinct buyers 4, j, it holds that ¢; is pairwise independent of ¢;. At each
period t = 0,1,..., the seller first announces a price p; > 0. Buyers then decide the
either purchase the good (and exit the market) or wait. If a buyer purchases the good
at a period t, at a price of p;, then his payoff is 6(q — p;) for some common § € (0, 1).

I now define histories, strategies, and equilibrium. At each period ¢t a history
consists of the set of past prices and share of buyers who purchased the good: i.e.
hi = {ps, ms Z;ﬁ € Hy = %ﬁr x [0,1]%. Next, a seller strategy is a collection of functions
(p),¥t,py : H — R4 denoting the current price; meanwhile, I an anonymous buyer
strategy is a collection of functions (¢;),Vt, ¢, : Hy x ® x Ry — [0, 1] where for each
tuple (h¢, i, pt), ci(he, i, pr) denotes the probability that the buyer purchases the good
conditional on not previously purchasing the item. A PBE is then a pair 8 = {(p;), (¢t)}
coupled with beliefs such that given beliefs, the strategies are sequentially rational, be-
liefs are derived from f via Bayes rule whenever possible.

I claim that there exists an equilibrium where the seller fixes an initial price at
po > 0 and for every period t > 0 he fixes prices at p; = ¢. First, buyers expecting
this seller strategy profile to be played in an equilibrium expect that there are no gains
from trade to be had by delaying their purchases decide to buy the good at a price of
po provided that py < E[q|z;] = e®. Hence, for each quality g, the share of buyers
purchasing the good in period 0 if D(pg,q) =1—® [(17 In <1;°>] for ®(.) being the CDF
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of the standard normal distribution. Observe that the corresponding p.d.f. of a normal
distribution with mean p ans variance o will be defined as ¢(zx, p, o).
The seller also conjectures that he would fix prices after period A and expects that

for each price pg he picks, his revenues are

T (R Y ) R e

o0 1
=po+/0 ¢(Ingq, p,0)® gln (%)}[M*pe]dq.

The optimal price pg then maximizes r(pg) among all prices pg > 0 and it satisfies the

first order condition

6+ /OOO qb(lnq,u,aw[ln (pq“)w] [6— T]dq - &/OOO ¢(1nq,u,0)¢>[;ln <pq°>]dq

(B.4)

Now, once buyers purchase the good in period 0, they all observe a share of buyers
purchasing the good mg € (0, ¢) and this quantity can only be associated with a unique
quality ¢ satisfying D(pg,q) = mg. Hence, buyers learn that the common value equals
to ¢. The seller then fixes the price at ¢ and buyers are indifferent between buying and

waiting, so it is an equilibrium for them to buy the good.



Appendix C

Non-proof appendices for

Reasons for Peace.

C.0.1 Extended Literature review for Reasons for Peace

In their review of bargaining models of war, Baliga and Sjostrom (2013) argue that
nations going to war is puzzling. This is because of the Coase Theorem. The theorem
states that strategic agents who can freely negotiate a mutually acceptable agreement
will reach a Pareto efficient outcome. Wars are destructive and (by their very nature)
hence a source of inefficiency.

Brito and Intriligator (1985) first showed that incomplete information can rationalize
why nations go to war. They argue that potential combatants can either negotiate a
peaceful agreement or go to war at cost that is not known by their opponent. They
find a semi-separating equilibrium where combatants facing low costs of war go to war
when their demands are not met; meanwhile, combatants facing high costs of fighting
mimic the demands of combatants facing low costs. In response, the opponent challenges
the combatant in question and a war may ensure with a strictly positive probability.
Incomplete information, manifested in other ways, also rationalizes why nations go to

war. For instance, Fearon (2007) further argues that combatants may not know how long

101
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their opponents can sustain a conflict and establishes that this may prompt nations to
fight protracted wars as they ”screen” each other’s capacity to sustain an armed conflict.

Fearon (1995) further showed that, in general, bargaining failures rationalize why
strategic combatants go to war. A different source of bargaining failure noted to play
a role in the decision to go to war is a limited capacity to bargain. For example, the
peaceful resolution to a war may include a transfer from the wealthier combatant to their
opponent, but if the transfers required to appease the poorer combatant are too high,
then it may be optimal to fight rather than appease. Lastly, another factor that can
prompt strategic players to go to war are ”strategic moves” (Baliga and Sjostrom 2020).
Such decisions allow a party to extract high rents from their opponent by forcing them
to risk a major conflict right away or major concessions. In equilibrium, strategic moves
stave off major conflicts in the short run but may promote war later. For example, a
major (military) power may annex a disputed territory and threaten a costly war against
the opposing powers that object. Nevertheless, the major power is likely to face local

insurgents in the newly annexed territory.

C.0.2 Literature of Bargaining

Bargaining has long been a central question in economics, but a natural point to begin
the relevant literature is with Nash (1950). He considered a cooperative approach
where two players partition on perfectly divisible item among themselves and he studied
efficient allocations satisfying further properties. Nash found that the way in which the
surplus is partitioned can be understood by a notion known as ”bargaining power”.
The notion of bargaining power, although useful, leaves unanswered the features of a
bargaining setting that influence how surplus is divided. In response, Rubinstein (1982)
considered a dynamic game where alternate proposing ways to partition the good in
question. He further assumed that all the pertinent features of the game were common
knowledge. This assumption results in a unique subgame-perfect Nash Equilibrium

were the player makes an offer which ensures that his opponent immediately accepts
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the first offered made and features like each player’s outside option and discount factors
endogenize the notion of bargaining power.

Rubinstein’s model, although successful in rationalizing bargaining power, makes the
following counterfactual prediction: when there are gains from trade, players come to an
agreement without delay. First, real-world negotiations are notoriously time-consuming.
The literature primarily understood that part of the reason for which negotiations can
be time-consuming is that players have incomplete information regarding the bargaining
setting in question, see for instance Ausubel and Deneckere (1989), Fundenberg, Levine,
and Tirole (1985, 1989), Cho (1990), Myerson (1990), Cramton (1998), Compte and
Jehiel (2004). A particularly fruitful approach was promoted by Myerson (1990) and
Abreu and Gul (2000). They considered a dynamic bargaining game where players can
either be strategic and bargain as in Rubinstein (1982) or obstinate. When players
are obstinate, they make the same demands and only accept terms which gives them a
higher payoff than the demands they make.

This type of approach is called reputational bargaining. It implies that at most one
player concedes immediately or the negotiation is from henceforth characterized by a
War of attrition in which strategic players come to an agreement in finite time. This
approach has two benefits. First, it rationalizes why negotiations are protracted since
strategic players have an incentive to posture. Indeed, Min (2020) finds direct evidence
of posturing behavior in wartime peace negotiations. The second significant contribution
is that the model predictions do not significantly depend on the way players bargain,
better known are the bargaining protocol. This is important since negotiations proceed
in many differing ways and models focusing on a particular bargaining protocol often
make predictions that crucially depend on the order of play. Such dependence on the
bargaining protocol both limits the predictive power of a model and makes it difficult
to study many empirical applications where fine details determining how negotiations

proceeded are often not observed by the econometrician.
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Reputational bargaining has become a leading approach with an extensive litera-
ture. I detail some of the main results therein which have focused on the role of model
features on bargaining. Since the predictions of these models do not greatly depend
on the protocol, the role of model features on the outcome is particularly robust and
generalizable. Comte and Jehiel (2002) show that the presence of outside options re-
verses the role of posturing in bargaining i.e., if players have outside options that are
weakly better than conceding to an opponent’s demands, then strategic players reveal
their types immediately and come to an agreement as soon as possible. Meanwhile,
Abreu and Pearce (2007) study the role of more involved types and bargaining with
contracts in which players can also make observable actions. Their main result is
that reputational considerations limit the set of model repeated equilibria that can be
sustained. Wolitsky (2012), for his part, shows that one can relax the assumption of
what is common knowledge and the maximum payoff that players can sustain. Fan-
ning (2016) then considered the role of exogenous deadlines on bargaining resolution
rationalizes ” deadline effects”: agreements often arrive close to the deadline, even when
a similar agreement could have been agreed to much earlier. Lastly, Fanning (2021)
considers the benefit of arbitrators in a negotiation. He finds that an arbitrator can
expedite the arrival of an agreement when he imperfectly communicates the possibility
of a consensus agreement. Otherwise, arbitration is futile. Other papers

It is also the case that negotiations often end in a protracted disagreement. Cramton
(1992) rationalize this behavior in a game of imperfect information, without reputational
types, in which players do not know their opponent’s outside option. He finds that an
agreement may arrive gradually, but it be possible for players to learn that there were
no gains from trade to begin with. Note that this model differs markedly from my own
in that there is no initial uncertainty in whether strategic player can initially come to
a mutually beneficial agreement. I generate disagreement because posturing prompts
players to not concede to each other’s demands.

My model further contributes to the bargaining literature in three ways. First, this
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model allows for players to arrive at a protracted impasse on the equilibrium path even
when players are strategic and there were initial gains from trade. This is because
equilibrium incentives to shirk endogenize the risk that the surplus is destroyed before
players come to a agreement. Next, I consider a bargaining setting in which the players’
actions are not perfectly observable and this allows strategic players to behave strategi-
cally without fully revealing their types. This is important as it generalizes additional
information that affects the way that the negotiation proceeds. Lastly, I rationalize the
empirical trends in wartime, peace negotiations. The literature pertaining this applica-
tion is detailed below.

Next, my model significantly departs from the hold-up problem literature (see Roger-
son 1992, Grossman and Hart 1986, Hart and Moore 1988, Holmstrom and Roberts 1998,
among others). The hold-up problem occurs in bargaining when a party to the negoti-
ation must make a costly and non-contractible investment before a negotiation. Parties
exerting effort expect their peer to extract a share of the return from investments, but
to not assume its costs. Therefore, players under-invest. My model differs from the
hold-up problem because I assume that investment decisions occur as players bargains.
Such difference in timing qualitatively affects bargaining outcomes as described below.

The political science literature has studied bargaining in war from several points of
view. First, since Schelling (1967), political scientist has found it useful to view war,
itself, as negotiation among opposing parties and aggression as a tool through which
belligerents pressure each other to capitulate. Filson and Werner (2002) rationalize,
for example, why nations go to war in a similar way that Cramton justifies protracted
negotiations: costly and time-consuming negotiations allow players to extract informa-
tion rents from their opponent. Meanwhile, Powell (2004), as well as Reiter (2010),
models how coming to an agreement and fighting is overlayed in a conflict; therefore,
the progression of the conflict crucially depends on negotiations among parties and the
negotiations depend on the war. Fearon (2007), however, further illustrates that fighting

serves as a form of screening that may preclude bargaining from occurring in earnest.
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My model can be understood as a model of war where the diplomats must exert effort
in preserving the potential gains for a potential peace.

Political scientists have also studied the outcome of wartime negotiations: how often
peace talks lead to peace treaties; how do peace negotiations proceed; et cetera. Pillar
(1983), for example, analyzed the bargaining dynamics within wartime negotiations.
First, Pillar (25) finds that from a sample of wars occurring from the later part of the
18" century to the mid 20" century, 68 percent of all wars fought among differing
states ended with a peace treaty, whereas the rate among all wars is roughly 48 percent.
Note that this observation does not contradict my findings since he only considers
wars and no single negotiations themselves. He further recognizes that these talks are
bargaining scenarios where players have imperfect information and (like in my model)
the parties to a negotiation often influence hostilities which occur in tandem with the
negotiation at hand. Next, Min (2020) finds that since 1945, the likelihood that a war
ends after a negotiation further fell. He argues that this predominantly occurs because
of interventionists policies from third parties who force belligerents to negotiate before
either party is willing to come to an earnest agreement. It should be noted, however, that
Walter (2002) and Page-Fortna (2004) provide evidence that third party interventions
can be crucial in driving peace negotiations as they can enforce the guarantees signed in
a peace treaty. I recognize this dimension, but the current paper does not study issues
of commitment occurring after the players come to an agreement.

On the other hand, Fazal (2013) postulates that jus in bello could have been a
significant factor determining why diplomacy often fail to end conflicts since 1945. Jus
in bello are the international laws determining what are war crimes. She argues that with
the advent of the International Court of Justice and the United Nations, belligerents
are less willing to sign a formal document in which they account for their war crimes
as the previously mentioned institutions could prosecute and sanction the nations and
actors responsible. My model and empirical work suggests a more mundane justification

for why wartime, peace negotiations have become less effective over time. I argue that
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the fall in share of talks resulting in a peace treaty is associated with the fact that
it is 150 percent more likely that, at least part, of peace negotiations occurring since
1914 to take place during a ceasefire relative to previous conflicts. In my model, I
show that observing the surplus i.e., additional information that is informative of the
opponent’s reputation, expedites agreements. Therefore, if one increases the share of
conflicts occurring in a peace treaty, then one expects that players are more likely to
arrive at an impasse since posturing is more time consuming then: thus, gains from
negotiations can fall before strategic belligerents come to an agreement. The empirical

section provides evidence of this composition effect in detail.

C.1 Figures

Beliefs (u)
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Figure C.1: Equilibrium beliefs
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Figure C.2: Equilibrium concession rate.
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Figure C.3: Equilibrium beliefs when negotiations coincide with a ceasefire versus active fighting
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Figure C.4: Equilibrium Bayesian update rule.
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Figure C.5: Belief sample path.

C.2 Empirical Evidence

In this section, I study the patterns of wartime diplomacy from a panel of 92 wars fought
between 1823-2003. The data combines the daily data from Min 2020 and 2021 alongside
with data from Fazal (2013) in order to study the dynamics of diplomacy. I present and
discuss the policy changes associated with decline in the share of wartime negotiations
leading to an end of hostilities. My main result is that after the Hague convention of
1907, ceasefires were codified and after WWI they were used as an intermediary step

in negotiating a peace. The section also considers the role of jus in bello in this trend



110

(i.e., how combatants expose themselves to sanctions when recognize war crimes while
signing a treaty) and clarifies the trend. With regards to these policies, I find that they

do not paint a clear and uniform picture.

C.2.1 Descriptive Statistics

I first describe several summary results. Table C.1 first describes summary facts re-
garding wartime negotiations at the conflict level. Almost 80 percent of all wars in the
panel had peace negotiations at some point in the talk, but less than half of wars ended
after a formal peace treaty. It should be noted that this does not mean that others
wars ended with a unilateral victory. The table also shows that roughly 16 percent of

all wars ending after negotiations did so after multiple attempts.

1823-2003 1823-1913 1914-2003

Share of Conflicts with
(Wartime) ncgotiations 79 9, 82 % 78 %
Share of Conflicts ending after 41 50 35

the first negotiations

Share of Conflicts ending after 8 11 6
multiple negotiations

Share of negotiations leading
to an end of a conflict 24 40 13

Table C.1: Summary of Peace Negotiation outcomes of conflicts fought from 1823 to
R 1 split the sample into two periods: pre-1914 (1823-1913) and post-1914 (1914-

2003). I find that roughly the same share of wars had peace negotiations in both period.
However, roughly 60 percent of wars in the pre-1914 period ended with a peace treaty
in comparison to 41 percent post-1914. This implies that a significantly smaller share

of conflicts end in a negotiated conflict. Looking at each period at the negotiation level,
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I further find that roughly 25 percent of negotiations led to an end of fighting but that

this rate has been falling over time. Pre-1914 40 percent of negotiations led to an end

of wars, but post-1914 this rate fell to 13 percent: a 27 percentage point decline.
45 :
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Figure C.6: Summary of Peace Negotiation outcomes of conflicts fought from 1823 to 2003.
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Figure C.7: Mean duration of negotiations.

Next, rather than looking at the pattern of formal peace talks, one may study
the pattern of multi-week pauses between major battles. This is how I quantitatively
define ceasefires. Figure C.7 illustrates the distribution of ceasefires duration for wars
fought from 1823 to 2003. Around 30 percent of ceasefires lasted less than two weeks,

but roughly 39 percent of ceasefires lasted between 1 to 9 months. On the other hand,
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figure C.9 illustrates the distribution of the number of ceasefires per war during the same
conflict. I find that roughly 23 wars had no ceasefires, but that a similar proportion had
more than 6 ceasefires. These facts imply that ceasefires are commonplace and often

lengthy, which gives belligerents the opportunity to informally negotiate with each other.
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Figure C.8: Distribution of War duration.
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Figure C.9: Distribution of Ceasefire duration.



Correlates Duration

In negotiation (yes/no) | -0.120
(0.401)

Ceasefire (yes/no) | -0.222

(0.130)
Ceasefire X In negotiation | (0.373**
(0.155)

+ Controls
Sample size (war X days) | 36,849
R-Square | 0.495

Clustered Standard Errors, **(p<0.05)

Figure C.10: Regression of select correlates on the duration of wars (in years).
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Figure C.11: Histogram of Ceasefire duration for Wars fought from 1823 to 2003.
Table C.2 considers how the Ceasefires differ between the periods 1823-1913 versus

1914-2003. A war belongs to the period 1823-1913 if it ends before 1913. I find that

after 1914 was spend a smaller share of their duration in a ceasefire and a higher share of

conflicts had no ceasefire lasting more than 2 weeks. Note that I also consider effective

ceasefires. These are ceasefires that culminate with an end to the conflict. I find that

the fact wars after 1914 spend a smaller share of the time in such ceasefires. Moreover,

roughly 25 to 30 percent of all time spend in a ceasefire coincides with the end of a war.
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This implies that most of the time spent in a ceasefires is not associated with an end to
hostilities. Next, I look at several correlations of note. First, I find that the correlation
between a war ending, ceasefires, and negotiation are tenuous at best. However, the
correlation between a ceasefire and a diplomatic negotiation more than doubled after
1914. This implies that a larger share of the time in which player negotiates occurs when
belligerents do not fight after 1914 relative to before 1913. Secondly, the correlation
between negotiating and a war ending almost halved from the period 1823-1913 to
1914-2003. Therefore, the fact that parties partake in peace talks is less associated with
an end to the conflict after 1914. Lastly, the correlation between a ceasefire and the

war ending is negative and small.

1823-1913 1914-2003
! Share of time in a Ceasefire ! ! !
1 1 1 1
1 1 1 1
' Average ! 30.1 % ! 28.0 % !
! Median ! 27.2 ! 243 !
o o L I
\ Share of time in an Effective Ceasefire 1 : :
: ; | :
: Average | 108 % 7.0 %
| Median I 24 I 0.0 I
I I I I
B e e i e e e e I e e o e 1
1 No Ceasefires I 25.6 I 41.4 I
o o L I
. Correlation between a0 : :
1 1 1 1
1 1 1 1
, Ceasefire and Peace negotiations | 28 %, 7.1 %,
\ War ends and Peace negotiations : 14.1 : 7.9 :
\ War ends and Ceasefire : -4.9 : -5.0 :
1 1 1 1
1 1 1 1

Table C.2: Summary Description of Ceasefire Patterns.
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Figure C.12: Mean number of Ceasefires per war and period
It is further important to analyze the distribution of the number of ceasefires by

the periods pre- and post-1945. Figure C.8 and C.9 shows that before 1945 the dis-
tribution of ceasefire duration approximates an exponential distribution but after 1945
the distribution has the shape of a log-normal distribution. This implies that the aver-
age duration of ceasefires after 1945 is longer than before 1945. Meanwhile, figure C.9
illustrates that wars occuring before 1945 had more ceasefires than wars after 1945.
Figure C.13, however, does show that the cumulative share of negotiations resulting
in a peace treaty has fallen over time. The issue is that the fall in the cumulative share
of conflicts with a negotiation that did not end the conflict markedly falls since 1914,
i.e. much earlier than predominantly noted in the literature. Indeed, if one were to
remove the Vietnam and Korean wards, this pattern persists. Consequently, over time

peace talks are shorter and less effective; meanwhile, ceasefires are longer than before.
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Figure C.13: Share of negotiations leading to a lasting peace agreement.
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C.2.2 Jus in Bello

The descriptive statistics show that after 1914, formal negotiations have become shorter
and less likely to lead to a formal peace treaty. However, wars after 1914 have longer
and fewer ceasefires. Such pauses in the conflict allow the parties involved to informally
negotiate an end to the conflict without having to write a formal theory. These ob-
servations bring forth a natural questions: why don’t nations negotiate formal, peace
treaties?, have informal agreements taken the place of treaties? I argue that ceasefires
play a significant role in this process, but previous authors also note the role of jus in
bello (i.e. laws of war) in accounting for these trends.

Fazal 2013 postulates a potential justification for why belligerent states do not sign
peace treaties. She argues that peace treaties became disfavored by belligerent nations
after the establishments of the laws of war, i.e. jus in bello. Informally, once the heads
of states write and sign a treaty, they account the actions each side made during the
conflict as well as the accord that brings an end to hostilities. The issue lies that since
1899, there are formal laws and legal entities that can penalize the heads of states and
government officials of committing ”"war crimes”. Moreover, states found responsible
of these acts open themselves to sanctions. This implies that laws of war impose costs
to signing formal treaties that are not fully captured by the concessions made in the
negotiation.

In order to test this hypothesis, it is important to note which rules of war are
associated with the decline in the efficacy of wartime diplomacy. Before doing so, it is
important to distinguish between terms that may be confused. Stahn (2006) clarifies
that since the late 19*" century, laws regarding wars have been divided into jus ad bello
and jus in bello. Jus and bello refers to the laws determining when belligerent states
are legally justified to enter a military conflict. It states when a nation can decide to
attack another nation. Meanwhile, just in bello focuses on the behavior of military

actors during a conflict. For instance, jus in bello regulates which weapons should not
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be used in a conflict as well as the treatment of prisoners of war.

Jus in bello violations hence describe acts deemed inappropriate during a conflict.
I study the effect associated with four particular treaties. The first treaty pertains the
Hague treaty of 1899 that was promoted by Czar Nicholas. According to Best (1980),
this is one of the foundational treaties that that codifies both just in and ad bello. Unlike
other treaties, starting since 1856, this Hague convention established a permanent Court
of Arbitration, promoted the less frequented Geneva conference of 1864, and explicitly
forbid several practices as the use of poisons and expanding bullets in open battle.

The second treaty considered is the Hague Convention of 1907. This convention
expands upon the previous convention, explicitly defines neutral parties, the treatment
of enemy merchant (i.e. non-war) ships, and other protocols. Both Hague conventions
are seen as the first codification of jus in bello, but it failed to establish a judicial
system that was capable of carrying out sanctions and prosecuting individual actors
of war crimes. The treaty establishing the League of Nations (1920), however, filled
this gap by formally establishing the first iteration of the International Court of Justice
(ICJ). Lastly, the modern iteration of the ICJ and the United Nations as an entity that

can organize sanctions against a state occurs in 1946.

C.2.3 Regressions

Now that both the empirical facts have been established and the treaties in consid-
eration, I study the associated effect of such treaties, presence of negotiations, and
ceasefires on the duration of conflicts, that probability that belligerent nations set up
a formal treaty, and the probability that the war ends. For each convention discussed
above, I make an indicator for whether the date of the conflict was before or after each
treaty. The subsequent regressions further control for conflict specific, geographic, and
year fixed effects.

Table C.3 first measures each treaty’s marginal effect on the duration of a conflict.

The results are mixed. First, the first Hague Convention is associated with a 3 year
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decline in the duration of a conflict; whereas the second Hague conference is associated
with an extension of a conflict of more than a year and a half. Later conventions, for
their part, are not associated with a statistically significant change in the duration of
the conflict and the magnitude of the effect is half or an order of magnitude less than the
previous conventions. Meanwhile, when one runs a probit and estimate the probability
that the war ends on each treaty, then they are all statistically significant and all but
one is associated with an increase in the likelihood that a war ends quickly.

Next, do not find evidence to support that ceasefires or holding negotiations (by
themselves) has a statistically significant correlation with the duration of wars. The
interaction between the two factors, however, is associated with an increase in the du-
ration of conflicts. Indeed, spending 1 day negotiating a peace treaty during a ceasefire
is associated with 10 more days of fighting. I further find that holding negotiations and
holding ceasefires are uncorrelated with each other.

The last regression of note, i.e. the central column, details the probability that
belligerents partook in formal peace talks during the conflict. I find that the evidence
appears mixed. First, the Hague conventions are associated with significant declines in
the probability that parties negotiate formally, but the formation of the UN is associ-
ated with more, albeit less effective, talks. It should be noted, as expected, that the
probability that nations held negotiations after the Hague Convention of 1907 with 57
percent more likelihood.

These regressions, lastly, present that jus in bello have an ambiguous, but important,
association with the duration of a conflict and the probability that parties involved in a
conflict negotiate. However, any future analysis must consider a longer historical scope
and recognize that there exist a distinction between a legalistic process like a negotiation

being effective and an era where conflicts of short lived.
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VARIABLES ' Duration of Conflict ' Pr (Negotiation) !

! (in years) ! :

1 1 1

Hague Peace Conference (1899) | 5.541 1 -0.807%** :

q . | (4.080) 1 (0.304) :

econd Hague Peace ! ! !

Conference (1907) : 0.984 : -0.052 :

1 (0.422) 1 (0.152) :

League of Nations (ICJ) 1920 ! -0.270 1 0.158 :

: (0.557) : 0.158%** :

International Court of Justice I I

(1946) | 9.904 : (0.055) |

' (6.200) 1 0.990*** :

I 1 (0.299) I

Parties in Negotiation 1 -0.120 : :

1 (0.401) : :

Ceasefire in Place : -0.222 : -0.004 :

1 (0.130) 1 (0.017) '

Ceasefire X Negotiation 1 0.373%* : :

' (0.155) : :

1 1 1

1 1 1

1 1 1

Conflict, geography, and year | : :

fixed effects ! ! !
Observations 36,849 36.849
R-squared 0.495 0.224

War clustered standard errors in parentheses
#k% 520,01, ** p<0.05, * p<0.1

Table C.3: Associate effect of the Hague Conventions and other Jus in Bello treaties on
the duration of wars.

It is indeed possible for diplomacy to still be effective without an explicit contract
that compromises the parties involved. I now study whether there is any evidence that
jus in bello forced negotiations to be informal; i.e. belligerents do not sign formal treaties
expecting that the liability associated with the formal declaration, but still negotiate a
lasting truce without a formal document. Is there any evidence that this is the case? 1
find little evidence supporting this hypothesis. First, table C.4 runs a probit with the
probability of a ceasefire, i.e. a pause in a conflict lasting more than 2 weeks, on the

same correlates as before. I find that all conventions, but the second Hague conference,
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are associated with a decline in the probability of a ceasefire. Meanwhile, the left-hand
side panel calculates the probability of a ceasefire which terminates the conflict. I find
that not convention is associated with a statistically significant change in the probability
of such ceasefires.

These regressions make the following clarifications. Firstly, conventions and treaties
establishing the laws of war and their implementation may be significantly correlated
with the prevalence of peace talks, ceasefires, and the end of conflict. It is, however,
secondly the case that the direction of the association depends on the convention in
question. It is thirdly not clear that the conventions are associated with multi-week
ceasefires that end with an end in the war. Thus, the degree to which laws of war
conventions are associated with a fall in the prevalence in the formal peace treaty, they
are not, in its place, associated with an increase in ceasefires which (informally) take

their place.

Variables Pr (Ceasefire) Pr (Final Ceasefire)
' Hague Peace T T R 0979 T T |
1 Conference (1899) (0.325) ! (0.325) '
: 2nd Hague Peace : 0.547 *x 1 -0.057 :
1 Conference (1907) I (0.165) ! (0.010) !
I == — == = — —— - - - — - = = = = — i —— e R ity 1
1 League of Nations I -0.064 I -0.039 I
+ (ICJ) (1920) L (0.072) ! (0.051) !
: International Court of : : :
1 Justice (1946) ' -1.234  ** | -0.308 |
I ___(0488) | oo (0322 . !
1 + Conflict, geography, | : :
: and year fixed effects : : :
+ Observations . 31,985 | 28,985 |
. Pseudo R-squared : 0.19 : 0.26 :

Robust standard errors in parentheses
¥ n<0.01, ** p<0.05, * p<0.1

Table C.4: Associate effect of the Hague Conventions and other Jus in Bello treaties on

the duration of wars.



