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Abstract

This dissertation consists of four essays that analyze strategic outcomes in economic environ-
ments. The first three essays use network theory as a tool to study optimal interventions in
economic environments. The fourth essay studies welfare outcomes in multi-unit first-price

auctions.

The first essay is co-authored with Krishna Dasaratha and Benjamin Golub. A principal uses
payments conditioned on stochastic outcomes of a team project to elicit costly effort from
the team members. We develop a multi-agent generalization of a classic first-order approach
to contract optimization by leveraging methods from network games. The main results
characterize the optimal allocation of incentive pay across agents and outcomes. Incentive
optimality requires equalizing, across agents, a product of (i) individual productivity (ii)
organizational centrality and (iii) responsiveness to monetary incentives. We specialize the
model to explore several applied questions, including whether compensation should reward
individual ability or collaborativeness and how the strength of complementarities shapes pay

dispersion.

The second essay is co-authored with Krishna Dasaratha and Ben Golub. In this essay, we
further study properties of optimal contracts in a linear-quadratic parametric environment.
We study the problem of selecting the team of agents who receive positive pay, and show
this team must form a tight-knit subset of the complementarity network, with any pair
being complementary to one another or jointly to another team member. Finally, we give
conditions under which the amount of payment used for compensation is increasing in the

strength of a team’s complementarities and discuss several other applications.

The third essay is co-authored with Krishna Dasaratha. Consider a network game with linear
best responses and spillovers between players, and let agents endogenously choose their links.
A planner considers interventions to subsidize actions and/or links between players, aiming
to maximize a welfare objective depending on equilibrium actions. The structure of an
optimal intervention is shaped by the intrinsic value that links provide to agents. When this

value is non-negative, it is optimal to focus only on subsidizing actions. When it is negative,



we give conditions under which it is necessary to include link subsidies. This reverses the

basic structure of the optimal intervention in settings with exogenous links.

The fourth essay is co-authored with Jason Hartline and Matthew vonAllmen. This paper
performs a robust analysis of welfare in multi-unit first-price auctions with independent
private values. We characterize auction performance by the worst-case loss in welfare over
all e-approximate equilibria. The central object of our analysis is the minimum selling price
of units. We derive a measure of uncertainty for the minimum price and show how this
translates into inefficiencies for large supply. Under Bayes-Nash equilibrium, the minimum
selling price is deterministic in the limit and there is no loss in efficiency. This recovers a
classical result from the literature. Under approximate equilibria, we characterize the worst-
case limit distribution of the minimum selling price and establish a bound on inefficiencies.
We also derive key structural properties of approximate and Bayes-Nash equilibria — results

that may be of independent interest.
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Chapter 1

Incentive Design With Spillovers

1.1 Introduction

A popular method of motivating members of a team is giving them performance incentives
that depend on jointly achieved outcomes. Examples of such incentives include startup
executives receiving firm stock and a marketing team receiving bonuses for achieving a sales
target. How should such incentive schemes be designed and how should they take into

account the team’s production function?

We examine these questions in a simple model of a team working on a joint project. Each
member chooses how much costly effort to exert. These actions jointly determine a real-
valued team performance—for example, the quality of a product—according to a sufficiently
smooth, increasing function of the efforts, which may entail interactions such as complemen-
tarities among agents’ efforts. Any performance level determines a probability distribution
over observable project outcomes. For example, the outcome may be the revenue from a
project, which is increasing in non-contractible project quality, but stochastic due to factors
outside the team’s control. Although it is not possible to write contracts contingent on in-
dividual actions or the realized team performance, the principal can commit to a contract
specifying nonnegative payments to each agent contingent on each possible project outcome.

The principal’s goal is to design this contract in a way that maximizes profit: revenue minus
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compensation.

The setting builds on the classic Holmstrom [1979] model, in which a single agent produces
work of a non-contractible quality resulting in an observable outcome.! In our setting, the
analogue of quality is a jointly achieved performance. How incentive spillovers across agents
matter for contract design—a central issue for modern firms—is not well understood, despite
the immense amount learned about contract design since Holmstrém’s work. In this paper,

we make progress on this problem by leveraging some ideas from network theory.

To illustrate the basic importance of incentive spillovers, imagine that the principal slightly
adjusts the contract of a particular agent, Bob, in a way that motivates him to work harder.
In team production, changing one team member’s action can change other agents’ private
returns to effort, holding fixed their own contracts. Those whose efforts are complements
to Bob’s are now motivated to work harder, while those whose efforts are substitutes to his
have incentives to free-ride on his higher effort. Optimal contracts therefore depend on both
the direct effect of each agent’s action on team performance and the responses that action

induces from others.

The paper makes two contributions: first, it provides a general characterization of optimal
contracts in the presence of incentive spillovers; second, it applies this framework to under-
stand how exogenous features of production in an organization shape optimal compensation

outcomes.

The condition that constitutes the first contribution is stated in terms of three kinds of
quantities that can be associated to each agent at any contract. The first quantity, an agent’s
marginal productivity, is the partial derivative of team performance in an individual’s action,
holding others’ actions fixed. The second quantity is called an agent’s centrality: a measure
of connectedness in a network—which we are about to discuss in detail—reflecting incentive
spillovers, with connectedness to more productive agents weighted more. The relevance of
these quantities for contract optimality should be intuitive in view of what we have said.
The third quantity is an agent’s responsiveness to additional incentives, which involves the

marginal utility of money and the curvature of the agent’s cost. It accounts for the fact that

'In particular, the obstacles to perfect contracting are the same: moral hazard and limited liability.
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an agent who has a low valuation of an additional dollar and finds it considerably more costly
to take a larger action is, all else equal, a less appealing recipient of incentive pay. Our main
result is that, when the binding incentive constraints are local, optimal contracts satisfy a
balance condition: the product of the three quantities described above is equal across all

agents receiving any incentive pay.

The spillover matrix used to define centrality plays a key role in our analysis. Economically,
it summarizes how changing one agent’s effort shifts other agents’ marginal returns to effort,
inducing strategic responses that propagate through the team: complements work harder,
while substitutes have incentives to free-ride. Mathematically, the network is based on
the Hessian of the team performance function evaluated at the equilibrium induced by the
optimal contract—that is, the cross-partial derivatives of output as we differentiate in two
agents’ efforts. Because this network is pinned down by the technology’s local curvature, it
can in principle be estimated from data on how output changes as agents’ actions change.
It is worth emphasizing that our general model makes no parametric assumptions and thus
allows quite flexible production functions for the team.? Nevertheless, we show that the
team’s production function matters only through its first derivatives and its Hessian at the
optimal contract. This allows us to leverage methods from well-understood network games
whose payoffs are quadratic polynomials to analyze the spillover effects of locally perturbing
incentive pay under arbitrary contracts. We use this key reduction to characterize the first-
order conditions that determine the principal’s optimal allocation of incentives both across

agents and across outcomes.

There are two immediate corollaries of this characterization, new to the contract theory
literature, that demonstrate its economic content. First, it implies a ranking of agents by
compensation. If all agents have identical utility functions of money and these functions are
concave, then those with a higher “productivity times centrality” index must be paid more
in every outcome. This ranking favors those agents who have high marginal productivity
themselves and whose actions are also valuable to others’ incentives directly and indirectly

Second, the balance condition implies a ranking of observable outcomes (e.g., revenue real-

2To take just one example, the team’s production function could be an arbitrary polynomial, with mono-
mials of arbitrary degree reflecting outputs generated through the joint efforts of arbitrary subsets of the
team—e.g., complementing one another in threes, fours, and so on.
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izations) based on their incentive power, and this ranking holds across agents. Payments
concentrate on outcomes with higher “incentive power”—those where the ratio of probability
to marginal probability is favorable for motivating effort. This generalizes the single-agent

result of Holmstrém [1979] to our multi-agent setting.

The balance condition is a critical step in our analysis of the problem, but all its terms
are endogenous—evaluated at an equilibrium played by the agents at a contract chosen
by the principal. To obtain more direct guidance, one needs to understand how exoge-
nous features of the organization—its technological complementarities and measurable agent
characteristics—map into compensation outcomes. The remaining sections take up this chal-
lenge by introducing several different parametric structures that admit explicit solutions,

including standard network games settings and CES production.

We begin in Section 1.4.1 with a setting where agents differ in the contribution their effort
makes to performance in isolation, which we call standalone productivity, and in how much
their effort complements others’, with each agent’s complementarity described by a single
parameter. In this tractable case, the balance condition yields explicit pay formulas: opti-
mal compensation depends on a combination of an agent’s standalone productivity and his
complementarity parameter. As spillovers strengthen, compensation shifts sharply from be-
ing standalone-productivity-driven to being complementarity-driven. A numerical example
suggests accounting for this effect can be very important: a principal neglecting spillovers

when they are large fails to achieve most of the potential profits.

The rank-one case used to make these points has the property that an exogenous comple-
mentarity parameter for each agent maps monotonically into that agent’s centrality. The
relation is more complex with general complementarity networks. Section 1.4.2 works in a
setting with equal standalone productivities and gives a closed-form characterization of cen-
tralities and optimal compensation. Centrality need not be monotone in complementarity
parameters: strengthening complementarities can weaken an agent’s network position and

pay because the principal rebalances the optimal contract and equilibrium actions.

Our applications so far have been set in the linear-quadratic framework, which is standard
in network games but in which all complementarities are structurally bilateral. A different

case of practical interest is one in which complementarities arise at the level of the whole
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team rather than between pairs. Motivated by this, Section 1.5 specializes the framework to
Cobb-Douglas and CES production functions capturing this feature. There, we show that
the balance condition again yields clean closed-form solutions. This allows us to address
an important outcome: pay dispersion. The key insight is that pay dispersion is governed
by the elasticity of substitution: highly substitutable efforts justify concentrating pay on
high-productivity agents, while strong team-level complementarity induces an optimizing

principal to allocate pay more equally.

Related literature

In the contract theory literature, the Holmstrom [1979] model—studying incentives for a
single agent under moral hazard and imperfect observability—is a special case of our multi-
agent setup. We use the first-order approach (see Rogerson [1985] and Jewitt [1988]). To
our knowledge, there is not much work on how first-order conditions for contract optimality

depend on spillovers.?

Indeed, the extensive literature on moral hazard beginning with
Holmstrom [1982] focuses mainly on different questions. In that strand, a key question is
how a principal can use observed outcomes to separately detect agents’ deviations from a
desired action profile, often a nearly first-best one [see, e.g., Mookherjee, 1984, Legros and
Matsushima, 1991, Legros and Matthews, 1993]. Several features of our model prevent such
schemes. In this type of situation, when observability and fine-grained auditing of effort are
fundamentally constrained, we examine how optimal contracts depend on spillovers in the

production function.

Some of the closest work on optimal incentives in the presence of spillovers is found in the
literature on networks. This includes, in addition to work already mentioned, papers such as
Candogan, Bimpikis, and Ozdaglar [2012], Bloch [2016], Belhaj and Deroian [2018], Galeotti,
Golub, and Goyal [2020], Gaitonde, Kleinberg, and Tardos [2020a], Shi [2022], and DeMarzo
and Kaniel [2023]. Our main contribution to this literature is a study of a natural non-
parametric formulation, both in terms of the production function and the form of incentives.
We show that network game techniques permit some general characterizations of optimal

contracts without the parametric assumptions common in the network games literature.

3Ttoh [1991] allows for a form of spillovers in a two-agent model.
4In particular, the contractible outcome (which has only finitely many possible values) is stochastically
determined by a one-dimensional team performance, and there is limited liability.
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When we specialize to a canonical parametric environment in Section 1.4.2, we also contrast
the more specific implications of our analysis with existing parametric networks models—of
which the closest is the contemporaneous work by Claveria-Mayol, Milan, and Oviedo-Davila
[2024] on optimal linear incentive contracts in quadratic network games. Both our analysis

and results end up being quite different.

The problem of designing multi-agent contracts has also recently attracted attention in a
new algorithmic contract theory literature—e.g., Diitting, FEzra, Feldman, and Kesselheim
[2023], Ezra, Feldman, and Schlesinger [2024], and Diitting, Ezra, Feldman, and Kesselheim
[2025]. A starting point of this work is that many standard approaches to finding optimal
team contracts may make heavy demands on the analyst’s knowledge of the entire produc-
tion function and ability to perform computations on it. This literature studies environments
with finitely many actions where combinatorial problems create obstacles to tractable op-
timization and examines whether contracts can be devised that achieve some fraction of
optimal performance. Our approach is very different methodologically in that actions and
team performance are continuous, but the results give a perspective—complementary to the
algorithmic contract theory work—on parsimonious ways to assess and improve on contract
performance. Recent work by Zuo [2024], which discusses the structure of optimization prob-
lems in a model closely related to some of our special cases, shows that there are interesting

computational questions in our more continuous type of setting as well.

1.2 Model

We first present the model and then, in Section 1.2.2, we comment on some issues of inter-

pretation.

There are n agents, N = {1,2,...,n}. The agents take real-valued actions a; > 0, which
can be interpreted as effort levels. These jointly determine a team performance, given by a
function Y : R%; — R>o, which we assume is twice differentiable and strictly increasing in
each of its arguments. This team performance determines the project outcome, an element
of the finite set S. The probability of the outcome s is Ps(Y), where for any s € S, the

function P,(-) is strictly positive and twice differentiable.’

5The assumption that a probability of outcome function is strictly positive is not crucial to the analysis,
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There is also one principal. (When we use pronouns, we use “she” for the principal and
“he” for an agent.) The principal receives revenue vy from the outcome s.° The principal
can make payments contingent on the project outcome but not on agents’ efforts or the
team performance Y. The principal commits to a non-negative payment contingent on
the outcome. If outcome s is realized, the principal pays 7;(s) to agent i. The function

T:S8 — RY is called a contract.

We consider risk-averse agents” and a risk-neutral principal.® The utility to agent i from
a monetary transfer is given by the function u; : R>y — Rsg, which is strictly increasing,
concave, and differentiable. Each agent also has a cost-of-effort function C; : R>¢y — Ry,
which is strictly increasing, strictly convex, and twice differentiable in that agent’s action.
The marginal cost at zero action is zero: C!(0) = 0. Given the contract 7, agent i chooses

a; to maximize his expected payoff from transfers minus his cost,

U =Y P (Y(ai,a-:)) ;i (7i(s)) — Ci(as).

seS

The payoft for the principal given a contract 7 and team performance Y is the expectation

of expected revenue minus promised transfers:

Z US_ZTi(S) P,(Y).

SES 7

The timing is as follows: The principal commits to a contract 7, and then agents simultane-
ously choose actions. Our solution concept for the game among the agents is pure strategy
Nash equilibrium; in the remainder of the paper, we simply use the word equilibrium to refer

to this solution.

but does simplify some statements.

6This should be interpreted as the principal’s valuation of that outcome realizing, gross of any payments
she will make to the agents.

"We will specialize to the case where agents are risk neutral at times. Even in that case, the principal
cannot simply “sell the firm” due to our limited liability assumption and the presence of multiple agents, so
the problem remains interesting.

8The characterization of an optimal contract and its consequences can be extended to the case of a
risk-averse principal.



INCENTIVE DESIGN WITH SPILLOVERS 17

There may be multiple equilibria under some contracts. Given a contract 7, we assume
that agents play an equilibrium a*(7) maximizing the principal’s expected payoff. Under
this selection, a principal’s payoff under a contract is well-defined if at least one equilibrium
exists. Among such contracts, a contract 7 is optimal if no other contract 7 gives the
principal a higher payoff. Implicit in this definition is the assumption that contracts without

equilibria can never be optimal.

Our analysis will not rely on the existence of an optimal contract, but the following argument

shows an optimal contract exists if we impose a bit of additional structure.

Fact 1. Suppose that the space of contracts giving the principal a non-negative payoff is

compact.” Then an optimal contract exists.

As examples, this holds if the outcome is binary or if the outcome probabilities Py(Y)
are uniformly bounded away from zero. The proof uses a compactness argument, taking
a sequence of contracts whose payoffs converge to the supremum of attainable principal
payoffs, along with their corresponding equilibria. By compactness of the contract space and
action space, we can extract convergent subsequences of both the contracts and equilibrium
actions. The limit contract achieves the supremum payoff because equilibria are upper-
hemicontinuous in the contract and the principal’s payoff function is continuous in both

contracts and actions.

1.2.1 Simple success-or-failure environments

We introduce a class of simple success-or-failure environments that will be helpful for illus-

trating our results.

There are two possible outcomes s € {0,1}. The revenues from these outcomes are normal-
ized so that v; = 1 and vy = 0. These can be interpreted as success or failure of the project.
The probability of success is P(Y'), where the function P(-) is strictly increasing and twice
differentiable.

Each agent has a quadratic cost of effort.!? Agent i maximizes the expected payoff given by

9We exclude any contracts where no equilibrium exists from this space.
10This is not substantively restrictive in that, under smoothness assumptions, a monotone transformation
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the expression:
a

2

2
[

Ui = P(Y)u; (1:(1)) + (1 = P(Y)) ui (7:(0)) —

Fact 2. In simple success-or-failure environments, it is optimal for the principal to pay
nothing at the failure outcome—that is, 7;(0) = 0 for all agents i. A contract can then
be represented by a n-dimensional vector 7 € RY, consisting of payments in the success

outcome.

The reason is simple: agents’ incentives depend only on the difference wu; (7;(1)) — u; (7;(0))
between utility conditional on success and failure, so we can shift payments and assume
7;(0) = 0 and u;(0) = 0. This shift can only improve the principal’s payoff, so it is without
loss of optimality in the principal’s problem. We can interpret 7;(1) as an equity share in

the project’s output.

Linear-quadratic production functions

Within this class of environments, we can define an important leading example, which we

will analyze in more detail after giving our main result.

Consider linear-quadratic production functions of the form

n n
1
Y(a) = Z kiai + 5 Z Gijaiaj, (11)
i=1 ij=1
where k; captures agent ¢’s standalone productivity and the entrywise nonnegative symmet-
ric matrix G is the technological complementarity matrix. Its off-diagonal entries capture
bilateral complementarities between agents’ efforts, while GG;; captures curvature in agent i’s

own action.!!

Fix a concave success probability function P(:). In the appendix, Lemma 6 shows that a

fixed contract 7 induces a unique Nash equilibrium. Under those conditions, the equilibrium

can be applied to a; to achieve this form.
' This functional form is a second-order approximation to any smooth production function Y, with G
being the Hessian of Y with respect to actions at equilibrium.
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actions @* and team performance Y* =Y (a*) solve
I — P(Y)TGla* = P'(Y*)Tk, (1.2)

where T is a diagonal matrix with entries Tj; = u;(7;). The equilibrium structure is reminis-
cent of standard models of network games with linear best responses (Ballester et al. [2006]),
but two nuances complicate the situation: non-linear success probability P(Y'), as well as
the appearance of the endogenous object T' as part of the matrix P'(Y*)T'G that captures

incentive spillovers.

An instructive special case arises when the symmetric matrix G has rank one: G = pB33"
for some nonnegative vector 3 and scalar p > 0. In this case, the production function can

be written as )
n p n
Y(a) = k:,-a,» + = e s 1.3

where (; can be interpreted as the degree to which agent i’s effort complements others’, and

p governs the overall strength of complementarities.

Both the case with general G and the rank-one case will be important for applications.

1.2.2 Remarks on the model

The team performance Y is real-valued, but the outcome s is discrete. This assumption need
not substantively restrict the scope of the model since the outcome can be, for example, a
revenue rounded to the nearest cent. On the other hand, the fact that outcomes are mediated
by a one-dimensional performance level is important. We discuss in the paper’s concluding
remarks the issue of extending the analysis to outcomes determined by a higher-dimensional

function of efforts.

We assume that the firm’s output is the only contractible consequence of any agent’s effort.
In other words, agents cannot be paid directly for their efforts a;. In this we follow the
literature stemming from Holmstrom [1982], which is motivated by the practical features of
contracts and the fact that a; and Y are abstractions that may not have any measurable

real-world counterpart, among other considerations.
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We do not impose restrictions on the space of contracts beyond non-negativity of payments.
(In particular, we allow the principal to lose money at some outcomes with the hope of
inducing a higher action.) In practice, compensation may be restricted to particular simpler
classes of contracts. For example, equity contracts award an agent the same share of profit
in every state. In many such settings, analogues of our balance condition can be derived, as

we demonstrate for the case of equity contracts in Section A.5.

We do not assume that equilibria exist under all contracts in the formulation of the model
or our analysis. For the contract that pays zero in all states, there is always an equilibrium
in which agents take zero actions; this ensures that the principal’s value is well-defined. For
other contracts, existence needs to be analyzed in the environment of interest; for example,

Lemma 6 establishes existence and uniqueness in the parametric model of Section 1.2.1.

1.3 Optimal Contracts

This section presents and interprets the characterization of optimal contracts, beginning by

defining its ingredients.

1.3.1 Key objects

We start with some notation. Fix a contract 7 and a corresponding principal-optimal equi-

librium a*(7). Let Y* be the team performance under this equilibrium.

Definition (Marginal productivity). Let VY (a*) be the gradient of Y () at a*, restricted to
the agents that take a strictly positive action. We define the marginal productivity vector o

as

a:=VY(a").

The entry «a; captures the marginal effect of ¢’s action on team performance. We use pro-
ductivity as shorthand for marginal productivity. Here, as in other cases, the quantities in
the expression for a are evaluated at the equilibrium a*, under a certain contract 7—but

we often omit this dependence on the equilibrium and the contract notationally for brevity.
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We turn next to centrality, which concerns how incentives propagate through the team. Let
G denote the technological complementarity matriz: the Hessian matrix of Y with respect
to agent actions, restricted to agents that take a strictly positive action in a*. Formally, for

agents j and k such that a} > 0 and aj > 0, define

0’y
ij o 86%801]'.

Let the marginal payment utility matrix U be a diagonal matrix where

Ujj =Y PLY")u(7i(s))
seS
is the marginal change in agent j’s utility from payments when team performance increases.
The increase in Y changes all the probabilities of outcomes, and the agent’s utility from

these outcomes is given by u,;(7;(s)), where the contract is held fixed.

Definition (Spillover matrix and centrality). Let H be the diagonal matriz with H;; =

i (aj). Whenever H is nonsingular, define the spillover matrix
S :=H 'UG.
Whenever I — S is nonsingular, the centrality vector is

' =al[I-8]". (1.4)

The entry ¢; can be thought of as the total effect on team performance induced by a marginal
change in agent ¢’s incentive to increase a;. This effect is inclusive of spillovers on others’
incentives through strategic interactions. To explain the role of H: when we analyze how
equilibrium actions vary with contract perturbations, an agent’s best response is less sensitive
to incentives when C(aj) is larger, and H allows us to capture this effect. Centrality is well-
defined when the inverse in the formula exists, which will be ensured under the conditions

of our results.

Productivity and centrality take simpler forms in simple success-or-failure environments. In
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that case, the matrix H is equal to the identity matrix I because the cost of each agent’s

action is sa?. So

oY
n aai

where T' = diag(uy(71), ..., un(7,)). If we further specialize to the rank-one setting of Sec-

Q; and ¢ =o' [I-PY)TG]', (1.5)

tion 1.2.1, then the technological complementarity matrix is G = pB83" and productivities

are

oY
Q; = = k; + ppix”,
8&2-

where

n
*=0"a" = Zﬁja;
j=1

is the complementarity-weighted sum of equilibrium actions.

1.3.2 Balance condition across agents

In this section, we present our main result: a balance condition across agents at each outcome

realization.

We will state a necessary condition for an optimal contract 7% under the following assump-

tion, which will be maintained from now on.

Assumption 1. A differentiable selection a*(7) from the equilibrium correspondence can be

defined in a neighborhood of T*.

This assumption stipulates that equilibrium varies differentiably as we slightly perturb the
contract in a neighborhood of the optimum. Section A.2 gives sufficient conditions for
the applicability of the first-order approach, including explicit ones on the primitives that
extend those familiar from single agent problems [Rogerson, 1985]. (See also Section 1.4
for specific production functions Y (a) under which the first-order approach applies.) The
one-dimensional aggregator Y (a) plays a crucial role here. Whereas in general providing
sufficient conditions for the first-order approach in arbitrary multi-agent settings is quite

challenging, in our framework it is much more tractable.
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The following result characterizes optimal contracts.

Theorem 1. Suppose T* is an optimal contract and Y* is the induced team performance.
There exist constants \s such that for any agent © receiving a positive payment under an

outcome s, we have

ui(77 (s))
;C; - W = )\S. (BC)
Moreover, the outcome-dependent constants \s satisfy Ag o %.

This result says that optimal incentives require balance to hold, with the product on the left
being equal across agents. More informally, the balance condition (BC) states that under an
outcome s,

productivity, - centrality, - responsiveness, = constant

for all agents paid when that outcome occurs. Below, we will give more intuition for why

this is a necessary condition.

In simple success-or-failure environments with all agents having utility function w;(7) = 7,

we obtain a simpler statement: there exists a constant A such that
o;C; = /\

for all agents ¢ receiving positive payments conditional on success. Recall that in this case

«; and ¢; take the simpler forms given in (1.5).

We note that the proof does not rely on the induced team performance Y* being optimal.
The balance condition at the optimal contract would hold if the principal instead wanted
to implement any desired level of performance with minimal (expected) transfers to agents.
Solving for the minimal payments implementing a given outcome distribution and then
optimizing over outcome distributions is a standard approach in single-agent settings (e.g.,
Grossman and Hart [1983]). With multiple agents, the first step also involves allocating

incentives across agents.

The key to the proof, formalized in the following lemma, is calculating the effect on team

performance of increasing an agent’s payment under a given outcome. Assumption 1 ensures
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that these perturbations are well-defined.

Lemma 1. Suppose T* is an optimal contract with corresponding equilibrium actions a* and
team performance Y*. Consider any agent i receiving a positive payment at some outcome.

For any outcome s, the derivative of team performance in 7;(s), evaluated at T*, is

Y ()
dr(s) RO o =gara”

where [ is independent of 1 and s.

A complete proof for the result above is provided in Section A.1. We provide some intuition

for the various terms in the expression in the lemma.

Intuition for the proof: The lemma characterizes the effect on team performance of increasing

the transfer to agent ¢ under outcome s. We can decompose this effect as the product of:

(i) a factor P.(Y*)a; capturing the sensitivity of the probability of the outcome s to i’s
effort;

(ii) an action-responsiveness factor u(/j(,f(is))) the numerator governs how the transfer per-

turbation changes i’s marginal incentive, and the denominator converts that marginal-

incentive change into a direct action response;
(iii) a term ¢; capturing the spillovers from changing i’s incentive to exert effort;
(iv) the constant I, which depends on the curvature of the probability P(Y).

We focus on the first three factors and defer treatment of the fourth term, which is not

central in the basic intuition, to the formal proof in the appendix.

The first two factors, (i) and (ii), measure the principal’s ability to directly induce agent
1 to change his action by rewarding him when outcome s is realized. The change in agent
i’s marginal payoff from effort as 7;(s) increases is P;(Y*)g—i:ug(n(s)). Dividing by C!(a})
converts this marginal-incentive change into the direct change in i’s optimal action. An agent

is easier to incentivize when his marginal utility of money is higher and when his marginal
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cost of effort increases less steeply.

Multiplying by term (iii), the centrality ¢;, translates from this direct effect on i’s action to
the overall change in equilibrium team performance. This effect is at the heart of our use of

network theory; a detailed intuition for this appears in Section 1.3.2 just below.

First, though, we sketch why Lemma 1 implies Theorem 1. (A formal proof is provided in
Section A.1.) We want to show that the balance condition

Cilap) ~

: Cl(a)

a,;C; -

must hold under an optimal contract. Suppose that the principal would benefit from a
slightly higher team performance (the case in which the principal prefers a slightly lower team
performance proceeds analogously). Lemma 1 shows that the change in team performance

. . . . u) (17 (s .
from increasing agent i’s payment under outcome s is equal to «;c; - ZC(,,Z(Q(*;) times terms
1 7

independent of 7, and similarly for agent j. If we had

az‘Ci'M >ajcj.w

CY'(ay) CY(az) ’

(2

it would be profitable for the principal to pay agent i slightly more and agent j slightly
less under outcome s. The same argument holds in the opposite direction, so the balance

condition is necessary for the contract to be optimal.

What centrality captures

This section gives an intuition for the role of network centrality in our characterization, and
the details of how network centrality is applied in our setting. For simplicity, we focus on
the simple success-or-failure case, with H = I (which is essentially a normalization), and

recall S = P'(Y)T'G is the spillover matrix induced by the complementarity matrix G.
When the spectral radius of S is less than 1, we can write

> S
=0

cT:aT
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Economically, the powers capture the effects of the initial increase in i’s action (¢ = 0), the
resulting changes in each agent’s best response (¢ = 1), the further changes in best responses
induced by these, etc. The entries of S describe how j’s increased effort spills over to affect
7’s marginal incentives, accounting for technological complementarities and contracts. The
form of spillovers makes sense: the direct dependence of i’s best response on j’s action
is proportional to P’(Y)—the sensitivity of success probability to team performance Y
u; (1;)—agent ¢’s utility conditional on success; and to the complementarity of ¢ with j.
Unlike in standard models of network games with linear best-responses, the spillover matrix
S, and therefore the resulting centrality measure, depend endogenously on the contract and

equilibrium.

In terms of graph statistics, entry (i,5) of S* counts walks of length ¢ from j to i in the
network of spillovers, with each step in the walk from a node j’ to a node ' contributing a
factor Sy to the weight of a walk.'’? To compute centralities, the entries of these powers
are then multiplied by productivities a;: an agent j is more central if the ripple effects of

motivating j increase the incentives of more productive agents.

Further comments on the result and the modeling behind it.

As our discussion makes clear, Theorem 1 essentially follows from a decomposition of the
terms in the first-order conditions for contract optimality. One contribution of our work, as
we have already mentioned, is formulating a framework in which the first-order approach is
valid under conditions that extend those justifying the first-order approach from single-agent

contracts (Section A.2).

Another contribution is formulating the framework so that these conditions coming from
the first-order approach are as simple and intuitive as possible. In particular, if we simply
differentiate ¢’s incentives in j’s actions, second derivatives of P(Y) show up. But such
terms do not appear in our definition of centrality. In the proof of our main result, we show
that changing the second derivative P”(Y™*) rescales all relevant expressions involving the
spillover matrix S by a common factor, and so second derivative terms can be ignored when

checking whether redistributing incentives between agents is profitable. This simplification

12See Ballester et al. [2006] and Bloch, Jackson, and Tebaldi [2023] for more on these centrality measures.
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relies crucially on the model feature that agents’ actions contribute to production via one-

dimensional team performance Y.

In the remaining sections of the paper, we build on the insights from the implicit character-
ization and derive explicit connections between economic primitives and optimal contracts

when the production function takes various functional forms.

1.3.3 Comparisons across agents and outcomes.

Before turning to these more applied consequences of Theorem 1, we give several basic
corollaries describing how incentives are distributed across agents and across outcomes. We
first give conditions implying an ordinal ranking of payments to agents that does not depend
on the particular outcome. We then provide a multi-agent version of a result from Holmstrom

[1979] on the optimal allocation of payments across outcomes rather than agents.

Ranking agents.

Agents can be ranked in terms of payments at the optimal contract. To see this, we establish
a relationship between the marginal utilities of agents. An implication of Theorem 1 is that
the ratio between any two agents’ marginal utilities is the same at every outcome for which

both receive positive transfers.

Corollary 1. Consider an optimal contract T*. Let S}; be the set of outcomes at which

agents i and j both receive a positive payment. For any outcome s € 85, we have

(7 (s) _ e Cillai)

u; i
wi(5(s)) e CF(aj) )

Intuitively, since outcome probabilities are determined by a joint team performance, agents’

incentives should vary across outcomes in similar ways. The corollary formalizes this intuition

in terms of marginal utilities in each outcome.'3

I3This contrasts with a literature on optimal compensation when the observed outcome can be used to
identify individuals who deviated from a desired level of effort (e.g., Holmstrom [1982] and Legros and
Matthews [1993]).
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The corollary only applies when the set of outcomes at which agents ¢ and j both receive
a payment is non-empty. Determining when an agent is paid at a given outcome can be
complicated in general, but it is easy to construct settings where the corollary applies. In
Section A.4, for example, we give a class of environments in which an Inada condition guar-

antees that all agents are paid at all outcomes where P/(Y*) > 0 (and no other outcomes).

When agents have identical utility functions, agents can be ranked so that an optimal con-

tract provides stronger incentives to more highly ranked agents.

Proposition 1. Suppose that T* is an optimal contract. If a pair of agents i and j have
identical strictly concave utility functions u;(-) = u;(+), then

7(8) > 7;(s) for all s € S or 7;(s) > 7/(s) for all s € S

2

(or both).

The intuition is simple: for two agents that derive the same value from a monetary transfer,
the agent with a greater overall effect on team performance at the optimal contract must be

receiving a higher payment.

When all agents have an identical utility function, the optimal contract induces a com-
plete ranking on the agents. The relative magnitude of payments across agents depends
on the environment. This becomes evident in the parametric example discussed further in
Section 1.4.2.

Allocation across outcomes.

A second implication of the main balance result is a relationship between a single agent’s

marginal utility across outcomes.

Corollary 2. Suppose T* is an optimal contract and Y™* is the induced team performance.

If agent i receives positive payments under outcomes s and So, then

(ri(s1)) _ Pu(Y") PL(Y?)
(i (s2)) ~ PL(V7) Py(Y)

/
U;
/
U,
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The corollary states that the marginal utility under each outcome is proportional to the
probability of that outcome divided by the marginal change in that probability as team
performance increases. That is, agents are paid more in outcomes that are less likely and
more responsive to team performance. This result generalizes a result in the single-agent
setting of Holmstrém [1979] concerning how a single agent’s payments should be allocated

across outcomes.

A straightforward application of Corollary 2 characterizes the set of outcomes at which an
agent receives a positive payment. If an agent receives a positive payment at some outcome,
the outcomes at which he receives a positive payment must all either have a positive marginal
probability at equilibrium team performance, or a negative marginal probability. When the
team performance function Y'(-) is strictly increasing in each of its arguments, the outcomes
at which an agent receives a positive payment all have a positive marginal probability at

equilibrium team performance. (This is formalized as Lemma 4 in the Appendix).

In the special case that an agent is risk-neutral, the corollary has a stronger implication:
agents are only paid under the outcome(s) maximizing P/(Y™*)/P,(Y*). Tt is straightforward
to construct functions P,(Y') where there can only be one such outcome. Risk neutrality
removes the principal’s motives to diversify payments across outcomes, so compensation can

be concentrated in the outcome providing the most incentive power.

1.4 Implications: Whom to incentivize in teams?

The balance condition in Theorem 1 characterizes optimal contracts implicitly. We now
derive explicit solutions and comparative statics in two tractable settings that illuminate

how exogenous parameters determine the balance condition and the resulting contracts.

First, we study a setting in which agents differ in their intrinsic capacities for productivity
and complementarity. A single complementarity parameter governs network interactions
with all agents, yielding a rank-one network. This exercise allows us to examine which of

these exogenous traits should primarily drive compensation.

A second application focuses on better understanding centrality in general networks. By
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turning off differences in standalone productivity, we can explicitly characterize how a het-
erogeneous technological complementarity matrix shapes agents’ centralities at the optimal
contract. We find some interesting non-monotonicities that sharply distinguish our theory
from standard network models. This illustrates both the importance and the subtlety of
the fact that centralities are evaluated at endogenously determined responses to optimal

contracts, rather than in an exogenous network.

1.4.1 Rank-one networks: Standalone productivity versus com-
plementarity

We return to the rank-one, linear-quadratic setting of Section 1.2.1. This setting allows het-

erogeneity in both standalone productivities k; and complementarity parameters (;, while

maintaining tractability through the rank-one structure of the Hessian G = pB33". Through-

out this section, we maintain the assumption that the parameters satisfy the bounds k; €
[k, k] for some k >k > 0 and §; € [Q,B] for some 8 > B> 0.

Characterization of optimal contracts

Consider any contract 7 with corresponding equilibrium actions a* and team performance

Y*. Define the spillover matrix
S = pP'(Y")TBA",

where T = diag(ui(m1), ..., u,(7,)) collects utilities from the success payments (with 7; =
7;(1), recalling Fact 2). The spectral radius p(S) of this matrix determines whether stan-

dalone productivity or complementarity governs optimal pay.

A key result, which follows from our general balance condition, characterizes optimal con-

tracts in terms of a quadratic form in the primitive parameters.

Lemma 2. Consider any optimal contract T* in the rank-one setting of Section 1.2.1. There

exist constants By > 0 and By > 0 such that for all agents i receiving positive pay,

uj (17) o< (k7 + BikiB: + Bgﬁf)fl .
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This lemma shows that optimal pay depends on a quadratic form in the agent’s standalone
productivity k; and complementarity 5;. The coefficients B; and By depend on the equilib-
rium and determine the relative importance of standalone productivity versus complemen-

tarity in setting compensation.

Spillover regimes

The following theorem establishes that the strength of spillovers determines which characteristic—

standalone productivity or complementarity—dominates optimal pay.

Theorem 2. In the rank-one setting of Section 1.2.1, fix all primitives other than the com-
plementarity parameter p. Consider a sequence of complementarity parameters p™ with
corresponding optimal contracts 7™ and induced spillover matrices S . Write p(™ for
the spectral radius of S . For any pair of agents i and j that receive positive pay for all
sufficiently large m,

/ (m)> k2

; (m) im L\ ) TG
(i) If p'™ — 0, then mh_rgo u’.(T.(m)) 12
I\

m 2

(ii) If u™ — 1, then 7&5%0% = g_ﬂ
VAN !

The theorem establishes a sharp dichotomy. When spillovers are weak (low pu), the propa-
gation of incentives across agents is limited, so pay primarily reflects direct productivity ;.
When spillovers are strong (high p), the network of complementarities dominates, and an
agent’s position in the interaction structure—captured by [;—becomes the primary deter-
minant of compensation. We note that the spectral radius p(™ varies endogenously with

the complementarity parameter p{™ fixing the rest of the environment.

Beyond delineating these regimes, Theorem 2 reveals that heterogeneity in productivity or
complementarity is, in a sense, magnified under optimal contracts: the ratio of marginal
utilities depends on the square of the ratio of the relevant parameters. This is a consequence
(a non-obvious one, in our view) of the specific type of incentive problem we have here, where

the proceeds of a single output must be shared out to compensate the agents.



INCENTIVE DESIGN WITH SPILLOVERS 32

The characterization in Lemma 2 suggests a regression specification for studying compensa-
tion in teams. If k; and f3; can be measured (or proxied), then optimal pay should depend
on a quadratic form in these variables. Theorem 2 further predicts that the relative weights
should vary systematically with the strength of complementarities: in industries or teams

with stronger spillovers, the § terms should receive more weight.

We provide a numerical example to illustrate how the optimal contract’s behavior depends
on the strength of spillovers, as described above. This effect is particularly relevant in
environments where the team includes members with high standalone productivities and

weak complementarities.

We define a team of four agents, partitioned evenly into two groups 7; and 75. Agents in
group 77 have standalone productivity k& = 0.3 and complementarity § = 0.15, whereas
agents in group 7Ty have standalone productivity & = 0.15 and complementarity g = 0.3.
So the first group has higher standalone productivity and weaker complementarity. The

probability of success is an exponential function:
PY)=1—¢" forallY >0.
Each agent obtains utility u,(7;) = |/7; from a transfer 7;.

Figure 1.1(a) plots the spectral radius of the spillover matrix induced by the optimal contract
as p varies. By symmetry, the two agents in a group 7; receive identical pay under an optimal
contract. Figure 1.1(b) illustrates how the ratio of payments to agents in 7; relative to those

in 75 varies with p.

As depicted in Figure 1.1(b), when p is close to 0, cross-sectional variation in pay is driven
primarily by differences in standalone productivities: agents in 7; receive approximately
sixteen times the payment of agents in 75. For intermediate values of p, payments at the
optimal contract are approximately equal across agents. For large values of p, it is optimal

to pay agents in 75 much more than agents in 7;.
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Figure 1.1: Panel (a) displays the spectral radius of the spillover matrix as p varies over the
range [0, 10]. Panel (b) reports the ratio of payments to agents in group 7 relative to those
in group 7, at the optimal contract as a function of p.

The importance of spillovers in contract design

The preceding analysis describes how the structure of an optimal contract changes with
spillovers. To underscore the importance of accounting for spillovers, we now compare the
principal’s profits under the optimal contract to profits under a misspecified contract ne-

glecting spillovers.
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Formally, the misspecified contract is the optimal contract if p = 0 (and all other parameters
are unchanged). This misspecified contract equalizes k2u}(7!") across agents. In contrast, as

established in Lemma 2, the correctly-specified optimal contract 7% equalizes
(k7 + BikiB; + B2f37) ui(7})

across agents for some constants B; > 0 and By, > 0. Comparing profits across these

contracts therefore isolates the cost to the principal of ignoring spillover effects.

We perform this comparison in the setting of the numerical example in the preceding section
with global complementarity parameter p = 3. We modify the probability of success to be

an exponential function
PY)=1—¢e* forallY >0
with a flexible parameter £ > 0 (which was set to 1 in the previous example).

Figure 1.2 depicts the ratio of profits at an optimal contract 7* to profits at the benchmark
contract 7. The optimal contract significantly outperforms the benchmark as long as failures
are not too rare. The gap grows very large when the probability of success becomes a steeper

function of team performance (large &).

1.4.2 General networks

The rank-one setting in Section 1.4.1 allowed rich individual heterogeneity but restricted the
complementarity structure. Ideally, we would have a similar level of insight into how the en-
dogenous moving parts of our balance condition depend on primitives with arbitrary network
structures G. Unfortunately, we do not know how to obtain explicit characterizations in the

linear-quadratic setting with general networks and heterogeneous standalone productivities.

Considerable insight can be gained, however, from a natural special case. Staying within the
linear-quadratic success-or-failure setting of Section 1.2.1, we make all standalone produc-
tivities equal and assume risk-neutrality, i.e. u;(7;) = 7;, for all agents. This setting, with

an arbitrary G, will let us get some traction on how network structure alone shapes optimal
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Figure 1.2: The ratio of profits at an optimal contract and profits at a benchmark contract
which ignores spillovers. The red dashed line indicates a ratio of 1.

contracts.

Consider any contract 7 with corresponding equilibrium actions a*. At equilibrium, an
agent i chooses a positive action if 7; > 0 and an action of zero otherwise. An agent is said
to be active under a given contract 7 if he receives a positive payment 7; > 0 and inactive
otherwise.!* We will focus on characterizing the optimal contract payments and equilibrium

actions among active agents.

Proposition 2. In the setting of this section, suppose T* is an optimal contract and a* and
Y* are the induced equilibrium actions and team performance, respectively. The following

properties are satisfied:
(a) For any two active agents i and j, we have o; = oj and ¢; = c;.

(b) Balanced neighborhood actions: There is a constant X' > 0 such that for all active

agents i, we have (Ga*); = X.

(¢) Balanced neighborhood equity: There is a constant X > 0 such that for all active agents
i, we have (GT*); = .

14The extensive margin leads to a rich set of questions—which agents are active at an optimal contract.
We leave these questions for future work.
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The first part of the result states that all active agents have equal productivities and equal
centralities. This is much stronger than what the balance condition guarantees, which is

that «;c; is constant across active agents 1.

The property of balanced neighborhood actions states that for each active agent 7, the sum
of actions of neighbors of i, weighted by the strength of ¢’s connections to those neighbors
in G, is equal to the same number, \'. Similarly, the property of balanced neighborhood
equity says that for each active agent i, the sum » ; GiyT; of shares given to neighbors of ¢,
weighted by the strength of ¢’s connections to those neighbors in G, is equal to the same

number (i.e., is not dependent on 7).

Why must neighborhood action balance hold? Intuitively, if balance failed and an agent
1 had strong links and neighbors taking high actions, it would be profitable to reallocate
incentives from other agents to i. (This relies on equal standalone productivities and did
not need to hold in Section 1.4.1.) One implication of this balance is that differences in the
exogenous complementarity structure are attenuated by the principal’s optimization. If an
agent ¢ has stronger links G;;, then to satisfy balanced neighborhood actions, i.e. holding
> j Gija; constant, ¢’s neighbors must take lower actions. This “balancing” force diminishes
the complementarities that ¢ experiences. So, while the example here has a lot of structure—
and, in particular, the equality of standalone productivity plays an important role—it cleanly
makes the point that comparative statics as we vary “complementarity parameters” in general

networks are subtle.

In fact, the structure of this setting permits an explicit solution for optimal equity shares
and the associated equilibrium actions, which allows us to explore these subtleties more
precisely. Assume the relevant adjacency matrix G is invertible, which holds for generic
weighted networks. At an optimal solution, the payments and actions of active agent 4

satisfy
T (é”l) :

1

where G is the subnetwork of active agents for that payment allocation. This follows im-
mediately from the balance conditions in Proposition 2. Thus, the sum of row ¢ in G1is
an index characterizing ¢’s compensation and equilibrium action. Thanks to this explicit

description, we can see that these outcomes behave quite differently from standard mea-
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Figure 1.3: Three agent weighted graph with weights G2, G13, and Gas.

sures of centrality such as Katz—Bonacich centrality. In particular, unlike the case with such
standard measures, increasing the strength of an agent’s links in G need not increase the

compensation index, as we illustrate in the next section.

Comparative statics

In this section, we explore how the optimal contract, as well as the agents’ and principal’s
payoffs, vary with the technology of production. The simple form of the team performance
function Y in our environment, as well as the explicit characterization of incentives and
outcomes, facilitate this exercise. The results demonstrate some interesting tensions between

the principal’s and the agents’ interests.
We look at how the principal’s and agents’ payoffs vary as the network changes.
Proposition 3. The principal’s payoff is weakly increasing in the edge weight Gi; = Gj;.

The principal obtains weakly higher profits from an increase in edge weights. However, it
need not be the case that agents prefer such a perturbation. We will illustrate this through

a network on three agents (see Figure 1.3).

Without loss of generality, we can assume G135 > G13 > (b3 and choose the normalization

G12 = 1, so that the adjacency matrix is

0 1 Gis
G=|1 0 Gos
G13 G23 0
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Figure 1.4: The optimal payments and resulting equilibrium payoffs as a function of the
weight Gas. Here G13 = 0.8 while P(Y) = min{0.5Y, 1} (this could be replaced by a smooth,
strictly concave P without affecting the results.). In both diagrams, the curve corresponding
to agent 1 is the topmost (solid blue) one; the curve corresponding to agent 2 is the second
from the top (dashed red); and the curve corresponding to agent 3 is the lowest (dotted
orange) one.
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Figure 1.4 shows the optimal payments and the corresponding equilibrium payoffs as we vary
the link weight Gog, under parameter values specified in the caption. Figure 1.4(a) depicts
optimal payments to each agent as a function of Go3. The payment is non-monotonic in own
links: once payments are nonconstant in the strength of that link, increasing Gs3 initially
decreases agent 2’s payment. The numerical example also illustrates a corresponding non-
monotonicity in payoffs: strengthening one of an agent’s links can decrease his equilibrium
payoff under the optimal contract. Figure 1.4(b) depicts the equilibrium payoffs under
optimal payments as a function of Goz. Strengthening the link between agents 2 and 3 can

decrease the resulting payoffs for agents 1 and 2.

To give some intuition, observe that we are strengthening a link G,3 between two agents
with a common neighbor 1. When we do so, we may want to increase incentives to one of
these neighbors. It turns out this agent is 3, who is now connected enough to include in
the team. But the balanced neighborhood equity condition requires that as we increase 73,
we must keep the total equity G + G373 of 1’s neighbors equal to the total equity in
other neighborhoods. So to allocate more shares to agent 3 while maintaining the balance
condition, the principal must either take shares away from agent 2 or give out substantially
more shares to agents. The example demonstrates that the principal can prefer the former to
the latter. More generally, we expect such a force to push toward non-monotonicities when
we strengthen a link between two agents with one or more common neighbors (though there

can be other countervailing forces).

This finding contrasts with an intuition that one might have from the network games lit-
erature, that agents are better off from becoming more central. Under fixed payments, all
agents’ payoffs are monotone in the network. In the present setting, however, agent 2 can
benefit from weakening one of his links. There is therefore a tension between the network
formation incentives of the principal and the agents. Agents may not be willing to form
links that would benefit the principal or the team as a whole, even if link formation has no

technological cost.
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1.5 Production functions with broader complementar-
ities

The balance condition applies beyond network games. We briefly illustrate with two standard
production functions where complementarities operate at the team level rather than through
bilateral network links. We show that our framework yields simple characterizations of
optimal contracts in these classical settings as well and that these characterizations have

implications for the amount of pay dispersion in teams.

We derive optimal contracts for Cobb-Douglas and constant elasticity of substitution pro-
duction functions. The solutions describe how much incentives should be concentrated on
more productive agents, and our main finding is that the optimal contract exhibits more

unequal compensation when agents are more substitutable.

We work again in the simple success-or-failure environment with risk-neutral agents.'® For

Cobb-Douglas production, team performance is

where the factor shares +; can differ across agents. For constant elasticity of substitution

(CES) production, team performance is

n r/p
Y(a) = (Z %‘af>

for a non-zero p. The parameter s captures returns to scale and the factor shares v; > 0

can again differ across agents. Finally, the elasticity of substitution between agents’ efforts

We will characterize optimal contracts when the first-order approach is valid, and can estab-

lish sufficient conditions for this:

15The assumption that all agents have the same quadratic effort cost Ci(a;) = a?/2 is not essential: it is
straightforward to extend the subsequent analysis to heterogeneous quadratic costs by rescaling actions.
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Fact 3. Assumption 1 holds if P(-) is concave and:
(i) For Cobb-Douglas, v; <1 for all ¢ and ) ;v < 2,
(ii) For CES, p <1 and & € (0, 1].

One can directly characterize the optimal contract by applying Theorem 1 (see Zuo [2024],
which solves a closely related example in the Cobb-Douglas case). We take an alternate

approach of transforming our problem to a simpler one and then applying Theorem 1.

For Cobb-Douglas, consider an equivalent transformed problem in which we replace Y with

Y =log(Y) and P(Y) with P(Y) = P(exp(Y)). The problem is now separable:
Y(a) = 7ilog(a:).
i=1

For CES, consider a transformed problem in which we replace Y with ¥ = %Yﬁ and P(Y)
with P(Y) = P((pY)?). Analogous to Cobb-Douglas, the problem is separable:

V(@)= =3 v, (16)

These transformations do not change the optimal contract or the corresponding equilibrium
actions.'® But because the transformed problems have additively separable team perfor-

mances, we can now easily calculate agents’ productivities and centralities.
This lets us obtain the following characterizations of optimal contracts:
Proposition 4. In the setting of this section, suppose Assumption 1 holds.

(a) For Cobb-Douglas production, the optimal payments T are proportional to ;.

_1
(b) For CES production, the non-zero optimal payments'™ 7} are proportional to ;.

16For Cobb-Douglas production and CES production with p < 0, we restrict attention to positive action
profiles, the domain on which the transformations below are defined.
17If p = 1, then only agents with maximal 7; receive positive transfers. See Fact 4.
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The Cobb-Douglas solution is intuitive: the principal pays more to agents with higher factor
shares. Turning to CES, we see that pay dispersion under the optimal contract depends on
the elasticity of substitution l%p. When this elasticity is high, so agents’ efforts are highly
substitutable, the optimal contract pays agents with higher factor shares much more. Con-
versely when the elasticity of substitution is low, so agents’ efforts are highly complementary,

there is little pay dispersion.

Several limiting cases of the CES result are illustrative. In the limit as p — —oo with
Y% = 1, the production function converges to the Leontief production function Y(a) =
(min; a;)". In this case, it is optimal to pay all agents equally because inducing one agent
to take a higher action than others does not improve team performance. In the limit as
p — 0, again assuming » .7 = 1, the production function approaches the Cobb-Douglas,
where output is quite responsive to each agent’s own effort, and contributes to transformed
output in proportion to ;. Then compensation turns out to be linear in +; as in part (a)
of the proposition. Finally, note that for any p, the relative compensation of agents does
not depend on the returns to scale x, but the total amount paid to agents when the project

succeeds (and thus the absolute payments to individual agents) does depend on k.

The Cobb-Douglas and CES cases show that the balance condition provides explicit charac-
terizations of optimal incentives for production functions that have been difficult to analyze
in the network games literature. A key point is that because we assume outcomes in our
model depend on a one-dimensional team performance (via functions Py(Y) that can be
quite general), we can apply monotone transformations that simplify the relevant spillovers

between agents.

1.6 Concluding discussion

We have studied an incentive design problem for a team whose members contribute via non-
contractable effort. We investigate how optimal contracts depend on the team’s production
function. Our main result is a necessary condition for contract optimality. We show that

optimal contracts must satisfy a balance condition across agents receiving positive incentive

pay.
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In applications, our analysis offers a new perspective on compensation design that comes
from focusing on spillovers. The overall theme is deriving interpretable insights into the
roles of standalone capabilities and collaboration. We close with a few remarks on main

features of this model and potentially important variations on them.

1.6.1 Participation constraints

The setting we have presented has no formal outside options; instead of participation con-

straints, it uses the constraint of limited liability to make the contracting problem nontrivial.

Nevertheless, one could take the same model of production to a setting with standard par-
ticipation constraints, where some participation constraints would bind at the principal’s
optimum. The analogue of Assumption 1 would have to be made, not for all perturbations,
but in a constrained space of contract perturbations where these constraints continue to be
respected (as in Section A.2.2). Moreover, the balance condition would need to be aug-
mented with agent-specific Lagrange multipliers on the binding constraints. If one agent
works harder, this relaxes or tightens the constraints for other agents, and the balance con-
dition would involve the multipliers on the constraints to account for these spillovers. We

leave a full treatment of this case to future work.

1.6.2 Robustness to measurement error

Our analysis has assumed that the principal knows the network of incentive spillovers. In
practice this network would be estimated with error. Suppose a principal takes measured
spillover parameters at face value, checks the balance condition at a given contract, and
perturbs incentive pay when it fails. Section A.3 takes up the question of when this strategy

can work.

It turns out that certain spectral statistics of the network play a subtle role in the answer.
When spillovers are moderate—the spectral norm of the effective spillover matrix is bounded
away from its critical value—the balance condition is robust to measurement error as long
as this error is not too large. By contrast, when spillovers are strong and the team is nearly
partitioned into weakly connected subteams, even arbitrarily small measurement error can

mislead the principal about which subteam is more responsive to incentives. We can rule out
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this issue when the network’s spectral gap, a standard measure of segregation [von Luxburg,
2007, Golub and Jackson, 2012], is bounded away from zero. This extension connects our
framework to the econometrics of networks and to recent work on interventions with noisy

spillover estimates [Galeotti et al., 2025].

1.6.3 Other objectives

While we have focused on a standard principal concerned with maximizing profits, the anal-
ysis of how contract perturbations affect team performance is equally relevant for under-
standing other natural principal objectives. For example, the objective could be maximizing
a (weighted) sum of workers’ utilities. The key insight is that, under suitable conditions, the
first-order conditions of such an optimization problems involve only the local comparative
statics of the equilibrium, and the incentive spillover forces we discuss would be equally

relevant.

1.6.4 The role of a one-dimensional outcome

An important simplifying assumption throughout the analysis is that actions influence out-
comes only via a one-dimensional team performance Y (a). Moving beyond this assumption
to settings where probabilities of outcomes depend in an arbitrary way on the full action
profile is a natural direction. Though a first-order approach may continue to be fruitful,
establishing conditions for its validity is likely challenging. Subject to that, we expect that
generalizations of our balance conditions would hold. However, the outcome distribution
may now provide more fine-grained information about an agent’s effort, and the principal
will use this information to design optimal incentives (as in, e.g., Holmstrom [1982] and
Legros and Matthews [1993]). The generalized balance conditions must incorporate this
along with agents’ centralities and productivities. So the balance conditions would be suit-
ably adjusted, and rankings such as those in Section 1.3.3 would also be affected by these

informational considerations.
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Chapter 2

Equity Pay In Networked Teams

2.1 Introduction

In this chapter, we further study properties of the optimal contract in the linear-quadratic
setting of Section 1.4.2. The analysis in that section focuses on the intensive margin by
characterizing equity payments among those who receive a positive payment. To characterize
optimal contracts fully, however, we must also optimally choose the active set: the set
of agents that get positive equity. It turns out that it need not be optimal to give all
agents positive pay and the optimal team induced to work may be a subset of the potential
contributors. We study the problem of choosing this optimal team. Then, armed with a
characterization of optimal equity allocations on both the intensive and extensive margins,
the third set of results focuses on some implications of applied interest, examining how
equity shares and outcomes vary with the network and the strength of complementarities.

We briefly describe our contributions below.

Extensive margin.

We approach the problem by first reducing it to a quadratic program. This allows us to
deduce two results implying considerable structure on the active set. Substantively, we find

that highly connected subnetworks are optimal for the principal. Our first result on this
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is that the active set under any optimal allocation always has diameter at most two in the
complementarity network, meaning that any two active agents either have complementarities
with each other or both have complementarities with some shared active neighbor. Our
interpretation of this result is that an optimal active set should be sufficiently “tight-knit.”
We give a rough intuition for this result. When equity is given to members of a tight-
knit group, the incentives given to one member also motivate effort by the others due to
spillovers. On the other hand, if a given amount of equity is given to two subsets of agents
that are not tightly linked in the complementarity network, then the equity given to one
subset dilutes the incentives of the other without a strong counteracting beneficial effect
of spillovers. Thus, a principal prefers to “concentrate” incentives and focus them on a
single highly complementary group. This force is seen even more sharply in our second main
result in this section, when we restrict attention to the standard benchmark of unweighted
networks—in which all non-zero complementarities have the same strength. In this case,
any maximum clique (a subnetwork with complementarities between all pairs of agents) is

an optimal active set.

Our overall interpretation of these results is that when a firm relies on a single joint outcome
to provide incentives, teams with dense or tightly-knit complementarities outperform more
dispersed teams. A further implication is that the principal often prefers to make a small
team exert large efforts in order to make the most use of complementarities, rather than
eliciting less effort from a larger group with more diffuse complementarities. Under convex
effort costs, this can entail a considerable loss in agent welfare compared with other policies

yielding somewhat less output.

Implications.

Our final set of results explores some implications of our theoretical characterizations moti-

vated by applied questions about the structure of teams and their compensation.

An important set of questions concerns how optimal equity pay and team performance
depend on the network and the strength of complementarities. Our characterization lets us
calculate explicitly how the optimal shares vary as the network changes. These comparative

statics show that payments can behave quite differently from measures such as Bonacich
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centrality, relevant in network games with exogenous incentives. In particular, monotonicity
properties, whereby strengthening one’s network links necessarily increases centrality, do not
hold for payments. This generalizes the observation made for the network on three agents
in Section 1.4.2 (see Figure 1.3).

Questions of network design are interesting more generally. Which links are most valuable to
the principal? To make some progress toward understanding this issue, we ask how strength-
ening links between agents affects the team’s probability of a successful outcome. The value
to the team of strengthening a link takes a surprisingly simple form: it is proportional to the
product of the equity shares allocated to the two agents. So if the principal can strengthen
some complementarities, it is most valuable to focus on connections between agents who are

already (equity) central.

A final, practically important, question is how much equity a firm should devote to com-
pensation. The trade-off is that allocating more equity to the team elicits more effort from
them, but the principal gets a smaller share of the resulting pie. How a principal manages
this trade-off depends on the environment, including the network and the strength of com-
plementarities. Our last result gives conditions under which a profit-maximizing firm wants
to distribute more shares to agents when complementarities are stronger. Intuitively, greater
complementarities in production increase the returns to allocating shares to agents, since
each share now drives more additional effort through spillovers. Establishing this for general

complementarity networks turns out to be subtle.

2.2 Objectives

In addition to the residual profits objective considered in Chapter 1, we also analyze optimal
contracts for the success probability objective. Under this, the principal maximizes the
probability of success P(Y (a*)) subject to the constraint that the total transfers are no
larger than the output from the project. This constraint rules out positive transfers when

the project fails. Thus, the success probability maximization problem is

choose T to maximize P(Y (a")) subject to Z o < 1. (SP)
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An alternative model, which turns out to be very similar, is that the project yields a deter-
ministic monetary output P(Y'), where P : R>q — R is a strictly increasing, concave, and
twice differentiable function. Our analysis applies essentially unchanged to the study of this
production function with either objective, provided that the principal uses linear contracts,
i.e., giving each agent a transfer equal to a fixed equity share o; of output.® In the rest of

the paper, we will work with the binary-outcome model.

2.3 The extensive margin: Active and inactive agents

We ask which agents are active and which agents are inactive under optimal contracts for
a given complementarity network. Recall an agent is defined to be active under a given

allocation if he receives positive equity.

The main results in this section show that the active sets under optimal allocations are highly
connected subnetworks. We first show that any optimal active set has diameter at most two
in the complementarity network G. We then show that in the special case of unweighted
networks, there is an optimal allocation with a clique as the active set. We interpret these
results as saying that, when incentives to exert effort are based only on global outcomes (and
not local measures of performance), smaller and more highly connected teams outperform

larger and more dispersed teams.

It is not immediate from Proposition 2 which agents are active; indeed, there can be several
candidate active sets compatible with the condition of the theorem. (Proposition 2 implies
that the candidate active sets are the subnetworks G C G such that the row sums of G

are positive.)

The key to our analysis is the fact (formalized as Lemma 14 in Section B.1) that we can

find the active sets under optimal allocations by solving the following optimization problem?

'TIf P is not bounded, this deterministic model requires an additional assumption that 3 is small enough
so that the principal’s feasible payoffs are bounded.

2This is a quadratically constrained optimization of a linear objective, since the constraint can be rewritten
as 0;(Go —¢); =0.
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among non-negative equity shares summing to a fixed value:

max c
T (2.1)
subject to (Go); = ¢ whenever o; > 0.

The reason for this reduction is that, when the balanced equity condition holds, we can
rewrite output as the following function of the total shares allocated to agents and ¢, the

total weighted equity in each active agent’s neighborhood:

. Pl(y*) 5P,(Y*)2C
o) = (Z ) (= apee * T are) 22)

1EN

The right-hand side is an increasing function of ¢. So the principal can choose an optimal

active set by maximizing the constant ¢ in the balanced equity condition.

One important implication of this is the following invariance of the principal’s optimization

to the complementarity parameter:

Proposition 5. If o is a solution to the principal’s problem under 5y > 0 and B, is another
complementarity parameter, then there is a constant k > 0 so that ko(j solves the principal’s

problem under (.

This says essentially that the active set and the ratios in which equity is optimally allocated
are both independent of §. This follows from observing that the optimization problem to
solve for the active set does not depend on S. For the success probability objective, the
constant k is equal to 1. Under the residual profit objective, the principal may adjust the

total share of output distributed to agents as 5 changes (see Section 2.4.2).

Before turning to other general implications of the lemma, we study active set considerations
in the example of a three-agent network. This example, which is the smallest interesting case
of our model, shows that the active set can depend in non-trivial ways on network structure.

We describe the optimal allocation here and provide details in Section B.2.

Example 1. Consider a weighted network with three agents without self-links (see Fig-
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ure 1.3). Since it is optimal to have both agents active in networks with two agents, three-

agent networks are the smallest non-trivial example of our model.

Without loss of generality, we can assume G135 > G13 > (3 and choose the normalization

G2 = 1, so that the adjacency matrix is

0 1 Gis
G=|1 0 Gy
Giz Gas 0

The optimal active set consists of either agents 1 and 2 or all three agents. If all agents are

active, then Proposition 2 implies that the optimal shares must solve

B 1+G13—G23C - 1+G23—G13C o G23+G13—1c
2G13 b 2Gas bl 2G3G1z

*
71
for some constant c. Since we must have o5 > 0 for all agents to be active, a necessary

condition for {1,2,3} to be an optimal active set is G'13 + Ga3z > 1.

This necessary condition also turns out to be sufficient; we now sketch the argument for this.
A calculation shows that distributing a total amount s of equity consistent with these ratios

gives a value of
2G13G238

C = .
2(Gaz + Ghg) — 1 — (Ghg — G23)?

On the other hand, if a total amount s of equity is distributed among two active agents,

then ¢ = s/2. A bit more algebra confirms that

2G13Ga3s 28
2(G23 + Glg) —1- (Glg — G23)2 2

whenever G5 + Goz > 1.

So the active set includes all three agents if and only if G13 + Goz > 1. In this example, the
principal maximizes (GT); subject to the balanced equity condition by choosing an active
set that maximizes the minimum weighted degree of an agent in the induced subnetwork. If

the least connected agent’s complementarities are too weak, the principal prefers to exclude
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that agent from the team and concentrate on incentivizing the two agents with stronger

complementarities.

Moving back to general networks, we now state two results showing that the principal prefers
a highly connected active set. The first result on this holds for any network satisfying our
maintained assumptions. It states that the network distance between any pair of agents in
the active set is small. Recall that the diameter of a network is the longest distance® between

any two agents in the network.
Proposition 6. The diameter of the active set under any optimal allocation is at most 2.

The idea is that if two agents ¢ and j are at distance larger than two from each other, their
neighborhoods are disjoint. An optimal allocation must divide shares between the disjoint
sets {i}, {j}, and N(i), and N(j) (as well as any other potential agents in the active set).
It must also satisfy the balanced neighborhood equity condition, which implies that the
shares allocated N (i) and N(j) cannot be very large. Indeed, the proof shows that any
such allocation is dominated by allocating shares to only two agents: splitting shares evenly
between two agents connected by a link with the largest weight in the network gives a higher

value of the constant c.

In the special case of unweighted networks, the message that highly connected active sets are
optimal can be sharpened: It is an optimal solution for the principal to choose any clique?

of maximum size and divide shares equally among the agents in this clique.

Theorem 3. If G is an unweighted network, then any mazximum clique is the active set at

an optimal allocation.

When connections are unweighted, choosing a subset that is as densely connected as possible
leads to at least as high a payoff as choosing a larger but more sparsely connected subset,

even if all agents in the larger subset have higher degree.

The proof applies Lemma 14: given an optimal allocation with an arbitrary active set, we

find a clique within that active set for which the constant c is as large as possible. We

3Shortest path consisting of links with positive weights.
4A subnetwork with links between all pairs of agents.
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produce such a clique by sequentially constructing a series of agents who are all connected
to each other. To do so, the balanced equity condition for the optimal allocation has to be

used carefully at each step of the construction.

In general, the active set need not be unique in unweighted networks, so there can be other
optimal allocations giving the same payoff to the principal as a clique of maximum size. For
example, in a star network, any set including the central node and at least one peripheral
node is the active set at some optimal allocation.” The next example shows that there can

also be optimal allocations that differ more substantially from maximum cliques.

Example 2. Consider an even number of agents n arranged in a circle. Let G be the undi-
rected network in which each agent is connected to all other agents except the diametrically
opposite agent in the circle: for all distinct ¢ and j we let G;; = 1 if [i —j| #n/2 and G,;; =0

if |i — j| = n/2. The network structure is shown in Figure 2.1.

Suppose that we want to allocate s shares to agents optimally. The maximum cliques have
size n/2, and dividing the s shares evenly within any maximum clique gives (CNJ‘J')Z = "7_2 - S.
All agents in the full network have degree n — 2, so dividing s shares evenly among all agents
also gives ((?’7')Z = "T’Q - s. It follows that the set of all agents, as well as all maximum

cliques, are possible active sets, depending on which optimal allocation is chosen.

This example shows that the principal can be indifferent between very different active sets—a

point which has implications for the welfare of agents, as we discuss further in Section 2.5.2.

2.4 Implications

In this section, we explore some implications of our analysis that illuminate how the optimal
contract depends on the environment. We focus on the effects of changes in the network G
and the parameter [ describing the strength of complementarities. Section 2.4.1 examines
how the equity allocation and the resulting team performance depend on the network of com-
plementarities. The results provide some insights about which networks might be preferred

by the principal and by agents. Section 2.4.2 then asks how the share of equity retained

®Among allocations giving s shares to agents, a given allocation is optimal if and only if it gives s/2
shares to the central agent and s/2 shares to the peripheral agents.
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Figure 2.1: Ten agent unweighted graph with each agent connected to all other agents except
the diametrically opposite one.

by the principal (in the residual profit maximization problem) depends on the strength of

complementarities.

2.4.1 Varying the network

Our first result describes how optimal allocations vary as the network changes. We write
% for the derivative in the weight G, = G, of the link between j and k. Recall that
J

given an allocation, we write G for the adjacency matrix restricted to active agents.

Proposition 7. Suppose that under G there is a unique optimal equity allocation® T*, with
agents i, j, and k all active. The derivative of agent i’s optimal share as we vary the weight
of the link between j and k is

87‘{" _ ~ . ~_1 " aC 0’:
aG]k - (G )”ﬂo-j (G )Z] k + aG]k c

The value c¢ is the balanced equity in each neighborhood from Proposition 2(a). The proof

is based on the matrix calculus expression

oG(t)~'

== G(t)™! (2.3)

6We expect this hypothesis to be satisfied for generic networks.
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for the derivative of the inverse of a matrix.

The result provides a fairly explicit expression for the impact of changing a link on equity

allocations. However, calculating the change agc-k in ¢ may be difficult under the residual
J

profits objective, where the total amount of equity allocated can change as we strengthen a
link. We can be more explicit under the success probability objective, since the total amount

of equity allocated sums to 1. In that case, we have an explicit expression

1
C—= —/—=—
1"G-11

for the total equity in each neighborhood. Differentiating this expression gives a version of

Proposition 7 without an unknown value c.

Under either objective, the ratio o /o), between two agents’ shares is independent of ¢, so
(2.3) lets us calculate the change in this ratio (under either objective) as the link between j

and £ is strengthened.

The matrix inverse G ! need not vary monotonically as G changes. This implies that equity
need not satisfy monotonicity properties that hold for standard centrality measures such as

Bonacich centrality.

We next look at how team performance under an optimal allocation varies as the network

changes. Recall that Y* denotes the equilibrium team performance under an optimal allo-
ay*
9G;
agent ¢ and j increases.

cation. Then is the change in this team performance as the weight on the link between

Proposition 8. Suppose T is an optimal allocation. Then the change in equilibrium team

performance as G;; varies can be expressed as

oy
aG,;

k%
=o;0;h,

where h does not depend on the identities of i or j.

The proposition says that the increase in output from strengthening a link is precisely pro-
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portional to the product of the equity shares given to the two agents connected by that
link. The proof gives an explicit formula for the quantity h, which depends on the model

parameters and the allocation.

The proposition has implications for a designer who can make small changes in the network of
complementarities. If the principal could marginally strengthen some links, she would want
to focus on links between pairs of agents with high equity centralities. This is consistent
with the intuition from Section 2.3 that highly connected groups of agents are especially

productive under equity compensation.

2.4.2 Varying complementarities

We now turn to how outcomes change as the complementarity parameter § increases. Recall
from Proposition 5 that ratios of optimal shares do not depend on the value of 5. But under
the residual profits objective, we can ask how the total fraction of shares allocated to agents

depends on £.

We study the comparative static in the special case when P(+) is linear in the range of feasible
team performances. We assume for simplicity that the optimal allocation is unique, but could
easily relax this assumption. The principal faces a trade-off between keeping a larger share of
the profits and using a larger share to encourage workers to exert more effort. The following
result states that when complementarities in production are larger, it is optimal to keep a

smaller share of a larger pie.

Proposition 9. Suppose that P(Y) = aY on an interval [0,Y] containing the equilibrium
team performance under any feasible allocation and that there is a unique optimal allocation

7. Under the residual profits objective, the sum of agents’ equity shares under the optimal

allocation is increasing in 3, i.e.,

0 (Xien ™) -0
ap '
The basic idea behind the proof is that the benefits to retaining more of the firm are linear

in the output while the benefits to allocating more shares to workers are convex, and become
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steeper as complementarities increase.

If P(Y) is strictly concave, there is a trade-off between the concavity of P(Y) and the
convexity of Y (a). Depending on which effect is stronger, the fraction of shares allocated to

agents may increase or decrease as complementarities grow stronger.

2.5 Discussion

2.5.1 Tightly-knit teams

Our extensive margin results can be summarized as saying that the principal prefers to
concentrate equity in teams whose members have strong mutual complementarities. In terms
of interpretation, this need not mean that the agents involved work closely together or
are nearby in an organizational sense—just that their efforts are highly complementary in

producing the output.

The details of the extensive margin results depend on the specific structure of our model,
but we believe the economic intuition underlying these results has broader implications.
When the principal motivates an agent by giving him a larger share of the equity in a
single common output, it dilutes the equity of the others. Strong complementarities among
those getting equity shares countervail this dilution, and this is what makes tight-knit teams
valuable to the principal. As we remarked in our discussion of the model’s assumptions,
in reality a principal may have signals of effort richer than we have studied—for example,
outcomes reflecting contributions of specific organizational units. It may be interesting to
study how a principal would optimally use multiple signals of this sort to provide incentives

to a networked team.

2.5.2 A tension between the principal’s interests and agent welfare

Example 2 shows that the principal can be indifferent between active sets, and associated
allocations of equity, that have very different welfare implications for workers. In that
example, since the cost of effort is convex, agents are better off (on average) if the same
performance is achieved by a larger team. But the principal is indifferent between two

different team sizes. If the complementarities are perturbed slightly to strengthen those
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in some maximum clique, then the principal’s indifference is broken and she has a strict
preference for the compensation scheme that motivates a smaller team—and which happens

to leave workers substantially worse off.

This is a consequence of the fact that, subject to paying out a certain total share in equity
compensation, the principal is maximizing the probability of a project’s success rather than
utilitarian welfare. The mechanism of equity pay can do a very poor job of transmitting
workers’ interest in a more equal distribution of effort. This highlights an interesting tension
between welfare and the principal’s preferred mode of incentive-provision, and the binary-

outcome model we work with brings it out particularly sharply.

2.5.3 Connection to a spectral radius maximization problem

The optimal allocation turns out to have a simple description in terms of a problem of
maximizing a spectral radius: if o solves the success probability optimization problem,
then ¥ = diag(o) also maximizes the spectral radius p(T'G) among nonnegative vectors
o summing to 1.7 To show this, we show that when 3 is large enough (so that very large
spillovers are possible), the principal wants to choose shares 7 inducing a large spectral
radius to capture these spillovers. By Proposition 5, the optimal allocations do not depend
on f3, so in fact such a o is optimal for any 5. We formally state and prove the connection

in Section B.3.

An applied mathematics literature discusses spectral radius maximization problems of this
form (e.g., Elsner and Hadeler [2015], Nesterov and Protasov [2013], and Axtell, Han, Her-
shkowitz, Neumann, and Sze [2009]). Most closely related, [Elsner and Hadeler, 2015] con-
sider the same spectral radius maximization problem and discuss algorithms for efficiently
computing the optimal diagonal matrix T". Our analysis turns out to provide several insights
into this problem. For instance, Theorem 3 implies a characterization of the highest achiev-
able spectral radius when G is the adjacency matrix of an unweighted network, showing that

it is achieved by a dividing shares ¢; equally among the members of a maximum clique.

"The spectral radius of a matrix, which we denote by p(-), is the largest magnitude of an eigenvalue of
the matrix.
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Chapter 3

Network Interventions: Targeting

Agents or Targeting Links?

3.1 Introduction

Many economic settings feature peer effects between connected agents. As one example,
consider firms deciding how much to invest in research and development in the presence of
a network of R&D collaborations.! Another leading example is students deciding how much
to study given their social networks.? Following a large literature, we model such settings as
network games with complementarities: each agent chooses a level of effort, and an agent’s
effort is more productive when neighbors exert more effort [Ballester, Calvé Armengol, and
Zenou, 2006].

When network spillovers are important, a natural question is how to target interventions

given these spillovers (Galeotti, Golub, and Goyal [2020]). Policymakers often implement

'Research and development collaborations are an important driver of innovation (see, for example, Belder-
bos, Carree, and Lokshin, 2004). Motivated by this, a theoretical literature models firms’ choices about R&D
investment as a network game (see, for example, Goyal and Joshi, 2003, Goyal and Moraga-Gonzalez, 2001,
and Konig, Liu, and Zenou [2019]).

2A large literature analyzes peer effects from friends in a social network (e.g., Bramoullé, Djebbari, and
Fortin [2009] and Calvé-Armengol et al. [2009]). Much of this work treats links as exogenous, but links may
be endogenous in practice [Goldsmith-Pinkham and Imbens, 2013].
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interventions incentivizing individual agents. But other types of interventions target links
between agents. Consider, for instance, a government trying to subsidize R&D. One approach
is to target individual effort with subsidies or related policies, e.g., subsidizing R&D at
particular firms. Another is to create or subsidize links between agents, e.g., subsidizing
collaborative efforts between firms or R&D clusters. We examine how these two intervention

strategies interact and identify conditions under which one is more effective than the other.

Our model is a network game of strategic complementarities with endogenous link formation.
Agents simultaneously choose a costly action and choose, for each other agent, a costly
bilateral link intensity, corresponding to investing in connecting with an agent. These link
intensities determine a network of spillovers, where the symmetric strength of a link between
a pair of agents is the total of link intensities. An important parameter, which we call the
baseline link incentive (denoted by s;;), describes whether a link has intrinsic value. To
provide an interpretation of this quantity, if the incentive is non-negative (s;; > 0), agent i
forms a link even when agent j takes no action. If it is negative (s;; < 0), a link is formed

only when agent j takes a sufficiently large action.

A planner intervenes on this enivronment by providing monetary subsidies to agents for
exerting effort and forming links. The common monetary units lets us compare link subsidies
to action subsidies. The planner seeks to maximize a welfare objective when agents play an
equilibrium in the resulting game, subject to a budget constraint on the subsidy payments.
The objective can be any arbirtary increasing function of agents’ actions. An example is the
sum of all agents’ actions — which could correspond to a policymaker targeting aggregate
investment in R&D or the total time students devote to studying. What will the planner

focus on: action subsidies or link subsidies?

These two instruments affect quantities relevant to the planner — welfare and planner pay-
ments — through different spillover channels. To illustrate this, suppose the planner in-
creases the action subsidy of a given individual, which increases his action. Because actions
are strategic complements, his neighbors increase their actions. Under endogenous link for-
mation, the indiviual forms stronger links with his neighbors as a result of this increase in
actions. Then, the neighbors of these neighbors increase their actions and form stronger

links and so on and so forth. By contrast, suppose the planner increases the link subsidy for
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a given pair of individuals, which strengthens their link. A stronger link increases their effort
incentives, thereby increaseing their individual actions. Their own neighbors, neighbors of
these neighbors and so on, then increase actions and form stronger links. Any optimal in-
tervention must compare the welfare and payment effects of these two different propagation

channels.

Our main result describes qualitative properties of an optimal intervention (subject to reg-
ularity conditions). It turns out the key determinant of these properties is the baseline
incentive to form links. If a pair of agents has a non-negative baseline incentive to form links
(si; > 0), the optimal policy does not subsidize their link. By contrast, if two connected
agents have a negative baseline incentive (s;; < 0), then the optimal policy will not subsidize
both of their actions without subsidizing their link. Notably, these qualitative properties of
the optimal intervention are not sensitive to how the costs to agents of exerting effort and

forming links compare.

The basic insight is that the planner should not subsidize connections that have inherent
value to the agents, but may want to subsidize connections between welfare-relevant agents
who are not inclined to connect. In the education setting, for example, the result cautions
against policies encouraging connections between socially compatible students. Connecting
students who would not interact for non-academic reasons, however, can be optimal. This
point might be straightforward in a model with binary link choices, but is less obvious when

agents choose the intensity of connections.

To give some intuition for the result, if the network is sufficiently connected, then (as we
describe below) the benefits to strengthening links can be very large. Moreover, the link
formation protocol creates free-riding incentives between pairs of agents. But it is never-
theless cheapest for the planner to reward high actions and let agents form stronger links
in response. When baseline incentives are negative, however, agents’ underinvestment in
link formation can become more severe, so the planner can optimally target this margin by

directly subsidizing links.

We compare the implications of the endogenous link formation model to those of a bench-
mark model with exogenous links and find the basic structure of the optimal intervention

reverses. In this benchmark, agents first make link-formation decisions without considering
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the subsequent game (which is the relevant object for the planner’s objective) and then play
this game. This is equivalent to a setting where links are exogenous, and we choose this
formulation so that the planner’s interventions to strenghten links can be implemented via
subsidies. We begin by finding that when spillovers are large, the optimal intervention does
not subsidize actions for a pair of connected agents without subsidizing their link. In the
large spillover regime, subsidizing links can have unboundedly higher benefits than subsidiz-
ing actions. Intuitively, individual subsidies have a linear effect on actions while the effects
of link subsidies can scale much faster than linearly. So the returns to investing in highly
connected networks can be very high. We next find that the optimal intervention focuses
more on subsidizing actions when agents’ actions are low, as occurs when spillovers are weak.
Both of these conclusions stand in contrast to the endogenous case. In that setting, the plan-
ner does not subsidize links when agents’ actions are high — corresponding to non-negative

s;; — but can optimally subsidize links when agents’ actions are low, as induced by negative

Sij-

Finally, we ask to what extent our main result generalizes beyond quadratic settings. We
identify conditions on agents’ utilties driving each part of our result. When baseline in-
centives to form links are positive, sufficiently convex link formation costs and sufficiently
concave action complementarities imply that the optimal policy does not subsidize links.
By contrast, when baseline incentives to form links are negative, if link formation costs are
not too convex and action complementarities are sufficiently convex, the planner will not

subsidize two connected agents’ actions without subsidizing their link.

3.1.1 Related Literature

There are large literatures on network games in economics, computer science, and related
fields (see Menache and Ozdaglar [2011] and Jackson and Zenou [2015] for overviews). We
begin with a framework with linear best responses, which is widely used for its tractability
(e.g., Ballester et al. [2006] and Bramoullé, Kranton, and D’amours [2014]), and focus on
the case when actions are complementary. This model has been applied to a wide range
of empirical settings, including our main examples above of education (Calvé-Armengol,
Patacchini, and Zenou [2009]) and research and development (Konig, Liu, and Zenou [2019]).

Our endogenous network model is closest to parts of this literature incorporating network
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formation (e.g., Sadler and Golub [2021]).

More recent work has explored optimal interventions in network games. Most of this lit-
erature focuses on targeting individual behavior via subsidies for effort, prices, or related
instruments (e.g., Candogan, Bimpikis, and Ozdaglar [2012], Bloch [2016], Galeotti, Golub,
and Goyal [2020], Parise and Ozdaglar [2023]). A smaller group of papers focuses on in-
terventions targeting links (Belhaj, Bervoets, and Deroian [2016] and Li [2023]) and gives
conditions when the optimal networks belong to a particular class: nested split graphs. We

allow both types of interventions and focus on the tradeoffs between the two.

Most closely related, Sun et al. [2023] and Kor et al. [2025] also consider interventions when
the planner can target individuals and links. Kor et al. [2025] extend the tools from Galeotti
et al. [2020] to settings where the planner can apply their budget to subsidizing actions or
changing links. This gives a characterization of the optimal intervention in terms of a spectral
decomposition of the adjacency matrix of the original network.? The main result in Sun et al.
[2023] is an equivalence between the two types of interventions: any intervention targeting
only links induces the same outcomes as some intervention targeting only individuals. In
these papers, the planner has separate budgets for subsidizing actions and changing links
and the two types of interventions are not directly comparable. We instead allow endogenous
network formation, which lets us compare monetary subsidies, and find optimal interventions

can look quite different.

A bit further afield, there is a long line of work on interventions in network settings other
than network games. Important applications include diffusion of information in networks
(see Kempe et al. [2003] and many subsequent papers) and polarization of opinions in net-
works (e.g., Gaitonde et al. [2020b] and Musco et al. [2018]). We focus on a network games
framework meant to capture decisions in settings with peer effects. This framework turns
out to avoid some of the combinatorial challenges associated with determining optimal in-

terventions in other network settings.

3 Another difference from the present work is a quadratic cost of providing subsidies. We consider a more
traditional budget constraint and find this leads to starker structure for the optimal intervention.
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3.2 Model

We analyze a network game with endogenous link formation. Consider a set of n agents,
who we denote by N = {1,2,...,n}, and a social planner. (We will use the pronouns “he”

to refer to an agent and “she” to refer to a planner.)

Each agent 7 chooses a real-valued action a; > 0 and a real-valued link intensity g;; > 0 with

each other agent j € N\ {i}. The link intensities between ¢ and j determine the strength

Gij = Gji = gij + g;i of a weighted, undirected link between ¢ and j. The collection of links
nxn

can be represented as a non-negative matrix G € RYj", with zero entries G;; = 0 on the

diagonal.

The utility to agent ¢ from action profile a and link intensities g is

a? fiig
Ui(a,g) = biai + P Z Gijaiaj - 3 + Z SijGij — Z #

JEN\{i} JEN\{i} JEN\{i}

We describe each term in the utility function:

e The first term is a linear individual payoff b; € R to actions which we call the standalone

baseline incentive for the action. Here, the incentive b; lies in [l_), l_)] where b > b > 0.

e The second term captures spillovers between agents’ actions. The parameter p € Ry
describes the global strength of complementarities. Each summand G;ja;a; implies
that there are complementarities between agents ¢ and 7, and these complementarities

are stronger when the link G;; is larger.

e The third term is a quadratic cost C;(a;) = a?/2 of actions. *

e The fourth term is an intrinsic payoff s;; € R to links, which we call the standalone

baseline incentive for a link. Here, the incentive s;; lies in [—3, 5] where 5 > 0.

e The final term is a quadratic cost Fj;(gi;) = fijgizj /2 to link intensities, where the

parameter f;; € Ry describes its curvature.

41t is not essential that the cost of actions take the particular quadratic form C;(a;) = a?/2. All of the
results hold when C;(a;) = ¢;a?/2 for any curvature ¢; > 0.
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We assume that the intrinsic payoff from links s;; and the curvature of link intensity costs
fi; are symmetric across pairs, that is, s;; = s;; and f;; = f;;. This symmetry arises when
these primitives depend only on pairwise characteristics, such as similarity between agents
or the distance separating them. The model allows the various standalone incentives and

costs to be heterogeneous across agents and across links.

The planner maximizes an objective function WW(a). We assume this objective is a function
of agents’” actions and that it is strictly increasing and differentiable in each of its arguments.
She can intervene through monetary subsidies rewarding agents’ actions and links. Specif-
ically, agent i receives a subsidy 3; > 0 for exerting effort. Furthermore, agent ¢ receives a
subsidy o;; > 0 for forming a link G;; with agent j. For any realized profile (a, g), the total

payment made by the planner is

P:ZBzaz+Z Z UijGij-

ieN ieN jeN\{i}

The planner has a budget B > 0, which can be allocated between action and link subsidies.

If the planner chooses subsidies (3, o), then agent i’s utility is

Z/{i = [Jz (a,g) + ﬁiai + Z UijGij-
JEN\{i}

If the planner offers an action subsidy of 5; per unit of effort, then she will pay §;a; to agent
¢ for taking an action a;. Similarly if she offers a subsidy of o;; for link Gj;, then she will

pay 0,;G;; to agent ¢ for a link strength G;.

Once the planner commits to an intervention (3, o), agents respond by playing a pure strat-
egy Nash equilibrium (a*, g*). If no equilibrium exists under a particular subsidy scheme,
we set the welfare VW under that subsidy scheme to —oo. We analyze the planner’s prob-

lem under a given equilibrium selection (a*(3,0),9*(8,0)). Her problem is therefore to
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maximize the objective W(-) under this selection, subject to a budget constraint:

sup Wia*),
(B,o)

subject to  (a*,g") = (a*(8,0),9"(3,0)),
P(a*mg*aﬁ?a-) <B.

For this problem to admit a feasible solution, there must be a subsidy and a corresponding
equilibrium that satisfy the budget constraint. A complication is that an equilibrium need
not exist if the global complementarity parameter or the planner’s subsidies are sufficiently
large. The following result establishes the existence of equilibria under a regularity condition

on the space of interventions and the complementarity parameter p.

Proposition 10. Suppose the space of subsidy interventions is compact. There exists a
parameter p > 0 such that if the complementarity parameter p < p, then every subsidy

admits a pure Nash equilibrium.

The restriction on the global complementarity parameter plays the same role as the spectral
radius restriction in standard linear-quadratic network games (e.g., Ballester et al. [2006]).
The additional difficulty here is that the network itself is an equilibrium object, so the
strength of complementarities is jointly determined with actions. The planner’s problem is

then feasible when the budget is at least the equilibrium payment for one such intervention.

We would like to note that our result does not rely on the existence of equilibria for every
possible intervention. When equilibria do exist our selection can be arbitrary for now, but
we will impose a bit of structure below. Before turning to our analysis, we discuss several

aspects of the setup.

3.2.1 Remarks on the model

Before characterizing the optimal subsidy scheme, we outline and motivate the key modeling
choices. Each agent selects a non-negative action a; and chooses link intensities g;;. We
briefly relate these two objects to the applications in the introduction. In the context of R&D

collaborations, the action a; represents a company’s investment in research infrastructure —
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such as laboratories, equipment, and researchers — while g;; reflects the resources devoted to
sustaining a successful collaboration with another company. In a different context of students
in a social network of peers, the action denotes the student’s investment in studying while the

link reflects the effort expended in building and maintaining friendships within the network.

We note that it is not important for our analysis whether the intrinsic value s;; of links is
a coefficient on the link G;, the link intensity g;;, or some combination of the two (as the

difference is a pure externality term that does not change equilibrium).

We interpret the subsidies (3, o) as monetary payments to agents, and this lets us compare
action and link subsidies in common monetary units. We assume that subsidies target
bilateral links GG;; and not agents’ link intensities g;;, e.g., because the planner observes the
strength of the link but not who is investing to sustain the link. Notably, we do not restrict
the link subsidy to be symmetric across a pair of agents. The planner can target agents

differently because of heterogeneity in their action and link characteristics.

Once the planner selects a subsidy (83, 0), agents choose actions a* and link intensities g*
simultaneously. Studying a model with real-valued links and simultaneous link and action
choices lets us study Nash equilibrium. We can therefore analyze optimal interventions
via a first-order approach. Alternative solution concepts commonly used in the strategic
link-formation literature, such as pairwise stability [Jackson and Wolinsky, 1996], would

necessitate different methods.

3.3 Spillover Effects Of Policy Interventions

This section illustrates the key forces that determine the structure of an optimal subsidy
policy. We begin by characterizing equilibrium under a given subsidy scheme. We then
analyze how perturbations to action and link subsidies affect equilibrium welfare, when a
first-order approach is applicable. Finally, we briefly discuss the corresponding changes
in planner payments. These welfare and payment effects jointly determine the optimal

allocation of the planner’s limited budget across action and link subsidies.

Proposition 11. Consider an intervention (B3,0) and a pure strateqy Nash equilibrium
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(a*,g*) under this intervention. Then actions satisfy

(I-pGa* =b+p (3.1)

Furthermore, any link intensity g;; for which the equilibrium first-order condition binds sat-

1sfies

. paia; + si; + oy

g = J T LY (3.2)
ij

Given equilibrium link choices, the characterization of equilibrium actions in (3.1) matches

Ballester, Calvé Armengol, and Zenou [2006]. The main difference, of course, is that links

are chosen endogenously in our model, and (3.2) describes equilibrium link intensities. We

will now use this characterization to compute the welfare effects of perturbing a subsidy.

Our main insight is that closely related spillover dynamics govern the effects of changing ac-

tion subsidies and changing link subsidies, despite these subsidies targeting different objects.

Lemma 3. Suppose the equilibrium selection (a*(8,0),9*(B, o)) is differentiable in a neigh-
borhood of (B,0). If gi; > 0, then the derivatives of equilibrium welfare in B;, 8;, and o;;

are related by

W _ﬁ(dWQ*er_Wa*)
dojj  fi; \dB; 7 dp; "

We now provide some intuition for this result. For ease of exposition, suppose the com-
plementarity parameter p = 1 and curvature of cost f;; = 1. These normalizations do not

change the qualitative logic. In the general case, the marginal effect of a link subsidy is
scaled by p/ fi;.

First suppose the planner marginally increases the subsidy for i’s action. What is the effect
on welfare? The direct effect is that agent i responds by increasing his action a;. This
then has various spillovers: agent ¢ now increases his link intensities with other agents g;;,

and other agents increase their actions a; and the intensities g;; of their links to ¢. Each
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of these changes also have spillovers, etc. The derivative d—g?

5 captures the overall change in

equilibrium welfare due to these cascading effects.

Now suppose the planner instead increases the subsidy for ¢’s link to j. Then agent ¢ invests
more in his bilateral link intensity to j. Since the overall link between ¢ and j is stronger,
they increase their actions a; and a;. These in turn have spillover effects as in the previous
paragraph, but the key point is that these spillovers induce the same total change in welfare.
So we can write % as a linear combination of j—;‘j and fl—g‘;. This basic insight also appears

in Li [2023] where a planner can intervene to change exogenous links, and the lemma points

out that it extends to our model with endogenous links.

The result above establishes a decomposition of link subsidy welfare effects into action sub-
sidy effects. This plays an important role in the characterization of optimal subsidies which
we discuss in the next paragraph. Before that, we highlight a key additional component
governing optimality: the marginal effect on planner payments. To see the role of planner
payments, consider a planner marginally increasing a link subsidy. When the actions along
the endopints of that link are large, Lemma 3 implies the welfare effect of the link subsidy can
be much larger than that of an action subsidy. However, the marginal increase in payment
is also large because the planner pays for the existing link level, in addition to any induced
increase in equilibrium payments. This highlights an inherent trade-off which the planner

needs to take into account when pinning down optimal subsidies.

We finish this section by briefly discussing how Lemma 3 is useful for our analysis. A first-
order approach will compare the marginal effect — on welfare and planner payments — of
a perturbation of the action subsidy with a link subsidy. A priori, there is no reason that
this effect be analytically comparable as actions and links are different objects. Because of
Lemma 3, the first-order condition of an action subsidy can be used to explicitly write the
analogous condition for a link subsidy entirely in terms of the endpoints’ actions, subsidies
and primitives of the environment. This permits a simple qualitative characterization of an

optimal subsidy as we will see in the following section.
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3.4 Optimal Interventions With Endogenous Spillovers

This section asks whether the optimal subsidy targets actions or links. Our main result iden-
tifies a region where it is optimal to focus only on subsidizing actions and a complementary
region where including link subsidies is optimal. We then discuss implications of the result
in the R&D and education settings.

3.4.1 Characterization of optimal subsidies

Our analysis relies on two regularity conditions at the optimal subsidy scheme. First, we
assume that the equilibrium strategy is differentiable with respect to the subsidy parameters.
Because the endogenous link formation model may admit multiple equilibria for a given
subsidy scheme, this assumption requires that, at the optimum, the selected equilibrium
varies smoothly with local perturbations in subsidies. Second, we assume that the planner’s
budget constraint binds. This condition rules out perverse cases in which an increase in
subsidies induces all agents to reduce both their actions and link intensities. Intuitively,

these perverse cases correspond to unstable equilibria.
Assumption 2. At the optimal subsidy (8%, 0%), the following conditions hold:

(a) the equilibrium selection (a*(8,0),G*(B,0)) is differentiable in a neighborhood of
(B*,0%), and,

(b) the planner’s budget constraint binds.

Under these conditions, we present our main results below. The qualitative structure of an
intervention is governed by the baseline incentive s;; to form a link. Recall, this baseline

incentive is the marginal value of increasing G;; from zero if all agents’ actions are zero.

Theorem 4. Let W(a) be any arbitrary planner objective and let (3%, 0*) denote an optimal

subsidy satisfying Assumption 2. If s;; > 0, the optimal intervention entails no link subsidies:

*

— *
o5 =0 = 0.

The result says that when agents have a positive baseline incentive to form links (s;; > 0),

the planner does not subsidize link formation and focuses on action subsidies. This holds
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despite various sources of underinvestment in links, including agents’ incentives to free-ride

on bilateral links.

One might wonder whether the conclusion above is driven by the fact that welfare depends
only on actions. We next show that this is not the case and identify sufficient conditions

under which link subsidies are necessary at the optimum.

Proposition 12. Suppose the conditions of Theorem / are satisfied. Consider any pair of
agents © and j such that s;; <0 and g3, g5 > 0. If 37 > 0 and ;7 > 0, then o}; + 07, > 0.

If the baseline incentive to form a link is negative (s;; < 0), then the planner does not

subsidize the actions of two connected agents ¢ and j without also subsidizing their link.

Crucially, both these comparisons do not depend on parameters that may seem more relevant.
Of particular note, the result is independent of the coefficients governing the cost of link
formation, f;;. For instance, f;; could be much smaller than one — the curvature of the
cost of actions — and even then the optimal policy does not subsidize link formation when

s;; > 0. Moreover, the characterization is also robust to the choice of welfare objective.

We next describe the underlying intuition for these results. Although perturbing a link
subsidy can generate substantially larger welfare effects than perturbing an action subsidy
(see Lemma 3), when baseline incentives are non-negative (s;; > 0), subsidizing actions
is a strictly cheaper way of inducing proportional spillovers in equilibrium (at the optimal
subsidy). In contrast, when baseline incentives are negative (s;; < 0), agents underinvest in

link formation, and the planner optimally offsets this distortion by subsidizing links.

To formalize this, recall when agents play strategy profile (a*, g*), the total payments made

by the planner are:
P=S ity 3 06
ieN i€EN jeN\{i}

If the planner marginally increases the subsidy [;, there are two costs: the cost a; of the
new subsidy and the increased costs of current subsidies as equilibrium changes in response

to ¢’s increased effort. If the planner marginally increases the subsidy o;;, there are three
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Uij
fij
intensity g;;, and the increased cost of current subsidies as equilibrium changes in response

costs: the cost G7; of the new subsidy, the subsidy cost of i’s immediate change in link

to ¢’s increased effort.

When s;; > 0, the presence of this additional term implies that marginally subsidizing
link formation is strictly more costly than subsidizing actions, making action subsidies the
preferred instrument. In contrast, when s;; < 0, equilibrium link intensities under zero link
subsidies are small. In this case, the planner optimally exploits the low marginal cost of

inducing link formation by subsidizing links.

Proposition 12 provides conditions for when the planner focuses on link subsidies even though
actions are the welfare-relevant quantity. We further highlight the role of joint action and
link subsidies by numerically analyzing a welfare function purely determined by links. The
optimal intervention can include action subsidies even when all b; and s;; are positive. So
the optimal policy does not merely subsidize the type of effort valued by the planner; rather,

Theorem 4 and Proposition 12 captures meaningful differences between links and actions.

Example 3. Suppose the welfare function

W(G):Z Z Gij

iEN jeN\{i}
is the sum of link weights.

We consider a planner budget B = 0.01. Individual incentives to take actions and form links

are uniformly sampled as

b; ~U([0,b]) for every i € N,
and s;; ~ U([0,3]) for every pair i,j € N,

with b = 3 = 0.01. The cost of link formation fi; = 10 for every pair ¢ and j, and the cost of
action ¢; = 10 for every agent ¢. Finally, we set the parameter p = 1 controlling the strength
of complementarities. We numerically solve for the optimal subsidy in this environment,

selecting the equilibrium (a*,g*) reached by starting with (a,g) = (0,0) and iteratively
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Figure 3.1: Ratio of welfare of the optimal subsidy to the welfare of the optimal subsidy
which only subsidizes links as a function of the number of agents.

taking best responses. Figure 3.1 illustrates the role of subsidizing actions in an optimal

intervention.

The figure plots the ratio of welfare under the optimal subsidy to welfare under the best
subsidy restricted to links only. A ratio exceeding one indicates that the optimal intervention
necessarily includes action subsidies. We see that only subsidizing links can be far from
optimal. This reinforces the role of action subsidies: they generate spillovers at a lower cost

than link subsidies when link formation is endogenous.

3.4.2 Discussion of Applications

This section provides an interpretation of our result in two applications: R&D collaboration
networks and peer interactions in a social network.

R&D Collaboration Networks

Governments and other policy-makers often intervene to promote innovation, and we can

ask what our results imply about optimal policies.

As discussed in Section 3.2.1, we interpret the action a; as representing the firm’s monetary

investment in research infrastructure — such as laboratories, equipment and related capital
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— while g;; reflects the time and other resources devoted by firm 7 to sustaining a successful

collaboration with another firm j.

Suppose a planner wants to maximize the total of firms’ investments a; in R&D. We argue
that baseline incentives s;; are likely negative in this setting: without the R&D benefits from
collaborations, these links would be costly to maintain and have limited benefits. In this case,
Proposition 12 implies that optimal policies typically include encouraging collaborations.
Whenever the planner directly subsidizes two firms and these firms collaborate, it is optimal
to subsidize the collaboration as well. We note, however, that if there are large benefits
to links in areas other than innovation, such as from sharing business practices, then the

optimal intervention could have a different structure.

Peer Effects in Education

Interactions among peers in a network generate externalities. A substantial body of research
has developed models to estimate and analyze these peer effects, particularly in the context
of settings. While early models assume students peer effects come from a peer group such
as a classroom (e.g., Manski [1993]), a large literature analyzes peer effects from friends in a
social network (e.g., Bramoullé et al. [2009] and Calvé-Armengol et al. [2009]). Much of this
work treats links as exogenous, but links may be endogenous in practice [Goldsmith-Pinkham
and Imbens, 2013].

An important motivation for estimating peer effects is to inform the design of interventions
(see, for example, Moffitt, 2001 and Viviano, 2024). Boucher, Rendall, Ushchev, and Zenou
[2024] emphasize that identifying the correct model of peer effects is crucial for designing
optimal interventions. Our result sheds some light on optimal intervention policies in edu-

cation, given peer effects.

As discussed in Section 3.2.1, we interpret actions and links as follows: the action a; rep-
resents a student’s study effort or academic performance while the links G;; capture the
strength of friendships. We posit that s;; > 0 in education settings: friendships have sub-
stantial appeal beyond academic benefits, so most students are likely willing to exert at
least some social effort even in the absence of those benefits. Suppose a planner’s objective

depends on students’ actions (and not on the links they form). This might be reasonable, for
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example, if actions represent academic performance and peer effects reduce the effort cost of

achieving a given level of performance.

Under this interpretation, Theorem 4 implies that interventions targeting individual actions
dominate interventions targeting links. In an education setting, student-level attempts to
encourage better performance are more cost-effective than spending on connecting students.
An important caveat is that we assume the planner’s objective is academic performance; if
the planner values some or all links for their own sake, e.g., to decrease segregation, then

the optimal policy can change (as in Example 3).

3.5 Optimal Interventions In A Benchmark Model

We next compare our results on endogenous link formation in Section 3.4 with a benchmark
model where links are essentially exogenous: agents choose links prior to the network game
and without considering its payoffs. In this benchmark, the qualitative structure of the
optimal intervention is reversed. In particular, when spillovers are large — which is the case
when baseline incentives to form links are large — the planner does not subsidize the actions
of two connected agents ¢ and j without also subsidizing their link. Moreover, when the
agents’ actions are small which is the case when spillovers are low and the baseline action

incentive is small, the planner does not subsidize link formation.

We now describe the benchmark model. The timing is different: agents first publicly choose
link intensities g;; and then choose actions a;. The link intensities g determine a symmetric
network of spillovers G; = Gj; = ¢;; + g;;- Each agent ¢ chooses each link intensity g;; to

maximize
f. .2
i595;
2 )

where s;; is a linear benefit from links and o;; is a subsidy parameter chosen by the planner.

SijGij + O'ijGZ‘j —

The linear benefit from links s;; and the curvature of link intensity costs f;; is symmetric

across a pair of agents: s;; = s;; and fi; = fj;.

Importantly, this benchmark assumes agents do not consider payoffs in the subsequent net-
work game when choosing links. This may be a reasonable model in settings where agents’

primary motivations for forming links are different from the outcome of interest to the
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planner. For example, students may form network ties for primarily social reasons while

policymakers may care about educational outcomes affected by those networks.

The planner can also choose action subsidies ;, and player ¢’s utility in the intervention
game is
2
a;
Ui(a,g) = (b + Bi)a; + p Z Gijaia; — o
JEN\{i}

Here b; captures an agent’s individual incentive to exert effort in the absence of subsidies.

As before, given a subsidy scheme, agents play a pure strategy Nash equilibrium (a*, g*)
and we fix a equilibrium selection (a*(8,0),9*(3,0)). If an equilibrium does not exist
given some subsidy scheme we set W to —oo, and as before we can rule out non-existence

by taking the costs of links to be sufficiently large.

A planner chooses an intervention (3,0) to maximize a welfare function W(a*), which

remains differentiable and increasing in each argument, subject to a budget B.

The main result of this section provides a qualitative characterization of optimal subsidies
in the large-spillover regime. Below, we formalize this regime by providing conditions on a

sequence of networks:

Assumption 3. (a) (Uniform Primitivity) A sequence of symmetric, non-negative matri-
ces {Gn}°_, are said to be uniformly primitive if there exist L € N and 6 > 0 such

that for every matriz G,, in the sequence,

GL
n_ > 4117

(Nl (Gm))

entrywise, where py (Gy,) is the spectral radius of G, .

(b) (Critical Spectral Radius) The limit of the spectral radius is

m—r0o0
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(¢) (Uniform Spectral Gap) The limit of the spectral gap

lim p- (1 (Gm) — p2(Gn)) > 0.

m—o0

We provide an interpretation of each condition. Part (a) considers a sequence of environ-
ments whose associated networks are uniformly primitive (see Jackson [2008] for the stan-
dard definition of a primitive network). This condition of connectivity admits a natural
graph-theoretic interpretation. In a uniformly primitive sequence of graphs, every pair of
vertices are connected to one another by a walk whose length is bounded uniformly along
the sequence. Moreover, the total weight of walks between any pair of vertices is uniformly

bounded away from zero. °

Next, Part (b) requires the spectral radius of the sequence of networks to converge to one. At
this stability boundary, small changes in any agent’s incentives are propagated and amplified

through the network, leading to a large equilibrium resopnse across agents.

The following theorem establishes that in such a high spillover regime, the planner does not

subsidize the actions of two connected agents without also subsidizing their link.

Theorem 5. Consider any welfare objective W(a) and a sequence of environments with
optimal subsidy profiles {(3*, a*)m}meN satisfying Assumption 2 and Assumption 3. Then
the following holds for all sufficiently large m. Consider any pair of agents i and j such that
95595 > 0. If B7 > 0 and B} > 0, then of; > 0 and o7; > 0.

We now provide some intuition for this result. Recall that equilibrium actions are given by
a'=(I-pG) " (b+0).

If the network is already sufficiently connected, the returns to link subsidies can be much

higher than the returns to action subsidies. To see why, as the spectral radius of the spillover

SConsider a weighted graph G = (V, E) with vertex set V and edge set E. The weight of an edge
is determined by the function w : E — R>¢. A length L walk in the graph is a sequence of vertices
{v1,v2,...,vp41} such that every pair of consecutive vertices (v;,v;4+1) € E. The weight of a walk is given
by the product of weights along each edge in the walk, that is, [[,.,., w ({vi,viy1}). The total weight of
walks between a pair of vertices is the sum of all possible walks between them.
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matrix u(pG) approaches 1 from below, agent actions diverge to infinity. So if the planner’s
budget is large enough to induce p(pG) near 1, this can induce very high welfare (as long as
the welfare function values very high actions enough). In this region, actions increase very
steeply as links are strengthened. The returns to action subsidies, by contrast, grow more
slowly: fixing the network, subsidies to individual effort increase actions linearly. Conse-

quently, if the planner subsidizes actions, they must also subsidize link formation.

This result stands in sharp contrast to the structure of an optimal subsidy scheme in the
endogenous network formation model (see Theorem 4). In that model, the planner does not

subsidize link formation when spillovers are large as induced by non-negative s;;.

Finally, we identify conditions under which the planner does not subsidize links. The fol-
lowing can be shown: any pair of agents ¢ and j with g;;, g7; > 0 and whose actions satisfy

a;aj < sij, have link subsidies o7; = o7, = 0. This observation says that when agents’ actions

7t
are small the planner does not subsidize links and instead focuses on actions. Such a con-
dition is satisfied when both the baseline link incentive s;; and the baseline action incentive
b; is small. This is in contrast to Proposition 12 where the planner focuses on link subsidies

when links are small as induced by a negative s;;.

3.6 Optimal subsidy in general environments

The analysis thus far has relied on quadratic functional form assumptions. This section
asks the following question: what is the structure driving each part of our main result. We
identify different environments within a general model in which the optimal subsidy scheme

continues to satisfy the conclusions of Theorem 4 and Proposition 12.

The agents take real-valued actions a; > 0 at a cost given by a strictly increasing and convex
function C; : Ry — R>(. The standalone marginal benefit from taking an action is b;
which lies in the interval [Z_),a where b > b > 0. Agent i choose link intensities gij >0
with other agents j € N\ {i} at a cost given by a strictly increasing and convex function
F;j : R>9 — Rxg. The link intensity cost is symmetric across a pair of agents: Fj;(-) = Fj;(-).
The standalone benefit from forming a link is s;; which lies in the interval [—3, 5] where 5 > 0.

Finally, the link incentive is symmetric across pairs, that is, s;; = sj;.
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The link intensities ¢;; and gj; determine the strength G;; = Gj; = ¢;; + g;; of an undirected
link between 7 and j. In addition, spillovers depend on individual actions: they are deter-
mined by individual ¢’s action through a strictly increasing function u;; : R>o — R>( and by
individual j’s action through a strictly increasing function ;; : R>o — Rs(. The payoff at
a zero action is zero, that is, u;;(0) = u;;(0) = 0. The dependence on actions is symmetric

across a given pair of agents, that is, u;;(-) = w;;(-). The utility to agent i is

Ui (CL, G) = biai +p Z Gijuij(ai)ﬁij(aj) — C,L(CLZ)

JEN\{i}
+ Y sGy— Y Filgy).
JENN{i) JEN(i}

If the planner chooses subsidies (3, o), then agent ¢’s utility is

U =Ui(a,g) + Biai+ Y 0,G;.
JEN\{7}

Once the planner commits to an intervention, agents plays a pure strategy Nash equilibrium
(a*,g*). The assumptions on equilibrium existence and equilibrium selection are identical

to those in Section 3.2.

The following classification of functions plays a central role in deriving conditions that extend
beyond the linear-quadratic setting. We begin by introducing propeties on the link formation

cost function.

Definition. A function F(-) is
(a) super-quadratic, if GF"(G) > F'(G) for all G > 0 and F'(G) is convex.
(b) sub-quadratic, if GF"(G) < F'(G) for all G > 0.

A simple example satisfying these conditions is given by the following specifications. Consider

any function Fj;(-) taking the form

Fi;(g) = fijg7 for any v > 2 and f;; € Rug.
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Then, Fj;(-) is super-quadratic. Furthermore, any function of the form
E;i(g9) = fijg"  for any v € (1,2] and f;; € R.o,

is sub-quadratic. We next introduce properties on the function u;;(-) that govern the role of

actions in spillovers.

Definition. A function u(-) is
(a) super-linear, if u(a) < av'(a) for all a > 0.
(b) sub-linear, if u(a) > av'(a) for all a > 0.

A simple example satisfying these conditions is as follows: any function u,;;(-) taking the

form

K

u;j(a) = w;ja”  for any £ > 1 and w;; € Ry,

is super-linear. Furthermore, any function of the form

K

u;j(a) = w;ja”  for any x € (0,1] and w;; € Ry,

is sub-linear. The result below presents sufficient conditions on the environment which

generalize the conclusions of Theorem 4.
Theorem 6. Suppose the conditions of Theorem / are satisfied.
(1) Suppose s;; > 0. If
(a) the link formation cost functions F;(-) is super-quadratic, and
(b) the payoff functions u;;(-) and u;;(-) are sub-linear,
then the optimal link subsidy satisfies o; = o3, = 0.

(it) Suppose s;; < 0. If
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(a) the link formation cost function F;;(-) is sub-quadratic, and

(b) the payoff functions w;;(-) and u;;(-) are super-linear, and

(c) the optimal action subsidies satisfy B;, B >0, and the link intensities g;;, g5; > 0,
then the optimal link subsidy satisfies o}; + o5, > 0.

The result generalizes parts (i) and (ii) of Theorem 4 to broader classes of functional forms.
Unlike in the quadratic case, the two parts of the theorem are no longer complementary (as
(i) and (ii) require different assumptions on curvature). But each part clarifies the underlying

forces, which we now describe.

Begin with the case of a positive baseline incentive to form links (s;; > 0). The characteri-
zation above implies that when link formation costs grow sufficiently steeply and spillovers
from agents’ actions grow sufficiently slowly, the optimal subsidy does not subsidize link for-
mation. The intuition is that, under steep costs, link intensities respond weakly to marginal
changes in link subsidies. At the same time, slowly growing spillovers dampen the return
from strengthening existing links. Accordingly, the planner focuses on action subsidies. A
surprising implication of the result is that the functional form of the costs of actions can be
an arbitrary convex function. In particular, the cost of actions can be much steeper than

the cost of link formation.

Next, suppose agents have a negative baseline incentive to form links (s;; < 0). When link
formation costs do not grow too quickly and action complementarities grow steeply enough,
the planner will not subsidize two connected agents’ actions without subsidizing links. A
similar intuition applies to this regime. When s;; < 0, agents underinvest in link formation.
With link formation costs that are not too steep, link intensities are more responsive to
marginal changes in link subsidies. Furthermore, convex spillovers propagate the return

from strengthening existing links.
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3.7 Conclusion

We have considered a planner intervening in a network game with endogenous links, and
compared subsidies to actions and links. When baseline incentives to form links are non-
negative, the optimal intervention only subsidizes actions. The benefits to links can be very
high, but it is most cost effective to subsidize actions and let agents form links. When
baseline incentives to form links are negative, we give sufficient conditions for the optimal
intervention to include link subsidies. Both these conclusions continue to hold for a wider

non-parametric class of utility functions.

We find that the structure of interventions is reversed when links are exogenous. In partic-
ular, optimal interventions include link subsidies when spillovers are large as induced by a
non-negative baseline incentive to form links. On the other hand, when link incentives and

action incentives are small, the planner focuses on actions.

We view the contribution of this paper as being twofold: first, highlighting the primitives
of the environment that govern the qualitative properties of optimal subsidies and second,
demonstrating the structural difference in subsidies between endogenous and exogenous links.
Consequently, a policymaker concerned with intervening in an economic system with peer

effects will need to carefully tailor her intervention to the type of links formed.
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Chapter 4

Robust Analysis of Winner-Pays-Bid
Auctions With Large Supply

4.1 Introduction

Many economic environments involve the sale of multiple identical goods. A leading example
is online marketplaces, where firms sell products from large inventories. An important ques-
tion for policymakers is what welfare guarantees standard market mechanisms provide as
markets grow large. We study this question in a canonical first-price auction as the number

of available goods becomes large.

Each agent has an independent private value for obtaining a good and submits a single
bid. A first-price auction allocates goods to the highest bidders, up to the total supply, and
the winners pay their bids. This auction format, and variants of it, are commonly used in
practice because they are simple and transparent. For instance, in 2019, Google Ad Manager

4

transitioned to “unified first-price auctions” as it provided an increase in transparency. 1 A
key feature of this mechanism, however, is that agents strategically shade their bids below

their valuations. This causes inefficiencies in allocation: a high-value agent may lose out if she

1See https://blog.google/products/admanager/rolling-out-first-price-auctions-google-ad-manager-
partners/.
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bids less aggressively than a low-value competitor. What is the extent of these inefficiencies

as supply becomes large?

We perform a robust analysis of the first-price auction in a large supply setting. Our analysis
is robust along two margins. First, we characterize performance by the worst-case loss
in efficiency across all possible equilibria. We measure the loss in efficiency by the ratio
of expected welfare in equilibrium to the expected optimal welfare. Second, we analyze
performance for e-approximate Bayes-Nash equilibria. A large body of work performing an
asymptotic analysis assumes agents play a pure Bayes-Nash equilibrium (see for example
Olszewski and Siegel [2016], Fibich and Gavious [2010] and Swinkels, 1999), which requires
agents to best-respond optimally to others’ actions. This may be a strong assumption in
practice. Bidders rarely have precise knowledge of others’ strategies and even if they do,
exact optimization of bids is challenging. Approximate equilibria are robust to some of these
considerations. The main challenge is that it is analytically intractable to characterize Bayes-
Nash and approximate equilibria. Furthermore, Bayes-Nash and approximate equilibria
typically behave very differently and so arguments that work for one may not transfer readily
to the other.

The first contribution of this paper is to establish bounds on the asymptotic loss in efficiency
for e-approximate equilibria. The primary object in our analysis is the k-th order statistic of
equilibrium bids where £ is the supply. This object characterizes the minimum price at which
goods sell. It is also a signal of the level of competition in the auction. In particular, it acts
as the critical bid — the bid an agent must beat to win a good — for a new entrant agent in
the auction. Competition is high when the critical bid takes high realizations and low when
it takes low realizations. Any inefficiency in allocation is primarily driven by uncertainty in
the critical bid. In Section 4.3, we derive a precise measure of this uncertainty and show how
it translates into inefficiencies in the limit. This measure is the area below the distribution
function of the critical bid restricted to an interval within which it always lies. When the
distribution function is relatively flat over a large interval, uncertainty is high. When the
distribution function is steep over a small interval, uncertainty is low. Section 4.4 establishes

bounds on this measure as a function of the approximation factor e.

A special case of our setting is when agents play a pure Bayes-Nash equilibrium. In this
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setting, under a density lower bound assumption on value distributions, inefficiencies due
to strategic behavior vanish in the limit. Furthermore, this observation is independent of
the rate of increase between supply and the number of participating agents: the number of
agents could grow arbitrarily faster than the supply. This recovers the result of Swinkels
[1999]. Our main contribution in this setting is the characterization of the price at which
all goods sell. Theorem 4.1 in Swinkels [1999] shows that a fraction of the goods, where
the fraction converges to 1, sell at the market clearing price in the limit. We establish that
all units sell at the market clearing price in the limit. A key result is that the k-th order

statistic is deterministic in the limit.

When agents are approximate best-responding, a key challenge is that it is analytically
intractable to characterize equilibrium distributions. We characterize the worst-case distri-
bution function of the critical bid. This establishes an explicit bound on the measure of
inefficiency as a function of the approximation factor e. In particular, the measure converges

to 0 as agents are arbitrarily close to best-responding.

The second contribution of this paper is to derive key structural properties of equilibria. An-
alyzing approximate equilibria is challenging because of discontinuities introduced by atoms
in the distribution function. In Section 4.5, we show that for a welfare analysis, it is with-
out loss to analyze equilibria with no atoms. For any given approximate equilibrium with
atoms, we provide an explicit construction of an approximate equilibrium that has identical
welfare and, crucially, has no atoms. This reduction facilitates our asymptotic analysis. Fi-
nally, we establish continuity and monotonicity properties of distribution functions in a pure
Bayes-Nash equilibrium. We believe that these structural properties may be of independent

interest.

Related Work

There is a rich body of work on robust analysis in auctions; see Roughgarden et al. [2017]
for a comprehensive survey. A central technique in this literature is the smoothness frame-
work, introduced by Roughgarden [2012], Syrgkanis and Tardos [2013], and Roughgarden
[2015], which has proven effective for analyzing efficiency guarantees across a range of mech-

anisms. Hartline et al. [2014] further refine this approach by decomposing smoothness into
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two key components—individual efficiency and competitive efficiency—which highlight struc-

tural properties of auctions that ensure near-optimal outcomes.

We view our analysis of the k-th order statistic as a contribution to this literature. The 1—1/e
bound in Hartline et al. [2014] was a barrier to the proof approach of separating individual
efficiency and competitive efficiency. The challenge in overcoming this barrier is proving
that the worst-case allocation rules for individual efficiency cannot arise in equilibrium.
This paper explicitly characterizes worst-case bid distributions allowing improvements over

the 1 — 1/e bound for both Bayes-Nash and approximate equilibria.

A broader generalization of the smoothness framework, developed by Feldman et al. [2016],
extends the analysis of inefficiency to large games and has been applied to mechanisms
such as the simultaneous uniform-price auction and greedy combinatorial auction. Their
results are complementary to ours, as both address efficiency guarantees in large-scale market

environments.

In the economics literature, there is a long tradition of studying large-market limits of auc-
tions and games (see Wilson [1977], Rustichini et al. [1994], Swinkels [1999] and Swinkels,
2001). The study most closely related to ours is Swinkels [1999], who analyze large-market

limits of Bayes-Nash equilibrium in multi-unit first-price auctions.

The inefficiency of finite auction environments has also received significant attention. No-
table contributions include Feldman et al. [2013], Bhawalkar and Roughgarden [2011], and
Markakis and Telelis [2015], who analyze the efficiency of uniform-price and simultaneous-
item auctions. The single-unit first-price auction, in particular, has been studied extensively
(see Kaplan and Zamir, 2012; Hoy et al., 2018). A central challenge across this literature lies
in the characterization of Bayes-Nash equilibria, which often admit complex or non-explicit

forms.

In a recent breakthrough, Jin and Lu [2023] show that the price of anarchy for the single-
unit first-price auction is 1 — 1/e?. Their analysis characterizes the worst-case equilibrium
bid distribution by solving a differential equation. Extending this type of characterization
to the multi-unit setting presents substantial analytical challenges. Nevertheless, building

on their work, we establish continuity and monotonicity properties of equilibrium bid dis-
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tributions—crucial elements in the application of our framework. Proving these properties
requires novel inductive arguments that, to the best of our knowledge, have not previously

been employed to establish similar results in the economics literature.

In orthogonal work on multi-unit mechanisms that are not winner-pays-bid, a growing body
of evidence suggests that such mechanisms tend to achieve stronger welfare performance than
their single-unit counterparts. For example, Yan [2011] uses a correlation gap argument
to show that, in posted-price mechanisms with independent values, the price of anarchy
converges asymptotically to 1 at a rate of 1-O(1/ \/E) This bound is tight when agent values
are identically distributed. Similarly, Chawla et al. [2023] study anonymous posted-price
mechanisms and demonstrate that, under independent values, the worst-case distribution
of agent demand is Poisson, allowing welfare approximation ratios to be computed for any
finite number of units. Building on this line of work, Jiang et al. [2023] establish that the

exact rate of convergence of the welfare approximation ratio is 1 — ©(y/In(k)/k).

4.2 Model

There are k € N identical units and there are n single-dimensional single-unit demand agents,
indexed by N' = {1,2,...,n}. Each agent i has a private valuation drawn independently
from a distribution V;. We denote this auction environment by A. The collection of value

distributions satisfy the following. 2

Assumption 4. (a) (Bounded Support) There exists a constant H < oo such that for any

k and any agent i € N, their value v; is at most H.

(b) (Uniform Density Lower Bound) There exists a constant k > 0 such that for any k and

20ur analysis extends to the weaker No Asymptotic Gaps condition introduced by Swinkels [1999] which
is stated as follows: there is a continuous function M(-) with M (§) > 0 for all 6 > 0 and such that for all
d > 0, there is a k* such that for all £ > k* and for all v € [0, H — J]

Y ienw P Vi € [v,v+0)]
n

> M(9).
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any agent i € N, for any € > 0 and any value v € [0, H — €], the measure of values

Pr[V; € (v,v+¢€)] > ke.

Each agent submits a single non-negative bid b;. Units are sold using a first-price auction.
The k agents with the highest bids each receive one unit and pay their submitted bid, with

ties broken uniformly at random. Agents have a quasi-linear utility.

A strategy for agent i is a mapping &; : V; — A (Rsg) from her valuation to a distribution
over bids. We will denote the distribution over bids for a value v; by &;,,. Sometimes we
will overload notation and denoted the marginal distribution over bids by &;. We will clarify

when we do so. We denote a collection of strategy profiles by &€ := (&), -

Given a strategy profile, distribution over bids determines interim outcomes. The interim
allocation rule for agent ¢ is a function z; : Rsy — [0,1] that specifies the probability
that agent ¢ receives a unit when submitting bid b;. Similarly, the interim payment rule
pi : Rso — Ry gives agent i’s expected payment conditional on bidding b;. The interim

utility of agent ¢ with valuation v; and bid b; is
Our solution concept is an e-approximate Bayes-Nash equilibrium. We provide a definition

below for completeness.

Definition (e-approximate Bayes Nash Equilibrium). A strategy profile £ is said to be an

e-approzimate Bayes-Nash equilibrium if for every agent i € N, we have

Epve, . [ui(vi,0)] > sup ui(vi,b) —e€  for every v; € supp(V;).
bieRZO

We impose a mild no over-bidding assumption on equilibrium bidding behavior. Our results

for pure Bayes-Nash equilibrium continue to hold without this assumption.
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Assumption 5 (No Over-Bidding). Consider any auction A and equilibrium E. For any

agent i € N and value v, the equilibrium bid &;, is at most v almost surely.

Our goal is to perform a robust analysis of equilibrium welfare as k£ becomes large. To
that end, consider any k-unit first-price auction A® and any corresponding equilibrium
E®) . Let expected equilibrium welfare be W (5 (k) A(k)) and expected optimal welfare be
O(A®). The rest of the paper focuses on analyzing asymptotic inefficiencies in equilibria

as measured by the following quantity:

L W(EW, A
i it =5 )

4.3 Robust Framework For Equilibrium Analysis

This section introduces a framework that facilitates a robust analysis of equilibrium welfare
in an auction. In general, an auction admits multiple equilibria with very different welfare.
Furthermore, their structure is extremely sensitive to the agents’ value distribution. This
makes a direct analysis of all possible equilibria intractable. The smoothness framework
provides a robust approach by establishing welfare guarantees that hold uniformly across

value distributions and their corresponding equilibria.

4.3.1 Framework Parameters

We begin by defining two properties attributed to any auction: individual efficiency and
competitive efficiency (see Hartline et al. [2023] and Syrgkanis and Tardos [2013] for closely
related definitions). Together, they determine the worst-case welfare loss in every equilib-

rium.

We begin with the individual efficiency of an auction. To introduce some notation, consider
an auction A and any corresponding equilibrium €. The individual efficiency of an auction
defined in terms of the utility of an entrant agent who competes against the incumbents
playing according to equilibrium &£. Let B*) denote the entrants critical bid, that is, the
minimum bid required to secure allocation, and let B denote its expectation. Furthermore,

let B®(.) denote its distribution function. For example, in a multi-unit first-price auction
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Figure 4.1: The solid blue curve plots the distribution function of the k-th highest bid B*)(.)
as a function of bids. The blue cross-hatched area is the optimal utility u(v). The red area
above the curve (slanting lines) is the expected critical bid B. The green region (vertical
lines) has area v. Individual efficiency measures what fraction of the green area does the
total of blue and red area cover.

with & units, B® is the k-th highest equilibrium bid. The entrant has value v best responds
to obtain utility u(v).

Definition (Individual Efficiency). An auction A is said to be n-individually efficient if for

any e-approximate Bayes-Nash equilibrium &, we have

u(v) + B>nv  for every value v.

The individual efficiency of auction A is the largest n such that the auction is n-individually
efficient.

We provide some intuition for this definition. The individual efficiency of an auction captures
an inherent tradeoff: either the optimal utility is large (u(v) is large) or the agent faces
strong competition in the auction (large expected critical bid E) Then, the sum of utility
and expected critical bid recovers a large fraction of available surplus. Figure 4.1 provides a

geometric interpretation.

To further illustrate this definition, we present the individual efficiency guarantee for any

multi-unit first-price auction together with a proof (see Hartline et al. [2023] for a proof and
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individual efficiency guarantees in other auctions).

Example 4. The individual efficiency of any multi-unit first-price auction is at least 1—1/e ~
0.63. The proof constructs the following randomized bidding strategy for an entrant with
value v. The entrant draws a bid according to the density s(v,b) = 1/(v — b) supported on
be[0,(1—1/e)v]. The incumbents’ bids induce a distribution over the entrant’s critical bid,

denoted by B*). Under this strategy, the entrant’s expected utility is

(1-1/e)v 1 1 N
EBNB(’“) /I; (U_b)v—bdb :(1—E>U—B,

where the expectation is over the critical bid. The optimal utility u(v), then, satisfies

u(v) > (1—1>v—§.

e

Rearranging the equation establishes the bound on individual efficiency. Notably, the argu-
ment does not rely on the critical bid B*) being induced by a fixed equilibrium. As a result,

the individual efficiency bound holds uniformly across all equilibria.

Next, the framework defines the competitive efficiency of an auction. This concept measures
the extent to which competition among bidders translates into revenue for the seller. Let
b = (by,bs,...,b,) be a deterministic bid profile and b be the critical bid of an entrant agent
given this bid profile. Furthermore, let Revenue(b) denote the revenue of the auction under
bid profile b.

Definition (Competitive Efficiency). An auction A is p-competitive efficient if, for every
bid profile b and every feasible allocation y € X,

pRevenue(b) > b (Z yl-) :
ieN

The competitive efficiency of an auction is the smallest p such that the auction is p-competitive
efficient.

Here, competition among bidders is measured by the total critical bid of allocated agents,
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given by
Bzym
ieN
where y is a feasible allocation. Then, a small competitive efficiency (small p) translates
to high revenue for the seller, whereas a large competitive efficiency (large u) translates
to low revenue. A straightforward argument establishes the competitive efficiency for any

multi-unit first-price auction.
Example 4 (continued). Any multi-unit first-price auction has competitive efficiency 1.

The inefficiency of an auction is determined by the following objects: individual efficiency,
competitive efficiency and the extent to which agents are best responding to others’ bids.
We now provide a brief discussion on how they interact. In particular, we will analyze
each of their roles in determining auction welfare and equilibrium inefficiency, interpreted as
described below. Welfare can be decomposed as the sum of total agents’ utility and revenue
to the seller. The loss in efficiency, then, is the fraction of available surplus that welfare can

recover.

Individual efficiency measures the fraction of available surplus that the auction recovers from
the entrant agent. It does so by analyzing the sum of the agent’s utility and the expected
critical bid as a fraction of his value. Now, suppose a participating agent with identical value
to the entrant is best responding. By marginally increasing the entrant player’s bid, this
participating agent can obtain utility that is weakly greater than the entrant. In the case
the agent is e-approximate best responding, the equilibrium utility is within an additive e
factor of the entrant. Thus, the sum of the participating agent’s utility and expected critical

bid recovers an identical fraction of surplus but with an additive € loss.

Competitive efficiency measures what fraction of the critical bid translates into revenue
for the seller. Then, to analyze the fraction of available surplus recovered by welfare, the
fraction recovered by utility and the critical bid needs to be scaled by the competitive
efficiency guarantee. Our focus is on multi-unit first-price auctions which have competitive
efficiency 1 and so the inefficiency depends only on individual efficiency and the best response

approximation. We formalize this in the result below.
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Proposition 13. Suppose the k-unit first-price auction is n-individually efficient. For every

e-approximate equilibrium &, the ratio of equilibrium welfare to optimal welfare satisfies

W (E, A) k
o) ~ "o

The result provides a useful interpretation of how individual efficiency determines welfare
loss which we discuss below. This will play an important role in the asymptotic analysis
of Section 4.3.2. Holding € fixed, the equilibrium inefficiency is driven primarily by uncer-
tainty in the critical bid B®. To see how this relates to individual efficiency 7, compare
the two panels in Figure 4.2. When there is uncertainty in the critical bid, as depicted in
Figure 4.2(a), we have n < 1. When the critical bid is deterministic, as depicted in Fig-
ure 4.2(b), we have n = 1. Under this setting, welfare loss is only due to agents not optimally

best responding.

In view of what we have just said, it is important to understand properties of the critical
bid and their effect on inefficiency. This is the primary focus of the rest of the paper. In
particular, we analyze the structure of B*) as the number of units & goes to infinity and how
this governs inefficiencies in the limit. Furthermore, we study how this structure depends on

agents’ approximate best response behavior.

4.3.2 Framework for Asymptotic Efficiency

The framework and corresponding objects defined thus far have analyzed an auction with
a fixed environment. This section analyzes the role these objects play in determining ineffi-

ciency in a sequence of auctions with an increasing number of units.

We begin with some notation and then introduce an object that plays a central role in
our asymptotic analysis. Consider a sequence of k-unit first-price auctions (A(k))keN and a
wen: Lhe critical bid is denoted by B®) and we

overload notation to denote its cumulative distribution by the function B%)(-).

corresponding sequence of equilibria (5 (’“))

A bid pair {Z_)(k),l_)(k)}, where the bids b < B(k), is defined for every auction A®. We now

define what it means for a sequence of bid pairs to be extremizing.
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NNNNNNND

B®) (b)

(a) p <1 (b)n=1

Figure 4.2: The solid blue curves plot the distribution function of the k-th highest bid.
The blue cross-hatched area represents the optimal utility u(v), the red area represents the
expected critical bid B, and the green vertically hatched region has area v.

Definition (Extremizing Sequence Of Bid Pairs). A sequence of bid pairs

({5

where the bids are uniformly bounded, is said to be extremizing along subsequence (A("”))

of

o]
1=

(a) The limit of the distribution function B® evaluated at p® satisfies

lim B*0) (b”““) —0.

=00

(b) The limit of the distribution function B® evaluated at p* satisfies

fim B () =1

The relevance of this object in our analysis is the definition of the interval (Z_)(k),g(k)] To
provide some intuition, the critical bid lies within this interval almost surely in the limit.

There is no uncertainty in the critical bid outside it. Any loss in efficiency due to uncertainty
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(0,0)  o® W pigg ™ 5 Bids

(a) Low k (b) Intermediate k (c) Large k

Figure 4.3: An illustration of an extremizing sequence of bid pairs. In each figure, the solid
blue line plots the distribution function of the critical bid B%*). The maroon cross-hatched

region is the area below the curve between b* and 5. Panel (a) depicts the distribution
for a low number of units, Panel (b) for an intermediate number of units, and Panel (c) for
a large number of units.

is, then, determined by the behavior of the critical bid within such an interval. Figure 4.3

shows an illustration of an extremizing sequence of bid pairs.

When bid distributions have no atoms, a trivial extremizing bid pair sequence is one where
the lower bid is zero and the higher bid is the maximum equilibrium bid. We provide a

non-trivial construction in Section 4.4. Finally, we present the main result of this section.

Proposition 14. Consider any sequence of k-unit first-price auctions (A(k)) satisfying

keN
Assumption 4 and any corresponding sequence of €®) -approzimate Bayes-Nash equilibrium

k
(€M) e ‘
sequence of bid pairs ({Z_)(k),l_)( )}> along subsequence (A(kl))fjl satisfying

keN =

satisfying Assumption 5. Suppose there exists a £ € Rso and an extremizing

E(kl)

lim B*) (b)db < €.

l—00 (k1)
Then, we have

4% (g(kz) A(kz))
lim ;
50 O (AR))

&«
21 C C?
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where ¢ > 0 1s a constant.

This result says that extent of inefficiency in the limit is determined by two factors. First, the
best-response approximation €. And second, the limit area below the distribution function
of the critical bid and within an extremizing bid pair interval. The former is depicted by the
shaded maroon area in each panel of Figure 4.3. This area captures a measure of uncertainty
in the critical bid relevant to limit inefficiency. The exact bound in Proposition 14 follows

from the geometry of individual efficiency described in Section 4.3.1.

So far, we have described some key objects — critical bid and extremizing bid pair sequence
— and their role in determining the extent of inefficiency in the limit. In the next section,

we derive explicit bounds by characterizing the structure of these objects.

4.4 Asymptotic Welfare Analysis
We provide the main result of this section below.

Theorem 7. Consider any sequence of k-unit first-price auctions (A(k))keN satisfying As-
sumption 4 and any corresponding sequence of € -approzimate Bayes-Nash equilibrium

(£%)

ey Satisfying Assumption 5. Let € := limy,_, €®).

(a) If e =0, then

(b) If e > 0, then

L W(EW, AW) H
llﬂng21—§e (1—|—log (?>),

where ¢ > 0 depends only on the density lower bound k.

When agents best respond optimally (or best respond optimally asymptotically), Part (a)
of the result says that inefficiencies due to strategic behavior vanish in the limit. This

recovers the asymptotic result of Swinkels [1999]. Our main contribution in this setting is
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the analysis, a consequence of which is the characterization of the price at which all units sell
(see Theorem 4.1 in Swinkels [1999] which characterizes the selling price on almost all units).
When agents approximate best respond with factor e, Part (b) of the result establishes a
bound on the loss in efficiency as a function of €. Observe that the bound converges to zero
as agents are arbitrarily close to best responding (e — 0). We provide a proof sketch of Part
(a) and Part (b) in Section 4.4.1 and Section 4.4.2 respectively.

Before providing details of the proof, we briefly mention a key technical contribution that
facilitates our analysis. In Section 4.5, we show it is without loss to analyze welfare assuming
equilibrium bid distributions have no atoms. This result is surprising. Equilibrium strategies,
in particular approximate equilibria, typically have atoms and this poses several analytical
challenges. To that end, for any given equilibrium, we perturb the agents’ strategies to
construct an equilibrium having identical welfare and no atoms (see Theorem 8). For the

rest of this section, we provide intuition for results assuming bid distributions have no atoms.

To establish efficiency guarantees using the robust framework described in Section 4.3, we
need to analyze properties of the critical bid. As discussed previously, the limit behavior
of this bid governed by an extremizing sequence of bid pairs. We define two threshold bids

that play a crucial role in the construction of such a sequence.

Consider any auction A® and equilibrium £*). For every agent 4, let 7;(b) denote the
indicator random variable that takes value 1 if agent ¢’s equilibrium bid Ei(k) is strictly above

b and 0 otherwise. The total number of equilibrium bids exceeding b is then given by

TO0) = > TV 0).

ieN (k)

Definition. Fiz any constant § € (0,0.5). Consider the following threshold bids:

(i) The high threshold bid 3 is
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(ii) The low threshold bid ™ is

™ = min {b > o' E[T™(1)] < k4 k>0 — 1} : (4.2)

The existence of both these quantities follows from the continuity of equilibrium bid dis-
tributions. The construction of these bids is inspired by the definition of a threshold bid
for Bayes-Nash equilibrium in Swinkels [1999]. That paper defines the high threshold bid
individually for each agent and analyzes strategic behavior at this upper end. While that is
sufficient to analyze efficiency, it does not characterize strategic behavior at the lower end.
Our analysis provides a complete characterization of bidding behavior. In addition to this,
we also show that the idea of threshold bids extends to approximate equilibria even though

they behave very differently to Bayes-Nash equilibria.

We briefly argue that the bid pair sequence

({5

is extremizing (see Lemma 15 for a formal result). Because bid distributions have no atoms,
the inequalities in (4.1) and (4.2) hold with equality. That is, the expected total bids above
@ik) equals k— k%59 —1, and similarly, the expected total bids above gik) equals k+E%°T0 —1.
A standard law of large numbers argument (see Section D.1.1 for standard Chernoff bounds)
argues that the k-th highest bid is within the interval (Qik),aik)

large k. The loss in efficiency is determined the behavior of the k-th highest bid within this

interval. We will show below that this crucially depends on the agents’ approximate best

) with high probability for

response factor e.

4.4.1 Proof Sketch for Theorem 7 Part (a)

When agents best respond optimally (or best respond optimally asymptotically), the critical
bid is deterministic in the limit. In other words, the distribution function of the critical bid
converges to a step function. The welfare guarantee follows from the geometry of individual

efficiency in Section 4.3.2. A formal result is provided below.
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Proposition 15. Consider any sequence of k-unit first-price auctions (A(’“)) satisfying

keN

Assumption 4 and any corresponding sequence of Bayes-Nash equilibria (8(k)) JeN with no
atoms. Along any subsequence of auctions which admits pointwise convergence of the k-th

order statistic of E®), the limit satisfies

lim B®(b) =

)
k—o0

1 ifb>*
0 ifb<y”

for some Y* > 0.

We now provide some intuition for this result. As k — oo, suppose the following are satisfied

(see Figure 4.4 for an illustration of this scenario):

(k)

* )

e threshold bid yik) does not converge to v, , and

e the area below the distribution function of the critical bid B*) and within the interval

<@D(k),%‘k)> is positive in the limit.

—%

(k)

By definition of threshold bids yik) and @ik), the total expected equilibrium bids in Z*)
is exactly 2k%°t°. We will establish a contradiction. Any agent with value v close to Eik)
obtains strictly positive equilibrium utility by bidding in Z®*). This is depicted in Figure 4.4
by a strictly positive shaded area below the curve of the distribution function. Thus, when
%Sf“) and @ik) do not converge to each other, every agent has an constant length interval of
values within Z*) such that every value obtains strictly positive equilibrium utility in the
limit (see Lemma 17 for a formal result). By Assumption 4, the total expect bids in Z®) is
at least xkn for some constant x > 0, which is a contradiction to the construction that the

interval has at most k%5 bids.

: : : . —(k
The discussion above is not a formal proof. It can be that the threshold bids yi’“) and wi ! do
not converge to each other. However, the area below the distribution function must converge
to zero within some extremizing sequence of bid pairs (see Lemma 19). Proposition 15 follows

from this observation.

An implication of Proposition 15 is that all units sell at the same price in the limit. The
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B*(b)

on
Y L)
- i Bids

Figure 4.4: The solid curve plots the limit of the distribution function of the crltlcal bid B*)

as k — oo. On the x-axis, ¢ and 1, denote the limit values of b *) and w respectively.
The blue cross hatched area is a lower bound on the utility of any agent with value v.

result says that the lowest price at which a unit sells is deterministic. Combining this with
the analysis in the proof of Theorem 4.1 in Swinkels [1999], indeed, all units sell at the same
price. Furthermore, all units sell at the market clearing price: the price at which the total

expected agents with a higher value equals the supply k.

Corollary 3. All units sell at the market clearing price in the limit as k — oo.

4.4.2 Proof Sketch for Theorem 7 Part (b)

When agents e-approximate best respond, the contradiction argument in the previous section
no longer applies to show that the critical bid is deterministic in the limit. To see why,
suppose gi’“) and Eik) do not converge to each other. As depicted in Figure 4.4, a value in
the interval Z(®) obtains a strictly positive optimal utility in the limit by bidding in Z(").

But agents are approximate best-responding and may bid suboptimally outside Z®*).

However, using the definition of %i and ¢ we establish a bound on the distribution

* )

function of the critical bid in Z(*) as a function of the approximation €. Let ¢ and 1), be
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the limit of yff”) and Eik) respectively. We analyze two cases.

(a)

Suppose 1, — 1 <'e, that is, the critical bid is concentrated in a small region (see
Figure 4.5(a) for an illustration). The loss in efficiency measured as the area under the

distribution function satisfies

E*
/ B*(b)db < e.
P

ok

Suppose ¥, — > ¢, that is, the critical bid is spread across a large region (see
Figure 4.5(b) for an illustration). We show that even though the region might be

. . —(k
large, the area under the curve remains small. By construction of yik) and 1/)i ), there

must exist an agent ¢ and a corresponding value in [y*,a*} that almost surely bids

in [O, y*] For the purpose of illustration, suppose this value is v,. The equilibrium
utility for this value is zero. By assumption that the agent is e-approximate best-
responding, the optimal utility is at most €. This is only possible when the allocation

probability z;(b) satisfies

for all b € [Q*,@* — e} .

The bound above is precisely the iso-utility curve depicted in Figure 4.5(b). Under
this allocation, every bid b in [Q*,E* — e} obtains utility exactly e. The distribution
function of the k-th highest bid stochastically dominates the allocation probability of
every agent. Thus, the area under the distribution function is bounded as

TN H

B*(b)db < elog (—) + ¢,
v, ‘

where H is the uniform bound on values in Assumption 4. We formalize this intuition

in Lemma 18.
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- v 3 .
v, b, Bids _* w*—ed}* Bids

(a) ¥, — ¢, <e (b) P, — 1, > e.

Figure 4.5: Two illustrations involving the bid distribution B*(b). Panel (a) shows the bid
distribution together with the maroon shaded region between v and 1. Panel (b) overlays

the curve ¢/(¢ — b) on the same bid distribution.

4.5 Structural Properties Of Equilibria

This section establishes certain structural properties of equilibria that are useful not only
in our analysis but, we believe, may be of independent interest. Section 4.5.1 focuses on

approximate Bayes-Nash equilibria while Section 4.5.2 focuses on pure Bayes-Nash equilibria.

4.5.1 Continuity of approximate equilibria

Approximate equilibria are typically characterized by the presence of atoms in agents’ strate-
gies. Analyzing these objects is challenging due to discontinuities introduced by such atoms.
The result below shows that for welfare analysis it is without loss to analyze equilibria with

no atoms.

Theorem 8. Consider any e-approrimate equilibrium &. For every w > 0, there exists a

profile of bid distributions £ satisfying the following properties:
(a) € is an (¢ + w)-approzimate equilibrium.
(b) For every agent i € N, the bid distribution & has no atoms.

(¢) welfare (£) = welfare <§> .
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Figure 4.6: This figure illustrates the construction of an equilibrium with no atoms & be-
ginning from £. Column (a) depicts the distribution function of equilibrium bids for each
agent: Bi(-) for agent 1 and By(-) for agent 2. Agent 1 has atoms at « and § while agent 2
only has an atom at f. Column (b) depicts the shift in bids to the right of atom « by s,.
The red dashed line shows the uniform randomization of the bid at a. Column (c) depicts
the shift in bids to the right of the atom at 8 + s, by sg.

Construction of approximate equilibrium £: Fix any e-approximate equilibrium £. Let P;
denote the location of atoms in the equilibrium bid distribution of agent 7. Define P :=
U;enP; as the set of locations of atoms across all agents. Note that the set P is countable.
Fix a w > 0. Since P is countable, for every atom p € P, we can assign a positive number

sp € Ry such that Y s, <w.

peEP

The main idea behind the construction is as follows. At every atom, add a randomization
to smoothen the distribution function. An issue is that the randomization may cause bids
to overlap across agents: an agent who was winning earlier may now lose. This will change
agents’ allocation probability and consequently welfare. To avoid this, we perform cumulative

shifts of all agents’ bids. A formal construction is provided below.
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Consider the following construction of a collection of bid distributions £ = <€Z> " For
i€

every agent i € N, sample the equilibrium bid b ~ &;. Agent 7 plays bid b defined as:

ifbg P, thenb:=b+ Z Sp, (4.3)
{peP:p<b}

ifbeP, thenb~b+ Y  s,+s-U0,1]. (4.4)
{peP:p<b}

Here, U]0, 1] is the uniform random variable in the interval [0, 1]. Crucially, this variable is
independent across atoms and across agents. Figure 4.6 provides a pictorial construction of

Eina simple two agent setting. A proof of Theorem 8 is provided in Section D.1.

4.5.2 Continuity and Monotonicity of Bayes-Nash equilibria

This section presents a continuity and monotonicity result for pure Bayes-Nash equilibrium.
Before we present the result, we introduce some notation. Let v*) denote the infimum
and A*®) denote the supremum of the support of the critical bid B*). For instance, under

Assumption 4, the infimum of the critical bid’s support is y*) = 0.

Theorem 9. Consider any k-unit first-price auction A*) and any corresponding pure Bayes-
Nash equilibrium E® . The following is satisfied:

(a) For every agent i, the equilibrium bid distribution Ei(k) has no atoms in the interval

(’y(k), )\(k)). Furthermore, at most (k — 1) agents have an atom at \¥).

(b) The critical bid B* has no atoms in (7(’“), )\(k)}. Moreover, its distribution function is

strictly increasing in that interval.

We use an inductive argument in conjunction with a neighborhood deviation argument to
establish the result above. See Section D.2 for a formal proof and additional structural

properties.
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4.6 Conclusion

We have performed a robust analysis of a multi-unit first-price auction with independent pri-
vate values. We have also derived key continuity and monotonicity properties of approximate

and Bayes-Nash equilibria.
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Appendix A

Appendix for Incentive Design With

Spillovers

A.1 Omitted proofs

This section proves all results from Section 1.2, Section 1.3, and Section 1.4. Proofs from

Section 1.5 are in the Online Appendix.

A.1.1 Proof of Fact 1

For contracts in this compact space, agent best responses will also be contained in a compact
space. We want to show the supremum 7 of attainable principal contracts is attainable.
Choose a sequence of contracts 7(") giving payoffs converging to 7 and let (a*)®) be the
corresponding equilibria. (If 7 is zero, then the contract giving zero payments under all
outcomes is optimal. So we can assume that 7 is positive and thus an equilibrium exists
under 7 for i sufficiently large.) By compactness, we can choose a subsequence of 7 such
that 7 — 7* and (a*)®) — a*. By upper-hemicontinuity of equilibrium, the action profile
a* is an equilibrium under 7*. Since the principal’s payoffs are continuous in the contract

and actions, the contract 7* attains the optimal payoff 7.
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A.1.2 Proof of Lemma 1

We begin by observing that under any optimal contract,

al(t*)=0 < 7/(s) =0, forallsesS.
That is, at an optimal contract, an agent i exerts zero effort at equilibrium if and only if it

does not receive a payment from the contract at any outcome.

To see why the observation holds, suppose at an optimal contract 7%, there is an agent ¢
who receives positive payment 7;°(s) > 0 under an outcome s but chooses action a}(7*) = 0.
Then the principal receives a strictly higher profit under the contract 7 which sets TZ-T(S) =0
for all outcomes s and is otherwise equal to 7*. At this contract, agent ¢ chooses action
a; = 0 for any profile of actions a_; played by other agents. Thus, the equilibrium a*(7*)
under contract 7* is also an equilibrium profile under contract 7. Since outcome s occurs
with positive probability under any team performance, the principal’s expected payments to

agents are strictly higher under 7* than 71. The other direction is straightforward.

With the observation established, we analyze the change in team performance as the transfers
to agents are perturbed. Consider contract 7 and any agent ¢ for which there exists an
outcome s’ such that 7;(s’) > 0. For any outcome s, consider marginally increasing 7;(s).

The change induced by this perturbation is

oY
071-(3)

oa*
8%(5) ’

= VY (a")" - (A1)

where a* is the equilibrium action profile for the contract 7. The substance of the proof is

analyzing the second term on the right-hand side of (A.1).

First, consider any agent j such that aj(7) = 0. The change in their equilibrium action due

to an increase in 7;(s) is zero. The utility to agent j at contract 7 is

Uj = ZPS’ Ju;(7;(s) — Cj(ay).

s'eS

At contract T, agent j receives no payment under any outcome, so he has a unique best
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response of aj = 0.

It is thus without loss to analyze the change in equilibrium actions of agents j that take a
strictly positive action in profile @, that is, aj > 0. The analysis from here on focuses on

such agents, overloading notation to represent the actions of these agents by a*.

We will show that the change in equilibrium actions a* as the transfer 7;(s) increases is

0
aa* 1 -1 —1 Y 1/ (s aY B -1
G = - H UG H galP(Y()) uins)| + 5o H UG (A

for some vector d.

Consider the equilibrium action profile a*. For an agent j, the first-order conditions imply

a; must solve the equation

Ci(ay) (Z Py (Y)uy(7;(s ))) 23; (A.3)

s'eS

To arrive at (A.2), let us implicitly differentiate (A.3) with respect to 7;(s). The resulting
expression depends on the identity of agent j in comparison to ¢, the agent whose payment

is perturbed. For all j # 1,

& 0’y aaz
(Zs PLY Yus(r5(s >>) (Z — aﬁ(g)) .
24 oY 1" ’
da; O7i(s) D PIY )ui(7i(s)). (A4)

s'eS

C(a?)




APPENDIX FOR INCENTIVE DESIGN WITH SPILLOVERS 116

On the other hand, for j =1,

daj , , "\ 9%Y  Oa
ori(s) (Z Po(V)us(5(s ))> <; day0a, . 87}(5))

s'eS
v a9y
+ S PO (e + G 5o S

1)

We can combine (A.4) and (A.5) to write the resulting expression in vector form below

0
(9@* B _ -1 1 8y u/ (s aY B 1
aTZ’(S) - [H UG] 8aiPS<Y()] l( 1( )) + 87}(8) [H UG} d7

where d is a vector with j' element defined as

Y
dj'_a .

'_67‘/‘7,

> P )uy(m(s).

s'eS
The expression in (A.2) follows.

Substituting (A.2) into (A.1), the change in team performance as the transfer 7;(s) increases

1S

0
oY _
5y = VY (@) [[-H UG H™ | SEP(V)u(n(s)) | +
' 0
aY *\T' -1
aTi(S)VY(a Y [H-UG| d.
Applying the definitions of «a; and ¢;, we obtain
N epy). wnl) N oy im e, (A.6)

ot(s) Cl'(ay) + ot(s)

To complete the proof, we have two cases depending on whether VY (a*)T [H — UG] ' d is
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equal to 1. First suppose this term does not equal 1. Rearranging,

Y 1 (7,
o _ e PUY) - M
ori(s) 1-VY(a)T[H-UG| 'd CY(a7)
Setting [ = 1 and observing [ does not depend on 7, we obtain the desired

1-VY(a*)T[H-UG] 'd
result.

In the remaining case VY (a*)" [H — UG’]*1 d = 1, (A.6) simplifies to ac; P/(Y)- “é(,f(lii))) —0

for any agent ¢ and outcome s such that 7;(s) > 0. We will show in Lemma 4 that any agent

that receives a payment at an optimal contract does so at an outcome where P/(Y™*) > 0.

Thus ¢; = 0 for such agents and the balance condition in Theorem 1 is satisfied trivially.

A.1.3 Proof of Theorem 1

The expected payoff for the principal under contract 7 and corresponding equilibrium actions

> (W —~ Zn(s')> Py (Y (a)).

Suppose T* is an optimal contract inducing equilibrium a*(7*) with team performance Y*.
Consider outcome s and any agent ¢ such that 77(s) > 0. Then the first-order condition for

77(s) implies that

FEnDD ( - Z%») PL(Y") = P(Y").

D

The left-hand side is the benefit from increasing 7;(s) while the right-hand side is the ex-
pected additional transfer required. Since Ps(Y™*) > 0 by assumption, the summation labeled

D is nonzero.
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Substituting Lemma 1 in the above equation, we obtain

e WilTils)) - Ps(Y)
e PL(Y™) - =
laieiP(Y7) Cr(a?) D
ui(ri(s))
<= ;¢ Ca) Ass

where Ay = Ps(Y™)/(IP.(Y*)D). Observing that A, is independent of i, the statement of the

result follows.

A.1.4 Proof of Corollary 1
Fix any s € §;. By Theorem 1, there is a constant A, # 0 such that

!/ * /A *
. U\ T; (8)) — )\57 and OCJCJ X u](TJ (S)) _ )\S.

e

It follows that
ui(r7(s)) _ oye; Cf(a))
ui(t7(s)) e Cf(a})

This is exactly the claimed equality.

A.1.5 Proof of Proposition 1

We prove a couple of lemmas which help in proving the proposition statement. The first
lemma gives a condition which must hold for all outcomes at which an agent receives a

positive payment.

Lemma 4. Suppose T* is an optimal contract and Y™* is the induced team performance. For

all s in the set of outcomes S} where i receives a positive payment, P.(Y*) > 0.

Proof. Consider agent 7 and let S be the set of outcomes at which agent ¢ receives a positive
payment. If S is the empty set, the result holds vacuously. Otherwise, we will show that,

either

P{(Y*) >0, forall s €S, or, P.Y") <0, forall s € S;. (A7)
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Recall from the proof of Theorem 1 that

e Pr(y) AT P,(V*)

- - , VseS;.
Ci (ai) Zs/es (Us’ - ZieN Ti(sl)) Ps’(y*)

Since every outcome occurs with non-zero probability, it must be that P/(Y™*) # 0 for any
outcome in S;. In the case S} has exactly 1 outcome, it follows that P/(Y*) > 0or P/(Y*) <0
for s € §7. Thus, suppose S; has at least 2 outcomes. Taking the ratio of the above equation

for any pair of outcomes s, sy € §;, we obtain

(77 (s1)) _ P (V") PL,(Y")
(17 (s2))  PL(Y*) Po(Y*)

(2

Ui

U

Since the utility function w;(-) is strictly increasing, we must have either
P(Y*) >0 for s € {s1,82}, or, P.Y")<O0forse {s,s2}.

The statement in (A.7) follows. We now show that P.(Y*) > 0 for all s € S}. The equilibrium

condition for agent i is

Cilat) = 5 3 PV (),

seS

Since Y s Pi(Y) = 0, the equilibrium condition can be rewritten as

oy

/ *
C(a’z) - aai

)

> PUY) (il (s) — wi(0)).

s€S]

By assumption we have a positive productivity, that is, g—}; > (0. The cost of effort is strictly
increasing, that is, C/(-) > 0. The utility function wu,(-) is strictly increasing in payments.
Thus,

P/(Y*) >0, for all s € Sf

as desired. ]
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The second lemma shows the existence of a common outcome at which agents receiving a

positive payment are paid.

Lemma 5. Suppose 7" is an optimal contract. Consider a pair of agents i and j, each with
strictly concave utility functions. If there exist outcomes s; and s; such that 7(s;) > 0 and

77(s;) > 0, then there exists an outcome s € S such that

77 (s) > 0 and 77 (s) > 0.
Proof. Suppose there does not exist an outcome at which both agents receive a positive
payment. Thus, the payments 7;(s;) = 0 and 7/(s;) = 0. The KKT first-order conditions at

optimal contract 7* are

IDovcy, - Ui (%)) P, (Y*)—P

Cr(al) s (Y") =0 for ke {i,j}. (A.8)

In addition to the above set of equations, we also have

u;.(0) . . o
[Daycey, - m Pl (Y =P (V) <0 for k€ (i, j}. (A.9)

Recall S} is the set of outcomes where agent ¢ receives a positive payment under contract

*

T

Since P.(Y*) > 0 for any s € S (see Lemma 4), we must have [Da;c; > 0. Consider the

following chain of inequalities for agent 4:

P, (Y* ! P, (Y

PL(Y™) Ci(ay) = PL(Y")

(A.10)

Both the inequalities follow from applying (A.8) and (A.9) to agent i. We utilize the fact
that u,(+) is strictly concave. We also utilize the observation that, since agent i and j receive

a positive payment at outcome s; and s;, Lemma 4 tells us that P; (Y*) > 0 and P; (Y™*) > 0.
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Following the same computation for agent j, we obtain the inequalities

P, (V)
PL(Y")

w(0) _ P (V")
Ci(ay) = PLOY")

< lDOéjCj . (A]_l)
This contradicts inequality (A.10). Thus, if two agents receive a positive payment at some
(potentially different) outcomes under the optimal contract, then there must exist an out-

come at which both agents receive a positive payment. O]

Proof of Proposition 1. Consider agents ¢ and j with identical strictly concave utility func-
tions w;(-) = w;(-). The statement trivially holds if either agent i or agent j receives a 0
payment at all outcomes. Thus, consider a scenario where there exist outcomes s; and s;
such that

77 () > 0 and 77 (s;) > 0.

By Lemma 5, it suffices to show that when there exists an outcome such that both agents ¢

and j receive a positive payment at this outcome, then

7i(s) > 7;(s) for all s € S or 75(s) > 7/(s) for all s € S

)

(or both).

Let S}; be the set of outcomes at which both agents receive a positive payment under contract
7*. The set S}; is non-empty. We can assume without loss of generality that 7(s) > 77(s)

for some outcome s € S;; We show that then

7i(s) > 7;(s) for all s € S.

)

Applying Corollary 1, we must have

@;Cj

)|

‘ ;G

Ci(a;)

Additionally, o;c; and «ac; are either both positive or negative. Further applying Corollary 1
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to any outcome s’ € S}, the ratio of marginal utilities satisfies

15

w(ri(s) _ aeCiad)
0T E) | aeli@)
This implies that agent ¢ receives a weakly larger payment than agent j under all outcomes
in 87, that is,

7 (s) > 7;(s) for all s € S}

We will show that this ordering on payments holds for outcomes in the set S\ S;; as well.
The ordering trivially holds at outcomes where 7 (s) = 0. Consider an outcome s at which
77(s) > 0 but 77°(s) = 0. We show that such an outcome cannot exist at an optimal contract

7*. We showed in the proof of Theorem 1 that the first-order condition for the principal is
ws (7]
lDOéjCj " P/(Y*) — PS<Y*) =0.

Since the utility to agent j is strictly increasing and the cost of effort is strictly convex, this

implies that
[Dajc; P.(Y*) > 0.

Recall that |z Co,_ijtzj;)
[ 2 J J
that u;(-) and u;(-) are strictly increasing identical utility functions, and thus «}(0) = «/;(0) >

j
0, and P/(Y*) > 0 (see Lemma 4), we conclude

and they are either both positive or negative. Using the fact

>

u}(0) w;(0)
Dages -~ pry*) > [Dae; -~ Pl(Y™), A12
) 071&} Cz”(aj) s( )—l ;i Cj C]”(CL;) s( ) ( )
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Now, consider the following chain of inequalities:

ui(0) w;(0)
[Doge; - — -PA(Y™) — P(Y") > lDajc; - ——— - P(Y™) — P,(Y™),
Q;C CZ”(CL:‘) s( ) ( ) aJCJ C«J//(a;«) s( ) ( )

u (77
> lDOéjCj P AL P/(Y*) — PS<Y*),
=0.

The first inequality follows from (A.12). The second inequality follows from the fact that

u;(+) is strictly concave and ID 45 P(Y*) > 0. The left-hand side in the above chain

of inequalities is the derivative of the principal’s objective in 7;(s). The derivative being

positive contradicts the optimality of 7*, so the statement of the proposition holds. O

A.1.6 Proof of Corollary 2

Recall from the proof of Theorem 1 that

loe PU(Y™) - ui(ri(s) = B Vs e S
iGil g C{’(a:‘) Zs’es (Us’ _ ZieN T,‘(S’)) PS{,(Y*)’ i

Taking the ratio of the above equation for any pair of outcomes s;, s9 € S}, we obtain

(77 (s1)) _ P (V") PL,(Y")

7

(T7(s2))  PLOY") Pu(Y")

u;
u;
The statement is proved.

A.1.7 Proof of Lemma 2

We begin by deriving an expression for an agent’s productivity «;. By definition,

oYy

JEN

By

Because actions satisfy a; > 0 for every j, and 5; > 0 by assumption, the term By > 0.
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We next derive an expression for an agent’s centrality ¢;. By definition, at any contract T

and corresponding equilibrium a*, the centrality
' =a' [[-pP(YTBB™] ", (A.14)

where T' = diag (u1(71), . .., un(7,)). Using the Sherman-Morrison formula, the inverse ma-

trix is

pP'(Y)TBB"
1 pP(Y)BTTH

[1—pP(Y)TBB'] ' =T+ (A.15)
As established in the proof of Lemma 6, the spectral radius of the spillover matrix at any con-
tract and corresponding equilibrium is strictly smaller than 1, and in the rank-one case this
radius equals pP'(Y*)3"T(3, so the denominator in (A.15) is strictly positive. Substituting
(A.15) in (A.14), we get

T_al pP'(Y*)a T3
L —pP'(Y*)B'TB

By

B,

where B, > 0. Substituting (A.13) in the expression above, we get
Finally, consider any optimal contract 7*. By Theorem 1, there exists a constant A such
that for any agent receiving positive pay

OéiCiU;(Ti> =\

Substituting (A.13) and (A.16) in the balance condition, it follows that there exists B; > 0
and By > 0 such that for all agents 7 ,

ug (177) o (kzz + Bk 3 + 32@‘2)71 .

The statement is proved.
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A.1.8 Proof of Theorem 2

This proof utilizes Lemma 2, which characterizes an optimal contract for any given environ-
ment. We will also require a characterization of equilibrium action profiles under a given
contract. We provide the characterization for any linear-quadratic production function with-

out requiring rank-one structure, as the more general version will be useful for later proofs.

Lemma 6. Consider the setting of Section 1.2.1. Fizing T, there exists a unique pure Nash

equilibrium. The equilibrium actions a* and team performance Y* solve the equations
I — P'(Y")TG]a* =P (Y*)Tk and Y* =Y (a*), (A.17)
where T is the diagonal matriz with entries Ty = w; (7;).

Proof. Fix a contract 7. Before we provide a proof, we make some useful observations. Any
agent ¢ that receives zero pay 7; = 0 must take a zero action in any equilibrium. Now, the
probability of success P(Y) is strictly increasing in Y and team performance Y (a) is strictly
increasing in each argument. Thus, any agent that receives strictly positive pay 7; > 0 has
a strictly positive marginal returns to effort g—gj > (0 at a zero action a; = 0. To analyze
equilibrium, it thus suffices to focus on agents that receive positive pay. For the rest of the
argument, we overload notation and denote positive payments made to agents by 7. The

proof proceeds in two steps.

Step (1): An action profile a@* is a pure Nash equilibrium if and only if it is a solution to the

following system of equations:
I — P'(Y)TG]a* = P (Y*)Tk and Y* =Y (a*). (A.18)
Proof of Step (i): Consider any pure Nash equilibrium a*. Because agents receive positive

pay and the marginal returns at a zero action is strictly positive, we have a} > 0 for every
i. The KKT first-order condition for actions gives (A.18).
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Conversely, fix a_;. Agent ¢’s payoff derivative has the sign of

Q;

()P (Y (a;,a_;)) — '
u;(7;) P'(Y (ai, a—;)) ki+ 32,2 Gija; + Gaa;

The first term is weakly decreasing in a; by concavity of P and monotonicity of Y, while the
fraction is strictly increasing in a;. The displayed expression is therefore strictly decreasing

in a;. Thus, (A.18) makes af agent i’s unique global best response.

Step (ii): Fiz a contract T. There exists a unique solution to the following equations:

I — P'(Y")TG]a* = P (Y*)Tk and Y* =Y (a*).

Proof of Step (ii): For y satistying P'(y)p(T'G) < 1, define
a*(y) = [I - P'(y)TG] 'P'(y)Tk.
Solutions of the first-order conditions then correspond to solutions to

Y(a™(y)) = y.

The function Y (a*(y)) is strictly increasing in each coordinate of a*(y). We analyze how

a*(y) changes as y increases. Consider the set

yr = {y: P'(y)p(TG) < 1},

Observe that because P(-) is concave, if y € yg then y 4+ ¢ € yg for any € > 0. We show
that constrained to the set yg, there exists a unique fixed point to the function Y (a*(y)).
Each coordinate of a*(y) is weakly decreasing in y since P’(-) is weakly decreasing (by our
assumption P(-) is concave). So Y (a*(y)) is decreasing, meaning there is at most one solution

to Y(a*(y)) = y. It remains to show a solution to this equation exists.

We claim that we can find y such that Y (a*(y)) > y and P'(y)p(TG) < 1. If P'(0)p(TG) <
1, the claim holds with y = 0 since Y (a*(0)) > 0. Otherwise, define yo by P'(yo)p(TG) = 1.
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A solution to this equation exists since P’(y) is continuous and converges to zero as y — 0.
Then Y(a*(y)) — oo as y — yo from above, so we have Y (a*(yo +€)) > yo + € for ¢ > 0

sufficiently small. This completes the proof of the claim.

Since Y'(a*(y)) is decreasing in y, we can also choose y large enough such that y > Y (a*(y)).
Since Y (a*(y)) is continuous in y, by the intermediate value theorem this function has a
fixed point, denoted by y*. We conclude that there exists a unique solution to Y (a*(y)) =y

in the set yr and a corresponding profile a* of equilibrium actions.

It remains to show that there does not exist an equilibrium a* with corresponding team
performance Y* such that P'(Y*)p(T'G) > 1. The case 7 = 0 is immediate as the only
equilibrium is a* = 0. Take 7 not identically zero and suppose there exists an equilibrium
a* such that P'(Y*)p(T'G) > 1. It must solve:

I — P(Y")TG]a* = P'(Y*)Tk and Y* =Y (a"). (A.19)

By the Perron-Frobenius theorem,! there exists a left-eigenvector v of the matrix P'(Y*)TG
such that v has strictly positive entries. Multiplying the LHS of (A.19) by the vector v, we
get

v’ [I - P(Y")TGla* — P(Y")p(TG)]v a*

=1
<0,

where the inequality follows from the assumption P'(Y*)p(T'G) > 1 and the fact that a*

has strictly positive elements. However, we also compute

v [I — P(Y")TG|a* = v P'(Y*)Tk by (A.19)

> 0,

where the inequality holds because the entries of v are all positive and the entries of 7 are

IFor this argument, it is without loss to assume the matrix T'G is irreducible. If not, since G is symmetric
and 7; > 0 for some agent i, we can rewrite TG in a block diagonal form with irreducible blocks. Then
P'(Y*)p(T'G) must be an eigenvalue of at least one block of the matrix P'(Y*)T'G. We can drop agents in
all other blocks and apply the remainder of the argument to this block.
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all non-negative and not identically zero. This is a contradiction, so there does not exist an
equilibrium a* with corresponding team performance Y* such that P'(Y*)p(TG) > 1. We

conclude the equilibrium described above is the unique one. O

We can now prove the theorem. Consider any optimal contract 7 and the corresponding

equilibrium a*, which (by the previous lemma) is given by
a* =P (Y*)[I - pP'(Y)TBB'] ' Tk, (A.20)

where T' = diag (u1(71), . .., un(7,)). Under this characterization, it can be established that

the constants in Lemma 2 have the following expression:

3—-2pP' (YB'TB

(1—pP/(Y*)BTTB)*

2 2-pP(Y*)B'TP
(1—pP/(Y*)BTTB)>

By = pP' (Y"kE'T3- (A.21)

(A.22)

and By = (pP'(Y*)k'TP)

Given the above expressions, we establish Part (i) and Part (ii).

Before turning to each part of the argument, we characterize the spectral radius of the

spillover matrix. Consider the sequence of environments in the theorem, and define

n

T = diag <u1(71(m)), . ,un(T(m))> :
Denote the induced team performance by Y*(™) . The spillover matrix is
Sm) — ,O(m)p/(y*(m))f_'p(m),@l@ﬁ7
which is rank one. Its unique non-zero eigenvalue is
pl™ = pm Py =) gT T g (A.23)

with associated eigenvector T™ 3. Let B™ and B{™ denote the expressions in (A.21) and

(A.22), respectively, evaluated in environment m.
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To establish Part (i), we want to prove that as m — oo under ™ — 0, the ratio of agent

payments converges as follows:

By Lemma 2, the ratio of payments for any pair of agents ¢ and j is

U (Tf"“) k2 + B™ k;j B; + By g2

A.24
w () R Bk By A2

We will show that B£m) and Bém), given by (A.21) and (A.22) evaluated in environment m,

converge to 0 as m — oo under p™ — 0. By assumption and (A.23), we have

lim p™ P/ (Y*t")gTTm 3 = 0.

m—ro0

It remains to analyze the convergence of p™ P/(Y*™)ETT(™ 3. Consider the following

chain of inequalities:
PP (Y M)BTT™E > ™ P(Y )T > (5/k)p "™ P(Y ) kT B,

Since B/k > 0 and the left-hand side converges to 0, the term p( )P’ (YN ETT 3 con-
verges to 0. Substituting in (A.21) and (A.22), it follows that B ) and B(m both converge
to 0. Thus,

To establish Part (ii), we want to prove that as m — oo under p(™ — 1, the ratio of agent
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payments converges as follows:

u; (Tz’(m)> _ B_Jz

Rewriting the ratio of payments using (A.21) and (A.22), we have that

m)\3 1.2
(1= ™)k
+ pM P (YN ETTMB(1 — 1) (3 — 2™ k; 5
uj (n—(m)) + (pm P (Y ETTM B)* (2 — ) 52

(T;m)) (1 — I (m ) kf
+ pM P (YN ETTMB(1 — p™) (3 = 21t ki By
+ (pMP (Y RTTB) (2 - )5

It suffices to establish that p™ P'(Y*™)ETT(™ 3 does not converge to 0 and remains

bounded as m — oo under ™ — 1. Consider the following chain of inequalities:
k
PP (YN ETTM G > fplm Py M1 T g > ﬁp m) p(y*mhgTrm 3,

Since k/B > 0 and pu™ converges to 1, it must be that p™ P/(Y*™)ETT(™ 3 does not
converge to 0. Next,

k
p™ Py T B < Fplm) P (Y *m ))1TT(m)B§Ep m p(y*mhgTrmg,

These inequalities establish that p™ P'(Y*(™)ETT(™) 3 remains bounded. Thus,

The statement is proved.
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A.1.9 Proof of Proposition 2

As established in Section 1.4.2, under an optimal contract 7*, the product «;¢; is equal across

all active agents.

Lemma 7. If a;c; is constant across all active agents, then «; is constant across all active

agents.

Proof. By Theorem 1, we have that
«;c; is constant across agents 1.

We derive an expression for productivity e and centrality ¢ that will be used throughout

the proof. The productivity « is given by

a=1+Ga",
=1+ P(Y)GI—-P(Y)TG| ' v (by Lemma 6),
= [I-P{Y")GT] 1,

where 1 denotes the vector whose entries are all equal to one. Furthermore, the centrality ¢

is defined as

c=[I-PY")GT] o
Suppose that there exist two agents i* € N with ¢ = argmin, .y a; and j* € N with
J* = arg max,c y a such that a; < aj«.?

Then we have that, for agent *,

Qix Cijx < O{i*O[j* Z [I — P,(Y*)GT];‘; = (CYZ'*)QO{]‘*, (A25)

JEN

using the maximality of o« among the a; and the definitions of ¢;« and ;. But we similarly

2We are grateful to Michael Ostrovsky for suggesting the argument in the next paragraph.
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have that, for agent j*,

Qs Cjx > Qe Oy Z [I - P/(Y*)GT]J_,}Z = Q;* (Ojj*)Q. (A26)
iEN
Theorem 1 implies that o;«c;» = aj+c;« for any two agents ¢* and j*, and so combining (A.25)
and (A.26) implies

(ai*)zaj* > Qi (%’*)2-

This contradicts our assumption o« > a4+, so we must have o; equal to some constant A\
for all 7 in N. O

Part (b) follows because o; = 1 4+ (Ga*);, so Part (a) implies that (Ga*); is constant across
active agents. For Part (c), the equilibrium first-order condition gives af = P'(Y™*)7/«a;; since
P'(Y*) and «; are common across active agents, 7* is a common scalar multiple of a*, and

Part (b) implies that (GT*); is constant across active agents.

A.1.10 Proof of Proposition 3

Suppose 7* is an optimal contract for network G with equilibrium team performance Y*(G, 7).
Consider a perturbed network G generated by increasing edge weight G;; to G; + € for some
e > 0. We will show that contract 7* performs weakly better on network G than on G.
Since we will be comparing T across networks, we suppress the dependence of equilibrium

team performance on the contract.

Consider contract 7* and network G. We want to show that the equilibrium team perfor-

mance Y*(G) is at least Y*(G). The equilibrium actions solve

a’(G) = P'(Y*(G)) [T - P’(Y*(é))T*é] T

Suppose Y*(G) < Y*(G). It follows that a*(G) is pointwise weakly greater than a*(G)

by the Neumann series and the nonnegativity of the spillover matrix. However, this is a
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contradiction to Y*(G) < Y*(G) because

Y(a, G) = Z a; + % Z G,-jaiaj.
i %,

Thus, we must have Y*(G) > Y*(G). Moreover, 1 -3 7" > 0 because the optimal contract
weakly dominates the zero contract. The profits to the principal under contract 7* are thus

weakly higher on network G than on network G:

(1 - ZT> P (Y*(é)) > (1 . ZT) P(Y*(@Q)).

Finally, the optimal contract for network G must deliver at least as high a payoff as contract

7* does on network G.

A.1.11 Proof of Fact 3

We begin by providing sufficient conditions for strict best responses and stable equilibrium

actions under Cobb-Douglas production, before turning to the CES specification.

Proof of Part (i). Consider any contract 7. For Cobb-Douglas production, team performance

18

We begin by establishing strictness of best responses. The utility of an agent is
2

The second derivative of U; with respect to a; is

02U, oY \? %

oa?

)

The second derivative of Y(-) with respect to a; is v; (v; — 1) Y/a?. Thus, (A.27) is strictly
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negative when P(-) is concave and ~; < 1.

We next establish the stability of equilibrium actions at the optimal contract. Observe that
the action profile af = 0 for every agent i € N is a Nash equilibrium for any contract 7.
Consequently, for a given contract, the principal’s preferred equilibrium is the one — if it
exists — in which all agents exert positive effort. For any contract such that 7; = 0 for some
agent i € N, the only equilibrium is one where every agent takes a zero action. For the

remainder of the proof, we focus on contracts where every agent receives positive pay.

We show that when the factor shares also satisfy

Z%’ <2,

ieN

a unique equilibrium with positive actions exists and is differentiable with respect to the
contract 7. The result relies on the following characterization of equilibrium team perfor-
mance: given 7, an equilibrium with positive actions exists if and only if there is a solution

to

2-3i7% 1 Yi

Y Zivi - P’(Y) = H (Ti'yi)zﬂi . (A28)

%

To see why, suppose a positive equilibrium a* exists and let Y* denote the corresponding

team performance. Agents’ actions must satisfy the equilibrium first-order conditions

af = /77 P'(Y*)Y* for every i € N.

Raising both sides to the power 7;, multiplying across all agents and taking the power of
that equation to (2/ ), v;) yields (A.28). For the converse direction, suppose there exists a
solution to (A.28) which we denote by Y*. The action profile defined by

ai = /77 P'(Y*)Y* for every i € N,

then constitutes a Nash equilibrium. This follows because when 7; < 1, each agent’s utility is
strictly concave in own action, implying that any profile satisfying the first-order conditions

is indeed a Nash equilibrium.
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We now establish that when ), v; < 2, (A.28) admits a unique positive solution for any given
contract 7. By assumption, Y%ZL77 is strictly increasing and P’(-) is weakly decreasing by
concavity of P(-). Thus the left-hand side of (A.28) is strictly increasing which implies a
unique positive solution exists. Moreover, because P(-) is smooth, the left-hand side of (A.28)
is smooth, implying that the solution Y*(7) is differentiable with respect to the contract 7.
Combining this with the uniqueness of the positive equilibrium action profile, it follows that

the principal’s preferred equilibrium is differentiable at every contract 7.

Proof of Part (ii). A similar analysis applies to CES production. Consider any contract 7.

The team performance is

n w/p
Y(a) = (Z %-af> )

We begin by establishing strictness of best responses. The second derivative of Y () with

respect to a; is

E_g
9?Y P ’
a2 = ik ’ (Z ’Ye@g> [% (=Dt +(p=1) 0]
7 /=1

J#i

Thus, the second derivative of U; with respect to a;, as defined in (A.27), is strictly negative
when P(-) is concave, k € (0,1] and p < 1. Under these conditions, each agent’s utility is

strictly concave in own action, implying that the best responses are unique.

We next establish the stability of equilibrium actions at the optimal contract. We show
that when x < 2, a unique Nash equilibrium exists and is differentiable with respect to the
contract 7. The result relies on the following characterization: given 7, a positive equilibrium

exists if and only if there is a solution to

2—p

P

YR P/(ly) =k (; Vi (Tz‘%‘)zpp> : (A.29)

To see why, suppose an equilibrium a* exists and let Y* denote the corresponding team
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performance. Agents’ actions must satisfy the equilibrium first-order conditions

a; = kTP (YF) (V)5 (a) "

(2

Taking equilibrium action a; to the left-hand side and taking the power of that equation to
p/(2 = p) yields

(a7)" = (fiTz‘%‘Pl(Y*))ﬁ (Y*)ﬁ%ﬁ for every i € N.

Multiplying the equation by v; and summing across all agents gives

K—p

(V) = (V)52 (5P Y () 7

Eq. (A.29) then follows by moving the terms involving Y* and P’'(Y™*) to the left-hand side
and taking the power of that equation to (2—p)/p. For the converse direction, suppose there

exists a solution to (A.29) which we denote by Y*. The action profile defined by
ai = (/Wi%-P'(Y*))ﬁ (Y*)= 75 forevery i € N,

then constitutes a Nash equilibrium. This follows because when p < 1 and x € (0,1],
each agent’s utility is strictly concave in own action, so any profile satisfying the first-order

conditions constitutes a Nash equilibrium.

2=r)/% is strictly increasing in Y, and since P'(-) is

By assumption that x < 2, the term Y
weakly decreasing by concavity of P(-), the left-hand side of (A.29) is strictly increasing. It

follows that equation (A.29) admits a unique positive solution for any given contract 7.

Because P(-) is smooth, the left-hand side of (A.29) is smooth, implying that the solution

Y*(7) is differentiable with respect to the contract 7. The statement of the result follows.
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A.1.12 Proof of Proposition 4

Proof of Part (a): Recall that, after applying the monotone transformation Y = log Y and

P(Y) = P(exp(Y)), team performance can be written as

V(@)= 3 yilos (a).

ieN
Consider an optimal contract 7* and equilibrium a*. Each agent’s first-order condition is

DIV
o = %(Y) (A.30)

We now compute the quantities in Theorem 1. Differentiating 57, we compute productivity
Y

Baida; of spillovers

to be a; = 7;/af. Since the transformed problem is separable, the matrix

%Y v
2

=
Oa; a;

is diagonal with entries . We next compute agents’ centralities at equilibrium to

be

~ o~ —1
P'(Y*)v
gi:a;i(pru) 7

(a7)?

= % by (A.30).

We can now apply Theorem 1, which states that under any optimal contract satisfying
Assumption 1, the quantity %12 is equal for all agents and thus all agents have the same
productivity. This tells us that equilibrium actions are proportional to ~;, each agent’s
factor share in the original production function. Given this, Equation (A.30) implies that

each agent’s payment 7; under the optimal contract is proportional to his factor share ~;.

Fact 4. If p = 1, only agents with maximal v; receive positive payments at an optimal

contract.

Proof. When p = 1, transformed production is ?(a) = > .7, 80 a; = ¢ = ;. For
any paid agent ¢, the principal’s first-order condition gives IDP' (37*)%2 = ﬁ(?*) > 0, so
IDP' (SN/*) > 0. From this it follows that all agents who are paid must have identical 7;, and

only those with the maximal 7; can be paid. O]
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Proof of Part (b) for p < 1: It is again useful to transform team production: we consider
an equivalent transformed problem in which we replace Y with ¥ = %Y”/ #and P(Y) with
P(Y) = P((pY)*/?). The transformed problem is:

~ 1 <&
Y(a) = > " yial. (A.31)
i=1

This transformation again does not change the optimal contract or the corresponding equi-
librium actions. The role of p in the transformation is to ensure that Y is an increasing

function of actions.

We characterize how the optimal contract divides payments among agents who do receive

positive payments. Each of these agents has first-order conditions

af = 7P (Y*) - (a)P . (A.32)

)

We next compute productivities and centralities. Differentiating 17, productivities are
~ —1
a; = vyal .

92y
Baiaaj

centralities at equilibrium are

The matrix of spillovers is again diagonal with entries % =v(p—1)a? ~2. So agents’

= (1= Pl = ) - )

a.
== . (A.32).
2_pbyeq( 32)

We can now apply Theorem 1, which states that under any optimal contract satisfying

a7

2—p

productivity. This tells us that (a})!~* is proportional to ;. Given this, (A.32) implies that
1

Assumption 1, the quantity is equal for all agents and thus all agents have the same

each agent’s payment 7; under the optimal contract is proportional to %-f”.
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A.2 Applicability of the First-Order Approach

A key assumption in our analysis is that when we perturb the optimal contract in any
direction, the induced equilibrium varies in a differentiable way (Assumption 1). We now
discuss sufficient conditions for this assumption and provide balance conditions that hold in

its absence.

We begin by observing that Assumption 1 holds as long as the optimal contract induces a
strict equilibrium and a stability property is satisfied. By the implicit function theorem,

Assumption 1 is implied by the following two conditions:

Assumption 6. (a) (Invertibility of utility Hessian) The matrix

o*U;
8aj8ai ij

18 non-singular at contract ™ and corresponding equilibrium a*.

(b) (Strictness) The equilibrium a*(7*) is strict.

This assumption gives more explicit conditions that guarantee a first-order approach applies.
Part (a) is weaker than requiring stability of equilibrium under best-reply dynamics.® Part

(b) can impose more substantive restrictions, as we now discuss.

Section A.2.1 shows we can extend the sufficient conditions for strictness from Rogerson
[1985] to our multi-agent setting. Section A.2.2 presents an analogous balance condition
which only requires differentiability in some directions, and therefore can provide insights

even when equilibrium is not strict under the optimal contract.

A.2.1 Sufficient conditions for strictness of equilibrium

This section establishes conditions on the environment that guarantee strictness of equi-

librium actions. Specifically, equilibrium actions are strict when the probability functions

3If we solve for local best-reply dynamics the Jacobian of the agents’ first-order conditions in others’
actions is given by the Hessian above. Stability requires that this Jacobian be well-defined and have some
further properties.
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satisfy the monotone likelthood ratio property and the convexity of distribution function
property (as in Rogerson [1985]), and when the team performance is concave in each agent’s

action.

We can assume without loss of generality that the possible outcomes are S = {1,...,|5]|}
and that outcomes are ordered in increasing value to the principal: v; < v, < ... <. We

will use two conditions from Rogerson [1985]:
Assumption 7. The collection of distribution functions {Ps(-)}ses satisfies:

(a) Monotone Likelihood Ratio Property (MLRP): the ratio P.(Y')/Ps(Y') is strictly

increasing in the outcome s for any team performance.

(b) Convexity of distribution function condition (CDFC): for any outcome s, the

cumulative distribution

> B(Y)

k=1

is convex in team performance.

MLRP requires that low-valued outcomes become less likely as team performance increases.
A key implication is that the cumulative distribution function of any outcome is weakly
decreasing in team performance. CDFC strengthens this by requiring convexity of the cu-

mulative distribution, which will be crucial for the strictness of best responses.

A comparison with the single-agent setting is instructive. Rogerson [1985] shows that with
one agent taking a one-dimensional action, these conditions are sufficient for a first-order
approach. We are able to extend the analysis to multi-agent settings because team perfor-
mance in our framework depends only on a one-dimensional aggregate of individual actions.
To do so, we will require Assumption 7 as well as a concavity assumption on Y (a). The
assumption on Y (a) is satisfied automatically in our network games setting and is satisfied

for Cobb-Douglas and CES production functions whenever all factor shares are at most 1.

Theorem 10. Suppose the collection of outcome probability functions {Ps(-)}ses satisfies
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Assumption 7 and the conditions in Fact 1 are satisfied. Additionally, assume that the team
performance function Y (-) is concave in each agent’s action, i.e., the second derivative %%
is non-positive for every agent i € N'. Then there exists an optimal contract T such that

the resulting equilibrium action profile a*(7*) is strict.

Recall that the principal chooses a contract to maximize expected profit, taking into account
the agents’ equilibrium actions in response. The principal’s problem, denoted by (PM), is

given by:

S|
max ) <vs -~ Zn(s)> P,(Y),

T,a%(T) pry Py
s.t a*(7) is an equilibrium, (PM)

7;(s) > 0 for every ¢, and outcome s.

To prove Theorem 10, we begin by analyzing a relaxation of the principal’s profit maximiza-
tion problem. In this relaxed formulation, the principal chooses a contract 7 and an action
profile a*(7) that satisfies the first-order (stationary) conditions of the agents’ utility maxi-
mization problems. The objective is to maximize expected profits subject to these first-order

conditions. The relaxation, denoted by (RPM), is given by:

T,a*(T)

S|
max Z <US — 27—1(5)> PS(Y)7

s=1 eN
s.t gui =0 foreveryie N, (RPM)
a;

7;(s) > 0 for every i, and outcome s.

We now justify the use of this relaxation. Any optimal solution to (PM) is a feasible solution
to (RPM). To see why, any optimal action for each agent must satisfy that agent’s first-order
condition. Additionally, any agent that takes a zero action must be paid zero at the optimal
contract (else the principal could induce the same equilibrium by providing zero payments
to these agents, which would strictly increase profit). By our assumption that the marginal

cost at a zero action is zero, such an agent’s marginal utility is zero. Thus, all equilibrium
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actions—whether interior or at the boundary—satisfy the first-order conditions that define
the constraint in (RPM).

The primary challenge lies in establishing that an optimal solution to (RPM) is a feasible
solution to (PM). Consequently, by the justification in the paragraph above, it would be an
optimal solution to the latter. Toward this end, we will show that each agent’s utility function
is strictly concave at any optimal solution to (RPM). Feasibility in (PM) and strictness of

the equilibrium action profile will follow.
We begin with a lemma showing it is optimal to pay agents more at better outcomes:

Lemma 8. Consider any optimal solution (7*,a*(7*)) to (RPM). For any agent i € N,
i (s+1)>717(s) forallseS.

Furthermore, for any agent that receives a positive payment, there must be a strict increase

m payments at some outcome.

Proof. Consider any outcome s € S that provides a payment to some agent ¢. The principal’s

KKT first-order condition implies

1 oY PY)
wi(ri(s)) " Oa; P(Y)

(2

(A.33)

where J; is the Lagrange multiplier corresponding to that agent’s marginal utility constraint.
We will establish that A; > 0 for any agent that receives a payment. Suppose this was not
the case. Then, any outcome at which this agent is paid, it must be P/(Y) < 0 (the left
hand side of (A.33) is always positive). But this means that the agent must be taking a zero
action because the marginal utility is non-positive. This contradicts optimality because the
principal can induce the same equilibrium action by giving this agent zero payments and

obtain a strictly higher profit. Thus, \; > 0 for any agent that receives a payment.

For the rest of the argument, it suffices to focus on these agents — payments are trivially

monotonic for an agent that does not receive a payment at any outcome.
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Consider any agent ¢ and suppose 7;5(s) > 0, but 7/(s + 1) = 0. We will show that the
principal can strictly improve profits by providing a payment to agent ¢ at outcome (s + 1).
Recall, the KKT first-order condition for 7(s), established in (A.33), is

o) ﬁg; -

By assumption, 77 (s + 1) < 77°(s) and the outcomes satisfy MLRP, that is,

PLa(Y)  PUY)
Ps+1 (Y> Ps(Y) '

Combined with the observation \; > 0, we get

Y P (Y)
! 3az~ PS+1 (Y)

1 —u(r (s + 1))\ < 0. (A.34)

The derivative of the Lagrangian w.r.t 7;(s + 1) is

oL
ori(s+ 1)

=P (1 sitnts s DG S0

i@ai Ps+1 (Y)

where the inequality follows from (A.34). This contradicts the optimality of 7/ (s+1) = 0, so
75(s+1) > 0. Moreover, under MLRP and the concavity of u;(-), analysis of (A.33) implies
that 7/ (s + 1) > 7/(s). O

The intuition behind the result is straightforward. Agents are more responsive to incentives
at outcomes that become more likely as team performance improves. Since the principal’s
value also increases with the outcome, this alignment leads the principal to offer stronger

incentives at higher-valued outcomes.

We utilize the monotonicity result to prove Theorem 10. A key step establishes that each

agent’s utility function is strictly concave at any optimal solution to (RPM).

Proof of Theorem 10. Consider any optimal solution (7*,a*(7*)) to (RPM). An argument
identical to the proof of Fact 1 establishes that an optimal solution to (RPM) exists under
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the conditions of Fact 1. We can write the utility of an agent as

S|
U =Y ui(7i(s)) Po(Y) = Ci(as)
a S| S|
wi(ri(1) + Y (ui(mils) = wilri(s = 1)) Y P(Y) = Cy(ay)

The second derivative of U; with respect to a; is

|S] |S]

2@;’ 7Y Zu 7i( ));PJQ(Y%L( )Zu 7i(s Z — " (ay).

We will argue that the second-derivative is strictly negative for any action profile. By
Lemma 8, each uf(7;(s)) is non-negative. By concavity of Y(-) in each agent’s action and
MLRP, the first term is non-positive. By CDFC, the second term is non-positive. And
finally, since the cost function is strictly convex, C/(a;) > 0. This establishes the fact that
the second derivative is strictly negative. Thus, the utility function of any agent is strictly
concave. This has two important implications. First, any action profile where all agents’
first-order conditions are satisfied is in fact an equilibrium and thus a feasible solution to
(PM). So any optimal solution to (RPM) is an optimal contract. Second, the equilibrium

action profile at this optimal contract is strict. The statement of the result follows. O

A.2.2 Directional differentiability

This section shows modified balance conditions can continue to hold when the induced equi-
librium varies differentiably as the contract is perturbed in some, but not necessarily all,
directions. The underlying idea is that the principal may only have available perturbations

that preserve some global constraints along with the first-order conditions.

Consider an optimal contract 7* and a corresponding equilibrium a*(7*) that is stable but
not strict. Then the implicit function theorem ensures that as we perturb the contract 7*
to 7 locally, there is an action profile a(7) satisfying agents’ first-order conditions that is

continuously differentiable in 7. Since the equilibrium is no longer strict, however, these
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action profiles need not be equilibria for all 7: if agent ¢ is indifferent to his equilibrium
action a*(7*); and some alternative, then after perturbing the contract the locally optimal
action a(7); need no longer be globally optimal. Then there could be perturbations for which
the principal would prefer a(7) to a*(7*), so our full balance conditions need no longer hold.
But if there are perturbations such that a(7) remains an equilibrium, then we can obtain

balance conditions in the directions of all such perturbations.

Consider increasing payments to agent 7 in the direction t;, where ¢;(s) specifies the change

in payments to agent 7 in each outcome s. We hold fixed payments to all other agents j # i.

Definition. We say equilibrium is maintained in direction t; if there exist a one-
parameter family T(x) of contracts with T(0) = 7% such that 7/(0) = t;, 7,(0) = 0 for

J # 1, and such that a(T(x)) is an equilibrium for x in some neighborhood of 0.

When there are directions where equilibrium is maintained, we obtain balance conditions in
those directions. The statements of these conditions must be modified since we now change

payments under multiple outcomes.

Theorem 11. Suppose T* is an optimal contract inducing equilibrium a* with team perfor-
mance Y*. For all directions t; such that equilibrium is maintained and 7;(s) > 0 whenever

ti(s) > 0, we have

qac; (Z PAY*)ti(s) - é'// (ES > ZP (Y")t

seS seS

for a constant q that is independent of the direction t; and agent i.

Proof. The proof follows a similar approach to the proof of Theorem 1. Consider any agent i
receiving a payment in at least one outcome. Also, consider a direction of payment perturba-
tion t;. As before, we can ignore agents that receive a zero payment at the optimal contract

as they continue to take a zero action and not contribute to the change in equilibrium team
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performance. The change induced by such perturbation ¢; is
dY (t;) = VY (a*)" - da*(t,;),

where dY'(-) is the directional derivative of equilibrium team performance and da*(-) is the
directional derivative of equilibrium actions. We state a lemma which characterizes the

change in equilibrium actions for such a perturbation.

Lemma 9. The change in equilibrium team performance as payments to agent i are perturbed

in direction t; s

dY (t;) = lage; Y PU(Y™")ti(s) UCT(C(LS)) )
seS vae

for some constant .

Proof. Consider the equilibrium action profile a*. For an agent j, the first-order conditions

imply a; must solve the equation

C’(ay) (ZP’ Ju; (7 (s ))) %. (A.35)

s'eS

Let us take the directional derivative of (A.35) in direction ¢;. The expression we obtain

depends on whether j =¢. For all j # 1,

C)(a)daj (t:) = (Z Pé(Y)uj(Tj(S))> aakaa‘da;;(ti)
k=1 J

SES
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On the other hand, for j =1

1! ES / - aZY *
Cj(a;)daj(t;) = <Z Ps(Y)Uj(Tj(S))> Parda, dag(t;)
sES k=1
aY / ! //
+£ZPS(Y)%(S)UJ( 7(s)) +ady ) > P )uy(75(s)).
J seS J SES

We can combine these equations to write the resulting expression in vector form as

0
da*(t;) = [H - UG] " % D ses PAti(s)ul(ri(s)) | +dY (t;) [H — UG 'd,
0

where d is a vector with j' element defined as

o= G S P o).

seS
The change in equilibrium team performance is
0
dY (t;) = VY(a" )" [H —UG] " |55 - 30 s PUY)ti(s)ui(i(s))
0
+dY (t,)VY ()T [H - UG| " d.

Applying the definitions of a; and ¢; while rearranging the equation, we obtain

1 ui(7i(s))
dY t’L = 871¢] Pl Y* )
) =1 ~VY(a*)T[H -UG] 'd z@; - Cl(a)
(7i(s))
i, 3 P (s) - L))
% T
where [ = lfVY(a*)T%HfUG]_ld' Observing that [ does not depend on 7, we obtain the desired

result. O
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To prove the theorem, we utilize this expression for change in team performance to analyze
the principal’s first-order condition. For any agent ¢, consider a direction of perturbation
t; such that whenever ¢;(s) > 0, the optimal contract is such that 7/(s) > 0. Because
equilibrium is maintained in direction t; , the following principal first-order condition must
hold:

seS

dY (t; Z(vs Z ) Y*) =Y PY*)ti(s

Substituting the expression in Lemma 9, we get

Do Y P ) = S R

SES

The expression in the theorem follows by taking ¢ = [D. O]

A.3 Contract design under measurement error

Our analysis has assumed the principal knows the production function Y (a). In this section
we ask the following question: when can the principal improve on a given contract using only
an imperfect measurement of a team’s network structure? More concretely: the principal
can check our balance condition using the observed technological complementarity matrix.
Suppose that this suggests shifting incentives from one agent j to another agent ¢ would be

beneficial. Will this shift actually increase the principal’s payoff under the true network?

We continue to work in the setting of Section 1.2.1 with linear-quadratic production and
risk-neutral agents:
Z kia; + — Z Gija;a;.
i,j=1
Suppose a principal observes productivities «, the derivative P'(Y*), and an imperfect mea-

surement G’ of G. Furthermore, suppose the principal naively calculates the centrality
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vector using the measured technological complementarity matrix G’ as if it were G:
cd=a'(I-PYHTG)™"

Suppose that under this calculation, the balance condition suggests increasing 7; and de-
creasing 7; will be profitable, i.e.,

)

ici — a;c; > € (A.36)

for some € > 0. We ask when the principal can guarantee that the analogous statement holds

for the quantities derived from the true network, i.e.,
a;c; — aje; > 0.

This inequality implies that marginally increasing 7; and decreasing 7; will indeed increase

revenue.

The measurement of the network clearly needs to have enough precision, i.e., the difference
between G and G’ should be small in some sense. Our (standard) measure of this difference
will be the spectral norm |G — G’||. Our question then becomes: is the principal safe
in taking the approximation at face value if this difference is small? Though the answer
turns out to be no in general, we can give several sufficient conditions. The first is that the

spillovers between agents are not very large, as we now discuss.

Bounded spillovers: Suppose that | T'G||2P'(Y*) < r for some fixed constant r < 1. The
assumption says that spillovers between agents are not too large: there is a bound on the
total effects of direct and indirect spillovers. Under this condition, the next result shows
that the principal can ignore small amounts of measurement error in checking for profitable
deviations. Moreover, the proof gives an explicit bound on how much measurement error is

permissible.

Proposition 16. Suppose |T'G|2P'(Y*) < r for some fived constant r < 1. If a;c;—a;c > €
for some € > 0, then we can choose 6 > 0 independent of G' such that a;c;—oc; > 0 whenever

IG— G|, < 6.
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Proof. We take ¢ small enough so that r + 0P’(0) < 1, and therefore r + 0 P'(Y) < 1 for all
Y by concavity of P(Y). Note that

uzfﬂyﬂTGyf—g—JﬂyﬂTayﬁzU;P@”ﬂmn*G%YWHG—GMU—P@ﬂTGW%

(.

M MY
Solving for the norm of M — M,

IM Ml = (1 - Py )TG) PTG~ )T - PTG s
- dP'(Y™*)
T (1=-r)(1—r—=0P(Y"))
dP’(0)
“(1=r)(1=r—=0P'(0))

(by max7; <1),

(by concavity of P(Y)).

This implies
P’ (0)

(1—r)(1—7r—0P(0)

le =z < flalz-

So
P’ (0)

(1—7r)1—7r—0P(0)

The result follows from choosing § small enough so that the right-hand side is less than e. [

le(e = €)ll2 < llexlf3 -

When spillovers are very large, however, productivities and centralities can be very sensitive
to small perturbations of the network. In this case, a violation of the balance condition based
on the observed network need not give a profitable deviation for the principal. The following
example shows that when spillovers are very large, the effects of transferring bonuses between

agents may be very sensitive to mismeasurement.

Example. Consider a network with four agents and two non-zero links G5 and G34, with

Y = Z a; + G12a1a2 + G34CL36L4.

Suppose that agents are risk-neutral and P(Y") is locally linear with slope P'(Y*). By taking

Y* close to zero, we can take P'(Y™*) to be arbitrarily large.
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The network consists of two distinct subteams with a single link in each. We now show that
small measurement error can generate large observed differences in centralities between the

two subteams.
. . 1 1 1 1 ey . .
Consider a contract 7 = (g, 5, 5, g)- Equilibrium actions are

P(Y*) 1 ~P(YY) 1

8§ 1-P)GR/8 BT MT T8 1- P )Gu/8

ay =ay =
The principal observes G’ and the productivities
ay =y =14+ Gal,a3 = ag =1+ Gyas.

We suppose that G’ also has two non-zero links G, and G%, (and no other links). So the

principal naively calculates centralities

1 b 1
T PYOGLR @ T AT BT Py G, /8

/o /o
CL=C =

Fix € > 0. Let
GlZ:g+77/27G34:gaG/12:g7Gg4:g+nv

where 1 > 0 is arbitrary. So the link between 1 and 2 is stronger than the link between 3 and
4, but the principal believes the link between 3 and 4 is the stronger one due to measurement

error. We calculate

= (1 PO Y
o 8 1-P(Y*)(g+n/2)/8) 1-P(Y*)g/8
P'(Y*) g 2 1
- (H 8 ’1—P’(Y*)g/8> 1-P(Y)(g+n)/8

= OégCio)

for g such that P'(Y*)g/8 is sufficiently close to 1. By taking g such that P'(Y*)g/8 is
sufficiently close to 1, we can ensure ascy — apc) > €. Since ag > ag and ¢; > c3, however,
ascs —aqcp < 0. This all holds taking 7, and therefore the norm |G — G'||2, to be arbitrarily

small.
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The key issue in the example is that the principal must decide how to allocate incentives
between two disconnected sub-teams. Spillovers in each of these teams are strong, so a small
error in measuring the network within a team can be amplified substantially. This makes
identifying which subteam is more responsive to incentives important, but measurement error
may make it impossible. We can rule out this situation with a standard assumption ensur-
ing the network cannot be partitioned into two subteams with only very weak connections

between them.

Bounded Spectral Gap: Suppose that the spectral gap (i.e., the difference between the
absolute values of the largest and second-largest eigenvalues) of T'G is bounded below by
some positive constant. (This is a standard measure of segregation—see, e.g., von Luxburg
[2007] and Golub and Jackson [2012].) Then the principal can adapt the balance condition
to ensure violations guarantee profitable changes in contract as long as the measurement

error |G — G'||2 is not too large.

The key idea is that the principal decomposes G’ into a leading principal component and an

orthogonal residual component:
G=L+R.

The apparent value of reallocating incentives from agent i to agent j, as in (A.36), can now
be calculated as the sum of two parts: (i) the contribution to this based on the leading
component of the network and (ii) the contribution from the residual part of the network,
which captures the group structure of the network. The argument shows that (i) can be
very sensitive to mismeasurement, but that mismeasurement will only affect its magnitude
and not its sign. The contribution of (ii) is not very sensitive to mismeasurement because

the spectral gap is not too small, which ensures the spillovers in the residual components are

bounded.

To formalize this, let vq,...,v, and \,..., A, be the eigenvectors and eigenvalues, respec-

tively, of T2GT'z, chosen so that the eigenvalues satisfy [\1| > ... > |A,|, the eigenvectors

!/

form an orthonormal basis, and v; is normalized to have positive entries. Let v{,..., v}

and A}, ..., Al be the eigenvectors and eigenvalues, respectively, of T:G' T%, chosen in the
same way. The final result of this section shows that when measurement error is small, the

principal can confirm a deviation be profitable by checking versions of the balance condition
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in the leading principal component L’ and the residual component R’. We note that the
orthogonal transformation to the eigenbasis introduces some additional terms related to the

contract 1.

Proposition 17. Suppose P'(Y*)\; — P'(Y*)|Xo| > ' for some constant ' > 0. If

1 1 1 _1
) . / o . !/ = / 2 . / . 2 . /
T, Paiuy — T; Poaguy; > € and E (T2, v))(7; >y, — 7 2ayug,) > €
>1

-1
2

for some € > 0, then we can choose 6 > 0 independent of G such that cc; — aje; > 0
whenever |G — G'||2 < 4.

Proof. We will show that we can choose § > 0 independent of G such that

1 1 1

_1 _1 1 _1
2 2 5 2 2
T, Yaguy — 7; Py > 0 and E (Tze,v)(1; 2ave — T; 2ajug) > 0.
>1

This will imply

n
1 1

1 _1 _1
Q;C; — QiC; = Z<T§C; 'UZ><7—Z' Y avg — T; 2ajvéj)

=1
1 1

_1 _1 1 _1
= (T%c, vi)(7; vy — 7, agurg) + Z(Tic, V) (T, P v — T; % gug)
>1

>0

as desired.

_1 1
Step (i): 7, 2auv1; — T; Pajuy; > 0.

We begin by bounding ||v; — v}||2. We have

IT:GT vy > [T G'T0) |, — | TG — G) T2},
> | Xvillz — 1 T2[2|G" — G l|T2 [1o] v} |2,
>\ -6,
> )\ — 26.
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The final inequality follows from the bound ||T'2 (G’ — G) T2 || < § which implies [A; — | <
0 by Weyl’s theorem.

On the other hand, writing v] = Y w;v; with >, w? = 1, we have

2

|IT:GT>v)||, = (Z wfw)

. : 1yl
Combining our two expressions for ||Tz2GTz v |2,

1
2

Since A\; — [Ay| > 7//P'(Y*) and A, P'(Y*) < 1, this implies w; — 1 as 6 — 0. So we
can choose f(4) depending only on 7’ and P'(Y*) and converging to 0 as 6 — 0 such that
|vr — vi]l2 < f(9) whenever [|G' — G2 < 6.

_1 1
Since 7; *ayvy; — 7; *ajvy; > €, we can choose ¢ sufficiently small so that

_1 _1
T; 2oy — 7; QCYj’Ulj >0

whenever ||[v; — vi|j2 < f(J) and therefore whenever ||G' — G||2 < 0.
1

_1 1
Step (ii): ZZ>I<T%C, vo)(T; 2ayug — T 2 ovgj) > 0.

We can write T2GT> = H 1+ Hy, where H is rank one with eigenvalue \; and eigenvector
vy. Similarly we can write T2 G'Tz = H) + H). Then

S (Tie v = (I - P(V)Hy) 'Tha — (Tra,v)v,

>1

and
S (Ti vj)v, = (I - P/(Y*)Hy) 'Tha— (Tra, v})o).

>1

We have ||P'(Y*)Hs|2 < P'(Y*)|A2|. Because P'(Y*)A; < 1 and Ay — |Ao| > ' > 0,
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we can choose r < 1 independent of G such that P'(Y*)|Ay| < r. Since |[Hy — Hj|ls <
|G — G'||s + || Hy — Hjl|2, essentially the same argument as in the proof of Proposition 16

gives a bound on

I(I — P(Y)H2) ‘T2 — (I — P'(Y*)H}) ' T2l

SIS

in terms of § > 0. We note the bound now includes an additional factor max; 7; 2, which we

can assume is well-defined by dropping any agents receiving zero payment.

The bound on ||Jv;—v}]|; from Step (i) implies that we can bound ||(T'2 o, v1)v;— (T2 e, ¥/ )} ||,

in terms of 9.

Combining these bounds, we can bound

Z(T%c, V)V — Z(T%c’, V)V

>1 >1

2

in terms of 0. So when ¢ > 0 is sufficiently small we must have
1

1 _1 _1
Z<T§C, ’Ug>(7'i QCYi’Ugi — Tj 204]'124]') Z 0

>1

as desired. ]

A.4 Sufficient conditions for positive payments

The balance result in Theorem 1 only applies to agents receiving a positive payment under
a given outcome. As discussed in Section 1.4.2, not all agents necessarily receive positive
payments at the optimal contract. In this section, we provide sufficient conditions on the

environment which guarantee every agent receives a positive payment at some outcome.
Assumption 8. The environment is such that:

(a) The contract giving payments 7;(s) = 0 for all i and s is not optimal. Moreover,

under the optimal contract T, there is an agent i satisfying 77(s) > 0 for some s and
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centrality c; > 0.
(b) For every agent i, lim,_,o u.(T) = o0.
(c) For alli and j and any action profile a,

0?Y (a)
@ajaai

> 0.

Part (a) ensures that the principal finds it optimal to pay at least one agent in the team and
that there is an agent who receives a payment at some outcome and has a positive centrality.
Part (b) is a standard Inada condition for the agent’s utility. Part (c) says that agents’

actions are complements, and performance is convex in each agent’s own effort.

Under these assumptions, all agents are paid precisely at the outcomes that are more likely

when team performance increases slightly.

Proposition 18. Suppose 7* is an optimal contract with induced team performance Y*. For

any agent © and any outcome s,

77(s) >0 if and only if P.(Y*) > 0.

In general, it can be optimal to exclude some agents from the optimal team (by offering
them no incentives). The proposition states that when agents are sufficiently risk averse and
actions are complementary, it is optimal to include all agents. Moreover, all agents are paid

under all outcomes that would become more likely if they increased their effort.

The remainder of this section proves the proposition. We begin by stating a key lemma,

which will help show that at any optimal contract all agents have positive centralities.

Lemma 10. At any optimal contract T*, the spillover matric H'UG has spectral radius

strictly smaller than 1.

Proof. We will use p to denote the spectral radius of H'UG. We will show that the
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spillover matrix cannot have p > 1 at any optimal contract. To do so, we will construct a

perturbation of the contract giving the principal a higher payoft.

By definition (see Section 1.3.1),
c"'[I-H'UG]=a".

It is helpful to recall the definitions of the terms in the spillover matrix. The matrix U is

diagonal with entries

Us; = Y PUY " )us(7(s).
seS
We showed in Lemma 4 that any agent receives a positive payment under an optimal contract
7* only at outcomes where P/(Y*) > 0. An implication of this is that each diagonal entry
in U is positive. The matrix G is non-negative by Part (c¢) of Assumption 8. The matrix H

is diagonal with entries
Hj; = Cj(a3).

Since we assume cost functions are strictly convex, these diagonal entries are positive. It
follows that H UG is non-negative, so by the Perron-Frobenius theorem this matrix has

a right eigenvector p with non-negative real entries and a positive real eigenvalue. Then
' [I-H'UG|p=a'p,
which can be simplified to

(1—-p)c'p=a’p. (A.37)

Now, suppose that H UG has spectral radius p > 1. By assumption, the team performance
Y (+) is strictly increasing in each of its arguments. It follows that the right-hand side of (A.37)
is positive. If the spillover matrix has spectral radius equal to 1, the left-hand is 0 while the

right-hand is positive. Thus, we cannot have spectral radius 1.
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We must show we cannot have a spectral radius p > 1. Since 1 — p is negative, this implies
c’'p is negative. We will construct a direction ¢ such that when the optimal contract T*
is perturbed in direction ¢, the agents’ individual incentives move in direction —p. The
resulting change in the equilibrium team performance is proportional to —c’p, which is

positive. This will contradict the optimality of contract 7*.

We now state a lemma that characterizes the change in team performance when the contract
is perturbed in some direction ¢, where ¢;(s) specifies the change in payments to agent i in
each outcome s. (Payments only to agents receiving a positive payment are perturbed.) The

result below generalizes Lemma 1 to any arbitrary direction.

Lemma 11. The change in equilibrium team performance as payments to agents are per-

turbed in direction t is

for some constant [.

The proof of the result above follows the same approach as the proof of Lemma 9 so we
omit it for brevity. We utilize this expression of change in team performance to analyze the

principal’s first-order condition. The derivative of the principal’s objective is:

dY (t Z(v ZT )P’Y* A

seS i SES

D

Substituting the expression in Lemma 11, we get

lDZaici ZPS’(Y*)ti(s) - W — ZZPS(Y*)Q(S). (A.38)

We will show there exists a direction of perturbation ¢ satisfying the following properties:
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e Every element of eigenvector p satisfies

pi=—i Yy PUY")ti(s) - W

seS

e t;(s) <0 for any agent i and outcome s, and
e t;(s) <0 only if 7/(s) > 0.

For each agent i, choose an outcome s; where he receives a positive payment. (Recall we
have already restricted to the set of agents who receive a positive payment at some outcome,
so this is possible.) At such an outcome s;, the probability P; (Y*) > 0. For outcome s;,
define

(g)) = — plc{,(a;k)
ti(si) : %P;l(y*)u;(z*(sz))

We have t;(s;) < 0 because o; > 0 and the entries of p are non-negative. For any other
outcomes s € S\ s;, define t;(s) := 0.

Substituting in (A.38), the derivative of the principal’s objective in direction ¢ is
—IDc"p = Y " P, (Y*)ti(s). (A.39)

The rest of the proof establishes that the expression above is positive. First, we show that
the quantity /D > 0. By Part (a) of Assumption 8, at the optimal contract 7*, there exists
some agent i satisfying the following conditions on payments and centrality: 7;°(s) > 0 for
some outcome s and ¢; > 0. It must be that the principal’s first-order condition (see proof
of Theorem 1) applied to agent i is satisfied with equality, that is,

1 (o

[Dae; Pl(Y™) - “CS%CES))) = P,(Y").

)

Moreover, since ¢; > 0 we must have [D > 0. Combining this with ¢”p < 0 it follows that
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the first term —/Dc’p > 0. The inequality

—IDc"p =Y " P, (Y*)ti(s;) > 0 (A.40)

follows from noting that ¢;(s;) < 0 for every agent i.

Since 77 (s) > 0 whenever t;(s) # 0, a sufficiently small perturbation in direction t is feasible.
So 7* cannot be optimal, which gives a contradiction. We conclude that at the optimal

contract 7*, the spillover matrix H UG has spectral radius p < 1. O

To characterize whether an agent receives a positive payment, it is useful to know whether
the agent’s centrality is positive. We can apply Lemma 10 to show that the centrality of each
agent receiving a positive payment is strictly positive. To see this, recall that centralities are
defined by

=o' [I-H'UG] .
Since at an optimal contract the spectral radius of H 'UG is strictly smaller than 1, we
can expand the right-hand side as a power series:
c! = aTZ (H’lUG')LC :
k=0

The spillover matrix H UG is non-negative (see the proof of Lemma 10) while each entry
of a is strictly positive. We conclude that the centrality ¢; of each agent receiving a positive

payment is strictly positive.

Unfortunately, this does not allow us to conclude that all agents receive a payment. Suppose
some agent received payment zero under 7*. The Inada condition guarantees a small payment
to that agent under suitable outcomes would provide a large incentive to work. But whether
this incentive helps the principal depends on the sign of that agent’s centrality. We will
now show that agents that do not receive a payment at the optimal contract have a strictly

positive centrality as well.
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Our definition of centrality in Section 1.3.1 focused on agents that receive a payment. We
will extend the definition to all agents. To do so, we extend various other definitions to

allow entries for every agent. Define the vector a by
a:=VY(a").
Define the matrix U € R"™" to be diagonal with entries
Ujy =D P )us(7(s):
seS

For any agent that does not receive positive payments under any outcome, the diagonal entry
is 0. Define G € R™" to be the transpose of the Hessian matrix, i.e.,
~ %Y

G = darda;

Observe that the Hessian G' defined for agents that receive a payment is a submatrix of G.
Define the matrix H € R™*" to be diagonal with entries

Hjj = C’]”(a’;)
We can now define all agents’ centralities given the optimal contract 7* by

& =& [1-H 'O - (A41)

Lemma 12. Suppose 7* is an optimal contract. For any agent i, the centrality ¢; > 0.

Proof. We first verify for agents that receive a payment that their centrality defined in ¢ is
equal to their centrality as defined in e. For ease of notation, let the spillover matrix on all
agents S = H'UG and for those with a payment S = H-'UG.

We will show that S and S have the same non-zero eigenvalues. Consequently, they have
the same spectral radius. Suppose p is an eigenvalue of S with corresponding eigenvector

v. Then, p is also an eigenvalue of S. To see this, suppose (without loss of generality)
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agents with a payment are labeled {1,...,k}. Rows (k+1) onwards in S have all zeros. The
matrix S is the top-left (k x k) dimensional submatrix of S. We can define a n-dimensional
vector v as v; := v; when ¢ < k and v; := 0 when ¢ > k. It is straightforward to see v is
an eigenvector of S with eigenvalue p. We will now prove the other direction. Suppose p
is a non-zero eigenvalue of S with corresponding eigenvector v. Since rows (k + 1) onwards
in S have all zeros, it must be that 7; = 0 for components ¢ > (k + 1). But this implies
v, corresponding to the first & components of v, is an eigenvector of S with eigenvalue ji.

Applying Lemma 10 tells us the spectral radius of S is strictly smaller than 1.

So we have the following power series expansion of (A.41):

d'=a") S (A.42)
=0
We can write for any ¢ > 1
0 0|’

where Jy is a matrix that does not contribute to the centrality. Substituting in (A.42) and
noting that the first k& elements of a are just the vector a, we get ¢; = ¢; for agents that
receive a payment. The centrality ¢; for an agent without a payment will affect overall team

performance when their payment at a particular outcome is perturbed.

All that remains to show is that ¢; > 0 for every agent. This follows from (A.42): S is

non-negative and every element of a is strictly positive. O]
We now complete the proof of the proposition.

Proof of Proposition 18. The proof involves analyzing the derivative of the principal’s ob-
jective with respect to payments made to the agents. Consider any agent 7. As shown in the

proof of Theorem 1, the derivative of the principal’s objective with respect to 7;(s) is

IDase; - U priysy _p vy,
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Forward direction: Let Sf be the set of outcomes at which an agent i receives a positive

payment. Then

P(Y*) >0 for all s € S}.

The statement of the forward direction is exactly Lemma 4. Note that the arguments to

prove the lemma did not require an Inada condition.

Backward direction: Any agent i receives a strictly positive payment at all outcomes where
P/(Y*) > 0.

By Part (a) of Assumption 8, at the optimal contract 7*, there exists some agent i receiving
a positive payment at some outcome s and has centrality ¢; > 0. Note that from the forward
direction, we must have P.(Y*) > 0. The principal’s first-order condition (see proof of

Theorem 1), applied to agent i is

u/(Ti*(S)) * *
This implies [D > 0, because ¢; > 0. For any other agent j, recall from the proof of

Theorem 1 that the derivative of the principal’s objective in 7;(s), is given by the expression

This expression was stated for any agent receiving a positive payment at some outcome, but
also holds for agents receiving a zero payment at all outcomes as long as the perturbation is

made at an outcome s at which P/(Y*) > 0.* It is straightforward to verify that c; is exactly

4Recall that Lemma 1 was defined for any agent receiving a positive payment at some outcome. We
show that the result also holds for agents receiving zero payments at all outcomes, when the perturbation
in payments is made in an outcome where P/(Y™*) > 0. For any agent i taking action a} > 0, the first-order
conditions at equilibrium imply that a; solves

oY
Cl(a;) = (Z PL(Y)ui(ri(s )> 90

s'eS

We show the equation must also hold if a} = 0. To see this, recall that o} = 0 if and only if 7(s) = 0 at all
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the term that appears in the centrality vector ¢ defined in the proof of Lemma 12. By the
Inada condition on the marginal utility function, the observation that {De¢; > 0 (which holds
because ¢; > 0 as shown in Lemma 12), and the fact that P/(Y*) > 0

uj (75 (s))

lim (D LI PI(Y*) - P(Y*) > 0.
™ (H)ILO ;G- C”(CL ) ( ) ( )
Thus, we cannot have 77(s) = 0 at an optimal contract. [

A.5 Optimal equity pay

The contracts in our main model are finely tailored to individual outcomes (see Corollary 2).
In practice, such contracts may be difficult to implement, and firms often use simple com-
pensation schemes. Our results can be adapted to characterize optimal contracts within a
restricted class. This section provides an illustration by analyzing one widely used incen-
tive scheme: equity pay. Note that in simple success-or-failure environments, all optimal
contracts feature equity pay, but in general the optimal equity contract need not match the

optimal unrestricted contract.

An equity pay contract pays each agent a fixed share 7;v, of the surplus v, produced by the

team. For a given equity contract 7, the expected payoff to the principal is

outcomes s. Consider the first order-condition when af = 0 and 7;(s) = 0 for all s:

0= o) &

s'eS

The left-hand side is zero because C’(0) = 0. The right-hand side is zero since ), P,/ (Y) = 0. So the
first-order condition holds in this case as well. It follows that the first-order condition blnds when payments
are perturbed for such an agent at an outcome where P.(Y*) > 0.
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The expected payoff to agent ¢ from an equity share 7; is

U = u; (1ivs) Pu(Y) = Ci(ay).

seS

The result below characterizes an optimal equity contract 7*. We maintain Assumption 1,
which now states that there is a neighborhood of 7* in the space of equity contracts where

a*(7) is continuously differentiable.

Proposition 19. Suppose T* is an optimal equity contract and Y* is the induced team
performance. There exists a constant \ such that for any agent © receiving a positive equity
payment, we have

ui (77 vs)

seS i\

The proof, which we provide below, follows a similar approach to the proof of Theorem 1. It
involves analyzing the effect of perturbations to equity payments on the principal’s objective.
Perturbations in the equity payment of an agent affect payments at all outcomes. The direct
effect of increasing 7; on ¢’s action is proportional to the change in marginal expected utility
from payments, which is given by the expression
w, (17 vs)
a; Y PUY* ), =5
sES C’L (ai )
The summation captures the total direct effect of increasing an agent’s equity on team perfor-
mance by aggregating across outcomes, and multiplying by ¢; includes indirect effects. At an
optimal equity contract, the effect of perturbing equity payments on total team performance

must be the same for all agents with positive equity.

In general, the balance condition in Proposition 19 characterizing optimal equity contracts
does not match the condition in Section 1.3 characterizing optimal contracts. An optimal
contract fine-tunes payments at each outcome, incentivizing agents to exert optimal effort
levels. Equity pay imposes a particular linear relationship between the payments for differ-

ent outcomes that may be practically convenient but sacrifices some incentive power. We
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note the contrast with Dai and Toikka [2022], building on Carroll [2015], which finds that
linear contracts are optimal for a principal designing team incentives that must be robust to

uncertainty about the environment.
Proof of Proposition 19. We begin with a lemma, which adapts Lemma 1.

Lemma 13. Suppose 7* is an optimal equity contract with corresponding equilibrium actions
a* and team performance Y*. For any agent i, the derivative of team performance in T;,
evaluated at T, is
ay ul (T vs)
— lOéZ'CZ' Pl Y* Vg - 1\ 7S 7
an ~ te L PO

seS

where [ is independent of © and s.

Proof. The steps taken in this proof are exactly the same as those taken in the proof of
Lemma 1. We analyze the change in team performance as the equity transfer to an agent
is perturbed. Consider an equity payment scheme 7* and any agent i. Consider marginally

increasing 7;. The change induced by this perturbation is

oY
0 Ti

_ oa*

= V(@) Sk

(A.43)

where a* is the equilibrium action profile for the contract 7. The substance of the proof is

analyzing the second term on the right-hand side of (A.43).

As in Lemma 1, it is without loss to analyze the change in the action of agent ¢ and actions
of agents j that take strictly positive actions in profile a*. The analysis from here on focuses

on such agents, overloading notation to represent the actions of these agents by a*.
We will show that the change in equilibrium actions a* as the equity 7; increases is

0

- [I _ H‘lUG}_l H! g{i >ses PrY )vsul(Ti05)
0

N Y
871-

oa*

-1
5 [H - UG 'd, (A.44)
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where d is a vector that depends on the curvature of the probability of outcome Ps(-).

Consider the equilibrium action profile a*. For an agent j, the first-order conditions imply

a; must solve the equation

Ci(ay) (Z PHY )u;(Tjvs ) %. (A.45)
seS J

To arrive at (A.44), let us implicitly differentiate (A.45) with respect to 7;. For all j # i,

" ) "\ 9%Y  Oaj
Ci( <ZP Ju; T]vs) ( « Barda; : 37}) (A.46)

SES =
oY oY
P"(Y)u;(ivs). A4
+aaj aTi ; 8( )UJ(T]US) ( 7)

Similarly for j =i,

da’ "9y dat
" 7 / . ) k
G (45) g, = <§ PS(Y)u](TJvS)> <k21 Danda an) (A.48)

seS
, Y oY ,
aa Z PUY Josuj(rvs) + 5 o > P Ju (7). (A.49)
7 ses J es

We can combine (A.46) and (A.48) in vector form:

0
da* -1 oY .
or |H - UG] 6(11 Zses Py E)Y) u(Tvs) | + or; [H-UGd,

where d is a vector with d; = 23" o P!(Y)u;(7;v,). The expression in (A.44) follows.

Substituting (A.44) into (A.43), the change in team performance as the equity payment 7,
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increases is

0
oY . _ —1
5 = VY(a ' I-HT'UG] H™' |25 o PU(Y)vsuj(rivs)
0
+ X VY (a*)'[H-UG| 'd
87’1 '
Applying the definitions of «a; and ¢;, we obtain
= aic; Y _PUY) (rv,) | OV VY (a*)' [H -UG] "d.
87’Z = ! (ai) 87’Z
Rearranging,
3Y: 1 QCZPI ( -*US).
Ot 1-VY(a")T|[H - UG]|” = C (ay)
Setting | = l—VY(a*)T%H—UG]’ld and observing [ does not depend on ¢, we obtain the desired
result. O

The expected payoff for the principal under equity payment 7 and corresponding equilibrium

actions a* is

(1—27,) S PV (a)).

iEN seS

Suppose T* is an optimal equity contract inducing equilibrium a*(7*) with team performance

Y*. Consider agent ¢ such that 7" > 0. Then the first-order condition for 7;* implies that

dﬂ (1 -y 7 ) > 0 P(YT) =) uP(Y7).

iEN seS sES

N J/
-~

D

The left-hand side is the benefit from increasing 7 while the right-hand side is the ex-

pected additional transfer required. Since each outcome occurs with non-zero probability,
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the summation labeled D is nonzero.

Substituting Lemma 13 in the above equation, we obtain

u; (77 v,) ZSES Vs Ps(Y™)

/ * —
lac; Z PS(Y )US ) C’{’(a;‘) - D )
s€eS
* u;(Ti*US)
= a6 ZPS'(Y vg - ) =\,

seS

where A = 3 _cv Ps(Y™*)/(ID). Observing that A is independent of ¢ and the outcome s,

the statement of the result follows. O]
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Appendix B

Appendix for Equity Pay In

Networked Teams

B.1 Proofs

We next state and prove a lemma, discussed in Section 2.3, which will be used in subsequent

proofs.

Lemma 14. An allocation T is optimal among those with a given sum of shares ), .y 0; = s

if and only if it solves

max Cc
T

subject to (Go); = ¢ whenever o; > 0.

In particular, the active sets at optimal allocations are the same as the sets of non-negative

indices under solutions to this optimization problem.

Proof. By Proposition 2, there exists a constant ¢ such that for all agents that get a strictly

positive equity at the optimal solution, (Go*); = c¢. At any solution which satisfies the
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balanced equity condition and allocates a fraction s of shares to agents, the team performance

Y* — ]_TCL* 4 g(a*)TGa*

can be rewritten as

. P(Y™) BP'(Y*)2c .
e (1 —BP'(Y*)e  2(1— BP’(Y*)C)Q) : (B.1)

We will conclude from the above expression that team performance is increasing in ¢. For a

given ¢, the team performance Y*(c) is the solution to f(y,c) = y, where we define

Ply) BP'(y)’c )S
1= BP(y)e  2(1—BP(y)c)?

fly,c) == (

By assumption P(-) is concave and twice differentiable, so f(y,c) is decreasing in y. Since
we have also assumed P(-) is strictly increasing, we have % > 0 for all y and thus Y*(c) is

increasing in c. O

Proof of Proposition 5. By Lemma 14, the optimal active set is determined by an optimiza-
tion problem that is independent of 3. So if the active set for the allocation 7 is optimal for
complementarity parameter 3y, the same active set is optimal for complementarity parameter
[1. Call this active set G.

By Proposition 2, the optimal allocation with this active set is characterized by 7§ = G~ '1¢
for some constant ¢y > 0 when the complementarity parameter is 5y. Similarly, the allocation

with this active set is characterized by 7 = G '1¢; for some constant ¢; > 0 when the

complementarity parameter is Sy. This implies the claim with & = ¢;/co. O

Proof of Proposition 6. We consider the success probability objective as the argument is
essentially the same for both objectives. By Lemma 14, any optimal allocation maximizes

(GT); for active agents i among allocations 7 satisfying the balanced equity condition.

Let § = max;; G;; and choose ¢ and j such that the link between ¢ and j obtains this
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maximum weight. Setting o; = 0; = 3 and all other o}, = 0 gives (GT); = (GT); = 7/2. We

now show this value cannot be obtained with an active set with diameter greater than 2.

Suppose there is an optimal allocation 7* with an active set A* with diameter greater than
2. Choose active agents ¢ and j such that the distance between ¢ and j is at least 2. The
subsets {i}, {7}, N(7) N A*, and N(j) N A* of the active set are all disjoint.

The balanced equity condition implies that (G7*); = (GT*); = ¢ for some constant ¢, and

we have

2c

(G + (),

*
2. i

kEN (i)UN(5)

IA
Qf

A

9,

where the last inequality holds because o > 0so ), N@un() Ok < 1. Since we showed we

can obtain a value of ¢ = g/2, this contradicts the optimality of 7*. ]

Proof of Theorem 3. We consider the success probability objective as the argument is essen-
tially the same for both objectives. By Lemma 14, any optimal allocation maximizes the
constant ¢ = (GT); for active agents ¢ among allocations 7 satisfying the balanced equity

condition.

Let the size of the maximum clique in the network be k. Proposition 2 implies that the

optimal allocation with active set a clique of size k gives all active agents equal shares i.

k
Under this allocation, the balanced equity condition holds with constant ¢ = =L,

>

Suppose an allocation 7 satisfies the balanced neighborhood equity condition with constant
c> % We will show the active set under this allocation must contain a clique of size at

least k + 1, which contradicts our assumption that the size of the maximum clique is k.

k—1
k* = arg max {c — (—) > 0} .
kez k

Define
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We will show that the active set under 7 contains a clique of size k* + 1 > k. Call the set
of vertices of this active set by A*. First observe that the equity that each agent gets is at
most (1 — ¢). This is because each agent’s neighbors receive equity shares summing to ¢ and

the total of all equity shares is 1.

We will define a sequence of agents 3°, ..., inductively such that :°,:!,..., i is a clique

for all k. Fix some 7° in the active set and define Ng(i°) := N(:°). Given °,4',... i* for

any k < k*, we define

0

Given i°,...,i* with 0 < k < k*, we want to choose i**! to be an arbitrary agent in Ng(i*).

To do so, we must show Ng(i¥) is non-empty.

We will prove that the total equity in Ng(i*) is at least (k + 1)c — k, i.e.,

iENs(ik)

We show this by induction on k. The base case £ = 0 holds by the balanced neighborhood

equity condition.

The inductive hypothesis is

Z o; > ke— (k—1).

i€ENg(ik—1)
This implies
Y am<(k-1D1-0) (B.2)
€N (i%)\Ns (ih—1)

since oy 0i = C.

k

Since " is active, we also have Zz‘eN(ik) o; = c¢. We can decompose the equity in this

neighborhood, potentially along with additional agents’ shares, as

Z o; + Z o; + Z o; > C.

i€ A*\N(i0) i€N(i9)\Ng (ik—1) 1€Ng (%)
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By the balanced neighborhood equity condition for agent :° and (B.2), this implies

Z o, > (k+1)c—k,
iENg(i%)
-1

)
ke {l,...,k* —1}. So we can construct i°,...,i* as described above.

completing the induction. Since ¢ > this implies that Ng(i¥) is non-empty for each

By construction, the subnetwork {4, ...,i*"} is a clique of size k*+1. Since we have assumed

the maximum clique has size k, this contradicts the existence of an allocation 7 satisfying
k=1
&
clique must be an optimal allocation. O

the balanced neighborhood equity condition with constant ¢ > . Thus the maximum

Proof of Proposition 7. Proposition 2 tells us that, for all agents such that 7" > 0, we have

= cG'1.

We will use the matrix calculus expression

0G(t)™1
ot

e Opa=rarellial

Taking the derivative with respect to G i, we have that
G ~ e

or” ~-1 1
S 1
9Gr - ¢ 96, ¢ g,

G '1.

Analyzing the i*" element in this vector gives

O @G — (GG, +
9G 10

Oc
0G i,

A(G11),.

The result follows from of = ¢(G~'1); and the analogous expressions with indices j and
k. O

Proof of Proposition 8. We want to calculate the derivative of the team performance Y™*
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under the optimal allocation as G; increases. By the envelope theorem, we can calculate
this derivative by holding fixed the allocation 7*. To do so, we calculate the derivative of
the equilibrium team performance Y* for a given allocation o as G;; increases. We will then

substitute o = 7*.
Letting a* be the equilibrium action profile under the allocation o, we calculate

oy  017a"+5(a")"Ga’

aG, G, ’
7 0a* 5 o
=g, TG GGU +5E) GGU
8 *
— T *\T * ok
=[1" +8(a")"G] G + faja;

The equilibrium action satisfies a* = fP'(Y)XGa* + P'(Y)X1. Thus, we can write

aa;j = BP’(Y)E;CEZ a* + BP’(Y)TGSSM + (fXGa" + X1) 88PG(Z/)’
S
g , Da* . Loy
=B| 0| PO+ BPOITG o+ (FEGa + 1) P/(YV) 50
oja;
L 0 .

where X a%G a* is a vector with the i’* element equal to ala* the j™ element equal to o;a}
ij

and the rest of the elements equal to zero. Solving for 2 aG gives

0
da’ 7145 oY
a / -1 / * 7
=I1-p6P(Y)X P(Y X1 P(Y
so =T APRG | BPY) | 0 |+ B[+ pGa’) P(Y) g
aja;k
0
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Substituting into the expression for W gives

aY _
e 1= (14 8Ga") [L- BP/(Y)SG] ' S (1 + 5Ga’) P'(Y)]
]
uE
aia;»
=BP(Y)[1" + B(a")'G] [ - BP'(Y)TG]™" | 0 | + fBala]
O'jCL;3<
-~ 0 =
We now use the optimality of o, which implies the equality a* = 7 11;# by Proposition 2.
Applying this, we obtain
oY * ((1 Ger vy T TRy >>2>
_ * __x Dl 2 —BeP (Y™ —pBeP! (Y™
aG’LJ /60— O- P ( ) 1 . P”(Y*)Zz‘ O’; N
(1=BcP'(Y*))?
The right-hand side has the desired form. O

Proof of Proposition 9. We can assume without loss of generality that all agents in G are
active under 7* (by dropping any inactive agents from the network). Consider a feasible
allocation 7 satisfying the balanced neighborhood equity condition Go = ¢1 and let s =
> ;i € [0,1] be the sum of shares under this allocation. Such an allocation will exist for any
s €10,1], as G is the optimal active set and thus (G™'1), > 0 for all ¢ in G. The balanced
neighborhood equity condition implies that

S

cTI1rGgi1

Applying (B.1), we can write the residual profit for the principal under this allocation as

V(s,B) = a*s(1 — s) < ! — + bogrg ) :

2
L=bBagrems 2(1 - Bagrg—n)




APPENDIX FOR EQUITY PAY IN NETWORKED TEAMS 177

So for a fixed 3 for which 7* is an optimal allocation, the sum of shares under this allocation

solves the optimization problem

V*(B) = max s(1 — s) ( ! + Pasrg )2> :

56[071} 1 - BalT(;‘,S*11 2 (1 - /Bachffll

We will characterize the solution to this optimization problem. We define ¥* := 17G~'1 and

»ap(EG)
team performance is in [0, Y]. Observe that ¢ = s/k* is an eigenvalue for the matrix ¥ G for

claim that fa < k*. We must have g € (O lL) by our assumption that equilibrium

any s € [0, 1], with right eigenvector 7. Thus we have

s 1
— < p(X —.

Choosing s = 1 then verifies the claim fa < k*.

We now return to the problem of maximizing V' (s, 3). Taking the partial derivative with

respect to s, we find

oV(s,B)  k*o?(—(Ba)*s® 4 3fak*s® — 4(k*)*s + 2(k*)?)
ds 2 (k* — Bas)® '

It suffices to study the behavior of V (s, 5) when s € [0,1]. Define
p(s,B) = —(Ba)?s® + 3Bak*s* — 4(k*)?s + 2(k*)?

to be the numerator of V (s, 3). The partial derivative of p(s, ) with respect to s is

Ip(s, B)
Os

= —3(Ba)?s® + 6Bak*s — 4(k*)* < —3(Bas + k).

Since the right-hand expression is strictly negative, the function p(s, ) is strictly decreasing

in s € [0,1]. Thus p(+, 5) has only one real root for each £.
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We claim that this root lies in (%, 1). At s = %, we have

1 s 1 o 1
for any fa < k*. At s =1, we have

p(L, B) = (K" — fa)(fa — 2k7) <0,

for any Sa < k*. This proves the claim.

178

For s € [0, 1], the denominator of V' (s, 3) is strictly positive for any Sa < k*. So for each 5,

the sum of shares s at the optimal allocation is characterized by p(s, 5) = 0. We calculate

Ip(s, B)

0 = 3ak*s? — 2Ba%s® = as? (3k* — 2Bas) > 0,

p

where the inequality holds for all s € (0,1). Since p(s, ) is strictly decreasing in s for each

B, the sum of shares s at the optimal allocation is increasing in 5.

B.2 Three-agent networks

]

In this section, we describe the optimal equity allocation in a three-agent weighted network

(without self-links). We begin by describing the optimal allocation and then discuss how

this allocation changes as we vary the network.

We first describe which agents receive the most equity and which agents are active as a

function of the network structure. We then derive comparative statics of the optimal equity

shares as the network structure varies. We will see that the equity given to an agent need

not be monotonic with respect to the weights on his links.
Without loss of generality, we can assume the adjacency matrix is

0 1 Gy
G = 1 0 Gas |,
Gz Gas O
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with the ordering 1 > G153 > Ga3 > 0.1 We will consider the case when all three links have
positive weight, i.e., Gaz > 0.

Our first result ranks agents’ equity allocations and describes the active set:

Proposition 20. For any § > 0, there is a unique optimal allocation. The set of active

agents in an optimal allocation is {1,2,3} if and only if
G13 + G23 > 1.
The shares at the optimal allocation are ranked

* * *
T =Ty = Ts.

We defer proofs to the end of this section. The first part of the proposition states the optimal
allocation is unique, or equivalently there is a unique best active set for all networks. The
second part of the proposition characterizes the active set under the optimal allocation. All
agents are active precisely when each agent’s degree is greater than the weight of the opposing
link, and otherwise only the two higher-degree agents are active. Intuitively, it must be the
case that the combination of the two lower-weight links provides complementarities at least
as strong as the highest-weight link. Otherwise, the principal prefers to give equity only to
the two higher-degree agents.

The final part of the proposition describes which agents receive the most equity. Under any
optimal allocation, equity shares are increasing in degree. Intuitively, the weights on links
originating from agent 1 dominate those originating from agent 2, which in turn dominate
links from agent 3. From the balanced neighborhood equity characterization of the optimal

equity incentives, we expect that agents with stronger links receive more equity.?

We now turn to comparative statics of the optimal equity allocation with respect to the

ITo reduce to this case, we can reorder agents and then normalize the link Gi2 to 1.

2Roughly speaking, an agent i’s degree times average equity in 4’s neighborhood is equal to a constant.
So agents with higher degree need to have neighbors with lower equity. With three agents this means that
higher degree implies higher equity.
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weight of the weakest link Gy, fixing the weight G13 > % By Proposition 20, agent 3 is

active if and only if Go3 > 1 — GG13. We will restrict to this interval to take comparative

statics, as the optimal allocation does not depend on Gz below the threshold 1 — G3.

Proposition 21. Fiz G35 > % When Gaog € (1 — G13,G13), we have

()

e < 0.

—— <0, and

Moreover, there exists a threshold g* € (0,1), which is a function of G, such that

862%3 >0 if Gy < g*(G13)  and 0 <%>

0G3

< 0 if Gaz > g"(G13).

Under the success probability objective, all equity is allocated and there is no question of
how the sum of shares changes; in that case, an immediate implication of Proposition 21 is
that the equity of agent 2 is decreasing in Ga3 for small Gog, while the equity of agent 1 is

decreasing in Ga3 for large Gas.

Corollary 4. In the success probability problem, increasing Gaz decreases agent 2’s optimal
share o3 when all agents are active and Gaz < g*(G13). Increasing Gog decreases agent 1’s

optimal share o when Gaz > g*(G13).

The first part of the result is more counterintuitive: it says that increasing the strength of an
agent’s collaborations can decrease the agent’s relative equity share. This is what happens
to agent 2 when (3 is increased starting from a low level. Once Go3 gets large enough,
however, the equity given to agent 2 begins increasing; this is financed by taking equity from

agent 1, whose stake is then decreasing in this regime by the second part of the corollary.

B.2.1 Proofs for three-agent networks

We now prove the two propositions in this section.
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Proof of Proposition 20. As a preliminary, we prove any optimal active set has at least two
agents. Suppose only agent ¢ were active. Let the optimal equity allocation for such an
agent be o*. The principal then maximizes the output (1 — o)P(0), so o* solves P(c*) =
(1—0*)P'(0*) for the residual profits objective or o* = 1 for the success probability objective.
But, for any 5 > 0, the principal can strictly increase residual profits by giving agents 1 and 2
each shares o1 = 09 = ¢* /2 or increase the success probability by giving shares o1 = g9 = %,

which gives a contradiction.

We claim that the unique active set is all three agents if and only if Gi3 + Goz > 1. If
all agents are active at an optimal allocation, then Proposition 2 characterizes the optimal
shares as

. 1+ Gz —Ga3 . 1+ Go—Gy

. Gog+Gi3—1
7] =

°G,; 2y BT 2GmGr

for some constant c. A necessary condition for {1, 2,3} to be an optimal active set is o > 0,
which is equivalent to G153 + Gaz > 1.

To prove the claim, it remains to show this condition is sufficient: if Gi3 + Ga3 > 1, then
the unique active set is all three agents. Fix an optimal allocation 7* and let s = >, o be
the corresponding sum of shares. By Lemma 14, this optimal allocation must maximize the

constant ¢ in the expression G = ¢1 among feasible allocations with >0 =5.

First suppose the active set is {1,2}. By Proposition 2, the two agents receive equal equity

shares 1 = 75 = /2 and we obtain GT = s/2.

Suppose the principal instead allocated s shares among all three agents so that the balanced

neighborhood equity condition is satisfied. This requires

1+ Gz —Gas
B 2G 13

_1+G23—G13_CU_023+013—1‘
T 20y T 2GyGhy

01 +C,09
Since G13 + Go3 > 1, the three shares o1,09,03 > 0, so we have defined a feasible equity

allocation. Combining the expressions for the o;,

2G13Gass

= > 0.
¢ 2(Ga3 + Gi3) — 1 — (Gi3 — Ga3)?
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It remains to check that this allocation gives a higher constant ¢ than the allocation o, =

09 = s/2 and o3 = 0 with two active agents. This holds if

2G13Ga3s
2(G3 + Gi3) — 1 — (G13 — Ga3)?

<~ (G13 + G23 — 1)2 > 0,

> 5/2,

and the bottom inequality holds since G135 + Ga3 > 1. This shows that there is a unique

optimal allocation and the active set at this allocation is {1,2,3}.

Finally, we prove that 7 > 75 > 75 by considering both possible active sets. When all

agents are active, by Proposition 2, the optimal shares satisfy
7'2* + C;lgT?Zk = 7'1* + G237_§ == Glng + G237'2*,
where 7, 75,75 > 0. We have assumed Ga3 > 0, so 77 > 75 > 73.

When only agents 1 and 2 are active, by Proposition 2, the two active agents ¢ and j receive

equal shares o = o} = 0" while agent 3 receives no shares. O]

Proof of Proposition 21. Since we are working in the range of values where the optimal active

set is all three agents, Proposition 2 implies

Ty _ G13(Ga3 + 1 — Gy3)
T3 Gos+Gi3—1

Taking the derivative of the ratio of the optimal shares with respect to Gs3, we get that

0 (%) _2Gi(1 =Gy

= < 0.
aG23 (G23 -+ G13 — 1)2

Turning to the relative shares between agent 1 and 3, Proposition 2 implies
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Tg_ Gos + Gz — 1

7'1* . G23 (Glg + 1 — G23>

Taking the derivative of this ratio with respect to Ga3, we get that

0 (%) _ (G13 — 1)(1 + G153 — Ga3) — Go3(Gaz + G153 — 1) <0
aG23 (G23 + G13 - 1)2 ’

where the inequality follows from Proposition 20. Finally, we have that

7 (14 Gi3— Ga3)Gas

5 (14 Gaz — Gi3)Gi3’

Taking the derivative with respect to GGo3 and analyzing the quadratic function in Gz in the

numerator gives the result with threshold

9 (Gi3) = V1 -G (\/_—\/1—G13> . O

B.3 Spectral radius maximization

We now state and prove the connection to the spectral radius maximization problem dis-
cussed in Section 2.5.3. Recall the spectral radius of a matrix M, which we write as p(M),

is the largest magnitude of an eigenvalue of M.

Proposition 22. If T is optimal for the success probability objective, then T* = diag(T")
mazimizes the spectral radius p(TG) among matrices T = diag(T) such that T is a feasible

allocation.

Proof. For the proof, we consider the alternate model (discussed in Section 2.2) in which
the team has a deterministic output P(Y") and the principal allocates equity shares o; P(Y')

to each agent i. We moreover assume that P(Y) = Y. Our analysis applies essentially
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unchanged, with equilibrium actions under shares 7 now given by
a*=[I - BTG) 'r.

In particular, the optimal allocations are unchanged and Proposition 5 continues to apply

in this alternate model.

Suppose o* is optimal for the output objective for some complementarity parameter 3, but
does not maximize the spectral radius p(T'G). Let o’ maximize the spectral radius p(T'G).
Then, by assumption, p(X*G) < p(¥'G). Recall that given shares 7, the equilibrium actions
are

a* =[I-BTG]) 'r.
Since 7 is the right eigenvector of T'G with largest eigenvalue, we have

*

1

C I sme)”

Taking the limit of 8 to 1/p(X'G) from below, we have ||a*||s — oo under the equity alloca-
tion 7’ but ||a*||2 remains bounded under the equity allocation 7*. So we can choose f; such
that the team performance with shares o’ is strictly greater than the team performance with
shares o*. This implies that * does not maximize the output objective with complementar-
ity parameter [3;. Proposition 5 implies that o* does not maximize the success probability
with complementarity parameter S, either, giving a contradiction. Thus, any solution to the

principal’s problem maximizes the spectral radius p(T'G). O
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Appendix C

Appendix for Network Interventions:

Targeting Agents or Targeting Links?

C.1 Omitted Proofs

Proof of Proposition 10. By assumption that the set of subsidy interventions is compact,
there exists a fz 0 such that

B, <t forallieN, and
oi; <t foralli,jeN,

for every subsidy (3, ) in the set 7. Fix a subsidy (3, o). We will establish the existence of
a fixed-point of the agents’ best-response correspondence. Given an action profile @ and link
intensitites g, an agent’s utility is strictly concave in link intensity g;;. The unique optimal

link intensity is

(pa;a; + sij + 04j) } . 1)

g = max < 0,
! { Jij
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Furthermore, the utility is strictly concave in a; and the unique optimal action is

a; =b;+Bi+p Z Gija;.
JEN\{i}

Thus, it suffices to establish a fixed point of the best-response map ® : RY, — RY, defined

as

((I)(CL))Z =b; + 62 +p Z Gijaj for every i € N,
JEN\{i}

where G;; = gi; + g;i with g¢;; defined as in (C.1). Consider the following upper bound on

the best-response of any agent:

(®(a));

IN

l_)—l—?—i—p Z |Gij|aj,
JENM\{i}

-~ 2 a,;a-+2%v+2§
brivp Y U i aj.
FEN\{i} "

IA

Given curvatures f;;, define f := min; ; f;;. Suppose there exists a R > 0 such that

L 2p? 20 (t+73
b+1+ %nRS’ + %m <R (C.2)

Then, applying Brouwer’s fixed point theorem on the compact and convex domain [0, R]™,
the continuous map ®(-) has a fixed point in [0, R]". When R =2 (b+1) and

f n? ((+35)° 160 (b+1) n(i+53)
p< = 2" 2 + - )
16n (b + %) i f f
equation (C.2) is satisfied. The statement of the result follows. O

Proof of Lemma 3. Consider any subsidy scheme (3,0) and a corresponding equilibrium
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(a*, G*) that is differentiable in a neighborhood of (3, ). Applying Proposition 11, for any

agent j € N whose action incentive constraint binds, the equilibrium action satisfies

G =bj+Bi+p Y Gaj. (C.3)
keN\{7}

Furthermore, for any individual & € N whose link incentive constraint binds with agent

[ € NV, the equilibrium link intensity satisfies
TriGy = Ok + Sw + paga;. (C4)

We will impilcitly differentiate (C.3) and (C.4) with respect to 8; and o;; respectively to solve
for the derivative of equilibrium actions. We begin with a perturbation in action subsidy ;.
For every agent whose action incentive constraint binds, implicitly differentiating (C.3) with

respect to [3;, we have

da da dg* dgi.
J k 7k kj *

keN\{j} keEN\{j}

If agent i’s action incentive constraint binds, then

da? daj dgs,  dg;,
B R G —k E ik Koy ar . C.6
g, ~ 1o | 2 Gyt (dﬁi T, ) K (©5)

keN\{i} Y keM\{i}

Moreover, implicitly differentiating (C.4) with respect to f; for every link intensity from

agent k to agent [ whose incentive constraint binds, we have

dgry _ Ldaj da}; .
Tuig, = ( vag, T ap") (G7)

Substituting (C.7) in (C.5), we have for every j € N\ {i} whose action incentive constraint
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binds,
da; da 2 da Ldazy
Z KN\ (3} l keN\{j} 7 ’ l
o 20 dap ) da (ap)”
=p Z (ij ) 2p— Z — |- (C.9)
kREN\{5} Fix dp; Wi iy T

Analogously, substituting (C.7) in (C.6), we have

day 2p ) Gk g, 00 (a;)’

keN\{i} keN\{i}

We combine (C.10) and (C.9) to write the derivative of actions a* with respect to §; in

vector form. Thus, when agent i’s action incentive constraint binds,

d *

(C —pM,) a7,

= €4,

where C' is a diagonal matrix with Cj; = ¢;, M is a matrix with entry My; = G};+2pa;jaj/ f;
and Mi; = 2p )" can (i) (a3)? / fir, and e; is the i*® basis vector. By assumption, equilibrium
(a*,g*) is differentiable at subsidy (8, o) and thus

da*

o . -1

where (C — pM); ! is the i® column of matrix (C' — pM)~". The welfare effect of perturb-
ing subsidy f; is

W _ gyyrida’

o T o -1
a5 ag VW (CmeM),

Call this quantity R;.

When agent i’s action incentive constraint does not bind, then da*/df; = 0, and conse-

quently, 5 dW = 0.
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We now follow the same set of calculations to solve for the derivative of equilibrium actions
a* with respect to link subsidy o;;. For every agent k € N/ whose action incentive constraint

binds, implicitly differentiating (C.3) with respect to o;;, we have

da}:: * da’? dg;::l dgl*k *
Chkam =P E G + E (_ )|, (C.11)
dﬁz LEN{k} dO'ij dO'ij dO‘Z‘j

We implicitly differentiate (C.4) with respect to o;; for agents with link intensity constraints

that bind. For every link intensity (k,[) that is not (7, j), we have

dgp daj . day,
_ * * 12
fr p (ak do-z‘j + dgij a |, (C )

and for the link intensity from agent ¢ to j, we have

ij

dgr daj | dag
—1 *
fkl dO’ij + P M dO'ij + dO’ij

a;) . (C.13)

Substituting (C.12) and (C.13) in (C.11), we have

daz * 2p * % da? da;:: (0’7)2
ast=p| D G+ Zoakar | 5o+ 200 > |
Tij leN\{k} K i Tij len\(ky 7

for every agent k # i,j whose action incentive constraint binds. Furthermore, if agent i’s

action incentive constraint binds, then

LA (a*ﬂp * ) Qi o, 0 5~ ()
Cig— = ——a; +p i T 7 P A
do; fig leN {3} i do; do;

and if agent j’s action incentive constraint binds,

da* 2 da? da’ ar)?
Cj 7 _ p a: + p G;kl + pa;a;‘ [ + 2p J ( l )
do ) Z fi do: B} .
v lEA\{5) 4 "
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Suppose the link intensity incentive constraint from agent i to agent j binds. Furthermore,
suppose both agent 7 and j’s action incentive constraints bind. We combine the set of
equations above to write the derivative of actions a* with respect to o;; in vector form.
Thus,

da*

dO'Z'j

(C —pM) = fi; (ate; +aje;) .

By assumption, equilibrium (a*, g*) is differentiable at subsidy (3, o) and thus

da*  p
doij [

(a;f (C—pM); +a: (C— pM)j_1> .

Using this expression, the welfare effect of perturbing subsidy o;; is

dW_ﬁ

doi;  fij (Riaj " Rjai) .

The statement of the result follows in this case.

Next, suppose the link intensity incentive constraint from agent 7 to j binds and agent i’s

action incentive constraint binds but agent j’s action incentive does not, i.e., a; = 0. Thus,

da*  p

“(C — -
doy fijaj (C —pM); 0

and consequently dWV/do;; = 0. Since, da*/df; = 0, the statement of the result holds in this
case as well. We get the same conclusion when agent j’s action incentive constraint binds

but agent ¢’s action incentive does not.

Next, if neither of agent ¢ and j’s action incentive constraints bind, then da*/dg; = da*/df; =
da*/do;; = 0. An identical equation is satisfied when the link intensity constraint from agent

1 to j does not bind. The statement of the result follows. O

Proof of Theorem 4. For a given welfare objective W(-), the Lagrangian of the planner’s
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optimization problem is given by
L(a,g,B,0,\) =W(a)— A Z Brar, + Z Z 011G
keN keN leN\{k}

We begin by taking the derivative of the Lagrangian with respect to f;:

e ~d da; e .
dﬁz—vw dﬁz Zﬁk +> > ou 7 — \a. (C.14)

pi kEN leN\{k}

Substituting (C.7) in the expression above, there is a vector w such that the derivative of

the lagrangian with respect to f; satisfies

ac +da*
= —\a’. 1
a7, w a7, a; (C.15)

Furthermore, when agent i’s action incentive constraint binds, substituting the expression

da*

o . -1

derived in the proof of Lemma 3, into (C.15) we have

L _

_ _ =Ly %
a5 w pM). " — da (C.16)

=R, — \a}, (C.17)
where we define R} := w' (C — pM); .

We next take the derivative of the Lagrangian with respect to o;;:

dc da* da} dGs
y _vad -2 1D jﬁk By Ohi B — NGy (C.18)
Tij Tij kEN Tid heN 1en \{k} Tij

When s;; > 0, the link intensity incentive constraint between agents binds. Furthermore,

when s;; <0, we assume that g;; > 0 and gj; > 0. Thus, for the analysis below, suppose the
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link intensity constraint from agent ¢ to j and from agent j to ¢ binds.
We substitute (C.12) and (C.13) into (C.18) and use

(28@' + Oij + Oji + 2pa;ka;")

! [ij

Consider the following chain of equations:

dL T da* (Uij + Uji)

do-ij w do'” fzj 177 ( )
S PN G R 2)\w7 (C.20)
doj Jij fij
da*  2\p 2\ (03 + i)
_ T _ _a;kaﬁf _ _Si‘ _ 2)\4 021
doij  fiy 7 fy” fii | |

Consider any optimal subsidy scheme (8%, o*) and corresponding equilibrium (a*, g*) such
that the budget constraint binds, that is, A > 0. Suppose that the action incentive constraints
for both agents ¢ and 7 bind. Then

dL - 1% 2\ Oij +Uji)

(Ria; + Rja; — 2Xajal) — ——s;5 — 2)\(

doij — fi i Fu . (C.22)

Furthermore, analyzing (C.17), the KKT first-order conditions imply
R; < Aa; and  Rj < Adj.

Substituting in (C.22), we have

d 2\ ” i
£ 2 oploutoi)
do Jij ij
An analogous calculation shows that the derivative of the lagrangian with respect to oj;
satisfies
de _ _2A _oploi o)

doj = fi fij
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Thus, if s;; > 0, it must be that o}; = oj; = 0. Otherwise, the total subsidy across the pair
of agents o}; + 0}, > 0, implying that the Lagrangian has a negative derivative with respect

to the positive link subsidy, a contradiction.

In contrast, suppose s;; < 0 and f > 0 and 37 > 0. By the KKT first-order conditions,
R} = Aaj and R, = Aa}. Substituting in (C.21), we have

2 g y
e _ 2 op\louton)
fi

do; fij
If o}, + 03; = 0, then dL/doy; > 0 which contradicts the KKT first-order conditions. Thus,
it must be that the total link subsidy o¢7; + 07; > 0. The statement of the result follows.

Next, suppose that the action incentive constraint for only agent i binds. (The case when
the action incentive constraint for only agent j binds follows symmetrically.) Thus, we have
a; = 0. Futhermore, as established in the proof of Lemma 3, da*/do;; = 0. Substituting in
(C.21), we have

An argument identical to one in the paragraph above establishes that if s;; > 0, then

* %
ij — Oji

that the link intensity incentive constraint binds, the link intensity g;; = (si; + 03;)/ fi; and

o = 0. We now show why Part (ii) of the result holds. Since a} = 0 and by assumption

95 = (845 + 05i)/ fij- In the case s;; < 0, because g;;, g7; > 0, it must be ¢7; > 0 and o7; > 0.

The case where neither agent ¢’s nor agent j’s action incentive constraint binds follows

analogously, completing the proof O

Proof of Theorem 5. By assumption, throughout this proof, the link incentive constraint
between ¢ and j binds. Furthermore, since the baseline incentive to take an action b; is
non-negative, the action incentive constraint for agents’ binds. We first characterize an

equilibrium strategy (a*,g*) for a given subsidy profile (3,0). For any link intensity gy
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such that the equilibrium first-order condition binds, we have

*
fri9r = Sk + 0wt

Furthermore, for any action aj, we have

ap, =bp + Bp +p Z Gra; -
leN\{k}

Rewriting the above system of equations, equilibrium actions a* must solve
(I—-pG*)a"=b+p (C.23)

where I is the identity matrix. By assumption, equilibrium actions are differentiable. Thus,
by the implicit function theorem, the matrix (I — pG*) is invertible. Furthermore, we will
establish that the spectral radius of G*, which we denote by p;(G*), is at most one. The
network G* is non-negative. Thus, by the Perron-Frobenius theorem, the spectral radius
w1 (G*) is an eigenvalue of G* with a corresponding eigenvector v; having all entries non-

negative. Multiplying (C.23) by v', we have
(1= pui(G))via* = v/ (b+0).

In the equation above, because b; + 3; > b for every ¢ € N and v; has unit ly-norm, the

right-hand side is strictly positive. Thus, we have u;(G*) < 1/p.

Analogous to the endogenous setting, we employ a first-order approach to solve for an optimal
subsidy scheme. We begin by analyzing the derivative of equilibrium actions a* with respect

to B;. A straightforward calculation establishes that

da*

dp;

= (I-pG");",

where (I — pG*); " is the i*" column of the matrix (I — pG*)™".

A similar calculation establishes that the derivative of equilibrium actions with respect to
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o;; satisfies

da* ya
dUzy fzg

(1= 9G04+ (1= pG); ).

For a given welfare objective W(-), the Lagrangian of the planner’s optimization problem is

given by

L’(a,g,ﬁ,a,)\):W(a)—)\ Zﬁkak"i_z Z Ulekl

keN keN leN\{k}

We begin by taking the derivative of the Lagrangian with respect to f;:

d’c +da*
= — 24
d/B,L VW dﬁl )\Z/Bkdﬂz Z? (C )

where R} := (VW — AB)" (I — pG*);" . Next, we take the derivative of the Lagrangian with

respect to o;;:

AL _ gyrda” S b da, _ e 2o + %) (C.26)
dO'Z'j dUij keN do_zy fij
) ) (0ij + i)
R’ + Rjar) — 2052 — g\ 170 T %01), (C.27)
fzg ( ) fz] fij

Consider any optimal subsidy scheme (8%, o*) and corresponding equilibrium (a*, g*) such
that the budget constraint binds, that is, A > 0.

Consider any sequence of environments {&,,} _, and a corresponding sequence of optimal

*

interventions {(8,,07,)}_,. Let G}, denote the network at the optimal intervention. By

assumption, the limit of the spectral radius of pG’, converges to one, that is,
p- lim uy (G;) = 1.
m—00

For the rest of the proof, we will omit the index of the sequence for notational convenience.
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Suppose 37 > 0 and 37 > 0. The KKT first-order conditions imply that R} = Aa; and
R = Aaj. Substituting in (C.27), the derivative of the Lagrangian with respect to oy; is
dc 2\

do; = f_m (paiaj — 545 — (045 + Uji)) )

We will now show that as m — oo, every action a} — oco. To that end, we will analyze the

the following entrywise lower bound on equilibrium acitons:

a*=(I—-pG) " (b+B) (from (C.23)), (C.28)

=> (pG") (b+B) (using pu(G*) < 1) (C.29)
k=0

>b(I—pG*)"'1 (using b; > b). (C30)

First, using the property of uniform primitivity on the sequence of matrices, we will estab-
lish a uniform lowerbound on the entry of the eigenvector v; corresponding to the largest
eigenvalue puy(G*). By uniform primitivity, there exists a constant L € N and a § > 0 such
that

(G > 6y (G¥)F 11T (C.31)
enrtywise for every matrix in the sequence. Consider the following chain of inequalities:

(P/M(G*))L v = (PG*)L U1,

> 6§ (ppa (G¥))* (Z UM-) 1 from (C.31).

ieN

Thus, we have v; > 9 (Z N vli) 1 entrywise for matrices in the sequence with a large enough
index so that pu;(G*) is arbitrarily close to 1. Since v; has unit lo-norm and is entrywise

non-negative, the sum of entries Zie » V1 = 1. Consequently, v; > 1 entrywise.

Next, we will use the spectral decomposition of G* to solve for the vector (I — pG*)_1 1in
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(C.30). Consider the following chain of inequalities:

T n T
= v1v; 1 v, 1
(I—pG) 1= — ey —
1= pu(G*) kz_; 1 — pux (G¥)
> 1+i v, 1 (usi > 61 and v, 1> 1)
=~ S E—— using v ana v .
T 1=p(G*) =1 = (G¥) 5= T
H_/ \_
P R

By assumption (c) that the limit of the spectral gap is positive, every entry in the vector R
is bounded. By assumption (b) that lim,, ,., p1 (G*) = 1, the vector P entrywise converges
to co. Substituting in (C.30), for every s > 0 there exists a m* € N such that for all m > m*,

every pair of agents ¢ and j have aja; > s.

We will now analyze the derivative of the Lagrangian with respect to o;;. Recall,

dc — 2)
doij Jij

(pafa;f — Sij — (Uij + Uji)) . (032)

Suppose 0;; = 0}; = 0. Substituting in (C.32), we have

ac 2
do; fij

* %k
pa;a; — sij) .

Since s;; <3, the derivative of the Lagrangian d£/do;; > 0 for m large enough, as established
in the previous paragraph. But this violates the KKT first-order conditions. Thus, it must
be that o7; + o}; > 0. ]

Proof of Theorem 6. The proof follows an identical approach to that of proving Theorem 4.
We consider the case when the incentive constraints bind for ¢ and j’s action, and for link

intensities between ¢ and j. The remaining cases are identical to the proof of Theorem 4.

For every agent j € N, we have

Cia) = b+ +p Y Gyulyla))u(ap) (C.33)
REN\(7)
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Furthermore,
Fr(951) = 0w + si + pug(ar)ug(a)) (C.34)

for every pair of individuals £ € N and [ € N. We will implicitly differentiate (C.33) and
(C.34) with respect to f; and o;; to solve for the derivative of equilibrium actions. We
begin by differentiating with respect to the action subsidy ;. For every agent j € N\ {i},
implicitly differentiating (C.33) with respect to (;, we have

" da* " " . . da* . o . da*

Gl )dﬁ -7 Z ik (ujk(aj)ujk(ak)d—é +ujk(aj)ujk(ak)d—;)

T kM) i 1

dG* i

Tp Z . u]k (ar), (C.35)
keN\{j} bi
and
da? I o
C// =1+ < uz a + u; T (at _k)
(@) 25, = ”keNZ\{} () g+ (] o) g

dG* o)
tp Y, o tul(ali (a;) . (C36)
keN\{} b

Moreover, implicitly differentiating (C.34) with respect to f;, for every link intensity, we

have

+ukl<ak>ukl<az>d“’) (C.37)

/! dg ! )\~ d
Fkl( ) —h M= =p <ukl(ak)ukl(al) 3

dB; dp;

Substitute (C.37) in (C.35) and (C.36) to solve the system of equations in variables ( 7 )
Consequently, there is a matrix M such that

keN

da*

(C —pM) a7,

= €,

where C is a diagonal matrix with C;; = C/(a}), and e; is the i*! basis vector. By assumption,
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equilibrium (a*, g*) is differentiable at subsidy (3, o) and thus

da*

v -1
g, (C — pM),

where (C' — pM); " is the i column of matrix (C' — pM) ™"

We now follow the same set of calculations to solve for the derivative of equilibrium actions
a* with respect to link subsidy o;;. For every agent k € N, implicitly differentiating (C.33)

with respect to 0;;, we have

da day, da;
C( ko— =p E gy (ag) i (a)) —= +ukl(ak)ukl(al) :
d gl lEN\{k} doj doij

dGs i
+p Z klu;d (ay)ug (a)). (C.38)
leN\{k}

Moreover, implicitly diffrerentiating (C.34) with respect to o;;, for every link intensity from

agent k to [, excluding that from agent i to j, we have

dgp, o~ day oy o dar
Flgl(g )d M= =p <u;cl(ak)ukl(al)d_k "‘Ukl(ak)U;gl(al)#) ) (C'39)

i Uij

and for the link intensity from agent 7 to j, we have

* dg* £\~ * dCL* da
R0 G52 =1+ o (v ) G+ )Tl G ) . (€0

Substitute (C.40) and (C.39) in (C.38) to solve the system of equations. Consequently, using

the assumption that u;;(-) = u;;(-) we have

*

da 1 / *\~ * *\ 7 *
(C —pM,) do; = pF” (gm) (uij(ai )i (aj)ei + wgj(a; )Uéj(aﬂej) )

where e; and e; are standard basis vectors. By assumption, equilibrium (a*, g*) is differen-
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tiable at subsidy (3, o) and thus

da* o 1 / K\~ ok _ —1 AR\ * o -1
do; = pﬂ’;(gfj) (uij(ai>ulj(aj) (C PM)i +ul](a’i)uij(aj) (C PM)j > : (C.41)
RN,—/
fij

For a given welfare objective W(+), the Lagrangian of the planner’s optimization problem is

given by

L(a,g.B,0,0) =W(a@) =AY Bax+ > Y 0uGr

keN keN leN\{k}

We begin by taking the derivative of the Lagrangian with respect to 3;:

dL da’ daj G}
5= VWi Zﬁkdﬁ’f +> > ou dﬁkjl — \a}. (C.42)
E g keN Y keN IeNM\{k} ¢

Substituting (C.37) in the expression above, there is a vector w such that the derivative of

the lagrangian with respect to 3; satisfies

e +da” .
a5 w a5 Aaj. (C.43)
Furthermore, substituting the expression
da* 1
dﬁz ( pM)z )
into (C.43) we have
ar _
=w' (C—pM); ' = \a], (C.44)
dp;

where we define R} := w' (C — pM); .
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We next take the derivative of the Lagrangian with respect to o;;:

— A Z ﬁk dak Z Z Ukl dGzz - )\Grj <C46)

Tij keN leM\{k}

ac VWT

do; do;

Substituting (C.41) into (C.46), we have

e _ rda

doy % oy Mij (05 + 05) = G, (C.47)
= pfij (Rt (a0 (a}) + Riyui(a})i;(a])) — Mg (03 + 0j3) — MG (C.48)
An analogous calculation will establish that
AL = i e e ]
o = T (RO i0) + R 01) = AFo (o +.030) = AG, (C.49)
= pfyi (Riuiy (@) (a)) + Ryuiy(a;) @y (a3)) = Afii (04 + 06) = AGj, (C.50)

where the second equality follows from the symmetry assumption that w;;(-) = a;(-).

We will now establish optimal subsidies by solving for the KKT first-order conditions. Instead
of analyzing the derivative of the objective with respect to each individual link intensity o,
we analyze the sum of the derivatives across pairs of agents. Adding (C.50) and (C.48), we
get

oL oL

80ij 80'3'1'

p (P + Fis) (Riaty ()it (a5) + Ry (0735 (a5) = A (o + )

—2\G,. (C51)

Consider any optimal subsidy (3*, 0*) and corresponding equilibrium (a*, g*) such that the
budget constraint binds, that is, A > 0. Analyzing (C.45), the KKT first-order conditions
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imply
R; < Aa;  and R < \dj

Substituting in (C.51), we have

rs rs ! *\ * * *x\ ~/ * QG;k
AL <A (fw + fﬂ) (pa;uij(ai)uij(aj) + pajuij(ai)uij(aj) - J7 —l—JfN-- — Oij — Uji) :
ij ji

Suppose the cost Fj;(-) is super-quadratic. Then, this equation can be bounded and rear-

ranged as
——— =< panQ(af)uu(a*) + pa*uu(af)u}(a*) — 2F];(g5;) * — "
A (fij + fji> ] ’ ’ Y TN (g5) + F(g)
F'(g?,)
* ij\Jij
— 2F;(g5:) — Oij = Ojis

* * v
Fz,g/<g]z) + ’F;/‘;(ng)
where we substituted ﬁj + f~ﬂ = 1/F(g;;) + 1/F](gj;). Substituting the expression of
equilibrium link intensities in (C.34), we have

*

AZ‘C * *\ ~ * * *\ ™~ * *\~
— ) < pajui;(a;)ug(a;) + paju(a;)ug;(a)) — 2si; — 2puig(a;)ig(aj)

A (fij + fii

o ( 2F}i(g5:) N 1) s ( 2F}(93) N 1) .
’ legl(gjz) + FZL’;(QZ*]) ’ Fz’”‘(g;z‘) + Fz,j/ (9;})

J

When w;;(-) and u;;(-) is sub-linear, we have

AL 2F) (g5 2F) (g3
+ S _2513 — Oij ( 1" % J(g]/)l * + 1) — 0ji ( 1" % J(gj/)/ * + 1) .
by (fm + fﬂ) Fij (gji) + Fz’j(%j) Fij(gji) + Fz’j(gij)

(C.52)

We will now show that at an optimal intervention (3, o), the link subsidy o7; = ¢}; = 0 when

sij > 0. To establish a contradiction, suppose o;; > 0 and o}; > 0. By the KKT first-order
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conditions, it must be that the derivative of the Lagrangian with respect to o;; and oj; is

zero and thus A;;£ = 0. This is a contradiction to the inequality in (C.52).

Next, suppose o7; > 0 and ¢}; = 0. Ananlyzing the equilibrium link intensity condition in
(C.34), because o}; > o7; we have gi; > g5;. By assumption that the derivative of the cost of

link intensity Fj;(-) is weakly convex, the curvature
1 1 ~

Fl/],(gjz) Fz/g/<9”>

We now compare the derivative of the Lagrangian with respect to o;; and 0;;. By assumption
that o7; > 0, the KKT first-order conditions gives dL/do; = 0. Substituting in (C.48) we
have

Fis (p (Rindy (a7 )itss (af) + Rijusg (a5 )ity (a3)) = A (o7 + 05)) = AG;.

ij
N

-~

7; .

Since g;; > 0, the overall link G}; > 0 and consequently 7;; > 0. Analyzing the derivative of

the Lagrangian with respect to o;; in (C.50), we have

ac

dO'Z'j.

ac  ~ ~
= fiiTis — AGy; = [iTiy — AGY; =
dO'ji
Here, the inequality follows from the fact that 7;; > 0 and Ez > ﬁj Using %:_ = 0, we have
dL/doj; > 0 and thus A;;£ > 0. But this is a contradiction to the bound derived in (C.52).
A symmetric analysis establishes that it cannot be the case 07, > 0 and o;; = 0. Thus, it

ko *
must be o7; = o7, = 0.

Proof of Part (ii): Suppose 37 > 0 and 3; > 0. By the KKT first-order conditions, R} = \a;
and R, = Aa}. Substituting in (C.51), we have

A L= A (fzy + fﬂ) <P (a;‘kuij(ai)uij(aj) + pajuij<ai)u;j(aj)) - 7 —l—JfN~- —0ij — Uji) :
iJ Ji

Suppose the cost Fj;(+) is sub-quadratic. Then, the equation can be bounded and rearranged
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Z,Oafu;j( a; )ui;(a )—i—pa uij(a )U;]( )—2F’ (g:}) ; F"(gﬂ)ﬁ
Ej(gjz) F (.%])

//
Ey (gﬁ) + F{]’-(g?j)

— Oij — Oji,

where we substituted ﬁ-j + ]7]1 = 1/Fji(g;;) + 1/Fji(g;;). Substituting the expression of

equilibrium link first-order conditions (C.34) above, we have
A'Uﬁ * * * !/ *\ 7~ *

— = > pajui;(a;)ug(a}) + pajuii(a; )i (a)) — 2si; — 2puii(a;) g (a})
<fl] + sz)

2F(g%,) 2R (g,)
. 7951 +1>—0»,~( i3\95; +1). .53
]<E’j’~(9}2)+F{]’-(g;"j) i\ Flg) + FIg) (C.53)

If u;;(-) and w;;(-) is super-linear, then

A 2F” 2F”
A (fw + fﬂ) ij (gji) ij(gij> ij(gji) ij(gij)

If s;; < 0 and o; = 0}, = 0, then by the above equation A;;£ > 0. This contradicts the
KKT first-order condltlons which imply A;;£ = 0. Thus, we must have o}; + 77, > 0. O
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Appendix D

Appendix for Robust Analysis of
Winner-Pays-Bid Auctions With
Large Supply

D.1 Omitted Proofs

D.1.1 Chernoff Bounds

This section presents a Chernoff bound which we utilize extensively to establish bounds on

the allocation probability.

Fact 5. Let X = Y " | X;, where X; = 1 with probability p; and X; = 0 with probability
1 — p;, and all X; are independent. Let p=E(X) =", p;. Then

(i) Upper Tail: Pr(X > (1+ Mu) < e 753k for all A > 0;

(ii) Lower Tail: Pr(X < (1 —M)u) < '3 for all A € (0,1).
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D.1.2 Allocation Rule and k-th Order Statistic

This section presents a useful fact that relates the allocation probability of an agent with
the distribution function of the k-th order statistic.

Fact 6. Consider any profile of bid distributions £. For any bid b € R>y and any agent
1 € N, the allocation probability and k-th order statistic satisfies

z;(b+A) > B® (b)  for all A > 0.

Furthermore, if the distribution &; for every agent ¢ has no atoms, then
z;(b) > BH(b).

Proof. Consider any b > 0. Suppose the £*® highest bid is at most b. Then, the k*® highest
bid among agents other than ¢ is strictly smaller than b+ A for any A > 0. Thus, we have

zi(b+A) > BX () for all A > 0.

Next, if no distribution &; has atoms, ties occur with zero probability. Thus, if the k-th
highest bid overall is strictly smaller than b, then the k-th highest bid among agents other
than i is also strictly smaller than b. This implies z;(b) > B®)(b). O

D.1.3 Proof of Proposition 13

By definition of n-individual efficiency, the utility of the entrant agent with value v satisfies

u(v) + B > no. (D.1)

We denote the entrant agent’s strategy by &£,. Consider any participating agent ¢ € N. Fix
a A > 0 and suppose agent i plays the bid b+ A where b ~ &,. For any value v;, the agent’s
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equilibrium utility satisfies

u;(v;) > Epeg, [ui(vi, 0+ A)] — ¢,
> U(UZ) -A- 6

where the second inequality follows from Fact 6. Substituting (D.1) in the inequality above,

we get
wi(v;) + B > nui — A —e. (D.2)

Consider a valuation profile v = (v1,vs,...,v,x) and agent i. Suppose y*(v) is a welfare

maximizing allocation. Since y;(v) € [0, 1], we can multiply (D.2) by y;(v) to obtain
ui(vi) + By * (v) 2 nuiy; (v) — Ay; (v) — ey (v).

The feasibility constraint of the auction ensures that the total allocation does not exceed the

supply, that is, >, i (v) = k. Substituting in the equation above gives

D wivi) + Bk =) v (v) —k(A+e). (D.3)

ieEN ieEN

Now, the competitive efficiency of a multi-unit winner-pays-bid auction is 1, that is, the
expected revenue E [Revenue(b)] > E [E D ien ) y;‘(v)} . Substituting this in (D.3) gives

Z ui(v;) + E [Revenue(b)] > n Z vyl (v) —k(A+e).
ieN(F) ieN

Taking an expectation with respect to the value distributions ¥V = (V;),c v gives

W (E,A) k
—O(A) Zn—(e—l—A)-m.

Taking the limit A — 0 establishes the statement of the result.
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D.1.4 Proof of Proposition 14

— o0
Fix any ¢ > 0. By assumption, let { (Q(k), b(k)> } be the extremizing sequence of bid pairs
k=1

and (.A(kl))zl the corresponding subsequence of auctions satisfying

E(kl)
lim B (b)db < .
l—o0 kD)
For the rest of the proof, we suppress the subsequence index to simplify notation. Thus,

whenever we take limits, they are to be understood as limits along the subsequence of

auctions (.A(””)) zl.

Consider any agent i € N'®) and value v;. Furthermore, consider a sequence of perturbation
parameters (A(k));il such that A® > 0 and limg_.c A® = 0. Suppose the agent bids
B 4 A®) Let u;(v;) denote the agents equilibrium utility and wu; (v;,b) denote the utility

obtained from bidding b. Since the strategy profile £ is an e,-approximate equilibrium, we

have
ui(v;) > u; (Ui7l_7(k) + A(k)> — €k, (D.4)
(o= = ), (£ A) e, 0
- (o =5~ a0 5 (5) o, D)

Here, the second inequality follows from Fact 6.

We now solve for the expectation of B. By the tail sum formula for expectations,

B= /Oo (1—B" (b)) db.

IN

By monotonicity of the distribution function B%*)(-), for any bid b < ™ we have B®)(b)
B*) (Q(k)>. Then, a lower bound on the expectation is

B(

B> (1 —B® (lj’“))) b® 4 (5(’“) - z_ﬂ“) - / BW (b)db. (D.7)

p(k)
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Combining (D.6) and (D.7), we have

7
wi(vi) + B > v,8% (E“’) — popH (12(’0) — e, — AWB® (B"“)) — [ B®@®)db. (D.8)
b(k)
Consider a valuation profile v = (v1,vs,...,v,x) and agent i. Suppose y*(v) is a welfare

maximizing allocation. Since y;(v) € [0, 1], we can multiply (D.8) by y;(v) to obtain

5(k>

w(w) + Byt (0) = B9 (5) vy () - ui(0) |

B® (b)db — AP BH) (E(’“)) )
b(k)

_ W (;_)(k‘)> i () — y (v)er.

The feasibility constraint of the auction ensures that the total allocation does not exceed
the supply, i.e., Y ..y ¥ (v) = k. Moreover, each bid b is bounded above by the bound

on values H. Substituting this in the equation above gives

E(k)

> w4 B Y i) =89 (1) | Y wie) | <k [ BY 0

ieN®) iEN®) ) b+
— HkB® (g“f)) — key, — kA®B® (5(’“)) . (D.9)

Now, the competitive efficiency of a multi-unit winner-pays-bid auction is one, that is, the
expected revenue E [Revenue(b)] > E [E D ien®) yl*('v)} . Substituting this in (D.9) gives

E(k)
3" wi(v;) + E [Revenue(b)] > B (5(’“)) 3 vyiw) | —k / B (b)db
N ®) iENH) 5®

— HkB® (12““)) ~ kep — kA®. (D.10)

Taking an expectation with respect to the value distributions ¥V = (V) gives

7(k)
k- [l B®(b)db+ HEB® (z_)(’”) 4 kep + KA®
- O (A®) :

W(EW,AB) o (70
oAm) =B (5")
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By Assumption 4, there exists a constant ( > 0 such that O (.A(k)) > k(. It follows that

5 (®)
(@*H_l/ Wy Hpw (w) _ & A"
> 8% (5) | BY OB (1) f-Te (1)

W (EW), AM)
O (A®)

(e 9]

By assumption, the sequence of bid pairs is extremizing. Next, along subsequence (.A(kl)) 1)

the limit of the integral is
E(kl)

lim B¥ ) (b)db < c.

=00 (k1)

Finally, the perturbation A®*) converges to 0. Thus, substituting in (D.11), the limit of the

ratio is

Y (g(kz) A(kz)) c
lim ‘ >1—-
w00 O (AR)) ¢

6*
c
The statement of the result is proved.

D.1.5 Proof of Theorem 7

In this section, we prove a sequence of results that are useful to prove Theorem 7. For the

analysis, it is without loss to make the following assumption on equilibrium bid distributions.

Assumption 9. Consider any sequence of auctions (A(k))k
of equilibria (E(k))keN
k € N has no atoms.

N The corresponding sequence

are such that the bid distribution Si(k) for every agent i € N® and

[e.9]

Lemma 15. Suppose Assumption 9 is satisfied. Consider any sequence of bid pairs { (l_)(k), l_a(k)> }
k=1

where b® e [O,%Sf“)} and l_j(k) € [_ik), ) The sequence is extremizing over the sequence
of auctions (AW)

()
k=1"

Proof. Consider any k € N. We begin by analyzing the distribution of the k" highest bid
B%) at the higher bid 5*). This involves solving for the probability that at most & — 1
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equilibrium bids are strictly above Eik) Consider the following sequence of inequalities:

P (51) < k1] = [ (5) - r ()] <412 [r ()]
2o [ (5 5[ ()] <0+

The first inequality follows when we substitute E [’T (Eik)ﬂ = k—k%5*9 —1, which holds by

definition of Eik) and by assumption that no bid distribution has atoms. The final inequality
follows from applying the upper tail Chernoff bound in Fact 5 to T <Eik)) — a sum of

independent indicator random variables.

We begin by analyzing the probability of the following event: the k" highest equilibrium
bid is at most E(k). This event occurs if the total equilibrium bids strictly above @ik) is at
most (k — 1). Thus, the distribution function at 5™ is at least

and taking the limit k& — oo implies that limy_, P [B(k) < l_)(k)} = 1.

Next, we analyze the distribution B® at the lower bid b™® . Suppose Qi’“) > 0. By definition

of %ik) and by assumption that equilibrium bids have no atoms, the expected number of
equilibrium bids above Q(k) satisfies £ [T (l_a(k)ﬂ =k + k05t — 1. We will use this to
establish a concentration inequality on the distribution of the k-th highest bid B*),

By monotonicity of the distribution function, we have P [B(k) < l_)(k)] <P [B(k) < ﬂf“)] The
k™ highest equilibrium bid is at most yik), then at most (k — 1) bids are strictly above gik)



APPENDIX FOR ROBUST ANALYSIS OF WINNER-PAYS-BID AUCTIONS WITH
LARGE SUPPLY 212

Consider the following sequence of inequalities:

e[ (5 <i-1] = o[ (69) -2r (6] <h-1-2r ()] 01
=P [T (4) —E [T (V)] < —k*2+], (D.13)
< 26*%‘*%;*%. (D.14)

The inequality follows from applying the lower tail Chernoff bound in Fact 5. Thus, the

distribution function at b® is at most

Now, suppose yff:) = 0. Since no distribution has an atom, P [B(k) < 0} = 0. Taking the
limit £ — oo gives limg_ oo P [B(k) < l_)(k)} = 0 and the statement of the result follows. O

The proof utilizes a Chernoff bound to establish that the constructed bid pairs are extrem-
izing. We provide some intuition for this result. By definition, the expected number of
equilibrium bids strictly above Eik) and hence above any bid b 1/1 — is at most
k — k%59 — 1. As k becomes large, the probability that more than k bids exceed Z_a(k) is
negligible. Conversely, for any b*® < gik), the expected number of bids strictly above it is at
least k + k%59 — 1, implying that the probability of observing at least k such bids converges

to one.

We have established the existence and provided a construction of an extremizing sequence
of bid pairs. In order to apply 77, it remains to establish that there exists an extremizing
sequence of bid pairs that converge to one another, that is,

lim (b( b“) 0.

k—o00

Before that, we prove a useful result which shows that the allocation probability for any
agent at any bid strictly smaller than gi"”) vanishes. This conclusion is not immediate from

Lemma 15 because the k-th order statistic is only a lower bound on the allocation probability
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(see Fact 6).

Lemma 16. Suppose equilibrium bid distributions E®) satisfy Assumption 9. Consider any
sequence of bids (b(k)> satisfying b e [0, w(k)]. The allocation probability of any agent
k=1 _*

i e N® at bid b® converges to 0 as k — oo, that is,

lim max a:z(k) (Q(k)> =0.

k—o00 je N (k)
Proof. We begin by analyzing the case yik) > (. By assumption that equilibrium bid distri-
butions have a continuous distribution function, it must be E [7’ <w(k))} =k + k09T — 1.

—%

Consequently, for every bid b*) e [0, gik)}, the expected number of equilibrium bids above
Q(k) is

E [7' (z_)“))} > k4 K05 1, (D.15)

We now analyze the allocation probability of an individual 7 at bid b*. This involves

analyzing the distribution function of their critical bid. To that end, we define

Tub):= Y, Tib),

leN B\ {5}

as the total competing equilibrium bids to agent 7 that are strictly above b. Since 7T; <I_)(k)>

is an indicator random variable, it follows from (D.15) that

E [’Ei (zj“)] ) (D.16)

We solve for the allocation probability :vgk) (Q(k)) Individual i is allocated at bid o™ only

if the total number of competing equilibrium bids above b*) is at most (k — 1). This gives

the following bound on the allocation probability:

(1) <2 () <]



APPENDIX FOR ROBUST ANALYSIS OF WINNER-PAYS-BID AUCTIONS WITH
LARGE SUPPLY 214

Consider the following chain of inequalities that derive a bound for the right-hand side in

the expression above:

z® (z_)“")) <P [T_i <l_)(k)> <k- 1} , (D.17)
e[ (1) 5[ ()] <eo 2 )] o
1 ([T ()] k)
<e o (M) (D.19)
< e_%'klﬁﬁii? (D.20)

The second inequality follows from applying the lower tail Chernoff bound in Fact 5. To

derive an upper bound on (D.19), it suffices to analyze the function in the exponent, rewritten

()] 1)
A ()

For a fixed k, the term above is strictly increasing in the region E [[l (l_)(k))} >k — 1.

below for convenience:

Utilizing the inequality in (D.1.5), an upper bound to (D.13) is obtained by substituting
E[T (b9)] =k + k05 —2.

Next, suppose %ik) = 0. By assumption that no distributions have an atom, the allocation

probability at a zero bid is zero. Combining this observation with (D.20), we get

i

Moreover, this is satisfied for every agent i € N'®). Thus limy_,eo MaX;c pr(k) 2 ¥ (l_)(k)> =0
and the statement of the result is established.
Assumption 10. The sequence of bid profiles (S(k)) s such that Eik) < H for every
k € N.

keN
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Lemma 17. Consider any sequence of k-unit first-price auctions (.A(k))keN and a corre-

sponding sequence of e-approrimate Bayes-Nash equilibrium (5(’“)) satisfying Assump-

keN

tion 10. Suppose there exists a ¢ > 0 such that for any extremizing sequence of bid pairs

{<Z_)(k),5(k)>} and any corresponding subsequence of auctions (A(kl));: along which the
k=1 -

bid difference converges, we have

lim (l_)(kl) — Q(kl)> > c.

l—o00

Then, there exists a constant u > 0, a subsequence (A(km))oo

., and m* € N such that for all

m > m*, there exist an interval

Wik (gl )
such that
(a) the length of the interval denoted by len (W¥m)) > ¢/8, and,

(b) for every agent i € N'*n)  every value v € W¥n) yields optimal utility at least .

J— o
Proof. By Lemma 15, the bid pair sequence {(w(k),wik))} is extremizing along the
—* k=1

sequence of auctions (A(k))oo Furthermore, by Assumption 10, since yi’“) and Eik) lie

k=1
in the compact interval [0, H], there must exist a subsequence of auctions along which the

. —(k .
difference wi ) _ wik) converges. By assumption, it must be

lim (Eff”’ . @fz)) > ¢ (D.21)

l—o00

where [ is the index of any subsequence of auctions along which the bid difference converges.

We will fix one such subsequence and analyze this for the rest of the proof.

We now establish that a constant length subset of values in the interval (gik’),ﬂikl)) obtain
strictly positive optimal utility for k; large enough. We prove this by constructing a sequence

of bids within the interval having a strictly positive distribution function in the limit. To
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[e.9] .

that end, consider a sequence of bids (b(kl))k:1 with () defined as

) .= max {Eff” . g 0} . (D.22)

Note that for such a subsequence, b*) is positive for [ large enough.

To establish a contradiction, suppose there exists a further subsequence of (A(kl))zl, which
we denote by (A(’“m)):nozl, such that the following is satisfied:

(a) The limit of the bid difference Eikm) — blkm) converges.
(b) The limit of the distribution function at b%*m) satisfies lim,, oo B*m) (b)) = 0.

The existence of a subsequence along which the bid difference converges follows because Eikl)
and b lie in a compact interval. Next, since B%*)(b*)) lies in the compact interval [0, 1]
for every [ € N, there exists a further subsequence along which the limit of the distribution

function is well defined.

(km)

*

As established in the proof of Lemma 15, lim,,_,., B%*™) <E ) = 1. By definition, the

sequence of bid pairs {(b(km),ﬁikm»} is extremizing along the subsequence of auctions

(.A(km))::l. However, the limit of the bid difference is lim,,, (@ikm) — b(km)) = ¢/2. This
is a contradiction to the assumption that for any extremizing sequence of bid pairs and any
subsequence along which the bid difference converges, the limit of the bid difference is at
least c¢. Thus, it must be that

lim B (b)) > 0. (D.23)

m—ro0

k) ¢

Consider any agent i € N®) and value v € [E* 1

,Eik) — g} Along the subsequence of
auctions (A(km)):zl, for m large enough, the optimal interim utility at value v is at least

u(km)(v) > (v — b(k’”)) g tkm) (b(k’")) >

7 %

- Bl (plhm)y,

>0

Here, the second inequality follows from the definition of 6*~) in (D.22) and observing that
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for large enough m, the bid b*m) = Eikm)

) (b)) > Blkm) (p=)). Using (D.23) and taking the limit of m — oo, the optimal utility

i

— ¢/2. Furthermore, from Fact 6, we substitute
for any agent is strictly positive for m large enough. The statement of the result follows. [

Lemma 18. Consider any sequence of k-unit first-price auctions (A(k)) and a correspond-

keN
ing sequence of €® -approximate Bayes-Nash equilibrium (S(k))keN satisfying Assumption 10.

Let € := limy_ o0 € and suppose € > 0. Then,

L W(EW, AW / i
llgg}fWZI—ge(l—Hog(?)),

where (' > 0 depends only on the density lower bound k.

Proof. Consider any subsequence of auctions. We will overload notation and denote the

index of this subsequence by k.

Suppose there exists an extremizing sequence of bid pairs {l_)(k),l_)(k)} and a corresponding

subsequence (Ay,),~, along which the bid difference converges as

lim <Z_)(kl) — l_)(kl)> <e.

l—o00

The integral of the allocation rule in the interval (Z_)(kl),g(kl)> is

B<kl)

/ B B)ab < (5 — o™
plky)

By Proposition 14, the limit of the ratio of equilibrium welfare to optimal welfare along this
subsequence is
w (g(kl) _A(kz)) 9

T (C) B (D-24)

Next, suppose that for every extremizing sequence of bid pairs and any corresponding sub-



APPENDIX FOR ROBUST ANALYSIS OF WINNER-PAYS-BID AUCTIONS WITH
LARGE SUPPLY 218

sequence of auctions along which the bid difference converges, we have

lim <E(kl) — Q(k’)> > €.
=00

By Lemma 17, there exists a subsequence of auctions (A('“m)):::l such that for every m large

enough, there is a compact interval W) <gikm),ﬂikm)) and a constant u > 0 such that
(a) len (W®*)) > ¢/8, and,
(b) for every agent i € N'*=), every value v € Wm) yields optimal utility at least .

Furthermore, as constructed in the proof of Lemma 17, an interval that satisfies these prop-
. . ! km ! km . . . .
erties is [wi ) _ €/4, wi ) _ ¢/8|. We will focus our attention on this particular Wkm) for

the rest of the proof.

We now introduce some notation that will be used in the rest of the proof. Let 51‘(,];) denote
the equilibrium bid distribution of agent i for value v in auction A®*). For values in the
interval W®) | we will compare the measure of equilibrium bids in the following two sets:

[0, @f‘)} U <_(k) oo) and (gik),ﬂ(k)]. Finally, for value v we will define

* ) *

(.

-~

sk ME’”
RE =0 (8®)  and T = £ (MP),

as the measure of equilibrium bids in the interval S* and MP¥ respectively. For any value
v, we have Rflz) + 7;(5) =1.

We analyze the following quantities:

R™ .= max sup RE? and  T® := min inf 7;(5). (D.25)
PENE®) oy ieEN®) yew k) 7

R™ is the maximum measure of equilibrium bids an agent and a particular value in W®)
have in the interval S%. On the other hand, 7% is the minimum measure of equilibrium

bids that any agent and any value in W®) has in the interval MPE)
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Consider any subseqeunce of (k,,)~_, along which the limit of R exists. We will denote
such a subsequence with the index (k,)>~ . We will show that lim,, R = 1. That is,
as p increases, there exists an agent and a corresponding value which places equilibrium bid
measure arbitrarily close to one in S¥) Before we provide a proof, note that since R Fm)
lies in the compact interval [0, 1], there always exists a subsequence along which the limit of

R&km) exists.

To establish a contradiction, consider any subsequence along which the limit exists and
lim, oo R < 1. Using RY) + 7% = 1, we have

lim 7. > 0.

pP—+00
Consequently, there exists a constant 3 > 0 such that for p large enough, every agent i € N/
and every value v € W®») has at least a 3 measure of equilibrium bids in the interval /\/likp).
Combining Assumption 4 (b) and observation (a) in Lemma 17 — that len (W®*»)) > ¢/8
— there exists a constant ¢ > 0 such that the total expected equilibrium bids in MS]“P’ is at

least (n*#) (recall, nt*») is the number of agents in N ().

We establish below that this is a contradiction to the definition of gikm) and @ikm). By

definition and Assumption 9,

B (7 (@)] = k0 = (k)77 — 1, and, BT (0] <0 4 (609)"77 -1,
The total expected equilibrium bids in the interval (gikm),ﬂikm)] is at most 2 (l{;(m))o'5+6. A
contradiction to the conclusion in the paragraph above that for p large enough, there exists
a constant ¢ > 0 such that the expected number of equilibrium bids in W®*») is at least
¢n*»). Thus, for any subsequence of (k,,)’~_, along which the limit of R™) exists, we have

lim, 0o RY?) = 1.

Consequently, there is a sequence of agent-value pairs ({i(kp), V;(kp) });il with the following

properties:

(a) for every p € N, the value v,4,) € W) and,
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(b) the limit of the measure of equilibrium bids in S*) satisfies

lim R =1

pP—00 ? ﬂ]i(kp)

For the rest of the argument, for notational convenience, we will avoid the dependence on

the auction k,. Note that for any value v; € W, any bid in the interval (¢,,00) gives the

agent strictly negative utility. Thus, the equilibrium utility for agent ¢ at value v; is
u; (vi, i) < Heg (ﬂﬁ) Riw, + H (1= Riy,)-

By assumption, the equilibrium strategy &;,, is an e-approximate equilibrium. Thus, the

optimal utility at value v;, which we denote by u;(v;), satisfies
ui(v;) < Hzy <£*) Riv; + H(1 —R;n,) + e
Thus, the allocation probability of agent i satisfies

Hz; (g) Riw + H (1 —Ryp,) +¢

Uz‘—b

z;(b) < for every bid b € [y*,ﬁ* - e*} . (D.26)

We now establish a bound on the integral of the distribution function of B%*) in the interval
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EXAL

. 7. T 7.
/ B® (b)db < / z;(b)db = / z;(b)db + / ;(b)db,
y* f* ’¢ a*_(*
Y
C;

Lk

<

db + €*,

/w*—e* Hag () R, + H (1= Ri) + ¢
P

v; — b
< <H.Ti <g*) Riv, + H(1—Rin)+ e) log (%) + €,

< (Ha:i @) Riw, +H (1= Rin) + e) log (4H) e

Here, the first inequality follows from Fact 6, the second inequality from (D.26) and the
final inequality from the fact that v; € W* —€*/ 4,9, — € / 8}. We will overload notation
and denote a subsequence along which the integral Ci(kp ) converges by (kp);il. By Lemma 16

and the observation that lim,_,, R@k”) =1, we have
P 4( p)7vi(kp)

plggo Ciiyy < € log (36*) +e€.

Applying Proposition 14, we have that for every sequence of auctions, there exists a subse-

quence of auctions (A(’“P));il such that

(D.27)

lim >1————-€log

W (E), Alkr)) 2 1 (g)
p—>00 O (A(kp)) - C C '

Note that the bounds established in (D.24) and (D.27) are independent of the initial sub-

sequence chosen. A straightforward calculation then establishes that along the sequence of
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auctions (A(k))keN, we have
W (B, AB) H
. . Y > . / - )
111?—l>£f—(9(.,4(k)) >1 Ce<1+log(e>), (D.28)

L
where (' = (2 + log (%)) -1/¢. To provide a brief argument, suppose the limit infimum is
strictly smaller than £. Then, there exists a subsequence of auctions such that the limit of
the ratio of welfare to optimal welfare along this subsequence is strictly smaller than £. This
is a contradiction to what we establish in (D.27): for every sequence of auctions, there exists
a subsequence of auctions along which the limit of the ratio is at least £. The statement of
the result is proved. O

Lemma 19. Consider any sequence of k-unit first-price auctions (A(k)) and a correspond-

keN
ing sequence of €®) -approzimate Bayes-Nash equilibrium (E(k))keN satisfying Assumption 10.

Let € := limy,_,o €® and suppose e = 0. Then,

W (E®)| AR
- §
B Tomm =t

Proof. 1t suffices to establish that for every sequence of auctions and every ¢ > 0, there

. . . . —(k .
exists extremizing sequence of bid pairs {(l_)(k), b( )>} and a corresponding subsequence
k=1

of auctions (A(kl))fil along which

lim <B(kl) — Q(kl)) < c.

l—00

Before we prove the statement above, we show why this implies the statement of the result.

A direct application of Proposition 14 implies

W (E®)| AR
- §
B Toum =t

We now focus on the proof of the statement.

Suppose this is not the case. That is, there exists a constant ¢* > 0 such that for any
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extremizing sequence of bid pairs and any corresponding subsequence of auctions along
which the bid difference converges, we have lim;_, . (E(kl) — l_)(k’)> > c¢*. By Lemma 17, there
exists a subsequence denoted by (A(km));j:l such that for every m large enough, there is a

compact interval Wkm) (gikm%ﬁikm» and a constant u > 0 such that
(a) len (W®*n)) > ¢/8, and,
(b) for every agent i € N'*=) every value v € Wm) yields optimal utility at least .

For m large enough, every agent with a value in this interval obtains equilibrium utility
arbitrarily close to their optimal utility which, by part (b), is at least @. Here, @ is positive.

By Lemma 16, every bid in the interval [O, gi’“m)] is allocated with vanishing probability.

We will use objects and results established in the proof of Lemma 18. Recall, R ) (see

(D.25)) is the maximum measure of equilibrium bids an agent and a particular value in

W) has in the set [0, gikm)] U (Eikm), oo). Furthermore, in Lemma 18, we establish that
any subsequence along which the limit of R exists satisfies lim,, R — 1. Here, we

index the subsequence with (k) 2.
Thus, there is a sequence of agent-value pairs ({i(kp), V;(kp) });11 with the following properties:
(a) for every p € N, the value v,4,) € W) and,

(b) the limit of the measure of equilibrium bids in S*) satisfies

lim R %) —1.

Jarovy Z’(kp),vi(kp)

For the rest of the argument, for notational convenience, we will avoid the dependence on

the auction k,. Note that for any value v; € W, any bid in the interval (¢,,00) gives the

agent strictly negative utility. Thus, the equilibrium utility for agent ¢ at value v; is

i (03, Ei0,) < Hag (1) Ri, + H (1= Ry,

By Lemma 16, the allocation probability for any bid in the interval [0, wik)] converges to
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zero as p — oo. Combining this with property (b) above, we have that agent ¢ with value
v gets vanishing equilibrium utility as p — oo. But, this is a contradiction to Part (b) in
Lemma 17 which states that every value in W receive equilibrium utility that is arbitrarily
close to a positive u as p — oo. Thus, for every ¢ > 0, there exists an extremizing sequence

of bid pairs {(l_)(k),g(k))} and a corresponding subsequence of auctions (A(kl))lojl along
k=1 -

which limy_,e (5(’“’) _ Q“‘l)) <e 0

Proof of Theorem 7 Part (a). Consider any sequence of k-unit first-price auctions (.A(’“)) reN

and a corresponding sequence of Bayes-Nash equilibria (5 (’“)) pey- Fixa k € N. By Assump-
tion 5 and definition of Eik) (see (4.1)), it must be that Eik) < H. Here, recall, H is an upper

bound on the support of agent values.

Choose a w® > 0 such that @ik) +w®) < H. By Theorem 8, there exists a w®-approximate

equilibrium E® with the property that for every agent i € N®)_ the bid distribution has no
~(k ~

atoms. Let w*( ) be the solution to (4.1) under profile £*). That is,

0. = min {b > 0' E[TW®)] < k - K — 1} - (D.29)

Here, 7™ (b) = Y oien k) 7;(b) where T;(b) is an indicator random variable that takes value 1
~ —~(k —
if the bid &; is strictly above b. We will establish that w*( ) < H. Recall, wik) is the solution

to

2 .= min {b > 0’ E[T®) (b)] < k — K05+ — 1} . (D.30)

Here, T®) (b) = Y,y Ti(b) where T;(b) is an indicator random variable that takes value 1
if the bid &; is strictly above b. We will show that

E [’? @ff“) n w(k)>] <k — K0T 1, (D.31)

For the next part of the proof, we will use notation from the construction of E® in Section 4.5.

Suppose Eik) is not an atom. By construction, any bid that is strictly above Eik) is mapped
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almost surely to a bid strictly above

Jik) + Z Sp -

—(k
{pePp<p®}

s

See proof of Theorem 8 Part (c) for a detailed argument. Furthermore, any bid that is strictly
below Eik) is mapped almost surely to a bid smaller than s. Since Eik) is not an atom by
assumption, the expected total bids above s in the bid profile E® is at most k — K05+ — 1.
Since Y (pePp<®y S < w® | the expected total equilibrium bids strictly above Eik) + wk)

in profile £ is at most k — k%579 — 1.

An identical argument establishes that when Eik) is an atom, the total expected equilibrium

. : —(k) . 0545 :
bids strictly above ¥, + > (pepp<pt™y 5p 18 at most k k;k 1. Since ) pepp<p®y Sp <
w® | the expected total equilibrium bids strictly above wi ) +w™® in bid profile £ is at most

—~(k
k — k0% — 1. By definition of w*( ), we have

—~(k -
¢*( ' < Qbik) +w® < H.

Thus, there exists a sequence of perturbation parameters (w(k)) JeN such that

lim w™® =0,
k—o0

~ —~(k
and the constructed bid profiles £*) satisfy w*( ) < H for every k € N. Applying Lemma 19,
we have
w (E®) A(k))
i it — 5 )

=1. (D.32)

By Part (c¢) of Theorem 8, the welfare of equilibrium E® and E® are identical. Substituting
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in (D.32), we get

(k) k)
liminfw(g A )

hooo O (AB)) L

This proves the statement of the result. O

Proof of Theorem 7 Part (b). Consider any sequence of k-unit first-price auctions (A(k)) JeN
and a corresponding sequence of e®-approximate Bayes-Nash equilibria (5 (k))keN. By As-

sumption 5, the threshold bid @ik) < H for every k € N. As established in the proof of Part

(a) of Theorem 7 and by Theorem 8, we can pick a sequence of perturbations (w(k)) pey and

a corresponding sequence of constructed equilibria (c‘j’ (k)> satisfying the following:
keN

(i) limg_ye w™® = 0.
(ii) E;( : < H for every k € N

(iii) E® s a (e(k) + w("“))—approximate equilibrium having no atoms.

Applying Lemma 18, we have

W (gac), A(k)) "
hlggg)lf O (AD) >1—(e (1 + log (e_*)) . (D.33)

By Theorem 8 Part (c), the welfare of equilibrium £® and £®) are identical. Substituting
in (D.33), we get

o W(g(k),A(k)) L H
hlggg}fW21—(e (1+10g(6—*)).

The statement of the result is proved. O]

D.1.6 Proof of Proposition 15

Consider the sequence of distribution functions (B® (-)) ey By Helly’s [1912] selection

theorem, the sequence admits a pointwise convergent subsequence. We want to establish
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that along any such subsequence, the limit denoted by B*(-) satisfies

o1 ife >y
B(b)—{o ity (D.34)

Consider any pointwise convergent subsequence that does not satisfy (D.34). We will over-
load notation and denote the elements of this subsequence by the index k£ € N. By assump-

tion, there exist two bids b* and b" such that:
(a) 0<B* (") < B (5) <1, and,
(b) b —b* > 0.

As established in the proof of Lemma 19, for every sequence of auctions and every ¢ > 0, there

. .. . . —(k .
exists extremizing sequence of bid pairs {(l_)(k), b( )>} and a corresponding subsequence
k=1

of auctions (.A(kl))fil along which

lim <B(kl) — Q(kl)) < c.

l—00

We will now establish a contradiction. Since B*(-) is monotonic and the distribution function
B®)(.) pointwise converges to B*(-), by 0 < B* (b*) < B* (5*> <landb —b* > 0, there
cannot exist an extremizing sequence of bid pairs such that the bid difference is at most
b — b*. This is a contradiction to the result established in the paragraph above. The

statement of the result is proved.

D.1.7 Proof of Theorem 8

We begin by proving Part (b), then prove Part (c¢) adnd finish by proving Part (a).
Proof of Part (b). This follows by construction of bid distributions £ ]

Proof of Part (c). We will compare the allocation probability z;(-) under the bid profile £
with the allocation probability Z;(-) under the bid profile . Consider any agent ¢ and any
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bid b;. In particular, we will establish the following result.

Lemma 20. Consider any agent i € N and bid b;. The allocation probability z;(-) and Z;(-)
satisfy the following:

(i) if b; € P, then for the bid b; defined in (4.3) we have z;(b;) = Z; (b,)
(i) if bi & P, then for the random bid b defined in (4.4) we have z;(b;) = E [35 <B)]
Before we prove the lemma, we demonstrate how it implies Part (c) of Theorem 8, that is,
welfare (€) = welfare <g) .

Recall, we denote the equilibrium bid distribution of agent ¢ by &;,. The welfare under

equilibrium & is

welfare(E) = Eyy

sz’EbiN&,vi [xz(bz)]] : (D.35)

ieN
By construction of € and Lemma 20, we have
By, [2i(b)] = By, [ (01)]

Substituting in (D.35), we have

welfare(€) = Eyop

ZU"ngg’i,vi [EZ <ZZ)]] = welfare(€).

ieEN

The rest of the proof focuses on providing arguments to establish Lemma 20. We begin by

proving Part (i) and then prove Part (ii).

Proof of Part (i). Suppose b; ¢ P. We will establish that z;(b;) = ; (E> where E is defined
in (4.3). To show this, it suffices to prove that the order of bids between bid profiles b and
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b given by (4.3) and (4.4), is preserved as follows: for any agent j and bid b;,

if b; > b;, then E > Zj almost surely and
- (D.36)
if b; < bj, then b; < b; almost surely.

. We begin by showing that if b; < b;, the sampled bid Zj < E almost surely. This is because
of the following:

o if b; ¢ P, then because b; < b;, we have

g]:bj—{— Z Sp<bi+ Z Sp:gi-

{peP:p<b;} {peP:p<b;}

o if b; € P, by definition (4.4), the sampled bid /5]- is at most b; + Z{pEP:prj} Sp, almost

surely. Because b; < b;, we have

bj+ Z Sp<bi+ Z Sp :gz

{pEP:pgbj} {pEP:p<bi}
It follows that gj < E almost surely.

Next, for any agent j and bid b; satisfying b; > b;, the sampled bids satisfy Ej > b; almost

surely. This is because of the following:

e if b; ¢ P, then because b; > b;, we have

gj:bj+ Z Sp>bi—|— Z Sp:/l;i.

{peP:p<b;} {peP:p<b;}

e if b; € P, by definition (4.4), the sampled bid Zj is at least b; + Z{pep:pd}j} 5p, almost

surely. Because b; > b;, we have

bj—i— Z $p>bi—|— Z Sp:’l;i.

{peP:p<b;} {peP:p<b;}
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It follows Zj > g@ almost surely.

Finally, the bid b; is not an atom. Thus, for any agent j and bid b;, the probability that b; = b,
is zero. Combining this with the observation that the order of bids between profiles b and b
is preserved as defined in (D.36), we have that the allocation probability z;(b;) = T; (E)

Proof of Part (ii). Suppose b; € P. Here, the mapped bid E is sampled according to

bi~bit > s+ U0, 1),

{pG'P:p<b¢}

We will establish that z;(b;) = E [251 (Zl)] Consider any profile of bids b. To show this, it
suffices to establish the following:

e any bid b; that does not tie with b; preserves the ordering as defined in (D.36), and,

e for any set of bids b; that tie with b;, the mapped random bids gj and E simulate

uniform tie-breaking.

An argument identical to that presented in Case 1 establishes Part (i). To show Part (ii),
let J* be the set of agents that have an atom at ; such that the sampled bid b; = b;. By
assumption that the auction breaks ties uniform randomly, under bid profile b, agent ’s

allocation probability satisfies

max{k— S 1 > bl ,o}

1
7%

, (D.37)

z;(b) = min

where 1[-] is the indicator function. Under the mapped profile b and by Part (i), only
agents in J* compete for the remaining max {k = jen 1[bj > bi] ,O} units. Furthermore,
by (4.4), for every j € J*, we have

gj~b¢+ Z Sp—i-Sbi‘U[O,l],

PEP:p<b;

where the randomness is independent across agents. Observe that the mapped bid Zj is
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independent and identical across all agents in J*. Thus, under the random profile g, the

expected allocation probability for agent ¢ is

E [fi(b)] = min max{k ~ 2jen 110 > b ’O}

|7~

1% = 2y(b), (D.38)

where the second equality follows from (D.37). Taking an expectation over all bid profiles b
gives the result z;(b;) = E [fl (3,)} Part (c) of the theorem follows. O

Proof of Part (a). By definition of an e-approximate equilibrium, for every agent i € A and

every value v;, the agent’s expected utility is

Eb, e, [(vi — b;) x; (bs)] > sup (v; — b) 2;(b) — €. (D.39)

We will now establish a bound on the utility under equilibrium &. For any agent ¢ and value

v;, we show the expected utility satisfies
Bz, (6= 8) 3 ()] 2 Baees, (01— b0) 22 (0)] = 6. (D.40)

By construction of £ , the bid 52 is mapped from a bid b; that is either an atom or not (see
(4.4) and (4.3)). In both cases, we have that the difference b; — b; € (0,w) almost surely. Let
P denote the event that bid E is mapped from an atom and P¢ denote its complement. We

can write agent ¢’s expected utility as

B [(0- )5 (5)] = B [(o—5) 3 (3) ] B [

+ Bz, |(vi-0) @ (b)) 1P| P|P|. (Da1)

We will rewrite the right-hand side in terms of equilibrium £. Consider the first term. By

Part (i) of Lemma 20 and using b; — b; < w, we have

Byes,,, | (0= 0) % () 1P| P [P] = (Boms, [0 = b) milbi)lbi & P) = w) Plbi & P,
(D.42)
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where, recall, P is the set of atoms. For the second term, by Part (ii) of Lemma 20 and

using EZ — b; < w almost surely, we have

By .z [(v —E) 7, (B) 175] P [75} > (Bppeg,, [(v: = ;) 2:(bi)|bi € Pl — w) P[b; € P].

(D.43)
Substituting (D.42) and (D.43) in (D.41), we get the desired inequality in (D.40).
To establish that € is an (€ + w)-approximate equilibrium, it is sufficient to show
sup (v; — b) z;(b) > max (v; — b) Z;(b). (D.44)

5>0 b>

The right-hand side in (D.44) is well defined. To see why, bid distributions in £ have no
atoms and thus Z;(-) is continuous. Furthermore, every bid b in the compact interval [0, v;]
obtains strictly greater utility than bids strictly greater than v;. Since a continuous function
over a compact interval achieves its maximum, the right-hand side is well defined. Now, our
approach is to show that for any solution to the right-hand side, there is a corresponding

bid which gives the agent weakly greater utility under allocation x;(-).

Let b denote an optimal solution to the right-hand side of (D.44). Suppose b is mapped from
a bid b that is not an atom (see (4.3)). Then by Part (i) of Lemma 20, we have z;(b) = Z; <Z> .

Furthermore, by construction in (4.3), we have b > b. Thus,

sup (v; — b) z;(b) > (v; — b) z(b) > <v2- _E> z; (g> :

>0

Now suppose, b is mapped from a bid b that is an atom (see (4.4)). Since b > b and the

number of atoms are countable, there exists a bid b* in the interval (b, b) such that b* is not

an atom. By definition of the map in (4.3), we have

b = b* + Z sp > b+ Z sng.

PpEP:p<b* peEP:p<b

By monotonicity of the allocation rule, we have z;(b*) > z;(b). But by Part (i) of Lemma 20,
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we have z;(b*) = 7; (E*) Finally, using b* < b, we have
sup (v; — b) ;i (b) > (v; — b*) z;(b*) > Ui—g flg
up (v =) i(B) = Jaiv) > (vi =) & (B)

This establishes (D.44).

Finally, consider the following chain of inequalities:

E'Ewi-,vi [(”l _gi> T (E)] > Epne,, [(vi — b)) 2 (bi)] —w  (from (D.40)),
> sup (v; — b) 2;(b) — (e +w) (from (D.39)),

>0

> max (vi—b) Zi(b) — (e +w) (from (D.44)).

Since this holds for every agent ¢ and every value v;, the bid profile £ isan (e+w)-approximate

equilibrium. O

D.2 Continuity and Monotonicity of Equilibrium Bid

Distributions

This section focuses on Bayes-Nash equilibrium. Section D.2.1 derives some standard proper-
ties of equilibrium bid distributions in the multi-unit setting. Section D.2.2 applies a neigh-
borhood deviation argument to show that this bid distribution is continuous and strictly

increasing.

D.2.1 Properties of Equilibrium Bid Distributions

Before proving our main result, we introduce key definitions used throughout this section.
We define v; as the infimum and A; as the supremum of the support of agent ¢’s equilibrium
bid distribution:

7v; = inf(supp(&;)) and \; := sup(supp(&;)).



APPENDIX FOR ROBUST ANALYSIS OF WINNER-PAYS-BID AUCTIONS WITH
LARGE SUPPLY 234

Additionally, we define I" as the collection of 7; values, sorted in descending order:

Ir:= {Vz}zej\/ .

We denote the i element in this ordered set by 7). We define the infimum of the k-th
highest bid B®) as:

7 = inf (supp(B*)).

Lemma 21. The infimum of the support of the bid distribution of the k"-highest agent is

the k™ element in the order T, that is,

© =94

r‘)/
Proof. Consider any agent ¢ such that ~; is in the top k& elements of the order I'. By definition
of ~;, this agent almost surely has a bid b > ;. Since this holds for any agent corresponding
to a top k element in the order T, the bid of the k" highest agent is almost surely at least
Y(k)- Thus it must be that

(%)

T2 Y (k)

We will now show that in fact y*) = ~,). Let us denote the agent with the k'™ highest
element in I' by ¢*, that is, v;+ = ). Suppose k) > Y(k)- By definition of ~;+, agent ¢* bids
in the interval ['y(k), ’y(’“)) with strictly positive probability. By definition of 7, the bid of
the k' highest agent lies in the interval h(k)’ 7(’“)) with probability 0. This is a contradiction
to agent ¢* having their +;« in the top k elements of T'. [

The result above demonstrated an equivalence of the infimum of equilibrium bid distributions
and the distribution of the &' highest bid. In addition to this, we prove a crucial result
which shows that the k + 1 highest suprema of equilibrium bid distributions must all be the

salme.

Lemma 22 (Support upper bound equivalence). Suppose A is the i™ highest value in the
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set {\;}jen. Then,
)\(1) = ... = )\(kJrl).

Proof. Suppose for a contradiction it is not true that Aqy = ... = Agq1). Then, since

A1) 2 o = A1), we must have
Alk+1) < Ay

This implies the following: A¢1) is finite and the region (Ax41), A1)] € R is non-empty. In
addition to this, there must exist an agent ¢ with A\; = A1) who bids in (A1), )\(1)] with

positive probability, and for all z € (Ag1), A(1y], this agent’s interim allocation is z;(2) = 1.

This permits agent ¢ to adjust their bidding strategy such that, whenever they would have
bid b; € (/\(k+1)7 /\(1)], they instead bid

b;k = )\(k+1) + (bz - )\(k+1))/2

This keeps their interim allocation allocation z;(bf) = x;(b;) = 1 constant, but strictly
decreases their bid, since b; < b;,. Thus, this new strategy strictly increases agent ¢’s ex-
ante utility, and so their original bidding strategy must not have been optimal, which is a

contradiction. O

We now present some standard results that have been established in the single-unit setting
(see for example Jin and Lu [2023]) and show their equivalent results in the multi-unit set-
ting. The first result concerns an agent’s interim allocation rule and shows several standard
properties. Specifically, an agent’s interim allocation weakly increases in their bid. Addi-
tionally, in equilibrium, a bid above y*) secures a unit with strictly positive probability,

while a bid below v*) has a zero probability in receiving a unit.

Lemma 23. The interim allocation rule x;(b) for any agent i satisfies the following proper-

ties:

(a) x;(b) is weakly increasing in b.
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(b) z;(b) is bounded as

sup{BY)(t) : t < b} < 2;(b) <BE(b)  for all b.

(c) Consider any bid b in the support of the bid distribution &;. It has interim allocation
(i) zi(b) = 0 when b < %),
(i3) x;(b) > 0 when b > )
Proof. The allocation rule of agent ¢ for a bid b is
2;(b) = P[BY) < b + P[B") = b P|i wins in a tie-break at bid b]. (D.45)
We will use this expression to prove the stated properties.
(a) Proof of Part (a): It is clear from (D.45) that the interim allocation is bounded as
z:(b) < P[BY) < p).
Consider an arbitrary € > 0 and a bid b’ = b+e¢. The interim allocation for bid b satisfies

2;() = P[B® < v'] + P[B*) = /| P[i wins in a tie-break at bid V'],

BY) < b+,
BY) <,

v

P
P

The equality follows from (D.45) and the first inequality follows from the fact that a
probability is always non-negative. Since, we show that for any ¢ > 0, the interim
allocation x;(b+ €) > x;(b), the statement in Part (a) follows.

(b) Proof of Part (b): As was shown in the proof of Part (a), an upper bound on the interim
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allocation is
2:(b) < B®)(b).
To show the lower bound, it holds that

BP ) <P[B® < b forall t <b.

—1
It is straightforward to see that

sup{BY) (t) : t < b} <PBY <],

The statement of Part (b) follows.

Proof of Part (c): Consider an agent i. We will now analyze its competing bid distribu-
tion B(_ki). Let us denote the infimum of its support by 7(_]2-). Moreover, let us define the

collection
L= {7}z
An application of Lemma 21 tells us that

~® =) (D.46)

—1

Suppose agent i is such that 7; < 4. The infimum of the support of the competing
bid distribution satisfies

= Y(k)»
— 0,

The first equality follows from (D.46), the second follows from the assumption ~; < )
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and the third follows from Lemma 21. Consider any bid b in the support of agent i’s bid
distribution. In the case b < 4*), the interim allocation z;(b) = 0 because the bid lies
strictly below the infimum of the support of the competing bid distribution. In the case
b > 7 he is allocated with strictly positive probability because the bid lies strictly
above the support of the competing bid distribution.

Suppose agent i is such that v; > *). By definition of ;, the agent almost surely has
a bid b > ;. Thus, Part (i) vacuously holds true. The infimum of the support of the
competing bid distribution

< Yk,
— 8,

The second equality follows from observing that removing an element from the order I'
only decreases the value of entry k. It follows that any bid b > v*) is allocated with
strictly positive probability because the infimum of the competing bid distribution is
strictly below the bid.

The 3 parts of the result statement are proved. ]

Next, we examine the equilibrium strategy of an agent. The agent obtains positive utility if

and only their value is strictly greater than the infimum v®. Furthermore, they submit a

bid at or above this threshold if their value exceeds it strictly.

Lemma 24. Consider an agent i and value v € supp(V;). The equilibrium strategy s;(-) for

any agent © satisfies the following properties:

(a) If v < v®) the optimal utility Us(v) = 0 and the equilibrium bid s;(v) < v*) almost

surely over the random strategy s;(-).

(b) If v > ~y®  the optimal utility U;(v) > 0 and the equilibrium bid ¥ < s;(v) < v almost

surely over the random strategy s;(+).
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Proof. We will consider two cases: one where 7; < ¥*) and the other where ~; > v*).

Suppose v; < Y*). As we have shown in the proof of Lemma 23, the infimum of the support
(k) -

of the competing bid distribution 4'%/ is equal to y*).

(i) Proof of Part (a): Consider a Value v < y®). Let it be the case that v < v®). If
the agent were to bid b > *| this would give them utility 2;(v,b) < 0 because he
is allocated with strictly positive probability. If the agent bid b < *)| the agent is
allocated with probability 0 because the infimum of the support of the competing bid
distribution is y*). It follows that they receive U;(v,b) = 0 for such a bid. If the agent
bid b = ~*) the utility he gets for such a bid is at most 0 (the utility would be 0
in the case he is not allocated an item). Thus, the optimal utility for such a Value is
U;(v) = 0. Moreover, the bids Wthh guarantee this utility must be at most 4*). Thus,
the equilibrium bid s;(v) < 4* almost surely.

(ii) Proof of Part (b): Consider a value v > v¥). We will show that the bid b = %W gives
the agent a strictly positive utility. Observe that the bid b > v*) and has allocation
z;(b) > 0 because the bid is strictly greater than the infimum of the support of the
competing bid distribution v*). Since the bid b < v, the utility for this bid 24 (v, b) > 0.
The optimal bid can only do better. Thus, the optimal utility ¢;(v) > 0. We will now
show that () < s;(v) < v almost surely. If the agent bids b < ~*), his allocation is
z;(b) = 0 (the bid is strictly smaller than the infimum of the support of the competing
bid distribution). This would give the agent a utility of 0 and thus cannot be optimal.
It follows that 4*) < s;(v) < v almost surely (the bound s;(v) < v follows from the
observation that a bid b > v will be allocated with strictly positive probability but
given a utility U;(v, b) < 0, thus not being optimal).

Suppose v; > y*). We will state two observations which will be helpful in proving both
parts of the statement. First, the infimum of the support of & is at least ¥*). Thus, the
equilibrium bid of this agent is at least ¥*) almost surely. Second, as we have shown in the

(k) -

proof of Lemma 23, the infimum of the support of the competing bid distribution ~/ is at

most fy( ).

(i) Proof of Part (a): Consider a value v < v*). We will show that it must be the case
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equilibrium bids s;(v) give the agent 0 utility. Since the equilibrium strategy is such
that s;(v) > v® almost surely, the agent must be getting at most 0 utility. It cannot be
the case that an agent gets strictly negative utility at equilibrium. Thus, the optimal
utility is 0. We will now analyze the equilibrium bid strategy s;(v). For this value
v, it cannot be the case that a bid b in the support of s;(v) lies strictly above k)
The agents utility conditional on such a bid is strictly negative. The agent can strictly
increase utility by moving probability measure around b to a bid that gives him non-
negative utility (such a bid must exist because the optimal utility is 0). Thus, the only

possibility at equilibrium is s;(v) < 7*) almost surely.

Proof of Part (b): Consider a value v > ~v®*). Consider a value v > y*). We will show
that the bid b = %V(k) gives the agent a strictly positive utility. Observe that the bid
b > ) and has allocation x;(b) > 0 because the bid is strictly greater than 'y(f;). To be
precise, 7(_]? < ~®) for agent i. Since the bid b < v, the utility for this bid ;(v, b) > 0.
The optimal bid can only do better. Thus, the optimal utility ;(v) > 0. Moreover, by
definition of ;, the equilibrium bid satisfies v*) < s;(v) < v almost surely.

The statement of the result holds. O

Furthermore, we reference a result from Chawla and Hartline [2013], which establishes that

an agent obtains strictly higher utility with a larger value, and, almost surely, submits a

higher bid. For completeness, we include a proof of this result in the appendix.

Lemma 25 (Chawla and Hartline, 2013). Consider values v,w in the support of value

distribution V; such that v > w > ~v*® . The following properties hold:

(a) The optimal utility at these values is ordered as

Z/lz(v) > UZ(U)) > 0.

(b) The equilibrium bids are ordered as s;(v) > s;(w) almost surely over the random strategy
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Proof. (i) Proof of Part (a): At value v, agent i could bid according to random strategy
si(w). Because the allocation is exactly what the agent would get if the value were w,
such a strategy would give a strictly higher utility than U;(w). The optimal strategy
for value v can only do weakly better and thus U;(v) > U;(w). The fact that both of

these are strictly greater than 0 follows from Lemma 24.
(ii) Proof of Part (b): The proof of this is exactly as that in the 1-unit setting.

The statement of the result holds. O

D.2.2 An Application of Neighborhood Deviation Arguments

This section establishes our main continuity and monotonicity result. We utilize a standard
neighborhood deviation argument (see Jin and Lu [2023]) as a basis for the rest of our
proof. They establish the continuity and monotonicity of equilibrium bid distributions in
the single-unit setting. A key advantage of that setting is it only requires analyzing the

highest equilibrium bid, which corresponds to the first-order statistic.

In the multi-unit setting however, a fundamental challenge arises: changes in an agent’s
equilibrium bid distribution need not necesssarily impact the competing bid distribution of
another agent. This is because an agent’s allocation is determined solely by the k'"-highest
bid among the remaining agents. Addressing this issue requires a different set of arguments.
Before we prove the main result of this section, we provide the neighborhood deviation

argument for completeness.

Lemma 26 (Neighborhood Deviation Argument, Jin and Lu, 2023). Consider any agent i

with interim allocation rule x;(-). The following conditions are satisfied for any bid b:

(a) Suppose there is a sequence of bids (by,),-_, such that lim,, . b, = b. Moreover, there

is a 6 > 0 for which x;(by,) > x;(b) + 0 for any m. Then b is not an equilibrium bid.

[e.e]

(b) Suppose there is a sequence of bids (by,),._; and a § > 0 such that b—b,, > & for every m.

Moreover, the allocation probability lim,, . x;(by,) = x;(b). Then b is not an equilibrium

bid.
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Proof. We first prove part (a). Take a bid from the sequence (b,, ) -_, that is arbitrarily close
to b. This would give an agent strictly better utility than bidding b because x;(b,,) > x;(b)+9
for 6 > 0.

We next prove part (b). Take a bid from the sequence (b,,))-_, such that its allocation
probability is arbitrarily close to x;(b). This would give an agent strictly better utility than
bidding b because b — b,, > § but their allocation probabilities are arbitrarily close. O]

We establish a key result below demonstrating that at most one agent can have a probability
mass at any bid within the interval (y(k), /\(k)). The argument used to prove this result will

serve as a foundation for several proofs later on.

Lemma 27. Consider any bid b in ('y(k), )\(k)). The bid distribution of at most 1 agent places

strictly positive probability mass at b.

Proof. Suppose there are 2 agents, ¢ and j, such that their bid distributions &; and &; have
probability mass at b. We will show that the interim allocation for one of these agents has

a discontinuity at b. A sufficient condition for this is if the following properties hold:
(i) With strictly positive probability, b is the bid of the £*® highest agent.

(il) With strictly positive probability, exactly k — 1 agents other than ¢ and j bid strictly

above b.

The rest of the proof will focus on showing the properties above. Define L as
L:={l:&(b)=0}.

The agents in L bid above b almost surely. It must be the case that |L| < k — 1 otherwise
we would have v*) > b which is not possible. Next, define T" as

T:={l: ="}
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An application of Lemma 22 tells us that |T'| > k + 1. Consider a set 7" such that
T"cT\{i,j}UL) and |T'|=k—-1-—]L|

Such a set exists because |T| > k+ 1 and |L| < k— 1. Consider the set S = LUT". We will
show that agents in & bid above b with strictly positive probability. By construction, the
size of S is k — 1. The agents in L bid above b almost surely. Any agent [ € T" has A\; > b
and thus bids above b with strictly positive probability. It follows that agents in S bid above
b with strictly positive probability.

Now, any agent [ that does not belong to S has &(b) > 0. Thus, agents that do not belong
to the set S bid at most b with strictly positive probability. Since agents ¢ and j have
probability mass at b, it is the bid of the k*® highest agent with strictly positive probability.
Moreover, exactly k — 1 agents bid strictly above b with positive probability. The statement
follows. O

We establish one of the central results of this section: the distribution of the k*" highest
equilibrium bid, B%*), has a strictly increasing CDF in the closed interval [y, A®]. The
proof proceeds by induction on the agents, showing that the distribution cannot remain

constant over any open subinterval of [y®), A®)],

Theorem 12. The distribution of the k™ highest bid B*) has a strictly increasing CDF on
the interval [’y(k), )\(k)} .

Proof. We will first show that the bid distribution of the k™ highest agent B® is strictly
increasing on the interval [y*), A(®)]. We will state an important lemma that will be subse-

quently used in our proof.

Lemma 28. Suppose the bid distribution of the k™ highest agent B®) is flat in (o, ). Then,

no agent has a point mass in their bid distribution at any bid in («, ).

Proof. Suppose agent i has a point mass at some bid b in the interval (o, 5). We will follow

the approach in the proof of Lemma 27. Our goal is to show that with strictly positive
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probability there are exactly k — 1 agents who bid strictly above b and the rest bid strictly
below b. This will imply that the bid of the k' highest agent is b with strictly positive
probability which is a contradiction to the assumption that B%*) is flat in (o, 3).

Define L as
L:={l:&(b) =0}.

The agents in L bid above b almost surely. It must be the case that |L| < k — 1 otherwise

we would have 7(’“) > b which is a contradiction to 7(’“) < «a. Next, define T as
T:={l:N=\"}
An application of Lemma 22 tells us that |T'| > k£ + 1. Consider a set 7" such that
T"CT\({i}uL) and [T'|=k—-1-—|L|

Such a set exists because |T'| > k+ 1 and |L| < k — 1. We now consider the set S = LUT".
We will show that agents in S bid above b with strictly positive probability. By construction,
the size of § is k — 1. The agents in L bid above b almost surely. Consider any agent [ in
T’'. This agent would bid strictly above b with positive probability because \; > b. It follows
that agents in S bid above b with strictly positive probability.

Now, any agent [ that does not belong to S has &(b) > 0. Thus, agents that do not belong
to the set § bid at most b with strictly positive probability. Since agent i has a probability
mass at b, it is the bid of the k' highest agent with strictly positive probability.

This is a contradiction to the assumption that B*) is flat in (a, 3). The statement of the

result follows. O

Suppose B%*) has no probability density or mass on an open interval (e, B). Tt is without loss
for the interval to be maximal in the sense that for any § > 0, B*) has probability density
or mass in (a —d,a] and [3, B+ 6). Thus, we have that B® () > B*®)(a) > 0. Consider the

following cases:
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(i) Case 1: Suppose B®(3) > B*®(a) > 0. It must be the case that B* has a point
mass at . And thus, there is some agent ig that has probability mass at § in their
equilibrium bid distribution. By Lemma 27, no other agent has a point mass at § in

their bid distribution. The competing bid distribution B(_kz)o is thus continuous at .

If it is the case that agent iy’s competing bid distribution B(j)o has no probability density
or probability mass in the open interval («, ), then agent iy’s interim allocation is
constant in (a, §]. By Lemma 26, it is suboptimal for iy to have probability mass at

which is a contradiction to 8 € supp(&;, ).

Thus, it must be that B(_k)o has probability density or probability mass at some point
in (o, 3). But, because the distribution of the &' highest bid was flat in («, 8) it must
be the case that

Vie = SUP {(a, B) Nsupp (B(_kl)o) } ) (D.47)

This is because, if it were the case that 7,;, < sup {(a, £) N supp (B@()) }, then the bid
of the k'™ highest agent apart from iy becomes the bid of the k" highest agent overall
with strictly positive probability. Moreover, such bids would lie in («, 3) which is a
contradiction to the assumption that the distribution of the £™ highest bid overall is
flat in (o, 5).

Recall, we are analyzing a scenario in which B(_]?O has probability density or probability
mass at some point in (a, 3). There must be an agent i; (clearly not the same as
ip because we are analyzing the competing bid distribution) and a corresponding bid
p1 € (a, B) such that i; has probability density on ; and 7, > (1 (an application of
Lemma 28 tells us that this agent will not have a probability mass at ;). Moreover,
since no agent has a point mass at f3;, as shown in Lemma 28, agent 7;’s competing

bid distribution is continuous at (.

We will inductively apply the above argument to show there are k agents whose v; > «.
This is a contradiction to (a, 3) C [y, AW)].

Inductive hypotheses: Suppose we have a set of agents Z; = {iq, ...,%_1}, where |Z;| <
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k. In addition, suppose this set satisfies the conditions stated below:

(a) There is a corresponding set of bids B, := {f; é-_:}) where fy = § and §; € (o, f)

for any j € [l — 1]. Moreover, the bids are monotonically decreasing, that is,

B > By forall j€{0,...,1—1}.

(b) For every agent in Z;, the competing bid distribution B(_’?] has probability density

at some bid in (o, §;).

(c) For every agent ¢; in Z;, the infimum of the support of the equilibrium bid distri-

bution satisfies

Yi; = Sup {(a, B;) Nsupp (B(—kz)]) } ‘

(d) For any agent ¢, where j € {0,...,1 — 2},

Yi; = Bjs1-

(e) There is an agent i; ¢ Z; and a bid f; in its support such that

a< B < B and v, , > G

Base case: Recall, we have shown that the conditions above are satisfied for [ = 1.
The set in consideration is Z; = {ip}. Part (a) is satisfied vacuously with the set of
bids {#}. Part (b) is satisfied because we are analyzing the scenario where B(_]?O has
probability density or probability mass in («, 3). Part (c) is satisfied by (D.47). Part
(d) holds vacuously. Part (e) is satisfied by agent i;: there is a bid §; € supp(&;,) such
that fiy € (a, §) and 7, > 6.

Inductive argument: Suppose the conditions hold for some [ where 1 < [ < k. We will

analyze the competing bid distribution of agent ;. Consider the case B(_kz)l is flat in
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(o, ;). By Lemma 28, no agent has a point mass at 3, and thus B(j)l is continuous at
5;. An immediate consequence of this is 7; has a constant allocation rule in the interval
(o, Bi]. But, by Lemma 26, this is a contradiction to the fact that §; € supp(&;,).

Thus, it must be the case that B(_kz)l has density at some point in (a, §;) (at the expense
(k)

of being repetitive, by Lemma 28, B, cannot have a point mass in this interval). Let

us define the set
Ly =14 {Zl}

By Part (e), i, ¢ Z;, and thus you are adding a unique element to Z;. Let us also

consider the corresponding set of bids

Bry1 = {B; é;%) U{B}.
By Part (e), 8 < 5;—1 and thus, applying Part (a),

Bj > 63'4_1 for all j € {O,,l}

Thus Z;4, and B, satisfies Part (a) for [ + 1 agents. Part (b) is satisfied for (I + 1)

agents as well because we are analyzing the case B(_kz)l has density at some point in

(Oé,ﬁﬂ.

We will now show that Part (c), (d) and (e) are also satisfied for (I + 1) agents. The
competing bid distribution B(_kz)l has density at some point in («, ;). However, the
distribution of the bid of the &*® highest agent is flat in (a, 3). Thus, it must be the

case that

Vi, = sup {(a, B1) Nsupp <B(_kz)l> } ) (D.48)

This is because, if it were the case that 7;, < sup {(a, £i) N supp (Bg) }, then the bid
of the k'™ highest agent apart from 4; becomes the bid of the £™ highest agent overall

with strictly positive probability. Moreover, such bids would lie in («, 8) which is a
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(i)

contradiction to the assumption that the distribution of the k' highest bid overall is
flat in (o, 8). Since, by the inductive hypotheses, this condition also holds for agents
j €{0,...,1—1}, Part (c) is satisfied for (I + 1) agents. Next, Part (d) is satisfied for
(I + 1) agents because in Part (e) of the induction hypotheses, we had that v;,_, > 5.

Now, B(f;)l has density at some point in (v, 5;). Thus, there must exist an agent 7,
. In addition to this,
an implication of (D.48) is that 7;, > ;1. Finally, the induction hypotheses tells us

and a corresponding bid 8,11 € («, 3;) such that 5.1 € supp(&;

l+1)

that for any agent in Z;, the infimum of the support of their bid distribution

Yi; = Bj+1 = B

Thus it cannot be that agent i;41, who has probability density in («a, §;), lies in the set
7,. This satisfies Part (e).

To summarize the conclusions, at each index [ € [k — 1], either we have a contradiction
in the case B(j)l is flat in (a, 3;) or the conditions of the inductive hypotheses are
satisfied for index (I 4+ 1). If the latter is satisfied at each index, we have a set of k
agents 7 such that

Yi, > Bip1 > a  forall j€{0,... . k—1}.

But, this is a contradiction to the infimum of bid distribution of the £*® highest agent

7*) being strictly smaller than o.

Case 2: Suppose B®)(3) = B*)(a) > 0. First, we will show that no agent can have a
point mass at 5. To see this, consider the argument in the proof of Lemma 28. Suppose

there exists an agent, labeled 7, who has a point mass at 5. Define L as

L:={l:&(B)=0}.

The agents in L bid above  almost surely. It must be the case that |L| < k — 1

otherwise we would have v*) > 3 which is a contradiction to y*) < a. Next, define T
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as
T:={l:)N=\"}
An application of Lemma 22 tells us that || > k£ + 1. Consider a set 7" such that
T"CT\({i}uL) and |T'|=k—-1-—]L|

Such a set exists because |T| > k + 1 and |L| < k — 1. We now consider the set
S = LWT’. We will show that agents in S bid above 8 with strictly positive probability.
By construction, the size of S is £ — 1. The agents in L bid above 3 almost surely.
Any agent [ € T' has \; > 3. Thus, he bids strictly above § with positive probability.
It follows that agents in S bid above [ with strictly positive probability.

Now, any agent [ that does not belong to S has &(f) > 0. Thus, agents that do not
belong to the set S bid strictly smaller than g with positive probability. It follows that
(3 is the bid of the £*" highest agent with positive probability because agent ¢ bids 3 with
positive probability. This is a contradiction to the assumption that B® (a) = B®)(3).

Thus, no agent can have a point mass at f3.

We will show that the induction argument presented in Case I extends to this case as

well.

Recall, the interval (,3) is maximal in the following sense: for any § > 0, B%*) has
probability density or mass in (a — 9, a] and [, 5+ ). Thus, there must exist an agent
o who has 3 in the support of his equilibrium bid distribution &;,.

If it is the case that agent i¢’s competing bid distribution B(fl)o has no probability density
or probability mass in the open interval (a, ), then agent iy’s interim allocation is
constant in (o, $]. This is because no agent has a point mass at 8 and thus B(_I?O is

continuous at that point. By Lemma 26, it is suboptimal for 73 to have probability

mass at § which is a contradiction to 5 € supp(&;,).

Thus, it must be that B(_kl)o has probability density or probability mass at some point
in (a, 8). However, because the distribution of the & highest bid was flat in (a, 3) it
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must be the case that

Yig 2 SUp {(oz, f) N supp (B(j{)) } ,
i.e. the inequality in D.47, holds.

Moreover, there must be an agent i; (clearly not the same as 7y because we are analyzing
the competing bid distribution) and a corresponding bid f; € («, 3) such that i; has
probability density on 8; and ~;, > f; (an application of Lemma 28 tells us that this
agent will not have a probability mass at ;). Moreover, since no agent has a point

mass at 1, as shown in Lemma 28, agent 7;’s competing bid distribution is continuous
at ﬁl-

The arguments above show that the base case for the induction argument is satisfied.

The conclusion of the argument is the same and we thus have a contradiction.

Both of these cases imply that there does not exist an open interval in ['y(k), )\(k)] such that
B% has no probability density or mass in it. Thus, the bid distribution B®¥) is strictly

increasing on [y(®), A\(®)], O

Theorem 13. Consider any agent i € N'. The competing bid distribution B(fi) has a strictly
increasing CDF on the interval [y®), A*)].

Proof. Consider any agent ¢ € N. Suppose the competing bid distribution B(f;-) is flat in
an open interval (o, ) C [y, A®)]. Tt is without loss for this interval to be maximal: for
any 0 > 0, distribution B(_ki) has probability density or mass in (a — §,a] and [5, 3 + 0).
By Theorem 12, however, the bid of the k' highest agent is strictly increasing in (o, 3).
This implies there is a bid b in the interval (a, 8) such that b is in the support of agent i’s

equilibrium bid distribution.

Since b € (a, ), the competing bid distribution is flat in («,b]. This means that agent i
has a constant interim allocation z;(+) in (a, b]. By Lemma 26, this is a contradiction to b €

supp(&;). Thus, the competing bid distribution B(_ki) is strictly increasing in [y®, A®]. O
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The previous results established that the distribution of the k" highest bid B* and the
competing bid distribution B(j-) are strictly increasing in the interval [fy(k), )\(’“)}. In addition

to this, we determine these bid distribution are continuous on (7(’“), )\(k)}.

Theorem 14. The bid distribution B* of the k™ highest agent is continuous on the interval
(W(k), )\(k)).

Proof. Suppose B®) is discontinuous at some bid b* in (’y(k),)\(k)). There must be some
agent ¢ who has a point mass at b* in the support of his equilibrium bid distribution. By
Lemma 27, only agent 7 has a point mass at this bid. But since, by Theorem 13, his competing
bid distribution B(_ki) is strictly increasing at b*, there is a different agent i’ such that b* is
in the support of the equilibrium bid distribution £;. An argument similar to the one used
in the proof of Lemma 27 will imply that the interim allocation x;(-) is discontinuous at b*.

This means there exists a ¢’ > 0 such that
(b)) > xy(b*) + 0 forall V' > b*. (D.49)

We will show that this is a contradiction to the following statement: there are bids smaller
than b* and arbitrarily close to it that lie in the support of the equilibrium distribution of

some agent.

(i) Suppose for any 6 > 0, the bid distribution & has positive probability in (b* — 9, b*].
Consider a sequence of bids (b;);2, such that each element b; lies in the interval
(b* — %,b*) and b, € supp(&y). The existence of such a bid b, for every [ € N, is
guaranteed by the assumption that the distribution has positive probability in the in-
terval (b* — 6,b*] for every 6 > 0. The sequence (b;) converges to b*. Let v; be the
corresponding value for which b; is an equilibrium bid. By Lemma 25, the sequence of
values (v;)72, can be chosen to be weakly increasing. The utility of agent ¢’ along this

sequence is
(Ul — bl)xi’(bl>-

We will establish that the limit infimum of the sequence of values must be strictly
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greater than 0*, that is,

liminf v; > b*.
=00

If this was not the case, then large enough values in the sequence obtain equilibrium
utility that is arbitrarily close to 0. This is a contradiction to the fact that equilibrium
utility is monotonic in values and strictly positive as established in Lemma 25. Thus,

it must be that lim inf; . v; > b*.

Because of the discontinuity in the allocation rule at b*, it follows by Lemma 26 that
for values large enough in the sequence above, there exists a bid b’ strictly greater than
b* which gives the agent a strictly better utility. This is a contradiction to bids being
arbitrarily close to b* belonging to the support of &;.

Suppose there exists a § > 0 such that & has 0 probability in (b* — 4, b*]. But because
b* € supp(&y) it must be that for any § > 0, bid distribution & has positive probability
in [b*,b* 4 6). We will show there exists an agent i, not the same as 7 and 7/, such that
for all 0;; > 0, he has positive probability in (b* — d;1,b*]. Suppose that apart from i
and 7', no agent satisfies the above condition. By assumption, there exists a § > 0 such
that & has 0 probability in (b* — 0, b*]. Thus, the competing bid distribution of agent
i B(_ki) is flat in (b* — 0;,b*] for some 0; > 0. This is a contradiction to the result that

B(_kl-) is strictly increasing in the interval [y*), A(®)] (which was stated as Theorem 12).

Thus, there exists an agent i, not the same as ¢ and ¢/, such that for all 54+ > 0, he
has positive probability in (b* — d;1,b*]. A consequence of this is that b* € supp(&;t)
Moreover, this agent will have a discontinuous interim allocation rule at b*. Applying
the argument in Part (i), we get a contradiction to bids arbitrarily close to b* belonging

to the support of &;:.

Since we get a contradiction in both cases, it cannot be the case that B*) is discontinuous

in (v

(), \(#)), O

Theorem 15. Consider any agent i € N'. The competing bid distribution B(_kz-) 1S continuous

on the interval ('y(k), /\(k)). Moreover, the agents bid distribution &; is also continuous in the
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interval ('y(k), )\(’“)) :

Proof. Suppose B(_kl-) is discontinuous at some bid b* in the interval (7(’“), )\(k)). There must
be some agent j (not the same as i) who has a point mass at b* in the support of his
equilibrium bid distribution. The statement then follows from the argument given in the

proof of Theorem 14.

We will now analyze the bid distribution &;. Suppose the bid distribution is discontinuous at
some bid 0* in the interval (”y(k), )\(k)). Thus, agent ¢ has a point mass at b*. The continuity

of &; follows from the argument given in the proof of Theorem 14. O]

The previous results established continuity of the bid distributions in the open interval
(7(’“), )\(k)). We extend this result to show that the distribution of the £ highest bid and

critical bid distributions B(_k? for every agent 7 is continuous in the interval (7(’“), )\(k)}.

Lemma 29. Consider any profile of equilibrium bid distributions {E;},. 5. At most k — 1

agents have a point mass at \¥) in their equilibrium bid distribution.

Proof. We will first show at most k agents can have a point mass at A() in their equilibrium
bid distributions. Suppose at least (k + 1) agents have a point mass at A("). We will show
there must be an agent who has a discontinuity in their allocation at A). Formally, there

exists an agent ¢ and a corresponding ¢; > 0 satisfying
zi(b) > z;(AY) +6; for all b > AWY,
The allocation probability of agent ¢ for bid b is
x;i(b) = IP)[B(_]? < b] + IP)[B(_]? = b] Plagent ¢ wins in a tie-break | B(_ki) =1].

Because at least (k+1) agents have a point mass at A(!), and there are only k items available,

there must exist an agent ¢ for which

Plagent ¢ wins in a tie-break | B(_ki) =\ <1,
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The allocation rule is discontinuous at A for this agent. A neighborhood deviation ar-
gument (as stated in Lemma 26) implies that A" cannot be a best response bid of agent
i. This is a contradiction to A(!) being in the support of their equilibrium bid distribution.

Thus, at most k agents can have a point mass at A1) in their equilibrium bid distribution.

Suppose exactly k agents have a point mass at A()). By Lemma 22, there exists an agent if
such that the equilibrium bid distribution £+ does not have a point mass at A) but where

A1 belongs to its support. It must be that
Plagent i" wins in a tie-break | B(_’?T =\ <1, (D.50)

If this is not the case, then there must exist an agent i* who has a point mass at A(!) in their

equilibrium bid distribution and
Plagent ¢* wins in a tie-break | B(_]?* =\ <1.

However, this implies i* has a discontinuity in their allocation rule at A(). Applying the
neighborhood deviation argument, as was applied in the paragraph above, would lead to
a contradiction. (D.50) implies the allocation rule of if is discontinuous at A(). This is a
contradiction to the fact that AV is in the support of &;. Thus, at most k — 1 agents have

a point mass at A(M) in their equilibrium bid distribution. O

A direct implication of the preceding result is the continuity of competing bid distributions
on the interval [y™ AK)],

Theorem 16. Consider any agent i € N'. The competing bid distribution B(_kz-) has a con-

tinuous cumulative distribution function on the interval [’y(k’), )\(k)}.



	Incentive Design With Spillovers
	Introduction
	Model
	Simple success-or-failure environments
	Remarks on the model

	Optimal Contracts
	Key objects
	Balance condition across agents
	Comparisons across agents and outcomes.

	Implications: Whom to incentivize in teams?
	Rank-one networks: Standalone productivity versus complementarity
	General networks

	Production functions with broader complementarities
	Concluding discussion
	Participation constraints
	Robustness to measurement error
	Other objectives
	The role of a one-dimensional outcome


	Equity Pay In Networked Teams
	Introduction
	Objectives
	The extensive margin: Active and inactive agents
	Implications
	Varying the network
	Varying complementarities

	Discussion
	Tightly-knit teams
	A tension between the principal's interests and agent welfare
	Connection to a spectral radius maximization problem


	Network Interventions: Targeting Agents or Targeting Links?
	Introduction
	Related Literature

	Model
	Remarks on the model

	Spillover Effects Of Policy Interventions
	Optimal Interventions With Endogenous Spillovers
	Characterization of optimal subsidies
	Discussion of Applications

	Optimal Interventions In A Benchmark Model
	Optimal subsidy in general environments
	Conclusion

	Robust Analysis of Winner-Pays-Bid Auctions With Large Supply
	Introduction
	Model
	Robust Framework For Equilibrium Analysis
	Framework Parameters
	Framework for Asymptotic Efficiency

	Asymptotic Welfare Analysis
	Proof Sketch for t:efficiencyapproxeqlb Part (a)
	Proof Sketch for t:efficiencyapproxeqlb Part (b)

	Structural Properties Of Equilibria
	Continuity of approximate equilibria
	Continuity and Monotonicity of Bayes-Nash equilibria

	Conclusion

	References
	Appendix for Incentive Design With Spillovers
	Omitted proofs
	Proof of fact:optexist
	Proof of Lemma 1
	Proof of Theorem 1
	Proof of Corollary 1
	Proof of Proposition 1
	Proof of Corollary 2
	Proof of Lemma 2
	Proof of Theorem 2
	Proof of t:optsharescharacterization
	Proof of p:profitsnetworkperturb
	Proof of fact:cesstrictstable
	Proof of p:equityces

	Applicability of the First-Order Approach
	Sufficient conditions for strictness of equilibrium
	Directional differentiability

	Contract design under measurement error
	Sufficient conditions for positive payments
	Optimal equity pay

	Appendix for Equity Pay In Networked Teams
	Proofs
	Three-agent networks
	Proofs for three-agent networks

	Spectral radius maximization

	Appendix for Network Interventions: Targeting Agents or Targeting Links?
	Omitted Proofs

	Appendix for Robust Analysis of Winner-Pays-Bid Auctions With Large Supply
	Omitted Proofs
	Chernoff Bounds
	Allocation Rule and k-th Order Statistic
	Proof of p:poafixauction
	Proof of lemma:generalposepslim
	Proof of t:efficiencyapproxeqlb
	Proof of p:bnelimitstep
	Proof of t:epsapxnoatom

	Continuity and Monotonicity of Equilibrium Bid Distributions
	Properties of Equilibrium Bid Distributions
	An Application of Neighborhood Deviation Arguments



